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ABSTRACT

Triethoxysilanes (TEOS) are classified as one of the most important class of compounds having multiple
applications that involve group transfer, silica supported reactions, nanoparticle coating, and cross-coupling
reactions. During the course of time, numerous reactions have been studied with the utilization of trialkoxysilicon
intermediates. In this short review article, we have summarized some most versatile and important reactions carried
out using TEOS.

INTRODUCTION

TEOS are the foremost necessary precursors thatuseel as coupling agent and is extensively used as
affixation agentto push surface behaviour of iamig oxides that embody silicon oxide, ceramics,d an
nanoparticles. TEOS surface-functionalized Magnétanoparticles (MNPs) has found applications inesalv
biological systems that embody cell and catalypaeation, identification and catalyst separatiaentification as
imaging distinction agent, magnetic managemendfag carriers, and physiological condition treatimaedia. [1-

4] This review primarily focuses on the utility, @jcation, and nanofabrication properties of TEOS.

Reaction intermediates

The chemical reduction of amides with ethoxyhydesss is conversion that ends up in the formatibarines
(Figure 1). Tertiary amides are with efficiencyuedd to their corresponding enamines, with the bétpansition—
metal-free catalyst, under hydrosilylation condifpsupported by t—-BuOK (5 mole %) and (R&)¥ as potential
reducing agent with high product vyield. The hydidation was promoted by ratio quantities of
Ti(OiPr), together with P}8iH,. [5-6]
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Figure 1: Probable Mechanism of Reduction of Amideto Enamines
Hiyama coupling of aryl-/hetero-aryl-triethoxysimwith aryl/heteroaryl iodides provides best yibtith in the

presence and absence of ligands using Cu(l) alysiaaigure 2). The reaction is robust and can tolerates a tyarie
of functional groups on both coupling partners9][7-
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Figure 2: Hiyama coupling of aryl- and hetero-aryltiethoxysilanes with aryl and heteroaryl iodides
The hydrosilylation of aldehydes and ketones ugEi@).SiH as the silyl reagent was studied with compleasl

catalyst (eq 2). The desired hydrosilylation pradlRCHOSI- (OEt) were obtained with 1 mol % of 1 in THF at
40 °C in the presence of (ES)H (1.1 equiv with respect to the carbonyl compufil0-11]
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Figure 3: Role of TEOS as addition reaction towardsinsaturated compounds

By using the heterogeneous metal catalysts in Isyigtation reactions, the resulting organosilicangucts showed
very low precious metal content, much-reduced ¢cdmd virtually no black particle formation cauded slow
precious metal precipitation. Thus, the qualitytleé resulting organosilicon products was signifibaimproved.
After the heterogeneous precious metal catalyst® wensumed (lost reactivity), they could be preedsin a
manner that the precious metals were recovered lemental metals. These benefits potentially include
organosilicon product quality improvements and jones metal cost savings. [12-15]

Formation of nano surfaces
The two—step process was efficiently used to switke (triethoxysilyl)-(propyliminomethyl)-biphenytrethyl
phosphoester (PEFOS) precursor molecule which wefsed inside the porous silica matrix. So, phospbhacid
functionalized mesoporous materials were synthddizéighly efficient Biginelli condensation reami under mild
reaction conditions. [16,17]
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Figure 4: Diagram for Synthesis of phosphonic aciéunctionalized mesoporous silica
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The general silanization sequence proceeds throlghhydrolysis of triethoxy groups into trihydroxgkoups
followed by polycondensation of the hydroxyl groujait, there are numerous reaction routes whichentak
grafting density of the silane ligands highly degemt on the reaction conditionkigure 5). For example, the
hydrolysis of silanol groups reacts with surfacaoxyl groups thus leading to surface silanizatidhus, the
kinetics of the silanization is critical for conliing the layer formation process. [1,18]
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Figure 5: lllustration of Possible Reaction Routegor APTES Silanization of Magnetic Nanoparticles

The most convenient synthetic route for silica—sufgal chiral imidazolidinones nanoparticles, cowldolve co-
condensation reaction of silica precursor i.e. TE®i#h a chiral organotrialkoxysilane bearing th@dazolidinone
moiety; however, drastic reaction conditions arquieed for the co-condensation that could lead Xtersive
degradation of the imidazolidinone ringrigure 6). Thus, post-functionalization of a previously swsized
material with a chiral TEOS, using cetyltrimethylmonium bromide (CTAB) as the surfactant, result® in
mesoporous silica nanoparticles (MSNs) which hasnbemployed as templating agent involving interrati
enantiopure TEOS, which was grafted to mesoporitiaa 1 toluene at 60 °C for 24 h to afford catdly19-21]
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Figure 6: Synthesis of Supported Azide and Imidazalinones

The usage of 1,2—(tris(triethoxysilyl)ethane ascprsor instead of bis(trimethoxysilyl)-ethane resdil into
significantly slow pore formation, thus leadingrtaterials with larger pore diameter. Ethane—bridgegoporous
organosilicas (PMO) materials were synthesizedoatnr temperature having smaller pore size contairanger
amount of physisorbed water than those synthessiediarly at 95 °C. This totally alters the incamation of
molecules in the porous material. [23-26]

A two-step coating technique was developed to plivabrics with a remarkable super—amphiphobicitd a
multiple self-healing ability. The durability of atng was monitored by its capacity to withstand 29cles of
wash and 5000 cycles of Martindale abrasion withemyt apparent change in the super-amphiphobichg. fabric
after being treated with a hydrophobic nanopartarid fluoroalkyl silane (FAS)/FD-POSS displays agionulti—
self-healing ability against both physical dama@eg., blade scratching, sandpapering, and abfjaai@hchemical
damagesKigure 7). The presence of nano particles in the coatirgpetionally enhanced the liquid repellency of
the coating, even to ultralow surface—tension tiguncluding ethanol. This highly robust, super-aippobic fabric
may find applications for the development of ‘srhdbnctional textiles for various applications likgersonal
protection, self-cleaning, defence, healthcare dailg life. [27-29]
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Figure 7a: Chemical structures of coating materialand procedure for coating treatment

Figure 7b: SEM images of

a) Uncoated polyester fibers

b) Coated polyester fibers

c) Abrasion of coated polyester fibers after 5000 cyes
d) Abrasion of coated polyester fibers after 20000 cles

Moreover, the luminescence studies of silica nart@bes incorporating Iridium(lll) complexes by tifent
approaches revealed that the most luminescentlesrtire prepared by coating the particle withntfe¢al complex
and fluoro-surfactant. Covalent incorporation af ttye throughout the silica and by surface coatiag much more
effective giving luminescent particles that simpie absorptionKigure 8). The fluoro-surfactant was needed to
stabilize the nanoparticles but also provided amxpected benefit that the Photophysical propeniese
substantially improved based on the protectiorheffluoro-surfactant of the Ir(lll) environment0J3
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Figure 8: Preparation of Hybrid Silica Gel Glass Ircorporated with APTES Functionalized GO Sheets

Further the kinetic study for silanization of Ampropyl TEOS using iron oxide nanoparticles proviest tinitial
silanization takes place rapidly and causes maxinguafting. The saturation is extremely slow processl
sometimes take 24 h before reaching equilibriunifeBent kinetic models were used for the datanfitiwhich
confirmed reaction mechanism to be pseudo-secatet.di31]

Incorporation of organic functionalities has beesually achieved by three pathways, the most begmgfting
process, that hooks organic components onto the aaface of pure PMSs by the reaction of TEOSfadid by
the synthesis. This modification method the mesactiire of the precursor PMSs, but the mesoporesrbes
narrowed and sometimes completely blocked. Thegmtgan of pore blocking requires rigorous graftoanditions
that are carried out in anhydrous solvents. Thersmenethod is ‘co-condensation’ of tetraalkoxys#gr{RO),Si
with terminal trialkoxyorganosilanes of the typ€@RSIR in the presence of structure-directing agenkere R is
a terminal organic group and B H or an alkyl group. Meanwhile the organic grswexist in the silane species
directly, the pore blocking can be avoided, leadingnore uniform organic group dispersion. In tb@text, a
prevailing opinion in the field of PMSs is that thbility of these solids with respect to densitien is predicated
upon the existence of a robust, four-connected ortwf tetrahedral Sigbuilding blocks and a maximum of 25%
three connected RSjQunits can be tolerated before the open framewallagses. Moreover, the modified
functional groups are limited, i.e. <10%. [32-33]

The third pathway is creation of ‘periodic mesopm@rganosilicas’ (PMOs) by hydrolysis—condensateactions

of bridged trialkoxyorganosilanes of the type@RSi—-R-Si(OR)s. In PMOs, the organic units are homogeneously
distributed in the pore walls that do not block gare channels or occupy the pore volume.The irmratpn of
organic groups via two covalent bonds can incredee mechanical strength and adjust surface
hydrophilicity/hydrophobicity. However, the PMOssalhave some significant disadvantages. For thteosgénic
groups, especially the long-chain molecules, itifficult to obtain ordered mesoporous structuriestther, the
activity of organic groups is low as they are endstlin the pore walls of PMOs. [34]

Organic functionalization of periodic mesoporougas (PMSs) offers a way to improve the excellpriperties
and has wide applications due to their superioucttire. The development of new strategy for organic
functionalization of periodic mesoporous silicas #Ms demonstrated by hydrosilylation of the rdgetiscovered
‘impossible’ periodic mesoporous hydridosilica, mé$SiO, 5. It provides flexible method to access functional-
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groups-loaded PMSs with adjustable microstructuakesg with organic functionalization of PMSs, suak
blocking of pore channels, limitation of modifiednictional groups, and destruction of the orderedaperous
structures by soft organic groups. The new methatl raaterials will have wider applications basedboth the
structure and surface superiorities. Typically, tAmorphous silica nanoparticles (ASNs) were tredbyd
hydrothermal procedure using CTAB as surfactanat tlesult into the formation of the mesoporouscaili
nanospheres (MSNs). [35-37]

Nano particles with other metals

The preparation of nitrogen-doped Li@raphene nano-hybrids was carried out by selfrabgeof pyrene modified
H,Ti;O/nanosheets and graphene, in an aqueous medium—uisstacking interactions, followed by thermal
calcination at different temperatures in ammonracsphere to afford nitrogen-doped Fi@raphene nano-hybrids.
H.Tiz;O/nanosheets were synthesized from TiQS8,0 by a hydrothermal reaction at 150 °C for 48 h.

Thus, the nitrogen-doped Ti@raphene nano-hybrids were synthesized efficienth low-costing counter
electrodes for DSSCs. The mixed phase nitride, Ti@s synthesized on the surface after the caloimati ammonia
atmosphere for 1 h at 570 and 700 °C, respecti(fieiyure 9,10. TEM bright-field image indicated that the
nitrogen-doped Ti® aggregates were closely embedded within the hitragraphene sheets, which indicated
successful formation of nitrogen-doped Jig@aphene composites. XPS and EDX analysis sughésae the higher
nitridation temperature would lead to the highéragien elemental content resulting into highergfarmation from
TiO, to TiN. By the photocurrent density//photovoltagst, it was found that the nano-hybrids obtainedigher
nitridation temperature possess higher electrohgatactivity toward b reduction when used as counter electrodes
in DSCCs, indicating its potential to replace tkpensive Pt. [38]
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Figure 9: H,TizO+/graphene nanohybrids calcined at 570 °C in Ngatmosphere for 1 h: (A) TEM image; (B) SAED patten; (C) EDX;
(D) HRTEM image; (E) fast Fourier transformation image
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Figure 10: H,TizO-/graphene nanohybrids calcined at 700 °C in NkHatmosphere for 1 h: (A) TEM image; (B) SAED patten; (C) EDX;
(D) HRTEM image; (E) fast Fourier transformation image

Two different sizes of PDP-SINPs were successfulgpared by surface-initiated ATRP, and treatméwliféerent
surfaces with the functionalized SiNPs such assglaslymeric nanofibers, and paper sheet was agthidy
inexpensive and simple coating methods such ascdigt, and spray coating. A mixture of the PDP-SiNP
distinct sizes was found to change the surfacemoegs and the hydrophilicity/ hydrophobicity of thgbstrate
surface. Moreover, adsorption/ desorption of PDIRPSi on the substrates could be achieved simplyhagging the
solution pH due to protonation/deprotonation of PDRe effective roughness construction for contlsurface

properties and simple coating methods lead to arp@nsive system, which is promising for bottomsujpface
modification. [39-40]

The energy transfer between two species may oauyrifbsignificant overlap exists between the doeonission

and acceptor absorption that can be ecither a Forster resonant energy transfer (FRET)28 or a radistansfer. In the
case of ThOs—SiO,(Figure 11) and porphyrin, Th emissions at 545 and 588 nspeetively, match porphyrin QIll
and QIl absorption bandsigure 12). The emission processes in,0g-SiO, and porphyrin exhibit different timing
behaviours, we performed time-resolved spectrosaopler UV excitation to study the energy transfer.
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Figure 11: Schematic illustration of the nanopartide synthesis with (a) the terbium oxide core NPsb) Th,O3-SiO, core-shell NPs for
two silica per one terbium atom, and (c) the core+ell NPs grafted with P-NHS. Respective size disbution obtained by TEM image
analysis (black bars) and PCS analysis (orange cwes). Note that the observed crystalline domain sizistribution does not significantly

change while the main hydrodynamic radius increaseafter encapsulation as expected
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Figure 12: Energy transfers diagram: The left sideof the Figure represents direct excitation of porplrin by 226 or 300 nm pulsed laser
radiation. For both excitations, porphyrin is excited in highly energetic vibrational levels and relags in a non-radiative way to the S2
and then the S1 level. From S1 to SO, a radiativeeebxcitation leads to visible emission (1) and (2)he right part of the Figure represents
the transfer between ThOs—SiO, and porphyrin. [41]

The doping method utilises charge transfer dopaged on APS to achieve high performance ZnO stmsiand
inverters. The strong electron-donating charadtesi©f the amine group in APS molecules filledlva electron
traps residing in the ZnO films thus yielded a datimenhancement in the electron mobiligigure 13,14. This
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method presented have potential to make significamtributions to achieve next-generation high-pernfance
TFTs for plastic electronics for flexible, printeathd transparent electronics. [42-44]

Source-Drain electrodes: Al

Charge Transfer Doping Layer:
APS ((3-aminopropyl)triethoxysilane)
NH,  NH, NH, NH, , O+

%

~o~ Si~o~Si~g~Si~o~ Si~o~
o [}

O-

Active layer: ZnO
Gate dielectric: 300nm thick-SiO,

Gate electrode: heavily-doped Si

Figure 13: Representative diagram of the charge tnasfers doping layer (CTDL)-doped ZnO TFTs
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Figure 14: Representation of the route from nanosita—EP sols to nanosilica—EP nanocomposites. (c) &gy chain—nanosilica-epoxy
chain. (d) Core-shell structures formed by interadbn of APTES with the nanosilica

The organic nanosilica sols with homogeneously atisgd nanosilica particles are successfully syitbesby
special sol-gel technique and then used to prepaogy nanocomposites. TEM and HRTEM analyses itelica

that nanosilica particles can disperse homogengau®MF. The effects of aminopropyl-functionalizednosilica
particles were remarkable in impact strength, brdkistivity, and surface resistivity of the naniasii SEM
observation of the fracture surface showed numesbapes with river shape, drawing filarphenomend,alot of
dimples and nanosilica particle coating with thexgpmatrix, which were obviously credited for inases in the
toughness of nanosilic&igure 15). SEM at high magnification indicates that thdcsilnanoparticles disperse
homogeneously in the epoxy matrix. The nanosilidd—Eanocomposites at high nanosilica content display

significant improvements in the electrical inswatiproperties and can find applications in the tebeic industry,

construction industry, etc. [45,46]
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Figure 15: a) FTIR spectra of nanosilica—EP hybridmaterials with different contents of nanosilica: O(pure EP), 3, 6, 9, 12, and 20 wt %.
(b) Enlarged formation displaying the C-N peak thatemerged because of chemical interaction betweenrethmino and epoxy groups. (c)
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Surface adhering properties

The gas-phase molecular layer deposition (MLD) offormal and highly luminescent monolayers of &is(
hydroxyquinolinato)aluminum (Alg) is achieved by the functionalization of the stdist with amino groups, that
act as initial docking sites for trimethylaluminuifiMA) molecules binding datively to the amine. Téley, upon
exposure to 8-hydroxyquinoline (8-HQ), the selfitimg formation of highly luminescent Algmonolayers is
afforded. The growth process and monolayer formatiere studied and verified by situ quartz crystal
monitoring, optical emission and absorption spettopy, and X-ray photoelectron spectroscopy. Thathodology
paves new way for highly sensitive luminescent senand dye-sensitized metal oxides for futureiagpons (e.g.,
in photocatalysis and solar cell§jdure 16). [47-48]
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Figure 16: Schematic for the preparation of Alg monolayers in an MLD process. 24

Solid-state temperature responsive localized serfatasmon resonance (LSPR)-based nano-sensors were
constructed by functionalizing the glass substedtached gold nanoprisms with the thermos-respengolymer
poly(allylamine hydrochloride)-co-poly(N-isopropgiylamide) utilizing TEOS Kigure 17). The strength of the
sensor was improved by chemically attaching polytnehe nano-prism surface through an amide cogplaction
against simple physisorption of polymer on nanopri3he highest sensitivity of such solid sensingtfpkm was
obtained by employing chemically synthesized go#haprisms for fabrication. The surface ligand clstmi
significantly influenced the swelling and shrinkitiansition of the polymer during the temperatuggiation.
Moreover, the dimension of nanostructure playsnamoirtant role in achieving the highest sensitifitythese types

of sensors.

The nano-prisms with a longer edge length displagdugher sensitivity compared to smaller edge tlergpld
nano-prisms, indicating the sensitivity dependence size. In addition, the reversibility of the tesngture
dependent nano-sensor suggests that the sensongemrestable and could potentially be used as sivier
temperature switches in real-time nano-sensing@gifwns and also in bioengineering. [49,50]
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Figure 17:Schematic representation of the design dfiermoresponsive polymer-functionalized plasmonicanosensor
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Graphene is used as the thinnest possible spat@edie gold nanoparticles and a gold substrate. dit@ates a
robust, repeatable, and stable sub nanometer gamdesive plasmonic field enhancements. A polissiddon
substrate is coated with a 100 nm Au film deposiige@lectron beam evaporation. Graphene is prepitedr via
micromechanical cleavage of graphite or by chemiapbur deposition (CVD). Near-spherical 80 nm AsNBBI,
citrate stabilized) are then self-assembled onlshex Si substrate treated with (3- aminopropyBthoxysilane
(APTES). The substrate is first dipped into a solubf 80 nm AuNPs for 30 s and then rinsed in digied water to
remove remaining unbound colloidal NPs. Moreoveaphene acts as an ideal spacer for plasmonic traotnses.
In this NP-atomic layer substrate configuratioragrene produces a stable and precise sub-nancsaptaation of
AuNPs from a Au surface and prevents coagulatiohuPs with the Au substrate. [51-52]

The method is based on the tailored control ofrtiesopore surface using METAC monomers that readisorb
onto the silica surface, permitting the developrmafra short-chain polymer preferentially within there volume.
This step is followed by adsorb ion of platinum(lpecursor anions onto the positively charged setfand an
ensuing soft reduction method grants the controltgdhation of MNPs within the mesoporeSiqure 18). An

anomalous partial selectivity toward NO is obserfadhe first time, which can be attributed toyaergetic effect
between the nanoparticles and modified surfaces &tiect opens a path towards the nano-designrefatemposite
catalysts with highly controlled environments, imieh the synergy of thoroughly size- and functiamirolled

cavities can be tuned in order to lower the reactiarriers and lead to sustainable catalysts byguedhe
systematic exploration of nanoparticle confinemeemd interactions with tailored hybrid mesoporousrix@s and
its consequences in the catalytic activity willngriout further insight that can be used in a ratidashion for novel
catalyst design. [53-54]

Polyelectrolyte Brushes
o o..
[¢] S P
oN HO~s7.0 N Ho~so..
N N 9
NN 0 nn H/\/\mi
n s s o.
CHy So %
0”0 PMETAC ., ° o0 Ho~5
~Si~, — }'>0.
Brushes 6 0 \6}(;&:\ 2 O... NUCLEATION AND GROWTH
Lo~ ey OF PLATINUM NANOPARTICLES
A @ 7\ INSIDE THE MESOPOROUS FILM
NANOPARTICLE PRECURSOR

(©)

0.5mM NaBH,

@ (b)
2 1 mM PtClg2
COUNTERION
EXCHANGE

MESOPOROUS

SILICA

“A

Chemical Synthesis:
of Nanoconfined
Nanoparticles

N,O NO , .
Catalytic studies on
NH; \ ( f

mesoporous platforms

PtNPs confined into the pp
mesoporous thin film
Figurel18:a) The chloride counterions in the as-syhesized PMETAC-modified silica films (a) are exchaged by the corresponding

anionic precursors, PtCk*(b). Then, the platinum chloro complexes are chemedly reduced to form MNPs within the nanoscale brus-
coated pores (c). The Figure also describes the chieal species involved in the catalytic transformabn of ammonia

The cohesion mechanisms of end-functionalized highar mass polystyrene with very low polydisperg®y) and
polylysine (PLL) on silicon (Si) supported thin Fi8ns are investigated by desorption of single patys that
covalently bound to an atomic force microscope (Afesintilever tip Figurel9). [55]
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Figurel9:Preparation of saPS: (a) DPE-based initiair precursors for (b) immobilization on Si wafers br surface-initiated anionic
polymerization of styrene

Looking at morphology of silicon, hydrogen-termiedtand solubilised silicon nanoparticles were eggde UV
light (A = 254 nm) in the presence of variety of primakeaks, which led to pathway for the reaction pathira

Si—H dissociation followed by the radical pathwedydrosilylation was expected and observed, but besaf the
nanoparticle platform, the silicon—hydrogen interé chemistry was monitored byd NMR in CDCk. The'H

NMR spectra of the Si- nanoparticles hydro-silythie the presence of 1-dodecene suggest that bathdvnikov
and anti-Markovnikov additions take place; thusdleg to addition product that gives mainly the &neriple
bonded Si(CH);;CHs. [50]

CONCLUSION

TEOS have proved to have high application in alnesdry field either as regent of intermediary step the
successful and essential reaction pathways. Thieration of hydrolysable silicon compounds for wars reaction
routes can pave new pathways for new reaction sesem
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