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ABSTRACT

An initiator nanoconstituent for crosslinking an elastomer
comprises a nanoparticle covalently bonded via an —O(O=)C— group or an —
N(O=)C— group to a subgroup comprising at least one free radical terminal carbon
atom. The—O(0O=)C— group or the —N(O=)C— group is directly bonded to the

nanoparticle.
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TITLE
INITIATOR NANOCONSTITUENTS FOR ELASTOMER CROSSLINKING
AND RELATED METHODS AND ARTICLES
TECHNICAL FIELD

Embodiments of the present disclosure relate to crosslinked elastomers. More
particularly, embodiments of the present disclosure relate to initiator nanoconstituents for
crosslinking elastomers and to downhole tool components including elastomers crosslinked

using the initiator nanoconstituents.
BACKGROUND

Elastomers are useful as materials of construction of elements for a variety of
downhole applications, particularly those that require the sealing off of a portion of a borehole
or that require constricting the space around an element, whether coaxial with the borehole or
otherwise. Elastomers are also useful as coating materials to protect the surfaces of downhole
tools.

Polymer compounds of elastomers are often crosslinked o improve the strength of the
elastomer material. Some commercial elastomers also include filler materials, such as
particles or fibers, to provide additional strength or abrasion resistance in the elastomer
material. However, improvements in the abrasion resistance and strength of elastomers used

in downhole applications are desirable.
DISCLOSURE OF INVENTION

Disclosed is an initiator nanoconstituent for crosslinking an elastomer. The initiator
nanoconstituent comprises a nanoparticle covalently bonded to a subgroup comprising at least
one free radical.

"The disclosure also includes embodiments of a downhole tool comprising a
crosslinked elastomer material. The crosslinked elastomer material comprises a polymer
molecule bonded to a subgroup covalently bonded to a nanoparticle.

A method of forming a crosslinked elastomer material is also disclosed. The method
comprises dispersing, in a precursor elastomer material, at least one compound to form a
precursor mixture. The at least one compound comprises a nanoparticle bonded to a subgroup
via an ether group or an amido group. The precursor mixture is heated to rupture at least one
bond of the at least one compound, forming an initiator nanoconstituent comprising the

nanoparticle and a terminal free radical. The initiator nanoconstituent is then bonded to a
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polymer molecule of the precursor elastomer material.

Accordingly, in one aspect there is provided an initiator nanoconstituent for
crosslinking an elastomer, the initiator nanoconstituent comprising a nanoparticle
covalently bonded via an —O(O=)C— group or an —N(O=)C— group to a subgroup
comprising at least one free radical terminal carbon atom, wherein the —O(O=)C—
group or the —N(O=)C— group is directly bonded to the nanoparticle.

According to another aspect, there is provided an initiator nanoconstituent for
crosslinking an elastomer, the initiator nanoconstituent comprising a nanoparticle
covalently bonded via an —O(0O=)C— group or an —N(O=)C— group to a subgroup
comprising at least one free radical terminal carbon atom.

According to yet another aspect, there is provided a method of forming a
crosslinked elastomer material, comprising: dispersing, in a precursor elastomer
material, at least one compound to form a precursor mixture, the at least one compound
comprising a nanoparticle covalently bonded via an —O(O=)C— group or an —
N(O=)C—group to a subgroup; heating the precursor mixture to rupture at least one
bond of the at least one compound, forming an initiator nanoconstituent comprising the
nanoparticle covalently bonded via the —O(O=)C— group or the —N(O=)C— group
to the subgroup now comprising a free radical terminal carbon atom, wherein the —
O(0=)C— group or the —N(O=)C— group is directly bonded to the nanoparticle; and
bonding the initiator nanoconstituent to a polymer molecule of the precursor elastomer

material.
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BRIEF DESCRIPTION OF DRAWINGS

While the specification concludes with claims particularly pointing out and distinctly
claiming what are regarded as embodiments of the disclosure, various features and advantages
of this disclosure may be more readily ascertained from the following description of example
embodiments provided with reference to the accompanying drawings, in which:

FIG. 1 is a partially sectioned, elevation view of a retrievable packer tool having
elastomer elements according to an embodiment of the present disclosure;

FIG. 2 is a partially sectioned, clevation view of the retrievable packer tool of FIG. 1
in an operating configuration for sealing a well casing annulus;

FIG. 3 is a schematic, cross-sectioned, elevation view of a downhole tool with an
elasiomer sealing element, according to an embodiment of the present disclosure, wherein the
sealing element is disposed against the wall of a well borehole into which it has been inserted;
and

FIG. 4 is a schematic, cross-sectioned, plan view of a wellbore tool comprising a
downhole motor including a stator having therein a coating comprising an elastomer

according to an embodiment of the present disclosure.
MODE(S) FOR CARRYING OUT THE INVENTION

The illustrations presented herein are not actual views of any particular compound,
material, or article, but are merely idealized representations that are employed to describe
embodiments of the present disclosure.

Initiator nanoconstituents disclosed herein include a nanoparticle covalently bonded
to a subgroup having at least one free radical. The free radical of the initiator nanoconstituent
provides a site for reaction with a polymer molecule of an elastomer to be crosslinked. When
the initiator nanoconstituent reacts with the polymer molecule, a compound is formed

comprising both the nanoparticle and the polymer molecule, indirectly bonded to one another
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via the subgroup. This interbonding of nanoparticles and polymers enables formation of a
crosslinked elastomer material comprising a “nanoparticle-polymer” compound. The
interbonding between the nanoparticles and the polymers may provide higher mechanical
_strength and higher abrasion resistance, in the crosslinked elastomer material, compared to a
crosslinked elastomer material comprising merely a mixture of nanoparticle and polymer
materials that are not bonded to one another, such as a dispersion of nanoparticles within a
crosslinked polymer matrix.

The initiator nanoconstituents may be formed from functionalized nanoparticles that
may be dispersed within a precursor elastomer material to form a precursor mixture. At least
one bond of the functionalized nanoparticles may be ruptured, while present in the precursor
mixture to form the initiator nanoconstituents, which include the free radical, in the presence
of the precursor elastomer material. The initiator nanoconstituents may then react with the
polymer molecules of the precursor elastomer material to form a “polymer nanocomposite”
material, i.e., a material comprising interbonded nanoparticles and polymer compounds. As
the initiator nanoconstituents react with the polymer molecules, the polymer molecules may
also bond with one another, with ‘other free radicals that may have derived from the initiator
nanoconstituents, or with both. Thus, #n sifu crosslinking of the elastomer is provided by the
use of the initiator nanoconstituents.

As used herein, the term *in situ,” when referring to a process, means and includes a
process that chemically alters a chemical substance (e.g., a mixture, a solution, or a
suspension) without adding a new material to or isolating a material from the chemical
substance in order to acconiplish the chemical alteration. For example, as used herein, the
term “in situ,” when referring to formation of an initiator nanoconstituent within a chemical
substance (e.g., a precursor mixture), means and refers to the formation of the initiator
nanoconstituents from chemicals already present in the chemical substance (e.g., the precursor
mixture), as opposed to forming the initiator nanoconstituent by adding a reactive agent to
chemically alter a chemical within the chemical substance (e.g., the precursor mixture). As
another-example, as used herein, the term “in situ,” when referring to crosslinking of a
polymer within a chemical substance (e.g., the precursor mixture), means and refers to the
formation of bonds between polymer molecules in the precursor mixture without adding a
reactive agent to react chemically with the poiymer molecules. Though an *in situ” process
does not involve addition or isolation of materials from the chemical substance in order to
accomplish the desired chemical alteration, the chemical alteration may inherently result in the

addition or removal of one or more materials. For example, a chemical reaction may be
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carried out “jn situ,” in a chemical substance, without adding a reactive agent to the chemical
substance and without isolating reactive agents from the chemical substance before the
reactive agents react with one another. However, the chemical reaction may yield products
(e.g., new chemical compounds) that alter the composition of the chemical substance.
Alternatively or additionally, the chemical reaction may yield gaseous products, or volatile
liquids, that inherently leave a liquid or solid chemical substance as the chemical reaction is
carried out “in situ.”

As used herein, the term “precursor,” when referring to a substance (e.g., a mixture,
compound, material) or structure, means and includes a substance or structure to be
transformed into a resulting substance or structure. For example and without limitation, a
“precursor mixture” may refer to a mixture comprising a material to be chemically altered
(e.g., a chemical compound of which a bond is to be ruptured to form at least one free radical,
or a chemical compound to be cross-linked with itself or with other compounds), and a
“precursor elastomer material” may refer to an elastomer material that is fo be crosslinked
(i.e., be treated such that polymer molecules in the precursor elastomer material bond with
themselves, with each .other, or both to form a matrix of interbonded polymer molecules, i.e., a
“crosslinked elastomer material). The precursor elastomer material may include, in addition
to the polymer molecules to. be crosslinked, other materials, such as one or more of a solvent
and a filler material.

As used herein, the term “initiator nanoconstituent” means and includes a
nanoconstituent formulated to be reactive with (i.e., to chemically bond to) a polymer
molecule, to promote bonding between available bonding sites of a polymer molecule (e.g., to
crosslink one polymer molecule with itself), to promote bonding between multiple polymer
molecules, or any combination thereof. '

As used herein, the term “nanoconstituent” (or nanosize building block) means and
includes a material comprising a chemical bond between a nanoparticle and a chemical group.

As used herein, the term “nanoparticle” means and includes any particle, such as a
carbon-based or silica-based macro-molecule, having an average particle diameter (or average
particle length, width, or height) of between about one nanometer (about 1 nm) and about
two-hundred nanometers (about 200 nm).

As used herein, the term “free radical” means and includes an atom, molecule,
subgroup of a molecule, or ion having at least one unpaired valence electron. For example, a
free radical may include a carbon atom of a molecule, wherein the carbon atom has an

unpaired valence electron. An atom, molecule, subgroup of a molecule, or ion represented by
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a letter (e.g., “X”) is indicated to be a free radical herein where the letter is accompanied by a
“” (e.g,, “X*).

An initiator nanoconstituent, according to an embodiment of the present disclosure,
includes a nanoparticle (NP) covalently bonded to a “free radical organic subgroup,” i.e., an
organic subgroup comprising at least one free radical. Thus, according to some embodiments
herein, the initiator nanoconstituent has the following formula:

' (NPy—Q—R- v Formula I
wherein

NP represents the ﬁanopalticle;

Q represents either O(O==)C or N(O=)C; and

Re represents a free radical subgroup.

The NP may be covalently bonded to Q, and Q may be covalently bonded to Re.

The nanoparticle (NP) may be a carbon-based nanoparticle, such as nanoparticles of
diamond, graphene, graphene oxide, carbon nanotubes, fullerene, carbon onion-like structures
(e.g., a “bucky onion”). In other embodiments, the nanoparticle (NP) may be a silica-based
nanopartic‘le (e.g., silicon dioxide (SiO,)). _

The Q—R« subgroup may be derived from an “organic derivative compound,” such as
a carboxylic acid derivative, or an amide derivative, of a peroxide compound, a diaza
compound, or a disulfide compound. In embodiments in which the Q—Re subgroup is derived
from a carboxylic acid derivative, Q represents O(O==)C. In embodiments in which the Q—R»
subgroup is derived from an amide derivative, Q represents N(O=)C. Whether derived from a
carboxylic acid derivative or derived from an amide derivative, the free radical subgroup Re

may represent, for example and without limitation, of any one of the following formulas:

R'- Formula I
R% Formula ITI
R>—Se 4 Formula IV

wherein Formulas II-1V are derived from carboxylic acid derivatives, or amide derivatives, of
a peAroxide compound, a diaza compound, and a disuifide compound, respectively.

In the free radical subgroup of Formula I, which is derived from a carboxylic acid
derivative, or an amide derivative, of a p¢roxidc compound, R represents an organic
subgroup including a free radical, which may be a terminal free radical on a carbon atom. For
example and without limitation, R! may represent (CHy)a, wherein n is an integer from 1 to
24. One or more additional functional or nonfunctional groups may also be included in the

organic subgroup. An initiator nanoconstituent comprising an organic subgroup of Formula IT
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provides a “carbon-centered” free radical compound with the nanoparticle (NP) bonded to the
free radical via either an ether group (—O—) (if the Q—R- subgroup is derived from a
carboxylic acid derivative) or an amido group (—N--) (if the Q—Re subgroup is derived from
an amide derivative).

In the free radical subgroup of Formula III, which is derived from a carboxylic acid
derivative, or an amide derivative, of a diaza compound, R% represents an organic subgroup
including a free radical, which may be a terminal free radical on a carbon atom. For example
and without limitation, R® may represent (CHy),, wherein n is an integer from 1 to 24. Thus,
the organic subgroup including the free radical may be of the same formula whether utilizing
a derivative of a peroxide compound (to provide R'+) or utilizing a derivative of a diaza
compound (to provide R%). One or more additional functional or nonfunctional groups may
also be included in the organic subgroup. For example and without limitation, R® may
represeitt (CHa),C(CH3CN). An initiator nanoconstituent comprising a free radical subgroup
of Formula I1I also provides a carbon-centered free radical compound with the nanoparticle
(NP) bonded to the free radical via an ether group (—O—) (if the Q—R* subgroup is derived

| from a carboxylic acid derivative) or an amido group (—N—) (if the Q—Re subgroup is derived
from an amide derivative).

In the free radical subgfoup of Formula IV, which is derived from a carboxylic acid
derivative, or an amide derivative, of a disulfide compound, R? represents an organic
subgroup, such as, for example and without limitation, (CHz),, wherein n is an integer from 1
to 24. One or more additional functional or nonfunctional groups may also be included in the
organic subgroup. The free radical subgroup of Formula IV has 2 terminal free radical on a
sulfur (S) atom. An initiator nanoconstituent comprising a free radical subgroup of Formula
TV provides a “sulfur-centered” free radical compound with the nanoparticle (NP) bonded to
the R*—S- subgroup via an ether group (—O—) (if the Q—R= subgroup is derived from a
carboxylic acid derivative) or an amido group (—N—) (if the Q—R- subgroup is derived from
an amide derivative).

As discussed further detail below, the initiator nanoconstituents of Formula I may be
formed in sity, e.g., in a precursor mixture also comprising a precursor elastomer material and
may then be used to initiate i situ crosslinking of polymer molecules of the precursor
elastomer material to form a crosslinked elastomer material.

Accordingly, disclosed is an initiator nanoconstituent for crosslinking an elastomer.

The initiator nanoconstituent comprises a nanoparticle covalently bonded to a subgroup

comprising at least one fice radical.
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To form the initiator nanoconstituents (Formula T) of the present disclosure, a
functionalized nanopaiticle may be reacted with what is referred to herein as an “organic
derivative compound,” which may be the carboxylic acid derivative of any one of the
peroxide compound, the diaza compound, and the disulfide compound. The functionalized
nanoparticle, according to embodiments herein, may have the following formula:

(NP>-X Formula V
wherein

X represents a hydroxyl group (OH) or an amino group (NH,).

In embodiments in which the nanoparticle (NP) is a silica-based nanoparticle (e.g., a
silicon dioxide (Si0,) nanoparticle), the nanoparticle may include a hydroxyl group without
any particular processing of the nanoparticle. Thérefore, formation of the silica-based
nanoparticle may provide the functionalized nanoparticle of Formula VIIL

In embodiments in which the nanoparticle (NP) is carbon-based (e.g., a carbon
nanotube), the carbon-based nanoparticle may be treated, e.g., with a one-step oxidation, to
provide at least one hydroxyl group bonded to the nanoparticle, in accordance with Formula
Vi,

The functionalized nanoparticle, of Formula V (i.e., (NP)-X), may then be reacted
with the organic derivative compound to yield an “organic nancconstituent” compound (i.e., a
compound comprising the nanoparticle (NP) bonded to an organic group), according to the
following reaction:

(NPy-X +Y 2, Al + (NP)-Z Scheme
wherein

Y represents the organic derivative compound;

(cat) represents a catalyst;

A represents water (H,0); and

Z represents the organic group of the nanoconstituent compound.

The organic derivative compound (Y) may have the following formula:

Y'—-R—Y*R-Y! Formula VI
wherein

Y' represents a carboxyl group (HO(O=)C);

R represents an organic group, which may be one of R', R?, and R®, depending on

which of a peroxide compound derivative, a diaza compound derivative, and a

disulfide compound derivative is nsed; and
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y? represents C(=0)y—0—0—0=5)C, a diazeny] group (N=N), or a sulfur-sulfur
group (S—S).

In embodiments in which the organic detivative compound (Y) is a carboxylic acid
derivative, Y' represents the carboxyl group (HO(O=)C). In such embodiments, Y?
represents C(=0)~0—0—0=)C if the carboxylic acid derivative is a derivative of a peroxide

. compound, Y? represents the diazenyl group (N=N) if the carboxylic acid derivative is a
derivative of the diaza compound, and Y* represents the sulfur-sulfur group (S—S) if the
carboxylic acid derivative is a derivative of a disulfide compound.

The catalyst (cat) of Scheme I may be a catalyst formulated to enable the reaction of
Scheme I to proceed at a relatively-low temperature, €.g., at room temperature (about 20° C)
or mild heating (not exceeding 60° C). Performing the reaction at the relatively-low
temperature may prevent, or lessen, loss (e.g., by evaporation) of the organic derivative
compound. In some embodiments, the catalyst may comprise, consist essentially of, or
consist of DCC (dicyclohexyl carbodiimide), DMAP (4,4-N,N-dimethylaminopyridine), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, diisopropylcarbodiimide, or CDI (V, V-
Carbonyldiimidazole). In other embodiments, no catalyst may be used in Scheme .

By the reaction of Scheme I, the functional group (X) from the functionalized
nanoparticle ((NP)-X) breaks from the nanoparticle while a terminal hydrogen (H) breaks
from the organic derivative compound (). The functional group (X) and disassociated
hydrogen (H) then join to form compound Al. In embodiments in which a hydroxy-
functionalized nanoparticle is used, such that X is a hydroxy group (OH), compound Alis
water H;O (e.g., steam). In embodiments in which an amino-functionalized nanoparticle is
used, such that X is an amino group (NH,), compound Al is also water (HZ0). Itis
contemplated that the water will be gaseous or evaporate such that compound Al will separate
from the system, leaving (NP)-Z in the system.

Also by the reaction of Scheme I, the remainder of the organic derivative
compound (Y), after loss of a hydrogen atom (H), substitutes for the lost functional group (X)
to form the organic nanoconstituent (NP)}-Z). Thus, Z represents the organic derivative
compound afier loss of the hydrogen such that Z has the following formula:

Q—R—Y*~R~Y' Formula VII
wherein Q represents the O(O=)C subgroup (in embodiments in which Y! was a carboxyl
group) or ((H)N(O=-)C (in embodiments in which X was an amino group).

Therefore, by the reaction of Scheme I, an organic nanoconstituent compound

((NP)-Z) is formed from the functionalized nanoparticle ((NP)--X) and the organic derivative
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compound (Y). In the organic nanoconstituent compound (NP)-Z), a nanoparticle is
covalently bonded to an organic subgroup (i.e., R—Y*—R—Y") via either an ether group
(—0O—) or an amido group (—N—) of the Q subgroup. Thus, the organic nanoconstituent
compound ((NP)-Z) may also be represented by the following formula.
(NP-Q—R—Y*—R~-Y' Formula VIII

The organic naneconstituent compound (NP)-Z) may then be dispersed within a
precursor elastomer material to form a precursor mixture comprising polymer molecules to be
crosslinked and the organic nanoconstituent compound (NP)-Z). The precursor elastomer
material may comprise a non-crosslinked, or partially crosslinked, rubber or other polymer
material, such as one or more of nitrile butadiene rubber (NBR) and hydrogenated
acrylonitrile butadiene rubber (HNBR), or any other polymer. having aliphatic C-H bonds ina
backbone chain, e.g., polyethylene, polypropylene, polystyrene, Nylon, etc. In some
embodiments, the precursor elastomer material may be selected to be any polymer material
known to be cross-linkable using peroxides in conventional processes.

Because the organic nanoconstituent compound ((NP)-Z), at the time of dispersal in
the precursor elastomer material, is nonreactive (i.e., has no free radical sites) relative to the
polymer compounds in the precursor ¢lastomer material, the organic nanoconstituent
compound ((NP)-Z) may be added to the precursor elastomer material without initiating
cross-linking of the polymer molecules. This enables consistent dispersion within the
precursor ¢lastomer material, providing more complete and better dispersion than achievable
by conventional methods that disperse reactive crosslinking initiator nanoconstituents in a
precursor elastomer material.

Mixing of the organic nanocenstituent compound ((NP)-Z) with the precursor
elastomer material may be carried out at a temperature of about 20° C to about 50° C, i.e., at
“cool” temperatures. These cool temperatures may inhibit or slow a decomposition of the
organic nanoconstituent compound ((NP}-Z), which decomposition may begin crosslinking of
polymer molecules in the precursor elastomer material of the precursor mixture. The cool
temperatures may be instituted and controlled by, for example and without limitation, using an
externally-cooled vessel in which to mix the matetials; introducing a cooled inert gas into the
environment in which the materials are being mixed; including a cooled, inert solvent in the
precursor mixture, or some combination thereof.

After forming the precursor mixtute comprising the organic nanoconstituent
compound ((NP)-Z) well dispersed in the precursor elastomer material, the precursor mixture

may then be treated to form the initiator nanoconstituent (NP)—Q—Rs) of Formula L. Thus,
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the initiator nanoconstituent (Formula I) may be formed in situ, ie., witﬁin the precursor
mixture, in the presence of the polymer molecules of the precursor elastomer material.
Treatment of the precursor mixture may include or consist of heating the precursor
mixture, before or during extrusion or hot-pressing of the mixture, to a temperature at which at
least one chemical bond of the organic nanoconstituent compound ((NP)-Z), also represented
by Formula VIIT) ruptures to form at least one free radical functionalized nanoconstituent
compound, according to the following scheme:
(NP)-Q—R—Y*R—Y' &20_, (NP)-Q-Re + *R—Y' (+ A®)  Scheme Il
( Formula VII ) ( Formulal }
wherein «R—Y! represents another free radical compound (in addition to the initiator
nanoconstituent of Formula I) and A” represents a side product compound, which may or may
not be formed depending on the particular compound of Formula VIL
In embodiments in which the organic derivative compound (Y) was a carboxylic acid
derivative of a peroxide compound (such that Y! was a carboxy! group, R was R, and Y” was
a C(=0)—0—0—0=)C group), during Scheme II, bonds of the orgaric nanoconstituent
compound ((NP)-Z) may rupture as indicated below, by heating the precursor mixture (e.g.,

during extrusion or hot-pressing) to a temperature of, for example and without limitation,

about 90° C to about 120° C:
(NP)-O(0=)C—R~//-C(=0)—0~/-O0—~0=)C~//-R'—C(=0)OH
( Q) ( v? ) ( y! )

wherein “~/—" indicates a rupturing bond. Thus, by this embodiment of Scheme II (which
embodiment is referred to herein as Scheme 114), two carbon dioxide (COs) molecules are
formed from the Y* group, and radicals are formed on each of the R! groups, as indicated
below.
(NP)-O(0O=)C—R!+ + CO, + CO, ++R'—C(=0)OH Scheme T,
(Q)I®RY &) @A) B Y )

Accordingly, by Scheme I, an initiator nanoconstituent (of Formula I) is formed having a
carbon-centered free radical and in which the nanopaiticle is bonded to a free radical subgroup
(R+) via an ether group (—0—). Another free radical, comprising a carboxyl group "
bonded to another free radical subgroup (*R) is also formed.

In embodiments in which the organic derivative compound (Y) was a carboxylic acid
derivative of a diaza compound (such that Y* was a carboxyl group, R was R?, and Y? was a
diazenyl group (N=N), during Scheme II, bonds of the organic nanoconstituent compound

((NP)-Z) may rupture as indicated below;, by heating the precursor mixture (e.g., duting
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extrusion or hot-pressing) to a temperature of, for example and without limitation, about
140° C to about 150° C.
' (NP)-O(0=)C—R*~//-N=N—//-R*~C(=0)OH
(Q)y (¥ (YY)
Thus, by this embodiment of Scheme II (which embodiment is referred to herein as Scheme
11g), a nitrogen molecule (N5) is formed from the diazenyl group and free radicals are formed
on each of the R? groups, as indicated below.
(NP)-O(0O=)C—R% + N, +*R*~C(=0)OH Scheme 115
( QIR) &) CR) (Y )
Accordingly, as with Scheme 11, by Scheme I an initiator nanoconstituent (of Formula I) is
formed having a carbon-centered free radical and in which the nanoparticle is bonded to a fiee
radical subgroup (R») via an ether group (—O—). Another free radical, comprising a carboxyl
group (Y') bonded to another free radical subgroup (*R) is also formed. Thus, the difference
in the resulis of Scheme Il compared to the results of Scheme II, is the production of a
nitrogen molecule (N,) as a side product (Az) rather than two carbon dioxide molecules (COy).
In embodiments in which the organic derivative qompound (Y) was a carboxylic acid
derivative of a disulfide compound (such that Y! was a carboxyl group, R was R?, and Y? was
an $—S group), during Scheme II, bonds of the organic nanoconstituent coxﬁpound ((NP)»-2)
may rupture as indicated below, by heating the precursor mixture (e.g., during extrusion or
hot-pressing) to a temperature of, for example and without limitation, about 200° C,
(NP)-O(0=)C—R*~8—//-S—R*—C(=0)OH
(Q) (Y) (Y )
Thus, by this embodiment of Scheme II (which embodiment is referred to herein as Scheme
Te), no side product (A%) is produced, but free radicals are formed on each of the sulfur atoms,
as indicated below.
| (NP}-O(0=)C~R’—S+  «S—R*—C(=0)OH Scheme Ilc
( Q)(R) (R)(C Y )
Accordingly, by Scheme Il¢ an initiator nanoconstituent (of Formula I) is formed having a
sulfur-centered free radical and in which the nanoparticle is bonded to a free radical subgroup
(R+) via an ether group (—O—). Another free radical, comprising a carboxyl group YhH
bonded to another free radical subgroup (*R) is also formed.
In embodiments in which the organic derivative compound (Y) was an amide
derivative of a peroxide compound (such that Y' was an amide group, R was R', and Y* was a

CEOY-0—0—0=)C group), during Schedule II, bonds of the organic nanoconstituent
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compound ((NP)~Z) may rupture as indicated below, by heating the precursor mixture (e.g.,
during extrusion or hot-pressing) to a temperature of, for example and withou; limitation,
about 90° C to about 120° C.
(NP)(H)N(O=)C—R'~//~C(=0)—O0~//-0—O=)C~//-R'—C(=0)NH,
( Q) Y? y (Y )
Thus, by this embodiment of Scheme II (which embodiment is reférred to herein as Scheme
IIp), two carbon dioxide (CO;) molecules are formed from the Y? group, and radicals are
formed on each of the R' groups, as indicated below.
(NP-(IDN(O=)C—R!+ + CO; + CO, ++R'—C(=0)NH,  Scheme llp
( Q YB) &) (&) B( Y )

Accordingly, by Scheme IIp an initiator nanoconstituent (of Formula I) is formed having a
carbon-centered free radical and in which the nanoparticle is bonded to a free radical subgroup
(Re) via an amido group (—N—)‘. Another free radical, comprising an amide group wh
bonded to another free radical subgroup (*R} is also formed.

In embodiments in which the organic derivative compound (Y) was an amide
derivative of a diaza compound (such that Y' was an amide group, R was R% and Y* was a
diazeny! group (N=N), during Scheme 11, bonds of the organic nanoconstituent compound
((NP)y—Z) may rupture as indicated below, by heating the precursor mixture (e.g., during
extrusion or hot-pressing) io a temperature of, for example and without limitation, about
140° C to about 150° C.

(NP)(H)N(O=)C—R*//-N=N—//-R*~C(=0)NH,

C Q) (YY) (Y )
Thus, by this embodiment of Scheme Il (which embodiment is referred to herein as Scheme
.IIE),‘a nitrogen molecule (N,) is formed from the diazenyl group and free radicals are formed
on each of the R? groups, as indicated below.

(NP)-(H)N(O=)C—R + N, ++R*~C(=0)NH, Scheme Il

( Q YR)Y A CR( Y )
Accordingly, as with Scheme ITp, by Scheme Ilg an initiator nanoconstituent (of Formula 1) is
formed having a carbon-centered free radical and in which the nanoparticle is bonded to a free
radical subgroup (R*) via an amido group (—N—)." Another frce radical, comprising an amide
group (Y') bonded to another free radical subgroup (+R) is also formed. Thus, the difference
in the results of Scheme ITz compared to the results of Scheme IIp is the production of a

nitrogen molecule (Ny) as a side product (A?) rather than two carbon dioxide molecules (CO»).
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In embodiments in which the organic derivative compound (Y) was an amide
derivative of a disulfide compound (such that Y' was an amide group, R was R’, and Y* was
an S—S8 group), during Scheme 11, bonds of the organic nanoconstituent compound (NP)-Z)
may rupture as indicated below, by heating the precursor mixture (e.g., during extrusion or
hot-pressing) to a temperature of, for example and without limitation, about 200° C.

(NP)-(H)N(O=)C—R’—8~//-S—R’—C(=0)NH,
C Q) (YY) (Y )
Thus, by this embodiment of Scheme II (which embodiment is referred to herein as Scheme
IIg), no side broduct (A?) is produced, but free radicals are formed on each of the sulfur atoms,
as indicated below. |
(NP-HNO=)C—R>-S+ - +5~R*—C(=0)NH, Scheme IIy
( Q )Y(R) (RH( Y )
Accordingly, by Scheme Iy an initiator nanoconstituent (of Formula I) is formed having a
sulfur-centered free radical and in which the nanoparticle is bonded to a free radical subgroup
(R+) via an amido group (—N—). Another free radical, comprising an amide group (Y")
bonded to another firee radical subgroup (*R) is also formed.

In some embodiments, the free radical subgroups (R+ and *R) of both of the initiator
nanoconstituent and the another free radical compound may be chemically identical (i.e., they
may have the same composition and structure of elements. In other embodiments, the free
radical subgroups may not be chemically identical, e.g., if additional subgroups or different
elements are included on one or both of the free radical subgroups.

With the j» situ formation of the initiator nanoconstituent (of F oﬁnula I) inthe
precursor mixture, the initiator nanoconstituent, as well as the other products of Scheme IIs_p,
are already well intermixed with the precursor elastomer material, of the precursor mixture, at
the time they are formed. Therefore, once Scheme II yields the initiator nanoconstituent (of
Formula T), crosslinking of polymer molecules within the precursor elastomer material may
initiate due to the presence of the in sizu formed initiator nanoconstituents with terminal free
radicals.

At least one of a main chain, side chain, and terminal chain of a polymer molecule of
the precursor elastomer material may include a bond or group having a high affinity (i.c.,
reactivity or polarity) to the free radical of the initiator nanoconstituent (Formula I), the
another free radical compound (*R=Y"), or both. Therefore, the polymer molecules may be
bonded (e.g., covalently bonded) with the initiator nanoconstituent, with the another free

radical compound, or both. In some embodiments, the polymer molecules may additionaily
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bond with other polymer molecules or with another available bonding site on the same
polymer molecule. Nonetheless, a crosslinked elastomer material is formed comprising a
matrix of interbonded polymer materials that are also interbonded with nanoparticles via an
organic subgroup and at least one of an ether group (—O—) and an amido group (—N—). One »
such resulting “polymer nanocomposite” compound may have the following formula:
(NPY-Q-R—{Poly) Formula IX

wherein (Poly) represents the polymer molecule. The crosslinked elastomer material may also
include “polymer organocomposite” compounds having the following formula:

(Poly)—R—~Y! Formula X
wherein a polymer molecule has bonded (e.g., covalently bonded) with the another free
radical compound produced in Scheme II. In'some embodiments, a polymer molecule of the
crosslinked elastomer material may bond with both the initiator nanoconstituent and the
another free radical compound 1o produce a polymer compound having the following formula.

(NP)-Q—R—(Poly)—R—Y". Formula XI

A crosslinked elastomer material comprising polymer nanocomposites, in accordance
with embodiments of the present disclosure, may have increased mechanical strength and
abrasion resistance due to the matrix of interbonded nanoparticles and polymer molecules,
compared to a crosslinked elastomer material having only interbonded polymer molecules and
dispersed nanoparticles that are not bonded to the polymer molecules. Moreover, the in situ
formation of the initiator nanoconstituents, from organic nanoconstituent compounds that
have already been well dispersed in a precursor mixture including the precursor elastomer
material, may enable more consistent crosslinking of the polymer molecules, through the
crosslinked elastomer, compared to a conventional process that intermixes reactive
vulcanizing agents in a precursor elastomer material.

Accordihgly, disclosed is a method of forming a crosslinked elastomer material. The
method comprises dispersing, in a precursor ¢lastomer material, at least one compound to
form a precursor mixture. The at least one compound comprises a nanoparticle bonded to a
subgroup via an ether group or an amido group. The precursor mixture is heated to rupture at
least one bond of the at least one compound, forming an initiator nanoconstituent comprising
the nanoparticle and a terminal free radical. The initiator nanoconstituent is then bonded to a

polymer molecule of the precursor elastomer material.
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EXAMPLE

One particular example of a method for iz situ formation of an initiator
nanoconstituent and of a method of using the initiator nanoconstituent to form a crosslinked
elastomer material is as follows:

First, in accordance with Scheme I, a hydroxy-functionalized carbon nanotube (CNT)
is reacted with succinic acid peroxide in the presence of DCC to form water and an organic
nanoconstituent compound, as follows:

(CNT)-OH + HO(O=)C(CH,);C(=0)—0—0—C(=0)(CH,),C(=0)0H 2

H,0 + (CNTO(0=)C{CH),C(=0)y~0—0~C(=0)(CH2),C(=0)OII
wherein, of Scheme 1,
~ (NP) represents the (CNT),

X represents the OH group,

Y represents the (HO(O==)C(CH,),C(=0)~0—0~C(=0)(CH;),C(=0)OH), wherein
Y represents the carboxyl group (HO(O=)C),
R represents the (CHy)y, and
Y? represents the C(=0-0—0—(0=)C,

(cat) represents the DCC,

A! represents the water (H;0), and

7 represents the O{0O=)C(CH),C(=0)O0C(=0)(CH,),C(=0)OH group, wherein

Q represents the O(O=)C.

Second, the organic nanoconstituent compound resulting from Scheme ‘I is then mixed
with a precursor NBR material to form a precursor mixture.

Third, the precursor mixture is extruded and heated to about 90° C to about 120° C
during extrusion of the precursor mixture. In accordance with Scheme I, the heat treatment
of the precursor mixture ruptures bonds within the organic nanoconstituent to form, in sifu, an
initiator nanoconstituent, another free radical compound, and carbon dioxide, as follows:

(CNT)-O(0=)C(CH,),C(=0)—0—0—C(=0)(CH,),C(=0)OH 12—
(CNT)-O(0=)C(CHy)p* + 2CO2 + +(CH,),C(=0)OH
wherein, of Scheme II, A* represents the 2C0O;.

Fourth, the in-situ formed initiator nanoconstituent reacts with a polymer molecule
present in the precursor mixture, and the another free radical cdmpound may also react with
the polymer molecule or another polymer molecule to initiate crosslinking of the polymer
material and convert the precursor NBR material to a crosslinked NBR comprising a polymer

nanocomposite of the following formula, in which the CNT is covalently bonded to the
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polymer molecule via at least an ether group. More specifically, the CNT is covalently
bonded to an ether group, which is bonded to an organic subgroup, which is covalently
bonded to the polymer molecule.
’ (CNT)—O(0=)C(CHy)—(Poly)
The crosslinked NBR material may also comprise one or more of the following compounds.
(Poly)y~(CH,),C(=0)OH (i.¢., a polymer nanocomposite)
(CNT)—O(0=)C(CHy);—~(Poly)~(CHz).C(=0)OH
One or more polymer molecules of the crosslinked NBR material may also be interbonded

with other polymer molecules or bonded with itself.

In other particular embodiments, a graphene nanoparticle may be utilized as the
nanoparticle (NP).

In other embodiments, the organic derivative compound may be 4,4'-Azobis(4-
cyanovaleric acid) (HO(O=-)C(CHy);C(CH3)}(CN)N=N(CN)(CH;)C(CH,),C(=0)OH), in
which embodiments the initiator nanoconstituent and a resulting polymer nanocomposite may
have the following fonnulaé, respectively: ‘

(NP)-0O(0=)C(CHz)C(CH3)(CN)*

(NP)Y-O(0=)C(CH,)s—(Poly)
wherein the free radical of the initiator nanoconstituent may be on the carbon atom to which
the methy! group (CHs) and the cyano group (CN) are bonded.

In other embodiments, the organic derivative compound may be glutaric peroxide acid
(HOOC(CH,):C(=0)—0—0—C(=0)(CH, ;C(=0)OH), in which embodiments the initiator
nanoconstituent and a resulting polymer nanocomposite may have the following formulas,
respectively: '

(NP)-O(O=)C(CHy)s*

(NPY-O(0=)C(CHy)s—(Poly) '
wherein the free radical of the initiator nanoconstituent may be on the terminal carbon atom of
the (CH,); chain, Therefore, while the example using succinic acid peroxide as the organic
derivative compound (Y) yielded an initiator nanoconstituent with an O(O=)C(CHz)>*
subgroup, beginning with glutaric peroxide acid as the organic derivative compound (Y)
yields an initiator nanoconstituent with an O(O=)C(CHa)s* subgroup.

Crosslinked elastomers, formed using an initiator nanoconstituent and/or a method.of
formation according to any embodiment of the present disclosure, may be incorporated and

used in downhole tools or components thereof. As nonlimiting examples, a crosslinked
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elastomer, according to embodiments of the present disclosure, may be included in an
elastomer packing element of a retrievable packer tool application (FIGS. 1 and 2), ina
sealing element for a packer (FIG, 3), or an clastomer element of a stator former of a
downhole drilling motor (FIG. 4).

With reference to FIGS. 1 and 2, an embodiment of a retrievable packer tool is
illustrated. “Packers” are useful tools for sealing spaces separating upper and lower portions
of a well depth. That is, well pipe, such as coiled or threaded production tubing, for example,
may be surrounded by an annular space between the exterior wall of the tubing and the
interior wall of the well casing or borehole wall. Frequently, it is necessary to seal this
annular space between upper and lower portions of a well depth, and a packer may be used for
this purpose.

Traditionally, the sealing element of some conventional packers is one or more
adjacent rings of rubber or other elastomer that is in some manner sealed between a mandrel
of the packer and an interior surface of a wellbore tubular, such as a casing or liner. For
example, the ring of rubber is expanded, by vlongitudinally applied forces, radially against the
casing or borehole wall. One of the greater utilities for a well packer is to isolate a designated
section of a wellbore along the wellbore length penetrating a particular zone or earth strata. In
some cases, the isolated zone contain, or have generated within, an inordinately high wellbore
pressure in comparison to adjacent areas of the wellbore annulus. For that reason, the packer
may be required to confine an unusually high-pressure differential.

A retrievable packer tool 100 is illustrated in FIG. 1. The retrievable packer tool 100
comprises one or more elastomer packing elements 158, which may be disposed between an
upper gage ring 120 and a lower gage ring 154. The packing elements 158 may be NBR,
HNBR, FEPM, or FKM polymers that have been crosslinked according to any of the methods
disclosed herein. Thus, the packing elements 158 may be formed using any of the iﬁitiator
nanoconstituents disclosed herein, and the crosslinked clastomer of the packing elements 158
includes a polymer nanocomposite comprising a nanoparticle covalently bonded to a polymer
molecule via one of an ether group and an amide group and, optionally, also via an organic
group.

The run-in, unset state of the retrievable packer tool is illustrated in FIG. 1, wherein
the packer elements 158 are uncompressed between the upper gage ring 120 and the lower
gage ring 154, The retrievable packer tool may then be dispesed at a desired downhole
position within a casing 160, as represented in FIG. 2. Then, fluid pressure within a tubing

flow bore may be increased, transferred through a mandrel apertire 130, and brought to bear
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against a lower edge of a retainer piston 144 causing the retainer piston 144 to shift upwardly
and away from a retainer ring 146, When released, in situ well pressure against a connector
mandrel piston 124 pulls the upper gage ring 120 compressively against the packer elements
158 and the lower gage ring 154. Simultancously, slips 118 and 150 are set into the wall
surface of casing 160 (FIG. 1) to prevent longitudinal movement of retrievable packer tool
100. Axial compression of the packer elements 158 expands the elastomer material radially
into fluid-tight engagement with the inside walls of the casing 160.

Another embodiment of a packer downhole tool is schematically illustrated in FIG. 3.
The overall downhole tool or downhole zone isolator (packer) 300 in the form of a so-called
inflatable packer has a central support substrate or mandrel 312, shown in partial cross-section
as of generally tubular shape, around which has been secured a sealing element 314 in the
form of a bladder. The sealing element 314 may include a crosslinked clastomer formed
according to any of the methods disclosed herein. Thus, the sealing element 314 may have
been formed using any of the initiator nanoconstituents disclosed herein, and the crosslinked
elastomer of the sealing element 314 includes a polymer nanocomposite comprising a
nanoparticle covalently bonded to a polymer molecule via one of an ether group :ind an amide
group and, optionally, also via an organic group. The sealing element 314, when inflated by
pressurized fluid, contacts and seals against the borehole wall 316 of a subterranean formation
318. In this manner, wellbore 320 is sealed at this point.

Another embodiment of a downhole tocl having a component comprising a
crosslinked elastomer is illustrated in FIG. 4. IHustrated is a lateral cross-section of a drive
section 410 of a downhole drilling motor 400. The motor 400 is a multi-lobed assembly used
to drive drilling tools, such as a drill bit and the like, by pumping drilling fluid through the
drive section 410 of the motor 400. As is typical of such motors 400, a stator/rotor drive
converts the fluid energy of the drilling fluid in a rotation and processional motion to turn an
operatively-connected drill bit downhole.

The drive section 410 of the motor 400 includes an outer case 420 within which is
disposed a rigid stator former 430. The stator former 430 has a helical, multi-lobed
configuration. The stator former 430 may be formed of a rigid material, such as a metal or
metal alloy. A multi-lobed helical rotor 440 is disposed within the stator former 430 for
rotation therein as drilling fluid is pumped through the stator former 430 to drive a drill bit.

An inner surface 450 of the stator former 430 is lined with a coating 460, which. may
comprise an elastomer matetial configured to sealingly engage portiohs of the rotor 440 as it

rotates within the stator former 430, The coating 460 may comprise, consist essentially of, or
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consist of any of the embodiments of crosslinked elastomers described herein, and the coating
460 may be formed in accordance with any of the methods for forming crosslinked elastomers
described herein. Thus, the coating 460 comprises a polymer nanocomposite comprising a
nanoparticle covalently bonded to a polymer molecule via an ether group or an amide group
and, optionally, also an organic group.

In any of the downhole tools or components illustrated in FIGS. 1 through 4
comprising crosslinked elastomer materials, according to embodiments of the present
disclosure, the elastomer components may have a longer use life, higher abrasion resistance,
and higher strength, compared to conventional crosslinked elastomer components that do not
include an elastomer crosslinked with polymer nanocomposites. That is, the interbonding of
the nanoparticles with the interbonded polymer material increases the mechanical strength and
abrasion resistance of the crosslinked elastomer material. Moreover, the use of initiator
nanoconstituents formed i# sifu enables the initiator nanoconstituents to be well dispersed
within the precursor elastomer material before crosslinking is initiated. Therefore, the
crosslinked elastomer material, according to embodiments herein, may be more uniformly
crosslinked compared to crosslinked elastomer material formed by conventional processes
that incorporate reactive vulcanizing agents into a precursor elastomer material.

Accordingly, disclosed is a downhole tool comprising a crosslinked elastomer
material. The crosslinked elastomer material comprises a polymer molecule bonded to a
subgroup covalently bonded to a nanoparticle.

Additional non-limiting example embodiments of the disclosure are described below.

Embodiment 1: An initiator nanoconstituent for crosslinking an elastomer, the
initiator nanoconstituent comprising a nanoparticle covalently bonded to a subgroup
comprising at least one free radical.

Embodiment 2: The initiator nanoconstituent of Embodiment 1, wherein the
nanoparticle is covalently bonded to the subgroup via at least one of an ether group and an
amide group.

Embodiment 3: The initiator nanoconstituent of Embodiment 1, wherein the at least
one free radical is a terminal carbon atom.

Embodiment 4: The initiator nanoconstituent of Embodiment 1, wherein the at least
one free radical is a terminal sulfur atom.

Embodiment 5: The initiator nanoconstituent of Embodiment 1, wherein: the
nanoparticle is a carbon nanotube, and the subgroup has the following formula

O(O=)C(CH,),*, wherein x is 2 or 3 and ¢ represents a free radical site.
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'Embodiment 6: A downhole tool comprising a crosslinked elastomer material, the
crosslinked elastomer material comprising a polymer molecule bonded to a subgroup
covalently bonded to a nanoparticle.

Embodiment 7: The downhole tool of Embodiment 6, wherein the polymer molecule
is covalently bonded to the subgroup. ‘

Embodiment 8: The downhole tool of Embodiment 6, wherein the nanoparticle is
covalently bonded to the subgroup via one of an ether group and an amide group.

Embodiment 9: The downhole tool of Embodiment 6, wherein the downhole tool
comprises a packer tool including a packer element comprising the crosslinked elastomer
materia).

Embodiment 10: The downhole tool of Embodiment 6, wherein the downhole tool
comprises a downhole drilling motor including a drive section having a stator former
comprising a coating comprising the crosslinked elastomer material.

Embodiment 11: A method of forming a crosslinked elastomer material, comprising:
dispersing, in a precursor elastomer material, at least one compound to form a precursor
mixture, the at least one cofnpound comprising a nanoparticle bonded to a subgroup via an
ether group or an amido group; heating the precursor mixture to rupture at least one bond of
the at least one compound, forming an initiator nanoconstituent comprising the nanoparticle
and a terminal free radical; and bonding the initiator nanoconstituent to a polymer molecule of
the precursor elastomer material. '

Embodiment 12: ’f‘he method of Embodiment 11, further comprising, before the
dispersing act, reacting a functionalized nanoparticle with an organic derivative compound,
the functionalized nanoparticle comprising the nanoparticle, the organic derivative compound
selected from the group consisting of a carboxylic acid derivative of a peroxide compound, a
carboxylic acid derivative of a diaza compound, a carboxylic acid derivative of a disulfide
compound, an amide derivative of a peroxide compound, an amide derivative of a diaza
compound, and an amide derivative of a disulfide compound.

Embodiment 13: The method of Embodiment 12, further comprising, before the
dispersing act, reacting a functionalized nanbpamcle with an organic derivative compound,
the funct?onalizcd nanoparticle comprising the nanoparticle, the organic derivative compound
having the following formula:

Y'—R—Y*-R—Y'
wherein

Y! represents one of a carboxyl group and an amide group;
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R représents an organic group; and

Y? represents ong of C(=0)—~0—0—(0=)C, N=N, and S—S.

Embodiment 14: The method of Embodiment 11, wherein heating the precursor
mixture also forms another free radical compound in addition to the initiator nanoconstituent.

Embodiment 15: The method of Embodiment 14, further comprising bonding the
another free radical compound with another polymer molecule of the precursor elastomer
material.

Embodiment 16: The method of Embodiment 11, wherein dispersing, in a precursor
elastomer material, at least one compound comprises cooling the precursor elastomer material
while dispersing the at least one compound.

Embodiment 17: The method of Embodiment 11, further comprising, before the
dispersing, reacting a hydroxy-functionalized carbon nanotube with at least one of succinic
acid péroxide and glutaric peroxide acid to form the at least one compound, the nanoparticle
comprising the carbon nanotube, the subgroup comprising an oxygen-oxygen (0—0) group,
and the carbon nanotube being bonded to the subgroup via the ether group.

Embodiment 18: The method of Embodiment 17, further comprising selecting the
precursor elastomer material to comprise a precursor nitrile butadiene rubber (NBR) material.

Embodiment 19: The method of Embodiment 17, wherein heating the precursor
mixture comprises héating the precursor mixture to rupture a bond of the oxygen-oxygen
(O—0) group in the subgroup.

Embodiment 20: The method of Embodiment 17, wherein heating the precursor
mixture comprises forming another free radical compound comprising another terminal free
radical, the another free radical compound comprising a carboxyl group bonded to an organic
group.

Although the foregoing description contains many specifics, these are not to be
construed as limiting the scope of the present disclosure, but merely as providing certain
embodiments. Similarly, other embodiments of the initiator nanoconstituents, downhole
tools, downhole tool components; and methods of formation may be devised that do not
depart from the scope of the present disclosure. For example, features described herein with
reference to one embodiment also may be provided in others of the embodiments described
herein. The scope of the invention is, therefore, indicated and limited only by the appended
claims and their legal equivalents, rather than by the foregoing description. All-additions,
deletions, and modifications to the embodiments, as disclosed herein, which fall within the

meaning and scope of the claims, are encompassed by the present disclosure.
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What is claimed is:

1. An initiator nanoconstituent for crosslinking an elastomer, the initiator
nanoconstituent comprising a nanoparticle covalently bonded via an —O(O=)C— group
or an —N(O=)C— group to a subgroup comprising at least one free radical terminal
carbon atom, wherein the —O(O=)C— group or the —N(O=)C— group is directly
bonded to the nanoparticle.

2. The initiator nanoconstituent of claim 1, wherein:

the nanoparticle is a carbon nanotube,

the nanoparticle is covalently bonded via the —O(O==)C— group to the
subgroup, and

the subgroup has the following formula (CH,),e, wherein x is 2 or 3 and

represents a free radical site.

3. An initiator nanoconstituent for crosslinking an elastomer, the initiator
nanoconstituent comprising a nanoparticle covalently bonded via an —O(O=)C— group
or an —N(O=)C— group to a subgroup comprising at least one free radical terminal

carbon atom.

4. A method of forming a crosslinked elastomer material, comprising:

dispersing, in a precursor elastomer material, at least one compound to form a
precursor mixture, the at least one compound comprising a nanoparticle covalently bonded
via an —O(O=)C— group or an —N(O=)C-~group to a subgroup;

heating the precursor mixture to rupture at least one bond of the at least one
compound, forming an initiator nanoconstituent comprising the nanoparticle covalently
bonded via the —O(O=)C—- group or the —N(O=)C—- group to the subgroup now
comprising a free radical terminal carbon atom, wherein the —OQ(O=)C— group or the —
N(O=)C— group is directly bonded to the nanoparticle; and

bonding the initiator nanoconstituent to a polymer molecule of the precursor

elastomer material.
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5. The method of claim 4, further comprising, before the dispersing act, reacting a
functionalized nanoparticle with an organic derivative compound, the functionalized
nanoparticle comprising the nanoparticle, the organic derivative compound selected from
the group consisting of a carboxylic acid derivative of a peroxide compound, a carboxylic
acid derivative of a diaza compound, an amide derivative of a peroxide compound, and an

amide derivative of a diaza compound.

6. The method of claim 4, further comprising, before the dispersing act, reacting a
functionalized nanoparticle with an organic derivative compound, the functionalized
nanoparticle comprising the nanoparticle, whetein the organic derivative compound has
the following formula:
Y'—R—Y*~R~Y'
wherein

Y represents one of a carboxyl group and an amide group;

R represents an organic group; and

Y? represents one of C(=0)—0—0—(0=)C and N=N.

7. The method of any one of claims 4 to 6, wherein heating the precursor mixture

also forms another free radical compound in addition to the initiator nanoconstituent.

8. The method of claim 7, further comprising bonding the another free radical

compound with another polymer molecule of the precursor elastomer material.

9. The method of any one of claims 4 to 8, wherein dispersing, in a precursor
elastomer material, at least one compound comprises cooling the precursor elastomer

material while dispersing the at least one compound.

10. The method of claim 4, further comprising, before the dispersing act, reacting a
hydroxy-functionalized carbon nanotube with at least one of succinic acid peroxide and
glutaric peroxide acid to form the at least one compound, the nanoparticle comprising the
carbon nanotube, the subgroup comprising an oxygen-oxygen (O—0) group, and wherein

the carbon nanotube is bonded to the subgroup via the —O(O=)C— group.
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11. The method of claim 10, further comprising selecting the precursor

clastomer material to comprise a precursor nitrile butadiene rubber (NBR) material.

12. The method of claim 10 or 11, wherein heating the precursor mixture
comprises heating the precursor mixture to rupture a bond of the oxygen-oxygen (0—0)
group in the subgroup.

13. The method of claim 10 or 11, wherein heating the precursor mixture
comprises forming another free radical compound comprising another terminal free
radical, the another free radical compound comprising a carboxyl group bonded to an

organic group.
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