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A novel material is provided herein which is suitable for use
in a precursor of a polymer coating material that coats a
polymer on a surface of a base material to provide the base
material with surface modification and/or functionality
assignment. A composite material characterized in that a
compound having a polymerization initiation site containing
a halogen group is incorporated in a crosslinked structure
comprising a catechol derivative or a phenol derivative
represented by the following formula (I). In the formula (1),
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R may be interrupted by an oxygen molecule and represents
a hydrocarbon group with 2 to 20 carbons that has at least
one double bond site, and A represents a hydrogen atom, a
hydroxyl group, or an alkoxy group with 1 to 20 carbons.
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FIG.1C
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FIG.4A(1) Before Polymer Growth (AFM image)

FIG.4A(2) Before Polymer Growth (AFM image )
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FIG. 4B(1) After Polymer Growth (AFM image)
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FIG. 5A(1) Surface Roughness Measurement by AFM
(Topography Range: 2.977nm )
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FIG. 6A(1) Surface Roughness Measurement by AFM
(Before Immersion )
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FIG. 7 (A) Surface Observation by SEM
(Before Immersion)
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COMPOSITE MATERIAL, AND POLYMER
COATING MATERIAL PRECURSOR
PRODUCED USING SAME

RELATED APPLICATIONS

This patent application is a continuation of, and claims the
benefit of, PCT International Application No. PCT/JP2014/
062515, filed on May 9, 2014, entitled, “Novel Composite
Material, and Polymer Coating Material Precursor Produced
Using Same,” which claims priority to Japanese Patent
Application No. 2013-101214, filed on May 13, 2013 and
which claims priority to Japanese Patent Application No.
2013-175035, filed on Aug. 26, 2013 the contents and
teachings of each of which are hereby incorporated by
reference in their entirety.

FIELD

The present invention relates to the technology for coating
polymers on base materials to provide the base materials
with surface modifications and assignment of functionalities
such as, for example, wettability, abrasion resistance, anti-
fouling property, and biocompatibility, and in particular it
relates to novel composite materials used for precursors of
such polymer coating materials and polymer coating mate-
rial precursors using the same.

BACKGROUND

In recent years, as means for providing various materials
(base materials) with surface modifications and functionality
assignments, a surface graft polymerization method that
graft-polymerizes a polymer on a surface of a base material
has attracted attention. The method comprises two steps of
(1) immobilizing a polymerization initiation group on the
surface of the base material physically or chemically, and (2)
performing a polymerization reaction beginning at the
polymerization initiating group to produce a so-called poly-
mer brush on the surface of the base material (for example,
Patent Literature 1 and Patent Literature 2). The present
invention relates to the technology corresponding to the step
(1). Conventionally, in order to immobilize the polymeriza-
tion initiating group on the surface of the base material,
specific compounds having the polymerization initiating
group have been applied to or adsorbed on the surface of the
base material depending on the type of the base material.

For example, a silane coupling compound and a metal
alkoxide have been used for base materials composed of
glass or silicon (for example, Non-Patent Literature 1,
Non-Patent Literature 2, Patent Literature 3, and Patent
Literature 4), a thiol compound for gold-based materials (for
example, Non-Patent Literature 3, Patent Literature 4, and
Patent Literature 5), and an alkyl phosphoric acid for iron-
based or aluminum-based material (Non-patent Literature
4). As seen from the above, it was necessary to select an
appropriate compound depending on the material of the base
material. For example, it was a fact that a compound, which
was effective for base materials such as metal and glass,
could not be applicable to a plastic or the like. Other than
those above, a polymerization initiating group may be
produced by sending radiation or ultraviolet rays to the
surface of the base material (for example, Patent Literature
6). Although this method is also applicable to plastic, it has
a problem that a portion of the surface of the base material
is decomposed and a stable structure cannot be obtained.
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Research group of the present inventors worked out
earlier a surface-modified base material (polymer coating
material precursor) prepared by forming a polydopamine
film on a surface of a base material and immobilizing a
polymerization initiator on the polydopamine film (Patent
Literature 7). This technology is aimed at surface-modified
base materials which can coat the surface of the base
material with a polymer regardless of the material of the
base material. It also undergo a two-step reaction of prepar-
ing the polydopamine film over time by oxidative polym-
erization of a dopamine solution at room temperature and
then further immobilizing the initiator. Thus, it has a disad-
vantage of requiring long preparation time and being cum-
bersome. The technology described in Patent Literature 7
made an attempt to confirm applicability to base materials
which are composed of silicon, metals such as aluminum
and stainless steel, and plastic such as PTFE, but has not
confirmed applicability to other plastics, for example, ther-
mosetting resin such as phenol resin known for difficult
modification.

CITATION LIST
Non-Patent Literature

NPL 1: B. Zhao and W. J. Brittain, J. Am. Chem. Soc., 1999,
121, 3557-3558

NPL 2: K. Ohno, T. Morinaga, K. Koh, Y. Tsujii and T.
Fukuda, Macromolecules, 2005, 38, 2137-2142

NPL 3: W. Huang, J.-B. Kim, M. L. Brueningc G. L. Baker,
Macromolecules, 2002, 35, 1175-1179

NPL 4: R. Matsuno, H. Otsuka and A. Takahara, Soft Matt.,
2006, 2, 415-421

PATENT LITERATURE

PTL 1: Re-publication of PCT International Publication No.
2009/136510

PTL 2: Japanese Unexamined Patent Application Publica-
tion No. 2006-177914

PTL 3: Japanese Unexamined Patent Application Publica-
tion No. 2010-57745

PTL 4: Japanese Unexamined Patent Application Publica-
tion (Translation of PCT Application) No. 2002-535450

PTL 5: Japanese Unexamined Patent Application Publica-
tion (Translation of PCT Application) No. 2007-527605

PTL 6: Japanese Unexamined Patent Application Publica-
tion (Translation of PCT Application) No. 2005-511074

PTL 7: Japanese Unexamined Patent Application Publica-
tion No. 2010-261001

SUMMARY
Problems that Invention is to Solve

An object of the present invention is to solve the problems
in the prior art described above and to provide polymer
coating material precursors that are applicable to various
base materials regardless of the material thereof in order to
provide the base materials with the surface modifications
and functionality assignments by coating polymers on the
surface of the base materials, and in particular to provide
novel materials that are suitable for use in the precursors.

Means for Solving Problems

The present inventors have found that the above objects
can be achieved by using urushiol or its related substances
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and a compound with a specific structure having a polym-
erization initiation site, and have derived the present inven-
tion therefrom.

Thus, according to the present invention, a composite
material is provided herein which is characterized in that a
compound having a polymerization initiation site containing
a halogen group is incorporated in a crosslinked structure
comprising a catechol derivative or a phenol derivative
represented by the following formula (I).

[Chemical formula 1]
@
-

|
OH

In the formula (I), R is in the 3- or 4-position, may be
interrupted by an oxygen molecule, and represents a hydro-
carbon group with 2 to 20 carbons that has at least one
double bond site, and A represents a hydrogen atom, a
hydroxyl group, or an alkoxy group with 1 to 20 carbons.

According to the present invention, a polymer coating
material precursor is further provided herein which is char-
acterized in that a cured film composed of the composite
material as defined above is bonded to the base material.

According to the present invention, a polymer coating
material is further provided herein which is characterized in
that a monomer having a vinyl group has been subject to
surface-initiated polymerization by atom transfer radical
polymerization (ATRP) in which a halogen group present in
the polymer coating material precursor as defined above is
set as a polymerization initiation point, which results in
surface modification.

According to the present invention, a method of manu-
facturing the composite material as defined above is further
provided herein which is characterized by comprising a step
of mixing the catechol derivative or the phenol derivative
represented by the above formula (I) with the compound
having the polymerization initiation site containing the
halogen group and curing the resultant mixture.

Effect of Invention

The composite material of the present invention can be
manufactured simply and in a short time in one-step reac-
tion. The cured film composed of the composite material of
the present invention can be bonded to various base mate-
rials such as plastics including phenolic resin, in addition to
silicon substrate, metal, and glass, to serve as the polymer
coating material precursor. The resulting polymer coating
material precursor adheres firmly to the base material and
furthermore is extremely stable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows the results of Young’s modulus (GPa)
obtained by the buckling method against the concentration
(mol %) of bromo-containing catechol (BiBDA), which is
an initiator, in the cured film of the present invention. FIG.
1B shows the results of tensile strength (GPa) obtained by
the bulge test against the concentration (mol %) of bromo-
containing catechol (BiBDA), which is an initiator, in the
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cured film of the present invention. FIG. 1C shows the
results of XPS measurement before and after initiation of
surface polymerization in accordance with the present
invention. FIG. 1D is an enlarged view of a portion of FIG.
1C. FIG. 1E(1) shows the results of AFM images before
immersion in trifluoroethanol (TFE) for 24 hours at 60° C.
in accordance with the present invention. FIG. 1E(2) shows
the results of AFM images after immersion in trifluoroetha-
nol (TFE) for 24 hours at 60° C. in accordance with the
present invention. FIG. 1E(3) shows the results of AFM
images after PMTAC growth in accordance with the present
invention. FIG. 1E(4) shows the relation of position and
height before immersion in trifluoroethanol (TFE) for 24
hours at 60° C. in accordance with the present invention.
FIG. 1E(5) shows the relation of position and height after
immersion in trifluoroethanol (TFE) for 24 hours at 60° C.
in accordance with the present invention. FIG. 1E(6) shows
the relation of position and height after PMTAC growth in
accordance with the present invention.

FIG. 2A shows the results of IR Spectrum measurement
of a polymeric coating material precursor thin film of the
present invention which was fabricated by spin coating,
before and after 10 minutes heating at 100° C. FIG. 2B
shows a TEM image of the cross section of a polymer
coating material (surface modifying material) after surface-
initiated polymerization in accordance with the present
invention.

FIG. 3A shows the measurement results of static water
contact angle of the cured film surface in accordance with
the present invention, in the case before surface-initiated
polymerization and in the case after surface-initiated polym-
erization in which PMTAC polymer brushes had been grown
from the cured film surface, depending on concentration of
the initiator bromo-containing catechol (BiBDA). FIG. 3B
shows an SEM image of the cured film surface after surface-
initiated polymerization in accordance with the present
invention.

FIG. 4A(1) shows an SEM image before surface-initiated
polymerization of PMTAC for the polymer coating material
precursor according to the present invention. FIG. 4A(2)
shows an SEM image before surface-initiated polymeriza-
tion of PMTAC for the polymer coating material precursor
according to the present invention. FIG. 4B(1) shows an
SEM image after surface-initiated polymerization of
PMTAC for the polymer coating material precursor accord-
ing to the present invention. FIG. 4B(2) shows an SEM
image after surface-initiated polymerization of PMTAC for
the polymer coating material precursor according to the
present invention.

FIG. 5A(1) shows the results of AFM before immersion
of the polymeric coating material precursor according to the
present invention in solvent TFE for 24 hours at 60° C. FIG.
5A(2) shows the results of AFM after immersion of the
polymeric coating material precursor according to the pres-
ent invention in solvent TFE for 24 hours at 60° C. FIG. 5B
shows the results of UV spectra before and after immersion
of the polymeric coating material precursor according to the
present invention in solvent TFE for 24 hours at 60° C. FIG.
5C shows an SEM image of the surface of the polymer
coating material precursor according to the present inven-
tion.

FIG. 6 A(1) shows the results of AFM before immersion
of the polymer coating material precursor in accordance
with the present invention in solvent TFE for 24 hours at 60°
C. FIG. 6A(2) shows the results of AFM after immersion of
the polymer coating material precursor in accordance with
the present invention in solvent TFE for 24 hours at 60° C.



US 9,732,249 B2

5

FIG. 6B shows the results of IR Spectrum measurement of
the polymer coating material precursor in accordance with
the present invention, immediately after spin coating, after
curing by heating for 10 minutes at 100° C., and after
immersion in solvent TFE. FIG. 6C shows the results of UV
spectra before and after immersion of the polymer coating
material precursor in accordance with the present invention
in solvent TFE for 24 hours at 60° C.

FIG. 7(A) shows an SEM image before immersion of the
polymer coating material precursor in accordance with the
present invention in solvent TFE. FIG. 7(B) shows an SEM
image after immersion of the polymer coating material
precursor in accordance with the present invention in solvent
TFE.

DETAILED DESCRIPTION

As is well known, urushiol contained in lacquer tree and
other many plants of the Anacardiaceae is generally a
catechol derivative having a hydrocarbon group with 15 to
17 carbons substituted. The hydrocarbon group has saturated
type (alkyl group) and unsaturated type (alkenyl group and
so on). Typically, the urushiol has both types mixed and the
ratio varies depending on the species of raw materials.

A catechol derivative or a phenol derivative represented
by the above formula (I) which is used for the composite
material of the present invention, encompasses the above
natural urushiol as well as its structural analogs (for
example, artificial urushiol by synthesis, cardanol derived
from a cashew nut, and so on). That is, in the formula (I), R
is in the 3-position or 4-position, can be interrupted by an
oxygen molecule, and represents a hydrocarbon group with
2 to 20 carbons, preferably 15 to 19 carbons that has at least
one double bond site, whose examples are represented by the
following formulae.

[Chemical formula 2]

—(CH,),CH—CH(CH,)sCH, )

—(CH,),CH=CHCH,CH=—CH(CH,),CH, (i)

—(CH,),CH=CHCH,CH=CHCH=CHCH, (iif)

—(CH,),CH=CHCH,CH=CHCH,CH=CH, (iv)

—CH,0,C(CH,),CH=CHCH;CH=CH(CH,),CH; ")
—CH,0,C(CH,),CH=CHCH,
CH=CHCH;CH=CH, (vi)
The hydrocarbon group represented by R of the formula
(D) as described above may be mixed. As described above, a
substituent of a side chain of the natural urushiol can be
mixed with a saturated alkyl group [for example,
—(CH,),,CH,]. Such a natural urushiol can be used directly
as a derivative of the formula (). In this case, however, R to
be used must contain a hydrocarbon group having at least
one double bond site.

It is well known that the catechol derivative and the
phenol derivative form a crosslinked structure via their OH
group. The use of derivatives of the formula (I) containing
the side chain (R) of the hydrocarbon group having the
double bond site as described above, is important to form a
strong and flexible crosslinked structure by thermal polym-
erization (to be described below).

For the reasons that stable polymer coating material
precursors can be obtained and furthermore it has a good
adhesion to base materials, for example, a particularly
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preferred derivative of the formula (I) which is used in the
present invention, is urushiol represented by the following
formula (I1I).

[Chemical formula 3]

(I

OH

OH

In the formula (III), R is the same as defined with respect
to the formula (I). That is, R can be interrupted by an oxygen
molecule, and represents a hydrocarbon group with 2 to 20
carbons, preferably 15 to 19 carbons that has at least one
double bond site, whose examples are represented by the
above formulae (i) to (vi), for example. Further, the above
hydrocarbon group represented by R in the formula (IIT) can
be mixed as in the case with using the natural urushiol. In
this case, however, R to be used must contain a hydrocarbon
group having at least one double bond site.

A composite material of the present invention is made by
incorporating a compound, having a polymerization initia-
tion site containing a halogen group, in a crosslinked struc-
ture comprising a catechol derivative or a phenol derivative
represented by the formula (I). Thus, the composite material
of the present invention has, by being bonded to a base
material as a cured film, the cured film (thin film) having a
polymerization initiator (polymerization initiating group),
immobilized on the surface of the base material, and, by
coating with various polymers (polymer brushes) later, can
be used as a precursor of the polymer coating material which
can provide materials with surface modifications and func-
tionality assignments.

In order to obtain various polymers, which become poly-
mer brushes, with a simple method, using the composite
material of the present invention, a living radical polymer-
ization is used. That is, the composite material of the present
invention can have a halogenated alkyl structure having a
halogen atom on a terminal carbon atom, as a polymer
growing end, by applying the living radical polymerization,
in particular an atom transfer radical polymerization (ATRP)
(surface-initiated polymerization) which is excellent for use
in graft polymerization of the polymer onto the surface of
the base material.

The compound having the polymerization initiation site
containing the halogen group according to the present inven-
tion, can be generally represented by the following formula

.

[Chemical formula 4]

IA-SP—PI an

(1) 1A is a site for interacting with the catechol derivative
or the phenol derivative, hereinafter also referred to as an
interaction site. That is, this IA is the site that interacts (via
a covalent bond) the catechol derivative or the phenol
derivative represented by the formula (I). The presence of
this A allows an initiator (the compound having the polym-
erization initiation site) to be immobilized in the crosslinked
structure comprising their derivatives, resulting that stable
polymer coating materials are obtained without the elimi-
nation of the polymer brushes when it is polymerized later.
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The present inventors have found that, as the IA, an
atomic group derived from the catechol group or the phe-
nolic group is considered useful, and, in addition to this, an
atomic group derived from an organic silane such as triha-
losilane and trialkoxysilane is also considered. Furthermore,
it is also possible to use an atomic group derived from an
amino group.

(2) Pl is a site of starting point for initiation of polymer-
ization and has a structure of an atomic group having a
terminal halogen group, hereinafter also referred to as a
polymerization initiation site.

(3) SP s a site that links these sites A (the interaction site)
and PI (the polymerization initiation site) together, and
generally has a structure derived from chain alkyl amine or
alkyl alcohol, hereinafter also referred to as a spacer.

Hereinafter, the compound having the polymerization
initiation site containing the halogen group according to the
present invention will be described more specifically.

(Compound Having a Polymerization Initiation Site Com-
prising a Halogen Group: No. 1)

A preferred example of the compound having the polym-
erization initiation site containing the halogen group accord-
ing to the present invention is a compound in which IA is an
atom group derived from a catechol group or a phenolic
group, as described above, and can be represented by the
following formula (II-1), for example.

[Chemical formula 5]
IA,-SP,—PI; (I-1)

In the formula (II-1), 1A, can be represented by the
following formula (VI-1) or (VI-2). The OH group derived
from the catechol group or the phenol group is considered to
interact with (bind covalently to) a catechol derivative or a
phenol derivative.

[Chemical formula 6]

(VI-1)

(SPp
(VI-2)

HO” : ~
HO (SP))
HO: :

In the formula (II-1), PI, is the polymerization initiation
site containing the halogen group and is represented by
either the following formula (VII-1), (VII-2), or (VII-3).

[Chemical formula 7]
(VIL-1)
e}

(SPy)

(VII-2)

(SPy)
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-continued
(VIL-3)

(SPy)
(6]

In the above formulae, X represents a halogen atom, and
is preferably a bromine atom or a chlorine atom in terms of
ease in handling, and, in particular, is preferably a bromine
atom in terms of reactivity.

In the formula (1I-1), SP, is a spacer site that links the IA,
with the PI, and is represented by the following formula
(VIII-1) or formula (VIII-1').

[Chemical formula 8]

CH, (PI))
<IA1></ %\g/ 1
CH, (PI)
<IA1><’ )ﬂ\o/ 1

In the above formulae, n represents an integer of 0 to 10,
and preferably carbon number is 1 to 8 in terms of ease of
handling, and more preferably carbon number is 2 to 6.

The method of obtaining the above compounds can use a
catechol derivative or a phenol derivative (for example,
dopamine hydrochloride) as a precursor of IA; (interaction
site) and 2-bromo isobutyryl bromide derivative or 4-bro-
momethyl-benzoic acid as a precursor of PI; (polymeriza-
tion initiation site), for example.

For example, the compounds can be obtained by putting
dopamine hydrochloride into methanol, and cooling by the
addition of triethylamine, and then alternately adding a THF
solution of 2-bromo isobutyryl bromide and a methanol
solution of riethylamine, and mixing the resultant by stir-
ring. In addition to this, the compounds can be obtained by
putting dopamine hydrochloride into dimethylformamide
(DMF), and adding triethylamine, and adding dropwise a
DMF solution of N-hydroxysuccinimide and 4-bromom-
ethyl benzoic acid, 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride, and mixing the resultant by stir-
ring.

The compound, thus obtained, having the polymerization
initiation site comprising the halogen group suitable for use
in the present invention, is represented by the following
formula (IV), (V), AV"), or (V'), for example, but is not
limited thereto.

(VIII-1)

(VIII-17)

[Chemical formula 9]

av)

s

HO

HO
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V)
Br
H
HO. N
(@]
HO
avn
Br
HO. O
(@]
HO
V)
Br
HO. (0]
(@]
HO

(Compound Having a Polymerization Initiation Site Com-
prising a Halogen Group: No. 2)

Another preferred example of the compound having the
polymerization initiation site containing the halogen group
according to the present invention is a compound in which
IA is an atom group derived from an organic silane, as
described above, and can be represented by the following
formula (II-2), for example.

[Chemical formula 10]
IA,-SP,—PL, (11-2)

In the formula (II-2), A, is represented by the following
formula (VI-3) or (VI-4).

[Chemical formula 11]
(VI-3)
R!
B
R! Si
077 ey
RI—
(VI-4)
x!

i
Vy
XIX{ N8Py

In the above formulae, R' represents an alkyl group
having 1 to 6 carbons, and preferably carbon number is 1 to
5 in terms of ease of handling, and more preferably carbon
number is 1 to 4, and more preferably carbon number is 1 or
2. Further, in the above formulae, X' represents a halogen
atom, and is preferably a chlorine atom or a bromine atom,
and is more preferably a chlorine atom. The alkyl group (R')
and the halogen atom (X') are considered to interact with
(bind covalently to) an OH group of the catechol derivative
or the phenol derivative.

In the formula (II-2), P, is the polymerization initiation
site containing the halogen group and is represented by
either the following formula (VII-1"), formula (VII-2"), or
formula (VII-3").
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10
[Chemical formula 12]
VII-1'
o ( )
X
(SPy)
(VII-2)
X
(SP3)
e}
(VII-3)
X
(SP3)
¢}

In the above formulae, X represents a halogen atom, and
is preferably a chlorine atom or a bromine atom, and is more
preferably a bromine atom.

In the formula (II-2), SP, is a spacer site that links the IA
2 with the PI, and is represented by the following formula
(VIII-2) or formula (VIII-2').

[Chemical formula 13]

p AZ)/éCHz%\O/(Pm
CH,
Ay

In the above formula, n represents an integer of 0 to 10,
and preferably carbon number is 1 to 8 in terms of ease of
handling, and more preferably carbon number is 2 to 6.

(VIII-2)

(VIII-2")

As the method of obtaining the above compound, the
compound can be obtained using the following reaction, for
example. First, alkyl alcohol such as 5-hexene-1-all, as a
precursor of SP, (spacer), is mixed with 2-bromo isobutyryl
bromide derivative or 4-bromomethyl benzoic acid, as a
precursor of PI, (polymerization initiation site), by stirring
and mixing (for example, 10 to 20 hours), under a non-polar
solvent, and after drying, compound SP,—PI, is obtained.
Then, the obtained compound SP,—PI, is mixed with a
trihalosilane compound or a trialkoxy compound, as a pre-
cursor of IA, (interaction site), and after stirring and mixing
(for example, 30 to 50 hours) under a catalyst containing
platinum, the desired compound IA,-SP,—PI, is obtained.

The compound suitable for use in the present invention
thus obtained (the compound having the polymerization
initiation site comprising the halogen group) is represented
by the following formula (IX), (X), or (XI), for example, but
not limited thereto.
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[Chemical formula 14]

y
QPSS

g

i

Ix)

e}

)

XD

The composite material of the present invention is manu-
factured with a simple operation of mixing the catechol
derivative (or the phenol derivative) represented by the
formula (I) with the compound having the polymerization
initiation site containing the halogen group and curing the
resultant mixture.

In mixing, ultrasonic treatment is performed to ensure
uniform dispersion. Curing is accomplished by subjecting a
mixture of the catechol derivative (or the phenol derivative)
of the formula (I) and the compound having the polymer-
ization initiation site containing the halogen group to oxi-
dizing condition and heating condition. That is, in the
present invention, the mixture is heated such that polymer-
ization by heat also occurs, in addition to polymerization by
oxidation as in the case of coagulation (curing) of the
urushiol. This thermal polymerization is generally carried
out by heating to 60 to 180° C., preferably 100 to 120° C.
This allows a strong and flexible crosslinked structure to be
formed through the reaction between the double bonds
present in the side chain (R) of the catechol derivative (or the
phenol derivative) of the formula (I). The curing takes place
very rapidly. For example, heating at 100° C. makes it
sufficiently cured in 10 minutes.

In addition, although oxidative polymerization will also
proceed by leaving coated material in the air as it is, it is
possible to accelerate the oxidative polymerization by add-
ing a catalyst [for example, iron acetate (II)] commensurate
with the well-known oxidative enzyme laccase, or changing
pH. However, these operations are not an essential condi-
tion.

Thus, it is possible to manufacture a polymer coating
material precursor in which a cured film composed of the
composite material of the present invention is bonded to a
base material, by mixing a catechol derivative (or a phenol
derivative) of the formula (I) with a compound having a
polymerization initiation site containing a halogen group,
and then coating the mixture on the surface of the base
material, and curing the coating. Methods and conditions for
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mixing and curing are as described above. It is possible to
apply, to the coating, various methods, known in the art,
such as spin coating, dip coating, and casting method.

The polymer coating material precursor in accordance
with the present invention obtained as described above has
the features that a cured film composed of the composite
material of the present invention is firmly bonded (attached)
to various base materials regardless of their types and that in
the cured film a compound having a polymerization initia-
tion site is present stably and is not eliminated from the
cured film (see Examples to be described).

Mechanism that the polymer coating material precursor in
accordance with the present invention has such features has
not been found in detail but is considered as follows: First,
due to excellent adhesion (attachment) which is considered
to be derived from an OH group of a catechol derivative or
phenol derivative of the formula (I) as represented by
urushiol, the catechol derivative or phenol derivative is
firmly bonded (attached) to various base materials.

Then, it is considered that a compound having a polym-
erization initiation site containing a halogen group is bound
to the catechol derivative or phenol derivative of the formula
() probably via a covalent bond, and is incorporated into a
crosslinked structure comprising these derivatives, as
described above. Thus, the compound having the polymer-
ization initiation site containing the halogen group (hence,
polymerization initiating group) is not eliminated from the
polymer coating material precursor, and, as a result, polymer
brushes to be obtained in the case of subsequent polymer-
ization are not eliminated, and stable polymer coating mate-
rial is obtained.

In addition, the composite material of the present inven-
tion can also be used by, as described above, mixing a
catechol derivative (or phenol derivative) of the formula (I)
with a compound having a polymerization initiation site
comprising a halogen group, and then coating the surface of
a base material with the mixture and curing the same, and
then detaching the cured film from the base material. Such
a detachment from the base material may be included in the
composite material of the present invention.

According to the present invention, materials can be
provided with a variety of surface modifications and func-
tionality assignments by polymerization (surface-initiated
polymerization) of monomers to make polymer wherein a
halogen group present in the polymer coating material
precursor obtained in the way as described above is set as a
polymerization initiation site. As such a polymerization, it is
possible to use atom transfer radical polymerization (ATRP)
as shown in Japanese Unexamined Patent Application Pub-
lication (Translation of PCT Application) No. 2007-527463,
for example. As the monomers, a monomer having a vinyl
group that produces a polymer by the atom transfer radical
polymerization (ATRP) under the presence of a metal com-
plex such as copper and iron, as is well known, that is,
various monomers having acrylic acid site, methacrylic acid
site, acrylamide site, styrene site, and so on, are applicable.
It is possible to choose those having a structure correspond-
ing to a desired surface modification property or function-
ality depending on the polymer.

For example, it is possible to obtain an polymer coating
material having excellent surface hydrophilicity, by polym-
erizing 2-(methacryloyloxy) ethyl trimethyl ammonium
chloride (MTAC) monomer represented by the following
formula (XII) to make a polymer, resulting in a polyelec-
trolyte (PMTAC: poly [2-(methacryloyloxy) ethyltrimethyl-
ammonium chloride]).
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[Chemical formula 15]

Cle
®

—
PN

The cured film comprising the composite material of the
present invention can be formed on a base material of any
shape such as an uneven shape or curved shape, not limited
to a planar shape. That is, as described above, what to do is
to coat the surface of a base material of any shape with a
mixture of a catechol derivative or phenol derivative of the
formula (I) and a compound having a polymerization ini-
tiation site comprising a halogen group, and to cure the
coating. In addition, on this occasion, it is also possible to
make the cured film itself have any surface shape by
completing curing after pushing (pressing) a mold of an
arbitrary shape against the mixture of the catechol derivative
or phenol derivative with which the surface of the base
material has been coated and the compound having the
polymerization initiation site comprising the halogen group,
before complete curing of the mixture.

Thus, according to the present invention, a polymer
coating material (surface modifying material) is obtained in
which polymer brushes are produced by forming a cured
film of the composite material according to the present
invention, of any shape, on the surface of various base
materials of any shape, and then making polymerization
later. As a result, according to the present invention, it is
possible to provide stable polymer coating (polymer
brushes) for the front and back and the inner and outer
surfaces of daily commodities of various shapes (for
example, dishes) and various materials such as building
material (for example, pipes) so as to exhibit desired surface
characteristics and functionality according to respective
products and materials.

The amount of the initiator (compound having the polym-
erization initiation site), used in the present invention, for
the catechol derivative or phenol derivative of the formula
(D) can be appropriately selected depending on the desired
surface modification and functionality. In general, a certain
amount (for example, not less than 10 mol %) is necessary
to function as an initiator.

Hereinafter, Examples will be given to more specifically
describe the features of the present invention. However, the
present invention is not limited by these Examples.

Example 1

Synthesis of a Compound Having a Polymerization Ini-
tiation Site Containing a Halogen Group (IA,-SP,—PI)) (1)

As a compound having a polymerization initiation site
containing a halogen group (IA,-SP,—PI,), 4-(2-(2-bromo-
isobutyryl) amino-ethyl) benzene-1,2-diol (BiBDA) repre-
sented by the formula (IV) wherein X is bromine atom (Br),
was synthesized.

At the beginning, dopamine hydrochloride (2.0 g, 10.5
mmol) was added to 20 ml of methanol to obtain a cloudy
suspension. By adding 1.46 ml of triethylamine (10.5 mmol)
to this cloudy suspension, a clear solution was obtained.
After cooling this solution to 0° C., a THF solution (2 ml)
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of 2-bromo-isobutyryl bromide (1.3 ml; 10.5 mmol) and a
methanol solution (2 ml) of triethylamine (2.19 ml: 158
mmol) were added alternately little by little. During this
process, pH of the solution was kept at 9. Then, the solution
was heated to room temperature, and was stirred for one
hour. Then, by removing methanol and the like using an
evaporator, a crude product of the target compound was
obtained. The resulting crude product was redissolved in 50
ml of chloroform, and was purified by washing sequentially
with 1N of hydrochloric acid aqueous solution, water, and
saturated sodium chloride aqueous solution. Then, the
resulting solution was subjected to the addition of Na,SO,
and was left overnight to remove water, and was further
filtered and dried under vacuum to obtain the target com-
pound (IA,-SP,—PI,), bromo-containing catechol com-
pound (BiBDA).

Example 2

Preparation of a Polymer Coating Material Precursor
Containing a Polymerization Initiator

Such urushiol was used that R in the above formula (III)
is represented by (iii) as described above. At the beginning,
iron acetate (II) (0.75 mmol) was mixed with an ethanol
dilute solution of urushiol (1.2 mmol). As a result of this
mixing, the solution was changed in color from brown to
black at this point. Then, to this urushiol was added the
bromo-containing catechol compound (0.3 mmol) which
was synthesized in Example 1. The resulting mixture was
subjected to an ultrasonic homogenizer (Branson Sonifier
ultrasonic cell disruptors) treatment. The resulting solution
was applied (coated) to a silicon substrate as a base material
by spin-coating method (3000 rpm) to form a thin film.
Then, after 10 minutes heating at 100° C., an applied film
having a thickness of about 1 micron was obtained. The
thickness of the applied film was measured through obser-
vation by atomic force microscope (AFM) with the Agilent
5500 microscope from Agilent. In the atomic force micro-
scope (AFM) observation, the OMCL-AC160TS-W2 from
Olympus was used as a standard cantilever, and the obser-
vation was performed in the non-contact AC mode.

<Mechanical Strength Measurement>

In order to adjust the amount of bromo group which
becomes a polymerization initiation point (a polymerization
initiator), the amount of bromo-containing catechol
(BiBDA) to urushiol was varied. Iron acetate (II) was added
to be a half of the total amount of urushiol and bromo-
containing catechol compound. FIG. 1A shows the results of
Young’s modulus (GPa) obtained by the buckling method
specific to a thin film of nanometer thickness (“strain-
induced elastic buckling instability for mechanical measure-
ments (SIEBIMM)”) against the concentration (mol %) of
bromo-containing catechol (BiBDA), which is an initiator,
in the cured film of the present invention. At the beginning,
a thin film in a self-supporting state was attached on a
polydimethylsiloxane (PDMS) substrate (about 1 cm
square) whose Poisson’s ratio and Young’s modulus are
known. This sample was gradually compressed using a
micro caliper (Mitutoyo, No. 406-250). The spacing of
wrinkles generated during this time was determined from
observation by optical microscope and Young’s modulus
(B, was determined according to the expression as shown
below.

3E x(1-v3) [Expression 1]

YoungS Modulus (Ef) = PR
1 -2 -
1-x( )
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Here, E, is Young’s modulus of a polydimethylsiloxane
(PDMS) substrate, v.and v, are Poisson’s ratios of the thin
film and the polydimethyl siloxanes (PDMS), d is the
observed spacing of wrinkles, and h is a thickness of the thin
film.

FIG. 1B shows the results of tensile strength (GPa)
obtained by the bulge test against the concentration (mol %)
of bromo-containing catechol (BiBDA), which is an initiator
(a compound having a polymerization initiation site), in the
cured film of the present invention. The bulge test was
conducted using a self-made apparatus. This apparatus is a
bulge test apparatus dedicated to a thin film of nanometer
thickness. As a specific method of measurement, a thin film
in a self-supporting state was first attached on a copper plate
with a hole. Then, this was placed on the self-made appa-
ratus and an air pressure was gradually applied to the thin
film through the hole in the copper plate. The air pressure
was precisely controlled through a self-made regulator. At
this time, the swelling behavior of the thin film was deter-
mined through observation by erecting optical microscope
(ECLIPSE 80i) from Nikon and the pressure was determined
using a pressure gauge (AS-ONE M-382 Manometer). Then,
ultimate tensile strength and ultimate elongation were deter-
mined according to the expressions as shown below.

. . Pxa’ [Expression 2]
Ultimate Tensile Strength (o) = Txixd

. . 2xd? [Expression 3]
Ultimate Elongation(s) = X

Here, P is a pressure, a is a radius of a hole, this time 0.5
mm, h is a thickness of a thin film, d is a height of a bulge
just before the thin film ruptures. In FIG. 1B, white circles
show the results of the ultimate elongation, and black
squares show the results of the ultimate tensile strength
(UTs).

These test results have revealed that the cured film of the
present invention has the property that Young’s modulus
increases but ultimate elongation and ultimate tensile
strength (UTS) decrease as the concentration of the bromo-
containing catechol (BiBDA), which is the initiator (the
compound having a polymerization initiation site). Since the
cured film of the present invention has thus the feature that
Young’s modulus increases as the ratio of the initiator
(compound having a polymerization initiation site), bromo-
containing catechol compound (BiBDA) increases, it is
understood that a certain amount (for example, not less than
10 mol %) is necessary to obtain a practical hard polymer
coating precursor.

From the above test results, what was prepared under the
condition that the ratio of bromo-containing catechol to
urushiol is 20 mol %, that is, under the condition of urushiol
(1.20 mmol), bromo-containing catechol compound (0.30
mmol), and iron acetate (II) (0.75 mmol) was adopted as a
suitable cured film (polymer coating material precursor).

<XPS Measurement>

The resulting cured film XPS measurement results are
shown in the upside of FIGS. 1C and 1D. Incidentally, X-ray
photoelectron spectroscopy analysis was performed using
XPS-APEX from Physical Electronics. Its X-ray source is
monochrome Al-Ka, its output is 150 W, and its degree of
vacuum is 1x107° Pa. Angle of emergence was fixed at 45°.
As shown in the figures, peaks of C,, O, N, g, and Br;,
which correspond to the composition of urushiol and bromo-
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containing catechol compound were detected, and in par-
ticular the peak of Br was confirmed in the vicinity of 70 eV.
<IR Spectrum Measurement>

In addition, the infrared absorption spectrum (IR) Spec-
trum measurement results immediately after spin coating
and after 10 minutes heating at 100° C. are shown in FIG.
2A. Incidentally, infrared absorption spectra (IR) Spectrum
measurement was performed using VERTEX 70 spectro-
photometer from Bruker Optics equipped with Seagull (from
Harrick Scientific) as a reflection measurement kit. As
shown in the figure, the IR Spectrum measurement has
revealed that unsaturated double bonds of 3015 cm™ and
945 cm™" have disappeared, and it has been confirmed that
crosslinked structure has been formed by the 10 minutes
heating at 100° C. The formation of crosslinked structure has
been also confirmed from the phenomenon of no scratching
of the cured film by pencil hardness test.

<Solvent Resistant Test>

Solvent resistant test was performed for the case that the
polymer coating material precursor obtained in the way as
described above was immersed in water, methanol, ethanol,
dimethyl sulfoxide (DMSO), toluene, chloroform, acetone,
tetrahydrofuran (THF), N,N-dimethyl formamide (DMF),
and trifluoroethanol (TFE) for 12 hours at room temperature,
and for the case that it was immersed therein for one hour at
60° C. In either case, no change in the cured film was
observed and XPS measurement results were the same as
those before this test and the detection of the peak of Br;,
was also confirmed. Further, even after 24 hours immersion
in these solvents at 60° C., no detachment from the base
material was observed.

Moreover, for each of the above solvents, additional
solvent resistant test was performed for the case of 24 hours
immersion at room temperature and for the case of 24 hours
immersion at 60° C. The results are shown in the following
table.

TABLE 1
Room temperature,

Solvent 24 hours 60° C., 24 hours
Water No change No change
Methanol No change No change
Ethanol No change No change
THF 5 hours (detachment) 1 hours (detachment)
DMF 1 hours (detachment) 1 hours (detachment)
DMSO No change No change
Toluene No change No change
Chloroform No change No change
Acetone No change No change
TFE No change No change

The obtained results showed good adhesion ability. In
particular with respect to the solvents other than THF and
DMTF, no change in the cured film was observed after a long
period of time had elapsed. These results demonstrated that
the cured film is insoluble and infusible by the crosslinked
structure for general solvents and therefore suggest that the
cured film of the present invention is useful as a method of
immobilizing a compound having a polymerization initia-
tion site containing a halogen group on the surface of a base
material and effective as a scaffold for immobilizing a
polymerization initiating group.

Further, when the surface of the cured film before and
after the immersion was observed with an atomic force
microscope (AFM), surface roughness in both cases was
about three nanometers in root-mean-square (RMS) value.
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The observation by atomic force microscope (AFM) was
performed using Agilent 5500 microscope from Agilent. In
addition, the results of the XPS measurement in both cases
also showed the detection of peaks of C,, O, N;g, and
Br;,, which correspond to the composition of urushiol and
bromo-containing catechol compound.

As an example of AFM images, FIG. 1E(1) and FIG.
1E(4) shows the results before polymer brushes were
immersed in the solvent TFE for 24 hours at 60° C. while
FIG. 1E(2) and FIG. 1E(5) shows the results after polymer
brushes were immersed in the solvent TFE for 24 hours at
60° C. From these results, it was confirmed that there is no
change in surface shape before and after the immersion.

<Application to Other Base Materials>

As the base material, stainless steel, copper plate, glass,
ceramic, silicon substrates (vacuum UV treatment), acrylic
resin, phenolic resin, melamine resin, polystyrene (PS),
polypropylene (PP), polyethylene (PE), and polyethylene
terephthalate (PET) were used to apply the polymer coating
material precursor on these base materials, under the above
conditions, with a spin coating method or a casting method.
With respect to the adhesion between the cured film and the
base material obtained in each case of the spin coating
method (film thickness of 80 nm) and casting method (film
thickness of 4 to 5 um), the following table shows the results
of the test on a six-point scale [0 (bad) to 5 (excellent)| by
the method of ASTM D3359.

TABLE 2
Spin

coating Casting
Base material method method
Stainless steel 4 4
Copper plate 3 4
Glass 5 5
Ceramic 2 4
Silicon substrates 5 5
(vacuum UV treatment)
Acrylic resin 5 5
Phenolic resin 4 4
Melamine resin 4 4
PS 5 5
PP 5 4
PE 5 4
PET 4 4

The obtained results showed good adhesion ability with
no detachment, yet no significant change in the cured film
observed, regardless of the type of base materials. From
these results, the cured film is considered to have high
attachment property to the base material due to the catechol
skeleton.

Example 3

Preparation of Polymer Coating Material (Surface Modi-
fying Material)

The cured film (polymer coating material precursor) pre-
pared in Example 2 was used to set a bromo group contained
in the cured film as a polymerization initiation point and
perform surface-initiated polymerization of 2-(methacry-
loyl) ethyl trimethyl ammonium chloride (MTAC) repre-
sented by the above formula (V). The resulting polymer,
polymer electrolyte (PMTAC) was grafted on the surface of
the cured film.

The precursor, 0.1 mmol of CuBr, and further 4,4-dim-
ethyl-2,2-bipyridine (0.2 mmol) were added in a flask, and
argon substitution and degassing were alternately repeated
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three times. Then, a methanol solution of MTAC polymer of
1.01 M was added, and argon substitution and degassing
were alternately repeated three more times. Then, polymer-
ization was performed at 30° C. under the argon substitution.
After 12 hours later, the solution was exposed to air to stop
reaction. The obtained sample was subjected to Soxhlet
extraction with methanol over 12 hours to remove polymers
and the like which were physically attached on the surface
of'the cured film. Then, by drying the obtained base material
for one hour at 30° C., the target polymer coating material
(surface modifying material) with grown polymer brushes
was obtained.

The XPS measurement results of the obtained polymer
coating material are shown in the downside of FIGS. 1C and
1D as described above. As mentioned earlier, in the case of
the XPS measurement before surface-initiated polymeriza-
tion (see the upside), peaks corresponding to the composi-
tion of urushiol and bromo-containing catechol compound
which serve as a starting material were detected, while, in
the case of the surface after the surface-initiated polymer-
ization, peaks of C, 5, O, N, and Cl,, were detected and
its ratio was consistent with the theoretical composition ratio
of PMTAC. Therefore, the surface of the cured film is
considered to be coated with PMTAC graft layer.

Further, after the obtained polymer coating material were
added in various solvents mentioned in Example 2 as
described above and were let stand, change in surface shape
was observed by AFM. In most of the solvents, there was no
change before and after 24 hours immersion at 60° C. This
is considered to result from the strong adhesion of the
crosslinked structure and catechol structure. FIG. 2B shows
an example of a TEM image of the obtained polymer coating
material (surface modifying material). It was confirmed that
the layer of brushes were present independently of the layer
of the cured film.

<Contact Angle Measurement>

FIG. 3A shows the measurement results of static water
contact angle of the cured film surface according to the
present invention, in the case before the surface initiated
polymerization (urushiol alone, polymer coating material
precursor) and in the case after the surface-initiated polym-
erization in which PMTAC polymer brushes had been grown
from the cured film surface (polymer coating material),
depending on concentration of the initiator bromo-contain-
ing catechol (BiBDA). Static contact angle measurement
was performed with DSA 10 contact angle measuring appa-
ratus from Kruess equipped with an automated droplet
dropping mechanism and a monochrome CCD. The mea-
surement was performed at the temperature of 23.5° C. and
at the humidity of 60%. Contact angle before polymerization
was almost constant in the vicinity of 65° independently of
the concentration of the initiator (the compound having a
polymerization initiation site), bromo-containing catechol
(BiBDA), whereas the thin film surface after the polymer-
ization changed largely to the hydrophilic side and its
contact angle became constant at about 12° in the case that
the concentration of the initiator (the compound having a
polymerization initiation site), bromo-containing catechol
(BiBDA) is not less than 10 mol %. That is, it was confirmed
that grafting PMTAC significantly improved hydrophilicity
of'the surface. This result was also well compatible with the
fact that the composition ratio of the surface determined by
the XPS measurement was not less than 10 mol % and was
consistent with the theoretical composition ratio of PMTAC.
Further, a scanning electron microscope (SEM) image of the
cured film surface after the surface-initiated polymerization
is shown in FIG. 3B. Observation by scanning electron
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microscope (SEM) was performed with VE 7800 micro-
scope from Keyence. With respect to surface roughness,
root-mean-square surface roughness (RMS) values were
calculated from the AFM observation, and it was confirmed
to be locally smooth. Furthermore, from the results of the
SEM observation, it was confirmed that there is no change
before and after the growth of the polymer brushes with
respect to a wider area. Further, the length of the polymer
brushes was about 120 nm in the dry state when measured
through the AFM observation.

Furthermore, the contact angle of a thin film having a ratio
of the bromo-containing catechol (BiBDA) of 20 mol %
with respect to an oil droplet (n-hexadecane) and the contact
angle of the thin film with respect to a bubble (air) in water,
are measured before and after MTAC polymerization, in the
same manner as described above. The results of the mea-
surement are shown in the following table.

TABLE 3

Before
surface-initiated After
polymerization surface-initiated PMTAC

(polymer polymerization directly
coating (polymer grown
material coating on silicon
precursor) material) substrate
Water a) 64 = 2° 12 = 3° <5°
Bubble (air) in water b) 129 = 3° 148 + 2° 153 = 3°
Oil droplet in water c) 108 = 3° 144 =+ 3° 148.9 = 3°
(n-hexadecane)
a) 2 ul,
b) 3 pl,
93

The Contact angle of the thin-film having the ratio of
bromo-containing catechol (BiBDA) of 20 mol % with
respect to the oil droplet (n-hexadecane) was 108+3° and
144+3° before and after MTAC polymerization, respec-
tively. Further, the contact angle with respect to the bubble
(air) in water were 129x3° and 148+2°, respectively. In
addition, the contact angle after MTAC polymerization is
substantially the same as that when PMTAC was grown
directly from the silicon (Si) substrate. From these results, it
was confirmed that PMTAC brushes grew on the cured film
of the present invention as they conventionally to exhibit
sufficient antifouling property.

Example 4

Preparation of Polymer Coating Material Having an
Uneven Shape

A nanometer-size uneven shape engraved on a mold was
pressed on a thin film of uncured state of a mixture of the
urushiol and the bromo-containing catechol compound as
described in Example 2, using a nanoimprinting method, to
transfer a pattern shape, and then curing was completed,
thereby resulting in a preparation of a cured film having a
surface unevenness (pattern shape) of 2 um. Then, surface-
initiated polymerization of PMTAC was performed from a
polymer coating material precursor consisting of the cured
film. AFM images before and after the surface-initiated
polymerization of PMTAC are shown in FIGS. 4A(1) and
4A(2) and in FIGS. 4B(1) and 4B(2), respectively. From
these AFM images, there was no change in surface mor-
phology and its pillar shape was maintained, even before and
after the surface-initiated polymerization. In addition, the
results of contact angle measurement with respect to
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PMTAC polymer brushes having the uneven shape are
shown in the following table. From the following results, it
was confirmed that existence of the uneven shape enhances
hydrophilicity of the polymer brushes.

TABLE 4

After
surface-initiated
polymerization

After
surface-initiated

polymerization (polymer coating
(polymer coating material having
material) pattern shape)
Water a) 12 £ 3° <3
Bubble in water b) 148 = 2° 154 = 2°
(air)
Oil droplet in water c) 144 = 2° 150 = 3°
(n-hexadecane)
a) 2 pul,
b) 3 ul,
c)3ul
Example 5
Synthesis of a Compound Having a Polymerization Ini-
tiation Site Containing a Halogen Group (IA,-SP,—PI)) (2)

As a compound having a polymerization initiation site
containing a halogen group (IA,-SP,—PI,), 4-(2-(bromo-
methyl phenyl oxy) amino ethyl) benzene-1,2-diol repre-
sented by the formula (V) wherein X is a bromine atom (Br),
was synthesized.

At the beginning, dopamine hydrochloride (1.89 g; 10
mmol) was added to 20 ml of dimethylformamide (DMF) to
obtain a cloudy suspension. By adding 1.398 ml of trieth-
ylamine (10 mmol) to this cloudy suspension, a clear solu-
tion was obtained. After slowly putting, into this clear
solution, drops of a DMF solution (25 ml) of N-hydroxy-
succinimide (1.38 g; 12 mmol) and 4-bromomethyl-benzoic
acid (2.15 g; 10 mmol), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (1.917 g; 10 mmol), the result-
ing solution was stirred for 12 hours at room temperature
and a crude product of the target compound was obtained.
The obtained crude product was filtered and further the
DMF was removed under reduced pressure by 1 mmHg to
obtain the target compound (IA,-SP,—PI, ), bromo-contain-
ing catechol compound.

Example 6

Preparation of a Polymer Coating Material Precursor
Containing a Polymerization Initiator

As is the case in that the BiBDA of Example 2 described
above was used, a cured film (polymer coating material
precursor) was prepared under the condition that a ratio of
bromo-containing catechol (IA,-SP,—PI, ) to urushiol is 20
mol %, that is, under the condition of urushiol (1.20 mmol),
bromo-containing catechol compound (0.30 mmol), and iron
acetate (II) (0.75 mmol). As is the case with the BiBDA of
Example 1 described above, the cured film was applied
(coated) to a silicon substrate as a base material to form a
thin film and an applied film having a thickness of about 1
micron was obtained. Surface roughness was measured
through atomic force microscope (AFM) observation with
5500 microscope from Agilent. The results of the measure-
ment is shown in FIG. 5A(1) and FIG. 5A(2). Almost no
change in UV spectra was seen as shown in FIG. 5B.
Further, a broad peak in a visible light region is considered
to be due to LMCT (Ligand to Metal Charge Transfer)
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transition. From the above, it was confirmed that the poly-
mer coating material precursor had not desorbed from the
base material. From this result as well, it is considered that
the compound having the polymerization initiation site is
incorporated into urushiol and is immobilized stably and
firmly.

Adhesion of the resulting polymer coating material pre-
cursor to other base materials was confirmed through tape
peeling test (evaluated according to ASTM D3359). The
following table 5 shows the results of the test on a six-point
scale [0 (bad) to 5 (excellent)]. The cured film (polymer
coating material precursor) was strongly attached to almost
all base materials.

TABLE 5
10 wt. %/
PGMEA Spin Cast
1 Sisubjected to vacuum UV 5 5
treatment
2 Glass slide subjected to vacuum 5 5
UV treatment
3 PE subjected to vacuum UV 5 5
treatment
4 PP subjected to vacuum UV 5 3
treatment
5  PET subjected to vacuum UV 5 5
treatment
6  PS subjected to vacuum UV 5 5
treatment
7 Acrylic resin subjected to vacuum 5 5
UV treatment
8  Copper plate subjected to vacuum 5 5
UV treatment
9  SUS subjected to vacuum UV 5 5
treatment
10 Ceramic 5 5
11  Melamine resin 5 5
12 Phenolic resin subjected to vacuum 5 5
UV treatment
13 Al subjected to vacuum UV 5 5
treatment

Further, FIG. 5C shows a scanning electron microscope
(SEM) image of the surface of the polymer coating material
precursor prepared in the way as described above.

Further, with respect to the above polymer coating mate-
rial precursor, its contact angle was calculated from a contact
angle meter and its surface roughness was confirmed with
root-mean-square surface roughness (RMS) values obtained
through AFM observation. The results are shown in Table 6.
From these results, there was no change in contact angle and
surface roughness. Therefore, it was confirmed that the
initiator (the compound having the polymerization initiation
site) was immobilized on the base material.

TABLE 6
After 24 hours
Before immersion in
immersion TFE at 60° C.
Contact angle 65.6 (0.96) 67.6 (1.83)
root-mean-square surface
roughness (RMS)
(20 nm x 20 nm) 0.34 nm 0.34 nm
(5 nm x 5 nm) 0.32 nm 0.35 nm
+0.6 nm +0.6 nm

There is a little
grain of 0.6 nm

There are grains
of 1 to 8 nm
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Example 7

Synthesis of a Compound Having a Polymerization Ini-
tiation Site Containing a Halogen Group (IA,-SP,—PIL,)

As a compound having a polymerization initiation site
containing a halogen group (IA,-SP,—PIL,), (2-bromo-2-
methyl) propionyloxy hexyl triethoxysilane (BHE) repre-
sented by the above formula (IX) wherein X is a bromine
atom (Br), was synthesized.

At the beginning, 25.8 ml (213 mmol) of 5-hexene-1-0l
was put in a three-necked flask. After the addition of
triethylamine (40.5 ml; 289 mmol) thereto, 100 ml of
dichloromethane was added. After cooling the resulting
solution to 0° C. using ice bath, 2-bromo isobutyryl bromide
(29.8 ml; 236 mmol) was slowly added dropwise. Then, the
mixture was returned to room temperature and stirred for 17
hours. The obtained brownish-red liquid was filtered,
washed sequentially with saturated aqueous solution of
sodium hydrogen, IN of hydrochloric acid, and water.
Finally, the resulting solution was subjected to the addition
of magnesium sulfate and was left overnight to remove
water, and was further filtered and dried under vacuum to
obtain 1-(2-bromo-2-methyl) propionyloxy 5-hexene.

Then, 12.89 g (51.7 mmol) of the resulting 1-(2-bromo-
2-methyl) propionyloxy 5-hexene was taken and further
18.8 ml (102 mmol) of triethoxysilane was added. Hereto
2% xylene solution of platinum (0)-1,3-divinyl-1,1,3,3-te-
tramethyl disiloxane complex was added little by little.
Then, the resulting solution was stirred for 48 hours at 20°
C. and purified with column chromatography to yield the
target compound, (2-bromo-2-methyl) propionyloxy hexyl
triethoxysilane (BHE).

Example 8

Preparation of a Polymer Coating Material Precursor
Containing a Polymerization Initiator

In the same process as in the case of BiBDA of Example
2 described above, a cured film (polymer coating material
precursor) was prepared under the condition that a ratio of
a compound (IA,-SP,—PI,) having a polymerization ini-
tiation site containing a halogen group with respect to
urushiol is 20 mol %, that is, under the condition of urushiol
(1.20 mmol), the compound (IA,-SP,—PI,) having the
polymerization initiation site containing the halogen group
(0.30 mmol), and iron acetate (II) (0.75 mmol). As is the
case with the BiBDA of Example 1 described above, the
cured film was applied (coated) to a silicon substrate as a
base material to form a thin film and an applied film having
a thickness of about 1 micron was obtained. Surface rough-
ness of the applied film was measured through atomic force
microscope (AFM) observation with 5500 microscope from
Agilent. The images of the surface roughness were shown in
FIG. 6A(1) and FIG. 6(A)2 and the root-mean-square sur-
face roughness (RMS) values of the surface roughness were
shown in Table 8. From the images of the AFM, it was
shown that BHE (a compound having a polymerization
initiation site) was present uniformly (i.e., formed no
domain).

<IR Spectrum Measurement>

In the same process as in the case of BiBDA of Example
2 described above, the infrared absorption spectrum (IR)
Spectrum measurement results of the polymer coating mate-
rial precursor immediately after spin coating, after 10 min-
utes heating at 100° C., and after immersion in TFE, are
shown in FIG. 6B. As shown in the figure, the absorption by
unsaturated double bonds (vinyl groups) at 3015 cm™" and
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945 cm™' had disappeared after curing by heating, which
indicates that urushiol formed a crosslinked structure. The
absorption by C(=0)O in the vicinity of 1720 cm™' was
also retained after curing and after immersion in solvent
TFE, which suggests that BHE (the compound having the
polymerization initiation site) was incorporated in a cross-
linked structure comprising urushiol. Furthermore, since the
absorption in the vicinity of 1050 cm™" was observed after
the curing by heating, it is understood that Si—O—Si bond
was formed and this was retained after the immersion in
solvent TFE and therefore BHE (the compound having the
polymerization initiation site) was covalently bound to
urushiol via alkoxide and was not eliminated even by the
immersion. Formation of crosslinked structure was also
confirmed from the phenomenon of no scratching of the
cured film by pencil hardness test.

<UV Spectrum Measurement>

The results of UV spectra before and after immersion the
polymer coating material precursor according to the present
invention in solvent TFE for 24 hours at 60° C. are shown
in FIG. 6C. Almost no change in UV spectra was seen as
shown in the figure. Further, a broad peak in a visible light
region is considered to be due to LMCT (Ligand to Metal
Charge Transfer) transition. From the above, it was con-
firmed that the polymer coating material precursor had not
desorbed from the base material. From this result as well, it
is considered that BHE (the compound having the polym-
erization initiation site containing the halogen group) is
incorporated into urushiol and is immobilized stably and
firmly.

Adhesion of the resulting polymer coating material pre-
cursor to other base materials was confirmed through tape
peeling test (evaluated according to ASTM D3359). The
following table 5 shows the results of the test on a six-point
scale [0 (bad) to 5 (excellent)]. The cured film (polymer
coating material precursor) was strongly attached to almost
all base materials.

TABLE 7

10 wt. %/
PGMEA Spin Cast
1 Si subjected to vacuum UV 5B 5B
treatment
2 Glass slide subjected to vacuum 5B 3B
UV treatment Scratch part
peeling
end does
not peel
3 PE subjected to vacuum UV 5B 5B
treatment
4 PP subjected to vacuum UV 5B 3B
treatment Scratch part
peeling
end does
not peel
5 PET subjected to vacuum UV 5B 5B
treatment
6 PS subjected to vacuum UV 5B 5B
treatment
7 Acrylic resin subjected to vacuum 5B 5B
UV treatment
8 Copper plate subjected to vacuum 5B 5B
UV treatment
9 SUS subjected to vacuum UV 5B 5B
treatment
10 Ceramic 5B 3B
Scratch part
peeling
end does
not peel
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TABLE 7-continued
10 wt. %/
PGMEA Spin Cast
11 Melamine resin 5B 5B
12 Phenolic resin subjected to vacuum 5B 5B
UV treatment
13 Al subjected to vacuum UV 5B 5B
treatment

Further, scanning electron microscope (SEM) images of
the surface of the polymer coating material precursor pre-
pared in the way as described above are shown in FIG. 7(A)
and FIG. 7(B).

Further, with respect to the above polymer coating mate-
rial precursor, its contact angle was calculated from a contact
angle meter and its surface roughness was confirmed with
root-mean-square surface roughness (RMS) values obtained
through AFM observation. The results are shown in Table 8.
From these results, it has been confirmed that there was no
change in contact angle and surface roughness. Further,
since almost no change in weight before and after immersion
in TFE by quartz crystal microbalance (QCM) was
observed, it was confirmed that initiator (the compound
having the polymerization initiation site) was immobilized
on the base material. Therefore, it is considered that in the
polymer coating material precursor as described above,
BHE (the compound having the polymerization initiation
site containing the halogen group) is stably and firmly
incorporated in the crosslinked structure comprising
urushiol.

TABLE 8

Iron-containing urushiol
(FeUrushiol)_20 mol %
BHE Flat C18 Press

After 24 hours

Before immersion in TFE
Sample # immersion at 60° C.
Contact angle (°) 69.7 (1.98) 68.7 (2.52)
root-mean-square 20 nm x 20 nm 0.36 nm 0.42 nm 0.39 nm

surface roughness
(RMS) 5nm x 5 nm
quartz crystal microbalance:
QCM (MHz)

(recess: 2.11 nm) 0.63 nm 0.47 nm
0.33 nm 0.35 nm
10,410 10,039 (-371)

The invention claimed is:

1. A composite material characterized in that a compound
having a polymerization initiation site, the polymerization
initiation site containing a halogen group, is incorporated in
a crosslinked structure formed by a catechol derivative or a
phenol derivative represented by the following formula (I),

@
e
9
OH

wherein
in the formula (I), R is in the 3-position or 4-position,
may be interrupted by an oxygen molecule, and
represents a hydrocarbon group with 2 to 20 carbons
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that has at least one double bond site, and A repre-

sents a hydrogen atom, a hydroxyl group, or an
alkoxy group with 1 to 20 carbons.

2. The composite material according to claim 1, wherein

the catechol derivative or the phenol derivative is urushiol
represented by the following formula (III),

(1)

OH

OH

wherein in the formula (IIT), R is the same as defined with
respect to formula (I).

3. The composite material according to claim 1, charac-
terized in that the compound having the polymerization
initiation site, the polymerization initiation site containing
the halogen group, is represented by the following formula
(1),

IA,-SP,—PI, 1)

wherein
in the formula (II-1), 1A, is represented by the following
formulae (VI-1) or (VI-2),

(VI-1)

(VI-2)

HO (SP))

HO” : ~(SP))

HO

wherein
in the formula (II-1), PI, is the polymerization initiation
site containing the halogen group and is represented by
the following formula (VII-1), (VII-2), or (VII-3),

(VIL-1)

0
X
(SPp
(VII-2)
X
(SPp
0
(VII-3)
X
(SPp)
0

—_
<
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wherein in the above formulae, X represents a halogen atom
wherein

in the formula (II-1), SP, is a spacer site that links the IA,
with the PI, and is represented by the following for-
mula (VIII-1) or formula (VIII-1"),

(VIIL-1)

CH;
<1A1>4’ Zi*g/(m)
(IAI){/CH%\O/(PII)

wherein in the above formulae, n represents an integer
ranging from 0 to 10.

(VITI-17)

4. The composite material according to claim 3, charac-
terized in that X is a bromine atom or a chlorine atom and
n is an integer ranging from 1 to 8.

5. The composite material according to claim 4, charac-
terized in that X is a bromine atom and n is an integer
ranging from 2 to 6.

6. The composite material according to claim 5, wherein
the compound having the polymerization initiation site, the
polymerization initiation site containing the halogen group,
is represented by the following formula (IV), (V), (IV"), or

V)

av)

HO

Br

HO

WHBI<
)ORR
HO
V)
YOABI
H
HO N
T
HO
v’
Br vy
HO o\’H<
O
HO
T

HO

7. The composite material according to claim 1, charac-
terized in that the compound having the polymerization
initiation site, the polymerization initiation site containing
the halogen group, is represented by the following formula
(11-2),

1A,-SP,—PI, (11-2)



US 9,732,249 B2

27

wherein
in the formula (II-2), 1A, is represented by the following
formula (VI-3) or (VI-4),

(VI-3)

(VI-4)

x!

wherein in the above formulae, R® represents an alkyl group

with 1 to 6 carbons,

X! represents a halogen atom

wherein

in the formula (II-2), PL, is the polymerization initiation

site containing the halogen group and represented by
the following formula (VII-1"), formula (VII-2'), or
formula (VII-3"),

(VII-1%)

0
X
(SP2)
(VII-2')
X
(SP2)
0
(VII-3")
X
(SPy)
0

wherein in the above formulae, X represents a halogen atom
wherein
in formula (II-2), SP, is a spacer site that links the 1A,
with the PI, and represented by the following formula
(VIII-2) or formula (VIII-2'),

(VIII-2)

T AZ)%CHQ\O/(PIZ)
CH,
iy

wherein in the above formulae, n represents an integer
ranging from 0 to 10.

(VIII-2")
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8. The composite material according to claim 7, charac-
terized in that R* is an alkyl group with 1 to 5 carbon, X is
a chlorine atom or a bromine atom, X" is a chlorine atom or
a bromine atom, and n is an integer ranging from 1 to 8.

9. The composite material according to claim 8, charac-
terized in that R! is an alkyl group with 1 to 4 carbons, X is
a bromine atom, X" is a chlorine atom, and n is an integer
ranging from 2 to 6.

10. The composite material according to claim 9, wherein
the compound having the polymerization initiation site
containing the halogen group is represented by the following
formula (IX), (X), or (XI)

N

Ix)

9 O
Si Br
O// \/\/\/\O
ro
(0.9]
\(l) o
Si Br
o i NN TN
0
XD

L

Br
|
Ao /Si\/\/§\H)<
O
> 0

11. A polymer coating material precursor characterized in
that a cured film composed of the composite material
according to claim 1 is bonded to a base material.

12. A polymer coating material characterized in that a
monomer having a vinyl group is subject to surface-initiated
polymerization by atom transfer radical polymerization
(ATRP) in which a halogen group present in the polymer
coating material precursor according to claim 11 is set as a
polymerization initiation point.

13. The polymer coating material according to claim 12,
characterized in that the monomer having the vinyl group is
2-(methacryloyloxy) ethyl trimethyl ammonium chloride
(MTAC) and is subject to surface-initiated polymerization to
result in modification of surface hydrophilicity.

14. The polymer coating material according to claim 13,
characterized in that a polymer has polymerized units of
MTAC (2-(methacryloyloxy) ethyl trimethyl ammonium
chloride) and said coating material having a contact angle of
12° or less with respect to water.

15. A method of manufacturing the composite material
according to claim 1, characterized by comprising a step of
mixing the catechol derivative or the phenol derivative
represented by the above formula (I) with the compound
having the polymerization initiation site containing the
halogen group and curing the resultant mixture.

#* #* #* #* #*



