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ABSTRACT: The crystallization of highly purified natural rubber (NR) was investigated by polarized light micros-

copy. NR was deproteinized with proteolytic enzyme in the presence of surfactant and further purified by acetone-ex-

traction followed by transesterification to remove all mixed and linked fatty acids present in NR. The rubber was frac-

tionated and characterized by size exclusion chromatography, 1H and 13CNMR spectroscopy. Fractionated rubbers

were crystallized at 252–258K, in which spherulite was observed. The estimated nucleation and growth rates depended

on supercooling. Surface free energies were determined for highly purified NR. Nucleating effect of fatty acids on the

crystallization was proved by change in the surface free energy after removing and/or adding fatty acids.
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Natural rubber (NR), obtained from Hevea brasi-
liensis, crystallizes below ambient temperature,1

which may depend on the long sequence of cis-1,4
isoprene repeating units,2 branching structure, and
non-rubber components such as proteins and phospho-
lipids present in NR.3 The rapid crystallization of NR,
compared to synthetic analogous, is a long-standing
puzzles, due to little information on the effects of
branching structure and non-rubber components on
crystallization behavior. Recently, we proposed the
fundamental structure of NR, that is, !-terminal,
two trans-1,4 isoprene units, about 1,000–5,000 cis-
1,4 isoprene units and �-terminal linking up with
two or three fatty acids per rubber chain, aligned in
that order.4 Structural studies using NMR spectrosco-
py suggest that the !-terminal contains a functional
group composed of modified dimethylallyl group,
which forms branch points through hydrogen bonding
between proteins, while the �-terminal consists of a
phospholipid group, which forms chemical branching
points. These hypothetical branching points, forming
three-dimensional network structure, are shown in
Figure 1. These branching points may be formed dur-
ing preservation of NR as ammoniated latex, since gel
content of NR increases from less than 1w/w% of
fresh latex to more than 50w/w% in high ammonia
latex stored longer than 8weeks.5

Crystal growth of NR has been studied by transmis-
sion electron microscopy (TEM) of stained thin films,
prepared from fractionated rubbers having various
molecular weights.6 For these fractionated rubbers,
molecular weight was found to be a function of the
number of branching points.7 Thus, growth rates re-
ported by Phillips should include the effects of not on-

Figure 1. Presumed structure of branching points in natural

rubber.
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ly the molecular weight and supercooling but also the
number of branching points. In view of the effects of
branching points in NR on the crystallization behav-
ior, it is quite important to prepare purified NR com-
posed of linear rubber chains.
To investigate the effects of molecular weight and

supercooling on the crystallization of NR, we pre-
pared NR composed of linear chains. In previous stud-
ies,8,9 we removed almost all proteins in NR using a
proteolytic enzyme in conjunction with a surfactant.
Phospholipids in NR were decomposed by a transes-
terification with sodium methoxide.8 Based on the
proposed backbone structure, the rubber should be a
linear molecule.10 In the present study, we investigate
the crystallization of the highly purified NR. Crystal
nucleation and growth for fractionated rubbers and
highly purified rubber mixed with stearic acid are ob-
served by polarized light microscopy.

EXPERIMENTAL

The natural rubber (NR) latex used in this study
was fresh field latex obtained from Malaysia. The la-
tex was immediately subjected to enzymatic deprotei-
nization through incubation with 0.04w/v% proteo-
lytic enzyme (Novo Nordisk Alcalase 2.0T) and
1w/v% sodium dodecyl sulfate (SDS) for 12 h at
311K followed by centrifugation. The cream fraction
was re-dispersed in 1w/v% SDS to make 30w/w%
dry rubber content (DRC) latex and was washed twice
by centrifugation to prepare deproteinized natural rub-
ber latex. The rubber was recovered by centrifugation
followed by coagulation with methanol and dried un-
der reduced pressure at ambient temperature until a
definite weight was achieved.
The rubber was extracted with acetone in a Soxhlet

for 24 h under nitrogen atmosphere. Transesterifica-
tion of the acetone-extracted rubber was carried out
in toluene with fresh sodium methoxide under nitro-
gen atmosphere. The transesterified natural rubber
(NRTE) was fractionated using toluene and methanol
into five fractions: fraction 1 (Fr1), fraction 2 (Fr2),
fraction 3 (Fr3), fraction 4 (Fr4), and fraction 5
(Fr5). The fractionated rubbers were dried under re-
duced pressure at room temperature.
Measurements of molecular weight and molecular

weight distribution of the rubbers were made with a
TOSOH GPC, consisting of a TOSOH CCPD pump,
RI-8012 differential refractometer and UV-8011 UV
detector. A column with an exclusion limit of about
4� 107 was used. Measurement was made at 303K
and flow rate of the mobile phase, THF, was 0.5
mL/min.

1HNMR measurement was carried out using a
JEOL EX-400 NMR spectrometer operating at

399.65MHz. The polymer was dissolved in ben-
zene-d6. The measurement was carried out at 323K
at pulse repetition times of 7 s.
Crystallization of the fractionated rubbers was ob-

served by polarized light microscopy (PLM), using a
Nikon Eclipse E600 POL. The sample, sandwiched
between two cover glasses, was placed on a cooling
stage (Linkam LK 600PM) whose temperature control
was maintained within 0.1K. The sample was heated
at 323K to melt the preexisting crystals before crys-
tallization. The melted rubbers were crystallized at
252–258K. The number of spherulites near the center
of the sample was counted by PLM, while the size of
the spherulites was measured as the longest ellipsoidal
diameter. Melting temperature was determined at a
heating rate of 1K/min after crystallization. Temper-
ature was calibrated using standard materials, indium
and linoleic acid. To observe spherulites, observation
was limited to the earlier stage of crystallization.
Melting behavior of the fractionated rubbers was

examined with a DSC 220 by Seiko Instruments
Inc., calibrated with standard indium and linoleic acid
before measurement. The polymer packed into an alu-
minum pan was heated at 353K to melt preexisting
crystal before crystallization. The melted polymer
was cooled to the crystallization temperature as soon
as possible with liquid nitrogen and crystallized. After
crystallization, DSC measurement was made from
153K to 373K at a heating rate of 10K/min. Melting
temperature was determined as a peak top of the melt-
ing endotherm of the DSC thermogram.

RESULTS AND DISCUSSION

Characterization
Chain-end groups of the lowest molecular weight

fraction were analyzed by 1HNMR spectroscopy, as
shown in Figure 2. The major signals characteristic
of NR appearing at 1.76, 2.10 and 5.13 ppm were as-
signed to methyl, methylene and unsaturated methyne
protons of cis-1,4-isoprene repeating units, respective-
ly. Small signals were observed at 1.66–1.76 ppm.
These were assigned based on signals observed in
model compounds, well characterized in previous
studies,7,10,11 as shown in Figure 2. Two signals at
1.66 and 1.75 ppm were assigned to methyl protons
of isoprene units in the trans–trans–cis triad sequence
at the !-terminal11 and cis–cis-� present at the �-ter-
minal,7,10 respectively. The signal of the methyl pro-
ton due to !-trans–trans sequence, expected to appear
at 1.68 ppm, was not observed in the spectrum. This
may be explained as due to chemical modification
of the !-terminal, inferred from plausible structures
for modified dimethylallyl-groups, i.e., methylene-
carbon atoms in dimethylallyl groups linking up with
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an unidentified functional group. As an index of resid-
ual protein in deproteinized NR, we measured nitro-
gen content, N%, which was less than 0.02%, suggest-
ing the decomposition of almost all proteins, based on
previous work.8

Size exclusion chromatogram (SEC) for fractionat-
ed rubbers is shown in Figure 3. A unimodal, symmet-
rical peak was observed for all fractions, as reported
previously.10 The number average molecular weight,
Mn, weight average molecular weight, Mw, and poly-
dispersity, Mw=Mn, of fractionated samples were esti-
mated from intensity and elution volume of the peak
using a calibration curve drawn with standard polysty-
rene samples; values of Mw and Mw=Mn are tabulated
in Table I. Mw of the fractionated rubber ranged from
6:76� 104 to 1:11� 106.
Mn determined by SEC for the lowest molecular

weight fraction was converted to that of polyisoprene
(PI) using an empirical expression, as reported by
Subramaniam:12

logMn,PI ¼ 0:185þ 0:950 logMn ð1Þ

Estimated Mn,PI shown in Table I is quite similar to
Mn,NMR estimated from the intensity ratio of methyl
proton signals of cis–cis–cis to trans–trans–cis se-
quence, assuming that a linear chain contains two
trans-1,4 units and long sequence of cis-1,4 units.7,11

This supports that purified NR is composed of linear
chains.

Crystallization of the Fractionated Rubbers
Crystallization of fractionated rubbers was exam-

ined by polarized light microscopy (PLM). Typical

Figure 2. 1HNMR spectrum of Fr5.
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Figure 3. Size exclusion chromatogram for fractionated rub-

bers.
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micrographs for Fr4 are shown in Figure 4. Small
spherulites appeared after induction, and size increas-
ed with crystallization time, t. The spherulites showed
a Maltase-cross observed by PLM, suggesting that ra-
dial growth of the spherulites occurs during crystalli-
zation. This is consistent with the spherulites observed
by Andrews using TEM.13 Typical changes in the
number of spherulites per unit volume, �, and size,
a, for Fr4 vs. time are shown in Figures 5 and 6, re-
spectively. � increased gradually and then linearly in
the steady nucleation period, while a increased linear-
ly, as shown in Figure 6. Thus, we estimated the nu-
cleation rate, I, as the slope in the plot of � vs. time
and growth rate, V , as the slope in the plot of a vs.
time.
Table II lists data of melting temperature, Tm, for

Fr1, determined by PLM and DSC. At any crystalliza-
tion temperature, Tm determined by PLM was similar
to that determined by DSC. Thus, Tm

0 was estimated
from Tm determined by PLM. Tm was plotted against
reciprocal lamellar thickness, l, where l is a function
of crystallization temperature, Tc, according to Dalal

15

as follows;

l ¼ 9:93þ 0:228Tc þ 0:297� 10�2Tc
2 ð2Þ

Lamellar thickness and Tm of purified natural rubber
were similar to the corresponding values for untreated
natural rubber.14 As shown in Figure 7, Tm was inde-
pendent of molecular weight and proportional inverse-
ly to l, as,

Tm ¼ Tm
0 1�

2�e

�hfl

� �
ð3Þ

where �hf is heat of fusion per unit volume of a crys-
tal and �e fold surface free energy. In terms of Eq 3,
we made an extrapolation of the linear line of Tm
vs. 1=l to 1=l ¼ 0. Estimated Tm

0 was 309K, similar
to Tm

0, i.e., 308.7K reported by Dalal.15 Using
�hf ¼ 6:4� 107 Jm�3 reported by Kim and Mander-
kern16 and Tm

0 ¼ 309K, �e was estimated from the
slope of the line to be 0.024 Jm�2.
Figure 8 shows plots of logarithmic V vs. 1=T�T ,

for Fr1, Fr2, Fr3 and Fr4 reported in our previous pa-
per,17 where T is absolute temperature, �T supercool-
ing, or �T ¼ Tm

0 � T . The logarithmic V was inver-
sely proportional to T�T , and decreased with

molecular weight. V is expressed as,

lnV ¼ lnV0 � ðKV=T�TÞ ð4Þ

KV ¼ 4��eTm
0=3k�hf ð5Þ

where � is lateral surface free energy, k Boltzmann
constant, 3 due to three dimensional growth for spher-
ulite. Equations 4 and 5 suggest that the slope of the
line in plots of lnV vs. 1=T�T is a surface free energy
term. Since the slope of the line was the same for all

Table I. Mn, Mw=Mn, and N% for fractionated rubbers

Specimen Mw/10
4 Mw=Mn Mn,PI/10

4 Mn,NMR/10
4 N%

Fr1 111 2.5

Fr2 89.9 3.1

Fr3 65.6 2.1

Fr4 33.6 1.8

Fr5 6.76 1.6 6.09 5.5 0.019

0min

150min

10µm
180min

Figure 4. Polarized light micrographs for Fr4 crystallized at

252K.
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fractions, as shown in Figure 8, we estimated � to be
0.013 Jm�2. This is in good agreement with the re-
ported value19 of 0.014 Jm�2. Phillips6 reported that
�e depended on molecular weight but � did not. How-
ever, in the present study, we found that not only �e
but also � were independent of molecular weight, as
in the case of polyethylene. Since, in the present
study, we removed almost all proteins and phospholi-
pids in natural rubber, most branching points should

decompose. Consequently, it may be concluded that
�e and � are independent of molecular weight. In
Figure 8, the linear line moves downward as molecu-
lar weight increases. lnV0 in Eq 4 may thus be a func-
tion of molecular weight. This is due to the nature of
V0 that reflects topological diffusion of crystalliza-
tion.20

A semi-logarithmic plot of I vs. 1=T�T2, for Fr1,
Fr2, Fr3 and Fr4 is shown in Figure 9. Logarithmic
I was inversely proportional to T�T2 and slope de-
pended on molecular weight. Thus, we applied the fol-
lowing expression18 to the temperature dependence of
logarithmic I, since there was a possibility of hetero-
geneous nucleation.

ln I ¼ ln I0 � ðKI=T�T2Þ ð6Þ

KI ¼ 16��eð��ÞðTm0Þ2=k�hf
2 ð7Þ

where �� ¼ � þ �0N � �N , �0N is interfacial free en-
ergy between rubber crystals and substrate, and �N in-
terfacial free energy between rubber melt and sub-
strate. �� must be less than 2� and, practically, is
2� for homogeneous nucleation. Estimated � and
�� are tabulated in Table III. �� was small, demon-
strating heterogeneous nucleation. Thus, as a nucleat-
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Figure 5. Number of crystals per unit volume, �, for Fr4 at

crystallization temperature of ( ) 250K, ( ) 252K, ( ) 254K,

( ) 256K, and ( ) 258K.
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Figure 6. Size of crystal, a, for Fr4 at crystallization temper-

atures of ( ) 250K, ( ) 252K, ( ) 254K, ( ) 256K, and ( )

258K.

Table II. Melting temperature, Tm, for Fr1, determined by

PLM and DSC

Tc
a Tm,PLM Tm,DSC

(K) (K) (K)

260 278.3

258 277.5 277.6

256 276.5 276.7

254 275.3 275.6

252 274.0 274.7

250 273.4

248 272.3

aCrystallization temperature of rubber.
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m
 / 
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Figure 7. Plots of Tm vs. 1=l for ( ) Fr1, ( ) Fr2, ( ) Fr3,

and ( ) Fr4.
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Figure 8. Semi-logarithmic plots of growth rate vs. 1=T�T

for ( ) Fr1, ( ) Fr2, ( ) Fr3, and ( ) Fr4, quoted from Ref. 17

in a rearranged style.
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ing index, ��=� was estimated and is shown in
Table III. ��=� increased as molecular weight de-
creased. Since we removed the proteins, phospholi-
pids and fatty acids from natural rubber, change in
��=� may be due to unknown nucleating agents pres-
ent in the rubber.

Heterogeneous Nucleation of the Rubber
To confirm the difference between the fatty acid

and unknown nucleating agent, the transesterified
NR (NRTE) mixed with 1w/w% stearic acid
(NRTE–St) was used, in which NRTE was purified
rubber before fractionation. Semi-logarithmic plots
of V vs. 1=T�T are shown in Figure 10. The slope
and point of intersection of the line for NR were al-
most similar to those for NRTE and NRTE–St. This
implies that, both �e and � are independent of molec-
ular weight and fatty acids. Semi-logarithmic plots of
I vs. 1=T�T2 are shown in Figure 11. Logarithmic I

for NR was different from that for NRTE and
NRTE–St. The slope of the line for NR was identical
to the slope for NRTE–St, but different from the slope
for NRTE.
��=� for NR, NRTE and NRTE–St is shown in

Table IV. ��=� for NRTE was about 5 times that
for NR. Since�� represents the ability of a nucleating
agent, the difference in ��=� clearly indicates that
fatty acids play the role of a nucleating agent. ��=�

for NRTE–St was 0.016, similar to ��=� for NR
and considerably less than for NRTE. Heterogeneous
nucleation may thus be due to the effects of fatty
acids. Comparing��=� for NRTE and NRTE–St with
those for fractionated rubbers, it is obvious that Fr1
contains more effective nucleating agent, while Fr4
less effective nucleating agent. Since the fractionated
rubber was confirmed to contain less fatty acid, the ef-
fects of unknown nucleating agents on the rubber are
suggested, even after transesterification. Stearic acid

–30
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–5

1 1.2 1.4 1.6 1.8 2
106/ [T(∆T )2] K–3

ln
(I

  /
µm

-3
s-1

)

Figure 9. Semi-logarithmic plots of nucleation rate vs.

1=T�T2 for ( ) Fr1, ( ) Fr2, ( ) Fr3, and ( ) Fr4.

Table III. Observed � and �� for fractionated natural

rubber

Specimen
� �� ��=�

(10�2 Jm�2) (10�4 Jm�2) (10�2)

NRa 1.4

Fr1 1.3 3.1 2.4

Fr2 1.3 6.5 5.0

Fr3 1.3 7.4 5.7

Fr4 1.3 8.5 6.6

a� reported by Phillips.6
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Figure 10. Semi-logarithmic plots of growth rate vs. 1=T�T

for ( ) natural rubber (NR), ( ) transesterified NR (NRTE),

and ( ) NRTE mixed with 1w/w% stearic acid (NRTE–St).
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Figure 11. Semi-logarithmic plots of nucleation rate vs.

1=T�T2 for ( ) natural rubber (NR), ( ) transesterified NR

(NRTE), and ( ) NRTE mixed with 1w/w% stearic acid

(NRTE–St).

Table IV. ��=� for NR, NRTE and NRTE–St

Specimen ��=� (10�2)

NRa 2.1

NRTEb 9.7

NRTE–Stc 1.6

aNatural rubber; bTransesterified

natural rubber (NRTE); cTrans-

esterified natural rubber mixed with

1w/w% stearic acid (NRTE–St).
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was found a better nucleating agent than unknown nu-
cleating agents.

CONCLUSIONS

The crystallization of NR purified by deproteiniza-
tion followed by transesterification was investigated
by polarized light microscopy, in which spherulites
were observed. The number and size of spherulites
for purified NR increased linearly with crystallization
time after induction. Based on these findings, we esti-
mated nucleation rate, I, and growth rate, V , of crys-
tals. These were inversely proportional to T�T2 and
T�T , respectively, as in the case of polyethylene.
The side surface free energy �, as well as fold surface
free energy �e, are thus independent of fatty acids.
Only �� depended on fatty acids and unknown nucle-
ating agent. Fatty acids such as stearic acid were more
effective as nucleating agents than unknown nucleat-
ing agents.
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