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ABSTRACT

This article reviews the principles of hydrolytic polycondensation of tetramethoxysilane (TMOS)
in alkaline media. Depending on the concentration of tetramethoxysilane, both nanoscale
monodisperse SiO2 particles and monolithic samples of xerogels were synthesized. Pyridine
derivatives, representatives of several chemically and thermally stable aromatics, which perform
the function of catalysts, were selected for the work. During the sol-gel process of hydrolysis of
tetramethoxysilane and the polycondensation of the compounds formed with the presence of 4-
(dimethylamino)-pyridine as a catalyst, a linear increase in the pKa of the conjugate acid to 9.70
was observed. Since the particles formed in an alkaline environment are negatively charged and
repel each other, their growth occurs by the condensation mechanism due to the dissolution of
smaller particles.

Heating the sol-gel system for 30 minutes does not increase the particle size, but brings the
gelation point closer. Thus, a small amount of catalyst leads to the formation of a group of
particles with a small diameter and a tendency to polycondensate, but a larger amount of catalyst
concentrationcausing the formation of very large particles. The physico-chemical properties of the
synthesized particles were determined. The dimensions of the processed samples were recorded
using a scanning electron microscope (SEM).

Keywords: Sol-gel, hydrolysis, polycondensation, tetramethoxysilane, xerogel, pKa, catalyst,
SEM.

Introduction

The history of sol-gel technology has been reviewed based on functional materials derived
from sol-gel. Around the 1970s, significant sol-gel processing began worldwide efforts and was
recognized as a new method for preparing homogeneous glasses and ceramics at low
temperatures. However, after the preparation of inorganic-organic hybrid materials by the sol-gel
method was proposed in 1984, glass and ceramic researchers used the sol-gel method to develop
functional materials with optical, electrical, chemical, and mechanical functions, as well as
advanced glasses and ceramics. they started processing. Around 1995, sol-gel technology
attracted people working in all areas of materials technology, including electronics, chemistry,
mechanics, pharmaceuticals, and medicine.

The sol-gel process is widely used to develop efficient and advanced materials, including
silica-based xerogels, which can be tailored for specific environmental applications.

Thus, the aim of the research is to synthesize monolithic samples of nano-sized monodisperse
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SiO particles and xerogels depending on the density of tetramethoxysilane using the sol-gel
method and to determine their physico-chemical parameters.

Material and methods

Using the sol-gel method, nanoscale monodisperse SiO2 particles and monolithic samples of
xerogels are synthesized. The obtained samples are based on the principles of hydrolytic
polycondensation of tetramethoxysilane (TMOS) in an alkaline medium. Thus, chemically and
thermally stable pyridine derivatives were selected for work:
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Organic amines are used as catalysts, and their choice is determined by the pKa of conjugated
acids of organic amines.

‘NR3 + H,O <« HN+R3 + OH"

The best way to measure the basicity of an amine is to examine the pKa of its conjugate acid.
The higher the pKa of the conjugate acid, the stronger the base. So, to calculate the pKa value of
the combined acid (HN+R3 ) according to the above reaction, the ionization constant (Ka) of the
acid was calculated:

First, based on the following formulas Ka, and then the numerical value of pKa was
calculated:

+ - HN'R;|[0H™
Ka:[HN R;][0H ]’ pKa—fogKa—Fog{l 3|[ ] }

[NR;] [NR3]

In the sol-gel process, a monolithic SiO, xerogel is synthesized in an alkaline environment
when a certain amount of solvent (ethanol, 1 equivalent) and water (4 equivalent) is used for 1
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mol of TMOS. The following amines are used in the work:

(1a) Pyridine

(1b) 2-fluoropyridine

(1c) Methyl pyridine

(1d) N-methyl morpholine

(1e) N-methyl piperidine

(1f) 1-Ethyl-2,2,6,6-tetra methyl piperidine

A scanning electron microscope (SEM) is used to obtain accurate images of the synthesized
particles. An SEM is a type of electron microscope that uses electrons instead of light to create a
magnified, clear image. Particles were examined using a Scanning Electron Microscope with a
Secondary Electron Detector (SE).

Results and discussion

Based on the conducted research, monolithic samples of nano-sized monodisperse SiO>
particles and xerogels were synthesized as a result of hydrolytic polycondensation of
tetramethoxysilane (TMOS) in an alkaline medium. During the sol-gel process of TMOS
hydrolysis, a linear increase in the pKa value of 9.70 was observed in the polycondensation of
compounds formed with the presence of 4-(dimethylamino)-pyridine as a catalyst.

Images of synthesized particles were obtained by scanning electron microscope (SEM).
According to the observations, the particle size at 0,35 mol-1* of amine concentration was 10 nm,
and at 7 equivalent concentrations, the particle size was recorded as 210-240 nm. Small diameter
particles were formed as a result of the fact that the small amount of the used catalyst does not
ensure high breaking and formation of Si-O-Si bonds. However, due to the high concentration of
spent catalyst, larger diameter particles were synthesized.

Taking 4-methyl pyridine(2) (pKa 6.02) as catalyst required at least 4 h at 70°C to obtain
SiO> particles, which hardly appeared in the sol-gel process. In the presence of 3-ethyl-4-methyl
pyridine(3) (pKa 6.46) catalyst, the SiO> particles formed during the same period had a slightly
larger diameter.When the amino-pyridine (1) with the least basicity was used for the work
process, it was kept in the sol-gel system at 70°C for 8 hours, and then for an additional 8 days at
room temperature. Only then were the particles discovered. Such behavior of sol-gel systems (1-
3) is explained by the increase in the basicity of amines used in them. However, heating of the
sol-gel system with 2-6 dimethylpyridine (4) (pKa 6.77) as catalyst for 4 hours did not reveal
particles, although the base of this compound is pyridine, 4-methyl pyridine and 3-ethyl-4-methyl
significantly higher than pyridine amines. Thus, the mechanism of formation of SiO2
nanoparticles in the presence of organic amine is based on the ability of a free electron pair of a
nitrogen atom to attack a silicon atom. When this pair of electrons is less accessible, the sol-gel
process becomes more difficult due to the hindrance created by the two methyl groups. That is, in
this case, the occurrence of the sol-gel process is determined by the nucleophilicity of the catalyst,
not by basicity.

The diameter of the SiO> particles obtained in the presence of N-methylmorpholine (6) was
10 nm. As the amine basicity increases, the particle size of SiO2 increases in the order N-
methylmorpholine (6) < 4-(dimethylamino)pyridine (5) N-methylpiperidine (8) << piperidine (7.
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Fig. 1. Plot of the formation time and mean particle sizes of the particles formed in the sol-gel
system as a function of concentration

Fig. 1. Scanning Electron Microscope (SEM) images of particles in sol-gel systems, 100000x
magnification

Physico-chemical properties of synthesized xerogels are listed in table 1.

Table 1. Physico-chemical characteristics of the obtained samples

Sol-gel t, hour SiO2 C pKa Density Hardness Yield percentage
system % gr-cm? of the purchased
product, %

2a 0.77 88 2.05 3.0 1.07 32.6 46.8

2b 0.18 89.5 | 3.35 5.25 0.73 11.1 63.2

2c 0.13 90 4.55 6.0 0.66 15.7 66.7

2d 0.02 92 1.75 7.41 - 9.4 -

2e <0.01 91 1.45 9.97 0.58 9.2 71.3

2f <0.01 91 2.70 11.13 0.65 15.4 67.9

2h <0.01 94 1.0 9.25 - 10.0 -

From the above data, it is clear that as the basicity of amines used as a catalyst increases,
their density and hardness decrease with the increase of porosity of the synthesized samples. At
this time, the percentage amount of gel SiO2 increases, and at the same time, the gelation time (t)
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of the sol-gel system decreases.

Conclusions

Hydrolytic polycondensation of tetramethoxysilane (TMOS) in alkaline medium was carried
out, as a result of which both nanoscale monodisperse SiO: particles and monolithic samples of
xerogels were synthesized, depending on the density of TMOS.

At a concentration of 0,35 mol-1"! of amines taken as a catalyst, the particle size limit was
determined 10 nm, and at a concentration of 7 equivalents, the size of the formed particles was
210-240 nm.
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XULASO

Bu moqals galovi miihitds tetrametoksisilanin (TMOS) hidrolitik polikondensasiyasi prinsiplorini
nozordon kecirir. Tetrametoksisilanin  konsentrasiyasindan asili olaraq hom nanodlgiilii
monodispers SiOz hissaciklari, hom do kserogellorin monolit niimunalori sintez edilmisdir. Is ti¢lin
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katalizator funksiyasin1 yerino yetiron bir neg¢o kimyovi vo termal stabil aromatiklorin
niimayandalori olan piridin téromolori secilmigdir. Tetrametoksisilanin hidrolizinin sol-gel
prosesindo vo katalizator kimi 4-(dimetilamino)-piridinin istiraki ilo amolo golon birlosmalorin
polikondensasiyas1 zamani konyuq tursunun pKa-nin 9,70-0 qodor xotti artim miisahido
edilmisdir. Qolovi miihitdo omolo golon hissaciklor monfi yiikli oldugundan va bir-birini
itolodiklorindon, onlarin bdylimosi daha kigik hissaciklorin holl olmasi hesabina kondensasiya
mexanizmi ilo bas verir.

Sol-gel sisteminin 30 doqiga qizdirilmasi hissaciklorin dlgilistinii artirmir, lakin gellogsmo ndqtasini
yaxinlasdirir. Beloliklo, az miqdarda katalizator ki¢ik diametrli vo polikondensata meylli
hissaciklor qrupunun meydana golmosina sabab olur, lakin daha ¢ox miqdarda katalizator g¢ox
boyiik hissaciklorin meydana golmosina sabab olur. Sintez edilmis hissaciklorin fiziki-kimyavi
xassolori miioyyon edilmisdir. Islonmis niimunolorin 6Slgiilori skan edon elektron mikroskopu
(SEM) istifads edorak geyd edildi.

Acar sozlor: Sol-gel, hidroliz, polikondensasiya, tetrametoksisilan, kserogel, pKa, katalizator,
SEM.
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PE3IOME

B cratee paccMOTpeHBI NPUHLMIIBI THAPOJIUTUYECKON MOJMKOHACHCALUA TETPAMETOKCHUCHIIAHA
(TMOC) B menouHbIX cpenax. B 3aBUCHUMOCTH OT KOHIIEHTpAIlMK TETPaMETOKCHUCHIIAaHA OBLIN
CHUHTE3MPOBaHbl KaK HaHOpa3MepHble MOHOAMCIEpcHble yacTUlbl SiO2, Tak ¥ MOHOJUTHBIE
oOpa3upl Kceporeneld. [[ias paboTel ObUIM BBIOpaHBI MPOU3BOJIHBIE MUPUINHA — MPEACTABUTEIU
HECKOJIbKUX  XUMHUYECKH M  TEPMHUYECKHM CTaOMJIBHBIX  apOMAaTHYECKHUX  COEIMHEHHH,
BBINIOJHAONMX  (yHKUMIO KaTraau3aTopoB. B Xome 3oib-rens mporecca T'HAPOTIU3a
TETPAaMETOKCUCHJIaHA M MOJUKOHJCHCAUUU OOpa3yIOUIUXCS COECJUHEHUH B TNPHUCYTCTBUU 4-
(IMMEeTHIIaMHUHO))TUPUANHA B KaUeCTBE KaTalu3aTropa HaOJto/1ainoch JuHeHoe yBennyeHne pKa
conpspkeHHOW KucIoThl A0 9,70. IMockonpky dWacTwilsl, oOpa3oBaBIIMECS B IIEIOYHON Cpere,
3apsOKEHBl  OTPULIATENIBHO W OTTAJIKUBAIOTCA JpYr OT Jpyra, HMX pOCT IPOUCXOIUT IO
KOHJICHCAIIUOHHOMY MEXaHU3MY 3a CUET pacTBOPEHHUs 00Jiee METKUX YaCTHII.

Harpesanue 3o0mb-rens cuctemsl B TeueHHe 30 MMHYT HE NPUBOAMUT K YBEIMUEHHUIO pa3Mepa
YacTUll, HO MPHUOIUKAET TOUKY reneoOpa3oBaHus. Tak, HEOOJbIIOE KOJIWYECTBO KaTajau3aTopa
MPUBOAUT K 00Pa30BaHUIO TPYIIIBI YACTHUI] MAJIOT0 IMAaMeTpa U CKJIOHHOCTH K TOJMKOHICHCAINH,
a Oousblllee KOJIMYECTBO KaTajgu3aTopa BbI3bIBAET 0Opa3oBaHHE OYEHb KPYMHBIX YacTHI.
Omnpenenensl PU3NKO-XMMUYECKHE CBOWCTBA CHHTE3UPOBAHHBIX YacTHIl. Pa3zMepbl 00paboTaHHBIX
00pa3noB PUKCUPOBATHUCH C TTOMOIIHI0 CKAHUPYIOIIETO JIEKTPOHHOTO MUKpockona (COM).
KuroueBbie cioBa: 30i5b-Tellb, THIPOJIN3, NOJUKOHACHCALNS, TETPAMETOKCUCHIIAH, KCEPOIellb,
pKa, xaraimmzarop, COM.
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