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Synthesis of disubstituted amine-functionalized diene-based polymers
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Abstract

Diene-based polymers with two amine groups within each repeat unit were successfully synthesized by bulk and solution free radical
polymerization techniques. All polymers have exclusive 1,4-microstructure. The number average molecular weights of the materials obtained
were in the range of 30e52� 103 g/mol using 2,20-azobisisobutyronitrile (AIBN), t-butyl peracetate (t-BPA), or t-butyl hydroperoxide (t-BHP)
as the initiators. The highest molecular weight achieved was 72� 103 g/mol when t-butyl peroxide (t-BPO) was used as the initiator. Quanti-
tative quaternization was achieved yielding hydrophilic water soluble polymers. Prior to quaternization, the polymers are hydrophobic and
dissolve in most organic solvents.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been considerable interest in incorporating
functional groups into diene-based polymers because of their
commercial importance and wide range of applications. The
annual production of polydienes in the United States is over
four billion pounds of elastomers and approximately two
billion pounds of plastics [1]. Styreneebutadiene rubber
(SBR), nitrile rubber (NBR) and acrylonitrileebutadienee
styrene rubber (ABS) are widely used in automotive products,
belting, hose, flooring, electrical insulation, and housewares.

Functional groups that have been incorporated into the
polydienes include silyl, phenyl, nitrile, ester, amine and amide
groups [2e10]. The Sheares group began devoting its effort to
the investigation of functionalized diene-based polymers in
1998. A number of functional groups such as nitriles, amines
and esters were incorporated into the polymers [5e7,9,11].
Amine groups were incorporated into the polymers due to
their adhesive properties. The Sheares group has studied the
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polymerization of 2-[(N,N-dialkylamino)methyl]-1,3-buta-
diene with methyl, ethyl and n-propyl substituents via free
radical polymerizations [9]. Later, homopolymers and copoly-
mers made from an unsymmetrical monomer, 2-[(N-benzyl-N-
methylamino)methyl]-1,3-butadiene, were prepared [11]. Due
to the similarity in structure, these polymers have high com-
patibility with polystyrene, polyisoprene and polybutadiene.
Therefore, these materials have the potential to be used in
the modification of commercially available materials such as
styreneebutadiene rubber, either as a third comonomer or as
a polar additive.

The amine-functionalized diene monomers are of great
interest due to their chemical and structural versatilities. More-
over, ionomers and polyelectrolytes can be obtained by
partially or completely quaternizing the amine-functionalized
polymers. These types of materials have a wide range of appli-
cations in waste water treatment [12], ion exchange resins
[13], phase transfer catalysis [14], chemical sensors [15],
and biomedical applications such as drug delivery and gene
delivery [16e18]. Herein we reported the synthesis and
polymerization of 2,3-bis(dimethylaminomethyl)-1,3-buta-
diene. With two amine groups within each repeat unit, we
can double the functionality without doubling the degree of
polymerization.

mailto:ashby@email.unc.edu
http://www.elsevier.com/locate/polymer


106 Y. Yang, V.V. Sheares / Polymer 48 (2007) 105e109
2. Experimental

2.1. Materials

All reagents were purchased from Aldrich. AIBN was
recrystallized from methanol. Benzoyl peroxide was recrystal-
lized from diethyl ether. Solvents for solution polymerization
were dried over sodium and distilled before use. All other
reagents were used without further purification.

2.2. Characterization

NMR spectra were obtained on a Varian VXR-300 in deu-
terated chloroform. Molecular weights were determined using
a Waters size exclusion chromatograph using THF as the sol-
vent and polystyrene standards. Thermogravimetric analysis
(TGA) was performed using a PerkineElmer thermogravi-
metric analyzer with a heating rate of 10 �C/min in a N2

atmosphere. Glass transition temperatures were determined
with a PerkineElmerePyris differential scanning calorimeter,
using a heating rate and cooling rate of 10 �C/min. Elemental
analysis was performed by Atlantic Microlab, Inc.

2.3. Synthesis of 2-bromo-3-(N,N-dimethylamino)-
propene (I)

To a solution of dimethylamine (45 g, 1 mol) in ether was
added 2,3-dibromopropene (100 g, 0.5 mol) dropwise at
0 �C. The reaction mixture was allowed to slowly warm to
room temperature and stirred for 16 h. The solution was
extracted twice with diethyl ether, washed once with brine,
and dried over anhydrous sodium sulfate. After evaporation
of the solvent, the residue was distilled to give 2-bromo-3-
(N,N-dimethylamino)propene in quantitative yield. 1H NMR
(300 MHz, CDCl3): d 5.79 (s, 1H), 5.56 (s, 1H), 3.09 (s,
2H), 2.26 (s, 6H). 13C NMR (300 MHz, CDCl3): d 131.60
(CH2]CBrCH2), 119.12 (CH2]CBrCH2), 68.20 (CH2N),
45.14 [N(CH3)2].

2.4. Synthesis of 2,3-bis(dimethylaminomethyl)-1,3-
butadiene (II) [19]

A Grignard reagent, readily prepared from I (32.8 g,
0.20 mol) and magnesium (5.76 g, 0.24 mol), was added drop-
wise to I (32.8 g, 0.20 mol) in the presence of dichloro[1,3-
bis(diphenylphosphino)propane]nickel (4.3 g, 0.008 mol) in
THF at 0 �C. The reaction mixture was allowed to slowly
warm to room temperature. After refluxing for 4 h, the reac-
tion mixture was quenched with saturated sodium chloride, ex-
tracted with diethyl ether three times, washed once with brine,
and dried over anhydrous sodium sulfate. After evaporation
of the solvent, the residue was distilled to give 2,3-bis(di-
methylaminomethyl)-1,3-butadiene in 30% yield. 1H NMR
(300 MHz, CDCl3): d 5.29 (s, 2H), 5.06 (s, 2H), 3.03 (s,
4H), 2.18 (s, 12H). 13C NMR (300 MHz, CDCl3): d 143.54
(CH2C]CCH2), 113.35 (CH2]CCH2), 62.21 (CH2N), 43.27
[N(CH3)2]. Elem. Anal. Calcd.: C, 71.37%; H, 11.98%; N,
16.65%. Found: C, 71.46%; H, 12.22%; N, 16.35%.

2.5. Bulk and solution polymerizations of 2,3-
bis(dimethylaminomethyl)-1,3-butadiene (II)

The following general procedure was used for all polymer-
izations. Monomer II, initiator and solvent were added to a
20 mL ampoule with a magnetic stir bar. Since the total volume
of reaction mixture was less than 1 mL, this gave plenty of
space for the vapor produced in the reaction. Therefore, safety
is not an issue while using the reaction apparatus. After three
cycles of freezeepumpethaw, the ampoule was sealed under
vacuum and placed in an oil bath preheated to the desired
temperature. After the required polymerization time, the reac-
tion was stopped by adding 1 mg of the inhibitor 2,6-di-tert-
butyl-4-methylphenol. 1H NMR was taken for a small sample
of the reaction mixture immediately after the polymerization
and the conversion was calculated based on the integration
ratio of the characteristic polymer peak at 2.92 ppm to the
remaining monomer vinylic peaks at 5.29 ppm and 5.06 ppm.
The polymer was precipitated twice in acetone and dried
under vacuum for 48 h. 1H NMR (300 MHz, CDCl3): d 2.92
(s, 4H), 2.05e2.30 [b, 16H, 12 from N(CH3)2, 4 from poly-
mer backbone]. 13C NMR (300 MHz, CDCl3): d 135.56
(CH2C]CCH2), 60.01 and 59.03 (CH2N), 45.53 [N(CH3)2],
30.08 (CH2CCH2N). Elem. Anal. Calcd.: C, 71.37%; H,
11.98%; N, 16.65%. Found: C, 70.85%; H, 12.08%; N, 16.47%.

2.6. Quaternization

Polymer (0.10 g) was dissolved in 3 mL methanol. Di-
methyl sulfate (1.3 to 1 mole ratio of dimethyl sulfate to amine
moiety) was added and the reaction was allowed to stir at
room temperature for 3 h. The resulting white precipitate
was collected and dried under vacuum for 48 h.

3. Results and discussion

3.1. Synthesis of monomers

Our interest in monomer II was the incorporation of two
amine functional groups per repeat unit of the resulting poly-
mers (Scheme 1). An SN2 reaction followed by a nickel-cata-
lyzed Grignard homocoupling reaction gave the desired
monomer with high purity (100% purity by GCeMS). At-
tempts to prepare other amine-functionalized butadienes by
this approach using diethyl amine, n-dipropyl amine and diiso-
propyl amine were made. However, once the side group is
larger than a methyl group, the nickel coupling reaction does
not proceed due to steric problems.

3.2. Free radical polymerization of 2,3-
bis(dimethylaminomethyl)-1,3-butadiene

Different initiators were chosen in order to find the optimal
polymerization conditions. The reaction temperature was
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chosen according to the half life of the initiators with complete
decomposition after approximately 24 h. No vinylic peak was
observed in the range of 5.0e6.0 ppm in 1H NMR spectrum,
indicating that all polymers were exclusively composed of
1,4-microstructure. The conversion from monomer to polymer
generally increased as the reaction temperature was increased.
Polymers with molecular weights in the range of 30e
52� 103 g/mol were synthesized as shown in Table 1. After
reprecipitation, polydispersities were in the range of 1.2e
1.5, indicating that the polymerization was most likely termi-
nated by combination. The polydispersity was less than 1.5 as
a result of fractionation during the purification step. Generally,
no crosslinking or side reactions were observed when the reac-
tion was carried out below 175 �C.

When the reaction was initiated using t-BHP at 175 �C,
a DielseAlder dimer side product was obtained (Fig. 1a).
1H NMR showed vinylic peaks at 5.2 ppm and 5.0 ppm in
a 1:1 ratio. In previous studies, DielseAlder side products
(Fig. 1b and c) were obtained in the free radical poly-
merization of 2-(N,N-dialkylamino)methyl-1,3-butadiene at
temperatures as low as 75 �C [9]. In the polymerization of
2,3-bis(dimethylaminomethyl)-1,3-butadiene, the temperature
at which the side reaction occurred was 100 �C higher. This
is likely due to the much larger steric hindrance of the disub-
stituted monomer, making it more difficult for the Dielse
Alder reaction to occur.

The preliminary polymerization study showed that in gen-
eral the conversion was low in the system. This may be due
to some chain transfer reactions to the monomer, which lead
to less active chains. The conversion increased as the reaction
temperature increased. However, side products were obtained
when the reaction temperature was as high as 175 �C. To

Table 1

Bulk free radical polymerization of 2,3-bis(dimethylaminomethyl)-1,3-

butadiene

Initiator

(0.5%)

Temperature

(�C)

Time

(h)

Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

AIBN 70 24 19 27.8 1.26

AIBN 70 48 26 32.4 1.30

t-BPA 105 24 44 52.5 1.53

t-BHP 175 24 55 33.2 1.47

a Determined by 1H NMR.
b Determined by GPC.
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Br
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Scheme 1. Synthesis of 2,3-bis(dimethylaminomethyl)-1,3-butadiene by nickel

coupling chemistry.
achieve higher conversion without producing any side prod-
ucts, polymerization reactions were carried out at 130 �C
using t-BPO as the initiator. Table 2 summarizes the reaction
conditions and the results. Although no side products were
observed, higher conversion was not achieved. The conversion
from monomer to polymer was only 19% after 24 h. Nonethe-
less, polymers of the highest molecular weight were obtained
(72� 103 g/mol) using this initiator. Increasing the reaction
time from 24 h to 48 h resulted in an increase of the conver-
sion from 19% to 30% without increasing the molecular
weight. An increase in the initiator concentration from 0.5%
to 1% increased the conversion from 30% to 42% after 48 h,
but with a molecular weight decrease to 58� 103 g/mol.
When the monomer was stirred at 130 �C in the absence of
initiators, no polymer was obtained after 24 h, indicating
that no thermal polymerization occurred.

Solution free radical polymerizations were also investi-
gated. Interesting results were obtained when polymerization
reactions were carried out in solution using t-BPO as the ini-
tiator at 130 �C. Table 3 summarizes the results when THF
was used as the solvent. It was found that adding small
amounts of solvent to the reaction system greatly increased
the conversion from 19% in bulk to 71% when the monomer
to THF ratio (v/v) was 4:1. As the ratio of monomer to THF
decreased from 4:1 to 1:1, the conversion after 24 h decreased
from 71% to 46%, and the conversion after 48 h decreased
from 82% to 60%. Conversion after 48 h was always slightly
higher than conversion after 24 h. In addition, the molecular
weight was reduced to about half of that obtained in bulk.
The polymer started to crosslink once the conversion reached
70%. Therefore, no GPC data was obtained for these
materials.

Generally, conversion for a typical solution free radical po-
lymerization reaction is lower than that for bulk polymeriza-
tion. The unusual higher conversion in solution than in bulk
obtained here were initially thought to be due to chain transfer

NMe2

NMe2

Me2N

Me2N

NR2

NR2

NR2

R2N

(a) (b) (c)

Fig. 1. Structures of DielseAlder dimers.

Table 2

Bulk free radical polymerization using t-BPO as initiator at 130 �C

Initiator

ratio (%)

Time

(h)

Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

0.5 24 19 71.6 1.38

0.5 48 30 71.7 1.52

1 48 42 58.3 1.51

None 24 0 e e

a Determined by 1H NMR.
b Determined by GPC.
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reactions to the various solvents. To test this hypothesis,
several solvents with different chain transfer constants were
examined (Table 4). The conversions were all higher than in
bulk reactions and increased as the reaction time increased.
No autoacceleration was observed. Molecular weights were
in the range of 30e40� 103 g/mol with polydispersities in
the range of 1.5e1.8. However, the results were the same
for all solvents chosen regardless of the chain transfer con-
stants indicating that other side reactions occurred in the poly-
merization, possibly chain transfer to the initiator.

In order to investigate if the same unusual behavior existed
when other initiators were used, solution polymerization was
carried out using t-BPA as the initiator. The results showed
that the reaction behavior follows the traditional free radical
polymerization theory (Table 5).

Table 6 shows that the conversion from monomer to
polymer decreased from 71% to 38% as the amount of
t-BPO decreased from 0.5% to 0.1%, but the molecular weight
did not increase as expected in traditional free radical
polymerization. Instead, the molecular weight remained
unchanged. This is likely due to the chain transfer reactions
also. However, the details of the reaction mechanism are still
not completely understood.

Table 3

Solution free radical polymerization using t-BPO as initiator at 130 �C

Monomer:THF

(v/v)

Time

(h)

Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

1:1 24 46 33.1 1.62

2:1 24 64 43.7 1.55

4:1 24 71 NA NA

1:1 48 60 35.4 1.74

2:1 48 79 NA NA

4:1 48 82 NA NA

a Determined by 1H NMR.
b Determined by GPC.

Table 4

Solution radical polymerization using t-BPO as initiator at 130 �C, monomer:

solvent (v/v)¼ 4:1

Solvent Time

(h)

Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

THF 6 37 30.4 1.63

THF 12 56 31.7 1.74

THF 18 65 38.0 1.55

THF 24 71 NA NA

Toluene 6 32 37.2 1.52

Toluene 12 47 34.9 1.50

Toluene 18 54 33.9 1.50

Toluene 24 67 28.9 1.56

Cyclohexane 6 42 37.6 1.62

Cyclohexane 12 56 39.4 1.58

Cyclohexane 18 62 33.5 1.60

Cyclohexane 24 67 29.5 1.79

Ethyl acetate 6 35 30.4 1.55

Ethyl acetate 12 56 31.1 1.65

Ethyl acetate 18 65 34.0 1.59

Ethyl acetate 24 70 37.1 1.52

a Determined by 1H NMR.
b Determined by GPC.
3.3. Anionic polymerization of 2,3-
bis(dimethylaminomethyl)-1,3-butadiene

Anionic polymerization was attempted using sec-butyl-
lithium as the initiator. The reaction temperature was 10 �C
when toluene or cyclohexane was used as the solvent, and
�78 �C when THF was used. However, no polymer was ob-
tained in all cases even after 48 h. One possible explanation
is that the two amine groups in the monomer or THF can
strongly chelate to the lithium after the initiation as shown
in Fig. 2, preventing the addition of monomers.

3.4. Thermal and solubility properties of poly[2,3-
bis(dimethylaminomethyl)-1,3-butadiene]

The homopolymer of 2,3-bis(dimethylaminomethyl)-1,3-
butadiene had a 5% weight loss at 300 �C and a 10% weight
loss at 336 �C under nitrogen, which is comparable to the
other functionalized diene polymers synthesized by the
Sheares group. The glass transition temperature of poly[2,3-
bis(dimethylaminomethyl)-1,3-butadiene] was 41 �C, much
higher than the glass transition temperatures seen for the other
diene-based materials previously studied, which had glass
transition temperatures lower than room temperature
(Fig. 3). Compared to polymer III, poly[2,3-bis(dimethyl-
aminomethyl)-1,3-butadiene] has only one methylene group

Table 5

Free radical polymerization using t-BPA as initiator at 105 �C

Solvent Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

Monomer:cyclohexane (v/v)¼ 4:1 25 30.1 1.60

None 44 52.5 1.53

a Determined by 1H NMR.
b Determined by GPC.

Table 6

Solution radical polymerization using t-BPO as initiator at 130 �C for 24 h,

monomer:THF (v/v)¼ 4:1

t-BPO

(%)

Conversiona

(%)

hMnib
(�10�3 g/mol)

PDIb

0.50 71 38.0c 1.55

0.25 55 37.6 1.55

0.10 38 38.6 1.48

a Determined by 1H NMR.
b Determined by GPC.
c After 24 h, the polymer was partially crosslinked and no GPC data was

available. Molecular weight of a sample obtained after running the polymeri-

zation reaction for 18 h was used here for comparison.

CH2Li

NMe2

s-Bu
O

O

(b)

Me2N

CH2Li

NMe2

s-Bu

(a)

Me2N

NMe2
Me2N

Fig. 2. Chelate structure of 2,3-bis(dimethylaminomethyl)-1,3-butadiene and

lithium.
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between the functional group and the butadienyl skeleton.
Shorter side chains allow less flexibility and conformational
rotation, resulting in a higher glass transition temperature.
Moreover, compared to polymers IV, V and VI, poly[2,3-
bis(dimethylaminomethyl)-1,3-butadiene] has two amine
groups within each repeating unit, which leads to significant
inter- and intramolecular interactions, and a higher glass
transition temperature.

Poly[2,3-bis(dimethylaminomethyl)-1,3-butadiene] was
soluble in common organic solvents such as chloroform,
THF, methanol, ethyl acetate, diethyl ether and hexane. It
was not soluble in water, but was soluble in acidic water.
The quaternization reaction proceeded quantitatively resulting
in a white crystalline material that was completely soluble in
water and was not soluble in any of the above organic solvents.

3.5. Hydrogenation of 2,3-bis(dimethylaminomethyl)-
1,3-butadiene

Attempts to hydrogenate the obtained poly[2,3-bis(di-
methylaminomethyl)-1,3-butadiene] were carried out using
10% palladium on carbon as the catalyst at 1500 psi and
150 �C. As expected, the double bond in the polymer was
very stable and no hydrogenation occurred even after 48 h.
The polymer is stable at room temperature for at least one
year.

4. Conclusion

Amine-functionalized diene-based polymers with two
amino groups in each repeat unit were successfully synthe-
sized by bulk and solution free radical polymerization tech-
niques. The amine-functionalized polymers can be used as
a polar additive to increase the adhesive property of the poly-
mer blends. They can also be used as coatings where a strong

COOEtEtOOC

III, Tg= -37°C

NR2

Tg= -50 °C to - 34 °C

n n

IV,  R = Me
V,  R = Et

VI,  R = Pr

Fig. 3. Glass transition temperature of functionalized diene-based polymers.
chelation of the polymer to various metals is desired. Quater-
nization of the polymer was successfully carried out with
100% conversion, leading to a final material that was water
soluble. This can be used in various areas such as ion exchange
resins, phase transfer catalysis, waste water treatment and
biomedical applications.
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