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Abstract Consecutive hydrosilylation-based syntheses
were performed of silsesquioxanes containing mixed groups
1H,1H,2H,2H-perfluorooctyl (PFD) or octafluoropentylo-
xypropyl (OFP) and trimethoxysilylethyl (TMS) in different
stoichiometric ratios. The presence of TMS makes it pos-
sible to form covalent bonds with substrates due to the
reactivity of this group. All obtained derivatives were
applied to hydrophobization of glass plates and by compari-
son of water contact angles (WCA) on modified surfaces
the effect of silsesquioxane structure as well as TMS and
fluoroalkyl group contents on hydrophobic properties was
determined. Moreover, an additional glass plates surface
modification was performed in order to obtain superhy-
drophobic surfaces. Two silica types of different specific
surface (300 and 130 m2/g) and particle size (7 and 16 nm)
parameters were used in this case for initial surface modifi-
cation in order to increase its roughness. Irrespectively
of particle size of applied silica, a dependence was found
between the increase in water contact angle and the number
of fluoroalkyl substituents in a molecule.
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1 Introduction

In the last decade a growth in the interest in hydrophobic
materials, and particularly in superhydrophobic ones, has
been observed due to their unique properties and great
application potential that can be used in many branches of
industry [1]. The production of materials of such a type
was preceded by a thorough observation of the nature that
surrounds us and the nature was a source of inspiration for
making attempts at copying and imitating it [1, 2] Gene-
rally, a surface with water contact angle greater than 150 °
can be considered as superhydrophobic and non-wetting.
The wettability of a surface depends on two factors: (i) its
chemical composition and (ii) its structure (roughness). It
is well known that maximum water contact angle (WCA)
on a perfectly smooth surface is 120° [3], and micro/nano
structure must be developed for achieving superhydropho-
bic properties. Such an effect can be created by producing
a rough surface from a hydrophobic material (for which
WCA > 90 °) or by modifying a rough surface with a com-
pound of low value of surface free energy [1, 2]. In the case
of chemical modification the most efficient are fluorine-
containing compounds [4, 5]. In particular, the best effect
is obtained by applying fluoro derivatives of organosilicon
compounds which combine unique properties of the both
components [6, 7]. As a natural extension of the most recent
interests of modern science to the fields of nanotechnology
and fluorine-containing materials, fluorinated silsesquiox-
anes have emerged as a new class of compounds for surface
modifications [8—11]. Polyhedral oligomeric silsesquiox-
anes (POSS) of the empirical formula (RSiO;5), with
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different possible structural representations have recently
become the subject of growing interest in many branches
of chemistry [12-18]. It is known that cage structure
silsesquioxanes due to their unique properties, e.g. the rigid
nanoscale silicon-oxygen core with a diameter of about
1.5nm, are often regarded as the smallest silica particle
that can also influence the surface roughness and tunable
properties of functional groups attached to silicon atoms.
Therefore the fluorofunctional silsesquioxanes are good
precursors for the synthesis of highly hydrophobic mate-
rials. Synthesis and characterization of several fluorinated
POSS derivatives (F-POSS) were described by Mabry et al.
[19, 20] who used two different routes of synthesis. The
first one was the corner capping of hepta(3,3,3-trifluo-
ropropyl)tricycloheptasiloxane trisodium silanolate with
different fluoroalkyltrichlorosilanes that gave products with
high yields (73-83 %) [19]. Contacts angles measured for
this compound ranged from 108 to 122° for water and
69 to 80° for hexadecane. The second way of synthesis
of F-POSS was the base-catalyzed condensation of fluo-
roalkyltriethoxysilanes in ethanolic solutions [20]. These
compounds were characterized by different WCA values
depending on the length of fluoroalkyl chain. The deriva-
tive containing heptadecafluorodecyl groups appeared
to be the most hydrophobic crystalline material having
WCA of 154°. Another method of synthesis of F-POSS
was described by He et al. who utilized the reactivity
of the vinyl group in octakis(vinyl)octasilsesquioxane or
octakis(vinyldimethylsiloxy)octasilsesquioxane in the reac-
tion with perfluoroalkyl thiol in the presence of AIBN [21].
The obtained derivative was applied (in the amount of 5 %)
to the modification of polymethyl methacrylate (PMMA)
which resulted in a considerable increase in WCA from
71° for non-modified PMMA to 124° for modified one.
Polymethacrylates were also modified in the ATRP pro-
cess, where F-POSS was introduced as a macroinitiator
[22]. A similar approach was proposed for the synthesis of
a modified polycaprolactam by the reaction of caprolactone
with different amounts of heptakis(3,3,3-trifluoropropyl)(3-
hydroxypropyl)octasilsesquioxane in the presence of
tin catalyst [23]. The best result (WCA = 108°) was
observed for the polymer containing 20 wt. % of F-POSS
compared to WCA = 70° for the polymer alone. Fluo-
rinated POSS derivatives were also used for dip-coating
surface modification of various materials such as fabrics
[8], polycarbonates [24] and aluminum plates [25]. Fluoro-
carbofunctional groups, in spite of their specific properties,
surface properties in particular, are not reactive from a
chemical point of view. Therefore to enable their attach-
ment to the surface, they are applied from suitable solutions,
often with the addition of silica or silica sol produced in the
sol-gel process [8, 24]. On the other hand, an ideal approach
to the problem would be the application of silsesquiox-

@ Springer

anes with mixed functional groups, which contain both
fluorocarbofunctional and organic (reactive) groups. Such
a group can make it possible, by formation of covalent
bonds, to create a stable combination between fluorosilicon
compounds and a mineral or polymer surface. However,
literature reports on the synthesis of derivatives of such a
type are scarce. From among the few examples one can
mention silsesquioxane that was applied to the modification
of aluminum (as an anticorrosive coating) which, besides
two fluoroalkyl and four isooctyl groups, contained two
3-(N-(3-triethoxysilylpropyl)ureido)propyl groups [25].
The synthesis of such a derivative is time-consuming and
proceeds in several steps. It is based on hydrolytic conden-
sation (in basic medium) of three organofunctional silanes,
namely 1H,1H,2H,2H-perfluorooctyltriethoxysilane, 3-
aminopropyltrimethoxysilane and isooctyltrimethoxysilane
taken in the ratio of 2:2:4. The second step consists of
the reaction of amino groups in the formed silsesquioxane
with 3-isocyanatopropyltriethoxysilane which resulted in
the formation of an ureido derivative having trialkoxysilyl
terminal groups [25, 26]. Our contribution to this field
was the synthesis of functionalized silsesquioxanes via
consecutive hydrosilylation of two different olefins. One
of them was fluoroalkyl allyl ether and the other - allyl
glycidyl ether. By applying a very effective catalyst, such
as rhodium siloxide complex, it was possible to obtain
silsesquioxane derivatives (with any stoichiometry of func-
tional groups) with very high yields in a one-pot process
proceeding in very mild conditions [27, 28]. Moreover,
the developed method is very attractive from the eco-
nomic viewpoint because it is characterized both by simple
technology and the use of considerably cheaper starting
materials than those employed to date. The main reagents
are octakis(hydridodimethylsiloxy)octasilsesquioxane
(that is obtained in a simple and fast way based on the
method described in the literature [29]) and fluoroalkyl
allyl ether. The preparation of the latter reagent is based
on the Williamson reaction by using fluorinated alcohols
(that are considerably cheaper than commonly used flu-
oroalkyl iodides) and allyl chloride [30]. In the present
study, based on the developed method of consecutive
hydrosilylation of different olefins, syntheses were per-
formed of subsequent silsesquioxanes containing, besides
fluoroalkyl groups, also trimethoxysilylethyl groups that
are susceptible to hydrolysis and condensation and due to
this ability they can form covalent bonds with a substrate
surface. This is why we have exploited this reactivity
to modify the glass plates and to determine the effect
of applied silsesquioxanes on hydrophobic properties
of coatings formed with their participation. Moreover,
our study was aimed at establishing a possibility of
the formation of superhydrophobic coatings based on
fluorofunctional silsesquioxanes.
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2 Experimental

All commercially available chemicals were used as received
without any further purification. 1H,1H,2H-perfluoro-1-
decene was purchased from Aldrich. The rhodium siloxide
complex [{Rh(-OSiMes3(cod)},] was synthesized according
to the original procedure described by Marciniec et al.
[31, 32]. 1,1,2,2,3,3,4,4-Octafluoropentyl allyl ether was
synthesized by the Williamson reaction [33] and octakis
(hydridodimethylsiloxy) octasilsesquioxane was prepared
according to the procedure described by Caetano et al. [29].
Glass plates were purchased from Thermo Scientific. Silica
Aerosil 130 and Aerosil 300 were purchased from Evonik.

'H NMR(300MHz), '3C NMR(75MHz), and 2Si
NMR(59 MHz) spectra were recorded on a Varian XL 300
spectrometer at room temperature using C¢Dg as a solvent.
Water contact angle was measured using Kruss DSA 100E
Drop Shape Analyzer equipped with software-controlled
(DAS4 2.0): x, y, z-axis table, quadruple dosing unit, zoom
and focus adjustment, illumination, camera with 780 580
px resolution. All presented data are arithmetic means of
values measured for 5 drops.

2.1 General Procedure for Syntheses of Silsesquioxanes
Containing Mixed Functional Groups

Silsesquioxanes containing mixed functional groups (1-
6) were synthesized according to previously described
methodology with slight modifications [28]. Octakis (hydri-
dodimethylsiloxy)octasilsesquioxane and 1,1,2,2,3,3,4,4-
octafluoropentyl allyl ether or 1H,1H,2H-perfluoro-1-
decene in an appropriate stoichiometric amount, together
with 50 mL of toluene, were placed in a three-necked round-
bottom flask equipped with a thermometer, condenser,
and magnetic bar. Next [{Rh(-OSiMes)(cod)}>2] complex
(2.5x10~° mol Rh/mol Si-H) was added at room tempera-
ture and the solution was heated to 110 °C and maintained
at this temperature for 1h. After that time, an appropriate
amount of vinyltrimethoxysilane in 5 % excess was added
and the reaction was carried out for another 1h. Then the
reaction mixture was cooled and the solvent and excess of
olefin were evaporated under vacuum to give crude prod-
ucts which were subsequently dissolved in methanol and
filtered to remove unreacted substrate. After evaporation of
methanol, clean products (1-6) were obtained as viscous
oils in the yields of 62 %, 57 %, 54 %, 97 %, 89 % and 86 %,
respectively. NMR analysis of the products confirmed their
structures.

(Tetrakis(perfluorodecyldimethylsiloxy))tetrakis  (2-trime-
thoxysilylethyldimethylsiloxy) octasilsesquioxane (1) 'H
NMR (CgDg, 298K, 300MHz) § (ppm) = 0.17 (24H,
Si(CH3),); 0.78 (8H, SiCHj); 1.28 (16H, CH,Si); 2.13

(8H, CHy); 3.48 (36H, OCH3). '3C NMR (CgDs,
298K, 75.5MHz) § (ppm) = —1.12 (Si(CH3)y); 7.21
(SiCH); 8.99 (CH,Si) 25.34 (CH»); 50.34 (OCH3);
111.85 (CF,); 115.66 (CF3); 119.48 (CF,); 125.63 (CFy);
128.00 (CF»). 2Si NMR (CgDg, 298K, 59.6MHz) §
(ppm) = 15.52 (Si(CH3)3); —107.56 (SiOSi).

(Hexakis(perfluorodecyldimethylsiloxy)) bis(2-trimethoxy-
silylethyldimethylsiloxy) octasilsesquioxane (2) "H NMR
(Ce¢De, 298K, 300MHz) § (ppm) = 0.16 (24H,
Si(CHsz)2); 0.79 (4H, SiCHjy); 1.27 (16H, CH;Si); 2.11
(12H, CH,); 3.55 (18H, OCH3).3C NMR (CgDg,
298K, 75.5 MHz) § (ppm) = —1.18 (Si(CH3)7); 7.20
(SiCH»); 9.29 (CH,Si) 25.34 (CHj); 5091 (OCHj3);
111.52 (CF,); 116.22 (CF3); 119.42 (CF,); 121.96 (CF»);
128.24 (CF»). 2Si NMR (CgDg, 298K, 59.6MHz) §
(ppm) = 16.00(Si(CH3),); —107.73 (SiOSi).

(Heptakis(perfluorodecyldimethylsiloxy))(2-trimethoxysily-
lethyldimethylsiloxy) octasilsesquioxane (3) '"H NMR
(CeDg, 298K, 300 MHz) § (ppm) = 0.14 (24H, Si(CH3),);
0.82 (2H, SiCH»); 1.31 (16H, CH;Si); 2.14 (14H, CHy);
3.49 (9H, OCH3). 13C NMR (CgDs, 298K, 75.5 MHz) §
(ppm) = —1.20 (Si(CH3),); 7.46 (SiCH»); 8.98 (CH;Si)
25.29 (CHy); 50.32 (OCHj3); 108,78 (CFy); 111.52 (CF»);
116.51 (CF3); 119.73 (CFp); 128.00(CF,).*’Si NMR
(CeDg, 298K, 59.6 MHz) § (ppm) = 15.34 (Si(CHz3););
—107.16 (SiOSi).

(Tetrakis(1,1,2,2,3,3,4,4-octafluoropentyloxypropyldime-
thylsiloxy) )tetrakis(2-trimethoxysilylethyldimethylsiloxy)-
octasilsesquioxane (4) "H NMR (CgDg, 298K, 300 MHz)
8 (ppm) = 0.12 (24H, Si(CH3),); 0.51 (24H, SiCH»); 1.51
(8H, CHy); 3.21 (16H, OCH,); 3.43 (36H, OCH3); 5.54
(4H, CF,H). 13C NMR (Cg¢Dg, 298K, 75.5 MHz) § (ppm)
= —0.58 (Si(CH3)7); 13.59 (SiCH»); 23.29 (CH>); 50.28
(OCH3); 67.58 (OCH;); 75.45 (OCH); 104.84 (CFy);
108.20 (CF,); 111.55 (CF;H); 116.03 (CF,). 2°Si NMR
(CeDg, 298K, 59.6 MHz) § (ppm) = 15.19 (Si(CH3),);
—107.06 (SiOSi).

(Hexakis(1,1,2,2,3,3,4,4-octafluoropentyloxypropyldime-
thylsiloxy))bis(2-trimethoxysilylethyldimethylsiloxy)octa-
silsesquioxane (5) "H NMR (C¢Dg, 298K, 300 MHz) 8
(ppm) = 0.16 (24H, Si(CH3);); 0.54 (20H, SiCHy); 1.55
(12H, CHy); 3.22 (24H, OCHy); 3.48 (18H, OCH3); 5.46
(6H, CF,H). 3C NMR (CgDg, 298K, 75.5MHz) § (ppm)
= —0.54 (Si(CH3)7); 13.60 (SiCH»); 23.29 (CH3); 50.32
(OCH3); 67.59 (OCH,); 75.48 (OCH;); 104.83 (CF»);
108.18 (CF,); 111.54 (CF>H); 116.06 (CF,). 2°Si NMR
(CeDg, 298K, 59.6 MHz) § (ppm) = 15.33 (Si(CH3)»);
—107.03 (SiOSi).
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(Heptakis(1,1,2,2,3,3,4,4-octafluoropentyloxypropyldime-
thylsiloxy))(2-trimethoxysilylethyldimethylsiloxy)octasil-
sesquioxane (6) 'H NMR (Ce¢Dg, 298K, 300MHz) &
(ppm) = 0.16 (24H, Si(CH3);); 0.53 (18H, SiCHy); 1.55
(14H, CH»); 3.23 (28H, OCH>); 3.48 (9H, OCHj3); 5.48
(7H, CF,H).>C NMR (Cg¢Dg, 298K, 75.5MHz) 8 (ppm)
= —0.55 (Si(CH3)7); 13.60 (SiCH;); 23.30 (CH>); 50.46
(OCH3); 67.59 (OCH;); 75.48 (OCH3); 105.66 (CF,);
108.48 (CF,); 111.26 (CF,H); 115.76 (CF,). 2°Si NMR
(CeDg, 298K, 59.6 MHz) § (ppm) = 15.33 (Si(CHj3)»);
-107.03 (SiOSi).

2.2 Cleaning Procedure

Glass plates immersed in a detergent solution were placed
on an ultrasonic bath for 15 minutes, then rinsed with demi-
neralized water, immersed in acetone and sonicated for
another 15minutes. At the end, they were rinsed with
demineralized water and dried in air at room temperature.

2.3 Dip-coating Procedure

Cleaned glass plates were coated with fluorofunctional
compounds (1-6) by immersing in 5 wt. % toluene solutions
of the latter. Each glass plate was immersed for 5 minutes in
a suitable POSS solution and allowed to dry for 3 minutes
in air. This operation was repeated 3 times for all plates
followed by baking the samples for 1h at 120°C in air.
One series of samples was also prepared by performing an
additional sonication during modification.

2.4 Preparation of Silica Solution and its Application
on Glass Plates

A mixture was prepared of 10 g tetraethoxysilane (TEOS),
40 g ethanol, 30g water and 30 g aqueous ammonia and
vigorously stirred for 3 hours at room temperature. A suit-
able amount of such a prepared sol was mixed with Aerosil
130ssilica (particle size of 16 nm) or Aerosil 300 silica (par-
ticle size of 7nm) at such a ratio to obtain 5wt. % sol
and 1.2wt. % silica, followed by dissolving in ethanol.
The mixture was vigorously stirred for 30 minutes at room
temperature and then glass plates were immersed in it
for 15 minutes. To apply the layer evenly on the plates,
the operation was carried out under sonication. This was
followed by drying of plates for 1h at 120°C. In the
next step, glass plates were modified with a solution con-
taining a suitable silsesquioxane with mixed functional
groups, analogously to in the case of the dip-coating
procedure.
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3 Results and Discussion

The synthesis of fluorofunctional silsesquioxanes contai-
ning additionally trimethoxysilyl groups was based on the
reaction of consecutive hydrosilylation of 1,1,2,2,3,3.4,4-
octafluoropentyl allyl ether or 1H,1H,2H-perfluoro-1-
decene and then vinyltrimethoxysilane with the use
of octakis(hydridodimethylsiloxy)octasilsesquioxane. The
procedure was analogous to that described by us earlier
for the synthesis of silsesquioxanes containing fluoroalkyl
and glycidyl groups [28]. By a suitable choice of stoi-
chiometric ratios of olefins, silsesquioxane derivatives were
obtained of different, but strictly definite amount of fluo-
roalkyl and trimethoxysilyl groups. Six new derivatives of
general formula given in Fig. 1 were obtained, isolated and
spectroscopically characterized.

The aforementioned derivatives contain perfluorodecyl
(PFD) and trimethoxysilylethyl (TMS) groups at ratios
of 4:4 (1), 6:2 (2) and 7:1 (3), respectively, or octafluoropen-
tyloxypropyl (OFP) and trimethoxysilylethyl (TMS) groups
in analogous ratios of 4:4 (4), 6:2 (5) and 7:1 (6). All
the derivatives were obtained with good yields, however,
yields of derivatives containing OFP groups were consider-
ably higher. Furthermore, the olefin used to prepare them,
i.e. octafluoropentyl allyl ether is much cheaper compared
to 1H,1H,2H-perfluoro-1-decene. However, OFP in con-
tradistinction to PFD, contains an oxygen atom and this
fact can cause a deterioration of hydrophobizing properties.
To establish the effect of the kind of fluoroalkyl group on
hydrophobic properties, the modification of glass plates was

Rfw_ _Si< /R(Rf)
~19 o’?‘\
l 05— O5si
i—O~a: ~2A / R(Rf
Rf\/s\l o Slao—-swossl\/ ( )

PFD OFP ™S

Fig. 1 General formula of synthesized fluorofunctional sphero-
silicates
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performed with the use of all silsesquioxanes synthesized.
Two series of samples modified with the discussed deriva-
tives were prepared. The standard procedure of immersion
(dip-coating) was applied in the case of the first series
of samples, whereas in that of the second series samples
and the modifying solution were additionally placed on an
ultrasonic bath during the impregnation in order to obtain
even coating. Both series of samples were subjected to
water contact angle (WCA) measurements using a goniome-
ter. Results of the measurements are presented in Table 1.
The results are the arithmetic mean of 10 measurements
performed in 5 points of each plate.

Shapes of water drops for selected systems are shown in
Fig. 2 as an illustration.

Water contact angles measured for samples prepared by
the dip-coating method and by using an ultrasonic bath do
not differ significantly and small differences between them
are within experimental error, therefore one can conclude
that the application of ultrasounds is needless. While com-
paring WCA values on modified plates one can notice that
an increase in the number of fluoroalkyl groups (both OFP
and PFD) is accompanied by an increase in WCA and this
fact results both from the presence of a greater number
of fluoroalkyl groups and from the way of binding between
the silsequioxane and glass substrate. In the case of deriva-
tives containing only one trimethoxysilyl group (TMS),
binding to the substrate occurs only on one site and this
enables the formation of a very flexible surface layer which
permits a better orientation of fluoroalkyl groups on the sur-
face. If the surface was modified with derivatives containing
2 or 4 trimethoxysilyl groups, silsesquioxane binding occurs
on several sites thus resulting in the surface layer stiffening
which does not create favorable conditions for fluoroalkyl
group orientation. Moreover, taking into consideration that
the distribution of functional groups in a silsesquioxane is
statistical, one can expect that fluoroalkyl groups become
confined in the interior of the formed polymer layer which

Table 1 WCA of glass surfaces modified with fluorofunctional
silsesquioxanes

silsesquioxane WCA[°] WCA[°]
(dip-coated) (Sonicated)
4PFD-4TMS (1) 90.5+ 0.9 (A) 904 + 1.1
6PFD-2TMS (2) 99.7 + 1.3 (B) 962+ 1.4
TPFD-1TMS (3) 1244 £3.7 (C) 1235 +£3.6
40FP-4TMS (4) 98.1+ 1.4 88.4 + 0.7
60FP-2TMS (5) 989+ 2.1 979+ 1.5
TOFP-1TMS (6) 115.7£79 109.3 £24

Fig. 2 Water drop shapes with different WCA values on surfaces:
a clean glass plate, b A -90.5°,¢B -99.7°,d C-1244°

causes a decrease of WCA values. Results of our experi-
ments and comparison of water contact angles on coatings
prepared on the basis of silsequioxanes containing PFD and
OFP groups indicate that the number of fluorine atoms in
the alkyl chain and the presence of ether-type oxygen atoms
exerts only a slight effect on hydrophobicity of materials
obtained. The influence of fluorine atoms is the most clearly
seen in the case of surfaces modified with silsesquioxanes
containing seven fluoroalkyl groups, albeit the difference in
WCA values between derivatives with PFD and OFD groups
does not exceed 10°. The modification of a surface with
cage structure silsesquioxanes imparts to the surface a cer-
tain roughness which results in WCA over 120 °. However,
taking into consideration nanometric sizes of silsesquiox-
anes, this diversity of the surface can be too small to obtain
even greater WCA values. For this reason in the further
part of our study an additional modification of the plates
was carried out using silica sol in order to increase surface
roughness. Two series of samples were prepared on which
silica sol of suitable silica particle size was applied followed
by the modification of such prepared plates with one of the
fluoroalkyl compounds with different OFP to TMS ratios
(see Fig. 3).

Taking into account small differences in WCA on sur-
faces modified with silsesquioxanes having OFP or PFD
groups, as well as considerably greater yields obtained
while synthesizing OFP-containing derivatives and their
lower price, the latter derivatives (4-6) have been selected
for further research. At the first stage, the plates were
covered with a silica sol containing silica of different par-
ticle size: Aerosil 300 (7 nm) and Aerosil 130 (16 nm). At
the second stage, such prepared plates were modified with
functionalized silsesquioxane solution (4—6) analogously to
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SURFACE MODIFICATION
WITH SILICA SOLS

2h,25°C

Aerosil 300 - (7 nm)
or
Aerosil 130 - (16 nm)

-

DIP-COATING PROCEDURE

glass
plate

Solution of
fluorinated
POSS

glass
plate
b
~— ~————T
~ ] — N—
basic silica
sol dispersion

ultrasonication

heating (120°C)

dip-coating

heating (120°C)

e mmeemssemecessscscessacessccsccessceSsScMceScMSecSSsececMGesAMcSMScesSssecccecScMcssscscseseccsssccccsssaaa,

Fig. 3 General procedure for the modification of glass plates

that described above. The application of silica of different
particle sizes in order to increase the surface roughness
and thereby to create superhydrophobic properties has been
reported by different research teams [34-39]. However, in
all the cases the role of hydrophobizing agents was played
by silanes with long fluoroalkyl chains of high fluorine con-
tent, the synthesis of which is neither easy nor cheap. This
is why mixed functional groups-containing silsesquiox-
anes developed by us make an alternative to this group
of compounds. Moreover, in the aforementioned papers, in
most cases, quite large silica particles (from several dozen

In all cases, coatings of strongly hydrophobic (and
even superhydrophobic) properties were obtained. A pre-
coverage of glass plates with a silica layer resulted in surface
diversification which combined with chemical modification
with the use of fluorofunctional silsesquioxane resulted in
surfaces with strongly hydrophobic properties. A compar-
ison of WCA values shows that silica Aerosil 130 (it has
bigger particles: 16 nm) produces a greater roughness of

Table 2 Surface modified by silica sols and POSS

nanometers to several micrometers) have been used and this silsesquioxane WCA[°] WCA[°]
resulted in a greater surface roughness. In our case we have (Aerosil 300) (Aerosil 130)
applied nanosilica, particle size of which (7 and 16 nm) was . . = o plate _ _

oply seYeral times greater than the size of the employed AOFP-4TMS 129 4 3.24 143 % 0.66 (D)
s1.lsesq'u10xanes. WCA values for such modified surfaces a.re GOFP-2TMS 1334 1.1 149 + 0.55 (E)
given in Table 2 and examples of drop shapes are shown in TOFP-1TMS 1444072 160 + 0.42 (F)

Fig. 4.
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a) b)

I o) y
Fig. 4 Water drop shapes with different WCA values on surfaces:
a clean glass plate, bD - 143°, ¢ E-149°,d F-160°

modified surface than silica Aerosil 300 (7nm), which
in combination with the modification with silsesquioxane
with the highest number of fluoroalkyl groups (6) makes
it possible to obtain superhydrophobic surfaces. The
results correlate well with those described for the surface
modified with large particle size silica and with fluorofunc-
tional silanes having long fluoroalkyl chains [34-39]. The
WCA values for such surfaces are sometimes even greater
(although not so considerably) which shows that the struc-
ture of silsesquioxanes additionally diversifies the surface.
This observation is in agreement with the state of the art;
it results from the synergy between chemical and physi-
cal modification of surfaces [1, 2]. Moreover, as was the
case of the modification of the surface with solutions of
pure fluorofunctional silsesquioxanes, the effect of the num-
ber of OFP groups on WCA can be noticed. However,
WCA is influenced also by the binding between silsesquiox-
ane and surface, i.e. by the number of TMS groups in a
silsesquioxane. Changes in WCA values on surfaces modi-
fied by silsesquioxanes with four, two and one TMS group
(both when the modification was carried out with solutions
alone and with the participation of silicas) are presented in
Fig. 5.

Note that the change in WCA for surfaces modified with
derivatives containing four or two TMS groups is small
(from 1 to 5 %), but in the case of the modification with
the derivative containing only one TMS group the differ-
ence is greater and equals from 8 to 17 % in spite of the fact
that the number of OFP groups is only by one group greater
compared to the derivative containing six OFP groups. This
confirms the observation that silsesquioxanes attached to

270FP-1TMS
150 4 WBOFP-2TMS
240FP-4TMS

116

{99
98

90

POSS Aerosil 300/POSS  Aerosil 130/POSS

Fig. 5 Comparison of WCA values for all surfaces modified with
derivatives of different OFP and TMS content

the substrate via one group have a better capability of ori-
enting fluoroalkyl groups on the surface and increasing
hydrophobic properties. The above effect is more clearly
seen in the case of surfaces that were additionally modi-
fied with silica, where a considerable increasing in WCA
occurs for each fluorofunctional silsesquioxane used in
the study.

4 Conclusions

The application of six prepared derivatives of silsesquiox-
anes as modifiers of glass surfaces produced hydrophobic
surfaces. The most effective appeared to be the derivatives
containing seven fluoroalkyl groups and one trialkoxysilyl
group which produced coatings with water contact angles
ranging from 115 to 124 °. The study has shown that deriva-
tives with octafluoropentyloxypropyl groups can be a good
alternative to typical fluoroalkyl chains and the presence of
ether-type oxygen atoms in their structure affects the effec-
tiveness of hydrophobization of surfaces only to a slight
extent. It has been established that hydrophobizing proper-
ties of silsesquioxanes are considerably influenced not only
by percentage of fluorine atoms, but also by silsesquiox-
ane structure. As expected, the preliminary modification of
a glass plate surface with silica resulted in the formation
of coatings with superhydrophobic properties. In all stud-
ied silica-containing systems high values of water contact
angles were obtained. Moreover, irrespectively of particle
size of applied silica, a dependence was found between the
increase in water contact angle and the number of fluo-
roalkyl substituents in a molecule. The obtained results have
unambiguously shown that fluorofunctional silsesquioxanes
having additionally another reactive group (capable of bind-
ing to the surface) can be effective hydrophobizing agents
and at the same time make an alternative (also from the
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economic viewpoint) to simple fluorofunctional silanes.
However, our ultimate aim is to employ this group of
derivatives as nanofillers for different polymeric matrices
(through a suitable choice of reactive functional groups in
silsesquioxanes) and at the same time to impart hydropho-
bic properties to materials prepared in such a way. Results
obtained so far are very promising and will be the subject of
our subsequent papers.
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