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HIGHLIGHTS

grafted nanoparticles were prepared with precise control of graft density, molar mass and dispersity.
• Polychloroprene
were made between dispersion state in an industrial rubber andmechanical properties.
• Correlations
• High molar mass grafts and low chain density provided the best dispersion and largest improvements in mechanical properties.
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Reversible addition-fragmentation chain transfer polymerization of chloroprene on the surface of silica nanoparticles was performed to obtain polychloroprene-grafted-silica nanoparticles (PCP-g-SiO2 NPs). These particles
were dispersed in a commercial polychloroprene matrix to obtain PCP nanocomposites with different silica core
loadings (1, 5, 10, and 25 wt%). Two different chain graft densities were studied (“low,” 0.022 ch/nm2 and
“high,” 0.21 ch/nm2) as a function of the grafted polymer molecular mass. The cured samples showed significant
improvement in the mechanical properties of the PCP rubber nanocomposites as compared to the unfilled PCP as
measured by standard tensile and dynamic mechanical analysis even with low silica content. The mechanical
properties of the nanocomposites were notably enhanced when the graft density was low and grafted molecular
masses were high. Transmission electron microscopy (TEM) and Small-Angle X-ray Scattering (SAXS) were used
to analyze the dispersion states of the grafted nanoparticles which confirmed the correlation between high
grafted chain lengths and improved dispersion states and mechanical properties.

1. Introduction

modified fillers containing some organic functional groups that were
miscible or could react with the matrix to minimize the agglomeration
of the fillers. More recent efforts have carefully examined many molecular variables such as graft chain density, particle loading and ligand
choice which can influence the composite properties [17–19]. The reinforcements of the rubber materials have been focused on the improvement of stiffness, modulus, rupture energy, tear strength, tensile
strength, cracking resistance, fatigue resistance, and abrasion resistance
[20].
A critical aspect of the presence of a filler is the strength of interaction between a chemically grafted filler particle and the matrix [21].
The major factors that control the reinforcing mechanism of inorganic
fillers in rubber matrices are the dispersion into the matrix and the
interaction between rubber and fillers [22]. Various functional groups

Mechanical reinforcement of rubber materials by inorganic fillers
has been practiced for many years [1–5]. Carbon black and metal
oxides are the most popular types of fillers that have been used in
rubber nanocomposites [6–10]. The interactions between the inorganic
fillers and polymeric matrix exert a strong influence on the properties of
the final composite [11,12]. The reinforcement materials and procedures used in the preparation of nanocomposites are very important
factors to the understanding of their structure–property relationships,
especially the method of attaching the polymer brushes to the surface of
inorganic nanomaterials [13–15]. One of the main research areas in
using inorganic fillers in rubbery matrices has been to lower the phase
separation of the inorganic particles [16]. Many early attempts used
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have been used to passivate the surface of the inorganic fillers including
silanes, phosphonates, amines, hydroxides, and alkyl groups. However,
many of the previous studies still resulted in agglomeration and aggregation of the fillers due to particle-matrix incompatibility [23,24].
Polychloroprene (PCP) was discovered by Dupont (1931) and has
been widely used in the rubber industry [25]. It can be vulcanized with
sulfur, organic peroxides and metal oxides to produce sheets and films
with good elasticity, perspiration, resistance to oil and various solvents,
excellent weatherability, and excellent thermal and thermoxidative
stability [26]. It is particularly noted for its durability when exposed to
multiple degradation modes.
In this work, silica nanoparticles with grafted PCP chains were used
as hybrid fillers in PCP matrices to improve the composite properties.
Strong rubber-filler interactions lead to increased strength in rubber
composites. A bound rubber model was suggested in several reports
where tightly and loosely bound rubber, surrounding the filler particles,
had been shown to act as an additional crosslink mechanism in the
rubber matrix [23,27]. Bound rubber represents the bonds of rubber
chains to the inorganic particles being strong enough to persist in the
final composite [7,28]. However, most studies focus on the use of small
surface functional groups to enhance the interactions [29,30]. Our
previous work has shown that the molecular weight and graft density of
grafted chains can also be used to control the dispersion of nanoparticles in polymer matrices, as well as the strength of interactions
[31–33]. To expand on this concept in the current study, we explored
two different polymer graft densities, four silica loading levels (1, 5, 10,
25 wt%) and a broad range of grafted molecular weights
(34.8–161 kDa). The use of these grafted nanoparticles in cured composites showed improvements for filled samples even at low silica
loadings (1 wt%). Furthermore, the high grafted molecular weights
(161 kDa and 134 kDa) enhanced the final composite properties more
than low grafted molecular weights (38 kDa and 34.8 kDa), and the low
graft densities (0.022 ch/nm2) were better than the high graft densities
(0.21 ch/nm2).

2.3. Synthesis of chloroprene monomer (Scheme S1)
Chloroprene monomer was prepared by placing NaOH (16 g,
0.404 mol), PTC (4.35 g, 0.0134 mol) and 65 mL of water into a 250 mL
three-necked r.b. flask. A condenser was fitted, and the mixture was
stirred and heated. At 55 °C, 3,4-dichloro-1-butene (25 g, 0.2 mol) was
added dropwise over 5 min. Heating was continued and the product
was distilled as a hazy liquid; 60–75 °C for 2 h. Drying over MgSO4
yielded a clear, colorless liquid. Chloroprene monomer is self-polymerizing under ambient conditions and was stabilized by adding 0.1%
(w/w) phenothiazine stabilizer to the dried product and the solution
purged with nitrogen. Yields 74%. 1H NMR (400 MHz, CDCl3) δ
5.22–5.25 (2H, d, CH2=CH), 5.31–5.34 (2H, d, CH2=CCl), 6.31–6.40
(1H, q, CCleCH) (Fig. S1). HRMS (EI) (m/z) calcd for C4H5Cl: 88.0080;
found: 88.0110 [34].
2.4. Synthesis of dodecyl (2-methyl-1-oxo-1-(2-thioxothiazolidin-3-yl)
propan-2-yl) carbonotrithioate (activated-MDSS) (Scheme S2)
The procedure for the activation of MDSS is given below, similar to
that previously reported [3]. MDSS (2 g, 5.49 mmol), N,N′-dicyclohexylcarbodiimide (1.24 g, 6.03 mmol) and 2-mercaptothiazoline (0.718 g,
6.03 mmol) were dissolved in dichloromethane (40 mL) in a 100 mL r.b.
flask under a nitrogen stream. After 10 min at r.t., a solution of 4-dimethylaminopyridine (0.067 g, 0.549 mmol) dissolved in dichloromethane (2 mL) was added to the mixture and the nitrogen flow
was removed. After 5 h at r.t., the mixture was filtered, and the solvent
evaporated using a rotary evaporator. The product was purified by
column purification using a silica column with 5:4 ethyl acetate:hexane.
Yields were usually greater than 80%, m.p. 98.1 °C (Fig. S2), 1H NMR
(400 MHz, CDCl3) δ 3.21 (2H, t, SeCH2-(CH2)10eCH3), 1.6 (6H, s, C(CH3)2), 1.19–1.31 (16H, t, -(CH2)8eCH3), 1.58 (2H, m, CH2(CH2)8eCH3), 2.06 (2H, m, eCH2-CH2-(CH2)8eCH3) 0.81 (3H, t, SCH2(CH2)10eCH3), 3.51 (2H, t, NeCH2eCH2eS), 3.91 (2H, t, SeCH2eCH2eN) (Fig. S3).

2. Experimental
2.1. Materials

2.5. Synthesis of MDSS-g-SiO2

Chloroprene monomer was prepared through dehydrochlorination
of 3,4-dichloro-1-butene purchased from TCI America [20,34]. The
RAFT agent 2-methyl-2-(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid (MDSS) (97%) was purchased from Strem Chemicals and used
as received. Spherical silica nanoparticles (SiO2) with a diameter of
14 ± 4 nm were purchased from Nissan Chemical Co. Tetrahydrofuran
(THF) (HPLC grade, Fisher), aminopropyldimethylethoxysilane (APS),
octyldimethylethoxysilane (ODMES) and octadecyldimethylethoxysilane (C18) were purchased from Gelest (95%) and used as received.
Tetrabutylammonium bromide (PTC, 99%) was purchased from Oakwood Chemicals and used as received. 2.2′-Azobisisobutyronitrile
(AIBN) was purified by recrystallization from methanol and dissolved in
THF to make a 10 mM solution. PCP 150K was purchased from Sp2
polymers. All other reagents were used as received.

A solution (10 mL) of silica nanoparticles (30 wt % in methyl isobutyl ketone) was added to a 100 mL r.b. flask and diluted with 15 mL
of THF. Octyldimethylethoxysilane (ODMES) (0.3 mL, 1.21 mmol) was
added to the mixture and refluxed in a 75 °C oil bath for 12 h under
flowing nitrogen. The reaction was cooled to r.t. and precipitated in
hexanes (120 mL). The particles were collected by centrifugation and
dispersed in THF (20 mL) using sonication and precipitated in hexanes
again. The ODMES-functionalized particles were dissolved in THF
(20 mL), combined with 3-aminopropyldimethylethoxysilane (APS) and
the mixture was refluxed in a 75 °C oil bath for 3 h under flowing nitrogen. The reaction was then cooled to r.t. and precipitated in hexanes
(120 mL). The particles were recollected by centrifugation and dispersed in THF using sonication and precipitated in hexanes again. The
amine-functionalized particles were dispersed in 40 mL of THF for
further reaction. Then predetermined weight of activated MDSS was
added dropwise at r.t. to a THF solution of the amine functionalized
silica nanoparticles (Table S1). After complete addition, the solution
was stirred overnight. The reaction mixture was then precipitated into
400 mL of hexanes. The particles were recollected 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 under vacuum at r.t. and analyzed using UV analysis to determine
the chain density using a calibration curve constructed from standard
solutions of free MDSS (see SI, Table S2, Fig. S4) [35–37].

2.2. Synthesis of alkyl silane-grafted-SiO2 (C18 NPs)
A solution (10 mL) of colloidal silica particles (30 wt % in methyl
isobutyl ketone) was added to a 250 mL round bottom (r.b.) flask
equipped with a condenser and diluted with 30 mL of THF.
Octadecyldimethylethoxysilane (C18) (1 g, 2.92 mmol) was added to
the mixture and refluxed in a 75 °C oil bath for 12 h under flowing
nitrogen. The reaction was then cooled to room temperature (r.t.) and
precipitated in methanol (120 mL). The particles were recollected by
centrifugation (5000 rpm) and dispersed in THF using sonication
(5 min) and precipitated in methanol again. The C18-functionalized
particles were then dispersed in 40 mL of THF.
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Table 1
Sample details and properties of cured PCP nanocomposites.
Sample name

Mn (kDa)a

Graft density (ch/nm2)

Silicab loading(wt %)

Tensile strength (MPa)

Elongation at Break (%)

Degree of Swelling(%)

Crosslink Density
(ѵ*104 mol/cc)

PCP Unfilled
C18-1%
38k-1%
73k-1%
161k-1%
C18-5%
38k-5%
73k-5%
161k-5%
34.8k-5%
134k-5%
C18-10%
38k-10%
73k-10%
161k-10%
34.8k-10%
134k-10%
C18-25%
34.8k-25%
134k-25%

150
0
38
73
161
0
38
73
161
34.8
134
0
38
73
161
34.8
134
0
34.8
134

–
–
0.21
0.21
0.21
–
0.21
0.21
0.21
0.022
0.022
–
0.21
0.21
0.21
0.022
0.022
–
0.022
0.022

0
1
1
1
1
5
5
5
5
5
5
10
10
10
10
10
10
25
25
25

2.2
2.6
2.6
3.4
4.7
3.2
4.6
4.3
6.0
7.4
7.4
4.4
4.7
5.6
6.9
6.7
7.8
5.0
7.9
8.9

5.3 ± 1.1
4.9 ± 1.0
5.8 ± 1.1
6.3 ± 0.5
8.8 ± 0.8
6.3 ± 0.3
7.5 ± 1.2
7.5 ± 1.9
10.8 ± 0.3
7.2 ± 0.6
7.4 ± 2.0
6.9 ± 1.0
8.3 ± 0.4
10.3 ± 1.0
12.9 ± 1.3
6.8 ± 1.0
8.8 ± 0.8
9.2 ± 0.4
9.4 ± 0.6
9.5 ± 0.4

491
486
481
461
442
462
445
429
411
438
407
429
400
389
341
381
361
311
225
166

0.52
0.58
0.59
0.63
0.68
0.58
0.63
0.69
0.72
0.64
0.74
0.61
0.68
0.72
0.91
0.74
0.81
0.67
1.15
1.91

a
b

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.1
0.7
0.1
1.0
0.7
0.8
0.8
1.7
0.5
1.5
2.8
1.0
0.4
1.0
1.0
1.0
1.1
2.0
1.4
1.2

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

5
9
11
7
12
3
4
15
2
15
5
12
3
11
6
4
11
6
7
10

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.02
0.02
0.02
0.03
0.01
0.01
0.03
0.01
0.04
0.01
0.05
0.01
0.05
0.02
0.01
0.04
0.02
0.06
0.19

All composites dispersed in 150 kDa PCP.
Silica loading calculated to total polymer plus silica.

Fig. 2. Modulus enhancement (Ec/Eo) of filled composites (volume fraction, )
for both predicted (g) and experimental samples ●, C18eSiO2; ▲,38k-high
density; ▼,73k-high density; ◆,161k-high density; ⊲,34.8k-low density; ⊳,
134k-low density.

Fig. 1. TGA results for low density RAFT agent attached NPs 0.022 ch/nm2
(black line), 34.8k graft on 0.022 ch/nm2 (red line), 34.8k-25% cured composites (blue line), high density RAFT agent attached NPs 0.21 ch/nm2 (orange
dash line), 38k graft on 0.21 ch/nm2 (green dash line) and 38k-10% cured
composites (purple dash line). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

ends was cleaved by refluxing with 20 eq. of AIBN (relative to the moles
of RAFT agent) in THF until the yellow color of solution disappeared.
The resulting PCP grafted particles without RAFT agent were precipitated into a large amount of methanol and centrifuged at 8,000 rpm
for 10 min and redispersed in THF. Differential scanning calorimetry
(DSC) analysis of the PCP grafted NPs showed a glass transition temperature of approximately −40 °C (Fig. S5).

2.6. Procedures for surface-initiated RAFT polymerization of chloroprene
Chloroprene (1 g) with MDSS-g-SiO2 as the RAFT agent (0.22 g
0.21 ch/nm2), AIBN (114 μl from 10 mM stock solution) with reaction
ratio [1000:1:0.1, (monomer: CTA: initiator)] and THF (3 ml) were
added and mixed well in a Schlenk tube. 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 for 48 h. The resulting PCP
grafted particles were precipitated into a large amount of methanol and
centrifuged at 8,000 rpm for 10 min and redispersed in THF. After
cleaving the chains from the silica NPs, the molecular weight of the
grafted chains was 38 kDa. Different molecular weights were synthesized by varying the [monomer: CTA: initiator] ratio and time (Table
S3) [38]. After polymerization the RAFT agent attached to the chain

2.7. Procedure for cleaving grafted polymer from particles
PCP-g-SiO2 particles (20 mg) were dissolved in 2 mL of THF.
Aqueous HF (49%, 0.2 mL) was added, and the solution was stirred
overnight at r.t. The solution was poured into a PTFE Petri dish and
allowed to stand in a fume hood overnight to evaporate the volatiles.
The recollected PCP was then subjected to GPC analyses.
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Fig. 3. a) Strain diagram of unfilled polymer and filled composites with different silica loadings and grafted molecular weights of 0.21 ch/nm2 NPs, b) strain diagram
of unfilled polymer and filled composites with different silica loadings and grafted molecular weights of 0.022 ch/nm2 NPs, c) stress diagram of unfilled polymer and
filled composites with different silica loadings and grafted molecular weights of 0.21 ch/nm2 NPs, d) stress diagram of unfilled polymer and filled composites with
different silica loadings and grafted molecular weights of 0.022 ch/nm2 NPs (see Fig. S7 for individual stress-strain curves).

2.8. Nanocomposite preparation

3. Characterization techniques

PCP matrix (1 g) was dissolved in 30 mL of THF and mixed with
different loadings of core SiO2 NP (1, 5, 10, and 25 wt%).
Thermogravimetric analysis was used to estimate the neat weight of
grafted PCP on SiO2 NP, then the needed free PCP weight of matrix was
added to match projected silica loadings (Table S4). FTIR was also used
to confirm the incorporation of the grafted silica NPs into the PCP
matrix (Fig. S6, Table S5).

3.1. Molecular weights
Molecular weights (Mn) and dispersities (Đ) were determined using
a Varian 290 LC gel permeation chromatography (GPC) with a 390 LC
multidetector unit, and three Styragel columns. The columns consisted
of HR1, HR3, and HR4 in the effective molecular weight ranges of
100–5000, 500–30000, and 5000–500000, respectively. THF was used
as eluent at 30 °C and the flow rate was adjusted to 1.0 mL/min.
Molecular weights were calibrated with poly(styrene) standards obtained from Polymer Laboratories.

2.9. Curing process of PCP nanocomposites
A solvent mixing technique was used to cure the PCP by adding
curing agents. The chloroprene polymer was cured using zinc oxide
(5phr), magnesium oxide (2phr), N-phenylnaphthalen-2-amine (2phr),
stearic acid (0.5phr), and 2-mercaptothiazoline (0.5phr) in THF. After
evaporating the solvent samples were hot pressed at 160 °C for 25 min
to obtain vulcanized rubber sheet of 0.4 mm thickness [39].

3.2. Transmission electron microscopy
The Transmission Electron Microscopy (TEM) was performed on a
Hitachi H8000 TEM at an accelerating voltage of 200 kV. The samples
were prepared by cryoultramicrotomy sectioning of crosslinked
99
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Fig. 4. a, c, e, and g) Storage moduli of unfilled polymer and NP filled composites with different silica loadings and grafted molecular weights at 0.022 and 0.21 ch/
nm2 b, d, f, and h) tan δ of unfilled polymer and NP filled composites with different silica loadings and grafted molecular weights at 0.022 and 0.21 ch/nm2.

samples in a solution of H2O:DMSO 30:70, then placed on copper grids.
The image was acquired in bright field mode using on objective aperture and a XYZ detector.

3.5. Swelling measurements
Swelling of the PCP composites was accomplished by soaking the
cured sheet of rubber in toluene for seven days at r.t. During the seven
days, the toluene was changed daily using fresh toluene. The rubber
sheets were removed after seven days and residual solvent on the surface was removed using lab wipes. The weights of the sheets were
measured using an analytical balance directly after removal from the
residual solvent. The degree of swelling (Q) was determined by the
following eq.: [40]:

3.3. Dynamic mechanical analysis
Dynamic mechanical analysis was performed with an Eplexor
2000 N dynamic measurement system (TA, ARES-RSA3) using a constant frequency of 10 Hz in a temperature range −80 °C to 80 °C. The
analysis was done in tension mode. For the measurement of the complex modulus, E*, a static load of 1% pre-strain was applied and the
samples oscillated to a dynamic load of 0.5% strain. Measurements
were done with a heating rate of 3 °C/min under nitrogen flow.

Q (%) =

Ws

Wo
Wo

100

(1)

where, Ws is the weight of the sample after swelling and Wo is the
weight of sample the before swelling.

3.4. Stress-strain analysis
Tensile tests of samples were carried out using an Instron 5543A
material testing machine with crosshead speed 20 mm/min (ASTM
D412, ISO 527). Samples were cut into standard dumbbell shapes with
neck cross-section dimensions of 5 × 22 mm with 0.4 mm thickness. At
least five measurements were recorded, and the average values were
reported.

3.6. Crosslink density
The crosslink density is the number of effectively elastic chains per
unit volume, and can be obtained using the Flory-Rehner eq.: [41,42]:
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Fig. 4. (continued)

v=

[ln(1

1

Vr ) + Vr + Vr 2]/ Vt Vr 3

Vr
2

were azimuthally integrated to yield the scattering vector and intensity.
The acquired x-ray scattering spectra were well fitted using the
Beaucage Unified Fit function [43]:

(2)

where Vr is the volume fraction of rubber in the swollen state, Vt is the
molar volume of toluene (106.2),
is the effective interaction parameter (CR-toluene), which is (0.342) for the CR-toluene system. All
reported values were the average of five test samples after immersion in
toluene at 22 °C for one week, and the solvent was replaced daily.

I (q ) = G

exp

q2 +

Rg 2
3

P

q

+B
erf

( )

q Rg 3
6

where q is the scattering vector, G is the Guinier prefactor, Rg is the
radius of gyration, B is the Porod prefactor, and P is the power law
term. Fitting was performed on a Iq vs q coordinate space to evenly
weight residual fit error.

3.7. Small-angle X-ray scattering (SAXS)
X-ray experiments were conducted using a SAXS Lab 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 National Institute of Standards and Technology (NIST)
reference material 640c silicon powder with the peak position at
2θ = 28.44° where 2θ is the total scattering angle. A Pilatus 300 K
detector (Dectris) was used to collect the two-dimensional (2D) scattering patterns. All SAXS data were acquired with an X-ray flux of
∼4.1 M and ∼21.4 M photons/s incident upon the samples. All data
were acquired with 10–15 min measurements. Transmission SAXS was
measured with the beam normal to the sample plane. These 2D images

3.8. Thermal gravimetric analysis (TGA)
TGA characterization was operated using a TA Instruments Q5000
with a heating rate of 10 °C/min form 80 °C–800 °C under nitrogen flow.
3.9. Differential scanning calorimetry (DSC)
DSC was conducted using a TA Q2000 DSC (TA Instruments) under
a nitrogen atmosphere at heating/cooling rates of 10 °C/min.
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Fig. 5. a) TEM images of PCP nanocomposites with 10 wt% SiO2 loading, a) C18 NPs, b) 34.8k-g-SiO2 at 0.022 ch/nm2, c) 38k-g-SiO2 at 0.21 ch/nm2, d) 73k-g-SiO2
at 0.21 ch/nm2, e) 134k-g-SiO2 at 0.022 ch/nm2, f) 161k-g-SiO2 at 0.21 ch/nm2 (scale bar for all images is 200 nm).

4. Results and discussion

1,4-trans, 23% cis, 1.3% 1,2-additions and 4.7% 3,4-additions, similar
to that found in normal free radical polymerization [44,45]. Chloroprene rubbers are often vulcanized using a mixture of metal oxides. In
this work, a common recipe was used comprising zinc oxide, magnesium oxide, 2-mercaptothiazoline (accelerator), stearic acid (stabilizer),
and N-phenylnaphthalen-2-amine. The rubber can be vulcanized in the
presence of only zinc oxide, but the use of magnesium oxide is necessary to avoid burning or charring originating from the dehydrochlorination reaction. Under such conditions, the dehydrochlorination
reaction of the tertiary allylic positions will occur first, and once the
tertiary allylic chlorines (1,2-units) are consumed, the less reactive 3,4and 1,4-units will undergo dehydrochlorination [41]. Overall, this
method has been reported to produce cured rubbers with high flexibility and dimensional stability [23,39,46].
Thermal gravimetric analysis (TGA) was used to confirm the RAFT
agent attachment and graft polymerization of chloroprene from the
surface of the NPs (Fig. 1). The small weight loss observed for the RAFT
agent grafted NPs is representative of the weight loss for the grafted
RAFT agent and the nanoparticles surfactant stabilizer. The TGA weight
loss result for a 34.8k-25% and 38k-10% samples are also consistent
with the calculated value for this chain density. Finally, weight loss for
the composite containing dispersed grafted PCP in commercial PCP
matrix for the 25 wt % and 10 wt % silica cores is in agreement with the
calculations when considering the additional metal oxide curing agents

Generally, all fillers that disperse in a rubber interact and play a
significant role in the mechanical properties of the elastomeric composites. Our previous work showed that we could controllably polymerize chloroprene from the surface of silica NPs and preliminary
mechanical properties were reported on samples made at a single chain
density using matrix free composites only [3]. In this work, a more
detailed study was conducted using PCP-g-SiO2 NPs (PCP-g-NPs) in an
industrial rubber to prepare silica-filled rubber composites to study the
effect of SiO2 NPs on the reinforcement of the rubber composites. This
was done at four different loadings and dispersing SiO2 NPs grafted
with different PCP molecular weight brushes into a commercial PCP
matrix. A series of composites were prepared using SiO2 NPs grafted
only with short octadecyl chains (C18), ODDMMS-g-SiO2, to avoid selfagglomeration, and PCP grafted SiO2 NPs using two different graft
densities of (0.21 ch/nm2) and (0.022 ch/nm2) with a broad range of
molecular weights (34.8–161 kDa) of grafted PCP. All samples were
dispersed in a fixed weight ratio of the industrial matrix with a 150 kDa
molecular weight. The details of the samples are listed in Table 1.
The PCP grafted silica NPs were prepared by the surface-initiated
RAFT polymerization of chloroprene. After polymerization, the particles were purified using centrifugation to remove small amounts of free
PCP chains [3]. NMR analysis showed that the polymer contained 71%
102

Polymer 171 (2019) 96–105

Z.M. Abbas, et al.

improving composite mechanical properties as the long low-density
chains will be more efficient in entangling with matrix chains than
densely grafted chains. Generally, the strength of the rubber filler interaction appears enhanced by the grafted polymer chains on the silica
surface, which results in effectively increasing the filler volume fraction
[6,7,22].
Fig. 3 shows the stress-strain data for the unfilled polymer and filled
composites with different molecular weights of grafted PCP and loading
of silica nanoparticles. For reference, the unfilled, crosslinked PCP
properties are plotted as the 0% silica loading using the molecular
weight of the resin before crosslinking and the C18eSiO2 grafted particle composites are plotted as the zero value Mn data. The results show
the general expected trend of higher mechanical properties with higher
loading levels of silica nanoparticles.
The comparison between the C18eSiO2 grafted nanocomposite
properties and the polymer grafted nanocomposite properties is valuable in pointing to the importance of chain entanglement effects. The
C18 grafted chains are effective in creating a hydrophobic layer on the
NPs and assisting in dispersing the NPs in the matrix but do not contribute to chain entanglement effects with the matrix polymer. The data
for long-chain grafted NPs shows that the mechanical properties were
improved across all experimental graft variables and specifically when
chain entanglement was most enhanced. These results agree with previous results of NP grafted composites for glassy polymers and general
concepts that address the bound layer effect in filled rubbers
[23,26–28,31,49].
The importance of graft density and its effects on chain entanglement are also evident from the current study. For example, we can
compare the data for 10 wt% silica loaded composites at graft densities
of 0.21 ch/nm2 and 0.022 ch/nm2 with similar molecular weights of
grafted chains (161k and 134k, respectively). The stress-at-break for
these samples is 6.9 MPa and 7.8 MPa, suggesting that the difference in
graft density and its effect on chain entanglement are an important
variable of the grafting architecture. For NPs with low graft densities,
higher particle loading levels can be attained since the weight percent
of grafted chains is smaller than with high graft densities. Thus, further
increases in mechanical properties (both tensile strength and modulus,
e.g., Fig. 3) were observed at higher silica loading levels for the low
graft density NP filled composites.
The effect of PCP-g-NPs on the dynamic mechanical properties of 1,
5, 10, and 25 wt% silica filled nanocomposites is shown in Fig. 4. The
storage moduli (E′) in the rubbery plateau region showed a continual
increase with increasing silica loading. However, the molecular weight
of the grafted chains also played an important role in storage modulus.
At each of the different chain densities, the storage modulus showed an
increase with increasing graft molecular weight. For both chain densities, the highest grafted molecular weights (134k and 161k) yielded
the highest values for the storage modulus, as well as the highest values
for effective crosslink density. The effects of graft density were also
observed at lower molecular weights. Comparison of the samples with
38k grafted chains (high graft density) and 34.8k (low graft density)
show that the composites using the 34.8k grafted PCP grafted nanoparticles gave higher room temperature storage moduli at all loading
levels. We attribute this to the enhanced chain entanglement of the
matrix chains with the low graft density grafted chains that have more
space for the matrix chains to penetrate between grafted chains [2]. It
should be mentioned that the C18 NP composite samples showed a
significant drop in E’, particularly noticeable at the higher loading levels. This decrease is likely due to the C18 chains, which have a melting
point ∼18–20 °C. Thus, the grafted short ligands would not be expected
to contribute to a stable entangled state and rubber-silica interaction
with the matrix chains at these temperatures [48–50]. A single loss
peak was observed for all of the polymer grafted NP composites which
were approximately the same as the unfilled crosslinked rubber, also
indicating a fairly continuous interface-matrix region [51].
TEM micrographs were acquired to study the dispersion state of the

Fig. 6. SAXS measurements of grafted nanocomposites with 10 wt% SiO2
loading. The Bare is C18-g-NPs, and 38, 73, 126, and 161 kDa samples have a
chain density of 0.21 ch/nm2 while the 34.8 and 134 kDa samples have a chain
density of 0.022 ch/nm2. The data were offset vertically for clarity. The Unified
fit is shown from q = 0.025–0.15 Å−1.
Table 2
Unified fit parameters for nanocomposite film SAXS data.
Sample
Name

Mn Grafted PCP
(kDa)

Graft Density
(ch/nm2)

Rg (nm)

Low-q power law
exponent

C18
34.8k
38k
73k
126ka
134k
161k

0
34.8
38
73
126
134
161

–
0.022
0.21
0.21
0.21
0.022
0.21

–
6.3
6.8
7.4
7.3
6.3
6.2

3.7
3.4
3.3
3.0
3.1
3.1
3.0

a

Additional sample prepared to expand SAXS data set.

(TGA calculations in SI Table S4).
Mechanical properties of the cured composites were evaluated using
conventional stress-strain measurements. The increase in modulus for
silica reinforced elastomers can be predicted using the Guth-Gold
equation [47],

Ec
= 1 + 2.5 + 14.1
Eo

2

(3)

where Ec and Eo are the tensile moduli of the filled and unfilled composites, respectively. Ec/Eo is termed as the modulus enhancement and
is the calculated volume fraction of silica in the filled composite.
The experimental data for the modulus enhancement (Ec/Eo) in
Fig. 2 were higher than those predicted by the Guth-Gold equation for
all of the polymer grafted nanocomposite films. The C18 composite
films showed little or minor modulus enhancement, or in the case of the
highest loading level tested, a decrease as compared to the theoretical
prediction. This suggests that the treatment of silica with grafted chains
that can entangle with matrix chains significantly contribute to composite modulus enhancements, beyond the simple creation of a hydrophobic surface layer. Interestingly, samples with lower graft density
(unfilled symbols) and high molecular weights of the grafted polymer
(e.g., 134k-g-0.022 ch/nm2) showed much greater improvements in the
tensile modulus compared to the unfilled composite and the high graft
density filled composites (filled symbols) [17,48]. This also supports
the chain entanglement hypothesis as a major contributory factor in
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silica NPs in the PCP nanocomposites. Fig. 5 shows the results for 10%
silica loading levels of the grafted NPs for all the molecular weights and
graft densities. The short C18 grafted NPs (Fig. 5 a) showed the highest
level of agglomeration. At the low polymer molecular weights, small
clusters were observed in both the 34.8k (0.022 ch/nm2) and 38k
(0.21 ch/nm2) grafted NP samples (Fig. 5 b and c) due to the incompatibility between the short chains of grafted polymer and longer
matrix chains. At the next higher molecular weight, the 73k-g-SiO2
filled sample (Fig. 5 d) showed improved dispersion with just a moderate distribution of small clusters. At the highest graft molecular
weights, the 134k and 161k grafted NPs (Fig. 5 e and f) were dispersed
much more effectively due to the improved compatibility and entanglement with matrix chains, consistent with the increase in mechanical properties [16,40]. Energy dispersive X-ray spectroscopy (Fig.
S8) further confirmed the highly dispersed state of the high molecular
weight grafted nanoparticles in the PCP matrix.
Small-angle X-ray scattering (SAXS) measurements were performed
to compare ensemble measurements with localized TEM observations.
Kratky plots are presented to highlight subtle changes to the scattering
patterns (Fig. 6 and Fig. S9). The data were well fitted using the
Beaucage unified model [43]. The fit parameters are presented in
Table 2. SAXS data from the polymer grafted nanoparticles were largely
similar, inflection points for each sample are marked. Considering the
sample with 34.8 kDa PCP and a graft density of 0.21 chains/nm2 as a
representative sample, the 6.3 nm radius of gyration corresponded to a
sphere diameter of 16.3 nm (2*Rg*(5/3)0.5), consistent with nominal
15 nm SiO2 nanoparticle diameter. This sample did not exhibit an apparent structure factor peak that was indicative of extensive aggregation in prior studies [52]. Well-dispersed nanoparticle composites were
previously shown to yield a low-q scattering power law exponent of 2.0.
However, this sample exhibited a higher exponent of 3.4, suggestive of
some aggregation. The TEM observations were consistent with this interpretation where both dispersed and somewhat aggregated nanoparticles were observed. Similar fit results were obtained for samples
with lower molecular weight grafted chains. However, for those composites using nanoparticles with grafted chain molecular weights
73 kDa the power law exponent decreased to ∼3.0, suggestive of
improved dispersion (Table 2). The SAXS profile for PCP with 10 wt%
of C18 SiO2-NP loaded films did not exhibit an inflection point and the
fit function did not converge to a unique solution. This sample exhibited
a peak near q = 1.96 nm−1 (indicated with asterisk), suggestive of
surfactant aggregation and consistent with scattering from e.g. stearic
acid [53].
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