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General Introduction

1. Fluoropolymer

Much attention has been hitherto focused on fluoropolymers, due to exhibiting their
excellent properties such as high thermal and oxidative stability, low moisture absorption,
weather stability, low flammability, chemical resistance and low surface energies, which
cannot be achieved by the corresponding non-fluorinated polymers.>~® Some of typical

fluoropolymers are listed in Table 1.8

Table 1 Some of typical fluoropolymers

Structure Name

(e F] Poly(tetrafluoroethylene) (PTFE)
i

1

[F H] Poly(vinylidene fluoride) (PVDF)
__#_(:;_

LF o H

[ F F F F Perfluoroethylene-propylene copolymer (PFEP)
L 1
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F F
—C}AcFycF Teflon AF®
4(7/0 C\H 2 2}}7 erion
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In these fluoropolymers, poly(tetrafluoroethylene) (PTFE or Teflon®) is one of the
most important polymeric materials in the fluorochemical industry, owing to its
chemically outstanding resistance and high thermal stability.*® Up to now, there are a
wide variety of commercially available products related to the fluoropolymers such as
perfluoroethylene-propylene copolymer (PFEP) and poly(vinylidene fluoride) (PVDF).
However, these fluoropolymers are poor solubility in organic solvents, limiting their
applications into numerous fields."® ~*? The novel amorphous perfluoropolymers such as
Teflon AF® and cytop® have been already developed to improve the solubility of
fluoropolymers toward the selected organic solvents.*Y) From this point of view, it is of
much interest to develop fluorinated polymers possessing an excellent solubility toward
the traditional organic solvents including water. In fact, two fluoroalkyl end-capped
oligomers [Re-(M)n-Re; Re = fluoroalkyl groups; M = radical polymerizable monomers]
are attractive functional materials, because these oligomers can exhibit a variety of unique
properties such as high solubility toward not only water but also traditional organic
solvents, surface-active properties and nanometer size-controlled self-assembled
aggregates through the aggregation of terminal fluoroalkyl segments, which cannot be
achieved by the corresponding non-fluorinated one.™® ~*® Therefore, the developmental
viewpoint of new fluorinated functional materials, it is of particular interest to explore the
fluoroalkyl end-capped oligomeric nanoparticles possessing a variety of unique

characteristics imparted by fluorine.



For example, the fluoroalkyl end-capped N-(1,1-dimethyl-3-oxobutyl)acrylamide
oligomer/silica nanocomposites [Re-(DOBAA),-R/SiO;] were prepared by the sol-gel
reactions of the corresponding oligomers with tetraethoxysilane under alkaline conditions
as shown in Scheme 1.1 '® Interestingly, the Re-(DOBAA)-R¢/SiO, nanocomposites
can exhibit no weight loss behavior even after calcination at 800 °C, although the
polytetrafluoroethylene (PTFE)/SiO, composites can exhibit a clear weight loss

corresponding to the content of PTFE in the composites at around 600 °C.*

OH

OH
O/WVVW\O H3CHQC—O\ /O_CH2CH3 HO
| * N +  HO— OH
0=C-NH = HsCH,C—O  O—CH,CHj HO 1 JoH
Rg-(CH,-CH)-R¢ [TECS] [SiO, nanoparticles]
0=C-NHCMe,CH,C(=0)Me
[Re-(DOBAA) -Re]
Rg = CF(CF3)OC4F- \ HO o
Si Si Si—O—g'—O0
/" HO | i~ oH
Q ? i
HO éi/ Q) —Sli’OH Of\ﬂf\,-o O\
| 0=C-NHe o} O<C-NHem S/'<
o
25 wt% aq. NH; \ / 0 \ o O\
> —Si—p—Si— —Si—Y=S8i—
| O |
[ \
y s
HO) @ o] OO y
Si E\\2 gl | | S
HO /> O‘E N g OH  O=C-NHe '\\
0] | o
\ o 0
—8i—Y—~8i—0-—gj——0~—gj—0—si-OH
' HO ‘ I

Rg-(DOBAA),-RE/SiO, nanocomposites

Scheme 1 Preparation of the Re-(DOBAA),-Rg/SiO, nanocomposites



Such no weight loss behavior is due to the formation of ammonium hexafluorosilicate,
which would be derived through the dehydrofluorination between the amide protons and

fluorines in the oligomer catalyzed by ammonia in the presence of silica nanoparticles as

the co-catalyst, and then reacting with silica nanoparticles as shown in Scheme 2.1")

-HF

RF'(CHZ'TH)n'RF \/A aq. NHj

SiFy | — > | (NH,),SiFs

Y

0=C-NCMe,CH,C(=O)Me ~ SiOz2
|l| (in composites)

[Re-(DOBAA) -Re]
Rr = CF(CF4)OC4F;

Scheme 2 The formation of ammonium hexafluorosilicate

In this way, fluoroalkyl end-capped oligomers/silica composites can be classified
according to their structures into the fluorinated oligomers/silica composites possessing
non-flammable and flammable characteristics after calcination at 800 °C, respectively,
as shown in Table 2. The fluoroalkyl end-capped oligomers/silica composites containing
amido protons and more acidic protons such as sulfo groups can exhibit a non-flammable
characteristic even after calcination at 800 °C through the formation of ammonium

hexafluorosilicate during nanocomposite reactions.*”



Table 2 A variety of fluoroalkyl end-capped oligomers/SiO, nanocomposites possessing flammable and
non-flammable characteristics after calcination at 800 °C [Rg = CF(CF3)OC4F-]

Property Structure Name
Flammable RF'(CH2'(|:H)n'RF R = NMe, [Re-(DMAA) ;-Re]
O=C-R OH [Rr-(ACA)4-Re]
N O [Re-(ACMO) -Re]
s
N+H,CMe,CHSO, [Re-(AMPS) -Rf]
RF-(CHZ-C|)Me)n-R,: R'= OH [Re-(MACA);-Rel
O=C-R'
Non-flammable RF-(CH2-(|_)H),7-RF R = NHCMe,CHC(=O)Me  [Rg-(DOBAA),-R]
O=C-R NHCHMe, [Re-(NIPAM),-R]
Rg-(CH,-CMe) -Re R = OCH,CHSO3H [Re-(MES),-Re]
0=C-R
CF,
|
Re-(CH2-CMe) ;-(CHoC),-Re [Re-(MACA) ,(TFMA),-R¢]

O=C-OH 0O=C-OH
x:y=>51:49

On the other hand, two fluoroalkyl end-capped vinyltrimethoxysilane oligomers
[Re-(VM)n-Re: Re-(CH2CHSI(OMe)3)n-Re; n = 2, 3; R = fluoroalkyl groups] are of
particular interest due to exhibiting the higher surface active characteristic, compared
with that of the traditional monomeric fluoroalkyl end-capped silane coupling agents
[Re-CH,CH,Si(OMe)s; Re = fluoroalkyl group].”® These fluoroalkyl end-capped
oligomers can undergo the sol-gel reactions under alkaline conditions to produce the
fluoroalkyl end-capped oligomeric silica nanoparticles [Rr-(VM-SiO,)q-Rg] as shown in
Scheme 3.2 Especially, these Re-(VM-SiO,),-Re oligomeric nanoparticles exhibit a good

dispersibility and stability in organic media.?Y) The modified glass surface treated with the



Re-(VM-SiO,),-Rr oligomeric nanoparticles can exhibit a completely superhydrophobic

characteristic (water contact angle values: 180°) with a non-wetting property against

water droplets.®?

OCH,
|
HsCO-Si—OCHj

| 25 wt% aq. NHg
| >

H3CO _?| _OCH3
OCHs

RF'(CHZ'?H)n'RF

Si(OCH3)4
[Re-(VM) -Re] Rg-(VM-SiO,),-Rr Nanoparticles
n

RF = CF(CF3)003F7

Scheme 3 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric
[Re-(VM-SiO,),-Rg] nanoparticles

The Re-(VM)q-Re oligomers can also form the self-assembled molecular aggregates
with aggregation of the terminal fluoroalkyl segments, and a variety of organic and
inorganic guest molecules can be effectively encapsulated into such oligomeric aggregate
cores, and the subsequent sol-gel reactions under alkaline condition can provide the
tightly encapsulated guest molecules into fluorinated oligomeric nanocomposite cores

(see Scheme 4).*1©
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Scheme 4 The formation of self-assembled molecular aggregates of the Rg-(VM),-Rg oligomers and the formation of the
Rg-(VM-SIO,) ,-Rg oligomeric nanocomposites - encapsulated guest molecules through the sol-gel reactions
under alkaline conditions

For example, novel cross-linked fluoroalkyl end-capped vinyltrimethoxysilane

oligomeric nanoparticles [Re-(VM-SiO;)-Re] - encapsulated 1,17-bi(2-naphthol)

(BINOL) were prepared by the sol-gel reaction of fluoroalkyl end-capped

vinyltrimethoxysilane oligomer in the presence of BINOL under alkaline conditions as

shown in Scheme 5.2



OCHj
HACO-Si—OCHj4 OO
| . OH 28 wt% ag. NHs
| OH MeOH
wwogron, ()
OCHj

RF'(CHZ'Cl;H)n'RF [BINOL]
Si(OCHg)s
OH
[Re-(VM) R
€., :BINOL .
Rr = CF(CF3)OC4F; E;—n((\)/(l:\g-r;]spl)c())g)igsﬂplBlNOL

Scheme 5 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric nanoparticles [Rg-(VM-SiO,) ,-Re] -
encapsulated 1,1'-bi(2-naphthol) (BINOL)

Unexpectedly, the Re-(VM-SiO2),-Re/BINOL nanocomposites were found to exhibit
no weight loss even after calcination at 800 °C corresponding to the content of BINOL in
the nanocomposites. Therefore, from the developmental viewpoint of new fluorinated
functional materials, it will become of particular interest to study on the encapsulation of
not only low molecular weight aromatic compound such as BINOL but also others

organic compounds into the fluoroalkyl end-capped oligomeric composite cores.

2. Rubbers

Rubbers or elastomers are a special class of polymeric materials such as natural rubber
(NR), butadiene rubber (BR), (acrylo)nitrile-butadiene rubber (NBR), styrene-butadiene
26)

rubber (SBR), ethylene-propylene-diene monomer (EPDM) and silicone rubber.? -

These rubbers are the most commonly used in industrial fields such as automotives,



packaging, aircraft, electrical and coating industry. Among the numerous rubbers,
butadienes as raw material such as NBR and SBR have been widely used in automotive,
civil construction, plastic and footwear products due to the unique properties.?” 28
NBR or poly(acrylonitrile-co-butadiene) is the copolymer which consists of butadiene
and acrylonitrile, while SBR or poly(styrene-co-butadiene) is copolymer which consists

of butadiene and styrene. The chemical structures of both copolymers are illustrated in

Figure 1.3

-(CHy-CH=CH-CHy) +(CH-CHj) -
-(CH2-CH=CH-CHZ)X-(CHQ-(l_‘,H) ;

C=N

Poly(acrylonitrile-co-butadiene) (NBR) Poly(styrene-co-butadiene) (SBR)

Figure 1 Chemical structures of poly(acrylonitrile-co-butadiene) (NBR) and poly(styrene-co-butadiene) (SBR)

The significantly different structures between NBR and SBR, NBR possesses the
aliphatic electron withdrawing acrylonitrile (-CN) groups and SBR contains the phenyl
groups on the polymer main chain, respectively.?’z) Especially, NBR bearing the
acrylonitrile units can provide good oil-resistance ability toward a variety of solvents,
while SBR has poor oil-resistance ability due to the presence of benzene ring on the
polymer main chain. In addition, both of NBR and SBR have poor ozone- and

weather-resistance due to the presence of the highly unsaturated units on the polymer



main chain.?® %32 Therefore, it is deeply desirable to explore novel rubber derivatives
possessing an excellent oil-resistance ability. From this point of view, the nanocomposite
reaction of such traditional rubbers with the fluoroalkyl end-capped oligomers are of
particular interest, in order to improve the oil-resistance ability of the parent rubbers,

because the fluorinated polymers have in general good oil repellent characteristic.

3. Development of rubbers/inorganic composites

“Composites” or “organic/inorganic hybrid materials” have been widely used in a
variety of applicable fields such as cosmetics, agriculture, food packaging, textiles,
medicine, semiconductor devices, catalysis and fire-resistant hybrid membranes.® =3
Polymeric composites which consist of inorganic nanoparticles and organic polymers can
exhibit the improved performance such as mechanical, stiffness, strength, and
flame retardancy, compared to the original polymers.” ~*% Among the traditional organic
polymers, rubbers are of the great interest owing to good heat resistance, ease of
deformation at ambient temperatures and high flexibility.”>:*® There have been hitherto
numerous studies on the fabrication of rubber/inorganic composites by the incorporation
of fillers such as layered silicate clays, carbon nanotube (CNT), carbon black (CB),
graphene oxide, silica, and titanium dioxide (TiO,) into rubbers. In fact, several

rubber/inorganic composites have been already reported as shown in Table 3.427%

10



Table 3 Some properties of rubber/inorganic composite materials

Rubber Inorganic Properties Ref.

compounds materials

BRa) SiO, Enhancement of mechanical properties 44

NR/CRP) blends Si0, Enhancement of thermal stability, modulus 45
and tensile strength

SBR SiO, High wet skid resistance and 46
low rolling resistance

NRo) TiO, Strong antibacterial and 47
good resistance of UV radiation

SBR HNTY) Enhancement of mechanical properties 48
and solvent resistance

NBR, SBR CBe) Low swelling oil values and 49
increasing compression set

NR, NBR, SBR Clay Good flame retardance 50

a) BR: Butadiene rubber

b) CR: Chloroprene rubber
¢) NR: Natural rubber

d) HNT: Halloysite nanotube
e) CB: Carbon black

Especially, there have been of particular interest in rubber composites materials
containing silica particles from the applicable point of view in the industrial areas,
because of their improved thermal stability, mechanical properties, gas barrier properties,
oil-resistance and the low rolling resistance.>! ~%® For example, Ikeda et al. reported on
the fabrication of cross-linked butadiene rubber (BR)/SiO, composites by the sol-gel
reaction of tetraethoxysilane (TEOS) in the presence of cross-linked BR under alkaline

conditions as shown in Scheme 6.*¥

11



. 10 wt% ag. n-butylamine
M/ + Si(OEt), q y > BR/SIO, composites
n

Tetraethoxysilane

Butadiene rubber [TEOS]

(BRI

Scheme 6 Preparation of cross-linked butadiene rubber/silica (BR/SiO,) composites

Liu et al. reported on the synthesis of styrene-butadiene rubber with
alkoxysilane-functionalization at two ends of macromolecular chains (A-SSBR) by

anionic polymerization with dilithium derivative as an initiator under the

solution-polymerization technique as shown in Scheme 7.%%)

XCH,=CH + yCH,=CH-CH=CH, — i (ilithium inliaton) - ;. o1y CH.CH,-GH-CH,-CH=CH-CH,),Li-
Cyclohexane, THF, 50 °C, 3 h |

CH
CH,
[Styrene] [Butadiene] [SSBR]
OCH,4
./
Cl-(CH)-81:0CHy HACO OCH;4
OCH,4 /
[CPTMO] CHSO-Si-(CH2)3-(CH2-CH-CH2-CH-CH2-CH=CH-CH2),,-(CH2)3-S\i-OCH3
|
H,CO CH OCH,
CH,
[A-SSBR]
HO.S_Ho _OH OH HO
O TSI .Qf \ -
e T _o—3>
@ shiea \@-OH @ —0-Si(CHy)3-(CHp-CH-CH,-CH-CHy-CH=CH-CHy) -(CHy)5-Si-0O— &
o ; : silica |o 5~ I o| silica
85 °C, 3h, Co-coagulation b (”)H OCH, 61
Ts© CH Ho O
HO "o

[SiO,/A-SSBR co-coagulated rubber]

Scheme 7 The synthesis process for A-SSBR and condensation reaction between A-SSBR and silica

12



The presence of modified silica into BR and SBR composites can improve the
mechanical properties and low rolling resistance due to the good dispersibility of silica in
the rubber matrix.** 4©

Hitherto, rubber/inorganic composite materials have been considerably studies and
have been successfully applied to automotive industry.>* > With the development of the
application of rubber composites, some special properties such as superhydrophobicity
are required for fabrication of new composites materials. For example, Hu et al. reported
that the fabrication of carbon black (CB)/polybutadiene (PB) elastomeric composites can
be prepared by suspension polymerization as shown in Scheme 8. The surface
modification of CB/PB composites on a rubber substrate by spray coating technique can

exhibit the superhydrophobic property on the surface, because the water contact angle is

171 degree.®®

PB CB
| L
O
V4 g r\\\é
M BPO®), Hexane /C’
_—
| ¥ n Sonication C)\\,
1) —Double bond
\H O\——O Q
Carbon black CB/PB composites solution
1) Spray coating _
2) Heating B
. "—Cross-linking

CB/PB composites

Scheme 8 The fabrication of CB/PB composite coating by spraying followed by thermal curing
a) BPO: benzoyl peroxide
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Moreover, as shown in Scheme 9, Ye et al. reported that the modified SBR surfaces
with silica/y-methacryloxypropyltrimethoxysilane (y-MPTMS) particles in the presence
of trimethylolpropane tris(3-mercaptopropionate) (TMPMP) can be prepared by thiol-ene
click reaction. The obtained modified SBR films with SiO,/y-MPTMS particles can

exhibit the superhydrophobic characteristic (water contact angle value: 152°).>”

0 0 =2 0 OH
HS(CHppC-0— /=0-C-(CHpp-SH + HC + HpC=C-C-O-(CHy)sSi:OH oH o}
/ A CH, o Mo ~Si-(CHy)g 0-C-C=CH,
HS-(CH,),-G-O \—CH3 CH, HO - Si0, -0 CH,
) 0 O 5470, 0
(TMPMP) CH2 H2C=C'C'O'(CH2)3ISi\ HO,S‘i‘(CH2)3 O'C'C=CH2

CHg OH OH CHs
O .
\|/y

(Modified silica particles)

(SBR)

0 OH H.C

A8 -H,C-HC -C-0-(CH,)Si-OH OH 0y 0 0 CH,

CHa Yo QH/O—/Si-(CHz)s-O-C-q-CHZS—(CHz)p 0~ /~0-C-(CH,), S-CH
Thiol-ene reaction HO - Si0, -0 CHs Ho
> o S—(CHyc 0~ \-CH, 3
HQ L 5y S Q 0 CH,

AS -H,C~C-C-0-(CHp)Si ’Si-(CHz)3-0-C—C—CH, |

: Py HO'T . CH
CHg Ho OH OH CHg +

Scheme 9 Preparation of hydrophobic modification of styrene-butadiene rubber (SBR) with silica nanoparticles

In this way, rubber/silica composites possessing not only the improved mechanical
properties but also the special requirements properties such as the superhydrophobicity
will become mostly applicable into the tire industry. However, studies on the rubber/silica
composites possessing fluorines or fluoroalkyl groups have been hitherto very limited.
Therefore, from the developmental viewpoints of novel fluorinated functional polymeric

materials, it is of particular interest to explore the novel fluorinated polymers/rubber

14



compounds such as NBR and SBR composites possessing not only a surface-active
characteristic imparted by fluorine but also unique property related to rubber compounds

containing nitrile and styrene moieties.

4. Thesis outline

As indicated above, fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica
[Re-(VM-Si0,)-Re]/BINOL nanocomposites have been already prepared by the sol-gel
reactions of the corresponding fluoroalkyl end-capped vinyltrimethoxysilane oligomer in
the presence of BINOL as a low molecular weight compound under alkaline conditions.
The Rg-(VM-SiO2),-Re/BINOL nanocomposites can also exhibit nonflammable
characteristic even after calcination at 800 °C through the architecture of rigid BINOL-
containing silica gel matrices and the formation of ammonium hexafluorosilicate during
the sol-gel process.?? Therefore, from the developmental viewpoints of new fluorinated
functional materials, it is of particular interest to explore the novel fluorinated oligomeric
silica nanocomposites impart by the macromolecular compounds such as
poly(acrylonitrile-co-butadiene) (NBR) and poly(styrene-co-butadiene) (SBR).

In this study, preparation and applications of fluoroalkyl end-capped
vinyltrimethoxysilane oligomeric silica nanocomposites - encapsulated macromolecular

compounds such as poly(acrylonitrile-co-butadiene) and poly(styrene-co-butadiene) will

15



be described. In addition, preparation and properties of the initiator fragments end-capped
oligomers by using a variety of radical initiators are also discussed, compared with those
of the corresponding oligomers/silica nanocomposites in order to clarify the thermal
stability of the nitrile units-containing oligomers in the composite cores.

In chapter 1, preparation and thermal stability of fluoroalkyl end-capped
vinyltrimethoxysilane  oligomeric  silica/poly(acrylonitrile-co-butadiene)  (NBR)
nanocomposites containing nitrile segments are described (see Scheme 10). Not only the
NBR but also the NBR containing stearic acid, zinc oxide and sulfur (NBRst.zn-s), and
the NBR containing zinc oxide and sulfur (NBR,.) are also encapsulated into the
fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica nanocomposite cores.
Thermal stability and surface modification of these nanocomposites are also described

including their application to the separation of oil/water.

RF-(CHz-?Hz)n-RF + NBRs 25wt aq. NHs | R.-(VM-Si0,),-Re/NBRs
Si(OCH3)s 1,2-dichloroethane/r.t./5 h nanocomposites
Rg = CF(CF3)OC3F5
[Re-(VM)n-Re]
NBRs;  [NBR] -(CH2-CH=CH-CH2)X-(CH2-?H)},-
C=N
[NBR,.4] -(CH2-CH=CH-CH2)X-(CH2-|CH)y-/Zinc oxide/Sg
C=N
[NBRg;.2n-sl -(CH2-CH=CH-CH2)X-(CH2-?H) y/Stearic acid/Zinc oxide/Sg
C=N

Scheme 10 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/NBRs nanocomposites
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In chapter 2, synthesis of a variety of initiator fragments end-capped oligomers by the

oligomerizations of the corresponding monomer initiated by a variety of radical initiator

containing not only nitrile groups but also 2-methyl-N-(2-hydroxyethyl)propionamide and

sulfate ester units is described (see Scheme 11). In addition, thermal stability of the

obtained initiator fragments end-capped oligomeric nanocomposites is also discussed,

compared with those of the corresponding oligomers/silica nanocomposites, in order to

clarify the thermal stability of the nitrile units-containing oligomer in the fluorinated

oligomeric silica nanocomposites cores.

nCH,=CH Radical initiators X-(CH»-CH),-X
| > [
O=C-R O=C-R
A variety of functional group
R = NMe, (DMAA) end-capped oligomers
OH (ACA)

NHCMe ,CH,C(=0)CH; (DOBAA)

N O (ACMO)
__/

Radical initiators;

H o)
) OH
NH,0S0,-0-0-SO,0NH, Ho >N NN N7
\IO N

[APS] [VA-086]

NEC\ N=N /CEN

[AIBN]

Scheme 11 Synthesis of initiator fragments end-capped oligomers

17



In chapter 3, preparation and surface modification of glass by using fluoroalkyl
end-capped vinyltrimethoxysilane oligomeric silica/poly(styrene-co-butadiene) (SBR)
nanocomposites are described (see Scheme 12). In this chapter, wettability control
between the superoleophobic and superoleophilic characteristics on the modified surface

is also described including the application to the separation of oil/water.

RF-(CHZ-?HZ)n-RF + '(CHQ'CH=CH'CH2)X'(CH2'CH)y' 25 wt% aq. NH3 or 1N HCI
Si(OCHy)3 1,2-dichloroethane/r.t./5 h

Rg = CF(CF3)OC4F

[Re-(VM)-RE] [Poly(styrene-co-butadiene); SBR] Re-(VM-SIO)y-Re/SBR

nanocomposites

Scheme 12 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/SBR nanocomposites
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CHAPTER 1

Preparation and Thermal Stability of Fluoroalkyl
End-Capped Vinyltrimethoxysilane Oligomeric Silica/
Poly(acrylonitrile-co-butadiene) Nanocomposites -

Application to the Separation of Oil and Water



1.1. Introduction

Poly(acrylonitrile-co-butadiene) [NBR or nitrile rubber (cross-linked NBR)] has been
hitherto applied to the gaskets and O-rings in fuel systems, due to exhibiting the unique
properties such as oil resistance, tensile strength, abrasion resistance, and
low-temperature resistance.' = Original nitrile rubber has in general a poor release
characteristic toward the numerous substrates.'® ™' Therefore, it is deeply desirable to
develop the surface modification of the nitrile rubber derivatives possessing the good

~ 1 Fluoroalkyl end-capped

release characteristic on the modified surfaces.'”
vinyltrimethoxysilane oligomer [Rp-(CH,CHSi(OMe);)n-Rp; R = fluoroalkyl groups;
n =2, 3: Rp-(VM)s-Rg] is effective for the surface modification of nitrile rubber to exhibit
a good release characteristic on the modified surface.”” Rg-(VM),-Rr oligomer is also
effective for the encapsulation of low-molecular weight aromatic compounds such as
1,1°-bi(2-naphthol) (BINOL) under alkaline conditions to afford the corresponding
fluorinated oligomeric silica nanocomposites-encapsulated BINOL in good isolated

yields. Interestingly, the encapsulated BINOL can afford no weight loss behavior in the

fluorinated silica gel matrices even after calcination at 800 °C.*"** In view of the
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development of new NBR derivatives imparted by fluorine, it is of particular interest to

prepare novel Rp-(VM)n-Rr oligomeric nanocomposites-encapsulated NBR through the

sol-gel reactions in the presence of NBR under alkaline conditions to provide the

corresponding oligomer. This chapter shows that the Rp-(VM),-Rr oligomer undergoes

the sol-gel reactions in the presence of NBR under alkaline conditions to provide

the corresponding fluorinated oligomeric silica nanocomposites-encapsulated NBR.

Interestingly, the encapsulated NBR in the fluorinated silica nanocomposite cores thus

obtained was found to afford no weight loss behavior even after calcination at 800 °C.

More interestingly, these fluorinated silica nanocomposites, which were prepared under

cross-linking reaction at 150 °C for 30 min by using NBR containing zinc oxide and Ss,

were applied to the surface modification of glass to provide the

superoleophilic/superhydrophobic characteristic on the surfaces. In addition, the

fluorinated nanocomposites possessing such surface-active characteristic can be used for

the packing material for the column chromatography to separate the mixture of oil and

water. These results will be described in this chapter.

26



1.2. Experimental

1.2.1. Measurements

"H NMR spectra were recorded using a JEOL INM-ECA500 (500 MHz) FT NMR

SYSTEM (Tokyo, Japan). Molecular weight and copolymer composition of NBR

[-(CH,-CH=CH-CH,),-(CH,-CHCN),~: X : y = 66 : 34; M,, = 10780, M/M, = 1.12] were

measured using a Shodex DS-4 (pump) and Shodex RI-71 (detector) gel permeation

chromatography (Tokyo, Japan) calibrated with polystyrene standard using

tetrahydrofuran (THF) as the eluent and 'H NMR spectra, respectively. 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)] of nanocomposites was measured by using Otsuka Electronics

DLS-7000HL (Tokyo, Japan). Field emission scanning electron micrographs (FE-SEM)

were obtained using JEOL JSM-7000F (Tokyo, Japan). Contact angles were measured

using a Kyowa Interface Science Drop Master 300 (Saitama, Japan).
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Dynamic force microscope (DFM) was recorded by using SII Nano Technology Inc.

E-sweep (Chiba, Japan). Optical and fluorescence microscopies were measured by using

OLYMPUS Corporation BX51 (Tokyo, Japan).

1.2.2. Materials

Stearic acid and zinc oxide were used as received from New Japan Chemical Co., Ltd.

(Osaka, Japan) and Mitsui Mining & Smelting Co., Ltd. (Tokyo, Japan), respectively.

Sulfur (Sg) was purchased from Hosoi Chemical Industry Co., Ltd. (Tokyo, Japan).

Vinyltrimethoxysilane was used as received from Dow Corning Toray Co., Ltd.

(Tokyo, Japan). NBR (Nipol DN3380™) was used as received from Zeon Corporation

(Tokyo, Japan).  Fluoroalkyl  end-capped  vinyltrimethoxysilane  oligomer

[Rp-(CH,-CHSi(OMe)3)n-RE: the mixture of dimer and trimer; Rg = CF(CF3)OC;F7] was

synthesized by reaction of fluoroalkanoyl peroxide with the corresponding monomer

according to the previously reported methods.””
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1.2.3. Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica

nanocomposites — encapsulated poly(acrylonitrile-co-butadiene) [Re-(VM-SiO;),-Re/

NBR nanocomposites]

To an 1,2-dichloroethane solution (5.0 ml) containing the fluoroalkyl end-capped

vinyltrimethoxysilane oligomer [100 mg; Rp-[CH,CHSi(OMe);]n-Rr; Rp-(VM)n-Rg;

Rr = CF(CF3)OCsF7; n = 2, 3] were added NBR (10 mg) in toluene (35 mg) and 25 %

aqueous ammonia solution (1.0 ml). The mixture was stirred with a magnetic stirring bar

at room temperature for 5 h. After the solvent was evaporated off, 1,2-dichloroethane was

added to the obtained crude products and stirred with magnetic stirring bar at room

temperature for 1 day. After centrifugal separation of this solution, the obtained products

were washed well with 1,2-dichloroethane several times, and dried in vacuo to afford the

expected white powdery product (57 mg). Not only the NBR but also the NBR containing

stearic acid (1 wt%), zinc oxide (5 wt%) and Sg (1 wt%) [NBRstzns] and the NBR

containing zinc oxide (5 wt%) and Sg (1 wt%) [NBRns] were used for preparation of the

Rp-(VM-Si0,)n-Rp/NBRgt.zns  and  Rp-(VM-Si10,)p-Re/NBRyns  nanocomposites under

similar conditions, respectively (see Scheme 1-1).
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1.2.4. Preparation of modified glass treated with the Rg-(VM-SiO;)n-Re/NBR

nanocomposites by casting method

To an 1,2-dichloroethane solution (5.0 ml) containing Rp-(VM),-Rg oligomer (100

mg) were added NBR (20 mg) and 25 wt% aqueous ammonia solution (1.0 ml). The

mixture was stirred with a magnetic stirring bar at 25 °C for 5 h. The modified glass was

prepared by casting the 1,2-dichloroethane solution of the Rp-(VM-SiO;)n-Re/NBR

nanocomposites thus obtained on glass plate (18 x 18 mm” pieces). The solvent was

evaporated at room temperature, and dried at room temperature for 1 day under vacuum

to afford the modified glass. Not only NBR but also NBRgt.zns and NBRzn.s were used for

the surface modification of glass under similar conditions.
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1.3. Results and discussion

1.3.1. Preparation of the fluoroalkyl end-capped vinyltrimethoxysilane oligomeric

silica nanocomposites — encapsulated NBR

Fluoroalkyl end-capped vinyltrilmethoxysilane oligomer [Rg-(CH,CHSi(OMe);)n-Rg;
Rr = CF(CF3)OC;3F7: Rp-(VM)n-Rr] underwent the sol-gel reaction under alkaline
conditions in the presence of NBR to afford the corresponding oligomeric silica
nanocomposites — encapsulated NBR [Rp-(VM-Si0;)-R/NBR] in 43 ~ 54 % isolated

yields as shown in Scheme 1-1 and Table 1-1

RF'(CH2'|CH)n'RF + NBRSs 25 wt% ag. NHg Re-(VM-SiO,),-Re/NBRs

Si(OCHa)s 1,2-dichloroethane/r.t./5 h' nanocomposites

R = CF(CF3)OC4F,
[Re-(VM),-Re]

NBRs; [NBR] -(CH2-CH=CH-CH2)X-(CH2-|CH)y-
C=N
[NBR,.ql —(CH2—CH=CH-CHZ)X—(CH2—(‘3H)y—/Zinc oxide/Sg
C=N
[NBRst.2n-s] -(CH,-CH=CH-CHy) X—(CHZ-?H) y/Stearic acid/Zinc oxide/Sg
C=N

Scheme 1-1 Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/NBRs
nanocomposites
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Table 1-1 Preparation of the Rg-(VM-SiO,) ,-Re/NBRs hanocomposites

Run Re-(VM) R (mg) NBRs (mg) Yield?) (%) Size of compositesP
(nm) = STD
NBR
1 100 5 44 67.3+4.3
2 100 10 52 13.8 +2.3
3 100 20 50 36.4+35
A 100 50 o 54 o 47289
NBRGt.zn-s
5 100 5 54 89.6 +12.6
6 100 10 71 66.5 + 8.0
7 100 20 63 514 +11.2
NBR s
8 100 5 22 80.8 £+24.2
9 100 10 36 28.7+3.5
10 100 20 24 66.5+8.0

a) Yield was based on Rg-(VM),-Rg and NBRs

b) Determined by dynamic light scattering (DLS) measurement in 1,2-dichloroethane

Similarly, NBR containing Ss, stearic acid and zinc oxide as vulcanizing agent and

cure activators, respectively, [NBRsi.zn-s] and NBR containing Sg and zinc oxide [NBRy.]

were used for the composite reactions to afford the expected Rg-(VM-SiO;)n-Re/NBRgt-zn-s

and Rp-(VM-Si0;)n-Re/NBR;n.s nanocomposites in 54 ~ 71 % and 22 ~ 36 % isolated

yields, respectively. The results are also shown in Scheme 1-1 and Table 1-1.

It is well known that stearic acid (RCOOH) interacts with zinc oxide to provide

zinc stearate [(RCOQO),Zn], and the obtained zinc stearate is useful for the preparation of

the cross-linked NBR by the use of Sg as a vulcanization agent*” Thus, the
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Rp-(VM-S10;)n-Rp/NBRst.2n-s nanocomposites would be obtained in higher isolated yields

than those of other nanocomposites under such conditions.

The obtained Rg-(VM-Si0,),-Re/NBR nanocomposites were found to exhibit a good

dispersibility and stability toward the traditional organic solvents such as methanol,

ethanol, 2-propanol, tetrahydrofuran and 1,2-dichloroethane except for water. Thus, the

size of these composites in 1,2-dichloroethane was studied by the use of dynamic

light-scattering (DLS) measurements at 20 °C, and the results are also illustrated in

Table 1-1. Table 1-1 shows that these fluorinated composites are nanometer

size-controlled very fine particles from 14 to 90 nm.

In order to clarify the formation of fluorinated nanocomposite particles, the field

emission scanning electron micrograph (FE-SEM) of well-dispersed methanol solutions

(or mixed solutions of 2-propanol/methanol (50/50: vol/vol)) of the Rg-(VM-SiO;)n-Ry/

NBR, the RF-(VM-SiOz)n-RF/NBRzn.S, and the RF'(VM-Sioz)n'RF/NBRst.Z”-S

nanocomposites before and after heating at 150 °C for 30 min were measured, and the

results were shown in Figs. 1-1 ~ 1-3.

Electron micrographs also show that these fluorinated composites are very fine

nanoparticles with a mean diameter of 53 nm [Fig. 1-1-(A)], 54 nm [Fig. 1-2-(A)] and
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71 nm [Fig. 1-3-(A)], respectively. The similar size values as those (14, 67 and 29 nm) of

DLS were obtained in FE-SEM measurements. The slight increase of the sizes of the

Rp-(VM-Si0,),-Rg/NBR  nanocomposites and the  Rp-(VM-SiO;)n-Rp/NBRsizn-s

nanocomposites from 53 ~ 54 to 66 ~ 77 nm was observed after the thermal treatment of

these composites at 150 °C for 30 min (see Figs. 1-1 and 1-2). On the other hand, the

effective increase of the size of the Rg-(VM-SiO;)n-Re/NBRzn.s nanocomposites from 71

to 463 nm was observed under similar conditions, indicating that the cross-linking

reaction should proceed rapidly to afford the corresponding fluorinated nanocomposites

with increasing their particle size.

Mean: 53 nm — 100 nm Mean: 77 nm — 100 nm
(A) (B)

Fig. 1-1 FE-SEM (Field Emission Scanning Electron Microscopy) images of the Rg-(VM-SiO,),-Re/NBR
nanocomposites (Run 2 in Table 1-1) before (A) and after (B) heating at 150 °C for 30 min in
methanol solutions
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Mean: 54 nm — 100 nm Mean: 66 nm — 100 nm
(A) (B)
Fig. 1-2 FE-SEM (Field Emission Scanning Electron Microscopy) images of the Rg-(VM-SiOs),-Re/NBRg .5

nanocomposites (Run 6 in Table 1-1) before (A) and after (B) cross-linking reaction at 150 °C for 30 min
in the mixture of methanol and 2-propanol solutions (50/50 vol/vol)

Mean : 71 nm —1um

Mean : 463 nm — 1um
(B)

Fig. 1-3 FE-SEM (Field Emission Scanning Electron Microscopy) images of the Rg-(VM-SIO,),-Re/NBR;,.s
nanocomposites (Run 9 in Table 1-1) before (A) and after (B) cross-linking reaction at 150 °C for 30 min
in methanol solutions
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1.3.2. Thermal stability of the fluoroalkyl end-capped vinyltrimethoxysilane

oligomeric silica nanocomposites - encapsulated NBR

Thermal stability of the Rp-(VM-Si0,),-Re/NBR, the Rp-(VM-Si10,),-Re/NBRns and

the Rp-(VM-Si0,)n-Rr/NBRgt.zn-s nanocomposites illustrated in Table 1-1 was 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 were shown in Figs. 1-4 ~

1-6.

Weight loss (%)

10
20
30
40

50

60 . Run 1 (68%)2

}:> L«—Run 2 (69%)3)
F'(VM'SiOz)n'RF (730/0)3)

== Run 3 (73%)2

Run 4 (73%)?

~& Parent NBR (100%)2)
0 100 200 300 400 500 600 700 800

Temperature (°C)

70

80

90

100

Fig. 1-4 Thermogravimetric analyses (TGA) of parent NBR, the Rg-(VM-SiO,),,-Re/NBR nanocomposites
(Runs 1 ~ 4 in Table 1-1) and the Rg-(VM-SiO,) ,-Rg nanoparticles

a) Weight loss (%) at 800 °C
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10 - Parent NBRg;.».s

/

30 - Before cross-linking

After cross-linking

Weight loss (%)

40 -
50
60 - Rg-(VM-SiO,),,-Rg nanoparticles (73%)2)
70 - /After cross-linking (76%)2

80 - ™\ Before cross-linking (77%)®

90
~<Parent NBRg;. .5 (94%)?

100 : : : : : : :
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 1-5 Thermogravimetric analyses (TGA) of parent NBRg;.,.s, the Rg-(VM-SiOy)-Re/NBRy;. s nanocomposites
(Run 6 in Table 1-1) before and after cross-linking reaction at 150 °C for 30 min, and the Rg-(VM-SiO,) ,-Rg¢
nanoparticles
a) Weight loss (%) at 800 °C

10 | After cross-linking

/

30 - Before cross-linking

Weight loss (%)

50
60 - Re-(VM-SiO,),,-Rg nanoparticles (73%)2)
/Before cross-linking (77%)2

\After cross-linking (78%)2)
90

100 - : : : : : <—Parent NBR (100%)2)
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 1-6 Thermogravimetric analyses (TGA) of parent NBR, the Rg-(VM-SiO,) -Re/NBR,,,.s nanocomposites (Run 9
in Table 1-1) before and after cross-linking reaction at 150 °C for 30 min, and the Rg-(VM-SiO,),-R¢
nanoparticles

a) Weight loss (%) at 800 °C
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As shown in Figs. 1-5 and 1-6, the Rp-(VM-Si0;)-Rp/NBRgt.zns and
Rp-(VM-Si0,)s-Rr/NBR ;5. nanocomposites before cross-linking reaction at 150 °C for
30 min can afford a clear weight loss around 150 ~ 300 °C, indicating that the
cross-linking reaction of NBR by using zinc oxide, Sg and stearic acid can proceed under
such conditions to afford the corresponding cross-linked NBR in the composites.
On the other hand, interestingly, the Rp-(VM-SiO,),-Rg/NBR nanocomposites illustrated
in Fig. 1-4 were found to exhibit no weight loss behavior corresponding to the contents of
the NBR in the composites even after calcination at 800 °C. It has been already reported
that polyacrylonitrile (PAN) can enhance its thermal stability due to the cyclization of
nitrile groups in PAN leading to the unsaturated >C=N- species.” ~** Similarly, it has
been already reported that the nitrile fragments end-capped N,N-dimethylacrylamide
(DMAA) oligomers/silica nanocomposites [NC-CMe,-(CN,CH(C=0)NMe,),-CMe,-CN/
Si0,] can provide no weight loss behavior corresponding to the contents of the oligomer
in the nanocomposites even after calcination at 800 °C.*” This no weight loss behavior
would be due to the formation of the imine unit (>C=N-) during the calcination process.*”

Therefore, since the Rp-(VM-Si0,)p-Rr/NBR nanocomposites possess the nitrile units in

the composites, such units would enable the encapsulated NBR in the composites to
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afford no weight loss behavior even after calcination at 800 °C. The Rg-(VM-SiO;)n-R§/

NBR nanocomposites would also give the slight weight loss at around 150 ~ 300 °C

illustrated in Fig. 1-4 due to the formation of the imine units.

1.3.3. Surface modification of glass by the use of fluoroalkyl end-capped

vinyltrimethoxysilane oligomeric silica nanocomposites - encapsulated NBR

The modified glasses treated with the fluorinated oligomeric silica nanocomposites -

encapsulated NBR illustrated in Table 1-1 were prepared, and the contact angles of

dodecane and water for these modified glasses were measured by depositing a droplet of

dodecane or water (2 pl) on these modified glass surfaces. These results are shown in

Table 1-2.

As shown in Table 1-2, the modified glass surfaces treated with the

Rp-(VM-Si0,)s-R/NBR nanocomposites were found to exhibit the highly oleophobic

and superhydrophobic characteristics on the surface, because dodecane and water contact

angle values are 78 ~ 98 and 180 degrees, respectively. Especially, the

Rr-(VM-Si0,),-Re/NBR nanocomposites, which were prepared under the feed ratio:
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oligomer/NBR = 100/10 (mg/mg) (see Run 2 in Table 1-1), afforded the highly

oleophobic and superhydrophobic characteristics (dodecane and water contact angle

values: 98 and 180 degrees) on the modified surface (see Run 2 in Table 1-2). A similar

highly oleophobic (dodecane contact angle values: 78 ~ 92 degrees) and

superhydrophobic (water contact angle value: 180 degree) characteristics were observed

in the Rp-(VM-Si0,)p-Re/NBRsi.zn-s nanocomposites (see Runs 5 ~ 7 in Table 1-2).

In the Rp-(VM-SiO,),-Re/NBR nanocomposites, dodecane contact angle values were

decreased from 95 (or 98) to 74 degrees with increasing the feed amounts of NBR from

5 (or 10) to 50 mg in the NBR and the Rp-(VM)y-Rr oligomer (see Runs 1 ~ 4 in Tables

1-1 and 1-2). A similar tendency was observed in the Rp-(VM-SiO;)n-Re/NBRt.zn-s

nanocomposites (see Runs 5 ~ 7 in Table 1-2). These findings are due to the presence of

the oleophilic NBRs moieties in the composites, and highly amounts of NBRs in the

composites are likely to afford the oleophilic characteristic on the modified surface.

In addition, the cross-linking reaction at 150 °C for 30 min of the modified glass surface

treated with the Rg-(VM-SiO;)n-Re/NBRstzn-s nanocomposites (Run 6 in Tables 1-1 and

1-2) was found to supply the similar highly oleophobic/superhydrophobic characteristic

(dodecane and water contact angle values: 70 and 180 degrees) on the modified surface to
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those (dodecane and water contact angle values: 80 and 180 degrees: Run 6 in Table 1-2)

before cross-linking reaction. Such highly oleophobic characteristic has been already

observed in the fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica/talc

nanocomposites - encapsulated perfluoroalkanoic acid.*”

Table 1-2 Contact angles of dodecane and water on the modified glass surface treated with the Rg-(VM-SiO5) -Rg/
NBRs nanocomposites

Runa NBRs in the composites Contact angle (Degree)
Dodecane®  Water
Time (min)

0 5 10 15 20 25 30

1 NBR 95 180 - -c) -C) -c) ) )

2 98 180 -9 9 -©) ) o

3 86 180 -9 ) ) ) ) )
AR ] 180 OO R, A .

5 NBR.zn-s 92 180 -9 -0) -0) -©) -©) -0)

6 80 180 © -9 -0) ) 9 .0

Y 78 180 -9 -0) ) ) ) )

_____ 8 o NBR ;.5 0 180 -c) -c) ) ) -¢) -c)

9 0 180 -0) ) -0) -0) -0) -0)

10 0 180 -¢) - - - -c) -c)

a) Each Run No. corresponds to that of Table 1-1
b) After 5 min
c) No change

On the other hand, the Rp-(VM-Si0,)s-R/NBR;n.s nanocomposites were unable to

provide the oleophobic/superhydrophobic characteristic on the modified surface (Runs

8 ~ 10 in Table 1-2). The same dodecane and water contact angle values (0 and 180

degrees) were observed on the modified glass surface treated with the

Rp-(VM-Si0,)s-Rp/NBR;n.s nanocomposites (Run 9 in Table 1-1), of whose modified
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glass was treated through cross-linking reaction at 150 °C for 30 min, as those (see Run 9

in Table 1-2) before the cross-linking reaction. In fact, Fig. 1-7-[1]-(B) shows the shape of

water droplet on the modified glass surface treated with the Rg-(VM-S10,)n-Re/NBRn-s

nanocomposites (Run 9 in Table 1-1), and the water droplet cannot deposit on the

modified surface due to the superhydrophobic coating surface (water contact angle value:

180 degree) even after pull-up process of the needle from the modified surface [see

Fig. 1-7-[1]-(C)]. On the other hand, dodecane contact angle value on the modified

surface can decrease smoothly from 25 to 0 degrees over 30 sec to afford the

superoleophilic surface as shown in Fig. 1-7-[I1]-(C).

[I] Water droplets

e :
(A) (B) (©)
Water contact angle: 180°

[l]] Dodecane droplets
t=0s j— t=10s j— t=30s

(A) Dodecane contact angle: 25° (B) Dodecane contact angle: 12° (C) Dodecane contact angle: 0°

Fig. 1-7 Charge coupled device camera images of the water droplets [I] that adhered to the needle tip: (A) (process before
adhesion of the water droplet on the modified glass surface), water droplet on the modified surface: (B), pull-up
process of the needle from the modified surface: (C), and the dodecane droplets [ll] on the modified surface
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In order to clarify the creation of such superoleophilic/superhydrophobic surface, the

surface roughness of the modified glass surface treated with the Rp-(VM-SiOs)n-Ry/

NBR;ns nanocomposites (Run 9 in Table 1-1) was studied by dynamic force microscopy

(DFM) measurements. The Rp-(VM-Si0;)n-Rp/NBRst.zn-s nanocomposites (Run 6 in Table

1-1) and the Rg-(VM-Si0,),-Re/NBR nanocomposites (Run 2 in Table 1-1) possessing

highly oleophobic/superhydrophobic characteristic were also studied under similar

conditions, for comparison. These results are shown in Figs. 1-8 and 1-9.

Ra: 7 nm Ra: 28 nm Ra: 31 nm Ra: 29 nm
(A) (B) ©) (D)

Fig. 1-8 DFM (Dynamic Force Microscopy) topographic images of the modified glass surface treated with the parent
Rg-(VM-SIO,),-Rr oligomeric nanoparticles (A), the Rg-(VM-SiO,),-Re/NBRg;.z,.s Nanocomposites (Run 6 in
Table 1-1) before (B) and after (C) cross-linking reaction at 150 °C for 30 min, and the Rg-(VM-SiO,) ,-Re/NBR
nanocomposites (Run 2 in Table 1-1) (D)

As shown in Fig. 1-8-(A), the topographical image of the original fluoroalkyl
end-capped vinyltrimethoxysilane oligomeric silica nanoparticles [Rp-(VM-SiO;)n-RE],

which were prepared by the sol-gel reaction of the corresponding oligomer under alkaline
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conditions, can provide a roughness property (the roughness average: Ra = 7 nm) to give

the usual oleophobic/superhydrophobic surface (dodecane and water contact angle values:

48 and 180 degrees).’” Higher Ra values (28 and 31 nm) were obtained in the

Rp-(VM-Si0;),-Rp/NBRt.2ns nanocomposites before and after cross-linking reaction

[see Figs. 1-8-(B) and 1-8-(C)], respectively. The Rp-(VM-SiO2)-Re/NBR

nanocomposites were also afforded the higher Ra value (29 nm) on the modified surface

[Fig. 1-8-(D)]. However, the extremely higher Ra values (95 and 83 nm) on the modified

surface treated with the Rp-(VM-Si0O,)n-Re/NBR; s nanocomposites before and after

cross-linking reaction [see Figs. 1-9-(A) and 1-9-(B)]. This finding suggests that such

higher Ra values would be derived into the superoleophilic/superhydrophobic surface.

Ra: 95 nm Ra: 83 nm
(A) (B)

Fig. 1-9 DFM (Dynamic Force Microscopy) topographic images of the modified glass surface treated with the
Re-(VM-SiO,) ,-Re/NBR,,,.s nanocomposites (Run 9 in Table 1-1) before (A) and after (B) cross-linking
reaction at 150 °C for 30 min
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In this way, it was verified that the Rp-(VM-Si10,),-Rr/NBR;5.s nanocomposites before

and after cross-linking reaction at 150 °C for 30 min can supply a superoleophilic/

superhydrophobic characteristic. It is well known that superoleophilic/superhydrophobic

materials are facile way to realize the oil/water separation.”> ~ *° In fact, a

superhydrophobic surface can be realized by a water contact angle greater than 150°, and

such surface creation has been comprehensively studied due to their possessing superior

water repellency and self-cleaning property.’” ~*® In general, superoleophilic surfaces

have a strong affinity of organic oils. Thus, the surfaces possessing the superhydrophobic

and superoleophilic characteristics can simultaneously repel water and strongly absorb

oils. Such interesting behavior has been applied to the oil-water separating membranes

and self-cleaning surface.”® ~* The Rp-(VM-SiO,)n-Re/NBRys nanocomposites were

applied to the packing materials for column chromatography to separate the mixture of oil

(1,2-dichloroethane)/water (blue-colored water treated with copper sulfate pentahydrate),

and the results are illustrated in Fig. 1-10.

45



Blue-colored aqueous
solution (water was colored
with CUSO4'5H20)

1 ,2-dichloroethane- '

Fig. 1-10 Separation of the mixture of blue-colored water and 1,2-dichloroethane by using the Rg-(VM-SiO,),,-Rg/NBR ;¢
nanocomposites (Run 9 in Table 1): (A) before and (B) after cross-linking reaction at 150 °C for 30 min under
reduced pressure conditions

Furthermore, not only the mixture of oil and water but also the surfactant (span 80:
20 mg)-stabilized water (0.05 ml)-in-oil (1,2-dichloroethane: 5.0 ml) emulsion, which
was prepared under ultrasonic conditions for 5 min at room temperature, by the use of the
Rp-(VM-Si0,)s-Re/NBR;n.s nanocomposite powders (Run 9 in Table 1-1) as the packing
material for the column chromatography. The results are shown in Fig. 1-11.

As shown in Fig. 1-10-(A), the Rp-(VM-Si0,),-Re/NBR;ns nanocomposites before
cross-linking reaction were unable to separate the mixture of blue-colored water and oil,

due to the good solubility of NBR in the composites toward the oil
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However, interestingly, it was demonstrated that the Rp-(VM-Si0;)p-Re/NBRs

nanocomposites after cross-linking reaction are effective for the separation of

blue-colored water and oil under reduced pressure conditions, and the colorless oil was

easily detected [see Fig. 1-10-(B)].

W/O emulsion
stabilized by span 80

90 sec
—_—

Fig. 1-11 Separation of the W/O (1,2-dichloroethane) emulsion by using the WakogelTR C500-HG (A),
the Rg-(VM-SiO,) ,-Re/NBR_,,.s nanocomposites (Run 9 in Table 1-1) before (B) and after (C)
cross-linking reaction at 150 °C for 30 min under reduced pressure conditions
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(A 10um (B) 100 um (C) 100um (D) 100 um (E) 100 um

Fig. 1-12 Optical microscopy images of the eluent after the separation of the W/O (oil: 1,2-dichloroethane) emulsion
stabilized by span 80 by using the column chromatography with Wakogel™® C500-HG (A) and the
Rg-(VM-Si0y),,-Re/NBR,,,.s nanocomposites (Run 9 in Table 1-1) before (B) and after [(C): 1St time;
(D): 2nd time; (E): 3'd time] cross-linking reaction at 150 °C for 30 min as the packing materials, respectively,
under reduced pressure conditions

As shown in Figs. 1-11-(A) and 1-11-(B), the silica gel (Wakogel® C-500 HG), which
is well known as the packing material, and the Rp-(VM-SiO;)p-Re/NBRzns
nanocomposites before cross-linking reaction were unable to separate the W/O emulsion
under reduced pressure conditions. However, the Rp-(VM-SiO;)p-Re/NBRzns
nanocomposites after cross-linking reaction were effective to separate the W/O emulsion
under reduced pressure conditions to isolate the colorless oil (1,2-dichloroethane)
[see Fig. 1-11-(C)], indicating that such cross-linking reaction enables the NBR in the
composites to afford the good solvent resistance. In addition, the reusability of these
nanocomposites as the packing material was also studied. The results show that

the colorless oil was quantitatively isolated under similar conditions even after the use of

48



the W/O emulsion three times as the following recovered ratios: 1% time: 88 %; 2" time:
86 %; 3" time: 90 %. Moreover, optical micrograph images also showed that the water
droplet cannot be detected at all in the isolated colorless oils [Figs. 1-12-(C), (D), and
(E)] even after the reuse (2" time and 3™ time) as the packing material; although the
water droplet can easily detect in the isolated eluent by using the Wakogel [Fig. 1-12-(A)]
and the Rp-(VM-Si0,),-Rg/NBR;s nanocomposites before cross-linking reaction

[Fig. 1-12-(B)] as the packing materials.
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1.4. Conclusions

Fluoroalkyl end-capped vinyltrimethoxysilane oligomer [Rg-(VM)y-Rr] was applied to

the nanocomposite reactions with NBR under alkaline conditions to afford the

corresponding fluorinated oligomeric silica/NBR nanocomposites [Rg-(VM-SiO;)n-Ry/

NBR]. NBRst.zns and NBRyns containing cross-linkers such as stearic acid (st), zinc oxide

(zn) and Sg (S) were also applied to the nanocomposite reactions with Rp-(VM)y-Rg

oligomer under similar conditions to provide the expected Rg-(VM-SiO;)n-Re/NBRst-zn-s

and Rp-(VM-SiO,)-Re/NBRzns nanocomposites, respectively. In these nanocomposites

thus obtained, it was demonstrated that the Rg-(VM-SiO,)n,-Re/NBR nanocomposites can

afford no weight loss behavior corresponding to the contents of NBR even after

calcination at 800 °C. Furthermore, these nanocomposites were applied to the surface

modification of glass. The modified glass surface treated with the Rp-(VM-Si0,)n-Rg/

NBR and the Rp-(VM-SiO;)n-Rp/NBRsizn-s nanocomposites were found to afford the

highly oleophobic and superhydrophobic characteristics. However, interestingly, it was

demonstrated that the Rg-(VM-SiO,)n-Rr/NBR;ns nanocomposites can supply the

superoleophilic/superhydrophobic  characteristic on the modified glass surface.
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The Rp-(VM-Si10;)0-Rp/NBR;,.s nanocomposites were also applied to the separation of

not only the mixture of oil and water but also the W/O emulsion. The Rp-(VM-Si10;),-Ry/

NBR;ns nanocomposites before cross-linking reaction at 150 °C for 30 min was not

effective for the separation of oil/water mixture and the W/O emulsion. However, the

Rp-(VM-Si0,)s-Re/NBR;ns nanocomposites after cross-linking reaction were applicable

to the packing material for the column chromatography to separate the mixture of

oil/water and W/O emulsion.
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CHAPTER 2

Preparation and Thermal Stability of Initiator Fragments

End-Capped Oligomers/Silica Nanocomposites



2.1. Introduction

Fluoroalkyl end-capped oligomers [Re-(M)n-Rg; Re = fluoroalkyl groups], which can
be synthesized by the oligomerization of the corresponding radical polymerizable
monomers (M) initiated by fluoroalkanoyl peroxide [Rg-(C=0)O0(0=C)-Rg], can form
the nanometer size-controlled self-assembled molecular aggregates with the aggregation
of the terminal fluoroalkyl segments in aqueous and organic media.? These fluorinated
molecular aggregates can also interact with silica nanoparticles as a host moiety in the
presence of tetraethoxysilane under alkaline conditions (aqueous ammonia) to afford the
corresponding fluorinated oligomers/silica nanocomposites [Re-(M)q-Re/SiO].2 In these
nanocomposites, fluorinated oligomers/silica nanocomposites, of whose oligomers
possess the amide protons and higher acidic protons such as sulfo groups, can exhibit
no weight loss behavior corresponding to the contents of oligomers even after calcination
at 800 °C.*~® In contrast, the fluorinated oligomers possessing no amide protons and
relatively weaker acidic protons such as carboxyl groups than that of sulfo groups can
afford the usual flammable characteristic in the silica nanocomposite cores under similar

calcination process.* = ® This nonflammable characteristic is due to the smooth
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dehydrofluorination of amide or sulfo protons with fluorines in oligomers catalyzed by
ammonia and silica nanoparticles, affording ammonium hexafluorosilicate through the
effective interaction between the obtained hydrogen fluoride with silica nanoparticles.”
On the other hand, it is well known that polyacrylonitriles (PANs) are widely used as
precursors for fabricating high performance carbon fibers.2 = The formation of PAN
precursor fibers possessing the heat resistance ability by heating 200 ~ 300 °C is due to
the change of the chemical structure from the linear molecular chain into ladder structures
through a variety of chemical reactions including cyclization of nitrile groups leading to
hydronaphthiridine rings, dehydrogenation leading to a certain degree of aromatization,
and oxidation reaction leading mainly to acridone and some other structure.® ' ?
From this point of view, it is of particular interest to study on the thermal stability of
initiator fragments end-capped oligomers, which should be synthesized by using a variety
of radical initiators containing not only the nitrile groups but also the
2-methyl-N-(2-hydroxyethyl)propionamide and the sulfate ester units. This chapter shows

the synthesis and property of the initiator fragments end-capped oligomers by using these

radical initiators. In addition, the preparation of the corresponding oligomers/silica
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nanocomposites, including their thermal stability was also studied, in comparison with

that of the corresponding fluoroalkyl end-capped oligomers/silica nanocomposites.
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2.2. Experimental

2.2.1. Measurements

'H NMR and *C NMR spectra were recorded using JEOL JNM-ECA 500 (500 MHz)
FT NMR SYSTEM (Tokyo, Japan). *H magic-angle spinning (MAS) NMR spectra were
measured at room temperature using Varian Unity INOVA 300 (Tokyo, Japan).
Molecular weight of the initiator fragments end-capped oligomers was measured using a
Shodex DS-4 (pump) and Shodex RI-71 (detector) gel permeation chromatography
(Tokyo, Japan) calibrated with polystyrene standard using tetrahydrofuran (THF) as the
eluent. 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)] of
nanocomposites was measured by using Otsuka Electronics DLS-7000 HL

(Tokyo, Japan). Field emission scanning electron micrographs (FE-SEM) and energy
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dispersive X-ray (EDX) spectra were recorded by means of JEOL JSM-7000 F

(Tokyo, Japan).

2.2.2. Materials

Acrylic acid (ACA) and N-(1,1-dimethyl-3-oxobutyl)acrylamide (DOBAA) were used

as received from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and KH Neochem

Co., Ltd. (Tokyo, Japan), respectively. N,N-dimethylacrylamide (DMAA) and

acryloylmorpholine (ACMO) were used as received from KJ Chemicals Corp. (Tokyo,

Japan). Ammonium persulfate (APS) was purchased from Kanto Chemical Co., Inc.

(Tokyo, Japan). Silica-nanoparticle methanol solution [30% (wt.): average particle size

11 nm (Methanol Silica-sol™)] was supplied by Nissan Chemical Industrials Ltd.

(Tokyo, Japan). Tetraethoxysilane (TEOS) was purchased from Tokyo Chemical Industry

Co., Ltd. (Tokyo, Japan). 2,2-Azobis(2-methyl-N-(2-hydroxyethyl)propionamide)

(VA-086), azobisisobutyronitrile (AIBN) and aqueous ammonia were purchased from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
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2.2.3. Synthesis of initiator fragments end-capped oligomers by using APS as a

radical initiator

2.2.3.1. Initiator fragments end-capped N,N-dimethylacrylamide oligomer

APS (2.00 g) was added to an aqueous solution (150 g) containing

N,N-dimethylacrylamide (DMAA, 2.00 g). The solution was stirred at 55 °C for 3 h under

nitrogen. After evaporating the solvent by the addition of methanol as an azeotropic

solvent under reduced pressure, the crude products thus obtained were dialyzed with

water to afford the initiator fragments end-capped DMAA oligomer:

NH,0S0,0-[CH,CHC(=0)NMe,],-OSO,ONH, (2.68 g). This oligomer exhibited the

following spectra characteristics: FT-IR (v/cm™) 846 (SO.), 1097 ~ 1255 (>N-C(=0)),

1624 (C=0), 2937 (CH5), 3300 ~ 3502 (NH.).
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2.2.3.2. Initiator fragments end-capped acrylic acid oligomer

APS (3.19 g) was added to an aqueous solution (150 g) containing ACA. The solution

was stirred at 55 °C for 3 h under nitrogen. After evaporating the solvent by the addition

of methanol as an azeotropic solvent under reduced pressure, the crude products thus

obtained were reprecipitated from the methanol-hexane system to afford the initiator

fragments end-capped ACA oligomer: NH;OSO,0-[CH,CHC(=0)OH],-OSO,ONH,4

(5.81 g). This oligomer exhibited the following spectra characteristics: FT-IR (v/cm™)

850 (SO4), 1720 (C=0), 2937 (CHy), 3014 ~ 3157 (OH), 3439 and 3520 (NH.).

Other initiator fragments end-capped oligomers were prepared under similar

conditions, and the spectra characteristic of these obtained oligomers is as follows:

NH,0S0,0-[CH,CHC(=0)NHCH,CMeCH,C(=0)Me],-OSO,0NHz: FT-IR (viem™)

864 (SO4), 1109 ~ 1288 (>N-C(=0)), 1654, 1710 (C=0), 2978 (CH,), 3076 ~ 3510

(NHy).
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NH40S0,0-(CH,CH),-0SO,0NH,

O0=C—N 0
N/

FT-IR (v/iem™) 844 (SO4), 1112 ~ 1301 (>N-C(=0)), 1631 (C=0), 2924 (CH,), 3219 ~

3504 (NHa).

2.2.4. Synthesis of initiator fragments end-capped oligomers by using VA-086 as a

radical initiator

2.2.4.1. Initiator fragments [2-methyl-N-(2-hydroxyethyl)propionamide] end-capped

N,N-dimethylacrylamide oligomer

VA-086 (2.90 g) was added to a 2-propanol (200 g) containing DMAA (5.00 g).
The solution was stirred at 80 °C for 9 h under nitrogen. After evaporating the solvent
under reduced pressure, the obtained crude products were reprecipitated from the
2-propanol-hexane system to afford the initiator fragments end-capped DMAA oligomer:

HOCH,CH;NHC(=0)CMe,-[CH,CHC(=0)NMe,],-CMe,C(=0)NHCH,-CH,OH  (5.53
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g). This oligomer exhibited the following spectra characteristics: FT-IR (v/icm™)
1062 ~ 1257 (>N-C(=0)), 1612 (C=0), 2937 (CH,), 3325 (OH), 3377 (-NH(C=0)).
Other initiator fragments end-capped oligomers were prepared under similar
conditions, and the spectra characteristic of these obtained oligomers is as follows:
HOCH,CH,NHC(=0)CMe,-[CH,CHC(=0)OH],-CMe,C(=0)NHCH,CH,OH: FT-IR
(viem™) 1658, 1720 (C=0), 2937 (CH,), 3323 (OH), 3383 (-NH(C=0)).
HOCH,CH,NHC(=0)CMe-[CH,CHC(=0)NHCH,CMe,CH,C(=0)Me],CMe,-
C(=O)NHCH,CH,OH: FT-IR (v/cm™) 1149 ~ 1267 (>NC(=0)), 1658, 1710 (C=0),

2937 (CHy), 3325 (OH), 3377 (-NH(C=0)).

HOCH,CH,NHC(=0)CMe»-(CH,CH) ,-CMe,C(=0O)NHCH,CH,OH
O=C—N O
/

FT-IR (viem™) 1149 ~ 1267 (>NC(=0)), 1529, 1651 (C=0), 2937, 2978 (CH,), 3325

(OH), 3381 (-NH(C=0)).
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2.2.5. Synthesis of initiator fragments end-capped N,N-dimethylacrylamide

oligomers by using AIBN as a radical initiator

AIBN (2.80 g) was added to a 2-propanol (190 g) containing DMAA (15.0 g).

The solution was stirred at 65 °C for 9 h under nitrogen. After evaporating the solvent

under reduced pressure, the obtained crude products were reprecipitated from the

2-propanol-hexane system to afford the initiator fragments end-capped DMAA oligomer:

Me,C(NC)-[CH,CHC(=0)NMe,],-C(CN)Mez:  FT-IR  (viem™) 1055 ~ 1249

(>NC(=0)), 1529, 1612 (C=0), 2235 (CN), 2926 (CH,).

2.2.6. Preparation of initiator fragments end-capped N,N-dimethylacrylamide

oligomers/silica nanocomposites

To a methanol solution (20 ml) of NH4;0SO,0-[CH,CHC(=0)NMe;],-OSO,ONH,4

(100 mg) were added tetraethoxysilane (TEOS, 0.25 ml), silica-nanoparticle methanol

solution [30 % (wt.): 500 mg], and 25 % aqueous ammonia solution (0.25 ml).

The mixture was stirred with a magnetic stirring bar at 25 °C for 5 h. After the solvent
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was evaporated off, the methanol (20 ml) was added to the obtained crude products.

The methanol solution was stirred with magnetic stirring bar at room temperature for

1 day and then was centrifuged for 30 min. The expected fluorinated nanocomposites

were easily separated from the methanol solution and then was washed with methanol in

several times. The nanocomposite powders thus obtained were dried in vacuo at 50 °C for

2 days to afford the purified particle powders (540 mg).

Other initiator fragments end-capped oligomers/silica nanocomposites were prepared

under similar conditions.
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2.3. Results and discussion

2.3.1. Synthesis and solubility of initiator fragments end-capped oligomers

DMAA, ACA, DOBAA, and ACMO were found to afford the initiator fragments

end-capped oligomers through the radical oligomerization of the corresponding

monomers by the use of APS, VA-086, and AIBN as radical initiators. These results are

shown in Scheme 2-1 and Table 2-1.

Radical initiators

nCH,=CH X-(CHy-CH) -X
| |
0=C-R 0=C-R
M 0 Me
R = NMe, (DMAA) X = OSO,0ONH,, e\CAN AOH “C—C=N
OH (ACA) Me H Me

NHCMe,CH,C(=0)CHs (DOBAA)
N O (ACMO)
/
(" APS: NH4OSO2'O'O'SOQONH4

o)
H
Radical ~UN -N ~_-OH
Ra < VA-086: HO N N
initiators 0 H

. AIBN: NEC\ N=N <CEN

/

Scheme 2-1 Synthesis of initiator fragments end-capped oligomers
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Table 2-1 Synthesis of initiator fragments end-capped oligomers

Monomer (g) [mmol] Initiator (g) [mmol] Product yield? (%) M, (M,,/M,)P)
APS
DMAA 2.0 [20] 1.0 [8.8] 67 1040 (1.90)
ACA 5.0 [69] 3.2[14] 71 1840 (1.03)
DOBAA 5.0 [30] 1.4 [6.1] 75 5750 (1.01)
ACMO 5.0 [35] 1.8 [7.9] 56 5200 (1.04)
VA-086
DMAA 5.0 [50] 2.9[10] 70 440 (2.20) [2.2]9)
ACA 5.0 [69] 4.0 [14] 63 1600 (1.02) [3.2]°)
DOBAA  5.0[30] 1.7 [5.9] 61 3570 (1.04) [2.2]9
ACMO  5.0[35] 2.3[8.0] 87 10180 (1.01) [2.3]9
AIBN
DMAA 15 [151] 2.8[17.1] 72 870 (1.05) [1.9]9

a) Isolated yield based on monomer and radical initiator

b) Determined by gel permeation chromatography

¢) Number of initiator fragments end-groups per oligomer molecule calculated from
TH-NMR spectra and M,, values

As shown in Scheme 2-1 and Table 2-1, two initiator fragments end-capped oligomers
(M, = 440 ~ 10180; M/M, = 1.01 ~ 2.20) were obtained through the primary radical
termination or radical chain transfer to the initiators under the present oligomeric
conditions, in which the concentrations of the initiators were almost the same as that of
the monomers. The primary radical termination and radical chain transfer to the initiator
to give two initiator fragments end-capped polymers are well known as the iniferter by

Otsu et al.'® ' It was previously reported that two fluoroalkyl end-capped oligomers
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[Re-(M)n-REg; Re = fluoroalkyl groups; M = radical polymerizable monomers] can be also
synthesized by using fluoroalkanoy! peroxide [Rg-C(=0)O0(0=)C-Rf; Rr = fluoroalkyl
groups] as a radical initiator under similar oligomeric conditions.*® ' Under the same
feed molar ratio (5/1) of monomers (DMAA, ACA, and DOBAA)/initiator (VA-086) in
Table 2-1, DMAA afforded the lowest molecular weight M, = 440, compared with those
of other monomers. This finding would be due to its poor radical oligomerizable ability,
providing the lower molecular weights for the oligomer with the relatively large
dispersibility: My/M, = 2.20. 'H NMR spectra for two initiator fragments
[the 2-methyl-N-(2-hydroxyethyl)propionamide (HO-Amide) and the nitrile units]
end-capped oligomer show the oligomeric molecule contains two initiator fragments,
because the number of initiator fragment end-groups per oligomer molecule is
1.9 ~ 3.2 (see Table 2-1). *C NMR spectra for the nitrile fragments [Me,C(CN)-]
end-capped DMAA oligomers show the clear signals around 120 ppm related to the

presence of -CN groups in the oligomers as shown in Fig. 2-1.
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(pPm)

Fig. 2-1 13C NMR spectra of Me,(NC)C-(DMAA),-C(CN)Me, oligomer in CDCl5

The solubility of the initiator fragments [NH;OSO,O (the sulfate ester) and

the HO-Amide, and the nitrile] end-capped oligomers was also studied. The striking

characteristics of these oligomers are to harden not only water but also the traditional

organic solvents such as methanol, 2-propanol (IPA), tetrahydrofuran (THF), propylene

carbonate (PC) and 1,2-dichloroethane (DE). More interestingly, the sulfate ester

fragments end-capped oligomers were found to cause a gelation toward not only these

solvents but also non-polar solvent such as hexane. These results are shown in Fig. 2-2.

This unique gelling behavior should be due to the synergistic interaction between the

oligomer side chains such as amide or carboxyl segments and the end-capped initiator

fragments such as the sulfate esters, the 2-methyl-N-(2-hydroxyethyl)propionamide

[HO-Amide], and the nitrile moieties. To clarify this gelling behavior, the minimum
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concentrations (Cnin) of these oligomers for gelation at 30 °C were measured according to

the method reported by Hanabusa et al.? 2% and the results are summarized in Table 2-2.

MeOH IPA PC
Hexane DE THF

Fig. 2-2 Photograph for the gelation of H,NOSO,0-(DMAA),-OSO,ONH, oligomer in a variety of solvents

Table 2-2 C,,;, values (%) for gelation of the sulfate ester [X = OSO,0NHy], the OH-Amide [X = CMe,C(=O)NHCH,CH,OH]
and the nitrile [X = CMe,CN] fragments end-capped oligomers [X-(M) ,-X]

M in oligomer

ACA ACMO DMAA DOBAA
X'in oligomer:
solvent OSO,NH, HO-Amide OSO,NH, HO-Amide OSO,NH, HO-Amide CMe,CN OSO.NH, HO-Amide
Water 29 63 10 59 17 65 76 12 60
MeOH 40 63 29 58 14 74 81 21 61
IPA 31 59 38 65 20 69 78 18 58
PC 34 55 13 50 18 62 69 20 48
Hexane 20 -a) 18 -a) 21 -a) -a) 31 -a)
DE 49 28 12 42 12 43 70 30 33
THF 16 20 34 20 20 27 75 11 27

a) No gelation
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Cnmin Values indicate that the gelling ability of the sulfate ester fragments end-capped

oligomers is in general superior to that of the HO-Amide or the nitrile fragments

end-capped oligomers. This finding suggests that the sulfate ester fragments end-capped

oligomers are likely to promote the gelation with the ionic interaction of the sulfate ester

moieties in oligomers, compared with that of the HO-Amide or the nitrile fragments

end-capped oligomers.

2.3.2. Preparation and thermal stability of the sulfate ester fragments end-capped

oligomers/silica nanocomposites

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

[Re-(ACA)-RE], N,N-dimethylacrylamide  oligomer  [Re-(DMAA)-R¢]  and

N-(1,1-dimethyl-3-oxobutyl)acrylamide oligomer [Re-(DOBAA),-Rg] can undergo the

sol-gel reactions in the presence of tetraethoxysilane (TEOS) and silica nanoparticles

under alkaline conditions to afford the Rg-(ACA),-Re/SiO2 nanocomposites,

the Rg-(DMAA),-RE/SIO,  nanocomposites, and the Rg-(DOBAA),-RE/SIO;

nanocomposites, respectively.® In these fluorinated oligomeric silica nanocomposites,
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the Re-(DOBAA)-R/SIO, nanocomposites can supply no weight loss behavior in

proportion to the contents of the oligomer in the nanocomposites even after calcination at

800 °C, although the Rg-(ACA)q-Re/SiO; nanocomposites and the Re-(DMAA)-R/SIO,

nanocomposites provide a usual weight loss corresponding to the contents of the

oligomers in the nanocomposites under similar conditions. ® Thus, the initiator

fragments end-capped oligomers/SiO, nanocomposites were also prepared under similar

sol-gel reactions with TEOS and silica nanoparticles in order to study the thermal stability

of these nanocomposites. The results are shown in Scheme 2-2 and Table 2-3.

. . 25 wt% aq. NHg
H,NOSO,0-(CH»-CH),-OSO,0ONH, +  SiO, +  Si(OEY), -
| nanoparticles
O=C-R

R = NMe, (DMAA)
OH (ACA) H4NOS0,0-(CHy-CHC(=0)R),-OS0,0NH,/SiO,

nanocomposites
NHCMe,CH,C(=0)CH; (DOBAA)

N O (ACMO)
__/

Scheme 2-2 Preparation of the sulfate ester fragments end-capped oligomers/SiO, nanocomposites
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Table 2-3 Preparation of the sulfate ester fragments end-capped oligomers [X-(M),-X]/SiO, nanocomposites

Run Oligomer SiO, nanoparticles TEOS 25 wt% ag. NH5 Product Size of nanocomposites?)
(mg) (mg) (ml)  (ml) yield? (%)

Before calcination (nm) After calcination (nm)

M in oligomer : DMAA

1 100 500 025  0.25 90 218.9 £ 40.0 105.4 £15.2
2 150 500 025 0.25 68 210.9 £32.2 121.3 £12.2
3 200 500 025 025 77 190.7 +20.4 98.8 +10.4
4 250 500 025 0.25 60 200.1 +17.4 134.7 +20.8
5 300 500 025  0.25 75 245.3 + 41.1 150.3 £19.3
6 400 500 025 025 64 211.4 £23.8 119.8 + 26.4
M in oligomer : ACA
7 100 500 025 025 48 207.6 +41.4 57.1+12.2
8 150 500 025 025 61 131.1 £ 24.2 83.1+13.5
9 200 500 025 025 42 165.3 +43.4 96.1 £17.4
10 250 500 025 025 50 197.2 +30.1 82.7 £15.0
" 300 500 025 025 41 144.3 £14.0 442+53
12 400 500 025 025 70 159.2 +21.7 96.1+18.3
M in oligomer : DOBAA
13 100 500 025 025 63 132.3 +23.1 53.5+11.9
14 150 500 025 025 57 125.1 285 71.6 £14.4
15 200 500 025 025 47 1235 £22.5 446 +11.5
16 250 500 025  0.25 61 154.3 +21.6 79.1 +16.1
17 300 500 025 0.25 59 235.2 +40.8 103.7 +14.6
18 400 500 025 025 71 161.0 £+28.5 90.5 +14.4
M in oligomer : ACMO
19 100 500 025 0.25 92 125.9 +29.3 37.5+10.8
20 150 500 025 0.25 93 208.1 + 46.4 58.8 +13.9
21 200 500 025 025 90 111.2 £23.5 83.3+17.5
22 250 500 025  0.25 93 273.0 £45.5 101.1 £27.2
23 300 500 025  0.25 97 154.7 +22.8 94.6 +12.2
24 400 500 025  0.25 94 167.3 +28.7 90.4+12.6

a) Isolated yield based on the oligomer, SiO, nanoparticles, and TEOS
b) Determined by DLS (dynamic light scattering) measurements in methanol solutions

As shown in Scheme 2-2 and Table 2-3, the expected oligomers/SiO, composites were

obtained in excellent to moderate isolated yields (41 ~ 97 %). The oligomeric silica

composites thus obtained were found to exhibit a good dispersibility and stability toward

water and traditional organic solvents such as methanol, ethanol, acetone,

tetrahydrofuran, ethyl acetate, 1,2-dichloroethane, and dimethyl sulfoxide.
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Thus, the average particle sizes of these composites were measured in methanol by

dynamic light scattering (DLS) measurements at 25 °C, and the results are also shown in

Table 2-3.

Table 2-3 shows that the present composites are nanometer size-controlled fine

particles: 111 ~ 273 nm. Especially, the effective decrease of each oligomeric silica

nanocomposites particle size through the calcination was observed as illustrated in

Table 2-3. The field emission scanning electron micrograph (FE-SEM) measurements of

well-dispersed composite methanol solutions also show the decrease of the

nanocomposite particle size after calcination (see Figs. 2-3 ~ 2-6). These findings suggest

that the sulfate ester fragments end-capped oligomers should afford the weight loss

characteristic in the nanocomposite matrices during the calcination process. To verify this

weight loss characteristic, the thermal stability of these oligomeric silica hanocomposites

was 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

Fig. 2-7.

76



Mean: 208 nm 100 nm Mean: 144 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-3 FE-SEM (Field Emission Scanning Electron Microscopy) images of the sulfate ester fragments
end-capped DMAA oligomer/SiO, nanocomposites (Run 1 in Table 2-3)

LB P
ML e ALl Torm

Mean: 68 nm 100 nm Mean: 47 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-4 FE-SEM (Field Emission Scanning Electron Microscopy) images of the sulfate ester fragments
end-capped ACA oligomer/SiO, nanocomposites (Run 7 in Table 2-3)
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Mean: 52 nm 100 nm Mean: 30 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-5 FE-SEM (Field Emission Scanning Electron Microscopy) images of the sulfate ester fragments
end-capped DOBAA oligomer/SiO, nanocomposites (Run 13 in Table 2-3)

Mean: 115 nm 100 nm Mean: 36 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-6 FE-SEM (Field Emission Scanning Electron Microscopy) images of the sulfate ester fragments
end-capped ACMO oligomer/SiO, nanocomposites (Run 19 in Table 2-3)

As shown in Fig. 2-7, the sulfate ester fragments end-capped DMAA oligomer/SiO,

nanocomposites exhibited a clear weight loss corresponding to the contents of oligomer

in the composites after calcination at 800 °C. A similar weight loss behavior was
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observed in the ACA oligomer/silica nanocomposites (see Fig. 2-8), the DOBAA

oligomer/silica nanocomposites (see Fig. 2-9) and the ACMO oligomer/silica

nanocomposites (see Fig. 2-10). FT-IR spectra of these nanocomposites also show the

disappearance of the characteristic peaks related to these oligomers in the composites

after calcination at 800 °C (data not shown).

o r=—= —
OT\E A — ———— - +==—SiO, nanoparticles (6 %)
8 01 ' \\_—_'““\_ t<—Run 1 (13 %)
£ 20t \ S— ~~Run 2 (16 %)
2 .
= 30} \ \Run 3 (21 %)
\ Run 4 (23 %)
aFr \ Run 5 (27 %)
50} '.I Run 6 (31 %)
.I
60 - I|
TOF /4\
80 The sulfate ester fragments \
a0l end-capped DMAA oligomer \
100 ' \

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2-7 Thermogravimetric analyses of the sulfate ester fragments end-capped DMAA oligomer/SiO,
nanocomposites (Runs 1 ~ 6 in Table 2-3)
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g 20 <—Run 8 (21 %)
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40 \2un 11 (33 %)
50 un 12 (40 %)
60
70
80 The sulfate ester fragments
9% end-capped ACA oligomer
100
0 200 400 600 800

Temperature (°C)

Fig. 2-8 Thermogravimetric analyses of the sulfate ester fragments end-capped ACA oligomer/SiO,
nanocomposites (Runs 7 ~ 12 in Table 2-3)

A ———
< -<— Si0, nanoparticles (6 %)
2 10 x\
.._8 \Run 13 (10 °/o)
5 2 Run 14 (14 %)
2 30 Run 15 (20 %)
20 Run 16 (21 %)
Run 17 (22 %)
50 un 18 (27 %)
60
70
80 The sulfate ester fragments
9 end-capped DOBAA oligomer
100

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2-9 Thermogravimetric analyses of the sulfate ester fragments end-capped DOBAA oligomer/SiO,
nanocomposites (Runs 13 ~ 18 in Table 2-3)
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Fig. 2-10 Thermogravimetric analyses of the sulfate ester fragments end-capped ACMO oligomer/SiO,
nanocomposites (Runs 19 ~ 24 in Table 2-3)

2.3.3. Preparation and thermal stability of the

2-methyl-N-(2-hydroxyethyl)propionamide fragments end-capped oligomers/silica

nanocomposites

The 2-methyl-N-(2-hydroxyethyl)propionamide [HO-Amide] fragments end-capped

oligomers/silica nanocomposites were prepared by the similar sol-gel reactions with that

of the sulfate ester fragments end-capped oligomers/silica nanocomposites in Scheme 2-2.

The results are shown in Scheme 2-3 and Table 2-4.
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25 wt% aq. NH;

X-(CHx-CH)-X + SiO, + Si(OEt),
| nanoparticles
0O=C-R _ _
X-(CH2-C|)H) +XISi0O, nanocomposites

X = CMe,C(=0)NHCH,CH,OH 0O=C-R
R = NMe, (DMAA)

OH (ACA)

NHCMe,CH,C(=0)CH3 (DOBAA)

N O (ACMO)

Scheme 2-3 Preparation of the OH-Amide fragments end-capped oligomers [X-(CH,CHC(=0)R)-X1/SiO»
nanocomposites

Table 2-4 Preparation of the HO-Amide fragments end-capped oligomers [X-(M) ,-X]/SiO, nanocomposites

Run  Oligomer SiO, nanoparticles TEOS 25 wt% aq. NHz Product Size of nanocomposites®)
(mg) (mg) (ml)y  (ml) yield? (%)

Before calcination (nm) After calcination (nm)

M in oligomer : DMAA

1 100 500 0.25 0.25 76 259+56 541 +3.6
2 150 500 0.25 0.25 89 353+75 38.1+£9.2
3 200 500 0.25 0.25 72 36.2+5.6 39.1+53
4 250 500 0.25 0.25 67 34.2+9.8 36.5+3.5
5 300 500 0.25 0.25 55 704+ 4.6 88.2+11.2
6 400 500 0.25 0.25 42 55.2+5.3 64.3+6.5
M in oligomer : ACA
7 100 500 0.25 0.25 80 78.6 £10.2 66.0 + 8.2
8 150 500 0.25 0.25 84 419+4.0 39.0+4.8
9 200 500 0.25 0.25 49 94.7 +9.0 97.8+£11.5
10 250 500 0.25 0.25 53 75.9 £9.1 65.5+7.6
11 300 500 0.25 0.25 47 85.1+7.3 74.8 +8.8
12 400 500 0.25 0.25 43 63.7 +6.4 89.9+11.4
M in oligomer : DOBAA
13 100 500 0.25 0.25 86 43.1+4.4 789 +11.2
14 150 500 0.25 0.25 83 47.0 3.1 47.1 £ 3.1
15 200 500 0.25 0.25 76 86.4+9.9 73272
16 250 500 0.25 0.25 69 41.3+4.6 53.5+3.4
17 300 500 0.25 0.25 52 33.9+6.1 43.7+5.3
18 400 500 0.25 0.25 31 63.2+6.8 63.6 +6.4
M in oligomer : ACMO
19 100 500 0.25 0.25 70 62.9+5.9 65.7 +7.8
20 150 500 0.25 0.25 63 86.8 £10.5 88.6 +15.1
21 200 500 0.25 0.25 87 448 +5.7 83.4+8.3
22 250 500 0.25 0.25 62 40.5+25 37.5+4.2
23 300 500 0.25 0.25 55 67.0+8.2 679 +84
24 400 500 0.25 0.25 62 63.8 £9.1 541 +6.7

a) Isolated yield based on the oligomer, SiO, nanoparticles, and TEOS
b) Determined by DLS (dynamic light scattering) measurements in methanol solutions
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As shown in Scheme 2-3 and Table 2-4, the HO-Amide fragments end-capped

oligomers/silica nanocomposites were obtained in 31 ~ 89 % isolated yields, respectively.

These obtained composites were found to afford a good dispersibility and stability toward

not only water but also the traditional organic media such as dichloromethane,

2-propanol, 1,2-dichloroethane, methanol, tetrahydrofuran, acetonitrile, t-butyl alcohol,

acetone, ethanol and ethyl acetate. DLS measurements show that the average particle

sizes of these obtained composites are nanometer size-controlled fine particles (26 ~ 87

nm), and the distinct decrease of the particle sizes was not observed through the

calcination process. In fact, FE-SEM measurements show that the similar particle sizes of

the composites can be observed before and even after calcination at 800 °C

(see Figs. 2-11 ~ 2-14).
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Mean: 60 nm 100 nm Mean: 54 nm 100 nm
(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-11 FE-SEM (Field Emission Scanning Electron Microscopy) images of the HO-Amide fragments
end-capped DMAA oligomer/SiO, nanocomposites (Run 2 in Table 2-4)

- i TEme WD 1omm

Mean: 60 nm 100 nm Mean: 49 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-12 FE-SEM (Field Emission Scanning Electron Microscopy) images of the HO-Amide fragments
end-capped ACA oligomer/SiO, nanocomposites (Run 8 in Table 2-4)
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Mean: 80 nm 100_nm Mean: 81 nm 100 nm
(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-13 FE-SEM (Field Emission Scanning Electron Microscopy) images of the HO-Amide fragments
end-capped DOBAA oligomer/SiO, nanocomposites (Run 13 in Table 2-4)
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Mean: 75 nm 1oa1m Mean: 88 nm 100 nm
(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-14 FE-SEM (Field Emission Scanning Electron Microscopy) images of the HO-Amide fragments
end-capped ACMO oligomer/SiO, nanocomposites (Run 21 in Table 2-4)
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Thermal stability of a variety of the HO-Amide fragments end-capped oligomers/silica

nanocomposites in Table 2-4 was studied by the use of TGA measurements under similar

conditions as those of Fig. 2-7, and the results are shown in Fig. 2-15.

Figure 2-15 shows the TGA curves of the parent silica nanoparticles and the

HO-Amide fragments end-capped DMAA oligomer in Table 2-4. Interestingly, these

DMAA oligomers were unable to exhibit a clear weight loss, which corresponds to the

contents of the oligomers in the nanocomposites even after calcination at 800 °C, quite

similar to that of the original silica nanoparticles. Similarly, the HO-Amide fragments

end-capped ACA oligomers, DOBAA oligomers, and ACMO oligomers illustrated in

Table 2-4 were found to afford no weight loss corresponding to the contents of the

oligomers in the composites even after calcination at 800 °C (see Figs. 2-16 ~ 2-18).
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Fig. 2-15 Thermogravimetric analyses of the HO-Amide fragments end-capped DMAA oligomer/SiO,
nanocomposites (Runs 1 ~ 6 in Table 2-4)
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Fig. 2-16 Thermogravimetric analyses of the HO-Amide fragments end-capped ACA oligomer/SiO,
nanocomposites (Runs 7 ~ 12 in Table 2-4)
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Fig. 2-17 Thermogravimetric analyses of the HO-Amide fragments end-capped DOBAA oligomer/SiO,
nanocomposites (Runs 13 ~ 18 in Table 2-4)
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Fig. 2-18 Thermogravimetric analyses of the HO-Amide fragments end-capped ACMO oligomer/SiO,
nanocomposites (Runs 19 ~ 24 in Table 2-4)
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In this way, it was demonstrated that the present HO-Amide fragments end-capped

oligomers can exhibit no weight loss in the silica nanocomposite matrices even after

calcination at 800 °C. In order to clarify the presence of these oligomers in the

nanocomposites, the contents of the unreacted oligomers isolated from the supernatant

solution in the preparation of the oligomeric silica nanocomposites were determined by

using the TGA measurements, and the contents of the unreacted and reacted oligomers

are as follows:

Run No. in Table 2-4 Used oligomer® (mg) Unreacted oligomer (mg) Oligomer in the composites [mg]P)

Run 2 150 116 34 [665]°)

(11 %)9) (5 %)e)
Run 8 150 112 38 [485]°)

(14 %)) (6 %)®
Run 13 100 56 44 [650]°)

(13 %)9) (6 %)®
Run 21 200 136 64 [740]°)

(15 %)9) (6 %)

Original silica nanoparticles (6 %)°)

a) Used oligomer for the preparation of the nanocomposites

b) Content of the oligomer in the nanocomposites derived from the unreacted oligomer

c) Isolated yield of the nanocomposites

d) Theoretical weight loss at 800 °C derived from the contents of the oligomers in the composites
e) Weight loss derived from the TGA curve at 800 °C

The contents of the oligomers in the nanocomposites were estimated to be from 34 to

64 mg, and the contents of the oligomers based on the isolated nanocomposites were also
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estimated to be 5 % (Run 2), 8 % (Run 8), 7 % (Run 13) and 9 % (Run 21), respectively.

Thus, the theoretical weight loss of the nanocomposites at 800 °C based on that (6 %) of

the original silica nanoparticles are from 11 to 15 % as mentioned above. However, the

HO-Amide fragments end-capped oligomers/silica nanocomposites exhibited no weight

loss behavior even after calcination at 800 °C, whose TGA curve is quite similar to that

of the original silica nanoparticles, indicating that the oligomers can provide no weight

loss characteristic in the silica gel matrices even after calcination at 800 °C.

2.3.4. Preparation and thermal stability of the nitrile fragments end-capped

N,N-dimethylacrylamide oligomers/silica nanocomposites

The nitrile fragments end-capped N,N-dimethylacrylamide (DMAA) oligomers/silica

nanocomposites were prepared under the similar sol-gel reactions as those of Scheme 2-3,

and the results are shown in Scheme 2-4 and Table 2-5.
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NEC%—(CHZ-CH)H{-CEN + SiO, + Si(OEt),
| nanoparticle [TEOS]

O=C'N M62

[N=c %—(DMAA),,%CEN |

25 wt% aq. NH;

N=C %—(DMAA),,%C =N/SiO, nanocomposites

Scheme 2-4 Preparation of the nitrile fragments end-capped DMAA oligomer/SiO, nanocomposites

Table 2-5 Preparation of the nitrile fragments end-capped DMAA oligomer/SiO, nanocomposites

Run  Oligomer SiO, nanoparticles TEOS 25 wt% aq. NH5 Product Size of nanocomposites®
(mg) (mg) (mh)  (m) yield® (%) - -
Before calcination (nm) After calcination (nm)

1 100 500 0.25 0.25 66 60.8 +13.1 35.8+84

2 150 500 0.25 0.25 77 58.6 +12.4 48.8 +10.3

3 200 500 0.25 0.25 68 62.6 +10.0 52.7 £10.0

4 250 500 0.25 0.25 52 748 +12.7 62.3 +11.3

5 300 500 0.25 0.25 11 58.9 +15.3 44.5+10.7

a) Isolated yield based on the oligomer, SiO, nanoparticles, and TEOS
b) Determined by DLS (dynamic light scattering) measurements in methanol solutions

The nitrile fragments end-capped DMAA oligomer/SiO, nanocomposites were

obtained in 11 ~ 77 % isolated yields. These obtained DMAA oligomeric silica

composites have a good dispersibility and stability toward water and traditional organic

media such as dichloromethane, 2-propanol, 1,2-dichloroethane, methanol,

tetrahydrofuran, acetonitrile, t-butyl alcohol, acetone, ethanol, and ethyl acetate except for

hexane and diethyl ether. Thus, the average particle sizes of these composites in methanol
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have been measured by using DLS measurements, and the results are also shown in

Table 2-5.

As shown in Table 2-5, the average particle sizes of the composites are nanometer

size-controlled: 59 ~ 75 nm, and the similar particle sizes: 36 ~ 62 nm were observed

even after calcination at 800 °C. FE-SEM pictures of the nitrile fragments end-capped

DMAA oligomers (Run 1 in Table 2-5) show the formation of very fine nanoparticles

with mean diameters: 60 nm before calcination and 70 nm after calcination, respectively

(see Fig. 2-19).

Mean: 60 nm 100 nm Mean: 70 nm 100 nm

(A) before calcination at 800 °C (B) after calcination at 800 °C

Fig. 2-19 FE-SEM (Field Emission Scanning Electron Microscopy) images of the nitrile fragments
end-capped DMAA oligomer/SiO, nanocomposites (Run 1 in Table 2-5) in methanol solution
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Thermal stability of these obtained nanocomposites was studied by the use of TGA

measurements, and the results are shown in Fig. 2-20.

Figure 2-20 shows that each DMAA oligomer/silica nanocomposites can give the

quite similar TGA curves to that of the parent silica nanoparticles to indicate no weight

loss corresponding to the contents of the oligomer in the nanocomposite matrices even

after calcination at 800 °C.

< 0 Run 1
& SiO,
@ 10 nanopaticles
%, 20 Run 4
2 30 Run 5

40 Run 2

50 Run 3

60

70

80

90

100

0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 2-20 Thermogravimetric analyses of the nitrile fragments end-capped DMAA oligomer/SiO,
nanocomposites (Runs 1 ~ 5 in Table 2-5)
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2.3.5. Discussion on the thermal stability of the initiator fragments end-capped

oligomers/silica nanocomposites

To verify such interesting no weight loss behavior, ‘H MAS NMR spectra of the

nitrile fragments end-capped DMAA oligomer/silica nanocomposites before and after

calcination at 800 °C were studied, and the results are shown in Fig. 2-21.

around 7 ppm

(b): After calcination at 800 °C

(a): Before calcination at 800 °C

(c) Original nitrile fragments end-capped
DMAA oligomer

[ B
L 1 1 R T T | 1 )

20 15 10 5 0 -5 -10
(ppm)

Fig. 2-21 'H MAS (magic-angle spinning) NMR spectra of the nitrile fragments end-capped DMAA oligomer/SiO,
nanocomposites (Run 1 in Table 2-5) before (a) and after (b) calcination at 800 °C and original nitrile
fragments end-capped DMAA oligomer (c)
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As shown in Fig. 2-21, the relatively sharp peaks related to the parent DMAA
oligomer [Fig. 2-21-(c)] in the nanocomposites were observed before calcination
[Fig. 2-21-(a)] and after calcination [Fig. 2-21-(b)]. Especially, the new signal has been
appeared at around 7 ppm after calcination, indicating the formation of imine units after
calcination. It is well known that polyacrylonitrile (PAN) [-(CH,CH(CN),-)] can enhance
its thermal stability due to the cyclization of nitrile groups in PAN leading to the
unsaturated >C=N- species and the conjugated >C=N- species.® > From these finding,
the end-capped nitrile groups in oligomer would interact with each other to form imine
units (>C=N~) during the calcination process. Such interaction should afford no weight
loss toward the nitrile fragments end-capped DMAA oligomer in the silica
nanocomposites matrices as shown in Scheme 2-5 because the DMAA oligomers should
be smoothly encapsulated into such oligomeric silica nanocomposite matrices to afford

the no weight loss characteristic toward the corresponding oligomers.

95



.C _Me
2C Me
= NZ
o= —_— 40\ /Me
N=C o//C\N/Me e} |}|
_—
| | in MeOH Me Me
40\ /Me Me
"y
Me

SiO, nanoparticle
O/TEOS/aq. NHj3

NC-(DMAA),-CN
D

Me Me Me Me
\N/ \T/
|
O§C Me Me C=0O

-/
——CHyCH-C-Me + Me-C-CH-CHy—""

C Sio
N A / 2
WN \_/ N nanoparticles

Calcination processl l (EtO),Si/OH-

Me\N/Me Me\N/Me

| |
OQC Me Me C=0O

N Me\ |
— —CH,CH-C-Me  “C-CH-CHy—""

SN W~ nanoparticles

Scheme 2-5 Schematic illustration for the preparation of the nitrile fragments end-capped DMAA oligomer/SiO,
nanocomposites: formation of the >C=N- units in the nanocomposites
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As mentioned above, the HO-Amide fragments end-capped DMAA oligomer/,

ACA oligomer/, DOBAA oligomer/ and ACMO oligomer/silica nanocomposites can

provide no weight loss characteristic corresponding to the contents of these oligomers in

the silica gel matrices even after calcination. This no weight loss behavior would be due

to the effective intermolecular hydrogen-bonding interactions between the end-capped

HO-Amide fragments to form the HO-Amide fragments end-capped oligomeric silica

nanocomposites as shown in Scheme 2-6. Especially, the oligomers should be

predominantly encapsulated into such oligomeric silica nanocomposite cores to provide

no weight loss behavior even after calcination.

SiO, nanoparticle o
() /TEOS/ag. NH, ; - Q O g) -

D (oligomers)

Scheme 2-6 Schematic illustration for the preparation of the HO-Amide fragments end-capped oligomers/SiO,
nanocomposites
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In addition, the energy dispersive X-ray analyses (EDX) of the HO-Amide fragments

end-capped oligomers/silica nanocomposites (Runs 2, 8, 13, and 21 in Table 2-4) have

been measured to verify the presence of the corresponding oligomer in the silica

nanocomposite cores before and after calcination at 800 °C, and the results are as follows:

Atomic contents (atm, %)

Before calcination After calcination
Run C N o) Si C N o] Si
2 14.0 21.1 55.6 9.3 15.5 20.6 52.5 11.4
6 10.2 - 64.0 25.8 10.5 - 70.7 18.8
13 102  21.0 539 149 124 213 537 126
21 15.5 20.9 54.3 9.3 16.9 20.4 41.6 21.1

Interestingly, the HO-Amide fragments end-capped oligomers/silica hanocomposites

after calcination at 800 °C exhibited the similar atomic (carbon and nitrogen) content

values to those before calcination, indicating that the present nanocomposites should

provide no weight loss behavior corresponding to the contents of the oligomers in the

composite cores even after calcination at 800 °C.

On the other hand, the sulfate ester fragments end-capped DMAA oligomer/,

ACA oligomer/, DOBAA oligomer/ and ACMO oligomer/silica nanocomposites afford a
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clear weight loss corresponding to the contents of these oligomers in the composite
matrices after calcination as shown in Fig. 2-7. Hitherto, it is well known that the sulfate
esters [(RO),SO,] decompose to afford the corresponding alcohol (ROH) with the
formation of sulfuric acid.®® Thus, it is suggested that the sulfate ester fragments
end-capped oligomers [NH;O0SO,0-(M),-OSO,ONH;,]/silica nanocomposites should
supply the directly hydroxyl groups end-capped oligomers [HO-(M),-OH] during the
calcination process. In fact, FT-IR spectra of the original NH,0SO,0-(M),-OSO,0ONH,4
oligomer show the disappearance of the peak at around 846 and 3524 cm™ related to the
sulfate esters and ammonium units, respectively, after calcination at 300 °C. In contrast,
the peak related to the hydroxyl groups has been newly appeared at around 3311 cm™
under similar conditions (see Fig. 2-22). Such directly hydroxyl groups end-capped
oligomers are unable to lead the formation of oligomeric silica nanocomposites through
the intermolecular hydrogen-bonding interaction of such end-capped hydroxyl groups due

to their non-flexible end-capped groups.
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Fig. 2-22 FT-IR spectra of NH,0S0,0-(DMAA),-OSO,ONH, oligomer before calcination: (a),
and after calcination at 100 °C: (b), 150 °C: (c), 200 °C: (d), 250 °C: (e) and 300 °C: (f)

In this way, the sulfate ester fragments end-capped DMAA, ACA, DOBAA, and

ACMO oligomers/silica nanocomposites were found to supply a usual weight loss toward

the oligomers in the composites during the calcination process. However, it was verified

that the HO-Amide fragments end-capped DMAA, ACA, DOBAA, and ACMO

oligomers/silica nanocomposites can afford no weight loss corresponding to the contents

of these oligomers in the composites even after calcination at 800 °C. The nitrile

fragments end-capped DMAA oligomer/silica nanocomposites can also provide the

100



similar no weight loss even after calcination. Such no weight loss behavior toward the
oligomers in the silica nanocomposite cores has been already observed in the fluoroalkyl

end-capped DOBAA oligomer/silica nanocomposites.* ©

However, fluoroalkyl
end-capped DMAA, ACA, and ACMO oligomers/silica nanocomposites can provide the
usual weight loss in proportion to the contents of these oligomers in the composites.>
This no weight loss behavior is due to the dehydrofluorination between the amide protons
in oligomer and fluorines in the end-capped fluoroalkyl groups catalyzed by ammonia in
the presence of silica nanoparticles as co-catalyst to afford the ammonium
hexafluorosilicate: (NH4)-SiFs."”

In contrast, the present initiator fragments end-capped DMAA, ACA, ACMO, and
DOBAA oligomers, end-capped fragments such as the HO-Amide and the nitrile enable
their oligomers to provide no weight loss characteristic in the silica nanocomposite cores

even after calcination. Thus, these initiator fragments can be clearly differentiated with

the end-capped fluoroalky! groups.
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2.4. Conclusions

A variety of initiator fragments end-capped DMAA, ACA, DOBAA, and ACMO

oligomers were prepared by the oligomerizations of the corresponding monomers

initiated by APS, VA-086, and AIBN as the radical initiators. It was demonstrated that

under these oligomeric conditions, in which the concentration of the initiators are almost

the same as that of the monomers, the initiator fragments end-capped oligomers can be

obtained in excellent to moderate isolated yields. These obtained oligomers can cause a

gelation, where the ionic or hydrogen-bonding interactions related to the end-capped

fragments and the oligomer side chains such as amide or carboxyl segments are involved

in establishing a physical gel network not only in water but also in traditional organic

media including non-polar solvent such as hexane. The initiator fragments end-capped

oligomers were applied to the preparation of the corresponding oligomers/silica

nanocomposites through the sol-gel reactions of these oligomers with tetraethoxysilane in

the presence of the silica nanoparticles under alkaline conditions. In these obtained

oligomers/silica nanocomposites, the sulfate ester fragments end-capped oligomers in the

composites afforded a clear weight loss after calcination at 800 °C.
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However, interestingly, it was demonstrated that the HO-Amide fragments end-capped

oligomers can supply no weight loss behavior in the silica nanocomposite cores even after

calcination, In addition the nitrile fragments end-capped DMAA oligomer/silica

nanocomposites were also found to afford no weight loss characteristic corresponding to

the contents of the oligomer in the composites under similar conditions. Therefore, the

present oligomeric silica nanocomposites have high potential for new functional

oligomeric material possessing an excellent thermal stability.
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CHAPTER 3

Wettability Control Between Superoleophobic and Superoleophilic
Characteristics on the Modified Superhydrophobic Surfaces Treated
with Fluoroalkyl End-Capped Vinyltrimethoxysilane Oligomeric
Silica/Poly(styrene-co-butadiene) Nanocomposites:

Application to the Separation of Oil and Water



3.1. Introduction

The oil resistance of a rubber is the key characteristic from the practical viewpoint in
the automotive, industrial and seal applications.” However, traditional rubbers such as
ethylene-propylene-non-conjugated  dienes rubber [EP(D)M], isoprene rubber,
butyl rubber, natural rubber, butadiene rubber and styrene-butadiene rubber (SBR) have a
high oil swelling characteristic, because their structures are quite similar to that of the olil
itself.X =~ ® The compositization of such rubbers with highly oleophobic materials
possessing longer fluoroalkyl groups is of particular interest, from the developmental
viewpoint of the rubber possessing highly oleophobic characteristic. The creation of the
modified surface possessing superamphiphobic, superoleophilic/superhydrophobic and
superoleophobic/superhydrophilic characteristics has been recently developed by using
fluoroalkyl end-capped vinyltrimethoxysilane oligomer [Rg-(CH2CHSI(OMe)3)n-RE;
Re = CF(CF3)OCsF7, n = 2, 3: Re-(VM)s-R¢] as a key intermediate.” ™ *® For example,
fluoroalkyl end-capped vinyltrimethoxysilane oligomer/calcium silicide nanocomposites
[Re-(VM-Si0,),-Re/CaSi,], which were prepared by the sol-gel reaction of the

corresponding oligomer in the presence of calcium silicide particles under alkaline
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conditions, can exhibit a superoleophobic characteristic imparted by fluoroalkyl segments
in the composites on the modified glass surface.¥ This chapter shows that the
Re-(VM)q-Re oligomer can undergo the sol-gel reactions in the presence of SBR under
alkaline or acidic conditions to provide the corresponding fluorinated oligomeric
silica/SBR nanocomposites. It has been found that the Rg-(VM-SiO,)n-Re/SBR
nanocomposites, which were obtained under alkaline conditions, can give the
superoleophobic/superhydrophobic (superamphiphobic) characteristic on the modified
glass surface. In contrast, the Rg-(VM-SiO2),-Re/SBR nanocomposites, which were
prepared under acidic conditions, can give the superoleophilic/superhydrophobic
characteristic on the modified surface, and these fluorinated nanocomposite particle
powders were applied to the packing materials for the column chromatography to
separate the mixture of oil and water. Especially, the transparent colorless oil was isolated
from the mixture of oil and water even after the reuse of these nanocomposite powders as
the packing material under similar conditions. These results will be described in this

chapter.
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3.2. Experimental

3.2.1. Measurements

'H NMR spectra were recorded using a JEOL JNM-ECA 500 (500 MHz) FT NMR
SYSTEM (Tokyo, Japan). Molecular weight and copolymer compositions of SBR
[-(CH,CHPh)x-(CH2-CH=CH-CHy),~: X : y = 45 : 55; M, = 14390, M,/M, = 1.79] and
NBR [-(CH;CHCN),-(CH,-CH=CH-CH,),-: x : y = 34 : 66; M, = 10780, M,,/M, = 1.12]
were measured using a Shodex DS-4 (pump) and Shodex RI-71 (detector) gel permeation
chromatography (Tokyo, Japan) calibrated with polystyrene standard using
tetrahydrofuran (THF) as the eluent and *H NMR spectra, respectively. Size [number -
average diameter (average hydrodynamic diameter)] of nanocomposite was measured by
using Otsuka Electronics DLS-7000F (Tokyo, Japan). Contact angles were measured
using a Kyowa Interface Science Drop Master 300 (Saitama, Japan). Dynamic force
microscope (DFM) was recorded by using SII Nano Technology Inc. E-sweep
(Chiba, Japan). Optical and fluorescence microscopies were measured by using

OLYMPUS Corporation BX51 (Tokyo, Japan).
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3.2.2. Materials

SBR [poly(styrene-co-butadiene)] and NBR [poly(acrylonitrile-co-butadiene): Nipol
DN3380""] were used as received from Sigma-Aldrich Japan (Tokyo, Japan) and Zeon
Corporation (Tokyo, Japan), respectively. Vinyltrimethoxysilane was used as received
from Dow Corning Toray Co., Ltd. (Tokyo, Japan). Fluoroalkyl end-capped
vinyltrimethoxysilane oligomer [Rg-(CH2-CHSI(OMe)s)q-Re: the mixture of dimer and
trimer; Rg = CF(CF3)OC3F7] was synthesized by reaction of fluoroalkyl peroxide with the
corresponding monomer according to the previously reported method.™® Glass plate
(borosilicate glass) [micro cover glass: 18 mm x 18 mm] was purchased from Matunami

glass Ind. Ltd. (Osaka, Japan) and was used after washing well with 1,2-dichloroethane.

3.2.3. Preparation of Rg-(VM-SiO2),-Re/SBR nanocomposites

To an 1,2-dichloroethane solution (5.0 ml) containing fluoroalkyl end-capped
vinyltrimethoxysilane oligomer [100 mg; Rg-(CH,CHSi(OMe)s3)n-Re: Re-(VM)n-RE;

Rr = CF(CF3)OCsF7; n = 2, 3] were added SBR (10 mg) and 1N HCI solution (1.0 ml).
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The mixture was stirred with a magnetic stirring bar at room temperature for 5 h.

1,2-Dichloroethane was added to the obtained crude products after the solvent was

evaporated off. The 1,2-dichloroethane suspension was stirred with magnetic stirring bar

at room temperature for 1 day. After centrifugal separation of this solution, the obtained

products were washed well with 1,2-dichloroethane several times, and dried in vacuo to

afford the expected white powdery product (75 mg). 25 wt% aqueous ammonia (1.0 ml)

solution was used instead of 1N HCI solution for the preparation of the

Re-(VM-SiO,),-Re/SBR nanocomposites under similar conditions (see Scheme 3-1).

3.2.4. Preparation of modified glass treated with the Rg-(VM-SiO,)n-Re/SBR

nanocomposites by casting method

To an 1,2-dichloroethane solution (5.0 ml) containing Re-(VM)n,-Re oligomer

(100 mg) were added SBR (10 mg) and 1IN HCI solution (1.0 ml). The mixture was

stirred with a magnetic stirring bar at 25 °C for 5 h. The modified glass was prepared by

casting the 1,2-dichloroethane solution of Rg-(VM-SiO;),-Re/SBR nanocomposites thus

obtained on glass plate (18 x 18 mm? pieces). The solvent was evaporated at room
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temperature and dried at room temperature for 1 day under vacuum to afford the modified

glass. The Re-(VM-SiO2),-Re/SBR nanocomposites, which were prepared under alkaline

conditions, were also used for the surface modification of glass under similar conditions.
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3.3. Results and discussion

3.3.1. Preparation of the Rg-(VM-SiO;),-Rr/SBR nanocomposites

The sol-gel reactions of fluoroalkyl end-capped vinyltrimethoxysilane oligomer
[Re-(CH2-CHSi(OMe)3)n-RE; R = CF(CF3)OCsF7: Re-(VM)q-Rg] were found to proceed
smoothly in the presence of SBR under acidic conditions to provide the corresponding
fluorinated oligomeric silica/SBR composites [Re-(VM-SiO;),-Re/SBR] in excellent to
moderate isolated yields: 54 ~ 68 %. Similarly, the sol-gel reactions under alkaline
conditions afforded the expected composites in 34 ~ 56 % isolated yields. The results are

shown in Scheme 3-1 and Table 3-1.

RF'(CHZ'?HZ)n'RF . -(CHz-CH=CH-CH,),-(CH>-CH) - 25 wt% aq. NHz or INHCI

Si(OCHg)3 = |
Re-(VM-SiO,),-Rr/SBR
Rr = CF(CF3)OC4F, \ Nanocomposi?es
[RE-(VM),-RE] [Poly(styrene-co-butadiene): SBR]

Scheme 3-1 Preparation of Rg-(VM-SiO,),,-Re/SBR nanocomposites

114



Table 3-1 Preparation of the Rg-(VM-SiO,) ,-Re/SBR nanocomposites

Run  Rg-(VM),-Re SBR 25 wt% aq. NHz; 1N HCI Product yield Size of the composites®)

(mg) (mg) (ml) (ml) (%)) (nm) £ STD
1 100 10 1 - 56 404125
2 100 20 1 - 47 54.4+4.8
3 100 50 1 - 34 332+5.4
R 100 00 S S 64767 .
5 100 10 - 1 68 29.1+35
6 100 20 - 1 59 35.9 + 3.1
7 100 50 - 1 57 589 + 78
8 100 100 - 1 54 349 + 49

a) Yields are based on Rg-(VM),-Rg and SBR
b) Determined by dynamic light scattering measurements in 1,2-dichloroethane

These obtained composites in Table 3-1 can give a good dispersibility and stability

toward the traditional organic solvents such as methanol, ethanol, 1,2-dichloroethane,

tetrahydrofuran and 2-propanol except for water. Thus, the size of these composites was

measured by using dynamic light scattering (DLS) measurements at 25 °C, and the results

are also shown in Table 3-1.

Table 3-1 shows that these SBR composites are nanometer size-controlled particles, of

whose mean diameters are from 29 to 647 nm. Thus, in order to clarify the formation of

the nanocomposites, the field emission scanning electron micrographs (FE-SEM) of

methanol solution of the Re-(VM-Si0,),-Re/SBR nanocomposites (Runs 1 and 5 in Table

3-1) have been measured and the results are illustrated in Fig. 3-1.
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mean diameter: 58 nm mean diameter: 64 nm 100 nm

(a) Run 1* (b) Run 5*

Fig. 3-1 Field emission scanning electron microscopy (FE-SEM) images of well-dispersed in
methanol solution of the Rg-(VM-SiO,),-Rg/SBR nanocomposites under alkaline (Run 1%)
and acidic (Run 5%) conditions
* Each Run No. corresponds to that of Table 3-1

As shown in Fig. 3-1, the obtained SBR composites, which were prepared under

alkaline and acidic conditions are very fine spherical particles with mean diameter:

58 nm and 64 nm, respectively, and the similar particle sizes were observed by the DLS

measurements illustrated in Table 3-1. The Rg-(VM),-Re oligomer can undergo the

sol-gel reaction in methanol under alkaline conditions to afford the corresponding

Re-(VM-SiO2)s-Re oligomeric nanoparticles through the base-catalyzed hydrolysis of the

trimethoxysily segment [(MeO)sSi~] in the oligomer.'® Similarly, the sol-gel reaction of

Re-(VM)s-Re oligomer in the absence of SBR in 1,2-dichloroethane under alkaline or

acidic conditions illustrated in Scheme 3-1 were found to provide the Rg-(VM-SiO2)q-Re
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oligomeric nanoparticles with mean diameter: 101 = 17 nm and 103 = 17 nm,

respectively. Thus, the different sizes of the obtained nanocomposites, compared with

that of the parent Re-(VM-SiO;),-Rr oligomeric nanoparticles show that the present

sol-gel reaction in Scheme 3-1 should proceed smoothly to afford the expected

nanocomposites which consist of the core-corona type nanoparticles, of whose core units

correspond to the SBR and the Rg-(VM-SiO,),-Rg oligomeric siloxane networks will be

defined as the core units.

3.3.2. Surface modification of glass by using the Rg-(VM-SiO,)n-Re/SBR

nanocomposites

The Re-(VM-SIiO,).-Re oligomeric nanoparticles have been reported to be applicable

to the surface modification of glass to afford the superhydrophobic surface (water contact

angle value: 180°) with good oleophobicity.*® Thus, the modified glasses treated with the

Re-(VM-SiO2),-Re/SBR nanocomposites have been prepared in Table 3-1, and the

contact angles of dodecane and water on these modified glass surfaces were measured.

The results are shown in Table 3-2.
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Table 3-2 Contact angles of water and dodecane on the modified glass treated
with the Rg-(VM-SiO,),-Rg/SBR nanocomposites

Run@ Contact angle (Degree)

Dodecane Water

1 114 180  -b) -b) -b) -b) -b) -b)
2 113 180 b -b) -b) -b) -b) -b)
3 107 180  -b) -b) -b) -b) -b) -b)
S 8 L A O O R A A
5 0 180  -b) -b) -b) -b) -b) -b)
6 0 180 -b) -b) -b) -b) -b) _b)
7 0 180 -b) -b) -b) -b) -b) -b)
8 0 180 b -b) -b) -b) -b) -b)

a) Each Run No. corresponds to that of Table 3-1
b) No change

As shown in Runs 1 ~ 4 in Table 3-2, the dodecane contact angle values on the

modified glass surface treated with the Rg-(VM-Si0,),-Re/SBR nanocomposites, which

were prepared under alkaline conditions, are sensitive to the feed ratios of SBR

employed, increasing with greater feed ratios of SBR from 10 to 100 mg to provide from

superoleophobic to highly oleophobic characteristics. Because, the dodecane contact

angle values were found to decrease from 114 ~ 113 to 107 ~ 88 degrees. The modified

glass surface also afforded a superhydrophobic property (water contact angle value: 180

degrees) in each case. In fact, as shown in Fig. 3-2-(B), oil (dodecane) droplet had a
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strong repellent characteristic toward the modified surface treated with the

Re-(VM-SiO2),-Re/SBR nanocomposites to give the superoleophobic characteristic

(dodecane contact angle value: 114 degrees) on the surface. In addition, the contact angle

values of not only dodecane but also other oils such as toluene, p-xylene, 1-heptanol and

1-butanol were measured on the modified surface (Run 1 in Table 3-2). The results are as

followings:

Contact angle (Degree)

Toluene p-Xylene 1-Heptanol  n-Butanol

90 99 86 52

Interestingly, the similar higher contact angle values (52 ~ 99 degrees) were observed

for the other oil droplets such as toluene, p-xylene, 1-heptanol, and 1-butanol.

These findings suggest that the present modified surface can afford highly oleophobic

characteristic toward a variety of oils including dodecane.

The modified glass surface also afforded a superhydrophobic property (water contact

angle value: 180 degrees) in each case. Especially, the water droplets cannot deposit on

this modified surface due to the superhydrophobic characteristic (water contact angle
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value: 180 degrees) even after pull-up process of the needle from the modified surface as

illustrated in Figs. 3-2-(A)-(b) and 3-2-(A)-(c).

(A): Water droplets

C

Water droplet
(@) (b) ()
Water contact angle: 180°
(B): Dodecane droplets Dodecane droplet

Dodecane contact angle: 114°

Fig. 3-2 CCD (Charge Couple Device) camera images of the water droplet (A) and the dodecane droplet (B) on
the modified glass surface treated with the Rg-(VM-SiO5,) ,-Rr/SBR nanocomposites (Run 1 in Table 3-1)

(A): Water droplets !

Water droplet

(B): Dodecane droplets

Dodecane droplet

—

Dodecane contact angle: 0°

Fig. 3-3 CCD (Charge Couple Device) camera images of the water droplet (A) and the dodecane droplet (B) on
the modified glass surface treated with the Rg-(VM-SiO,) ,-Re/SBR nanocomposites (Run 5 in Table 3-1)
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However, of particular interest, the Rg-(VM-SiO;),-Re/SBR nanocomposites, which

were prepared under acidic conditions, were found to supply not the superoleophobic but

the superoleophilic characteristic (dodecane contact angle value: O degree; see

Fig. 3-3-(B)) with the superhydrophobic property (water contact angle value: 180

degrees; see Fig. 3-3-(A)) on each modified surface as shown in Runs 5~8 in Table 3-2.

The modified surface (Run 5 in Table 3-2) was also found to provide a similar

superoleophilic characteristic toward not only dodecane but also other oils such as

toluene, p-xylene, 1-heptanol and 1-butanol as followings:

Contact angle (Degree)

Toluene p-Xylene 1-Heptanol  n-Butanol

0 0 0 0

In this way, it was verify that the wettability between superoleophobic and

superoleophilic characteristics on the modified surface can be easily controlled by

changing the preparative conditions (alkaline or acidic conditions) of the expected

nanocomposites.

In general, a lower surface energy and enhancement of the surface roughness are very

effective for creation a superoleophobic surface.” = ¥ The fabrication of the
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superoleophobic surface is difficult due to the lower surface tension of oils than that of

water.*? In contrast, the superhydrophobic surface is in general realized by enhancing the

surface roughness. Thus, the superhydrophobic surface can be easily prepared by using

longer alkyl chains-containing silica nanocomposites to create the roughness surface.

20~ 2) Tg confirm the present unique different wettability between these modified

surfaces, the surface morphology of the modified glass surface treated with the

Re-(VM-SiO2),-Re/SBR nanocomposites have been studied by FE-SEM (Field emission

scanning electron micrographs) and DFM (Dynamic force microscopy) measurements.

These results are shown in Figs. 3-4 and 3-5.

(A): Run 1*

o

Glass surface edge

(B): Run 5*

Glass surface edge

100 mm 10 um

Fig. 3-4 FE-SEM images of the modified glass surface treated with the Rg-(VM-SiO,) ,-R-/SBR nanocomposites,
which were prepared under alkaline condition (A: Run 1*) and acidic conditions (B: Run 5%)
* Each Run No. corresponds to that of Table 3-1
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[m,

Ra: 7 nm Ra: 61 nm Ra: 94 nm
Original Rg-(VM-SIO5) -Re . . .
Nanoparticles A:Run 1 B: Run 5

Fig. 3-5 DFM topographic images of the modified glasses surface treated with parent Rg-(VM-SiO,),-Re
nanoparticles and the Rg-(VM-SiO,) ,-R/SBR nanocomposites, which were prepared under alkaline
(A: Run 1*) and acidic (B: Run 5*) conditions
* Each Run No. corresponds to that of Table 3-1

As shown in Figs. 3-4-(A) and (B), the architecture of the effective roughness was

observed on the modified surfaces treated with the Rg-(VM-SiO,)n-Re/SBR

nanocomposites (Runs 1 and 5 in Table 3-1). Especially, the higher roughness surface

was observed on the modified surface (B) possessing a superoleophilic/

superhydrophobic characteristic. In fact, DFM measurements show that the topographical

image of each modified surface can provide a roughness characteristic, and a higher

roughness average value (Ra: 94 nm) was observed in the Rg-(VM-SiO,),-Re/SBR

nanocomposites possessing superoleophilic/superhydrophobic characteristic

[see Fig. 3-5-(B)], compared with the nanocomposites possessing a
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superoleophobic/superhydrophobic characteristic [Ra: 61 nm: see Fig. 3-5-(A)] or the

parent Re-(VM-Si0,)q-Re oligomeric nanoparticles (Ra: 7 nm: see Fig. 3-5).

In the FE-SEM pictures illustrated in Fig. 3-4-(B), the formation of the clear void

moieties was observed on the modified surface treated with the Rg-(VM-SiO2),-Re/SBR

nanocomposites possessing a superoleophilic/superhydrophobic characteristic, quite

different from that [Fig. 3-4-(A)] of the nanocomposites possessing a

superoleophobic/superhydrophobic property. This finding suggests that such void

moieties should interact smoothly with oil droplets to afford the superoleophilic

characteristic through the oil-adsorption process on the modified surface, due to the lower

surface tension (25 mN/m levels) of oils than that (72 mN/m) of water. In contrast, such

roughness surface (Ra value: 61 nm) possessing few void moieties can afford a

superoleophobic/superhydrophobic surface due to the presence of fluoroalkyl segments in

the nanocomposites on the roughness surface [see Fig. 3-4-(A)].

It is suggested that clear void formation on the modified surface illustrated in

Fig. 3-4-(B) would be also due to the presence of relatively bulky benzene units in the

fluorinated SBR  nanocomposites.  Recently, the Rg-(VM-SiO,),-Re/NBR

[poly(acrylonitrile-co-butadiene)] nanocomposites have been prepared by the sol-gel
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reaction of the corresponding oligomer in the presence of NBR under alkaline
conditions.”® The modified glass surface treated with the Rp-(VM-SiO2),-Re/NBR
nanocomposites can give the similar highly oleophobic (dodecane contact angle values:
74 ~ 95 degrees)/superhydrophobic (water contact angle values: 180 degrees)
characteristic to those of the present Rg-(VM-SiO;),-Re/SBR nanocomposites, which
were prepared under alkaline conditions as shown in Table 3-2.2 NBR can possess no
bulky substituents, quite different from SBR. Thus, it is suggested that the
Re-(VM-SiO2),-Re/NBR nanocomposites, which were prepared under not alkaline but
acidic conditions, would be wunable to supply the similar superoleophilic/
superhydrophobic characteristic due to the absence of bulky substituents. In fact, the
Re-(VM-SiO,),-Re/NBR nanocomposites were prepared under acidic conditions, and the

results are shown in Scheme 3-2 and Table 3-3.

Re-(CHo-CHo)n-Re -(CHp-CH=CH-CHy),-(CH,-CH),- TN HCI .
l * [ 1,2-dichloroethane

Re-(VM-SiO,),-Re/NBR

Rg = CF(CF3)OC4F+ [Poly(acrylonitrile-co-butadiene): NBR] nanocomposiies

[Re-(VM)q-Rel

Scheme 3-2 Preparation of Rg-(VM-SiO,) -Re/NBR nanocomposites
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Table 3-3 Preparation of the Rg-(VM-SIO,) ,-Re/NBR nanocomposites under acidic conditions
(used 1N HCI: 1.0 ml)

Run Re-(VM) -Rg NBR Product yield Size of the composites?)
(mg) (mg) (%)@ (nm) £ STD
9 100 10 49 447 + 2.5
10 100 20 39 65.6 + 4.8

a) Yields are based on Rg-(VM),-Rg and NBR
b) Determined by dynamic light scattering measurements in 1,2-dichloroethane

As shown in Scheme 3-2 and Table 3-3, the expected Rg-(VM-SiO;),-Re/NBR

nanocomposites were obtained in 39 ~ 49 % isolated yields. The obtained composites

were found to exhibit the similar dispersibility and stability to that of the

Re-(VM-SiO,),-Re/SBR nanocomposites. Thus, the size of these nanocomposites in

1,2-dichloroethane has been measured by using DLS measurements at 25 °C, and the

results are also shown in Table 3-3.

The sizes of these composites determined by DLS measurements are nanometer

size-controlled particles from 45 to 66 nm, and FE-SEM picture (see Fig. 3-6) shows that

the shape of the composite particles (Run 9 in Table 3-3) is very fine spherical particles,

similar to that of the Rg-(VM-SiO,),-Re/SBR nanocomposites illustrated in Run 5 in
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Fig. 3-1. Especially, Figure 3-6 shows that the average particle size of composites is

55 nm, of whose value is quite similar to that (45 nm) determined by DLS measurements.

100 nm
mean diameter: 55 nm

Fig. 3-6 FE-SEM image of the Rg-(VM-SiO,),-Re/NBR nancomposites (Run 9 in Table 3-3) in methanol solutions

Additionally, the dodecane and water contact angle values on the modified glass

surface treated with the Re-(VM-SiO,),-Re/NBR nanocomposites were measured, and the

results are as followings:

Contact angle (degree)

Run No* ... o S I
Dodecane Water
9 100 180
10 94 180
11 93 180

* Each Run No. corresponds to that of Table 3-3
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Each modified glass surface was found to exhibit a highly oleophobic/

superhydrophobic characteristic, indicating a quite different wettability from that of the

Re-(VM-SiO,),-Re/SBR nanocomposites, which were prepared under acidic conditions

illustrated in Table 3-2. In order to verify such different wettability, the FE-SEM and

DFM measurements on the modified glass surface treated with the

Re-(VM-SiO2),-Re/NBR nanocomposites (Run 9 in Table 3-3) have been studied, and the

results are depicted in Fig. 3-7.

100_um 10_Mm Ra: 36 nm
A) (B)

Fig. 3-7 FE-SEM images (A) and DFM topographic images (B) of the modified glass surfaces treated with the
Rg-(VM-SiO,) ,-Re/NBR nanocomposites (Run 9 in Table 3-3)

As shown in Fig. 3-7-(A), the clear void formation cannot be observed, compared with

that of the corresponding Rg-(VM-SiO,),-Re/SBR nanocomposites illustrated in

Fig. 3-4-(B), although this modified surface has a relatively high roughness average value
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[Ra: 36 nm: see Fig. 3-7-(B)]. Such surface morphology should afford the

highly oleophobic/superhydrophobic characteristic, as well as that of the

Re-(VM-SiO2),-Re/SBR nanocomposites, which were prepared under alkaline conditions.

3.3.3. Separation of the mixture of oil and water and water-in-oil (W/O) emulsion by

using the Re-(VM-SiO,),-Re/SBR nanocomposites as a packing material

The superoleophilic surface can supply a good affinity toward oils. The present

Re-(VM-SiO2),-Re/SBR nanocomposites, which were prepared under acidic conditions,

can exhibit a superoleophilic/superhydrophobic characteristic. It is strongly suggested

that such nanocomposite particle powders can simultaneously repels water and strongly

absorb oils. Thus, these nanocomposite powders should be applicable as the packing

materials for the column chromatography for the separation of the mixture of oil and

water. In fact, the separation of the mixture of the blue-colored water (water was colored

with CuSO45H,0) and 1,2-dichloroethane has been studied by the use of the

Re-(VM-SiO,)-Re/SBR nanocomposites (Run 5 in Table 3-1) as the packing material for

the column chromatography. The silica gel (Wakogel ™™ C-500HG) was also used as the
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packing material under similar conditions, for comparison. These results are shown in

Fig. 3-8.

Blue-colored aqueous
solution (water was
colored with CuSO45H,0)

1,2-dichloroethane

Fig. 3-8 Separation of mixture of blue-colored water and 1,2-dichloroethane by using the silica gel (Wakogel TR C-500HG)

(A) and the Rg-(VM-SiO,),-Re/SBR composite powders (Run 5 in Table 3-1), (B) under reduced pressure
conditions

As shown in Fig. 3-8-(A), the silica gel (Wakogel'™® C-500HG) was not effective for
the separation of the mixture of oil and water under reduced pressure; however, the
transparent colorless oil can be isolated under similar reduced pressure conditions by

using the Rg-(VM-SiO2),-Re/SBR nanocomposite powders as packing material.
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Interestingly, the blue-colored water was not isolated at all even after 1 day as shown in

Fig. 3-8-(B), due to the superhydrophobic characteristic of the nanocomposite powders.

The Re-(VM-Si0,),-Re/SBR nanocomposites have been applied to the separation of

not only the mixture of oil and water but also the W/O emulsion, of whose emulsion

consists of 1,2-dichloroethane (5.0 ml), water (0.05 ml) and surfactant (Span 80: 30.0

mg), and the results are depicted in Fig. 3-9.

(A):

Wakogel® C-500HG
1 sta) 2 nda

(B):

Rg-(VM-SiO,),,-Re/SBR
nanocomposites

W/O emulsion
stabilized by Span 80

10 um 10 um 10 um
Fig. 3-9 Optical microscopy images of the eluent after the separation of the W/O (oil: 1,2-dichloroethane)
emulsion stabilized by span 80 by using the column chromatography with WakogelTR C500-HG (A) and

the Rg-(VM-SiO,) -Re/ SBR nanocomposites (Run 5 in Table 3-1) (B)
a) Number of cycles
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As shown in Fig. 3-9-(A), the original silica gel (Wakogel ™™ C500-HG) cannot be

applied to the packing material for the separation of the W/O emulsion under reduced

pressure. In contrast, only transparent colorless oil was isolated by using the

Re-(VM-SiO,),-Re/SBR nanocomposite particle powders (Run 5 in Table 3-1) as the

packing material for the column chromatography for the separation of the W/O emulsion

[see Fig. 3-9-(B)]. Optical micrograph also showed that the water droplet cannot be

detected at all in the isolated colorless oil as shown in Fig. 3-9-(B), although the water

droplet can be easily detected in the W/O emulsion which flowed out from the column

chromatography by the use of silica gel as the packing material [see Fig. 3-9-(A)].

More interestingly, it was clarified that the present nanocomposite powders have a good

reusability as the packing material for the separation of the W/O emulsion, and any water

droplets in the isolated colorless oil cannot be detected at all even after the separation of

the W/O emulsion three times as the following recovered ratios: first time 90 %; second

time 85 %; third time 86 % [see Fig. 3-9-(B)], indicating that the SBR in the

nanocomposites can possess a good oil resistance ability toward 1,2-dichloroethane.

Application of SBR into a wide variety of fields has been hitherto very limited, due to

the poor oil resistance of SBR.>* ~ ?® However, the present Re-(VM-SiO,),-Re/SBR
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nanocomposites, which were prepared under alkaline conditions, can exhibit a

superoleophobic/superhydrophobic characteristic. The present Rg-(VM-SiO;),-Re/SBR

nanocomposites, which were prepared under acidic conditions, can supply a

superoleophilic/superhydrophobic characteristic; however, this composite is applicable to

the packing material for the column chromatography to isolate the transparent colorless

oil from the mixture of oil/water possessing a good reusability. Therefore, the present

fluorinated SBR nanocomposites have high potential for new development of SBR into a

wide variety of fields.
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3.4. Conclusions

The Re-(VM-SIiO,)-Re/SBR nanocomposites were prepared by the sol-gel reactions of

the corresponding oligomer [Re-(VM),-Re] in the presence of SBR under alkaline and

acidic conditions, respectively. The Rg-(VM-SiO,),-Re/SBR nanocomposites, which were

prepared under alkaline conditions, can provide the superoleophobic/superhydrophobic

characteristic on the modified glass surface. In contrast, the nanocomposites, which were

prepared under acidic conditions, can supply superoleophilic/superhydrophobic

characteristic on the modified surface. Therefore, it was demonstrated that the wettability

between superoleophobic and superoleophilic characteristics on the modified

superhydrophobic glass surface can be easily controlled by changing the preparative

conditions (alkaline or acidic conditions) of the expected nanocomposites. In addition, the

Re-(VM-SiO,)-Re/SBR nanocomposites possessing the

superoleophilic/superhydrophobic characteristic were applied to the packing material for

the column chromatography for the separation of the mixture of oil and water. Especially,

a good reusability of the nanocomposite powders for the packing material was observed

for the separation of the W/O emulsions, and the transparent colorless oil was isolated
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even after the use of this packing material three times. In general, SBR is well-known to

have a poor oil resistance ability; however, the present nanocomposites can exhibit a

good oil resistance ability for the use of packing material. Furthermore, it was verified

that the present nanocomposites have a superoleophobic property with the

superhydrophobicity. Thus, the present fluorinated SBR nanocomposites may be

developed into a wide variety of fields as promising fluorinated SBR nanocomposite

materials possessing a good oil resistance ability.
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Conclusions

The results obtained from this study are summarized as follows:

1. Fluoroalkyl end-capped vinyltrimethoxysilane oligomer/poly(acrylonitrile-co-
butadiene) [Rr-(VM-SiO;),-Re/NBR] nanocomposites were prepared by the sol-gel
reactions of the corresponding fluorinated oligomer [Re-(VM),-Re] with NBR under
alkaline conditions. Not only the NBR but also the NBR containing stearic acid,
zinc oxide and sulfur [NBRstzn-s], and NBR containing zinc oxide and sulfur [NBR;n.]
were also prepared under similar conditions. Thermogravimetric analyses measurements
show that the Re-(VM-Si0,),-Re/NBR nanocomposites were found to give no weight loss
corresponding to the content of NBR even after calcination at 800 °C. The modified glass
surfaces treated with the Rg-(VM-SiO,),-Re/NBR and /NBRst.zn.s nanocomposites can
provide a highly oleophobic - superhydrophobic characteristic; however, the
Re-(VM-SiO2)-Re/NBR;,s  nanocomposites  can  afford  superoleophilic -
superhydrophobic  characteristic.  In  addition, the Rg-(VM-SiO,)r-Re/NBRzns
nanocomposites possessing superoleophilic/superhydrophobic characteristic, which were
prepared by the cross-linking reaction at 150 °C for 30 min, were applicable to packing
material for column chromatography to separate not only the mixture of oil and water but

also water-in-oil emulsion.
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2. A variety of initiator fragments end-capped oligomers were prepared by radical
oligomerization of the corresponding monomers such as acrylic acid (ACA),
acryloylmorpholine (ACMO), N-(1,1-dimethyl-3-oxobutyl)acrylamide (DOBAA) and
N,N-dimethylacrylamide (DMAA) by using a variety of radical initiators such as
ammonium persulfate (APS), 2,2"-azobis(2-methyl-N-(2-hydroxyethyl)propionamide)
(VA-086) and azobisisobutyronitrile (AIBN). These obtained initiator fragments
[the sulfate ester, the HO-Amide and the nitrile] end-capped oligomers were found to
exhibit good dispersibility and stability in traditional organic solvents including water.
Interestingly, these obtained initiator fragments end-capped oligomers can cause a
gelation toward not only water but also traditional organic solvents including non-polar
solvent such as hexane. In addition, the initiator fragments end-capped oligomers can
react with tetraethoxysilane in the presence of the silica nanoparticles through the sol-gel
reaction under alkaline conditions to provide the corresponding initiator fragments
end-capped oligomers/silica nanocomposites. The obtained HO-Amide fragments
end-capped DMAA, ACA, DOBAA, and ACMO oligomers/silica nanocomposites can
give no weight loss behavior even after calcination at 800 °C, although the sulfate ester
fragment DMAA, ACA, DOBAA, and ACMO oligomers/silica nanocomposites can
afford a clear weight loss under similar conditions. In addition, the nitrile fragments
end-capped DMAA oligomer/silica nanocomposites were also found to afford no weight

loss characteristic through the formation of imine units during the calcination process.
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3. Fluoroalkyl end-capped vinyltrimethoxysilane oligomer/poly(styrene-co-butadiene)
[Re-(VM-Si0,)-Re/SBR] nanocomposites were prepared by the sol-gel reaction of the
corresponding fluorinated oligomer [Re-(VM),-Re] with SBR under alkaline and acidic
conditions. These nanocomposites thus obtained can exhibit a good dispersibility and
stability in traditional organic solvents. 1,2-Dichloroethane sol solution of the
Re-(VM-SiO,),-Re/SBR nanocomposites, which were prepared under alkaline conditions,
were effective for the surface modification of glass through the casting technique to
exhibit superamphiphobic (superoleophobic/superhydrophobic) characteristic on the
modified glass surface. In contrast, 1,2-dichloroethane sol solutions enabled the
Re-(VM-SiO2),-Re/SBR nanocomposites, which were prepared under acidic conditions,
to exhibit the superoleophilic and superhydrophobic characteristics on the modified glass
surface through casting the glass into these sol solutions. Therefore, the wettability
between superoleophobic and superoleophilic characteristics on the modified
superhydrophobic glass surfaces can be easily controlled by changing the preparative
conditions (alkaline or acidic conditions). Furthermore, these obtained nanocomposites
possessing the superoleophilic and superhydrophobic characteristics were applied to the
packing material for the column chromatography to separate not only the mixture of oil

and water but also the water-in-oil emulsion.
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