
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713400837

Analytical Techniques in Determination of Biologically Active
Organosilicons of the ES-Silanate Group
Mariusz Kluskaa

a Institute of Chemistry, University of Podlasie, Siedlce, Poland

To cite this Article Kluska, Mariusz(2008) 'Analytical Techniques in Determination of Biologically Active Organosilicons
of the ES-Silanate Group', Critical Reviews in Analytical Chemistry, 38: 4, 216 — 226
To link to this Article: DOI: 10.1080/10408340802341096
URL: http://dx.doi.org/10.1080/10408340802341096

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340802341096
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Critical Reviews in Analytical Chemistry, 38:216–226, 2008
Copyright c© Taylor and Francis Group, LLC
ISSN: 1040-8347 print / 1547-6510 online
DOI: 10.1080/10408340802341096

Analytical Techniques in Determination of Biologically
Active Organosilicons of the ES-Silanate Group

Mariusz Kluska
Institute of Chemistry, University of Podlasie, Siedlce, Poland

An attempt of synthesis of information concerning chosen organosilicon compounds of the
group of electrostatically stabilized (ES)-silanates is described. All hypercoordinated organosil-
icon derivatives show biological activity. This activity is very important for the whole ecosystem.
Some of these compounds easily hydrolyze; it causes various difficulties during their isolation
from different matrices and while preparing the samples to chromatographic analysis. Hyper-
coordinated ES-silanates can be determinate by the use of high performance liquid chromatog-
raphy (HPLC) as well as capillary electrophoresis.

Keywords ES-silanates, organosilicon compounds, biological activity, HPLC, capillary elec-
trophoresis

INTRODUCTION
More and more widespread application of silicon reagents in

organic synthesis rises to arousing scientist’s interest in chem-
istry of hypercoordinated organosilicon compounds. Because of
the ability of chain formation, silicon can be proposed as a base
of life, alternative to carbon.

ES-silanates are examples of hypercoordinated compounds.
They are particularly interesting for their structure, properties
and wide potentiality of application. Reviews published until
now referring to the ES-silanate chemistry described methods
of synthesis, results of investigation of geometry and electronic
structure of these compounds (1, 2). Chemists interest in this
group of molecules increases from year to year, similarly as the
number of papers dedicated to these compounds.

Practically, there is no information concerning chromato-
graphic separation and isolation of ES-silanates. Therefore, this
paper is an attempt of synthesis of information describing such
interesting group, of hypercoordinated compounds. Particular
attention was paid to properties and analytical methods of this
group. In addition to classical chromatographic methods elec-
tromigration techniques were taken into consideration, because
hypercoordinated compounds are able to ionize.

Reliability, good accuracy and precision of determination
characterize capillary electromigration techniques. Capillary
isotachophoresis (ITP) is more and more often applied in an-
alytical laboratories. Great efficiency and short time of separa-
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tion are reasons why the ITP method can compete not only with
HPLC, but also with other analytical techniques (3, 4).

PHYSICAL PROPERTIES OF SILICON
Berzelius obtained silicon from silica for the first time in

1822. It takes the seventh place among the most common el-
ements of the universe. After oxygen, silicon is the main con-
stituent of the earth, the amount of silicon is larger than the
amount of all other elements. Depending on the method, silicon
can be isolated in a form of grey, hard and fragile crystals or
as brown powder. Both forms have the same crystallographic
structure (of the diamond type), but differ by the dimension of
crystals.

All living (not dried) plants contain soluble silicon deriva-
tives, which can be assimilated by the human organism. In the
biggest amount they appear in horsetail (Equisetum arvense),
horse foot (Tussilago farfara), couch-grass (Agropyrum repens)
and wild strawberry (Fragaria vesca). Another important source
of silicon for the human organism is milk and its products.

CHEMICAL PROPERTIES OF ORGANOSILANATES
Organosilicon chemistry started more than 100 years ago in

1846, when Ebelman first obtained organic silicon derivative,
i.e., tetraethoxysilane. Organosilicon compounds contain in its
molecules tetravalent silicon atoms connected with hydrogen,
carbon, halogen, and oxygen or nitrogen atoms (5).

In 1863, Charles Friedel and James M. Crafts obtained the
first organochlorosilane—tetrathylsilane, by the reaction of di-
ethylzinc with silicon tetrachloride (6). Ladenburg, who brought
into practice sodium alkyls and mercury alkyls as reagents for
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FIG. 1. General structure of ES-silanates.

the preparation of organic derivatives of silicon developed their
method in the next decade, then Pape applied the Wurtz reaction.
At the end of the 19th century a turn was caused by the use of
the Grignard reaction to the synthesis of different organic silicon
preparations. Despite it, Frederic Stanley Kipping is considered
as a father of classical chemistry of silicon organic compounds
(7, 8).

This class of compounds was investigated with variable in-
tensity and in close connection with the development of car-
bon compounds chemistry. However, works of a Russian scien-
tist, e.g., the papers of Andranov, once more caused interest in
organosilicon chemistry and its turbulent development (9).

Since 1965, about 14,000 organosilicon compounds were re-
ported. At present the rate of their preparation is still increasing.
This increase is based on the wide potentiality of application
of organosiloxane elastomers, resins and liquid polymers. Also,
there are possibilities of modification of organic and inorganic
substances by the substitution of organosilyl groups (9).

In the period of 2 years after the appearance of electric field
compensation theory (10), in 1981, on the base of theoreti-
cal studies, aminiomethylspirobi(1-sila-2,5-dioxacyclopentan-
on)ate, the first example of a new class of organosilicon hy-
percoordinated compounds, was synthesized.

In 1994, Reinhold Tacke obtained a new class of compounds,
which were named, electrostatically stabilized silanates (ES-
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FIG. 2. General reaction schema of ES-silanate preparation.

silanates), with the general formula as shown in Figure. 1 (2). The
synthesis of the first ES-silanate describes the scheme (Figure.
2). Since 1994, the interest concerning this class of compounds
has significantly increased. Syntheses of compounds containing,
carbon atom bonded with four silicon atoms out were carried
with success (11).

Silicon, similarly to carbon, can form big molecules, even
polymers (silicones and siloxanes). However, Si-C bonds are
formed harder than C-C bonds and because of great silicon
affinity to oxygen, more often Si-O bonds (siloxanes) can be
observed. In organosilicon molecules Si-N-Si bonds (silazanes)
also appear or seldom Si-S-Si (silathianes). The most important
groups of organosilicon compounds are: silicon hydrocarbons
(alkyl- or arylsilanes), halosilanes (methylchlorosilane), silanols
(trimethylsilanol), siloxanes (hexamethylsiloxane), silyl esters
(trimethylsilyl acetate), silylamines (trisilylamine), and silicone
polymers.

Properties of the above, mentioned groups are similar to the
properties of carbon compounds containing analogous func-
tional groups. The Si-Si bond is less stable than the C-C bond;
however, the Si-O bond is more stable than the C-O bond. For
these reasons silanes containing a branched chain consisting of
silicon atoms are not stable. On the other hand, silicone polymers
containing chains and nets with Si-O-Si bonds are very resis-
tant. They are obtained as products of hydrolysis of adequate
dichloro- or trichlorosilanes (5).

Organosilicon derivatives with a coordination number higher
than four belong to the group of hypercoordinated compounds.
Their preparation is based on the ability of silicon to coordi-
nate ligands containing groups of atoms with easily accessible
electron pairs (12–21).

Suitable aminomethyl derivatives of trialkoxysilane are sub-
strates to the synthesis of ES-silanates. Significant attitude of this
method are conditions of this reaction aminomethyltrialkoxysi-
lanes are not sensitive to various impurities and can crystallize
from aqueous solution.

Published information reports many examples of obtaining
ES-silanates by the use of various aminotrialkoxysilane deriva-
tives (22).

In the last several years, syntheses and structures of a num-
ber of zwitterionic λ5Si-silanates and λ5Si, λ5Si-disilanates,
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218 M. KLUSKA

containing SiO4C structures, were reported. Systematic research
is carried out concerning the chemistry of molecular λ5Si-
silanates (18, 23–26). Due to X-ray spectroscopy investigations,
shapes and lengths of bonds between atoms in ES-silanates were
determined. Also, electronic spectra made in visible and ultra-
violet ranges, which gave information about orbital energy and
shapes of molecules, were helpful. Their interpretation enabled
determination of crystal structures.

Pentacoordinated organosilicon compounds have a structure
of trigonal bipyramid with an equatorial arrangement of the Si-C
bond. Two Si-O bonds have axial and two equatorial arrange-
ments. Axial Si-O bonds (with oxygen atoms in the apexes
of the pyramids), called apical, are longer and weaker than
the rest—the equatorial bonds, which mark the bases of the
pyramids. The investigations confirmed the presence of penta-
coordinated silicon atoms and tetracoordinated nitrogen atoms
(23).

Great electronegativity, the same origin of axial ligands
and differences in charges of didonor oxygen atoms cause the
spirocyclic anion to form a more stable (for pentacoordinated
silicon compounds) trigonal bipyramid shape (27).

Spirocyclic zwitterionic λ5Si–silanates contain in the
molecule pentacoordinated silicon atoms (with formally nega-
tive charge) and tetracoordinated nitrogen atoms (with formally
positive charge). Therefore, molecules of ES-silanates are neu-
tral.

Properties of the Si-O bond are very important for the chem-
istry of pentacoordinated silicon. Because of its polarity, the
oxygen atom can stabilize more than four coordination numbers
on the silicon atom (23).

IMPORTANCE OF SILICON DERIVATIVES FOR
ECOSYSTEM
Biological Activity

Silica is a basic and necessary constituent for growth and ex-
tension of living organisms. But mechanisms of silicon transport
are not entirely understandable. Biogenic silica has various func-
tions. Sea organisms, i.e., diatoms, radiolarian and sponges, use
it as a protection against plunderers. Silica forms called plant
fossils improve structural stability, photosynthetic ability and
defensive strength of higher plants. Perhaps precipitation (by
bacteria) irons containing silica covers enabled the survival of
archaic forms of life on the earth, when it was exposed to inten-
sive UV radiation. Higher (including human) organisms need
silica for the formation of bones and connective tissue. Increas-
ing facts show that silica serves as a detoxification agent against
dissolved aluminum (28).

Numerous organosilicon compounds show biological activ-
ity. Some of them are very toxic (usually are selective) and they
are used for fighting against rodents (5).

The literature exactly describes triorganosilyl derivatives
of some biologically active heterocyclic bases and uridine
(29). The evaluation of the influence of 2,4,6-tris-(tert-

butylmethylsilyl)barbituric acid on the central nervous system
and anti-cancer activity of 5-O-tert-butyldimethylsilyluridine
was investigated. The results of biological tests, which were
carried out on mice and rats, were compared with the results ob-
tained for non-silylated precursors. Locomotors activity, muscle
tension, influences on mind processes and tests of Porsolt were
tested. The last test can be count to so-called screening tests
widely used in pharmacology, which investigate single reac-
tions. Tested animals must show a certain kind of behavior or
do a certain activity. In these kinds of tests only one or a few
a parameters can be counted, e.g., time of a reaction, without
detailed analysis of complex behavior. This procedure enables
quick investigation of a big number of animals by the use of stan-
dard, easily accessible instrumentation (29). It was confirmed
that tris(tert-butylmethylsilyl)barbituric acid showed stronger
sedative activity than barbituric acid. It showed also stronger
influence on mind processes, completely removing regressive
amnesia and intensification of psychotropic activity. Silylated
barbituric acid showed slightly higher antistress activity in the
Porsolt test. Both acids have low toxicity, but the silylated deriva-
tive has a, lower index of acute toxicity. It was also confirmed
that 5-O-tert-butyldimethylsilyluridine in the contrary to uridine
is characterized by anti-cancer activity decreasing development
of muscle fibroma in human lungs, mice fibroblasts and isolated
cancer cells.

Triorganosilyl derivatives of biologically active substances
are very good medical agents because of the hydrolytic lability
of Si-N and Si-O bond (29). By-products of the hydrolysis are not
overly toxic. Silylation of compounds increases their lipophility.
Owing to this fact, triorganosilicon drugs can cure pathological
processes, which demand the use of intracellular penetration
(30). The efficiency of this activity depends on the speed of
silylated compounds hydrolysis (29).

In order to determinate the relation between structure, physic-
ochemical properties and biological activity, a series of neutral
organosilicon complexes of oxorene (V) with mixed ligands
were synthesized and their lipophile nature was tested (31).
Complexes were investigated in relation to their neuronotropic
properties and acute toxicity in vivo (i.e., tested immediately on
living animals or plant organisms). The investigation included
consideration of an influence of a nature of ligands (monodonors
and tridonors) on the biological properties. Activity of these
compounds towards the central nervous system was evaluated
on the base of tests concerning anoxemia, narcosis caused by
ethanol and hexenal, excessive functional activity caused by
phenamine, convulsion caused by corasol, electroshocks and
regressive amnesia. It became evident that these compounds
showed sedative activity, prolongation of mice life in anoxemia
condition, showed anti-convulsive activity, reduced excessive
functional activity caused by phenamine and inhibited appear-
ance of regressive amnesia (31).

Introduction of triphenylsiloxyl subsistent to a complex of
(2-hydroxyethanothiolate)-3-thapentane increases the length of
time of narcosis executed by hexenal but decreases it when
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narcosis was caused by ethanol. Though trimethylsilyl group
introduction (and the increase of lipophility) is of little impor-
tance on anoxemia index, the time of narcosis duration after
the use of ethanol or hexenal and anti-convulsive activity of hy-
droxycomplex are significantly changed. Investigations of acute
toxicity of these compounds confirm a tendency towards toxic-
ity decrease after introducing, a trialkylsilyl group. It is gener-
ally known that the efficiency of psychotropic drugs is closely
connected with their ability to cross the barrier between blood
and brain, which depends not only on structure parameters but
also in appreciable rate on the lipopohility of tested compounds
(31).

Aminomethyltrialkoxysilanes belong to an important group
of substances, which can serve as substrates in a reaction of ob-
taining hypercoordinated ES-silanates. Compounds of this type
are biologically active and their properties approximate to the
properties of natural compounds. Research concerning biologi-
cal activity of this group is still continuing (14, 15).

These aminomethyltrialkoxysilanes, which contain a nitro-
gen atom bonded with methyl or butyl groups, are important
in preparation of repellents (22). Repellent activities of N,N-
dibutylamino-N-methyltrialkoxysilanes, with different alkoxy
groups, were exactly investigated. It was noted that an exchange
of etoxy group for butoxy increased the repellent activity.

More and more often in a synthesis of new compounds
based on natural systems, their potential application and bi-
ological activity is considered. The preparation of differ-
ent kinds of ES-silanates. can serve as an example λ5Si–
[(morpholinio)methyl]bisglycolic(2-)-O1,O2]silanate is used as
a stimulator of plant growth (in concentrations of 0.0005–0.002
mole/L) (32). This compound is appropriated in agriculture for
acceleration of growth and development of cultivated plants,
especially Graminae and Cucurbitaceae.

Recently, many various organosilicon compounds are effi-
cient agents assigned to biological regulation of plant organ-
isms (32). Substances with the most similar properties to re-
ported compounds, i.e., growth stimulating, are silatranes. But
they have some disadvantages (32): they belong to the class of
chloro-organic compounds, therefore there is a possibility of
formation of toxic for the environment degradation products;
very low solubility in water, high hydrolytic unstableness; and
permanent hydrolysis of silatranes causes changes of chemical
composition, which makes it impossible to refer obtained results
to defined chemical compounds.

The most favorable growth-stimulating agent should not have
these disadvantages. It should possess a wide spectrum of activ-
ity; it should be effective towards the main kinds of cultivated
plants (increase of germination, increase of plant development
and of general crop) but not toxic to the environment.

These suggestions were taken into account during preparation
of λ5Si–[(morpholinio)methyl]bisglycolic(2-)-O1,O2]silanate
[33]. This compound is the first example of a new class of
organosilicon—ES-silanates. It is stable in aqueous solutions;
its properties are similar to the properties of natural compounds.

The mention of the above properties of this compound, more
encouraging than in case of silatranes, caused further investi-
gation of its biological activity. Then, the genetic activity of
its aqueous solution (concentration 0.0005–0.002 mole/L) to-
wards plant and animal cells was determined as low. This fact
shows that such a solution is ecologically safe (33). It was used
also in order to improve germination, to increase energy of ger-
mination, to accelerate development and formation of the root
system and the growth of the over ground parts of plant. Also
observed shorter vegetation time and larger crops, especially in
case of root crops (21). Stableness, solubility in water, lack of
toxicity, lack of mutagenic activity and high biological activ-
ity of tested 0.0005–0.002 mole/L solution of the tested λ5Si –
silanate promises its wide application in the future.

Potential applications of ES-silanates connected with their bi-
ological activity were described (34–36). In addition to pentaco-
ordinated silicon compounds exist heptacoordinated derivatives,
Hoszczawa silanates. In this case oxygen atoms of carbonyl and
hydroxyl groups of oxalic acid (37) server as electron donors.

It is supposed that transport of silicon in biological systems
is based on hypercoordinated silicon compounds (38). There-
fore, investigated pentacoordinated silicon derivatives can be
interesting as model systems (23).

Experimental confirmation of the possibility of electrostatic
stabilization of ES-silanate molecules changes a view upon
chemistry of compounds containing a Si-O bond. It opens a way
to numerous earlier unknown classes of chemical substances.
New classes are starting points to originate new substances, sys-
tems, materials, composites, new technical solutions and qual-
itatively new level of science and technology. New, specific bi-
ological properties can be expected and, consequently, so can
possible effects on diseases presently incurable or difficult to
cure (27).

Some hypercoordinated silicon compounds are used for
transferring of chirality’s from the silicon to the carbon atom
and can serve as models for biological transport processes of
silicon [39]. The life on earth can be considered as a pyramid,
with a base made of the simplest organisms, in particular mi-
croflora, which is a silicon-based form of life (40). The ab-
sence of silicon causes inhibiting of growth and development of
plants. For higher plants the importance of the level of silicon
decreases, but still remains important, even for human organisms
(41).

Silicon takes part in a cycle in the earth’s crust, which includes
participation of homologues of lower classes of organisms. A
biochemical silicon cycle begins with the weathering of minerals
and process of soil formation. Weathering is connected mainly
with biochemical activity of organisms. Influence of living or-
ganisms on minerals initiates the soil formation (42). Therefore,
one of the most important points of the soil formation process is
an insertion of silicon in the cycle, which is connected with its
transformation into a soluble form. For this reason, during the
last century many chemists attempted to synthesize a Si-O bond
containing silicon compounds resistant to hydrolysis and neutral
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and soluble in water. Unfortunately, it is impossible to create in
an aqueous medium and at room temperature neutral monomers
of organosilicon compounds with alkoxy- or acyloxygroups near
to the silicon atom. This problem was successfully solved due
to a theory of compensation of electric molecular field in the
1980s (27). At that time, homologues of a new class of chemical
compounds, electric stabilized silanates (so-called ES-silanates)
were synthesized. They are the only existing neutral, water sol-
uble, hydrolytic stable silicon compounds containing Si-O-C
bonds (27, 43–45).

The presence of silicon in the cycle of life and catalysis of
biogeochemical processes is essential for the soil formation.
Possible mechanisms of introducing of silicon into the cycle of
life can be investigated by the use of organosilicon compounds
containing Si-O-C bonds. It was proven that maximum electric
stabilization of molecules by the coordination of particular sub-
stituents and functional groups bonded with the silicon atom
belongs to main forces, which liberate this element from min-
erals. ES-silanates can serve as examples. The mechanism of
maximum electric stabilization of molecule electric fields can
be effectively utilized by the microflora for assimilation and
transformation of one form of silicon into another, its transport,
etc. (42).

Information enclosed in the literature shows that hyperco-
ordinated siliconorganic complexes can be formed in biologi-
cally connected liquids (28). Proof of an existence of transition
organosilicon complex was also reported, generated during the
cycle of the organism life. It was confirmed that hypercoordi-
nated organosilicon compounds play an important part in assim-
ilation and transport of silica through biological systems. The
existence of such complexes can explain other questions con-
cerning biogeochemistry of silicon, i.e., stability of dissolved
silica in concentrated biological liquids, biofractionation of sili-
con isotopes and fractionation of germane from the mixture with
silicon (28).

Organosilicon compounds containing pentacoordinated sili-
con can effectively increase solubility of silicon, transport this el-
ement through tissues and accumulate it in places of destination.

APPLICATION OF ORGANOSILICON COMPOUNDS
Organosilicon compounds are often applied in organic syn-

thesis: substituents containing silicon became important in sta-
bilizing transitive metal derivatives and lower oxidation states
of main group metals. Besides, new organosilicon transitive
compounds were generated, which contained multiple bonds
between the silicon atom and carbon, nitrogen, oxygen and
sulfur.

Chlorosilanes and alkoxysilanes, which are basic substrates
to polysiloxanes and modified silica gels, also belong to the
organosilicon compounds. Silicons (polydimethylsiloxanes,
PDMS) are known for their particular properties, i.e., high
thermal stability, resistance against hard weather conditions, hy-
drophobicity, thermal resistance, dielectric properties, coating
ability, surface activity and adhesiveness (5). These properties

make them precious for various industrial applications and
cause their presence in consumer goods. Organosilicon poly-
mers (popularly called silicones) are widely applied: starting
from cosmetics, through medical applications (e.g., implants),
up to the architecture and chemical industry (paints, rubber,
and elastomers) (7).

Products based on PDMS are applied in electric, electronic,
motorization, textile, pharmaceutical, cosmetic and architectural
industry, in rubber, glass, and plastics production (46). Potential
human contact with silicones exists in a place of work, during
production processes as well as during normal exploitation of
silicone containing goods. Among them are, e.g., silicone im-
plants and catheters, balsams for care of body, products for hair
care, antiperspirants, glues, tightening masses, antifoam agents,
polishing pastes, and waxes (46, 47).

PDMS penetrate to many food products (and were extracted
from them): defatted powder milk, milk beverages, ketchup, jam,
sugar and fruit juice (48). Many silanols, including dimethylsi-
landiol (DMSD), were extracted from aqueous and biological
samples, e.g., from urine, blood and plasma (49). Silanols is an
important group of organosilicon compounds. They are formed
during degradation of polymeric siloxanes in living organisms
and in the environment. Silicones are also used in laboratories as
solvents, tightening rings, etc. In gas chromatography, gas chro-
matography (GC) and mass spectrometry gas chromatography
(MSGC) stationary phases based on PDMS are commonly used
(50).

Organosilicon compounds are widely applied in medicine. In
the early 20th century the first organosilicon compounds with
anti-cancer properties were synthesized. In 1962, Woronkow
discovered a new class of organosilicon compounds—silatranes.
Papers appeared concerning biological activity of these com-
pounds (51) 7 years later.

Multi-directional methods of synthesis based on organosili-
con reagents enabled improvment of technology of production
of antibiotics, which possessed extraordinary activity against
gram-positive and gram-negative bacteria.

Silicones are materials with great influence on the stomatol-
ogy development. Different kinds of silicones are applied, due to
their properties (as materials, which can be sterilized, by warm-
ing in temperatures over 200◦C or by radiation and in most cases
neutral towards living tissue). Silicones applied in stomatology
are especially raffinated for their differentiated properties, in
order to remove all possible impurities.

In the stomatological practice silicones are most often used
as squeezing materials of various thicknesses. They are used
during preparation of double-layer impress. Thin (soft) silicones
are used in surgical practice to litter a denture after removing
of cancer or after mechanic injury. Soft silicones are also used
for operated patients in order to prepare external artificial parts
of face. They are accessible in various colors and can be mixed,
obtaining the most suitable result (5).

Hydrophobic silicones were shown to be very efficient in
the protection of buildings and other objects against destructive
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water activity. For more than 40 years they have been applied as
a barrier against moisture in architectural materials. Siloxanes
are optimum bases for protective coatings. Organosilicon com-
pounds increase resistance of concrete and iron-concrete against
corrosion and low temperature. Chemical structure of organosil-
icon compounds causes their high effectiveness as protective and
impregnating architecture materials.

Silanes and polysiloxanes have been applied as hydrophobic
agents for many years. On the other hand, the recently intensive
use of oligomeric siloxanes is observed. They have attitudes
of both aforementioned groups. The high efficiency and ability
of penetration characterize them; they form stable bonds with
architecture materials. For these reasons oligomeric siloxanes
are the optimum base of impregnation emulsions (5).

Organosilicon compounds are used also in preservation of
antiques. Rarely they are used as heat carriers, for warming or
cooling of heating installations, nuclear energetic devices, etc.
(5).

Hypercoordinated silicon compounds are used in a sim-
ilar way, as other organosilicon compounds. Aminomethyl-
trialkoxysilanes, which are substrates to hypercoordinated
ES-silanates, are applied as corrosion inhibitors. A new, effi-
cient method of inhibiting corrosion is based on the addition
of aminomethyltrialkoxysilanes to paints. Considering the in-
creased attack of a polluted environment on steel constructions,
bridges, etc., research in this area seems to be of great impor-
tance. Other adequate aminomethyl derivatives of trialkoxysi-
lane are used as hardeners (instead of epoxide resin) to glass
fiber production (52).

Research in the area of high-duty materials caused in-
creased interest in polymers and silicon-based substances.
Aminomethyltrialkoxysilanes as polyfunctional organosilicon
monomers were used for the preparation of crosslinked plastics
(52).

Silsesquioxanes, which belong to ES-silanates, show very
interesting properties. They can be used as membrane materials
to optical fiber production or as substrates to ceramic material
production. On the other hand, after adequate modification, they
can bind catalysts and mesogens, leading to liquid crystals. They
form with polymer compounds able to emit light (50).

In organic synthesis hypercoordinated silicon compounds
are used for simulation of different steps of the reaction
of nucleophile substitution SN2 (Nu: → Si–X, where sub-
stituent X is a leaving group and Nu: is a nucleophile). Dur-
ing this reaction course the silicon atom coordination changes
from 4+1 into 3+2 (in the transition state) and then into
1+4 (3).

PREPARATION OF SAMPLES TO ANALYSIS
Organosilicon compounds with increased coordination are

intensively investigated because of their potential biological ac-
tivity. Pentacoordinated silicon compounds with characteristic-
spirocyclic ligand of –O1, O2 type, λ5-silanates belong to this
group. These compounds show zwitterionic structure with tetra-

coordinated nitrogen atom and pentacoordinated silicon atom
(SiO2C2 ring system). Some of them easily hydrolyze. It causes
numerous difficulties during their isolation from various matri-
ces and preparation of the samples for chromatographic analysis.
For this reason, during the whole analytic procedure only high
purity, anhydrous solvents should be used.

Another problem is connected with the ability to modify
column packing surface by some organosilicon derivatives. It
causes additional difficulties during isolation and chromatogra-
phy determination process.

Immense development of specific packing caused solid phase
extraction (SPE) to become the most often used method of isola-
tion of different substances from various matrices. However, re-
mains the most popular separation and determination technique
high performance liquid chromatography (HPLC) (53–57). Re-
cently, optimization of determination conditions for some ES-
silanates by HPLC methods and capillary electrophoresis (CE)
(58–61) was reported.

Preparation of samples for the analysis usually requires pri-
mary isolation of an analyzed compound from a complex ma-
trix, especially when it concerns the HPLC technique. Samples
of solution subjected to capillary electrophoretic analysis do
not require concentration. Categories of concentration of ana-
lyzed compounds can be significantly different. ES-silanates are
stabilized electrostatically and hydrolytically stable. For these
reasons water and DMSO can be used for ES-silanate extraction.

Analysis of biologically active substances is very important in
pharmacy and medicine. Usually, in order to isolate and separate
complex mixtures, it is necessary to use a selective column.
Stability and reproducibility of an extractive column as well
as chromatographic is essential for suitable analytic procedure.
In chromatography and related techniques the choice of proper
stationary phase and mobile phase, accordant for an analyzed
substance is crucial.

SPE and HPLC packing are of different polarity. Most of them
are based on silica, these used to extraction are similar to these
used to chromatography method. The greatest importance has
modified silica phase assigned to reverse phase systems (Figure.
3).

Retention process in reverse phase chromatography is based
on specific and unspecific interactions between stationary phase,
mobile phase and analyzed substance. Changes of type, compo-
sition and character of the mobile phase or changes of type,
properties and topography of the stationary phase perform op-
timization of the chromatographic process (61, 62). Separation
of a mixture by two-phase system depends on thermodynamic
properties of this system.

EXAMPLES OF CHROMATOGRAPHIC
AND ISOTACHOPHORETIC ANALYSIS

CE is one of the techniques used for ES-silanates de-
termination. Some of them were separated and determined
using analysator (Fig. 4). The separation is based on the
difference of electrophoretic mobility of analyzed ions.
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FIG. 3. Schema of chemically bonded stationary phases: a) octadecyl, b) octyl, c) naphthylpropyl, d) PGC, e) phenylbutyl.

N
H

CH2

Si

O

O

O
O

O

O

+

- N
H

CH2

Si

O

O

O
O

O

O

H

H

CH3

CH3

+

- N
H

CH2

Si

O

O

O
O

O

O

CH3

CH3

CH3

CH3

+

-

a)     b)   c) 

FIG. 4. Structures of members of homologic series of ES-silanates: a) 1-(N-Perhydroazepiniomethyl)[spirobi(1-sila-2,5-
dioksacyklopentan-3-on)]at (ES-1), b) 1-(N-Perhydroazep-iniomethyl)[spirobi(1-sila-2,5-dioksa-4-methylcyklopentan-3-on)]at
(ES-2), c) 1-(N-Perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioksa-4,4-dimethylcyklopentan-3-on)]at (ES-3).
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FIG. 5. Schema of the structure of the terminating elec-
trolyte constituent used for ITP determination: 4,4′-bis{1-
(Perhydroazepiniomethyl)[spirobi(1-sila-2,5-dioksacyklopen-
tan-3-on)]at}.

These differences were not great; therefore, analysis of
the silanates caused numerous difficulties. The next prob-
lem was to select an adequate terminating electrolyte for
these compounds, a compound with low mobility. An ionic
double salt 4,4′-bis{1-(Perhydroazepiniomethyl)[spirobi(1-sila-
2,5-dioksacyklopentan-3-on)]at}was used for the determination
of ES-silanates (Fig. 5) (60).

Elaboration of optimum conditions of separation and de-
termination was confirmed by the obtained isotachophoregram
(Figure. 6). Good separation for a mixture of three ES-silanates
was achieved in 12 minutes.

High efficiency of separation in comparison with other elec-
trophoretic methods and the short time of analysis cause capil-
lary ITP, from many points of view, to compete not only with
HPLC but also with other analytic techniques.

ITP allows the determination of chosen ES-silanates in an
aqueous solution. The main attitude of this method is simul-
taneous determination of all macro- and micro-elements in a
short time (up to 25 minutes) comparing with classical chro-
matographic methods. Preparation of samples is simple (only
the dissolution in water), the method is cheap and is suitable for
routine analyses. It can be considered as a green chemistry” tech-
nique, because toxic solvents or reagents are not used. Precision
and accuracy of results obtained by the capillary ITP method is
better than those obtained by classical methods.

The second technique used for ES-silanate determination was
HPLC. Analyses were performed with detection at wavelength
325 nm, using anhydrous mobile phases: acetonitrile, methanol,
and dichloromethane with different flow intensities. Five various
stationary phases were applied: octadecyl, octyl, phenylbutyl,
naphthylpropyl and PGC (Figure. 3) (58, 59).

The octadecyl column served as reference column. Mixtures
of solvents with water were not considered because of long re-
tention time.

The best results were obtained when pure acetonitrile was
used as a mobile phase and a stationary phase was the

FIG. 6. Isotachophoregram of the mixture of λ5 Si–
[(azepinio)methyl]bis[glycolic(2-)-O1, O2]silanate (ES-1),
λ5 Si–[(azepinio)methyl]bis[lactic(2-)-O1, O2]silanate (ES-2),
λ5 Si–[(azepinio)methyl]bis[methyllactic(2-)-O1, O2]silanate
(ES-3).

naphthylpropyl column. The shortest retention time of the
slowest (in homological series) derivative did not exceed 4
minutes.

In the case of PGC and the same mobile phase, retention
time was slightly shorter, but the separation was unsatisfac-
tory. Better selectivity yielded a phenylbutyl column but reten-
tion times of analyzed compounds were a few minutes longer
(59).

The octyl phase was characterized by relatively long
retention times, which at flow intensity 0.3 ml/min reached
almost 110 minutes (at the same flow a naphthylpropyl column
yielded retention time of merely 31 minutes). Proportional
results were obtained using anhydrous methanol and anhydrous
dichloromethane. However, these mobile phases yielded
slightly longer retention times (58).

Decrease of flow intensity of the mobile phase caused sig-
nificant prolongation of retention time for alkyl (i.e., octadecyl
and octyl) columns. On the other hand, in case of aryl columns,
this prolongation was negligible (Fig. 7).

The PGC column was characterized by a different surface
structure than the remaining columns (Fig. 3). This obvious
difference caused shorter retention times but lower selectivity.
Therefore, the effect obtained on a naphthylpropyl column is the
best among five tested columns (three columns belonging to the
aryl group, two to the alkyl, which were considered as standard:
octyl and octadecyl).

SUMMARY
To summarize, for the determination of hypercoordinated

compounds, which belong to the ES-silanate group, HPCL as
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FIG. 7. Results of the separation of λ5 Si–
[(azepinio)methyl]bis[glycolic(2-)-O1, O2]silanate (ES-1),
λ5 Si–[(azepinio)methyl]bis[lactic(2-)-O1, O2]silanate (ES-2),
λ5 Si–[(azepinio)methyl]bis[methyllactic(2-)-O1, O2]silanate
(ES-3) with the use of stationary phases Si-NAF (naph-
thylpropyl), Si-C8 (octyl), PGC, Si-PB (phenylbutyl) and
Si-C18(octadecyl). The mobile phase: acetonitrile (100%).

well as can be applied. Separation of a mixture of compounds {1-
(N-Perhydroazepiniomethyl)[spirobi(1-sila-2,5-diok-sacyklop-
entan-3-on)]at, 1-(N-Perhydroazepiniomethyl)[spirobi(1-sila-
2,5-dioksa-4-methylcyklopentan-3-on)]at and 1-(N-Perhydro-
azepiniomethyl)[spirobi(1-sila-2,5-dioksa-4,4-dimet-hylcyklo
pentan-3-on)]at} was successfully carried out. Optimum con-
ditions of their separation and determination were elaborated
using ITP with conductometric detection, despite small differ-
ences of electrophoretic mobility. A new terminating electrolyte
containing 4,4′-bis{1-(Perhydroazepiniomethyl)[spirobi(1-sila-
2,5-dioksacyklopentan-3-on)]at} was used for the analysis.

Optimum conditions of separation and determination of
aforementioned ES-silanates by HPLC technique were also elab-
orated. Independently of a composition of a mobile phase, the
naphthylpropyl phase was characterized by the highest selectiv-
ity. Besides, this phase affords possibilities for short retention
times. The main reason for increased selectivity is an occurrence
of additional interactions of π -electrons between the station-
ary phase and determined compounds. The PGC column was
characterized by the shortest retention times of the tested com-
pounds, but had unsatisfactory resolution. Slightly lower separa-
tion factors and longer retention times of analyzed ES-silanates
showed octadecyl phase. Generally, retention times of analyzed
compounds obtained by the use of aryl stationary phases were
significantly shorter than retention times obtained by the use of
alkyl phases.

This work was started in hopes that optimization of determi-
nation of these compounds by means of HPLC and CE technique
could be useful in the development of silicon chemistry, espe-
cially for the investigation of biologic activity of organosilicon
derivatives. This paper is an attempt of a synthesis of informa-
tion concerning hypercoordinated compounds, which belong to

the group of ES-silanates (biologically active) in order to help
the research in the area of organosilicon chemistry.
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