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Nanoporous f-cyclodextrin-containing silicas which differ in functional substituents of wide edge of
attached cyclic oligosaccharide molecules (alcohol, bromoacetyl, thiosemicarbazidoacetyl groups) were
synthesized. Chemical composition of surface layer of organosilicas and their sorptional parameters were

determined using

IR spectroscopy, isotherms of nitrogen ad-desorption, elemental, chemical and

thermogravimetric analyses. Ranges of thermal and chemical stability of synthesized S-cyclodextrin-containing
silicas were defined; a method of organosilicas regeneration was proposed. Activation energies of water
removal from the inner cavities of S-cyclodextrins and from the surface of functional organosilicas were
calculated. Distribution and selectivity coefficients for sorption of mercury(ll), copper(ll), lead(ll),

cadmium(ll), and zinc(11) cations were computed.

Keywords: silica, g-cyclodextrin, chemical immobilization, sorption, heavy metal nitrates, IR spectroscopy,
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INTRODUCTION

Extraction of trace amounts of heavy metal
ions and chemical analysis in the environmental
objects is an important task because of their high
toxicity [1]. Therefore, the synthesis of new
sorption-active materials is still relevant. The most
promising for these purposes are inorganic
chelation materials. They combine in themselves
high affinity of chemically grafted organic
functional groups to ions being sorbed and good
kinetic parameters of non-swelling matrices [2—4].
In addition, inorganic sorbents, as a rule, are more

stable to external mechanical, chemical and
thermal affects [3].
This  paper presents the results of

B-cyclodextrin-containing silicas synthesis and
investigation of their surface and porous structures,
thermal stability, and sorption affinity to
mercury(1l), copper(ll), lead(ll), cadmium(ll), and
zinc(I1) cations from nitrate solutions.

EXPERIMENTAL

Materials. Nanoporous amorphous silica —
silochrome C-120 with specific surface area of
133 m*g™, average pore diameter of 48 nm and
isolated silanol groups content of 0.4 mmol-g™ was
a starting silica matrix for synthesis of
organosilicas. B-Cyclodextrin (3-CD) “Fluka” with
purity 99% was used without additional
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purification. Mercury(Il), copper(ll), lead(ll),
cadmium(ll), and zinc(Il) nitrates (“Merck”, purity
98 %) were used for sorption studies.

Instruments. Control of the chemical
modification of the silica surface was undertaken
using IR spectroscopy (Thermo Nicolet NEXUS
FT-IR spectrophotometer), elemental (Elemental
Analyzer EA 1110) and thermogravimetric
(Thermoanalyzer Q-1500 D) analyses, as well as
the potentiometric titration (lonometer 1-120.1) and
chemical analysis of the surface intermediates and
the final products of all reactions.

IR spectra of pressed plates (~30 mg) of
starting and modified silicas were recorded over
the spectral range 4000-500 cm™.

Total thermal analysis of functional
organosilicas (batch weight 150-180 mg) was
performed in the range 20-1000 °C at a heating
rate of 10 °C-min™™. Registration of TG, DTG and
TGA curves was realized simultaneously with
sensitivity 500, 500, 100, respectively. Thermal
analyses were carried out in air ensuring complete
burning out of organic groups attached to silica
surface. Quantity of grafted functional groups was
determined from TG and DTG curves, and
activation energies of dehydration E,; were
calculated according to the equation:

Eact = (RTOZ/b)]./T y
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where R is universal gas constant, 8.314 J-(mol-K)™; where ag is the equilibrium adsorption, mmol-g™;
T, is a temperature of beginning of dehydration, K; Ceq Is the equilibrium concentration of adsorptive,
b is a heating rate, K:-min™; 7 is a time interval mmol-ml™.
during which maximal dehydration rate is Selectivity coefficients g [7] were calculated
achieved, min [5]. by formula:

Parameters of porous structure of starting and
modified silicas were calculated from low-

b= KdMe/Kd(Ca+Mg),

temperature nitrogen ad-desorption  isotherms where Ky ve is the distribution coefficient for metal
measured using a Sorptometer Kelvin 1042. cations; Kq (ca+mg) IS the distribution coefficient for
Organosilicas were preliminarily evacuated at hardness salts at their sorption from binary
190 °C during 20 h. solutions [8].

Sorption of cations was studied by the method

of individual batches from 10*-10°M nitrate RESULTS AND DISCUSSION

solutions with pH~1 at 22°C under static Synthesis of #-cyclodextrin-containing silicas
conditions [6]. was performed using consecutive reactions in the

Distribution coefficients of cations between surface layer of silochrome C-120. The first step
solid and liquid phases Ky [7] were determined as: (Scheme 1) was the interaction of starting silica

with y-aminopropyltriethoxysilane:
Ka = 8eq/ Ceq Y propy y

OC,Hs

=——=si—OH + (C,H50)3Si(CH,)sNH, — ——=Si—0——Si——(CH,)3NH,

-C,H50H
OC,Hs
OC,Hs OH
H,0
==Si—O0—=Si—(CHp);NH, —> ==Si—0——Si—(CH_,)3NH,
-2C,HsOH
OC,Hs OH

Scheme 1. Preparation of aminopropylsilica

For this purpose silochrome preliminarily was B-CD-2-silica) was realized under conditions of
dried at 400 °C for 8 h, placed into a three-necked optimal running of the reaction of electrophilic
reactor with a stirrer and a reflux condenser, and substitution of proton in aminopropyl groups with
suspended in a small amount of toluene at room B-cyclodextrin ones (60 °C, 96 h, triethylamine as a
temperature for 40 min. After that, y-amino- catalyst, pyridine as a solvent) [9-11] (Scheme 2).
propyltriethoxysilane  (three-fold excess with The obtained products were filtered, washed
respect to the content of silanol groups on a silica with toluene, acetone, and dried in air at 100 °C for
surface) was added. The reaction mixture was 2 h(Table 2).
stirred at 110°C for 6 h. Synthesized amino- B-CD-3-silica with thiosemicarbazidoacetyl
propylsilica was filtered and washed with toluene groups (Scheme 3) was obtained from p-CD-2-
until the absence of silane (absence of a violet color silica (110°C 6 h, dry toluene is a solvent for
on addition of ninhydrin), then acetone, distilled thiosemicarbazide). The resulting product was
water (for hydrolysis of ether groups), and again washed with toluene, acetone, and dried in air.
acetone. The resulting aminopropylsilica was dried Chemical reactions on silica surface were
in air at 100 °C for 2 h and kept in a desiccator proved by IR spectroscopy, and also by elemental
before use. and chemical analyses of reaction products.

Interaction of aminopropylsilica with mono-(6- IR spectroscopy. IR spectra of starting silica
O-(toluenesulfonyl))-p-CD (Scheme 2, B-CD-1- and after its modification with aminopropyl
silica, Tablel1l) or bromoacetyl derivative of (Scheme 1) and p-cyclodextrin (Schemes 2, 3)
heptakis-(6-O-(toluenesulfonyl))-p-CD (Scheme 2, groups are shown in Fig. 1.
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Characteristic absorption bands at 3375, 3310 2930, 2880 and 1455, 1395 cm ™ corresponding to
and 1590 cm™ belonging to the stretching and the valence and deformation vibrations of the C-H
deformation vibrations of the N-H bonds in the bonds in the hydrocarbon groups are registered for
grafted amino groups and absorption bands at aminopropylsilica (Fig. 1, curve 2) [12, 13].
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Scheme 2. Synthesis of functional B-cyclodextrin-containing silicas
Table 1. B-Cyclodextrin and its functional derivatives
B-Cyclodextrins Chemical Molecular Chemical elements content, %
y formula mass H C Br S
B-CD C42H70035 1135.18 6.22 44.44 - -
mono-tosyl-p-CD Cu9H76047S 1289.17 7.06 50.47 - 1.45
heptakis-(6-O-p- Co1H112049S7 2214.25 23 49.51 - 10.05
tosyl)-p-CD
Br-heptakis-(6-O-  CjyooH121058S;Brg  3302.66 3.69 39.64 21.77 6.80
p-tosyl)-B-CD

Table 2. Structural and sorptional parameters of synthesized organosilicas

Organasilica ;BZET’l (\:/n%%regsl ?]% Content of functional groups, mmol-g ™
g Vs VBiH silanol aminopropyl  B-cyclodextrin
Initial silica 133 0.80 0.80 48 0.40 - -
Aminopropylsilica 114 0.75 0.72 33 0.20 0.20 -
B-CD-1-silica 98 0.58 0.87 29 0.20 0.18 0.02
B-CD-2-silica 95 0.50 0.94 24 0.20 0.19 0.01
B-CD-3-silica 90 0.42 0.93 17 0.20 0.19 0.01
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Scheme 3. Functionalization of -cyclodextrin-containing silica with thiosemicarbazide
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Fig. 1.
In the IR spectra of mono-(6-O-

(toluenesulfonyl))-3-CD and heptakis-(6-O-
(toluenesulfonyl))-B-CD (Fig. 2) there are following
absorption bands: at 3375 cm™ |, the band of the
stretching vibrations of the O-H bond in the
secondary hydroxyl groups of p-CDs connected by
hydrogen bonds [14, 15]; at 2940 cm™, the band of
the valence vibrations of the C-H bond in the
methylene groups; at 1635cm™ , the band of the
deformation vibrations of the O—H bonds in the COH
groups and/ or of the water molecules; at 1610 and
1495 cm™, the bands of the valence vibrations of the
C=C bond in the benzene ring of the toluenesulfonyl
groups; at 1425 and 1290 cm™ | the bands of the
deformation vibrations of the C-H bonds in the
hydrocarbon groups; at 1365 cm™ , the band of the

ISSN 2079-1704. CPTS 2014. V.5. N 4

389

Absorbance, a.u.

. o : 5
| 154
u 1755 3
4000 3500 3000 2500 2000 1500 1000 500
1
v, CMm

IR spectra of starting silica (1), aminopropyilsilica (2), p-CD-1-silica (3), B-CD-2-silica (4), and p-CD-3-silica (5)

asymmetric valence vibrations of the S=O bond in the
p-toluenesulfonyl groups [14, 16, 17]. Besides, the IR
spectrum of bromoacetyl derivative of heptakis-(6-O-
(toluenesulfonyl))-B-CD (Fig. 2, ¢) shows absorption
bands of the valence vibrations of the C=0 (1755 cmi™)
and C-Br (680cm™) bonds in the bromoacetyl
groups.

The IR spectrum of aminopropylsilica after
interaction with mono-(6-O-(toluenesulfonyl))-p-CD
(Fig. 1, curve 3) has no absorption bands belonging
to the toluenesulfonyl group, and the absorption
band at 1540 cm™ appears to correspond to the
deformation vibrations of the N-H bond in the
secondary amino groups. Hence, the grafting of
mono-(6-O-(toluenesulfonyl))-B-CD takes place on
the narrow edge of B-CD (Scheme 2). Bromoacetyl
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derivative of heptakis-(6-O-(toluenesulfonyl))-3-CD
reacts with aminopropylsilica in the same manner
(Scheme 2). In the IR spectrum of B-CD-2-silica
there are also the absorption bands at 1490 and

Absorbance, a.u. JEL T ke

2000 1500 1000 500
v, cm’!

4000 3500 3000 2500

a

Absorbance, a.u

2640

3L75

680 cm ™ belonging to the valence vibrations of the
C=C and C-Br bonds in functional groups of
grafted B-cyclodextrin molecules (Fig. 1, curve 4).
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Fig. 2. IR spectra of B-cyclodextrin (a), mono-(6-O-(toluenesulfonyl))-B-CD (b), and bromoacetyl derivative of heptakis-(6-O-

(toluenesulfonyl))-B-CD (c)

After interaction of p-CD-2-silica with
thiosemicarbazide in the IR spectrum of modified
silica (B-CD-3-silica) there is no absorption band
of the valence vibrations of the C-Br (680 cm™)
bond of bromoacetyl groups (Fig. 1, curve5).
Moreover, the intensity of the absorption band at
1540 cm™ (secondary amino groups) significantly
increases (Fig. 1, curve 5). These changes in the IR
spectrum indicate on the chemical reaction of
nucleophilic substitution between side bromoacetyl
groups of wide edge of grafted B-CD molecules
and thiosemicarbazide (Scheme 3).

Thermogravimetric analysis of fp-
cyclodextrins and  g-cyclodextrin-containing
silicas. On DTA curve of the B-CD thermogram
(Fig. 3,a) four thermoeffects are observed: one
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endothermic effect with maximum at 110 °C and
three exothermic effects (300-330, 355, 500 °C)
accompanied by weight loss on TG and DTG
curves. Weight loss up to 200 °C equals 11 %, in
the range of 200—450 °C it is 74 % and higher than
450°C-15% (Table3). Endothermic effect
corresponds to water removal from the inner
cavities of B-cyclodextrin molecules. Its content,
according to literature data [14], is 8-11 molecules.
The experimental results (weight loss of 11 %)
agree well with calculated data (11.26 %): there are
8 water molecules in the cavity of p-CD. The
exothermic effect with two maxima (300, 330 °C)
is logically attributed to oxidative destruction of
side primary and secondary alcohol groups
(Fig. 3, a). However, weight loss in the range of
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200-450 °C is 74 % that significantly exceeds the
content of primary and secondary alcohol groups
of B-CD molecule (Tables 3, 4). Consequently, it
can be argued that descruption of glucopiranose
rings begins already in this temperature interval
(exoeffect with maximum at 355 °C) and ends at
600 °C (exoeffect with maximum at 500 °C).

Am, %
DTG
20
DTA
40
60
80
100 : : . . TG
0 200 400 600 800 , 1000
T,°C
a

Removal of water molecules from the inner
cavity of bromoacetyl derivative of heptakis-(6-O-
(toluenesulfonyl))-p-CD and decomposition of
residual secondary alcohol groups occur, mainly,
before 200 °C. Oxidative destruction of p-toluene-
sulfonyl and bromoacetyl groups takes place,
mostly, at 200450 °C. Glucopiranose rings break
up higher than 450 °C (Fig. 3, b).

Am, % 530
% DTG
204 oo
404 545
DTA
60
80-
180
100 2215 : : TG
200 400 600 800
T,%
b

Fig. 3. Thermal curves of B-cyclodextrin (a) and bromoacetyl derivative of heptakis-(6-O-toluenesulfonyl))-p-CD (b)

Table 3. Temperature ranges of destruction of B-cyclodextrins and organosilicas

Weight loss at heating, %

Compound 25200 °C 200-450 °C 450-800 °C
B-CD 11 74 15
bromoacetyl-3-CD 6 58 36
B-CD-1-silica 25 57 18
B-CD-2-silica 30 56 14
B-CD-3-silica 21 64 15

Table 4. Composition of B-cyclodextrins

Content of water and functional substituents in -CD, %

B-Cyclodextrin

glucopiranose

H,O —CH,OH —CHOH -S0,C¢H,CH3 —COCH,Br ring
B-CD 11.26 16.86 32.83 - - 39.04
C42H70035
bromoacetyl-3-CD 4.36 - 4.54 32.85 33.24 25.01
C109H121055S7Bryg

Interpretation of obtained results is consistent
with the data of Tables 3 and 4. Calculated values of
thermal degradation fragments coincide with the data
of thermogravimetric analysis. The main decom-
position of B-cyclodextrins occurs at 200-450°C.

The type of functional [B-cyclodextrins
destruction, in general, is retained also after their
chemical immobilization on 3-aminopropylsilica
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surface. At the same time, there are some
peculiarities. Firstly, weight loss for p-cyclo-
dextrin-containing silicas (from 25 to 200 °C) is
significantly higher than quantity of water in the
inner cavities of immobilized p-cyclodextrin
molecules. It can be associated with condensation
of the secondary silanol groups which are formed
as a result of hydrolysis of side ether groups of
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grafted 3-aminopropyl radicals [3]. For B-CD-1-
silica (Fig.4,a) in interval from 200 to 450 °C
decomposition of the primary and secondary
alcohol groups of B-cyclodextrin takes place, and
disruption of glucopiranose rings begins. At
450-800 °C  decomposition  of  chemically
immobilized aminopropyl groups is also observed [3].

For B-CD-2-silica (Fig. 4, b) removal of water
from the cavities of grafted molecules of
bromoacetyl  derivative  of  heptakis-(6-O-
(toluenesulfonyl))-p-CD, condensation of the
secondary silanol groups, partial decomposition of

toluenesulfonyl and  alcohol  groups  of
B-cyclodextrin occur up to 200 °C. At 200450 °C
destruction of functional groups of wide side of
grafted molecules of functionalized B-cyclodextrin
(secondary alcohol and bromoacetyl groups) ends,
and decomposition of glucopiranose rings begins.
Within 450-800 °C destruction of glucopiranose
rings finishes, and also destruction of aminopropyl
radicals (T,.x =590 °C) takes place. Superposition
of these two processes appears as exothermic effect
with maximum at 590 °C and smooth weight loss
up to 800 °C.

Am, % m, %
0- o
15 580 DTG
1 DTA 1 DTG
685 590
. 21 ® DTA
N 670},
3] G n TG
44 N
5+ 6
6 74
0O 200 400 600 800 1000 0 20 40 60 80, 1000
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. DTG
,] 0 % DTA
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54
64
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Fig. 4. Thermal curves of B-CD-1-silica (a), B-CD-2-silica (b), and p-CD-3-silica (c)

Thermodestruction of -CD-3-silica (Fig. 4, c)
occurs in the same way as for B-CD-2-silica.
Thiosemicarbazydoacetyl groups decompose at
200450 °C.

Calculated values of activation energy of water
removal from B-cyclodextrins and p-cyclodextrin-
containing silicas are higher than that for
3-aminopropylsilica which was used as initial
carrier for synthesis of B-CD-materials. Activation
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energies for B-cyclodextrin-containing silicas have
intermediate values (Table 5). This may be due to
removal of adsorbed water as well as water from
the inner cavities of grafted molecules of
B-cyclodextrins on the B-CD-silicas surface.

Thus, synthesized B-cyclodextrin-containing
silicas have high thermal stability. The nature of
their stepwise destruction depends on the chemical
composition of grafted p-cyclodextrins.
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Table 5. Activation energy of water removal from B-cyclodextrins and organosilicas

Compound T, K Trmax, K 1/t, min® Eact, kJ/mol
B-CD 333 383 0.200 18.4
bromoacetyl-p-CD 332 363 0.200 18.3
aminopropylsilica 298 343 0.133 9.2
B-CD-1-silica 320 353 0.154 131
B-CD-2-silica 320 353 0.152 12.9
B-CD-3-silica 311 343 0.179 14.4

Sorption of metal cations by g-cyclodextrin-
containing silicas. Obtained p-cyclodextrin-
containing silicas were tested in a series of sorption
of cations, including those of heavy metals, from
the weakly acidic nitrate solutions. The sorbents
had good chemical stability: contact with 5 M nitric
acid for 24 h did not reduce static capacities of
B-CD-silicas. Sorption equilibrium is reached
within 5-30 min of contact with solutions of nitrate

salts. Sorbents can withstand at least five cycles of
sorption-desorption  without loss of capacity.
Nitrate-anions sorption occurs simultaneously with
absorption of cations. As a result, supermolecules
are formed on the silica surface. Their chemical
composition depends on the affinity of f-
cyclodextrin-containing silicas to certain cations
(Table 6).

Table 6. Characteristics of zinc(Il), cadmium(ll), lead(11), copper(Il), and mercury(ll) sorption from agqueous nitrate solutions

Sorbent coDe::;irclierﬁl(I)gd, Chemical composition of supramolecular Selectivity coefficient,
ml-g"l structures BMe/(Ca+Mg)**
Zn(I1) (n* = 10.88)

B-CD'l'Silica 1250 CaoHgoOz- 7 Zn(N03)2 310

B-CD-Z-S“iC& 860 C102H114O55SGBr9- 12 Zn(N03)2 2000

B-CD-S-S“iC& 565 ClllH150055515N27' 5 Zn(N03)2 3770
Cd(I1) (n = 10.29)

B-CD'l'Silica 125 CaoH70034 - Cd (N03)2 30

B-CD-Z-S“iC& 200 CogH11205356Brg - 4 Cd(NOg)g 460

B-CD-S-S“iC& 340 C107H148053515N,7- 5 Cd(NOg)g 2270
Pb(I1) (n = 8.46)

B-CD'l'S“ica 200 CaoH70034- 2 Pb(N03)2 50

B-CD-Z-S“iC& 320 CggH112053SsBro- 6 Pb(NOg)g 775

B-CD-S-S“iC& 400 C107H148053515N,7- 8 Pb(NOg)z 2670
cu(ll) (n = 8.27)

B-CD'l'Silica 250 CaoH70031- 3 CU(N03)2 60

B-CD-Z-S“iC& 320 CogH11205356Bry- 7 CU(NOg)g 775

B-CD-S-S“iC& 1900 C107H148053515N,7-12 CU(NOg)g 12670
Hg(Il) (n = 7.70)

B-CD'l'S“ica 320 CpoH7003- 4 Hg(N03)2 80

B-CD-Z-S“iC& 450 CogH11205356Brg - 8 Hg(N03)2 1050

B-CD'S'Slllca 2940 C107H148053S15N,7- 14 Hg(N03)2 19600

* absolute hardness [18]
** concentration of hardness salts is 107 M

Sorption affinity rows of B-cyclodextrin-
containing silicas for cations of mercury(ll),
copper(11), lead(ll), cadmium(ll), and zinc(Il) do
not contradict the theory of hard and soft acids and
bases [18-20] (Table 6):

B-CD-1-silica Cd(I)<Pb(Il)<Cu(Il)<Hg(Il)<<zn(ll);
B-CD-2-silica Cd(11)<Pb(11),Cu(I1<Hg(Ih)<zZn(11);
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B-CD-3-silica Cd(I1)<Ph(ll)< Zn(I)<<Cu(Il)<<Hg(ll).

This confirms the realization of surface
complex formation with B-CD-silicas participation.
In the presence of hardness salts the affinity of
B-CD-silicas to heavy metal cations increases
because grafted p-cyclodextrins contain several
active adsorption centers in their structures
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(Table 6). Furthermore, cations of heavy metals
may be separated by B-CD-3-silica. Thus,
selectivity coefficients Sugcd, Srgro, and Srgzn are
8.6, 7.4, and 5.2, respectively.

chemical stability of silica materials were found.
Parameters of mercury(ll), copper(ll), lead(ll),
cadmium(ll), and zinc(ll) sorption from nitrate
solutions were calculated. The rows of sorption affinity

towards various cations for synthesized p-cyclodextrin-
containing silicas were defined. Regeneration
conditions which allow the use of synthesized B-
cyclodextrin-silicas repeatedly were found.

CONCLUSIONS

Chemical composition and structure of the
surface of functional pB-cyclodextrin-containing
silicas were determined. Intervals of thermal and

Hanonopucri B-uk/101eKCTPUHBMIiCHI KpeMHe3eMHU: CHHTe3, 0y10Ba Ta BJACTUBOCTI
JI.O. BeasikoBa, /I.1O. JIsmenko, JI.C. [I3100enko, O.M. LlIBeun

Inemumym ximii nogepxni im. O.0. Yyiika Hayionanvuoi axademii nayk Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vrpaina, mila.belyakova@gmail.com

Cunme306aH0 HAHONOPUCI  S-YUKTIOOEKCMPUHBMICHI KpeMHe3eMU, SKi DI3HAMbCA (QYHKYIOHAIbHUMU
SAMICHUKAMU WUPOKO2O KPAIO NPULENTEHUX MOLEKYl YUKTIYHUX olicocaxapudis (cnupmosi, bpomoayemuibhi,
miocemikapbazuooayemunbii epynu). XiMiuHuti CKIa0 NOBEPXHE8020 WAPY OpP2AHOKPEMHe3eMie ma ix
copbyiiini napamempu 8usHaueHo 3 euxopucmaruam 1Y-cnekmpockonii, izomepm aod-Oecopoyii azomy,
eIeMEHMHO20, XIMIUHO20 | mepMOoSpasiMempuiHo20 ananizy. Bemanoeneno dianazonu mepmiunoi ma XimiuHoi
CMILIKOCMI  CUHME308AHUX  [-YUKTIOOEKCMPUHBMICHUX KPEMHE3eMi8; 3anponoHO8AHO Memood pezeHepayii
opearokpemnesemis. Pospaxosano ewepeii axmueayii eudanenus 600U 3 GHYMPIWHIX  HOPOICHUH
[-yuxnodekcmpurie i 3 NO8epxHi (DYHKYIOHATILHUX OpeAHOKpeMHe3eMis. Busnaueno xoeghiyicnmu po3nooiny i
cenexmusnocmi copoyii kamionie pmymi(Il), mioi(Il), ceunyro(1), kaomio(I1) ma yunry(1).

Knrouosi cnosa. kpemmesem, [-yuxio0ekcmpun, XiMmiuna imMmodinizayis, copoyis, Himpamu adcKux
memanis, I'4 cnexmpockonis, mepmozpagimempis, peceHepayis

Hanonopuctbie B-IIUKJI0IeKCTPUHCOAEPKALIIE KPEMHE3eMbI. CHHTE3, CTPOeHHE U CBOHCTBA
JL.A. BeasikoBa, [1.10. JIamenko, JI.C. [[3100enko0, A.H. llIBen

Hucmumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvrou akademuu Hayx Yxkpaurol
yin. Fenepana Haymosa, 17, Kuees, 03164, Vxpauna, mila.belyakova@gmail.com

Cunmesuposanvl  HaHONOpUcmuvle  P-YUKIOOEKCMPUHCOOEpICAuUe  KPeMHe3eMbl,  ONMIUHAIOUUECS]
DYHKYUOHATLHBIMU  3AMECIUMEISIMU  WUUPOKO2O KPAsL NPUSUMBIX MOIEKYI YUKIUYECKUX ONUL0CAXAPUI0E
(cnupmosvle,  Gpomoayemuibible,  MUOCEMUKAPOAZUIOAYEMUTbHbIE — 2PYNNbL).  XuMuyeckuil — cocmas
NOBEPXHOCHIHO20 CJIOSI OP2AHOKPEMHE3EMO8 U UX COPOYUOHHBIE NAPAMEMPbL ONPEOeeHbl ¢ UCHONb308AHUEM
HUK-cnexmpockonuu, — uzomepm — ad-oecopbyuu  asoma, — 9NEMEHMHO20, — XUMUYECKO20 U  MepMo-
2PABUMEMPUYECK020 aHAIU3A. YCMAHOGNIeHbl OUANA30HbL MEPMUYECKOU U XUMUYECKOU YCMOUHUBOCmU
CUHME3UPOBAHHBIX  -YUKTIOOEKCIPUHCOOCPIHCAUUX — KPEMHE3EMOG;  NPEONIONCEH  Menoo0  pe2eHepayuu
opearnokpemnesemos. Paccuumanvt  snepeuu  axmueayuu  yoaneHusi 600bl U3 GHYMPEHHUX NOJOCMEN
S-YUKI00EKCMPUHO8 U ¢ NOBEPXHOCIU (DYHKYUOHAILHBIX OP2AHOKPEMHe3eM08. Boruucienvl koagguyuenmol
pacnpedenenus u cenekmusrocmu copoyuu kamuoros pmynu(ll), meou(l), ceunya(Il), kaomus(Il) u yurxa(ll).

Knrwouesvie cnoea. xpemmesem, P-yukioOeKCmMpuH, XUMUYECKAs UMMOOULU3AYUS, COpOYuUsl, HUMPAambvl
msicenvix memannos, UK cnekmpockonus, mepmozpagumempusl, peceHepayus
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