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ABSTRACT: We succeeded in observing the similar
solid-state NMR spectra (1H-magic-angle spinning NMR
spectra) of fluoroalkyl end-capped N-(1,1-dimethyl-3-oxo-
butyl)acrylamide oligomer [RF-(DOBAA)n-RF]/silica gel
nanocomposite before and even after calcinations at 800�C.
This finding suggests that RF-(DOBAA)n-RF oligomer in RF-
(DOBAA)n-RF/silica gel nanocomposite can afford a non-
flammable characteristic to exhibit no weight loss behavior
even at 800�C under atmospheric conditions. In addition,
we had good oleo- and hydrophobic characteristics on the
modified glass surface treated with RF-(DOBAA)n-RF/silica

gel nanocomposite even after calcination at 800�C as well
as those before calcinations. Especially, RF-(DOBAA)n-RF/
silica gel nanocomposite-encapsulated cetylpyridinium
chloride (CPC) possessing no weight loss characteristic
even at 800�C exhibited a clear UV–vis absorption band
around 260 nm related to the presence of CPC before and
even after calcinations at 800�C. VVC 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 112: 3482–3487, 2009
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INTRODUCTION

The bond-strengthening effect of fluorine for CAC
and CAF bonds in highly fluorinated compounds
when compared with that of the corresponding non-
fluorinated ones [i.e., CF3ACF3 bond energy ¼ 98.7
(413) kcal (kJ)/mol vs. 88.8 (372) kcal (kJ)/mol for
CH3ACH3, and CF3AF bond energy ¼ 130.5 (546)
kcal (kJ)/mol vs. 108.3 (453) kcal (kJ)/mol for
CH3AF] gives rise to the extraordinary thermal and
oxidative stability that generally characterizes these
compounds.1 This property can afford fluorinated
polymers, such as poly(tetrafluoroethylene) and
poly(vinylidene fluoride), with high thermal and oxi-
dative stability, and excellent resistance to most
chemicals.2,3 Therefore, from the developmental
viewpoints of novel high-performance thermally re-
sistant materials, hybridizations of these fluorinated
polymers with metal alkoxides are of particular in-
terest, and in fact, some studies on the hybridization

of fluorinated polymers with alkoxysilanes have
been hitherto reported.4–7 However, the thermal sta-
bility of these hybrids is generally inferior to that of
the original silica gels.4–7 From this point of view,
the exploration of new fluorinated functional materi-
als possessing the extraordinary thermal and oxida-
tive stability as well as metal alkoxides such as silica
gel is deeply desirable, and these materials should
have high potential for the practical applications to a
wide variety of fields.
Hitherto, it is well known that fluoroalkyl end-

capped oligomers are attractive materials because
they exhibit various unique properties such as high
solubility, surface-active properties, biological activ-
ities, and nanometer size-controlled self-assembled
molecular aggregates, which cannot be achieved by
the corresponding nonfluorinated and randomly flu-
oroalkylated ones.8–23 Therefore, it is in particular in-
terest to study the hybridization of these fluoroalkyl
end-capped oligomers with silica gel. In fact, we pre-
viously reported that fluoroalkyl end-capped acrylic
acid oligomer [RF-(ACA)n-RF]/silica gel nanocompo-
site, which was prepared by reaction of the corre-
sponding oligomer with tetraethoxysilane (TEOS)
and silica gel nanoparticles under alkaline conditions
(see Scheme 1),24 exhibited a clear weight loss at
800�C, which corresponds to the content (22%) of
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RF-(ACA)n-RF oligomer determined by elementary
analyses of fluorine.25 On the other hand, we
reported that RF-(DOBAA)n-RF/silica gel nanocom-
posite (see Scheme 1) exhibited no weight loss behav-
ior even at 800�C under atmospheric conditions,
although the content of RF-(DOBAA)n-RF oligomer in
this nanocomposite was estimated to be 23% by ele-
mentary analyses of fluorine.25 It was previously sug-
gested that this would be due to the complete
encapsulation of evolved gaseous products such as
CO2 and H2O during the pyrolysis of the composite
into nanometer size-controlled silica gel matrices.25

In this study, we show that partially fluoroalky-
lated oligomers such as fluoroalkyl end-capped N-
(1,1-dimethyl-3-oxobutyl)acrylamide oligomer [RF-
(DOBAA)n-RF] in RF-(DOBAA)n-RF/silica gel nano-
composite can afford a nonflammable characteristic
to exhibit no weight loss behavior even at 800�C
under atmospheric conditions.

EXPERIMENTAL

Measurements

1H-magic-angle spinning (MAS) NMR spectra were
measured at room temperature using JEOL JNM-
ECA600 with 4.0-mm CP/MAS probe. Fourier trans-
form infrared (FTIR) spectra were measured using
Shimadzu FTIR-8400 spectrophotometer (Kyoto,
Japan). Ultraviolet–visible (UV–vis) spectra were
measured using Shimadzu UV-1600 UV–vis spectro-
photometer (Kyoto, Japan). Molecular weights of flu-
orinated oligomers were measured using a Shodex
DS-4 (pomp) and Shodex RI-71 (detector) gel per-
meation chromatography (Tokyo, Japan), calibrated
with polystyrene standard using tetrahydrofuran
(THF) as the eluent. Thermal analyses were recorded
by raising the temperature around 800�C (the heat-
ing rate: 10�C/min) under atmospheric conditions
by the use of Bruker axs TG-DTA2000SA differential
thermobalance (Kanagawa, Japan). Dynamic light-

scattering (DLS) measurements were performed
using Otsuka Electronics DLS-7000 HL (Tokyo,
Japan). The contact angles were measured by the
use of Kyowa Interface Science Drop Master 300
(Saitama, Japan).

Preparation of fluoroalkyl end-capped N-(1,1-
dimethyl-3-oxobutyl)acrylamide oligomer/silica
gel nanocomposite

To a methanol solution (20 mL) of fluoroalkyl
end-capped N-(1,1-dimethyl-3-oxobutyl)acrylamide
oligomer {RF-[CH2CHC(¼¼O)NHCMe2CH2C(¼¼O)-
Me]n-RF [RF-(DOBAA)n-RF]; RF ¼ CF(CF3)OC3F7; Mn

¼ 3710 (0.50 g)}, which was prepared by the reaction
of fluoroalkanoyl peroxide with the corresponding
monomer according to our previously reported
method,26 TEOS (0.47 g), silica nanoparticle metha-
nol solution [30% (wt): 3.33 g; average particle size:
11 nm (Methanol Silica-sol (TR): Nissan Chemical
Industrials, Tokyo, Japan)], and 25% aqueous ammo-
nia solution (0.50 mL) were added. The mixture was
stirred with a magnetic stirring bar at room tempera-
ture for 2 h. After the solvent was evaporated off,
methanol (25 mL) was added to the obtained crude
products. The methanol solution was stirred with
magnetic stirring bar at room temperature for 2
days, and then centrifuged for 30 min. The expected
fluorinated nanocomposite was easily separated
from the methanol solution. Fluorinated nanocom-
posite powders thus obtained were dried in vacuo
at 50�C for 2 days to afford purified particle pow-
ders (1.00 g). Fluoroalkyl end-capped acrylic acid
oligomer/silica nanocomposite was also prepared
under similar conditions.

Treatment of RF-(DOBAA)n-RF/silica gel
nanocomposite with aqueous hydrogen fluoride

RF-(DOBAA)n-RF/silica gel nanocomposite (10 mg)
was put on a teflon-made watch dish, and then

Scheme 1 Preparation of fluoroalkyl end-capped oligomers/silica gel nanocomposites.

NONFLAMMABLE FLUOROALKYL END-CAPPED OLIGOMER 3483

Journal of Applied Polymer Science DOI 10.1002/app



aqueous 47% hydrogen fluoride (2 mL) was slowly
dropped on this dish. The reaction mixture was
heated at 150�C to evaporate the solvent. The prod-
uct thus obtained was analyzed by the use of FTIR
measurements.

RESULTS AND DISCUSSIONS

For 1H-MAS NMR spectra of RF-(DOBAA)n-RF/silica
nanocomposite [average particle size determined by
DLS measurements : 36 nm; content of oligomer in
the composite: 23% (determined by elementary analy-
ses of fluorine)] possessing no weight loss character-
istic even at 800�C (see Supporting Information Fig.
1), we have observed relatively sharp peaks around
50–20 ppm (ppm relative to CFCl3) before calcination,

as shown in Figure 1(a). In addition, unexpectedly,
we have succeeded in observing (Fig. 1) similar sharp
peaks in the nanocomposite after calcinations at
800�C with those before calcinations, and the peak
area of the nanocomposites after calcination has
decreased by only 19% when compared with that
before calcinations [see Fig. 1(b)]. On the other hand,
1H-MAS NMR spectra of RF-(ACA)n-RF/silica nano-
composite possessing a clear weight loss at 800�C
(see Supporting Information Fig. 2), in which the con-
tent of oligomer is 22% (determined by elementary
analyses of fluorine), showed an extreme decrease of
the peak areas for this nanocomposite by 90% after
calcination at 800�C [see Fig. 2(a,b)].
A carboxyl band in the parent RF-(ACA)n-RF

oligomer was observed around 1716 cm�1, and the

Figure 1 1H-MAS NMR spectra of RF-(DOBAA)n-RF/SiO2 nanocomposites before (a) and after (b) calcination at 800�C.
[Color figure can be viewed in the online issue which is available at www.interscience.wiley.com.]

Figure 2 1H-MAS NMR spectra of RF-(ACA)n-RF/silica gel nanocomposites before (a) and after (b) calcination at 800�C.
[Color figure can be viewed in the online issue which is available at www.interscience.wiley.com.]
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same carboxyl band was also observed in RF-
(ACA)n-RF/silica nanocomposites possessing a clear
weight loss behavior at 800�C by the use of FTIR
spectra measurements.26 FTIR spectra at room tem-
perature of RF-(DOBAA)n-RF/silica gel nanocompo-
site possessing no weight loss characteristic showed
the complete disappearance of carbonyl bands (1709,
1655, and 1543 cm�1) related to RF-(DOBAA)n-RF

oligomer in RF-(DOBAA)n-RF/silica gel nanocompo-
site [see Fig. 3(a,b)]; although these carbonyl bands
were clearly observed in RF-(DOBAA)n-RF oligomer
in submicrometer size-controlled RF-(DOBAA)n-RF/
silica gel nanocomposite [see Fig. 3(c)].27 However,
interestingly, we have succeeded in observing the
same FTIR spectra of RF-(DOBAA)n-RF oligomer as
with those of the original RF-(DOBAA)n-RF oligomer
by the treatment of this RF-(DOBAA)n-RF/silica gel
nanocomposite with aqueous hydrogen fluoride [see
Fig. 3(d)].

UV–vis spectra of 1,2-dichloroethane solution of
original RF-(DOBAA)n-RF oligomer show carbonyl
absorption band around 285 nm, and the same
absorption band was observed in well-dispersed 1,2-
dichloroethane solution containing submicrometer
size-controlled RF-(DOBAA)n-RF/silica gel composite

possessing a clear weight loss behavior at 800�C (see
Fig. 4).
However, we failed to detect such absorption

band in RF-(DOBAA)n-RF/silica nanocomposite pos-
sessing no weight loss characteristic under similar

Figure 3 FTIR spectra of (a) parent RF-(DOBAA)n-RF oligomer, (b) RF-(DOBAA)n-RF/silica gel nanocomposite, (c) submi-
crometer size-controlled RF-(DOBAA)n-RF/silica gel composite, and (d) RF-(DOBAA)n-RF/silica gel nanocomposite after
the treatment with aqueous HF. [Color figure can be viewed in the online issue which is available at
www.interscience.wiley.com.]

Figure 4 UV–vis spectra of RF-(DOBAA)n-RF/silica nano-
composite (5 g/dm3), submicrometer size-controlled RF-
(DOBAA)n-RF/silica gel composites in 1,2-dichloroethane
(5 g/dm3), and RF-(DOBAA)n-RF in 1,2-dichloroethane (2
g/dm3). [Color figure can be viewed in the online issue
which is available at www.interscience.wiley.com.]
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conditions as well as those of FTIR spectra measure-
ments as in Figure 3; although this RF-(DOBAA)n-
RF/silica nanocomposite afforded a well-dispersed
transparent colorless 1,2-dichloroethane solution.
These findings suggest that RF-(DOBAA)n-RF

oligomer in nanocomposite should be encapsulated
quite effectively into the nanometer size-controlled
silica gel matrices through the molecular-level syner-
gistical combination, which is due to the intermolecu-
lar hydrogen bonding interaction between the amido
and carbonyl groups in RF-(DOBAA)n-RF oligomer
and residual silanol groups in silica gel matrices.
Such effective interactions should enable RF-
(DOBAA)n-RF/silica gel nanocomposite to afford the
complete disappearance of carbonyl band in RF-
(DOBAA)n-RF oligomer in FTIR spectra and UV–vis
spectra measurements, respectively. Thus, the surface
of encapsulated RF-(DOBAA)n-RF oligomer into silica
gel nanomatrices could possess an extraordinarily
high oxidation resistance to exhibit a nonflammable
characteristic during the calcination process at 800�C.

Our present RF-(DOBAA)n-RF/silica gel composite
possessing no weight loss characteristic at 800�C is
nanometer size-controlled fine nanoparticles. Aver-
age particle size [37.1 nm � 4.8 nm (determined by
DLS)] of this composite after calcination at 800�C
was almost the same as that (36.2 nm � 3.3 nm)
before calcination, and the appearance of white-
colored composite powder did not change at all
before and even after calcinations at 800�C. These
RF-(DOBAA)n-RF/silica gel nanocomposites before
and after calcinations at 800�C have a good dispersi-
bility not only in water but also in common organic
solvents such as THF, methanol, and 1,2-dichloro-
ethane including fluorinated aliphatic solvents
(AK-225: 1 : 1 mixed solvents of 1,1-dichloro-2,2,3,
3,3-pentafluoropropane and 1,3-dichloro-1,2,2,3,3-
pentafluoropropane) to afford a transparent colorless
solution. Thus, it is of particular interest to develop
our RF-(DOBAA)n-RF/silica gel nanocomposite to
the surface modification for glass. We have prepared
the modified glasses by casting the RF-(DOBAA)n-
RF/silica gel nanocomposite solutions (1 g/dm3 in
1,2-dichloroethane), and then the contact angles of
dodecane and water on the modified glasses were
measured. The contact angles of dodecane and water
on the modified glass surface treated with RF-
(DOBAA)n-RF/silica gel nanocomposite before calci-
nation are 23� and 66�, respectively. These values
are similar to those (dodecane: 29�; water: 76�) of the
modified glass surface treated with the parent RF-
(DOBAA)n-RF oligomer, and these values are higher
than those of the original nontreated glass (dode-
cane: 0�; water: 42�). On the other hand, interest-
ingly, RF-(DOBAA)n-RF/silica gel nanocomposite
after calcination at 800�C was found to show similar
large values (dodecane: 27�; water: 87�) on the modi-

fied glass surface as with those before calcination.
These higher contact angle values on the modified
glass surfaces suggest that fluorinated oligomer
should be tightly encapsulated into the silica gel
nanomatrices even after calcination at 800�C.
We have succeeded in observing a clear absorp-

tion band related to the presence of cetylpyridinium
chloride (CPC) in RF-(DOBAA)n-RF/silica gel nano-
composite-encapsulated CPC (average particle size:
36 nm), which was prepared by the reaction of the
corresponding oligomer with TEOS, silica gel nano-
particles, and CPC under alkaline conditions (see
Supporting Information Scheme 1). The ratio of
introduced CPC into nanocomposite based on the
used CPC was estimated to be 12% by the use of
UV–vis spectra. Of particular interest, we have suc-
ceeded in observing the same clear absorption band
around 260 nm as that of the original CPC even after
calcination at 800�C (see Fig. 5), and this calcinated
fluorinated silica nanocomposite-encapsulated CPC
was found to exhibit no weight loss behavior at
800�C equal to original silica nanoparticles and the
corresponding RF-(DOBAA)n-RF/silica gel nanocom-
posite (see Supporting Information Fig. 3), indicating
that CPC should be effectively encapsulated as a
guest molecule into the RF-(DOBAA)n-RF/silica gel
nanocomposite matrices to exhibit a nonflammable
characteristic during the calcination process at 800�C
through an extraordinarily high oxidation resistance
above the encapsulated CPC surface.
In conclusion, these experiments demonstrate that

silica nanocomposite reaction with fluoroalkyl end-
capped DOBAA oligomer can afford not only a

Figure 5 UV–vis spectra of RF-(DOBAA)n-RF/silica gel
nanocomposite-encapsulated CPC before (a) and after (b)
calcination in 1,2-dichloroethane and original CPC in 1,2-
dichloroethane. Concentrations: RF-(DOBAA)n-RF/silica
gel nanocomposite-encapsulated CPC in 1,2-dichloroethane
(1 g/dm3); original CPC in 1,2-dichloroethane (67 mg/
dm3). [Color figure can be viewed in the online issue
which is available at www.interscience.wiley.com.]
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nonflammable characteristic for the parent fluori-
nated oligomer but also the novel nanocavity pos-
sessing an extraordinarily high oxidation resistance,
which exhibits no weight loss characteristic during
the calcination process at 800�C under atmospheric
conditions. This novel nanocavity can change an
encapsulated flammable guest molecule to the non-
flammable one through the simple encapsulation
technique. Thus, this unique technology can open
new development for oxidation-resistant functional
materials in a wide variety of fields.
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