This article was downloaded by:

On: 24 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

Studies of the Mechanism of Copolymerization of Electron-Donor Dienes
and Acrylonitrile
George B. Butler®; Jen-Chi Chen®

* Center for Macromolecular Science & Engineering and Department of Chemistry, University of
Florida, Gainesville, Florida

To cite this Article Butler, George B. and Chen, Jen-Chi(1987) 'Studies of the Mechanism of Copolymerization of Electron-
Donor Dienes and Acrylonitrile', Journal of Macromolecular Science, Part A, 24: 7, 813 — 828

To link to this Article: DOI: 10.1080/00222338708082096
URL: http://dx.doi.org/10.1080/00222338708082096

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay 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 formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, 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/10.1080/00222338708082096
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18: 27 24 January 2011

Downl oaded At:

J. MACROMOL. SCL.—CHEM., A24(7}, pp. 813-828 (1987)

STUDIES OF THE MECHANISM OF COPOLYMERIZATION OF
ELECTRON-DONGR DIENES AND ACRYLONITRILE

GEORGE B. BUTLER* and JEN-CHI CHEN

Center for Macromolecular Science & Engineering
and Department of Chemistry

University of Florida

Gainesville, Florida 32611

ABSTRACT

In the copolymerizations of acrylonitrile with 1-ethoxy-1,3-butadiene
and 1-diethylamino-1,3-butadiene, the resulting copolymers were found
to have a highly alternating structure. Their monomer reactivity ratios
were determined by the Fineman-Ross and Kelen-Tiid8s methods. A
mechanism for this alternating copolymerization system is suggested on
the basis of chemical shift differences between the head-to-tail and head-
to-head monomer sequence distributions.

INTRODUCTION

General Background

When electron donors and electron acceptors are brought together, they
usually form electron donor-acceptor complexes to various extents. The term
“electron donor-acceptor complex” is used to describe a wide variety of inter-
molecular complexes. Its range comprises Lewis acid-Lewis base interactions,
ion pairs, and charge-transfer complexes. The enthalpies of dissociation of
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these complexes are much smaller than those of ordinary chemical reactions
and are similar to those of hydrogen bonds and van der Waals forces.

In 1949, Benesi and Hildebrane [1] measured the ultraviolet spectra of
iodine and benzene in n-heptane solutions and discovered a new absorption
band uncharacteristic of either of the component molecules. Later Mulliken
[2, 3] successfully developed a now widely accepted theoretical description
of these phenomena. Mulliken’s contribution has stimulated a wide variety
of theoretical and experimental work in this area.

Mulliken’s Valence Bond Treatment

On the basis of the valence bond theory, Mulliken described a complex
that exists in a resonance form between the no-bond and the dative states of
the donor molecule (D) and the acceptor molecule (A):

D+A S (D, A) w— (DY, A) ] (1)
no bond dative

where K is the formation constant of the complex.

The wave function of the complex can be expressed as a linear combina-
tion of wave functions of the no-bond state and the dative state. For the
ground state

V¥ N =a¥piD. A) + by, (DF, A)
with a >>b @

and for the excited state

Vg =b*¥(D", A) - a*y(D, A)
with b* >> a*

where Yo (D,A) is the wave function for the molecular complex which is held
together by several physical electrostatic forces involving dipole-dipole, dipole-
induced dipole, London dispersion, and hydrogen bonding types. The term

V1 (D*,A7) correlates with a wave function for the complex where one elec-
tron has been entirely transferred from the donor molecule to the acceptor
molecule. The transition between these two states yields the characteristic
charge-transfer absorption band. The term “charge-transfer complex” is usual-
ly given to this association pair.

Molecular Orbital Treatment

About the same year, an alternative approach to this intermolecular charge-
transfer transition was proposed by Dewar [4] and Fukui [5], respectively.
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In their approaches, the complex is treated as a r-complex which is formed
by the interaction of the m-orbitals of the donor and the acceptor. Since the
interaction between donor and acceptor is very small, the charge-transfer
interaction can also be treated by the perturbation method.

Interactions between occupied bonding orbitals of donors and acceptors
produce to change in their total energy and no net transfer of charge betwecn
donor and acceptor. Interactions of the occupied orbitals of the donor with
the unoccupied antibonding orbitals of the acceptor lower the former and
elevate the latter, leading to a net stabilization with a transfer of negative
charge from donor to acceptor. Interactions of the occupied orbitals of the
acceptor with the unoccupied antibonding orbitals of the donor similarly
produce stabilization with a net charge transfer in the opposite direction.
These interactions are inversely proportional to the energy gap between the
interacting orbitals. The donor is usually recognized as having the highest-
energy occupied molecular orbital (HOMO) and the acceptor is recognized
as having the lowest-energy unoccupied molecular orbital (LUMQ). The in-
teraction between LUMO and HOMO has been thought to play an important
role in many organic reactions.

Alternating Copolymerization

Alternating copolymerizations are characterized by the fact that a nearly
1:1 molar ratio of the comonomers is found in copolymers produced from a
wide variety of comonomer mole fractions in the feed. The possible reaction
pathways are as follows [6] :

K

mm—— D - A complex
B —
—%D- A..]_x.__

J?

On the basis of these possible reaction pathways, three mechanisms have
been proposed to explain this strong alternation tendency between the elec-
tron donor and the electron acceptor.

In 1946 Bartlett and Nozaki [7] proposed the first mechanism, in which
copolymerization occurs via a stable monomer complex composed of the two

Alternating copolymer
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monomer units. This mechanism has been supported by the work of Butler
and coworkers {8-11] (maleic anhydride-divinyl ether and maleic anhydride-
furan copolymers), Caze and Loucheux [12] (maleic anhydride-vinyl acetate
copolymer), Goethals and coworkers [13] (maleic anhydride-benzofuran,
maleic anhydride-indole, maleic anhydride-benzothiophene copolymers),
Yamashita and coworkers [14, 15] (maleic anhydride-p-dioxene, maleic
anhydride-1,2-dimethoxyethylene copolymers), and Gaylord and coworkers
[16, 17] (maleic anhydride-conjugated diene copolymers). This mechanism
is also called the “complex’ mechanism.

Walling [18] proposed the second mechanism, in which electrostatic inter-
actions between differently polarized monomers and radicals decrease the ac-
tivation energy for alternating chain propagation. This is also called the “free
monomer” mechanism,

The third mechanism was proposed by Shirota {19] and Tsuchida [20],
respectively. This involves the participation of both free monomers and the
charge-transfer complex monomer in the propagation steps. This mechanism
originates from the fact that the initial copolymerization rate does not neces-
sarily become maximum at a monomer feed ratio 1:1 where the concentration
of the charge-transfer complex attains its maximum, which is inconsistent
with the second mechanism,

Copolymerization of Conjugated Dienes and Dienophiles

In 1970, Butler and coworkers [9] studied the copolymerization of furan
and maleic anhydride, and found that a 1:1 copolymer of these comonomers
was produced, regardless of the monomer feed ratio. The presence of a donot-
acceptor complex between the monomers was observed by NMR and UV
methods. Therefore, they proposed that the polymerizations proceed by
homopolymerization of this complex to produce an alternating sequence in
the copolymer.

In 1976 [10] and 1981 [11], Butler and Ragab reported further studies
on the mechanism of this copolymerization, and showed that the copolymer
was comprised of alternating monomer units. They also studied the copolym-
erization of a number of furan derivatives with maleic anhydride, comparing
the copolymer microstructures with those of model compounds., They made
a comparative study of various donors and acceptors related to furan and
maleic anhydride, and concluded that the trend among the initial polymeri-
zation rates was analogous to that among the equilibrium constants for com-
plex formation. On the basis of their studies, they suggested that the donor-
acceptor complex is the active polymerizing species.
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Gaylord and coworkers have made wide-ranging studies of the free radical
copolymerization of maleic anhydride with conjugated dienes, butadiene
[16], pentadienes [17], and cyclopentadienes [21]. They postulated that
the cyclic adduct and the alternating copolymer arise from a common inter-
mediate, i.e., the charge-transfer complex, as a result of intramolecular and
intermolecular reactions. The cyclic adduct was proposed to be formed from
the complex in the ground state, and the alternating copolymer from the com-
plex in the excited state.

In order to gain further insight into the mechanism of alternating copolym-
erizations of diene-dienophile systems and the relationship between the co-
polymerization and Diels-Alder reaction, we have investigated the copolym-
erization of electron-rich dienes with acrylonitrile, and report the results in
this communication.

EXPERIMENTAL

Monomer Synthesis

1-Ethoxy-1,3-butadiene was synthesized by acid-catalyzed dealcoholation
of 1,1,3-triethoxybutane [22]. 1,1,3-Triethoxybutane was prepared from
crotonaldehyde and pertinent alcohols by the method of Flaig [23]. 1-Di-
ethylamino-1,3-butadiene was synthesized from crotonaldehyde and diethyl-
amine by the method of Hunig [24].

Copolymer Synthesis

Pyrex polymerization tubes were charged with the prescribed quantities
of freshly purified monomers, initiator (AIBN), and benzene as the solvent.
The tubes were connected to a high-vacuum line, degassed by severa] freeze-
pump-thaw cycles, and sealed off under vacuum. The monomers were
polymerized by heating the sealed tubes at 60°C in a shaking water bath. At
the end of the reaction time, the tubes were removed from the bath, cooled
to -78°C in a Dry Ice-isopropanol cooling bath in order to stop the reaction,
and opened. The solution was then slowly added to a large amount of rapid-
ly stirred petroleum ether. The copolymers were purified by dissolving them
in acetone and then precipitating from petroleum ether. After having been
dried overnight in vacuum, the copolymers were weighed and analyzed.
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RESULTS AND DISCUSSION

The copolymerizations of 1-ethoxy-1,3-butadiene (EBD) and 1-diethylamino-
1,3-butadiene (DABD) with acrylonitrile (AN) were carried out by free-radical
or spontaneous initiation in benzene at 60°C. In addition to the resulting co-
polymers, appreciable amounts of Diels-Alder adducts were formed as by-
products. The reaction conditions and resuits are shown in Tables 1 and 2.

In order to determine the reactivity ratios of these systems, the copolymer-
izations were performed by radical initiation with various monomer feed ratios
in benzene at 60°C, with the concentrations of the total monomer and initiator
kept constant. The compositions of the resulting copolymers obtained at low
conversion were determined by elemental analysis. The results are shown in
Tables 3 and 4, respectively. The monomer reactivity ratios r, and r, were de-
termined by the Fineman-Ross and Kelen-Ttidds methods [25, 26]. The results
are summarized in Table 5,

Since the product of the monomer reactivity ratio is much less than unity,
the copolymers should have a high degree of alternation of monomer units in
the chain.

The formation of constants (Ky) of the AN/EBD and AN/DABD systems
were determined by the 'H-NMR method using the equation developed by
Foster and Fyfe [27]. The resulting values of Ky were 0.19 at 25°C and 0.10
at 60°C for the AN/EBD system and 0.15 at 25°C for the AN/DABD system.

In the infrared spectra of AN/EBD copolymers, absorptions were seen at

TABLE 1. Conditions for the Copolymerizations of Acrylonitrile with EBD
and DABD

Electron-rich mr,2 mAIBNab Volume,© Time,
diene mmol mmol mL h
EBD 27.5 0.099 (0.30%) 4 71
DABD 14.6 0.14 (0.96%) 5 65
EBD 42.5 0 8 70
DABD 36.6 0 4 69

3Total monomers.
bMoles of AIBN (mol% AIBN based on mT).
CVolume of benzene solvent.
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TABLE 2. Yields and Analytical Data for Copolymers in Table 1

Yield,  Yield, Analysis

g % C,% H, % N, % F4t [n],dL/g
0.95 37.9 71.6 8.7 9.2 0.498  0.155P
0.10 7.7 73.6 10.2 15.5 0.485  0.459¢
040 125 70.6 8.6 8.7 0477

Mole fraction of acceptor in the copolymer calculated from the results of
elemental analysis.

bntrinsic viscosity in toluene at 25°C.

CIntrinsic viscosity in tetrahydrofuran at 25°C.

TABLE 3. Conditions, Yields, and Analytical Data for the Copolymerization
of AN with EBD?

Copolymer produced
EBD in feed, Time,  Yield, Nitrogen EBD,
mol% h % analysis, % mol%
27.7 4 7.3 9.4 49.6
37.9 7 10.0 9.2 50.2
50.3 ‘32 18.2 9.1 50.6
63.1 40 10.4 8.6 52.7
73.3 52 9.4 8.3 54.0
83.5 90 5.6 7.5 57.5

2Total monomer and initiator concentrations were kept constant at 5500
and 13 mmol/l, respectively.
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TABLE 4. Conditions, Yields, and Analytical Data for the Copolymerization
of AN with DABDA

Copolymer produced

DABDin feed,  Time,  Yield, Analysis DABD,
mol% h % C, % H % N,% mol%
23.3 9 6.1 72.1 9.0 18.3 324
27.9 15 6.0 71.7 9.0 18.2 33.0
34.3 20 5.9 72.6 9.2 17.8 359
41.2 22 53 7.19 9.8 16.6 43.5
49.9 45 7.4 73.4 10.0 15.7 50.2
59.0 62 2.7 73.1 10.6 15.1 55.6

4Total monomer and initiator concentrations were kept constant at 5800
and 14 mmol/L, respectively.

TABLE 5. Monomer Reactivity Ratios for the Free-Radical-Initiated
Copolymerizations of AN/EBD and AN/DABD

AN/EBD AN/DABD
Calculation method 7, (EBD) r.(AN)  r(DABD)  r,(AN)
Fineman-Ross 0.07 0.03 0.49 0.52
Kelen-Tiid8s 0.07 0.02 0.44 0.49

729,754,938, and 972 cm™*, which are characteristic of ¢is-3,4, cis-1,4,
trans-3,4, and frans-1,4 structures, respectively. In the infrared spectra of
AN/DABD copolymers, absorptions were seen only at 730 and 940 cm™!,
which are characteristic of cis and trans-3,4 structures, respectively. The 'H-
and '*C-NMR spectra of 1:1 molar ratio AN/EBD and AN/DABD copolymer

are shown in Figs. 1 and 2, respectively.
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-

160 140 120 100 80 60 40 20 O

FIG. 1. 'H-NMR and **C-NMR spectra of AN/EBD copolymers in CDCl;
at 25°C.
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N(cH§CH]),

160 140 120 100 80 60 40 20 O

FIG. 2. 'H-NMR and *C-NMR spectra of AN/DABD copolymers in CDCl3
at 25°C.
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OEt

OEt OEt
CN CN CN
Z = r
a <
l.
OEt OEt l/

CN ' N * OEt
| LI -|/ oN

SCHEME 1. Reaction pathway via the complex mechanism.

It is proposed that alternating copolymers may result from homopolymer-
ization of electron donor-acceptor complexes generated by the interaction of
electron donor monomers with electron acceptor monomers. The reaction
scheme, according to this postulation, for these systems is as shown in Scheme
1. The regioselectivity of the cycloaddition reaction was successfully explained
by the frontier orbital theory [28, 29].

Another reaction scheme in accordance with the free monomer mechanism
is shown in Scheme 2. )

There are two possible polymer sequence structures for the rrans-1,4 addi-
tion in the repeating unit of the AN/EBD copolymer. Structure I would be
predicted to be formed by the free monomer mechanism, and Structure II
sould be predicted to be formed by the complex mechanism:

2 4 6
1 3 S
5
N OEt
Structure | (head - to - tail) Structure |l (head - to - head)

Both 'H-NMR and '3 C-NMR spectra may provide evidence in favor of one
of these two structures. To clarify this point, the proton chemical shifts of
both sequence structures were calculated [30]. Judging from the chemical
shifts and integrations, Structure I was shown to be the preferred sequence
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OEt
CN
OEt
A\
CN 1, 4 addition
g 2N
3, 4 addition
*
”/Yj/\' M\W‘Y\'
CN { CN cN OEt CN

OEt

SCHEME 2. Reaction pathway via the free monomer mechanism.

unit in the alternating copolymer. On the other hand, if Structure I had

been the real sequence unit in the chemical shift range 1.43-2.06, integration
should have shown four protons instead of the three protons actually observed
in the spectrum. By using the '3 C-NMR spectrum of acrylonitrile/butadiene
alternating copolymer [31] as a model compound, the carbon chemical shifts
of both sequence structures were calculated [30]. A peak of the methine car-
bon (2) should appear at §36.1 and a peak of the methylene carbon (1) should
appear at §30.0 for Structure II. However, the spectrum obtained by the
INEPT technique showed that there was no methylene carbon peak in the
range of §24-32, and no methine carbon peak in the range of 634-40 either.
Therefore, the evidence favors Structure I as the true sequence unit in the al-
ternating copolymer, and propagation by the free monomer mechanism prob-
ably predominates under the conditions employed.
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LUMO

+/JJ-M—0

SOMO

_H_/ s—orn;o

ELECTRON-DONCR

M
RADICAL * I HOMO
ELECTRON-ACCEPTOR
HOMO RADICAL
ELECTRON-DONOR
DIENE

ELECTRON-ACCEPTOR
DIENOPHILE

FIG. 3. Frontier orbital energy-level diagram.

It was found that the AN/EBD alternating copolymer could be formed with-
out any free radical catalyst, but no copolymer could be prepared in the pres-
ence of a radical inhibitor. So the donor-acceptor interaction in this system
probably forms a reactive intermediate of free radical nature to initiate polym-
erization.

The relative activity of the AN/EBD comonomer pair in radical alternating
copolymerization can be discussed qualitatively in terms of frontier orbitals.
The frontier orbital energy-level diagram is shown in Fig. 3.

It should be expected that the donor-acceptor interaction between the grow-
ing radicals and monomers would significantly reduce their activation energies
for transition state formation. Radicals with a higher-energy SOMO will react
fast with a substrate with a low-energy LUMO, and radicals with a lower-
energy SOMO will react fast with a substrate with a high-energy HOMO,

These considerations may successfully explain the alternating character of
the radical AN/EBD copolymerization. The growing radical EBD" is adjacent
to an oxygen atom, thus it has a high-energy SOMO. It reacts faster with a
molecule (AN) with a lower-energy LUMO. On the other hand, the growing
radial AN" is adjacent to a nitrile group, which acts as an electron-withdrawing
substituent. Thus this radical has a low-energy SOMO, and it reacts faster with
a molecule (EBD) with a higher-energy HOMO.

According to the carbon chemical shifts in the '3*C-NMR spectra of EBD,
electron densities of C2 and C4 are larger than those of C1 and C3. In addition
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to the steric factor, the growing radical AN" should attack at C4 of molecule
EBD. This explanation is in good agreement with the structure of the result-
ing copolymer which consists of trans-1,4, cis-1,4, trans-3,4, and cis-3,4
structures.

The relative reactivity of the AN/DABD comonomer pair in radical alter-
nating copolymerization may also be explained qualitatively in terms of
frontier orbitals. No trans-1,4 and cis-1,4 structures were formed; that may
be attributed to the steric factor, i.e., the diethylamino group on the C1 posi-
tion of DABD is bulkier than the ethoxy group on the C1 position of EBD.

SUMMARY AND CONCLUSIONS

In the copolymerization of electron donor dienes and acrylonitrile (AN),
the resulting copolymers were found to have equimolar composition by ele-
mental analysis.

The formation constants of the AN/EBD and AN/DABD systems were
determined by the NMR method. The values of these constants were so small
that the association between the comonomers appear to be weak. Judging
from the fact that the products of the monomer reactivity ratios are close to
zero, these systems should have a high degree of alternation of monomer units
in the equimolar copolymers.

On the basis of 'H-NMR and '3C-NMR spectra, these copolymers were
shown to have highly alternating sequence structure. Also, as judged from the
chemical shifts, the copolymers were mainly composed of head-to-tail sequence
units. These observations suggest that the propagation steps of these systems
proceed by the free-monomer mechanism under the conditions studied.

These experimental results, such as the prevalence of head-to-tail configura-
tion and the alternation tendency in the copolymers, can be successfully ex-
plained by the frontier orbital theory. :
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