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RAFT polymerization and surface-initiated RAFT polymerization (SI-RAFT) of chloroprene was studied.
The SI-RAFT polymerization rate of chloroprene was found to be slower than free solution RAFT polymerization, and further regulated by the graft density of grafted polymers. The resulting
polychloroprene-grafted silica nanoparticles were directly crosslinked to obtain matrix-free polychloroprene nanocomposites that showed good nanoparticle dispersion and superior mechanical
properties compared with unﬁlled polychloroprene rubber.
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1. Introduction
Polychloroprene (PCP) has been widely used in the rubber industry since its discovery by Dupont in 1931 [1]. Compared with
other elastomers, polychloroprene exhibits excellent resistance to
oil, grease and wax, wide operating temperature range, and is
resistant to ozone and harsh weather conditions. The application of
polychloroprene ranges from adhesives and sealants, to hoses and
automotive parts. To synthesize PCPs, uncontrolled free radical
emulsion polymerization is commonly used with thio-based chain
transfer agents to limit molecular weight [2]. The polymers synthesized in this way generally have very high molecular weight and
broad molecular weight distribution. To obtain better control over
the polymerization of chloroprene (CP) in recent years, controlled
radical polymerization has been used to synthesize polychloroprene with predetermined molecular weight and low PDI.
Topham et al. demonstrated the ﬁrst controlled polymerization of
chloroprene using reversible addition-fragmentation chain transfer
polymerization (RAFT) [3]. Four different RAFT agents were
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examined in two different reaction medium (xylene and THF). The
results
showed
that
the
dithioester
2-cyano-2propylbenzodithioate exhibited the highest degree of control in
xylene while 2-cyano-2-prepylbenzodithioate and a trithiocarbonate with a carboxylic acid end group were most promising in
THF. Yang et al. reported on an expanded range of RAFT agents for
the polymerization of chloroprene and successfully synthesized
polychloroprene-block-polystyrene
and
poly(methyl
methacrylate)-block-polychloroprene copolymers [4]. Later, Fu
et al. performed reverse iodine transfer polymerization of chloroprene and studied the inﬂuence of solvent, initiator and
temperature.
However, to the best of our knowledge, there are no reports on
the surface initiated controlled polymerization of chloroprene to
date. In fact, a broader literature search indicates that while
methacrylic/acrylic and styrenic type of monomers have been
grafted onto various substrates using surface initiated anionic
polymerization [5], surface initiated atom transfer radical polymerization [6], surface initiated nitroxide mediated polymerization
[7], and reversible fragmentation chain transfer polymerization [8],
butadiene-derivative monomers such as chloroprene, have rarely
been polymerized from surfaces using any of the existing controlled
polymerization techniques.
It is now well accepted that the addition of nanoparticles into a
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polymer matrix can result in materials with improved thermomechanical properties [9]. To achieve optimal improvement, it requires that nanoparticles are well dispersed in the matrix instead of
forming clusters to maximize the nanoparticle-matrix surface area.
Grafting ﬁller nanoparticles with the same polymer chains as the
matrix has been demonstrated to be an effective way to improve
nanoparticle dispersion. In this paper, we report the surfaceinitiated RAFT polymerization of chloroprene from silica nanoparticles and carefully studied polymerization kinetics at different
graft densities. The resulting PCP grafted silica nanoparticles were
directly crosslinked to create matrix-free nanocomposites that
showed improved mechanical properties as compared to free PCP.
2. Experimental section
2.1. Materials
Chloroprene monomer was synthesized according to the literature [3]. The RAFT agent 2-methyl-2-[(dodecylsulfanylthiocarbonyl) sulfanyl]propanoic acid (MDSS) (97%) was purchased
from Strem Chemicals and used as received. Spherical SiO2 nanoparticles with a diameter of 14 ± 4 nm were purchased from Nissan
Chemical Co. Tetrahydrofuran (THF) (HPLC grade, Fisher), dicumyl
peroxide (Acros, 99%), and aminopropyldimethylethoxysilane
(Gelest, 95%) were used as received. 2.2’-Azobisisobutyronitrile
(AIBN) was puriﬁed by recrystallization from methanol and dissolved in THF to make 10 mM solutions. All other reagents were
used as received.
2.2. Characterization
1
H NMR (Bruker ARX 300/ARX 400) was conducted using
CD3OD as the solvent. Molecular weights and dispersity were
determined using a gel permeation chromatography (GPC) with a
515 HPLC pump, a 2410 refractive index detector, and three Styragel
columns. The columns consist of HR1, HR3 and HR4 in the effective
molecular weight ranges of 100e5000, 500e30000, and
5000e500000, respectively. THF was used as eluent at 30 ! C and
ﬂow rate was adjusted to 1.0 mL/min. Molecular weights were
calibrated with poly(methyl methacrylate) standards obtained
from Polymer Laboratories. Dynamic Light Scattering (DLS) characterizations were conducted using Zetasizer Nano ZS90 from
Malvern. Infrared spectra were obtained using a BioRad Excalibur
FTS3000 spectrometer. The transmission electron microscopy
(TEM) was performed on a Hitachi H8000 TEM at an accelerating
voltage of 200 KV. The samples were prepared by depositing a drop
of the diluted nanoparticle solution in methanol on copper grids.
Scanning electron microscopy (SEM) was performed by dropcasting 10 ml of diluted nanoparticle solution on copper grids
with carbon ﬁlm. Small angle X-ray scattering experiments were
conducted using a SAXSLab Ganesha instrument at the South Carolina SAXS Collaborative. A Xenocs GeniX3D microfocus source was
used with a Cu target to generate a monochromic beam with a
0.154 nm wavelength. The instrument was calibrated using a silver
behenate reference with the ﬁrst order scattering vector
q* ¼ 1.076 nm#1, where q ¼ 4pl#1 sin q with a total scattering angle
of 2q. Thermogravimetric analysis (TGA) measurements were carried out on a TA Q5000 thermogravimetric analyzer (TA Instruments). All the samples were preheated to 150 ! C and kept at
this temperature for 10 min to remove residual solvents. After
cooling to 40 ! C, the samples were heated to 800 ! C with a heating
rate 10 ! C/min in nitrogen atmosphere. An Instron 5500 tensile
tester was used to record the stress-strain curves at room temperature with a 100 N load cell and test speed of 20 mm/min. The
dog-bone shaped samples for tensile testing were cut from hot

pressed samples with 22 mm length and 5 mm width. Each sample
was tested at least three times for tensile testing. Dynamic mechanical analysis (DMA) was measured using a RSA3 DMA (TA Instruments) in tensile mode. The DMA data was collected by testing
at a frequency of 1.0 Hz, 0.1% strain and a heating rate of 3 ! C/min
from #100 ! C to 150 ! C.
2.3. Free RAFT polymerization of chloroprene
In a typical polymerization, chloroprene (0.25 g), MDSS
(5.16 mg), AIBN (141ml from 10 mM stock solution) and THF (1 ml)
were added and mixed well in a Schlenk ﬂask. The mixture was
degassed by three freeze-pump-thaw cycles, ﬁlled with nitrogen,
and the Schlenk ﬂask was placed in an oil bath at 60 ! C. Aliquots of
the reaction solution were withdrawn from the ﬂask periodically
throughout the polymerization.
2.4. Activation of 2-Methyl-2-[(dodecylsulfanylthiocarbonyl)
sulfanyl]propanoic acid MDSS
MDSS (2 g, 5.49 mmol), N,N0 -dicyclohexylcarbodiimide (1.24 g,
6.03 mmol) and 2-mercaptothiazole (0.718 g, 6.03 mmol) were
dissolved in dichloromethane (40 mL) in a 100 mL round bottom
ﬂask under a nitrogen stream. After 10 min at room temperature, a
solution of 4-dimethylaminopyridine (0.067 g, 0.549 mmol) dissolved in 2 ml of dichloromethane was added to the mixture and
the nitrogen ﬂow was removed. After 5 h at room temperature, the
mixture was ﬁltered and the solvent evaporated using a rotary
evaporator. The product was subjected to column puriﬁcation using
a silica column with 5:4 ethyl acetate:hexane. Typical yields were
80e90%, m.p. 34e35 ! C. 1H NMR (300 MHz, CDCl3) d 3.20 (2H, t, SCH2-(CH2)10-CH3), 1.97 (6H, s, C-(CH3)2), 1.71e1.15 (20H, t, S-CH2(CH2)10-CH3), 0.89 (3H, t, SCH2-(CH2)10-CH3), 3.56 (2H, t, N-CH2CH2-S), 3.92 (2H, t, S-CH2-CH2-N).
2.5. Synthesis of MDSS-g-SiO2
A solution (20 mL) of colloidal silica particles (30 wt % in methyl
isobutyl ketone) was added to a two-necked round bottom ﬂask
and
diluted
with
110
mL
of
THF.
3Aminopropyldimethylethoxysilane (0.32 mL, 2 mmol) was added
and the mixture was reﬂuxed in a 65 ! C oil bath for 5 h under nitrogen protection. The reaction was then cooled to room temperature and precipitated in a large amount of hexanes (500 mL). The
particles were then recovered by centrifugation and dispersed in
THF using sonication and precipitated in hexanes again. The aminefunctionalized particles were redispersed in 40 mL of THF for
further reaction. Then 0.2 g, (0.4 mmol) of activated MDSS was
prepared as described above and added dropwise to a THF solution
of the amine functionalized silica nanoparticles (40 mL, 6 g) at
room temperature. After complete addition, the solution was stirred overnight. The reaction mixture was then precipitated into a
large amount of hexanes (400 mL). The particles were recovered by
centrifugation at 3000 rpm for 8 min. The particles were redispersed in 30 mL THF and precipitated in hexanes. This dissolution#precipitation procedure was repeated 2 more times until
the supernatant layer after centrifugation was colorless. The yellow
MDSS-anchored silica nanoparticles were dried at room temperature and analyzed using UV analysis to determine the chain density
(ch/nm2) using a calibration curve constructed from standard solutions of free MDSS. Different graft densities were achieved by
adding different amounts of 3-aminopropyldimethylethoxysilane
in the ﬁrst step as described previously [8,10].
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2.6. Surface-initiated RAFT polymerization of chloroprene
Stoichiometries of reactions were calculated using equations
from our previously published literature [8,11e13]. In a typical
polymerization, chloroprene (2g), MDSS-g-SiO2 (0.74 g 0.32 ch/
nm2), AIBN (567ml from 10 mM stock solution) and THF (4 ml) were
added and mixed well in a Schlenk ﬂask. The mixture was degassed
by three freeze-pump-thaw cycles, ﬁlled with nitrogen, and the
Schlenk ﬂask was placed in an oil bath at 60 ! C. Aliquots of the
reaction solution were withdrawn from the ﬂask periodically
throughout the polymerization. The resulting polychloroprene
grafted particles were puriﬁed by two rounds of centrifugation to
remove excess monomers and free polymers.
2.7. General procedure for cleaving grafted polymer from particles
In a typical experiment, 20 mg of polychloroprene grafted silica
particles was dissolved in 2 mL of THF. Aqueous HF (49%, 0.2 mL)
was added, and the solution was allowed to stir at room temperature overnight. The solution was poured into a PTFE Petri dish and
allowed to stand in a fume hood overnight to evaporate the volatiles. The recovered polychloroprene was then subjected to GPC
analyses.
2.8. Curing process of polychloroprene grafted particles
A solvent mixing technique was used for curing. All equivalents
mentioned here are mass equivalents. Chloroprene polymer
(100eq), zinc oxide (5eq), magnesium oxide (2eq), phenyl-anaphthylamine (2eq), stearic acid (0.5eq), 2-mercaptothiazoline
(0.5eq) were mixed well in THF (15 mL for each gram of polymer). The mixtures were then poured into Teﬂon petri dishes for
solvent evaporation under vacuum. The dried samples were hot
pressed at 160! for 25 min to obtain vulcanized rubber sheet of
0.2e0.4 mm thickness.
3. Results and discussion
2-Methyl-2-[(dodecylsulfanylthiocarbonyl) sulfanyl]propanoic
acid (MDSS) was selected as the RAFT agent because it has been
reported to have excellent control over a wide selection of common
monomers [3], and the carboxylic acid end group provided a
convenient site for grafting onto the particle surface.
We initially examined the free RAFT polymerization of CP. The
ratio between species was kept at [CP]/[RAFT]/[AIBN] ¼ 400: 1: 0.1.
The reaction was carried out in THF at 60 ! C, and monitored over
time. As shown in Fig. 1, ln(M0/Mt) had a linear relationship versus
time and the molecular weight increased with monomer conversion although it did show a typical hybrid behavior. This hybrid
behavior, resulting in an initial high molecular weight which approaches the calculated molecular weight as conversion increases,
is usually ascribed to a low chain transfer constant at the initial
stage of polymerization [14]. Similar behavior has also been reported for RAFT polymerization of MMA, where bimodalarity and
high molecular mass at low conversion was observed as a combination of free radical polymerization and controlled radical polymerization [15]. PDI was below 1.5 during the process and the
molecular weight distribution by GPC showed well-shaped unimodal peaks. We further studied the microstructure of PCP polymerized using RAFT by NMR, which has not been reported
previously. It was found that the ratio between microstructures was
71% 1,4 trans, 23% cis, 1.3% 1,2 additions and 4.7% 3,4 additions. The
ratio of each component is close to PCP obtained from free radical
polymerization and did not change across samples of different
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molecular weights.
To perform surface-initiated polymerization of CP from nanoparticles, we modiﬁed particle surfaces with RAFT agents, which
was realized in three steps (see Scheme 1). First, the nanoparticles
were treated with an aminosilane agent to obtain amine functionalized NPs. Then MDSS was activated by reacting with 2mercaptothiazoline followed by silica gel column for puriﬁcation.
Last, amine functionalized NPs were reacted with activated MDSS
to obtain MDSS attached nanoparticles. Successfully functionalized
NPs showed the light yellow color of MDSS, and graft density was
calculated based on characteristic UV-vis absorbance of MDSS at
300 nm.
Surface-initiated RAFT polymerization of chloroprene was performed from MDSS grafted silica nanoparticles with 0.32 ch/nm2
graft density. with ratio between [CP]/[RAFT]/[AIBN] ¼ 400: 1: 0.1.
Reaction conditions were kept exactly the same as free solution
polymerization including the ratio between monomers and
solvent.
The polymerization kinetics are shown in Fig. 2. Molecular
weight increased with monomer conversion with slight hybrid
behavior and PDIs were typically less than 1.6. The linearity of the
pseudo ﬁrst order kinetic plot implies a constant radical concentration during the 26 h polymerization period. These results indicated that surface anchored MDSS as well as free MDSS could be
employed to control the polymerization of CP.
It is interesting to compare the reaction kinetics between free
RAFT polymerization in solution, and the surface-initiated RAFT
polymerization on particles. By comparing the kinetics of SI-RAFT
in Fig. 2 and the one for free RAFT mediated polymerization in
Fig. 1, it is obvious that the free RAFT agent mediated polymerization was much faster than SI-RAFT polymerization. Approximately
25% conversion was achieved in 4 h for free RAFT mediated polymerization and the same conversion was not achieved until 20 h for
SI-RAFT with 0.32 ch/nm2 graft density. This observation implied a
retardation effect with SI-RAFT polymerization of CP. Similar observations have been reported for SI-RAFT polymerization of
methyl methacrylate (MMA) using 4-cyanopentanoic acid dithiobenzoate (CPDB) as RAFT agent. We reason that such observation
could be ascribed to the “localized high RAFT agent concentration”
effect [8,16]. In the case of SI-RAFT polymerization, the local concentration of RAFT agent was much higher than free RAFT agent
mediated polymerization due to the immobilization onto particle
surfaces. Therefore, surface radicals could transfer between adjacent RAFT agents instead of propagation via monomer addition,
which resulted in retardation of polymerization observed here and
reported in the literature.
To provide further evidence for the hypothesis, we studied the
SI-RAFT polymerization of CP with a different graft density (0.15 ch/
nm2), and plotted the reaction kinetics along with the two prior
cases (Fig. 3).
We ﬁnd that the kinetic curve of SI-RAFT polymerization at
0.15 ch/nm2 graft density is intermediate between the curves of
free RAFT polymerization and SI-RAFT polymerization at 0.32 ch/
nm2 density, which agrees with our hypothesis. For SI-RAFT polymerization of CP, at low-to-medium graft density, the “localized
high RAFT agent concentration” effect is not as pronounced as the
case for high graft density, and the polymerization kinetics was
similar to the free RAFT polymerization of CP.
3.1. Mechanical properties of matrix-free PCP grafted silica
nanoparticle composites
To investigate the mechanical properties of matrix-free PCP
grafted silica nanoparticle composites, we prepared a series of
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Fig. 1. (A) Reaction scheme, (B) ﬁrst-order kinetic plot and (C) molecular weight and polydispersity versus conversion for RAFT polymerization of chloroprene in solution.

Scheme 1. Preparation of PCP grafted SiO2 NPs.

composites from NPs with the same graft density (0.1 ch/nm2), but
different molecular weights of grafted polymer. The details of the
samples are listed in Table 1.
The PCP grafted silica nanoparticles were directly crosslinked as
matrix-free composites. MgO and ZnO were used as crosslinking
agents. PCP grafted silica nanoparticles were mixed with curing
agents in solution and then solvents were allowed to evaporate
under vacuum. Dried samples were hot pressed at 160 ! C for 25 min
to obtain vulcanized rubber sheet of 0.2e0.4 mm thickness. The
advantage of matrix-free nanocomposites over conventional composite materials is to achieve better nanoparticle dispersion. Conventional composite synthesis procedures require the mixing of
particles with polymer matrix, which introduces additional
complexity into the system, and often results in agglomeration of

particles especially at high nanoparticle loading due to unsatisfactory interface compatibility [17]. In matrix-free systems, the
particles are inherently separated from each other by the grafted
polymers. Thus, good dispersion could be easily achieved [18-21].
As shown in Fig. 4, good particle dispersion was achieved with
100 kDa PCP grafted silica nanocomposites at 30 wt% silica. There
was no signiﬁcant clustering of particles even at high silica loading.
However, a closer view revealed there is no well-deﬁned pattern of
particle distribution and interparticle spacing was not uniform,
which is most likely due to the large size disparity of the core silica
particles.
Small-angle X-ray scattering (SAXS) was used to obtain more
information on the particle dispersion state of the crosslinked
samples (see Fig. 5). No agglomeration was detected from the X-ray
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Fig. 2. (A) First-order kinetic plot and (b) molecular weight (squares) and polydispersity (triangles) versus conversion of the surfaced initiated RAFT polymerization of CP with
0.32 ch/nm2 graft density, [CP]/[RAFT]/[AIBN] ¼ 400: 1: 0.1.
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Fig. 3. Pseudo ﬁrst-order kinetic plots for the polymerization of chloroprene with ratio
between species [CP]/[RAFT]/[AIBN] ¼ 400: 1: 0.1 with free MDSS (black square);
MDSS grafted particles with 0.15 ch/nm2 density (red triangle); MDSS grafted particles
with 0.32 chs/nm2 density (blue diamond). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 4. TEM image of 100 kDa PCP grafted silica nanocomposites at 30 silica wt%. Scale
bar 500 nm (bottom middle) and 200 nm (bottom left).

scattering pattern at low q. The intensity of all the peaks was
relatively weak, indicating a broad distribution of interparticle
spacing. The location of the peak did not change much between the
samples, which corresponded to a d spacing ~23 nm, and seems
reasonable considering the size of silica core (15 nm) plus the
grafted polymers.
The matrix-free nanocomposites were crosslinked as ﬁlms and
cut into dog-bones for tensile testing. It was found that the properties of the composites were directly related to the silica loading of
the nanocomposites.

Tensile stress-stain curves of cured matrix-free PCP silica
nanocomposites are shown in Fig. 6. All the matrix-free composites had signiﬁcantly improved tensile strength compared with
unﬁlled PCP. Furthermore, the tensile stress at break increased
with silica loading with a corresponding decrease in elongation at
break. This general trend is consistent with previous literature that
tensile strength generally increases continuously with increasing
silica loading [22-24]. For matrix-free nanocomposite systems, the
increase in molecular weight of the grafted polymers causes a
decrease in silica loading at a ﬁxed graft density. Thus, as

Table 1
Sample details of matrix-free PCP grafted silica nanoparticle composites.
Sample name

Graft density
(ch/nm2)

Mn
(kDa)

Silica content
(wt%)

Tensile strength
(MPa)

Elongation at break

PCP unﬁlled
MF-47K
MF-55K
MF-70K
MF-100K

N/A
0.1
0.1
0.1
0.1

50
47
55
70
100

0
50
45
40
30

1.8 ± 0.11
12.9 ± 2.19
11.0 ± 1.21
11.0 ± 0.76
6.1 ± 0.59

10.3 ± 0.41
3.9 ± 0.11
5.3 ± 0.01
7.7 ± 0.41
10.9 ± 0.73
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Fig. 5. Representative small-angle X-ray scattering (SAXS) intensity curves for matrixfree PCP grafted silica nanocomposites.
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Fig. 6. Stress-strain curves of crosslinked unﬁlled and ﬁlled composites.

molecular weight increased, the elongation at break increased due
to better entanglement between polymer chains while the tensile
strength decreased due to lower silica loading. It is worth noting
that the MF-100 kDa composite showed both higher tensile
strength and elongation at break than unﬁlled polymer matrix.
Typically, silica ﬁlled samples exhibit decreased tensile strain due
to defects caused by particle ﬂocculation [25], but this effect was
minimized in matrix-free composites because of improved particle
dispersion.
The dynamic mechanical behavior was measured at constant
strain and frequency for the PCP crosslinked silica nanocomposites
and the crosslinked unﬁlled PCP. Fig. 7A shows that at low temperatures (T < Tg), the effect of the silica on E’ is observed even
though the molecular chain segments are frozen in this region. In
the rubbery plateau region, matrix-free PCP silica composites also
had higher storage modulus relative to the unﬁlled PCP. Across
matrix-free samples, the storage modulus increased with
decreasing molecular weight (i.e., increasing silica content). The
glass transition temperature of the matrix-free composites was not
altered compared with unﬁlled PCP as observed in Fig. 7B, however,
the reduction of tan delta peak height increased with silica loading,
which also suggests better reinforcing effect and stronger rubberﬁller interaction at high silica loading [26].
4. Conclusion
A facile method was demonstrated for the synthesis of polychloroprene grafted silica NPs using surface-initiated RAFT polymerization. A trithioester RAFT agent was anchored onto the
surface of silica NPs with controlled graft density, and controlled
radical polymerizations were conducted to produce surface grafted
PCP of predetermined molecular weight and relatively narrow PDI.
The polymerization kinetics was studied and it was found that the
grafting-from polymerization rate was dependent on the graft
density and generally slower than chloroprene polymerization
mediated by free RAFT agent. The PCP grafted silica NPs were
directly crosslinked to form matrix-free nanocomposites that
showed uniform particle dispersion and improved mechanical
properties than unﬁlled PCP. These strong, tough composite materials could be useful in many applications that also require the
reported solvent and environmental resistance inherent in polychloroprene rubbers.

Fig. 7. Temperature dependence of storage modulus of crosslinked unﬁlled PCP and matrix-free PCP silica nanocomposites.
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