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Abstract Fluoroalkyl end-capped N-(1,1-dimethyl-3-oxo0-
butyl)acrylamide oligomer [Rg-(DOBAA),-Rg]/silica gel
nanocomposite, which was prepared by reaction of the
corresponding fluorinated oligomer with tetraethoxysilane
and silica gel nanoparticles under alkaline conditions,
exhibited no weight loss even at 800 °C equal to the
original silica gel, although the corresponding parent Rg-
(DOBAA),-Rf oligomer was completely degraded at 600 °C.
Thermogravimetric analyses/mass spectra of fluorinated
nanocomposite showed that this nanocomposite decomposed
around 280 °C to afford CO, and H,O as the major evolved
gaseous products including some minor fluoro- and hydro-
carbons. X-ray photoelectron spectroscopy analyses also
showed that the contents of C, F, and Si atoms in Rg-
(DOBAA),-R§/SiO, nanocomposite after the calcination at
800 °C were similar to those before the calcination. These
findings suggest that the evolved gaseous products should be
encapsulated quantitatively into nanometer-size-controlled
silica matrices to give the fluorinated silica gel nanocompo-
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Introduction

There have been much attractive attention in advanced
hybrid organic—inorganic composites because of exhibiting
a large variety of extraordinary characteristics deriving
from the synergism between the properties of each
individual material [1-3]. The most commonly employed
preparative procedures for these organic—inorganic hybrids
are based on the sol-gel process, which leads to the
formation of the inorganic network by starting from liquid
precursors such as metal alkoxides and organic polymers
preferably with suitable reactive groups [4-7]. A great
interest has also been focused on the studies involving
hybrids based on blends of oxides such as silica and
organic polymers dispersed well at molecular levels [8, 9].
In general, the thermal stability of these organic—inorganic
composites decreases extremely compared to that of the
corresponding parent inorganic materials because of the
presence of organic polymers in the composites. Fluorinated
polymers such as poly(tetrafluoroethylene), poly(vinylidene
fluoride), and perfluoropolyether are attractive functional
materials because of exhibiting a variety of unique character-
istics such as excellent chemical and thermal stability, low
surface energy, and low refractive index and dielectric
constant, which cannot be achieved from the corresponding
nonfluorinated ones [10-22]. Therefore, from the develop-
mental viewpoints of novel high-performance thermally
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resistant materials, hybridizations of these fluorinated
polymers with metal alkoxides are in particular interest,
and in fact, some studies on the hybridization of fluorinated
polymers with alkoxysilanes have been hitherto reported.
However, the thermal stability of these hybrids are, in
general, inferior to that of the original silica gels [23-26]. In
this paper, we report a fluoroalkyl end-capped oligomer/
silica gel nanocomposite (mean diameter, 36 nm) with no
weight loss even at 800 °C equal to the original silica gel:
This material has been prepared by reaction of fluoroalkyl
end-capped N-(1,1-dimethyl-3-oxobutylacrylamide) oligo-
mer [Rg-(DOBAA),-Rg] with tetracthoxysilane (TEOS)
and nanosilica gel (mean diameter, 11 nm) under alkaline
conditions [27]. In contrast, the weight of fluoroalkyl end-
capped acrylic acid oligomer in fluoroalkyl end-capped
acrylic acid oligomer/silica gel nanocomposite markedly
dropped around 250 °C and decomposed gradually, reach-
ing 0% around 540 °C.

Results and discussion

The reaction schemes for the preparation of these fluo-
roalkyl end-capped oligomers/silica gel composites were
illustrated in Scheme 1.

Elementary analyses of fluorines in Rg-(DOBAA),-R¢/
Si0; and Rg-(ACA),-R§/Si0, nanocomposites in Scheme 1
showed that the contents of fluoroalkyl end-capped
oligomers in these nanocomposites were estimated to be
23 and 22%, respectively. We have measured the size of
these fluorinated oligomers—silica nanocomposite in meth-
anol by dynamic light-scattering (DLS) measurements at
25 °C. Fluorinated oligomers/silica gel composites were
nanometer-size-controlled particles (36.2 and 31.0 nm; see
Scheme 1) with good dispersibility and stability in a variety
of solvents including water. The transmission electron
micrograph (TEM) of Rp-(DOBAA),-R¢/SiO, composites

Scheme 1 The reaction schemes

also showed the formation of fluorinated oligomer/SiO,
composite with a mean diameter of 59 nm (see Fig. 1). The
difference in the average sizes determined by DLS and
TEM (DLS, ~36 nm; TEM, ~59 nm) would be due to the
coagulation or agglomeration of the nanoparticles during
sample preparation for TEM measurements. In addition, the
specific surface area and particle size of Re-(DOBAA),-Rg/
SiO, composites were determined by the Brunauer-
Emmett-Teller method [28], and the results were 134 m?/g
and 99 nm, respectively, indicating the nanoparticle
characteristic.

Thermal stability of these fluorinated oligomers/silica gel
nanocomposites was studied by the use of thermogravi-
metric analyses (TG) in which the weight loss of these
nanocomposites was measured by raising the temperature
around 800 °C (the heating rate, 10 °C/min) in air
atmosphere, and the results were shown in Figs. 2 and 3.

As shown in Fig. 2, the weight of parent Rg-(ACA),-Rg
oligomer markedly dropped around 250 °C and decom-
posed gradually, reaching 0% around 540 °C. A similar
tendency was observed in Rg-(ACA),-Ry/SiO, nanocom-
posite, and a constant value for its weight loss was
observed above 540 °C, indicating that this nanocomposite
could possess silica gel nanoparticles. The content of parent
Re-(ACA),-Rf oligomer in this nanocomposite was esti-
mated to be 26% by using these TG data, and this finding is
quite similar to the obtained value (22%) by the elementary
analyses of fluorine. On the other hand, as shown in Fig. 3,
unexpectedly, we could not observe the weight loss of Rg-
(DOBAA),-Rf oligomers/SiO, nanocomposite at all from
room temperature to 800 °C equal to the original silica gel,
although the parent Rg-(DOBAA),-Rf oligomer lost 100%
of its weight at 600 °C. It was found that Rg-(DOBAA),-Rr
oligomer/SiO, nanocomposite lost only 6% of their weight
at 800 °C, which is the same value to that of the original
silica gel. This finding indicates that pyrolytic fragments of
Re-(DOBAA),-Rf oligomer should be encapsulated effec-

B N _ : . aq. NHy
for the preparation of fluoroalkyl Re-(CH, ?H)” Re * S!I{ggts)“ . Si0, .
end-capped oligomers/silica gel 0=C-NHCMe,CH,C(=0)Me [ 1 [silica-nanoparticle] MeOH
composites [Re-(DOBAA),-RE] : :
Re = CF(CF3)OC4F, Rr-(DOBAA),-R:/SiO, nanocomposite
Mn = 3710
particle size: 36.2 + 3.3 nm?
Re-(CHy-CH): R +  Si(OEt), + S0, aq. NH,
0=C-OH [TEOS] [silica-nanoparticle] MeOH

[Re-(ACA)-RE]
R = CF(CF4)OCsF,
Mn = 2770

a) determined by DLS
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Fig. 1 TEM image of Rg-(DOBAA),-R§/SiO, nanocomposite

tively into silica gel matrices. In addition, the average
particle size (37.144.8 nm [determined by DLS]) of Rg-
(DOBAA),-Rg oligomer/SiO, nanocomposite after the
calcination was almost the same as that (36.2+3.3 nm)
before the calcination and exhibited a good dispersibility
and stability in a variety of solvents.

Differential thermal analyses for the Rp-(DOBAA),-Ry/
SiO, nanocomposites in air atmosphere (the heating rate,
10 °C/min) showed that as the temperature reached around
250 °C, the exothermic phenomenon occurred (lasted till
around 400 °C), and the weak exothermic peak appeared at
307 °C, which may be caused by the decomposition of Rg-
(DOBAA),-Rf oligomer in the composite (see Fig. 4). A
similar result was obtained in the case of the parent Rg-
(DOBAA),-Ry oligomer (data not shown). Thus, the
pyrolysis of Rp-(DOBAA),-Rf oligomer in the nanocom-
posite should occur around 307 °C to afford the pyrolytic
fragments derived from this oligomer. On the other hand,
during the calcination process of Rp-(ACA),-Ry/SiO,
nanocomposite, two obvious exothermic peaks were ob-
served at 396 and 503 °C, respectively (see Fig. 4).

To clarify the pyrolytic fragments derived from Rg-
(DOBAA),-Rf oligomer/SiO, nanocomposite, the evolved
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Fig. 2 Thermogravimetric analyses of Rp-(ACA),-Rp/SiO, nano-
composite [Rg=CF(CF;)OC;F;]. a: SiO,, b: R-(ACA),-R/SiOnano-
composite, ¢: R-(ACA),-Rr
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Fig. 3 Thermogravimetric analyses of Rg-(DOBAA),-R/SiO, nano-
composite [Rp=CF(CF3)OC;F;]. a: SiO,, b: R—(DOBAA),-R/SiO;.
nanocomposite, ¢: R-(DOBAA),-Ry

gases during TG measurements were analyzed by using a
TG/Mass apparatus (Bruker AXS, TG-DTA2020SA/
MS9610, Japan; the heating rate,10 °C/min) under the
mixed gas atmosphere of helium (80%) and oxygen (20%).
The parent Rp-(DOBAA),-Rf oligomer was also measured
under similar conditions, for comparison. These results
were shown in Figs. 5 and 6.

As shown in Fig. 5, the in situ nanocomposite produced
H,0 and CO, around 290 °C as the major products with a
minor product (HF), corresponding to the slight changes in
TG illustrated in Fig. 3. A similar result was obtained in the
case of the parent Re-(DOBAA),-Rf oligomer (see Fig. 6).
From the peak areas of H,O and CO, in Figs. 5 and 6, we
have estimated the amounts of encapsulated H,O and CO,
into the silica gel matrices based on the amounts of
completely evolved H,O and CO, in the pyrolysis of the
parent Rg-(DOBAA),-Rr oligomer. The amounts of the
encapsulated H,O and CO; into silica gel matrices were 65
and 72%, respectively, and the product yield ratio of H,O/

80
a: Re-(ACA),-Rg/SiO,
60 | nanocomposite
//
40 f

b : Re-(DOBAA),-R¢/SiO,
nanocomposite

20
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Fig. 4 Differential thermal analyses of of Rg-(ACA),-Rg/SiO, and Rg-
(DOBAA),-RF/SiO, nanocomposites [Rp=CF(CF3)OC;F;]. a: R~
(ACA),-R/SiOsnanocomposite, b: R~(DOBAA),-RSiO-nanocomposite
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Fig. 5 TG/Mass spectra of Rp-(DOBAA),-Rr/SiO, nanocomposite
[RF:CF(CF3)OC3F7]

CO, is 1.48. Some trace amounts of gaseous products such
as HF, fluorocarbons (C,F30CsF, pentafluoroethane), and
hydrocarbons (terahydrofuran, methylcyclopentenone,
butanedione monooxime, and nitroethane) were also
detected as by-products.

Figure 7 shows the X-ray diffraction (XRD) patterns of
the original Rg-(DOBAA),-Rg/SiO, nanocomposite at
room temperature and the samples heated in air atmosphere
from room temperature to 800 °C. We had the same
diffraction intensities and one broad peak around 22
degrees in each temperature, indicating that silica gel
matrices could not be changed at all by the interaction with
Rp-(DOBAA),-Rf oligomer under these conditions.

We have measured elementary analyses of carbon and
hydrogen for Rp-(DOBAA),-Rg/SiO, nanocomposite be-
fore and after the calcination at 800 °C, and the results were
as follows:

before calcination carbon : 3.63%
after calcination carbon : 0%

hydrogen : 0.73%
hydrogen : 0.20%
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Fig. 6 TG/Mass spectra of Rg-(DOBAA),-Rf oligomer [Rg=CF(CF3)
OC;F7]
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We cannot at all detect the content of carbon after the
calcination. To clarify the presence of carbon, oxygen,
fluorine, and silicon after the calcination at 800 °C, we
analyzed the Rg-(DOBAA),-Rg/SiO, nanocomposite after
the calcination at 800 °C by the use of X-ray photoelectron
spectroscopy (XPS: Shimadzu ESCA-3400, Kyoto, Japan)
technique, and the elementary atomic compositions [carbon
(Cy5), fluorine (F ), oxygen (Ojs), and silicon (Si,,)] of this
composite were estimated. We have also measured the
elementary atomic compositions of Rg-(ACA),-R§/SiO,
silica gel nanocomposite by XPS technique under similar
conditions, for comparison. These results were shown in
Table 1.

As shown in Table 1, very interestingly, the contents of
C, F, and Si atoms in Rg-(DOBAA),-R§/SiO, nanocompo-
site after the calcination exhibited similar values to those
before the calcination. However, in the case of Rg-(ACA),-
R/Si0, nanocomposite after the calcination, the contents
of C and F atoms were found to decrease extremely
compared to those before the calcination. The content of Si
atom in Rp-(DOBAA),-R/SiO, nanocomposite exhibited
the similar value in the cases before and after the
calcination; however, the content of O atom was found to
increase slightly after the calcination. On the other hand,
the contents of Si and O atoms in Rg-(ACA),-R{/SiO,
nanocomposite increased remarkably after the calcination,
indicating that Rg-(ACA),-Rf oligomer in the nanocompo-
site has been completely consumed during the calcination
process. In these composites, we could not detect the
nitrogen atoms quantitatively by XPS technique because of
their trace amount formations. These findings suggest that
pyrolytic products such as CO, and H,O derived from Rg-
(DOBAA),-Rf oligomer in the nanocomposite should be
encapsulated quite effectively into the nanometer-size-
controlled silica matrices through the calcination process,
because molecular-level combination, which is due to the
strong interaction between the amido or carbonyl groups in
fluoroalkyl end-capped oligomer and residual silanol
groups through the intermolecular hydrogen bonding,
should be essential for the architecture of the novel host
moieties for the encapsulation of the evolved gaseous
products into the silica matrices during the calcination
process. Therefore, in the case of Rg-(ACA),-R§/SiO,
nanocomposites, such molecular-level combination could
not be participated in the silica matrices because of the
absence of amido and carbonyl groups in oligomer.
Recently, we have reported that micrometer-size-controlled
Rg-(DOBAA),-RE/Si0O, composites have a lower thermal
stability compared to that of the original silica gel, and
parent Rp-(DOBAA),-Rr oligomer in these composites
decomposed completely at 800 °C owing to their poor
molecular-level combination at the architectures of these
micrometer-size-controlled composites [29].
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In addition, we have succeeded in preparing guest
molecules such as ionic-liquids-encapsulated Rg-(DOBAA),-
R§/Si0, nanocomposites. lonic liquids are well known to be

Table 1 Elementary atomic compositions (%) by XPS analyses for
Rp-(DOBAA),-RE/Si0; and Rg-(ACA),-Rg/SiO, nanocomposites be-
fore and after the calcination at 800 °C

Composite Cis Fis (OIS Sipp
Rp-(DOBAA),-R/SiO, nanocomposite

Before calcination 10.67 4.98 55.57 28.78
After calcination 7.21 2.63 60.49 29.68
Rp-(ACA),-R/SiO, nanocomposite

Before calcination 16.45 8.23 51.36 23.96
After calcination 2.60 1.08 66.01 30.31

20

nonvolatile and nonflammable [30]. In fact, as shown in
Fig. 8, phosphonium salt-type ionic liquid BusP" SP(=S)
(OEt), is thermally stable, and its weight dropped around
250 °C. However, very interestingly, we could not at all
observe the weight loss of this ionic-liquid-encapsulated Rg-
(DOBAA),-R£/Si0, nanocomposite (Rg=CF(CF5)OCsF;,
Mn [oligomer], 3,710; average particle size determined by
DLS, 27.1 nm; content of Rp-(DOBAA),-Rr oligomer
determined by elementary analyses of fluorine, 19%; the
content of ionic liquid in this fluorinated nanocomposite
determined by inductive coupled plasma analyses, 4%) from
room temperature to 800 °C, and the weight loss ratio of this
ionic-liquid-encapsulated nanocomposite became extremely
lower compared to that of the original silica gel or Rg-
(DOBAA),-R¢/Si0O, nanocomposite (see Fig. 8). We have
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Fig. 8 Thermogravimetric anal- 0

yses of Rp-(DOBAA),-R/Si0,/ 10 |
ionic liquid nanocomposite
[RF:CF(CF3)OC3F7] SiOz, RF-
(DOBAA),-R§/SiO5/ionic liquid
nanocomposite, Re-(DOBAA),-
RF/SiO,nanocomposite, ionic

30 |

40

Weight Loss (%)

< Re-(DOBAA),-Rg/SiO fionic liquid

Re-(DOBAA),-Re/SiO2
nanocomposite

4 nanocomposite

Si0»

liquid: BuyP*"S-P(=S)(OEt), 50
60 |
70 : /
BusP* "S-P(=S)(OEt),
80 |
a0
100
0 200

also prepared not only this ionic liquid but also other
phosphorus-type ionic liquids such as BusP'(CgH,)
"N(SO,CF3),-, BusP"Me ~OP(=0)(OMe),-, BusP™(CgH;7)
PF,-, (Me0);3Si(CH,)3P"(CsH,3)5 Cl -, BusP (C,H,.
CH,OH) CI -, BusP'(Ci,H,5) ~0S0,C¢H3(CO,Me),-, and
Bu;P*(CsH;7)PF, -encapsulated Rg-(DOBAA),-R§/SiO;
nanocomposites under similar conditions, and a similar result
with no weight loss was obtained in each nanocomposite.
Therefore, it is strongly expected that our present technology
is applicable to the development of the pyrolytic fragments
derived from organic compounds to storage materials.

We find a unique fluoroalkyl end-capped N-(1,1-dimeth-
yl-3-oxobutyl)acrylamide oligomer/SiO, nanocomposite
with no weight loss even at 800 °C equal to the original
silica gel. TG/Mass spectra of this fluorinated nanocompo-
site showed that the pyrolysis of this nanocomposite could
afford H,O and CO, as the major evolved gaseous products
including some minor products. It was clarified that the
evolved gaseous products (H,O and CO,) were encapsu-
lated effectively into nanometer-size-controlled silica ma-
trices with the encapsulated ratios 65 (H,0O) and 72% (CO,)
based on those of the parent Rg-(DOBAA),-Rf oligomer to
give the fluorinated nanocomposite with no weight loss
even at 800 °C equal to the original silica gel. XPS analyses
showed that the contents of C, F, and Si atoms in Rg-
(DOBAA),-Rf/SiO, nanocomposites after the calcination at
800 °C were similar to those before the calcination,
indicating that the evolved gaseous products from the
nanocomposites were encapsulated quite effectively into the
silica matrices. Furthermore, we have succeeded in preparing
guest molecules such as ionic-liquids-encapsulated Rg-
(DOBAA),-R/SiO, nanocomposites with no weight loss
even at 800 °C. From the developmental viewpoints for
storage materials, our new fluoroalkyl end-capped oligomer/
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silica gel nanocomposite has high potential for not only high-
performance thermally fluorinated resistant materials, but
also new storage materials for the pyrolytic fragments
derived from organic compounds.

Experimental

Preparation of fluoroalkyl end-capped N-(1,1-dimethyl-3-
oxobutyl)acrylamide oligomer/silica gel nanocomposite A
methanol solution (20 ml) of fluoroalkyl end-capped N-(1,1-
dimethyl-3-oxobutyl)acrylamide oligomer {Rp-[CH,CHC
(=O)NHCMe,CH,C(=0)Me],-Rr [Rr-(DOBAA),-R¢];
Rg=CF(CF3)OC3F;; Mn=3,710 (0.50 g)}, which was
prepared by the reaction of fluoroalkanoyl peroxide with
the corresponding monomer according to our previously
reported method [31], was added with TEOS (0.47 g),
silica-nanoparticle methanol solution [30 wt.%, 3.33 g;
average particle size, 11 nm (Methanol Silica-sol (TR):
Nissan Chemical Industrials, Tokyo, Japan)], and 25%
aqueous ammonia solution (0.50 ml). The mixture was
stirred with a magnetic stirring bar at room temperature for
2 h. After the solvent was evaporated, the obtained crude
products were added with methanol (25 ml). The methanol
solution was stirred with magnetic stirring bar at room
temperature for 2 days and then was centrifuged for 30 min.
The expected fluorinated nanocomposite was easily sepa-
rated from the methanol solution. Fluorinated nanocompo-
site powders thus obtained were dried in vacuo at 50 °C for
2 days to afford purified particle powders (1.00 g).
Fluoroalkyl end-capped acrylic acid oligomer/silica gel nano-
composite and ionic-liquids-encapsulated Rg-(DOBAA),-Rg/
SiO, nanocomposites were also prepared under similar
conditions.
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