
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

8:
13

:2
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis and ch
aDepartment of Chemistry, Chemistry Res

Academy, Colorado Springs, CO 80919, USA
bAir Force Research Laboratory, Munitions D

Materials Branch, Eglin Air Force Base, FL 3

† Electronic supplementary information
procedures, 1H, 13C, 19F, and 29Si spectra
See DOI: 10.1039/c7ra02016c

Cite this: RSC Adv., 2017, 7, 21962

Received 17th February 2017
Accepted 9th April 2017

DOI: 10.1039/c7ra02016c

rsc.li/rsc-advances

21962 | RSC Adv., 2017, 7, 21962–2196
aracterization of partially
fluorinated aerogels and xerogels from
environmentally-compatible precursors†

Abby R. Jennings,a Jena McCollum,a Adam J. Wilkins,a Stacy M. Mannib

and Scott T. Iacono *a

A new fluorocyclic silane monomer was prepared from environmentally benign and commercially available

starting reagents in two, high yielding steps. The monomer was characterized by multi-nuclear NMR (1H,
13C, 19F, and 29Si). The monomer was used in the preparation of the first known fluorocyclic aerogels and

xerogels. Due to the hydrophobic nature of the fluorocyclic monomer, a modified sol–gel synthesis was

utilized in which a minimum amount of water was used. The mol% of the fluorocyclic monomer was

systematically varied in both types of silica gels and the effects on the properties of the aerogels and

xerogels was analyzed by scanning electron microscopy, BET surface area measurements, differential

scanning calorimetry, and thermogravimetric analysis. It was determined that in both aerogels and

xerogels, increasing the mol% of the fluorocyclic monomer resulted in condensed materials (i.e., pore

collapse). Increased monomer concentration affected the gels thermal stability as the monomer is more

susceptible to thermal decomposition than the silica gel. Pore collapse accelerates this effect as the

condensed medium dissipates heat less efficiently.
Introduction

Since their discovery in the mid 1800's, silica gels have devel-
oped into a versatile class of materials withmany uses including
low dielectric, low refractive index, acoustic, and insulating
materials.1–3 Over the last few decades, the syntheses of silica
based gels by solution–gelation, or sol–gel, techniques has
evolved and the ability to tailor the materials' properties
through changing various reaction conditions is now better
understood.4 The incorporation of other organic and inorganic
derivatives within the silica sols to tune the gels properties has
also become common practice, allowing silica based gels to nd
uses in more specialized realms.5–7

One such area is the implementation of uorinated silica
gels for low surface energy applications.8,9 These low surface
energy materials can be obtained by uorinating the silica gel
through different chemical transformations post-gelation or by
adding a uorinated reactive silane as a co-monomer during the
sol–gel process.10,11 For example, Lermontov et al. acetylated
amine terminated aerogels with the readily available reagent,
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methyl triuoroacetate.12 The authors also synthesized a uori-
nated reactive silane and employed it as a co-monomer with
tetraethyl orthosilicate (TEOS) to prepare uorinated aerogels
and it was determined that the method of uorine incorpora-
tion produced samples with different specic surface areas. It
should be noted that a yield was not reported for the monomer
that was synthesized. More recently, Jana et al. synthesized
hydrophobic aerogels by adding the commercially available uo-
rinated reactive silane, dimethoxy-methyl(3,3,3-triuoropropyl)
silane, at different stages of the sol–gel synthesis.13 The authors
determined that the point at which the uorinated monomer was
added had a signicant effect on the hydrophobicity of the
resulting aerogels.

As demonstrated above, the preparation of uorinated sol–
gels has relied heavily on the use of commercially available
uorinated materials, which offers limited structural and
chemical variability. Furthermore, many of these readily avail-
able compounds incorporate the uorinated component as
a per-uorinated carbon chain (PFC) of varying length and
those possessing PFCs longer than six carbons in length are
now known to have signicant health and environmental
hazards.14,15 Alternatively, synthetic variations can be intro-
duced by specially designing and synthesizing the uorinated
reactive silane monomers in house, however, they are typically
plagued bymultiple reaction steps, harsh conditions, and low to
moderate yields. For instance, Shea and co-workers prepared
a reactive uorinated silane, containing a linear PFC, in three
reaction steps, with an overall yield for the nal product of 41%.
This journal is © The Royal Society of Chemistry 2017
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The authors utilized the monomer to prepare uorinated
xerogels.16

In this manuscript we describe the synthesis of a new uo-
rinated reactive silane monomer, 2, that can be prepared in just
two, high yielding steps, requiring simple, non-
chromatographic purication techniques. The monomer was
designed such that it utilized commercially available and
benign starting materials, including the natural product,
eugenol (EUG). Furthermore, the uorinated component, per-
uorocyclopentene (PFCP), used in the monomer's preparation
is not known to possess the same hazards as its PFCs counter-
parts. Aer synthetic construction, 2 contains only three con-
nected uorocarbons, and thus is safe and biocompatible. The
reactive monomer was used to prepare both aerogels and
xerogels containing uorocyclic functional groups. To the
authors' knowledge, this is the rst report of uorocyclic aero-
gels and xerogels. The aerogels and xerogels were prepared such
that the mol% of 2 was varied from 0 to 100%. A comparative
study on the effects on the properties of the aerogels and
xerogels with respect to the amount 2 were investigated through
scanning electron microscopy (SEM), BET surface area
measurements, differential scanning calorimetry (DSC), and
thermogravimetric analysis (TGA). These results are presented
and discussed in detail below.
Experimental
Materials

All reagents were purchased from Fischer Scientic and used as
received unless stated otherwise. PFCP was purchased from
SynQuest Laboratories. Karstedt's catalyst (platinum–divinylte-
tramethyldisiloxane complex in xylene) and triethoxysilane were
obtained from Gelest. EUG was obtained from TCI and distilled
prior to use. The triethylamine (TEA) was purchased from
Fischer Scientic and distilled over calcium hydride prior to
use. The ammonium hydroxide solution was obtained from
Sigma Aldrich. The CO2 (g) was purchased from Airgas.
Instrumentation and characterization methods

Gas chromatography mass spectrometry (GC-MS) samples were
obtained using an Agilent Technologies 7890A GC system
equipped with an Agilent Technologies 5975C Inert XL EI/CI
MSD w/triple axis detector. The oven temperature was ramped
from 70 to 250 �C at a rate of 20 �C min�1.

1H, 13C, and 19F spectra were obtained on a Varian Mercury
400 MHz Plus broadband spectrometer, and 29Si NMR were
recorded on a JEOL 500 MHz spectrometer, under ambient
temperature conditions. Chemical shis were reported in parts
per million (d/ppm). 1H NMR was internally referenced to CHCl3
(d 7.24) or tetramethylsilane (d 0.0), 13C NMR chemical shis
were reported relative to the center peak of the multiplet for
CDCl3 (d 77.0), and

19F NMR was referenced to CFCl3 (d 0.0).
29Si

NMR was referenced to tetramethylsilane (d 0.0) and was
recorded with inverse-gated proton decoupling with a 3 s pulse
delay. Coupling constants are reported in hertz (Hz).
This journal is © The Royal Society of Chemistry 2017
Supercritical uid extraction was carried out with an EM
Science E3100 large chamber supercritical dryer (SCD). The
dryer was equipped with a PolyScience refrigeration/heating
circulator, series 9102, digital temperature controller.

SEM was performed using an FEI Helios Nanolab Dual
Beam. Samples were mounted on aluminium stubs with carbon
tape and coated with gold–palladium. Aerogels were imaged at 5
keV and a working distance of 4mm up to 150k�magnication.
Xerogels required an accelerating voltage of 15 keV but main-
tained a 4 mm working distance and 150k� magnication.

Nitrogen adsorption analysis was performed on ASAP 2020
(Micromeritics, Inc., GA) volumetric adsorption analyzer at
�196 �C with ultrahigh purity (99.999+%) N2 gas over a relative
pressure (equilibrium vapor pressure divided by saturation
pressure) range of 10�6 to �0.996. Prior to analysis, in order to
remove any remaining solvent or physisorbedmolecules, samples
were degassed at 60 �C for 8 h under vacuumuntil a pressure at or
below 6 mm Hg. Samples of known mass were placed in glass
sample tubes of known volume (both at room temperature and
�196 �C) and a conversion shown in eqn (1) where CFS is the cold
free space (volume) of the tube with sample at �196 �C, CFSempty

is the cold free space (volume) of the empty tube at�196 �C,m is
the mass of the sample at room temperature, 3.533 is a conver-
sion factor between room temperature and �196 �C; r is the
density of the sample, was used to account for the sample volume
in the sample tube. The densities of the aerogel samples used in
eqn (1) were 1.826, 1.7, 1.6, 1.516, and 1.411 g mL�1 for the 0, 20,
30, 50, and 100 mol% aerogel samples, respectively.

CFS ¼ CFSempty � (3.533m)/r (1)

The sample was then placed under vacuum and immersed
in a Dewar of liquid nitrogen for analysis. A xed volume of
nitrogen gas was dosed into the sample tube, equilibrium was
established and the pressure and volume of adsorbed gas was
recorded. This process continued over the entire range of
relative pressures (10�6 to �0.996) and was followed by
desorption of the adsorbed N2 molecules. These measurements
resulted in a nitrogen adsorption isotherm (quantity adsorbed
(i.e., cm3 STP per g) as a function of relative pressure (i.e., p/p0))
which shows the volume of N2 adsorbed on the surface of the
material as a function of the relative pressure range. The BET
specic surface area is based on the Brunauer Emmet Teller
model of adsorption and is calculated from the nitrogen
adsorption isotherm within the relative pressure range of 0.05–
0.3.17,18 The single-point pore volume (cumulative volume of
micropores, under 2 nm, and mesopores, 2–50 nm) was
determined from the quantity of adsorbed nitrogen at a relative
pressure of 0.98.

Differential scanning calorimetry was performed using a TA
Instruments SDT model Q600. Samples were loaded into
alumina crucibles and held at room temperature for 10 min
under owing Ar gas. The temperature was then ramped at 5 �C
min�1 from 30 to 700 �C under argon.

Thermogravimetric analysis was performed using a TA Q500
TG analyser. Samples were loaded onto platinum sample pans
and held at room temperature for 10 min under owing
RSC Adv., 2017, 7, 21962–21968 | 21963
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nitrogen gas. The temperature was then ramped at 5 �C min�1

from 30 to 900 �C under nitrogen.
Synthetic procedures

Synthesis of 4-allyl-1-[2-(4-allyl-2-methoxy-phenoxy)-3,3,4,
4,5,5-hexauoro-cyclopenten-1-yl]oxy-2-methoxy-benzene (1). A
50 mL round bottom ask, equipped with a stir bar, was
charged with dimethylformamide (DMF, 6.0 mL), TEA (1.10 mL,
7.94 mmol), and eugenol (1.15 mL, 7.43 mmol). The ask was
sealed and then PFCP (1.00 mL, 7.45 mmol) was added, using
a syringe. The solution was stirred at room temperature for
30 min. GC-MS was used to verify the conversion to interme-
diate compound. More eugenol (1.15 mL, 7.43 mmol) and
Cs2CO3 (1.25 g, 3.84 mmol) were added and the solution was
gently heated (50 �C) overnight. GC-MS was employed to
conrm the conversion of the intermediate to 1. The solution
was then washed with brine and the organics were extracted
with ether, dried with MgSO4, vacuum ltered, and concen-
trated under reduced pressure. The concentrated ltrate was
added to a silica gel pad and then washed with a 3 : 1
DCM : hexane solution (200 mL). All volatiles were removed
under reduced pressure. Compound 1 was obtained as a clear,
pale yellow viscous liquid (1.75 g, 94%). 1H NMR (CDCl3, 400
MHz): d 6.76 (d, aromatic, 2H, 3JHH ¼ 8.4 Hz), 6.56–6.53 (m,
aromatic, 4H), 5.95–5.86 (m, vinyl, 2H), 5.10–5.02 (m, vinyl, 4H),
3.73 (s, –OCH3, 6H), 3.30 (d, CH2]CHCH2C–, 4H, 3JHH ¼ 6.6
Hz). 13C NMR (CDCl3, 100 MHz): d 149.4 (aromatic C), 141.8
(aromatic C), 137.8 (aromatic C), 137.0 (CH2]CHCH2–), 120.1
(aromatic CH), 118.2 (aromatic CH), 116.0 (CH2]CHCH2–),
112.5 (aromatic CH), 55.4 (–OCH3), 39.8 (CH2]CHCH2–).

19F
NMR (CDCl3, 376 MHz): d �114.3 (t, 4F, 3JFF ¼ 4.4 Hz), �130.3
(p, 2F, 3JFF ¼ 4.2 Hz).

Synthesis of triethoxy-[3-[4-[3,3,4,4,5,5-hexauoro-2-[2-methoxy-
4-(3-triethoxysilylpropyl)phenoxy]cyclopenten-1-yl]oxy-3-
methoxy-phenyl]propyl]silane (2). A 25 mL round bottom ask,
equipped with a magnetic stir bar, was charged with 1 (0.22 g,
0.44 mmol) and 1 drop of Karstedt's catalyst. The solution was
stirred under N2, and then the triethoxysilane (0.20 mL, 1.08
mmol) was added, dropwise, using a syringe. The solution was
stirred, under N2, at room temperature, overnight. A 1H NMR
was taken to verify the conversion of reactants to products. All
volatiles were removed under reduced pressure with low heat
(35–40 �C). Compound 2 was obtained as a clear light yellow,
viscous liquid (0.34 g, 92%). 1H NMR (CDCl3, 400 MHz): d 6.98
(d, aromatic C, 2H, 3JHH ¼ 7.6 Hz), 6.54–6.53 (m, aromatic C,
4H), 3.80 (q, –OCH2CH3, 12H, 3JHH ¼ 6.2 Hz), 3.69 (s, 6H,
–OCH3), 2.52 (t, –SiCH2CH2CH2–, 4H, 3JHH ¼ 7.6 Hz), 1.65 (p,
–SiCH2CH2CH2–, 4H, 3JHH ¼ 7.9 Hz), 1.20 (t, –OCH2CH3, 18H,
3JHH ¼ 6.8 Hz), 0.63–0.59 (m, –SiCH2CH2CH2–, 4H). 13C NMR
(CDCl3, 100 MHz): d 149.3 (aromatic C), 141.5 (aromatic C),
140.1 (aromatic C), 120.0 (aromatic CH), 118.1 (aromatic CH),
112.5 (aromatic CH), 58.3 (–OCH2CH3), 55.5 (–OCH3), 38.9
(–SiCH2CH2CH2–), 24.9 (–SiCH2CH2CH2–), 18.2 (–OCH2CH3),
10.0 (–SiCH2CH2CH2–).

19F NMR (CDCl3, 376 MHz): d �114.3 (t,
4F), �130.3 to �130.4 (m, 2F). 29Si NMR (CDCl3, 99 MHz):
d �45.1.
21964 | RSC Adv., 2017, 7, 21962–21968
Preparation of sol–gel catalyst. A catalyst was prepared by
combining deionized water (DIW, 50.0 mL), ammonium uo-
ride (0.93 g, 26.5 mmol), and ammonium hydroxide (�28–30%
NH3 in water, 11.6 mL, 172 mmol) in a volumetric ask.

Synthesis of sols containing 0–30 mol% of 2. For each mol%
formulation, the total amount of reactive silane, TEOS and 2,
were held constant at 13.0 mmol. A 50 mL beaker equipped,
with a stir bar, was charged with absolute ethanol (Abs. EtOH,
2.4 mL), TEOS, and where appropriate, 2. In a separate
container, a solution consisting of absolute EtOH (5.5 mL), the
catalyst solution (8.0 � 10�2 mL), and DIW was prepared. The
amount of water was determined using eqn (2).

VH2O
(mL) ¼ [(4x + 6y)(18.02)] (2)

where V is the volume of water, x is the total moles of TEOS and
y is the total moles of 2. This solution was then added, with
stirring to the 50 mL beaker. The sol solutions were stirred at
room temperature for 10 min.

Synthesis of sols containing 50 and 100 mol% of 2. The same
procedure was used to synthesize the 50 and 100 mol% sols
except that the amount of catalyst solution was increased to 0.16
mL and the amount of water employed was determined using
eqn (3).

VH2O
(mL) ¼ [(4x + 6y)(18.02)] � 0.16 (3)

where V is the volume of water, x is the total moles of TEOS and
y is the total moles of 2. The sol solutions were stirred at room
temperature for 48 h.

Preparation and aging of the sol–gels. Moulds were
prepared from NORM-JECT 30 mL polypropylene syringes with
an inner diameter or 22.9 mm.19 The sol solutions were poured
into the molds, covered with paralm, and allowed to gel/age
at room temperature. Aer solidifying, the gels were carefully
removed from the syringes into beakers and completely
submerged with abs. EtOH. The abs. EtOH was replaced every
16–24 h over a four day period. The gels were removed from the
beaker and cut in half. One half of the sol–gel was placed in the
SCD to yield the aerogel, while the other was dried under
ambient conditions and then reduced pressure at 80 �C for 7
d to obtain a xerogel.

Method for supercritical drying. The SCD was precooled to
14 �C. The sol–gel to be dried was placed in a weighted plastic
capsule with holes in the bottom of one end and the top of the
other. The SCD was lled with CO2 (l) until the capsule was
completely submerged. The sol–gel was allowed to soak for 1 h
and then the chamber was partially drained and then re-lled.
This was repeated three more times, ensuring the abs. EtOH
was completely exchanged with CO2 (l). Next, the temperature
was increased at a rate of 5 �C/15 min, until the chamber sur-
passed 35 �C and 1200 psi. Aer the chamber had been at 1200
psi and above 35 �C for approximately 10 min, the pressure was
slowly released over a 16 h period. Aer reaching ambient
pressure, the aerogel was then removed from the chamber and
capsule.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02016c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

8:
13

:2
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Monomer and sol–gel synthesis

As previously mentioned, one of the objectives of this research
was to obtain uorinated aerogels and xerogels that utilized
uorocyclic functional groups. Having already demonstrated
that PFCP is reactive towards a number of different nucleo-
philes, it was an ideal choice for the synthesis of a reactive
silane monomer that could be used in the synthesis of the sol–
gel materials.20 In this particular instance, EUG, which is an
essential oil extracted from natural sources such as clove oil,
cinnamon, nutmeg, basil, and bay leaf, was chosen as the
desired nucleophile.

The synthesis of 4-allyl-1-[2-(4-allyl-2-methoxy-phenoxy)-
3,3,4,4,5,5-hexauoro-cyclopenten-1-yl]oxy-2-methoxy-benzene,
1, is shown in Scheme 1. Initially, one equivalent of EUG is
reacted with a slight excess of PFCP, in the presence of TEA. The
reaction is monitored by GC-MS and once the in situ conversion
of the reactants to the mono-substituted intermediate (1a) is
veried, a second equivalent of EUG is added and the reaction
mixture is gently heated in the presence of Cs2CO3. It should be
noted that even if an excess of EUG is used in step 1 of the
synthesis, only 1a is obtained, even when heat is employed. The
conversion of 1a into the nal product is also monitored by GC-
MS (Fig. S3†) and aer simple purication through a silica gel
pad, 1 is obtained in high yield, as a clear, faint yellow, viscous
liquid.
Scheme 1 Synthesis of 1.

Fig. 1 1H NMR (400 MHz, CDCl3) and
19F NMR (376 MHz, CDCl3) of 1.

This journal is © The Royal Society of Chemistry 2017
Compound 1 was fully characterized using multinuclear
NMR (Fig. S4–S6†) and the 1H and 19F NMR are shown in Fig. 1.
The hydroxyl proton of EUG is reported at 5.73 ppm (400 MHz,
CDCl3). Thus, the 1H spectrum shown in Fig. 1 appears to
indicate the successful nucleophilic addition of EUG to the
PFCP ring. Being that the addition of one or two equivalents of
EUG would produce an identical spectrum,21 19F NMR analysis
of 1 is required to verify the addition of two equivalents of EUG.
In addition to disappearance of the vinylic uorine signals of
the PFCP starting material, two signals appear in a 2 : 1 ratio
providing conformation of the successful synthesis of 1.

Aer obtaining 1, it was reacted with a slight excess of trie-
thoxysilane utilizing a hydrosilylation reaction, in the presence
of a platinum catalyst, Scheme 2. Compound 2 is obtained as
a clear, light yellow, viscous liquid, in high yield, requiring no
purication. Compound 2 was fully characterized using multi-
nuclear NMR (Fig. S7–S10†). Fig. 2 shows the 1H and 29Si NMR
of 2. In comparing the 1H NMR spectrum of 1 with 2, it is
evident that the hydrosilylation reaction has taken place. Upon
addition of the triethoxysilane to 1, the signals due to the vinyl
protons of 1 and the silane (–SiH) disappear.

Additionally, new signals at 2.52, 1.65, and 0.63–0.59 ppm
appear as a result of alkyl bond formation (–CH2CH2CH2Si). The
29Si NMR of 2 shows one signal at�45.1 ppm and is assigned to
the silicon atoms within the terminal triethoxysilane groups
(–Si(OEt)3). It should be noted that the uorine NMR of 2
Scheme 2 Synthesis of 2.

Fig. 2 1H NMR (400 MHz, CDCl3) and
29Si NMR (99 MHz, CDCl3) of 2.

RSC Adv., 2017, 7, 21962–21968 | 21965
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appeared the same as that obtained for 1 (Fig. S6 and S9†),
indicating that 1 is stable towards the hydrosilylation reaction.

Aer obtaining 2, it was used in the sol–gel synthesis of
aerogels and xerogels. The sol–gels were prepared using
a slightly modied procedure. During the initial studies, it was
determined that the hydrophobicity of 2, as a result of the
incorporation of PFCP, was great enough that only the
minimum amount of water could be used during the prepara-
tion of the gels. As a result, eqn (2) was used to calculate the
stoichiometric amount of water required for each formulation
up to 30 mol%. Moreover, in those sol–gel formulations in
which 50 mol% or greater of 2 was employed, more catalyst was
required to obtain solidied gels within a reasonable time
frame, i.e. <1 week. Thus, the water added as a result of the
catalyst could not be ignored, and eqn (3) was used to calculate
the amount of water needed. Once the sol–gels were solidied
and aged, each formulation was split into two pieces. One
portion was dried under super critical conditions to obtain the
aerogels, while the other was dried under ambient conditions to
obtain the xerogels. Table 1 lists the reagents and amounts used
in each formulation of the sol–gel.
Fig. 4 Mass loss traces for the aerogels (a) and xerogels (b) with mol%
loadings of 2.
Sol–gel characterization

Fig. 3 shows SEM images of aerogels with TEOS only, 20 and 30
mol% of 2. Microstructural pores are evident in the TEOS only
20 and 30 mol% samples show decreasing porosity, and no
porosity is observed for 50 and 100 mol% loadings. This indi-
cates that pores have collapsed between 30 and 50 mol%
loading. SEMs of aerogels with 50 and 100 mol% loading of 2
Table 1 Reagents and amounts used in the preparation of the sol–
gels

Formulation

0 mol% 20 mol% 30 mol% 50 mol% 100 mol%

TEOS (mL) 3.00 2.32 2.03 0.71 —
2 (g) — 2.16 3.23 2.65 5.39
H2O (mL) 0.97 1.03 1.08 0.42 0.54
Cat. (mL) 0.08 0.08 0.08 0.16 0.16

Fig. 3 SEM images of aerogels with TEOS only (a), 20 mol% (b), and 30

21966 | RSC Adv., 2017, 7, 21962–21968
are presented in Fig. S11.† The xerogels had no porous structure
regardless of 2 loading (Fig. S12†).

In order to validate SEM ndings, surface area measure-
ments were performed. Plots from these measurements are
shown in Fig. S13.† Surface area decreases dramatically in the
aerogel samples from 0 to 30 mol% loading. The surface areas
for the 0, 20, and 30 mol% aerogels were found to be 861.8 �
5.0, 69.2 � 0.3, and 15.6 � 0.1 m2 g�1, respectively. Aerogels
with 50 and 100 mol% loading had no measurable surface area
by this method. These materials are low surface area materials
without any evidence of micro- or meso-pores, indicating the
mol% (c) of 2.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Summary of characterization data for sol–gels

Sample
(mol% 2)

Surface area
(m2 g�1)

TO
b

(�C)
DHc

(J g�1) TD
d (�C)

Sample
(mass% 2)

Mass
losse (%)

Aerogels 0 861.8 � 5.0 — — — 0 14
20 69.2 � 0.3 394 457 371 50 59
30 15.6 � 0.1 396 501 380 63 72
50 N/Aa 396 576 393 80 82
100 N/Aa 397 575 393 100 90

Xerogels 0 N/Aa — — — 0 14
20 N/Aa 400 501 371 50 62
30 N/Aa 395 556 390 63 71
50 N/Aa 396 652 397 80 84
100 N/Aa 393 677 392 100 93

a Not measurable due to pore collapse. b Exothermic onset (DSC). c Area
under the exotherm. d Onset of decomposition (TGA). e Mass loss aer
ramping to 700 �C.
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resulting pores may have collapsed. This conrms that addition
of the uorine-containing silane precursor 2 beyond 30 mol%
loading causes pore collapse due to its inherent hydrophobic
nature, resulting in a dense sample that behaves as a xerogel.

Fig. 4 shows the mass loss traces for the aerogels (a) and
xerogels (b). All samples show a slightmass loss, up to 150 �C, and
are attributed to the evaporation of adsorbed water and ethanol.
Within the TEOS only aerogels and xerogels, there is an additional
mass loss event that occurs above 250 �C and is assigned to the
loss of physisorbed water and the dehydration of free silanol
sites.22,23 If the overall mass loss for the aerogel and xerogel
samples are corrected for the adsorbed volatile species, unreacted
silanol sites, and the percent of the degradable component of 2 is
taken into account (�80%), then the overall mass losses for the
aerogel and xerogel samples fall within range of what one might
expect for each sample. For example, the expected mass loss for
the 20, 30, 50, and 100 mol% samples would be 54, 64, 78, and
94%, respectively. Furthermore, the use of PFCP based monomer
2 in the sol–gel formulations increases the thermal stability with
respect to other known uorinated gels in which thermal analysis
was performed.24,25 This indicates that the use of a uorocyclic
functional group versus a PFC has the potential to enhance the
thermal stability of the resulting material.

Fig. 5 shows the DSC traces for the aerogels (a) and xerogels
(b). Thermal analysis shows that all samples containing 2 have an
exothermic onset (TO) around 395 �C. The DSC shows that above
Fig. 5 Heat flow traces for the aerogels (a) and xerogels (b) with mol%
loadings of 2.

This journal is © The Royal Society of Chemistry 2017
this temperature range, the aerogels containing less than 50
mol% of 2 absorb heat (Fig. 5(a)). This can be attributed to the
insulating nature of the aerogels when arranged in a porous
structure. Introducing pores decreases the thermal conductivity
dramatically due to the low conductivity of the gaseous medium
in the pores. This is shown in the drop off heat ow in the
0 through 30 mol% aerogels above 400 �C. In this temperature
range, xerogel samples did not exhibit any heat absorption and is
attributed to the lack of a porous structure (Fig. 5(b)). Overall, the
xerogel samples have a larger enthalpy of decomposition with
respect to their aerogel counterparts. It is well established that
the manner in which sol–gels are dried can affect the physical
and mechanical properties of the resulting materials.16,26 With
the ambiently dried xerogel materials being glasslike and denser
than their aerogel counterparts, they dissipate heat less effec-
tively, resulting in higher enthalpies of decomposition. The
characterization data of the sol–gels is summarized in Table 2.
Conclusions

Utilizing the reactive nature of PFCP towards nucleophilic addi-
tion, a new uorocyclic silane monomer (2) was synthesised in
high yield and used in the preparation of the rst known uo-
rocyclic aerogels and xerogels. In order to study the effects of the
monomer on the properties of the sol–gel materials, the mol% of
2was systematically varied. Analysis by SEM and BET surface area
measurements indicated that only aerogels with 0, 20, and 30
mol% of 2 contained pores with measureable dimensions.
Thermal analysis of the sol–gel materials showed that as the
mol% of 2 was increased, the aerogels and xerogels demon-
strated an increase in the enthalpy of decomposition. Further-
more, the use of a uorocyclic monomer versus a linear PFC
produces sol–gel materials with increased thermal stability.
Furthermore, accelerated thermal degradation was observed in
those gels were the pores had collapsed as condensed medium
dissipates heat less efficiently. This study demonstrates the
ability to successfully introduce organo-uorine moieties in
moderately high loadings compared with previously published
work that also demonstrate improved thermal stability.11,12,16,24
RSC Adv., 2017, 7, 21962–21968 | 21967
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