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General Introduction 

 

1. Polymer gel 

Polymer gel in general consists of three-dimensional networks, of whose structures are 

constructed from chemical cross-linking [Fig. 1-(a)] and physical interaction [Fig. 1-(b)], 

surrounded by a large number of solvent molecules.1) Such three-dimensional polymer gel 

structures are formed not only through the covalently cross-linking but also through the 

non-covalent bonding interactions with hydrogen bonding, ionic interactions and hydrophobic 

associates. 1)  Such polymer gels can be also classified according to their structures into two 

types: one is thermally irreversible (chemical) gels and the other is thermoreversible (physical) 

gels.2, 3) 

 

 

 

 

 

 

 

 

Fig. 1  Schematic illustration for the structures of chemical (a) and physical (b) polymer gels2, 3) 
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 2 

[CH3(CH2)5CH(OH)-(CH2)10-C(=O)OH] can also cause gelation through the hydrophobic 

association with hydrogen bonding interaction as shown in Fig. 2.4)   Especially, molecular 

aggregates of low molecular weight compound (gelator) can be formed through the 

hydrophobic association of longer alkyl units to create the fibrous state, affording the physical 

gel by the entanglement of the supramolecular nanofiber.4 ~ 8) 

 

 

 

 

 

 

Fig. 2  Schematic illustration for the formation of supramolecular physical gel4) 

 

In a wide variety of polymer gels, Gong et al. have already developed the double-network 

polymer gel as shown in Fig. 3.9 ~ 12) 

 

 

 

 

 

 

Fig. 3  Schematic illustration for the formation of double-network polymer gel 
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 3 

     Such double-network polymer gels are effective for providing an excellent strength and 

rigidity that set them apart from the traditional polymer gels.9 ~ 12) 

 

2. Perfluoroalkyl unit-containing organogels 

     There has been great interest in organofluorine compounds, due to their exhibiting a 

variety of unique properties such as high solubility, surface active characteristic and biological 

activity, which cannot be achieved by the corresponding non-fluorinated ones.13 ~ 15)  Therefore, 

it is of particular interest to develop the novel organofluorine compounds possessing a gelling 

characteristic. In fact, there have been hitherto some reports on the development of longer 

perfluoroalkyl groups-containing organogelators as depicted in Scheme 1.16 ~ 19) 

 

 

 

 

 

 

 

Scheme 1  Longer perfluoroalkyl groups-containing organogelators 
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diesters to create the superhydrophobic surfaces (water contact angles greater than 150 degrees) 

[see Scheme 1-(A)].16) However, we have some difficulties to keep such unique gelling 

characteristics for a long time; because these gelators consist of the low molecular weight 

organic compounds.6) 

     On the other hand, studies on the fluorinated polymer gels have been very limited so far, 

although fluorinated polymers can exhibit unique and remarkable properties, such as thermal 

stability, chemical inertness, low refractive indices, and surface active characteristic that set 

them apart from the corresponding non-fluorinated polymers.20 ~ 22) Therefore, from the 

developmental viewpoint of fluorinated polymeric functional materials, studies on the 

fluorinated polymer gels are of particular importance. In fact, there have been hitherto some 

reports on the fluorinated polymer gels, such as formation of thermally reversible 

poly(vinylidene fluoride) [PVDF] gels in a specific solvent23) and the fluorinated microgel-core 

star polymers bearing poly(methyl methacrylate) as the corona units (see Scheme 2).24) 

 

 

 

 

 

 

 

 

 Scheme 2  Synthesis of fluorinated microgel-core star polymers bearing 
poly(methyl methacrylate) as the corona units24)
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3. Fluoropolymers 

     As indicated above, fluorinated polymers such as poly(tetrafluoroethylene) [PTFE] and 

tetrafluoroethylene - perfluorovinylether copolymer [PFA] (see Scheme 3) exhibit a wide 

variety of unique properties, such as high heat resistance, oxidation resistance, low dielectric 

constant, chemical inertness to acids, bases and organic solvents, and surface active properties 

that set them apart from the corresponding non-fluorinated polymers. 25 ~ 27)  

 

 

 

 

 

Scheme 3  Some of typical fluoropolymers 
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end-capped oligomer can be obtained through the primary radical termination of RF• radical or 

radical chain transfer of the peroxide to the propagation radical as shown in Scheme 3.31, 32) 

 

 

 

 

 

 

 

 

Scheme 4  Synthesis of two fluoroalkyl end-capped acrylic acid oligomer 
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Fig. 4  Schematic model of micelles formed with fluoroalkyl end-capped acrylic acid trimethylvinylsilane 
cooligomers 

 

     On the other hand, the corresponding non-fluorinated cooligomers cannot form such 

molecular aggregates, and these cooligomers have an entanglement interaction in aqueous and 

organic media.35, 36) 

In this way, fluoroalkyl end-capped oligomers can form the self-assembled molecular 

aggregates as shown in Fig. 4. Thus, the exploration of two fluoroalkyl end-capped oligomers 

possessing additional functional units, which can provide a van der Waals interaction, is of 

particular interest from the developmental viewpoint of novel fluorinated oligomer gels. 

 

 

4. Thesis outline 
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oligomers are potent and selective inhibitors of HIV-1 replication in cell culture.  It is also 

demonstrated that these fluorinated gelling oligomers possess antibacterial activity against 

Staphylococcus aureus. 

 

 

Fig. 5  Schematic illustration for the gel formation of RF-(AMPS)n-RF oligomers 

 

     In chapter 2, the synthesis and properties of fluoroalkylated end-capped 

N-tris(hydroxymethyl)methylacrylamide oligomers by reaction of fluoroalkanoyl peroxide 

with the corresponding monomer are described (see Fig. 6). 

     These fluoroalkylated oligomers are demonstrated to cause a gelation, where the 

aggregations of fluoroalkyl segments and the hydrogen-bonding interactions are involved in 

establishing a physical gel network in water or in organic media. 

 

 

Fig. 6  Schematic illustration for the gel formation of RF-(NAT)n-RF oligomers 
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In chapter 3, synthesis and properties of fluoroalkylated end-capped oligomers containing 

hydroxy segments, such as 2-hydroxypropyltrimethylammonium segments and 

carboxy-hydroxymethylamido segments are described (see Fig. 7). 
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corresponding fluorinated oligomeric silica nanocomposite gels containing gluconamide units 

[RF-(VM-SiO2)n-RF/Glu-SiO2] (see Fig. 8). 

 

 

 

 

 

 

 

 

Fig. 8  Schematic illustration for the gel formation of RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 
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was prepared under acidic conditions. 

 

 

 

 

 

 

 

 

 

 

     In this way, gelling characteristic of RF-(AMPS)n-RF oligomers (see Fig. 5) is applicable 

to the composite reactions with poly(vinyl alcohol), providing new RF-(AMPS)n-RF/PVA 

composites possessing double-network gelling ability illustrated in Fig. 9. These findings are 

demonstrated in detail in Chapter 5. In addition, gelling ability of RF-(NAT)n-RF oligomers, 

RF-(MHPTS)n-RF oligomers, and RF-(HOPPA)n-RF oligomers related to the hydroxy segments 

(see Figs. 6 and 7) is applicable to new gelling fluorinated nanocomposites through the sol-gel 

reaction of RF-(VM)n-RF oligomer with Glu-Si(OEt)3 illustrated in Fig. 8, and the evaluation of 

the membrane separability of hydrocarbon oil and fluorocarbon oil by using these obtained 

nanocomposites is detailed in Chapter 4. Their outline is also demonstrated in the following 

Fig. 10. 

 

Fig. 9  Schematic illustration for the double-network gel formation of 
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CHAPTER 1 

 

 

Fluorinated Functional Materials Possessing Biological Activities:  

Gel Formation of Novel Fluoroalkylated End-Capped 2-Acrylamido-2-

methylpropanesulfonic Acid Oligomers Under Non-Crosslinked Conditions 
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1.1  Introduction 

 

Fluorinated polymeric materials exhibit numerous excellent properties which cannot be 

achieved by the corresponding non-fluorinated materials. However, in general they are very 

poorly soluble in various solvents.1 ~ 4) Therefore, it is interesting to search for highly soluble 

fluorinated polymeric materials with excellent properties imparted by fluorine. Recently, it has 

been reported that a series of fluoroalkylated end-capped silicon co-oligomers containing 

carboxy groups, which are prepared by using fluoroalkanoyl peroxides as key intermediates, 

are highly soluble in various solvents, and are effective in reducing the surface tension of these 

solvents.5, 6) These fluorosilicon co-oligomers were also found to be potent and selective 

inhibitors against HIV-1 (human immunodeficiency virus type 1) replication in vitro.5, 6) 

Furthermore, fluoroalkylated end-capped oligomers containing trimethylammonium 

segments7) or sulfo segments8) can be also synthesized by using fluoroalkanoyl peroxide as a 

key intermadiate. These fluoroalkylated oligomers containing trimethylammonium or sulfo 

segments exhibited not only unique properties imparted by fluorine but also biological activities, 

although they have only two fluoroalkylated end-caps.7, 8) Partially fluoroalkylated polymers 

were prepared by a variety of anionic polymerizations9 ~ 12) and a fluoroalkylated end-capped 

moiety was introduced through the ester bond13 ~ 15) to perfluoroalkyl-terminated polymers, and 
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the interesting properties of these polymers have been reported. 

In view of the development of new fluoroalkylated end-capped polymeric materials, it is 

very interesting to explore the fluoroalkylated end-capped oligomers containing both cationic 

and anionic segments by using fluoroalkanoyl peroxides. Hitherto, the synthesis of 

non-fluorinated zwitterionic (betaine-type) polysoaps has been reported by Laschewsky and 

Zerbe;16) however, there has been so far no report on the synthesis of fluoroalkylated 

end-capped betaine-type oligomers. From the developmental view point of novel 

fluoroalkylated betaine-type oligomers, it is of particular interest to synthesize novel 

fluoroalkylated end-capped 2-acrylamido-2-methylpropanesulfonic acid oligomer. This chapter 

shows the synthesis and gel formation of fluoroalkylated end-capped 

2-acrylamido-2-methylpropanesulfonic acid oligomers, with emphasis on an application to new 

fluorinated gelling functional materials possessing biological activities. 
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1.2  Experimental  

1.2.1  Measurements 

NMR spectra were measured using a Varian Unity-plus 500 (500 MHz) spectrometer, 

while IR spectra were recorded on a HORIBA FT-300 FT-IR spectrophotometer. Molecular 

weights were calculated by using a JASCO-PU-980-Shodex-SE-11 gel permeation 

chromatography calibrated with standard poly (ethylene glycol) by using 0.5 mol dm-3 

Na2HPO4 solution as the eluent. Absorption spectra were recorded on a Shimadzu UV-240 

spectrophotometer. Solution viscosities were measured by using a falling-sphere Haake 

Viscometer D1-G.  

 

1.2.2  Materials 

A series of fluoroalkanoyl peroxides [(RFCOO)2] and a polymeric perfluoro-oxaalkane 

diacyl peroxide were prepared by the method described in the literature.17 ~ 20) 

2-Acrylamido-2-methylpropanesulfonic acid was purchased from Tokyo Kasei Kogyo Co., Ltd. 

Trimethylvinylsilane was purchased from Shin-Etsu Co., Ltd. Chromium(III) nitrate and 

cobalt(II) chloride were purchased from Wako Chemicals. 
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1.2.3  General procedure for the synthesis of fluoroalkylated end-capped AMPS 

oligomers 

Perfluorobutyryl peroxide (3 mmol) in a 1:1 mixture (AK-225) of 1,1-dichloro-2,2,3,3,3-

pentafluoropropane and 1,3-dichloro-1,2,2,3,3-pentafluoropropane (110 g) was added to an 

aqueous solution (50 %, w/w) of AMPS (9 mmol). The heterogeneous mixture was stirred 

vigorously at 40 ºC for 5 h under nitrogen. After evaporation of the solvent, the crude product 

obtained was reprecipitated from water-tetrahydrofuran to give an α,ω-bis(perfluoropropylated) 

2-acrylamido-2-methylpropanesulfonic acid oligomer (1.13 g). 

This oligomer exhibited the following spectral characteristics: IR ν (cm-1) 3448 (OH, 

NH), 1641 [C(=O)N+H2-], 1310 (CF3), 1259 (SO3-), 1228 (CF2), 1101 (SO3-); 1H NMR (D2O) 

δ 1.51 ~ 2.12 (CH2), 1.60 (CH3), 2.29 ~ 2.71 (CH), 3.65 ~ 4.22 (CH2); 19F NMR (D2O, ext. 

CF3CO2H) δ -3.45 (6F), -40.60 (4F), -50.20 (4F). 

The other products obtained exhibited the following spectral characteristics. 

RF-(AMPS)n-RF [RF = CF(CF3)OC3F7]:  

IR ν (cm-1) 3469 (OH, NH), 1647 [C(=O)N+H2-], 1304 (CF3), 1228 (CF2); 1H NMR (D2O) δ 

1.49 ~ 2.11 (CH2), 1.60 (CH3), 2.31 ~ 2.69 (CH), 3.61 ~ 4.15 (CH2); 19F NMR (D2O, ext. 

CF3CO2H) δ -1.56 to -5.10 (16F), -48.00 (4F). 
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RF-(AMPS)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7]:  

IR ν (cm-1) 3370 (OH, NH), 1647 [C(=O)N+H2-], 1303 (CF3), 1255 (SO3-), 1226 (CF2), 1101 

(SO3-); 1H NMR (D2O) δ 1.38 ~ 1.83 (CH2), 1.53 (CH3), 1.97 ~ 2.30 (CH), 3.19 ~ 3.57 (CH2); 

19F NMR (D2O, ext. CF3CO2H) δ -4.42 to -8.42 (26F), -54.0 to -56.26 (6F); -66.78 (2F). 

RF-(AMPS)n-RF [RF = CF(CF3)OCF2CF(CF3)OCF2CF(CF3)OC3F7]:  

IR ν (cm-1) 3465 (OH, NH), 1641 [C(=O)N+H2-], 1238 (CF2); 1H NMR (D2O) δ 1.51 ~ 2.12 

(CH2), 1.54 (CH3), 2.35 ~ 2.71(CH), 3.65 ~ 4.17 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -0.98 

to -5.50 (36F), -49.10 (6F), -69.10 (4F). 

Similarly, a series of fluoroalkylated end-capped AMPS co-oligomers were prepared by 

co-oligomerizations with fluoroalkanoyl peroxides. These exhibited the following spectral 

characteristics. 

RF-(AMPS)x-(CH2CHSiMe3)y-RF [RF = C3F7]:  

IR ν (cm-1) 3409 (OH, NH), 1649 [C(=O)N+H2-], 1304 (CF3), 1227 (CF2); 1H NMR (D2O) 

δ -0.20 ~ 0.46 (CH3), 1.51 ~ 2.12 (CH2), 1.54 (CH3), 2.29 ~ 2.71(CH), 3.65 ~ 4.22 (CH2); 19F 

NMR (D2O, ext. CF3CO2H) δ -3.50 (6F), -40.60 (4F), -50.20 (4F). 

RF-(AMPS)x-(CH2CHSiMe3)y-RF [RF = CF(CF3)OC3F7]:  

IR ν (cm-1) 3453 (OH, NH), 1645 [C(=O)N+H2-], 1304 (CF3), 1232 (CF2); 1H NMR (D2O) 

δ -0.23 ~ 0.36 (CH3), 1.49 ~ 2.11 (CH2), 1.54 (CH3), 2.31 ~ 2.69 (CH), 3.61 ~ 4.15 (CH2); 19F 
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NMR (D2O, ext. CF3CO2H) δ -1.58 to -5.12 (16F), -48.00 (4F). 

RF-(AMPS)x-(CH2CHSiMe3)y-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7]:  

IR ν (cm-1) 1647 [C(=O)N+H2-], 1227 (CF2); 1H NMR (D2O) δ -0.18 ~ 0.33 (CH3), 1.61 ~ 2.31 

(CH2), 1.44 (CH3); 2.33 ~ 2.72 (CH), 3.59 ~ 4.08 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.64 

to -7.10 (26F), -48.91 (6F), -67.48 (2F). 

RF-(AMPS)x-(CH2CMeCO2Me)y-RF [RF = C3F7]:  

IR ν (cm-1) 3452 (OH, NH), 1641 [C(=O)N+H2-], 1228 (CF2); 1H NMR (D2O) δ 1.51 ~ 2.13 

(CH2, CH3), 2.29 ~ 2.58(CH), 3.65 ~ 4.20 (CH2, CH3); 19F NMR (D2O, ext. CF3CO2H) δ -3.50 

(6F), -40.65 (4F), -50.20 (4F). 

RF-(AMPS)x-(CH2CMeCO2Me)y-RF [RF = CF(CF3)OC3F7]:  

IR ν (cm-1) 1645 [C(=O)N+H2-], 1315 (CF3), 1238 (CF2); 1H NMR (D2O) δ 1.49 ~ 2.11 (CH2, 

CH3), 2.33 ~ 2.70 (CH), 3.60 ~ 4.15 (CH2, CH3); 19F NMR (D2O, ext. CF3CO2H) δ -1.62 

to -5.00 (16F), -48.30 (4F). 

RF-(AMPS)x-(CH2CMeCO2Me)y-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7]:  

IR ν (cm-1) 1642 [C(=O)N+H2-], 1236 (CF2); 1H NMR (D2O) δ 1.52 ~ 2.26 (CH2, CH3), 2.33 ~ 

2.78 (CH), 3.59 ~ 4.08 (CH2, CH3); 19F NMR (D2O, ext. CF3CO2H) δ -3.60 to -7.10 

(26F), -48.96 (6F), -67.48 (2F). 

Similarly, fluoroalkylene unit-containing AMPS polymer {-[RF-(AMPS)q]p-} was 
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prepared by reaction of a polymeric perfluoro-oxaalkane diacyl peroxide with AMPS. This 

exhibited the following spectral characteristics. 

-[CF(CF3)[OCF2CF(CF3)]nO(CF2)5O-[CF(CF3)CF2O]m-CF(CF3)-(AMPS)q]p-; n + m = 3:  

IR ν (cm-1) 3492 (OH, NH), 1643 [C(=O)N+H2-], 1226 (CF2); 1H NMR (D2O) δ 0.82 ~ 1.80 

(CH2), 1.35 (CH3), 1.82 ~ 2.23 (CH), 2.97 ~ 3.76 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -5.06 

to -10.70 (21F), -48.24 (2F), -51.38 (10F), -71.11 (3F). 

 

1.2.4  Viscosity measurements 

The viscosities of aqueous solutions of fluoroalkylated AMPS oligomers were measured 

at 5 ~ 50 °C using a falling-sphere viscometer (Haake Viscometer D1-G). 

 

1.2.5  A typical procedure for gelation test 

     A procedure for studying the gel-formation ability was based on a method reported by 

Hanabusa et al.21, 22) Briefly, weighed fluoroalkylated end-capped AMPS oligomer was mixed 

with water or organic fluid in a tube. The mixture was treated under ultrasonic conditions until 

the solid dissolved. The resulting solution was kept at 30 °C for 1 h, and then the gelation was 

assessed visually. When it was formed, the gel was stable and the tube was able to be inverted 

without changing the shape of the gel. 
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1.2.6  Metal ions binding by fluorinated AMPS oligomer hydrogel 

Fluoroalkylated end-capped AMPS co-oligomer hydrogels was swelled with water in a 

measuring flask. After the addition of the required amount of aqueous metal ion solution into 

the flask, the flask was allowed to stand for 1 day at 25 °C. The metal-ion concentration of 

supernatant liquid after the incubation was spectrophotometrically determined.. 

 

1.2.7  Antiviral assays 

Antiviral activity of the compounds against HIV-1 (HTLB−IIIb starin) replication was 

based on the inhibition of the virus-induced cytopathic effect in MT−4 cells as described 

previously.23) 

 

1.2.8  Antibacterial assessment 

The antibacterial activity of the oligomers was evaluated against Staphylococcus aureus 

by a viable cell counting method as described previously.7) 
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1.3  Results and discussion 

The reactions of fluoroalkanoyl peroxides with 2-acrylamido-2-methylpropanesulfonic 

acid (AMPS) were carried out in heterogeneous solvent systems [AK-225 (mixed solvents of 

1,1-dichloro-2,2,3,3,3-pentafluoropropane and 1,3-dichloro-1,2,2,3,3-pentafluoropropane) and 

water] by stirring vigorously at 40 ºC for 5h under nitrogen. The process is outlined in Scheme 

1-1. 

 

 

 

Scheme 1-1  Synthesis of RF-(AMPS)n-RF homo-oligomers at 40 ºC for 5 h 

 

AMPS was found to react with fluoroalkanoyl peroxides under mild conditions to afford 

fluoroalkylated end-capped AMPS homo-oligomers [RF-(AMPS)n-RF] in 35 ~ 58 % isolated 

yields as shown in Table 1-1. 

 

 

RF COOC

O O

RF

CH2 CH

C—N+H2CMe2CH2SO3
-O

+
n

n

RF = C3F7, CF(CF3)[OCF2CF(CF3)]mOC3F7; m = 0, 1, 2

[RF-(AMPS)n-RF]

40 °C / 5h CH2 CHRF RF

C—N+H2CMe2CH2SO3
-O

[AMPS]
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Table 1-1  Homo- and co-oligomerizations of AMPS with fluoroalkanoyl peroxides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, in the co-oligomerization of AMPS with fluoroalkanoyl peroxides, a series of 

fluoroalkylated end-capped AMPS co-oligomers were obtained in 30 ~ 57 % isolated yields by 

using comonomers such as trimethylvinylsilane and methyl methacrylate as shown in the 

RF in peroxide Product

/ mmol/ mmol Yield / %a) x : y c)

RF-(AMPS)x-(CH2CHSiMe3)y-RF

a) The yields are based on starting materials [ AMPS, Co-monomers and the decarboxylated peroxide unit ( RF-RF ).
b) The molecular weight of each polymer was determind by GPC; however, it is suggested that the obtained values
    by GPC indicate the apparent molecular weights owing to the strong aggregations of fluoroalkyl segments in 
    aqueous solutions. 
c) Copolymerization ratio was determined by 1H NMR analysis.

/ mmol

CH2=CHSiMe3

comonomer

C3F7

3 9 39 ——

CF(CF3)OC3F7

3 9 58 ——

CF(CF3)OCF2CF(CF3)OC3F7

3 9 38 ——

2 6 35 ——

RF-(AMPS)n-RF

C3F7

3 9 57 90 : 109

CF(CF3)OC3F7

3 9 38 78 : 229

CF(CF3)OCF2CF(CF3)OC3F7

3 9 30 98 : 29

C3F7

3 9 52 93 : 79

CF(CF3)OC3F7

3 9 41 94 : 69

CF(CF3)OCF2CF(CF3)OC3F7

3 9 41 92 : 89

CH2=CMeCO2Me

AMPS

Mn (Mw/Mn)b)

24500 (28)

20500 (131)

12000 (282)

24000 (76)

11000 (291)

10000 (400)

17400 (166)

11300 (216)

14300 (211)

8300 (726)

CF(CF3)OCF2CF(CF3)OCF2CF(CF3)OC3F7

CH2=CHSiMe3

CH2=CHSiMe3

CH2=CMeCO2Me

CH2=CMeCO2Me

RF-(AMPS)n-RF

RF-(AMPS)n-RF

RF-(AMPS)n-RF

RF-(AMPS)x-(CH2CHSiMe3)y-RF

RF-(AMPS)x-(CH2CHSiMe3)y-RF

RF-(AMPS)x-(CH2CMeCO2Me)y-RF

RF-(AMPS)x-(CH2CMeCO2Me)y-RF

RF-(AMPS)x-(CH2CMeCO2Me)y-RF

—    —   —
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following Scheme 1-2 and Table 1-1.  

 

 

 

Scheme 1-2  Synthesis of RF-(AMPS)x-(CH2CR1R2)-RF co-oligomers 

 

As shown in Table 1-1, not only perfluoropropylated but also a series of 

perfluoro-oxaalkylated end-capped homo- and co-oligomers were obtained under mild 

conditions, and the co-oligomerization ratios of these oligomers were determined by 1H NMR 

analyses. Under the oligomerization conditions, in which the concentration of the peroxide was 

almost the same as that of AMPS (trimethylvinylsilane or methyl methacrylate) as shown in 

Table 1-1, mainly oligomers with two fluoroalkylated end-groups would be obtained via 

primary radical termination or radical chain transfer to the peroxide. In fact, two fluoroalkylated 

end-capped acrylic acid oligomers [RF-(CH2CHCO2H)n-RF] can be obtained by the reactions of 

RF COOC

O O

RF

RF = C3F7, CF(CF3)[OCF2CF(CF3)]mOC3F7; m = 0, 1

40 °C / 5h

CH2 CR1R2y+

[Co-M]

x

[RF-(AMPS)x-(CH2-CR1R2)y-RF]

CH2 CHRF CH2—CR1R2

C—N+H2CMe2CH2SO3
-O

RFy

R1
 = H, R2 = SiMe3;

R1
 = Me, R2 = CO2Me

CH2 CH

C—N+H2CMe2CH2SO3
-O

+
x

[AMPS]
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fluoroalkanoyl peroxides with acrylic acid under similar conditions.24, 25) 

The molecular weights (M̄n) of these oligomers measured by GPC [gel permeation 

chromatography calibrated with standard poly(ethylene glycol) by using 0.5 mol dm−3 

Na2HPO4 solution as the eluent] were relatively high (8300 ~ 24500). Considering the fact that 

water-soluble fluoroalkylated end-capped oligomers containing trimethylammonium and sulfo 

segments easily form molecular aggregates in aqueous solutions,7, 8) this finding suggests that 

the GPC values indicate the apparent molecular weights. Interestingly, the M̄w/M̄n values of 

these fluoroalkylated oligomers are extremely high (28 ~ 726) compared to that of the 

corresponding non-fluorinated oligomer [-(AMPS)n-: M̄n = 5400 (M̄w/M̄n = 3.25)], which 

was prepared by using 2,2’-azobis (2-methylpropionamidine) dihydrochloride. This result also 

suggests that these fluoroalkylated AMPS oligomers form aggregates. 

The fluoroalkylated AMPS oligomers were found to be easily soluble not only in water 

but also in polar organic solvents such as methanol, ethanol, N,N-dimethylformamide and 

dimethyl sulfoxide at under dilute conditions (below ca. 0.5 g dm-3). In order to clarify the 

solution properties of the fluoroalkylated oligomers, the viscosity of an aqueous solution of 

fluoroalkylated AMPS oligomer [C3F7- (AMPS)n-C3F7] was measured under dilute conditions 

(0.1 g dm-3), and the viscosities of aqueous solutions of perfluoropropylated oligomers 

containing trimethylammonium segments [C3F7-(AETM)n-C3F7] and non-fluorinated AMPS 
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oligomer [-(AMPS)n-] were also measured under similar conditions for comparison. These 

results are shown in Fig. 1-1. 

 

 

 

 

 

 

 

 

Fig. 1-1  Effect of temperature on viscosity of aqueous oligomer solutions 

 

As shown in Fig. 1-1, the viscosity of an aqueous solution of C3F7-(AMPS)n-C3F7 at 5 ºC 

was higher than that of C3F7-(AETM)n-C3F7 and -(AMPS)n- under dilute conditions (0.1 g dm-3). 

On the other hand, the viscosities of C3F7-(AMPS)n-C3F7 including both C3F7-(AETM)n-C3F7 

and -(AMPS)n- were also found to decrease on heating the solutions from 5 ~ 50 ºC. 

However, surprisingly, at concentrations above 1.0 g dm−3 all fluoroalkylated end-capped 

AMPS oligomer-solvent systems formed gels. To study this unique gelation, the viscosity of 

0

1

2

3

0 10 20 30 40 50

Vi
sc

os
ity

 / 
cP

T / �C

◯: C3F7-(AMPS)n-C3F7; △: -(AMPS)n-;
●: C3F7-(CH2CH)n-C3F7

O=COCH2CH2N+Me3Cl-

[C3F7-(AETM)n-C3F7]



 30 

aqueous solutions of these fluoroalkylated end-capped oligomers was measured at 30 ºC. The 

results are shown in Fig. 1-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of concentration on viscosity of fluoroalkylated end-capped oligomer 
measured at 30 ºC by using a falling-sphere viscometer

Fig. 1-2
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As shown in Fig. 1-2, the viscosities of -(AMPS)n-, C3F7-(AETM)n-C3F7 and 

perfluoropropylated oligomer containing sulfo segments [C3F7-(MES)n-C3F7] increased little 

with increasing concentrations, and the gel did not form, although these fluoroalkylated 

oligomers were shown to form molecular aggregates like micelles in aqueous solutions.3,4) On 

the other hand, the viscosity of the fluoroalkylated end-capped AMPS oligomers increased 

greatly with increasing concentration, and it became impossible to measure their viscosity 

owing to the gelation at concentrations above 0.5 or 1.0 g dm-3. The measurement of the melting 

temperature of the gel was tried; however, the gel did not melt either in water or in organic 

solvents even when it was heated to around 95 ºC. It is suggested that the fluoroalkylated 

end-capped AMPS oligomers could cause a gelation involving a strong aggregation of 

fluoroalkyl segments to a physical gel network in water, methanol, ethanol, 

N,N-dimethylformamide and dimethyl sulfoxide at higher concentrations. By contrast, 

non-fluorinated AMPS oligomer was completely soluble in these media, and no gel formed. 

The gelation abilities of some fluoroalkylated end-capped AMPS oligomers were also 

studied by measuring the minimum concentrations of these oligomers necessary for gelation 

according to the method reported of Hanabusa et al.21, 22, 26) The minimum concentrations for 

gelation (Cmin) in water and dimethyl sulfoxide (DMSO) at 30 ºC are listed in Table 1-2. 
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As shown in Table 1-2, the gelling ability of fluoroalkylated end-capped co-oligomers is 

somewhat superior to that of the homo-oligomers, with Cmin 2 ~ 9 g dm-3 for co-oligomers and 

11 ~ 33 g dm-3 for homo-oligomers. This result is in fair agreement with the values of M̄w/M̄n 

of oligomers in Table 1-1, and the more polydisperse oligomers exhibited the higher gelling 

ability. These findings would suggest that the co-oligomers are likely to promote the gelation 

sterically compared to the corresponding homo-oligomers. 

These fluoroalkylated oligomers also exhibited a quite similar property to the common 

water-swollen crosslinked polymeric hydrogels. That is, these fluoroalkylated AMPS 

oligomers in water exhibited extremely high water adsorption, with the weight of adsorbed 

Minimum concentrations for gelation (Cmin) of fluoroalkylated AMPS homo- and 
co-oligomers (in g dm-3 solvent) necessary for gelation at 30 ºC

Table 1-2

RF-(AMPS)n-RF; RF = C3F7 25

RF-(AMPS)n-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7 31

33

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = C3F7 6

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = CF(CF3)OC3F7 6

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7 7

2

5

9

13

11

21

6

8

9

5

7

5

RF-(AMPS)n-RF; RF = CF(CF3)OCF2CF(CF3)OCF2CF(CF3)OC3F7

RF-(AMPS)x-(CH2CMeCO2Me)y-RF; RF = C3F7

RF-(AMPS)x-(CH2CMeCO2Me)y-RF; RF = CF(CF3)OC3F7

RF-(AMPS)x-(CH2CMeCO2Me)y-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7

DMSOwater

Cmin / g dm-3 (gelator/medium)
oligomer
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water by fluoroalkylated gelling co-oligomers: C3F7-(AMPS)x-(CH2CHSiMe3)y-C3F7 and 

C3F7-(AMPS)x-(CH2CMeCO2Me)y-C3F7 201 and 213 times the weight of the dry gel, 

respectively. These values are similar to that of AMPS oligomer hydrogel prepared by radical 

polymerization of AMPS and N,N’-methylenebisacrylamide initiated by H2O2.27) 

The striking characteristic of the AMPS oligomers is their gelation both in water and in 

organic polar solvents under non-crosslinking conditions. This is because fluoroalkyl segments 

are solvophobic and aggregate in aqueous and organic media. In fact, it was reported that the 

solvophobic fluorocarbon tails in fluorinated amphiphiles are responsible for the formation of 

stable bilayer membrances in water and organic solvents.28 ~ 32) Semifluorinated alkanes, such 

as F(CF2)10(CH2)12H, are also known to exhibit gel-like characteristics in hydrocarbon solvents 

[H(CH2)pH; p = 8, 10, 12, 14].33) Such aggregation of fluoroalkyl segments in these media 

should be enhanced due to the self-organization of oligomers which causes gelation in these 

media. 

The AMPS oligomers can form gels in both water and organic media due to the 

synergistic interaction between the aggregations of fluoroalkyl units, and the ionic interactions 

of the amide cations and the sulfonate anions as shown in the following Schematic illustration. 
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Fig. 1-3  Schematic illustration for gelation of RF-(AMPS)n-RF 

 

On the other hand, in the case of the corresponding non-fluorinated oligomer 

[-(AMPS)n-], only the ionic interactions would operate and the gelation would not occur. 

Furthermore, in the case of C3F7-(AETM)n-C3F7 or C3F7-(MES)n-C3F7, only the aggregation of 

the end-capped fluoroalkyl segments would operate, owing to the electrostatic repulsion of 

cationic segments (AETM) or anionic segments (MES) between the central oligomer chains, 

and these oligomers could not form gels (see Fig. 1-2). 

In general, it is well-known that acrylated and methacrylated polymers containing longer 

perfluoroalkyl groups are strongly repelled by water or hydrocarbons owing to the strong 

electronegativity of fluorine. In contrast, the characteristics of the present fluoroalkylated 

end-capped AMPS oligomers are to cause gelation under non-crosslinking conditions. This 

feature would be due to their unique structure (fluoroalkylated end-capped structure), and the 
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end-capped fluoroalkyl segments in oligomers could strongly aggregate rather than being 

repelled by aqueous or organic media. Therefore, it is suggested that AMPS oligomers 

containing fluoroalkylene units but no fluoroalkyl end-capped units, {[-RF-(AMPS)q]p-}, could 

not gel since the interaction between the aggregation of internal fluoroalkylene units in the 

polymers should become weaker than that of the aggregation of end-capped fluoroalkyl units 

in oligomers. It was previously reported that a polymeric perfluoro-oxaalkane diacyl peroxide 

{[-(O=C)RFC(=O)OO]p-} is a useful tool for the introduction of the perfluoro-oxaalkylene unit 

(-RF-) into acrylic acid polymers.17, 18) Thus, the synthesis of fluoroalkylene unit-containing 

AMPS polymers was tried by using a polymeric perfluoro-oxaalkane diacyl peroxide. The 

result is shown in Scheme 1-3. 

 

 

 

 

 

 

 

Synthesis of the -[RF-(AMPS)q]p-
a) Calculated on the basis of the peroxide monomer unit.
b) Yield based on AMPS and decarboxylated peroxide unit (-RF-).

Scheme 1-3

CH2 CH

C—N+H2CMe2CH2SO3
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+
pq

q

-RF- = -CF(CF3)[OCF2CF(CF3)]nO(CF2)5O-[CF(CF3)CF2O]mCF(CF3)-;  (n + m) = 3

-[RF-(AMPS)q]p-

45 °C / 5h CH2 CHRF

C—N+H2CMe2CH2SO3
-O

[AMPS]

-(CRFCOO)p-

OO p

0.2 mmola) 2 mmol Yield: 45%b)

Mn(Mw/Mn) = 120000 (1.46)
—   —  —
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As shown in Scheme 1-3, the reaction of AMPS with a polymeric perfluoro-oxaalkane 

diacyl peroxide proceeded smoothly to give AMPS polymer containing perfluoro-oxaalkylene 

units {-[RF-(AMPS)q]p-}. The AMPS polymer containing fluoroalkylene units thus obtained 

was found to be easily soluble not only in water but also in methanol, ethanol, 

N,N-dimethylformamide and dimethyl sulfoxide even at higher concentrations above 1.0 g dm−3, 

and the gel could not form in any of these media. This finding suggests that the internal 

fluoroalkylene units in the polymer are not likely to aggregate sterically with each other 

compared to the end-capped fluoroalkyl units. Therefore, it is concluded that fluoroalkylated 

end-capped AMPS oligomers can cause gelation where strong aggregation of the end-capped 

fluoroalkyl segments is involved sterically in establishing the physical gel network in aqueous 

and organic media. 

Hitherto, the synthesis of chemically-cross-linked AMPS polymer gels has been reported 

by Osada et al., and this polymer hydrogel crosslinked by N,N’-methylenebisacrylamide has a 

high adsorptive property towards various metal ions.27) Therefore, it is interesting to study the 

adsorptive property towards metal ions on the swelling equilibrium of the fluoroalkylated 

end-capped AMPS oligomer hydrogel. 

The swelling equilibrium of RF-(AMPS)x-(CH2CMeCO2Me)y-RF [RF = 

CF(CF3)OCF2CF(CF3)OC3F7] hydrogel was studied in aqueous solutions of metal ions (Cr3+ 
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and Co2+). The metal-ion concentrations of the supernatant liquid after incubation (at 25 °C for 

24 h) was spectrophotometrically determined from absorbance at 580 nm (Cr3+) or 510 nm 

(Co2+). The binding of the metal ions by this fluorinated gel was studied for a wide range of 

metal-ion concentrations, and the results are shown in Fig. 1-4. 

 

 

 

 

 

 

 

 

 

 

 

 

A remarkable decrease in the absorbance of Cr3+ or Co2+ was observed after the addition 

of the fluoroalkylated hydrogel to each metal ion solution. As shown in Fig. 1-4, the Cr3+ and 

Theoretical line

(a)

(b)

Relationship between relative amounts of Metal ions binding to  [RF-(AMPS)x-
(CH2CMeCO2Me)y-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7] and relative amount of 
initial metal ions: (◯) Co2+; (●) Cr3+; (       )  theoretical line (corresponds to a 
100% binding ratio; (a) Cr3+ ion (AMPS polymer curved by N,N’-
methylenebisacrylamide-H2O2 system) (see ref. 27); (b) Co2+ ion (AMPS polymer 
curved by N,N’-methylenebisacrylamide-AIBN system) (see ref. 27). †[AMPS] 
indicates calculated concentration (mol dm-3) based on polymer monomer unit.

Fig. 1-4
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Co2+ ion bindings increased linearly with an increase in the initial concentration of Cr3+ or Co2+ 

with ca. 60% binding ratio {based on the relative amount of Cr3+ (or Co2+) binding to gel 

([Metal ion]binding/[AMPS]) and relative amount of initial metal ion ([Metal ion]add/[AMPS])}. 

Furthermore, this fluoroalkylated hydrogel was found to have a similar adsorptive property 

towards Co2+ and Cr3+ ions. This finding would mean that these metal ions bind ionically to the 

anionic parts of the oligomer networks in the fluorinated gel, and this ionic interaction is not 

affected by the gel structure. On the other hand, bound Co2+ or Cr3+ ion was not released from 

the fluoroalkylated gel into water. This result also suggests that the interaction for the binding 

of the metal ions to the hydrogel is not coordination but ionic. 

Interestingly, the fluoroalkylated end-capped AMPS oligomer hydrogel was shown to 

have a higher metal ion binding power than the corresponding AMPS polymer hydrogels 

crosslinked by N,N’-methylenebisacrylamide–H2O2 or AIBN (azobisisobutyronitrile) system27) 

as in Fig. 1-4. As a result, it can be said that the metal ions should interact in part with not only 

the anionic parts of the fluorinated hydrogel but also the fluoroalkyl segments in the fluorinated 

AMPS hydrogel possessing strong electron-withdrawing properties. 

In this way, it was verified that the aggregation of fluoroalkyl segments in water and in 

organic media becomes a new driving factor for gelation as well as the well-known interactions 

such as hydrogen bonding and ionic interaction. Furthermore, it was clarified that the hydrogels 
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which are built up through the aggregation of the fluoroalkyl segments have similar metal ion 

adsorptive properties to the well-known chemically crosslinked polymer hydrogels. 

Because the fluoroalkylated AMPS oligomers are gelling, it is of particular interest to 

investigate their potential as biologically active materials. Thus, a series of fluoroalkylated 

end-capped AMPS oligomers have been evaluated for activity against HIV-1 replication in 

MT-4 cells (see Table 1-3). 

 

 

 

 

 

 

 

 

 

 

 

As shown in Table 1-3, the 50% effective concentrations of the oligomers were 0.23 ~ 

Inhibitory effect of fluoroalkylated 2-acrylamido-2-methylpropanesulfonic oligomers on 
the replication of HIV-1 in MT-4 cells

Table 1-3

RF-(AMPS)n-RF; RF = C3F7 24500

RF-(AMPS)n-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7 12000

24000

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = C3F7 11000

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = CF(CF3)OC3F7 10000

RF-(AMPS)x-(CH2CHSiMe3)y-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7 17400

11300

14300

5400

1.6

1.6

1.7

0.6

2.3

1.7

1.9

0.23

1.6

RF-(AMPS)n-RF; RF = CF(CF3)OCF2CF(CF3)OCF2CF(CF3)OC3F7

RF-(AMPS)x-(CH2CMeCO2Me)y-RF; RF = C3F7

RF-(AMPS)x-(CH2CMeCO2Me)y-RF; RF = CF(CF3)OC3F7

-(AMPS)n-

EC50
a)

/ μg ml-1
oligomer Mn

>100

>100

>100

>100

>100

>100

>100

>100

36

CC50
b)

/ μg ml-1

3.5dextran sulfate (MW = 5000) >100

—

a) Fifty percent effective concentration, based on the inhibition of HIV-1 induced cytopathic effects in MT-4 cell.
b) Fifty percent cytotoxic concentration, based on the impairment of viability of mock-infected MT-4 cells.
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2.3 µg ml−1 in MT-4 cells, whereas they were not toxic at concentrations up to 100 µg ml−1. 

These values are superior to those of dextran sulfate, which has been considered to be a potent 

and selective polymeric inhibitor of HIV-1 replication in cell culture to date.34) On the other 

hand, non-fluorinated oligomers were toxic to the host cells. The mechanism of action of the 

gelling oligomers may also explain the inhibition of virus adsorption, as previously 

demonstrated for fluoroalkylated acrylic acid oligomers.23, 35, 36) Interestingly, there is some 

correlation between the activity against HIV-1 and the Cmin values (medium: water). As the 

activity against HIV-1 shown in Table 1-3 becomes higher, the Cmin values (see Table 1-2) 

become in general smaller. Thus, fluoroalkylated end-capped AMPS co-oligomers such as 

C3F7-(AMPS)x-(CH2CHSiMe3)y-C3F7, C3F7OCF(CF3)-(AMPS)x-(CH2CMeCO2Me)y-

CF(CF3)OC3F7 exhibit a higher anti-HIV-1 activity than the corresponding homo-oligomers, 

and these co-oligomers possess in general a higher gelling ability. Therefore, it is suggested that 

the oligomers possessing a higher gelling ability (that is, the oligomers which are more 

adsorbable) would interact strongly with the virus leading to more potent inhibitory effects 

against HIV-1 replication. 

It has already reported that fluoroalkylated end-capped oligomers containing 

trimethylammonium segments possess antibacterial activity against Staphylococcus aureus.7) 

Hence, the present fluoroalkylated end-capped AMPS oligomers are also expected to show 
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antibacterial activity since these oligomers contain the amide segments. These AMPS 

oligomers have been evaluated for their antibacterial activity against S. aureus by viable cell 

counting method as already reported.7) About 108 cells per ml of S. aureus were exposed to 1 

mg ml-1 of the oligomers in saline. 

Fluoroalkylated end-capped AMPS homo- and co-oligomers were in general inactive. 

However, of these AMPS oligomers, perfluoropropylated AMPS–trimethylvinylsilane 

co-oligomer [C3F7-(AMPS)x-(CH2CHSiMe3)y-C3F7] was found to show anti-bacterial activity 

(from 2.2 × 108 to 2 × 102 colony forming units levels). In addition, this co-oligomer was shown 

to possess a higher anti-HIV-1 activity (see Table 1-3). 

Hitherto, the development of antibacterial cationic materials possessing fluoroalkyl 

segments has been limited.37, 38) However, C3F7-(AMPS)x-(CH2CHSiMe3)y-C3F7 was able to 

exhibit effectively not only anti-HIV-1 activity but also antibacterial activity. 

In this way, it was demonstrated that the fluorinated AMPS oligomers have not only a 

gelling ability but also anti-HIV-1 activity or antibacterial activity, although these compounds 

are high molecular mass materials containing only fluoroalkylated end-groups in one 

oligomeric molecule. Hence, these new fluorinated compounds are expected to be widely 

applicable in various fields as new attractive fluorinated gelling functional materials possessing 

biological activities. 
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3.4  Conclusions 

New fluoroalkylated end-capped 2-acrylamido-2-methylpropanesulfonic acid 

homo-oligomers were prepared by reaction of fluoroalkanoyl peroxides with 

2-acrylamido-2-methylpropanesulfonic acid (AMPS). Similarly, fluoroalkylated end-capped 

co-oligomers were prepared by reaction of fluoroalkanoyl peroxides with AMPS and the 

co-monomers such as trimethylvinylsilane and methyl methacrylate. These thus-obtained 

fluoroalkylated end-capped AMPS oligomers were found to form gels not only in water but 

also in organic polar solvents such as methanol, ethanol, N,N-dimethylformamide and dimethyl 

sulfoxide under non-crosslinked conditions. On the other hand, AMPS polymer containing 

fluoroalkylene units {[-RF-(AMPS)q]p-} could cause no gelation under similar conditions. This 

suggests that fluoroalkylated end-capped AMPS oligomers can cause gelation where strong 

aggregation of the end-capped fluoroalkyl segments is involved sterically in establishing the 

physical gel network in these media. Interestingly, these fluoroalkylated end-capped AMPS 

oligomer hydrogels had a strong metal ion binding power. Moreover, it was demonstrated that 

these fluoroalkylated gelling oligomers are potent and selective inhibitors of HIV-1 replication 

in cell culture. In addition, one of these gelling oligomers was found to possess antibacterial 

activity against Staphylococcus aureus. Therefore, these fluorinated gelling oligomers are 

suggested to have high potential for new functional materials through their gelling ability and 
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biological activity.  
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CHAPTER 2 

 

 

Gelation of Fluoroalkylated End-Capped Oligomers Containing Triol 

Segments under Non-Crosslinked Conditions, and Binding or Releasing of 

Metal Ions by These Oligomers 
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2.1  Introduction 

Polyacrylamide gels, such as poly[N-tris(hydroxymethyl)methylacrylamide] gels 

crosslinked by N,N'-methylene-bisacrylamide, have been widely used as anticonvective media 

for the electrophoretic separation of biomolecules,1) and their derivatives have also been applied 

to a drug-delivery system.2, 3) Hitherto, there has been attractive interest in organofluorine 

compounds owing to possessing various unique properties which cannot be achieved by the 

corresponding non-fluorinated ones.4) Therefore, it is of particular interest to explore 

fluorinated polyacrylamide gels; however, although the preparation and application of these 

compounds have been limited, these compounds have been the subject of considerable research 

of both fundamental and applied nature. Recently, it has been discovered that fluoroalkylated 

end-capped betaine-type oligomers, {RF-[CH2-CHC(=O)N+H2C(CH3)2CH2SO3-]n-RF}, can 

cause gelation derived from the synergistical interaction of the aggregations of fluoroalkyl 

segments and the ionic interactions of the betaine segments in water or organic media.5) 

Therefore, the hydrogen-bonding interaction can be strongly expected to participate in the 

gelator which is constructed by the fluoroalkyl units.  

From such points of view, it is of particular important to synthesis new fluoroalkylated 

end-capped acrylamide oligomers which can cause physical gelation, the driving factors of 

which are intermolecular hydrogen bonding and the aggregations of fluoroalkyl segments. This 
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Chapter shows that the synthesis and properties of fluoroalkylated end-capped 

N-tris(hydroxymethyl)methylacrylamide oligomers by the reactions of fluoroalkanoyl 

peroxides with the corresponding monomers.  

 

 

2.2  Experimental  

2.2.1  Measurements 

NMR spectra were measured using a Varian Unity-plus 500 (500 MHz) spectrometer, 

while IR spectra were recorded on a Horiba FT-300 FT-IR spectrophotometer. Absorption 

spectra were recorded on a Shimadzu UV-240 spectrophotometer. Solution viscosities were 

measured by using a falling-sphere Haake Viscometer D1-G. 

 

2.2.2  Materials 

     A series of fluoroalkanoyl peroxides [(RFCOO)2] were prepared by the reactions of the 

corresponding acyl halides and hydrogen peroxide in the presence of aqueous sodium 

hydroxide according to the previously reported method.6, 7)  

N-Tris(hydroxymethyl)methylacrylamide was purchased from Acros Organics Inc.. 

Trimethylvinylsilane and dimethyl-1,4,7-trioxanonylvinylsilane were purchased from 
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Shin-Etsu Co., Ltd.. Chromium(III) nitrate and cobalt(II) chloride were purchased from Wako 

Chemicals. 

 

2.2.3  General procedure for the synthesis of fluoroalkylated NAT oligomers 

     Perfluor-2-methyl-3-oxahexanoyl peroxide (4 mmol) in 1 : 1 mixed solvents (AK-225) 

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

(50 g) was added to an aqueous solution (50%, w/w) of NAT (20 mmol). The heterogeneous 

solution was stirred vigorously at 45 °C for 5 h under nitrogen. The crude product obtained was 

washed with methanol well to remove the unreacted NAT monomer, and dried over in vacuo 

to give a bis(perfluoro-1-methyl-2-oxapentylated)-N-tris(hydroxymethyl)methylacrylamide 

(3.45 g). This oligomer exhibited the following spectra characteristics: IR ν (cm−1) 3355 (OH, 

NH), 1652 (C=O), 1394 (CF3), 1270 (CF2); 1H NMR (D2O) δ 1.10 ~ 2.22 (CH2, CH), 3.28 ~ 

4.19 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -5.82 ~ -10.82 (16F), -54.65 (6F). 

     The other products obtained exhibited the following spectral characteristics: 

RF-(NAT)x-RF [RF = C3F7; Run 1 in Table 2-1]:  

IR ν (cm−1) 3361 (OH, NH), 1648 (C=O), 1386 (CF3), 1280 (CF2); 1H NMR (D2O) δ 1.10 ~ 

2.24 (CH2, CH), 3.28 ~ 4.15 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -5.64 (6F), -43.18 

(4F), -54.65 (4F).  
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RF-(NAT)x-RF [RF = C3F7; Run 2 in Table 2-]):  

IR ν (cm−1) 3424 (OH, NH), 1648 (C=O), 1388 (CF3), 1261 (CF2); 1H NMR (D2O) δ 1.04 ~ 

2.48 (CH2, CH), 3.33 ~ 3.98 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -5.77 (6F), -43.18 (4F), 

-54.52 (4F). 

RF-(NAT)x-RF [RF = CF(CF3)OC3F7; Run 4 in Table 2-1]:  

IR ν (cm−1) 3378 (OH, NH), 1650 (C=O), 1392 (CF3), 1245 (CF2); 1H NMR (D2O) δ 1.03 ~ 

2.24 (CH2, CH), 3.03 ~ 4.28 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -6.93 ~ -7.74 

(16F), -54.05 (6F). 

RF-(NAT)x-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7 ; Run 5 in Table 2-1]:  

IR ν (cm−1) 3386 (OH, NH), 1650 (C=O), 1390 (CF3), 1245 (CF2); 1H NMR (D2O) δ 1.01 ~ 

2.21 (CH2, CH), 2.78 ~ 4.18 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.99 ~ -7.74 

(26F), -54.36 (6F), -72.28 (2F). 

RF-(NAT)x-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 6 in Table 2-1]:  

IR ν (cm−1) 3390 (OH, NH), 1648 (C=O), 1392 (CF3), 1267 (CF2); 1H NMR (D2O) δ 1.04 ~ 

2.54 (CH2, CH), 3.40 ~ 4.12 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.99 ~ -6.93 

(26F), -54.60 (6F), -71.21 (2F). 

     Similarly, a series of fluoroalkylated NAT co-oligomers were prepared by 

co-oligomerizations with fluoroalkanoyl peroxides. These exhibited the following spectral 
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characteristics:  

RF-(NAT)x-(CH2CHSiMe3)y-RF [RF = C3F7; Run 7 in Table 2-1]:  

IR ν (cm−1) 3337 (OH, NH), 1648 (C=O), 1390 (CF3), 1268 (CF2); 1H NMR (D2O) δ -0.22 

~ -0.01 (CH3), 0.98 ~ 2.47 (CH2, CH), 3.34 ~ 4.36 (CH2); 19F NMR (D2O, ext. CF3CO2H) 

δ -5.71 (6F), -43.25 (4F), -52.24 (4F). 

RF-(NAT)x-(CH2CHSiMe3)y-RF [RF = CF(CF3)OC3F7;Run 8 in Table 2-1]:  

IR ν (cm−1) 3411 (OH, NH), 1648 (C=O), 1392 (CF3), 1245 (CF2); 1H NMR (D2O) δ -0.13 ~ 

0.11 (CH3), 0.74 ~ 2.65 (CH2, CH), 3.28 ~ 4.22 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.97 

~ -7.74 (16F), -54.68 (6F). 

RF-(NAT)x-(CH2CHSiMe3)y-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7;Run 9 in Table 2-1]:  

IR ν (cm−1) 3415 (OH, NH), 1649 (C=O), 1392 (CF3), 1245 (CF2); 1H NMR (D2O) δ = -0.24 ~ 

-0.08 (CH3), 0.82 ~ 2.22 (CH2, CH), 2.90 ~ 4.21 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.99 

~ -7.50 (26F), -54.70 (6F), -62.75 (2F). 

RF-(NAT)x-(CH2CHSiMe2O(CH2)2O(CH2)2OCH2Me)y-RF  

[RF = CF(CF3)OCF2CF(CF3)OC3F7;Run 10 in Table 2-1]:  

IR ν (cm−1) 3405 (OH, NH), 1650 (C=O), 1386 (CF3), 1247 (CF2); 1H NMR (D2O) δ -0.29 ~ 

0.11 (CH3), 0.52 ~ 2.44 (CH2, CH), 3.27 ~ 4.18 (CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.78 

~ -10.78 (26F), -55.82 (6F), -70.98 (2F). 
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RF-(NAT)x-(CH2CMeCO2Me)y-RF [RF = CF(CF3)OC3F7; Run 11 in Table 2-1]:  

IR ν (cm−1) 3397 (OH, NH), 1650 (C=O), 1322 (CF3), 1241 (CF2); 1H NMR (D2O) δ 0.62 ~ 

2.52 (CH3, CH2, CH), 3.28 ~ 4.22 (CH3, CH2); 19F NMR (D2O, ext. CF3CO2H) δ -5.64 ~ -10.13 

(16F), -54.36 (6F). 

RF-(NAT)x-(CH2CMeCO2Me)y-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 12 in Table 

2-1]:  

IR ν (cm−1) 3423 (OH, NH), 1646 (C=O), 1394 (CF3), 1243 (CF2); 1H NMR (D2O) δ 0.84 ~ 

2.39 (CH3, CH2, CH), 3.31 ~ 4.18 (CH3, CH2); 19F NMR (D2O, ext. CF3CO2H) δ -3.99 ~ -9.18 

(26F), -54.57 (6F), -70.64 (2F). 

 

2.2.4  Viscosity measurements 

The viscosities of aqueous solutions of fluoroalkylated NAT homo- and co-oligomers 

were measured at 30 °C using a falling-sphere viscometer (Haake Viscometer D1-G). 
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2.2.5  A typical procedure for gelation test 

     A procedure for studying the gel-formation ability was based on a method reported by 

Hanabusa et al.8) Briefly, weighted fluoroalkylated NAT oligomer was mixed with water or 

organic fluid in a tube. The mixture was treated under ultrasonic conditions until the solid was 

dissolved. The resulting solution was kept at 30 °C for 1 h, and then the gelation was checked 

out visually. When it was formed, the gel was stable and the tube was able to be inverted without 

changing the shape of the gel. 

 

2.2.6  Metal ions binding or releasing by fluoroalkylated NAT oligomer hydrogels 

Fluoroalkylated NAT oligomer hydrogels were swelled with water in a measuring flask. 

After the addition of the required amount of aqueous metal ion solution into the flask, the flask 

was allowed to stand for 1 d at 25 °C. The metal-ion concentration of supernatant liquid after 

the incubation was spectrophotometrically determined. 

 The metal ion was released from the metal binding to the hydrogel into water for 1 d at 25 °C, 

and then the metal ion concentration of supernatant liquid was determined 

spectrophotometrically. 
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2.3  Results and discussion 

The reactions of fluoroalkanoyl peroxides with N-tris(hydroxymethyl)methylacrylamide 

[NAT] in 1 : 1 mixed solvents (AK-225) of 1,1-dichloro-2,2,3,3,3-pentafluoropropane and 

1,3-dichloro-1,2,2,3,3-pentafluoropropane were carried out at 45 °C for 5h under nitrogen. The 

process is outlined in Scheme 2-1. NAT was found to react smoothly with the peroxides under 

mild conditions to give fluoroalkylated end-capped oligomers containing triol segments 

[RF-(NAT)n-RF]. 

 

 

 

Scheme 2-1  Synthesis of RF-(NAT)n-RF homo-oligomers at 45 ºC for 5 h 

 

Similarly, co-oligomerization with co-monomers such as trimethylvinysilane, 

dimethyl-1,4,7-trioxanonylvinylsilane, and methyl methacrylate was found to proceed under 

mild conditions to afford the corresponding fluoroalkylated end-capped co-oligomers, as shown 

in the following Scheme 2-2. 
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Scheme 2-2  Synthesis of RF-(NAT)x-(Co-M)y-RF co-oligomer at 45 ºC for 5 h 
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     The results for these reactions are summarized in Table 2-1.  

 

Table 2-1  Synthesis of fluoroalkylated NAT homo- and co-oligomers at 45 ºC for 5h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run
RF in peroxide NAT Product

/ mmol/ mmol Yield / %a) x : y b)

RF-(NAT)x-(CH2-CR1R2)y-RF

a) The yields are based on starting materials [ NAT, Co-monomers and the decarboxylated peroxide unit ( RF-RF ).
b) Co-oligomerization ratio determined by 1H NMR.

/ mmol

CH2=CHSiMe3

CH2=CR1R2

C3F7

5 21 55 ——

4 9 45 ——

CF(CF3)OC3F7

4 20 43 ——

5 5 29 ——

CF(CF3)OCF2CF(CF3)OC3F7

3 13 42 ——

3 5 48 ——

1

2

3

4

5

6

RF-(NAT)n-RF

C3F7

4 21 55 83 : 1721

CF(CF3)OC3F7

5 21 53 67 : 3321

7

8

CF(CF3)OCF2CF(CF3)OC3F7

3 13 50 96 : 4159

CF(CF3)OCF2CF(CF3)OC3F7

3 13 25 95 : 51410

CF(CF3)OC3F7

4 21 52 88 : 122211

CF(CF3)OCF2CF(CF3)OC3F7

3 13 54 90 : 101312

CH2=CHSiMe2-O(CH2)2O(CH2)2OEt

CH2=CMeCO2Me
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As shown in Table 2-1, not only perfluoropropylated, but also perfluoro-oxaalkylated 

NAT homo- and co-oligomers, were obtained under mild conditions, and the 

co-oligomerization ratios of these oligomers were determined by 1H NMR analyses. The 

obtained co-oligomers afforded a different reactivity in the co-oligomerization ratios. This 

finding would depend upon that the present homo- and co-oligomerizations of NAT with 

fluoroalkanoyl peroxides are heterogeneous systems including water. In these fluoroalkylated 

NAT homo- and co-oligomers (Table 2-1), each molecular weight of the oligomers was unable 

to measure by GPC (gel permeation chromatography) analyses under various conditions owing 

to the highly viscoelastic fluids or gel formation. In contrast, it was previously reported that 

fluoroalkylated end-capped acrylic acid oligomers [RF-(CH2CHCO2H)n-RF] can be synthesized 

by the reactions of fluoroalkanoyl peroxides with acrylic acid under similar conditions, and that 

their molecular weights (M̄n : 5000 ~ 13000) are easily measured by GPC analyses.9, 10) To 

clarify this unique gelling behavior, the viscosity of aqueous solutions of these fluoroalkylated 

end-capped oligomers was measured at 30 °C. The results are shown in Fig. 2-1. 
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Figure 2-1  Effect of concentration on viscosity of RF-(NAT)n-RF and -(NAT)n- at 30ºC 

 

     A shown in Fig. 2-1, the viscosities of non-fluorinated NAT oligomer [-(NAT)n-] did not 

increase remarkably with increasing its concentration. On the other hand, fluoroalkylated NAT 

oligomer increased extremely with increasing the concentration, and it became impossible to 

measure its viscosity owing to causing a gelation at concentrations above 2 g dm-3. 

     Similarly, other fluoroalkylated end-capped oligomers were found to increase extremely 

with increasing the concentration to cause gelation in water. The striking characteristics of the 

fluoroalkylated NAT oligomers as gelling agents are to harden organic solvents, such as 

dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF). In contrast, non-fluorinated 

NAT oligomer was completely soluble not only in water, but also in organic solvents, such as 
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DMSO and DMF. 

The temperature where the gel melts was also tried to measure; however, the gel melted 

neither in water nor in DMSO, even when the gel was heated from 30 °C to around 95 °C. This 

suggests that the fluoroalkyl segments are strongly connected with the establishment of a gel 

network. For a similar gel formation of fluorinated compounds, Tweig et al. reported that 

semifluorinated alkanes, such as F(CF2)10(CH2)12H, exhibit gel-like characteristics in 

hydrocarbon solvents, [H (CH2)pH; p = 8, 10, 12, 14].11) To study this gel-formation ability, the 

minimum concentrations of fluoroalkylated NAT oligomers necessary for gelation were 

measured according to a method reported by Hanabusa et al.8) The results on the minimum 

concentrations for gelation (Cmin) in water and in DMSO at 30 °C are given in Table 2-2. 

     There was no gel-formation ability for a non-fluorinated NAT oligomer owing to its good 

solubility. However, surprisingly, each fluoroalkylated oligomer in Table 2-1 can form a 

physical gel and harden not only water, but also organic polar solvents, such as DMSO at low 

concentrations, as shown in Table 2-2. In general, the gelling ability of fluoroalkylated 

homo-oligomers is superior to that of the co-oligomers, except for perfluoropropylated ones 

(Table 2-2), taking into account that Cmins are 18 ~ 47 g dm-3 for homo-oligomers and 34 ~ 82 

g dm-3 for co-oligomers at 30 °C. This finding suggests that the fluoroalkylated homo-oligomers 

are likely to have stronger association through intermolecular hydrogen bondins between triol 
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segments to cause physical gelation compared to those of the co-oligomers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The non-fluorinated NAT oligomer could not cause gelation. Therefore, the physical 

gelling behavior for the fluorinated NAT oligomers is not governed by only the intermolecular 

hydrogen bonding between triol segments, but the strong aggregations between end-capped 

fluoroalkyl segments in oligomers are essential for causing the gelation. Throughout these 

Table 2-2  Minimum gel concentration Cmin of fluoroalkylated NAT homo- and co-oligomers
                 (in g per dm3 Solvent) necessary for gelation at 30 ºC

Run a)

RF = C3F7

= C3F7

RF = CF(CF3)OC3F7

= CF(CF3)OC3F7

RF = CF(CF3)OCF2CF(CF3)OC3F7

= CF(CF3)OCF2CF(CF3)OC3F7

RF-(NAT)n-RF

RF = C3F7

RF = CF(CF3)OC3F7

RF = CF(CF3)OCF2CF(CF3)OC3F7

RF = CF(CF3)OCF2CF(CF3)OC3F7

RF = CF(CF3)OC3F7

RF = CF(CF3)OCF2CF(CF3)OC3F7

1

2

3

4

5

6

7

8

9

10

11

12

RF-(NAT)x-(CH2-CHSiMe3)y-RF

72

38

18

39

42

31

15

64

57

50

82

54

72

73

24

37

47

19

47

66

63

34

63

54

H2O DMSO

Cmin / g dm-3 (gelator/midium)
Oligomer

a) Each different from those of Table 2-1.

RF-(NAT)x-(CH2-CHSiMe2-O(CH2)2O(CH2)2OEt)y-RF

RF-(NAT)x-(CH2-CMeCO2Me)y-RF
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results, it is reasonable to assume that the present fluoroalkylated NAT oligomer gel is built up 

through the synergistic interactions of both the aggregations of fluoroalkyl segments and the 

intermolecular hydrogen bondings between triol segments. This feature is attributable to the 

fact that fluoroalkyl segments are solvophobic in aqueous and organic media, and enhance the 

aggregation due to the strong interaction between fluoroalkyl segments. 

     Much attention has been paid to the effect of metal ions or surfactants on the swelling 

equilibrium of polymer gels from both fundamental and technological standpoints.12, 13) For 

example, Osada et al. reported that poly(2-acryloylamino-2-methyl-1-propanesulfonic acid) 

gels crosslinked by N,N'-methylenebisacrylamide have high adsorptive properties against metal 

ions, such as Cr3+ and Co2+.14) Thus, it is very interesting to study the adsorptive properties 

against metal ions on the swelling equilibrium of the new fluoroalkylated NAT oligomer 

hydrogels. In fact, quantitative measurements of the uptake of Cr3+ have been tried by the use 

of fluoroalkylated NAT oligomers. The metal-ion concentration of supernatant liquid after 

incubation (at 25 °C for 24 h) was spectrophotometrically determined from a calibration curve 

showing the relationship between the metal-ion concentration and absorbance at 580 nm (Cr3+). 

These results are shown in Fig. 2-2. 
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As shown in Fig. 2-2, there was a decrease (a – b) in the absorbance of Cr3+ at 580 nm 

after the addition of the fluorinated hydrogel. This indicates that the Cr3+ ion strongly binds to 

RF-(NAT)x-(CH2CHSiMe3)y-RF hydrogel. A similar Cr3+ or Co2+ binding tendency was 

observed in poly(2-acryloylamino-2-methyl-1-propanesulfonic acid) gels crosslinked by 

N,N'-methylenebisacrylamide.14) 

     More interestingly, as shown in Fig. 2-2, the results on the absorbance of Cr3+ released 

into water (c) and the absorbance of Cr3+ binding to gel (a - b) show that Cr3+ can be easily 

The UV-visible spectra of aqueous solutions of Cr(NO3)3 in the presence (b) and 
absence (a) of RF-(NAT)x-(CH2CHSiMe3)y-RF gel, and the UV-visible spectra of 
aqueous solutions in the presence of  Cr3+ binding to RF-(NAT)x-(CH2CHSiMe3)y-RF 
gel (c) after the incubation at 25 ºC for 24 h

Figure 2-2
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released from Cr3+-bound RF-(NAT)x-(CH2CHSiMe3)y-RF hydrogel into water after incubation 

at 25 °C for 24 h. 

     Furthermore, the uptake and release of Cr3+ by various fluoroalkylated NAT oligomer 

hydrogels were studied for a wide range of metal-ion concentrations; these results are 

demonstrated in Figs. 2-3 and 2-4, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Relationship between relative amounts of Cr3+ binding to fluoroalkylated NAT 
oligomer hydrogels and relative amount of initial Cr3+

Figure 2-3
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     As shown in Fig. 2-3, the uptake of Cr3+ increased linearly with an increase in the initial 

concentration of Cr3+, and fluorinated hydrogels possessing lower Cmin values (i.e., Run 7 in 

Table 2-1: Cmin = 15 g dm-3) were found to have a stronger Cr3+ binding power with ca. 40 % 

binding ratio (the ratio based on the relative amount of Cr3+ binding to gel and relative amount 

of initial Cr3+). 

     On the other hand, as shown in Fig. 2-4, the release of Cr3+ increased linearly along with 

an increase in the initial concentration of Cr3+ binding to the fluoroalkylated hydrogels; it was 

clarified that Cr3+ can be released from Cr3+-bound fluoroalkylated NAT oligomer hydrogels 

into water with ca. 18 % (Run 7) or 25 % (Run 3 in Table 2-1: Cmin = 18 g dm-3; data not shown) 

Relationship between relative amounts of released Cr3+ in water and relative 
amount of Cr3+ binding to Run 7 hydrogel under various incubation conditions.

Figure 2-4
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releasing ratio after the incubation at 25 °C for 1 d. This releasing ratio is based on the relative 

amount of Cr3+ released into water and the relative amount of Cr3+ binding to gel. Thus, an 

oligomer hydrogel possessing a lower Cmin value (Run 7) was clarified to have a lower metal-

ion releasing power. 

     Furthermore, the release of Cr3+ from Cr3+-bound fluoroalkylated NAT oligomer 

hydrogel (Run 7) possessing the lowest Cmin was studied at 25 °C under various incubation 

conditions. The results are shown in Fig. 2-4. 

     As shown in Fig. 2-4, the releasing ratios were found to increase along with an increase 

in the incubation times from 18 % (1 d) to 24 % (10 d). 

Similar results for the uptake and release of Co2+ (CoCl2) by fluoroalkylated NAT 

oligomer hydrogels were obtained under the same spectrometrical conditions at 510 nm, and 

the uptake and release of Co2+ increased linearly with an increase in the initial concentration of 

Co2+ (data not shown), and an increase in the initial concentration of Co2+ binding to the 

hydrogels (data not shown) to afford ca. 50% (Run 7) and ca. 40% (Run 3) binding ratios, and 

ca. 18% (Run 7) and ca. 23% (Run 3) releasing ratios, respectively. 

     From these results, it can be said that the fluoroalkylated NAT oligomer hydrogels 

possessing lower Cmin values enable the metal ions to bind more strongly to the triol segments 

in the oligomer networks via the coordinate interaction, since the stronger aggregation of 
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fluoroalkyl segments and the intermolecular hydrogen bondings are necessary for the 

establishment of the physical gel network to exhibit lower Cmin values. In contrast, the metal 

ions are likely to release easily from metal ions-bound fluorinated hydrogels possessing higher 

Cmin values into water. This finding would depend on that the binding of metal ions to oligomer 

hydrogels is via the coordinate interaction, and the oligomer gels possessing higher Cmin values 

have a weaker interaction among the oligomer networks in the gel. 

     The uptake of Cr3+ by fluoroalkylated NAT hydrogel (Run 7) was studied at 25 °C for a 

wider range (ca. 44 mmol g-1) of Cr3+ concentrations than that of Fig. 2-3 in order to determine 

the binding number of Cr3+ to the hydrogel by applying the Langmuir isotherm. The results are 

shown in Fig. 2-5.  

 

 

 

 

 

 

 

 
Relationship between relative amounts of Cr3+ binding to Run 7 hydrogel and 
relative amount of initial Cr3+

Figure 2-5
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     However, as shown in Fig. 2-5, the uptake of Cr3+ increased linearly with an increase in 

the initial concentration of Cr3+. Thus, the following equilibrium reaction should be applicable 

rather than Langmuir isotherm: 

           

where RF–Gel, Mn+, and RF–Gel (Mn+)m denote the fluoroalkylated NAT oligomer hydrogel, 

metal ion, and the fluoroalkylated NAT oligomer hydrogel with metal ions, respectively. 

     The equilibrium constant (K) can be then defined as 

                             

where the brackets signify the equilibrium concentration of the species. Taking into account the 

fact that the degree of saturation (Y) of metal ion binding is given by 

                    

and also that [Mn+] = C, we obtain the following relation which is useful in determining the m 

and K values: 

                                 

     We can determine the m and K values in the Cr3+ uptake or release of Run 7 hydrogel 

mMn+ + RF-Gel RF-Gel (Mn+)m,
K1

K2

K =
[RF-Gel (Mn+)m]

[Mn+]m
 [RF-Gel]

,

Y =
[RF-Gel (Mn+)m]

[RF-Gel (Mn+)m] + [RF-Gel]
,

Y
1 - Y

log = mlog C + log K .

(1)

(2)

(3)

(4)
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from plots of log [Y/(1–Y)] vs. log C using both Eq. 4 and the results shown in the data for Run 

7 hydrogel in Fig. 2-4 (Cr3+ release) and Fig. 2-5 (Cr3+ uptake). 

     The m and K values were estimated by means of the slope of each straight line. The m 

and K1 values for binding (incubation time: 1 d) estimated by means of the slope of the straight 

line were 0.9 and 12.3 dm3 g-1, respectively. In contrast, the m and K2 values for release 

estimated by means of the slope of each straight line were shown in Table 2-3. 

 

 

 

 

 

 

     From these results, it was clarified that one molecule of metal ion was bound to one 

binding site in the gel. Thus, this result suggests that the metal ions bind only to the oligomer 

networks lying near to the gel surface due to the presence of a strong hydrophobic fluoroalkyl 

segment in the oligomers. The equilibrium constants K2 (9.2 ~ 3.0 dm3 g-1) were smaller than 

K1 value (12.3 dm3 g-1). This finding corresponds well with the results for the binding and the 

release ratios of the Run 7 hydrogel in Figs. 2-4 and 2-5. 

Table 2-3  The m and K2 values for release estimated by means 
                 of the slope of each straight line

Incubation time / d

1

3

8

10

1.1

0.9

0.8

1.1

9.2

4.5

4.4

3.0

m K2 / dm3 g-1
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2.4  Conclusions 

     It was demonstrated that fluoroalkylated end-capped oligomers containing triol segments 

can be prepared under very mild conditions by using fluoroalkanoyl peroxides as the key 

intermediates. Very interestingly, these fluoroalkylated oligomers were found to cause a 

physical gelation not only in water, but also in organic solvents, whose behavior is governed 

by the synergistic interaction of strong aggregations of fluoroalkyl segments in oligomers and 

intermolecular hydrogen bonding between triol segments under non-crosslinked conditions. 

Thus, it was demonstrated that the aggregation of fluoroalkyl segments in polymeric 

compounds in water and/or in organic media become a new driving factor for gelation as well 

as the well-known interactions, such as hydrogen bond and ionic interaction. Hitherto, it is well 

known that longer fluoroalkylated compounds exhibit a strong repellent property against water 

or hydrocarbons owing to the strong electronegativity of fluorine. However, since fluoroalkyl 

groups are introduced into only oligomer end-sites, these fluoroalkyl segments could aggregate 

easily each other rather than have repellent interactions in aqueous or organic media. In fact, 

Kunitake et al. reported that the fluorocarbon tails in the fluorinated amphiphiles should provide 

the solovophobic property to form stable bilayer membrances in water15 ~ 17) and in organic 

solvents.18, 19) Thus, such unique aggregate in these media would be remarkably enhanced due 

to the stability by the self-organization of oligomers to cause gelation in these media. 
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Additionally, these fluoroalkylated oligomer hydrogels were demonstrated to have not only a 

metal ion binding, but also a metal-ion releasing power. Especially, these oligomer hydrogels 

possessing lower Cmin values had a higher metal binding power, whereas, the hydrogels 

possessing higher Cmin values had a higher releasing power. Therefore, these fluoroalkylated 

oligomers would be applicable to various fields, such as water softening, scale removal, and 

metal cleaning.  
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CHAPTER 3 

 

 

Synthesis and Properties of Gelling Fluoroalkylated End-Capped 

Oligomers Containing Hydroxy Segments  
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3.1  Introduction 

Fluorinated polymers are very interesting and useful class of materials due to their unique 

balance of properties such as low surface free energy, low coefficient of friction, and solvent 

and chemical resistance.1, 2) However these fluorinated compounds in general exhibit extremely 

low solubility in organic solvents. Therefore, it has been deeply desirable to explore highly 

soluble fluorinated macromolecules possessing excellent properties imparted by fluorine that 

set them apart from the usual fluorinated polymers. From such points of view, the partially 

fluorinated polymeric compounds, especially fluoroalkylated end-capped macromolecules with 

carbon-carbon bond formation, prepared by using fluoroalkanoyl peroxides as key 

intermediates, were found to exhibit a high solubility in various solvents and an excellent 

surface active property imparted by fluorine and biological activities, although these polymers 

have only fluoroalkylated end-capped materials.3) Partially fluoroalkylated polymers were 

prepared by a variety of  anionic polymerizations4 ~ 7) and  a fluoroalkylated end-capped 

moiety was introduced through the ester bond8 ~ 10) to perfluoroalkyl-terminated polymers, and 

the interesting properties have been reported. In a series of such fluoroalkylated end-capped 

macromolecules, it was reported that fluoroalkylated end-capped oligomers containing 

betaine-type segments cause a gelation derived from the synergistical interaction of the 

aggregations of fluoroalkyl segments and ionic interaction between the betaine-type 
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segments.11) Furthermore, in the fluoroalkylated end-capped oligomers containing triol 

segments, it was demonstrated that the hydrogen bonding interaction between triol segments 

can be participated in the gelator which is constructed by the fluoroalkyl units.12) Previously, 

Tweig et al. reported similar gel formation of low-molecular semifluorinated alkanes such as 

F(CF2)10(CH2)12H in hydrocarbon solvents [H(CH2)pH; p = 8, 10, 12, 14].13) However, studies 

on such interesting gelations of polymeric organofluorine compounds have been hitherto very 

limited except for the recent reports.11, 12) Therefore, it is very interesting to explore partially 

fluorinated polymeric compounds which cause gelation through the aggregation of fluoroalkyl 

segments.  

This chapter describes the synthesis and properties of fluoroalkylated end-capped 

oligomers containing 2-hydroxypropyltrimethylammonium or carboxy(hydroxy)methylamido 

segments.  

 

 

 

 

 

 



 77 

3.2  Experimental 

3.2.1  Measurements 

NMR spectra were measured using a Varian Unity plus 500 (500 MHz) spectrometer, 

while IR spectra were recorded on a HORIBA FT-300 FT-IR spectrophotometer. Absorption 

spectra were recorded on a Shimadzu UV-240 spectrophotometer. Solution viscosity was 

measured by using a falling-sphere Haake Viscometer D1- G. 

 

3.2.2  Materials  

A series of fluoroalkanoyl peroxides [(RFCOO)2] was prepared by reactions of the 

corresponding acyl halides and hydrogen peroxide in the presence of aqueous sodium 

hydroxide according to the previously reported methods.14, 15) 

3-Methacryloxy-2-hydroxypropyltrimethylammonium chloride (MHPTA) was supplied by 

NOF Corporation. 2-Hydroxy-2-[(1-oxoprop-2-enyl)amino]acetic acid (HOPPA) was 

purchased from Acros Organics Inc. Chromium(III) nitrate and cobalt(II) chloride were 

purchased from Wako Chemicals. 
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3.2.3  General procedure for the synthesis of fluoroalkylated end-capped oligomers 

Perfluorobutyryl peroxide (4 mmol) in 1 : 1 mixed solvents (AK-225) of 

1,1-dichloro-2,2,3,3,3-pentafluoropropane and 1,3-dichloro-1,2,2,3,3-pentafluoropropane (65 

g) was added to an aqueous solution (50%, w/w) of MHPTA (42 mmol). The heterogeneous 

solution was stirred vigorously at 45 °C for 5 h under nitrogen. After evaporating the solvent, 

the crude product was reprecipitated from methanol-tetrahydrofuran system to give 

bis(perfluoropropylated) 3-methacryloxy-2-hydroxypropyltrimethylammonium chloride 

oligomers (Run 2 in Table 3-1; 6.48 g). This oligomer showed the following spectral data: IR 

ν (cm-1) 3440 (OH), 1716 (C=O), 1319 (CF3), 1245 (CF2); 1H NMR (D2O) δ 0.70 ~ 1.10 (CH3), 

1.73 ~ 2.00 (CH2), 3.07 ~ 3.22 (CH3), 3.35 ~ 3.50 (CH2), 3.80 ~ 4.10 (CH2), 4.40 ~ 4.55 (CH);  

19F NMR (D2O, ext. CF3CO2H) δ -5.57 (6F), -43.04 (4F), -52.80 (4F). 

The other products obtained exhibited the following spectral characteristics: 

RF-(MHPTA)n-RF [RF = C3F7; Run 1 in Table 3-1]:  

IR ν (cm-1) 3448 (OH), 1716 (C=O), 1319 (CF3), 1245 (CF2); 1H NMR (D2O) δ 0.70 ~ 1.10 

(CH3), 1.73 ~ 2.00 (CH2), 3.07 ~ 3.22 (CH3), 3.35 ~ 3.50 (CH2), 3.80 ~ 4.10 (CH2), 4.40 ~ 4.55 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.66 (6F), -43.02 (4F), -52.84 (4F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OC3F7; Run 3 in Table 3-1]: 

IR ν (cm-1) 3457 (OH), 1725 (C=O), 1320 (CF3), 1244 (CF2); 1H NMR (D2O) δ 0.68 ~ 1.10 
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(CH3), 1.60 ~ 2.10 (CH2), 3.05 ~ 3.20 (CH2), 3.35 ~ 3.50 (CH2), 3.80 ~ 4.10 (CH2), 4.43 ~ 4.55 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.63 ~ -6.93 (16F), -53.17 (6F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OC3F7; Run 4 in Table 3-1]: 

IR ν (cm-1) 3457 (OH), 1727 (C = O), 1321 (CF3), 1241 (CF2); 1H NMR (D2O) δ 0.68 ~ 1.11 

(CH3), 1.61 ~ 2.15 (CH2), 3.05 ~ 3.19 (CH3), 3.31 ~ 3.54 (CH2), 3.79 ~ 4.19 (CH2), 4.43 ~ 4.55 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.63 ~ -6.93 (16F), -53.25 (6F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OC3F7; Run 5 in Table 3-1]: 

IR ν (cm-1) 3455 (OH), 1727 (C=O), 1310 (CF3), 1242 (CF2); 1H NMR (D2O) δ 0.68 ~ 1.12 

(CH3), 1.62 ~ 2.18 (CH2), 3.08 ~ 3.22 (CH3), 3.38 ~ 3.55 (CH2), 3.80 ~ 4.14 (CH2), 4.43 ~ 4.60 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.61 ~ -6.72 (16F), -53.04 (6F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OC3F7; Run 6 in Table 3-1]: 

IR ν (cm-1) 3464 (OH), 1724 (C=O), 1320 (CF3), 1242 (CF2); 1H NMR (D2O) δ 0.60 ~ 1.13 

(CH3), 1.66 ~ 2.12 (CH2), 3.06 ~ 3.33 (CH3), 3.34 ~ 3.55 (CH2), 3.80 ~ 4.12 (CH2), 4.40 ~ 4.57 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.66 ~ -6.65 (16F), -53.61 (6F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OC3F7; Run 7 in Table 3-1]: 

IR ν (cm-1) 3438 (OH), 1724 (C=O), 1319 (CF3), 1257 (CF2); 1H NMR (D2O) δ 0.50 ~ 1.20 

(CH3), 1.22 ~ 2.38 (CH2), 3.38 ~ 3.37 (CH3), 3.38 ~ 3.55 (CH2), 3.80 ~ 4.22 (CH2), 4.30 ~ 4.55 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.58 ~ -7.43 (16F), -53.59 (6F).  
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RF-(MHPTA)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 8 in Table 3-1]: 

IR ν (cm-1) 3462 (OH), 1715 (C=O), 1317 (CF3), 1245 (CF2); 1H NMR (D2O) δ 0.60 ~ 1.10 

(CH3), 1.70 ~ 2.10 (CH2), 3.05 ~ 3.24 (CH3), 3.34 ~ 3.51 (CH2), 3.80 ~ 4.11 (CH2), 4.42 ~ 4.51 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.76 ~ -8.20 (26F), -53.04 (6F), -70.93 (2F). 

RF-(MHPTA)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 9 in Table 3-1]: 

IR ν (cm-1) 3436 (OH), 1727 (C=O), 1323 (CF3), 1257 (CF2); 1H NMR (D2O) δ 0.65 ~ 1.13 

(CH3), 1.70 ~ 2.20 (CH2), 3.05 ~ 3.25 (CH3), 3.35 ~ 3.53 (CH2), 3.80 ~ 4.05 (CH2), 4.32 ~ 4.55 

(CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.76 ~ -7.84 (26F), -53.01 (6F), -70.64 (2F). 

RF-(MHPTA)x-(CH2-CHSiMe3)y-RF [RF = CF(CF3)OC3F7; Run 17 in Table 3-2]: 

IR ν (cm-1) 3428 (OH), 1724 (C=O), 1257 (CF2), 863 (Si-CH3); 1H NMR (D2O) δ -0.20 ~ 0 

(Si-CH3), 0.65 ~ 1.10 (CH3, CH), 1.70 ~ 2.18 (CH2), 3.07 ~ 3.21 (CH3), 3.35 ~ 3.48 (CH2), 3.80 

~ 4.12 (CH2), 4.34 ~ 4.56 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.48 ~ -7.53 (16F), -53.01 

(6F). 

RF-(MHPTA)x-(CH2-CHSiMe3)y-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 18 in Table 

3-2]: 

IR ν (cm-1) 3467 (OH), 1730 (C=O), 1323 (CF3), 1245 (CF2), 860 (Si-CH3); 1H NMR (D2O) 

δ -0.30 ~ 0 (Si-CH3), 0.65 ~ 1.15 (CH3, CH), 1.70 ~ 2.20 (CH2), 3.07 ~ 3.25 (CH3), 3.35 ~ 3.60 

(CH2), 3.80 ~ 4.13 (CH2), 4.40 ~ 4.60 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.56 ~ -7.92 
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(26F), -53.04 (6F), -70.50 (2F). 

Similarly, a series of fluoroalkylated end-capped HOPPA oligomers was prepared by 

oligomerization with fluoroalkanoyl peroxides, and exhibited the following spectral 

characteristics: 

RF-(HOPPA)n-RF [RF = C3F7; Run 10 in Table 3-1]:  

IR ν (cm-1) 3471 (OH), 3164 (NH), 1736, 1648 (C=O), 1313 (CF3), 1261 (CF2); 1H NMR (D2O) 

δ 0.90 ~ 2.40 (CH2, CH), 5.10 ~ 5.57 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.63, -7.77 (6F), 

-43.17, -45.48 (4F), -53.74, 54.65 (4F).  

RF-(HOPPA)n-RF [RF = CF(CF3)OC3F7; Run 11 in Table 3-1]: 

IR ν (cm-1) 3465 (OH), 3187 (NH), 1745, 1658 (C=O), 1336 (CF3), 1257 (CF2); 1H NMR (D2O) 

δ 0.98 ~ 2.48 (CH2, CH), 5.09 ~ 5.62 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -6.96 ~ -7.76 

(16F), -54.15 (6F). 

RF-(HOPPA)n-RF [RF = CF(CF3)OC3F7; Run 12 in Table 3-1]: 

IR ν (cm-1) 3457 (OH), 3195 (NH), 1747, 1662 (C=O), 1334 (CF3), 1226 (CF2); 1H NMR (D2O) 

δ 0.80 ~ 2.51 (CH2, CH), 5.15 ~ 5.81 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.76 ~ -7.76 

(16F), -54.21 (6F). 

RF-(HOPPA)n-RF [RF = CF(CF3)OC3F7; Run 13 in Table 3-1]: 

IR ν (cm-1) 3457 (OH), 3181 (NH), 1743, 1653 (C=O), 1255 (CF2); 1H NMR (D2O) δ 0.96 ~ 
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2.49 (CH2, CH), 5.01 ~ 5.80 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -4.43 ~ -8.62 (16F), -55.53 

(6F). 

RF-(HOPPA)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 14 in Table 3-1]: 

IR ν (cm-1) 3465 (OH), 3178 (NH), 1753, 1670 (C=O), 1338 (CF3), 1240 (CF2); 1H NMR (D2O) 

δ 0.93 ~ 2.48 (CH2, CH), 5.00 ~ 5.63 (CH); 19F NMR (D2O, ext. CF3CO2H) δ -5.76 ~ -7.06 

(26F), -53.77 ~ -54.68 (6F), -74.98 (2F). 

RF-(HOPPA)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 15 in Table 3-1]: 

IR ν (cm-1) 3432 (OH), 3195 (NH), 1745, 1660 (C=O), 1335 (CF3), 1249 (CF2); NMR spectra 

were not measured due to gelling (highly viscoelastic) of the sample.  

RF-(HOPPA)n-RF [RF = CF(CF3)OCF2CF(CF3)OC3F7; Run 16 in Table 3-1]: 

IR ν (cm-1) 3465 (OH), 3178 (NH), 1743, 1662 (C=O), 1338 (CF3), 1240 (CF2); NMR spectra 

were not measured due to gelling (highly viscoelastic) of the sample. 

RF-(HOPPA)x-(CH2-CMeCO2Me)y-RF [RF = CF(CF3)OC3F7; Run 19 in Table 3-2]: 

IR ν (cm-1) 3463 (OH), 3184 (NH), 1747, 1662 (C=O), 1325 (CF3), 1240 (CF2); 1H NMR (D2O) 

δ 0.88 ~ 2.89 (CH2, CH3, CH), 3.57 ~ 3.67 (CH3), 5.15 ~ 5.50 (CH); 19F NMR (D2O, ext. 

CF3CO2H) δ -5.82 ~ -7.66 (16F), -54.23 (6F). 

RF-(HOPPA)x-(CH2-CMeCO2Me)y-RF [RF = CF(CF3)OC3F7; Run 20 in Table 3-2]: 

IR ν (cm-1) 3463 (OH), 3180 (NH), 1738, 1676 (C=O), 1327 (CF3), 1242 (CF2); 1H NMR (D2O) 



 83 

δ 0.99 ~ 2.70 (CH2, CH3, CH), 3.47 ~ 3.63 (CH3), 5.10 ~ 5.64 (CH); 19F NMR (D2O, ext. 

CF3CO2H) δ -5.76 ~ -6.88 (16F), -54.36 (6F). 

 

3.2.4  Viscosity measurements 

Viscosity of aqueous solution of fluoroalkylated end-capped MHPTA oligomers was 

measured at 30 °C using a falling-sphere viscometer (Haake Viscometer D1-G). 

 

3.2.5  A typical procedure for gelation test  

The procedure for studying the gel-formation ability was essentially that of Hanabusa et 

al.16, 17) Briefly, weighed fluoroalkylated end-capped oligomer was mixed with water or organic 

fluid in a tube. The mixture was treated under ultrasonic conditions until the solid was dissolved. 

The resulting solution was kept at 30 °C for 1 h, and gelation was checked visually. The gel 

was stable and the tube could be inverted without changing the shape of the gel. 
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3.2.6  Metal ions binding or releasing by fluoroalkylated end-capped oligomer hydrogels 

Fluoroalkylated end-capped oligomer hydrogels were swollen with water in a measuring 

flask. After the addition of the required amount of aqueous metal ion solution into the flask, the 

flask was allowed to stand for 1 day at 25 °C. The metal-ion concentration of supernatant liquid 

after incubation was spectrophotometrically determined.  

Metal ion was released from the metal binding to the hydrogel into water for 1 day at  

25 °C, and its concentration in the supernatant liquid was determined spectrophotometrically. 
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3.3  Results and discussion 

Reactions of fluoroalkanoyl peroxides with methacrylate monomer containing 

trimethylammonium and hydroxy segments (MHPTA) were found to proceed under very mild 

conditions to afford fluoroalkylated end-capped 3-methacryloxy-2-

hydroxypropyltrimethylammonium chloride oligomers as shown in Scheme 3-1. 

 

 

 

 

Scheme 3-1  Synthesis of RF-(MHPTA)n-RF homo-oligomers at 45 ºC for 5 h 

 

A series of fluoroalkylated end-capped oligomers containing hydroxy and carboxy 

segments were synthesized by reactions of fluoroalkanoyl peroxides with 

2-hydroxy-2-[(1-oxoprop-2-enyl)amino]acetic acid [HOPPA] as shown in Scheme 3-2. 

 

 

 

Scheme 3-2  Synthesis of RF-(HOPPA)n-RF homo-oligomers at 45 ºC for 5 h 
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The results of the reactions of fluoroalkanoyl peroxides with MHPTA or HOPPA are 

summarized in Table 3-1. 

 

Table 3-1  Reactions of fluoroalkanoyl peroxides with MHPTA (or HOPPA) 

 

 

 

 

 

 

 

 

 

 

 

 

Fluoroalkylated end-capped MHPTA or HOPPA co-oligomers were also synthesized by 

the use of co-monomers such as trimethylvinylsilane and methyl methacrylate as shown in 

Run
RF in peroxide MHPTA or HOPPA Product

/ mmol/ mmol Yield / %a) Mn(Mw /Mn)

C3F7

C3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

4

4

4

5

4

4

4

4

4

MHPTA

21

42

11

25

42

65

85

22

43

21

30

17

36

12

39

25

32

88

2630 ( 3.02 )

2060 ( 3.86 )

6760 ( 11.0 )

RF-(MHPTA)n-RF

83

8

20

71

15

50

85

41

8

20

50

5

13

26

4

4

4

5

3

3

3

C3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

HOPPA RF-(HOPPA)n-RF

a) Yields based on starting materials [ MHPTA (or HOPPA) ] and the decarboxylated peroxide unit ( RF-RF ).
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Scheme 3-3 and Table 3-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-3  Synthesis of RF-(MHPTA)x-(CH2-CHSiMe3)y-RF co-oligomers
                      and RF-(HOPPA)x-(CH2-CMeCO2Me)y-RF co-oligomers

Table 3-2  Reactions of fluoroalkanoyl peroxides with MHPTA (or HOPPA) and 
                 trimethylvinylsilane (or methyl methacrylate)
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+
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Run
RF in peroxide MHPTA or HOPPA Product

/ mmol/ mmol Yield / %a) x : y b)

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

4

4

MHPTA

17

16

31

27

96 : 4

95 : 5

RF-(MHPTA)x-(CH2-CHSiMe3)y-RF

45

9

8

13

4

4

CF(CF3)OC3F7

CF(CF3)OC3F7

17

18

19

20

HOPPA RF-(HOPPA)x-(CH2CMeCO2Me)y-RF

a) Yields based on starting materials [ MHPTA (or HOPPA), trimethylvinylsilane (or methyl methacrylate) ] and 
    the decarboxylated peroxide unit ( RF-RF ).
b) Co-oligomerization ratio determined by 1H NMR.
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30 : 70

8

8

8

84
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As Tables 3-1 and 3-2 show, perfluoropropylated and some perfluoro-oxaalkylated 

MHPTA or HOPPA homo- and co-oligomers were obtained in excellent to moderate isolated 

yields under very mild conditions. The yields of perfluoro-1-methyl-2-oxapentylated MHPTA 

oligomers (Runs 3 ~ 7 in Table 3-1) and perfluoro-1-methyl-2-oxa-pentylated HOPPA-methyl 

methacrylate co-oligomers (Runs 19, 20 in Table 3-2) are not dependent upon the molar ratios 

of monomers and peroxides, but possibly on homo- and co-oligomerization of MHPTA (or 

HOPPA) with peroxides that are heterogeneous systems including water. 

In these fluoroalkylated end-capped oligomers, perfluoropropylated and perfluoro-1-

methyl-2-oxapentylated MHPTA oligomers (Runs 1, 2, 3 in Table 3-1) were soluble in water, 

and molecular weights were measured by GPC (gel permeation chromatography) analysis 

calibrated with standard poly(ethylene glycol) using 30% acetonitrile solution containing 0.5 

M acetic acid and 0.5 M sodium acetate as the eluent [M̄n(M̄w/M̄n) = 2630 (3.02) (Run 1); 2060 

(3.86) (Run 2); 6760 (11.0) (Run 3)]. In perfluoro-1-methyl-2-oxapentylated MHPTA 

oligomers, the oligomers with greater molar ratios of MHPTA in MHPTA/peroxide (Runs 4 ~ 

9) became “gel-like” or formed gels with water and polar organic solvents such as methanol, 

ethanol, dimethylformamide and dimethyl sulfoxide, and their molecular weights were unable 

to measure owing to the highly viscoelastic fluids or the gel formation. Both 

perfluoropropylated and perfluoro-oxaalkylated HOPPA oligomers were found to cause 
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gelation with water, dimethylformamide and dimethyl sulfoxide under the non-crosslinked 

conditions, and the molecular weight of all oligomers were not determined by GPC 

measurements. It is important to note that corresponding non-fluorinated MHPTA or HOPPA 

oligomer [-(MHPTA)n- or -(HOPPA)n-] forms no gels with these solvents, and these 

non-fluorinated oligomers are completely soluble in these solvents. 

Perfluoro-1-methyl-2-oxapentylated end-capped MHPTA-trimethylvinylsilane 

co-oligomer (Run 17) in Table 3-2 formed highly viscoelastic fluid (gel-like) in water and polar 

organic solvents such as MeOH, EtOH, N,N-dimethylformamide (DMF), and dimethyl 

sulfoxide (DMSO), and longer perfluoro-oxaalkylated co-oligomer (Run 18) in Table 3-2 was 

shown to cause gelation in these solvents. Fluoroalkylated HOPPA-methylmethacrylate 

co-oligomer (Run 19) in Table 3-2 caused gelation in water, DMF, and DMSO. In contrast, 

fluoroalkylated HOPPA co-oligomer (Run 20) was insoluble in water, and cause gelation only 

in organic polar solvents such as DMF and DMSO. This would depend upon higher oleophilic 

property than the corresponding co-oligomer (Run 19). 

To study the unique gelation of these fluorinated oligomers under non-crosslinked 

conditions, the viscosity of aqueous solutions of gel-like perfluoro-1-methyl-2-oxapentylated 

MHPTA oligomer (Run 5) and soluble perfluoropropylated MHPTA oligomer (Run 2) was 

measured at 30 ºC. The results are shown in Figure 3-1.  
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As shown in Figure 3-1, the viscosity of perfluoropropylated MHPTA oligomer (Run 2) 

did not increase remarkably with concentrations, and gels or highly viscoelastic fluids did not 

form even under a higher concentration (300 g dm-3). In contrast, the viscosity of perfluoro-1-

methyl-2-oxapentylated MHPTA oligomer (Run 5) increased remarkably with concentration, 

and the viscosity was not measured owing to the formation of highly viscoelastic fluids 

(gel-like) above ca. 10 g dm-1. These results suggest that interactions of the aggregation of 

longer fluoroalkyl segments become stronger to establish highly viscous gel-like fluid or a 

physical gel network. For low-molecular compounds, Hanabusa et al. reported a similar 

remarkable rise of viscosity of organic solvents containing trialkyl-1,3,5-

benzenetricarboxyamides to that of aqueous solutions of the present fluorinated oligomer in 

Figure 3-1 and intermolecular hydrogen bonding as the main driving force for the gelation.18)  

 
Figure 3-1  Effects of concentration on viscosity of RF-(MHPTA)n-RF at 30 ºC 
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The gelation ability of fluoroalkylated end-capped MHPTA or HOPPA homo- and 

co-oligomers was also studied by measuring minimum concentrations (Cmin) of these oligomers 

necessary for gelation in water, MeOH and DMSO at 30°C according to the method reported 

of Hanabusa et al.,16, 17) and the results are summarized in Table 3-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-3  Minimum gel concentration (cmin) of fluoroalkylated MHPTA (or HOPPA)
                 homo- and co-oligomers (in g per dm3 solvent) for gelation at 30 ºC

Run a)

C3F7

C3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

RF-(MHPTA)n-RF

C3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

RF-(HOPPA)n-RF

CF(CF3)OC3F7

CF(CF3)OCF2CF(CF3)OC3F7

RF-(MHPTA)x-(CH2-CHSiMe3)y-RF

CF(CF3)OC3F7

CF(CF3)OC3F7

17

18

19

20

RF-(HOPPA)x-(CH2CMeCO2Me)y-RF

Soln

Soln

Soln

Gel-like

Gel-like

102

7

330

51

88

100

93

91

94

87

53

Gel-like

255

89

—

Soln

Soln

Soln

Gel-like

Gel-like

121

15

Gel-like

84

—

—

—

—

—

—

—

Gel-like

330

—

—

Soln

Soln

Soln

Gel-like

Gel-like

191

30

Gel-like

102

145

147

87

—

151

—

119

Gel-like

Gel-like

262

125

H2O MeOH DMSO

Cmin
b) / g dm-3 (gelator/midium)

RF in oligomer

a) Each different from those in Table 3-1 and 3-2.
b) Gel-like = highly viscoelastic fluid.
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As shown in Table 3-3, Cmins of a series of fluoroalkylated homo- and co-oligomers 

necessary to gel one liter of water, MeOH, and DMSO was 7 ~ 330 g dm-3, and oligomers with 

greater molar ratios of MHPTA (Runs 1, 2; Runs 3 ~ 7; Runs 8, 9) or HOPPA (Runs 11 ~ 13; 

Runs 14 ~ 16) in MHPTA (or HOPPA)/peroxide or longer perfluoro-oxaalkylated oligomers 

exhibited higher gelling ability. These results strongly suggest that the main driving force for 

gelation is the synergistic interactions with the aggregation of fluoroalkyl units in oligomers 

and intermolecular hydrogen bonding between hydroxy segments or carboxy segments 

including the interactions of hydroxy (-OH) and trimethylammonium (-N+Me3) segments. 

Oligomers with longer fluoroalkyl segments and greater molar ratios of monomer in 

monomer/peroxide are likely to have stronger association through aggregation of fluoroalkyl 

moieties and intermolecular hydrogen bondings between hydroxy or carboxy segments to cause 

physical gelation. In particular, fluorinated HOPPA oligomers possessing perfluoropropyl and 

perfluoro-1-methyl-2-oxapentyl segments (Runs 10, 11 in Table 3-3) caused gelation in water 

and DMSO. The corresponding MHPTA oligomers (Runs 2, 3 in Table 3-3) were soluble in 

these solvents. Hydrogen bonding interactions between hydroxy or carboxy segments in 

HOPPA oligomers may thus become stronger than those between hydroxy segments in 

MHPTA oligomers when fluorinated oligomers form gels in these solvents.  

The fluoroalkylated end-capped MHPTA or HOPPA oligomers form gels not only in 
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water but also in organic polar solvents such as MeOH, EtOH, DMF, and DMSO under 

non-crosslinked conditions, since fluoroalkyl segments are solvophobic in aqueous and organic 

media, and enhance the aggregation due to the strong interaction between fluoroalkyl 

end-capped segments in oligomers. Fluoroalkyl segments in the double-chain amphiphiles 

possessing long perfluoroalkyl chains in the hydrophobic portion such as 

{[CF3(CF2)7-CH2CH2C(=O)OCH2CH2]2N-C(=O)CH2N+Me3Cl-} should provide the 

solvophobic property to form stable bilayer membrances in water and organic solvents.19 ~ 23) 

Thus, such unique aggregate of fluoroalkyl segments in these media would be remarkably 

enhanced due to the stability by the self-organization of oligomers to cause gelation. It was 

clarified that non-fluorinated MHPTA or HOPPA oligomers do not form gels either in water or 

polar organic solvents. This suggests that only hydrogen bonding interactions cannot be 

involved in physical gelation, and the aggregation of fluoroalkylated end-capped segments is 

essential for gelation.  

It is of particular interest to clarify the surface properties of these gelling or gel-like 

oligomers. Thus, the reduction of surface tension of aqueous solutions of gel-like 

perfluoro-1-methyl-2-oxapentylated MHPTA oligomers (Run 5 in Table 3-1) was measured 

with the Wilhelmy plate method at 30°C. The surface tension of aqueous solutions of 

non-fluorinated MHPTA oligomers was also measured for comparison. The results are shown 
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in Figure 3-2.  

 

 

 

 

 

 

 

 

As shown in Figure 3-2, significant decrease in the surface tension of water, around 15 

mN m-1, was found for this gel-like fluorinated oligomer in contrast to the corresponding 

non-fluorinated oligomer. This fluorinated oligomer exhibited a clear break point resembling a 

CMC (critical micell concentration). This indicates the formation of molecular aggregate, that 

is, the formation of macromolecular aggregates (gel-like). Thus, these fluoroalkylated 

end-capped oligomers should interact with aggregations of fluoroalkyl segments as well as have 

surface active property imparted by fluorine.  

Hitherto, much attention has been focused on the uptake or release of metal ions by 

chemically crosslinked polymer gels. Osada et al. reported the adsorptive properties against 

Figure 3-2  Surface tension of aqueous solutions of RF-(MHPTA)n-RF
(�: Run 5) and -(MHPTA)n- (�) at 30 ºC.
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metal ions on the swelling equilibrium of polymer gels.24) Therefore, it is much interesting to 

study the adsorptive properties against metal ions on the swelling equilibrium of the new 

fluoroalkylated end-capped MHPTA or HOPPA oligomer hydrogels. Thus, the uptake and 

release of Cr3+ and Co2+ by these oligomer hydrogels were studied for a wide range of metal-ion 

concentrations (15 ~ 60 mmol dm-3). The metal-ion concentration of supernatant liquid after 

the incubation (at 25°C for 24 h) was spectrophotometrically determined from a calibration 

curve showing the relationship between metal ion concentration and absorbance at 580 nm 

(Cr3+) or 510 nm (Co2+). The results are shown in Figures 3-3 and 3-4, respectively. 
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Figure 3-3  Relationship between relative amounts of Cr3+ binding to fluoroalkylated oligomers
                  and initial Cr3+.

◯: RF-(MHPTA)n-RF; RF = CF(CF3)OC3F7 (Run 6)
■: RF-(HOPPA)n-RF; RF = CF(CF3)OC3F7 (Run 13)
△: RF-(HOPPA)n-RF; RF = CF(CF3)OCF2CF(CF3)OC3F7 (Run 16)
□: RF-(MHPTA)n-RF; RF = CF(CF3)OC3F7 (Run 7)
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As shown in Figures 3-3 and 3-4, the uptake of Cr3+ or Co2+ increased linearly with initial 

concentration of Cr3+ or Co2+. Fluorinated hydrogels possessing lower Cmin values (i.e., Run 7: 

Cmin = 7 g dm-3) had stronger binding power with ca. 60% binding ratio [ratio based on relative 

amount of Cr3+ (or Co2+) binding to gel ([Cr3+]binding/oligomer) and relative amount of initial 

Cr3+ ([Cr3+]add/oligomer)]. RF-(MHPTA)n-RF (Run 6 in Table 3-1) hydrogel possessing higher 

Cmin than Run 7 in Table 3-1 had weaker Cr3+ and Co2+ binding power (ca. 10% and ca. 5% 

binding ratios, respectively) under the similar conditions. RF-(HOPPA)n-RF (Run 16 and 13 in 

Table 3-1) hydrogels had Cr3+ binding power (ca. 17% and ca. 15% binding ratios, respectively) 

Figure 3-4  Relationship between relative amounts of Co2+ binding to fluoroalkylated oligomers
                   and initial Co2+.
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as shown in Figure 3-3, and the hydrogel (Run 16) possessing lower Cmin had a slightly higher 

metal binding power. Similar results for the uptake of Co2+ by RF-(HOPPA)n-RF were obtained 

as in Figure 3-4, and there was no uptake selectivity of the fluorinated hydrogels for these metal 

ions. From these results, it can be said that the fluoroalkylated end-capped oligomer networks 

in the hydrogels possessing lower Cmin are likely to bind strongly to the metal ion, since the 

stronger aggregation of fluoroalkyl segments is necessary for establishment of a physical gel 

network to exhibit lower Cmin. 

The release of Cr3+ or Co2+ increases linearly with initial concentration of Cr3+ (or Co2+) 

binding to the hydrogels (data not shown) to afford ca. 60% releasing ratio [ratio based on the 

relative amount of Cr3+ (or Co2+) released into water and relative amount of Cr3+ (or Co2+) 

binding to gel], respectively, after incubation at 25°C for 24 h. On the other hand, Cr3+ (or Co2+) 

was not released from Cr3+ (or Co2+) bound RF-(HOPPA)n-RF hydrogels at all under similar 

releasing conditions. This is because interactions of Cr3+ (or Co2+) and RF-(HOPPA)n-RF 

hydrogels are ionic, whereas the main driving force for Cr3+ (or Co2+) binding to 

RF-(MHPTA)n-RF is coordinate bonds between Cr3+ (or Co2+) and OH segments. The 

electrostatic repulsion between the cation (N+) segments in these MHPTA hydrogels and the 

metal ions may promote the release of metal ions into water. 

Gelling fluoroalkylated end-capped oligomers containing betaine segments have been 
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reported to act as potent and selective inhibitors against anti-human immunodeficiency virus 

(HIV)-1.11) Therefore, the present gelling (or gel-like) fluoroalkylated oligomers would be 

expected to behave as novel polymeric inhibitors of HIV-1 and for this reason such 

fluoroalkylated MHPTA oligomers have been evaluated for activity against HIV-1 replication 

in MT-4 cells. However, each oligomer was found inactive against HIV-1 replication, and the 

oligomers were toxic to the host cells. It was previously reported that the activity against HIV-1 

is sensitive to the oleophilic property of fluoroalkylated end-capped oligomers, and the 

fluoroalkylated oligomers become more hydrophilic, activity is, in general, not observed.25) 

Hence, the present oligomers possessing no anti-HIV-1 activity would be due to these 

oligomers having strong hydrophilic trimethylammonium and hydroxy segments.  

The present fluoroalkylated end-capped MHPTA oligomers were toxic to host cells, and 

thus should show antibacterial activity. They have been evaluated for antibacterial activity 

against Staphylococcus aures by viable cell counting method as already reported.26, 27) 1.5 × 

108 cells ml-1 of Staphylococcus aures were exposed to 1 mg ml-1 oligomers in saline, and the 

colony-forming units (cfu) versus exposure for these oligomers against Staphylococcus aures 

were as follows: 
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RF-(MHPTA)n-RF; 

   RF = CF(CF3)OCF2CF(CF3)OC3F7 (Run 8)   3.3 ×	105 cfu 

   RF = CF(CF3)OCF2CF(CF3)OC3F7 (Run 9)   2.1 ×	107 cfu 

RF-(MHPTA)x-(CH2-CHSiMe3)y-RF; 

   RF = CF(CF3)OCF2CF(CF3)OC3F7 (Run 18)   1.1 ×	105 cfu 

 

     Fluoroalkylated end-capped MHPTA homo- and co-oligomers showed bacterial activity 

to some extent (~ 105 colony forming units levels). In these oligomers, fluoroalkylated 

MHPTA-trimethylvinylsilane co-oligomer was the most active, with 1.1 × 105 cfu.  
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3.4  Conclusions 

     It was demonstrated that fluoroalkylated end-capped oligomers containing hydroxy 

segment can cause gelation under the non-crosslinked conditions, especially the aggregation of 

fluoroalkyl units in water and/or in organic media becomes a new driving factor for gelation as 

well as interactions such as hydrogen bonding and ionic interaction. Fluoroalkylated MHPTA 

oligomers had high metal-binding or releasing power. The gelling or gel-like fluoroalkylated 

MHPTA oligomers exhibited not only the properties imparted by fluorine such as surface 

activity, but also some antibacterial activity. Therefore, the present fluorintaed oligomer gels 

should be used in various fields as novel fluorinated functional materials. 
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CHAPTER 4 

 

 

Preparation of Fluoroalkyl End-Capped Vinyltrimethoxysilane Oligomeric 

Silica Nanocomposites Containing Gluconamide Units Possessing Highly 

Oleophobic/Superhydrophobic, Highly Oleophobic/Superhydrophilic, and 

Superoleophilic/Superhydrophobic Characteristics on the Modified 

Surfaces 
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4.1  Introduction 

It is well known that fluoroalkanoyl peroxide [RF-C(=O)OO(O=)C-RF: RF = fluoroalkyl 

group] is a useful tool for the synthesis of two-fluoroalkyl end-capped oligomers [RF-(M)n-RF: 

M = radical polymerizable monomers].1 ~ 3) These fluoroalkyl end-capped oligomers are 

attractive polymeric materials because they can exhibit a variety of unique properties such as 

high solubility, surface active properties, and nanometer size-controlled self-assembled 

molecular aggregates through the aggregation of end-capped fluoroalkyl segments in oligomers, 

which cannot be achieved by the corresponding non-fluorinated and randomly fluoroalkylated 

polymers.4, 5) In these fluoroalkyl end-capped oligomers, especially, fluoroalkyl end-capped 

oligomers containing various hydroxy segments such as monool, triol, and tetraol can cause 

gelation in water and polar organic media such as methanol and ethanol, whose behavior is 

governed by the synergistic interactions of the aggregation of fluoroalkyl segments within 

oligomers and the intermolecular hydrogen bonding related to the hydroxy segments.6 ~ 9) In 

this way, the exploration of novel fluoroalkyl end-capped oligomers containing numerous 

hydroxy segments is of particular interest, from the developmental viewpoints of new 

fluorinated functional materials. In a variety of hydroxylated polymers, much attention has been 

focused on the synthetic sugar-containing polymers (glycopolymers), which possess the 

pendent gluconic residues (pentaol units), owing to their role as biomimetic analogues and their 
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applications in biomedical and technological fields such as paints and cosmetics.10 ~ 19) In fact, 

poly(allylamine) can react with gluconolactone in water to provide the gluconamide-substituted 

polymers, successively affording the hydrogel through the interaction of the corresponding 

polymers with borax.20) Similarly, the D-gluconamide unit-containing methacrylate monomer 

can be copolymerized with AIBN (2,2′-azobisisobutyronitrile) in the presence of methyl 

acrylate as comonomer to afford the corresponding glycopolymers.21) These glycopolymers 

also have high potential use as polymeric surfactants.22) Therefore, the studies on the 

preparation of novel gluconamide unit-containing polymers bearing longer fluoroalkyl groups 

are of particular interest, because these polymers would exhibit not only the unique 

characteristics related to the gluconamide units but also the surface active characteristics 

imparted by longer fluoroalky groups. However, such studies have been very limited so far. In 

the fluoroalkyl end-capped oligomers, especially, two fluoroalkyl end-capped 

vinyltrimethoxysilane oligomer [RF-(CH2-CHSi(OMe)3)n-RF] can undergo the sol-gel reaction 

under alkaline conditions to afford the corresponding fluorinated oligomeric silica 

nanoparticles [RF-(CH2-CHSiO2)n-RF].22) These fluorinated oligomeric silica nanoparticles 

have been also applied to the surface modification of glass to supply the superhydrophobic 

characteristic (water contact angle value: 180 degrees) with the oleophobic property.22) From 

these findings, it is highly suggested that the composite reactions of the present fluorinated 



 107 

vinyltrimethoxysilane oligomer with the gluconamide derivatives should lead the obtained 

composites to the creation of the unique surface characteristics imparted by not only longer 

fluoroalkyl groups, but also the gluconamide units. This chapter shows that two fluoroalkyl 

end-capped vinyltrimethoxysilane oligomers [RF-(CH2–CHSi(OMe)3)n-RF] can undergo the 

sol-gel reaction in the presence of N-(3-triethoxysilylpropyl)gluconamide [Glu-Si(OEt)3] under 

alkaline conditions to afford the corresponding fluorinated oligomeric silica nanocomposites 

containing gluconamide units [RF-(VM-SiO2)n-RF/Glu-SiO2]. The modified surfaces treated 

with these obtained nanocomposites can provide the unique wettability states such as the highly 

oleophobic/superhydrophobic, highly oleophobic/superhydrophilic, and 

superoleophilic/superhydrophobic characteristics. These results will be described in this chapter. 
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4.2  Experimental 

4.2.1  Materials 

1,4-Bis[4-methylphenyl]amino]-9,10-anthracenedione (Quinizarin Green SS) and PET 

(polyethylene terephthalate) fabric (Polyester Tropical 13001) were received from Chugaikasei 

Co., Ltd. (Fukushima, Japan) and Unitika Ltd. (Osaka, Japan), respectively. 

N-(3-triethoxysilylpropyl)gluconamide [Glu-Si(OEt)3] was purchased from AZmax. Co. 

(Chiba, Tokyo). Dodecane and 1H-tridecafluorohexane were received from Tokyo Chemical 

Industrial Co., Ltd. (Tokyo, Japan). 25 wt % ammonia was provided by Wako Pure Chemical 

Industries (Osaka, Japan). Fluoroalkyl end-capped vinyltrimethoxysilane oligomer was 

prepared according to the previously reported method.23) Glass plate (borosilicate glass) [micro 

cover glass: 18 mm × 18 mm] was purchased from Matunami glass Ind. Ltd. (Osaka, Japan) 

and was used after washing well with dichloromethane. 

 

4.2.2  Measurements  

Dynamic light scattering (DLS) measurements were measured by using Otsuka 

Electronics DLS-7000 HL (Tokyo, Japan). Contact angles were recorded using a Kyowa 

Interface Science Drop Master 300 (Saitama, Japan). Field emission scanning electron 

micrographs (FE-SEM) and energy dispersive X-ray (EDX) spectra were obtained by using 
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JEOL JSM-7000F (Tokyo, Japan). Dynamic force microscope (DFM) was recorded by using 

SII Nano Technology Inc. E-sweep (Chiba, Japan). 

 

4.2.3  Preparation of fluoroalkyl end-capped vinyltrimethoxysilane oligomeric silica 

nanocomposites containing gluconamide units [RF-(VM-SiO2)n-RF/Glu-SiO2] 

A typical procedure for the preparation of nanocomposites is as follows: To methanol 

solution (5.0 mL) containing fluoroalkylated vinyltrimethoxysilane oligomer [200 mg; 

RF-(CH2CHSi(OMe)3)n-RF; RF = CF(CF3)OC3F7; Mn = 730 (RF-(VM)n-RF)] was added 50 wt % 

Glu-Si(OEt)3 ethanol solution (1400 mg). The mixture was stirred with a magnetic stirring bar 

at room temperature for 30 min. 25% aqueous ammonia solution (1.0 mL) was added to this 

mixture, and then stirred for 5 h at room temperature. Methanol was added to the obtained crude 

products after the solvent was evaporated off. The methanol suspension was stirred with 

magnetic stirring bar at room temperature for 1 day. The fluorinated oligomeric silica/Glu-SiO2 

nanocomposites were isolated after centrifugal separation for 30 min. The nanocomposite 

product was washed well with methanol several times, and then was dried under vacuum at 

50 °C for 1 day to afford the expected nanocomposites as white powders (774 mg) (see Scheme 

4-1 and Table 4-1). 
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4.2.4  Preparation of the modified glass treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposites by dipping method 

To methanol solution (5.0 mL) containing RF-(VM)n-RF oligomer (200 mg) was added 

50 wt % Glu-Si(OEt)3 ethanol solution (700 mg) and 25% aqueous ammonia solution (1.0 mL). 

The mixture was stirred with a magnetic stirring bar at room temperature for 5 h. The glass 

plates (18 × 18 mm2 pieces) were dipped into this methanol solution at room temperature and 

left for 1 min. The glass plate was lifted from the solutions at a constant rate of 0.5 mm/min 

and were left to dry at room temperature for 1 day; finally, these were dried under vacuum for 

1 day at room temperature to afford the modified glass. The modified PET fabric swatch (25 × 

25 mm2 pieces) was prepared under similar conditions. The contact angle values for dodecane 

and water were measured by depositing a drop of dodecane (2 µL) or water (2 µL) on the 

modified plate surfaces. 
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4.3  Results and discussion 

Sol-gel reaction of fluoroalkyl end-capped vinyltrimethoxysilane oligomer 

[RF-(CH2CHSi(OMe)3)n-RF; RF = CF(CF3)OC3F7 (RF-(VM)n-RF)] proceeded smoothly in the 

presence of N-(3-triethoxysilylpropyl)gluconamide [Glu-Si(OEt)3] under alkaline conditions to 

afford the corresponding fluorinated oligomeric silica/Glu-SiO2 nanocomposites 

[RF-(VM-SiO2)n-RF/Glu-SiO2]. These results are shown in Scheme 4-1 and Table 4-1. 

 

 

 

 

 

Scheme 4-1  Preparation of RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 
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Table 4-1  Preparation of the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 

 

 

 

 

 

 

 

The expected fluorinated composites were obtained in 31% ~ 86% isolated yields, and 

the obtained composites revealed a good dispersibility and stability in traditional organic media 

such as methanol, tetrahydrofuran, and 1,2-dichloroethane. Especially the fluorinated 

composites (Runs: 1 ~ 5), which were prepared under the feed amounts of Glu-Si(OEt)3 from 

10 to 170 mg, afforded no dispersibility toward water; however, the fluorinated composites 

(Runs: 6 ~ 8), which were prepared under a higher feed amount of Glu-Si(OEt)3 greater than 

170 mg, were found to give a good dispersibility and stability toward water. 

The size of the fluorinated composites in Table 4-1 was measured in methanol by 

dynamic light-scattering (DLS) measurements at 25 °C, because these composites can reveal 

the good dispersibility in methanol. Table 4-1 also shows that each size of the composites is 

Run RF-(VM)n-RF Yielda) Size of compositesb)

200 [0.27]
200 [0.27]
200 [0.27]
200 [0.27]
200 [0.27]
200 [0.27] 25 [0.03]

50 [0.06]
90 [0.11]

170 [0.21]
350 [0.44]
700 [0.88]

(mg)c) [mmol](mg) [mmol] (%)

37.4 ± 9.0

38.1 ± 7.1
53.8 ± 17.3

71.8 ± 14.0

51.1 ± 6.5

39
43

31

39

43
69

35.5 ± 2.3

a) Yield was based on oligomer and Glu-Si(OEt)3
b) Determined by dynamic light scattering (DLS) measurements in methanol
c) 50 % EtOH solution

200 [0.27] 10 [0.01] 32.7 ± 3.1541
2
3
4
5
6
7

200 [0.27] 1400 [1.75] 42.8 ± 8.7868

(nm ± STD)

Glu-Si(OEt)3

5.0
5.0
5.0
5.0
5.0
5.0

(ml)

5.0

5.0

MeOH

1.0
1.0
1.0
1.0
1.0
1.0

(ml)

1.0

1.0

25 wt% 
aq. NH3
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nanometer size-controlled fine particles from 33 to 72 nm (number-average diameter). 

FE-SEM photograph of the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (Runs 4 and 7 

in Table 4-1) methanol solutions was recorded, and the results are shown in Figure 4-1. 

Electron micrograph also shows the formation of fluorinated nanocomposite fine 

cubic-type particles with a mean diameter of 56 and 45 nm, respectively, and the similar size 

values to those (37.4 ± 9.0 and 51.1 ± 6.5 nm) of DLS measurements were observed in FE-SEM 

measurements (see Runs 4 and 7 in Table 4-1). 

 

 

 

 

 

 

 

To verify the surface active characteristics of the nanocomposites in Table 4-1, these 

fluorinated nanocomposites have been applied to the surface modification of glass, and the 

dodecane and water contact angle values have been measured on these modified surfaces. The 

results are shown in Table 4-2. 

FE-SEM (Field Emission Scanning Electron Microscopy) images of well-dispersed 
methanol solutions of the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposite particles: (A): 
Run 4; (B): Run 7 in Table 4-1.

Figure 4-1

100 nm

Mean: 56 nm

Fig. 1   FE-SEM (Field Emission Scanning Electron Microscopy) images of  well-dispersed methanol 
solutions of the RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposite particles: (A): Run 4; (B): Run 7 in Table1)

100 nm

Mean: 45 nm

(A) (B)
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As shown in Table 4-2, water contact angle values are, in general, dependent upon the 

feed ratios of the RF-(VM)n-RF oligomer and the Glu-Si(OEt)3 employed, increasing with lower 

feeds amounts of Glu-Si(OEt)3 in RF-(VM)n-RF – Glu-(Si(OEt)3 from 108 to 180 degrees 

(superhydrophobic surface). A similar result was observed in the dodecane contact angle values, 

increasing from 56 to 112 degrees except for Run 1, although the original fluoroalkyl 

end-capped vinyltrimethoxysilane oligomeric silica nanoparticles [RF-(VM-SiO2)n-RF] can 

give a usual oleophobic (dodecane contact angle value: 46 degrees) with a superhydrophobic 

property (water contact angle value: 180 degrees). 

 

Contact angles of dodecane and water on the modified glasses treated with 
the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites

Table 4-2

Run*

Contact angle (degree)

Dodecane Water

0 5 10 15 20 25 30

Time (min.)

* Each Run No corresponds to that of Table 4-1.
** no change

143

—**

137

46

97

58

112

94

107

97

133 132 104 0 —** — —

122 91 62 0

180

135

142 130 132 131 128 127 104

137 134 134 129 127 127 122

133 132 132 128 113 101

———— —

—**180 ———— —

[0.27/0.03]

[0.27/0.06]

[0.27/0.11]

[0.27/0.21]

[0.27/0.44]

[0.27/0.88]

Feed amount (mmol/mmol)
[RF-(VM)n-RF/Glu-Si(OEt)3]

Parent RF-(VM-SiO2)n-RF

—**180 ———— —[0.27/0.01]1

2

3

4

5

6

7

56 108 106 102 99 93 86 80[0.27/1.75]8

74

0 50Non-treated glass

—**
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The water contact angle values on the modified glass surfaces treated with the fluorinated 

nanocomposites, which were prepared under the greater feed amounts of Glu-Si(OEt)3 from 

0.44 to 1.75 mmol, were found to decrease from 133–137 to 0 degrees (superhydrophilic 

surface) over 15 or 25 min except for Run 8, indicating that the hydrophobic fluoroalkyl 

segments are replaced by the hydrophilic gluconamide segments in the nanocomposites when 

the environment is changed from air to water. The relatively higher feed amounts (0.44–0.88 

mmol) of Glu-Si(OEt)3 in the nanocomposite preparation illustrated in Scheme 4-1 would 

enable the smooth surface arrangement of the hydrophilic gluconamide segments to provide the 

completely superhydrophilic surface through the flip-flop motion between the fluoroalkyl 

groups and gluconamide segments in the nanocomposites. A similar flip-flop motion between 

longer fluoroalkyl groups and hydrophilic segments has been already reported to exhibit the 

hydrophilic characteristic with an oleophobic property on the modified surfaces.24 ~ 28) 

Therefore, the nanocomposites which were prepared under relatively lower feed amounts (0.03 

mmol) of Glu-Si(OEt)3, can supply a highly oleophobic/superhydrophobic characteristic 

(dodecane and water contact angle values: 112 and 180 degrees) on the modified surface, due 

to the lower content of hydrophilic gluconamide segments in the nanocomposites. 

The fabrication of a superoleophobic surface is, in general, difficult due to the lower 

surface tension of oils than that of water. Thus, a highly oleophobic (superoleophobic) surface 
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can be realized by lowering the surface energy and enhancing the surface roughness.29 ~ 33) 

Similarly, it is well known that a superhydrophobic surface can be created by the architecture 

of the roughness surface through the sol-gel reactions of the longer alkyl chain-containing silane 

coupling agents such as octadecyltrichlorosilane and hexadecyltriethoxysilane in the presence 

of silica nanoparticles and tetraethoxysilane under alkaline conditions.34, 35) Therefore, in order 

to clarify such unique surface wettability illustrated in Table 4-2, the surface roughness has 

been studied toward the modified glasses treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposites possessing the highly oleophobic/superhydrophobic characteristic (Run 2 in 

Table 4-2: dodecane contact angle value: 112 degrees and water contact angle value: 180 

degrees) by using FE-SEM (field emission scanning electron microscopy) measurements and 

DFM (dynamic force microscopy) measurements, respectively. The surface roughness has been 

also studied toward the modified surfaces possessing a similar wettability (highly 

oleophobic/superhydrophobic characteristic) (Run 1 in Table 4-2) and usual oleophobic and 

hydrophobic characteristics (Run 8 in Table 4-2) including the original fluoroalkyl end-capped 

vinyltrimethoxysilane oligomeric silica nanoparticles [RF-(VM-SiO2)n-RF], for comparison. 

The results are shown in Figures 4-2 ~ 4-5. 
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FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated 
with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (Run 1 in Table 4-1).

Figure 4-3

FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated 
with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (Run 2 in Table 4-1).

Figure 4-2

10 µm

Glass surface edge

1 µm

Fig. 2  FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated with the 
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposites (Run 2 in Table 1)

Ra: 166 nm
500 nm 80

0 
nm

621 nm

(A)

(B)

10 µm

Glass surface edge

1 µm

Ra: 129 nm500 nm 15
0 

nm

600 nm

Fig. 3  FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated with the 
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposites (Run 1 in Table 1)

(A)

(B)
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FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated 
with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (Run 8 in Table 4-1).

Figure 4-4

FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated 
with the pristine RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (see Table 4-1).

Figure 4-5

10 µm

Glass surface edge

1 µm

Ra: 9 nm
500 nm 80

 n
m

25 nm

(A)

(B)

Fig. 4  FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM 
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated with the 
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposites (Run 8 in Table 1)

10 µm

Glass surface edge

10 µm

Glass surface edge

Ra: 7 nm500 nm

50
 n

m 16 nm

(A)

(B)

Fig. 5  FE-SEM (Field Emission Scanning Electron Microscopy) images (A) and DFM  
(Dynamic Force Microscopy) topography (B) of the modified glass surface treated with 
the pristine RF-(VM-SiO3/2)n-RF nanoparticles (see Table 1)
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As shown in Figure 4-2(A), the architecture of the effective roughness was observed on 

the modified surface treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites possessing 

a highly oleophobic/superhydrophobic property. Such roughness of surface was also observed 

in the nanocomposites possessing a similar wettability depicted in Figure 4-3(A). The 

topographical image of the modified glass surface treated with the nanocomposites possessing 

a highly oleophobic/superhydrophobic property [Figure 4-2(B)] can afford a higher roughness 

characteristic (the roughness average value: Ra value = 166 nm), compared with that (Ra value 

= 129 nm) of the modified surface possessing a lower dodecane contact angle value: 74 degrees 

[see Figure 4-3(B)]. Such a higher Ra value should enable the modified surface to supply a 

highly oleophobic/superhydrophobic characteristic. Especially, the introduction of an air 

cushion into rough deposits of the present nanocomposite particles could create such a unique 

superoleophobic/superhydrophobic characteristic on the modified surface. In fact, it was 

reported that the introduction of a proper rough surface microstructure could make a flat 

hydrophobic surface more hydrophobic due to the introduction of an air cushion beneath the 

water droplet.36) On the other hand, the FE-SEM and DFM measurements (see Figures 4-4 and 

4-5) show that the modified surfaces treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposites possessing a usual oleophobic/hydrophobic property and the pristine 

RF-(VM-SiO2)n-RF oligomeric nanoparticles can provide relatively smooth roughness, because 
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these Ra values are 9 and 7 nm, respectively, indicating that such relatively smooth surfaces 

should supply the usual oleophobic/hydrophobic or oleophobic/superhydrophobic 

characteristic to the modified surfaces. 

The surface modification has been tried toward not only the glass but also the 

polyethylene terephthalate (PET) fabric swatch by using the RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposites (Run 2 in Table 4-1) under similar conditions, and the dodecane and water 

contact angle values on the modified PET fabric swatch were measured. The modified PET 

fabric swatch can exhibit the similar dodecane and water contact angle values: 111 and 180 

degrees to those of the modified glass surfaces depicted for Run 2 in Table 4-2. Especially, 

FE-SEM pictures of the modified PET fabric swatch show that the fluorinated nanocomposite 

particles are not only filled up between the PET fibers, but are also uniformly coated on the 

PET fibers [Figure 4-6(B)], compared with that of the pristine PET fabric [Figure 4-6(A)]. Here, 

this modified PET fabric swatch has been applied to the separation membrane for the separation 

of the mixture of the fluorocarbon oil (1H-tridecafluorohexane) and the hydrocarbon oil 

(dodecane: blue-colored with Quinizarin Green SS), because the modified PET fabric swatch 

can provide a highly oleophobic/superhydrophobic characteristic on the modified surface, and 

the results are illustrated in Figure 4-7. 
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As shown in Figure 4-7(C), the surface appearance of the modified PET fabric swatch 

was quite similar to that of the pristine PET fabric swatch [Figure 4-7(B)]. In addition, it was 

demonstrated that the modified PET fabric swatch is effective for the separation of blue-colored 

hydrocarbon oil and fluorocarbon oil to isolate the transparent colorless fluorocarbon oil as 

shown in Figure 4-7(C); although the pristine PET fabric swatch was not able to separate the 

mixture under similar conditions [see Figure 4-7(B)]. This finding is due to the highly 

oleophobic/superhydrophobic characteristic of the modified PET fabric swatch. 

 

FE-SEM (Field Emission Scanning Electron Microscopy) images of the pristine 
PET-fabric swatch (A) and the modified PET fabric swatch (B) treated with the 
RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites (Run 2 in Table 4-1).

Figure 4-6

(B)

(A)

100 µm

100 µm 10 µm

10 µm
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As illustrated in Scheme 4-1 and Table 4-1, the expected fluorinated oligomeric silica 

nanocomposites containing gluconamide units are prepared through the sol-gel reactions under 

alkaline conditions. Especially, as mentioned before, the higher feed amounts of Glu-Si(OEt)3 

greater than 0.21 mmol can lead the obtained nanocomposites to a good dispersibility toward 

water. This finding suggests that the fluorinated nanocomposites can cause gelation toward 

water through the synergistic interaction between the aggregation of the end-capped fluoroalkyl 

groups and the intermolecular hydrogen bonding related to the hydroxy segments in the 

gluconamide units in the nanocomposites by controlling the sol-gel conditions (for example; 

by changing the alkaline concentrations). In fact, the RF-(VM-SiO2)n-RF/Glu-SiO2 

Mixture of oil and 
fluorocarbon oil

Isolated only
fluorocarbon oil

Separation of the mixture (A) of the blue-colored hydrocarbon oil (dodecane) and 
fluorocarbon oil (1H-tridecafluorohexane) by using the pristine PET fabric swatch (B) 
and the modified PET fabric swatch treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 
nanocomposites (Run 2 in Table 4-1) (C) as the separation membrane, respectively.

Figure 4-7
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nanocomposites, which can cause gelation toward water, were prepared by changing the feed 

amounts of both 25 % aqueous ammonia and methanol from 1.0 to 0.6 and 5.0 to 15 mL, 

respectively, as shown in Table 4-3. 

 

Table 4-3  Preparation of the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposite hydrogels 

 

 

 

The gelling fluorinated nanocomposites (see Figure 4-8) were applied to the surface 

modification of the PET fabric swatch under similar conditions to those of Table 4-2, and the 

dodecane and water contact angle values on the modified PET fabric swatch were measured. 

The results are shown in Table 4-4. 

 

 

 

 

 

 

Gelation of water by using the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 
(Run 9 in Table 4-3).

Figure 4-8

Run No. Feed amounts (mg/mg) of
RF-(VM)n-RF/Glu-Si(OEt)3

25% aq. NH3
(mL)

Methanol
(mL)

9

10

200/90

200/170

0.6

0.6

15

15

Fig. 8   Gelation of water by using the RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 
nanocomposites (Run 9 in Table 3)



 124 

 

 

 

 

 

 

 

 

     As shown in Table 4-4, the modified PET fabric swatches were found to give a highly 

oleophobic/superhydrophobic characteristic, because the dodecane and water contact angle 

values are 89 ~ 102 and 180 degrees, respectively, quite different from the corresponding 

modified glass surfaces possessing a highly oleophobic/hydrophobic characteristic (see Runs 4 

and 5 in Table 4-2). The surface appearance of the modified PET fabric swatch is almost the 

same as that of the pristine PET fabric swatch (see Figure 4-9), and the adhesion ability of the 

PET fabric swatch is strong enough that even after rubbing the modified surface with a finger. 

Especially, any released nanocomposites powder cannot be detected toward the modified PET 

fabric swatch [see Figure 4-10(B)]. In contrast, the adhesion ability of the modified PET fabric 

swatch treated with the pristine RF-(VM-SiO2)n-RF oligomeric nanoparticles is not enough, and 

Contact angles of dodecane and water on the modified PET fabrics swatch treated 
with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposite gels before and after immersing 
into water at room temperature for 1 day

Table 4-4

a) No change

9

10

After immersing into water

9

10

Before immersing into water

89

— a)180 ———— —[0.27/0.11] 102

— a)180 ———— -—

0

— a)180 ———— —0
— a)180 ———— -—

[0.27/0.21]

[0.27/0.11]

[0.27/0.21]

Run

Contact angle (degree)

Dodecane Water

0 5 10 15 20 25 30
Time (min.)

Feed amount (mmol/mmol)
[RF-(VM)n-RF/Glu-Si(OEt)3]
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the corresponding fluorinated oligomeric nanoparticles were easily released from the modified 

surface after rubbing the surface with a finger [see Figure 4-10(A)]. Such strong adhesion 

ability would be due to the uniform modification on the PET fiber surface by the 

RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposite gels. In fact, FE-SEM images of the modified PET 

fabric and the pristine PET fabric swatches show that the nanocomposite gels can be uniformly 

coated on the PET fibers [see Figure 4-11(A), (B)], quite different from the FE-SEM picture of 

the modified PET fabric treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 

possessing no gelling ability as in Figure 4-6(B). 

 

 

 

 

 

 

  

 

 

 

Photograph of the pristine PET fabric swatch (A) and the modified PET fabric swatch 
treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites gels (Run 9 in Table 4-4).

Figure 4-9
Fig. 9  Photograph of the pristine PET fabric swatch (A) and 
the modified PET fabric swatch treated with the 
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposite gels (Run 9 in Table 3)

(A) Pristine PET 
      fabric swatch

(B) Modified PET
      fabric swatch
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Photograph of the adhesion trial for the modified PET fabric swatch treated with the 
pristine RF-(VM-SiO2)n-RF oligomeric nanoparticle (A) and the modified PET fabric 
swatch treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposite gels (Run 9 in 
Table 4-4) (B).

Figure 4-10

FE-SEM (Field Emission Scanning Electron Microscopy) images of the pristine PET 
fabric swatch (A) and the modified PET fabric swatch treated with the RF-(VM-SiO2)n-RF/ 
Glu-SiO2 nanocomposite gels (Run 9 in Table 4-4) (B).

Figure 4-11

(A)

(B)

Fig. 11   FE-SEM (Field Emission Scanning Electron Microscopy) images of the pristine PET 
fabric swatch (A) and the modified PET fabric swatch treated with the RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 
nanocomposite gels (Run 9 in Table 3) (B)

100 µm 10 µm

100 µm 10 µm

(A)

(B)
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     Furthermore, the dodecane and water contact angle values on the modified PET fabric 

swatches treated with the nanocomposite gels (Runs 9 and 10 in Table 4-4) have been measured 

after immersing the corresponding swatches in water at room temperature for 1 day, and the 

results are also shown in Table 4-4. 

     Quite interestingly, the wettability change from the highly oleophobic to the 

superoleophilic characteristic can be observed, while keeping the superhydrophobic 

characteristic on the modified fabric swatches only after immersing into water, because the 

dodecane contact angle values extremely decreased from 89 ~ 102 to 0 degrees after immersing 

into water. The FE-SEM measurments of the modified PET fabric swatch were studied after 

immersing this swatch into water, and the results are illustrated in Figure 4-12(B). The FE-SEM 

images show that the nanocomposite gels are uniformly coated on each PET fiber to enhance 

the roughness on the PET fibers, different from that before immersing into water [see Figure 

4-12(A)]. Such enhanced roughness would afford the different wettability through the 

immersing process into water. 
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In order to clarify the presence of fluorinated nanocomposites in the modified PET fabric 

swatch even after immersing into water, the EDX (Energy Dispersive X-ray) spectra of the 

modified PET fabric swatch treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 

(Runs 9 and 10 in Table 4-4) have been measured before and after immersing into water, the 

results are shown in Figures 4-13 and 4-14. 

EDX measurements show that the atomic contents of carbon, oxygen, nitrogen, fluorine, 

and silicon of the modified PET fabric swatch before and after immersing into water are as 

follows (see Table 4-5). 

FE-SEM (Field Emission Scanning Electron Microscopy) images of the modified 
PET fabric swatch treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites 
gels (Run 9 in Table 4-4) before (A) and after (B) immersing into water at room 
temperature for 1 day.

Figure 4-12

Before immersing
(A)

After immersing
(B)
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     Similar atomic values were observed even after immersing into water. In addition, it was 

verified that fluorine and silicon atoms related to the fluorinated nanocomposites are uniformly 

dispersed on the modified PET fabric swatch before and after immersing into water by EDX 

mapping images illustrated in Figures 4-13 and 4-14. 

     In this way, it was demonstrated that the present RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposite gels can be strongly coated into the PET fabric fiber networks due to the gelling 

ability of the nanocomposites. 

 

 

 

 

 

 

Atomic contents of the modified PET-fabric surface treated with the RF-(VM-SiO2)n-RF/ 
Glu-SiO2 composite gels (Run 9 in Table 4-4) before and after after immersing into 
water at room tempreture for 1 day

Table 4-5

Before immersing

After immersing
39.9

40.0

33.1

31.6

20.1

19.7

6.3

7.9

0.6

0.7

C O N F Si

Atomic contents (atomic %)
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EDX (Energy Dispersive X-ray) mapping micrographs of the fluorine and silicon 
atoms on the modified PET fabric swatch surface treated with the RF-(VM-SiO2)n-RF/ 
Glu-SiO2 nanocomposite gels (Run 9 in Table 4-4) after immersing into water at 
room temperature for 1 day.

Figure 4-14

EDX (Energy Dispersive X-ray) mapping micrographs of the fluorine and silicon 
atoms on the modified PET fabric swatch surface treated with the RF-(VM-SiO2)n-RF/ 
Glu-SiO2 nanocomposite gels (Run 9 in Table 4-4) before immersing into water.

Figure 4-13
Fig. 13  EDX (Energy Dispersive X-ray) mapping micrographs of fluorine and 
silicon atoms on the modified PET fabric swatch surface treated with the                               
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposite gels (Run 9 in Table 3) before
 immersing into water

Silicon

0.3 mm

Fluorine

Modified PET fabric

0.3 mmModified PET fabric

Fluorine

Silicon
Fig. 14  EDX (Energy Dispersive X-ray) mapping micrographs of fluorine and  
silicon atoms on the modified PET fabric swatch surface treated with the                               
RF-(VM-SiO3/2)n-RF/Glu-SiO3/2 nanocomposite gels (Run 9 in Table 3) after immersing into 
water at room temperature for 1 day
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4.4  Conclusions 

     Fluoroalkyl end-capped viniyltrimethoxysilane oligomeric silica nanocomposites 

containing gluconamide units [RF-(VM-SiO2)n-RF/Glu-SiO2] were prepared by the sol-gel 

reactions of the corresponding oligomers in the presence of gluconamide unit-containing silane 

coupling agent [Glu-Si(OEt)3] under alkaline conditions. Wettability control between the highly 

oleophobic/superhydrophobic and highly oleophobic/superhydrophilic states was observed on 

the modified glass surfaces treated with the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites. 

Such wettability can be easily controlled by changing the feed amount ratios of Glu-Si(OEt)3 

and RF-(VM)n-RF oligomer for the preparation of the nanocomposites. Lower feed amounts of 

Glu-Si(OEt)3 can provide a highly oleophobic/superhydrophobic surface; in contrast, a higher 

feed amount of Glu-Si(OEt)3 enables the modified surface to reveal a highly 

oleophobic/superhydrophilic characteristic. Such a highly oleophobic/superhydrophobic 

characteristic was also observed on the modified PET fabric swatch, and this modified PET 

fabric was applied to the separation membrane to separate the mixture of fluorocarbon oil and 

hydrocarbon oil. 

RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites were also shown to cause gelation toward 

water. Especially, the gelling nanocomposites were applied to the surface modification of the 

PET fabric swatch to exhibit a highly oleophobic/superhydrophobic characteristic on the 
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modified surface. However, interestingly, the wettability change can be observed on the 

modified PET fabric surface from a highly oleophobic state to a superoleophilic state, while 

keeping the superhydrophobic characteristic by immersing this modified fabric into water. 
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Preparation and Properties of Fluoroalkyl End-Capped 

2-Acrylamido-2-methylpropanesulfonic Acid Oligomer/Poly(vinyl alcohol) 

Composite Film 
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5.1  Introduction 

     ABA-triblock type two fluoroalkyl end-capped oligomers [RF-(M)n-RF; M = radical 

polymerizable monomers; RF = fluoroalkyl group] are attractive fluorinated polysoaps, due to 

their exhibiting a wide variety of unique properties such as high surface active property, 

self-assembled molecular aggregate ability which cannot be achieved by the corresponding 

randomly fluoroalkylated and AB-block type fluoroalkylated polysoaps.1 ~ 3) In these two 

fluoroalkyl end-capped oligomers, fluoroalkyl end-capped oligomers possessing 

sulfobetaine-type units can cause a gelation not only in water but also in organic polar solvents 

such as methanol, ethanol and dimethyl sulfoxide through the synergistic interaction between 

the aggregation of fluoroalkyl segments at the oligomer end-sites and the ionic interaction of 

the sulfobetaine-type segments under non-crosslinked conditions.4, 5) Two fluoroalkyl 

end-capped oligomers possessing hydroxy segments can also form gels in water and polar 

organic media through the synergistic interaction between the aggregation of fluoroalkyl groups 

at the oligomer end-sites and the intermolecular hydrogen bonding interactions of the hydroxy 

units at the oligomer side chains under similar conditions.6 ~ 8) Moreover, fluoroalkyl 

end-capped 2-acrylamido-2-methylpropanesulfonic acid oligomer can cause a gelation in ionic 

liquids such as 1-methylpyrazolium tetrafluoroborate under non-crosslinked conditions.9) This 

fluorinated oligomer gel formed in the ionic liquid afforded a high ionic (proton) conductivity 
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of 10-2 S/cm level at room temperature.9) Fluoroalkyl end-capped 

2-acrylamido-2-methylpropanesulfonic acid cooligomers containing poly(oxyethylene) units 

can also form gels in dimethyl sulfoxide under non-crosslinked conditions, and these 

fluorinated oligomeric gelling electrolytes containing lithium salts exhibit a considerably high 

ionic conductivity of 10-3 S/cm level at room temperature.10) Therefore, from the developmental 

viewpoint of new fluorinated functional materials, it is of particular interest to develop the new 

fluorinated oligomeric composite gels through the interaction with the traditional polymers. In 

these traditional polymers, poly(vinyl alcohol) [PVA] is commercially among the most 

promising polymers; however, application of PVA into a wide variety of fields is extremely 

restricted due to its poor resistance toward water.11) To improve such water-sensitive 

characteristic, there have been heretofore numerous reports on the crosslinking reactions of 

PVA with maleic acid, glutaraldehyde and formaldehyde to increase the strength of the PVA 

films.12 ~ 16) The hybridizations of PVA with alkoxysilanes such as tetraethoxysilane, 

vinyltriethoxysilane and 2,2-bis(triethoxysilyl)ethane are also useful for the improvement of 

the strength and the permeation properties of the PVA films.17 ~ 19) Aomi et al. have very 

recently reported that two fluoroalkyl end-capped vinyltrimethoxysilane oligomer/boric 

acid/poly(vinyl alcohol) composite films [RF-(VM)n-RF/B(OH)3/PVA] can provide not only the 

high amphiphobic characteristic but also the water resistant ability.20) Therefore, it is suggested 
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that two fluoroalkyl end-capped oligomer gels will have high potential for affording the unique 

characteristic toward PVA. In fact, PVA hydrogels serves as a candidate for artificial 

cartilage21 ~ 23); however, such hydrogels in general suffer from lack of mechanical strength.24)  

From this point of view, Gong et al. have already reported on the mechanically strong hydrogels 

obtained by inducing a double-network structure for numerous combinations of hydrophilic 

polymers such as poly(2-acrylamido-2-methylpropanesulfonic acid) and polyacrylamide.24, 25) 

This chapter shows that fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid 

oligomer [RF-(AMPS)n-RF] can react with poly(vinyl alcohol) [PVA] to supply the 

corresponding RF-(AMPS)n-RF/PVA composite gels. The transparent colorless 

RF-(AMPS)n-RF/PVA composite films were prepared by casting the homogeneous aqueous 

methanol solutions of the corresponding fluorinated composites. Interestingly, it was clarified 

that mechanical properties and the water-adsorption ability of these films are superior to those 

of the original PVA film, which was prepared under acidic conditions. These results will be 

described in this chapter. 
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5.2  Experimental 

5.2.1 Measurements 

     Stress-strain curve testing was performed using a A&D STB-1225S (Tokyo, Japan). 

Molecular weights of fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid 

oligomer [RF-(AMPS)n-RF; molecular weight (Mn): 20,500 g/mol] were determined by using a 

Shodex DS-4 (pump) and Shodex RI-71 (detector) gel permeation1 chromatography (Tokyo, 

Japan) calibrated with poly(ethylene glycol) (molecular weight: 1000 ~ 40000) standards by 

using 0.5 mol dm-3 Na2HPO4 aqueous solution as the eluent. Thermal analyses were recorded 

by raising the temperature around 800 °C (the heating rate: 10 °C/min) under atmospheric 

conditions by the use of Bruker axs TG-DTA2000SA differential thermobalance (Kanagawa, 

Japan). 

 

5.2.2 Materials 

     2-Acrylamido-2-methylpropanesulfonic acid was purchased from FUJIFILM Wako Pure 

Chemical Industries (Osaka, Japan). Fluoroalkyl end-capped 2-acrylamido-2-

methylpropanesulfonic acid oligomer [RF-(CH2-CHC(=O)NH2+CMe2CH2SO3-)n-RF; RF = 

CF(CF3)OC3F7] was synthesized by reaction of fluoroalkanoyl peroxide with the corresponding 

monomer according to the previously reported method.4, 5) The RF-(AMPS)n-RF oligomer was 
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obtained as a white powder by reprecipitation with water-tetrahydrofuran, and was dried under 

vacuum at 50 °C for 2 days.   Poly(vinyl alcohol) (KL-118TR; molecular weight (Mw): 

200,000 g/mol; degree of hydrolysis: 95.0 ~ 99.0 %) was kindly supplied from Kuraray Co., 

Ltd. (Tokyo, Japan). 

 

5.2.3  Preparation of fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic 

acid oligomer [RF-(AMPS)n-RF]/poly(vinyl alcohol) [PVA] composites 

To a methanol solution (10 ml) of RF-(AMPS)n-RF oligomer; RF = CF(CF3)OC3F7 (80 

mg), was added an aqueous homogeneous solution (10 ml) containing PVA (420 mg). The 

mixture was stirred with a magnetic stirring bar at room temperature for 1 day. After the 

removal of solvent, the obtained product was dried under vacuum at 50 ºC for 1 day to afford 

the expected product [375 mg; isolated yield based on the used oligomer (80 mg) and PVA (420 

mg): 89 %]. The material loss (125 mg) would be due to the recovery process of the expected 

composites. Other composites were also prepared under similar conditions. Each isolated 

composite was successively mixed with water in a tube. The mixture was treated under 

ultrasonic conditions until the solid was dissolved. The resulting solution was kept at 25 ºC for 

1 h, and then the gelation was checked out visually. When it was formed, the gel was stable and 

the tube was able to be inverted without changing the shape of the gel. 
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5.2.4  Preparation of fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic 

acid oligomer/poly(vinyl alcohol) composite films 

To a methanol solution (10 ml) containing fluoroalkyl end-capped 2-acrylamido-2-

methylpropanesulfonic acid oligomer [RF = CF(CF3)OC3F7: RF-(AMPS)n-RF]  (80 mg) was 

added an aqueous solution (10 ml) of poly(vinyl alcohol) (420 mg). The mixture was stirred at 

room temperature for 6 hours to provide the low viscosity and transparent colorless solution.  

The RF-(AMPS)n-RF/PVA composite film was easily prepared by casting this homogeneous 

solution on glass plate.  The solvent was evaporated at room temperature, and the film formed 

peeled off and dried at room temperature for 1 day under vacuum to afford the expected 

composite film. The other composite films were also prepared under similar conditions. 

 

5.2.5  Mechanical property of the RF-(AMPS)n-RF/PVA composite films 

The film samples were cut into the dumbbell-type specimen (35 mm long at two ends, 

thickness of 61 ~ 75 µm, and 2 mm wide at the neck) were loaded into the sample grips of 

materials testing machine (A&D STB-1225S, Tokyo, Japan) with a grip distance of 12 mm; a 

crosshead speed was 200 mm/min. The three films of each sample were used to determine the 

average values of Young’s modulus, tensile strength, and elongation at break. 

 



 143 

5.2.6  Swelling ratio of the RF-(AMPS)n-RF/PVA composite films 

The RF-(AMPS)n-RF/PVA composite film was cut into a square of 10 mm × 10 mm × 61 

µm (thickness), and was dried at room temperature for 1 day under vacuum. Swelling ratio of 

the film was measured after the preweight dried film was swollen in water at 25 ºC. The swollen 

film was weighed after being slightly removed from the surface water. The swelling ratio was 

calculated by the following equation: swelling ratio (g/g) = (Ws - Wd)/Wd, where Wd is the weight 

of dried film, and Ws is the weight of swollen film. 
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5.3  Results and discussion 

Fluoroalkyl end-capped 2-acrylamido-2-methylpropanesulfonic acid oligomer 

[RF-(AMPS)n-RF] was found to react with poly(vinyl alcohol) (PVA) in aqueous methanol 

solutions at room temperature for 1 day to afford the expected RF-(AMPS)n-RF/PVA composite 

gel as shown in Scheme 5-1. 

 

 

 

 

 

Scheme 5-1  Preparation of RF-(AMPS)n-RF/PVA composite gel 

 

     It was demonstrated that the fluorinated composites thus obtained can cause a gelation in 

water as shown in Runs 2 ~ 4 in Figure 5-1. 
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Figure 5-1  Photograph of the RF-(AMPS)n-RF /PVA composite hydrogels 

 

To clarify this gelling behavior, the minimum concentrations (Cmin) of these oligomers 

for gelation at 25 ºC have been measured according to the method reported by Hanabusa 

et al.26, 27), and the results are summarized in Table 5-1. 

 

 

 

 

 

 

Table 5-1  Minimum concentration Cmin values (%) for gelation of the RF-(AMPS)n-RF/PVA composites
                 in water

Run* Cmin

12
7

9

9

20/480 (0.41/1.00)
40/460 (1.00/1.00)
80/420 (1.86/1.00)

160/340 (4.59/1.00)

Feed ratio of oligomer/PVA
mg/mg (mol/mol)

Original RF-(AMPS)n-RF

no gelation1
2
3

4

Original PVA no gelation

original PVA

 RF-(AMPS)n-RF/PVA
composites (Run 1)*

Original RF-(AMPS)n-RF
oligomer

RF-(AMPS)n-RF/PVA
composites (Run 2)*

RF-(AMPS)n-RF/PVA
composites (Run 3)*

RF-(AMPS)n-RF/PVA
composites (Run 4)*

*Each Run No corresponds to that of Table 5-1
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     As shown in Table 5-1, original PVA and the RF-(AMPS)n-RF/PVA composites (Run 1), 

which were prepared under a lower feed amount (20 mg) of oligomer based on PVA (480 mg), 

are unable to reveal the gelling ability. However, the Cmin values were found to decrease from 

12 to 7 or 9 %, with the increase of the feed amounts of oligomer from 40 to 160 mg, indicating 

that this gelation behavior is governed by the synergistic interaction between the aggregation 

of the end-capped fluoroalkyl groups in oligomer and the ionic interaction of the 

sulfobetine-type segments. Thus, the higher feed amounts of oligomer such as Run 4 should 

enable the RF-(AMPS)n-RF/PVA composites to provide the similar gelling ability to that of the 

original RF-(AMPS)n-RF oligomer. 

     The RF-(AMPS)n-RF/PVA composite films were prepared by using the corresponding 

composites (Runs 1 ~ 4 in Table 5-1). The photograph of the obtained composite films is 

depicted in Figure 5-2.  Original PVA film and the PVA film (PVA/HCl film), which was 

prepared under acidic conditions, were also illustrated in Figure 5-2, for comparison. 
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     As shown in Figure 5-2, the transparent colorless composite films (Runs 1 ~ 4) were 

prepared, quite similar to that of the original PVA film and the PVA/HCl film. Original PVA 

film is very sensitive toward water, and this film was completely soluble after immersion into 

water within 1 min. However, the PVA/HCl film was unable to give a solubility toward water, 

and a swelling behavior of this film was observed after immersion into water. This finding 

would be due to the crosslinking reaction between the hydroxy groups on the PVA main chain 

to produce the crosslinked acetal units under acidic conditions.28) In addition, the TGA 

(thermogravimetric analyses) measurements of these composite films were studied in order to 

Photograph of the RF-(AMPS)n-RF/PVA composite films, which were prepared by 
using the corresponding composites (Runs 1 ~ 4) in Table 5-1, original PVA film, 
and the PVA/HCl film, which was prepared under acidic conditions (1 N HCl: 1 ml); 
*)Film thickness; **)Used PVA: 500 mg

Figure 5-2

Run 1 (75 μm)*                    Run 2 (62 μm)*                         Run 3 (61 μm)*

Run 4 (75 μm)*      Original PVA film (71 μm)*, **     PVA/HCl film*** (69 μm)*, **
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clarify the presence of the residual solvent in the composite films. The results are shown in 

Figure 5-3. 

 

 

 

 

 

 

 

 

     As shown in Figure 5-3, the composite films cannot afford any residual solvent at around 

100 ºC quite similar to that of the PVA/HCl film. Thus, the mechanical property has been 

studied toward the RF-(AMPS)n-RF/PVA composite films (Runs 1 ~ 4 in Figure 5-2) and the 

PVA/HCl film. The mechanical property of the original PVA film was not performed due to its 

higher solubility toward water. The composite films were subjected to tensile testing to evaluate 

the stress-strain relationship. The typical stress-strain behavior for the RF-(AMPS)n-RF/PVA 

composite film (Run 3 in Figure 5-2) and the PVA/HCl film at the crosshead speed of 200 

mm/min at room temperature is shown in Figure 5-4. 

Figure 5-3  TGA (Thermogravimetric analyses) of RF-(AMPS)n-RF/PVA composite films Runs 3* and 4* 
                   and the PVA/HCl film*

* Run numbers and PVA/HCl film correspond to those of Figure 5-2
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     Interestingly, the RF-(AMPS)n-RF/PVA composite film (Run 3) had an elongation at 

break of 215 % level, higher than that (170 %) of the PVA/HCl film, as illustrated in Figure 

5-4. The higher tensile strength and the Young’s modulus were also observed for this 

RF-(AMPS)n-RF/PVA composite film. The polymer film having a higher Young’s modules is 

in general tough and brittle to provide the lower elongation at break. However, this composite 

film can provide a significant increase in both the tensile strength and elongation at break, 

compared to those of the PVA/HCl film. This would be due to the architecture of a 

double-network structure for the combination of RF-(AMPS)n-RF oligomeric gel network and 

PVA gel network. The crosslinking reactions of PVA by the use of traditional cross-linkers 

such as maleic acid, glutaraldehyde and formaldehyde are well-known to provide the PVA 
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Figure 5-4  Stress-Strain curves of the RF-(AMPS)n-RF/PVA composite film (a); Run 3) 
                   and the PVA/HCl film (b))
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hydrogel.12 ~ 16)  Aqueous hydrochloric acid is also effective for the formation of PVA 

hydrogels through the crosslinking between hydroxy groups on the PVA main chain to produce 

the acetal units.28) Kijima et al. reported that aqueous RF-(AMPS)n-RF oligomer solution can 

exhibit the acidic characteristic (pH 2.86), due to the presence of the sulfobetaine-type segments 

on the oligomer side-chain.29) Therefore, PVA should form the corresponding hydrogel in the 

presence of RF-(AMPS)n-RF oligomer to create the new RF-(AMPS)n-RF/PVA double-network 

gel. Such double-network gel can derive into the superior mechanical property to that of the 

PVA/HCl film. 

The Young’s modulus, the tensile strength, and the elongation at break for the composite 

films (Runs 1 ~ 4) and the PVA/HCl film are summarized in Figure 5-5, which are the average 

values of each three films. 

As shown in Figure 5-5, the RF-(AMPS)n-RF/PVA composite films (Runs 1 ~ 4) were 

found to have a higher Young’s modulus and tensile strength than those of the PVA/HCl film. 

Especially, the composite films (Runs 3 and 4) possessing a higher gelling ability, of whose the 

minimum concentrations (Cmin) are 7 ~ 9 (see Table 5-1), can give a higher Young’s modulus 

and tensile strength than that of the PVA/HCl film. Of particular interest, only the composite 

film: Run 3 can supply a higher elongation at break than that of the PVA/HCl film. This finding 

is due to the higher gelling ability, compared to that of the other composite films. Thus, the 
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RF-(AMPS)n-RF/PVA composites (Run 3) possessing a higher gelling ability should establish 

the mechanically strong double-network gel to provide a higher elongation at break for the 

composite films. Usually, it is well known that the double-network gels are synthesized through 

the two-step crosslinking reactions; that is, first step consists of the synthesis of crosslinked 

hydrophilic polymers such as poly(2-acrylamido-2-methylpropanesulfonic acid) [PAMPS], of 

whose polymer is obtained by the photopolymerization of AMPS monomer in the presence of 

crosslinking agent (N, N’-methylenebisacrylamide (MBAAm) initiated by 2-oxoglutaric acid. 

In the second step, the subsequently photopolymerization of acrylamide (AAm) containing 

MBAAm and 2-oxoglutaric acid in the presence of the crosslinked PAMPS hydrogel can 

Yo
un

g’
s 

m
od

ul
us

 (M
Pa

)

0

500

1000

1500

2000

2500

3000

3500

PVA/HCl 4wt% 8wt% 16wt% 32wt%

Te
ns

ile
 s

tre
ng

th
 (M

Pa
)

0

20

40

60

80

100

120

140

160

180

PVA/HCl 4wt% 8wt% 16wt% 32wt%
El

on
ga

tio
n 

at
 b

re
ak

 (%
)

0

50

100

150

200

250

PVA/HCl 4wt% 8wt% 16wt% 32wt%PVA/HCl film   Run 1        Run 2        Run 3        Run 4

PVA/HCl film   Run 1*      Run 2        Run 3        Run 4 PVA/HCl film   Run 1        Run 2        Run 3        Run 4

Mechanical properties (Young’s modulus, tensile strength, and elongation at break) of the
 RF-(AMPS)n-RF/PVA composite films (*each Run No corresponds to that of Figure 5-2)

a

Figure 5-5  Mec



 152 

proceed to provide the double-network hydrogel as illustrated in Scheme 5-2.24, 25, 30) 

 

 

 

 

 

Scheme 5-2  Formation of the traditional double-network hydrogel 

 

     On the other hand, RF-(AMPS)n-RF oligomer can form the gel in water through the 

synergistic interaction between the aggregation of the end-capped fluoroalkyl groups and the 

ionic interaction of sulfobetaine-type segments under non-crosslinked conditions (see Scheme 

5-3). Especially, PVA should afford the crosslinked PVA hydrogel related to the acetal units 

formed from hydroxy groups between the PVA main chain in the presence of the acidic 

RF-(AMPS)n-RF oligomer solution (pH 2.86).29)  Thus, the double-network hydrogel can be 

easily prepared by the reaction of the RF-(AMPS)n-RF oligomer with PVA in aqueous solutions 

in only one step, quite different from the traditional synthesis of the double-network hydrogels, 

as shown in the following Schematic illustration. 
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     In this way, such double-network formation would enable the RF-(AMPS)n-RF/PVA 

composite possessing a higher gelling ability to create the mechanically strong composite film. 

It is of particular interest to clarify the water-adsorption ability of the present the 

RF-(AMPS)n-RF/PVA composite films in order to apply these films into a variety of fields. 

Because the application of the original PVA film is very limited due to its higher solubility 

toward water.11) Thus, the water-adsorption behaviors have been studied toward the 

RF-(AMPS)n-RF/PVA composite films [square of 10 mm × 10 mm × 61 ~ 76 µm (film 

thickness)]. The PVA/HCl film [a square of 10 mm × 10 mm × 69 µm (film thickness)] was 

also studied under similar conditions, for comparison. The results are shown in Figure 5-6. 
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Crosslinking reaction of PVA 
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 Scheme 5-3  Schematic illustration of the formation of double-network hydrogel through     
                       the interaction of RF-(AMPS)n-RF oligomer and PVA
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     In the case of the PVA/HCl film, a swelling behavior was observed with keeping the 

shape of this film after immersion into water for 60 min. On the other hand, interestingly, the 

shape of the RF-(AMPS)n-RF/PVA composite films (Runs 3 and 4) were found to swell to about 

two times under similar immersion conditions as shown in Figure 5-6.  Thus, the relationship 

between the swelling ratio (g/g) of the composite films and the immersion time into water was 

studied, and the results are summarized in Figure 5-7. 

 

 

Figure 5-6  Photograph of the PVA/HCl film and the RF-(AMPS)n-RF/PVA composites films
                   before and after immersion into water

PVA/HCl film

RF-(AMPS)n-RF/PVA composite film (Run 3)

(1 cm)

(1.7 cm) (1.9 cm)
before immersion 
into water

before immersion 
into water

before immersion 
into water

after immersion 
into water

after immersion 
into water

after immersion 
into water

RF-(AMPS)n-RF/PVA composite film (Run 4)
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     Figure 5-7 shows that the PVA/HCl film can adsorb water to form the gelling film 

(swelling ratio of the film: ca. 2 g/g) after immersion into water for 5 min, and this film keeps 

the constant swelling ratio (2 g/g) even after immersion into water for 60 min. On the other 

hand, the RF-(AMPS)n-RF/PVA composite films (Runs 1 and 2), of whose composites exhibit 

no  gelation and a poor gelling ability (Cmin = 12 %), respectively, afforded a soluble 

characteristic after immersion into water for 1 min, indicating that these composites cannot 

construct the double-network structure to lead the mechanically strong hydrogel films. 

However, of particular interest, the RF-(AMPS)n-RF/PVA composite films (Runs 3 and 4), of 

whose composites supply a higher gelling ability (Cmin = 7 and 9 %), can give a higher 
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water-adsorption behavior (6 ~10 times), compared to that (2 times) of the PAV/HCl film after 

immersion into water for 5 min. 

The water cycling stability has been studied toward the RF-(AMPS)n-RF/PVA composite 

films (Runs 3 and 4) for the water-adsorption and -desorption behavior by using the 

corresponding fresh composite films. Especially, the dried composite films after completely 

releasing water was used in the case of 2 cycle, and the swelling ratio was successively 

measured under similar conditions. The results are shown in Figure 5-8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8  Photograph of the RF-(AMPS)n-RF/PVA composite film (Run 3) before immersion into water (A), 
                   the swollen film (Run 3) after immersion into water for 60 min (B), and the dried film (Run 3) 
                   after completely releasing water (C) in the case of 1cycle. The same dried film (Run 3) (D) was  
                   used in the case of 2 cycle [(D) ~ (F)]
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     As shown in Figure 5-8, the good water cycling stability was observed for the swelling 

behavior of the composite film (Run 3). The shape of the composite film [square of 10 mm × 

10 mm × 61 µm (film thickness)] was found to swell to approximately two times after 

immersion into water for 60 min, quite similar to that of Figure 5-6. However, interestingly, the 

shape of this swollen film was recovered to the original one through the drying process [see 

Figure 5-8-(C)]. The similar swelling behavior was observed toward the dried composite film 

(Run 3) in 2 cycle as shown in Figure 5-8- (D) ~ (F).  In addition, a similar swelling 

characteristic was observed in the composite film (Run 4) (data not shown). Furthermore, the 

water cycling stability was studied toward the swelling ratio of the composite films (Runs 3 and 

4), and the results are shown in Table 5-2. 

 

 

 

 

 

 

 

 

Swelling ratio of the RF-(AMPS)n-RF/PVA composite films immersing into water at 
room temperature for 1 hour

Table 5-2

1 5 10 20 30 45 60

4.6 5.5 5.7 5.8 5.8 6.0 6.0
4.8 5.6 5.6 5.8 5.7 5.8 5.8

6.7 9.2 10.2 10.4 10.7 10.9 11.1
7.1 9.8 10.5 10.7 10.7 10.8 10.6

1 cycle
2 cycle

1 cycle
2 cycle

Swelling ratio
[g/g (swollen film/dried film before immersion]

Immersion time (min)

Swelling ratio
[g/g (swollen film/dried film before immersion]

The composite film

Run 3

Run 4
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     As indicated above, each swelling ratio for the film: Run 3 or Run 4 in 1 cycle was found 

to be quite similar to that of Run 3 or Run 4 in Figure 5-7, respectively, and a good water 

cycling stability of the composite films: Runs 3 and 4 was observed for the water-adsorption 

process in 2 cycle. This finding would be due to the construction of mechanically strong 

double-network hydrogel. In fact, as shown in Figure 5-4, the composite films (Runs 3 and 4) 

can exhibit the higher Young’s modulus, tensile strength, and elongation at break than those of 

the other composite films (Runs 1 and 2). 

     In this way, it was clarified that the RF-(AMPS)n-RF/PVA composite films, of whose 

composites possess a higher gelling ability, can exhibit a higher water-adsorption ability with 

keeping the shape of the swollen composite films. 
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5.4  Conclusions 

     The RF-(AMPS)n-RF/PVA composites have been newly prepared by the reactions of the 

RF-(AMPS)n-RF oligomer with PVA at room temperature for 1 day. The transparent colorless 

films were subsequently prepared by casting their aqueous methanol solutions. It was 

demonstrated that the mechanical properties such as Young’s modulus and tensile strength of 

the obtained composite films were superior to that of the PVA/HCl film. The 

RF-(AMPS)n-RF/PVA composite films possessing a higher gelling ability can provide the 

significant increase in the Young’s modulus, tensile strength and elongation at break, compared 

to the other composite films possessing a poor gelling ability. The polymer film possessing the 

higher Young’s modulus is in general tough and brittle to give the lower elongation at break; 

however, such excellent mechanical property would be due to the formation of the 

double-network structure in the corresponding composite film. Mechanically strong composite 

films were also clarified to afford a higher water-adsorption ability with keeping the shape of 

the swollen films, quite different from that of the PVA/HCl film. In this way, it is suggested 

that the present RF-(AMPS)n-RF/PVA composite films have high potential for a wide variety of 

fields, especially the biomedical area, because the RF-(AMPS)n-RF oligomer hydrogels are 

known to be potent and selective inhibitors of HIV-1 and other enveloped viruses.31) 
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Conclusions 

 

     The results obtained from this study are summarized as follows. 

 

1.     Fluoroalkylated end-capped 2-acrylamido-2-methylpropanesulfonic acid 

homo-oligomers [RF-(AMPS)n-RF] containing sulfobataine-type segment were synthesized by 

reaction of fluoroalkanoyl peroxides with 2-acrylamido-2-methylpropanesulfonic acid (AMPS). 

Similarly, fluoroalkylated end-capped co-oligomers [RF-(AMPS)x-(CH2-CR1R2)y-RF] were 

synthesized by reaction of fluoroalkanoyl peroxides with AMPS and the comonomers such as 

trimethylvinylsilane and methyl methacrylate. These fluoroalkylated end-capped AMPS 

oligomers were found to form gels not only in water but also in organic polar solvents such as 

methanol, ethanol, N,N-dimethylformamide and dimethyl sulfoxide under non-crosslinked 

conditions. On the other hand, AMPS polymer containing fluoroalkylene units 

{[-RF-(AMPS)q]p-} could cause no gelation under similar conditions. Thus, fluoroalkylated 

end-capped AMPS oligomers can cause gelation where strong aggregation of the end-capped 

fluoroalkyl segments is involved sterically in establishing the physical gel network in these 

media. These fluoroalkylated end-capped AMPS oligomer hydrogels had a strong metal-ion 

binding power for Cr3+ and Co2+. Moreover, these fluoroalkylated gelling oligomers are potent 
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and selective inhibitors of HIV-1 replication in cell culture. In addition, one of these gelling 

oligomers was found to possess antibacterial activity against Staphylococcus aureus. 

 

2.     Fluoroalkylated end-capped N-tris(hydroxymethyl)methylacrylamide oligomers 

[RF-(NAT)n-RF] containing triol segments were synthesized under very mild conditions by 

reaction of fluoroalkanoyl peroxides with N-tris(hydroxymethyl)methylacrylamide (NAT). 

These fluoroalkylated NAT oligomers were found to cause a physical gelation not only in water, 

but also in organic solvents, such as DMSO and DMF, whose behavior is governed by the 

synergistic interaction of strong aggregations of fluoroalkyl segments in oligomers and 

intermolecular hydrogen bonding between triol segments under non-crosslinked conditions. It 

was demonstrated that the aggregation of fluoroalkyl segments in polymeric compounds in 

water and/or in organic media become a new driving factor for gelation as well as the 

well-known interactions, such as hydrogen bond and ionic interaction. Hitherto, it is well 

known that longer fluoroalkylated compounds exhibit a strong repellent property against water 

or hydrocarbons owing to the strong electronegativity of fluorine. However, since fluoroalkyl 

groups are introduced into only oligomer end-sites, these fluoroalkyl segments could aggregate 

easily each other rather than have repellent interactions in aqueous or organic media. 

Additionally, these fluoroalkylated oligomer hydrogels have not only a metal-ion binding, for 



 165 

Cr3+, but also a metal-ion releasing power. Especially, these oligomer hydrogels possessing 

lower minimum concentrations for gelation (Cmin) values had a higher metal binding power, 

whereas, the hydrogels possessing higher Cmin values had a higher releasing power. 

 

3.     Fluoroalkyated end-capped 3-methacryloxy-2-hydroxypropyltrimethylammonium 

chloride oligomers [RF-(MHPTA)n-RF] containing hydroxy segment were synthesized under 

very mild conditions by oligomerization reaction of fluoroalkanoyl peroxides with 

3-methacryloxy-2-hydroxypropyltrimethylammonium chloride (MHPTA). Similarly, 

fluoroalkyated end-capped 2-hydroxy-2-[(1-oxoprop-2-enyl)amino]acetic acid oligomers 

containing hydroxy and carboxy segment [RF-(HOPPA)n-RF] were synthesized by using 

fluoroalkanoyl peroxides. A series of these fluoroalkylated end-capped oligomer containing 

hydroxy segment or hydroxy and carboxy segments can cause gelation under non-crosslinked 

conditions not only in water but also polar organic media such as methanol, 

N,N-dimethylformamide, and dimethyl sulfoxide. Especially, longer perfluoro-oxaalkylated 

oligomers exhibited higher gelling ability. Thus, these results suggest that the main driving 

force for gelation is the synergistic interactions with the aggregation of fluoroalkyl units in 

oligomers and intermolecular hydrogen bonding between hydroxy segments or carboxy 

segments including the interactions of hydroxy (-OH) and trimethylammonium (-N+Me3) 
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segments. Oligomers with longer fluoroalkyl segments and greater molar ratios of monomer in 

monomer/peroxide are to have stronger association through aggregation of fluoroalkyl moieties 

and intermolecular hydrogen bondings between hydroxy or carboxy segments to cause physical 

gelation. In addition, fluoroalkylated MHPTA oligomer: RF-(MHPTA)n-RF had high metal-ion 

binding or releasing power for Cr3+ and Co2+. The gelling or gel-like fluoroalkylated MHPTA 

oligomers exhibited not only the properties imparted by fluorine such as surface activity, but 

also some antibacterial activity for Staphylococcus aures. 

 

4.     Sol-gel reaction of fluoroalkyl end-capped vinyltrimethoxysilane oligomer 

[RF-(CH2CHSi(OMe)3)n-RF: RF-(VM)n-RF] proceeded smoothly in the presence of 

N-(3-triethoxysilylpropyl)gluconamide [Glu-Si(OEt)3] under alkaline conditions to afford the 

corresponding fluorinated oligomeric silica/Glu-SiO2 nanocomposites [RF-(VM-SiO2)n-RF/ 

Glu-SiO2]. Wettability control between the highly oleophobic/superhydrophobic and highly 

oleophobic/superhydrophilic states was observed on the modified glass surfaces treated with 

the RF-(VM-SiO2)n-RF/Glu-SiO2 nanocomposites. Such wettability can be easily controlled by 

changing the feed amount ratios of Glu-Si(OEt)3 and RF-(VM)n-RF oligomer for the preparation 

of the nanocomposites. Lower feed amounts of Glu-Si(OEt)3 can provide a highly 

oleophobic/superhydrophobic surface; in contrast, a higher feed amount of Glu-Si(OEt)3 
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enables the modified surface to reveal a highly oleophobic/superhydrophilic characteristic. 

Such a highly oleophobic/superhydrophobic characteristic was also observed on the modified 

PET fabric swatch, and this modified PET fabric was applied to the separation membrane to 

separate the mixture of fluorocarbon oil and hydrocarbon oil. RF-(VM-SiO2)n-RF/Glu-SiO2 

nanocomposites were also shown to cause gelation toward water. Especially, the gelling 

nanocomposites were applied to the surface modification of the PET fabric swatch to exhibit a 

highly oleophobic/superhydrophobic characteristic on the modified surface. However, 

interestingly, it can be observed that the wettability change on the modified PET fabric surface 

from a highly oleophobic state to a superoleophilic state, while keeping the superhydrophobic 

characteristic by immersing this modified PET fabric into water. 

 

5.     Fluoroalkylated end-capped 2-acrylamido-2-methylpropanesulfonic acid 

oligomer/poly(vinyl alcohol) composites [RF-(AMPS)n-RF/PVA] were prepared by reaction of 

the corresponding fluorionated end-capped AMPS oligomer with poly(vinyl alcohol (PVA). 

The transparent colorless films were subsequently prepared by casting their aqueous methanol 

solutions. The mechanical properties such as Young’s modulus and tensile strength of the 

obtained composite films were superior to that of the PVA/HCl film, which was prepared by 

casting the aqueous methanol solution of PVA in the presence of 1 N hydrochloric acid. The 
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RF-(AMPS)n-RF/PVA composite films possessing a higher gelling ability can provide the 

significant increase in the Young’s modulus, tensile strength and elongation at break, compared 

to the other composites films possessing a poor gelling ability. The polymer film possessing 

the higher Young’s modulus is in general tough and brittle to give the lower elongation at break; 

however, such excellent mechanical property would be due to the formation of the 

double-network structure in the corresponding composite film. Mechanically strong composite 

films were also clarified to afford a higher water-adsorption ability with keeping the shape of 

the swollen films, quite different from that of the PVA/HCl film. 
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