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(57) ABSTRACT

A nano-coating material, capable of being bonded to the
surface of a metal or an alloy substrate, the nano-coating
material includes a compound having, in a polymer main
chain, (A) a first side chain or a terminal, each having a
binding group containing a benzene ring having at least one
pair of adjacent hydroxyl groups; and (B) a functional
second side chain.
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NANO-COATING MATERIAL, METHOD FOR
MANUFACTURING SAME, COATING
AGENT, FUNCTIONAL MATERIAL, AND
METHOD FOR MANUFACTURING SAME

TECHNICAL FIELD

[0001] The present invention relates to a nano-coating
material, a method for producing the same, a coating agent,
a functional material, and a method for producing the
functional material.

BACKGROUND ART

[0002] Metals such as magnesium (Mg), aluminum (Al),
titanium (Ti) and copper (Cu), alloys containing those
metals as main components, and steel containing iron (Fe) as
a main component, are utilized as structural material com-
ponents appropriate for engineering applications.

[0003] For example, Mg among these is an element that is
abundant in the earth’s surface, and is known to be a metal
that can be used for engineering applications, is light, has
high toughness per unit mass, has high vibration absorb-
ability, is non-toxic, and has satisfactory castability. There-
fore, Mg is an important metal that is utilized in industrial
application and daily goods. In fact, Mg is used in automo-
tive wheels, aircraft parts, mobile telephone components,
and the like.

[0004] However, metal elements such as Mg described
above are reaction-active substances, and readily react with
water molecules, halide ions including chloride ions, or the
like in air or in water to be oxidized. Through this oxidation
reaction, these materials have a problem that rust containing
the reaction active substances as main components is gen-
erated and deteriorates durability. For example, when Mg is
immersed in an acidic solution, an alkaline solution, or
saline, Mg immediately undergoes a chemical reaction rep-
resented by the following chemical formula (1), and is
corroded along with the generation of hydrogen.

[Chemical Formula 1]

Mg - Mg"" +ne” (D
2nH* +2ne” - nHy T

[0005] Such an oxidative deterioration reaction becomes
particularly problematic when a non-noble metal such as Mg
is used as a structural material. In the case of an Al alloy or
steel, since the oxide film produced on the alloy surface
works as a passivation film, oxidation of the alloy matrix
itself can be prevented. On the other hand, since a Mg alloy
or the like has high corrosion activity, it is difficult to
produce a stable passivation film.

[0006] Therefore, in order to suppress corrosion reactions,
anti-rust coating materials that protect the surface of metal
substrates such as Mg and Mg alloys, and the like have been
hitherto developed to enhance anti-rust properties.

[0007] For example, there has been suggested a method
for producing a corrosion resistant iron material having high
antirust properties and durability thereof, without using or
including any chromium-based compounds that have anti-
rust properties but are hazardous (Patent Literature 1). In this
case, the corrosion resistant iron material is coated with an
antirust coating composition that includes a compound hav-
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ing at least one phenolic hydroxyl group in the molecule and
a silane compound as essential components. However, in
Patent Literature 1 of the prior art, the composition was not
applied to magnesium alloys, which have high corrosion
tendency and are not very effective to anti-corrosion tech-
nologies.

[0008] In the case of copper alloys, it has been tradition-
ally known that nitrogen-containing aromatic compounds
such as benzotriazole exhibit superior performance as cor-
rosion inhibitors (Non-Patent Literature 1). It is considered
that when such a corrosion inhibitor is used, non-covalent
bonds are formed between the atoms at the metal surface and
the ligand present in corrosion inhibitor, and finally the
nitrogen-containing aromatic compound molecules form a
two-dimensional polymer network in atomic level, so that an
antirust effect can be obtained thereby. That is, it is disclosed
that, as a result of the metal-ligand interaction in atomic
level and the corrosion inhibitor compactly and completely
covering the surface of the metal substrate, hydrogen, chlo-
rine, water and the like are effectively removed, and con-
sequently, the nitrogen-containing aromatic compounds
exhibit high anti-corrosion properties for copper and copper
alloys.

[0009] However, the antirust effect of such a nitrogen-
containing aromatic compound is a phenomenon limited to
copper and copper alloys, and an organic coating agent
which exhibits an antirust effect irrespective of the kind of
metal has not yet been developed.

[0010] Furthermore, a surface-treated metal plate that does
not contain any hexavalent chromium, which imposes high
environmental toxicity, and exhibits excellent corrosion
resistance, solvent resistance, alkali resistance and adhesive-
ness to top coat materials, and a method for producing the
surface-treated metal plate have been suggested (Patent
Literature 2). In the surface-treated metal plate of this case,
a surface treating agent containing an organic resin having
an anionic functional group is applied on the surface of the
metal plate or the like, and after heating and drying, a
surface treatment coating film is formed through contact
with an aqueous solution containing a metal cation such as
Mg>*.

[0011] However, the antirust effect of these conventional
antirust coating materials and the like was not sufficient in
any of the cases. Furthermore, in the case of using these
antirust coating materials, a coating agent must be devel-
oped and produced for each kind of metal or alloy or each
composition, and the operation was complicated. Moreover,
in a case in which such an antirust coating material was used,
if a thick film having a thickness of about several dozen um
was not formed, it was difficult to secure the adhesive power
for a metal, or to prevent penetration of water or halide ions
through cracks of the coating film. Therefore, in a case in
which antirust coating is applied to a finely processed
product that uses an alloy, using these antirust coating
materials, there occurs a problem that the delicate processing
is impaired. For this reason, there is an increasing demand
for a “nano-coating material” which exhibits a high antirust
effect even if a film having a small thickness in the order of
nanometers.

[0012] Furthermore, a nano-coating material having
excellent adhesive power for a metal is expected to be
applicable to an antirust coating material, as well as various
applications such as, for example, a coating agent for an
electrode of a battery.
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SUMMARY OF INVENTION

Technical Problem

[0017] Objective of the present invention is to solve the
conventional problems such as described above, and to
provide a new nano-coating material which can be applied
easily, can be conveniently produced and prepared, and has
excellent adhesiveness to a metal or an alloy even if the film
thickness is thin; a method for producing the nano-coating
material; a coating agent; a functional material; and a
method for producing the functional material. Particularly, it
is an object of the invention to provide a nano-coating
material which also has an excellent antirust effect in addi-
tion to the adhesiveness to a metal, an alloy or the like.

Solution to Problem

[0018] The nano-coating material of the present invention
is characterized by the following.

[0019] (1) A nano-coating material, capable of being
bonded to the surface of a metal or an alloy substrate,
[0020] the nano-coating material includes a compound
having, in a polymer main chain,

[0021] (A) a first side chain or a terminal, each having a
binding group containing a benzene ring having at least one
pair of adjacent hydroxyl groups; and

[0022] (B) a functional second side chain.

[0023] (2) The second side chain is hydrophobic.

[0024] (3) The second side chain is hydrophilic.

[0025] (4) The polymer main chain is a polymer chain

including carbon (C) single bonds.

[0026] (5) The polymer main chain is formed from a
copolymer of acrylamide and an acrylate.

[0027] (6) The binding group of the first side chain
includes a catechol group.

[0028] (7) The second side chain has an alkyl group
having a number of carbon atoms (C) of from 1 to 12.
[0029] (8) The second side chain has a functional group
containing a benzene ring.

[0030] The method for producing a nano-coating material
of the present invention is characterized by the following.
[0031] (9) A method for producing a nano-coating material
capable of being bonded to the surface of a metal or an alloy,
the method includes:

[0032] a polymerization step for polymerizing a first
monomer having a binding group containing a benzene ring
having at least one pair of adjacent hydroxyl groups, and a
second monomer having a hydrophobic group or a hydro-
philic group.
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[0033] (10) The first monomer has a methacryalmide
group.
[0034] (11) The second monomer has a methacrylate
group.
[0035] (12) The methacrylamide group has a hydroxyl

group or an alkyl group having a number of carbon atoms
(C) of from 1 to 12.

[0036] (13) The acrylate group has a hydroxyl group or an
alkyl group having a number of carbon atoms (C) of from 1
to 12.

[0037] (14) The hydrophobic group includes an alkyl
group having a number of carbon atoms (C) of from 1 to 12,
or a benzene ring.

[0038] (15) In the polymerization step, the first monomer
and the second monomer are polymerized by a thermal
reaction using AIBN as a polymerization initiator.

[0039] (16) A coating agent of the present invention is for
a substrate formed from a metal or an alloy, the coating agent
including the nano-coating material.

[0040] The functional material of the present invention is
characterized by the following.

[0041] (17) The nano-coating material is bonded to the
surface of a substrate formed from a metal or an alloy.
[0042] (18) A nano-coating film is formed on the surface
of the substrate through bonding of the nano-coating mate-
rial, and the film thickness of the nano-coating film is 100
nm or more and less than 1 um.

[0043] (19) The substrate is a lithium ion battery electrode.
[0044] The method for producing a functional material of
the present invention

[0045] (20) A method for producing a functional material
includes:
[0046] a step of dispersing the nano-coating material in an

organic solvent, and preparing a nano-coating material dis-
persion liquid; and

[0047] a step of applying the nano-coating material dis-
persion liquid on a substrate surface by a wet coating
method, subsequently drying the dispersion liquid, and
thereby bonding the nano-coating material to the substrate
surface.

ADVANTAGEOUS EFFECTS OF INVENTION

[0048] The nano-coating material of the present invention
can be dispersed in an organic solvent and then can be
applied easily, uniformly and smoothly by a wet coating
method, and binding groups that are capable of coordination
bonding to metal atoms can strongly adhere the coating film
to a metal surface. Particularly, in a case in which the second
side chain is hydrophobic, hydrophobic groups can prevent
penetration of water molecules to the surface of a substrate
formed from a metal or an alloy. Therefore, a nano-coating
material which is capable of forming a coating film having
a high antirust effect even if the film thickness is thin, is
provided.

[0049] Furthermore, the nano-coating material of the pres-
ent invention can be used as, for example, a binder for a
lithium ion battery electrode.

[0050] Furthermore, according to the method for produc-
ing a nano-coating material of the present invention, a
nano-coating material that has, in a polymer main chain, a
side chain having a binding group formed from a benzene
ring having at least one pair of adjacent hydroxyl groups,
and has a functional second side chain, can be produced
conveniently and easily with high yield.
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[0051] Regarding the functional material of the present
invention, binding groups of a nano-coating film obtained
from the coating material described above are strongly
adhered by being coordinately bonded to metal atoms at the
surface of a substrate formed from a metal or an alloy.
Particularly, in a case in which the second side chain is
hydrophobic, since hydrophobic groups prevent access of
water molecules to the substrate surface, even if the film
thickness of the coating film is small in a nano-scale, an
excellent antirust effect is obtained, and the surface of a
substrate of a metal, an alloy or the like can be reliably stably
protected.

[0052] In the method for producing a functional material
of the present invention, as the method includes a step for
dispersing the nano-coating material described above in an
organic solvent, and preparing a coating material dispersion
liquid; and a step for applying the coating material disper-
sion liquid on a substrate surface by a wet coating method,
subsequently drying the dispersion liquid, and thereby form-
ing a nano-coating film on the substrate surface, even if the
film thickness is very small in a nano-scale, binding groups
capable of coordinate bonding to metal atoms can strongly
adhere the nano-coating film to a metal surface. Particularly,
in a case in which the second side chain is hydrophobic, a
functional material in which hydrophobic groups can pre-
vent approach of water molecules to the surface of a
substrate formed from a metal or an alloy, can be easily
obtained.

BRIEF DESCRIPTION OF DRAWINGS

[0053] FIGS. 1(a) to 1(f) are outline explanatory diagrams
for the chemical structure of a nano-coating material accord-
ing to an embodiment of the present invention.

[0054] FIGS. 2(a) and 2(b) show diagrams illustrating an
example of forming an antirust nano-coating film according
to an embodiment of the present invention on a metal/alloy
substrate, the diagrams including (a) a plan view diagram,
and (b) a cross-sectional view diagram of (a) cut at the line
A-A'

[0055] FIG. 3 is a magnified outline diagram illustrating
the state of molecular bonding of part B in FIG. 2(5), the
diagram illustrating an example of the principle of adhesion
of an antirust nano-coating film in a case in which the
nano-coating materials represented by chemical formulae
(2) and (4) are used for an antirust nano-coating film 11, and
metal Mg or a Mg alloy is used as a metal/metal alloy
substrate 12.

[0056] FIG. 4 is an outline diagram illustrating an example
of the principle of adhesion of an antirust nano-coating film
(polymer coating) in a case in which a metal/metal alloy
substrate (metal Mg or a Mg alloy) is used.

[0057] FIG. 5 is an optical photograph of the sample of
Example 1.
[0058] FIG. 6 is a graph illustrating the 1H-NMR analysis

results corresponding to the polymer structure of the sample
of Example 2.
[0059] FIG. 7 is a graph illustrating the 1H-NMR analysis
results corresponding to the polymer structure of the sample
of Example 3.

[0060] FIG. 8 is an optical photograph of the sample of
Example 4.
[0061] FIG. 9 is a graph illustrating the 1H-NMR analysis

results corresponding to the polymer structure of the sample
of Example 6.
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[0062] FIG. 10 is a graph illustrating the IR spectral
analysis results for the sample of Example 6.

[0063] FIG. 11 is a graph illustrating the GPC analysis
results for the sample of Example 11.

[0064] FIG. 12 is an optical photograph of the sample of
Example 12.
[0065] FIGS. 13(a) and 13(b) are schematic diagrams of a

disc specimen, FIG. 13(a) being a plan view diagram, and
FIG. 13(b) being a cross-section of (a) cut at the line D-D'.
[0066] FIG. 14 is an optical photograph of a disc speci-
men.

[0067] FIGS. 15(a) and 15(b) show a coating process
explanatory diagram and an outline diagram of an adhered
part of a coating film, respectively.

[0068] FIGS. 16(a) and 16(b) show schematic diagrams of
the specimen of Example 1, FIG. 16(a) being a plan view
diagram, while FIG. 16(b) being a cross-sectional view
diagram of (a) cut at the line E-E'.

[0069] FIG. 17 is a graph illustrating the relations between
the hydrogen generation amount of hydrogen generated
when various specimens are immersed in an acidic aqueous
buffer solution (pH 5), and the immersion time.

[0070] FIGS. 18(a) to 18(c) show SEM photographs of the
surface in a case without a coating film, respectively corre-
sponding to the cases of (a) immediately after polishing, (b)
after immersion for 10 hours in an acidic (pH 5) buffer, and
(c) after immersion for one day in a 3.5 wt % aqueous
solution of NaCl.

[0071] FIGS. 19(a) to 19(c) show SEM photographs of a
substrate surface in a case in which a coating film
(Copoly4b-8 wt % (specimen of Example 5)) was formed,
respectively corresponding to the cases of (a) immediately
after film formation, (b) after immersion for 4 days in an
acidic (pH 5) buffer, and (c) after immersion for 4 days in a
3.5 wt % aqueous solution of NaCl.

[0072] FIG. 20 is an outline explanatory diagram for this
dip-coating method.

[0073] FIGS. 21(a) and 21(h) show SEM image photo-
graphs of the surface of the specimen of Example 7 (dip),
respectively corresponding to the cases of (a) before surface
coating, and (b) after surface coating.

[0074] FIG. 22 is the XPS spectrum of the surface of the
specimen of Example 7 (dip).

[0075] FIG. 23 is a graph illustrating the relations between
the sample concentration in the dispersion liquid and the
film thickness.

[0076] FIG. 24 is an outline explanatory diagram for the
measurement of the amount of H, generation.

[0077] FIG. 25 is a graph illustrating the relations between
the immersion time and the amount of H, generation for a
specimen immersed in an acidic aqueous solution (pH 5), the
graph showing the dependency of the material.

[0078] FIGS. 26(a) and 26(5) show SEM images of por-
tions of the specimen (Uncoated) of Comparative Example
1, respectively corresponding to the cases of (a) before
immersion in an acidic aqueous solution (pH 5), and (b) after
immersion for 12 hours.

[0079] FIGS. 27(a) and 27(b) show SEM images of por-
tions of the specimen (PMMA-coated) of Comparative
Example 2, respectively corresponding to the cases of (a)
before immersion in an acidic aqueous solution (pH 5), and
(b) after immersion for 12 hours.

[0080] FIGS. 28(a) and 28(5) show SEM images of por-
tions of the specimen (DOMA-MMA coated) of Example 7
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(spin), respectively corresponding to the cases of (a) before
immersion in an acidic aqueous solution (pH 5), and (b) after
immersion for 12 hours.

[0081] FIG. 29 is a graph illustrating the relations between
the immersion times and the amounts of H, generation for
the specimen (DOMA-MMA) of Example 7 (spin) and the
specimen (PMMA) of Comparative Example 2.

[0082] FIGS. 30(a) and 30(b) show digital photographs of
the whole specimen (PMMA) of Comparative Example 2,
respectively corresponding to the cases of (a) before immer-
sion in an acidic aqueous solution (pH 5), and (b) after
immersion for 10 hours.

[0083] FIGS. 31(a) and 31(b) show digital photographs of
the whole specimen (DOMA-MMA) of Example 7 (spin),
respectively corresponding to the cases of (a) before immer-
sion in an acidic aqueous solution (pH 5), and (b) after
immersion for 24 hours.

[0084] FIG. 32 is a SEM image of a portion of the
specimen (Uncoated) of Comparative Example 1, obtained
after immersion in a 3.5 wt % NaCl solution for 3 days.
[0085] FIG. 33 is a SEM image of a portion of the
specimen (PMMA) of Comparative Example 2, obtained
after immersion in a 3.5 wt % NaCl solution for 3 days.
[0086] FIG. 34 is a SEM image of a portion of the
specimen (DOMA-MMA) of Example 7 (spin), obtained
after immersion in a 3.5 wt % NaCl solution for 3 days.
[0087] FIGS. 35(a) and 35(b) show digital photographs of
the whole specimen (PMMA) of Comparative Example 2,
respectively corresponding to the cases of (a) before immer-
sion in a 3.5 wt % NaCl solution, and (b) after immersion for
2 days.

[0088] FIGS. 36(a) and 36(b) show digital photographs of
the whole specimen (DOMA-MMA) of Example 7 (spin),
respectively corresponding to the cases of (a) before immer-
sion in a 3.5 wt % NaCl solution, and (b) after immersion for
2 days.

[0089] FIG. 37 is an outline explanatory diagram of an
electrochemical corrosion test.

[0090] FIG. 38 is a graph illustrating the results of an
electrochemical corrosion test for the specimen (Uncoated)
of Comparative Example 1, the specimen (DOMA-MMA)
of Example 7 (spin), the specimen (DOMA-HMA) of
Example 11 (spin), and the specimen (DOMA-DMA) of
Example 12 (spin), the graph showing the V-1 (cathodic
current) characteristics in a 3.5 wt % NaCl solution.
[0091] FIG. 39 is a graph illustrating the results of an
electrochemical corrosion test for the specimen (Uncoated)
of Comparative Example 1, the specimen (DOMA-MMA)
of Example 7 (spin), the specimen (DOMA-HMA) of
Example 11 (spin), and the specimen (DOMA-DMA) of
Example 12 (spin), the graph showing the V-1 (anodic
current) characteristics in a 3.5 wt % NaCl solution.
[0092] FIG. 40 shows photographs obtained before and
after a corrosion test in the absence of a polymer film
(Uncoated) and in the presence of a polymer film (Polymer-
coated) for disc specimens of various main metals.

[0093] FIG. 41 is a graph illustrating the results of an
electrochemical corrosion test for the uncoated, doma-mma
coated, doma-hma coated, and doma-dma coated samples,
the graph representing the V-I characteristics in a 3.5 wt %
NaCl solution. The solid line represents the results obtained
by using a Mg alloy as the substrate, and the dotted line
represents the results obtained by using Al as the substrate.
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[0094] FIG. 42 is a graph illustrating the results of a 1H
NMR analysis for the sample of Example 14.

[0095] FIG. 43 is a UV-V spectral diagram for the coating
film of the sample of Example 14 on a quartz substrate.
[0096] FIG. 44 is a photographic diagram showing the
results of a Scotch tape test for the coating film of the sample
of Example 14.

[0097] FIG. 45 is a photographic diagram showing the
results of a Scotch tape test for a PMMA coating film as a
Comparative Example.

[0098] FIG. 46 is a photographic diagram showing the
results of a Scotch tape test for various substrates of the
samples of Example 14.

[0099] FIG. 47 is a graph illustrating the static water
contact angle after immersion o the sample of Example 14
in aqueous solutions at various pH’s.

[0100] FIGS. 48(a) and 48(5) show diagrams showing (a)
a comparison of the TGA curve and (b) a DSC thermogram
for the sample of Example 15.

[0101] FIGS. 49(a) to 49(c) show diagrams representing
(a) FT-IR spectrum, (b) relations between the polymer
concentration and the film thickness, and (c) water contact
angle, for the sample of Example 15.

DESCRIPTION OF EMBODIMENTS

[0102] The nano-coating material of the present invention
is a nano-coating material that is bonded to the surface of a
substrate formed from a metal or an alloy, and the nano-
coating material is formed from a compound which has, in
a polymer main chain,

[0103] (A) a first side chain or a terminal, each having a
binding group containing a benzene ring having at least a
pair of adjacent hydroxyl groups; and

[0104] (B) a functional second side chain.

[0105] Since the nano-coating material of the present
invention has, in a polymer main chain, (A) a first side chain
or a terminal, which has a binding group containing a
benzene ring having at least a pair of adjacent hydroxyl
groups, the binding group of the first side chain, which is
capable of coordinate bonding to a metal atom, is strongly
bonded to the metal surface, and therefore, the nano-coating
material has excellent adhesiveness to a metal or an alloy.
[0106] In a case in which the (B) functional second side
chain, which is branched from the polymer main chain, is
hydrophobic (in the following description, may be described
as “hydrophobic second side chain”), the nano-coating
material can be utilized as a nano-coating material having
excellent antirust properties.

[0107] That is, in regard to the development of conven-
tional antirust coating materials, since the main purpose lies
in enhancing adhesiveness or in producing a smooth oxide
film on the metal surface, in the development of a new
antirust coating material, combining the antirust coating
material with a hydrophobic material, which is considered to
decrease adhesiveness, could not be considered. However,
the inventors of the present invention speculated that when
the configuration of the antirust coating material is func-
tionally separated, and the antirust coating material is con-
structed from a polymer that has a binding group having a
function of enhancing adhesiveness to the surface of a
substrate of a metal or an alloy, which requires rust proofing,
and has a hydrophobic group capable of interrupting the
approach and contact of reactive substances such as oxygen
molecules, water molecules, or halide ions to the substrate
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surface, adhesiveness could be increased, and the antirust
effect could be increased even if the film thickness is thin.
[0108] Based on such speculation, the inventors of the
present invention conducted a thorough investigation. Dur-
ing the course of this investigation, the present inventors
came across a report that Mefps5, which is blue mussel’s
adhesive protein, strongly adheres to various substrates
including metal Au (Non-Patent Literature 2). During an
investigation of this report, the present inventors paid atten-
tion to the fact that Mefps5 has dopamine. The present
inventors synthesized poly(dopamine methacrylamide-co-
alkyl methacrylate) and a dopamethacrylamide-styrene
copolymer, by combining a binding group having a skeleton
of dopamine and a hydrophobic group. Thus, the inventors
found that when an antirust nano-coating film containing
these polymers as nano-coating materials is formed on the
surface of a Mg alloy substrate, the antirust nano-coating
film can be easily applied on the Mg alloy substrate and can
be strongly adhered thereto, and even if the film thickness is
thin, the approach and contact of corrosive reactive sub-
stances to the substrate surface can be interrupted, so that a
noticeable antirust effect can be obtained. The present inven-
tors conducted a further investigation based on these find-
ings, and thereby completed a new nano-coating material.
[0109] (Nano-Coating Material)

[0110] In regard to the nano-coating material of the pres-
ent invention, an embodiment in which the functional sec-
ond side chain is hydrophobic will be explained.

[0111] The nano-coating material of this embodiment is
adhered to the surface of a substrate formed from a metal or
an alloy, as a nano-coating film having a nano-sized film
thickness, and can prevent the approach of water molecules
to the substrate surface.

[0112] The nano-coating material of this embodiment has,
in a polymer main chain,

[0113] (A) a first side chain or a terminal, which has a
binding group containing a benzene ring having at least a
pair of adjacent hydroxyl groups; and

[0114] (B) a hydrophobic second side chain.

[0115] Here, the “benzene ring having at least a pair of
adjacent hydroxyl groups” means a benzene ring having two
or more hydroxyl groups, in which at least any two of these
hydroxyl groups are adjacent to each other.

[0116] Furthermore, the “binding group” means an
organic constituent group that is bonded to the surface of a
substrate formed from a metal or an alloy and enables
binding and adhesion of a coating material. Furthermore, the
term “nano” according to the present invention means a
scale of 1 (micrometer) or less, that is, 1000 nm or less.
[0117] The polymer main chain in the nano-coating mate-
rial of the present invention may be any of various polymer
chains as long as the purpose and effects of the present
invention can be realized thereby, and the realization is not
inhibited. For example, the polymer main chain may be
composed of carbon (C)-carbon (C) chain-like bonds, and in
regard to the carbon (C)-carbon (C) chain-like bond, the
bond may be interrupted by a heteroatom, for example, an
oxygen atom or a nitrogen atom, or may be interrupted by
a carbon (C) ring or a heterocyclic ring. A more preferred
example thereof is a carbon (C)-carbon (C) chain-like bond.
Furthermore, in regard to the binding group of the (A) first
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side chain, various binding groups such as described above
may be used as long as the binding groups have a benzene
ring having at least a pair of adjacent hydroxyl groups. Here,
the benzene ring may be a monocyclic ring, or may be a
member constituting a polycyclic ring or a heterocyclic ring.
Furthermore, the bond between the first side chain having a
benzene ring and the polymer main chain may also be in
various forms, such as a bond interrupted by a carbon (C)
chain, a heteroatom or the like.

[0118] The (B) hydrophobic second side chain may also be
in various forms. It is desirable that the second side chain
constitutes a hydrophobic organic group.

[0119] Embodiments will be explained below; however,
first, the following formula (2) is a chemical formula rep-
resenting an example of the nano-coating material according
to an embodiment of the present invention. As shown in
formula (2), the nano-coating material according to an
embodiment of the present invention has a polymer main
chain part P, a first side chain R, having a binding group, and
a hydrophobic second side chain R,.

[Chemical Formula 2]

@

[0120] The polymer main chain part P may be a polymer
chain composed of single bonds of carbon (C), that is, a
polymer main chain having an alkyl chain. When an alkyl
chain is used, the nano-coating material can be dispersed in
an organic solvent uniformly with high dispersibility, and a
smooth film that has no defects even if the film thickness is
thin can be formed easily by a wet coating method such as
a spin coating method. For example, a suitable example of
the polymer main chain part P may be an alkyl chain formed
from a copolymer of acrylamide and an acrylate. Each of
symbols R; and R, in the polymer main chain part P
represents a hydrogen atom or an organic group. The organic
group may be of various kinds as long as the purpose and
effects of the present invention are not impaired. For
example, R; and R, each represent a hydroxyl group, or a
linear or branched alkyl group having from 1 to 12 carbon
(C) atoms, and they may be identical to or different from
each other. Examples thereof include a methyl group and an
ethyl group.

[0121] The ratio m:n between the main chain portion
having the first side chain R, and the main chain portion
having the second side chain R, is preferably adjusted to
from 1:6 to 1:100. Thereby, polymerization can be achieved
with high yield. Furthermore, a reliable antirust coating
effect may be obtained.
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[0122] The following formula (3) is a chemical formula
representing a preferred example of the side chain R;.

[Chemical Formula 3]

(©)

[0123] The side chain R; shown in formula (3) has a
binding group Z.

[0124] The binding group Z is an organic group capable of
coordinate bonding to a metal atom at the surface of a
substrate formed from a metal or an alloy. The binding group
Z has a benzene ring having at least one pair of adjacent
hydroxyl groups. For example, the binding group Z is a
catechol group represented by the following formula (4).

[Chemical Formula 4]

Q)

OH OH

[0125] For example, when the binding group includes
such a chemical structure having a benzene ring having at
least one pair of adjacent hydroxyl groups, the oxygen of the
adjacent hydroxyl groups are coordinate bonded (chelate
bonded) to the metal atoms that constitute the metal sub-
strate, and thereby the coating film can be strongly adhered
to the surface of the metal substrate.

[0126] Of course, the binding group Z may be configured
such that the benzene ring has three or more hydroxyl
groups. When this configuration is adopted, the number of
coordinate bonds formed with metal atoms per functional
group increases, and the adhesive power can be enhanced.
[0127] FIGS. 1(a) to 1(f) are outline explanatory diagrams
for the chemical structure of the nano-coating material
according to an embodiment of the present invention. In
FIG. 1(a), the binding group Z is shown in the balloon, and
it is shown that a catechol group is used as an example of Z.
FIG. 1(b) to FIG. 1(f) illustrate examples of the chemical
structure concerning the disposition of the binding group 7
in the nano-coating material. FIG. 1(b) illustrates a material
in which this binding group Z is linked to a terminal side of
a linear polymer main chain part P; FIG. 1(c) illustrates a
material in which this binding group Z is linked to both
terminal sides of a linear polymer main chain part P; FIG.
1(d) illustrates a material in which binding group Z is linked
to a short first side chain of a linear polymer main chain part
P; FIG. 1(e) illustrates a material in which the binding group
Z. is linked to both terminal sides and a long first side chain
of a linear polymer main chain part P; and FIG. 1(f)
illustrates a material in which this binding group Z is linked
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to the terminal sides of a cross-shaped polymer main chain
part P. When the parts P are mutually entangled, film
stability is increased.

[0128] Furthermore, the nano-coating material may also
be configured such that the first side chain R, has plural
binding groups Z. Thereby, the number of adhesive moieties
in one side chain can be increased, and the adhesive power
can be enhanced.

[0129] The second side chain R, is hydrophobic. When the
nano-coating material is configured to include a hydropho-
bic second side chain R,, a metal surface can be covered
with a polymer film having the second side chain R,. Thus,
for example, water molecules can be prevented from
approaching the surface of a metal substrate, and metal
atoms reacting with water molecules and forming rust can be
suppressed.

[0130] The following formula (5) shows an example of the
second side chain R,, which has a hydrophobic group Rs.

[Chemical Formula 5]

)
Rs

/
OYO

[0131] A suitable example of the hydrophobic group R of
formula (5) may be an alkyl group having a number of
carbon atoms (C) of from 1 to 20. In a case in which the
number of carbon atoms (C) is set to 0, that is, in a case in
which the functional group Rs is not provided, even if a
coating film is formed, a waterproofing effect may not be
obtained, and rust is formed. Furthermore, when the number
of carbon atoms is set to more than 16, the alkyl chain
becomes too long, and it becomes difficult to achieve
solubilization in an organic solvent, which is needed for film
production.

[0132] Specific examples of the hydrophobic group Rs
include a methyl group, an ethyl group, a n-propyl group, an
isopropyl group, a n-butyl group, a sec-butyl group, an
isobutyl group, a tert-butyl group, a pentyl group, a n-hexyl
group, a n-heptyl group, a n-octyl group, a n-nonyl group, a
n-decyl group, a n-undecyl group, and a n-dodecyl group.
[0133] Furthermore, formula (6) shows another example

of the second side chain R,, and is formed from a hydro-
phobic functional group.

[Chemical Formula 6]

©)

[0134] Informula (6), the second side chain R, is a phenyl
group, which is a hydrophobic functional group. The ben-
zene of the phenyl group may be replaced with a benzene
having a further substituent. For example, methylbenzene or
anisole (methoxybenzene) may also be used.
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[0135] Furthermore, not only a benzene ring, but also a
functional group having a polycyclic aromatic hydrocarbon
(PAH) such as perylene or pyrene may be used, and par-
ticularly, a functional group having an acene-based polycy-
clic aromatic hydrocarbon such as naphthalene, anthracene
or pentacene may also be used.

[0136] As such, the nano-coating material of this embodi-
ment is formed from a compound which has, in a polymer
main chain, (A) a first side chain or a terminal, each having
a binding group containing a benzene ring having at least
one pair of adjacent hydroxyl groups, and (B) a hydrophobic
second side chain. For example, a preferred example of a
compound having excellent adhesiveness to a substrate is
the following compound.

[Chemical Formula 7]

a b
(@] (@]
NH (@]
CeHyz
OH OH

P(DOMA-HIMA)

[0137] Since P(DOMA-HMA) has a catechol group in a
first side chain, the binding group capable of coordinate
bonding to a metal atom can strongly adhere the coating film
to the metal surface. Furthermore, since P(DOMA-HMA)
has a hydrophobic second side chain, and the hydrophobic
group can prevent the approach of water molecules to the
surface of a substrate formed from a metal or an alloy, the
material can be utilized as a nano-coating material having
antirust properties.

[0138] Since the nano-coating material of the present
invention can have, for example, an ionic group that assists
ion transportation, an ethylene glycol group or the like freely
introduced thereinto, the nano-coating material can be
applied to various applications. Furthermore, the nano-
coating material of the present invention can be imparted
with solubility that is necessary according to various appli-
cations by, for example, controlling the counter part of the
catechol group.

[0139]

[0140] Next, an embodiment of the method for producing
a nano-coating material of the present invention will be
explained.

[0141] The method for producing a nano-coating material
of the present invention includes a step for polymerizing a
first monomer having a binding group containing a benzene
ring having at least one pair of adjacent hydroxyl groups,
and a second monomer having a hydrophobic functional

group.

(Method for Producing a Nano-Coating Material)
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[0142] (Monomer-Dispersed Solution Production Step S1)
[0143] In this step, the first monomer and the second
monomer are dispersed in an organic solvent, and thereby a
monomer-dispersed solution is produced.

[0144] Here, in the first monomer, for example, suitably, a
first side chain R, having a binding group and an organic
group R are bonded to a C—C carbon double bond at one
terminal side of this C—C carbon double bond.

[0145] In the second monomer, a hydrophobic second side
chain R, and an organic group R, are bonded to a C—C
carbon double bond at one terminal side of this C—C carbon
double bond.

[0146] Examples of the first monomer in this case include
dopamine methacrylamide (N-(3,4-d ihydroxyphenethyl)
methacrylamide).

[0147] Dopamine methacrylamide (N-(3,4-dihydroxy-
phenethyl) methacrylamide) has a C—C carbon double
bond, and a methyl group and a side chain containing
dopamine on one terminal side of this C—C carbon double
bond. Dopamine has a binding group having a benzene ring
having at least one pair of hydroxyl substituents.

[0148] Instead of a methyl group of the methacrylamide,
a hydroxyl group or a linear or branched alkyl group having
a number of carbon atoms (C) of from 1 to 12 may also be
used.

[0149] Examples of the second monomer include methyl
methacrylate and styrene.

[0150] Methyl methacrylate has a C—C carbon double
bond, and on one terminal side of this C—C carbon double
bond, a methyl group and a hydrophobic side chain formed
from a methyl-ester group.

[0151] Styrene has a C—C carbon double bond, and on
one terminal side of this C—C carbon double bond, a methyl
group and a hydrophobic side chain formed from a phenyl
group.

[0152] In these examples, the hydrophobic second side
chain R, is a methyl-ester group or a phenyl group. Instead
of the methyl group of the methyl-ester group, a hydroxyl
group or a linear or branched alkyl group having a number
of carbon atoms (C) of from 1 to 12 may also be used. By
having such a hydrophobic second side chain R,, efficient
water repelling can be achieved.

[0153] (Monomer Polymerization Step S2)

[0154] In this step, the monomers in the monomer-dis-
persed solution are polymerized.

[0155] The following chemical reaction scheme (7) shows
an example of the polymerization reaction.

[Chemical Formula 8]

@]
R
R;
\[/I“ : \/R“ _’ W
R, R, Ry Ry

[0156] The polymerization reaction described above is
carried out by, for example, a heated reaction using AIBN
(2,2'-azobisisobutyronitrile) as a polymerization initiator.
Thereby, polymerization can be carried out efficiently.

[0157] For example, a heated polymerization reaction can
be carried out using methacrylamide as a first raw material
monomer and using a methacrylate as a second raw material
monomer. In this case, the polymerization reaction can be
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completed by using DMF as a solvent, using 1 to 2 mol% of
AIBN as a polymerization initiator, and heating the system
for 30 to 50 hours at 70° C. to 80° C.

[0158] In chemical reaction scheme (8), an example of the
polymerization reaction in the case of using methacrylamide
and a methacrylate is presented.

[Chemical Formula 9]

[0159] Instead of a heated polymerization reaction, or in
combination with this, a photopolymerization reaction may
also be carried out using a photopolymerization initiator.
[0160] (Nano-Coating Film)

[0161] Next, an embodiment of the functional material of
the present invention will be explained. FIG. 2 shows (a) a
plan view diagram illustrating an embodiment of the func-
tional material of the present invention, and (b) a cross-
sectional view diagram of (a) cut at the line A-A".
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[0162] Regarding the substrate 12 formed from a metal or
an alloy, a disc-shaped substrate 12 is used in this example.
A nano-coating film 11 is formed so as to cover the entire
surface of the substrate 12 at a uniform film thickness.

[0163] The nano-coating film 11 is formed using the
nano-coating material of the present invention. The film
thickness of the nano-coating film 11 is preferably adjusted
to from 100 nm to 1 um. If the film thickness is 100 nm or
less, the approach of water molecules to the surface of the
substrate 12 cannot be sufficiently prevented, and it is
difficult to obtain a sufficient antirust effect. On the contrary,
if the film thickness is more than 1 um, despite that the
antirust effect does not change much, the burden of the
material cost increases.

[0164] Meanwhile, the nano-coating film 11 is preferably
a film in which pores having a pore size of 50 nm or more
do not exist. Thereby, the approach of water molecules to the
surface of a substrate formed from a metal or an alloy can
be prevented, and an antirust effect can be increased.

[0165]

[0166] FIG. 3 is a magnified outline diagram of part B of
FIG. 2(b), and is a diagram illustrating an example of the
principle of adhesion of a nano-coating film in a case in
which the nano-coating material represented by formulae (2)
and (4) described above is used as the nano-coating film 11,
and metal Mg or a Mg alloy is used as the metal/metal alloy
substrate 12.

[0167] As illustrated in FIG. 3, the nano-coating film 11
strongly adheres to the metal/metal alloy substrate 12 with
the first side chain R, . Specifically, the nano-coating film 11
strongly adheres to the substrate 12 by means of the binding
group Z of the first side chain R,. In a case in which the
binding group Z is a catechol group, adjacent hydroxyl
groups of the catechol group, that is, the two adjacent
hydroxyl groups bonded to a benzene ring, strongly adhere
to the Mg metal atoms of the metal/metal alloy substrate 12
by coordinate bonding.

[0168] Furthermore, the benzene rings of the catechol
groups undergo m-stacking and stabilize the film, and thus a
strong film is formed.

[0169] On the other hand, the nano-coating film 11 pre-
vents contact between the surface of the metal/metal alloy
substrate 12 and water molecules and the like, as the
hydrophobic second side chain R, suppresses penetration of
water molecules and the like from the outside, and thereby
prevents the generation of rust at the surface of the metal/
metal alloy substrate 12.

[0170] FIG. 4 is also a diagram illustrating an example of
the principle of adhesion of the nano-coating film (polymer
coating) in the case of using a metal/metal alloy substrate
(metal Mg or a Mg alloy).

[0171] Plural side chains from a polymer backbone, which
is the polymer main chain, are bound, and in some of the side
chains (first side chains), an oxygen atom adjacent to the
benzene ring functions as binding group (surface binding
group) and is coordinate bonded to the metal surface,
thereby adhering the film to the metal.

[0172] Furthermore, the oxygen atom of an amide bond
that links this binding group to the main chain, forms a
hydrogen bond network with the hydrogen atoms of other
amide bonds, and thus a stable film is formed.

(Principle of Adhesion of Nano-Coating Film)



US 2017/0214047 Al

[0173] Furthermore, another side chain (second side
chain) bound to the polymer main chain is hydrophobic, and
functions as an antirust polymer side chain (anti-corrosion
polymer side-chain).

[0174] (Method for Producing Functional Material)
[0175] Next, an embodiment of the method for producing
a functional material of the present invention will be
explained.

[0176] The method for producing a functional material of
the present invention has nano-coating material dispersion
liquid production step F1 and film-forming step F2.

[0177] (Nano-Coating Material Dispersion Liquid Pro-
duction Step F1)

[0178] In this step, a nano-coating material is dispersed in
an organic solvent, and a nano-coating material dispersion
liquid is produced. In this dispersion liquid, various addi-
tives may be added as necessary. Examples of these addi-
tives include a viscosity adjusting agent, a photodegradation
inhibitor, an antioxidant, and a colorant, and the additives
can be selected by considering the use environment, appli-
cation, purpose, and the like of the antirust nano-coating
film.

[0179] It is preferable that after the nano-coating material
is added to an organic solvent, the mixture is uniformly
dispersed by stirring thoroughly.

[0180] Examples of the organic solvent include DMF and
DMSO.

[0181] (Film-forming step F2)

[0182] In this step, the nano-coating material dispersion

liquid is applied on a substrate surface by, for example, a wet
coating method, and then dried, and thereby a nano-coating
film is formed. The nano-coating film can be formed as a
smooth film.

[0183] Examples of the wet coating method include a spin
coating method, a dipping method, and a casting method.
Drying may be carried out by natural drying of leaving the
film to stand at room temperature, but may also be carried
out by drying by heaving in an oven.

[0184] Forexample, in the functional material produced as
such, since the nano-coating material has excellent adhe-
siveness to a metal or an alloy and can have an ionic group
that assists ion transportation, an ethylene glycol group or
the like freely introduced thereinto, the functional material
can be applied to various applications. Therefore, the func-
tional material can be imparted with not only antirust
properties but also with various functions according to
applications.

[0185] Thus, in regard to the nano-coating material of the
present invention, an embodiment in which the functional
second side chain is hydrophobic has been explained; how-
ever, an embodiment in which the functional second side
chain is hydrophilic (in the following description, may be
described as “hydrophilic second side chain™) is also
included in the nano-coating material of the present inven-
tion. In the following, an embodiment in which the second
side chain is hydrophilic will be explained; however, parts of
the explanation for the matters that are common in the
embodiment in which the second side chain is hydrophobic
will not be repeated.

[0186] That is, a nano-coating material according to
another embodiment has, in a polymer main chain,

[0187] (A) a first side chain or a terminal, which has a
binding group containing a benzene ring having at least one
pair of adjacent hydroxyl groups; and
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[0188] (B) a hydrophilic second side chain.

[0189] Examples of the hydrophilic group of the second
side chain include ethylene glycol, an alkylamine, and an
alkylammonium.

[0190] This embodiment also has, in a polymer main
chain, (A) a first side chain or a terminal, which has a
binding group containing a benzene ring having at least one
pair of adjacent hydroxyl groups, and since the binding
group that is capable of coordinate bonding to a metal atom
is strongly bonded to a metal surface, the nano-coating
material has excellent adhesiveness to a metal or an alloy.
[0191] On the other hand, since the nano-coating material
has a hydrophilic second side chain, for example, utilization
thereof in a binder for a lithium ion battery electrode or the
like is expected.

[0192] As such, in a case in which the nano-coating
material is a compound which has, in a polymer main chain,
(A) a first side chain or a terminal, each having a binding
group containing a benzene ring having at least one pair of
adjacent hydroxyl groups, and (B) a hydrophilic second side
chain, for example, the following compounds may be listed
as preferred examples of a material having excellent adhe-
siveness to substrates.

[Chemical Formula 10]

a b
(0] (0]
NH 0
[¢]
n
OH HO

P(DOMA-PEGMA)
[Chemical Formula 11]

a b
(0] (0]
NH 0
N
/\
H;C CH;
OH HO

P(DOMA-DMAEMA)

[0193] P(DOMA-DMAEMA) is cationic, whereas
P(DOMA-PEGMA) is neutral. These nano-coating materi-
als can be utilized as materials for a coating agent for
preventing lithium ions from forming needles. For example,
since P(DOMA-DMAEMA) does not dissolve in ethylene
carbonate, this substance can be utilized as a binder for a
lithium ion battery electrode, or the like. Also for P(DOMA.-
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PEGMA), utilization thereof as, for example, a binder for a
lithium ion battery electrode is expected.

[0194] Furthermore, the method for producing a nano-
coating material of this embodiment may include a step for
polymerizing a first monomer having a binding group con-
taining a benzene ring having at least one pair of adjacent
hydroxyl groups, with a second monomer having a hydro-
philic functional group.

[0195] Examples of the second monomer having a hydro-
philic functional group include ethylene glycol, an alkylam-
ine, and an alkylammonium.

[0196] According to the present invention as described
above, the following remarkable effects are realized.

[0197] Since the nano-coating material is configured to
include a polymer main chain part P; a first side chain R,
having a binding group Z formed from a benzene ring
having at least a pair of adjacent hydroxyl groups; and a
functional second side chain R,, the nano-coating material
can be dispersed in an organic solvent and applied easily,
uniformly and smoothly by a wet coating method, and the
binding group Z of the first side chain R, that is capable of
coordinate bonding to a metal atom can strongly adhere the
coating film to the metal surface. Furthermore, in a case in
which the second side chain R, is hydrophobic, since the
hydrophobic second side chain R, can prevent the approach
of water molecules and the like to the surface of a substrate
formed from a metal or an alloy, a nano-coating material
which is capable of forming a coating film that has a high
antirust effect even if the film thickness is thin, can be
provided.

[0198] Also, since the nano-coating material of the present
invention has a configuration in which the polymer main
chain part P is a polymer chain composed of single bonds of
carbon atoms (C), the nano-coating material can be dis-
persed in an organic solvent and applied easily, uniformly
and smoothly by a wet coating method, and a nano-coating
material which is capable of forming a nano-coating film
having a high antirust effect can be provided.

[0199] Since the nano-coating material of the present
invention has a configuration in which the polymer main
chain part P is composed of a copolymer of acrylamide and
an acrylate, the nano-coating material can be dispersed in an
organic solvent and applied easily, uniformly and smoothly
by a wet coating method, and thus, a nano-coating material
which is capable of forming a nano-coating film that exhibits
excellent adhesiveness to a metal or an alloy even if the film
thickness is thin, can be provided.

[0200] The nano-coating material of the present invention
is configured such that the binding group Z is a catechol
group, the binding group of the first side chain R, that is
capable of coordinate bonding to a metal atom can strongly
adhere the coating film to the metal surface, and a nano-
coating material which is capable of forming a coating film
that exhibits excellent adhesiveness to a metal or an alloy
even if the film thickness is thin, can be provided.

[0201] Since the nano-coating material of the present
invention is configured such that the functional (hydropho-
bic) second side chain R, has an alkyl group having a
number of carbon atoms (C) of from 1 to 12, the hydropho-
bic second side chain R, can prevent the approach of water
molecules and the like to the surface of a substrate formed
from a metal or an alloy, and therefore, a nano-coating
material which is capable of forming a coating film that
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exhibits excellent adhesiveness to a metal or an alloy even
if the film thickness is thin, can be provided.

[0202] Since the nano-coating material of the present
invention is configured such that the functional (hydropho-
bic) second side chain R, is a functional group containing a
benzene ring, the approach of water molecules and the like
to the surface of a substrate formed from a metal or an alloy
can be prevented, and therefore, an antirust coating material
which is capable of forming a coating film that has a high
antirust effect even if the film thickness is thin can be
provided.

[0203] The method for producing a nano-coating material
of the present invention is configured to include a step for
dispersing a first monomer having a binding group that has
a benzene ring having at least one pair of adjacent hydroxyl
substituents, and a second monomer having a hydrophobic
group or a hydrophilic group in an organic solvent, and
thereby producing a monomer-dispersed solution; and a step
for polymerizing the monomers in the monomer-dispersed
solution. Therefore, a nano-coating material having a poly-
mer main chain, a first side chain having a binding group that
has a benzene ring having at least one pair of adjacent
hydroxyl groups, and a hydrophobic second side chain can
be produced easily with high yield.

[0204] Since the method for producing a nano-coating
material of the present invention is configured such that the
first monomer has an acrylamide group, and the acrylamide
group has a hydroxyl group or an alkyl group having a
number of carbon atoms (C) of from 1 to 12, a nano-coating
material having a polymer main chain can be produced
easily with high yield.

[0205] Since the method for producing a nano-coating
material according to an embodiment of the present inven-
tion is configured such that the second monomer has a
methacrylate group, and the methacrylate group has a
hydroxyl group or an alkyl group having a number of carbon
atoms (C) of from 1 to 12, a nano-coating material having
a polymer main chain can be produced easily with high
yield.

[0206] Since the method for producing a nano-coating
material according to an embodiment of the present inven-
tion is configured such that the functional group of the
functional (hydrophobic) second side chain is an alkyl group
having a number of carbon atoms (C) of from 1 to 12, or a
functional group containing a benzene ring, a nano-coating
material having a polymer main chain and a hydrophobic
side chain can be produced easily with high yield.

[0207] Since the method for producing a nano-coating
material of the present invention is configured such that
polymerization is carried out by a heated reaction using
AIBN as a polymerization initiator, a coating material
having a polymer main chain can be produced easily with
high yield.

[0208] In the functional material of the present invention,
a nano-coating film based on a nano-coating material is
formed on the surface of a substrate formed from a metal or
an alloy, and the binding group of the first side chain or a
terminal of the nano-coating material can strongly adhere to
a metal atom at the metal surface through coordinate bond-
ing. Furthermore, in a case in which the functional second
side chain is hydrophobic, the hydrophobic group can pre-
vent the approach of water molecules to the surface of a
substrate formed from a metal or an alloy, and can thereby
protect the metal surface with a high antirust effect. Fur-
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thermore, since the nano-coating material of the present
invention has excellent adhesiveness to a metal or an alloy,
for example, the functional material of the present invention
also includes a form in which the nano-coating material is
bonded as a binder to a lithium battery ion battery electrode
as a substrate.

[0209] Since the nano-coating film of the functional mate-
rial of the present invention has a configuration in which the
film thickness is 100 nm or more and less than 1 um, even
if the film thickness is thin, excellent adhesiveness to the
substrate surface is obtained.

[0210] The method for producing a functional material of
the present invention is configured to include a step for first
dispersing the nano-coating material described above in an
organic solvent, and producing a nano-coating material
dispersion liquid; and a step for applying the nano-coating
material dispersion liquid on the substrate surface by a wet
coating method, followed by drying, and thereby forming a
nano-coating film. Therefore, the binding group that is
capable of coordinate bonding to a metal atom can strongly
adhere the coating film to a metal surface.

[0211] The present invention is not intended to be limited
to the embodiments described above, and can be carried out
in various modifications within the scope of the technical
idea of the present invention. Specific examples of the
present embodiments will be disclosed in the following
Examples. Of course, the present invention is not intended
to be limited to these Examples.

EXAMPLES

Example 1
[0212] (Material Preparation and Evaluation of Character-
istics)
[0213] As illustrated in the following chemical reaction

scheme (9), material (DOMAL) as a first raw material
monomer and material (methyl methacrylate) as a second
raw material monomer were mixed at a feed ratio (x:y) of
(1:2.5), and then, the mixture was dispersed in DMF
together with AIBN as a radical initiator to produce a
monomer-dispersed solution. Subsequently, while the
monomer-dispersed solution was stirred at 75° C. for 40
hours, the monomer-dispersed solution was subjected to a
free radical polymerization reaction. The AIBN concentra-
tion in DMF was adjusted to 1.5 mol%.

[Chemical Formula 12]

Me Me
AIBN (1.5 mol %),
DMF, 75° C.40 h
NH O + O o —
Free radical
CH; polymerization
OH
OH X2y
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-continued
A
O
(0]
Me
m n
(@] Me
NH
OH OH

[0214] Next, a poor solvent (acetone) was added to the
monomer-dispersed solution to cause reprecipitation, and
thereby, a product in a white powder form (sample of
Example 1) was obtained.

[0215] FIG. 5 is an optical photograph of the sample of
Example 1 (indicated as DOMA-C,).

[0216] Next, a 1H NMR analysis was conducted. Accord-
ing to a calculation based on the results of the 1H NMR
analysis of the sample of Example 1, the ratio m:n was 1:5
in the sample of Example 1 (DOMA-C)).

Example 2

[0217] A sample of Example 2 was produced in the same
manner as in the case of the sample of Example 1, except
that the feed ratio was set to 1:5.

[0218] Next, a 1H NMR analysis was conducted. FIG. 6 is
a graph illustrating the results of a 1H NMR analysis of the
sample of Example 2. For the sample of Example 2, a
molecular structure exhibiting the positions of 1H corre-
sponding to the NMR peaks is also disclosed. The ratio m:n
for the sample of Example 2, was 1:7.

Example 3

[0219] A sample of Example 3 was produced in the same
manner as in the case of the sample of Example 1, except
that the feed ratio (x:y) was set to 1:10.

[0220] Next, a 1H NMR analysis was conducted. FIG. 7 is
a graph illustrating the results of a 1H NMR analysis of the
sample of Example 3. For the sample of Example 3, a
molecular structure exhibiting the positions of 1H corre-
sponding to the NMR peaks is also disclosed. The ratio m:n
for the sample of Example 3 was 1:14.

Example 4

[0221] A sample of Example 4 was produced in the same
manner as in the case of the sample of Example 1, except
that material (hexyl methacrylate) was used as the second
raw material monomer as illustrated in the following chemi-
cal reaction scheme (10), and the feed ratio (x:y) was set to
1:1.

[0222] FIG. 8 is an optical photograph of the sample of
Example 4 (indicated as DOMA-Cy).

[0223] The free radical polymerization reaction repre-
sented by chemical reaction scheme (10) was carried out.
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[Chemical Formula 13]
(10)

Me
AIBN
(1.5 mol %),
DMEF, 75° C.

Me
NH 6]} I
e} 0
40 h

+ _—
Free radical

polymerization

OH
CH;
OH
X1y
H;C

0 0
Me
m n
O Me
NH
OH OH

[0224] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 4 was 1:4.

Example 5

[0225] A sample of Example 5 was produced in the same
manner as in the case of the sample of Example 1, except
that the same material as Example 4 (hexyl methacrylate)
was used as the second raw material monomer, and the feed
ratio (x:y) was set to 1:2.

[0226] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 5 was 1:6. Precipitation was carried
out using water.

Example 6

[0227] A sample of Example 6 was produced in the same
manner as in the case of the sample of Example 1, except
that the same material as Example 4 (hexyl methacrylate)
was used as the second raw material monomer, and the feed
ratio (x:y) was set to 1:4.

[0228] Next, a 1H NMR analysis was conducted. FIG. 9 is
a graph showing the 1H NMR analysis results of the sample
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of Example 6. For the sample of Example 6, a molecular
structure exhibiting the positions of 1H corresponding to the
NMR peaks is also disclosed. The ratio m:n for the sample
of Example 6 was 1:10.

[0229] Next, an IR spectral analysis was conducted. FIG.
10 is a graph showing the results of the IR spectral analysis
of the sample of Example 6. An 0-H absorption peak and a
C=0 absorption peak were observed.

Example 7

[0230] A sample of Example 7 was produced in the same
manner as in the case of the sample of Example 2, except
that the time for the free radical polymerization reaction
illustrated in chemical reaction scheme (9) was set to 24
hours.

[0231] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 7 was 1:7.

Example 8

[0232] A sample of Example 8 was produced in the same
manner as in the case of the sample of Example 3, except
that the time for the free radical polymerization reaction
illustrated in chemical reaction scheme (9) was set to 24
hours.

[0233] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 8 was 1:14.

Example 9

[0234] A sample of Example 9 was produced in the same
manner as in the case of the sample of Example 8, except
that the feed ratio (x:y) was set to 1:30.

[0235] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 9 was 1:33.

Example 10

[0236] A sample of Example 10 was produced in the same
manner as in the case of the sample of Example 8, except
that the feed ratio (x:y) was set to 1:90.

[0237] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 10 was 1:100.

Example 11

[0238] A sample of Example 11 was produced in the same
manner as in the case of the sample of Example 6, except
that the time for the free radical polymerization reaction
illustrated in chemical reaction scheme (10) was set to 24
hours.

[0239] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 11 was 1:10.

[0240] Next, a GPC analysis was carried out.

[0241] FIG. 11 is a graph showing the results of a GPC
analysis of the sample of Example 11.

Example 12

[0242] A sample of Example 12 was produced in the same
manner as in the case of the sample of Example 1, except
that material (dodecyl methacrylate) was used as the second
raw material monomer as illustrated in the following chemi-
cal reaction scheme (11), the time for the free radical
polymerization reaction was set to 24 hours, and the feed
ratio (x:y) was set to 1:3.
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[0243] FIG. 12 is an optical photograph of the sample of
Example 12 (indicated as DOMA-C,,).

[0244] A free radical polymerization reaction was carried
out.

[Chemical Formula 14]

Me iMe
NH 0] O (0]

+

an

AIBN (1.5 mol %),
DMF, 75° C. 24 h

Free radical
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Example 13

[0246] A sample of Example 13 was produced in the same
manner as in the case of the sample of Example 1, except
that material (styrene) was used as the second raw material
monomer as illustrated in the following chemical reaction
scheme (12), the time for the free radical polymerization
reaction was set to 24 hours, and the feed ratio (x:y) was set
to 1:7.

[0247] A free radical polymerization reaction was carried
out.
[0248] Reprecipitation was carried out using water.

[Chemical Formula 15]

polymerization
12)
Me
X
AIBN (1.5 mol %),
4 DMF, 55° C. 24 h
NH o + :
OH Free radical
polymerization
OH X2y
CH;
CH;
OH
OH x2y
Me
(6]
4
NH
O,
(0]
Me
(6] Me OH OH
NH
[0249] According to a 1H NMR analysis, the ratio m:n for
the sample of Example 13 was 1:10.
[0250] Table 1 is a table presenting the synthesis condi-
tions and the synthesis results for the samples of Examples,
and is a table presenting the abbreviations, raw material
names of x and y, feed ratio (raw material composition),
analytic ratio (synthesized material composition), polymer-
on ol ization time, mass percent (%) of catechol groups, yield,
molecular weight, and PDI.
[0251] Results indicating that when the proportion of
[0245] According to a 1H NMR analysis, the ratio m:n for DOMA increased, the molecular weight decreased, and the
the sample of Example 12 was 1:6. yield also decreased, were obtained.
TABLE 1
Feed ratio Analytic catechol
(x1y) ratio Polymerization unit  Yield Mw PDI
Name X y (initial ratio) (m:n) time (h) (Wt %) (%) (gmol™!) (Mw/Mn)
Example 1 Doma-C,(1:5)40 h Doma MMA 1:2.5 1:5 40 31 9 6700 3.01
Example 2 Doma-C,(1:7)40 h Doma MMA 1:5 1.7 40 24 83 20300 1.97
Example 3 Doma-C,(1:14)40 h  Doma MMA 1:10 1:14 40 14 89 34100 2.23



US 2017/0214047 Al

14

Jul. 27,2017

TABLE 1-continued

Feed ratio Analytic catechol
(x1y) ratio Polymerization unit  Yield Mw PDI
Name X y (initial ratio) (m:n) time (h) (Wt%) (%) (gmol™!) (Mw/Mn)

Example 4 Doma-Cg4(1:4)40 h Doma HMA 1:1 1:4 40 25 14 4700 2.11
Example 5 Doma-C5(1:6)40 h Doma HMA 1:2 1:6 40 18 79 20200 3.01
Example 6 Doma-Cg(1:10)40 h Doma HMA 1:4 1:10 40 12 73 28800 246
Example 7 Doma-C(1:7)24 h Doma MMA 1:5 1.7 24 25 71 10,300 1.97
Example 8 Doma-C,(1:14)24 h Doma MMA 1:10 1:14 24 15 84 15,200 2.23
Example 9 Doma-C(1:33)24 h Doma MMA 1:30 1:33 24 7 89 17,800 246
Example 10 Doma-C;(1:100)24 h  Doma MMA 1:90 1:100 24 3 81 41,000 2.70
Example 11 Doma-Cg(1:10)24 h Doma HMA 1:4 1:10 24 12 73 11,700 2.46
Example 12 Doma-C,(1:6)24 h Doma DMA 1:3 1:6 24 14 62 25,800 1.65
Example 13 Doma-Sty(1:10)24 h  Doma Styrene 1.7 1:10 24 18 31 9,300 1.17
[0252] <Production of Specimen and Evaluation of Rust view diagram, and FIG. 16(b) is a cross-sectional view

Characteristics>

[0253] (Production of Disc Specimen)

[0254] Next, a Mg alloy rod (commercially available
product, Mg—AI13%-7Zn1% alloy, Mg alloy (AZ31), diam-
eter 1.5 cm) was cut, and a Mg alloy disc was produced. The
thickness was set to 4 mm.

[0255] Next, the Mg alloy disc was disposed to be super-
posed on a resin cut into a disc form, subsequently the Mg
alloy disc was pressed in so as to be completely embedded
in the thickness direction, and then the surface was polished.
Thus, a disc specimen was produced.

[0256] FIGS. 13(a) and 13(b) show schematic diagrams of
a disc specimen, in which FIG. 13(a) is a plan view diagram,
and FIG. 13(b) is a cross-sectional view diagram of (a) cut
at line D-D".

[0257] FIG. 14 is an optical photograph of a disc speci-
men.

Production of Specimen of Example 1
[0258] Next, the sample of Example 1 was dispersed in

THF at a proportion of 8 wt %, and a dispersion liquid was
prepared.

[0259] Subsequently, the dispersion liquid 1 was spin
coated so as to cover the exposed surface of Mg of the disc
specimen. Spin coating was carried out under the conditions
of (for 15 seconds at 1000 rpm, and subsequently for 30
seconds at 2500 rpm).

[0260] Next, the dispersion liquid was heated and main-
tained under the conditions of 60° C. and 1 hour and then
dried, and thereby a specimen of Example 1 was produced.
[0261] FIGS. 15(a) and 15(b) show an explanatory dia-
gram for a coating process and a conceptual diagram of the
adhesion part of a coating film, respectively.

[0262] As in the case of the explanatory diagram for a
coating process, a 8 wt % solution of Copolymer in THF was
spin coated on one surface of a substrate formed from a Mg
alloy, and then the substrate was heated at 60° C. for 1 h.
Thereby, a polymer coated substrate was produced.

[0263] In the conceptual diagram of the adhesion part of a
coating film, the oxygen atoms of catechol groups of the
polymer adhere to the substrate by being coordinate bonded
to Mg atoms that constitute the substrate. It is illustrated that
hydrophobic side chains of the polymer can stand close
together and prevent the approach of water molecules and
the like to the substrate surface.

[0264] FIGS. 16(a) and 16(b) show schematic diagrams of
the specimen of Example 1, in which FIG. 16(a) is a plan

diagram of FIG. 16(a) cut at line E-E'.

[0265] The specimen of Example 1 was produced such
that the bottom face and the side face of the Mg disc were
completely covered by the resin, while the exposed surface
was covered by a coating film, and the coating film was
formed so as to also cover a portion of the resin, so that there
was no exposed surface of the Mg disc. The film thickness
of the coating film was 500 nm. Furthermore, it was con-
firmed by SEM observation that the coating film was a
smooth film in which pores having a pore size of 50 nm or
more were not formed.

Production of Specimens of Examples 2 to 13

[0266] Specimens of Examples 2 to 13 were produced in
the same manner as in the case of the specimen of Example
1, except that the samples of Examples 2 to 13 were used.

Production of Specimen of Comparative Example 1

[0267] A disc specimen was used as a specimen of Com-
parative Example 1. This was a specimen intended for
analyzing the conditions in which a coating film was not
formed.

Production of Specimen of Comparative Example 2

[0268] A specimen of Comparative Example 2 was pro-
duced in the same manner as in the case of the specimen of
Example 1, except that PMMA (polymethyl methacrylate
resin) was used.

[0269] A film was formed using a 8 wt % PMMA solution.
[0270] (Evaluation of Rust Characteristics)
[0271] FIG. 17 is a graph illustrating the relations between

the hydrogen generation amount of the hydrogen generated
when various specimens were immersed in an acidic aque-
ous buffer solution (pH 5), and the immersion time.

[0272] In a case in which no coating film was provided
(specimen of Comparative Example 1), hydrogen was gen-
erated at a rate of 110 mI./ecm? for approximately 20 hours,
and the substrate surface was almost rusted.

[0273] On the other hand, in a case in which the specimen
was coated with a PMMA film (specimen of Comparative
Example 2), an antirust effect was observed; however,
hydrogen was generated at a rate of 55 mL/cm? for about 40
hours.

[0274] The specimen of Example 2, the specimen of
Example 3, the specimen of Example 5, and the specimen of
Example 6 exhibited antirust effects that were enhanced to
a large extent compared to the specimens of Comparative
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Examples 1 and 2. Particularly, in the specimen of Example
5, hydrogen was generated only at a rate of 5 mL/cm? for
about 95 hours, and a remarkable antirust effect was
observed.

[0275] FIGS. 18(a) to 18(c) show SEM photographs of the
surface in the case without a coating film, corresponding to
the cases of (a) immediately after polishing, (b) after immer-
sion for 10 hours in an acidic (pH 5) buffer, and (c) after
immersion for one day in a 3.5 wt % aqueous solution of
NaCl.

[0276] Rust was observed at the surface not only in the
case of being immersed in an acidic solvent, but also in the
case of being immersed in an alkaline solvent.

[0277] FIGS. 19(a) to 19(¢) show SEM photographs of a
substrate surface in a case in which a coating film (specimen
of Example 5) was formed, respectively corresponding to
the cases of (a) immediately after film formation, (b) after
immersion for 4 days in an acidic (pH 5) buffer, and (c) after
immersion for 4 days in a 3.5 wt % aqueous solution of
NaCl. In the case of the acidic solvent, rust was observed at
the surface; however, in the case of the alkaline solvent, rust
was hardly seen at the surface.

[0278] Furthermore, Table 2 is a table presenting the
production conditions for the specimen of Example 1 to the
specimen of Example 6, and the specimens of Comparative
Examples 1 and 2, and the results of an evaluation for rust
prevention.
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[0283] Next, a disc specimen was immersed in the disper-
sion liquid that was heated to 60° C. for 6 hours, and then
the disc specimen was pulled out, washed, and dried.
Thereby, a specimen of Example 7 (dip) having the surface
coated in Example 7 was produced.

[0284] FIG. 20 is an explanatory diagram for this dip-
coating method.

Surface Evaluation of Specimen of Example 7
(Dip)

[0285] First, the surface was observed by SEM. FIGS.
21(a) and 21(b) show SEM image photographs of the
surface of the specimen of Example 7 (dip), respectively
corresponding to the cases of (a) before surface coating and
(b) after surface coating.

[0286] Next, the surface was subjected to an XPS analysis.
FIG. 22 is the XPS spectrum of the surface of the specimen
of Example 7 (dip). Polymer deposited AZ31 (b) represents
the XPS spectrum of the surface of the specimen of Example
7 (dip), and Bare AZ31 (a) represents the XPS spectrum of
the specimen of Comparative Example 1 measured for a
comparison.

[0287] From these results of surface evaluations, it could
be confirmed that despite having a thin film thickness, the
polymer of the sample of Example 7 strongly adhered to the
metal surface as a result of an interaction between catechol

TABLE 2
Hydrogen generation amount
when immersed in acidic solution
Coating film (mL/cm?)

Material Film Immersion Immersion Immersion

Material ~ Coating thickness for 20 for 38 for 60

name method (nm) hours hours hours
Specimen of Example 1 Spincoating 500 — — —
Example 1
Specimen of Example 2 Spincoating 500 1 1 15
Example 2
Specimen of Example 3 Spincoating 500 1 5 20
Example 3
Specimen of Example 4 Spincoating 500 — — —
Example 4
Specimen of Example 5 Spincoating 500 1 1 1
Example 5
Specimen of Example 6 Spincoating 500 1 3 9
Example 6
Specimen of — — — 110 — —
Comparative
Example 1
Specimen of PMMA Spincoating 500 20 45 —

Comparative
Example 2

Production of Specimen of Example 7 (Dip)

[0279] (Production of Disc Specimen)

[0280] Next, a Mg alloy rod (commercially available
product, Mg—Al 3%-Zn 1% alloy, Mg alloy (AZ31), diam-
eter 1.5 cm) was cut, and a Mg alloy disc was produced. The
thickness was set to 4 mm.

[0281] Next, the surface was wiped with SiC paper and
was subjected to a cleaning treatment with EtOH, H,O, and
acetone in this order. Thus, a disc specimen was produced.
[0282] Next, the sample of Example 7 was dispersed in
DMF at a proportion of 2 mg/ml,, and a dispersion liquid
was prepared.

and Mg>* at the surface of a Mg alloy oxide film. This
suggests that since there appears a Nls peak originating
from the nitrogen contained in an amide bond (NHCO) that
is contained in the sample specimen, the sample specimen
was adhered to the surface of the Mg alloy oxide film.

Production of Specimen of Example 7 (Spin)

[0288]
[0289] After a disc specimen was produced, a film was
formed thereon according to a spin coating method, and this
was subjected to a heating and drying treatment at 60° C.

(Production of Disc Specimen)
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Thus, a specimen of Example 7 (spin) was produced. The
conditions for the film-forming process were (for 15 seconds
at 1000 rpm, and subsequently for 30 seconds at 2500 rpm).
[0290] The polymer film of the sample of Example 7 of the
specimen of Example 7 (spin) was transparent and was
stable even in air.

[0291] Meanwhile, in order to clarify the relations
between concentration and film thickness, dispersion liquids
having different concentrations of the sample of Example 7
were produced, the dispersion liquids were spin coated
under the same conditions, and the film thicknesses were
measured using a surface profiler (DEKTAK). It was found
that the film thickness was dependent on the concentration
of the sample of Example 7 in a dispersion liquid.

[0292] FIG. 23 is a graph illustrating the relations between
the sample concentration in a dispersion liquid and the film
thickness.

Production of Specimen of Example 11 (Spin)

[0293] A specimen of Example 11 (spin) was produced in
the same manner as in the case of the specimen of Example
7 (spin), except that the sample of Example 11 was used.

Production of Specimen of Example 12 (Spin)

[0294] A specimen of Example 12 (spin) was produced in
the same manner as in the case of the specimen of Example
7 (spin), except that the sample of Example 12 was used.
[0295] Table 3 presents the production conditions for the
various specimens.

TABLE 3

Material name  abbreviation Coating method

Specimen
of Example
7 (dip)
Specimen
of Example
7 (spin)
Specimen
of Example
11 (spin)
Specimen
of Example
12 (spin)

Example 7 Doma-C(1:7)24 h  Dipcoating

Example 7 Doma-C(1:7)24 h  Spincoating

Example 11 Doma-Cg(1:10)24 h  Spincoating

Example 12 Doma-C5(1:6)24 h  Spincoating

[0296] (Evaluation of Rust Characteristics Based on
Immersion in Acidic Aqueous Solution (pH 5))

[0297] (H, Generation Amount)

[0298] Next, the specimens of Example 7 (spin), 11 (spin)
and 12 (spin) and Comparative Examples 1 and 2 were
respectively immersed for a long time in an acidic aqueous
solution (pH 5), and measurement of the H, generation
amounts was carried out.

[0299] FIG. 24 is an explanatory diagram for the mea-
surement of the H, generation amount.

[0300] FIG. 25 is a graph illustrating the relations between
the immersion time for a specimen that has been immersed
in an acidic aqueous solution (pH 5), and the H, generation
amount, and this graph illustrates dependency of the mate-
rial.

[0301] The specimens of Example 7(spin), 11 (spin) and
12 (spin) had smaller H, generation amounts compared to
the specimens of Comparative Examples 1 and 2, and the
metal surface protecting effect was clearly enhanced.
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[0302] (Partial SEM Image and Digital Photograph of
Whole)
[0303] FIGS. 26(a) and 26(5) show SEM images of por-

tions of the specimen (Uncoated) of Comparative Example
1, respectively corresponding to the cases of (a) before
immersion in an acidic aqueous solution (pH 5), and (b) after
immersion for 12 hours. Inserted diagrams are digital pho-
tographs of the whole specimen. In the specimen of Com-
parative Example 1, fine cracks were generated over the
entire surface as a result of immersion in an acidic aqueous
solution (pH 5) for 12 hours.

[0304] FIGS. 27(a) and 27(b) show SEM images of por-
tions of the specimen (PMMA-coated) of Comparative
Example 2, respectively corresponding to the cases of (a)
before immersion in an acidic aqueous solution (pH 5), and
(b) after immersion for 12 hours. Inserted diagrams are
digital photographs of the whole specimen. In the specimen
of Comparative Example 2, large cracks were generated
over the entire surface as a result of immersion in an acidic
aqueous solution (pH 5) for 3 days.

[0305] FIGS. 28(a) and 28(5) show SEM images of por-
tions of the specimen (DOMA-MMA coated) of Example 7
(spin), respectively corresponding to the cases of (a) before
immersion in an acidic aqueous solution (pH 5), and (b) after
immersion for 12 hours. Inserted diagrams are digital pho-
tographs of the whole specimen. In the specimen of Example
7 (spin), even after the specimen had been immersed in an
acidic aqueous solution (pH 5) for 15 days, no change was
observed at the surface.

[0306] (Digital Photograph of Whole Specimen in Cross-
Cut Test)
[0307] Next, cross-cuts were inserted respectively into the

specimen of Example 7 (spin) and the specimen of Com-
parative Example 2, the specimens were immersed in an
acidic aqueous solution (pH 5) for a long time period, and
the H, generation amounts were measured.

[0308] FIG. 29 is a graph illustrating the relations between
the immersion times and the H, generation amounts of the
specimen (DOMA-MMA) of Example 7 (spin) and the
specimen (PMMA) of Comparative Example 2.

[0309] Compared to the specimen (PMMA) of Compara-
tive Example 2, the H, generation amount of the specimen
(DOMA-MMA) of Example 7 (spin) was lowered.

[0310] FIGS. 30(a) and 30(b) show digital photographs of
the whole specimen (PMMA) of Comparative Example 2,
respectively corresponding to the cases of (a) before immer-
sion in an acidic aqueous solution (pH 5), and (b) after
immersion for 10 hours. In the specimen of Comparative
Example 2, the entire surface was discolored after being
immersed in an acidic aqueous solution (pH 5) for 10 hours.
[0311] FIGS. 31(a) and 31(5) show digital photographs of
the whole specimen (DOMA-MMA) of Example 7 (spin),
respectively corresponding to the cases of (a) before immer-
sion in an acidic aqueous solution (pH 5), and (b) after
immersion for 24 hours. In the specimen of Example 7
(spin), even after the specimen had been immersed in an
acidic aqueous solution (pH 5) for 24 hours, there were
hardly any changes seen at the surface.

[0312] (Evaluation of Rust Characteristics Based on
Immersion in Acidic Aqueous Solution (pH 5))

[0313] (Partial SEM Image and Digital Photograph of
Whole)
[0314] FIG. 32 is a SEM image of a portion of the

specimen (Uncoated) of Comparative Example 1, which was
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obtained after immersion in a 3.5 wt % NaCl solution for 3
days. The inserted diagram is a digital photograph of the
whole specimen. In the specimen of Comparative Example
1, fine cracks were generated over the entire surface as a
result of immersion in a 3.5 wt % NaCl solution for 3 days.

[0315] FIG. 33 is a SEM image of a portion of the
specimen (PMMA) of Comparative Example 2, which was
obtained after immersion in a 3.5 wt % NaCl solution for 3
days. The inserted diagram is a digital photograph of the
whole specimen. Fine cracks were generated over the entire
surface.

[0316] FIG. 34 is a SEM image of a portion of the
specimen (DOMA-MMA) of Example 7 (spin), which was
obtained after immersion in a 3.5 wt % NaCl solution for 3
days. The inserted diagram is a digital photograph of the
whole specimen. There were hardly any changes seen at the
surface.

[0317] (Digital Photograph of Whole Specimen in Cross-
Cut Test)
[0318] Next, cross-cuts were inserted respectively into the

specimen of Example 7 (spin) and the specimen of Com-
parative Example 2, and the specimens were immersed in a
3.5 wt % NaCl solution for 2 days.

[0319] FIGS. 35(a) and 35(b) show digital photographs of
the whole specimen (PMMA) of Comparative Example 2,
respectively corresponding to the cases of (a) before immer-
sion in a 3.5 wt % NaCl solution, and (b) after immersion for
2 days. In the specimen of Comparative Example 2, even
after the specimen had been immersed in a 3.5 wt % NaCl
solution for 2 days, there were hardly any changes seen at
the surface.

[0320] FIGS. 36(a) and 36(b) show digital photographs of
the whole specimen (DOMA-MMA) of Example 7 (spin),
respectively corresponding to the cases of (a) before immer-
sion in a 3.5 wt % NaCl solution, and (b) after immersion for
2 days. In the specimen of Example 7 (spin), even after the
specimen had been immersed in a 3.5 wt % NaCl solution
for 2 days, there were hardly any changes at the surface.

[0321] (Electrochemical Corrosion Test)

[0322] Next, an electrochemical corrosion test was carried
out.

[0323] First, a specimen electrode unit was produced by

insulating surfaces other than the measurement surface.
[0324] FIG. 37 is an explanatory diagram for an electro-
chemical corrosion test.

[0325] As illustrated in FIG. 37, a specimen electrode unit
is immersed in a liquid electrolyte (3.5 wt % NaCl solution)
contained in a vessel, together with a reference electrode
(R.E.) and a counter electrode (C.E.). The respective elec-
trodes are connected to a potentio-galvanostat (not shown in
the diagram) through wiring.

[0326] As illustrated in the explanatory diagram, after the
specimen electrode unit was attached, the system was left to
stand for 10 minutes, and the corrosion current was mea-
sured from the spontaneous potential by linear sweep vol-
tammetry (L..S.V.) at a scan rate of 1 mV/sec.

[0327] FIG. 38 is a graph illustrating the results of an
electrochemical corrosion test for the specimen (Uncoated)
of Comparative Example 1, the specimen (DOMA-MMA)
of Example 7 (spin), the specimen (DOMA-HMA) of
Example 11 (spin), and the specimen (DOMA-DMA) of
Example 12 (spin), the graph showing the V-1 (cathodic
current) characteristics in a 3.5 wt % NaCl solution.
[0328] In regard to the specimen (Uncoated) of Compara-
tive Example 1, it was considered that H,O was electrolyzed
at the metal surface, electrons were taken into the electrode,
and a large current flowed. On the other hand, in regard to
the coated specimen, it was speculated that no significant
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current flowed through the specimen, and the electrolysis
reaction of H,O was suppressed.

[0329] FIG. 39 is a graph illustrating the results of an
electrochemical corrosion test for the specimen (Uncoated)
of Comparative Example 1, the specimen (DOMA-MMA)
of Example 7 (spin), the specimen (DOMA-HMA) of
Example 11 (spin), and the specimen (DOMA-DMA) of
Example 12 (spin), the graph showing the V-1 (anodic
current) characteristics in a 3.5 wt % NaCl solution.
[0330] In regard to the specimen (Uncoated) of Compara-
tive Example 1, it was considered that Mg began to dissolve
at the metal surface and supplied electrons, and thus a large
current flowed. On the other hand, in regard to the coated
specimen, it was speculated that no significant current
flowed through the specimen, and the dissolution reaction of
Mg was suppressed.

[0331] (Production of Specimen, Evaluation of Rust Char-
acteristics, and Evaluation of Dependency on Metal Mate-
rial)

[0332] (Production of Disc Specimen)

[0333] First, a Mg alloy rod (commercially available prod-
uct, Mg—Al 3%-7Zn 1% alloy, Mg alloy (AZ31), diameter
1.5 cm) was cut, and a Mg alloy disc was produced.
[0334] Similarly to this, a pure Cu rod (commercially
available product, Cu-(99.9)%, diameter 1.5 cm) was cut,
and a pure Cu disc was produced.

[0335] Furthermore, a pure Al rod (commercially avail-
able product, Al-(99)%, diameter 1.5 cm) was cut, and a pure
Al disc was produced. Furthermore, a pure Fe rod (com-
mercially available product, Fe-(99.9)%, diameter 1.5 cm)
was cut, and a pure Fe disc was produced. The thicknesses
of the various discs were set to 4 mm.

[0336] Next, the Mg alloy disc was disposed to be super-
posed on a resin cut into a disc form, subsequently the Mg
alloy disc was pressed in so as to be completely embedded
in the thickness direction, and then the surface was polished.
Thus, a disc specimen having a metal exposed surface (Mg
alloy) was produced.

[0337] Similarly to this, the Cu alloy disc was disposed to
be superposed on a resin cut into a disc form, subsequently
the Cu alloy disc was pressed in so as to be completely
embedded in the thickness direction, and then the surface
was polished. Thus, a disc specimen (Cu) was produced.
[0338] Furthermore, the Al alloy disc was disposed to be
superposed on a resin cut into a disc form, subsequently the
Al alloy disc was pressed in so as to be completely embed-
ded in the thickness direction, and then the surface was
polished. Thus, a disc specimen (Al) was produced.
[0339] Furthermore, the Fe alloy disc was disposed to be
superposed on a resin cut into a disc form, subsequently the
Fe alloy disc was pressed in so as to be completely embed-
ded in the thickness direction, and then the surface was
polished. Thus, a disc specimen (Fe) was produced.

Production of specimens (Mg, Cu, Al, Fe) of
Example 7

[0340] Similarly to (Production of specimen of Example 7
(spin)), a disc specimen (Mg alloy) was produced, and then
a film was formed according to a spin coating method (for
15 seconds at 1000 rpm, and subsequently for 30 seconds at
2500 rpm). This was subjected to a heating and drying
treatment at 60° C., and thereby a specimen (Mg alloy) of
Example 7 was produced. This is a sample produced in order
to investigate the dependency on metal material, and is an
object identical to the specimen of Example 7 (spin).

[0341] A specimen (Cu) of Example 7 was produced in the
same manner as in (Production of specimen of Example 7
(spin)), except that the disc specimen (Cu) was used.
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[0342] A specimen (Al) of Example 7 was produced in the
same manner as in (Production of specimen of Example 7
(spin)), except that the disc specimen (Al) was used.
[0343] A specimen (Fe) of Example 7 was produced in the
same manner as in (Production of specimen of Example 7
(spin)), except that the disc specimen (Fe) was used.
[0344] Next, the eight kinds of specimens described above
were immersed in a 3.5 wt % NaCl solution for 1 to 7 days,
and thereby a corrosion test was performed.

[0345] FIG. 40 shows photographs of various alloy or
metal disc specimens provided in the state of being uncoated
and in the state of being polymer-coated, which were
obtained before and after a corrosion test.

[0346] The photographs of Uncoated-Before in FIG. 40
are photographs obtained immediately after the production
of various alloy or metal disc specimens, and before a
corrosion test. The photographs of Polymer coated-Before
are photographs obtained immediately after the production
of specimens of various alloys or metals coated with poly-
mer films, and before a corrosion test.

[0347] The photographs of Uncoated-After in FIG. 40 are
optical photographs obtained after a corrosion test of various
alloy or metal disc specimens. The photographs of Polymer
coated-After are optical photographs obtained after a cor-
rosion test of specimens of various alloys or metals coated
with polymer films.

[0348] In all of the specimens of Uncoated, the exposed
surfaces of various alloys or metals were corroded. On the
other hand, in all of the specimens of Polymer coated, the
surfaces did not corrode.

[0349] (Electrochemical Corrosion Test)

[0350] Next, an electrochemical corrosion test was per-
formed by the method illustrated in the explanatory diagram
for an electrochemical corrosion test described above (FIG.
37).

[0351] First, four samples of Uncoated, doma-mma coated
specimen of Example 7, doma-hma coated specimen of
Example 11, and doma-dma coated specimen of Example 12
were prepared using disc specimens (Al).

[0352] Next, specimen electrode units were produced by
insulating surfaces other than the measurement surface in
each sample.

[0353] Each ofthe specimen electrode units was immersed
in a liquid electrolyte (3.5 wt % NaCl solution) contained in
a vessel, together with a reference electrode (R.E.) and a
counter electrode (C.E.). The respective electrodes were
connected to a potentio-galvanostat (not shown in the dia-
gram) through wiring.

[0354] As disclosed in the explanatory diagram, after the
specimen electrode unit was attached, the system was left to
stand for 10 minutes, and the corrosion current was mea-
sured from the spontaneous potential by linear sweep vol-
tammetry (L..S.V.) at a scan rate of 1 mV/sec.

[0355] FIG. 41 is a graph presenting the results of an
electrochemical corrosion test for the samples of Uncoated,
doma-mma coated specimen of Example 7, doma-hma
coated specimen of Example 11, and doma-dma coated
specimen of Example 12, the graph showing the V-1 (ca-
thodic current) characteristics in a 3.5 wt % NaCl solution
(dotted line in FIG. 41).

[0356] Meanwhile, for a comparison between metals, the
results obtained in the case of using a Mg alloy as shown in
FIG. 38 are also presented together (solid line in FIG. 41).
[0357] Similarly to the case of using a Mg alloy, also in the
case of using Al, H,O was electrolyzed at the metal surface
in the Uncoated sample, electrons were taken in the elec-
trode, and a large current flowed. On the other hand, in the
coated specimen, no significant current flowed through the
specimen, and the electrolysis reaction of H,O was sup-
pressed.
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[0358] The results obtained as described above were sum-
marized.
[0359] Table 4 is a table presenting the differences in the

characteristics depending on the alloy or metal.

[0360] Here, the term E_,, represents (corrosion poten-
tial), and the term i_,, represents (corrosion current).
TABLE 4
Metal Condition EeorV) Lo (uA/cm?)
Uncoated -1.56 50.2
Doma-mma -1.56 113 x 1072
Mg alloy Doma-hma -1.60 17.1 x 1072
Doma-dma -1.53 39.1 x 107
Uncoated -0.72 4.62
Doma-mma -0.79 221 x 107
Al Doma-hma -0.80 1.59 x 107
Doma-dma -0.86 2.57 x 107
Example 14
[0361] (Material Preparation and Evaluation of Character-
istics)
[0362] A sample of Example 14 was produced in the same

manner as in the case of the sample of Example 5, except
that the time of the free radical polymerization reaction
represented by chemical reaction scheme (10) was set to 24
hours.

[0363] FIG. 42 shows the results of a 1H NMR analysis
for the sample of Example 14.

[0364] The ratio m:n of the sample of Example 14 was 1:6.
Furthermore, the yield of the polymerization reaction was
61%.

[0365] Furthermore, a dispersion liquid of the sample of
Example 14 was spin coated on a quartz substrate in the
same manner as in the production example of the specimen
of Example 1 described above, and the UV-V spectrum was
obtained. FIG. 43 shows the analytic spectrum of this case.
No peak was observed in the wavelength range of 400 nm
to 700 nm, and it was confirmed that the coating film was
transparent.

[0366] (Scotch Tape Test)

[0367] A glass substrate and a Mg substrate were respec-
tively subjected to a coating treatment as described above,
using the sample of Example 14.

[0368] Furthermore, for a comparison, a specimen pro-
vided only a coating of PMMA only was also prepared. FI1G.
44 presents the results of a Scotch tape test for a specimen
produced by adding a trace amount of Rhodamine B dye to
the sample of Example 14 and then performing coating.
Characters “NIMS” and “N” represent the same meanings as
previously described. According to the test results, it was
confirmed that after 20 times of the Scotch tape test,
immersion in distilled water for 24 hours, and further 20
times of the Scotch tape test, detachment of the coating film
did not occur.

[0369] On the other hand, in the case of the PMMA
coating of Comparative Examples, as shown in FIG. 45, it
can be seen that detachment occurred only after 2 times of
the Scotch tape test.

[0370] Furthermore, FIG. 46 presents the results of a
Scotch tape test obtained in a case in which the sample of
Example 14 was used to provide coating on different sub-
strates (Fe, Cu, and Al). It was found that in all cases,
detachment of the coating film did not occur even after 20
times of the Scotch tape test.
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[0371] (Contact Angle Test) TABLE 6
[0372] The static water contact angles were measured in a
case in which coating films were formed using the sample of poly(DOMA-co-AMA)
Example 14 on glass substrates, the coated substrates were ]
immersed in aqueous solutions at different pH’s, and then M,, [g/mol], ] DOMA unit  Tg
the substrates were washed with distilled water and dried Name (FDD ab W% ¢S
under N, gas float. Poly 1A (x = 1) 20,000 (1.97) 17 24 127
[0373] The pH conditions were adjusted using 1 M HCl Poly 1B (x = 1) 34,000 (2.23) 1:14 14 125
for pH 1 and pH 3; using Tris buffer for pH 9; and using 1 Poly 1C (x = 1) 44,000 (2.40) 1:33 6 115
M NaOH for pH 11. Poly 1D (x = 1) 111,000 (2.70) 1:100 2 115
[0374] The relations between the contact angle and the ggg g Ei z ?2) 421431:888 82;; }fz }g E)

immersion time are shown in FIG. 47. It was confirmed that
there was no significant change in the water contact angle of
the coating film as a result of immersion at different pH’s.

Example 15

[0375] (Material Preparation and Evaluation of Physical
Properties)

[0376] The results obtained by setting the time for the free
radical polymerization reactions represented by chemical
reaction schemes (9), (10), and (11) to 24 hours, and setting
the amount of use of AIBN to 1 mol %, are presented in
Table 5. Polymerization reactions were carried out. CH;
[0377] Six kinds of polymers were obtained as the sample

of Example 15. Meanwhile, the term poly2 in Table 5

represents the sample of Example 14.

[0378] For these samples, Table 6 presents the average

molecular weight, mass percent (%) of DOMA unit, and Tg OH

°C).

OH
TABLE 5

[0379] FIGS. 48(a) and 48(b) present the respective (a)
TGA curves and (b) DSC thermograms (second heating
cycle) of these samples. FIGS. 49(a) to 49(c) present (a) a
Poly 1A 1:5 17 71 comparison of the FT-IR spectra; (b) the relations between
Poly 1B 110 L4 b4 the polymer concentration measured by a surface profiler.
Poly 1C 1:30 1:33 89 polym ] y p )
Poly 1D 1:90 1:100 81 and the thickness of the coating film; and the (c) static water

Poly 2 122 1:6 61 contact angles.
Poly 3 1:3 1:12 62

X1y
Polymer (feed ratio)* mm® (%)

Example 16

“Initial molar ratio,
bcalculated from 'H NMR

(1) Synthesis of P(DOMA-DMAEMA)

[0380] N-(3,4-dihydroxyphenethyl) methacrylamide

(DOMA) and 2-(dimethylamino)ethyl methacrylate

(DMAEMA) were synthesized by free radical polymeriza-

0 tion using azoisobutyronitrile (AIBN). A 100-ml two-necked
Me flask was charged with a DOMA monomer (444 mg, 2 mM)

A and AIBN (3 mol %), and the flask was purged three times

Me with argon gas for 30 minutes. 15 ml of dehydrated dim-

o ethylformamide (DMF) was added to the flask, and the
NIT mixture was stirred with a stirrer bar. This mixed solution

was purged with argon gas for 30 minutes, and then
DMAEMA (1.57 g, 10 mM) was added thereto using a
syringe. Argon purging was performed for another 10 min-
utes, and then the flask was placed in an oil bath at 75° C.
The mixture therein was stirred for 18 hours. Subsequently,
the reaction solution was cooled to room temperature, and
DMF was removed under reduced pressure. A product thus
obtained was dissolved in methanol and was subjected to
reprecipitation with petroleum ether. A precipitate thus
R: CH; (1A-D) obtained was stirred for 2 to 3 hours in the state as received,
CHi3 (2) and the supernatant was removed by decantation. In order to
CpHas(3) further remove monomer components, the process of repre-
cipitation was repeated three times. The final product was

obtained in the form of a polymer as a white powder.

O s

OH OH
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Furthermore, the polymer was dissolved in methanol, and
the solution was dialyzed using a dialysis membrane having
a cut-off molecular weight of 2,000 Da. Subsequently, the
polymer thus obtained was dried (yield 1.86 g).

[0381] (2) Synthesis of P(DOMA-PEGMA)

[0382] Dopamine methacrylamide (DOMA) and poly(eth-
ylene glycol) monomethyl ether methacrylate (PEGMA)
were synthesized by free radical polymerization using
AIBN. A 100-m] two-necked flask was charged with DOMA
monomer (444 mg, 2 mM) and AIBN (3 mol %), and the
mixture was purged three times with argon for 30 minutes.
Subsequently, 15 ml of dehydrated dimethylformamide
(DMF) was added to the reaction vessel. The reaction
solution was purged with argon gas for 30 minutes, and
PEGMA (3 g, 6.32 mM) was added thereto using a syringe.
Subsequently, argon purging was continued for 15 minutes,
the mixture was allowed to react for 18 hours in an oil bath
at 75° C., and then the reaction mixed liquid was cooled to
room temperature. The reaction solution thus obtained was
concentrated and was reprecipitated by adding the reaction
solution into diethyl ether. The precipitate was stirred for 2
to 3 hours, the supernatant was removed by decantation, and
then reprecipitation was performed again with diethyl ether.
A product thus obtained was obtained as a viscous gel (yield
3.88 g).

REFERENCE SIGNS LIST

[0383] 11 Nano-Coating Film
[0384] 12 Substrate

1. A nano-coating material, capable of being bonded to the
surface of a metal or an alloy substrate,

the nano-coating material comprising a compound hav-
ing, in a polymer main chain,

(A) a first side chain or a terminal, each having a binding
group containing a benzene ring having at least one pair
of adjacent hydroxyl groups; and

(B) a functional second side chain.

2. The nano-coating material according to claim 1,
wherein the second side chain is hydrophobic.

3. The nano-coating material according to claim 1,
wherein the second side chain is hydrophilic.

4. The nano-coating material according to claim 1,
wherein the polymer main chain is a polymer chain com-
prising carbon (C) single bonds.

5. The nano-coating material according to claim 1,
wherein the polymer main chain is formed from a copolymer
of acrylamide and an acrylate.

6. The nano-coating material according to claim 1,
wherein the binding group of the first side chain includes a
catechol group.

7. The nano-coating material according to claim 1,
wherein the second side chain has an alkyl group having a
number of carbon atoms (C) of from 1 to 12.

8. The nano-coating material according to claim 1,
wherein the second side chain has a functional group con-
taining a benzene ring.
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9. A method for producing a nano-coating material
capable of being bonded to the surface of a metal or an alloy,
the method comprising:

a polymerization step for polymerizing a first monomer
having a binding group containing a benzene ring
having at least one pair of adjacent hydroxyl groups,
and a second monomer having a hydrophobic group or
a hydrophilic group.

10. The method for producing a nano-coating material
according to claim 9, wherein the first monomer has an
acrylamide group.

11. The method for producing a nano-coating material
according to claim 9, wherein the second monomer has a
methacrylate group.

12. The method for producing a nano-coating material
according to claim 10, wherein the acrylamide group has a
hydroxyl group or an alkyl group having a number of carbon
atoms (C) of from 1 to 12.

13. The method for producing a nano-coating material
according to claim 11, wherein the methacrylate group has
a hydroxyl group or an alkyl group having a number of
carbon atoms (C) of from 1 to 12.

14. The method for producing a nano-coating material
according to claim 9, wherein the hydrophobic group
includes an alkyl group having a number of carbon atoms
(C) of from 1 to 12, or a benzene ring.

15. The method for producing a nano-coating material
according to claim 9, wherein in the polymerization step, the
first monomer and the second monomer are polymerized by
a heated reaction using MEW as a polymerization initiator.

16. A coating agent for a substrate formed from a metal or
an alloy, the coating agent comprising the nano-coating
material according to claim 1.

17. A functional material, comprising the nano-coating
material according to claim 1 bonded to the surface of a
substrate formed from a metal or an alloy.

18. The functional material according to claim 17,
wherein a nano-coating film is formed on the surface of the
substrate through bonding of the nano-coating material, and
the film thickness of the nano-coating film is 100 nm or more
and less than 1 pm.

19. The functional material according to claim 17,
wherein the substrate is a lithium ion battery electrode.

20. A method for producing a functional material, the
method comprising:

a step of dispersing the nano-coating material according
to claim 1 in an organic solvent, and preparing a
nano-coating material dispersion liquid; and

a step of applying the nano-coating material dispersion
liquid on a substrate surface by a wet coating method,
subsequently drying the dispersion liquid, and thereby
bonding the nano-coating material to the substrate
surface.



