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Abstract In this paper, several methods of

hydrophobization of cotton fabrics using the thio-ene

click reaction were compared. Durable, superhy-

drophobic textiles were obtained in an easy way.

Various variants of functionalized silsesquioxanes

were used for the hydrophobization of fabrics. The

synthesis of bifunctional silsesquioxanes (RSiMe2-

O)4(ViSiMe2O)4Si8O12 and (RSiMe2O)4(R’SiMe2-

O)4Si8O12 were performed via hydrothiolation of

silsesquioxane derivative (ViSiMe2O)8Si8O12.

Alkoxysilyl, alkyl and fluoroalkyl moieties were

introduced as functional groups. Samples were pre-

pared using four methods, differing in the modification

method and the number of stages. During the research,

fabrics were modified via (a) the dip-coating process,

(b) carrying out thiol-ene click reactions directly on

the surface of the fabric and (c) using both of these

methods. The hydrophobicity of the fabric was

evaluated by measuring the Water contact angle

(WCA). The obtained samples were also examined

using infrared analysis (FT-IR), Scanning electron

microscope (SEM), and Elemental analysis (SEM–

EDS). All analyses were performed before and after

the washing process in order to verify the stability of

the performed modifications.
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Introduction

Thiol-ene click chemistry is a powerful tool for

creating carbon–sulfur bonds. This type of reaction

is characterized by mild process conditions. It can take

place at ambient temperatures and atmospheric pres-

sure and it is also insensitive to the presence of air and

moisture. In addition, the reaction between thiols and

unsaturated carbon–carbon bonds takes place with

high yields and very often with high selectivity.

Another advantage of hydrothiolation is the possibility

to obtain a reaction using a wide range of solvents or

reaction may even proceed without solvents. The

thiol-ene click reaction also has the advantage of not

requiring the use of expensive transition metal cata-

lysts and the range of reactants is wide (Hoyle and

Bowman 2010; Rissing and Son 2009; Sinha and

Equbal 2019; Wendeln et al. 2010). Due to these

considerable advantages, thiol-ene click chemistry is

becoming more and more popular in many areas of

science, such as chemical synthesis, the modification

of polymers or material surface modification (Resetco

et al. 2017; Lowe 2014; Lin and Lee 2021).

Thiol-ene chemistry has also found application in

the modification of natural fabrics. Fabrics have many

unique properties, such as biodegradability, breatha-

bility, pleasant touch, and being hypoallergenic, but

their hydrophilicity limits their applications. The

fabric hydrophobization process makes it possible to

use them in such areas as outdoor, technical or medical

clothing, upholstery fabrics, and interior finishing

elements. One of interesting modification method for

natural textiles is performing thiol-ene reaction direct

on the surface of fibers. For this purpose the surface

should be grafted by reactive thiol groups (or unsat-

urated groups), after which, a thiol-ene click reaction

can be performed using UV radiation and a photoini-

tiator. In order to introduce SH groups onto the surface

of fabrics, they have most often been modified by

3-mercaptopropyltrimethoxysilane (MPTMS) at

hydrolysis-condensation reaction. In the next step,

the SH-functionalized cotton was modified with

various unsaturated derivatives as a result of the

thiol-ene click reaction. To obtain hydrophobicity of

the SH grafted surface, unsaturated Polyhedral

oligomeric silsesquioxanes (POSS) with different

additives were used (Zeng et al. 2019; Yang et al.

2020a, b; Xue et al.2019; Hou et al. 2018; Fang et al.

2020; Yang et al. 2019). There are also some reports of

different approaches to the thiol-ene click reaction of

fabric surface. For example spray deposition of a
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castor oil-based thiolated oligomer, octavinyl-POSS

and hydrophobic SiO2 and then performing thiol-ene

click reaction by UV curing (Shang et al. 2020). On the

other hand, Chen et al. prepared vinyl-functionalized

cotton and then performed photoinduced thiol-ene

click reactions using alkylthiols containing from 6 to

10 carbon atoms (Chen et al. 2020).

POSS can be successfully used to modify fabrics

due to the possibility of regulating surface energy and

roughness. Silsesquioxanes are characterized by a

cage nano-structure with inorganic Si–O-Si core and

an organic substituent described with the general

formula (RSiO1.5)n where the most popular is n = 8

functional groups. Their wide application also results

from the fact that it is possible to introduce different

numbers and types of functional groups in one

molecule in order to obtain suitable properties (Fang

et al. 2020; Maciejewski et al. 2015; Duszczak

et al.2019). Therefore, octavinyl- (Rozga-Wijas and

Chojnowski 2012; Li et al. 2013, 2012, 2014; Marra

et al. 2013; Gao et al. 2004; Ni et al. 2014; Liu et al.

2016; Chen et al. 2015; Yang et al. 2020a, b) or

octamercaptopropyl- (Li et al. 2019, Wang et al. 2018;

Alvarado-Tenorio et al. 2013; Yu et al. 2009; Karup-

pasamy et al. 2017; Sun et al. 2017) POSS can be

easily and effective functionalized or crosslinked via

thiol-ene reactions. In the case of cotton fabric, it is

important to introduce compounds with a group

capable of bonding to the fabric surface, most often

alkoxysilyl, and another for imparting special proper-

ties like hydrophobicity. Our earlier study showed that

silsesquioxanes substituted with alkoxysilyl groups

and fluorofunctionalized chains in combination with

octakis(tetramethylammonium)octasilsesquioxane

can make fabric superhydrophobic (Przybylak et al.

2016).

As already mentioned, the thiol-ene click reaction

has been carried out in different ways to hydrophobize

fabrics. Various silsesquioxanes and their derivatives

have also been used. However, the influence of the

method of carrying out the thio-ene click reaction on

the hydrophobic effect of the modified surface has not

been investigated so far. In our latest study, fabrics

were hydrophobized with polysiloxanes using the

thiol-ene click reaction. Research has shown that the

method of introducing the modifier using the thiol-ene

click reaction has a significant impact on the

hydrophobic effect (Przybylak et al. 2020). As part

of the subsequent research, the experience gained

during the modification of fabrics with silsesquioxanes

in the dip-coating process and polysiloxanes in the

thiol-ene click reaction were combined. The aim of

this current study was a comparison of different

methods of hydrophobization of cotton fabric using

thiol-ene click reaction and POSS derivatives. For this

purpose novel, functionalized POSS derivatives via

thiol-ene reaction were obtained. Moreover, analo-

gous modifiers were synthesized directly on cotton

fabric surface using thiol-ene click reaction. The key

aim of this research was to investigate the influence of

the type of modification on the hydrophobic effect of

cotton fabrics.

Experimental

Materials

3-mercaptopropyltrimethoxysilane (MPTMS) and

lithium aluminium hydride were purchased from

ABCR. 1-octanethiol, 2,2-dimethoxy-2-phenylace-

tophenone (DMPA) and anhydrous toluene were

obtained from Aldrich. Thioacetic acid was obtained

from Acros Organic. Anhydrous magnesium sulfate

was purchased from Fluorochem. Ethyl acetate and

anhydrous THF were purchased from VWR. Anhy-

drous ethanol and 2-propanol were purchased from

POCH. 1,1,2,2,3,3,4,4-Octafluoropentyl allyl ether

was synthesized according to the literature (Maciejew-

ski et al. 2012). A bleached cotton fabric was supplied

by the Textile Factory in Łódź (Poland). The cotton

fabric had the following parameters: mass per unit area

145 g/m2, plain weave, number of threads weft yarn

228 1/dm warp yarn 254 1/dm, linear mass of weft

yarn 26,7 and warp yarn 28,9. Octakis(tetramethy-

lammonium)octasilsesquioxane and, subsequently,

octakis(dimethylvinylsiloxy)octa-silsesquioxane were

synthesized using a previously described method

(Dias Filho et al. 2006).

Preparation of functional silsesquioxanes

Two-stage synthesis of fluoro-functionalized thiol—3-

(2,2,3,3,4,4,5,5-octafluoropentoxy)propane-1-thiol

A round-bottom flask equipped with a magnetic stirrer

was loaded with 5-(allyloxy)-1,1,2,2,3,3,4,4-octafluo-

ropentane 10.0 g (36.75 mmol) and thioacetic acid
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3.08 g (40.46 mmol). Thiol-ene click reaction was

carried out for1hr. The excess of thioacetic acid was

removed under reduced pressure. The product was

purified by trap to trap distillation to 12.55 g (98.5%

purity) (3-(2,2,3,3,4,4,5,5-octafluoropen-

toxy)propyl)ethanethioate (including 2.5% of a-iso-

mer, GC). The isolation yield of the synthesis was

96.5%. (Scheme 1.)

During the next stage, a three-necked, round-

bottom flask equipped with a magnetic stirrer, reflux

condenser and thermometer was loaded with LiAlH4

1.2 g (31.62 mmol) in a neutral gas atmosphere

(argon). Next, anhydrous THF (140 ml) was added

dropwise to a cooled (10 �C) suspension compound

(3-(2,2,3,3,4,4,5,5-octafluoropen-

toxy)propyl)ethanethioate 12.28 g (35.27 mmol) and

the reaction mixture was stirred continuously for 1 h at

room temperature. The reaction mixture was carefully

quenched with H2O at 0 �C, and then extracted with

ethyl acetate. The organic extract was dried over

anhydrous MgSO4 and filtered. Solvents were

removed under reduced pressure. The product was

purified by trap to trap distillation to 10.13 g (99%

purity) 3-(2,2,3,3,4,4,5,5-octafluoropentoxy)propane-

1-thiol (including 2.5% of a-isomer). The isolation

yield of the synthesis was 93%. (Scheme 1.)

The reaction was monitored by FT-IR analyses

(Fig. 1). The disappearance of a band at 1690 cm-1

was observed, corresponding to the stretching vibra-

tion of the carbonyl group from thioester group.

Spectroscopic characterization of (3-(2,2,3,3,4,4,5,5-

octafluoropentoxy)propyl) ethanethioate

1H NMR (400 MHz, CDCl3): 6.05 (tt, 1H, J = 52.0,

5.6 Hz, CHF2); 3.91 (tt, 2H, J = 14.0, 1.7 Hz, OCH2-

CF2); 3.63 (t, 2H, J = 6.0 Hz, OCH2); 2.94 (t, 2H,

J = 7.1 Hz, SCH2); 2.32 (s, 3H, CH3); 1.87 (p, 2H,

J = 6.8 Hz, CH2CH2CH2).
13C NMR (101 MHz, CDCl3): 195.87 (C=O);

118.45–104.94 (CF2, CF2H); 71.43 (CH2O); 67.79 (t,
2JCF = 25.6 Hz, OCH2CF2); 30.69, 29.69, 25.68 (CH3,

CH2).

MS (EI, 75 eV) m/z (%): 45.2 (11.0); 51.2 (19.6);

69.2 (11.4); 73.2 (11.8); 74.2 (10.8); 75.2 (14.9); 90.2

(18.0); 95.2 (16.2); 145.1 (11.9); 259.1 (28.2); 271.2

(31.8); 272.1 (33.8); 288.1 (100.0); 348.1 (10.6).

Spectroscopic characterization of 3-(2,2,3,3,4,4,5,5-

octafluoropentoxy)propane-1-thiol

1H NMR (400 MHz, CDCl3): 6.04 (tt, J = 52.0,

5.5 Hz, 1H, CHF2); 3.91 (tt, J = 13.9, 1.7 Hz, 2H,

OCH2CF2); 3.70 (t, J = 5.9 Hz, 2H, OCH2); 2.61 (dt,

J = 8.2, 7.0 Hz, 2H, CH2SH); 1.88 (p, J = 6.5 Hz, 2H,

CH2CH2CH2); 1.34 (t, J = 8.1 Hz, 1H, SH).
13C NMR (101 MHz, CDCl3): 118.46–104.95

(CF2, CF2H); 70.90 (CH2O); 67.81 (t,
2JCF = 25.6 Hz, OCH2CF2); 33.65 (CH2CH2CH2);

21.03 (CH2SH).

MS (EI, 75 eV) m/z (%): 47.2 (25.5); 51.2 (18.2);

71.2 (19.4); 74.2 (28.5); 75.2 (15.7); 272.1 (100.0).

Scheme 1 Two step synthesis of fluoro-functionalized thiol

Fig. 1 FT-IR spectra of fluorofunctional compounds
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Synthesis

of octakis(vinyldimethylsiloxy)octasilsesquioxane

(ViSi(Me)2O)8Si8O12) (1)

Octakis(tetramethylammonium)octasilsesquioxane

and, subsequently, octakis(vinyldimethylsiloxy)oc-

tasilsesquioxane were synthesized using a previously

described method [Error! Bookmark not defined.].

The product was obtained as white powder, with the

yield of 73%.
1H NMR (400 MHz, CDCl3):6.17–5.76 (m, 24H,

SiCHCH2); 0.21 (48H, SiCH3).
13C NMR (101 MHz, CDCl3): 138.09 (=CH2);

132.62 (SiCH); - 0.06 (SiCH3).
29Si NMR (79 MHz, CDCl3): 0.52 (OSi(CH3)2-

CH=CH2); - 109.13 (SiO4).

General synthesis of (RSi(Me)2O) *4(ViSi(Me)2O)

*4Si8O12

R = (CH2)3OCH2(CF2)3CF2H (2a)

R = (CH2)7CH3 (2b)

R = (CH2)3Si(OCH3)3 (2c)

A round-bottomed flask equipped with a magnetic

stirrer was loaded with octakis(vinyldimethyl-

siloxy)octasilsesquioxane ((ViSi(Me)2O)8Si8O12)

(1), anhydrous toluene (to obtain 50 wt.% final

solution), 1-octanethiol, fluoro-functionalized thiol

or 3-mercaptopropyltrimethoxysilane (4 mol per

1 mol of spherosilicate), and DMPA (0.01 mol per

1 mol of spherosilicate). The reaction mixture was

stirred for 2 min and irradiated for 60 min. After a few

minutes of irradiation, slight heating of the reaction

mixture was observed. Toluene was removed under

reduced pressure at 30 �C. The product was dissolved

in anhydrous methanol or hexane and filtered off. The

solvent was evaporated under reduced pressure at

room temperature (Scheme 2).

2a, high-viscosity liquid, yield 99%
1H NMR (400 MHz, CDCl3): 6.19–5.76 (m, 16H,

CH=CH2, CHF2); 3.92 (m, 8H, OCH2CF2); 3.68 (t,

J = 6.8 Hz, 8H, OCH2); 2.58 (m, 16H, CH2SCH2);

1.87 (q, 8H, J = 6.5 Hz, CH2CH2CH2); 0.96 (m, 8H,

SiCH2); 0.21, 017 (48H, SiCH3).
13C NMR (101 MHz, CDCl3): 137.99 (=CH2);

132.71 (SiCH); 104.94–118.17 (CF2, CF2H); 71.62

(CH2O); 67.83 (t, 2JCF = 25.5 Hz, OCH2CF2); 18.48,

26.58, 28.12, 29.45 (CH2); - 0.20, - 0.09 (SiCH3).

29Si NMR (79 MHz, CDCl3): 11.55 (OSi(CH3)2-

CH2); 0.84 (Si(CH3)2CH = CH2); -109.01 (SiO4).

2b, high-viscosity liquid, yield 95%
1H NMR (400 MHz, CDCl3): 6.17–5.75 (m, 12H,

CH = CH2); 2.57 (m, 8H, SCH2); 2.50 (t, 8H, SCH2);

1.56 (p, 8H), 1.37 (m, 8H), 1.30 (s, 32H) (CH2); 0.97

(m, 8H, SiCH2); 0.87 (m, 12H, CH3); 0.21, 0.18 (48H,

SiCH3).
13C NMR (101 MHz, CDCl3): 138.00 (=CH2);

132.68 (SiCH); 32.09, 31.98, 29.69, 29.38, 29.18,

29.16, 26.66, 22.80, 18.60 (CH2); 14.23 (CH3); - 0.07

(SiCH3).
29Si NMR (79 MHz, CDCl3): 11.50 (Si(CH3)2-

CH2); 0.68 (OSi(CH3)2CH=CH2); -109.10 (SiO4).

2c, high-viscosity liquid, yield 92%
1H NMR (400 MHz, CDCl3): 6.16–5.74 (m, 12H,

CH=CH2); 3.55 (s), 3.47 (s) (36H, Si(OCH3)3); 2.55

(m, 16H, CH2SCH2); 1.68 (m, 8H, CH2CH2CH2); 0.95

(m, 8H, CH2Si); 0.75 (m, 8H, CH2Si(OCH3)3); 0.20,

0.17 (48H, SiCH3).
13C NMR (101 MHz, CDCl3): 137.98 (=CH2);

132.69 (SiCH); 50.91, 50.63 (Si(OCH3)3); 34.96

(CH2S); 26.48 (CH2); 22.93 (CH2CH2CH2); 18.56

(CH2); 8.74 (CH2Si(OCH3)3); -0.08 (SiCH3).
29Si NMR (79 MHz, CDCl3): 11.52 (OSi(CH3)2);

0.70 (Si(CH3)2CH=CH2); - 42.27 (Si(OCH3)3);

- 109.10 (SiO4).

General synthesis

of (RSi(Me)2O)*4(R
0Si(Me)2O)*4Si8O12

R = (CH2)3OCH2(CF2)3CF2H, R’ = (CH2)3-

’ = (CH2)3Si(OCH3)3 (3a)

R = (CH2)7CH3, R’ = (CH2)3Si(OCH3)3 (3b)

Compounds 2a and 2b were obtained according to

the preparation described in Sect. 2.2.3. Next, 3-mer-

captopropyltrimethoxysilane and DMPA (the second

portion of DMPA) were added (4.1 mol per 1 mol of

spherosilicate) to both of them. The reaction mixture

was stirred 2 min and irradiated for 60 min. Toluene

and excess of thiol was removed at high vacuum. The

product was dissolved in anhydrous methanol or

hexane and filtered off. The solvent was evaporated

under reduced pressure at room temperature

(Scheme 2.).

3a, high-viscosity liquid, yield 99%
1H NMR: (400 MHz, CDCl3): 6.03 (tt, J = 52.0,

5.8 Hz, 4H, CHF2); 3.89 (t, J = 14.0 Hz, 8H, OCH2-

CF2); 3.66 (t, J = 6.2 Hz, 8H, OCH2); 3.53 (s), 3.43
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(s) (36H, Si(OCH3)3); 2.54 (m, 32H, CH2SCH2); 1.84

(p, J = 6.5 Hz, 8H, OCH2CH2CH2S); 1.66 (dt,

15.5 Hz, 7.4 Hz, 8H, SCH2CH2CH2Si); 0.94 (m,

16H, SiCH2); 0.72 (m, 8H, CH2Si(OCH3)3); 0.16 (s,

48H, SiCH3).
13C NMR: 118.42–104.91 (CF2, CF2H); 71.56

(CH2O); 67.75 (t, 2JCF = 25.5 Hz, OCH2CF2); 50.55,

50.73 (SiO(CH3)3); 34.92, 29.76, 29.40, 28.06, 26.51,

26.41, 22.91, 18.52, 18.41 (CH2); 8.71 (SiCH2); -0.20

(SiCH3).
29Si NMR (79 MHz, CDCl3): 11.69 (OSi(CH3)2);

- 42.32 (Si(OCH3)3); - 109.14 (SiO4).

3b, high-viscosity liquid, yield (not isolated) 98%
1H NMR: (400 MHz, CDCl3): 3.54 (s), 3.44

(s) (36H, Si(OCH3)3); 2.52 (m, 32H, CH2SCH2);

1.66 (p, J = 7.5 Hz, 8H, SCH2CH2CH2Si); 1.54 (p,

J = 7.2 Hz, 8H, CH2); 1.36–1.24 (m, 40H, CH2CH2-

CH2CH2CH3); 0.94 (m, 16H, Si(CH3)2CH2); 0.84 (m,

12H, CH3); 0.73 (m, 8H, CH2Si(OCH3)3); 0.16 (s,

48H, SiCH3).
13C NMR: 50.58, 50.80 (Si(OCH3)3); 34.95, 32.05,

31.92, 29.65, 29.34, 29.32, 29.12, 26.60, 26.44, 22.91,

22.74, 18.53, 14.18, 8.73 (CH2); - 0.11 (SiCH3).
29Si NMR (79 MHz, CDCl3): 11.63 (OSi(CH3)2);

- 42.31 (Si(OCH3)3); - 109.14 (SiO4).

Modification of cotton textiles

Grafting of –SH groups on the surface of textiles

A 5% solution of 3-mercaptopropyltrimethoxysilane

was prepared in a mixture of ethanol and water in the

ratio 8: 2 (v/v). A 5% acetic acid was added to the

solution and then a 1 h hydrolysis was performed.

After that, the fabrics were immersedfor 15 min in the

resulting solution. The excess of the modifier solution

was removed by squeezing, and the fabrics were fixed

for 15 min at 120 �C in order to obtain SH-function-

alized cotton fabrics.

Textile modification by POSS via dip-coating process

A mixture of 5 vol. % of POSS (2c, 3a, 3b), 5 vol. % of

acetic acid and 1% of H2O in isopropanol was

hydrolyzed for 1 h at room temperature. The fabrics

were then immersed in the prepared coating solution

for 30 min. Subsequently, the excess of the modifier

solution was removed by squeezing in a paper towel

between the two rollers always with the same pressure.

A next step the samples were dried for 1 h at 80 �C and

fixed for 3 min at 130 �C.

Thiol-ene click reaction on the cotton fabrics surface

A typical procedure for thiol-ene modification is as

follows: A mixture of POSS (1, 2a, 2b) (5 wt. %) and

the photoinitiator DMPA (0.01 wt. %) in toluene was
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Scheme 2 Synthesis of silsesquioxane derivatives via hydrothiolation reactions
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stirred for 10 min. Then, cotton fabrics with SH

groups on the surface were placed into the obtained

solution for 15 min. The treated samples were

removed from the solution and irradiated for 15 min

(7.5 min each site). The sample was exposed to a

280-600 nm light source (LQ-400 mercury lamp,

Gröbel UV-Elektronik GmbH, 400 W, irradiation

distance * 5 cm). After the above stages, the samples

were rinsed with distilled water, the excess of the

modifier solution was wiped with a paper towel and

the fabrics were dried for 2 h at 60 �C.

The thiol-ene click reaction was carried out in a

analogus way on the surface of fabrics previously

modified with silsesquioxanes with vinyl bonds (2c

and 1) and 1-octanethiol or fluoro-functionalized thiol.

Methods of modifying natural fabrics

In the first method, samples were modified by POSS

substituted by 4 alkoxysilyl groups and four hydro-

carbon or fluorofunctionalized chains (3a and 3b) via a

dip-coating process. In the second method, cotton

textiles were grafted with SH groups by modification

by 3-mercaptopropyltrimethoxysilane (M) via a dip-

coating process. Next, POSS, with four unsubsituted

vinyl groups and four hydrocarbon or fluorofunction-

alized chains (2a and 2b) were introduced on a fiber

surface by thiol-ene click reaction. The third method

was a three-stage process. First, textiles were modified

by 3-mercaptopropyltrimethoxysilane (M) via a dip-

coating process. Next, POSS with 8 unsubsituted vinyl

groups (1) were introduced on a fiber surface by thiol-

ene click reaction. Finally an thiol-ene click reaction

was performed for a second time directly on to a cotton

surface between vinyl groups from POSS and 1-oc-

tanethiol or fluoro-functionalized thiol. In the fourth

method, fabrics were modified with silsesquioxanes

with four unsubsituted vinyl groups and four alkoxysi-

lyl groups (2c) via the dip-coating process, and then

the thiol-ene click reaction was carried out directly on

the surface of the fibers with 1-octanethiol or fluoro-

functionalized thiol. All described methods are pre-

sented at Fig. 2.

Washing process

The durability of the modifications was determined by

measuring the water contact angle immediately after

the modification, as well as after the washing process.

The 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 and fifteen times.

Characterization of modified samples

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 (Wi) and after (Wf) its modification with a

composition and thermal fixing. The Ohaus analytical

balance was used for the measurements. Uptake

(Table 1) was calculated according to the following

equation:

A ¼ Wf �Wi

Wi
x100%

FT-IR analysis

FTIR spectra of the modified fabrics were taken with a

Bruker spectrometer, model Tensor 27, with a Specac

Golden Gate single-reflection diamond ATR

accessory.

NMR

NMR spectra were recorded with a Bruker Ultrashield

400 and 500 MHz spectrometer in commercially

available CDCl3.

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, F and S) present in the modifying mixtures at

weight percentage. A Hitachi S-3500 N electron

scanning microscope (SEM) equipped with an EDS

(energy-dispersive X-ray) detector (Ultra Dry Silicon

Drift X-ray Detector made by Thermo Scientific) was

used for the measurements. Each result is the average
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of 9 measurements. Image Resolution: 1024 by 768,

Image Pixel Size:2.09 lm, Acc. Voltage:15.0 kV.

Determination of hydrophobic properties

The water contact angles were measured using an

automatic video contact-angle testing apparatus

(Krüss, model DSA 100 Expert). A 5 ll 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.

Fig. 2 Schematic illustration of modification of cotton fabric via different synthetic routes

Table 1 Add-on and SEM–

EDS results of modified

samples before and after

(W) washing process

Sample Add-on

[%]

SEM–EDS [%]

C O F Si S

3a

3a/W

13,9 ± 0,1 33,3 ± 0,2 55,5 ± 0,4 5 ± 0,2 4,6 ± 0,2 1,6 ± 0,1

33,2 ± 0,2 55,2 ± 0,4 4,9 ± 0,2 4,6 ± 0,1 1,6 ± 0,1

3b

3b/W

12,7 ± 0,1 34,0 ± 0,2 58,7 ± 0,4 0 5,1 ± 0,2 1,7 ± 0,1

33,8 ± 0,2 59 ± 0,4 0 5,1 ± 0,2 1,8 ± 0,1

M ? 2a

M ? 2a/W

15,6 ± 0,1 30,8 ± 0,2 48,8 ± 0,4 7,4 ± 0,1 7,1 ± 0,2 5 ± 0,1

31,2 ± 0,2 49,5 ± 0,4 7 ± 0,3 6,8 ± 0,2 4,9 ± 0,1

M ? 2b

M ? 2b/W

14,2 ± 0,1 32,5 ± 0,2 54,3 ± 0,4 0 7,6 ± 0,3 5,5 ± 0,2

32,3 ± 0,2 54,7 ± 0,4 0 7,4 ± 0,2 5,4 ± 0,1

M ? 1

M ? 1/W

8 ± 0,1 31,8 ± 0,2 57,8 ± 0,4 0 6,8 ± 0,2 3,5 ± 0,2

31,7 ± 0,2 57,5 ± 0,4 0 6,7 ± 0,3 3,5 ± 0,1

M ? 1 ? F

M ? 1 ? F/W

10 ± 0,1 33,4 ± 0,2 54,4 ± 0,4 1,5 ± 0,2 6 ± 0,1 4,7 ± 0,1

33,1 ± 0,2 54,5 ± 0,4 1,5 ± 0,2 5,8 ± 0,1 4,7 ± 0,1

M ? 1 ? C

M ? 1 ? C/W

8,6 ± 0,1 31,8 ± 0,2 55,8 ± 0,4 0 6,3 ± 0,2 5,4 ± 0,1

31,6 ± 0,2 56,4 ± 0,4 0 6,3 ± 0,1 5,5 ± 0,1

2c

2c/W

7,5 ± 0,1 33,6 ± 0,2 59,7 ± 0,4 0 ± 0,2 1,1 ± 0,1

33,4 ± 0,2 59,9 ± 0,4 0 4,7 ± 0,2 1,2 ± 0,1

2c ? F

2c ? F/W

9,2 ± 0,1 35,2 ± 0,2 57 ± 0,4 1,6 ± 0,1 4,1 ± 0,1 1,3 ± 0,1

34,9 ± 0,2 57,4 ± 0,4 1,5 ± 0,1 4,2 ± 0,2 1,3 ± 0,1

2c ? C

2c ? C/W

8,1 ± 0,1 33,6 ± 0,2 60,3 ± 0,4 0 4,5 ± 0,2 1,4 ± 0,1

33,7 ± 0,2 60,6 ± 0,4 0 4,6 ± 0,2 1,4 ± 0,1
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Capacity of absorption of a water drop. Water

absorption on the fabric surface was tested according

to the JIS 1090:1990 Standard.

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 electron scan-

ning microscope; the samples were coated with a thin

layer of gold before observations. SEM images were

also 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 with

any layers. The microscope was operated at low

vacuum mode (70 Pa), and the accelerating voltage

was 10 kV.

Results and discussion

Synthesis of (3-(2,2,3,3,4,4,5,5-octafluoropen-

toxy)propyl)ethanethioate via hydrothiolation of

1,1,2,2,3,3,4,4-octafluoropentyl allyl ether with thioa-

cetic acid and then reduction by LiAlH4 were

performed at the beginning of the research

(Scheme 1.).

In the next stage, the synthesis of silsesquioxane

derivatives containing an average of four unsubsituted

vinyl groups and four functional groups (alkyl-,

fluoroalkyl- or alkoxysilyl groups) were obtained by

partial addition of 1-octanethiol, fluoro-functionalized

thiol or 3-mercaptopropyltrimethoxysilane to

(ViSi(Me)2O)8Si8O12 with a molar ratio of thiol to

spherosilicate of 4:1. The obtained products (2a, 2b, 2

c) are mixtures of POSSs because the arrangement of

functional groups in silsesquioxanes is statistical.

However, the average numbers of functional groups

is four. As with the hydrosilylation reaction during the

radical addition of thiol, a statistical mixture of

products is formed (Marra et al. 2013; Walczak et al.

2019), which was confirmed by MALDI-TOF–MS

analyses (Scheme 2.).

The course of the POSS functionalization reaction

is most preferably analyzed by NMR spectroscopy.

Introduction of four functional groups into the POSS

derivative took no longer than 1 h, since NMR

analysis after 1 h showed no unreacted thiol. The

substitution of all vinyl groups with two types of

functional groups was carried out in two stages, in the

second stage 10% excess of thiol was used to fully

convert remaining vinyl groups. NMR analysis after

synthesis reaction confirmed the complete disappear-

ance of vinyl bonds in the silsesquioxanes

(6.17–5.76 ppm at 1H NMR, 138.09 and 132.62 ppm

at 13C NMR and 0.52 ppm at 29Si NMR), and

CH2SCH2 bond formation (about at 2.5–2.6 ppm at
1H NMR), which confirmed successful incorporation

of thiols into the silsesquioxane structure.

In summary, the synthesis of the functionalized

silsesquioxane derivatives proceeds under mild con-

ditions, with high yields and in a short time.

Synthesized compounds were used for the

hydrophobization of cotton textiles. Samples were

modified in four different ways (Fig. 2.).

The results of hydrophobization of natural fabrics

were investigated by measuring the Water contact

angle (WCA). The measurement was performed

directly after the modification of the samples and

after the five-time washing process. Figure 3 shows

the water contact angle values for fabrics modified via

the dip coating process by silsesquioxanes substituted

with alkoxysilyl groups and with fluorofunctionelized

chains (3a) or alkyl chains (3b). The same figure also

presents samples modified by 3-mercaptopropy-

ltrimethoxysilane (M) via the dip-coating process

and subsequently by POSS with vinyl groups and

fluorinated chains (2a) and by POSS with vinyl groups

and hydrocarbon chains (2b) at thiol-ene click

reaction.

The water contact angles value of all modified

samples was quite similar. It can be seen that slightly

higher hydrophobicity was achieved for textiles mod-

ified by POSS with alkyl chains. This result is quite

surprising because, as is known from the literature,

fluorinated substituents increase the hydrophobicity of

compounds. However this may be due to the high

electronegativity of the fluorine atoms and the inter-

action between them. During synthesis of functional-

ized POSS, the alkyl or fluorinated chains are

substituted first, then in the case of (3a and 3b), the

alkoxysilyl groups are introduced second. During

POSS functionalization, the fluorinated chains can

repel each other due to their electronegativity. This

may result in their substitution at opposite corners of

the POSS. At the same time, the alkyl chains had a

greater chance of substituting on one side of the POSS
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cube due to the lower interaction of electronegativity

(Fig. 4.)

Such an arrangement of the chains in the POSS

cube may interfere in the effective hydrophobization

of the fiber surface. Long chains can disturb covalent

bond formation because both alkoxysilyl groups and

vinyl groups have more difficult access to the cellulose

hydroxyl groups, or SH groups in the case of fabric

modified first by 3-mercaptopropyltrimethoxysilane.

This structure of POSS derivatives also promotes the

cross-linking of silsesquioxanes at the expense of fiber

binding in the case of samples 3a and 3b. This can

cause a worse orientation of the fluorinated chains on

the surface. Fluorinated chains may be entangled in

the siloxane network instead of creating a hydrophobic

layer. Hydrocarbon chains do not interact so strongly

with each other, which increases the chances of their

better orientation on the surface. Therefore, these may

be a reason for higher water contact angles of fabrics

modified POSS-substituted alkyl chains.

The results presented in Fig. 3 show that the WCA

of washed samples are the same, or slightly higher,

than samples before the washing process, which

confirms the durability of the modifications as well

as resistance to leaching. The increase of WCA after

washing can be caused by washing away unbound

modifier particles. Moreover, the washing process can

improve the orientation of chains on the fiber surface.

In the next part of study the influence of hydrocar-

bon or fluorofunctionalized chains on the hydrophobic

effect of cotton fabrics was investigated. To this end,

fluorofunctionalized thiol or octenothiol were intro-

duced directly to the cotton surface via thiol-ene click

reaction. Modifications were performed by two ways.

In the first, a three-stage modification of the fiber

surface was carried out. First, the fabric was modified

Fig. 3 WCA values of samples modified by silsesquioxanes in Method 1 and Method 2 (Fig. 2.)

Fig. 4 POSS with alkyl chains (3b) and fluorinated chains (3a)
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with 3-mercaptopropyltrimethoxysilane via the dip-

coating process (M). Then, thiol-ene click reactions

were carried out between SH bonds on the fiber

surface and vinyl bonds from unsaturated POSS (1).

Finally, fluoro-functionalized thiol (F) or octanethiol

(C) were attached to the remaining unsubstituted vinyl

bonds in a thiol-ene click reaction on the fabric surface

(method 3 in Fig. 2). In the second method, fabrics

were modified with silsesquioxanes substituted with 4

alkoxysilyl groups and with 4 free vinyl groups (2c)

via the dip coating process. The long-chain thiols were

then bonded to the vinyl groups present on the surface

of the fibers by a thiol-ene click reaction (method 4 at

Fig. 2). The results of the modification are shown in

Fig. 5.

The results presented in Fig. 5 show that all

modifications provided a high hydrophobic effect.

Moreover WCA are even higher after the washing

process. In the case of samples M ? 1 ? F, superhy-

drophibicity was obtained both before and after

washing. Thus, high hydrophobicity both before and

after washing can be caused by effective covalent

bond formation at all stages of modification. To ensure

that the modified fabrics were fully resistant to

washing, the samples obtained with methods 3 and 4

were also washed 15 times. The presented results

confirmed the hydrophobicity of the obtained fabrics

at a similar level, even after fifteen washing times. The

results presented in Fig. 4 are generally much better in

comparison to the previous ones (Fig. 3). It may be

surprising that the modification with the unsubstituted

POSS (M ? 1) (Fig. 5.) led to higher hydrophobicity

than the modification with the silsesquioxanes substi-

tuted with the fluorinated (M ? 2a) or hydrocarbon

(M ? 2b) chains (Fig. 3). Silsesquioxane (1) contains

eight vinyl groups and no long-chain substituted in

their corners, as in the case of silsesquioxanes 2a and

2b. During the second stage of modification of SH

grafted cotton fibers, thiol-ene click reaction with

vinyl POSS (1) was performed. There were no long

chains in the vinyl POSS (1) structure that would

interfere with the attachment of the silsesquioxane to

the fabric. This is why the modifier could successfully

attach itself to the fibers. Moreover, bonding of POSS

was possible via four corners because of no spherical

hindrance. We noticed a similar phenomenon in our

earlier research, where modification with unsubsti-

tuted polysiloxanes gave a higher hydrophobicity than

analogous polysiloxanes with alkyl chain polysilox-

anes (Przybylak et al. 2020). A similar situation can be

observed in the case of sample 2c. Fabric modified by

silsesquioxanes substituted with 4 alkoxysilyl groups

and with 4 free vinyl bonds (2c) has higher contact

angles compared to silsesquioxanes with 4 alkoxysilyl

groups and 4 fluorofunctionalized (3a) or hydrocarbon

(3b) chains.

Fig. 5 WCA values of samples modified by 3-mercaptopropy-

ltrimethoxysilane (M) via dip-coating process, then by POSS

with vinyl groups (thiol-ene click reaction) (1) and finally by

fluoro-funcionalized thiol (F) or octanethiol (C) (thiol-ene click

reaction) and values of samples modified by POSS with 4 vinyl

groups and substituted by 4 alkoksysilyl group (2c) va dip

coating and subsequently modified by fluoro-funcionalized thiol

(F) or octanethiol (C) via thiol-ene click reaction
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However, the values of the water contact angle of

the samples M ? 1 ? F, M ? 1 ? C and 2c ? F,

2c ? C are much higher than samples M ? 1 and 2c.

In these instances, the modification was carried out via

thiol-ene click reaction directly on the fabric surface

between the vinyl bonds originating from POSS (1 or

2c) and fluoro-functionalized thiol (F) or 1-octanethiol

(C). The samples treated with 3-mercaptopropy-

ltrimethoxysilane and POSS (1) or by POSS 2c, had

a large amount of vinyl bonds on their surface.

Moreover, thanks to this, vinyl groups were placed on

top of the modifier layer and well exposed. For these

reasons, the attached thiols had easy access to the vinyl

groups during the thiol-ene click reaction and could

easily create bonds with POSS (1 and 2c). Good

exposure of vinyl groups, as well as carrying out the

thiol-ene reaction between thiols and silsesquioxanes

directly on the surface of the fibers, allowed for a

better orientation of the hydrocarbon and fluorinated

chains. All the chains were on the surface of the

modifying layer and were easy to bind to POSS. These

factors contributed to the very high hydrophobicity of

the obtained fabrics. In contrast to the previous results,

the highest contact angle was obtained for the sample

modified with fluorinated chains (M ? 1 ? F and

2c ? F). In earlier modification methods, fluorinated

chains could not fully expose their hydrophobic

properties because they were entangled in a network

of siloxane. This, in turn, resulted in the poor

orientation of the fluorinated chains on the surface of

the fibers. The hydrocarbon chains had slightly better

orientations due to the lower electronegativity inter-

actions with each other, which resulted in higher water

contact angles. As a result of modification via method

3 and 4, all chains were on the surface of the modifier

layer and had good orientation. Thus, the fluorofunctionalised chains can fully expose their

Fig. 6 Picture of water drop on sample M ? 1 ? F before the washing process a and after the washing process b

Fig. 7 Fourier Transform-Infrared (FT-IR) spectra of a raw

cotton fabric and b POSS-4 alkoksy and 4 alkyl chains (3b);

c MPTMS, POSS-4 Vi and 4 alkyl chains (M ? 2b); d MPTMS,

POSS-8Vi, oktanotiol (M ? 1 ? C); e POSS-4 Vi and alkoksy,

oktanotiol (2c ? C). All presented samples are post-washing

process
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hydrophobic properties.

Figure 6 depicts a photo of a water drop on sample

M ? 1 ? F before the washing process (a) and after

the washing process (b).

The hydrophobic properties of the modified sam-

ples were determined by measurement of the capacity

of absorption of a water drop. This method involves

determining the time (in seconds) of complete absorp-

tion of a water drop on the textile surface. The

conducted tests showed that both before and after the

washing process, water drops are stable for over 1800s

on all modified fabrics. This is the maximum time

allowed by the standard. This is a very good result,

especially given that a high WCA value does not

always go hand in hand with water droplet stability.

Such an example of this can be found in the work of

Ferrero and Periolatto (Ferrero and Perioletto 2013)

where, despite high WCA values, the absorption time

of water droplet after washing was lower than 1 min.

To confirm the effectiveness of the modification,

the sample was subjected to FT-IR analysis (Fig. 7).

Bands at 1254 cm-1 can be observed on all spectra

of fabrics modified by POSS, characteristic for Si–

C(H3) and/or Si–C(H2) vibrations, which confirms the

presence of the siloxanes on the cotton. At 789 cm-1

and 840 cm-1 rocking vibrations of C-H methylene

groups is observed (more intensive on b and c spectra)

which confirm the presence of hydrocarbon chains on

silsesquioxane structures. The low intensity peak at

3070 cm-1 is observed on the (c) spectrum, which is

the characteristic peak related to the stretching vibra-

tion of = CH bonds related to the vinyl groups in

POSS, as well as a peak at 1600 cm-1 related to C=C

bond stretching vibration. These bands are derived

from incompletely reacted SH groups present on the

surface of cotton and vinyl groups of POSS. This

phenomenon may be due to the steric hindrance

structure of the POSS cage. The presence of these

bands in the sample confirms the earlier observations

that the presence of long hydrocarbon and fluorofunc-

tional chains hinders the thiol-ene click reaction

between SH and vinyl bonds. The band expected at

about 1070 cm-1 characteristic to Si–O–Si stretching

vibration of bond in structure of POSS cage is

overlapped with a broad band between 950 and

1100 cm-1 attributed to characteristic peaks of cellu-

lose. The (d) and (e) spectra from the M ? 1 ? C and

2c ? M samples, respectively, are less intense, which

may indicate a smaller amount of modifiers attached.

Moreover, the presence of characteristic bands in all

spectra of modified fabrics proves that the modifica-

tions are resistant to washing.

The elemental composition of the impregnated

fabrics was also tested in order to confirm the

modification. Table 1 shows the results of the SEM–

EDS analysis of the modified samples before and after

the washing process.

Fig. 8 SEM–EDS of modified samples before and after washing
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The results of the SEM–EDS analysis and the add-

on collected in Table 1 allows confirm of the previous

observations. Fabrics modified with silsesquioxanes

substituted by hydrocarbon or fluorofunctionalized

chains (3a, 3b, M ? 2a, M ? 2b) had a larger add-on

value compared to the other samples. This correlates

with the results obtained in the FT-IR analysis, where

the bands from samples 3b and M ? 2b were more

intense. The samples containing the fluorofunctional-

ized chains on their surface showed a slightly higher

add-on value compared to the analogous samples

containing the hydrocarbon chains. This difference is

due to the higher molecular weight of the fluorofunc-

tionalized chains. Fabrics functionalized with 3-mer-

captopropyltrimethoxysilane (M) during the first stage

have a higher add-on value compared to analogous

samples modified by POSS derivatives This is due to

the additional siloxane layer formed by the cross-

linking of 3-mercaptopropyltrimethoxysilane. The

results of the SEM–EDS analysis correlate with the

add-on values. All the samples have a very similar

elemental composition before and after the washing

process. This confirms the durability of the modifica-

tions and the resistance of the obtained hydrophobic

fabrics to the washing process. Fabrics modified by

silsesquioxanes substituted by fluorofunctionalized or

hydrocarbon chains (3a and 3b) contain more F, Si and

Fig. 9 continued

Fig. 9 SEM images of modified samples after washing process

123

1244 Cellulose (2022) 29:1231–1247



S elements compared to analogous samples, where

silsquioxanes were substituted with long-chain thiols

directly on the fabric surface (2c ? F, 2c ? C). The

comparison of the elemental composition of the

samples M ? 2a, M ? 2b with M ? 1 ? F,

M ? 1 ? C shows similar results. This confirms the

previous observations that silsesquioxanes substituted

by long hydrocarbon or fluorofunctionalised chain can

attach to the fiber surface via a smaller amount of

corners because of steric hindrance. Moreover, it

promotes the formation of a chaotic siloxane network

where only some of the POSS is occluded instead of

bonding with the fabric. Moreover, during modifica-

tion by POSS substituted only by 4 alkoxysilyl groups

(2) or by unsubstituted vinylPOSS (1) there is no steric

hindrance and silsesquioxanes can attach to the fabric

by 4 corners. This causes less POSS to attach to the

fibers but at the same time they create an ordered,

homogeneous surface. Moreover, the remaining 4

vinyl bonds are well exposed to thiol-ene click

reactions with long-chain thiols. Therefore, despite

the lower amount of the modifier, good orientation of

the fluorofunctional or hydrocarbon chains allows for

better hydrophobicity.

Scanning electron microscopy was performed to

analyze the surface of the modified fabric (Fig. 9).

SEM photos show clear differences between the

raw fabric and all modified samples. The first photo

(pure cotton) shows the structure of the unmodified

fiber. The diversified morphology of the surface of the

fibers, typical of cotton, is visible. In all cases, the

presented photos of the modified samples show a

homogenous layer of modifier. The modifications

made resulted in the creation of a tight siloxane layer

surrounding each fiber. The SEM photos show no

agglomerates or modifier in the inter-fiber space. In

pictures 3a and M ? 2a the siloxane layer is slightly

thicker compared to samples M ? 1 ? F and 2c ? F.

This correlates with the higher add-on and SEM–EDS

values for these samples. The presence of the siloxane

layer on all photos of the modified fibers confirms the

resistance of the modifications to the washing process

and their durability.

Summary

Four methods of cotton hydrophobization based on the

thiol-click reaction were investigated in the course of

the research. All the developed modification methods

resulted in obtaining highly hydrophobic fabrics. The

conducted research allowed for the selection of the

most effective modification method, which was the

attachment of long-chain thiols in the thiol-ene click

reaction to silsesquioxanes present on the fiber

surface. The introduction of an alkylthiol or a fluoro-

functional thiol through a thiol-ene click reaction

directly on the surface of the fibers allows for their

very good orientation, which translates into a high

hydrophobic effect. This method of modification

avoids problems related to steric hindrance or unde-

sirable cross-linking of modifiers. Moreover, the

three-step modification developed minimizes the need

to synthesize new compounds, as the reaction takes

place directly on the fabric surface and the majority of

the starting materials are commercially available.

Moreover superhydrophobic fabrics were obtained by

easy modification. These advantages contribute to the

low cost of the developed modifications, which has an

impact on the high application and commercial

potential. Factors such as low price and ease of

technology are crucial from an economic and techno-

logical point of view. All modifications gave a

permanent hydrophobic effect. The obtained samples

showed complete resistance to washing, which is one

of the main goals in the hydrophobic treatment of

textiles. Moreover, the fabrics were hydrophobized

with 5% modifier solutions and the add-on values did

not exceed 10% (method 2 and method 3), which

proves the high efficiency and effectiveness of the

developed modification methods. The obtained super-

hydrophobic fabrics retained their elasticity, soft

touch, the impregnation process did not stiffen or

change the color of the cotton. The conducted FT-IR

analysis confirmed the effectiveness of the modifica-

tion and its durability due to the presence of bands

characteristic for modifiers in the spectra. SEM–EDS

analysis indicated the presence of the same amount of

modifying elements on the surface of the fibers both

before and after washing. In the SEM pictures, a

homogeneous and tight modifier layer surrounding

each fiber was observed.
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