
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Olefin Polymerizations and Copolymerizations with Aluminum Alkyl-
Cocatalyst Systems. V. The Molecular Weight and Molecular Weight
Distribution of Polystyrene
J. P. Kennedya

a Corporate Research Laboratory, Esso Research and Engineering Company, Linden, New Jersey

To cite this Article Kennedy, J. P.(1969) 'Olefin Polymerizations and Copolymerizations with Aluminum Alkyl-Cocatalyst
Systems. V. The Molecular Weight and Molecular Weight Distribution of Polystyrene', Journal of Macromolecular
Science, Part A, 3: 5, 885 — 895
To link to this Article: DOI: 10.1080/10601326908051922
URL: http://dx.doi.org/10.1080/10601326908051922

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601326908051922
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J.  MACROMOL. SC1.-CHEM., A3(5), pp. 885-895, August, 1969 

0 I ef i n Po I y mer iza t i o n s and 
Copolymerizations with Aluminum 
AIkyl-Cocatalyst Systems. V. The 

Molecular Weight and Molecular Weight 

Distribution of Polystyrene 

J.  P. KENNEDY 

Corporate Research Laboratory 
Esso Research and Engineering Company 
Linden, New Jersey 

SUMMARY 

The polymerization of styrene with the cationic initiator system AIRz Cl/ 
RC1 was investigated further. Earlier conclusions [ 11 were corroborated and 
expanded by an analysis of the number and weight average molecular 
weights. Alkyl halides with low (high) R-Cl bond dissociation energies are 
efficient (poor) coinitiators for the polymerization of styrene. In the pres- 
ence of efficient RC1 coinitiators, the molecular weights strongly decrease 
and the molecular weight distributions strongly increase with increasing con- 
versions (Fig. 1). With poor coinitiators, only low conversions are obtained 
even in the presence of large amounts of AlEt2C1. The data are discussed 
in terms of a previously proposed mechanism [ 11. 

INTRODUCTION 

Aspects of our research concerning the polymerization-initiation of 
styrene with the cationic initiator system AIEtz Cl/RCl have been pub- 
lished [ 11 . In that work styrene was polymerized by the introduction of 

885 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



886 J. P. KENNEDY 

various alkyl halides to a quiescent monomer-A1Et2 C1-solvent mixture in the 
temperature range of +20 to -78OC, and the requirements for successful 
polymerization were elucidated. The present paper discusses parameters 
which control conversion, molecular weights (Mn and Mw), and molecular 
weight distribution (MWD) of polystyrenes produced by the above- 
mentioned catalyst system. 

EXPERIMENTAL AND RESULTS 

The preparation of the particular polymers studied in this paper has al- 
ready been described in detail [ l ]  . In fact, Table l ,  which summarizes 
our results, contains some published data (Table 1 in Ref. [ l ] )  and, there- 
fore, should be viewed as an addendum to the earlier compilation. Figure 1 
is a representation of the data in Table 1 by plotting conversion, Mn, Mw, 
and MWD against the (logarithm of) number of moles of various alkyl ha- 
lide (RCl) coinitiators used in conjunction with 7.0 X lo-' mole (or 4.12 
X mole/liter of AIEtzC1. The molecular weights were determined by 
gel permeation chromatography with a Waters Assoc. instrument. The data 
show a considerable amount of scatter, which is understandable in view of 
the large number of experiments performed with about a dozen different 
alkyl halides. The merit of this pictorial representation is that it shows un- 
mistakable and clear trends, which are discussed in this paper. 

The Effect of RCl Concentration on Conversion 

The bottom part of Fig. 1 shows the effect of alkyl halide concentration 
on styrene conversions attained after 5 min of polymerization at -5OOC. 
The conversion data can be grouped into three distinct classes. The first 
group of conversions are the very low values (< 10%) obtained with the 
largest amounts of alkyl halides ( 
alkyl halides in this group are n-butyl chloride, isopropyl chloride, sec-butyl 
chloride, ally1 chloride, and methallyl chloride. The straight, almost horizontal 
line drawn through these groups of points indicates that in this RC1 concentra- 
tion range conversions are practically unaffected and remain low even in 
the presence of relatively large amounts of alkyl halides. The alkyl halides 
in this group have the largest R-Cl bond dissociation energies and conse- 
quently should have considerable difficulty in producing the initiating car- 
bonium ion [ 1, 21 . Thus, in these systems the carbonium ion concentra- 
tion is low and only a small amount of polymer can form. 

mole RCl) employed. The 
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The second group of conversions were obtained with 3-chloro-l-butene, 
crotyl chloride, t-butyl chloride, lchloro-ethylbenzene, and diphenyl chloro- 
methane, i.e., alkyl halides which readily produce quite stable carbonium 
ions (relatively low R-C1 bond strength) under mild conditions. Evidently, 
very small quantities of these alkyl halides are able to produce a sufficient 
concentration of carbonium ions for efficient initiation and 
RC1 suffices to polymerize the charges completely. The ascending part of 
the conversionlRC1 curve in the range from -lo-’ to 
might also be due to a “cleaning-up’’ period, a period during which a small 
number of growing chains are consumed by adventitious impurities in the 
charge. 

isobutyl chloride and benzyl chloride. The peculiar position of these two 
compounds has already been discussed in our earlier report [ l ]  . The point 
was made that isobutyl chloride probably initiates by the t-butyl cation 
which arises from the initial primary isobutyl cation via hydride shift 
((CH3)zCHCH2@ -fsj (CH,),C@). This mechanism is applicable to this 
discussion as well: Evidently, the production of the primary isobutyl ion 
is slow, and larger than stoichiometric amounts of AIEtzC1 are necessary to 
generate a sufficient amount of the more stable t-butyl ion, the true initi- 
ating species (discussed later). The isobutyl chloride data could also have 
been caused by -0.1% of -butyl chloride in isobutyl chloride. Since gas 
chromatography showed a maximum of only 0.4% t-butyl chloride im- 
purities in isobutyl chloride, this alkyl halide can be regarded as a true 
coinitiator. Benzyl chloride, the second exception, produces only a small 
amount of initiating benzyl ions, probably because most of the benzyl 
cations are prevented from initiation by self-alkylation and polybenzyl 
formation [ l ]  , a process which occurs with the greatest of ease even at 
much lower temperatures than -50°C [3]. 

The mechanism proposed in our earlier paper [ l ]  explains these ob- 
servations. The gist of this mechanism (disregarding chain transfer steps) 
can be summarized by Eqs. (l) ,  (2), and (3). 

interact to produce the carbonium ion R@ and the corresponding 
gegen-ion AlEtZClz@. At this point R@ can either initiate the polymeri- 
zation of styrene (St) or can extract the ethyl group of the gegen-ion to 
produce a saturated hydrocarbon, REt. In the absence of styrene mono- 
mer only the latter reaction will take place. This has been demonstrated 
by independent experiments to be discussed elsewhere. The polymeriza- 
tion of styrene may terminate at any degree of polymerization (at any 

mole 

mole RC1 

The third group of conversions consists of only two alkyl halides: 

In the first set of equations the RCI cocatalyst and AIEt, C1 catalyst 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1.

 P
ol

ym
er

iz
at

io
n 

of
 S

ty
re

ne
 w

ith
 th

e 
A

IE
t,C

I/C
I 

In
iti

at
or

 S
ys

te
m

 a 

Q
 

00
 

In
iti

at
or

 ra
tio

, 
Y

ie
ld

, 
Co

nv
., 

cc
 

A
lk

yl
 h

al
id

e 
C

on
c.

 o
f 

co
in

iti
at

or
 a

dd
ed

 
al

ky
l h

al
id

e,
 m

ol
es

 
A

IE
t,C

l/R
C

l 
g 

%
 

Mw
 

an 
M

W
/%

 

1.
 n

-B
ut

yl
-C

1 
9.5

 
x 

10
-4

 

2.
 I

so
pr

op
yl

-C
1 

1.
1 

x 
10

-3
 

3.
 S

ec
-b

ut
yl

-C
l 

9.
5 

x 
10

-4
 

3.
7 

x 

3.
7 

x 

3.
7 

x 
4.

 A
lly

l-C
l 

1-
03

 x 
10

-3
 

4.
9 

x 
10

-4
 

2.5
 

x 
10

-4
 

2.5
 

X 
lo

-’
 

5. 
M

et
ha

lly
l-C

1 
1-

03
 x 

10
-3

 
4.

1 
x 

10
-4

 
2.

04
 x

 1
0-

4 
2.

04
 x

 1
0-

5 
6.

 3
-C

hl
or

o-
 

1 -
bu

 te
ne

 
1.

66
 X

 
1.

66
 X

 
9.

3 
x 

10
-7

 
7.

7 
x 

10
-7

 
7.

7 
x 

10
-7

 
6.

5 
x 

10
-7

 
3.

3 
x 

10
-7

 

0.
08

 
2.

0 
0.

07
 

2.
0 

0.
08

 
2.

0 
0.

07
3 

0.
15

 
0.

30
 

3.
0 

0.
07

3 
0.

18
 

0.
37

 
3.

7 

45
 

45
 

80
 

96
 

96
 

11
4 

21
4 

0.
02

4 
1.

0 
0 

0 

0.
01

5 
0.

65
 

0 
0 

0.
02

4 
1.

0 
0 

0 

0.
01

8 
0.

79
 

0.
16

5 
7.

3 
0.

09
9 

4.
4 

0.
07

2 
3.

1 
0.

00
6 

0.
26

 
0.

02
2 

0.
95

 
0.

01
8 

0.
82

 
0.

04
6 

2.
00

 

2.
07

6 
91

.3
 

2.
10

8 
93

.1
 

1.
97

3 
87

.0
 

1.
95

7 
86

.2
 

1.
77

4 
78

.2
 

1.
50

7 
66

.3
 

0.
57

0 
25

.1
 

56
7.

9 
.-
 

59
3.

3 

57
2.

3 

-
 

-
 

-
 

57
0.

8 
55

1.
0 

-
 

46
1.

7 
33

5.
2 

41
2.

0 
45

4.
1 

38
6.

0 
37

3.
6 

52
0.

3 
54

0.
1 

47
9.

4 
60

4.
0 

-
 

31
1.

0 
-
 

26
5 .O

 
I
 

28
2.

5 
-
 

-
 

28
2.

1 
30

7.
8 

-
 

17
5.

1 
14

9.
1 

19
7.

0 
21

8.
3 

53
.7

 
57

.9
 

15
9.

0 
18

6.
0 

15
2.

3 
24

4.
5 

-
 

1.
8 

2.
0 

2.
0 

-
 

-
 

-
 

-
 

2 .o
 

1.
8 
-
 

2.
6 

2.
2 

2.
1 

2.
1 

7.2
 

6.
4 

3.
3 

2.
9 

3.
1 

2.
5 

-
 

Y
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



7.
 C

ro
ty

l-C
l 

8.
 t

-B
ut

yl
-C

l 

10
, 

B
en

zy
l-C

1 

2.
5 

X 
lo

-’ 
6.

2 
x 

10
-7

 
3.

2 
x 

10
-7

 
1.

3 
x 

10
-7

 

7.
4 

x 
10

-7
 

7.
4 

x 
10

-7
 

5.
8 

x 
10

-7
 

2.
8 

x 
10

-7
 

1.0
 

x 
10

-7
 

9.
5 

x 
10

-4
 

3.
2 

x 
1.

6 
x 

10
-4

 
3.

7 
x 

lo
-’

 
1.

8 
x 

lo
-’

 
8.

0 
x 

10
-7

 
8.

0 
x 

10
-7

 

1.
7 

X 
lo

-’
 

3.
6 

12
3 

23
4 

72
5 

10
0 

10
0 

12
9 

26
8 

75
0 0.

08
 

0.
23

 
0.

47
 

2.
0 

4.
1 

94
.0

 
94

.0
 

4.
4 

2.
23

4 
1.

94
5 

2.
00

6 
0.

22
8 

1.
94

8 
1.

93
5 

0.
20

9 
0.

1 
18

 
0.

03
6 

2.
15

3 
0.

97
8 

0.
28

6 
0.

02
5 

0.
0 1

0 
0 0 0

2
 13

 

98
.5

 
85

.8
 

88
.3

 
10

.0
 

85
.8

 
85

.3
 

9.
2 

5.
2 1.
6 

95
 .O 

43
.0

 
12

.6
 

1.
12

 
0.

45
 

0 0 

36
0.

1 
50

2.
8 

48
2.

9 
57

6.
4 

56
6.

0 
55

 1.
2 

54
9.

8 

57
6.

1 

50
1.

4 
60

4.
7 

60
2.

2 

56
8.

1 

-
 

-
 

-
 

-
 

9.
4 

58
6.

9 

45
.5

 
95

.7
 

13
6.

5 
28

7.
2 

16
9.

0 
16

3.
0 

27
0.

2 

26
6.

1 

96
.0

 
31

4.
0 

24
2.

8 

33
6.

2 

-
 

-
 

-
 

-
 

31
0.

5 

7.
9 

5.
3 

3.
5 

2.
0 

3.
3 

3.
4 

2.
0 

2.
2 

5.
2 1.
9 

2.
5 1.
69

 

-
 

-
 

-
 

-
 

1.
89

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1.

 
(c

on
tin

ue
d)

 

A
lk

yl
 h

al
id

e 
C

on
c.

 o
f 

In
iti

at
or

 r
at

io
, 

Y
ie

ld
, 

Co
nv

., 
co

in
iti

at
or

 a
dd

ed
 

al
ky

l h
al

id
e,

 m
ol

es
 

A
lE

tz
 C

l/R
C

l 
g 

%
 

M
W

 
M

n 
M

w
/h

 

11
. 

1-
C

hl
or

G
 

-
 

-
 

-
 

e t
hy

lb
en

ze
ne

 
1.

8 
x 

10
-5

 
4.

1 
2.

27
 

10
0 

5.
5 

x 
10

-7
 

13
6 

1.
67

6 
74

.0
 

51
6 

19
0.

1 
2.

7 
2.

7 
x 

10
-7

 
27

8 
0.

79
4 

34
.9

 
62

6.
3 

28
8.

5 
2.

2 

12
. 

D
ip

he
ny

lc
hl

or
e 

m
e t

ha
ne

 
1.

1 
x 

10
-~

 
6.

8 
2.

27
 

10
0 

36
8.

0 
52

.6
 

7.
0 

3.
4 

x 
1

0
-~

 
22

0 
1.

41
0 

62
.3

 
59

9.
3 

22
9.

1 
2.

6 
1.

7 
x 

1
0

-~
 

44
0 

0.
63

1 
27

.8
 

53
1.

2 
23

0.
3 

2.
3 

13
. 

T
ri

ph
en

yl
ch

lo
re

 
m

et
ha

ne
 

6.
9 

X 
11

 
0 

0 

ac
on

di
tio

ns
: 

Ea
ch

 c
ha

rg
e 

co
ns

is
te

d 
of

 2
.5

 m
l(O

.0
21

 m
ol

e 
or

 0
.8

33
 m

ol
e/

lit
er

) o
f s

ty
re

ne
, 

0.
09

5 
m

l(
7 

X 
m

ol
e 

or
 4

.1
2 

X 
di

lu
te

 c
oc

at
al

ys
t i

n 
m

et
hy

l c
hl

or
id

e 
so

lu
tio

n 
w

as
 in

tro
du

ce
d 

gr
ad

ua
lly

. 
A

fte
r 

5 
m

in
 t

he
 p

ol
ym

er
iz

at
io

n 
w

as
 te

rm
i- 

m
ol

e/
lit

er
) 

of
 A

IE
tz

C
1 i

n 
15

 m
l o

f m
et

hy
l c

hl
or

id
e;

 th
e 

m
ix

tu
re

 w
as

 s
tir

re
d 

at
 -5

0°
C 

an
d 

th
e 

na
te

d 
w

ith
 c

ol
d 

m
et

ha
no

l a
nd

 th
e 

po
ly

m
er

 re
co

ve
re

d 
by

 e
va

po
ra

tin
g 

th
e 

vo
la

til
e 

co
m

po
ne

nt
s 

an
d 

dr
yi

ng
 in

 v
ac

uo
 

at
 5

0°
C

. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINUM ALKYL-COCATAL YST SYSTEMS. K 
nSt 

RCl -I- AlEt,Cl+ R@NEt2Clz@ 8 RStn@AlEt,Cl,@ 

891 

(1) 

/R AlEtClz 
-/ 

RCl + AlEtCl, + R@AlEtCl,@ RSt,@AlEtCl,@ 

value of n in RStn@) by an analogous reaction giving rise to RStnEt. In 
either case, along with the ethylated hydrocarbon, AlEtC1, is also formed. 
This Lewis acid is a very efficient cationic initiator in its own right and, 
particularly in the presence of RC1, can readily initiate the polymerization 
of further styrene molecules. The process may then continue along the 
lines indicated by the second (and eventually along the third) set of equa- 
tions in the overall mechanism. 

The alkyl halides with relatively low R-Cl bond dissociation energies 
(e.g., tertiary halides, substituted allylic halides, benzylic halides, etc.) most 
likely initiate styrene polymerization according to the first set of equations. 
In conjunction with these halides, the relatively weakly acidic AIEtzC1 is 
still a sufficiently strong chlorine-acceptor to break the R-Cl bond. With 
n-butyl chloride, ally1 chloride, etc. (i.e., primary, secondary, and unsub- 
stituted allylic halides), AlEt2C1 is not acidic enough to accept the halogen 
and to dissociate the R-C1 bond. Therefore, with the latter alkyl halides 
the more acidic AlEtCl, (or AlCl,) has to be produced in situ to produce 
carbonium ions. However, even with strong Lewis acid the ion concen- 
trations produced from these alkyl halides remain low, and only low 
styrene conversions are obtained. 

the primary ions do not form, or are formed with great difficulty, in the 
presence of AlEt,Cl. Thus, isobutyl chloride is expected to be, at best, 
a quite inactive cocatalyst in conjunction with AlEt, C1. However, accord- 
ing to the data, isobutyl chloride i s  quite an efficient coinitiator in the 
presence of larger than molar amounts of AlEt,Cl. The explanation for 
this is presumably that under these conditions AlEtCl, (or AlCl,), which 

Isobutyl chloride is an interesting exception. According to our hypothesis 
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is a sufficiently strong Lewis acid to break the isobutyl-C1 bond, may start 
to be formed; the momentarily formed isobutyl cation then immediately 
rearranges to the more stable t-butyl ion, a very efficient initiating entity. 

While these observations and those published earlier [ 11 strongly indi- 
cate the decisive role of the balance between carbonium ion stabilities and 
availabilities for the successful initiation of cationically polymerizable 
monomers, this thesis has not yet been studied quantitatively. Initiation of, 
for example, styrene polymerization with a series of suitably substituted 
1-chloro ethylbenzenes (i.e., p-OCH,, m-OCH3, p-CH3, m-CH,, H, p-Cl, 
and m-Cl) and a correlation of the polymerization rates with 6@ and po 
could greatly advance our understanding of the mechanism of these poly- 
merizations, and in particular, the relative importance of steric and in- 
ductive factors in regard to initiation. 

The Effect of RCl Concentration on Mn, M,, and MWD 

Figure 1 also shows the effect of alkyl halide concentration on the 
molecular weights (number average Mn and weight average M,) and molecu- 
lar weight distributions expressed by the ratio Mw/Mn. Again, the three 
classes of above-discussed alkyl halides give three distinct families of molec- 
ular weight dependences. Furthermore, relatively high molecular weights are 
obtained at low conversions, and the molecular weights decrease as the con- 
versions increase. Thus, alkyl halides with high R-C1 bond dissociation en- 
ergies produce very low conversions and relatively high-molecular-weight 
polystyrenes. In contrast, alkyl halides with relatively weak R-Cl bonds 
give rise to high molecular weights when used in low concentrations and 
produce gradually lower molecular weights by gradually increasing the RC1 
concentrations. The same holds true also with isobutyl chloride as co- 
initiator. 

These observations indicate a polymerization process involving relatively 
slow initiation with rapid propagation and termination (or chain transfer). 

It should be noted that while the number average molecular weights 
(particularly with the alkyl halides with weak R-Cl bonds) drop by a 
factor of 6 (i.e., from -3 X lo5 to -5 X lo4), the weight averages de- 
crease by only a factor of 2 (i.e., from -6 X lo5 to -3 X lo5)  over the 
RCl concentrations studied. This observation is reflected by the correspond- 
ing molecular weight distributions, which increase from a Mw/Mn value of 2 
at low RC1 concentrations to -7.5 at the highest RCl concentrations em- 
ployed. A molecular weight distribution of 2, the most probable MWD, 
indicates a conventional chain propagation mechanisms with probably one 
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well-defined catalyst species or growing site. This is also the expected value 
for a conventional (cationic) chain-growth mechanism in which chain trans- 
fer is the dominant chain-breaking event. The most probable MWD’s ob- 
tained at low conversions with RCl with strong R-CI bonds is also in agree- 
ment with this proposition. With increasing conversions the MWD broadens 
and this again is the expected behavior of a conventional propagation mech- 
anism in which the molecular weights are primarily determined by chain 
transfer. It is also possible that the unusually large MWD values obtained 
(-5) at very high conversions are due to branching (by chain transfer to 
the polymer), as proposed by Endres et al. [4]. 
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