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Abstract Cotton fabrics were subjected to modifi-
cation with fluorine-free polysiloxanes. In the first
stage a series of polysiloxanes substituted with
alkoxysilyl groups and/or alkyl chains were synthe-
sized. Two methods of functionalization of vinyl
group-containing polysiloxanes were used, i.e.
hydrosilylation and hydrothiolation. Cotton fabrics
were modified via dip-coating technique in solutions
of the prepared compounds or by thiol-ene click
reaction directly on the surface of cotton. In the first
stage of the latter method cotton fabrics were modified
by sol-gel technique with 3-mercaptopropy-
Itrimethoxysilane in order to obtain mercapto-func-
tionalized samples. After grafting SH groups on the
surface, the fabrics were easily functionalized using

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10570-020-03341-0) con-
tains supplementary material, which is available to authorized
users.

M. Przybylak (D<) - A. Szymanska - H. Maciejewski -
K. Makowska

Poznan Science and Technology Park, Adam Mickiewicz
University Foundation, Rubiez 46, 61-612 Poznan, Poland
e-mail: marcin.przybylak @ppnt.poznan.pl

H. Maciejewski
Faculty of Chemistry, Adam Mickiewicz University,
Uniwersytetu Poznanskiego 8, 61-614 Poznan, Poland

the photoclick thiol-ene reaction with vinyl groups
containing polysiloxane or vinyl- and alkyl-groups
containing polysiloxane. The hydrophobicity was
determined by measuring the water contact angle.
Changes in the surface morphology were examined by
FTIR spectroscopy and scanning electron microscopy
(SEM). The coatings of the modified fabrics were
subjected to elemental analysis using SEM-EDS
techniques. All modified cotton fabrics showed highly
hydrophobic properties. All obtained hydrophobic
fabrics were fully resistant to the washing process,
which proves the durability of the developed
modifications.
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Introduction

Cotton fabric, due to its great properties, is very
interesting for scientific research as well as for
industrial applications (Li et al. 2007). Its most
important desirable features include softness, warm-
ness, breathability, comfort and low cost (Bea et al.
2009; Gao et al. 2016). Moreover cotton belongs to
natural fabrics, made of renewable raw materials and
environmentally friendly, which is a crucial issue
nowadays (Ismail 2016). Pristine cotton fabrics due to
the presence of hydroxyl groups on their surface are
also characterized by high polarity and hydrophilic
character, therefore their usefulness in many areas
may be limited by the poor water and dirt repellency
(Shateri-Khalilabad and Yazdanshenas 2013). Water
absorption by natural fabrics also promotes the growth
of microorganisms on their surface and weakens them.
On the other hand, the presence of OH groups enables
the functionalization of cotton by chemical modifica-
tions towards obtaining their water resistance (Przy-
bylak et al. 2016). Fabrics with the ability to repel
liquid particles from the surface are used in the
production of everyday and special-purpose clothing,
including protective clothing in the medical and
military sector (Grozea et al. 2016).

A large number of compounds of different binding
chemistry, properties and structures have been used to
modify natural fabrics. A very interesting group of
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modifiers are organosilicon compounds such as
silanes, polysiloxanes or silsesquioxanes. Polysilox-
anes show a number of unique properties such as
flexibility, transparency, air permeability, environ-
ment-friendliness and low surface energy. Polysilox-
anes can also be easily functionalized (Drozdov et al.
2018) by introducing functional groups to their
structure. Moreover synthesis of siloxane derivatives
is inexpensive (Liu et al. 2019). Polysiloxane has also
been used to functionalize cotton fabrics, however
classical polysiloxanes without reactive functional
groups have poor adhesion to cotton fibers and
durability of bonding with cellulose surface. There-
fore, it is necessary to introduce functional groups into
the polysiloxane structure that would have the ability
to form bonds with cellulose hydroxyl groups. One of
the best known methods of finishing cotton textiles is
the sol-gel process using alkoxysilane, which allows
the formation of a siloxane layer on the surface of the
fibers (Hayn et al. 2011; Vasiljevi¢ et al. 2014;
Hoefnagels et al. 2007; Xu et al. 2011; Vasiljevic et al.
2017; Periolatto et al. 2013; Xu et al. 2010). Our
previous research has shown that difunctional
polysiloxanes have excellent modifying properties.
Due to the presence of alkoxysilyl groups, they form
permanent covalent bonds with the cellulose OH
groups. In addition, the introduction of appropriate
functional groups into the polysiloxane structure may
endow the modified fabrics with new properties.
Modification with polyslioxane containing alkoxysilyl
groups and fluorinated chains gave fabrics superhy-
drophobic properties (Przybylak et al. 2016). On the
other hand, impregnation of fabrics in solution of
polysiloxane substituted with quaternary ammonium
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salts endowed the fibers with both hydrophobic and
biocidal properties (Przybylak et al. 2018). In addition,
thanks to their structure, polysiloxanes can produce
durable and flexible coatings on the surface of fibers.

So far, our research group has synthesized difunc-
tional polysiloxanes by hydrosilylation reaction,
which is one of the most commonly used processes
for obtaining and modification of organosilicon com-
pounds. However, Pt-based catalysts commonly used
in hydrosilylation reaction are expensive and not
resistant to many types of functional groups (Xue et al.
2013). Furthermore the synthesis usually takes place at
elevated temperature (Marciniec 2008), which
requires a higher energy input and thus is less
favorable in terms of cost. Taking into account these
limitations, new strategies of functionalization should
be developed. One of them is hydrothiolation reaction.
Compared to hydrosilylation, this reaction does not
require expensive heavy-metal catalysts and an ele-
vated temperature, and the synthesis reactions can be
carried out in the thiol-ene radical addition of thiols
containing various types of functional groups (Xue
et al. 2013; Crowe-Willoughby and Genzer 2009;
Scibiorek et al. 2000; Herczynska et al. 1999; Zuo
et al. 2014). Moreover this type of reaction has many
advantages such as versatility, high efficiency, sim-
plicity or mild reaction conditions (Jiang et al.
2019a, b). Thiol-ene click reaction has become
increasingly popular for functionalization of many
surfaces of materials like glass (Li et al. 2015; Biggs
et al. 2016; Oberleitner et al. 2013; Lundberg et al.
2010), wood (Kosti¢ et al. 2017), cotton (Bai et al.
2019; He et al. 2014) paper (Wang et al. 2019; Guo
et al. 2018). aluminum (Sparks et al. 2013), marble
(Sparks et al. 2013) or sandstone (Sparks et al. 2013).
Thiol-ene click reactions were used to obtain new
organosilicon derivatives in bulk synthesis (in solu-
tion) as well as for functionalization directly on the
cotton surface. In the first stage of the latter method
cotton fabric can be modify by sol-gel technique with
3-mercaptopropyltrialkoxysilane in order to obtain
mercapto-functionalized samples (Xu et al. 2017a, b;
Sun et al. 2016; Zeng et al. 2019, Xue et al. 2019).
Then, on the thus prepared surface click reactions can
be carried out using various types of compounds
containing unsaturated bonds. This type of reaction
was used to obtain fireproof, biocidal or hydrophobic
surfaces (Xu et al. 2017a,b Sun et al. 2016; Zeng et al.
2019; Qiang et al. 2017; Fei et al. 2018; Xue et al.

2019; Jiang et al. 2019a, b). However, the developed
methods of synthesis and textiles modification are
complex and multi-stage, in addition, in some cases
they need the use of fluorine. Nevertheless, there are
also another possibilities for the hydrophobic treat-
ment of cotton fabrics with the use of fluorine-free
compounds (Zhong and Netravali 2016; Patil and
Netravali 2019).

The aim of this study was to find new, simple and
inexpensive methods for hydrophobization of cotton
fabric. In the present work the hydrophobic effect of
polysiloxanes obtained by hydrosilylation and
hydrothiolation reactions was compared. The
polysiloxane containing vinyl groups was functional-
ized with silanes or thiols in order to introduce
alkoxysilyl groups capable of forming bonds with
cellulose. One of the main goals of this study was
comparison of thiol-ene click reaction at bulk syn-
thesis (in solution) with direct reaction on cotton
surface. Moreover, the expected practical outcome of
our study was to obtain hydrophobic textiles resistant
for multiple washing which are able to create durable
bonds with cellulose.

Experimental
Materials

A bleached cotton fabric with an areal density of
145 g/m?* was supplied by the Textile Factory in £.6dZ
(Poland). Karstedt catalyst, 1-octanethiol, 2,2-
dimethoxy-2-phenylacetophenone (DMPA), chloro-
form-d and 1-octene were purchased from Aldrich.
3-mercaptopropyltrimethoxysilane, poly(vinyl-
methyl-co-dimethyl)siloxane and lithium aluminum
hydride were purchased from ABCR. Triethoxysilane
was purchased from Unisil Company Ltd. Poland.
Dimethylchlorosilane was purchased from Alfa Aesar.
Solvents were purchased from POCH. Ammonia,
sodium hydroxide and acidic acid were purchased
from Merck.

The compound n-octyldimethylsilane used in this
study was synthesized in two stages. In the first stage
n-octyldimethylchlorosilane was obtained by hydrosi-
lylation with the use 1-octene, dimethylchlorosilane
and Karstedt catalyst and in the second stage it was
converted to n-octyldimethylsilane by lithium
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aluminum hydride in THF according to a literature
method (Januszewski et al. 2019).

Preparation of functionalized polysiloxanes

Functionalized polysiloxanes were synthesized by two
types of reactions, i.e. hydrosilylation and
hydrothiolation.

Preparation of functionalized polysiloxanes
via hydrosilylation reactions

Hydrosilylation was performed in the presence of
Karstedt catalyst, with the use of triethoxysilane and
n-octyldimethylsilane at elevated temperature accord-
ing to Scheme 1.

Synthesis and spectroscopic characterization of
polysiloxane Pl A three-necked round-bottomed
flask equipped with a magnetic stirrer, reflux
condenser and thermometer, was loaded with
poly(vinylmethyl-co-dimethyl)siloxane 550 ¢g
(1.63 mmol), triethoxysilane 1.34 g (8.16 mmol) and
Karstedt’s catalyst (5 x 10~ 5 mol Pt/mol SiH). The
reaction mixture was heated for 2 h at 115 °C. The
product was purified from volatile impurities under
reduced pressure at 60 °C. The reaction gave the
product in 99% yield (6.78 g), mainly B isomer.

'H NMR (CDCls, §, ppm) = 5.96 (=CH,); 5.79
(=CH); 3.82; 3.71 (OCH,CHs;); 1.22 (OCH,CHj);
1.08; 0.94, 0.57 (CH,CH,, CHCHj3); 0.15, 0.08
(SiCH;). C NMR (CDCl;, &, ppm)=

R-SiH, Karstedt cat., A

137.26-136.96 (=CH,); 133.17-132.87 (=CH-);
59.30, 58.47 (OCH,), 18.46 (OCH,CH,); 8.56, 7.72,
5.79, 1.96-(— 1.16) (CH,CH,, CHCH;, CH3). ¥Si
NMR (CDCls, 8, ppm) = 7.21 (Si(CH3)3); — 21.42—
(— 21.97) (Si(CH3),, CH;SiCH,); — 35.09-(— 35.48)
(SiCH=CH,); — 44.68, — 46.07 (Si(OCH,CHj3)5).

Synthesis and spectroscopic characterization of
polysiloxane P2 A three-necked round-bottomed
flask equipped with a magnetic stirrer, reflux
condenser and thermometer, was loaded with
poly(vinylmethyl-co-dimethyl)siloxane 3.00¢g
(0.891 mmol), n-octyldimethylsilane 1.537 g
(8.92 mmol), Karstedt’s catalyst (1.25 x 10~ 4 mol
Pt/mol SiH) and toluene (4 ml). The reaction mixture
was heated for 3 h at 115 °C and then triethoxysilane
0.732 g (4.456 mmol) and Karstedt’s catalyst (1.10™ 4
mol Pt/mol SiH) were added and the mixture was
heated for additional 1 h at 115 °C. The reaction gave
the product in 99% yield (5.22 g), mainly B isomer.
'"H NMR (CDCls, 8, ppm) = 5.96 (=CH,); 5.80
(= CH); 3.81, 3.72 (OCH,CH;); 1.28 (CHy)g; 1.22
(OCH,CHj3); 1.08 (CHCH;Si(OCH,CH3);); 1.02
(CHCH3;Si(CH3),0ct); 0.94 (CH); 0.88 (CH,CHj);
0.55 (CH,CH,Si(OEt)3); 0.42 (0,SiCH,CH,Si(Me),.
CH,); 0.15, 0.08, — 0.06 (SiCH3). "*C NMR (CDCls,
S, ppm) = 137.25, 132.86 (CH =CH,); 58.47 (OCH,);
33.94, 32.14, 29.52, 24.11, 22.86 (CH,); 18.48
(OCH,CHj3); 14.94, 14.27 (CH,); 9.63-6.37, 1.94—
(= 1.12) (CH,CH,, CHCHj;, CH3); — 3.79 (Si(CH3),.
Oct. Si NMR (CDCls, 8, ppm) = 7.23 (Si(CHj)s);

|
—Si70-Si1O0-Si+O-Si—
| |20 ~'20 |

where R stands for (CH3)5(CH5);CH5 and/or (OEt) 3
R' = CH,CH, or CHCHj4

x=0,y=5(P1)
x=10, y=5(P2)

hydrosilylation

4.09, 3.49 (Si(CH3),0Oct); — 21.95 (Si(CHs),,
A\ AR
—S|,| O—S|| O—S{I O—S‘I O-Si O—S||—
20 X y ) 20-x-y
Fl" F|“ /
—Si—  Si(OEt);

Scheme 1 Synthesis of functional polysiloxanes via hydrosilylation reactions
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CH;SiCH,); — 35.81 (SICH=CH,); — 44.54, — 44.70
(Si(OCH,CH3)5).

Preparation of functionalized polysiloxanes
via hydrothiolation reactions

The poly(vinylmethyl-co-dimethyl)siloxane copoly-
mer was functionalized by hydrothiolation reaction
with two different thiols, i.e. 3-mercaptopropy-
Itrimethoxysilane and 1-octanethiol in the presence
of 2,2-dimethoxy-2-phenylacetophenone as photoini-
tiator under UV irradiation according to Scheme 2.

Synthesis and spectroscopic characterization of
PSI A round-bottomed flask equipped with a
magnetic stirrer was loaded with poly(vinylmethyl-
co-dimethyl)siloxane 5.50 g (1.63 mmol), 3-mer-
captopropyltrimethoxysilane 1.604 g (8.17 mmol)
and 2,2-dimethoxy-2-phenylacetophenone 21.0 mg
(0.0819 mmol). The reaction mixture was irradiated
for 1 h. The reaction gave product in quantitative
yield, which was used without further purification.
'H NMR (CDCls, 8, ppm) = 5.95 (=CH,); 5.78
(=CH); 3.55, 3.45 (OCH3); 2.53 (CH,SCHy); 1.68
(CH,CH,CH,); 0.85 (SiCHy); 0.74 (CH,Si(OCH3)3);
0.18, 0.07 (SiCH3). *C NMR (CDCls, 8, ppm) =
136.95, 133.12 (CH =CH,); 50.77, 50.58 (OCHj;);
34.96 (CH,CH,Si); 26.46 (CH,S); 23.02 (SCH,);
18.54 (SiCH,); 8.78 (CH,Si(OCHs3)3); 1.92, 1.14, -
0.51 (SiCH5). ?*Si NMR (CDCl;, &, ppm) = 7.19
(Si(CH3)3); — 21.43—(— 21.98) (Si(CHs),); — 24.43-

R-SH, DMPA, UV

(— 24.70) (SiCH,); — 35.08—(— 35.47) (SiCH=CH.,);
— 42.37 (Si(OCHa)3).

Synthesis and spectroscopic characterization of
PS2 A round-bottomed flask equipped with a
magnetic stirrer was loaded with poly(vinylmethyl-
co-dimethyl)siloxane 550 ¢g (1.63 mmol),
3-mercaptopropyltrimethoxysilane 1.604 g
(8.17 mmol), 1-octanethiol 2.39 g (16.34 mmol) and
2,2-dimethoxy-2-phenylacetophenone 62.8 mg
(0.245 mmol). The reaction mixture was irradiated
for 2 h. The reaction gave product in quantitative
yield, which was used without further purification.

'"H NMR (CDCls, 8, ppm) = 5.97 (=CH,); 5.80
(=CH); 3.55, 3.47 (OCH3); 2.52 (CH,SCHy); 1.68
(SCH,CH,CH,Si(OCH3;)3); 1.56 (SCH,CH,); 1.36,
1.27 (CHy)s; 0.87 (SiCH,, CH,CHj3); 0.07 (SiCH3).
13C NMR (CDCl;, &, ppm) = 136.73, 133.01
(CH=CHy,); 50.93, 50.62 (OCH3); 35.08 (CH,CH,Si);
32.11, 31.97, 29.74, 29.38, 29.16 (S(CH,)e); 26.58
(CH,S); 23.00 (SCHp); 22.79 (CH,CHj); 18.50
(SiCH,); 14.22 (CH,CHj); 8.80 (CH,Si(OCHs;)3);
1.91, 1.16, -0.14, -0.51 (SiCH3). **Si NMR (CDCls,
8, ppm) =733 (Si(CH3)3); — 21.50—(— 21.94)
(Si(CH3),); -24.31 (SiCH,); -35.16 (SiCH=CHy);
— 42.35 (Si(OCHj3)3).

Synthesis and spectroscopic characterization of
PS3 A round-bottomed flask equipped with a
magnetic stirrer was loaded with poly(vinylmethyl-
co-dimethyl)siloxane 8.00 g (2.38 mmol),

—S:i O—S:i>—<0—)8|i>>0—8:i—

20" _~ 20

hydrothiolation

/ 20xy

“3f- >< j( HX o5

Si(OMe)s

where R stands for (CH,)3Si(OMe)5 and/or (CH5),CH3

x=0,y=5(PS1)
x=10, y=5(PS2)
x=10, y =0 (PS3)

Scheme 2 Synthesis of functional polysiloxanes via hydrothiolation reactions
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l-octanethiol 348 ¢ (23.79 mmol) and 2,2-
dimethoxy-2-phenylacetophenone 60.9 mg
(0.238 mmol). The reaction mixture was irradiated
for 1 h. The reaction gave product in quantitative
yield, which was used without further purification.

'H NMR (CDCls, §, ppm) = 5.99 (=CH,); 5.81
(=CH); 2.54 (CH,SCH,); 1.57 (SCH,CH,); 1.37, 1.28
(CH,)s; 0.87 (SiCH,, CH,CH,); 0.08 (SiCH3). *C
NMR (CDCl3, , ppm) = 136.93, 133.35 (CH=CH,);
31.99, 29.77, 29.40, 29.18 (S(CH,)e); 26.61 (CH,S);
22.80 (CH,CHj;); 18.52 (SiCH,); 14.24(CH,CH,);
1.93, 1.18; -0.18; -0.48 (SiCH3). **Si NMR (CDCl, §,
ppm) = 7.21 (Si(CH3)s; — 21.43—(— 21.97)
(Si(CH3),; — 24.19—(— 24.68) (SiCH,); -35.09-
(— 35.43) (SiCH=CH,).

Modification of cotton fabrics
Mercerization of cotton

The fabric surface has been activated in the mercer-
ization process. Activation of cotton textile was
carried out at 2 vol% solution of sodium hydroxide
in water for 20 min at 70 °C.

Grafting of —=SH groups onto cotton surface

Solution of 5 vol% of 3-mercaptopropyltrimethoxysi-
lane in ethanol and water (2:8 v/v) was hydrolyzed for
2 h at room temperature and then the mercerized and
non-mercerized fabrics were immersed in the prepared
coating solution for 30 min. The excess of the modifier
solution was removed by squeezing followed by
fabrics fixing for 5 min at 120 °C to get SH-function-
alized cotton fabrics.

Cotton textile modification with polysiloxane solution

A mixture of 5 vol% of unmodified polysiloxane (PO)
and 5 vol% of acetic acid or ammonia in toluene was
hydrolyzed for 30 min at room temperature and then
the mercerized and non-mercerized fabrics were
immersed in the prepared coating solution for
30 min. Then the excess of the modifier solution was
removed by squeezing and the samples were dried for
1 h at 80 °C and fixed for 3 min at 120 °C.

@ Springer

Thiol—ene click reaction on the cotton fabrics surface

Two methods were used, according to the first one SH-
functionalized cotton fabric was immersed in the
solution of unmodified polysiloxane PO or polysilox-
ane PS3 (5 wt%) and the initiator DMPA (0.01 wt%) in
toluene and subjected to UV irradiation for 15 min
(7.5 min each site) at room temperature. According to
the second one, cotton fabric was immersed in the
solution for 15 min, removed from the solution and
then irradiated for 15 min (7.5 min each site). The
fabric was exposed to a 280-600 nm light source (LQ-
400 mercury lamp, Grébel UV-Elektronik GmbH,
400 W). The lamp was placed ~ 5 cm away from the
samples. After the above treatments, the samples were
rinsed with distilled water, the excess of the modifier
solution was wiped into paper tower and the fabrics
were dried for 1 h at 60 °C to get the final products.

Washing process

The durability of the modifications was determined by
measuring the water contact angle directly after the
modification as well as after the washing process.
Washing process of modified fabric samples was
carried out according to the standard PN-EN ISO
105-C06:2010 Textiles—Tests for color fastness—
Color fastness to domestic and commercial launder-
ing. The process was performed at 40 °C for 60 min.
using a detergent and this was followed by rinsing. The
washing was repeated five times.

Characterization

Determination of the amount of modifiers applied
on the fabrics (add-on)

The total dry solid add-on in cotton fabric samples (A)
was determined by weighing a fabric sample before
(W;) and after (Wy) its modification with a composi-
tion used and thermal fixing. The analytical balance
Ohaus was used for the measurements. The uptake
(Table 1) was calculated according to the following
equation:

A=W 00%

1
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Table 1 Add-on and SEM- Sample Add-on (%)  SEM-EDS (%)

EDS analysis of the

modified samples Before washing After washing

C o Si S C O Si S

PS1A 13.2 31.9 56.9 9.1 1.3 325 56.2 8.8 1.3
PS2A 11.9 32.6 58.3 6.1 2.7 325 59.6 53 2.1
P1A 12.7 32.8 58.6 8.5 0.0 32.1 57.6 8.4 0.0
P2A 10.5 31.7 59.2 7.1 0.0 32.6 60.4 6.4 0.0
M-SH 6.3 28.9 51.6 7.2 82 - - - -
nM-SH 4.1 33.6 57.8 3.6 4.5 - - - -
MIPO 20.1 28.5 47.8 14.0 6.3 28.1 47.9 13.7 6.0
M2P0 16.1 29.0 49.3 12.0 6.1 29.0 49.5 12.1 5.9
MI1PS3 18.3 31.2 47.9 10.7 8.7 31.1 47.3 11.1 8.6
M2PS3 14.1 30.7 50.0 9.9 8.0 31.1 50.8 9.9 7.4

M1P0O nM 17.2
M2P0 nM 133
MI1PS3 nM 13.5
M2PS3 nM 8.7

30.0 539 11.5 39 29.4 51.7 12.0 4.0
33.1 54.0 9.2 32 32.6 54.7 8.9 33
324 53.7 9.2 4.4 30.9 53.8 10.0 43
33.1 55.4 6.9 3.7 33.1 54.8 7.5 3.8

FTIR analysis

FTIR spectra of the modified fabrics were taken on a
Bruker spectrometer, model Tensor 27, with a Specac
Golden Gate single-reflection diamond ATR
accessory.

NMR

NMR spectra were recorded using 400 and 500 MHz
spectrometer in commercially available CDCl;.

Analysis of the elemental composition of the applied
coatings

The analysis was carried out by employing the SEM—
EDS technique to determine the ultimate elements (Si,
O, C and S) present in the modifying mixtures.
A Hitachi S-3500 N scanning electron microscope
(SEM) equipped with an EDS (energy-dispersive
X-ray) detector (Ultra Dry Silicon Drift X-ray Detec-
tor made by Thermo Scientific) was used for the
measurements.

Determination of hydrophobic properties

The water contact angles were measured using an
automatic video contact-angle testing apparatus,

Kiriiss, model DSA 100 Expert. A 5 pl volume of
water was applied to the treated cotton fabrics, and the
contact angle was determined from the video camera
images of the drop in the course of its formation. Each
measurement is an average of five drops.

Studies of surface topography

Microscopic evaluation of surface changes of modi-
fied and unmodified samples of the cotton fabric was
carried out using a Hitachi S-3400 N scanning elec-
tron microscope; the samples were coated with a thin
layer of gold before observations. Moreover, SEM
images were taken using an FEI Quanta 250 FEG
instrument equipped with a large field detector (LFD)
that records the secondary electrons (SEs). For the
LFD SE measurements the samples were not covered
by any layers. The microscope was operated at low
vacuum mode (70 Pa), and the accelerating voltage
was 10 kV.

Results and discussion
Vinyl group-containing polysiloxanes were used as a
starting reactant in the study taking into account the

possibility of their functionalization by two well-
known and facile methods i.e. hydrosilylation and
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hydrothiolation. Application of both methods enables
introduction of two types of functional groups i.e.
alkoxysilyl and alkyl chains in the reactions of two
different silanes or thiols to obtain functionalized
polysiloxanes with high efficiency.

Poly(vinylmethyl-co-dimethyl)siloxane PO copoly-
mer was functionalized by hydrosilylation reaction
with two different silanes, triethoxysilane and n-
octyldimethylsilane to give copolymers P1 and P2 of
the general formula 1 (Fig. 1). Functionalization by
hydrothiolation reaction with two different thiols,
3-mercaptopropyltrimethoxysilane and 1-octanethiol
was performed to obtain copolymers PS1, PS2 and
PS3 of the general formula 2 (Fig. 1).

Both types of reactions used (hydrosilylation and
hydrothiolation) enable obtaining functionalized
polysiloxanes with high yields (> 99%). According
to the NMR spectra, the hydrosilylation reactions gave
mixtures of o and P isomers. In the hydrothiolation o
isomer is either not formed or formed in a too small
amount to be observed and detected by NMR
spectroscopy.

Polysiloxanes with trialkoxysilyl groups (P1, P2,
PS1, PS2) were introduced on cotton surface by dip-
coating process using a 5 vol% solution of organosil-
icon compound. Unmodified polysiloxane PO and
derivative PS3 were used as substrates in the pho-
toclick reactions performed directly on the surfaces of
the fabrics, previously modified with mercaptosilane.
Schemes 3 and 4 illustrate the overall chemistry of the
polysiloxanes grafting on the cotton fabric surface. In
the first step the cotton fabric was immersed in a

ol i Hich

—s. s (OEt)g

R' = CHchz or CHCH3

Fig. 1 Difunctional polysiloxanes of a general formula 1 or 2
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solution of 3-mercaptopropyltrimethoxysilane in
order to graft thiol groups onto its surface (Scheme 3).
Then, the click reactions took place between the SH
groups and the unsaturated bonds of the polysiloxanes,
in the presence of UV irradiation and a photoinitiator
(Scheme 4).

The hydrophobic effect of all modified samples was
evaluated by measuring the water contact angle. The
samples were analyzed directly after modification and
after five cycles of washing process. Figure 2 shows
the WCA values of the samples modified with
polysiloxanes P1 and PS1 in the dip-coating process.
Modifications were performed in acidic (A) or basic
(B) conditions.

Figure 2 shows that all compositions endowed the
modified surfaces with high hydrophobicity. Compar-
ing both polysiloxanes used, it was noted that the A
comparison of the results obtained for the two
polysiloxanes used revealed that the organosilicon
compound obtained in the hydrothiolation reaction
(PS1) gives a little higher WCA. This observation may
be due to the difference in the lengths of the chains
connecting the polysiloxanes to the fabric. Compound
PS1 contains five carbon atoms and a sulfur atom in
the spacer between the polysiloxane chain and
Si(OR); group. Meanwhile, the derivative obtained
as a result of hydrosilylation (P1) contains only two
carbon atoms in the spacer. A longer spacer permits a
better orientation of polysiloxane on the surface of the
fabric. In addition, it makes the coating more flexible,
which has a positive result on the hydrophobic effect.
The issue of the spacer length has been noticed before

_3.<o s>—<o;.>d<o;|><o s.}o “si—

/ 20xy

Si(OMe);

x=0,y=5(PS1)
x=10, y=5 (PS2)
x=10, y=0 (PS3)
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Scheme 4 Synthesis of water repellent cotton fabric by thiol-ene click reaction
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Fig. 2 WCA values of fabrics modified with polysiloxanes
without alkyl chains in the dip-coating process

(Maciejewski et al. 2014). Figure 2 shows that the
base-catalyzed compositions resulted in slightly lower
WCA values than those catalyzed by an acid. An
alkaline environment promotes condensation. It can
therefore be assumed that the condensation of

polysiloxanes begins before applying the modifier
onto the fabric. Hydrolysis and condensation of
Si(OR); groups before application to the fabric
reduced the number of reactive groups that can attach
to the fabric. This resulted in less effective bonding of
the modifier to the fabric. It should be emphasized that
the samples after the washing process retained
hydrophobic character at the same level as before
washing. Maintaining the WCA values at the same
level indicates the durability of the bond between the
modifier and the fabric. The fabrics were also modified
with polysiloxanes containing additional alkyl side
chains. The first of the polysiloxanes was obtained by
hydrosilylation (P2) and the second one by hydroth-
iolation (PS2) (Fig. 3).

Comparing Figs. 2 and 3, it can be seen that the
fabrics modified with the alkyl chains-containing
polysiloxanes resulted in lower WCA than those
modified with analogous compounds that have no
alkyl groups. These results were quite surprising
because it was expected that the presence of additional
alkyl chains would further increase the hydrophobic
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Fig. 3 WCA values of cotton fabrics modified with polysilox-
anes containing alkyl chains in the dip-coating process.
Modifications were performed in acidic (a) or basic
(b) conditions

character of the fabrics. It is well known that long alkyl
chains are capable of endowing a modified surface
with good hydrophobic properties. Several factors
could have led to the results obtained. In our research,
the short-chain polysiloxane composed of 40 segments
(50% of vinylmethylsiloxane segments) was used.
During the synthesis of P2 and PS2 polysiloxanes,
each of them was substituted with 15 functional
groups in total. The introduction of so many sub-
stituents into the short-chain polysiloxane could have
increased its rigidity. Probably the presence of long
alkyl chains interfered with the formation of bonds
between the fabric and the much shorter chain
containing Si(OR); groups. The presence of alkyl
chains could have made the polysiloxanes partly just
settle on the fabric instead of forming bonds with it. In
the above chart, the samples subjected to the washing
process are characterized by higher WCA values than
those not washed, so washing off the occluded
modifier from the cotton surface increases the
hydrophobic character. In addition, the washing
process may permit the alkyl chains to assume a
better orientation. The fabrics modified with
polysiloxane PS2 are characterized by higher WCA
and thus hydrophobic character. Moreover, the WCA
values of these samples practically did not change
after washing. Higher hydrophobicity and similar
WCA before and after washing of the fabric modified
with polysiloxane PS2 can be a result of a longer
spacer between the polysiloxane chain and the
alkoxysilyl groups. It can be concluded that the
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presence of alkyl groups in the polysiloxane obtained
in hydrothiolation reaction does not have such a great
impact on hydrophobicity like their presence in the
polysiloxane obtained by hydrosilylation. It can be
seen that the washed samples presented in Fig. 3 have
very similar WCA values as the analogous samples
shown in Fig. 2. This confirms that after washing away
the occluded particles, both types of polysiloxanes
endow the textile surface with similar hydrophobic
properties.. The hydrophobic effect of the alkyl chains
may have been eliminate bystiffening of the polysilox-
ane. Stiffer polysiloxane is less able to accurately
protect the fibers and their morphology becomes less
favorable. The effect of polysiloxane chain length has
already been observed in our previous studies. The
longer and more flexible polysiloxane gave higher
fabric hydrophobicity than the shorter stiffer
compound.

Thiol-ene click reactions were also carried out
directly on the fabrics surfaces. Two procedures of
modification were used. In the first procedure, the
fabric soaked by the modifying composition was UV
irradiated (M1). In the second procedure, the fabric
was UV irradiated while being immersed in the
solution of the modifier (M2). Before grafting SH
groups onto the fabrics, they were subjected to
mercerization process. Figure 4 presents the values
of WCA of the fabrics modified by thiol-ene click
reactions directly on the cotton surfaces.

150

Hbheforewashing Mafterwashing
145 -

140
140 140

144 0
141 141
137 136
130
125
120

M1PS3 M2PS3 M1PO M2P0O
Sample

WCA T[]
»
(43}

Fig. 4 WCA values of fabrics modified by click reactions
directly on their surfaces. (M1)—UV irradiation of fabric
soaked by the modifying composition, (M2)—UYV irradiation of
samples immersed in the solution of the modifier, PS3—
polysiloxane containing alkyl chains, PO—polysiloxane without
alkyl and alkoxysilyl groups



Cellulose (2020) 27:8351-8367

8361

The results presented in Fig. 4 show that all
modification gave very good results. All obtained
samples were highly hydrophobic. The fabrics were
modified by two methods differing in the way of UV
irradiation. It can be seen in the Figure above that
direct UV irradiation of the fabric soaked with the
modifier solution (M1) gave better results but the
differences were not significant. Higher hydrophobic-
ity of the fabrics directly exposed to UV irradiation
may be caused by better access of UV light to thiol
groups present on the surface of the fibers.

During irradiation of the fabric immersed in a
solution of the modifier, UV light must pass through
the layer of the solution, which could adversely affect
the effectiveness of the click reactions. Comparing the
results in all three above bar charts (Figs. 2, 3 , 4), it
can be seen that the click reaction on the surface of the
fabrics gave a better hydrophobic effect than impreg-
nation of the fabric with ready-made polysiloxanes via
dip-coating technique. Higher hydrophobicity can be
caused by a larger number of reactive groups in
polysiloxanes that can bond to the SH groups present
on the surface of the fabrics. At the same time the
unmodified polysiloxane (PO) contains 20 vinyl
groups capable of forming bonds with SH groups
present on the cotton as well as polysiloxane PS3
contains 10 vinyl groups that can undergo a click
reaction. The polysiloxanes obtained via hydrothiola-
tion during bulk synthesis (in solution) contain only 5
alkoxysilyl groups able to bind to the surface of the
fabric. Hydrophobization of the fabrics by thiol-ene
click reactions on their surface is more effective
thanks to the greater number of reactive groups and
possibility to create more bonds with the reactive
groups present on the cotton fibers. The possibility of
creating more bonds with the fibers resulted in a larger
amount of polysiloxane attached to the fabric. Greater
amount of polysiloxane on the fabric surface resulted
in a higher hydrophobicity. The best results were
observed for the sample with grafted mercapto-silane,
soaked in a solution of unmodified polysiloxane and
then exposed to UV irradiation to perform the click
reaction (M1P0). The shape of a water drop on the
cotton surface modified using the aforementioned
method is shown in Fig. 5.

The fabrics modified by the click reactions on their
surface also showed very high resistance to repeated
washing. This confirms that the bonds formed between
the thiol groups present on the fiber surfaces and the

Fig. 5 Shape of a water drop on modified surface (M1P0)

vinyl groups of polysiloxanes are stable. Figure 6
shows the drops applied to the M1P0 modified fabric
before (a) and after (b) the washing process.

The fabrics were subjected to mercerization prior to
the modification with mercaptosilane. This process
was carried out for further activation of the fibers
surfaces. Mercerization activates fiber surfaces by
increasing active centers as a result of breaking
hydrogen bonds inside cellulose molecules, which
facilitates further fabric refinement. This kind of pre-
treatment of fabrics prior to mercaptosilane modifica-
tion has been reported in several publications (Yu
et al. 2017; Xu et al. 2017a). It has been shown that
mercerized samples become stiffened as a result of
modification, which is very undesirable because it
limits their performance. Therefore, in the next stage
of research, the modification was not preceded by a
mercerization process. Figure 7 shows the WCA
values of non-mercerized samples modified by the
method analogous to that of the fabrics characterized
in Fig. 4.

Non-mercerized fabrics were not stiffened as a
result of modification with organosilicon compounds.
The samples obtained by this method were character-
ized by hydrophobic character and maintain flexibility
at the same time. As can be seen in Fig. 7, all modified
samples were highly hydrophobic both before and
after washing. The values of the WCA of non-
mercerized fabrics modified with PO polysiloxane
are very similar to those of the fabrics mercerized
before impregnation. This means that the merceriza-
tion of cotton before application of silane did not
affect the final hydrophobic effect. However, omission
of mercerization process prior to modification with the
polysiloxane containing alkyl side groups (PS3)
resulted in a decrease in fabric hydrophobicity. The
reason for this phenomenon as well as changes in
fabric stiffness will be discussed later.
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Fig. 6 Images of dyed water drops on unwashed (M1P0, a) and washed (M1POP, b) water-repellent fabrics
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Fig. 7 WCA values of fabrics modified during click reactions
directly on cotton surfaces without pre-treatment by merceriza-
tion process (nM). (M1)—UYV irradiation of fabric soaked by the
modifying composition, (M2)—UV irradiation of samples
immersed in the solution of the modifier, PS3—polysiloxane
containing alkyl chains, PO—polysiloxane without alkyl and
alkoxysilyl groups

The effectiveness and durability of the modifica-
tions were verified by several analytical methods. The
modified fabrics after the washing process were
subjected to FTIR analysis (Figs. 8 , 9).

The FTIR analysis confirmed the presence of the
modifier on the fabric surface as well as the formation
of covalent bonds between the polysiloxane and cotton
fibers. The spectra of all obtained samples showed the
presence of characteristic bands before and after
washing process. In the spectra of samples (P1A W)
and (PSIA W) the bands at about 3056 cm~ ! and
1598 cm™ !, originating from the vibrations of C=C
unreacted vinyl groups in polysiloxane, were observed
(Fig. 8). The same bands were observed for samples
(M1P0) and (M1POnM) (Fig. 9). All four polysilox-
anes contained a large number of vinyl groups in their
structure whose presence was manifested by specific
bands in the spectra. However these bands were not
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present in the spectra of samples (P2A W), (PS2A W),
(M2P0) and (M1POnM), which can be accounted for
by a smaller number of vinyl groups in bifunctional
polysiloxanes containing additional alkyl chains.
Intensive bands at about 1259 cm™ ' and 796 cm™ '
confirm that all cotton fabrics with water repellent
properties have been coated with polysiloxane. In
addition, they confirm the formation of permanent
covalent bonds between the fibers and polysiloxane.
These two peaks originate from Si—~CHj3 (1259 cm™ D)
and Si—-O-C (796 cm™ '). The cotton fabric treated
with polysiloxanes containing alkoxysilyl and alkyl
groups (P2A W), (PS2A W), (M2P0) and (M1POnM)
shows intensive bands at 2959 cm™ !,2924 cm™ !and
2856 cm™ ! corresponding to the stretching vibration
of C-H (CHj3) and C-H (CH,). The bands in the range
980-1100 cm™ ' are attributed to the characteristic
peaks of cellulose and overlap the Si—O-Si bands. The
FTIR spectra of all water repellent fabrics contain
more intensive bands in the range 1100-1020 cm™ '
than pristine cotton fabric, which confirms the pres-
ence of polysiloxane on the fabric surface.

Before and after the modification processes the
samples were weighed to determine the add-on value.
The content of elements of hydrophobic fabrics was
also examined. Both unwashed and washed samples
were analyzed. Acid-catalyzed samples were selected
for analysis from the fabrics modified by the both
methods. Textiles modified with mercaptosilane, i.e.
mercerized (M-SH) and non-mercerized (nM-SH)
samples were also analyzed. The results of the analysis
are presented in Table 1; Fig. 10.

The data collected in Table 1 clearly show that all
modifications were effective and the samples obtained
are durable and resistant to the washing process. All
hydrophobic fabrics contained in their composition
both silicon and sulfur, which confirms successful
modification. The exception were the samples
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Fig. 8 FTIR spectra of
pristine cotton fabric (a),
water repellent cotton
fabrics after washing
obtained by dip-coating
process PIAW (b), PSIAW
(c), P2A'W (d), PS2A W (e),
(A)—acidic catalyst, (W)—
washing process

Fig. 9 FTIR spectra of
pristine cotton fabric (a),
water repellent cotton
fabrics after washing
obtained by click reaction
directly on the surface M1P0
W (b), MIPS3 W (¢),
M1POnM W (d), M1PS3nM
W (e), M1)—UV
irradiation of fabric soaked
by the modifying
composition, (nM)—non
mercerized, (W)—washing
process
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impregnated with polysiloxanes obtained by hydrosi- click reaction on the cotton surface, which is a
lylation reactions that did not contain sulfur atoms in consequence of application of smaller amount of
their structure (P1A, P2A). The contents of Si and S in compounds that is confirmed by the add-on values. It is
the fabrics modified by the dip-coating process were worth noting that the fabrics modified by polysiloxane

lower than those in the samples obtained as a result of PS1, despite the low add-on, had high WCA (around
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Fig. 10 EDS spectra of samples before washing PS1A (a), M1PO (c¢) and after washing (PS1AP, b) (M1POP, d)

140°) both before and after washing. According to the
results, the alkyl-substituted polysiloxanes were
applied in a smaller amount than the polysiloxanes
that contained only alkoxysilyl groups (PS2A, P2A).
These results were confirmed by the values of both
add-on and SEM-EDS analysis and were reflected in
lower WCA values of modified textiles. In addition,
the content of S and Si in the aforementioned samples
decreased after washing, which confirmed the washing
off of the unbound compounds. The result of this
process is an increase in WCA values after washing.
Elemental analysis of mercerized and non-mercerized
SH-functionalized fabrics shows big differences
between them. The mercerized samples are character-
ized by higher add-on values and higher content of Si
and S elements than the non-mercerized ones. Mercer-
ization process activates OH groups present on fiber
surfaces, which promotes binding with mercap-
toalkoxysilane. In general all mercerized samples are
characterized by greater add-on values and greater
content of silicon and sulfur elements than non-
mercerized ones.

The results presented in Table 1 show that greater
amount of polysiloxane covers the fibers during direct
UV irradiation of the fabrics surfaces, i.e. obtained by
MIlrather than M2 method. Elemental analysis con-
firmed that the UV irradiation of the fabric immersed
in the modifier’s solution is less effective due to the
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layer of solution between the lamp and the fibers.
Elimination of the mercerization process reduced the
add-on values. In addition, the samples modified with
the polysiloxanes without additional alkyl side chains
have a high content of Si and S elements (M1P0 nM,
M2P0 nM). It can therefore be assumed that despite
the smaller number of SH groups, still much polysilox-
ane has been attached to the surface of the fibers. This
thesis is confirmed by comparably high values of
contact angles of modified fabrics. It should be
emphasized that the fabrics modified in this way
retained their elasticity and soft grip. Comparing all
samples UV irradiated on the fibers surface, the lowest
add-on value and content of sulfur and silicon
elements have the non-mercerized fabrics impreg-
nated with alkyl chain substituted polysiloxanes
(M1PS3 nM, M2PS3 nM). This may be due to a
smaller number of SH groups on the surface of the
fibers and the low content of vinyl bonds in the
modifier structure, which proved to be insufficient for
effective attachment of the compound. These samples
also had lower contact angles relative to the others.

To analyze the surfaces of the modified fibers, SEM
pictures were taken (Fig. 11).

The SEM analysis showed that the modifications
carried out were effective. Polysiloxanes tightly
covered the entire fibers surface to form a hydrophobic
layer. The sample modified with polysiloxane in the
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Fig. 11 SEM micrographs of pristine cotton fibers (a), PS1A (b), M1PO (c), M1PO nM (d)

dip-coating process (b) is characterized by a thin, even
layer of the modifier on the surface of the fibers.
Mercerized fabric subjected to UV irradiation is
covered with a thick siloxane layer which partially
glued the fibers (c). In contrast, fibers modified in the
same way, without mercerization, have an even thin
layer of the modifier (d). The SEM pictures taken
explain the reason for the stiffening of the mercerized
fabrics and the preservation of the elasticity of non-
mercerized fabrics.

Conclusions

As a result of the presented research, an easy, cheap
and simple method of durable hyrdophobization of
textile was developed. Comparison of polysiloxane
synthesis by hydrosilylation and hydrothiolation
showed that the hydrothiolated compounds give
slightly higher hydrophobicity of fabrics. In addition,
hydrothiolation is a much simpler method of synthesis,
does not require transition metal complex catalysts,
and can be carried out at room temperature without the
use of solvents. The best results were obtained in a
two-step synthesis using two commercially available
compounds, 3-mercaptopropylotrimethoxysilane and

polysiloxane containing vinyl groups. No need to
synthesize new compounds is an important benefit for
the length of the process and from the commercial
point of view. From the two methods of modification
by thiol—ene click reaction on the surface of the fibers,
the one involving direct UV irradiation of the solution-
soaked fabric modifier was more effective. It was also
method from the technological point of view. In
addition, our research has shown no need of mercer-
ization treatment prior to mercaptosilane modification,
which further facilitates and reduces the cost of the
process. The developed hydrophobizing compounds
are fluorine-free, which makes them environmentally
friendly and is important for producers of functional
textiles.
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