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Multistep chemical modification of silica surface with bromine derivative of heptakis-(6-O-(toluenesulfonyl))-3-
cyclodextrin has been realized. IR spectroscopy and quantitative chemical analysis of surface compounds were used
to prove surface structure of modified silica. It has been studied adsorption of Hg (II) ions from diluted aqueous
solutions. It has been determined considerable increasing of silica adsorption affinity to mercury ions due to the
formation of supramolecular structures with chemically immobilized bromine derivative of heptakis-(6-O-

(toluenesulfonyl))-B-cyclodextrin on its surface.
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Introduction

Great interest  to cyclodextrins (cyclic
oligosaccharides) is caused by their unique ability to
form inclusion complexes of the “host—guest” type with
many organic compounds [1,2]. Cyclodextrins (CDs) can
be used as materials for creation of selective adsorbents,
active catalysts and sensors [3-5], chromatographic
separation and purification of organic compounds of
similar structure and composition [6], extraction and
concentration of impurities of toxic substances [7]. The
study of adsorptive specificity of CDs with respect to
heavy metals ions for their chemical analysis, removal
from the environment and utilization [8] is of profound
importance. In [7,9,10], for example, experimental
results of B-CD interaction with Cu (II), Pb (II), Cd (II)
ions are presented.  Nevertheless, systematic
investigations of CDs complex formation capability with
metal ions are not available.

Insoluble CDs are most suitable for practical
application. Therefore, much attention is given to
production of modified water-insoluble cyclic
oligosaccharides, CDs’ conversion into insoluble state by
means of synthesis of cyclodextrin-containing materials
via impregnation and polymerization of appropriate
monomers [1,2,11]. Chemical immobilization on a
surface of inorganic supports can be used as alternative
way to get insoluble cyclodextrins. Geometrical and
structure uniformity of surface active sites, high rate of
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achievement of adsorption equilibrium are among
advantages of chemical attachment of CDs to a surface of
highly dispersed nonporous and wide-porous inorganic
supports.

In this work an influence of chemical immobilization
of bromine derivative of heptakis-(6-O-
(toluenesulfonyl))-B-cyclodextrin ~ (Br-Ts-3-CD)  on
adsorption ability of amorphous wide-porous silica
towards Hg (II) ions has been studied. Mercury
compounds have high toxicity. Thus, creation of novel
adsorbents for quantitative express-analysis of Hg (II)
impurities in water and food-stuffs as well as for its
effective concentration and extraction from diluted
aqueous solutions is of significant importance.

I. Experimental

The macroporous silica Silochrome (C-120) with
specific surface area of 118 m*/g, average pore diameter
of 40 nm, and the concentration of silanol groups of
0,4 mmol/g was used as starting silica adsorbent.

B-cyclodextrin (99% purity)  from  Fluka, 4-
toluenesulfonyl chloride (= 98% purity) and
bromoacetylbromide (> 98% purity) from Merck,

mercury nitrate (AnalaR grade) from Khimlaborreaktiv
were used without additional purification.

Infrared spectra were registered in the range from
4000 to 400 cm ' using Thermo Nicolet NEXUS FT-
IR spectrophotometer. To record IR spectra, adsorbents



Silica Modified with Bromine Derivative of Heptakis...

were pressed under pressure of 10® Pa in plates (~30 mg).

Elemental analysis was performed with use of
Elemental Analyzer EA 1110.

The concentration of silanol groups of studied
adsorbents was determined by chemisorption of
dimethylchlorosilane. Aminopropyl groups amount was
estimated with potentiometric titration and thermal
gravimetrical analysis. The latter method was used for
determination of immobilized B-cyclodextrin content
[12].

Adsorption of Hg (II) ions on silicas from 2,5 - 10™*
to 4,0 - 10° M aqueous solutions of mercury nitrate was
studied by multibatch method depending on duration of
contact with adsorbents and concentration of equilibrium
solution under static conditions at 22°C. The amount of
Hg (II) ions in initial and equilibrium solutions was
tested by atomic absorption spectrometry using Pye
Unicam SP-9 equipment and with trilonometric back
titration [13].

II. Results and discussion

The chemical immobilization of bromine derivative
of heptakis-(6-O-(toluenesulfonyl))-pB-cyclodextrin on
silica surface was carried out in two steps. It included the
interaction of starting silica with Y-
aminopropyltriethoxysilane and then with Br-Ts-3-CD.

The synthesis of bromine derivative of heptakis-(6-
O-(toluenesulfonyl))-p-cyclodextrin requires the
obtaining of heptakis-(6-O-(toluenesulfonyl))-p-
cyclodextrin and its interaction with bromoacetylbromide
[14]:

Based on the data of elemental analysis (Table 1) it
is belived that all the secondary OH-groups of heptakis-
(6-O-(toluenesulfonyl))-B-cyclodextrin at the 2-position
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and two hydroxyl groups at the 3-position have taken
part in the chemical reaction with bromoacetylbromide
[17]:

Modification of silica surface with aminopropyl
groups was carried out according to the procedure
described in [15]. Interaction of aminopropylsilica with
the bromine derivative of heptakis-(6-O-
(toluenesulfonyl))-B-cyclodextrin has been realized under
conditions of optimal running of the reaction of
electrophilic substitution of proton in aminopropyl
groups with B-cyclodextrin ones [12]. The grafting of Br-
Ts-B-CD takes place predominantly by tosyl groups as
demonstrated by the results of elemental
analysis (Table 2).

In the IR spectrum of aminopropylsilica (Fig. lc,
Table 2, adsorbent 2) the characteristic absorption bands
at 3377, 3307 and 1571 cm™' belonging to the valence
and the deformation vibrations of the N-H bond in the
grafted amino groups and the absorption bands at 2954,
2929, 2880 and 1458, 1413 cm ' corresponding to the
valence and the deformation vibrations of the C—H bonds
in the hydrocarbon groups are registered [16, 17].

In the IR spectrum of bromine derivative of heptakis-
(6-O-(toluenesulfonyl))-B-cyclodextrin (Fig. 2a) there are
the following absorption bands: at 3375 cm ', the band of
the valence vibrations of the O—H bond in the secondary
hydroxyl groups of Br-Ts-f-CD connected by hydrogen
bonds [1]; at 2940 cm™', the band of the valence
vibrations of the C—H bond in the methylene groups; at
1755 cm ', the band of the valence vibrations of the C=0
bond in the bromoacetyl groups; at 1635 cm™', the band
of the deformation vibrations of the O-H bonds in the
COH groups and / or in 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 tosyl groups; at
1425 and 1290 cm', the bands of the deformation
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Fig. 1. IR spectra for adsorbents 1 and 2 before (a, c) and after (b, d)
adsorption of mercury (II) ions.
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vibrations of the C—H bonds in the hydrocarbon groups;
at 1365cm’, the band of the asymmetric valence
vibrations of the S=0 bond in the R;—O-SO,—R, groups
[17-19].

In the IR spectrum of aminopropylsilica modified
with bromine derivative of  heptakis-(6-O-
(toluenesulfonyl))-B-cyclodextrin (adsorbent 3) the
absorption bands belonging to Br-Ts-B-CD, namely, the
bands of the wvalence vibrations of the C=C
bond (1491 cm™) and the C—Br bond (680 cm™), and
also the absorption band at 1542 cm™' of the secondary
amino groups are registered (Fig. 2b).

The molecular area of Br-Ts-B-CD is equal to
7,24 nm’, the monolayer capacity is 0,026 mmol/g. The
grafting extent of bromine derivative of heptakis-(6-O-
(toluenesulfonyl))-B-cyclodextrin makes up 38%:

The surface structure of investigated
adsorbents is given in Scheme:

Structural and sorptional parameters and chemical
composition of the surface layer of silica adsorbents are
presented in Table 2.

The adsorption equilibrium for adsorbents 1 and 2 is
achieved in 1 and 2,5h, respectively. For adsorbent 3
equilibrium is already attained within 15 minutes. The
uptake of mercury ions from Hg(NOs), solutions with a
concentration ~10* M by hydroxylated
silica (adsorbent 1) is negligible (Fig. 3), since at pH 1-3
practically all silanol groups are nonionized, and Hg (II)
comes in two forms — Hg>" and Hg(OH)" [20]. As Hg (II)
content in the solution increases by a factor of 10" only
25% of surface silanol groups of adsorbent 1 adsorb
mercury (II) ions. Aminopropylsilica (adsorbent 2) forms
complexes with mercury (II) cations [21] only at high
concentrations of Hg(NO;), in equilibrium solutions,
adsorption of mercury (II) from dilute solutions is not
observed (Fig. 3). Modification of silica surface with Br-
Ts-p-CD is accompanied by essential increase of
adsorptive affinity to Hg (II). The amount of Hg (II) ions
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taken up from dilute solutions is 4 times higher in
comparison with the quantity of Br-Ts-B-CD fixed on the
silica surface. Taking into account that adsorbents 1-3
have constant total amount of active centers (Table 2),
but different chemical composition of their surface layer
it may be supposed the formation of mixed-ligand
complexes of mercury (II) [22] with participation of the
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Fig. 3. Isotherms of mercury (II) ions adsorption on
silica adsorbents 1-3: Hg(NOs3), aqueous solutions
from 2,5-10* to 4,0-10°M, adsorbent
batch 0,1 g, solution volume 50 ml, 4 h, 22°C.

bromine-containing functional groups of the silica
surface in the ratio of [Hg] : [Br] : [B-CD]=4:8: 1.
These results agree well with IR spectroscopy data.
The IR spectrum of hydroxylated silica does not undergo
any changes after adsorption of mercury (II) (Fig. 1b). In
the IR spectrum of aminopropylsilica after adsorption of
Hg (I) (Fig. 1d) only a little shift of the deformation
vibrations band in the N-H bond for the primary amino
groups (1571 cm™) into low-frequency range (1526 cm™
" is observed. Evidently it is due to the complexing on
the surface of adsorbent 2. The decrease of intensity of
absorption bands of the valence vibrations of the C—H
bonds and disappearence of absorption band of the C—Br
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Table 1

Elemental analysis of modified B-cyclodextrins

B-Cyclodextrin Chemical Molecular Content of chemical elements, %
composition weight C H S Br
Heptakis-(6-O- Co1H112049S7 2214,30 49,51 5,23 10,05 -
(toluenesulfonyl))-p-
cyclodextrin
Bromine derivative of Cio9H121055S7Brg 3302,66 39,64 3,69 6,80 21,77
heptakis-(6-0O-
(toluenesulfonyl))-p-
cyclodextrin
Table 2
Elemental analysis, chemical composition of surface layer, structural and
sorptional parameters for silica adsorbents
Adsorbent | Specific | Elemental analysis of surface layer, % Content of functional Ratio [Hg] :
surface groups, mmol/g [functional
area, C N H Br S silanol amino- | B-cyclo- group]
m*/g propyl | dextrin
1 118 0,40 - - 0,25
2 111 1,00 | 0,40 | 045 - - 0,12 0,28 - 0,28
3 90 2,20 | 040 | 0,80 | 0,75 | 0,25 0,12 0,27 0,01 4,0

bond are observed in the IR spectrum of adsorbent 3 after
adsorption of mercury (II) (Fig. 2c). Absorption band of
the deformation vibrations of the N—H bond (1561 cm ")
is shifted into low-frequency region (1529 cm™) as for
aminopropylsilica. Hence, the main centers for
adsorption of mercury (II) ions are chemically grafted
molecules of Br-Ts-B-CD.

Conclusions

The way of chemical grafting of the bromine
derivative of  heptakis-(6-O-(toluenesulfonyl))-B-
cyclodextrin on a surface of amorphous highly dispersed
silica has been proposed. Structure and chemical
composition of the surface of B-cyclodextrin-containing
silica and intermediate products of its synthesis were
established using IR spectroscopy and quantitative
chemical analysis of surface compounds. The influence
of silica surface layer structure on adsorption of Hg (II)
from dilute aqueous solutions of Hg(NO3)2 (pH = 1-3)
has been studied. It is shown that silanol and
aminopropyl groups of silica adsorbents practically do
not adsorb mercury (II) cations as they are nonionized
and protonated, respectively. The main centers of Hg (I1I)
adsorption are molecules of bromine derivative of
heptakis-(6-O-(toluenesulfonyl))-p-cyclodextrin  grafted
onto silica surface. Adsorption of mercury (II) takes
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place, apparently, through the formation of mixed-ligand
complexes with participation of bromine-containing
functional groups of the upper edge of B-cyclodextrin
molecules.  Supramolecular  structures with  the
composition [Hg]: [Br]:[B-CD]=4:8:1 are formed
on a surface of B-cyclodextrin-containing silica.

Acknowledgments

This work is done with the financial support of the
European Commission (Grant ICA2-CT-10052) and the
Complex Program of Fundamental Researches of the

National ~Academy of Science of  Ukraine,
“Nanostructure Systems, Nanomaterials,
Nanotechnologies” (N 0103U006289). The authors

would like to thank PhD S.V. Ryabov for the bromine
derivative of  heptakis-(6-O-(toluenesulfonyl))--
cyclodextrin.

benakoea JI.0. — noxTOp XIMIYHUX HayK, podecop;
Bapeapin A.M. — kannupaT XiMIYHUX HayK, CTapIIni
HAyKOBHH CHIBPOOITHHUK;

Lllseyp O.M. — MonoINi HAYKOBHH CITIBPOOITHHUK;
Jenin oe Hamop A.®. — npodecop.

J. Szejtli. Introduction and general overview of cyclodextrin chemistry // Chem. Rev., 98(5), pp. 1743-1750

A.R. Hedges. Industrial applications of cyclodextrins / Chem. Rev., 98(5), pp. 2035-2044 (1998).
T.N.T. Phan, M. Bacquet, M. Morcellet. The removal of organic pollutants from water using new silica-supported

B-cyclodextrin derivatives // Reactive and Functional Polymers, 52(2), pp. 117-125 (2002).

170



Silica Modified with Bromine Derivative of Heptakis...

[4] M.B. Ali, R.Kalfat, H. Sfihi, J.M. Chlovelon, H.B. Ouada, N. Jaffrezic—Renault. Sensitive cyclodextrin —
polysiloxane gel membrane on EIS structure and ISFET for heavy metal ion detection // Sensors and Actuators. B,
62(3), pp. 233-237 (2000).

[5] R.M. Deshpande, A.Fukuoko, M. Ichikawa. Novel phosphinite capped cyclodextrin-rhodium catalysts in
substrate selective hydroformylation / Chem. Lett,. 28(1), pp.13-17 (1999).

[6] L.Chen, L. Zhang, C. Ching, S. Ng. Synthesis and chromatographic properties of a novel chiral stationary phase
derived from heptakis 6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-B-cyclodextrin immobilized onto amino-
functionalized silica gel via multiple urea linkages // J. Chromatogr. A, 950, pp. 65-74 (2002).

[7] E.Norkus, G. Grinciene, R. Vaitkus. Interaction of lead(Il) with B-cyclodextrin in alkaline solutions //
Carbohydrate Research, 337, pp. 1657-1661 (2002).

[8] S. Cathum, D. Velicogna, A. Obenauf, A. Dumouchel, M. Punt, C.E. Brown, J. Ridal. Detoxification of mercury
in the environment // Anal. Bioanal. Chem., 381, pp. 1491-1498 (2005).

[9] Y.Matsui, T. Kurita, Y. Date. Complexes of copper(Il) with cyclodextrins / Bull. Chem. Soc. Jap., 45(10), p.
3229 (1972).

[10] E. Norkus, G. Grinciene, T. Vuorinen, R. Vaitkus, E. Butkus. Interaction of -cyclodextrin with cadmium(II) ions
/I Int. J. Biolog. Macromol., 33, pp. 251-254 (2003).

[11] A.R. Khan, P. Forgo, K.J. Stine, V.T. D’Souza. Methods for selective modification of cyclodextrins // Chem. Rev.,
98(5), pp. 1977-1996 (1998).

[12] L.A. Belyakova, K.A. Kazdobin, V.N. Belyakov, S.V. Ryabov, A.F. Danil de Namor. Synthesis and properties of
supramolecular systems based on silica // J. Colloid Interface Sci., 283(2), pp. 488-494 (2005).

[13] G. Schwarzenbach, H. Flashka. Die Komplexonometrische Titration. Ferdinant Enke Verlag, Stuttgard. 360 p.
(1965).

[14] L.A. Belyakova, D.Yu. Lyashenko, A.M. Varvarin, S.V.Ryabov, Yu.Yu.Kercha, A.F.Danil de Namor.
Peculiarities of interaction of silica with tosyl-B-cyclodextrins // Ukr. Khim. Zh., 71(8), pp. 86-92 (2005).

[15] L.A. Belyakova, N.N. Vlasova, L.P.Golovkova, A.M. Varvarin, D.Yu.Lyashenko, A.A. Svezhentsova,
N.G. Stukalina, A.A. Chuiko. Role of surface nature of functional silicas in adsorption of monocarboxylic and bile
acids // J. Coll. Interf. Sci., 258(1), pp. 1-9 (2003).

[16] L.J. Bellamy. Advances in Infrared Group Frequencies. Methuen, London. 320 p. (1968).

[17] A.L. Smith. Applied Infrared Spectroscopy. John Wiley and Sons, New York. 658 p. (1979).

[18] T. N.T.Phan, M. Bacquet, J. Laureyns, M. Morcellet. New silica gels functionalized with 2-hydroxy-3-
methacryloyloxypropyl-B-cyclodextrin using coating or grafting methods // Phys. Chem. Chem. Phys., 1,
pp- 5189-5195 (1999).

[19] Z.-W. Gao, X.-P.,Zhao. Guest-controlling effects on ER behaviors of pB-cyclodextrin polymer //
J. Colloid Interface Sci., 289, pp. 56-62 (2005).

[20] B.M. Babic, S.K.Milonjic, M.J. Polovina, S. Cupic, B.V.Kaludjerovic. Adsorption of zinc, cadmium and
mercury ions from aqueous solutions on an activated carbon cloth // Carbon, 40, pp. 1109-1115 (2002).

[21] Y. Baba, K. Ohe, Y. Kawasaki, S.D. Kolev. Adsorption of mercury(Il) from hydrochloric acid solutions on
glycidylmethacrylate divinylbenzene microspheres containing aminogroups // Reactive Funct. Polym., 66,
pp. 1158-1164 (2006).

[22] A.B.P. Lever. Inorganic Electronic Spectroscopy. Elsevier, Amsterdam. 420 p. (1968).

JL.O. Bensikosa', A.M. Bapsapin', O.M.IlIsews', A.®. Jlenin ne Hamop®

Kpemuesem, moaugikoBanuii 0pomMnoxiiaum renraxic-(6-O-
(ToaryoscyabgoHin))-B-1IMKI0AEKCTPUHY: CHHTE3, Oy/A0Ba i
aIcOpOLiHI BJACTHUBOCTI

ITnemumym ximii nosepxni im. O.0. Yyiika Hayionanohoi Akademii nayx Yxpainu

eyn. I'enepana Haymosa 17, 03164 Kuis, Ykpaina, E-mail: isc412@ukr.net; v-bel@mail kar.net,
? Xiniunuii gaxynomem Yuisepcumemy Croppeii, Benuxobpumatnis

3pificieHo OaraTtoctaziiiHe XiMiuHe MOAM(DIKyBaHHS MOBEPXHI KpeMHE3eMy OpOMITOXiZHUM remrtakic-(6-O-
(Tosyoncyns(oHin))-B-muKknoaexcTpuny. 3a gonomoror [Y cmekTpockomii Ta KiNBKICHOTO aHaji3y MOBEPXHEBUX
CIIOJIyK BCTAHOBJICHO OyJIOBY IOBEpXHI MOAU]IKOBaHOTO KpeMHe3eMy. Busueno ancopbuito Hg (II) i3 po3enenux
BOJHUX PO3UYMHIB. BCTaHOBIEHO CyTTeBe MiIBHIIEHHS aACOPOLitHOI CHOpPIAHEHOCTI KpeMHe3eMy OO 10HIB PTYTI
3aBJISIKH YTBOPEHHIO Ha HOro MOBEPXHi CyNpaMoJIeKySIPHUX CTPYKTYP i3 XiMiYHO IMMOOIIi30BaHUM OPOMIIOXiTHHM
renTakic-(6-O-(Tonyoncynb(oHin))-B-IUKI0ASKCTPUHY .

KurouoBi ci10Ba: moBepxHs KpeMHe3eMy, B-IIUKIOACKCTPUH, iMMoOiTi3amis, Hitpat pryTi (1), ancopOist.
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