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(57) ABSTRACT

The modified graphene includes a structure represented by
the following formula (I), wherein the modified graphene
has a ratio (g/d) of an intensity “g” of a G band to an
intensity “d” of a D band of 1.0 or more in a Raman
spectroscopy spectrum thereof.

Grl-Arl-X1-(Y1),, @

in the formula (I), Grl represents a single-layer graphene or
a multilayer graphene, Arl represents an arylene group
having 6 to 18 carbon atoms, X1 represents a single bond,
a linear, branched, or cyclic alkylene group having 1 to 20
carbon atoms, or a group obtained by substituting at least
one carbon atom in a linear, branched, or cyclic alkylene
group having 1 to 20 carbon atoms with at least one structure
selected from the group consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group.
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MODIFIED GRAPHENE, METHOD OF
PRODUCING MODIFIED GRAPHENE,
MODIFIED GRAPHENE-RESIN COMPOSITE,
MODIFIED GRAPHENE SHEET, AND
MODIFIED GRAPHENE DISPERSION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional application of U.S.
patent application Ser. No. 16/793,557, filed Feb. 18, 2020,
which claims the benefit of Japanese Patent Application No.
2019-034913, filed Feb. 27, 2019, Japanese Patent Applica-
tion No. 2019-034911, filed Feb. 27, 2019, and Japanese
Patent Application No. 2020-021921, filed Feb. 12, 2020.
All of these prior applications are hereby incorporated by
reference herein in their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present disclosure relates to a modified gra-
phene, a method of producing a modified graphene, a
modified graphene-resin composite, a modified graphene
sheet, and a modified graphene dispersion.

Description of the Related Art

[0003] Carbon materials, such as a graphene, graphite, and
a carbon nanotube, each have excellent electrical, thermal,
optical, and mechanical characteristics, and hence the mate-
rials have been expected to find a wide variety of applica-
tions in fields including a battery material, an energy-storing
material, an electronic device, and a composite material.
When the characteristics of such various carbon materials
are caused to effectively function and are industrially uti-
lized, the control of the cohesive force of each of the carbon
materials to improve the dispersibility thereof in a dispersion
medium may be required.

[0004] A production method including subjecting the sur-
face of a carbon material to a chemical treatment to intro-
duce a substituent so that the surface may be modified has
been known as an approach to suppressing the cohesive
force of the material.

[0005] In Japanese Patent No. 5098064, there is a descrip-
tion of a method of producing a graphene oxide obtained
through the introduction of an oxygen-containing group into
the surface of a graphene by Hummers’ method including
using graphite and an oxidant. In addition, in Japanese
Patent No. 3980637, there is a disclosure of a method of
producing graphene powder having an amino group
(—NH,), the method including causing graphite powder and
a treatment agent having an amino group, such as a mono-
diazonium salt of p-phenylenediamine, to react with each
other in water.

SUMMARY OF THE INVENTION

[0006] One aspect of the present disclosure is directed to
providing a modified graphene improved in dispersibility in
a dispersion medium without the impairment of excellent
electroconductivity and excellent thermal conductivity
inherent in a graphene.

[0007] Another aspect of the present disclosure is directed
to providing a method of producing a modified graphene
excellent in dispersibility in a dispersion medium without
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the impairment of excellent electroconductivity and excel-
lent thermal conductivity inherent in a graphene.

[0008] In addition, another aspect of the present disclosure
is directed to providing a modified graphene-resin compos-
ite, a modified graphene sheet, and a modified graphene
dispersion each having excellent electroconductivity and
excellent thermal conductivity.

[0009] According to one aspect of the present disclosure,
there is provided a modified graphene having a structure
represented by the following formula (I), wherein the modi-
fied graphene has a ratio (g/d) of an intensity “g” of a G band
to an intensity “d” of a D band of 1.0 or more in a Raman
spectroscopy spectrum thereof:

Grl-Arl-X1-(Y1),, @

in the formula (I), Grl represents a single-layer graphene or
a multilayer graphene, Arl represents an arylene group
having 6 to 18 carbon atoms, X1 represents any one selected
from a single bond, a linear, branched, or cyclic alkylene
group having 1 to 20 carbon atoms, and a group obtained by
substituting at least one carbon atom in a linear, branched,
or cyclic alkylene group having 1 to 20 carbon atoms with
at least one structure selected from the group consisting of
—O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, Y1
represents, when the X1 represents a single bond, an atom or
a group bonded to at least one carbon atom in the Arl, when
the X1 represents a linear, branched, or cyclic alkylene
group having 1 to 20 carbon atoms, an atom or a group
bonded to a carbon atom in the alkylene group, or when the
X1 represents a group obtained by substituting at least one
carbon atom in a linear, branched, or cyclic alkylene group
having 1 to 20 carbon atoms with at least one structure
selected from the group consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, an
atom or a group bonded to a carbon atom in the group, and
the Y1 represents at least one atom or group selected from
the group consisting of a hydrogen atom, a fluorine atom, a
chlorine atom, a bromine atom, and an iodine atom, a
fluoroalkyl group having 1 to 6 carbon atoms, a cyano group,
a nitro group, an acyl group, an amide group, a vinyl group,
a carboxylic acid group, a carboxylic acid ester group, and
a phosphoric acid group, an alkylsilyl group having 3 to 6
carbon atoms, an alkylsilyl ether group having 3 to 6 carbon
atoms, and a siloxane group, and nl represents an integer of
1 or more, and when the nl represents 2 or more, the Y1s
may represent groups identical to each other or groups
different from each other.

[0010] According to another aspect of the present disclo-
sure, there is also provided a method of producing a modi-
fied graphene including a step of bonding a group repre-
sented by Al in the following formula (V) to a carbon atom
of'a surface of a graphene through a radical addition reaction



US 2023/0127728 Al

based on abstraction of a hydrogen atom from a compound
represented by the following formula (V) in an aqueous
system:

HN=—N-A1 ™)

in the formula (V), Al represents a group represented by
—Arl-X1-(Y1),,,, Arl represents an arylene group having 6
to 18 carbon atoms, X1 represents any one selected from a
single bond, a linear, branched, or cyclic alkylene group
having 1 to 20 carbon atoms, and a group obtained by
substituting at least one carbon atom in a linear, branched or
cyclic alkylene group having 1 to 20 carbon atoms with at
least one structure selected from the group consisting of
—O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, Y1
represents, when the X1 represents a single bond, an atom or
a group bonded to at least one carbon atom in the Arl, or
when the X1 does not represent a single bond, an atom or a
group bonded to a carbon atom of the X1, and the Y1
represents at least one atom or group selected from the group
consisting of a hydrogen atom, a fluorine atom, a chlorine
atom, a bromine atom, and an iodine atom, a fluoroalkyl
group having 1 to 6 carbon atoms, a cyano group, a nitro
group, an acyl group, an amide group, a vinyl group, a
carboxylic acid group, a carboxylic acid ester group, and a
phosphoric acid group, an alkylsilyl group having 3 to 6
carbon atoms, an alkylsilyl ether group having 3 to 6 carbon
atoms, and a siloxane group, and nl represents an integer of
1 or more, and when the nl represents 2 or more, the Y1s
may represent groups identical to each other or groups
different from each other.

[0011] According to another aspect of the present disclo-
sure, there is also provided a method of producing a modi-
fied graphene including causing at least one kind of treat-
ment agent selected from a compound represented by the
following formula (IX) and a compound represented by the
following formula (X) to react with a graphene to chemi-
cally bond a group represented by Al in the formula to a
carbon atom of a surface of the graphene:

. . X
N Pk
N—N
P Al
X
Qi /Qs
—N—N.
Q5 \Al

in the formula (IX), P,;, P,, and P; each independently
represent a hydrogen atom, an alkyl group, an aryl group, a
carboxylic acid ester group, or —S(—0),—R', and not all of
the P,, the P,, and the P simultaneously represent hydrogen
atoms, R' represents a hydroxy group, an alkyl group, or an
aryl group, and A1l represents a group represented by —Arl-
X1-(Y1),,, and in the formula (X), Q, and Q, each inde-
pendently represent a hydrogen atom, an alkyl group, an aryl
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group, a halogen atom, a cyano group, a nitro group, an
amino group, an alkoxy group, a thioalkoxy group, an acyl
group, a carboxylic acid ester group, an aryloxy group, a
carboxylic acid group, a sulfonic acid group, a phosphoric
acid group, or a phosphonic acid group, and the QQ, and the
Q, do not simultaneously represent hydrogen atoms, Q,
represents a hydrogen atom, an alkyl group, an aryl group,
or a carboxylic acid ester group, and Al represents a group
represented by —Arl-X1-(Y1),,, the Arl represents an
arylene group having 6 to 18 carbon atoms, X1 represents a
single bond, a linear, branched, or cyclic alkylene group
having 1 to 20 carbon atoms, or a group obtained by
substituting at least one carbon atom in a linear, branched or
cyclic alkylene group having 1 to 20 carbon atoms with at
least one structure selected from the group consisting of
—O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, Y1
represents, when the X1 represents a single bond, an atom or
a group bonded to at least one carbon atom in the Arl, when
the X1 represents a linear, branched, or cyclic alkylene
group having 1 to 20 carbon atoms, an atom or a group
bonded to a carbon atom in the alkylene group, or when the
X1 represents a group obtained by substituting at least one
carbon atom in a linear, branched, or cyclic alkylene group
having 1 to 20 carbon atoms with at least one structure
selected from the group consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, an
atom or a group bonded to a carbon atom in the group, and
the Y1 represents at least one atom or group selected from
the group consisting of a hydrogen atom, a fluorine atom, a
chlorine atom, a bromine atom, and an iodine atom, a
fluoroalkyl group having 1 to 6 carbon atoms, a cyano group,
a nitro group, an acyl group, an amide group, a vinyl group,
a carboxylic acid group, a carboxylic acid ester group, and
a phosphoric acid group, an alkylsilyl group having 3 to 6
carbon atoms, an alkylsilyl ether group having 3 to 6 carbon
atoms, and a siloxane group, and nl represents an integer of
1 or more, and when the nl represents 2 or more, the Y1s
may represent groups identical to each other or groups
different from each other.

[0012] According to one aspect of the present disclosure,
there are provided a modified graphene-resin composite, a
modified graphene sheet, and a modified graphene disper-
sion each including the modified graphene including the
structure represented by the formula ().

[0013] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a view for illustrating assumed reaction
mechanisms in obtaining a modified graphene in the case of
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using a compound represented by the formula (VI) accord-
ing to one aspect of the present disclosure.

[0015] FIG. 2 is a view for illustrating assumed reaction
mechanisms in obtaining a modified graphene in the case of
using a compound represented by the formula (IX) accord-
ing to one aspect of the present disclosure.

[0016] FIG. 3A is a chart of the Raman spectroscopy
spectrum of a modified graphene according to one aspect of
the present disclosure.

[0017] FIG. 3B is a chart of the Raman spectroscopy
spectrum of a modified graphene having introduced there-
into a modifying group by Hummers’ method involving
using an oxidant.

[0018] FIG. 3C is a chart of the Raman spectroscopy
spectrum of a graphene before chemical modification.

DESCRIPTION OF THE EMBODIMENTS

[0019] We have investigated the chemical modification of
a graphene with a view to obtaining a graphene excellent in
dispersibility in a dispersion medium without impairing high
electroconductivity and high thermal conductivity inherent
in the graphene.

[0020] The investigation has revealed that, in the method
described in Japanese Patent No. 5098064, the functional
group is introduced into the surface of the graphene together
with the strong oxidant, and hence the graphene may be
oxidized to break an sp? structure peculiar to the graphene.
[0021] In addition, in the method described in Japanese
Patent No. 3980637, a large amount of a radical may be
generated in a short time period because the diazonium
compound is liable to decompose, and hence radical gen-
eration cannot be controlled in a reaction system. It has been
found that, as a result of the foregoing, the sp* structure
peculiar to the graphene may be broken. When the sp®
structure peculiar to the graphene is broken, excellent elec-
troconductivity and excellent thermal conductivity inherent
in the graphene may be impaired.

[0022] Meanwhile, Japanese Patent Application Laid-
Open No. 2016-27092 and Japanese Patent Application
Laid-Open No. 2016-27093 disclose a self-dispersible pig-
ment and a method of producing thereof. However, Japanese
Patent Application Laid-Open No. 2016-27092 and Japanese
Patent Application Laid-Open No. 2016-27093 fail to teach
or suggest the applicability of the method to a graphene.
[0023] Under such circumstances, we have made further
investigations, and as a result, have found a modified
graphene showing excellent dispersibility in a dispersion
medium without impairing excellent characteristics inherent
in a graphene, such as high electroconductivity and excellent
thermal conductivity.

[0024] That is, a modified graphene according to one
aspect of the present disclosure has a structure represented
by the following formula (I), wherein the modified graphene
has a ratio (g/d) of an intensity “g” of a G band to an
intensity “d” of a D band of 1.0 or more in a Raman
spectroscopy spectrum thereof.

Grl-Arl-X1-(Y1),, @

[0025] Grl, Arl, X1, Y1, and nl in the formula (I) are
described.

Grl represents a single-layer graphene or a multilayer
graphene.

Arl represents an arylene group having 6 to 18 carbon
atoms.
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X1 represents a single bond, a linear, branched, or cyclic
alkylene group having 1 to 20 carbon atoms, or a group
obtained by substituting at least one carbon atom in a linear,
branched, or cyclic alkylene group having 1 to 20 carbon
atoms with at least one structure selected from the group
consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group.
[0026] When the X1 represents a single bond, Y1 repre-
sents an atom or a group bonded to at least one carbon atom
in the Arl (arylene group).

[0027] In addition, when the X1 represents a linear,
branched, or cyclic alkylene group having 1 to 20 carbon
atoms, the Y1 represents an atom or a group bonded to a
carbon atom in the alkylene group.

[0028] Further, when the X1 represents a group obtained
by substituting at least one carbon atom in a linear,
branched, or cyclic alkylene group having 1 to 20 carbon
atoms with at least one structure selected from the group
consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, the
Y1 represents an atom or a group bonded to a carbon atom
in the group.

[0029] The Y1 represents at least one atom or group
selected from the group consisting of a hydrogen atom, a
fluorine atom, a chlorine atom, a bromine atom, and an
iodine atom, a fluoroalkyl group having 1 to 6 carbon atoms,
a cyano group, a nitro group, an acyl group, an amide group,
a vinyl group, a carboxylic acid group, a carboxylic acid
ester group, and a phosphoric acid group, an alkylsilyl group
having 3 to 6 carbon atoms, an alkylsilyl ether group having
3 to 6 carbon atoms, and a siloxane group.

[0030] nl represents an integer of 1 or more, and when the
nl represents 2 or more, the Y1s may represent groups
identical to each other or groups different from each other.
[0031] The modified graphene according to the formula (I)
can also be said to be such a graphene that —Ar1-X1-(Y1),,,
is bonded as a modifying group to at least one of the carbon
atoms forming the graphene.

[0032] In addition, the G band of the graphene in the
Raman spectroscopy spectrum is one peak characteristic of
the graphene, and is a peak that is derived from the in-plane
motion of a carbon atom, and that appears at from around
1,580 cm™! to around 1,590 cm™!. Meanwhile, the D band of
the graphene in the Raman spectroscopy spectrum is a peak
that results from a disturbance or a defect in the structure of
the graphene, and that appears at around 1,350 cm™.
[0033] Even in an unmodified graphene, a disturbance or
a defect is typically present in its structure. However, the
ratio (g/d) of the intensity “g” of the G band of the
unmodified graphene to the intensity “d” of the D band
thereof does not become less than 1.0. In addition, the
technical significance of the fact that the modified graphene
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according to one aspect of the present disclosure has a ratio
(g/d) of 1.0 or more lies in that the number of disturbances
or defects in the structure in the graphene does not increase
even after the performance of its chemical modification.

[0034] That is, a chart of the Raman spectroscopy spec-
trum of a graphene before chemical modification used in
Examples to be described later (“xGnP-MS5”; manufactured
by New Metals and Chemicals Corporation, Ltd.) is shown
in FIG. 3C. The value of the ratio (g/d) of the intensity “g”
of'the peak 501 of the G band of the graphene to the intensity
“d” of the peak 502 of the D band thereof is 1.0.

[0035] In addition, in a modified graphene obtained
through the introduction of a modifying group into the
above-mentioned graphene by a method according to one
aspect of the present disclosure to be described later, as
shown in FIG. 3A, the intensity “g” of the peak 301 of its G
band became larger than the intensity “d” of the peak 302 of
its D band, and hence the ratio (g/d) became 1.1.

[0036] Meanwhile, as described in Japanese Patent No.
5098064, in a modified graphene having introduced there-
into a modifying group by Hummers’ method, the intensity
“d” of the peak 402 of its D band became stronger than the
intensity “g” of the peak 401 of its G band, and hence the
ratio (g/d) was 0.7 as shown in FIG. 3B. This is assumed to
be because the sp® structure peculiar to the graphene was
broken by the oxidation method as described in the forego-
ing.

[0037] As described above, the modified graphene accord-
ing to one aspect of the present disclosure is modified
without the breakage of a structure inherent in a graphene
and the occurrence of a defect in the structure. Accordingly,
it can be said that functionality such as satisfactory dispers-
ibility in a dispersion medium is imparted to the graphene
without the impairment of characteristics inherent in the
graphene.

[0038] The ratio (g/d) in the modified graphene according
to one aspect of the present disclosure is preferably 1.1 or
more.

[0039] In the formula (I), the arylene group in the Arl is
not particularly limited, but examples thereof include the
following groups: a phenylene group, a biphenylene group,
a triphenylene group, a naphthalene group, and an anthra-
cene group.

[0040]

or cyclic alkylene group having 1 to 20 carbon atoms in the

In addition, in the formula (I), the linear, branched,

X1, is not particularly limited, but examples thereof include
the following groups: primary to tertiary alkylene groups,
such as a methylene group, an ethylene group, a n-propylene
group, an iso-propylene group, a n-butylene group, a sec-
butylene group, a tert-butylene group, an octylene group, a
dodecylene group, a nonadecylene group, a cyclobutylene
group, a cyclopentylene group, a cyclohexylene group, a
methylcyclohexylene group, a 2-ethylpropylene group, and
a 2-ethylhexylene group.

[0041] In addition, in the formula (1), the group in the X1,
which is obtained by substituting at least one carbon atom in

Apr. 27,2023

a linear, branched, or cyclic alkylene group having 1 to 20
carbon atoms with at least one structure selected from the
group consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, is
not particularly limited, but examples thereof include the
following groups: when one carbon atom forming an eth-
ylene group is substituted with —O— the group is a methyl
ether group; and when one carbon atom forming a propylene
group is substituted with —O—, the group is an ethyl ether
group.

[0042] In the formula (I), the acyl group in the Y1 is not
particularly limited, but examples thereof include a formyl
group, an acetyl group, a propionyl group, a benzoyl group,
and an acrylic group. In addition, in the formula (I), the
amide group in the Y1 is not particularly limited, but is a
group represented by —CONR'R", and examples thereof
include the following groups: a carboxylic acid dialkylamide
group in which both of the R' and the R" each represent a
methyl group, an ethyl group, a propyl group, a butyl group,
or the like; a carboxylic acid monoalkylamide group in
which one of the R' and the R" represents a methyl group,
an ethyl group, a propyl group, a butyl group, or the like; and
an acetamide group in which both of the R' and the R" each
represent H.

[0043] In addition, in the formula (I), the vinyl group in
the Y1 is not particularly limited, but may be, for example,
a substituted vinyl group as well as an unsubstituted vinyl
group. Examples thereof include a butylene group, a vinyl
acetate group, a butyl vinyl ether group, an acrylic group, a
methacrylic group, and a styrene group.

[0044] In addition, in the formula (I), the carboxylic acid
ester group in the Y1 is not particularly limited, but
examples thereof include the following groups: a methoxy-
carbonyl group, an ethoxycarbonyl group, an isopropyloxy-
carbonyl group, a propoxycarbonyl group, and a cyclohexy-
loxycarbonyl group.

[0045] In addition, in the formula (I), specific examples of
the alkylsilyl group having 3 to 6 carbon atoms in the Y1
include a trimethylsilyl group and a triethylsilyl group.
[0046] Further, the siloxane group in the Y1 is a group
having the following structure.

—Si—O0—

[0047] In the formula (I), a substituent on Si of the
siloxane group in the Y1 is not particularly limited, but is
preferably an alkyl group, a cycloalkyl group, or an aryl
group. The contents of the alkyl group and the aryl group are
the same as described above. Specific examples of the
cycloalkyl group include a cyclopentyl group and a cyclo-
hexyl group. Specific examples of the siloxane group
include a trimethylsiloxane group, a triethylsiloxane group,
a phenyl-dimethylsiloxane group, and a cyclopentyl-dim-
ethylsiloxane group.
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[0048] In addition, siloxane groups represented by the
formula (II), the formula (III), and the formula (IV) below
have large molecular weights, and hence may each be
suitably used for the purpose of, for example, preventing the
aggregation of the molecules of the graphene or improving
compatibility between the graphene and a resin.

an

vor T
—Si—O0 Ti—o Ti—o
R; Rs
11
a
I|{6 Il{s Il{lo
—Ti—O Ti—O Si—R,,
Ry Ro Rz
12
Iv)
I|{14 Il{ls Il{ls Il{w I|{21
ng—Ti—O Ti—O Si—0 Ti—O Ti—Rzz
Rys Ry7 | Ry Rz
13 14

[0049] In the formulae (II) to (IV), R, to R, each inde-
pendently represent an alkyl group, an amino group, a vinyl
group, a carboxylic acid ester group, a carboxylic acid
group, a hydroxy group, or an aryl group, L1 represents an
integer of from 1 to 6, and 1.2 and (L.3+L.4) each represent
a number of from 0 to 650.

[0050] Specific examples of the alkyl group, the vinyl
group, the carboxylic acid ester group, and the aryl group are
the same as the above-mentioned contents.

[0051] The amino group is a group having the following
structure, and two substituents on N are each a hydrogen
atom or an alkyl group. Specific examples of the alkyl group
are the same as the above-mentioned contents.

[0052] It is preferred that when the Y1 in the formula (I)
represents a group, the number of moles of the group with
respect to 1 g of the modified graphene be 0.10 mmol or
more and 1.20 mmol or less.

[0053] When the number of moles of the group with
respect to 1 g of the modified graphene is 0.10 mmol or
more, a repulsion (repulsive force) between the molecules of
the modified graphene can be secured. As a result, when the
modified graphene according to one aspect of the present
disclosure is dispersed in a medium or a resin, the formation
of a bulk material (aggregate) by a van der Waals force
between the molecules of the modified graphene can be
suppressed. In addition, when the number of moles of the
group is 1.20 mmol or less, a reduction in mutual heat
transmission between the molecules of the modified gra-
phene by the covering of the modified graphene with the
modifying group can be suppressed. As a result, a reduction
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in thermal conductivity of a dispersion of the modified
graphene according to one aspect of the present disclosure
can be suppressed.

[0054] Preferred specific examples of the modified gra-
phene according to one aspect of the present disclosure
represented by the following formula (I) are represented
below. The Grl (graphene) in the formula (I) is omitted, and
only the structure *Arl1-X1-(Y1),,, is described. The * means
a bonding site with a carbon atom forming the Grl.

Grl-Arl-X1-(Y1),, @

[0055]

[0056] Al-1 to Al1-90 are given below as specific
examples of the modified graphene, but the modified gra-
phene is not limited to the following examples.

(Specific Examples of Modified Graphene)

Al-1
* : \
Al-2
Al-3
* :
Al-4
2
H
(Ol
7
Al-5
Al-6
* :
Al-7
F
F
Al-8
Al-9
;—:N
*
Al-10
* QNOZ



US 2023/0127728 Al

-continued
NO,
| g
NO,
NO,
* @
O
*
O
*
NH,
O
*
NH
O
*
NH/\/\
O
*
N /\/\
O O
*
N o Z
Y 0
*
N o
O
* H
N.
NH/\/

\

Al-11

Al-12

Al-13

Al-14

Al-15

Al-16

Al-17

Al-18

Al-19

Al1-20

Al-21

-continued
C io
OH
O
OH
(@]
HO
HO
(@]
O
OH
(@]
HO
(@)
i—OH
I
O
OH
O

jan}

@]
/

AN

oYolol

>

Apr. 27,2023

Al-22

Al-23

Al-24

Al-25

Al-26

Al-27

Al-28

Al1-29

Al1-30

Al-31



US 2023/0127728 Al

-continued
OH
O
(@]
(@]
HO

Al-32

Al-33

Al-34

Al-35

Al-36

Al-37

Al-38

Al-39

Al-40

Al-41

Al-42

Al-43

N
O
O~
O

Apr. 27,2023
-continued
Al-45
\
OH
(@)
Al-46
H
Al-47
H@
* < :>—N
Al-48

Al-49

Al1-50

Al-51

Al-52

Al-53

Al-54

Al-55

Al-56



US 2023/0127728 Al

-continued
o) (@]
* @—( HO— |I! —OH
.
_\_ .

HO—P—OH

) ‘

§

Q2 C
{egel

OE iO é iO '
O e}

OH

OH

Al-57

Al-58

Al-59

Al-60

Al-61

Al-62

Al-63

Al-64

O

\

' o

Apr. 27,2023

-continued

jas)
o
o?

*

*

g

*

e

00.0C

w
&

@]

w
&

Al-65

Al-66

Al-67

Al-68

Al-69

Al-70

Al-71

Al-72

Al-73

Al-74

Al-75

Al-76



US 2023/0127728 Al

-continued

o\/

HN

Sl_
@—{ _/—sl—o—sl—
Sl_
|\
|
* /Sii
0 0
0 | é
11—
/ \ / \
0
H\/O—Si/H *
—si o)
I é/o
1
\SI_O/ \
H/ ©

Al-77

Al-78

Al-79

Al1-80

Al-81

Al-82

Al-83

Al-84

Al-85

Al-86

Apr. 27,2023

-continued
Al-87
: 0—81—0‘681—0 /
Al-88
% XSI—O%SiJ
/ "L
Al-89
(@]
HN—C *
—Si—O‘GSi—O%Si—O Si—
| A A
* Al1-90

—li—O%Si—O li—O li—
U

10|

[0057] Examples in each of which the Arl represents a
phenylene group, the X1

represents a single bond, the Y1 represents a carboxylic acid
group, and the nl represents from 1 to 6 correspond to
Al1-22, A1-23, A1-24 and A1-25.

[0058] An example in which the Arl represents a phe-
nylene group, the X1 represents a group obtained by sub-
stituting at least one carbon atom in a branched alkylene
group having 1 to 20 carbon atoms with

or —CONH—, the Y1 represents a phosphoric acid group,
and the nl represents from 1 to 4 corresponds to A1-57.

[0059] Examples in each of which the Arl represents a
phenylene group, the X1 represents a single bond, the Y1
represents a nitro group, and the nl represents from 1 to 3
correspond to A1-10, A1-11, and A1-12.
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[0060] Examples in each of which the Arl represents a
phenylene group, the X1 represents a group obtained by
substituting at least one carbon atom in a branched alkylene
group having 1 to 20 carbon atoms with

—CO—, or —CONH—, the Y1 represents a hydrogen atom
or a vinyl group, and the nl represents from 1 to 3 corre-
spond to A1-13; Al-14, and A1-15.

[0061] The modified graphene including the structure rep-
resented by the formula (I) may be synthesized as described
below.

[0062]

[0063] A method of producing a modified graphene
according to a first embodiment of the present disclosure
includes a step of bonding a group represented by Al in the
following formula (V) to a carbon atom of a surface of a
graphene through a radical addition reaction based on
abstraction of a hydrogen atom from a compound repre-
sented by the following formula (V) in an aqueous system.

<Modified Graphene Production Method (1)>

HN=—N-A1 ™)

[0064] In the formula (V), Al represents a group repre-
sented by —Arl-X1-(Y1),,. Arl represents an arylene
group having 6 to 18 carbon atoms.

[0065] X1 represents any one selected from a single bond,
a linear, branched, or cyclic alkylene group having 1 to 20
carbon atoms, and a group obtained by substituting at least
one carbon atom in a linear, branched or cyclic alkylene
group having 1 to 20 carbon atoms with at least one structure
selected from the group consisting of —O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group.

[0066] Y1 represents, when the X1 represents a single
bond, an atom or a group bonded to at least one carbon atom
in the Arl, or when the X1 does not represent a single bond,
an atom or a group bonded to a carbon atom of the X1, and
the Y1 represents at least one atom or group selected from
the group consisting of a hydrogen atom, a fluorine atom, a
chlorine atom, a bromine atom, and an iodine atom, a
fluoroalkyl group having 1 to 6 carbon atoms, a cyano group,
a nitro group, an acyl group, an amide group, a vinyl group,
a carboxylic acid group, a carboxylic acid ester group, and
a phosphoric acid group, an alkylsilyl group having 3 to 6
carbon atoms, an alkylsilyl ether group having 3 to 6 carbon
atoms, and a siloxane group.

[0067] nl represents an integer of 1 or more, and when the
nl represents 2 or more, the Y1s may represent groups
identical to each other or groups different from each other.

[0068] The method of producing a modified graphene
according to this embodiment may further include a step of
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producing the compound represented by the formula (V)
through abstraction of a hydrogen atom from a compound
represented by the following formula (VI).

H,N—NH-Al VI

[0069] The compound represented by the formula (V) is
sometimes referred to as “treatment agent” for the graphene
serving as a raw material.

[0070] For example, in the case where a modified gra-
phene represented by the following formula (VIII) is pro-
duced, when there is nothing wrong with an increase in
number of production steps, a modified graphene repre-
sented by the following formula (VII) included in the
formula (I) is produced in advance. Then, the modified
graphene represented by the following formula (VIII) may
be derived from the foregoing modified graphene serving as
an intermediate by using a further chemical reaction. In this
case, a carboxylic acid group is present in the formula (VI),
and hence the modified graphene represented by the follow-
ing formula (VIII) is easily obtained by utilizing a conden-
sation reaction with an amine compound corresponding to a
site to which a substituent is to be further bonded.

Grl-Arl-COOH (VD)
Grl-Arl-CO—NH—CH2-CH2-CH2-CH3 (VIID)
[0071] According to the production method according to

this embodiment, the modified graphene can be produced in
one pot, without the selection of a reaction apparatus and a
liquid medium, and with high reaction efficiency even at
normal temperature (25° C.). In particular, the reaction
efficiency is high, and hence the usage amount of the
treatment agent with respect to the graphene can be reduced.
In addition, the high reaction efficiency is synonymous with
the suppression of the occurrence of a by-product, and hence
the purification of the modified graphene after its production
is easy. Further, in the production method according to one
aspect of the present disclosure, a stable and safe treatment
agent is used, and hence a burden on an environment can be
alleviated.

[0072] (Graphene)

[0073] The graphene serving as a raw material is
described. The graphene is a two-dimensional sheet-shaped
carbon compound having a structure paved with carbon
six-membered rings. In one aspect of the present disclosure,
the graphene is not particularly limited as long as the
graphene has the structure, and the graphene may be, for
example, a single-layer graphene, a multilayer graphene, or
graphite.

[0074] The single-layer graphene refers to a one atom-
thick sheet of sp-bonded carbon atoms. The multilayer
graphene means a laminated sheet of several single-layer
graphenes. The graphite means a laminated sheet of more
single-layer graphenes than that of the multilayer graphene,
or an aggregate of the laminated sheets. In addition, the form
of the graphene is not particularly limited, and examples
thereof may include a powdery form and a granular form. A
commercial product may be used as any such material, or a
product produced by a conventionally used method, such as
a microwave CVD method or a normal-pressure CVD
method, may be used.

[0075] As the above mentioned graphene, for example, the
following commercially available products can be suitably
employed, but the graphene is not limited thereto.
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[0076] xGnP-C-750 (length in lateral direction: from 1 pm
to 2 um, manufactured by XG Sciences, Inc.), xGnP-H-5
(length in lateral direction: 5 pum, manufactured by XG
Sciences, Inc.), xGnP-M-5 (length in lateral direction: 5 um,
manufactured by XG Sciences, Inc.), xGnP-R-10 (length in
lateral direction: 10 pm, manufactured by XG Sciences,
Inc.), iGrafen-a (manufactured by ITEC Co., Ltd.), iGrafen-
aS (manufactured by ITEC Co., Ltd.), Gi-PW-F301 (length
in lateral direction: 1 um, manufactured by Ishihara Chemi-
cal Co., L.td.), Graphene C (manufactured by KA Graphene),
Graphene Powder (manufactured by Graphene Platform
Corporation), Graphene Flower GF4 (length in lateral direc-
tion: 10 pm, manufactured by Incubation Alliance Inc.),
Graphene Flower GF7 (length in lateral direction: from 1 pm
to 3 um, manufactured by Incubation Alliance Inc.),
Expanded Graphite EXP-50S (manufactured by Fujikokuen
Kogyo Co., Ltd.), Expanded Graphite EXP-50SL. (manufac-
tured by Fujikokuen Kogyo Co., Ltd.), Expanded Graphite
EC1 (manufactured by Ito Graphite Co., Ltd.), O Spherical
Graphite SG-BH (manufactured by Ito Graphite Co., [.td.),
Spherical Graphite SG-BH8 (manufactured by Ito Graphite
Co., Ltd.), Spherical Graphite CGB20 (particle diameter: m,
manufactured by Nippon Graphite Industries, Co., Ltd.),
Spherical Graphite CGC20 (particle diameter: 20 pm, manu-
factured by Nippon Graphite Industries, Co., Ltd.), and
Graphene CVD Mono-layer Sheet (manufactured by New
Metals and Chemicals Corporation, Ltd.).

[0077]

[0078] Commercial reagents may be used as the com-
pounds represented by the formula (V) and the formula (VI).
In addition, when the compounds are not commercially
available as reagents, synthesized compounds may be used.

[0079] Methods for the synthesis are not particularly lim-
ited, but are described below by taking an example. A
synthesis method represented in the following formula 2 is
a method involving obtaining a hydrazine compound from
an amine compound. The method is specifically described
by taking a case in which 4-hydrazinobenzoic acid is syn-
thesized from 4-aminobenzoic acid as an example. Hydrox-
ylamine-o-sulfonic acid is used as a nitrogen source at the
time of the addition of nitrogen to the amine compound.
When the amine compound and hydroxylamine-o-sulfonic
acid are caused to react with each other under an alkaline
condition, the hydrazine compound is produced. When the
hydrazine compound is precipitated as a salt (e.g., a hydro-
chloride) thereof by adding an acid, the hydrazine com-
pound may be efficiently fractionated through filtration or
the like.

(Treatment Agent)

Synthesis method: formula 2

NH,080;H

H,N COOH ——
NaOHagq,
98° C.
H
H,N—N COOH
H
H,N/—N COOH
HCl

HCI (1)
0~25°C.
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[0080] In addition, in, for example, the Journal of the
American Chemical Society, 76, 1283-1285 (1954), there is
a description of a method involving obtaining 2-hydrazino-
1-propanol from 2-amino-1-propanol through the use of
hydroxylamine-o-sulfonic acid.

[0081] (Oxidant)

[0082] Inthe production method according to this embodi-
ment, the production of the modified graphene is preferably
performed in the presence of an oxidant. The term “oxidant™
means a “compound that can abstract a hydrogen atom or an
electron from a compound of interest, and that has an
oxidation potential of +0.00 V or more.” The oxidant may be
used for improving a reaction rate, but the reaction to be
utilized in the production method according to this embodi-
ment proceeds without the use of any oxidant.

[0083] In general, when an oxidant is caused to act on a
graphene, carbon atoms on the surfaces of the particles of
the graphene are oxidized to provide carboxylic acid groups.
Meanwhile, in the production method according to one
aspect of the present disclosure, the production of the
compound represented by the formula (V) from the com-
pound represented by the formula (VI) is accelerated by the
action of the oxidant, and hence an oxidative radical addition
reaction that proceeds following the production preferen-
tially proceeds.

[0084] Therefore, the oxidant does not directly act on the
surface of the graphene. This is because energy needed for
abstracting a hydrogen atom from each of the compounds
represented by the formulae (V) and (VI) is smaller than
energy (bond energy between carbon and oxygen) needed
for oxidizing a carbon atom on the surface of the graphene
to derive a carbonyl species (C—O). That is, when the
compounds represented by the formulae (V) and (VI) are
present, the oxidant is selectively consumed in the abstrac-
tion of a hydrogen atom.

[0085] Examples of the oxidant that may be used in the
production method according to this embodiment may
include a halogen, an oxoacid compound, a metal oxide, a
metal halide compound, a metal porphyrin compound, a
hexacyano metal acid compound, a metal nitrate, hydrogen
peroxide, and nitric acid.

[0086] Examples of the halogen include chlorine, bro-
mine, and iodine.

[0087] Examples of the oxoacid compound may include
chromic acid, molybdic acid, permanganic acid, vanadic
acid, bismuthic acid, a hypohalous acid, a halous acid, a
halogen acid, and a perhalic acid. Each of those oxoacid
compounds may form a salt, but is required to include a
metal. As a cation with which each of the oxoacid com-
pounds forms a salt, there may be given, for example, an
alkali metal ion and an ammonium ion. The salt may be
present in an aqueous liquid in the form of being dissociated
into ions, but for convenience, is represented as “salt”.
Specific examples of the oxoacid compound may include the
following compounds: chromic acid salts, such as potassium
chromate, potassium dichromate, bis(tetrabutylammonium)
dichromate, pyridinium dichromate, pyridinium chlorochro-
mate, and pyridinium fluorochromate; permanganic acid
salts, such as potassium permanganate, sodium permangan-
ate, ammonium permanganate, silver permanganate, zinc
permanganate, and magnesium permanganate; vanadic acid
salts, such as ammonium vanadate, potassium vanadate, and
sodium vanadate; bismuthic acid salts, such as sodium
bismuthate and potassium bismuthate; and hypochlorous
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acid, chlorous acid, perchloric acid, hypobromous acid,
bromous acid, bromic acid, perbromic acid, hypoiodous
acid, iodous acid, iodic acid, periodic acid, hypofluorous
acid, and salts thereof.

[0088] Examples of the metal oxide may include manga-
nese oxide, lead oxide, copper oxide, silver oxide, and
osmium oxide. Examples of the metal halide compound may
include zinc chloride, aluminum chloride, silver chloride,
chromium chloride, zirconium chloride, tin chloride, cerium
chloride, iron chloride, barium chloride, magnesium chlo-
ride, and manganese chloride.

[0089] The metal porphyrin compound may be, for
example, a porphyrin compound that has a central metal and
may be substituted. Specific examples thereof may include
a tetrabenzoporphyrin compound, a tetraazaporphyrin com-
pound, a phthalocyanine compound, and a naphthalocyanine
compound. The central metal only needs to be such a metal
that the oxidation potential of the metal porphyrin com-
pound becomes +0.00 V or more. Examples of the central
metal may include Fe, Co, Ni, Cu, Zn, Mg, Pt, Mn, Ru, Cr,
and Pd. In addition, a ligand may be present on the metal,
and a known ligand only needs to be used as the ligand.

[0090] Examples of the hexacyano metal acid compound
may include hexacyanoferrate salts and hydrates thereof.
Specific examples thereof may include potassium hexacya-
noferrate, sodium hexacyanoferrate, ammonium hexacyano-
ferrate, copper hexacyanoferrate, double hexacyanoferrates
(e.g., lithium potassium hexacyanoferrate), and hydrates
thereof.

[0091] Examples of the metal nitrate may include potas-
sium nitrate, sodium nitrate, silver nitrate, and copper
nitrate.

[0092] In addition to the above-mentioned oxidants, for
example, an organic peroxide, a hypervalent iodine com-
pound, or an N-oxide compound may be used as long as any
such compound corresponds to the definition of the “oxi-
dant” described in the foregoing.

[0093] As the oxidation potential of the oxidant becomes
larger, a hydrogen atom is more easily abstracted from the
treatment agent. The oxidation potential of the oxidant that
may be used in this embodiment is +0.00 V or more; an
oxidant having an oxidation potential of +0.50 V or more
and +1.70 V or less is more preferred because the efficiency
of a reaction between the graphene and the treatment agent
can be improved. Examples of the oxidant having an oxi-
dation potential in the range may include iron chloride
(neutral to alkaline; +0.77 V), sodium periodate (acidic;
+1.20 V), manganese oxide (neutral to alkaline; +1.28 V),
and potassium permanganate (acidic; +1.51 V).

[0094] The reason why the oxidation potential was
involved in the reaction was assumed to be as described
below.

[0095] Energy needed for abstracting a hydrogen atom
from a hydrazine compound to turn the compound into a
diazene compound was calculated with general-purpose
quantum chemical calculation software (“Gaussian 03 Revi-
sion E. 01 [structure optimization approach; B3LYP/6-
31G*]”; manufactured by Gaussian, Inc.). As a result, it was
revealed that energy needed for abstracting two hydrogen
atoms therefrom was +1.00 V, and energy needed for
abstracting one hydrogen atom therefrom was +0.50 V.
Because of such reason, when an oxidant having an oxida-
tion potential of +0.50 V or more is used, a hydrogen atom
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can be more efficiently abstracted from the hydrazine com-
pound, and hence the reaction efficiency can be improved.

[0096] Meanwhile, in the case where an oxidant having an
oxidation potential of more than +1.70 V is used, the
reaction proceeds, but the hydrogen atom-abstracting action,
that is, oxidizing action of the oxidant becomes larger, and
hence the hydrazine compound is abruptly radicalized. In
this case, a large excess amount of a radical is present in the
reaction system, and hence the deactivation reaction of the
radical (e.g., a homocoupling reaction between adjacent
radical molecules) occurs. Accordingly, the reaction
between the graphene and the treatment agent may be
inhibited to make it difficult to obtain an improving effect on
the reaction efficiency exhibited by the use of the oxidant.
Because of such reason, the oxidation potential of the
oxidant is preferably +1.70 V or less. In particular, the
oxidation potential of the oxidant is more preferably +1.00
V or more and +1.60 V or less.

[0097] An oxidant having a catalytic action is also pref-
erably used. Of the oxidants listed above, for example, a
metal halide compound, a metal porphyrin compound, or a
hexacyano metal acid compound of at least one kind of
metal selected from the group consisting of Fe, Co, Ni, Cu,
Mg, Mn, Cr, and Mo has a catalytic action. The oxidant
having a catalytic action is used in the abstraction of a
hydrogen atom to become a reduced species, and is then
subjected to the action of oxygen in the reaction system to
return to an oxidized species. Accordingly, the oxidant can
be used as an oxidant again. Therefore, the use of the oxidant
having a catalytic action can reduce the usage amount of the
oxidant. The oxidant having a catalytic action has a metal
whose valence easily changes (metal element that can adopt
two or more oxidation states).

[0098] Specific examples of the change in valence of the
metal include: Fe (11, IIT); Co (11, III); Ni (II, III); Cu (O, 1,
1I); Mg (0, I1); Mn (I1, IV, VII); Cr (IL, I1I); and Mo (IV, V).
The mechanism via which the catalytic action of the oxidant
occurs is described by way of a specific example. In the case
of, for example, an oxidant having trivalent Fe (Fe(IIl)),
Fe** (Fe(Il)) that is an oxidized species is used in the
abstraction of a hydrogen atom from the hydrazine com-
pound to produce Fe** (Fe(Il)) that is a reduced species.
After that, the reduced species is subjected to the action of
oxygen in the reaction system to return to Fe** (Fe(I1l)) that
is an oxidized species. Accordingly, the oxidant can be used
as an oxidant again.

[0099] Inthe production method according to this embodi-
ment, an inert gas, such as nitrogen or argon, may be utilized
because even when the oxidant is used, its function is not
impaired. This is because the oxidative radical addition
reaction is performed not by oxygen exchange but by the
abstraction of a hydrogen atom. Examples of a method of
introducing the inert gas into the reaction system include: a
method involving flowing the gas from a bomb into the
system through a tube; and a method involving flowing the
gas collected in a balloon or the like into the system through
a needle tip.

[0100]

[0101] Reaction mechanisms in obtaining the modified
graphene according to this embodiment are described below.
As illustrated in FIG. 1, the reaction according to this
embodiment can be assumed to proceed via an oxidative
radical addition reaction. The reaction mechanisms illus-

(Reaction Mechanisms)
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trated in FIG. 1 are an example when the compound repre-
sented by the formula (VI) is used.

[0102] First, a hydrogen atom of a hydrazine compound
represented by (1) in FIG. 1 is abstracted by the action of an
oxidant (Fe**). Thus, the compound is radically oxidized to
produce a diazene compound (2). A hydrogen atom is
abstracted from the compound by a further oxidizing action.
Thus, a diazene radical (3) is produced. The diazene radical
instantly causes nitrogen desorption to produce a radical
species (4). Then, the radical addition of the radical species
(4) to a double bond on the surface of a graphene particle
occurs to provide a target modified graphene (6) via a radical
intermediate (5).

[0103] When an oxidant whose valence easily changes,
such as potassium hexacyanoferrate(Ill), is used in the
production method according to this embodiment, an addi-
tion reaction different from that described above may occur
in parallel therewith. That is, simultaneously with the pro-
duction of the radical intermediate (5) by the radical addition
of the radical species (4) to the double bond on the surface
of'the graphene particle, a radical is scavenged by an oxygen
molecule to produce a radical intermediate (7). In this case,
the intermediate is reduced by the action of the reduced
species (Fe**) of the oxidant, and then a modified graphene
(9) having bonded thereto a hydroxy group is obtained via
an oxygen radical intermediate (8).

[0104] In contrast, when an oxidant such as hypochlorous
acid is used, the amount of the modified graphene (9) to be
produced is substantially zero.

[0105] In the above-mentioned respective reaction mecha-
nisms, the diazene compound and the hydrazine compound
do not abruptly decompose, and the radical species is slowly
produced. Accordingly, the radical addition reaction to the
surface of the graphene particle efficiently proceeds. There-
fore, according to the production method according to this
embodiment, even when the usage amount of the treatment
agent with respect to the graphene is smaller than that in a
related-art production method, a modified graphene having
introduced thereinto a large amount of the substituent, that
is, the Al can be obtained.

[0106] In a technology disclosed in Japanese Patent No.
3980637, a graphene is modified by using a diazonium salt
as a treatment agent. However, the diazonium salt is liable
to decompose under the influence of an alkali or a tempera-
ture of more than normal temperature (25° C.). When the
diazonium salt decomposes in a reaction system, various
decomposed products are produced. Accordingly, a reaction
between any one of the decomposed products and a liquid
medium or oxygen, a reaction between the decomposed
products, and a side reaction except the foregoing are liable
to occur. Therefore, when an attempt is made to obtain a
modified graphene having introduced thereinto a large
amount of the substituent through the use of the diazonium
salt, the diazonium salt needs to be used in a large amount
with respect to the graphene. However, when the usage
amount of the diazonium salt is increased, an encounter with
the following problem occurs: many bubbles of a nitrogen
gas are produced in the graphene, and hence it becomes
difficult to improve the efficiency of a reaction between the
graphene and the salt.

[0107] Inthe production method according to this embodi-
ment, in order to control the reaction rate of the radical
addition reaction, the temperature at which the reaction is
performed may be set to a value except normal temperature
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(25° C.). When the reaction rate is to be increased, the
temperature only needs to be increased, and the liquid
medium only needs to be heated at a temperature in a range
equal to or less than the reflux temperature of the liquid
medium. For example, when the liquid medium is water, the
temperature only needs to be set to 100° C. or less. In
addition, when the liquid medium is tetrahydrofuran, the
temperature only needs to be set to 80° C. or less. Further,
when the liquid medium is N,N-dimethylformamide, the
temperature only needs to be set to 160° C. or less. However,
the efficiency of the reaction to be utilized in the production
method according to this embodiment is high even around
normal temperature (25° C.), and hence there is no need to
increase the temperature to a very high value. Further, no
matter how chemically stable the graphene may be, the
reaction is preferably performed at 80° C. or less in con-
sideration of its thermal decomposition. Meanwhile, when
the reaction rate is to be reduced, the liquid medium only
needs to be cooled so that its temperature may be normal
temperature (25° C.) or less. However, a long reaction time
may be required, and hence the temperature is preferably set
to =5° C. or more.

[0108] The production method according to this embodi-
ment is typically performed in the liquid medium. The
content (mass %) of the graphene in the liquid medium is
preferably 1.0 mass % or more and 50.0 mass % or less,
more preferably 5.0 mass % or more and 40.0 mass % or less
with respect to the total mass of the liquid medium. When
the content is excessively high, the viscosity of the reaction
system may increase to make it difficult to stir the system,
thereby reducing the reaction efficiency to some extent.
Meanwhile, when the content is excessively low, the fre-
quency at which the treatment agent and the graphene are
brought into contact with each other in the reaction system
may reduce to reduce the reaction efficiency to some extent.

[0109]

[0110] The modified graphene thus produced may be
suitably used in various applications after having been
subjected to a general posttreatment method, such as puri-
fication. Specifically, the modified graphene may be brought
into a normal state, such as a powdery state or pellet state in
which the liquid medium is absent. In this case, the liquid
medium may be removed through a pressure reduction or
heating by utilizing an evaporator or the like. Alternatively,
the liquid medium may be removed through drying by
utilizing a freeze-drying method, an oven, or the like.

[0111] <Modified Graphene Production Method (2)>

[0112] A method of producing a modified graphene
according to a second embodiment of the present disclosure
includes a step of causing at least one kind of treatment
agent selected from a compound represented by the follow-
ing formula (IX) and a compound represented by the fol-
lowing formula (X) to react with a graphene to chemically
bond a group represented as Al in the compound repre-
sented by the formula (IX) or the formula (X) to a carbon
atom of a surface of the graphene.

(Posttreatment)

X
P P;
>N
Py Al
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[0113] In the formula (IX), P,, P,, and P, each indepen-

dently represent a hydrogen atom, an alkyl group, an aryl
group, a carboxylic acid ester group, or —S(—0),—R', and
not all of the P, the P,, and the P simultaneously represent
hydrogen atoms, and R' represents a hydroxy group, an alkyl
group, or an aryl group.

[0114] In the formula (X), Q, and Q, each independently
represent a hydrogen atom, an alkyl group, an aryl group, a
halogen atom, a cyano group, a nitro group, an amino group,
an alkoxy group, a thioalkoxy group, an acyl group, a
carboxylic acid ester group, an aryloxy group, a carboxylic
acid group, a sulfonic acid group, a phosphoric acid group,
or a phosphonic acid group, and the Q, and the Q, do not
simultaneously represent hydrogen atoms, and Q, represents
a hydrogen atom, an alkyl group, an aryl group, or a
carboxylic acid ester group.

[0115] In addition, in each of the formulae (IX) and (X),
Al represents a group represented by —Arl-X1-(Y1),, in
the formula (I). Accordingly, Arl, X1, Y1, and nl are
identical in meaning to those in the formula (I).

[0116] For example, in the case where a modified gra-
phene represented by the following formula (XIII) is pro-
duced, the following procedure may be adopted: a modified
graphene represented by the following formula (XII)
included in the formula (I) is produced in advance; and the
modified graphene represented by the formula (XIII) is
derived from the foregoing modified graphene serving as an
intermediate by using a further chemical reaction. In this
case, a condensation reaction with an amine compound
corresponding to a carboxylic acid group in the formula
(XII) only needs to be utilized.

Grl-Arl-COOH (XI1)

Grl-Arl-CO—NH—CH2-CH2-CH2-CH3 (XIID)

<Reaction Mechanisms>

[0117] Reaction mechanisms in obtaining the modified
graphene according to this embodiment are described below.
As illustrated in FIG. 2, the reaction according to this
embodiment can also be assumed to proceed via an oxida-
tive radical addition reaction. The reaction mechanisms
illustrated in FIG. 2 are an example when the compound
represented by the formula (IX) is used as a treatment agent.

[0118] First, when external energy, such as heat or light, is
applied from the outside to a treatment agent (1) that is
stable at room temperature, the P, the P,, and the P; that are
substituents on N atoms may desorb to produce a diazene
compound (2). Further, the diazene compound (2) undergoes
oxidation (hydrogen desorption) to provide a radical inter-
mediate (3), followed by the nitrogen desorption of the
radical intermediate (3) to generate a corresponding radical
species (4). Then, the addition reaction of the radical species
(4) to a double bond of a graphene occurs to provide a
modified graphene (6) according to one aspect of the present
disclosure via an intermediate (5).
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[0119] <Reaction and Purification>

[0120] The treatment agent to be used in the production
method according to this embodiment is stable at room
temperature, and hence the reaction is easily controlled by
the external energy. In addition, in the production method
according to this embodiment, the reaction between the
graphene and the treatment agent can be performed in one
pot and without the selection of a reaction apparatus and a
liquid medium, and hence the modified graphene can be
produced with high reaction efficiency. Higher reaction
efficiency means that the surface modification of the gra-
phene can be achieved by using a smaller amount of the
treatment agent. Accordingly, as the reaction efficiency
becomes higher, a merit in terms of cost is obtained, and
moreover, the production of impurities by the reaction can
be reduced. As the amount of the impurities becomes
smaller, the efficiency with which the modified graphene is
purified can be improved, and a time for the purification can
be shortened.

[0121] In the technology disclosed in Japanese Patent No.
3980637, the surface modification of the graphene is per-
formed by using the diazonium salt as a treatment agent. The
diazonium salt to be used as a treatment agent undergoes a
decomposition accompanied by various side reactions at
room temperature. The reactions are difficult to control, and
hence when an attempt is made to increase the amount of a
substituent to be introduced through the use of the diazo-
nium salt, the diazonium salt needs to be used in an excess
amount with respect to the graphene. However, when the
usage amount of the diazonium salt is increased in one
stroke, the following adverse effect occurs: many bubbles of
a nitrogen gas are produced in the graphene, and hence it
becomes difficult to improve the efficiency of the reaction
between the graphene and the salt.

[0122] The treatment agent to be used in the production
method according to this embodiment is a compound that
has two nitrogen atoms (N—N) in its molecular structure,
and that has a structure in which the Al serving as a
functional group to be bonded to the graphene is bonded to
a nitrogen atom (N). The treatment agent may have a
function of bonding a substituent including a hydrophilic
group or a hydrophobic group to the graphene through an
oxidative radical addition reaction.

[0123] As described above, the treatment agent is chemi-
cally stable, and is hence hardly affected by a pH and a
temperature. Accordingly, the pH and temperature of the
reaction system may be arbitrarily set. Specifically, the pH
of the reaction system is preferably from 1 to 13, more
preferably from 1 to 10, particularly preferably from 1.5 to
7. To improve the reaction efficiency, the pH of the reaction
system is preferably set within an acidic to neutral region. In
a high-pH region, such as an alkaline region, the treatment
agent may decompose. Meanwhile, when the pH of the
reaction system is set to less than 1.5, the solubility of the
treatment agent is remarkably poor, and hence a time for the
reaction may lengthen. In addition, a large amount of an
acidic compound needs to be used, and hence a treatment for
the modified graphene, such as purification, may be difficult.
[0124] In addition, to control the reaction rate of the
radical addition reaction, the temperature of the reaction
system may be set to a value except normal temperature (25°
C.). The temperature only needs to be appropriately set in
accordance with the kind of the treatment agent. Specifi-
cally, the temperature is preferably from 5° C. to 80° C.,
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more preferably from 10° C. to 70° C. When the temperature
is increased, the reaction rate increases, but a side reaction
tends to be liable to occur to reduce the reaction efficiency.
Meanwhile, when the temperature is reduced, a side reaction
hardly occurs, but the reaction rate tends to reduce to
lengthen the reaction time.

[0125] The production method according to this embodi-
ment is typically performed in the liquid medium. The
content (mass %) of the graphene in the liquid medium is
preferably 1.0 mass % or more and 50.0 mass % or less,
more preferably 5.0 mass % or more and 40.0 mass % or less
with respect to the total mass of the liquid medium. When
the content of the graphene is excessively high, the viscosity
of the reaction system may increase to make it difficult to stir
the system, thereby reducing the reaction efficiency to some
extent. Meanwhile, when the content of the graphene is
excessively low, the frequency at which the treatment agent
and the graphene are brought into contact with each other in
the reaction system may reduce to reduce the reaction
efficiency to some extent.

[0126] <Treatment Agent>

[0127] For example, at least one kind selected from the
compound represented by the formula (IX) and the com-
pound represented by the formula (X) is used as the treat-
ment agent to be used in the production method according to
this embodiment.

[0128] Specific structures of the treatment agent repre-
sented by the formula (IX) are represented in S1-1 to S1-93.
The Al is in conformity with the specific examples of the
formula (I).
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[0129] Examples in each of which in the formula (IX), one
or two of the P, the P,, and the P, each represent a methyl
group, and the total of the numbers of carbon atoms of the
P,, the P,, and the P; is 2 or less include S1-1, 51-2, and
51-3.

[0130] Examples in each of which in the formula (IX), at
least one of the P,, the P,, or the P, represents a t-butoxy-
carbonyl group include S1-13, 51-14, and S1-15.

[0131] Examples in each of which in the formula (IX), at
least one of the P,, the P,, or the P; represents —S(—0)
,—R', and the R' represents a methyl group, a 2-hydroxy-
ethyl group, a phenyl group, or a tolyl group include S1-23,
51-31, 51-37, and S1-40.
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[0132] Specific structures of the treatment agent repre-
sented by the formula (X) are represented in S2-1 to S2-40.
The Al is in conformity with the specific examples of the
formula (I).
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[0133] The applications of the modified graphene accord-
ing to one aspect of the present disclosure produced by such
method as described above are described below.

[0134] (Resin Composite)

[0135] A resin blended with the modified graphene
according to one aspect of the present disclosure (hereinafter
referred to as “modified graphene-resin composite™) is a
resin composite having imparted thereto electroconductivity
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or thermal conductivity inherent in a graphene, and hence
may be turned into various product forms. The composite is
used in the form of, for example, an electroconductive or
heat conductive molded member, such as an electroconduc-
tive or heat conductive master batch, an electroconductive or
heat conductive sheet, an electroconductive or heat conduc-
tive tray, or an electroconductive or heat conductive gasket,
or an electrode member. In addition, it has recently been
known that the blending of a resin with the graphene exhibits
a function of improving the strength of the resin and a
function of improving the slidability thereof. Accordingly,
the composite may find applications in a strength member
and a slidable member.

[0136] The modified graphene according to one aspect of
the present disclosure may be used after having been
blended into any one of various resins, and the kinds of the
resins are not particularly limited. The reason for the fore-
going is as described below. In general, the combination of
a filler and a resin is limited because a problem with
compatibility therebetween and a problem with the disper-
sion failure (aggregation) of the filler along with the problem
occur. However, the substituent to be introduced into the
modified graphene according to one aspect of the present
disclosure can be designed in consideration of the compat-
ibility of the modified graphene with a resin into which the
modified graphene is blended, and hence the resin is not
limited. Specific examples of a usable resin include the
following resins: a polyethylene, a polystyrene, a vinyl
acetate resin, a vinyl chloride resin, an acrylic resin, a
polyacrylonitrile, a polyamide, a cellulose acetate resin, a
cellulose nitrate resin, a phenol resin, an epoxy resin, a
silicone resin, and a natural rubber.

[0137] When the modified graphene-resin composite
according to one aspect of the present disclosure is pro-
duced, and an electroconductive sheet or a heat conductive
sheet (modified graphene sheet) is produced by using the
composite, a silicone resin may be suitably used. The
silicone resin can be applied in a film shape and cured, and
can impart thermal conductivity to the surface layer of a
product by virtue of the effect of the modified graphene.
Further, the use of the silicone resin provides an electrocon-
ductive sheet or heat conductive sheet having adhesive
properties with various adherends. In addition, any such
sheet also has excellent weatherability and excellent heat
resistance.

[0138] Specific examples of the silicone resin include
general silicone resins, such as a methyl silicone resin, a
methyl phenyl silicone resin, and a phenyl silicone resin.
Specific examples of the silicone resin also include organic
resin-modified silicone resins, such as an alkyd-modified
silicone resin, a polyester-modified silicone resin, an epoxy-
modified silicone resin, a urethane-modified silicone resin,
and an acrylic-modified silicone resin.

[0139] In addition, a two-component-type silicone resin
(reactive silicone resin) may also be used. Specific examples
of the reactive silicone resin include an addition curable
silicone resin, a condensation curable silicone resin, a per-
oxide curable silicone resin, and a cationic UV-curable
silicone resin. Of those, an addition curable silicone resin,
which is easily available and is cured even at room tem-
perature, is suitably used. Two compounds to be used for
producing the addition curable silicone resin are a vinyl
siloxane having a double bond and a hydrosiloxane. A
commercial product is available as each of those com-
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pounds, and the commercial product may be used. As a
vinyl-terminated polysiloxane, there may be given, for
example, DMS-V31 (manufactured by AZmax Co., Ltd.)
and DMS-V41 (manufactured by AZmax Co., [.td.). As a
hydrogen-terminated polysiloxane, there are given, for
example, DMS-H03 (manufactured by AZmax Co., [td.),
HMS-301 (manufactured by AZmax Co., Ltd.), and HMS-
992 (manufactured by AZmax Co., Ltd.).

[0140] The weight-average molecular weight (Mw) of the
resin to be used in one aspect of the present disclosure is
preferably 50,000 or less. In general, when the blending
amount of the filler is increased, the viscosity of the resin
composite increases, or the temperature at which the filler
and the resin are kneaded needs to be set to a high value.
When the weight-average molecular weight (Mw) is more
than 50,000, in the case where the modified graphene
according to one aspect of the present disclosure is blended
into the resin, for example, the following problems may
occur: the viscosity of the composite becomes so high that
the composite cannot be turned into a sheet; or the kneading
temperature increases to such an extent that the temperature
is difficult to control.

[0141] (Dispersion)

[0142] The modified graphene according to one aspect of
the present disclosure may be utilized as a modified gra-
phene dispersion in various applications. The modified gra-
phene dispersion is obtained by subjecting the modified
graphene represented by the formula (I) to a dispersion
treatment in a dispersion medium.

[0143] A method for the dispersion treatment is, for
example, the following method. The modified graphene
represented by the formula (I), and as required, a resin are
dissolved in the dispersion medium, and are sufficiently
conformed to the dispersion medium while being stirred.
Further, a mechanical shear force is applied to the solution
with a dispersing machine, such as a ball mill, a paint shaker,
a dissolver, an attritor, a sand mill, or a high-speed mill.
Thus, the modified graphene represented by the formula (I)
can be finely dispersed in a stable and uniform fine particu-
late shape.

[0144] In one aspect of the present disclosure, the amount
of the modified graphene in the modified graphene disper-
sion is preferably from 1 part by mass to 50 parts by mass
with respect to 100 parts by mass of the dispersion medium.
The amount is more preferably from 2 parts by mass to 30
parts by mass, particularly preferably from 3 parts by mass
to 15 parts by mass. When the content of the modified
graphene is set within the range, an increase in viscosity of
the modified graphene dispersion and a reduction in dis-
persibility of the modified graphene can be suppressed.
[0145] In the modified graphene dispersion, the modified
graphene may be dispersed alone in water, or may be
dispersed therein by using an emulsifying agent. Examples
of the emulsifying agent include a cationic surfactant, an
anionic surfactant, and a nonionic surfactant.

[0146] Examples of the cationic surfactant include the
following: dodecylammonium chloride, dodecylammonium
bromide, dodecyltrimethylammonium bromide,
dodecylpyridinium chloride, dodecylpyridinium bromide,
and hexadecyltrimethylammonium bromide.

[0147] Examples of the anionic surfactant include: fatty
acid soap, such as sodium stearate and sodium dodecanoate;
and sodium dodecyl sulfate, sodium dodecyl benzene sul-
fate, and sodium lauryl sulfate.
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[0148] Examples of the nonionic surfactant include the
following: dodecyl polyoxyethylene ether, hexadecyl poly-
oxyethylene ether, nonylphenyl polyoxyethylene ether, lau-
ryl polyoxyethylene ether, sorbitan monooleate polyoxyeth-
ylene ether, and monodecanoyl sucrose.

[0149] As an organic solvent to be used as the dispersion
medium, the following solvents are given: alcohols, such as
methyl alcohol, ethyl alcohol, denatured ethyl alcohol, iso-
propyl alcohol, n-butyl alcohol, isobutyl alcohol, tert-butyl
alcohol, sec-butyl alcohol, tert-amyl alcohol, 3-pentanol,
octyl alcohol, benzyl alcohol, and cyclohexanol; glycols,
such as methyl cellosolve, ethyl cellosolve, diethylene gly-
col, and diethylene glycol monobutyl ether; ketones, such as
acetone, methyl ethyl ketone (2-butanone), and methyl
isobutyl ketone; esters, such as ethyl acetate, butyl acetate,
ethyl propionate, and cellosolve acetate; hydrocarbon-based
solvents, such as hexane, octane, petroleum ether, cyclo-
hexane, benzene, toluene, and xylene; halogenated hydro-
carbon-based solvents, such as carbon tetrachloride, trichlo-
roethylene, and tetrabromoethane; ethers, such as diethyl
ether, dimethyl glycol, trioxane, and tetrahydrofuran;
acetals, such as methylal and diethylacetal; organic acids,
such as formic acid, acetic acid, and propionic acid; and
sulfur-containing and nitrogen-containing organic com-
pounds, such as nitrobenzene, dimethylamine, monoetha-
nolamine, pyridine, dimethyl sulfoxide, and dimethylforma-
mide.

[0150] In addition, the use of the above-mentioned modi-
fied graphene dispersion enables the production of an elec-
troconductive ink or paint.

[0151] According to one aspect of the present disclosure,
the modified graphene that has excellent electroconductivity
and excellent thermal conductivity, and that has a functional
group having functionality introduced into its surface can be
provided.

[0152] In addition, according to one aspect of the present
disclosure, the method of producing a modified graphene
that has excellent electroconductivity and excellent thermal
conductivity, and that has a functional group having func-
tionality introduced into its surface can be provided.
[0153] Further, according to one aspect of the present
disclosure, the modified graphene-resin composite, the
modified graphene sheet, and the modified graphene disper-
sion each including the modified graphene that has excellent
electroconductivity and excellent thermal conductivity, and
that has a functional group having functionality introduced
into its surface can be provided.

EXAMPLES

[0154] The present disclosure is described in more detail
below by way of Examples and Comparative Examples. The
present disclosure is by no means limited to Examples below
without departing from the gist of the present disclosure.
“Part(s)” and “%” with regard to the description of the
amounts of components are by mass, unless otherwise
stated.

[0155] (Material)

[0156] Example 1-1 to Example 1-28 relate to the produc-
tion of modified graphenes. Main materials used here, that
is, a graphene, treatment agents, and oxidants are shown in
Table 1 below.

[0157] The treatment agents are compounds each repre-
sented by the following formula (VI), and the structural
formula of Al is the same as any structure described in the
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section (Specific Examples of Modified Graphene). All of
the treatment agents were purchased from Sumika Techno-
service Corporation.

NH,—NH-A1 VI

[0158] In addition, the names and chemical formulae of
the respective oxidants are as described below.

[0159] Iron(IIl) phthalocyanine chloride (FePc.Cl), potas-
sium ferrocyanide (K,[Fe(CN)s].3H,0), iodine (I,), iron
(IIT) chloride (FeCls;), sodium periodate (NalO,), manga-
nese dioxide (MnO,), potassium permanganate (KMnO,),
and 35% hydrogen peroxide aqueous solution (1-1202).
Those oxidants are all manufactured by Tokyo Chemical
Industry Co., Ltd.

TABLE 1
Raw Treatment
material  agent Oxi-
(un- (Al of dation
modified  formula poten-
graphene) (VI)) Oxidant tial (V)
Ex- 1-1  xGnP-M5 Al-22 FePceCl +0.17
ample 1-2 xGnP-M5 Al-22 K, [Fe(CN)g] +0.36
*3H,0
1-3  xGnP-M5 Al-22 > +0.49
1-4  xGnP-M5 Al-22 FeCl, +0.77
1-5  xGnP-M5 Al-22 NalO, +0.98
1-6  xGnP-M5 Al-22 NalO, +1.20
(acidified with
sulfuric acid)
1-7  xGnP-M5 Al-22 MnO, +1.28
1-8  xGnP-M5 Al-22 KMnO, +1.51
(acidified with
sulfuric acid)
1-9  xGnP-M5 Al-22 H,0, +1.77
(acidified with
sulfuric acid)
1-10  xGnP-M5 Al-7 K, [Fe(CN)g] +0.36
*3H,0
1-11  xGnP-M5 Al-8 K, [Fe(CN)g] +0.36
*3H,0
1-12 xGnP-M5 Al-10 K, [Fe(CN)g] +0.36
*3H,0
1-13  xGnP-M5 Al-13 K, [Fe(CN)g] +0.36
*3H,0
1-14 xGnP-M5 Al-14 K, [Fe(CN)g] +0.36
*3H,0
1-15  xGnP-M5 Al-15 K, [Fe(CN)g] +0.36
*3H,0
1-16 xGnP-M5 Al1-20 K, [Fe(CN)g] +0.36
*3H,0
1-17  xGnP-M5 Al-23 K, [Fe(CN)g] +0.36
*3H,0
1-18  xGnP-M5 Al-26 K, [Fe(CN)g] +0.36
*3H,0
1-19  xGnP-M5 Al1-28 K, [Fe(CN)g] +0.36
*3H,0
1-20  xGnP-M5 Al1-29 K, [Fe(CN)4] +0.36
*3H,0
1-21  xGnP-M5 Al1-30 K, [Fe(CN)g] +0.36
*3H,0
1-22  xGnP-M5 Al-64 K, [Fe(CN)g] +0.36
*3H,0
1-23  xGnP-M5 Al-72 K, [Fe(CN)4] +0.36
*3H,0
1-24  xGnP-M5 Al-82 K, [Fe(CN)g] +0.36
*3H,0
1-25 xGnP-M5 Al-83 K, [Fe(CN)g] +0.36
*3H,0
1-26  xGnP-M5 Al-85 K, [Fe(CN)4] +0.36
*3H,0
1-27 xGnP-M5 Al-3 K, [Fe(CN)g] +0.36
*3H,0
1-28  xGnP-M5 Al-6 K, [Fe(CN)g] +0.36
*3H,0



US 2023/0127728 Al

TABLE 1-continued

Raw Treatment
material agent Oxi-
(un- (Al of dation
modified  formula poten-
graphene) (VI)) Oxidant tial (V)
Compara- 1-1 — — — _
tive 1-2 xGnP-M5 Al-22 — —
Ex-
ample
[0160] (Production Methods)
[0161] (Production Method 1-A)
[0162] The following materials were loaded into a vessel

having a volume of 400 mL. (manufactured by AIMEX Co.,
Ltd.) and mixed.

[0163] Graphene (product name: xGnP-M5, New Met-
als and Chemicals Corporation, [td.):
[0164] 18.0¢g
[0165] Ion-exchanged water: 162 mL
[0166] N,N-Dimethylformamide (DMF): 18 mL
[0167] Treatment agent (Sumika Technoservice Corpo-

ration): 1.0 mmol/g
[0168] Oxidant (Tokyo Chemical Industry Co., Ltd.):
0.1 mmol/g
[0169] An 8 mol/LL aqueous solution of potassium hydrox-
ide was added to the resultant liquid to adjust its pH to 3, and
the mixture was stirred at a temperature of 25° C. and a
number of revolutions of 2,000 rpm for 12 hours. After that,
an 8 mol/LL aqueous solution of potassium hydroxide was
added to the resultant liquid to adjust its pH to 10. Thus, a
dispersion liquid was obtained. The resultant dispersion
liquid was centrifuged at a number of revolutions of 5,000
rpm for 10 minutes, and a supernatant and coarse particles
were removed, followed by the purification of the superna-
tant liquid so that its electroconductivity became 10 S/cm or
less. Thus, a modified graphene dispersion was obtained.
Next, the modified graphene dispersion was dried by a
freeze-drying method.
[0170] (Production Method 1-B)
[0171] The following materials were loaded into a vessel
having a volume of 400 mL. (manufactured by AIMEX Co.,
Ltd.) and mixed.
[0172] Graphene (product name: xGnP-M5, New Met-
als and Chemicals Corporation, [td.):
[0173] 18.0¢g
[0174] N,N-Dimethylformamide (DMF): 180 mL
[0175] Treatment agent (Sumika Technoservice Corpo-
ration): 1.0 mmol/g
[0176] Oxidant (Tokyo Chemical Industry Co., Ltd.):
0.1 mmol/g
[0177] The resultant dispersion liquid was filtered with a
filter bell having arranged thereon filter paper, and the solid
matter that had been filtered out was washed with DMF once
and with chloroform once, followed by the addition of
acetone to the washed product. Thus, a modified graphene
dispersion was obtained. Next, the solvent was removed
from the modified graphene dispersion with an evaporator,
and the residue was dried with a vacuum dryer (50° C.).
[0178] (Method of Identifying Modified Graphene)
[0179] The identification of each of the modified gra-
phenes thus produced, that is, the determination of the
amount of a substituent (hereinafter sometimes described as
“modification amount”) thereof is described below. The

24
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modification amount was calculated by using a composition
ratio, which had been obtained from the composition
amount of each element in the unmodified graphene (raw
material) or the modified graphene determined by X-ray
photoelectron measurement with Quantera SXM (manufac-
tured by ULVAC-PHI, Incorporated), and the following
calculation equation 1. An excitation X-ray is a monochro-
matic Al Ka 1,2 ray (1,486.6 eV), the diameter of the X-ray
is 100 pm, and the angle at which a photoelectron escapes
is 45°.

Modification amount (mmol/g)=(Ratio of element that
forms Al and is increased after modification-Ratio of
unmodified graphene element)/(Molecular weight of ele-
ment that forms Al and is increased after modificationx
Number of moles of element increased in

A1)

[0180] To give an example, the element composition
amount of a modified graphene in which the structure of the
Al was A1-22 was a value shown in the lower row of Table
2 below. Meanwhile, the element composition amount of the
graphene used as a raw material (xGnP-M5 (New Metals
and Chemicals Corporation, [.td.)) was a value shown in the
upper row of Table 2 below. In this case, the modification
amount of Al1-22 with respect to 1 g of the modified
graphene was estimated to be 0.219 mmol/g from the
calculation equation 1.

Calculation equation 1

TABLE 2
Cls Ols
xGnP-M5 99.0 1.0
Modified graphene including A1-22 98.3 1.7

[0181] (Evaluation of Defect Concentration of Modified
Graphene by Raman Spectroscopy)

[0182] Raman spectroscopy was performed with the fol-
lowing apparatus under the following conditions.

[0183] Measuring apparatus: A Raman microscope (NRS-
4100 manufactured by JASCO Corporation)

[0184] Measurement conditions: A laser beam having a
wavelength of 532 nm was used, the intensity of the laser
beam was 0.3 mW, the magnification of an objective lens
was 20, an exposure time was 60 seconds, and the number
of scans was 2 (resolution=7 cm™")

[0185] When a graphene structure is present, a G band
(around 1,590 cm™") derived from a graphite structure (sp>
bond) and a D band (around 1,350 cm™") derived from a
defect are observed. As the G band has a higher intensity and
a sharper shape, and the D band has a lower intensity, the
graphene can be said to have a smaller number of defects.
The defect concentration of the graphene was evaluated by
using the following equation.

G/D ratio=g/d

[0186] g: The intensity of the G band
[0187] d: The intensity of the D band
[0188] [Evaluation Criteria]

Rank 4 ... 095=g/d
Rank B . .. 0.80=g/d<0.95

Rank C. .. g/d<0.80



US 2023/0127728 Al

Example 1-1 to Example 1-9, Example 1-17,
Example 1-18, and Example 1-22

[0189] Modified graphenes 1-1 to 1-9, a modified gra-
phene 1-17, a modified graphene 1-18, and a modified
graphene 1-22 were each produced in accordance with
Production Method 1-A by using the graphene, the treatment
agent, and the oxidant shown in Table 1.

[0190] Next, the element composition amounts of the
modified graphenes were determined by X-ray photoelec-
tron measurement, and the modification amounts thereof
were estimated from the calculation equation 1 and shown in
Table 3. Further, the g/d values of the modified graphenes
thus produced were determined by Raman spectroscopy,
evaluated based on the evaluation criteria, and shown in
Table 3.

Example 1-10 to Example 1-16, Example 1-19 to
Example 1-21, and Example 1-23 to Example 1-28

[0191] Modified graphenes 1-10 to 1-16, modified gra-
phenes 1-19 to 1-21, and modified graphenes 1-23 to 1-28
were each produced in accordance with Production Method
1-B by using the graphene, the treatment agent, and the
oxidant shown in Table 1.

[0192] Next, the element composition amounts of the
modified graphenes were determined by X-ray photoelec-
tron measurement, and the modification amounts thereof
were estimated from the calculation equation 1 and shown in
Table 3. Further, the g/d values of the modified graphenes
thus produced were determined by Raman spectroscopy,
evaluated based on the evaluation criteria, and shown in
Table 3.

Comparative Example 1-1

[0193] A graphene oxide (product name: GO, New Metals
and Chemicals Corporation, [.td.) was used as a comparative
compound 1-1.

[0194] The g/d value of the produced graphene oxide was
determined by Raman spectroscopy, evaluated based on the
evaluation criteria, and shown in Table 3.
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Comparative Example 1-2

[0195] A modified graphene obtained by using 4-amino-
benzoic acid as a treatment agent in accordance with the
following production method described in Japanese Patent
No. 3980637 was used as a comparative compound 1-2.

[0196] The following materials were loaded into a vessel
having a volume of 400 mL (manufactured by AIMEX Co.,
Ltd.) and mixed.

[0197] Graphene (product name: xGnP-MS5, manufac-
tured by New Metals and Chemicals Corporation,
Ltd.): 180 g

[0198]

[0199] 4-Aminobenzoic acid (manufactured by Tokyo
Chemical Industry Co., Ltd.):

[0200]

[0201] Sodium nitrite (manufactured by Tokyo Chemi-
cal Industry Co., Ltd.): 1.0 mmol/g

[0202] The mixture was stirred at a temperature of 25° C.
and a number of revolutions of 2,000 rpm for 12 hours. After
that, an 8 mol/LL aqueous solution of potassium hydroxide
was added to the resultant liquid to adjust its pH to 10. Thus,
a dispersion liquid was obtained. The resultant dispersion
liquid was centrifuged at a number of revolutions of 5,000
rpm for 10 minutes, and a supernatant and coarse particles
were removed, followed by the purification of the superna-
tant liquid so that its electroconductivity became 10 S/cm or
less. Thus, a modified graphene dispersion was obtained.
Next, the modified graphene dispersion was dried by a
freeze-drying method.

[0203] The element composition amount of the modified
graphene was determined by X-ray photoelectron measure-
ment, and the modification amount thereof was estimated
from the calculation equation 1 and shown in Table 3.
Further, the g/d value of the modified graphene thus pro-
duced was determined by Raman spectroscopy, evaluated
based on the evaluation criteria, and shown in Table 3.

Ion-exchanged water: 162 mL

1.0 mmol/g

TABLE 3

Modified graphene/comparative compound

Modification
amount g/d gd

No. Structure (mmol/g)  value rank
Example 1-1 Modified graphene 1-1 Al-22 0.175 1.1 A
1-2 Modified graphene 1-2 Al-22 0.177 1.1 A
1-3 Modified graphene 1-3 Al-22 0.199 10.7 A
1-4 Modified graphene 1-4 Al-22 0.204 1.1 A
1-5 Modified graphene 1-5 Al-22 0.218 1.1 A
1-6 Modified graphene 1-6 Al-22 0.209 1.0 A
1-7 Modified graphene 1-7 Al-22 0.230 1.0 A
1-8 Modified graphene 1-8 Al-22 0.255 1.0 A
1-9 Modified graphene 1-9 Al-22 0.145 1.0 A
1-10  Modified graphene 1-10 Al-7 0.158 1.1 A
1-11 Modified graphene 1-11 Al-8 0.165 1.1 A
1-12 Modified graphene 1-12 Al-10 0.159 1.1 A
1-13 Modified graphene 1-13 Al-13 0.144 1.1 A
1-14  Modified graphene 1-14 Al-14 0.163 2.0 A
1-15 Modified graphene 1-15 Al-15 0.166 1.1 A
1-16  Modified graphene 1-16 Al1-20 0.171 1.1 A
1-17  Modified graphene 1-17 Al-23 0.183 1.1 A
1-18  Modified graphene 1-18 Al-26 0.177 1.1 A
1-19  Modified graphene 1-19 Al1-28 0.169 1.1 A
1-20  Modified graphene 1-20 Al-29 0.188 1.0 A
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TABLE 3-continued
Modified graphene/comparative compound
Modification
amount g/d gd
No. Structure (mmol/g)  value rank
1-21 Modified graphene 1-21 Al1-30 0.174 1.1 A
1-22  Modified graphene 1-22 Al-64 0.153 1.1 A
1-23 Modified graphene 1-23 Al-72 0.191 1.1 A
1-24  Modified graphene 1-24 Al-82 0.167 1.1 A
1-25 Modified graphene 1-25 Al-83 0.196 2.0 A
1-26  Modified graphene 1-26 Al-85 0.192 1.1 A
1-27  Modified graphene 1-27 Al-3 0.175 1.1 A
1-28  Modified graphene 1-28 Al-6 0.184 1.1 A
Comparative 1-1  Comparative compound 1-1 — — 0.8 C
Example 1-2  Comparative compound 1-2  Al1-22 0.171 0.9 B

[0204] (Method of Producing Resin Composite of Modi-
fied Graphene)
[0205] A resin sheet blended with any one of the modified

graphenes produced in the foregoing was produced by using
any one of Production Method 1-1, Production Method 1-2,
and Production Method 1-3 described below. Further, the
electroconductivity evaluation and thermal conductivity
evaluation of the resultant sheet were performed.
[0206] Inaddition, a resin sheet blended with the graphene
oxide (the comparative compound 1-1) and a resin sheet
blended with the modified graphene (the comparative com-
pound 1-2) produced by the production method described in
Japanese Patent No. 3980637 were produced, and were
subjected to the same evaluations.
[0207] Production Method 1-1, Production Method 1-2, or
Production Method 1-3 described above is described below.
Production Method 1-1 is a method relating to a sheet using
a silicone resin, Production Method 1-2 is a method relating
to a sheet using a urethane resin, and Production Method 1-3
is a method relating to a sheet using a polyimide.
[0208] (Production Method 1-1)
[0209] 100 Parts of a vinyl-terminated polysiloxane DMS-
V31 (weight-average molecular weight (Mw): 28,000,
AZmax Co., Ltd.), 5 parts of a hydrogen-terminated poly-
siloxane HMS-301 (AZmax Co., [td.), and 60 parts of a
modified graphene (or a comparative compound) were
mixed with a spatula.
[0210] Next, the mixture was kneaded with a planetary
mixer (NR-50, manufactured by Thinky Corporation) for 2
minutes, and was defoamed therewith for 1 minute. 0.8 Part
of a platinum catalyst was added to the defoamed product,
and was kneaded thereinto with a spatula. Next, the mixture
was kneaded with a planetary mixer (NR-50, manufactured
by Thinky Corporation) for 2 minutes, and was defoamed
therewith for 1 minute. The resultant mixture was applied
onto a metal plate with a bar coater, and was left at rest in
a thermostatic chamber at 100° C. for 2 hours to be cured.
Thus, the following silicone resin sheet was obtained:
[0211] Silicone resin sheet
[0212] Thickness: 20010 pm
[0213] The blending amount of the modified gra-
phene (or the comparative compound):
[0214] 20 vol %

provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of any other material as 0.97 g/cm®.

[0215] (Production Method 1-2)
[0216] The following materials were mixed, and the mix-
ture was stirred for 1 hour while an ultrasonic wave was
applied thereto. Thus, a dispersion liquid was prepared.
[0217] A polyurethane UR-4800 serving as a binder
resin (weight-average molecular weight (Mw): 4,800,
Toyobo Co., Ltd.) 100 parts
[0218] A modified graphene (or a comparative com-
pound) 43 parts
[0219] An arbitrary amount of tetrahydrofuran (THF,
manufactured by Kishida Chemical Co., Ltd.)
[0220] The resultant mixture was applied onto a metal
plate with a bar coater, and was dried in a thermostatic dryer
at 40° C. Next, the dried body was peeled from the metal
plate, and was heated and pressurized with a small heat
pressing machine (manufactured by AS ONE Corporation)
at 150° C. and 0.5 kgf/m? for 3 minutes. Thus, the following
urethane resin sheet was obtained:

[0221] Urethane resin sheet
[0222] Thickness: 20010 pm
[0223] The blending amount of the modified gra-

phene (or the comparative compound):

[0224] 20 vol %
provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of the urethane resin as 1.28 g/cm®.
[0225] (Production Method 1-3)
[0226] 100 Parts of a polyimide precursor U-VARNISH-S
(solid content concentration: 20%, N-methylpyrrolidone
content: 80%, Ube Industries, [.td.) and 5.2 parts of a
modified graphene (or a comparative compound) were
mixed with a spatula.
[0227] Next, the mixture was kneaded with a planetary
mixer (NR-50, manufactured by Thinky Corporation) for 2
minutes, and was defoamed therewith for 1 minute. The
resultant mixture was applied onto a metal plate with a bar
coater, and was left at rest in a thermostatic chamber at 100°
C. for 2 hours so that its solvent was removed. Further, the
residue was dried under a reduced pressure of 0.05 MPa in
a vacuum dryer at 100° C. Further, the dried product was
calcined in a muffle furnace at 290° C. for 30 minutes and
at 350° C. for 30 minutes. Thus, the following polyimide
sheet was obtained:

[0228] Polyimide sheet
[0229] Thickness: 853 um
[0230] The blending amount of the modified gra-

phene (or the comparative compound):

[0231] 15 vol %
provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of the polyimide as 1.47 g/cm®.



US 2023/0127728 Al

Example 1-29 to Example 1-56

[0232] Modified graphene-blended silicone resin sheets
were produced by: using the modified graphenes 1-1 to 1-28
shown in Table 3; and using Production Method 1-1
described above. Further, the sheets were each cut into a
predetermined sample shape, and were each subjected to an
electroconductivity evaluation and a thermal conductivity
evaluation. The results are shown in Table 4.

Example 1-57 and Example 1-58

[0233] Modified graphene-blended urethane resin sheets
were produced by: using the modified graphene 1-2 and the
modified graphene 1-8 shown in Table 3; and using Produc-
tion Method 1-2 described above. Further, the sheets were
each cut into a predetermined sample shape, and were each
subjected to an electroconductivity evaluation and a thermal
conductivity evaluation. The results are shown in Table 4.

Example 1-59

[0234] A modified graphene-blended silicone resin sheet
was produced by: using a vinyl-terminated polysiloxane
DMS-V41 (weight-average molecular weight (Mw): 50,000,
AZmax Co., [td.) instead of the vinyl-terminated polysi-
loxane DMS-V31; using the modified graphene 1-2; and
using Production Method 1-1 described above. Further, the
sheet was cut into a predetermined sample shape, and was
subjected to an electroconductivity evaluation and a thermal
conductivity evaluation. The results are shown in Table 4.

Example 1-60

[0235] A modified graphene-blended silicone resin sheet
was produced by: using a vinyl-terminated polysiloxane
DMS-V46 (weight-average molecular weight (Mw): 117,
000, AZmax Co., Ltd.) instead of the vinyl-terminated
polysiloxane DMS-V31; using the modified graphene 1-2;
and using Production Method 1-1 described above. Further,
the sheet was cut into a predetermined sample shape, and
was subjected to an electroconductivity evaluation and a
thermal conductivity evaluation. The results are shown in
Table 4.

Comparative Example 1-3

[0236] A graphene oxide-blended silicone resin sheet was
produced by using the graphene oxide (product name: GO,
New Metals and Chemicals Corporation, [td.) and in con-
formity with Production Method 1-1 described above. Fur-
ther, the sheet was cut into a predetermined sample shape,
and was subjected to an electroconductivity evaluation and
a thermal conductivity evaluation. The results are shown in
Table 4.

Comparative Example 1-4

[0237] A graphene oxide-blended silicone resin sheet was
produced by: using the modified graphene (the comparative
compound 1-2) produced by using the production method
described in Japanese Patent No. 3980637; and using Pro-
duction Method 1-1 described above. Further, the sheet was
cut into a predetermined sample shape, and was subjected to
an electroconductivity evaluation and a thermal conductivity
evaluation. The results are shown in Table 4.
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[0238]

[0239] The electroconductivity evaluations and thermal
conductivity evaluations of the resin sheets produced in the
foregoing were performed by the following methods, and
the sheets were evaluated in accordance with the following
evaluation criteria.

[0240]

[0241] An electroconductivity evaluation was performed
based on the surface electrical resistivity (k€/[J) of a resin
sheet sample. The surface electrical resistivity was measured
in conformity with JIS K 7194 “Testing method for resis-
tivity of conductive plastics with a four-point probe array,”
and the sample was classified into any one of a rank Ato a
rank C as described below by using the measured value. It
has been generally known that the surface electrical resis-
tivity of an electroconductive member is less than 1x10°Q/
[, and a member having a surface electrical resistivity of
1x10°Q/[] or more is a static electricity diffusive member
(1x10°Q/[J or more and less than 1x10°Q/[]) or an anti-
static member (1x10°Q/] or more and less than 1x10'2Q/
). Accordingly, in one aspect of the present disclosure,
only a resin sheet sample classified into a rank acceptable as
an electroconductive member, that is, the rank A was defined
as an acceptable rank.

[0242]

Rank 4 . .. 10 kQ/C=surface electrical resistiv-
ity<100 kQ/J

(Evaluations)

(Electroconductivity Evaluation)

[Evaluation Criteria]

Rank B . .. 100 kQ/O=surface electrical resistiv-
ity<1,000 kQ/OJ

Rank C. .. 1,000 kQ/Cl=surface electrical resistiv-

ity
[0243] (Thermal Conductivity Evaluation)
[0244] A thermal conductivity evaluation was performed

based on the thermal conductivity of a resin sheet sample
(having a thickness of 200+£10 pm) in its thickness direction.

[0245] First, the produced resin sheets were each cut into
a size measuring 6 mm long by 11 mm wide. The sheet was
used as a resin sheet sample, and its thermal diffusivity o in
its thickness direction was measured with a temperature
wave analyzer (manufactured by ULVAC-RIKO, Inc., FTC-
1). The thermal conductivity A of the sample was calculated
from the equation “A=axCpxp” by multiplying the thermal
diffusivity o determined in the measurement by the specific
heat Cp (weight fraction average) and density p (volume
fraction average) thereof. The density was measured by
using a submerged replacement method, and the specific
heat was measured with a differential scanning calorimeter
(PYRIS Diamond DSC-7, DSC, manufactured by PerkinEl-
mer). The specific heat Cp and the density p needed for the
calculation are as described below.

[0246] The sheet was classified into any one of a rank A
to a rank C as described below by using the resultant value
of the thermal conductivity. A member having a thermal
conductivity of 1 W/m'K or more in its thickness direction
is generally recognized as a high-performance heat conduc-
tive member. Accordingly, only a resin sheet sample clas-
sified into the rank A was defined as an acceptable rank.
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[0247]

Rank 4 ... 1 W/m-K=thermal conductivity

[Evaluation Criteria]

Rank B ... 0.5 W/m-Ksthermal conductivity<1
W/mK

Rank C thermal conductivity<0.5 W/m-K

[Densities and Specific Heats of Respective Materials Used
in Calculation]

[0248] The density p of each of the silicone resins: 0.97
g/em

[0249] The density p of the urethane resin: 1.28 g/cm?®

[0250] The density p of each of the modified graphenes

and the comparative compound 1-2:
[0251] 2.2 g/em?®
[0252] The density p of the graphene oxide: 2.1 g/cm®
[0253] The specific heat Cp of each of the silicone
resins: 1,600 J/kgK

[0254] The specific heat Cp of the urethane resin: 1,900
J/kgK
[0255] The specific heat Cp of each of the modified

graphenes and the comparative compound 1-2: 710

28
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Example 1-61 and Example 1-62

[0257] Modified graphene-blended polyimide sheets were
each produced by: using the modified graphene 1-3 or the
modified graphene 1-17 shown in Table 3; and using Pro-
duction Method 1-3 described above. Further, the sheets
were each cut into a predetermined sample shape, and were
each subjected to a thermal conductivity evaluation. The
results are shown in Table 5.

Comparative Example 1-5

[0258] An unmodified graphene-blended polyimide sheet
was produced by: using an unmodified graphene xGnP-M5
(New Metals and Chemicals Corporation, Ltd.); and using
Production Method 1-3 described above. Further, the sheet
was cut into a predetermined sample shape, and was sub-
jected to a thermal conductivity evaluation. The results are
shown in Table 5.

Comparative Example 1-6

[0259] A graphene oxide-blended polyimide sheet was
produced by: using the comparative compound 1-1; and
using Production Method 1-3 described above. Further, the

J/kgK sheet was cut into a predetermined sample shape, and was
[0256] The specific heat Cp of the graphene oxide: 700 subjected to a thermal conductivity evaluation. The results
J/kgK are shown in Table 5.
TABLE 4
Weight-
average Surface
Number of modified molecular  Filler  electrical  Electrocon- Thermal Thermal
Production graphene or weight  amount resistivity ductivity  conductivity conductivity
method  comparative compound ~ of resin  (vol %) (KQ/[) rank (W/m - K) rank
Example 1-29 1-1 Modified graphene 1-1 28,000 20 45 A 1.5 A
1-30 1-1 Modified graphene 1-2 28,000 20 44 A 1.5 A
1-31 1-1 Modified graphene 1-3 28,000 20 32 A 1.6 A
1-32 1-1 Modified graphene 1-4 28,000 20 38 A 1.5 A
1-33 1-1 Modified graphene 1-5 28,000 20 40 A 1.5 A
1-34 1-1 Modified graphene 1-6 28,000 20 37 A 1.6 A
1-35 1-1 Modified graphene 1-7 28,000 20 44 A 1.4 A
1-36 1-1 Modified graphene 1-8 28,000 20 25 A 1.5 A
1-37 1-1 Modified graphene 1-9 28,000 20 41 A 1.5 A
1-38 1-1 Modified graphene 1-10 28,000 20 55 A 1.3 A
1-39 1-1 Modified graphene 1-11 28,000 20 40 A 1.4 A
1-40 1-1 Modified graphene 1-12 28,000 20 32 A 1.5 A
1-41 1-1 Modified graphene 1-13 28,000 20 19 A 1.7 A
1-42 1-1 Modified graphene 1-14 28,000 20 28 A 1.6 A
1-43 1-1 Modified graphene 1-15 28,000 20 31 A 1.4 A
1-44 1-1 Modified graphene 1-16 28,000 20 42 A 1.5 A
1-45 1-1 Modified graphene 1-17 28,000 20 39 A 1.2 A
1-46 1-1 Modified graphene 1-18 28,000 20 35 A 1.5 A
1-47 1-1 Modified graphene 1-19 28,000 20 32 A 1.5 A
1-48 1-1 Modified graphene 1-20 28,000 20 48 A 1.6 A
1-49 1-1 Modified graphene 1-21 28,000 20 53 A 1.4 A
1-50 1-1 Modified graphene 1-22 28,000 20 22 A 1.5 A
1-51 1-1 Modified graphene 1-23 28,000 20 41 A 1.5 A
1-52 1-1 Modified graphene 1-24 28,000 20 38 A 1.3 A
1-53 1-1 Modified graphene 1-25 28,000 20 28 A 1.4 A
1-54 1-1 Modified graphene 1-26 28,000 20 39 A 1.5 A
1-55 1-1 Modified graphene 1-27 28,000 20 54 A 1.7 A
1-56 1-1 Modified graphene 1-28 28,000 20 39 A 1.6 A
1-57 1-2 Modified graphene 1-2 28,000 20 40 A 1.4 A
1-58 1-2 Modified graphene 1-8 28,000 20 25 A 1.4 A
1-59 1-1 Modified graphene 1-2 50,000 20 77 A 1.2 A
1-60 1-1 Modified graphene 1-2 117,000 20 98 A 1.1 A
Comparative 1-1 1-1 Comparative compound 1 28,000 20 3,277 C 0.3 C
Example 1-2 1-1 Comparative compound 2 28,000 20 118 B 0.7 B
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Comparative Example 1-7

[0260] A comparative compound 1-2-blended polyimide
sheet was produced by: using the comparative compound
1-2; and using Production Method 1-3 described above.
Further, the sheet was cut into a predetermined sample
shape, and was subjected to a thermal conductivity evalua-
tion. The results are shown in Table 5.

29
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[0266] [Densities and Specific Heats of Respective Mate-
rials Used in Calculation]
[0267] The density p of the polyimide: 1.47 g/cm’®
[0268] The density p of each of the modified graphenes
and the comparative compound 1-2:

[0269] 2.2 g/em’®
[0270] The density p of the graphene oxide: 2.1 g/cm’
[0271] The specific heat Cp of the polyimide resin:

[0261] [Thermal Conductivity Evaluation of Polyimide 1,130 J/kgK
Sheet] [0272] The specific heat Cp of each of the modified
[0262] The thermal conductivities of the polyimide sheets graphenes and the comparative compound 1-2: 710
blended with the modified graphenes according to one J/kgK
aspect of the present disclosure, and the polyimide sheets [0273] 'The specific heat Cp of the graphene oxide: 700
each blended with the comparative compound 1-1 or the J/kgK
comparative compound 1-2 were each evaluated based on [0274] The foregoing results are shown in Table 5.
TABLE 5
Thermal
Filler Thermal conductivity
Production amount conductivity  evaluation
method Filler (vol %) (W/m - K) rank
Example 1-61 3 Modified graphene 15 0.8 A
1-3
1-62 3 Modified graphene 15 1 A
1-17
Comparative 1-5 3 Unmodified 15 0.5 B
Example graphene xGnP-M5
1-6 3 Comparative 15 0.3 C
compound 1-1
1-7 3 Comparative 15 0.5 C
compound 1-2
the thermal conductivity of a sheet sample (having a thick- [0275] It was able to be confirmed that the polyimide

ness of 85£3 pm) in its thickness direction.

[0263] First, the produced resin sheets were each cut into
a size measuring 6 mm long by 11 mm wide. The sheet was
used as a sheet sample, and its thermal diffusivity o in its
thickness direction was measured with a temperature wave
analyzer (manufactured by ULVAC-RIKO, Inc., FTC-1).
The thermal conductivity A of the sample was calculated
from the equation “A=axCpxp” by multiplying the thermal
diffusivity o determined in the measurement by the specific
heat Cp (weight fraction average) and density p (volume
fraction average) thereof. The density was measured by
using a submerged replacement method, and the specific
heat was measured with a differential scanning calorimeter
(PYRIS Diamond DSC-7, DSC, manufactured by PerkinEl-
mer). The specific heat Cp and the density p needed for the
calculation are as described below.

[0264] The sheet was classified into any one of a rank A
to a rank C as described below by using the resultant value
of the thermal conductivity. A member having a thermal
conductivity of 1 W/m'K or more in its thickness direction
is generally recognized as a high-performance heat conduc-
tive member. Accordingly, only a sheet sample classified
into the rank A was defined as an acceptable rank.

[0265] [Evaluation Ranks]

Rank 4. .. 0.6 W/m-Ks=thermal conductivity

Rank B ... 0.3 W/m-Ksthermal conductivity<0.6
W/mK

Rank C . . . thermal conductivity<0.3 W/m-K

sheets blended with the modified graphenes according to one
aspect of the present disclosure showed thermal conductivi-
ties higher than those of the polyimide sheets of Compara-
tive Examples. What is more interesting is that even when
the modified graphene-blended polyimide sheets and the
unmodified graphene-blended polyimide sheet were com-
pared to each other, the modified graphene-blended poly-
imide sheets showed thermal conductivities higher than that
of the other. Although a reason for the foregoing is unclear,
in consideration of the fact that in a tensile test (performed
with an Instron universal tester) in conformity with K 7161
of JIS Standard, while the tensile strength (25° C.) of each
of the modified graphene-blended polyimide sheets was 260
MPa, the tensile strength (25° C.) of the unmodified gra-
phene-blended polyimide sheet was 150 MPa, there is a
possibility that a carboxylic acid on the surface of each of
the modified graphenes and a reactive amine in the varnish
that was a polyimide precursor were bonded to each other to
exhibit an effect of improving the degree of adhesiveness
between the graphene and the resin or forming the network
of the graphene, thereby leading to a high thermal conduc-
tivity.

[0276] (Production of Modified Graphene Dispersion)
[0277] A modified graphene dispersion according to one
aspect of the present disclosure and a comparative graphene
dispersion were each produced by a method described
below.

Example 1-63

[0278] 100 Parts of the modified graphene 1-12 shown in
Table 3, 350 parts of toluene, 350 parts of ethyl acetate, and
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300 parts of 2-butanone serving as dispersion media, and
750 parts of glass beads (each having a diameter of 1 mm)
were mixed, and the mixture was subjected to dispersion
with an attritor (Nippon Coke & Engineering Co., Ltd.) for
3 hours. After that, the resultant was filtered with a mesh to
provide a modified graphene dispersion according to one
aspect of the present disclosure.

Example 1-64

[0279] A modified graphene dispersion was obtained by
the same operation as that of Example 1-63 except that the
modified graphene 1-12 was changed to the modified gra-
phene 1-21.

Example 1-65

[0280] A modified graphene dispersion was obtained by
the same operation as that of Example 1-63 except that the
modified graphene 1-12 was changed to the modified gra-
phene 1-23.

Example 1-66

[0281] A modified graphene dispersion was obtained by
the same operation as that of Example 1-63 except that the
modified graphene 1-12 was changed to the modified gra-
phene 1-25.

Comparative Example 1-8

[0282] A comparative graphene dispersion was obtained
by the same operation as that of Example 1-63 except that
the modified graphene 1-12 was changed to the comparative
compound 1-1 (graphene oxide, product name: GO, New
Metals and Chemicals Corporation, Ltd.).

Comparative Example 1-9

[0283] A comparative graphene dispersion was obtained
by the same operation as that of Example 1-63 except that
the modified graphene 1-12 was changed to the modified
graphene (the comparative compound 1-2) produced in
conformity with the production method described in Japa-
nese Patent No. 3980637.

Comparative Example 1-10

[0284] A comparative graphene dispersion was obtained
by the same operation as that of Example 1-63 except that
the modified graphene 1-12 was changed to the comparative
compound 1-3 (untreated graphene, product name: xGnP-
MS5, New Metals and Chemicals Corporation, Ltd.).

[0285]
[0286]

[0287] Each of the modified graphene dispersions and the
comparative graphene dispersions was applied onto a PET
film by a bar coating method (number of the annealing wire
of a bar coater: No. 10), and was dried under reduced
pressure overnight. Thus, samples were produced. The sur-
face resistivities of the resultant samples were measured by
the method described in the foregoing, and were evaluated
by the following criteria. The results are shown in Table 6.

(Evaluation)

(Sample Production)
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[0288]

Rank 4 . . . 10 KQ/O=surface electrical resistiv-
ity<100 KQ/J

[Evaluation Criteria]

Rank B . .. 100 KQ/[I<surface electrical resistiv-
ity<1,000 KQ/OJ

Rank C. .. 1,000 KQ/[O<surface electrical resistiv-

ity
TABLE 6
Surface
electrical
resistivity Evaluation
(kD) rank
Example 1-63 Modified graphene 64 A
No. 1-12
1-64 Modified graphene 38 A
No. 1-21
1-65 Modified graphene 71 A
No. 1-23
1-66 Modified graphene 68 A
No. 1-25
Comparative 1-8 Comparative 4,276 C
Example compound 1-1
1-9 Comparative 329 B
compound 1-2
1-10 Comparative 107 B
compound 1-3
[0289] <Production of Modified Graphene by Method

According to Second Embodiment>

[0290] The term “mmol/g” in the following description
concerning a production method means the number of
millimoles per 1.0 g of a modified graphene.

Example 2-1

[0291] A modified graphene represented by the formula
A1-22 was synthesized as described below.
[0292] The following materials were loaded into a vessel
having a volume of 400 mL (manufactured by AIMEX Co.,
Ltd.) and mixed.
[0293] Graphene (product name: xGnP-MS5, manufac-
tured by New Metals and Chemicals Corporation,
Ltd.): 180 g

[0294] Ion-exchanged water: 162 ml.
[0295] N,N-Dimethylformamide (DMF): 18 mL
[0296] Treatment agent S1-2 (manufactured by Sumika

Technoservice Corporation):

[0297] 1.0 mmol/g
[0298] An 8 mol/L aqueous solution of potassium hydrox-
ide was added to the resultant liquid to adjust its pH to 3, and
the mixture was stirred at a temperature of 25° C. and a
number of revolutions of 2,000 rpm for 12 hours. After that,
an 8 mol/LL aqueous solution of potassium hydroxide was
added to the resultant liquid to adjust its pH to 10. Thus, a
dispersion liquid was obtained. The resultant dispersion
liquid was centrifuged at a number of revolutions of 5,000
rpm for 10 minutes, and a supernatant and coarse particles
were removed, followed by the purification of the superna-
tant liquid so that its electroconductivity became 10 S/cm or
less. Thus, a modified graphene 2-1 having a structure
represented by the formula A1-22 was obtained.
[0299] The modified graphene 2-1 was dried by a freeze-
drying method, and the X-ray photoelectron spectrometry of
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the resultant powder was performed, followed by the esti-
mation of its modification amount in accordance with the
calculation equation 1.

[0300] The modification amount of the modified gra-
phene: 0.125 mmol/g

[0301] The element composition amount of the graphene
(unmodified graphene) used as a raw material: A value
shown in the upper row of Table 7

[0302] The element composition amount of the modified
graphene: A value shown in the lower row of Table 7
TABLE 7
Cls Nls Ols
xGnP-M5 99.0 0.0 1.0
(unmodified graphene)
Modified graphene 2-1 94.4 0.0 5.0

Examples 2-2 to 2-48

[0303] Modified graphenes 2-2 to 2-48 were each obtained
in the same manner as in Example 2-1 except that the
treatment agent was changed to any one of treatment agents
shown in Table 8A (each manufactured by Sumika Techno-
service Corporation).

[0304] The structures and modification amounts of the
resultant modified graphenes 2-2 to 2-48 are shown in Table
8A.

Comparative Example 2-1

[0305] A graphene oxide (product name: GO, manufac-
tured by New Metals and Chemicals Corporation, [.td.) was
used as a comparative compound 2-1.

Comparative Example 2-2

[0306] A modified graphene obtained by using 4-amino-
benzoic acid as a treatment agent in accordance with the
method described in Japanese Patent No. 3980637 was used
as a comparative compound 2-2.

Evaluation of Defect Concentration of Modified
Graphene

[0307] Raman spectroscopy was performed with the fol-
lowing apparatus under the following conditions.

[0308] Measuring apparatus: A Raman microscope (NRS-
4100 manufactured by JASCO Corporation) Measurement
conditions: A laser beam having a wavelength of 532 nm
was used, the intensity of the laser beam was 0.3 mW, the
magnification of an objective lens was 20, an exposure time
was 60 seconds, and the number of scans was 2 (resolu-
tion=7 cm-1).

[0309] When a graphene structure is present, a G band
(around 1,590 cm™") derived from a graphite structure (sp>
bond) and a D band (around 1,350 cm™) derived from a
defect are observed. As the G band has a higher intensity and
a sharper shape, and the D band has a lower intensity, the

Apr. 27,2023

graphene can be said to have a smaller number of defects.
The defect concentration of the graphene was evaluated by
using the following equation.

G/D ratio=g/d

[0310] g: The intensity of the G band
[0311] d: The intensity of the D band
[0312] Evaluation criteria are as described below.

Rank 4: 0.95=g/d
Rank B: 0.80=g/d<0.95

Rank C: g/d<0.80

[0313] The foregoing results are shown in Tables 8A and
8B.
TABLE 8A
Modified Treatment agent  Modification

Example  graphene Structure amount gd gd
No. No. No. of Al [mmol/g]  value rank
2-1 2-1 S1-2 Al-22 0.125 1.1 A
2-2 2-2 S1-14  Al-22 0.138 1.0 A
2-3 2-3 S1-37 Al-22 0.187 1.0 A
2-4 2-4 S1-43  Al-22 0.156 1.1 A
2-5 2-5 S2-4 Al-22 0.162 1.1 A
2-6 2-6 S2-6 Al-22 0.194 1.1 A
2-7 2-7 S2-7 Al-22 0.118 1.1 A
2-8 2-8 S2-8 Al-22 0.172 1.1 A
2-9 2-9 S2-24  Al-22 0.168 1.1 A
2-10 2-10 S1-37 Al-7 0.126 1.2 A
2-11 2-11 S2-6 Al-7 0.121 1.1 A
2-12 2-12 S1-37 Al-8 0.146 1.1 A
2-13 2-13 S2-6 Al-8 0.152 1.1 A
2-14 2-14 S1-37  Al-10 0.186 1.1 A
2-15 2-15 S2-6 Al-10 0.173 1.0 A
2-16 2-16 S1-37  Al-13 0.144 1.0 A
2-17 2-17 S2-6 Al-13 0.132 1.0 A
2-18 2-18 S1-37 Al-14 0.157 1.1 A
2-19 2-19 S2-6 Al-14 0.149 1.0 A
2-20 2-20 S1-37  Al-15 0.201 1.0 A
2-21 2-21 S2-6 Al-15 0.178 1.0 A
2-22 2-22 S1-37  Al-20 0.165 1.0 A
2-23 2-23 S2-6 Al1-20 0.159 1.0 A
2-24 2-24 S1-37  Al-23 0.198 1.0 A
2-25 2-25 S2-6 Al1-23 0.173 1.0 A
2-26 2-26 S1-37  Al-26 0.164 1.0 A
2-27 2-27 S2-6 Al-26 0.128 1.1 A
2-28 2-28 S1-37  Al-28 0.181 1.1 A
2-29 2-29 S2-6 Al-28 0.169 1.1 A
2-30 2-30 S1-37 Al-29 0.164 1.1 A
2-31 2-31 S2-6 Al1-29 0.175 1.1 A
2-32 2-32 S1-37  Al-30 0.159 1.0 A
2-33 2-33 S2-6 Al-30 0.176 1.0 A
2-34 2-34 S1-37 Al-64 0.144 1.0 A
2-35 2-35 S2-6 Al-64 0.162 1.0 A
2-36 2-36 S1-37 Al-72 0.192 1.1 A
2-37 2-37 S2-6 Al-72 0.211 1.1 A
2-38 2-38 S1-37 Al-82 0.183 1.0 A
2-39 2-39 S2-6 Al-82 0.195 1.1 A
2-40 2-40 S1-37  Al-83 0.173 1.1 A
2-41 2-41 S2-6 Al-83 0.169 1.1 A
2-42 2-42 S1-37  Al-85 0.209 1.1 A
2-43 2-43 S1-37 Al-3 0.192 1.1 A
2-44 2-44 S2-6 Al-3 0.119 1.0 A
2-45 2-45 S1-37 Al-6 0.137 1.0 A
2-46 2-46 S2-6 Al-6 0.142 1.1 A
2-47 2-47 S1-37 Al-21 0.158 1.0 A
2-48 2-48 S2-6 Al-21 0.141 1.1 A
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TABLE 8B

Comparative Comparative Modification
Example compound Treatment amount gd gd
No. No. agent [mmol/g]  value rank
2-1 2-1 — — 0.8 C
2-2 2-2 4- 0.171 0.9 B

Amino-

benzoic acid
[0314] (Method of Producing Resin Composite of Modi-
fied Graphene)
[0315] A resin sheet blended with any one of the modified

graphenes produced in the foregoing was produced by using
any one of Production Method 2-1, Production Method 2-2,
and Production Method 2-3 described below. Further, the
electroconductivity evaluation and thermal conductivity
evaluation of the resultant sheet were performed.

[0316] Inaddition, a resin sheet blended with the graphene
oxide (the comparative compound 2-1) and a resin sheet
blended with the modified graphene (the comparative com-
pound 2-2) produced by the production method described in
Japanese Patent No. 3980637 were produced, and were
subjected to the same evaluations.

[0317] Production Method 2-1, Production Method 2-2, or
Production Method 2-3 is described below. Production
Method 2-1 is a method relating to a sheet using a silicone
resin, Production Method 2-2 is a method relating to a sheet
using a urethane resin, and Production Method 2-3 is a
method relating to a sheet using a polyimide.

[0318] [Production Method 2-1]

[0319] 100 Parts of a vinyl-terminated polysiloxane DMS-
V31 (weight-average molecular weight (Mw): 28,000,
AZmax Co., Ltd.), 5 parts of a hydrogen-terminated poly-
siloxane HMS-301 (AZmax Co., [td.), and 60 parts of a
modified graphene (or a comparative compound) were
mixed with a spatula.

[0320] Next, the mixture was kneaded with a planetary
mixer (NR-50, manufactured by Thinky Corporation) for 2
minutes, and was defoamed therewith for 1 minute. 0.8 Part
of a platinum catalyst was added to the defoamed product,
and was kneaded thereinto with a spatula. Next, the mixture
was kneaded with a planetary mixer (NR-50, manufactured
by Thinky Corporation) for 2 minutes, and was defoamed
therewith for 1 minute. The resultant mixture was applied
onto a metal plate with a bar coater, and was left at rest in
a thermostatic chamber at 100° C. for 2 hours to be cured.
Thus, the following silicone resin sheet was obtained:

[0321] Silicone resin sheet

[0322] Thickness: 20010 pm
[0323] The blending amount of the modified gra-
phene (or the comparative compound):
[0324] 20 vol %
provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of any other material as 0.97 g/cm?.
[0325] [Production Method 2-2]
[0326] 100 Parts of a polyurethane UR-4800 serving as a
binder resin (weight-average molecular weight (Mw): 4,800,
Toyobo Co., [td.), 43 parts of a modified graphene (or a
comparative compound), and an arbitrary amount of tetra-
hydrofuran (THF, manufactured by Kishida Chemical Co.,
Ltd.) were mixed, and the mixture was stirred for 1 hour
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while an ultrasonic wave was applied thereto. Thus, a
dispersion liquid was prepared.

[0327] The resultant mixture was applied onto a metal
plate with a bar coater, and was dried in a thermostatic dryer
at 40° C. Next, the dried body was peeled from the metal
plate, and was heated and pressurized with a small heat
pressing machine (manufactured by AS ONE Corporation)
at 150° C. and 0.5 kgf/m? for 3 minutes. Thus, the following
urethane resin sheet was obtained:

[0328] Urethane resin sheet
[0329] Thickness: 200+10 pm
[0330] The blending amount of the modified gra-

phene (or the comparative compound):

[0331] 20 vol %
provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of the urethane resin as 1.28 g/cm>.
[0332] [Production Method 2-3]

[0333] 100 Parts of a polyimide precursor U-VARNISH-S
(solid content concentration: 20%, N-methylpyrrolidone
content: 80%, Ube Industries, [.td.) and 5.2 parts of a
modified graphene (or a comparative compound) were
mixed with a spatula.

[0334] Next, the mixture was kneaded with a planetary
mixer (NR-50, manufactured by Thinky Corporation) for 2
minutes, and was defoamed therewith for 1 minute. The
resultant mixture was applied onto a metal plate with a bar
coater, and was left at rest in a thermostatic chamber at 100°
C. for 2 hours so that its solvent was removed. Further, the
residue was dried under a reduced pressure of 0.05 MPa in
a vacuum dryer at 100° C. Further, the dried product was
calcined in a muffle furnace at 290° C. for 30 minutes and
at 350° C. for 30 minutes. Thus, the following polyimide
sheet was obtained:

[0335] Polyimide sheet
[0336] Thickness: 853 um
[0337] The blending amount of the modified gra-

phene (or the comparative compound):

[0338] 15 vol %
provided that the blending amount was calculated by defin-
ing the density of the modified graphene as 2.2 g/cm® and
defining the density of the polyimide as 1.47 g/cm’.

Examples 2-49 to 2-94

[0339] Modified graphene-blended silicone resin sheets
were produced by: using the modified graphenes 2-1 to 2-46
shown in Table 8A; and using Production Method 2-1
described above. Further, the sheets were each cut into a
predetermined sample shape, and were each subjected to an
electroconductivity evaluation and a thermal conductivity
evaluation. The results are shown in Table 9A.

Example 2-95 and Example 2-96

[0340] Modified graphene-blended urethane resin sheets
were produced by: using the modified graphene 2-47 and the
modified graphene 2-48 shown in Table 8A; and using
Production Method 2-2 described above. Further, the sheets
were each cut into a predetermined sample shape, and were
each subjected to an electroconductivity evaluation and a
thermal conductivity evaluation. The results are shown in
Table 9A.
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Example 2-97

[0341] A modified graphene-blended silicone resin sheet
was produced by: using a vinyl-terminated polysiloxane
DMS-V41 (weight-average molecular weight (Mw): 50,000,
AZmax Co., [td.) instead of the vinyl-terminated polysi-
loxane DMS-V31; using the modified graphene 2-1; and
using Production Method 2-1 described above. Further, the
sheet was cut into a predetermined sample shape, and was
subjected to an electroconductivity evaluation and a thermal
conductivity evaluation. The results are shown in Table 9A.

Example 2-98

[0342] A modified graphene-blended silicone resin sheet
was produced by: using a vinyl-terminated polysiloxane
DMS-XX46 (weight-average molecular weight (Mw): 117,
000, AZmax Co., Ltd.) instead of the vinyl-terminated
polysiloxane DMS-XX31; using the modified graphene 2-2;
and using Production Method 2-1 described above. Further,
the sheet was cut into a predetermined sample shape, and
was subjected to an electroconductivity evaluation and a
thermal conductivity evaluation. The results are shown in
Table 9A.

Example 2-99 and Example 2-100

[0343] Modified graphene-blended polyimide sheets were
each produced by: using the modified graphene 2-24 or the
modified graphene 2-25 shown in Table 8A; and using
Production Method 2-3 described above. Further, the sheets
were each cut into a predetermined sample shape, and were
each subjected to a thermal conductivity evaluation. The
results are shown in Table 10.

COMPARATIVE EXAMPLES

[0344] Compounds to be compared are described below.
[0345] Comparative compound 2-1: The graphene oxide
(product name: GO, manufactured by New Metals and
Chemicals Corporation, [.td.) Comparative compound 2-2:
The graphene obtained in conformity with the production
method described in Japanese Patent No. 3980637

Comparative Example 2-4

[0346] A graphene oxide-blended silicone resin sheet was
produced by: using the comparative compound 2-1; and
using Production Method 2-1 described above. Further, the
sheet was cut into a predetermined sample shape, and was
subjected to an electroconductivity evaluation and a thermal
conductivity evaluation. The results are shown in Table 9B.

Comparative Example 2-5

[0347] A comparative compound 2-2-blended silicone
resin sheet was produced by: using the comparative com-
pound 2-2; and using Production Method 2-1 described
above. Further, the sheet was cut into a predetermined
sample shape, and was subjected to an electroconductivity
evaluation and a thermal conductivity evaluation. The
results are shown in Table 9B.

Comparative Example 2-6

[0348] A graphene oxide-blended silicone resin sheet was
produced by: using the comparative compound 2-1; and
using Production Method 2-3 described above. Further, the
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sheet was cut into a predetermined sample shape, and was
subjected to a thermal conductivity evaluation. The results
are shown in Table 10.

Comparative Example 2-7

[0349] A comparative compound 2-2-blended silicone
resin sheet was produced by: using the comparative com-
pound 2-2; and using Production Method 2-3 described
above. Further, the sheet was cut into a predetermined
sample shape, and was subjected to a thermal conductivity
evaluation. The results are shown in Table 10.

[0350] (Evaluation)
[0351] [Electroconductivity Evaluation]
[0352] An electroconductivity evaluation was performed

based on the surface electrical resistivity (k€/Q) of each of
the silicone resin sheet samples or the urethane resin sheets
obtained in Examples and Comparative Examples. The
surface electrical resistivity was measured in conformity
with JIS K 7194 “Testing method for resistivity of conduc-
tive plastics with a four-point probe array,” and the sample
was classified into any one of a rank A to a rank C as
described below by using the measured value. It has been
generally known that the surface electrical resistivity of an
electroconductive member is less than 1x10°Q/], and a
member having a surface electrical resistivity of 1x10°Q/J
or more is a static electricity diffusive member (1x10°Q/[]
or more and less than 1x10°Q/J) or an antistatic member
(1x10°Q/[J or more and less than 1x10'2Q/[J). Accord-
ingly, in one aspect of the present disclosure, only a resin
sheet sample classified into a rank acceptable as an electro-
conductive member, that is, the rank A was defined as an
acceptable rank.

[0353] [Evaluation Ranks]

Rank 4 . .. 10 kQ/C=surface electrical resistiv-
ity<100 kQ/J

Rank B . .. 100 kQ/O=surface electrical resistiv-
ity<1,000 kQ/OJ

Rank C. .. 1,000 kQ/Cl=surface electrical resistiv-
ity

[0354] [Thermal Conductivity Evaluation]
[0355] A thermal conductivity evaluation was performed
based on the thermal conductivity of each of the silicone
resin sheets, the urethane resin sheet samples, and the
polyimide sheets (each having a thickness of 85+3 um)
obtained in Example 2-1 to Example 2-100 and Comparative
Example 2-4 to Comparative Example 2-7 in its thickness
direction.
[0356] First, the produced resin sheets were each cut into
a size measuring 6 mm long by 11 mm wide. The sheet was
used as a resin sheet sample, and its thermal diffusivity o in
its thickness direction was measured with a temperature
wave analyzer (manufactured by ULVAC-RIKO, Inc., FTC-
1). The thermal conductivity A of the sample was calculated
from the equation “A=axCpxp” by multiplying the thermal
diffusivity o determined in the measurement by the specific
heat Cp (weight fraction average) and density p (volume
fraction average) thereof. The density was measured by
using a submerged replacement method, and the specific
heat was measured with a differential scanning calorimeter
(PYRIS Diamond DSC-7, DSC, manufactured by PerkinEl-
mer). The specific heat Cp and the density p needed for the
calculation are as described below.
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[0357] First, the silicone resin sheets and the urethane
resin sheet samples obtained in Example 2-1 to Example
2-98, and Comparative Example 2-4 and Comparative
Example 2-5 were classified into a rank A to a rank C as
described below by using the values of their thermal con-
ductivities. In the case of a general-purpose resin having
imparted thereto thermal conductivity, a resin having a
thermal conductivity of 1 W/m-K or more in its thickness
direction is generally recognized as a high-performance heat
conductive member. Accordingly, only a resin sheet sample
classified into the rank A was defined as an acceptable rank.

[0358] [Evaluation Ranks]

Rank 4 ... 1 W/m-K=thermal conductivity

Rank B ... 0.5 W/m-K thermal conductivity<1
W/mK

Rank C . .. thermal conductivity<0.5 W/m-K
[0359] [Densities and Specific Heats of Respective Mate-
rials Used in Calculation]

[0360] The density p of each of the silicone resins: 0.97
g/cm

[0361] The density p of the urethane resin: 1.28 g/cm?®

[0362] The density p of each of the modified graphenes
and the comparative compound 2-2:

[0363] 2.2 g/em®
[0364] The density p of the graphene oxide: 2.1 g/cm®

[0365] The specific heat Cp of each of the silicone
resins: 1,600 J/kgK

[0366] The specific heat Cp of the urethane resin: 1,900
J/kgK
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[0367] The specific heat Cp of each of the modified
graphenes and the comparative compound 2-2: 710
J/kgK

[0368] The specific heat Cp of the graphene oxide: 700
J/kgK

[0369] The results are shown in Tables 9A and 9B.
[0370] Further, the polyimide sheet obtained in Example
2-99, Example 2-100, Comparative Example 2-6, or Com-
parative Example 2-7 was classified into any one of a rank
A to a rank C as described below by using the value of its
thermal conductivity. Only a sheet sample classified into the
rank A was defined as an acceptable rank. Unlike the
above-mentioned general-purpose resin sheet, there is no
general thermal conductivity criterion for an engineering
plastic-based resin.

[0371] [Evaluation Ranks]

Rank 4 . .. 0.6 W/m-K=thermal conductivity

Rank B . .. 0.3 W/m-Ksthermal conductivity<0.6
W/m-K

Rank C . .. thermal conductivity<0.3 W/m-K

[0372] [Densities and Specific Heats of Respective Mate-
rials Used in Calculation]
[0373] The density p of the polyimide: 1.47 g/cm®
[0374] The density p of each of the modified graphenes
and the comparative compound 2-2:
[0375] 2.2 g/em?®
[0376] The density p of the graphene oxide: 2.1 g/cm’
[0377] The specific heat Cp of the polyimide resin:
1,130 J/kgK
[0378] The specific heat Cp of each of the modified
graphenes and the comparative compound 2-2: 710
J/kgK
[0379] The specific heat Cp of the graphene oxide: 700
J/kgK
[0380] The results are shown in Table 10.

TABLE 9A
Weight-
Filler average Surface
(Modified molecular Filler  electrical Thermal Thermal
Production graphene weight of amount resistivity Resistivity conductivity conductivity
Example method No.) resin (vol %) (K/OJ) rank (W/m - K) rank
2-49 2-1 2-1 28,000 20 55 A 1.3 A
2-50 2-1 2-2 28,000 20 45 A 1.6 A
2-51 2-1 2-3 28,000 20 32 A 1.7 A
2-52 2-1 2-4 28,000 20 41 A 1.5 A
2-53 2-1 2-5 28,000 20 43 A 1.3 A
2-54 2-1 2-6 28,000 20 35 A 1.7 A
2-55 2-1 2-7 28,000 20 53 A 1.3 A
2-56 2-1 2-8 28,000 20 23 A 1.4 A
2-57 2-1 2-9 28,000 20 46 A 1.5 A
2-58 2-1 2-10 28,000 20 37 A 1.4 A
2-59 2-1 2-11 28,000 20 22 A 1.4 A
2-60 2-1 2-12 28,000 20 47 A 1.3 A
2-61 2-1 2-13 28,000 20 36 A 1.6 A
2-62 2-1 2-14 28,000 20 38 A 1.6 A
2-63 2-1 2-15 28,000 20 28 A 1.4 A
2-64 2-1 2-16 28,000 20 30 A 1.6 A
2-65 2-1 2-17 28,000 20 27 A 1.3 A
2-66 2-1 2-18 28,000 20 43 A 1.7 A
2-67 2-1 2-19 28,000 20 29 A 1.3 A
2-68 2-1 2-20 28,000 20 37 A 1.5 A
2-69 2-1 2-21 28,000 20 57 A 1.5 A
2-70 2-1 2-22 28,000 20 35 A 1.4 A
2-71 2-1 2-23 28,000 20 55 A 1.3 A
2-72 2-1 2-24 28,000 20 36 A 1.4 A
2-73 2-1 2-25 28,000 20 43 A 1.3 A
2-74 2-1 2-26 28,000 20 44 A 1.5 A
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TABLE 9A-continued
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Weight-
Filler average Surface
(Modified molecular Filler electrical Thermal Thermal
Production graphene weight of amount resistivity Resistivity conductivity conductivity
Example method No.) resin (vol %) (KQ/J) rank (W/m - K) rank
2-75 2-1 2-27 28,000 20 56 A 1.3 A
2-76 2-1 2-28 28,000 20 20 A 1.6 A
2-77 2-1 2-29 28,000 20 17 A 1.8 A
2-78 2-1 2-30 28,000 20 48 A 1.7 A
2-79 2-1 2-31 28,000 20 35 A 1.5 A
2-80 2-1 2-32 28,000 20 33 A 1.3 A
2-81 2-1 2-33 28,000 20 64 A 1.5 A
2-82 2-2 2-34 28,000 20 71 A 1.4 A
2-83 2-3 2-35 28,000 20 63 A 1.3 A
2-84 2-4 2-36 28,000 20 19 A 1.3 A
2-85 2-5 2-37 28,000 20 32 A 1.3 A
2-86 2-6 2-38 28,000 20 47 A 1.5 A
2-87 2-7 2-39 28,000 20 62 A 1.6 A
2-88 2-8 2-40 28,000 20 47 A 1.3 A
2-89 2-9 2-41 28,000 20 28 A 1.4 A
2-90 2-10 2-42 28,000 20 46 A 1.5 A
2-91 2-11 2-43 28,000 20 72 A 1.4 A
2-92 2-12 2-44 28,000 20 56 A 1.3 A
2-93 2-13 2-45 28,000 20 74 A 1.4 A
2-94 2-14 2-46 28,000 20 48 A 1.6 A
2-95 2-2 2-47 28,000 20 27 A 1.3 A
2-96 2-2 2-48 28,000 20 49 A 1.3 A
2-97 2-1 2-1 50,000 20 85 A 1.1 A
2-98 2-1 2-2 117,000 20 97 A 1.0 A
TABLE 9B
Weight-
Filler average Surface
(Modified molecular  Filler  electrical Thermal Thermal
Comparative Production graphene weight of amount resistivity Resistivity conductivity conductivity
Example method No.) resin (vol %) (K/J) rank (W/m - K) rank
2-4 2-1 Comparative 28,000 20 3,247 C 0.3 C
compound 2-1
2-5 2-1 Comparative 28,000 20 112 B 0.7 B
compound 2-2
TABLE 10 2-butanone serving as dispersion media, and 750 parts of
glass beads (each having a diameter of 1 mm) were mixed,
Filler . Thermal ~ Thermal and the mixture was subjected to dispersion with an attritor
_ (Modified Filler - conduc-  conduc- [manufactured by Nippon Coke & Engineering Co., Ltd.]
Production graphene amount tivity tivity .
method  No.) (vol %) (W/m-K) rank for 3 hours. After that, the resultant was filtered with a mesh
to provide each modified graphene dispersion according to
5"93;“’16 >3 224 15 1.0 A one aspect of the present disclosure.
Example 2-3 2-25 15 0.8 A
2-100 . Examples 2-202 to 2-208: Modified Graphene
Comparative  2-3 Comparative 15 03 ¢ Dispersion Production Examples 2-202 to 2-208
Example 2-6 compound 2-1
Comparative 2-3 Comparative 15 0.5 B ) ) ) )
Example 2-7 compound 2-2 [0384] Modified graphene dispersions were each obtained
by the same operation as that of Graphene Dispersion
. . . . Production Example 2-201 except that the modified gra-
[0381] <Production of Modified Graphene Dispersion> p P g

[0382] A modified graphene dispersion according to one
aspect of the present disclosure and a comparative graphene
dispersion were each produced by a method described
below.

Example 2-201: Modified Graphene Dispersion
Production Example 2-201

[0383] 100 Parts of the modified graphene 2-20, 350 parts
of toluene, 350 parts of ethyl acetate, and 300 parts of

phene 2-20 was changed to any one of modified graphenes
shown in Table 11.

Comparative Examples 2-201 to 2-203:
Comparative Graphene Dispersion Production
Examples 2-201 to 2-203

[0385] Comparative graphene dispersions were each
obtained by the same operation as that of Graphene Disper-
sion Production Example 2-201 except that the modified
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graphene 2-20 was changed to any one of comparative
compounds 2-1 to 2-3 shown in Table 11.

[0386] <Evaluation>
[0387] <Sample Production>
[0388] Each of the modified graphene dispersions and the

comparative graphene dispersions was applied onto a PET
film by a bar coating method (number of the annealing wire
of a bar coater: No. 10), and was dried under reduced
pressure overnight. Thus, samples were produced. The resul-
tant sample was evaluated by using the above-mentioned
electroconductivity evaluation method.

[0389] The results are shown in Table 11.
TABLE 11
Modified Surface
graphene/ electrical
comparative resistivity Resistivity
compound (kD) rank
Example 2-201 Modified 55 A
graphene 2-20
2-202 Modified 62 A
graphene 2-36
2-203 Modified 78 A
graphene 2-15
2-204 Modified 70 A
graphene 2-17
2-205 Modified 72 A
graphene 2-19
2-206 Modified 66 A
graphene 2-43
2-207 Modified 68 A
graphene 2-4
2-208 Modified 61 A
graphene 2-24
Comparative 2-201 Comparative 4,276 C
Example compound 2-1
2-202  Comparative 329 B
compound 2-2
2-203  Comparative 107 B
compound 2-3
[0390] While the present invention has been described

with reference to exemplary embodiments, it is to be under-
stood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims
is to be accorded the broadest interpretation so as to encom-
pass all such modifications and equivalent structures and
functions.

What is claimed is:

1. A method of producing a modified graphene compris-
ing a step of bonding a group represented by Al in formula
(V) to a carbon atom of a surface of a graphene through a
radical addition reaction based on abstraction of a hydrogen
atom from a compound represented by the formula (V) in an
aqueous system:

HN=N-Al V),

wherein, in the formula (V):
Al represents a group represented by —Arl-X1-(Y1)

nls
Arl represents an arylene group having 6 to 18 carbon
atoms,

X1 represents any one selected from:
a single bond,

a linear, branched, or cyclic alkylene group having 1 to
20 carbon atoms, and
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a group obtained by substituting at least one carbon
atom in a linear, branched or cyclic alkylene group
having 1 to 20 carbon atoms with at least one
structure selected from the group consisting of
—O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group,
Y1 represents:
when the X1 represents a single bond, an atom or a
group bonded to at least one carbon atom of the Arl,
or

when the X1 does not represent a single bond, an atom
or a group bonded to a carbon atom of the X1, and
the Y1 represents at least one atom or group selected from
the group consisting of:
a hydrogen atom, a fluorine atom, a chlorine atom, a
bromine atom, and an iodine atom,

a fluoroalkyl group having 1 to 6 carbon atoms,

a cyano group, a nitro group, an acyl group, an amide
group, a vinyl group, a carboxylic acid group, a
carboxylic acid ester group, and a phosphoric acid
group,

an alkylsilyl group having 3 to 6 carbon atoms,

an alkylsilyl ether group having 3 to 6 carbon atoms,
and

a siloxane group, and

nl represents an integer of 1 or more, and when the nl
represents 2 or more, the Y1s may represent groups
identical to each other or groups different from each
other.

2. The method according to claim 1, further comprising
producing the compound represented by the formula (V)
through abstraction of a hydrogen atom from a compound
represented by formula (VI):

H,N—NH-Al 1),

wherein, in the formula (VI), Al is the same as the Al in
the formula (V).

3. The method according to claim 2, further comprising
producing the compound represented by the formula (V)
through use of at least one of:

a compound in which in the Al, the Arl represents a
phenylene group, the X1 represents a single bond, and
the Y1 represents a carboxylic acid group, and

a compound in which in the Al, the Arl represents a
phenylene group, the X1 represents a group obtained
by substituting at least one carbon atom in a linear,
branched or cyclic alkylene group having 1 to 20
carbon atoms with —NH-— or —CO—, and the Y1
represents a phosphoric acid group,

as the compound represented by the formula (VI).

4. The method according to claim 2, wherein at least one
of'the producing or the bonding is performed in the presence
of an oxidant.

5. The method according to claim 4, wherein the oxidant
has an oxidation potential of +0.50 V to +1.70 V.
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6. The method according to claim 4, wherein the oxidant
is one of a metal halide compound, a metal porphyrin
compound, and a hexacyano metal acid compound of at least
one metal selected from the group consisting of Fe, Co, Ni,
Cu, Mg, Mn, Cr, and Mo.

7. A method of producing a modified graphene compris-
ing a step of causing at least one treatment agent selected
from a compound represented by formula (IX) and a com-
pound represented by formula (X) to react with a graphene
to chemically bond a group represented by A1 in the formula
(IX) and/or the formula (X) to a carbon atom of a surface of
the graphene:

P P Ix)

1 3

PRI

Py Al

Q Q )
1 3
>=N—N<

Q7 Al

wherein, in the formula (IX):

P,, P,, and P; each independently represent a hydrogen
atom, an alkyl group, an aryl group, a carboxylic acid
ester group, or —S(—0),—R', and not all of the P, the
P,, and the P, simultaneously represent hydrogen
atoms,

R' represents a hydroxy group, an alkyl group, or an aryl
group, and

Al represents a group represented by —Ar1-X1-(Y1),,,
and

wherein, in the formula (X):

Q, and Q, each independently represent a hydrogen atom,
an alkyl group, an aryl group, a halogen atom, a cyano
group, a nitro group, an amino group, an alkoxy group,
a thioalkoxy group, an acyl group, a carboxylic acid
ester group, an aryloxy group, a carboxylic acid group,
a sulfonic acid group, a phosphoric acid group, or a
phosphonic acid group, and the Q, and the Q, do not
simultaneously represent hydrogen atoms, Q; repre-
sents a hydrogen atom, an alkyl group, an aryl group,
or a carboxylic acid ester group, and Al represents a
group represented by —Arl1-X1-(Y1)

nl>

Arl represents an arylene group having 6 to 18 carbon
atoms,

X1 represents:
a single bond,

a linear, branched, or cyclic alkylene group having 1 to
20 carbon atoms, or
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a group obtained by substituting at least one carbon
atom in a linear, branched or cyclic alkylene group
having 1 to 20 carbon atoms with at least one
structure selected from the group consisting of
—O—, —NH—,

—N—,

—CO—, —COO—, —CONH—, and an arylene group,

Y1 represents:

when the X1 represents a single bond, an atom or a group
bonded to at least one carbon atom in the Arl,

when the X1 represents a linear, branched, or cyclic
alkylene group having 1 to 20 carbon atoms, an atom
or a group bonded to a carbon atom in the alkylene
group, or

when the X1 represents a group obtained by substituting
at least one carbon atom in a linear, branched, or cyclic
alkylene group having 1 to 20 carbon atoms with at
least one structure selected from the group consisting of
—O—, —NH—,

—CO—, —COO—, —CONH—, and an arylene group, an

atom or a group bonded to a carbon atom in the group, and

the Y1 represents at least one atom or group selected from
the group consisting of:

a hydrogen atom, a fluorine atom, a chlorine atom, a
bromine atom, and an iodine atom,

a fluoroalkyl group having 1 to 6 carbon atoms,

a cyano group, a nitro group, an acyl group, an amide
group, a vinyl group, a carboxylic acid group, a
carboxylic acid ester group, and a phosphoric acid
group,

an alkylsilyl group having 3 to 6 carbon atoms,

an alkylsilyl ether group having 3 to 6 carbon atoms,
and

a siloxane group, and

nl represents an integer of 1 or more, and when the nl is

2 or more, the Y1s may represent groups identical to

each other or groups different from each other.

8. The method according to claim 7, wherein in the
formula (IX), one or two of the P, the P,, and the P; each
represent a methyl group, and a total of numbers of carbon
atoms of the P, the P,, and the P; is 2 or less.

9. The method according to claim 7, wherein in the
formula (IX), at least one of the P, the P,, or the P,
represents a t-butoxycarbonyl group.

10. The method according to claim 7, wherein in the
formula (IX), at least one of the P, the P,, or the P,
represents —S(—0),—R', and the R' represents a methyl
group, a 2-hydroxyethyl group, a phenyl group, or a tolyl
group.



