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The microscopic structures of natural rubber (NR) and deproteinized NR (DPNR) were investigated by means of
small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), and atomic force microscopy (AFM).
They were compared to those of isoprene rubber (IR), which is a synthetic analogue of NR in terms of chemical
structure without any non-rubber components like proteins. Comparisons of the structure and mechanical properties
of NR, DPNR, and IR lead to the following conclusions. (i) The well-known facts, for example, the outstanding
green strength of NR and strain-induced crystallization, are due not much to the presence of proteins but to other
components such as the presence of phospholipids and/or the higher stereoregularity of NR. It also became clear
the naturally residing proteins accelerate the upturn of stress at low strain. The protein phases work as cross-
linking sites and reinforcing fillers in the rubbery matrix. (i) The microscopic structures of NR were successfully
reproduced by SANS intensity functions consisting of squared-Lorentz and Lorentz functions, indicating the presence
of inhomogeneities in bulk and thermal concentration fluctuations in swollen state, respectively. On the other
hand, IR rubbers were homogeneous in bulk. (iii) The inhomogeneities in NR are assigned to protein aggregates
of the order of 200 A or larger. Although these aggregates are larger in size as well as in volume fraction
than those of cross-link inhomogeneities introduced by cross-linking, they are removed by deproteinization. (iv)
Swelling of 2oth NR and IR networks introduces gel-like concentration fluctuations whose mesh size is of the
order of 20 A.

1. Introduction cently, these non-rubber components of NR have been believed
to be a factor to improve the mechanical properties of NR, and
Natural rubber (NR) is a unique biomass. It is only one some of these were examined in how they interact with NR
polymeric hydrocarbon among many biopolymers whose source main chair?16-20 However, no reports on the direct morpho-
is almost alwaysHevea brasiliensis It is one of the most  |ogical evidence of non-rubber components in solid have been
important industrial materials among many polymeric ones. For published as far as we know.

example, NR is indispensable for pneumatic tires, especially  the presence of long-range inhomogeneities in rubbers, called
the tires for heavy-duty uses, for ex?‘mp'_e’ t|res_ fo_r ‘%"Cfaf_ts cross-linking inhomogeneities (or heterogeneities), has been
and hea\z/y trucks, and for rubber bearings in a seismic isolation g ynized as an important part in determining the mechanical
systent: Also, thin NR films manufactured from NR latex, properties of rubber¥;24 These inhomogeneities are inevitably

L?(r)n?):;in;gllee{nzuhrg;tarll gé?gifélc?;ne?r(;@:,r airr]nd (;lrjtg?ﬂntgtl;?; Ilsn introduced by cross-linking. Small-angle neutron scattering
’ yImp " (SANS) has been one of the major tools to investigate the

This versatility of NR in both industrial and hygienic applica- structure of polymeric systems since its first application to

tions is ascrlbgble to its toughness based on its OUtStand.mgpolymer science in 197225 Both hydrogen/deuterium (H/D)
tensile properties and excellent crack growth resistance, which . . .
labeling and H/D contrast matching techniques allow one to

are assumed to be due to its ability to crystallize upon - - . . : .
113 determine the size, orientation, and conformation of targeting
stretching! i : L
polymer chaing” Hence, the inhomogeneities in rubbers can

On the other hand, it is well known that NR contains non- o . . ; .
! o be amplified and visualized by swelling the rubber with a
rubber components such as proteins, phospholipids and fattydeuterated solvent as are the cases of polymerBels.

acids, carbohydrates, and inorganic substateEsUntil re- A ] i
In this study, SANS was used for the first time for

morphological study of uncross-linked NR. Small-angle X-ray
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yuko@kit.jp (Y.1.). scattering (SAXS) and atomic force microscopy (AFM) were
T The University of Tokyo. also performed to support the SANS results. To discuss the
#Kyoto Institute of Technology. relationship between the structure and mechanical properties

§ i i . . . .
; gﬁgg”'vers'w' of uncross-linked NR, tensile testing was carried out. Although
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Table 1. Results of Elemental Analysis

rubber samples

NR DPNR IR
carbon (wt %) 85.82 87.39 87.75 g
hydrogen (wt %) 11.80 11.88 12.04 z
nitrogen (wt %) 0.56 0.00 0.00 >
w2

Thus, solid NR including deproteinized NR (DPNR) was

employed in this work as well as isoprene rubber (IR), that is,
a synthetic analogue of NR. Cross-linked NR and IR were also
used for SANS experiments to elucidate cross-link inhomoge-

neities and local network structure. a
Figure 1. Stress-elongation ratio curves of NR, DPNR, and IR at
room temperature.

2. Experimental Section

used for obtaining two-dimensional SAXS patterns and then circularly

2.1. Rubber SamplesRaw rubber, that is, NR (RSS No. 1 from averaged. The observed scattering intensity was corrected for empty
Indonesia), DPNR (DPNR 6110, Sumitomo Rubber Co.), and IR (IR gea. o 9 y P
.beam and transmission.

2200, JSR Co.), were used as received. The results of elemental analysis .
2.7. Small-Angle Neutron Scattering (SANS) Measurement.

for these uncross-linked rubbers are shown in Table 1, which was . ) .
performed at the Center for Organic Elemental Microanalysis, Kyoto Small-angle ”6‘4”0” scatte'rmg (SANS) gxpenmentg were carried out
University. Because of the difficulty of quantitative analysis for P, S, 3L SANS-U, Institute for Solid State Physics, The Unlvers_lty of Tokyo.
and other elements in NR, only the contents of C, H, and N in NR are The wavelength was 7.00 A. The sample-to-detector distances were
shown in Table 1 Becau’se NR is of very high’mc’)Iar mass. it was chosen to be 2.00 and 8.00 m. The scattered intensity was collected
subjected to a two-roll milling (for ca. 5 min at room temperat'ure) to with an area detector and then circularly averaged. The details of the
instrument and data reduction are given elsewPfeteDry and swollen

obtain lower viscosity NR (NRO). | ith d . | bi 4 10 SANS
2.2. Cross-Linked Rubber SamplesPeroxide-cross-linked NR and samples with deuterium-toluene were subjected to '

IR samples were prepared as follows: NR or IR was mixed with
dicumyl peroxide (DCP) on a two-roll mill. The mix was cured under 3. Results and Discussion
a heat-pressing at 15% for 30 min in a mold to give a cross-linked

;‘;}2‘3\‘;: isnhiztb?; ; :‘)memg‘cv?tshshl:l\‘forriiﬂ;sno(‘;;R_a”iézzir;s aré  3.1. Mechanical PropertiesFigure 1 shows stress-elongation
t swelling of th g9 e | sityand deg ratio curves of the so-called “green” NR, DPNR, and IR films
of swelling of the cross-linked sampleg, . at room temperature, that is, uncross-linked NR, DPNR, and

2.3. Tensile MeasurementTensile measurement was carried out ) - . “ "

at room temperature (ca. 2&) using a custom-made tensile tester IR films. The ulimate tgnSIIe stresses (“green strength’) of NR
(ISUT-2201, Aiesu Giken Co., Kyoto). Ring-shaped rubber samples and DPA\,!R_ are ml_JCh higher than Izhat_of IIR' Note tha('; th_e grehen
were subjected to the tensile measurement. The inner and outerStrengt . IS ar_l important mechanical prope_rty uring the
processing of tires. For both NR and DPNR films, the stress

diameters of the samples were 11.7 and 13.7 mm, respectively. Thet ¢ e
stretching speed was 100 mm/min. The elongation ratigs defined increased up to the break, ascribable to the strain-induced

asa = I/lo, wherel, and| are the sample lengths before and after Crystallization (SIC), via a flat region at the intermediats.
deformation, respectively. From the results of tensile properties, the On the other hand, IR has a very low elongation and strength
network-chain density was estimated on the basis of the classical at break. The stress of IR increased initially and leveled off
theory of rubber elasticity using the equatiors vkT(a. — 1/a2), where abovea ~ 2. Because IR does not possess any non-rubber
o is the stressk is the Boltzmann constant, andl is absolute components originated from the plaktevea brasiliensisand
temperaturé? the stereoregularity of thes-1,4-configuration is not as perfect

2.4. Swelling MeasurementThe degree of swelling in volume, as NR, the green strength is poor. When the tensile properties
of the peroxide-cross-linked rubber was measured. The sample speci-of uncross-linked NR film are compared to those of uncross-
mens were swollen in toluene at 25 for 3 h, and their volume change  linked DPNR, it is noted that an increase of stress occurred at
was measured using CCD camera (VC1000 Digital Fine Scope, smaller a’'s in NR than DPNR. Generally, the increase of
OMRON Co.). The degree of swelling was calculated using the equation network-chain density in the rubber networks accelerates the
Q = VJ/Vo, whereVo andVs are the volumes before and after swelling,  ypturn of stress due to SIC in the stress-elongation curves.
respectively. _ _ _ Therefore, the difference in the stress-elongation behaviors

2.5. Atomic Force Microscopy.Atomic force microscopy (AFM) between the NR and DPNR films shown in Figure 1 can be
observation was conducted using a SPM-9600 scanning.probe micro'ascribed to the presence of proteins in the NR matrix, where
\fvceorgeN(glﬂIIQM&?AZIQ%\(;V(;)FQiﬁDSO\?Vrf?OLeemSper:’l’?tuLi-nlpa?ltczggli\e/:gsl’l::s: the protein phases work as both cross-linking sites and fillers.
; pring col Because the upturn of the stress of NR is due to the SIC behavior
requency were 40 N/m and 300 kHz, respectively. Phase mode was - . -

of polyisoprene segments, the observed results in this study were

utilized for the observation. Force curve data were recorded for256 . d t with th f t studi the SIC
256 points at a two-dimensional surface. The surface of each sampleIn good agreement wi 0S€ of our recent studies on the

was prepared by breaking the frozen specimen after cooling in liquid- Of Sulfur-cross-linked NR and peroxide-cross-linked NR during
nitrogen. in situ deformation: The sulfur-cross-linked NR crystallized
2.6. Small-Angle X-ray Scattering (SAXS) MeasurementSAXS much faster than IR during the post-stretch relaxation in the
measurement for dry NR film was carried out at BL40B2 beam line in range of 8 $Zand peroxide-cross-linked NR progressed at lower
SPring-8 at room temperature. The wavelength of X-ray was 1.5 A, strain with the increase of network-chain densityAlthough
and the camera length was ca. 3 m. The sample thickness was ca. 1.8lifferences in the mechanical properties between NR and IR
mm. The exposure time was 10 s. A 380300 mn¥ square imaging are well known, the superiority of NR to IR has been little
plate with the resolution of 0.1 mm/pixel (Rigaku R-axis\} was understood from microscopic points of view. CDV
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Table 2. Recipe and Properties of the Cross-Linked Rubber Samples

sample code
NRO2 NR0O6 NR10 NR30 IR02 IR06 IR10 IR30
rubber 100 100 100 100 100 100 100 100
DCP2 (phrb) 0.2 0.6 1.0 3.0 0.2 0.6 1.0 3.0
V¢ x 10* (mol/cm?) 0.40 0.85 0.94 2.04 0.33 0.80 1.07 2.12
Q 12.7 6.5 6.4 4.0 10.7 5.6 5.9 3.8

a Dicumyl peroxide. ? Part per one hundred rubber by weight. ¢ Determined on the basis of classical theory of rubber elasticity.

(a) NR (b) DPNR (¢) IR

Figure 2. AFM photographs of samples cut after cooling in liquid nitrogen. (a) NR, (b) DPNR, and (c) IR. Upper, phase images; lower, topology
images. The bright regions are harder than the dark regions (upper).

3.2. AFM. The presence of non-rubber components in NR
and their morphology was confirmed by AFM observation. E
Figure 2 shows the AFM photographs of NR, DPNR, and IR. ,f
The upper and lower photographs are phase images and topology
images, respectively. In their phase images, bright and dark parts
mean hard and soft phases, respectively. It is noted that bright
colored parts, that is, hard parts, were observed in the matrix
of NR, whereas very small and moderate colored parts were
detected in the matrixes of DPNR and IR. Because proteins i
were almost excluded in DPNR and they were not present at 107k
all in IR, the bright colored parts in NR are concluded to be f
protein phases. Their sizes were irregular. It is noted that this 107
AFM observation is the first experimental result on the 0.001 0.01 01
morphology of NR as far as we know. q/ A"

3.3. SANS.3.3.1. Bulk Polymerfigure 3 shows SAXS and  Figure 3. SANS (symbols) and SAXS curves (thin lines) of NR
SANS intensity functionslsaxs(q) and Isans(q), for NR and rubbers (a) before (NR) and (b) after milling (NRO) without cross-
deproteinized NR (DPNR), Wherq is the magnitude of linker. The thick dotted and dashed lines denote the fit with eq 1.
scattering vector. NRO indicates natural rubbers after milling
without addition of cross-linker. Here, the process of “milling”  scission. This figure implies several important facts. First, both
is expected to result in the lower viscosity of NR by chain SAXS (thin lines) and SANS intensity functions (symbols) e:rBV

-1

Isans(@) / cm
e/ (B)SXVS




696 Biomacromolecules, Vol. 8, No. 2, 2007 Karino et al.

1000; T T 10° ¢ T T
F o NR02 E o NR02
C 102 L a 4
100 | E E < E
~'E L TE ]0] E 3
2 10k 4 sk E
ol _ Rt ‘ E
1E - F
2 3 107 3
01— 556%'0'.1)1 4 4',%6'7"(')!1 3 107 4;;,;'0'.'01 — 3§"~g7"(')f1 +
l]/A-l q/ A
Figure 4. SANS curves of noncross-linked (NRO) and cross-linked Figure 7. SANS intensity functions of cross-linked NRs. The dotted
NRs (NRO2, NR10, NR30). The solid lines denote the fit with eq 1. and dashed lines are the fit with SL- and L-functions for NR02,
respectively.
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Figure 5.  SANS curves of IR rubbers (a) before (IR) and (b) after g/ A"
milling (IRO) without cross-linker. Figure 8. SANS intensity functions of cross-linked IRs. The dashed
10 line is the fit with L-functions for IR02.
g T T T N
& e scattering from proteins, which are not perfectly subtracted in
i 8 TR30| 1 background subtraction procedure. The thick dotted and dashed
| | lines show the result of curve fits, respectively, for NR and NRO,
"= with a squared-Lorentz function (SL-function) given by
Q
2 1k .
3 f 3 _ =2 22
< ¢ I(a) = 15.(0)/(1+ E°0) 1)
4
il whereZ is the characteristic size of inhomogeneities. The SL-
function is often used to represent cross-link (or structure)
0.1} inhomogeneities in gei%3* as well as to describe two-phase
systems having random orientation with its chord lengtg 8%
q/ A" Note that an offset baseline, representing incoherent scattering
Figure 6. SANS curves of cross-linked IRs (IR02, IR10, IR30). originating mainly hydrogen atoms in protein, is added to eq 1

to represent thg-independent scattering at largs (q = 0.03
very similar and have a strong upturn at lofg. Note that it is A~Y). As shown in the figure, the curve fitting is quite successful
not common that both SAXS and SANS show similar scattering and the values oE were evaluated to be 256 and 237 A,
functions. In particular, no characteristic scattering was expectedrespectively, for NR and NRO. Hence, noncross-linked NRs have
in this study because NR had not been deuterium (D) labeled.a well-developed two-phase structure consisting of polyisoprene
Even so, the experimental results showed similar scattering matrix and non-rubber components.
functions. This indicates the presence of unknown compounds Figure 4 shows SANS intensity functions of noncross-linked
consisting of elements having similar scattering lengthto D NR (NRO) and cross-linked NRs (NR0O2, NR10, and NR30).
(bp = 6.671x 1013 cm), such as Nky = 9.36 x 10713 cm) Althoughlsang(q) slightly decreases with increasing cross-link
and O po = 5.803 x 10713 cm) rather than that of Hb(; = concentration, the change seems to be negligible. It is interesting
—3.741x 1013 cm), and they play a role similar to that of D.  to note that the protein aggregates in the rubbery matrix seemed
As a result, similar scattering functions were observed in both to be maintained even after the curing (at £&for 30 min).
cases. This clearly indicates that the same structure is observed he solid lines are curve fits with eq 1, which again support
by SAXS as well as by SANS. Second, deproteinization results the validity of the applicability of eq 1. The values &fare
in the disappearance of the upturn gans(q) at lowq's. Hence, very similar to the case of noncross-linked rubbers as will be
it is concluded that the upturns iRaxs(q) and Isans(Q) are discussed later.
assigned to be proteins inherently residing in natural rubbers. Figures 5 and 6 show the SANS intensity functions for
The flattening ofisans(g) atq = 0.03 A1 is due to incoherent  synthetic poly(isoprene), IR, before (Figure 5) and after cr%%v
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Figure 9. (a) Network-chain density dependence, v, of E. (b) The
degree of swelling, Q, dependence of E and &.

linking (Figure 6). For noncross-linked IR (IR and IRO0),
Isang(Q) is ratherg-independent except for the region belgw
= 0.01 A1, Although an upturn is observed fgr< 0.01 A1,
it may be due to inhomogeneities inherent of IR. However, it
is much smaller than that observed in NRs. Note that no
significant cross-link concentration dependence is observed
(Figure 6). The effect of aggregates of proteins on the mechan-
ical properties of cross-linked NR will be reported after
discriminating it from the effect of cross-linking.

3.3.2. Swollen Networksrigure 7 shows SANS intensity
functions for swollen NRs having different network-chain
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(trans-1,4),(cis-1.,4), fatty acid

w-terminal o-terminal

(a) biosynthesized poly(isoprene) chain

(b) IR

phospholipid
aggregates

(c) DPNR

phospholipid

. aggregates
protein ggreg
aggregates

(d) NR
Figure 10. Schematic illustration of the microstructures of (a)

biosynthesized polyisoprene, (b) IR, (c) DPNR, and (d) NR. The strong
green strength in NR and DPNR is due to cross-linked structure of
polyisoprene via phospholipids. NR contains protein aggregates that
play as filler and additional cross-linkers.

densities. The dotted and dashed lines denote the result of curve

fit for NRO2 with a squared-Lorentz (SL) function (dotted line)
and with a Lorentz (L) function (dashed lin®) Here, the
L-functions are given by

1) = 1.(0)/(1+ &%) )

It is noted thatZ of NR does not vary with changing network-
chain density. This indicates that inhomogeneities inherent of
NR are very large due to the presence of non-rubber components
and network-chain density dependence is insignificant. On the
other handg and= can be scaled with ~ QY3 andZ= ~ Qw3
suggesting that both protein domains and mesh size are

where & is the correlation length. On the other hand, the deformed affinely by swelling.
L-function is commonly used to describe polymers in semidilute  3.4. Structure of NR. It is well known that NR is standing
solutions?” As shown in the figure, the observed scattering alone among the general-purpose rubbers; especially tread
function is well fitted with the calculated scattering function rubbers for pneumatic tires used under heavy conditions for
with £ = 16.4 A. Note that this value does not correspond to aircrafts and heavy-duty trucks are usually made from NR. Until
the inter-cross-link distance, but a mesh size consisting of recently, the non-rubber components of NR such as proteins
entangled network® have been suggested to be a factor to improve the mechanical
A similar analysis was carried out for IRs (IR02, IR06, IR10, properties of NR617:19 particularly on filler-loaded NR.
and IR30), and the result is shown in Figure 8. The dashed line However, there is no direct morphological evidence to support
denotes the fit for IR02. This figure also shows that the this view. Tanaka presumed a network structure formed by
scattering functions are well represented by Lorentz functions aggregation of proteins and phospholipids in polyisoprene
given by eq 2. Very little network-chain density dependence segmentd? wherea-terminal andw-terminal groups of main

was observed if(g). This may be due to the fact that the
polymer concentration is too high to discriminate network-chain
density dependence. The upturnlijg) at low g's originates
from cross-link inhomogeneities amplified by swelling with a
deuterated solverit.

Figure 9 shows (a) the network-chain densitydependence
of the characteristic length of inhomogeneitigs,and (b) the
degree of swellingQ, dependence of and= for NR and IR.

chain of NR interact with phospholipids and proteins, respec-
tively. Thus, the structure of NR has been believed to be a
physical gel (the network by physical interactions). Our
experimental findings support this model of NR. Figure 10
schematically represents the structure of (a) biosynthesized poly-
(isoprene), (b) IR, (c) DPNR, and (d) NR. Here, cartoons are
drawn on the basis of the model proposed by Tak&R&yhile

the new findings on the aggregation of non-rubber compon&Bt%
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exclusively observed in NR, for example, the distance betweenthe President of KIT 2006. We thank Shimadzu Co. for its
protein aggregates, are incorporated. IR consists of polyisopreneassistance with AFM observations.

chains without any functional groups (Figure 10b). DPNR

consists of cross-linked polyisoprene chains with phospholipid References and Notes

domains viaa-terminal groups (Figure 10c). NR has a more
sophisticated structure. Protein aggregates, spaced by the
distance ofZ, combine NR chains and play as a filler or an
additional cross-linker as depicted in Figure 10d. These ag-
gregates disappear by deproteinization. Because both NR and
IR comprise essentially with polyisoprene chains, both of them
have a similar chemical network structure with a mesh size of
& in the swollen state.

4. Conclusion

The microscopic structures of natural rubbers (NR) were
investigated by means of AFM, SAXS, and SANS and were
compared to those of isoprene rubber (IR). The following facts
were disclosed. (1) The SANS intensity function of noncross-
linked NR is given by a squared-Lorentz function (SL()y) =
IsL(0)/(1 + =2g?)?, while those of deproteinized NR (DPNR)
and IR show nog-dependence, wherg is the magnitude of
scattering vector and is the characteristic length of inhomo-
geneities. (2) Although cross-linking of NR does not lead to
any change in intensity, that of IR results in an increase in
scattering intensity represented by SL functions, indicating the
appearance of cross-link inhomogeneities. (3) Swelling of NR
and IR rubbers leads to an appearance of Lorentz (L) function,
I(g) = IL(0)/(1+ &2, representing a gel-type swollen network
structure with a mesh size of. Hence, it is given by a
combination of SL- and L-functions. (4) These results are well
correlated with AFM observation. Comparisons of the structure
and mechanical properties of NR, DPNR, and IR lead to the
following conclusions. (i) The well-known facts, for example,
the outstanding green strength of NR and strain-induced
crystallization, are due not much to the presence of proteins
but to other components such as the presence of phospholipids
and/or the higher stereoregularity of NR. The presence of other
constituents such as phospholipids and/or the higher stereo-
regularity of NR is the most probable candidate to be responsible
for the unique properties of NR. However, it also became clear
that the proteins accelerate the upturn of stress at low strain,
which is ascribable to the aggregation of proteins. The protein
phases work as cross-linking sites and reinforcing fillers in the
rubbery matrix. (ii) The inherent inhomogeneities of NR are
much larger in size£200 A) as well as in volume fraction
than those of cross-link inhomogeneities introduced by cross-
linking. These inhomogeneities are removed by deproteinization.
(iii) Swelling of rubbers introduces gel-like concentration
fluctuations whose mesh size is of the order of 20 A.
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