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General Introduction

1. Organofluorine compounds

There has been an increasing interest in the applications of the fluorinated materials

into a wide variety of fields, due to their exhibiting unique properties which cannot be

achieved by the corresponding non-fluorinated ones. Such unique characteristics are in part

ascribed in the physical properties related to fluorine in Table

Table1  Physical properties of hydrogen, fluorine and chlorine! ~9)

1.1-9

Element (X)
Physical property et H """""""" F """""""" C I """" Ref.
van der Waals radius (pm) 120 147 175 4,8
Electronegativity (Pauling) 2.20 3.98 3.16 3
lonisation energy (kJ mol-') 1312 1681 1251 7
Electron affinity (kJ mol-1) 74.0 332.6 348.5 7
Atom polarizability, o. (1024 cm3) 0.667 0.557 2.18 2
Bond lengths of C-X (pm) 109 138 177 1
Bond energies of C-X (kJ mol-') 410 484 323 1
Bond energies of C-X in CX, (kJ mol-1) 446 546 305 6
Bond energies of X-X (kJ mol-1) 434 157 242 9

Table 1 shows that the atomic radius of fluorine is the second smallest following

hydrogen, owing to the strong interaction between the electron and nucleus.” " Small

1



atomic radius of fluorine can induce the short bond length and the least atom polarizability
in the periodic table." > '® Electronegativity of fluorine has the greatest value among all

elements, leading to the high ionization energy and electron affinity.* ” Thus, fluorine has a

5,10 ~

very strong influence on inter- and intra-molecular forces. ") In fact, the acidity or

basicity of organofluorine compounds is quite different from those of the corresponding

non-fluorinated ones (see Table 2). >'*~'¥

Table2  The acidities of fluorinated organic and non-fluorinated compounds?0 ~14)

Carboxylic acid pPK, Alcohol pKa Amine pKa
CH3CO.H 4.7610) CH3CH,0H 15.91 CH3CH,NH, 10.712)
CH,FCOH 2.6610) Y CF4CH,OH 12.41) f CFCHoNH, 5.712)
GHF.COM 1240 |(CHguCOH 19210 | CHAH, 46%)

f CF;COH 0.2310) Y (CF3)3COH 5.11) f CeFsNH, -0.36"

Sulfamic acid PKa Aromatic acid PK,

CH3SO.NH, 10.513) CgH5COH 4.2114) CgHsOH 10.014)

l CF3SO.NH» 5.813) l CeF5COoH 1.7514) l Ce¢FsOH 5.514)

Fluorine gas (F,) is highly reactive due to the extremely weak F-F bond energy (F-F
bond: 157 kJ mol™), providing the very strong bond formation with other atoms.” '>'” For
example, the bond energy of carbon-fluorine (C-F; 484 kJ mol™) is stronger than that of the

carbon-hydrogen (C-H; 410 kJ mol™) and the carbon-chlorine (C-Cl; 323 kJ mol) as



shown in Table 1. Similarly, the strength of C-F bond in CF4 (546 kJ mol™) is superior to
that of C-H in CH, (446 kJ mol™) or C-Cl in CCls (305 kJ mol™).® Such bond strength
imparted by fluorine atom can supply a high thermal, oxidative and chemical stability

. 15,1
toward the organofluorine compounds.'>'”

Table 3  Physicochemical properties of n-alkanes and perfluorinated alkanes?® ~23)

n-Alkane Perfluorinated alkane
Property CeH1s CoHzo CeF1a CoF20
Boiling point (°C) 6918) 15719 5718) 11719
Critical temperature, T, (°C) 23518) ~3102") 17418) ~25121)
Density, 25 (g cm3) 0.65518) 0.718*20) 1.67218) 1.79920)
Viscosity, 125 (mPa-s) 0.2918) 0.68122 0.6618) 1.7823)
Surface tension, 25 (mMN m-1) 17.918) 22.8*19) 11.418) 14.420)
Refractive index, np2° 1.37218) 1.4019 1.25218) 1.2819)
Dielectric constant, ¢ 1.8918) — 1.6918) —

* The value was measured at 20 °C

The introduction of fluorine atom into n-hexane can give rise to decrease the boiling
point, surface tension, refractive index and dielectric constant. Such effect is due to the
combination of the highest electronegativity and the smaller atomic radius derived from
fluorine atoms.'® It can be also observed the similar tendency toward the introduction of
19 ~23)

fluorine into n-nonane.

Heretofore, organofluorine compounds have been applied into a wide variety of fields



such as organic dyes, surfactants, surface modifiers, membranes, conductive polymers,
agrochemicals and medicinal chemicals.'> ' Because, oraganofluorine compounds can
exhibit quite different characteristics such as thermal and chemical stability, low surface
tension, low refractive index and low dielectric constant from those of the corresponding

non-fluorinated ones." 242>

2. Fluoropolymers

It is well-known that fluoropolymers such as poly(tetrafluoroethylene) [PTFE],
poly(vinylidene fluoride) [PVDF], perfluoroethylene-perfluorovinylether copolymer [PFA],
and perfluoroethylene-propylene copolymer [FEP] provide high thermal stability, excellent
chemical resistance, good mechanical properties, water- and oil-repellency, low
flammability and low refractive index, which cannot be achieved by the corresponding
non-fluorinated ones."” %° = ** However, these fluoropolymers, in general, give a poor
solubility toward organic solvents, affording some difficulties for additional applications in
numerous fields.”” **3% In contrast, perfluoroalkylated (meth)acrylate polymers, of whose
fluoroalkyl groups are randomly introduced through the ester or amide bonds on the
polymeric side chain (see Figure 1), can exhibit not only the higher solubility toward the

organic media including water, but also the higher surface active characteristic than that of



the corresponding non-fluorinated ones. However, the surface active characteristic of the

block-type (meth)acrylate copolymers containing longer perfluoroalkyl chains (see

Figure 1) is superior to that of the corresponding randomly perfluoroalkylaed ones. Because,

the block-type perfluoroalkylated copolymers are likely to form the self-assembled

polymeric aggregates like micelle in the aqueous and organic media.>® ~*"

Perfluoroalkylated (meth)acrylate polymers

CHa CHy CHy / (IDHS\ / CHs
CH,—C %CHZ—C%—%CHQ—C%f CH,—C CHQ—C%
| Jn | /n | /m \ | /n \ | /m
0 0 Q 0%na®
CaH, CHs ?2H4 Re
I
CeF13 CeF13 RF = CHaC7F 15, (CH2):CeF 17
Poly(perfluoroalkylethyl methacrylate) ~ Randomly perfluoroalkylated Block-type (meth)acrylate copolymer
(meth)acrylate copolymer containing longer perfluoroalkyl chain

Figure 1 Chemical structure of perfluoroalkylated (meth)acrylate polymers36 ~41)

These perfluoroalkylated copolymers are in general unstable under acidic or alkaline
conditions since the perfluoroalkyl segments are introduced into polymeric main chain
through the ester or amide bonds, suffering the hydrolysis to produce the fluorinated

alcohols due to the strong electronegativity of fluorine*” (see Scheme 1).



H
C\:HS (I: 8 H30®or oH® CFHS CH3
CH,—C CH,-C CH,—C CH,-C + HO-(CHy),(CFy),-F
O—(|) n m Acidic or alkaline O—é n
7 conditions I Fluorinated alcohol
0 0
CHg CHa

Ester moieties can easily suffer the hydrolysis

Perfluoroalkylated (meth)acrylate
copolymer

Scheme 1 The hydrolysis of perfluoroalkylated (meth)acrylate copolymer under acidic or alkaline conditions

Therefore, it is of considerable importance to develop the synthetic methods on the
introduction of longer perfluoroalkyl segments into polymeric main chain through the
carbon-carbon bond formation. From the developmental viewpoint of partially
fluoroalkylated polymers through the carbon-carbon bond formation, two fluoroalkyl
end-capped oligomers [Rg-(M),-Rr; Rr = fluoroalkyl groups; M = radical polymerizable
monomers], of whose fluoroalkyl segments are directly introduced into polymeric
end-sites through the carbon-carbon bond formation, are attractive fluorinated
polymeric materials.* ~*> In fact, two fluoroalkyl end-capped acrylic acid oligomers
have been already synthesized by radical oligomerization of acrylic acid monomer
using fluoroalkanoyl peroxide as a key intermediate via primary radical termination or

radical chain transfer to the peroxides as shown in Scheme 2.** 46)



i) Thermal decomposition of fluoroalkanoyl peroxide to produce fluoroalkyl radical

0
|

|| » 2 RF' + 2 COZ
Re—C—0—0—C—R¢

R = fluoroalkyl radical
ii) Addition of fluoroalkyl radical to monomer
HZC:CH RF_CHz_CH'
Rg* + | e
0=C—OH O=C—OH
Acrylic acid monomer

i) Propagation

H2C:CH
Rg—CH,—CH- O0=C—OH RF{—CHZ—c':H)nTCHz—cl:H-
—>
0=C—OH — 0=C-OH 0=C—OH

iv) Primary radical termination or radical chain transfer to the peroxide

ReCH,~CH—CH,—CH- Re- or (RECOO), RF—(CHZ—C|3H-)H—RF
0=C-OH 0=C—OH 0=C—OH

Scheme 2  Synthesis of two fluoroalkyl end-capped acrylic acid oligomer42. 46)

These fluoroalkyl end-capped oligomers can exhibit a variety of unique properties such as
higher solubility toward aqueous and traditional organic media, excellent surface active
properties imparted by two fluoroalkyl groups and nanometer size-controlled molecular
aggregates with the aggregation of terminal fluoroalkyl segments in oligomers, quite
different from that of the corresponding non-fluorinated polymers or randomly
fluoroalkylated polymers.** = * Therefore, it is of particular interest to develop new
fluorinated functional materials by using fluoroalkyl end-capped oligomers.

In fact, it has been already reported that two fluoroalkyl end-capped oligomers can form



the nanometer size-controlled oligomeric aggregates in aqueous and organic media, and

these fluorinated aggregates can interact with organic dyes and inorganic fine particles as

guest molecules to provide the fluorinated oligomeric aggregates/guest molecules

42, 47)

nanocomposites as shown in the following Schematic illustration (see Figure 2).

(- R
I/,
@mmvl«m\rn@ + @ : Guest molecule S | "R
é) - Organic dyes, Re — @
Inorganic fine particles @ -
Fluoroalkyl end-capped — O—
oligomer » D—
H,0 or Organic media DD @
D : Functional segments CBP | | N
”m@wvwvwv@

wonnn van der waals interaction

Fluorinated oligomeric aggregates/guest
molecules nanocomposites

Figure 2 Schematic illustration for the interaction of self-assembled fluoroalkyl end-capped oligomer with
guest molecules?42 47)

These obtained nanocomposites can give not only the surface active characteristic imparted
by longer fluoroalkyl groups in oligomers but also the unique properties related to the guest
moleculese.’” *? In fact, fluoroalkyl end-capped oligomers have been applied to the
nanocomposite reactions with silica nanoparticles to afford the corresponding fluorinated

. o .42
oligomer/silica nanocomposite.*”

For example, fluoroalkyl end-capped

N-(1,1-dimethyl-3-oxobutyl)acrylamide oligomer/silica nanocomposites

[Re-(DOBAA),-R§/S10;] can be prepared by the sol-gel reactions of tetraethoxysilane in
8



the presence of the corresponding oligomer under alkaline conditions (see Scheme 3).**4%

The Rp-(DOBAA),-R¢/SiO; nanocomposite thus obtained can supply no weight loss
behavior in proportion to the contents of oligomer in the composites even after calcination
at 800°C."**” Such no weight loss characteristic is due to the formation of ammonium
hexafluorosilicate during the nanocomposite reaction, although the PTFE/SiO, hybrids

provide a clear weight loss corresponding to the contents of PTFE at around 700 °C.**%?

OEt
Re < CH,—CH )R 1
+ SiO, + EtO -Si-OEt
CHjy |
I OEt
O=C—N _C_CH2_C_CH3 . . .
[ I Silica nanoparticle Tetraethoxysilane
H CHj; O
(Re-(DOBAA),-Re] Particle size: 11 nm
F nrE MeOH _ | Rp-(DOBAA),-Rg/SiO,
Rg = CF(CF F o i
F = CF(CF5)OCsF7 under alkaline conditions nanocomposite
Mn = 3,710 (ag. NHy) Particle size: 36 nm

Scheme 3  Preparation of Rg-(DOBAA),-Rg/SiO, nanocomposite48: 49)

Thus, it is of particular importance to fabricate the fluorinated nanocomposite materials by

using fluoroalkyl end-capped oligomers from the developmental viewpoint of new

fluorinated functional materials. In a variety of two fluoroalky end-capped oligomers,

especially, two fluoroalkyl end-capped vinyltrimethoxysilane oligomer

[Rp-(CH,CHSi(OMe)s),-Rr; Ry =CF(CF3)OC;3F7, n = 2, 3] has high potential for the

exploration of new fluorinated oligomeric nanocomposites, because this oligomer possesses



not only two flkuoroalkyl end groups but also some trimethoxysilyl segments on the
oligomeric side chain.”” Therefore, this fluorinated oligomer can undergo the sol-gel
reactions under alkaline conditions to produce the fluoroalkyl end-capped
vinyltrimethoxysilane oligomeric silica nanoparticles [Rp-(CH,CH-Si0O,),-Rr], affording
the nanometer size-controlled self-assembled molecular aggregates with the aggregation of
terminal fluoroalkyl segments as shown in the following Schematic illustration (see

Scheme 4).%% %%

Re-(CH,-CH),-R
Fr(CHz O Re | Re-(VM-Si0,),-Re
Si(OCHg)s  + aq. NHs MeOH oligomeric nanoparticles
[Re-(VM) -Re]

RF = CF(CF3)003F7

Sol-gel reaction of the Rg-(VM),-Rg oligomer (@ VVUVV VUV
? > o-
MeOH o -0
- 5 — —© o-
@) - > O >
O =-Si(OCH,)s Self-assembly o, @ @ =
lqu\vavvo
<D= fluoroalkyl segments 6 s van der waals interaction

[Re-(VM);-Re]

under alkaline conditions

SiO, matrices
Re-(VM-SiO,) -Re

' - . —— = siloxane network
oligomeric nanopatrticles

Scheme 4 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica nanoparticles42. 52)
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Thus, a variety of organic and inorganic guest molecules can be effectively encapsulated
into the self-assembled molecular aggregate cores to afford the corresponding fluorinated
oligomeric silica/guest molecules nanocomposites through the sol-gel reaction under
alkaline conditions.*” For example, low molecular weight aromatic compounds such as
1,1°-bi-2-naphthol (BINOL) can be effectively encapsulated into the fluorinated
vinyltrimethoxysilane  oligomeric  silica nanoparticle cores to provide the
Rp-(VM-Si0,),-Re/BINOL nanocomposites through the sol-gel reaction under alkaline
conditions as shown in Scheme 5.°” Interestingly, the obtained nanocomposites can provide
no weight loss behavior corresponding to the contents of BINOL even after calcination at

800 °C.>

RF'(CHTCI;H)n'RF OO OH MeOH | Re-(VM-SiO,) -Re/BINOL

Si(OCHg)3 ¥ OH aq. NH, nanocomposites
[Re-(VM);-Re] OO
Re = CF(CF35)OC4F5 1,1-Bi-2-naphthol (BINOL)

Image of composite reaction

OH
(U AVAVAVAVAV AV Y
CS | ' 3
Q OH sol-gel reaction

Q =-Si(OCHg3)3 O: binaphthyl under a”((;g”r:;':‘t'o
nditions
= fluoroalkyl segments groups

composite cores

Scheme 5  Preparation of Rg-(VM-SiO,),,-Re/BINOL nanocompositesS3)
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Furthermore, fluoroalkyl end-capped vinyltrimethoxysilane oligomer has been applied to
the encapsulation of not only low molecular weight aromatic compounds but also inorganic
particles such as titanium oxide, talc and magnesium carbonate to afford the corresponding
fluorinated oligomeric silica/inorganic nanocomposites.> ~>® Theses nanocomposites can
give the unique surface wettability such as a superhydrophobic characteristic (water contact
angle value: 180°) derived from the synergistic effect of end-capped fluoroalkyl units in
oligomer and encapsulated inorganic particles.*>* >

In this way, the fluoroalkyl end-capped vinyltrimethoxysilane oligomer will have high
potential for a promising material from the developmental viewpoint of new fluorinated

nanocomposite materials possessing not only unique surface wettability but also the

extremely higher thermal stability.

3. Development of organic/boron hybrid materials
In general, the boron compounds can be classified according to their structures into
the following groups: (1) borane, (2) borinic acid, (3) boronic acid, (4) boric acid, (5)

boroxine, and (6) the ester (borinic ester, boronic ester or borate ester) (see Figure 3).””

12



OH

R" OH OH /
/ Oxidation / Oxidation / Oxidation HO —B
R—B > R —B\ R —B\ \
\R, RI OH OH
Borane Borinic acid Boronic acid Boric acid
Esterfication )
with alcohol Dehydration
Hydrolysis
— Ester type Fl*
OR" OR' OR' B
/ / / 7N
R—B R—B R'O—B | |
\ ' \ . \ ' _B _B
R OR OR R ~o0 ~R
Borinic ester Boronic ester Borate ester Boroxine

(R" = alkyl or aryl) (R' = alkyl or aryl)

(R' = alkyl or aryl)

Figure 3

A variety of boron compounds57)

In these boron compounds, organoboron compounds, which are derived from the

inorganic boric acid, have been widely used as a key intermediate for the organic

synthesis.” In contrast, inorganic boric acid is the most widely used in numerous fields,

because it is cheaply and readily available.”

Boron has several unique structural and electrical properties: (1) boron compounds,

in general, orient to a trigonal planar geometry; (2) boron compounds have high Lewis

acidity due to the presence of a vacant p-orbital, of whose orbital is low-energy state and is

orthogonal to three substitutes; (3) the vacant p-orbital can interact effectively with

n-conjugated compounds.”’” >* ®” These unique properties related to boron enables the

boron compounds to apply into a variety of fields such as catalyst, cross-coupling reagents,

13



receptors and sensors for saccharides, biological and medicinal applications, electronic

2799, 61~63) Erom this point of view,

materials, flame retardants and fluorescence sensors.
there have been hitherto numerous studies on the preparation of organic/boron hybrid
materials by using inorganic boric acid as boron source (see Table 4%~ ). The higher
thermal stability and good mechanical properties of the boron-containing hybrid materials
are due to the strong bond energy related to boron.®® For example, the bond energy of
boron-oxygen (B-O; 514 kJ mol™) is superior to that of carbon-oxygen (C-O; 358 kJ mol™)

or silicon-oxygen (Si-O; 451 kJ mol ™). 7"

Table4  Examples of boron-containing hybrid materials using boric acid as boron source84 ~9)

Boron-containig hybrid Organic compounds Properties Ref.

Boron/Fluorine/Silicon - Good thermal stability, mechanical

hybrid coating Acrylate resins property and hydrophobicity 64
- . . - Good thermal stability, mechanical

Boron/Silicon hybrid coating Acrylate resins property and high tra);lsparency 65

Poly(vinyl alcohol)/boric acid Poly(viny! alcohol) Good thermal stability and barrier 66

hybrid film property

Flame retardant polypropylene

_containing poly(borosiloxane) Polypropylene Good flame retardant effect 67

Boron-doped silicone resin Silicone resin** Good thermal stability 68

Wool fabric/boron/silica sol hybrid  Wool fabric Good flame retardant effect 69

and thermal stability

* Acrylate resins contain several kinds of resin possessing different functional groups.
** Silicone resin is composed of oraganic and inornic moieties.

14



In this way, there have been numerous reports on the preparations of the organic
molecules/inorganic hybrid materials containing boron units. However, studies on the
preparation of organic molecules/inorganic boron hybrids possessing longer perfluoroalkyl
groups have been very limited so far, although such studies are of considerable importance
from the developmental viewpoint of new fluorinated functional materials.

As indicated above, fluoroalkyl end-capped vinyltrimethoxysilane oligomer
[Rr-(VM),-Rg], of whose oligomer possesses some trimethoxysilyl groups on the side chain,
can form the self-assembled molecular aggregates with the aggregation of terminal
fluoroalkyl segments. 1, 1°-Bi-2-naphthol (BINOL) can be effectively encapsulated as
guest molecule into such molecular aggregates through the sol-gel reaction under alkaline
conditions, affording the fluorinated oligomeric silica/BINOL nanocomposites
[Re-(VM-Si0,),-Re/BINOL].** *® The encapsulated BINOL into the Rg-(VM-SiO»),-Rp
oligomeric nanocomposite cores can exhibit the nonflammable characteristic even after
calcination at 800 °C through the formation of rigid silica gel matrices and ammonium

hexafluorosilicate  during the sol-gel process.’”

Especially, the ammonium
hexafluorosilicate would be easily formed through the dehydrofluorination between the

fluorine in oligomer and acidic proton in BINOL catalyzed by ammonia in the presence of

silica nanoparticles as co-catalyst.” The obtained hydrogen fluoride should react with

15



silica nanoparticles to afford SiF,, finally ammonium hexafluorosilicate, due to the strong
bond energy between silicon and fluorine (Si-F bond energy is 540 kJ mol™), its value
being higher than C-F bond energy: 484 kI mol’. » * 7Y On the other hand,
boron — fluorine bond energy is much stronger (B-F bonds; 757 kJ mol™) than that (540 kJ
mol™) of Si-F bond energy.”"” 7 This higher bond energy would enable the fluoroalkyl
end-capped oligomer/boron nanocomposite to create the numerous unique properties
including the extremely higher thermal stability than that of the fluorinated oligomer/silica

nanocomposites.

4. Thesis outline
In this study, preparation and properties of the fluoroalkyl end-capped
vinyltrimethoxysilane oligomeric silica/boric acid nanocomposites — encapsulated a variety
of organic molecules such as low molecular weight compounds and thermoplastic
elastomers will be described.
In chapter 1, preparation of fluoroalkyl end-capped vinyltrimethoxysilane
oligomer/silica/boric acid nanocomposites is described. In addition, the preparation and
thermal stability of the fluoroalkyl end-capped vinyltrimethoxysilane oligomer/silica/boric

acid nanocomposite — encapsulated low molecular weight organic compounds are also

16



described (see Scheme 6).

Rr-(CH2-CH)-Rr N r.t./5h Re-(VM-SiO,),,-Re/B(OH);

Si(OCH3)3 BOH)s nanocomposites

[Re-(VM)-Re]

Rg = CF(CF3)OCaF;
Orgs Re-(VM-SiOy),-Re/B(OH)3/Orgs

’

25 wt.% aq. NHg, THF nanocomposites

Orgs: diphenylsilanediol (DPSDO), 1, 1'-bi-2-naphthol, 4, 4'-biphenol, bisphenol A (BPA),
bisphenol F (BPF), bisphenol AF (BPAF), biphenyl, dibenzyl, and pentaerythritol (PETERL)

Scheme 6 Preparation of Rg-(VM-SiO,),-Rg/B(OH); and Rg-(VM-SiO»),,-Rg/B(OH)3/0Orgs nanocomposites

In chapter 2, preparation and thermal stability of fluoroalkyl end-capped

vinyltrimethoxysilane oligomeric silica/boric acid nanocomposites — encapsulated a variety

of thermoplastic elastomers are described (see Scheme 7).

RF'(CHZ'CI:H)n'RF N B(OH) rt/sh Re-(VM-SiO.,),-Re/B(OH)4
Si(OCH3)3 8 nanocomposites

[Re-(VM) - Re]

(MAB) ,.i-b-PPO35

Rr = CF(CF3)OC4F5 2. NH
. 3

Rp-(VM-SiO,) -Rg/B(OH)3/
MAB ,,..,-b-PPO3, nanocomposites

Thermoplastic elastomers
(MAB) 1,.;-b-PPO35

{H\(O(}o}@(“@_@ﬁ'ﬁ@#%@%

Scheme 7 Preparation of Rg-(VM-SiO,),-Rg/B(OH)3/thermoplastic elastomers nanocomposites

17



In chapter 3, preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica/boric acid/poly(vinyl alcohol) [PVA] composite films is described (see Scheme 8). In

this chapter, the water-resistance ability and thermal stability of the modified PVA film are

also described.

Re-(CHz-CH)-Re B(OH) > | Rr-(VM),-Re/B(OH)3
Si(OCHg)4 3 MeOH nanocomposite

[Re-(VM),-Re]

Re = CF(CF3)OC4F5 Poly(vinyl alcohol) (PVA) | PYARE(N /B0

under acidic conditions

or non-catalytic conditions

Scheme 8  Preparation of PVA/Rg-(VM),-Rg/B(OH); composite film under non-catalytic or acidic conditions

18
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CHAPTER 1

Preparation and Thermal Stability of Fluoroalkyl End-Capped
Vinyltrimethoxysilane Oligomeric Silica/Boric Acid Nanocomposites
- Encapsulated a Variety of Low Molecular Weight Organic

Compounds
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1.1. Introduction

It is well-known that boric acid is a useful precursor for the preparation of
poly(borosiloxanes)." ? For example, the condensation reaction of boric acid with
diphenylsilanediol can proceed in n-butylether at 300 °C to afford the
poly(borodiphenylsiloxane),” ~® and these poly(organo-borosiloxanes) are considered
to be a cheaply and accessible starting material for ceramics such as boron and silicon
oxycarbide (SiBCO) glass fibers.” Therefore, the exploration of a variety of the
preceramic poly(borosiloxanes) is of particular interest from the developmental
viewpoints of novel SiBCO ceramics.® ~ ' Borosilicate glass can exhibit high
tolerance to chemicals and solvents, combined with excellent mechanical and thermal
stability.'” '"® Thus, the development of the borosilicate nanoparticles should play an
important role in the material science as well as silica nanoparticles. In general, silica
nanoparticles can be easily prepared by the traditional Stober method by the
base-catalyzed hydrolytic polycondensation of tetraethoxysilane.'” However, the
formation of borosilicate nanoparticles has not been hitherto achieved due to the high
reactivity of boron precursors for water and catalysts in the Stober method except for

the preparation of borosilicate nanoparticles by the sol-gel reaction of
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tetracthoxysilane in the presence of trimethoxy boroxine catalyzed by formic acid in
dichloromethane and 2-propanol.”” Hitherto, numerous fluoroalkyl end-capped
oligomers [Rg-(M),-Rf; R = fluoroalkyl group, M = radical polymerizable monomers]
have been prepared by using a fluoroalkanoyl peroxide [Rg-C(=0)-O0-(0O=)C-R¢] as a
key intermediate, and their properties have been also studied in detail.*! =¥ For
example, fluoroalkyl end-capped cooligomers containing adamantly segments can
form the nanometer size-controlled oligomeric nanoparticles,%) and fullerene and gold
nanoparticles can be effectively encapsulated into these nanoparticle cores to provide
the corresponding fluorinated cooligomeric nanocomposites - encapsulated these guest
molecules, respectively.”® D In this way, it is of particular interest to study on the new
fluorinated oligomeric silica/boron nanocomposites, from the developmental view
points of new fluorinated functional materials possessing the borosiloxane units. This
chapter shows that fluoroalkyl end-capped vinyltrimethoxysilane oligomeric
silica/boric acid nanocomposites can be easily prepared by reaction of the
corresponding oligomer with boric acid at room temperature. The obtained
nanocomposites were also applied to the encapsulation of a variety of guest molecules

such as diphenylsilanediol, 1, 1’-bi-2-naphthol, 4, 4’-biphenol, bisphenol A,
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bisphenol F, bisphenol AF, biphenyl, dibenzyl, and pentaerythritol into these

nanocomposite cores to provide the corresponding fluorinated oligomeric silica/boric

acid nanocomposites - encapsulated these guest molecules. Interestingly, these

encapsulated nanocomposites thus obtained were found to exhibit no weight loss

behavior corresponding to the contents of these guest molecules even after calcination

at 800 °C, although the nanocomposites were isolated through no purification process.

These results will be described in this chapter.
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1.2. Experimental

1.2.1 Measurements

Solid-state ''B NMR spectra were measured on a Varian 600 NMR system
spectrometer system spectrometer (Palo Alto, CA) operated at 192.48 MHz for the ''B
nuclei with a Varian 3.2 mm Varian 'H/*'P-"*C/"*C-""N BioMASTM probe spun at 15
kHz, and a Varian 400 NMR system spectrometer (Palo Alto, CA) operated at 100.56
MHz for the "°C nuclei with a Varian 4 mm double-resonance T3 solid probe spun at
15 kHz, respectively. Solid-state '"H NMR spectra were measured on a Varian 400
NMR system spectrometer (Palo Alto, CA) operated at 399.88 MHz for the 'H nuclei
with a Varian 4 mm double-resonance T3 solid probe spun at 15 kHz.
Fourier-transform infrared (FT-IR) spectra were measured with a FT-IR
spectrophotometer (FTIR-8400, Shimadzu, Japan). Thermal analyses were recorded by
raising the temperature around 800 °C (the heating rate: 10 °C/min) under atmospheric
conditions by the use of Bruker axs TG-DTA2000SA differential thermobalance

(Kanagawa, Japan). Size [number-average diameter (average hydrodynamic diameter)]

29



of nanocomposites was measured by using Otsuka Electronics DLS-7000 HL (Tokyo,
Japan). Field emission scanning electron micrographs (FE-SEM) were recorded by
means of JEOL JSM-7000F (Tokyo, Japan). X-ray diffraction (XRD) measurements

were performed by the use of Mac Science M18XHF-SRA (Tokyo, Japan).

1.2.2. Materials

Bisphenol AF (BPAF), diphenylsilanediol (DPSDO), bisphenol A (BPA),
bisphenol F (BPF), biphenol, 1, 1’-bi-2-naphthol (BINOL), 4, 4’-biphenol, dibenzyl,
biphenyl and pentaerythritol (PETERL) were purchased from Tokyo Kasei Kogyo
(Tokyo, Japan). Boric acid and biphenyl were purchased from Wako Pure Chemical
Industries (Osaka Japan). Vinyltrimethoxysilane was used as received from Dow
Corning Toray (Tokyo, Japan). Fluoroalkyl end-capped vinyltrimethoxysilane
oligomer [Rp-(CH,-CHSi(OMe)s),-Rp: the mixture of dimer and trimer; Ry =
CF(CF;)OCsF;] was synthesized by reaction of fluoroalkanoyl peroxide with the

corresponding monomer according to the previously reported method.*®
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1.2.3. Preparation of fluoroalkyl end-capped vinyltrimethoxsilane oligomeric

silica/boric acid nanocomposites

Boric acid powder (62 mg) was added to a liquid fluoroalkyl end-capped

vinyltrimethoxysilane oligomer (735 mg). The heterogeneous solution was stirred at

room temperature for 5 h to give the transparent viscous colorless solution. After

addition of tetrahydrofuran (3 mL), the obtained solution was stirred at room

temperature for 1 day, and dried in vacuo at 50 °C for 2 days to afford the expected

white powdery product nanocomposites (570 mg).

1.2.4. Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica/boric acid nanocomposites - encapsulated a variety of low molecular weight

organic guest molecules

Boric acid powder (124 mg) was added to a liquid fluoroalkyl end-capped

vinyltrimethoxysilane oligomer (735 mg). The heterogeneous solution was stirred at

room temperature for 5 h to give the transparent viscous colorless solution. After
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addition of diphenylsilanediol (100 mg), 25 wt% ammonia (0.25 mL), and
tetrahydrofuran (3 mL), the obtained solution was stirred at room temperature for 1
day, and dried in vacuo at 50 °C for 2 days to afford the expected white powdery
product nanocomposites (746 mg). The nanocomposites - encapsulated other guest

molecules were prepared under similar conditions.

The fluorinated nanocomposites thus obtained exhibited the following spectra
characteristics:

Rp-(VM-Si10,),-Re/B(OH)s/ DPSDO nanocomposites;

IR viem™ 3180 (OH), 1402 (B-0), 1337 (C-F), 1100 (Si-O-Si), 750, 719, 698 (Ph-Si in
DPSDO), 698 (Si-O-B).

The spectra characteristics of the other fluorinated nanocomposites are as following:
Rr-(VM-Si10,),-Re/B(OH)3/BINOL nanocomposites;

IR v/em™ 3450 (OH), 1618, 1600 (C=C in BINOL), 1402 (B-O), 1337 (C-F), 1103
(Si-O-S1), 696 (Si-O-B).

Rr-(VM-Si0,),-Re/B(OH)3/BPA nanocomposites;

IR viem” 3380 (OH), 1612, 1600 (C=C in BPA), 1412 (B-O), 1337 (C-F), 1105
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(Si-O-Si), 694 (Si-O-B).

Rp-(VM-Si0,),-Re/B(OH)3/BPAF nanocomposites;

IR viem™ 3378 (OH), 1518, 1445 (C=C in BPAF), 1412 (B-0), 1338 (C-F), 1105
(Si-O-Si), 702 (Si-O-B).

Rr-(VM-Si0,),-R¢/B(OH)3/BPF nanocomposites;

IR viem™ 3447 (OH), 1603, 1510 (C=C in BPF), 1412 (B-0O), 1338 (C-F), 1101
(Si-O-Si), 696 (Si-O-B).

Rp-(VM-Si0,),-Re/B(OH)s/bisphenol nanocomposites;

IR viem™ 3394 (OH), 1611, 1591 (C=C in bisphenol), 1402 (B-0), 1337 (C-F), 1101
(Si-O-Si), 702 (Si-O-B).

Rp-(VM-Si10,),-Re/B(OH)s/biphenyl nanocomposites;

IR vicm™ 1402 (B-0), 1337 (C-F), 1101 (Si-O-Si), 698 (Si-O-B).
Rr-(VM-Si0,),-Re/B(OH)s/dibenzyl nanocomposites;

IR vicm™ 1402 (B-0), 1337 (C-F), 1101 (Si-O-Si), 698 (Si-O-B).
Rp-(VM-Si0,),-Re/B(OH)s/PETERL nanocomposites;

IR viem™ 1406 (B-0), 1338 (C-F), 1067 (Si-O-Si), 698 (Si-O-B).
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1.3. Results and discussion

1.3.1. Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica/boric acid nanocomposites

Boric acid powder was added to a liquid fluoroalkyl end-capped

vinyltrimethoxysilane oligomer. The heterogeneous solution was stirred at room

temperature for 5 h to give the transparent viscous colorless solution. The obtained

viscous solution was dissolved into tetrahydrofuran, and successively stirred at room

temperature for 1 day. The solvent was removed under reduced pressure at 80 °C, and

then dried in vacuo to afford the white-colored powdery product. The results are

shown in Scheme 1-1 and Table 1-1.

RF'(CHZ'(-?H)n'RF . B(OH), rt./5h Re-(VM-Si0,) -Re/B(OH)3
Si(OCH3)3 nanocomposites
[Re-(VM),-Re]

RF = CF(CF3)0C3F7

Scheme 1-1 Preparation of Rg-(VM-SiO,),-Rg/B(OH)3 nanocomposites.
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Table 1-1 Preparation of Rg-(VM-SiO,)-Rg/B(OH)3 nanocomposites

Run Re-(VM)-Re B(OH)3 Yielda) Size of compositesd

(mg) (mg) (%) (nm) + STD

1 735 31 77 104.5 +18.6

2 735 62 71 455 +10.8

3 735 124 67 88.2+17.3

4 735 155 83 36.0 + 4.1

5 735 247 72 65.8 +12.7

6 735 309 74 79.1 £15.9

a) Yields were based on Rg-(VM),-Rg and B(OH) 3.
b) Determined by dynamic light scattering (DLS) measurements.

As shown in Scheme 1-1 and Table 1-1, the expected composites were obtained
in 67 ~ 83 % isolated yields. The obtained composites were found to have good
dispersibility toward the traditional organic solvents, such as methanol,
1,2-dichloroethane ~ (DE),  tetrahydrofuran  (THF),  dimethyl sulfoxide,
N,N-dimethylformamide and fluorinated aliphatic solvents (1:1 mixed solvents
(AK-225™) of 1,1-dichloro-2,2,3,3,3-pentafluoropropane and
1,3-dichloro-1,2,2,3,3-pentafluoropropane) except for water. Thus, the average particle
size of the Rp-(VM-Si0,),-Rr/B(OH); composite particles was measured in THF using
DLS (dynamic light scattering) measurements at 25 °C, and the results are also shown
in Table 1-1.

As shown in Table 1-1, the Rp-(VM-Si0,),-Rg/B(OH); composites are
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nanometer size-controlled fine particles (average particle size: 36.0 = 4.1 ~ 104.5 +
18.6 nm).

The field emission scanning electron micrograph (FE-SEM) measurements of the
Rp-(VM-Si0,),-Rg/B(OH); composites (Run 4 in Table 1-1) before and after

calcination at 800 °C were also performed in their THF solutions (see Figure 1-1).

mean: 36 nm

® 100 nm

Figure 1-1  FE-SEM (field emission scanning electron microscopy) images of Rg-(VM),-Rg/B(OH)3 nanocomposite
in THF solutions (Run 4 in Table 1-1). (A): before calcination at 800 °C, (B): after calcination at 800 °C.

Figure 1-1 shows that the obtained composites are very fine spherical particles

with mean diameter: 36 nm before calcination [Figure 1-1 (A)], and the similar

spherical fine particles with mean diameter 39 nm were also observed even after
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calcination at 800 °C [Figure 1-1 (B)]. Especially, the same particle size of the
composites as that (36 nm) by DLS measurements can be obtained as shown in Run 4
(in Table 1-1).

To verify the structure of the present nanocomposites, '' B Magic-angle spinning
(MAS) NMR spectra of the Rp-(VM-Si0;),-Rr/B(OH)3; nanocomposites illustrated in

Table 1-1 have been studied, and the results are shown in Figure 1-2.

Feed ratio:
16.0 —> =< 5.3 ppm oligomer/B(OH);
ppm / / i
un 6 735/309 (wt/wt
160 — \5,3

Run5  735/247
16.0 /j/t\s.s
Run 4 735/155

0—>\

16. 5.3
. Run 3 735/124
9.3
Run 2 735/62
N 87
7/Run 1 735/31
L 1 1 M 1 L 2 .
Re-(VM-SiO,)-R
150 100 50 0 -50 -100  -150 P 2)Re
(ppm)

Figure 1-2 1B Magic-angle spinning (MAS) NMR spectra of Rg-(VM-SiO,) -Rg/B(OH); nanocomposites:
Runs 1 ~ 6 in Table 1-1 determined by Varian 400 NMR system with a Varian 4 mm double-
resonance T3 solid probe spun at 15 kHz.

As shown in Figure 1-2, a clear ''B NMR signal was observed at around 9 ppm in
the cases of the lower feed amounts of boric acid: 31 ~ 62 mg (Runs 1 and 2). On the

other hand, two ''B NMR signals were observed at around 5 ~ 16 ppm levels in the
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cases of the higher feed amounts of boric acid: 124 ~ 309 mg (Runs 3 ~ 6). 9 ppm

signal would be attributed to the trigonal boron units and 5 ~ 16 ppm signals are due to

the borate network including the unreacted boric acid as shown in the following

Schematic illustration (see Scheme 1-2).

Re Re N\~
/

o~ 0 B

I ] 0

SI|—O —? -0 —SII—O— ]

0— ? 0— Sll—O—I?—O—B—O—B

—0-si— (I) ?
Re <|3 Re 1o ~®~on

or B(OH)j
Trigonal boron: B(OSi)5 Borate network: B(OB)5 or boric acid

Scheme 1-2 Schematic illustration of the proposal structure of the Rg-(VM-SiO,) ,-Re/B(OH)3
nanocomposites.

In fact, it has been already reported that the peaks at around 14 ~ 15 ppm are
associated to the trigonal borosiloxane [B(OSiR3);] units and the peaks at around 19
ppm are characteristic of boric acid or borate [B(OB);] networks, respectively, by ''B
MAS NMR spectral measurements.” ' ' FT-IR spectra also show that the
Rr-(VM-Si0,),-Re/B(OH); nanocomposites (Runs 1 and 2), which were prepared

under the lower feed amounts (31 ~ 62 mg) of boric acid, can afford no absorption
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peak related to boric acid; however, the nanocomposites (Runs 3 ~ 6), which were
prepared under the higher feed amounts of boric acid, can supply the clear absorption
peaks: 3200, 2260, and 1472 cm™ related to the parent boric acid (see Figure 1-3). A
similar result was obtained in the XRD (X-ray diffraction) measurements, and it can
be observed the clear diffraction patterns related to the original boric acid in the
composites (Runs 3 ~ 6) (see Figure 1-4). These findings suggest that the present
nanocomposites consist of the trigonal boron units and borate networks including the

parent boric acid illustrated in Scheme 1-2.

547
3200 2260 1479 926 ", |Pparent Feed ratio:
pTmmeees : 5 : /| B(OH); oligomer/B(OH)3
11337 1010; 670 IRun6  735/309 (wiwi)

Run 5 735/247

Run 4 735/155

Run 3 735/124

Run 2 735/62

Run 1 735/31

/_,Av.——/—“w\w_f\(““* Re-(VM-Si0,),-Re
' 750

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-)

Figure 1-3  FT-IR spectra of Rg-(VM-SiO,) ,-Rg/B(OH)3 nanocomposites: Runs 1 ~ 6 in Table 1-1
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Feed ratio:
oligomer/B(OH)3

Intensity (a.u.)

Parent B(OH)5

Run 6  735/309 (wt/wt)

| Run5 735/247
L. Run4 735/155

e f<—Run3 735/124
~—Run2 735/62

W g Gla g prom N RUn 1 735/31

<— OQriginal

5 20 35 50 65 80 RF'(VM'filoz)n'RF
20 (degree) nanoparticles

Figure 1-4  X-ray diffraction (XRD) patterns of Rg-(VM-SiO5,),-Rg/B(OH)3 nanocomposites (Runs 1 ~ 6 in Table 1-1)

1.3.2. Thermal stability of the Rg-(VM-Si0,),-Ry/B(OH)3; nanocomposites

The thermal stability of the Rgp-(VM-Si0,),-R¢/B(OH); nanocomposites

illustrated in Table 1-1 have been studied by the use of thermogravimetric analyses

(TGA), in which the weight loss of these nanocomposites was measured by raising the

temperature around 800 °C at a 10 °C/min heating rate under air atmospheric

conditions, and the results are shown in Figures 1-5 and 1-6.
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Figure 1-5 Thermogravimetric analyses (TGA) of Rg-(VM-SiO,),,-Rg/B(OH); nanocomposites (Runs 1 and 2 in
Table 1-1). (a) Weight loss (%) at 800 °C, (b) feed ratio of Rg-(VM),-Rg/B(OH)3 (wt/wt).
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Figure 1-6  Thermogravimetric analyses (TGA) of Rg-(VM-SiO,),,-Re/B(OH)3 nanocomposites (Runs 3— 6 in
Table 1-1). (a) Weight loss (%) at 800 °C, (b) feed ratio of Rg-(VM),-Rg/B(OH)3 (wt/wt).

As shown in Figure 1-5, the nanocomposites, which were prepared under the
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lower feed amounts of boric acid (31 ~ 62 mg: Runs 1 and 2 in Table 1-1), can afford

the higher weight loss at 800 °C than that of the original Rp-(VM-Si0,),-Rg

nanoparticles, indicating that these nanocomposites consist of the trigonal boron units

illustrated in Scheme 1-2. On the other hand, the nanocomposites, which were

prepared under the higher feed amounts of boric acid: 124 ~ 309 mg: Runs 3 ~ 6, were

found to provide the lower weight loss at 800 °C than that of the original nanoparticles.

This finding suggests that these nanocomposites consist of the borate network

structures including the parent boric acid (see Scheme 1-2). Original boric acid

[B(OH);] can afford the metaboric acid (HBO,) at 118 °C and boron trioxide (B,O3) at

160 °C by the dehydration under similar calcination process (see Figures 1-5 and 1-6).

The formation of inorganic molecules such as boron trioxide during the calcination

would decrease the weight loss of these nanocomposites as shown in Figure 1-6.

1.3.3. Preparation and thermal stability of the Ry-(VM-SiO;),-Ry/B(OH);3

nanocomposites - encapsulated a variety of low molecular weight organic

compounds
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It is well known that Rp-(CH,CHSi(OMe;)),-Rr oligomer can undergo the
sol—gel reaction under alkaline conditions in the presence of low molecular weight
aromatic compounds, such as 1, 1’-bi-2-naphthol (BINOL) and 4, 4’-biphenol to
afford the corresponding fluorinated oligomeric silica nanocomposites - encapsulated
these aromatic compounds after purification process.”’ ~ 3" These encapsulated
compounds can give no weight loss behavior in the fluorinated nanocomposites even
after calcination at 800 °C.*” ~*" This no weight loss behavior would be due to the
formation of hexafluorosilicate anion, which should be obtained through the
dehydrofluorination between the phenol-type acidic hydroxy protons in the organic
compounds and fluorines in the oligomer under alkaline conditions.” ~*" Thus, the
Rr-(VM-Si0,),-Re/B(OH);  nanocomposites - encapsulated diphenylsilanediol
(DPSDO) have been prepared, and the results are shown in Scheme 1-3 and Table 1-2.
The Rg-(VM-Si0,),-Re/B(OH); nanocomposites - encapsulated other low molecular
weight organic compounds such as 1, 1'-bi-2-naphthol (BINOL), 4, 4’-biphenol,
bisphenol A (BPA), bisphenol F (BPF), bisphenol AF (BPAF), biphenyl, dibenzyl, and
pentaerythritol (PETERL) under similar conditions have been also prepared, and the

results are shown in Scheme 1-3 and Table 1-3.
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Rr-(CH-CH)»-Re N rt/sh Re-(VM-Si0,) ,-Re/B(OH),

Si(OCHg)s B(OH)s nanocomposites
[Re-(VM) ;- Rel
Orgs _ | Re-(VM-Si0,),-Re/B(OH);/Orgs
Rr = CF(CF3)OC4F, 25 wt.% aq. NHg, THF nanocomposites

Orgs: diphenylsilanediol (DPSDO), 1, 1'-bi-2-naphthol (BINOL), 4, 4'-biphenol, bisphenol A (BPA),
bisphenol F (BPF), bisphenol AF (BPAF), biphenyl, dibenzyl, and pentaerythritol (PETERL)

Scheme 1-3 Preparation of Rg-(VM-SiO,),,-Re/B(OH)3/Orgs nanocomposites.

Table 1-2 Preparation of Rg-(VM-SiO,),-Rg/B(OH)3/DPSDO nanocomposites

Re-(VM),-Re B(OH);  DPSDO Yield®  Size of composites®)

Run

(mg) (mg) (mg) (%) (hm) = STD
1 735 124 50 71 65.1+7.4
1' 735 0 50 71 56.3+7.2
2 735 124 100 77 48.2 +10.7
2 735 0 100 77 56.3+7.2
3 735 124 200 75 27.7+24
3' 735 0 200 80 55.1+54
4 735 124 300 80 50.3 +6.0
4' 735 0 300 79 63.7 +6.4
5 735 124 400 80 79.9+4.9
5' 735 0 400 81 82.6 +8.3
6 735 124 500 82 53.9+3.6
6' 735 0 500 82 63.3+6.4
7 735 124 600 82 55.6 +11.7
8 735 124 700 82 56.1 + 8.1
9 735 124 800 83 56.3 +11.3
9 735 0 800 85 42.0+4.1
10 735 124 1000 85 63.2+6.3
10' 735 0 1000 87 492 +41
11 735 124 1500 87 69.0+84

a) Yields were based on Rg-(VM),-Rg, B(OH)3 and DPSDO (or Rg-(VM),-Re
and DPSDO).
b) Determined by dynamic light scattering (DLS) measurements.
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Table 1-3 Preparation of Rg-(VM-SiO,) ,-Rg/B(OH)3/0Orgs nanocomposites

Re-(VM),-Re B(OH)3 Orgs Yieldd  Size of compositesb)

Run

(mg) (mg) (mg) (%) (nm) £ STD

BINOL
12 735 124 50 77 437 +5.1
12 735 0 50 75 53.2+3.2
13 735 124 100 79 38.9+5.0
13' 735 0 100 75 82.3+7.8
14 735 124 200 80 51.2+6.2
14' 735 0 200 80 842 +15.6
15 735 124 300 79 63.8 +6.4
15' 735 0 300 83 89.7 + 141
16 735 124 600 83 65.0+7.6
16' 735 0 600 84 68.8 +8.2
BPA

17 735 124 50 77 785 +13.4
17" 735 0 50 75 84.2+9.2
18 735 124 100 78 73.2+7.3
18' 735 0 100 76 82.6 +8.0
19 735 124 200 82 71.8 +6.7
19' 735 0 200 80 67.1 +8.2
20 735 124 300 82 43.0+4.8
20" 735 0 300 83 85.4 +13.9
21 735 124 600 83 552 +5.5
21" 735 0 600 83 73.4+7.3
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22
22'
23
23'
24
24’
25
25'

26
26'

27
27'
28
28"
29
29'
30
30'
31

31
32
32'

33
33'

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

124

124

124

124

124

124

124

124

124

124

124

124

BPAF
50
50

100
100
200
200

300
300

600
600

BPF
50

50

100
100

200
200

300
300

400
400

500
500

800
800

46

76
76

79
75
80
80

78
82

83
82

76
75

78
78

79
78

80
83

81
84

80
85

88
89

421 +4.2
726 7.2

62.7 + 5.6
92.3+11.2
411+27
80.0 £ 8.9

83.0+13.5
73.6+7.2

83.4+8.4
99.7 £12.1

57.0+6.6
83.9+9.0

459+4.9
714127

48.3+4.6
84.5+9.6
52.4+6.3
55.3+5.2

409 +27
87.3+10.7

67.4+9.4
83.3 +8.3

749 +8.3
70.2+45



34
34'
35
35'
36
36'
37
37'
38
38
39
39'

40
40'
41

41"
42
42'
43
43'
44
44

45
45'

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

735
735

124

124

124

124

124

124

124

124

124

124

124

124

Biphenol
50
50

100
100

200
200

300
300

400
400
500
500

Biphenyl
50
50

100
100

200
200

300
300

400
400

500
500

47

78
74

78
78
77
79

81
79

84
83

84
84

80
72

82
71

70
70
76
72

78
75

79
75

42.0+4.3
55155

67.2+9.7
554 +5.5

41.7+3.8
43.8+5.9

423 +4.1
67.2+8.4

66.3 + 8.1
50.6 +5.9

54.5+5.0
549 +£5.2

423 +4.4
51.9+£8.2

58.5 +7.1
56.8 + 6.6

416+28
43.8 +6.8
63.5+6.3
49.1 +5.3

54.7 £ 5.1
55.3+5.5

66.9 + 8.2
82.9+8.2



Dibenzyl

46 735 124 50 77 325+36
46' 735 0 50 72 63.4+6.3
47 735 124 100 79 31.9 3.1
47" 735 0 100 75 541 +45
48 735 124 200 79 455+55
48' 735 0 200 75 52.8+ 3.0
49 735 124 300 82 49.7 £5.4
49' 735 0 300 78 83.1+8.3
50 735 124 400 83 65.3+7.8
50" 735 0 400 80 54.9 +5.4
51 735 124 500 82 56.1 +5.9
51" 735 0 500 82 83.4+85
PETERL
52 735 124 50 76 55.0 + 6.8
52" 735 0 50 78 41.0+45
53 735 124 100 62 421 £4.0
53' 735 0 100 77 53.1+3.2
54 735 124 200 87 437 £5.1
54' 735 0 200 80 83.2+9.6
55 735 124 300 75 61.5+9.7
55' 735 0 300 81 22.8+9.6

a) Yields were based on Rg-(VM),-Rg, B(OH)3 and Orgs (or Rg-(VM) -Re
and Orgs).
b) Determined by dynamic light scattering (DLS) measurements.

As shown in Scheme 1-3, Tables 1-2 and 1-3, the Rg-(VM-Si0,),-Rg/B(OH);

composites - encapsulated not only DPSDO but also other low molecular weight

organic compounds (Orgs) were obtained in 71 ~ 87 and 76 ~ 88 % isolated yields,

respectively. These obtained composites were found to have the similar dispersibility
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to that of the Rp-(VM-Si0,),-Re/B(OH); nanocomposites illustrated in Scheme 1-1

and Table 1-1. Thus, the average particle size of these composites in THF are

measured by the use of DLS measurements, and the results are also shown in Tables

1-2 and 1-3.

The average particle size of these composites was nanometer size-controlled

particles with mean diameter: 28 ~ 83 nm. In addition, the corresponding fluorinated

oligomeric silica nanocomposites - encapsulated these organic compounds

[Rr-(VM-Si0,),-R¢/Orgs] were prepared under similar conditions with no use of boric

acid, for comparison. The results are also shown in Tables 1-2 and 1-3.

The expected Rp-(VM-Si0,),-Rr/Orgs composites were obtained in 70 ~ 89 %

isolated yields through no purification process and the average particles size of these

composites in THF determined by using DLS measurements were nanometer

size-controlled: 23 ~ 100 nm as illustrated in Tables 1-2 and 1-3.

FE-SEM pictures of the Rp-(VM-Si0,),-Re/B(OH)3/DPSDO nanocomposites and

the Rp-(VM-Si0,),-Re/DPSDO nanocomposites (Runs 2 and 20 in Table 1-2) before

and after calcination at 800 °C show the formation of very fine nanoparticles with

mean diameters: 56 and 60 nm before calcination, and 45 and 50 nm after calcination,
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respectively (see Figures 1-7 and 1-8). Thus, the similar size of the composites before

and after calcination was observed, respectively.

mean: 56 nm

°
HIROSAKI SEI  10.0kV X50,000 100nm WD 100mm
(A)
100 nm
mean: 45 nm
N
100 nm HIROSAKI SEI  100kV X50,000 100nm WD 10.0mm

(B) 100 nm

Figure 1-7  FE-SEM (field emission scanning electron microscopy) images of Rg-(VM-SiO,) ,-Rg/B(OH)3/DPSDO
nanocomposite in THF solutions (Run 2 in Table 1-2). (A): before calcination at 800 °C, (B): after
calcination at 800 °C.
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mean: 60 nm

HIROSAKI SEI  10.0kV X50,000 100nm WD 10.0mm

mean: 50 nm

100 nm HIROSAKI SEI  10.0kV X50,000 100nm WD 10.0mm

(B) 100 nm

Figure 1-8  FE-SEM (field emission scanning electron microscopy) images of Rg-(VM-SiO,) ,-Rg/DPSDO
nanocomposite in THF solutions (Run 2'in Table 1-2). (A): before calcination at 800 °C, (B): after
calcination at 800 °C.

Thermal stability of these obtained nanocomposites was studied by the use of

TGA measurements, and the results are shown in Figure 1-9.
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Figure 1-9 Thermogravimetric analyses (TGA) of Rg-(VM-SiO,) ,-Rg/B(OH)s/DPSDO nanocomposites
(Runs 2 and 11 in Table 1-2). (a) Weight loss (%) at 800 °C, (b) feed ratio of Rg-(VM),-Rg/
B(OH)4/DPSDO (wt/wt/wt).

Figure 1-9 shows that the Rg-(VM-Si0O,),-Re/B(OH)3;/DPSDO nanocomposites
(Run 2 in Table 1-2: feed amount of DPSDO: 100 mg) can give the lower weight loss
than that of the Rp-(VM-Si0,),-R¢/B(OH); nanocomposites (Run 3 in Table 1-1) even
after calcination at 800 °C, although the Rp-(VM-SiO,),-Rg/B(OH)3;/DPSDO
nanocomposites were isolated through no purification process. This finding suggests
that the encapsulated DPSDO should afford no weight loss characteristic in the
nanocomposite cores even after calcination. On the other hand, the
Rr-(VM-Si0,),-Re/B(OH)3/DPSDO nanocomposites (Run 11 in Table 1-2), which

were prepared under a higher feed amount (1500 mg) of DPSDO, were found to give a
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clear weight loss (82 %) after calcination at 800 °C, compared with that of the
Rp-(VM-Si0,),-Re/B(OH); nanocomposites (Run 3 in Table 1-1) (see Run 11 in
Figure 1-9). In addition, the thermal stability of the other nanocomposites in Table 1-2
was studied under similar conditions, and the weight loss at 800 °C are summarized in

Figure 1-10.
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90 84
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7
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69 69 69
20 67
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Re-(VM-SiO,),-Re (4%)3) (8%)3) (14%)3)(20%)®) (25%)2) (30%)2) (34%)?) (37%))(40%)?) (46%)d) (55%)2)
Feed amounts of DPSDO (mg) for the preparation of the nanocomposites
Rg-(VM-SiOy) ,-Re/B(OH)5

Figure 1-10  Weight loss of Rg-(VM-SiO,) ,-Re/B(OH)3/DPSDO nanocomposites after calcination at 800 °C.
a) Theoretical contents of DPSDO in nanocomposite (%)

As shown in Figure 1-10, the parent DPSDO, the Rg-(VM-Si0,),-Rr oligomeric
nanoparticles and the Rp-(VM-SiO,),-Rg/B(OH); nanocomposites were found to

provide the 98, 73, and 71 % weight loss at 800 °C, respectively. In contrast, the
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Rr-(VM-Si0,),-Re/B(OH)3/DPSDO nanocomposites (Runs 1 ~ 5 in Table 1-2), which

were prepared under the feed amounts: 50 ~ 400 mg of DPSDO, can provide the

weight loss of 61 ~ 69 %, of whose values are smaller than that (71 %) of the

Rp-(VM-Si0,),-Re/B(OH); nanocomposites (Run 3 in Table 1-1), indicating that the

encapsulated DPSDO should afford no weight loss characteristic in the composite

cores even after calcination at 800 °C. However, it was demonstrated that the

Rp-(VM-Si10,),-Re/B(OH)3/DPSDO nanocomposites (Runs 6 ~ 11 in Table 1-2),

which were prepared under higher feed amounts: 500 ~ 1500 mg of DPSDO, supply

the clear weight loss (71 ~ 84 %) corresponding to the contents of DPSDO in the

composites after calcination. From these findings, the DPSDO can be effectively

encapsulated into the Rg-(VM-Si0,),-Rg/B(OH); nanocomposite cores to afford no

weight loss characteristic in the composites, and the saturated amounts of the

encapsulated DPSDO to afford no weight loss behavior are within 500 mg, and the

feed amounts of DPSDO greater than 500 mg can provide the usual weight loss

corresponding to the contents of DPSDO.

The thermal stability of the Rg-(VM-Si0,),-Rg/DPSDO nanocomposites

illustrated in Table 1-2 was studied, and the results for the weight loss at 800 °C of
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these nanocomposites are shown in Figure 1-11.
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Figure 1-11  Weight loss of Rg-(VM-SiO,),,-Rg/DPSDO nanocomposites illustrated in Table 1-2 after calcination
at 800 °C
a) Theoretical contents of DPSDO in nanocomposite (%)

As shown in Figure 1-11, the Rp-(VM-Si0,),-Re/DPSDO nanocomposites (see

Runs 1’ ~ 10’ in Table 1-2), which were prepared under the feed amounts: 50 ~ 1000

mg of DPSDO, were found to give a clear weight loss from 74 to 92 % at 800 °C,

compared with that (73 %) of the Rp-(VM-Si0;),-Rr oligomeric nanoparticles. This

finding suggests that the DPSDO in these nanocomposites should afford the usual

weight loss behavior during the calcination process. Therefore, it was clarified that the

introduction of the boric acid units into the nanocomposites are essential for affording
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no weight loss behavior toward the encapsulated DPSDO.

Table 1-4 shows the thermal stability of the Rp-(VM-Si0O;),-Rr/B(OH)3/BINOL,

BPA, BPAF, BPF, biphenol, PETERL, biphenyl, and dibenzyl nanocomposites. The

thermal stability of the corresponding nanocomposites possessing no boric acid units

was also shown in Table 1-4, for comparison. Especially, the results for the weight

loss values at 800 °C of these nanocomposites are summarized in Table 1-4.

Table 1-4 Relationship between the weight loss values of the Rg-(VM-SiO5,)-Re/B(OH)3/0Orgs nanocomposites (including
the Rg-(VM-SIO,) ,-Rr/Orgs nanocomposites) at 800 °C and the feed amounts of Orgs for the preparation of the
corresponding nanocomposites

Feed amounts of Orgs (mg) 0 50 100 200 300 400 500 600 800
RE-(VM-SiO,),,-Re/B(OH)3/BINOL (%)* 71 70 73 78 78 85
RE-(VM-SiOy) ,-Re/BINOL (%)* 73 81 79 80 84 90
Re-(VM-SiO,) ,,-Re/B(OH)3/BPA (%)* 71 71 72 72 81 86
RE-(VM-SiO,) ,-Re/BPA (%)* 73 77 80 80 84 90
Re-(VM-SiO,),,-Rr/B(OH)3/BPAF (%)* 71 71 70 72 80 87
Re-(VM-SiO,) ,-Re/BPAF (%)* 73 77 82 85 84 87
Re-(VM-SiO,) ,-Re/B(OH)3/BPF (%)* 71 67 68 74 78 80 83 84
RE-(VM-Si0,) -Re/BPF (%)* 73 76 77 84 79 88 84 88
Re-(VM-SiO,) ,-Rg/B(OH)a/biphenol (%)* 71 70 73 76 79 81 83
R-(VM-SiOy) -Re/biphenol (%)* 73 77 81 80 82 85 87
Re-(VM-Si0,)-Re/B(OH)4/PETERL (%)* 71 68 70 75 80
Rg-(VM-SiO,) ,-Re/PETERL (%)* 73 76 79 86 86
Re-(VM-SiO,),-Re/B(OH)/biphenyl (%)* 71 72 74 75 79 80 84
RE-(VM-SiO,) -Re/biphenyl (%)* 73 74 76 78 80 85 85
RE-(VM-SiO,),,-Rr/B(OH)g/dibenzyl (%)* 71 71 74 76 77 78 82
Re-(VM-Si0,) -Re/dibenzyl (%)* 73 75 79 81 83 85 87

* Weight loss (%) at 800 °C

Table 1-4 shows that the boric acid units enable the encapsulated Orgs to afford
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the higher thermal stability in the fluorinated nancomposite cores. The
Rr-(VM-Si10,),-Re/B(OH)3/Orgs nanocomposites, which were prepared under the feed
amounts: 50 ~ 100 mg of Orgs except for biphenyl and dibenzyl, can supply the 62 ~
73 % weight loss, indicating that the encapsulated Orgs would afford the perfect or
partially no weight loss behavior in the nanocomposite cores. On the other hand,
encapsulated Orgs, such as biphenyl and dibenzyl afforded slightly higher weight loss:
73 ~ 74 %, suggesting that the encapsulated these guest molecules should exhibit the
partially weight loss behavior during their calcination process.

To verify the presence of Orgs in the nanocomposites after calcination at 800 °C,
'"H MAS NMR spectra of the Rg-(VM-SiO;),-Re/B(OH)s/biphenyl nanocomposites
(Run 41 in Table 1-3) before and after calcination at 800 °C have been studied, and the

results are shown in Figure 1-12.
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Figure 1-12  'H Magic-angle spinning (MAS) NMR spectra of Rg-(VM-SiO,),-Re/B(OH)s/biphenyl nanocomposites
(Run 41 in Table 1-3) before (a) and after (b) calcination at 800 °C determined by Varian 400 NMR
system with a Varian 4 nm double-resonance T3 solid probe spun at 15 kHz.

As shown in Figure 1-12, the relatively sharp aromatic proton signals at around 7
ppm levels related to the encapsulated biphenyl was observed before (a) and even after
calcination (b), respectively. Especially, the aromatic signal at around 7 ppm after
calcination reveals the presence of biphenyl in the nanocomposites.

Similarly, 'H MAS NMR spectra of the Rg-(VM-SiO;),-Re/biphenyl
nanocomposites possessing no boric acid units (Run 41’ in Table 1-3) before
calcination can exhibit the clear aromatic signal at around 7 ppm levels related to the
presence of biphenyl in the nanocomposites [see Figure 1-13-(a)]. However, proton

NMR signals at around 7 ppm have been completely disappeared during the
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calcination process [see Figure 1-13-(b)], indicating that the encapsulated biphenyl can

afford the usual weight loss characteristic.

(b)

(@)

20 18 16 14

(ppm)

Figure 1-13  'H Magic-angle spinning (MAS) NMR spectra of Rg-(VM-SiO,) ,-Re/biphenyl nanocomposites
(Run 41'in Table 1-3) before (a) and after (b) calcination at 800 °C determined by Varian 400
NMR system with a Varian 4 nm double-resonance T3 solid probe spun at 15 kHz.

These findings suggest that the incorporation of boric acid units into the
fluorinated oligomeric silica nanocomposite cores is essential for providing no weight
loss behavior for the encapsulated organic molecules such as biphenyl.

It was previously reported that fluoroalkyl end-capped acrylic acid oligomer

[Rp-(CH,CHCOOH),-R¢]/silica nanocomposites - encapsulated bisphenol AF, which
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were prepared by the sol-gel reactions of tetraethoxysilane and silica nanoparticles in
the presence of the corresponding oligomer and bisphenol AF under alkaline
conditions, can give no weight loss corresponding to the contents of bisphenol AF in
the composites even after calcination at 800 °C.*» This no weight loss behavior is due
to the formation of ammonium hexafluorosilicate, which would be formed by the
smooth dehydrofluorination of phenol-type acidic hydroxy protons in bisphenol AF
with fluorines in oligomers catalyzed by both ammonia and silica nanoparticles.’® The
present Rp-(VM-Si0;),-Re/B(OH)s/biphenyl nanocomposites - encapsulated biphenyl
has no phenol-type acidic protons. However, the encapsulated biphenyl can afford no
weight loss behavior in the nanocomposite cores even after calcination at 800 °C. In
contrast, as mentioned above, the encapsulated biphenyl in the Rg-(VM-Si0,),-Rg
nanocomposite cores can supply the usual weight loss characteristic. These findings
suggest that boric acid units in the composites should afford no weight loss
characteristic toward the encapsulated biphenyl. In order to clarify such unique no
weight loss property, ''B Magic-angle spinning (MAS) NMR spectra of the
Rp-(VM-Si0,),-Re/B(OH)3/DPSDO nanocomposites (Run 2 in Table 1-2) and the

Rp-(VM-Si0,),-Re/B(OH)s/biphenyl nanocomposites (Run 42 in Table 1-3) before
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and after calcination at 800 °C were studied, and the results are shown in Figures 1-14

and 1-15.
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1B Magic-angle spinning (MAS) NMR spectra of Rg-(VM-SiO,),,-Rg/B(OH)3/DPSDO nanocomposites
(Run 2 in Table 1-2) before (a) and after (b) calcination at 800 °C determined by Varian 600 NMR
system with a Varian 3.2 nm Varian H/31P-13C/13C-15N BioMASTM probe spun at 15 kHz.

Figure 1-14
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Figure 1-15 1B Magic-angle spinning (MAS) NMR spectra of Rg-(VM-SiO,),,-Rg/B(OH)z/biphenyl nanocomposites

(Run 42 in Table 1-3) before (a) and after (b) calcination at 800 °C determined by Varian 600 NMR
system with a Varian 3.2 nm Varian 'H/31P-13C/13C-15N BioMASTM probe spun at 15 kHz.
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"B MAS NMR spectra for the Rg-(VM-SiO;),-Re/B(OH)3/DPSDO and the
Rp-(VM-Si0,),-Re/B(OH)s/biphenyl nanocomposites before calcination show the two
clear signals at around 14.3 ~ 19.9 ppm and 0.8 ~ 5.1 ppm levels, of whose peaks are

associated with the presence of the trigonal boron units (>B—)*'"'®

and the tetragonal
boron units (>B<),” ~*® respectively. The DPSDO nanocomposites after calcination
can exhibit the similar two signals at around 12.7 and 0.6 ppm, which correspond to
the trigonal and tetragonal boron units, respectively [see Figure 1-14-(b)]. The
biphenyl nanocomposites were found to exhibit the only one signal at around 13.2
ppm related to the trigonal boron units [see Figure 1-15-(b)], indicating that the
tetragonal boron units in the nanocomposites would be consumed during the
calcination process. On the other hand, the hydroxy units in the DPSDO

nanocomposites should interact effectively with the boron moieties to keep the

tetragonal boron units even after calcination process as shown in Scheme 1-4.
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Scheme 1-4  Plausible structures of Rg-(VM-SiO,),-Re/B(OH)3/DPSDO nanocomposites

In this way, it was verified that the formation of the tetragonal boron units in the

composites can afford no weight loss characteristic toward the encapsulated organic

molecules in the nanocomposite cores even after calcination at 800 °C.
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1.4. Conclusion

It was demonstrated that fluoroalkyl end-capped vinyltrimethoxysilane oligomer
[Re-(VM),-Rf] can react with boric acid to afford the corresponding fluorinated
oligomer/silica/boric acid nanocomposites [Re-(VM-SiOs),-Re/B(OH)s]. ''B MAS
NMR spectra show that these obtained nanocomposites consist of the trigonal boron
units and the borate network or unreacted boric acid. The Rg-(VM-SiO,),-R¢/B(OH);
nanocomposites are effective for the encapsulation of a variety of guest molecules
(Orgs) such as diphenylsilanediol (DPSDO), 1, [1’-bi-2-naphthol (BINOL),
4, 4’-biphenol, bisphenol A (BPA), bisphenol F (BPF), bisphenol AF (BPAF),
biphenyl, dibenzyl, and pentaerythritol (PETERL) into these nanocomposite cores to
afford the corresponding fluorinated nanocomposites - encapsulated Orgs. The
Rr-(VM-Si0,),-Rr nanocomposites - encapsulated Orgs were also prepared under
similar conditions, for comparison. The Rg-(VM-Si0,),-Re/B(OH); nanocomposites -
encapsulated Orgs were found to exhibit no weight loss behavior corresponding to the
contents of the Orgs in the composites even after calcination at 800 °C; although these

nanocomposites were isolated through no purification process. On the other hand,
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encapsulated Orgs in the Rp-(VM-SiO,),-Rr nanocomposite cores were found to
afford the usual weight loss through the calcination process. ''B MAS NMR spectra of
the Rp-(VM-Si0,),-Rr/B(OH); nanocomposites - encapsulated Orgs before calcination
show the clear signal at around 1 ~ 5 ppm levels which corresponds to the tetragonal
boron units formation. The formation of such tetragonal boron units enables the
encapsulated Orgs to afford no weight loss in the nanocomposite cores even after
calcination. Therefore, the present Rp-(VM-Si0,),-Rg/B(OH); nanocomposites may
develop as new fluorinated functional materials possessing boron units for providing
extremely higher thermal stability for a variety of low molecular weight organic

compounds.
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CHAPTER 2

Preparation of Fluoroalkyl End-Capped Vinyltrimethoxysilane
Oligomeric Silica/Boric Acid/Poly(/N-methyl
benzamide)-b-Poly(propylene oxide) Block Copolymer
Nanocomposites — No Weight Loss Behavior of the Block Copolymer

in the Nanocomposites even after Calcination at 800 °C
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2.1. Introduction

Much attention has been hitherto focused on the polyborosiloxanes, due to their
wide applications such as modifiers for thermosetting resins to improve the thermal
stability, heat-resistance painting, halogen-free flame retardants, and ceramic
precursors." =¥ Such higher thermal stability can be attributed to the presence of
higher bond energy of B-O and Si-O bonds.” In general, polyborosiloxanes can be
easily synthesized by the reactions of boric acid with diarylsilanediols or
diaryldichlorosilanes.'® ~ 2 Alkoxysilanes, vinylalkoxysilanes and hydrosilanes are
also useful for the synthesis of polyborosiloxanes by using boric acid as a key
intermediate.® * '* ' This synthetic method has high potential from the practical
applicable point of view, because boric acid is the cheapest source of boron for the
synthesis of polyborosiloxanes. A considerable interest has been also devoted to
fluorinated polymers, especially, block copolymers containing longer perfluoroalkyl
groups, because these fluorinated block copolymers can exhibit a wide variety of
unique properties such as surface active characteristic and the self-assembled
polymeric aggregates in aqueous and organic media, which cannot be achieved by the

corresponding randomly fluoroalkylated polymers.”" ** In fact, ABA triblock-type
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two fluoroalkyl end-capped oligomers [Rg-(M),-Rg; R = fluoroalkyl groups; M =
radical polymerizable hydrocarbon monomers] can form the nanometer size-controlled
self-assembled molecular aggregates through the aggregation of the terminal
fluoroalkyl segments in aqueous and organic media.® ~ ** These fluorinated
oligomeric aggregates can interact with a variety of guest molecules such as silica,
titanium oxide, magnetite, hydroxyapatite, gold, silver, copper, zinc oxide, organic
dyes, fullerene, and carbon nanotube to afford the corresponding fluorinated
oligomeric aggregates/guest molecules nanocomposites.”® ~ > Therefore, it is of
particular interest to develop new organoborosiloxanes/fluoroalkyl end-capped
oligomeric nanocomposites possessing not only the unique characteristics imparted by
the organoborosiloxanes but also the surface active property related to the longer
fluoroalkyl groups. However, such studies have been hitherto very limited except for
the report on the surface modification of polycarbonate by using cross-linked
bisphenol A-based epoxy acrylate resins/polyborosiloxane hybrids containing longer
fluoroalkyl chain®® and our recent work on the preparation of fluoroalkyl end-capped
oligomeric silica/boric acid nanocomposites.’” Low molecular weight aromatic

compounds such as diphenylsilanediol, 1, 1°-bi-2-naphthol, bisphenol F, bisphenol AF
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and bisphenol A can be encapsulated into these fluoroalkylated composite cores to
afford the corresponding fluorinated oligomeric silica/boric acid nanocomposites -
encapsulated these aromatic compounds.’” This chapter shows that thermoplastic
aromatic elastomers such as poly(N-methyl benzamide)-b-polypropylene oxide block
copolymers [(MAB),.,-b-PPOs,; m = 5 ~ 8] can interact with fluoroalkyl end-capped
vinyltrimethoxysilane oligomeric silica/boric acid nanocomposites under alkaline
conditions to provide the corresponding fluorinated oligomeric silica/boric
acid/(MAB).m-b-PPO3; nanocomposites. Interestingly, these obtained
nanocomposites were found to exhibit no weight loss behavior corresponding to the
contents of the block copolymers in the nanocomposites even after calcination at
800 °C, although the expected nanocomposites were isolated without the purification

process. These results will be described in this chapter.
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2.2. Experimental

2.2.1 Measurements

Dynamic light scattering (DLS) measurements were measured by using Otsuka
Electronics DLS-7000 HL (Tokyo, Japan). Field emission scanning electron
micrographs (FE-SEM) were recorded using JEOL JSM-7000F (Tokyo, Japan).
Thermal analyses were recorded by raising the temperature around 800 °C (the heating
rate: 10 °C/min) under atmospheric conditions by the use of Bruker axs
TG-DTA2000SA differential thermobalance (Kanagawa, Japan). Solid state ''B MAS
NMR spectra were measured on a Varian 400 NMR system spectrometer (Palo Alto,
CA) operated at 100.56 MHz for the °C nuclei with a Varian 4 mm double-resonance
T3 solid probe spun at 15 kHz. Solid state '"H NMR spectra were measured on a
Varian 400 NMR system spectrometer (Palo Alto, CA) operated at 399.88 MHz for

the 'H nuclei with a Varian 4 mm double-resonance T3 solid probe spun at 15 kHz.
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2.2.2. Materials

Boric acid was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Vinyltrimethoxysilane was used as received from Dow Corning Toray Co., Ltd.
(Tokyo, Japan). Fluoroalkyl end-capped vinyltrimethoxysilane  oligomer
[Rp-(CH,-CHSi(OMe)s3),-Rg: the mixture of dimer and trimer; Rp = CF(CF3)OCsF7]
was synthesized by the reaction of fluoroalkanoyl peroxide with the corresponding
monomer according to the previously reported method.*® Poly(N-methyl
benzamide)-b-poly(propylene oxide) block copolymers [(MAB),.n-b-PPO3y: m = 5 ~
8] were synthesized according to the procedure reported by Shibasaki et al.*”
Poly(ethersulfone)-b-poly(tetrahydrofuran)-b-poly(ethersulfone) triblock copolymer

(PES-b-PTHF-b-PES) was synthesized according to the procedure previously reported

by Jikei et al..*”

2.2.3. Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica/boric acid/(MAB),,.,-b-PPO3; nanocomposites

75



To a liquid fluoroalkyl end-capped vinyltrimethoxysilane oligomer (735 mg) was

added boric acid powder (124 mg). The mixture solution was stirred at room

temperature for 5 h to give the transparent viscous colorless solution. The

homogeneous tetrahydrofuran solution (3 mL) containing (MAB)s.s-b-PPO3; (100 mg)

and 25 wt% aqueous ammonia solution (0.25 mL) was added to this transparent

solution, and was successively stirred at room temperature for 1 day. After the solvent

was evaporated off, the obtained product was then dried in vacuo at 50 °C for 2 days

to afford the expected nanocomposites powders (750 mg). Other fluoroalkyl

end-capped vinyltrimethoxysilane oligomeric silica/boric acid/(MAB),.,-b-PPO3;

(m = 6 ~ 8) nanocomposites were also prepared under similar conditions.

Fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica/(MAB),,.»-b-PPO3, nanocomposites were also prepared by the reactions of the

corresponding oligomer (735 mg) with the (MAB),.,-b-PPOs, block copolymer

(100 mg) in tetrahydrofuran (3 mL) in the presence of 25 wt% aqueous ammonia

(0.25 mL) under similar conditions.
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2.3. Results and discussion

The parent poly(N-methyl benzamide)-b-poly(propylene oxide) block copolymer
[(MAB),.u-b-PPOs3,; m = 5] is a brown-colored film-like polymer at room temperature
as illustrated in Scheme 2-1, and this film has a good solubility toward tetrahydrofuran
(THF). Thus, the fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/boric
acid nanocomposites [Rp-(VM-SiO,),-Rg/B(OH);], which were prepared by the
reaction of the corresponding oligomer [Rp-(CH,CHSi(OMe);),-Re: Rp-(VM),-R¢]
with  boric  acid’”, were tried to interact with  poly(N-methyl
benzamide)-b-poly(propylene oxide) block copolymer [(MAB),.,-b-PPO3;] in THF

under alkaline conditions at room temperature as shown in Scheme 2-1.
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RF'(CHZ'CI;H)n'RF +  B(OH) rt/sh Re-(VM-SiO,),-Re/B(OH)4

Si(OCH3)3 nanocomposites

[Re-(VM) Rl
Re = CF(CF3)OC4F,

(MAB) iy -b-PPOg5" Re-(VM-SIO,),-Re/B(OH)s/
25 wt% aq. NHg, THF MAB,,.,;-b-PPO3, nanocomposites

(m = 5: white-colored

powders)
Re-(CH,-CH),-R 25 wt% ag. NH,, THF
FOHZCHRe (MAB) . ,-b-PPO gy ——- >89 T3 >
Si(OCHg)3
[Re-(VM),-Re] Re-(VM-SiO,),-Re/MAB,,,_-b-PPOs,

nanocomposites

R = CF(CF3)OC4F

| (m = 5: white-colored
powders)

*Poly(N-methyl benzamide)-b-poly(propylene oxide) block copolymer [MAB,;,_,,-b-PPO35]

{w%tw(i@%@%@iﬁl

m=5;Mn =10,000; m=6; Mn =9,000; m=7;Mn =9,400; m = 8; Mn = 9,000;
——

i‘ (Brown-colored film)

Scheme 2-1 Preparation of the Rg-(VM-SiOs),-Rg/B(OH)3/(MAB),;;,.-b-PPO35
nanocomposites, Rg-(VM-SiO»,) ;-Rg/(MAB),;,..;-b-PPO3, nanocomposites,
and (MAB),,,..,-b-PPO3, block copolymer and each obtained nanocomposites
To the homogenous THF solutions of the (MAB),,.,-b-PPO3; block copolymer

containing 25 wt% ammonia  solution was added the viscous

Rr-(VM-Si0,),-Re/B(OH); nanocomposite solution, and were successively stirred at
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room temperature for 1 day. After removal of the solvent under reduced pressure at

80 °C, and then dried in vacuo to provide the expected white-colored powdery

Rp-(VM-Si10,),-Re/B(OH)3/(MAB),,.n-b-PPO3, composite products (see Scheme 2-1).

As shown in Scheme 2-1 and Table 2-1, the expected

Rp-(VM-Si0,),-Re/B(OH)3/(MAB),,.»-b-PPO3, composites were obtained in 76 ~ 78%

isolated yields as white-colored powders. The Rp-(VM-Si0;),-Re/(MAB),.m-b-PPO3;

composites were also obtained as the white-colored composite powders in similar

isolated yields (72 ~ 74 %) (see Scheme 2-1).

Table 2-1  Preparation of Rg-(VM-SiO,) ,-Rg/B(OH)3/MAB,,.,,-b-PPO3, nanocomposites

Run Re-(VM),-Re  B(OH)4 MAB,,,_,,-b-PPO3, Yield?) Size of composites®)
(mg) (mg) (mg) (%) (nm) + STD
1 735 124 m=5 100 78 172.1 +£20.0
2 735 - 100 72 81.3 9.1
3 735 124 m=6 100 77 89.0+11.6
4 735 — 100 72 36.9+3.8
5 735 124 m=7 100 76 133.0 +18.4
6 735 — 100 74 125.7 £12.9
7 735 124 m=38 100 76 98.6 +14.0
8 735 — 100 73 82.6+7.8
9 735 124 - 77 432+7.7

a) Yields are based on Rg-(VM),-Rg, B(OH)3 and MAB . ,;-b-PPO35 (m = 5 ~ 8)
b) Determined by dynamic light scattering (DLS) measurements

The Rp-(VM-Si0,),-R/B(OH)3/(MAB);.m-b-PPO32  composites and the
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Rp-(VM-S10,),-Rg/(MAB).-b-PPO3;  composites were found to have good
dispersibility toward the traditional organic media such as methanol, THF,
1, 2-dichloroethane, 2-propanol, fluorinated aliphatic solvents (1: 1 mixed solvents
(AK-225TR) of 1, 1-dichloro-2, 2, 3, 3, 3-pentafluoropropane and 1, 3-dichloro-1, 2, 2,
3, 3-pentafluoropropane), dimethyl sulfoxide and N, N-dimethylformamide except for
water. Thus, the average particle size of these composites in THF has been measured,
and the results are also shown in Table 2-1.

As shown in Table 2-1, the sizes of the Rp-(VM-Si0,),-Rg/(MAB),,...-b-PPO3;
composites are nanometer size-controlled fine particles from 36.9 (+ 3.8) to 126 nm,
affording higher values than that (19.6 + 3.2 nm) of the original Rg-(VM-Si0,),-Rg
oligomeric nanoparticles, which were prepared by the sol-gel reaction of the
corresponding Rg-(VM),-Rr oligomer under alkaline conditions.*" Furthermore, an
additional increase of the sizes of the Rp-(VM-Si0,),-Rr/B(OH)3/(MAB),,.n-b-PPO3,
composites can  be  observed, compared to the  corresponding
Rp-(VM-S10,),-Re/(MAB),..-b-PPO3, composites, suggesting that the composite
reactions of the Rg-(VM-Si0,),-Re/B(OH); nanocomposites with the block

copolymers can proceed smoothly under very mild condition to provide the expected
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nanocomposites.

The field emission scanning electron micrographs (FE-SEM) of well-dispersed

THF solutions of the Rp-(VM-Si0,),-Rr/B(OH)3/(MAB),,.,-b-PPO3, nanocomposites

(Run 1 in Table 2-1) before and after calcination at 800 °C have been measured to

clarify the formation of the nanocomposite particles, and the results are shown in

Figure 2-1.

mean: 40 nm

HIROSAKI SEI

»

mean: 52 nm o
HIROSAKI SEI 10.0kV  X50,000 100nm WD 10.0mm

100 nm —
(B) 100 nm

Figure 2-1 FE-SEM (field emission scanning electron microscopy) images of Rg-(VM-SiO,) ,-Rr/B(OH)3/MAB;5_5-b-
PPO 3, nanocomposites (Run 1 in Table 2-1) in THF solutions (Run 1). (A) before calcination at 800 °C,
(B) after calcination at 800 °C.

Electron micrographs also showed the formation of fluorinated very fine
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nanoparticles with a mean diameter of 40 nm before calcination (see Figure 2-1-(A)),
and the similar size value (52 nm) was also observed even after calcination at 800 °C
(see Figure 2-1-(B)). This finding suggests that the present nanocomposites would
have a good thermal stability. Thus, the thermal stability of the nanocomposites
illustrated in Table 1 was tried to study by the use of thermogravimetric analyses
(TGA), in which the weight loss of the nanocomposites was measured by raising the
temperature at around 800 °C at a 10 °C/min heating rate under air atmospheric

conditions, and the results are shown in Figure 2-2.

o
1
1

;(

Rg-(VM-SIO,) ,-Rg oligomeric
/ nanoparticles

N
o

S
o

Weight loss (%)
W
o

D O
o O

The original
(MAB)5.5-b-PPO3»
block copolymer

~
o

o]
o

Q0 Run 2

100

0 100 200 300 400 500 600 700 800
Temperature (°C)
Figure 2-2 Thermogravimetric analyses (TGA) of the Rg-(VM-SiO,) ,-Re/(MAB)5.5-b-PPO 3, nanocomposites

(Run 2in Table 2-1), the Rg-(VM-SiO,),-Rg oligomeric nanoparticles, and the original (MAB) 5_5-b-PPO3,
block copolymer.
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Figure 2-2 shows the TGA curves of the Rp-(VM-SiO,),-Rr oligomeric

nanoparticles, the original (MAB);s.5-b-PPOs, block copolymer and the

Rp-(VM-Si0,),-Re/(MAB)s_s-b-PPOs, nanocomposites (Run 2 in Table 2-1),

respectively.

The weight of the parent (MAB)s_s-b-PPOs3, block copolymer markedly dropped

around 250 °C and decomposed gradually, reaching 100 % weight loss at around

560 °C. The Rg-(VM-Si0,),-Rr oligomeric nanoparticles can start the weight loss

from around 400 °C to afford the 73 % weight loss at 800 °C in proportion to the

content ~ of the  organic  moieties in the  nanoparticles. The

Rp-(VM-Si10,),-Re/(MAB);s._s-b-PPO3, nanocomposites (Run 2 in Table 2-1) have been

isolated without purification process; however, this nanocomposite cannot afford the

clear weight loss corresponding to the content of the copolymer in the composites even

after calcination at 800 °C. Because, the similar weight loss value (75 %) to that

(73 %) of the original Rg-(VM-Si0,),-Rr oligomeric nanoparticles was observed as

shown in Figure 2-2. DTA (differential thermal analyses) curve of the

Rp-(VM-Si10,),-Re/(MAB)s_s-b-PPO3, nanocomposites shows a clear exothermic peak

at around 210 °C (see Figure 2-3), which would be attributed to the dehydration or the
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demethanolification related to the =Si—OH or =Si—OMe units in the composites to

form the additional siloxane networks in the nanocomposites during the calcination

process. This exothermic peak corresponds to the weight loss at around 210 °C, of

whose value would be in proportion to the relatively higher weight loss (75 %) at

800 °C than that (73 %) of the original Rr-(VM-Si0O;),-Rr oligomeric nanoparticles. In

addition, such weight loss at around 110 ~ 210 °C is not observed at all in the parent

(MAB)s.5-b-PPO3, block copolymer, indicating that the corresponding block

copolymer should exhibit no weight loss behavior in the fluorinated oligomeric silica

nanocomposite cores.
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B(OH)3 Re-(VM-SiO,)-Re
v oligomeric nanoparticles
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Figure 2-3  Differential thermal analyses (DTA) of the Rg-(VM-SiOy),,-Rg/B(OH)3/(MAB);_5-b-PPO3,
nanocomposites (Run 1 in Table 2-1), the Rg-(VM-SiO,) -Re/(MAB)5.5-b-PPO35, nanocomposites
(Run 2 in Table 2-1), the original (MAB)5.5-b-PPO3, block copolymer, the Rg-(VM-SiO5,) ,-Re/B(OH)3
nanocomposites (Run 9 in Table 2-1), the Rg-(VM-SiO,),,-Rg oligomeric nanoparticles, and original
B(OH)5

The thermal stability of the Rgp-(VM-SiO,),-Re/B(OH)3/(MAB)s_s-b-PPOs;
nanocomposites (Run 1 in Table 2-1) have been also studied under similar conditions.
Thermal stability of the Rp-(VM-Si0,),-R¢/B(OH); nanocomposites (Run 9 in Table
2-1), the original (MAB)s.5-b-PPO3;, block copolymer and the parent boric acid were

also studied, for comparison. These TGA curves are illustrated in Figure 2-4.
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Figure 2-4  Thermogravimetric analyses (TGA) of the Rg-(VM-SiO,) ,-Rg/B(OH)3/(MAB);5.5-b-PPO3,
nanocomposites (Run 1 in Table 2-1), the Rg-(VM-SiO,) ,-Re/B(OH)3 nanocomposites (Run 9 in
Table 2-1), the parent B(OH)3, and the original (MAB) 5.5-b-PPO3, block copolymer.

Of particular interest, the Rgp-(VM-Si0,),-R¢/B(OH)3/(MAB)s_s-b-PPOs;
nanocomposites (Run 1 in Table 2-1) were found to exhibit no weight loss behavior
corresponding to the content of the block copolymer even after calcination at 800 °C,
although this nanocomposite was isolated without purification process. This weight
loss value (70 %) is quite similar to that (71 %) of the Rp-(VM-Si0,),-R/B(OH);3
nanocomposites at 800 °C. The clear weight loss at around 100 ~ 200 °C was observed
in the Rp-(VM-Si0;),-Re/B(OH)3/(MAB)s_s-b-PPO3s, nanocomposites and the
Rp-(VM-Si0,),-Re/B(OH); nanocomposites (see Figure 2-4). TGA curve of the

original boric acid [B(OH);] in Figure 2-4 shows the clear weight loss related to the
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formation of the metaboric acid (HBO,) and boron trioxide (B,O3) by the dehydration
during the calcination process. This dehydration corresponds to the clear endothermic
peaks at around 100 ~ 200 °C illustrated in Figure 2-3. Thus, such weight loss
behavior in these nanocomposites would be attributed to dehydration related to the
boric acid moieties [~B(OH),; n = 1 or 2] in the nanocomposites.

To confirm the presence of the block copolymers in the
Rp-(VM-Si10,),-Re/(MAB)s_s-b-PPO3, nanocomposites (Run 2 in Table 2-1) before
and after calcination at 800 °C, "H MAS NMR spectra of these nanocomposites have

been studied. The results are shown in Figure 2-5.

20 18 16 141210 8 6 4 2 0 -2 -4 -6 -8 20 18 16 14 1210 8 6 4 2 0 -2 -4 -6 -8
(ppm) (ppm)
(A): Before calcination at 800 °C (B): After calcination at 800 °C

Figure 2-5  TH Magic-angle spinning (MAS) NMR spectra of the Rg-(VM-SiO5),,-Rg/(MAB)5.5-b-PPO3,
nanocomposites (Run 2 in Table 2-1) before (A) and after (B) calcination at 800 °C.
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As shown in Figure 2-5-(A), the clear peaks around 3 ~ 8 ppm related to the

block copolymer in the nanocomposites before calcination were observed.

Interestingly, similar NMR signals to those before calcination were also observed at

around 3 ~ 7 ppm related to the copolymer in the nanocomposites even after

calcination at 800 °C (see Figure 2-5-(B)). These findings suggest that the

(MAB)s.5-b-PPO3, block copolymer should afford no weight loss behavior in the

Rp-(VM-Si10,),-Rr nanocomposite cores.

The thermal stability of the other nanocomposites illustrated in Table 2-1 have

been studied, and the weight loss values of these composites at 800 °C are shown in

Figure 2-6. The weight loss values of the original (MAB),,..,-b-PPO3, copolymers

(m = 6, 7, and 8) and the Rp-(VM-Si0O,),-Rr oligomeric nanoparticles at 800 °C are

also shown in Figure 2-6, for comparison.

88



100~ 100”
100 98*
& 90 Re-(VM-SIOy),-
O ollgomenc nanopartlcles o) vax
o * o *k *(00, 9 /°)
S 7749%)**  78%(9%)™  78%(9%)*
© 80 73*
©
2
ko]
= 70
2
(]
=
60
50
m|= 5 I=
min the parent min the Rg-(VM-SiOy) ,-Re/(MAB) .- b- PP032
(MAB) ,.m~b-PPQO3, block copolymer nanocomposite

Figure 2-6  Weight loss values at 800 °C of the Rg-(VM-SiOy) ,-Rg/(MAB),;,..,-b-PPO35 nanocomposites, the
parent (MAB) ,,..,-b-PPO3, block copolymer, and the Rg-(VM-SiO,) ,-Rg oligomeric nanoparticles
after calcination at 800 °C. *Weight loss value at 800 °C. **Theoretical contents of (MAB),,.,,-b-
PPO,, in nanocomposite (%).

Figure 2-6 shows that the original (MAB),,.,-b-PPOs3, copolymers (m = 5, 6, 7,

and 8) have 97 ~ 100 % weight loss values at 800 °C, and the weight loss value of the

parent Rp-(VM-Si0,),-Rr oligomeric nanoparticles is 73 %. As indicated before, the

Rp-(VM-Si0,),-Re/(MAB)s_s-b-PPO3s, nanocomposites have a similar weight loss

value (77 %) to that (73 %) of the original Rg-(VM-Si0,),-Rr nanoparticles, providing

no weight loss behavior toward the corresponding block copolymer. However, the

weight loss values were found to increase from 77 to 80 % with the increase of the

ratios: m of the poly(N-methyl benzamide) units in block copolymer from 6 to 8§,

although the molecular weight (M;) of these block copolymers is almost the same
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(9000 ~ 10000) illustrated in Scheme 2-1. Thus, it is suggested that higher ratios of the

poly(N-methyl benzamide) units could increase slightly the weight loss values

corresponding to the block copolymers in the nanocomposite cores. The present

(MAB),..m-b-PPO3, block copolymers have hard and soft segments in the same

polymer chain, and hard segment corresponds to the poly(N-methyl benzamide) units.

Thus, the block copolymers possessing higher ratios: m = 6 ~ 8 of hard segments are

not likely to interact with the Rp-(VM-Si0,),-Rr nanocomposite cores in the

nanocomposite reactions illustrated in Scheme 2-1, affording higher weight loss values

than that of the block copolymer (m = 5). From these findings, it is strongly suggested

that the introduction of the reinforcing filler such as boric acid into the

Rp-(VM-Si0,),-Rr nanocomposite cores should improve the thermal stability of the

nanocomposites through the effective interaction of the hard segment in the block

copolymers with the nanocomposites.

In fact, as shown in Figures 2-4 and 2-7, it was demonstrated that the

Rp-(VM-Si0,),-Re/B(OH)3/(MAB),,.»-b-PPO3, nanocomposites (m = 5 ~ 8) can give

no weight loss behavior corresponding to the block copolymers in the composites,

although these nanocomposites were isolated without purification process. Because it
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can be observed the lower weight loss values (70 %) except for m = 6 or 8 at 800 °C to

that (71 %) of the original Rpg-(VM-Si0,),-Rr/B(OH); nanocomposites in each case. In

this way, it was clarified that boric acid units can afford no weight loss characteristic

toward the block copolymers in the fluorinated oligomeric silica nanocomposite cores.

100* 100*

100
X 9 r
o Rg-(VM-SiOy) ,,-Re/B(OH)3
o nanocomposites
o
o] 80 B *
© 3 %) *(8%)f
a 70%(8%)* 70* 8%)*
o
= 70
2
(0]
=

60

50

mee mee 4
m in the parent Rg-(VM-SiO,)-Re min the _
(MAB) ,.-b-PPO3, block copolymer  oligomeric nanoparticles ~ RF-(VM-SiO5) -Re/B(OH)5/

(MAB) ,.,-b-PPO3, nanocomposite

Figure 2-7  Weight loss values at 800 °C of the Rg-(VM-SiO5),-Rg/B(OH)3/(MAB),,,_..,-b-PPO3, nanocomposites,
the parent (MAB) ,,..,-b-PPO3, block copolymer, the original Rg-(VM-SiOy) ,-Rg/B(OH)3
nanocomposites, and the Rg-(VM-SiO,),,-Rg oligomeric nanoparticles after calcination at 800 °C.
*Weight loss value at 800 °C. **Theoretical contents of (MAB) ;,_,,-b-PPO3, in nanocomposite.

In order to clarify such no weigh loss characteristic toward the block copolymers,
'H MAS NMR spectra of the Rg-(VM-SiO,),-Re/B(OH):/(MAB);.5-b-PPO3,
nanocomposites before and after calcination at 800 °C have been studied, and these

results are shown in Figure 2-8.
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Figure 2-8  1H Magic-angle spinning (MAS) NMR spectra of the Rg-(VM-SiO,) ,-Re/B(OH)3/MAB;.5-b-PPO3,
nanocomposites (Run 1 in Table 2-1) before (A) and after (B) calcination at 800 °C.

As shown in Figures 2-8-(A) and -(B), the similar 'H NMR signals related to the
presence of the block copolymer before and even after calcination at 800 °C can be
observed, indicating that the block copolymer can supply no weight loss property even
after calcination in the nanocomposite cores.

Furthermore, ''B MAS NMR spectra of the Rp-(VM-SiO,),-Rs/B(OH)s/
(MAB);s.5-b-PPO3, nanocomposites before and after calcination at 800 °C have been

studied, and the results are shown in Figure 2-9.
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Figure 2-9  11B Magic-angle spinning (MAS) NMR spectra of the Rg-(VM-SiO.),;-Rg/B(OH)5/(MAB)5.5-b-PPO3,
nanocomposites (Run 1 in Table 2-1) before (A) and after (B) calcination at 800 °C

"B MAS NMR spectra show that the Rp-(VM-SiO,),-Re/B(OH)s/
(MAB);s.5-b-PPO3; nanocomposites before calcination show two clear signals at 14

ppm and 0.4 ppm, of whose peaks are attributed to the presence of the trigonal boron

14, 42, 43) ~47)

units (> B-) and the tetrahedral boron units (> B <)* ~*7, respectively (see
Figure 2-9-(A)). Especially, the formation of the tetrahedral boron units in the
nanocomposites could induce no weight loss characteristic toward the block
copolymers through the interaction of the boron units with the amide moieties

corresponding to the hard segments in the block copolymer. Such effective interaction

would lead the tetrahedral boron units to give no weight loss behavior toward the
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block copolymers. However, the relatively broad doublet peak at 4.7 ppm related to
the trigonal boron units after calcination can be observed as shown in Figure 2-9-(B),
suggesting that the tetrahedral boron units in the composites will be consumed during
the calcination process.

Poly(N-methyl benzamide)-b-poly(propylene oxide) block copolymers compose
of hard and soft segments, of whose hard segment corresponds to the poly(N-methyl
benzamide) units in copolymers. Especially, it was demonstrated that the
poly(N-methyl benzamide) units in block copolymer (m = 5) should interact with the
fluorinated oligomeric silica nanocomposites to afford no weight loss characteristic
even after calcination. It is well known that fluoroalkyl end-capped oligomers
possessing amide protons such as fluoroalkyl end-capped N-(1,1-dimethyl-
3-oxobutyl)acrylamide oligomer [Rp-(CH,CHC(=O)NHCMe,CH,C(=0O)Me),-R¢:
Rr = CF(CF3)OCsF;] and fluoroalkyl end-capped N-isopropylacrylamide oligomer
[Rp-(CH,CHC(=0O)NH;iPr),-Rf] can undergo the sol—gel reaction in the presence of
silica nanoparticles and tetracthoxysilane under alkaline conditions to afford the
corresponding fluorinated oligomers/silica nanocomposites.*® ~>> These fluorinated

oligomeric silica nanocomposites were also reported to provide no weight loss
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behavior corresponding to the contents of oligomers even after calcination at
800 °C.*® 5 In contrast, fluoroalkyl end-capped oligomers possessing no amide
protons such as fluoroalkyl end-capped », N-dimethylacrylamide oligomer
[Rp-(CH,CHC(=0)NMe»),-Rr] can give a usual weight loss corresponding to the

. . o . 55
oligomers in the silica nanocomposite cores.”

Therefore, the present
(MAB),.m-b-PPO3, block copolymers have high potential for providing the good
thermal stability in the fluorinated silica nanocomposite, especially, in the fluorinated
silica/boric acid nanocomposite cores, owing to their possessing amide protons as a
useful functional units in the block polymers.

To confirm such unique characteristic of the block copolymers in the
Rp-(VM-Si0,),-Rr nanocomposite cores or in the Rp-(VM-SiO,),-Re/B(OH);
nanocomposite cores, the other block copolymer which consists of poly(ether sulfone)
and poly(tetrahydrofuran) as hard and soft segments, respectively, has been applied to
the similar composite reactions.

In fact, as shown in Scheme 2-2, the composite reactions of the

Rp-(VM-Si0,),-Re/B(OH);  nanocomposites with the poly(ether sulfone)-b-

poly(tetrahydrofuran)-b-poly(ether sulfone) triblock copolymer (PES-b-PTHF-b-PES)
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have been tried under similar conditions to that of Scheme 2-1.

ReCHACHICRE oy rt./5h Re-(VM-Si0,),-Re/B(OH);
Si(OCH3)s 8 nanocomposites
[Re-(VM) Rl (124 mg] White-colored powder

Rg = CF(CF3)OC3F,
[735 mg]

} product (Isolate yields: 634 mg)

PES-b-PTHF-b-PES* (100 mg) [
25 wt% aq. NH3(0.42 ml), THF (5.0 ml)

—>Brown-colored pellet (114 mg) <=

*PES-b-PTHF-b-PES [PES : PTHF =58 : 42 (%); Mn = 19,400]
0400400 Oo-D-0- Dok~ ok ~0L 04 ok -E- D00 Lol
(0] (e]

Scheme 2-2  Sol-gel reaction of the Rg-(VM-SiO,) ,-R-/B(OH)3 nanocomposites with the PES-b-PTHF-b-PES triblock copolymer
under alkaline conditions and the photograph of the isolated two-kinds of phase-separated composites.

The original PES-b-PTHF-b-PES triblock copolymer has a good solubility
toward THF. Thus, the homogeneous THF solution containing PES-b-PTHF-b-PES
triblock copolymer and aqueous ammonia was added to the Rgp-(VM-SiO,),-Rg/
B(OH); nanocomposite viscous colorless THF solution to cause the sol-gel reaction.
After stirring the solution at room temperature for 1 day, the solvent was evaporated
off, and the obtained product was dried in vacuo at 50 °C for 2 days to afford the two
kinds of phase-separated composites: one is white-colored powders and the other is
brown-colored pellet as illustrated in Scheme 2-2. In order to clarify these two-kinds

of composites, the TG-DTA measurements of these composites have been studied, and
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the results are shown in Figures 2-10 and 2-11.
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Figure 2-10  Thermogravimetric analyses (TGA) of the isolated products (brown-colored pellet and white colored
powders) by the reaction of the Rg-(VM-SiO,) ,-Rg/B(OH)3; nanocomposites with the PES-b-PTHF-b-PES
triblock copolymer, the Rg-(VM-SiO,) ,-Re/B(OH)s, the parent B(OH)3, and the original PES-b-PTHF-b-PES
triblock copolymer.

Rg-(VM-SiOy) ,-Rg/B(OH)3
nanocomposites

— /]
T

Parent B(OH)3

DTA

Original PES-b-PTHF-b-PES
triblock copolymer
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Figure 2-11 Differential thermal analyses (DTA) of the isolated products (brown-colored pellet and white-colored
powders) by the reaction of the Rg-(VM-SiO,) ,-Rg/B(OH)3 nanocomposites with the PES-b-PTHF-b-PES
triblock copolymer, the Rg-(VM-SiO,) -Re/B(OH)3 nanocomposites, the parent B(OH)3, and the original
PES-b-PTHF-b-PES triblock copolymer.
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The original PES-b-PTHF-b-PES triblock copolymer has a perfect weight loss at

around 620 °C, and the isolated brown-colored pellet, which were derived from the

interaction of the triblock copolymer with the Rg-(VM-SiO,),-Re/B(OH);

nanocomposites, shows the quite similar TGA and DTA curves to those of the original

triblock copolymer (see Figures 2-10 and 2-11). In addition, the isolated white-colored

powders also have the quite similar TGA and DTA curves to those of the

Rp-(VM-Si10,),-Re/B(OH); nanocomposites.

A similar result was observed in the case of the composite reaction of

Rp-(VM),-Rr oligomer with the triblock copolymer under alkaline conditions as

shown in Scheme 2-3. The isolated pellet and white colored powders afforded the

similar TGA and DTA curves to those of the parent triblock copolymers and the

Rr-(VM-Si10,),-Rr oligomeric nanoparticles, respectively (see Figures 2-12 and 2-13).

Lower weight loss value (87 %) of the pellet at 800 °C than that of the original

triblock copolymer would be due to the presence of the Rp-(VM-Si0,),-Rr oligomeric

nanoparticles in the pellet. The higher weight loss value (79 %) of the isolated

powders, compared to that (73 %) of the Rg-(VM-Si0,),-Rr oligomeric nanoparticles,

would be attributed to the dehydration or the demethanolification related to the
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residual =Si—~OH or =Si—-OMe in the fluorinated oligomeric silica nanoparticles as

illustrated in the TGA curve in Run 2 in Figure 2-3.

White-colored powder —
product (Isolate yields: 516 mg)

Rg-(CH,-CH) -Re PES-b-PTHF-b-PES* (100 mg)

Si(OCHa)s 25 wt% ag. NH (0.42 ml), THF (5.0 ml)
[Re-(VM)-Re]

Rg = CF(CF3)OC4F+
[735 mg]

k.

4
L—>Brown-colored pellet (147 mg) <= .8

*PES-b-PTHF-b-PES [PES : PTHF =58 : 42 (%); Mn = 19,400]

Scheme 2-3  Sol-gel reaction of the Rg-(VM),-Rg oligomer with the PES-b-PTHF-b-PES triblock copolymer under alkaline
conditions and the isolated two-kinds of phase-separated composites.
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Figure 2-12  Thermogravimetric analyses (TGA) of the isolated products (brown-colored pellet and white colored
powders) by the reaction of the Rg-(VM),-Rg oligomer with the PES-b-PTHF-b-PES triblock copolymer,
the Rg-(VM-SiO,) ,-Rg oligomeric nanoparticles, and the original PES-b-PTHF-b-PES triblock copolymer.
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Figure 2-13 Differential thermal analyses (DTA) of the isolated products (brown-colored pellet and white-colored
powders) by the reaction of the Rg-(VM),-Rg oligomer with the PES-b-PTHF-b-PES triblock copolymer,
the Rg-(VM-SiO,) ,-Rf oligomeric nanoparticles, and the original PES-b-PTHF-b-PES triblock copolymer.

These finding suggest that since the PES-h-PTHF-b-PES triblock copolymer has
no amide protons, quite different from the (MAB),,..-b-PPO3, block copolymers, this
triblock block copolymer is not likely to interact with the Rg-(VM-SiO,),-Re/B(OH);
nanocomposites or the Rp-(VM-Si0,),-Rr nanocomposites during their sol-gel
reactions to produce the expected fluoroalkylated oligomeric silica/boric acid/triblock
copolymer nanocomposites or the fluorinated oligomeric silica/triblock copolymer

nanocomposites.
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2.4. Conclusion

Fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/boric

acid/(MAB);.n,-b-PPO3; nanocomposites [Rp-(VM-Si03),-Rr/B(OH)3/(MAB)-n-b-

PPOs;; m = 5 ~ 8] were prepared by the sol-gel reaction of the corresponding

nanocomposites [Rg-(VM-Si0,),-Rg/B(OH);] with the (MAB),..,-b-PPO3; block

copolymers [poly(N-methyl benzamide)-b-poly(propylene oxide) block copolymers]

under alkaline conditions. Similarly, the fluoroalkyl end-capped vinyltrimethoxysilane

oligomeric silica/(MAB),,.,-b-PPO3, nanocomposites [Rp-(VM-Si0;),-Re/(MAB)1-m-

b-PPO3;] were also prepared by the sol-gel reactions of fluoroalkyl end-capped

vinyltrimethoxysilane oligomer [Rg-(VM),-Rr oligomer]| with the (MAB),,.,-b-PPO3;

block copolymers under alkaline conditions, for comparison. These two kinds of

nanocomposites ~ were isolated  without purification process. In  the

Rp-(VM-S10,),-Re/(MAB)..i-b-PPO3, nanocomposites (m = 5, 6, 7, and 8) thus

obtained, only Rg-(VM-Si0,),-Rg/(MAB)s_s-b-PPO3, nanocomposites were found to

exhibit no weight loss corresponding to the content of the block copolymer in the

composites after calcination at 800 °C. However, the Rp-(VM-Si0,),-Rg/B(OH)s/
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(MAB),.m-b-PPO3; (m = 5 ~ 8) nanocomposites were able to provide no weight loss
behavior corresponding to the contents of these block copolymers in the
nanocomposites even after calcination at 800 °C. '"H MAS NMR spectra showed the
clear NMR signals related to the presence of the block copolymer in the
Rp-(VM-Si0,),-RF nanocomposites and the Rp-(VM-Si0,),-Rs/B(OH);3
nanocomposites before and even after calcination at 800 °C, respectively. On the other
hand, the other block copolymer such as triblock copolymer: poly(ether
sulfone)-b-poly(tetrahydrofuran)-b-poly(ether sulfone) triblock copolymer [PES-b-
PTHF-b-PES], which consists of poly(ether sulfone) and poly(tetrahydrofuran) as hard
and soft segments, quite different structures from (MAB),,..,-b-PPO3; block copolymer,
were not applied to the sol-gel reaction with the Rgp-(VM-SiO,),-Re/B(OH);
nanocomposites or the Rp-(VM),-Rr oligomer to give the expected nanocomposites.
This finding would be due to the quite different structures between the
(MAB),..m-b-PPO3; block copolymers and the PES-H-PTHF-b6-PES triblock copolymer,
and such triblock copolymer is not likely to interact with the
Rr-(VM-Si0,),-Re/B(OH); nanocomposites or the Rp-(VM),-Rr oligomer to supply

the expected nanocomposites owing to its possessing no amide protons in the polymer
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chain. In fact, it has been already reported that fluoroalkyl end-capped oligomers
possessing no amide protons in the oligomer side chain can afford a usual weight loss
in the silica nanocomposite cores after calcination at 800 °C.°® In this way, the present
Rr-(VM-Si0,),-Re/B(OH); nanocomposites have high potential for providing an
extremely higher thermal stability for the specific polymers possessing amide proton
moieties in the polymer chain through the interactions between fluorine, silicon, and

boron units in the composites.
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CHAPTER 3

Preparation of Amphiphobically Modified Poly(vinyl alcohol) Film by
Fluoroalkyl End-Capped Vinyltrimethoxysilane Oligomer
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3.1. Introduction

There has been great interest in poly(vinyl alcohol) (PVA), due to its application into a
wide variety of fields such as membranes, coatings, wood and paper adhesives, fibers,
paper sizing agents, textiles, emulsifiers, and dispersants.' ~® This is because of their good
biocompatibility, biodegradability, non-toxicity, non-carcinogenicity, and environmental
friendness.” ¥ It is well known that PVA is also a water-soluble synthetic polymer, which is
applicable to numerous industrial fields; however, its application in the wet state and in the
moisture sensitive areas is extremely restricted due to its poor resistance toward water.”
Therefore, it is deeply desirable to develop the PVA derivatives possessing a good
water-resistance ability. In fact, there have been hitherto various reports on the
hydrophobically modified PVA composite materials such as PVA/boron nitride'”,
PVA/SIO'" 2, PVA/boric acid'> '¥, PVA/graphene'™ '®, and PVA/cellulose/
trifluoroacetic acid.'” However, the exploration of PVA derivatives possessing an
amphiphobically characteristic; that is, oleophobic and hydrophobic properties has been
very limited, so far. The introduction of longer fluoroalkyl groups into the PVAs enables
the corresponding polymers to create the amphiphobic property on their surfaces, In fact,
perfluoroacyl chlorides [CF3(CF,),-C(=O)Cl; n = 3, 5, 6 and 7] were applied to the surface

modification of PVA through the formation of ester bond [CF;(CF;),-C(=0)-O-CH<] to
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provide an amphiphobic surface toward the PVA. These perfluoroalkylated PVA
derivatives are unstable toward water to produce the corresponding perfluoroalkanoic acid
[CF5(CF,),-C(=0)OH] through the hydrolysis of the ester moiety due to the strong
electronegativity of fluorine.'® ' Longer fluoroalkyl group-containing monomeric silane
coupling agent such as [H, [H,  2H, 2H-perfluorodecyltrichlorosilane
[C13Si-CH,CH,(CF,);CF3] were also applied to the surface modification of PVA through
the formation of siloxane units [(~O);Si-CH,CH,(CF;);CF;] to provide the hydrophobic
characteristic toward the PVA surface.®” However, the creation of amphiphobic PVA
surface was not unclear and its application scope was limited. During the comprehensive
studies on the preparation and applications of two fluoroalkyl end-capped oligomeric

s 21 ~ 29
nanocomposites )

, it has been already reported that two fluoroalkyl end-capped
vinyltrimethoxysilane oligomeric silica nanocomposites [Rp-(CH,CHSiO,),-Rr; Rp =
CF(CF3)OCsF7; Re-(VM-Si0,),-Rr], which were prepared by the sol-gel reaction of the
corresponding oligomer [Rp-(CH,CHSi(OMe)3),-Rr; Rp-(VM),-Rr] under alkaline
conditions, can afford the oleophobic/superhydrophobic characteristic on the modified glass
surface.’” From this point of view, it is of particular interest to develop the PVA

derivatives possessing an amphiphobic characteristic by using Rg-(VM),-Ry oligomer as a

key intermediate. This chapter shows that Rp-(VM),-Rr oligomer is applicable to the
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surface modification of PVA to lead the PVA/Rg-(VM),-Rr composite film possessing an

amphiphobic property on the surface. In addition, it was clarified that Rp-(VM),-Rr

oligomer/boric acid nanocomposites, which were prepared by the reaction of the

corresponding oligomer with boric acid, can also afford the PVA/Rp-(VM),-Rg/boric acid

composite film possessing a similar amphiphobic characteristic. Especially, the obtained

composite film was found to provide the perfect water-resistance ability, compared to that

of the corresponding PVA/Rg-(VM),-Rr composite film or pristine PVA film. These results

will be described in this chapter.
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3.2. Experimental

3.2.1 Measurements

Field emission scanning electron micrographs (FE-SEM) were recorded using JEOL

JSM-7000F (Tokyo, Japan). Thermal analyses were recorded by raising the temperature

around 800 °C (the heating rate: 10 °C/min) under atmospheric conditions by the use of

NETZSCH JAPAN TG-DTA2010SEa differential thermobalance (Kanagawa, Japan).

X-ray diffraction (XRD) measurements were performed by the use of MiniFlex 600 (Tokyo,

Japan). Contact angles were measured using a Kyowa Interface Science Drop Master 300

(Saitama, Japan). Energy dispersive X-ray (EDX) spectra were obtained using JEOL

JSM-7000F (Tokyo, Japan).

3.2.2. Materials

Boric acid and hydrochloric acid were purchased from FUJIFILM Wako Pure

Chemical Industries (Osaka, Japan). Vinyltrimethoxysilane was used as received from Dow

Corning Toray Co., Ltd. (Tokyo, Japan). Fluoroalkyl end-capped vinyltrimethoxysilane
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oligomer [Rp-(CH,-CHSi(OMe)3),-Rr: the mixture of dimer and trimer; Ry =
CF(CF;)OCsF;7] was synthesized by reaction of fluoroalkanoyl peroxide with the
corresponding monomer according to the previously reported method.*" Poly(vinyl
alcohol) (KL-118™; degree of hydrolysis: 95.0 ~ 99.0 %) was kindly supplied from

Kuraray Co., Ltd. (Tokyo, Japan).

3.2.3. Preparation of poly(vinyl alcohol)/fluoroalkyl end-capped vinyltrimethoxysilane

oligomer/boric acid composite film

To a methanol solution (10 mL) containing fluoroalkyl end-capped
vinyltrimethoxysilane oligomer [Rg-(CH,-CHSi(OMe)s3),-Rg, n = 2, 3; Rgp = CF(CF3)OC;5F7:
Rr-(VM),-R¢] (100 mg) was added boric acid powder (50 mg). The mixture was stirred at
room temperature for 5 min to provide the transparent colorless solution. To this solution
were added 10 wt% aqueous poly(vinyl alcohol) solution (5 mL), water (5 mL) and 1 M
hydrochloric acid (1.0 mL), and was successively stirred at room temperature for 12 hrs to
afford the homogeneous solution. The PVA/Rg-(VM),-Rg/boric acid composite film was
prepared by casting this homogeneous solution on glass plate. The solvent was evaporated

at room temperature, and the film formed peeled off and dried at room temperature for 1
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day under vacuum to afford the expected composite film. In addition, the

PVA/Rg-(VM),-Rg/boric acid composite film was also prepared in the absence of catalyst

(1 M HC) under similar conditions.

3.2.4. Dodecane and water contact angle measurements of poly(vinyl alcohol)/

fluoroalkyl end-capped vinyltrimethoxysilane oligomer/boric acid composite film

The contact angles of dodecane and water were measured at room temperature by the

deposit of each droplet (2 pL) on the PVA/Rg-(VM),-Rg/boric acid composite film.

3.2.5. Swelling ratio of poly(vinyl alcohol)/fluoroalkyl end-capped vinyltrimethoxy-

silane oligomer/boric acid composite film

The PVA/Rr-(VM),-Rr/boric acid composite film was cut into a square of 20 mm x

20 mm x 71 pum (thickness), and was dried at room temperature for 1 day under vacuum.

Swelling ratio of the film was measured after the pre-weight dried film was swollen in

water at 25 °C. The swollen film was weighed after being slightly removed from the water

surface. The swelling ratio was calculated by the following equation:
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swelling ratio (g/g) = (Ws- Wq)/W,, where Wy is the weight of dried film, and W5 is the

weight of swollen film.
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3.3. Results and discussion

It is well known that fluoroalkyl end-capped vinyltrimethoxysilane oligomer
[Rr-(VM),-R¢] is applicable to the preparation of the Rp-(VM),-Rr/B(OH); nanocomposites,
and organic molecules such as diphenylsilanediol [Ph,Si(OH),] can be effectively
encapsulated into these fluorinated nanocomposite cores to exhibit no weight loss behavior
for the encapsulated molecules even after calcination at 800 °C.*? This finding suggests
that the Rg-(VM),-Rg/B(OH); nanocomposites should interact with the hydroxy
segments-containing organic polymers such as poly(vinyl alcohol) (PVA) to afford the
corresponding PVA composites. Thus, the PVA/Rg-(VM),-Rg/B(OH); composite film was
tried to prepare through the interaction of the Rg-(VM),-Rr oligomer/B(OH);
nanocomposites with aqueous PVA solution. The PVA/Rg-(VM),-Rr composite film and
the pristine PVA film were also prepared under similar conditions, for comparison. The

results are shown in Scheme 3-1 and Table 3-1.
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Table 3-1  Preparation of the PVA/Rg-(VM)-Rg/B(OH)3 and PVA/Rg-(VM) ,-Re composite films under non-catalytic
or acidic conditions
10 wt% H,0/MeOH
ReWM)rRe  BOH)s  pyasoluon (ool : 1) TMHCL o ot (composite) Gontent (%) of PYA
(mg) (mg) (mL) (mL) (mL) m fhe composties
1 100 50 5.0 10 — PVA/Rg-(VM),-Re/B(OH)5 77
2 100 - 5.0 10 — PVA/Rg-(VM),-Re 83
3 100 50 5.0 10 1.0 PVA/Rg-(VM) -Re/B(OH)5 77
4 100 - 5.0 10 1.0 PVA/Rg-(VM),-Re 83

a) The content (%) of PVA is based on the used Rg-(VM),,-Rg oligomer and PVA (and boric acid).

As shown in Scheme 3-1 and Table 3-1, it was demonstrated that Rg-(VM),-Rg

oligomer is effective for the preparation of the PVA/Rg-(VM),-Re/B(OH); composite film

and the PVA/Rg-(VM),-Rr composite film, respectively. The composite films thus obtained
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(the content of PVA: 77 ~ 83 %) were found to be transparent colorless, similar to that of

the pristine PVA film (see Scheme 3-1).

Furthermore, the transparent colorless PVA/Rg-(VM),-Re/B(OH); composite film and

PVA/Rg-(VM),-Rr composite film were also prepared under acidic conditions, respectively,

as illustrated in Scheme 3-1 and Table 3-1.

In order to clarify the formation of the PVA/Rg-(VM),-Rr/B(OH); composite film, the

thermogravimetric analyses (TGA), in which the weight loss of the film was measured by

raising the temperature at around 800 °C at a 10 °C/min heating rate under air atmospheric

conditions, have been studied and the results are shown in Figures 3-1 and 3-2.

0 —3
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Figure 3-1  Thermogravimetric analyses (TGA) of PVA/Rg-(VM),-Rg composite film,
PVA/REg-(VM) -Rg/B(OH)3; composite film, and pristine PVA film, which
were prepared under non-catalytic conditions, and pristine B(OH).
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Figure 3-2 Thermogravimetric analyses (TGA) of PVA/Rg-(VM),-Rg composite film,
PVA/REg-(VM) -Rg/B(OH)3; composite film, and pristine PVA film, which
were prepared under acidic conditions, and pristine B(OH).

Figure 3-1 shows the TGA curves of the PVA/Rg-(VM),-Re/B(OH); composite film
(Run 1 in Table 3-1), the PVA/Rp-(VM),-Rr composite film (Run 2 in Table 3-1), the
pristine PVA film and B(OH)s, respectively. The pristine PVA film has the perfect weight
loss (100 %) at around 540 °C, and original B(OH); shows the clear weight loss related to
the formation of the metaboric acid (HBO;) and boron trioxide (B,O3) by the dehydration
during the calcination process. DTA (differential thermal analyses) curve shows that this
dehydration corresponds to the clear endothermic peaks at around 100 ~ 200 °C depicted in
Figure 3-3. The PVA/Rp-(VM),-Re/B(OH); composite film can exhibit a clear weight loss

at 800 °C (73 %), of whose value is lower than that (92 %) of the PVA/Rg-(VM),-R¢
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composite film, indicating that the boric acid moieties can be surely incorporated into the

PVA/Rg-(VM),-Rr composite cores (see Figure 3-1). DTA curve of the pristine PVA film

shows a clear exothermic peak at around 500 °C (see Figure 3-3). Of particular interest, the

exothermic peak at around 500 °C related to the pristine PVA film was found to shift to 520

~ 550 °C in the PVA/Rg-(VM),-Rr composite film and the PVA/Rp-(VM),-R/B(OH);

composite film as shown in Figure 3-3. Especially, a higher temperature shift was observed

in the PVA/Rp-(VM),-Rg/B(OH); composite film. Such higher temperature shift would be

due to the effective interaction between the PVA and the Rg-(VM),-Rr oligomer or boric

acid.

Pristine B(OH)4

{

PVA/Rg-(VM) -Re
composite film

DTA

PVA/Rg-(VM),-Rg/B(OH),
/composite film

Pristine PVA film

0 100 200 300 400 500 600 700 800

Temperature (°C)
Figure 3-3 Differential thermal analyses (DTA) of PVA/Rg-(VM),-Rg composite film,

PVA/Rg-(VM) ,-Rg/B(OH); composite film, and pristine PVA film, which
were prepared under non-catalytic conditions, and pristine B(OH).
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Figure 3-4 Differential thermal analyses (DTA) of PVA/Rg-(VM) ,-Rr composite film,
PVA/Rg-(VM),-Re/B(OH)5 composite film, and pristine PVA film, which
were prepared under acidic conditions, and pristine B(OH) 5.

Figure 3-2 shows the similar TGA curves of the PVA/Rg-(VM),-Rg/B(OH); composite
film (Run 3 in Table 3-1) and PVA/Rg-(VM),-Rr composite film (Run 4 in Table 3-1) to
those of the corresponding films illustrated in Figure 3-1. Figure 3-4 depicts that DTA
curve of the PVA/Rg-(VM),-Rr composite film reveals the slightly higher temperature
shifted exothermic peak related to the PVA in the PVA/Rg-(VM),-Re/B(OH); composite
film (see Figure 3-4), quite different from that of the PVA/Rg-(VM),-R/B(OH); composite
film (Run 1 in Table 3-1) in Figure 3-3. The 7450 or T4.70 (defined as the temperature at
which 50 % or 70 % of the mass of the film is lost during a 10 °C/min heating rate under

atmospheric conditions) of these composites have been summarized to verify this finding.
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The results are as follows:

Run No.* Composite film T 450 (°C) T4 70 (°C)

1 PVA/Rg-(VM),-Re/B(OH); 452 594

2 PVA/Rg-(VM),-Rg 332 413
Pristine PVA 315 349

3 PVA/Rg-(VM),-Rg/B(OH);** 469 714

4 PVA/Rg-(VM),-Rp** 421 481
Pristine PVA** 413 459

*Each Run No. corresponds to that of Table 3-1
**The films were prepared under acidic conditions

As indicated above, the PVA/Rg-(VM),-Re/B(OH); composite film obtained under
acidic conditions can provide the highest thermal stability (7470 = 714 °C), compared to
that of other composite films. This finding is due to the effective interaction between PVA
and the Rg-(VM),-Re/B(OH); nanocomposites. In fact, it has been already reported that
Rr-(VM),-Re/B(OH); nanocomposites are applicable to the encapsulation of low molecular
weight organic compounds such as diphenylsilanediol, 1, 1’-bi-2-naphthol, 4, 4’-biphenol,
bisphenol A, bisphenol F, bisphenol AF, biphenyl, dibenzyl, and pentaerythritol into these
nanocomposite cores.’” Moreover, the obtained nanocomposites can exhibit no weight loss
behavior corresponding to the contents of these encapsulated organic molecules even after

calcination at 800 °C.>? Re-(VM),-Re/B(OH); nanocomposites were also applied to the
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interaction with the thermoplastic elastomers such as poly(N-methyl benzamide)-b-
poly(propylene oxide) block copolymers to afford the corresponding Rg-(VM),-R/B(OH)3/
thermoplastic elastomers nanocompoites, providing no weight loss characteristic
corresponding to the contents of the block copolymers in the composites even after
calcination at 800 °C.*? From these findings, the Rp-(VM),-Rr/B(OH); nanocomposite
should interact with the PVA in the nanocomposite matrices to enhance the thermal
stability of the obtained composite film. Especially, Re-(VM),-Rr oligomer would cause the
sol-gel reaction under acidic conditions to create the siloxane network, which would
interact with the PVA or boric acid, giving a higher thermal stability in the composite films.
In fact, Uragami et al. reported that a similar siloxane networks between PVA and
tetracthoxysilane (TEOS) can be formed under acidic conditions to decrease the swelling
ability toward water and to improve the water permselectivity of the obtained PVA/TEOS
hybrid film.” In addition, PVA/1, 2-bis(triethoxysilyl)ethane composite films were also
prepared through the formation of siloxane networks by the sol-gel reactions under acidic
conditions to reduce the swelling of the corresponding film in an aqueous solution.**

The XRD spectra of these composite films have been studied in order to clarify their

physical structure. The results are shown in Figures 3-5 and 3-6.
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Figure 3-5 X-ray diffraction (XRD) patterns of Rg-(VM),-Rg/B(OH)s/PVA composite films,
PVA/Rg-(VM),-Rg composite film, and prisitine PVA film, which were prepared
under acidic conditions.
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Figure 3-6  X-ray diffraction (XRD) patterns of Rg-(VM),-R/B(OH)s/PVA composite films,

PVA/Rg-(VM),-Rg composite film, and prisitine PVA film, which were prepared
under non-catalytic conditions.
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Figures 3-5 shows the XRD spectra of the PVA/Rg-(VM),-Rr composite film, the
PVA/Rg-(VM),-Rr/B(OH); composite film, and the pristine PVA film obtained under
acidic conditions illustrated in Scheme 3-1 and Table 3-1. A sharp diffraction peak at
around 26 = 20° for the pristine PVA film was observed, and its intensity was quite similar
to that of the PVA/Rg-(VM),-Rr composite film, although the PVA/Rp-(VM),-Rr/B(OH);
composite  film decreased its intensity. This finding suggests that the
PVA/Rg-(VM),-Re/B(OH); composite film can provide less crystalline domains than that
of the pristine PVA film or the PVA/Rg-(VM),-Rr composite film.

DTA curves in Figure 3-4 show that the exothermic peaks related to the PVA were
observed at around 520 °C in the pristine PVA film and the PVA/Rp-(VM),-Rr composite
film; however, such clear peak were unable to detect in the PVA/Rg-(VM),-Rr/B(OH);3
composite film. The Si-O-C bonds or C-O-B(O-C)O-C bonds™ formed between the linear
PVA chains with Rg-(VM),-Rr oligomer or B(OH); that dispersed in the composite films
would afford a size-exclusive effect to prevent the formation of crystalline region, leading
to a decrease of the crystalline regions in the composite film. Thus, such effect should
increase the amorphous region in the PVA/Rg-(VM),-Ry/B(OH); composite film as shown
in Figure 3-5. On the other hand, the PVA/Rg-(VM),-Rr composite film was found to give

the same diffraction peak intensity at around 20° to that of the pristine PVA film, indicating
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that Rp-(VM),-Rr oligomer cannot interact strongly with the hydroxy units in PVA to
decrease the crystalline region (see Figure 3-5).

However, of particular interest, a higher diffraction peak intensity was observed at
around 26 = 20° related to the PVA in the PVA/Rp-(VM),-Rr composite film, which was
prepared under non-catalytic conditions, than that of the pristine PVA film or the
PVA/Rg-(VM),-Rr/B(OH); composite film, indicating that Rg-(VM),-Ry oligomer can form
the self-assembled aggregate cores through the aggregation of the terminal fluoroalkyl
segments under non-catalytic conditions, and such oligomeric aggregate cores should
interact with the PVA to accelerate the formation of crystalline region in the composite film
as shown in Figure 3-6. In fact, it is well known that the fluoroalkyl end-capped oligomer
can form the self-assembled oligomeric aggregates through the aggregation of the
end-capped fluoroalkyl segments in aqueous and organic media, and a variety of organic
molecules can be effectively encapsulated into these fluorinated aggregate cores to provide
the corresponding fluorinated oligomeric aggregates/guest molecules composites.”* *> On
the other hand, unexpectedly, the PVA/Rg-(VM),-Re/B(OH); composite film was found to
decrease the characteristic peak intensity at around 20°, compared to that of the pristine
PVA, indicating that the boric acid in the PVA/Rg-(VM),-Re/B(OH); composite film

should interact with the hydroxy groups in the PVA to prevent the formation of the
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crystalline region in the composite film (see Figure 3-6). In fact, DTA curves in Figure 3-4
show that a clear exothermic peak related to the PVA at around 500 °C was disappeared in
the PVA/Rp-(VM),-Rp/B(OH); composite film, although the clear exothermic peaks at
around 500 °C was observed in the pristine PVA film and the PVA/Rg-(VM),-Rr composite
film, indicating that the boric acid should interact with the PVA to prevent the formation of
the crystalline regions in the composite film. A similar decrease of the crystalline region in
the PVA hybrids was observed in the PVA/y-aminopropyltriethoxysilane hybrid*® 7,
PV A/silica hybrid®®, and PV A/vinyltrimethoxysilane hybrid.*

The wettability of the PVA/Rg-(VM),-Rr composite films and the
PVA/Rg-(VM),-Rr/B(OH); composite films illustrated in Scheme 3-1 and Table 3-1 was
studied in order to clarify the amphiphobic characteristic on the modified PVA film surface.
Contact angle values of dodecane and water on these film surface and reverse sides were

measured by the deposit of each droplet (2 puL), and the results are shown in Table 3-2.
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Table 3-2  Contact angles of dodecane and water on the PVA/Rg-(VM) ,-Rg/B(OH)5; composite film,
PVA/Rg-(VM),-Rg composite film, which were prepared under acidic or non-catalytic conditions.

Contact angle (degree)

Composite film Dodecane ... Water
0 5 10 15 20 25 30 (min)
PVA/Rg-(VM),-Re/B(OH)z2) Surface side 57 110 109 107 105 104 103 100
reverse side 47 108 101 98 94 87 79 75
PVA/Rg-(VM) -Rg2) surface side 56 106 -b)
reverse side 48 101 -b)
PVA/Rg-(VM),-Re/B(OH)0)  Surface side 58 113 103 -d)
reverse side 51 104 99 -d)
PVA/Rg-(VM),-Rg® surface side 57 105 -9
reverse side 46 97 -d)

a) Composite film was prepared under acidic conditions.

b) Composite film surface exhibited swelling behavior.

¢) Composite film was prepared under non-catalytic conditions.
d) Composite film exhibited solubility toward water.

Table 3-2 shows that each modified PVA surface can give a higher oleophobic
property imparted by fluoroalkyl segments in the composites not only on the surface side
but also on the reverse side, because the dodecane contact angle values are 56 ~ 58 degrees
on the surface side, and are 46 ~ 51 degrees on the reverse side, respectively, compared to
that (33 degrees) of the traditional fluorinated polymer sheet surface such as
poly(tetraﬂuoroethylene).27) These findings suggest that the PVA/Rg-(VM),-Rr composite
and the PVA/Rg-(VM),-Rr/B(OH); composite, of whose structures consist of the siloxane
networks, have a uniformly dispersive characteristic toward the PVA to give the similar
oleophobic characteristic related to fluoroalkyl segments in the composites on the surface

side and even on the reverse side. To verify such unique dispersibility toward the PVA, the
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EDX (Energy Dispersive X-ray) spectra measurements of the PVA film surface and reverse

side have been studied, and the results are as following:

Content of boron (atm. %) Content of fluorine (atm. %)

Surface side  Reverse side  Surface side  Reverse side
PVA/Rp-(VM),-Re/B(OH);" 15.4 17.1 1.3 9.3
PVA/Rp-(VM),-R¢" - - 4.5 15.2

a) Composite film was prepared under acidic conditions.

The PVA/Rp-(VM),-R/B(OH); composite film (Run 3 in Table 3-1) can give the
similar boron and fluorine values on the surface (the contents of boron and fluorine are
15.4 % and 1.3 %), and even on the reverse side (the contents of boron and fluorine are
17.1 % and 9.3 %). In the PVA/Rg-(VM),-Rr composite film (Run 4 in Table 3-1), the
similar fluorine values were observed even on the reverse side (15.2 %). These findings
suggest that Rp-(VM),-Rr oligomer and Rg-(VM),-Ry/B(OH); nanocomposites can be
uniformly dispersed in the PVA film.

In addition, each modified PVA film in Table 3-2 also afforded the hydrophobic
characteristic on the surface and even on the reverse sides related to the fluoroalkyl
segments in the composites, because the water contact angle values are 105 ~ 113 degrees

on the surface side and are 97 ~ 108 degrees on the reverse side, respectively, just after the
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deposit of a water droplet on each surface, although it was unable to measure the water

contact angle values on the pristine PVA surface under similar conditions, due to the

swelling behavior on the highly hydrophilic PVA film surface. However, interestingly, it

was clarified that the PVA/Rg-(VM),-R/B(OH); composite film obtained under acidic

conditions can provide a good hydrophobic characteristic during 30 min after the deposit of

a water droplet as shown in Table 3-2, because the water contact angle value can keep 100

degrees even after 30 min on the PVA film surface to exhibit a good hydrophobic property.

A similar result was obtained on the reverse side to keep the hydrophobic property even

after 30 min, although the water contact angle values decrease slightly from 108 to 75

degrees over 30 min.

The PVA/Rg-(VM),-Rr composite film obtained under acidic conditions was unable to

afford the good hydrophobic characteristic toward the PVA film, showing the swelling

behavior on the surface at 5 min after the deposit of a water droplet. On the other hand, the

PVA/Rg-(VM),-Rr/B(OH); composite film and the PVA/Rg-(VM),-Rr composite film,

which were prepared under non-catalytic conditions, enabled these composite films to

cause not the swelling behavior but the soluble characteristic on these film surfaces at 10 or

5 min, respectively, after the deposit of a water droplet. In this way, the

PVA/Rg-(VM),-Rr/B(OH); composite film obtained under acidic conditions was found to
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exhibit the good amphiphobic (oleophobic/hydrophobic) characteristic on both the surface

and the reverse sides. This finding is due to the higher thermal stability of this modified

PVA film, compared to that of the other modified PVA films. Especially, not only the

effective interaction of the PVA with the siloxane networks derived from the sol-gel

reaction of Rg-(VM),-Rr oligomer but also the interaction of the PVA with boric acid under

acidic conditions are essential to provide an amphiphobic property on the modified PVA

surfaces.

The water-resistance ability of the PVA/Rg-(VM),-Re/B(OH); composite film (Run 3

in Table 3-1) was studied to verify such unique hydrophobic characteristic. The

PVA/Rg-(VM),-Rr composite film and the pristine PVA film were also studied under

similar conditions. The results are shown in Figure 3-7.
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Figure 3-7 Relationship between the immersion time into water and
the swelling ration of PVA/Rg-(VM),-Rg/B(OH)5; composite
film, PVA/Rg-(VM)-Rg composite film, and pristine PVA
film, which were prepared under acidic conditions

Figure 3-7 shows the relationship between the immersion time of the film into water at

room temperature and the swelling degree of the film. Both the PVA/Rg-(VM),-Rg

composite film and the pristine PVA film obtained under acidic conditions can form the

hydrogel after immersion into water, keeping the constant swelling degrees: 2.2 (g/g) and

2.3 (g/g) over 20 min, respectively, although the corresponding films obtained under

non-catalytic conditions can give a perfect solubility toward water. On the other hand, of

particular interest, it was demonstrated that the present PVA/Rp-(VM),-Re/B(OH);

composite film can give the perfect water-resistance ability after immersion into water for

30 min, and a slightly swelling behavior [swelling degree: 1.1 (g/g)] was observed even
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after immersion into water for 60 min to keep the shape of its transparent colorless film as

shown in Figure 3-7.
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3.4. Conclusion

PVA/Rg-(VM),-Rg/B(OH); composite film was prepared through the interaction of the

Re-(VM),-Re/B(OH); nanocomposite with PVA under acidic or non-catalytic conditions,

respectively. The PVA/Rg-(VM),-Re/B(OH); composite film, which were prepared under

acidic conditions, was found to exhibit an amphiphobic characteristic on both the surface and

reverse sides to give a perfect water-resistance ability even after immersion into water,

although the corresponding PVA/Rg-(VM),-Rr composite film and the pristine PVA film,

which were prepared under similar conditions, form the hydrogel after immersion into water.

On the other hand, the PVA/Rp-(VM),-Rr/B(OH); composite film and the PVA/Rg-(VM),-Rg

composite film, which were prepared under non-catalytic conditions, can give a solubility

toward water, as well as the pristine PVA film. In addition, the PVA/Rp-(VM),-Rz/B(OH);

composite film obtained under acidic conditions was found to give a higher thermal stability,

compared to other composites. In this way, the present fluorinated PVA composite film has

high potential for new fluorinated PVA composite materials possessing not only an

amphiphobic characteristic but also good thermal stability, and is also expected to be

applicable in a wide variety of fields.
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Conclusions

The results obtained from this study are summarized as follows.

1. Fluoroalkyl end-capped vinyltrimethoxysilane oligomer [Rg-(VM),-R§] reacted

with boric acid to afford the corresponding fluorinated oligomeric silica/boric acid

nanocomposite [Rg-(VM-Si0,),-Rg/B(OH);] fine particles with mean diameter: 36 —

105 nm. The obtained Rp-(VM-Si0;),-Rr/B(OH); nanocomposites were applied to the

encapsulation of low molecular weight organic compounds such as diphenylsilanediol,

1, 1’-bi-2-naphthol, 4, 4’-biphenol, bisphenol A, bisphenol F, bisphenol AF, biphenyl,

dibenzyl, and pentaerythritol into these nanocomposite cores to provide the

corresponding fluorinated oligomeric silica/boric acid nanocomposites — encapsulated

these organic molecules. Interestingly, the obtained nanocomposites were found to

exhibit no weight loss behavior corresponding to the contents of these guest molecules

even after calcination at 800 °C, although these nanocomposites were isolated through

no purification process. The Rp-(VM-Si0,),-Rr nanocomposites — encapsulated these

organic guest molecules were prepared under similar conditions. However, it was

demonstrated that these nanocomposites can provide the clear weight loss
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corresponding to the contents of these guest molecules in the nanocomposites after

calcination at 800 °C.

2. Fluoroalkyl end-capped vinyltirimethoxysilane oligomeric silica/boric acid

nanocomposites [Rp-(VM-Si0,),-Rg/B(OH)3] were prepared by the composite reaction

of the corresponding fluorinated oligomer [Rg-(CH,CHSi(OMe)s3),-Rg, n = 2, 3; Rp =

CF(CF3)OCsF7: Rp-(VM),-Rg] with boric acid. The nanocomposites thus obtained were

tried to interact with the thermoplastic elastomers such as poly(N-methyl

benzamide)-b-poly(propylene oxide) block copolymers [(MAB),,.,-b-PPO3: m =5, 6, 7,

and 8] and poly(ethersulfone)-b-poly(tetrahydrofuran)-b-poly(ethersulfone) triblock

copolymer [PES-b-PTHF-b-PES] under alkaline conditions to afford the corresponding

Rr-(VM-Si0,),-Re/B(OH)s/thermoplastic elastomers nanocomposites. The

corresponding Rp-(VM-Si0,),-Rg/thermoplastic elastomers nanocomposites were also

prepared under similar conditions, for comparison. In these thermoplastic elastomers,

PES-b-PTHF-b-PES triblock copolymers cannot interact with the Rp-(VM-SiO;),-R¢/

B(OH); nanocomposites or the Rp-(VM-Si0;),-Rr oligomeric nanoparticles to supply

the expected nanocomposite products. However, it was demonstrated that the
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(MAB),..m-b-PPO3, block copolymers can react with the Rp-(VM-SiO;),-Rr/B(OH);

nanocomposites under alkaline conditions to afford the Rg-(VM-SiO,),-Re/B(OH);/

(MAB),,.n-b-PPO3;  nanocomposites, providing no weight loss characteristic

corresponding to the contents of the block copolymers in the composites even after

calcination at 800 °C, although these expected nanocomposites were isolated without

purification process. The Rp-(VM-Si0,),-R¢/(MAB)s_s-b-PPO3, nanocomposites, which

were isolated under similar process, were also able to supply no weight loss in

proportion to the content of the copolymer in the nanocomposites even after calcination

at 800 °C.

3. Hydrophilic poly(vinyl alcohol) (PVA) was chemically modified by using

fluoralkyl end-capped vinyltrimethoxysilane oligomer [Rp-(VM),-Rg] to lead the

PVA/Rg-(VM),-Rr composite films. The PVA/Rg-(VM),-Rr composite film obtained

under non-catalytic conditions was found to provide the water-soluble property;

however, the acidic conditions enabled the composite film to afford no solubility toward

water, giving an amphiphobic property on both the surface and reverse sides just after

the deposit of oil or water droplet. Rp-(VM),-Rr oligomer was also applied to the
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fabrication of the PVA/Rg-(VM),-Re/B(OH); composite film by using the

Rr-(VM),-Re/B(OH); nanocomposites, which were prepared by the composite reaction

of Rp-(VM),-Rr oligomer with boric acid. It was demonstrated that the

PVA/Rg-(VM),-Rr/B(OH); composite film obtained by the interaction of the

corresponding nanocomposites with PVA under acidic conditions can afford the perfect

water-resistance ability even after immersion of this film into water for 30 min to give

the amphiphobic property on both the surface and reverse sides, although the

corresponding PVA/Rg-(VM),-Rr composite film and the pristine PVA film provided

the swelling behavior toward water, respectively. TGA (thermal gravimetric analyses)

and DTA (differential thermal analyses) measurements showed that the

PVA/Rg-(VM),-Rr/B(OH); composite film can give a higher thermal stability than that

of the PVA/Rg-(VM),-Rr composite film and the pristine PVA film.
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