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ABSTRACT: This work reports the synthesis and characterization
of mesoporous silica nanoparticles (MSNs) functionalized with
tridecafluorooctyltriethoxysilane (F13) and their in situ incorpora-
tion onto cotton textiles. The hybrid MSNs and the functional
textiles were prepared by a one-pot co-condensation methodology
between tetraethylorthosilicate (TEOS) and F13, with hexadecyl-
trimethylammonium chloride (CTAC) as the template and
triethanolamine as the base. The influence of the F13 to TEOS
molar ratio (1:10, 1:5 and 1:3) on the nanoparticle morphology, |orange juice| roséwine
porosity, degree of functionalization, and hydro/oleophobic prop-
erties is discussed. The hybrid nanosilicas presented high colloidal stability and were spherical and monodispersed with average
particle size of ~45 nm. They also showed high surface areas, large pore volumes, and a wormhole-type mesoporous structure.
The increase in the organosilane proportion during the co-condensation process led to a more radially branched wormhole-like
mesoporosity, a decrease in the surface area, pore volume, and amount of surface silanol groups, and an enrichment of the surface
with fluorocarbon moieties. These changes imparted hydrophobic and oleophobic properties to the materials, especially to that
containing the highest F13 loading. Cotton textiles were coated with the F13-MSNs through an efficient and less time-consuming
route. The combination between surface roughness and mesoporosity imparted by the MSNs, and the low surface energy provided
by the organosilane resulted in superhydrophobic functional textiles. Moreover, the textile with the highest loading of fluorocarbon
groups was superamphiphobic.

KEYWORDS: co-condensation functionalization, mesoporous silica nanoparticles, functional textiles, hydrophobicity, oleopho-
bicity, tridecafluorooctyltriethoxysilane

1. INTRODUCTION of versatile nanomaterials with tremendous potential for a broad
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Since the birth of nanotechnology, new challenges emerged in spectra of applications, including catalysis, ”~ controlled drug

various areas of research toward the design of hybrid nanoma-
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Scheme 1. Schematic Representation (not drawn to scale) of: (a) Synthesis of F13-MSNs and (b) Fabrication of Hybrid Cotton
Textiles Functionalized with F13-MSNs, by One-Pot Co-condensation Methodologies
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cotton fabric

delivery,' * and surface coatings.> Their high specific surface
areas, ordered structure, and tunable pore sizes are some of their
remarkable features. The ability to incorporate specific organic
functional groups through covalent bonding is another key

aspect to tailoring their properties.>°

The functionalization of MSNs with organosilanes can be
achieved by two main strategies: co-condensation and postgraft-
ing. The co-condensation method is a one-step route consisting
of the simultaneous condensation of a silicate precursor and one
or more organosilanes, whereas the postgrafting is a two-step
approach in which the organosilane is anchored to the as-
synthesized silica. The co-condensation offers several advantages
because it is a one-pot methodology and provides a more
homogeneous distribution of the organic moieties throughout
the material. Nevertheless, it may cause a decrease in the
mesoscopic order and requires mild conditions for the template
extraction."*”® Numerous research groups have been engaged in
the design of co-condensation strategies to prepare organo-
functionalized MSNs with high colloidal stabilitz, high loading
of functional groups and uniform particle size.*~'* In general, the
methods involved relatively high dilutions and led to particles
with size higher than 100 nm. In this context, novel methodol-
ogies to reduce the particle size and tune the porosity are being
pursued.

A recent breakthrough has been reported by Bein et al., who
developed a novel one-pot strategy for the synthesis of MSNs
with small sizes (40— 150 nm), narrow particle size distributions,
very high specific surface areas, and high colloidal stability."> "
Their method is based on the use of a polyalcohol, triethanola-
mine (TEA), which acts as a base, as a complexing agent for
silicate precursors and as an encapsulator for mesoporous
particles, thus regulating the alkoxides hydrolysis/condensation
rates and limiting the particles growth and aggregation.'®"”

Fluorocarbon-functionalized materials have been raising in-
creased interest in a myriad of scientific and technological areas,
due to the extraordinary hydro- and oleoophobicity properties
endowed by the fluorine-based groups.'® ° Fluoroalkoxysilanes
have been incorporated in various substrates for water/oil
repellent coatings,"®*"** fluorophilic separations,"*'¥** and
fluorous biphasic catalysis.'® There are a scarce number of studies
regarding the incorporation of fluorocarbon groups onto meso-
porous silicas by co-condensation. Mesoporous fluorinated or-
ganosilicate films and bulk mesoporous silicas have been
prepared with potential use for (super)hydrophobic coatings and

fluorophilic separations.'*>***2° To the best of our knowledge, no
report on the synthesis of hydro/oleophobic fluorinated colloidal
MSN's prepared by co-condensation has been published so far.

The quest for innovative high-performance textiles has been a
major milestone in the textile industry, motivated by the con-
sumers demand for fabrics with improved properties such as
(super)hydrophobicity, fire retardancy, antimicrobial properties
and photochromism.

The nanoscale modification of textile surfaces with silica
particles emerged as a promising strategy to design materials
with improved chemical and mechanical stabilities and water/oil
repellence properties.”” Recently, silica particles and hydro/oleo-
phobic compounds have been incorporated onto textiles to
fabricate superhydrophobic and (super)oleophobic textiles.”” >
One strategy consists on the textile dip-coating either with a
modified silica sol containing hydrophobic additives®® or with a
colloidal suspension of fluorocarbon-functionalized silica nano-
particles.>" Another approach consists on the textile functiona-
lization with silica particles formed in situ followed by an additional
step of hydro/oleophobization with an epoxy-functionalized
polydimethylsiloxane,®* hexadecyltrimethoxysilane,*** stearic
acid*** and/or with a perfluoroalkylsilane.***> 3 Most of these
methods required long reaction times and/or multiple steps,
which are major drawbacks for industrial applications. To the
best of our knowledge, the one-pot functionalization of textiles
with silica nanoparticles modified with hydro/oleophobic orga-
nosilanes and presenting mesoporosity, by co-condensation, has
not yet been explored.

In view of these challenges, this work reports the preparation of
colloidal MSNs functionalized with F13 (F13-MSNs), by one-pot
co-condensation between TEOS and the organosilane, in the
presence of CTAC and using TEA as base, Scheme 1a. The effect
of the organosilane concentration on the nanoparticle morphology,
pore structure, degree of functionalization and hydro/oleophobic
properties is investigated. In the second part, cotton textiles
functionalized with F13-MSNs (F13-fabrics) were fabricated by
the new in situ one-step co-condensation methodology, Scheme 1b.
The influence of the TEOS:F13 ratio on the textural properties and
water/oil repellency of the hybrid fabrics is examined.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. TEOS (=99%), aqueous CTAC
solution (25 wt %) and TEA (=99.5%) were purchased from Fluka,
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Figure 1. SEM micrographs of (A) SiO,, (B) F13_1:10, (C) F13_1:5,
and (D) F13_1:3 nanomaterials. Inset of B—D: Photographs of water
and oil droplets on pellets of the F13-MSNs and CA values.

ammonium nitrate (analytical grade) was from Merck and hydrochloric
acid (37%, analytical grade) was supplied by Panreac. The F13 organo-
silane, Dynasylan F 8261, was kindly offered by Evonik-Goldschmidt
GmbH. Ethanol and toluene (analytical grade) were purchased from
Merck. Ultrapure water (Millipore, specific resistivity: 18 M2 cm)
was used throughout the experiments. A 100% bleached cotton textile
(120 g m™~*) was supplied from a local fabric store.

2.2. Fabrication of the Hybrid Materials. F13-MSNs were
synthesized by co-condensation between TEOS and F13 using TEA as
base and CTAC as template, following procedures adapted from
literature."> Three different molar ratios of F13 to TEOS were used:
1:10, 1:5, and 1:3. In the case of F13:TEOS molar ratio of 1:10, a stock
solution containing 64.0 cm?® of water (3.55 mol), 10.5 cm® of ethanol
(0.179 mol), and 10.4 cm® of 25 wt % CTAC solution (7.86 mmol) was
stirred for 10 min at room temperature. To this solution 4.1 cm® of TEA
(0.031 mol) were added (pH 11). Afterward, 60 cm® of this solution
were heated to 60 °C, and then 4.35 cm® of TEOS (19.5 mmol) and
0.748 cm® of F13 (1.95 mmol) were simultaneously added under
vigorous stirring. The reaction mixture was stirred at 60 °C for 2 h
and then cooled to room temperature. Finally, ethanol was added and
the resulting F13-MSNs were isolated by centrifugation, followed by
template extraction. The final molar composition of the reagents in the
reaction mixtures was 1 TEOS:x F13:0.27 CTAC:1 TEA:137 water:6.2
ethanol, where x = 0.1, 0.2, or 0.3. A molar ratio of TEOS:TEA of 1:1 was
chosen to minimize the particle size."*”'* Unfunctionalized MSNs were
prepared as reference, under identical experimental conditions, without
adding F13. Template removal was performed by refluxing the nanosi-
licas twice in 150 cm® of an ethanolic solution of ammonium nitrate
(0.25 M) for 1 h and twice in 150 cm® of an ethanolic solution of
hydrochloric acid (0.14 M) for 1 h. Afterward the MSNs were separated
by centrifugation, washed/centrifuged with ethanol twice, and finally a
part was redispersed in ethanol while the remaining was air-dried. All
colloidal suspensions were stable over extended periods of time (several
months). The F13-MSNs will be labeled as F13_1:10, F13_1:S, and
F13 1:3, where 1:10, 1:5, and 1:3 are the molar ratios of F13:TEOS.
The unfunctionalized sample will be denoted as SiO,.

Hybrid cotton textiles were prepared using the co-condensation
procedure described above, with the three F13:TEOS molar ratios.
More detailed information is provided in the Supporting Information.

Figure 2. TEM micrographs of (A) SiO,, (B) F13_1:10, (C) F13_1:5,
and (D) F13_1:3 nanomaterials.

The functional textiles will be referred to as cot@F13 1:10,
cot@F13_1:5 and cot@F13_1:3. For comparison, a square piece of
cotton was functionalized with MSNs formed in situ, by adding only
TEOS. This sample will be named as cot@SiO,.

2.3. Physicochemical Characterization. Scanning electron
microscopy and energy-dispersive X-ray spectroscopy were performed
at Centro de Materiais da Universidade do Porto, Portugal, using a high-
resolution environmental scanning electron microscope (FEI Quanta
400 FEG ESEM) equipped with an energy-dispersive X-ray spectro-
meter (EDAX Genesis X4M). Transmission electron microscopy
images were collected in a FEI Tecnai T20 operated at 80 kV to
minimize beam damage. STEM images (not shown) and X-ray micro-
analysis were performed in a FEI Titan operated at 80 kV and equipped
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Table 1. Morphological and Textural Properties of the Mesoporous Silica-Based Nanomaterials

textural properties

particle size (nm) XRD data (nm) N, adsorption—desorption isotherms data
material dsenm” dTEMb dprs® dlood ao’ Apgr (mz gfl) Vmesof (cm3 gfl) dporeg (nm)
SiO, s544 244 116 +2(0.15) 60 69 1078 075 3.9
F13_1:10 5843 434£3 127 +£4(0.14) 50 5.7 944 045 34
F13_1:5 $345 2+4 99 +3(0.11) 55 6.4 910 045 3.7
F13_1:3 S2+£3 45+ 4 96 +5(0.19) 6.0 6.9 519 0.25 4.0

“ Average particle size estimated by SEM. b Average particle size estimated by TEM. ° Average hydrodynamic diameter determined by DLS; the values
between brackets correspond to the polydispersion indexes. ¢ d-spacing corresponding to the main (100) XRD reflection: d;oo = A/ 2sen6. *XRD unit
cell parameter ag = 2 d100//3, assuming an MCM-41 like hexagonal cell.f Mesoporous volume.  NLDFT pore diameter (maximum of the NLDFT pore

size distribution).

with an EDAX X-ray spectrometer. Dynamic light scattering measure-
ments were performed at 20 °C, using a Malvern Zetasizer NanoZ$
compact scattering spectrometer with a 4.0 mW He—Ne laser (633 nm
wavelength) at a scattering angle of 170°. X-ray diffraction measure-
ments were performed at room temperature with a Siemens D5000
diffractometer and a PW 3040/60 X'Pert Pro Rontgen diffractometer,
respectively, using Cu Ko radiation (4 = 1.5406 A) and Bragg—Brenta-
no 6/260 configuration. Nitrogen adsorption—desorption isotherms at
—196 °C were measured in an automatic apparatus Nova 2200e,
Quantachrome. Fourier transform infrared spectra of the MSNs were
collected with a Jasco FT/IR-460 Plus spectrophotometer in the range
400—4000 cm ', with 4 cm ™! resolution and 32 scans. The FTIR
spectra of the samples after thermal treatment at different temperatures
were recorded on a FTIR Bruker Vertex 70 spectrophotometer in the
range 400—4000 em ™!, with 4 cm™" resolution and 100 scans. Atte-
nuated total reflectance FTIR spectra of the cotton-based samples were
obtained on a Perkin-Elmer Spectrum 100 spectrophotometer equipped
with an ATR accessory in the range 650—4000 cm ', with 4 cm ™"
resolution and 16 scans. Solid-state nuclear magnetic resonance spectra,
13C CPMAS (cross-polarization magic angle spinning), Si MAS, and
*Si CPMAS. were recorded at Departamento de Quimica, Universidade
de Aveiro, Portugal, on a 9.4 T Bruker Avance 400 spectrometer, at a
spinning rate of 9 kHz for carbon and 5 kHz for silicon. Thermogravi-
metric analyses of the nanosilicas were carried out on a TA Instruments
Q600 thermobalance; i-alumina was used as reference. The experi-
ments were performed in the temperature range of 20—1000 °C, at a
heating rate of 10 °C min ™" in He with a flow rate of 60 cm® min~". The
thermograms of the cotton-based samples were obtained on a Perkin-
Elmer Pyris 1 thermobalance, under nitrogen flow (20 cm® min~ ") with
a heating rate of 10 °C min~ " between 20 and 1000 °C. Carbon and
silicon elemental analyses (EA) were performed at Laboratério de
Andlises do Instituto Superior Técnico, Portugal. The X-ray photoelec-
tron spectroscopy measurements were performed in a Kratos Axis Ultra
DLD spectrometer equipped with monochromatic Al Ko radiation
(1486.6 eV), with the X-ray source being operated at 150 W. Hydro-
phobicity and oleophobicity tests were performed at CITEVE, Vila Nova
de Famalicao, Portugal, with a contact angle apparatus Dataphysics
Contact Angle System OCA. More detailed information is described in
the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of F13-MSNs. The SEM and TEM
images show that all the nanomaterials are composed of quasi-
spherical nanoparticles, with a wormhole-type mesoporous
structure and particle size below 50 nm with narrow size

S0 pm

S0 pm

Figure 3. Low-magnification SEM image of F13_1:10 nanomaterial
and corresponding X-ray maps of oxygen, silicon, and fluorine.

distributions (Figures 1 and 2, Table 1, and Figure S1 in the
Supporting Information). In all samples, a high degree of
monodispersion was achieved.

All the F13-MSNs present comparable average particle
size, being practically independent of the F13:TEOS molar
ratio. The shape and porous structure remain practically
unchanged, suggesting that the incorporation of F13 does
not affect the MSNs morphological and structural features;
nevertheless, a slightly more disordered structure (radially
branched) is observed in the case of F13_1:5 and F13_1:3.
This fact is in accordance with literature, which states that the
incorporation of high loadings of functional groups onto
silica by co-condensation may lead to less-ordered pore
arrangements.g’19’40’41

The preservation of the almost-spherical shape and nanosize
independently of the F13 loading is also noteworthy. In literature
it has been reported that the incorporation of organic groups by
co-condensation may induce changes in the particles shape and
porosity, when using NaOH as base, water as solvent and by
changing the organosilane type or its concentration.*”"*
Furthermore, the synthesis of F13-functionalized mesoporous
silicas by co-condensation between F13 and TEOS, in 1:4 molar
ratio, using CTAB, NH3, and water, resulted in particles with an

2292 dx.doi.org/10.1021/am200220x |[ACS Appl. Mater. Interfaces 2011, 3, 22892299
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Figure 4. (a) Low-angle powder X-ray diffractograms, (b) N, adsorption—desorption isotherms at —196 °C, and (c) NLDFT pores size distributions
of (A) SiO,, (B) F13_1:10, (C) F13_1:5, and (D) F13_1:3 nanomaterials.

irregular morphology, micrometer size, and 2D hexagonal pore
structure.'”*® These facts suggest that ethanol and TEA have a
preponderant role on tuning the particles morphology and
minimizing the particles size. Bein et al. were able to change
the morphology of thiol-functionalized MSNs by replacing
NaOH by TEA."*

The EDS spectra from SEM and TEM confirm the incorpora-
tion of F13 (see Figures S2 and S3 in the Supporting In-
formation) with the C/Si and F/Si atomic ratios increasing
with the increment of F13:TEOS. The X-ray elemental maps
(Figure 3 for F13_1:10) reveal that O, Si, and F are homo-
geneously distributed throughout the F13-MSNs.

DLS confirmed that all samples present excellent colloidal
stability and corroborates the particle size trend observed by
SEM and TEM (Table 1). Nevertheless, the average hydrody-
namic diameters are always higher than the discrete particle sizes
estimated by electron microscopy techniques.'>~'>*

The low-angle XRD patterns show a single broad peak in
the range of 1.5—1.8° 26, which can be attributed to the (100)
Bragg reflection, assuming a MCM-41-like hexagonal structure
(Figure 4a). Comparing with the XRD pattern of bulk MCM-41,
which features a sharp (100) reflection peak around 2.2—2.5° 26
and two or three additional Bragg reflections, in these nanoma-
terials there are no resolved peaks at higher reflections and the
(100) reflection is broader and shifted toward lower 20 values.
These observations confirm the disordered wormhole-like me-
soporous structure observed by TEM, as well as a deviation in the
pores packing relative to MCM-41; the nanosize of the silica
particles is also responsible for the peak broadening.'>* The
diffractograms also demonstrate that the mesoporous frame-
works are preserved, regardless of the quantity of incorporated
F13. However, as the F13:TEOS ratio increases, the (100)
reflection is progressively shifted toward lower 20, leading to
an increase of the d-spacing and of the respective unit cell
parameter a, (estimated parameter assuming a MCM-41-like
hexagonal structure) (Figure 4a and Table 1). Consequently,

there is a progressive increase in the pore-to-pore distance,
probably due to an increase in the pore size and/or pore wall
thickness.

The nanomaterials exhibit type IV isotherms, which are
characteristic of mesoporous materials (Figure 4b). The spe-
cific surface areas and pore volumes of the F13-MSNs decrease
in the order of F13_1:10>F13_1:5>F13_1:3 (Figure 4b,cand
Table 1). Both F13 1:10 and F13_1:5 present very similar
isotherms and textural parameters, suggesting that the increase
of the FI13:TEOS ratio from 1:10 to 1:5 does not induce
significant changes on the material porosity. The pore size
distributions show an increase in the pore diameter ongoing
from F13_1:10 to F13_1:3, and a slight broadening ascribed to
a small increase of the structure disorder in accordance with
XRD and TEM. The pore enlargement differs from the ten-
dency reported in literature for other mesoporous silicas functiona-
lized by co-condensation.”** However, in those studies organo-
silanes with short alkyl chains were incorporated. Consequently,
the increase of the pore size is probably related to the long
hydrophobic chains of F13 and to the interactions between F13,
TEOS, and CTAC during the co-condensation reaction.

FTIR spectroscopy confirmed the complete removal of the
template through the absence of the characteristic bands of
CTAC in the spectra of the extracted SiO, and F13 MSNs
(more details in the Supporting Information).'*'**>** The
FTIR spectra of the F13-MSNs (Figure Sa and Figure S4a in
the Supporting Information) besides displaying the characteristic
bands of the silica framework, are characterized by the appear-
ance of several peaks which match well the fingerprint vibrational
modes of the pure F13: C—H stretching (2985—2850 cm ™),
C—H/C—C bending (1420—1100 cm '), C—F stretchin§
(1420—1100 cm ™ ') and C—F deformation (1420—1100 cm ™
and 810—535 cm ™! respectively) vibrations of CH,, CF, and
CF, groups."”*~* Upon the increase of the F13: TEOS ratio, it
is noteworthy a gradual reduction on the intensity of the OH
stretching and bending vibration bands and of the band from the

2293 dx.doi.org/10.1021/am200220x |[ACS Appl. Mater. Interfaces 2011, 3, 22892299
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Figure 5. (a) FTIR spectra of (A) SiO,, (B) F13_1:10, (C) F13_1:5,
(D) F13_1:3, and (E) F13 in the 1700—400 cm ' region. (b) FTIR-
ATR spectra of (A) cotton, (B) cot@SiO,, (C) cot@F13_1:10, (D)
cot@F13_1:5, (E) cot@F13_1:3, and (F) F13 in the 2000—650 cm ™"
region. The arrows and dotted lines highlight the characteristic peaks of
silica and F13, respectively.

Si—OH stretching vibrations (~960 cm ), anticipating an
increase in the nanomaterial's hydrophobicity.

The *Si MAS and CPMAS NMR spectra of all MSNs
(Figure 6a,b present peaks at —111 and —102 ppm, which
correspond to Q* and Q’ resonances, respectively, and are
associated to the fully condensed silica units and to silica with
one terminal silanol group; the weak Q” shoulder around —95
ppm indicates that the geminal silanol groups are almost absent
in all samples.>'*'>*° In the F13-MSNs two additional peaks are
detected around —67 and —59 ppm which are respectively
associated to T> and T? silicon environments, revealing the
anchorage of F13 through 3- and 2-fold covalent grafting.*'*">*°

The relative concentrations of the Q" and T" sites determined
by deconvolution of the *°Si MAS NMR spectra are summarized
in Table 2. In all the materials a high degree of silica condensation
was achieved and the degree of F13 incorporation (based on
(T + T)/(Q* + Q@ + Q + T + T?)) increases ongoing
from F13 1:10 to F13_1:3. Furthermore, the relative intensity
of T2 is higher than that of T2 indicating that most of F13
moieties are highly cross-linked to the nanoparticle walls.*'*'®
The increase on the F13: TEOS ratio leads to a gradual decrease
of the (Q* + Q%)/Q” ratio, pointing out to a reduction on the
amount of surface silanols relative to the siloxane units, in
accordance with FTIR.

The "*C CPMAS NMR spectra of the F13-MSNs (Figure 6c,
for F13_1:3) exhibit the characteristic chemical shifts of F13.**
The absence of the characteristic resonance peaks of CTAC also
proved the complete extraction of the template.**’ The peaks at
1S and 59 ppm are due to the presence of ethoxy groups
generated by the incomplete hydrolysis of F13.*>°

The amount of fluorocarbon groups incorporated in the
hybrid nanomaterials was quantified by EA, TGA and XPS; the
theoretical carbon and F13 contents were also estimated from
the amount of TEOS and F13 in the starting reaction mixture and
considering the T and T> percentages determined by NMR
(Table 3).

EA results for the F13-MSNs show that the C/Si ratio
increases in the order F13_1:10 < F13_1:5 < F13_1:3, confirm-
ing, quantitatively, the increase in the organosilane loading as the
concentration of F13 raised; moreover, very high F13 functio-
nalization efficiencies were achieved (>94%) for all the F13:
TEOS ratios.
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Figure 6. (a) *°Si MAS, (b) *°Si CPMAS, and *C CPMAS NMR spectra of the MSNss and bands assignments.
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Table 2. *”Si Chemical Shifts and Relative Concentrations of Q" and T Resonances Obtained by Curve Deconvolution of the **Si

MAS NMR Spectra of the Mesoporous Silica-Based Nanomaterials

Q Q Q T T
material o (ppm) % o (ppm) % 0 (ppm) % 0 (ppm) % o (ppm) % (T*+ T*)/(T>+ T+ Q'+ Q°+Q%) (%)
Si0, —111 52 —102 35 —94 13
F13 .10  —111 60  —102 27 —96 8 —67* 3 —s9* 2 5
F13_1:5 —111 60 —102 28 —-95 6 —67 4 —59 2 6
F13 1:3 —111 59 —102 24 —96 6 —67 8 —-59 3 11

“ Estimated value due to the low intensity of the peaks associated with a low level of organic functionalization.

Table 3. Carbon, Silicon, and Organic Contents of the Mesoporous Silica-Based Nanomaterials Predicted Theoretically and

Determined by EA and TGA
theoretical content” EA content TGA content”

F13 F13 C C Si Si C C weight F13 C C
material (%) (mmolg™") (%) (mmolg™") (%) (mmolg ') (%) (mmolg ') loss*(%) (mmolg ') (%) (mmolg ')
SiO, 40 14.2 S.1 42 10.5
F13_1:10 32.0 0.74 7.7 6.39 29 10.3 9.6 8.0 28.1 0.79 82 6.81
F13_1:5 48.4 112 11.6 9.65 28 10.0 11.1 9.2 342 0.96 9.9 8.28
F13_1:3 61.0 1.41 14.5 12.11 23 8.2 13.7 11.4 46.1 1.30 134 11.12

“ Calculated from the composition of TEOS and F13 in the starting reaction mixture and considering T> and T ratio, see text. * TGA under He
atmosphere. “ Partial weight loss in the temperature range of 200—600 °C (SiO,) or 300—650 °C (F13-MNPs). IF13 loading calculated considering T

and T? ratio, see text.

All the TGA curves (see Figure SS in the Supporting In-
formation) display an initial weight loss until ~130 °C due to the
removal of physisorbed water and ethanol from the porous
structure.””*® In the F13-MSNs, a significant weight loss is
observed between 300 and 650 °C, which is associated to the
decomposition of the fluorocarbon chains'******* as confirmed
by FTIR at different temperatures (see Figure S6 in the Support-
ing Information). The F13 loadings, estimated from the weight
loss in that temperature range, increase in the order F13_1:10 <
F13 1:5 < F13_1:3 (Table 3). Nevertheless, in all cases, the
carbon contents determined by TGA are lower than those
obtained by EA, because of trace amounts of ethanol or base in
the samples that are desorbed below 200 °C.

The surface atomic percentages and core-level binding en-
ergies (BEs) of the different elements determined by XPS are
summarized in Table 4 and Table SI in the Supporting
Information.

In all samples, the absence of nitrogen and chlorine also
confirmed the efficient template extraction. For F13-MSNs the
F/Si and C/Si ratios increase in the order of F13 1:10 < F13
1:5 < F13_1:3. The appearance of a strong band in the F 1s
spectra around 687.8—688.4 eV and of several new bands in the
C 1s spectra related to C—H/C—C (284.6 eV), C—O/—CF,—
CH,— (286.0—2862 ¢V), —CF,—CH,— (288.1—288.3 ¢V),
—CF,—CF,— (290.8—291.1) and CF;— CF,— (293.2—293.5 V)
groups certify the incorporation of fluoroalkyl chains (Table S1
and Figure S7 in the Supporting Information).”"*"> 1t is
noteworthy that the percentage content associated with the C
1s components from CF, and CFj; groups increases from
F13_1:10 (~46%) to F13_1:3 (~62%). In all the F13-MNPs,
the carbon surface loading (XPS) is higher than the bulk one
(EA), evidencing that the organosilane is preferentially
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Table 4. Surface Atomic Percentages for Silica- and Cotton-
Based Materials Obtained by XPS*

atomic %

material Cls O ls Fls Si2p
SiO, 10.0 62.0 28.0
F13_1:10 18.0 43.7 18.0 20.3
F13_1:5 19.0 414 19.7 19.9
F13_1:3 22.7 30.6 31.3 154
cotton 66.7 333 - -
cot@SiO, 4.8 66.1 - 29.1
cot@F13_1:10 258.3 34.5 25.9 14.3
cot@F13_1:§ 28.5 30.2 314 12.9
cot@F13_1:3 28.4 32.7 27.1 11.8

“ Determined by the areas of the respective peaks in the high-resolution
XPS spectra.

immobilized onto the MSNs external surface. Finally, the O 1s
spectra, besides exhibiting the characteristic peak of pure silica at
531.1—532.4 eV, present a shoulder at higher BEs associated
with unhydrolyzed ethoxy groups from the F13 precursor.

3.2. Hydrophobicity and Oleophobicity Properties of F13-
MSNs. In the insets of Figure 1 are illustrated representative
photographs of water and oil droplets on the surface of the
nanomaterials pellets and the corresponding contact angles
(CAs). In the SiO, sample, the water and oil droplets are almost
immediately absorbed, demonstrating that the surface is amphi-
philic. In contrast, the F13-MSNs are hydrophobic, with the
water CA gradually increasing with the F13 loading and reaching
138° in the case of F13_1:3, a value very close to the super-
hydrophobic behavior (CA > 150°). These values are higher than
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* Not possible to determine, see video clip in Supporting Information.

Figure 7. SEM micrographs with different magnifications of (A) cotton, (B) cot@SiO,, (C) cot@F13_1:10, (D) cot@F13_1:S,and (E) cot@F13_1:3.
Inset of C—E: Photographs of water and oil droplets on the surface of the hybrid fabrics and CA values. Note: the images of the superhydrophobic

cot@F13_1:5 and cot@F13_1:3 samples are taken from video clips.

those reported for mesoporous fluorinated organosilicate films the highest F13 loading are oleophobic. On the other hand, for
(CAs up to 108°),** highlighting the potentialities of these novel the other two F13-based samples, although the oil CAs are very
MSNs. The oil CAs increase from 44 to 95°, so the MSNs with similar, the oil absorption rate decreases from F13 1:10 to
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Figure 8. Low-magnification SEM image of (A) cotton, (B) cot@SiO,, and (C) cot@F13_1:S textiles, and corresponding X-ray maps.

F13_1:5. These trends are directly related to the surface chemical
composition of the nanomaterials, in particular with: (i) the
gradual decrease of the amount of silanol groups and physisorbed
water on the nanomaterials surface and, more importantly, (ii)
the progressive enrichment of the surface with CF, and CF;
groups, which are the functional entities that confer hgdropho-
bicity and oleophobicity properties to the materials.**>* The
nanomaterials porous structure namely the increase of pore sizes
and the reduction of the surface areas and pore volumes as the
F13 concentration increases may also contribute to the observed
CAs (roughness effect).

In view of these results, these F13-MSNs are potential
candidates for the development of hydro/oleophobic surfaces.
Consequently, in the second part of this work, we prepared
functional cotton textiles modified with F13-MSNs through the
in situ one-pot co-condensation methodology, Scheme 1b, and
investigated their water and oil repellency properties.

3.3. Fabrication of Functional Textiles. The SEM images of
the pristine cotton (Figure 7) show its smooth longitudinal fibril
structure. The high-magnification micrographs of the functional
textiles (Figure 7) reveal that the cotton fibers are coated with
tiny silica nanospheres with the same morphology and average
particle size as the bare MSNs, imparting nanoscale surface
roughness. In cot@SiO, and cot@F13_1:10 the nanoparticles
do not fully cover the fiber surface but, with the increase of the
F13 concentration, they seem to be more uniformly distributed
throughout the textile surface, leading to a more compact
coating.

The EDS spectra (see Figure S8 in the Supporting In-
formation) confirm the existence of Si and F in the F13-fabrics,
indicating the successful grafting of the nanoparticles; the
fluorine content is almost similar in all samples, being slightly

higher in cot@F13_1:S. The X-ray elemental maps (Figure 8)
confirm that these elements are homogeneously distributed
throughout the fabrics surface.

The original cotton presents a diffractogram typical of cellu-
lose with a monoclinic crystal symmetry with space group P2,
see Figure S9 in the Supporting Information. From the Le Bail
refinement, the unit-cell parameters were estimated as a =
7.607 A, b = 10.7441 A, ¢ = 8.1274 A, and 8 = 87.49°, in
accordance with literature.>*>* The presence of silica in the
functional textiles is visualized by the decrease of the character-
istic peaks of cotton (002), (101) and (110;011) due to the
superimposition with the (111) broad peak from the amorphous
silica (at 26 A 22.4°).%° Taking into account the quantity of silica
phase, the amount of nanomaterial incorporated in the hybrid
fabrics is in the range of 21—31%. The low-angles diffractograms
of the F13-fabrics (see Figure S10 in the Supporting In-
formation) exhibit a shoulder at 26 ~ 2°, which is absent in
the diffractogram of the pristine cotton, and points out to the
existence of porosity from the grafted MSNs.

The FTIR-ATR spectrum of the uncoated cotton (Figure Sb
and Figure S4b in the Supporting Information) displays the
characteristic bands of cellulose.*~° In the spectra of the F13-
fabrics (Figure Sb and Figure S4b in the Supporting In-
formation), new peaks are detected at 1241, 1145, 808, and
781 cm™ ' and in the 745—700 cm ™~ range and the cotton bands
in the 1140—914 cm™ ' region become broader, with the peak
around 1053 cm ™' being even more perceptible, sustaining the
incorporation of the F13-MSNs on the fabric.*"*>*” Further-
more, a significant reduction of the OH stretching band around
3315 cm™ ' is observed.

The thermogravimetric curves of all samples (see Figure S11
in the Supporting Information) exhibit an initial weight loss
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below 100 °C due to the removal of physisorbed water and
residual solvent. The total weight loss decreases in the order
cotton (93.84%) > cot@F13 1:3 (92.81%) > cot@F13_1:S
(90.99%) > cot@F13_1:10 (88.95%) > cot@SiO, (87.40%).
In the F13-fabrics, the major weight loss occurs between 300 and
650 °C, similarly to the F13-MSNs, and decreases in the order
cot@F13 1:3 (81.07%) ~ cot@F13_1:5(81.02%) > cot@F13
1:10 (80.73%). These features confirm that cot@SiO, and
cot@F13 1:10 contain the highest fractions of inorganic
component, whereas cot@F13_1:5 and cot@F13_1:3 con-
tain the highest loadings of organosilane, in accordance with
SEM-EDS.

XPS results of cotton-based samples are summarized in Table 4
and Table S2 in the Supporting Information. In the F13-fabrics,
besides carbon and oxygen, fluorine and silicon are also detected.
Furthermore, no chlorine or nitrogen was detected, indicating
the efficient surfactant removal. The C 1s spectra (see Table S2
and Figure S7 in the Supporting Information) present the five
components detected in the spectra of the F13-MSNs: see
section 3.1. The bands observed in the F 1s (see Figure S7 in
the Supporting Information), O 1s and Si 2p regions are also
characteristic of F13 and silica. Nevertheless, their BEs are
generically higher than those of the corresponding MSNs,
suggesting the covalent immobilization of the nanoparticles onto
cotton.’" The carbon surface content increases in the order
Cot@SIi0, < cot@F13 1:10 < cot@F13_1:5 < cot@F13_1:3,
whereas the silicon one decreases in the same order. Among the
F13-fabrics, cot@F13_1:S contains the highest fluorine surface
loading and the highest contribution from the C 1s components
of the CF, and CF; groups. This suggests that the surface of this
material is more enriched in fluorocarbon groups and that the
additional increase of the F13:TEOS ratio to 1:3 does not
provide additional advantages in terms of textiles topology,
particle distribution, degree of MSN incorporation, and F13
loading.

3.4. Hydrophobicity and Oleophobicity Properties of
Functional Textiles. The water and oil surface repellency of
the cotton-based samples was evaluated (insets of Figure 7).
Because cotton has protruding fibers that stick out from the
surface and present some elasticity leading to forces on the
droplets, the accurate measurement of advancing and receding
CAs is difficult, and so only static CAs are reported in this
work.** 7

The cotton and cot@SiO, samples are amphiphilic resultin
on the immediate absorption of the water and oil droplets.”"***
In contrast, the surface hydrophobicity of the F13-fabrics is
remarkably enhanced: cot@F13_1:10 is almost superhydropho-
bic exhibiting a water CA of 145°, whereas the 1:5 and 1:3
counterparts are superhydrophobic. In these two samples, it was
impossible to measure the water CA, because the water droplets
did not deposit on the fabrics surfaces and were always stuck to
the needle (see video clips in the Supporting Information),
suggesting that the adhesion force between the fabric surface
and the droplet is lower than that between the needle and the
droplet.*”*>*¢ These superhydrophobic properties are similar to
those of other cotton fabrics functionalized with silica particles
and fluoroalkylsilanes prepared by different methodologies (CAs
typically in the range of 134—174°).303>3573?

The cot@F13_1:S sample is superoleophobic with an oil CA
of 155°. All the other fabrics are oleophilic, although those
functionalized with F13 present lower oil absorption rates
than cotton and cot@SiO,. Among all samples, cot@F13_1:$

contains the highest fluorine loading and enrichment of the
surface in CF, and CF; groups, which may be responsible for the
superoleophobicity properties. The oil CA of this sample is
comparable to that of other superoleophobic textiles reported
in literature (CAs in the range of 119—-153°).33738% Therefore,
the 1:5 F13:TEOS ratio seems to be the optimum ratio to
fabricate functional textiles with superamphiphobic characteristics.

The remarkable performance of the novel textiles is a result
of the synergy between two factors: an increase of the
nanoscale surface roughness imparted by the mesoporous
nanometer size silica particles combined with a significant
reduction of the surface free energy due to the presence of a
high concentration of fluoroalkylsilane moieties on the ma-
terials surface, which are well-known for their hydro- and
oleophobic features.

4. CONCLUSIONS

The one-pot co-condensation methodology reported in this
work allowed the fabrication of novel functional hybrid materials
through a simple, efficient and less time-consuming route.

Hybrid F13-MSNs with average particle size of 45 nm, worm-
hole-type structure and high porosity were successful synthe-
sized. These nanosilicas presented hydrophobic properties and
the one with the highest F13 loading was almost superhydro-
phobic and oleophobic. These features were related to the
progressive enrichment of the MSNs surface with fluoroalkyl
moieties and consequent decrease of the amount of surface
silanol groups and physisorbed water.

Novel superhydrophobic cotton textiles functionalized with
F13-MSNs were fabricated through the in situ methodology. The
enhanced surface roughness imparted by the MSNs and the
reduction of the surface free energy induced by the hydro/
oleophobic F13 groups were responsible for the water repellence
properties. In particular, the fabric containing the highest F13
loading was superamphiphobic. The methodology developed in
this work to generate superhydrophobic and superoleophobic
fabrics presents several advantages over those reported in
literature and can be extended to other substrates, because it
leads to the functionalization of the textile with MSNs and
fluorine-based groups in a single step.

We envision that the scope of application of these organic—
inorganic nanoparticles can be extended to the design of other
high-performance multifunctional composites.
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