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ABSTRACT:

The optimization of atom transfer radical polymerization (ATRP) conditions for the copolymeriza-

tion of allyl butyl ether with acrylonitrile has been carried out with the aim of achieving control over molecular param-

eters. The influence of solvents, initiator concentration and in-feed molar compositions on the rate of copolymerization

was also investigated. The molecular weight data as well as kinetic studies suggested conventional ATRP behavior of
the copolymerization of acrylonitrile and allyl butyl ether. The variation of copolymer composition (Fc) with conver-
sion indicated towards the synthesis of copolymers having significant changes in composition with conversion. The
copolymer compositions obtained from 'H NMR spectra were utilized to determine the reactivity ratios. With the

help of DEPT (Distortionless Enhancement by Polarization Transfer) and 2D HSQC (Heteronuclear Single Quantum

Coherence) NMR spectra, complete spectral assignments of 'H and '3C{'H} NMR spectra were done. All these analy-
sis, considered in aggregate indicated that allyl butyl ether acted as a comonomer instead of a chain-transfer agent under
the employed reaction conditions. [doi:10.1295/polym;j.PJ2006160]
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The homopolymerization of allyl butyl ether, being
an allylic monomer is very unlikely from the free-
radical perspective and if it does occur, it polymerizes
at rather low rates resulting in very low molecular
weight products.! This effect is the consequence of
degradative chain transfer, in which the propagating
radical is very reactive whereas the allylic C—H bond
in the monomer is quite weak. As a result, facile chain
transfer to monomer occurs (Scheme 1). The weak-
ness of the allylic C—H bond arises from the high res-
onance stability of the allylic radical that is formed.
This allylic radical is too stable to reinitiate polymer-
ization and undergoes termination by reaction with
another allylic radical or, more likely, with propagat-
ing radicals.?

Irrespective of the problems encountered in the
homopolymerization of allyl ethers, their copolymers
are formed relatively more readily. The copolymers
based on allyl butyl ether are useful in a variety of
end-use areas' such as coatings, adhesives, elasto-
mers, and thickening agents. The incorporation of
very small quantities of the allyl monomer gives sub-
stantial improvements in the physical properties such
as tensile strength, modulus, crush resistance etc. De-
spite these applications and others that could be devel-
oped by structural control, less attention has been paid
to the synthesis of polymers containing allyl butyl
ether by controlled radical polymerization (CRP).
Various CRP techniques*'* provide control over the
macromolecular structures, particularly, the molecular

weight distribution, composition and architecture. In
recent years, CRP techniques have been employed
for the (co)polymerization of monomers that has pre-
viously been considered unlikely to polymerize via a
radical mechanism.'>~24

Among different CRP techniques, atom transfer
radical polymerization (ATRP)>=! has rapidly at-
tracted growing interest because of the versatility in
the synthesis of polymers with predetermined molecu-
lar weights, low polydispersities, functionalities, and
therefore, specific properties. Recently, ATRP has
been used successfully for the synthesis of copolymers
of allyl butyl ether with acrylates (methyl acrylate,
n-butyl acrylate)’> and the characterization of the
resulting copolymers was done using matrix-assisted
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS). To the best of our
knowledge, no attempts have been made so far for
the well-controlled synthesis of copolymers of allyl
butyl ether with acrylonitrile.

In this article, the detailed study of copolymeriza-
tion of allyl butyl ether with acrylonitrile, using ATRP
technique is presented for the first time. The optimiza-
tion of various reaction conditions was done in order
to achieve copolymers of predetermined molecular
weight and narrow molecular weight distribution.
Detailed investigation of reaction kinetics as well as
molecular weight distribution data was done to check
the controllability of ATRP process. In order to main-
tain the homogeneity of the reaction mixture, the
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Scheme 1. Representation of degradative chain transfer in allyl monomers.

polymerization was carried out using different sol-
vents. Further the effects of the monomer feed compo-
sition and the influence of allyl butyl ether on the co-
polymerization were investigated. The detailed NMR
analysis of these copolymers was done with the aid
of DEPT (Distortionless Enhancement by Polarization
Transfer) and 2D HSQC (Heteronuclear Single Quan-
tum Coherence) NMR spectra to confirm the incorpo-
ration of allyl butyl ether in the copolymer chains.

EXPERIMENTAL

Materials

Allyl butyl ether (C) (Aldrich, 98%) and acryloni-
trile (A) (CDH, 99%) were passed through alumina
column to remove inhibitor, vacuum distilled and kept
below 5 °C prior to use. 2-Bromopropionitrile (BPN)
(Aldrich, 97%), N,N,N',N',N"-pentamethyldiethylene-
triamine (PMDETA) (Aldrich, 99%), ethylene carbon-
ate (Aldrich, 98%), 1,4-dimethoxybenzene (p-dmb)
(Aldrich, 99%) and copper bromide (CuBr) (Aldrich,
99.99%) were used as received. 2,2'-bipyridine (bpy)
(CDH, 99.5%) was recrystallized from acetone dried
in vacuum before use. The solvents toluene (Merck,
99%) and p-xylene (CDH, 98.5%) were dried on so-
dium and distilled before use.

Polymerization

The copolymerization of allyl butyl ether (C) and
acrylonitrile (A) was carried out under ATRP condi-
tions using BPN as an initiator at 60 °C. The copoly-
merization was attempted in bulk as well as in differ-
ent solvents (25% v/v) (toluene, p-xylene, 1,4-dime-
thoxybenzene). The molar ratio for polymerization
were taken as [Monomers]y:[BPN]o:[CuBr]y:[bpylo =
100:1:0.5:1.5. The polymerizations were performed
using standard Schlenck line techniques under a nitro-
gen atmosphere. In a typical procedure, calculated
amount of the monomers, ligand along with copper
bromide was taken in a round bottom flask; the con-
tents were then degassed by three vacuum-nitrogen
cycles and stirred for 10 min. Calculated amount of
purged initiator was then added to the reaction flask
which was then placed in an oil bath maintained at
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60 °C after sealing with septum. The progress of the
polymerization was monitored by taking out small ali-
quots from the reaction flask at timed intervals, yield-
ing copolymer samples at different degrees of conver-
sion. The aliquots, after dilution with tetrahydrofuran
(THF), were passed through a neutral alumina column
to remove the catalyst. The excess THF was removed
by rotary evaporation and the polymer was precipitat-
ed in large excess of methanol/water (1:1) system.
The precipitated polymer was dried in a vacuum oven
at 30 °C until constant weight was reached.

Characterization

The monomer conversion was determined gravi-
metrically. The molecular weight (M) and the poly-
dispersity index (My,/M,) (PDI) were measured using
Gel Permeation Chromatography (GPC) equipped
with a Waters 501 pump with guard column and a
Waters 410 RI detector against polystyrene standards.
The HPLC grade tetrahydrofuran (THF) was used as
eluent at the flow rate of 0.5mL/min at room tem-
perature. '"H NMR spectra was utilized to determine
the copolymer composition of all the polymer sam-
ples withdrawn at different conversions for each in-
feed molar ratio. All the NMR measurements ('H,
3C{'H}, DEPT, HSQC) were done at 25 °C on about
10% polymer solutions in CDCl; using Bruker DPX-
300 spectrometer operating at 300.15 MHz for 'H and
at 75.5MHz for '3C nuclei using standard pulse se-
quences as reported in our earlier publications.*® The
signal intensities of the spectra peaks were measured
from the integrated peak areas calculated with an elec-
tronic integrator.

RESULTS AND DISCUSSION

In order to obtain well-defined copolymers, it is
essential to optimize the experimental reaction con-
ditions according to those employed for the corre-
sponding homopolymers. The homopolymerization
of acrylonitrile (A) was performed under the opti-
mized reaction conditions using 2-bromopropionitrile
(BPN) as an initiator and CuBr/2,2-bipyridine (bpy)
as the catalyst.>»3 Under similar conditions, homo-
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Figure 1.

Evolution of M, and M,,/M, with conversion for the bulk copolymerization of A/C at 60°C. [A]o:[Clo:[BPN]y:[CuBr]y:

[bpylo = 60:40:1:0.5:1.5. Solid lines indicate the theoretical number-average molecular weights, M, .

polymerization of allyl butyl ether (C) was attempted
which does not yield any polymer even after a long re-
action time. The failure of this experiment can be at-
tributed to variety of factors like the lack of activating
groups (such as esters and aryl groups) in the mono-
mer, allyl butyl ether and the allylic nature of allyl bu-
tyl ether. The allylic monomers undergo degradative
chain transfer to allylic hydrogens; the stable allylic
radical thus derived from monomer is slow to reiniti-
ate and more prone to terminate. However, it has been
reported that despite the problems encountered in the
homopolymerization of allylic monomers, their co-
polymerization with other monomers proceeds with
less difficulty.!

Keeping all these points in mind, the initial experi-
ment was carried out using BPN as initiator and
CuBr/N,N,N',N",N"’-pentamethyldiethylenetriamine
(PMDETA) as catalyst with the molar ratio [A]y:[Clo:
[BPN]y:[CuBr]o:[PMDETA]y = 60:40:1:0.5:0.5. The
reaction mixture, initially blue in color, soon turned
heterogeneous (after 15-20 min) due to the formation
of dark green colored precipitate sticking to the sides
of the reaction flask. However, despite the slow rate,
the polymerization does happen, reaching about 8%
conversion after 48 h. Moving further in this direction,
another test reaction was performed, but this time with
bpy as the ligand. Under these conditions, the poly-
merization was homogeneous in the beginning and
proceeded at a reasonable rate, reaching about 30%
conversion in 6 h.

The evolution of molecular weight and molecular
weight distribution as a function of monomer conver-
sion are displayed in Figure 1. Molecular weights of
the A/C copolymers, experimentally determined by
GPC, showed linear variation with monomer conver-
sion. At the same time, relatively narrow polydisper-
sities were obtained (1.3 < M,,/M, < 1.5), indicat-
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ing towards successful employment of ATRP for the
synthesis of A/C copolymers. The variation of molec-
ular weight showed satisfactory agreement between
the theoretical and experimental values. However,
M, gpc were slightly higher than the theoretical values
for conversion beyond ~ 45% conversion, which
could be due to the insolubility of the deactivator spe-
cies in the reaction media. Figure 2 shows the first-
order kinetic plot of A/C copolymerization conducted
under bulk conditions using bpy as the catalyst. It
showed that In[M],/[M] increased with time and at
short times corresponding to low conversions, does
so in a linear fashion. However as the reaction time
increased (beyond 45% conversion) some curvature
began to occur, which again indicate towards the loss
of control beyond 45% conversion. One probable rea-
son behind this could be the heterogeneity observed at
higher conversions due to the insoluble deactivator
species.

In order to maintain the homogeneity of the system,
the polymerization was attempted in different sol-
vents. The choice of solvent was made on the basis
of increased solubility of the reaction contents in the
solvent. Ethylene carbonate, despite showing good re-
sults for the synthesis of acrylonitrile polymers of
well-defined molecular parameters, could not be used
in this case due to the insolubility of allyl butyl ether
in this solvent. The polymerization was then attempt-
ed in toluene, p-xylene and p-dimethoxybenzene
(p-dmb). The trend of number-average molecular
weight (M,) and polydispersity (My/M,) with the
conversion for A/C copolymerization in three differ-
ent solvents is displayed in Figure 3. Almost similar
results are obtained for these three solvents. The evo-
lution of M,,, and M, /M, with conversion for the A/C
copolymerization in different solvents was investigat-
ed and the linear variation indicated that the concen-
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Figure 2. Variation of In[M],/[M] with the reaction time for the bulk copolymerization of A/C at 60 °C. [A]y:[Clo:[BPN]o:[CuBr]y:
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Figure 3. Dependence of molecular weights and polydispersities with conversion for the ATRP of A/C at 60 °C in three different sol-
vents. [A]o:[Clo:[BPN]p:[CuBr]o:[bpylo = 60:40:1:0.5:1.5. Solid lines indicate the theoretical number-average molecular weights, M, .

tration of growing radical is constant with negligible
contribution from termination reactions.

The polymerization proceeded at a relatively slow
rate; the results are summarized in Table I. Though,
the results for solution polymerization of A/C copoly-
mers showed better control than that in bulk, yet the
heterogeneity was not completely removed with
the use of solvents as well. Hence in order to obtain
well-controlled ATRP of A/C, the polymerization
was not continued beyond 65-70% monomer conver-
sion, until the point till the polymerization mixture re-
tained homogeneity. For further optimization, toluene
was chosen as a solvent on an arbitrary basis.

Effect of Initiator Concentration

Figure 4 shows the kinetic plots of In[M],/[M] vs
time for the ATRP of A/C catalyzed by CuBr/bpy
in toluene and initiated by BPN at various initiator
concentrations. The polymerizations were approxi-
mately first-order with respect to the monomer. The
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Table I. Percent monomer conversion for the
copolymerization of A/C at 60°C in three different solvents.
[Alo:[Clo:[BPN]p:[CuBr]y:[bpylo = 60:40:1:0.5:1.5

toluene p-xylene p-dmb
No. Conv Time Conv Time Conv Time
(%) (h) (%) (h) (%) (h)
1 12 4.0 15 5.0 18 4.5
2 25 7.5 32 10.0 30 9.0
3 35 11.8 42 15.0 48 16.0
4 59 22.0 55 20.0 60 24.0
5 71 30.0 68 28.0 70 29.0

slopes of the kinetic plots revealed that the concentra-
tion of active species remained constant throughout
the polymerization. Results from kinetic studies for
three different initiator concentration showed that
the rate of polymerization is first order with respect
to the initiator. With the increase in the initial concen-
tration of initiator, the polymerization proceeded at a
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Figure 4. Plots of In[M],/[M] versus reaction time for the ATRP of A/C at 60 °C using CuBr/bpy at different [BPN]y. ((Monomers]y/
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faster rate. The dependence of the apparent rate of
polymerization (k,p,) on the concentration of initiator
was elucidated by plotting In k,p, against In[BPN], as
shown in Figure 5. The slope of the line indicated an
apparent 0.83 order with respect to the initiator in this
system.

In order to confirm the controllability of ATRP
process, molecular weight distribution was investigat-
ed with conversion. The data is shown in Figure 6.
The molecular weights varied linearly with conver-
sion while maintaining low polydispersities. Good
agreement between the experimental and the theoret-
ical M, values indicate towards the good initiating
efficiency (f = M) theo/Mngpc) of the initiator, 2-bro-
mopropionitrile (BPN) for the atom transfer radical
copolymerization of acrylonitrile/allyl butyl ether.

For polymerizations in toluene as solvent, the mo-
lecular weight data (linear variation of M, with con-
version with relatively low polydispersities) as well
as kinetic studies (linear first order kinetic plot) sug-
gests that the copolymerization proceeds through con-
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ventional ATRP behavior that is no peculiarities were
caused by the incorporation of allyl butyl ether in the
polymer chains.

Effect of Variation of In-Feed Molar Composition

To study the variation of copolymer composition
during the progress of polymerization, the A/C co-
polymers were synthesized at 60°C in toluene with
BPN as initiator and CuBr/bpy catalyst, by varying
the in-feed molar ratios; the results are summarized
in Table II. As the fraction of allyl butyl ether was
increased in the monomer feed, its incorporation
was found to be higher in the copolymer. However,
the higher fraction of allyl butyl ether in the monomer
feed resulted in a lower overall monomer conversion
in conjunction with a lower molar mass.

The reason behind this also lies in the allylic nature
of the monomer. As allyl butyl ether does not homo-
polymerize, when most of the acrylonitrile was con-
sumed, there was not enough acrylonitrile remaining
for allyl butyl ether to cross-propagate. The C unit ter-
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Table II. ATRP of A/C at 60°C in toluene with
BPN as initiator and CuBr/bpy catalyst system
for different monomer feed conditions (fc)
[A+C]Jo:[BPN]o:[CuBr]y:[bpylo = 100:1:0.5:1.5

fc Fc Overall
No. (in-feed molar (outfeed molar Conversion M, M /M,
fraction) fraction) (%)
1 0.40 0.20 71 6500 1.24
2 0.60 0.30 50 4800 1.27

minated by halogen atom can be slowly activated
leading to the formation of C radical. Hence, during
the initial stages of polymerization, when excess of
A unit is present in the reaction media, cross-propaga-
tion occurs at a faster rate, i.e., C radical propagates
by addition to A unit and polymer chains grow in con-
trolled manner yielding polymers having expected
molecular weights and low polydispersities. However,
when most of A unit is consumed and concentration
of C monomer unit is higher in the reaction media
(i.e., for high conversions), then there are more chan-
ces of interaction of C radical with C monomer unit.
The C monomer, being allylic in nature undergoes
degradative chain transfer to allylic hydrogens as
shown in Scheme 1. The allylic radical thus generated
is very stable and hence very slow to reinitiate and is
more prone to terminate. Due to this, polymerization
is limited to low conversions only. Thus, increasing
the fraction of allyl butyl ether in the monomer feed
reduced the overall conversion.

Copolymer Composition and Reactivity Ratio Deter-
mination

The copolymer compositions were determined from
the '"H NMR spectra by correlating the relative inten-
sities of the signals of the methyl (—-CHj3) protons in
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the allyl butyl ether (C) unit and rest of the protons
in the A+C unit.

For polymerizations involving high conversions,
accurate values of reactivity ratios are not obtained us-
ing low conversion methods.3®%” Hence, the reactivity
ratios were optimized using the least square methodol-
ogy described elsewhere.*® The theoretical outfeeds at
high conversions were calculated by following the
model proposed by Heatley et al.* and Mao and
Huglin®® and optimization was done as described
earlier.! The optimized reactivity ratios were found
to be ro = 6.01 and rc = 0.10, revealing the lower re-
activity of allyl butyl ether for the copolymerization.

Due to large difference in the monomer reactivity
ratios, any variation in the relative concentration of
monomers may incorporate gradiency**** in the co-
polymer chains. Figure 7 shows Fc (molar fraction
of C unit in the copolymer) as a function of the con-
version for two different in-feed compositions (fc).
The variation of Fc- with the conversion indicated
the presence of gradiency in the copolymer composi-
tion. The experimental values being in good agree-
ment with the theoretical ones reflect the radical na-
ture of the polymerization mechanism.

NMR Analysis

In order to fully characterize the structure of
A/C copolymers, detailed NMR analysis was car-
ried out. Figure 8 shows the completely assigned
BC{'H} NMR spectrum of A/C copolymer having
Fc = 0.3. The spectral assignments were done with
the help of 3C{'H} NMR spectrum of polyacrylo-
nitrile and DEPT NMR spectrum of A/C copolymer.
The spectral region from 117-124 ppm was assigned
to the nitrile carbon from A unit. The (*CH, + >CH,)
carbons of the C unit appeared in the spectral region
69-75 ppm.
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Figure 8. Assigned *C{'H} NMR spectrum of A/C copolymer synthesized by ATRP having Fc = 0.30.

Utilizing carbon-13 DEPT-135 NMR spectrum
(Figure 9a), the complex and overlapping resonances
in the spectral region 31-38 ppm were assigned to
the backbone methylene carbons from both A and
C unit. The signals at 31.7 ppm, 19.5 ppm, and 14.5
ppm were ascribed to 3CH,, 2CH,, and 'CH; carbons
of C unit, respectively. With the help of carbon-13
DEPT-90 NMR spectrum (Figure 9b), the resonance
signals obtained from 22.5-30.0 ppm were assigned
to the backbone methine carbons from both A and C
units.

With the help of completely assigned 'C{'H}
NMR spectrum, regions corresponding to various pro-
tons in the 2D HSQC NMR spectra were assigned. 2D
HSQC NMR spectrum of A/C copolymer having
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Fc = 0.3 is shown in Figure 10. It provides informa-
tion about one bond correlation between 'H and '3C
nuclei. The cross peak 1 was assigned to the 'H-!*C
coupling of 'CHj;. The protons and carbon of 2CH,
couple to gave cross peak 2. Similarly, (*CH, +
>CH,) showed cross peaks 3 and 4. The 'H-13C
coupling of the backbone methine and methylene pro-
tons corresponds to the region I and II, respectively.
Using the information obtained from the assignments
made in 2D HSQC NMR spectrum, the 'H NMR
spectrum was assigned completely and is shown in
Figure 11.

The complex and overlapping resonances in
BC{'H} and '"H NMR spectra, different from those
expected from the homopolymers, reflects that allyl

Polym. J., Vol. 39, No. 6, 2007
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Figure 9. DEPT NMR spectra of A/C copolymer synthesized by ATRP having Fc = 0.30 (a) DEPT-135 NMR spectrum and

(b) DEPT-90 NMR spectrum.

butyl ether is behaving as a comonomer rather than a
chain-transfer agent.

CONCLUSIONS

ATRP of allyl butyl ether with acrylonitrile was in-
vestigated. The reaction conditions were optimized in
order to obtain A/C copolymers of controlled molecu-
lar parameters. Using 2-bromopropionitrile as initiator
and CuBr/bpy as catalyst, well-defined copolymers
having about 30 mol % allyl butyl ether were obtained.
The solution polymerization provide better control
than the bulk copolymerization, however, the hetero-
geneity was not completely eliminated. The molecular
weights as high as 11000 and narrow molecular
weight distribution were obtained for polymerization
in toluene; suggested conventional ATRP behavior.
Increasing the fraction of allyl butyl ether in the
monomer feed led to an increase in the level of incor-
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poration of allyl butyl ether in the copolymer at the
expense of the overall conversion. The optimized
reactivity ratios were found to be ry = 6.01 and
rc = 0.10, which reflect the lower reactivity of allyl
butyl ether for the copolymerization with acrylo-
nitrile. The complex and overlapping 'H and '*C{'H}
NMR spectra were resolved completely using DEPT
and 2D HSQC NMR spectra. ATRP resulted in a
significant incorporation of allyl butyl ether within
the copolymer chains along with excellent control of
the polymerizations; this fact clearly indicates that
allyl butyl ether acted as a comonomer rather than a
chain-transfer agent under the employed reaction con-
ditions.
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