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ABSTRACT

PAIK, GEORGE YUSUN Cationic Cépoiymerization of:Styrene and
Beta- Pinene: The Effect of Solvent on Monomer Reactivity
Ratios R B '

Copolymers of styrene and B- pinene were synthesized at 30
degrees Celsius in methylene dichloride, carbon tetrachloride,
and nitrobenzene. NMR analysis was used to determine the mole
percent of styrene and B- pinene in the copolymer. These data
were used to calculate monomerrreactivity ratiog in the three
different solvents.

It was found that the styrene reactivity ratio increased
when solvents with low dielectric constants were used. The
B- pinene reactivity ratio increased as the dielectric constant
of the solvent increased.

Pyrolysis and gas chromatography indicated that copolymer-
ization may not have occurred in nitrobenzene and carbon tetra-
chloride if the mole percent styrene in the féed was 50% or
less. However, solvent extraction with acetone on the 1:1
molar feed polymer synthesized in nitrobenzene indicated that

copolymerization did occur.
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INTRODUCTION

Cationic polymerization is an important method of synthe-
sizing polymers, for there are many cheap menomers that can be
polymerized cationically and also a large number of Friedel-
Crafts metal halides that can initiate cationic polymerization.
In industry, the amount of polymers produced through cationic
polymerization is second only to that of free radical- initiated
polymers (1).

Two important® monomers that are polymerized cationically
are styrene and B- pinene. Styrene is an extremely versatile
monomer, for it can be polymerized free radically and anion-
ically as well as cationically. High molecular weight polymers
of styrene, polystyrene, are widely used in the form of ice chests
and other insulating devices. Low molecular weight polymers of
styrene, which are produced by cétionic polymerization at room
temperature, are used as lacquers and resins. Styrene has been
copolymerized with butadiene to make a rubber called Buna- S (2).

B~ pinene is another versatile monomer. Unlike styrene, it
can only be polymerized catiohically. Poly- B- pinene is a low
molecular weight polymer that ié used primarily as the tackifier
in pressure sensitive adhesives.(B). B- pinene has also been cat-
jonically copolymerized with isobutylene to give a rubber which
is ozone resistant and sulfur vulcanizable (4).

Recent work by Howard Sheffer and Gary Greco have shown that
styrene and B- pinene definitely copolymerize in methylene di-

chloride at 30 degrees Celsius. The object of this author's
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research was to determine the monomer reactivity ratios of sty-
rene and B~ pinene in the solvents methylene dichloride, nitro-
benzene, and carbon tetrachloride. These solvents were chosen

because of their different dielectric constants.




BACKGROUND

In 1970, two papers by A.Sivola and others about the cat-

ionic polymerization of styrene and B- pinene were published.
One stated that styrene and B- pinene copolymerize in m- xylene
at 30 degrees Celsius (5). The other stated that when methylene
dichloride was the solvent, B- pinene did not copolymerize with
either styrene or isobutylene (6). Sivola's reasoning was based
on evidence from Gel Permeation Chromatography and solvent frac-
tionation of high conversion polymers. Specifically, Sivola
observed a bimodal peak in the GPf chromatogram of the polymer
sample that was synthesized in methylene dichloride. He used this,
along with infra- red analysis, as evidence that copolymeriza=
tion had not occurred. However, in 1977 Shyder, McIvef and Sheffer
claimed that copolymerization did occur in methylene dichloride
(7). Their solvent fractionation studies strongly suggested
that copolymerization had occurred. GPC evidence was inconclu-
sive because bimodal peaks were observéd even when homopolymers
were studied. However, both monomers were observed in expected
mole ratios when NMR was run on samples taken from the peaks.

In 1978 Sheffer, Sivola and Savelainen described the use
of Curie Point pyrolysis in order to characterize the Styrene-
B- pinene polymers as being copolymers (8). When the products
of pyrolysis were analyzed‘using gas chfomatography,it was
discovered that the amounts of various pyrolysis products
for the proposed copolymer.differed from that of a mixture of
homopolymers. Furthermore, ‘'solvent extraction was done on the
proposed copolymers to remove any pure styrene homopolymer,

and the styrene content after extraction remained essentially
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the same as the polymer before extraction. These observations
were strong evidence for copolymerization.

J« Kennedy and T. Chou reviewed Sivola's claim that co-
polymerization did not occur between B- pinene and isobutylene
(4)+ They found that Sivola had committed an experimental error
in that he had carried his polymerizations to high conversions.
Kennedy and Chou stated that "the formation of heterogeneous
mixtures including homopolymers and a variety of copolymers are
expected to occur at medium to high conversions." This hetero-

geneous mixture probably accounted for the bimodal peak in

Sivola's GPC. At low conversions, Kennedy and Chou observed only

one peak. Thus, Sivola's use of GPC evidence was faulty, and

it is clear from Kennedy's NMR evidence that in methylene di-
chloride and at 30 degrees Celsius, isobutylene and B- pinene
copolymerize.

Monomer reactivity ratios were calculated by Sheffer, Sivola
and Savelainen for Styrene- B- pinene copolymers made in methyl-
ene dichloride; however, their polymer yields were all greater
than 10%. For accurate reactivity ratio.determinations, the
yields should be less than 10% (8,9). Thus, in the following
set of experiments, this author's goal was to synthesize poly-
styrene- B- pinene copolymers, with low yields, in solvents of

widely differing dielectric constants




~ THEORY

Initiation of Cationic Polymerization: All polymerizations

require an initiator. For cationic polymerization, the initiator
must obviously cause the formation of a carbocation. The most
easily visualized initiator is a strong protic acid; the carbo-
cation is formed by the addition of the proton across the double
bond of thé moncmer. It turns out, however, that in organic
solvents, hardly any protic acids are strong enough to initiate
cationic polyherization, or the gegenion is too good a nucleo-
phile, and all that occurs is the addition of HX to the monomer.
Lewis acids, which are better known as Friedels- Craft
catalysts, are the most widely used initiators. Examples of

these are AlCl SnClu, and BF

3’ 3°

In addition to the cationic initiator, many investigators of
cationic polymerization believe that a coinitiator is required
to start polymerization (1,2,10,11,12), The coinitiator is
usually a protic substance, such as water. An example of initia-

‘tion is the following:
AlCl; + HO—> H$[1§10130H]Q
@
HO[Z;10130H]9 + 5"0}{2 —> [A1c1,01]® -+ 5“0}{3

The concentration of coinitiator required is very minute;
it is on the order of 10_5 M. Addition of too much coinitiator low-
ers the yield of polymer, for large amounts of coinitiator will
" hydrolyze the Friedels- Craft initiator. Excessive concentrations

of coinitiator also reduces the molecular weight of the polymer (13).
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There is considerable skepticism on whether a coinitiator
is indeed necessary for cationic polymerization. Aluminum bro-
mide functions as its own coinitiator:

2 K1Br, —> AlBr® + AR,

3
and the cation, AlBr;B, initiates polymerization (12). However,
in order to disprove the need for a coinitiator, all reagents
must be thoroughly dried, all impurities must be removed, and
the polymerization must be run in a dry box. Most experiments
that have "proved" that no coinitiator is required have been
shown to be in error (12). In any event, in the copolymerizations
conducted by this author, sufficient traces of water were pre-
sent which could have functioned as a coinitiator.
Propagation: Styrene polymerizes in the foléowing way:
~~~~R® + H20= H 3 J\/‘R—-—CHZ H
The benzylic secondary carbocation is very stable. The
following is the repeat unit of polystyrene:
CH ~CHy ~—
o
The polymerization of B- pinene is more complex, for it

involves the opening of a ring:

CHy ~~R=CHy
" RS s~k 0

The repeat unit of poly-B--pinene is at least 50% of the

following: cHy
]
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Sucessful propagation of B~ pinene is due to three factors.
One is the formation of a tertiary cation; the secsnd is the
fact that the double bond of B- binehe is a very reactive exo--
methylene double bond; and the third is that the opening of the
cyclobutane ring relieves strain (1,3).

In general, reactivify of double bends in cationic poly-
merization depends on the electron donating characteristics of
the double bond. The mofe'electron donating, the higher the
reactivity. The following ranks reactivities:

c <
c /\C =CH, 7 Y :cz cry 7 HH:C =M

and
H

c A Y H
CmcHy > M\(:scfl_7 > @:Cﬁ{, > /6//\C=C/7:7

Cr
Electronegative substituents decrease the electron density

of the double bond, thus decreasing the cationic reactivity (12).

HZC =CH2 > ClHC = CH, > Cl,C=CH,

Based on sparse quantitative data, the following reac-
tivity ordér has been observed:
vinyl ethers » isobutylene P styrene, isoprene (14).
Steric factors often affect reactivities of cationic poly-
merization. Consider the following two double bonds:
C\C::C/# —“ w o M nyu

- )( (o=
<’ Ny e’

S
<
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Due to the extra carbon, "Y" has the greater electron den-
sity and should be more reactive. However, "X" polymerizes much
faster. This can only be rationalized by steric factors. For
this reason, B- pinene which has two hydrogens on its terminal

alkene carbon , is more reactive than alpha- pinene (3).

Termination: The addition of large quantities of a protic
solvent to any cationic polymerisation will quench, or perma-
nently terminate the reaction. Methanol is commonly used for
quenching, for it is miscible with most organic solvents. The
process of quenching is described below:

A\ R®  + CH,0H —> A ~R-0—CH + H®

3 3
Methanol will also hydrolyze any remaining cationic initiator,
There are other reactions present during propagation that
will terminate the growth of a polymer chain. One is proton
transfer to a monomer:
M D + CHZ-_-@——) NN+ CHB—O<®
Cationic polymerizations donc at room temperature yield
low molecular weight polymers primarily because of proton trans-
fer to the monomer. Proton transfer becomes less significant
with lower temperatures; thus, high molecular weight polymers
are obtained at temperatures of - 100°C or less (13).
A second termination reaction is the proton transfer to
the gegenion formed in the initiation step:

+ (AlClB(OH))e = TNCH=CH + ALC1,#H,0

3
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-Although it is well- established that the yield of polymer
increases with initiator concentration, it is desirable to add
the initiator in small portions. Among other factors, this min-
imizes proton transfer to the negative ion of the initiator,
and keeps the molecular weight of the polymer from being lowered.

Another termination reaction is the reaction of the polymer
chain with coinitiator. If the coinitiator concentration is
present it zoncentrations greater than trace amounts, the carbo-
cation of the polymer chain will react with the coinitiator,
terminating chain growth and lowering molecular weight. It has
been shown that addition of 0.1 M HCl to a cationic polymeriza-
tion system causes a tenfold reduction in the molecular weight (13).

Finally, impurities may alsoc terminate cationic polymeri-
zation. For example, B- pinene must be carefully purified to
remove alpha-~ pinene, fgr alpha- pinene may function as a poison

and halt growth of the chain (3).

Monomer Reactivity Ratios of Copolymers: The general co-

polymer equation was developed by Alfrey, Dostal, Ham, Mayo,
Simha and Wall (9). This equation is valid for all types of co~
polymerizations. Two assumptions are made about the reactivities
of carbocations. One is that the reactivity of the cationic end
of the polymer is independent of chain length. The second is
that reactivity is soley determined by the terminal unit. There
are four propagating reactions which determine rates: }
My @ + My __k_lg M, 1@ homopolymerization {
M, © + M, _Egg> M M@ homopolymerization
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k
My D + M, 12, M

k . .
M, @ + My 21e MM, @ heteropolymerization

1My (@] heteropolymerization

The mole fractions of 1\’I1 and M2 that are incorporated
into the copclymer chain are designated by F1 and F,. They are

related to the rate of disappearance of M, and M, in the feeds

Fy ® _—g‘]— = kg [y Q] +  xy bo @ [m]
% Koo Mz@ [Mz] * Ky @1 é ﬁ"z]

During the early stages of the reaction, one can assume

i
i

Fa

that the rate of conversion of My @ to M, M, @ is equal to the
rate of conversion of M, @ to M2M1 ©. This is a steady~ state
assumption, Without this assumption, i.e., if the conversion of
M2 ® to I\’12M1 @ was greater, there would be a buildup of M1 D,
With the steady- state assumption,

kpy i, €] ] =k, g [n] .

We now define the monomer reactivity ratios:
k k

11 22
r,= and r,= ==
1 k12 2 k21

. _ rate of homopolymerization
or in general, r = rate of heteropolymerization

Now, By .y [M) @] + iy [, @][w]

T2 e [ O[] F o [ B[

Combining the steady- state assumption and the monomer

reactivity racio with the last equaticn, one obtains the following:

{
ry 2]%% + 1

1

. - The General Copolymer
Fy v .1 Equation
2
M4




(11)

Let x = MI/MZ, the éomposition‘of the feed, and n = Fl/Fz,

the composition of the copolymer.-Then
ryx +1

n = r27x + 1

If one knows the monomer reactivity ratio, one can control
the cotmposition of the. copolymer by manipulating the value of x.

In order to find ry and Tsy conversions should be ten per-
cent or less. '

The monomer reactivity ratios can be used to characterize
the type of copolymer formed. If ryry= 1, there is perfect ran-
domness. This is known as ideal copolymerization. If ryTy* 0,
the polymer exhibits perfect alternation. The polymer would
then have the following structure:

. M1M2M1M2M1M2M1M2M1M2M1M2M1M2

The product of ry and r, is used to estimate the extent of
randomness.,

if r1r27'1, there is a tendency towards block or homopoly-
merization. If both ry and r, are greater than 1, there is a
tendency for block polymerization (long seﬁuences of each mono-
mer in the chain). The copolymer equation is not valid for steric
or polar restrictions (9).

In order to determine monomer reactivity ratios, polymers
with different feed ratios must be synthesized. Monomer content
is then determined, and a graphical method developed by T. Kelen

and F. Tudos is used to determine the monomer reactivity ratios.

The Kelen- Tudos method is described in the Appendices (15,16,17).
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Solvent Effects:.In contrast to free- radical copolymeri-
zatlon, solvent plays a major role in determining monomer reac-
tivity ratios in cationic copolymerization. Data from the
literature show that the rate of polymerization increases as
the dielectric constant of the solvent increases (9). The amount
of increases of course depends on the monomer and the initiator.
The rate of polymerization depends on the concentration of
free cation in solution; thus, if the solvent has good solvating
power, the cation will be more stabilized, the concentration
of the cation will increase, and the rate of polymerization will
also increase. The dielectric constant of the solvent is a use-
ful, but incomplete method of characterizing solvating power.
Size, shape and polarizability of the srlvent molecule are also
important considerations. An interesting phenomena occurs when
solvents of low'solvating power, like carbton tetrachloride, are
used. If the monomer is polarizable, the monomer will take part
in the solvating of the cation. Thus, the rate order of styrene
is two when cationically polymerized in benzene, but is three
in carbén tetrachloride (14).

It was previously mentioned that since solvating power of

the solvent greatly affects the rate of polymerization, the choice

of solvent should also affect the monomer reactivity ratios in
cationic copolymerization. This is clearly indicated in the
cationic copolymerization of isobutylene and p- chlorostyrene
with AlBrB. In hexane, a solvent with a low dielectric constant,

the ratios were approximately one. However, in nitrobenzene,

the reactivity ratio for isobutylene is 14.7, for p~ chloro=
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styrene, 0.15 (18)., Similiar results can be expected with styrene

and B- pinene.

Pyrolysis: Cationically polymerized polystyrene made in
methylene dichloride possesses good‘thermal stability compared
to poly=B- pinene. Thus, pyrolysis of polymers seems to be a
good method of determining whether a sample is a true copolymer
or a mixture of homopolymers. Poly- B- pinene thermally de-
composes via "cracking"- heating will cause the weaker bonds
to break, giving terpenes as the pyrolysis product (19). Poly-
styrene, on the other hand, thermally decomposes by "unzipping"-
once a carbon- carbon singlé bond is broken, the resulting rad-
ical will "unzip" the styrene units off, giving mostly styrene
as the pyrolysis product (19). If a 1:1 molar mixture of homo:
polymers is pyrolyzed at 500°C and if the pyrolysis products
are sent into a gas chromatograph, more poly- B- pinene will
decompose than polystyrene, and one obtains a low styrene- to-
terpene ratio., If a copolymer is pyrolyzed at 500°¢, radicals
are formed by the cracking of the B- pinene portion, and these
radicals proceed to unzip the styrene portion. The result is a
much higher styrene- to- terpene ratio for the copolymer than

for a mixture of homopolymers. ‘\
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Materialsg:
molec.,,
wt. (&)
CH,C1, 84.93
CClu 153.82
CgHgNO, 123.11
Styrene 104.16

B- pinene 136.24
AlC1, 133.34

m.p.(c)
-95.1
-23.0
+5.7
-30.6

+190

B.P.(C)
10

76.5
210.8
145.2
164

Dengity
o5
1.5940
1.2037
0.9060
0.8694

2.4

(15)

Dielectric
Constant, 25 C
9.08
2.23
34.82
2.43
2.64

7.0

B~ pinene was purified in Finland by vacuum distillation

Purity was over 99%. This purity was recently recehecked with

GC. Nitrobenzene was purified by distillation and dried over

molecular sieves. Carbon tetrachloride, methylene dichloride

and styrene were used as received.

In order to determine monomer reactivity ratios in polymers,

copolymers with different molar feed ratios were synthesized.

Conversions of less than 10% were desired. Total monomer conc-

tration was 25% molar, The amount of AlCl3 used was adjusted to

give 10% yields or less.



Copolymers Synthesized in Methylene Dichloride

601, 602, 603, - 6ok, 605,

Sample # 1601 1602 1603 1604 1605
Styrene: 50:50 20:80 35:65 65:35 80:20
B- pinene

Styrene (g) 6.2 2.5 L4 8.1 10.0
B- pinene 8.2 13.0 10.6 5.7 3.25
(g)

CH,Cl, (g)  30.6 30.6 30.6 30.6 30.6
AlCl3 (g) 0.04 0.04 0.04 0.04 0.04




Copolymers Synthesized in Nitrobenzene

Sample #

Styrene:

B~ pinene
Styrene (g)
B- pinene
(g
G€H5N02(g)

Alcl3 (g)

701

50:50

3.1

4,1

702

20: 80

703

35165

2.2

5.3

22,2

704

65135

4.05

0.04

(17)

705

80120

5.0

1.625

22.2

0.04




Copolymers Synthesized in Carbon Tetrachloride

Sample #

Styrene:

B- pinene
Styrene (g)
B- pinene
(&)

ccly, (g)

AlCl3 (g)

801

50:50

3.1

ha1

27.7

0.05

802

20:80

803

35165

2,2

8ok

65:35

L.os

2.85

27.7

(18)
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Synthesis of Copoiymer

The proper masses of monomers ané solvent were placed in
either a 250 ml or 500 ml three—.neck;iﬁaund bottom flask. The
flask and its contents were. placed 1n a 30 C constant temperature
bath. Nitrogen was bubbled through pure thvent and introduced
into the flasgk, provdlng an 1nert atmosphere. A glass stirrer

with a teflon blade was 1nsertqd_ln the middle neck. A cond-

enser was attached to the ﬁhlrd neck, After al;ow1ng the contents

of the flask to come to 30 cy the Al()l3 -wasg added all at once.

A slight color change was observed. The polymerlzatlon was run
from 30 to 60 minutes. At -this poiné; fhree’different techniques
were used to isolate the copolymer. In each technique, the poly-
mer was precipritated twice.

Procedure 1: The reaction mixture was poured into a beaker

containing about 250 ml of methanol. This quenched the polymer-

~ization and also precipritated the polymer. The solution was
then suction filtered. The filtrate was redissolved in either
10 ml of hot benzene or toulene. This solution was added drop-
wise to about 200 ml of methanol that was being magnetically
stirred. The methanol was suction filtered, and the polymer was
isolated as a fine white powder. The problem with this proce-
dure was that when the polymer was initially suction. filtered,
the filter paper very quickly became gummed and clogged, pre=
venting any more polymer from being filtered. It is conceiv-
able that much ﬁolymer was lost via this technique.

Procedure 2: An additional step was inserted into Procedure L.

After the polymer was initially precipritated, the methanol-

polymer mixture was heated to boiling for several minutes.
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Polymer was observed to collect on the walls of the beaker;
the polymer was found to be very stringy and sticky in this con-
dition. When no more polymer was observed to collect on the wall
of the beaker, the contents of the beaker were cooled, and the
liquid portiszn was carefully secanted. The remaining polymer,
which was still stuck to the wall, was dissolved in hot benzene
or toulene and repricipritated. It is the belief of this author
that little polymer was lost in this procedure.

Procedure 3: No more than 5 ml of methanol was poured into
the three- neck flask. This.amount of methanal is sufficient
to quench the reaction, but will not precipritate any polymer.
The reaction mixture was then added dropwise to about 250 ml
of methancl. The methanol was again magnetically stirred. The
polymer precipritated in the form of a fine white powcer. The
polymer was suction filtered, allowed to dry, redissolved in
10 ml of hot benzene or toulene, and reprecipritated in meth-
anol. This procedure proved to be superior to the first two,
for during suction filtration, the filter paper never clogged.
This procedure also proved to be faster, and it is the belief
of the author that the least amount of polymer was lost using
this procedure.

It is the author's opinionthat none of these procedures
affected the monomer content of the copolymer.

After the second precipritation, the copolymer was washed
with methanol and dried in a vacuum oven for three to four hours

to remove any remaining benzene or toulene.
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Determination of Copolymer Content

NMR was used to determine molar ﬁercent of styrene and
B- pinene in the copolyme;; The NMR used was the Hitachi Perkin-
Elmer High Resolution NMR'Sbéc%rométer R- 24 A. Due to the broad
NMR peaks of the polymer, a c¢ongiderable amount of sample was
required in the sample tube., In all cases, TMS was the refer-
ence, CClu was the solvenﬁ,wand the sweep time was 300 seconds.
The following repeat units are fo&ﬁd inApoly (styrene-B-pinene)

15 aliphatic H's

H GH4 .
——{ )—¢— 1 olefinic H
H H
™3

5 aromatic H's
?;;-Cﬁz 3 aliphatic H's

Let s= mole percent of styrene in the copolymer.

polymer:

Let p= mole percent of B- pinene in the copolymer.
5s ~varea of aromatic peak
3s + 15prvarea of aliphatic peak

~thus-
Ss area of aromatic peak Ar
3s+ 15p =~ area of aliphatic peak AL

since s+p =100, p= 100-s and
5s Ar
3s + 15(100 - p) = ~AL

solving for s,

1500 Ar

mole percent styrene =
BAY + 12Ar




Sample

601
602
603
604
605

1601
1602
1603
1604
1605

701
702
703
704
705

801
802
803
804

805

Finland
J3

Ji
J2
Jh4
J5

%
yield

3.4
2.2
4,7
20.1
12.6

8.4
7.7
5.0
13.2
11.6

4.6
h.6
3.7
7.5
9.7
3.6
2.5
2.7
7.1
8.2

19
20
13
19

styrene,
feed

50
20
35
65
80

50
20
35
65
80

50
20
35
65
80

50
20
35
65
80

50
20
33
67
80

Ar

9.8

9.9
21
374

10.5

6.9
3t.5
b.5

2.5
10.5
23.5
4o

Al

58
60.5
59.6
52
53

53
7h.5
67.5
76.0
57
66.5
73.5
77

73

68

65
70
59
49.5
37

Spectﬁﬁgliggizgral st?gige%polymer
9 5 36.1
7 b4 13.3
9 4 35.6
9 5 61.5
9 5 82.6
10 6 40.3
7 4 17.3
9 5 24.6
9 5 62.3
9 6 79.5
11 8 30.6
9 6 9.4
14 8 30.8
13 7 sh.5
14 8 73.2
12 7 56.0
10 é 24,2
13 7 38.6
9 6 74,1
9 6 88.9

42
17
31
62
77

(22)




Monomer Reactivity Ratios

Sample
Series # Solvent r(styrene) r(B-pinene) Correlation

800 CCla 1.56 0.90 0.978
Finland CH2012 0.78 1.17 0.986
600 CH2012 1.08 1.57 0.879
1600 CH2012 0.92 1.31 0.967
700 06H5N02 0.90 2.75

Copolymer samples were Synthesized in Finland, byt conver-
sions were all greater than 10%. Thus, low conversion copolymers
samples were resynthesized in metylene dichloride, However,
the first set of samples (601- 6035) gave poor results, ag in-

dicated by the correlation.

better correlation.
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Solvent Extraction: Solvent extraction with acetone was

performed to determine if copolymerization had occurred, or if
the copolymer was in actuvality a mixture of homopolymer. One
hundred ml of acetone were placed in a one- neck round bottom
flask. A condenser was set up for reflux. An extraction thim-
ble confhai.n:h_gpolymer was lowered through the condenser and was
supported with copper wire. The thimble was positioned such
that the acetone that condensed in the condenser would drip

into the thimble. The acetone was heated to boiling and refluxed
for thirty minutes. Solvent extraction was run on éample 701,

the 50:50 molar feed synthesized in nitrobenzene,

Weight of sample before extraction = 0,1408 g
after extraction = 0.0967 g

amount of sample extracted = 0.0441 g
= 31.3%
Styrene content of 701 before extraction = 30.6%

after extraction 23.3%




Pyrolysis

Sample
702
703
701
704
705

1:1 mixture

802
803
801
8o4
805

1:1 mixture

All copolymers synthesized in nitrobenzene or carbon tetra-
chloride were pyrolyzed. Equimolar mixtures of homopolymers were
brepared and pyrolyzed. The styrene to terpene ratios for

homopolymers were calculated from the equimolar mixture.

%styrene, %styrene
feed polymer

20 9.4 0.20
*0.32
35 30.8 0.66
*1.05
50 30.6 0.60
*1.04
65 54,5 2.12
*1.85

80 73.2 8.7
- *2.5

1.7

20 24,2 0.53
*1.73

35 38.6 1.6
*2.76

50 56.0 2,74
* .01

65 74,1 9.8
*5.31

80 88.9 41,6
*6.37

3.58

*calculateq

from 1:1 mixtyure
of homopolymers

styrene/
terpene
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DISCUSSION

Before one calculates monomer reactivity ratios, one must
indeed determine whether or not one truly has a copolymer. Two
previously sucessful methods for detérmining copolymerization
have been pyrolysis and solvent extraction. Both methods were
used to prove that styrene and B- pinene do copolymerize in
methylene dichloride. Let us examine the pyrolysis data for
polymers made in nitrobenzene and carbon tetrachloride. It
was previously stated that evidence for copolymerization was
that pyrolysis of the copolymer yielded a higher styrene to
terpene ratio than a mixture of homopolymers. Using this cri-
terion, only samples 704, 705,804 and 805 seem to have co-
polymerized. These are samples which have 65% or 80% styrene
in the feed. According to pyrolysis, the samples with less than
65% styrene in the feed did not seem to copolymerize. Solvent
extraction on sample 701 ( 50 mole% styrene in the feed), how-
ever, removed only a small portion of the styrene. This indic-
ates that 701 is indeed a copolymer. The contradiction is res-
olved upon reexamination of the pyrolysis data. When the equi-
molar mixture of homopoymers was pyrolyzed, the styrene to ter-
pene ratio was determined to be greater than one for polymers
made in both nitrobenzene and in carbon tetrachloride. This
indicates that polystyrene is less thermally stable than poly-
B- pinene. However, it is almost universally accepted that
polystyrene is a thermally stable polymer and poly-B- pinene
is not. Thus, all the data from pyrolysis of the 700 and 800
series of samples are suspect and no conclusion about copolymer-

ization can be made from the pyralysis of these samples.
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The Effect of Solvent on Monomer Reactivity Ratios

The cationic copolymerization of styrene and B- pinene
were done in three different solvents. These solvents- metyl-
eﬁe dichloride, nitrobenzene, carbon tetrachloride- were select-
ed for several reasons., One is because of their different di-
electric constants. As organic solvenﬁs go, carbon tetrachlo-
ride has one of the lowest dielectric constants, nitrobenzene
has one of the highest, and methylene dichloride has an inter-
mediate value. Another reason is that all three solvents are
relatively inert to carbocations. Examination of the monomer
reactivity ratios shows that B- pinene has highest reactivity
in the solventwith the highest dielectric constant, while
styrene has greatest reactivity in the solvent with the lowest
dielectric constant. Earlier in this report, it was stated that
isobutylene was observed to be more reactive than styrene (14).

Consider the similarity between isobutylene and B- pinene:

3>G= CH2 @’:CH2

3

B- pinene indeed should be more reactive than isobutylene,

CH

CH

for accompanying the formation of the tertiary carbocation is
the opening of a strained ring. B- pinene should thus be much
more reactive towards cationic copolymerization than styrene.
However, this is true only in nitrobenzene and metylene dichlo-
ride.,

What must also be considered is the greater solvating

power of styrene over B- pinene. Even though styrene has a
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slightly lower dielectric constant than B- pinene, styrene is
much more polarizable. Because of its aromatic ring, styrene

has the following as two possible resonance structures:

o C>=CHsz <> o @:—.CH———%)HZ

Both structurss have approximately the same stability,
thus accounting for the fact that styrene has a vary small
permanent dipole moment (20). However, if a positive charge were
brought clese to styrene, one would expect to observe shifting
of electron density in the pi- electron system. B- pinene, how-
ever, is a poorer solvator of cations. It is much less polari-
zable, and while styrene is a flat molecule, B- pinene, being a
bicyclic terpene, is very bulky. We thus have a confrontation between
reactivity and solvating power; the choice of solvent will det-

ermine which effect will "win out."”

Carbon Tetrachloride: In CCLu, the reactivity ratio of
styrene is 1.56, and for B- pinene, 0.90. This is due to the
fact that styrene competes effectively against CClh in solvating
carbocations. Carbon tetrachloride is a large, non- polar mol-
ecule; it is not easily polarized. It thus does not solvate
carbocations well. A carbocation is therefore solvated by CClu
and styrene molecules, and because of the proximity of the
styrene molecule to the cation of the growing polymer chain, a
greater amount of styrene will be incorporated into the copol-
ymer. This explains why styrene in CClh has a reactivity ratio
greater than one.

B- pinene, however, is almost totally excluded from the
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solvation cage of the carbocation.

In order to react with the

cation, a B~ pinene molecule must displace either g CClu or a

styrene molecule. Since B- pinene is separated from tkhe carbo-

cation by the solvation cage, its reactivity ratio in CClu is

less than one.

Nitrobenzene: Nitrobenzene ig polarizable because of its
sttrobenzene

aromatic ring, and it has a large dipole moment due to the

positive charge on the nitrogen. Because of these factors,

nitrobenzene has a large dielectric constant (20), Because sty-

rene possesses no permanent dipole moment, nitrobenzene is a

much better solvator of carbocations,
B-

Thus, when styrene and

pinene are copolymerized in nitrobenzene, the solvation cage

surrounding the carbocation of the polymer consists almost en-

tirely of nitobenzene molecules. For either B- pinene or styrene

to react with the growing polvmer, they must penetrate this sol-

vation cage. Since B-
B-

pinene is bulkier than styrene, fewer

pinene moleculesg would penetrate the cage than styrene mole-

cules., However, the dominant factor is the greater reactivity

of B- pinene., For these reasons, in nitrobenzene, B- pinene has

a significantly greater reactivity ratio than styrene

Methylene Dichloride: CHZCl2 has a large dipole moment, but
it is not very polarizable. Therefore, while CH2012 is a fair.

1y good solvator of carbocations, it is not ag good as nitro-

benzene. In cationic copolymerization, the solvation cage pro-

bably consists of mostly CH2CI2' but with small amounts of

styrene, Thus,while the reactivity ratio of B- pinene is still

greater than styrene,

the difference ig not as large as in C6H5N02'
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CONCLUSION

B~ pinene forms a carbocation more readily than styrene.
Styrene is a better solvator of carbocations than B- pinene.
Because of these factors, solvent choice in the cationic co-
polymerization of styrene and B- pinene greatly affects monomer
reactivity ratios.

Pyrolysis indicated that in nitrobenzene and in carbon
tetrachloride, copolymerization may not have occurred when mole
percent styrene in the feed was fifty percent or less. Solvent
extraction, however, indicated that a copolymer in nitrobenzene
was formed when the styrene content in the feed was fifty
percent.

Pyrolysis of a one to one molar mixture of homopolymers
synthesized in nitrobenzene or carbon tetrachloride gave a

styrene to terpene ratio greater than one. The validity of the

pyrolsis data was questioned, since this indicated that the

polystyrene 1s thermally less stable than poly- B- pinene.
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suecnsmo;:s mR rﬁa‘umﬁ mSSARcH

1) Perfom Solvent Exu‘acftion nn all pblymers syn‘thesized in nitro-
benzeris and in carbon tetr&chloride, in order to determine if
copolymerization did occur. '

2) Use SnCl, or AlBr, as the catalyst:

3) Use either p- chlorostyrene or akpha- mgthjistyrene instead of
styrene, A ’ .

4) Investigate low temperature copolymerization (-100°C) and

determine monomer reactivity ratios
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APPENDICES

1) Calculating Monomer Reactivity Ratios

Once the monomer content of the copolymers is determined,

the Kelen- Tudos method is used to determine monomer reactivity

ratios. The Kelen- Tudos method is a linear graphical method for

determining reactivity ratios.

Procedure:

1)

2)

3)

L)
5)

6)
7)

Find the mote percent in the feed of one monomer, and find

the mole percent in the polymer of the same monomer.

Let x= feed and y = polm‘ er :
1 - feed 1 - polymer

S

Let F = x° and G = x(y - 1)
v

Let X = \/ Fg* F5
Let7€ = G and é = F
K+ F &KX+ F

Graph 72 versus £
When $= 0, = -r,/p + When £= 1,21 = ry .

8) Thus, ry= 72, and r,= =R,




7 g o
13.3 .25 153 0.408 -1.384 -0.875 0.258 1.173
= 603 35 35,6 .538 .533 0.543 -0.471 -0.274 0.316
™ 601 50 36.1 1.0 .565 1.770 -0.770 -0.262 0.601
i 604 65 61.5 1.857 1.597 2,159 0.694 0.208 0.648
605 80 82.6 4.0 L, 7k7 3.371 3.157 0.695 0.742
1602 20 17.3 .25 .209 0.299 -0.946 -0.671 0.212  1.111
1603% 35 24,6 .538 .326 0.888 -1.112 -0.556 0. lelsly
1601 50 40.3 1.0 675 1.481 ~-0.,481 -0.186 0.571
1604 65 62.3 1.857 1.653 2.086 0,734 0.230 0.652
1605 80 79.5 4.0 3.878 4,126 2.969 0.567 0.788
702 20 9.4 .25 .10k 0.601 —2.154 -0.869 0.243 1.877
703% 35 30.8 .538 JAhsg 0.650 -0.671 -0.266 0.257
701 50 30.6 1.0 Ll 2.268 -1.268 -0.306 0.547
704 65 54,5 1.857 1.198 2.879 0.307 0.065 0.605
705 80 73.2 4.0 2.731 5.859 2.535 0.328 0.757
802 20 24,2 .25 .319 0.196 -0.534 -0.783 0.287  0.436%
803 35 38.6 .538 .629 0.460 -0.317 -0.335 0.486
801 50 56.0 1.0 1.273 0.786 0.214 0.1868 0.618
804 65 741 1.857 2.861 1.205 1.208 0.714 0.713
805% 80 88.9 4,0 8.009 1.998 3.501 ———- ——-
Finland
J1 20 17 .25 ,205 .305 -0.970 -0.642 0.202 1.207
J2 33 31 493 b9 541 -0.605 ~0.346 0.309
J3 50 L2 1.0 724 1,381 -0.381 -0.147 0.534
Jh 67 62 2.03 1,632 2.525 0.786 0.211 0.677
Js 80 77 L, 3.348 4,779 2.805 0.469 0.798

“(><'.=\/F1.FL+

#*These data points were thrown out.
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600

1600

700

800

Finland

corr. = 0,879
§=0 N =-.3
¢=1 = 1.08
corr. = 0.967

¢=o0 = -1.183
g=1 ='0.919
corr. = 0,982
G=0 N=-1u
g=1  =o0.90
corr, = 0.978
b=o0 7= -1.86
6=1 A= 1.5
corr. = 0,986
t=o0 /Z=-0.973
G- 7= 0.7

1.57

1.08

1.31
0.92

2.75
0.90

0.90
1.56

1.17
0.78

(39}
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