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Abstract

This paper reviews the use of organofunctional trialkoxysilane sol-gel precursors as contemporary finishing
agents for the chemical modification of textile fibres. The structures of organofunctional trialkoxysilanes are pre-
sented and compared to those of other silicon-based organic-inorganic hybrid materials. We describe the steps
in the application procedure and the polysilsesquioxane coating fabrication on the surface of textile fibres. The
functionalities, e.g.,, water and oil repellency, flame retardancy, antimicrobial properties, electrical conductivity
and anti-static properties, are discussed in relation to the chemical structures of the precursor organic moiety,
mechanisms and principals of the coating activity and its washing fastness. The most important published sci-
entific results on organofunctional trialkoxysilanes applications to the surface of textile fibres are discussed with
an emphasis on the creation of a multicomponent coating with multifunctional protective properties.
Keywords: textile, sol-gel finishing, chemical modification, sol-gel precursors, organic-inorganic hybrids, or-
ganofunctional trialkoxysilanes, functional coating

Izvlecek

V ¢lanku je predstavljen pregled raziskav na podrocju uporabe organofunkcionalnih trialkoksisilanov kot so-
dobnih apreturnih sredstev za kemijsko modifikacijo tekstilnih vlaken. Prikazana je struktura organofunkcio-
nalnih trialkoksisilanov v primerjavi z drugimi predstavniki organskih-anorganskih hibridnih materialov na
podlagi silicija. Razlozene so stopnje postopka nanosa in tvorbe polisilseskvioksanskega polimernga filma
na povrsini tekstilnih vlaken. Funkcionalnosti, kot so vodo- in oljeodbojnost, ognjevarnost, protimikrobne
lastnosti, elektri¢na prevodnost in antistati¢ne lastnosti so razloZzene v povezavi s kemijsko strukturo organ-
ske skupine prekurzorja, mehanizmi in principi delovanja apreture in njene pralne obstojnosti. Predstavljeni
so najpomembnejsi literaturni raziskovalni dosezki s poudarkom na oblikovanju ve¢komponentnega apre-
turnega filma z vec¢funkcionalnimi zascitnimi lastnostmi.

Kljucne besede: tekstil, apretura sol-gel, kemijska modifikacija, prekurzor sol-gel, organski-anorganski hibridi, orga-
nofunkcionalni trialkoksisilani, funkcionalna apretura

1 Introduction that are intimately mixed on the molecular scale.

Depending on the type of interactions that connect
Organofunctional trialkoxysilanes are organically  the organic and inorganic components, hybrid ma-
modified silicon alkoxides that belong to a group of  terials can generally be divided into two classes
organic-inorganic hybrid (OIH) molecular precur-  (Figure 1). Class I hybrid materials are character-
sors that include organic and inorganic components  ised by weak bonds (hydrogen, van der Waals or
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ionic bonds) between the organic and inorganic
phases. Examples of this class include the blends of
inorganic particles with organic polymers and in-
terpenetrating inorganic and organic networks. In
contrast, in the case of Class II hybrid materials, or-
ganic and inorganic phases are linked via covalent,
iono-covalent or coordination bonds [1-3].

The most explored representatives of Class IT hybrid
materials include (i) organofunctional alkoxysilane
precursors with the general chemical structure of R' -
Si(OR),,, where R’ represents an alkyl or organo-
functional group and R represents primarily methyl,
propyl or butyl groups; (ii) bridged silsesquioxane
precursors with the general chemical structure of
(OR),Si-R"-Si(OR),, where R" represents an organic
spacer [1, 2, 4-6]; and (iii) polyhedral oligomeric
silsesquioxanes (POSS) with the general chemical
structure of (R'-Si0;,) (n =6, 8, 10, ...) 7, 8].
Among the organofunctional alkoxysilanes, organo-
functional trialkoxysilanes, R'-Si(OR), (Figure 2)
are of great importance for textile applications since
their unique structure of three polymerisable groups
enables them to form a highly oriented polymer
network structure with an incorporated organic
moiety. Depending on the molecular structure, the
organic moiety, R, can act as a network former or a
network modifier [1, 9]. The network-forming or-
ganic moieties are polymerisable groups, such as vi-
nyl, methacryloxy, and epoxy groups. The network-
modifying moieties are non-hydrolysable and
non-polymerisable organic groups which decrease
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Figure 1: Schematic re-
presentation of the clas-
sification of hybrid
organic-inorganic ma-
terials according to the
nature of bonding be-
tween organic and
inorganic phases [1]

the crosslinking degree and enable the formation of
open network structures. Depending on the chemi-
cal structure of the network-modifying moiety, dif-
ferent functional properties can be tailored on the
textile surface. Some of the most important chemi-
cal structures of the precursor organic groups are
presented in Table 1.

Figure 2: Structure of

H T OR organofunctional tri-

R—C—0C—sgi—oRr koxysilane. R’ repre-
| | | sents an alkyl or or-

H H OR ganofunctional group,
——~— " and R represents a me-
organic inorganic thyl, ethyl, propyl or bu-

tyl group

The “soft chemistry” or “chimie douce” of the sol-gel
processing of hybrid organofunctional trialkoxysi-
lane precursors [9] is an exceptional strategy for en-
vironmentally friendly surface functionalisation of
textile fibres that involves the deposition of thin hy-
brid films from the liquid phase [18]. The nanosized
thickness of the hybrid polysilsesquioxane network
ensures a high optical transparency [19], whereas
the inorganic backbone does not influence the solid-
state physical properties of the fibres, such as their
crystallinity [20]. This process enables the develop-
ment of novel, upgraded high-performance and du-
rable textile-protective functionalities, such as water
and oil repellency, soil repellency, antimicrobial
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Table 1: Examples of functional properties provided by the specific organic group, R’, in the precursor

Property of R

Structure of R’

Ref.

H,C=—CH—

(1]

vinyl

Network forming

CH;

Ho,C=—=C—C—0——(CH,)3

methacryloxypropyl

(10]
0

0]

%CHQ—O—(CHg)g—

glycidoxypropyl

[11,12]

HgC_(CHg]n

11
alkyl ]

F3C——(CFy), (CHa),
perfluoroalkyl

(13]

OCH,CH3
O==P—CH,CH, ——

OCH,CHj3
diethyl(2-ethyl)phosphonate

(14]

Network modifying

HaC—— (CHa)y—N—

alkyldimethylammonium chloride

cr TH3
[15]
CHa

——

e

OH

N——CH,——CH——CH,——NH——(CH,)s

1-(3-(1H-pyrrole-1-yl)propan-2-ol)-aminopropil

(16]

HQN—(C H2)n

(17]

aminoalkyl

properties, anti-static properties, conductivity and
flame retardancy. The outstanding advantage of
these innovative hybrid systems provides an oppor-
tunity for sol-gel applications of mixtures of differ-
ent organofunctional trialkoxysilane precursors, and
this represents a simple method for the development
of a multifunctional and multicomponent coating
with selected protective properties.

2 Sol-gel processing of
organofunctional trialkoxysilanes
on textile fibres

The sol-gel fabrication of a hybrid organofunctional
silsesquioxane polymeric film on the textile fibre
surface is a two-step process. The first step begins
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with the preparation of a homogenous sol of the
precursor in a parent alcohol solvent and the con-
version of silicon alkoxy groups into reactive hy-
droxyl groups via acid-catalysed hydrolysis using a
water:Si molar ratio, R ,..» of 3 [21, 22]. To achieve
highly efficient interfacial interactions between the
silanol groups and the fibre surface during the im-
mersion (i.e., the adsorption of hydrolysed precur-
sor molecules onto the textile fibres via hydrogen
bonding), the degree of hydrolysis must be maxim-
ised, and the degree of condensation of the hydro-
lysed species in the sol must be minimised. Because
acidic conditions result in a much higher rate of hy-
drolysis reactions than that of condensation reac-
tions, self-condensation is inhibited, and the sol of
the hydrolysed precursor is stable for a certain time,
after which dimers, linear oligomers and polyhedral
silsesquioxanes are produced [23, 24].

In the second step, the sol of the prehydrolysed pre-
cursor is applied to the textile fibres using the pad-
dry-cure method. The sol can also be applied to the
textile via dipping or spraying methods. However,
these two methods cannot ensure a uniform sol dis-
tribution throughout the sample. The pad-dry-cure
method includes immersing a textile sample in the
sol for a certain time at room temperature, squeezing
the sample between two rollers at a certain pressure
(which ensures a uniform sol distribution through-
out the sample), drying the sample at 100-120 °C
and thermal curing at 140-150 °C. The drying step
ensures removal of the solvent and induces the for-
mation of the xerogel film, which upon curing poly-
merises on the fibre surface via a series of condensa-
tion reactions between the silanol groups, leading to
the formation of the open hybrid polymeric network.
Thermal activation facilitates the evaporation of sol-
vent molecules entrapped in the porous structure of
the polymeric network and promotes polycondensa-
tion reactions between the silanol groups, enabling
the fabrication of a highly crosslinked silsesquioxane
polymeric system [22, 25, 26].

The interfacial interactions between the reactive si-
lanol groups of the hydrolysed precursor molecules
and the fibre surface depend on the chemistry of the
fibre surface, which influences the adhesion of the
formed hybrid polysilsesquioxane coating [27]. In
the case of cotton fibres, which are mostly (95%)
composed of cellulose, the surface is rich with hy-
droxyl groups. Because the application of the sol of
the pre-hydrolysed precursor is conducted at room
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temperature, the precursor molecules become ad-
sorbed onto the fibre surface by hydrogen bonding
with cellulosic hydroxyl groups. Simultaneously,
with polycondensation reactions between the sila-
nol groups, hydrogen bonds between the cellulosic
fibre hydroxyl groups and the silanol groups are
converted into covalent bonds via a condensation
reaction. This phenomenon ensures a strong adhe-
sion between the hybrid network and the fibre sur-
face, which improves the mechanical properties of
the hybrid [28, 29]. Contrary to the =Si—-O-Si=
bonds, which are stable towards hydrolysis, the
=Si-O—-C= bonds are prone to hydrolysis in high
moisture environments. This has a negative influ-
ence on the coating performance and stability. How-
ever, the hydrolysed covalent bonds between the si-
lanol groups and the hydroxyl groups of the fibre
surface can be regenerated by heating [11, 30]. In
the case of fibres that do not possess hydroxyl
groups, such as, polyamide and polyethylene tereph-
thalate fibres, only a weak physical adhesion be-
tween the fibre surface and the hybrid polysilsesqui-
oxane network occurs via hydrogen bonding and
dipolar-dipolar interactions, causing impaired ad-
hesion of the coating [25, 27, 31]. However, the
coating adhesion could be significantly improved by
the activation of the fibre surface with plasma pre-
treatment, which enables the incorporation of oxy-
gen-rich polar functional groups, such as hydroxyl,
carboxyl and carbonyl groups [32-34].

3 Functional properties

3.1 Water and oil repellency

Water- and oil-repellent surfaces of textile fibres can
be efficiently fabricated via sol-gel processing of or-
ganofunctional trialkoxysilane precursors in which
the organic moiety is hydrophobic or oleophobic in
nature [35]. The representative hydrophobic organ-
ic moieties are alkyl groups with 12 to 18 carbon
atoms in the chain, and hydrophobic and oleopho-
bic organic moieties include perfluoroalkyl groups.
Their structures are presented in Figure 3. The hy-
drophobicity and oleophobicity of the alkyl- and
perfluoroalkyl-functionalised polysilsesquioxane
coatings result from their low surface free energy
with respect to the effect of the surface topography
parameters [36]. The presence of perfluoroalkyl
groups provides lower surface free energies for the
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coating and a weaker adhesion between the coating
and the liquid compared with those of the alkyl
groups. Namely, the coating created by the alkyltri-
alkoxysilane precursor can lower the critical surface
tension of bleached cotton from 60-70 mN/m to
24-30 mN/m, whereas perfluoroalkyltrialkoxysi-
lanes can lower the critical surface tension to lower
than 10 mN/m. The extremely low surface free en-
ergy of the perfluoroalkyl groups originates from
the stability of C-F bonds and is related to the
number of fluorine atoms [35, 37-39]. When the
perfluoroalkyl group is longer, the surface free ener-
gy is lower. This value is not only lower than the
surface tension of water but also lower than the sur-
face tension of oils, such as paraffin oil, motor oil,
and olive oil (y_; = 30 mN/m). In contrast to per-
fluoroalkyltrialkoxysilanes,  alkyltrialkoxysilanes
cannot provide the oleophobicity of the coating [13,
19, 40, 41]. A low surface energy alkyl- and per-
fluoroalkyl-functionalised coating has been report-
ed to be able to induce additional functional prop-
erties, e.g., passive antibacterial activity of the
coated fibres due to the lowered adhesion of bacte-
ria [13, 15, 42] and improved anti-icing/de-icing
properties of the coated fabric [43] (i.e., the icepho-
bicity because of the low solid-ice adhesion and low
shear strength of ice) [44].

OCH,CH;
ch_{CHg)ﬁ_Si_OC Hchg

OCH,CH3

(A)
OCH,CH5

CFg_‘(C Fg}sCHgC HQ —Si—0 CHQCH:;

OCH,CH;
(B)

Figure 3: Structures of water- and oil-repellent organo
and organofunctional trialkoxysilanes: hexadecyltrie-
thoxysilane (A) [40] and 1H, 1H, 2H, 2H-perfluoro-
octyltriethoxysilane (B) [40]

The use of precursors with longer perfluoroalkyl
groups also has an important disadvantage. Namely,
the degradation of perfluoroalkyl groups with more
than seven fluorinated carbons leads to the release
of toxic, biopersistent, and bioaccumulative per-
fluoroalkyl acids (e.g., perfluorooctanoic acid or
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perfluorooctanesulphonic acid) into the environ-
ment where these chemicals can cause serious eco-
logical problems and adverse human and animal
health outcomes [45-48]. Due to concerns regard-
ing the environmental effect of these compounds,
the use of perfluoroalkyl groups with shorter chains
is reccommended.

In addition to chemical structure of the precursors
organic moiety, the hydrophobicity and oleophobic-
ity increased as the contact area between the coat-
ing surface and the liquid decreased, which is di-
rectly influenced by the coating topography. The
fabrication of coatings on naturally micro-rough-
ened textile fibre surfaces produces specific surface
nano-modifications, which significantly contribute
to water- and oil-repellent properties. Accordingly,
an increase in the fibre surface roughness by plasma
surface etching [49-57], prior the formation of the
repellent sol-gel coating, enables the creation of a
dual micro- to nano-structured fibre topography
with low adhesion super hydrophobicity, very high
oleophobicity and self-cleaning properties. Such
surfaces are characterised by a water static contact
angle that is higher than 150°, an n-hexadecane stat-
ic contact angle that is higher than 140° and a water
roll-off angle that is lower than 7°, which allows wa-
ter droplets to roll off fabric surfaces very easily,
thus removing solid particles of dirt from the fibres.
This phenomenon is known as the “Lotus effect”.
Another method to increase the roughness of the fi-
bre surface includes the surface deposition of silica
particles of different sizes that are prepared via the
Stober method [22, 58]. The surface deposition of
monodispersed, nano-sized Stober silica particles
onto cotton fibres has been shown to significantly
improve the performance of alkyl- and perfluoro-
alkyl-functionalised polysilsesquioxanes and has
enabled the achievement of a high hydrophobicity
or superhydrophobicity via the creation of dual-
scale-length roughness (Figure 4) [59-67]. Further-
more, the creation of triple-length-scale roughness
by adsorbing silica nanoparticles onto microparti-
cle-covered fibres via electrostatic attractions prior
to the modification with perfluoroalkyl silane re-
sults in superhydrophobicity and proves to be es-
sential for achieving superoleophobicity [68]. An-
other approach to create highly repellent cotton is
to conduct surface deposition of previously alkyl-
or perfluoroalkyl-modified silica nanoparticles via
dipping [61, 69] or spraying [70].
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Figure 4: Schematic illustration of perfluoroalkyl-
functionalised polysilsesquioxane formed on fibres
with surface-deposited Stober silica particles

The in situ growth of microsized silica particles on a
cotton fibre surface with subsequent modification
using perfluoroalkyl silane is an efficient method for
achieving superhydrophobicity and high oleopho-
bicity [71]. In situ processes were also used for the
application of previously hydrophobically function-
alised silica particles [72, 73]. The hierarchically
roughened bumpy surface topography of cotton fi-
bres that were fabricated by applying a fluoroalkyl
functional oligosiloxane coating after the surface
deposition of Stober particles and the in situ growth
of a TEOS-based particle-containing polysiloxane
layer resulted in a long-lasting “Lotus effect” accom-
panied by an exceptionally high oleophobicity with
an excellent washing fastness performance [74].

The stability of the water- and oil-repellent hybrid
polysilsesquioxane coatings towards repeated wash-
ings was improved by assisted condensation with sol-
gel precursors as cross-linkers, i.e., 3-glycidoxypro-
pyltriethoxysilane (Table 1) [11, 12], the bridged
silsesquioxane precursor, 1,2-bis(triethoxysilyl)ethane
[61], and 2,4,6,8-tetrakis(2-(diethoxy(methyl)silyl)
ethyl)-2,4,6,8-tetramethyl-cyclotetrasiloxane [75].
The adhesion between the cellulosic surface and
polysilsesquioxane was also enhanced with the for-
mation of interfacial ester bonds by polycarboxylic
acids, e.g., 1,2,3,4-butanetetracarboxylic acid, which
can esterify with cellulosic hydroxyl groups and co-
condense with silanol groups [76].

3.2 Flame retardancy
Organofunctional trialkoxysilane precursors with
phosphorus- and phosphorus-nitrogen-based or-
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ganic moieties represent very promising “green”
competitors for the creation of the flame retardant
functionalities on textile fibres. Some of them are
presented in Figure 5. Sol-gel processing enables the
formation of a hybrid silsesquioxane polymeric film
in which the flame retardant organic groups face
outward from the surface. In addition to acting as a
cross linker between the fibre surface and the flame-
retardant organic groups, the silsesquioxane poly-
meric film is considered to act synergistically with
phosphorus or phosphorus-nitrogen as a thermo-
insulating barrier [14, 77-85]. The hybrid
polysilsesquioxane coating formed on the cotton fi-
bres by the P,P-diphenyl-N-(3-(trimethoxysilyl)
propyl) phosphinic amide is schematically illustrat-
ed in Figure 6.

The flame retardant mechanism of OAH precursors
has been the most comprehensively studied on cel-
lulose fibres, but it has been rarely studied on other
fibres. In the case of cellulose fibres, all of the exam-
ined flame retardant hybrids decreased the starting
thermo-oxidative decomposition temperature and
promoted dehydration and formation of the
crosslinked aliphatic char, which was thermally
more stable compared to that of untreated cellulose
[14, 78, 80, 83, 84, 86]. The formed char protected
the underlying cellulosic material, therefore reduc-
ing the weight-loss percentage and rate during the
first decomposition stage and shifting further deg-
radation towards higher temperatures compared
with untreated cotton due to an enhanced aromati-
sation effect. Consequently, this increased the resi-
due percentage at 800 °C. The promoted dehydra-
tion and crosslinking due to the phosphorylation of
C(6) hydroxyl groups during the first decomposi-
tion stage resulted in an increased intensity of the
released H,O (78, 81]. The enhanced evolution of
H,O and the formation of thermally stable aromatic
char during the second decomposition stage inhib-
ited the production of flammable volatiles [80, 81].
Additionally, the chemical structure of the organic
moiety plays an important role in the modification of
the cellulose burning behaviour. The sol-gel coating
fabricated via the application of 10-(2-trimethoxysi-
lyl-ethyl)-9-hydro-9-oxa-10-phosphaphenanthrene-
10-oxide retarded the combustion of cotton in an air
atmosphere by decreasing the rate of the flaming
combustion, whereas the application of diethylphos-
phatoethyltriethoxysilane [14] and P,P-diphenyl-N-
(3-(trimethoxysilyl)propyl) phosphinic amide [85]
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Figure 5: Structures of flame retardant organofunctional trialkoxysilanes: BP-diphenyl-N-(3-(trimethoxysilyl)
propyl) phosphinic amide (A), 10-(2-trimethoxysilyl-ethyl)-9-hydro-9-oxa-10-phosphaphenanthrene-10-oxi-
de (B), 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-isophorone diisocyanate-(3-aminopropyl)trie-
thoxysilane (C), P-ethoxy-P-phenoxy-N-(3-(triethoysilyl)propyl) phosphinic amide (D), diethylphosphatoethyl-

triethoxysilane (E) [78-82, 84, 85]

reduced the total burning time. Flaming combustion
may be followed by glowing combustion, during
which char smouldering occurs [78]. The formation
of a carbonaceous-siliceous aromatic charred protec-
tive layer prevented the complete combustion of the
underlying carbon-rich material [82-84].

A combination of two precursors, i.e., P,P-diphenyl-
N-(3-(trimethoxysilyl) propyl) phosphinic amide
and 1H,1H,2H,2H-perfluorooctyltriethoxysilane,

was used to create a functional coating that had
flame retardant and water- and oil-repellent proper-
ties [87]. The cooperative action of both precursors
in the coating provided a cotton fabric with an ex-
ceptional high-performance multifunctionality, in-
cluding simultaneous superhydrophobicity and high
oleophobicity, good ice-releasing properties of the
surface, improved thermo-oxidative stability, and
“glow” retardancy.

Tekstilec, 2017,60(3), 198-213



Figure 6: Schematic illustration of the BP-diphenyl-
N-functionalised polysilsesquioxane formed on the fi-
bre surface

3.3 Antimicrobial properties

Two different organic moieties are important for the
preparation of organofunctional trialkoxysilane pre-
cursors with antimicrobial properties, i.e., quater-
nary ammonium salt (QAS) and N-halamine. The
processing of QAS-functional trialkoxysilanes (Fig-
ure 7) enables covalent fixation of antimicrobial
quaternary ammonium groups to the fibre surface
via the creation of the QAS-functionalised
polysilsesquioxane coating (Figure 8). Because the
cationic alkyl ammonium group is coupled to the
polysilsesquioxane coating, the coating does not re-
lease toxic compounds into the surroundings.
Among QAS-functional trialkoxysilanes, 3-(trimetho-
xysilyl)-propyldimethyloctadecyl ammonium chlo-
ride has been primarily investigated [15, 88-92].
The results show that the coating created on the cel-
lulose fibres provides a durable, nonleachable, and

CH; o

Organofunctional Trialkoxysilane Sol-Gel Precursors for Chemical
Modification of Textile Fibres

205

environmentally friendly bio-barrier with excellent
protection against a broad spectrum of both gram-
positive and gram-negative bacteria as well as against
algae and fungi.
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Figure 8: Schematic illustration of the quaternary al-
kyl ammonium-functionalised polysilsesquioxane for-
med on the fibre surface

QAS-functional trialkoxysilanes were also applied
in combination with other functional precursors.
Accordingly, to develop multifunctional antibacte-
rial, water- and oil-repellent, and flame-retardant
cotton fibres, 3-(trimethoxysilyl)-propyldimethyl-
octadecyl ammonium chloride, 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane, and P,P-Diphenyl-N-(3-
(trimethoxysilyl) propyl) phosphinic amide were
combined [93]. The high-performance multifunc-
tionality of the coating on the cotton fibre exhibited

OCH;

CHg_(CH2)15_’CH2'—N-t-_ CHQC HQCHQ_SI_OC H3

CH

+
F3C——(CF2);——(CHz);——C—0 ——(CHz)z3—N

5 OCH,
(A)
- OCH;
(CHy)3——Si—OCH;
CHs OCH;

(B)

Figure 7: Structures of the antimicrobial organofunctional trialkoxysilanes: 3-(trimethoxysilyl)-propyldime-
thylalkyl ammonium chloride (A), perfluorooctylated quaternary ammonium silane coupling agent (B) [65, 88]
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an excellent cooperation between all three organic
groups in the polysilsequioxane film.
Organofunctional trialkoxysilane precursors with
incorporated N-halamines that have antimicrobial
properties are presented in Figure 9. The antimicro-
bial activity of N-halamines is based on the control-
led release of antimicrobial Cl* cations that are a re-
sult of the electrophilic substitution of CI in the
N-Cl bond with H in the presence of water. Because
the N-H bond has no antimicrobial properties, the
N-ClI bond should be regenerated with the exposure
of the coating to dilute sodium hypochlorite to re-
activate its antimicrobial activity.

HaC Q
c|JoH3
2 L N—(CHg)g—Ti—OCHa
N
il \< OCH;
o}

(4)

C

OCH;

e
(B)

CHs

Cl—
OCHs

HsC

OCH;

CH /
3
Cl
(o]

©
Figure 9: Chemical structures of N-halamine siloxanes:
5,5-dimethyl-3-(3’-triethoxysilylpropyl)-hydantoin (A),
4-[3-triethoxysilylpropoxyl]-2,2,6,6-tetramethylpiperi-
dine (B), 3-(3*-triethoxysilylpropyl)-7,7,9,9-tetramethyl-
1,3,8-triazaspiro[4.5)decane-2,4-dione (C) [94-97]

HsC Hy
Cl——N O—(CHz)a—Ti—OCHa
OCH;
HsC
Hs

N——(CH,)3— Si——OCH

Organofunctional Trialkoxysilane Sol-Gel Precursors for Chemical
Modification of Textile Fibres

3.4 Electrical conductivity and antistatic
property
Textiles with electrical conductivity could be de-
signed via the sol-gel processing of organofunction-
al trialkoxysilane with a pyrrole (PY) organic moiety
(Figure 10 A). After the formation of a pyrrole-func-
tionalised polysilsesquioxane film on the fibre sur-
face, in situ oxidative chemical polymerisation of Py
should be performed to create its oxidised deriva-
tives that have good electrical conductive properties
(Figure 10 B). Their main applications are as anti-
static agents or chemical sensors. The electrical con-
ductivity of the polypyrrole (PPY) layer is influenced
by many factors, among which the preparation tech-
nique, precursor concentration, solvent, oxidant,
polymer additive, time and temperature of the reac-
tion are crucial.
Another study showed that the creation of a pyr-
role-functionalised polysilsesquioxane film on the
surface of polypropylene and viscose using 1-(3-
(triethoxysilyl)propylamino)-3-(1H-pyrrole-1-yl)
propan-2-ol and subsequent formation of an outer
conducting polypyrrole layer facilitated the prepa-
ration of thick and highly ordered polypyrrole
chains with an increased washing fastness for the
conductive layer [16]. The washing fastness of the
polypyrrole layers was also affected by the fibre
morphology and was more pronounced in the case
of the polypropylene than of viscose because pyr-
role penetrated into the viscose substrate during its
polymerisation reaction.
Antistatic properties of textile fibres can also be
improved via the sol-gel processing of aminoalkyl-
functionalised trialkoxysilane precursors, i.e.,
aminopropyltrimethoxysilane, N-(2-aminoethyl)-
3-aminopropyltrimethoxysilane and 3-[2-(2-ami-
noethylamino) ethylamino]propyltrimethoxysi-
lane (Figure 11). Furthermore, it was found that
*the application of aminoalkyl-functionalised tri-
alkoxysilanes in combination with tetraethoxysi-
lane and different alkyltrialkoxysilanes on the sur-
face of polyester or polyester/cotton blended fab-
rics represents a promising approach for the prepa-
ration of water-repellent coatings with simultaneous
antistatic properties [17].
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Figure 10: Chemical structures of 1-(3-(triethoxysilyl)propylamino)-3-(1H-pyrrole-1-yl)propan-2-ol (A) and
polypyrrole-functionalised trialkoxysilane (B) with conductive properties [16]
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Figure 11: Chemical structures of aminoalkyl-functionalised trialkoxysilanes: 3-aminopropyltrimethoxysilane
(A), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (B) and 3-[2-(2-aminoethylamino)ethylamino]propyl-

trimethoxysilane (C)

4 Future trends

The chemical modification of textile fibres with or-
ganic-inorganic hybrid sol-gel precursors is increas-
ingly gaining importance since it represents an envi-
ronmentally friendly nanotechnology process that
enables the development of novel, upgraded high-per-
formance textile functionalities. To increase the prac-
tical importance and commercialisation of the sol-gel
process, additional research is required as follows:

- synthesising organically modified trialkoxysiles

with novel functionalities,
- preparing multifunctional properties of the coatings,

- achieving a synergistic effect of the functional
properties of the components in the multicom-
ponent multifunctional films,

- structural optimisation of multicomponent coa-
tings to improve their washing fastness, and

- transferring laboratory processes to industrial
production.
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