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General Introduction

1. Fluorine and organofluorine compounds

The unique characteristics which fluorinated compounds possess are derived from the fact
as follows: (1) Fluorine is the most electronegative of all the elements. The high
electronegativity is conducive to high oxidation potential, high ionization energy and high
electron affinity. (2) Fluorine has the second smallest atomic radius following hydrogen. (3) F»
is the most reactive due to the very weak F-F bond (155 kJmol™) and can form the very strong
bond with other atoms. For example, the strength of the carbon - fluorine bond (441 kJmol™)
exceeds that of the carbon - hydrogen bond (414 kJmol™) as shown in Table 1. "? Such

strength of bonds formed by fluorine gives the extraordinary thermal and oxidative stability to

fluorinated compounds.

Table 1 Electronic properties of hydrogen, fluorine, chlorine and bromine

H F Cl Br
Electronegativity (Pauling) 2.1 4.0 3.0 2.8
Avan der Waals radius (A) 1.20 1.35 1.80 1.95
lonization energy (kd/mol) 1312 1681 1256 1142
Electron affinity (kd/mol) 75 350 365 343
Bond energies of X-X (kd/mol) 435 155 243 193
Bond energies of C-X (kJ/mol) 414 441 329 276
Bond lengths of C-X (A) 1100 1271 1.767 1.937




Organofluorine compounds in particular plays a significant role in the field of medicinal
chemistry. The small size of the fluorine substituent, combined with its high electronegativity
gives the important biologically effects such as mimic effect, block effect and polarity effect. 2)
Thus, the introduction of fluorine atoms and fluoroalkyl groups into organic molecules is very

important from the developmental viewpoints of new functional materials.

2. Fluoropolymers

There have been a variety of technological applications in fluorinated organic polymers
due to exhibiting distinctive properties such as high thermal and oxidative stability, low
dielectric constant, low moisture absorption, low flammability, low surface energy, excellent
biocompatibility, marked gas permeability and excellent resistance.” In these fluorinated
organic polymers, poly(tetrafluoroethylene) [PTFE (Teflon™): -(CF,-CF,),-] is the most
widely used polymeric material owing to its extremely high thermal stability and chemical
resistance. ¥ Recent developments in the field of fluoropolymers serve to illustrate the
distinctive role of fluorine in material science. CYTOP'™® and Teflon'™ AF (see Fig. 1) were
developed as new amorphous fluorinated resins which play a crucial role in the production of

new materials for microchip manufacture, microlithography and fiber optics. >
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Fig. 1 Chemical structures of new amorphous fluorinated resins

It is well-known that perfluoropolymers such as PTFE exhibit excellent chemical and
thermal stability, low surface energy and low refractive index and dielectric constant; however,
these compounds, in general, exhibit extremely low solubility in organic solvents. ® In contrast,
it has been reported that cyclic fluoropolymers are soluble in some fluorinated solvents.” In
fact, partially protonated ring containing fluoropolymers (see Fig. 2) have been reported as
exhibiting a good solubility in polar aprotic solvent such as N,N-dimethylformamide (DMF),
tetrahydrofuran (THF), acetone and acetonitrile, though such polymers were insoluble in

benzene, chloroform and methanol. 8

(F2OFC—GFCFy)r
F.C. O
o
Hy

Fig. 2 Chemical structure of partially protonated fluoropolymers

On the other hand, acrylated and methacrylated polymers containing longer perfluoroalkyl



groups can exhibit the excellent properties imparted by fluorine, including their good
solubility in fluorinated solvents and in polar solvents such as acetone and chloroform.
However, these polymers are unstable under acidic or alkaline conditions since the
perfluoroalkyl groups are introduced into such polymers through the ester or the amide bonds.
9)

In general, the introduction of perfluoroalkyl groups is not easy, because the usual
synthetic methods for alkylation cannot be applied to the perfluoroalkylation due to the high
electronegativity of perfluoroalkyl groups. ' Hence, the development of efficient synthetic
methodology for the direct introduction of perfluoroalkyl groups into polymeric materials has
been deeply desirable. The exploration of fluoroalkylated polymeric compounds leading to
relatively high solubility in both water and common organic solvents will open a new route to
the development of the field of new functional fluorinated materials, in particular new

fluorinated polysoaps.

3. Fluoroalkylated surfactants

In general, there has been a great interest in longer fluoroalkylated low molecular weight

compounds containing hydrophilic groups such as carboxyl, sulfo and hydroxyl segments due



to exhibiting their good surface-active characteristics. ' For example, it is well known that
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) (see Fig. 3) possess
the excellent surface-active properties, high thermal and chemical stability, and hydrophobic

and lipophobic characteristics. '

F
Fe. /F RF F\C/F F\C/F SOLH F\C/ F\C/F F\C/F F\C/F
SN TN AT T A T TR e S SN
C C C C C C C COOCH
7\ IR AN SN /N AN 7N
FF F F F F F F FF F F F F
Perfluorooctane sulfonate [PFOS] Perfluorooctanoic acid [PFOA]

Fig. 3 Fluoroalkylated low molecular surfactants

These compounds have been widely used in commercial and industrial applications such as
fire-fighting foams, soil- and stain-resistant coating for carpets and leather, lubricants, floor
polishes, photographic film, denture cleaners, pharmaceuticals, and insecticides. '* However,
these fluorinated surfactants are toxic, resistant to degradation, persistent, and bioaccumulate
in food chains because of the extremely stable perfluorinated chain. '>'¥ Thus, there have
been a variety of reports on the synthesis of non-bioaccumulate fluorinated surfactants
possessing a good surface-active characteristic which can be alternative to PFOA and PFOS as

illustrated in Fig. 4. 13)
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Fig. 4 Alternative fluorinated surfactants to PFOS and PFOA

On the other hand, polymeric surfactants (polysoaps) are well-known to possess a wide
variety of unique properties such as high dispersibility and emulsion properties, which cannot
be achieved by the low molecular weight surfactants.'® However, polysoaps have in general a
poor surface-active property, compared with that of the low molecular weight surfactants.'”
Therefore, it is in particular interest to introduce longer fluoroalkyl groups into these
polysoaps from the developmental viewpoints of novel polysoaps possessing good
surface-active properties. In fact, there have hitherto been numerous studies on the synthesis
and surfactant properties of fluorinated polysoaps.'®'” These fluorinated polysoaps in general
can be classified into three types such as randomly fluoroalkylated polysoaps, A-B block-type
fluoroalkylated polysoaps, and A-B-A triblock-type fluoroalkyl end-capped polysoaps as

shown in Fig. 5.'% '



[A] Randomly fluoroalkylated polysoap [B] A-B block-type fluoroalkylated polysoap

T T

—1— : Hydrophilic segment —1— : Hydrophilic segment

[C] A-B-A triblock-type fluoroalkyl end-capped polysoap

R

11— : Hydrophilic segment

Fig. 5 Fluorinated polysoaps
In these fluorinated polysoaps, the syntheses and applications of randomly fluoroalkylated
polysoaps have been studied in detail, so far. For example, Laschewsky et al. reported on the
synthesis of fluorinated polysoaps in which fluoroalkyl segments have been randomly
introduced into polymeric molecules as shown in Scheme 1.'” However, in general, these
fluorinated polysoaps possess a low solubility in various solvents and are not effective for

reducing the surface tension of water effectively. '*

X CH,=CMe ¥ CH,=CMe Radical initiator
+

® S}
O=C-OCH,CH,(CF,)sCF3 0=C-OCH,CH,N(Me)3Br

— (CH,-CMe),——(CH,-CMe),—

® S)
O=C'OCH20H2N MeaBr
0=C-OCH,CH,(CF,)sCF3

Scheme 1



This suggests that fluoroalkyl groups in these fluoroalkylated polysoaps are not likely to be

arranged regularly above the water surface owing to the entanglement of fluoroalkyl groups in

polysoaps as shown in Fig. 6."”

Air ~ N . — (CH,-CMe),——(CHy-CMe),—

T o
Water (") s & 3 [rdl M@%% | N
'3 "%

0=C-OCH,CH,NMesBr
0=C-OCH,CH,(CF,)sCF5

Fig. 6 Surface arrangements of randomly fluoroalkylated polysoaps in water

Therefore, it is very important to develop A-B block-type fluoroalkylated polysoaps
possessing good stability and surface-active characteristic. In fact, acrylic acid oligomers

containing perfluorooxaalkylene units as novel fluorinated A-B block-type polysoaps were

prepared by using a fluorinated polymeric peroxide as shown in Scheme 2. 2% 2"

0 + gpCH,=CH —— > -[Rp-(CHx-CH) ;-
-(CR¢CO0),-
0=C-OH 0=C-OH
Rg = -CF(CF3)[OCF,CF(CF3)],0(CF,)s0-[CF(CF3)CF,0],,,CF(CF3)- ;
(n+m=3)

Scheme 2



In addition, as a new fluorinated polysoaps, A-B-A triblock-type fluoroalkyl end-capped

acrylic acid oligomers have been already prepared by reaction of fluoroalkanoyl peroxide with

acrylic acid via a radical process as shown in Scheme 3.

o .\ n CHy=CH Re-(CH,-CH) -Re
Rg-CO-OC-Rg O—G-0H O=C-OH
Fluoroalkanoyl peroxide Acrylic acid [ACA]

Rr = C3F7, CgFy3,
CF(CF3)[OCF,CF(CF3)],,0OCsF;; m=0,1, 2

Scheme 3

Mainly acrylic acid oligomers with two fluoroalkyl end groups are obtained by primary
radical termination or radical chain transfer to the peroxide under the oligomeric conditions, in

which the concentration of the peroxide was almost the same as that of acrylic acid as shown

in Scheme 4.2

I - > .
Re-CO-OC-Re 2Re. + 200,

Fluoroalkanoy! peroxide

Re + CH2=(‘3H Re-CHy-CH (M) ACA _ Re-(CHy-CH), 4 -CH,-CH

O=C-OH O=C-OH O=C-OH O=C-OH
Acrylic acid [ACA]

Rg- or (2 R:COO), Re-(CH,-CH),-Re

O=C-OH
Scheme 4

9



A-B block-type fluorinated acrylic acid oligomers shown in Scheme 2 are effective for
reducing the surface tension of water, compared with that of randomly fluoroalkylated
polysoaps. ") More interestingly, it was demonstrated that A-B-A triblock-type fluoroalkyl
end-capped oligomers were more effective for reducing the surface tension of water, compared

with that of A-B block-type fluoroalkylated polysoaps as illustrated in Fig. 7-(a) and -(b). >’

: SRS
CRe > (Re > CRe ) .{ Re )

Water g ;% %J:é\’ ﬁ“&@ “ " Water %J‘J’fv "lf“{i Z Iﬂt‘; LA
N}\?‘% \é,aL‘m

(a) -[RF-(CHz-C|H)q]p- (b) Re-(CH,-CH)
O=C-OH O=C-OH

Fig. 7 Surface arrangements of A-B block-type fluoroalkylated polysoaps (a) and A-B-A triblock-type fluoroalkyl
end-capped acrylic acid oligomers (b) in water

As shown in Fig. 7-(b), fluoroalkyl groups in fluoroalkyl end-capped oligomers are likely
to be arranged regularly above the water surface, where all the fluoroalkyl groups are parallel
to each other, quite similar to the general low molecular fluorinated surfactants. > In contrast,
blocked fluoroalkyl groups are not likely to be arranged regularly above the water surface,

compared with those of fluoroalkyl end-capped oligomers as shown in Fig. 7-(a). Thus,

10



fluoroalkyl end-capped acrylic acid oligomers are suggested to form the molecular assemblies
in water. > Fluoroalkyl end-capped acrylic acid - vinyltrimethylsilane cooligomers, which
were prepared by the reaction of fluoroalkanoyl peroxide with acrylic acid and
vinyltrimethylsilane (see Scheme 5), could form the self-assembled molecular aggregates with

the aggregations of terminal fluoroalkyl groups in cooligomers in aqueous and organic media

as shown in Fig. 8.
x CH,=CH ¥y CH,=CH Rp-(CHp-CH),-(CH,-CH) -Rr
11 1l + + | _—
Rg-CO-0OC-Re 0=C—OH SiMeg 0O=C—-0OH SiMes
Fluoroalkanoyl peroxide Acrylic acid Vinyltrimethylsilane

RF = CaF7,
CF(CF3)[(OCF,CF(CF3)],0CsF7; m=0,1, 2

Scheme 5
ISlMes lSiMes
| 5- o |
e O=C—-OH HO—-C=0 e
SiMez— H : : I
O-eeee . ® ® C SiMe
\ﬁ/ 5- O HIV-1 Y@ YN s
0 @ H

2,
%,

“, S
2, S
2, &
“, S

% B

SiMeg SiMe,

e O:C—(j:H H(':)—C=O
A

Fig. 8 Schematic illustration for the interaction of HIV-1 and the intermolecular
aggregates of Rg-(CH,-CHCO,H) -(CH»-CHSiMe3) ,-Re
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In particular, these fluorinated molecular aggregates could interact with positively charged
Human immunodeficiency virus type 1 (HIV-1) to exhibit a potent and selective anti-HIV-1
activity through the electrostatic interaction (see Fig. 8).** In this way, fluoroalkyl end-capped
oligomers can exhibit various unique properties, which cannot be achieved by the

corresponding randomly or A-B block-type fluoroalkylated polymers. ¥

4. Organic polymer/inorganic hybrid materials

Hitherto, considerable effort has been devoted to the design and controlled fabrication of
nanostructured materials with a wide variety of unique properties, which can result from a
function of nanoscale materials’ size, composition and structure order. *> Of these, organic
polymeric nanoparticles have a higher potential for practical applications to a wide variety of
fields such as nanocoatings, nanostructure-supported catalysts, and biomedical and
pharmaceutical materials. ** Surface modification and immobilization of inorganic particles by
the use of organic polymers possessing some functional moieties is expected to improve the
functionality of the parent particles. " Recently, there have been numerous studies on the

nanometer size-controlled organic compound/inorganic particles hybrids which were

12



combined with organic polymer and inorganic particles such as TiO,, ZnO, SiO,, Al,O3, Fe;O4,
Ag, Au, and Pd.** > These hybrids can exhibit unique characteristics related to not only the
organic compounds but also inorganic materials, and these hybrids are also expected to control
their structures. * ~ %> In these organic polymer/inorganic hybrid materials, for example,
surface modification of silica nanoparticles by chemically bound-polymers is of great interest
due to their potential applications in a variety of fields such as coatings, electronics, catalysts,
optics and diagnosis. *® In general, preparation of polymer grafted silica nanoparticles can be
classified according to their preparative methods into the following:

a) Free radical polymerization (FRP) 37

b) Cationic and anionic polymerization (CA and AP) 3%

¢) Miniemulsion polymerization (MEP) 39)

d) Living radical polymerization (LRP) such as reversible addition-fragmentation chain

transfer polymerization (RAFTP) with click reaction **

e) Nitroxide-mediated polymerization (NMP) )

f) Atom-transfer radical polymerization (ATRP) )
Inorganic nanoparticles are usually utilized as the cores of grafted polymers to combine the

superior properties of the organic and inorganic materials. For example, silica nanoparticles

containing methacryoyloxypropyl groups can copolymerize with styrene as a comonomer

13



catalyzed by potassium persulfate to afford polystyrene grafted silica nanoparticles as shown

in Scheme 6.

Similarly, a diblock copolymer brush consisting of
poly(methylmethacrylate)-block-poly(pentafluoropropyl acrylate) was prepared on a porous
silica substrate. * Ober et al. reported the preparation of planar silicon oxide surface-grafted
styrene-based diblock copolymer brushes bearing semifluorinated alkyl side groups by

nitroxide-mediated controlled radical polymerization. *

KPS (K5S,0g)
SLS (sodium lauryl sulfate: surfactant)
CH2=CH

| (I)Hs Hexadecane (costabilizer)
_O_Si_(CH2)30200=CH2 +
| H,0/70 °C/3 hr
particle diameter: ~ 90 nm
i
ozc—\|C/—CH2HCH2—CH9—

particle diameter: ~ 276 nm

Y

Scheme 6

Methacrylate polymer/TiOz2 particle hybrid was also prepared by emulsion polymerization
of methacrylate monomer with titanate-modified TiO2 in the presence of sodium dodecyl

sulfate (SDS) as a surfactant as shown in Scheme 7.2*

14



HO OH OR: OR 0 OR
O™+ T e oy T
OR' SOR §\O

HO™ ~—"""OH OR
Titanium dioxide Titanate At : PP
nanoparticle Modification of TiO2 with titanate
]
e /@
r‘"‘ sDS B> Jw"’
—» 0—
: o
Polymer \Y
Monomer Polymerization (
R
o
Emulsion polymerization
at the surface of TiO, particle
Scheme 7

Polymer-grafted magnetite nanoparticles have been already prepared through the

surface-initiated nitroxide-mediated radical polymerization as shown in Scheme 8. >

0 N
o) pOH Q
-~ TN _I
HO N gl gt 0=R—q
Ph o)
HO OH MeO _ o\fp? o
~ ~A N ~
HO OH o 07O N
HO B0 Ph OMe
§o
Magnetite; d = 10 nm
= Z :
0
or | ~ O:P\\O
~N o o
- Op o
— > 0~ ~07 o “N
free initiator, A e,
R 2 OMe
/\ I
oo >
Scheme 8
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In this way, the preparation of nanometer size-controlled organic polymer/inorganic hybrid
materials is in particular interest from the developmental viewpoints of new functional

materials.
5. Sulfonic acid group-containing materials

Sulfonic acid groups-containing polymers such as Nafion'" (see Fig. 9) have attracted much

attention due to their applications in a wide variety of fields such as catalyst, hydrogel and fuel

cell, ¥ 47

LT
%CcmFz)m—cl)—(l;{‘
o F Ix

CFs
FC—CF,CF,-50; H*
CFs

Nafion™R

Fig. 9 Chemical structure of perfluorinated sulfonic acid resin

For example, as shown in Scheme 9, Kobayashi et al. reported on the preparation of
sulfonic acid-functionalized polystyrene and their catalytic activity for the dehydration

reaction of carboxylic acid with alcohol in water. *©

16



SO4H
CISO3H
T —
CH,Cl,

Polystyrene

CHy(CH,);5COCI
AICI3

Polystyrene

OCH1eCHs |,

AICI3

EtZO
reflux

(CH5)17CH3
CISOSH

—— >
CHCl, SO3zH

O/©/ (CH2)17CHz

Scheme 9

Sulfonic acid-functionalized ordered nanoporous silica can be prepared by the sol-gel

reaction of alkoxysilanes under alkaline conditions in the presence of cetyl trimethoxy

ammonium bromide (CTAB) as shown in Scheme 10. *”

CTAB, H,0, MeOH, NaOH @
. NN
- SH
(MeO),Si + (MeO),Si SH "@)12hn rt (2)36 hr, 95 °C ./\/\
(1)20% HNO; @ o
(2) conc. HNOg, 24 hr, 1t~ ‘ 3

Scheme 10

However, studies on the fluorinated polymers containing sulfo groups have been hitherto

very limited except for Nafion'®, though there have been some reports on the preparation of

17



fluorinated polymeric materials possessing sulfo groups (see Scheme 11). *¥

(0]
R F R F o_(__>
Lo~ 070

o]
_ benzoyl peroxide (BPO) (0] rO)J\O m
m fF,c=CF + nFy;C=CH, (0]
IO <__)_ F /O H H|x
F2Q FZC\CFCF
CFCFg (o] o] / 8
! G o 0
o] BPO=| o~ )-C-0-0-C< )~ o) Q
CF,CF,SO,F (_fo CF,CF,SO,F
0 (0]
R F EF RF
3 M HCI o |Rf O)k@_,OH EtsN CH3OH Q O/LKQ_/OH
—_— ——
CH,COOH Ho@*O m " Ho@*O " "
FO HH FO HH
F2Q F2Q
CFCF, CFCF,
o Q -
L \ O ®
CF,CF,SO,F CF,CF,S0, ll\(:
- O "~
~\ P O J«]\ /O
z R F -
OO,S'/\/NCO ~ o |RF o )‘\Q“O H/\/\S'\_O\/
~ —~0o  u Ao AWz Q
O—/SI\/\/N\[TO F o H Hl, (-
O /
~ o] FaG
(CFCFy
Q I
\ CEC NN
CF,CF,SO,4 ll\l\__

Scheme 11

Therfore, from the developmental viewpoints of novel fluorinated functional polymeric

materials, it is of particular interest to study the fluorinated polymers-containing sulfo groups

possessing not only a surface-active characteristic imparted by fluorine but also a unique

property related to sulfonic acid moieties.

18



6. Thesis outline

As mentioned above, fluoroalkyl end-capped oligomers are attractive materials due to their
various unique properties such as high solubility, surface-active properties, anti-HIV-1 activity
and the ability to form the nanometer size-controlled self-assembled molecular aggregates,
which cannot be achieved in the corresponding randomly fluoroalkylated polymers and
fluoroalkylated block polymers. ** *’ Thus, the preparation of fluoroalkyl end-capped
oligomer/inorganic composites is in particular interest from the viewpoint of fabrication of
new fluorinated functional materials. In fact, wvarious fluoroalkyl end-capped
oligomers/inorganic nanocomposites (Au, Ag, Cu and SiO2) have been already prepared to
exhibit a variety of unique characteristics. >

In these fluoroalkyl end-capped oligomers, fluoroalkyl end-capped sulfobetaine-type
oligomers are in particular interest, due to exhibiting quite different characteristics such as a
biological activity and a gelling ability from the other fluoroalkyl end-capped oligomers. >"
Therefore, from the developmental view point of new fluorinated functional materials, it is
very important to develop fluoroalkyl end-capped sulfobetaine-type oligomeric

nanocomposite-encapsulated not only inorganic nanoparticles but also low molecular organic

compounds possessing a variety of functional units such as carbonyl groups.

19



In this study, preparation and applications of fluoroalkyl end-capped sulfobetaine-type

oligomeric nanocomposites-encapsulated not only inorganic nanoparticles such as magnetic

nanoparticles and palladium nanoparticles but also low molecular weight ketones such as

acetone and acetophenones. In chapter 1, selective preparation and applications of fluoroalkyl

end-capped sulfobetaine-type cooligomeric nanocomposites-encapsulated magnetitic

nanoparticles are described (see Scheme 12 and 13), in this study, preparation and applications

of fluoroalkyl end-capped block isocyanate cooligomeric nanocomposites and described, for

comparison.

CH
Re-(CHy-C) -(CHy- CH

. Magnt 130°C/th _ | Cross-linked Re-(IEM),-(Ad-HAc),-Re/Magnt
O= C—Oﬁ\ (Fez0,) in DMF nanocomposites
OH
CoHs
0=C-O-CoH,- NHCONC
‘CHj

[Re-(IEM-BO),-(Ad-HAC),~Re]
Rr = CF(CF3)OC3F;
Scheme 12

Re-(CHz-CH),-(CHy- CH)
+ Magnt — > Re-(AMPS),-(Ad-HAc),-Re/Magnt
0= C_Oﬁ\ in MeOH nanocomposites
OH

O:C‘N+H20M920H2803_

[Re-(AMPS),-(Ad-HAc) -Rf]
RF = CF(CF3)003F7

Scheme 13

In chapter 2, controlled immobilization of palladium nanoparticles in two different fluorinated
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polymeric aggregate cores is described (see Scheme 14 and 15), and applications to the

catalyst for Suzuki-Miyaura cross-coupling reaction are also described.

Re-(CHp-CH),+(CH,-CH) R
| + PdCl, + NaCl CH3COONa _ | Re-(AMPS),-(Ad-HAc),-Re/Pd
O=C—O£\ MeOH nhanocomposites
OH

O:C‘N+H2CM92CH2803_

[Re-(AMPS),-(Ad-HAc) -R¢]
RF = CF(CF3)003F7

Scheme 14

CH;COONa PFSm-b-PEGPG-b-PFSm/Pd
PFSm-b-PEGPG-b-PFSm + PdCl, + NaCl MeOH nanocomposites

m = 24 (Mn = 19200)
12 (Mn = 14200)

0 0 Br
Br
m o—"Jto H—},_X AY m
F F F
F F F
F F

[PFSm-b-PEGPG-b-PFSm]

M =

Scheme 15

In chapter 3, coloring-decoloring behavior of fluoroalkyl end-capped sulfobetaine-type

oligomer/acetone composites in methanol is described. In chapter 4, homoaldol condensation

of acetophenones in fluoroalkyl end-capped sulfobetaine-type oligomeric gel network cores is

described.
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CHAPTER 1

Selective Preparation of Novel Fluoroalkyl End-capped Co-oligomeric
Nanocomposites-encapsulated Magnetites and Magnetite-adsorbing

Co-oligomeric Nanoparticles



1.1. Introduction

Much attention has been devoted recently to well-dispersed magnetic colloidal particles,
owing to the broad range of potential applications in the fields of ferrofluids, " high-density

8)

9 magnetic resonance imaging, " ¥ enzyme
>

data storage, > disks and toner in printing, * ~

immobilization, ? rapid biological se aration, ' ' drug delivery, '*~'* biomedical materials,
p g p g ry

15~17) 18, 19)

immunoassays and biosensors. 2" The development of colloidal-stable magnetic
nanoparticles is essential from a practical point of view. The surface functionality of magnetic
nanoparticles with functionalized polymers can form colloidal-stable magnetic nanoparticles.
So far, numerous synthetic and natural polymers have been used to obtain stable colloidal
dispersions of magnetic nanoparticles by coating and encapsulating the particles. > ~*" It is
well known that fluorinated surfactants have excellent surface characteristics, including
oleophobicity and hydrophobicity, neither of which can be achieved with corresponding
nonfluorinated polymers.*? Thus, it is of particular interest to develop new, tailored magnetic
fluorinated polymer colloids that possess not only good dispersibility in various solvents but
also the unique active surface characteristics imparted by fluorine. In fact, it has been already

reported that fluoroalkyl end-capped oligomers containing not only carboxyl groups but also

other functional groups such as phosphonic acid, sulfonic acid and sulfobetaine-type groups
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can interact effectively with the residual hydroxyl groups on the magnetite surface to form
new fluorinated magnetic nanocomposites with good dispersibility in a variety of solvents,
including water. ** ~ 3% Such good dispersibility of tailored magnetic fluorinated polymer
colloids is due to the presence of fluoroalkyl end-capped oligomers because fluoroalkyl
end-capped oligomers can exhibit various unique properties such as high solubility, surface
active properties, biological activities and nanometer scale self-assembled molecular
aggregates, which cannot be achieved by the corresponding nonfluorinated, randomly
fluoroalkylated and AB block-type fluoroalkylated polymers. *” ~ *? With regard to these
fluoroalkyl end-capped oligomers, it has been very recently found that crosslinked fluoroalkyl
end-capped co-oligomers containing both oxime-blocked isocyanato and hydroxy adamantyl
segments can form new crosslinked fluoroalkyl end-capped co-oligomeric nanoparticles
containing adamantane segments through the deprotecting reaction of oxime-blocked
isocyanato segments in co-oligomers. **** It has been also found that fluoroalkyl end-capped
2-acrylamido-2-methylpropanesulfonic acid co-oligomers containing adamantane segments
can form nanometer-scale particles, not only in water but also in various traditional organic
solvents. ** *¥ The architecture of such fluorinated fine nanoparticles is because of the
moderate oleophilic—oleophobic balance in these co-oligomeric nanoparticles, corresponding

to the oleophilic character of the bulky adamantyl segments and the oleophobic character of
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= %) Therefore, it is expected that these fluorinated

end-capped fluoroalkyl groups.
co-oligomeric nanoparticle cores should interact with magnetic nanoparticles as a guest
molecule to form colloidal-stable fluorinated co-oligomeric nanocomposite-encapsulated
magnetic particles. This chapter shows that magnetic nanoparticles can be encapsulated into
crosslinked fluoroalkyl end-capped co-oligomeric nanoparticle cores containing adamantyl
segments to form colloidally stable magnetic nanoparticles. Particular emphasis on the
applications of these nanocomposites as surface modifications for traditional organic polymers
is placed, providing both good oleophobicity due to the end-capped fluoroalkyl groups and
also magnetic properties arising from the presence of magnetic nanoparticles. In fluorinated
betaine-type co-oligomeric nanoparticles, it has been found that these fluorinated nanoparticles
can effectively decrease the LCST (lower critical solution temperature) in #-butyl alcohol

through the adsorption of magnetic nanoparticles outside the fluorinated particle cores. These

results are described herein.
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1.2. Experimental

1.2.1 Measurements

Nuclear magnetic resonance spectra were measured using a JEOL JNM-400 (400 MHz)

FT NMR SYSTEM (Tokyo, Japan). Ultraviolet-visible spectra were measured using a

Shimadzu UV-1600 UV-vis spectrophotometer (Kyoto, Japan). Dynamic light-scattering

(DLS) measurements were taken using an Otsuka Electronics DLS-7000 HL system (Tokyo,

Japan). Thermal analyses were recorded on a Bruker axs TG-DTA2000SA differential

thermobalance (Kanagawa, Japan). Contact angles were measured using Kyowa Interface

Science Drop Master 300 (Saitama, Japan). Transmission electron microscopy (TEM) was

conducted using a JEOL JEM-1210 Electron microscope.

1.2.2. Materials

Isocyanatoethyl methacrylate 2-butanone oxime adduct (IEM-BO) was obtained from

Showa Denko (Tokyo, Japan). 1-hydroxy-5-adamantylacrylate (Ad-HAc) and magnetic

nanoparticles (Magnt; with an average particle size of 10 nm) were used as received from
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Idemitsu Kosan (Tokyo, Japan) and Toda Kogyo Corporation (Hiroshima, Japan), respectively.
2-acrylamido-2-methylpropanesulfonic acid (AMPS) were purchased from Tokyo Kasei

Kogyo.

1.2.3. Preparation of crosslinked fluoroalkyl end-capped co-oligomeric

nanocomposite-encapsulated Magnt

A typical procedure for the preparation of crosslinked fluoroalkyl end-capped
co-oligomeric nanocomposite-encapsulated Magnt by the use of a o, w-bis(perfluoro-
I-methyl-2-oxapentylated) isocyanatoethyl methacrylate 2-butanone oxime adduct—
1-hydroxy-5-adamantylacrylate  co-oligomers  [Rp-(IEM-BO),-(Ad-HAc),-Rg;  Rp =
CF(CF3)OCsF7; x : y = 21 : 79; Mn = 2600] is as follows: magnetic nanoparticles (200 mg,
with an average particle size of 10 nm) were added to an N,N-dimethylformamide (25 mL)
solution of Rg-(IEM-BO).-(Ad-HAc),-Rr co-oligomer (1.0 g), which was prepared by
co-oligomerization of the corresponding monomers and fluoroalkanoyl peroxide according to
the previously reported method. *"**? The mixture was stirred at room temperature for 2 days
under ultrasonic irradiation conditions and then stirred with a magnetic bar at 130 °C for 1 h.

Methanol (20 mL) was added to the reaction mixture, and the mixture was stirred well for 30
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min at room temperature. After the centrifugal separation (2000 r.p.m./30 min) at room
temperature, the supernatant solution was evaporated under reduced pressure. The isolated
crude product was reprecipitated from methanol-acetone to yield purified crosslinked
fluorinated co-oligomeric nanocomposite-encapsulated Magnt (828 mg, Run 4 in Table 1-1).
The nanocomposite particles exhibited the following Fourier transform infrared spectrum
characteristics, with features corresponding to the presence of magnetic nanoparticles: infrared
(cm™) 560. Other Rf-(IEM),-(Ad-HAc),-Rr  co-oligomeric nanocomposite-encapsulated

Magnt were prepared under similar conditions (Runs 1~3 and 5~8 in Table 1-1).

1.2.4. Preparation of fluoroalkyl end-capped betaine-type co-oligomeric

nanocomposite-encapsulated Magnt

A typical procedure for the preparation of fluoroalkyl end-capped betaine-type
co-oligomeric nanocomposite-encapsulated Magnt by the use of o, w-bis(perfluoro-

1-methyl-2-oxapentylated) 2-acrylamido-2-methylpropane sulfonic acid—

1-hydroxy-5-adamantylacrylate co-oligomer [Rr-(AMPS),-(Ad-HAc),-RF; Rr

CF(CF3)OCsF7; x : y = 44 : 56 (the molecular weight of this co-oligomer cannot be determined

by size exclusion chromatography because of the formation of nanoparticles)] is as follows:
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magnetic nanoparticles (15 mg; with an average particle size of 10 nm) were added to a
methanol (25 mL) solution of Rg-(AMPS),~(Ad-HAc),-Rr co-oligomer (150 mg), which was
prepared by the co-oligomerization of the corresponding monomers and fluoroalkanoyl
peroxide according to the previously reported method. ***” The mixture was stirred at room
temperature for 6 h under ultrasonic irradiation conditions. After centrifugal separation (2000
r.p.m./30 min) at room temperature, the supernatant solution was evaporated under reduced
pressure to yield purified fluorinated betaine-type co-oligomeric nanocomposite-encapsulated
Magnt (112 mg, Run 10 in Table 1-3). These nanocomposite particles exhibited the following
Fourier transform infrared spectrum characteristics, with features corresponding to the
presence of magnetic nanoparticles: infrared (cm™) 560. Other Re-(AMPS),-(Ad-HAc),-Rr
co-oligomeric nanocomposites-encapsulated Magnt were prepared under similar conditions

(Runs 9 and 11~14 in Table 1-3).

1.2.5. Preparation of PMMA-modified film treated with crosslinked fluoroalkyl

end-capped co-oligomeric nanocomposite-encapsulated Magnt

The poly(methyl methacrylate) (PMMA )-modified film (with a film thickness of 194 mm)
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was prepared by casting mixed solutions of methanol and 1,2-dichloroethane (v/v = 5/20; 25
mL total volume) containing PMMA (990 mg) and crosslinked Rg-(IEM),-(Ad-HAc),-Rr
co-oligomeric nanocomposite-encapsulated Magnt (Run 4 in Table 1-1; 10 mg) on a glass
plate. The solvent was evaporated at room temperature, and the resulting film was peeled off
and dried at 50 °C for 24 h under vacuum to obtain the PMMA-modified film. Contact angles
for dodecane on both the surface and the reverse sides of the modified film were measured at

room temperature using a goniometer.

1.2.6. Measurements of the LCST of fluoroalkyl end-capped betaine-type co-oligomeric

nanocomposite-encapsulated Magnt

The LCSTs of Rp-(AMPS).-(Ad-HAc),-Rr co-oligomeric nanocomposite-encapsulated
Magnt in #-butyl alcohol were measured using a turbidity method. A ultraviolet-visible
spectrophotometer equipped with a temperature controller was used to trace the phase
transition by monitoring the transmittance of light at a wavelength of 500 nm as a function of
temperature. The concentration of the co-oligomeric nanocomposite solutions used was 4

gdm™, and the LCST was defined as the temperature at which the transmittance was 50 %.
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1.3. Results and discussion

1.3.1. Preparation and characteristics of novel crosslinked fluoroalkyl end-capped

co-oligomeric nanocomposite-encapsulated magnetic nanoparticles

The deprotecting reactions of fluoroalkyl end-capped isocyanatoethyl methacrylate
2-butanone oxime adduct—1-hydroxy-5-adamantylacrylate co-oligomers
[Rr-(IEM-BO),-(Ad-HAc),-Rr] were carried out in N,N-dimethylformamide in the presence of
magnetic nanoparticles (Magnt; with a mean diameter of 10nm) at 130 °C for 1 h, and the

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

CHj
RF-(CHZ-Cl)) ~(CH,- CH Magnt 130 °C/1h Cross-linked
(Fe304) in DMF Re-(IEM),-(Ad-HAc),-Rr co-oligomeric
O= C_Oﬁ\OH nanocomposites- encapsulated Magnt
CoHs
0=C-0-C,yH,4- NHCONC
CH3

[Re-(IEM-BO),~(Ad-HAC),-R¢]
x:y=21:79 (determined by 'H NMR); Mn = 2600
RF = CF(CF3)OC3F7

Scheme 1-1
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Table 1-1 Preparation of cross-linked Rg-(IEM),-(Ad-HAc),-Rfr co-olgomeric nanocomposites-encapsulated Magnt

e &dffm)‘;‘ﬁx Magnt (size:10 nm)  Product yield® Coiﬁ,esi?;: :f]prizﬁinm 0 manosomposies.

Q) (mg) (%) (nm £ STD) (%)

1 1.0 20 57 154 = 31 4

2 50 61 175 250 5

3 100 64 168 £ 35 10

4 200 69 192 = 40 20

5 400 62 168 + 40 26

6 600 71 186 39 a1

7 800 43 279 + 54 38

8 1000 42 304 + 45 31

aYeilds were based on Rg-(IEM-BO),-(Ad-HAc),-Rr and Magnt.
bDetermined by dynamic light scattering measurements.
¢Size of parent Rg-(IEM-BO),-(Ad-HAc),-Rr co-oligomeric nanoparticles: 11 1.1 nm.

As shown in Scheme 1-1 and Table 1-1, the deprotecting reactions were found to proceed
under mild conditions to form a variety of crosslinked fluoroalkyl end-capped co-oligomeric
nanocomposite-encapsulated Magnt in isolated yields of 42 ~ 69 %. The obtained crosslinked
fluorinated co-oligomeric nanoparticle-encapsulated Magnt exhibited good dispersibility in
methanol, tetrahydrofuran, dimethyl sulfoxide and N,N-dimethylformamide. The size of
crosslinked fluorinated nanocomposite-encapsulated Magnt was measured in methanol
solutions using DLS at a temperature of 30 °C. These results are also shown in Table 1-1.

The size (number-average diameter) of these fluorinated particles ranged from
approximately 154 to 304 nm and were monodispersed. The size of these fluorinated
nanocomposite-encapsulated Magnt was found to increase from approximately 11 nm to 154
~ 304 nm after the encapsulation of Magnt. The size increase of the nanocomposites indicates

that the encapsulations of Magnt proceeded smoothly toward the synthesis of very fine
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crosslinked fluorinated co-oligomeric nanocomposite-encapsulated Magnt.

The contents of encapsulated Magnt in crosslinked fluorinated cooligomeric nanoparticles

were estimated by thermogravimetric analyses (see Fig. 1-1).

0 «—— Parent Magnt
10
20 1
30
<3
oo, 40 |
)]
7]
(o]
= 50 1
=) Run 6
=) un
g 60 |
l«——— Run?7
70 t «—Run 8
<—Run5
80 | b ~——Run4
arent
90 r Rp-(IEM-BO),-(Ad-HAC),-Re <«— Run3
\
100 . . . . . \Run 2
0 100 200 300 400 500 600 700 800 Run 1*

Temperature [°C]

Fig. 1-1 Thermogravimetric analyses of Rg-(IEM),-(Ad-HAc)-Rr co-oligomeric nanocomposite-encapsulated Magnt.
*Each run corresponds to the runs in Table 1-1.

In this process, the weight loss of nanocomposites was measured as the temperature was
increased at a heating rate of 10 °Cmin” to a maximum temperature of 800 °C under
atmospheric ~ conditions. =~ The  thermal  stability = of crosslinked  fluorinated
nanocomposite-encapsulated Magnt was inferior to that of the parent magnetic nanoparticles.

In addition, the original Rg-(IEM-BO),-(Ad-HAc),-Rr co-oligomer was found to completely

44



decompose around 550 °C. These results imply that the Magnt contents range from 4 to 41 %

for the different samples, as listed in Table 1-1.

X-ray diffraction patterns of fluorinated crosslinked nanocomposite-encapsulated Magnt

and parent Magnt were similar (see Fig. 1-2). However, the collected diffraction intensity was

<—Runi*

<——Run2
T R TV PN PSP [ — 1T
W-— Pl sl <—— RUN4
Vot St P st <—— RUNS

Mm I <—Runé6

<—Run7

Intensity(a.u.)

<«——Run8

30.1°  35.5° é3.1° 53.4° 57.0°

5 o O 062.6°
hl VRt ety g < Parent Magnt

25 30 35 40 45 50 55 60 65 70
26(degree)
Fig. 1-2 X-ray diffraction patterns of parent magnetic nanoparticles and Rg-(IEM),-(Ad-HAc) -Rr
co-oligomeric nanocomposite-encapsulated Magnt.
*Each run corresponds to the runs in Table 1-1.

extremely weakened for the fluorinated nanoparticles possessing lower encapsulated ratios of
Magnt (Runs 1 and 2 in Table 1-1). The Fourier transform infrared spectrum peak near 560
cm’ that was present for each fluorinated crosslinked nanocomposite implies the presence of

encapsulated Magnt in the fluorinated crosslinked nanoparticle cores (Fig. 1-3).
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”\/_,r V—‘_\j\ /Magnt(size:10 nm)
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Fig.1-3 FT-IR spectra of Rg-(IEM),-(Ad-HAc),~-Rf cooligomeric nanocomposites-encapsulated Magnt,
Rr-(IEM-BO),-(Ad-HAc) -Rr and Magnt.
*Each run corresponds to the runs in Table 1-1.

To confirm the presence of encapsulated Magnt in the fluorinated nanoparticle cores, a

methanol solution of crosslinked fluorinated co-ologomeric nanocomposite-encapsulated

Magnt (listed as Run 2 in Table 1-1) was examined by using TEM. The TEM micrograph is

shown in Fig. 1-4.
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Fig. 1-4 TEM image of crosslinked fluorinated co-oligomeric nanocomposite-encapsulated
Magnt (Run 2 in Table 1-1) in methanol.

The electron micrograph also shows the formation of crosslinked fluorinated
nanocomposite-encapsulated magnetic fine particles, showing a mean nanoparticle diameter of
262 nm. This is similar to the number-average diameter of 175 + 50 nm found in DLS
measurements, shown in Table 1-1. Interestingly, TEM photographs show that the amounts of
Magnt encapsulated into fluorinated composite cores can increase quite effectively with

increasing Magnt content in the nanocomposites from 4 to 20 % (see Fig. 1-5).
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Run 1* 4% Run 2* 5 %**

50 nm 50 nm

Run 4* 20 %™ Run 3* 10 %**

50_nm Sﬁm

Fig. 1-5 TEM photographs of a variety of crosslinked fluorinated co-oligomeric nanocomposite-encapsulated
Magnt in methanol.
*Each run corresponds to the runs in Table 1-1.

**Contents of Magnt in the nanocomposites were determined by thermogravimetric analyses.

100

% Relative turbidity Contents of Magnt

80 | Run* after 12 h in nanocomposites**
—_ (%) (%)
L 70
= 1 95 4
S 60 [
g 2 94 5
2 50 3 95 10
]
-% 40 | 4 95 20
©
& 30t 5 81 26

6 63 41

20 7 49 38

10 r 8 66 31

0 . . . . .

0 2 4 6 8 10 12

Time (h)

Fig. 1-6 UV-vis spectral changes of the absorbance at A = 500 nm of methanol solutions containing Rg-(IEM),-(Ad-HAc),-Re
cooligomeric nanocomposites-encapsulated Magnt as a function of time at 30 °C (174 mgdm3).

*Each run corresponds to the runs in Table 1-1.
**Contents of Magnt was determined by thermogravimetric analyses.
***Concentration of each magnetite nanoparticle in methanol.

Fig. 1-6 shows the UV-vis spectra changes of the absorbance at A = 500 nm of methanol

solutions containing fluorinated crosslinked nanocomposite-encapsulated Magnt as a function
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of time. As shown in Fig. 1-6, it was clarified that the present fluorinated crosslinked

nanocomposite are well-dispersed in methanol with a good stability.

[Centrifugal separation]

[Magnetic field]

[—

dispersed Magnet redispersed
solution solution

Fig. 1-7 Photographs of Rg-(IEM),-(Ad-HAc),-Rr co-oligomeric nanocomposite-encapsulated Magnt
(Run 4 in Table 1-1) in methanol (concentration of nanocompoistes in methanol: 1 gdm-3).

As shown in Fig. 1-7, colloidal-stable magnetic particles were obtained in methanol
solutions even under the following conditions: (a) centrifugal separation for 30 min (b) 60 min
at 3000 r.p.m. and (c) at room temperature. To investigate the magnetic response of the
colloidal-stable fluorinated nanocomposites in methanol solution against an external magnetic
field, a permanent magnet was applied from the bottom of the sample tube containing this

methanol solution (see Fig. 1-7 d ~ f). This nanocomposite exhibited good dispersibility in
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methanol (Fig. 1-7 d); however, the composite instantaneously precipitated on application of

the magnet (Fig. 1-7 e). A redispersed colloidal-stable nanocomposite solution after the

magnet application (Fig. 1-7 f) that was similar to the original one (Fig. 1-7 d) was

successfully prepared. This behavior indicates that the fluorinated magnetic nanocomposites

still maintain their ferromagnetism.

1.3.2. Application of novel crosslinked fluoroalkyl end-capped co-oligomeric

nanocomposite-encapsulated magnetic nanoparticles to the surface modification of

traditional organic polymers

In this way, the present crosslinked fluorinated nanocomposites-encapsulated Magnt are

very fine particles and have good dispersibility in a variety of organic media. Thus, it is of

particular interest to apply these fluorinated nanocomposites as a surface modification for

organic polymers such as PMMA. A PMMA-modified film has been prepared by casting

homogeneous solutions of PMMA and fluorinated nanocomposites in the mixture of methanol

and 1,2-dichloroethane (Runs 1 ~ 8, listed in Table 1-1). The contact angles of dodecane on

the surface and reverse sides of the modified brown-colored PMMA films were measured, and

the results are shown in Table 1-2. Film thickness ranged from 187 to 199 um.
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Table 1-2 Contact angles of dodecane on the modified PMMA filmes, treated with crosslinked
fluorinated co-oligomeric nanocomposite-encapsulated Magnt

Contact angle (degree)

Contentsof Film thickness

Runa Magnt®

Dodecane (um)
(%) Surface side Reverse side

1 4 10.9 0 187
2 5 21.6 0 192
3 10 19.1 0 199
4 20 12.5 0 194
5 26 20.6 0 196
6 41 14.3 0 190
7 38 12.8 0 195
8 31 14.2 0 193

2Each run corresponds to the runs in Table 1-1.
bContents of Magnt in the nanocomposites were determined by thermogravimetric analyses.

As shown in Table 1-2, higher dodecane contact angles for dodecane on the surface side

compared with the reverse side were obtained in each modified film, suggesting that

fluorinated nanocomposites could be arranged on the polymer surface to exhibit strong

oleophobicity because of the presence of end-capped fluoroalkyl segments on the surface.

Interestingly, as shown in Fig. 1-8, the PMMA-modified film treated with fluorinated

nanocomposites (Run 4 in Table 1-1) was found to interact with a permanent magnet,

indicating that this modified polymer possesses not only oleophobic characteristics but also

ferromagnetism.
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PMMA cast films* treated with
Re-(IEM),-(Ad-HAc),~-RE co-oligomeric
nanocomposite-encapsulated Magnt
(Run 4 in Table 1-1)

Fig. 1-8 Photographs of modified PMMA filmes treated with crosslinked fluorinated nanocomposite-encapsulated
magnetic nanopatrticles.

*Concentration of Rg-(IEM),-(Ad-HAc),-Rg co-oligomeric nanocomposite-encapsulated Magnt based
on PMMA is 3 % (m/m).

1.3.3. Preparation and characteristics of novel crosslinked fluoroalkyl end-capped

betaine-type co-oligomeric nanocomposite-encapsulated magnetic nanoparticles

Magnetic nanoparticles were attempted to encapsulate into fluoroalkyl end-capped
co-oligomeric betaine-type nanoparticle cores. In fact, fluorinated betaine-type co-oligomeric
nanocomposite-encapsulated Magnt was prepared in isolated yields of 34 ~ 68 % by the
treatment of corresponding fluorinated betaine-type co-oligomeric nanoparticles with Magnt

in methanol under ultrasonic irradiation conditions, as shown in Scheme 1-2 and Table 1-3.
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Rr-(CHy-CH),-(CH,-CH),-Re
| + Magnt Re-(AMPS),-(Ad-HAc),~R co-oligomeric
O=C—O£\ in MeOH nanocomposite-encapsulated Magnt

OH

O:C_N+H2CM920H2803-

[Rr-(AMPS),-(Ad-HAC) ~RE]
X1y =44:56 (determined by "H NMR)
RF = CF(CF3)003F7
Scheme 1-2

Table 1-3 Preparation of cross-linked betaine-type co-olgomeric nanocomposites-encapsulated Magnt

rn (S, Magnt(ize10mm)  Productyiekis 9 e OLOSPISOS, | Sze of eceparsed | Comtene o egne "
(mg) (mg) (%) (nm = STD) (nm + STD) (%)

9 150 5 59 36 +2.3 124 £12 2

10 15 68 58 +7.0 110 = 11 13

1 30 64 183 + 41 80 +4.6 10

12 60 49 25+25 99 +13 19

13 100 44 57 +£9.6 136 + 22 17

14 150 34 49 +5.0 101 £ 22 16

aYeilds were based on Rg-(AMPS),-(Ad-HAc),-Rr and Magnt.

bDetermined by dynamic light scattering measurements.

¢Size of parent Rg-(AMPS),-(Ad-HAc),-Rf co-oligomeric nanoparticles: 17 2.5 nm.

The Magnt content in the nanocomposites in Table 1-3 was estimated to be between 2 and

19 % using thermogravimetric analyses. The Magnt content was found to increase when the

feed amount of Magnt was increased from 5 to 150 mg. Above a feed amount of 60 mg, the

Magnt content of the particles remained fairly constant, between 16 and 19 % (see Table 1-3).

DLS measurements revealed that the size of nanocomposite particles increased from 17 nm

(the number-average diameter size of parent fluorinated co-oligomeric nanoparticles) to

between 25 and 183 nm in methanol after the composite reactions, indicating that Magnt was

effectively encapsulated into the fluorinated co-oligomeric nanoparticle cores (see Table 1-3).

Interestingly, these fluorinated nanocomposite-encapsulated Magnt exhibited good
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dispersibility and redispersibility in methanol. The size (80-136 nm) of the redispersed

fluorinated nanocomposite particles did not change, even after redispersion of the parent

fluorinated nanocomposite-encapsulated Magnt powders (with diameters between 25 and 183

nm) in methanol. The size distributions of each nanocomposite were monodispersed (see

Table 1-3).

To confirm the presence of encapsulated Magnt in fluorinated cooligomeric nanoparticle

cores, a methanol solution of the fluorinated betaine-type co-oligomeric nanocomposite

encapsulated Magnt was examined by using TEM (Run 9 in Table 1-3). The resulting

micrographs are shown in Fig. 1-9. The electron micrograph shows the formation of fine

particles of fluorinated nanocomposite-encapsulated Magnt, with mean diameters of 126 nm

(Fig. 1-9). The particle diameters measured through TEM are quite similar to the values

determined from DLS measurements (which gave number-average diameters of 124 + 12 nm

for redispersed nanocomposites, Run 9 in Table 1-3).
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Fig. 1-9 TEM image of Magnt adsorbed on fluorinated betain-type co-oligomeric nanocomposites
(Run 9 in Table 1-3).

Surprisingly, the encapsulation behavior of magnetic nanoparticles into fluorinated
co-oligomeric nanoparticle cores, shown in Fig. 1-9, is quite different from that of fluorinated
crosslinked nanocomposites-encapsulated Magnt, shown in Figs. 1-4 and 1-5. In fluorinated
betaine-type co-oligomeric nanocomposites, magnetic nanoparticles are adsorbed outside the
co-oligomeric particle cores through the effective covalently binding interaction between the

sulfobetaine-type segments in co-oligomers and the residual hydroxyl groups in magnetic

5 4

particles. In fact, it has already been reported that carboxy, *' sulfo, *® phosphate *” and

%49 oroups can interact with magnetic nanoparticles through the covalent bonds.

phosphoric
No covalent binding interactions in crosslinked fluorinated co-oligomeric nanoparticles (in

Scheme 1-1) should allow the encapsulation of magnetic nanoparticles inside fluorinated

co-oligomeric particle cores through the crosslinking reaction process. More interestingly,
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TEM micrographs show that magnetic nanoparticles can be effectively adsorbed outside

cooligomeric particle cores in each nanocomposite (Runs 9 ~ 13 in Table 1-3), as shown in Fig.

1-10.

Run 9* 2 %** Run 10* 13 %** Run 11~ 15 %**

Gl
L
50 nm 50 nm 50 nm
Run 12 19 %** Run 13 17 %**
W% 1 '*‘
_— _—
e
®
50 nm 50 nm

Fig. 1-10 TEM photographs of Magnt adsorbed on fluorinated betaine-type co-oligomeric nanocomposites in methanol.

*Each run corresponds to the runs in Table 1-3.
**Contents of Magnt in the nanocomposites were determined by thermogravimetric analyses.

1.3.4. The LCST characteristic of novel crosslinked fluoroalkyl endcapped betaine-type

co-oligomeric nanocomposite-encapsulated magnetic nanoparticles in organic media

It is well known that block copolymers such as poly(N-isopropylacrylamide)-

block-poly(ethylene oxide) can exhibit thermosensitive micellization arising from a

combination of the hydrophobic character of the poly(N-isopropylacrylamide) block above its
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LCST and the hydrophilic property of the poly(ethylene oxide) block in aqueous systems. >

In contrast, fluoroalkyl end-capped betaine-type co-oligomeric nanoparticles containing
adamantane segments can exhibit the LCST behavior in organic media such as z-butyl alcohol
because of the effective oleophilic-oleophobic balance between the oleophilic character from
adamantyl segments and the oleophobic character from end-capped fluoroalkyl groups. ***¥
This is the first example of the LCST behavior in organic media, although the LCST behavior
of hydrocarbon polymers in ionic liquids has been previously reported by Watanabe et al. 52)
Thus, it is of particular interest to study the LCST behavior of the present fluoroalkyl
end-capped betaine-type co-oligomeric nanocomposite-encapsulated Magnt in organic media.

The size of fluorinated betaine-type co-oligomeric nanocomposite-encapsulated Magnt

measured by the use of DLS in #-butyl alcohol at temperatures ranging from 40 to 80 °C

(Table 1-4).

Table 1-4 Size of Rg-(AMPS),-(Ad-HAc),-Rg cooligomeric nanocomposites-encapsulated Magnt
in t-butyl alcohol solutions determined by dynamic light scattering measurements

Contents of Magnt** Size of nanocomposite (nm + STD)

Run® T T i
(%) 40°C 80°C
9 2 18 £3.8 28+4.8
10 13 17 £3.3 26 +5.7
11 19 17 £3.2 33+56

*Each run corresponds to the runs in Table 1-3.
**Contents of Magnt in nanocomposites were determined by thermogravimetric analyses.
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heating

cooling

18 £ 3.8 (nm) 20 +3.0 (nm)
30°C <LCST LCST=71°C

Fig. 1-11 Photographs of t-butyl alcohol solutions of Rg-(AMPS),-(Ad-HAc),~-Rg cooligomeric
nanocomposites-encapsulated Magnt possessing the LCST characteristic (content
of Magnt in the nanocomposites: 2 %*; concentration of the composites: 4 gdm3).
The size of each fluorinated nanocomposite-encapsulated Magnt was found to increase from
17 ~ 18 nm to 26 ~ 33 nm when the temperature was increased from 40 to 80 °C, indicating
that each nanocomposite-encapsulated Magnt causes thermally induced phase transition in
t-butyl alcohol. In fact, #-butyl alcohol solutions of fluorinated betaine-type co-oligomeric
nanocomposite-encapsulated Magnt exhibited a cloud point when heated from 30 to
approximately 80 °C (see Fig. 1-11). The LCST values of #-butyl alcohol solutions with

concentrations of 4 gdm™ of the nanocomposites in Table 1-3 were measured, and results are

shown in Fig. 1-12.
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Fig. 1-12 Temperature dependence of transmittance at 500 nm for t-butyl alcohol solutions of 4 gdm= Rg-(AMPS),-
(Ad-HAc),~R co-oligomeric nanocomposite-encapsulated Magnt.

T)Each run corresponds to the runs in Table 1-3.

2)Contents of Magnt in nanocomoposites was determined by thermogravimetric analyses.
3)Defined by the temperature where the transmittance was 50%.

A phase separation in each nanocomposite was found to occur between 52 and 74 °C, at
which point the solubility of the nanocomposites altered sharply. The relationship between
the LCSTs and the Magnt contents in the nanocomposites is shown in Fig. 1-12. The
encapsulation of Magnt into fluorinated betaine-type cooligomeric nanoparticles can
effectively decrease the LCST from 78 to approximately 52 °C. The LCSTs were found to
decrease with an increase in Magnt contents in the nanocomposite particles. Above a contents
of 15 %, the LCST remained nearly constant. Such an effective decrease in the LCST by the
encapsulation of Magnt is due to the magnetic interaction in each fluorinated nanocomposite

particle. It is believed that this is the first example of the effective the LCST control governed
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by the magnetic interaction derived from nanocomposite-encapsulated Magnt.
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1.4. Conclusion

In summary, novel crosslinked fluorinated co-oligomeric nanocomposite-encapsulated

Magnt could be prepared by the deprotecting reactions of the corresponding fluoroalkyl

end-capped  co-oligomers in the presence of Magnt. The fluorinated

nanocomposite-encapsulated Magnt particles were applied as a surface modification to

PMMA and exhibited not only good oleophobicity imparted by the end-capped fluoroalkyl

groups but also magnetic properties related to the Magnt in the composites. Novel fluorinated

betaine-type co-oligomeric nanocomposite-encapsulated Magnt was also prepared under very

mild conditions. These fluorinated nanocomposite-encapsulated Magnt particles were found

to exhibit the LCST behavior in #-butyl alcohol, and the magnetic interaction present

effectively decreased the LCST compared with parent fluorinated betaine-type co-oligomeric

nanoparticles without Magnt. Moreover, it was demonstrated that magnetic nanoparticles can

be encapsulated inside the crosslinked fluorinated co-oligomeric nanoparticle cores. In

contrast, magnetic nanoparticles were adsorbed outside the fluorinated betaine-type

co-oligomeric nanoparticle cores. In this way, the fluorinated co-oligomers/Magnt

nanocomposites that is presented in this study have high potential for use in new fluorinated

polymeric functional materials, serving as surface modifications of wallpaper and textiles,
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allowing for surface-active characteristics imparted by fluorine, as well as magnetic properties.

62



References

1) D. L. Huber, Small, 1, 482 (2005).

2) J. Roger, J. N. Pons, R. Massart, A. Halbreich, and J. C. Bacri, Eur. Phys. J. Apply. Phys.,

5,321 (1999).

3) D.E. Speliotis, J. Magn. Magn. Mater., 193, 29 (1999).

4) J. M. D. Coey, J. Magn. Magn. Mater., 196197, 1 (1999).

5) K. O’Grady and H. Laidler, J. Magn. Magn. Mater., 200, 616 (1999).

6) S. A. M. Tofail, I. Z. Rahman, and M. A. Rahman, Appl. Organometal. Chem., 15, 373

(2001).

7) J. M. Perez, F. J. Simeone, A. Tsourkas, L. Josephson, and R. Weissleder, Nano Lett., 4,

119 (2004).

8) U. O. Hafeli, Int. J. Pharma., 277, 19-24 (2004).
9) U.T. Bornscheuer, Angew. Chem. Int. Ed. Eng., 42,3336 (2003).

10)J. Kim, J. D. Lee, H. B. Na, B. C. Kim, J. K. Youn, J. H. Kwak, K. Moon, E. Lee, J. Kim,

J. Park, A. Dohnalkova, H. G. Park, M. B. Gu, H. N. Chang, J. W. Grate, and T. Hyeon,

Small, 1, 1203 (2005).

11) T. Yoshino, H. Hirabe, M. Takahashi, M. Kuhara, H. Takeyama, & T. Matsunaga,

Biotech. Bioeng., 101, 470 (2008).

63



12)J. Dobson, Drug Develop. Res., 67, 55 (2006).

13)J. Kim, J. E. Lee, S. H. Lee, J. H. Yu, J. H. Lee, T. G. Park, and T. Hyeon, Adv. Mater., 20,

478 (2008).

14)S.-H. Hu, D.-M. Liu, W.-L. Tung, C.-F. Liao, and S.-Y. Chen, Adv. Funct. Mater., 18,

2946 (2008).

15)S. C. Wuang, K. G. Neoh, E.-T. Kang, D. W. Pack, and D. E. Leckband, Adv. Funct.

Mater., 16, 1723 (20006).

16) V. Salgueirino-Maceira and M. A. Correa-Duarte, Adv. Mater., 19, 4131 (2007).

17)D. Shi, H. S. Cho, Y. Chen, H. Xu, H. Gu, J. Lian, W. Wang, G. Liu, C. Huth, L. Wang, R.

C. Ewing, S. Budko, G. M. Pauletti, and Z. Dong, Imaging and Hyperthermia., 21, 2170

(2009).

18) P.-C. Lin, P.-H. Chou, S.-H. Chen, H.-K. Liao, K.-Y. Wang, Y.-J. Chen, and C.-C. Lin,

Small, 2, 485 (2006).

19) B. Srinivasan and X. Huang, Chirality, 20, 265 (2008).

20) L. Li, X. He, L. Chen, and Y. Zhang, Chem. Asian J., 4, 286 (2009).

21)J. Gao, L. Li, P.-L. Ho, G. C. Mak, H. Gu, and B. Xu, Adv. Mater., 18, 3145 (2006).

22)B. H. Sohn and R. E. Cohen, Chem. Mater., 9, 264 (1997).

23) B. Lindlar, M. Boldt, S. Eiden-Assmann, and G. Maret, Adv. Mater., 14, 1656 (2002).

64



24)C. Flesch, Y. Unterfinger, E. Bourgeat-Lami, E. Duguet, C. Delaite, and P. Dumas,

Macromol. Rapid Commun., 26, 1494 (2005).

25) W.-C. Wang, K.-G. Neoh, and E.-T. Kang, Macromol. Rapid Commun., 27, 1665 (2006).

26)1. Garcia, N. E. Zafeiropoulos, A. Janke, A. Tercjak, A. Eceiza, M. Stamm, and I

Mondragon, J. Polym. Sci. Part A: Polym. Chem., 45, 925 (2007).

27) G. Qiu, Q. Wang, and M. Nie, Macromol. Mater. Eng., 291, 68 (2006).

28) G. Song, J. Bo, and R. Guo, Colloid Polym. Sci., 282, 656 (2004).

29) I. Dumazet-Bonnamour and P. L. Perchec, Colloid Surfaces A: Phys. Eng. Aspects, 173, 61

(2000).

30) M. Kryszewskia and J. K. Jeszkab, Synthetic Metals, 94, 99 (1998).

31) M. T. Nguyen and A. F. Diaz, Adv. Mater., 6, 858 (1994).

32) T. Imae, Curr. Opinion Colloid Interface Sci., 8, 307 (2003).

33) H. Yoshioka, M. Suzuki, M. Mugisawa, N. Naitoh, and H. Sawada, J. Colloid Interface

Sci., 308, 4 (2007).

34) H. Yoshioka, T. Narumi, and H. Sawada, J. Oleo Sci., 56, 377 (2007).

35) H. Yoshioka, K. Ohnishi, and H. Sawada, J. Fluorine Chem., 128, 1104 (2007).

36) H. Sawada, H. Yoshioka, T. Kawase, K. Ueno, and K. Hamazaki, J. Fluorine Chem., 126,

914 (2005).

65



37) H. Sawada, Chem. Rev., 96, 1779 (1996).

38) H. Sawada, J. Fluorine Chem., 101, 315 (2000).

39) H. Sawada, Prog. Polym. Sci., 32, 509 (2007).

40) H. Sawada, Polym. J., 39, 637 (2007).

41) M. Mugisawa, K. Ueno, K. Hamazaki, and H. Sawada, Macromol. Rapid Commun., 28,

733 (2007).

42) M., Mugisawa, R. Kasai, and H. Sawada, Langmuir, 25, 415 (2009).

43) M. Mugisawa, K. Ohnishi, and H. Sawada, Langmuir, 23, 5848 (2007).

44) M. Mugisawa and H. Sawada, Langmuir, 24, 9215 (2008).

45)M.-H. Liao, K.-Y. Wu, and D.-H. Chen, Chem. Lett., 32, 488 (2003).

46)S.-Y. Mak and D.-H. Chen, Macromol. Rapid Commun., 26, 1567 (2005).

47)N. Joumaa, P. Toussay, M. Lansalot, and A. Elaissari, J. Polym. Sci. Part A: Polym. Chem.,

46, 327 (2008).

48) R. Matsuno, K. Yamamoto, H. Otsuka, and A. Takahara, Chem. Mater., 15, 3 (2003).

49) R. Matsuno, K. Yamamoto, H. Otsuka, and A. Takahara, Macromolecules, 37, 2203

(2004).

50) M. D. C. Topp, P. J. Dijkstra, H. Talsma, and J. Feijen, Macromolecules, 30, 8518 (1997).

51)H.-H. Lin and Y.-L. Cheng, Macromolecules, 34, 3710 (2001).

66



52)T. Ueki and M. Watanabe, Langmuir, 23, 988—990 (2007).

67



CHAPTER 2

Controlled Immobilization of Palladium Nanoparticles
in Two Different Fluorinated Polymeric Aggregate Cores

and Their Application in Catalysis



2.1. Introduction

Polymer nanocomposites have recently received considerable attention as multifunctional
hybrid materials. ' ~© Especially, metal nanoparticles in polymer composites can exhibit
different properties in comparison to their bulk materials. ¥ Metal nanoparticles of noble
metals such as platinum and palladium are ideally suited as catalysts because of their high
surface-to-volume ratio. > '” In these noble metals, palladium is of tremendous commercial
interest due to its catalytic properties, as well as its considerable affinity for hydrogen in
gas-separation membranes and fuel cells. " ' However, primary metal nanoparticles are
difficult to handle or recycle and may coagulate. Thus, metal nanoparticles must be stabilized
in solution in order to prevent flocculation of the nanoparticles. In this respect, formation of
metal nanoparticles is usually carried out by reducing metal ions in the presence of stabilizers
such as block copoymer micelles, dendrimers, microgels, and latex particles, which prevent

13

the nanoparticles from aggregation and serve as carriers. >~ '® In fact, there have been a

variety of studies on the spherical polyelectrolyte brushes, which are applicable to the

=22 From the developmental

immobilization and stabilization of metal nanoparticles.

viewpoints of novel polymeric surfactants as carriers for catalytically active metal

nanoparticles, it is of particular interest to apply fluorinated polymeric surfactants possessing a
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high surface active characteristic imparted by fluorine as a carrier for metal nanoparticles;
however, these studies have been hitherto very limited except for the recent report on the
preparation of fluoroalkyl end-capped cooligomeric nanocomposites-encapsulated magnetic
nanoparticles. > In a wide variety of fluorinated polymeric surfactants, fluoroalkyl end-capped
polymers (oligomers) are of particular interest; because fluoroalkyl end-capped oligomers can
exhibit a variety of unique properties such as high solubility, surface active properties,
biological activities, and the formation of nanometer size-controlled self-assemblies through
the aggregation of end-capped fluoroalkyl segments, which cannot be achieved by the
corresponding non-fluorinated, randomly fluoroalkylated, and AB block-type fluoroalkylated
ones. >* ~*" In this chapter, two different fluorinated polymers: two fluoroalkyl end-capped
sulfobetaine-types cooligomers containing adamantyl segments and outer blocks of
poly(2,3.4,5,6-pentafluorostyrene)-containing ABA-triblock copolymers are applied to the
preparation of colloidal stable palladium nanoparticles. The object of this study is also to
investigate the different immobilization behaviors of growing palladium nanoparticles in two
types of these fluorinated composite cores. In addition, these two different immobilized
palladium nanoparticles have been apply to Suzuki-Miyaura cross-coupling reaction. These

results will be described herein.
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2.2. Experimental

2.2.1 Measurements

NMR spectra were measured using JEOL JNM-400 (400 MHz) FT NMR SYSTEM
(Tokyo, Japan). Dynamic light-scattering (DLS) were measured by using Otsuka Electronics
DLS-7000 HL (Tokyo, Japan). Molecular weight of Rg-(IEM-BO),-(Ad-HAc),-Rf cooligomer
was measured using a Shodex DS-4 (pump) and Shodex RI-71 (detector) Size Exclusion
Chromatography (SEC; Tokyo, Japan) calibrated with polystyrene standard using
tetrahydrofuran as the eluent. Molecular weight of PFSm-PEGPG-PFSm copolymers (see
Scheme 3-3) was measured using a Bruker 250 MHz 'H NMR spectrometer. X-ray
diffractions were measured by using MAC Science SRAMI18XHF (Japan). Thermal analyses
were recorded on Bruker axs TG-DTA2000SA differential thermobalance (Kanagawa, Japan).
Transmission electron micrograph (TEM) was measured by using JEOL JEM-1210 Electron
microscope (Tokyo, Japan). High-performance liquid chromatography (HPLC) analyses were
conducted on a Shimadzu LC-20AD (Kyoto, Japan) using 95% aqueous methanol solution as

the eluent.
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2.2.2. Materials

2-Acrylamido-2-methylpropanesulfonic acid (AMPS) and palladium chloride were

purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and Kanto Chemical Co.,

Inc. (Tokyo, Japan), respectively. Isocyanatoethyl methacrylate 2-butanone oxime adduct

(IEM-BO) was obtained from Showa Denko Co., Ltd. (Tokyo, Japan).

1-Hydroxy-5-adamantylacrylate (Ad-HAc) was used as received from Idemitsu Kosan Co.,

Ltd. (Tokyo, Japan). The bifunctional hydroxyl terminated random copolymer of 75 wt.%

ethylene glycol (EG) and 25 wt.% propylene glycol (PG) (PEGPG) was used to design and

synthesize two kinds of amphiphilic outer blocks of poly(2,3,4,5,6-pentafluorostyrene)

(PFS)-containing ABA-triblock copolymers with different lengths. Detailed description of the

synthesis of such ABAtriblock copolymers based on polyethers and PFS is given in the

refereces: 28 ~ 30.

2.2.3. Preparation of fluoroalkyl end-capped betaine-type cooligomeric

nanocomposites-encapsulated palladium nanoparticles

A typical procedure for the preparation of fluoroalkyl end-capped betaine-type
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cooligomeric nanocomposites-encapsulated palladium nanoparticles by the use of o,w-bis
(perfluoro-1-methyl-2-oxapentylated) 2-acrylamido-2-methylpropanesulfonic acid—
1-hydroxy-5-adamantylacrylate cooligomer [Re-(AMPS),-(Ad-HAc),-R¥; Rr =
CF(CF5)OCsF7; x/y = 11/89; molecular weight of this cooligomer cannot be determined by
SEC due to the formation of nanoparticles] is as follows: To a methanol (16 mL) solution of
palladium chloride (680 mmol) and sodium chloride (700 mmol) was added
Rp-(AMPS),-(Ad-HAc),-Rr  cooligomer (16 mg), which was prepared by the
cooligomerization of fluoroalkanoyl peroxide with the corresponding monomers according to
the previously reported method. *" The mixture was stirred with a magnetic stirring bar at
room temperature for 12 h. Sodium acetate (8,540 mmol) was added to the above described
solution, and then this solution was stirred for 3 h at room temperature. After the centrifugal
separation (2,000 rpm/30 min) of this mixture at room temperature, the supernatant solution
was dialyzed in water at room temperature for 1 day. The solution was evaporated under
reduced pressure to give the expected palladium nanocomposites. Fluorinated nanocomposite
powders thus obtained were dried in vacuo at 50 °C for 2 days to yield purified fluorinated
betaine-type  cooligomeric ~ nanocomposite-immobilized  palladium  nanoparticles
[Rr-(AMPS),-(Ad-HAc),-Rg/Pd] (64 mg, Run 1 in  Table 2-1). Other

Re-(AMPS),-(Ad-HAc),-Rr cooligomeric nanocomposites-immobilized palladium
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nanoparticles were prepared under similar conditions (Runs 2~8 in Table 2-1).

In addition, the cross-linked fluoroalkyl end-capped cooligomeric
nanocomposites-encapsulated palladium nanoparticles were tried to prepare under similar
conditions. The preparative method is as follows: To an N,N-dimethylformamide (DMF; 10
mL) solution of o,w-bis(perfluoro-1-metyl-2-oxapentylated) isocyanatoethyl methacrylate
2-butanone oxime adduct—1-hydroxy-5-adamantylacrylate cooligomer
[Rr-(IEM-BO),-(Ad-HAc),-Rr; R = CF(CF3)OCsF7; x/y = 21 : 79; Mn = 2,600] (2.0 g),
which was prepared by the cooligomerization of the corresponding monomers with
fluoroalkanoyl peroxide according to the previously reported method, ** ** were added
palladium chloride (680 mmol) and sodium chloride (700 mmol). The mixture was stirred at
room temperature for 2 days under ultrasonic irradiation conditions. Sodium acetate (8,540
mmol) was added to the above-described solution, and then this solution was stirred for 3 h at
room temperature. The obtained solution was stirred with a magnetic bar at 130 °C for 1 h.
Methanol (20 mL) was added to this reaction mixture, and this mixture was stirred well for 30
min at room temperature. After the centrifugal separation (2,000 rpm/30 min) of the mixture at
room temperature, the supernatant solution was dialyzed in water at room temperature for 1
day; in contrast, the precipitate was dried in vacuo at 50 °C for 2 days to give palladium

powders. The dialyzed solution was evaporated under reduced pressure. The isolated crude
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product was reprecipitated from methanol-acetone; however, the expected cross-linked
fluorinated  cooligomeric ~ nanocomposites-immobilized  palladium  nanoparticles
[Rr-(IEM),-(Ad-HAc),-Rg/Pd] were not isolated at all (Run 9 in Table 2-2). Other fluorinated
nanocomposites-immobilized palladium nanoparticles in Table 2-2 were also tried to prepare

under similar conditions.

2.2.4. Preparation of PFSm-PEGPG-PFSm copolymeric nanocomposites-immobilized

palladium nanoparticles

A typical  procedure for  the  preparation of  PFSm-PEGPG-PFSm
nanocomposites-immobilized palladium nanoparticles by the use of [PFSm-PEGPG-PFSm; m
= 24, 12] is as follows: A methanol (8 mL) solution of palladium chloride (340 mmol) and
sodium chloride (350 mmol) was added with PFSm-PEGPG-PFSm (m = 24) copolymer (24
mg), which was prepared by atom transfer radical polymerization according to the previously
reported methods. ** ~ *” The mixture was stirred with a magnetic stirring bar at room
temperature for 12 h. Sodium acetate (4,270 mmol) was added to the above described solution,
and then this solution was stirred for 3 h at room temperature. After the centrifugal separation

(2,000 rpm/30 min) of this solution at room temperature, the supernatant solution was dialyzed
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in water for 1 day at room temperature. The solution was evaporated under reduced pressure to

give the expected palladium nanocomposites. Fluorinated nanocomposite powders thus

obtained were dried in vacuo at 50 °C for 2 days to yield purified PFSm-PEGPG-PFSm [m =

24] copolymeric nanocomposites-immobilized palladium nanoparticles [PFSm-PEGPG-PFSm

/Pd] (64 mg, Run 15 in Table 2-3). Other PFSm-PEGPG-PFSm copolymeric

nanocomposites-immobilized palladium nanoparticles were also prepared under similar

conditions (Run 16 in Table 2-3).

2.2.5. Suzuki-Miayura cross-coupling reaction

A DMF solution (5 mL) containing bromobenzene (1 mmol), phenylboronic acid (1.5

mmol), Re-(AMPS),-(Ad-HAc),~-R¢/Pd nanocomposites (17 mg, 0.1 mmol of Pd), and K,CO;

(2 mmol) were added to a 20 mL round-bottomed flask fitted with a reflux condenser. The

mixture was stirred with a magnetic stirring bar at 100 °C for 8§ h. After cooling to room

temperature, H,O (5 mL) and CICH,CH,CI (10 mL) were added to this mixture. The organic

layer was washed with H,O and CICH,CH,Cl. The product yield was calculated based on the

consumed bromobenzene using HPLC analysis (87 %, Run 17 in Table 2-4). After centrifugal

separation of this mixture, the recovered nanocomposites were then washed with HO and
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CICH,CHCl, dried in vacuo at room temperature and reused for catalyst under similar

conditions (Run 20 in Table 2-5). Suzuki—Miyaura cross-coupling reaction catalyzed by

PFSm-PEGPG-PFSm/Pd nanocomposites was carried out under similar conditions (Runs 18

and 19 in Table 2-4) and these nanocomposites were reused for catalyst under similar

conditions (Run 21 in Table 2-4).
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2.3. Results and discussion

2.3.1. Preparation and property of novel fluoroalkyl end-capped betaine-type

cooligomeric nanocomposites-encapsulated palladium nanoparticles

It have been recently reported that two fluoroalkyl end-capped sulfobetaine-type
cooligomers containing adamantyl segments can form the nanometer size-controlled fine
particles in aqueous and organic media. *" In the case of fluoroalkyl end-capped
sulfobetaine-type homooligomers possessing no adamantly segments, these fluorinated
homooligomers can form the gels through the synergistic effect between the aggregation of
end-capped fluoroalkyl groups and ionic interaction of sulfobetaine-type segments. 34
However, the introduction of bulky substituents such as adamantyl segments in the main chain
of fluoroalkyl end-capped AMPS oligomers can afford not gels but the cooligomeric
nanoparticles due to the presence of bulky adamantly segments. Thus, palladium nanoparticles
were tried to immobilize into fluoroalkyl end-capped cooligomeric betaine-type nanoparticle
cores. In fact, as shown in Scheme 1 and Table 1, fluorinated sulfobetaine-type cooligomeric
nanocomposites-immobilized palladium nanoparticles were succeeded in preparing in 33 ~

83 % isolated yields by the reduction of palladium chloride with sodium acetate in the

presence of sodium chloride and the corresponding cooligomeric nanoparticles.
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Re-(CH,-CH)~(CH,-CH) R
O=é—o + PdCl, + NaCl _CH5COONa _ Rr-(AMPS),-(Ad-HAc) -Rg/Pd
OH MeOH nanocomposites

O=C- N+H2CMech2803-

[Re-(AMPS),~(Ad-HAc),-R¢]
RF = CF(CF3)003F7

Scheme 2-1

Table 2-1 Preparation of Re-(AMPS)-(Ad-HAc),-Rg cooligomeric nanocomposite-immobilized palladium nanoparticles

" E\Zfﬁk”;’i’ﬁ; PACl, NaGl CH,COONa MeOH "%t f;znié’;i';‘iiﬁiif) Srlmzaiglézjéﬁfse? O ranecopacitesd

(mg) [x/y}2 (umol)  (umol) (umol) (mL) (%) (nm) (nm) (%)
1 16 [11:89] 680 700 8540 16 72 44 £51 60 +9.6 84
2 32 64 49 +4.8 60 +£10.7 81
3 48 65 36 +2.3 70 +12.8 68
4 64 60 65 +17.1 119 +18.1 61
5 80 44 86+21.5 148 +33.3 33
6 96 33 139 £21.8 140 £27.1 45
7 64 [44 :56] 680 700 8540 50 118 £28.3 56 £10.3 50
8 48 68 70 854 83 134 +30.0 179 +37.3 83

aCooligomerization ratio (x/y) determined by 'H NMR.

b)Yields were based on Re-(AMPS),-(Ad-HAc),-Rr and PdCl,.
©)Determined by dynamic light scattering measurements in methanol.
dContents of palladium were determined by thermogravimetric analyses.

As shown in Table 2-1, the yields of fluoroalkyl end-capped sulfobetaine-type

cooligomeric nanocomposites-immobilized palladium

nanoparticles

[Rr-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposites] obtained are in general dependent upon the

feed ratios of Rp-(AMPS),-(Ad-HAc),-Rr cooligomer and palladium chloride employed,

decreasing with greater feed ratios of Rg-(AMPS),-(Ad-HAc),-Rr cooligomeric nanoparticles.

This finding suggests that the formation of the expected fluorinated palladium nanocomposites

is essential for the ionic interaction between palladium chloride and sulfobetaine-type

segments in fluorinated cooligomer.
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Rp-(AMPS),-(Ad-HAc),-R¢/Pd  nanocomposites in Table 2-1 exhibited a good

dispersibility and redispersibility not only in traditional organic solvents such as methanol,

ethanol, dimethyl sulfoxide (DMSO), and N,N-dimethylformamide but also in water. Thus, the

size of Rp-(AMPS).~(Ad-HAc),-R¢/Pd nanocomposites in methanol have been measured by

the use of dynamic light-scattering measurements at 25 °C, and the size of these composites

was found to be nanometer size-controlled (36 ~ 139 nm). The size of the nanocomposites was

increased from 44 to 139 nm with the increase of the amounts of the used fluorinated

cooligomeric nanoparticles from 16 to 96 mg as in Table 2-1. In contrast, the size of the

composites was in general decreased from 139 or 86 to 60 nm with the increase of the contents

of palladium nanoparticles in the composites from 45 % or 33 % to 84 % (see Table 2-1).

These findings suggest that such increase of the size of Rp-(AMPS),-(Ad-HAc),-R¢/Pd

nanocomposites would be due to the more effective interaction of original

Re-(AMPS),-(Ad-HAc),-Rr cooligomeric nanoparticles in each other, compared to that of

Re-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposites, of whose contents of palladium nanoparticles

are relatively higher in the nanocomposites. Interestingly, isolated fluorinated nanocomposite

powders in Table 2-1 were found to exhibit a superior redispersibility and stability in methanol,

and the size of each particle showed a monodispersed characteristic.

In order to clarify the presence of palladium particles in the composites, thermal stability
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of Rp-(AMPS),-(Ad-HAc),-R/Pd nanocomposites in Table 2-1 was studied by
thermogravimetric analyses (TGA), in which the weight loss of these nanocomposites was
measured by raising the temperature around 800 °C (the heating rate, 10 °C min™) in air

atmosphere and the results are also shown in Table 2-1 and Figs. 2-1 and 2-2.

20
- Parent Pd powder
0r Run 1*
\Run 2*
-20 L

Weight Loss [%]
A
o

.80 |  Parent /

Re-(AMPS),-(Ad-HAc) -Rr
cooligomer

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

Temperatuer [°C]

Fig. 2-1 Thermogravimetric analyses of palladium, Rg-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposites
(Runs 1* ~ 6%), parent Rg-(AMPS),-(Ad-HAc),-Rr cooligomeric nanoparticles [x: y=11:89],
and parent palladium powder.

*Each run corresponds to the runs in Table 2-1.
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0 |~
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-60 | \'\

) v— - Run 8*
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Re-(AMPS),-(Ad-HAc) -Re
cooligomer
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Fig. 2-2 Thermogravimetric analyses of palladium, Rg-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposites
(Runs 7* and 8”), parent Rg-(AMPS),-(Ad-HAc),-Rr cooligomeric nanoparticles [x : y = 44: 56],
and parent palladium powder.

*Each run corresponds to the runs in Table 2-1.

The contents of palladium particles in the nanocomposites in Table 1 were estimated to be
33 ~ 84 % by the use of thermogravimetric analyses (TGA data are shown in Figs. 2-1 and
2-2), and the contents of palladium particles in the composites were found to decrease from
84 % to 33 % with increasing the feed amounts of fluorinated cooligomer from 16 to 80 mg.
This finding suggests that the used palladium chloride would react effectively with sodium
acetate in the neighborhood of the sulfobetaine-type segments in fluorinated cooligomeric
nanoparticles through the ionic interaction between palladium cations and anionic moieties in
sulfobetaine segments to afford the expected palladium nanoparticles. A similar study on the

formation of palladium nanoparticles by the reactions of palladium chloride with sodium
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acetate has been already reported, and palladium nanoparticles were obtained in quantitative
yields. ** X-ray diffraction (XRD) patterns of the present fluorinated nanocomposites-
immobilized palladium particles exhibit a similar characteristic to that of the parent palladium

powders, indicating the formation of palladium particles in the nanocomposites (see Fig. 2-3).

.ﬁ Re-(AMPS),-(Ad-HAc),-R¢/Pd
ll nanocomposite

Intensity(a.u.)
%

Parent palladium
o
o

25 30 35 40 45 50 55 60 65 70 75 80
20(degree)

Fig. 2-3 X-ray diffraction patterns of parent palladium and Rg-(AMPS),-(Ad-HAc),-Rg
nanocomposite-immobilized palladium nanoparticles (Run 3 in Table 2-1).

In order to confirm in detail the presence of immobilized palladium particles in the

fluorinated nanoparticle cores, transmission electron microscopy (TEM) photographs of

methanol solutions of fluorinated coologomeric nanocomposites-immobilized palladium

particles (Runs 1, 2, 3, 4, and 7 in Table 2-1) were recorded, and the results were shown in Fig.

2-4.
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Fig. 2-4 TEM images of Rg-(AMPS),-(Ad-HAc),-Rg cooligomeric nanocomposite-immobilized palladium nanoparticles
(Runs 1, 2, 3, 4, and 7 in Table 2-1) in methanol.

Each electron micrograph shows the formation of fluorinated

nanocomposites-immobilized palladium particles (mean diameters of these nanoparticles, 111,

265, 326, 584, and 106 nm). Interestingly, TEM images show that the amounts of palladium

particles immobilized in the fluorinated composite cores can decrease effectively (from run 1

to runs 2, 3, 4, and 7) with increasing the feed amounts of fluorinated cooligomeric

nanoparticles in the nanocomposites from 16 to 64 mg for the nanocomposite reactions in

Scheme 2-1 and Table 2-1 (see Fig. 2-4).

More interestingly, palladium nanoparticles can be immobilized outside the cooligomeric

particle cores through the effective coordinate binding interaction between the
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sulfobetaine-type segments in cooligomers and palladium nanoparticles, because palladium
nanoparticles should be effectively formed by the reduction of palladium cations with sodium
acetate through the ionic interaction between palladium chloride and anionic moieties in
sulfobetaine segments outside the fluorinated cooligomeric nanocomposite cores.

The deprotecting reactions of fluoroalkyl end-capped isocyanatoethyl methacrylate
2-butanone oxime adduct—1-hydroxy-5-adamantylacrylate cooligomers
[Rr-(IEM-BO).-(Ad-HAc),-Rr] in the presence of magnetic nanoparticles were applied to the
preparation of cross-linked fluoroalkyl end-capped cooligomeric nanocomposites-encapsulated
magnetic nanoparticles. > Thus, fluoroalkyl end-capped cooligomeric
nanocomposites-immobilized palladium nanoparticles were tried to prepare by the
cross-linking reactions with Rg-(IEM-BO),-(Ad-HAc),-Rr cooligomer, and the results were

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

e
Re-(CH,-C),-(CH,-CH) R + PdCl, + NaCl

|
iy SN
OH

0=C-OCH,CH,NHCON=C(Me)Et
[Re-(IEM-BO),~(Ad-HAc) -R¢]

CH3;COONa
Re = CF(CF3)OC4F; “socish
Lf/i) Re-(IEM),-(Ad-HAc) -Re/Pd
nanocomposites
Scheme 2-2
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Table 2-2 Preparation of Rg-(IEM),~(Ad-HAc),-Rg cooligomeric nanocomposites-immobilized palladium nanoparticles

Re-(IEM-BO),-(Ad-HAC),-Rr PACI, NaCl CH,COONa Product
Run [Mn = 2600; x/y =21 :79 3] yieldsP)
(mg) (umol) (umol) (umol) (%)
9 2000 680 700 8540 0
10 1500 0
11 1000 0
12 500 0
13 150 0
14 100 0

aMn was determined by SEC. Cooligomerization ratio (x : y) determined by 'H NMR.
b)Yields were based on Rr-(IEM-BO),-(Ad-HAc),-Rr and PdCl,.

However, as shown in Scheme 2-2 and Table 2-2, the expected fluorinated cooligomeric
nanocomposites-encapsulated palladium nanoparticles were unable to obtain at all, and only
palladium powders were isolated in each case. XRD spectra of the isolated powders are well
consistent with that of original palladium ones (see Fig. 2-5). Palladium chlorides would have
no ionic interaction with Rg-(IEM-BO),-(Ad-HAc),-Rr cooligomeric aggregates to afford
Re-(IEM),-(Ad-HAc),-Rr cooligomer/palladium nanocomposites, because

Re-(IEM-BO),-(Ad-HAc),-Rr cooligomer possesses no ionic moieties as in Scheme 2-2.
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Run 9 in Table 2-2
(black-colored precipitated powder)

Intensity(a.u.)

466 ° Parent palladium

68.0 °
o

25 30 35 40 45 50 55 60 65 70 75 80
26(degree)
Fig. 2-5 X-ray diffraction patterns of the black-colored precipitated powders, which

were obtained by the composite reaction in Run 9 in Table2-2.
2.3.2. Preparation and property of novel PFSm-PEGPG-PFSm copolymeric

nanocomposites-immobilized palladium nanoparticles

From these findings, it is of particular interest to apply fluorinated polymers possessing
some functional units such as poly(oxyethylene) and poly(2,3,4,5,6-pentafluorostyrene) units,
which are likely to interact with palladium particles, to the immobilization of palladium
nanoparticles into the corresponding fluorinated polymeric aggregated cores. Especially, it is
suggested that the interaction of Pd nanoparticles with m-electrons of pentafluorostyrene units
in polymers or ether oxygens in poly(oxyethylene) units in polymers is essential for the

immobilization of palladium nanoparticles toward these fluorinated block copolymers.
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Fluorinated copolymeric nanocomposites-immobilized palladium nanoparticles were tried to
prepare by using outer blocks of poly(2,3,4,5,6-pentafluorostyrene)-containing ABA-triblock
copolymers, which possess poly(oxyethylene—oxypropylene) segments in the main chain
[PFSm-b-PEGPG-b-PFSm; m = 24, 12].%*7*Y These results were shown in Scheme 2-3 and

Table 2-3.

HzCOON b -
PdCl, + Nacl 2HsCOONa_ | PFSm-b-PEGPG-b-PFSm/Pd

PFSm-b-PEGPG-b-PFSm + MeOH nanocomposites

m =24 (Mn = 19200)
12 (Mn = 14200)

O 0o Br
Br | )
m O_/jx\eo 1-x nO m
F F F F
F F F F
F

[PFSm-b-PEGPG-b-PFSm]

Scheme 2-3

Table 2-3 Preparation of PFEm-b-PEGPG-b-PFSm triblock copolymeric nanocomposite-immobilized palladium nanoparticles

; f redi .
PdCI, NaCl CH,COONa MeOH Product ~ Size of redispersed  Contents of palladium

Run  Polymer m yields®  nanocomposites®) in nanocomposites®)
M) (umol)  (umol) (umol) (mL) (%) (nm) (%)
PFS24-b-PEGPG-
15 b-PFS24 24 340 350 4270 16 53 78 £13.2 66
PFS12-b-PEGPG-
16 b-PFS12 24 340 350 4270 16 46 132+17.4 81

a)Yijelds were based on PFS24-b-PEGPG-b-PFS24 or PFS12-b-PEGPG-b-PFS12 and PdCls.
b)Determined by dynamic light scattering measurements in methanol.
¢)Contents of palladium were determined by thermogravimetric analyses.

As shown in Scheme 2-3 and Table 2-3, PFSm-b-PEGPG-b-PFSm copolymeric

nanocomposites-immobilized palladium nanoparticles have been succeeded in preparing in 53
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(m = 24) and 46 % (m = 12) isolated yields, respectively. The contents of immobilized

palladium particles in PFSm-b-PEGPG-b-PFSm copolymeric aggregate cores were estimated

by the use of TGA analyses, and the contents of encapsulated palladium particles were

estimated to be 66 (m = 24) and 81 % (m = 12), respectively, as shown in Table 2-3 (TGA

data: see Figs. 2-6 and 2-7). X-ray diffraction patterns of

PFSm-b-PEGPG-b-PFSm-immobilized palladium particles (m = 24 and 12) exhibited a similar

characteristic to that of the parent palladium particles (see Fig. 2-8).

20

/ <«—— Parent Pd powder
0 3

-« Run 15*

Parent
PFS24-b-PEGPG-b-PFS24
copolymer

Weight Loss [%]
A
o

-100 : : : : : L L
0 100 200 300 400 500 600 700 800
Temperatuer [°C]
Fig. 2-6 Thermogravimetric analyses of parent palladium powder, PFS24-b-PEGPG-b-PFS24/Pd
nanocomposites (Run 15*), and parent PFS24-b-PEGPG-b-PFS24 copolymer.
*Run 15 corresponds to that of Table 2-3.
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-« Run 16*
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PFS12-b-PEGPG-b-PFS12
/ copolymer
0 100 200 300 400 500 600 700 800

Temperatuer [°C]

Fig. 2-7 Thermogravimetric analyses of parent palladium powder, PFS12-b-PEGPG-b-PFS12/Pd

*

Intensity(a.u.)

nanocomposites (Run 16*), and parent PFS12-b-PEGPG-b-PFS12 copolymer.
Run 16 corresponds to that of Table 2-3.

<—Run 15*

<«——Run 16*

Q40.1°

Parent palladium
powder

25 30 35 40 45 50 55 60 65 70 75 80
20(degree)

Fig. 2-8 X-ray diffraction patterns of parent palladium powders and PFSm-b-PEGPG-b-PFSm/Pd

nanocomposites (Runs 15* and 16%)
*Each run corresponds to the runs in Table 2-3.
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The present PFSm-b-PEGPG-b-PFSm-immobilized palladium particles were found to

exhibit a good dispersibility and redispersibility not only in water but also in traditional

organic solvents such as methanol, ethanol, acetone, tetrahydrofuran, toluene, benzene, hexane,

1,2-dichloroethane, DMSO, DMF, and fluorinated aliphatic solvents (AK-225; 1:1 mixed

solvents of  1,1-dichloro-2,2,3,3,3-pentafluoropropane and 1,3-dichloro-1,2,2,3,3-

pentafluoropropane). Thus, the size of PFSm-b-PEGPG-b-PFSm immobilized palladium

particles in methanol solutions has been measured by DLS measurements at 25 °C. These

results were also shown in Table 2-3.

The size (number-average diameter) of these fluorinated particles is 78 ~ 132 nm. The size

of these fluorinated nanocomposites-immobilized palladium particles was found to decrease

effectively from 135 ~ 397 nm to 78 ~ 132 nm after the immobilization of palladium particles

into these nanocomposite cores. The decrease of the size of nanocomposites indicates that the

immobilization of palladium particles could proceed through an effective interaction between

fluorinated copolymeric aggregate cores and palladium particles to yield the expected

fluorinated nanocomposites-immobilized palladium particles. Such decrease of the size of

nanocomposites after immobilization would be due to the formation of flexible fluorinated

block copolymeric composites cores, which are constructed through the fluorophilic—

fluorophilic interaction between two end-capped poly(2,3,4,5,6-pentafluorostyrene) units in
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block copolymers.

In order to verify the presence of immobilized palladium particles in the fluorinated

nanocomposite cores, TEM photograph of methanol solution of fluorinated copolymeric

nanocomposite-immobilized palladium particles was measured (Run 16 in Table 2-3), and the

result was shown in Fig. 2-9.

100 nm 50 nm

Fig. 2-9 TEM images of PFS12-b-PEGPG-b-PFS12 copolymeric nanocomposite-immobilized palladium
nanoparticles (Run 16 in Table 2-3) in methanol.

The electron micrograph shows that palladium nanoparticles are effectively immobilized

inside fluorinated copolymeric aggregate cores (mean diameters of these nanocomposites, 144

nm). This value is quite similar to that of DLS measurements (number-average diameter, 132

+ 17.4 nm) in Table 2-3.

In this way, Rg-(IEM-BO),-(Ad-HAc),-Rr cooligomer in Scheme 2-2 was not applied to

the immobilization of palladium nanoparticles into fluorinated cooligomeric aggregate cores;
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however, PFSm-b-PEGPG-b-PFSm copolymers were able to interact with palladium chloride
to afford PFSm-b-PEGPG-b-PFSm-immobilized palladium nanoparticles. These findings
suggest that PFSm-b-PEGPG-b-PFSm copolymers possess not only
poly(2,3.,4,5,6-pentafluorostyrene) units but also poly(oxyethylene—oxypropylene) units in the
main chain, of whose units can interact with palladium nanoparticles in the copolymeric
aggregate cores to afford the expected PFSm-b-PEGPG-b-PFSm nanocomposites-immobilized
palladium nanoparticles as shown in the TEM images in Fig. 2-9. On the other hand,
Re-(IEM-BO),-(Ad-HAc),-Rr cooligomer possesses no such functional units in cooligomer to
interact with palladium nanoparticles. Thus, this fluorinated cooligomer could not afford the
corresponding fluorinated cooligomeric nanocomposites-immobilized palladium nanoparticles,

and the original palladium powders would be formed under such conditions.

2.3.3. Application of the fluorinated nanocomposites-immobilized palladium

nanoparticles to Suzuki-Miyaura cross-coupling reaction

It is well-known that palladium nanoparticles immobilized on spherical polyelctrolyte
brushes are useful catalysts for Suzuki-Miyaura cross-coupling reactions. **~** Especially, it

has been demonstrated that palladium nanoparticles immobilized on spherical polyelectrolyte
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brushes can be reused many times for Suzuki-Miyaura cross-coupling reactions. A quite
different behavior for the formation of palladium nanoparticles was observed in two kinds of
the present fluorinated polymers: Rg-(AMPS),-(Ad-HAc),-Rr  cooligomer and
PFSm-b-PEGPG-b-PFSm copolymers. Palladium nanoparticles can be immobilized outside
Re-(AMPS),-(Ad-HAc),-Rr cooligomeric aggregate cores; in contrast, palladium nanoparticles
can be selectively immobilized inside PFSm-b-PEGPG-b-PFSm copolymeric aggregate cores.
Thus, it is in particular interest to develop the present Rp-(AMPS).-(Ad-HAc),-Rr
nanocomposites-immobilized  palladium nanoparticles and PFSm-b-PEGPG-b-PFSm
nanocomposites-immobilized palladium nanoparticles into Suzuki-Miyaura cross-coupling
reaction. Especially, it is very important to clarify the different catalytic activities in these two
kinds of fluorinated polymeric nanocomposites. Suzuki—-Miyaura cross-coupling reaction of
bromobenzene and phenylboronic acid in the presence of these fluorinated nanocomposites
was studied in order to verify the different reactivity. These results were shown in Scheme 2-4

and Table 2-4.

B(OH), Br
@ Pd catalyst
+ R
KoCOs

Pd catalyst: Rg-(AMPS),-(Ad-HAc),-Rg/palladium nanocomposites or
PFSm-PEGPG-PFSm/palladium nanocomposites

Scheme 2-4
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Table 2-4 Suzuki-Miyaura cross-coupling reaction of phenylboronic acid with bromobenzene catalyzed fluorinated polymers/Pd nanocomposites
at 100 °C for 8 h in DMF

Run Pheny(l:qor;%r:)ic Acid Bror?rsltr::a(;})zene Pd catalyst Egn%?:zlr:/]go"s]ites IZ()WI\:IIS zﬁztglg) Con(\izr)sionb) Yit(a:/c:)sc) TON
17 15 1.0 Re-(AMPS),-(Ad-HAC),Re/Pd 10 (Run 4)3) 3 2.0 98 87 8.5
18 1.5 1.0 PFS24-b-PEGPG-b-PFS24/Pd 10 (Run 15)) 3 2.0 99 53 5.3
19 15 1.0 PFS12-b-PEGPG-b-PFS12/Pd 10 (Run 16)2 3 2.0 99 65 6.5

a)Used nanocomposites Run nos. correspond to those of Table 2-1 and 2-3.
b)Bromobenzene
SHPLC yields based on the consumed bromobenzene.

As shown in Scheme 2-4 and Table 2-4, phenylboronic acid reacted with bromobenzene in

the presence of Re-(AMPS),-(Ad-HAc),-R¢/Pd nanocomposites and

PFSm-b-PEGPG-b-PFSm/Pd nanocomposites to afford biphenyl in 53 ~ 87 % yields. A higher

yield of the product was obtained in Rp-(AMPS).-(Ad-HAc),-R¢/Pd nanocomposites,

indicating that the immobilized palladium nanoparticles onto the

Re-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposite cores should exhibit a higher catalytic activity

toward the cross-coupling reaction in Scheme 2-4 than that of the immobilized palladium

nanoparticles inside the PFSm-b-PEGPG-b-PFSm/Pd nanocomposite cores.

Table 2-5 Reusability of fluorinated polymers/palladium nanocomposites for Suzuki-Miyaura cross-coupling reaction

Run Used 1 2 3 4 5
20 Nanocomposites (Run 17 in Table 2-4) Yield (%)3 87 63 44 36 24
21 Nanocomposites (Run 18 in Table 2-4) Yield (%)? 53 47 46 48 43

a)Recovered fluorinated nanocomposites were used successively (use 2, 3, 4, and 5).
b)Reaction conditions are the same as those of Table 2-4.
¢)HPLC yields based on the consumed bromobenzene.

Of particular interest, these two types of fluorinated polymers/Pd nanocomposites in
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Scheme 2-4 recovered quantitatively by simple centrifugal separation, and could be reused.

The catalytic activity of the recovered PFSm-b-PEGPG-b-PFSm/Pd nanocomposite (Run 21 in

Table 2-5) did decrease gradually after five uses, although the decrement is not so significant

as with the other nanocomposites (see Run 20 in Table 2-5). However,

Re-(AMPS),-(Ad-HAc),-Rr/Pd nanocomposites were found to decrease their catalytic activity

after five uses (see Run 20 in Table 2-5). These findings suggest that immobilized palladium

nanoparticles on Rg-(AMPS),-(Ad-HAc),-Rr cooligomeric nanocomposite cores are likely to

have a releasing characteristic into reaction media during the reuse conditions, compared with

immobilized palladium nanoparticles inside PFSm-b-PEGPG-b-PFSm copolymeric aggregate

cores.
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2.4. Conclusion

Fluoroalkyl end-capped betaine-type cooligomeric nanocomposites-immobilized

palladium nanoparticles have been succeeded in preparing by the reactions of palladium

chloride with sodium acetate in the presence of the corresponding fluorinated cooligomers.

Outer blocks of poly(2,3.4,5,6-pentafluorostyrene)-containing copolymeric

nanocomposites-immobilized palladium nanoparticles were also prepared under similar

conditions. Controlled immobilization of palladium nanoparticles in these different fluorinated

nanocomposite cores was observed, and palladium nanoparticles were immobilized onto

fluorinated betaine-type cooligomeric nanocomposite cores; in contrast, palladium

nanoparticles were effectively immobilized inside outer blocks of

poly(2,3,4,5,6-pentafluorostyrene)-containing copolymeric nanocomposite cores. These

fluorinated nanocomposites-immobilized palladium nanoparticles were applied to the catalysts

for Suzuki-Miyaura cross-coupling reaction. Fluorinated betaine-type cooligomeric

nanocomposites-immobilized palladium nanoparticles were able to afford the expected

product in a higher yield; however, its catalytic activity was found to decrease after five uses.

On the other hand, outer blocks of poly(2,3,4,5,6-pentafluorostyrene)-containing copolymeric

nanocomposites were able to keep a higher catalytic activity even after five uses.
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CHAPTER 3

Coloring-Decoloring Behavior of Fluoroalkyl End-Capped
2-Acrylamido-2-methylpropanesulfonic Acid Oligomer/Acetone Composite

in Methanol



3.1. Introduction

There has been great interest in block copolymers containing long perfluoroalkyl groups,
which can self-assemble into polymeric aggregates resembling micelles in aqueous and
organic media. ' ~ 2 ABA triblock fluoroalkyl end-capped oligomers [Rg-(M),-Rp; Ry =
fluoroalkyl groups; M = radical polymerizable monomer] are particularly attractive functional
polymers, because they are very soluble, surface and biologically active, and they can form
nanoscale controlled molecular aggregates. The corresponding non-fluorinated, randomly or
block fluoroalkylated polymers, and low molecular weight fluorinated surfactants do not

B =18 por example, fluoroalkyl end-capped 2-acrylamido-2-

exhibit these properties.
methylpropane-sulfonic acid (AMPS) co-oligomers containing adamantyl segments can form
size-controlled nanoparticles in a wide variety of solvents, including water. The fluorinated
co-oligomeric nanoparticles exhibit the low critical solution temperature (LCST) of around
52 °C, because of the oleophobic-oleophobic (fluorophilic-fluorophilic) interaction between
end-capped fluoroalkyl segments in organic media, such as t-butyl alcohol. ) These
fluorinated co-oligomeric nanoparticles have been used to encapsulate a variety of metal

nanoparticles to afford stable colloidal fluorinated nanocomposites. ° ~ *? Therefore, it is

particularly desirable to develop fluoroalkyl end-capped AMPS co-oligomeric nanoparticles
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for encapsulating organic guest molecules. In general, fluoroalkyl end-capped
AMPS-1-hydroxy-5-adamantyl acrylate (Ad-HAc) coligomers [Rp-(AMPS),-(Ad-HAc),-R¢]
obtained by using fluoroalkanoyl peroxide [Rp-C(=0)OO(0O=)C-Rg; Rr = fluoroalkyl group]
can be purified by reprecipitation with ethanol/acetone. ** The fluorinated
Rp-(AMPS),-(Ad-HAc),-Rr co-oligomers with lower co-oligomerization ratios of x = 11 ~
44 % were isolated as white powders. > However, the fluorinated co-oligomers with higher
co-oligomerization ratios of x = 58 ~ 81 % were isolated as reddish-brown powders through
the same reprecipitation technique. This chapter demonstrates that the coloring behavior is
caused by the formation of the corresponding oligomer/acetone composites, especially the

formation of acetone aldol polycondensation products in the fluorinated oligomeric cores.
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3.2. Experimental

3.2.1 Measurements

Fourier-transform infrared (FT-IR) spectra were measured with a FT-IR
spectrophotometer (FTIR-8400, Shimadzu, Japan). '"H NMR spectra were recorded using a
500 MHz FT NMR spectrometer (JNM-ECA 500, JEOL, Japan). Ultraviolet-visible (UV—vis)
spectra were carried out using a UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan). UV
irradiation was performed by using a UV lamp (SLUV-6, AS ONE, Japan). The pH

measurement was performed by using a pH meter (PH-02, AS ONE, Japan).

3.2.2. Materials

AMPS, acetone, sulfuric acid (H,SOs), and nitric acid (HNOj;) were purchased from Wako
Pure Chemical Industries; 1-hydroxy-5-adamantyl acrylate (Ad-HAc) was used as received
from Idemitsu Kosan Co., Ltd; 2-(methacryloyloxy)ethanesulfonic acid (MES) was purchased
from Polysciences Inc., and phosphoric acid (H3;PO4) was purchased from Kishida Chemical

Co., Ltd. The Rp-(AMPS),-Rr homo-oligomer and fluoroalkyl end-capped MES
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homo-oligomer [Rp-(CH,CMeCO,CH,CH,SOsH),-Rg; Re = CF(CF3)OC;F7: Rp-(MES),-Rg]
were prepared by reacting fluoroalkanoyl peroxide with the corresponding monomers
according to the previously reported method. ** %>

In the case of Rp-(AMPS),-Rr homo-oligomer, this homooligomer was obtained as a white
powder by reprecipitation with water-tetrahydrofuran, and was dried under vacuum at 50 °C

for 2 days. *¥

3.2.3. Synthesis of fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid

co-oligomer containing adamantyl segments

Perfluoro-2-methyl-3-oxahexanoyl peroxide (3.06 mmol: 2.0 g) in AK-225"%
(CLL,CHCF,CF;5/CCIF,CF,CHCIF, 1 : 1; 25 g) was added to an aqueous solution (50 %, w/w)
of AMPS (2.78 mmol: 5.8 g), Ad-HAc (13.9 mmol: 3.1 g), and AK-225 (200 g). The
heterogeneous mixture was stirred at 45 °C for 5 h under nitrogen. The solvent was removed
and the product was reprecipitated from  ethanol-acetone to give an
o, w-bis(perfluoro-1-methyl-2-oxapentylated) AMPS-Ad-HAc co-oligomer
[Rr-(AMPS),-(Ad-HAc),-Rr; Rr = CF(CF3)OCsF7; x : y = 11 : 89]. The product was dried

under vaccum at 50 °C for 2 days to give a white powder [2.7 g (yield: 50 %)]. The yield was
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based on the decarboxylated Rg-Rr units in peroxide, Ad-HAc and AMPS.

IR (v/em™) 3382 (OH, NH), 2920 (CH), 1731 (CO), 1654 (CONH), 1307 (CF3), 1242 (CF»);
'H NMR (CD;OD) § 1.10-1.85 (CH, CH,, CHj), 1.85-2.15 (CH,), 2.15-2.45 (CH). The

co-oligomerization ratio was determined by 'H NMR asx : y =11 : 89.

The other fluorinated co-oligomers were synthesized and characterized using the same method.
The molecular weights of the co-oligomers could not be determined by gel permeation
chromatography because of the formation of nanoparticles.

Re-(AMPS),~(Ad-HAc),-Rr, Ry = CF(CF3)OC;F7: IR (v/iem™) 3355 (OH, NH), 2923 (CH),
1731 (CO), 1654 (CONH), 1303 (CF5), 1234 (CF,); '"H NMR (CD;0D) § 1.00-1.80 (CH, CH,,
CH3), 1.80-2.20 (CH»), 2.20-2.40 (CH) [x : y =26 : 74].

Re-(AMPS),~(Ad-HAc),-Rr, Ry = CF(CF3)OC;3F7: IR (v/iem™) 3361 (OH, NH), 2923 (CH),
1732 (CO), 1653 (CONH), 1305 (CF3), 1245 (CF,); 1H NMR (CD;OD) 6 0.80-1.80 (CH,
CH», CH3), 1.80-2.15 (CH,), 2.15-2.30 (CH) [x : y = 44 : 56].

Re-(AMPS),~(Ad-HAc),-Rr, Ry = CF(CF3)OC;F7: IR (v/iem™) 3363 (OH, NH), 2921 (CH),
1732 (CO), 1653 (CONH), 1306 (CF3), 1244 (CF,); 1H NMR (CDs;OD) ¢ 1.14-1.86 (CH,

CH,, CHs), 1.86-2.20 (CH,), 2.20-2.42 (CH) [x : y = 58 : 42].
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Rp-(AMPS),~(Ad-HAc),-Ry, Ry = CF(CF3)OC;F7: IR (v/em™) 3370 (OH, NH), 2920 (CH),
1730 (CO), 1654 (CONH), 1308 (CFs), 1250 (CF,); 1H NMR (CD;OD) & 1.15-1.83 (CH,
CH,, CH;), 1.83-2.16 (CH,), 2.16-2.40 (CH) [x : y = 79 : 21].

Rp-(AMPS),~(Ad-HAc),-Ry, Ry = CF(CF3)OC;F7: IR (v/em™) 3360 (OH, NH), 2923 (CH),
1732 (CO), 1650 (CONH), 1302 (CF;), 1243 (CF,); 1H NMR (CD;0D) & 1.10-1.84 (CH,

CH,, CHs), 1.84-2.16 (CH>), 2.16-2.40 (CH) [x : y = 81 : 19].

3.2.4. Coloring-decoloring behavior of Rg-(AMPS).-(Ad-HAc),~-Rr co-oligomers in

methanol

The reddish-brown Rg-(AMPS),-(Ad-HAc),-Rr [x : y =79 : 21] co-oligomer (300 mg) was
dissolved in methanol (10 mL) and stirred at room temperature for 30 min to give a clear
reddishbrown solution. The solution was kept at room temperature for 1 day. The solvent was
evaporated under reduced pressure, and the crude product was dried at 50 °C for 12 h under
vacuum to afford a pale yellow Rg-(AMPS),-(Ad-HAc),-Rr powder. Acetone (5 mL) was
added to the Rg-(AMPS),-(Ad-HAc),-Rr powder (100 mg), and the mixture was heated at
70 °C for 3 h. The product was dried in vacuo at 50 °C for 12 h to afford a reddish-brown

Re-(AMPS),-(Ad-HAc),-Rr powder (98 mg).
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The fluoroalkyl end-capped AMPS homo-oligomer [Rg-(AMPS),-Rp; Rp =

CF(CF3)OC;F7]/acetone composites, nonfluorinated AMPS homo-oligomer

[-(AMPS),-]/acetone composite, H,SOu./acetone composite, fluoroalkyl end-capped MES

homo-oligomer [Rg-(MES),-Rr]/acetone composite, HNOs/acetone composite, and

H3;POg/acetone composite were prepared under similar conditions.

3.2.5. Changes in the UV-vis spectra of the Rg-(AMPS),-Ry/acetone composite in

methanol

A solution of the Rg-(AMPS),-Rp/acetone composite (16 mg) in MeOH (4 mL) was stirred in

the dark at 25 °C for 10 min. The UV-vis spectra of the solutions were measured at various

times in the dark, in natural light, and under UV (Apax = 365 nm) irradiation at 25 °C.
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3.3. Results and discussion

3.3.1. Coloring-decoloring behavior of fluoroalkyl end-capped

2-acrylamido-2-methylpropanesulfonic acid co-oligomer containing adamantyl segments

Fluoroalkyl end-capped AMPS - Ad-HAc co-oligomers [Rp-(AMPS),-(Ad-HAc),-Rf; Rp =

CF(CF3)OCsF7] with a variety of co-oligomerization ratios (x : y) were prepared from

fluoroalkanoyl peroxide, AMPS, and Ad-HAc, according to the previously reported method

(Scheme 3-1, Table 3-1, Fig. 3-1).%

CH,=CH CHo=CH
Il I + X + y
Re-COOC-Rg , [ )
Rg = CF(CF3)OC,F; Hy |
CHs
[AMPS]

[Ad-HAc]

Re-(CHo-CH),-(CH,-CH),-Re

45°C/5 h o=é_ @\
© OH
under N, CH,
+ -
O=C—”—C‘)—CH2803
? CHs

[Re-(AMPS),~(Ad-HAc),-Rel

Scheme 3-1
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Table 3-1 Preparation of fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid co-oligomers
containing adamantane units

Rg in Peroxide AMPS Ad-HAc Product Cooligomerization ratio
Run yieldsa)
(mmol) (mmol) (mmol) (%) (x:yP

Rg = CF(CF3)OC,F;

1 3.06 2.78 13.9 50 11:89
2 2.94 5.56 13.9 50 26:74
3 2.81 10.8 13.5 57 44 :56
4 5.95 23.8 29.8 42 58 :42
5 5.95 29.8 11.9 38 79 : 21
6 5.95 35.7 6.00 56 81:19

a)Yields were based on the decarboxylated Re-Rg units in peroxide, Ad-HAc and comonomer.
b)Cooligomerization ratio (x : y) was determined by 'H NMR.

Wy
— S J““*’/ﬂm |

6 5 4

5/ ppm

Fig. 3-1 "H NMR spectrum of Re-(AMPS) ~(Ad-HAc) -Rg cooligomer (Run 1 in Table 3-1) in CD30D.
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Fig. 3-2 Photographs of Rg-(AMPS),-(Ad-HAc),-Rr cooligomeric powders, isolated by reprecipitation.
*The run numbers correspond to those in Table 3-1.

Each Rg-(AMPS),-(Ad-HAc),-Rr co-oligomer in Scheme 3-1 and Table 3-1 was purified

by reprecipitation with ethanol/acetone. The Rp-(AMPS),-(Ad-HAc),-Rf co-oligomers with

lower co-oligomerization ratios (x = 11 ~ 44 %, Runs 1 ~ 3 in Table 3-1) were isolated as

white powders after they were purified and dried (Fig. 3-2). However, the fluorinated

co-oligomers with higher co-oligomerization ratios (x = 58 ~ 81 %, Runs 4 ~ 6 in Table 3-1)

were isolated as reddish-brown powders. The UV-vis spectra of Rg-(AMPS),-(Ad-HAc),-Rr

co-oligomers (Runs 1 ~ 6 in Fig. 3-2) in methanol are shown in Fig. 3-3.
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Fig. 3-3 UV-vis spectra of methanol solutions of Rg-(AMPS),-(Ad-HAc),-Rg co-oligomer.
The concentration of the co-oligomers was 1.0 gdm.
*Each run correspond to the runs in Table 3-1.

The Rr-(AMPS),-(Ad-HAc),-Rr co-oligomers with lower co-oligomerization ratios for the

AMPS units (x = 11 ~ 44 %, Runs 1 ~ 3 in Fig. 3-2) did not show any absorption peaks at 370

to 600 nm. However, clear absorption peaks at 430 to 490 nm (Runs 4 ~ 6 in Fig. 3-3) were

observed for Rg-(AMPS),-(Ad-HAc),-Rr co-oligomers with higher AMPS co-oligomerization

ratios (x = 58 ~ 81 %, Runs 4 ~ 6 in Fig. 3-2).
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Fig. 3-4 Photographs of Rg-(AMPS),-(Ad-HAc),-Rr co-oligomeric powders (x :y =79 : 21, Run 5 in Table 3-1) and
methanol solutions.

The reddish-brown Rg-(AMPS),-(Ad-HAc),-Rr co-oligomeric powders (x : y = 79 : 21,
Run 5 in Table 3-2) in Fig. 3-4(A) were very soluble in methanol to give a reddish-brown
solution [Fig. 3-4(B)]. However, after the solution was kept at room temperature for 1 day, the
reddish-brown solution turned colorless [Fig. 3-4(C)]. The solvent was removed under reduced
pressure and the oligomeric powder was pale yellow [Fig. 3-4(D)]. When acetone was added
to the pale yellow fluorinated oligomeric powders, and the mixture was heated at 70 °C for 3 h,

it turned reddish-brown [Fig. 3-4(E)]. When the colored fluorinated oligomeric powders were
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dissolved in methanol, the solution changed from reddish-brown [Fig. 3-4(F)] to colorless [Fig.

3-4(G)] after 1 day at room temperature. The coloring-decoloring behavior was repeatable. Fig.

3-5 shows the UV-vis spectra corresponding to the coloring-decoloring behavior in Fig. 3-4.

1.2
11t
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320 370 420 470 520 570 620 670 720 770 820
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Fig. 3-5 UV-vis spectra of methanol solutions of Rg-(AMPS),-(Ad-HAc),-Rg co-oligomer (Run 5, Table 3-1).
The spectra B, C, G, and F correspond to the solutions in Fig. 3-4(B, C ,G ,F). The concentration of
the co-oligomers was 5.0 gdm.

The absorption peaks related to the color in Fig. 3-4(B, F) were present at 437 and 490 nm,
respectively [Fig. 3-5(B, F)]. However, the peaks disappeared when the solution became
colorless [Fig. 3-5(C, G)]. This suggests that the color arises from the aborption peaks at 427 ~
490 nm. The color of the Rp-(AMPS).-(Ad-HAc),-Rr co-oligomers with higher AMPS

cooligomerization ratios (x = 58 ~ 81 %, Runs 4 ~ 6 in Fig. 3-2) may be caused by the
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interaction of the AMPS units with acetone. Thus, the interaction of the Rg-(AMPS),-R¢

homo-oligomer with no adamantyl segments with acetone was examined under the same

conditions.

3.3.2. Preparation and property of fluoroalkyl end-capped

2-acrylamido-2-methylpropanesulfonic acid homo-oligomer/acetone composite

Rr-(AMPS),-Rr/acetone composites were prepared by treating mixtures of fluorinated

homo-oligomer and acetone at 80 °C for 3 h (Table 3-2). The fluorinated acetone composites

corresponding to Runs 11 ~ 15 were isolated as reddish-brown powders, and the other

composites were isolated as pale yellow powders. The UV-vis spectra of each

Re-(AMPS),-Rr/acetone composite was measured (Table 3-2, Fig. 3-6).

Table 3-2 Preparation of Re-(AMPS),-Rg /acetone composites

Run Re-(AMPS) -Rr Acetone MeOH Temperature  Time P;?Sggt
(mg) (mL) (mL) (°C) (h) (mg)

7 100 0.05 1 80 3 91
8 0.1 o1
9 0.5 90
10 1 93
11 5 86
12 10 97
13 20 %
14 30 o
15 50 %
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Fig. 3-6 UV-vis spectra of methanol solutions of Rg-(AMPS),-Rg/acetone composites. The run number
correspond to those in Table 3-2. The concentration of composites was 1.0 gdm.

Fig. 3-6 shows that the colored fluorinated composites had absorption peaks around 428
and 490 nm (Runs 11 ~ 15); however, these absorption peaks decreased dramatically in the
pale yellow composites (Runs 7 ~ 10). The absorbances at 428 and 490 nm in the colored
composites increased with the amount of acetone used (0.05 ~ 30 mL), and the highest
aborbance was observed for 30 mL of acetone. Previously, Rp-(AMPS),-Rr homo-oligomer
was reported to form gels in methanol through the synergy between the aggregation of the
end-capped fluoroalkyl groups and the ionic interaction of the sulfobetaine segments. '’ '%-2%

Thus, the acetone should be encapsulated in the Rg-(AMPS),-Rr homo-oligomeric gel network

cores as a guest molecule, and produces the coloring-decoloring behavior.
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The coloring-decoloring behavior was investigated by studying the interaction of acetone

with the Rp-(AMPS),-Rr homo-oligomer, the corresponding non-fluorinated AMPS

homooligomer [-(AMPS),-], and with other fluoroalkyl end-capped homo-oligomers, such as

the fluoroalkyl end-capped MES homo-oligomer [Rg-(MES),-Rr]. The interaction of acetone

with traditional sulfuric, nitric, and phosphoric acid aldol condensation catalysts was also

examined under similar conditions (Table 3-3, Fig. 3-7).

Table 3-3 Reaction of acetone with the -(AMPS) ;- homo-oligomer, Rg-(MES),-Rr homo-oligomer, sulfuric acid,
nitric acid and phosphoric acid

Run Oligomer or Acid Acetone MeOH Temperature  Time lsy?é?ctjid
(mL) (mL) (°C) (h) (mg)

16 -(AMPS),- 100 mg 5 1 80 3 97

17 Rg-(MES),-Rg 100 mg 5 1 80 3 83

18 H,SO, (97 %)2 48.5 mg [0.48 mmol] 5 1 80 3 82

19 HNO; (60 %)3 50.4 mg [0.48 mmol] 5 1 80 3 Not isolated
20 H3PO, (85 %)2 55.3 mg [0.48 mmol] 5 1 80 3 Not isolated
119 Re-(AMPS),-Re 100 mg 5 1 80 3 08

a)Concentration of used acids.
b)See Run 11 in Table 3-2.

-(AMPS) -/acetone Rg-(MES),-Rr/acetone  H,SOy/acetone 5 Rg-(AMPS) -Re/acetone

composites (Run 16)* composites (Run 17)* composites (Run 18)* composites (Run 11)*
[White colored [Dark-brown colored : -  [Redissh-brown colored
powders] powders] [Viscous liquid] powders]

Fig. 3-7 Photographs of (A)-(AMPS),-, (B)Rg-(MES),-RE, (C)sulfuric acid, and (D)Rg-(AMPS),-Rg/acetone composites.
*The run numbers correspond to those in Table 3-2.
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The non-fluorinated -(AMPS),- homo-oligomer did not undergo a color change [Fig.
3-7(A)], indicating that the -(AMPS),- homooligomer did not form a gel network that
encapsulated acetone as a guest molecule in the network cores. In contrast, the Rg-(MES),-Rg
homo-oligomer turned dark brown [Fig. 3-7(B)], similar to the Rgp-(AMPS),-Rg
homo-oligomer [Fig. 3-7(D)]. This suggests that the Rg-(MES),-Rr homoligomer formed
self-assembled molecular aggregates, and the aggregations of the end-capped fluoroalkyl
groups in methanol interacted with acetone as a guest molecule ' '™ to give the dark-brown
Re-(MES),-Rg/acetone composite powder under the conditions for Run 17 in Table 3-3. The
UV-vis spectra of the Rg-(MES),-Rr/acetone composite in methanol (Fig. 3-8) contained
absorption peaks similar to those of the Rp-(AMPS),-Rp/acetone composite (Fig. 3-9).
However, the Rp-(MES),-Rr/acetone composite also showed an absorption peak at 604 nm as

well as peaks at 428 and 490 nm (Fig. 3-8).
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Fig. 3-8 UV-vis spectra of methanol solutions of the Rg-(MES) -Rg/acetone composites (Run 17 in
Table 3-3; 1.0 and 0.2 gdm-3), the Re-(MES),-Rg homo-oligomer (5.0 gdm-3), and acetone

(1.4 x 10-5mM).
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Fig. 3-9 UV-vis spectra of methanol solutions of the Rg-(AMPS) -Rg/acetone composites (Run 11 in
Table 3-2; 4.0 and 1.0 gdm3), the Rg-(AMPS),-Rr homo-oligomer (5.0 gdm-3), and acetone

(1.4 x 105 mM).
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Nitric acid and phosphoric acid did not react with acetone to produce a color change

(Table 3-3); however, sulfuric acid did react with acetone to afford a dark brown viscous

liquid [Fig. 3-7(C)]. The UV-vis spectra of the dark brown product in methanol showed an

absorption peak at 428 nm, which was different from those of the Rg-(AMPS),-Rg/acetone and

Re-(MES),-Rg/acetone composites. This suggests that the color depends on the acidity of these

catalysts. Thus, the pH values of the catalyts, the Rg-(AMPS),-Rr homo-oligomer, the

Re-(MES),-Rr homo-oligomer, and the -(AMPS),- homo-oligomer were measured at 25 °C as

followings:

H,SO,  HNO;  Rg(MES) R HsPO,  Re(AMPS),Re -(AMPS),-

2.282) 2.482) 2.769 2.813) 2.86b) 3.210)

aConcentration of acid catalyst: 4.8 mmoldm-3.
b)Concentration of oligomer based on monomer unit: 4.8 mmoldm-S.

The acidity of HNOs, H3PO4, and -(AMPS),- was lower that that of H,SO,, which suggests
that they cannot interact with acetone and produce the color. The acidity of the Rp-(MES),-Rg
and Rp-(AMPS),-Rr homo-oligomers was also lower than that of H,SO., although these
fluorinated oligomers were colored. This suggests that acetone is likely to interact with the
sulfo groups (-SO3H) in the fluorinated oligomeric aggregate cores and sulfobetaine segments
(-NH(C=0)CMe,CH,SO;H) in the gel network cores, to produce the color.

The polyaldol condensations of phenylacetaldehyde, acetaldehyde, and acetone have been

investigated. *° ~*> The polyaldol condensation of phenylacetaldehyde catalyzed by sulfuric
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acid in dioxane leads to the formation of polyphenylacetylene. > The aldol condensation of
acetaldehyde catalyzed by silica supported ziriconium oxide selectively produces
crotonaldehyde. *® Transition metal alkyls are useful catalysts for the preparation of
poly(acetaldehyde) through the acetaldehyde polyaldol condensation. >” The acetone polyaldol
condensation catalyzed by acidic molecular sieves at 21 ~ 115 °C gives the diacetone alcohol
(acetone dimer), mesityl oxide (acetone dimer), phorone (acetone trimer), and isophorone
(acetone trimer), which have absorption peaks around 200 ~ 385 nm. *” It has been reported
that acetone reacts with sulfuric acid to give mesityl oxide (Amax = 284 nm) and phorone (Amax
= 339 nm). > In contrast, the reaction of acetone with sulfuric acid at 25 °C for 120 h or
150 °C for 18 h formed acetone polyaldol condensation products, such as mesityl oxide,
phorone, acetone tetramers, acetone pentamers, and acetone hexamers. ) The acetone
tetramers, pentamers, and hexamers have absorption peaks (Amax) at 335, 360 ~ 380, and 441

nm, respectively (Scheme 3-2).”
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Scheme 3-2 Proposed structures of the acetone tetramer, pentamer, hexamer, and heptamer polyaldol condensation products. 35

Sodium hydroxide is required to neutralize the free sulfuric acid during the isolation of the
acetone polyaldol condensation products.*> The absorption peak at Amax = 428 nm in the dark
brown product derived from the acetone/sulfuric acid composite in Fig. 3-10 may arise from

the formation of acetone hexamers.
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Fig. 3-10 UV-vis spectra of methanol solutions of the H,SO,/acetone composites (Run 18 in
Table 3-3; 1.0 and 0.1 gdm™3), and acetone (1.4 x 105 mM).

Fig. 3-9 shows the Rg-(AMPS),-Rp/acetone composite absorption peaks around 428 nm
and 490 nm, indicating that the acetone polyaldol condensations proceeded more effectively in
the Rp-(AMPS),-Rr homo-oligomeric gel network cores, compared with the usual acetone
polyaldol condensations by sulfuric acid, and also produce acetone heptamers (Amax = 490 nm).
Cataldo reported that the absorption peak of acetone heptmers is around 467 nm (Scheme 3-2).
35)

The Rp-(MES),-Rr homo-oligomer is more acidic than the Rg-(AMPS),-Rg
homo-oligomer. Thus, in the Rg-(MES),-Rr homooligomer, the acetone should interact more

effectively with the sulfo groups in the fluorinated oligomeric aggregate cores, compared with
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the Rp-(AMPS),-Rr homo-oligomeric gel network cores. This interaction should produce an

additional red-shifted absorption peak at 486 nm, from the formation of further

polycondensation products (Fig. 3-9).

3.3.3. Decoloring behavior of fluoroalkyl end-capped 2-acrylamido-2-methylpropane-

sulfonic acid homo-oligomer/acetone composite in methanol

Dissolving the reddish-brown Rp-(AMPS),-(Ad-HAc),-Rr/acetone composite powders in

methanol produced a colorless solution. Figs. 3-11 ~ 3-13 show the changes in the UV-vis

spectrum of the Rg-(AMPS),-Rr /acetone composite (Run 11, Table 3-2) in methanol solution

at room temperature, when the solution was kept in the dark, in natural light, and under UV

irradiation (Amax = 365 nm).
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Fig. 3-11 Change in UV-vis spectra of methanol solutions of Rg-(AMPS) -Rg/acetone composite
(Run 11 in Table 3-2; 4.0 gdm3) in the dark at 25 °C.
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Fig. 3-12 Change in UV-vis spectra of methanol solutions of Rg-(AMPS),-Re/acetone composite
(Run 11 in Table 3-2; 4.0 gdm3) in natural light at 25 °C.
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Fig. 3-13 Change in UV-vis spectra of methanol solutions of Rg-(AMPS),-Rg/acetone composite
(Run 11 in Table 3-2; 4.0 gdm-3) under UV irradiation at 25 °C.

The colored Rp-(AMPS),-Rr/acetone composite powders were very stable and did not
change color at room temperature in natural light after 2 years. However, the absorption peaks
at 428 and 490 nm in the Rp-(AMPS),-Rp/acetone composite methanol solutions decreased
over time in the dark at 25 °C (Fig. 3-11). A faster decrease in the absorption peaks was
observed in the light, and the fastest decrease was observed under UV irradiation (Figs. 3-12
and 3-13). The first-order rate constants (k) for the decrease in the absorbances at 428 and 490

nm at 25 °C were determined using these absorption peaks as following:
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k (at 428 nm) (h'") k (at 490 nm) (")

Dark 1.09 x 102 2.21x 102
Natural light 2.30x 1072 4.35x 1072
UV irradiation® 7.66 x 101 8.29 x 101

a)Rate constants based on a function of time from 0 to 3 h.

The decrease followed a first-order equation, and the rate constants increased from 1.09 x
107 (428 nm) and 2.21 x 107 (490 nm) in the dark to 7.66 x 10" (428 nm) and 8.29 x 10’
(490 nm) under UV irradiation. The fastest decolorization was about 70-fold faster for the
absorption peak at 428 nm and about 38-fold faster at 490 nm for the measurements under UV
irradiation compared with the dark. This suggests that the acetone retro-aldol

polycondensation proceeded faster under UV irradiation (Scheme 3-3).

O-H O-H O-H

L S Sop, o= 8
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[phorone -H* | | H*/acetone
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*For the formation of these oligomers: see Ref. 16

Scheme 3-3 Proposed mechanism for the acid-catalysed acetone aldol and retoro-aldol polycondensation.
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In this retro-aldol polycondensation, acetone is formed as the final product. The acetone
absorption peak at 270 nm increased (Fig. 3-9) with the increase in rate constant (k = 1.09 x
10" ") for the Rp-(AMPS),-Rg/acetone composite methanol solution (1.0 gdm™, Run 11,
Table 3-2) under UV irradiation at 25 °C.

The Re-(AMPS),-Rr and Rg-(MES),-Rr homo-oligomers probably contain trace amounts
of water, because they possess sulfobetaine segments and sulfo groups in their fluorinated
oligomers, respectively. This means that the acid-catalyzed retro-aldol polycondensation,
where the carbonium ion undergoes nucleophilic attack by water, should proceed smoothly in

the fluorinated oligomeric aggregates cores (Scheme 3-4).

g |
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? HC|; oligomer)/MeOH (I)-H |
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polycondensation products

Sheme 3-4 Proposed mechanism for the retro-aldol polycondensation of acetone under acidic conditions.
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Acid catalyzed polyaldol condensations have been thoroughly investigated. 2° ~ 2% 3! 3%

However, the polycondensation products are usually isolated after the free acid catalysts are
neutralized. Thus, the retro-aldol condensation has not been extensively studied except for the
amino acids such as glycine-catalyzed retroaldol condensation of o,B-unsaturated aldehydes. **
3D Thus, this is the first example of the retro-aldol polycondensation of acetone under very

mild conditions.
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3.4. Conclusion

A reddish-brown fluoroalkyl end-capped AMPS homooligomer [Rg-(AMPS),-Rg]/acetone

composite was prepared by heating a mixture of the corresponding white oligomer with

acetone at 80 °C for 3 h. The color was not observed in the corresponding non-fluorinated

AMPS oligomer/acetone composite, which was prepared under similar conditions. The color

may arise from acetone encapsulated in the fluorinated oligomeric gel network cores forming

acetone polyaldol condensation products. The colored Rp-(AMPS),-Rg/acetone composite was

very stable, and did not change color after 2 years in natural light at room temperature. The

colored composite was very soluble in methanol and decolored over 1 day at room temperature

because of the retropolyaldol condensation. The rate of the retro-polyaldol condensation

increased between 38- and 70-fold under UV irradiation, compared with the reaction in the

dark. The coloring—decoloring was repeatable; therefore the fluorinated oligomer/acetone

composites are promising candidates for new fluorinated coloring materials.
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CHAPTER 4

Homoaldol Condensation of Aromatic Ketones in
Fluoroalkyl End-Capped 2-Acrylamido-2-methylpropanesulfonic Acid

Oligomeric Gel Network Cores



4.1. Introduction

Organofluorine compounds possessing longer fluoroalkyl groups are attractive materials
due to a variety of unique properties such as surface active properties, and excellent thermal
and chemical stability that set them apart from the corresponding non-fluorinated materials. '~
) Especially, fluoroalkyl end-capped oligomers are attractive functional materials because
they exhibit a variety of unique properties such as high solubility, surface active properties,
biological activities, and nanometer size-controlled self-assembled molecular aggregates
which cannot be achived by the corresponding non-fluorinated and randomly fluoroalkylated

ones. 2 ~ %

In these fluoroalkyl end-capped oligomers, fluoroalkyl end-capped
2-acrylamido-2-metylpropanesulfonic acid oligomer [Rp-(AMPS),-R] can form the gel under
non-crosslinking conditions through the synergistic interaction between the aggregation of
terminal fluoroalkyl segments and the ionic interaction of sulfobetain-type segments in

oligomer. % 3V

Fluoroalkyl end-capped 2-acrylamido-2-metylpropanesulfonic acid
cooligomers containing adamantyl segments were also prepared by reaction of fluoroalkanoyl
peroxide with 2-acrylamido-2-metylpropanesulfonic acid (AMPS) and

3-hydoroxy-1-adamantyl acrylate (Ad-HAc).** 33) These obtained fluorinated AMPS—Ad-HAc

cooligomers can form the nanometer size-controlled fine particles not only in water but also in
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a large variety of traditionally organic solvents. *>

Fluoroalkyl end-capped
2-acrylamido-2-methylpropanesulfonic acid cooligomeric nanoparticles containing adamantyl
segments were able to interact with a variety of metal particles such as magnetic nanoparticles,
3 gold nanoparticles*> and palladium nanoparticles** to give the colloidal stable fluorinated
sulfobetaine-type cooligomeric nanocomposites-encapsulated such metal nanoparticles.
Therefore, it is particularly desirable to develop fluoroalkyl end-capped AMPS oligomeric
nanoparticles for encapsulating not only metal nanoparticles but also organic guest molecules.
In fact, the encapsulation of acetone in fluoroalkyl end-capped AMPS oligomeric aggregate
cores was observed to give the reddish-brown fluorinated AMPS oligomer
[Re-(AMPS),-R¢]/acetone composite. >” It has been demonstrated that the color can arise from
acetone encapsulated in the fluorinated AMPS oligomeric gel network cores forming acetone
polyaldol condensation products.” In addition, the retro-polyaldol condensation of acetone
was also found to decolor the solution after 1 day at room temperature. °*” This chapter
demonstrates that Rg-(AMPS),-Rr oligomer can interact with not only acetone but also
aromatic ketones such as 4'-methoxyacetophnone to give the homoaldol condensation product

under mild conditions, although the corresponding non-fluorinated AMPS oligomer and

sulfuric acid cannot afford the corresponding products at all under similar conditions.
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4.2. Experimental

4.2.1 Measurements

'"H NMR spectra were recorded using a JEOL JNM-ECA 500 (500 MHz) FT NMR
SYSTEM (Tokyo, Japan). Ultraviolet—visible (UV-vis.) spectra were carried out using a
Shimadzu UV-1800 UV-vis. spectrophotometer (Kyoto, Japan). UV irradiation was
performed by using a UV lamp (SLUV-6, AS ONE, Japan). The pH measurement was
performed by using a pH meter (PH-02, AS ONE, Japan). GC-MS spectra were obtained with
a Hewlett PACARD 5890 GC/5972 MSD or a JEOL JMS AX-505H spectrometer equipped
with a JEOL JMA 5000 mass data system using an electron-impact ionization technique at 70

eV.

4.2.2. Materials

4'-Methoxyacetophenone ~ (MAP), acetophenone (AP), 4-acetylbiphenyl (ABP),
2-acetyl-6-methoxynaphthalene (AMN) were purchased from Tokyo Chemical Indusrty Co.,

Ltd. (Tokyo, Japan). AMPS monomer was received from Wako Pure Chemical Industries, Ltd.
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(Osaka, Japan). The Rg-(AMPS),-Rr oligomer was prepared by reacting fluoroalkanoyl
peroxide with the corresponding monomer according to the previously reported method. ** 3"
The Rg-(AMPS),-Rr oligomer was obtained as a white powder by reprecipitation with
water-tetrahydrofuran, and was dried under vacuum at 50 °C for 2 days.***" The molecular

weight of this oligomer cannot be determined due to the gelling characteristic.>*>"

4.2.3. Preparation of Rg-(AMPS),-Ry/MAP composite

4'-Methoxyacetophenone (MAP: 11 mmol) was directly added to the methanol solution
(22 mL) of fluoroalkyl end-capped 2-acrylamido-2-metylpropanesulfonic acid oligomer
[Re-(AMPS),-Rg; Rp = CF(CF3)OC;F7; (2.21 g)], and the mixture was heated at 80 °C for 3 h
under the air. The obtained product was dried in vacuo at room temperature for 12 h to give
Re-(AMPS),-Re/MAP composite powders (3.49 g).

Non-fluorinated 2-acrylamido-2-metylpropanesulfonic acid oligomer [-(AMPS),-]//MAP

composite and H,SO4/MAP composite were also prepared under similar conditions.

4.2.4. Extraction of homoaldol conadensation product of MAP from

Rp-(AMPS),-Ry/MAP composite
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A solution of Rg-(AMPS),-Re/MAP composite (3.49 g) in MeOH (240 mL) was added to

1,2-dichloroethane (480 mL) and water (600 mL), and then stirring with a magnetic stirring

bar. After the mixture was stirred at room temperature for 10 min, the organic layer was

concentrated in vacuum to give the expected product in 0.54 g isolated yield.
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4.3. Results and discussion

4.3.1. Preparation of Rg-(AMPS),-Ri/MAP composites and characterization of

homoaldol product of MAP

Fluoroalkyl end-capped AMPS oligomer [Rg-(AMPS),-Rr; Rp = CF(CF;3)OCsF7]

interacted with 4'-methoxyacetophenone (MAP) at 80 °C for 3 h to give the

Re-(AMPS),-Re/MAP composite as shown in Scheme 4-1. Similarly, a variety of

Re-(AMPS),-R/aromatic  ketones composites were prepared by treating mixtures of

fluorinated oligomer and aromatic ketones such as acetophenone (AP), 4-acetylbiphenyl

(ABP), 2-acetyl-6-methoxynaphthalene (AMN) under similar conditions. These results were

also show in Scheme 4-1.
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Re-(CH2-CH);-Re

CHgs
I . 80 °C/3 hr Re-(AMPS),-R/Aromatic Ketones
0=C _H_CI;_CH2803H + Aromatic Ketones —————> composite
CHgz
[Re-(AMPS) ;-Re]
RF = CF(CFa)OC3F7
Re-(AMPS),-Re Aromatic Ketones Isolated yield of
| the composite
[o] [mmol (g)] [a]
4'-methoxyacetophenone (MAP) (u)
221 [11.0 (1.69)] Meo@-c—me 3.49
acetophenone (AP) W
0.10 [0.50 (0.06)] C—Me 0.12
0.10 4-acetylbiphenyl (ABP) Q 0.19
: [0.50 (0.10)] C——Me '

MeO
2-acetyl-6-methoxynaphtalene (AMN)
010 [0.50 (0.10)] o0 0.19
Me

Scheme 4-1 Preparation of Rg-(AMPS) -Rg/aromatic ketones composite

The obtained Rp-(AMPS),-Re/MAP composite was solubilized into methanol, extracted

with the mixture of 1,2-dichloroethane and water [8/10 (vol./vol.)]. The organic solution was

concentrated in vacuum to give the expected product in 35 % isolated yield (based on the used

MAP) (see Scheme 4-2).

o) C|3H3
1
C._ _C
Re-(AMPS),-Re/MAP composite . O/ \ﬁ/ \©\
[3.49 g] MeO OMe
MAP: 4-methoxyacetophenone 35 % isolated yeild (only trans form)

Scheme 4-2 Formation of homoaldol condensation product of MAP from Rg-(AMPS),-Rg/MAP composite
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UV-vis spectra of the methanol solution of the product from the Rg-(AMPS),-Re/MAP
composite exhibited a clear absorption peak around 327 nm, of whose peak is quite different

from that (Amax: 270 nm) of the original MAP (see Fig. 4-1).

0.8

0.7

Absorbance
o o o o
w N [6)] ()]

o
(V)

01t

0 . . .
220 270 320 370 420 470
Wavelength (nm)

Fig. 4-1 UV-vis spectra of the homoaldol condensation product of MAP [(A): 167 mgdm-3] from
the Re-(AMPS),-Re/MAP composite in methanol and the original MAP (26.4 umoldm-3).

'H NMR spectra of the obtained product show the formation of homoaldol comdensation

product of MAP (see Fig. 4-2).
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6/ ppm

Fig. 4-2 TH NMR spectra of homoaldol condensation product of MAP from the Rg-(AMPS),-Re/MAP composite in CD;0D

GC-MS spectra also exhibited the formation of the expected homoaldol product [M": 282].
Interestingly, 'H NMR spectra of the reaction product depicted the only trans form. Hitherto,
there have been numerous reports on the photoisomerization of a,p-unsaturated ketones such
as chalcones from the developmental viewpoints of novel photochromic materials.** ~*" Thus,
in order to clarify the trans product formation, the photoisomerization of the homoaldol
product have been studied under UV light irradiation (Amay: 365 nm) at 25 °C by using 'H
NMR specrtra and UV-vis spectra measurements. These results were show in Figs. 4-3 and

4-4,
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Fig. 4-3 Changes in the UV-vis spectra of the methanol solution of the homoaldol condensation product
of MAP (167 mgdm-3) from the Rg-(AMPS),-R/MAP composite under the UV irradiation (An,ax
=365 nm) at 25 °C: *UV irradiation time

120 min*

M M AL A_M_AM M A '

M ATV T U U S 2
M A 30 min*

L
L M M | Mu | A zolnin*

A 0 min*
M '
83 82 81 8 79 78 77 76 75 74 73 72 71 7 69 68 6.7 66 65 64 6.3
6/ ppm
Fig. 4-4 Changes in the 'H NMR spectra of the homoaldol condensation product of MAP from the Rg-(AMPS) ,-Re/MAP
composite under UV (Imax = 365 nm) irradiation in CD30D at 25 °C.
*UV irradiation time
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UV-vis spectra and '"H NMR specrtra show that the photoisomerization of the homoaldol
product from trans to cis form can proceed smoothly under UV light irradiation, indicating

that the Rp-(AMPS),-Rr oligomer should give selectively trans-homoaldol product of MAP.

4.3.2. Homoaldol condensation of AP, ABP and AMN in the presence of Rp-(AMPS),-Ry

oligomer

The homoaldol reaction products, which were obtained from the Rp-(AMPS),-Rp/AP
composite (see Scheme 4-1) have been studied by the use of UV-vis spectra and 1H NMR

spectra measurements, and the results are shown in Scheme 4-3, Figs. 4-5 and 4-6.

0 ICHS
1
C._ _C
Re-(AMPS),-Re/AP composite s ©/ \S/ \©
[115 mg]
AP: acetophenone 11 % isolated yeild (trans : cis =100 : 7)

Scheme 4-3 Formation of homoaldol condensation product of AP from Rg-(AMPS),-Re/AP composite
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Fig. 4-5 UV-vis spectra of the homoaldol condensation product of AP [(A): 100 mgdm3] from
the Rg-(AMPS),-Re/AP composite in methanol and the original AP (26.4 umoldm3).

8.1

b J |
c a i h m K
b é’o CHs j c”o Q
So=c{_4 " Se=e CHel
e AN
H/ H/ CH, 3
g d f n
e
trans form cis form
f,d
a c d e
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i
) o x
8 79 7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 7 6.9 6.8 6.7 6.6 6.5
6/ ppm

Fig. 4-6 TH NMR spectra of homoaldol condensation product of AP from the Rg-(AMPS) ,-Re/AP composite in CDClg
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UV-vis spectra of the homoaldol condensation product of AP in methanol can exhibit clear
absorption peaks around 294 and 259 nm related to the formation of the expected reaction
products, of whose peaks are quit different from that (Ama.x: 241 nm) of the original AP (see Fig.
4-5). These two peaks would be due to the formation of the trans- and cis-homoaldol products,
respectively.

'H NMR spectra show that the Rg-(AMPS),-Re/AP composite can give the homoaldol
condensation product of AP (see Fig. 4-6). The trans homoaldol product was preferentially
obtained, and the product distribution (zrans/cis) was 100/7 based on the 'H NMR spectra in
Fig. 4-6.

In addition, the reaction products from Rg-(AMPS),-Rg/4-acetylbiphenyl (ABP), and
/2-acetyl-6-methoxynaphthalne (AMN) composites have been studied by using UV-vis spectra

measurement (see Scheme 4-4, Fig. 4-7 and Fig. 4-8).
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0 (|3H3
n
C

\C%C
Re-(AMPS) -Re/ABP composite| —— 4/ » O H

[192 mg] O |

ABP: 4-acetylbiphenyl Not isolated
[recovered ABP: 96 mg (98 %)*]

*recovered ratio based on the used ABP
for the composite reaction

A\

/

o)

T
C\Céc
Re-(AMPS) ;-Re/AMN composite| 4, 5 O H
O OMe
MeO

[192 mg]

AMN: 2-acetyl-6-methoxynaphthalene )
Not isolated

[recovered AMN: 94 mg (94 %)*]

*recovered ratio based on the used AMN
for the composite reaction

Scheme 4-4 Schemmatic illustration for the homoaldol condensation products of ABP and AMN from
Rr-(AMPS) -R/ABP and /AMN composites.
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Fig. 4-7 UV-vis spectra of the methanol solutions of the extractive [(A): 10 mgdm-3] from
the Re-(AMPS),-Re/ABP composite and the original ABP (33.0 umoldm-3).
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Fig. 4-8 UV-vis spectra of the methanol solutions of the extractive [(A): 1 mgdm-3] from
the Rg-(AMPS),-R/AMN composite and the original AMN (33.0 umoldm-3).

As shown in Figs. 4-7 and 4-8, any absorption peaks related to the homoaldol
condensation products cannot be detected, and each clear absorption peak corresponding to the
recovered starting ketones was observed. The recovered yields of ABP and AMN were 98 and
94 %, respectively (see Scheme 4-4). In addition, 'H NMR spectra (data not shown) of the
extractives from the aqueous phase exhibited the presence of recovered Rp-(AMPS),-Rg

oligomer.
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4.3.3. Interaction of MAP with -(AMPS),- oligomer, and sulfuric acid

The homoaldol condensation products of MAP, which are prepared from the

corresponding non-fluorinated AMPS oligomer/MAP composite and sulfuric acid/MAP

composite, was studied as shown in Scheme 4-5.

-(AMPS),-/MAP composite

\\ _ - 4 _

X
/ Me " 0Me
H>SO,4/MAP composite Not isolated

Scheme 4-5 Formation of the homoaldol condensation product of MAP from -(AMPS),,-/MAP composite
and H,SO,/MAP composite [MAP: 4'-methoxyacetophenone].

However, any absorption peaks related to the formation of the homoaldol products of

MAP around 327 nm could not be detected at all as illustrated Fig. 4-1, and a clear absorption

peak related to the recovered MAP was observed in each case (see Fig. 4-9).
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05 | <—0Original MAP 05 | <—Original MAP
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H,SO,/MAP composite
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Fig. 4-9 UV-vis spectra of the methanol solutions of -(AMPS)-/MAP composite (0.01 gdm-3), H,SO,/MAP composite
(50 mgdm?-3), original -(AMPS) ;- oligomer (0.01 gdm-3), and original MAP (26.4 umoldm-3).

a,B-Unsaturated ketones such as dypnone have been prepared coventionally by the action
of Lewis acid catalysts such as aluminum chloride on acetophenone. ** ~*¥ Recently, there
have been some reports on the homoaldol condensation of aromatic ketones such as
acetophenone to replace the conventional Lewis acids catalysts with enviromentally friendly
solid acid catalysts such as zeolite. * However, studies on the homoaldol reactions of
aromatic ketones catalyzed by Brensted acid have been hitherto very limited due to its poor
reactivity. In fact, as shown in Scheme 4-5 and Fig. 4-9, sulfuric acid is not a suitable acid
catalyst for the homoaldol condensation of MAP. Similarly, non-fluorinated AMPS oligomer

was unable to give the expected homoaldol products at all.
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The pH values of H,SO4, the Rp-(AMPS),-Rr oligomer, and the -(AMPS),- oligomer were

measured at 25 °C as followings:

H,SO, Re-(AMPS),-Rg -(AMPS),-

2.28 2.86™ 3.21™

"Concentration of acid catalyst: 4.8 mmoldm-S.
“Concentration of oligomer based on monomer unit: 4.8 mmoldm3,

The acidity of -(AMPS),- oligomer was lower than that of Rp-(AMPS),-Rg, indicating that

this oligomer could not interact with MAP to give the homoaldol product. Because, the

-(AMPS),- oligomer is unable to provide the corresponding oligomeric aggregate cores to

interact with guest molecules due to the absence of terminal fluoroalkyl groups. The present

Rp-(AMPS),-Rr oligomer can act as a typical Bronsted acid catalyst for the present homoaldol

reaction, and the expected homoaldol products of aromatic ketones such as MAP and AP have

been obtained under mild conditions. The acidity of Rp-(AMPS),-Rr oligomer was lower than

that of H,SO4; however, this fluorinated oligomer can afford the homoaldol products, quite

different from H,SO4. This suggests that MAP or AP is likely to interact with the

sulfobetaine-type segments [-NH(C=0)CMe,CH,SO;H] in gel network cores to produce the

homoaldol products.

In this way, it was verified that the specific Rg-(AMPS),-Rr oligomeric gel network cores

enable these aromatic ketones to afford the homoaldol condensation products through the

effective interaction of these ketones with sulfobetaine-type segments in the fluorinated
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oligomer. On the other hand, unexpectedlly, the expected homoaldol products of ABP and

AMN cannot be isolated at all as shown in Scheme 4-4, Figs. 4-6 and 4-7, indicating that since

such aromatic ketones possess more bulky substituents such as biphenyl and naphthalene units

compared to the benzene ring in MAP or AP, these ketones could not be smoothly

encapsulated into these fluorinated oligomeric gel network cores to give the expected

homoaldol products due to their bulkiness.
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4.4. Conclusion

Fluoroalkyl end-capped AMPS oligomer [Rp-(AMPS),-Rr]/aromatic ketones composites

were prepared by heating the mixtures of the corresponding oligomer with ketones in

methanol at 80 °C for 3 h. In these composites, Rg-(AMPS),-Rg/MAP and /AP composites

were found to give the homoaldol condensation products of MAP and AP, respectively.

However, Rp-(AMPS),-R¢/ABP and /AMN composites could not give the corresponding

homoaldol condensation products at all under similar conditions, indicating that these bulky

aromatic ketones, compared to MAP or AP, could not be smoothly encapsulated as guest

molecules into the fluorinated AMPS oligomeric gel network cores due to their bulkiness.

Furthermore, the corresponding non-fluorinted AMPS oligomer [-(AMPS),-]/MAP and

sulfuric acid/MAP composites could not give the homoaldol condensation product of MAP at

all under similar conditions. In this way, it was clarified that the fluorinated AMPS oligomeric

gel network cores can provide a suitable host moiety to interact with aromatic ketones such as

MAP and AP to give the homoaldol condensation products of ketones.
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Conclusions

The results obtained from this study are summarized as follows.

1. New crosslinked fluoroalkyl end-capped co-oligomeric nanocomposite-encapsulated

magnetic nanoparticles, through the deprotecting reactions of corresponding fluorinated

co-oligomers containing oxime-blocked segments in the presence of magnetic nanoparticles,

were prepared in the nanometer-scale diameters (with diameters in the range of 154 ~ 192 nm).

These nanoparticles were found to exhibit good dispersibility in traditional organic solvents.

These nanopartilces were applied to the surface modification of poly(methyl methacrylate),

resulting in good oleophobicity imparted by the fluorine and magnetic properties arising from

the encapsulated magnetic nanoparticles. Fluoroalkyl end-capped 2-acrylamido-2-

methylpropanesulfonic acid co-oligomers containing adamantane segments form

nanometer-sized controlled fine particles in methanol and can interact with magnetic

nanoparticles to form the fluorinated betaine-type co-oligomeric nanocomposite-encapsulated

magnetic nanoparticles (with an average particle size of 25 ~ 183 nm). These fluorinated

betaine-type nanocomposites-encapsulated magnetic nanoparticles were found to exhibit the

lower critical solution temperature (LCST) characteristic in organic media such as #-butyl
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alcohol, and were able to effectively decrease the LCST through the encapsulation of magnetic

nanoparticles in fluorinated co-oligomeric nanoparticle cores. Interestingly, transmission

electron microscopy images show that magnetic nanoparticles can be encapsulated inside the

crosslinked fluorinated co-oligomeric nanocomposite cores; in contrast, magnetic

nanoparticles are adsorbed on the surface of the fluorinated betaine-type co-oligomeric

nanocomposite cores.

2. Fluoroalkyl end-capped betaine-type cooligomeric nanocomposites-immobilized

palladium nanoparticles were prepared by the reactions of palladium chloride with sodium

acetate in the presence of sodium chloride and the corresponding fluorinated cooligomers.

Outer blocks of poly(2,3,4,5,6-pentafluorostyrene)-containing ABA-triblock copolymeric

nanocomposites-immobilized palladium nanoparticles were also prepared by the use of the

corresponding block copolymers under similar conditions. TEM images showed that

palladium nanoparticles can be immobilized outside the fluorinated cooligomeric

nanocomposite cores; in contrast, palladium nanoparticles can be effectively immobilized

inside these fluorinated ABA-triblock copolymeric nanocomposite cores. Thus, these two

different fluorinated copolymers were able to afford the controlled immobilization of

palladium nanoparticles in the fluorinated nanocomposite cores. These fluorinated
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nanocomposites-immobilized palladium nanoparticles were also applied to the catalysts for

Suzuki-Miyaura cross-coupling reaction, and the different reactivity between these

nanocomposites was observed.

3. A reddish-brown fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid

(AMPS) oligomer [Rp-(AMPS),-Rr]/acetone composite was prepared by heating the white

oligomer powder with acetone at 80 °C for 3 h. The color was not observed in the

corresponding non-fluorinated AMPS oligomer/acetone composite. The coloring was probably

caused by the formation of acetone polyaldol condensation products in the fluorinated

oligomeric gel network cores. The colored Rr-(AMPS),-Rg/acetone composite powders were

stable and did not exhibit any color change after 2 years in natural light at room temperature.

The colored composite powders dissolved in methanol to give a reddish-brown solution at

room temperature. However, the retro-polyaldol condensation decolored the solution after 1

day at room temperature. This is the first example of the retro-aldol polycondensation of

acetone under mild conditions. The decoloration increased by between 38- and 70-fold under

UV irradiation, compared with that in dark conditions. The coloring—decoloring behavior was

consistent and repeatable; therefore our fluorinated oligomer/acetone composites are

promising candidates for new fluorinated coloring materials.
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4. Aromatic ketones such as 4'-methoxyacetophenone (MAP), acetophenone (AP),

4-acetylbiphenyl (ABP) and 2-acetyl-6-methoxynaphthalne (AMN) interacted with fluoroalkyl

end-capped 2-acrylamido-2-methylpropanesulfonic acid oligomer [Rp-(AMPS),-R¢] at 80 °C

for 3 h to give the corresponding fluorinated oligomer/aromatic ketones composites. In these

composites, the Rp-(AMPS),-Re/MAP and /AP composites were found to give the homoaldol

condensation products of MAP and AP, respectively. In contrast, the corresponding

non-fluorinated AMPS oligomer/MAP and sulfuric acid/MAP composites could not give the

homoaldol products at all under similar conditions. This suggested that the Rg-(AMPS),-R¢

oligomer could provide the suitable fluorinated oligomeric gel network cores to interact with

MAP or AP as a guest molecule, and the homoaldol condensation of encapsulated MAP and

AP should procced smoothly in the fluorinated oligomeric gel network cores. The

Re-(AMPS),-R/ABP and /AMN composites could not give the homoaldol products at all

under similar conditions, indicating that the more bulky aromatic ketones than MAP or AP are

not likely to be encapsulated as guest molecules into the fluorinated AMPS oligomeric gel

network cores.
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