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Abstract

An attempt to prepare graft copolymer of naturddber, NR and poly(stearyl methacrylate),
PSMA, was made to improve mechanical propertiedNBf since the grafted PSMA was
composed of crystallizable stearyl groups as aeaticly agent and methacrylate units. The
graft-copolymerization of stearyl methacrylate (SMto deproteinized natural rubber (DPNR)
was performed in latex stage witért-butylhydroperoxide (TBHPO) / tetraethylenepentamin
(TEPA) as an initiator, after purifying the rubbeith urea and sodium dodecyl sulfate followed
by centrifugation. The optimal conditions for theaftrcopolymerization were determined as
follows: 3.3x10° mol/kg-rubber of initiator, 1.5 mol/kg-rubber ofomomer and 30 w/w% of dry
rubber content (DRC). The conversion and graftifiigiency of SMA were 95 mol% and 60
mol%, respectively. After graft-copolymerizatiomet melting temperature of PSMA increased
from 304.1 K to 306.2 K. The morphology showed tihat DPNR particles, which were about 1
pm in average diameter, were well dispersed in PSAomatrix. The stress at break increased
about three times, i.e. 13 MPa, as high as thabPRNR. The increase in the mechanical
properties was promoted by the nucleating effestediryl group of PSMA.

Keywords:

Natural rubber, poly(stearyl methacrylate), lateage, nanomatrix structure, nucleating agent,
mechanical properties

1. Introduction

Saturated fatty acid such as stearic acid is wadiwn to play an important role as a
nucleating agent in the crystallization of polymdfsr instance, the crystallization afs-1,4-
polyisoprene is markedly promoted by the saturdatiy acid, since lattice mismatch between

the saturated fatty acid and tois-1,4-polyisoprene is very small on the basis of saene
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crystallography, i.e. orthorhombic [1-3]. A goodirpaf crystal planes is 001 plane of natural
rubber (NR) and 110 plane of stearic acid: tha0i889 and 1.246 nm for NR [3] and 0.89 and
1.25 nm (0.25 nm x 5) for stearic acid [4]. Howeuwde nucleating effect of fatty acid on the
strain-induced crystallization is considered tcsbell due to the fringed micelle structure of the
strain-induced crystal. Therefore, it is necessamyrove the nucleating effect of fatty acid on the
strain-induced crystallization otis-1,4-polyisoprene, since it may be the origin ok th

outstanding mechanical properties of the polymer.

The nucleating effect of fatty acid on the straidticed crystallization is quite difficult to
investigate, since the strain-induced crystall@atioccurs too rapidly [5-6]; that is, the
nucleating effect is negligibly small. Thereforey alaborate study is required to prove the
nucleating effect on the strain-induced crystati@a In previous works, the effect of fatty acid
on the strain-induced crystallization of NR in deip, which were dispersed in styrene-
butadiene rubber (SBR), was investigated, since d¢hestallization of the rubber was
significantly suppressed in the droplets [7]. Tleartenergy was measured by the changing
temperature and tear rate, and it was relatedetsttiain-induced crystallization. The tear energy
decreased after the removal of fatty acid [8], whserit recovered to the original level after
stearic acid was added to the rubber [9-11]. HoweitHe nucleating effect was found in the
strain-induced crystallization of synthetms-1,4-polyisoprene (IR). The difference in the
nucleating effect between NR and IR may be attehud the presence of the linked fatty acid of
NR, which was reported in previous papers [12].

The chemical linkage between fatty acid arig1,4-polyisoprene, i.e. NR, may be
formed by the graft-copolymerization of a suitalml®nomer, such as stearyl methacrylate

(SMA) onto the rubber; that is, the stearyl groupay gather to form crystallites, and



polymethacrylate may link the crystallized steagybups to NR. The graft copolymerization

must be carried out in the latex stage, since thar@ groups are required to cover the NR
particles, as reported in previous papers, whemimspholipids and proteins are ensured to
cover the NR particles [13]. In this case, it i€e®sary to achieve a high grafting efficiency to
prepare the NR model in order to investigate theleailing effect of the crystallized stearyl

group on the strain-induced crystallization andrttechanical properties of NR.

There have been a few studies on the graft-copaiyaten of stearyl methacrylate onto
NR in solution. For instance, the graft-copolymatian of various alkylmethacrylates was
performed in a toluene solution of NR and IR, resipely [14-15]. The grafting efficiency of
SMA, in this case, was reported to be about 40 mdlBe low grafting efficiency was explained
to be due to a chain transfer of radicals in thetem [16]. The grafting efficiency remained
unimproved, even though the graft-copolymerizatdiSMA was carried out in the presence of
divinylbenzene in toluene and chloroform solutiofshe rubber [17]. Thus, in order to enhance
the grafting efficiency, it is necessary to chatige nature of the solution from hydrophobic to
hydrophilic. However, no attempt has been madeetéopm the graft-copolymerization of SMA
onto NR in water.

The strategy to prepare the NR model may be coadenith the method to increase the
grafting efficiency of SMA in latex stage. It iscessary at least to remove the proteins from NR,
since the proteins are known to be a radical s@ererAccording to the previous work, high
grafting efficiency was achieved for graft-copolyiaation of vinyl monomers on NR when
using purified latex, i.e. deproteinized naturddvar (DPNR) latex as a starting material instead
of HANR latex [22]. A novel technique was develogedpurify the NR in latex stage; that is,

the proteins were removed from the NR, using ugea denaturant in the presence of sodium



dodecyl sulfate (SDS) [18-19]. After the removaltleé proteins, the graft-copolymerization of
SMA onto NR may be performed with an organic redotator in latex stage. In the previous
work, a high conversion and high grafting efficigrnveere achieved under the optimal condition
for the graft-copolymerization of styrene [20-2fjethyl methacrylate [22], acrylonitrile [23],
vinyltriethoxysilane [24-25] and so forth. The namatrix structure was formed in the resulting
products, as in the case of NR. Therefore, the Midahmay be prepared from NR through the
graft-copolymerization of SMA in latex stage with arganic redox initiator.

In the present study, an attempt was made to preffteg NR model by the graft-
copolymerization of SMA onto DPNR in latex stagethie presence dért-butylhydroperoxide
(TBHP)/tetraethlenepentamine (TEPA) as an orgagdox initiator. The factors influencing the
graft-copolymerization of SMA were investigated determine the optimal conditions: for
instance, the dry rubber content (DRC), the irotiatoncentration and monomer concentration.
The resulting polymers were then characterizeddstigle size analysis, Fourier transform infra-
red (FT-IR) spectroscopy, and differential scannicgorimetry (DSC). The mechanical
properties, such as tensile strength was measareahfirm the effect of the crystallized stearyl

groups on the strain-induced crystallization of i model.

2. Materialsand Methods
2.1 Materials

High ammonia natural rubber (HANR) latex was pusdth from Golden Hope
Plantation, Malaysia. The SDS surfactant, TBHP%&8d TEPA were from Kishida Chemicals
(Japan) while the urea, potassium persulfate (K&®) benzoyl peroxide (BPO) were from

Nacalai Tesque (Japan). The SMA monomer was frolkyd@dasei Company (Japan). The



a, a’-azobisisobutyronitrile (AIBN) was from Kanto Chémal Co. Inc. (Japan). The solvents
used, such as acetone, tetrahydrofuran (THF), methand toluene were from Nacalai Tesque

(Japan).

2.2 Removal of proteins from NR latex
The HANR latex was diluted with distilled water mno60 to 30 w/w% of dry rubber

content (DRC). The removal of the proteins fromMie was carried out by the incubation of the
latex with 0.1 w/w% urea in the presence of 1 wMBIBS at 303 K. The latex was then,
centrifuged (ca, 10,000 g) 3-times at 288 K form8ihutes. The cream fraction was collected
after the second and third centrifugation and weadispersed in the solution with 0.5 w/w%
SDS and 0.1 w/w% SDS, respectively. The procedurermove the proteins is shown in Figure
1. Prior to the graft-copolymerization, the DRC dahd amount of SDS in the DPNR latex were

adjusted to 30 w/w% and 0.1 w/w%, respectively.

2.3 Preparation of graft-copolymer

The graft-copolymerization of SMA onto DPNR wasr@d out in latex stage using
various initiators. DPNR latex of 200 grams withv2@v% DRC and 0.5 w/w% SDS was purged
with Nz gas for 1 hour. Then, the initiator and SMA wedeled in turn to the latex. The graft-
copolymerization was performed for 8 hours with towmous stirring at 200 rpm under, N
atmosphere at 333 K in a water bath. The un-reggi¢8 was removed with a rotary evaporator
under reduced pressure for about 30 minutes ak333e reacted latex was poured into a petri
dish and dried in an oven at 323 K for about 2 daysil dry) and in a vacuum oven for 3 days
at 323 K. The reacted rubber was subjected to 8bexitractiorunder nitrogen atmosphere in
the dark for 24 hours to remove homopolymer. Thaftgd rubber was obtained after the

extraction and dried at 323 K. Then, the graftebbar was characterized accordingly. The
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procedure for the graft-copolymerization is shownFigure 2. The conditions for the graft-

copolymerization of SMA onto DPNR in latex stage ahown in Table 1.

HANR latex 60 w/w% DRC

&—— + 1 w/w% SDS
<—— +0.1w/w%urea

<« 1hourincubation

First —
centrifugation Purified natural rubber

< Collect cream fraction
<—— + 0.5 w/w% SDS
&<— 1 hour incubation

Second "
centrifugation Purified natural rubber

<— Collect cream fraction

<—— + 0.1w/w% SDS

<— 1 hour incubation

Third A
Centrifugation Purified natural rubber

<&—— Collect cream fraction
<—— + 0.1w/w% SDS

Deproteinized natural rubber (DPNR) 30 w/w% DRC

Figure 1: Removal of proteins from NR latex



DPNR latex

Condition:
Temperature: 353 K e
N, qas pyrgmg for 1 hour Initiator
(while stirring) < Stearyl methacrylate
(SMA)
Temperature: 353K
Reaction time : 8 hours

(while stirring) 5

Gross polymer

Removal of monomer ——>

Dry under vacuum at 323 K —=}

Reacted polymer

Removal of
homopolymer >

Grafted polymer
DPNR-graft-PSMA

Figure 2: Procedure of graft-copolymerization of Sbhto DPNR in latex stage
2.4 Particle size measurement
The particle size distribution of the rubber laterms determined by the COULTER

LS230. The particles sizes, ranging between 0.20@®um were recorded.

2.5 Differential Scanning Calorimetry (DSC)

The DSC measurements were performed with a SIl SR0/DSC 220 at a heating rate
of 10 K/min at a temperature, ranging between 158n 353 K. About 10 mg of the rubber
specimens were encapsulated in an aluminium pae.dldss transition temperaturk, was
determined as an inflection point of the tangerlied of the DSC at which a sudden drop in the
heat capacity took place. The melting temperatligzgwas determined as a peak top point, at

which the endothermic peak appeared due to melting.



Table 1: Conditions of the graft-copolymerizatidrSd/A onto DPNR in latex stage

Initiator Monome Reactior Reaction
Sample DRC
Initiator system  (mol/kg- (mol/kg- time temperature
name (W/w%)

rubber) rubber) (hour) (K)
KPS&-6.€-0.5 3C KPS 6.6 x 1(* 0.t 8 33¢
TBHP/TEPA-6.€-0.5 3C TBHP/TEPA 6.6 x 1(* 0.t 8 33¢
BPC-6.€-0.5 3C BPC 6.6 x 1(* 0.t 8 338
AIBN-6.€-0.5 3C AIBN 6.€x 1C* 0.t 8 338
DRC1(-6.€-1.C 1C TBHP/TEPA 6.6 x 1(? 1.C 8 33¢
DRC2(-6.€-1.C 20 TBHP/TEPA 6.6 x 1(? 1.C 8 33¢
DRC3(-6.€-1.C 3C TBHP/TEPA 6.6 x 1(* 1.C 8 338
DRC3(-3.2-1.C 3C TBHP/TEPA 3.3x1¢? 1.C 8 338
DPNR-graft-PSMA-0.2¢ 3C TBHP/TEPA 3.3 x10? 0.28 8 33<
DPNR-graft-PSMA-0.E 3C TBHP/TEPA 3.3x1¢? 0.t 8 33¢
DPNR-graft-PSMA-0.7¢ 3C TBHP/TEPA 3.3x1¢? 0.7¢ 8 33<
DPNR-graft-PSMA-1.C 3C TBHP/TEPA 3.3x 1(? 1.C 8 33<
DPNR-graft-PSMA-1.E 3C TBHP/TEPA 3.3x1¢? 1.t 8 33¢
DPNR-graft-PSMA-2.C 3C TBHP/TEPA 3.3x 1(? 2.C 8 33<




2.6 Fourier transforminfra-red (FT-IR) measurement

The functional group of the graft-copolymer wasified by FT-IR spectroscopy. The FT-IR
spectra were recorded with a JASCO FT-IR 410 spewiter in the range of 4000—400¢rat a
resolution of 4 cm. Two calibration curves were obtained for (1)esies of mixtures of
poly(stearylmethacrylate) (PSMA) and DPNR, and d2eries of mixtures of methyl stearate
and synthetiais-1,4-polyisoprene (IR). The overall SMA content aatty acid ester content
(C=Orotal) is calculated based on the intensity ratios ofkpat 1664 cm (C=C) and
overlapped peak at 1732 ¢nfC=0) using calibration curve (1). The fatty aeister content
(DPNR only) is calculated based on intensity pealt&4 cni (C=C) and 1740 cth (C=C)
using calibration curve (2). Then, the amount of AStbntent is normalized by subtracting the
fatty acid ester content (estimated using calibratiurve (2)) from the overall SMA content and

fatty acid ester content (estimated using calibratiurve (1)).

2.7 Tensile properties measurement

The tensile properties were measured accordingStaK8251. The film samples, with a
thickness of about 1 mm were cut with a DumbellgglthType 7. The test piece was stretched at
a crosshead speed of 200 mm/min. The data of teessand strain of the sample were plotted in

a stress-strain curve.
2.8 Transmission el ectron microscopy observations

The morphology at high magnification was observgdabtransmission electron microscope

(TEM), FEI TECNAI G2 at an accelerating voltage260 kV. Ultra-thin sections of the sample



were prepared by a Leica UC7 at 183 K, and thersélotions were placed onto the copper grid
before being subjected to the electron beam oTEd. The samples were stained with 2 w/w%

osmium tetroxide solution for 3 hours.

3.0 Resultsand discussion
3.1 Graft-copolymerization of SMA
3.1.1 Effect of initiator system

Table 2: Effect of initiator system on graft-copoigrization of SMA

SMA
Initiator Monomer DRC of Reaction
Temp unit Conversion
Sample name  (mol/kg- (mol/kg- latex time
(K) content  (mol%)
rubber)  rubber) (W/w%) (hour)
(mol%)
KPS-6.6-05  6.6x10° 0.5 30 333 8 1.86 55.51
TBHP/TEPA-6.6-0.5 6.6 X 107 0.5 30 333 8 2.91 80.56
BPO-6.6-0.5 6.6 x 107 0.5 30 333 8 0.89 26.37
AIBN-6.6-0.5 6.6 x 107 0.5 30 333 8 0.56 32.80

Table 2 shows the effect of the initiator systemtlom graft-copolymerization of SMA
onto DPNR in the latex stage, whereby the SMA oaiitent and conversion were estimated by

the following equations (1) and (2):

SMA unit content (mol%) — (Mole of SMA units in gross polymer) % 100 (1)

(Mole of cis—1,4—isoprene units)+(Mole of SMA units)

Mole of SMA units in gross polymer
( f g polymer) % 100

Conversion (mol%) = (Mol of SMA feed) (2)

10



The SMA unit content and conversion were dependpon the initiator system. They
were the highest when TBHP/TEPA-6.6-0.5 was useshasitiator. The SMA unit content and
conversion decreased with TBHP/TEPA-6.6-0.5, KRB&5, BPO-6.6-0.5 and AIBN-6.6-0.5
in that order. The SMA unit content and the coneersnay reflect the reactivity of the initiators
in the latex stage. The highest SMA unit contertt eonversion may be explained to be due to
(1) a suitable life time of organic redox initiator.e. TBHPO/TEPA-6.6-0.5 at the
polymerization temperature of 333K [16, 34-35] 48 TBHPO/TEPA may have an advantage
to form the active sites between the rubber andtjuzous interface [26-27]. In the subsequent
study, the TBHP/TEPA was used as an initiator f@ graft-copolymerization of SMA onto

DPNR in latex stage.

3.1.2 Effect of dry rubber content (DRC) and initiator concentrations

Table 3 shows the effects of the DRC and the ioitizoncentration on the graft-
copolymerization of SMA onto DPNR. The SMA unit ¢ent and conversion of SMA were
dependent upon the DRC and initiator concentrafidre SMA unit content increased as the
DRC increased, and it increased further as th&iait concentration decreased. The SMA unit
content increased as the DRC was increased, wighiels that the SMA unit content is
dependent on the amount of rubber particles parmelof latex. When less rubber particles per
volume, i.e. 10 w/w%, react with high initiator aemtration, i.e. 6.6 x 7dmol/kg-rubber, chain
transfer and side reaction may occur due to thedtion of excessive radicals. Hence, low SMA
unit content and conversion may be obtained. WhenDiRC increased, more rubber particles
per volume may proportionally react with the iniviaresulted in high SMA unit content and
conversion. The SMA unit content increased furtivsen initiator concentration decreased,

suggests that the rubber particles per volumetekJla.e. 30 w/w% DRC may react efficiently
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with the initiator concentration of 3.3 x 1@nol/kg-rubber. More radicals may form and cause
the chain transfer and side reaction at high imiti@oncentration, i.e. 6.6xf0mol/kg-rubber,
which resulted in the low SMA unit content and cersion. In previous studies, a suitable
initiator concentration, DRC and monomer conceinawvere found for various monomers, i.e.
styrene [20-21], methylmethacrylate [22], acrylatet [23] and vinyltriethoxysilane [24-25].
This implies that the SMA unit content and the aansion may be the highest at a suitable
initiator concentration, DRC and monomer conceitnatin the present study, the suitable
initiator concentration and DRC were determinetec3.3 x 1¢ mol/kg-rubber and 30 w/w%,

respectively.

Table 3: Effects of DRC and initiator concentrat@ngraft-copolymerization of SMA

SMA
Initiator Monomer DRC of Reaction
Temp unit Conversion
Sample name (mol/kg- (mol/kg- latex time
(K) content  (mol%)
rubber)  rubber) (w/w%) (hour)
(mol%)
DRC10-6.6-1.0 6.6x 1D 1.0 10 333 8 1.27 18.86
DRC20-6.6-1.0 6.6 x 1® 1.0 20 333 8 2.79 42.16
DRC30-6.6-1.0 6.6 x 1® 1.0 30 333 8 4.56 70.12

DRC30-3.3-1.0 3.3x1b 1.0 30 333 8 5.00 77.22
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3.1.3 Effect of monomer concentration
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Figure 3: Effect of monomer concentration on graipolymerization of SMA (a) Monomer
content (A\) and conversionL{) and (b) grafting efficiency<¢) of SMA ranging from 0.25 to
2.0 mol/kg-rubber
Figure 3 shows the effect of monomer concentraticarsging from 0.25 to 2.0 mol/kg-
rubber, on SMA unit content, conversion and gragfefficiency of the graft-copolymerization of

SMA. The grafting efficiency of SMA is estimated the following equation (3):

Grafti . (mol%) = Mole of SMA units linked to cis — 1,4 — polyisoprene % 100 3
rafting efficiency (mol%) = Mole of SMA units produced during graft — copolymerization ®

Figure 3(a) shows that the monomer content incceasenotonically as the monomer
concentration increased; the higher the monomecesdration, the higher the SMA unit content.
On the other hand, the conversion increased tmasimum value, i.e. 95 mol% at 1.5 mol/kg-
rubber feed of SMA, and then it decreased as thA Sdhcentration increased. The increase in

the SMA unit content may be related to the increaasb@e monomer concentration. In contrast,
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the decrease in the conversion at a low SMA conagoh may be explained to be due to the
reduced probability of encountering the SMA witle #ictive sites on the NR patrticles, whereas
the decrease at a high SMA concentration may betalibe excess amount of SMA, which

resulted in unreacted SMA. Thus, a suitable SMAceotration was determined to be 1.5

mol/kg-rubber.

The grafting efficiency decreased as the monomercemration increased, and it
remained unchanged when the SMA concentration wgeehthan 1.0 mol/kg-rubber, as shown
in Figure 3(b). The highest grafting efficiency w&® mol% at 0.25 mol/kg-rubber SMA, and it
decreased to 62 mol% at 1.0 mol/kg-rubber SMA. déerease in the grafting efficiency implies
that the homopolymerization of SMA occurs domimaméither than the graft-copolymerization
of SMA onto the surface of the NR particles. Consaly, a suitable SMA concentration was
determined to be 1.5 mol/kg-rubber at 3.3 x*1fol/kg-rubber initiator, i.e. DPNREaft-

PSMA-1.5.

3.2 Particle size distribution

Figure 4 shows the particle size distribution f&?NIR, DPNRgraft-PSMA-0.25, DPNR-
graft-PSMA-0.5, DPNRgraft-PSMA-1.5 and DPNRyaft-PSMA-2.0. The bimodal distribution
was found for NR, i.e. DPNR, as in the case of ghevious literature [28]. After the graft-
copolymerization of SMA, the particle size disttilmm became multimodal, except for the
DPNRgraft-PSMA-0.25. The shoulder peak at about |6 appeared in the major peak in the
large particle region for the DPN@aft-PSMA-0.5, DPNRgraft-PSMA-1.5 and DPNRYr aft-
PSMA-2.0, whereas it did not appear for the DPBR-PSMA-0.25. The appearance of the

shoulder peak implies that new particles are foroh@thg the graft-copolymerization. This may

14



be explained to be due to the formation of the Sihnopolymer, which corresponds with the

decrease in the grafting efficiency at high monoowercentrations, as shown in Figure 3(b).

Volume/%
[6)]
T

N\

1 1 1

0O 02 04 06 08 1 12 14 16
Particle size/um

Figure 4: Particle size distribution of (a) DPNB) DPNRgraft-PSMA-0.25, (c) DPNRyraft-

PSMA-0.5, (d) DPNRyraft-PSMA-1.5 and (e) DPNRFaft-PSMA-2.0

3.3 Fourier transforminfra-red (FT-IR) spectroscopy

The FT-IR spectra for DPNR, PSMA, and DPNRft-PSMA-1.5, ranging from 1600 to
1800 cm are shown in Figure 5. For DPNR, the absorptioakpeappeared at 1740 ¢rand
1664 cni', which were identified as the stretching vibrasiasf the ester (C=0) group of fatty
acid esters and the stretching vibrations of thbaacarbon double bond (C=C) of tbie-1,4-
isoprene units, respectively. For PSMA, the absomppeak appeared at 1730 tmwhich was
identified as the stretching vibrations of the e¢@=0) group of PSMA [29]. After the graft-

copolymerization, two overlapping absorption peapeared at 1732 ¢hand 1740 cm, and

15



one absorption peak appeared at 1664, crespectively, for the DPNBraft-PSMA-1.5. The
overlapping peaks at 1732 and 1740'cmay be identified as the peaks of the stretching
vibrations of the ester (C=0) group of the PSMA #melfatty acid ester, respectively.

In order to determine the SMA unit content of DPNfft-PSMA, a calibration line was
made in a plot of the ratio of the overlapping meak1732 cm (represented by C=@ra.) and
1740 cni* (represented by C5@) to the peak at 1664 chwversus the SMA unit content for
PSMA and DPNR, respectively. The estimated SMA aoaiitent for the DPNRyaft-PSMAS is
tabulated in Table 5. The SMA unit content was depat upon the monomer (SMA)
concentration, except for the DPMNRaft-PSMA-0.25. The SMA unit content of the DPNR
graft-PSMA-0.25 was quite high compared to that of tHeNBP-graft-PSMA-0.5 and DPNR
graft-PSMA-0.75, which was consistent with the graftieificiency shown in Figure 3. The
calculated SMA unit content is used as the weigidtion, W (w/w) of PSMA in the DPNR for

the determination of the degree of crystallinity.

1800 1750 1700 1650 1600
Wavenumber/cm-!
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Figure 5: FT-IR spectra for (a) DPNR, (b) PSMA godDPNRgraft-PSMA-3.3-1.5

Table 4: The total of fatty acid ester content &R and PSMA content (C5QraL), fatty acid

ester content of DPNR (Cx@) and PSMA content, measured against the FT-IRelon

curves
C=OrotaL C=O\r PSMA
(mmol/kg-  (mmol/kg- content
rubber) rubber) (grafted
Sample name PSMA)
(mmol/kg-
rubber)
DPNR - 27 -
DPNR-graft-PSMA-0.25 125.92 - 98.92
DPNR-graft-PSMA-0.5 80.93 - 53.93
DPNR-graft-PSMA-0.75 75.99 - 48.99
DPNR-graft-PSMA-1.0 144.28 - 117.28
DPNR-graft-PSMA-1.5 221.37 - 194.37
DPNR-graft-PSMA-2.0 246.89 - 219.89
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3.4 Differential scanning calorimetry (DSC) thermograms

Endothermic

193 213 233 253 273 293 313
Temperature/K
Figure 6: DSC thermograms for (a) PSMA (b) DPNR é&)dDPNRgraft-PSMA-0.25 (d)
DPNR-graft-PSMA-0.5, (e) DPNRyraft-PSMA-0.75, (f) DPNRgraft-PSMA-1.0 and (Q)

DPNRgraft-PSMA-1.5 (h) DPNRyraft-PSMA-2.0

The DSC thermograms for the DPNR, PSMA and grafisbgmers are shown in Figure
6. The melting endothermic peak for the neat PSM&s & single and sharp peak, with the top
was determined as the melting temperatlite,The melting peak was attributed to the melting of
crystals of the stearyl groups, since fig of PSMA was 304.1 K [30]. As for the graft-

copolymers, the melting peak appeared to be sagmifi for the DPNRyraft-PSMA-1.5 and
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DPNR-graft-PSMA-2.0, while it appeared to be weak for the BRaft-PSMA-0.25, DPNR-
graft-PSMA-0.5, DPNRgraft-PSMA-0.75 and DPNRyaft-PSMA-1.0.

The T, and degree of crystallinity (w/w%) of the PSMA dt@n in 100% PSMAXc,
pava and in the graft-copolymeXc oc are tabulated in Table 5. Th& psua Was calculated
based on the ratio of the heat of fusion of thestalline PSMA fraction to that of the neat
PSMA, which was taken as 142.1 J/g (48.1 kJ/mdl],[By assuming 100% crystallization of
the 18 CH, as expressed by the following equation (4):

AH
(PSMA)
Xcpsma W/w%) = M reat vt x 100 (4)
nea

In the graft-copolymer of PSMA with a weight framii W (w/w), the X¢, cc was

calculated by the following equation (5):

_ XC,GC
XC,GC(W/W%) = W x 100 (5)

The T, increased as the SMA concentration increased andlid¢ the degree of
crystallinity (w/w%). TheT,, increased positively from 304 K (neat PSMA) to 30K (DPNR-
graft-PSMA-3.3-2.0). Furthermore, th&: pgua and Xc, cc in the DPNRgraft-PSMA-1.5 were
the highest, at about 7.41 w/w% and 0.5 w/w%, retbgely. The increase iy, Xc, pswa @andXc,
cc may be explained to be due to the increase in 8dAfractions in the DPNR. Thus, the
crystallinity of the PSMA fraction in the DPNR ixpected to contribute to the mechanical

properties of the rubber, i.e. the tensile properfB2].

3.5 Tensile strength
Figure 7 shows the plots of the stresssus strain for (a) DPNR, (b) DPNBFaft-

PSMA-0.25 and (c) DPNRraft-PSMA-1.5, respectively. The stress for the DPHiBH-
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PSMA-0.25 and DPNRyaft-PSMA-1.5 increased abruptly at a strain of 3 comgdo that of
DPNR. The increase in the stress at a strain ofa8 @ependent on the SMA unit content,
whereby the value of the stress at a strain ofr3hfe DPNRgraft-PSMA-1.5 was higher than
for the DPNRgraft-PSMA-0.25. As reported previously, the increas¢him stress at a strain 3
was attributed to the crystallization of the rubbarstraining [32]. The crystallization started at
strain 3, and then it is abruptly increase andceatble at strain 5 because the crystallization may
continue at this strain. Thus, the abrupt increagsbe DPNRgraft-PSMA-1.5 and DPNRyraft-
PSMA-0.25 may be explained to be due to the siralneed crystallization promoted by the
nucleating effect of the linked SMA. Furthermotteg tvalue of the stress at break for the DPNR-
graft-PSMA-1.5 was remarkably high, i.e. 13 MPa, as caegdo 7 MPa for the DPNRBraft-
PSMA-0.25, and 5 MPa for DPNR. In contrast, thaistat break for the DPNBraft-PSMA-

1.5 was the lowest among the samples. In previdudies for polystyrene-grafted DPNR
(DPNRgraft-PS), it was found that the stress and strain atkbveere related to the grafting
efficiency [33]. However, in the present study RIPNR-graft-PSMA, the stress at break was
significantly improved, despite the low graftindieiency. This may strongly indicate that the
linked SMA plays an important role in the straimhilced crystallization, which resulted in the

outstanding mechanical properties.
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Table 5: Thermal behaviour for PSMA, DPNR and gcafbolymers

Degree o Degree o
Amount  Amount crystallinity crystallinity
Weight
Tg (DPNR) Tm(PSMA) of PSMA of PSMA AH(TotaI) AH(PSMA) (W/W%), (W/W%),
fraction,
(K) (K) (mmol/kg-  (g/kg- (J/9) (J/9) Xc, pavia Xe,ac
W (wiw)
rubber) rubber) (in 100% (in graft-
PSMA) copolymer)
DPNR 205.¢ - - - - - - -
PSMA - 304.] - - - 44 ¢ - - -
DPNR-graft-PSMA-0.2¢% 205.¢ 304.¢ 98.9: 33.4¢ 0.0z 0.0¢ 2.7¢ 1.9t 0.0¢
DPNR-graft-PSMA-0.E 205.7 305.7 53.9¢ 18.2¢ 0.0z 0.0z 1.67 1.1¢ 0.0z
DPNR-graft-PSMA-0.7% 205.7 306.( 48.9¢ 16.5¢ 0.0z 0.0 2.4t 1.7¢ 0.0¢
DPNR-graft-PSMA-1.C 205.¢ 306.( 117.2¢ 39.7( 0.0 0.0¢ 1.57 1.11 0.0
DPNR-graft-PSMA-1.E 205.¢ 306.2 194.37 65.8( 0.0¢ 0.6t 10.5¢ 7.41 0.4¢
DPNR-graft-PSMA-2.C 204.¢ 306.2 219.8¢ 74.4¢ 0.07 0.52 7.5C 5.2¢ 0.37
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Figure 7: Stress-strain curves for (a) DPNR, (bNBRyraft-PSMA-0.25, and (c) DPNRFaft-
PSMA-1.5.

3.6 Morphology of DPNR-graft-PSVIA by TEM

(a)

(€)

Figure 8: TEM images for (a) DPNR film (5000x mdgration) (b) DPNRgraft-PSMA (5000x

magnification) (c) expanded TEM image for DPNRxt-PSMA (20000x magnification).

Figure 8 shows the TEM images for DPNR and DR&t-PSMA-1.5. For DPNR
(control), the bright domain represents the DPNRigas; the dark domain represents the

remaining non-rubber components. Whilst, for DPYBH-PSMA-1.5, the shades of the
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domains were contrast, in which, the dark domapragents the DPNR particles and bright
domain represents PSMA. The dark DPNR particlesalmfut 1 um in average were well
dispersed in the bright PSMA matrix of about 2080 in thickness. The morphology showed
that the nanomatrix structure is formed by graftadgmerization of SMA onto DPNR in latex
stage. Hence, the nanomatrix structure as welasticleating effect of PSMA may contribute

to the outstanding mechanical properties of natuaber.

4. Conclusion

DPNR-graft-PSMA was prepared by the graft-copolymerizatiorSdfA onto DPNR in
latex stage in the presence of TBHP/TEPA as amaiait The highest conversion of 95 mol%
and grafting efficiency of 62 mol% were achieved Bi°’NR-graft-PSMA-1.5 under the optimal
conditions of 3.3x1® mol/kg-rubber of initiator, 1.5 mol/kg-rubber oM#& and 30 w/w% of
DRC. The SMA unit content anti, were 194 mmol/kg-rubber and 306.3 K, respectivElye
degree of crystallinity (w/w%) of the PSMA fraction the graft-copolymer, i.e. DPN&-aft-
PSMA-1.5, was the highest at about 0.5 w/w%. Bage@EM images, the nanomatrix structure
was formed for DPNRyaft-PSMA, whereby the DPNR particles were dispersedtha
nanometer thickness of PSMA matrix. The highessstrat break of 13 MPa was achieved for
DPNRgraft-PSMA-1.5, which was about three times as highhas of DPNR. The abrupt
increase in the stress at a strain of 3 may beasadl to be due to the nucleating effect of the
grafted PSMA, i.e. the crystallizable stearyl greufi is, therefore, concluded that the strain-

induced crystallization of the DPNgaft-PSMA is promoted by the effect of the PSMA.
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POLYMER-15-1457

Preparation and characterization of poly(stearyl methacrylate) grafted natural rubber in
latex stage

Highlights:

DPNR-graft-PSMA was successfully prepared by the graft-copolymerization of
SMA onto DPNR in latex stage.

The highest conversion of 95 mol% and grafting efficiency of 62 mol% were
obtained.

The melting temperature, Ty, and degree of crystallinity, w/w% increased after
graft-copolymerization.

The nanomatrix structure was formed and the highest stress at break of 13 MPa
was achieved. The abrupt increase in the stress at a strain of 3 may be due to
the nucleating effect of the crystallizable stearyl groups.

The strain-induced crystallization of the DPNR-graft-PSMA is promoted by the
effect of the PSMA.



