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ABSTRACT

The origin of energetic elasticity in conjunction with the entropic elasticity for natural rubber with a nanodiamond
nanomatrix structure was investigated in terms of bound rubber formed between nanodiamonds, based on the interaction
between natural rubber and nanodiamonds inside the nanomatrix. The natural rubber with a nanodiamond nanomatrix
structure was prepared by reacting nanodiamonds with deproteinized natural rubber in the presence of fert-
butylhydroperoxide/tetraethylenepentamine at 30 °C in the latex stage followed by drying. Morphology of the products
was observed by two-dimensional and three-dimensional transmission electron microscopies. The effect of bound rubber on
the mechanical properties of the products was investigated by measurements of the dynamic mechanical properties and
differential scanning calorimetry. The contribution of bound rubber was estimated by combining the Takayanagi equation
and modified Guth—-Gold equation. A significant increase in complex modulus was attributed to the effect of the bound
rubber. [doi:10.5254/rct.21.79923]

INTRODUCTION

Natural rubber with a nanodiamond nanomatrix structure realizes not only entropic elasticity
but also energetic elasticity. This unique elasticity may be related to the chemical linkages formed
between natural rubber particles and nanodiamonds, in which the nanomatrix structure retains its
morphology because of chemical pinning.' The chemical linkages may produce bound rubbers on
the surface of the nanodiamonds, which may bind nanodiamonds to each other. In fact, in previous
studies, natural rubber with a nanodiamond nanomatrix structure was prepared by forming
chemical linkages between natural rubber particles and nanodiamonds in the presence of a radical
initiator in the latex stage. It was found that natural rubber particles with a diameter of about 1 pm
were dispersed in the nanomatrix of the nanocomposite, consisting of natural rubber and
nanodiamonds, in which nanodiamonds with a diameter of less than 5 nm were finely dispersed at
intervals of several nanometers. The rubber present between the nanodiamonds is regarded as the
bound rubber.

Bound rubber has been investigated using pulse NMR spectroscopy,”* amplitude modulation
atomic force microscopy,”® differential scanning calorimetry (DSC),” and dynamic mechanical
analysis (DMA),* among other methods. It is divided into two layers: a highly immobile, glassy
hard layer (GH layer) on carbon black and a less mobile, sticky hard (SH) layer on the GH layer.’
The thicknesses of the GH layer and SH layer were estimated to be about 10 nm, and the modulus of
the bound rubber was determined to be 8.4 and 10.6 MPa.'®!'! In previous studies,'>™' the distance
between the nanodiamonds was found to be less than 10 nm. Thus, bound rubbers that are
constrained in narrow spaces between nanodiamonds may be hypothesized to be harder than
ordinary bound rubbers formed on the surface of carbon black. It is necessary to prove this
hypothesis to understand the origins of not only the entropic elasticity but also the energetic
elasticity."”

*Corresponding author. Email: kawahara@mst.nagaokaut.ac.jp
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FIG. 1. — Energetic elasticity generation via bond energy.

In the present work, the bound rubbers expected to exist between the nanodiamonds in the
nanomatrix were investigated using DSC and DMA. First, the modulus of the bound rubbers was
estimated from the moduli of the natural rubber and natural rubber with a nanodiamond nanomatrix
structure (DPNR-ND) using the equation of the Takayanagi model and Guth—Gold equation.
Second, the bound rubbers were proved to exist in DPNR-ND via DSC and DMA. The generation
of not only the entropic elasticity but also the energetic elasticity was related to the bound rubbers
and the morphology characteristic of DPNR-ND.

BACKGROUND

The generation of not only entropic elasticity but also energetic elasticity may be attributed to
the nanomatrix structure; that is, the entropic elasticity is assigned to the natural rubber particles,
and the energetic elasticity is assigned to the nanomatrix of nanocomposite consisting of natural
rubber and nanodiamonds. The entropic elasticity is well known to be the rubber elasticity because
of the anisotropic orientation generated by the deformation of the rubber. In contrast, the energetic
elasticity is the elasticity due to an increase in potential energy generated by the strain of the lattice.
A plausible potential energy curve is illustrated in Figure 1, assuming that the lattice is formed with
nanodiamonds. The energetic elasticity may be attributed to attractive force and repulsive force,
which may occur between nanodiamonds. The attractive force may be explained to be due to a
contribution of the bound rubber that binds the nanodiamonds to each other, whereas the repulsive
force may be due to an excluded volume effect of the nanodiamonds, whose modulus is about 560
GPa. 1617

The contribution of the bound rubber may be explained to be due to the effect of the bridged
filler network, which is formed with nanodiamonds, according to Figure 2. The bridged filler
network may be formed by the reaction of a rubber molecule with two nanodiamonds or more,
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FIG. 2. — Rubber chains constrained between nanodiamond particles inside the nanomatrix structure.

according to the literature. 15 1n the case of natural rubber with a nanodiamond nanomatrix structure,
the chemical linkages between the natural rubber molecule of the rubber particle and nanodiamonds
are formed with a radical initiator in the latex stage, after deproteinization.'®° The resulting rubber
molecule linking to nanodiamonds is required to react with the other nanodiamonds linking to the
natural rubber molecule of the other rubber particle during drying. Hence, the space between the
nanodiamonds may be filled with natural rubber to form the bound rubber as a bridged filler
network, as illustrated in Figure 3. In this case, the modulus of the natural rubber as a bound rubber is
expected to be higher than that of ordinary natural rubber.*'

EXPERIMENTAL
MATERIALS

Deproteinized natural rubber (DPNR) was prepared by incubating high-ammonia natural
rubber latex at a dry rubber content (DRC) of 30 w/w% (DRC 62.6 w/w%); Golden Hope, Kuala
Lumpur, Malaysia) dispersed in 0.1 w/w% sodium dodecyl sulfate (99%; Kishida Chemical,
Osaka, Japan) with 0.1 w/w% CO(NH,), (99%; Nacalai Tesque, Kyoto, Japan) at room
temperature.? The nanodiamond slurry was prepared by dispersing nanodiamond solid (<10 nm;

Rubber chain

Nanodiamond

Particle

FIG. 3. — Schematic representation of a rubber chain bound to nanodiamond particles at multiple points inside the
nanomatrix.
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Sumiseki Materials, Tokyo, Japan) in conc. ammonia (18 g, 28%; Nacalai Tesque) and
homogenized for 60 min (Usonic U-D6354 ultrasonic generator at 21 kHz; Cho-onpa Kogyo,
Tokyo, Japan). The mixture of nanodiamond slurry and DPNR latex (DRC = 30 w/w%) was
charged with Ny(g) for 1 h at 30 °C. The mixture then reacted in the presence of fert-
butylhydroperoxide (TBHP; 68%; Kishida Chemical) and tetraethylenepentamine (TEPA; 95%;
Kishida Chemical) for 4 h in an N,-saturated environment. The DPNR-ND latex was cast onto a
glass Petri dish to prepare the 1 mm thick films. To study the effect of initiator, a 25 w/w%
nanodiamond concentration was used, as it is in the critical concentration region for the nanomatrix
formation.

MECHANICAL PROPERTIES

The dynamic viscoelasticity was measured using an Anton Paar Physica MCR 301 with
parallel plate geometry (12 mm diameter) at an angular frequency ranging starting at 0.1 rad s~
The measurements were performed at 25 °C in the linear viscoelasticity region. To obtain the
vertical shift factor, viscoelastic measurements were performed in an angular frequency range from
0.1 to 100 rad s™'. The measurements were performed between —70 and 130 °C in the linear

viscoelasticity region.

BOUND RUBBER CONTENT

The insoluble rubber fraction (i.e., bound rubber content) for DPNR-ND was determined by
Wolf’s method based on the swelling technique. The DPNR-ND was cut into tiny pieces and
immersed in toluene for 7 days. By centrifugation of the mixture at 10,000g, the insoluble rubber
fraction (gel) was separated from soluble (sol) fraction. The gel fraction was dried at 50 °C until a
constant weight was attained. The bound rubber content, BR (w/w%), was estimated as follows?3:

We — (Wi X my)
W,‘ X nm;
where BRy is the gel content of the DPNR, W, is the weight of the filler and the gel fraction, W;is the

initial weight of the sample, and myand m, are the weight fractions of the filler and rubber used to
prepare the samples, respectively.

BR(w/w%) = X 100 — BRy (1)

MORPHOLOGY

Distribution of the nanoparticles and the nanodiamond particle size was observed by two-
dimensional (2D) and three-dimensional (3D) transmission electron microscopy (TEM) by JEOL
JEM-2100 at an accelerating voltage of 200 kV. Ultra-thin sections for the TEM observations were
prepared by Richer-Nissei FC-S Ultracut microtome at —90 °C under N,. Ultra-thin sections were
placed on Cu grids for the TEM observation. For 3D TEM measurements, a series of 2D TEM
images were obtained by tilting the samples from —60° to +60° with 1° increments at 15,000X
magnifications. The alignment and reconstruction of the 3D TEM images were performed
according to a previously described protocol.>*

DIFFERENTIAL SCANNING CALORIMETRY

The DSC measurements were performed using an SII nanotechnology EXSTAR DSC 7020
analyzer from —150 to 150 °C at a definite heating rate of 10 °C/min using an Al pan.
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FIG. 4. — TEM images of the nanodiamond nanomatrix structure containing 25 w/w% ND concentration and (a) 6.6 X 10°°
mol/g-rubber TBHP/TEPA and (b) 3.3 X 10~ mol/g-rubber TBHP/TEPA.

The bound rubbers for the DSC analysis were obtained by immersing DPNR-ND cut into small
pieces into dry toluene for 5 days under dark. The insoluble gel fraction was recovered from the
toluene solution after centrifugation at 10,000g. The gel fraction was dried at 50 °C until a constant
weight was obtained.

RESULTS AND DISCUSSION

Figure 4 shows TEM images for DPNR-NDs with 25 w/w% nanodiamond, prepared with 6.6
%10~ mol/g-rubber TBHP/TEPA and 3.3 X 10~* mol/g-rubber TBHP/TEPA, respectively. The
bright domains represent natural rubber, and the dark domains represent nanodiamonds. Natural
rubber particles with a diameter of about 1 um were dispersed in the nanodiamond nanomatrix with
a thickness of a few tens of nanometers, in which nanodiamonds were closely packed in the
nanomatrix. The diameter of the natural rubber particles and the thickness of the nanomatrix for
DPNR-ND prepared with 25 w/w% nanodiamond and 6.6 X 10> mol/g-rubber TBHP/TEPA were
similar to those for DPNR-ND prepared with 25 w/w% nanodiamond and 3.3 X 10~* mol/g-rubber
TBHP/TEPA. Thus, the nanomatrix structure was found to be independent of the TBHP/TEPA
concentration. This may be explained to be due to the same nanodiamond concentration. The
dispersion of nanodiamonds in the nanomatrix was investigated, in detail, through 3D TEM
observation. The 3D TEM images for DPNR-ND are given in Figure 5, in which the white domains
represent the nanodiamonds. In the 3D TEM images, nanodiamonds with a diameter of less than 10
nm were dispersed uniformly in the nanomatrix. The distance between nanodiamonds was about 7
nm in average. The diameter of the nanodiamonds and their dispersity for DPNR-ND prepared with
25 w/w% nanodiamond and 6.6 X 10> mol/g-rubber TBHP/TEPA were similar to those for DPNR-
ND prepared with 25 w/w% nanodiamond and 3.3 X 10~* mol/g-rubber TBHP/TEPA. In previous
studies,lz_14 the values of the stress at break for DPNR-NDs were found to be higher than that of
neat DPNR, suggesting that the space between nanodiamonds was filled with natural rubber. The
filled rubber may be considered to be less mobile than neat DPNR.**

Figure 6a,b shows the plot of gel content and bound rubber content of DPNR-NDs versus
nanodiamond concentration at a constant initiator concentration and the plot of gel content and
bound rubber content versus initiator concentration at a definite nanodiamond concentration (25 w/
w%), respectively. In Figure 6a, both the gel content and the bound rubber content of DPNR-ND
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FIG. 5. — Three-dimensional TEM image of nanodiamond nanomatrix containing 25 w/w% nanodiamond concentration
prepared with (a) 3.3 X 107 mol/g-rubber TBHP/TEPA and (b) 6.6 X 1073 mol/g-rubber TBHP/TEPA.

prepared with 6.6 X 10> mol/g-rubber TBHP/TEPA increased as the nanodiamond concentration
increased. For instance, the gel content was 91.9 w/w% for DPNR-ND containing 40 w/w%
nanodiamond, whereas it was 37.7 w/w% for neat DPNR. On the contrary, in Figure 6b, the gel
content gradually increased as the initiator concentration increased at the nanodiamond
concentration of 25 w/w%, whereas the bound rubber content significantly increased. For instance,
the bound rubber contents of DPNR-NDs prepared with TBHP/TEPA of 6.6 X 10~ mol/g-rubber
and 3.3 X 10~* mol/g-rubber were 28.3 and 39.7 w/w%, respectively. These values imply that the
number of chemical linkages between natural rubber and nanodiamonds is dependent on not only
the nanodiamond concentration but also the initiator concentration; the higher the nanodiamond
concentration and the initiator concentration, the larger the number of chemical linkages.

Figure 7 shows DSC thermograms for DPNR-NDs prepared with 25 w/w% nanodiamond and
various amount of TBHP/TEPA. The thermograms showed a sudden drop in heat capacity at —67
°C, suggesting that a glass transition occurred. The glass transition temperature (7,) was thus
determined to be an inflection point of the DSC thermogram. The 7, values were the same as each
other; that is, the 7, was independent of TBHP/TEPA concentration. In addition, in the DSC
thermograms, a minor drop occurred at 41 °C. The minor drop may be attributed to some transition
of natural rubber, because only both natural rubber and nanodiamond have been used to prepare
DPNR-ND. This may be explained to be due to the constrained natural rubber (Figure 2), as
reported in the literature.>> Thus, the minor drop in heat capacity was attributed to the glass
transition temperature of the constrained natural rubber present in the nanomatrix, that is, the bound
rubbers.

Figure 8 shows complex modulus of DPNR-ND versus the strain amplitude. Complex
modulus of DPNR was independent of strain amplitude, whose value was 0.2 MPa. The Payne
effect was clearly observed for DPNR-ND prepared with 3.3 X 10~ mol/g-rubber of TBHP/TEPA
in Figure 8a; that is, complex modulus decreased with increasing strain amplitude. This may be
attributed to the scission of chemical linkages between natural rubber and nanodiamonds, because
the higher the initiator concentration, the larger the number of chemical linkages, as shown in
Figure 6b. The Payne effect was also observed for DPNR-ND prepared with 30 and 40 w/w% of
nanodiamond, whereas complex moduli of those prepared with 10 and 20 w/w% of nanodiamond
were independent of strain amplitude, as shown in Figure 8b. The bound rubber content of DPNR-
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FIG. 6. — Gel content and bound rubber content with respect to (a) nanodiamond concentration at 6.6 X 107° mol/g-rubber
TBHP/TEPA concentration and (b) TBHP/TEPA initiator concentration at 25 w/w% nanodiamond concentration.

ND increased as the nanodiamond concentration increased, as shown in Figure 6a. Therefore, the
Payne effect of DPNR-ND at a higher nanodiamond concentration might be explained as being due
to not only the filler—filler interaction but also the scission of chemical linkages between natural

rubber and nanodiamond.

Figure 9 shows the temperature dependence of the storage modulus (G’), loss modulus (G”),
and loss tangent (tand) of DPNR-ND prepared with 25 w/w% nanodiamonds and various amounts
of TBHP/TEPA. The G’, G”, and tand were dependent on temperature. For instance, a sudden drop
in G’ appeared at —65 °C, whereas peaks in the G” and tand appeared at —65 °C and —62.5 °C,
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FIG. 7. — DSC curves of (a) DPNR-ND and (b) bound rubber fraction of DPNR-ND extracted by toluene containing 25 w/
w9% nanodiamond concentration prepared with (i) 3.3 X 10~* mol/g-rubber, (ii) 6.6 X 10~> mol/g-rubber, TBHP/TEPA
initiator (iii) without initiator and (iv) neat DPNR.

respectively. These were attributed to the glass transition of the natural rubber. The glass transition
(T,) was determined as a peak top of tand (i.e., —62.5 °C). Above T, a rubbery plateau region
appeared. In the rubbery plateau region, values of G’ and G” smoothly varied. In contrast, in the tand
for DPNR-ND prepared with TBHP/TEPA, a small peak appeared at 40 °C. The peak at 40 °C may
correspond to the minor drop in DSC thermogram at 41 °C. Thus, the small peak at 40 °C was
attributed to the T, of the constrained natural rubber present in the nanomatrix.

Figure 10 shows a plot of complex modulus at 25 °C and 1 rad/s versus volume fraction of
nanodiamond for DPNR-ND prepared with 6.6 X 10> mol/g-rubber TBHP/TEPA and DPNR-ND
prepared without TBHP/TEPA. The value of complex modulus of DPNR-ND increased as the
volume fraction of nanodiamond increased, in which the value of complex modulus of DPNR was
1.49 X 10° Pa, as reported in the literature.?®*” The values of complex modulus of DPNR-ND
prepared with 6.6 X 10> mol/g-rubber TBHP/TEPA were larger than values estimated by the
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FIG. 8. — Complex modulus of DPNR-ND vs the strain amplitude, (a) effect of the amount of radical initiator, (b) effect of
the amount of ND.
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FIG. 9. — Temperature dependency of (a) storage modulus (G’), (b) loss modulus (G”), and loss tangent (tand) of DPNR-

ND containing 25 w/w% nanodiamond concentration prepared with (A) 3.3 X 107 mol/g-rubber, (M) 6.6 X 107> mol/g-

rubber, TBHP/TEPA initiator (4 ) without initiator, and (@) neat DPNR measured at | rad s ! angular frequency in the linear
viscoelasticity region.
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FIG. 10. — Complex modulus (G")of DPNR-ND prepared (@) with and (A) without TBHP/TEPA initiator, () calculated
from the Guth—Gold equation, and (—) bulk rubber measured at 25 °C, 1 rad s ™' angular velocity in the linear viscoelasticity
region.

Guth—Gold equation in all investigated volume fraction regions; in particular, the difference
between the values of complex modulus and the estimated values was more significant at a volume
fraction of 0.05 or more. In contrast, the values of complex modulus of DPNR-ND prepared without
TBHP/TEPA were in good agreement with the values estimated by the Guth—Gold equation at a
volume fraction of 0.05 or less, whereas they were significantly distinguished from the estimated
values at a volume fraction of 0.05 or greater. The difference between the values of complex
modulus and the estimated values may be attributed to the formation of the nanomatrix structure, as
in the case of the filler network structure.?®

Figure 11 shows a plot of complex modulus at 25 °C and 1 rad/s versus the TBHP/TEPA
concentration for DPNR-ND prepared with 25 w/w% nanodiamonds and 15 w/w% nanodiamonds.
The nanomatrix structure was formed for DPNR-ND prepared with 25 w/w% nanodiamonds but
not for DPNR-ND prepared with 15 w/w% nanodiamonds. For DPNR-ND prepared with 25 w/w%
nanodiamonds and DPNR-ND prepared with 15 w/w% nanodiamonds, the value of complex
modulus for DPNR-ND increased as the initiator concentration increased. For instance, the values
of complex moduli of DPNR-ND containing 25 w/w% nanodiamond prepared with TBHP/TEPA
of 6.6 X 107> mol/g-rubber and 3.3 X 10~* mol/g-rubber were 1.19 and 5.79 MPa, respectively,
which are about 8 times and 38 times higher than the value of complex modulus of neat DPNR.
These imply that the modulus of DPNR-ND is dependent on the number of chemical linkages
between natural rubber and nanodiamonds. Hence, the increase in the value of complex modulus of
DPNR-ND may be attributed to the amount of the bound rubbers generated by forming chemical
linkages between natural rubber and nanodiamonds.

The nanomatrix structure is schematically illustrated in Figure 12a. The nanomatrix structure
may be divided into two domains: the neat rubber domain and the nanocomposite domain
consisting of rubber and nanodiamonds. The neat rubber domain and the nanocomposite domain
may be combined to make series and parallel models, as shown in Figure 12b. Using the series and
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FIG. 11. — Complex modulus (G") of DPNR-ND at 25 and 15 w/w% nanodiamond concentration with respect to initiator
concentration measured at 25 °C, 1 rad s~ angular velocity in the linear viscoelasticity region.

parallel models (i.e., the Takayanagi model* "), complex modulus (G") of the DPNR-ND is
expressed by the following equation:

1 ¢ N Cl)
G MG+ (1-MGay Gy

(2)

where A and ¢ represent the volume fractions of the fragments in series and parallel models,
respectively, and Gy, is the modulus of the neat rubber and Gy, is the modulus of the nanomatrix
structure. The volume fraction of the natural rubber (V) as a neat rubber is related to A and o, as
shown in Egs. 3 and 4.%%!

(a) (b)
0(1-9)
Nanodiamond
nanomatrix
¢
Neat- rubber ——>
region
A

O Neatrubber
Il Rubber constrainedin nanomatrix

@ Nanodiamond

FIG. 12. — (a) Schematic representation of the nanodiamond nanomatrix structure. (b) Series and parallel model developed
based on the Takayanagi model.

$S900E 98] BIA 0g-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy Wwoll papeojumoc]



ENERGETIC ELASTICITY AND ENTROPIC ELASTICITY OF NR 715

SVar
MRNEE /%Y @

The modulus of the nanocomposite as a nanomatrix is expressed by the Guth—Gold equation
(Eq. 5)26:

*

Gyt = Gy (1 +2.5¢ 4 14.1¢2) (5)

gum

*

where c is the volume fraction of the filler and G;M and Ggum are the moduli of the nanomatrix
structure and gum, respectively. The value of G;M is expected to be larger than that of neat natural
rubber (107 Pa),*® as the value of complex modulus of DPNR-ND prepared with 6.6 X 10> mol/g-
rubber TBHP/TEPA is about 10 times larger than that of neat rubber.

It is important to estimate the volume fraction of the nanodiamond nanomatrix (c) from the
volume fraction of the nanodiamond of DPNR-ND (x).

X

S (6)
o (1—x)(1—y)

M=V = A g+ (1= =) ”

(PZW N

where y is the volume fraction of the constrained natural rubber (VBR) and is estimated as a ratio of
volume of the constrained natural rubber to the volume of total natural rubber. The values of x and y
were estimated from the thickness of the nanomatrix determined by TEM observation. Figure 13
shows the TEM images for the DPNR-ND prepared with various amounts of nanodiamond and
TBHP/TEPA. The thickness of the nanomatrix was 100, 70, and 50 nm for DPNR-NDs prepared
with 40, 30, and 25 w/w% nanodiamonds in the presence of 6.6 X 107 mol/g-rubber TBHP/TEPA,
respectively. In contrast, for DPNR-ND prepared with 25 w/w% nanodiamonds and 3.3 X 10~* mol/
g-rubber TBHP/TEPA, the thickness of the nanomatrix was 50 nm. The volume fractions of the
natural rubber (Vyr) and nanomatrix (V) were estimated from the diameter of the natural rubber
particles and the thickness of the nanomatrix by the following equations, assuming that the rubber
particles covered with the nanomatrix were right spheres, as shown in Figure 14. Estimated values
of Vyr and Vg are shown in Table 1. The values of Vg and Vi of DPNR-ND prepared with 25 w/
w% nanodiamonds and 6.6 X 10> mol/g-rubber TBHP/TEPA were the same as those of DPNR-
ND prepared with 25 w/w% nanodiamonds and 3.3 X 10~* mol/g-rubber TBHP/TEPA.

- 4/3nr3
/(e +5)°

B e i "
NM — 4 T 3 ( )
/3m(r+7)

The G;M and qum were estimated from G, G;R, Var, and V. The estimated values of G;M
and qum are shown in Table II. The value of Gy, estimated by Eq. 2, increased from 12 to 14 MPa,

©)

VNR
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(b)

" 200 nm

200 nm

(d)

200 nm

FIG. 13. — TEM images of DPNR-ND prepared with 6.6 X 107 mol/g-rubber TBHP/TEPA and (a) 40 w/w%, (b) 30 w/w
%, () 25 w/w% nanodiamonds and (d) 25 w/w% nanodiamonds 3.3 X 107* mol/g-rubber TBHP/TEPA.

as the nanodiamond concentration increased. Similarly, the value of G o increased from 1.6 to 1.8
MPa, since the G ., was estimated from Gyy,. The value of G of prepared DPNR-ND was
similar as that reported in the literature.'®'" In addition, the Volume fraction of the bound rubbers
increased from 0.06 to 0.12 as the nanodiamond concentration increased. Consequently, the

Nanomatrix
containing
nanodiamond

FIG. 14. — (a) Schematic representation of the nanodiamond nanomatrix structure in which the rubber particle of the radius
is surrounded by nanomatrix of thickness 7.
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TABLE I
ESTIMATED VOLUME FRACTION OF NANOMATRIX AND NEAT RUBBER BY 2D TEM (FIGURE 12) DPNR-ND PREPARED
WITH*
Label, TNM»
No. W/W% ND nm VNM VNR X y
6.6 X 10> mol/g-rubber TBHP/TEPA
1 25 50 0.136 0.864 0.08 0.061
2 30 70  0.184 0.816 0.10 0.093
3 40 100 0249 0.751 0.15 0.116
3.3 X 10~* mol/g-rubber TBHP/TEPA
4 25 50 0.137 0.863 0.08 0.062

“ Vnr, volume fraction of neat rubber; Vi, volume fraction of nanomatrix structure; Ty , thickness of the nanomatrix
structure.

modulus and the volume fraction of the bound rubbers were found to be dependent on the
nanodiamond concentration.

Table II also shows the G o for DPNR-ND prepared with 25 w/w% nanodiamonds and 3.3 X
10~* mol/g-rubber TBHP/T EPA The value of G - Was 8.73 MPa, which was about 5 times larger
than the modulus of DPNR-ND prepared with 25 w/w% nanodiamonds and 6.6 X 10~ mol/g-
rubber TBHP/TEPA. The increase in the modulus of the bound rubbers may be explained to be due
to the increase in chemical linkages between natural rubber and nanodiamonds (Figures 2 and 3),
since the value of Vg of DPNR-ND prepared with 25 w/w% nanodiamonds and 3.3 X 10~* mol/g-
rubber TBHP/TEPA was the same as that of DPNR-ND prepared with 25 w/w% nanodiamonds and
6.6 X 107> mol/g-rubber TBHP/TEPA. This may be associated with the energetic elasticity of
DPNR-ND, which arises from the formation of the chemical linkages between natural rubber and
nanodiamonds.

TABLE II
ESTIMATED MODULUS OF THE NANOMATRIX STRUCTURE, MODULUS OF THE BOUND RUBBERS IN THE NANOMATRIX,
VOLUME FRACTIONS, AND PARAMETERS OF THE TAKAYANAGI MODEL FOR DPNR-ND“

Label, .
W/W% CND VTNR GV, G;um’ G;IM’
ND x (@-x) MPa Vg Vim Ver(Y) A ) MPa  MPa

DPNR-ND prepared with 6.6 X 10~ mol/g-rubber TBHP/TEPA initiator concentration
1 40 0.15 085 243 0.751 0.249 0.116 0.8508 0.8831 1.80 13.748
2 30 0.10 090 145 0.816 0.184 0.093 0.8898 09174 1.67 10.921
3 25 0.08 092 1.19 0.864 0.136 0.061 0.9183 0.9407 1.64 12.037
DPNR-ND prepared with 3.3 X 10~* mol/g-rubber TBHP/TEPA initiator concentration
4 25 0.08 092 567 0.863 0.137 0.062 0.9178 09403 8.73 63.420

“ cnp, volume fraction of nanodiamond with total rubber; Vg, volume fraction of total rubber; G, experimental modulus
of DPNR-ND; Tyw, thickness of the nanomatrix estimated by TEM images; Vg, volume fraction of neat rubber; Vi,
volume fraction of nanomatrix structure; Vgg, volume fraction of the rubber inside the nanomatrix from total rubber; A and @
represent volume fractions of the fragments in series and parallel models, respectively; Gnw, estimated modulus of the
nanomatrix structure; Ggym, estimated modulus of gum inside the nanomatrix structure by the Guth—Gold equation.
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CONCLUSION

Natural rubber with a nanodiamond nanomatrix structure was prepared with the TBHP/TEPA
initiator in the latex stage. The nanomatrix structure was found to consist of natural rubber particles
of 1 um in average diameter dispersed in the nanodiamond nanomatrix with a thickness of few tens
of nanometers, in which nanodiamonds of less than 10 nm in diameter were closely packed in the
nanomatrix. The bound rubbers present in the nanomatrix were detected by DSC and DMA. The
values of moduli of the nanomatrix and the bound rubber for DPNR-ND prepared with 40 w/w%
nanodiamonds and 6.6 X 10> mol/g-rubber TBHP/TEPA were estimated to be 13 and 1.8 MPa,
respectively. These values increased to 63 and 8.73 MPa for DPNR-ND prepared with 25 w/w%
nanodiamonds and 3.3 X 10~ mol/g-rubber TBHP/TEPA. The increase in the modulus of the
bound rubbers was found to be due to the chemical linkages present between natural rubber and
nanodiamonds. It was proved that the nanomatrix structure generated the energetic elasticity in
conjunction with the entropic elasticity.
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