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Abstract

The analyzed organosilicon derivatives of 
electrostatically stabilized silanates belong to a group of 
pentacoordinated compounds. These derivatives are: 1-(N-
morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-
3-on)at, 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-
4-methylcyclopentan-3-on)at, 1-(N-morpholiniomethyl)
spirobi(1-sila-2,5-dioxa-4-(i-propyl)cyclopentan-3-on)at. 

In the course of the work, the extraction process 
and optimization of conditions for separation and 
determination of a mixture of electrostatically stabilized 
silanates were carried out using capillary isotachophoresis. 
Proper leading electrolytes were elaborated 
developed and the terminating electrolyte: 4,4’-bis[(1-
morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-
3-on)at] was proposed. The extraction process involved 
the use of three stationary phases: octadecyl, octyl and 
phenylpropyl. The highest recovery values, approx. 94%, 
were obtained on the phenylpropyl column. The optimum 
time of analysis by the isotachophoretic technique did 
not exceed 12 min. The developed method of separation 
and determination of electrostatically stabilized silanates 
expands the possibility of research on biological activity of 
this group of compounds in aqueous solutions and surface 
water vegetation.
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Introduction

In the 1970s, the first methods of synthesis of 
hypercoordinated compounds containing germanium, 
silicon, iron, vanadium, and thallium were developed. 
Many of these elements are the subject of recent 
research (Lukevics et al. 2007; Kluska & Pypowski 2007; 
Kluska et al. 2007; Pypowski et al. 2006). 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 coordinate ligands containing groups of 
atoms with easily accessible electron pairs (Kluska 
2008a).

Penta- and heptacoordinated silicon compounds 
are commonly known. When preparing heptacoordi-
nated compounds, oxygen atoms of the carbonyl 
and hydroxyl groups of oxalic acid serve as donors 
of electrons (Lukevics et al. 2007). Electrostatically 
stabilized silanates are biologically active, e.g. 
1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclo-
pentan-3-on)ate is used as a stimulator of plant growth 
(Erchak et al. 2005). Electrostatically stabilized silanates 
are neutral, easily soluble in water and hydrolytically 
stable (Kluska et al. 2009; Böhme et al. 2006).

ES-silanates show similar properties as natural 
systems; they are neither mutagenic nor toxic. Chiral 
hypercoordinated silicon compounds can serve as 
model compounds in research on biological transport 
of silicon (Böhme et al. 2006; Oestreich 2006). The 
information available in the literature indicates that 
hypercoordinated silicon organic complexes occur in 
a biologically bound liquid. It is also presumed that 
there is a transitional organosilicon complex formed 
during the life cycle of an organism. Hypercoordinated 
organosilicon compounds play an important role in the 
assimilation and transport of silica through biological 
systems (Kenla et al. 2013). Organosilicon compounds 
containing pentacoordinated silicon are characterized 
by increased solubility. They can be transported 
through tissues and accumulated in places selected 
for their utilization. The presence of hypercoordinated 
silicon compounds explains the process of biofraction-
ation of Si isotopes and fractionation of Ge with Si 
(Kubicki & Heaney 2003). In addition, Si improves the 
water storage within plant tissues and mitigates toxic 
effects of heavy metal salts in sand (Romero-Aranda et 
al. 2006; Guo-Chao et al. 2018).

Some organosilicon compounds are applied in the 
medicine (Durka et al. 2019; Hu et al. 2017; Jabłońska 
et al. 2018). Numerous anticancer drugs were based 
on silicon compounds. Multidirectional methods 
of synthesis based on organosilicon reagents have 
contributed to the improvement of the technology 

of production of antibiotics, which are extremely 
active against gram-positive and gram-negative 
bacteria (Singh et al. 2017). Numerous organosilicon 
compounds are effective agents taking part in 
biocontrol of a plant organism, e.g. morpholine 
derivatives of electrostatically stabilized silanates.

Nevertheless, among many biologically active 
organosilicon compounds, some are strongly toxic 
(usually used against rodents). Silatranes are examples 
of compounds that are growth stimulators (Lin et 
al. 2011). However, they belong to chloroorganic 
compounds, hence the possibility of forming 
environmentally toxic products (Kluska 2008a).

Given the biological activity and the wide range 
of uses of this class of compounds, research on this 
type of substances is very important. Therefore, 
the main objective of our work was to develop the 
extraction process and to optimize the conditions 
for the determination of selected ES-silanates and 
the separation of constituents of the mixture of these 
compounds in aqueous solutions. For this purpose, it 
was necessary to select adequate leading electrolytes 
and to develop a suitable terminating electrolyte. 

Materials and methods

The compounds synthesized at the Institute of 
Chemistry of the University of Natural Sciences and 
Humanities in Siedlce served as research material 
(Erchak et al. 2015), i.e. 1-(N-morpholiniomethyl)
s p i r o b i (1 - s i l a -2 , 5 - d i o x a c y c l o p e n t a n - 3 - o n )
at (72), 1- (N-morpholiniomethyl)spirobi(1-sila-
-2, 5 - dioxa - 4 -methylc yclopentan -3- on)at (73) , 
1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-
4-(i-propyl)cyclopentan-3-on)at (79) (Fig. 1). The 
terminating electrolyte contained aqueous solution 
of 4 , 4 ’- b is[1- m o r f o l in i o m e t y l o]sp iro b i (1- s i la -
-2,5-dioxacyclopentan-3-on)at] (Fig. 2).

During the experiment, the concentration of 
ES-silanate derivatives was 100 µg l−1. The solutions 
were concentrated by solid phase extraction. The 
process was carried out in three extraction columns 
of different chemical structures: octyl (RP Si–C8), 
octadecyl (RP Si–C18) and phenylpropyl (RP Si–FP, Fig. 
3; Gadzała-Kopciuch et al. 2005; Kluska 2008b; Kluska 
et al. 2019b; Prukała et al. 2008).

The conditioning of each column consisted in 
rinsing with 4 ml of cyclohexane (Merck, Darmstadt, 
Germany), 4 ml of methanol (Merck, Darmstadt, 
Germany) and 4 ml of triple distilled water. The 
extraction columns were then dried for 15 s under a 
stream of air. The next step consisted in passing 100 
ml of distilled water solution and analyzing derivatives 
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of ES-silanates through the columns in vacuo at a flow 
rate of 3–4 drops per second. Each column was then 
dried under a stream of air for 10 min. The adsorbed 
derivatives of ES-silanates were eluted with 8 ml of 
methanol and then concentrated under a stream of 
air to 1 ml. Each sample prepared in this way was then 
analyzed using the ITP technique.

Optimization of the conditions for the analysis 
of compounds involved preparation of solutions 
with specific concentration, creation of standard 
curves, separation and determination of selected 
ES-silanates. Electrolytes were prepared: acetic acid 
(POCh Gliwice), hydrochloric acid (POCh Gliwice), 
deionized water (Merck) and sodium acetate (POCh 
Gliwice). Leading electrolytes LE-1 (pH = 3.9) and 
LE-2 (pH = 4.2) were obtained by mixing adequate 
volumes of solutions of acetic acid and sodium acetate. 

Solution of 4,4'-bis[(1-morpholiniomethyl)spirobi(1-sila-
-2,5-dioxacyclopentan-3-on)at] with a concentration of 
40 µg l−1 was used as a terminating electrolyte (TE). 

To determine the validation parameters and to 
draw calibration curves, standard solutions with 
concentrations: 0, 2, 5, 10, 20, 50 and 100 µg l−1 were 
prepared.

Different conditions of the method were tested 
during optimization of ES-silanate analysis. The 
time of analysis, the level of high voltage limitation, 
and electric current intensity were changed using 
preseparation or preseparation and analytical columns.

Apparatus

An octadecyl column from S. Witko, Łódź, Poland 
was used in the research. The octyl and phenylpropyl 
columns were developed at the Department of 
Environmental Chemistry and Bioanalysis of Nicolaus 
Copernicus University (UMK) in Toruń, Poland.

Optimization of separation and determination 
of derivatives of ES-silanates was carried out using 
a capillary electrophoresis analysator EA 202M 
produced by Villa Labeco s.r.o. in Spisska Nova Ves, 
equipped with: an injection block with a container 
for the terminating electrolyte, a preseparation 
column (capillary diameter 0.8 mm, length 90 mm), 
a bifurcation block with an electrode block of the 
preseparation column, an analytical column (capillary 
diameter 0.3 mm, length 160 mm), and a UV detector, 
an electrode block of the analytical column, two 
conductometric detectors with a measurement range 
between 20 kΩ and 30 MΩ and a steering unit – a 
personal computer PC containing an AD/DA converter.
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Figure 1 
Structures of analyzed compounds: a) 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-on)at (72), 
b) 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-4-methylcyclopentan-3-on)at (73), c) 1-(N-morpholiniomethyl)
spirobi(1-sila-2,5-dioxa-4-(i-propyl)cyclopentan-3-on)at (79)
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Figure 2 
Structure of a compound used in terminating 
electrolyte 4,4’-bis[(1-morpholiniomethyl)spirobi(1-sila-
2,5-dioxacyclopentan-3-on)at]
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Results and discussion

The study included: 1-(N-morpholiniomethyl)
spirobi(1-sila-2,5-dioxacyclopentan-3-on)at, 1-(N-mor-
pholiniomethyl)spirobi(1-sila-2,5-dioxa-4-methylcyclo-
pentan-3-on)at, 1-(N-morpholiniomethyl)spirobi(1-si-
la-2,5-dioxa-4-(i-propyl)cyclopentan-3-on)at. The 
initial sample preparation procedure should be fast, 
selective, and environmentally friendly (Buszewski & 
Szultka 2012; Popiel & Nawała 2013; Popiel et al. 2014; 
Małkiewicz et al. 2015; Nawała et al. 2016; Wrona et al. 
2019). In order to select optimal extraction conditions 
for ES-silanates, the tests were carried out on three 
extraction columns differing in the chemical structure 
of the stationary phase (Fig. 3). Characteristics of 
the extraction column filling material used in the 
research indicate that the percentage of carbon and 
hydrogen and the degree of surface coverage of 
the extraction phases are at a sufficiently high level 
(Gadzała-Kopciuch et al. 2005). The octadecyl phase 
was characterized by the highest surface coverage 
density (4.68 μmol m−2). Whereas the chemically 
bonded phenylpropyl phase was characterized by 
the lowest coverage density (4.21 μmol m−2) and the 
highest percentage of carbon (12.60%). On the other 
hand, the octyl phase was characterized by the lowest 
percentage of carbon (11.04%). 

To select the best conditions for the liquid-solid 
extraction process, solutions of ES-silanate derivatives 
in distilled water at 100 µg l−1 were prepared. The 
solutions were mixed and concentrated, and recovery 
values for three ES-silanate derivatives on three 
different extraction columns were determined. The 
obtained results of the research are presented in 

Table 1. The highest recovery value of 93.9 ± 4.1% 
was obtained for compound (79) on the column 
packed with phenylpropyl. The lowest recovery value 
(82.2 ± 4.3%) was determined using the octyl column 
for derivative (72). The highest recovery values were 
observed for the chemically bonded phenylpropyl 
phase.

The high recovery values obtained on the 
phenylpropyl column are probably due to the 
presence of an aryl group attached to the alkyl chain. 
It participates in the process of isolating substances 
from various matrices, using mainly π-π interactions in 
the terminal part of the attached ligand together with 
the isolated analyte. Low values of standard deviations 
and the high recovery values indicate a high rate of 
reproducibility of the obtained results. In the case of 
the octadecyl and octyl phases, there are only two 
types of active centers on the surface of the support, 
i.e. residual silanols and hydrophobic alkyl chains 
(Gadzała-Kopciuch et al. 2005).

The qualitative and quantitative analyses of 
(ES)-silanates were conducted with ITP. The best 
conditions of separation and determination are shown 
in Tables 2 and 3 and on the isotachophoregram 
(Fig. 4). At the beginning, ES-silanates were 
investigated separately to determine the shortest time 
of analysis, then on mixed solutions. Isotachophoresis 
with conductometric detection was used as the 
method.

Tables 2 and 3 show common parameters of the 
optimum separation and determination of (72), (73) 
and (79) by the isotachophoretic technique. The 
analyses were carried at voltages ranging from 11 
kV to 15 kV, wherein at voltage lower than 11 kV no 
separation was achieved. The best results of separation 
were obtained at voltage reduced to 12 kV (Fig. 4).

The proposed composition of electrolytes enables 
the optimum individual determination of these 
compounds as well as the determination of their 
mixture in acidic medium. The mobility of ions of 
an analyzed sample must be lower than that of the 
terminating electrolyte and higher than the mobility 
of the leading electrolyte (Mala et al. 2017; Kluska et al. 
2019a; Kluska et al. 2020). A new terminating electrolyte 
was developed and used: 4,4'-bis[(1-morpholinio-
methyl)spirobi(1-sila-2,5-dioxacyclopentan-3-on)at] by 
adding the standard. The terminating electrolyte was 
selected considering its ion mobility, which is lower 
than the ion mobility of the analyzed mixture.

The qualitative analysis was based on the identifica-
tion of zone heights compared to the height of zones 
obtained on standard isotachophoregrams and based 
on the comparison of lengths of zones of the analyzed 
ES-silanates with the standard isotachophoregrams.

Figure 3 
Chemical structures of  bonded stationary phases used 
in the study: a)  octadecyl, b) octyl, c) phenylpropyl 
stationary phases
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Figure 4 
Isotachophoregram of the mixture of 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-on)at (72), 
1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-4-methylcyclopentan-3-on)at (73), 1-(N-morpholiniomethyl)
spirobi(1-sila-2,5-dioxa-4-(i-propyl)cyclopentan-3-on)at (79)

Table 1
Mean recovery values [1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyclopentan-3-on)at (72), 1-(N-morpho 
liniomethyl)spirobi(1-sila-2,5-dioxa-4-methylcyclopentan-3-on)at (73), 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-
dioxa-4-(i-propyl)cyclopentan-3-on)at (79)] obtained on the columns used in the study (n = 5)

Type of extraction column
Mean recovery values and SD (%)

(72) (73) (79)
RP Si–C18 85.3 ± 4.2 84.7 ± 3.9 85.1 ± 3.5
RP Si–C8 82.2 ± 4.3 82.9 ± 4.9 83.7 ± 4.6
RP Si–FP 89.3 ± 3.9 91.3 ± 3.6 93.9 ± 4.1

Table 2
Common parameters of optimal (72), (73) and (79) separation and determination by the isotachophoresis method

Parameters of the method
UV fi lter (nm) 200
High Voltage Limit (kV) 12
Sample rate (smp s−1) 50
Polarity + ca� ons

Table 3
Optimum conditions for isotachophoretic separation of a mixture 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-
dioxacyclopentan-3-on)at (72), 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-4-methylcyclopentan-3-on)at (73), 
1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxa-4-(i-propyl)cyclopentan-3-on)at (79)

Considered parameters

Stage Time (s) Intensity (µA) Comp (10 mV) Conductometric
 detector

1 50 80 0
2 70 120 50
3 20 90 0 X
4 250 50 50
5 325 120 0 X
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The analyzed mixture was tested to obtain a 
number of zones containing only one type of ion 
of the separated mixture. The boundaries of the 
obtained zones are sharp, because each zone has 
a different effective ion mobility. This is due to the 
decreasing conductivity of these zones, which results 
in an increase of resistance and changes in the ion 
concentration in the analyzed zone. The increase in 
pH reduced the differences in the effective mobility of 
ions in the analyzed mixture. The analysis carried out 
at pH = 4.2 with the use of acetic buffer allowed the 
full separation of the constituents of the investigated 
mixture (72), (73), and (79) (Fig. 4).

The differences between the mobility of ions in the 
mixture were small and therefore caused problems. 
So far, attempts to separate and determine analyzed 
ES-silanates using the ITP or other chromatographic 
method have not been reported in the chemical 
literature. Optimization of isotachophoretic separation 
and determination was changed at individual stages: 
time of analysis, electric current intensity, the voltage 
limit level and the use of columns: preseparation and 
analytical. The optimum separation of the mixture 
constituents was obtained only on the analytical 
column within 12 min.

The increasing use of isotachophoresis 
for the separation and determination of ionic 
compounds means that ITP can compete with the 
ion chromatography (Railean-Plugaru et al. 2016; 
Kosobucki & Buszewski 2010). Capillary isotachopho-
resis enables the determination of hypercoordinated 
compounds of ES-silanates in aqueous solution. The 
main advantage of the ITP method is the possibility 
of simultaneous analysis of micro and macro amounts 
of constituents in a short time, while samples are 
dissolved in water.

After the optimum conditions for the separation 
and determination of the mixture of ES-silanates were 
developed, the method was validated (Table 4). It was 
found that the recovery of ES-silanates ranges from 
91 ± 5% to 92 ± 4%; linearity from 2.8–49.6 µg l−1 (73) 
and 3.1–50.4 µg l−1 (72), and the detection limit of the 
analyzed compounds  was 2.1 µg l−1 (73).

Conclusions

The study presents a new extraction method 
for three ES-silanates derivatives, namely: 
1-(N-morpholiniomethyl)spirobi(1-sila-2,5-dioxacyc-
l o p e n t a n -3 - o n) a t , 1- ( N - m o r p h o l i n i o m e t hy l )
spirobi(1-sila-2,5-dioxa-4-methylcyclopentan-3-
-on)at, 1-(N-morpholiniomethyl)spirobi(1-sila-2,5-
dioxa-4-(i-propyl)cyclopentan-3-on)at. The highest 
recovery values of about 94% were obtained in 
the extraction column with the chemically bonded 
phenylpropyl stationary phase. The best conditions 
for the analysis of the mixture of ES-silanates from 
aqueous solutions were determined, and the optimum 
time of their analysis did not exceed 12 min. A new 
terminating electrolyte for the analyzed mixture was 
proposed: 4,4'-bis[(1-morpholiniomethyl)spirobi(1-sila-
-2,5-dioxacyclopentane-3-on)at]. The new method 
of analysis increases the possibilities of research on 
biological activity of ES-silanates.
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