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ANNOTATION 

Nanomaterials together with nanotechnologies bring everyday challenges to modern 

material science and allow scientists worldwide to develop completely new types of unique 

materials having extraordinary properties. Although interest in hybrid organic-inorganic 

organosilane fibrous nanomaterials is rising, there is no complete review and/or literature 

covering and completing the knowledge regarding this highly promissive research area. To-

date, only a few solitary research papers have been published regarding this topic. Herein, 

organo-mono-silylated and organo-bis-silylated precursors were studied in detail. In addition, 

the proposed synthetic strategies together with their outcomes were successfully applied for the 

formation of organosilane fibers made of the above-mentioned hybrid precursors. The 

techniques of self-assembly, drawing, and in particular electrospinning, are widely discussed in 

the theoretical part of this thesis. The electrospinning technique was then directly used for the 

formation of organosilane fibers. The results related to this topic are present in the second part 

of this thesis. Moreover, they are supported by recently published articles, which are added to 

and described in the supplementary part of this habilitation thesis. 

The presented findings are closely connected to the application potential and show the 

unique and promising prospects of these hybrid organosilane fibers in various fields of modern 

material science covering a wide range of industries, including the textile industry, and 

particularly everyday life.  

 

KEYWORDS: Organic-inorganic Hybrids; Organosilanes; Sol-gel process; One-Pot 

Synthesis; Electrospinning; Fibers; Applications 
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ANOTACE 

Nanomateriály společně s nanotechnologiemi přinášejí každodenní výzvy moderní vědě  

o materiálech a umožňují tak vědcům po celém světě vyvinout zcela nové typy jedinečných 

materiálů s mimořádnými vlastnostmi. I když zájem o hybridní organicko-anorganické 

organosilanové vlákenné nanomateriály roste, doposud neexistuje řádný ucelený přehled 

pokrývající a doplňující znalosti týkající se zde uváděné problematiky, vykazující tak obrovský 

potenciál. 

V rámci této práce byly podrobně studovány vlastnosti a povaha organo-mono-silylovaných 

a organo-bis-silylovaných prekurzorů z hlediska jejich aplikačního potenciálu v oblasti 

přípravy čistě hybridních organosilanových (nano)vláken, dále byly úspěšně vyvinuty, využity 

a ověřeny různé syntetické strategie, s podporou kysele katalyzovaného sol-gel procesu, 

vedoucího k tvorbě organosilanových vláken za použití různých technik přípravy vlákenných 

materiálů, zejména pak techniky elektrostatického zvlákňování s využitím jehly i průmyslového 

zařízení Nanospider z nízko molekulárního koloidního roztoku (solu). Konkrétní výsledky 

práce jsou jednak uvedeny ve druhé části této habilitační práce, dále pak také v příloze této 

práce v podobě nedávno publikovaných článků. 

Zjištění a výsledky prezentované v této předkládané habilitační práci přináší unikátní  

a ucelené poznatky týkající se problematiky přípravy čistě hybridních organosilanových (nano; 

submikro a mikro)vláken a zároveň úzce souvisí s jejich aplikačním potenciálem. Získané 

výsledky dále poukazují na slibné vyhlídky připravovaných hybridních organosilanových 

(nano; submikro a mikro)vláken v různých oblastech moderní materiálové vědy zahrnující 

celou řadu průmyslových odvětví včetně textilního průmyslu a především pak každodenního 

života. 

 

KLÍČOVÁ SLOVA: Organicko-anorganické hybridy; organosilany; sol-gel proces; 

jednokroková syntéza; elektrostatické zvlákňování; vlákna; aplikace  
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1. Introduction 
 

When we look back into history, we may see that Liberec (historically called Reichenberg) 

held a strong position in the worldwide textile industry for the whole of the 19th century. Due 

to this, Liberec became part of the so-called industrial heart of the Austro-Hungarian Empire. 

During the 20th century until the early 1990s, the modern textile industry together with research 

and development of textile materials and technologies were the main sources of income for the 

population living in this part of the Czech Republic. Then, due to the political and particularly 

economical changes in the early 1990s, activities relating to the textile industry decreased 

sharply, but thanks to the discovery of the Nanospider industrial technology used for mass 

production of various types of nanofibers at the beginning of the 21st century by a group led by 

Prof. Oldřich Jirsák from the Technical University of Liberec, Liberec began to regain its 

former glory in the field of modern textile technologies and materials, something which 

continues to the present time. Thanks to the above-mentioned discovery, nanofibers and their 

applications are considered by world experts to be materials of the third millennium. In this 

context, scientists and specialists working at the Technical University of Liberec continue in 

the research and development of new types of textile technologies, modern textile materials, 

electrospinning and/or non-electrospinning devices and the associated development of 

nanofibers. Many researchers from various fields of science, working together at the Technical 

University of Liberec, are focused on the preparation of new types of nanofibers having unique 

properties and, therefore, help to spread knowledge of this scientific domain all around the 

world. The preparation of completely unique, purely hybrid organic-inorganic organosilane 

(nano)fibers is one of the results of the cooperation of scientists in this field. 

Hybrid organic-inorganic materials are unique materials that are able to offer properties that 

pure inorganic and/or organic materials cannot independently offer. Inorganic and/or organic 

materials are only able to offer specific properties, which are typically based on their nature, 

see Table 1. The growing interest in hybrid organic-inorganic materials in both academic and 

industrial fields is due to the convergence of diverse expertise and is driven by the curiosity of 

open-minded scientists using a combination of different approaches [1]. This multilateralism of 

perspectives has led to one of the greatest advantages of hybrid materials – their 

“multifunctionality”. However, as hybrid materials are always in competition with other 

materials (inorganic and organic), it is necessary to demonstrate their real added value. 

Therefore, the current development of modern hybrid materials is subjected to general rules 
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taking into account the cost and efficiency of their production. The family of organosilanes is 

just the type of hybrid material to fulfil such demanding requirements [1,2]. 

Many hybrid organosilane materials in different forms (primarily coatings [3], particles [4] 

and composites [5]) have been successfully transferred to the market and further 

commercialized [1,6]. Moreover, the number of publications on such materials has 

continuously increased over the last 20 years (Figure 1a). Recently, excellent reviews related 

to this topic have been published [1,7,8]. Nevertheless, the primary scientific literature is 

surprisingly uninterested in the preparation of hybrid organosilane fibrous materials (Figure 

1b) [9,10]. Yet, they are easily prepared from quite inexpensive precursors available on an 

industrial scale and, in addition, the way they are processed is compatible with proven industrial 

processes. Therefore, the newly prepared organosilane fibrous materials may offer unique 

added value compared in particular to purely organic polymer fibers. Likewise, the 

environmental benefits should also be considered, as hybrid organosilane fibers may be 

prepared under the mild conditions of the sol-gel process with no harmful solvents or organic 

polymer additives, whereby avoiding the problems with nanoplastics [1,6,11–14]. 

 

 

Figure 1. Development in the number of publications related to hybrid organo-alkoxysilane 

materials a); keywords hybrid AND organo*sil*) and nanofibrous materials containing organo-

alkoxysilanes b); keywords nanofib* AND organo*sil*). (Data source: WoS, up to May 2021).  

 

  

b a 
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Table 1. An overview of the general properties of typical organic and inorganic materials and 

their comparison [12]. 

Properties Organics (polymers) 

Inorganics (SiO2; 

transition metal oxides 

(TMO)) 

Nature of bonds covalent, van der Waals,  

H-bonds 

ionic or iono-covalent (M-O) 

Tg low (-120 °C to 200 °C) high (> 200 °C) 

Thermal stability low (<350 °C – 450 °C) high (> 100 °C) 

Density 0.9 – 1.2  2.0 – 4.0 

Refractive index 1.2 – 1.6 1.15 – 2.7 

Mechanical 

properties 

elasticity, plasticity hardness, strength, fragility  

Hydrophobicity hydrophilic hydrophilic 

Permeability  hydrophobic permeable ±to 

gases 

low permeability to gases 

Electronic properties  insulating to conductive redox 

properties  

insulating to semiconductors 

(SiO2, TMO), redox properties 

(TMO), magnetic properties 

Processability  high (molding, casting, film 

formation), control of viscosity 

low for powders, high for sol-gel 

coatings 

 

In this context, research of the different ways of preparing organosilane (nano)fibers, their 

prospects and contribution to modern and currently growing scientific fields such as 

optoelectronics [14], sensors [15], catalysis [16], energetics [17], and medicine [18] among 

others should be highlighted. Due to the above-mentioned reasons, a comprehensive overview 

of the use of organosilane (nano)fibers prepared from organo-mono-silylated and organo-bis-

silylated precursors is presented here. Firstly, the origins of organosilane fiber-making 

chemistry are briefly described in Chapter 1.1. Moreover, a historical overview together with 

important milestones related to this topic are given in Table 2. Subsequently, there is an 

extensive discussion on the properties of organo-mono-silylated and organo-bis-silylated 

precursors, together with the related process leading to the preparation of convenient spinning 

solutions and the main fiber-making techniques. Finally, the potential of these hybrid 

organosilane nanofibers are outlined, together with their benefits and contribution to modern 

science and different areas of human activity. 

 

The presented habilitation thesis is divided into a theoretical part and a part describing the 

latest completely new results obtained by the author and her colleagues. The theoretical part is 

mainly composed of a review that was published by the author of this thesis together with co-

authors in 2021 [19].  
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In detail, the theoretical part provides a comprehensive overview of the use of various types 

of organosilane (nano)fibers prepared from organo-mono-silylated and/or organo-bis-silylated 

precursors, including their characteristics and application potential in various fields of modern 

material sciences. The theoretical part is followed by the part describing the latest results related 

to the above-mentioned topic together with a wide discussion devoted to these results, which is 

supported by the reprints of the articles successfully published in 2020. The published results 

point out the strong potential that these types of fibrous materials may achieve in different fields 

of industries, including support for the further development of modern textile technologies and 

the textile industry. 

 

2. Hybrid organosilane materials 

2.1 A way leading from silica gel to silica fibers and beyond 

 

  

The beginnings of the silica, silicate, silane and organosilane chemistries belong to a period 

between the 17th century and the beginning of the 1940s. Between 1940 and 1980, mixed 

organic-inorganic materials were developed by various different weakly- or non-interacting 

scientific communities. In 1976, Yajima et al.[20], and later on Ishikawa et al. [21], published 

studies describing polymeric networks, without siloxane bonds, based on polycarbosilanes and 

their conversion to ceramic fibers obtained by sintering an amorphous Si–Al–C–O fiber 

precursor at different temperatures. A similar study was also published by Baldus et al. in 1999 

[22], where the formation of ceramic fibers made of preceramic N-methylpolyborosilazane via 

the melt-spinning technique was described. All of the above-mentioned types of ceramic fibers 

have found application in tough fiber-reinforced composites. The latter years were marked by 

the appearance of the first omnibus publications defining and establishing the “sol-gel 

community”. A historical overview of the evolution of silica and its derivative chemistries is 

included in Table 2. 
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 Table 2. A historical overview of the developments leading to hybrid organosilane materials 

[19]. 

Year Scientist(s) Discovery References 

1640 

J. B. van Helmont 

(Belgium) 

 

The first contribution regarding silicon 

chemistry. 

 

[1] 

1779 
T. Berman 

(Sweden) 

Description of the first silica “gel” 

formation. 

1824 
J. J. Berzelius 

(Sweden) 

New molecular silicon and organosilicon 

precursors 

1843 
J. J. Berzelius 

(Sweden) 
Synthesis of SiCl4 

1844 
J. J. Ebelmen 

(France) 

“Grandfather of sol-gel chemistry”. 

Description of the formation of silicic 

ethers 

1857 
Friedrich Wöhler 

(Germany) 

Silicon tetrahydride (SiH4) 

 

Hypothesis regarding the existence of an 

alternative organic chemistry based on 

silicon 

1863 
C. Friedel (France) and  

J. M. Crafts (USA) 

Synthesis of the first organosilicon 

compound, tetraethylsilane (TEOS) 

1871 A. Ladenburg (Germany) 

Hydrolysis of Et3SiOEt to form 

triethylsilanol (Et3SiOH), the first “silanol” 

 

1904 
F. S. Kipping 

(United Kingdom) 

Application of the newly discovered 

Grignard’s reagents to synthetize a wide 

range of new organo- and chlorosilanes 

starting from SiCl4 

 

[23] 

1952 
H. J. Deuel 

(Germany) 

The first organic derivatives of silicates 

formed through covalent bonds of organic 

groups and the silicate network 

 

[24] 

1964 

A. N. Lentz 

(Germany) 

 

Firstly reported preparation of organic 

derivatives of silicates 
[25] 

1978 

 

K. Andrianov (Russia) 

 

The first syntheses of organoalkoxysilanes 

containing the Si-C covalent bond. 
[26] 

1980 
W. Mahler & M. F. 

Bechtold (USA) 
The first freeze-formed silica fibers [27] 

1980s 

Sakka S. (Japan); W. C. 

LaCourse, H. G. 

Sowman (USA) 

The first preparation of silica and silicate 

fibers by drawing directly from viscous 

sols at room temperature 

 

[28] 
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Probably given the difficulties of the low-temperature fiber-making process, it was not until 

the 1980s that silica fibers were prepared directly via sol-gel processing. Even though this 

decade was marked by the first appearance of organoalkoxysilane precursors [29,31,32], the 

first sol-gel derived fibers were purely inorganic, prepared from various metal alkoxides either 

by drawing directly from viscous sols at room temperature or by unidirectional freezing of gels 

[28]. Amorphous or polycrystalline, these first sol-gel fibers were structurally based not only 

on silica and silicates (SiO2, SiO2-TiO2 (10-50%), SiO2-AI2O3 (30%), SiO2-ZrO2 (7-48%), 

SiO2-ZrO2-Na2O), but also on diverse aluminates, zirconates, titanates, nitrates, and even 

cuprates or niobates [33]. However, as they displayed unsuitable microstructures for achieving 

ultrahigh purity and non-circular cross-sections, their potential applications were narrowed 

down to reinforcement, refractory textiles and high-temperature superconductors [11].  

These first sol-gel silica fibers were prepared independently by the scientific groups of 

Sakka (Japan), W. C. LaCourse and H. G. Sowman (both USA) [33–37]. The group of Sakka 

et al. [28,33] was particularly interested in the course of sol-to-gel conversion and its influence 

on fiber-making potential. They were the first to describe the link between the presence of long-

shaped particles in the sol and the spinnability, as will be discussed further in this thesis. 

As these silica and silicate fibers are well known on both an academic and industrial scale 

[11,33], this thesis focuses on hybrid organosilane fibers that have still managed to evade the 

eye of principal hybrid material reviewers [1,6,12]. It was not until the late 2000s that hybrid 

organosilane fiber-manufacturing came to the forefront of scientific interest (Figure 1b). Its 

methods and strategies will be described further in the present habilitation thesis. 

 

 

3. Properties of hybrid organosilane precursors  

 

It is essential to understand the hybrid nature of organosilane precursors in order to tailor 

the structure of the resulting fibrous materials on a molecular level. Generally, hybrid materials 

are defined as multicomponent materials having at least one of their organic and/or inorganic 

components blended on a nanometer scale. Commonly, one of these components is inorganic 

and the other is organic [1,2,12]. The properties of such hybrid materials are then achieved due 

to the strong synergy of these organic and inorganic components depending on the presence of 

a large hybrid interface [38]. 

Therefore, the nature of the interactions, energy, and linkability of the interfacial boundaries 

play an important role in modulating the properties of the final material. From this point of 
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view, hybrid materials can be divided into two main classes: Class I where the organic and 

inorganic components interact via weak bonds, e.g. van der Waals, hydrogen bonds, or 

electrostatic bonds; and Class II where the organic and inorganic components are linked by 

rather strong chemical interactions as covalent or iono-covalent bonds [5]. In addition, there is 

still no clear borderline between hybrid organic-inorganic materials and organic-inorganic 

nanocomposites, as the large molecular building blocks of hybrid materials can be of a 

nanometer scale [12]. Common knowledge states that there is a gradual transition between both 

of them. Nanocomposites come with discrete structural units ranging from 1 to 100 nm 

(nanoparticles/rods/tubes usually incorporated in organic polymers), while hybrid materials are 

more often defined by the use of organic or inorganic units formed in situ by molecular 

precursors (e.g., the sol-gel process) [12]. Organosilane fibrous materials belong mostly to the 

Class II hybrid materials, and they are often used to prepare a wide range of hybrid (nano) 

composites. The organosilane hybrid structure is well assured by a strong covalent Si–C bond, 

stable enough to provide a homogeneous material in which the organic moieties bound to two 

SiO1.5 units are uniformly distributed as elementary building blocks [12,39]. 

The chemistry related to organo-alkoxysilanes has been well described and there is a wide 

range of commercially available organosilane precursors. The properties and the synthesis of 

molecules having the formula Si(OR')x–R4-x (x = 1–3) containing stable Si–R groups (R = alkyl, 

aryl, acryl, epoxy, amino group etc.) and hydrolysable alkoxy Si–OR' units have also been 

widely described. These kinds of organosilane precursors are known as organo-mono-silylated 

precursors, while organo-bridged trialkoxysilanes [(R′O)3Si–R–Si(OR′)3] may be referred to as 

organo-bis-silylated precursors having the same well explored background [40]. The R group 

is, as in the case of organo-mono-silylated precursors, an organic unit, but in this case directly 

linked to two Si atoms through Si–C covalent bonds. Arylenes, alkylenes, cyclams, crown 

ethers, porphyrins, polymers, and many others have been used as the organic component. This 

diversity of organic moieties enables variation of porosity, thermal stability, optical clarity, 

refractive index, chemical resistance, hydrophobicity, and dielectric constant [38,41].  

Hydrolysis and the subsequent condensation of such silylated organo-trialkoxides (T) 

(Figure 2) result in a formation having the above-mentioned basic repeating unit [RSiO1.5]. 

Moreover, as the number of various alkoxy groups on Si determinates the potential for forming 

multiple bonds with other silica atoms, the resulting level of crosslinking may differ drastically 

from the structure of silsesquioxanes. The final hybrid material may be controlled using a whole 

variety of functional organo-alkoxysilanes from difunctional dialkoxysilanes (D) forming linear 

oligo or polysiloxane structures to monofunctional trialkoxysilanes (T) or tetraalkoxysilanes 
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(Q) having a tendency to form highly crosslinked polymers depending on a number of sol-gel 

parameters. In addition, as the organosilane precursors may possess many different geometries 

(aryl rigid rod spacers, alkylic flexible spacers), they may be used to precisely control the 

parameters that govern the structures of the targeted hybrid materials [39]. 

 

 

Figure 2. Scheme showing the different types of organosilanes [19]. 

 

Furthermore, it is necessary to take into consideration that the organo-bis-silylated 

precursors have a higher ability for self-organization than organo-mono-silylated precursors. 

This property is a great advantage in the formation of highly organized structures such as 

crystal-like structures in non-mesoporous organosilane materials [39]. In the silicon-based sol-

gel process, the network behavior of organo-trialkoxysilanes (T) with various types of 

attachment of the organic moiety to silicon may manifest itself in three networking ways 

(Figure 3). 

 

Figure 3. Selected organosilane precursors transforming into nets during polycondensation 

processes. Pure silica is included for comparison [19]. 
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Bridged bis-silylated organosilane precursors are referred to as “network builders” – their 

co-polycondensation with or without a tetraalkoxysilane precursor leads to the creation of 

materials in which the organic segment is an integral part of the hybrid network. By contrast, 

mono-silylated organosilane precursors act in the final structure as so-called “network 

modifiers”, ultimately modifying a discrete area of the homogeneous silica network. In 

addition, if the organic moiety is intended to undergo further chemical reaction (as a sort of 

surface anchor), then organo-trialkoxysilane (e.g., amino-functionalized silanes) serves as a so-

called “network functionalizer” [12]. 

As may be seen, concise use of mono-silylated or bis-silylated organo-alkoxysilanes in sol-

gel processing is a fascinating bottom-up approach to fabricating new functional hybrid 

materials with numerous applications. 

 

 

3.1 Silicon and carbon as elements; the covalent bond between them 

 

To understand the behavior of the covalent bond between silicon and carbon (Si–C), firstly 

it is necessary to understand several parameters describing these elements, such as their size, 

coordination number, electronegativity, bond energy, and ability to form multiple bonds [42]. 

In terms of the size of these elements, silicon is larger than carbon due to the presence of a third 

shell: silicon (Si) has 1s2 2s2 2p6 3s2 3p2 while carbon (C) has 1s2 2s2 2p2. The properties of both 

elements are compared in detail in Table 3.  

 

Table 3. Properties of silicon and carbon elements and their comparison [43]. 

Property Si C 

Atomic radius (Bragg-Slater; Å) 1.10 0.70 

Covalent radius (Å) 1.17 0.77 

Van der Waals radius (Å) 2.17 1.70 

Ionization energies (eV)   

E1 8.15 11.26 

E2 16.34 24.38 

E3 34.49 47.89 

Electron affinity (eV) 1.39 1.12 

Electronegativity 1.9 2.55 

Dipol polarizability (a.u.) 36.3 11.8 

 

The electronegativity of both elements is another important parameter. Carbon is well 

known to be more electronegative than hydrogen (Figure 4). For this reason, the C–H bond is 
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polarized towards carbon resulting in more protic hydrogen. In contrast, silicon has lower 

electronegativity, which results in more hydridic hydrogen [42]. 

 

 

Figure 4. Scheme describing the relative polarization of C–H and Si–H bonds [44].  

 

Bond energies are the third important factor influencing the behavior of compounds 

containing the Si–C covalent bond in their molecules. In the beginning, the energetic parameters 

for bond energies between the C–C and Si–Si bonds should be mentioned. The E–E bond 

energies for carbon–carbon and silicon–silicon are the levels of 346 kJ/mol and 226 kJ/mol, 

respectively, while the E–O energies reach values of 359 kJ/mol for carbon–oxygen and 466 

kJ/ mol for silicon–oxygen. The bond energy of the C–C bond is slightly higher than the C–O 

bond, while the Si–O bond is significantly stronger than the Si–Si bond [45]. 

This difference is reflected in the chemistry of both elements. The chemistry of carbon is 

dominated by catenation: the ability of a chemical element to form a long chain-like structure 

via a series of covalent bonds among the atoms of the same element. Although silicon is able 

to form Si–Si bonds, these bonds are far more reactive than their C–C analogues. In general, 

silicon polymers are predominantly composed of Si–O chains due to an ability to form very 

strong bonds between silicon and oxygen, or further with carbon. 

A covalent bond between silicon and carbon (Si–C) usually has a bond energy of around 

360 kJ/mol; however, it may reach up to 435 kJ/mol. Overall, this bond has a low polarity and 

ranks among the strong chemical interactions [43]. It typical exists between the organic and 

inorganic building blocks in the case of hybrid organosilane materials, particularly in the 

hybrids of Class II, which can find applications e.g., in fuel cells. This topic is discussed in 

more detail in Chapter 6.1.2. [12].  

Most organosilicon compounds containing bonds between the silicon and carbon atom can 

be well described with the help of structural chemistry, where the Si–C single bond is examined 

in detail. The Si–C bond is markedly polarized and an increase in the bond ionicity by attaching 

different substituents to either the silicon or the carbon atoms may affect its length. The Si–C 

bond may take various forms, typically Si–C(sp) bonds; Si–C(sp2) bonds; Si–C(sp3) bonds; and 

Si–C(aryl) bonds [43].  

The Si–C(sp) bond is described as a single bond between a silicon and dicoordinate carbon 

atom. The average bond length (1.839 Å) was calculated from 226 values via X-Ray Diffraction 
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(XRD). Si–C(sp2) bonds affected the lengthening of the Si–C bond by only 0.04 Å. The average 

length of the bond was calculated from 633 individual values obtained from XRD to be 1.878 

Å. The average bond length of Si–C(sp3) was calculated from 19,169 individual XRD values to 

be 1.860 Å. The average bond length of Si–C(aryl) bonds was calculated from 3371 individual 

values to be 1.879 Å [43]. 

The Si–C bond generally represents a stable link in the sol-gel process, as the Si–C (sp3/sp2)-

linkage has proven to be stable under sol-gel processing conditions [12]. Advantages of this 

bond include high resistance to hydrolysis and oxidation.  

Organosilicon chemistry has been widely developed due to this bond, providing many 

chemical ways of introducing silicon-containing groups into an organic molecule in order to 

synthesize molecular building blocks [43]. 

 

 

3.2 Sol-gel process and its parameters focusing on the fiber formation  

 

The sol-gel process can be generally defined as a method allowing the transition from a 

mostly colloidal liquid “sol” into a solid “gel” [46] as shown in Figure 5. The main advantages 

of this method include the possibility to prepare various different materials with novel, fine-

tuned properties using a simple and versatile process, which is commonly used to synthesize 

ORMOCER and ORMOSIL materials (hybrid organic-inorganic materials based on 

organosilanes) at low temperatures. The purity of the products and the possibility of 

incorporating thermolabile molecules are possibly the most important advantages of the sol-gel 

process [47].  

Generally, the thermal stability of fragile organics is limited to a high temperature, meaning 

that high temperatures cannot be used during the hybrid formation process. Thanks to soft sol-

gel processing, it is possible to overcome this limitation during the preparation of hybrid 

organosilane materials. These types of materials have undergone tremendous development over 

the past few years and even fiber-making research has benefited greatly from mild sol-gel 

processing [1,5,6,37,55–57]. 
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Figure 5. An overview of the transformations ongoing during the sol-gel process [43]. 

 

In order to obtain materials with controlled structures and properties, the conditions of the 

sol-gel process have to be adjusted. Various parameters lead to the different forms of sol-gel 

products mentioned in Figure 6. Bulk gels, films, powders, fibers and nanoparticles are 

synthesized using the “organic route” of sol-gel processing, where the formation of a sol is 

achieved via the addition of an alkoxy-organosilane precursor to a solvent (mostly alcohol) 

[47,48]. 

The solvent is commonly used as a homogenizing agent due to the fact that the water and 

organosilane precursors are practically non-miscible. Both transformation reactions (hydrolysis 

and condensation) are affected by the molar ratios of the reactants, by the chemical nature of 

the precursors used and other processing parameters (pH, polycondensation time, temperature, 

etc.). All of the parameters strongly influence either the gelation time, the degree of aggregation 

and condensation, final structure and form, or the dimensions of the pores. In fact, the higher 

the degree of aggregation and condensation, the higher the viscosity of the sol to work with 

[47]. 
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Figure 6. Various products, including fibers, that may be obtained using  

the sol-gel process [47]. 

 

In general, the sol-gel process focusing on the formation of fibers should be conducted under 

acidic conditions, as the transformation reactions (Equations 1 to 3; Figure 7) lead to the 

formation of linear, low-branched organosilane macromolecular structures, ideal for fiber 

formation. The process itself may be described by the following hydrolysis and 

polycondensation reactions. In the first phase, the alkoxy (≡Si–OR) groups contained in the 

structure of the alkoxy-organosilane precursors are hydrolyzed to silanol groups (≡Si–OH) 

(Equation 1 in Figure 7). These silanol groups then polycondensate to form a three-

dimensional organosilane matrix (polysiloxane bond ≡Si–O–Si≡) (Equations 2 and 3 below, 

Figure 7), whose structure is filled with molecules of used polar solvent based on alcohol, 

water, and inorganic mineral acid, which should evaporate during the subsequent 

electrospinning process.  
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Figure 7. General equations 1-3 describing the hydrolysis and condensation steps leading to 

the various sol-gel products [9]. 

 

In more detail, the hydrolytic reaction takes place under acidic conditions via the SN2–Si 

mechanism, i.e., bimolecular nucleophilic substitution on the silicon atom. Equation 1 may be 

described in more detail as follows (Equation 4; Figure 8): under acidic conditions, an alkoxy 

group (–OR) of precursor(s) is protonated in a rapid first step (H+ access), thereby withdrawing 

the electron density on the central atom of silicon. This process makes the silicon atom more 

electrophilic and at the same time more susceptible to attack by a water molecule. As a result, 

the pentacovalent intermediate is formed (Figure 8) and the positive charge on the first 

protonated alkoxy group is reduced becoming the so-called “leaving group” (leaving in the form 

of the alcohol molecule ROH). Thus, the hydrolysis results in the transformation of the alkoxy 

groups (≡Si–OR) to silanol groups (≡Si–OH) (Equations 1 in Figure 7 and 4 in Figure 8) 

[47,49,50]. 

 

 

(4) 

Figure 8. Scheme showing the formation of the pentacovalent intermediate  

on the silicon atom. 

 

After the beginning of the hydrolysis, the remaining transformation reactions take place 

(Equations 2 and 3; Figure 7), i.e., polycondensation with the product of water or alcohol. The 

formed silanol groups (Si–OH) immediately polycondensate (≡Si–O–Si≡, polysiloxane bond) 

and repeat to form an organosilane matrix (Equations 2 and 3 in Figure 7). In more detail 

(Equation 5; Figure 9), this step may also be described based on the type of SN2–Si reaction, 

i.e., the nucleophilic attack of the neutral silanol on the acid-protonated silanol gives the 

pentacoordinated intermediate. The leaving group in this case is a protonated hydroxyl group. 

After the exit of the water molecule, a Si–O–Si bond is formed, which further elongates and 

grows into a macromolecular structure, whereby forming the mostly liner or low-branched 

polysiloxane matrix of the resulting sol [45,47,50,51]. 
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(5) 

Figure 9. Scheme showing the nucleophilic attack of the neutral silanol on the  

acid-protonated silanol to again give the pentacoordinated intermediate. 

 

We should keep in mind that, although acidic conditions accelerate the hydrolysis and 

enhance the silanol entities stability at the beginning of the process, the same conditions slow 

down the rate of the self-condensation reactions, as can be seen from in situ 1H and 13C NMR 

[52]. That is why the water/silane ratio should be kept low in order to suppress the process and 

to further reduce the branching. Likewise, the sol-gel reaction rate of organo-mono-silylated 

and organo-bis-silylated precursors and their outcomes are strongly affected by steric and 

inductive effects. It should be taken into consideration that the hydrolysis will be rather 

enhanced with polar and electron-providing organic moiety, due to the improvement of the 

solubility in the water by the formation of hydrogen bonds and the stabilization of the positively 

charged intermediates of the sol-gel reactions. On the other hand, the steric hindrance of the 

organic species significantly slows down the hydrolysis rates [11,50,51,53–57]. 

In order for the as-described sol to be electrospun, it is absolutely necessary to set all the 

above-mentioned sol-gel parameters appropriately in order to form linear or low-branched 

organosilane macromolecular units (so-called “non-bridging oxygens” are formed as a 

consequence), so the resulting structure does not show crosslinking in greater volume [9,58].  

It is necessary to mention that such a procedure based on the above-mentioned parameters 

and conditions was successfully designed and the first silica fibers were prepared in the early 

1980s by Sakka et al. [33,36]. Tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) were 

the main components used for the preparation of these fibers. Sakka et al. [33,36] also 

introduced the issue of sol spinnability, which may be achieved as a combination of acid-

catalyzed sol-gel conditions having an r = water/silane ratio of less than 2, to the wide scientific 

community [33,36]. Therefore, a structurally convenient polymerization in an acidic medium 

is the most important factor influencing the preparation of spinnable sols [11,50,53–55].  
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Nevertheless, the primary academic literature struggles with the above-described suitable 

polymerization of organosilanes in long spinnable polymeric chains. Therefore, most research 

groups enhance the sol formulas with various types of surfactants, low-molecular-weight 

polymeric gelators or spinnable polymers in order to facilitate the fiber making process. 

However, our research clearly shows that with a concise choice of sol-gel processing 

parameters, spinnable sols and organosilane fibers made purely on the basis of organo-mono-

silylated and/or organo-bis-silylated analogues may be obtained (Figure 10) via sol-gel “one-

pot synthesis” [9,10]. 

 

Figure 10. Scheme describing the polycondensation processes of a) organo-mono-silylated  

and b) organo-bis-silylated precursors [19]. 

To summarize, these basic factors strongly influence not only fiber formation on the basis 

of organo-mono-silylated and organo-bis-silylated precursors, but sol-gel processing in general 

may be divided into two main groups: The primary factors such as the types of catalysts, 

water/silane ratio, pH, and organo-functional groups, strongly influence the polymerization 

outcomes, while the secondary factors, such as temperature, solvent, ionic strength, leaving 

group, and silane concentration, influence the reaction rates [50]. In addition, the viscosity of 

spinnable sols should be carefully observed throughout the process of hydrolysis-

polycondensation as a concentration dependence is characteristic for the presence of linear 

(organo) siloxane polymers. Hence, the conditions suitable for various fiber formation 

techniques may be determined [9,10,33,59]. 
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3.3 Common fiber-making techniques - their prospects and consequences 

 

Fibers have been a fundamental part of human life since the dawn of civilization [60]. A 

vast number of papers have reported the preparation, characterization and applications of 

different types of nanofibers via various techniques (Figure 11) mainly allowing the inclusion 

of electrospinning, drawing and self-assembly [61,62]. 

 

Figure 11. Preparation of nanofibers from organo-mono-silylated and/or organo-bis-silylated 

precursors using various fiber making techniques [19]. 

 

3.3.1 The electrospinning technique 

Polymer nanofibers fabricated with the help of electrospinning have attracted much 

attention recently because of their unique thermodynamic and mechanical properties compared 

to bulk materials. The history of the electrospinning process resulting in the fabrication of 

polymer fibers of sub-micron diameters spans more than 100 years [63]. Looking back into 

history, the beginnings of electrospinning techniques started in the year 1887 when Charles 

Vernon Boys suggested the process of nanofiber manufacture, which may be regarded as the 

first time a prototype for electrospinning was ever mentioned [63]. In 1902, the first patent for 

an electrospinning device was filed by John Francis Cooley [64] (Figure 12). 
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Figure 12. US Patent #692631 filed by John Francis Cooley in 1902 describing his 

electrospinning device [64]. 

 

Another important period occurred between 1931 and 1944 when the scientist Anton 

Formhals took out at least 22 patents relating to electrospinning. This was followed by a very 

important time period between 1964 and 1969, during which Sir Geoffrey Ingram Taylor first 

described the shape of the (Taylor) cone formed by the fluid droplet under the effect of an 

electric field using mathematical modeling [65]. Later on in the 1990s, a group led by Darrell 

Reneker popularized the name “electrospinning” [66]. 

Electrospinning is known as a versatile and viable technique for generating ultrathin fibers 

made of polymeric, metal oxide materials, as well as their combinations. Remarkable progress 

has been made with regard to the development of electrospinning methods and engineering of 

electrospun nanofibers to suit or enable various applications [60,67]. According to the data 

released by “Research and Markets”, the global market for nanofibers can reach 1 billion USA 

dollars by the end of 2021 [60]. Although electrospun nanofibers have unique applications, they 

still encounter several challenges in the production stage, such as large volume processing, 

reproducibility; and safety [61]. 

Electrospinning equipment consists of four major components: a high-voltage power 

supply, a syringe pump, a spinneret, and a collector (Figure 13 on the left). The main principle 

is based on a small amount of viscoelastic fluid, which is pumped out through the spinneret and 

has a tendency to form a spherical droplet as a result of the confinement of surface tension. 

Thanks to the interconnection of the droplet with the high-voltage power supply, its surface is 

quickly covered by charges of the same sign. The repulsion among these charges counteracts 
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the surface tension and destabilizes the spherical shape. If the repulsion is strong enough to 

overcome the surface tension, the droplet is deformed into a conical shape and a jet emanates 

from the apex of the cone. As a result, fibers are formed together with the evaporation of the 

solvent [60]. 

      

Figure 13. Scheme showing the electrospinning process with the Taylor cone on the left,  

and detail of the Taylor cone zone and the transition zone supporting  

the fiber formation on the right [63]. 

 

The electrospinning process is influenced by various different factors and parameters, which 

are essential for the successful formation of fibers [68]: (I) environmental parameters, such as 

solution temperature, humidity and air velocity in the electrospinning chamber; (II) solution 

properties, such as elasticity, viscosity, conductivity and surface tension; and (III) governing 

variables, such as distance between the tip and counter electrode, electrical potential, flow rate, 

the molecular weight of the selected polymers, and the geometry of the collector [67]. 

The viscosity of the spinning solution is a critical aspect of the fiber-forming technology, 

which may be determined by varying the concentration of the polymer solution. Solutions with 

an optimum viscosity only yield the respective fibers in micro to nanoscale diameters [9]. 

During the electrospinning process, the applied voltage needs to be high enough to overcome 

the surface tension of the spinning solution to produce fibers. Yang et al. [69] reported that by 

reducing the surface tension of the solution without changing the concentration, beaded fibers 

may be converted into smooth fibers. Likewise, the conductivity of the solution may play a key 

role in the fiber formation process [68]. Similarly, the diameter and shape of the gauge may 

change the diameter and morphology of the fiber, respectively. The distance from the tip of the 

needle to the collector gives ample opportunity for the solvent to evaporate. A lesser distance 
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results in thicker/ beaded fibers being formed, whereas a greater distance results in 

discontinuous fibers [60].  

From this point of view, there have been two strategies of electrospinning, known as “far-

field” and “near-field”. The main principle of these methods lies in the distance between the tip 

of the spinneret and the collector (H) determining the stages at which the fibers will be 

deposited on the collector. Conventional electrospinning is typically conducted in the far-field 

mode (H = 5−15 cm; high voltage 10−20 kV) [60].  

Near-field electrospinning is attained when the distance is reduced to 500 μm−5 cm [70]. 

The distance may be predicted using the critical length (L) calculated according to the following 

equation: 

𝑳 =
𝟒𝒌𝑸𝟑

𝝅𝝆𝟐 𝑰𝟐
(

𝟏

𝑹𝟎
𝟐

−
𝟏

𝒓𝟎
𝟐) 

where R0 = (2σQ/πkρE)1/3, σ – surface charge; Q – flow rate; k – electrical conductivity of the 

fluid; ρ – the fluid density; E – the strength of the electric field; I – the current passing through 

the jet; and r0 is the initial radius of the jet [71].  

In this case, the electric field is highly concentrated between the spinneret and the collector 

[72] and the applied voltage may be decreased between 0.6−3 kV. The flow rate of the liquid 

must be significantly reduced to 0.01−1 mL/h in order to support a stable jet.  

Compared to far-field electrospinning, near-field electrospinning offers a number of 

advantages: (I) substantial reduction in the applied voltage, (II) the ability to precisely arrange 

the fibers over a relatively large area with minimum material consumption, and (III) the ability 

to manipulate the spatial positions of the fibers along all three directions of X, Y, and Z for the 

printing of fibers [73]. However, the flow rate of the liquid in a near-field electrospinning 

process is relatively low, leading to substantial reduction in the production volume. Moreover, 

the fibers are usually much thicker than those obtained through far-field electrospinning, and 

the complexity of the apparatus also limits its use for mass production [73].  

The alignment/orientation of the fibers primarily depends on the type of collector used, such 

as pin, plate, cross bar, rotating rods or wheels, drum, liquid bath, or disk etc. In general, the 

fiber diameter and the pore diameter increase with an increase in the polymer concentration and 

flow rate. The geometry of the collector influences the arrangement of the fibers [61]. Through 

optimization of the above-mentioned parameters, fibers may be obtained randomly or in an 

ordered way. The choice of determining parameters is made on the basis of the polymer solution 

and the applicability of the formed fibers. 
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3.3.2 The drawing technique 

The first attempt to draw a fiber was described in the 19th century. The experiment involved 

shooting an arrow from a droplet of a melted polymer using a crossbow [74]. In 1998, 

Ondarcuhu and Joachim published a drawing experiment, whereby a single fiber was formed 

from a droplet of a polymer solution using the tip of a scanning tunneling microscope (STM) 

[75]. Nowadays, the mechanical drawing of fibers is divided into two main categories: drawing 

from a solution [69,76] or from a melt [77]. Drawing as a method is particularly used for the 

production of fibers for optical devices [78,79], optical sensing, or nanophotonic fibers 

[69,77,80,81]. 

The principle of the drawing method is based on the mechanical pulling of a polymer 

solution out of its base droplet, resulting in evaporation of the solvent and fiber solidification 

in real-time [58]. Polymeric micro or nanofibers may be fabricated using two different ways of 

drawing, through glass micro-pipettes and/or with help of atomic force microscope (AFM) or 

scanning tunneling microscope (STM) probe tips (Figure 14). This method is suitable for the 

formation of fibers having determined geometrical characteristics [76]. 

 

  

Figure 14. Fiber drawing based on the AFM/STM probe a); SEM image of a drawn vertical 

fiber b) – left image. Process of micro-pipette probe fiber drawing a); SEM image of a 

suspended fiber b) – right image [76]. 

 

Drawing has several drawbacks compared to the other methods used for nanofiber 

formation [82]. These include process control, a limited time of the process influenced by 

polymer droplet solidification, changes in the viscosity of the droplet with time, and speed of 

the solvent evaporating from the deposited droplet [76]. On the other hand, one of the greatest 

advantages of the drawing process is the ability to prepare oriented fibers in a range from 

nanometers to micrometers, compared to electrospun fibers, which are randomly oriented at 

similar scales [83].  
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The literature focused on the preparation of fibers made of organosilane precursors includes 

a publication from 1998 describing the preparation of mesoporous silica fibers by drawing [84]. 

However, the overwhelming majority of papers dealing with this method are focused on 

drawing from purely organic polymers [74,76,80].  

 

3.3.3 The self-assembly technique 

The principle of the self-assembly technique may be described as the spontaneous and 

reversible process in which a disordered system of pre-existing components (molecules, 

polymers, colloids, or macroscopic particles) are organized into ordered and/or functional 

structures or patterns via non-covalent interactions without external direction [85]. 

In general, these are spontaneous processes tending towards an equilibrium resulting in 

various shapes and forms [86]. In chemistry, self-assembly is typically associated with energy 

minimization processes and thermodynamic equilibrium [87]. Whitesides and Grzybowski 

divide self-assembly into two categories: static and dynamic. Static self-assembly corresponds 

to “molecular self-assembly”, while dynamic self-assembly corresponds more to “self-

organization” [88]. In polymer chemistry, Yamaguchi et al. consider self-assembly and 

dissipative structures as equilibrium and none-equilibrium forms of pattern formation, 

regarding them as two complementary manifestations of self-organization [86,89]. 

Despite the firm attention of academic literature [90–96], organosilane fibers prepared in 

this way and the technique itself have a number of disadvantages including the stability of self-

assembly solutions, fiber length usually being only 100–200 nanometers, and fiber fragility 

with low mechanical resistance [91,92,97]. In most cases, self-assembled organosilane fibers 

have a tendency to form into short helical structures with a highly rough surface. Moreover, 

compared to electrospun fibers, manipulation is very demanding as they are not able to form a 

continuous layer within a solution. 

Numerous studies have been devoted to the self-organization of organo-mono-silylated and 

organo-bis-silylated precursors and mesoporous materials made of them obtained via 

supramolecular self-assembly [39]. One example may be observed in Figure 15, where the 

helical mesoporous silica fibers containing various organic linkers were prepared by sol−gel 

polymerization together with self-assembly.  

A large amount of literature regarding the self-assembly organization of organo-mono-

silylated and organo-bis-silylated precursors into different shapes including nanofibers already 

exists and will be described further in the Chapter 5.1. 
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Figure 15. Scheme demonstrating the formation of single-handed helical 

polybissilsesquioxane nanostructures in the form of mesoporous nanofibers  

by self-assembly [98]. 

 

 

4. Hybrid organosilane fibers based on organo-mono-silylated precursors 

 

In the moderate literature dealing with the preparation of hybrid organosilane fibrous 

materials based on organo-mono-silylated precursors, three principal strategies emerge in 

relation to their preparation. Firstly, and most easily, a wide range of organo-mono-silylated 

precursors are mixed together with various organic polymers functioning as a spinnable 

mediator. Likewise, organo-mono-silylated precursors may also be used in the second step to 

functionalize the prepared inorganic silica or organic polymer fibers. In both cases, the used 

spinnable mediator (organic polymer) may not bring any added value or may even be toxic in 

later use. Finally, organo-mono-silylated precursors either on their own or in a mixture with 

tetraalkoxysilanes may be combined to form a spinnable sol resulting in a purely organosilane 

composition of fibers. Therefore, the organic moiety is linked to inorganics entirely through Si-

C bonds. 

Either way, after sufficient networking these organo-mono-silylated mixtures undergo the 

above-mentioned fiber-making methods (electrospinning, drawing) or directly self-assemble 

into fibrous forms. Whichever method is used, the resulting fibrous materials should be a Class 

II organosilane hybrid displaying Si-C bonds in its structure. Nevertheless, depending on the 

other components, the structural variety may show a complex of hybrid links oscillating 

between Class I and II hybrids and even nanocomposites. The following chapter is dedicated to 

hybrid fibers based on organo-mono-silylated precursors, demonstrates the variety of synthetic 

approaches, and presents some of the most intriguing applications. 
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4.1 Hybrid organosilane fibers containing organic polymers 

 

As already outlined, the spinnability of organo-alkoxysilanes appears to be the largest 

obstacle in the subsequent electrospinning and drawing processes of organosilane fiber 

manufacturing. The difficult search for suitable sol-gel parameters achieving ladder-like 

spinnable organosiloxane polymer chains may be avoided by using a wide selection of 

surfactants, low-molecular-weight polymeric gelators or spinnable polymers. Organic polymers 

used as a so-called “spinnability carrier” in combination with organo-alkoxysilanes or 

alkoxysilanes seem to be a prolific source of hybrid organosilane or silica/polymer fibers. The 

most commonly used organic polymers are poly(methylmethacrylate) (PMMA), 

polyvinylpyrrolidone (PVP), polycaprolactone (PCL), polyvinylalcohol (PVA), polystyrene 

(PS), and polyacrylonitrile (PAN). 

Electrospinning is the most widely used technique for fiber-manufacturing of organo-

alkoxysilane and organic polymer solution mixtures. Nevertheless, mixtures of organic 

polymers with tetraalkoxysilanes (TEOS at most) prevail and are also commonly referred to as 

organosilane hybrid fibers. However, the resulting structure does not contain Si-C bonds, but 

Si-O-C links connecting the inorganics with organic polymers (which is not quite in the scope 

of this review). There are many examples, such as the research of Li, J. et al. [99] who studied 

the tensile performance of TEOS/PMMA fibrous mats or the preparation of 

polyhydroxybutyrate (PHB)/PCL/TEOS fibrous scaffolds with a drug releasing function [100] 

to support bone tissue recovery. Organic polymers are often combined with tetraalkoxysilanes 

to create pore-forming (structure-directing) agents and are subsequently fired out to leave pure 

mesoporous silica fibers as a result [101].  

Nevertheless, such examples of hybrid organosilane fibers from organo-mono-silylated 

precursors and organic polymers are not numerous. Ma et al. [102] reported the formation of 

superhydrophobic fibers (Figure 16) by the electrospinning of poly(styrene-b-

dimethylsiloxane) block copolymers blended with 23.4 wt% homopolymer polystyrene - 

polydimethylsiloxane - polystyrene (PS-PDMS/PS) from a solution in a mixed solvent of 

tetrahydrofuran (THF) and dimethylformamide (DMF). The resulting fibrous mats (fiber 

diameters ranging from 150 to 400 nm) showed a water contact angle of 163° attributed to the 

combined effect of surface enrichment with PDMS and increased surface roughness.  
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Figure 16. Free-standing mat composed of PS-PDMS/PS electrospun fibers a); several 20 µL 

water droplets on the mat, showing a superhydrophobic surface b); SEM image of the 

prepared fibers at 6000x magnification (scale bar = 2 µm) c); [102]. 

 

Another PDMS hybrid was prepared by Wei, Z. et al. [103] together with polyethylene 

oxide (PEO). The organic polymer was used only as an electrospinning carrier in a small ratio 

of approximately 0.3 – 0.5 wt% together with silica sol. Interestingly, the resulting hydrophobic 

silica/PDMS/PEO hybrid fibrous mats displayed good thermal stability (>600 °C) promising in 

related applications. Likewise, the hydrophobicity of PVA fibers was enhanced by Mustafa H. 

Ugur et al. [104] by adding a whole range of organo-mono-silylated precursors to an 

electrospinning PVA solution. Cross-linked PVA/organosilica electrospun mats (Figure 17) 

with reticulated structures (average fiber diameter of approximately 70 nm) were obtained with 

varying percentages of organosilane sol produced through the acetic acid catalyzed reaction of 

dimethyldimethoxysilane (DMDMOS), methyltrimethoxysilane (MTMS), tridecafluoro-

1,1,2,2-tetrahydrooctyltriethoxysilane (FAS1313; Dynasylan® F 8261) and 

phenyltrimethoxysilane (PTMS; Dynasylan® 9165) in an isopropyl alcohol (IPA)–water 

mixture. 
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Figure 17. Scheme of PVA/silica nanofibrous mats [104]. 

 

Likewise, Arslan et al. [105] used the −OH groups available on the cellulose acetate (CA) 

structure to proceed with basic sol-gel reactions initiated by a mixture with reactive fluoro-

alkoxysilane (FS) (Dynasilan F8261; FS). Perfluoro groups consequently modified the 

hydrophilic CA nanofibers (NF) to display superhydrophobic properties. Therefore, FS/CA-NF 

may be quite practical for future application in oil-water separators, as well as self-cleaning or 

water resistant nanofibrous structures [105].  

Finally, an interesting combined method of in situ reduction and sol-gel processing was 

used to prepare novel fibrous membranes made of Ag@gelatin–silica hybrid nanofibers from 

gelatin, 3-glycidoxypropyltrimethoxysilane, and Ag@gelatin nanoparticles (NPs) [106]. The 

resulting fibrous mats showed strong photo-catalytic and antibacterial activity and may be 

easily recycled with a high recovery efficiency making them ideal adepts for removal of both 

organic pollutants and microbial contaminants from wastewater. 

 

In rare cases, drawing and self-assembly techniques use a combination of organo-mono-

silylated precursors with organic polymers. Drawing processes have been used to fabricate 

vinyltrimethoxysilane (VTMS) grafted polyethylene (PE)/SiO2 nanocomposite fiber ropes 

[107]. The VTMS-g-PE/SiO2 fibrous hybrid displayed remarkably improved breaking load and 

breaking strength compared to pure PE fiber ropes and decreased elongation at break. Mixtures 

of organic polymers with organo-alkoxysilanes are not commonly used in self-assembly 

techniques. 
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4.2 Functionalized hybrid organosilane fibers  

 

The functionalization of previously prepared fibers is a commonly used method mainly due 

to its simplicity. Typically, organic or inorganic fibers are simply dip-coated in a sol based on 

an organosilane precursor often in combination with TEOS or TMOS. In any case, the resulting 

material is layered as the first fiber becomes the core and the dipped organosilane makes an 

external topcoat (a method referred to as “functionalizing”), which may be even multiplied. 

The core fiber may be any kind of hydrolysable organic, inorganic, or composite material, 

so the principle of sol-gel processing may be applied. Hence, this procedure is well known in 

industrial conditions and the functionalization with various organosilanes is securely performed 

on glass or silica fibers (SiO2) modified via 3-mercaptopropyltrimethoxysilane (MPTMS) 

(Figure 18) marked as -SH and silver nanoparticles [108–110], various organic polymers [111–

113], cellulose acetate [105,114,115] or even wool [116] and composite materials [117,118]. 

Nevertheless, there are also very specific strategies of silanization for more demanding 

materials, such as (nano) cellulose fibers representing so-called “never-dried” materials. 

Beaumont et al. [119] proposed a two-step silanization protocol for nanostructured celluloses 

under aqueous conditions using catalytic amounts of hydrogen chloride and then sodium 

hydroxide. The developed protocol enables the incorporation of vinyl, thiol, and azido groups 

onto cellulose fibers and cellulose nanofibrils without curing or solvent-exchange. Hence, the 

functionalized celluloses remain never-dried, and no agglomeration or hornification occurs in 

the process. 

 

Figure 18. A SEM image of the cross-section of an optical fiber coated via MPTMS 

containing Ag nanoparticles and its changes in light intensity guided through  

the coated fiber probe [108]. 
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The most commonly used organo-mono-silylated precursors include fluoro-alkoxysilanes 

often in combination with TEOS, employed to increase the hydrophobicity of the core fibers 

[105,111,113,115]. Likewise, the popularity of 3-aminopropyltriethoxysilane (APTES), 3-

glycidyloxypropyltrimethoxysilane (GPTMS) and 3-mercaptopropyltrimethoxysilane 

(MPTMS) will be illustrated in the following section dedicated to applications using fibers 

based on organo-mono-silylated precursors. 

 

4.3 Purely organosilane fibers 

 

Probably due to the above-mentioned difficulty in achieving spinnable solutions, there are 

only a few research groups investigating organosilane fibers based purely on organo-mono-

silanes (with or without tetraalkoxysilanes). 

Groups led by Schramm [59] and Aytan [120] prepared polyimide-silane fibers (Figure 19) 

as new kinds of conductive electrolytes. Even if the starting sol-gel solution was based on 

organo-mono-silylated precursors, the first step consisted in the synthesis of a silylated 

polyamic acid precursor (sil-PAA). The silanization proceeded with the help of GPTMS or 

APTES, and in order to enhance the final properties of the resulting fibers, the sol-gel process 

was subsequently enriched [120] by other alkoxysilanes (PDMS, 3-(trimethoxysilyl)propyl 

methacrylate (TMSPMA), 3-(triethoxysilyl)propyl isocyanate (ICPTMS)). The water-soluble 

electrospun fibers were then subjected to a thermal imidization treatment at various 

temperatures. As a result, these water-insoluble organosilane materials with a nanoscale fibrous 

structure were stable at relatively high temperatures and showed electrolyte absorption and 

sufficient conductivity at room temperature [59,120,121]. 
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Figure 19. Schematic representation of the preparation of polyimide-silane fibers [121]. 

 

Another research group of McDowell [122] synthesized the starting organosilane precursor. 

In this case, high molecular weight polyferrocenylmethylvinylsilane (PFMVS) was synthesized 

by anionic ring-opening polymerization and further functionalized through Pt-catalyzed 

hydrosilylation using ethoxysilane to afford a polyferrocenylsilane (PFS) precursor. 

Electrospun electroactive microfibers from this gelable PFS cross-linkable alkoxysilane 

displayed interesting strain-induced buckling behavior on electroactuation at low voltages and, 

hence, could potentially rival existing bilayer actuators (Figure 20) [122]. 

 

Figure 20. Scheme showing the formation of an organo-mono-silylated precursor [122]. 

 

The simplest synthesis in terms of the starting sol-gel solution may be found in the research 

of He et al. [123]. They prepared a range of electrospun mesoporous (organo)silica nanofibers. 

The silica sols with the surfactant Pluronic F127 were prepared with the addition of a MPTMS 

precursor and its influence on the fiber internal structure was evaluated. With the reduced 
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F127/TEOS mass ratio, the diameter of the (organo)silica nanofibers decreased, but the size 

and the orientation of the internal mesopores were remarkably regulated (Figure 21). Such a 

fibrous hierarchical hybrid material may be of great interest for modern optical and biomedical 

applications [123]. 

 

Figure 21. SEM images of silica nanofibers prepared using sols with different F127/TEOS 

mass ratios a); and the relationship between the fiber diameter and the F127/TEOS mass 

ratios b); [123]. 

 

 

5. Hybrid fibrous materials based on organo-bis-silylated precursors 

 

 

 

The development of sophisticated organized hybrid materials, made of organo-bis-silylated 

precursors, exhibiting enhanced properties, plays an important role in tacking the challenging 

topics of the current scientific domains [124,125]. The first bridged organo-bis-silylated 

monomers, having arylene and acetylene bridging groups, were firstly used for sol-gel 

polymerization to form bridged polysilsesquioxanes coatings deposited on glass in the 1950s 

[40]. However, it was not until the start of the 1990s that bis(trimethoxysilyl)organometallic 

precursors with different structural features were first synthesized [31]. 

Nowadays, the number of organo-bis-silylated precursors with a wide variety of organic 

molecules is continuously increasing and they may finally be incorporated into the targeted 

materials [124,126,127]. 
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5.1 Hybrid organo-bis-silylated materials: Powders prevail over fibers 

 

 

Figure 22. Representatives of arylene bridged polysilsesquioxanes [19]. 

Many bridged polysilsesquioxanes exhibit excellent thermal stability in inert atmospheres 

and in air. Phenylene-bridged polysilsesquioxanes are stable up to 500 °C. Alkylene-bridged 

polysilsesquioxanes are stable to over 400 °C. However, there is a lack of experiments 

describing the mechanical properties of bridged polysilsesquioxanes [40]. The most 

distinguishing features of arylene bridged polysilsesquioxanes are that they are porous and have 

extremely high surface areas, which may also be observed in the case of the fibrous form, which 

has promising potential for filtration, catalysis or adsorption [9]. Although conventional silica-

based materials are generally regarded as biocompatible and suitable for in vivo use, the bio-

safety of organo-bridged materials is still not entirely clear because of the lack of extensive and 

detailed in vitro and in vivo research and evaluations [129]. 

Interestingly, in the research or review literature, there are very few papers focused on the 

preparation of purely organosilane fibrous materials using organo-bis-silylated precursors 

[9,10,121,130]. The greatest obstacles seem to lay in the supposed difficulty of the 

Several synthetic approaches leading to the preparation of monomers for bridged 

polysilsesquioxanes currently exist, these include metalation, hydrosilylation, and 

organotrialkoxysilane functionalization [40]. From the “fiber-formation” point of view, a very 

promising class of organo-bis-silylated precursors is shown in Figure 22. These precursors are 

well described in the synthesis and formation of periodic mesoporous organosilica (PMO) 

materials [128]. Shea et al. reported the process of sol-gel synthesis regarding monolithic 

bridged silsesquioxane using 15 different alkane-, alkene-, alkyne-, aromatic-, functionalized- 

and organometallic-bridged precursors [40,126]. 
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polymerization process of organo-bridged silanes, their conversion into a spinnable polymeric 

solution, and the choice of a suitable electrospinning technique. 

Until 2020, only two solitary research papers regarding these types of nanofibers were 

published [121,130]. Tao et al. [130] dealt with the fabrication of purely organosilane 

electrospun nanofibrous mats containing porphyrin unit bridged organosilanes; however, the 

final material contained a very low amount of these organo-bridged silanes (10-4 mol.%) 

compared to TEOS (i.e. the result was mainly silica fibers). The second group [121] used the 

co-polycondensation process of two organosilanes combined with the sol-gel process and 

electrospinning to form ultra-thin polyimide fibers, also known as poly(amic)acid (PAA) fibers. 

These fibers are made of a combination of (3-triethoxysilylpropyl)succinic anhydride (TESP-

SA) with either TEOS or methyltriethoxysilane (MTEOS), which were hydrolyzed and reacted 

subsequently with APTES, leading to the formation of an electrospinnable PAA solution. 

However, the solution had to be adjusted before electrospinning with a non-ionic surfactant 

Triton X-100 to improve the spinnability, but this reagent inevitably remained in the hybrid 

structure [121,131]. 

Nevertheless, the proof that all of the above-mentioned sol-gel parameters may be 

effectively linked to obtain spinnable sols may be found in the following research papers [9,10]. 

Both papers describe the one-pot synthesis of purely organosilane fibers without the addition 

of any kinds of surfactants, low-molecular-weight polymeric gelators or spinnable polymers 

(Figure 23), which were successfully produced on an industrial electrospinning device, paving 

the way for possible fabrication on a large scale. Moreover, the use of mono and bis-silylated 

model benzene functionalized organoalkoxysilanes [9] or a custom-made bis-silylated 1,2-

diaminocyclohexane derivative [10] demonstrates the possibility of designing a molecularly 

engineered material tailored to specific applications such as reusable catalysts, adsorption 

agents, conducting membranes, or as novel types of biomaterials with additional properties. 
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Figure 23. Electron microscopy images showing organosilane nanofibers prepared from  

a combination of 1,4-bis(triethoxysilyl)benzene with TEOS - sample a), and nanofibers 

prepared from a (1S,2S)‐cyclohexane‐1,2‐diamine – bis – silylated precursor in combination 

with TEOS - sample b) [19,132].  

 

If organo-bis-silylated precursors are not used in fiber-making via electrospinning and 

drawing techniques, the self-assembly procedure counterweights this lack of interest. Helical 

hybrid nanofibers have attracted the attention of many research groups due to their potential 

application for chiral catalysis and separations [91,92,133]. Although many approaches to the 

preparation of helical mesoporous silica nanofibers have been developed, those for the 

preparation of helical organic–inorganic mesoporous hybrid organosilane nanofibers are rare 

[92]. They may be prepared using chiral low-molecular weight amphiphiles [134] or mixtures 

of a cationic and fluorinated surfactant. Moreover, the reduction of surface free energy was 

proposed as the driving force of helix formation in the fiber structure [92].  

A wide range of helical fibers has been prepared using various synthetic methods including 

self-assembled bridged silsesquioxane helical fibers formed through hydrogen bonds promoted 

by the urea groups within the organic bridged fragment [135]; periodic mesoporous ethene-1,2-

diyl-silica nanorods (Figure 24) prepared using cetyltrimethylammonium bromide (CTAB) in 

concentrated aqueous ammonia solutions, applicable in fields such as chiral separation and 

catalysis [133]; mesoporous silica nanofibers using co-structure-directing agents e.g. chiral 

anionic surfactants [136,137]; screw-like hierarchical chiral fibers constructed by co-templating 

two building blocks, DNA and porphyrin with using cationic organosilane precursor as a 

formation support [138]; single-handed helical mesoporous poly-bis-silsesquioxane 
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(methylene, ethane-1,2-diyl, ethene-1,2-diyl, benzene-1,4-diyl, biphenyl-4,4′-diyl bridged) 

nanofibers prepared by sol-gel polymerization using chiral cationic low molecular weight 

gelators (LMWGs) and different types of catalysts e.g. HCl, NaOH, and ammonium hydroxide 

[98]; organosilane fibers obtained from acidic catalyzed syntheses using either TEOS or 

tetra(isopropoxy)silane (TPOS) in the presence of various oils [90]; mesoporous hybrid silica 

nanofibers made of 1,4-bis(trimethoxysilyl) benzene with a high surface area [91,95]; 

mesoporous ethane-1,2-diyl–silica nanofibers prepared using CTAB and (S)-2-methyl-1-

butanol (MB) as a co-structure-directing agent, whose helical pitch is controllable by changing 

the MB/CTAB 0.5–10 molar ratio [93,139]; and mesoporous methylene, ethane-1,2-diyl, 

ethene-1,2-diyl, benzene-1,4-diyl silica nanofibers prepared using CTAB and (S)-β-citronellol 

as a co-structure-directing agent under basic pH with a range of 0.2–2.0 m in length and 100–

200 nm in diameter with helical pitches of approximately 1.0 m [92,96]. 

 

 

Figure 24. Electron microscopy images of the formation of mesoporous ethane-1,2-diyl – 

silica nanorods via the self-assembly process. FESEM microscopy a); b)  

and TEM microscopy c) [133]. 

 

Hierarchically organized functionalized periodic mesoporous organosilica (PMO) fibers 

with longitudinal pore architectures have been prepared via a simple one-pot synthesis 

procedure from the co-condensation of 1,2-bis(triethoxysilyl)ethane with either ICPTMS or 1-

[3-(trimethoxysilyl)propyl] urea in basic pH. The diameters of the fibers range from 50 to 300 

nm, and the lengths are up to 7 m [140]. Single-handed helical benzene-1,4-diyl bridged 
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polysilsesquioxane nanofibers have been prepared through a different supramolecular 

templating approach [94,141]. 

Helical mesoporous silica, methylene, ethane-1,2-diyl, ethene-1,2-diyl, benzene-1,4-diyl, 

octane-1,8-diyl nanofibers have been prepared by sol-gel polymerization using a chiral cationic 

gelator under a shear flow. The morphologies of the silica nanofibers were sensitive to 

preparation conditions. In acidic conditions, right-handed helical nanofibers were observed 

(Figure 25), and in basic conditions, rod-like mesoporous nanofibers were formed [95]. 

 

Figure 25. Schematic representation of right-handed helical nanofibers[19]. 

 

6. Application potential and prospective of the reviewed fibrous materials 

 

6.1 (Nano)fibers prepared from organo-mono-silylated precursors  

 

Taking account of the availability of raw materials, easy maneuverability, and outstanding 

chemical, physical, optical and mechanical properties, organo-alkoxysilanes in the form of 

fibers may find a wide range of potential applications in various different fields of current 

interest [117,118,142,143]. Examples include ternary nanofibers having remarkable solvent and 

temperature resistance (e.g. in DMF at 200 °C) [116] and nanofibrous PVA/PAA/SiO2 mats 

having unique malleability and high breaking elongation [97]. This versatility is typical for all 

of the discussed materials; nevertheless, others will be discussed in the appropriate sections 

according to their target design, i.e., optoelectronics and sensors, energetics, filtration and 

adsorption, catalysis and biomedicine. 

 

6.1.1 Optoelectronics and sensors 

Organo-mono-silylated precursors are especially useful in optoelectronic devices and 

sensor applications due to their wide range of functional groups, which may be selected to 
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facilitate the covalent attachment of indicator molecules directly to the targeted areas. These 

precursors may be used various different forms e.g., organo-alkoxysilane coatings deposited on 

organic fibers, directly prepared organic-inorganic fibers from convenient organo-mono-

silylated precursors, inorganic fibers modified with the above-mentioned precursors, and many 

other possibilities bringing additional properties to these fibrous materials [110]. According to 

the literature, APTES is one of the most frequently used organo-mono-silylated precursors and 

is known as a coupling agent for sensors. It is usually used to bond organic probe molecules to 

glass, silica sol-gel surfaces, optical glass fibers and other types of organic, inorganic and or 

hybrid organic-inorganic fibers [110,144,145]. Some of the newest environmentally-friendly 

and low-cost applications for optoelectronic devices include two types of high-performance 

polyimide (PI) fibers, which are modified with APTES (KH-550) and applied in light-weight 

composite devices possessing a high strength modulus, higher temperature resistance and lower 

density [146]. The morphology of these modified fibers is shown in Figures 26 and 27. 

 

 

Figure 26. SEM images of PI fibers treated with 0, 2, 3, 4, 5 and 6 wt% of APTES (KH-550) 

[146]. 
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Figure 27. AFM images representing PI fiber surface roughness treated with 0, 2, 3, 4, 5  

and 6 wt% of APTES (KH-550) [146]. 

 

Typical representatives of hybrid organic-inorganic fibers are organically modified silica 

(ORMOSIL) fibers used in microchip couplers for optoelectronic applications [109], or 

electroactive electrospun PFS fibers functionalized by pendant alkoxysilane groups, which have 

been successfully incorporated into miniature electrochemical cells containing lithium 

triflate/γ-butyrolactone electrolyte [122]. Other examples include optical fibers coated with 

different types of organo-monosilylated precursors such as APTES, GPTMS, PDMS with or 

without TEOS used for sensor applications [110], optical fibers coated with an Ag-doped silica 

nanocomposite used as sensors for trace ammonia in gas samples [108], or optical PMMA fibers 

coated with a mixture of TEOS and methyltriethoxysilane (MTES) or phenyltriethoxysilane 

(PTES) doped with bromophenol blue, which have been successfully applied as low-cost pH 

sensors for monitoring biological fluids for the diagnosis and evaluation of therapies in wound 

healing applications [112]. 

 

6.1.2 Energetics 

Nano-structured fibrous materials consisting of organic and inorganic components are an 

interesting alternative to the pure polymeric materials used in energetics. The new types of 

hybrid fibrous materials offer higher mechanical, chemical and physical resistance, which is 

necessary for stable performance in all modern energetics devices such as new types of fuel 

cells and/or lithium-ion batteries [147–149].  

Silicon oxide (SiOx) is one of the most promissive anode materials suitable for lithium-ion 

batteries with the advantages of high theoretical capacity, low platform (<0.5 V) and 

environmental friendliness. However, SiOx is known to have low electronic conductivity and 
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the degradation of the structure upon cycling limits the electrochemical performance of SiOx. 

For this reason, a conductive carbon fiber network was covered by a SiOx/C composite by a 

combination of two methods, electrospinning and carbonization (Figure 28). The amount of 

SiOx in the composite may be adjusted by changing the amounts of organosilane nanospheres 

used during the electrospinning process (Figure 29). These new anode material exhibits good 

cycling stability, rate capabilities and superior electrochemical performance, which guarantees 

enhanced overall ion and electron transportation and structural integrity suitable for advanced 

lithium-ion batteries [149]. 

 

 

Figure 28. A scheme showing the design of the pea-pod structure of SiOx/C nanofibers [149]. 

 

 

Figure 29. SEM images showing the pea-pod structure of SiOx/C nanofibers with different 

amounts of SiOx (SiOx/C-0.3g (a,b); SiOx/C-0.4g (c,d) and SiOx/C-0.5g (e,f)) [149]. 
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Hybrid organic-inorganic electrospun fibrous membranes made of (2-(4-

(chlorosulfonyl)phenyl)ethyl)trichlorosilane (CSPTC) with TEOS, polyvinylidenefluoride-

hexafluoropropylene (PVDF-HFP) in DMF are typical representatives of hybrid power devices 

used for proton exchange membrane fuel cells working at a high temperature. The inorganic 

parts allow the more effective transport of protons and water management, and the organic 

materials bring softness, tightness, processability to the overall system [150]. Other examples 

include hybrid 1,4-bis(triethoxysilyl)benzene/GPTMS fibrous membranes with sulfonated 

aromatic rings providing proton conductivity [147].  

Electrospun fibers based on a combination of GPTMS modified polyamic acid and 

alkoxysilane functional poly(dimethylsiloxane), subsequently soaked with 0.5 M LiFP6 

solution, and used as a hybrid gel electrolyte for lithium-ion batteries are an example of the 

latest research work in this area [120], as well as reinforced nanofiber composites prepared with 

a combination of PVA and nanosilica modified with mercaptopropionic acid and MPTMS 

[151]. Mullite fibers (MF) functionalized via APTES used as a filament in wound epoxy 

nanocomposites [152] or aramid fibers functionalized with APTES [153,154] also show 

promising potential in energetics. 

 

6.1.3 Filtration and adsorption 

Hybrid fibrous membranes used in water [155] or air filtration systems, which are made of 

or modified via organo-mono-silylated precursors, offer additional properties such as 

durability, good tensile properties, chemical stability, catalytic properties, or sufficient porosity 

compared to the conventional systems already used [156,157].  

Most of the currently used filtration membranes are made of organic polymers, which are 

subsequently functionalized via different types of organo-mono-silylated precursors. These 

include electrospun cellulose acetate nanofibers (CA-NF) modified with perfluoro 

alkoxysilanes (FS/CA-NF) for oil–water separation purposes [105], omniphobic fibrous 

cellulose acetate membranes containing silica nanoparticles modified via APTES used for 

desalinating the wastewaters with low-surface-tension contaminants [115], other types of 

organic fibrous membranes modified via APTES [158–160], composite PVA/TEOS/APTES 

fiber membranes used to remove cadmium from aqueous solution [161], or polyacrylonitrile 

fibers functionalized via APTES in PDMS membranes used for air filtration systems [162].  

Surprisingly, when focusing on the literature related to the preparation of purely 

organoalkoxysilane fibrous membranes, most of the filtration systems are based on the 

combination of organic fibrous membranes modified via organo-alkoxysilane nanoparticles and 
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nanocoatings. There are only a few solitary research papers describing the preparation of purely 

organosilane fibrous membranes used in filtration applications [121,130]. 

In the first of them, Tao et al. [130] describe the preparation of porphyrin-doped 

nanocomposite fibers (Figure 30) in the form of nanofibrous membranes, which were prepared 

by combining sol-gel chemistry and the electrospinning technique, without the addition or help 

of organic polymers. The membrane was successfully tested as a novel fluorescence-based 

chemosensor for the rapid detection of the trace vapor (10 ppb) of explosives, and has exhibited 

remarkable sensitivity to trace (2,4,6-trinitrotoluene) TNT vapor. 

In the second, Schramm et al. [121] prepared ultra-thin polyimide fibers, which were 

thermally treated at 220 °C. This temperature supports the rise of the formation of polyimide 

(PI) groups in the final polysiloxane network and the resulting fibers have a ladder-like 

structure. Moreover, the authors incorporated various organo-trialkoxysilanes with different 

functional groups enabling the production of ultra-fine fiber mats with tailor-made properties. 

The fibers may be applied in filtration, sensor systems, or drug release processes. 

 

 

Figure 30. Photo of an electrospun porphyrin-doped freestanding nanofibrous membrane a); 

SEM image of this membrane, scale bar = 20 µm b); structure of the porphyrin-silane 

precursor used in the silica matrix with a content of (10-4 mol.%) c)[130]. 
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6.1.4 Catalysis 

According to a literature search of the application of organo-mono-silylated precursors 

strictly in the form of (nano)fibers in catalysis, there are only a very small number of research 

papers compared to the same precursors used in the form of nanoparticles or nanocoatings on 

different substrates [163,164]. Most of the published literature describes organic fibers 

functionalized via different types of alkoxides, or organo-mono-silylated precursors. Specific 

examples of fibrous systems used for catalytic applications include linear poly(ethylene imine) 

(PEI) fibrous aggregates modified via TEOS or TMOS, which are able to reduce PtCl4
2– [165], 

or nanoporous silica fibers functionalized with MPTMS used for solid-phase microextraction 

(SPME) of phenolic compounds (Figure 31) [166], mesoporous silica nanofibers made of a 

combination of TEOS, and MPTMS, whose mesostructure corresponds to MCM-41 

nanoparticle systems [167]. 

 

  

Figure 31. Si2-Pt nanofibers containing Pt nanocrystals a); HRTEM image of the boxed 

region in Figure 32a b) - center [165]; optical microscopic image of a proposed  

SPME fiber b) - right [166]. 

 

6.1.5 Organosilane fibrous materials in medicine   

Hybrid fibrous materials made of organo-mono-silylated precursors find their widest 

application in the field of medicine, and particularly in various types of scaffolds applicable in 

tissue engineering supporting cell growth, and/or in wound care therapy. They are typically 

used in a combination of organic polymers, alkoxides and organo-mono-silylated precursors 

[62] e.g., mixtures of poly(γ-glutamic acid) (γ-PGA)/TEOS and GPTMS providing an excellent 

extracellular matrix in bone tissue regeneration (Figure 32) [168], silica/poly(L-lactic acid) 

(PLLA) for skeletal defect regeneration [169], protein-encapsulated fiber mats using a 

combination of poly(γ-glutamate) (PGA)/(GPTMS) offering an effective method of 
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encapsulating bioactive molecules (Figure 33) while maintaining their structure and function 

[170], drug delivery systems based on PCL/PLA) with Halloysite nanotubes (HNT) [171], 

regenerated cellulose nanofibers (RC-NF) with PCL, modified via APTES with the aim of 

increasing the mechanical properties of the prepared scaffolds [172], APTES functionalized 

electrospun poly(N-vinyl-2-pyrrolidone) fibers (NH2-PVP) capping gold nanoparticles for drug 

delivery systems working at different pH (5.0, 6.0, 7.4) supporting cell growth [173,174], or 

fibrous materials used in wound-healing applications with antibacterial effects composed of 

mesoporous silica nanoparticles in PVP nanofiber mats [175,176]. 

 

 

Figure 32. Scheme showing the formation of electrospun γ-NaPGA-silica hybrid scaffolds 

using GPTMS as a cross-linking agent and SEM images of MC3T3-E1 cells present on these 

hybrid scaffolds containing different molar ratios of γ -PGA/TEOS: (a) 1:0, (b) 5:3, (c) 1:1 and 

(d) 3:5 after 7 days of incubation [168].  
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Figure 33. Fluorescence emission (excited at 312 nm) of silica/PGA fiber mats without 

encapsulated green fluorescent protein (GFP) wetted with a 20 mM phosphate buffer (pH 7) a); 

fluorescence emission (excited at 312 nm) of silica/PGA fiber mats with encapsulated GFP 

wetted with a 20 mM phosphate buffer (pH 7) b); fluorescence image of GFP-encapsulated 

silica/PGA fiber mats wetted with a 20 mM phosphate buffer (pH 7) using a laser scanning 

confocal microscope (excited at 405 nm) c); fluorescence spectra (excited at 460 nm) of GFP 

encapsulated in a silica/PGA fiber mat (red line) or in a 20 mM phosphate buffer (pH 7, black 

line) d); [170]. 

 

6.2 Hybrid materials based on organo-bis-silylated precursors  

 

Hybrid organosilane materials based on organo-bis-silylated precursors in various different 

forms (mainly nanoparticles) seem to be a very promising class of materials having 

extraordinary properties applicable in separation methods, e.g., chromatographies [177]. 

Earlier, ethane-1,2-diyl and benzene-1,4-diyl bridged polysilsesquioxanes functionalized with 

amino and thiol groups in the form of nanoparticles were used as adsorbents of volatile organic 

compounds (n-hexane, n-heptane, cyclohexane, benzene, triethanolamine, acetonitrile) from 

gas phase chromatography [178]. Another application of these materials may be found in 

catalysis [126,179–183] and/or in optics [125,126,184,185]. Another example in this field are 

carbon/silica superstructures made of perylenediimide-bridged silsesquioxane (PDBS) with 

controllable morphologies (tubes, fibers or spheres), sizes, and excellent electrical properties, 

which are very promising candidates for optoelectronics and sensing devices [186]. In general, 
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organosilanes with various different forms containing aromatic rings (Figure 34) have  

a significant potential for use in modern batteries [127]. 

 

Figure 34. Examples of bridged polysilsesquioxanes with chromophore bridging groups, 

adapted according to the reference [40]. 

The above-mentioned findings prove that novel hybrid pure organosilane materials based 

on bridged alkoxysilane precursors and in a fibrous form belong to a promising class of 

materials offering additional value and aiming at a wide range of end-applications [9,10] 

particularly catalysis, separations [91,92,133] and/or modern biomaterials having additional 

value [138]. 

 

 

7. The knowledge obtained and the results providing the novelty of this work 
 

The results of this work were obtained based on knowledge of long-term problematics 

relating to silicon alkoxides together with organo-mono-silylated and organo-bis-silylated 

precursors (also known as bridged silsesquioxanes). By combining three different and 

independent fields of science (organic and organometallic chemistry, sol-gel chemistry, and 

electrospinning technology), it was possible to obtain completely unique results in the 

preparation of purely organosilane (nano, sub-micro and micro) fibers. To prepare such fibrous 

materials, it is not necessary to use the support of organic polymers, various types of surfactants, 
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or non-polar organic solvents, which are in many cases highly toxic and economically 

inconvenient.  

Various spinning facilitators, such as organic surfactants and/ or organic polymers, are 

currently used, without which these organosilane sols are generally considered to be non-

electrospinnable [12,187]. Examples of organic surfactants used for this purpose are 

cetyltrimethylammonium bromide (CTAB), poly (ethylene glycol)-block-poly (propylene 

glycol)-block-poly(ethylene glycol) (P123), Pluronic F127 hydrogel, sodium dodecyl sulphate 

(SDS), or Triton X-100. Organic polymers such as polyvinylpyrrolidone (PVP), 

polycaprolactone (PCL), polyvinyl alcohol (PVA), or polyhydroxybutyrate (PHB), in the form 

of supports for electrospinning, are often used. The main disadvantage of these surfactants 

and/or organic polymers is that in many cases they are toxic substances, which may be difficult 

to remove by washing or burning from the prepared fibrous structures [188] due to the fact that 

their residues may remain in the structure of the prepared fibers [189,190] and act as undesirable 

impurities in them. The removal of these substances not only prolongs and complicates the 

preparation of fibers, but also impairs their physical and chemical, and/ or mechanical 

properties, and may lead to the embrittlement of the fiber material, etching of their surface, or 

thermal degradation of their organic part. 

On the other hand, the fibrous materials developed using our research method are prepared 

with a high content of hybrid organosilane precursors inside the hybrid matrix, reaching almost 

or entirely 100 mol.% compared to pure inorganic nanofibers made of TEOS. During the 

preparation of these organosilane fibers, great emphasis is placed on ecological aspects such as 

the use of polar solvents based on alcohols, particularly ethanol, water, and acid catalysts in the 

form of mineral acids such as hydrochloric acid, nitric acid and/or sulfuric acid.  

The novelty and topicality of the whole issue may also be documented by the recently filed 

national patent application, PV 2021-160, and international patent application 

EP21172710.2 entitled: “A process for preparing a sol for the preparation of hybrid 

organosilane fibers by electrospinning technique, a sol thus prepared and hybrid organosilane 

fibers prepared by electrospinning of this sol”. 

The completely unique properties of the prepared hybrid, purely organosilane (nano, sub-

micro and micro) fibers were successfully published in the prestigious journals Polymer [9] and 

Polymers [10] in 2020 by the author of this thesis.  

The results of this work, focusing on the preparation of (nano, sub-micro and micro)fibers 

from commercially available organo-mono-silylated and organo-bis-silylated precursors based 

on phenyltriethoxysilane and 1,4-bis (triethoxysilyl) benzene, their characterization using 
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various techniques, including nuclear magnetic resonance (NMR) together with their 

application potential, are partly presented in the form of a published article in the supplements 

(Chapter 11.5), as well as in the case of (nano)fibers prepared from a synthesized organo-bis-

silylated precursor ((1S,2S)‐1,2‐bis{N´‐[3 (triethoxysilyl)propyl]ureido}cyclohexane). A 

specific example describing the whole preparation process of this type of (nano)fibers is 

demonstrated on use a hybrid organo-bis-silylated precursor based on 4,4'-bis(triethoxysilyl)-

1,1'-biphenyl. Moreover, 3 other types of organo-bis-silylated precursors were synthesized and 

two of them are already tested in the fiber formation process using the jet needle-electrospinning 

technique.  

All the above mentioned commercially available and/or synthesized precursors were chosen 

with the aim to primarily test them in biomedical applications, but according to their 

characteristics, they may find more application potential particularly in the fields of 

optoelectronics, energetics, catalysis and/ or filtration processes. 

 

7.1 Nanomaterials including (nano)fibers made of 4,4'-bis(triethoxysilyl)-1,1'- 

      biphenyl  

 

Hybrid organo-bis-silylated precursor entitled 4,4'-bis(triethoxysilyl)-1,1'-biphenyl 

(BTEBP) has several advantages. First of all, it is a commercially available precursor which is 

moreover well known in many applications described in patents (CN110723738(A), 24.1.2020; 

CN106610397(A) and CN106610394 (A), 3.5.2017; CN106353389(A), 25.1.2017, as well as 

in the research papers [98,191–193]. Patents regarding refer to this precursor in various forms 

such as aerogel for the fields of heat preservation materials, heat insulation materials, waste gas 

treatment materials, wastewater treatment materials and catalysts, or in the form of the sensor 

for electrochemical detection of dopamine, and/or ascorbic acid by using biphenyl organic 

mesoporous material-doped carbon paste electrode. 

The above-mentioned research papers present 4,4'-bis(triethoxysilyl)-1,1'-biphenyl in 

various forms including nanoparticles used as drug delivery systems for doxorubicin [191],   

composites showing fluorescence due to the existence of biphenyl chromophores in the stable 

organosilica framework [192], thin films exhibiting very smooth surface without cracks and 

excellent mechanical behavior determined for applications as acoustic wave sensors and 

biosensors, [193], or mesoporous nanofibers and/ or nanotubes (Figure 35) prepared with a 

help of chiral low molecular weight gelators (LMWGs) [98], which are sensitive to pH value, 

temperature, and polarity of solvents. The optical activity of these fibers is attributed to the π–
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π stacking and the chiral conformation of present aromatic groups, thus they can potentially be 

used as a chiral stationary phase for enantioseparation [98]. However, the preparation of such 

types of nanofibers based on the 4,4'-bis(triethoxysilyl)-1,1'-biphenyl by sol-gel process 

together with electrospinning technique has not been described yet. 

 

 

Figure 35. FESEM images of (a,b) showing formation of 4,4′-biphenylene bridged 

polybissilsesquioxane nanotubes via self-assembly [98]. 

 

7.1.1 Characterization and performance of these (nano)fibers  

The fibers were prepared according to the above-mentioned general sol-gel principles. The 

detailed description is now legally patented and thus confidential. However, the parameters that 

can be stated with respect to the filed patent application are closely specified in the following 

chapters but are not given in detail with respect to the filed patent and its possible future 

licensing.  

When combining 4,4'-bis(triethoxysilyl)-1,1'-biphenyl (BTEBP) and TEOS, these 

precursors may be homogeneously mixed at room temperature in any molar ratio as required in 

the range of hybrid precursor : alkoxide 100 mol.% : 0 mol.% with a polar alcohol-based 

solvent. Molar ratio Alc, i.e., the molar ratio of the polar alcohol-based solvent to the mixture 

of the organo-bis-silylated precursor : alkoxide precursor can be used up to 90.  

It should be noted that when the sol contains more than 70 mol.% of suitable organo-bis-

silylated precursor and above, and unexpected abrupt changes occur in the physical and 

chemical properties of these fibers, especially their electrical conductivity, optical activity, or 

biocompatibility. This phenomenon may be attributed to the reduced effect of the inorganic 

component (TEOS). 

Distilled or demineralized water is required for the subsequent hydrolysis of the silane 

mixture. The molar ratio k, i.e., the molar ratio of water to the mixture of hybrid precursor and 
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alkoxide, may be used up to a value of 2.4. At least one strong inorganic mineral acid, has to 

be added to the mixture. The addition of acid is small in volume and its purpose is to acidify 

the mixture to a suitable pH. 

After mixing and homogenization, the mixture is heated to a reflux, which depends on the 

precursors and alcohol used, and the sol remains heated for a determined period of time. This 

promotes and accelerates the transformation reactions already initiated by the addition of acid 

to the mixture.  

The appropriate values of electrospinnable sols prepared using 4,4'-bis(triethoxysilyl)-1,1'-

biphenyl with/without the addition of TEOS are shown in Table 4. 

 

Table 4. Values of electrospinnable sols prepared from BTEBP and TEOS in various molar 

ratios. 

Molar ratio BTEBP : TEOS (mol.%) 25 : 75 50 : 50 75 : 25 100 : 0 

BTEBP : TEOS (vol. %) 45 : 55 71 : 29 85 : 15 100 : 0 

BTEBP : TEOS (wt. %) 48 : 52 73 : 27 86 : 14 100 : 0 

     

Polycondensation time, mixing and temperature of the sol  

These values were experimentally determined to be optimal for the formation of the desired 

sol structure described above. The qualitative evaluation of polycondensation was checked by 

FTIR analysis (Figure 36 in the Chapter 7.1.3). The suitable (poly)condensation time is 

obtained when no significant changes in the siloxane network occur in the set time interval. 

In general, the (poly)condensation is responsible for the formation of siloxane bridges (Si–

O–Si) by removing a water or alcohol molecule from two alkoxysilane molecules. Its kinetics 

are more complicated, and it many has individual reaction rates, including the formation of 

silsesquioxanes (RSiO1.5)n. The kinetics of (poly)condensation mainly depend on factors such 

as water/Si ratio (r), catalyst, nature of the silane, the temperature, pH, solvent, ionic strength 

(IS), and silane/solvent ratio [50].  

Mixing and temperature are another two important factors influencing the suitable sol 

formation. Mixing is closely related to the Brown motion of the molecules and their collisions 

during the formation of the sols. In the beginning, when the precursors are mixed with the 

solvent, it is enough to use slow mixing, but after the addition of water and acid catalyst, when 

the hydrolysis starts, the rotations should be increased due to the better access of H+ protons to 

the ethoxy (–OCH2–CH3) functional groups. The temperature depends on the properties and 

thermal stability of the precursors used as well as on the solvent.  
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Sol concentration  

It is important to stop the growth of the organosilane matrix at the appropriate time and to 

process the sol rapidly before the structure grows further in the 3D network or the sol enters the 

gel phase. At the same time, from the point of view of spinning techniques, it is necessary to 

bring the sol to a state of suitable viscosity or surface tension so that it may be entrained by 

electric forces during electrostatic spinning. However, in the case of thickening of the sol by 

freezing or prolonging the polycondensation time with/without access to air, the organosilane 

structure increases (compacts) further and becomes non-fibrous. Therefore, the addition of 

various surfactants, low molecular weight additives or viscous polymers, which adjust the 

viscosity or surface tension of the spinning liquid, is often used for electrospinning. However, 

a disadvantage is that these components remain in the resulting structure and alter the resulting 

properties. For these reasons, the viscosity of sols has to be properly adjusted and measured 

after the set time of polycondensation. 

 

The final electrospinnable sol 

The final concentrated sol consists of the linear, low-branched macromolecular 

organosilane matrix described above, which, despite the concentration, is filled with polar 

solvent molecules based on alcohol, water, and inorganic mineral acid, which evaporate during 

the subsequent electrospinning process. 

 

7.1.2 Characterization of the spinnable sols as evaluated by FTIR spectroscopy 

The sols containing the above-mentioned molar ratios (Table 4) were further characterized 

by Fourier transform infrared spectroscopy (Figure 36). This confirmed that the sols have the 

same chemical structure with the typical structural units corresponding to the composition of 

the organosilane matrix containing conjugated aromatic nuclei. This is very evident in the area 

known as the “fingerprint region”, i.e., the area of characteristic single bonds, in which no two 

molecules have exactly the same spectrum. In the case of organosilane materials, the areas of 

950 to 1000 cm-1 and 1050 to 1100 cm-1, which correspond to the characteristic vibrations of 

silanol (Si–OH) and siloxane (Si–O–Si) structural units of the organosilane matrix are carefully 

studied as well as the organic part of the hybrid organosilane structure visible in the area of 

characteristic vibrations of aromatic nuclei, i.e. 1400 to 1600 cm-1 (a series of valence vibrations 

of C=C and C–H structural units). These examples differ only in the signal intensity 

corresponding to the amount of the given component in the analyzed sols.  
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The most intensive band, at about 1100 cm−1, is related to asymmetric stretching vibrations 

of the Si–O–Si bridges. In the case of hybrid structures, this band becomes clearly split into two 

separate bands at about 1050 and 1100 cm−1. Vibrations of the silicon–oxygen (O–Si–O) 

bridges are also responsible for the bands at about 800 cm−1 (symmetric stretching vibrations, 

bending vibrations) and also bending vibrations visible at about 450 cm−1. A band related to 

vibrations of the Si–OH groups is observed at about 950 cm−1 – 1000 cm−1. Bands contributing 

to the vibrations of the organic groups are usually very sharp and are situated in the ranges of 

1400 – 3070 and 540 – 740 cm−1. These bands are usually connected to vibrations of C–H, Si–

C bonds as well as ring structures [194]. Additionally in the spectra, the peaks appearing at 

1600 cm−1 are assigned to the in-plane stretching vibrations of phenyl groups C=C bonds, and 

a peak attributed to the value of 1450 cm−1 confirms the presence of the Si–C covalent bond 

[195]. Moreover, the molecularly adsorbed water may be seen in the range of 3100 −1 – 3600 

cm−1 together with the silanol groups Si–OH, among which terminal silanol groups may also 

be identified, particularly in the region of 3600 −1 – 3700 cm−1 [194][195]. 

The FTIR spectra confirm that both organic and inorganic structural units are present and 

interconnected in the prepared sols. The siloxane matrix is evidently well built as the successful 

creation of the polysiloxane matrix is demonstrated by the increase in the intensity of the 

absorption peaks assigned to the siloxane groups at the expense of the absorption peaks of the 

silanol groups. The strongest increment may be found at 1050 cm-1 belonging to the bridging 

TO phonon mode of Si–O–Si antisymmetric stretching, together with a distinct shoulder on the 

side of the higher wavenumber points belonging to the LO mode of Si–O–Si antisymmetric 

stretching. These are very important for the qualification of polysiloxane densification 

processes as they refer to the disorder-induced modes to be found in more porous and humid 

gels [196]. These observations support the above-mentioned idea that a spinnable linear 

structure was created dominated by incompletely condensed silica species. Likewise, the FTIR 

spectra indirectly prove that no Si–C cleavage occurred, and the volume and nature of the 

organic part remained the same throughout the whole sol-gel processing. 
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Figure 36. FTIR spectra describing the kinetics of the sols containing BTEBP in different 

molar ratios, which were specified as suitable for the formation of fibers after the  

established time interval. 
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7.1.3 Fiber formation via the electrospinning technique 

To spin the sol prepared in this way, it is possible to use electrospinning technology from a 

hollow needle with a constant supply of sol, electrospinning technology from the front of the 

rod, or the so-called needleless electrospinning technology, which uses a spinning electrode 

consisting of a moving body (e.g., cylinder CZ 274294), or a static or moving string (e.g., 

according to CZ 300345), which is applied, for example, in the Nanospider technology of 

Elmarco and enables the preparation of submicron fibers and microfibers on an industrial scale. 

The prepared organosilane (nano)fibers have diameters in the range of 140 to 5100 nm, 

depending on the composition of the sol, the conditions, and the spinning technology.  

Preferably, the fibers prepared by electrospinning are further thermally stabilized, 

depending on the type of alkoxide precursor(s) used and the molar ratio of bridged organosilane 

precursor(s) and alkoxide precursor(s).  

Suitable parameters supporting the formation of the fibers based on 4,4'-bis(triethoxysilyl)-

1,1'-biphenyl in the above-mentioned molar ratios with/without TEOS are described in Table 

5 below.  

 

Table 5. An overview of the parameters suitable for BTEBP fiber formation. 

Parameters 
Conditions for 

electrospinning 

 

BTEBP : TEOS 25 : 75 mol.%   

Viscosity (mPa.s) >29   

High voltage (kV) <30   

Distance between needle and collector (cm) <25  

Polymer extrusion rate (ml/h)  >2  

BTEBP : TEOS 50 : 50 mol.% 

Viscosity (mPa.s) >29  

High voltage (kV) <25    

Distance between needle and collector (cm) <25    

Polymer extrusion rate (ml/h)  >2  

BTEBP : TEOS 75 : 25 mol.% 

Viscosity (mPa.s) >29  

High voltage (kV) <25    

Distance between stick and collector (cm) <25   

Polymer extrusion rate (ml/h)  <5   

BTEBP : TEOS 100 : 0 mol.% 

Viscosity (mPa.s) >29  

High voltage (kV) suitable  

Nanospider NS 1W500U (Elmarco s.r.o.) string diameter 

0.2 mm 

 

Distance between electrodes (cm)   <20  

Polymer extrusion rate (ml/h)   <10  
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7.2 Characterization of the prepared BTEBP (nano)fibers 

 

All of the prepared (nano)fibers were characterized via the various different techniques 

mentioned below, with the aim to determine their properties. The (nanofibers) based on BTEBP 

: TEOS with the following molar ratio of BTEBP in the sol mixture (25 mol.%; 50 mol.% and 

75 mol.%) are mainly presented in this part of the thesis. 

 

7.2.1 Solid-state NMR analysis of the prepared fibers 

Solid-state 29Si and 13C NMR spectra of different fibrous samples obtained by reaction of 

4,4'-bis(triethoxysilyl)-1,1'-biphenyl (BTEBP) and tetraethoxysilane (TEOS) were recorded 

and the formation of siloxane network was confirmed (Figure 37). The complex of the hybrid 

structure contains various siloxane units such as Tn and Qn units [9,194,197], which were 

confirmed by 29Si ssNMR experiments (additional results are shown in the supplement, Figures 

S1 and S2). The 29Si CP/MAS NMR spectra indicated the presence of T1 (-65 ppm), T2 (-72 

ppm), T3 (-79 ppm), Q1 (-89 ppm), Q2 (-95 ppm), and Q3 (-102 ppm) structural units in all of 

the fibrous samples. A sample of 25 mol.% BTEBP also contained Q4 (-109 ppm) moieties. The 

molar content of each unit in the samples and the condensation degree were calculated based 

on the integral intensity of the respective signals, and the results are listed in Table 6. 

The 13C MAS NMR spectra of all of the investigated systems confirmed the presence of 

aromatic carbons of BTEBP. Moreover, signals around 59 ppm (–OCH2– groups) and 18 pmm 

(–CH3 groups) were detected in the spectra. These signals revealed the presence of residual 

ethoxy groups (Figure 37- right column). The relative molar percentages of non-reacted ethoxy 

groups for each sample are summarized in Table 7 as an average value of I(–CH3)exp/I(–

CH3)Theor and I(–OCH2–)expt/I(–OCH2–)Theor ratios, where I(–CH3)exp and I(–OCH2-)expt are 

derived as the integral intensity from the experimental 13C MAS NMR spectra of the 

corresponding signals, and I(-CH3)Theor, I(–OCH2–)Theor are theoretical integral intensities in a 

non-reacted mixture. The different molar ratios of the components in the individual samples 

were considered.   

From the obtained results (Tables 6 and 7) it follows that an increase in the content of 

BTEBP in the initial mixture leads to an increase in the amount of Tn units in the final product. 

In particular, an increase in the content of T1 and Q2,3 units was observed, which indicates the 

formation of a less branched siloxane network. This is consistent with decreases in the amount 

of condensation, which was also confirmed by 13C MAS NMR spectra where an increase in the 

amount of unreacted ethoxy groups was detected. 
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Figure 37. ssNMR spectra of the fibers: a) variant with a molar ratio of BTEBP:TEOS 25 

mol.%:75 mol.%; b) variant with a molar ratio of BTEBP:TEOS 50 mol.%:50 mol.%; c) 

variant with a molar ratio of BTEBP:TEOS in the sol of 75 mol.%:25 mol.%. 

 

Table 6. The molar percentages of siloxane units determined from 29Si CP/MAS NMR, the 

ratios between total amounts of Tn and Qn structure units, and the calculated condensation 

degrees qi 

Sample 
Molar content of silicon units, % Ratio 

∑ Tn:Qn 
qi

* 
T1 T2 T3 Q1 Q2 Q3 Q4 

BTEBP : TEOS 25 10.2 29.5 4.4 3.5 29.1 21.2 2.1 44.1:55.9 0.609 

BTEBP : TEOS 50 31.4 35.3 3.7 5.1 17.9 6.6 - 70.4:29.6 0.529 

BTEBP : TEOS 75 62.5 19.9 1.3 5.5 7.9 2.9 - 83.7:16.3 0.429 
*Condensation degree was calculated using the formula [198,199]: qi = ∑ (

nTn

3
)3

n=1 + ∑ (
nQn

4
)4

n=1 , where Tn 

and Qn is a molar fraction of Tn and Qn units, respectively; n is a number of bridged Oxygen atoms attached to 

the unit. 
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An interesting result may be seen in Table 6, in the column regarding the ratio of Tn and Qn 

units. More organosilane units remain in the fibers than in the initial sol. This may be attributed 

to TEOS, which is probably not built into the hybrid matrix and, therefore, it is not further built 

into the fibers during the electrospinning process. We assume that unreacted TEOS, which has 

a boiling point of 168 °C, may evaporate during the reflux or spinning process. Therefore, 

resulting fibers are predominantly hybrid. We are currently intensively working to clarify this 

theory. 

 

Table 7. The relative amount of non-reacted ethoxy groups (relative to the initial mixture) 

determined from 13C MAS NMR spectra. 

Sample 
Relative amount of non-reacted ethoxy 

groups, % 

BTEBP : TEOS 25 31.4 

BTEBP : TEOS 50 35.0 

BTEBP : TEOS 75 48.1 

 

7.2.2 Thermal stability of the prepared hybrid fibers determined by the TGA method 

The thermal stability test of the submicron fibers produced from the 25 mol.% sol mixture 

of BTEBP in the temperature range of 20 to 650 °C was performed by thermogravimetric 

measurement (TGA) (Figure 38), which shows the TGA spectrum of their thermal 

decomposition. During the TGA analysis, the gaseous products formed during the heating and 

thermal decomposition of these fibers were analyzed simultaneously by infrared spectroscopy 

(FTIR).  

Moreover, three weight losses were recorded during the analysis: two smaller ones with a 

size of 0.06 wt.% and 6.26 wt.% in the temperature range of 20 to 350 °C, which corresponds 

to the evaporation of water and the evaporation or dissociation of residual ethanol and residual 

ethoxy groups from the imperfectly polycondensed organosilane matrix; a larger one of 28.38 

wt.%, which was recorded in the temperature range of 350 to 650 °C with a maximum at 531.92 

°C. This decrease was attributed based on the FTIR analysis to the decomposition of the organic 

component of the organosilane matrix. From these results it is clear that the prepared 

organosilane fibers show thermal stability up to temperatures of around 350 to 400 °C. 

During the TGA-FTIR analysis, the fibers from the 50 mol.% sol mixture of BTEBP showed 

a more significant weight loss of 30.9 wt.% in the temperature range of 350 to 650 °C with a 

maximum at a temperature of 518.27 °C (Figure 39), which confirms the thermal stability of 

the submicron organosilane fibers up to a temperature of around 400 °C. 
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The fibers from 75 mol.% sol mixture of BTEBP showed similar values during the TGA-

FTIR analysis (Figure 40). Three weight losses were recorded: two smaller, 0.05 wt.% and 

7.03 wt. %, in the temperature range of 50 to 260 °C, which correspond to the evaporation of 

water and the evaporation or dissociation of residual ethanol and residual ethoxy groups from 

the imperfectly polycondensed organosilane matrix; and a greater weight loss of 31.66 wt.% 

recorded in the temperature range 375 to 650 °C, with a maximum at 526.74 °C. This decrease 

was attributed to the decomposition of the organic component of the organosilane matrix based 

on the FTIR analysis. From these results, it is clear that the prepared organosilane fibers show 

thermal stability up to a temperature of around 400 °C. 

 

 

Figure 38. TGA spectrum of the thermal decomposition of the organosilane fibers containing 

BTEBP (25 mol.%) in the hybrid network. The temperature range moves between  

25 and 650 °C. 
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Figure 39. TGA spectrum of the thermal decomposition of the organosilane fibers containing 

BTEBP (50 mol.%) in the hybrid network. The temperature range moves between  

25 and 650 °C. 

 

 

Figure 40. TGA spectrum of the thermal decomposition of the organosilane fibers containing 

BTEBP (75 mol.%) in the hybrid network. The temperature range moves between  

25 and 650 °C. 
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7.2.3 Morphology of the fibers determined by scanning electron microscopy  

The organosilane fibers made of combination BTEBP and TEOS in various molar ratios 

were examined using scanning electron microscopy, their overall morphology, and the average 

size of the organosilane fibers were determined. According to the obtained results (Figure 41), 

morphologically compact and homogeneous fibers were obtained using both electrospinning 

techniques (jet needle-electrospinning, and/or Nanospider). The fibers were oval in cross-

section, i.e., flattened, probably due to the presence of bulky bridged organosilane, which has 

a tendency to form a linear ladder-like structure. 

The prepared organosilane fibers were quite long and were continuously deposited onto the 

collector depending on several of the parameters regarding the electrospinning process. The 

diameters of the fibers may be seen in Figure 42, and their average size ranges from hundreds 

of nanometers to units of micrometers. Even though they are quite thin, they do not have a 

tendency to crack during manipulation. As may be seen in Figure 41, very similar organosilane 

fibrous structures were obtained although different molar ratios of the precursors were used in 

the sols and various electrospinning conditions were tested.  

Figure 42 depicts fibrous sample BTEBP50 were bead inhomogeneities are distributed on 

the surface of the fibers. These structural defects are most probably related to the sol viscosity, 

due to which the network size exceeded the electrostatic force needed to create the jet. As is 

mentioned in the literature [200], the optimal viscosity and sol network, where linear chains of 

macromolecules predominate, support the production of smooth and continuous fibers, as may 

be seen in samples BTEBP25 and BTEBP75 in Figure 42. Fibrous samples having a greater 

thickness/diameter (Table 8) presumably contain hyper-branched or a larger network of 

organosilanes. These samples are electrospun with a greater viscosity due to the use of the more 

sterically bulky organo-bis-silylated precursor. The calculated fiber diameters are shown in 

Table 8. It is generally stated that the values of the average diameter decrease as the high 

voltage (HV) increases [59,200]. However, this phenomenon also brings an increase in the 

diameter distribution of the fibers [59,200]. The measured thicknesses of the prepared fibrous 

layers are also included in Figure 43.  
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Table 8. Calculated fiber diameters for the different molar ratios of BTEBP:TEOS present in 

the hybrid matrix.  

Sample 

Fiber diameter 

range interval (nm) 

Fiber mean 

value (nm) 

Fibrous layer 

thickness  

(µm) 

BTEBP:TEOS 25 400 - 1300 812 88.91 

BTEBP:TEOS 50 580 - 1510 952 21.12 

BTEBP:TEOS 75 580 - 2100 1040 21.96 

 BTEBP:TEOS 100 658 - 5100 2040 16.87 

 

To conclude this part, it may be said that various different structural morphologies of fibers 

(homogeneity, inhomogeneity, average diameter, and their distributions) may be reached 

independently of the type and amount of the organosilane precursor used in the initial mixture. 

The important parameters are mainly the degree of polycondensation together with the viscosity 

of the polymer solution related to the sol-gel processing parameter, which is followed by the 

suitable conditions of the electrospinning process. If the above-mentioned parameters are 

observed and controlled, it is possible to produce different organosilane fibers, tailored 

according to the specific application. 

 

 

Figure 41. SEM images of the prepared BTEBP fibers at different molar ratios. 
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Figure 42. SEM images showing the diameters of the prepared hybrid organosilane  

BTEBP fibers. 

 

 

Figure 43. SEM images showing the layer thickness (µm) of the prepared hybrid 

organosilane BTEBP fibers at various molar ratios (BTEBP 25 mol.% a); BTEBP 50 mol.% 

b); BTEBP 75 mol.% c). 

 

7.2.4 Conductivity of the prepared BTEBP fibers 

The electrical conductivity of fibers made of organo-bis-silylated precursors based on 4,4'-

bis(triethoxysilyl)-1,1'-biphenyl and/ or 1,4-bis(triethoxysilyl)benzene and starting at a 25 

mol.% content in a hybrid silica sol mixture exceeds the semiconductor limit – i.e., 10-10 S/cm 

(Figure 44), which significantly increases their application possibilities. In general, when the 

precursors containing aromatic functional groups or conjugated multiple bonds are used (see 

Figure S3, Chapter 11.4 in the supplements), then the new localized levels are formed in the 

“forbidden band” of the electronic structure, reducing the energy gap of the electron moving 

from the valence to the conduction band.  

Using these new levels, the electron then travels from the valence band to the conduction 

band with the insertion of lower energy, which results in a further increase in conductivity, up 

to the band of semiconductors or conductors (1st order). With a higher proportion of such 

organosilanes at a content of above 70 mol.%, the influence of the predominant inorganic 

siloxane network is significantly suppressed in favor of the conductive effect of organic 

molecules [45]. 
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Figure 44. Dependence of the specific electrical conductivity on the temperature and relative 

humidity (RH = 29; 75 and 100) of the environment of hybrid pure organosilane fibers with a 

BTEBP:TEOS molar ratio of 25 mol.%:75 mol.%. 

 

 

7.3 The latest results of ongoing research 

 

Based on the previous experiments demonstrated in this thesis as well as in the articles 

included in the supplementary part (Chapter 11.5), structures were and are further designed 

with regard to the planned applications into the fields of medicine, optoelectronics and energetic 

devices. From this point of view, the following organo-bis-silylated precursors have been 

proposed as suitable candidates with respect to fulfilling the set aims. 

 

Table 9. Synthesized organo-bis-silylated precursors planned to be used for the formation of 

fibers. 

Names of the proposed organo-bis-

silylated precursors 
Molecular structure 

N,N’-bis(3-(triethoxysilyl)propyl)oxamide  

(OBA precursor) [201] 
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1,4-bis(3-

(triethoxysilyl)propylamide)benzene 

(BiTSAB precursor)  
 

bis(3-(triethoxysilyl)propyl)pyridine-2,6-

dicarboxamide (BTEPDA precursor) [16] 

 

 

7.3.1 Syntheses of the proposed organo-bis-silylated precursors 

 

OBA precursor  

The whole procedure was undertaken under argon: Into 100 mL anhydrous dichloromethane 

(DCM), 60.0 mmoles of triethylamine (TEA) and 40.0 mmoles of TEA were added, followed 

by cooling to 0 (±5) °C. The Reaction flask was continuously stirred at 350 rpm. Subsequently, 

into 20 mL of anhydrous DCM, 20.1 mmoles of oxalyl chloride were added and mixed very 

slowly. After that, the diluted oxalyl chloride was added drop-wise into the reaction flask and 

the reaction was stirred at 350 rpm/ 3 h. Then the reaction was diluted with 30 mL of DCM and 

300 mL of distilled water was added, followed by vigorous mixing and separation of phases.  

The organic phase (with precursor) was mixed with Na2SO4/ 2 h, followed by filtering, with the 

filtrate put on Roto-Vap. The sample thus obtained was then mixed with toluene, following by 

filtering through a syringe filter, and the filtrate was placed on Roto-Vap. Finally, the product 

was 2x more re-dissolved in toluene and evaporated on Roto-Vap with conditions (~2 h/ 0 

mbar). The final product is of yellowish semi-viscous liquid. The yield is 61.2 % [201]. 

 

BiTSAB precursor 

This type of organo-bis-silylated precursor has been designed according to the author´s 

proposal based on the following literature [201,202] where similar structures may be found. 

The following procedure was undertaken under argon: Into 50 mL anhydrous toluene, 10.02 

mmoles terephthaloyl chloride was added (not completely soluble), followed by cooling to 0 

(±5) °C.  The reaction flask was continuously stirred at 350 rpm, then 45 mmoles of TEA was 

added into the reaction flask together with 19.5 mmoles of APTES. The reaction was left to 

react for 2 h/ 400 rpm. After this time, 200 mL of water was added, followed by vigorous mixing 

and separation of phases. The product was washed 2x more times with water and the organic 

phase (with precursor) was mixed with Na2SO4, for 2 h, followed by filtering, with the filtrate 
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put on Roto-Vap to remove solvents. The sample thus obtained was then mixed with toluene, 

following by filtering through a syringe filter, and filtrate placed on Roto-Vap again. After that, 

the sample was 2x more re-dissolved in toluene and evaporated on Roto-Vap (~2 h/ 0 mbar). 

The final product is of yellow-orange solid at RT. The yield is 81.8 % [16,201].  

 

BTEPDA precursor 

The following compounds sodium ethoxide (0.1 mmol), diethyl pyridine-2,6-dicarboxylate 

(10 mmol), and 3-(triethoxysilyl)propyl amine (20.5 mmol,) were mixed together and 

subsequently were heated in a sealed tube at 170 °C  under stirring in argon atmosphere for 5 

h. After cooling down to RT, chloroform was poured into the reaction tube to extract the 

reaction product. Subsequently, the suspension was filtered and the solvent was removed under 

vacuum on the Roto-Vap (~2 h/ 0 mbar)), obtaining pure bis(3-(triethoxysilyl)propyl)pyridine-

2,6-dicarboxamide as a white solid in 92% yield [16]. 

 

 

7.3.2 Characterization of the two synthesized precursors 

All of the above-prepared precursors were characterized with the aim of confirming their 

purity, before the preparation of the sols. The methods used were 1H liquid-state NMR 

spectroscopy (Figures 45, 46) and the TGA method (Figures 47, 48) with the aim of stating 

the decomposition temperatures for the prepared precursors. These characterizations (1H liquid-

state NMR spectroscopy and TGA method) are known for the BTEPDA precursor [16], so in 

this respect they are not stated in this part of the thesis. 



 

Technical University of Liberec  Habilitation Thesis 

MSc. Veronika Máková, Ph.D., 2021 73         

 

Figure 45. Spectrum of the 1H liquid state NMR of the OBA precursor measured  

in DMSO-d6. 
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Figure 46. Spectrum of the 1H liquid state NMR of the BiTSAB precursor measured in 

DMSO-d6.  

 

TGA results of OBA and BiTSAB precursors 

A thermal stability test of the synthesized OBA and BiTSAB precursors in the temperature 

range of 20 to 800 °C was performed by thermogravimetric measurements (TGA), see Figures 

47 and 48 which show the TGA spectra of their thermal decomposition.  

The TGA analysis performed in a nitrogen (N) atmosphere showed that the first leakage 

occurred at a temperature of 96 °C. This corresponds to the evaporation of water and the 

evaporation of residual solvents from the OBA precursor. A larger weight loss of 90.12 wt.% 

most probably assigned to the dissociation of the bond between the carbonyl groups, was then 

recorded in the temperature range of 100 to 375 °C, with a maximum at 288.48 °C. This 

decrease is attributed to the decomposition of the organic part present inside the organosilane 

molecule based on the FTIR analysis. The results indicate that the prepared OBA precursor is 

thermally stable up to temperatures of around 100 °C. 

The second precursor, BiTSAB, showed the following results: during the TGA-IR 

measurement in a nitrogen (N) atmosphere, the first very low weight loss 1.37 % was visible at 

a temperature of 121.50 °C. This is primarily attributed to the leakage of the organic solvent 

residues used during the synthesis of the BiTSAB precursor. On the contrary, a more interesting 

and significant weight loss of 52.88 wt.% occurred in the temperature range of 250 to 390 °C, 

with a maximum at a temperature of 336.61 °C (Figure 48). The second weight loss of 79.45 

wt.% occurred at the temperature range of between 450 and 550 °C, with a maximum at 449.37 

°C. The first weight loss may be attributed to the decomposition of amide bonds present next 

to the aromatic nuclei. The second weight loss is more related to the decomposition of the 

aromatic ring itself.  

This confirms that the thermal stability of the prepared BiTSAB precursor may be used in 

the sol-gel process up to a temperature of around 240 °C. 
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Figure 47. TGA spectrum determining the thermal stability of the OBA precursor  

in the range of 10 to 800 °C. 

 

 

Figure 48. TGA measurement determining the thermal stability of the BiTSAB precursor  

in the range of 10 to 800 °C 
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7.3.3 Preparation of the sols OBA and BiTSAB  

Certain synthetic steps and details were intentionally omitted from the text to maintain the 

confidentiality of the patented process. 

The standard procedure for the synthesis of a spinnable organosilane sol solution was as 

follows: the precursors composed of TEOS : OBA and/or BiTSAB (in a molar ratio of 50:50), 

a suitable polar solvent, deionized water, and mineral acid were added into a Teflon bottle and 

stirred (Table 10). The pH of the sols was adjusted to an appropriate value. Finally, the solutions 

were heated for a suitable time and mixing speed, the dynamic viscosity was measured before 

the electrospinning process and appropriately adjusted. Hybrid fibers (marked as OBA and/or 

BiTSAB) were prepared via jet needle-electrospinning (Table 10) and finally dried in a 

desiccator for subsequent SEM analysis (Figures 50-52). 

 

7.3.4 Characterization of both sols measured by FTIR spectroscopy 

According to the FTIR spectroscopy evaluation (Figure 49), it was found a suitable degree 

of polycondensation and thus electrospinnable sols occurs after only 6 hours of the set sol-gel 

process. Between 6 and 24 hours, no significant changes appeared in the area of the 

polycondensation in either of the sols. The efficient incorporation of both types of organic 

moieties into the structure of the organo-bis-silylated precursors was confirmed by Fourier-

transform infrared spectroscopy (FTIR), which is depicted in Figure 49. In this context, the 

presence of both the silica matrix and the organic moieties was confirmed.  

According to the spectrum of the first precursor, BiTSAB (Figure 49; upper spectrum), 

the following bands confirming the stable BiTSAB structure present in the sol may be seen. 

Firstly, the characteristic vibrations of siloxane (Si–O–Si) structural units belonging to the 

organosilane matrix may be seen at 690, 750 – 800 ((symmetric stretching vibrations, bending 

vibrations) and 1050 to 1100 cm-1, as well as silanol (Si–OH) structural units, which are visible 

at 950 to 1000 cm-1. The most intensive band appears at around 1100 cm−1 and is connected 

with asymmetric stretching vibrations of the Si–O–Si units (known as “bridging oxygens”). 

The organic part of the hybrid organosilane precursor (BiTSAB) is then visible in two main 

areas. One belongs to the characteristic vibrations of aromatic nuclei at 1445 to 1550 cm-1 and 

3000 - 2800 cm-1  (a series of valence and deformation vibrations of C=C and C–H structural 

units). The second area is dedicated to the absorption sublet of amidic units (NH–CO), which 

are clearly visible in the peaks at 1650 and 1520 cm-1. 

In the case of the second precursor (OBA), the first amide band (NH–CO) was detected at 

1650 cm−1 together with the carbonyl group (C=O) stretching vibration. The second amide band 
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(NH–CO) is clearly visible at the value of 1520 cm−1 (δ(NH)). Therefore, the presence of the 

stable amidic structures in the synthesized OBA precursor present in the sol may be confirmed. 

With this in mind, it is possible to assume that the organic linker present in the structure of the 

hybrid precursor does not decompose during the sol-gel processes. Furthermore, the amide 

occurrence in the material may be confirmed by the presence of the N–H stretching vibration 

together with the occurrence of the molecular water at around 3100 – 3600 cm−1, appearing as 

a broad band with emerging shoulders. In addition, other bands observable in Figure 49 (lower 

spectrum) are the symmetric and antisymmetric stretching vibrations of –CH2, –CH3 units at 

the region 2850 – 3000 cm−1. As already mentioned above, the bands found in the region 

between 500 and 1000 cm−1 mostly belong to the silica matrix, where the characteristic 

stretching vibrations of Si–O–Si structural units appear at approximately 690, 750 – 800 and 

1050 – 1100 cm−1, as well as Si–OH structural units, which may be clearly observed in the 

regions of 950 – 1000 cm−1 1.  

According to the obtained results, the following assumptions may be made: both the 

synthesized hybrid precursors are stable during the sol preparations. The organic linkers stay 

firmly bonded inside the hybrid silica matrix. In a good accordance to the TGA-FTIR 

evaluation, the decomposition process for both organic linkers does not occur up to a 

temperature of 80 °C.  
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Figure 49. FTIR spectra describing the kinetics of the sols containing 50 mol.% of BiTSAB 

precursor (upper spectrum) and OBA precursor (lower spectrum) which were established  

as being suitable for the formation of fibers after 6 hours of heating at an appropriate 

temperature. 
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Table 10. Sols and conditions employed for the jet needle-electrospinning of both of the 

synthesized precursors (OBA and BiTSAB). 

Sol-gel parameters Parameters of jet needle-electrospinning 

Molar 

ratio k 

= [H2O] 

/ 

[silanes] 

Molar ratio 

Alc = [EtOH] 

/ [silanes] 

Viscosity 

[mPa.s ] 

Feeding 

rate 

[ml.s-1] 

Tip-to-

collector 

distance 

[cm] 

High 

Voltage 

[kV] 

Temperature/ 

relative humidity 

<2.0 >60 >39  <1 <20 <23 >18 °C / >32 % 

 

7.3.5 Preliminary results of the formation of OBA and BiTSAB fibers  

In this chapter, only an overview of the latest results of (nano)fibrous structures, which were 

successfully prepared from the synthesized precursors (Figures 51-53), is given. Due to the fact 

that these are currently unpublished and especially in the case of the latest results, which are 

currently being intensively worked on, there is only an overview of images of the prepared 

fibers via jet needle-electrospinning, which lead to their formation. Figure 52, where the hybrid 

sub-micron OBA fibers (100 mol.%) prepared without the addition of TEOS may be seen, is 

completely unique. The diameter of these fibers varies between 443 and 940 nm. 

 

 

Figure 50. Fibers prepared from a combination of the OBA precursor:TEOS 50 mol.% 
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Figure 51. Hybrid organosilane fibers prepared from the OBA precursor at 100 mol.% 

without the use of TEOS. 

 

 

Figure 52. Disrupted hybrid organosilane fibers containing beads prepared from  

a combination of the BiTSAB precursor:TEOS 50 mol.% under different  

needle-electrospinning conditions. 
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8. The potential of these newly prepared organosilane fibrous materials 
 

Today’s modern science requires a comprehensive approach and intensive interconnection 

of a number of scientific disciplines, which used to be developed completely individually. By 

applying such an approach, completely new and unique results may be achieved, especially in 

the field of materials science. This is precisely the case of hybrid organic-inorganic materials, 

which enable and support a multidisciplinary approach of a number of scientific disciplines 

leading to completely new and unique results, which may be further developed both in basic 

and applied research. From this point of view, it is possible to say that organosilane-based 

materials have the potential to fulfil the above-mentioned statements and parameters. 

Completely unique materials may be obtained due to the properties that can be achieved by 

combining organic and inorganic components within the hybrid matrix in these fibrous 

organosilane materials by the presence of a Si–C covalent bond. These materials show a wide 

application potential in various fields. However, their development is still in its infancy, so a 

vast field of activity is open to a wide range of scientific disciplines and scientific groups.  

The presented thesis and results humbly compare the past and current research of the 

preparation of hybrid organosilane fibrous materials with the aim of emphasizing their 

contribution to modern science. The organo-mono-silylated and organo-bis-silylated precursors 

were deeply studied stressing the consequent synthetic strategies and outcomes and/or ways 

leading to the formation of these fibers. The presented findings are complemented with a 

subsequent survey of their suitable applications highlighting the potential of such hybrid 

organosilane fibers in various different fields of modern material science. 

The various classes of hybrid organosilane (nano)fibers provide additional value compared 

to the conventional fibrous systems already in use and may be applied to many fields of modern 

science, such as optoelectronics, energetics, filtration, catalysis, and medicine. Many of the 

presented hybrid organosilane fibrous materials seem to have a strong potential to open up 

completely new directions in hybrid material chemistry with an emphasis on the non-toxicity, 

environmental friendliness and efficiency of their performance. 

One of the greatest advantages of these organosilane fibrous materials lies in the very high 

variability in the choice of organic molecules (linkers) that are firmly anchored by the covalent 

bonding of Si–C inside the structures of organo-mono or organo-bis-silylated precursors, which 

form the main components in the subsequent formation of the fibers. Due to this variability, 

nano/submicron/microfibers of the required properties may be subsequently prepared.  
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As an example of our ongoing research, the following specific types of organic molecules 

were presented: an aliphatic type i.e., N,N’-bis(3-(triethoxysilyl)-propyl)oxamide; an aromatic 

type with one nuclei i.e., 1,4-bis(triethosilyl)benzene and/or more nuclei i.e., 4,4-

bis(triethoxysilyI)terphenyl; cyclic type i.e., (1S,2S)‐1,2‐bis{N’‐[3‐

(triethoxysilyl)propyl]ureido}cyclohexane; or heterocyclic type  i.e., bis(3-

(triethoxysilyl)propyl)pyridine-2,6-dicarboxamide. The selected organic molecule (linker) is 

then able to impart the desired properties to the hybrid fibrous material. However, when 

selecting organic linkers, it is necessary to take into account some of their properties, such as 

thermal stability, flexibility, strength, conductivity, or the steric factors, which include the size, 

shape, composition and structure of the chosen or proposed molecules. All of the above-

mentioned factors may influence and in many cases greatly affect both the sol-gel process and 

the subsequent ability to form fibers via one or more electrospinning techniques. 

The deepest meaning regarding these fibrous organosilane materials lies in their following 

properties and parameters: I. The ability to prepare spinnable sols via a one-pot synthesis with 

the help of the sol-gel process; II. The most common fiber-making techniques such as jet 

needle-electrospinning, stick electrospinning and or Nanospider technology leading from the 

laboratory scale to semi-industrial scale may be used; III. All hybrid organosilane fibrous 

materials based on organo-mono-silylated, particularly organo-bis-silylated precursors, may be 

prepared without the use of further inorganic and/or organic surfactants, polymeric or low-

molecular additives; IV. The hybrid network leading to the formation of these hybrid 

organosilane fibers may be composed of a variety of suitable organic molecules, which are 

covalently bonded inside of the hybrid network via Si–C bonds, according to the planned uses 

of these fibers. 
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9. Conclusion  
 

The aim of the presented habilitation thesis 

The aim of the presented habilitation thesis and its first part is to acquaint the scientific 

committee with the completely unique and so far under-researched topic of purely hybrid 

organosilane (nano)fibers prepared from organo-mono-silylated and particularly organo-bis-

silylated precursors using a combination of various different approaches based on 

organic/organometallic synthesis, which is interconnected with the subsequently applied 

methods of sol-gel and electrospinning.  

These hybrid pure organosilane fibers (nano fibers; submicron fibers; microfibers) may be 

prepared using a number of electrospinning techniques, including Nanospider technology. 

Likewise, these fibrous mats show high biocompatibility depending on their composition, 

which may be used in medical applications, such as tissue engineering and/or regenerative 

medicine. Furthermore, the above-mentioned fiber systems may exhibit fluorescence at 

different wavelengths, which may be used in the fields of optoelectronics and sensors. These 

are materials whose further properties may be classified as semiconductors or conductors, and 

there is the potential for application of these materials in high-performance energy devices (ion-

lithium batteries, solar cells) in the form of new types of (semi) conductive membranes. Due to 

the variability of organic molecules within hybrid structures, these materials may also be used 

in the field of air and water filtration, or catalysis. The materials are prepared with an emphasis 

on current ecological and economic aspects, i.e., environmental protection and reasonable 

production costs.  

Chapters 2 to 6 are devoted to an overview of the whole issue, which covers the origins of 

silica and (organo)silane fiber-making chemistry leading to the successful preparation of pure 

organosilane fibers via a one-pot synthesis, followed by a description of the parameters which 

are necessary for sol-gel processing for the preparation of spinnable sols, such as the molar ratio 

of the hybrid precursors to tetraethylorthosilicate, acid catalyst and its properties, polar solvent 

(alcohol), which is necessary for the kinetics (hydrolysis and polycondensation processes) of 

the whole sol, constant k determining the level of polycondensation reactions, and viscosity of 

the sols, which are some of the key parameters for subsequent formation of fibers via 

electrospinning. This part of the thesis is based on a review that the author and her 

colleagues published this year in the journal Polymer entitled: “Hybrid organosilane 

fibrous materials and their contribution to modern science” [19]. The author provided the 

main contribution to the above-mentioned published review.  



 

Technical University of Liberec  Habilitation Thesis 

MSc. Veronika Máková, Ph.D., 2021 84         

The results providing the novelty of this habilitation thesis 

The second part of the thesis is focused on the results providing the novelty of this work, 

where (nano, submicro, and micro)fibers were successfully prepared from the precursor 4,4'-

bis(triethoxysilyl)-1,1'-biphenyl in a high molar ratio in the hybrid matrix. Here, the results 

related to their preparation and their complete characterization via various techniques, including 

solid-state NMR, thermogravimetric analysis (TGA), FTIR spectroscopy, and scanning 

electron microscopy (SEM), were described. These results have not been published yet, and are 

partly confidential due to the filing of the national patent application PV 2021-160 submitted 

on 31 March 2021, and the international patent application EP21172710.2 submitted on 7 

May 2021 entitled: “A process for preparing a sol for the preparation of hybrid organosilane 

fibers by electrospinning technique, a sol thus prepared and hybrid organosilane fibers 

prepared by electrospinning of this sol”. 

 

The author’s contribution to the topic 

The author’s contribution stems from an internship at the Institut de Science et d’Ingénierie 

Supramoléculaires, l’Université de Strasbourg, France, which the author completed between 

2014 and 2015. Suring this internship, the author was more deeply acquainted with the 

preparation of hybrid bridged organosilane precursors in the form of nanoparticle systems 

intended primarily for the fields of medicine, photophysics, and optoelectronics. 

Upon her return, the author applied the knowledge she gained from the internship in the 

field of hybrid bridged organosilanes and the potential offered by the Technical University of 

Liberec in preparation of nanofibers and nanofiber devices. Thanks to a GACR project 

performed between 2018 and 2020, she focused intensively on the preparation of organo-bis-

silylated precursors by a combination of the sol-gel process and electrospinning techniques. 

Later on, together with her colleagues and also using the knowledge she previously obtained 

in the fields of organic and organometallic synthesis, she extended the synthesis of selected 

types of hybrid bridged organosilane precursors, which are prepared according to the required 

properties together with the considered areas of application. 

The whole topic is further described in the reprints of articles (Chapter 11.5) published in 

2020 and 2021, in which the author provided a major contribution. The results of this research 

work are further mentioned in the currently filed national patent application PV2021-160, 

which has also been submitted as international patent application EP21172710.2. 
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Contribution of this thesis to the development of the field of textile technology and materials 

engineering 

The habilitation thesis provides a completely new point of view and possibilities to the field 

of textile technology and materials engineering. As was widely discussed in all parts of this 

thesis, these new types of hybrid organosilane fibrous materials may strongly support the 

development, growth, and expansion of fields related to the textile industry and material 

sciences.  

These (nano, submicro, and micro)fibers may find application in almost all fields of the 

textile industry. Particularly interesting and potentially very promissive are the fields related to 

the modern textile protective materials used for military purposes, intelligent textiles having 

incorporated organic molecules as optical sensors, thermo and/or chemo sensors. Furthermore, 

these fibrous materials may find strong application potential in medicine, particularly in the 

form of new types of non-woven wound dressings focused on difficult-to-heal wounds 

including burns and/or scaffolds. This is particularly due to a wide variety of active organic 

molecules, which may be covalently incorporated into the hybrid matrix without the help of 

additional components and/or supports such as different types of surfactants and/or organic 

polymers. The incorporated active molecules may further offer functionalization of other 

biomolecules such as proteins, enzymes, drugs, antimicrobials, and antifungals, whereby 

increasing the impact of the prepared hybrid organosilane fibrous materials. Equally important 

is the field of tissue engineering, where these fibrous organosilane materials may find wide 

application, especially in the area of nerve tissue regeneration, due to their ability to also 

covalently incorporate conductive organic molecules (linkers). These fibrous materials may 

also be applied in the field of fibrous and/or non-fibrous (nano)composites due to their physical 

and chemical properties and/or in the form of fibrous membranes used for air or water filtration, 

having an additional effect, which lies not only in the capture of different “toxic” components 

but also in their effective deactivation, thanks to the presence of suitable covalently bonded 

active organic molecules (linkers) in the hybrid silica matrix.  

It was possible to develop these new and unique fibrous materials due to the combination 

of specialists from the fields of chemistry, materials science, and textile technology offered to 

us by the Technical University of Liberec. Last but not least, the uniqueness of this thesis 

together with its contribution to the field of textile technology and materials engineering lies in 

the variety of topics related to these new hybrid organosilane fibrous materials. Moreover, each 

reader may find his or her own focus regarding this topic and help to spread the above-presented 

knowledge, which may lead to an increase in the significant and highly promissive potential of 
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this topic within research and development worldwide, not only in the field of textile technology 

and materials engineering but also in daily life.  
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11. SUPPLEMENTARY MATERIALS 
 

11.1 Solid-state NMR experimental conditions   

All solid-state NMR spectra were recorded at 11.7 T using a Bruker AVANCE III HD 

spectrometer. The 3.2-mm and 4-mm probes were used for 13C (Larmor frequency of 125.783 

MHz) and 29Si (Larmor frequency of 99.367 MHz) experiments, respectively. The 13C NMR 

chemical shift was calibrated using α-glycine (13C: 176.03 ppm; carbonyl signal) as an external 

standard [200] and 29Si NMR spectra were referenced to the external standard M8Q8 (
29Si: -

109.8 ppm). The 13C MAS NMR spectra were acquired at the speed of the sample rotation of 

20 kHz using a 10 s recycle delay and a number of scans of 4096. The 29Si CP/MAS NMR 

spectra were recorded at the magic angle spinning (MAS) rate of 7 kHz with a number of scans 

of 4096. For the recording of 29Si CP/MAS NMR spectra, a 5 s recycle delay and 5 ms cross-

polarization (CP) contact time were used. In all cases, high-power 1H decoupling (SPINAL64) 

was used for the removal of heteronuclear coupling. 

The samples were placed into ZrO2 rotors and subsequently kept at room temperature. All 

NMR experiments were measured under active cooling in order to compensate for the frictional 

heating caused by the spinning of the samples. All experiments were performed at a temperature 

of 298 K. For the processing and deconvolution of the spectra, the Bruker TopSpin 3.2 pl5 

software package was used. 

All liquid state 1H NMR spectra were measured using a JEOL JNM-ECZR 500 MHz 

spectrometer at the Chemical Technology Institute in Prague. Deuterated solvent 

dimethylsulfoxide (DMSO-d6) was used as a solvent for both of the analyzed hybrid 

organosilane precursors (OBA and BiTSAB). 
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Figure S1. Experimental 29Si CP/MAS NMR spectra (black solid line), simulations of the 

individual Si atoms (black dashed lines), and their sum (red solid line) of fibrous samples 

BTEBP 25 mol.% (a); BTEBP 50 mol.% (b), BTEBP 75 mol.% (c). 

 

Figure S2. Comparison of 29Si CP/MAS (a) and 29Si MAS (b) NMR spectra of the BTEBP 25 

mol.% fibrous sample. 
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11.2 Conditions of the TGA-IR process 

The samples were analyzed via a Q500 thermogravimetric analyzer (TA Instruments, New 

Castle, USA). Each sample was placed on a platinum pan and analyzed in a non-reactive 

atmosphere of nitrogen and/or synthetic air (SA) with a flow rate of 60 ml/ min. The samples 

were heated at 10 °C/min, the range was from 20 °C to 650 °C and 20 °C to 800 °C. The thermal 

decompose products were analyzed by a FT-IR spectrometer (Nicolet iS10, Thermo Scientific, 

USA). The spectra were taken every 10 s with a resolution of 2 cm-1 in the spectral range of 

4000–650 cm-1 [9]. 

 

11.3 Conditions of the scanning electron microscopy analyses 

The samples and their morphologies were studied by SEM (ZEISS, Sigma Family, DE). All 

of the samples were sputtered with a 2-nm platinum layer and were subsequently viewed as 

secondary electron images (1 kV). The NIS Elements software (LIM s.r.o., CZ) was used to 

determine the fiber diameters. The diameters were assessed from a total of 100 measurements 

per material, taken from five independent images. 

 

11.4 Conductivity of the other tested organosilane fibrous samples 

 

Figure S3. The dependence of specific electrical conductivity on the relative humidity of the 

environment of hybrid pure organosilane fibers a) with molar ratio of BTEBP:TEOS 25 mol.% 

: 75 mol.%; b) with a molar ratio of triethoxyphenyl silane (TEPS):TEOS in the sol of 75 



 

Technical University of Liberec  Habilitation Thesis 

MSc. Veronika Máková, Ph.D., 2021 103         

mol.%:25 mol.%; c) with a molar ratio of 1,4-bis(triethoxysilyl) benzene (BTEB):TEOS in the 

sol of 75 mol.%:25 mol.%.  

 

11.5 Reprints of articles 

The scientific articles below fully describe the process leading to the preparation of purely 

organosilane fibers including their characterization and potential applications, which the author 

together with her colleagues published during 2020. These are the first studies describing the 

preparation of such types of organosilane fibers, containing hybrid precursors covalently 

bonded via Si-C bonds inside the silica matrix in a relatively high molar ratio achieving up to 

50 mol.%.  

The first article entitled: “Novel chapter in hybrid materials One-pot synthesis of purely 

organosilane fibers”, deals in detail with the whole process of preparing pure organosilane 

nanofibers using sol-gel and electrospinning. The two types of organosilane precursors (organo-

mono-silylated precursor phenyltriethoxysilane and organo-bis-silylated precursor 1,4-

bis(triethoxysilyl) benzene were intensively studied from the point of view of the ability to form 

fibers. In both cases, the hybrid precursors are commercially available and are usually used for 

the formation of catalytic systems based on periodic mesoporous organosilica (PMOs), or they 

are prepared in the form of thin films for use in optical devices. 

This article brings a completely new point of view and knowledge to the preparation of 

purely organosilane fibers. Furthermore, the article describes the significant differences 

between the fibers formed from commercially available organo-mono-silylated and/or organo-

bis-silylated precursors and proposes their application potential. 

The second article entitled: “(1S,2S)-Cyclohexane-1,2-diamine-based organosilane fibres 

as a powerful tool against pathogenic bacteria” provides new knowledge related to the 

formation of organosilane fibers from a synthesized organosilane precursor. The article widely 

discusses the issues related to health-care-associated infections caused by pathogenic bacteria, 

particularly Staphylococcus aureus and Pseudomonas aeruginosa. The fibers formed from 

(1S,2S)-1,2-Bis{N’-[3-(triethoxysilyl)propyl]ureido}cyclohexane at a high molar ratio (43 

mol.%) were fully characterized by various techniques including solid state NMR. Moreover, 

according to results the obtained from the biomedical field, these organosilane fibers may find 

a strong potential in the area of tissue engineering/regenerative medicine and wound care 

therapy due to their properties.  

The third article entitled: “Hybrid organosilane fibrous materials and their contribution 

to modern science” provides an overview of the preparation of the various types of hybrid 
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organosilane fibers via various techniques including electrospinning. The theoretical part of this 

habilitation thesis is mainly based on the below-presented review article, which is extended in 

detail in this part of the thesis.  
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11.6 National and international patent application forms (Czech Republic, 

Europe) 

Both patent application forms are presented following the reprints of the above-mentioned 

articles. 
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A R T I C L E  I N F O   
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A B S T R A C T   

Despite the extensive literature on organosilane hybrid materials, there are very few reports on the preparation of 
purely organosilane non-woven fibrous mats. Nevertheless, their use in various application fields may be of great 
importance regarding the global issue of polymer fibers and the toxicity of other compounds used so far in the 
composite polymer-organosilane fiber-manufacturing process. The greatest obstacle seems to be the supposed 
difficulty in the polymerization of organosilanes in a spinnable polymeric solution. In this work, we report the 
one-pot synthesis of electrospun organosilane fibers without any kinds of surfactants, low-molecular-weight 
polymeric gelators or spinnable polymers. The purely organosilane fibrous mats were prepared only via a 
suitable adjustment of the sol-gel processing parameters and were successfully produced an industrial electro
spinning device, promising possible fabrication on a large scale. Moreover, the use of two differently-structured 
model benzene functionalized organoalkoxysilanes proves the possibility of designing a molecularly engineered 
material tailored to specific applications. These organosilane fibrous mats seem to be promising in various 
application fields, such as reusable catalysts, adsorption or conducting membranes or as novel biomaterials. This 
latter of these areas was preliminarily studied herein.   

1. Introduction 

Novel hybrid materials currently play a major role in the develop
ment of advanced functional materials in many fields of human activity. 
In particular, the possibilities of nanoscale molecular engineering of 
organosilane hybrids are becoming one of the most intriguing challenges 
of scientific research [1–5]. The family of organosilane hybrids is 
already well known to academics and has been successfully commer
cialized on an industrial level since the end of the 1950s, but its potential 
still remains undepleted [1,5]. The reason for such interest undoubtedly 
resides in the molecular versatility of the organosilane structure, 
maneuverable with many synthetic strategies to produce a waste range 

of chemical arrangements, mixed composites, and geometries with a 
variety of end-products [1–5]. 

The inorganic skeleton of the organosilanes, consisting of a poly
siloxane backbone (Si–O–Si), is modified through a strong covalent Si–C 
bond with various organic moieties by starting from a variety of orga
noalkoxysilane precursors. The already well-established synthetic route 
leading to nanocrystalline or nanoscaled amorphous organosilane ma
terials is one of the wet chemical methods – the sol-gel process [1–5]. Its 
mild processing conditions ensure the formation of an organic-inorganic 
polymeric network, which combines the most important properties of 
their constituents: low processing temperatures (polymer-like) and suf
ficient thermal stability (silicone-like) [6]. Altogether with the unique 
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availability of the respective organoalkoxysilane precursors, a fine en
gineering control over structural and physical and chemical properties 
such as porosity, surface tension, chemical resistance and 
opto-electronic properties in the resulting organosilane material can be 
provided. Due to stable Si–C bonds, no phase segregation at longer 
length scales can occur, assuring the stability of the above-mentioned 
properties. Nowadays, the relative safety and ecological non-toxicity 
of organosilane precursors and organosilane end-products should also 
be taken into consideration [1–6]. 

1.1. In search of purely organosilane fibers 

Many outstanding reviews have summarized the state of the art in 
the field of organosilane materials [1,3,5,7–9]. Those materials are 
found particularly in the form of nanoparticles or thin coatings on 
various substrates. Surprisingly, the preparation of purely organosilane 
fibers and their further applications are rarely reported [10,11]. More
over, in most cases, composite organosilane fibers were prepared via a 
combination of organosilanes mixed with organic polymers [7,9,12,13]. 
However, these composite materials are less ecological and may have a 
negative effect on the overall performance of such a material (e.g. in the 
biomedicine application field) as for its fabrication, various inappro
priate solvents and precursors are necessary [7,9,12–15]. 

Most studies related to electrospun polymer-organosilane composite 
nanofibers and their application in biomedicine are focused on tissue 
engineering and regenerative medicine [7,9,12,14,15]; e.g. nanofibrous 
composite polymer-organosilane scaffolds [16–20]. The fibrous orga
nosilane materials designed for other purposes are again only modestly 
reported and refer mainly to polymer-organosilane composites. Fibrous 
organosilane hybrids have been prepared via the self-assembly process, 
e.g. in combination with low-molecular-weight polymeric gelators 
(LMWGs template) [21–23], but they failed to display good stability 
after their removal. Other self-assembled organosilane mesoporous fi
bers were reported by Wahab et al. [24]. However, this material is not 
fibrous in the sense of a non-woven textile, but rather in the sense of 
relatively short fiber-like structures growing up from the nanoparticles. 
The composite polymer-organosilane fibers were also prepared via the 
drawing technique [25,26] or electrospinning, where many scientific 
groups reported either the preparation of purely silica fibers or again 
polymer composites with different organosilane coupling agents [7,9, 
12,14,27,28]. As an example, electrospun polymer-organosilane fibrous 
mats were prepared via the sol-gel process for catalytic and separation 
applications [29,30] or via free-radical polymerization [31]. Likewise, 
highly porous electrospun organosilane fibers for electrochemical 
sensing applications were prepared with an organic polymer used as a 
fiber-forming agent template subsequently removed by ethanol washing 
[32]. 

The closest formulas to our objective are described in two solitary 
research papers by Tao et al. [10] and Schramm et al. [11]. The first 
group [10] dealt with the fabrication of electrospun purely organosilane 
fluorescent nanofibrous membranes for trace detection of TNT vapor. 
However, their final materials contained very low amounts of organo
silanes (10� 4 mol %) to TEOS (i.e. the result was mainly silica fibers). 
The second group [11] prepared organosilane fibers based on the 
copolycondensation of two organosilanes via the sol-gel process. In this 
case, the solution had to be adjusted before electrospinning with a 
non-ionic surfactant Triton X-100 to improve the spinnability, which 
inevitably remained in the hybrid structure [11,33]. 

To summarize, the most problematic issue in the fiber formation of 
organosilane hybrid materials appears to be the spinnability of the 
organosilane sol solution due to the difficulties with the suitable poly
merization of organosilanes in long spinnable polymeric chains. 

1.2. Molecular engineering concept 

Organosilane nanofibers are prepared from organo-mono-silylated 

precursors (Fig. 1a) or with their bridged organo-bis-silylated ana
logues (Fig. 1b). This choice is made because of the assumption that each 
type of organosilane precursor will have a different impact on the 
resulted final properties of the prepared fibers (see in Fig. 1) [1,3,4]. 
While mono-silylated organosilane precursors are supposed to behave in 
the final structure as so-called network modifiers, bridged bis-silylated 
organosilane precursors are known to be so-called network builders 
[1,3–6,34]. 

Hence, this project deals with the preparation of fibers with a purely 
organosilane composition, where particular interest is placed on a 
suitable choice of sol-gel processing parameters in regard to the spinn
ability of the electrospun solution and the possibilities of nanoscale 
molecular engineering of organosilane hybrid materials. Benzene func
tionalized organo-mono-silylated and bridged organo-bis-silylated pre
cursors were chosen as model organosilane precursors in combination 
with a tetraethoxysilane (TEOS) precursor at different ratios. No sur
factants, low-molecular-weight polymeric gelators or spinnable poly
mers were used during the subsequent electrospinning process, and the 
whole one-pot synthesis is based on one solvent solution to minimize the 
toxicity during fiber formation or the application of fibers. Moreover, 
two electrospinning methods were employed. Beside the lab-scale nee
dle-electrospinning technique, a Nanospider industrial roller electro
spinning machine was also used to prove that organosilane fibers have 
the potential to be produced at industrial scales. To our knowledge, we 
are the first to fabricate a purely organosilane nanofibrous material 
based on functionalized polysilsesquioxanes with no polymeric or 
spinnability-enhancing additives. 

2. Experimental part 

2.1. Materials 

Tetraethylorthosilicate – TEOS (98%, Merck, DE), triethox
yphenylsilane (marked as MONO, 98%, Merck, DE), 1,4-bis(triethoxy
silyl)benzene (marked as BIS, 96%, Merck, DE), ethanol – EtOH 
(99.9%, Penta, CZ), hydrochloric acid – HCl (35%, Penta, CZ), deionized 
water – H2O (Milli-Q, CZ). Aluminum foil with a thickness of 12 μm was 
supplied from Rotilabo, DE. 

2.2. General sol synthesis 

The standard procedure for the synthesis of organosilane sol solution 
in ethanol was as follows. A silica precursor composed of TEOS, various 
molar ratios of organosilane modifiers: either organo-mono-silylated or 
bridged organo-bis-silylated precursor (MONO and BIS; in 25, 50, and 
75% molar ratio to TEOS) ethanol, deionized water and HCl were add 
into a 50 ml round bottom flask and stirred at 450 rpm for 30 min at r.t. 
(Table 1 and Fig. 2). The pH of the sols was adjusted to 2. Finally, the sols 
were heated up to 90 �C in an oil bath at 450 rpm and refluxed. The sols 
containing the triethoxyphenylsilane were heated for 48 h. On the 
contrary, the sols containing 1,4-bis(triethoxysilyl)benzene were heated 
only for 4 h. The dynamic viscosity was measured before the electro
spinning and appropriately adjusted. Hybrid fibers were electrospun 
according to the conditions mentioned in Table 2 and finally dried for 
24 h in a desiccator for further use. 

2.3. Electrospinning apparatus for organosilane fiber processing 

Hybrid fibers were prepared via two different electrospinning tech
niques. In the case of jet needle electrospinning, the sol was fed into a 
syringe (5 ml; needle thickness 1.2 mm) by infusion (ONE Syringe Pump 
(Darwin Microfluidics, FR)) at a feeding rate interval (0.5–0.9 ml/h). For 
the other parameters see Table 2. Likewise, a Nanospider (Elmarco s.r.o., 
CZ) industrial roller electrospinning machine was used to examine the 
fabrication of the nanofibers on an industrial scale (for the parameters 
see Table A1 - Supplement). 
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2.4. Characterization techniques 

2.4.1. FT-IR 
A FTIR Spectrometer Nicolet iZ10 (Thermo Fisher Scientific, USA) 

with an ATR diamond crystal angle of 45� and a spectral range of 

4000–700 cm� 1 was used for the analysis. All of the samples were 
analyzed after the ethanol evaporation. Number of sample scans: 16, 
number of the background scans: 32, resolution: 4 cm� 1, gain: 4.0, 
apodization: Happ-Genzel, correction: atmospheric suppression, 
baseline. 

2.4.2. Scanning electron microscopy 
The morphologies of the samples were studied by SEM (ZEISS, Sigma 

Family, DE). All of the samples were sputtered with a 2-nm platinum 
layer, and were subsequently viewed as secondary electron images (1 
kV). The fiber diameter was characterized using NIS Elements software 
(LIM s.r.o., CZ) and was assessed from a total of 100 measurements per 
material, taken from five independent images. 

2.4.3. Transmission electron microscopy 
The microstructure was examined with a transmission electron mi

croscope (EFTEM Jeol 2200 FS) operated at 200 kV. All of the samples 
were dispersed in an alcoholic solution and measured when placed on 
the support 300 mesh grid or after preparation of the ultrathin fibrous 
mats via ion sputtering using Gatan PIPs device. The diffraction pattern 
and energy-dispersed spectroscopy (EDS) were measured and evaluated 
for all of the samples. 

2.4.4. Solid-state NMR 
All solid-state NMR spectra were measured at 11.7 T using a Bruker 

AVANCE III HD WB/US NMR spectrometer (DE) in a double-resonance 
4-mm probe head at spinning frequencies ωr/2π ¼ 7 and 10 kHz. In all 
cases, finely powdered dry samples were placed into 4-mm ZrO2 rotors. 
All of the experiments were conducted at 303 K. The 13C CP/MAS NMR 
spectra employing cross-polarization (CP) were acquired using the 
standard pulse scheme at MAS of 10 kHz. The optimized recycle delay 
was 2 s and the cross-polarization contact time was 1.75 ms. The spectra 
were referenced to α-glycine (176.03 ppm). The 29Si CP/MAS NMR 
spectra were recorded at MAS of 7 kHz. The spectra were referenced to 

Fig. 1. The role of organically functionalized trialkoxysilanes in the silicon-based sol-gel process [1]: a) use of organo-mono-silylated precursors; b) use of bridged 
organo-bis-silylated precursors. 

Table 1 
Sols tested in electrospinning.  

Sol Marked as Molar ratio r ¼ [H2O]/ 
[silanes] 

Molar ratio Alc ¼ [EtOH]/ 
[silanes] 

Sol Marked 
as 

Molar ratio k ¼ [H2O]/ 
[silanes] 

Molar ratio Alc ¼ [EtOH]/ 
[silanes] 

Sol 1 MONO25 2.0 3.2 Sol 4 BIS25 2.0 6.4 
Sol 2 MONO50 2.0 3.4 Sol 5 BIS50 2.0 9.6 
Sol 3 MONO75 2.0 3.8 Sol 6 BIS75 2.0 13.0  

Fig. 2. Organosilane precursor, TEOS, and solvent þ H2O molar compositional 
relationship of the presented organosilane fibers. 

Table 2 
Conditions employed for the jet needle-electrospinning.  

Viscosity 
[mPa.s ] 

Feeding 
rate [ml. 
h� 1] 

Tip-to- 
collector 
distance 
[cm] 

High 
Voltage 
[kV] 

Temperature 
[�C] 

Humidity 
[Rh %] 

40–60 0.5–0.9 15–20 20–40 24 29  
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the external standard M8Q8 (� 109.8 ppm). The number of scans was 0.5 
- 5 k depending on the amount of the sample. For quantitative analysis 
and deconvolution of 29Si CP/MAS NMR spectra, the TopSpin 3.6 pro
gram package (Bruker) was used [35]. 

2.4.5. TGA-FTIR 
The samples were analyzed via a Q500 thermogravimetric analyzer 

(TA Instruments, New Castle, USA). Each sample was placed on a plat
inum pan and analyzed in the non-reactive atmosphere of nitrogen with 
a flow rate of 60 ml/min. The samples were heated 10 �C/min, the range 
was from 20 �C to 650 �C. The thermal decompose products were 
analyzed by a FT-IR spectrometer (Nicolet iS10, Thermo Scientific, 
USA). Spectra were taken every 10 s with a resolution of 2 cm� 1 in the 
spectral range of 4000–650 cm� 1. 

2.4.6. Nitrogen adsorption 
A gas sorption analyzer (Autosorb® iQ, Quantachrome Instruments, 

USA) was used to determine the specific surface areas of the prepared 
fibrous samples. Samples BIS25, BIS50 and BIS75 were degassed in a 
vacuum at 300 �C/24 h, samples MONO25 and MONO50 were degassed 
in a vacuum at 200 �C/24 h and sample MONO75 was degassed only at 
90 �C/24 h, due to its low thermal stability. The specific surface areas 
were calculated based on multipoint BET (Brunauer–Emmett–Teller) 
theory using ASiQwin software. 

2.4.7. Analysis of protein (HSA) adsorption 
Interactions of human serum albumin (HSA) protein (Merck; CZ) 

with the prepared materials were tested using HSA solution (5 mg/ml, in 
PBS with pH 7.4). 10 mg samples (MONO25, MONO50, MONO75, 
BIS25, BIS50 and BIS75) were incubated in 1 ml of HSA solution at 37 
�C/1 h. The samples were then washed in PBS followed by desorption of 
proteins. The desorption was carried out in 1 ml of PBS solution con
taining 1% sodium dodecyl sulfate (SDS) (Merck; CZ), and the samples 
were gently agitated for 1 h at r.t. The protein solutions after desorption 
were analyzed by electrophoresis (SDS-PAGE, Bio Rad; CZ) and by liquid 
chromatography. The experiment was carried out in triplicate. For SDS- 
PAGE, 10 μl of each sample was diluted (1:1) in a loading buffer (0.15 M 
Tris.HCl, pH 6.8, 30% glycerol (v/v)), 15% β-mercaptoethanol (v/v), 1% 
SDS (w/v), 0.01% bromophenol blue (w/v)). 20 μl of the prepared 
samples were run using 10% gel (2 h, 110 V) with a wide-range mo
lecular weight marker (protein wide range MW Marker, Amresco, USA). 
Subsequently, the gels were stained with Coomassie blue solution (2.5% 
Coomassie brilliant blue R-250 (w/v) in 45% methanol (v/v) and 10% 
acetic acid (v/v)) and were evaluated after being washed several times in 
a destaining solution (45% methanol (v/v) and 10% acetic acid (v/v)). 
The protein contents in the solutions from the wash step were deter
mined using the Bradford protein assay. 20 μl of samples after washing 
were mixed in a 96 well plate with 180 μl of Bradford solution (Merck; 
CZ) and incubated at r.t. for 5 min. The absorbance of the solutions was 
then measured by a Spark spectrophotometer (TECAN, CZ) at 595 nm. 
The HSA concentration was calculated using the BSA calibration curve. 

3. Results and discussion 

3.1. Synthesis and processing of hybrid organosilane fibers 

In general, the overall morphology and diameter of electrospun fi
bers depends on several processing parameters: the polymer solution 
(chemical nature and average molecular weight, solvent, viscosity and 
conductivity) and the spinning conditions (high voltage (HV), tip-to- 
collector distance (TCD), type and diameter of the nozzle, feeding 
rate, temperature and humidity) [11]. 

3.1.1. Sol-gel process 
To produce an electrospinnable organosilane polymer solution, 

several processing parameters of the sol-gel process have to be taken into 

consideration. With standard tetraalkoxysilane precursors (Si(OR)4), the 
alkoxy group hydrolyzes to particles containing silanol Si–OH groups 
(sol, eq. (1)), which condensate to a 3D polysiloxane (-Si-O-Si-) poly
meric network that is filled with a solvent (gel, eqs. (2) and (3)) [1,4–6, 
11,34]. 

� Si � ORþ H2O�����!
hydrolysis

� Si � OH þ ROH (1)  

� Si � ORþ HO � Si � ������!alcohol

condensation
� Si � O � Si � þROH (2)  

� Si � ORþ HO � Si � ������!water

condensation
� Si � O � Si � þH2O (3) 

As a standard starting point to produce organosilane hybrids, mix
tures of tetraalkoxysilanes and trialkoxysilanes (organo-mono-silylated 
R1-Si-(OR2)3 or bridged organo-bis-silylated trialkoxides (R2O)3–Si-(R1)- 
Si-(OR2)3) were used. A dense silicon oxide network is ensured by the 
hydrolysis/condensation reactions of tetraalkoxides and the incorpora
tion of organic functional groups by trialkoxides leads to the formation 
of hybrid materials [3]. Hydrolysis and the subsequent condensation of 
organo-trialkoxides result in the formation of silsesquioxanes having the 
basic repeating unit [RSiO1.5]. However, the resulting material depends 
on many sol-gel processing parameters, primarily: molar ratio r ¼
[H2O]/[silanes], catalysis, amount and type of solvents and steric or 
inductive effects of the used silane precursors [1,3–6,11,34]. 

The problems with silica fiber sol-gel preparation were reported in 
several studies [11,27,34,36–39]. In general, the sols appear to be 
spinnable when hydrolysis is suppressed so the condensation rate and 
extent of branching are low enough to increase the concentration and 
viscosity of polymers without premature gelation. In order to achieve 
the spinnability, a combination of acid-catalyzed conditions with r less 
than 2 (Table 1) is recommended resulting in the development of a 
ladder-like crosslinking between the linear polymer chains [11,27,34, 
36–39]. On the basis of these findings, all of the compositions were 
adjusted to r ¼ 2 and pH 2. 

In order to prepare spinnable organosilane sols, several of the sol-gel 
processing parameters were adjusted. With respect to the mechanism of 
the acid-catalyzed sol-gel process, we examined different protic solvents 
[34]. Isopropyl alcohol was used presuming that the sterically more 
important alcoholic molecule would prevent agglomeration and decel
erate the sol to gel reaction due to different molecular weights and steric 
hindrance of the chosen organosilane precursors. As the solvent also has 
to be chosen correctly to overcome the immiscibility of water and silane 
precursors, ethanol was studied for better immiscibility with the in
termediates of the ongoing sol-gel reaction. After preliminary experi
ments, ethanol was chosen for its ability to shorten the time of 
polycondensation and its better spinnability. In order to further shorten 
the polycondensation time from weeks to days or hours, the sols were 
also refluxed at a higher temperature. Regarding the boiling points of all 
of the compounds, the temperature was set to 90 �C. 

In all cases, several polycondensation times were examined until the 
sol was spinnable without premature gelling, i.e. presumably ladder-like 
weakly branched organosilane polymer structures were formed [11,34, 
36]. This study revealed that this parameter is strongly dependent on the 
type and amount of the organosilane precursor used. Compared to 
compositions with the organo-mono-silylated precursor, the sol con
sisting of TEOS þ organo-bis-silylated precursor required a shorter 
polycondensation time, but a greater amount of solvent with an 
increased molar ratio of the organosilane precursor to TEOS (Fig. 2). The 
shorter time of polycondensation is presumably related to the twofold 
number of hydrolysable units within the organo-bis-silylated precursor 
molecule. Together with a longer molecule, the polymer growth is 
faster. However, predominantly linear polymer chains (as set by the low 
pH catalysis and low water content) containing large para-substituted 
phenylene groups are at some point too bulky, preventing further 
condensation and the solutions tended to rapidly gel. This behavior is 
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enhanced with the increasing molar ratio of the bis-organo-silylated 
precursor in the reaction. An increased amount of solvent could over
come these limitations as the addition of a homogenizing agent most 
probably works as a prevention against liquid-liquid phase separation 
and hence promotes network formation. The difference between the 
compositional impact of the mono and bis-organo-silylated precursors is 
of great importance as the polycondensation time differs by days. In 
general, this effect may be influenced by the chemical nature and steric 
hindrance of the organic functionality attached to the silane monomer 
[34]. 

3.1.2. Kinetic studies FT-IR 
The adjustment of the sol-gel processing parameters was evaluated 

using FTIR. The sols with different variables were examined in regular 1- 
h intervals and the hydrolysis-condensation reactions were assessed on 
the basis of silica structure evolution in the finger print region primarily 
from 1150 cm� 1 to 400 cm� 1. In this area, one may observe several 
strong to moderate absorptions as described in Table 3. If the structures 
of the silica units progress well towards the interconnected grown 
network, then the polysiloxane units linked through the Si–O–Si bond 
(bridging oxygens, BOx) should prevail over not completely hydrolyzed 
units such as silanols/alkoxides Si–OH/Si–OEt or defects SiO� (non- 
bridging oxygens; NBOx) [40–43]. 

Fig. 3 shows the spectra of sol-gel process evolution of MONO75 and 
BIS75. By comparing the initial and final stage, the increase in intensity 
and broadening of the strong absorption peaks assigned to BOx units can 
be clearly seen. The strongest increment is seen at 1050 cm� 1 and is 
linked to bridging the TO phonon mode of Si–O–Si antisymmetric 
stretching. A distinct shoulder can be seen on the side of the higher 
wavenumber points in the LO mode of Si–O–Si antisymmetric stretching, 
which is important for the qualification of polysiloxane densification 
processes. This belongs to the disorder-induced modes and is more 
pronounced in more porous and humid gels [42]. These findings support 
the idea that a spinnable ladder-like structure was created under the set 
sol-gel conditions dominated by incompletely condensed silica species. 
The successful evolution of the silica structure is then also demonstrated 
by the decrease in the intensity of the absorption peaks assigned to the 
silanol groups. In particular, the strong absorption peaks in the area 
from 900 to 1000 cm� 1 are evidence of the ongoing hydrolysis and 
condensation by structural transformation from Si–OH, SiO� to Si–O–Si 
units [34,41–43]. This phenomenon is also accompanied by a decrease 
in the broad intensity peak above 3500 - 3100 cm� 1 assigned to the 
characteristic vibrations of water and Si–OH [40,41,43]. As can be seen, 
the spectra of BIS75 sol show these structural changes much earlier 
(already after 4 h) than the spectra of MONO75 sol (after 48 h) due to 
structural differences in the precursor molecules as stated above. 

The assessed FTIR spectra also indirectly prove that no Si–C cleavage 
occurred. The intensity of the absorption bands assigned to the sym
metric and antisymmetric stretching and deformation vibration of –CH2, 

–CH3 units at 3000 - 2800 cm� 1 and at around 1380 cm� 1 are 
decreasing, indicating the ongoing hydrolysis-condensation and 
removal of ethoxy groups and the solvent. Likewise, the characteristic 
vibration of the benzene ring appears unchanged at the interval 1400 - 
1600 cm� 1 (various stretching vibrations of C¼C and C–H) [41,43]. 

3.1.3. Electrospinning process 
The two different electrospinning techniques (jet needle electro

spinning and the Nanospider industrial machine) successfully provided 
nonwoven organosilane nanofibrous mats with various diameters. The 
successful utilization of the Nanospider electrospinning machine opens 
up the synthesis of hybrid organosilane fibers suggested herein to a wide 
range of potential industrial scale applications. The morphology and 
diameter of the electrospun nanofibers depend on the various opera
tional conditions (HV, TCD etc.) of electrospinning process [11]. 

3.2. Characterization techniques 

3.2.1. Morphology and diameter distribution of hybrid organosilane fibers 
The overall morphology and average size of the organosilane fibers 

were examined using scanning electron microscopy. It was confirmed 
that morphologically compact and homogeneous nonwoven fibrous 
mats were provided using both of the electrospinning methods. 
Depending on several of the parameters of the electrospinning process, 
the prepared organosilane fibers were long and continuously deposited 
onto the collector. The average size of the fibers observed by SEM ranges 
around hundreds of nanometers. Although the prepared organosilane 
fibers are thin, they don’t have a tendency to crack during manipulation. 

As illustrated in Fig. 4, different organosilane fibrous products were 
obtained under the different parameters of the polymer solution and 
spinning conditions. As seen in Fig. 4a, the fibers of BIS25 display 
spindle-like and bead inhomogeneities distributed along the fibers. 
These structural defects most probably originated in the sol viscosity and 
the network size exceeded the electrostatic force needed to create the 
jet. The optimal viscosity and sol network produced smooth and 
continuous fibers [44], as in the example of the BIS75 sample in Fig. 4b 
and the MONO75 sample in Fig. 4c. In the case of BIS75 fibers, thicker 
homogeneous fibers with a diameter of 1.2 � 0.32 μm can be seen. The 
greater thickness is presumably caused by the hyper-branched or larger 
sol network and greater viscosity due to the use of the more sterically 
hindering organo-bis-silylated precursor. The values of the average 
diameter decrease as the HV increases [11,44]. However, this also brings 
an increase in the diameter distribution [11,44] as in the case of the 
MONO75 fibers (Fig. 4c), where a wide fiber diameter distribution can 
be observed, ranging from 0.39 to 1 μm. The calculated fiber diameters 
are included in Table B.1.1 - Supplement. 

To conclude, under the suitable conditions of the electrospinning 
process and mainly the viscosity of the polymer solution related to the 
sol-gel processing parameters, various different structural morphologies 
of fibers (in/homogeneity, average diameter and their distributions) can 
be reached in dependence of the type and amount of the organosilane 
precursor in the initial mixture (Fig. 5). By finely controlling these pa
rameters, different organosilane fibrous products, tailored according to 
the application, can be produced. 

According to the TEM measurements, all of the prepared fibers are 
amorphous. MONO organosilane fibers show very small-sized corruga
tion on the surface, pointing to possible microporosity (Fig. 6a). On the 
contrary, BIS organosilane fibers show mesoporosity, which is clearly 
visible by SEM (Fig. 6b). This could be a consequence of incomplete 
hydrolysis-condensation of silica structural units, as will be further 
discussed in the following section. 

3.2.2. Structural characterization of hybrid organosilane fibers 
Solid-state 13C and 29Si NMR spectroscopies were used to study the 

surroundings of silicon atoms in the final fibrous materials of presum
ably cross-linked bridged polysilsesquioxanes structures. 

Table 3 
Assignment of the characteristic vibrations (cm� 1) in the FTIR spectra of orga
nosilane sols [40–43].  

Peak position Origin Structural units 

450 cm� 1 δ/r O–Si–O -O-Si-O- 
~580 cm� 1 ν Si–OH/Si–O- SiO2 defects 

(NBOx) 
~680 cm� 1 νs Si–O–Si �Si–O–Si� (BOx) 
750 - 800 cm� 1 νs Si–O–Si �Si–O–Si� (BOx) 
~910 cm� 1 νβ Si–O free Si–O- (NBOx) 
950 - 1000 cm� 1 νβ/s Si–O �Si–OH (NBOx) 
1050 - 1100 

cm� 1 
νas Si–O–Si; transverse optical phonon 
mode 

�Si–O–Si� (BOx) 

1150 - 1200 
cm� 1 

νas Si–O–Si; longitudinal optical phonon 
mode 

�Si–O–Si� (BOx) 

* νs – symmetric stretching vibration, νas – antisymmetric stretching vibration, δ 
– deformation vibration (bending), νβ – in plane stretching vibration, r – rocking. 
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In the recorded 29Si CP/MAS NMR spectra (Fig. 7a and b), seven 
clearly resolved resonances reflecting the typical structure units of 
siloxane networks were identified [35,41,45,46]. The spectra of all of 
the prepared hybrid materials exhibit three Tn and four Qn signals. The 
Tn signals origin from Si species covalently bonded to the carbon atoms 
(organosilane modifiers at different rates of condensation reactions): T1 

[C–Si(OSi) (OH)2, δ � 66 ppm], T2 [C–Si(OSi)2(OH), δ � 72 ppm] and T3 

[C–Si(OSi)3, δ � 79 ppm]. The Qn signals (coming from the polysiloxane 
TEOS matrix at different rates of condensation reactions) resonate at: Q1 

[Si(OSi) (OH)3, δ � 88 ppm], Q2 [Si(OSi)2(OH)2, δ � 95 ppm], Q3 [Si 
(OSi)3(OH), δ � 101 ppm] and Q4 [Si(OSi)4, δ � 109 ppm]. Asymmetric 
broadening of some of these signals (shoulders) then indicates incom
plete hydrolysis/polycondensation reactions and the presence of both 
Si–OH and Si–OEt groups. The presence of residual ethoxy groups was 
confirmed in 13C CP/MAS NMR spectra by the signals at approximately 
60 and 18 ppm reflecting –OCH2- and –CH3 units, respectively. The high 
improbability of the cleavage of the strong covalent bond Si–C in organic 
modifiers even at the low pH of the synthesis [46] is evident in 13C 
CP/MAS NMR spectra between 120 and 140 ppm, where carbons in the 
benzene ring resonate. 

With the aim of describing the formation of a hybrid material in the 
course of hydrolysis and the polycondensation reaction of TEOS and 
organosilane modifiers, quantitative compositions of the siloxane 
network were calculated from the areas of the individual signals deter
mined by spectral deconvolution of 29Si CP/MAS NMR (Table 4 and 
Table 5). Olejniczak et al. stated [41] that the effect of the 
hydrolysis-polycondensation reaction also inevitably leads to the for
mation of copolymers between the structural units of TEOS (Q) and the 

organosilane modifier (T). Therefore, it is impossible to separate the two 
chemical bodies, which further confirms the creation of hybrid material 
of Class II [47]. However, a clear difference can be seen between the two 
organosilanes used. In the case of fibers prepared from TEOS þ orga
no-mono-silylated precursor in the initial mixture, the ratio of T3 and Q3, 
Q4 units derived from the predominantly or completely polymerized 
units can be clearly distinguished in the overall composition of the 
siloxane fractions. The ratio of the Tn units increases with the increasing 
amount of the organo-mono-silylated precursor in the initial mixture 
(Table 4). However, the distribution of individual Tn and Qn units in 
MONO 25, MONO50 and MONO75 (Table 5) does not differ in depen
dence of the amount of the organo-mono-silylated precursor in the 
initial mixture. Altogether, this indicates the better ability of the 
organo-mono-silylated modifier to copolymerize within the newly 
forming hybrid network. Similarly, the fibers prepared from TEOS þ
organo-bis-silylated precursor in the initial mixture also display 
increasing amounts of Tn units compared to Qn units in the overall 
composition of the siloxane fractions with an increasing amount of the 
organic modifier (Table 4), but with a greater ratio of T1 and Q1, Q2 units 
increasing with an increasing amount of the organo-bis-silylated pre
cursor in the initial mixture. In addition, the distribution of individual Tn 

and Qn units (Table 5) points to the fact that the Q4, Q3 and T3 units 
derived from predominantly or completely polymerized units decrease 
with the increasing amounts of the organo-bis-silylated precursor in the 
initial mixture. Presumably, the bulky bridged organo-bis-silylated 
precursor is not fully polymerized within the hybrid network struc
ture. Nevertheless, as the ratios of the T2, Q2 and Q3 units (predomi
nantly polymerized) still prevail, the prepared organosilane fibers are 

Fig. 3. FTIR spectra of the MONO75 and BIS75 sols at the beginning and at the end of the sol-gel process.  
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sufficiently compact and homogeneous. These findings are in good 
agreement with Brinker and Scherer [34] who stated that spinnable sols 
are achieved with acid-catalyzed conditions combined with a low r ratio, 

resulting in rather weakly branched, extended polymers. Thus, the 
average local environment of silicon is then dominated by incompletely 
condensed Q2 and Q3 species. Fully polymerized, mutually grown 3D 
structures predominated by T3 and Q4 units are unsuitable for electro
spinning and are typical for bulk materials. 

3.2.3. Thermogravimetric analysis 
TGA analysis coupled with FTIR spectroscopy was used to evaluate 

the thermal behavior of the prepared hybrid organosilane fibers. 
The TGA curves of all of the prepared MONO and BIS organosilane 

fibers (Fig. B.2.1 - Supplement) behave almost identically and exhibit 
three weight losses. The smallest weight loss (approximately 0.5 wt %) 
reaches a maximum at approximately 40 �C and is assigned with the aid 
of FTIR spectroscopy to the evaporation of adsorbed water. The second 
weight loss (approximately 5–7 wt %) is assigned to the evaporation or 
dissociation of ethanol or ethoxy groups present in the not-completely- 
polymerized network. These findings are in good agreement with the 
above-mentioned results of NMR spectroscopy. 

A major weight loss begins at approximately 340–360 �C, reaches a 
maximum at around 525 �C and can be attributed to the decomposition 
of the organic component in the hybrid organosilane network. As ex
pected, the value of weight loss increases with the increment of the 
organosilane precursor in the initial mixture. 

3.2.4. Solubility 
Dried organosilane fiber mats were carefully removed from 

aluminum foil and brought into contact with various polar and non- 
polar solvents. None of the samples prepared from TEOS þ organo-bis- 
silylated precursor were soluble in any type of solvent, unlike the fibers 
prepared from TEOS þ organo-mono-silylated precursor. Both the fiber 
types contain differently substituted nonpolar benzene rings, and as a 
consequence the functional group is differently built into the hybrid 
structure (see Fig. 1). In the MONO fibers, the phenyl group is oriented 
in a direction outside the silica matrix and thus presumably more to the 
surface, which makes the MONO fibers more sensitive to nonpolar sol
vents. As a consequence, the MONO fibers completely dissolve in 
nonpolar solvents in a sense of disentanglement of the individual ul
trathin fibers and their dispersion in the solvent. This behavior is not 
observed for the samples of BIS fiber mats. These findings are in good 
agreement with our assumptions confirming the molecular engineering 
concept (Fig. 1). 

3.2.5. Nitrogen adsorption 
The results obtained from the nitrogen adsorption analysis closely 

correspond with the results obtained from the solid-state NMR (Fig. 7a 
and b), and both electron microscopies (Fig. 6a and b). All of the sample 
show quite high surface areas, except for sample MONO75 (see Table 6). 
During the analysis, it was very difficult to determine the porosity of all 
of the analyzed samples and the measurements took days to assess the 
isotherms. This effect closely corresponds to the literature [34]. Bringer 
et al. [34] describe the impossibility of measuring the porosity or surface 
area by several hypotheses including weak branching combined with 
limited condensation during the material formation and interpenetra
tion of the precursors due to the decreasing solvent concentration pro
moting dense packing and possible low or very small-sized porosity 
(Table 6; Sample MONO75). This could also be the reason for the long 
degassing times. 

4. Up and coming outcomes 

The presented preparation of purely organosilane fibers opens up 
new potential fields of applications. Its attractiveness resides primarily 
in its non-toxicity, as it is prepared under the mild conditions of the sol- 
gel process with no harmful solvents. Likewise, the ecological asset 
should be considered as no organic polymer or other organic low mo
lecular additives are contained. Altogether with the possibility of its 

Fig. 4. SEM images of BIS25 (jet needle electrospinning at HV 28 kV, TCD 15 
cm) a); BIS75 (Nanospider electrospinning machine at HV 32 kV, TCD 15 cm) 
b); MONO75 (jet needle electrospinning at HV 36 kV, TCD 15 cm) c); magni
fication 5 kx. 

Fig. 5. Fiber diameter with the standard deviation of each material prepared by 
electrospinning under different operational conditions producing fine smooth 
fibers: MONO25; MONO50; MONO75; BIS25; BIS50; BIS75. 
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fabrication on an industrial scale, there is a number of potential appli
cations, where such benzene functionalized silane fibrous mats may be 
applied, such as a stationary reversed phase in HPLC [48,49], remova
ble/reusable mats for acid catalysis [50–52], and also the highly 
attractive field of new proton-conducting membranes for fuel cells [52, 
53]. A very promising application seems to be in the field of 

biomaterials, which has promoted a steady interest in organosilane 
materials for over a decade. The use of the prepared organosilane fibers 
as a new biomaterial will be further discussed in this paper [7.9� 13]. 

4.1. Novel biomaterials 

4.1.1. Protein adhesion 
The prepared hybrid materials were analyzed for protein adsorption. 

Protein adsorption changes the properties of a material. If the material is 
in a protein-containing environment, its adsorption gives it a different 
biological identity [54,55]. The SDS-PAGE results show that the amount 
of adsorbed HSA increases with an increasing amount of the benzene 
functionalized organosilane precursor. This trend is also evident in the 
analysis of weakly-bounded proteins - the results of the Bradford assay 
analysis show a greater amount of weakly-bounded proteins on mate
rials with a greater amount of organosilanes (Fig. 8). 

5. Conclusions and outlooks 

Purely organosilane fibrous mats were prepared in a one-pot syn
thesis starting from benzene functionalized mono and bis-silylated 

Fig. 6. Sample MONO75 and its microporosity analyzed via TEM a); sample BIS75 showing mesopores in its structure visible by SEM b).  

Fig. 7. 29Si CP/MAS and 13C CP/MAS NMR spectra of the investigated samples MONO25, MONO50, MONO75 a); and samples BIS25, BIS50, BIS75 b).  

Table 4 
Composition of the siloxane fraction defined as the total amount of individual Tn 

and Qn structure units in molar %.  

Sample Molar % of silicon units RATIO Σ Tn: 
Qn 

T1 T2 T3 Q1 Q2 Q3 Q4 

MONO25  6.0 8.2  11.5 58.6 15.7 14.2 : 85.8 
MONO50  12.7 13.7  9.8 51.2 12.5 26.4 : 73.6 
MONO75  16.3 18.4  9.1 42.9 13.3 34.7 : 65.3 
BIS25 4.3 19.4 3.6  23.8 40.4 8.5 27.3 : 72.7 
BIS50 11.1 33.1 3.4  25.8 22.4 4.2 47.6 : 52.4 
BIS75 20.7 33.8 3.4 4.0 21.9 14.3 2.0 57.9 : 42.2  

Table 5 
Conversion of individual monomer units calculated separately for Tn and Qn 

structure units in molar %.  

Sample Conversion of individual monomer units, % 

T1 T2 T3 Q1 Q2 Q3 Q4 

MONO25  42.3 57.7  13.4 68.3 18.3 
MONO50  48.0 52.0  13.4 69.6 17.0 
MONO75  47.0 53.0  14.0 65.7 20.4 
BIS25 15.8 70.9 13.3  32.8 55.5 11.7 
BIS50 23.2 69.6 7.2  49.2 42.7 8.1 
BIS75 35.7 58.5 5.8 9.6 51.9 33.9 4.6  

Table 6 
Surface areas of the fibrous samples measured via nitrogen adsorption analysis.  

Sample Surface area [m2/g] Correlation coefficient Degassing 

MONO25 100 0.9999 200 �C/24 h 
MONO50 220 
MONO75 N/A 90 �C/24 h 
BIS25 310 300 �C/24 h 
BIS50 340 
BIS75 250  
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organoalkoxy precursors in combination with tetraethoxysilane at 
various ratios. The suitable setting of sol-gel processing parameters 
ensured a smooth electrospinning process without the use of any kind of 
surfactant, polymeric or low-molecular additive remaining in the hybrid 
structure. The prepared organosilane materials are amorphous, homo
geneous fibers with high specific surfaces, good thermal stability and 
sufficient elasticity to be maneuverable due to the organic part of the 
hybrid structure. Such fibers are plastic-free and prepared from a non- 
toxic solvent solution. The molecular engineering concept was proved 
as two differently benzene functionalized organosilane precursors 
formed two different structurally behaving fibrous materials. These 
findings prove that many possible designs of organosilane fibers can be 
tailored to many specific applications. In addition, industrial-scale 
fabrication was successfully confirmed with the aid of the Nanospider 
electrospinning machine. 

It is worth mentioning that the sample BIS75 showed excellent 
biocompatibility. From this point of view, further in vitro experiments 
are planned. The same sample was also preliminarily studied as a new 
and promising material for fuel cells as it displays proton conductivity 
over a wide temperature range after a simple additional sulphonation 
step. The project also continues with other alkoxysilane precursors of 
various organic functionalities aiming at a wide range of end- 
applications. 
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Abstract: An urgent need to find an effective solution to bacterial resistance is pushing worldwide 

research for highly effective means against this threat. Newly prepared hybrid organosilane fibres 

consisting of a (1S,2S)‐cyclohexane‐1,2‐diamine derivative, interconnected in the fibre network via 

covalent bonds, were fully characterised via different techniques, including FTIR, TGA‐FTIR, SEM‐

EDS,  and  solid‐state  NMR.  Fibrous  samples  were  successfully  tested  against  two  types  of 

pathogenic bacterial strains, namely Staphylococcus aureus, and Pseudomonas aeruginosa. The obtained 

results, showing >99.9% inhibition against Staphylococcus aureus and Pseudomonas aeruginosa in direct 

contact compared to the control, may help particularly in case of infections, where there is an urgent 

need to treat the infection in direct contact. From this point of view, the above‐mentioned fibrous 

material may find application in wound healing. Moreover, this new material has a positive impact 

on fibroblasts viability. 

Keywords:  organic‐inorganic  hybrids;  organo‐bridged  silsesquioxane;  sol‐gel  process; 

electrospinning; Staphylococcus aureus; Pseudomonas aeruginosa 

 

1. Introduction 

Pathogenic  bacteria  have  become  a  worldwide  problem.  According  to  the  World  Health 

Organization (WHO) statistics, over 1.4 million people worldwide suffer from infections caused by 

pathogenic  bacteria  acquired  in  hospitals  [1].  Staphylococcus  aureus  (S.  aureus)  and  Pseudomonas 

aeruginosa (P. aeruginosa) are among the most problematic pathogenic bacteria closely connected with 

an extremely overgrowing resistance to antibiotics, which brings another major complication in the 

treatment [2,3]. The infections caused by P. aeruginosa are usually resistant to multiple antibiotics due 

to the bacterium’s intrinsic resistance [4]. It is important to note that both bacterial strains are 1000 

times more resistant in the form of a biofilm [5]. 

Due to the antibiotic resistance of these bacteria, great effort has been devoted  to developing 

new  antibiotics. One  group  of  such  compounds  are,  for  example,  trans‐cyclohexane‐1,2‐diamine 

derivatives  (DACHs).  Previous  studies  have  proved  them  to  be  very  promising  antibacterial 
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compounds against P. aeruginosa [6], Mycobacterium tuberculosis [7–9], and S. aureus [6,8]. Moreover, 

it was  found  that  (1S,2S)  enantiomers  generally  have  lower minimum  inhibitory  concentrations 

compared to racemate [6]. 

Functional organosilica or organosilane‐based hybrids  for biomedicine  applications  are well 

known  to  the academic public and  in various  industrial applications  [10–14].  In general, an ever‐

growing  interest  [13]  lies not only  in  the mild synthesis conditions offered by  the  sol‐gel process 

producing a broad range of end‐products but also in the possibility of nanoscale tailoring of their 

chemical  structure  fulfilling  the  specific  needs  of  biocompatibility  and mechanical  properties  of 

targeted bio‐applications [10–16]. 

Organosilica and organosilane materials with antibacterial properties are found particularly in 

the  form  of  nanoparticles  [17]  or  thin  coatings  [18]  on  various  substrates.  Surprisingly,  the 

preparation of the hybrid fibres based on bridged organo‐bis‐silylated precursors is rarely reported 

[19,20]. Furthermore, in most cases, hybrid fibres are produced as a combination of silica alkoxides 

or  organo‐mono‐silylated  precursors  mixed  with  organic  polymers  (poly(ε‐

caprolactone)/polyethylene  terephthalate/polyvinylalcohol  etc.)  or  biopolymers  [16,18,21,22]. 

However, such materials are  less degradable, and often  inappropriate solvents, or precursors are 

employed. An example of such material is polyhydroxybutyrate/poly(ε‐caprolactone)/silica hybrid 

nanofibrous  scaffolds  for  bone  tissue  regeneration  [23,24]  or  electrospun  organosilane‐loaded 

collagen  nanofibrous  scaffolds  containing  quaternary  ammonium  organosilane  and 

octadecyldimethyl(3‐trimethoxysilylpropyl)ammonium chloride with antibacterial activity [25]. 

To the best of our knowledge, a fibrous system combining the advantages of organosilane and 

cyclohexane‐1,2‐diamine derivatives has not been studied yet (or even prepared). This system may 

offer an answer to the urgent need for the development of new types of biomaterials, which may help 

to  improve  the problem of difficult‐to‐heal  infections  (wounds)  caused by pathogenic bacteria  in 

direct contact. This project deals with challenges in the preparation of antibacterial fibres with a pure 

organosilane  composition  based  on  a  silylated  (1S,2S)‐cyclohexane‐1,2‐diamine  precursor.  No 

surfactants, low‐molecular‐weight polymeric gelators, or spinnable polymers were used during the 

subsequent  electrospinning  process,  and  the whole  one‐pot  synthesis  is  based  on  a  one  solvent 

solution to minimise the toxicity of the formation of the fibres and their subsequent use. 

2. Materials and Methods 

Tetraethyl orthosilicate—TEOS (>99%, Merck, Prague Czech Republic), ethanol—EtOH (99.9%, 

Penta, Prague, Czech Republic), hydrochloric acid (35%, Prague, Czech Republic), deionised water 

(Milli‐Q, Prague, Czech Republic). Aluminium foil thickness 12 μm (Rotilabo, Karlsruhe, Germany). 

(1S,2S)‐1,2‐Bis{N’‐[3‐(triethoxysilyl)propyl]ureido}cyclohexane  (compound  1)  was  prepared 

according to the literature [26]. 

The standard procedure for the synthesis of a spinnable organosilane sol solution was as follows: 

Silica precursor composed of TEOS:compound 1 (in a molar ratio of 57:43), ethanol, deionised water, 

and HCl were added into a round bottom flask and stirred at 450 rpm/r.t./30 min (Table 1). The pH 

of  the sols was adjusted  to 2. Finally,  the solution was heated  to 90 °C  in an oil bath at 450 rpm, 

refluxed for 4 h, and subsequently partially evaporated. The dynamic viscosity was measured before 

the  electrospinning  and  appropriately  adjusted.  Hybrid  fibres  (marked  as  DACHsilane)  were 

prepared via jet needle electrospinning (Table 1) and finally dried for 24 h in a desiccator for further 

use. 

Inorganic  silica  dioxide  nanofibres with  an  average  diameter  of  0.33  ±  0.08  μm,  prepared 

according  to  the  already‐published  procedure  [27], were  used  as  a  standard material  to  assess 

antibacterial and cytotoxicity activity.   
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Table 1. Sols tested in electrospinning and conditions employed for the jet needle‐electrospinning. 

Sol‐gel parameters  Parameters of needle‐electrospinning 

Molar ratio r = 

[H2O]/[silanes] 

Molar ratio Alc = 

[EtOH]/[silanes] 

Viscosity 

[mPa∙s] 

Feeding rate 

[mL∙h−1] 

Tip‐to‐

collector 

distance [cm] 

High 

Voltage 

[kV] 

Temperature/relative 

humidity 

2.0  9.7  40–60  0.5–1  15–20  20–25  25 °C/30% 

2.1. Characterisation Techniques 

2.1.1. Scanning Electron Microscopy 

The morphology of the hybrid DACHsilane fibres was studied by SEM (ZEISS Ultra Plus, Sigma 

Family, Jena, Germany). Samples were sputtered with a 2‐nm platinum layer and were subsequently 

viewed as secondary electron  images  (1 kV). The  fibre diameter was characterised using  the NIS 

Elements software (LIM s.r.o., Liberec, Czech Republic) and was assessed from a total amount of 100 

measurements per material, taken from five independent images. The results were evaluated in the 

form of the mean ± standard deviation. 

Energy‐dispersive X‐ray spectroscopy (SEM‐EDS, Oxford X‐MAX 20, ZEISS Ultra Plus, Sigma 

Family, Jena, Germany) was used at 10 keV to evaluate the chemical composition of the prepared 

fibrous (DACHsilane) samples. 

2.1.2. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR  spectrometry  was  used  to  assess  the  chemical  structure  of  the  prepared  hybrid 

DACHsilane fibres. FTIR Spectrometer Nicolet iZ10 (Thermo Fisher Scientific, Waltham, MA, USA) 

with an attenuated total reflection (ATR) diamond crystal angle of 45°, and a spectral range of 4,000–

700 cm−1 was used for the analysis. The number of sample scans: 16, number of background scans: 32, 

resolution:  4  cm−1,  gain:  4.0,  apodisation:  Happ–Genzel,  correction:  Atmospheric  suppression, 

baseline. 

2.1.3. 29Si Cross Polarization Magic Angle Spinning Nuclear Magnetic Resonance (CP/MAS NMR) 

Spectroscopy 

Solid  state  NMR  analysis  was  used  to  evaluate  the  chemical  structure  of  the  prepared 

DACHsilane fibres. Spectra were measured at 11.7 T using a Bruker AVANCE III HD WB/US NMR 

spectrometer  (Bruker, Ettlingen, Germany)  in  a double‐resonance  4‐mm  probe  head  at  spinning 

frequencies ωr/2π = 7 and 10 kHz. In all cases, finely powdered dry samples were placed into 4‐mm 

ZrO2 rotors. All of the experiments were conducted at 303 K. The 29Si CP/MAS NMR spectra were 

recorded  at Magic Angle Spinning  (MAS) of  7 kHz. The  spectra were  referenced  to  the  external 

standard M8Q8 (−109.8 ppm). The number of scans was 0.5–5k depending on the amount of sample. 

For  the  quantitative  analysis  and  deconvolution  of  29Si CP/MAS NMR  spectra,  the  TopSpin  3.6 

program package (Bruker) was used [28]. 

2.1.4. Thermogravimetric Analysis Fourier Transform Infrared Spectroscopy (TGA‐FTIR) 

The samples were analysed using a Q500  thermogravimetric analyser  (TA  Instruments, New 

Castle,  PA, USA).  Each  sample was  placed  on  a  platinum  pan  and  analysed  in  a  non‐reactive 

atmosphere of nitrogen with a flow rate of 60 mL/min. The samples were heated at 10 °C/min; the 

range was from 20 °C to 650 °C. The thermal decompose products were analysed by the Nicolet iS10 

FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA USA). Spectra were taken every 10 s with 

a resolution of 2 cm−1 in the spectral range of 4000–650 cm−1. 

2.2. Antibacterial Activity Assessments 
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All of the tested fibrous samples (round shape, the diameter 0.6 cm) were sterilised for 1 h at 120 

°C before each bacterial experiment separately. Pure silica dioxide (SiO2) fibres were used as standard 

comparison material in all experiments.   

Antibacterial tests were performed using Gram‐positive Staphylococcus aureus (CCM 3953) and 

Gram‐negative Pseudomonas aeruginosa (CCM 3955) (ALE‐G18, CSNI, collection of microorganisms, 

Masaryk University, Brno, Czech Republic). A Luria−Bertani (LB) broth medium was used to prepare 

the agar plates (Sigma‐Aldrich, Merck, Czech Republic).   

2.2.1. Qualitative Method 

The Kirby–Bauer test was used to analyse the ability of both types of fibres (pure inorganic SiO2 

and hybrid DACHsilane) to inhibit the growth of S. aureus and P. aeruginosa. A total of 1 mL of both 

the  bacterial  inocula  (initial  optical  cell  density  at  600  nm  0.15  ±  0.08  (McFarland  standard 

concentration = 0.9 × 107 CFU/mL)), was spread over  four LB agar plates  separately using  sterile 

swabs. The samples (round shape, the diameter 0.6 cm) were placed in the centre of the agar plate 

and incubated for 24 h at 37 °C. The bacterial growth‐inhibiting effect was determined by the size of 

the inhibition zone around the samples. 

2.2.2. Quantitative Method   

The colony‐forming unit (CFU) counting method was used to evaluate the antibacterial activities 

of the pure inorganic SiO2 fibres (used as a standard comparison material) and newly prepared hybrid 

DACHsilane fibres against S. aureus and P. aeruginosa following the reported protocol [29].   

The overnight cultures of bacteria (50 mL) in the Luria−Bertani (LB) broth were centrifuged for 

5 min at 3780 rcf (relative centrifugal force) to remove supernatant, washed with hosphate‐buffered 

saline (PBS) twice and then re‐suspended in a sterile physiological saline solution (0.15 M NaCl, pH 

7.0, 20 mM NaHCO3) to an initial optical cell density at 600 nm (OD600) of 0.15 ± 0.08 (McFarland 

standard concentration = 0.9 × 107 CFU/mL)). 

Fibrous samples with an approximate diameter of 0.6 mm were placed in sterile Fisher bottles 

(100 mL) with 20 mL of the prepared bacteria solution separately and were incubated for 5 h at 37 °C. 

Subsequently, the samples were taken out of the bacteria solution, put into sterile glass vials with 10 

mL of physiological saline solution, and were gently shaken  in a shaker  (Heidolph Unimax 1010, 

Thermo Fisher  Scientific, Pardubice, Czech Republic)  for  7 min  at  25  °C  to  remove  the  attached 

bacteria. The obtained suspensions were diluted 100 times, and 100 μL of each bacterial solution was 

taken to plate on (LB) agar plates. Each test was performed in triplicate. Viable colonies of microbes 

on the agar plate were counted, and the percentage of cell growth reduction (CGR, %) was calculated 

using the equation CGR = (C0 – C/C0) × 100%, where C0 is the number of CFU of bacteria from the 

control sample and C is the number of CFU of bacteria from hybrid DACHsilane fibres [1,29]. 

2.2.3. Bacterial Adhesion 

The bacterial adhesion of S. aureus and P. aeruginosa on the surface of each fibrous sample was 

evaluated  according  to  the  reported  literature  [29].  Several  changes,  appearing  during  the 

experiment, are mentioned below. The prepared samples were incubated in the bacterial solutions at 

the initial optical cell density (0.15 ± 0.08/600 nm) for 1 h at 37 °C. Subsequently, the samples were 

rinsed twice with distilled water, put on glass slides and covered with a Live/Dead Backlight, 1 Kit 

30 diluted solution containing (1.67 mM of SYTO9—A and 18.3 mM propidium iodide—B, molar 

ratio 1:1). The samples were kept in the dark for 15 min and further analysed at 630 nm using the 

filters 44 fluorescein isothiocyanate (FITC) (green) and 43 cy3 (red). The live and dead bacteria (S. 

aureus and P.  aeruginosa) attached  to  the  surface of  the  samples were  imaged using a  fluorescent 

microscope (ZEISS Axio Imager 2, Jena, Germany). 

2.3. Cytotoxicity Experiments 
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Cytocompatibility of the DACHsilane hybrid fibres was assessed using murine fibroblasts 3T3‐

A31. Prior to testing, the cells were maintained in a completed DMEM medium (4.5 g/L D‐glucose, L‐

glutamine, sodium pyruvate, Sigma‐Aldrich‐Merck, CZ) supplemented with 5% foetal bovine serum 

(FBS, Biosera, CZ), 5% new‐born calf serum (NBCS, Sigma‐Aldrich‐Merck, CZ), and a 1% penicillin‐

streptomycin (PS) antibiotic mixture. The cell viability assay was performed in compliance with the 

ISO 10993‐5:2009 standard with minor modifications. Briefly, the 3T3‐A31 fibroblasts were seeded 

into a 96‐well plate (10,000 cells per well) and cultured for 24 h prior to the main experiment. The 

UV‐C sterilised samples were extracted in a supplement‐free media for 24 h (37 °C/100 rpm). After 

the extraction period, macroscopic residues were removed by sterile filtration. The obtained filtrates 

were supplemented by 5% FBS/5% NBCS/1% PS to final concentrations corresponding to 500 μg, 250 

μg, and 125 μg fibres per 1 mL of complete medium. The cells were exposed to 100 μL of these extracts 

per well for 24 h under standard conditions (37 °C/5% CO2). Each sample was tested six times and 

compared to the cell control (pristine complete medium), positive control (0.1% Triton x‐100), and 

negative control (0.01% L‐arginine). The inorganic silica dioxide nanofibres were used as a secondary 

control and went through the same elution process described above. After exposure for 24 h, the 3‐

(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium  bromide  (MTT,  Sigma‐Aldrich‐Merck, 

Prague, Czech Republic) viability assay was performed and evaluated by an absorbance reading at 

570 nm. The final viability was calculated as a proportion of the cell control value. The results of the 

cell viability assay were supported by cell morphology evaluation, as described in Figure S6 in the 

Supplement. 

3. Results and Discussion 

A  novel  hybrid  fibrous material marked  as DACHsilane was  prepared  via  electrospinning 

(Figure 1). Bis‐silane precursors are known to behave as network builders during polymerisation and, 

hence,  the  resulting  fibrous  structures  display  unique material  properties.  The  incorporation  of 

compound  1  then  leads  to  the  formation  of  a  hybrid material.  This  results  in  a  rather weakly‐

branched, extended polysiloxane matrix required for the fibre‐making process [20,30–32]. 

 

 

Figure 1. The sol‐gel process of forming pure hybrid organosilane fibres based on compound 1. 

3.1. Characterisation of Pure Organosilane Fibres with DACH Functionality 

Morphologically compact and homogeneous fibres with a diameter of 2.47 ± 0.91 μm (Figure 2a) 

were obtained via the needle electrospinning method. The prepared organosilane fibres are flexible 

and do not break during sample manipulation. Some of the fibres have a tendency to form  in the 

helical structure, probably during the electrospinning procedure (inset image in Figure 2a). 
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Figure 2. SEM image of the prepared hybrid fibres with an inset showing the helical structure of the 

parts of the fibres a); Energy Dispersive X‐Ray Spectroscopy (EDS) spectra of the hybrid fibres b). 

EDS analysis  confirmed  the presence of oxygen,  carbon, nitrogen, and  silicon  in  the  fibrous 

structure (see Figure 2b). The visibility of nitrogen in the spectra is attributed to the urea functional 

groups. Moreover, this observation is in compliance with the FTIR result (Figure 3), which confirms 

the  appearance of  the  characteristic vibrations  corresponding  to  the urea NH‐CO‐NH  and  cyclic 

aliphatic hydrocarbon functionalities in the fingerprint area from 1700 to 1200 cm−1 (various stretching 

and bending vibrations). Primarily, the doublet at around 1630 and 1560 cm−1 (urea units; ν(CO) and 

δ(NH)) and  the  less  intense peak at 1450 cm−1  (cyclic aliphatic hydrocarbon unit, δ(CH2)) provide 

strong  evidence  [33–35]  that  compound 1  is  successfully preserved  in  the prepared organosilane 

fibrous material. Moreover, the area from 1200 to 400 cm−1 proves that no Si–C cleavage occurred in 

greater amounts, and the silica units progressed well towards the interconnected polysiloxane Si–O–

Si network [33,36]. 

 

 

Figure 3. FTIR spectra of the prepared hybrid DACHsilane fibres made of compound 1. 

Spectroscopic  29Si CP/MAS NMR  examinations  further  confirm  the  correct  setting  of  sol‐gel 

processing parameters in accordance with the above‐mentioned research on the sol‐gel processing of 

silica  fibres  [20,31,32]. The recorded  29Si CP/MAS NMR spectrum of  the studied organosilane mat 

(Figure 4) exhibits five clearly resolved resonances corresponding to the characteristic structure units 

of the siloxane network at different condensation reaction rates: two well‐pronounced Tn signals (the 

organosilane  bridged  precursor; C–Si(OSi)n(OH)3‐n)  and  three Qn  signals  (the  polysiloxane  TEOS 

matrix;  Si(OSi)n(OH)4‐n)  [31,33,34].  The  overall  composition  of  the  siloxane  fractions  (Table  2)  is 
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dominated by incompletely condensed T2, Q2, and Q3 species together with a completely polymerised 

T3 unit. These findings most probably indicate the formation of a ladder‐like structure leading to a 

spinnable  linear polymer  (Figure 1), as  fully‐grown 3D Q4 species would be rather unsuitable  for 

electrospinning. As  the organosilane  (1)  silicon prevails  (compound  1:tetraethoxysilane  (TEOS)  = 

43:57 mol.%) in the composition formula, the Tn signals also dominate in the spectrum. The effect of 

the  hydrolysis‐polycondensation  reaction  inevitably  leads  to  the  copolymerisation  between  the 

structural units of TEOS and the organosilane modifier [31,37]. Hence, the successful formation of a 

Class II hybrid material [10] may be confirmed. 

 

Figure 4. 29Si CP/MAS NMR spectra of the hybrid DACHsilane fibres. 

Table 2. Composition of  the siloxane  fraction defined as  the  total amount of  individual Tn and Qn 

structure units in molar %. 

Relative amount of building units, % 
RATIO Σ 

Tn:Qn 

T1  T2  T3  Q1  Q2  Q3  Q4   

1  27  38  0  11  20  3  66:34 

 

The thermogravimetric analysis coupled with FTIR spectroscopy (Figure S1) indicates that the 

prepared fibrous organosilane material is stable up to 200 °C, where a major weight loss begins and 

reaches a maximum at around 260 °C. This loss is attributed to the decomposition of the urea unit 

within the hybrid organosilane network. The TGA‐FTIR analysis also confirms the presence of a small 

portion of water or solvent contained in the fibrous mat most probably originating from incomplete 

hydrolysis‐polycondensation,  as  previously  indicated  in  the  29Si  CP/MAS  NMR  spectroscopic 

evaluation. 

3.2. Biomedical Applications 

3.2.1. Assessment of the Inhibition Zone—Antibacterial Activity in Direct Contact 

A qualitative test was performed to evaluate the antibacterial activity of the prepared hybrid 

DACHsilane fibres in direct contact (Figure S2). The prepared hybrid fibres exhibited a significant 

antibacterial effect, particularly against S. aureus in direct contact (Figure S2b in detail), rather than 

in the case of P. aeruginosa. Standard material, pure SiO2 fibres, showed no antibacterial activity in 

direct contact for both of the tested bacterial strains after 24 h incubation (Figure S2a,c). Moreover, 

several bacterial colonies were observed directly under the standard samples in direct contact. All of 

the Petri dishes were densely populated by the bacterial colonies, except for very small areas around 

or under the samples made of hybrid DACHsilane fibres. The inhibition of bacteria for both strains 

was  observed  below  the  hybrid  DACHsilane  fibres  (inset  images  Figure  S2b,d) Moreover,  the 

DACHsilane fibres showed a halo zone hint around the sample in the case of S. aureus (Figure S2b).   

3.2.2. Assessment of Antibacterial Activity 

The results related to the antibacterial activity in the solution were examined by calculating the 

bacterial cell growth reduction (CGR %) using Gram‐positive bacteria S. aureus and Gram‐negative 
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bacteria P. aeruginosa. Figure 5 shows visible differences between the purely inorganic and hybrid 

DACHsilane fibres. The examined hybrid fibrous samples seemed to show significant antibacterial 

activity compared to the control and standard inorganic fibrous samples (Table S1, Figures S3–S5 in 

the Supplement). The antibacterial activity of the purely SiO2 fibrous material was significantly less 

compared to the tested hybrid fibrous material. Better results were observed against S. aureus with 

91% antibacterial activity than against P. aeruginosa, where the antibacterial activity reached only 87%. 

When we compare  these results  to  the control  for cell bacterial growth  (Figure S3),  the  inhibition 

activity  for both bacterial strains  is even higher  than 99.9%, which  is  in close agreement with  the 

recent literature [25]. The results obtained from this experiment (Figure 5) closely correspond to the 

bacterial adhesion test mentioned below, where P. aeruginosa has a higher tendency to adhere to the 

surface of the hybrid fibrous sample compared to S. aureus. 

 

Figure  5.  Comparison  of  the  antibacterial  activity  for  pure  inorganic  SiO2  fibres  and  hybrid 

DACHsilane fibres against S. aureus and P. aeruginosa. 

3.2.3. Bacterial Adhesion Activity 

The bacterial adhesion to the surfaces of the fibrous samples against S. aureus and P. aeruginosa, 

was assessed by fluorescence imaging, see Figure 6. The green and red fluorescent spots indicate the 

live and dead bacteria, respectively. They were observed on the surface of the inorganic and hybrid 

fibres  after  1  h  incubation  in  the  bacterial  suspensions.  The  inorganic  fibrous  samples mostly 

exhibited green fluorescent spots scattered on the surface in both cases, suggesting live S. aureus and 

P. aeruginosa (Figure 6a,c). This fact indicates a lack of antibacterial properties of the tested standard 

SiO2 fibres. Although the hybrid fibrous sample (DACHsilane) still shows a widespread attachment 

of both bacterial strains on its surface, it is important to note that most of them have a red fluorescence 

(Figure 6b,d), indicating a higher number of dead S. aureus and P. aeruginosa bacterial cells than viable 

(green) ones. Moreover, the bacterial adhesion to the surface of hybrid fibres is significantly weaker 

compared to the adhesion of the tested standard material for both bacterial strains. This observation 

is  in  agreement with  the  literature, where  the  antibacterial  behaviour  of  similar molecule‐based 

DACH derivatives was described [6]. The obtained results indicate that the activity of hybrid fibrous 

samples against P. aeruginosa is stronger in direct contact (Figure 6d). 
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Figure 6. Fluorescence microscopy images of S. aureus on the surface of inorganic SiO2 fibres (a) and 

on the surface of hybrid DACHsilane fibres (b). P. aeruginosa present on the surface of inorganic SiO2 

fibres (c) and on the surface of hybrid DACHsilane fibres (d). Green dots indicate live cells, while red 

dots dead cells. 

3.3. Cytocompatibility Assessments 

The cell viability assay performed on 3T3‐A31 murine fibroblasts proved the cytocompatibility 

of  the  hybrid  DACHsilane  fibres  in  all  three  tested  concentrations  due  to  the  viability  highly 

exceeding the 70% CC level. As shown in Figure 7, exposure to the DACHsilane fibre extract led to 

increased cell viability in the case of the 500 μg/mL and 250 μg/mL extracts. The DACHsilane extracts 

had a concentration‐dependent effect on cells as an increase  in the extract concentration  led to an 

increase in the cell viability from 97.2 ± 7.3% (125 μg/mL) up to 115.1 ± 4.9% (500 μg/mL). This led us 

to believe that the degradation products of the DACHsilane fibres are favouring cell proliferation. 

This effect was also observed with the inorganic silica dioxide nanofibres but in lower concentrations 

below 250 μg/mL (Figure 7). These findings were supported by a cell morphology analysis (see Figure 

S6 in the Supplement). 
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Figure 7. Comparison of the impact of hybrid DACHsilane nanofibres on the viability of 3T3‐A31 cells 

compared to inorganic silica dioxide nanofibres as a control. 

4. Conclusions 

Homogeneous, purely organosilane fibres consisting of a (1S,2S)‐cyclohexane‐1,2‐diamine bis‐

silane derivative  in  combination with TEOS were prepared  for  the  first  time  in a one‐pot  sol‐gel 

synthesis and  electrospinning. The  spinnable organosilane  solution was acquired  starting  from a 

suitable  choice of  sol‐gel processing parameters without  the  aid of  electrospinning polymeric or 

surfactant  easers.  The  resulting  hybrid  organosilane  fibrous mat was  confirmed  to  be  uniform, 

thermally stable up to 200 °C, and sufficiently elastic. The prepared hybrid fibrous samples showed 

very promising antibacterial activity, particularly in direct contact with both of the tested pathogenic 

bacterial strains S. aureus and P. aeruginosa. These findings indicate that the organosilane fibres on the 

basis of (1S,2S)‐cyclohexane‐1,2‐diamine may be a promising tool in the framework of the global issue 

of drug resistance caused by pathogenic bacteria. The assumptions made are also supported by the 

cytocompatibility study proving their biocompatibility and positive impact on fibroblasts viability, 

which may lead to a positive impact on wound healing. 

Supplementary  Materials:  The  following  are  available  online  at  www.mdpi.com/xxx/s1,  Figure  S1: 

Thermogravimetric analysis of the prepared hybrid DACHsilane fibers coupled with FTIR spectroscopy; Figure 

S2:  Qualitative  test  describing  the  inhibition  zones  for  standard  sample—pure  SiO2  fibers  a)  and  hybrid 

DACHsilane fibers b) against S. aureus; pure SiO2 fibers c) and hybrid DACHsilane fibers d) against P. aeruginosa. 

Scale  bar  1cm;  Figure  S3:  Control  related  to  the  bacterial  cell  growth  of  Staphylococcus  aureus  (S.A.)  and 

Pseudomonas  aeruginosa  (P.A.). Both bacterial  strains were diluted  100  times.  Scale  bar  1  cm; Figure S4: The 

bacterial cell growth of Staphylococcus aureus  (S.A.) on  the  inorganic  fiber  sample a) and on  the hybrid  fiber 

sample b). Scale bar 1 cm; Figure S5: The bacterial cell growth of Pseudomonas aeruginosa (P.A.) on the inorganic 

fiber sample a) and on  the hybrid  fiber sample b). Scale bar 1 cm; Figure S6: The 3T3‐A31 cells spindle‐like 

morphology after 24 hours exposure to the DACHsilane fibres extracts (a) 0 μg/mL (CC), (b) 125 μg/mL, (c) 250 

μg/mL and (d) 500 μg/mL Merge of modular contrast vizualization and nucleus staining (DAPI) (Leica DMi8, 

obj. 20×). Scale bar 100 μm; Table S1: Antibacterial activity of the tested fibrous samples against Staphylococcus 

aureus and Pseudomonas aeruginosa.   
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A B S T R A C T   

Nanomaterials together with nanotechnologies bring everyday challenges to modern material science and allow 
scientists worldwide to develop completely new types of unique materials having extraordinary properties. 
Although interest in hybrid organic-inorganic organosilane fibrous nanomaterials is rising, there is no review 
covering and completing the knowledge. Herein, organo-mono-silylated and organo-bis-silylated precursors were 
studied in detail, and synthetic strategies and outcomes were successfully applied for the formation of organo
silane fibers using various different techniques such as self-assembly, drawing, and in particular electrospinning. 

The presented findings are closely connected to the application potential, and show the promising prospects of 
these hybrid organosilane fibers in various fields of modern science and everyday life, covering optoelectronics, 
sensors, catalysis, energetics, filtration and medicine.   

1. Introduction 

The growing interest in inorganic-organic hybrid materials in both 
academic and industrial fields is due to the convergence of diverse 
expertise and is driven by the curiosity of open-minded scientists using a 
combination of different approaches [1]. This multilateralism of per
spectives has led to one of the greatest advantages of hybrid materials – 
their “multifunctionality”. However, as hybrid materials are always in 
competition with other materials, it is necessary to demonstrate their 
real added value. Therefore, the current development of modern hybrid 
materials is subjected to general rules taking into account the cost and 
efficiency of their production. The family of organosilanes is just the 
type of hybrid material to fulfil such demanding requirements [1,2]. 

Many hybrid organosilane materials in different forms (primarily 
coatings [3], particles [4] and composites [5]) have been successfully 
transferred to the market and further commercialized [1,6]. Moreover, 
the number of publications on such materials has continuously increased 
over the last 20 years (see Fig. 1a). Recently, excellent reviews related to 
this topic have been published [1,7,8]. Nevertheless, the primary sci
entific literature is surprisingly uninterested in the preparation of hybrid 
organosilane fibrous materials (see Fig. 1b) [9,10]. Yet, they are easily 
prepared from quite inexpensive precursors available on an industrial 

scale and, in addition, the way they are processed is compatible with 
proven industrial processes. Therefore, the newly prepared organosilane 
fibrous materials may offer a unique added value compared in particular 
to purely organic polymer fibers. Likewise, the environmental benefits 
should also be considered, as hybrid organosilane fibers may be pre
pared under the mild conditions of the sol-gel process with no harmful 
solvents or organic polymer additives, whereby avoiding the problems 
with nanoplastics [1,6,11–13]. 

In this context, research regarding the different ways of preparing 
organosilane (nano)fibers, their prospects and contribution to modern 
and currently growing scientific fields such as optoelectronics [14], 
sensors [15], catalysis [16], energetics [17], and medicine [18] among 
others should be highlighted. Herein, we present a comprehensive 
overview of the use of organosilane (nano)fibers prepared from 
organo-mono-silylated and organo-bis-silylated precursors. Firstly, the 
origins of organosilane fiber-making chemistry are briefly described in 
sub-section 1.1. Moreover, the historical overview together with 
important milestones related to this topic is given in Table 1. Then, there 
is an extensive discussion on the properties of organo-mono-silylated 
and organo-bis-silylated precursors, together with the related process 
leading to the preparation of convenient spinning solutions and the main 
fiber-making techniques. Finally, the contribution and potential of these 
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hybrid organosilane nanofibers are outlined, together with their benefits 
for modern science and different areas of human activity. 

1.1. From silica gel to silica fibers and beyond 

The beginnings of the silica, silicate, silane and organosilane chem
istries belong to a period between the 17th century and the beginning of 
the 1940s. Between 1940 and 1980, mixed inorganic-organic materials 
were developed by various different weakly- or non-interacting scien
tific communities. In 1976 Yajima et al. [19] and later on, Ishikawa et al. 
[20] published studies describing polymeric networks, without siloxane 
bonds, based on polycarbosilanes and their conversion to ceramic fibers 
obtained by sintering an amorphous Si–Al–C–O fiber precursor at 
different temperatures. A similar study has also been published by Bal
dus et al., in 1999 [21], where the formation of ceramic fibers made of 
preceramic N-methylpolyborosilazane via the melt-spinning technique 
was described. All the above-mentioned types of ceramic fibers have 
found application in tough fiber-reinforced composites. The latter years 
were marked by the appearance of the first omnibus publications 
defining and establishing “the sol-gel community”. A historical overview 
of the evolution of silica and its derivative chemistries is included in 
Table 1. 

Probably given the difficulties of the low-temperature fiber-making 
process, it was not until the 1980s that silica fibers were prepared 
directly via sol-gel processing. Even though this decade was marked by 
the first appearance of organoalkoxysilane precursors [28,30,31], the 
first sol-gel derived fibers were purely inorganic, prepared from various 
metal alkoxides either by drawing directly from viscous sols at room 
temperature or by unidirectional freezing of gels [27]. Amorphous or 
polycrystalline, these first sol-gel fibers were structurally based not only 
on silica and silicates (SiO2, SiO2–TiO2 (10–50%), SiO2-AI2O3 (30%), 
SiO2–ZrO2 (7–48%), SiO2–ZrO2–Na2O), but also on diverse aluminates, 
zirconates, titanates, nitrates and even cuprates or niobates [32]. 
However, as they displayed unsuitable microstructures for achieving 
ultrahigh purity and non-circular cross-sections, their potential appli
cations were narrowed down to reinforcement, refractory textiles and 
high-temperature superconductors [11]. 

These first sol-gel silica fibers were prepared independently by the 
scientific groups of Sakka (Japan), W. C. LaCourse and H. G. Sowman 
(both USA) [32–36]. The group of Sakka et al. [27,32] was particularly 
interested in the course of sol-to-gel conversion and its influence on 
fiber-making potential. They were the first to describe the link between 
the presence of long-shaped particles in the sol and the spinnability, as 

will be discussed further in this review. 
As these silica and silicate fibers are well known on both an academic 

and industrial scale [11,32], this review focuses on hybrid organosilane 
fibers that have still managed to evade the eye principal hybrid material 
reviewers [1,6,12]. It was not until the late 2000s that hybrid organo
silane fiber-manufacturing came to the forefront of scientific interest 
(Fig. 1b). Its methods and strategies will be described further in the 
present review. 

2. The hybrid nature of organosilane precursors 

It is essential to understand the hybrid nature of organosilane pre
cursors in order to tailor the structure of the resulting fibrous materials 
on a molecular level. Generally, hybrid materials are defined as multi
component materials having at least one of their organic and/or inor
ganic components blended on the nanometer scale. Commonly, one of 
these components is inorganic and the other is organic [1,2,12]. The 
properties of such hybrid materials are then achieved due to the strong 
synergy of these organic and inorganic components depending on the 
presence of a large hybrid interface [37]. 

Therefore, the nature of the interactions, energy, and linkability of 
the interfacial boundaries plays an important role in the modulating of 
the properties of the final material. From this point of view, hybrid 
materials can be divided into two main classes: Class I where the organic 
and inorganic components interact via weak bonds, e.g. van der Waals, 
hydrogen bonds, or electrostatic bonds; and Class II where the organic 
and inorganic components are linked by rather strong chemical in
teractions as covalent or iono-covalent bonds [5]. In addition, there is 
still no clear borderline between inorganic-organic hybrid materials and 
inorganic-organic nanocomposites as large molecular building blocks of 
hybrid materials can already be of nanometer length scale [12]. Com
mon knowledge states that there is a gradual transition between both of 
them. Nanocomposites come with discrete structural units ranging from 
1 to 100 nm (nanoparticles/rods/tubes usually incorporated in organic 
polymers), while hybrid materials are more often defined by the use of 
inorganic or organic units formed in situ by molecular precursors (e.g. 
the sol-gel process) [12]. Organosilane fibrous materials belong mostly 
to the Class II hybrid materials and they are often used to prepare a wide 
range of hybrid (nano) composites. The organosilane hybrid structure is 
well assured by a strong covalent Si–C bond stable enough to provide a 
homogeneous material in which the organic moieties bound to two 
SiO1.5 units are uniformly distributed as elementary building blocks [12, 
38]. 

Fig. 1. Development in the number of publications related to hybrid organo-alkoxysilane materials (left – a; keywords hybrid AND organo*sil*) and nanofibrous 
materials containing organo-alkoxysilanes (right – b; keywords nanofib* AND organo*sil*). (Data source: WoS, up to August 2020). 
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The chemistry related to organo-alkoxysilanes has been well 
described and there is a wide range of commercially available organo
silane precursors. The properties and the synthesis of molecules having 
the formula Si(OR′)x-R4-x (x = 1–3) containing stable Si-R groups (R =
alkyl, aryl, acryl, epoxy, amino group etc.) and hydrolysable alkoxy Si- 
OR′ units have also been widely described. These kinds of organosilane 
precursors are known as organo-mono-silylated precursors, while 
organo-bridged trialkoxysilanes [(R′O)3Si-R-Si(OR’)3] may be referred 
to as organo-bis-silylated precursors having the same well explored 
background [39]. The R group is, as in the case of organo-mono-silylated 
precursors, an organic unit, but in this case directly linked to two Si 
atoms through Si–C covalent bonds. Arylenes, alkylenes, cyclams, crown 
ethers, porphyrins, polymers, and many others have been used as the 
organic component. This diversity of organic moieties enables variation 
of porosity, thermal stability, optical clarity, refractive index, chemical 
resistance, hydrophobicity, and dielectric constant [37,40]. 

Hydrolysis and the subsequent condensation of such silylated 
organo-trialkoxides (T) (see Fig. 2) result in a formation having the 
above-mentioned basic repeating unit [RSiO1.5]. Moreover, as the 
number of various alkoxy groups on Si determinates the potential for 
forming multiple bonds with other silica atoms, the resulting level of 
crosslinking may differ drastically from the structure of silsesquioxanes. 
The final hybrid material may be controlled using a whole variety of 
functional organo-alkoxysilanes from difunctional dialkoxysilanes (D) 
forming linear oligo or polysiloxane structures to monofunctional tri
alkoxysilanes (T) or tetraalkoxysilanes (Q) having a tendency to form 
highly crosslinked polymers depending on a number of sol-gel param
eters. In addition, as the organosilane precursors may possess many 
different geometries (aryl rigid rod spacers, alkylic flexible spacers), 
they may be used to precisely control the parameters that govern the 
structures of the targeted hybrid materials [38]. 

Furthermore, it is necessary to take into consideration that the 
organo-bis-silylated precursors have a higher ability for self- 
organization than organo-mono-silylated precursors. This property is a 
great advantage in the formation of highly organized structures such as 
crystal-like structures in non-mesoporous organosilane materials [38]. 
In the silicon-based sol-gel process, the network behavior of 
organo-trialkoxysilanes (T) with various types of attachment of the 
organic moiety to silicon may manifest itself in three networking ways 
(Fig. 3). 

Bridged bis-silylated organosilane precursors are referred to as 
“network builders” – their co-polycondensation with or without a tet
raalkoxysilane precursor leads to the creation of materials in which the 
organic segment is an integral part of the hybrid network. By contrast, 
mono-silylated organosilane precursors act in the final structure as so- 
called “network modifiers” ultimately modifying a discrete area of the 
homogeneous silica network. In addition, if the organic moiety is 
intended to undergo further chemical reaction (as a sort of surface an
chor), then organo-trialkoxysilane (e.g.: amino-functionalized silanes) 
serves as a so-called “network functionalizer” [12]. 

As may be seen, concise use of mono-silylated or bis-silylated organo- 
alkoxysilanes in sol–gel processing is a fascinating bottom-up approach 
to fabricating new functional hybrid materials with numerous 
applications. 

2.1. Sol-gel process of organo-trialkoxysilanes leading to fiber formation 

Generally, the thermal stability of fragile organics is limited to a high 
temperature, meaning that high temperatures cannot be used during the 
hybrid formation process. Thanks to soft sol–gel processes, it is possible 
to overcome this limitation during the preparation of hybrid organo
silane materials. These types of materials have undergone tremendous 
development over the past few years and even fiber-making research has 
benefited greatly from mild sol-gel processing [1,5,6,15,16,37,41]. 

However, the sol-gel process of organo-trialkoxysilanes leading to 
fiber formation is more demanding in terms of a suitable set of sol-gel 
processing parameters. Mentioned parameters, including the detailed 
equations describing the whole sol-gel process from the beginning until 
the end, are clearly described and can be found in many literature 
sources, most recently in the review written by Catauro et al. [42], 
which has been published this year. As already stated in the 1980s by 
Sakka et al. [32,35] for silica fibers based on tetraethoxysilane (TEOS) 
and tetramethoxysilane (TMOS) in general, the most crucial issue is the 
spinnability of the sol, whose occurrence is essential for fiber formation. 
According to their research, a sol should be spinnable when hydrolysis is 
suppressed. As a result, the condensation rate and extent of branching 
are low enough to increase the concentration and viscosity of 
organo-siloxane polymers without premature gelation. Hence, the 
spinnability should usually be achieved as a combination of 
acid-catalyzed sol-gel conditions with a r = water/silane ratio of less 

Table 1 
A historical overview of the developments leading to hybrid organosilane materials.  

Year Scientist(s) Discovery References 

1640 J. B. van Helmont (Belgium) The first contribution regarding silicon chemistry. [1] 
1779 T. Berman (Sweden) Description of the first silica “gel” formation. 
1824 J. J. Berzelius (Sweden) New molecular silicon and organosilicon precursors 
1843 J. J. Berzelius (Sweden) Synthesis of SiCl4 

1844 J. J. Ebelmen (France) “Grandfather of sol-gel chemistry”. Description of the formation of silicic ethers 
1857 Friedrich Wöhler (Germany) Silicon tetrahydride (SiH4) 

Hypothesis regarding the existence of an alternative organic chemistry based on silicon 
1863 C. Friedel (France) and J. M. Crafts 

(USA) 
Synthesis of the first organosilicon compound, tetraethylsilane (TEOS) 

1871 A. Ladenburg (Germany) Hydrolysis of Et3SiOEt to form triethylsilanol (Et3SiOH), the first “silanol” 
1904 F. S. Kipping (United Kingdom) Application of the newly discovered 

Grignard’s reagents to synthetize a wide range of new organo- and chlorosilanes starting from SiCl4 

[22] 

1952 H. J. Deuel (Germany) The first organic derivatives of silicates formed through covalent bonds of organic groups and the silicate 
network 

[23] 

1964 A. N. Lentz (Germany) Firstly reported preparation of organic derivatives of silicates [24] 
1978 K. Andrianov (Russia) The first syntheses of organoalkoxysilanes containing the Si–C covalent bond. [25] 
1980 W. Mahler & M. F. Bechtold (USA) The first freeze-formed silica fibers [26] 
1980s Sakka S. (Japan); W. C. LaCourse, 

H. G. Sowman (USA) 
The first preparation of silica and silicate fibers by drawing directly from viscous sols at room temperature [27] 

1985 H. Schmidt (Germany) Silicon allows a large variety of organic functionalization thanks to the stability of the Si–C bond [28] 
1990 C. J. Brinker and G. Scherer (USA) Publication of the book “Sol-Gel Science”. [29] 
1992 K. Shea (United Kingdom); 

R. Corriu (France) 
Several simultaneously developed molecular-level hybrids by hydrolysis and condensation of new 
polyfunctional alkoxysilane containing groups acting as aryl or acyclic, rigid or flexible spacers 

[30,31] 

Late 
2000s 

Various research groups Preparation of hybrid organosilane fibers on the basis of sol-gel processing Further in this 
review  
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than 2. The subsequent hydrolysis and polycondensation reactions 
should result in the development of a ladder-like crosslinking between 
the linear polymer siloxane chains [32,35]. 

Therefore, a structurally convenient polymerization in an acidic 
medium is the most important factor influencing the preparation of 
spinnable sols. In a classic (and already extensively studied) sol-gel re
action [11], the alkoxy groups Si-OR′ hydrolyze into silanol Si–OH 
groups (sol), which subsequently condensate to a 3D polysiloxane 
(-Si-O-Si-) polymeric network that is filled with a solvent (gel). In an 
acidic medium, the alkoxide and silanol are first protonated in a fast 
step. The silicon atom then becomes more electrophilic and susceptible 
to backside attack by water or neutral silanol in hydrolysis and 
condensation reaction steps, respectively. As a result, the protonated 
silanol preferentially condensates with the least acidic silanol end 
groups, which leads to less branched clusters desirable for fiber 
manufacturing [43–46]. 

Although acidic conditions accelerate the hydrolysis and enhance the 
silanol entities stability at the beginning of the process, the same con
ditions slow down the rate of the self-condensation reactions, as can be 
seen from in situ 1H and 13C NMR [47]. That is why the water/silane 
ratio should be kept low in order to suppress the process to further 
reduce the branching. Likewise, the sol-gel reaction rate of 
organo-trialkoxysilanes and its outcomes are strongly affected by steric 
and inductive effects. It should be taken into consideration that the 
hydrolysis will be rather enhanced with polar and electron-providing 
organic moiety, due to the improvement of the solubility in the water 
by the formation of hydrogen bonds and the stabilization of the posi
tively charged intermediates of the sol-gel reactions. On the other hand, 
the steric hindrance of the organic species generally significantly slows 

down the hydrolysis rates [11,43–46,48–50]. 
To summarize, the basic factors strongly influencing not only fiber 

formation on the basis of organo-trialkoxysilane precursors, but sol-gel 
processing in general, may be divided into two main groups: Among 
the primary factors belong the types of catalysts, water/silane ratio, pH, 
and organo-functional groups, which strongly influence the polymeri
zation outcomes, while the secondary factors, such as temperature, 
solvent, ionic strength, leaving group, and silane concentration, influ
ence the reaction rates [43]. In addition, the viscosity of spinnable sols 
should be minutely observed throughout the process of 
hydrolysis-polycondensation as a concentration dependence is charac
teristic for the presence of linear (organo) siloxane polymers. Hence, the 
conditions suitable for various fiber formation techniques may be 
determined [9,10,32,51]. 

Nevertheless, the primary academic literature struggles with the 
above-described suitable polymerization of organosilanes in long spin
nable polymeric chains. Therefore, most research groups enhance the sol 
formulas with various types of surfactants, low-molecular-weight poly
meric gelators or spinnable polymers in order to facilitate the fiber 
making process. However, with a concise choice of sol-gel processing 
parameters, spinnable sols and fibers purely on the basis of organo- 
mono-silylated and/or organo-bis-silylated analogues can be obtained 
(Fig. 4) via sol-gel “one-pot synthesis” [9,10]. 

2.2. Common fiber-making techniques - their prospects and consequences 

Fibers have been a fundamental part of human life since the dawn of 
civilization [52]. A huge number of papers have reported the prepara
tion, characterization and applications of different types of nanofibers 

Fig. 2. Scheme showing the different types of organosilanes.  

Fig. 3. Selected organosilane precursors transforming into nets during polycondensation processes. Pure silica is included for comparison.  
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via various techniques (Fig. 5) mainly allowing the inclusion of elec
trospinning, drawing and self-assembly [53,54]. 

2.2.1. Electrospinning 
Electrospinning is known as a versatile and viable technique for 

generating ultrathin fibers made of polymeric, metal oxide materials, as 
well as their combination. Remarkable progress has been made with 
regard to the development of electrospinning methods and engineering 
of electrospun nanofibers to suit or enable various applications [52,55]. 
According to the data released by “Research and Markets”, the global 
market for nanofibers can reach 1 billion USA dollars by the end of 2021 
[52]. Although electrospun nanofibers have unique applications, they 
still encounter several challenges in the production stage: (i) large vol
ume processing, (ii) reproducibility; and (iii) safety [53]. 

The electrospinning equipment consists of four major components: a 
high-voltage power supply, a syringe pump, a spinneret, and a collector. 
The main principle is based on a small amount of viscoelastic fluid, 
which is pumped out through the spinneret and has a tendency to form a 
spherical droplet as a result of the confinement of surface tension. 

Thanks to the interconnection of the droplet with a high-voltage power 
supply, its surface is quickly covered by charges of the same sign. The 
repulsion among these charges counteracts the surface tension and 
destabilize the spherical shape. If the repulsion is strong enough to 
overcome the surface tension, the droplet is deformed into a conical 
shape and a jet emanates from the apex of the cone. As a result, is the 
formation of the fibers together with the evaporation of the solvent [52]. 

The electrospinning process is influenced by various different factors 
and parameters, which are essential for the successful formation of fibers 
[56]: (i) environmental parameters, such as solution temperature, hu
midity and air velocity in the electrospinning chamber; (ii) solution 
properties, such as elasticity, viscosity, conductivity and surface tension; 
and (iii) governing variables, such as distance between the tip and 
counter electrode, electrical potential, flow rate, the molecular weight of 
the selected polymers, and the geometry of the collector [55]. 

The viscosity of the spinning solution is one of the critical aspects of 
the fiber-forming technology, which can be determined by varying the 
concentration of the polymer solution. Solutions with an optimum vis
cosity only yield the respective fibers in micro to nanoscale diameters 

Fig. 4. Scheme describing the polycondensation processes of organo-mono-silylated a) and organo-bis-silylated precursors b).  

Fig. 5. Preparation of nanofibers from organo-mono-silylated and/or organo-bis-silylated precursors using various fiber making techniques.  
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[9]. During the electrospinning process, the applied voltage needs to be 
high enough to overcome the surface tension of the spinning solution to 
produce fibers. Yang et al. [57] reported that by reducing the surface 
tension of the solution without changing the concentration, beaded fi
bers may be converted into smooth fibers. Likewise, the conductivity of 
the solution may play a key role in the fiber formation process [56]. 
Similarly, the diameter and shape of the gauge may change the diameter 
and morphology of the fiber, respectively. The distance from the tip of 
the needle to the collector gives an ample opportunity for the solvent to 
evaporate. A lesser distance results in thicker/beaded fibers being 
formed, whereas a greater distance results in discontinuous fibers [52]. 
The alignment/orientation of the fibers primarily depends on the type of 
collector used, such as pin, plate, cross bar, rotating rods or wheels, 
drum, liquid bath and disk etc. In general, the fiber diameter and the 
pore diameter increase with an increase in the polymer concentration 
and flow rate. The geometry of the collector influences the arrangement 
of the fibers [53]. Through optimization of the above-mentioned pa
rameters, fibers can be obtained randomly or in an ordered way. The 
choice of determining parameters is made on the basis of the polymer 
solution and the applicability of the formed fibers. 

2.2.2. Drawing 
The first attempt to draw a fiber was described in the 19th century. 

The experiment involved shooting an arrow from a droplet of a melted 
polymer using a crossbow [58]. In 1998, Ondarcuhu and Joachim 
published a drawing experiment, whereby a single fiber was formed 
from a droplet of a polymer solution using the tip of a scanning tunneling 
microscope (STM) [59]. Nowadays, the mechanical drawing of fibers is 
divided into two main categories: drawing from a solution [57,60] or 
from a melt [61]. Drawing as a method is particularly used for the 
production of fibers for optical devices [62,63], optical sensing or 
nanophotonic fibers [57,61,64,65]. 

The principle of the drawing method is based on the mechanical 
pulling of a polymer solution out of its base droplet, resulting in evap
oration of the solvent and fiber solidification at real-time [58]. Poly
meric micro or nanofibers can be fabricated using two different ways of 
drawing, through glass micro-pipettes and/or with help of atomic force 
microscope (AFM) or scanning tunneling microscope (STM) probe tips. 
This method is suitable for the formation of fibers having determined 
geometrical characteristics [66]. 

Drawing has several drawbacks compared to the other methods used 
for nanofiber formation [67]. These include process control, a 
limited-time of the process influenced by polymer droplet solidification, 
changes in the viscosity of the droplet with time, and speed of the sol
vent evaporation from the deposited droplet [60]. On the other hand, 
one of the greatest advantages of the drawing process is the ability to 
prepare oriented fibers at the range from nanometers to micrometers, 
compared to electrospun fibers, which are randomly oriented at similar 
scales [68]. 

The literature focused on the preparation of fibers made of organo
silane precursors includes a publication from 1998 describing the 
preparation of mesoporous silica fibers by drawing [69]. However, the 
overwhelming majority of papers dealing with this method are focused 
on drawing from purely organic polymers [58,60,64]. 

2.2.3. Self-assembly 
The principle of the self-assembly technique may be described as the 

spontaneous and reversible process in which a disordered system of pre- 
existing components (molecules, polymers, colloids, or macroscopic 
particles) are organized into ordered and/or functional structures or 
patterns via non-covalent interactions without external direction [70]. 

In general, these are spontaneous processes tending towards an 
equilibrium resulting in various shapes and forms [71]. In chemistry, 
self-assembly is typically associated with energy minimization processes 
and thermodynamic equilibrium [72]. Whitesides and Grzybowski 
divide self-assembly into two categories: static and dynamic. Static 

self-assembly corresponds to “molecular self-assembly”, while dynamic 
self-assembly corresponds more to “self-organization” [73]. In polymer 
chemistry, Yamaguchi et al. consider self-assembly and dissipative 
structures as equilibrium and none-equilibrium forms of pattern for
mation, regarding them as two complementary manifestations of 
self-organization [71,74]. 

Despite the firm attention of academic literature [75–81] organo
silane fibers prepared in the way and the technique itself have a number 
of disadvantages including the stability of self-assembly solutions, fiber 
length usually being only 100–200 nm, and fiber fragility with low 
mechanical resistance [76,77,82]. In most cases, self-assembled orga
nosilane fibers have a tendency to be formed into short helical structures 
with a highly rough surface. Moreover, compared to electrospun fibers, 
manipulation is very demanding as they are not able to form a contin
uous layer within a solution. 

Numerous studies have been devoted to the self-organization of 
organo-mono-silylated and organo-bis-silylated precursors and meso
porous materials made of them obtained via supramolecular self- 
assembly [38]. A wide range of literature regarding the self-assembly 
organization of organo-mono-silylated and organo-bis-silylated pre
cursors into different shapes including nanofibers already exists and will 
be described further in this review. 

3. Hybrid organosilane fibers based on organo-mono-silylated 
precursors 

In the moderate literature dealing with the preparation of hybrid 
organosilane fibrous materials based on organo-mono-silylated pre
cursors, three principal strategies emerge in relation to their prepara
tion. Firstly and most easily, a wide range of organo-mono-silylated 
precursors are mixed together with various organic polymers func
tioning as a spinnable mediator. Likewise, organo-mono-silylated pre
cursors may also be used in the second step to functionalize the prepared 
inorganic silica or organic polymer fibers. In both cases, the used spin
nable mediator (organic polymer) may not bring any added value or 
may even be toxic in later use. Finally, organo-mono-silylated precursors 
either on their own or in a mixture with tetraalkoxysilanes may be 
combined to form a spinnable sol resulting in a purely organosilane 
composition of fibers. Therefore, the organic moiety is linked to in
organics entirely through Si–C bonds. 

Either way, after sufficient networking these organo-mono-silylated 
mixtures undergo the above-mentioned fiber-making methods (elec
trospinning, drawing) or directly self-assemble into fibrous forms. 
Whichever method is used, the resulting fibrous materials should be a 
Class II organosilane hybrid displaying Si–C bonds in its structure. 
Nevertheless, depending on the other components, the structural variety 
may show a complex of hybrid links oscillating between Class I and II 
hybrids and even nanocomposites. The following chapter is dedicated to 
hybrid fibers based on organo-mono-silylated precursors, demonstrates 
the variety of synthetic approaches, and presents some of the most 
intriguing applications. 

3.1. Hybrid organosilane fibers containing organic polymers 

As already outlined, the spinnability of organo-alkoxysilanes appears 
to be the biggest obstacle in the subsequent electrospinning and drawing 
processes of organosilane fiber manufacturing. The difficult search for 
suitable sol-gel parameters achieving ladder-like spinnable organo
siloxane polymer chains may be avoided by using a wide selection of 
surfactants, low-molecular-weight polymeric gelators or spinnable 
polymers. Organic polymers used as a so-called “spinnability carrier” in 
combination with organo-alkoxysilanes or alkoxysilanes seem to be a 
prolific source of hybrid organosilane or silica/polymer fibers. The most 
commonly-used organic polymers are poly(methylmethacrylate) 
(PMMA), polyvinylpyrrolidone (PVP), polycaprolactone (PCL), poly
vinylalcohol (PVA), polystyrene (PS), and polyacrylonitrile (PAN). 
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Electrospinning is the most widely-used technique for fiber- 
manufacturing of organo-alkoxysilane and organic polymer solution 
mixtures. Nevertheless, mixtures of organic polymers with tetraalkox
ysilanes (TEOS at most) prevail and are also commonly referred to as 
organosilane hybrid fibers. However, the resulting structure does not 
contain Si–C bonds, but Si–O–C links connecting the inorganics with 
organic polymers (which is not quite in the scope of this review). There 
are many examples, such as the research of Li, J. et al. [83] who studied 
the tensile performance of TEOS/PMMA fibrous mats or the preparation 
of polyhydroxybutyrate (PHB)/PCL/TEOS fibrous scaffolds with a drug 
releasing function [84] to support bone tissue recovery. Organic poly
mers are often combined with tetraalkoxysilanes to create pore-forming 
(structure-directing) agents and subsequently are fired out to leave pure 
mesoporous silica fibers as a result [85]. 

Nevertheless, such examples of hybrid organosilane fibers from 
organo-mono-silylated precursors and organic polymers are not 
numerous. Ma et al. [86] reported the formation of superhydrophobic 
fibers (Fig. 6) by the electrospinning of poly(styrene-b-dimethylsilox
ane) block copolymers blended with 23.4 wt% homopolymer poly
styrene - polydimethylsiloxane - polystyrene (PS-PDMS/PS) from a 
solution in a mixed solvent of tetrahydrofuran (THF) and dime
thylformamide (DMF). The resulting fibrous mats (fiber diameters 
ranging from 150 to 400 nm) showed a water contact angle of 163◦

attributed to the combined effect of surface enrichment with PDMS and 
increased surface roughness. 

Another PDMS hybrid was prepared by Wei, Z. et al. [87] together with 
polyethylene oxide (PEO). The organic polymer was used only as an 
electrospinning carrier in a small ratio of approximately 0.3–0.5 wt% 
together with silica sol. Interestingly, the resulting hydrophobic sili
ca/PDMS/PEO hybrid fibrous mats displayed good thermal stability 
(>600 ◦C) promising in related applications. Likewise, the hydrophobicity 
of PVA fibers was enhanced by Mustafa H. Ugur et al. [88] by adding a 
whole range of organo-mono-silylated precursors to an electrospinning 
PVA solution. Cross-linked PVA/organosilica electrospun mats (Fig. 7) 
with reticulated structures (average fiber diameter of approximately 70 
nm) were obtained with varying percentages of organosilane sol produced 
through the acetic acid catalyzed reaction of dimethyldimethoxysilane 
(DMDMOS), methyltrimethoxysilane (MTMS), tridecafluoro-1,1,2, 
2-tetrahydrooctyltriethoxysilane (FAS1313; Dynasylan® F 8261) and 
phenyltrimethoxysilane (PTMS; Dynasylan® 9165) in an isopropyl alcohol 

(IPA)–water mixture. 
Likewise, Arslan et al. [89] used the –OH groups available on the 

cellulose acetate (CA) structure to proceed with basic sol− gel reactions 
initiated by a mixture with reactive fluoro-alkoxysilane (FS) (Dynasilan 
F8261; FS). Perfluoro groups consequently modified the hydrophilic CA 
nanofibers (NF) to display superhydrophobic properties. Therefore, 
FS/CA-NF may be quite practical for future application in oil-water 
separators, as well as self-cleaning or water resistant nanofibrous 
structures [89]. 

Finally, an interesting combined method of in situ reduction and 
sol–gel processing was used to prepare novel fibrous membranes made 
of Ag@gelatin–silica hybrid nanofibers from gelatin, 3-glycidoxypropyl
trimethoxysilane, and Ag@gelatin nanoparticles (NPs) [90]. The 
resulting fibrous mats showed strong photo-catalytic and antibacterial 
activity and may be easily recycled with a high recovery efficiency 
making them ideal adepts for removal of both organic pollutants and 
microbial contaminants from wastewater. 

In rare cases, drawing and self-assembly techniques use a combina
tion of organo-mono-silylated precursors with organic polymers. 
Drawing process have been used to fabricate vinyltrimethoxysilane 
(VTMS) grafted polyethylene (PE)/SiO2 nanocomposite fiber ropes [91]. 
The VTMS-g-PE/SiO2 fibrous hybrid displayed remarkably improved 
breaking load and breaking strength compared to pure PE fiber ropes 
and decreased elongation at break. Mixtures of organic polymers with 
organo-alkoxysilanes are not commonly used in self-assembly 
techniques. 

3.2. Hybrid organosilane fibers via functionalization 

The functionalization of previously prepared fibers is a commonly 
used method mainly due to its ease. Typically, inorganic or organic fi
bers are simply dip-coated in a sol based on an organosilane precursor 
often in combination with TEOS or TMOS. In any case, the resulting 
material is layered as the first fiber becomes the core and the dipped 
organosilane makes an external topcoat (a method referred to as 
“functionalizing”), which may be even multiplied. 

The core fiber can be any kind of hydrolysable inorganic, organic or 
composite material, so the principle of sol-gel processing may be 
applied. Hence, this procedure is well known in industrial conditions 
and the functionalization with various organosilanes is securely 

Fig. 6. Free-standing mat composed of PS-PDMS/PS electrospun fibers a); several 20 μL water droplets on the mat, showing a superhydrophobic surface b); SEM 
image of the prepared fibers at 6000x magnification (scale bar = 2 μm) c); [86]. 

V. Máková et al.                                                                                                                                                                                                                                



Polymer 228 (2021) 123862

8

performed on glass or silica fibers (SiO2) modified via 3-mercaptopro
pyltrimethoxysilane (MPTMS) (Fig. 8) marked as –SH and silver nano
particles [92–94], various organic polymers [95–97], cellulose acetate 
[89,98,99] or even wool [100] and composite materials [101,102]. 
Nevertheless, there are also very specific strategies of silanization for 
more demanding materials, such as (nano) cellulose fibers representing 
so called “never-dried” materials. Beaumont et al. [103] proposed a 
two-step silanization protocol for nanostructured celluloses under 
aqueous conditions using catalytic amounts of hydrogen chloride and 
then sodium hydroxide. The developed protocol enables the incorpo
ration of vinyl, thiol, and azido groups onto cellulose fibers and cellulose 
nanofibrils without curing or solvent-exchange. Hence, the functional
ized celluloses remain never-dried, and no agglomeration or horn
ification occurs in the process. 

The most commonly used organo-mono-silylated precursors include 
fluoro-alkoxysilanes often in combination with TEOS, employed to in
crease the hydrophobicity of the core fibers [89,95,97,99]. Likewise, the 
popularity of 3-aminopropyltriethoxysilane (APTES), 3-glycidyloxypro
pyltrimethoxysilane (GPTMS) and 3-mercaptopropyltrimethoxysilane 
(MPTMS) will be illustrated in the following section dedicated to ap
plications using fibers based on organo-mono-silylated precursors. 

3.3. Purely organosilane fibers 

Probably due to the above-mentioned difficulty in achieving spin
nable solutions, there are only a few research groups investigating 
organosilane fibers based purely on organo-mono-silanes (with or 
without tetraalkoxysilanes). 

Groups led by Schramm [51] and Aytan [104] prepared 

polyimide-silane fibers (Fig. 9) as new kinds of conductive electrolytes. 
Even if the starting sol-gel solution was based on organo-mono-silylated 
precursors, the first step consisted in the synthesis of a silylated polya
mic acid precursor (sil-PAA). The silanization proceeded with the help of 
GPTMS or APTES, and in order to enhance the final properties of the 
resulting fibers, the sol-gel process was subsequently enriched [104] by 
other alkoxysilanes (PDMS, 3-(trimethoxysilyl)propyl methacrylate 
(TMSPMA), 3-(triethoxysilyl)propyl isocyanate (ICPTMS)). The 
water-soluble electrospun fibers were then subjected to a thermal 
imidization treatment at various temperatures. As a result, these 
water-insoluble organosilane materials with a nanoscale fibrous struc
ture were stable at relatively high temperatures and showed electrolyte 
absorption and sufficient conductivity at room temperature [51,104, 
105]. 

Another research group of McDowell [106] synthesized the starting 
organosilane precursor. In this case, high molecular weight poly
ferrocenylmethylvinylsilane (PFMVS) was synthesized by anionic 
ring-opening polymerization and further functionalized through 
Pt-catalyzed hydrosilylation using ethoxysilane to afford a poly
ferrocenylsilane (PFS) precursor. Electrospun electroactive microfibers 
from this gelable PFS cross-linkable alkoxysilane displayed interesting 
strain-induced buckling behavior on electroactuation at low voltages 
and, hence, could potentially rival existing bilayer actuators. See Fig. 10 
[106]. 

The simplest synthesis in terms of the starting sol-gel solution may be 
found in the research of He et al. [107]. They prepared a range of 
electrospun mesoporous (organo)silica nanofibers. The silica sols with 
the surfactant Pluronic F127 were prepared with the addition of a 
MPTMS precursor and its influence on the fiber internal structure was 

Fig. 7. Scheme of PVA/silica nanofibrous mats, adapted according to reference [88].  

Fig. 8. A SEM image of the cross-section of an optical fiber coated via MPTMS containing Ag nanoparticles and its changes in light intensity guided through the 
coated fiber probe [92]. 
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evaluated. With the reduced F127/TEOS mass ratio, the diameter of the 
(organo)silica nanofibers decreased, but the size and the orientation of 
the internal mesopores were remarkably regulated (Fig. 11). Such a 
fibrous hierarchical hybrid material may be of great interest for modern 
optical and biomedical applications [107]. 

4. Hybrid fibrous materials based on organo-bis-silylated 
precursors 

The development of sophisticated organized hybrid materials, made 
of organo-bis-silylated precursors, exhibiting enhanced properties, plays 
an important role in tacking the challenging topics of the current sci
entific domains [108,109]. The first bridged organo-bis-silylated 

Fig. 9. Schematic representation of the preparation of polyimide-silane fibers, adapted according to reference [105].  

Fig. 10. Scheme showing the formation of an organo-mono-silylated precursor, adapted according to reference [106].  

Fig. 11. SEM images of silica nanofibers prepared using sols with different F127/TEOS mass ratios a); and the relationship between the fiber diameter and the F127/ 
TEOS mass ratios b); [107]. 
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monomers, having arylene and acetylene bridging groups, were firstly 
used for sol-gel polymerization to form bridged polysilsesquioxanes 
coatings deposited on glass in the 1950s [39]. However, it was not until 
the start of the 1990s that bis(trimethoxysilyl)organometallic precursors 
with different structural features were first synthesized [30]. 

Nowadays, the number of organo-bis-silylated precursors with a 
wide variety of organic molecules is continuously increasing and they 
can be finally incorporated into the targeted materials [108,110,111]. 

4.1. Hybrid organo-bis-silylated materials: powders prevail over fibers 

Several synthetic approaches leading to the preparation of mono
mers for bridged polysilsesquioxanes currently exist, these include e.g. 
metalation; hydrosilylation, and organotrialkoxysilane functionaliza
tion [39]. From the “fiber-formation” point of view, a very promising 
class of organo-bis-silylated precursors is shown in Fig. 12. These pre
cursors are well described in the synthesis and formation of periodic 
mesoporous organosilica (PMO) materials [112]. Shea et al. reported the 
process of sol-gel synthesis regarding monolithic bridged silsesquioxane 
using 15 different alkane-, alkene-, alkyne-, aromatic-, functionalized- 
and organometallic-bridged precursors [39,110]. 

Many bridged polysilsesquioxanes exhibit excellent thermal stability 
in inert atmospheres and in air. Phenylene-bridged polysilsesquioxanes 
are stable up to 500 ◦C. Alkylene-bridged polysilsesquioxanes are stable 
to over 400 ◦C. However, there is a lack of experiments describing the 
mechanical properties of bridged polysilsesquioxanes [39]. The most 
distinguishing features of arylene bridged polysilsesquioxanes are that 
they are porous and have extremely high surface areas, which may also 
be observed in the case of the fibrous form, which has promising po
tential for filtration, catalysis or adsorption [9]. Although conventional 
silica-based materials are generally regarded as biocompatible and 
suitable for in vivo use, the bio-safety of organo-bridged materials is still 
not entirely clear because of the lack of extensive and detailed in vitro 
and in vivo research and evaluations [113]. 

Interestingly, in the research or review literature, there are very few 
research papers focused on the preparation of purely organosilane 
fibrous materials using organo-bis-silylated precursors [9,10,105,114]. 
The greatest obstacles seem to lay in the supposed difficulty of the 
polymerization process of organo-bridged silanes, their conversion into 
a spinnable polymeric solution and the choice of suitable electro
spinning technique. 

Until 2020, only two solitary research papers regarding these types 
of nanofibers were published [105,114]. Tao et al. [114] dealt with the 
fabrication of purely organosilane electrospun nanofibrous mats con
taining porphyrin unit bridged organosilanes; however, the final 

material contained a very low amount of these organo-bridged silanes 
(10− 4 mol %) compared to TEOS (i.e. the result was mainly silica fibers). 
The second group [105] used the co-polycondensation process of two 
organosilanes combined with the sol-gel process and electrospinning to 
form ultra-thin polyimide fibers, also called as poly(amic)acid (PAA) 
fibers. Mentioned fibers are made of combination (3-triethox
ysilylpropyl)succinic anhydride (TESP-SA) with either TEOS or meth
yltriethoxysilane (MTEOS) which were hydrolyzed and reacted 
subsequently with APTES, leading to the formation of an electro
spinnable PAA solution. However, the solution had to be adjusted before 
electrospinning with a non-ionic surfactant Triton X-100 to improve the 
spinnability, but this reagent inevitably remained in the hybrid structure 
[105,115]. 

Nevertheless, the proof that all of the above-mentioned sol-gel pa
rameters may be effectively linked to obtain spinnable sols can be found 
in the following research papers [9,10]. Both papers describe the 
one-pot synthesis of purely organosilane fibers without the addition of 
any kinds of surfactants, low-molecular-weight polymeric gelators or 
spinnable polymers (Figs. 13 and 14), which were successfully produced 
on an industrial electrospinning device, paving the way for possible 
fabrication on a large scale. Moreover, the use of mono and bis-silylated 
model benzene functionalized organoalkoxysilanes [9] or a 
custom-made bis-silylated 1,2-diaminocyclohexane derivative [10] 
proves the possibility of designing a molecularly engineered material 
tailored to specific applications such as reusable catalysts, adsorption 
agents, conducting membranes or as novel types of biomaterials with 
additional properties. 

If organo-bis-silylated precursors are not used in fiber-making via 
electrospinning and drawing techniques, the self-assembly procedure 
counterweights this lack of interest. Helical hybrid nanofibers have 
attracted the attention of many research groups due to their potential 
application for chiral catalysis and separations [76,77,116]. Although 
many approaches to the preparation of helical mesoporous silica nano
fibers have been developed, those for the preparation of helical organ
ic–inorganic mesoporous hybrid organosilane nanofibers are rare [77]. 
They may be prepared using chiral low-molecular weight amphiphiles 
[117] or mixtures of a cationic and fluorinated surfactant. Moreover, the 
reduction of surface free energy was proposed as the driving force of 
helix formation in the fiber structure [77]. 

A wide range of helical fibers has been prepared using various syn
thetic methods including self-assembled bridged silsesquioxane helical 
fibers formed through hydrogen bonds promoted by the urea groups 
within the organic bridged fragment [118]; periodic mesoporous 
ethene-1,2-diyl-silica nanorods (Fig. 15) prepared using cetyl
trimethylammonium bromide (CTAB) in concentrated aqueous 

Fig. 12. Representatives of arylene bridged polysilsesquioxanes.  
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ammonia solutions, applicable in fields such as chiral separation and 
catalysis [116]; mesoporous silica nanofibers using 
co-structure-directing agents e.g. chiral anionic surfactants [119,120]; 
screw-like hierarchical chiral fibers constructed by co-templating two 
building blocks, DNA and porphyrin with using cationic organosilane 
precursor as a formation support [121]; single-handed helical meso
porous poly-bis-silsesquioxane (methylene, ethane-1,2-diyl, ethene-1, 
2-diyl, benzene-1,4-diyl, biphenyl-4,4′-diyl bridged) nanofibers pre
pared by sol–gel polymerization using chiral cationic low molecular 
weight gelators (LMWGs) and different types of catalysts e.g. HCl, 
NaOH, and ammonium hydroxide [122]; organosilane fibers obtained 
from acidic catalyzed syntheses using either TEOS or tetra(isopropoxy) 
silane (TPOS) in the presence of various oils [75]; mesoporous hybrid 
silica nanofibers made of 1,4-bis(trimethoxysilyl) benzene with a high 
surface area [76,80]; mesoporous ethane-1,2-diyl–silica nanofibers 
prepared using CTAB and (S)-2-methyl-1-butanol (MB) as a 
co-structure-directing agent, whose helical pitch is controllable by 
changing the MB/CTAB 0.5–10 M ratio [78,123]; and mesoporous 
methylene, ethane-1,2-diyl, ethene-1,2-diyl, benzene-1,4-diyl silica 
nanofibers prepared using CTAB and (S)-β-citronellol as a 
co-structure-directing agent under basic pH with a range of 0.2–2.0 μm 
in length and 100–200 nm in diameter with helical pitches of approxi
mately 1.0 μm [77,81]. 

Hierarchically organized functionalized periodic mesoporous orga
nosilica (PMO) fibers with longitudinal pore architectures have been 
prepared via a simple one-pot synthesis procedure from the co- 
condensation of 1,2-bis(triethoxysilyl)ethane with either ICPTMS or 1- 
[3-(trimethoxysilyl)propyl] urea in basic pH. The diameters of the fi
bers range from 50 to 300 nm, and the lengths are up to 7 μm [124]. 
Single-handed helical benzene-1,4-diyl bridged polysilsesquioxane 
nanofibers have been prepared through a different supramolecular 
templating approach [79,125]. 

Helical mesoporous silica, methylene, ethane-1,2-diyl, ethene-1,2- 
diyl, benzene-1,4-diyl, octane-1,8-diyl nanofibers have been prepared 
by sol− gel polymerization using a chiral cationic gelator under a shear 
flow. The morphologies of the silica nanofibers were sensitive to prep
aration conditions. In acidic conditions, right-handed helical nanofibers 
were observed (Fig. 16), and in basic conditions, rod-like mesoporous 
nanofibers were formed [80]. 

Fig. 13. General scheme of the use of any organo-bis-silylated precursor leading to the formation of organosilane fibers.  

Fig. 14. Electron microscopy images showing organosilane nanofibers prepared from a combination of 1,4-Bis(triethoxysilyl)benzene with TEOS - sample a), and 
nanofibers prepared from a (1S,2S)-cyclohexane-1,2-diamine – bis – silylated precursor in combination with TEOS - sample b). 
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5. Application potential and prospective of the reviewed fibrous 
materials 

5.1. (Nano)fibers prepared from organo-mono-silylated precursors and 
their perspective 

Taking account of the availability of raw materials, easy maneu
verability, and outstanding chemical, physical, optical and mechanical 
properties, organo-alkoxysilanes in the form of fibers may find a wide 
range of potential applications in various different fields of current in
terest [101,102,126,127]. Examples include ternary nanofibers having 
remarkable solvent and temperature resistance (e.g. in DMF at 200 ◦C) 
[100] and nanofibrous PVA/PAA/SiO2 mats having unique malleability 
and high breaking elongation [82]. This versatility is typical for all of the 

discussed materials; nevertheless, others will be discussed in the 
appropriate sections according to their target design, i.e. optoelectronics 
and sensors, energetics, filtration and adsorption, catalysis and 
biomedicine. 

5.1.1. Optoelectronics and sensors 
Organo-mono-silylated precursors are especially useful in optoelec

tronic devices and sensor applications due to their wide range of func
tional groups, which can be selected to facilitate the covalent 
attachment of indicator molecules directly to the targeted areas. These 
precursors may be used various different forms e.g. organo-alkoxysilane 
coatings deposited on organic fibers, directly prepared organic- 
inorganic fibers from convenient organo-mono-silylated precursors, 
inorganic fibers modified with the above-mentioned precursors, and 
many other possibilities bringing additional properties to these fibrous 
materials [94]. According to the literature, APTES is one of the most 
frequently used organo-mono-silylated precursors and is known as a 
coupling agent for sensors. It is usually used to bond organic probe 
molecules to glass, silica sol-gel surfaces, optical glass fibers and other 
types of organic, inorganic and or hybrid organic-inorganic fibers [94, 
128,129]. Some of the newest environmentally-friendly and low-cost 
applications for optoelectronic devices include two types of 
high-performance polyimide (PI) fibers, which are modified with APTES 
(KH-550) and applied in light-weight composite devices possessing a 
high strength modulus, higher temperature resistance and lower density 
[130]. 

Typical representatives of hybrid organic-inorganic fibers are 
organically modified silica (ORMOSIL) fibers used in microchip couplers 
for optoelectronic applications [93], or electroactive electrospun PFS 
fibers functionalized by pendant alkoxysilane groups, which have been 
successfully incorporated into miniature electrochemical cells contain
ing lithium triflate/γ-butyrolactone electrolyte [106]. Other examples 
include optical fibers coated with different types of 
organo-monosilylated precursors such as APTES, GPTMS, PDMS with or 

Fig. 15. Electron microscopy images of the formation of mesoporous ethane-1,2-diyl – silica nanorods via the self-assembly process. FESEM microscopy (a,b) and 
TEM microscopy (c) [116]. 

Fig. 16. Schematic representation of right-handed helical nanofibers.  
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without TEOS used for sensor applications [94], optical fibers coated 
with an Ag-doped silica nanocomposite used as sensors for trace 
ammonia in gas samples [92], or optical PMMA fibers coated with a 
mixture of TEOS and methyltriethoxysilane (MTES) or phenyl
triethoxysilane (PTES) doped with bromophenol blue, which have been 
successfully applied as low-cost pH sensors for monitoring biological 
fluids for the diagnosis and evaluation of therapies in wound healing 
applications [96]. 

5.1.2. Energetics 
Nano-structured fibrous materials consisting of organic and inor

ganic components are an interesting alternative to the pure polymeric 
materials used in energetics. The new types of hybrid fibrous materials 
offer higher mechanical, chemical and physical resistance, which is 
necessary for stable performance in all modern energetics devices such 
as new types of fuel cells and/or lithium-ion batteries [131–133]. 

Hybrid organic-inorganic electrospun fibrous membranes made of 
(2-(4-(chlorosulfonyl)phenyl)ethyl)trichlorosilane (CSPTC) with TEOS, 
polyvinylidenefluoride-hexafluoropropylene (PVDF-HFP) in DMF are 
typical representatives of hybrid power devices used for proton ex
change membrane fuel cells working at a high temperature. The inor
ganic parts allow the more effective transport of protons and the water 
management and organic materials bring softness, tightness, process
ability to the overall system [134]. Other examples include hybrid 1, 
4-bis(triethoxysilyl)benzene/GPTMS fibrous membranes with sulfo
nated aromatic rings providing proton conductivity [131]. 

Electrospun fibers based on a combination of GPTMS modified pol
yamic acid and alkoxysilane functional poly(dimethylsiloxane), subse
quently soaked with 0.5 M LiFP6 solution, and used as a hybrid gel 
electrolyte for lithium-ion batteries are an example of the newest 
research work in this area [104], as well as reinforced nanofiber com
posites prepared with a combination of PVA and nanosilica modified 
with mercaptopropionic acid and MPTMS [135]. Mullite fibers (MF) 
functionalized via APTES used as a filament in wound epoxy nano
composites [136] or aramid fibers functionalized with APTES [137,138] 
also show promising potential in energetics. 

5.1.3. Filtration and adsorption 
Hybrid fibrous membranes used in water [139] or air filtration sys

tems, which are made of or modified via organo-mono-silylated pre
cursors, offer additional properties such as durability, good tensile 
properties, chemical stability, catalytic properties, sufficient porosity 
compared to the conventional systems already used [140,141]. 

Most of the currently used filtration membranes are made of organic 
polymers, which are subsequently functionalized via different types of 
organo-mono-silylated precursors. These include electrospun cellulose 
acetate nanofibers (CA-NF) modified with perfluoro alkoxysilanes (FS/ 
CA-NF) for oil–water separation purposes [89], omniphobic fibrous 
cellulose acetate membranes containing silica nanoparticles modified 
via APTES used for desalinating the wastewaters with 
low-surface-tension contaminants [99], other types of organic fibrous 
membranes modified via APTES [142–144], composite PVA/TEO
S/APTES fiber membranes, used to remove cadmium from aqueous so
lution [145], or polyacrylonitrile fibers functionalized via APTES in 
PDMS membranes used for air filtration systems [146]. 

Surprisingly, when we focus on the literature related to the prepa
ration of purely organoalkoxysilane fibrous membranes, we find that 
most of the filtration systems are based on the combination of organic 
fibrous membranes modified via organo-alkoxysilane nanoparticles and 
nanocoatings. There are only a few solitary research papers describing 
the preparation of purely organosilane fibrous membranes used in 
filtration applications [105,114]. 

The first of them Tao et al. [114] describe the preparation of 
porphyrin-doped nanocomposite fibers in the form of nanofibrous 
membranes, which were prepared thanks to the combination of sol–gel 
chemistry and the electrospinning technique, without the addition or 

help of organic polymers. The membrane was successfully tested as a 
novel fluorescence-based chemosensor for the rapid detection of trace 
vapor (10 ppb) of explosive, particularly it has exhibited remarkable 
sensitivity to trace (2,4,6-trinitrotoluene) TNT vapor. 

The second group of Schramm et al. [105] prepared ultra-thin pol
yimide fibers, which were thermally treated at 220 ◦C. This temperature 
supports the rise of the formation of polyimide (PI) groups in the final 
polysiloxane network and fibers, thus prepared, have a ladder-like 
structure. Moreover, the authors use the incorporation of various 
organo-trialkoxysilanes with different functional groups enabling the 
production of ultra-fine fiber mats with tailor-made properties. Prepared 
fibers may be applied in the filtration, sensor systems or drug release 
processes. 

5.1.4. Catalysis 
According to a literature search of the application of organo-mono- 

silylated precursors strictly in the form of (nano)fibers in catalysis, 
there is only a very small number of research papers compared to the 
same precursors used in the form of nanoparticles or nanocoatings on 
different substrates [16,147]. Most of the published literature describes 
organic fibers functionalized via different types of alkoxides, or 
organo-mono-silylated precursors. Specific examples of fibrous systems 
used for catalytic applications include linear poly(ethylene imine) (PEI) 
fibrous aggregates modified via TEOS or TMOS, which are able to reduce 
PtCl42− [148], or nanoporous silica fibers functionalized with MPTMS 
used for solid-phase microextraction (SPME) of phenolic compounds 
[149], mesoporous silica nanofibers made of a combination of TEOS and 
MPTMS, whose mesostructure corresponds to MCM-41 NPs systems 
[150]. 

5.1.5. Medicine and biomaterials 
Hybrid fibrous materials made of organo-mono-silylated precursors 

find their widest application in the field of medicine, and particularly in 
various types of scaffolds applicable in cell growth, and/or wound care. 
They are typically used in a combination of organic polymers, alkoxides 
and organo-mono-silylated precursors [54] e.g. mixtures of poly(γ-glu
tamic acid) (γ-PGA)/TEOS and GPTMS providing an excellent extra
cellular matrix in bone tissue regeneration [151], silica/poly(L-lactic 
acid) (PLLA) for skeletal defect regeneration [152], 
protein-encapsulated fiber mats using a combination of poly(γ-gluta
mate) (PGA)/(GPTMS) offering an effective method of encapsulating 
bioactive molecules (Fig. 17) while maintaining their structure and 
function [153], drug delivery systems based on PCL/PLA) with Halloy
site nanotubes (HNT) [154], regenerated cellulose nanofibers (RC-NF) 
with PCL, modified via APTES with the aim of increasing the mechanical 
properties of the prepared scaffolds [155], APTES functionalized elec
trospun poly(N-vinyl-2-pyrrolidone) fibers (NH2-PVP) capping gold 
nanoparticles for drug delivery systems working at different pH (5.0, 
6.0, 7.4) supporting cell growth [156,157], or fibrous materials used in 
wound-healing applications with antibacterial effects composed of 
mesoporous silica nanoparticles in PVP nanofiber mats [158,159]. 

5.2. Hybrid materials made of organo-bis-silylated precursors and their 
promising applications 

Hybrid organosilane materials based on organo-bis-silylated pre
cursors in various different forms (mainly nanoparticles) seem to be a 
very promising class of materials having an extraordinary properties 
applicable in separation methods, e.g. chromatographies [160]. Earlier, 
ethane-1,2-diyl and benzene-1,4-diyl bridged polysilsesquioxanes 
functionalized with amino and thiol groups in the form of nanoparticles 
have been used as adsorbents of volatile organic compounds (n-hexane, 
n-heptane, cyclohexane, benzene, triethanolamine, acetonitrile) from 
gas phase chromatography [161]. Another application of these materials 
may be found in catalysis [110,162–166] and/or in optics [109,110,167, 
168]. Another example in this field is carbon/silica superstructures 
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made of perylenediimide-bridged silsesquioxane (PDBS) with control
lable morphologies (tubes, fibers or spheres), sizes and excellent elec
trical properties, which are very promising candidates for 
optoelectronics and sensing devices [169]. In general, organosilanes 
with various different forms containing aromatic rings (Fig. 18) have a 
significant potential for use in modern batteries [111]. 

The above-mentioned findings prove that novel hybrid pure orga
nosilane materials based on bridged alkoxysilane precursors and on top 
of that in a fibrous form belong to a promising class of materials offering 
additional value and aiming at a wide range of end-applications [9,10] 
particularly catalysis, separations [76,77,116] and/or modern bio
materials having additional value [121]. 

6. Conclusion and outlook 

This review humbly reflects on the past and current research 
regarding the preparation of hybrid organosilane fibrous materials and 
their contribution to modern science. The present study concerns 
organo-mono-silylated and organo-bis-silylated precursors stressing the 
consequent synthetic strategies and outcomes from the point of view of 
fiber formation. Likewise, the presented findings are complemented 
with a subsequent survey of their applications highlighting the prom
ising prospects of such hybrid organosilane fibers in the various different 
fields of modern science. 

From the origins of silica and (organo)silane fiber-making chemistry 
to the successful preparation of pure organosilane fibers via a one-pot 
synthesis, this review theoretically covers the basics of sol-gel process
ing for the preparation of spinnable sols and maps the most common 

Fig. 17. Fluorescence emission (excited at 312 nm) of silica/PGA fiber mats without encapsulated green fluorescent protein (GFP) wetted with a 20 mM phosphate 
buffer (pH 7) a); fluorescence emission (excited at 312 nm) of silica/PGA fiber mats with encapsulated GFP wetted with a 20 mM phosphate buffer (pH 7) b); 
fluorescence image of GFP-encapsulated silica/PGA fiber mats wetted with a 20 mM phosphate buffer (pH 7) using a laser scanning confocal microscope (excited at 
405 nm) c); fluorescence spectra (excited at 460 nm) of GFP encapsulated in a silica/PGA fiber mat (red line) or in a 20 mM phosphate buffer (pH 7, black line) d); 
[153]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 18. Examples of bridged polysilsesquioxanes with chromophore bridging groups, adapted according to reference [39].  
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fiber-making techniques. Hybrid organosilane fibrous materials based 
on organo mono- or bis-silylated precursors respectively are examined 
based on their preparation with or without the use of surfactants, 
polymeric or low-molecular additives. 

The various classes of hybrid organosilane (nano)fibers provide 
additional value compared to the conventional fibrous systems already 
in use and may be applied to many fields of modern science including 
optoelectronics, energetics, filtration, catalysis and medicine. Many of 
presented hybrid organosilane fibrous materials seem to have a strong 
potential to open up completely new directions in hybrid material 
chemistry with an emphasis on the non-toxicity, environmental friend
liness and efficiency of their performance. 
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