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INTRCDUCTION

Chlorinated rubber has, in the last thirty yeare, become a resin of
considerable technical importancd.

The polymer is produced commercially by passing chlorine into a
rapidly circulated solution of the rubber in carbon tetrachleride at
reflux temperature. The chlorine content of the commercial products
(Parlson, Raclin) ranges from 65-68%; these are hard, brittle powders,
soluble in many organic solvents. Because of their strong adhesion to
metals and chemical resistance to acids they are used extensively in the
paint industry. Cther inportant applications are their use in cements
for the bonding of rubber to steel and in flame proofing compositions.

During the second world wer, with the Allies cut off nlmost entirely
from the world‘'s supply of natursl rubbsr, chlorinated synthetic polyisoprene
(Pliochlor) appeared on the market in the United States as a substitute
for chlorinated rubber. Simultaneous attempts tc chlorinate butadiene-
styrene copolymers (GRS) to yield a substitute for chlorinated rubber
were unsuccessful. Such products are insoluble gels of considerably
lower chlorine content. This appears to be due to the fact that, for
high chlorination, the structure _ ? must appear in the polymer,

- ? =C -
CHy

ise. a double bond attached to a carbon atom carrying two additional
carbens.

The ossential structure for high chlerination appears iu natuvra?l
iubter, gutta porcha, baliata and synchetic polyisoprene, which is structur-
ally similer to natural rubber, diffeiin;, in the fact that whsreas the
wnseturated bonds of natural rbbar have ossentially the cis coniligura-

{ion, the uwmsaturated bonds in pclviscprene are partly cis and partly
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trans. Gutta Percha and Balata represent the other extreme, having
unsaturated bonds entirely in the trans configuration.

The synthetic polyisoprene also contains a certain amount of side
chains due to 1-2 and 3-4 rather than l-4 addition during polymerization,
whereas rubber is predominantly the 1-4 polymer.

Nevertheless, chlorinated polyisopreone appears to be almost identical
with chlorinated rubber. Apparently chlorination in the side chains causcs
no profound change. The difforence in cis-trans configuration might be
expected to bc of no importance since, after addition of chlorine, the
structures are identical.

Because of their interesting adhesive properties, chlorinated rubber
and polyisoprens roceived carly attention in an investigation of rubber
to metal adhesion ccnducted at the Applied Science Research Laboratory,
University of Cincinnati, under the sponsorship of the Inland Mfg.
Division of the Gereral Motors Corporation.

It was discovered that chlorinated polyisoprene and rubber can be
used uncompounded to give bonds of excellent strength provided a second
coat of highly reinforced rubber coment is used to insure a gradual
step-down in hardness.

Unfortunately difficulties are often oncountered in the preparation
of chlorinnted rubber and polyisoprene. Depending on the conditions of
chlorination products of widely different properties such as solubility,
viscosity in solution, hardness, stability against loss of hydrogen
chloride and adhesive properties have beon obtained. Considering the
complexily of the situation this is not surprising.

Thae constitution of chlorinated rubber and the mechunism of the

chlorination reaction heve beon cubjects of considerable controversy.
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As o result very little is known with certainity concerning the unsaturation
of chlorinated rubbers of varying chlorine content, their structure, the
course of the chlorination and its dependence on the conditions undor

which the reaction is carried out. The chlorination of synthetic poly-

isoprene has never been investigated.

Synthetic polyiscprene lends itself better to a fundamental investi-
gation because its physical propertiss can be controlled in the preparation
and because its purification can be achioved with ease. Sincc synthetic
polyisoprene represents the most general example of a high polymer of
isoprens, the chlorination of natural rubber and gutta percha should
merely represent specisl cases of tho same reaction. For these reasons
most of the research reported in this paper was done with polyisoprena.

A study of the mechanism of chlorination of polyisoprene and rubber
was thought to be likely to reveal some pertinent information not only
with respect to the structure of the chlorinated polymers in géneral,
but also concerning their unsaturation. In.fact there appsars to be no
other method available for estimating the unsaturation of chlorinated
polyisoprenes and rubber, since direct methods cannot be relied upon to
give correct results for the chlorinated polyisoprenes and rubbers.
Iodine chlcride addticn to a highly chlorinated polymer may be inhibited by
the chlorine atoms already present in the molecule. Ozonolysis would be
wery difficult, due to the great variety of products that might be ex-
nected to form. Spectrophotometric methods are likewise difficult in
applicatior. Tho absorption band due to the non-conjugated double bond

lies at ebouk ZOOOX ~- the very limit cf the Beckmann Spectrophotometer.

b ——_—— ——

(1) Kolthoff, I.M. and Meehan, E, J., Univ. of Minnesots private
communication
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At this frequency benzene and chloroform as welil as othsr sclvents for
chlorinateé polyisoprenes are opaque. Heptans, which is usually used ip
polymer work (GRS, Neoprenz), is not a solvent for‘chlorinated pelyisonreres.
The synthesis of chlorinated pclyicoprenc and rubber, was found to
be dependent on raactiocn conditions such as light, temperature, and the
presence of oxygen, peroxides, end antioxidants. Therefore, a study of
the effect of these varietles on the chlorination mechanism represents an

essential part of the present investigation,

HISTORICAL

The first definite production of chlorinated rubber seems to be
that of Engelhard and Day2 in 1859. They described two processes for
chlorinating rubber: (1) subjecting crude rubber to a stream of chlorine,
and (2) chlorination of rubber in solution in chloroform, benzena, or
naphtha. The identical processes were again patented only four days later
by HavemannS,

Gladstone and Hibbert? discovered that chlorine is not only added to
the rubber but is also substituted, as shown by the formation cf large
quantities of hydrogen chlorids.

MeCGavackd investigated the amount of hydrogen chloride given cff
during chlorination usiug flowmetcrs to measure the chlorine input and

Lydrogen chloride evolved. Although the accuracy of measurement was

-

(2) =Zpgellard, G.A. and Day, H.H., British Patent 2,734 (1859).
(3) Havemanrn, Pritish Patent 2,762 (1859).
(4) Gladstone ard Hibbert, J. Chom. Soc., 53, 682 (1888),

(5) MoGavack, Ind. Eag. Chem., 15, 961 (1923).
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admittedly low, the results gave clear indications that substitution
occurs first, practically to the exclusion of addition. McGavack proposed
(CIOHISCI7)n as the empirical formula of chlorinated rubber.

Kirchhof® suggested that chlorine first adds to tho double bond.

One or two molecules of hydrogen chloride are then split off causing
reformation of one or two double bonds per isoprene unit. Further addition
of chlorine results in a mixture of (05H6C14)n and (CgH;yClz), which

contain 68% and 61.5% chlorine respectively. The ccmpletsly chlorinated
polymer may thus be considered as a mixture of the trichlorc and taetrachloro
and tetrachloro derivatives,

Nielsen’ proposed a similar mechanism involving the initisl formation
of an additive dichloride which splits off hydrogen chloride with re-
formation of the dcuble bond. The process repeats itself leading to a
product containing four chlorine atoms per isoprene unit., In the splitting
off of hydrogen chloride, free radicals are formed tranmsiently, and thase
can unite with one another, In this manner chlorination may raesult in
the formation of a network structure8. Daubigny® essentially supports
Nielsen's theory.

Baxterl0 made a comprehensive study of the physical properties of
chlorinated rubber. Ho also measured the relative amounts of addition and

substitution of chlorine. He gives 4.3 atoms of chlorine added and 3.2

(6) Kirchhof, Gummi. Ztg., 46, 497-8 (1932).

(7) Nislsen, Chlorkautschuk und die uebrigen Halogenverbindungen des
Kautschuks, pp. 38-52, Leipzig, Verlag Hirzl, 1937,

(8) Schweitzor, Koutschuk, 15, 152 (1939).
(9) Daubigny, Rev. gen. Matieres plast., 14, 17 (1938).

(10) Baxter, Chom. and Ind., §5, 407-414 (1936).
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atoms substituted for two isopirene units as present in the completely
chlorinated rubber molecule.

Chlorinated rubbers have very low intrinsic viscosities even if no
effort is mado to depolymerize the rubber before or during chlorination
by masticationll, oxidationlz, or exposure of the solution to ultra-
violet lightls. Accordingly it was assumed by Staudingerl4 that, in the
chlorination of rubber, tho labile carbon chains are subject to rupture,
whish can take place easily in the rubber molecule baecause of the allyl
grouping of the double bonds,.

The most recent papers on the constitution of chlorinated rubber and
the mechanism of chlorination prosent results in open contradiction to
those roported in the carlier publications. It appears that much of the
earlier work was conducted in a rather crude fashion with many important
variables uncontrolled and that quite ofton theories were based on ine
sufficient experimental data.
Staudinger and Staudinger15

rubber and found it to bo of the same order of magnitude as that of the

rubbor hydrocarbon chlorinated. The chlorination was carried out in the

measured the molecular weight of chlorinated

strict absonce of oxygon., Staudinger, modifying his earlier views, suggests

that, since obviously no depolymerization takes plaee, the lew intrinsic

viscosity of tho products must be attributed to a cyclization of the

(11) Dyche-Teagua, British Patent 305,968 (1929); U.S. Patent 1,819,136
(1931).

(12) Netallgos, A. , British Patont 413,559 (1934),
(13) Chomische Fabrik Bruckau, British Patent 416,252 {1934)
(14) Staudingor, Bor., 57, 163 (1924); Kautschuk, 17,101 (1941)

(15) Staudinger, H. and Staudinger, thsjﬁrgon, J.prakt. Chem,, 162,
148 (1943); Rubber Chem, Toch., 17, 15 (1944) I
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rubber molecule. Thus a shortening of the chein is effected without
decroasing the molecular weight; but giving rise tc lower intrinsic
viscosities.

The work of Bloomfield}6,17 has definitely shown the inadequacy of
tho chlorination mechunisms preposed by Kirchhef18 and Nielsenl9. The
chlorination of natural rubber involves a ccmpletely substitutive initial
reaction, followed by simultaneous substituticn and addition, and is
terminated by substitution:

CioHjg + 2 Clpz ~—> CjgH14Cl, + 2 HC1

10
010513015 + 2 Cl2 -— 010H11C17 4+ 2 HCl
Carbon-hydrogon analysoszo cn the completely chlorinated rubber favor

the empirical formula °10H11°17 over the formula proposed by McGavack21.

Bloomfield suggests that the lower than t-coretical unsaturation of chlori-
natod rubber as observed by iodine chloride titration is due to a
cyclization mechanism. Halogenation experiments with dihydromyrcens,
squalene, cyclohexene, and l-methylcyclohexene support this view.

D'Iannizzand coworkers compared the physical vropertiss of chlorinatod

(16) Bloomfield, J. Chem. Soc., 1943, 289,
(17) Bloomfield, J. Chem. Soc., 1944, 114.
(18) Kirchhof, op. cit.
(19) Nielsen, op. cit.

(20) Blocmfield, Farmer, and Miller, Journal Soc. Chem. Ind., 54,
26C5 (1935).

(21) McGovack, op. cit.

(22) D'Ianni, Noples, Marsh, and Zarney, Ind. Eng. Chem., gg, 1171
(1946).
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synthetic polyisoprene with those of chlorinated rubber and found a close
similarity btheen the two polymers,

Field23 measured the unsaturation of completely chlorinated polyisoprene
and rubbor spectrophctcmetrically. No deocuble bends could be detected in
eithqr polymsr.

There is no indicaticn that anyone hes studied the mechanism of
chlerination cf synthetic oolyisoprcﬁe. ¥or has anycne been able to
propose a complete chlorination mechanism bascd on experimsental results
for natural rubber. The influence of scveral inpcrtant variables on the
chlorination reacticn such as light, oxygen, peroxides, and anticxidants

has been treated only very inccmpletely24.

FPRESENT INVESTIGATIGN

A. S8cope.
The chlorinaticn cf polyiscprene has beon studied with regara to
a) additive and substitutive reacticn
b) eyclization during chlorination, and
¢) unsaturaticn cf the chlcrination products.
Intrinsic viscosities were obtained for several cf the chlorinated
polyisoprenes. These represent supporting evidence for ths cyclizaticn.
A mathematical analysis of the cyclization precess has been made and

o general mechanism for the chlorinaticn has been proposed.

(23) Field, The Goodyear Tiro & Rubber Cc., unpublished werk quoted in
DtIanni’s paper.

(24) Bloomfield, J. Chem. Soc., 1943, 289,
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The influcnce of the following variables on the chlorination of
polyisoprone has becon investigated:
a) Antioxidents
b) Temperature
¢) Small amounts of oxygen
d) Light, and
@) Peroxzides
For the sako of comparison some data on the chlorination of natural
rubber and .gutta percha have been obtained.
Bonzens solubilities were dotermined on all chlorinated polymers,

B. Method.,

1., Determination of Substitutive and Additive Reaction,

The relative amounts of substitutive and additive reaction can be easily
calculated from the weight of polymer chlorinated, the amount of hydrogen

chloride evolved and tho chlorine content of the chlorinated product. Let

w = weight of polymer chlorinated in grams
§ - weight of chlorine split out as HCL in grams
x = the weight fraction of chlorine in the final product

Then the number of chlorine atoms of substitutive origin N, per
isoprene unit is

Ns E 3 S . 6801 - 1.928 . T LT TR T -o--n(l)
35.45 w w

where 68,1 is the molecular weight of isoprene and %5,45 is the atomic
weight of chlorino.
The total number of chlorine atoms N per isoprene unit is given by

N = 6801 - N . X s------«--------o(Z)

3545 p =3

The number of chlorine atoms of additive origin N, per isoprene
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unit is obviously

Ne = N - Ng ——— --(4)

2. Estimation of Cyclization and Unsaturation., The amounts of

additive and substitutive chlorine alone give some indieation of possible
eyelization of the poiyisoprene during chlorimation. However, cembined
with measurements of unsaturation by iedine chloride titration and intrimsie
viscosity data considerable supporting evidence cen be gathered coneerning
the cyslization of the molecule,

The applicability of the iodine chloride titration to chlorinated

olefins and chlorinated rubber has been investigated by Bloomtieldzs.

Of tho fgllowing groups

only the last one inhibits iodins chloride addition to the double beng.
Since in the case of chlorinated rubbers of low chlorine content (not
more than one Cl atom per isoprene unit) practically all the substitutivo
chlorine is removable with slcoholiz silver nitratezs, the chlosine must

... 27
be in the 3=position  and the jacine valus showlé give a truc measure of

ungaturation.

(25) Bloomfield, J.Chem,Soc,, 1944, 114
(26) ibvid

(27) Ziegler et al,, Ann, 551, 80 (1942)
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With chlorinated polyisonrenes containing morce than one chlorine
atom per isopreme unit the applicability of the iedine chloride method
becomes very doubtful.
The percent unsaturation c¢f e chlorinated isoprene pelymer as dotere
mined from tho iodine value. is cecalculated as follows:
Iodine value = numbsr of centigrams of iodine taken w, ~e=—=(5)

wt, of samplo
let My bo the base molecular weight of the polymer., Then for 100%

unsaturation the iodine valus would be

126.9 x 2 x 109 SRR
MO

I300 - =

Thus the percent unsaturation u is

x 100 - I Mo ‘---‘--------(7)

—_— -
- 253,.8

1100

M can be calculated from the amount of chlorine in the polymer (¥) end
the amount of HCL split out (=Ng).

My = base molec. wt. of polyisoprene = loss of ==--=e-oee- ~~==(8)
hydrogen weight of chlorine introduced

Thus .
MO - 681 - Ns x 1.008 + N x 35,45 ---..-..---..---.-(9)
Substituting (9) into (7) we obtain

us=I (681 - 1,008 Ny - 35.45 N)
253.8 cmeccnnnnc-eae(10)

A decrease in unsaturation upon chlorination may be ascribed to two factors =«
cyclization and additive reaction. Denoting by Ng the number of double

bonds per isoprene unit lost due to cyclization and by u, the initial
unsatwration of the polymer chlorinated, the percent unsaturation can be
written as

u=zuy - (N + gg) 100 cemmemmcomemea(11)
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The degree of cyclization N, can then be calculated from equations (10)
and (11). It must be borne in mind however, that equation (10) can only
be expected to give reasonably accurate results for polymers of relatively
low chlorine content (below 40% Cl). For polymers containing over 40%

of chlorine equation (11) can be used to calculate the unsaturation
provided N, can be estimated independently. It will be shown that it is
possible to do this.

It has been found by Stapdinger and Staudingerz8 that when rubber is
chlorinated in the absence of oxygen and light, no appreciable depolymeriza-
tion takes place. Introduction of chlorine into the chain should cause
no change in intrinsic viscosity provided the solvation of the chlorinated
rubber molecule is the same as for the rubber and no shortening of the
chain by cyclization takes place. Experiments with squalene and squalene
hexa-hydrochloride show that the intrinsic viscosity increases slightly
wicu introduction of chlorine apparently due to the fact that the chlorine
atoms are more solvated than the hydrogen atoms. Consequently, if no
cyclization took place in the chlorination of polyisoprene or rubber one
would expect the intrinsic viscosity to incroase with the degree of
chlorination. If, however cyclization occurs, leading to a reduction in
chain length, a drop in intrinsic viscosity might be expected.

This p}ovides another method for determining whether, and at what
stage in the chlorination, cyclization occurs. There are two limitations
to the method: (1) chlorinated polyisoprenes and rubbers of low chlorine
content (approximately below 50% Cl) becomo inscluble once they are

isolated from solution, and (2) at approximately 45% Cl a gel is formed

(28) Staudinger H, and Staudinger Hansjﬁrgen, op. cit.
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in the reaction which can only be broken down by further chlorination.

The first difficulty can be overcome by making the intrinsic viscosity
determination on the polymer in the original carbon tetrachloride solution
without first isolating the dry polymer. The second limitation definitely
rules out the method for polymers of more than 45% chlorine content.
Fortunately, as will be shown later, the cyclization is essentially complete
below 45% C1.

C. Results and Discussion.

1. Chlorination of Polyisoprene in the Dark and in Absence of Oxygen.

When polyisoprene in dilute carbon tetrachloride solution is chlorinated
slowly in the absence of light and oxygen the reaction proceeds initially
in a strictly substitutive manner. Addition sets in slowly after about
0.8 mol of chlorine have been reacted with one bass molecular weight of
polymer, and eventually becomes the dominant mode of reaction. Addition
ceasos abruptly after reaction of 2.3 mols of chlorine and further chlorina-
tion is again strictly substitutive,

This bcohavior is well illustrated by the data of Tekle 1. As an
additional safeguard against oxidaticn 0.10 mol percent of phenyl-fS -
naphthylamine was uscd in the chlorination experiments. By chlorinating
slowly the temperacure was kept within the range from 25-30°C., Nitrogen
was used as a diluent for the chlorine in order to flush out the hydrogen

chloride formed and prevent its secondary addition to the rubber molecule.
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Table 1

Chlorination of Polyisoprene in the
Park =nd in Absence of Oxygen

Mols of Clp | % Chlorine | Total Cl | Substitutive | Additive
reacted per Preduct Atoms per | Cl atoms par | C1 atoms
base mol isoprene | isoprone per iso~
of polyisop. anit unit prene unit
0.38 16.6 0.38 0.38 0.00
0.46 19.0 0.46 0.46 0.00
1.33 43.6 1.48 1.19 0.27
1.48 456.8 1.65 1.30 0.35
1.79 52.6 2.08 1.51 0.57
2.13 58.4 2.62 1,66 0.97
2.28 60.3 2.84 1.71 1.13

When nitrogen containing 0.3% of oxygen by volume was used no effect
could be observad as long as entioxidant was used (Table 2). The data

of Tadbles 1 and 2 are plotted in Figure 1.

Table 2

Chlorination of Polyisoprene in the Dark with
Antioxidant in the Presonce cof Small Amounts

of’ Oxygon
Mols of Cl, % Chlorine| Total C1 | Substitutive | Additive
reacted per Product Atoms per | C1 atoms per | C1 atoms
base mol isoprene isoprene per iso-
of polyisop. unit unit prene unit
0.77 28.6 0.76 0.78 0.00
0.90 32.6 0.91 0.89 0.02
1.43 45.6 1.587 1.30 0.27
1.563 47.6 1.70 1,37 0.33
1.97 56.0 2.38 1.56 .82
2.12 68.3 2.62 1.63 0.99
2.25 60.3 2,84 1,67 1.17
2,37 61.5 2.98 1.77 1.21
2.50 62.5 3.10 1.89 1.21

Chlorination products of relatively low chlcrine content (0 - 40% Cl1)
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still possess somo rubberlike characteristics. These of course decreasc
with increasing chiorino content. There is a tendency for these polymors
to split out hydrogen chloride upcﬁ aging.

Products of 40 to 55% Cl are tough white solids having practically
no rubberlike characterictics. They are thermoplastic and guite stable
to splitting out of hydrogun chloride at ardinary temperatures.

Polymers of more than 557 chlorine content are white, flaky resins,
are only slightly thermopldstic and can be molded into hard, brittle
solids.

Inspection of the date shows that the total amount of chlorine
which can be EEEEQ to the double bonds is only scmewhat mors than one
half of the amount that could be expected tc add on the basis of the initial
unsaturation of the polyisoprene chlorinated. Since the unsaturaticn

of fully chlorinated polyisoprane is zer029

s about Bglg of tho unsatura-
tion is lost due to causes other than addition of chlorine to the doubla
bonds. A cyclization involving two neighboring isoprene units to yield
a six-membered ring containing onc double bond cffers a possible explana-

tion for this behavior.

2. (Cyclization during Chlorination. At first glance it appsars

that if complets cyclization into six-membered rings occured the amount
of additive chlorine at complete chlorination should be two chlorine atoms
per ring, or one atom per original isoprene unit. Closer analysis shows
this not to be so.

Let us assume a chain of n isoprene units and that initially the
chain is attacked by chlorine at random points. At the point of attack
cyclization with a neighboring isoprene unit tekes place. As the reaction

proceeds some of the isoprene units will become isolated by virtue of

(29) Field, op. cit.
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being surrounded on bcth sides by units which have already cycliged. The
isolated units retain their doublea bonds and these can in turn be saturated
by the addition of chlcrine,

I% is possible tr~ calculate statistically the fraction of isoprene
units which become isclaced. The problem is similar in nature to that of
the condensation of polymethylvinylketone uron heating30 or the ramoval
of chlorine from polyvinyl chloride with zinc dust 31.

The complete calculation is given in the appendix. The result is

thet for chains of more than eitht isoprene units the following relaticn

holds:

Fraction of isoprene units uncyclized = 0.1353 (1 + %) ................. (12)

For shorter chains (n smaller than 8):

Fraction of isoprene units uncyclized..= z R A ) B (13)
-l

For long, uninterruptsd chains of isoprene units, such as can be
expected to occur in natural rubber the fraction of uncyclized units
would be approximately 0.135. Hence the theoretical limit of additive
chlorination would be 1.135 additive chlorine atoms per isoprene unit.
It is sipgnificant in this connection that the unsaturation of completely
cyclized rubber (Thermoprene SL) is 57% 32, in wxcellent agreement with

equation (12).
'
¢
In the case of polyisoprene the case is more ccmplicated. Polyisoprene

L}

prepared by emulsion polymerization contains approximately 10% external

(30) Marvcl and Levesque, J.A,C.S. 60, 280, (1938) 5
(31) Flory, J.A.C.S., 61 1518, (1939)

(32) Davis and Blaks, "Chomistry and Technology of Rubber"
Reinhold Publishing Corp., 1937, p. 659.

Y
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double bonds due to 1-2 and 3-4 addition during polymerization. These
cannot be expected to undergo cyclization in the same manner as the normal
1-4 isoprene units. Assuming that these side chains are lost to cyclization,
it is possible to estimate the total amount of additive chlorine in the
following manncr:
The unsaturétion of the polyisoprene used in the chlorination ex-

periments was 96%. This means that of 100 isoprenc units

4 arc saturated

10 are 1-2 and 3-4 addition units (oxtornal double bonds)

86 arc available for cyclization
On the average the length of each section of tho chain containing only
consecutive normal isoprene units is then slightly more than 6. According
to equation (13) the fraction of isoprene units left uncyclized is 0.18.
Thus for 100 isoprene units the number of chlorins atoms reacting by
addition is
20 dus to addition to vinyl side chains
2 x 0,18 x 86 = 31 due to addition to isolated units
0.82 x 86 = 71 dus to addition to cyclizod units
The total number of additive chlorine atoms thus should be 1.22 per isoproene
unit. The observed value of 1.21 is well within the limits of experimental
error. The number of double bends lost due to cyclization is approxi-
mately 0.36 per isoprene unit.

Intrinsic viscosity measurements provido furthor evidence for tho

cyclization. Tho theoretical consideratioushave been discussed (p. 12)
The intrinsic viscosity of tho polymor shows a sharp drop during the early
stages of chlorination and levels off still within the limits of initial

substitutive reaction (Table 3, Figure 2).
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Table 3

Intrinsic Viscosities of Chlorinated Polyisoprenes
(in carbon tetrachloride)

Polymer % Cl |Cl.stoms per | Intrinsic
Isoprene unit | Viscosity
Polyisoprene 0 0 0.75
Chlorinated
Polyisoprene| 11.0 0.24 0.54
16.6 0.38 0.38
19.0 0.46 0.34
43.6 1.46 0.28
44,8 1.53 0.27
46.8 1.65 0.26

It thus appears that cyclization is essentially complete before the
bulk of the additive reaction sets in. This is in aéreement with the

assumption made in the theoretical calculation of the limit of additive

~

reaction.
The decrease in unsaturation due to cyclizaticn in the early stages
of chlorination should, on the basis of the arguments given previously
(p. 10), be measurable by iodine chloride titration. Such a decrease in
iodine value was observed (Table 4). Unsaturation was calculated by
equation (10) and the degree of cylization was estimated from equation (11).
Tablad

Loss of Unsaturation due to Cyclization as
Detormined by lodine Chloride Titration

Polymer % C1 | C1 atoms per |Iodine No.| % unsat, | Degrec of
isop, unit (trlodine | cyclization
number) | (double

bonds lost per
isop. unit )

Polyisoprene - - 357 96 —

Chlorinated

Polyisoprenc| 11.0 0.24 314 94 0.02
" 16.6 0.38 265 85 0.11
" 10.0 0.46 247 81 0.15
" 28.6 0.76 191 71 0.27
" 32.6 0.91 171 68 0.29

Theoretical limit of cyclization = 0.36.
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The results again point to cyclization at the beginning of the
chloriration . It is well to interpret the results presented in Table 4
in a qualitative way and to consider the valuss for degrse of cyclization
as rough estimates. However, combined with the viscosity data the results
show clearly that cyclization is essentially complete below 40% Cl.

3. Unsaturation cf Highly Chlorinated Folyisoprenes. The iodine

valugs of polymers containing more than one chlorine atom per isoprene
unit fall considerably below the theoretical values calculated on the

basis of total possible cyclization and additive reaction (equation 11).

Table §

Unsaturation of Highly Chlorinated Polyisoprenes

% Cl1 Cl atoms Additive Unsaturation
per isop. un. | Cl atoms
by Iodine # | by cyecl,
& addition

43.6 1l.46 0.27 44 47
45.6 1.57 0.27 33 46
46.8 1.65 0.35 35 42
52.6 2.08 0.57 12 31
56.0 2,38 0.82 7 19
58.4 2.62 0.97 2 12
60.3 2.84 1.13 0 4
61.5 2.98 1.21 0 0
62.5 3.10 1.21 0 0

For exampls the unsaturation as given by the iodine value of a sample
of 56% chlorine content is 7%. However further chlorination of the sampla
rosults in an additive uptake of 0.39 chlorine atoms per isoprene unit,
showing that the actual unsaturation is at least 19.5%. This demonstrates
clearly that in the range of high chlorination the iodine value is no
longer applicable.

Figure 3 shows a plot of unsaturation vs. percent chlorine. For

samples of low chlorine content the values given in Table 4 were used,
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(20)

for highly chlorinated polymers those of Table 5§ wers used. The dotted
portion of the curve represents the interpolation in the range in which
the iodine value is no longer representative of unsaturation and in
which the cyclization may not yet be complete.

4. Mochanism of Chlorination. The quantity of hydrogen chloride

given off in the initial stages of chlorination far exceeds the amount
accountable for by the cyclization reaction alone. Hence simultansously
with the cyclization straight substitution of ome chlorine per isoprene
unit is taking place. As has been mentioned (p. 10) this substitution
apparently occurs in the number 1 or 4 positions since the chlorine

is removable with alcoholic silver nitrate.

c
t
~-C-C=*C-C -~
1 2 3 4
Further evidence for substitution in these positions can bs gathored
CHz
from the chlorination of simple olefins containing the ! group.
-C=CH -

Burgin and coworkersSS chlorinated isobutyiene both in the liquid
and gaseous phases. In each case they obtained a yicld of 87% of
methallyl chloride and only 7% saturated dichlorides, the rest being
unsaturated dichlorides, trichlorides etc. Seccndary addition of HCl
amounted to about 1%. The formetion cf methallyl chloride waw not due
tc splitting out of HCl from 1,2-dichloroisobutane, as the equilibrium
betwsen methallyl chloride and HCl was found to be far on the side of
1,2-dichloroisobutanc. Likewise the chlorination of "tertiary amylene"

(& mixturo of 2-methylbutenec-2 and 2-methylbutene-1) resulted in a yield

(33) Burgin, Enge, Groll, and Hearne; Ind.Eng.Chom., 31, 1413 (1939)
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of 80% of unsaturated allyl type monochlorides (2-methyl, 3-chloro
butene~l and 2-methyl, l-chlorcbutene-2).

Dihydromyrcene (di-xsonrane). squalene and l-methylcyclohexene®?
likewise chlorinate predominantly by substituticn (80-90%).

The course of the chlovinution of pelyisoprene as far as the normal
isoprene units are cocncerned, is then:

1.) Initial substitution

2.) Simulteneous cyclization acccompanied by evolution of HC1

3.) Addition to the ociat of saturation

4,) Substitution

The exact mschanism by which the initisl substitution takes place is
uncertain. An additive dichloride may be Tormed, which by splitting out
hydrogen chloride and reformaticn of the dcuble bond gces over into a

chlorine substituted isoprene unit:

CHs CH3
! cL, '
-CHz-C'CH-Cﬂz-——--é--CHZ-C~CE~CH2- —
' 1
Cl Cl
s
wr—— -CH=0 ~0CH ~ CHZ 4+ HCl
s

Ccl
The result is obviously the same as diredt substitution in the
l-position (analogy with 2-methyl butene 2).

CH cH
|3 '3

cl

2

- CHy- C = CH~CH — ~-CH-C =CH=~- CH2 - 4+ HCl
t

Cl

(34) Bloomfield, J.Chem.Soc., 1943, 289.
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"PROPOSED SCHEME FOR COMPLETE CHLORINATION
| OF 1-4 ISOPRENE UNITS
CH, CHy .
CHy——C ==CH—CH;—CH;——C ==CH—CHy—
12 GL:2
THS THS
CH—— G '=—=CH——CHgy—CH——C ==CH——CHy— + 2 HCL
0\,1. Cé? .
H cL A 2 g
c—¢C, - —C
AT / ’H\ + HOL
CLCH . C-CH, + HCL H,C—C HC CL :
— GH _\C G CHy— C (i, ' (\;H-—-QHz——-—‘
CL  CH, c, N CL CH, CL
e
(FOR TRANS UNITS) A (FOR CIS UNITSY)
[ g 8L
/™ H\C;CL
CLGCH / \CH3
CH c‘: c|: CH,
CL CH, CL
lz Clez
; cL  CL
" c—¢C
H H\ oL
CL CH clcn. T 2 HCL
/3 |
CH T TH
P GL CNy, CL CL
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Burgin'’s 35 experiments with isobutylene favor the direct substitution.
The main cyclization cannot be effected through the methyl groups
since such a shortening of ths chain would herdly be sufficient to explain
the large drop in intrinsic viscocity. A cyclization with the main chain
is a more plausible aiternative. Figure 4 shows a possible schome for
tha chlorination of twe adjacent isoprene units. A study of molecular
medels shows that cis and tranc uaits must cyclize in a slightly different
manner. In both cases pratically strainless structures result which on
further chlorination become identical. There is a further possibility of
forming a strainless ring through the methyl groups:
C ~———C
f t
-C - C'f/; -C-C~-C=C-~-C -
Possibly such u cyclization also occurs to some oxtent. The final structure
having the empirical formula CjgH;Clq would contain 63.7% Cl. Since
this figure refers only to the normal isoprene units which undergo cyclization,
it is apparent that nc decfinite chlerins ccntent can be specifiied for
completely chlorinated pclyisoprene. In the dark and in strict absence of
oxygen chlorination can nct be carried much farther than 62.5%. Chlorin-
ated polyisoprene of highsr chlorine content can hcwever be prepared by

changing the reaction conditicns.

S. Influence of Tamperature of the Chlorination in Darkness and

Bbsence of Oxygen. Within the range from 0° to 77°C the temperature of

chlorinaticn hos little effect on the relative amounts of addition and
substitution but does effect the rate of the reacticn. The chlcrination
in the cold proceeds faster. A ccmparison of results obtained by chlorina-

ticn at three different temperatures is given in Table 6.

(35) Burgin et al., op. cit.
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Taple 6

Effect of Tsmperature on Chlorination of
Polyisoprene in the Dark and in Absence of Oxygen
(Data for 30%C are taken from Figs. 2 and 4)

% c1 |Temp. ©C | Substit. Cl | Additive C1 | Unsaturation
atoms per atoms per (by iodine
isop. unit isop. unit value)

0° 0.24 0 94

1.0 z0° 0.24 - 0 94

o° 1.20 0.24 -

43.9 | 390 1.24 0.24 —

og 1.71 1.17 -

60.6 | 3p 1.69 1.17 -

770 0,99 0.08 66

36.2 | 300 0.98 0.08 62

(o] T .
77 1.07 0.27 48

41.5 1 500 1.12 0.17 53

77° 1.42 0.33 S

48.3 | 300 1.39 0.40 -

6. Influence of Small amounts of Oxygen and Light. Oxygen has a

pronounced effect on halogenation reactions. It inhibits the substitutive

chlorination of ethylene36

and conbined with the action of light brings
about the rapid halogenation of a considerable number of organic compounds
such as cyclopropane, toluene, phenanthrene and othersS7,

Yhen the chlorination of polyisoprene is carried out in diffuse

daylight. without antioxidant and in an atmosphere of about 0.3 volume

parcant of oxygen, certain deviations from the behavior described

for tihe chloriastion in the dark with antioxidant can be observed:

—— e v ——

(36) Stewart and Smith, J,A.C,S., 51, 3082 (1929)

(37) tharasen, Fineman and Mayo, ¢.A.C.S., 61, 2139 (1939)
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(1) Additive reaction sets in somewhat earlier
(2) The total extent of additive reaction is noticeably larger
(3) Chlorination can be carried farther.

The experimental results are given in Table 7 and plotted in Figure 5.

Table 7

Effect of Light and Small Amounts of
Oxygen on the Chlorination of Polyisoprene

Mols of Cl, }#% Chlorine| Total Cl | Substitutive | Additive
reacted per Product Atoms per | C1 atoms per | Cl atoms
base mol isoprene isoprene per iso-
of polyisop. unit unit prene unit
1.06 37.4 1.13 0.99 0.14
1.34 44.0 1.48 1.21 0.27
1.67 51.3 1.79 1.56 0.23
2.06 56.9 2.47 1.65 0.82
2,11 58.4 2.62 1.60 1.02
2,33 61.5 2.98 1.69 1.29
2.46 62.7 3.14 1.78 1.36
2.47 62.9 3.16 1.79 1.37
2.65 64.3 3.35 1.95 1.40
3.04 66.5 3.69 2.30 1.39

In view of the result of Kharasch's work the increase in additive
reaction of chlorine with polyisoprens due to oxygen is not surprising.
The additive reaction probably follows a free radical course similar to
the halogenations described by Kharasch.%8

The increased amount of addition decreases the number of isoprene
units available for cyclization and thus affects the entire course of
the reaction.

As coulé be expected the final substitutive reaction of chlorine with

th2 saturated chlorinated polyisoprene is catalyzed by light and the

chlerimation procecds farthor.

{231 ibid.
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7. Solubility. It has been mentioned that in the chlorination of
polyisoprene some gol is formed after about 1.5 mols of chlorine have been
reacted with one base mol of polyisoprene. This gel gradually disappears
upon furthsr chlorination.

A more pronounced selubility loss takes place when polymers of low
chlorine content are isolated from solution. These products although
initially soluble in carbon tetrachloride beccome almost completely insoluble
in any organic solvent. It is believed that this bshavior is due to oxidation
duriqg drying of the polymers leading to cross-linking of the chaius with
accompanying loss in solubility. The higher chlorination products,
possessing loss unsaturation do not oxidize as readily and consequently do
not exhibit this property. Table 8 gives benzene solubilities for a

number of chlorinated polyisoprenes.

Table 8

Benzene Solubilities of Chlorinated Polyisoprones

Conditions of Chlorination Benzene
Solubility

y AR 4

Illumination | Temp. °C | Oxygen
Dark 25-30° |negligible, | 16.6 19
antioxidant | 19.0 23
used 43.6 42
46.8 63
52.6 7l
58.4 | 100
60.3 95
Dark 0° " 11.0 22
44.8 5
i 60.6 92
! Dark 77° " 36.2 30
: 41.5 44
X 48.3 | 96
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(76)

Table 8
(Zont.)
Conditions of Chlorination % Cl1 | Bengene
Solubility
Illumination | Temp. ©C | Oxygen %
Dark 25-30° | 0.3%, dut 28.8 9
with 0.1% 32.6 10
antioxident | 45.6 31
47.6 74
56.0 73
58.3 90
60.3 94
61.5 92
62.5 96
Diffuse | 25-30° 0.3% 36.4 15
Day-light 37.4 15
44.0 14
51.3 34
56.9 99
above 58.4 100

Some variation is seen to arise duc to differences in chlorination
procedure. Chlorination at reflux leads to higher solubilities.
Chlorination without antioxidant in daylight causes a decrease in benzene
solubility. These differences are not casily explained. In the case of
chlorination without antioxidant the polymers are more susceptible to
oxidation during working up of the sample which may explain ‘the solubility
loss. This is substantiated by results obtained with polymers prepared
with benzoyl peroxide as a chlorinaticn catalyst. The solubility of these
polymers will be discussed at a later point.

8. The Chlorination of Polyiscprene in the Prosence of Ultraviolet

Light and Peroxides. If the increase in additive reaction due to oxygen

and diffuse daylight is due to a free radical chain raasction thon one
should expoct a further shift toward additivo chlorination undor condi-
tions favoring tho formation of free radiecals and atomic chlorinc.

Such conditions are roadily established by carrying out the chlorination

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pan
ty
~3

-~

in the presence of a peroxide catalyst with simulvaneous irradiation by

ultraviolet light.

Indeed, profound chunges in both the mode of chlorination as well as
the physical properties of the prcducts were observed when chlorination
was carricd out in the prescncd of 1% of benzoyl peroxide and in tho light
of a 100 watt high pressure moercury arc lamp. The general increase in
additive reoction is striking, the tctal uptakse of additive chlorine
being 1.76 atoms per isoprenc unit. The chlorinaticn proceeds much faster
and can be carried to a chlorine content of more than 70% (Zable 9, Figure 7).
Within the limited temperature range of 0°-77°C no significant difference

in the amounts of additive and substitutive chlorination can be observed.

Table 9

The Chlorination of Polyisoprene Catalyzed by Ultraviolet
Light and Benzoyl Peroxide

Mols of Clp | % Chlorine | Total C1 | Substitutive |Additive
reacted per Product Atoms per | C1 atoms per |Cl atoms
base mol isoprene isoprene per isop.
of polyisop. unit unit unit

Chlorinated at Room Temperature:

0.61 25.0 0.63 0.58 0.06
0.99 36.0 1.07 0.91 0.16
1.06 38,2 1.17 0.95 0.22
1.15 40.0 1.26 1.03 0.23
1.26 43.7 1.47 1.06 0.41
1.5) 49.8 1.87 1.15 0.72
1.88 57.4 2.53 1.23 1.30
2.02 59.2 2.73 1.30 1.43
2.21 62,2 3.09 1,33 1,76
2.29 62.9 3.17 1.41 1.76
2.93 67.2 3.81 2.06 1.75
3.07 67.9 3.92 2.22 1.70
3.E1 70.4 4,39 2.63 1.75
Chlorinated at 77° C:
0.15 7.9 0.16 0.15 0.01
0.36 16.3 0.37 0.35 0.02
1.53 50.6 1.93 1.13 0.80
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Table 9
(Cont.)

Mols of Cl, | % Cklczize {Total ClL | Substitutive | Additive

reacted per Prcduct Atoms per | C1 atoms per | Cl atoms
base mol isoprene isoprone per isop.
of polyisop. unit unit unit

Chlorinated at 0°C:

0.90 34.2 0.99 0.81 0.17
2.05 59.7 2.79 1.32 1.47
3.53 70.8 4.46 2.59 1.87

It is obvious that the emount of cyclization must bo considerably
smallor. Unfortunately the methcds used to ostimate cyeclization and un-
saturation cannot be applicd to this casc since no conclusicns can be
drawn from intrinsic visecsities and iodine values. When a carbon tetrae~
chloride solution of 5 g. of polyisoprenc with 1% of benzenc peroxide
was exposed to the action cf ultraviolet light for twc hcurs, the preduct
showed an intrinsic viscosity of the sol of 0.54 as compared with the
original value of 1.0l and a drop in iodine value from 354 to 330. The
sample also contained a considerable amount of gel (40%). Thus cross-
linking with accompanying loss in unsaturation take place. A large
increase in gel formation during chlorination was also observed. It is
impossible to separate these effects from the changes caused by the
catalyzed chlorination.

When the chlorination is carried out in the presence of 1% benzoyl
teroxide but in total darkness thoe effaect is a definite shift toward
substitution. The cause of the incrcase in additive reaction when both
peroxide and light are used is thus seen to bs the irradiation with
ultraviclot light. This is also borne out by the rosults obtained from
chlorinations in u. v. light but without porocxide (Table 10). Indeed,

thare is only a small difforonce in the amounts of additicn and substitution,
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whether or not a peroxide catalyst is used, as long as the chlerination
is carried out in the pressnce cf ultraviolet light. Hewever it was
found that only in the preszence cf both catalytic effects could the

chlorination be carried to the extremely high degrees repcrted in Table 9.

Table 10

Separate Effects of Peroxide and U, V. Radiation

Mols Clgz Reaction [Chlorine atoms per isoprene unit
reacted per base | Conditions
mol of polyisop. Total Substitutive | Additive
tncatalyzed 2.34 1.57 0.77
1.95 peroxide 2.18 1.72 0.46
u.v.& perox. 2.65 1.28 1.37
uncatalyzed 3.01 1.80 1.21
2.41 peroxide 2.82 2.00 0.82
u.v.%& peroxd 3.29 1,53 1.76
uncatalyzed 0.58 0.58 0.00
0.58 u.v. light 0.58 0.58 0.00
u.v.& peroxJ 0.60 0.55 0.05
uncatalyzed 3.16 1.95 1.21
2.55 u.v. light 3.39 1.71 1.68
U.V.& perox. 3.42 1.66 1.76

The solubilities of chlorinated polyisoprenes prepared under the
influence of ultraviolet light and benzoyl peroxide differ noticeably
from those of polymers prepared in the dark and in absence of oxygen
(Figure 8).

The decrease in solubility may be due to the formation of the free
radicals leading to cress~linking between cheins.

This is partielly effected during the chlorination but probably
takes place to an even highpr degree during the isolation and drying of
the polymers, as in fhe solid polymer the chains are closer together and

the life of the free radicals is considerable longer.
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Table 11

Benzene Solubilities of Chlorinated
Polyisoprene Prepared by U.V. and Peroxide Catalyzed Chlorination.

% Cl1 | Benzene Solub, | % Cl |Benzene Solub.
% 4
7.9 39 57.4 36
25,0 26 59.2 40
36.0 3 62.2 91
38.2 7 62.9 92
40.0 8 67.2 89
43,7 8 67.9 90
v 49.8 10 70.4 91

That most of the cross-linking takes place in the isolated product
is further evidenced by the fact that polymers containing the limiting
amount of additive chlorine (and hence no double bonds) are practically
complet.ly soluble where as polymers possessing unsaturation have very
low solubilities when isolated. This is borne out by the sharp solubility
rise around 60% - the point at which saturation of the double bonds is
essentially complete (see Figure 8).

9., Natural Rubber and Gutta Percha. On the basis of the results

obtained with polyiso;rene the chlorination of rubber and gutta percha
is merely a special case of the same reaction. Both cis and trans oriented
isoprene units are capable of cyclization and so no appreciable
difference should arise in this respect. The absence of 1,2 addition
units should allow cyclization to procced to the theoretical limit of
86.5% of all units cyclized. The total number of chlorine atoms which
can ba introduced by addition must be
0.865 - 2 x 0.135 = 1.135

Experimontal rosults (Table 12) are in very good agreement with

the theoretical figures, Aside from the effects dus to tho absence of

1-2 addition units, no deviation from the bshavior of polyisoprene can
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Table 12
Summary of Results with Rubber and Gutta
Polymer | Chlorination Mols Cl, % Cl | Cl atoms per isoprene unit % Degree of
Conditions reacted Total Subst. Add. Unsat, | Cyolization
Rubber Dark, antioxie~
dant, 30°C 0.15 6.8 0.15 0.15 0.00 92% .08
0.27 12.8 0.28 0.26 0.02 76% «23
1,00 3346 1.03 0.97 0.06 51* .40
1.45 ’45.0 1.54 1.36 0.19 47 .43
2.09 57.5 2.53 1.65 0.88 13 «43
2.14 58.8 2.68 1.60 l.08 3 43
2,81 64.6 3.38 2.24 1.14 0 .43
U.V. plus
peroxide 0.97 35.7 1.05 0.89 0.16 -- -
3.31 69.0 4.11 2.52 J 1,59 -- -
“Gutta | Dark, anbioxi- | T T T
dant, 30°C 0.71 27.6 0.72 0.70 0.02 83 +16
1.94 55,2 2.31 1.57 0.74 20 «43

*by iodine value

(12)
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be observed.

Chlorinated Gutia of 29.6% chlorins contont is physically indisting-
uishable from the cerresponding cialorination preducts cf polyisoprene
and rubber. Since no apprecisble addition takes place in the early stagas
of chlorination the apperent destruction of the cis-trans isomerism must
be attributed to the cyclization. The structures propcsed for the cyclized
nis and trans units (Figure 4), slthough rot identical, nevertheless
shcw a high degree of similarity and might bo cexpected to impart very
similar properties to the polymers.

The reduced amount of addition is also apparent in the catalyzed

chlorination of rubber.

EXPERTMENTAL

A. Preparation and Purification of Polymers for Chlorination.

1. Polyisoprene. Since a reproducible source of polyisoprene was

required, polyisoprene was prepared in the laboratory from isoprene
supplied by Newport Industries. The isovrene was distilled to remove
“he polymerization inhibitor and polymerized in the following emulsion
sacines
Isoprens 100.0
Tert. hexadecyl mercaptan 0.5
Water 180.0
Potassium Persulfate 0.3
Soap (SF Flakes) 5.0

0% 0v 0% O O%

The v~lymerization was carried out in 12 oz. crowncapped bottles,
~otated end over end in a thermostat at 50°C for 30 hours. The latex
thus cbtained was short stopped with .06 g of hydroquingne, stripped of

unrescted monomer by vigorous stirring at 50-60°C and 1.2 g of phenyl-‘3-
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naphthylamine was added es antioxidant. Coagulation of the latex was
effacted by addition of 100 cc of 25% sodium chloride solution, followsd
by 600 ce of ethanol. The resulting rubber was carefully washed free of
soap in warm water and dried for 24 hours in a vacuum oven at 50°C. This
was followed by a 24 hcur extraction ( in a Soxhlet apparatus) with the
azeotropic mixture of ethanol and toluens. 1In the extraction all but
traces of antioxidant-~ originally added to protect the polymer during
the stripping and washing operations- was removed along with residual
monomer, low molecular polymers, and soap. The rubber was again dried,
this time for 48 hours at 350C in vacuo. The resulting polyisoprene
hydrocarbon is a colorless, transparent, soft polymer of nearly
theoretical iodine value. It was stored in the dark in an evacuated
desiccator.

2, Natural Rubber. Pale crepe was purified by a method similar to

that described by Kemp and Peters3®. 50grams of crepe were placed in a
cloth bag and submerged in 1500 c¢o of chloroform to which 0.2 grams of
phenyl- {5 -naphthylamine had been added. Diffusion of the rubber into the
solvent was allowed to take place for 5 days, aftor which the rubber was
precipitated with methanol and redissolved in benzene. The benzene
sclution was now fractionally precipitated with a 50-50 mixture of ethanol
and banzane and the first fraction discarded. According to Pummerer and
Yoch?? al) impurities are removed with the first fraction. The rubber
Eydi ocarben was dried for 48 hours at 35°C in a vacuum. Ioding chloride

titration gave an iodine value of 370 for the final product.

——— e — c— v———

(39; Eemp ard Peters, Ind. Eng. Chom. 33, 1391-8 (1941)

(49) Pummerer and Koch, Ann. 438, 294-313 (1924)
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3. Gutta Percha. Crude gutta porcha was dissolved in banzene and

the solution filtered to remove grit and sand. The polymer was then
precipitated with alcohol and extracted with the azeotropic mixture of
ethanol and tolucne. After two more precipitations, the gutta percha
wes dried in the same manner as polyisopreme and rubbor. The product had
an iodihe velue of 364, indicating a hydrocarbon ccntent of 97%.

B. Chlorination of Polymers.

1. Chlorination Apparstus and Procedure. Chlorinatione were carried

out in the all glass apparatus shown in Figure 10. A slow stream of
chlorine (12 - 20 cc/min.) and nitrogen in approximately equal proportions
was introduced just below the surface of an agitated, dilute (20 grams/L)
solution of the polymer in reagent grade carbon tetrachloride. The evolved
gasos were passed through the condenser (C) and up the column (B) packed
with metallic antimony and glass wool. Any chlorine escaping from the
solution was removed by the antimony. The hydrogen chloride passed through
the antimony and into a 2N sodium hydroxide solution in the trap (A).
Special tosts showed that separation of chlorine and hydrogen
chloride by the cbove method was quantitetive pnrovided that the antimony
was first saturated with anhydrous hydrogen chlorido. Consequently
tho an%imony used was first treated with anhydrcus HCl and then blown
fres of adsorbed hydrogen chloride by e stroam of dry citrogen. As a
precaution ths standard alkali in the trup was chicked for hypochlorite and
zntimony (from hydrolysis of SbClg vapors possibly carried intc the trap)
pfter each run. Beth tests were consistently negative.
Cormercial chlorine was used in all chlorinatioas. Tae gers wos
ccrubbed with concontrated sulfuric acid (N) and liquificd in = dry ice
trap(L). Half of the liquid chlorine was distilled off and trapped in

o
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alkali (P). The residuc, substantinlly froo of oxygen and hydrogen chloridoe,
wgs allowed to distill into the reaction flask (G)., The switch from trap

(P) to reactor (G) was accomplished simply by turning the three-was stop-
cock (J). In exporiments in which total exclusion of oxygen was not

desircd, tho distillation of the chlorine was omitted.

The purpose of using nitrogen as a diluent was twofold. Nitrogen
provides a ncutral atmosphere ana keeps tho solution in trap (A) from
sucking back into the systom upon absorption of HCl. At the same time,
sccondary addition of HCl te the rubber molocule is provented by the
flushing action of the nitrogen4l. Oxygen was removed from the nitrogen
by passing tho latter rhrough a dilute sclution of ckromous sulfate 42 (U).
The gas was ther scrubbed with ccncentratod sulfuric acid (T) and passed
through a phosphorus pentoxide drying tube (S) before being mixed with
the chlorine. Again, in experiments not necessitating the strict absence
of oxygen, the procedurec was simplified by omitting the chromous sulfate
bubbler. The nitrogen used contained 0.3% okygen by volume.

Before starting the chlorination, tho owtire system was blown out
with nitrogen for at least 10 hours. Likewiso, the nitrogen flow was
continued after chlorination until the exit gases tested entirely neutral
toward moist litmus papor.

Total darkness during chlorination was insured by placing the entire
apparatus into a blacked out laboratory hood.

Tk > poroxide catalyzed chlorinations wero run with the reactor flask

irradicted by a 100 watt morcury arc light source, rich in ultraviolet

-~

(4L) Blocmfiold, J. Chom. Soc., 1943, 289.

(42) Rust and Vaughan, J. Org. Chem. 5, 449 (1940)
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radiation.

Phenyl-(}-naphthylamine was used whaenever chlorination was carried
out in the presence of an antioxidant. Its purification was accomplished
by recrystallizing technical phenyl-{S-naphthylamine (Bastman) twice from
alcohol.

2. Isolation of chlorinaticn praducts. The chlorinated polymers

were isolated from the CCl4 sclution by dropping the solution into
boiling water to flash off the solvent. The product was then divided up
into small picces and washad in boiling water for 30 minutes. This was
followed by a similar wash in distilled water, The pclymer was carefully
dried in a vacuum oven at 50°C.

The drastic treatment to remove the solvent is absolutely essential,
since chlorinated rubbers are particularly apt to retain traces of

solvents43.

It was realized that boiling of the polymers might cause
hydrogen chloride to bo split off. However, in all but a few cases, no
chloride could be detected in the wash water. Even when the water gave
a positive test for chloride, the amount was quite negligible.

It vias found convenient to precipitate pclymers of low chlcrine
content with ethanol prior to boiling them in water. This was done

merely to facilitate handling of the inherently sticky polymers.

C. Analytical Methods.

1. Chlorirec Analyses. The pure, dry polymers were analyzed for

chlorino by sodium peroxide fusion (Parr bomb techniquo) fcllcwed by

the Velhard method,

(43) Houwink, R., Chemiec und Tochnologie der Kunststoffe, p. 481,
Leipzig, Akademische Verlagsgesecllschaft M, B. H, (1939).
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The amount of hydrogen chloride evoived during the chlcrination
was determined by titration of an alioust from the standard alkali.
The Volhard chloride cdetermization was fuvored over back-~titration with
standard acid as a matter of convenience. No difficulty was encountored
from traces of carbon tetrachloride swept into the alkali trap during
chlorination.

2. JYodine Chloride Titrations. The limitations of the iodino

chloride titration havc been discussed. Tho methcd of Kemp and Mueller??

was applicd successfully without modifications to polyiscprenc, rubbor,
and gutta porcha, However, with chlorinated polymers the procedurs had
to be modified to insure complete icdine chleride additicn. The reason
for this is two-fold: (1) The reaction is considerably slower for the
chlorinated polymers, and (2) tho lew solubility of some of the chlorinated
polymers further retards icdine chloride additicn and leads to erratic
results, as the titraticn must be carried out with a gel sample. Those
difficulties were largely overcome by allowing 72 hours for the iodine
chloride additicn to take place (instead of one hour). It was found
experimentally that tho observed iodine velue approaches a limit with
increasing time of reaction. After 72 hours additicn of iodine chloride
was found to be essentially complete.

D. Intrinsic Viscosities and Benzone Solubilities.

Cylindrical glass jars of 150 ml capacity werv equipped with screw
tops linod with tinfoil. Each jar was fittod with a central glass tubo
extending over tho whcle length of the jar, the tube carrying four

stainless stuel wiro screens (80 mesh) spaced an oqual distance apart

(44) Kemp and Muellor, Ind. Eng. Chem., Anal, Ed., 6, 52 (1934).
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and fitting tightly against the side of tho jar. 250 milligrams of
polymer were distributed evenly over the four screons in ocach jar and
covered with 100 ml of benzene. The lids wore replaced and the samples
set asidae in tho dark. After 24 hours, 50 ml of solution were pipettaed
out of the central tube and the pipette was allcwed to drein onto the
screens, This was done to insure unifermity cf the solution. After 24
hcurs, 10 ml of solution werc withdrawn fron ocach jar and evaporated in

S0 ml beakers at 75°C,

Benzeno solubility (in %) - Wb, of residue . 4 g9
wt. cf sanple

Conversely, for the insoluble vorticn retained by the screens:

Gel content (in %) = 100 -(% benzonc sclubility)

An Ostwald vigcosimeter immersed in a constant temperature bath
(at 30°C) was employed to measure the rolative viscesity (’1") of the

polymer soluticn.

whore t and t, are the times of flow of soluticn and solvent respectively.
The difference in donsity bstween solvont and scluticn was neglected,
The intrinsic viscosity (’7[) is dofincd as
71 = %- ln‘rl r
where ¢ is the concentration of the sclution in grams por 100 cc.
The intrinsic viscosities werc determined in carbon tetrachloride
solution (taken directly from the reactor flask), and ¢ was calculated

from the solids content of the solution,
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SUMMARY:

1. The extent of additive and substitutive chlorination was determined
for twenty~-two samplos of polyisoprene chlorineted to different chlorine
contents in the dark and in a nitrogen atmosphere. In all cazas the
reaction was found to proceed initially by substitition, followed by
addition and in the last stages again by substitution.

2. The maximum amount of additive chlorine that can be introdvced into
the polymer is 1.21 atoms of chlorine par isoprene unit, A marked
shortening of the chain length occurs during the early stages of chlorination
as is evidenced by the intrinsic viscosities of the chlorination products.
The unsaturation of these polymers as measured by iodine numbers falls
short of the values calculated on the basis of additive reaction alone.

A eyclization of two adjacent isoprens units into s six membered ring

is proposed as & likely cause for this behavior,

3. The cyclization takes place in the early stages of the chlorination
simnltaneougly‘with the initial substitution. The theoretical limit of
cyolization calculated statistically is 86.5% of all isoprene units
cyclized for natural rubber and 72% for polyisoprene containing 107% vinyl
side chains, Experimental results are in excellent agreement with these
figures,

4., ITodine chloride titration gives fair results for samples of low
chlorine content but is not applicable to polymers cortaining much more
than 35% Cl., Knowing the degree of cyclization, the unsaturation can
howover be calculated for any polymer from the extent of additive reaction.
5. A complets schome for the chlorination of 1,4 addition units of

polyisoprene has bcen proposed. Vinyl side chains prcbably chlorinate
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by addition to the double bond as do isolated isoprene units not capable
of undergeing cyclization.

6. Nine chlorinated polymers prevered from na'.ural rubber and gutta
percha show that natural rubbter and gutta percha chlorinate in a manner
analogous to polyisoprene. The situvation is simpler due to the absence

of 1,2 addition units. Differences due to cis~trans isomerism are minor.
7. In the p--seuce of antioxidant. small amounts of oxygen have no effect
on the reaction of polyisoprene with chlorine. Temperature has likewise
no effect on the extert of addition, substitution and cyclization but

does affect the rate of chlorination, the reaction in the cold proceeding
faster. Polymers chlorinated at reflux show higher benzene solubilities
than those chlorinated cold.

8. When polyisoprene is chlorinated in diffuse daylight and in the
presence of small amounts of oxygen (no antioxidant being used) an increase
in additive reaction is obscrved. Ten samples were prepared in this
manner. The cyclization is less complete in this case. The final
substitutive reaction is catalyzed by light and the reaction proceeds to
higher degrees of chlorination.

9. Chlorination catalyzed by ultraviolet light and benzoyl peroxide
produces a still stronger shift toward additive reaction. Twenty three
polymers among them two containing over 70% Cl have been prepared in this
manner. Cyclization is prevented to a considerable extent by the addition
of chlorine to the double bonds. Both addition and substitution are
catal;zed, the additive reaction being enhanced mainly by ultraviolet
light and the substitutive reaction by the poroxide catalyst. Withim

the range invostigated the ultraviolet and peroxide catalyzed reaction

is indepoendent of temperature.
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10. Chlorinated polyisoprenes and natural rubbers of low chlorine con-
tents becomc insoluble once isolated from solution. This tendency is
strongest with polymers prepared by the peroxide catalyzed chlorina-
tion and least with the polymers chlorinated in the presence of anti-
oxidants. Oxidative crosslinking during isolation from solution and drying

offers a possible explanation for this bohavior.
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APPENDIX

liathematical Analysis of

the Cyclization Reaction

Let E, be the number of uncyclized isoprene units at the ond of the
reaction in a chain of n units. Obviously E, = O, El =1, E, =0 and
Ez = 1. If n = 4 cither the first two or tho last two units may cyclize
leaving the remaining units equivalent to n - 2, or the second and third

units mav cvelize first, leaving two n = 1 molecules. Thus

Es = % (2E5 + 23)

If n = 5 the first two or last two units may cyclize leaving an n = 3
remainder in each case, or two units in tho middle of thc chain may

cyclize leaving in cach case one n = 1 and one n ¥ 2 remainder. Then

Eg = _l. (2B3 + 2B, + 28;)

In gencral

Ep = (2/n-1)(Bp-z +Ep_z +Ep.g + ===~ Ep) (1)
or

Ep = (2/n-1) ;n%'i By (2)
It can be seen that

nEp,y = (n-1)B, = 2B, 5 (3)
We now construct a genorating function

£(x) = i Ep,y x2 (4)

n=o

Differentiating o

£r (x) = Z nEp,; x°-1 ()

n=o
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and . .
£t (x) = Z nEp,} x° (6)
n= o
[os) >
xef1(x) = zz: nEp gy A+l = 2:_ (n*-1) Epe = (7)
nso n'=1
& 3
x22 (x} = /_ Epq K2 Z Epeay X2 (8)
n=o n*=2

From (3), (6), (7), and (8) it follows that

xft (x) - x20*(x) - 2x2Ff{x) = 0 (9)
Solving this simple differential equation we obtain
£(x) = e™2%/(1-x)2 = 1/(1-x)2 i (<ex)n L (10)
n=o ni
But
1/(1-x)2 = i (n + 1)x2 (11)
n3o
Epyy Will bo the coefficient of x™ in f(x). That is
n
Ensl =) 1 (-2)5 (n+ 1-0) (12)
swp 8. ‘
or
n=1 1
s - (-2)8 - 13
B2 L 5(-2)° (nes) (13)
Rewritten . .
= = 1 s-X
By Tm ) 50202 ) oyyi(-2) (1¢)
8=0 820
For n>8 this becomes very nearly
E, = (n+2) 0" = (1353 (n+2) - ¢15)
The fraction of isoprene units left uncyclized is
(16)

s I 2y’
2B, = L1353 (1+%)

Tor n <8 equation {13) must be usad.
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