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The synthesis of organosilicas with a predetermined ratio of trimethylsilyl groups and silanols using
trimethyloxysilane and acetic acid as a modifier and catalyst respectively was carried out in this work. It
has been established that grafted trimethylsilyl groups influence the structural state of silica. The reduc-
ing of the surface tension and, consequently, the Laplace pressure in the SiO2 globules leads to an increase
in the valence angle in the siloxane bridges and the length of Si — O-bond. This dimensional effect in the
IR-spectra of modified silica is displayed by displacement of absorption bands in the short-wave region as-
sociated with asymmetric (va) and asymmetric-deformation (va + 8o si o) vibrations of siloxane bridges.
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1. INTRODUCTION

Aerodispersed amorphous silica, obtained in indus-
trial conditions by combustion of silicon-containing
substances (SiCly, CH3SiCls) in the flame, are widely
used as adsorbents in medicine, biology, chromatog-
raphy, carriers of active substances in the catalysis,
polymer fillers, thickeners of dispersion media, etc. [1-
5]. Silicas acquired new useful properties as a result of
chemical modification of their surface. Simulating the
structure of some clusters of silica surface by quantum
chemistry methods, it is found that successive substitu-
tion of its sylanols (hydroxyls) on trimethylsilyl (TMS)
(CHa3)sSi-groups there are substantial change in the
distribution of electrostatic potential close to these
groupings [6, 7]. Partially trimethylsilylated surface of
silica is a bimodal phase, in which there are simultane-
ously functional groups of two types: hydrophobic
(TMS) and hydrophilic (silanols). The hydrophilicity of
the silica surface even increases in the initial stages of
its trimethylsilylation, due to the formation of the re-
gion of negative values of the electrostatic potential
localized close to the silicon atom of the grafted group.
An increase in the number of TMS-groups is accompa-
nied by a decrease in the size of the region of the nega-
tive potential value and the appearance of the maxi-
mum of the positive potential, which is localized at the
entrance to the hexagonal cavity at sufficiently large
distances (3.5 A) from the silicon atoms, which is also
characteristic for the fully trimethylsilylated surface of
Si0z.

Modified silicas containing hydrophilic and hydro-
phobic groups on their surface can be used as adsor-
bents for intoxication of the body, wound treatment,
removal of heavy metal ions from the aqueous medium,
surfactants, etc. They can also be used as stabilizers of
emulsified systems or vice versa — as demulsifiers [6].

Currently, polydimethylsiloxane modifiers are used
to obtain hydrophobic organosilicas [5, 7]. Polydime-
thylsiloxane molecules chemisorb on the silica surface
at temperatures more 350°C. In these conditions, the
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chain molecules, turned into a tangle, are opened and
their ends are implanted into any silanols of the sur-
face of SiOz particles. Therefore, the chains of these
molecules overlap free silanols and prevent to obtain
the product with required hydrophilic-hydrophobic bal-
ance even with a small amount of chemisorbed modifier.

To prevent this phenomenon, it is to use advisably
monomer modifiers for incomplete substitution of si-
lanols. Hexamethyldisilazane (CH3Si)2NH is the most
attractive for the production of modified silica, whose
vapors interact with the SiO2 surface at 120°C [5].
However, this reagent interacts with both silanol
groups of silica and physically adsorbed water mole-
cules [8]. The reaction with water leads to the for-
mation of hexamethyldisiloxane (CHs)3Si—O —
Si(CHs)s, which is practically non-chemisorbed by SiOz
surface. The concentration of adsorbed water in the
surface layer of silica is approximately equal to the
concentration of silanol groups. Therefore, the substitu-
tion of silanols requires two times the amount of hexa-
methyldisilazane in relation to the theoretically neces-
sary. Considering its high cost and significant losses
when modifying SiOs, it is necessary to find more suit-
able reagents for silica silylation. In the present work,
trimethylethoxysilane (CH)sSiOCzHs (TMES) was used
as a modifier for the preparation of silica with incom-
plete substitution of silanols. The purpose of this work
is to investigate the effect of chemisorbed TMS-groups
on the structural state of SiO2 nanoparticles.

2. PRECURSORS AND METHODS OF ORGANO-
SILICAS INVESTIGATION

Fumed silica FS-300 (TC U 24.05540209-003.2010),
which is produced on an industrial scale by the Exper-
imental Plant of the Institute of Surface Chemistry of
the National Academy of Sciences of Ukraine (Kalush),
was as the basic silica for chemisorption of TMS-groups
on its surface. Its specific surface Ssp was 302 m2-g-1
and the concentration of free silanol (hydroxyl) groups
— 0.8 mMol-g-1.

© 2017 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
http://doi.org/10.21272/jnep.9(5).05030
mailto:mandzyuk_vova@ukr.net

I.F. MYRONYUK, E.P. VORONIN, B.I. MANDZYUK ET AL.

TMES (CH3)sSi0C2Hs (SIGMA-ALDRICH, USA)
was used for silica modification. The acetic acid
CH3COOH (chemically pure) was a catalyst for the re-
action of the substitution of silanols on TMS-group.

The number of silanols and TMS-groups on the sur-
face of the modified SiO2 was controlled by IR-
spectroscopy using the Specord M-80 spectrophotome-
ter (Carl Zeiss, Germany). The degree of SiO2 modifica-
tion € (in percentages) was determined by the ratio of
the optical density of the absorption band of free silanol
groups 3750 cm ~1! in the silica spectrum by the formula:

9:100[1—'3],
DO

where Do and D — the area under the contour of the
band with absorption maxima of 3750 cm-! in the basic
and modified SiOz respectively.

The influence of grafted TMS-groups on the atomic
structure of silica nanoparticles was studied by asym-
metric and deformation vibrations of siloxane bridges
Si— O —Si. Infrared spectra of these oscillations were
recorded by a Bruker FTIR-ATR spectrophotometer. To
achieve the disturbed total reflection in the optical
scheme of the device, the samples were applied to the
diamond face.

3. RESULTS AND DISCUSSION

Ethoxyalkylsilanes, as well as chloralkylsilanes, re-
act with silanols of the SiOz surface at temperatures
above 300°C [4, 6]. Among the known modifiers, ethox-
yalkylsilanes have the advantage that they are envi-
ronmentally friendly and do not cause corrosion of pro-
cess equipment. The trimethylethoxysilane, chosen for
modification of SiO2 surface, boils at 75°C, which al-
lows it to be used in reactions of low temperature gas-
phase synthesis.

The search for optimal conditions for the prepara-
tion of organosilicas under laboratory conditions was
carried out using a 1 L glass reactor equipped with a
paddle mixer. The required temperature in the reactor
was created by external electric heaters. The speed of
the mixer was adjusted in the range from 0 to
1000 rpm.

To reduce the reaction temperature of chlo-
ralkylsilanes or ethoxyalkylsilanes with silanol groups,
a "third component" is used — a catalyst that reduces
the activation energy of the reaction and accelerates
the chemisorption process. Organic amines, ethers,
ketones, some acids can be the catalyst in these chemi-
sorption processes [6]. The most effective among known
catalysts in the reaction of silanols with TMES was
acetic acid, which consumption was 15-20% of the
weight of the modifier.

Synthesis of organosilica with a given ratio between
TMS-groups and silanols was carried out in the follow-
ing sequence. The silica in a filled reactor was trans-
ferred to a pseudo liquefied state at a mixer speed of
300-500 rpm. The calculated amount of modifier and
catalyst was gradually added to the silica at a rate of 1-
2 drops per second. Then the temperature in the reac-
tor was increased to 150-160°C. Duration of modifica-
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tion was 3 hours. To remove reaction by-products and
adsorbed acetic acid molecules from the modified SiOs,
it was calcined at 300°C for 2 hours. In order to prevent
the thermolytic destruction of grafted TMS-groups,
argon was fed into the reactor at a rate of 1 Lrmin-
during calcination.

Table 1 shows the consumption of TMES for the
preparation of organosilicas with different degrees of
silanol substitution. The experimental results show
that the effectiveness of the modification increases as
the degree of silanols substitution increases too. This
conclusion is fully consistent with the results of quan-
tochemical modeling (the method of self-consistent field
in the representation of the molecular and a combina-
tion of atomic orbitals) of the successive silylation of
the hydroxylated surface of the (111) f-cristobalite by
trimethylchlorosilane [10]. A cluster
Si24056(0H)12(S1*)24 was as the model, where Si* — sili-
con pseudo-atoms, which were added to the periphery
of the cluster to compensate the influence of the miss-
ing part of the crystalline environment of the volume
phase.

Table 1 — TMES consumption for preparation of organosilicas
with different degree of silanol substitution

Consumption Degree of Mogéica_

Standard of modifier, silanol substi- efficiency

mMol-g-! tution, % % ’
M-30 0.34 27.2 65
M-40 0.42 37.2 72
M-50 0.45 48.3 83

The grafting of TMS-groups into a model cluster can
be reproduced by the equation:

Siz4O56 (OH )15 (Si"),4[OSi(CH5)3] , +CISi(CH,); —
—>Si5,05(0H)15 1 4(S1) 4 [0Si(CH,),] T HCL,

where n =0 +11.

The enthalpy of this reaction at each stage of suc-
cessive silylation depends not only on n-value, but also
on the position, in which the next TMS-group is intro-
duced in relation to earlier grafted groups.

The simulation of successive silylation of the crys-
talline cluster surface has shown that at each stage of
this process TMS-groups are trying to take positions
that are as far apart from each other and at the same
distance.

It is important that the negative value of the en-
thalpy AH of the silylation reaction increases from
— 82 kd 'mol! (for n=1) to — 262 kdJ 'mol -1 for 7 grafted
TMS-groups. The enthalpy value AHs — AH12, remain-
ing negative, decreases with absolute value for further
filled positions (n =8+ 12). Thus, the results of the
simulation of the SiO: silylation process indicate that
the grafted groups are distributed uniformly on the
silica surface and the maximum efficiency of the modi-
fication should be expected at 50-60 % of the grafted
TMS-groups.

IR-spectra of silica give an opportunity to follow the
change in its chemical state during modification
(Fig. 1). The intensity of the absorption band of OH-
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groups at 3750 cm —! decreases as a result of substitu-
tion of the surface silanols on TMS-groups. At the same
time, 2968 and 2908 cm-! bands appear in the spec-
trum, which belong to the asymmetric and symmetric
vibrations of atoms respectively, bound by the C —H
bond in the methyl groups of the chemisorbed modifier.
The redistribution of the intensities of these bands oc-
curs without changing their frequency characteristics
as the degree of silylation increases. Interestingly, the
band with a maximum at 1635-1624 cm -1, correspond-
ed to deformation vibrations (12) of adsorbed water
molecules [11], shifts in the short-wave direction when
the number of grafted TMS-groups increases. This in-
dicates on an increase in the polarizing effect of the
Si02 surface on adsorbed water molecules.
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Fig. 1 —IR-spectra of basic silica (1) and organosilica with
48.3 % of TMS-groups after modification at 160°C (2) and
calcination at 300°C (3)

The intensive band with a maximum at 1076 cm -1 in
the basic silica spectrum (Fig. 2), which belongs to the
asymmetric vibrations (1) of siloxane bridges Si—O —Si
[13], is displaced in the short-wave direction as a result of
the grafting of TMS-groups. Its maximum is placed at
1086 cm~1 at 48.3 % degree of silanol substitution.
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Fig. 2 - IR-spectral bands of asymmetric (va), symmetric (vc)
and asymmetric-deformation (vu + o sio) vibrations of siloxane
bridges in basic (1) and modified M-30 (2), M-40 (3), M-50 (4)
silicas
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The band at 457 cm -1 in the spectrum of the basic
sample, which corresponds to asymmetric () and de-
formation (o sio) vibrations of siloxane bridges, is also
shifted in modified samples in the short-wave direction.
The maxima of this band are at 461 cm -1 in the spec-
trum of organosilicas with degree of silanol substitu-
tion 37.2 and 48.3 %.

The band with a maximum at 810 cm~1 in the spec-
tra of experimental samples, associated with symmet-
rical vibrations of siloxane bonds, is insignificant in
intensity and does not change their position.

It should also be noted, that the area under the con-
tour of v, and vu + dosio spectral bands decreases and
their full width at half maximum increases respectively
in the first spectral band, while in the second one it
decreases, when the degree of silanol substitution in-
creases (Table 2).

Table 2 — Frequency and geometric characteristics of
absorption bands of asymmetric and deformation vibrations of
siloxane bridges of basic and modified silicas

Stand- Va, a’, S, |vat+ d0sio,| a, S,
ard cm-!|lcem-1 | a. u cm ! cm? | a.u.
FS-300 | 1076 | 129.2 | 42.8 457 73.3 | 20.0
M-30 | 1080 | 125.4 | 40.1 459 71.4 | 18.2
M-40 | 1086 | 135.0 | 33.6 461 69.4 | 13.3
M-50 | 1086 | 136.9 | 30.7 461 71.4 | 13.0

a* — full width at half maximum,;
S** — area under the contour of spectral band.

The results of the IR spectral studies of modified sil-
ica in the range of 1500-300 cm ! indicate the signifi-
cant effect of grafted TMS-groups on the structural
state of the silica matrix.

The authors of this publication have found a phe-
nomenon of dimensional effect in particles of unmodi-
fied silica [12]. In fumed silica, when the size of prima-
ry particles is reducing, for example, from 56.8 nm
(Ssp=48 m%g-1) to 7.1 nm (Ssp =382 m%-g-1), in their
spectra the v, and v, + dosio bands become wider and
shifted to the longwave region from 1119 to 1105 cm~!
and from 482 to 467 cm —1! respectively. Changes in the
structure of fine-dispersed silica are due to the surface
tension o, which leads to an increase in the Laplace
pressure in small particles. This pressure is related to
the surface tension and the mean diameter of the parti-
cles dp by the equation:

In particular, the Laplace pressure increases from 220
to 1160 atm when the average size of SiO2 globules de-
creases from 56.8 to 7.1 nm. This pressure, directed from
the surface radially to the center of the globules, leads to a
decrease in the valence angle in Si— O —Si bridges and
the elongation of the siloxane bond. For example, the
length of the siloxane bond increases from 1.605 to
1.662 A when the angle between the adjacent SiO4 tetra-
hedra in Si — O — Si chain from 150 to 120° [14].

The grafting of TMS-groups in modified silica re-
sults in a decrease in surface tension and, consequent-
ly, a reduction in the value of the Laplace pressure. As
a result, the atomic structure of SiO2 globule relaxes —
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the valence angle in the Si— O — Si bridges increases and,
accordingly, the distance between the atoms in the silox-
ane bond becomes smaller.

The relaxed structure of modified silica and the pres-
ence of hydrophilic and hydrophobic local areas on the
surface give it special physicochemical properties. Exper-
imental verification of the effect of grafted (CHs)sSi-
groups on the physicochemical nature of silica showed
that, the organosilica obtained the lyophilic properties due
to the substitution of 30-50 % of silanols on TMS groups
[15]. In the aqueous medium, the interparticle interaction
decreases and the interaction of the particle’s surface with
the water molecules increases. Modified silica suspensions
have higher equilibrium viscosity compared to basic silica
ones, moreover organosilica’s particles do not lose the abil-
ity to thicken the dispersion medium even when their
fractal structure is destroyed by the ultrasonic field.

Modified silica with 37.2 % of grafted TMS-groups
adsorbs a large amount of water (up to 5 g of H2O per
1 g of SiO2) [16]. The surface of this material becomes
particularly active (adsorbs nonpolar methane and hy-
drogen molecules) at a degree of hydration A =0.05
(0.005 g of H20 per 1 g of SiOg).

J. NANO- ELECTRON. PHYS. 9, 05030 (2017)

4. CONCLUSIONS

It is set that for obtaining of organosilicas with a
predetermined ratio of TMS-groups and silanols, it is
expedient to use trimethylethoxysilane as a modifier.
The silica modification in a pseudo-liquefied state
passes at 150-160°C with the use of acetic acid as a
catalyst.

It is found that grafted TMS-groups are uniformly
distributed on the surface of SiO2 globules at increas-
ing of degree of silanol substitution. Maximum efficien-
cy of modification is achieved at ~ 50 % silylation.

The grafted TMS-groups affect the structural state
of silica. Reducing the surface tension and the Laplace
pressure in SiOz globules leads to an increase in the
valence angle in the siloxane bridges and the length of
the Si—O bond. In the IR-spectra of modified silica,
this dimensional effect is revealed by displacement in
the short-wave region of absorption bands associated
with asymmetric (w) and asymmetric-deformation
(va + dosi0) vibrations of siloxane bridges.

PoamipHuii epekT y HAHOYACTHUHKAX TPUMETHICHILIBOBAHOTO KPEeMHEe3eMy

1.®. Mupomnrmwox!, €.I1. Boponin2, B.I. Maunszok!, H.A. Beapyxa3, T.B. JImurpora3

1 JIBH3 “TIpukapnamcvkuli HauioHanbHuil yHigepcumem im. Bacuns Cmegparnura”, gyn. Illesuenka, 57, 76018
Isano-@parkiscek, Yipaina
2 Inecmumym ximii nosepxui im. O.0. Uytika HAH Yrpainu, eyn. Ienepana Haymosa, 17, 03164 Kuis, Yikpaina
3 Isarno-PpankiscoKull HAUIOHATLHULL MeOUUHLLL YHIgepcumem, aya. lTanuupka, 2, 76018 Ieano-Pparkiscvk, Yrpaina

VY po0oTi MpoBEIeHO CHHTE3 OPraHOKPEMHE3eMIB 3 Hamepe 3aJaHUM CIIBBIIHOIIEHHAM TPUMETUJICHIII-
JIBHUX TPYIl Ta CHJIAHOJIB, BUKOPUCTOBYIOUN TPUMETHJIETOKCICUJIAH TA OLITOBY KHUCJIOTY BIAIOBLIHO SK MO-
nudikaTop i KaTasmizaTop. BeraHoBIIeHO, 10 MPUINEIJIeH] TPUMETUICHILIBHI IPYIIU BIUIUBAIOTD HA CTPYK-
TYpHUH CTaH KpeMHe3eMy. SMeHIIEeHHS TOBEPXHEBOro HATATY 1 BiamosigHo JlamracoBoro Tucky B riaobysax
Si02 mpuBOAUTE 10 30LMBIIEHHS BAJEHTHOTO KyTa B CHJIOKCAHOBUX MICTKaX Ta AoBkuHH Si— 0-38's3Ky. B
TY-cnexTpax MogudikoBaHUX KpeMHEe3eMiB JaHUN PO3MIPHUN e(eKT MPOsIBJISeThCA 3MIIEHHAM Y KOPOTKO-
XBUJIBOBY 00JIACTH CMYT IOTJIMHAHHSA, II0OB’SI3AHUX 3 ACUMETPUYHUMU (Vi) TA aCUMETPUYHMMH 1 medopma-
mitHIMH (Vo + &0 si 0) KOJTMBAHHAME CUJIOKCAHOBHUX MICTKIB.

Knouosi ciosa: Kpemuesem, Custorcanosuit 38’s130k, Cutamonu, Tpumerniacuiminbai rpynu, Tpumernie-

TOKCICHJIaH.

PaamepHbiii a¢ppekT B HAHOYACTUIAX TPUMETWICHIHPOBAHHOIO KpeMHe3eMa

N.®. Mupouiok!, E.®. Boporun2, B.1. Maugswok!, H.A. Bespyxa3, T.B. JImurpoira3

1 I'BY3 “IIpurkapnamckuii Hayuonanbrull ynusepcumem um. Bacunus Cmegpanura”, yn. Illesuenka, 57, 76018
Hsarno-Opanrosck, Vepaurna
2 Hnemumym xumuu nosepxrocmu um. O.0. Yyiika HAH Yrpauru, yn. Tenepana Haymosa, 17, 03164 Kues, Yikpaurna
3 Hearo-OpaHKo8CoKULL HAUUOHAIbHbLILL MeOULUHCKUT yHusepcumem, ya. Lanuykas, 2, 76018 Hearno-Opankosck, YVpauna

B pabore mpoBefeH CHHTe3 OPraHOKPEMHE3EMOB C 3apaHee 3aJaHHBIM COOTHOIIEHWEM TPUMETHIICU-
JIMJIBHUX TPYII U CUJIAHOJIA, UCIOJIb3Ys TPUMETHUIETOKCUCUIIAH U YKCYCHYI0 KUCJIOTY COOTBETCTBEHHO KaK
MOIU(PUKATOP U KATAIU3ATOP. YCTAHOBJIEHO, UTO MPUBUTHIE TPUMETHJICHJIWJIBHBIE TPYIIBl BJIUSIOT HAa
CTPYKTYPHOE COCTOSIHVE KpeMHe3eMa. Y MeHbIIeHNe IOBePXHOCTHOIO HATS:KeHUs U COOTBeTcTBeHHOo Jlama-
coBOrO JaBjeHus B ryio0ysnax SiO: NPUBOAUT K yBeJIUUEHUIO BAJIEHTHOTO yIJIa B CUJIOKCAHOBBIX MOCTHKAX ¥
nuuabL Si— O-cBasu. B UK-cnekrpax MoguduiimpoBaHHEIX KpeMHE3eMOB JAaHHBIM padMepHEIi addeKT mpo-
SIBJISIETCSI CMeIlleHueM B KOPOTKOBOJIHOBYIO 00JIACTD II0JIOC HOTJIONIEHUS, CBSI3AHHBIX C ACHMMETPUYHBIMU ( Va)
U aCHMMeTPUYHBIMU-1e(POPMAITUOHHBIMHU (Vo + 60 Si 0) KOJIEOAHUSMHU CHIIOKCAHOBBIX MOCTHUKOB.

Kinrouessie cinoea: Kpemuesem, Cunokcanosas cssizb, Cuanosnsl, TpuMeTuacuinuiabHbe TPYIHsL, Tpume-

THUJIETOKCHUCHUJIAH.
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