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Resorcinol—formaldehyde aerogels obtained in methyl tri-
fluoropyruvate (M TFP) possess a fluorinated matrix due to
the mechanism of electrophilic substitution in theresorcinol
moiety with the formation of C—C bond. Theuse of MTFP as
a solvent also substantially accelerates the formaldehyde—
resorcinol interaction.

Aerogels (AGs) are mesoporous solids with a set of unique
properties such as low density and thermal conductivity, large
specific surface area and high porosity.> Aerogels are typically
used as thermal- and sound-insulating materials,? sorbents,3-5
heterogeneous catalysts,” optical materials,28 etc. At present,
known types of AGs include inorganic (usually based on oxides —
SiO,, TiO,, Al,O4, Zr0O,), carbon (pyrolized organic polymers)
and organic ones based on agar, cellulose, polyisocyanates, poly-
acrylates or formaldehyde-containing resins [phenol-formaldehyde,
melamine-formaldehyde, resorcinol-formaldehyde (RF)].191°

Organic AGs are promising due to their extremely low thermal
conductivity and high mechanical strength. RF AGs are the most
studied among the organic ones.!-13 The properties of RF AGs are
similar to those of inorganic ones, including high porosity, large
specific surface area, large pore volume and very low thermal
conductivity, (e.g., they are better insulators than commercial
glass fiber).! As a rule, RF AGs are more rigid, have greater
strength and lower thermal conductivity (~0.012 W m K-1) than
silica-based aerogels (0.016 W m~1 K-1).14-16 RF AGs can be used
for effective separation of gases or liquids, and as precursors for
the synthesis of carbon nanoparticles or carbon AGs (promising
materials for energy storage).

RF AGs are produced by the polycondensation of resorcinol with
formaldehyde under alkali or acid catalysis conditions,1-1317-19
The pH of the reaction medium, the concentration and ratio of
monomers (resorcinol/formaldehyde), the type of catalyst and
the resorcinol/catalyst ratio are the key factors that determine the
final characteristics of the products (i.e. their density, specific
surface area, particle size and pore size distribution).

Resorcinol is used instead of phenol in the resin synthesis,
since the rate of its interaction with formaldehyde is higher than
that of phenol by a factor of 10-15, and it can react with form-
aldehyde at lower temperatures. Recently, we showed that the
structural analogue of methyl trifluoropyruvate [MTFP, CF;C(O)
C(0)OMe], namely, hexafluoroacetone (HFA), enters into an
electrophilic substitution reaction with a resorcinol-based AG to
form a new C—C bond.?° This allowed us to anticipate that the
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same interaction with MTFP can occur. The purpose of this work
was to study the reaction of RF AG formation when MTFP is used
as a solvent at the stage of gelation and aging, and to evaluate the
possibility of introducing fluorine-containing fragments from
MTFP to an RF AG."

The recognized mechanism of RF resin formation includes
formation of clusters linked by methylene groups (Scheme 1).
When acids and bases are applied as catalysts, the rate of acid-
catalyzed reaction is higher (several hours).!

When MTFP was used as a solvent, the reaction of resorcinol
with formaldehyde was found to be very fast: it took 10-15 s in

T Resorcinol (98%), formaldehyde (37 wt% aqueous solution), isopropanol
(99.5%+), HCI (38 wt% aqueous solution), acetonitrile (99%+) purchased
from Acros and methyl 3,3,3-trifluoropyruvate (97%, Aldrich) were used
as received.

Synthesis of sols using acetonitrile as a solvent. A standard resorcinol :
formaldehyde 1:1.5 molar ratio was applied in all cases.'*?° First, resorcinol
(1.1 g, 10 mmol) was dissolved in acetonitrile (8 ml) in a plastic beaker.
Then, HCI (38%, 0.025 ml) and formaldehyde solution (1.1 ml, 15 mmol)
were added, and the mixture was stirred for 10-20 min.

Synthesis of sols using methyl trifluoropyruvate as a solvent. A solution
of resorcinol (0.28 g, 2.5 mmol) in deionised water (0.5 ml) was cooled
in a plastic beaker to 3-5°C. Then, formaldehyde (0.28 ml, 3.8 mmol)
precooled to 3-5 °C was added, and the mixture was stirred for 15 s. After
that, MTFP (1.5 ml, 15 mmol) precooled to 3-5°C was added, and the
mixture was stirred for 1-2 s.

Gelation of sols. Sols (3-5 ml) were poured into polypropylene syringes
of 3 or 5 ml volume. When MTFP was used as a solvent, gels RF MTFP
were formed within 3-5 s. In the case of acetonitrile, gels RF MeCN were
formed after 5-6 h at 20 °C. Upon formation, the gels were left to age, as
described in Table 1. The resultant aged gels were soaked in isopropanol for
24 h, in order to exchange the pore liquid for the solvent. This procedure
was repeated five times. Then, the gels were placed into an apparatus for
supercritical drying in CO,.

Treatment of lyogels with MTFP. The lyogel of RF MeCN (Table 1,
entry 1) was additionally treated with MTFP (10 ml) for seven days at
50 °C. The sample was then washed with isopropanol, using the procedure
described above, and supercritically dried in CO,.
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the absence of a catalyst and afforded a pink gel. Elastic, yellow-
brown monolithic materials were formed upon aging at 50°C for
7 days and subsequent supercritical drying in CO,. According to
elemental analysis data, the fluorine content in the RF AG sample
was 0.57 wt%. The solid-state °F NMR spectrum contained a
signal with a chemical shift of —81 ppm, which implied the presence
of CF5 groups in the sample. In the IR spectra, such RF AG samples
exhibited a band at 1820 cm™, which is characteristic of the C=0
group. Thus, the reaction of resorcinol with formaldehyde in MTFP
leads to the formation of fluorine-containing acylated AGs.

According to the reported data, the solvent used for gelation
and supercritical drying plays an important role in the synthesis
of inorganic and hybrid organic—inorganic AGs, and substantially
determines the texture characteristics of the materials to be
synthesized.?=?> In particular, we found that when resorcinol
reacted with formaldehyde in hexafluoroacetone, the properties
of the AGs differed from those of formed in acetonitrile in the
presence of an acid catalyst.

Supercritical drying in CO, was performed in an apparatus consisting
of a high-pressure CO, pump (Supercritical 24, SSI), a 50 ml steel reactor
(Thar Instruments Inc.) and a back pressure regulator BPR (Waters). The
sample was washed with liquid CO, for 2 h at 20 °C and 15 MPa, then the
reactor temperature was raised to 50 °C and the sample was additionally
washed with supercritical CO, (15 MPa) for 2-2.5 h. The pressure in
a heated autoclave was then evenly decreased to atmospheric one; the
autoclave was cooled to room temperature and then opened.

Preparation of an adduct of resorcinol with MTFP. A solution of
resorcinol (0.55 g, 0.005 mol) in acetonitrile (3 ml) was cooled to 3-5°C
in a plastic beaker and then added to MTFP (1.0 ml, 10 mol) precooled
to 3-5°C. The mixture was placed in a Teflon coated steel autoclave and
heated for seven days at 50°C. The product obtained was evacuated
(25°C, 6.7 kPa) to remove the volatiles. The oily residue was purified by
reversed-phase preparative HPLC using a Gilson chromatograph, column
Diasorb 130C16, Gilson 118 UV/Vis Detector, at 240 nm. The aceto-
nitrile-water mixture (from 10:90 to 100:0 v/v) was used as an eluent.

The specific surface area and porosity of aerogels were determined
by low-temperature nitrogen adsorption measurements using a Katakon
ATX-06 analyzer. The specific surface area values were determined using
a 5-point Brunauer, Emmett and Teller (BET) method at the nitrogen
partial pressure (P/P,) range of 0.05-0.25; the correlation coefficients of
the corresponding linear regressions in the coordinates of the BET equation
were not less than 0.9975. Pore volume distributions were determined
according to the Barrett, Joyner and Halenda (BJH) method, by analysis
of a desorption branch of an adsorption—desorption isotherm (28 points).
Prior to measurements, samples were flushed with a dry helium flow for
30 min at 100°C. The bulk densities of the samples were calculated by
their mass to volume ratio. Aerogels shrinkage was estimated by the
change in their geometric volume compared to that of wet gels. The micro-
structure of the samples was studied using a Carl Zeiss NVision 40 scanning
electron microscope (SEM) at 1 kV acceleration voltage, without any coating
of their surface with a conductive layer. Solid state 1°F NMR experiments
were performed on a Bruker Avance 111 400 spectrometer, with CFCl; as
an external reference. The Larmor precession frequency was 376.5 MHz.
19F NMR spectra were recorded using 9 us pulse length, accumulating
64 repetitions for each spectrum. High-resolution *H, 13C and °F NMR
spectra of an adduct B of resorcinol with hexafluoroacetone sesquihydrate
were recorded on a Bruker DPX-200 spectrometer (TMS and CFCl; as
external standards, respectively) and its mass spectrum was obtained
using a FINNIGAN MAT INCOS 50 mass-spectrometer at 70 eV EI.

Table 1 Texture characteristics and chemical composition of RF aerogels.2

Elemental
- lysis Solid state
Density/ Sger/ ana IR,
b ET 19

Entry® Sample gem3  m?gt data (wt%) iy FNMR,
e o/ppm
F Cc

1 RFMeCN 0.6 380+50

2 RFMTFP 0.2 4+1 0.57 63.48 1816 -81

3 RF MeCN, 0.6
treated with
MTFP

400+40 3.89 59.99 1820

aA|l the samples were aged at 50°C within 7 days after gelation. ®To check
the reproducibility each sample was synthesized in triplicate.

Figure 1 Appearance of the RF AGs synthesized in (a) acetonitrile and
(b) MTFP.

To compare the characteristics of the RF AGs formed in various
solvents, we synthesized AGs in MTFP, and under standard con-
ditions (i.e. in acetonitrile with HCI as a gelation catalyst!20),
In fact, texture properties and the chemical compositions of
AGs obtained in MTFP and in acetonitrile differed markedly.
The former were elastic, sponge-like, yellow-orange materials,
whereas the latter were rigid, brown-black monoliths (Figure 1,
Table 1). The specific surface area and geometric density of AGs
synthesized in MTFP were smaller by two orders of magnitude
and by a factor of three, respectively, as compared with those of
AGs synthesized in acetonitrile.

The data on nitrogen adsorption/desorption correlated with
scanning electron microscopy (SEM) results (Figure 2). According
to the SEM data, the RF AGs formed using acetonitrile consisted
of nanoparticles 10-20 nm in size and contained pores up to 20 nm
in diameter. The materials obtained in the presence of MTFP had
a principally different structure: spheroidal, pore-free particles
joined to form loose, chain-like aggregates, and the pore diameter
reached several microns. AGs synthesized in acetonitrile or
MTFP were hydrophilic, and they rapidly absorbed water without
degradation. This high wetting ability is likely caused by the presence
of several hydroxyl groups in each aromatic ring.

RF AGs obtained in MTFP demonstrated two interesting
specific features. First, their texture characteristics could be
significantly changed using a simple procedure. After gelation
in MTFP, the aerogel samples had a specific surface area of
~4 m? g1, whereas gelation in MeCN, followed by processing
in MTFP, increased this value by two orders of magnitude (up
to 400 m? g1). The second feature is a very strong increase in
the rate of formaldehyde-resorcinol interaction and RF resin
formation: the process takes several seconds in MTFP versus
several hours in acetonitrile. This can be caused by the specific
ability of MTFP and formaldehyde to form the products of
addition of a hydroxyl group (Scheme 2). The reacting CH, group
in the intermediate product X is close to the ortho-position of
the aromatic ring, which accelerates the electrophilic substitution

1um

Figure 2 Microstructure of the RF AGs synthesized in (a) acetonitrile and
(b) MTFP.
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reaction. Intermediate product Y is the ketal of MTFP, which is
easily hydrolyzed by water in an acid medium. This significant
increase in the rate of aromatic substitution reaction is quite
unusual, could not be predicted a priori and deserves a separate
investigation.
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To understand the structure of the fluorinated AGs obtained, we
performed the reaction of MTFP with resorcinol in the absence
of formaldehyde, and found that a mixture of fluorine-containing
products thus formed consisted of more than eight compounds.
The 1°F NMR spectra of all products contained the signals of CF4
groups (-0.5 to —4.5 ppm), and no signals of C(O)OMe groups
were detected in 'H NMR spectra. In the IR spectra, signals of
C=0 groups (1830 cm~1) are observed for all products. According
to the mass spectrometry data, the two main products had molecular
masses 234 and 358, which allowed us to assume the structures
A and B (Scheme 3). The proposed scheme can be used to explain
both a significant number of the products formed (differences
in the number of fluorinated fragments entering the resorcinol
molecule, position isomerism, cis-trans isomerism), and the
absence of an ester fragment in the products. Thus, our experi-
mental results demonstrate that the RF AGs synthesized in MTFP
contain a fluorinated benzofuranone fragment (Figure 3).

OH
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50 °C, OH — MeOH
OH 7days | HO——COOMe
CF3
(0]
OH (0]
HO
mrep  F3C
0] (0]
FsC FsC
HO © HO O
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Scheme 3

In conclusion, the nature of the solvent used to synthesize
RF resins substantially affects the characteristics of the RF AGs
formed from them, i.e. their appearance, texture characteristics and
chemical composition. In the synthesis using MTFP, the RF AG
matrix undergoes electrophilic substitution with the formation of
fluorine-containing fragments. The RF lyogels formed in aceto-
nitrile can also be fluorinated by processing in MTFP. The
proposed approach can be used to produce fluorinated AGs based
on RF resins with a specific surface area up to 400 m? gL,

OH

0]
FsC
HO o],
Figure 3 Fragment of the structure of the RF aerogel synthesized in the
presence of MTFP.
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