
 

 

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

Donor-Acceptor Complexes in Copolymerization. III. Conjugated Diene-
Acrylonitrile Copolymerization in the Presence of Metal Halides
Akio Takahashia; Norman G. Gaylorda

a Gaylord Associates, Inc., Newark, New Jersey

To cite this Article Takahashi, Akio and Gaylord, Norman G.(1970) 'Donor-Acceptor Complexes in Copolymerization. III.
Conjugated Diene-Acrylonitrile Copolymerization in the Presence of Metal Halides', Journal of Macromolecular Science,
Part A, 4: 1, 127 — 142
To link to this Article: DOI: 10.1080/00222337008060969
URL: http://dx.doi.org/10.1080/00222337008060969

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/10.1080/00222337008060969
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SCL-CHEM., A4(1), pp. 127-142, January, 1970 

Donor-Acceptor Complexes in Copolymerization. 
I I I. Conjugated Diene-Acrylonitrile 
Copolymerization in the Presence of 
Metal Halides 

AKIO TAKAHASHI and NORMAN C. GAYLORD 
Gaylord Associates, Inc. 
Newark, New Jersey 

SUMMARY 

The copolymerization of isoprene or butadiene with acrylonitrile in 
the presence of zinc chloride or ethylaluminum sesquichloride, in the pres- 
ence or absence of a free radical catalyst, at 30-70°C yields an equimolar, 
diene-acrylonitrile alternating copolymer containing more than 90% trans-l,4 
unsaturation, irrespective of monomer charge. The copolymer results from 
the homopolymerization of a diene-acrylonitrile. . metal halide transoid 
charge transfer complex. When ZnC12 is the electron-accepting metal halide 
and the polymerization is carried out at temperatures of 50°C and higher 
or to high conversions, the equimolar copolymer is accompanied by a high 
acrylonitrile polymer, and in the presence of a radical catalyst, by a normal 
radical copolymer. In the presence of the organoaluminum halide and in 
the absence of a radical catalyst, the alternating copolymer is the only prod- 
uct, irrespective of monomer charge. However, in the presence of a radical 
catalyst and at high acrylonitrile monomer charges, e.g., D/AN = 10/90, 
the alternating copolymer is accompanied by a normal radical copolymer. 
The formation of equimolar, alternating copolymer at all monomer ratios 
and in the absence or presence of a radical catalyst indicates that the 
(DAN. . MX) charge transfer complex readily undergoes homopolymeriza- 
tion and does not copolymerize with free diene or acrylonitrile or with the 
AN-AN. . M X  complex. 
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I28 A. TAKAHASHI AND N. G. GAYLORD 

INTRODUCTION 

The free radical-initiated polymerization of polar monomers such as 
acrylonitrile and methyl methacrylate, in the presence of metal halides such 
as zinc chloride and aluminum chloride, is characterized by increased rates 
of polymerization [ 1 4 1 .  This effect has been attributed to the formation 
of a complex between the polar monomer and the metal halide, resulting 
in delocalization of the electrons in the double bond of the complexed 
monomer [2-4]. The presence of metal halides also increases the rate and 
comonomer content in the free radical-initiated copolymerization of ole- 
f ~ c  compounds with the complexed polar monomers [5,6], 

polar monomers in the presence of an ethylaluminum halide yields high- 
molecular-weight, 1: 1 alternating copolymers [7, 81. 

It has been proposed [ 1,9] that the alternating copolymer results from 
the spontaneous homopolymerization of an equimolar donor-acceptor com- 
plex between the olefm and the complexed polar monomer, and that the 
spontaneous and the free radical-initiated copolymerizations are similar in 
nature. This proposal was confirmed by (a) the spontaneous copolymeriza- 
tion of styrene and methyl methacrylate in the presence of ethylaluminum 
sesquichloride [9, 101 and of styrene and acrylonitrile in the presence of 
zinc chloride [ 1 I ]  to high-molecular-weight, 1 : 1 alternating copolymers, 
irrespective of monomer charge, and (b) the increased rate of polymerization 
in the presence of a free radical catalyst to the Same high-molecular-weight, 
1:l alternating copolymer, irrespective of monomer charge (9-111. 

"he present paper provides further confirmation of the identity of the 
spontaneous and free radical-initiated copolymerization by the formation 
of highmolecular-weight, alternating copolymers, independent of monomer 
ratio, in the copolymerization of acrylonitrile with isoprene or butadiene, 
in the presence of either zinc chloride or ethylaluminum sesquichloride, 
both in the absence and in the presence of a free radical catalyst. 

The uncatalyzed, spontaneous copolymerization of aalefins with these 

EXPERlMENTAL 

Materials 

Commercial-grade isoprene was distilled over CaH2. Instrument-grade 
butadiene was passed through potassium hydroxide and a column of 
molecular sieves. Research-grade acrylonitrile was distilled. Commercial 
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DONOR-ACCEPTOR COMPLEXES. III 129 

zinc chloride (A.C.S. grade) was heated in a vacuum oven at 200-250°C for 
several hours and handled in a dry box. Ethylaluminum sesquichloride, 
25% solution in toluene (Texas Alkyls, Inc.)., was used as received. t-Butyl 
peroxypivalate (Lupersol 11, Lucidol Division, Pennwalt Corp.), 75% solu- 
tion in mineral spirits, half life 10 hr at 55"C, was used as received. 

Copolymerization 

Zinc chloride and solvent, where used, were placed in a three-necked, 
round-bottomed flask equipped with a Tefloncoated stirring bar, ther- 
mometer, reflux condenser, or cold finger and nitrogen outlet and inlet. 
The flask was flushed with nitrogen and heated to the required tempera- 
ture while stirring in a nitrogen atmosphere. A solution containing the 
monomers, a small amount of solvent, and the peroxide, where used, was 
slowly added through either a dropping funnel or a hypodermic syringe 
while maintaining the reaction temperature constant. The reaction mixture 
was stirred for the desired reaction time, in a nitrogen atmosphere at con- 
stant temperature. 

When ethylaluminum sesquichloride was used as the metal halide, the 
order of addition was solvent, monomers, peroxide, ethylduminum sesqui- 
chloride. To avoid conventional free radical polymerization when the per- 
oxide was used, the aluminum compound was added immediately following 
the addition of peroxide. 

The reaction was terminated by the addition of methanol containing a 
small amount of 2,6-di-t-butyl-pcresol. The methanol-insoluble polymer 
was filtered, washed with fresh methanol, and dried to constant weight in 
vacuo at 40-50°C. 

In some cases, the methanol fdtrate was mixed with benzene, shaken 
with water containing a small amount of hydrochloric acid in a separatory 
funnel, washed with fresh water, and the benzene removed in vacuo below 
50°C to recover the methanol-soluble polymer. Where further fractiona- 
tion was desired, the methanol-insoluble polymer was stirred in dimethyl- 
formamide, filtered, and washed with a small amount of fresh dimethyl- 
formamide to separate the methanol-insoluble polymer into dimethyl- 
formamide-soluble and -insoluble fractions. The soluble fraction was 
precipitated into methanol and the insoluble fraction was washed with 
methanol and then dried to constant weight. 
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130 A. TAKAHASH1 AND N. G. GA YLORD 

RESULTS AND DISCUSSION 

Copolymerization in the Presence of Zinc Chloride 

The copolymerization of isoprene or butadiene with acrylonitrile in the 
presence of zinc chloride is characterized by the occurrence of one or more 
of the following reactions: 

(1) Absence of free radical catalyst: (a) Spontaneous copolymerization 
to an equimolar, alternating copolymer. (b) Spontaneous homopolymeriza- 
tion of acrylonitrile. 

(2) Presence of free radical catalyst: (a) Spontaneous copolymerization 
to an equimolar, alternating copolymer. (b) Spontaneous homopolymeriza- 
tion of acrylonitrile. (c) Radical-initiated copolymerization to an equimolar, 
alternating copolymer. (d) Radical-initiated homopolymerization of acrylo- 
nitrile. (e) Radical-initiated, conventional copolymerization to a copolymer 
whose composition is dependent upon the initial comonomer charge. 

These reactions occur concurrently but at different rates. The extent of 
participation of any individual reaction in a given experiment is a function 
of the reaction temperature, time, i.e., conversion, AN/ZnC12 molar ratio, 
initial monomer charge, and order of addition of reagents (Table 1). 

The addition of isoprene to an equimolar mixture of acrylonitrile and 
ZnC12 at room temperature results in spontaneous copolymerization to a 
composition containing 66% acrylonitrile. However, no reaction occurs 
when the ZnClJAN mole ratio is 0.05 at temperatures below 60°C. The 
addition of a solution of isoprene and an azo catalyst to an equimolar mix- 
ture of acrylonitrile and ZnC12, at 55"C, after 10 min gives a 30% yield of 
a polymeric composition containing 85.6% acrylonitrile. However, in the 
presence of a radical catalyst, an equimolar copolymer is formed at low 
temperatures, e.g., 30-45"C, or at low conversions, independent of initial 
monomer charge. 

The addition of a monomer mixture or a solution thereof to a suspen- 
sion of ZnC12 in a solvent avoids the formation of nonequimolar polymer 
compositions. However, when the reaction is carried out at higher tem- 
peratures, e.g., 6O-7O0C, and/or to high conversions, the polymer composi- 
tion is nonequimolar. Thus, the addition of a mixture of butadiene and 
acrylonitrile (B/AN = 1/9) containing the peroxide catalyst (0.02 mole) to 
0.05 mole of ZnC12 (ZnC12/AN = 5/90), at 40"C, after 60 min gave a 
144% yield (based on B/AN = 111) of a polymer composition containing 
68% acrylonitrile. 

Similarly, the addition of a mixture of isoprene and acrylonitrile 
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DONOR-ACCEPTOR COMPLEXES. III 133 

(I/AN = 1) containing 0.007 mole of peroxide catalyst to a suspension of 
0.2 mole of ZnClz (ZnC12/AN = 1) in 50 ml of heptane, after 90 min at 
70°C gave a 3.9% yield of a methanol-soluble product containing 28.5% 
acrylonitrile and a 77.3% yield of methanol-insoluble product containing 
56.7% acrylonitrile. The latter product was stirred at room temperature 
in dimethylformamide and was fractionated into 8% of a soluble product 
containing 90.9% acrylonitrile, and 92% of an insoluble product containing 
52.8% acrylonitrile. The unfractionated, nonequimolar compositions are 
apparently mixtures containing the equimolar copolymer as the predomi- 
nant component. The latter are soluble in dimethylformamide at room 
temperature when prepared at ZnClz/AN ratios of 0.5 or less. 

Copolymerization in the Resence of Ethylaluminum Sesquichloride 

The copolymerization of isoprene or butadiene with acrylonitrile in the 
presence of ethylaluminum sesquichloride is characterized by the following 
reactions: 

(1) Absence of free radical catalyst: (a) Spontaneous copolymerization 
to an equimolar, alternating copolymer. 

(2) Presence of free radical catalyst: (a) Spontaneous copolymerization 
to an equimolar, alternating copolymer. (b) Radical-initiated copolymeriza- 
tion to an equimolar, alternating copolymer. (c) Radical-initiated, conven- 
tional copolymerization to a copolymer whose composition is dependent 
upon the initial monomer charge. 

In the absence of a radical catalyst, an equimolar, alternating copolymer 
is obtained at all monomer ratios, even when Al/AN mole ratio is as low as 
0.01. In fact, the alternating copolymer precipitates out as soon as the 
ethylaluminum sesquichloride is added to the comonomer mixture at room 
temperature. Considerable amounts of alternating copolymer are formed 
within a few minutes, particularly when the diene/acrylonitrile mole ratio 
is close to equimolar and the N/AN mole ratio is 0.1 or higher. However, 
irrespective of monomer charge or metal halide content, the product is an 
essentially equimolar, alternating copolymer (Tables 2 and 3). 

In the presence of a free radical catalyst, the comonomer yield is con- 
siderably increased without changing the alternating structure of the co- 
polymer. However, when the reaction is carried out at very high acrylo- 
nitrile and low metal halide contents, e.g., B/AN/MX = 10/90/1, the 
alternating copolymer is accompanied by a radical-initiated high acrylonitrile 
copolymer (Table 3). 
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DONOR-ACCEPTOR COMPLEXES. III 135 

General Characteristics of Complex Polymerization 

The complexation of a polar monomer such as acrylonitrile with a metal 
halide increases its electron-accepting ability and enhances the formation of 
a charge transfer complex with a strong electron donor such as a conjugated 
diene. The complex is capable of polymerizing spontaneously to  an equi- 
molar, alternating copolymer. When the concentration of metal halide is 
low, the concentration of complex is also low. Depending upon the activat- 
ing ability, i.e., the electron-accepting strength, of the metal halide, a free 
radical activator may be necessary to  initiate polymerization of the com- 
plex. Thus, copolymerization of an equimolar mixture of butadiene and 
acrylonitrile in the presence of 5 mole-% ZnClz requires a radical initiator, 

AN in monomer charge. m ~ l e - %  

Fig. 1. Copolymerization of isoprene and acrylonitrile. (A) Metal halide- 
complexed system; @) conventional free radical system. (.) ZnClz t 

TBPP; (0) Etl.5AlCll-5; (A) Etl.jAlClI.5 t TBPP. 

while spontaneous copolymerization occurs under the same conditions in 
the presence of the same amount of ethylaluminum sesquichloride. How- 
ever, the use of a free radical initiator in the latter case increases the yield 
of alternating copolymer about five times. 

m e  formation of alternating copolymer irrespective of monomer charge 
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136 A. TAKAHASHI AND N. G. GAYLORD 

(Figs 1 and 2) indicates that the complex does not copolymerize with a 
monomer, i.e., the growing chain arising from the complex homopolymeri- 
zation does not add monomer molecules, whether the latter are strong 
electron acceptors or strong electron donors. Thus, even at low metal 
halide concentrations, when the complex concentration is low and the free 
monomer concentration is high, free monomer does not copolymerize with 
the complex. The formation of high yields of copolymer at  low concen- 
trations of metal halide indicates that the metal halide is made available 
to complex with free acceptor monomer and generate additional charge 
transfer complex when a charge transfer complex is incorporated into a 
propagating chain. Since the growing chain does not add free monomer, 
the maximum conversion is dependent upon the monomer which is present 
in the lowest concentration. 

In the presence of a free radical catalyst, under conditions where the 
latter is effective in initiating conventional radical copolymerization, radical 

90 - 

- 
E 70-  

40 50 60 70 80 90 
AN in monomer charge. mole-% 

Fig. 2. Copolymerization of butadiene and acxylonitrile. (A) Metal halide- 
complexed system; @) conventional free radical system. (.) ZnClz t TBPP; 

(0) Etl.5AlCli.5; (a) Etl.5AIClI.S t TBPP. 

copolymers are formed. However, the rate of the radical copolymerization 
is significantly lower than that of the complex homopolymerization. Con- 
sequently, the radical copolymerization only influences the composition of 
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DONOR-ACCEPTOR COMPLEXES. 111 137 

the mixture of polymeric products at higher conversions and polymerization 
temperatures. This is also dependent upon the metal halide concentration, 
since the latter determines the complex and free monomer concentrations. 

Although acrylonitrile that is activated by complexation with a halide 
preferentially forms a donor-acceptor complex with an electron donor 
monomer, it also complexes with free acrylonitrile at low concentrations 
of donor monomer or high concentrations of metal halide. The existence 
of the 2:l acrylonitrile-ZnC12 [12] and the 2:l methyl methacrylate-ZnClz 
[I31 complexes has been confirmed and is considered responsible for the 
increased rate of homopolymerization of these monomers in the presence 
of metal halides [ 11 . 

It was earlier proposed [ 1,9]  that the nonequimolar products obtained 
in the copolymerization of olefms [5, 6, 111 with metal halide-activated 
polar monomers are copolymers resulting from the copolymerization of the 
(olefm-polar monomer. . ZnC12) complex and the (polar monomer-polar 
monomer. . .ZnC12) complex. However, fractionation of the nonequimolar 
compositions into equimolar copolymers, representing better than 90% of 
the total product, and residues having a very high polar monomer content, 
and the appearance of the nonequimolar composition only at high tem- 
peratures, high conversions, or high metal halide concentrations, indicates 
that the (donor monomer-AN. . .ZnClz) complex is formed preferentially 
when the donor monomer is present and that the rate of homopolymeriza- 
tion of the @-AN. . .ZnC12) complex is greater than the rate of homo- 
polymerization of the (AN-AN. . .ZnC12) complex or the rate of copolym- 
erization of the two complexes. The preferential formation of the (D- 
AN. . .ZnC12) complex is in accordance with the observation [14] that 
the addition of benzene to a 2: 1 acrylonitrile-ZnC12 complex or a 2: 1 
methyl methacrylate-ZnClz complex results in the separation of equimolar 
benzene-acrylonitrile-ZnC12 and benzene-methyl methacrylate-ZnC12 layers, 
respectively. 

The absence of high polar monomer content in the polymers obtained 
from systems containing ethylaluminum sesquichloride, in the absence of 
a free radical catalyst and at other than 10/90 diene/AN charges, as well as 
in the spontaneous and free radical-initiated copolymerization of styrene 
and methyl methacrylate [9, 101, indicates either that a (AN-AN. . .A) or 
(MMA-MMA. . .Al) complex is not formed or is not stable at temperatures 
of 25-60"c. 
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Structure of the Equimdar Copolymer 

The structure of the equimolar copolymer was investigated using infrared 
OR) and nuclear magnetic resonance (NMR) analyses. The infrared spectra 
should give information about the microstructure of the diene units in the 
copolymer, while the NMR spectra is concerned with the diene structure 
and the relative placement of the diene and acrylonitrile units in the co- 
polymer. Copolymers containing the diene and acrylonitrile in a 1 : 1 molar 
ratio were prepared with a free radical catalyst, with metal halide alone 
(zinc chloride or ethylaluminum sesquichloride), and with free radical plus 
the metal halides. The three copolymers prepared with different catalysts 
but with the same monomer composition were analyzed by IR and NMR, 
and the results were compared, 

'Ihe infrared spectra showed no substantial differences in the micro- 
structure of the diene part among the copolymers, irrespective of the 
method of preparation. The butadiene-acrylonitrile copolymer contained 
more than 90% of trans-l,4 units and the remaining 10% were shared by 
1,2-vinyl and cis-1,4 units. A slightly higher 1,2-vinyl content was found 
in the free radical-initiated copolymer as compared to the copolymers ob- 
tained from the metal halidecomplexed systems. 

of the isoprene-acrylonitrile copolymers obtained from the three different 
catalytic systems. It is very difficult to analyze the microstructure of the 
diene units from the infrared spectra of isoprene-acrylonitrile copolymers 
with a 1: 1 molar composition, since the bands assigned to the isoprene 
unit either disappear or become very weak and broad. In fact, only one 
weak and broad band at 850 cm-' , which is assigned to the 1,4-structure 
of the isoprene unit in polyisoprene, was observed. Since both cis- and 
trans-1,4 units appear at 850 cm" , it is difficult to determine each struc- 
ture independently. However, it is reasonable to assume that the isoprene 
units are essentially all trans-l,4 since the copolymers with 1 : 1 molar com- 
position from the free radical and the complex systems gave the same IR 
spectra, and the diene units in the butadiene-acrylonitrile copolymers were 
found to have more than 90% of trans-l,4 structure. 

The NMR spectra of the copolymers were recorded from CDCIJ solu- 
tions at a resonance frequency of 100 Mc/sec at room temperature and 
are discussed in detail elsewhere [ 151. The spectra of all of the isoprene- 
acrylonitrile copolymers contained peaks at 7.71 and 7.78 T ,  assigned to  
the methylene proton of an isoprene-acrylonitrile diad, while the spectra 
of all of the butadiene-acrylonitrile copolymers contained a peak at 7.70 7,  

assigned to the methylene proton of a butadiene-acrylonitrile diad. 

Similarly, no significant differences were observed in the infrared spectra 
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In addition, the spectra of the radical-initiated copolymers contained a 
peak which was absent in the spectra of the copolymers prepared in a 
metal halide-complexed system either in the presence or absence of a radi- 
cal catalyst. A peak at 7.92 7 in the spectrum of the isoprene-acrylonitrile 
copolymer and a peak at 7.87 7 in the spectrum of the butadiene-acrylo- 
nitrile copolymer are assigned to isoprene-isoprene and butadiene-butadiene 
diads, respectively. 

The equimolar copolymers prepared in the presence of a metal halide 
in the absence or presence of a free radical catalyst, irrespective of diene- 
acrylonitrile monomer charge, are apparently alternating copolymers con- 
taining more than 90% trans-1,4 unsaturation. 

The diene monomers are known to exist in the transoid structure at 
raom temperature. Thus, butadiene contains 93-97% of trans-1,4 structure 
[16], while isoprene contains more than 80% of trans-1,4 structure [17-191. 
Since the transoid structure of the diene is dominant in both the monomer 
and the copolymer with acrylonitde, it is reasonable to assume that no 
stereoregulated polymerization took place in the complexed system, i.e., 
the diene was copolymerized with acrylonitrile maintaining its own stereo- 
structure. Therefore, the diene probably formed a trans-type of charge 
transfer complex, as shown on the preceding page. 

It is generally acknowledged that in the diene synthesis the Diels- 
Alder adduct forms via a cis type of charge transfer complex between the 
diene and the dienophile. Although the cis type is energetically more 
stable than the trans type, the formation of the cisoid or the transoid 
complex may depend upon the electron-accepting tendency of the dieno- 
phile, i.e., a strong electron acceptor may reduce the distance between 
the donor and acceptor molecules and change the structure of the diene 
from trans to cis by forming a cisoid complex, whereas a weak acceptor 
results in a transoid complex. The AN. . .ZnC12 complex must be a weak 
acceptor as compared with the AN. . .AIC13 complex, since aluminum 
trichloride is a far stronger electron-accepting metal halide than zinc chlo- 
ride, and thus the Diels-Alder adduct was obtained only when AlC13 was 
used as catalyst [20]. 

acrylonitrile is assumed to be an energetically unstable transoid type, a 
transitory contact type of charge transfer complex [21]. The unstable 
contact charge transfer complex apparently undergoes polymerization 
readily, resulting in the formation of an alternating diene-acrylonitrile 
copolymer with a high transoid diene structure, whereas the more stable 
cisoid complex results in the formation of the Diels-Alder adduct [20]. 

Thus, the charge transfer complex of diene and zinc chloride-complexed 
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