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Reversible addition–fragmentation chain transfer
polymerization of 2-chloro-1,3-butadiene†

Nikki Pullan,a Max Liub and Paul D. Topham*a

Controlled polymerization of 2-chloro-1,3-butadiene using reversible addition–fragmentation chain

transfer (RAFT) polymerization has been demonstrated for the first time. 2-Chloro-1,3-butadiene, more

commonly known as chloroprene, has significant industrial relevance as a crosslinked rubber, with uses

ranging from adhesives to integral automotive components. However, problems surrounding the

inherent toxicity of the lifecycle of the thiourea-vulcanized rubber have led to the need for control over

the synthesis of poly(2-chloro-1,3-butadiene). To this end, four chain transfer agents in two different

solvents have been trialed and the kinetics are discussed. 2-Cyano-2-propylbenzodithioate (CPD) is

shown to polymerize 2-chloro-1,3-butadiene in THF, using AIBN as an initiator, with complete control

over the target molecular weight, producing polymers with low polydispersities (Mw/Mn < 1.25 in all cases).
Introduction

2-Chloro-1,3-butadiene (CB), commonly referred to as chloro-
prene, has been widely used in the rubber industry for decades.1

Poly(2-chloro-1,3-butadiene) (PCB) in its crosslinked form was
the rst synthetic rubber to nd widespread commercial accep-
tance. PCB rubber (also known as neoprene) possesses a unique
combination of properties leading to its use inmany diverse high
value markets from adhesives and sealants through to automo-
tive applications.2 Currently, PCB, the uncrosslinked precursor to
chloroprene rubber (CR), is synthesized via uncontrolled free-
radical emulsion polymerization in the presence of a thiol-based
chain transfer agent (CTA) to regulate the molecular weight.3,4

Typically, this feedstock resin has a variable molecular weight
and an extremely broad molecular weight distribution (Mw/Mn >
2). For industrial purposes, this does not present a signicant
problem. Aer crosslinking, the material properties are similar
regardless of precursor batch quality. However, advances in CR
technology are sought regarding the inherent toxicity
surrounding the curing process and the subsequent degradation
routes of the rubber.5–7 This high toxicity is due to the presence of
a thiourea-based accelerator that is employed in the crosslinking
process. To replace this accelerator with a non-toxic equivalent,
mechanistic studies of the crosslinking of PCB form an essential
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component towards understanding, and signicantly enhancing,
the entire lifecycle of the material. This is not possible using the
conventional high molecular weight PCB gumstock resin, due to
its inherent insolubility. To probe the mechanism, PCB with
controllably lower molecular weight is essential.

Controlled polymerization processes have been revolu-
tionary for the production of well-dened macromolecules with
predetermined molecular weights. However, techniques which
offer the greatest control, such as anionic polymerization,8 oen
carry the disadvantage of extremely stringent experimental
procedures. Controlled radical polymerization (CRP),9 on the
other hand, offers a range of more industrially relevant tech-
niques, which are more forgiving in terms of cost and labor
intensity, yet still deliver excellent control over molecular
weight. The most common CRP techniques are Atom Transfer
Radical Polymerization (ATRP),10–13 Nitroxide-Mediated Poly-
merization (NMP)14 and Reversible Addition–Fragmentation
chain Transfer (RAFT) polymerization.15,16 Collectively, an
extremely wide range of monomers has been polymerized by
these techniques. Recently, this range has been extended to
include monomers that are similar, in part, to CB, such as vinyl
chloride,17 divinylimidazole,18 butadiene19 and 2-methyl-1,3-
butadiene19–21 using RAFT polymerization. However, to date, the
only report on the controlled polymerization of CB is through its
copolymerization with a phosphonated diene monomer using
NMP.22 In the present work, we describe the controlled poly-
merization of CB alone, for the rst time. RAFT polymerization
has been employed and an optimum system for producing well-
dened PCB with predetermined molecular weights has been
identied. The structures of the RAFT chain transfer agents
(CTAs) employed in this study are shown in Fig. 1 alongside the
polymerization scheme showing the major commercial polymer
isomer.23
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Polymerization reaction scheme for 2-chloro-1,3-butadiene (CB) mono-
mer (top), showing the major 1,4-trans isomer of the product and the chain
transfer agents (CTAs) that have been trialed in this study (bottom).

Fig. 2 Plots of molecular weight, Mn (C), and polydispersity, PDI (,), versus
monomer conversion utilizing different CTAs in xylene; (a) S-1-dodecyl-S0-(a,a0-
dimethyl-a0 0-acetic acid)trithiocarbonate, DDMAT, (b) S-(thiobenzoyl)thioglycolic
acid, TBTA, (c) 2-cyano-2-propylbenzodithioate, CPD, and (d) cyanomethyl
methyl(phenyl)carbamodithioate, CMPCD.

Fig. 3 Plots of molecular weight, Mn (C), and polydispersity, PDI (,), versus
monomer conversion utilizing different CTAs in tetrahydrofuran (THF); (a) S-1-
dodecyl-S0-(a,a0-dimethyl-a0 0-acetic acid)trithiocarbonate, DDMAT, (b) S-(thio-
benzoyl)thioglycolic acid, TBTA, (c) 2-cyano-2-propylbenzodithioate, CPD, and (d)
cyanomethyl methyl(phenyl)carbamodithioate, CMPCD.
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Results and discussion

Four different RAFT CTAs have been investigated for the
controlled polymerization of CB; DDMAT, TBTA, CPD and
CMPCD (see Fig. 1 for CTA structures). These CTAs were
selected because they have been successfully employed to
polymerize 2-methyl-1,3-butadiene,20 styrene,24 methyl methac-
rylate25 and vinyl chloride,17 respectively. The latter (CMPCD)
was selected as a negative control as this CTA is known not to be
effective for polymerizing more activated monomers.16 TBTA
showed limited control achieved for styrene (PDI 1.38), partic-
ularly when compared to the control over MMA and BA.24 Our
CTA range comprises a trithiocarbonate (DDMAT), two dithio-
benzoates (TBTA and CPD) and a dithiocarbamate (CMPCD).
Fig. 2 shows the progression of molecular weight (Mn) versus
monomer conversion for each CTA during the polymerization of
CB at 60 �C using a commercial solution of monomer (50% in
xylene) and AIBN as the initiator.

Firstly, Fig. 2 clearly shows that the molecular weight
increased with monomer conversion for all CTAs trialed with
the exception of CMPCD. Here, a high molecular weight poly-
mer was produced in the very early stages of the polymerization,
followed by the formation of lower molecular weight species to
yield a bimodal distribution in the GPC trace, as shown in the
ESI (Fig. S1†). The bimodal distribution becamemore enhanced
as the polymerization progressed. It should be noted that
CMPCD has been previously shown to be an effective CTA
(albeit conducted in THF rather than xylene) for the polymeri-
zation of a different chlorinated monomer, vinyl chloride,17

however this monomer has signicantly different reactivity to
CB. Conversely, DDMAT, TBTA and CPD all exhibited an
increase in polymer molecular weight with monomer conver-
sion. For the dithiobenzoate CTAs, growth of molecular weight
continued beyond the target, suggesting that it is not possible to
synthesize pre-dened PCB using TBTA or CPD in xylene under
these conditions. The target molecular weight was achieved at
This journal is ª The Royal Society of Chemistry 2013
high conversion (96%) with DDMAT, but the PDI values excee-
ded 1.2 throughout the polymerization, reaching �1.5 at higher
conversions. Overall, most promise resided with CPD, as PDI
values did not exceed 1.2 up to 71% conversion (26 h) and at this
point Mth

n had been reached. It is important to note that all
measuredMGPC

n values are relative to polystyrene standards and
are therefore used as a guide to the nal absolute molecular
weight only.

Our four CTAs were subsequently investigated in a more
polar solvent. THF was chosen for comparison against xylene, as
this has been employed previously in the controlled RAFT
polymerization of vinyl chloride.17 Again, polymerization reac-
tions were performed under comparable conditions and were
monitored over time (Fig. 3). Generally, enhanced control was
observed in THF for each system. There are very few reports on
the precise role of the solvent in the RAFT process.26,27 In fact,
most accounts suggest that overall solvent effects are relatively
Polym. Chem., 2013, 4, 2272–2277 | 2273
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Fig. 4 Kinetic plots for the RAFT polymerization of CB under the following
conditions: [AIBN]0/[CPD]0/[CB]0 ¼ 0.2/1/45 at 60 �C in THF (50 wt%).

Fig. 5 GPC traces of PCB with varying target molecular weights, synthesized by
RAFT using CPD in THF. MGPC

n values are calculated relative to polystyrene
standards.
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minor and that the aromaticity and polarity of the solvent have
no effect on molar mass, molecular weight distribution or
growth rate.28,29 Clearly, our data (and those of Abreu for vinyl
chloride17) reveal contrasting trends, with the solvent having a
profound effect over the control and rate of PCB synthesis. This
forms part of an ongoing investigation in our group to identify
the effect of solvent on the RAFT polymerization.

Although CMPCD has been shown to be an ideal CTA for
vinyl chloride,17 our studies show that this is not the case for CB
when using AIBN as the initiator. Similarly to the polymeriza-
tion performed in xylene (Fig. 2 and ESI, Fig. S1†), a large
molecular weight species was produced in the early stages of the
reaction. In THF, however, a bimodal distribution was not
formed, but the molecular weight distribution did broaden
signicantly over the course of the polymerization (see ESI,
Fig. S5†). The next CTA which showed poor control for the
polymerization of CB in THF was the dithiobenzoate with
carboxylic acid functionality, TBTA. PDIs started relatively high
(ca. 1.5) and increased throughout the polymerization to a nal
value of around 2. The molecular weight (Mn) evolution was far
from linear, showing the formation of polymeric species around
the target molecular weight aer merely 20% monomer
conversion and reaching a plateau at approximately 60%
conversion. Furthermore, this average molecular weight
appears to decrease above 80% conversion, due to a signicant
increase in the polydispersities in the latter stages of the poly-
merization (see Fig. S8†). The two CTAs which showed most
promise in terms of linear progression of molecular weight with
monomer conversion and relatively low PDIs were DDMAT
(aliphatic trithiocarbonate CTA bearing carboxylic acid func-
tionality) and CPD (aromatic dithiocarbonate bearing cyano
functionality). Both systems reached the approximate target
molecular weight. In the case of CPD, there was a marked
improvement in PDI; PDI values did not exceed 1.3 up to 97%
monomer conversion, whereby the system using DDMAT
produced PCB with PDI �1.5, seemingly independent of
monomer conversion.

Fig. 4 summarizes the experimental results from the most
effective system, comprising CPD in THF. Control over molecular
weight is evident due to the low PDIs, linear increase ofmolecular
weight with monomer conversion and the nalMGPC

n value being
close to Mth

n . Furthermore, the rst-order semi-logarithmic plot
(Fig. 4) is linear up to �95% monomer conversion, with an
apparent rate constant, kapp, of 0.050 h�1, implying that the
number of propagating radicals is constant over the course of the
polymerization (N.B. our systems were monitored beyond 60
hours polymerization time, signicantly longer than the expected
constant radical ux, therefore any increase in molecular weight
is attributed to radical combination reactions, as reected in the
GPC data, shown in the ESI†). In comparison, DDMAT, TBTA and
CMPCD (in THF) gave rise to apparent rate constants of 0.034,
0.022 and 0.338 h�1, respectively. In short, the rate constants for
propagation using CPD, DDMAT and TBTA are comparable,
whereas the CMPCD system proceeded at a much faster rate,
which is reected in the complete lack of control over the PCB
growth. The CPD system was probed further in an attempt to
successfully synthesize highermolecular weight PCB with narrow
2274 | Polym. Chem., 2013, 4, 2272–2277
molecular weight distribution. The monomer : CPD ratio (target
Dp) was altered to afford polymers of 20 000 and 50 000 g mol�1

(Dp 230 and 560, respectively). Fig. 5 shows the success of this
system for producing PCB over a range of predetermined target
molecular weights, all with good control of the nal molecular
weight and low polydispersities (Mw/Mn < 1.25 in all cases).

To demonstrate the “living” nature of the CB RAFT polymer-
ization using CPD, a self-blocking experiment was performed,
where PCB was used as a macroCTA (Mn ¼ 1500 g mol�1, PDI
1.16) for the polymerization of CBmonomer. As shown in Fig. 6, a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 GPC traces of the PCB macroCTA and the corresponding PCB-b-PCB
following chain extension.
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near-monomodal increase in molecular weight was observed in
the GPC trace of PCB following chain extension (Mn ¼ 3900
g mol�1, PDI 1.27), with only approximately 0.2% macroCTA
remaining in the extended PCB (as calculated by GPC). It is
noteworthy that the relatively insignicant peaks at high reten-
tion time arise due to a small amount of low molecular weight
impurities outside of the range of the calibration standards (i.e.
<162 g mol�1).
Conclusions

The controlled polymerization of chlorinated divinyl monomer,
2-chloro-1,3-butadiene (CB), has been demonstrated for the rst
time using RAFT chemistry. Four different RAFT chain transfer
agents (CTAs) were investigated for their suitability towards
complete control over the molecular weight characteristics of
the nal polymer. The two CTAs which showed most promise
were S-1-dodecyl-S0-(a,a0-dimethyl-a0 0-acetic acid)trithiocar-
bonate (DDMAT, an aliphatic CTA bearing carboxylic acid
functionality) and 2-cyano-2-propylbenzodithioate (CPD, an
aromatic CTA with cyano-functionality), both producing well
dened PCB homopolymers when syntheses were conducted in
THF. CPD was identied as the most effective CTA for CB
polymerization, showing pseudo rst-order kinetics and
complete control over target molecular weight (up to 50 000
g mol�1). The “living” character was further demonstrated
through the success of a self-blocking experiment.
Fig. 7 1H NMR spectra showing the self-polymerization of (a) neat 2-chloro-1,3-
butadiene (CB) and (b) CB with 0.1% (w/w) phenothiazine under ambient
conditions.
Experimental part
Materials

CB monomer (50% in xylene, ABCR) was distilled before use to
remove the inhibitor. 2,20-Azobis(isobutyronitrile) (AIBN, Mole-
kula), 3,4-dichloro-1-butene (>99%, TCI) and sodium hydroxide
(NaOH, 97%, Fisher Scientic) were used as received. Tetrabuty-
lammonium bromide (PTC, 99%) and phenothiazine (99%) were
purchased from Acros and used as received. S-(Thiobenzoyl)thio-
glycolic acid (TBTA, 99%), 2-cyano-2-propylbenzodithioate
(CPD, >97%) and cyanomethyl methyl(phenyl)carbamodithioate
(CMPCD, 98%) were purchased from Sigma-Aldrich and used
as received. S-1-Dodecyl-S0-(a,a0-dimethyl-a00-acetic acid)
This journal is ª The Royal Society of Chemistry 2013
trithiocarbonate (DDMAT) was initially purchased from Sigma-
Aldrich (98%) and subsequently synthesized according to the
literature.30 THF and methanol (Fisher Scientic, Laboratory
Grade) were used as received.
Methods

Synthesis of CB (ESI, Scheme S1†). Where polymerization
reactions were performed in xylene, the commercially available
solution was employed, whereas when THF was used as the
solvent, the monomer was synthesized as described herein.
NaOH solution (6.2 M, 210 mL) and PTC (14 g, 43.4 mmol) were
charged to a 500 mL three-necked round bottomed ask. A
condenser was tted and the mixture was stirred and heated. At
55 �C, 3,4-dichloro-1-butene (80.5 g, 0.644 mol) was added
dropwise over ve minutes. Heating continued and at 62 �C the
product distilled as a hazy liquid; 60–70 �C was maintained for
two hours. Drying over MgSO4 yielded a clear, colorless liquid
(yields varied from 50 to 70%). 1H NMR (300MHz, CDCl3, d ppm
from TMS): reference CDCl3 ¼ 7.28 ppm, d 6.45 (m, 1H), 5.69 (d,
2H), 5.38 (dd, 2H). CB is highly unstable1 and was found to
rapidly self-polymerize under ambient conditions (see Fig. 7).
To prevent this, 0.1% (w/w) phenothiazine stabilizer was added
to the dried product and the solution purged with nitrogen.
Such measures were necessary in allowing storage of CB over
several weeks, as exemplied by the comparative data in Fig. 7.
Monomer without stabilizer self-polymerized within two hours
(highlighted by the polymeric peaks at 2.4–2.6 ppm in the 1H
NMR spectrum, Fig. 7a), whereas the stabilized monomer
Polym. Chem., 2013, 4, 2272–2277 | 2275
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remained pure for over two weeks under ambient conditions
(Fig. 7b). CB was distilled from the stabilizer under reduced
pressure immediately prior to polymerization.

RAFT polymerization of 2-chloro-1,3-butadiene. The
following example describes the polymerization of CB in THF at
60 �C with [AIBN]0/[CPD]0/[CB]0¼ 0.2/1/45 (i.e. a target degree of
polymerization, Dp, of 45); this is representative of all poly-
merizations undertaken in this work. A 50 mL round bottomed
ask, equipped with a magnetic follower, was charged with a
mixture of CPD (276 mg, 1.247 mmol), AIBN (39 mg, 0.238
mmol), CB (5.027 g, 56.8 mmol) and THF (5 g). The solution was
stirred and purged with nitrogen for 30 minutes. Following
which, the solution was le under nitrogen atmosphere, the
ask sealed and placed in an oil bath at 60 �C. Aliquots of the
solution were taken periodically and the polymerization moni-
tored up to high conversion. Termination proceeded by rapidly
cooling the reaction mixture in ice. THF was added (6 mL) and
the resulting polymer solution was added dropwise to methanol
(70 mL). Aer decanting, remaining solvent was removed in
vacuo, yielding a viscous dark red liquid. The following analyt-
ical data correspond to the main 1,4-trans isomer in the PCB
product, spectra are provided in the ESI,† showing the presence
of the expected minor isomers. FTIR (NaCl thin lm, cm�1):
2918, 2857 (s, CH2), 1660 (s, C]C), 1444, 1430 (d, CH2), 1303
(w, CH2), 1215, 1115 (s, C–C), 827, 759 (r, CH2), 667 (s, C–Cl). 1H
NMR (300 MHz, CDCl3, d ppm from TMS): reference CDCl3 ¼
7.28 ppm, d ¼ 5.90–5.03 (br, –CH2C(Cl)C(H)CH2–), 2.56 (br,
–CH2C(Cl)C(H)CH2–), 2.55–2.35 (br, –CH2C(Cl)C(H)CH2–).

13C
NMR (75 MHz, CDCl3, d ppm): reference CDCl3 ¼ 77.17 ppm,
d ¼ 134.86 (–CH2C(Cl)C(H)CH2–), 124.08 (–CH2C(Cl)C(H)CH2–),
38.29 (–CH2C(Cl)C(H)CH2–), 26.75 (–CH2C(Cl)C(H)CH2–).

Chain extension experiment. The experiment was performed
in a similar way to the polymerization previously described, but
using PCB macroCTA (35% conv) (976 mg, MGPC

n ¼ 1500 g
mol�1, approx. 0.126 mmol), AIBN (3.9 mg, 0.024 mmol), THF
(1.9 g) and previously distilled (synthesized) CB (1.9 g, 22.1
mmol). The reaction proceeded at 60 �C for 10 h to yield the
nal extended, PCB-b-PCB, material (63% conv).
Characterization

NMR spectroscopy (Bruker Avance, 1H 300 MHz, 13C 75 MHz,
CDCl3) conrmed monomer and polymer structures and was
used to determine monomer conversion. Polymer molecular
weight (Mn) and polydispersity (Mw/Mn, PDI) were measured
using gel permeation chromatography (GPC) (ow rate 1 mL
min�1) through three PL gel 5 mm 300 � 7.5 mm mixed-C
columns using a degassed THF eluent system containing 2%
(v/v) TEA and 0.05% (w/v) BHT. The system, operating at 40 �C,
was calibrated with narrow polystyrene standards (Mp range ¼
162 to 6 035 000 g mol�1). All data were analyzed using PL
Cirrus soware (version 2.0) supplied by Agilent Technologies
(previously Polymer Laboratories). Fourier transform infrared
(FTIR) spectra were obtained on a Perkin Elmer Spectrum One
spectrophotometer over the range 4000–500 cm�1 for 16 scans
with a resolution of 4 cm�1. The samples were recorded as thin
lms held between two NaCl windows.
2276 | Polym. Chem., 2013, 4, 2272–2277
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