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Much recent attention has been focused on the prob-
lem of apoptosis, programmed cell death, which is one
of the main reasons for cell death in various diseases
[1]. Cytochrome 


 


c


 


 plays a central role in the initiation
of apoptosis [2–8]. It is known that a critical event in
the initiation of apoptosis is cytochrome 


 


c


 


 release from
mitochondria into the intercellular space; however, the
mechanism of this release remains unclear. Currently, it
is believed that a key role in this process is played by
the peroxidase activity of cytochrome 


 


c


 


 [1, 2]. Study of
cytochrome 


 


c


 


 release from mitochondria is of impor-
tance for the elucidation of the mechanism of apoptosis
development and the action of corresponding drugs.
Therefore, routine and rapid quantification of cyto-
chrome 


 


c


 


 (both the total amount and the content of
active forms) is important for medical and biological
purposes.


Nitric oxide (NO) is a key physiological regulator.
Of special interest is the interaction of NO with heme
proteins, including cytochrome 


 


c


 


 [9], to form nitrosyl
complexes. This interaction affects the peroxidase
activity of cytochrome 


 


c


 


 [10], which can be used for
regulating apoptosis.


This work deals with the choice of conditions for
quantification of cytochrome 


 


c


 


 forms and its nitrosyl
complex by molecular spectroscopy methods. As such
methods, we used spectrophotometry as a basic method
and thermal lensing as a laser-based method of molecu-
lar absorption spectroscopy, which ensures high sensitiv-
ity of the determination of various substances [11, 12].


EXPERIMENTAL


 


Instrumentation.


 


 On the basis of the available ther-
mal lens spectrometer setup [13], we created a setup for
thermal lensing of biological samples. A thermal lens
was excited in a cell (an optical path length of 1 cm) by
an Innova 90-6 argon ion laser (Coherent, United
States; TEM


 


00


 


 mode, 


 


λ


 


e


 


 = 488.0 and 514.5 nm). An SP
106-1 He–Ne laser (Spectra Physics, United States)
with 


 


λ


 


p


 


 = 632.8 nm (TEM


 


00


 


 mode, 10 mW) was used as
a probe laser. Setup parameters are summarized in
Table 1. The setup allows one to change the geometry
of the optical scheme, the excitation beam power in the
range 1–200 mW, and the irradiation duration in the
range 0.01–10 s. For spectrophotometric measure-
ments, a Shimadzu UV1240 scanning spectrophotome-
ter (Japan) with quartz cells (an optical path length of
1 cm) was used.


 


Data processing.


 


 Thermal lens measurements rep-
resent a sequence of on and off cycles of the excitation
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Abstract


 


—Spectrophotometric and thermal lens measurements showed that cw laser beam (450–530 nm, up
to 100 mW) does not affect the absorption band of cytochrome 


 


c


 


. Therefore, thermal lensing is used for deter-
mining cytochrome 


 


c


 


 (III) (


 


c


 


min


 


 = 1 


 


×


 


 10


 


–7


 


 mol/L at 


 


λ


 


 = 488.0 nm; 


 


c


 


min


 


 = 3 


 


×


 


 10


 


–8


 


 mol/L at 


 


λ


 


 = 514.5 nm) and
its active form, cytochrome 


 


c


 


 (II) (


 


c


 


min


 


 = 1 


 


×


 


 10


 


–8


 


 mol/L at 


 


λ


 


 = 514.5 nm). The enhancement of the sensitivity
of determination of these species as compared with conventional spectrophotometry is more than two orders of
magnitude. The optimal conditions for the formation of the NO complex of cytochrome 


 


c


 


 for its photometric
determination were selected: the molar ratio of dodecyl sulfate (a modifying agent) to cytochrome 


 


c


 


 is 1 : 30 at
a working wavelength of 560 nm. When exposed to laser radiation, the nitrosyl complex of cytochrome 


 


c


 


 dis-
sociates to form cytochrome 


 


c


 


 (III). The decomposition of this complex can be monitored by thermal lensing
(514.5 nm) down to a level of 1 


 


×


 


 10


 


–7


 


 mol/L.
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laser (thermal lens formation/dissipation). Is a result, a
series of signals 


 


θ


 


 can be obtained [12]:


(1)


where 


 


I


 


off


 


 and 


 


I


 


on


 


 are the intensities at the center of the
probe beam in the absence of a thermal lens and when
the lens is completely developed, respectively, and 


 


B


 


 is
a geometric parameter.


The signal 


 


θ


 


 is recalculated into absorbance by the
equation


(2)


where 


 


P


 


e


 


 is the power of the laser beam with the wave-
length 


 


λ


 


e


 


 inducing the thermal lens [12] and 


 


E


 


0


 


 is the
sensitivity factor of thermal lens measurements (an
increase in sensitivity as compared with spectropho-
tometry for a excitation beam power of 1 mW),


(3)


where 


 


dn


 


/


 


dT


 


 is the temperature gradient of the refrac-
tive index, 


 


k


 


 is the thermal conductivity of a medium,
and 


 


λ


 


p


 


 is the probe beam wavelength.


 


Reagents and solvents.


 


 Cytochrome 


 


c


 


 from horse
heart 99% (Sigma, M = 12 383) for biochemical stud-
ies, sodium dodecyl sulfate (SDS, 99% Fluka, M =
288.4), NaH


 


2


 


PO


 


4


 


 · 2H


 


2


 


O (pure for analysis, Khimmed),
NaOH (aqueous solution, pure for analysis), 1 M KCl
(pure for analysis, Khimmed) and ascorbic acid
(reagent grade) were used.


Solutions of cytochrome 


 


c


 


 (1 mmol/L) and SDS
were prepared by dissolving a weighed sample of a
reagent in distilled water. A phosphate buffer solution


θ 1
B
--- 1


Ioff Ion–
Ion


------------------- 1+–⎝ ⎠
⎛ ⎞ ,=


A
θ


2.303E0Pe
-------------------------,=


E0
dn/dT


kλp
---------------,=


 


with pH 7.4 and a concentration of 20 mmol/L was pre-
pared by dissolving a weighed sample of NaH


 


2


 


PO


 


4


 


 ·
2H


 


2


 


O in distilled water. The required pH 7.4 was
adjusted by adding NaOH while monitoring the acidity
with a pH meter. The required ionic strength was cre-
ated by adding a KCl solution. All prepared solutions
were kept in the dark at 4


 


°


 


C. Ascorbic acid was used for
preparing ascorbate, required for the reduction of cyto-
chrome 


 


c


 


. A solution of 5 mg of ascorbic acid in
100 mL of water was titrated with an NaOH (pH 12)
solution to pH 7. The resulting solution was diluted
with water (1 : 5) and used for reducing cytochrome 


 


c


 


.


 


Gaseous nitric oxide


 


 was obtained by a dry method
from KNO


 


2


 


, KNO


 


3


 


, Cr


 


2


 


O


 


3


 


, and Fe


 


2


 


O


 


3


 


 [14, 15]:
3KNO


 


2


 


 + KNO


 


3


 


 + Cr


 


2


 


O


 


3


 


  2K


 


2


 


CrO


 


4


 


 + 4NO (iron(III)
oxide is required for the agglomeration of the chro-
mate). The evolved NO was bubbled through the four
traps with NaOH (20%) to remove higher nitrogen
oxides and then through an absorbing trap (two com-
partments were filled with 10 M NaOH and the third
one, with distilled water [16]). A quartz tube filled with
a mixture of the reagents with argon was heated at
300


 


°


 


C until gas evolution ceased. The resulting gas was
used for saturating degassed water obtained by bub-
bling an argon flow thorough distilled water for 15 min.


 


Preparation of nitrosyl complexes of cytochrome


 


c


 


.


 


 The water saturated with NO was added to a mixture
cytochrome 


 


c


 


 (III) (7 


 


×


 


 10


 


–6


 


 M) and SDS (0.22 mM) in
the presence of 4 


 


×


 


 10


 


–6


 


 M ascorbate in the phosphate
buffer solution (20 mM, pH 7.4), the total mixture vol-
ume being 2 mL. The concentration of the resulting NO
solution was unknown; therefore, the ratio of cyto-
chrome c to NO was selected before each experiment.


Reduction of cytochrome c by ascorbate. A 9-mg
sample of cytochrome c was dissolved in 100 mL of
water. Then, 1.25 mL of the resulting solution was sam-
pled. A 5-mg portion of SDS was dissolved in 24 mL of


Table 1.  Parameters of the configuration of a dual-beam thermal lens spectrometer with a single-channel signal detection system


Excitation laser


Wavelength λe, nm 514.5 488.0


Confocal distance zce, mm 6.4 6.7


Power range in a cell, mW 1–50 1–50


Cross sectional radius of the laser beam waist ω0e, µm 55 ± 5


Focal length of a focusing lens fe, mm 300


Probe laser


Wavelength λp, nm 632.8


Focal length of a focusing lens fp, mm 185


Confocal distance zcp, mm 3.1


Laser power in a cell Pp, mW 3


Cross sectional radius of the laser beam waist ω0p, µm 25.0


Optical scheme 
parameters


Optical path length l, mm 10.0


Cell–detector distance, cm 180


Geometric parameter B 0.72


Chopper frequency ϕ, Hz 0.5–4
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water. A 0.4-mL portion of this solution was sampled.
Then, 1.25 mL of 100 nM phosphate buffer solution
was added. To the resulting solution, 0.2 mL of the pre-
pared ascorbate solution was added. The spectra of the
reaction products were recorded on a spectrophotome-
ter immediately after preparation of the solution.


Determination of the nitrosyl complex of cyto-
chrome c. The solutions of the nitrosyl complex of
cytochrome c were exposed to a laser beam (514.5 nm,
40 mW) for 10, 70, or 370 s. In the case of thermal lens
measurements, a thermal lens signal was recorded dur-
ing these periods; in the case of spectrophotometric


measurements, the absorption spectra of the irradiated
mixture were recorded after these periods of time.


RESULTS AND DISCUSSION


Study of the laser beam effect on cytochrome c.
Comparison of the absorbance of cytochrome c solu-
tions determined by spectrophotometry and calculated
from the thermal lens signal at wavelengths of its gen-
eration showed that the beam has no effect on cyto-
chrome c (Fig. 1). Hence, cytochrome c and its active
forms can be studied by thermal lens spectrometry,
which is more sensitive than spectrophotometry.


Performance parameters of the quantification of
cytochrome c. We constructed calibration curves for
cytochrome c (III) and cytochrome c (II) for spectro-
photometric measurements (in the maxima of absorp-
tion bands) and for thermal lens measurements. The
calibration curves for cytochrome c (III) were con-
structed at two wavelengths, 488.0 and 514.5 nm, and
for cytochrome c (II), only at 514.5 nm (at 488.0 nm,
the molar absorptivity of cytochrome c (II) is small).
The results are summarized in Table 2. The resulting
detection limits correlate with the available data [17].
The reproducibility of determination of cytochrome c at
a level of 10–7 M is no worse than that of the spectro-
photometric determination. The increase in sensitivity
for both cytochrome c forms is more than 200-fold,
which is in agreement with the expected increase in the
sensitivity of thermal lensing.


Synthesis of the NO complex of cytochrome c (III).
Among the conditions of synthesis of nitrosyl complexes
of cytochrome c, the SDS–to–cytochrome c and cyto-
chrome c–to–NO ratios were selected. SDS acts as an
agent facilitating the access of the ligand to the heme
[10]. We found that the optimal ratio of SDS to the pro-
tein is in the range from 1 : 30 to 1 : 50. However, since


450 470 490 510
λ, nm


0.03


0.04


0.05


0.06


A


Fig. 1. Comparison of the absorption spectra of 5.7 µM
cytochrome c (III) obtained by spectrophotometry and ther-
mal lensing. The solid line shows the absorbance obtained
from spectrophotometric measurements, and data points
correspond to the absorbance recalculated from the thermal
lens signal.


Table 2.  Equations of calibration curves and characteristics of the sensitivity of the spectrophotometric and thermal lens
determination of cytochrome c


Method Cytochrome c (III) Cytochrome c (II)


Spectropho-
tometry


A530 = (1.1 ± 0.1)c + 1.1 × 10–2 (n = 12, P = 0.95;
r = 0.9989)
cmin = 7 × 10–6 M
sr(10–5–10–4 M) = 0.02–0.05


A550 = (1.7 ± 0.2)c + 1.1 × 10–2 (n = 12, P = 0.95;
r = 0.9979)
cmin = 2 × 10–6 M
sr(10–5–10–4 M) = 0.03–0.05


Thermal lens 
spectrometry 
(40 mW)


ϑ488 = (0.220 ± 0.002)c + 1.1 × 10–2 (n = 12,
P = 0.95; r = 0.9994)
cmin = 1 × 10–7 M
sr(10–7–10–6 M) = 0.01–0.04


ϑ514.5 = (0.558 ± 0.003)c + 3.9 × 10–2 (n = 12,
P = 0.95; r = 0.9994)
cmin = 1 × 10–8 M
sr(10–8–10–6 M) = 0.02–0.06


ϑ514.5 = (0.396 ± 0.004)c + 2.2 × 10–2 (n = 12,
P = 0.95; r = 0.9997)
cmin = 3 × 10–8 M
sr(10–8–10–6 M) = 0.02–0.05


Note: For the calibration curves, concentration are in mmol/L (spectrophotometry) and µmol/L (thermal lensing).
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SDS is a surfactant and tends to form colloid solutions,
we chosen the minimal value of this ratio (1 : 30).


Inasmuch as proteins denature at an interface, the
formation of an interface when a gas is bubbled through
a solution is undesirable. Therefore, to obtain the NO
complex of cytochrome c, gaseous nitric oxide was not
passed through the solution of the protein with SDS;
rather, the reaction was carried out in aqueous solutions
preliminarily saturated with NO. Solutions of NO were
added 5 min after the other reagents. The products of
the reaction of cytochrome c with NO were identified
from changes in the absorption spectrum as compared
with the same amount of a solution of all components
except NO. A buildup of the absorption at 560 nm
(Fig. 2), which is evidence of the presence of the NO
complex of cytochrome c [10], was observed when
100–300 µL of the NO solution was added; a further
increase in the NO volume did not lead to further
changes in the absorption spectrum of cytochrome c.


Study of the laser beam effect on the NO complex
of cytochrome c. The complex was exposed to laser
radiation, which led to rather rapid decomposition of
the NO complex of cytochrome c (Fig. 3). The complex
decomposed (the peak at 560 nm decreased) and the
spectrum of cytochrome c was restored in 10 s. In the
absence of laser radiation, the complex is stable and
does not decompose over time; therefore, the decompo-
sition of the complex is only caused by the action of the
laser beam. Figure 3 shows that the complex decom-
poses to produce cytochrome c (III), but a fraction of
nascent cytochrome c again reacts with NO present in
the system. Thermal lens determination of the nitrosyl
complex of cytochrome c is possible at the level of con-
centrations achieved for cytochrome c (II, III), i.e.,
10−7 M, and gives the same gain in sensitivity as com-
pared with spectrophotometry and in the case of deter-
mination of cytochrome c (III), i.e., about a 200-fold
increase.


We selected the conditions of the spectrophotomet-
ric and thermal lens determination of cytochrome c, its
active form, and its complex with NO. We found that a
laser beam does not lead to changes in the absorption
spectrum of cytochrome c of cytochrome c. This obser-
vation makes it possible to use high-sensitivity thermal
lens spectrometry for determining cytochrome c (II)
and cytochrome c (III) at a level of 10–8 mol/L, which
cannot be achieved by most other methods of determi-
nation of cytochrome c. The conditions found can be
used for studying inhibition and reactivation of peroxi-
dase activity of cytochrome c under the action of NO
[10] by thermal lens spectrometry, which was beyond
the scope of the present paper. In addition, laser-regu-
lated and -controlled photodissociation of the NO com-
plex of cytochrome c can be used in laser therapy.


600500400
λ, nm


1.0


0.6


0.2


A


600560520
λ, nm


0.10


0.06


0.02


A 1


21


2


Fig. 2. Absorption spectrum of cytochrome c (III) (1) with and (2) without NO.


590540490
λ, nm


0.06


A


0.10


0.02


1


2, 3, 4


5


Fig. 3. Decomposition of the NO complex of cytochrome c
induced by laser beam: the absorption spectra of (1) the
intact cytochrome c–NO complex and (2–4) after exposure
to a laser radiation for (2) 10, (3) 70, and (4) 370 s; (5) the
absorption spectrum of cytochrome c (III) is shown for
comparison. The complex was obtained by mixing 20 µL of
a 0.89 mM solution of cytochrome c, 110 µL of a 5.5 mM
solution of SDS, 1470 µL of a 20 mM solution of phosphate
buffer (pH 7.4, and 400 µL of degassed water saturated
with NO.
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Ozone is widely used in chemical technologies;
however, due to its toxicity, the problem of decreasing
the concentration of residual ozone to maximum per-
missible concentrations (MPC) is very important. The
best way to destroy residual ozone is its catalytic
decomposition. Decomposition catalysts of the GTT
type based on cement talum and transition metal oxides
(Mn, Cu, Ni) are highly efficient mechanically robust
catalysts [1] operating in both dry and wet gas flows,
which makes it possible to use them in modern pro-
cesses involving ozone. However, GTT catalysts have
some drawbacks since they contain nickel oxides,
which belong to hazard class I, as well as manganese
and copper oxides, which belong to hazard class II.
Therefore, design of new environmentally safe and
inexpensive catalysts, for example, on the basis of iron
oxides (hazard class III) remains among the important
problems of state-of-the-art ozone technologies.


EXPERIMENTAL


Iron(III) oxide used for preparation of catalysts was
obtained by ozonation of an aqueous solution of
iron(II) sulfate, as well as water from the artesian well
of the Lianozovskii milk plant, in which the iron con-
tent is 0.57–1.19 mg/L and considerably exceeds the
MPC level (0.30 mg/L). Ozonation of artesian water led
to the formation of a precipitate, which consists mainly
of iron hydroxides; it accumulates in large amounts as
a by-product. The precipitate was filtered off and dried,
studied by X-ray powder diffraction and Mössbauer
spectroscopy, and then used as the major component for
preparation of iron-containing catalysts. As the other
components, high-alumina cement (talum) and clay
were used.


Two series of catalyst were synthesized: In the first
series, clays of different compositions were used as a


binder; in the second series, talum and clay were used
as a binder. Cement-containing catalysts were prepared
by hydrothermal synthesis [2] involving the following
processes: mixing of initial components in specified
ratios in the presence of water; extrusion of the result-
ing mass and keeping the resulting extrudates in humid
air and then in hot water at 80–90


 


°


 


C at the stage of
hydrothermal treatment; drying; and calcination at
450


 


°


 


C. Catalysts free of high-alumina cement were
synthesized analogously, excluding the stage of hydro-
thermal treatment. The kinetics of ozone decomposi-
tion was studied in a flow-type catalytic setup. Ozone,
obtained in a barrier discharge, was passed through a
U-shaped glass reactor with an inner diameter of 1.5 cm
where a catalyst (2 g) was placed. The outside geomet-
ric surface area of this sample was 30–40 cm


 


2


 


. The
ozone concentration was no more than 20 mg/L and
was determined on a Medozon-254/5 spectrometer.


As a measure of the activity of the catalysts, the
value of 


 


γ


 


 was used, which shows the fraction of active,
i.e., leading to ozone decomposition, collisions
between the molecules and the surface. The 


 


γ


 


 value was
calculated by the equation [3]


where [O


 


3


 


]


 


0


 


 and [O


 


3


 


] are, respectively, the ozone con-
centrations at the inlet and outlet of the catalytic reactor
filled with catalyst grains, 


 


ω


 


 is the gas flow rate (cm


 


3


 


/s),


 


u


 


 is the thermal velocity of molecules (cm/s), and 


 


s


 


 is
the outside geometric surface of the catalyst grains
(cm


 


2


 


).


The texture characteristics of a catalyst were deter-
mined by the low-temperature nitrogen desorption
method on a Quantachrome Autosorb-1 instrument.
X-ray powder diffraction patterns were obtained on a


γ
4ω O3[ ]0/ O3[ ]ln


us
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Abstract


 


—Cement-containing catalysts of ozone decomposition were synthesized on the basis of iron oxides
obtained by ozonation of iron-containing aqueous solutions. X-ray diffraction analysis and Mössbauer spec-
troscopy showed that 


 


α


 


-Fe


 


2


 


O


 


3


 


 occurs in the catalyst as highly dispersed nanoparticles. The catalysts obtained
are efficient in the reaction of ozone decomposition and are as active as the best representatives of cement-con-
taining catalysts of the GTT type.
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DRON-3M diffractometer with filtered Co


 


K


 


α


 


 radiation.
Mössbauer spectra were measured on an MS-1104Em
spectrometer.


RESULTS AND DISCUSSION


According to X-ray diffraction, the main product of
ozonation of iron-containing waters is lepidocrocite.
Calcination of this product at 450


 


°


 


C yields iron oxide


 


α


 


-Fe


 


2


 


O


 


3


 


. Estimates of the coherent scattering length of
the sample obtained by ozonation of an aqueous solu-
tion of iron(II) sulfate allowed us to determine the par-
ticle size, which was no more than 20 nm; i.e., oxide
exists as highly dispersed particles.


The presence of the highly dispersed phase in the
sample obtained by ozonation of both an aqueous solu-
tion of iron(II) sulfate and natural water was confirmed
by Mössbauer spectroscopy. The spectra measured at
293 and 77 K showed the presence of the fine hematite
and goethite phases with a grain size of no more than
10 nm.


As mentioned above, we synthesized two series of
catalysts based on iron(III) oxides and clay (series 1)
and based on high-alumina cement and clay (series 2).
The figure presents the results of determination of the
activity (


 


γ


 


) of iron-containing catalysts with different
types of clays. The figure shows that the catalysts con-
taining clay G-1 are the most active in ozone decompo-
sition. The sample containing 75 wt % Fe


 


2


 


O


 


3


 


 and
25 wt % G-1 clay is the most efficient (


 


γ


 


 = 2.2 


 


×


 


 10


 


–4


 


)
among the iron-containing catalysts that we prepared.
However, all catalysts of series 1 have an important
drawback, namely, very low mechanical strength.


The introduction of high-alumina cement into cata-
lysts imparts to them strength and heat resistance, but
leads to wear of equipment and complicates extrusion
of catalysts [2]. In the second series of catalysts, the
main binder clay was exchanged for talum and clay G-1
was used as a plasticizer.


The table shows the compositions of catalysts of
series 2, as well as their activity in the ozone decompo-
sition reaction. As is seen, the catalyst containing
65 wt % iron(III) oxide was the most active (2.0 


 


×


 


 10


 


–4


 


).
The catalyst of this composition has the following tex-
ture characteristics: the specific surface of the catalyst
was 150 m


 


2


 


/g, the pore volume was 0.27 cm


 


3


 


/g, and the
average pore diameter was 57 Å. These data are close
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Catalytic activity of samples of series 1 as a function of the
Fe


 


2


 


O


 


3


 


 content: (
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) G-1, (
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) G-2, and (


 


3


 


) G-3.


 


Activity of iron-containing catalysts of series 2 in the ozone decomposition ozone


No. Fe


 


2


 


O


 


3


 


, wt % Talum, wt % Clay G-1, wt %


 


S


 


, cm


 


2


 


γ


 


 


 


×


 


 10


 


4


 


Average value


 


γ


 


 


 


×


 


 10


 


4


 


1 33 60 7


32.2 0.97


1.033.0 1.03


32.4 1.04


2 43 50 7


37.3 1.19


1.235.7 1.21


33.5 1.16


3 60 35 5


39.6 1.69


1.738.6 1.64


42.2 1.62


4 65 30 5


33.8 1.97


2.033.0 2.00


33.3 2.02


5 80 15 5 Extrudates disintegrated
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to the values obtained for GTT catalysts [1]. Catalyst
grains containing 80 wt % iron oxide, 15 wt % high-
alumina cement, and 5 wt % clay were destroyed in
water during hydrothermal treatment. This is consistent
with the conclusion that the content of high-alumina
cement in a catalyst should be at least 25 wt % [4].


Calcination of the catalyst with the best activity
(65 wt % 


 


α


 


-Fe


 


2


 


O


 


3


 


) at 700


 


°


 


C leads to a decrease in 


 


γ


 


 to
0.4 


 


×


 


 10


 


–4


 


. An analogous result was previously obtained
for cement-containing catalysts of ozone decomposi-
tion containing Mn, Cu, and Ni oxides [5]. This
decrease can be explained by agglomeration of catalyst
grains at such high temperatures and a possible change
in its phase composition.


The catalyst containing 65 wt % iron oxide in dry
gas showed an activity (table) close to that of a GTT
catalyst (


 


γ


 


 = 2.4 


 


×


 


 10


 


–4


 


) [1], which is today is one of the
best ozone decomposition catalysts. In addition, this


iron-containing catalyst does not contain metal oxides
from hazard classes I and II.
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Radical cations (RCs) in the condensed phase are
intermediates in radiation-chemical, electrochemical,
photochemical, catalytic, etc., processes. In the past
years, chemical transformations of RCs of organic
compounds (alkanes, ethers, esters, acetals, amides,
carboxylic acids, etc.) in the ground and excited states
[1–3] have been studied with the use of stabilization of
RCs in Freon matrices at low temperatures [4]. Using
matrices other than Freon, in particular, sulfur hexaflu-
oride SF


 


6


 


, whose ionization potential noticeably
exceeds the ionization potential of Freons, made it pos-
sible to reveal photochemical reactions of RCs previ-
ously not observed in Freon matrices [3, 5]. In particu-
lar, the study of phototransformations of 1,3-dioxolane
RCs [6, 7] in the SF


 


6


 


 matrix showed that the primary act
involves the formation of the distonic RC.


This work is a continuation of studies of photo-
chemical reactions of electronically excited RCs of
cyclic acetals stabilized at low temperatures in Freon
matrices. The study is aimed at elucidating the mecha-
nism of reactions of electronically excited 1,3-dioxane
and 1,3-dioxolane RCs and quantifying their reactivity
in Freon matrices and comparing it with the reactivity
of RCs of cyclic ethers.


EXPERIMENTAL


CFCl


 


3


 


 (Freon-11, ~99%, Aldrich), CFCl


 


2


 


CF


 


2


 


Cl
(Freon-113, 99.99%), CF


 


3


 


CCl


 


3


 


 (Freon-113a, 99%,
Aldrich), CF


 


2


 


Cl


 


2


 


 (Freon-12, 99.7%), and SF


 


6


 


 (~99.5%)
were used as matrices. In some cases, Freons were
additionally purified by common procedures. 1,3-Diox-
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olane (99%, Lancaster), 1,3-dioxane (97%, Aldrich),
and 1,4-dioxane (99% Aldrich) were used as pur-
chased.


Solutions (0.1–0.5 mol %) of these compounds in
Freon matrices were placed in quartz or SK-4B glass
ampoules, pumped out to a pressure of ~0.1 Pa, and irra-
diated at 77 K to a dose of 2–4 kGy; the source of radia-
tion was a 5BKhV6-W X-ray tube (50 kV, 80, mA).


Electron paramagnetic resonance (EPR) spectra
were recorded on a Varian E-3 radiospectrometer, per-
mitting the recording of a spectrum in digital form. The
concentration of paramagnetic centers in a sample was
determined by comparing to the reference, a single
crystal of CuCl


 


2


 


 · 2H


 


2


 


O with a known number of para-
magnetic Cu


 


2+


 


 ions. The absolute error in determination
of the concentration of paramagnetic particles in exper-
imental samples was no more than 


 


±


 


20%. EPR spectra
were simulated using the common PEST WinSim and
Simfonia programs.


Optical absorption spectra at 77 K were recorded on
a Specord M-40 spectrophotometer; flat quartz cells
with an optical path length of ~0.1 cm were used for
recording spectra. The oscillator strength of an elec-
tronic transition was determined by the equation 


 


f


 


 


 


≅


 


4.32 


 


×


 


 10


 


–9


 


ε


 


max


 


∆


 


H


 


1/2


 


, where 


 


ε


 


max


 


 is the molar absorption
coefficient at an absorption band maximum and 


 


∆


 


H


 


1/2


 


 is
the half-width of an absorption band.


A DRSh-250 high-pressure mercury lamp either
with cutoff glass filters (


 


λ


 


 = 436 nm (the maximal trans-
mission  = 27%, the half-width of the transmission


band  = 2400 cm


 


–1


 


), 


 


λ


 


 = 546 nm (


 


T


 


max


 


 = 58%,


 


∆ν


 


1/2


 


 = 900 cm


 


–1


 


), 


 


λ


 


 = 578 nm (


 


T


 


max


 


 = 45%, 


 


∆ν


 


1/2


 


 =
1700 cm


 


–1


 


)) or with an interference filter for cutting off
light at 700 nm was used as a light source. The absolute
light intensity determined by ferrioxalate actinometry


Tmax


∆ν1/2
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Abstract


 


—The efficiency of photochemical reactions of radical cations of cyclic acetals (1,3-dioxolane, 1,3-
dioxane) is measured in different Freon matrices at 77 K and the influence of the latter on the reaction path is
discovered. The possible nature of the paramagnetic complexes that form in photochemical reactions of cyclic
acetal radical cations in Freon-11 is suggested.
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(436 nm), Reinicke’s salt actinometry (546 and
578 nm), and tetranitromethane–triphenylamine acti-
nometry [8] was 1.2 


 


×


 


 10


 


–5


 


, 5.8 


 


×


 


 10


 


–5


 


, 8.2 


 


×


 


 10


 


–7


 


, and
4.0 


 


×


 


 10


 


–9


 


 einstein cm


 


–3


 


 s


 


–1


 


 at 436, 546, 578, and
700 nm, respectively. The quantum yield of a photo-
chemical reaction was calculated from the decrease in
the RC concentration as a function of the dose absorbed
by the RC. The absolute error in determination of quan-
tum yields was no more than 


 


±


 


25%.


RESULTS AND DISCUSSION


 


Magnetic Resonance Parameters of 1,3-Dioxolane, 
1,3-Dioxane, and 1,4-Dioxane RCs


 


Upon X-ray irradiation of solutions of acetals (1,3-
dioxolane and 1,3-dioxane) in Freons at 77 K, not only
organic RCs but also paramagnetic centers (PCs) of
another nature that form from molecules of Freon and
organic additions are stabilized in the matrix, the con-
tent of RCs in initial samples in different Freons being,
as a rule, no higher than 40%.


A specific feature of the EPR spectra of the cyclic
acetal RCs is that the low- and high-field groups of lines
of the hyperfine structure (HFS) do not overlap with the
signals of other PCs and can be used for determining
the RC concentration (Figs. 1


 


a


 


–1


 


c


 


, 2


 


a


 


, 2


 


b


 


).


The hyperfine coupling (HFC) constants (


 


a


 


1


 


(H) =
136.0 G, 


 


a


 


2


 


(H) = 167.5 G, and 


 


a


 


3


 


(4H) = 11.5 G) and the
linewidth measured between the points of the maximal
slope (


 


∆


 


H


 


max


 


 


 


≈


 


 4.5 G) that ensure the best fit of the cal-
culated EPR spectrum (Fig. 1


 


d


 


) to the experimental
spectrum of the 1,3-dioxolane RC in the Freon-11
matrix are consistent with the data in [9] for the HFC
constants of these RCs in the Freon-11 matrix
(


 


a


 


1


 


(1H) = 134.0 G, 


 


a


 


2


 


(1H) = 166.0 G, and 


 


a


 


3


 


(4H) =


11.0 G); however, they noticeably differ from the data
in [10] for the same matrix (


 


a


 


1


 


(2H) = 153.0 G and


 


a


 


2


 


(4H) = 11.2 G). We found that the EPR spectra of
RCs stabilized in the Freon-11 matrix depend on the
orientation of a sample with respect to the magnetic
induction vector of the external magnetic field. This
experimentally established fact creates extra difficulties
for simulation of spectra in a matrix.


The best-fit HFC constants and 


 


∆


 


H


 


max


 


 values for the
1,3-dioxolane RC in the Freon-113 matrix at 77 K were
determined from the EPR spectra (Fig. 1b) to be


 


a


 


1


 


(1H) = 136.0 G, 


 


a


 


2


 


(1H) = 167.5 G, and 


 


a


 


3


 


(4H) =
11.5 G; 
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H


 


max


 


 = 11.0 G. These values are identical to
the above values for the Freon-11 matrix. However, the
experimental EPR spectra show broader lines and the
HFC constants 


 


a


 


3


 


(4H) in them are poorly detectable. In
interpreting experimental EPR spectra, one should take
into account that irradiation of solutions of 1,3-diox-
olane in the Freon-113 matrix leads to the formation
1,3-dioxa-cyclopent-2-yl radicals (


 


a


 


α


 


(H) = 21.3 G, 


 


g


 


 =
2.0032) [10]. The EPR spectrum of irradiated solutions
of 1,3-dioxolane shows, in addition to the signals of the
RC and 1,3-dioxacyclopent-2-yl radicals, broad lines of
the poorly resolved spectrum of CF


 


2


 


ClC


 


•


 


FCl radicals
forming from the matrix molecules (according to [11],
the HFC constants measured in thiourea inclusion com-


pounds are (F) = 65.0 G and (Cl) = 8.0 G).


The HFC constants for the 1,3-dioxolane RCs stabi-
lized in the Freon-113a matrix at 77 K that lead to the
best fit of the calculated EPR spectrum to the experi-
mental spectrum of the RCs (Fig. 1


 


c


 


) are the same as
those obtained for these species in other Freon matrices
(
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(1H) = 136.0 G, 
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(1H) = 167.5 G, and 
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(4H) =
11.5 G) but somewhat differ from the values reported in
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Fig. 1.


 


 EPR spectra of X-irradiated 0.1 mol % solutions of
1,3-dioxolane in (


 


a


 


) Freon-11, (


 


b


 


) Freon-113, and (


 


c


 


)
Freon-113a at 77 K and (


 


d


 


) the model EPR spectrum of 1,3-
dioxolane RCs with 


 


a


 


1


 


(1H) = 137 G, 


 


a


 


2


 


(1H) = 168 G, and


 


a


 


3


 


(4H) = 11.5 G.


 


Fig. 2.


 


 EPR spectra of X-irradiated 0.1 mol % solutions of
1,3-dioxane in (


 


a


 


) Freon-113a at 77 K and (


 


b) Freon-11
with mechanical pulverization of the sample, and (c) the
model EPR spectrum of the 1,3-dioxane RCs with a1(1H) =
122 G, a2(1H) = 160 G, a3(2H) = 25 G, and a4(2H) = 12 G.
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[12] (a1(1H) = 137 G, a2(1H) = 146 G, a3(2H) = 24.5 G,
and a4(2H) = 10.0 G).


Inasmuch as the spectra in [12] were recorded at
95 K, the differences in HFC constants for the protons
of the bridging methylene group of the O–CH2–O moi-
ety can be due to averaging of their values with an
increase in temperature. The average of the HFC con-
stants that we obtained for these protons (141 G) is
close to the average value (141.5 G) determined in [12–
15]. The large HFC constants for the methylene protons
of the O–CH2–O moiety in acetal RCs are evidence of
efficient π–σ–π spin density delocalization mainly over
this moiety. The nonequivalence of the methylene pro-
tons indicates that this methylene group is out of the
molecule plane. According to [9], the angle between the
molecular plane and the direction to the bridging group
is about 20°. The close values of a1(1H) and a2(1H) for
the 1,3-dioxolane RCs stabilized in different Freons
demonstrate that the RCs stabilized in the matrices
under consideration have nearly the same geometry.


After exposure of 1,3-dioxolane solutions in the
Freon-113a matrix at 77 K to X-rays, the EPR spectrum
showed, in addition to the signals of PCs formed from
Freon-113a molecules and 1,3-dioxane, the signal of
the 1,3-dioxane RCs (Fig. 2a). The calculated HFC
constants for the 1,3-dioxolane RCs (a1(1H) = 122.0 G,
a2(1H) = 160.0 G, a3(2H) = 24.5 G, and a4(2H) =
10.5 G) that provide the best fit to the experimental spec-
trum (Fig. 2a) differ form the data in [12] (a1(1H) =
137 G, a2(1H) = 146 G, a3(2H) = 24.5 G, and a4(2H) =
10.0 G). In the other Freon matrices under study
(Freon-11, Freon-113), the EPR spectra of irradiated
1,3-dioxane solutions differ insignificantly from the
spectra recorded in Freon-113a. However, in these
cases, the interpretation of the EPR spectra of 1,3-diox-
ane RCs is additionally complicated by the observed
angular dependence of the spectrum on the orientation
of a sample in the magnetic field of a radiospectrometer
when the Freon-11 matrix is used and by large line-
widths, which prevents the experimental observation of
the smallest of the HFC constant for the protons of the
RCs in the Freon-113 matrix. We tried to eliminate the
angular dependence of the EPR spectra of 1,3-dioxane
RCs in the Freon-11 matrix by mechanical pulveriza-
tion of samples at 77 K before irradiation (Fig. 2b). In
this case, the HFC constants that ensure the best fit to
the experimental spectrum are the same as the above
values for Freon-113a.


After irradiation of 1,4-dioxane in the Freon-11
matrix at 77 K, the EPR spectrum showed the signal of
1,4-dioxane RCs (Fig. 3a). The HFC constants due to
two groups of equivalent protons that provides the best
fit of the calculated EPR spectrum to the experimental
one (a1(4H) = 9.0 G and a2(1H) = 10.5 G, Fig. 3c) are
nearly the same as in [16]. For the other Freon matrices
that we used (Freon-113a, Freon-113), the EPR spectra
of irradiated 1,4-dioxane solutions differ in that they


show the signals of matrix radicals and different yields
of 1,4-dioxan-2-yl radicals.


Absorption Spectra of Radical Cations
of Cyclic Acetals and Ethers


The absorption spectrum of intermediates—the dif-
ference spectrum after exposure of irradiated 1,3-diox-
olane solutions in the Freon-11 matrix at 77 K to light
with a wavelength of 436, 546, and 578 nm (Fig. 4a)—
has a clear maximum at λ = 440 nm and a broad feature-
less band in a long-wavelength region (λ > 650 nm).
An analogous spectrum, with a maximum at λ =
385 ± 5 nm and a broad featureless band in a low-wave-
length region (λ > 600 nm), was also obtained for inter-
mediates that vanish upon exposure of irradiated 1,3-
dioxane solutions in Freon matrices (Freon-11, Freon-
113) to light with a wavelength of 436, 546, and 578 nm
(Fig. 4b). Inasmuch as the intensity of the bands with
maxima at λ = 440 nm and λ = 385 ± 5 nm changes in
parallel with a change in the concentration of 1,3-diox-
olane and 1,3-dioxane RCs detected by EPR, we assign
these bands to absorption of the corresponding RCs of
cyclic acetals. Gaussian decomposition in the long-
wavelength region of the difference absorption spectra
allows us to distinguish two bands with maxima at λ =
580 ± 10 nm and λ = 700 ± 10 nm. According to [17],
the absorption band at 580 ± 10 nm can arise from ion
pairs F+•/Cl–, where F+• stands for the RCs of matrix
molecules; we believe that the long-wavelength band at
700 ± 10 nm is due to the presence of cyclic acetal RCs
in the samples under consideration. It is worth noting
that two absorption bands at 450 and 730 nm were
observed in [19] for the RCs of 2,4-dioxapentane
(methylal) at 77 K. Comparison of changes in the con-
centration of 1,3-dioxolane and 1,3-dioxane RCs mea-
sured by EPR and the intensity of their absorption
bands at 77 K makes it possible to estimate the extinc-


a


b


c


50 G


Fig. 3. EPR spectra of X-irradiated 0.2 mol % solutions of
1,4-dioxane (a) in Freon-11, (b) after exposure to light with
λ = 436 nm, and (c) the model EPR spectrum of the 1,4-
dioxane RCs with parameters a1(4H) = 9.0 G and a2(1H) =
10.5 G.
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tion coefficients (ε) and oscillator strength (f) for elec-
tronic transitions (Table 1) in comparison with the
known values for RCs of cyclic acetals and ethers. The
extinction coefficients and oscillator strength for cyclic
acetal RCs noticeably increase on going from 1,3-diox-
olane to 1,3-dioxane and 1,3,5-trioxane. It is likely that
distortion of the 1,3-dioxane and 1,3,5-trioxane RC
structure in Freon matrices reduces the symmetry for-
biddenness and causes such a buildup for an n  π*
transition.


The absorption spectrum of 1,4-dioxane RCs in the
Freon-11 matrix at 77 K—the difference spectrum after


exposure of the irradiated sample to light with a wave-
length of 365 nm—has a clear maximum at λ = 430 nm
(Fig. 4c). The extinction coefficient and oscillator
strength for this electronic transitions were estimated at
ε ≈ 2 × 103 M–1 cm–1 and f ≈ 0.08, which is close to the
values typical of ether RCs (Table 1).


Light-Induced Transformations of 1,3-Dioxolane,
1,3-Dioxane, and 1,4-Dioxane Radical Cations


Exposure to light with wavelengths of 436, 546,
578, and 700 nm at 77 K leads to the loss of 1,3-diox-
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0
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A
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Fig. 4. Optical absorption spectra of (a) 1,3-dioxolane RCs, (b) 1,3-dioxane RCs, and (c) 1,4-dioxane in the Freon-11 matrix at 77 K.


Table 1.  Spectral characteristics of RCs of cyclic acetals and ethers


Compound Matrix Wavelength
λmax, nm


Extinction coefficient
ε, M–1 cm–1 (f) Reference


1,3-Dioxolane Freon-11
440, >650 – [7]


410, >650 6.5 × 103 (0.28) *


1,3-Dioxane Freon-11, Freon-113 385 ± 5, 700 ± 10 1.8 × 104 (0.45) *


1,3,5-Trioxane Freon-11 430 1.6 × 104 (0.4) [18]


2,4-Dioxapentane Freon-11 450, 730 – [19]


1,4-Dioxane Freon-11 430 2 × 103 (0.08) *


Dimethyl ether Freon-11 435 (2.5 ± 0.5) × 103 (0.07) [5]


Tetrahydrofuran Freon-11 430 (2.1 ± 0.5) × 103 (0.07) [20]
* This work.
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olane RCs in the Freon-11 matrix and the appearance
an EPR signal (Fig. 5a) typical of particles with spin
density localized on the Cl atom of a Freon molecule
(the HFC constants due to the chlorine atom can be
determined from the experimental spectrum: a||(35Cl) =
65 ± 1 G, ∆g = g|| – g⊥ = 0.003). Exposure to light with
a wavelength of 436 and 546 nm leads to a decrease in
the total concentration of PCs, whereas exposure to
light at 578 and 700 nm does not affect the PC concen-
tration. To eliminate the angular dependence of EPR
spectra of the products of transformation of 1,3-di-
oxane RCs in the Freon-11 matrix, samples were
mechanically pulverized at 77 K before irradiation.


The loss of 1,3-dioxolane RCs exposed to light with
a decrease in the PC concentration allows us to assume
the occurrence of photoinduced charge transfer to
matrix molecules. With allowance for the difference in
ionization potential between the molecules of the
matrix (11.77 eV) and organic additive (9.9–10.0 eV),
this process is possible at a photon energy in the wave-
length range used (λ = 436–578 nm). The quantum
yields of the reactions of charge transfer and formation
of particles with spin density localized at the Cl atom
for 1,3-dioxolane RCs exposed to light of various
wavelengths are listed in Table 2.


When Freon-12 (ionization potential, 12.2 eV) is
used as the matrix, exposure to light with λ = 436–
578 nm at 77 K leads to the loss of 1,3-dioxolane and
1,3-dioxane RCs without formation of paramagnetic
centers. Exposure of 1,3-dioxolane RCs in the Freon
113 matrix at 77 K to light with λ = 436 and 546 nm
leads to the loss of RCs; however, the overall concen-
tration of paramagnetic particles remains constant. The
paramagnetic phototransformation products are the
O=CHOCH2C•H2 radicals (aα(2H) = 20 G, aβ(1H) =
30 G), which is consistent with the data in [7]. The
quantum yields of the 1,3-dioxolane RC loss in the
Freon-113 matrix under the action of light of various
wavelengths are given in Table 2.


Photolysis with light at λ = 436 and 546 nm leads to
the loss of 1,3-dioxolane RCs in the Freon-113a matrix
at 77 K without formation of paramagnetic products,
which points to the occurrence of photoinduced charge
transfer to matrix molecules with the quantum yields
listed in Table 2.


Exposure of 1,3-dioxane RCs in the Freon-11
matrix at 77 K to light with λ = 546 nm leads to their
loss, while the overall concentration of paramagnetic
centers remains unaltered; concurrently, new paramag-
netic species are generated that give rise to an EPR
spectrum close to the spectrum observed on exposure to
light of 1,3-dioxolane RCs (Fig. 5b).


Exposure to light with a wavelength of 436 and
546 nm leads to the loss of 1,3-dioxane RCs in the
Freon-113 matrix, while the overall PC concentration
remains the same: during photolysis, an EPR spectrum
appears and builds up, which can be assigned to
O=CHOCH2C•H2 radicals. The best-fit HFC constants
are aα(2H) = 20 G and aβ(1H) = 30 G.


When illuminated at 546 nm, the 1,3-dioxane RCs
in the Freon-113a matrix (the ionization potential,
11.8 eV, is the same as that of Freon-11) are lost with-
out formation of new paramagnetic species; i.e., charge
transfer to the matrix takes place. An analogous situa-
tion is also observed for 1,3-dioxolane RCs in the
Freon-113a matrix exposed to light with λ = 546 nm.


Thus, the RCs of cyclic acetals (1,3 dioxane, 1,3-
dioxolane) enter into identical photochemical reactions
almost in all cases.


The quantum yields of the loss of 1,3-dioxane RCs
in various matrices during photolysis with light of var-
ious wavelengths are given in Table 2. The quantum
yield of formation of species with spin density local-
ized at the chlorine atom in the Freon-11 matrix is
almost the same as the quantum yield for the analogous
reaction of 1,3-dioxolane RCs, although this equality is
achieved under the action of light in different spectral
ranges (λ = 546 and 700 nm for 1,3-dioxane and 1,3-
dioxolane, respectively). It should be noted that, for


a


b


50 G


Fig. 5. EPR spectra observed at 77 K in the Freon-11 matrix upon illumination at λ = 546 nm of (a) 1,3-dioxolane RCs and (b) 1,3-
dioxane RCs.







158


MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 3      2008


MEL’NIKOV et al.


1,3-dioxolane RCs exposed to light with λ = 436 nm,
the quantum yields of formation of the distonic RC in
the SF6 matrix and the paramagnetic complex in the
Freon-11 matrix are comparable, whereas the latter
noticeably increase upon illumination with light in the
range of the long-wavelength absorption band of the
1,3-dioxolane RC. Reactions in the other Freon matri-
ces yield different products and are noticeably less effi-
cient.


Illumination at λ = 436 or 365 nm leads to the loss
of the 1,4-dioxane RCs in the Freon-11 and Freon-113a
matrices (Fig. 3b) without formation of paramagnetic
products, which points to the occurrence of photoin-
duced charge transfer to matrix molecules. The quan-
tum yields of these reactions are listed in Table 2. In the
Freon-113 matrix, the major paramagnetic product of


the photochemical reaction of the RCs are 1,4-dioxan-
2-yl radicals, characterized by the HFC constants
aα(1H) = 17.2 G and Σaβ(2H) = 45.5 G [21]. Our find-
ings concerning the path and efficiency of photochemi-
cal reactions involving RCs of cyclic acetals in matrices
of different nature allow us to return to consideration of
the mechanism of these processes, as well as to eluci-
dation of possible reasons for so-called “matrix”
effects.


It was noted in [7] that close magnetic resonance
parameters of RCs in matrices of sulfur hexafluoride
and inert gases can be evidence of the absence of strong
specific interactions between RCs and the molecules of
these matrices. In this context, the formation of the dis-
tonic RC upon illumination of the 1,3-dioxolane RC in
this matrix [7] can be considered as evidence of the


Table 2.  Quantum yields of reactions of cyclic acetal and ether RCs in different matrices at 77 K


Radical cation Matrix λ, nm Reaction/reaction
product


Quantum yield
Φ Reference


SF6 436 Distonic RC 0.02 [7]


Freon-11


436


Charge transfer


0.1


[7], *546 0.07


578, 700 0


Freon-11


436


Paramagnetic complex


?0.02


[7], *578 0.1


700 0.4


Freon-113
436


Deprotonation
0.08


[7], *
546 0.07


CF3CCl3
436


Charge transfer
0.1


[7], *
546 0.06


Freon-11 546 Paramagnetic complex 0.44


*Freon-113
436


Deprotonation
0.02


546 0.02


Freon-113a 546 Charge transfer 0.02


Freon-11 546
+CH2=COCH2O•


0.24


[18]Freon-113 546 0.26


Freon-113a 546 0.36


Freon-11 436 Charge transfer 0.3 ± 0.1
[20]


Freon mixture** 436 Charge transfer 0.06 ± 0.03


Freon-11 365 Charge transfer 0.15 ± 0.05


*Freon-113 365
Deprotonation ?0.02


Charge transfer ?0.04


Freon-113a 365 Charge transfer 0.08 ± 0.04


  *This work.
**Freon-11 (50%) + Freon-114B2 (50%).


O O•+


O O
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O O
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mechanism of the process under conditions when the
interaction of the initial RC with the matrix is mini-
mized.


At the same time, for the Freon-11 matrix after irra-
diation of solutions of different organic compounds
(aldehydes, lactones, methyl formate, alkyl halides,
etc.), the EPR spectra often show HFC to the chlorine
atom [22, 23], which can be explained by the formation
of RC complexes with matrix molecules. In [22], it was
shown for different types of RCs that, in the ionization
potential (IP) range from 9 to 11 eV, there is a correla-
tion between a||(35Cl) values and the IP of the substrate.
RC complexes that form at 77 K directly under the
action of ionizing radiation on the systems studied have
been addressed in [22, 23]. In solutions of 2,4-dioxap-
entane and 1,3-dioxane in Freon-11, similar particles
did not form after irradiation of the samples at 77 K;
rather, they appeared upon subsequent illumination
with light [7, 24]. It was assumed that phototransforma-
tion of acetal RCs leads to the formation of paramag-
netic complexes of formaldehyde RCs and Freon mol-
ecules. The use of the value a||(35Cl) ≈ 65 G [7],
obtained from the dependence in [22], allowed us to
estimate the IP (~10.6–10.7 eV) of the precursor of the
RC that forms the paramagnetic complex (with allow-
ance for the error of such an approximation, the IP can
be in the range 10.2–11.0 eV). These estimates do not
contradict the hypothesis of formation of paramagnetic
complexes of the formaldehyde RC (10.9 eV) with
Freon molecules in the systems under consideration.


However, in our opinion, there are some factors that
cast doubts on such an assignment of the EPR spectra
observed after exposure to light. One of these factors is
that irradiated dilute solutions of formaldehyde in the
Freon-11 matrix contain, against the background of
high concentrations of other PCs, an insignificant
amount of species with magnetic resonance parameters
(Ax = Ay = 139 G, Az = 141 G, gx = gy = 2.0045, gz =
2.0025) close to the parameters obtained for the form-
aldehyde RCs in the neon matrix at 4 K [26] (Ax =
129.8 G, Ay = 134.5 G, Az = 134.9 G, gx = 2.0069, gy =
2.0015, gz = 2.0025). Thus, there are grounds to believe
that the formaldehyde RCs can be stabilized in the
Freon-11 matrix without forming a complex with
matrix molecules and, at the same time, give rise to an
EPR spectrum other than the spectrum observed after
exposure to light of acetal RCs in [7, 24].


Another factor is the necessity of meeting the
Stevenson–Audier rule. This rule states that, upon
decay of an RC, the charge is localized in the part with
lower ionization energy. Hence, upon thermally acti-
vated decay of 1,3-dioxolane and 1,3-dioxane RCs, the
charge cannot be localized on the formaldehyde mole-
cule since it has the highest ionization potential among
the possible decay products.


In addition, we can refer to the results of [18] where
it was found that the universal mechanism of photo-
chemical reactions of 1,3,5-trioxane RCs in various


Freon matrices involves their dissociation with opening
of the ring and formation of the distonic RC in which
spin is mainly localized at an oxygen atom. Quantum-
chemical calculations (without consideration of inter-
actions of the RC with the medium) showed that the
nascent distonic RC is unstable and can decompose
with elimination of a formaldehyde molecule and its
coordination prevents further decay of the distonic RC
CH2=O+CH2O•. Thus, the data on 1,3,5-trioxane
obtained in [18] show that the formation of formalde-
hyde as a possible product of transformation of the
cyclic acetal RC in the Freon-11 matrix does not lead to
the appearance of HFC to the chlorine atom in EPR
spectra, which is typical of paramagnetic complexes.


We believe that a possible reason for the difference
in the behavior of RCs of cyclic acetals (1,3-dioxolane,
1,3-dioxane, 1,3,5-trioxane) upon exposure to light is a
different structure of intermediates of their photochem-
ical reactions. This structure can be mainly predeter-
mined by differences in the distribution of spin and
charge density in the ground state of the RCs under
consideration. In particular, the calculations in [27] pre-
dicted that the largest positive charge in the 1,3-diox-
olane RC is localized on the methylene group of the –
OCH2O– moiety and that maximal spin populations are
on the two oxygen atoms. At the same time, for the 1,3-
dioxane RC, the localization of the maximal positive
charge is retained, while the spin populations of the two
oxygen atoms are disparate (0.67 and 0.03). For the
1,3,5-trioxane RCs, the spin populations of the oxygen
atoms are also rather different (0.56, 0.05, 0.05) [27].
For the 1,3,5-trioxane RCs, we can state with confi-
dence that the distonic RC +CH2=OCH2O• is formed
and stabilized in different Freon matrices, whereas, in
the case of 1,3-dioxolane and 1,3-dioxane RCs, we
should assume the formation of distonic RCs of another
structure to explain the effects observed in the Freon-11
matrix, namely,


which are identical to the experimentally observed RCs
in the SF6 matrix [7]. We believe that it is precisely the
products of transformation of such distonic RCs, which
form upon elimination of a formaldehyde molecule,
that can form paramagnetic complexes (I) with Freon-
11 molecules


which are observed as the products of photochemical
reactions of cyclic acetal RCs in this matrix.


The possibility of formation of intermediates with a
similar structure in the Freon-11 matrix is supported by
comparison of the experimental EPR spectrum (signals
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were repeatedly accumulated) (Fig. 6a) of the paramag-
netic complex obtained upon illumination of 1,3-diox-
olane RCs in the mechanically pulverized Freon-11
matrix with calculated EPR spectra (Figs. 6b–6f). Our
data demonstrate that for an adequate description of the
EPR spectra, we should assume the presence of consid-
erable spin density not only on the complex moiety rep-
resenting the matrix molecule, but also on the distonic
RC. The fact that exposure to light of cyclic acetal RCs
does not lead to the formation of paramagnetic com-
plexes in the Freon-12 matrix, which has a similar
structure, is evidently due to its high ionization poten-
tial (12.2 eV), which prevents the formation of π com-
plexes between distonic RCs and matrix molecules.


Thus, confirming, on the whole, the scheme of
transformations of RCs of cyclic acetals in [7], we
should introduce refinements concerning the nature of
species stabilized in the Freon-11 matrix. The differ-
ences observed in the behavior of cyclic acetal RCs can
be associated with the fact that the photochemical reac-
tion yields distonic RCs of different structure:


in 1,3-dioxolane and 1,3-dioxane,


O


CH2


O
C
H2


•


+ O O
C
H2


•
+


CH2


;


in 1,3,5-trioxane,


The former eliminate the formaldehyde molecule
and can form complex I with matrix molecules,
whereas the latter undergoes monomolecular decay.
For conclusiveness, quantum-chemical calculations
(which we intend to perform in the future) and experi-
mental studies of the nature of paramagnetic complexes
in linear acetals (methylal) are required.
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Nickel and cobalt base alloys doped with chromium
and vanadium are widely used as refractory construc-
tion materials. During long-term performance at high
temperature, however, a 


 


σ


 


 phase, which has high brit-
tleness and hardness, can be segregated from homoge-
neous solid solutions of these alloys; as a consequence,
the physical and chemical properties of alloys change
dramatically. Therefore, it is of interest to study the
properties, formation conditions, and existence bound-
aries of 


 


σ


 


 phases. This work studies the existence field
of the 


 


σ


 


 phase in the Co–Cr–Ni–V quaternary at 800


 


°


 


C
and vanadium percentages of 10 and 20 at %.


The binaries and ternaries of the Co–Cr–Ni–V qua-
ternary have been well studied [1–10]. Phase equilibria,
involving an FCC 


 


γ


 


 solid solution based on cobalt and
nickel, a BCC 


 


β


 


 solid solution based on chromium and
vanadium, and the 


 


σ


 


 phase, exist in all ternaries at tem-
peratures near 800


 


°


 


C. In the Co–Cr–V and Co–Ni–V
ternaries, the existence fields of 


 


σ


 


 phases extend from
the Co–V side to the Co–Cr side [8] and Ni–V side [9],
respectively. In the Co–Cr–Ni ternary, the homogeneity
field of the 


 


σ


 


 phase penetrates the ternary system from
the Co–Cr side to reach 18 at % nickel [7]. In the Cr–
Ni–V ternary, it penetrates the ternary system from the
Ni–V side to reach 32 at % chromium [10].When vana-
dium percentages exceed 20 at %, intermetallic com-
pounds Co


 


3


 


V, Ni


 


3


 


V, and Ni


 


2


 


V participate in phase equi-
libria. However, the homogeneity fields of these com-
pounds in the ternaries are not large [9, 10].


In this work, we study and construct two sections of
the Co–Cr–Ni–V isothermal tetrahedron at 10 and
20 at % vanadium. We synthesized 16 and 24 alloys,
respectively. Inasmuch as our interest was focused on
phase equilibria involving the 


 


σ


 


 phase, we strove to
ensure that the compositions of alloys lay near the sug-
gested homogeneity field of this phase. Alloys were
alloyed in an electrical arc furnace in a purified argon
atmosphere; then, they were annealed at 800


 


°


 


C for
1200 h with subsequent quenching to cold water. The


resulting samples were characterized using microstruc-
ture examination, X-ray powder diffraction (XRD), and
electron probe microanalysis (EPMA).


X-ray powder diffraction analysis was carried out
on a DRON-4 diffractometer using Cu


 


K


 


α


 


 radiation. The
STOE program was used to process X-ray diffraction
patterns and calculate unit cell parameters. Table 1
compiles the results of XRD analysis.


Electron probe microanalysis was used to study
alloys whose compositions fall into two- and three-
phase fields. Compositions of constituent phases were
determined on a JSM-820 (Joel) scanning electron
microscope equipped with an AN 10/85S (Link)
energy-dispersive attachment. The accelerating voltage
on the cathode was 15 kV. The analytical lines used
were the following characteristic lines: 


 


K


 


α


 


(Co), 


 


K


 


β


 


(Cr),


 


K


 


α


 


(Ni), and 


 


K


 


β


 


(V). Table 2 displays EPMA results. In
some cases, compositions were not determined for all
equilibrium phases because of their low percentages
and fine-grained structures. Reliable determinations
were done only for the composition of the 


 


σ


 


 phase and
the directions of two-phase tie-lines. We should note
that equilibrium phase compositions in the quaternary
are not always in the plane of the section.


The phase equilibrium character in the Ni–Co–Cr–
V system containing 10 and 20 at % vanadium as deter-
mined by XRD and EPMA was verified by microstruc-
ture observation. The microstructure was observed with
a Versamet-2 microscope under a magnification of
150–600. Chemical surface etching was used to pro-
vide phase contrast.


The sections of the Co–Cr–Ni–V isothermal tetra-
hedron containing 10 and 20 at % vanadium are dis-
played in Figs. 1a and 1b. When the system contains
10 at % vanadium, the section is on the whole similar to
the structure of the Co–Cr–Ni ternary at 800


 


°


 


C as
determined earlier [7]. The section is characterized by
an extensive field of cobalt and nickel base solid solu-
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—We studied phase equilibria in the Co–Cr–Ni–V system at 800


 


°


 


C by means of microstructure exam-
ination, X-ray powder diffraction, and electron probe microanalysis. We also constructed sections through the
Co–Cr–Ni–V isothermal tetrahedron containing 10 and 20 at % vanadium.
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Table 1.


 


  Phase composition and the unit cell parameters of constituent phases


Alloy Phase
composition


FCC BCC


 


σ


 


 phase


 


a


 


, Å


 


a


 


, Å


 


a


 


, Å


 


c


 


, Å


Co


 


9


 


Cr


 


63


 


Ni


 


18


 


V


 


10


 


FCC + BCC + 


 


σ


 


3.569(1) 2.883(1) 8.814(1) 4.546(2)


Co


 


9


 


Cr


 


58


 


Ni


 


22.5


 


V


 


10


 


FCC + BCC 3.577(1) 2.888(1) – –


Co


 


13.5


 


Cr


 


54


 


Ni


 


22.5


 


V


 


10


 


FCC + BCC + 


 


σ


 


3.570(1) 2.888(1) 8.820(1) 4.538(1)


Co


 


13.5


 


Cr


 


58.5


 


Ni


 


18


 


V


 


10


 


FCC + BCC + 


 


σ


 


3.567(1) 2.884(1) 8.819(2) 4.552(2)


Co


 


13.5


 


Cr


 


63


 


Ni


 


13.5


 


V


 


10


 


BCC + 


 


σ


 


– 2.886(1) 8.820(2) 4.569(2)


Co


 


18


 


Cr


 


58.5


 


Ni


 


13.5


 


V


 


10


 


BCC + 


 


σ


 


– 2.883(1) 8.818(2) 4.550(2)


Co


 


18


 


Cr


 


54


 


Ni


 


18


 


V


 


10


 


BCC + 


 


σ


 


– – 8.806(2) 4.548(2)


Co


 


22.5


 


Cr


 


49.5


 


Ni


 


18


 


V


 


10


 


FCC + 


 


σ


 


3.575(1) – 8.805(2) 4.543(2)


Co


 


22.5


 


Cr


 


54


 


Ni


 


13.5


 


V


 


10


 


σ


 


 phase – – 8.795(1) 4.549(2)


Co


 


22.5


 


Cr


 


63


 


Ni


 


4.5


 


V


 


10


 


BCC + 


 


σ


 


– 2.885(1) 8.819(1) 4.549(1)


Co


 


27


 


Cr


 


58.5


 


Ni


 


4.5


 


V


 


10


 


BCC + 


 


σ


 


– 2.885(1) 8.819(1) 4.550(1)


Co


 


27


 


Cr


 


49


 


Ni


 


13.5


 


V


 


10


 


σ


 


 phase – – 8.786(1) 4.541(1)


Co


 


31.5


 


Cr


 


45


 


Ni


 


13.5


 


V


 


10


 


FCC + 


 


σ


 


3.564(1) – 8.785(2) 4.533(1)


Co


 


31.5


 


Cr


 


54


 


Ni


 


4.5


 


V


 


10


 


σ


 


 phase – – 8.781(2) 4.538(1)


Co


 


40.5


 


Cr


 


45


 


Ni


 


4.5


 


V


 


10


 


σ


 


 phase – – 8.760(2) 4.537(2)


Co


 


45


 


Cr


 


40.5


 


Ni


 


4.5


 


V


 


10


 


FCC + 


 


σ


 


3.564(1) – 8.773(1) 4.544(1)


Co


 


5


 


Cr


 


5


 


Ni


 


70


 


V


 


20


 


FCC + Ni


 


3V 3.559(1) Ni3V 3.543(1) 7.202(4)


Co5Cr15Ni70V20 FCC 3.554(1) – – –


Co5Cr25Ni70V20 FCC + BCC + σ 3.556(1) 2.890(1) Very little


Co20Cr15Ni45V20 FCC + σ 3.574(1) – 8.801(1) 4.536(1)


Co35Cr10Ni35V20 FCC + Co3V 3.570(1) Co3V 5.012(3) 12.18(2)


Co25Cr25Ni30V20 FCC + σ 3.559(1) – 8.828(3) 4.547(2)


Co20Cr30Ni30V20 FCC + σ 3.553(1) – 8.832(1) 4.555(1)


Co10Cr40Ni30V20 FCC + BCC + σ 3.5247 2.894(2) 8.859(2) 4.554(1)


Co5Cr45Ni30V20 FCC + BCC + σ 3.523(1) 2.8957 Very little


Co30Cr25Ni25V20 FCC + σ 3.526(1) – 8.805(2) 4.560(2)


Co25Cr30Ni25V20 FCC + σ 3.529(1) – 8.805(1) 4.556(2)


Co15Cr40Ni25V20 σ phase – – 8.838(1) 4.557(1)


Co10Cr45Ni25V20 FCC + BCC + σ 3.558(1) 2.888(1) 8.834(1) 4.569(1)


Co50Cr15Ni15V20 FCC + σ 3.5524 – Very little


Co40Cr25Ni15V20 FCC + σ 3.537(1) – 8.817(1) 4.549(1)


Co35Cr30Ni15V20 FCC + σ 3.542(1) – 8.811(2) 4.560(2)


Co25Cr40Ni15V20 σ phase – – 8.822(1) 4.550(1)


Co20Cr45Ni15V20 BCC + σ – 2.849(1) 8.835(7) 4.558(4)


Co10Cr55Ni15V20 BCC + σ – 2.8957 8.841(1) 4.555(1)


Co70Cr5Ni5V20 FCC + Co3V 3.5244 Co3V 4.979(1) 12.296


Co50Cr25Ni5V20 FCC + σ 3.5296 – 8.802(1) 4.543(1)


Co40Cr35Ni5V20 σ phase – – 8.804(2) 4.541(2)


Co30Cr45Ni5V20 σ phase – – 8.831(1) 4.551(1)


Co20Cr55Ni5V20 BCC + σ – 2.894(1) 8.856(3) 4.563(1)
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tion. Addition of vanadium leads to some increase in
the σ homogeneity field in the quaternary; the maximal
nickel solubility is 20.5 at %. The σ homogeneity field
is directed toward the metastable σ phase of the Cr–Ni–
V face.


The cobalt and nickel solubility in the BCC phase is
insignificant. X-ray powder diffraction (Table 1) shows
that the unit cell parameters of the BCC phase in all
two-phase and three-phase samples remain almost con-
stant and close to the unit cell parameter of pure chro-
mium (2.8888 Å).


The position of the equilibrium BCC + FCC + σ
three-phase field was determined with reference to the
intensity ratio of reference lines in the X-ray diffraction
patterns of Co13.5Cr54Ni22.5, Co13.5Cr58.5Ni18, and
Co9Cr63Ni18 three-phase samples and the nickel solu-
bility in the σ phase determined by EPMA (Table 2).


The section of the Co–Cr–Ni–V system containing
20 at % vanadium is depicted in Fig. 1b. In the chro-
mium-rich region, this section is similar to the section
containing 10 at % vanadium. The BCC solid solution
has an insignificant homogeneity field; the unit cell
parameters of the BCC phase are close to the unit cell


Table 2.  Electron probe microanalysis data for Co–Cr–Ni–V alloys


As-batch composition of alloy, at % Phase
composition


Constituent
phase


Composition of the constituent phase, at %


Co Cr Ni V Co Cr Ni V


Alloys containing 10 at % vanadium


13.5 54 22.5 10 β + γ + σ σ phase 16.08 54.14 19.0 10.78


13.5 63 13.5 10 β + σ σ phase 16.13 54.33 17.24 12.3


22.5 63 4.5 10 β + σ σ phase 24.18 60.301 5.64 9.87


22.5 49.5 18 10 γ + σ σ phase 21.7 50.6 16.5 11.2


31.5 45 13.5 10 γ + σ σ phase 29.05 47.6 12.5 10.85


Alloys containing 20 at % vanadium


35 10 35 20 Co3V + γ Co3V 42.9 8.0 19.2 28.9


10 40 30 20 β + γ + σ σ phase 11.4 39.7 27.1 21.8


30 25 25 20 γ + σ σ phase 25.1 35.7 20.8 18.4


35 30 15 20 γ + σ
σ phase 34.0 34.5 12.9 18.6


γ phase 35.4 18.3 23.1 22.2


20 55 5 20 β + σ σ phase 23.62 50.18 5.72 20.5


80604020
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Fig. 1. Sections of the Co–Cr–Ni–V quaternary at 800°C with vanadium atom percentages (at %) of (a) 10 and (b) 20.
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parameters of the relevant Cr–V alloys. The nickel sol-
ubility in the σ phase is ~27 at %. There is also an
extensive homogeneous field of the γ phase (an FCC
structure), which penetrates up to 50–55 at % Co into
the quaternary from the Cr–Ni–V side. The penetration
depth of the FCC phase into the isothermal tetrahedron
for 20 at % vanadium was judged from XRD data for
the Co20Cr15Ni45V20 and Co50Cr15Ni15V20 alloys. The
X-ray diffraction patterns of these samples were identi-
cal, each containing two sets of reflections; the stron-
gest lines were due to an FCC structure. The second
phase σ was detected by the very weak reflections from
its reference lines.


The position of the BCC + FCC + σ three-phase
field was determined by EPMA and XRD of
Co5Cr25Ni70V20, Co10Cr40Ni30V20, Co5Cr45Ni30V20, and
Co10Cr45Ni25V20 three-phase samples.


The ordering of the γ solid solution along the
Co80V20–Ni80V20 side of the isoconcnetration triangle
generates σ + Co3V and γ + Ni3V two-phase fields.


The field of the Ni3V + Ni2V + γ three-phase equi-
librium is depicted on the 20 at % vanadium section
provisionally, on the basis of data on the Cr–Ni–V ter-
nary [10]. The Ni3V + Co3V + γ three-phase field is
depicted on the triangular diagram with reference to the
X-ray diffraction study along the Co3V–Ni3V section
performed by Koester and Sperner [9]. Although
Koester and Sperner [9] were mistaken in believing that
the aforementioned compounds form continuous solid
solutions, the unit cell parameter plots show a flex point


when Ni : Co = 3 : 1. This trend implies that the
Co3V + Ni3V two-phase field indeed exists in this com-
positional region.


In summary, comparing the sections of the Co–Cr–
Ni–V isothermal tetrahedron containing 10 and 20 at %
vanadium, we have seen that an increase in vanadium
percentage increases the existence field of the σ phase
from 18 at % Ni [7] to 27 at % Ni.
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Ternary intermetallic compounds R


 


x


 


T


 


y


 


X


 


z


 


 (where
R is a rare-earth metal, T is a transition metal, and X is
a 


 


p


 


 element) have interesting magnetic and electrical
parameters [1–3] and attract the attention of research-
ers. Investigation of ternary phase diagrams is the only
way to systematically search for new ternary and more
complex compounds and to determine synthesis param-
eters for single-phase intermetallic compounds.


Great interest in alloys of the Ce–Pd–In system has
existed since the discovery of an unusual combination
of heavy-fermion properties and magnetic transition at
low temperature in the compound CePdIn [4]. This
expression of two competing phenomena (magnetic
ordering and/Kondo’s effect) was later discovered in a
Ce


 


8


 


Pd


 


24


 


In phase [5].
Phase diagrams for cerium–palladium, cerium–


indium, and indium–palladium binary systems have
been studied sufficiently. Many intermetallic com-
pounds were found to form in these binary systems in
equilibrium [6]. There are data on the Ce–Pd–In ternary
phase diagram at 1023 K [7]; for some compounds,
structure data are reported, but not for most of them. In
addition, the experiment temperature chosen in [7]
makes it impossible to account for the effect of the
intermetallic compound Pd


 


3


 


In


 


7


 


, whose formation tem-
perature is 945 K [8]. In this context, in this work we
attempted to study the cerium–palladium–indium sys-
tem at 773 K in order to better study the possibility of
formation of new ternary indides, as well as to deter-
mine the structure of earlier unknown compounds.


EXPERIMENTAL


Ninety eight ternary and binary alloys were pre-
pared to fulfill this work. Test alloys were prepared in
an MAM-1 Buhler laboratory arc furnace with an
inconsumable tungsten electrode on a water-cooled
copper tray under an argon atmosphere. Titanium
served as a getter. The starting metals used were cerium


(99.8%), palladium (99.97%), and indium (99.99%).
Alloys were melted several times, being turned over
after each fusion for better alloying and homogeniza-
tion. The sample size was 1 g. The alloy composition
was monitored by weighing samples before and after
fusion and by electron probe microanalysis (EPMA) of
alloyed samples. Alloys whose weight loss did not
exceed 0.6–0.8% were used in further work. For equil-
ibration, alloys were subject to homogenizing anneal-
ing in evacuated quartz ampoules using zirconium
chips as a getter. Heat treatment was carried out in tubu-
lar furnaces at 773 K for 1000 h followed by quenching
to ice-cold water. The microstructure of polished sam-
ples was examined on a JEOL JSM 6400 scanning elec-
tron microscope. The chemical composition of phases
was determined on an Oxford Link-Isis Si/Li energy-
dispersive X-ray analysis unit. X-ray powder diffrac-
tion analysis was carried on a DRON-4 diffractometer
using Cu


 


K


 


α


 


 radiation. Crystal structures of intermetal-
lic phases were solved by a single-crystal X-ray diffrac-
tion experiment carried out on an Enraf-Nonius CAD-4
single-crystal diffractometer (Mo


 


K


 


α


 


 radiation, graphite
monochromator) and a Nonius Kappa CCD diffracto-
meter (Mo


 


K


 


α


 


 radiation, 


 


ω


 


 and 


 


ϕ


 


 scan modes) using
standard procedures at room temperature. The
SHELXS-97 and SHELXL-97 program packages [9]
were used for structure solution and refinement. Atomic
coordinates were standardized using STRUCTURE
TIDY program [10].


RESULTS AND DISCUSSION


The results of this study are presented as an isother-
mal section of the Ce–Pd–In phase diagram (figure)
plotted on the basis of X-ray powder diffraction and
electron microscopy data. Our study confirmed the
existence of the following binary intermetallic com-
pounds stable at 773 K: Ce
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—The interaction of cerium with palladium and indium was studied, and the 773
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C isothermal section
of the Ce–Pd–In phase diagram was plotted using physicochemical methods: X-ray powder diffraction, single-
crystal X-ray diffraction, and electron probe microanalysis. The existence of 12 ternary intermetallic phases in
the title system was confirmed, and three new phases were discovered. Crystal structure was determined for
seven intermetallic compounds. A single-crystal X-ray diffraction study of CePdIn was carried out for the first
time. A high-temperature phase CePdIn
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 was found, and its crystal structure was solved.
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, and CePd
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. In the
cerium–indium binary system, the near-equiatomic
compound CeIn is formed at this temperature.


X-ray diffraction and EPMA show that a previously
unknown phase Ce


 


2


 


PdIn


 


8


 


 exists near the compound
CeIn


 


3


 


 (Table 1); Giovannini et al. [7] did not report the
existence of this phase because it likely decomposes at
high temperature. We found that the homogeneity range
of the compound Ce


 


3


 


In


 


5


 


 at 773 K (whose boundary in
[7] was determined at ~5 at % Pd on the basis of EPMA
data) is actually small and does not exceed 2 at % Pd.
Composition Ce


 


33.3
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4.7


 


In


 


62


 


 (at %) corresponds to the
ternary intermetallic phase CePd


 


0.14


 


In


 


1.86


 


 with a CaIn


 


2


 


-
type structure (Table 1). Thus, our ternary phase dia-
gram at 773 K in the region with more than 60 at % In
is more complex than the diagram in [7] because it con-
tains more three-phase and two-phase equilibria.


Fifteen ternary intermetallic compounds were found
to exist in the Ce–Pd–In system at 773 K. We verified
earlier structure data for the following ternary indides
at this temperature: CePdIn
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and CePd
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) [16]. We failed to
synthesize the compound of composition Ce


 


22


 


Pd


 


28


 


In


 


50


 


in a pure form, likely because of the closeness of the
formation temperature of neighboring phases. For the
compound CePdIn, a single crystal was isolated, and
more precise data were gained compared to powder


data in [16]. As a result of structure refining, we
obtained the following final values for 195 unique
reflections: 


 


R


 


F


 


 = 0.0397 and 


 


R


 


w


 


 = 0.1122.
The compound CePd
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In
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 crystallizes in an orthor-
hombic unit cell of a new structure type with 


 


Z


 


 = 4, 


 


V


 


 =
468.9(2) Å
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, and 


 


ρ


 


 = 9.762 g/cm


 


3


 


 (Table 1). Its structure
was solved in a single-crystal X-ray diffraction experi-
ment and refined to 


 


R


 


F


 


 = 0.046 and 


 


R


 


w


 


 = 0.1223 over
952 unique reflections. The CePd


 


3


 


In


 


2


 


 unit cell parame-
ters correspond to the data by Giovannini et al. [7].
Atomic coordinates and equivalent isotropic thermal
factors are listed in Table 2.


The single-crystal experiment shows that CePd
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In


 


4


 


is a new representative of the NdRh
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Sn


 


4


 


 structure type
(


 


Z


 


 = 4, 


 


V


 


 = 624.4(2) Å
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ρ


 


 = 8.64 g/cm


 


3


 


 (Table 1), 


 


R


 


F


 


 =
0.0747, 


 


R


 


w


 


 = 0.1584, 1072 unique reflections). The
results of structure refining are displayed in Table 3.


The ternary compound Ce


 


6


 


Pd


 


12


 


In5, whose single
crystal was separated from the alloy of this composi-
tion, crystallizes in a new structure type with hexagonal
lattice, Z = 2, V = 955.8(3) Å3, ρ = 9.411 g/cm3


(Table 1). Structure refinement in the anisotropic
approximation gave RF = 0.0417 and Rw = 0.1120 over
659 unique reflections (Table 4). The unit cell parame-
ters calculated for this structure correlate well with the
results reported by Giovannini et al. [7] for a phase with
a suggested composition Ce4Pd7In3 (τ7).


A single-crystal X-ray diffraction study of
Ce2Pd4In5 [17] determined that this compound crystal-
lizes in a monoclinic lattice and is a representative of a
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9. CePd2In4
10. CePd3In2
11. Ce11Pd4In9
12. Ce6Pd12In5
13. Ce20Pd36In67
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new structure type (Z = 2, V = 455.3(1) Å3, ρ =
9.337 g/cm3). The final refinement values were RF =
0.0302 and Rw = 0.0906; the results of the structure
refinement are listed in Table 5. At 773 K, Ce2Pd4In5


has a small homogeneity range along a cerium isocon-
centration line within 45–47 at % indium. It is notewor-
thy that previous studies did not discover compounds of
this composition.


The compound Ce20Pd36In67 is the first representa-
tive of a new cubic structure type. This structure has a
specific occupation of the Pd(1), Pd(2), In(1), and In(2)
positions. The Pd(1) and Pd(2) positions are a split
position with site occupancies of 0.66 and 0.34, respec-
tively. In the same way, the In(1) and In(2) positions are
a single split indium position with their occupancies of
0.68 and 0.32. The final refinement values are as fol-
lows: RF = 0.034, Rw = 0.079 for 897 reflections. The
composition of this intermetallic phase
(Ce16.25Pd29.25In54.5 (at %)) slightly differs in its higher
indium bound from that suggested earlier by Giovan-
nini et al. [7] on the basis of EPMA data
(Ce16.676Pd33.33In50 (at. 5)).


Proceeding from the first X-ray diffraction experi-
ments on a Ce11Pd4In9 single crystal, we found this
compound to have orthorhombic structure (Z = 2, V =
1280.9(11) Å3, ρ = 11.767 g/cm3) (Table 1) and a small
homogeneity range of ~3 at % at 773 K. The atomic
coordinates and isotropic thermal factors are listed in
Table 6. An earlier study of alloys from the neody-
mium–palladium–indium system within a similar com-


Table 1.  Crystallographic data for ternary compounds in the Ce–Pd–In system


Compound Structure type Space group a, Å b, Å; β, deg c, Å Source


CePdIn Fe2P P–62m 7.704(2) – 4.019(1) *


Ce22Pd28In50 – – – – – 7


CePdIn2 BRe3 Cmcm 4.621(3) 10.699(5) 7.455(2) 11


CePd2In InPt2Y P63/mmc 4.627(4) – 9.198(7) 12


Ce8Pd24In Ce8Pd24Sb Pm–3m 8.461(8) – – 13


Ce2Pd2In Mo2B2Fe P4/mbm 7.813(4) – 3.908(6) 14


7.797(3) – 3.928(3) –


Ce4Pd10In21 Ho4Ni10Ga21 C2/m 23.082(7) 4.525(2) 19.448(4) 15


β = 133.05(8)


CePd0.14In1.86 CaIn2 P63/mmc 4.9100(3) – 7.6572(2) 16


Ce2Pd4In5 – P21/m 9.5522(2) 4.6144(1) 10.5815(4) 17


β = 102.56(1)


CePd2In4 – Pnma 18.449(3) 4.565(6) 7.415(5) *


CePd3In2 – Pnma 10.265(4) 4.623(6) 9.878(2) *


10.286(1) 4.625(1) 9.881(2) 7


Ce11Pd4In9 – Cmmm 14.9270 22.3820 3.8340 *


Ce6Pd12In5 – P63/mcm 8.292(2) – 16.051(2) 18


8.291(1) 16.058(7) 7


Ce20Pd36In67 – F–43m 21.8340(2) – – *


Ce2PdIn8 Ho2CoGa5 P4/mmm 4.6931(2) – 12.2048(7) *


CePd YNiAl4 Cmcm 4.5351(9) 16.856(5) 7.3080(2) 17


  * This study.
** A high-temperature phase.


In4**


Table 2.  Atomic coordinates in the CePd3In2 structure


Atom x/a y/b z/c Ueq, Å2


In1 0.01549(8) 1/4 0.61695(8) 0.0111(2)


Pd1 0.11901(9) 1/4 0.35491(10) 0.0148(2)


Ce 0.23121(6) 1/4 0.05633(7) 0.0103(2)


Pd2 0.24272(8) 1/4 0.76200(10) 0.0105(2)


In2 0.39564(8) 1/4 0.34127(8) 0.0111(2)


Pd3 0.47450(8) 1/4 0.60669(9) 0.0121(2)
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position range revealed the ternary compound
Nd11Pd4In9, of the same structure type [19].


The crystal structure of Ce2PdIn8 was solved by the
Rietveld analysis of a powder X-ray diffraction pattern
of an alloy that also contained a small CeIn3 amount.
This phase has an Ho2CoGa8-type structure. The final
values were as follows: Rp = 0.057, Rwp = 0.076.


A single crystal of ternary indide CePdIn4 was iso-
lated from cast alloy. This intermetallic compound is a
new representative of the YNiAl4 structure type (Z = 4,
V = 558.5(3) Å3, ρ = 8.394 g/cm3). The final values after
the structure refinement (RF and Rw) were 0.0349 and
0.1075, respectively. X-ray powder diffraction data for
alloys containing 60 at % indium or more did not con-
firm the existence of equilibria involving this phase at
773 K; from this, we infer that this compound is stable
only at high temperatures.
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Pt–MO


 


x


 


 systems are of great interest as catalysts for
many industrial processes in petrochemistry and oil
processing. Reactions of platinum with transition- and
rare-earth metal oxides are known to change the physi-
cal-chemical and catalytic properties of platinum,
increasing its efficiency in hydriding [1], hydrodesulfu-
rization [2], afterburning of exhaust gases [3], and other
processes. As a rule, the manufacture of such systems
consists in the impregnation of metal oxides with solu-
tions of platinum salts. However, this method of plati-
num application is not suitable for all oxides.


Here, we propose a method for preparing Pt–MO


 


x


 


systems via alloying of pure components and subse-
quent oxidation of alloys. The selective oxidation of the
modifier metal in a platinum alloy generates a Pt–MO


 


x


 


system where platinum is homogeneously distributed
over metal oxide (MO


 


x


 


). The main advantage of this
method over conventional ones is its ability to generate
Pt–MO


 


x


 


 systems with various types of metal oxides.


RESULTS AND DISCUSSION


Two sets of alloys (Pt–Mo and Pt–Ce) with various
component ratios were prepared. Pt


 


x


 


M


 


y


 


 samples were
alloyed from pure components in an arc furnace on a
water-cooled copper electrode under the 50 kPa argon
pressure. The indices 


 


x


 


 and 


 


y


 


 in sample notations corre-
spond to the atomic ratios of the elements in alloys.
Alloys were crushed in an agate mortar, and the 0.05–
0.10 mm fraction was sieved out. The second stage of
sample preparation involved oxidation at 550


 


°


 


C in
flowing dry air for 10 h. X-ray powder diffraction
(XRD) analysis was carried out on a Theta Bruker D-
500 diffractometer (Cu


 


K


 


α


 


 radiation, 2


 


θ


 


 = 20


 


°


 


–80


 


°


 


,
Kevex Si(Li) solid-state detector). Particle sizes were
calculated from the Scherrer equation. Morphology


was studied using scanning electron microscopy (SEM)
on a 5900 LV Jeol instrument.


The phase composition and unit cell parameters of
supported platinum systems are listed in the table. One
can see from these data that platinum reacts completely
differently with transition and rare-earth metals. As a
result of a relatively small difference between the
atomic sizes of molybdenum and platinum (1.45
against 1.39 Å, respectively), the system characteristi-
cally forms substitutional solid solutions over a consid-
erable range of concentrations [2]. The X-ray diffrac-
tion pattern of a Pt


 


75


 


Mo


 


25


 


 sample only contains reflec-
tions from the face-centered cubic (fcc) lattice of
metallic platinum. Alloys with higher molybdenum
percentages consist of two phases. X-ray diffraction
proves that the major components of the alloy Pt


 


30


 


Mo


 


70


 


are the high-temperature phase of the intermetallic
compound Mo


 


3


 


Pt


 


2


 


 (Mg


 


3


 


Cd-type structure) and a solid
solution of platinum in molybdenum whose structure
and unit cell parameters are close to those of the body-
centered cubic (bcc) lattice of metallic molybdenum [2]
(table).


Rare-earth elements (in particular cerium), unlike
molybdenum, are insignificantly soluble in platinum
but readily form various intermetallic compounds with
it. In the case of Pt


 


83


 


Ce


 


17


 


, a Pt


 


5


 


Ce intermetallic phase
(CaCu


 


5


 


-type hexagonal structure) is formed; in the case
of Pt


 


67


 


Ce


 


33


 


, the cubic lattice of the Pt


 


2


 


Ce phase
(MgCu


 


2


 


-type structure) is formed.
Treatment in flowing air at 550


 


°


 


C changes the phase
composition (table). Pt


 


75


 


Mo


 


25


 


 samples do not change
considerably; lines due to metallic platinum are only
observed in their X-ray diffraction pattern, as before
treatment. MoO


 


3


 


 formation becomes noticeable during
the oxidation of high-molybdenum alloys. The X-ray
diffraction pattern of an oxidized Pt


 


30


 


Mo


 


70


 


 sample
(Fig. 1) contains reflections associated with metallic
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Abstract


 


—Supported platinum systems Pt–MO


 


x


 


 (M = Mo or Ce) were prepared by oxidizing Pt–Mo or Pt–Ce
alloys of various compositions. The phase composition and crystal structure of samples before and after oxida-
tive treatment were characterized by powder X-ray diffraction (XRD). Morphology was studied using scanning
electron microscopy (SEM). The oxidation of Pt–Mo alloys or Pt–Ce intermetallic compounds yields Pt-MO


 


x


 


systems in which nanosized platinum particles are homogeneously supported on metal oxide. This method can
be used to synthesize Pt–MO


 


x


 


 systems with other transition or rare-earth elements and with various component
concentrations.
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platinum and orthorhombic MoO


 


3


 


 phases. Oxidation
leads to the destruction of the Mo


 


3


 


Pt


 


2


 


 intermetallic
phase. The XRD spectrum of an oxidized Pt


 


2


 


Mo


 


98


 


 sam-
ple was almost identical to that of orthorhombic MoO


 


3


 


.
The oxidation of cerium-containing systems com-


pletely destroys intermetallic compounds, and reflec-
tions appear from metallic platinum and fcc CeO


 


2


 


 phases


(Fig. 2). The low intensity of CeO


 


2


 


 lines observed in
some cases can result from the high dispersivity of ceria
(table). The particle size ascertained from XRD data was
about 20–30 nm for the molybdenum systems and about
10–20 nm for the cerium ones (table).


Oxidation is accompanied by morphologic alter-
ations. The specific volume of metallic molybdenum is


 


Phase composition and unit cell parameters of the starting and oxidized platinum-containing samples as determined by XRD


Sample


Starting Oxidized


phase
composition


unit cell
parameters, Å


phase
composition


unit cell
parameters, Å


Pt particle size,
nm


Pt


 


75


 


Mo


 


25


 


fcc Pt


 


a


 


 = 3.912
fcc Pt


 


a


 


 = 3.921
– 35


Pt


 


30


 


Mo


 


70


 


Mo 84.5% bcc
Mo


 


3


 


Pt


 


2


 


 15.5%
hex.


 


a


 


 = 3.157


 


a


 


 = 5.560


 


c


 


 = 4.490


fcc Pt
MoO


 


3


 


orthorhomb.


 


a


 


 = 3.919


 


a


 


 = 13.916


 


b


 


 = 3.694


 


c


 


 = 3.958


23


Pt


 


2


 


Mo


 


98


 


bcc Mo


 


a


 


 = 3.144
Pt 4.1% fcc
MoO


 


3


 


 95.9%
orthorhomb.


 


a


 


 = 3.917


 


a


 


 = 13.920


 


b


 


 = 3.700


 


c


 


 = 3.969


19


Pt


 


83


 


Ce


 


17


 


CePt


 


5


 


hex.


 


a


 


 = 5.361


 


c


 


 = 4.384
Pt 91%
CeO


 


2


 


 9%


 


a


 


 = 3.915


 


a


 


 = 5.357 10


Pt


 


67


 


Ce


 


33


 


CePt


 


2


 


cub.


 


a


 


 = 7.730 Pt 53%
CeO


 


2


 


 47%


 


a


 


 = 3.922


 


a


 


 = 5.415 19


 


* Trace amounts.
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Fig. 1.


 


 X-ray diffraction patterns for a Pt


 


30


 


Mo


 


70


 


 sample before and after oxidation.
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less than one-third that of molybdena [3]; therefore,
grains in the sample are cracked during the oxidation of
Pt–Mo systems. Cracking is especially noticeable in
high-molybdenum systems (Figs. 3a, 3b).


Grains are not destroyed during the oxidation of Pt–
Ce samples. However, tracks 50–100 nm wide are
observed on their surfaces. Energy-dispersive analysis


shows these tracks to contain mainly platinum and
regions in between are mainly ceria. An increase in the
cerium percentage also induces grain cracking, which
is, however, less significant than in molybdenum alloys.


In summary, alloying platinum with molybdenum
generates Pt–Mo solid solutions. In platinum–cerium
systems, intermetallic phases of various compositions
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Fig. 2.


 


 X-ray diffraction patterns for a Pt


 


67


 


Ce


 


33


 


 sample before and after oxidation.


3 µm 10 µm


20 µm 20 µm


Fig. 3. SEM micrographs of Pt30Mo70 samples (a) before and (b) after oxidation and of Pt67Ce33 samples (c) before and (d) after
oxidation.


(a) (b)


(c) (d)
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are formed. The oxidation of Pt–Mo alloys and Pt–Ce
intermetallic compounds in flowing air at 550°C is
accompanied by the destruction of the starting phases
and the formation of nanosized particles of metallic
platinum and molybdena or ceria. The proposed
method for oxidizing platinum alloys can be used to
prepare other Pt–MOx systems containing highly dis-
perse platinum distributed over the oxide component.
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The great interest in the problem of localization of
acoustic energy stems from the use of ultrasound in
sonodynamic cancer therapy. In this application, either
very high intensity ultrasound (“burning” therapy) or
low- and medium-intensity ultrasound in combination
with sonosensitizers is used [1–3]. In the presence of
sonosensitizers, the tumor is destroyed, which slows
down its growth and sometimes leads to its complete
regression. Often, sonosensitizers per se are not drugs,
and some of them form intracellular solid-phase inclu-
sions.


In the former case, localization of acoustic energy is
achieved by high precision focusing, which is tomo-
graphically controlled; in the latter case, especially pre-
cise focusing is not required since healthy tissues
remain unaffected during this treatment. However, in
the second case, additional concentration of acoustic
energy on vital parts of tumor cells would significantly
improve the efficiency of ultrasound treatment. We sug-
gested using artificial solid-phase inclusions as original
sonosensitizers, which play the role of acoustic energy
“concentrators.” These solid inclusions can either be
introduced into a biopolymer or synthesized in situ [4].
Solid-phase sonosensitizers stimulate thermal (and pre-
sumably cavitation) effects in adjacent parts of poly-
meric structures and thereby ensure localization of
acoustic energy in a volume whose dimensions are
determined by the size of inclusions and that can be sig-
nificantly smaller than the ultrasound wavelength.


This work is aimed at estimating the thermal effects
of ultrasound on modified hydrogel systems and their
correlation with location of a solid modifier.


EXPERIMENTAL


The polymeric matrices of an agarose hydrogel,
which mimics real biological systems in many respects,
and a poly(


 


N


 


,


 


N


 


-diethylacrylamide) gel were studied.
An 


 


agarose gel


 


 was prepared by dissolving solid
agarose (Difco, United States) in water on heating to
90


 


°


 


C in a concentration of 1.5 and 3.0 wt %. Then, the
solution was slowly cooled to 20


 


°


 


C, which resulted in
its gelation.


Barium sulfate, iron(III) hydroxide, and hydroxyap-
atite were used as modifiers. Solid iron hydroxide and
barium sulfate were introduced as inclusions distrib-
uted over the gel volume by counterdiffusion of the
reagents.


The agarose gel was modified by successive impreg-
nation, first, with a 0.1 or 0.2 M solution of FeCl


 


3


 


 and,
then, with a 4 M aqueous ammonia or with a 0.04 or
0.08 M solution of BaCl


 


2


 


 and then with a 1 M Na


 


2


 


SO


 


4


 


solution. Impregnation with each of the solutions lasted
for 48 h. The gel samples thus prepared contained 1 and
2 wt % iron(III) hydroxide and barium sulfate.


 


Electron microscopy.


 


 Gel samples with a volume
of 1 mm


 


3


 


 were placed in liquid propane for 30 s and
then in acetone cooled to –95


 


°


 


C, which was gradually
heated to room temperature. The resulting material was
dried (Hitachi HSP-2) in a CO


 


2


 


 atmosphere. The sam-
ples were coated with gold in an ion coater (EIKO IB-
3). The resulting samples were studied under a Hitachi
S-405 microscope at an accelerating voltage of 15 kV.


 


X-ray diffraction.


 


 X-ray diffraction patterns were
recorded on a DRON-4 automated diffractometer
(Cu


 


K


 


α


 


 radiation, 


 


λ


 


 = 0.154178 nm) in Bragg–Brentano
geometry with a graphite monochromator in the dif-
fracted beam. Measurements were taken in the point-
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Abstract


 


—The thermal effects of ultrasound on an agarose gel containing nanoparticles of iron(III) hydroxide
and barium sulfate are comparatively studied. The agarose matrix is shown to interact differently with iron(III)
hydroxide and barium sulfate. The relative change in ultrasound absorption due to modifier particles located in
the gel is estimated. The highest thermal effect is observed for systems in which modifiers are located on sep-
arate elements of the matrix bulk. Production of “containers” with ultrasound-controlled drug release on the
basis of thermosensitive gels containing solid-phase inclusions is discussed as an example of possible applica-
tion of the effects described.
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by-point scanning mode with the increment 


 


∆


 


2


 


θ


 


 = 0.1


 


°


 


.
The counting time per point was 3–5 s, and the 2


 


θ


 


 range
was 3.0


 


°


 


–60.0


 


°


 


.


 


Thermal effects


 


 of the acoustic field on modified
gel bodies were estimated by means of a thermocouple.
An ultrasound emitter and a cylindrical sample (3 cm in
diameter and 3 cm in height) were placed coaxially and
immersed in a thermostated vessel with degassed water.
Ultrasound was applied to the sample from one end and
the thermocouple was introduced from the other end
(along the symmetry axis of the system). The tempera-
ture was measured at the center of the sample. The dis-
tance between the emitter and the gel sample was
10 cm. To estimate the thermal effects of the acoustic
field, ultrasound with a frequency of 2.64 MHz and an
intensity of 2 W/cm


 


2


 


 was used.
A poly(


 


N


 


,


 


N


 


-diethylacrylamide) (PDEAA) was
obtained by copolymerization of 


 


N


 


,


 


N


 


-diethylacryla-
mide and 


 


N


 


,


 


N


 


'-methylenebis(acrylamide) in an aque-
ous solution as described in [5]. The lower critical solu-
tion temperature (LCST) of the PDEAA hydrogel sam-
ples was 31


 


°


 


C.
The PDEAA gel with inclusions located at the cen-


ter was obtained as follows. A hydroxyapatite grain
2 mm in diameter was suspended at the center of a
spherical mold. The mold was filled with the reaction
mixture, which was polymerized at 18–20


 


°


 


C.
The resulting samples of PDEAA gel were kept in a


saturated solution of ferroceron for 48 h, and, thus, con-
tainers containing the drug were obtained.


 


The kinetics of ferroceron release


 


 was studied on
PDEAA gel samples. A gel sample was placed in a cell
with a sound-transparent bottom filled with water. The


content of the cell was pumped through the cell of a
detector by means of a peristaltic pump. The cell was
placed in a thermostat and was sonicated in the ultra-
sound field with a frequency of 2.64 MHz and an inten-
sity of 1 W/cm


 


2


 


. The kinetics of ferroceron release from
the gel was determined from the change in its concen-
tration in the external volume. The concentration was
measured spectrophotometrically on a Specol-221
instrument in the flow mode (


 


λ


 


 = 495 nm).


RESULTS AND DISCUSSION


Figures 1 and 2 show the microphotographs and
X-ray diffraction patterns of samples of the agarose
hydrogel modified with iron(III) hydroxide and barium
sulfate. The photograph of the agarose gel modified
with iron(III) hydroxide show the uniform distribution
of the highly dispersed modifier over the matrix threads
and thereby no sites of preferable localization of the
solid phase are observed (Fig. 1a). X-ray diffraction
(Fig. 1b) also points to the absence of iron(III) hydrox-
ide crystallites of noticeable sizes.


A radically different situation is observed for bar-
ium sulfate. The microphotograph (Fig. 2a) shows the
existence of a dispersed crystalline phase localized on
separate elements of the host matrix, which is also sup-
ported by X-ray diffraction (Fig. 2b).


These data are evidence of the existence of at least
two types of localization of the solid phase crystallizing
in hydrogels; the probability of each type dominating is
determined by the nature of the polymer matrix and the
modifier. Analogous results were obtained for iron
hydroxide and calcium salt of cobalt octa-4,5-carboxy-
phthalocyanine in the polyacrylamide gel matrix [6].


 


605040302010
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Fig. 1.


 


 (a) Electron microscopy image and (b) X-ray diffraction pattern of an agarose hydrogel modified with iron(III) hydroxide.
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The existence of two types of localization of a modifier
allows us to assume that thermal effects of ultrasound
on such systems can also be different.


Samples of modified hydrogel systems were used
for studying thermal effects induced in them by ultra-
sound. Figure 3 shows typical temperature growth
curves for utrasonicated agarose hydrogel samples
modified with iron hydroxide and barium sulfate.


For comparison of the thermal effects of ultrasound
in modified hydrogels, the temperature growth curves
were approximated by the following function:


This equation can be derived on the basis of thermal
balance conditions in the approximation of a uniform
distribution of temperature over the sample bulk. The
coefficient 


 


A


 


 is proportional to the absorbed power and
inversely proportional to the heat transfer coefficient,
whereas the coefficient 


 


B


 


 is directly proportional to the
heat transfer coefficient. The physical meaning of the
parameter 


 


A


 


 is that it is the maximal achievable (sta-
tionary) temperature under the given conditions of
energy absorption and heat transfer. Then, the ratio of
the stationary temperature for the modified gel (


 


A


 


M


 


) to
the stationary temperature of the unmodified gel (


 


A


 


0


 


)
will show the change in the acoustic power absorbed by
the gel caused by the presence of the modifier, 


 


K


 


 =


 


A


 


M


 


/


 


A


 


0


 


. The table presents the stationary temperatures
(


 


A


 


) and changes in the absorbed acoustic power (


 


K


 


) for
the modified hydrogel systems.


As follows from the table, the thermal effects for the
samples modified with barium sulfate and iron(III)
hydroxide are significantly different. On average, the
values of acoustic power absorption for the samples


∆T A 1 Bt–( )exp–[ ].=


 


modified with barium sulfate exceed by a factor of 1.5–
2.0 the values for iron(III) hydroxide. It is worth noting
that, for the samples modified with iron(III) hydroxide,
a decrease in ultrasound absorption is sometimes
observed. This may be due to a change in the mechani-
cal characteristics of the matrix network when it is
incrusted with the modifier, which entails a change in
the viscoelastic properties of the sample. A maximal
increase in the absorbed power is achieved for a 3%
agarose gel modified with 2% barium sulfate.
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Fig. 2.


 


 (a) Electron microscopy image and (b) X-ray diffraction pattern of an agarose hydrogel modified barium sulfate.
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 Thermal effects induced by the acoustic field applied
to an agarose hydrogel (
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) without a modifier and (
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)
modified with (
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) barium sulfate and (
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) iron(III) hydroxide
(2 wt %). Ultrasound characteristics: frequency, 2.64 MHz;
intensity, 2 W/cm
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In our opinion, the thermal effects induced by ultra-
sound in hydrogel systems make it possible to design
materials with remote-controlled properties. Such
materials can be based, for example, on a thermosensi-
tive hydrogel capable of undergoing structural phase
transition at some temperature. When an ultrasonic
field is applied, the hydrogel is heated due to ultrasound
absorption and, as the critical temperature is achieved,
sharply changes its volume [5], which can be used for
release the preloaded drug from the gel volume.


We studied the kinetics of ferroceron release from a
hydrogel container induced by ultrasonic treatment.
Figure 4 shows the plots of the ferroceron release rate
versus time for the container without and with the ultra-
sound absorber. Region 1 in the plot corresponds to the
background release of ferroceron in the absence of an
ultrasound field, and regions 2 and 3 correspond to the


release of ferroceron from the gel stimulated by ultra-
sound. These data show that ultrasound increases the
release rate and that, for a sample with the modifier
(HA), this rate is three times as large as for a sample
without the modifier.


The experimental data related to drug transport
allow us to assume that, for creation of similar materi-
als, it is reasonable to use macroscopic inclusions with
acoustic properties rather different from those of the
hydrogel. This difference is responsible for strong
ultrasound absorption and, hence, heat release. Loca-
tion of the solid-phase inclusion at the center of a sam-
ple ensures that the gel density gradient due to com-
pression on passing through the LCST is directed from
the center to the periphery. Inasmuch as passing beyond
the critical point is accompanied by the appearance of
solution flows as a result of compression, the introduc-
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 Effect of ultrasound on the dynamics of ferroceron release from the modified and unmodified samples. Segment 


 


1


 


 corre-
sponds to the background release of ferroceron in the absence of the ultrasound field. Segment 


 


2


 


 corresponds to ferroceron release
from the unmodified gel stimulated by ultrasound. Segment


 


 3


 


 corresponds to ferroceron release from the gel with an HA grain at
the center stimulated by ultrasound. Dashed lines correspond to the experimentally not determined ferroceron release rates. Ultra-
sound characteristics: frequency, 2.64 MHz; intensity, 1 W/cm
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 Scheme of drug release induced by ultrasound from a thermosensitive hydrogel with the solid-phase modifier at the center.
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tion of the ultrasound absorber into the center of the gel
matrix makes it possible not only to decrease the ultra-
sound treatment duration but also to direct the sub-
stance flow from the gel center to its periphery (Fig. 5).
In our opinion, most promising for directed transport is
a container with a relatively large ultrasound absorber
(10


 


–3


 


 m) at the center.


For other cases when the direction of solution flows
in a container is unimportant (for example, for enzy-
matic reactors with ultrasonically controlled activity)
while the change in its structure is important, a uniform
distribution of a highly disperse modifier (10


 


–6


 


 m) is
preferable.


Our findings show that the manifestation of acoustic
thermal effects significantly depends on the character
of the interaction and distribution of a modifier in the
hydrogel matrix, which is determined by the chemical
nature of the modifier and polymer matrix.


Thus, solid inclusions of different size can be treated
as original concentrators of acoustic power.


The use of large inclusions into thermosensitive gel
bodies makes it possible to create containers with ultra-
sonically controlled drug release. In solving the prob-
lem of directed transport, introducing different modifi-
ers can change the degree of absorption of ultrasound
by the container and, hence, its permeability for the
drug.


Further development of this line of investigation
implies solving the following problems: (1) elucidating
characteristic features of phase formation in gel bodies
as a function of the inclusion and matrix nature, (2) esti-
mating changes in the viscoelastic properties of hydro-
gels caused by their modification, and (3) studying the
mechanisms of emergence of thermal and cavitation
effects of ultrasound on hydrogel systems modified
with solid phases.
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Calculated stationary temperatures (


 


A


 


) and the increase in
the absorbed acoustic power (


 


K


 


)


Sample


Weight fraction, %


1.5 3.0


A, °C K A, °C K


Unmodified 5.7 1.0 8.0 1.0


BaSO4 1% 8.8 1.5 11.3 1.4


BaSO4 2% 9.6 1.7 14.5 1.8


FeOOH 1% 6.0 1.0 7.8 1.0


FeOOH 2% 7.4 1.3 6.8 0.9
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Nitroxyl radicals are used as paramagnetic labels
and probes for studying the chemical and physical
properties of various media (solutions, solid matrices,
biological systems, and others) [1]. Additional possibil-
ities appear when the probe can experience photochem-
ical transformations: if so, the probe reactivity will
depend on its surrounding. Various mechanisms of pho-
tochemical transformations of nitroxyl radicals are dis-
cussed in the literature: (1) formation of an oxaziridine
cycle, (2) reaction with the solvent, and (3) splitting of
an NO molecule. The first two mechanisms have been
observed experimentally and studied quite well. When
exposed to light, 2-


 


H


 


-2,2-dimethyl-4-phenylimidazole-
1-oxide isomerizes to 1,3-diaza-6-oxabicyclo[3.1.0]-4-
phenylhexane [2]. 2,2,6,6-Tetramethylpiperidine-1-
oxyl under irradiation in either a liquid solution or a
glassy matrix reacts with solvent molecules [3, 4].


The splitting of nitrogen(II) oxide remains the least
studied mechanism of the photochemical degradation
of nitroxyl radicals. This reaction has not been proven
experimentally, although it is considered possible by
analogy with the splitting of a CO molecule for ketones
[3]. Nitroxyl radical 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl degrades in benzene under irradia-
tion according to this mechanism [5].


The authors carried out long-term photolysis, after
which isopropyl phenyl ketone was isolated from the


system. On this basis, it was suggested in [5] that the
reaction occurs in three stages, as shown by the scheme
below. However, the rationale for the suggested
scheme is unclear: products (compounds 


 


II


 


 and 


 


III


 


)
have not detected experimentally. In addition, water
(which was necessary for the specified processes to
occur) was not added to the system during the experi-
ment described in [5].


This work elucidates whether reactions can occur
according to the scheme and determines the kinetic
laws and efficiency of the photochemical degradation
of 2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl.


EXPERIMENTAL


The stable nitroxyl radical 2,2,5,5-tetramethyl-4-
phenyl-3-imidazoline-1-oxyl (compound 


 


I


 


) was syn-
thesized and kindly supplied to us by Professor
I.A. Grigor’ev.


The solvents used were heptane, toluene, and 2-
methyltetrahydrofuran (MTHF) of chemically pure
grade. Heptane and toluene were dried over calcined
molecular sieves. To free MTHF from peroxides, it was
stored over alkali and twice distilled. Samples for pho-
tolysis were prepared in quartz ampoules with an inner
diameter of 3 mm, into which a solution of the radical
was placed. Samples were freed from oxygen in four or
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Abstract


 


—The photochemical degradation of 2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl has been
studied in solution at room temperature and in glassy matrices at 77 K. Nitrogen(II) oxide is split from the start-
ing radical during the reaction. The quantum yield of the reaction constitutes ~0.2 in a liquid solution at 298 K
and ~0.001 in glassy matrices at 77 K. The kinetics of the solid-phase reaction have a stepped character.
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five freezing/evacuating/defrosting cycles. In the last
two cycles, evacuating was to a residual pressure of
10


 


−


 


3


 


 mm Hg.


The light source used was a DRSh-500 high-pres-
sure mercury lamp equipped with quartz lenses, a water
filter, and a 365-nm standard glass light filter. The light
intensity (~3 


 


×


 


 10


 


16


 


 photons/s per sample) was deter-
mined using ferrioxalate actinometry [6].


ESR spectra were recorded on a Varian E3 spec-
trometer (3-cm range). The number of paramagnetic
centers was determined by double integration of ESR
spectra with reference to a CuCl


 


2


 


 · 2H


 


2


 


O single crystal,
for which the number of paramagnetic centers is
known. The determination precision was 10%. Anneal-
ing was carried out as follows: a sample was exposed
for 5 min to a nitrogen gas flow, whose temperature was
controlled with an accuracy of 


 


±


 


1 K.


The absorbance of 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl was 55 L/(mol cm) in toluene and
48 L/(mol cm) in MTHF, as we determined experimen-
tally. Optical absorption spectra were recorded on a
Specord M40 spectrometer in cylindrical quartz
ampoules with the optical length equal to 0.3 cm.


The products of photochemical degradation of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl were
studied by chromatography/mass spectrometry. After
photolysis was over, the sample was dried in air; then, it
was dissolved in acetonitrile. Analysis was carried out on
an HP5973 mass spectrometer and a GC 6890 gas chro-
matograph. A silicone capillary column was used with the
DB-5 phase (length, 30 m; inner diameter, 0.25 mm;
thickness, 0.25 


 


µ


 


m). The temperature schedule was as
follows: 70


 


°


 


C (3 min)–150


 


°


 


C (1 min)–280


 


°


 


C (10 min).


RESULTS AND DISCUSSION


When a solution of compound 


 


I


 


 at room temperature
is irradiated at 365 nm in either toluene or MTHF, its ESR
spectrum only contains the signal from the starting
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl. The
rate curve for the photolysis of 2,2,5,5-tetramethyl-4-phe-
nyl-3-imidazoline-1-oxyl is shown in Fig. 1 as the con-
centration of the radical versus time. One can see that the
kinetics of photochemical degradation of the radical at
room temperature obey a first-order equation. The quan-
tum yield of the reaction 


 


Φ


 


, derived from a log anamor-
phose, was 0.16. The quantum yield of the photochemical
degradation of compound 


 


I 


 


in MTHF at room tempera-
ture was determined in the same manner (


 


Φ


 


 = 0.21).
For glassy solutions of compound 


 


I


 


 that were frozen
at 77 K, the amplitude of the ESR signal decreases
under irradiation. Spectra of other radical species were
not detected during the reaction. At a certain moment,
the reaction rate starts to drop anomalously and rapidly
during photolysis at 77 K (Fig. 2), and a kinetic stop is
observed.


In order to elucidate the reason for this phenome-
non, we annealed a sample at the glass-transition tem-
perature of toluene (114 K); then, the sample was
cooled to 77 K and again photolyzed. The results of this
experiment are illustrated by Fig 2. The reactivity of the
unreacted compound is recovered during annealing.
Thus, the kinetics of the photochemical reaction have a
stepped character.


Similar kinetic laws, referred to as kinetic nonequiv-
alence, were earlier observed for other thermal [7, 8]
and photochemical [9, 10] reactions. Such kinetic laws
are due to the fact that chemically identical molecules
in a solid phase can have different energy barriers to the
reaction. Possible reasons for kinetic nonequivalence
include the macroscopic heterogeneity of a sample,
particle–particle distance distribution, distribution over
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Fig. 1.


 


 Area 


 


S


 


 under the ESR spectrum of a solution of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl in tolu-
ene at 298 K under 365-nm irradiation vs. time.
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Fig. 2.


 


 Radical concentration vs. time during the photolysis
of compound 


 


I


 


 in glassy toluene at 77 K under 365-nm irra-
diation. Arrows mark annealing of a sample at the glass-
transition temperature of toluene (114 K).
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the free volume required for the reaction to occur, and
other factors. In the case at hand, the geometric size of
reaction products is likely larger than the size of the
starting radical. Only those molecules around which
there is the required free volume can enter the reaction.
Under these conditions, the existence of distribution of
molecules with respect to some kinetic parameter, the
quantum yield in our case, is manifested in the reaction
kinetics. The distribution-average quantum yield is
determined from the initial segment of the rate curve.
The quantum yield of the photochemical degradation of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl in
glassy matrices at 77 K determined from the initial seg-
ment of rate curves, 


 


Φ


 


, is 0.006 for toluene and 0.001
for MTHF. These quantities are far smaller than the
quantum yields of radical degradation at room temper-
ature. This difference is evidently due to the hindrances
created by solid matrices to the motion required for a
molecule to degrade to fragments. The rather great dif-
ference between the quantum yields in the two glasses
is noticeable. Two hypotheses can explain this differ-
ence: (1) the lifetimes of an excited state in these matri-
ces are different; (2) the free volume in toluene is larger,
despite the high rigidity of this matrix.


The pathway of the photochemical reaction of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl was
determined using the chromatography/mass spectrome-


try of reaction products. Photolysis at either room tem-
perature or 77 K yields qualitatively identical product
mixtures. The chromatogram of the photolysis products
obtained at room temperature and the mass spectrum of
its strongest peak are displayed in Fig. 3.


Figure 3a makes it clear that the peak with the reten-
tion time equal to 10.83 min is the strongest signal in
the chromatogram. The mass spectrum of this com-
pound (Fig. 3b) contains the peak of a molecular ion of
the degradation product of the radical with splitting of
nitrogen oxide (compound 


 


II


 


; molecular mass,
187 g/mol). Other, weaker peaks were identified on the
basis of their mass spectra as propyl phenyl ketone
(retention time, 9.52 min), isopropyl phenyl ketone
(retention time, 7.81 min), and benzoic acid amide
(retention time, 8.61 min). These minor products evi-
dently result from the hydrolysis of the primary product
of the photochemical reaction. Hydrolysis likely occurs
during sample preparation for chromatography/mass
spectrometry analysis, namely, while the sample is left
for drying in air for several days.


To summarize, our analysis shows that compound 


 


II


 


,
which is produced by nitrogen oxide splitting from the
starting radical, is the major product of the photochem-
ical degradation of 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl.
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 Pattern (a): the chromatogram of photolysis products. Pattern (b): the mass spectrum of the strongest peak (187, the molec-
ular ion peak for compound 
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The increase in the share of counterfeit drugs is a
problem associated, first, with a threat to population
health and, second, with losses to the state treasury and
private producers, including lost profits and expenses
for combating counterfeit products and for protection
of intellectual property rights. According to data of
independent studies, the share of counterfeit drugs on
the Russian pharmaceutical and parapharmaceutical
market is 12% [1].


Various international organizations participate in
developing measures for combating counterfeiting of
drugs and dietary supplements; the World Health Orga-
nization (WHO) is especially active in this area [2].
According to the WHO definition, a counterfeit drug is
understood to be a pharmaceutical product that is inten-
tionally and in a misleading manner supplied with false
labeling in regard to its authenticity and/or source of
origin. A counterfeit can pertain to either brand-name
or reproduced drugs (generics); classified as counterfeit
products are products with the proper ingredients or
with incorrect ingredients, not containing active ingre-
dients, or with an amount of an active ingredient or
drug not corresponding to the label in a counterfeit
package [3]. A considerable quantity of counterfeit and
poor-quality products are identified among drugs and
dietary supplements of natural origin, in particular, pre-
pared from fat- and oil-bearing medicinal plant mate-
rial. The main types of counterfeits of these drugs of
natural origin are either products containing other
active ingredients not corresponding to those shown on
the label or products containing active ingredients
whose source of origin differs from the source shown
on the label.


ANALYSIS


The above factors, as well as the large number of
samples requiring testing, with the comparatively high


cost of pharmacopoeial analysis, necessitate changes in
the system of drug quality control. In connection with
this, WHO recommends the use of simplified tests, or
so-called methods of screening evaluation. Methods of
screening evaluation of potential counterfeits, not
replacing pharmacopoeial methods of testing, enable
rather rapid and less expensive identification of coun-
terfeit drugs and dietary supplements.


If an oil-bearing medicinal plant material has a non-
specific composition of fatty acid acylglycerols and is
characterized by the absence of any specific accompa-
nying substances, the discovery in the drug or dietary
supplement of an admixture of other fatty oils that have
a similar fatty acid acylglyceride composition is a labo-
rious task not always leading to unambiguous solu-
tions.


The discovery of an admixture of sunflower seed oil
in drugs and dietary supplements with pumpkin seed oil
and wheat germ oil is especially difficult even with the
use of chromatographic methods of identification of
fatty acids since the fatty acid composition of acylglyc-
erols of these oils is mainly represented by nonspecific
fatty acids: C
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.
In this study, on the basis of empirical composition


and quality indices (CQIs) of drugs and dietary supple-
ments prepared from oil-bearing medicinal plant mate-
rial, an algorithm for calculation of the fatty acid and
glycerol composition is developed that can be used for
screening evaluation of potential counterfeits and iden-
tification of poor-quality products among this group of
medicines.


METHODS


As objects of study, we chose the dietary supple-
ments pumpkin seed oil [4], Tykvin [5], Vitadioil [6],
and wheat germ oil [7] and the drug Tykveol [8], all
having a nonspecified fatty acid acylglycerol composi-
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Abstract


 


—Based on empirical indices of the composition and quality of drugs prepared from oil-bearing plant
material, an algorithm for calculation of the fatty acid and glycerol composition is developed that can be used
for screening evaluation of potential counterfeits and identification of poor-quality products.
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tion and characterized by the absence of any specific
accompanying substances. The study was performed on
five series of each of the objects.


For calculation of the composition of fatty acids and
glycerols, the following CQIs of the objects of study
were determined: saponification number, acid number,
content of unsaponifiable substances, and free fatty
acid content. The saponification number and acid num-
ber were determined according to the methods of the
State Pharmacopoeia (ninth edition). In determination
of the acid number, potentiometric control of end point
titration was used [9]. The content of unsaponifiable
substances was determined according to the method of
the International Pharmacopoeia [10]. The content of
free fatty acids in the objects of study was determined
by the method proposed by Tyutyunnikov [11]. In addi-
tion, the content of free fatty acids in the objects of
study was calculated on the basis of two empirical
CQIs—the saponification number and the acid number.
The results of the determination of the main CQIs of the
objects of study are presented in this work with an indi-
cation of the calculated confidence interval (


 


f


 


 = 5; 


 


P


 


 =
0.95).


The calculation of the composition of fatty acids and
glycerols was carried out on the basis of three empirical
CQIs of drugs prepared from oil-bearing medicinal
plant material, namely, the saponification number, the
acid number, and the content of unsaponifiable sub-
stances.


1. The average relative molecular mass of acylglyc-
erols (MMG) prepared from oil-bearing medicinal
plant material is calculated according to the formula


MMG = (3 


 


×


 


 56110)/SN,


where 3 is the coefficient of conversion to triacylglyc-
erols (TAGs), 56110 is the relative molecular mass of
potassium hydroxide, and SN is the saponification
number of the sample.


2. The average relative molecular mass of fatty acids
(MMFA) is calculated according to the formula


MMFA = (MMG – 38)/3,


where MMG is the average relative molecular mass of
acylglycerols, 38 is the relative molecular mass of the
hydrocarbon part of glycerol, and 3 is the coefficient of
conversion to TAGs.


3. The content of free fatty acids (CFA) of drugs pre-
pared from oil-bearing medicinal plant material is cal-
culated according to the formula


CFA = (100MMFA · AN)/56110,


where MMFA is the average relative molecular mass of
fatty acids, AN is the acid number of the sample, and
56110 is the relative molecular mass of potassium
hydroxide.


4. The content of acylglycerols (CAG, %) in drugs
prepared from oil-bearing medicinal plant material is
calculated according to the formula


CAG = (100 – CFA – CUS),


where CFA is the content of free fatty acids (%) and
CUS is the content of unsaponifiable substances in the
sample (%).


RESULTS AND DISCUSSION


As a result of the study, the values of the saponifica-
tion number, acid number, content of unsaponifiable
substances, and content of free fatty acids in the drugs
prepared from oil-bearing medicinal plant material
shown in Table 1 were determined.


On the basis of the CQIs determined, the composi-
tion of fatty acids and glycerols of the objects of study
was calculated (Table 2) according to the above calcu-
lation method. It is known that the composition of fatty
acids in the lipophilic fractions of oil-bearing medicinal
plant material is constant. At the same time, the quanti-
tative content of individual fatty acids in different sam-
ples of the same lipophilic fraction (fatty oil) obtained
from a particular medicinal plant material can vary, but
most often within small ranges. Differences in the com-
position and quantity of fatty acids of lipophilic frac-
tions of plant material are reflected in the specific con-
sumption of reagents used in the corresponding reac-
tions. When a high-quality drug is obtained from oil-
bearing medicinal plant material, the specific consump-
tion of reagents expressed by the corresponding indices
(saponification number, acid number, content of unsa-
ponifiable substances, content of free fatty acids) varies
in comparatively small, constant ranges. In addition,
the values of the saponification number and acid num-
ber are directly related with the fatty acid composition
of drugs prepared from oil-bearing medicinal plant


 


Table 1.


 


  Composition and quality indices of the studied series of drugs prepared from oil-bearing medicinal plant material
having a nonspecific content of fatty acid acylglycerides


Object
 Index


Tykveol Tykvin Pumpkin
seed oil Vitadioil Wheat


germ oil


Saponification number 223.0 


 


±


 


 3.1 223.0 


 


±


 


 3.1 214.0 


 


±


 


 3.2 208.6 


 


±


 


 3.1 210.4 


 


±


 


 3.2


Acid number 1.05 


 


±


 


 0.02 0.39 


 


±


 


 0.01 0.62 


 


±


 


 0.01 1.16 


 


±


 


 0.02 3.21 


 


±


 


 0.05


Content of unsaponifiable substances, % 0.77 


 


±


 


 0.01 0.65 


 


±


 


 0.01 0.75 


 


±


 


 0.01 0.62 


 


±


 


 0.01 0.55 


 


±


 


 0.01


Content of free fatty acids, % 0.450 


 


±


 


 0.007 0.170 


 


±


 


 0.003 0.280 


 


±


 


 0.005 0.530 


 


±


 


 0.008 1.450 


 


±


 


 0.032
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material. Consequently, the aggregate of such CQIs as
saponification number, acid number, and content of
unsaponifiable substances enables identification of
drugs prepared from oil-bearing medicinal plant mate-
rial.


The calculation of fatty acid and glycerol composi-
tion performed on the basis of CQIs showed the identity
of the drug Tykveol and the dietary supplement Tykvin
with regard to the following indices: average relative
molecular mass of acylglycerols, average relative
molecular mass of fatty acids, and content of acylglyc-
erols (Table 2). Thus, on the basis of this calculation of
the fatty acid and glycerol composition, the drug Tyk-
veol and the dietary supplement Tykvin can be identi-
fied as the fatty oil of pumpkin seeds, which is stated by
the manufacturer in the corresponding quality stan-
dards [5, 8].


The results of the calculation of the fatty acid and
glycerol composition of the dietary supplement pump-
kin seed oil [4] allow the supposition of a potential
counterfeit, related with the presence in it of sunflower
seed oil. This hypothesis agrees with the results of the
preliminary screening evaluation of the studied series
of the dietary supplement pumpkin seed oil with regard
to the index 


 


description.


 


 According to the screening
evaluation performed, this dietary supplement of the
studied series is a greenish brown oily liquid with the
characteristic taste of pumpkin seed oil having the spe-
cific odor of sunflower seed oil, which does not meet
the requirements of the quality standard for this dietary
supplement [4]. It is known that the average molecular
mass of fatty acids of sunflower seed oil is 283 [11]. As
shown in Table 2, the average relative molecular mass
of acylglycerols of the dietary supplement pumpkin
seed oil of the studied series exceeds the corresponding
index for the drug Tykveol and the dietary supplement
Tykvin by 4.2% and the average molecular mass of
fatty acids is correspondingly 4.6% higher.


According to the technical specifications, the
dietary supplement Vitadioil is a mechanical mixture of
pumpkin seed oil and wheat germ oil. In the manufac-
ture of this dietary supplement, a content of pumpkin
seed oil of not more than 80% and of wheat germ oil of
not less than 20% by volume is regulated [6]. Pumpkin
seed oil and wheat germ oil have practically identical
fatty acid compositions. In addition, in these oils there


are no accompanying substances typical for only one of
the oils. Organoleptic peculiarities in mixtures of fatty
oils are very difficult to recognize, especially if they are
not clearly manifested and if one of the fatty oils is in
the mixture in a small quantity. However, the compari-
son of the calculated composition of fatty acids and
glycerols of the dietary supplement Vitadioil with the
drug, the dietary supplement pumpkin seed oil, and the
dietary supplement wheat germ oil allows Vitadioil to
be identified as a mixture of the corresponding fatty oils
(Table 2).


The expedience of increasing the number of tests in
identification of counterfeit and poor-quality products
among drugs and dietary supplements prepared from
oil-bearing medicinal plant material is determined by
the need to decrease the growth of costs. At the same
time, costs related with performing screening evalua-
tion must be compared with the probability of the
appearance of iatrogenic pathology, i.e., with the possi-
bility of the appearance of more significant medical,
social, and economic problems due to the use of coun-
terfeit or poor-quality drugs and dietary supplements.
In this aspect, calculation of the fatty acid and glycerol
composition can be viewed as method of screening
evaluation of potential counterfeit drugs prepared on
the basis of oil-bearing medicinal plant material having
a nonspecific composition of fatty acid acylglycerols.
Calculation of the fatty acid and glycerol composition
of this group of drugs is performed on the basis of three
empirical CQIs—the saponification number, the acid
number, and the content of unsaponifiable sub-
stances—and makes it possible to reliably and objec-
tively identify the corresponding drug or dietary sup-
plement, i.e., to identify a potential counterfeit or a
poor-quality product.
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a nonspecific content of fatty acid acylglycerols


Object
 Index


Tykveol Tykvin Pumpkin seed 
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Average relative molecular mass 
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Selective wetting, i.e., wetting in solid–liquid (1)–
liquid (2) systems, is important for many natural, bio-
logical, and industrial processes [1–3]. However, many
features of the mechanisms of selective wetting remain
unclear. The effects of the nature of a solid substrate
and its surface energy on the stability of wetting films
and the contact angles of selective wetting 


 


θ


 


12


 


 are
poorly understood. Surfactants influence selective wet-
ting in a complex manner: on one hand, the interfacial
energies of various interfaces decrease as a result of the
adsorption of surfactants, as a rule, enhancing wetting.
On the other, surfactants have a stabilizing effect on
polar–nonpolar phase surfaces and on wetting films,
hindering the spreading of drops under selective wet-
ting conditions [4, 5]. The influence of surfactants on
the selective wetting of heterogeneous surfaces is virtu-
ally unstudied.


This work is a comparative study of the effect of the
hydrophobic fraction of a solid surface on its wetting by


solutions of surfactants in air and under selective wet-
ting conditions (in an immiscible liquid).


SUBJECTS AND METHODS


The surfactants used were tetradecyltrimethylam-
monium bromide (TDTAB) (from Merck); the nonpo-
lar liquid was 


 


p


 


-xylene (chemically pure grade).
TDTAB solutions with concentrations 


 


c


 


 ranging from
10


 


–5


 


 to 10


 


–2


 


 mol/L were prepared by consecutive dilu-
tion of the stock solution with distilled water. Glass
plates treated with dimethyldichlorosilane (DMDCS)
were used in experiments.


Surface tension isotherms at aqueous TDTAB solu-
tion–air and solution–


 


p


 


-xylene interfaces were
obtained in Wilhelmy’s plate equilibration experiments
(Fig. 1). The critical micelle concentration (CMC) for
TDTAB as derived from the kink on the surface tension
isotherm is 4 


 


×


 


 10


 


–3


 


 mol/L, which agrees with the liter-
ature [6, 7]. Interfacial tension strongly decreases with
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Abstract


 


—Selective wetting of dimethyldichlorosilane-modified glass plates by solutions of tetradecyltrime-
thylammonium bromide (TDTAB), a cationic surfactant, in 


 


p


 


-xylene has been studied. When surfactant con-
centrations are lower than the critical micelle concentration (CMC), the contact angles under selective wetting
conditions increase with increasing hydrophobic surface fraction. When surfactant concentrations are higher
than CMC, contact angles are the same on all substrates studied. The adsorption of the surfactant on hydrophilic
and hydrophobic regions of heterogeneous surfaces and the stability of wetting films are taken into account in
interpreting the results.
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 Surface tension isotherms at (a) aqueous TDTAB solution–air and (b) this solution–
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-xylene interfaces (
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rising TDTAB concentration to acquire a constant value
of 4 mN/m near the CMC. This is the lower limit for
Wilhelmy’s technique. Smaller values cannot be deter-
mined because the plate is not equilibrated at the inter-
face.


The starting glass plates were cleaned as follows:
they were stored in sulfochromic acid for 1 day, after
which they were boiled three rimes with distilled water
and dried in air. The contact angle between water and
cleaned plates was 5 deg. A horizontal microscope
equipped with a digital video camera, which was inter-
faced with a computer, was used to determine contact
angles. Contact angles were determined by digitizing
video images of a seating drop. To make the surface
fully hydrophobic, cleaned glass plates were treated in
DMDCS vapor for 1 day followed by washing with
chloroform. As a result of this treatment, hydrophobic
methyl groups substituted for hydrophilic silanol
groups on the glass surface. The water contact angle at
hydrophobic plates was 105 deg.


To obtain heterogeneous surfaces, cleaned glass
plates were placed into a solution of DMDCS in chlo-
roform. The solution concentration and the modifica-
tion time were varied to achieve the set degree of sur-
face modification (table 1). After exposure to the solu-


tion, plates were cleansed with chloroform and dried in
air. The hydrophobic surface fraction was calculated
from the Cassie–Baxter relationship [8]:


(1)


Here, 


 


θ


 


 is the water contact angle at a heterogeneous
surface in air, 


 


θ


 


1


 


 is the water contact angle at a hydro-
phobic surface (105 deg, cos 


 


θ


 


1


 


 = –0.259), 


 


θ


 


2


 


 is the
water contact angle at a hydrophilic surface (5 deg,
cos


 


θ


 


2


 


 = 0.996), and 


 


X


 


 is the hydrophobic surface frac-
tion of the glass plate. Plates with hydrophobic surface
fractions equal to 0.20, 0.46, and 0.60 were obtained as
a result of modification (Table 1). The modification of
plates was quite uniform; the scatter of the contact
angles of water drops at various parts of the surface of
a plate did not exceed 3 deg in 10–15 measurements.


RESULTS AND DISCUSSION


Wetting by TDTAB solutions in air (Fig. 2) for glass
and hydrophobic glass is described by considerably dif-
ferent isotherms. The contact angles on the unmodified
glass plates (Fig. 2, curve 


 


1


 


) first increase with rising
TDTAB concentration as a result of the adsorption of
surface-active cations on negatively charged adsorption
sites of the glass surface. Then, as the TDTAB concen-
tration increases further, the angles decrease because
the solid surface becomes hydrophilic because of the
formation of a bilayer or the adsorption of aggregates
[9–11]. When hydrophobic glass is wetted, the contact
angles decrease with rising concentration to acquire a
constant value when 


 


c


 


 > CMC (Fig. 2, curve 


 


5


 


). This
type of isotherm for wetting of hydrophobic surfaces is
characteristic of micelle-forming surfactants [12].


When heterogeneous surfaces are wetted, the con-
tact angles increase with rising hydrophobic surface
fraction of glass (considering wetting by TDTAB solu-
tions of identical concentrations) (Fig. 2). The trend of
wetting isotherms for heterogeneous surfaces resem-
bles that for hydrophobic glass: the contact angles
decrease with rising surfactant concentration and
acquire constant values after the CMC is achieved. The
adsorption of surfactants on a heterogeneous surface
has a complex influence on wetting, because adsorption
on hydrophilic regions makes the surface hydrophobic
and increases the solid–aqueous solution interfacial
energy (


 


σ


 


SL


 


), whereas adsorption on hydrophobic
regions adds to the hydrophilicity of the surface and
decreases 


 


σ


 


SL


 


. Proceeding from the measured contact
angles and the solution–air interfacial tension (


 


σ


 


LG


 


), we
can use the Young relationship (2) to suggest the direc-
tion in which 


 


σ


 


SL


 


 will change:


(2)


Table 2 lists the values of the product (


 


σ


 


LG


 


cos


 


θ


 


) for
the TDTAB concentration 


 


c


 


 equal to 10


 


–5


 


 mol/L (the
smallest concentration studied), 10


 


–3


 


 mol/L (the concen-
tration corresponding to the maximum contact angles for
wetting of unmodified glass), and 5 


 


×


 


 10


 


–3


 


 mol/L (close


θcos X θ1 1 X–( ) θ2.cos+cos=


σLG θcos σSG σSL.–=


 


Table 1.


 


  Glass modification in solutions of DMDCS in chlo-
roform


DMDCS
concentra-
tion, vol %


Modification 
time, s


Water con-
tact angle


 


θ


 


, deg


Hydrophobic 
surface frac-


tion, 


 


X


 


0.1 5 41 0.20


1 30 66 0.46


1 600 76 0.60
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 Wetting of (
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) heterogeneous surfaces with the hydrophobic fraction
equal to (
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) 0.20, (


 


3


 


) 0.46, (
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) 0.60 by solutions of TDTAB
in air (
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, mol/L).
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to the CMC). As 


 


c


 


 varies from 10


 


–5


 


 mol/L to the CMC,
(


 


σ


 


LG


 


cos


 


θ


 


) decreases for glass and heterogeneous sur-
faces with the hydrophobic surface mole fraction 


 


X


 


 equal
to 0.20. For a surface with 


 


X


 


 = 0.46, (


 


σ


 


LG


 


cos


 


θ


 


) remains
constant, whereas for a surface with 


 


X


 


 = 0.60 and hydro-
phobic glass, (


 


σ


 


LG


 


cos


 


θ


 


) increases. 


 


σ


 


SG


 


 either decreases
or remains unchanged during wetting; therefore, the dif-
ference (


 


σ


 


SG


 


 – 


 


σ


 


SL


 


) can rise only when 


 


σ


 


SL


 


 decreases.
From this, we can infer that TDTAB is adsorbed on these
regions of supports with high hydrophobic fractions. The
difference (


 


σ


 


SG


 


 – 


 


σ


 


SL


 


) decreases in response to either a
decrease in 


 


σ


 


SG


 


 or an increase in 


 


σ


 


SL


 


. These changes in
the surface energy are observed in cases where TDTAB
is preferentially adsorbed on hydrophilic regions. Thus,
for small hydrophobic surface fractions 


 


X


 


, surfactants
are adsorbed on hydrophilic regions, and for large 


 


X


 


 val-
ues, on hydrophobic ones. Apparently, adsorption on
hydrophilic regions, whose interaction energy is close to
chemisorption [10], is preferable to physisorption on
nonpolar regions.


When drops of aqueous solutions of TDTAB are
applied to solid surfaces in 


 


p


 


-xylene rather than in air,
it is first necessary to gain data on TDTAB distribution
in the water–


 


p


 


-xylene system. The distribution of sur-
factants in this two-phase system was studied by the
scintillating phase method [13, 14]. It was found that
the TDTAB distribution coefficient in the two-phase
system for TDTAB concentrations lower than the CMC
(


 


K


 


OW


 


 = 


 


c


 


O


 


/


 


c


 


W


 


 = 1.8 


 


×


 


 10


 


–3


 


, where 


 


c


 


O


 


 and 


 


c


 


W


 


 are the
TDTAB concentrations in organic and water phases,
respectively). Micellation in an aqueous solution
decreases the tendency of surfactants toward transfer to
the organic phase, and KOW decreases about twofold.
This small KOW value means that the test compound
prefers to concentrate in the aqueous phase; its concen-
tration in the organic phase is low. Therefore, the mass
transfer of surfactants from the aqueous to organic
phase and subsequent adsorption on the solid surface
can be ignored; i.e., it can be taken that the solid–p-
xylene interfacial energy does not change upon addi-
tion of a surfactant to an aqueous solution.


When drops of TDTAB solutions are applied to
glass immersed in p-xylene, contact angles increase in
the same concentration range as in air (Fig. 3, curve 1).
In the case of selective wetting, however, contact angles
change more sharply, from wetting to nonwetting. As
the TDTAB concentration rises, the contact angles


remain greater than 90 deg, rather than decreasing as in
air.


When applied to hydrophobic glass immersed into
p-xylene, TDTAB drops roll across the surface without
sticking to it, regardless of the solution concentration.
The drops deformed with rising surfactant concentra-
tion; their shapes differed strongly from a spherical seg-
ment (Fig. 4). Macroscopic contact angles decrease
only insignificantly with rising TDTAB concentration
(Fig. 3, curve 5). However, autoradiography [14] does
not show TDTAB traces on hydrophobic glass in the
case of selective wetting. Therefore, we can infer that a
stable film is conserved between a drop and a hydro-
phobic surface, keeping the drop of an aqueous solution
of the surfactant from contact with the surface. This
p-xylene film on the hydrophobic glass surface is sta-
ble; it is not destroyed on the approach of drops of
water or aqueous solutions of surfactants. Low interfa-
cial tensions are characteristic of the hydrophobic
glass–p-xylene interface, and the replacement of this
interface by the hydrophobic glass–aqueous surfactant
solution interface is thermodynamically unprofitable,
leading to a rise in the interfacial energy.


Changes in the product σL1L2cosθ12 = σSL1 – σSL2
(where L1 stands for p-xylene and L2 for aqueous solu-
tion) were calculated for the selective wetting of heter-
ogeneous surfaces (Table 3). A decrease in
(σL1L2cosθ12) is possible when σSL2 increases. A rise in


Table 2.  Worksheet for the calculation of the product (σLGcosθ) for wetting of solid surfaces by TDTAB solutions


c, mol/L
(σLGcosθ), mJ/m2


glass X = 0.20 X = 0.46 X = 0.60 hydrophobic glass


10–5 72 57 29 17 –17


10–3 39 43 30 22 11


5 × 10–3 30 32 31 31 18


–6 –5 –4 –3 –2 –1
logc


30


190


70


110


150


θ12, deg


1


23


4


5


Fig. 3. Wetting of (1) glass, (5) hydrophobic glass, and (2–
4) heterogeneous surfaces with the hydrophobic fraction
equal to (2) 0.20, (3) 0.46, (4) 0.60 by solutions of TDTAB
in p-xylene (c, mol/L).







12


MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 1      2008


SOBOLEVA


σSL2 is possible as a result of the adsorption of TDTAB
on the hydrophilic regions of the heterogeneous sur-
face. This rise occurs on glass or a heterogeneous sur-
face when X is 0.20 or 0.46 (for the latter, the rise is
insignificant). For the support with X = 0.60, σSL2
decreases as a result of the adsorption of TDTAB on the
hydrophobic regions of the solid surface. In general,
these tendencies match the results obtained from the
study of wetting of relevant plates in air, although there
is some quantitative distinction between the forms of
the wetting isotherms in Figs. 2 and 3. Although the θ
angles in air decrease whereas the preferential wetting
angles θ12 increase, the products (σLGcosθ) (for selec-
tive wetting, σL1L2cosθ12) change in the same direction
with rising TDTAB concentration. This is due to the
fact that σL1L2 decreases more abruptly (approximately


eightfold) than σLG (less than twofold) with increasing
surfactant concentration. Thus, the trend of wetting iso-
therms for heterogeneous surfaces in the pre-CMC con-
centration region in air is explained by the same tenden-
cies of TDTAB adsorption on solid surfaces as for
selective wetting.


At a fixed TDTAB concentration in the solution, the
contact angles of selective wetting rise with increasing
hydrophobic surface fraction of the solid (Fig. 5a).
However, this tendency is only observed for pre-CMC
surfactant concentrations. For post-CMC concentra-
tions, θ12 is virtually independent of the hydrophobic
surface fraction and is roughly the same on glass, het-
erogeneous surfaces, and fully hydrophobic glass
(Fig. 5b). This range of TDTAB concentrations corre-
sponds to very low interfacial tensions (Fig. 1b); the
drop shapes strongly differ from a sphere and close to
that shown in Fig. 4b. The drop shape on a support is
virtually independent of the hydrophobicity of the sup-
port. We can assume that post-CMC surfactant concen-
trations noticeably stabilize the p-xylene film, which
keeps the drop from contact with the solid surface. The
stability of the film can be due to an intermediate
microemulsion phase that is formed near the aqueous
solution–p-xylene interface and stabilizes the liquid–
liquid interface. We considered the possibility of the


Fig. 4. Micrographs of drops of TDTAB solutions with concentrations equal to (a) 1 × 10–4 mol/L and (b) 1 × 10–2 mol/L on hydro-
phobic glass plates in p-xylene.


Table 3.  Worksheet for the calculation of the product
(σL1L2cosθ12) for wetting of solid surfaces by TDTAB solu-
tions


c, mol/L
(σL1L2cosθ12), mJ/m2


glass X = 0.20 X = 0.46 X = 0.60


10–5 19 18 0 –10


5 × 10–3 –3 –3 –3 –3


1000 20 40 60 80
X


50


200


150


100


θ12, deg


(a)


1000 20 40 60 80
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Fig. 5. Contact angles in the TDTAB solution drop–p-xylene–solid surface system vs. The hydrophobic fraction of the solid surface.
TDTAB concentration c, mol/L: (1) 10–5, (2) 10–4, (3) 10–3, (4) 5 × 10–3, and (5) 10–2.
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existence of such a phase earlier in analyzing data on
TDTAB adsorption at water–p-xylene interfaces
obtained using the scintillating phase method and data
on aqueous TDTAB solutions in contact with p-xylene
obtained using spectrophotometry and photon-correla-
tion spectroscopy [13, 14].


CONCLUSIONS


Comparison of the wetting of heterogeneous sur-
faces in air and under selective wetting conditions elu-
cidates the dual role of surfactants. The role of surfac-
tants as regulators of surface tension is dominant in
wetting of heterogeneous substrates in air and under
selective wetting conditions for pre-CMC surfactant
concentrations. In this concentration region, the trend
of the wetting isotherms is due to the adsorption of sur-
factant at the aqueous solution–air interface (for selec-
tive wetting, the solution–p-xylene interface) and the
aqueous solution–solid interface. The observed wetting
isotherms are the result of the change in the solid–aque-
ous solution interfacial energy caused by the adsorption
of a surfactant (the increase for glass and supports with
low hydrophobic surface fractions and the decrease for
hydrophobic glass and supports with high hydrophobic
surface fractions). When TDTAB concentrations are
higher than the CMC under selective wetting condi-
tions, surfactants act as stabilizers of wetting films. In
the post-CMC region, the contact angles are nearly
independent of the nature of the support, because a sta-
ble surfactant-stabilized p-xylene film is retained in a
drop between the solid surface and the solution.
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Various materials whose breadth of application is
determined by their properties as regards cells and bio-
molecules with a certain structure are widely used in
advanced bioengineering. A special place is held by
highly dispersed silicas, which are distinguished by
developed surfaces coated by hydroxide groups [1].


Synthesis of silica supports makes it possible to pre-
pare sorbents with positive properties of inorganic matri-
ces: chemical purity, nonswelling in solutions, consider-
able adsorption capacities, rigid frameworks, chemical
and microbiological stability, and nontoxicity.


In this work, we prepared ferromagnetic immun-
osorbents based on a strong, easily modified matrix that
has minimal nonspecific sorption.


METHODS


Chemical analysis of a silicate rock was carried out
as described in [2]. IR spectra were studied on a
Specord 75IR spectrophotometer in the wavenumber
range 500–4000 cm


 


–1


 


. The amino group concentration
of the organosilicon sorbent was determined according
to [3].


The specific surface area of the magnetic sorbent
(MS) was determined by low-temperature nitrogen
adsorption. The total pore volume and pore diameter
were determined by mercury porometry on a
Micromeritics Auto Pore-9200 instrument [4]. Sorbent
microstructure was examined on an IMZ-T3000 elec-
tronic device as described in [5].


Fractionation of proteins (immunoglobulins G) with
the use of poly(ethylene glycol) (PEG-6000, a high-
molecular-weight water-soluble polymer) [6] was
employed.


Proteins were quantified, as in [7], by comparing
optical absorption of proteins at 280 and 260 nm.


EXPERIMENTAL


An MS with a high sorption activity was manufac-
tured by generating the pore structure of the support in
the presence of an organic polymer.


Native aluminosilicate (from the Astrakhan deposit)
used in this work as the major structural component to
form the framework of the sorbent composite had the
following parameters: bulk density, 320 kg/m


 


3


 


; water
content at 110


 


°


 


C, 2.7%; and water capacity, 71%.
Chemical analysis showed the following components in
this aluminosilicate sample: SiO


 


2


 


 (wt 78%), Al


 


2


 


O


 


3


 


(wt 21%), Fe


 


2


 


O


 


3


 


 (0.8 wt %), magnesium (44 mg/kg),
manganese (9.4 mg/kg), zinc (10 mg/kg), cobalt
(0.4 mg/kg), and calcium (0.9 mg/kg).


Chemical modification of the sorbent was per-
formed in the presence of carbonized lignin and carbo-
diimide. The magnetic component used in the synthesis
was magnetite (Fe


 


3


 


O


 


4


 


). When the support is treated
with an organic polymer (carbonized lignin containing
carboxy groups), its surface is activated. Upon subse-
quent modification of the sorbent by carbodiimide
(1-cyclohexyl-3(2-morpholinyl-4-ethyl)carbodiimi-
demethyl-


 


p


 


-toluenesulfonate), the product is activated
by functionalities that are capable of interacting with
protein ligands.


Magnetic sorbents were prepared as follows. To alu-
minosilicate (1.5 g), added were 1, 1.5, 2, 2.5, 3, or 4%
aqueous solution of carbonized lignin (100 mL) and,
then, magnetic Fe


 


3


 


O


 


4


 


 powder (0.5–2.5 g). The mixture
was allowed to stand at (22 


 


±


 


 2)


 


°


 


C for a period of 1 to
16 h. Gelling pH was 4.0–7.0. The product was dried at
100–115


 


°


 


C for 30 min, ground, and sieved to separate
80–120 


 


µ


 


m fractions. Then, acetate buffer (pH 4.0;
9 mL) containing carbodiimide (40 mg) was added to
the sorbent, and the mixture was incubated for 1 h.
Then, the sorbent was carefully washed with acetate
buffer and distilled water.
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Abstract


 


—The composition of native aluminosilicate used to prepare, by means of chemical modification, a
functionalized ferromagnetic organosilicon sorbent suitable for immobilizing biologically active substances
was studied.
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The hydrogel experiences dehydration during ripen-
ing and syneresis, with thickening and a decrease in
volume. Heat treatment converts the hydrogel to a xero-
gel, with the hydrogel volume decreasing by a factor of
8–15. The final stages of the synthesis of the composite
MS ensure the separation of a highly disperse fraction
and its activation by functionalities for subsequent
immobilization of protein ligands. The resulting com-
posite MS is built of silica particulates linked to one
another in a three-dimensional framework and coated
with a polymer (carbonized lignin). The particulate size
determines the MS specific surface area, and the partic-
ulate packing density determines the pore volume and
pore radius.


RESULTS AND DISCUSSION


Our results show a good precision of technology
developed for manufacturing lignin-containing com-
posite MSs with standard composition and structural
parameters. For optimizing the structural parameters of
the composite MSs, we varied the batch ratio between
the components (aluminosilicate, carbonized lignin,
and Fe


 


3


 


O


 


4


 


), as well as the gelling time and pH.
The results of our experiment on optimization of the


structural parameters of the MS showed that with
increasing magnetite amount in the batch, the specific
surface area of the sorbent slightly decreased whereas
its pore volume and pore diameter increased (Table 1).
A likely reason for this is the stabilizing influence of
magnetite, which opposes the process associated with
particulate coarsening in the composite sorbent.
Table 2 illustrates the effect of the gelling duration on
the structural parameters of lignin-containing organo-


silicon composite MSs. In our opinion, the optimal gel-
ling time during sorbent manufacture is 2 h; with
increasing gelling time, the synthesis lengthens and the
MS pore size decreases, which leads to a decrease in the
degree of ligand immobilization with covalent binding
in sorbent pores.


Proceeding from the results of our study, we can rec-
ommend the following optimal parameters for the syn-
thesis of lignin-containing MSs: batch ratio, SiO


 


2


 


 :
Fe


 


3


 


O


 


4


 


 : carbonized lignin = 1.5 : 1 : 1; gelling time, 2 h;
gelling pH, 7.0.


A well-defined spongy, porous structure was
observed in the samples thus synthesized. The additive
(magnetic powder) enhanced globule agglomeration.


Magnetic sorbents were manufactured as highly dis-
perse microgranules of irregular shapes with well-
defined magnetic properties, with good wettability and
efficient sedimentation in solution, and without a ten-
dency to agglomerate.


Determination of the amino group concentration in
the aluminosilicate sorbent with occluded iron oxide
showed that this concentration was within 0.45–
0.54 mg-equiv/g sorbent.


Bands at 3750 and 3680 cm


 


–1


 


 in the IR spectra of the
aluminosilicate sorbent were due to free and bound
hydroxide groups, respectively. After the aluminosili-
cate support was chemically modified with carbonized
lignin, the absorption intensity in the region of the
3750 cm


 


–1


 


 band was reduced. At the same time, an
absorption band appeared at 1650 cm


 


–1


 


 in the region of
the stretching vibrations of CH groups, carboxy groups
(COOH), and amino groups (NH


 


2


 


); an absorption band
at 900 cm


 


–1


 


 appeared due to the vibrations in aromatic


 


Table 1.


 


  Parameters of the MS as functions of magnetite amount used in the synthesis


Batch ratio (wt/wt) Specific saturation 
magnetization,


A m


 


2


 


/kg


Specific surface 
area, m


 


2


 


/g
Pore volume,


cm


 


3


 


/g
Pore radius,


nmSiO


 


2


 


Fe


 


3


 


O


 


4


 


carbonized
lignin


1.5 0.5 1 8.8 


 


±


 


 0.04 64.5 


 


±


 


 0.74 1.21 


 


±


 


 0.05 25.6 


 


±


 


 0.49


1.5 1.0 1 10.2 


 


±


 


 0.08 63.6 


 


±


 


 0.49 1.23 


 


±


 


 0.08 29.6 


 


±


 


 0.49


1.5 1.5 1 12.4 


 


±


 


 0.08 55.4 


 


±


 


 0.83 1.25 


 


±


 


 0.09 30.6 


 


±


 


 0.49


1.5 2.5 1 17.7 


 


±


 


 0.08 54.6 


 


±


 


 0.47 1.29 


 


±


 


 0.038 32.2 


 


±


 


 0.6


 


Table 2.


 


  Structural parameters of the MS as functions of gelling time


Batch ratio (wt/wt)
Gelling time,


h
Specific surface 


area, m


 


2


 


/g
Pore volume,


cm


 


3


 


/g
Pore radius,


nmSiO


 


2


 


Fe


 


3


 


O


 


4


 


carbonized
lignin


1.5 1 1 2 63.0 


 


±


 


 0.84 1.23 


 


±


 


 0.09 29.7 


 


±


 


 0.29


1.5 1 1 4 65.0 


 


±


 


 0.51 1.23 


 


±


 


 0.08 25.6 


 


±


 


 1.12


1.5 1 1 8 69.6 


 


±


 


 0.6 1.21 


 


±


 


 0.02 23.7 


 


±


 


 0.45


1.5 1 1 16 71.4 


 


±


 


 0.52 1.21 


 


±


 


 0.08 21.6 


 


±


 


 0.49
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rings. In addition, the sorbent spectrum contained
strong bands at 2900 cm


 


–1


 


 due to the CH vibrations
assigned to methylene groups [8].


X-ray powder diffraction showed unoxidized metal
(copper) and oxide (Al


 


2


 


O


 


3


 


, CuO, and ZnO) phases in
the aluminosilicate sorbent; aluminum oxide is the
major phase as follows from the intensity of its reflec-
tions. This agrees with chemical analysis of aluminosil-
icate sorbent samples.


To prepare magnetic immunosorbents, specific
ligands were immobilized on magnetic sorbents. These
specific ligands were immunoglobulins G fractionated
by poly(ethylene glycol)-6000 and isolated from mouse
anti-West Nile virus immune ascitic liquid and immu-
noglobulins IgG isolated from the blood of patients suf-
fering from borreliosis [6].


The kinetic study of immobilization and quantifica-
tion of covalent binding of immunoglobulins with the
sorbents showed that 2 mg/mL is the optimal ligand
protein concentration for complete saturation of the
sorbent with antibodies in a 0.2-mL aliquot of 10% sus-
pension. With protein concentrations in immunoglobu-
lins higher than 2 mg/mL, the adsorption capacity of
the magnetic immunosorbent was lower. In all proba-
bility, the dependence of the adsorption capacity on the
amount of the immobilized protein is due to steric fac-
tors [8–12]. The kinetic study of immobilization and
the assessment of protein ligand binding to the sorbent
showed that 2 h is sufficient for complete saturation of
the MS with the protein with a solution pH of 6–7 and
a temperature of 22–37


 


°


 


C.
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The distribution of surfactants in solid–polar liq-
uid(1)–nonpolar liquid(2) systems is of fundamental
importance for understanding the kinetics and mecha-
nisms of preferential wetting, which is of paramount
significance for solving many applied problems.


The adsorption of a surfactant at liquid(1)–liquid(2),
solid–liquid(1), and solid–liquid(2) interfaces plays the
key role in establishing the equilibrium contact angle
under preferential wetting conditions. The adsorption
of a surfactant at the solid–liquid(1) and solid–liquid(2)
interfaces is much influenced by the distribution of the
surfactant between the two liquid phases, because the
surfactant can be adsorbed both from the bulk of the
drop and the surrounding liquid(2). The influence of the
adsorbate surfactant layers on the contact angle of pref-
erential wetting can be different [1].


Thus, for analyzing preferential wetting data, it is
important to know the distribution of a surfactant
between two liquid phases and the structure of adsor-
bate surfactant layers on the solid.


The distribution of surfactants in a water–organic
solvent system under preferential wetting conditions is
of particular importance. The specifics of such experi-
ments are associated with the different volumes of the
two liquid phases and the monitoring of the redistribu-
tion of small surfactant amounts between these liquids.
The radioactive label technique is very efficient for
such studies [2, 3]. This technique detects extremely
low concentrations of surfactants in liquids using liquid
scintillation (LS) spectrometry. The sampling of very
small aliquots makes it possible to study the kinetics of
surfactant transfer during the redistribution in water–
organic liquid systems for long periods of time [3].


Autoradiography (ARG) is a very informative
method for studying the structure of adsorbate surfac-
tant layers. Autoradiography involves the photographic
recording of the ionizing radiation of a radioactive label
aspirated to the test sample. The darkening intensity of
autoradiograms bears information not only about the
substance amount adsorbed on the solid surface but
also on the distribution of the surfactant over this sur-
face [4].


This work studies the distribution of Triton X-100
(TX-100), a nonionic surfactant, in the quartz–water–
cyclohexane system as a function of the surfactant con-
centration in the aqueous phase and the contact time
between the aqueous drop and the quartz surface
immersed in cyclohexane (CH). Tritium was used as
the radioactive label [2]. The radiochemical purity of
tritium-labeled TX-100 (pure for analysis grade, from
Merck) was 96%. The amount of TX-100 transferred
from an aqueous drop to cyclohexane was monitored by
liquid scintillation counting (the scintillating phase
method [2]). The TX-100 concentration in cyclohexane
was calculated from


(1)


where 


 


a


 


 and 


 


V


 


 are, respectively, the radioactivity (dpm)
and volume of the sample; and 


 


A


 


sp


 


 = 2.8 Ci/mol is the
specific radioactivity of TX-100. The error in concen-
trations was no more than 10%.


The distribution of TX-100 over the quartz surface
was evaluated visually as the darkening intensity of
autoradiograms. The photodetector used was Retina
XBM radiographic film with a sensitivity of 1300 R


 


–1


 


.
Predistilled cyclohexane (chemically pure grade) and


c0 a/ V Asp( ),=
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Abstract


 


—The distribution of TX-100, a nonionic surfactant, over solid surfaces in cyclohexane (CH), with
quartz being preferentially wetted by aqueous solutions of TX-100, is studied using radioactive labels and wet-
ting. From low-concentration solutions, the surfactant is adsorbed from the aqueous phase on the quartz surface
preferentially near the three-phase contact line. At higher TX-100 concentrations, adsorption on the solid sur-
face occurs from both liquid phases. The TX-100 distribution on quartz influences the kinetics of acquisition of
the contact angle of preferential wetting.
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bidistilled water with the specific electrical conductiv-
ity 


 


χ


 


 = 5.5 


 


×


 


 10


 


–5


 


 


 


Ω


 


–1


 


 cm


 


–1


 


 were used in the work.
Before an experiment, the liquids were mutually sat-


urated at 20


 


°


 


C for 20 days, because the solubility of
water in CH is 1.48 


 


×


 


 10


 


–2


 


 mol/kg (25


 


°


 


C) and that of
CH in water is 1.19 


 


×


 


 10


 


–3


 


 mol/kg [6].
Quartz plates were cleaned by consecutive boiling


with sulfochromic acid (10 min) and distilled water
(3 


 


×


 


 20 min). Samples with the inflow wetting angles of
water 


 


θ


 


a


 


 


 


≤


 


 5


 


°


 


 and outflow wetting angles 


 


θ


 


r


 


 = 0% [7]
were chosen for experiments.


An experiment was carries out as follows. First, a
quartz plate was exposed to CH (


 


V


 


 = 5 mL) for 30 min;
then, a drop (with a volume of 10–15 


 


µ


 


L) of an aqueous
solution of TX-100 was applied to the quartz surface;
CH was carefully removed from the cell; an aliquot
(


 


V


 


 = 1 mL) was sampled to determine the TX-100
amount transferred from the aqueous solution drop to
HC using LS spectrometry. Then, the drop was
removed from the surface and the plate was taken from
the cell. After drying, plates were placed into a closed
chamber equipped with a photodetector for imaging.
The exposure time (in contact of quartz plates with the
photodetector) was 30 days. All experiments were car-
ried out at 20


 


°


 


C.
The distribution of TX-100 in the quartz–water–CH


system was studied at various TX-100 concentrations
in water and various contact times between a drop of an
aqueous TX-100 solution and the quartz surface. The
TX-100 concentration in water was 2.5 


 


×


 


 10


 


–6


 


, 10


 


–5


 


, and
4 


 


×


 


 10


 


–4


 


 mol/L. The critical micelle concentration
(CMC) for TX-100 in aqueous solutions and CH is
2.4 


 


×


 


 10


 


–4


 


 and 1 


 


×


 


 10


 


–5


 


 mol/L, respectively [8]. The
contact time between an aqueous solution drop and the
quartz surface was 5, 20, or 40 min or 21 h. These con-
tact times were chosen for the following reasons:


(1) the redistribution of TX-100 in the water (


 


V


 


 =
10–20 


 


µ


 


L)–CH (


 


V


 


 = 3 mL) system occurred within 40
min (Fig. 1) [2];


(2) an equilibrium value of the contact angle in the
quartz–water–CH system is acquired within 21 h
(Fig. 2).


From [9], we know that oxyethylated surfactants are
adsorbed on polar surfaces from aqueous solutions via
hydrogen bonding between the solid surface and the
oxyethyl groups of the surfactant:


The adsorption of TX on quartz involves three con-
secutive stages [10] (Fig. 3). At the first stage (for


 


c


 


 < 


 


c


 


CMC


 


), adsorption is low and increases slowly; at


 


c


 


 


 


≈


 


 0.5 CMC, adsorption increases abruptly; and at 


 


c


 


 


 


≈


 


c


 


CMC


 


, it reaches a maximum value. Analyzing the vari-
ation of the outflow wetting angle 


 


θ


 


r


 


 (with an air bubble
supplied to the quartz surface immersed in a TX-100
solution) as a function of TX-100 concentration
(Fig. 4), we suggested that the first stage involves the
adsorption of individual TX-100 molecules (which do
not interact with one another). The quartz surface
becomes more hydrophobic than the initial one because
its hydrocarbon radicals are oriented into the bulk of the
solution at a certain angle to the solid surface. As the
TX-100 concentration increases further, the interac-
tions between the hydrocarbon radicals of these adsor-
bate molecules and TX-100 molecules in the bulk of the
solution become progressively important. The hydro-
phobic interactions between hydrocarbon radicals gen-
erate surfactant aggregates on the solid surface, with
the polar groups of these aggregates oriented into the
bulk of the solution, and make the surface hydrophilic,
thus decreasing 


 


θ


 


r


 


.


–SiOH……O(CH2–CH2)–.
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Fig. 1.


 


 TX-100 concentration in CH vs. contact time
between drops of an aqueous solution of TX-100 with con-
centrations of equal to (


 


1


 


) 2.5 and (


 


2


 


) 10 


 


µ


 


mol/L and cyclo-
hexane.
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Fig. 2.


 


 Contact angle for the preferential wetting of quartz
by aqueous solutions of TX-100 with concentrations
(mol/L) of (


 


1


 


) 10


 


–5


 


, (2) 4 


 


×


 


 10


 


–4


 


, (


 


3


 


) 2.6 


 


×


 


 10


 


–6


 


 and by water
(


 


4


 


) in cyclohexane vs. time.
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The variations in the contact angle of wetting in the
quartz–aqueous TX-100 solution–CH system is deter-
mined by the adsorption of the surfactant at various
interfaces. Analyzing autoradiograms in combination
with LS spectrometry data, we revealed the following
features of formation of a TX-100 adsorbate layer on
the quartz surface. From low-concentration solutions
(containing 2.5 


 


×


 


 10


 


–6


 


 mol/L TX-100, the concentration
producing a sparse surfactant monolayer on quartz;
Fig. 3), TX-100 is adsorbed mainly along the wetting
perimeter (Fig. 5). The surfactant concentration near
the three-phase contact line (TCL) during wetting in air
was earlier demonstrated by ARG [11] and observed in
other systems [12].


As the contact time increases from 5 to 40 min, the
amount of TX-100 adsorbed along the wetting perime-


ter remains virtually unchanged and only insignifi-
cantly increases over the entire wetted surface
(Figs. 5a–5c). Importantly, TX-100 adsorption is not
observed outside the drop, and the drop has clear-cut
boundaries. With this pattern of surfactant distribution,
the preferential wetting angle for an aqueous solution
of TX-100 at quartz in CH rapidly acquires a constant
value (Fig. 2).


When 


 


c


 


TX-100


 


 = 10


 


–5


 


 mol/L, the adsorption on quartz
increases abruptly (Fig. 6) and is accompanied by sur-
factant aggregation [9, 10]. The darkening intensity of
the quartz surface in contact with the drop does not
change with time (Figs. 6a–6c). This means that the for-
mation of the surfactant adsorbate layer at the quartz–
aqueous TX-100 solution interface ends within 5 min.
However, TX-100 is distributed over the quartz surface
and outside the drop with increasing experiment time,
as proven by the uniform darkening of the quartz plate.
This result is due to surfactant mass transfer from the
water drop to CH and the adsorption of TX-100 from
CH onto quartz. The boundaries of the wet surface area
become vague, indicating the spread of TX-100 over
the quartz surface in the form of a thin wetting film
(Fig. 6c).


The tendency of TX-100 to transfer into CH and to
subsequent adsorption on quartz is enhanced by
increasing surfactant concentration in water. The sur-
factant is transferred to CH and adsorbs on quartz as
early as 20 min after the drop of an aqueous TX-100
solution (


 


c


 


 = 4 


 


×


 


 10


 


–4


 


 mol/L) was brought in contact
with the quartz surface. This is proven by the noticeable
darkening of the quartz surface area outside the drop.
The darkening intensity rises with increasing contact
time between the drop and quartz surface (Figs. 7a–7c).


After 21 h of contact between a drop of a TX-100
solution (


 


c


 


 = 4 


 


×


 


 10


 


–4


 


 mol/L) with the quartz surface,
the darkening intensity of autoradiograms increases
(Figs. 7a–7c). The boundaries of the wetted surface
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Fig. 3.


 


 Isotherms for TX-100 adsorption from aqueous solutions onto quartz.
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Fig. 4. Outflow wetting angles of aqueous solutions of TX-
100 at quartz vs. surfactant concentration.
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area become more clear (Fig. 7c). Thus, the TX-100
distribution between a water drop, CH, and the solid
surface changes as the contact time increases from
20 min to 21 h; TX-100 is transferred from the thin wet-
ting film to CH and is adsorbed on quartz, being uni-
formly distributed over the surface.


Liquid scintillation spectrometry data verify ARG
data. The table shows how the TX-100 concentration
transferred from an aqueous solution drop to CH
changes as a function of the contact time between the
drop and the quartz surface immersed in CH. For drop
volumes of 10–15 µL, the TX-100 distribution coeffi-
cient in the water–CH system is Kd = c0/cw = 0.008
(where c0 and cw are TX-100 concentrations in CH and
water, respectively) [3]. The TX-100 concentration in
CH (with TX-100 adsorption at interfaces ignored) was
calculated taking into account Kd.


The difference between the experimentally deter-
mined and calculated values of the TX-100 concentra-


tions in CH, with its initial concentration in the aqueous
phase equal to 10–5 mol/L, drops strongly as the contact
time between the phases involved in wetting increases.
Analogous evolution is observed for the concentration
equal to 4 × 10–4 mol/L (c ≈ 2CMC).


The adsorption of TX-100 from CH on quartz
causes the preferential wetting angle change with time.
TX-100 molecules in this adsorbate layer will be ori-
ented with their polar groups toward the quartz surface
and their hydrocarbon groups toward the bulk of the
nonpolar phase. As a result of surface hydrophobization
outside the drop, the kinetics of acquisition of the con-
tact angle of preferential wetting slows down (Fig. 2)
and the quasi-equilibrium value (θ = 40–43°) becomes
far higher than the initial contact angle of preferential
wetting (θ = 20°). We should also note that the acquisi-
tion time of a constant value of the preferential wetting
angle increases as the surfactant concentration c
increases from 2.5 × 10–6 to 4 × 10–4 mol/L.


(a) (b) (c)


Fig. 5. Autoradiograms of quartz surfaces after contact with drops of TX-100 aqueous solutions (c = 2.5 × 10–6 mol/L). Contact
time (min): (a) 5, (b) 20, and (c) 40. Drop volume: 10 µL.


(a) (b) (c)


Fig. 6. Autoradiograms of quartz surfaces after contact with drops of aqueous solutions of TX-100 (c = 1 × 10–5 mol/L). Contact
time (a) 5 min, (b) 20 min, and (c) 21 h. Drop volume: 15 µL.


Fig. 7. Autoradiograms of quartz surfaces after contact with drops of aqueous solutions of TX-100 (c = 4 × 10–4 mol/L). Contact
time (min): (a) 5, (b) 20, and (c) 40. Drop volume: 10 µL.
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To summarize, our experimental results show that
the acquisition of the contact angle of preferential wet-
ting in the quartz– TX-100 aqueous solution–cyclohex-
ane system is affected not only by the adsorption of the
surfactant at various interfaces but also by the distribu-
tion of the surfactant between polar and nonpolar
phases and the possibility of its adsorption from the
nonpolar phase onto the solid surface.
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TX-100 concentration in cyclohexane as a function of contact time between an aqueous solution drop and the quartz surface
immersed in cyclohexane (the error in concentration is 10%)


Starting TX-100 con-
centration in aqueous 


phase, mol/L


Volume of an aqueous 
solution drop


Contact time of drop 
with quartz surface,


min


Measured TX-100
concentration in CH


c, mol/L


TX-100 concentration 
in CH calculated from 


(1), mol/L


10–5


15 5 1.2 × 10–10


3 × 10–815 20 1.8 × 10–9


15 40 9.0 × 10–9


15 1440 2.0 × 10–8


4 × 10–4


10 5 1.2 × 10–7


8 × 10–710 20 2.1 × 10–7


10 40 2.6 × 10–7


10 1440 3.5 × 10–7
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Photosynthesis is the main energy source in the bio-
sphere. Notwithstanding the diversity of the structures
and functions of light-harvesting systems, they have
some properties in common: most of them are mem-
brane proteins incorporating photosynthetic antennae
surrounding the reaction center. Light-harvesting
antennae are responsible for light absorption and elec-
tronic excitation transfer to a special pair of chloro-
phylls in the reaction center, where charge separation
takes place, initiating further redox reactions.


The dynamics of electronic excitation migration and
conversion in natural photosynthetic systems has been
of interest to researchers for many years [1, 2]. The
crystal structures of light-harvesting antennae from
some bacteria have been determined by X-ray diffrac-
tion [3, 4]. All light-harvesting antennae are based on a
network of interacting pigments (porphyrins) bound to
other pigments (carotenoids) that extend the spectral
range of absorbed light. This network usually has a ring
structure [5]; however, the number of rings and their
composition and arrangement are different in different
bacteria. This raises the question of whether the struc-
ture of the antenna has an effect on the properties of a
light-harvesting device, i.e., on the rate and quantum
yield of energy migration from the antenna to the reac-
tion center.


In recent year, much attention has been focused on
the development of artificial photosynthetic systems [6,
7], including ones based on hierarchical molecular sys-
tems, dendrimers [8, 9]. Whereas the diversity of natu-
ral photosynthetic systems is limited by nature [10], the


imagination of synthetic chemists knows no limit, so
that artificial systems are highly various [11–13].


Different approaches are used for studying the
energy transfer dynamics in photosynthetic systems,
depending on the characteristic times of the process.
The rates of energy transfer between the elements of the
system are significantly different. Whereas energy
transfer from carotenoid to porphyrin lasts no more
than a few hundred femtoseconds, energy transfer
between porphyrins takes a few picoseconds and that
between two antennae, a few tens of picoseconds [5,
14]. This allows one to characterize energy transfer
from carotenoid to porphyrin as a coherent process.
Transfer between antennae is incoherent, which,
together with the extreme complexity of biological sys-
tems, justifies the use of classical and semiclassical
approaches to its description.


First attempts to describe the energy transfer
dynamics in photosynthetic systems were based on the
Förster theory [15], which considers energy transfer as
an incoherent process. Applying the Förster theory to
energy transfer in small systems gives results consistent
with experimental data; therefore, it is also used for
qualitative and semiquantitative consideration of large
systems. The kinetic approach to analysis of energy
transfer in photosynthetic systems is based on solution
of the basic kinetic equation with the structure deter-
mined by the architecture of a photosynthetic system,
and rate constants are calculated in terms of the Förster
theory [16–18]. An analogous approach was used for


 


Influence of the Architecture of Light-Harvesting Antennae
on the Energy Transfer Efficiency and Rate: Probability Analysis


 


A. S. Belov and V. V. Eremin


 


Department of Physical Chemistry
e-mail: vadim@educ.chem.msu.ru


 


Received November 29, 2007


 


Abstract


 


—The high efficiency of natural light-harvesting systems is based on the optimal organization of var-
ious parts of photosynthetic antennae, carotenoids and porphyrins. The rate and efficiency of energy transfer
inside an antenna and between the antenna and the reaction center were studied using probability analysis. The
transfer rate and efficiency were found to depend on the antenna architecture. The most efficient antennae are
those in which a maximal number of photosensitive elements are in direct contact with the reaction center,
whereas the interaction with neighboring elements is minimal. The following types of antennae, in order of
decreasing efficiency, were studied: parallel, ring, spherical, cluster, and sequential. Explicit expressions relat-
ing the average transfer route length and the fraction of energy received by the reaction center to the number of
photosensitive elements and the efficiency of the elementary transfer event were derived. The spatial arrange-
ment of photosensitive elements and the resistance of the antenna to damage of individual elements were taken
into account.
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model systems [11, 12], with the difference that the rate
constants were used as model parameters.


More advanced methods of description of the
energy transfer in photosynthetic systems are based on
constructing the effective Hamiltonian of a porphyrin
system [13, 19–24]. It is formulated either empirically,
by fitting the matrix elements to spectral characteris-
tics, or ab initio. The eigenvalues of this Hamiltonian
determine the time characteristics of energy transfer. In
the framework of this approach, matrix elements are
represented as functions of the geometric parameters of
an antenna, which makes it possible to consider the
effect of the antenna architecture on the energy transfer
characteristic [5, 24]. To consider the dissipation of
energy to the protein surroundings, the density matrix
representation is used [19].


In the present work, we use an extremely simplified
approach in which the energy transfer is considered as
random walks on a network of connected elements [12,
25]. This seemingly simple approach makes it possible
to find a one-to-one correspondence between the
energy transfer rate and efficiency, in the one hand, and
the most general properties of the photosynthetic sys-
tem structure, on the other hand. This approach also
allows one to find the optimal arrangement of light-sen-
sitive elements in the system. Since energy transfer
along the antenna is accompanied by dissipation, the
type of antenna architecture has a significant effect on
which fraction of the photon energy is received by the
reaction center, i.e., on the quantum yield.


DESCRIPTION OF THE MODEL


The energetic characteristics of the elements of a
photosynthetic system are such that excitation migra-
tion between porphyrins in the same antenna is revers-
ible and that from the antenna to the reaction center is
irreversible. Therefore, it is natural to call the reaction
center an energy acceptor. The antenna porphyrins are
hereafter referred to as light-sensitive elements (LSEs).
Porphyrins will be called neighboring if energy transfer
between them is possible. Inasmuch as one photon
excites only one LSE, all excitation energy is concen-
trated in this element at the initial instant of time.
Therefore, the population of this LSE is 1. To consider
the energy dissipation, we assume that each energy
transfer event between any neighboring LSEs occurs
instantaneously with the efficiency 


 


p


 


, and the (1 – 


 


p


 


)
fraction of energy dissipates. Energy transfer from a
given LSE to all neighboring LSEs occurs with equal
probability; therefore, the population 


 


Q


 


 of a given LSE
after the (


 


i


 


 + 1)th transfer event is


(1)


where 


 


q


 


i


 


 are the populations of the neighbors of the
given element, and 


 


n


 


i


 


 is the number of neighbors of


Qi 1+ p
qi


ni


----
neighboring LSE


∑ Qi,–=


 


each of these elements. The fact that the energy of a
given LSE is uniformly transferred to all neighboring
LSEs is equivalent to summation over all unbranched
energy transfer routes taking into account their statisti-
cal weights. Thus, the process of energy transfer to the
acceptor can be represented by summation over all
transfer routes leading to the acceptor. Then, the frac-
tion of energy received by the acceptor is


(2)


where 


 


N


 


 is the route length, 


 


θ


 


n


 


 is the number of neigh-
bors of the 


 


n


 


th LSE met along this route, and 


 


j


 


 is the
number of the route of length 


 


N


 


. The 


 


Q


 


 value is deter-
mined only when the initially excited LSE is specified;
therefore, it is also necessary to specify the efficiency
averaged over the antenna. The excitation of each LSE
in the antenna is equiprobable; therefore, the average
efficiency 


 


〈


 


Q


 


〉


 


 is determined by the equation


(3)


where 


 


Q


 


i


 


 is the efficiency in the case of excitation of the


 


i


 


th LSE and 


 


M


 


 is the total number of LSEs.
In addition to the energy transfer efficiency, the rate


of this process is an important characteristic of the pho-
tosynthetic system. It depends on two main factors: the
architecture of the antenna and the rate of the elemen-
tary event of energy transfer between two LSEs. The
second factor reflects the nature of the LSE and is not
discussed hereafter. To characterize the efficiency of
the antenna in time, let us introduce two parameters: the
minimal 


 


L


 


min


 


 and average  route lengths. The former
is defined as the minimal number of elementary events
of energy transfer required for at least a small portion
of energy to be received by the acceptor. The average
route length is the sum of route lengths taken with the
weights proportional to the energies transferred along
these routes:


(4)
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 and  values are determined for particular ini-
tially excited LSEs. It is also expedient to introduce the
corresponding lengths averaged over the entire antenna
(
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 and ).
Due to the different natures of the LSEs and accep-


tor, the efficiencies of elementary events of energy
transfer between two LSEs and between LSEs and the
acceptor can be different (hereafter, designated as 
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P


 


, respectively). This fact influences the efficiency of
the antenna as a whole. To consider this effect, the
above approach is applicable. It is worth noting that, for
any route, energy transfer between LSEs and the accep-
tor occurs only once. This means that, in every sum-
mand of Eq. (2), the multiplier 


 


p


 


N


 


 should be replaced by


 


p


 


N


 


 – 1


 


P


 


. Thus, the refined formula for determination of
the antenna efficiency will differ from Eq. (2) only in
the presence of the multiplier 


 


P


 


/


 


p


 


 before the sum. It is
evident that the 


 


L


 


min


 


 and 


 


〈


 


L
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〉


 


 values are independent
of 


 


p


 


 and 


 


P


 


 and depend only on the antenna architecture.
The  and  are also independent on these parame-
ters since, to determine them, the numerator and
denominator in Eq. (4) must be multiplied by the same
quantity 


 


P


 


/


 


p


 


. These considerations allow us to simplify
further calculations.


DIFFERENT TYPES OF THE ARCHITECTURE
OF ANTENNAE


 


Type 1: Parallel Architecture


 


In this case, the excitation of any LSE leads to the
same result: the acceptor receives a fraction of the light
quantum energy 


 


P


 


, and the (1 – 


 


P


 


) fraction dissipates.
The average and minimal route lengths are equal to
unity (Fig. 1).


L L〈 〉
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Type 2: Sequential Architecture


 


Let a chain contain an infinite number of LSEs (then
each has two neighbors) and the LSEs be numbered
beginning from the acceptor (Fig. 2). If photon leads to
excitation of the 


 


m


 


th LSE, then the ultimate population
of the acceptor unit according to Eq. (2) is


(6)


where 
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(
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) is the number of routes of length (


 


m


 


 + 2


 


i


 


).
This quantity has the following properties:


(7)


With the use of these relations, it can be shown that


(8)


Then, the ultimate population of the acceptor unit
according to Eq. (6) is


(9)


If the number of LSEs in such an antenna is finite,
Eq. (9) ceases to be valid. Unfortunately, we failed to
find an analytical expression for a finite antenna. How-
ever, our numerical estimates allow us to state that the
efficiencies 


 


Q


 


m


 


 for the infinite and finite antennae are
almost the same if the number of elements exceeds 20
and there are no less than five LSEs between the ini-
tially excited LSE and the last element of the finite
antenna. Therefore, further analysis of the properties of
the sequential antenna is based on Eq. (9).


According to Eq. (3), the antenna efficiency aver-
aged over all LSEs is


(10)
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Fig. 1. Parallel antenna architecture.
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3 2 1


Fig. 2. Sequential antenna architecture.
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It is evident that the minimal route length Lmin when
the mth element is excited is m. Then,


(11)


The average route length is determined by Eq. (4):


(12)


This means that the average length along the entire
antenna can be determined by the equation


(13)


Type 3: Cluster Architecture


This type is possible only in artificial photosynthetic
systems. In nature, it is not encountered because of geo-
metric limitations: porphyrins are too large to form
clusters (Fig. 3).


In the cluster, energy can be transferred between any
two LSEs and between any LSE and the reaction center.
Let a cluster contain M elements. The characteristic
feature of this cluster is that excitation of any element
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leads to the same result. Calculations analogous to the
above allow us to obtain the following results. Upon the
excitation of one (any!) LSE, the reaction center
receives the following fraction of energy:


(14)


where µ(i) is the number of routes of length (i + 1),
which is independent of the number m of the initially
excites LSE. It follows from the antenna architecture
that


(15)


then,


(16)


The average efficiency of the antenna is Q.
As in the case of the parallel architecture, the mini-


mal route length is equal to unity:


Lmin = 〈Lmin〉 = 1. (17)


The average route length is the same for all LSEs:
according to Eq. (4), it is


(18)


Type 4: Ring Architecture


This type of antenna (Fig. 4) is most typical of nat-
ural photosynthetic systems. As in the cluster antenna,
all LSEs in the ring antenna are equivalent. The above
equations allow us to obtain


(19)


where µ(i) is the number of routes of length i + 1. To
calculate µ(i), let us note that µ(i) = 2µ(i – 1) and
µ(0) = 1. Hence,
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Fig. 3. Cluster antenna architecture.
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As in the previous case,
Lmin = 〈Lmin〉 = 1. (22)


Using Eq. (4), we obtain


(23)


A close analogue of the ring architecture is a spher-
ical one. If the LSEs are arranged around the acceptor
as the carbon atoms in fullerene and each LSE has three
neighbors, we obtain


(24)


RESULTS AND DISCUSSION
The above probability analysis of the energy trans-


fer dynamics in different photosynthetic systems makes
it possible to characterize this dynamics by several
quantities, the efficiency and route length averaged over
the antenna 〈Q〉 and 〈 〉, respectively—being the most
important among them. For the sake of convenience,
the results are summarized in the table.


The probability analysis of energy transfer showed
that the architecture of the antenna significantly influ-
ences the transfer efficiency and rate. As intuitively pre-
dicted, the probability analysis shows that the most effi-
cient antennae are those in which a maximal number of
LSEs are in direct contact with the reaction center and
the interaction with neighbors is minimal. In order of
decreasing efficiency, the antenna types can be
arranged as follows: parallel, ring, spherical, cluster,
and sequential. A drawback of the sequential architec-
ture, untypical of the other types, is that the efficiency


L L〈 〉


P pi3 1– i– 2i i 1+( )
i 0=


∞
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---------------.= = =


Q Q〈 〉 P
4 3 p–
---------------, Lmin Lmin〈 〉 1,= = = =


L L〈 〉 4
4 3 p–
---------------.= =


L


of the antenna sharply decreases when even one contact
between two LSEs is damaged and becomes zero when
the connection between the first LSE and the reaction
center is broken. The other types of antennae are more
tolerant to damage. For example, the damage of even
any three contacts in an antenna of the spherical type
does not exclude any of the LSEs from light harvesting.
The cluster antenna is evidently most stable to destruc-
tion.


The efficiency of the sequential antenna is also sig-
nificantly affected by the probability of energy transfer
between two LSEs. Indeed, at p rather close to unity,
the Taylor expansion near p = 1 gives


(25)
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Comparison of antennae with different architectures


Type Number of LSEs Average antenna efficiency Average transfer chain length 


Parallel M P 1


Sequential M


Cluster M


Ring M


Spherical M


Q〈 〉 L〈 〉


P


M 1 1 p2– p–+( )
------------------------------------------------ 1


p


1 1 p2–+
----------------------------


⎝ ⎠
⎜ ⎟
⎛ ⎞ M


–
⎝ ⎠
⎜ ⎟
⎛ ⎞ M 1+


2 1 p2–
----------------------


P
M 1 p–( ) p+
-------------------------------- M


M 1 p–( ) p+
--------------------------------


P
3 2 p–
--------------- 3


3 2 p–
---------------


P
4 3 p–
--------------- 4


4 3 p–
---------------


LSE


LSE
LSE


LSE


LSE


LSE


LSE
LSE


LSE


LSE
Acceptor


Fig. 4. Ring antenna architecture.
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i.e., the deviation of the efficiency from the maximal


one is proportional to , whereas, for the other
types of antennas, it is proportional to (1 – p). Thus, the
parallel arrangement of LSEs is more favorable. How-
ever, it should be taken into account that the parallel
arrangement of a large number of LSEs leads inevitably
to interactions between them and to a change in the type
of antenna architecture. However, the use of a large
number of LSEs is necessary for efficient light absorp-
tion and conversion. To resolve this contradiction,
either the size of reaction centers should be decreased
or the spherical arrangement of LSEs should be used,
leading thereby to some loss in transfer efficiency but
also to a significant gain in absorption efficiency due to
the fact that the spherical surface can accommodate a
large number of LSEs.


Natural light-harvesting antennae are mainly of the
ring type. In particular, the LH1 antenna of the photo-
synthetic unit of purple bacteria is a ring consisting of
32 porphyrin fragments [5]. The architecture of the
antenna of the photosynthetic complex of cyanobacte-
ria is intermediate between a cluster and a ring and con-
sists of 96 porphyrin rings [24]. The total number of
porphyrin fragments per reaction center varies from 50
to several hundreds. Notwithstanding large sizes of
photosynthetic complexes, the total quantum yield of
the photosynthetic process varies from 80 to 95% [5].
This fact points to an extremely high efficiency of the
elementary event of energy transfer in biological sys-
tems. In particular, for the LH1 antenna [5] to have an
efficiency of 80%, P according to Eq. (21) should be
P = p = 0.923.
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In recent years, fullerenes and nanotubes and their
derivatives have attracted attention from the standpoints
of both basic research and technological use [1–4]. Well-
ordered 2D layers of fullerene C


 


60


 


 transferred onto dif-
ferent substrates are of particular interest due to the pos-
sibility of using them as molecular devices in different
areas of optoelectronics and nanotechnologies [5–7].
The first image of fullerene clusters on a gold substrate,
obtained with a scanning tunneling microscope in 1990
[8], opened a radically new area of study of the behavior
of nanostructures. Modern methods can provide infor-
mation on the behavior of a substance at the interface,
which makes it possible to compare the quality of films
formed by different methods. One method of organiza-
tion of fullerene films on the surface of a substrate is vac-
uum deposition [9, 10].


Scanning tunneling microscopy, as well as the study
of the electrochemical properties of samples, has
shown that the distribution of fullerene over the sub-
strate surface is not uniform. We suggested a simple
and efficient method of obtaining 2D films on the sur-
face of the aqueous subphase followed by transfer of
the films onto a solid substrate. The parameters of 2D
films can be controlled by the Langmuir method, and
the transfer of the resulting layers onto a solid substrate
can be controlled by the Langmuir–Blodgett or Lang-
muir–Schaefer method, depending on the properties of
the solid phase. The Langmuir method makes it possi-
ble to control film parameters, such as the area per
fullerene molecule and the two-dimensional pressure at
a fixed film surface area, for example, the pressure at
which a 2D film sample is transferred onto another sup-
port [11, 12]. The technique of obtaining of 2D films on
the energetically homogeneous surface of the aqueous


subphase allows one to directly observe the change in
the film structure with a change in its area by means of
Brewster angle microscopy.


EXPERIMENTAL


Chromatographically pure grade fullerene C


 


60


 


, and
chemically pure (NH


 


4


 


)


 


2


 


SO


 


4


 


 and NH


 


4


 


OH were used. 2D
films were produced and their parameters were con-
trolled by the Langmuir method. Distilled water or a
solution containing different amounts of ammonium
sulfate was used as a subphase for obtaining films. The
pH of the subphase (pH 6.7) was adjusted by adding an
NH


 


4


 


OH solution.


The morphology of the films on the subphase sur-
face was studied by Brewster angle microscopy on
BAM 2 and MiniBAM (at lower magnification) instru-
ments. The structure of the 2D fullerene film trans-
ferred onto a silicon wafer was determined by atomic
force microscopy (AFM). The images of the transferred
2D films were obtained on a Nanoscope III (United
States) instrument in the tapping mode at a scan rate of
2.15 Hz. A TESP silicon cantilever (length, 225 


 


µ


 


m;
frequency, 300 kHz) was used. The samples for AFM
studies were transferred by the Langmuir–Schaefer
method.


Films were produced by applying a fullerene solu-
tion in toluene to the aqueous subphase surface. Prelim-
inary experiments to select experimental conditions
showed that the application of a solution containing
5.6 


 


×


 


 10


 


–8


 


 mol/L of C


 


60


 


 is optimal. The stationary
parameters of the two-dimensional pressure isotherms
for the systems under consideration were obtained at a
film compression rate of 0.01309 m


 


2


 


/min. The solvent
was completely removed from the applied film within
25 min after the beginning of the experiment.
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Abstract


 


—The morphology of 2D films of fullerene C


 


60


 


 on interfaces has been studied by Brewster angle
microscopy and atomic force microscopy. Fullerene C


 


60


 


 tends to aggregate, forming supramolecular structures
with a surface area per C


 


60


 


 molecule from 21.6 to 2900 Å


 


2


 


. As the area per C


 


60


 


 molecule decreases, monomo-
lecular clusters gradually transform into multiplayer structures. The introduction of an electrolyte into the sys-
tem prevents the formation of fullerene globules and favors the formation of more homogeneous films.
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RESULTS AND DISCUSSION


The structure of thin films of fullerene C


 


60


 


 mole-
cules on interfaces was studied by Brewster angle
microscopy and AFM. Brewster angle microscopy was
used for studying the phase state of a sample in the
course of formation of a 2D film on the surface of the
aqueous subphase as the area of the deposited film
changed. Figure 1a shows the image of the fullerene
film in which the area per molecule exceeds the size of
the fullerene globule by about a factor of 30. Under
these conditions, classical surfactants form a gaseous


film. Fullerene molecules exhibit a different behavior.
As is seen, a considerable portion of C


 


60


 


 molecules
deposited on the interface form aggregates. Supramo-
lecular structures form immediately after the deposition
of a fullerene solution as the solvent begins to evapo-
rate. At a large area per C


 


60


 


 molecule (~2900 Å


 


2


 


), the
fullerene molecules are distributed between the aggre-
gated species and separate molecules that form a gas-
eous layer (Fig. 1a). When the film is compressed to an
area per fullerene molecule of ~200 Å


 


2


 


, structures with
higher aggregation levels appear. In this case, bilayer
domains are likely formed. In this two-dimensional
pressure range, the surface area free of fullerene mole-
cules is ~10% of the total interface area in Fig. 1b.
When the area per molecule becomes as small as 96 Å


 


2


 


,
which corresponds to the hexagonal packing of C


 


60


 


molecules in a hypothetical monolayer, heterogeneous
folded multilayers are observed. They are uniformly
distributed over the subphase surface. The C


 


60


 


 mole-
cules are distributed between 2D film regions with
higher and lower densities (the latter occupy a major
portion of the interface area (Fig. 1c)).


To control the structure of fullerene films, different
amount of (NH


 


4


 


)


 


2


 


SO


 


4


 


 were introduced into the aqueous
subphase. Adsorption of cations on the surface of
fullerene globules leads to the formation of a double
electric layer, which prevents fullerene aggregation.
Figure 1d shows the microphotograph of the C


 


60


 


 film
with the surface area per molecule 90 Å


 


2


 


 obtained at the
two-dimensional pressure 20 mN/m on the surface of
0.01 M (NH


 


4


 


)


 


2


 


SO


 


4


 


 solution. Comparison of the charac-
teristics of the films formed on water and electrolyte
solutions at given two-dimensional pressures demon-
strates that the area free of fullerene molecules is
smaller in the latter case. Hence, the introduction of an
electrolyte favors a more uniform distribution of
fullerene of the subphase surface.


 


(a) (b)


(c) (d)


 


Fig. 1.


 


 Brewster angle microscopy images of 2D films of
fullerene C


 


60


 


 on the surface of the water subphase (


 


T


 


 =
294 K, pH 6.7), the surface area per molecule is (a) 2900
(gaseous layer), (b) 90, and (c) 30 Å


 


2


 


; (d) films on the sur-
face of a 0.01 M (NH


 


4


 


)


 


2


 


SO


 


4


 


 aqueous solution with the sur-


face area per molecule 90 Å


 


2


 


.
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Fig. 2.


 


 AFM images of 2D films of fullerene C


 


60


 


 (


 


T


 


 = 295 K, pH 6.7) transferred onto a silicon wafer: the surface area per molecule


(a) 2900 and (b) 150 Å


 


2


 


.
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AFM images of the surface of transferred fullerene
C


 


60


 


 films were obtained. There is a correlation with the
Brewster angle microscopy data, which make it possi-
ble to characterize the phase state of the 2D film at the
surface of the aqueous subphase. The AFM images
show that fullerene molecules are distributed between
aggregates forming clusters and separate molecules. At
surface areas per C


 


60


 


 molecule from 200 to 2900 Å


 


2


 


, the
films contain separate molecules, aggregates composed
of two or three molecules and rather large clusters
(Fig. 2a). The number of aggregates composed of two
or three C


 


60


 


 molecules depends only slightly on the sur-
face area per molecule in the 2D film. Conversely, the
size (number of molecules) of clusters depends consid-
erably on the surface area per molecule. At the surface
area per molecule 200 Å


 


2


 


, clusters containing 30–40
fullerene molecules are identified. Such a cluster has a
round shape and is a hexagonal packing of globular
molecules. A decrease in the surface area per molecule
in the 2D fullerene film leads to enlargement of cluster
structures and a change in their shape (Fig. 2b). These


structures consist of a central core with diverging asym-
metric formations. At the same time, the monolayer
structure of the films persists. Transfer of the 2D
fullerene film at a two-dimensional pressure >1 mN/m
under the conditions where the surface area per mole-
cule is 90 Å


 


2


 


 shows the formation of thicker structures.
The film structure can be schematically represented as
a monomolecular film with chaotically arranged two-
layer clusters (Fig. 3). At the same time, there are
regions at the water surface that are not occupied by
fullerene molecules. At the initial portion of the two-
dimensional pressure isotherm of the 2D fullerene film,
the area of the “holes” is about 10% of the total surface
area of the sample.


Upon compression of the fullerene film to the two-
dimensional pressure 21.6 mN/m, a multilayer film is
formed. Figure 4 shows the surface profile of this film.
In this state, holes are absent and the thickness drop is
2–3 nm. Our findings allow us to conclude that rough
six- and three-layer films are obtained. A further
increase in two-dimensional pressure results in forma-
tion of thicker multilayer films.


The study of the structure of thin fullerene films
applied to the aqueous subphase and the structure of
films transferred onto a solid substrate showed that
there is a good correlation between the results obtained.
Brewster angle microscopy and AFM show the forma-
tion of cluster structures in a 2D film at surface areas
per molecule considerably exceeding the geometric
size of the fullerene molecule. Fullerene C


 


60


 


 globules at
the interface have a strong tendency of aggregation.
This property of complicated molecules, such as
fullerene, leads to the formation of supramolecular
structures immediately in the course of applying a
dilute fullerene C


 


60


 


 solution to the surface of the aque-
ous subphase, which is accompanied by dissolution and
evaporation of the organic solvent. This complicated
process results in the formation of the statistically most
probable distribution of fullerene globules—from free
discrete molecules to clusters of different size—at the
surface of the aqueous subphase. Direct observations
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Fig. 3.


 


 AFM image of the 2D film of fullerene C
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 trans-
ferred onto a silicon wafer at the surface area per molecule
90 Å
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 Profile of the surface of the 2D film of fullerene C


 


60


 


 obtained by AFM. The 2D film (


 


T


 


 = 295 K, pH 6.7) was transferred


from the surface of the aqueous subphase onto a silicon wafer at the surface area per fullerene molecule 21.6 Å
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showed that this tendency of formation of complicated
structures being in equilibrium with gaseous molecules
at the air/water interface persists to the beginning of
formation of a multilayer film. A decrease in the area
per fullerene molecule results in a more complicated
shape of aggregates and in an increase in the number of
molecules involved in formation of supramolecular
structures. Compression of the film to the area per mol-
ecule corresponding to the hexagonal packing in a
hypothetical monolayer leads to the formation of a 2D
film containing multilayer regions and regions of the
subphase free of fullerene globules.


We determined the trend of the change in the struc-
ture of the 2D film with a change in the electrolyte com-
position of the subphase. For equal surface areas per
molecule, the presence of a salt in the aqueous sub-
phase changes the state of aggregation of films as com-
pared with the films obtained on the aqueous subphase
without addition of an electrolyte. The introduction of
an ammonium sulfate solution into the subphase solu-
tion leads to a more uniform distribution of a substance
over the subphase surface. This tendency is due to the
appearance of the double electric layer formed by
adsorbed cations, which prevents the aggregation of
fullerene. Our findings show that the introduction of an
electrolyte into the subphase can lead to a change in the


structure of the fullerene 2D film applied to the aqueous
subphase.
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Supersonic pulsed jets and molecular beams have
been used in various fields of physics and chemistry; in
particular, the jet property of experiencing deep cooling
in reciprocating and internal degrees of freedom is
widely used. This property makes it possible to deter-
mine the kinetic coefficients of a gas at low tempera-
tures down to 1 K.


A method was developed for the determination of
the atomic interaction potential from the parameters of
a steady supersonic jet (the kinetic temperature and
velocity slip) measured as functions of the jet-source
conditions (pressure, temperature, nozzle size, and gas
composition) [1–5]. The details of this method as
applied to pure inert gases and their mixtures are
described in [6]. The molecular beam parameters are
determined using a time-of-flight method, which makes
it possible to measure the time-of-flight spectrum,
restore the distribution function from this spectrum,
and obtain all moments of the distribution function
(density, mean velocity, and temperature). Supersonic
pulsed jets can also be treated in this manner (experi-
mental setups with supersonic pulsed jets are one to two
orders of magnitude cheaper and more compact than
setups with steady jets). However, the restoration of the
distribution function from the time-of-flight spectrum
requires the solution of an integral equation of the con-
volution type, which is an ill-posed problem [7]; this
means that even a small noise in the spectrum can give
rise to a great error in the restored function. The numer-
ous existing regularizing algorithms require the exact
knowledge of the instrumental function, which is in
most cases impossible, and a satisfactory accuracy is
only achieved with a great distortion of the real distri-
bution function [8].


Here, we propose a base for the determination of
the parameters of the atomic interaction parameters
from the kinetic description of supersonic pulsed jets
[9, 10]. The atomic interaction potential parameters
can be derived from the time-of-flight spectrum,
namely, from the instantaneous particle density as a
function of time.


 


Fundamental Relations


 


In the derivation of the fundamental relations, we
will use the following mathematical model of a time-
of-flight experiment: at the moment of closure of the
pulsed valve (


 


t


 


 = 0), the gas packet starts to travel in the
direction of the detector and passes the time-of-flight
base with length 
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0


 


, which is the distance from point 
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s


 


[9] to the detector. The detector cuts a cylinder with
base 
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 is the inlet diameter of the detector) from the
gas packet and detects the inlet-surface-average instan-
taneous density 
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-type particles. At moment 
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defined in [9, 10].


, the maximum position of the time-of-flight
spectrum for the 


 


α


 


 component of the mixture, can be
determined experimentally with a good accuracy. The


expression for  was derived from the equation
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 = 0. For a one-component beam, using
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Abstract


 


—A new method based on the kinetic description of a supersonic pulsed jet is proposed for the deter-
mination of the parameters of the atomic interaction potential. Analytical relationships are established between
the peak position of the observed time-of-flight spectrum, on the one hand, and the source conditions and inter-
action potential parameters, on the other.
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expressions for 


 


n


 


α


 


( , 


 


t


 


) {see Eqs. (19) and (10) in [9]},
we have


(2)


Here,  is the source pressure, 
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n
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αα


 


 is the constant of
the interaction potential, 
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, and 
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 are functions of 


 


L


 


0


 


 and the source conditions. Being
cumbersome, they are not given here (see [11]). Here,
all quantities are dimensional.


Next, from the starting data (the source temperature,
gas molecular weight, and setup geometry), we calcu-
late 


 


A


 


 and 


 


B


 


. Then, 


 


n


 


 and the force constant 


 


C


 


n
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αα


 


 can


be determined from  as a function of  in the log–
log space.


The method can also provide data on the interaction
potential of dissimilar particles. To obtain such data, we


should roughly determine 


 


n


 


α


 


( , 


 


t


 


) from the Knudsen
number 


 


Kn


 


s


 


 [10]:


To calculate , we should know the velocity slip


 


∆


 


w


 


α
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β


 


. Simple but cumbersome transformations result
in an expression for the shift of the component density
peaks, which is suitable for data processing:


(3)


Expression (3) determines 
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n
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αβ


 


 from experimental
data, as for a one-component gas. 


 


D


 


, as 


 


A


 


 or 


 


B


 


, depends
on the nozzle conditions and the setup geometry.


Lastly, let us determine the applicability limits of
the method. Expressions (2) and (3) for the peak posi-
tion of the time-of-flight spectrum account for the con-
tribution from the particles received by the detector
directly from the source. Therefore, the experiment
should exclude the detection of background particles
received by the detector after scattering by the walls of
the vacuum chamber (a secondary signal). Let the char-
acteristic size of the working volume of the vacuum
chamber be 


 


l


 


0


 


. The size of the gas packet 
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 after it
flights base distance 


 


L


 


0


 


 can be estimated at


From the nondisturbance of the main signal by the sec-
ondary one (
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) and with account for the expression
for 


 


R


 


s


 


 [9], we can determine the upper boundary for the
nozzle operation time as
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In real experimental settings (d ≅ 0.01 cm, l0 ≅ 10 cm,


and L0 ≅ 30 cm),  is on the order of a second. More-


over, from the expression for , base distance L0


should not exceed ~3l0 to exclude the appearance of a
background signal.


On the other hand, there should be a lower bound of
τ0 that ensures the existence of a near-continuum
regime at point rs near the nozzle, where the gas packet
is generated [9]. To find it, we should set the maximal
Knudsen number value at point rs that still ensures the
near-continuum regime. From the numerical solution of
the Boltzmann’s equation for this problem [11], we can
set with an acceptable accuracy that Kns ≤ 5 × 10–3. This
gives us the lower bound for τ0:


In so doing, we set that  = 300 K. For typical con-


ditions (d = 0.01 cm and  = 1 atm),  = 30 µs.
Interestingly, estimates for the same conditions per-
formed in [12, 13] gave a close value (~20 µs).


We should emphasize that the method exploits the
model of a spherical gas packet generated at a certain
distance rs that ensures continuality. These assump-
tions, however, do not seem very strained for the fol-
lowing reasons. First, for rather long times of expansion
(t � τ0), the gas packet forgets the initial conditions and
its initial shape approaches a sphere [14]. Second, usu-
ally, rs � L0 and the linkage site does not affect the final
result.


To summarize, we have developed the fundamentals
of a new method for the determination of the atomic
interaction potential parameters in terms of the kinetic
model of the expansion of pulsed beams of one-compo-
nent gases and their mixtures. We derived analytical
relations between the peak position of the time-of-flight
spectrum, on the one hand, and the jet-source condi-
tions and the interaction potential parameters, on the
other. The applicability of the method regarding vari-
able experimental parameters and setup geometry has
been determined.
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Reversed-phase high-performance liquid chroma-
tography (RP HPLC) is now one of the most wide-
spread chromatographic techniques for the separation
and determination of various classes of organic com-
pounds. Development and optimization of processes
for separating complex mixtures is a problem whose
solution requires much time and effort, as the stationary
phases or the eluent composition must be chosen by
trial and error. The predictions of retention and the opti-
mization of separation are of paramount importance for
contemporary RP-HPLC versions. As known, retention
in RP-HPLC is a complex process, which is affected by
many physical and chemical parameters of the system,
such as temperature, solute molecules, and composi-
tions of the eluent and stationary phases. A universal
theory of retention has not yet been advanced; several
empirical retention models are used for this purpose,
such as linear solvent strength (LSS) model and linear
solvation energy relationships (LSER) model. There is
also the global LSER model, which accounts for both
aforementioned theories; this theory is used to describe
retention in complex systems with multicomponent sta-
tionary phases [1, 2].


 


Linear solvent strength model.


 


 It was shown in [3,
4] that, in binary aqueous–organic eluents (which are
most abundant RP-HPLC eluents), the retention of an
analyte can be approximately described by representing
the eluent composition as quasi-linear functions of the
volume of the organic phase in the eluent 


 


φ


 


:


(1)


Here, 


 


k


 


' is the retention factor of the analyte at a
given concentration of the organic solvent in the eluent,


 is the sorbate capacity coefficient in the absence of


k 'log kw' Sφ.–log=


kw'


 


organic solvent (usually determined by extrapolation of
the results obtained for binary eluents to zero 


 


φ


 


), and 


 


S


 


is a parameter that controls the elution power for a par-
ticular stationary phase.  and 


 


S


 


 are determined by
measuring the retention of the compound with the use
of two eluents that differ in the concentrations of the
organic solvent. This calibrated equation can be used to
predict the retention of a compound with different elu-
ent compositions. In transfer from one analyte to
another, the equation should be calibrated for each ana-
lyte. Linear solvation energy relationships are a more
perfect technique.


 


Linear solvation energy relationships.


 


 This con-
cept was developed in [5, 6]. For a great many chemical
systems, there are linear relationships between some
properties and the free energy of the reaction, the free
energy of transition, or the activation energy, parame-
ters related to the fundamental parameters of the sol-
vents and solutions. According to this concept, chro-
matographic retention is described by a linear relation-
ship between the log retention factor ( ) and the
parameters that describe the free energy of the reaction:


(2)


Here, the subscript “2” indicates that the parameter
(descriptor) is a characteristic of the sorbate, the super-
script “


 


H


 


” indicates that the quantity describe the ability
of the sorbate to proton interactions, 


 


V


 


x


 


 is the MacGowan
characteristic molar volume (100 cm


 


3


 


/mol), 


 


π


 


 is the
dipole moment and polarizability of the sorbate, 


 


α


 


 is the
ability to donate an electron pair in hydrogen bonding
(basicity), 


 


β


 


 is the ability to accept an electron pair in
hydrogen bonding (acidity), and 


 


R


 


2


 


 is the ability of the
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Abstract


 


—Linear solvation energy relationships (LSER model) was tested for the characterization of hyper-
crosslinked polystyrene (HCPS) stationary phases for high-performance liquid chromatography (HPLC). Anal-
ysis of LSER coefficients showed that hydrophobic and electrostatic interactions are the major contributors to
retention on HCPS. Fluorine atoms in HCPS increase the fractions of both hydrophobic and electrostatic inter-
actions in the retention. The utility of fluorinated HCPS in the separation of di-


 


n


 


-phthalate mixtures by
reversed-phase liquid chromatography was demonstrated.
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sorbate to interact with 


 


n


 


 and 


 


π


 


 electrons. The sorption
descriptors 


 


V


 


x


 


 and 


 


R


 


2


 


 can be easily calculated, whereas
the other descriptors are derived experimentally from
liquid–liquid partition and gaseous or liquid systems.
Each descriptor of the sorbate is multiplied by some fac-
tor (an unknown variable), which represents the distinc-
tions between the eluent and stationary phases. The fac-
tor 


 


r


 


 in Eq. (2) characterizes the ability of the sorbent to
interact with 


 


n


 


 and 


 


π


 


 electrons of the components of the
sample; 


 


s


 


, the polarity and polarizability; 


 


a


 


 and 


 


b


 


, the
ability to accept and donate an electron pair in hydrogen
bonding; 


 


v


 


, the hydrophobicity of the stationary phase;
and 


 


c


 


 is a constant. These parameters are calculated from
experimental data for various sorbates and the set com-
position of the eluent.


To determine all constants, one should determine
the values of six parameters, which can be done by
studying retention for at least six sorbates. However, it
is advisable to use 25 various sorbates for the determi-
nation of each parameter for the set eluent. Only in this
case can the LSER model be used to describe the sor-
bent, predict the retention, and optimize the separation
on this sorbent for the set eluent. We should note that
the LSER model designed for one eluent cannot be used
for another eluent even on the same column [2, 7, 8]. An
important strength of the LSER model is its ability to
theoretically describe stationary phases and compare
them with one another.


 


Global LSER model.


 


 A weakness of the aforemen-
tioned methods is their limited applicability. The LSS
model applies only to one particular compound. The
LSER model applies only to one solvent. Therefore, it
was proposed to combine the two models [2]; the com-
bined model was referred to as the global LSER model.


Inasmuch as the parameters  and 


 


S


 


 in the LSS
model are, in fact, the free energy parameters for a cer-
tain process, they can be adapted to the LSER model.
From this, each parameter can be described by the
LSER model:


(3)


(4)


Substitution of models (3) and (4) for coefficients in
the LSS equation gave


(5)


This, in turn, shows that each coefficient in the
LSER equation can be represented as a function of 


 


φ


 


,
i.e., a function of the eluent composition.


kw'log


kw'log cw vwV2 swπ2*+ +=


+ awΣα2
H bwΣβ2


H rwR2,+ +


S cS v SV2 sSπ2*+ +=


+ aSΣα2
H bSΣβ2


H rSR2.+ +


k 'log kw'log Sφ– cw cSφ– vwV2+= =


– v SφV2 swπ2* sSφπ2*– awΣα2
H aSφΣα2


H–+ +


+ bwΣβ2
H bSφΣβ2


H– rwR2 rSφR2.–+


Hypercrosslinked styrene stationary phases.
Polystyrene–divinylbenzene (PS–DVB) copolymer
stationary phases appeared several decades ago [9];
conventionally, they have been used in gas chromatog-
raphy and in several versions of liquid chromatography,
e.g., size-exclusion chromatography. However,
RP-HPLC polymer stationary phases satisfying stiff-
ness and monodispersity requirements were manufac-
tured in the late 1970s; their development was slowed
by the difficulty of synthesizing monodisperse micro-
particles with reproducible properties and the required
mechanical strength. The following parameters are
decisive for RP-HPLC polymer stationary phases: the
nature of the monomer, crosslinker, and grafted groups,
which controls the hydrophobicity of the sorbent and
the retention mechanism on this sorbent; the
crosslinker concentration in the polymer or crosslink
density, which controls the mechanical strength and
stiffness of the sorbent and, therefore, its applicability
to HPLC (the polymer stiffness increases with crosslink
density); and the pore structure (specific surface area,
pore volume, and pore diameter) and the pore size,
which influence the efficiency of the stationary phase
[10, 11].


Polymer stationary phases have several advantages
over chemically modified silica gels (CMSG). First of
all, these stationary phases have a higher hydrolytic sta-
bility; therefore, they can be used over a wide pH range
(for most stationary phases, from 1 to 13). They have a
uniform surface: their structure is free of adsorption
sites like silanol groups in CMSG. Therefore, the use of
polymer stationary phases avoids problems encoun-
tered in using CMSG for the separation of molecules
bearing basic groups, such as irreversible adsorption
and peak broadening. The weaknesses of polymer sta-
tionary phases are due to the structure of the polymer
matrix. First, the sorbent volume depends on the eluent
composition: unlike CMSG, polymer stationary phases
swell noticeably in organic and aqueous–organic sol-
vents. Second, columns packed with a polymer station-
ary phase are inferior to CMSG in their efficiency: the
number of theoretic plates (TP/m) for polymer station-
ary phases with average particle sizes of than 5 µm does
not exceed 50–60 thousands, whereas for silica gel sta-
tionary phases with the same particle sizes, the number
of theoretical plates can reach 80 thousands. In addi-
tion, the efficiency of polymer stationary phases is
strongly affected by temperature, the nature and con-
centration of the organic solvent in the eluent, the reten-
tion time, and the types of molecules to be separated.


In the late 1960s, an original process was proposed
for the synthesis of polystyrene stationary phases as
distinct from the synthesis of other PS–DVB stationary
phases. The underlying idea of this process is the extra
crosslinking of styrene + 0.7% divinylbenzene copoly-
mer, ultimately swollen in dichloroethane, by
monochlorodimethyl ether in the presence of a Lewis
catalyst (AlCl3, FeCl3, or SnCl4) [12–15]. The polymer
prepared in this way is fundamentally different from the
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structure of PS–DVB stationary phases. In this case,
virtually all benzene rings of the starting polystyrene
backbone are additionally linked to each other via stiff
methylene bridges, and the degree of crosslinking of
the resulting stationary phase is more than 100%.
Hypercrosslinked polystyrene stationary phases are
neutral hydrophobic polymers whose surface can be
modified by various groups. Their pore structure can be
regulated during the synthesis: HCPS can have either
mono- or bimodal pore-size distribution; pore sizes
range from micropores with dpore of about 10 Å to
macropores with dpore of about 1000 Å [16–18]. These
stationary phases have high specific surfaces (more
than 1000 m2/g) and rather large pore volumes (up to
1.1 cm3/g); they ensure quantitative extraction of many
organic and inorganic compounds from large volumes
of aqueous solutions [19, 20]. Hypercrosslinked poly-
styrene stationary phases have high thermostability and
are used in gas chromatography. They are compatible
with any organic solvent and are not altered over the
entire ranges of the pHs and ionic strengths of the elu-
ents used. Hypercrosslinked polystyrene stationary
phases are characterized by very low spatial densities of
polymer chain packing, with the mechanical strength
being conserved; therefore, most part of the highly
developed surface of this material is accessible to sor-
bate molecules [14, 21].


This work studies the chromatographic properties of
HCPS stationary phases and a fluorinated modification
using the LSER model and compares them with lightly
crosslinked analogues.


EXPERIMENTAL


Equipment. The chromatographic system used
comprised eluent tank, Beckman 114M high-pressure
pump, Rheodyne 7125 injector with a 20 µL loop,
Carlo Erba Instrument Micro-UVIS 20 spectrophoto-
metric detector, steel column (75 × 2 mm), and Amper-
sand MultiChrome data processing system. Samples
were aspirated with a 25 µL Hamilton microsyringe.


Reagents and solutions. The stationary phases used
were as follows: HCPS stationary phases HNM
KM1/021, MN KS R508, MN KS R505, and XeF2-fluor-
inated MN KS R505; and PS–DVB phase PLRP. The
parameters of these stationary phases are listed in Table 1.


The HPLC eluents used were water + acetonitrile
mixtures of various compositions prepared from chro-
matographically pure acetonitrile (Reakhim) and dis-
tilled water. The following compounds were used to
study the chromatographic properties: phenol, o-cresol,
p-cresol, p-aminophenol, p-chlorophenol, p-iodophe-
nol, o-chlorophenol, 2,3-dichlorophenol, 2,4,6-trichlo-
rophenol, 3-chloro-4-methylphenol, pentachlorophe-
nol, p-methoxyphenol, 3,4-dimethylphenol, o-nitro-
phenol, m-nitrophenol, p-nitrophenol, p-cyanophenol,
toluene, ethylbenzene, p-diethylbenzene, n-propylben-
zene, n-butylbenzene, n-pentylbenzene, n-nonylben-
zene, dimethyl phthalate, diethyl phthalate, di-n-propyl
phthalate, di-n-butyl phthalate, di-n-pentyl phthalate,
di-n-hexyl phthalate, benzene, naphthalene, anthracene,
fluorene, p-terphenyl, chrysene, bromobenzene,
o-dichlorobenzene, benzyl alcohol, benzaldehyde, ace-
tophenone, benzophenone, methoxybenzene, benzoni-
trile, p-nitrotoluene, nitrobenzene, divinylbenzene,
resorcinol, pyrogallol, β-naphthol, and pyridine (all
reagents were at least of pure for analysis grade). Stan-
dard solutions of all chemicals were prepared in metha-
nol (1 mg/mL).


RESULTS AND DISCUSSION


Comparative characterization of stationary
phases by the LSER model. The LSER model, which
is the optimum existing model, was proposed to
describe the retention on stationary phases. The reten-
tion of 18–30 model compounds (Table 2) was studied
on each stationary phase. The eluent used was 60 vol %
acetonitrile plus 40 vol % water.


Retention factors were determined, and the coeffi-
cients of the LSER equation were calculated by linear
regression using SPSS 12.0.1 for Windows (Table 3).


The positive values of v for all stationary phases
considered indicate their hydrophobicity; the HCPS
stationary phases MN KS/R505 and MN KS/R508 have
the highest hydrophobicity, because the carbon fraction
in them is very high relative to the other elements. In its
hydrophobicity, this HCPS approaches graphite (both
stationary phases have a compact framework built of
crosslinked aromatic rings); therefore, hydrophobic
interactions are the main contributors to the retention
on polystyrene stationary phases. Positive r values indi-
cate that π–π and π–n electron interactions make a cer-


Table 1.  Characteristics of the stationary phases used


Name Stationary phase Ssp, m2/g dr , µm dpore, Å


HNM KM1/021 Hypercrosslinked polystyrene 1000 3 1500


PLRP-S Polystyrene 414 5 100


MN KS/R508 Hypercrosslinked polystyrene – 5 –


MN KS/R505 Hypercrosslinked polystyrene Direct MN – 10 –


Fluorinated MN KS/R505 XeF2-fluorinated hypercrosslinked polystyrene Direct NM – 10 –
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tain contribution to the sorbent–sorbate interactions.
Negative values indicate the nonexistence of such inter-
actions, which can be because of the structure of the
stationary phases. The factor s, which describes the
polarity and polarizability, is positive only for MN
KS/R505. This means that this stationary phase will
retain polar compounds; the other stationary phases are


less prone to this. At the same time, we trace a rise in s
in response to increasing crosslink density. We also
show that each of the aforementioned sorbents, to some
degree, has both acid and base properties.


Electrostatic interactions, along with hydrophobic
ones, can contribute significantly to the retention of sor-
bates on HCPS. Not only does the existence of fluorine


Table 2.  Descriptors of model compounds; stationary phase: CH3CN–H2O (60 : 40) [6, 8, 23]


Model compound R2 Vx


Benzene 0.610 0.52 0 0.14 0.7164


Toluene 0.601 0.52 0 0.14 0.8573


Ethylbenzene 0.613 0.51 0 0.15 0.9982


Bromobenzene 0.882 0.73 0 0.09 0.8914


Naphthalene 1.340 0.92 0 0.20 1.0854


Anthracene 2.290 1.34 0 0.26 1.4540


Fluorene 1.588 1.03 0 0.20 1.3565


Benzaldehyde 0.818 1.00 0 0.39 0.8730


p-Nitrotoluene 0.870 1.11 0 0.38 1.0315


Benzyl alcohol 0.803 0.87 0.33 0.56 0.9160


Acetophenone 0.818 1.01 0 0.48 1.0139


Benzophenone 1.447 1.50 0 0.50 1.4808


o-Dichlorobenzene 0.872 0.78 0 0.04 0.9612


Nitrobenzene 0.871 1.11 0 0.28 0.8906


Benzonitrile 0.742 1.11 0 0.33 0.8711


β-Naphthol 1.520 1.08 0.61 0.40 1.1440


Dimethyl phthalate 0.780 1.41 0 0.88 1.4288


Resorcinol 0.980 1.00 1.10 0.58 0.8340


o-Cresol 0.840 0.86 0.52 0.30 0.9160


p-Cresol 0.820 0.87 0.57 0.32 0.9160


2,4,6-Trichlorophenol 1.010 1.24 0.820 0.08 1.1420


2,4-Dinitrophenol 1.200 1.50 0.10 0.55 1.1240


2-Chlorophenol 0.853 0.88 0.32 0.31 0.8975


Divinylbenzene 1.280 0.50 0 0.15 0.6000


Phenol 0.805 0.89 0.60 0.31 0.7751


p-Cyanophenol 0.940 1.63 0.79 0.29 1.0389


Pentachlorophenol 1.220 0.87 0.96 0.01 1.3871


3-Methyl-4-chlorophenol 0.920 1.02 0.65 0.23 1.0382


p-Chlorophenol 0.915 1.08 0.67 0.20 0.9152


p-Iodophenol 1.380 1.22 0.68 0.20 0.9218


o-Nitrophenol 1.015 1.05 0.05 0.37 0.9253


m-Nitrophenol 1.050 1.57 0.79 0.23 1.0266


p-Nitrophenol 1.070 1.72 0.82 0.26 1.0303


n-Propylbenzene 0.604 0.50 0.00 0.15 1.1390


n-Butylbenzene 0.600 0.51 0.00 0.15 1.2800


p-Methoxyphenol 0.900 1.17 0.57 0.48 0.9750


Pyridine 0.631 0.84 0.00 0.52 0.6753


π2* Σα2
H Σβ2


H
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atoms in modified HCPS change the strength of electro-
static interactions, but it also influences the hydropho-
bicity of the stationary phase and the π-electron-density
distribution compared to that in unmodified HCPS.


To determine the parameters of stationary phases by
the LSER model, we studied the retention of model
compounds (Table 2) with various sets of descriptors on
fluorinated MN KS/R505 and unmodified NM
KS/R505. The fact that only two factors (v and r) in
Eq. (2) are positive (Table 4) means that the retention
under the specified conditions is mainly due to π–π and
hydrophobic interactions. These results correlate with
earlier data, which make it clear that hydrophobic inter-
actions for unmodified HCPS are stronger. The high
polarity is manifested for the fluorinated stationary
phase: fluorine is not only an inductive acceptor but
also a mesomeric donor that redistributes the electron
density in benzene rings of the polymer matrix of the
stationary phase.


In order to ascertain the retention mechanism on
HCPS, we compared our data with the LSER retention
data obtained on ferrocene-modified silica gel [24]. In
choosing this reference stationary phase, we were
guided by the following: HCPS can retain metals, and
the retention mechanism resembles that of iron reten-
tion in the structure of ferrocene; the surface structure
formed by grafted ferrocene molecules on the station-
ary phase (many close-lying aromatic rings) is similar
to the HCPS structure. Comparison with the data
obtained for HCPS stationary phases shows that fer-
rocene-modified silica gel has a hydrophobic surface
(v in Eq. (2) is positive), and approaches the polysty-
rene stationary phase PLRP in the contribution of
hydrophobic interactions. This is due to the occurrence
of aromatic rings on the surface of modified silica gel;
these rings are capable of electron-density redistribu-


tion. A positive value of r indicates that π–π and π–n
electron interactions contribute to the sorbent–sorbate
interactions. For the polystyrene and HCPS stationary
phases, s increases with increasing crosslink density
(i.e., the polarity and polarizability of the sorbent
increase because of a rise in the electron density, which
is due to increasing spatial density of benzene rings).
For ferrocene-modified silica gel, the positive s value is
due to the fact that ferrocene molecules themselves are
rather highly polarizable. We also show that, because of
iron atoms contained in its molecules, ferrocene-modi-
fied silica gel has higher basic properties than polymer
sorbents.


In this work, we attempted to describe and compare
the hydrophobicities of fluorinated HCPS under vari-
ous conditions. For this purpose, we calculated α(nc)
which is the retention increment or an increase in the
retention induced by addition of one methylene group
to the structure of a model compound; e.g., for the
retention of several alkylbenzenes, the following equa-
tion was used:


(6)


Here, α(CH2), which is the –Cn slope, can be
considered as a measure of the alkyl selectivity or affin-
ity of the sorbent. Calculations show that fluorinated
HCPS acquires the highest α(CH2) values with decreas-
ing acetonitrile concentration in the eluent (Fig. 1).
Compounds such as n-alkylbenzenes and di-n-alkyl
phthalates are convenient model compounds; their
retentions are frequently used to compare the selectivi-
ties of RP-HPLC stationary phases. Figures 2 and 3 dis-
play chromatograms for mixtures of n-alkylbenzenes
and di-n-alkyl phthalates obtained on fluorinated
HCPS.


k 'log const α CH2( )nc.+=


k 'log


Table 3.  Coefficients in the LSER equations for the stationary phases studied; eluent: CH3CN–H2O (60 : 40)


Stationary
phase


LSER coefficients


c r s a b v


KS/R 505 –0.80 ± 0.39 –0.42 ± 0.18 0.44 ± 0.49 1.08 ± 0.68 –1.79 ± 0.50 1.53 ± 0.33


KS/R 508 –0.13 ± 0.63 1.65 ± 1.22 –0.79 ± 0.58 –0.58 ± 0.33 –0.84 ± 0.51 1.44 ± 0.50


PLRP–S 0.52 ± 0.29 1.15 ± 0.22 –0.39 ± 0.18 –0.21 ± 0.13 –1.73 ± 0.30 0.70 ± 0.28


HNM –0.43 ± 0.21 0.86 ± 0.17 –0.28 ± 0.11 –0.59 ± 0.10 –1.89 ± 0.22 0.90 ± 0.23


SiO2-ferrocene [24] –0.72 ± 0.06 0.40 ± 0.03 0.12 ± 0.04 –0.55 ± 0.07 –2.31 ± 0.09 0.70 ± 0.08


Table 4.  Coefficients in the LSER equations for unmodified and fluorinated HCPS; eluent: CH3CN–H2O (60 : 40)


Stationary
phase


LSER coefficients


c r s a b v


KS/R 505 –0.81 ± 0.39 –0.42 ± 0.18 0.44 ± 0.49 1.08 ± 0.68 –1.79 ± 0.50 1.53 ± 0.33


Fluor KS/R 505 –0.26 ± 0.08 0.30 ± 0.07 –0.16 ± 0.09 0.53 ± 0.11 –1.09 ± 0.13 1.17 ± 0.12
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Fig. 1. Retention of (a) alkylbenzenes and (b) dialkylphthalates vs. number of carbon atoms in the pendant chain for elution with
CH3CN–H2O mixtures: (1) 70 : 30 and (2) 60 : 40.
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Fig. 2. Chromatogram of an n-alkylbenzene mixture (col-
umn, fluorinated HCPS, 75 × 2 mm; eluent, CH3CN–H2O,
70 : 30; flow rate, 0.2 mL/min): (1) benzene, (2) toluene, (3)
ethylbenzene, (4) n-propylbenzene, (5) n-butylbenzene, (6)
n-pentylbenzene, (7) n-hexylbenzene, (8) n-octylbenzene,
and (9) n-nonylbenzene.


2 6 10 14
t, min


2


4


6


8


10


12


A, mV


1


2


3


4


5


6


7


8


9 10


Fig. 3. Chromatogram of a di-n-alkyl phthalate mixture (for
the chromatography parameters, see Fig. 2): (1) dimethyl
phthalate, (2) diethyl phthalate, (3) di-n-propyl phthalate,
(4) di-n-butyl phthalate, (5) di-n-pentyl phthalate, (6) di-n-
hexyl phthalate, (7) di-n-heptyl phthalate, (8) di-n-octyl
phthalate, (9) di-n-decyl phthalate, and (10) di-n-undecyl
phthalate.
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The study of HCPS in [22] showed that this type of
stationary phase has a high affinity to phenyl, which
indicates a considerable contribution of π–π interac-
tions into the retention mechanism on this stationary
phase. An analogue of the above-described method can
be used if aromatic compounds are used as standards
for the characterization of stationary phases.


In this case, the relationship becomes


(7)


Here, απ is the characteristic of the relative strength of
π–π interactions between sorbates and various sorbents.
In order to estimate the strength of π–π interactions on
the fluorinated HCPS stationary phase, we obtained k'
values for several polyaromatic compounds containing
one to five fused rings. We chose sorbates with near-pla-
nar molecular geometry and, thus, with the minimal role
of the structural selectivity or steric recognition. Pro-
vided that this condition is fulfilled,  is a near-lin-
ear function of the number of π electrons in a sorbate
molecule (nπ) (Fig. 4). The strong retention of aromatic
compounds on HCPS and the considerable contribution
of π–π interactions into the retention mechanism are
explained as follows. First, hypercrosslinked macronet
polymers have very low spatial densities of chain pack-
ing. Therefore, most part of the highly developed internal
surface of this material is accessible to sorbate mole-
cules; i.e., sorbate–sorbent contact here can be more inti-
mate than for other stationary phases. Second, conju-
gated or even fused aromatic systems can form during
the crosslinking of polystyrene chains by methylene
groups, in addition to diphenylmethane-type structures.
The color of HCPS stationary phases provides indirect
evidence in favor of this scenario.


k 'log const απnπ.+=


k 'log


The above-described approaches can be used both
for predicting the retention of model compounds in a
homologous row and for comparing and describing sta-
tionary phases.
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Fig. 4. Retention of alkylbenzenes vs. number of aromatic
carbon atoms (π bonds) in their molecule.
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Acids containing long-chain hydrocarbon radicals
are chemisorbed on alumina [1] and can generate ori-
ented self-organized monolayers [2–4]. Modification
with oleic acid makes alumina an active adsorbent of
organic ions [5].


Here, we compare the adsorption properties of alu-
mina modified by long-chain carboxylic acids with
equal numbers of carbon atoms: stearic (octadecanoic)
aliphatic acid and oleic (9-


 


cis


 


-octadecenoic) acid,
which contains a double bond in the middle of the
hydrocarbon radical. We consider the adsorption of
nitrogen, water, and benzene vapors, as well as Acid
Orange (an ionic dye) from aqueous solution, as a func-
tion of stearate or oleate concentration on alumina sur-
faces.


EXPERIMENTAL


Alumina for chromatography was used. Its specific
surface area determined by thermal desorption of nitro-
gen was 93 m


 


2


 


/g; the specific pore volume determined
from benzene and water condensation was 0.23 cm


 


3


 


/g;
and the average pore diameter was 10 nm.


Before modifying, alumina was washed with dis-
tilled water until pH was 7 and dried at 140


 


°


 


C. Solu-
tions of stearic and oleic acids of various concentra-
tions were prepared in isooctane. Alumina samples
were exposed to acid solutions at room temperature for
24 h, filtered on a Buchner funnel, and dried at 120


 


°


 


C
to constant weight. The modifier surface concentration
on alumina was determined as weight loss on ignition


at 600


 


°


 


C. Sets of five samples with different modifier
concentrations were prepared.


Specific surface areas of modified samples were
determined by thermal desorption of nitrogen. The
adsorbed water or benzene volume was measured after
the sample was exposed to the relevant saturated vapor
until a constant weight was achieved.


Water adsorption isotherms at 23


 


°


 


C were measured
on unmodified alumina and on samples with the highest
modifier concentrations. Adsorption was carried out in
a desiccator for 3 months. Aqueous sulfuric acid of
known strengths was used to vary the water vapor pres-
sure.


Acid Orange dye was used to determine the adsorp-
tion properties of the modified samples in aqueous
solutions.


The dye adsorption from water was measured as fol-
lows. Adsorbent samples, each weighing 20 mg, were
each exposed to 5 mL of an aqueous solution contain-
ing 10 mg/L dye for 5 days. The dye concentration in
the solution after adsorption was determined on a spec-
trophotometer at 400 nm.
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Abstract


 


—Two sets of alumina samples were prepared, one chemically modified by stearic acid and the other
by oleic acid, with modifier concentrations within 0.1–4.0 groups/nm


 


2


 


. The adsorption of nitrogen, water, and
benzene vapors, as well as Acid Orange dye (from aqueous solution), was studied as a function of modifier con-
centration. In the highest concentration (2.7 groups/nm


 


2


 


), stearate generates a dense surface monolayer, which
is hardly accessible to the penetration of molecules of the test compounds. Alumina with stearate concentrations
of about one-half the monolayer coverage is the most active adsorbent of organic ions from aqueous solutions.
Alumina with the limiting oleate concentration adsorbs a large benzene volume (three times the specific pore
volume of the support), because oleate exists on the surface in a liquid state.
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Fig. 1.


 


 Structural formula of Acid Orange.
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RESULTS AND DISCUSSION


The table displays the surface modifier concentra-
tions on alumina. The minimal and maximal stearate
concentrations differ 20-fold, while those of oleate dif-
fer 30-fold. The maximal surface concentration of ole-
ate is 1.4 times that of stearate. The surface occupied by
one oleate and stearate group with the maximal surface
coverage, 


 


ω


 


, is 0.26 and 0.37 nm


 


2


 


, respectively.
Figure 2 shows the specific surface areas of unmod-


ified and modified aluminas determined from thermal
desorption of nitrogen (per gram of the support). These
values decrease considerably with increasing modifier
concentration (roughly to the same extent for both
modifiers). In the samples with the maximal modifier
concentration, the specific surface area is about one
order of magnitude smaller than the specific surface
area of unmodified alumina. This signifies that the part
of the inner pore surface occupied by modifier mole-
cules is inaccessible to nitrogen molecules.


Figure 3 illustrates the pore volumes determined
from water capillary condensation as a function of
modifier concentration (the adsorbed water volume per
gram of the support). These volumes decrease consid-
erably with increasing concentration of either modifier.


Differences in water adsorption become noticeable
only in the samples with the highest modifier concen-
trations. The sample with the highest oleate concentra-
tion adsorbs more water than the sample with the high-
est stearate concentration.


Figure 4 shows the water adsorption and desorption
isotherms measured on unmodified alumina and on the
samples with the highest stearate or oleate concentra-
tions. On unmodified alumina, considerable adsorption
and desorption hysteresis is observed. Upon desorp-
tion, some water (~2 molecules/nm


 


2


 


) is not removed
from the surface at 


 


p


 


/


 


p


 


s


 


 = 0, probably, because of
chemisorption. The small slope of the desorption
branch of the isotherm indicates a rather wide pore-size
distribution.


Water adsorption on the modified samples is far
lower than on unmodified alumina. In the initial range
of relative pressures, the water adsorption isotherms on
both modified samples approximately coincide. Differ-
ences become noticeable only at high relative water
vapor pressures. The overall water volume adsorbed at


 


Modifier concentrations 


 


m


 


 (wt %) and 


 


N


 


 (groups/nm


 


2


 


) and molecular surface areas 


 


ω


 


 (nm


 


2


 


) on alumina


Stearic acid Oleic acid


 


m


 


, wt % 0.5 1.5 3.0 5.0 7.5 11 0.5 2.0 5.0 7.5 12 15


 


N


 


, groups/nm


 


2


 


0.11 0.33 0.68 1.30 1.90 2.70 0.11 0.45 1.20 1.80 3.20 3.90


 


ω


 


, nm


 


2


 


9.00 3.00 1.50 0.78 0.53 0.37 9.00 2.20 0.86 0.56 0.32 0.26
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Fig. 2.


 


 Specific surface area , m


 


2


 


/g, of alumina modified


by (


 


1


 


) stearic acid and (


 


2


 


) oleic acid vs. modifier surface
concentration 


 


N


 


, groups/nm


 


2
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Fig. 3.


 


 Saturated water vapor adsorption , cm


 


3


 


/g, on


alumina modified by (


 


1


 


) stearic acid and (


 


2


 


) oleic acid vs.
modifier surface concentration 


 


N


 


, groups/nm


 


2


 


.


VH2O
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p


 


/


 


p


 


s


 


 = 1 on stearic acid-modified alumina is one order
of magnitude lower than on the unmodified sample.
The oleic acid-modified sample adsorbs the overall
water volume almost twice that adsorbed on the stearic
acid-modified sample. Adsorption–desorption hystere-
sis is observed for both modified samples, very insig-
nificant on the stearic acid-modified alumina sample
but more noticeable on the oleic acid-modified sample.
Presumably, the oleate monolayer is less ordered and
more penetrable by water molecules than the stearate
monolayer. In addition, adsorption interactions
between water molecules and the oleate olefinic group
are made possible by the double bond. Water is des-
orbed completely from both modified samples at


 


p


 


/


 


p


 


s


 


 = 0, unlike from the unmodified sample.


Very considerable differences between the absorp-
tion properties of the two sets of modified samples are
observed in comparison of benzene condensation. Fig-
ure 5 plots the adsorbed benzene volume (per gram of
the support) as a function of modifier concentration. On
stearic acid-modified alumina, the adsorbed benzene
volume drops linearly with rising modifier concentra-
tion. It approximately corresponds to the difference
between the pore volume of the unmodified sample and
the volume occupied by the modifier. On the oleic acid-
modified samples with modifier surface densities of
0.11–1.8 groups/nm


 


2


 


, benzene adsorption first changes
insignificantly, then increases in the sample with the
highest modifier surface coverage (3.9 groups/nm


 


2


 


) to
reach the value three times the adsorption on unmodi-
fied alumina. The sample with the highest oleate sur-
face coverage looses friability after exposure to ben-


zene vapor; that is, oleate adsorbs benzene like a liquid.
At lower oleate surface coverages, the hydrocarbon
radicals containing a double bond, likely, prefer to
interact with the surface active sites of alumina rather
than with benzene molecules. These data on benzene
adsorption on aluminas modified with the two acids
agree with benzene absorption by these acids them-
selves (after 7 days of exposure to saturated benzene
vapor). Oleic acid absorbs 4.1 cm


 


3


 


/g benzene, which is
almost 20 times benzene absorption by stearic acid
(0.23 cm


 


3


 


/g).
We also compared the modifying effect of the two


acids on the adsorption of organic dye ions from water.
Figure 6 displays the Acid Orange partition factor
(


 


K


 


, L/g) as a function of the surface coverage by the
modifier.


where 


 


A


 


 is adsorption, mg/g; and 


 


c


 


 is equilibrium dye
concentration, mg/L.


Unmodified alumina almost does not adsorb Acid
Orange. On the stearic acid-modified samples, the par-
tition factor rises almost linearly with modifier surface
coverage to reach a peak on the sample bearing
1.3 groups/nm


 


2


 


 of stearate. This modifier coverage den-
sity is one-half the ultimate coverage. With stearate sur-
face coverage density increasing further, dye adsorp-
tion drops linearly, becoming on the sample with the


K A/c,=


 


0 0.4 0.8
Relative pressure, 


 


p
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p


 


s
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Fig. 4.


 


 Water vapor adsorption isotherms at 23


 


°


 


C on (


 


1


 


) unmod-
ified alumina, (


 


2


 


) alumina modified with 2.7 groups/nm


 


2


 


 of
stearate, and (


 


3


 


) modified with 3.9 groups/nm


 


2


 


 of oleate. Light
symbols pertain to adsorption; dark symbols to desorption.
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 Saturated benzene vapor adsorption , cm
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on alumina modified with (
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) stearic acid and (
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) oleic acid
vs. modifier surface concentration 
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highest surface coverage density (2.7 groups/nm


 


2


 


)
almost as low as on unmodified alumina. Therefore, in
the last case, stearate hydrocarbon radicals on the alu-
mina surface form a dense ordered monolayer, which
cannot be penetrated by dye ions for adsorption. In the
case of oleic acid modification, the Acid Orange par-
tition factor first rises as the modifier surface coverage
increases to 0.45 groups/nm


 


2


 


, then changing only
insignificantly until the maximal modifier surface
coverage is reached (3.9 groups/nm


 


2


 


). The maximal
partition factor for the oleic acid-modified samples
(


 


K


 


 


 


≈


 


 1 L/g) is noticeably lower than for the stearic
acid-modified samples (


 


K


 


 = 2.5 L/g). Presumably,
oleic acid, unlike stearic acid, does not generate a dye-
ion-impenetrable, ordered surface monolayer on alu-
mina. Likely, the appearance of a dense monolayer is
inhibited by the kink in the middle of the hydrocarbon
chain in the region of the double bond in an oleic acid
molecule.


Oleic acid dramatically increases the adsorption of
organic dye cations and anions from water onto alu-
mina as a result of surface modification [5]. The adsorp-
tion of organic ions is strongly affected by pH, ionic
strength, and organic solvent additives. From the above
data, we can infer that the identical mechanism oper-
ates in the interaction between organic ions and the alu-
mina surfaces modified by stearic or oleic acid. In both
cases, adsorption is due to a combination of ionic and
hydrophobic interactions. The differences in organic
ion adsorption likely arise from the different structures
of the modifier layers of these acids. These differences
must be taken into account in choosing the adsorbent
for organic ions. Thus, the maximal partition factor was
observed for stearic acid-modified alumina with the
surface coverage 


 


θ


 


 


 


≈


 


 0.5 (modifier surface density of
1.3 groups/nm


 


2). In oleic acid-modified alumina chosen
as an adsorbent, the modifier surface density can vary
as considerably as approximately by one order of mag-
nitude, from 0.4 to 4 groups/nm2, without considerable
changes in partition factor.


In summary, the existence or nonexistence of a dou-
ble bond in the hydrocarbon chain of a long-chain car-
boxylic acid (modifier) gives rise to considerable differ-
ences in surface-grafted layers, which affects the
adsorption properties of modified aluminas.
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Fig. 6. Acid Orange partition factor K, L/g, on alumina
modified with (1) stearic acid and (2) oleic acid vs. surface
modifier concentration N, groups/nm2.
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Mercury is widespread in nature and is a highly
toxic environmental pollutant. Its environmental mobil-
ity is due to the high sensitivity of mercury compounds
to light and their redox processes. In photolysis of
bis(


 


p


 


-trifluoromethlybenzyl)mercury, the magnetic iso-
tope effect (MIE) for mercury nuclei was observed [1].
Noteworthy are mercury isotope anomalies observed in
biological objects, in particular, in fish accumulating
mercury from different aquatic systems [2]. It cannot be
ruled out that the change in the mercury isotope distri-
bution is associated with photochemical [1] and bio-
chemical processes [3]. The use of organomercury
compounds for detecting the MIE requires a prelimi-
nary study of their photochemistry, i.e., determination
of photolysis quantum yields in organic solvents, which
is the aim of this work.


EXPERIMENTAL


Organomercury compounds were synthesized and
purified as described in [4]. The extinction coefficients
of the synthesized compounds were determined (table).


Solutions placed in 10 


 


×


 


 10 quartz cells were irradi-
ated with light from a DRSh-500 mercury lamp
equipped with light filters passing the mercury lines at
313 and 365 nm, as well as with a BS-3 light filter,
which absorbs the emission of the initial compound at


 


λ


 


 < 310 nm. The BS-3 light filter was used for cutting
off the mercury lamp radiation at 


 


λ


 


 < 270 nm. The
absorbed light dose was determined from the ratio of
the mercury line intensities in the pass band of the BS-
3 light filter, actinometry of the mercury line at 365 nm
[5], the optical densities of a solution, and the irradia-
tion time. When the samples were irradiated with light
from the mercury lamp with the use of a light filter for
313 nm, which also passes the mercury lines at 303 and


297 nm, the absorbed light dose was calculated from
the fraction of light of each line, the optical density of
a solution at the corresponding wavelength, and the
overall light intensity passed by the light filter, which
was determined by an actinometer. The quantum yields
of photochemical reactions were calculated from the
data on changes in the absorption spectra during pho-
tolysis and from the absorbed light dose with the use of
the Mathcad 2001i program.


Absorption spectra were recorded on a Shimadzu
2102PC spectrophotometer.


RESULTS AND DISCUSSION


In photolysis of organomercury compounds on
organic solvents, the initial stage is the rupture of the
C–Hg bond. The photoreaction products are metallic
mercury and organic compounds generated in dark
reactions of nascent radicals. Photolysis of dialkyl- and
diarylmercury yields dialkyl and diaryl compounds, as
well as the products of the reaction of radicals with
hydrocarbon solvents [4, 6]. The photochemistry of
dibenzylmercury derivative has been poorly studied. It
is only known that photolysis leads to the products of
dimerization of benzyl radicals and metallic mercury.
The photolysis of organomercury compounds in halo-
gen-containing solvents (CCl


 


4


 


, CHCl


 


3


 


) yields chlorides
of organomercury compounds. It is worth noting that
the quantum yields of photolysis of organomercury
compounds in solutions are unknown; the exceptions
are diphenylmercury [7] and bis(naphthyl-1-
methyl)mercury, for which photolysis was studied in
different solvents [8].


The photolysis of dibenzylmercury derivatives is
accompanied by a change in the absorption spectra of
solutions; as a rule, isosbestic points are observed (fig-
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Abstract


 


—The quantum yields of photolysis of organomercury compounds in different organic solvents have
been measured. It was shown that the quantum yields of photolysis of nitro derivatives of mercury compounds
and the symmetric (methylnaphthyl)mercury compound are equal to unity. The photolysis of halo derivatives
of benzylmercury proceeds with lower quantum yields as compared with photolysis of analogous dibenzylm-
ercury derivatives. The quantum yields of photolysis of organomercury compounds are almost independent of
the solvent.
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ure), which is evidence that only one reaction product
is formed. For photolysis in alcohols, isosbestic points
are absent since the benzyl radicals react with an alco-
hol. In the course of photolysis, the ratio of the dimer-
ization products to the products of elimination of the
hydrogen atom from an alcohol changes. At high orga-
nomercury concentrations, their photolysis is accompa-
nied by deposition of metallic mercury as a gray precip-
itate. The quantum yields of photolysis of the organo-
mercury compounds are summarized in the table. Upon
the excitation of dibenzylmercury derivatives, the dis-
sociation of the C–Hg bond can take place in both the
singlet and triplet states. Organomercury compounds
do not fluoresce, which is due to a high probability of
bond dissociation in the excited singlet state, as well as
to intersystem crossing to the triplet state, since mer-
cury is a heavy atom. The dissociation of the singlet
excited state in a solvent yields a singlet radical pair,
which can either recombine to form the initial product
or undergo spin conversion to give a triplet radical pair.
In turn, the triplet radical pair either undergoes spin


conversion to again form the singlet radical pair, which
recombines into the initial molecule, or dissociates into
free radicals. Then, 


 


•


 


HgCH


 


2


 


R radical decomposes with
elimination of the mercury atom. The C–Hg bond dis-
sociation energy in the radical is much smaller (~30–
40 kJ/mol [9]) than the C–Hg dissociation energy of the
initial molecule (~230–250 kJ/mol [10]). The benzyl
radicals 


 


•


 


CH


 


2


 


R recombine to form a product
(Scheme 1).


 


Scheme 1.


 


The photolysis quantum yields for halides of orga-
nomercury compounds are lower than the quantum
yields of the corresponding dibenzylmercury deriva-


Hg(CH2R)2
1[RCH2 HgCH2R]


• •


3[RCH2 HgCH2R]
• •


(RCH2)2 + Hg


hν


 


Quantum yields of photolysis of organomercury compounds


Compound, 


 


ε


 


(


 


λ


 


max


 


), M


 


–1


 


 cm


 


–1


 


* Solvent


 


λ


 


max


 


, nm Light filter


 


Φ


 


**


Bis-(


 


p


 


-chlorobenzyl)mercury, 20000 CHCl


 


3


 


268 BS-3 0.67


CCl


 


4


 


268 BS-3 0.8


Heptane 262 BS-3 0.7


Bis-(


 


m


 


-fluorobenzyl)mercury, 20300 CHCl


 


3


 


259 BS-3 0.55


Heptane 255 BS-3 0.68


CH


 


3


 


CN 260 BS-3 0.5


Bis-(


 


p


 


-trifluorobenzyl)mercury, 20500 CHCl


 


3


 


271 BS-3 0.64


Heptane 265 BS-3 0.44


 


i


 


-PrOH 271 BS-3 0.4


 


p


 


-Nitrobenzylphenylmercury, 7000 CHCl


 


3


 


336 365 1.0


Benzene 333 365 1.0


MeOH 334 365 1.0


EtOH 336 365 1.0


 


p


 


-Nitrobenzylmercury bromide, 17000 CHCl


 


3


 


302 313 0.55


Benzene 304 313 0.6


 


p


 


-Nitrobenzylmercury iodide, 20000 CHCl


 


3


 


307 313 0.62


Benzene 309 313 0.7


Ethyl 


 


p


 


-iodophenyl-


 


α


 


-bromomercuryacetate, 16000 CHCl


 


3


 


266 313 0.1


Heptane 265 BS-3 0.2


Bis(naphthyl-1-methyl)mercury, 17500 CHCl


 


3


 


329.5 313 1.0


CCl


 


4


 


329.5 313 1.0


Benzene 329.5 313 1.0


Heptane 329.5 313 1.0


 


* The extinction coefficients of organomercury compounds were determined with an accuracy of 5%.
** The quantum yields of photolysis were determined with an accuracy of 10%.
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tives, which is also due to different C–Hg bond energies
in the salts and dibenzylmercury derivatives. In photol-
ysis of bis(naphthyl-1-methyl)mercury in CCl


 


4


 


, the
product of the photoreaction decomposes upon irradia-


tion with the quantum yield 0.1. The ultimate product
of its photolysis is identical to the product of photolysis
of the initial compound in heptanes. Thus, our findings
demonstrate that electron-accepting substituents in the
aromatic ring lead to high quantum yields of the photo-
decomposition of dibenzylmercury derivatives. Ben-
zylmercury halide derivatives are photolyzed with
lower quantum yields as compared to the correspond-
ing dibenzylmercury derivatives. The quantum yields
of photolysis of organomercury compounds are almost
independent of the solvent.
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Change in the absorption spectra of (a) bis(
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-chloroben-
zyl)mercury in heptanes on irradiation with light of a
DRSh-500 mercury lamp with a BS-3 light filter 5, 10, 15,
20, 30, 40, 60, and 120 s after the onset of photolysis and (b)


 


p


 


-nitrobenzylmercury in CHCl


 


3


 


 on irradiation with a filter
passing the mercury line at 313 nm 5, 10, 15, 20, 30, and
270 s after the onset of photolysis.
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Analysis of waters and solutions requires the deter-
mination of inorganic and organic ions. The most uni-
versal method of solving these problems is ion chroma-
tography (IC) [1]. Among the advantages of this method
are a high sensitivity (detection limits for some ions are
0.5–1.0 


 


µ


 


g/L without preliminary concentration), the
possibility of relatively rapid simultaneous determina-
tion of a large number of ions in a small analyte volume,
a wide range of determined ion concentrations, and
complete automation of determination. Among the dis-
advantages of the method are complicated synthesis of
ion exchangers for ion separation and lower efficiency
of ion separations compared to HPLC [2].


The IC method affords determination of inorganic
anions and cations, as well as the ions of organic acids
and bases. Typical objects of IC analysis are natural and
waste waters, atmospheric precipitation, and different
processing solutions in which anions, for example,
inorganic ones (fluoride, chloride, nitrate, bromide, and
sulfate), should be quantified. The concentration ranges
of inorganic anions in waters can be rather wide, from
trace concentrations in special purity water, for exam-
ple, from a few micrograms per liter of chloride and
sulfate in the water circulating in heat-transfer loops of
power plants [3], to macroconcentrations, for example,
to tens of grams per liter of chloride in seawater [4]. To
enhance the sensitivity of ion determination, solutions
are concentrated (sorption is most often used for con-
centration).


Analyte ions are also concentrated in analysis of
solutions containing large amounts of accompanying
components that exist in solution in ionic form. The
task is complicated by the low selectivity of ion-


exchange processes and the low capacity of sorption
columns used for concentration.


This work deals with the development of methods
for considering and predicting the interference of ions
in the course of concentration.


EXPERIMENTAL


 


Solutions and Reagents.


 


 Eluents and model solu-
tions of ions were prepared using deionized water with
a resistivity of no less than 18.0 M


 


Ω


 


.
1 M sodium carbonate and bicarbonate solutions


were prepared by dissolving weighed portions of the
corresponding salts in deionized water. The purity of
the salts (Merck, Germany) was GR for analysis.
Nitrate and sulfate solutions were prepared by dilution
of certified solutions with the concentration 1 mg/mL
(Ekoanalitika, Russia).


Eluents were prepared immediately before the
experiments from 1 M sodium carbonate and bicarbon-
ate solutions by dissolving them with deionized water.
To suppress the background conductivity of the eluent,
a 0.05 M sulfuric acid (chemically pure, Khimmed,
Russia) solution in distilled water was used.


All solutions were prepared in Vitlab plasticware
(polyethylene).


 


Equipment.


 


 Sorption IC analysis was carried out
on a setup composed of commercial modules (Aqui-
lon, Russia). The setup included three precision high-
pressure pumps (Staier of series I and series II), a
CD-510 conductivity detector with analog (integrator)
output, an E-18 AQU ADC external two-channel
18-bit analog-to-digital converter, an AMP-01 anion
capillary suppressor of eluent conductivity, two Rheo-
dyne Model 9740-001 six-port injection valves, and a
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Abstract


 


—A technique for investigation of the interference of ions in on-line sorption ion chromatographic
determination has been proposed. The technique involves choice of a mathematical model for describing the
sorption dynamics, calculation of the thermodynamic and kinetic properties of ion sorption in a given system,
and plotting of sorption isotherms of a microcomponent in a wide range of concentrations of interfering mac-
rocomponents. The technique has been used for studying the sorption of nitrate in the presence of bicarbonate
and sulfate ions. It has been shown that the nitrate sorption dynamics is adequately described by the external
diffusion model. The data obtained have been used for predicting the recovery levels of nitrate as a function of
the sample volume containing sulfate. The accuracy of the prediction has been proved experimentally.
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Phenomenex Star-Ion A300 chromatographic column
(100 


 


×


 


 4.6 mm). A protection column for Star-Ion
A300 (10 


 


×


 


 4.6 mm) was used as the column for con-
centration. Both columns were packed with the same
sorbent (based on a styrene–divinylbenzene copoly-
mer with quaternary amino groups). The sorbent grain
size was 7.5 


 


µ


 


m.


Dissolved gases were removed from solutions by
using an ultrasonic bath with a volume of 1.3 L (Sapfir
PKF, Russia). An analogous procedure was used for
faster dissolution of compounds.


For recording chromatograms and dynamic elution
curves, the Multichrom 2.4 software (Ampersand Ltd.,
Russia) was used. Direct and inverse problems of sorp-
tion dynamics were solved using the Matlab 7.0 (Math-
works, Inc.) and Femlab/Comsol 3.2 (Comsol AB) soft-
wares.


RESULTS AND DISCUSSION


In accord with the objective of this work, we studied
the interference of inorganic anions in on-line sorption
ion chromatographic determination and developed an
approach that provides the prediction of ion interfer-
ence with the use of mathematical models of sorption
dynamics.


In sorption IC analysis of solutions, microcompo-
nent ions should often be determined in the presence of
considerable amounts of other ions. In this case, due to
the low selectivity of ion-exchange processes, the
recovery level of the analyte component, as a rule,
decreases. For estimating the systematic error of deter-
mination of ions under such conditions, it is expedient
to develop a mathematical description of the sorption
process, which will allow one to predict the recovery
level of a microcomponent in the presence of various
concentrations of macrocomponents. To do this, we
used so-called determinate models of sorption dynam-
ics based on partial differential equations. These equa-
tions and methods of their solution have been discussed
in monographs [5–7].However, analytical solutions can
be obtained only in a few special cases; in more com-
plicated cases, numerical methods are used. In this
work, sets of equations were solved numerically with
the use of the Femlab software.


 


Mathematical models of sorption dynamics.


 


 The
models used involve three basic equations: the mate-
rial balance equation and the equations of mass trans-
fer kinetics and thermodynamics. The material bal-
ance equation for a one-component system takes the
form [8]


(1)
f


Vg'
------∂c


∂x
------ ε∂c


∂t
----- ∂a


∂t
------+ +


Dl


Vg
2


------∂2c


∂x2
--------,=


 


where 


 


ν


 


 is the geometrical volume of an empty column
from its beginning (


 


ν


 


 = 0) to a given point, 


 


f


 


 is the solu-
tion flow rate, 


 


ε


 


 is the fraction of the free volume in a
sorbent-packed column, 


 


D


 


l


 


 is the longitudinal diffusion
coefficient, 


 


V


 


g


 


 is the total geometric volume of the col-
umn without a sorbent, and 


 


c


 


(


 


x


 


) and 


 


a


 


(


 


x


 


) are the aver-
aged concentrations of a microcomponent in a phase
(of the solution and sorbent, respectively) in the unit
cross section with the 


 


x


 


 coordinate. Concentrations in
solution were calculated per unit volume of the solution
and those in the sorbent, per unit volume of the entire
medium (column).


The mass transfer of a component from the solution
phase to the sorbent was described in terms of external
diffusion kinetics. In so doing, we assumed that the
concentration change rate of the microcomponent in
the sorbent is proportional to the difference between the
current and equilibrium concentrations of the micro-
component in the solution [8]:


(2)


where 


 


β


 


 is the external diffusion mass transfer coeffi-
cient, s


 


–1


 


.


If the sorption isotherm of the microcomponent is
linear, the distribution coefficient is


(3)


Taking into account Eq. (3), Eq. (2) can be rewrit-
ten as


. (4)


Equations describing diffusion mass transfer coeffi-
cients as a function of the sorbent packing factor were
derived in [9]. In the case of the external diffusion
model, this dependence is expressed is follows:


(5)


For further calculations, we used both Eq. (4) (the
external diffusion model with constant parameters;
hereinafter, model 1) and Eqs. (4) and (5) (the external
diffusion model with variable parameters, model 2).


 


Calculation of model parameters.


 


 To find the val-
ues of the model parameters, we solved so-called
inverse problems of sorption dynamics. In the frame-
work of mathematical physics, these problems are
attributed to the inverse problems of identification of
constant coefficients [7]. No universal and correct
methods for solving such problems are currently avail-
able. However, the most frequently used (and recom-


∂a
∂t
------ β c x t,( ) ce x t,( )–( ),=


Kd
ae


ce
---- const.= =


∂a
∂t
------ β c x t,( ) a x t,( )
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β
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mended) method for solving similar problems is itera-
tive optimization [7]. This method was used in the
present work.


Let us write the structure of the sorption dynamics
model in the general form:


(6)


where 


 


c


 


(


 


x


 


, 


 


t


 


) is the solution of the set of equations 


 


M


 


 at
the specified initial distribution of the microcomponent
concentration over the system 


 


c


 


init


 


(


 


x


 


), concentration of
the microcomponent at the column inlet 


 


c


 


inlet


 


(


 


t


 


), and
vector of the equation parameters 


 


p


 


. From the dynamic
experiment, we obtain the function 


 


c


 


exp


 


(


 


x


 


, 


 


t


 


) (as a rule,
its section at some point 


 


c


 


exp


 


(


 


x


 


0


 


, 


 


t


 


)). In the further con-
sideration, variable coordinates will be omitted. By the
identification of parameters is usually meant the search
for such a vector 


 


p


 


opt


 


 at which


(7)


c x t,( ) M cinit x( ) cinlet t( ) p,,[ ],=


cexp M cinit cinlet popt, ,[ ].=


 


Inasmuch as experimental data always contain ran-
dom errors, it is evident that, even in the case of com-
plete identity of the model and the experimental sys-
tem, Eq. (7) cannot be solved in the general form.
Therefore, let us formulate the problem in a different
way: the search for such a vector 


 


p


 


opt


 


 for which the dis-
tance (


 


δ


 


) between the 


 


c


 


 and 


 


c


 


exp


 


 functions determined
by some method is minimal. In most cases, the experi-
mental results are expressed as the set of the 


 


k


 


 pairs of
{


 


t


 


i, ci}1 < i < k points; i.e., they are not a function but a
vector of the function values at the points {ti}; there-
fore, it makes sense to determine the distance between
the c and cexp functions in the following way:


(8)


The search for popt when the analytical form of the
c(p) dependence is unknown (this is the case for most
problems of sorption dynamics) is performed by means
of different iteration procedures [10].


Preliminary experiments. The volume of a solu-
tion in the column for concentration (the hold-up vol-
ume of the column Vm) was determined. To do this,
20 µL of water was introduced into the flow of a bicar-
bonate solution, and the hold-up volume of the column
was calculated from the water peak retention time with
taking into account the hold-up volume of the system
without the column for concentration.


To determine the amount of nitrate sorbed on the
column for concentration, we obtained the dependence
of the nitrate peak area in the chromatogram on its
amount in an injected sample. Calibration dependences
were plotted upon direct IC determination of nitrate. To
do this, 20 µL of a nitrate solution was applied to a Star-
Ion A300 column and chromatograms were recorded.


Study of nitrate sorption kinetics and thermody-
namics. To calculate the kinetic and thermodynamic
parameters of nitrate sorption on the Star-Ion A300 sor-
bent, a series of dynamic elution curves (DECs) at dif-
ferent concentrations of the supporting electrolyte:


 = 0.5–2.0 mol/L and the constant nitrate concen-


tration 2.0 mg/L. To do this, a sample was passed
though a column at a constant rate of 1 mL/min and the
conductivity of the solution at the outlet of the column
was measured as a function of the volume of the intro-
duced sample. Rather good reproducibility of DECs
was observed. Inverse problems of sorption dynamics
were solved for calculation of parameters of models 1
and 2.


At the first stage, we compared the qualities of
description of the experimental data obtained in mod-
els 1 and 2: we compared the δ/N values (N is the num-
ber of experimental points in a DEC) obtained upon


δ c cexp, 1
k
--- c ti( ) ci exp,–( )2.


i


k


∑= =


c
HCO3


–


Table 1.  Values of δ/N × 104 calculated for different DECs
and models 1 and 2


, mmol/L
Model


1 2


0.5 2.3 4.2


1.0 6.6 0.9


1.4 6.4 2.2


1.7 7.0 1.0


2.0 8.3 2.5


c
HCO3


–


140 2 4 6 8 10 12
V, mL


1.0


0.8


0.6


0.4


0.2


c/c0


Fig. 1. Comparison of the experimental DEC and the DEC
calculated using model 2. The solid line corresponds to the
experimental data, and the dashed line corresponds to the
calculated values (c/c0 is the ratio nitrate concentration at
the outlet of the column to the initial concentration). The
experimental DEC of nitrate sorption (2.0 mg/L) was
obtained on a Star-Ion A300 column (  = 2.0 mmol/L,


the sample flow rate was 1 mL/min).


c
HCO3


–
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optimization (Table 1). The quality of description can
be visually assessed from Fig. 1.


As follows from Table 1, model 2 provides the best
fit between the theoretical and experimental DECs.
Therefore, this model was used for further calculations.
Table 2 presents the values of the parameters of model 2
calculated for all DECs measured.


The sorption of nitrate from solutions in which its
concentration is at the level of micrograms per liter is
of practical interest. However, at such concentrations,
the above direct method of measuring DECs is inappli-
cable because of the insufficient sensitivity of the detec-
tor. To check the predictive power of model 2, we stud-
ied the sorption of nitrate at its low concentrations
(2 µg/L) and compared the data obtained with those
calculated by model 2 using the found parameter val-
ues.


To study the dynamics of sorption of low concentra-
tions of ions, a specified sample volume was passed
through the concentration column, then the extracted
ions were desorbed with a chromatographic eluent and
transferred to the analytical column, and a chromato-
gram was recorded. From the resulting chromatograms,
the amount of the recovered nitrate was calculated. The
theoretical dependence of the sorbed nitrate on the vol-
ume of the sample passed through the column was cal-
culated. To do this, model 2 was used, and its parame-
ters were taken to be β1 = 0.4 s–1, β2 = 0.7, and Kd =
3.1 mL/mL. The experimental and theoretical curves
are shown in Fig. 2, which demonstrates that the calcu-
lated curve fits well the observed one. Thus, this model
can also be considered valid for description of the sorp-
tion of low concentrations (on the order of µg/mL) of
nitrate ions.


Plotting of sorption isotherms. The major physico-
chemical parameter determining the behavior of the
microcomponent in a sorption system is the distribution
coefficient or, in the general case, the sorption isotherm.
The concentrations of the analyte ion and accompany-
ing ions in actual samples can vary in wide ranges;
therefore, to predict the recovery levels of the micro-
component, we should obtain isotherms of its sorption
in the presence of different amounts of interfering
anions.


The sorption isotherms of nitrate in the presence of
different concentrations of sulfate and bicarbonate
were plotted. To do this, a solution with different con-


tents of  and  ions was passed through the
concentration column until equilibrium was achieved.
Then, 20 µL of a solution containing 4–20 mg/L of
nitrate was injected into the flow using a loop dispenser.
The distribution coefficient of nitrate was determined
from the nitrate retention time. The distribution coeffi-
cients were calculated by Eq. (9):


(9)


HCO3
– SO4


2–


Kd
V r'


V s
-----


V r Vm–
V s


------------------,= =


where  is the corrected retention volume of the
nitrate peak. Over the entire concentration range stud-
ied, the nitrate sorption isotherms are linear (R2 >
0.999).


To consider the effect of interfering ions on the
nitrate sorption, we obtained a set of distribution coef-
ficients of nitrate in the presence of various concentra-
tions of sulfate ions (0–6 mg/L) and the supporting
electrolyte (  = 0.5–1.7 mmol/L). Thus, we


obtained the dependence of the nitrate distribution
coefficient on bicarbonate and sulfate concentrations
(Fig. 3).


Prediction of the recovery level of nitrate as a
function of the sample volume in the presence of sul-
fate. The above information on the kinetics (depen-
dence of coefficients β on the bicarbonate concentra-
tion) and thermodynamics (dependence of Kd on the


V r'


c
HCO3


–


Table 2.  Parameters of model 2 calculated for different con-
centrations of the supporting electrolyte


,


mmol/L
β1, s–1 β2 Kd, mL/mL


0.5 0.9 ± 0.1 2.7 ± 0.5 10 ± 2


1.0 0.6 ± 0.1 1.6 ± 0.5 5.5 ± 0.5


1.4 0.48 ± 0.04 1.7 ± 0.1 3.4 ± 0.3


1.7 0.38 ± 0.06 1.6 ± 0.4 4.6 ± 0.2


2.0 0.4 ± 0.1 0.7 ± 0.4 3.1 ± 0.4


c
HCO3


–


131 3 5 7 9 11
V, mL


1.0


0.8


0.6


0.4


0.2


m/mmax


Fig. 2. Amount of nitrate ions recovered on the Star-Ion
A300 column vs. the sample volume passed through the
column at the stage of sorption. Open circles denote exper-
imental values; the solid line corresponds to the calculated
values.  = 1.7 mmol/L,  = 2.0 µg/L (the sample


flow rate is 1 mL/min; m/mmax is the ratio of the amount of
nitrate sorbed on the column to the maximal amount of
nitrate sorbed in the course of a given experiment).


c
HCO3


– c
NO3


–
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bicarbonate and sulfate concentration) of nitrate sorp-
tion was used for predicting the nitrate recovery (R) as
a function of the sample volume passed though the col-
umn. A typical dependence is shown in Fig. 4. To verify
the validity of the prediction procedure, we compared
the calculated and experimental R values. As follows
from Fig. 4, the calculated recovery values fit rather
well the experimental values.


Thus, we suggested a technique for investigation of
interference of ions in their on-line sorption ion chro-
matographic determination. The technique involves the
following major steps: choice of a mathematical model,


calculation of the mass transfer and distribution coeffi-
cients of the microcomponent, and plotting of the sorp-
tion isotherms of the microcomponent in a wide range
of concentrations of interfering components in a sam-
ple. The technique has been used for predicting the
recovery levels of nitrate as a function of the change in
concentrations of interfering ions in a wide range. The
adequacy of the prediction has been proved experimen-
tally.


ACKNOWLEDGMENTS


This work was supported by the Russian Foundation
for Basic Research (project no. 06-03-32178a) and the
Council for Grants of the President of the Russian Fed-
eration for support of leading scientific schools (grant
no. NSh-8627.2006.3).


REFERENCES


1. Fritz, J.S., Gjerde, D.T., and Pohlandt, C., Ion Chroma-
tography, Heidelberg: Huethig, 1982. Translated under
the title Ionnaya khromatografiya, Moscow, 1984.


2. Shpigun, O.A. and Zolotov, Yu.A., Ionnaya khro-
matografiya i primenenie v analize vod (Ion Chromatog-
raphy and Its Application in Analysis of Water), Mos-
cow, 1990.


3. Balkoni, L., Pascali, R., and Sigon, F., Anal. Chim. Acta,
1986, vol. 179, p. 419.


0


100


200


300


400
Kd


0
1


2
4


6CSO4
2–, mg/L


0
1


1


2 CHCO3
–, mmol/L


Fig. 3. Nitrate distribution coefficient vs. the bicarbonate and sulfate concentration.


200 5 10 15
V, mL


1.0


0.8


0.6


0.4


0.2


R


Fig. 4. Comparison of experimental and calculated recovery
levels of nitrate on the Star-Ion A300 sorbent. The solid line
corresponds to the calculated values, and solid circles cor-
respond to the experimental values.







MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 1      2008


INTERFERENCE OF ANIONS 35


4. Bin Abas, M.R., Takruni, I.A., Abdullah, Z., and
Tahir, N.M., Talanta, 2002, vol. 58, p. 883.


5. Samarskii, A.A., Teoriya raznostnykh skhem (Theory of
Difference Schemes), Moscow, 1977.


6. Farlow, S. J., Partial Differential Equations for Scien-
tists and Engineers, New York: Wiley, 1982. Translated
under the title Uravneniya s chastnymi proizvodnymi
dlya nauchnykh rabotnikov i inzhenerov, Moscow, 1985.


7. Samarskii, A.A. and Vabishchevich, P.N., Chislennye
metody resheniya obratnykh zadach matematicheskoi


fiziki (Numerical Methods of Solution of Inverse Prob-
lems of Mathematical Physics), Moscow, 2004.


8. Venitsianov, E.V. and Rubinshtein, R.N., Dinamika
sorbtsii iz zhidkikh sred (Dynamics of Sorption from
Liquids), Moscow, 1983.


9. Kokotov, Yu.A. and Pasechnik, V.A., Ravnovesie i kine-
tika ionnogo obmena (Equilibrium and Kinetics of Ion
Exchange), Leningrad, 1970.


10. Nocedal, J. and Wright, S.J., Numerical Optimization,
New York: Springer, 1999.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 1, pp. 36–42. © Allerton Press, Inc., 2008.
Original Russian Text © S.A. Popov, V.V. Irkha, S.G. Dmitrienko, Yu.A. Zolotov, E.V. Getmanova, A.M. Muzafarov, 2008, published in Vestnik Moskovskogo Universiteta.
Khimiya, 2008, No. 1, pp. 45–52.


 


36


 


Molecularly imprinted polymers (MIPs) are finding
increasing use for selective sorption of organic com-
pounds [1–8]. Molecular imprinting is a technique to
obtain organic or inorganic materials capable of recog-
nizing the template molecules. Molecular recognition
is possible since such matrices contain regions (so-
called molecular imprints) that have the capability to
specifically (complementarily) interact with template
molecules or structurally related compounds [9, 10].


Most works in the field of molecular imprinting
have dealt with polymers, which is explained by rela-
tively simple synthesis of such materials, a wide set of
monomers and crosslinking agents, and a high stability
of MIPs to chemical and physical treatments.


The methods of obtaining MIPs have been fairly
well developed. The synthesis consists of several
stages: formation of an intermolecular prepolymer
complex between monomer and template molecules;
polymerization of the prepolymer complex in the pres-
ence of large amounts of a crosslinking agent, which
leads to a polymer with a rigid structure; grinding and
screening of the polymer to the required particle size;
repeated washing with organic solvents to remove the
template [8–11]. In addition, polymer layers capable of
molecular recognition can be applied to a substrate,
such as an inorganic oxide carrier, silica gels being the
most widely used. Uniform arrangement of hydroxyl
groups on the silica gel surface makes it possible to
obtain ordered structures on this surface. As a rule, a


polymer coating is applied to the activated silica gel
surface, then a template molecule is introduced into the
spatial network of the polymer, and finally the polymer
network is formed and the template molecule is
removed from it by washing with organic solvents [9,
12]. The simplest method of preparation of chemically
modified oxide capable of molecular recognition is
based on the polycondensation of alkoxysilanes in the
pores or at the surface of silica gel in the presence of a
template molecule [9, 12]. However, works dealing
with the synthesis of inorganic matrices with molecular
imprints are few in number [9, 12–15].


In the present work, hyperbranched carbosilane
polymers were used as a functional layer capable of
forming molecular imprints at the silica gel surface.
The synthesis of such polymers, including their chlo-
rosilyl derivatives, has been fairly well developed [16,
17]. Hyperbranched polymers are globular molecules
with a molecular weight of 5000–20000 amu. An
important feature of these polymers is a combination of
reactive functional groups and a rather inert carbosilane
skeleton. Taking into account the high content of func-
tional groups in macromolecules, this feature allows
one to treat hyperbranched polycarbosilanes as rather
promising polymer matrices capable of chemical trans-
formations, in particular, capable of forming a selective
template shell on the surface of the pristine silica gel.


The aim of this work is to synthesize a new sorbent
based on silica gel modified with hyperbranched
poly(dichloromethylsilylpropyl)carbosilane with molecu-
lar imprints of 2,4-dichlorophenoxyacetic acid (2,4-D)
and study its sorption properties. The choice of the tem-
plate molecule is determined by the fact that 2,4-D is a
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Abstract


 


—A new sorbent for selective sorption of 2,4-dichlorophenoxyacetic acid (2,4-D) from aqueous solu-
tions—silica gel modified with hyperbranched poly(dichloromethylsilylpropyl)carbosilane with molecular
imprints of 2,4-D (SG-MI)—has been synthesized, and its specific surface area has been estimated. Sorption of
2,4-D has been studied under static conditions. Analysis of sorption isotherms shows that SG-MI is capable
molecular recognition of 2,4-D. The selectivity of the sorbent synthesized was estimated for structurally related
compounds.
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widely used pesticide, so that the search for sorbents for
selective extraction of this compound from water, soil,
and foodstuffs is an important task.


EXPERIMENTAL


 


Reagents and instrumentation.


 


 The objects of
investigation were 2,4-dichlorophenoxyacetic, 3,4-
dichlorophenoxyacetic, and 4-hydroxybenzoic acids;
and phenol, 2-chlorophenol, 3-chlorophenol, and 2,4-
dichlorophenol. Initial solutions (0.01–0.001 mol/L) of
these compounds (chemically pure grade) were pre-
pared by dissolving exact weighed portions in distilled
water. Working solutions of the compounds were pre-
pared by dilution of the initial solutions immediately
before use.


The sorbent was synthesized in an inert atmosphere
and dry solvents. Organic solvents (hexane, toluene,
tetrahydrofuran (THF), methanol) were additionally
dried and distilled over CaH


 


2


 


. Diallylmethyl-, dichlo-
romethyl-, and chlorotrimethylsilanes were distilled
immediately before use. Hydrosilylation was carried
out in the presence of a platinum catalyst (PC 072, Ald-
rich), the complex of zerovalent platinum with 1,1,3,3-
tetramethyl-1,3-divinyldisiloxane (a 2.1–2.4% Pt solu-
tion in xylene).


Silica gel 60 (SG, Meck Kieselgel 60) with a grain
size of 0.063–0.100 mm for column chromatography
was used.


 


1


 


H NMR spectra were recorded on a Bruker WP-250
SY (250.13 MHz) radiospectrometer. The internal ref-
erence was tetramethylsilane. Absorption spectra and
optical densities of solutions were recorded on an
Akvilon SF-103 spectrophotometer, and pH values
were monitored with an Ekspert 001 ionometer.


 


Synthesis of hyperbranched poly(diallylmethyl-
silylpropyl)carbosilane


 


 was carried out as described
in [16]. In a sealed one-neck flask preliminarily purged
with argon, a solution of 1.7 g of diallylmethylsilane in
2 mL of hexane and 4 


 


µ


 


L of a PC-072 platinum catalyst
were stirred with a magnetic stirrer for 24 h. The reac-
tion mixture was evacuated at 1 mmHg for 30 min,
which gave a colorless viscous polymer in 100% yield.
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H NMR (CDCl
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), 4.82 (m, 2H, CH


 


2


 


=),
5.85 (m, 1H, CH=).


 


Synthesis of hyperbranched poly(dichlorometh-
ylsilylpropyl)carbosilane (I).


 


 In a sealed one-neck
flask preliminarily purged with argon, a solution of
1.07 g of hyperbranched poly(diallylmethylsilylpro-
pyl)carbosilane and 1.32 mL of dichloromethylsilane
in 2 mL of hexane and 10 


 


µ


 


L of a PC-072 platinum cat-
alyst were stirred with a magnetic stirrer for 48 h. The
end of the reaction was monitored by observing the dis-
appearance of the signals of the protons at the double
bond in the 


 


1


 


H NMR spectra of reaction mixture sam-


ples. The reaction mixture was evacuated at 1 mmHg
for 30 min to remove a chlorodimethylsilane excess.
The polymer was dissolved in 10 mL of toluene in an
argon atmosphere, and the resulting solution was used
in further reactions.


 


Chemical activation of the silica gel surface.


 


Sodium hydroxide (0.188 g) in 9 mL of methanol was
added to 3.36 g of dry silica gel, and the mixture was
kept for 5 h with intermittent stirring and then was
evacuated with an oil pump and dried in a vacuum oven
at 145 


 


±


 


 20


 


°


 


C and 6 mmHg to constant weight.


 


Modification of silica gel with hyperbranched
poly(dichloromethylsilylpropyl)carbosilane (II).


 


Chemically activated silica gel (3.41 g, 0.0045 mol),
20 mL of THF, and 5.4 mL of a toluene solution con-
taining 1.09 g (0.0045 mol) of hyperbranched
poly(dichloromethylsilylpropyl)carbosilane (


 


I


 


) were
placed in a two-neck flask with a reflux condenser and
an argon flow. The mixture in the flask was periodically
shaken over four days at 50


 


°


 


C. Then, 10 mL of toluene
was added, and the reaction mixture was filtered in an
argon flow through a Schott filter. The modified silica
gel were separated from the unreacted polymer by
washing successively with 50 mL of toluene and
100 mL of THF and dried for 10 min. The resulting
modified silica gel was divided into two portions and
used in further transformations. After evaporation of
the mother liquor containing unreacted polymer 


 


I


 


, we
obtained 0.47 g of the polymer; i.e., 0.62 g of
poly(dichloromethylsilylpropyl)carbosilane was
involved in the modification reaction.


 


Preparation of silica gel modified with hyper-
branched poly(dichloromethylsilylpropyl) carbosi-
lane with molecular imprints of 2,4-D (IV, SG-MI).


 


To 3.19 g of silica gel modified with hyperbranched
dichlorocarbosilane polymer (portion 1), 10 mL of
THF, 0.34 g of 2,4-D, and 0.2 mL of pyridine as an
acceptor were added, and the mixture was heated at
50


 


°


 


C for 60 h. The precipitate (product 


 


III


 


) was filtered
off in an argon flow, washed with 50 mL of THF, and
placed in a two-neck flask, which was purged with dry
ammonia for 7 h (with periodic shaking). Then, 20 mL
of a THF–water (1 : 1) mixture was added, and the mix-
ture was allowed to stand for two days (with periodic
shaking). Modified silica gel (


 


IV


 


, SG-MI) was filtered
off, washed with 50 mL of THF, and dried in a vacuum
oven at 145 


 


±


 


 20


 


°


 


C and 6 mmHg to constant weight.


 


Preparation of silica gel modified with hyper-
branched poly(dichloromethylsilylpropyl)carbosi-
lane (reference, SG-M).


 


 To obtain a reference sample,
2.17 g of modified silica gel 


 


II


 


 (portion 2) in 7 mL of
THF and 1 mL of water were heated in a one-neck flask
with a reflux condenser at 50


 


°


 


C for 60 h. The precipi-
tate was filtered off in an argon flow, washed with
50 mL of THF, and dried in a vacuum oven at 145 


 


±


 


20


 


°


 


C and 6 mmHg to constant weight.
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Sorption procedure.


 


 Sorption was carried under
static conditions. A weighed portion of the sorbent
(0.040 


 


±


 


 0.001 g) was introduced into a flask with a
sealing plug containing the analyte solution (5 mL),
and the mixture was shaken until sorption equilibrium
was achieved. Then, the sorbent was separated from the
solution by filtration through a folded filter, and the
analyte concentration in the equilibrium aqueous phase
was determined spectrophotometrically.


Recovery levels (


 


R


 


, %) were calculated by the equa-
tion


(1)


where 


 


C


 


0


 


 is the analyte concentration in an aqueous
solution before sorption, and 


 


C


 


 is the analyte concen-
tration in the solution after sorption.


The distribution coefficients (


 


D


 


) were calculated by
the equation


(2)


where 


 


V


 


 is the volume of an analyte solution (mL), and


 


m


 


 is the sorbent weight (g).
The capability of the sorbent with 2,4-D molecular


imprints to recognize the template molecule was esti-
mated using the imprinting factor


(3)


where 


 


D


 


SG-MI


 


 is the distribution coefficient of 2,4-D on
the sorbent with 2,4-D molecular imprints, and 


 


D


 


SG-M


 


 is
the distribution coefficient of the substance on the ref-
erence sorbent.


RESULTS AND DISCUSSION


 


Preparation of a Sorbent Based
on Silica Gel Modified with Hyperbranched 
Poly(dichloromethylsilylpropyl)carbosilane


with 2,4-D Molecular Imprints


 


Important steps of the preparation of silica gel for
modification are removal of water traces and chemical
activation of its surface. Different method of water
removal from silica gel have been studied: simple dry-
ing in a vacuum oven at 147 


 


±


 


 20


 


°


 


C and 6 mmHg to
constant weight (method 1); drying with preliminary
azeotropic distillation: treatment with THF followed by
drying on an oil pump for 1.5 h and then in a vacuum
oven at 147 


 


±


 


 20


 


°


 


C and 6 mmHg to constant weight
(method 2); heating under reflux for 4 h with toluene in
a flask with a Dean–Stark trap followed by drying in a
vacuum oven at 147 


 


±


 


 20


 


°


 


C and 6 mmHg to constant
weight (method 3).


Residual water in silica gel was quantified by study-
ing the 


 


1


 


H NMR spectra of the products of the hetero-
functional condensation of silica gel with chlorotrime-
thylsilane (Scheme 1).


 


The Si–OH groups of silica gel interact with chlo-
rotrimethylsilane to yield the silica gel modified with
trimethylsilyl groups. The water contained in the silica
gel hydrolyzes chlorotrimethylsilane to form hexame-
thyldisiloxane. The resulting reaction mixture of chlo-
rotrimethylsilane and hexamethyldisiloxane is readily
identified in 


 


1


 


H NMR spectra, and the integrated inten-
sity ratio for the trimethylsilyl protons in these com-
pounds makes it possible to determine the content of
the resulting hexamethyldisiloxane and, hence, water.


We found that the most efficient method of water
removal from silica gel is refluxing in toluene with a
Dean–Stark trap: the residual water content in silica gel
is 0.13 (method 1), 0.12 (method 2), and 0.08%
(method 3).


The chemical activation of the silica gel surface was
carried out by treatment of dry silica gel with a sodium
hydroxide solution in methanol, which leads to the for-
mation of silanolate groups instead of silanol groups.


The sorbent based on silica gel modified with hyper-
branched poly(dichloromethylsilylpropyl)carbosilane
with 2,4-D molecular imprints was obtained according
to Scheme 2. At the first stage, the silica gel activated
with sodium hydroxide was modified with hyper-
branched poly(dichloromethylsilylpropyl)carbosilane 


 


I


 


.
The ratio of activated silica gel to polymer 


 


I


 


 was chosen
such that only one half of the chlorosilyl groups of the
polymer was involved in the reaction.


R %,
C0 C–


C0
---------------- 100%,×=


D
R %,


100 R%–( )
----------------------------V


m
----,=


IF
DSG-MI


DSG-M
---------------,=
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After the end of the reaction, unreacted polymer 


 


I


 


was washed out with a solvent, and the degree of mod-
ification was determined from the difference between
the amounts of the loaded and collected polymer. As a
result, we obtained sorbent 


 


II


 


, silica gel modified with
the hyperbranched polymer containing in the surface
layer active chlorosilyl groups capable of further trans-
formations. The resulting silica gel 


 


II


 


 was divided into
two portions: one of them was used for obtaining tem-
plate silica gel with 2,4-D molecular imprints (


 


IV


 


, SG-
MI), and the other portion was used for preparing the
reference sample (SG-M).


The template sorbent (SG-MI) was obtained as fol-
lows: first, silica gel 


 


II


 


 with chlorosilyl groups was
treated with the template, 2,4-dichlorophenoxyacetic
acid. The reagent ratio was chosen such that only one
half of the chlorosilyl groups of silica gel 


 


II


 


 was


involved in the reaction. Product 


 


III


 


 was treated with
dry ammonia. This treatment made it possible to com-
plete the formation of a crosslinked polymer layer con-
taining template molecules and break chemical bonds
between the template and the polymer. Further treat-
ment of silica gel with a THF–water mixture completed
the formation of the template sorbent. During this treat-
ment, the template was washed out from the sorbent so
that the silazane crosslinks in the crosslinked network
structure of the surface layer are exchange for siloxane
crosslinks. Thus, the above sequence of operations
results in the formation of cavities in the surface layer
with memory of the shape and structure of the template,
which are fixed in a rigid network structure. The pro-
cess of breaking of the chemical bonds of the template
with silica gel 


 


III


 


 is shown in Scheme 3.
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To compare the sorption capacity of the synthesized
sorbent, it was necessary to obtain silica gel modified
with hyperbranched poly(dichloromethylsilylpro-
pyl)carbosilane but not containing template molecules.
To do this, the second portion of silica gel II was treated
with a THF–water mixture, which allowed us to obtain
a network of siloxane bonds at the silica gel surface.
This network results from hydrolysis of the chlorosilyl
groups in the polymer and subsequent condensation.
The chemical constitution of the reference sorbent thus
obtained was analogous to that of silica gel IV modified


with hyperbranched poly(dichloromethylsilylpro-
pyl)carbosilane with 2,4-D molecular imprints.


Study of the Properties of the Sorbent Based
on Silica Gel Modified with Hyperbranched 
Poly(dichloromethylsilylpropyl)carbosilane


with 2,4-D Molecular Imprints


Specific surface. The specific surface of samples
was determined from low-temperature nitrogen adsorp-
tion data by the thermal desorption method. We found
that SG-MI has a less developed surface than SG-M
(415 and 544 m2/g, respectively). The specific surface
of the initial silica gel after water trace removal was
534 m2/g.


Sorption properties. The estimated sorption capac-
ities of initial silica gel 60 (SG), silica gel modified with
hyperbranched poly(dichloromethylsilylpropyl)car-
bosilane (SG-M), and silica gel modified with hyper-
branched poly(dichloromethylsilylpropyl)carbosilane
with 2,4-D imprints (SG-MI) were compared. To deter-
mine the time required for achieving sorption equilib-
rium, we studied the sorption coefficients of 2,4-D on
SG, SG-M, and SG-MI as a function of the phase con-
tact time. We found that, for all three sorbents, this time
does not exceed 60 min.


2,4-Dichlorophenoxyacetic acid (pKa = 2.98 ± 0.20)
can exist in solution in the molecular and ionized
forms; therefore, one of the factors that influence its
sorption is the pH of a solution. The specific features of
dependence of the 2,4-D sorption coefficient on pH are
evidence that this compound is sorbed in the molecular
form. All sorbents maximally extract 2,4-D from acid
solutions (pH 1–2) where the carboxyl group in not dis-
sociated. As the pH increases, sorption decreases: at
pH > 5, the compound is virtually not sorbed. The sorp-


0.40 0.1 0.2 0.3
[C2.4-D], mmol/L


30


10


20


a, µmol/g


1


2


3


Fig. 1. Sorption isotherms of 2,4-dichlorophenoxyacetic
acid on (1) silica gel, (2) silica gel modified with hyper-
branched dichlorocarbosilane polymer, and (3) silica gel
modified with hyperbranched dichlorocarbosilane polymer
with molecular imprints of 2,4-dichlorophenoxyacetic acid
(CHCl = 0.01 mol/L, V = 5 mL, ms = 0.04 ± 0.001 g, t =
60 min).
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tion coefficients of 2,4-D in the range of pH 1–2 (paren-
thesized, %) increase in the series SG (2 ± 1) < SG-M
(31 ± 2) < SG-MI (61 ± 1) (n = 5, P = 0.95). The differ-
ence in the sorption behavior of 2,4-D on different sor-
bents is observed in a wide range of acid concentrations
(from 5 × 10–5 to 4 × 10–4 mol/L), as follows from com-
parison of sorption isotherms (Fig. 1). The slope of the
sorption isotherms increases in going from SG through
SG-M to SG-MI, which is evidence that the efficiency
of the sorbents increases in this order.


To estimate the selectivity of SG-MI, we compared
the sorption of structurally related compounds: 3,4-
dichlorophenoxyacetic acid (3,4-D), 2,4-dichlorophe-
nol (2,4-DCP), 2- and 4-chlorophenol (2-CP, 4-CP),


phenol (P), and 4-hydroxybenzoic acid (4-HBA). Com-
parison was carried out with respect to SG and SG-M.
The table gives the recovery levels, and Fig. 2 shows the
imprinting factors. As follows from the experimental
data, the molecularly imprinted sorbent best sorbs the
2,4-D template molecule. This sorbent is also able to
recognize structural analogues, although these com-
pounds (e.g., 3,4-D or 2,4-DCP) are sorbed in smaller
amounts.


Thus, our findings show that hyperbranched poly-
carbosilanes can be used as promising polymer modifi-
ers of silica gels for producing new materials capable of
molecular recognition.


Recovery levels (R, %) of 2,4- and 3,4-dichlorophenoxyacetic acids, 4-hydroxybenzoic acid, 2,4-dichlorophenol, 2-chlorophenol,
phenol, and 4-chlorophenol on silica gel 60 (SG), silica gel modified with hyperbranched dichlorocarbosilane polymer (SG-M),
and silica gel modified with hyperbranched dichlorocarbosilane polymer with molecular imprints of 2,4-dichlorophenoxyacetic
acid (SG-MI). CC = 1 × 10–4 mol/L, CHCl = 0.01 mol/L, V = 5 mL, ms = 0.040 ± 0.001 g, t = 60 min, n = 5, P = 0.95


Compound
R, % (Ssp, m2/g)


SG (534) SG-M (544) SG-MI (415)


2,4-Dichlorophenoxyacetic acid 2.0 ± 0.8 31 ± 2 61 ± 4


3,4-Dichlorophenoxyacetic acid 2.0 ± 0.8 35 ± 2 50 ± 3


2,4-Dichlorophenol 7 ± 2 23 ± 1 24 ± 2


2-Chlorophenol 3 ± 1 7.0 ± 0.9 8.0 ± 0.9


4-Chlorophenol 3 ± 1 8.0 ± 0.9 7 ± 1


Phenol 2.0 ± 0.8 1.0 ± 0.2 1.0 ± 0.2


4-Hydroxybenzoic acid 1.0 ± 0.4 10 ± 1 8 ± 1
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Fig. 2. Imprinting factors of different organic compounds on silica gel modified with hyperbranched dichlorocarbosilane polymer
with 2,4- dichlorophenoxyacetic acid imprints (CC = 10–4 mol/L, CHCl = 0.01 mol/L, V = 5 mL, ms = 0.04 ± 0.001 g, t = 60 min).
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The erythrocyte sedimentation rate (ESR) within
1 h is one of the diagnostic parameters based on blood
cell sedimentation that are most widely used in clinical
practice. To date, there is no substantiated interpreta-
tion of processes in the settling cell mass or their rela-
tionship with the final integrated index (ESR).


Erythrocyte sedimentation is usually explained by
models describing the behavior of a dense suspension
of electrically charged macroparticles (erythrocytes)
and their aggregates in a viscous medium with a com-
plex composition [1]. These models mostly use the
same parameters characterizing viscosity, density,
hematocrit, concentrations of some proteins, etc. and
attempt to approximate the sedimentation by smooth
functions [2]. None of these models can explain the
experimentally observed nonlinearity of erythrocyte
sedimentation revealed by analysis of the sedimenta-
tion curve [3].


Earlier data showed that erythrocyte sedimentation
was a multistage process depending not only on the
physicochemical characteristics of the system, but also
on the preserved metabolic activity of blood cells. For
example, it was demonstrated that addition of micro-
quantities of substances that did not change the physic-
ochemical characteristics of the system but specifically
affected the metabolism of white blood cells (neutro-
phils) to the settling blood considerably decelerated the
sedimentation of the entire cell mass [4].


We developed a basic model of an active colloidal
system in which the properties of the settling particles
change in the course of sedimentation. Simulated sedi-


mentation of blood cells with intercellular interactions
in the process taken into account was used as a first
approximation.


Our model of sedimentation is based on the follow-
ing assumptions on the behavior of blood cells:


(1) Platelets are considered to be neutral agents with
respect to sedimentation and are regarded as plasma in
calculations.


(2) All leukocytes (white, immunocompetent blood
cells) behave as neutrophils.


(3) The sedimentation rate of erythrocytes depends
on their saturation with oxygen: the higher the oxygen
saturation, the slow the sedimentation. This assumption
is based on the experimentally observed higher sedi-
mentation rate of erythrocytes saturated with carbon
monoxide (CO) [5].


(4) Leukocytes receive oxygen necessary for their
vital activity from plasma only if there are erythrocytes
close to them. This assumption is based on the experi-
mentally found movement of neutrophils on polymeric
gel along the oxygen gradient accompanied by release
of enzymatic systems into the medium [6]; therefore,
the fewer are erythrocytes in the vicinity of a neutro-
phil, the slower the neutrophil sedimentation. Corre-
spondingly, if there is a leukocyte close to an erythro-
cyte, the oxygen content of the erythrocyte decreases.


(5) Erythrocytes aggregate forming “rouleaux” or
branched structures [7]. Presumably, erythrocytes with
a decreased oxygen content tend to move closer to one
another and form a cluster, which simulates their aggre-
gation.


(6) Leukocytes settle more slowly than erythrocytes
and are not included in the “rouleaux.” The approxima-
tion is used: if there are two or more erythrocytes near
a neutrophil, then the latter “floats up”; i.e., it moves
against gravity. This assumption is based on the forma-
tion of a Braunberger layer at the blood plasma–blood
cell interface, which has been experimentally shown to
accompany blood sedimentation when the ESR is
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measured. This is a layer of neutrophils under which
there is a dark layer of erythrocytes containing less
oxygen than the other erythrocytes do [5].


The ESR test is performed as follows. Blood stabi-
lized with an anticoagulant (sodium citrate) is aspirated
into a standard capillary to a height of 100 mm (the
inner diameter of the capillary is 1.0 


 


±


 


 0.1 mm). The
capillary is set vertically, and the height of the column
of plasma above the settling red blood is determined
after 1 h of sedimentation. This height is taken to be the
mean ESR. It is assumed that ESRs higher than
12 mm/h in men and 15 mm/h in women suggest
inflammation or another pathological process in the
body [8].


The computer simulation of this process was carried
out as follows. The capillary containing the settling
blood was simulated by a 5 


 


×


 


 5 


 


×


 


 100 three-dimensional
array of the spatial positions of cells. The ratio between
the white and red blood cells corresponded to the rela-
tive amounts of leukocytes (0.01) and erythrocytes
(0.42) in the human blood. At the initial moment of
time, blood cells were randomly distributed over the
volume of the sample, and 70% of erythrocytes were
saturated with oxygen [9]. For each cell, the probability
of random movements was calculated. Each cell, within
the framework of the model, could perform definite
types of movements (one movement per calculation
cycle) depending on the type of the cell.


 


Erythrocytes (Red Blood Cells)


 


An erythrocyte settles along the gravity gradient;
remains at the same place but changes its oxygen satu-
ration level (by releasing oxygen into plasma) in the
presence of a closely located neutrophil; or moves hor-
izontally if there is a leukocyte “below.”


 


Leukocytes (White Blood Cells)


 


A leukocyte goes down along the gravity gradient;
goes up if there is a vacant place; or remains immobile
if there is an erythrocyte above it or if an erythrocyte
located near the leukocyte has changed its oxygen sat-
uration.


A cycle (step) of calculation consisted in a single
traversal of all cells in a different (random) order at
every next step. A total of 100–1000 steps were per-
formed, after which the sedimentation ceased (the cal-
culated sedimentation curve plateaued). The probabili-
ties of different types of movements for erythrocytes
were calculated on the basis of the following assump-
tions.


 


Movement along the gravity gradient


 


 in the
absence of interactions between particles is indepen-
dent and is governed by Stokes’ and Einstein’s laws.
The probability of sedimentation is proportional to
1/(1 + 


 


αϕ


 


), where 


 


ϕ


 


 is the particle concentration, and 


 


α


 


is a coefficient depending on the particle shape.


 


Absence of movement. 


 


The probability of oxygen
release from an erythrocyte into plasma is proportional
to the total number of closely located neutrophils. Since
enzymatic processes occur in a diffuse manner, the
effect of neutrophils on erythrocytes is assumed to be
inversely proportional to the squared distance between
them [6].


 


Sideway movement.


 


 The probability that an eryth-
rocyte will be involved in aggregation is proportional to
the total number of closely located erythrocytes. The
effectiveness of this process is assumed to be inversely
proportional to the squared distance between erythro-
cytes.


 


The probability of random movement


 


 of an eryth-
rocyte (caused by plasma currents not taken into
account in the model) is assumed to be constant and
equal to 0.1.


The probability of each type of movement was cal-
culated on the following assumptions: (1) the probabil-
ity of a neutrophil movement against the gravity is pro-
portional to the total number of closely located erythro-
cytes; (2) the effectiveness of this process is assumed to
be inversely proportional to the squared distance
between erythrocytes and neutrophils.


RESULTS AND DISCUSSION
Figure 1 shows the calculated sedimentation curves


for different relative amounts of leukocytes (white
blood cells) at a constant amount of erythrocytes. As
can be seen in the figure, the ESR in the system
increases with an increase in the number of white blood
cells, although all other parameters of interactions
included in the model remain unchanged. This confirms
that the proposed approach is correct, because an
increase in the number of leukocytes in the blood, e.g.,
at early stages of inflammation, is known to increase
the ESR [1].
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Fig. 1.


 


 The effect of varying the amount of white blood
cells. The ESR dramatically increases with an increase in
the proportion of white blood cells (
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If the number of white blood cells is decreased, and
other parameters of the calculation remain unchanged,
the ESR in the system is decreased. This situation sim-
ulates allergy, when part of immunocompetent cells
(neutrophils) is spent on phagocytosis of allergen parti-
cles [5].


Figure 2 shows the calculated sedimentation curves
for different values of the parameter of leukocyte–
erythrocyte interaction at a constant composition of
blood cells. Apparently, this variant can be actualized if
white blood cells are subjected to a targeted action. This


may occur in the case of allergy and may be simulated
by artificial changes in leukocyte activity induced by
chemical or physical factors [4].


Thus, our basic model of behavior of the blood as an
active colloidal system, where erythrocyte aggrega-
tion/disaggregation and interaction of the resultant
structures with leukocytes are taken into consideration,
qualitatively describes the trends of changes in the ESR
observed in clinical practice.
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Fig. 2.


 


 The effect of varying the probability of erythrocyte
deoxygenation. The ESR increases with an increase in this
probability (
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Pentamax is a new original multicomponent cold
medication, antipyretic, and spasmolytic, which was
developed and prepared for production by OAO Farm-
standart-Leksredstva (Kursk). The drug contains the
following components: Paracetamol (I), Ibuprofen (II),
Caffeine (III), Drotaverine hydrochloride (IV), Phe-
nobarbital (V), and several auxiliary substances and
fillers (Fig. 1).


In parallel with the development of the technology
of tablet production, quantitative analyses were devel-
oped. Here, we describe the results.


EXPERIMENTAL


 


Reagents.


 


 Acetonitrile (for gradient chromatogra-
phy, Sigma) and ultrapure water (prepared on a Direct
Q Millipore setup; resistivity, 18.2 M


 


Ω


 


/cm) were used
to prepare eluents and to dissolve standards and test
samples. Standards for the test drugs were pharmaceu-
ticals verified by quality control for compliance to their
certificates. The other chemicals used were of at least
pure for analysis grade.


 


Instruments.


 


 Chromatography was carried out on a
Waters Alliance 2695 chromatograph equipped with a
Waters 2996 diode-matrix detector. The certified
holdup of the chromatograph was 0.650 mL. A column
150 


 


×


 


 4.6 mm and a protective precolumn 12.5 


 


×


 


 4.6 mm
were used, both packed with Zorbax SB C8 reversed-
phase stationary phase with the particle size 3.5 


 


µ


 


m
(Agilent Technologies). Thermostating was at 40


 


°


 


C.
The eluent pH was monitored with a pH-673M
pH-meter/millivoltmeter equipped with a glass indica-
tor electrode and a silver chloride reference electrode.


 


Solution preparation.


 


 For analysis, carefully
ground tablets (exact weight, 0.160 g) were placed into
a volumetric flask 100 mL in capacity, CH


 


3


 


CN–H


 


2


 


O
(1 : 4 vol/vol, 40 mL) was added, stirred for 3 min,
brought to the volume with the same solvent mixture,
and again stirred. To prepare solutions of standards
(hereafter, reference solutions), Paracetamol (about
0.040 g) and Ibuprofen (about 0.080 g), both exact
weights, were placed into a volumetric flask 100 mL in
capacity, the same CH


 


3


 


CN–H


 


2


 


O mixture (1 : 4) (40 mL)
was added and stirred until dissolution; then, solution A
(5.0 mL) was added, the same mixed solvent was added
to brought the mixture to the required volume, and
stirred. Solution A was prepared as follows. Caffeine
(about 0.200 g), Drotaverine hydrochloride
(about 0.160 g), and Phenobarbital (about 0.040 g), all
exact weights, were placed to a volumetric flask
100 mL in capacity, 40 mL of the mixture was added,
again stirred until dissolution, brought to the volume
with the same solvent mixture, and again stirred. Model
solutions for checking the adequacy of the results were
prepared in the same manner as reference solutions, but
with the proper amount of placebo (a mixture of all
components except for the analyte substances). The
number of active components in model solutions was
varied, covering a range of 


 


±


 


20% of the claimed values.


All solutions were filtered through a hydrophilic
membrane filter with 0.45 


 


µ


 


m pores (fluoroplastic fil-
ters are preferred for their stability in water–acetonitrile
solutions).


 


Analytical procedure and data processing.


 


 Test
and reference solutions were chromatographed. The
eluent composition was varied according to the pro-
gram displayed in Table 1.
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Abstract


 


—A procedure was proposed for quantitative analysis of Pentamax tablets, a new multicomponent
drug, by high-performance liquid chromatography. Model mixtures containing all active and auxiliary compo-
nents of the tablets were analyzed by the introduced/found method; the absence of a systematic determination
error was verified. Preproduction tablet samples were analyzed. The results of the analysis match the require-
ments of normative technical documentation and technologic loads.
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The eluent flow rate was 1.0 mL/min; the injected
volume was 20.0 


 


µ


 


L; the detection wavelength was
210 nm. The peak areas for the analyzed components
were determined, and the content of each component
was found from


where 


 


S


 


test


 


 and 


 


S


 


st


 


 are mean the peak areas for the ana-
lyzed component in the chromatograms of the test solu-
tion and reference solution, respectively; 


 


m


 


st


 


, 


 


m


 


av


 


, and


X Stestmstmav( )/ Sstmgr( ),=
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λ
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Fig. 1.


 


 Components of Pentamax tablets.
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Fig. 2.


 


 Normalized absorption spectra of (


 


1


 


) Paracetamol, (


 


2


 


) Ibuprofen, (


 


3


 


) Caffeine, (


 


4


 


) Drotaverine, and (


 


5


 


) Phenobarbital.
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m


 


test


 


 are, respectively, the weight of the standard in the
reference solution, the average tablet weight, and the
weight of ground tablets taken for preparing the test
solution (g).


RESULTS AND DISCUSSION


 


Optimum analytical parameters.


 


 Figure 2 shows
the absorption spectra for the analyzed components
recorded on-line with a diode-matrix detector. The


detection wavelength of 210 was determined with ref-
erence to the properties of Phenobarbital, whose
absorption is sufficient for reliable determination only
in the short-wavelength spectral range.


The eluent acidity was determined proceeding from
the properties of Ibuprofen, a major component. To pro-
vide the optimum retention of Ibuprofen and the sym-
metry of its peak, Ibuprofen acid was converted to a
molecular form via decreasing the eluent pH to 2.5. To
provide the required resolution of the “critical peak
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Fig. 3.


 


 Chromatogram of the test solution for analysis of Pentamax tablets: (


 


1


 


) Paracetamol, (


 


2


 


) Caffeine, (


 


3


 


) Phenobarbital,
(


 


4


 


) Drotaverine, and (


 


5


 


) Ibuprofen.


 


Table 1.


 


  Gradient program for the eluent composition


Time, min
Eluent composition, vol %


CH


 


3


 


CN : 0.025 M KH


 


2


 


PO


 


4


 


 = 7 : 3 CH


 


3


 


CN : 0.025 M KH


 


2


 


PO


 


4


 


 = 1 : 4


0 20 80


4 30 70


16 100 0


17 100 0


18 20 80


21 20 80


 


Note: pH (K


 


2


 


PO


 


4


 


) 2.5.
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pair”


 


2


 


 (Paracetamol and Caffeine peaks) and the opti-
mum retention time of the last (Ibuprofen) peak, two
stages were introduced to the proposed gradient pro-


 


2


 


See Schoeunmakers, P.J., 


 


The Optimization of Chromatographic
Selectivity: A Guide to Method Development


 


, Amsterdam:
Elsevier, 1986. Translated under the title 


 


Optimizatsiya selek-
tivnosti v khromatografii


 


, Moscow, 1989.


 


gram at which the concentrations of the organic modi-
fier in the eluent were varied at different rates. The first
stage (before the Caffeine elution peak) is slower; the
second (before the Ibuprofen elution peak) is more
rapid. This schedule ensures the optimum separation of
the analyte mixture (Fig. 3); the use of other columns
can require corrections.


 


Table 2.


 


  Metrological characteristics of analysis of Pentamax tablets


Component


Metrological characteristics


 


S


 


max


 


, g


 


ε


 


max


 


, %


 


e


 


r


 


(av)


 


, %


 


∆


 


e


 


r


 


, %


 


e


 


r


 


 max


 


, %


Paracetamol 0.00024 5.98 


 


×


 


 10


 


–8


 


2.39 –0.051 0.169 –1.33


Caffeine 0.00006 8.16 


 


×


 


 10


 


–8


 


2.99 –0.038 0.134 –1.33


Ibuprofen 0.00029 7.17 


 


×


 


 10


 


–8


 


1.92 –0.043 0.126 –1.43


Phenobarbital 0.00001 1.59 


 


×


 


 10


 


–10


 


3.40 –0.089 0.108 1.06


Drotaverine hydrochloride 0.00007 4.34 


 


×


 


 10


 


–9


 


3.55 0.024 0.162 1.34


Smax
2


 


Table 3.


 


  Analysis of three samples of tablets Pentamax


Component


In one tablet, g (


 


n


 


 = 9; 


 


P


 


 = 0.95)


Technical norm


 


x


 


av


 


s


 


∆


 


x


 


av


 


ε


 


, %


Paracetamol 0.285–0.315


0.298 0.002 0.00067 0.00158 0.53


0.306 0.005 0.00167 0.00395 1.29


0.294 0.004 0.00133 0.00316 1.07


Caffeine 0.04625–0.05375


0.0492 0.0009 0.00030 0.00071 1.45


0.0501 0.0007 0.00023 0.00055 1.10


0.0498 0.0006 0.00020 0.00047 0.95


Ibuprofen 0.380–0.420


0.389 0.004 0.00133 0.00316 0.81


0.404 0.005 0.00167 0.00395 0.98


0.395 0.003 0.00100 0.00237 0.60


Phenobarbital 0.009–0.011


0.0099 0.0004 0.00013 0.00032 3.19


0.0105 0.0005 0.00017 0.00040 3.76


0.0097 0.0003 0.00010 0.00024 2.44


Drotaverine 
hydrochloride 0.0370–0.0430


0.0401 0.0007 0.00023 0.00055 1.38


0.0388 0.0007 0.00023 0.00055 1.43


0.0397 0.0008 0.00027 0.00063 1.59


sxav
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Analysis of model mixtures.


 


 Seventeen solutions
were prepared in which the content of the analyzed
compounds was ±20% of the values specified by the
formulation. The solutions were analyzed as
described in the section Analytical procedure and
data processing, and the results were processed as
introduced/found using Excel worksheets. Table 2
displays the results. Comparing the mean relative
precisions of component determinations (er(av)) with
the corresponding confidence ranges ∆er , we find no


systematic error (er(av) < er). The peak areas for the
analyzed compounds are linear functions of their
concentrations in the specified range (the correlation
coefficient, Kcorr > 0.99).


Analysis of tablet samples. Preproduction tablet
samples were analyzed by the procedure developed.
The results of these analyses (Table 3) were in accord
with the normative documentation and technological
parameters.
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Bioisosteric replacement is a widespread method
used in the design of chemical compounds with a defi-
nite physiological activity. In this method, a carboxylic
group (–COOH) is often replaced by phosphonic ana-
logue (–PO(OH)


 


2


 


), while a methylene unit (–CH


 


2


 


–) is
replaced by an ether unit (–O–). The combination of
these two variants provides for the use of a phosphate
group (–O–PO(OH)


 


2


 


) as bioisosteric for a –CH


 


2


 


COOH
fragment. For example, S-serine-O-phosphate (


 


1


 


)
shows very high activity to certain subtypes of glutamic
acid (


 


2


 


) receptors (figure) [1, 2]. An attempt to apply
similar bioisosteric replacement for some derivatives of
adamantylacetic acid has shown that there are very few
studies on the synthesis of phosphate esters of substi-


tuted or unsubstituted adamantanols [3].


 


1


 


 We found a


method for the preparation of similar compounds using 2-
chloro-1,3-dioxa-2-phosphorindane 2-oxide only ([3],
Scheme 1, R = 1-adamantyl or 2-adamantyl).


In this work, we use other methods for the synthesis
of phosphates of substituted and unsubstituted adaman-
tanols. A convenient approach was applied to the syn-
thesis of 1-adamantyl phosphate through 1-adamantyl
dibenzyl phosphate (Scheme 2).


O
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H
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At the first stage, 1-adamantanol (


 


3


 


) was treated
with a solution of BuLi in THF and reacted with diben-
zyl chlorophosphate [5] to give 1-adamantyl dibenzyl


phosphate 


 


4


 


 in 50% yield. 


 


31


 


P NMR spectrum (one sig-
nal at 


 


δ


 


 = –5.5 ppm) and 


 


1


 


H NMR spectrum confirmed
unambiguously the structure of compound 


 


4


 


 (see
Experimental).


Benzyl groups were removed by treatment with
sodium in liquid ammonia [6]. The resulting disodium
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Abstract


 


—Dibenzylphosphates of 1-adamantanol and kemantane, 1-adamantyl phosphate, and a series of
diphenyl phosphates of bridgehead alcohols have been prepared.
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 A similar problem was discussed in the report [4]; however, that
work dealt with dithiophosphate derivatives.
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salt of 1-adamantyl phosphate (


 


5


 


) was immediately
converted into ammonium salt (


 


6


 


) by ion-exchange
chromatography. The 


 


31


 


P NMR spectrum of compound


 


6 


 


showed one signal at 


 


δ


 


 = –3.40 ppm, while 


 


1


 


H NMR
spectrum displayed a wide singlet centered at 4.87 ppm
(8 H) from the protons of two ammonium ions. No sig-
nals of aromatic protons were detected.


The synthesis of 1-adamantyl phosphates according
to Scheme 2 was found to be rather convenient to prepare
compound 


 


6


 


 in 47% yield (from compound 


 


3


 


). However,
the first stage of this scheme proved to be unacceptable
for substituted adamantanols containing a carbonyl
group when carbonyl should be retained in the course of
the reaction. Therefore, we tried to prepare correspond-
ing dibenzyl phosphates from diphenyl phosphates using
transesterification reaction. The diphenyl phosphates
were prepared with the use of procedures [5, 7] by the
reaction of different bridgehead alcohols (


 


3


 


, 


 


7


 


–


 


10


 


) with
diphenyl chlorophosphate in pyridine (Scheme 3).


The diphenyl phosphates of bridgehead alcohols
(


 


11


 


–


 


15


 


) were obtained in high yields (about 90%), and
their structure was confirmed by 


 


31


 


P NMR spectros-
copy (one signal), 


 


1


 


H NMR and IR spectroscopy
(absorption bands of P=O at 1285–1295 cm


 


–1


 


 and
C


 


−


 


O–P at 1195–1200 cm


 


–1


 


). Carbonyl-containing alco-
hol 


 


9


 


 prepared by procedure [8] as a mixture of 


 


endo


 


-
and 


 


exo


 


- isomers in the ratio 4 : 1 was converted into
corresponding diphenyl phosphate 


 


14


 


 also as a mixture
of isomers with the same ratio (from 


 


1


 


H NMR spec-
trum, the signal from proton at C


 


4


 


: 5.12 and 4.78 ppm).
Further, we attempted to replace both phenyl groups


by benzyl ones using compound 


 


11


 


 as an example. How-
ever, the reaction of 1-adamantyl diphenyl phosphate
with sodium benzylate (generated in situ from benzyl


alcohol and sodium hydride) [6] led only to 1-adamantyl
benzyl phenyl phosphate 


 


16


 


 in low yield (10%).


 


2


 


 The
structure of compound 


 


16


 


 was proved on the basis of ele-
mental analysis and 


 


1


 


H NMR spectra (a signal of CH


 


2


 


Ph
group at 5.12 ppm with the intensity corresponding to
two protons). This result implies that transesterification
is not suitable for the synthesis of dibenzyl phosphates of
substituted and unsubstituted adamantanols.


To obtain dibenzyl phosphates based on carbonyl-
containing adamantanols, we applied another approach
[9, 10] using kemantane (


 


10


 


) as an example (Scheme 4).
At the first stage, Et


 


2


 


NP(OBn)


 


2


 


 prepared from hexaeth-
ylphosphoric triamide by the reaction


was reacted with kemantane to produce compound 


 


18


 


.
If the process is carried out after slight evacuation, most
kemantane is sublimed avoiding the reaction. To pre-
vent the sublimation, the reactants were kept at 110–
120


 


°


 


C and vacuum heating was used only at the end of
the reaction, unreacted kemantane (10–15%) being
sublimed.


4-Oxo-1-adamantyl dibenzyl phosphite 


 


18


 


 was oxi-
dized without isolation and purification at about 20


 


°


 


C.
We studied three oxidizing systems that are used to con-
vert phosphites into phosphates [7], namely: (1) hydro-
gen peroxide–urea complex, (2) iodosobenzene, and
(3) nitrogen(IV) oxides; the latter yielded 4-oxo-1-ada-


 


2


 


The replacement of phenyl groups by ethyl ones in compound 


 


11


 


proceeds easily to give 1-adamantyl diethyl phosphate 


 


17


 


 in 46%
yield. Its analogue, 2-adamantyl diethyl phosphate, is readily
generated from 


 


12


 


 in 52% yield.


P NEt2( )3 2BnOH+ Et2NP OBn( )2 2NHEt2+=
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O
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O
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O
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mantyl dibenzyl phosphate 


 


19


 


 in the highest yield
(24%). The structure of compound 


 


19


 


 was confirmed
by 


 


31


 


P NMR data (a sole signal at 


 


δ


 


 = 5.4 ppm) and 


 


1


 


H
NMR spectra (signals from ten protons of phenyl
groups at 


 


δ


 


 = 7.36 ppm and four protons of CH


 


2


 


Ph
groups at 


 


δ


 


 = 5.0 ppm). 4-Oxo-1-adamantyl dibenzyl
phosphate 


 


19


 


 can be further converted according to
Scheme 2 (second stage) to the corresponding keman-
tane phosphate.


Thus, in this work we have elaborated convenient
methods for preparing phosphate esters of bridgehead
alcohols, carbonyl-containing being included. Ten
novel compounds were obtained and fully character-
ized.


EXPERIMENTAL


 


1


 


H and 


 


31


 


P NMR spectra were recorded on a Bruker
AMX-400 spectrometer operating at 400 MHz using
TMS as an internal reference. IR spectra were recorded
on an UR-20 and Specord 75 IR spectrometers (as Nujol
mulls). The course of the reaction was monitored by thin
layer chromatography (TLC) using Silufol UV-254
plates. Chromatographic separation was carried out on
columns packed with Lancaster silica gel (60–200 


 


µ


 


m).


 


1-Adamantyl dibenzyl phosphate (4).


 


 A solution
of butyllithium (2.4 mL) in hexane was added to a solu-
tion of 0.836 g of 1-adamantanol (


 


3


 


) in 20 mL of anhy-
drous THF at –78


 


°


 


C, the mixture was stirred for
15 min, and a solution of dibenzyl chlorophosphate in
anhydrous THF was added at –65 to –70


 


°C. The reac-
tion mixture was stirred until room temperature was
reached, 20 mL of water was added, and the mixture
was extracted with ethyl acetate (3 × 15 mL). The
organic layer was separated, washed with water, and
dried with sodium sulfate. The solution was concen-
trated, and the residue was purified by chromatography
using benzene–ethyl acetate mixture (3 : 1) as an eluent
to give 1 g (50%) of compound 4 as a yellowish oil. 31P
NMR (CDCl3, δ, ppm): –5.5. 1H NMR (CDCl3, δ,
ppm): 7.30–7.40 (m, 10H), 5.0–5.1 (m, 4H), 2.18 (br s,
3H), 2.09 (br s, 6H), 1.63 (br s, 6H).


1-Adamantyl diammonium phosphate (6).
Sodium metal (0.23 g) was dissolved in 15–20 mL of
ammonia that was condensed under dry argon at –78°C,
and a solution of 0.421 g of compound 4 in anhydrous
THF was dropped. The reaction mixture was stirred for
30–40 min and quenched with methanol. The mixture
was warmed to room temperature, then the solvent was
removed. The resultant sodium salt 5 was purified by


ion-exchange chromatography using distilled water as
an eluent (a column with calculated amount of ion-
exchange resin as a K+ form was washed prior to use
with 2 L of 1 N NH4Cl solution and 1.5 L of distilled
water) to obtain 0.25 g (93%) of compound 6. 31P NMR
(DMSO-d6, δ, ppm):3 –3.40. 1H NMR (DMSO-d6, δ,
ppm): 4.70–5.1 (br s, 8H, 2NH4), 2.08 (br s, 3H, bridge-
head), 1.97 (br s, 4H, bridgehead),1.59 (br s, 8H,
bridgehead).


For C10H23N2O4P anal. calcd. (%): C, 45.09; H,
8.70; N, 5.26.


Found (%): C, 45.15; H, 8.51; N, 5.14.
1-Adamantyl diphenyl phosphate (11). Diphenyl


chlorophosphate (0.003 mol) was dropped to a solution
of 0.002 mol of 1-adamantanol (3) in 6 mL of dry pyri-
dine at 80–90°C, and the mixture was stirred for 3 h.
The reaction mixture was cooled and diluted with
methylene chloride. The precipitate of pyridinium
hydrochloride was filtered off, the filtrate was washed
with 1 N HCl (3 × 10 mL), water (3 × 10 mL), and a sat-
urated solution of NaHCO3 (3 × 10 mL) and dried with
sodium sulfate. The solution was concentrated, and the
residue was purified by passing through a small layer of
silica gel using benzene as an eluent to give 0.3 g (98%)
of compound 11. IR (ν, cm–1): 1286 (P=O), 1205
(P−O–C). 31P NMR (CDCl3, δ, ppm): –16.7. 1H NMR
(CDCl3, δ, ppm): 7.15–7.36 (m, 10H, arom.), 2.22–
1.62 (m, 15H, bridgehead).


For C22H25O4P anal. calcd. (%): C, 68.74; H, 6.56.
Found (%): C, 68.96; H, 6.57.
2-Adamantyl diphenyl phosphate (12) was


obtained, as compound 11, from alcohol 7. Yield 97%.
IR (ν, cm–1): 1290 (P=O), 1203 (P–O–C). 31P NMR
(CDCl3, δ, ppm): –12.4. 1H NMR (CDCl3, δ, ppm):
7.17–7.37 (m, 10H, arom.), 4.82 (br s, 1H, H–C–O,
W1/2 = 11.9 Hz), 4.60 (w s, 1H), 2.12–1.52 (m, 14H,
bridgehead).


For C22H25O4P anal. calcd. (%): C, 68.74; H, 6.56.
Found (%): C, 68.58; H, 6.49.
3-nor-Adamantyl diphenyl phosphate (13) was


obtained, as compound 11, from alcohol 8. Yield 97%.
IR (ν, cm–1): 1290 (P=O), 1200 (P–O–C). 31P NMR
(CDCl3, δ, ppm): –15.34. 1H NMR (CDCl3, δ, ppm):
7.07–7.25 (m, 10H, arom.), 2.49 (t, 1H), 2.12–2.26 (m,
4H), 1.90–2.07 (m, 4H), 1.37–1.53 (m, 4H).


3 DMSO-d6 was distilled under dry argon over calcium hydride,
and the main fraction was collected into a receiver with freshly
calcined molecular sieves (4 Å)


Scheme 4.


Et2NP(OBn)2
10


N2O4


1918


O P
OBn


OBn


O


O P
OBn


OBn


O O







MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 4      2008


SYNTHESIS OF PHOSPHORIC ESTERS OF BRIDGEHEAD ALCOHOLS 201


For C21H23O4P anal. calcd. (%): C, 68.10; H, 6.26.
Found (%): C, 68.30; H, 6.21.
4-Oxo-2-adamantyl diphenyl phosphate (14) was


obtained, as compound 11, from alcohol 9. Yield 89%.
IR (ν, cm–1): 1285 (P=O), 1195 (P–O–C). 31P NMR
(CDCl3, δ, ppm): –12.68. 1H NMR (CDCl3, δ, ppm):
7.19–7.37 (m, 10H, arom.), 5.12 and 4.78 (br s, 1H, H–
C–O isomeric), 2.83 (s, 1H), 2.55 (s, 1H), 2.27 (br s,
2H), 1.57–2.40 (m, 9H).


For C21H23O5P anal. calcd. (%): C, 66.33; H, 5.82.
Found (%): C, 66.36; H, 5.75.
4-Oxo-1-adamantyl diphenyl phosphate (15) was


obtained, as compound 11, from kemantane (10). Yield
87%. IR (ν, cm–1): 1295 (P=O), 1200 (P–O–C). 31P
NMR (CDCl3, δ, ppm): –16.62. 1H NMR (CDCl3, δ,
ppm): 7.20–7.25 (m, 10H, arom.), 2.67 (s, 2H, H-3, H-
5), 2.39–2.41 (m, 7H), 1.70–2.05 (m, 4H).


For C21H23O5P anal. calcd. (%): C, 66.33; H, 5.82.
Found (%): C, 66.06; H, 5.70.
1-Adamantyl benzyl phenyl phosphate (16).


Sodium hydride (1.44 g) was added to a solution of
3.84 g of compound 11 and 3.4 mL of benzyl alcohol in
30 mL of anhydrous THF under an atmosphere of dry
argon at 0°C, and the mixture was stirred for 5 h. The
reaction mixture was poured into water and extracted
with methylene chloride (3 × 15 mL); the organic layers
were combined, washed with water (3 × 30 mL), and
dried with sodium sulfate. The solvent was removed,
and the residue was chromatographed using benzene–
ethyl acetate mixture (3 : 1) as eluent to give 0.4 g
(10%) of compound 16. 31P NMR (CDCl3, δ, ppm): –4.8.
1H NMR (CDCl3, δ, ppm): 7.30–7.40 (m, 10H), 5.12 (s,
2H), 2.18 (br s, 3H), 2.09 (br s, 6H), 1.63 (br s, 6H).


1-Adamantyl diethyl phosphate (17). A solution
of sodium metal (0.3 g) in 3 mL of absolute EtOH was
added to a solution of 1.155 g of compound 11 in 5 mL
of absolute EtOH. The mixture was stirred for 8 h,
poured onto ice, and extracted with methylene chloride
(3 × 5 mL); the organic solution was washed with water
(5 × 5 mL). The organic layer was separated and dried
with sodium sulfate. The solvent was removed, and the
residue was chromatographed with benzene–ethyl ace-
tate mixture (3 : 1) as eluent to give 0.4 g (46%) of com-
pound 17 as yellowish oil. 31P NMR (CDCl3, δ, ppm):
–5.49. 1H NMR (CDCl3, δ, ppm): 3.94–4.01 (br s, 4H),
2.01 (s, 3H), 1.98 (s, 6H), 1.56 (s, 6H), 1.23–1.27 (m, 6H).


For C14H25O4P anal. calcd. (%): C, 58.32; H, 8.74.
Found (%): C, 58.74; H, 8.35.
2-Adamantyl diethyl phosphate was obtained in a


similar manner from compound 12. Yield 52%. 31P
NMR (CDCl3, δ, ppm): –5.42. 1H NMR (CDCl3, δ,
ppm): 4.56 (s, 1H), 4.08–4.16 (m, 4H), 2.11 (s, 3H),
1.73–1.88 (m, 6H), 1.54–1.57 (m, 6H), 1.33–1.37 (t,
6H, J = 8 Hz).


For C14H25O4P anal. calcd. (%): C, 58.32; H, 8.74.


Found (%): C, 58.53; H, 8.36.
4-Oxo-1-adamantyl dibenzyl phosphate (19). A


mixture of 2.49 g of kemantane and 4.75 g of dibenzyl
Et2NP(OBn)2 was heated at 110–120°C under dry
argon for 3 h; diethylamine was distilled off under
atmospheric pressure. The residue was heated at the
same temperature in vacuum (100 mmHg). The reac-
tion mixture was cooled to room temperature and dis-
solved in 15 mL of anhydrous CH2Cl2. A solution of
nitrogen(IV) oxide in CH2Cl2 was dropped to the
resultant solution of 4-oxo-1-adamantyl dibenzyl phos-
phite (18) at –20°C until the reaction mixture became
bright blue. Excess nitrogen oxide was removed by
purging the reaction mixture with dry argon for 1 h with
stirring. The resultant solution was washed with a satu-
rated solution of NaHCO3 (3 × 30 mL), water (3 × 30
mL), and dried with sodium sulfate. The solvent was
removed, and the residue was chromatographed to
obtain 1.5 g (24%) of compound 19 as a yellowish oil.
31P NMR (CDCl3, δ, ppm): –5.40. 1H NMR (CDCl3, δ,
ppm): 7.36 (s, 10H), 5.02–5.05 (t, 4H), 2.63 (s, 2H),
2.30 (br s, 7H), 1.93–1.96 (m, 4H).


For C14H24O4P anal. calcd. (%): C, 67.47; H, 6.50.
Found (%): C, 67.6; H, 6.38.
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Selective oxidation of sulfides to sulfoxides is an
important area in studying oxidation reactions [1–3].
This reaction can be catalyzed by transition metal per-
oxo complexes with different ligands. In the presence
of these complexes, hydrogen peroxide turns out to be
many times more efficient than alkyl hydroperoxides.
For example, the vanadium catalyst VO(OR)


 


3


 


 form a
stronger complex with hydrogen peroxide (peroxovan-
adate VO(OR)


 


2


 


OOH) than with alkyl hydroperoxide,
which is the reason for the choice of hydrogen peroxide
as the oxidant [4]. Most methods of peroxide oxidation
of sulfides are unsuitable for large-scale use since they
involve the formation of environmentally hazardous
waste and the use of chlorine-containing solvents [5].


For performing oxidation reactions, catalysts free of
transition metals are of interest, for example, 3-cyclo-
dextrines [6–8], which can form complexes with metal
cations and organic molecules, and 


 


N


 


-hydroxyphthal-
imide in the presence of 1,4-diamino-2,3-dichloroan-
thraquinone [9–11].


In the present work, we studied whether methyl phe-
nyl sulfide and benzothiohene can be oxidized by
hydrogen peroxide in the presence of crown ethers,


namely benzo-18-crown-6 (B18C6) and dibenzo-18-
crown-6 (DB18C6), in which the cavities are close in
size to the cavity of 


 


β


 


-cyclodextrine [12].


RESULTS AND DISCUSSION


Our findings are evidence that methyl phenyl sulfide
and benzothiophene are rather smoothly oxidized by a
37% aqueous hydrogen peroxide solution in the pres-
ence of crown ethers without using transition metal
compounds (Scheme 1). GLC analysis of reaction mix-
tures showed that methyl phenyl sulfide is quantita-
tively converted within 4 h after the beginning of its
oxidation with hydrogen peroxide in the presence of
only benzo-18-crown-6 (Table 1).


O O O


OOO


MeSPh MeSOPh + MeSO2PhH2O2


Scheme 1.
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Abstract


 


—Hydrogen peroxide oxidizes methyl phenyl sulfide and benzothiophene in the presence of crown
ethers to the corresponding sulfoxides and sulfones. The oxidation is retarded by amino acids. UV and NMR
spectroscopies show that, at the initial stage of oxidation, complexation occurs between crown ether, hydrogen
peroxide, and sulfide, as well as between crown ether and amino acid.
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Table 1.


 


  Oxidation of methyl phenyl sulfide in the presence of benzo-18-crown-6 (ethanol, 4 h, 40


 


°


 


C)


MeSPh : H


 


2


 


O


 


2


 


 ratio MeSPh : B18C6 ratio
Composition of reaction products, %


MeSPh MeS(O)Ph MeSO


 


2


 


Ph


1 : 3.6 10 : 1 8 36 56


1 : 3.6 100 : 1 – 91 9


1 : 3.6 500 : 1 4 83 13


1 : 2.4 80 : 1 – 72 28


1 : 2.4 300 : 1 – 49 51
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The course of the oxidation of methyl phenyl sulfide
in the presence of crown ethers depends on the reaction
temperature (Table 2) and duration, the amount of
crown ether, and the amount and the method of addition
of the oxidant (hydrogen peroxide), as well as on the
presence of an organic ligand capable of complexation
with crown ether. An increase in the molar amount of
crown ether (Table 1) leads to a decrease in the conver-
sion of sulfide, which can be associated with complex-
ation of crown ether with sulfide. An increase in the
amount of hydrogen peroxide by a factor of 1.5 changes
only the sulfoxide : sulfone ratio in favor of the latter in
the reaction products after the quantitative conversion
of the initial sulfide.


A considerable effect on the course of sulfide oxida-
tion is exerted by the presence of an organic ligand in
the reaction mixture. Crown ethers are known to form
rather stable complexes with molecules containing a
free and protonated amino group: amines, amino acids,
and their esters [13–15]. We used 


 


L


 


-alanine as such a
ligand, assuming that its interaction with crown ether
can considerably influence the chemo- and stereoselec-
tivity of oxidation. Table 3 shows that an increase in the
molar content of the ligand (


 


L


 


-alanine) in the initial
reaction mixture decreases the conversion of sulfide,
which can be caused by partial blocking of the catalytic
activity of the crown ether due to its complexation with
the amino acid. The oxidation of benzothiophene
(DB18C6, 45


 


°


 


C, 18 h) quantitatively yields ben-
zothiophene sulfone. The oxidation of diben-
zothiophene under the same conditions yields diben-
zothiophene sulfone in 11% yield.


Two features of this oxidation are of interest: (1) the
reaction proceeds in the presence of crown ether with-
out adding another reagent, and (2) the oxidation is
retarded by introducing amino acid into the reaction
mixture. To elucidate the catalytic mechanism of crown
ethers, we studied their complexation with the other
components of the oxidation process—hydrogen per-
oxide, methyl phenyl sulfide, and amino acid—by UV
spectroscopy and NMR. The interaction of macrocyclic
ligands with amino acids has been studied [16]. It has
been shown that, in aqueous solutions, a complicated
receptor containing the benzo-15-crown-5 moiety
forms rather stable 1 : 1 complexes with a number of
small model peptides containing three to five amino


acid residues. The complex formation constants are in
the range 10


 


4


 


–10


 


5


 


 (no clear preference for a certain type
of amino acid sequence was observed).


In our UV spectroscopic studies, a solution of
methyl phenyl sulfide (or benzothiophene) in an appro-
priate solvent was gradually added to a crown ether
solution in the same solvent. Figure 1 shows that titra-
tion of dibenzo-18-crown-6 with methyl phenyl sulfide
is accompanied by a shift of absorption maxima: for
methyl phenyl sulfide, from 255 to 258 nm; and for the
crown ether, from 238 to 234 nm and from 278 to
276 nm. Upon titration of dibenzo-18-crown-6 with
benzothiophene (Fig. 2), the strongest peak in the spec-
trum of the latter (236 nm) is very close to the peak of
the crown ether (238 nm), but at the 1 : 8 molar ratio,
the peak of the pure crown ether at 277 nm is sharply
shifted to 267 nm due to complex formation. These
findings are evidence of the formation of complexes
between crown ethers and molecules of organosulfur
compounds.


Comparison of the 


 


1


 


H NMR spectrum of pure
benzo-18-crown-6 (in CDCl


 


3


 


) with the spectrum of a
mixture obtained by adding hydrogen peroxide shows a
downfield shift and broadening of the signals of both
the aromatic protons and the protons of the macrocyclic
crown ether ring. These spectral changes are clear evi-
dence of complexation of the crown ether molecule
with hydrogen peroxide through the formation of


 


Table 2.


 


  Oxidation of methyl phenyl sulfide with hydrogen peroxide at different temperatures (4 h, MeSPh : H


 


2


 


O


 


2


 


 = 1 : 3.6)


Crown ether Temperature,


 


°


 


C
MeSPh : crown ether 


ratio


Composition of reaction products, %


MeSPh MeS(O)Ph MeSO


 


2


 


Ph


B18C6 40 10 : 1 8 36 56


B18C6 20 10 : 1 17 19 64


DB18C6 40 100 : 1 90 10 0


DB18C6 20 100 : 1 96 4 0


 


Table 3.


 


  Oxidation of methyl phenyl sulfide in the presence
of dibenzo-18-crown-6 with additions of the ligand (


 


L


 


-ala-
nine, 6 h, 30


 


°


 


C)


MeSPh : DB18C6 : 


 


L


 


-alanine 
ratio


Composition of reaction 
products, %


M
eS


Ph


M
eS


(O
)P


h


M
eS


O


 


2


 


Ph


5 : 1 : 1 40 34 27


10 : 1 : 2 36 29 35


50 : 1 : 1 37 15 48


100 : 1 : 1 26 6 68
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Fig. 1.


 


 Titration of dibenzo-18-crown-6 with methyl phenyl sulfide.
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Fig. 2.


 


 Titration of dibenzo-18-crown-6 with benzothiophene.
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hydrogen bonds involving the O atoms of the macrocy-
clic ring and the H atoms aid hydrogen peroxide. The
introduction of methyl phenyl sulfide into the system
does not lead to significant changes in the NMR spec-
trum, although it is worth noting that the centers of mul-
tiplets are shifted by 0.01–0.02 ppm, which can also
point to complexation of crown ether with methyl phe-
nyl sulfide.


To obtain more detailed information on the com-
plexation of macrocyclic ligands with amino acids in
methanol solutions, we recorded the 


 


1


 


H NMR spectra
of 


 


D


 


-alanine and benzo-18-crown-6 and their mixtures
with various concentration ratios (NMR titration). In
titration experiments, the alanine concentration was
maintained approximately constant while the crown
ether concentration was varied. The 


 


1


 


H NMR spectrum
of 


 


D


 


-alanine is rather simple: the quartet of the methine
proton at 3.5638 ppm and the doublet of the methyl
group at 1.4497 ppm. Figure 3 shows the aliphatic
region of the 


 


1


 


H NMR spectrum of benzo-18-crown-6.


As might be expected, the 


 


1


 


H NMR spectrum of this
symmetric molecule shows the signals due to five types
of methylene groups. The multiplet at 4.1329 ppm cor-
responds to two equivalent methylene groups 2-CH


 


2


 


and 15-CH


 


2


 


 (Scheme 2). The multiplet at 3.8700 ppm
corresponds to two equivalent methylene groups 3-CH


 


2


 


and 14-CH


 


2


 


.


The signals have a fairly well resolved multiplet
structure (the signal pattern corresponds to the AA'XX'
spin system). A characteristic feature of this type of
spin system is that both multiplets have virtually the
same structure; it is as if they repeat each other. Each
multiplet is symmetric with respect to its center (coin-
cides with the chemical shift). The multiplets at
3.7205 ppm (corresponds to two equivalent methylene
groups 5-CH


 


2


 


 and 12-CH


 


2


 


) and 3.6846 ppm (corre-
sponds to the equivalent methylene groups 6-CH


 


2


 


 and
11-CH


 


2


 


) have an analogous structure. These multiplets
correspond to the strongly coupled case since they have
close chemical shifts. Both multiplets are described by
the AA'BB' spin system. An important feature of this
part of the spectrum is that the multiplet structure of
these signals is symmetric (it is as if the lines in the
spectrum are reflected with respect to the center of their
spectral density).


As might be expected, the signal due to the equiva-
lent methylene groups 8-CH


 


2


 


 and 9-CH


 


2


 


 of benzo-18-


O


O


O


O


O


O


18


2


3 5


6


8


9


11


1214


15
17


20


18


19


Numbering of atoms in benzo-18-crown-6


Scheme 2.
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Fig. 3.


 


 


 


1


 


H NMR spectrum of benzo-18-crown-6 (27.2 mM solution in CD


 


3


 


OD) at 303 K. The region of aliphatic protons is shown.
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crown-6 at 3.6520 ppm is a singlet. A somewhat unex-
pected pattern is observed for mixed solutions contain-
ing 


 


D


 


-alanine and benzo-18-crown-6. It is evident that
the far spin coupling of the 8-CH


 


2


 


 and 9-CH


 


2


 


 protons to
distant protons (for example, of the 5-CH


 


2


 


 and 6-CH


 


2


 


protons) in this macrocycle can be neglected.


Fragmentary data are available concerning com-
plexation of protonated amines, amino acids, and pep-
tides in the zwitterionic form [16, 17]. Some amino
acids containing a protonated amino group R–
form very strong complexes with crown ethers, the sta-


NH3
+


 


bility constant of a complex in an aqueous solution
being on the order of 10


 


6


 


 M


 


–1


 


 [18]. It is of interest to
estimate the stability parameters of such complexes in
a neutral methanol solution. The 


 


1


 


H NMR spectrum of
a mixed solution in methanol-


 


d


 


4


 


 containing both the
amino acid 


 


D


 


-alanine and benzo-18-crown-6 is shown
in Fig. 4. The chemical shifts and multiplicity of the
crown ether signals depend on the mixture composition
(Table 4). Figure 4 shows that the multiplet pattern of
the crown ether changes considerably when approxi-
mately one equivalent of the amino acid is added. First
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Fig. 4.


 


 


 


1


 


H NMR spectrum of a mixed solution of benzo-18-crown-6 (6.6 mM solution in CD


 


3


 


OD) and 


 


D


 


-alanine at 303 K. The
region of aliphatic protons is shown.


 


Table 4.


 


  Oxidation of methyl phenyl sulfide in the presence of dibenzo-18-crown-6 with additions of the ligand (


 


L


 


-alanine,
6 h, 30


 


°


 


C). Chemical shifts of the aliphatic protons of benzo-18-crown-6 and 


 


D


 


-alanine in mixed solutions in CD


 


3


 


OD (303 K).
Concentrations of solutions of the crown ether (


 


C


 


(B18C6)) and 


 


D


 


-alanine (


 


C


 


(


 


D


 


-Ala)) are in mmol/L


 


C


 


(B18C6)


 


C


 


(


 


D


 


-Ala)
Crown ether fragments


 


D


 


-alanine fragments


2-CH


 


2


 


3-CH


 


2


 


5-CH


 


2


 


6-CH


 


2


 


8-CH


 


2


 


9-CH


 


2


 


CH CH


 


3


 


– 7.9 – – – – – – 3.5638 1.4497


3.7 8.3 4.2029 3.8856 3.7359 3.7024 3.6860 3.6684 3.5456 1.4200


6.6 8.0 4.1940 3.8824 3.7361 3.7074 3.6854 3.6699 3.5256 1.3860


8.9 9.4 4.1893 3.8815 3.7380 3.7082 3.6866 3.6686 3.5184 1.3655


15.1 10.1 4.1799 3.8791 3.7371 3.7051 3.6823 3.6695 3.4905 1.3258


27.3 11.2 4.1665 3.8758 3.7327 3.6997 3.6752 3.6636 3.4679 1.2876


52.7 12.5 4.1527 3.8721 3.7284 3.6928 3.6681 3.6568 3.4527 1.2608


27.2 – 4.1329 3.8700 3.7205 3.6846 3.6520 3.6520 – –
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of all, the multiplet structure of the signals of the 8-CH


 


2


 


and 9-CH2 protons remote from the benzene ring trans-
forms into a complicated multiplet. The multiplet struc-
ture of the other four signals of methylene groups also
changes: the symmetric multiplets corresponding to the
AA'XX' (pairs of the equivalent methylene groups
2- and 3-CH2 and 14- and 15-CH2) and AA'BB' (pairs
of the equivalent methylene groups 5- and 6-CH2 and


11- and 12-CH2) spin systems transform to asymmetric
multiplets in the spectrum of the mixture. These effects
can be interpreted in terms of formation of a rather
strong complex of benzo-18-crown-6 and D-alanine. It
is worth noting that the lines in the NMR spectrum are
rather narrow (Fig. 4); therefore, we may conclude that
complex formation (Scheme 3) is rapid on the NMR
time scale.


Analysis of the titration curves allows us to estimate
the stability constants of the complex of benzo-18-
crown-6 with D-alanine at about 200 M–1, which is con-
siderably lower than the constant for analogous com-
plexes in water. In conclusion, it should be stated that
the structure of the crown ether in the rather stable com-
plex with D-alanine becomes chiral (since the methyl-
ene protons in the complex become diastereotopic).
Our NMR and UV spectroscopic data allow us to
assume that, at the early stage of the oxidation reaction,
the crown ether, hydrogen peroxide, and sulfide are
gradually bound in a common complex.


EXPERIMENTAL


Commercial methyl phenyl sulfide, ben-
zothiophene, dibenzothiophene, benzo-18-crown-6,
dibenzo-18-crown-6, and 37% hydrogen peroxide were
used as purchased. The 1H NMR spectra were recorded
on a Bruker Avance-600 spectrometer operating at
600.13 MHz. Chemical shifts were reported on the δ
scale (ppm) from HMDS (0.05 ppm).


Gas–liquid chromatographic (GLC) analysis was car-
ried out on a Tsvet 500 chromatograph with a flame ion-
ization detector on a column (L = 25 m, d = 0.0025 m)
with an SE-30 stationary phase using temperature pro-
gramming in the range from 180 to 230°C and nitrogen
as the carrier gas.


Gas chromatography/mass spectrometry analysis
was carried out on a Finnigan MAT 112S mass spec-
trometer (EI, 70 eV). Gas chromatographic separation
was carried out on a quartz capillary column (L = 50 m,
d = 0.25 mm) with a DB-1 nonpolar liquid phase with
temperature programming from 40°C (5 min) to 250°C
at a rate of 5 K/min.


Oxidation in the Presence of Crown Ethers


Crown ether (0.25 mmol) was added to 15 mL of
C2H5OH, the resulting solution was stirred for 15 min
at 40°C, and then methyl phenyl sulfide (1.25 mmol)
and 37% hydrogen peroxide (1 mL) were added. The
reaction mixture was stirred for the necessary period of
time. The composition of the reaction mixture was
monitored by TLC (acetone–hexane (4 : 1) as the elu-
ent). After the end of the reaction, a hydrogen peroxide
excess was neutralized by adding triphenylphosphine,
and the reaction products were analyzed by GLC.


Oxidation in the Presence of Crown Ethers
with Addition of the Ligand L-Alanine


Crown ether (0.25 mmol) and the ligand
(0.25 mmol) were added to 15 mL of C2H5OH, the
resulting solution was stirred for 15 min at 40°C, and
then methyl phenyl sulfide (1.25 mmol) and 37%
hydrogen peroxide (1 mL) were added.


The reaction mixture was stirred for the necessary
period of time. The composition of the reaction mixture
was monitored by TLC (acetone–hexane (4 : 1) as the
eluent). After the end of the reaction, a hydrogen perox-
ide excess was neutralized by adding triphenylphos-
phine, and the reaction products were analyzed by
GLC.
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Milichrom microcolumn chromatographs have
been manufactured by the Orel Research Instrument
Plant for more than two decades. The Milichrom 4 and
Milichrom 5 versions have been used most widely.
Their convenience of use is due to complete automa-
tion, easy operation, relatively low requirements for
water and organic solvent quality, and moderate water
and solvent consumption. The Milichrom 5-3 and
Milichrom 6 versions have been manufactured in
recent years. Their primary distinction from the prior
art instruments is two syringe pumps instead of one.
These chromatographs in their characteristics
approach the current level for chromatographs. The
Russian literature is rich in the description of analysis
of multicomponent drugs on Milichrom chromato-
graphs; see, e.g., [1–7]. Table 1 lists selected charac-
teristics of these analyses. In our opinion, even this
comparatively small selection reflects some tenden-
cies in the use of Milichrom chromatographs. Most
research concerns reversed-phase HPLC [1–5, 7];
descriptions of normal-phase chromatography are far
rarer [6]. Most of these separations are in the isocratic
mode [1–6]; gradient elution is applied relatively
rarely [7]. While the first of the aforementioned ten-
dencies is in general characteristic of the use of
HPLC, the second is due to the specifics of Milichrom
chromatographs: gradient elution on them is difficult.
However, the experience of the authors of this work
demonstrates that these instruments can succeed in the
separation and quantitative analysis of complex mix-
tures both in isocratic and gradient modes. This work
reports some results of our research.
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EXPERIMENTAL


 


Reagents.


 


 Acetonitrile for chromatography (Cryo-
chrom) and bidistilled water were used to prepare
mobile phases and dissolve references and test drug
samples. The references used were pharmaceuticals
verified by quality control at the manufacturing enter-
prise for conformity to the requirements of regulatory
documents. The other reagents used were of at least
pure for analysis grade.


 


Instruments.


 


 Milichrom 4 and Milichrom 5 were
used. The columns used 80 


 


×


 


 2.0 mm in size were
packed with reversed-phase sorbents Separon SGX
C18 and Nucleosil 100 C18 with a particle size of
7.0 


 


µ


 


m. pH in the buffer solutions used to prepare
mobile phases was monitored with a pH-673M ionom-
eter/millivoltmeter equipped with a glass indicator
electrode and an Ag/AgCl reference electrode.


For selected drugs, the solution preparation protocol
for analysis is described in Table 2.


All solutions were filtered through hydrophilic
membrane filters with 0.45 


 


µ


 


m pore sizes; Teflon filters
stable in water–acetonitrile solutions are preferred for
this purpose.


 


Analysis.


 


 A test solution and a reference solution
were chromatographed. The mobile phase flow rate was
0.15 mL/min. The volume of the injected sample was
5.0 


 


µ


 


L. The mobile phase composition is specified in
Table 3.


RESULTS AND DISCUSSION


 


Common features of chromatographic separa-
tion on Milichrom chromatographs.


 


 The main dis-
tinction of chromatography on Milichrom chromato-
graphs is that this is a batch process. While the mobile
phase flows continuously through a conventional
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Abstract


 


—We analyze some two-, three-, and five-component drugs to demonstrate the potential of Milichrom
microcolumn chromatographs. Chromatograph versions equipped with one syringe pump are suitable for anal-
ysis of complex mixtures in both isocratic and gradient modes. The procedures included in regulatory technical
documents have been used for several years for quality control of drug manufacture.
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instrument, through a Milichrom it flows only during
analysis. This drawback deteriorates the analysis preci-
sion and accuracy. To compensate in part this negative
effect, the instruments are equipped with a regeneration
facility; that is, the column was purged with the mobile
phase for 1–2 min before analysis, after which the test


sample was injected. In addition, 5–10 


 


µ


 


L of buffered
volumes is syringed before and after sampling. This
reduces the interference from sample injection. Gradi-
ent separation has some specifics because of the design
of Milichrom instruments. In the isocratic mode, the
position of the syringe pump is unimportant. For gradi-


 


Table 1.


 


  Characteristics of some drug analyses on Milichrom chromatographs


Drug, substances Column Mobile phase and its flow rate
Wave-
length,


nm
Source


Local anesthetics: Novocaine, 
Anesthesin, Papaverine hydrochlo-
ride


64 


 


×


 


 2.0 mm
Separon C18


CH


 


3


 


CN : PB, pH 2.5, 0.1 mL/min
60 : 40
80 : 20


290
290; 260


[1]


Corticosteroids in ointments: Pred-
nisolone, Sinaflan, Hydrocortisone


64 


 


×


 


 2.0 mm
Separon C18


C


 


2


 


H


 


5


 


OH,
0.05 mL/min


240 [2]


Aubergine tablets: 2-bromo-


 


α


 


-er-
gocryptine mesylate, 2-bromo-


 


β


 


-
ergocryptine mesylate


64 


 


×


 


 2.0 mm
Silasorb C18 (5.0 


 


µ


 


m)
THF : 0.01 M (NH


 


4


 


)


 


2


 


HPO


 


4


 


 = 47 : 53,
0.03 mL/min


254 [3]


Oral contraceptives: Ethinylestra-
diol, Levonorgestrel


120 


 


×


 


 2.0 mm
SGX-RP-S-ODS (8.0 


 


µ


 


m)
CH


 


3


 


CN : H


 


2


 


O = 3 : 2,
0.15 mL/min


220 [4]


Multivitamins: retinol acetate, 
ergocalciferol, 


 


α


 


-tocoferol acetate
120 


 


×


 


 2.0 mm
Separon SGX (5.0 


 


µ


 


m)
CH


 


3


 


OH : H


 


2


 


O = 99 : 1 326; 
264; 286


[5]


Oil vitamin solutions: Vitamins A, 
E, K3


64 


 


×


 


 2.0 mm
Silasorb 600 (5.0 


 


µ


 


m)
Hexane : diethyl ether = 6 : 94 220; 320 [6]


Multicomponent drug formulation: 
water-soluble vitamins, calcium 
pantothenate


CH


 


3


 


OH : PB, pH 7.0
stepwise gradient


210 260 [7]


 


Note: PB stands for phosphate buffer; THF, for tetrahydrofuran.


 


Table 2.


 


  Solution preparation protocol for analysis of some drugs on Milichrom chromatographs


Drug Analyte Sample weight, 
g (volume, mL) Solvent (100 mL)


Ascofen tablets Paracetamol, Caffeine, Aspirin 0.125 CH


 


3


 


CN : H


 


2


 


O : CH


 


3


 


COOH = 30 : 67 : 3


Pentalgin ICN
tablets


Paracetamol, Analgin, Caffeine, Codeine 
phosphate, Phenobarbital


0.160 0.120 g Na


 


2


 


SO


 


3


 


 in CH


 


3


 


CN : H


 


2


 


O = 15 : 85


Neo-theophe-
drine tablets


Paracetamol, Theophylline, Caffeine, 
Ephedrine hydrochloride, Phenobarbital


0.160 CH


 


3


 


CN : (0.025 M K


 


2


 


HPO


 


4


 


; pH 3.0) = 15 : 85


Prochodol Forte 
tablets


Paracetamol, Caffeine, Codeine phos-
phate


0.160 CH


 


3


 


CN : 0.025 M K


 


2


 


HPO


 


4


 


 = 1 : 9


Codelac Phyto 
syrup


Codeine phosphate, Nipagin, Nipasol (5.0) CH


 


3


 


CN : H


 


2


 


O = 3 : 7


Clarisens syrup Loratadine, Nipagin, Nipasol (5.0) CH


 


3


 


CN : H


 


2


 


O = 3 : 7


Co-trimoxazole 
suspension


Trimethoprim, Sulfamethoxazole, Nipa-
gin, Nipasol


2.5 CH


 


3


 


CN : H


 


2


 


O = 1 : 4
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ent elution, the pump must be positioned so that the
spindle moved from top down to replace the mobile
phase. This is because of the fact that all steps of the
mobile phase are syringed by the pump before analysis;
the steps with higher percentages of the organic modi-
fier, which have lower densities, are syringed first.
These steps should have the uppermost position in the
injector of the mump, which slows down solvent stir-


ring. If this rule is violated, gradient elution with such
an instrument is practically impossible.


 


Results of analysis.


 


 Figures 1 and 2 exemplify elu-
tion curves obtained in analysis of some multicompo-
nent drugs on a Milichrom 5 chromatograph. The sepa-
ration parameters are indicated in the legends. Both iso-
cratic and gradient elutions resulted in clear separation
and satisfactory peak shapes. Our developed processes


 


Table 3.


 


  Results of HPLC analysis of some multicomponent drugs (


 


n


 


 = 9; 


 


P


 


 = 0.95)


Drug Analyte
Norm in regulatory 
documents, g/tablet


(g/5 mL)


 


X


 


av


 


s


 


ε


 


, %


Ascofen
tablets


Paracetamol 0.190–0.210 0.19800 0.00150 0.00050 0.60


Caffeine 0.037–0.043 0.00395 0.00005 0.00002 1.00


Aspirin 0.190–0.210 0.20140 0.00210 0.00070 0.82


Pentalgin ICN
tablets


Paracetamol 0.285–0.315 0.30210 0.00340 0.00113 0.89


Analgin 0.285–0.315 0.29640 0.00260 0.00087 0.69


Caffeine 0.04625–0.05375 0.50120 0.00630 0.00210 0.99


Codeine phosphate 0.0072–0.0088 0.00789 0.00009 0.00003 0.90


Phenobarbital 0.009–0.011 0.09760 0.00180 0.00060 1.45


Neo-theophedrine
tablets


Paracetamol 0.285–0.315 0.30230 0.00230 0.00077 0.60


Theophylline 0.0925–0.1075 0.10120 0.00200 0.00067 1.55


Caffeine 0.04625–0.05375 0.05065 0.00070 0.00023 1.09


Ephedrine hydrochloride 0.0185–0.0215 0.01940 0.00027 0.00009 1.09


Phenobarbital 0.009–0.011 0.00986 0.00011 0.00004 0.88


Prochodol forte
tablets


Paracetamol 0.475–0.525 0.50340 0.00640 0.00213 1.00


Caffeine 0.04625–0.05375 0.05004 0.00064 0.00021 1.01


Codeine phosphate 0.0072–0.0088 0.00786 0.00008 0.00003 0.80


Codelac phyto
syrup


Codeine phosphate (0.004–0.005) 0.00475 0.00006 0.00002 0.99


Nipagin (0.0034–0.0041) 0.00370 0.00002 0.00001 0.43


Nipasol (0.0011–0.0014) 0.00120 0.00002 0.00001 0.98


Clarisens
syrup


Loratadine (0.0045–0.0055) 0.00486 0.00006 0.00002 0.97


Nipagin (0.0013–0.0020) 0.00165 0.00002 0.00001 0.95


Nipasol (0.00065–0.00100) 0.00084 0.00001 0.00000 0.94


Co-trimoxazole
suspension


Trimethoprim (0.036–0.044) 0.03950 0.00040 0.00013 0.80


Sulfamethoxazole (0.180–0.220) 0.20250 0.00340 0.00113 1.32


Nipagin (0.0012–0.0018) 0.00155 0.00002 0.00001 1.02


Nipasol (0.000375–0.000675) 0.00050 0.00001 0.00000 1.59


sXav
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t


 


, min


 


0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


 


Parameters Chromatogram Peak table


Paracetamol 105.091


Caffeine 54.298


Aspirin 301.954


 


W


 


, nm
274~
302


 


A


 


Fig. 1.


 


 Elution curve for a test solution of Ascofen tablets. Column: 2.0 


 


×


 


 80 mm, Nucleosil 100 C18 with the particle size 7.0 


 


µ


 


m.
Mobile phase: CH


 


3


 


CN : H


 


2


 


O : CH


 


3


 


COOH = 30 : 67 : 3. Detection at 220 nm.


 


14121086420


 


t


 


, min


0.5


1.0


1.5


2.0


2.5


3.0


3.5


4.0


4.5


 


A


 


Parameters Chromatogram Peak table


Paracetamol 302.538


Theophylline 103.968


Caffeine 50.292


Phenobarbital 19.990


Ephedrine 20.859


 


t


 


 = 007.731 min, 


 


A


 


 = 04.847


 


W


 


, nm
~210


 


Fig. 2.


 


 Elution curve for a test solution in analysis of Neo-theophedrine tablets. Column: 2.0 


 


×


 


 80 mm, Separon SGX C18 with the
particle size 7.0 


 


µ


 


m. Mobile phase: stepped gradient: CH


 


3


 


CN : H


 


2


 


O = 1 : 9 (700 


 


µ


 


L–CH


 


3


 


CN : H


 


2


 


O = 3 : 7 (800 


 


µ


 


L)–CH


 


3


 


CN :
0.025 M KH


 


2


 


PO


 


4


 


 = 3 : 2 (800 


 


µ


 


L). Detection at 207 nm.
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were used for monitoring pilot samples manufactured
in the laboratory in the course of technology develop-
ment. Our results conform to technological loads
(Table 3).
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Laser atomic ionization (AI) spectrometry, which is
based on laser excitation and ionization of atoms in
flames, is successfully used for the ultrasensitive deter-
mination of chemical elements [1]. The degree of atom-
ization of an element depends on its nature, the temper-
ature and composition of the flame, and other factors.
The degree of atomization of some elements in low-
temperature flames is extremely low. Laser AI spec-
trometry fails to determine these elements with accept-
able detection limits. The use of higher temperature
flames, for example, acetylene–nitrogen(I) oxide,
makes it possible to increase the degree of atomization.
However, the detection limits of these elements remain
higher than a few micrograms per milliliter. We devel-
oped a method of determination of elements as mole-
cules in flames, namely, laser molecular ionization (MI)
spectrometry, which uses molecules containing the ele-
ments to be studied rather than atoms. This method
affords lower detection limits as compared to ionization
of atoms even in high-temperature flames [2].


It is worth noting that this approach is not applicable
to all elements under consideration. This work deals
with estimates of the applicability limits of the AI and
MI methods when a sample is introduced into a low-
temperature flame.


DISCUSSION


For some elements, for example, Li and Eu, the ion-
ization spectrum of monoxide molecules in flame can-
not be recorded [3]. For barium, the detection limit
obtained with the use of the ionization of the atom is


two orders of magnitude lower than for the BaO mole-
cule. Analysis of these findings shows that the ioniza-
tion potentials (IPs) of monoxides of all these elements
are higher than their dissociation energy (DE). Figure 1
shows the IPs and DEs of monoxides of all elements
under consideration and some other rare earth elements
[4–6]. As is seen, for some of them, the DEs are higher
than the IPs. Hereinafter, such molecules are referred to
as monoxides of the first type. The other elements form
monoxides of the second type, for which the IPs exceed
the DEs. It is worth noting that some elements (Sm, Dy,
Ho, Er) are characterized by close IP and DE values.
Straight line 1 in Fig. 1 is the lower limit of the DE
range in which no noticeable dissociation of monoxide
molecules is observed. We may assume [7] that, upon
laser excitation of monoxides of the first type, ioniza-
tion will dominate over dissociation; conversely, for
monoxides of the second type, dissociation will be pre-
dominant. In this case, laser excitation of the molecule
will leads to its dissociation and its MI spectrum will
not be observed. To confirm this hypothesis, let us con-
sider the AI detection limit for elements as a function of
the DE of the corresponding monoxide molecules
(Fig. 2). In general, the detection limit tends to increase
with an increase in the DE. For comparison, we used
the results obtained by means of one-step excitation [8,
9]. The use of two-step excitation schemes can consid-
erably decrease the detection limit in the AI method;
however, it was not used for all of the elements under
consideration [8]. All elements in Fig. 2, except Sc,
form monoxides of the second type.
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Abstract


 


—Based on the ionization potentials and dissociation energies of rare earth monoxides, these mole-
cules are classified into two groups. For the molecules of the first type, the ionization potential is lower than the
dissociation energy. Laser excitation of these molecules leads to their predominant ionization. For the mole-
cules of the second type, the ionization potential is higher than the dissociation energy. Depending on the abso-
lute values of the latter, atomic lines can be observed in the ionization spectrum. The elements that form mol-
ecules of the first type in flame should be determined as monoxide molecules. For the elements forming mole-
cules of the second type, determination in the atomic form gives better results.
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Fig. 2.


 


 Detection limits of elements in AI determination vs. the dissociation energy of their monoxides.


 


Figure 3 shows the detection limits of the elements
provided by the AI and MI methods. For scandium and
barium monoxides, the difference between the IP and
DE is not as large as for the other elements in Fig. 2. For
barium (first type), the AI method is preferable, and for


scandium (second type), the MI method gives better
results. Unfortunately, currently, not all the elements
have been studied to the same extent. As is known, no
atomic lines are observed in a low-temperature flame
upon laser excitation of Y, La, Ce, Pr, Dy, and Tb. All
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these elements form monoxides of the first type [3, 10].
Atomization of Li and Ba solutions in flame does not
give rise to MI spectra, since these elements form mon-
oxides of the second type.


Ytterbium was determined as atoms [11]; as far as
we know, no attempts have been made to record its MI
spectrum. Some elements have not been determined by
any of the laser ionization methods in flame. These are
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Fig. 3.


 


 Detection limits of elements as atoms (M) and monoxides (MO). Elements that form monoxides of the second type are cir-
cled.
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 Detection limits of elements in MI determination vs. the ionization potential of their monoxides.
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Nd and Gd (form monoxides of the first type); Tm
(forms the monoxide of the second type); and Sm, Ho,
and Er, which form monoxides of the intermediate type.
Therefore, Nd and Gd should be determined as monox-
ide molecules, whereas Tm should determined as
atoms. As for Sm, Ho, and Er, their rather high DEs will
evidently prevent their determination as atoms (pre-
sumably, except Sm since the DE of its monoxide is
close to that of BaO).


The sensitivity of the MI determination of elements
depends on the degree of ionization of their monoxide
molecules. As shown above, the sensitivity of the MI
method is higher for the elements that form monoxides
of the first type. Within this class, molecules have dif-
ferent detection limits as determined by the MI method.
As is known, upon laser excitation, species with lower
IPs are more efficiently ionized [9]. The higher the IP
of the atom/molecule, the higher the excitation energy.
Figure 4 shows the MI detection limit of elements as
monoxides as a function of the IP of the molecules.
This dependence is complex, although some trends can
be discerned. We may conclude that the sensitivity of
MI determination decreases with an increase in IP. In
this context, the high detection limit of Tb seems
strange; however, there is no rational explanation for
this fact. From this dependence, we may try to estimate
the detection limits for Nd and Gd. In its IP and DE val-
ues, the NdO molecule closely resembles the PrO mol-
ecule, and the GdO molecule resembles the YO mole-
cule (Fig. 1). Our estimate shows that the detection lim-
its for Nd and Gd as monoxides as determined by the
laser MI method should be about 20 and 40 ng/mL,
respectively.


Thus, the use of the AI method for determination of
elements in low-temperature flame gives better results
if the DE of the corresponding monoxide does not
exceed 5.6 eV. For more stable monoxides, MI determi-
nation in molecular form is preferable. The lower the IP
of the corresponding monoxide, the higher the sensitiv-


ity of the MI method. To decrease the detection limits
of molecules with high IPs, excitation to higher energy
states should be used.
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An important problem of quantitative X-ray fluores-
cence (XRF) analysis of complex multielement sys-
tems is correct consideration of matrix effects, among
which is the effect of filtration of the polychromatic
emission spectrum of an X-ray tube by the surface lay-
ers of an analyte. Due to a strong dependence of the
absorption coefficient on the X-ray radiation wave-
length and the nature and contents of analytes and
matrix components, XRF of deep-seated layers of the
sample is excited by primary radiation of a significantly
different composition. In addition to the polychromatic
approach, the monochromatic approximation is used
for describing this process. The continuous wave distri-
bution of X-ray tube emission is replaced by the 


 


δ


 


-func-
tion of a virtual monochromatic source (VMS) of radi-
ation with an analogous excitation effect [1–4]. The
VMS parameters found are used for calculating correc-
tion factors for matrix effects in quantitative XRF anal-
ysis by the internal or external reference method or the
fundamental parameter method. This approach is ele-
gant, has a clear physical meaning, and implies a
noticeably smaller amount of computations, but leads
to a higher error of analysis [5]. However, for any wave-
length of the polychromatic emission spectrum of an X-
ray tube, the error of determination of the XRF excita-
tion efficiency is limited, first of all, by the degree of
uncertainty of the fundamental parameters used. Under
these conditions, the monochromatic model can ensure
a comparable error of XRF analysis if the VMS wave-
length is properly selected [6]. Therefore, the VMS
parameters calculated by approximate analytical


expressions should be corrected for the elemental com-
position of a sample and the special design features of
the X-ray tube used.


For massive XRF emitters, the VMS parameters of
primary radiation are determined by the X-ray tube
characteristics, the spectrometer geometry, and the a
priori unknown composition of an analyte. The error of
the analysis results depends very strongly on the choice
of the VMS wavelength. The smallest error is ensured
by the use of the so-called analytical equivalent wave-
length (AEWL) (found empirically), which depends
only slightly on the analyte concentration [4]. When
XRF is excited in thin films, the effect of filtration of
polychromatic X-ray tube radiation is not pronounced.
For very thin XRF emitters, the VMS parameters
depend on the X-ray tube emission spectrum and the
nature of the analyte element but are not related to its
content [7–9]. Therefore, the error of analysis results
for thin films is almost independent of the chosen VMS
wavelength. However, with a change in the conditions
of measurement of the analytical signal, the VMS
parameters calculated by a given algorithm for massive
and thin-film samples change nearly in parallel. It is of
special practical interest to find a simple analytical
expression for calculation of the VMS wavelength of
XRF excitation in a thin-film emitter close to the
AEWL for a semiinfinite sample studied on a spectrom-
eter with a given geometry. The use of such an algo-
rithm is quite instructive in quantitative XRF analysis
of complex (including unique) analytes without a priori
information on their compositions and properties when
preparation of reference samples is too laborious a task.
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Abstract


 


—Different approaches to the description of X-ray fluorescence excitation in thin films by
bremsstrahlung within the monochromatic model are systematically expounded and compared. New analytical
expressions are proposed for calculation of the wavelength of a virtual monochromatic excitation source. It is
shown that some of them can be successfully used in quantitative X-ray fluorescence analysis of semiinfinite
samples, including matrix effects, without a priori information on an analyte.
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The aim of this study is to compare the analytical
possibilities of different algorithms for the description
of the process of XRF excitation in thin films by
bremsstrahlung within the monochromatic model tak-
ing into account the nature of the analyte element and
the design features of an X-ray tube.


THEORY


The XRF intensity of the 


 


i


 


th element excited in a
thin film by X-ray tube radiation can be calculated by
Sherman or Blokhin equation


(1)


where 


 


C


 


i


 


 is the content of the 


 


i


 


th element; 


 


ω


 


i


 


 is the 


 


q


 


2
fluorescence yield of the 


 


i


 


th element; 


 


f


 


i


 


 is the contribu-
tion of the analytical line to the total intensity of the 


 


q


 


2
series; 


 


λ


 


q


 


2


 


 and 


 


S


 


q


 


2


 


 are the wavelength and jump of the


 


q


 


2-edge of absorption of the 


 


i


 


th element, respectively;


 


λ


 


0


 


 is the short-wave edge of the bremsstrahlung spec-
trum; 


 


ρ


 


 and 


 


d


 


 are the density and thickness of the ana-
lyte sample. The integrand is
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, (3)


where 


 


I


 


0


 


 is the primary radiation intensity; 


 


τ


 


i


 


 is the mass
absorption coefficient of the 


 


i


 


th element for primary
radiation; and 


 


λ


 


 and 


 


λ


 


i


 


 are the wavelengths of primary
and fluorescence radiation, respectively [10, 11]. Thus,
the Sherman (or Blokhin) equation allows one to deter-
mine the number of XRF quanta (or the energy) emitted
by the sample surface per excitation quantum (or per
unit energy of primary radiation).


As a first approximation, the wave distribution of
the bremsstrahlung intensity of the X-ray tube can be
described by the Kramers equation:


(4)


where 


 


k


 


1


 


 is a constant, 


 


Z


 


an


 


 is the atomic number of the
anode material of the X-ray tube, and 


 


j


 


 is the current
density [1]. The mass absorption coefficients (cm


 


2


 


/g) in
a wide range of wavelengths (Å) can be estimated by
the formula


(5)


where 


 


Z


 


i


 


 and 


 


A


 


i


 


 are the atomic number and atomic
weight of the 


 


i


 


th element, respectively; and 


 


m


 


 is the
number of absorption jumps (


 


S


 


q


 


) on the wavelength
interval [0, 


 


λ


 


]. However, for more accurate calculations


Ii Ciωi f i


Sq2 1–
Sq2


----------------ρd Φ λ( ) λ,d


λ0


λq2


∫=


I0 λ( ) k1Zan j λ λ0–( )/λ0λ3,=


τi λ( ) 0.016Zi
3.94λ3/Ai Sqr


,
r 1=


m


∏≈


 


of the power function of wavelength, the floating expo-
nent 


 


t


 


 should be introduced depending on the chemical
element to be determined [12]:


(6)


where 


 


k


 


2


 


 is the constant for the corresponding element
in wavelength ranges between absorption edges. To cal-
culate the VMS wavelength, we used the first mean-
value theorem for the function 


 


Φ


 


(


 


λ


 


) on the wavelength
interval [


 


λ


 


1


 


, 


 


λ


 


2


 


] provided that it is continuous (algo-
rithm 1),


(7)


and the second (generalized) mean-value theorem
(algorithm 2),


(8)


In algorithm 3, a procedure of averaging over the


argument values  was used assuming that the weight-
ing function 


 


Φ


 


(


 


λ


 


) on the wavelength interval [


 


λ


 


1
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λ


 


2


 


] is
continuous:


(9)


A more correct wave distribution of the bremsstrahl-
ung intensity of the X-ray tube can be calculated by the
formula [13]


(10)


where 


 


k


 


3


 


 is a constant; 


 


a


 


 is a parameter depending on


 


Z


 


an


 


; 


 


E0 and Eλ are the electron and bremsstrahlung pho-
ton energies (keV), respectively; J = 11.5Zan is the aver-
age ionization potential of anode atoms (eV); R is the
backscattering factor of electrons in the anode [14]; µBe


is the mass attenuation coefficient of the Be window;
ρBe id the beryllium density; and dBe is the Be window
thickness. The Philibert absorption correction (mass
coefficient µan) is


(11)
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in a massive anode and


(12)


in a thin-film anode. Here, ψ is the take-off angle of
anode radiation; Aan, ρan, and dan are the atomic weight,
density, and thickness of the anode; and σ is the elec-
tron energy loss factor


(13)


This procedure was used in this work for numerical
calculation of the VMS wavelength corrected for the
design features of the X-ray tube.


f λ
µλ


anρandan–( ) 1 h–( )exp σλρandan–( )exp–


1 µλ
an/σλ–( ) 1 h– σλρandan–( )exp–( )


---------------------------------------------------------------------------------------------------,=


h
1.2Aan/Zan


2


1 1.2Aan/Zan
2+


----------------------------------=


σ 4 105/ E0
1.65 Eλ


1.65–( ).×=


EXPERIMENTAL


To study the possibility of using the suggested algo-
rithms for calculation of the VMS wavelength in quan-
titative analysis of massive objects, we determined the
contents of Zn and Ni in certified specimens of alumi-
num alloy and steel (metallic cylinders ∅ 12 × 4 mm in
size with a polished surface) by the external reference
method with corrections for absorption. The spectra
were measured on a Spektron Spectroscan-G Max
series XRF spectrometer (Russia) equipped with a low-
power (4 W) sharp-focus (∅ 1.5 mm) end-window
X-ray tube with a thin-film (2 µm) Cr anode. The thick-
ness of the Be window was 200 µm. The working volt-
age and current were 40 kV and 100 µA, respectively.
The angle of incidence of primary radiation was 80°
and the take-off angle of secondary radiation was 30°.
A LiF (200) crystal analyzer (2d = 4028 mÅ) was used


Table 1.  Formulas for calculation of the VMS wavelength obtained on the basis of the Sherman equation*


No. of equation Condition Equation


Algorithm 1


(1.1.1) ∀t ∈ [2.5; 4]


(1.1.2) t = 3, λl = λ0, λu = λq2


(1.1.3) t = 3, λl = λq1, λu = λq2


Algorithm 2


(1.2.1) t ∈ [2.5; 4], t ≠ 3


(1.2.2) t = 3, λl = λ0, λu = λq2


(1.2.3) t = 3, λl = λq1, λu = λq2


Algorithm 3


(1.3.1) ∀t ∈ [2.5; 4]


(1.3.2) t = 3, λl = λ0, λu = λq2


(1.3.3) t = 3, λl = λq1, λu = λq2


* See text for details.
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for converting secondary radiation to a wave spectrum
by the Johansson method. For detection of secondary
X-ray quanta, the spectrometer was equipped with a
sealed gas-discharge proportional counter. The con-
tents of Zn and Ni were determined from the ZnKβ
(1295 mÅ) and NiKβ (1500 mÅ) line intensities. The
exposure time was 10 s (the counting rate was above
5000 counts/s). Corrected spectral line intensities were
found by measuring the amplitude distribution of the
XRF intensity of the analyte element with a step of
2 mÅ and the continuous spectral component in the
vicinity of the characteristic peak (±50 mÅ) followed
by correction of the background signal.


RESULTS AND DISCUSSION


Tables 1 and 2 lists general formulas for calculation
of the VMS wavelength of XRF excitation in thin films
with floating parameters (Eqs. (x.x.1)) for the entire
interval of bremsstrahlung wavelengths from the short-
wave edge λ0 to the absorption edge λq2 of the analyte
element (Eqs. (x.x.2)), as well for an arbitrary interval,
for example, between the absorption edges of the inter-
fering and analyte elements (λq1, λq2) (Eqs. (x.x.3)). In
XRF analysis of very thin samples with the use of char-
acteristic K lines, the VMS parameters can be calcu-
lated by Eqs. (x.x.2): matrix effects are negligible.
When emitters of finite thickness and high density are


Table 2.  Formulas for calculation of the VMS wavelength obtained on the basis of the Blokhin equation*


No. of equation Condition Equation


Algorithm 1


(2.1.1) ∀t ∈ [2.5; 4]


(2.1.2) t = 3, λl = λ0, λu = λq2  [7]


(2.1.3) t = 3, λl = λq1, λu = λq2


Algorithm 2


(2.2.1) ∀t ∈ [2.5; 4]


(2.2.2) t = 3, λl = λ0, λu = λq2


(2.2.3) t = 3, λl = λq1, λu = λq2


Algorithm 3


(2.3.1) ∀t ∈ [2.5; 4]


(2.3.2) t = 3, λl = λ0, λu = λq2 ; ; 


(2.3.3) t = 3, λl = λq1, λu = λq2


See Eq. (2.3.2) at


* See text for details.
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used in the presence of interfering elements (λ0 < λq1 <
λq2), as well as when characteristic L lines are used
(if λ0 < λK), m + 1 VMSs should be introduced
(Eqs. (x.x.3)), where m is the number of absorption
jumps on the wavelength interval [λ0, λq2].


Figure 1 shows the plots of the theoretical error of
quantitative XRF analysis with corrections for absorp-
tion versus the thickness of a thin-film sample obtained
with the use of different algorithms of calculation of the
VMS wavelength. The smallest error is achieved when
Eq. (1.3.2) is used. The use of Eqs. (1.2.2) and (1.1.2)
leads to a two- to fourfold increase in the error. For thin-
film samples with a density up to 8–10 g/cm3 (ores,
minerals, some metal alloys), a 1% level of the relative
error of XRF analysis results persists at a thickness of
no more than 10–15 µm and a 2% level, up to a thick-
ness of 1 mm (Fig. 1).


Generally, there is a simple relationship between
approximate VMS wavelengths calculated by algo-
rithm nos. 1–3 and the corresponding exact values
found numerically for real X-ray tubes, which is
approximated by a parabolic function with a correlation
coefficient no less than 0.98. An example of such a rela-
tionship is shown in Fig. 2. The same relationship is
valid when the anode material (Cr, Mo, W) and thick-
ness (from 2 µm to ∞) and the Be window thickness
(75–300 µm) are varied simultaneously. When only
one experimental parameter—the atomic number of the
analyte element (Z = 11–50) or the working voltage on


the electrodes of the X-ray tube (20–60 kV)—is
changed, the relationship between the given VMS
wavelengths becomes linear. Thus, the procedure of
correction of approximate VMS wavelengths taking
into account the specific features of the wave distribu-
tion of the bremsstrahlung intensity of the X-ray tube
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Fig. 1. Theoretical dependence of the error of determination for (a, b) 1 and (c, d) 50 wt % Fe in (a, c) a Fe–Cr alloy and (b, d) an
oxide matrix on the thickness of a sample obtained with the use of different algorithms for calculation of the VMS wavelength:
(1) Eq. (1.1.2), (2) Eq. (1.2.2), and (3) Eq. (1.3.2). The anode voltage of the X-ray tube is 45 kV, the angle of incidence of primary
radiation is 35°, and the take-off angle of secondary radiation was 55°.
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thin-film (2 µm) anode.
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Table 3.  Relative error (%) of the quantitative XRF analysis results of certified metal alloys obtained with the use of different
algorithms for calculation of VMS parameters (f = 4, p = 0.95)


Algorithm


Determination of 6.72 wt % Ni in steel Determination of 8.87 wt % Zn in duralumin


calculation of XRF intensity


according to Blokhin according to Sherman according to Blokhin according to Sherman


[1] 4.3 4.6 3.5 3.8
[2] 3.3 5.6 2.9 4.1
[3] 3.0 3.7 2.5 3.1
[4] 2.6 1.3 1.4 1.4


(1.1.2) 4.8 3.6 3.8 3.7
(1.2.2) 3.2 1.9 2.4 1.4
(1.3.2) 1.0 1.2 1.0 1.1
(2.1.2) 3.4 2.5 3.1 2.0
(2.2.2) 1.5 1.1 1.3 1.0
(2.3.2) 2.3 2.9 1.9 1.6
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Fig. 3. Comparison of the errors of determination of (1) 1 and (2) 50 wt % iron and zirconium in a semiinfinite sample (Cr filler)
obtained with the use of different algorithms for calculation of the VMS wavelength: (a) Eq. (1.1.2), (b) Eq. (2.1.2), (c) Eq. (1.2.2),
(d) Eq. (2.2.2), (e) Eq. (1.3.2), and (f) Eq. (2.3.2). The anode voltage of the X-ray tube is 45 kV, the angle of incidence of primary
radiation is 35°, and the take-off angle of secondary radiation was 55°.


with a thin-film or massive anode presents no special
problem.


The smallest error of the results of quantitative XRF
analysis of semiinfinite samples corrected for matrix


effects is achieved using the AEWL of the polychro-
matic spectrum of the X-ray tube [4, 15]. Previously
[16], we described a new algorithm for calculation of
the AEWL for samples of variable thickness, which
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allows for the use of thin-film references in XRF deter-
mination of the composition of massive samples. For
commercial spectrometers with wave dispersion, the
incidence and take-off angles are 35°–80° and 30°–55°,
respectively. For such instruments, the AEWL values
calculated by the new method using algorithms (1.3.2)
and (2.2.2) fall within a rather narrow range. Therefore,
these formulas can be efficiently used in quantitative
XRF analysis of samples of arbitrary thickness, includ-
ing semiinfinite ones (Table 3, Fig. 3).
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In June 2007, the International Scientific Confer-
ence on Problems of Biological Catalysis took place,
which has traditionally been held every two years since
1993 and is the continuation of the All-Union confer-
ences with the same name, held at the same interval
beginning from 1974. The wide circle of problems dis-
cussed in the area of biocatalysis, biotechnology, and
chemical and engineering enzymology stimulates
increased interest among scientists worldwide and
gathers from 200 to 300 participants, of whom 70–100
are foreign researchers. This year, for the first time, the
number of foreign participants (150) exceeded the
number of Russian ones (120). Participating in the
work of the conference were both leading foreign and
Russian scientists and representatives of the largest
chemical biotechnology companies (Degussa, DSM,
Sandoz, Dow Chemical). As a rule, such conferences
held in Russia attract many graduates of Moscow State
University, in particular, of the Department of Chemi-
cal Enzymology, now working abroad. Biocatalysis
2007 was not an exception, attracting the attention of
theoretical and applied researchers interested in discus-
sion and information exchange.


Traditionally, the conferences are held on a river-
boat, which allows the close association of their partic-
ipants to be arranged not only at conference sessions
but also throughout the day. This year the conference
site was the riverboat “Aleksandr Suvorov,” following
the route Moscow–Uglich–Goritsy (the Kirillo-Beloz-
ersky monastery)–Kizhi–Mandrogi–St. Petersburg. At
the meeting, a wide circle of problems was covered,
from basic research on the phenomenon of biological
catalysis to the specific use of enzymes for solving var-
ious problems of an applied nature. Within the frame-
work of the conference, a mini symposium was also
held, dedicated to the 70th anniversary of the discovery
by Academician A.E. Braunshtein of the reaction of
transamination. Plenary reports on fundamental prob-
lems of biocatalysis and the study of the structure of
biomolecules were made by Profs. G.M. Blackburn
(United Kingdom) and Paul Wentworth (United King-
dom), K. Nierhaus (Germany), M. Dunn (United
States), and A.G. Gabibov (Shemyakin–Ovchinnikov
Institute of Bioorganic Chemistry, Russian Academy of
Sciences). The main tendencies of development of
applied aspects of biocatalysis were illuminated in ple-
nary lectures by Profs. K. Drauz, vice president of
Degussa (Germany), and A.P. Sinitsyn (Moscow State
University, Russia), as well as in the section reports of


Prof. V. Shvedas (Moscow State University),
Drs. K. Laane and H. Moody (DSM, the Netherlands),
and Dr. R. Lloyd (Dow Chemicals, United Kingdom).
The wide spectrum of problems examined makes the
conference a unique scientific forum attracting both
theoretical and applied researchers interested in discus-
sion and information exchange.


The diverse topics of the conference allowed the
most interesting lines of research, intensively devel-
oped in recent years, to be identified. At the 2007 con-
ference, reports were presented on state-of-the-art
methods of study of the structure and mechanism of
action of enzymes (X-ray crystallography, NMR, mass
spectrometry), as well as works on the study of enzyme
structure and molecular mechanisms of action of bio-
catalysts, on genetic engineering and targeted mutagen-
esis of proteins, and on the creation of biocatalysts by
methods of directed evolution and the search for new
enzymes on the basis of the analysis of the genomes of
whole organisms. Much attention was also given to bio-
information aspects of both fundamental and applied
research. A considerable part of the reports were
devoted to the use of enzymes for fine organic synthe-
sis, in particular, for obtaining optically active com-
pounds.


The materials presented at the conference showed
the growing role of various genetic engineering meth-
ods in scientific research, in the creation of new biocat-
alysts on the basis of enzymes and whole cells, and in
the development of biocatalytic processes on the whole.


At the conference, reports were also presented on
the use of enzymes in medicine and analytical biotech-
nology. The plenary lecture at the close of the confer-
ence was devoted to this problem.


The conference Biocatalysis 2007, at which many
outstanding achievements were presented, demon-
strated yet again the validity of the thesis “enzymes are
well studied and widely applied chemical catalysts.”


The materials of the conference have been published
in the form of a collection of abstracts and in a special
issue of the journal 


 


Vestnik Moskovskogo Universiteta,
Ser. 2: Khimiya


 


 (Moscow Univ. Chem. Bull.) (2008,
no. 2). This issue contains articles written by confer-
ence participants based on the materials of reports.
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Many industrially significant processes, such as rad-
ical polymerization, oxidation of organic compounds,
radical chain chlorination, sulfochlorination, telomer-
ization, polymer structuring, are carried out in the pres-
ence of free radical initiators [1]. The most widely used
initiators are peroxides, azo compounds, and organo-
metallic compounds that provide necessary initiation
rates at elevated temperatures (50–100


 


°


 


C). At low tem-
peratures, photoinitiation and redox systems are
applied. Thus, the H


 


2


 


O


 


2


 


–FeSO


 


4


 


 system, well known as
Fenton’s reagent, produces radicals according to the
scheme [1, 2]:
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Redox radical initiation occurs in the similar reac-
tions of organic hydroperoxides with compounds of
other transition metals [2]. It was shown in [3–9] that
the cationic surfactant cetyltrimethylammonium bro-
mide (CTABr), like transition metal compounds, exerts
a catalytic effect on the processes of radical chain oxi-
dation of hydrocarbons and lipids by molecular oxy-
gen. The key reaction that determines the catalytic
effect of CTABr is the accelerated decomposition of
hydroperoxide into free radicals:


 


n


 


ROOH + 


 


m


 


surfactant  {


 


n


 


ROOH···


 


m


 


surfactant}


  + products(*).


As distinct from CTABr, the anionic surfactants
sodium dodecyl sulfate (SDS) and aerosol OT (AOT)
either have no effect on the oxidation rate or decrease it
[4, 8, 11].


In the present work, we studied the effect of the
nature of the surfactant, peroxide, and medium on the
radical initiation rate in a surfactant–ROOH mixed


micellar system with the aim to reveal the most active
combinations to generate radicals under mild condi-
tions.


EXPERIMENTAL


Cationic surfactants from Fluka—cetyltrimethy-
lammonium chloride (CTACl), bromide (CTABr), and
hydrogen sulfate (CTAHSO


 


4


 


); dicetyldimethylammo-
nium bromide (DCDMABr); and cetylpyridinium bro-
mide (CPBr)—were additionally dried in a vacuum
prior to use.


2-Phenylisopropyl hydroperoxide (cumyl hydroper-
oxide) (CHP) (Aldrich) was thoroughly purified by the
procedure described in detail in [10]. Limonene hydro-
peroxide (LHP) was obtained by the autooxidation of
R(+)-limonene with molecular oxygen at 70


 


°


 


C. Hydro-
gen peroxide (H


 


2


 


O


 


2


 


) (Reakhim, Russia) of pure for
analysis grade (a 30% solution) was used without addi-
tional purification, and chlorobenzene and water were
distilled twice.


The hydroperoxide concentration in experiments
was determined by the iodometric method. The radical
formation rate was determined by the inhibitor method
with the use of quercetin (3,3',4',5,7-pentahydroxyfla-
vone) (Q) (Fluka) and the stable nitroxyl radical 4-
(spirotetrahydrofuryl-2')-2-spirocyclohexyl-1,2,3,4-tetra-
hydroquinoline-1-oxyl (>NO


 


•


 


) as a free radical scaven-
ger. The reaction of >NO


 


•


 


 with peroxyl radicals leads to
quinone–nitrone (QN), shows a strong absorption band
in the visible spectral region [12].


Peroxide decomposition was carried out in a ther-
mostated (37


 


°


 


C) quartz cell of an Ultrospec 1100 pro
spectrophotometer. A peroxide solution (2.5 mL) in
water or chlorobenzene was placed into the cell, kept
for 10 min at 37


 


°


 


C, then a stock solution of surfactant
and a stock solution of Q or >NO


 


•


 


 in ethanol were
added via a microsyringe. To provide homogeneous


HO2*


RO2*
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—The effect of the nature of the surfactant, peroxide (ROOH), and medium on the rate of radical ini-
tiation in a surfactant–ROOH mixed micellar system has been studied. Cationic surfactants, as distinct from
anionic and nonionic ones, have been found to catalyze ROOH decomposition to form radicals. Cationic sur-
factants in an organic medium exhibit higher catalytic effect than in an aqueous solution. The catalytic activity
of the surfactants is strongly dependent on the counterion nature. The highest catalytic activity is shown by
cetyltrimethylammonium chloride.
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mixing of a 30% aqueous H


 


2


 


O


 


2


 


 solution with chlo-
robenzene, 250 


 


µ


 


L of isopropyl alcohol per 2 


 


µ


 


L of
30% aqueous H


 


2


 


O


 


2


 


 was added. After the addition of the
scavenger, optical spectra within 310–450 nm range
were recorded at certain time intervals. The consump-
tion of the scavengers was monitored by measuring
changes in the optical density at absorption maxima.
The changes in the absorption spectra of the reaction
mixture resulting from scavenger consumption in reac-
tions with free radicals are exemplified in [13, 16].


RESULTS AND DISCUSSION


 


Effect of a Surfactant on the Yield of Radicals
upon Decomposition of Cumyl Hydroperoxide


 


It was shown in [13] that the addition of CHP
reduces the surface tension at the water–air interface;
i.e., the hydroperoxide behaves as a surfactant but, like
alcohols, forms no micelles in an aqueous solution.
However, CHP can form mixed micelles in combina-
tion with micelle-forming surfactants. Direct and
reverse micelles form in aqueous and organic solutions,
respectively. The radical formation rate upon the CHP
decomposition in the presence of a surfactant was mea-
sured using quercetin as a radical scavenger. Consump-
tion rates for Q at [Q] > 2 


 


×


 


 10


 


–5


 


 M are independent of
its initial concentration ([Q]


 


0


 


) in both the organic sol-
vent and aqueous solution. According to the theory of
inhibition of radical chain reactions [14], such a con-
centration dependence is typical for the scavenger con-
sumed in free radical reactions at the rate of their initi-
ation 


 


W


 


i


 


/


 


f


 


, where 


 


f


 


 is the stoichiometric coefficient of
inhibition (for quercetin 


 


f


 


 = 2 [15]). Table 1 presents the
results of measuring the rate of radical formation in a
CHP–surfactant system in chlorobenzene and aqueous
solutions.


In the absence of surfactants and in the presence of
anionic SDS and AOT in hydroperoxide solutions,
quercetin is almost not consumed during several hours.
The consumption of Q is observed only when both the
cationic surfactant and CHP are present together; the
rate is on average six times greater in the organic sol-
vent than in aqueous solutions, other conditions being
equal. The study of the concentration dependence of
initiation rate showed that 


 


W


 


i


 


 value is proportional to
the CHP concentration in the range 0.5–70 mM, the lin-
ear dependence of 


 


W


 


i


 


 on the surfactant concentration
occurring in a narrower range of 0.5–3.0 mM. Table 1
also shows the values of the average specific radical ini-
tiation rate (  = 


 


W


 


i


 


/[CHP][surfactant]), which allow
one to compare surfactants and assess the initiation rate
when the reagent concentrations are known.


In order of decreasing activity in the radical decom-
position of CHP, the studied cationic surfactants can be
arranged as follows:


in the organic solvent in reverse micelles,
CTACl > CTABr = CPBr 


 


≥


 


 DCDMABr >
CTAHSO


 


4


 


; (1)


in direct micelles in an aqueous solution,


(2)


In both direct and reverse micelles, the highest rates
are observed in the presence of CTACl, while the low-
est ones are detected in the presence of CTAHSO


 


4


 


. The
activities of bromides with different polar heads and
hydrophobic fragments are close.


 


Effect of the Surfactant on the Yield of Radicals
upon the Decomposition of Limonene Hydroperoxide


 


The formation of radicals in the limonene hydroper-
oxide–cationic surfactant system was studied with the


ω


CTACl CPBr> DCDMABr≥
> CTABr CTAHSO4.>


 


Table 1.


 


  Kinetic characteristics of radical formation in a 20 mM CHP + 1 mM surfactant system in chlorobenzene and aqueous
solution at 37
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≈


 


0


Cetyltrimethylammonium chloride, CTACl 6.4 


 


×


 


 10


 


–8


 


3.2 1.1 


 


×
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–8


 


0.55


Cetyltrimethylammonium bromide, CTABr 5.8 


 


×


 


 10


 


–8


 


2.9 5.6 


 


×
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–9


 


0.28


Cetyltrimethylammonium hydrogen sulfate, CTAHSO
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0.5 


 


×
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0.25 3.4 


 


×
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0.17


Dicetyldimethylammonium bromide, DCDMABr 4.4 


 


×


 


 10


 


–8


 


2.2 8.4 


 


×
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0.42


Cetylpyridinium bromide, CPBr 5.8 


 


×
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–8


 


2.9 1 


 


×
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0.5


Sodium dodecyl sulfate, SDS


 


≈
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≈
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≈
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≈


 


0


Aerosol OT, AOT


 


≈


 


0
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≈


 


0







 


216


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 63


 


       


 


No. 4


 


      


 


2008


 


TRUNOVA et al.


 


use of stable nitroxyl radical 4-(spirotetrahydrofuryl-
2')-2-spirocyclohexyl-1,2,3,4-tetrahydroquinoline-1-
oxyl (>NO


 


•


 


), which is a selective trap for peroxyl radi-
cals. The reaction of >NO


 


•


 


 with peroxyl radicals results
in quinone–nitrone (QN), showing an intense absorp-
tion band in the visible spectral region (figure) [12].


The absorption maxima for QN (372 nm, extinction
coefficient 1.9 


 


×


 


 10


 


4


 


 L/(mol cm)) and >NO• are in dif-
ferent spectral regions, which allows one to simulta-
neously monitor the consumption of the initial >NO• (in
solvents transparent at 280 nm) and the accumulation
of its conversion product. The reaction of >NO• with
alkyl radicals R• leads to hydroxamic ether >NOR,
which absorbs in the UV spectral region.


The comparison of radical formation rates upon
limonene hydroperoxide decomposition catalyzed by
surfactants indicates that CTACl is also the most active
catalyst of free-radical decomposition for this hydrop-
eroxide. The comparison of data in Tables 1 and 2


N


O


O•


N+


O


O–


O


N


O


OR


+RO•
2


+R•


(>NO•) (>NOR)


(X)


Transformation routes for >NO• when reacted with 
peroxyl and alkyl radicals.


shows that the  value for LHP is two times lower than
that for CHP; i.e., CHP in combination with cationic
surfactants produces radicals more actively. Anionic
SDS is inactive in radical production. All studied bro-
mides (CTABr, CPBr, and DCDMABr) exhibit similar
activities in radical generation.


Effect of the Surfactant on the Yield of Radicals
upon the Decomposition of Hydrogen Peroxide


Hydrogen peroxide is a surface-inactive substance.
The surface tension (σ) of its 30% solution (75.2 mJ/m2)
is higher than that of water (72.8 mJ/m2) [13]. There-
fore, in microheterogeneous media formed by surfac-
tant additives in a hydrocarbon environment, hydro-
gen peroxide is located in the polar core of reverse
micelles [16].


In spite of this fact, cationic surfactants accelerate
H2O2 decomposition to form free radicals both in an
organic medium and aqueous solutions (Table 3). The
rates of radical formation were measured from querce-
tin consumption. Quercetin is not consumed in a chlo-
robenzene medium and aqueous solutions in the pres-
ence of H2O2 (20–70 mM) without a surfactant. The
simultaneous addition of H2O2 and a cationic surfactant
leads to consumption of Q. As distinct from CHP,
hydrogen peroxide in the presence of surfactant pro-
duces radicals at close rates in an organic medium and
an aqueous solution, and H2O2 forms no radicals in the
presence of cationic CTAHSO4.


These data indicate that cationic surfactants in com-
bination with a hydroperoxide can be used as lipophilic
initiators of free radicals. These systems produce radi-
cals also in aqueous solutions but at lower rates.


The measurement of the surface tension (σ) at the
water–air interface upon the addition of cationic surfac-
tants [13] showed that the surface activity of surfactants
decreases in the series:


CTAHSO4 > CPBr > CTABr > CTACl. (3)


Dicetyldimethylammonium bromide, containing
two long hydrocarbon fragments, taken alone almost
does not decrease σ, which is due to its extremely low
solubility. However, the decrease in σ down to
38.9 mJ/m2 [13] and the formation of radicals is
observed for a mixture of CHP with DCDMABr in
water when aliquots of stock ethanolic solutions of the
components are added to water.


The solutions of hydroperoxide and surfactant can
be classified with mixed micellar solutions [17] in
which only one component can produce micelles,
whereas other amphiphilic components (alcohols,
hydroperoxides) in the pure state form no micelles. The
fact that the free-radical decomposition of hydroperox-
ides is accelerated only in combination with cationic
surfactants (in contrast to anionic and nonionic) points
out the possible role of peroxide orientation toward


ωTable 2.  Kinetic characteristics of radical formation in a sys-
tem of 50 mM limonene hydroperoxide + 1 mM cationic sur-
factants at 37°C in chlorobenzene solution


Surfactant
Wi × 108,
mol/(L s),


organic solvent


ϖ × 103,
L/(mol s),


organic solvent


C16H33(CH3)3N+Cl–
(CTACl)


7.5 1.5


C16H33(CH3)3N+Br–


(CTABr)
5.4 1.1


C16H33[C5H5N+]Br–


(CPBr)
5.5 1.1


(C16H33)2(CH3)2N+Br
(DCDMABr)


5.5 1.1


C12H25 Na+


(SDS)
0 0SO4


–
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electric field in mixed hydroperoxide–surfactant
micelles.


It should be noted that, other conditions being equal,
the radical production rate is strongly dependent on the
nature of the counterion in the surfactant. The series of
surfactant activity (1) and (2) in this process do not
coincide with variations in the surface activity of sur-
factants (3). For all studied peroxides, H2O2 including,
CTACl shows the highest catalytic activity in both the
organic medium and aqueous solution. Bromides
CTABr, CPBr, and DCDMABr, which differ in surface
and catalytic activity in aqueous solution, equally cata-
lyze radical formation from hydroperoxides in the
organic medium in the systems of reverse micelles.


One can suppose that the ability of cationic surfac-
tants to produce radicals can be associated with the dif-
ferent degree of their dissociation in aqueous solutions.
At a considerable content of positively charged surface-
active cations, according to the known notions, the
energy profit upon the formation of a mixed CHP–sur-
factant micelle increases due to excessive mutual
attraction of ions of the components [18]. This, in turn,
can affect the energetics of radical production reaction.
This assumption is supported by the inertness of non-
ionic surfactant toward radical production and the
enhanced ability of cationic surfactants to produce rad-
icals in nonaqueous media.


The decrease in the dissociation degree at least for
the series CTAHSO4 > CTABr > CTACl is indirectly
confirmed by the reduction of the surface activity in the
same series, which is associated with the electrostatic
repulsion of cetyltrimethylammonium ions upon the
formation of an adsorption layer. Thus, the study on the
dissociation of cationic surfactants is one of the areas of
research on the features of liquid-phase oxidation in the
presence of surfactants.
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NAD


 


+


 


-dependent formate dehydrogenase (FDH,
EC 1.2.1.2.) of different origin attracts much attention
of researchers. In bacteria grown on methanol, this
enzyme catalyzes the final stage of oxidation of metha-
nol to carbon dioxide by means of the polyenzyme sys-
tem (methanol dehydrogenase–formaldehyde dehydro-
genase–FDH) and, thus, provides energy to the cell. In
plants, FDH is localized in mitochondria and is among
the most important enzymes synthesized under stress
[1]. The interest in FDH is due to the fact that it is a
model enzyme for study of the mechanism of action of
D-specific NAD(P)


 


+


 


-dependent 2-hydroxyacid dehy-
drogenases [2].


FDH is also of practical importance since it is
widely used in biocatalytic synthesis of optically active
compounds [3]. The efficiency of use of FDH in these
processes is due to the broad pH optimum of activity;
irreversibility of the catalyzed reaction; inexpensive-
ness of the second substrate, formate; and simplicity of
removal of the bicarbonate ion during purification of
the target product. For efficient use of an enzyme, com-
prehensive information on its stability under different
conditions—temperature, pH, and ionic strength of a
solution—is necessary. Unfortunately, such data are, as
a rule, available only for one pH and buffer concentra-
tion value. There is only one work where the thermosta-
bility of recombinant FDHs from bacteria 


 


Pseudomo-
nas


 


 sp. 101 (PseFDH) and 


 


Mycobacterium vaccae


 


 N10
was studied in a wide range of phosphate buffer con-
centrations at pH 7.0 [4]. In the present work, we stud-
ied how the first-order rate constant of thermoinactiva-
tion of recombinant formate dehydrogenases from
plants 


 


Arabidopsis thaliana


 


 (AraFDH) and soybean
(SoyFDH) and the mutant enzyme PseFDH GAV
depends on the phosphate buffer concentration. The
choice of these enzymes is caused by the fact that


recombinant plant FDHs expressed in 


 


E. coli


 


 are virtu-
ally unstudied and PseFDH GAV is most widely used
in practice.


EXPERIMENTAL


Plant formate dehydrogenases and PseFDH GAV
were obtained as described in [3, 5]. According to ana-
lytical electrophoresis data, the purity of the prepara-
tions in a polyacrylamide gel in the presence of sodium
dodecylsulfate was no less than 98%. The enzymes
were kept in 0.1 M phosphate buffer at pH 7.0 in the
presence of 20 mM EDTA. To study thermostability at
pH 8.0 and different concentrations, on the day of the
experiment, two 1-mL portions of each enzyme (activ-
ity, 10–20 units/mL) were sampled, and by means of
gel filtration through Sephadex G-10 Superfine (1 


 


×


 


10 cm column), one portion was transferred to 0.05 M
phosphate buffer (pH 8.0) and the second portion was
transferred to 1.5 M phosphate buffer (pH 8.0). The
pHs of the buffers were controlled with an accuracy of
0.01 pH units on a pH meter (Ekoniks Ekspert, Russia)
at the same temperature at which thermostability exper-
iments were carried out.


The FDH activity was determined on a Shimadzu
UV-1601PC spectrophotometer at 30


 


°


 


C by monitoring
the NADH absorption at 340 nm (


 


ε


 


340


 


 = 6220 M


 


–1


 


 cm


 


–1


 


).


The activity was measured in 0.1 M sodium phos-
phate buffer (pH 7.0) at concentrations of sodium for-
mate and NAD


 


+


 


 of 0.3 mol/L and 1.2 mg/mL, respec-
tively. The exact concentrations of the initial NAD


 


+


 


solutions were determined spectrophotometrically at
260 nm (


 


ε


 


260


 


 = 18000 M


 


–1


 


 cm


 


–1


 


). The exact concentra-
tion of sodium formate was determined under the same
conditions as the FDH activity, namely, from the final
concentration of NADH in the presence of excess
NAD


 


+


 


.


To obtain FDH preparations in the phosphate buffer
with pH 8.0 and a required concentration (


 


c


 


), the enzyme
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—The first-order inactivation rate constant as a function of the phosphate buffer concentration has
been studied for recombinant formate dehydrogenases from plants 


 


Arabidopsis thaliana


 


 and soybean and for
mutant formate dehydrogenase from bacterium 


 


Pseudomonas


 


 sp. 101 (PseFDH GAV). Both stabilization and
destabilization of the enzyme can be observed depending on the ionic strength of the buffer.
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preparations in 0.01 and 1.5 M phosphate buffers were
mixed in a definite proportion, and a phosphate buffer of
required concentration was added if necessary, so that
the enzyme activity was 2–3 units/mL.


To study the thermoinactivation kinetics, a series of
plastic tubes 1.5 mL in volume each containing 50 


 


µ


 


L
of an enzyme solution (0.2 mg/mL) in the required
phosphate buffer were prepared. The tubes were placed
in a water thermostat preliminarily heated to a neces-
sary temperature (56–62


 


°


 


C, the accuracy of tempera-
ture control was 


 


±


 


0.1 K). At certain moments of time,
one of the tubes was removed and placed in ice for
3 min; then, the tube was centrifuged for 3 min at
12000 rpm on an Eppendorf 5415D centrifuge to
remove the enzyme precipitate. The residual FDH
activity was measured as described above. The ther-
moinactivation rate constant 


 


k


 


i


 


 was determined as the
slope of the plot of the natural logarithm of the residual
activity versus time (semilogarithmic coordinates
ln(


 


A


 


/


 


A


 


0


 


)–


 


t


 


) by the linear regression method with the
Origin 7.0 program.


RESULTS AND DISCUSSION


At temperatures above 45


 


°


 


C, inactivation of
enzymes is mainly due to unfolding of the protein glob-
ule (thermodenaturation). The rate and depth of this
process depends on different factors: temperature, pH
of a medium, and the presence of substrates and inhib-
itors. The effect of a certain factor depends on what
interactions in the protein molecule it influences and on
the role of these interactions in stabilization of the pro-
tein globule. As is known, the entropy-driven assembly
of a globular protein molecule is accompanied by pack-
ing of hydrophobic amino acid residues inside the pro-
tein molecule. As a result, the core of the globule is
effectively stabilized due to hydrophobic interactions.
However, other interactions, for example, electrostatic,


can noticeably influence the stability of the protein
globule. Electrostatic interactions are among the stron-
gest noncovalent interactions. In different proteins,
these two types of interactions make different contribu-
tions to the stabilization of their structure. Moreover,
their ratio can depend on the concentration of the buffer
solution. An increase in the buffer concentration leads
to an increase in the ionic strength and electrostatic
interactions in a protein molecule should become
weaker. At the same time, an increase in the ionic
strength ensures the enhancement of hydrophobic inter-
actions. To elucidate the role of hydrophobic and elec-
trostatic interactions in the thermostability of FDHs, we
used the phosphate buffer. Phosphate ion is rather large.
It does not inhibit the enzymatic activity and, according
to X-ray crystallography, does not penetrate into the
FDH globule. Thus, changing the concentration of the
phosphate buffer, we can alter the electrostatic interac-
tions at the surface of the protein molecule without dis-
turbing the structure of the protein globule.


The kinetics of inactivation of all three FDHs, from
plants 


 


Arabidopsis thaliana


 


 (AraFDH) and soybean
(SoyFDH) and mutant bacterial FDH from 


 


Pseudomo-
nas


 


 sp. 101 PseFDH GAV, was studied at pH 8.0 in a
wide range of temperatures. We showed that, at any
concentration of the phosphate buffer, the activity loss
in all cases was described by one exponential curve and
did not depend on the enzyme concentration. This is
evidence that thermodenaturation of these three FDHs
is a monomolecular process and that the first-order
inactivation rate constant directly characterizes the
thermostability of the protein globule under given con-
ditions. As an example, Fig. 1 shows the plots of resid-
ual activity versus time for AraFDH.


Inasmuch as the FDHs under consideration differ in
thermostability from each other (this is especially true
for SoyFDH, for which the thermostability is at least
1000-fold lower than that of AraFDH and, especially
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Fig. 1.


 


 Inactivation of formate dehydrogenase from 


 


Arabi-
dopsis thaliana


 


 in 0.1 M phosphate buffer (pH 8.0) at differ-
ent temperatures: (
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) 56, (
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) 58, (
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) 60, and (
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Fig. 2.


 


 Inactivation rate constant of recombinant formate
dehydrogenase from soybean as a function of the concentra-
tion of the phosphate buffer (pH 8.0, 52


 


°


 


C).
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PseFDH GAV), the dependence of the thermoinactiva-
tion rate constant on the phosphate buffer concentration
was studied at different temperatures: at 52


 


°


 


C for Soy-
FDH, at 58


 


°


 


C for AraFDH, and at 63


 


°


 


C for PseFDH
GAV. The results are shown in Figs. 2–4. As is seen, the
plots of the inactivation rate constant versus the buffer
concentration differ significantly from one another not
only in shape but also in value. For the plant enzymes,
electrostatic interactions do not play a leading role in
the stability of a protein globule: as the phosphate
buffer concentration increases to 0.1 M, the inactivation
rate constant increases by a factor of no more than 1.4–
1.5, whereas a further increase in the phosphate con-
centration causes the enzyme to become ten times more
stable due to the enhancement of hydrophobic interac-
tions. For AraFDH (Fig. 3), the range of buffer concen-
trations at which the enzyme has the lowest stability is
larger than in the case of SoyFDH (Fig. 2). The narrow-
est “instability range” is observed for mutant PseFDH
GAV. Actually, the stability of this enzyme is indepen-
dent of the phosphate buffer concentration in a very
wide range, 0.3–1.3 M (Fig. 4). These data differ
strongly from the data on the wild-type enzyme, for
which the maximal instability range is 0.1–0.35 M [4].
This is likely associated with the fact that the thermo-
stability of PseFDH GAV was increased by means of


mutations enhancing the hydrophobicity of the protein
globule.


Thus, our findings demonstrate a more hydrophobic
character of the protein globules of plant FDHs as com-
pared with the FDH from bacterium 


 


Pseudomonas


 


 sp.
101. Stabilizing the bacterial enzyme by increasing the
hydrophobicity of its protein globule made it possible
to obtain a biocatalyst with a constant stability in a wide
range of ionic strength.
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drogenase PseFDH GAV as a function of the concentration
of the phosphate buffer (pH 8.0, 63


 


°


 


C).







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 4, pp. 219–223. © Allerton Press, Inc., 2008.
Original Russian Text © A.M. Popov, T.A. Labitin, N.B. Zorov, A.A. Gorbatenko, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008, No. 4, pp. 265–270.


 


219


 


Laser sampling is widely used in analytical practice
for distant and rapid analysis of metals and alloys,
glasses, and polymers, as well as different geological,
archeological, and biological samples [1–4]. In analyt-
ical methods using laser sampling, a solid substance
transforms into the gas phase, which allows one to
avoid preliminary sample preparation. The minute
amount of a material (up to 10


 


–9


 


 g) ablated per laser
pulse makes it possible to carry out probe and layer-by-
layer analyses of any materials with a resolution on the
order of 10 


 


µ


 


m and 10 nm, respectively. The combina-
tion of laser sampling with highly sensitive and selec-
tive laser-enhanced ionization (LEI) spectrometry
makes it possible to carry out single-element
microanalysis of different materials [5–11]. The major
obstacle to wide analytical application of this approach
is the significant effect of the solid matrix on the analyt-
ical signal. This necessitates the use of solid references
of specified composition, which are difficult to prepare.
Variations in the sample composition and ablation laser
energy change the character of interaction of radiation
with the sample, which leads to a considerable change
in the sampled mass and the characteristics of the gen-
erated plasma [12]. In multielement methods, such as
laser ablation inductively coupled plasma mass spec-
trometry or laser ablation optical emission spectrome-
try, this problem is solved by mainly using the signal of
an internal standard [2, 3] or some reference signal
[12]. The only attempt to apply an internal standard in
the LEI method necessitated doubling of most units of
the experimental setup [13] since this is a single-ele-
ment method of analysis. It is of interest to develop
methods of correction of the analytical signal in the LEI
method in combination with laser sampling with the
use of reference signals.


Previously [14–16], we showed that the use of
parameters of a linear correlation between analytical
and reference signals for correction of matrix effects on


the analytical signal is promising. This method implies
the use of the slope of the correlation line in the analyt-
ical signal–reference signal coordinates as a normal-
ized analytical signal. This normalization makes it pos-
sible to reduce matrix effects on the analytical signal.
This method requires choosing a range of laser beam
energies in which there is a linear correlation between
the signals. However, due to the threshold character of
the correlation between these signals, the behavior of
the correlation plot in a wider range of energies (from
10 to 80 mJ/pulse) is essentially nonlinear.


This work deals with study of the nonlinear correla-
tion between the LEI signal of Li and the reference sig-
nal, as well as the possibility of using its parameters for
correction of the LEI signal of lithium.


EXPERIMENTAL


The experiment was carried out in a setup that is a
prototype of the laser LEI spectrometer described in
detail in [14]. Let us consider the principle of its oper-
ation. The beam of an ablation Nd


 


3+


 


 laser with 


 


Q


 


 mod-
ulation was focused on the sample surface. A generated
cloud of particles (laser torch) entered a flame. Lithium
atoms were resonantly excited by dye lasers tuned at
the wavelengths of electronic transitions of lithium
atoms (


 


λ


 


 = 670.8 and 610.4 nm). The excited atoms
were ionized due to collisions in the flame. The ioniza-
tion signal was detected by a cathode placed into the
flame. In addition to the analytical LEI signal, a nonse-
lective ionization (NSI) signal caused by nonselective
ionization of atoms in the laser plasma was recorded.
The NSI signal and the LEI signal of lithium are time
resolved [17].


The spectrometer design makes it possible to simul-
taneously record, along with the ionization signal, the
optoacoustic (OA) signal, using a microphone, and the
atomic emission (AE) signal from the laser torch, using
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a monochromator and a photoelectron multiplier. The
ablation laser energy was changed with the use of a set
of calibrated neutral light filters. All signals were
recorded and processed on-line with the use of a high-
speed analog-to-digital circuit board (the discretization
frequency, 20 MHz) and software specifically devel-
oped for this board. Magnesium-, copper-, and silver-
alloyed aluminum–lithium alloys Al–Cu–Li, manufac-
tured at the All-Russia Institute of Aviation Materials,
as well as lithium ferrites LiFe


 


5


 


O


 


8


 


 and LiFeO


 


2


 


, synthe-
sized in the Laboratory of Inorganic Materials Science
at the Faculty of Chemistry of Moscow State Univer-
sity, were used as samples. The compositions of the
samples, determined by flame photometry and flame
atomic absorption spectrometry, are summarized in
Table 1.


RESULTS AND DISCUSSION


Figure 1a shows the calibration plots for the deter-
mination of lithium in ferrites. As is seen, for none of
the laser radiation energies do conditions exist under
which the calibration plot can be approximated by a
straight line. Such a behavior is due to the effect of the
ferrite microstructure on the analytical signal. In partic-
ular, the strongest LEI signals are observed for
annealed ferrites, whereas, for unannealed samples, the
LEI signal is weak. At the same time, the presence of
copper in Al–Cu–Li alloys with the same lithium con-
tent also exerts a significant effect on the analytical sig-
nal (Fig. 1b). It is worth noting that, in these cases,
varying the ablation laser energy does not help to opti-
mize the analysis. Therefore, it is necessary to develop
other approaches that can minimize the matrix effects
on the analysis results.


Appropriate reference signals were determined in
accord with the recommendations expounded in [14].
The first maximum of the time dependence of the
acoustic signal was chosen as the reference OA signal.
As the reference AE signal, the AE signal of iron (


 


λ


 


 =
382.4 nm) was selected for lithium ferrites and the alu-
minum signal (


 


λ


 


 = 396.2 nm) was used for the alloys.
Such a choice of the reference AE signal is dictated by
the difference between the major components of the
samples and the largest intensity of these lines in the
emission spectra of the laser torch. Figures 2a and 2b
show the plots of the intensities of the above signals
versus the ablation pulse energy. For both ferrites and
alloys, the analytical signal (curve 


 


1


 


) increases with
an increase in the laser radiation energy, which is due
to the increase in the mass of the sampled material.
Indeed, the OA signal, which appears when plasma
breakdown from the sample surface takes place, also
builds up with an increase in the laser radiation energy
(curve 


 


3


 


). It is worth noting that, during laser ablation
of lithium ferrites, the NSI signal (curve 


 


4


 


, Fig. 2a) is
absent or very weak; therefore, it was not used as a
reference signal. A similar situation was observed ear-
lier for nonvolatile lithium polyvanadate pressed in
pellets [10].


The concurrent buildup of the signals with the laser
radiation energy implies the existence of a correlation
between these signals. To study this correlation, we
constructed correlation diagrams for each sample. Fig-
ure 3 shows an example of such a diagram. Each point
of the diagram corresponds to the simultaneous mea-
surement of the analytical and reference signals for one
pulse at a definite ablation laser energy. Three regions
can be conventionally distinguished in this diagram. In
the first region, the LEI signal is almost zero, whereas


 


Table 1.


 


  Composition of the samples


Sample type Description
Component and its content, wt %


Mg Cu Ag Li


Al–Cu–Li alloys No. 1 0.89 


 


±


 


 0.05 4.1 


 


±


 


 0.2 0.4 1.11 


 


±


 


 0.02


No. 2 0.63 


 


±


 


 0.04 3.9 


 


±


 


 0.4 0.4 0.92 


 


±


 


 0.04


No. 3 0.38 


 


±


 


 0.03 4.2 


 


±


 


 0.3 0.4 1.10 


 


±


 


 0.04


No. 4 – 2.9 


 


±


 


 0.2 0.4 0.94 


 


±


 


 0.02


No. 5 0.59 


 


±


 


 0.01 3.6 


 


±


 


 0.1 0.4 1.06 


 


±


 


 0.05


No. 6 0.69 


 


±


 


 0.02 2.8 


 


±


 


 0.2 0.4 1.16 


 


±


 


 0.04


Description Li


Lithium ferrites LiFeO


 


2


 


 annealed 7.2 


 


±


 


 0.1


LiFe


 


5


 


O


 


8


 


 annealed 1.67 


 


±


 


 0.06


LiFe


 


5


 


O


 


8


 


 unannealed, pyrolysis at 


 


T


 


 = 750


 


°


 


C 1.76 


 


±


 


 0.05


LiFe


 


5


 


O


 


8


 


 unannealed, pyrolysis at 


 


T


 


 = 850


 


°


 


C 0.85 


 


±


 


 0.03


LiFe


 


5


 


O


 


8


 


 unannealed, pyrolysis at 


 


T


 


 = 950


 


°


 


C 0.67 


 


±


 


 0.02
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the reference signal is nonzero. In the second region,
the LEI signal increases nonlinearly with the buildup of
the reference signal. This region corresponds to the
near-threshold regime of analytical signal formation. In
the third region, the LEI signal increases linearly with
the reference signal. Each region of the diagram corre-
sponds to a definite range of laser radiation energies. In
particular, the linear correlation between the signals in
observed in the pulse energy range of 40–80 mJ for
metals and 45–75 mJ for nonmetal samples. The corre-
lation between the analytical and reference signals for
the entire range of pulse energies is evidently cannot be
described by a linear equation.


To describe the nonlinear correlation between the
intensities of the analytical 


 


I


 


a


 


 and reference 


 


I


 


r


 


 signals,
we used a second-order polynomial


(1)Ia a bIr cIr
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Fig. 1.


 


 Dependence of the analytical LEI signal of lithium on (a) the lithium content in ferrites and the copper content in Al–Cu–Li
(b) for different laser pulse energies (mJ): (
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 Dependence of the (
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) LEI, (


 


2


 


) AE, (


 


3


 


) OA, and (


 


4


 


) NSI on the laser pulse energy for (a) lithium ferrites and (b) Al–Cu–Li
alloys.
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Fig. 3.


 


 Nonlinear correlation diagram between the lithium
LEI signal and the OA signal for the Al–Cu–Li alloy. The
quadratic regression parameters: LEI = 


 


b


 


OA + 


 


c


 


OA


 


2


 


, where


 


b


 


 = 0.12 


 


±


 


 0.03, 


 


c


 


 = 1.12 


 


±


 


 0.05, 


 


r


 


2


 


 = 0.889, and 


 


N


 


 = 480.
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where 


 


a


 


, 


 


b


 


, and 


 


c


 


 are the nonlinear correlation coeffi-
cients. The coefficient 


 


a


 


 can be taken as zero since, at


 


I


 


r


 


 = 0, the analytical signal should be equal to zero
assuming that the deviation from linearity is adequately
described by this quadratic trinomial. The geometric
meaning of the coefficient 


 


c


 


 is that it is the curvature of
the parabola described by Eq. (1), since it is its second
derivative. Inasmuch as the analytical signal depends
on the content of the analyte 


 


C


 


 and the reference signal
does not depend on this content, the coefficients 


 


b


 


 and


 


c


 


 in Eq. (1) should depend on 


 


C


 


.


Table 2 presents the squared coefficients of a nonlin-
ear correlation of type (1) between the LEI signal and
the reference signals. Most correlation coefficients are
close to unity, which is evidence that the nonlinear cor-
relation is significant. Relatively small 


 


r


 


2


 


 values for the
nonselective reference signal are presumably associ-
ated with the lack of the NSI signal in the course of
vaporization of unannealed lithium ferrites. The num-
ber of measurements used for constructing a nonlinear
correlation is much larger than for the linear one (


 


N


 


 =
180), which is associated with wider ranges of signals
and laser radiation energies. For example, the nonlinear
correlation diagram was constructed and the coefficient
values 


 


c


 


 were determined in the laser energy range of
15–80 mJ for Al–Cu–Li alloy and 5–75 mJ for lithium
ferrites.


As was shown above, a nonlinear correlation
between the analytical and reference signals is
observed for Al–Cu–Li alloys and lithium ferrite sam-
ples. Therefore, an attempt was made to apply nonlin-
ear correlation normalization to these samples. As the
analytical signal, the coefficient 


 


c


 


 in a polynomial of
type (1) was used. Note that the curvature coefficient
for the nonlinear correlation diagrams of the LEI signal


of lithium and the NSI signal should be negative. This
is due to the fact that the threshold value of the laser
pulse energy for formation of the NSI signal, ~40 mJ, is
larger than that for the LEI signal of lithium (10–20 mJ
for the alloys and ferrites); hence, the zero coefficient of
the linear correlation between the signals should be
positive. For comparison of the results obtained for dif-
ferent reference signals, the magnitude of the curvature
coefficient 


 


c


 


 was used.


As is seen from Fig. 4a, the effect of the microstruc-
ture and composition of lithium ferrite samples on the
analytical signal was not decreased. At the same time,
for the Al–Cu–Li alloys (Fig. 4b), the effect of copper
on the analytical signal was reduced using the proce-
dure of normalization to one reference signal. It is
likely that the basic reason for such a behavior of the
normalized signal is that the changes in the series of
lithium ferrites cannot be attributed to small changes in
the sample composition. At the same time, the use of
nonlinear normalization is limited to a series of samples
close in composition and microstructure. An analogous
situation was observed when a linear correlation
between the reference and LEI signal was used. How-
ever, for a linear correlation to exist, some conditions
should be met. One of such conditions is the existence
of a linear dependence of signals on the laser radiation
energy in the range of higher 


 


E


 


pulse


 


 values. At the same
time, the possibility of taking into account the pro-
cesses that occur during laser sampling and the pro-
cesses of interaction of the laser torch with the surface
of a material can significantly improve the metrological
characteristics of lithium determination.


Thus, the use of the nonlinear correlation between
the analytical and reference signals can be recom-
mended only in those cases when, for some reasons,


Table 2.  Nonlinear correlation coefficients r2 between the LEI signal of lithium and the reference signals for the Al–Cu–Li
alloys and lithium ferrites


Sample N
Correlation coefficient r2


LEI and OA LEI and AE LEI and NSI


Al–Cu–Li No. 1 480 0.910 0.889 0.924


No. 2 480 0.913 0.896 0.910


No. 3 480 0.840 0.795 0.680


No. 4 480 0.917 0.890 0.856


No. 5 480 0.889 0.927 0.928


No. 6 480 0.862 0.891 0.828


Lithium ferrites LiFeO2 annealed 480 0.806 0.804 0.574


LiFe5O8 annealed 480 0.881 0.922 0.912


LiFe5O8 unannealed, pyrolysis at T = 750°C 240 0.823 0.863 0.224


LiFe5O8 unannealed, pyrolysis at T = 850°C 240 0.808 0.809 0.198


LiFe5O8 unannealed, pyrolysis at T = 950°C 240 0.741 0.828 0.532
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analytical measurements should be taken in the near-
threshold region of the correlation diagram. Otherwise,
it is preferable to normalize the analytical signal to the
reference one with the use of the linear correlation.
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Fig. 4. Dependences of the lithium LEI signal normalized to the (1) OA, (2) AE, and (3) NSI signals on the basis of nonlinear cor-
relation on (a) the lithium content in ferrites and (b) and the copper content in Al–Cu–Li alloys.
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Firefly luciferase belongs to the class of oxidoreduc-
tases, subclass of oxygenases. It catalyzes oxidation of


 


D


 


-luciferin (LH


 


2


 


) by air oxygen in the presence of ATP
and Mg


 


2+


 


 [1]. This is one of the most high-specificity
biocatalysts and efficient chemical-to-light energy con-
verters. Owing to these properties, this enzyme is
widely used in bioanalytical studies [2]. A characteris-
tic feature of luciferases is the presence of free reactive
SH-groups of cysteine residues. Luciferases from dif-
ferent sources contain 4–13 free SH-groups; the larger
the number of these groups, the smaller the stability of
the enzyme [3, 4]. For example, the 


 


P. pyralis


 


 luciferase
contains four SH-groups and is more stable than the
luciferases of fireflies of the genus


 


 Luciola


 


, which con-
tain seven or eight SH-groups. Luciferases of Jamaica
click-beetles of the family 


 


Elateridae


 


 containing 13
SH-groups are even more instable. Luciferases contain
three absolutely conservative Cys residues that are not
part of the active site but may considerably affect the
activity of these enzymes. For example, mutant 


 


P. pyra-
lis


 


 luciferase in which all the four Cys residues are sub-
stituted with Ser retained only 6% of activity, whereas
mutants with single substitutions lost 20–60% of activ-
ity [5, 6]. However, single substitutions of conserved
residues Cys82, Cys260, Cys393 with Ala in 


 


L. min-
grelica


 


 luciferase had a negligible effect on the cata-
lytic properties and stability of the enzyme [7]. Appar-
ently, significant differences in the stability of
luciferases are determined by the number of nonconser-
vative cysteine residues, especially those in which SH-
groups are located in the vicinity or on the surface of
the protein globule and are more accessible for oxida-
tion. Titration of SH-groups showed that one cysteine


residue is located near the surface of the 


 


P. pyralis


 


luciferase [8], whereas 


 


L. mingrelica


 


 luciferase con-
tains three surface cysteine residues [9]. Note that addi-
tion of dithiothreitol (DTT) slows inactivation of
luciferase. This finding indicates that SH-groups of Cys
residues are involved in this process. Therefore, it can
be expected that substitution of Cys residues with more
oxidation-resistant amino acid residues will increase
the thermostability of luciferase.


The goal of this study was to determine whether the
thermostability of the 


 


L. mingrelica


 


 firefly luciferase
can be increased by single substitutions of Cys62 and
Cys146 using site-directed mutagenesis.


MATERIALS AND METHODS


Reagents used in this study were adenosine 5'-tri-
phosphate (ATP), dithiothreitol (DTT) (ICN, United
States), 


 


D


 


-luciferin obtained as described in [10], oli-
gonucleotides (ZAO Sintol, Russia), restriction endo-
nucleases 


 


Nhe 


 


I (Fermentas, Canada) and 


 


Bam


 


HI (Boe-
hringer Mannheim, Germany), T4 DNA ligase, DNA
polymerases Pfu and Pfu Turbo, and a mixture of deox-
ynucleotide triphosphates (SibEnzyme, Russia). Cells
were cultured in LB medium supplemented with ampi-
cillin. Plasmids were isolated from 


 


E. coli


 


 cells and
DNA fragments were eluted from agarose gel using
Qiagen kits.


 


Expression and purification of luciferase mutant
forms.


 


 Site-directed mutagenesis was performed by
polymerase chain reaction (PCR) using the pLR plas-
mid carrying the gene for 


 


L. mingrelica


 


 luciferase and
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Abstract


 


—Mutant forms of the firefly (


 


Luciola mingrela


 


) luciferase with point mutations Cys62Ser and
Cys146Ser were obtained by site-directed mutagenesis. The mutations did not affect the catalytic activity and
fluorescence spectra of the enzyme. The rate constants of the fast (


 


k


 


1


 


) and slow (


 


k


 


2


 


) stages of thermoinactivation
of the wild-type and mutant enzymes were determined at 37


 


°


 


C in the absence and presence of 12 mM dithio-
threitol (DTT). The thermostability of the mutant forms of luciferase increased several times compared to the
wild-type enzyme. In the presence of DTT, 


 


k


 


2


 


 of the wild-type enzyme decreased three times whereas neither


 


k


 


1


 


 nor 


 


k


 


2


 


 of the mutant forms changed. It was concluded that amino acid residues Cys62 and Cys146 play a
major role in luciferase inactivation and that their substitution with Ser stabilizes the enzyme.
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oligonucleotides 5'-GATATTACATCTCGTTTAGCT-
GAGGCCATG-3' and 5'-CCACGATTCTATG-
GAAACTTTTATTAAG-3' (to obtain enzymes with
point mutations Cys62Ser and Cys146Ser, respec-
tively). Competent cells of the 


 


E. coli


 


 strain LE 392
were transformed with the corresponding plasmid and
used for production and purification of preparative
amounts of luciferase as described in [7]. High-purity
enzyme was stored at –70


 


°


 


C in a working buffer
(0.05 M Tris-acetate containing 2 mmol/L EDTA and
10 mmol/L MgSO


 


4


 


 (pH 7.8)). The purity of the
enzymes was determined by Laemmli SDS-PAGE in
12% polyacrylamide gel using a Miniprotean II cell
(Bio-Rad, United States) with subsequent staining with
Coomassie Brilliant Blue R-250. Protein concentration
was determined by the optical density measured at 280
nm (0.75 units of optical density corresponded to a
luciferase concentration of 1 mg/ml).


 


Determination of luciferase activity.


 


 Luciferase
activity was determined by the maximum biolumines-
cence intensity at saturating substrate concentrations
(1 mM ATP and 0.3 mM LH


 


2


 


). Bioluminescence inten-
sity was recorded with a Femtomaster FB 12 luminom-
eter (Zylux Corp., United States) [7]. Michaelis con-
stants for luciferin and ATP were determined by vary-
ing substrate concentrations in the ranges 0.04–0.4 mM
ATP at 1 mM LH


 


2


 


 and 4–40 


 


μ


 


M LH


 


2


 


 at 4 mM ATP; the
concentration of luciferase was 5 


 


×


 


 10


 


–8 


 


M. 


 


K


 


m


 


 values
were calculated using Origin 6.0 software.


 


Study of thermoinactivation of firefly luciferase.


 


Solutions of the wild-type luciferase and its mutant
forms in the working buffer (concentrations 10


 


–8


 


, 10


 


–7


 


,
and 10


 


–6


 


 M) were placed into microtubes (30 


 


μ


 


l in each)
and thermostated at 37


 


°


 


C in the presence and absence
of 12 mM DTT. At certain time intervals, the micro-
tubes were taken out of the thermostat and stored on ice
until assayed. Luciferase activity was plotted as a func-
tion of the time of incubation at 37


 


°


 


C. The obtained
kinetic curves were used to calculate the enzyme inac-
tivation rate constants.


 


Intrinsic fluorescence spectra of luciferase


 


 were
recorded with an LS 50B spectrofluorometer (Perkin
Elmer, United Kingdom); the enzyme concentration in
the working buffer was 10


 


–6


 


 M.


RESULTS AND DISCUSSION


 


Expression, purification, and characterization of
luciferase mutant forms.


 


 


 


L. mingrelica


 


 luciferase con-
tains eight Cys residues, three of which (82, 260, and
393) are conservative and five (62, 86, 146, 164, and
284) are nonconservative (Fig. 1). Analysis of the spa-
tial structure of luciferase molecule showed that resi-
dues Cys62 and Cys 146 are located on the surface of
the protein globule and have a hydrophilic environ-
ment. In view of this, for point mutation experiments
we have chosen oxidation-resistant serine, whose
hydrophilic properties and size are similar to those of
cysteine. Mutant plasmids encoding point mutations
Cys62Ser and Cys146Ser were obtained by PCR using
pLR plasmid carrying the gene for 


 


L. mingrelica


 


luciferase. Oligonucleotides 27 or 28 bp in length with
a substitution of one nucleotide (TGT with TCT) were
used. 


 


E. coli


 


 strain LE392 was used for storing plas-
mids and luciferase expression. The wild-type enzyme
and its mutant forms were purified chromatographi-
cally. The yield of the active enzyme in all cases was
45–60 mg per liter of nutrient medium. The purity of
luciferase preparations, according to electrophoretic
data, was 90–95%. The specific activity of the mutant
enzyme carrying point mutation Cys62Ser was the
same as the activity of the wild-type enzyme, whereas
the activity of the mutant carrying point mutation
Cys146Ser was 1.5 higher. The Michaelis constants for
both substrates of the wild-type and mutant luciferases
coincided within the limits of error: 


 


K


 


m


 


, LH


 


2


 


 = 20 


 


±


 


 3 


 


μ


 


M
and 


 


K


 


m


 


, ATP


 


 = 0.18 


 


±


 


 0.04 mM. Thus, these mutations
did not affect the affinity of the enzyme for the sub-
strates. This phenomenon can be explained by the fact
that residues Cys62 and Cys146 are remote from the
active site of the enzyme by more than 30 Å and do not
have a marked effect on its conformation. The intrinsic
fluorescence spectra (


 


λ


 


max


 


 = 340 nm) of the wild-type
luciferase and its mutant forms also almost did not dif-
fer. Therefore, the mutations at residues Cys62 and
Cys146 did not alter the microenvironment of Trp419,
which is located in the vicinity of the active site of
luciferase.


 


393


284
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164
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Fig. 1.


 


 Spatial structure of the 


 


Luciola mingrelica


 


 firefly
luciferase.
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Inactivation of 


 


L. mingrelica


 


 luciferase at 37


 


°


 


C.


 


Thermoinactivation of the wild-type luciferase and its
mutant forms was studied at 37


 


°


 


C at different enzyme
concentrations (10


 


–6


 


–10


 


–8


 


 M) in the presence and
absence of DTT. The inactivation kinetic curves are
described by two exponents corresponding to the fast
and slow stages of inactivation (Figs. 2, 3). This pattern
of kinetic curves and the inflection point on them on a
semilogarithmic scale are characteristic of oligomeric
enzymes, a representative of which is firefly luciferase
[11–13]. Rate constants of the fast (


 


k


 


1


 


) and slow (


 


k


 


2


 


)
stages of inactivation of the wild-type enzyme (Table 1)
depend on the enzyme concentration: the higher the
concentration, the higher the stability of the enzyme. At
high enzyme concentration (10


 


–6


 


 M), the inflection
point on the curve is less marked. This phenomenon can
be explained by the existence of more stable oligomeric
forms of luciferase under these conditions. Note that
rate constants 


 


k


 


1


 


 and 


 


k


 


2


 


 of the wild-type and mutant
forms of luciferase were similar. When the enzyme
concentration is decreased to 10


 


–7


 


 M and lower, 


 


k


 


1


 


 and


 


k


 


2


 


 values increase for both the wild-type and mutant
luciferases. The larger the initial concentration of
luciferase, the higher the degree of its inactivation at the


fast stage. This can be explained by dissociation of the
oligomeric enzyme to subunits with a lower enzymatic
activity [13]. At low concentrations of luciferase, con-
stants 


 


k


 


1


 


 and 


 


k


 


2


 


 of mutant forms were four to five times
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Fig. 2.


 


 Kinetic curves of thermoinactivation of the wild-type


 


Luciola mingrelica


 


 luciferase at 37


 


°


 


C in the absence of dithio-
threitol at enzyme concentrations (


 


1


 


) 10


 


–6


 


 M, (


 


2


 


) 10


 


–7


 


 M, and
(


 


3


 


) 10


 


–8


 


 M. For other reaction conditions, see Table 1.
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Fig. 3.


 


 Kinetic curves of thermoinactivation at 37


 


°


 


C of (a) the
wild-type 


 


Luciola mingrelica


 


 luciferase and its mutant forms
with point mutations (b) Cys62Ser and (c) Cys146Ser in the
(


 


1


 


) absence and (2) presence of 12 mM dithiothreitol. The
enzyme concentration was 10–7 M. For other reaction condi-
tions, see Table 1.


Table 1.  Rate constants of thermoinactivation of the wild-type Luciola mingrelica luciferase and its mutant forms at 37°C
in the absence of DTT at different concentrations of the enzyme (reaction conditions: 0.05 M Tris-acetate buffer containing
2 mmol/L EDTA and 10 mmol/L MgSO4 (pH 7.8))


Enzyme
concentration,


M


Wild-type enzyme
Mutant luciferase forms with point mutations


Cys62Ser Cys146Ser


k1, min–1 k2, min–1 k1, min–1 k2, min–1 k1, min–1 k2, min–1


10–6 0.05 ± 0.01 0.016 ± 0.005 0.06 ± 0.02 0.020 ± 0.006 0.04 ± 0.01 0.012 ± 0.003


10–7 0.34 ± 0.02 0.074 ± 0.003 0.10 ± 0.01 0.016 ± 0.005 0.06 ± 0.01 0.016 ± 0.004


10–8 0.39 ± 0.04 0.070 ± 0.009 0.16 ± 0.03 0.034 ± 0.009 0.07 ± 0.02 0.015 ± 0.003
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lower than those of the wild-type enzyme, and the half-
life of the active enzyme (τ1/2) at the slow stage of inac-
tivation increased from 9 min for the wild-type enzyme
to 43 min for the mutant forms of luciferase. Thus,
mutations Cys62Ser and Cys146Ser significantly
increased the stability of luciferase at both stages of
inactivation.


It is known that DTT protects SH-groups in
enzymes from oxidation and thereby prevents inactiva-
tion caused by oxidation of SH-groups. To compare the
effect of DTT on the stability of the wild-type and
mutant luciferases, we obtained kinetic inactivation
curves at an enzyme concentration of 10–7 M in the
presence and absence of 12 mM DTT (Fig. 3). The rate
constants calculated for the fast and slow stages of inac-
tivation are summarized in Table 2. In the presence of
DTT, k1 did not change, whereas k2 decreased three
times (Fig. 3a; Table 2). Therefore, the addition of DTT
stabilizes the wild-type luciferase only at the second
stage of inactivation. Apparently, in the absence of
DTT, k2 is the sum of constants of denaturation and
inactivation of the enzyme caused by oxidation of SH-
groups in Cys residues, whereas in the presence of DTT
k2 is the denaturation constant. Thus, oxidation of SH-
groups in Cys residues significantly contributes to
luciferase inactivation at the slow stage. In the case of
the mutant luciferase carrying point mutation
Cys62Ser, the addition of DTT caused a twofold
decrease in k1 but almost did not change k2 (Fig. 3b;
Table 2). In the case of the mutant luciferase carrying
point mutation Cys146Ser, the addition of DTT had no
effect on either k1 or k2 (Fig. 3c; Table 2). Therefore, as
a result of single substitutions of Cys residues with Ser,
both mutant enzymes became insensitive to DTT. Note
that, in the presence of DTT, k2 of the wild-type
luciferase became similar to k2 of the mutant forms of
the enzyme. Thus, the mutant forms carrying point
mutations Cys62Ser and Cys146Ser are more stable
than the wild-type enzyme both in the presence and
absence of DTT. The results obtained in this study indi-
cate that amino acid residues Cys62 and Cys146 are
involved in oxidative inactivation of luciferase. Appar-
ently, these residues are required for maintenance of the
active conformation of luciferase, and oxidation of SH-
groups of these residues leads to its disturbance. Substi-
tution of Cys with Ser resulted in stabilization of the


local conformation of the molecule and thereby
ensured maintenance of enzymatic activity at 37°C.
Elimination of surface Cys residues whose SH-groups
are exposed to the solvent abolished the effect of oxida-
tive inactivation of the enzyme at the second, slow
stage. In addition, substitution of weakly hydrophobic
residues Cys62 and Cys146, located in a hydrophilic
environment, with the hydrophilic Ser apparently facil-
itated the formation of a more compact and stable con-
formation of luciferase, which is more stable at the first
stage of inactivation as well.


Thus, cysteine residues 62 and 146 play a major role
in inactivation of luciferase both at the first and second
stages of inactivation, and their substitution with the
serine residues results in a severalfold stabilization of
the enzyme.
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Table 2.  Rate constants of thermoinactivation of the wild-type Luciola mingrelica luciferase and its mutant forms at 37°C
in the presence and absence of 12 mM dithiothreitol (enzyme concentration, 10–7 M; for other conditions, see Table 1)


Enzyme
In the absence of DTT In the presence of DTT


k1, min–1 k2, min–1 k1, min–1 k2, min–1


Wild-type 0.34 ± 0.02 0.074 ± 0.003 0.33 ± 0.03 0.023 ± 0.006


Cys62Ser 0.10 ± 0.01 0.016 ± 0.005 0.04 ± 0.02 0.010 ± 0.005


Cys146Ser 0.06 ± 0.01 0.016 ± 0.004 0.05 ± 0.02 0.015 ± 0.003
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Abstract


 


—The free energy profiles for proton transfer along the oriented water file inside the gramicidin A
channel were calculated. An original implementation of the rigid-body molecular dynamics method was used
for describing the peptide groups of the channel and outer water molecules. The inner water wire was simulated
using the PM6 force field parameters, which adequately describe the formation and cleavage of chemical and
hydrogen bonds in water molecules. Different mechanisms of proton transfer through the gramicidin A channel
were considered, namely, proton H


 


+


 


 translocation, transfer of the anion defect OH


 


–


 


, and reorientation of the
water file inside the channel. To facilitate parallel calculations of trajectories, the reaction coordinate was
divided into segments, and the results were combined by the weighted histogram analysis method. The first two
processes, H


 


+


 


 and OH


 


–


 


 transfers, were shown to be barrierless. Only the stage of reorientation of the water file
inside the channel has an energy barrier.
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Fig. 1.


 


 Classical scheme of proton transfer along the water wire.


 


Gramicidin A is a pentadecapeptide consisting of L
and D amino acids (formyl L-Val L-Gly L-Ala D-Leu
L-Ala D-Val L-Val D-Val L-Trp D-Leu L-Trp D-Leu L-
Trp D-Leu L-Trp ethanolamine) forming a right-


handed helix. The size of the gramicidin A molecule is
insufficient to form a channel in a membrane; therefore,
a transmembrane ion channel is formed by the gramici-
din dimer. Due to its small size, gramicidin is a conve-
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nient system for simulation of proton transfer along ori-
ented chains of water molecules, which are often
referred to as proton wires [1–4] (Fig. 1). Notwith-
standing the popularity of this model, the mechanism of
water-wire proton transport remains debatable. In par-
ticular, an original scheme of proton conductance
through the gramicidin channel was suggested in [5].
This scheme implies that the process can be described
by the movement of the anionic defect OH


 


–


 


 (Fig. 2).
The result of both processes is proton transfer from one
end of the channel to the other. After each transfer
event, the water file inside the channel must rotate to the
original configuration to prepare for the next event.


In this work, we compared the calculated free
energy profiles for proton transfer along the oriented
water file in the gramicidin A channel assuming the
existence of both proton and anion transfer. In addition,
the stage of reorientation of the water file inside the
channel was considered.


Figure 3 shows the molecular model used in trajec-
tory calculations. The water file inside the channel
comprises nine water molecules. At both ends of the
channel, clusters of 20 water molecules (outer water
molecules) are located. The channel walls are formed
by peptide groups (hydrogen atoms are omitted for
clarity). The starting coordinates of heavy atoms were
constructed on the basis of the 1JNO structure [6] from
the protein data bank.


A new implementation of the rigid-body molecular
dynamics method was used for describing the motion
of peptide groups of the channel and outer water mole-
cules [7, 8]. Peptide groups are subdivided into rather
small rigid fragments, and their motion in peptide
chains is described by rigid-body dynamics. In this
case, the channel walls are formed by 144 rigid frag-
ments. The outer water molecules are also treated as
rigid bodies. The forces acting on these rigid fragments
are calculated using the CHARMM27 force field
parameters [9]. The water wire with the proton or
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Fig. 2.


 


 Scheme of anion defect transfer.
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Fig. 3.


 


 Model system consisting of the gramicidin dimer (rod show only heavy atoms) with the water wire inside the channel and
outer water molecules.


 


hydroxide anion was modeled with PM6 force field
parameters [10], which makes it possible to describe
cleavages and formations of chemical and hydrogen
bonds in water molecules.


The integration of molecular dynamics equations
was performed in the canonical (NVT) ensemble with
the Nose–Poincaré thermostat [11]. The integration of
equations of motion was performed using original soft-
ware. As recommended in [2], the projection of the
dipole moment onto the channel axis was used as the
reaction coordinate. The dipole moment was calculated
for the atoms of the water molecule file. Trajectories
were calculated for a temperature of 300 K with an inte-
gration step of 0.5 fs. To implement the parallel trajec-
tory calculations, the reaction coordinate was subdi-
vided into six segments (windows) according to the
umbrella sampling scheme [12]. In each window,
60000 configurations were analyzed at an interval of
2.5 fs. The results were recombined by the weighted
histogram analysis method [13]. The free energy was
calculated by statistical thermodynamics formulas


through the probability distribution along the reaction
coordinate. The computational results are shown in
Figs. 4–6.
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 Free energy profile for the proton transfer stage.
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 Free energy profile for the OH
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 transfer stage.


 


840–4–8


 


µ


 


, e 


 


Å


 


5


3


1


 


F


 


, kcal/mol


 


Fig. 6.


 


 Free energy profile for the water file reorientation
stage.
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Our calculations allow us to conclude that proton
and OH


 


–


 


 transfers are barrierless processes. It is worth
noting that the potential well corresponding to the loca-
tion of a charged particle in the center of the channel is
deeper for OH


 


–


 


 (~4 kcal/mol) than for a proton
(~2 kcal/mol). The stage of reorientation of the water
file inside the channel has an energy barrier, and so this
stage is the rate-limiting one.
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Firefly luciferase catalyzes the oxidation of the sub-
strate (luciferin) by air oxygen in the presence of ade-
nosine 5'-triphosphate (ATP) and magnesium ions. This
reaction is accompanied by visible emission, biolumi-
nescence [1]. Interest in this bioluminescent process is
caused not only by study of the mechanisms of transfor-
mation of biochemical energy to light energy but also
by its practical significance. The high sensitivity of fire-
fly luciferase to ATP, near-unity quantum yield of the
reaction, and simple detection of the enzymatic activity
made it possible to develop an efficient and fast method
for determination of ultrasmall amounts of ATP. The
ATP bioluminescence method is increasingly widely
used in biochemistry, medicine, biotechnology, and
environmental monitoring [2].


So-called ATP reagents—lyophilized multicompo-
nent systems containing soluble recombinant firefly
luciferase, luciferin, components of a buffer solution
necessary for proceeding of the bioluminescent reac-
tion, and stabilizing additives—are used for bioanalyti-
cal purposes [3]. The source of ATP for this system is a
tested sample. A current tendency in biotechnology is
to use reagents in solution. This not only simplifies the
analysis procedure but also excludes the expensive and
energy- and time-consuming stage of lyophilization
from the synthesis of the ATP reagent. A rather high
content of hydrophobic amino acid residues and a pre-
dominance of 


 


β


 


 layers in the secondary structure of
luciferase determine its low stability in aqueous solu-
tions, especially at elevated temperatures [4].
Luciferase is inactivated mainly due to aggregation of
enzyme molecules [5] and their adsorption on the sur-
face [6, 7]. Oligosaccharides [8], albumin [7], nonionic
detergents, and polyols [9] are most frequently used as
enzyme stabilizers.


This paper deals with (i) study of the possibility of
using different polyols to stabilize ATP reagents in
solution with retention of the enzymatic activity of
luciferase and (ii) optimization of the composition of
a water-soluble stabilizing composition containing
polyols.


MATERIALS AND METHODS


 


Reagents and solutions.


 


 The following reagents
were used: D-luciferin (Lyumtek, Russia); adenosine
5'-triphosphate (ATP), dithiothreitol (DTT),
tris(hydroxymethyl)aminomethane, and magnesium
sulfate (MP Biomedicals, Unitied States); disodium
ethylenediaminetetraacetate (EDTA), bovine serum
albumin (BSA), and polyethylene glycol (PEG-8000)
(Sigma, United States); Triton X-100 (Merck, Ger-
many); freshly distilled ethyl alcohol, ethylene glycol,
and glycerol (Khimmed, Russia); deionized water
obtained on a Milli Q water system (Millipore, France).


Recombinant 


 


Luciola mingrelica


 


 luciferase was iso-
lated from 


 


E. coli


 


 cells (strain LE392) carrying the pLR
plasmid was purified as described in [10] and stored at
–70


 


°


 


C.


 


Preparation of ATP reagents.


 


 The initial concen-
trated solution of luciferase was diluted to an enzyme
concentration of 0.1 mg/mL with a 0.1 M TRIS–acetate
buffer solution (pH 7.8) containing 20 mM MgSO


 


4


 


,
2 mM EDTA, 1 mM LH


 


2


 


, 5 mM DTT, 180 mg/mL
sucrose (control ATP reagent), and different polyols,
namely, ethylene glycol, PEG-8000, or glycerol (2–
20 vol %). The mixture was slowly stirred taking care
to avoid foaming and then filtered through a sterile filter
with a pore size of 0.22 


 


µ


 


m. The resulting ATP reagents
were kept at room temperature for 1 h until the back-
ground signal decreased to 5–10 arb. units. In each
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Abstract


 


—ATP reagents containing 2–20% of ethylene glycol, glycerol, or PEG-8000 have been prepared.
Polyols inhibit the activity of the ATP reagents by 20–40%, and addition of 0.75 mM Triton X-100 prevents this
inhibition. The optimal polyol concentration is 10%. The kinetics of thermoinactivation of the ATP reagents in
solution at 37, 20, and 4


 


°


 


C has been studied. At all temperatures, the stability of ATP reagents increases two-
to fivefold in the presence of polyols. A solution of ATP reagents kept at 4


 


°


 


C for 180 h retains 100% activity.
The activity half-life is 15 days.
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series of experiments, freshly prepared ATP reagents
were used.


 


Measurement of the luciferase activity in solu-
tion.


 


 A 0.4-mL portion of 0.05 M TRIS–acetate buffer
(pH 7.8) containing 2 mM EDTA, 10 mM MgSO


 


4


 


,
0.3 mL of 4 mM ATP solution in the same buffer, and
0.1 mL of a luciferase solution were placed in a cell.
Background luminescence was measured, and then
0.3 mL of a 1 mM D-luciferin solution in the same
buffer was rapidly introduced by means of an injector,
and a maximal bioluminescence intensity proportional
to the enzymatic reaction rate was recorded on a Fem-
tomaster FB 12 luminometer (Zylux Corp., Germany).
The luciferase activity was expressed in arb. units
(1 arb. unit/mL = 1 mV = 10


 


9


 


 quanta/s).


 


Measurements of the bioluminescence signal for
ATP reagents.


 


 A luminometric microcell 0.3 mL in
volume was placed with the help of pincers into the cell
compartment of a 3560 microluminometer (New Hori-
zons Diagnostic Corp., United States), and 50 


 


µ


 


L of an
ATP reagent solution and 50 


 


µ


 


L of a 10


 


–8


 


 M ATP solu-
tion were introduced into the cell. The solution in the
cell was rapidly and thoroughly stirred, and a biochem-
ical signal was measured. Measurements were repeated
no less than twice.


 


Thermoinactivation of ATP reagents.


 


 Solutions of
ATP reagents were incubated at 37, 20, and 4


 


°


 


C on a
Gnom thermostat (DNK-Tekhnologiya, Russia). Ali-
quots (100 


 


µ


 


L) of an ATP reagent solution were taken
at certain intervals and a bioluminescence signal was
measured as described above. For ATP reagents inacti-
vated at 37


 


°


 


C, bioluminescence signals were measured
after additional incubation of the sampled aliquots on
ice for 10 min.


RESULTS AND DISCUSSION


 


Influence of polyols on the activity of ATP
reagents.


 


 We obtained samples of ATP reagents con-
taining, in addition to standard components of a buffer
system (luciferase, D-luciferin, magnesium sulfate, and
sucrose), polyols, such as ethylene glycol, glycerol, and
PEG-8000. The concentration of active luciferase in the
ATP reagents studied was 0.1 mg/mL. The concentra-
tion of polyols was varied in the range 2–20%. The
bioluminescent reaction was initiated by adding a
10


 


−


 


8


 


 M ATP solution in water to an ATP reagent solu-
tion. Polyols inhibited the activity of ATP reagents by
20–40% as compared with the control (Fig. 1). As is
known [12], the luciferase activity increases in the pres-
ence of nonionic micelle-forming surfactants:
luciferase and its substrate, luciferin, turn out to be
enclosed in micelles, which increases the efficiency of
their interaction. Indeed, the specific activity of ATP
reagents containing 0.75 mM Triton X-100 as an extra
component increased by 15–20% whatever the type of
polyol used (Fig. 1). In additon, polyols led to a ~20%
increase in the stability of the bioluminescence signal
(Fig. 2), which improves the accuracy of analysis.


After 70 min of incubation at 37


 


°


 


C, the highest
residual activity (more than 70%) was observed for
ATP reagents containing 10% of polyols (table),
whereas the activity of the control ATP reagent was
only 13%. An increase in the ethylene glycol or glyc-
erol concentration to 20% led to a twofold decrease in
the activity of ATP reagents, and 20% PEG-8000
almost completely inactivated the ATP reagent. It is
likely that high concentrations of polyols increase the
viscosity of the solution, which reduces the accessibil-
ity of the active site of luciferase for both substrates.
The observed decrease in the enzymatic reaction rate
can be due to both hindered diffusion and deceleration
of conformational transitions of the enzyme, which are
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erol, and (4) PEG-8000.
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 Stability of the bioluminescence signal in the course
of measurement for ATP reagents of different composition:
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necessary for the formation of the enzyme–substrate
complex [13]. Thus, for studying the thermoinactiva-
tion, we used the ATP reagents containing 10% of eth-
ylene glycol, glycerol, or PEG-8000.


 


Kinetics of thermoinactivation of ATP reagents
at different temperatures.


 


 The kinetic curves of ther-
moinactivation of ATP reagents at 37, 20, and 4


 


°


 


C are
shown in Fig. 3. The curve shape does not obey the first
order and changes as a function of incubation tempera-
ture. At 37


 


°


 


C, all kinetic curves show two stages of
inactivation, fast and slow (Fig. 3a). In the presence of
polyols, the inactivation rate at the fast stage decreased,
whereas the inactivation rate at the slow stage remained
virtually unaltered. The greatest stabilizing effect was
observed in the presence of ethylene glycol. After 1 h,
80% of the original activity of the ATP reagent was
retained; for the control ATP reagent, only 20% of


activity was retained. After 18 h at 20


 


°


 


C in the presence
of PEG or ethylene glycol, 90% of the original activity
was retained as compared with 60% for the control ATP
reagent (Fig. 3b). After the induction period, inactiva-
tion was accelerated; nevertheless, after 40 h, the ATP
reagents containing polyols retained 40–70% of their
activity, whereas the control ATP reagent retained only
25% of its original activity. At 4


 


°


 


C, the induction period
with complete retention of the activity of ATP reagents
in the presence of polyols increased to 200 h, whereas
for the control ATP reagent, this period was two times
shorter (Fig. 3c). After one week of storage, the ATP
reagents under consideration retained 40% of their
original activity, which is five times higher than the
residual activity of the control ATP reagent under anal-
ogous conditions.


Thus, our findings show that polyols (ethylene gly-
col, glycerol, and PEG-8000) are good candidates for
stabilization of recombinant firefly luciferase and make
it possible to enhance the efficiency of the ATP biolu-
minescence method. From the economic viewpoint, the
use of ethylene glycol is most efficient.
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This work continues our studies [1–4] into the opti-
mization of phase diagrams that constitute the base of
some functional ceramics (oxygen pickups, high-tem-
perature superconductors, magnets, and others). Exper-
imental phase diagram data for most Ln–Ba binary sys-
tems (where Ln stands for a lanthanide) are incomplete;
for the Gd–Ba system, they are nonexistent. Therefore,
calculation of phase diagrams for these systems is per-
tinent.


 


Ln–Ba Binary Phase Diagrams


 


Experimentally, phase diagrams were studied for
the La–Ba, Pr–Ba, Nd–Ba, Sm–Ba, Eu–Ba, and Yb–Ba


systems. A tervalent lanthanide (La, Pr, Nd, or Sm) and
barium form two immiscible liquids; the relevant phase
diagrams feature an exsolution dome, a eutectic, and a
monotectic [5–8]. Some divalent lanthanides (Eu and
Yb) form complete solid and liquid solutions with bar-
ium; the behavior of cerium is still unknown, but pre-
sumably it more closely resembles tervalent lan-
thanides [9].


Phase equilibrium data for Ln–Ba systems are
scarce; in some cases, eutectic and monotectic temper-
atures and component miscibility have been deter-
mined. Tables 1 and 2 compile the available data.


The melting temperatures of lanthanides and barium
vary within several degrees from study to study; in
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Abstract


 


—A thermodynamic model of liquid was suggested and Ln–Ba (Ln = Gd, Pr, Nd, and Sm) phase dia-
grams were calculated on the basis of generalization of literature data on thermodynamic properties and phase
equilibria in lanthanide–barium metallic systems. The interaction parameter of Gd


 


1 – 


 


x


 


Ba


 


x


 


 regular melt was esti-
mated on the assumption of a proportionality between the particle–particle interaction energies of liquid lan-
thanide and liquid barium, on the one hand, and the lanthanide radius, on the other.
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Table 1.


 


  Coordinates of singular points in Ln–Ba phase diagrams (experimental data)


Element
Melting Monotectic Eutectic


Source


 


T


 


m


 


(Ln), K


 


T


 


, K


 


x


 


Ba


 


, at %


 


T


 


, K


 


x


 


Ba


 


, at %


Pr 1207 1203 – – – [6]


Nd 1297 1283 4 963 90.0 [7]


Sm 1346 1293 1 963 99.7 [8]


 


Table 2.


 


  Miscibility of barium and lanthanides


Element
Ba in Ln Ln in Ba


Source


 


T


 


, K


 


x


 


Ba


 


, at %


 


T


 


, K


 


x


 


Ba


 


, at %


Pr – – – – [6]


Nd
1283 1.5 963 ~3


[7]
873 1.0 873 ~2


Sm 1293 0.7 ~983 ~0.1 [8]
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some cases (for Pr–Ba and Nd–Ba), the variation range
is commensurate with the difference between the lan-
thanide melting temperature and monotectic tempera-
ture. Therefore, to diminish the systematic error, we did
not use eutectic and monotectic temperatures; rather,
we used the differences between these temperatures
and the lanthanide and barium melting temperatures,
respectively. In other words, we performed equalization
with respect to reference points, as in [9]. Table 3 lists
the revised monotectic temperatures.


The solid miscibility of barium and tervalent lan-
thanides is small; in view of its smallness and the pau-
city of experimental data, we ignored it in thermody-
namic modeling of phases for Ln–Ba systems in this
work.


 


Thermodynamic Model of Liquid


 


We used the regular solution model to describe the
thermodynamic properties of Gd–Ba melts. The tem-


perature and concentration dependence of the Gibbs
energy of mixing in this case is


In finding the parameter 


 


g


 


00


 


 for Ln


 


1 – 


 


x


 


Ba


 


x


 


 melts, we
used the monotectic temperatures of the Ln–Ba (Ln =
Pr, Nd, and Sm) systems. The monotectic temperatures
in these systems were measured with the highest accu-
racy, whereas eutectic compositions have not been
determined experimentally and eutectic temperatures
are very close to the barium melting point. In view of
the high chemical reactivity of barium, it is reasonable
to suggest that all measurements near the pure barium
point have a far greater error than in the lanthanide-rich
compositions.


The numerical values of the melt interaction param-
eters were estimated proceeding from equilibrium con-


∆mixG T x,( )
=  RT 1 x–( ) 1 x–( )ln x xln+[ ] g00x 1 x–( ).+


 


Table 3.


 


  Interaction parameters and coordinates of singular points of Ln–Ba phase diagrams


Element


 


g


 


00


 


,
J/mol


 


r


 


at


 


, pm [10]


 


T


 


ph tr


 


, K


 


T


 


m


 


, K
Monotectic Eutectic


 


T


 


, K


 


x


 


Ba


 


, at %


 


T


 


, K


 


x


 


Ba


 


, at %


Pr 60000 182.8 1068 1204 1200 0.3 – –


Nd 52500 182.1 1128 1289 1275 0.8 998 99.9


Sm 38250 180.2 1190 1345 1292 3.5 992 99.3
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 Pr–Ba phase diagram.
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ditions for condensed phases. Equilibrium at the mono-
tectic point of an Ln–Ba system is, for example,


Ln1 xa– Baxa
liq( )


=  1
xa


xb


-----–⎝ ⎠
⎛ ⎞ Ln solid( )


xa


xb


-----Ln1 xb– Baxb
liq( ),+


 


where 


 


x


 


a


 


 and 


 


x


 


b


 


 are, respectively, the mole fractions of
the second component (in the case at hand, barium) in
equilibrium liquid phases rich in the first and second
component (lanthanide and barium). Three phases
coexisting in equilibrium at an invariant point, the fol-
lowing three equalities must hold simultaneously:
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 Nd–Ba phase diagram.
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xa


xb


-----∆mixG xb( ) ∆mixG xa( )– 1
xa


xb


-----–⎝ ⎠
⎛ ⎞ ∆mGLn° T( )– 0=


∆mGLn° T( )– RT 1 xa–( )ln µLn
ex xa( )+=


∆mGLn° T( )– RT 1 xb–( )ln µLn
ex xb( ),+=⎩


⎪
⎪
⎨
⎪
⎪
⎧


Here, (T) is the Gibbs energy of melting for
the lanthanide, ∆mixG(x) is the Gibbs energy of melt


mixing, and  = g00x2 is the excess chemical potential
of the lanthanide in melt.


Results and Discussion


The PhDi program, used to find the parameter g00 in
the modeling of the liquid and design of the Ln–Ba
phase diagrams, was developed at the Chemical Ther-
modynamics Laboratory, Faculty of Chemistry, Mos-
cow State University; a demo version of this program is
available from http://td.chem.msu.su/. Table 3 and Figs.
1–3 display the results of the calculations. The stability
parameters and phase-transition temperatures of the
components were borrowed from [11]. In all calcula-
tions, the barium melting point was set to be 1000 K.


In order to estimate the parameter g00 for the Gd–Ba
system, we plotted g00 as a linear function of lanthanide
atomic radius for Ln = Sm, Nd, and Pr (Fig. 4):


The gadolinium atomic radius being 180.2 pm, we
found the interaction parameter for Gd–Ba melts:


∆mGLn
°


µLn
ex


g00 1300±( ) J/mol


=  1.437 0.124±( )– 106 8184 680±( )rat pm( ).+×


g00 37760 1300±( ) J/mol.=
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Fig. 4. g00 vs. lanthanide atomic radius.
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Fig. 5. Gd–Ba phase diagram.
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The thermodynamic model was used to calculate the
Gd–Ba phase diagram as shown in Fig. 5. The diagram
features an exsolution dome, a monotectic at 1492 K
and 6.7 at % Ba, and a eutectic at 993 K and 99.5 at %
Ba. The gadolinium melting temperature and the
α-Gd  β-Gd phase-transition temperature was set
to be 1587 and 1535 K, respectively.
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Adsorption properties of magnesium oxide have
been studied repeatedly [1–8]. Kiselev et al. [2, 3, 8]
studied the structure and adsorption properties of mag-
nesium oxide samples prepared by vacuum treatment of
large-porosity magnesium hydroxide at 300, 500, 1000,
and 1400


 


°


 


C [2] and heating in air at 800, 1000, and
1200


 


°


 


C [8] and those prepared from magnesium car-
bonate by ignition at 1000


 


°


 


C [3]. The samples prepared
from Mg(OH)


 


2


 


 at 300 and 500


 


°


 


C had a bidisperse pore
structure: it contained large pores conserved from the
initial Mg(OH)


 


2


 


 framework and thin pores (fractures)
generated by Mg(OH)


 


2


 


 thermal destruction. The sam-
ples prepared at 1000 and 1400


 


°


 


C contained only large
pores [3]. The vacuum-calcined magnesium oxide sam-
ples had larger surface areas than the samples calcined
in air at the same temperature: for magnesium oxide
samples calcined in vacuo at 1000


 


°


 


C, the specific sur-
face area was 119 m


 


2


 


/g; for those calcined in air, it was
14 m


 


2


 


/g [8]. 


 


n


 


-Alkanes and aromatic hydrocarbons


were used as adsorbates. At relative pressures corre-
sponding to the dominant monolayer coverage, 


 


n


 


-hex-
ane adsorption on magnesium oxide is higher than ben-
zene adsorption. The adsorption properties of magne-
sium oxide are strongly affected by its preparation and
treatment. For samples calcined at 800 and 1200


 


°


 


C, the
heat of benzene adsorption (for the surface coverage


 


θ


 


 = 0.2), is 10.4 and 6.4 kcal/mol, respectively [8].


EXPERIMENTAL


Magnesium oxide was purchased from Sigma-Ald-
rich and had a specific surface area (s) of 6.2 m


 


2


 


/g deter-
mined from thermal nitrogen desorption.


The test adsorbates used were 


 


n


 


-alkanes C


 


6


 


–C


 


9


 


 and
their polar derivatives (CHCl


 


3


 


, CH


 


3


 


NO


 


2


 


, CH


 


3


 


CN,
(CH


 


3


 


)


 


2


 


CO, CH


 


3


 


COOC


 


2


 


H


 


5


 


, and (C


 


2


 


H


 


5


 


)


 


2


 


O). Table 1 lists
the characteristics of these adsorbates, where 


 


M


 


 is
molecular weight, 


 


µ


 


 is dipole moment, 


 


α


 


 is overall
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Abstract


 


—The adsorption properties of MgO, which is used as a sorbent and catalyst support, were studied
using gas chromatography. The test absorbents used were 


 


n


 


-alkanes (which show only nonspecific dispersion
interactions when physisorbed on any adsorbent) and adsorbates whose molecules are capable of specific inter-
actions with the surface reactive sites of MgO. Adsorption isotherms were measured for CHCl


 


3


 


, CH


 


3


 


NO


 


2


 


,
CH


 


3


 


CN, (CH


 


3


 


)


 


2


 


CO, CH
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COOC


 


2


 


H


 


5


 


, and (C


 


2


 


H


 


5


 


)


 


2


 


O on MgO at 50–100


 


°


 


C. Differential molar enthalpy changes
(–


 


∆


 


H


 


), equal to molar heats of adsorption, were determined. For polar adsorbates, contributions from dispersive
and specific interactions into –


 


∆


 


H


 


 were determined. The electron-acceptor and electron-donor abilities of the
MgO surface were estimated.
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Table 1.


 


  Characteristics of test adsorbates (


 


M


 


, molecular weight; 


 


µ


 


, dipole moment; 


 


α


 


, overall molecular polarizability;
AN and DN (kcal/mol), electron-donor and electron-acceptor energy characteristics of molecules [9])


Adsorbate


 


M


 


µ


 


, D


 


α


 


, Å


 


3


 


DN, kJ/mol AN


 


n


 


-C


 


6


 


H


 


14


 


86.17 0 11.9 0 0


 


n


 


-C


 


7


 


H


 


16


 


100.2 0 13.7 0 0


 


n


 


-C


 


8


 


H


 


18


 


114 0 15.6 0 0


C


 


6


 


H


 


6


 


78 0 10.4 0.418 8.2


CHCl


 


3


 


119.4 1.15 8.23 0 23


CH


 


3


 


NO


 


2


 


61.0 3.54 7.2 11.297 20.5


CH


 


3


 


CN 41.1 3.90 5.4 58.994 18.9


(CH


 


3


 


)


 


2


 


CO 50.18 2.80 6.6 71.128 12.5


C


 


2


 


H


 


5


 


COOCH


 


3


 


88.1 1.78 9 71.546 9.3
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molecular polarizability, and AN and DN are the Gut-
mann numbers [9, 10] characterizing the ability of
these molecules to electron-donor and electron-accep-
tor interactions.


 


n


 


-Alkane adsorption on magnesium oxide was stud-
ied in a dynamic mode on an LKhM chromatograph
equipped with a heat conductance detector. An adsor-
bent sample (1.1129 g) was placed into a glass column
(200 


 


×


 


 2 mm). Before measuring the retention parame-
ters of test adsorbates, the adsorbent was heated for
20 h in the chromatograph column in a carrier gas (He)
flow at 150


 


°


 


C. The adsorbate sample volume was 0.2 to
10 


 


µ


 


L. The adsorbate retention time was measured at
50, 75, and 100


 


°


 


C. The carrier gas flow rate was 15–
25 mL/min. Adsorption isotherms were calculated
from developed chromatograms using the Glueckouff
method [11].


RESULTS AND DISCUSSION


 


Interaction of n-Alkanes
with the Magnesium Oxide Surface


 


Figure 1 shows the adsorption isotherms of 


 


n


 


-
alkanes C


 


6


 


–C


 


9


 


 measured over the range of the tempera-
tures studied. In their initial segments, the isotherms are
convex to the adsorption axis; then, they ascend less
strongly to finally acquire the S-shape, which is charac-
teristic of polymolecular adsorption (type II in the sys-
tem of Brunauer et al. [12]).


For all 


 


n


 


-alkanes tested, adsorption isotherms
become linear within the 


 


p


 


/


 


p


 


s


 


 range from 0.05 to 0.6 in
the space of the linear form of the BET equation


(1)


where 


 


p


 


 and 


 


p


 


s


 


 are the equilibrium pressure and satu-
rated vapor pressure of the adsorbate, respectively; 


 


a


 


m


 


is the monolayer capacity, 


 


µ


 


mol/g; and 


 


C


 


 is equilibrium
constant.


Table 2 lists the values of the constants calculated
from this equation.


p/ ps


a 1 p/ ps–( )
---------------------------- 1


amC
----------


C 1–
amC
------------ p


ps


-----,+=


 


The same table lists the areas occupied by 


 


n-alkane
molecules in a close-packed monolayer ωm, 1 calculated
from


(2)


where s is the MgO specific surface area and NA is
Avogadro’s number.


The ωm, 1 values calculated for n-heptane and n-
octane molecular adsorption on MgO are smaller than
ωm, 2 derived from the density of the liquid on the
assumption of a planar arrangement of molecules on
the surface [13]. The surface area occupied by an n-
hexane molecule in a close-packed monolayer is close
to the value derived from the density of the liquid with
a planar surface coverage by molecules and from the
van der Waals molecular sizes for loose packing (ω =
50 Å) [14]. This means that the test adsorbent does not
contain micropores commensurate to the size of an
n-hexane molecule and that the arrangement of n-hex-
ane molecules on the surface is planar.


The isosteric heats of n-alkane adsorption were
determined from


(3)


Interpolated heats of n-alkane adsorption on MgO
for various adsorption values are displayed in Fig. 2. In
the initial adsorption region, Qst slightly decreases
because of a small heterogeneity of the surface. Then,
starting with a ≥ 10 µmol/g, the isosteric heats of
adsorption remain practically unchanged.


ωm s/amNA,=


Qst Rd p/d 1/T( ).ln–=


3002001000
p, mmHg


100


60


20


a, µmol/g


1 2


3
4


1'
2'


3'


4'


Fig. 1. Adsorption isotherms for n-alkanes on MgO at 50
and 75°C: (1, 1') n-C9H20, (2, 2') n-C8H18, (3, 3') n-C7H16,
and (4, 4') n-C6H14.


Table 2.  Constants am and C in the BET equation for
n-alkanes on MgO (T = 75°C)


Adsorbate am, µmol/g C ωm, 1, Å2 ωm, 2, Å2


n-C6H14 21 9.4 49 51


n-C7H16 21 10.8 49 54


n-C8H18 20.1 10.4 51 61


3020100
a, µmol/g


50


40


30


Q, kJ


4
3


2


1


Fig. 2. Isosteric heat of adsorption Qst, kJ/mol, vs. adsorp-
tion a, µmol/g, on MgO: (1) n-C6H14, (2) n-C7H16, (3) n-
C8H18, and (4) n-C9H20.
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Interaction of Polar Adsorbates with the MgO Surface


The S-shaped adsorption isotherms for polar adsor-
bates shown in Fig. 3 are convex to the adsorption axis
in the initial coverage region, indicating strong adsor-
bate–adsorbent interactions. For p/ps from 0.1 to 0.7,
the adsorption isotherms are well linearized in the
space of the linear form of the BET equation. The con-
stants am and C of these equations found from the
slopes of these lines and the ordinate intercepts are
listed in Table 3. The surface areas occupied by adsor-
bate molecules in a close-packed monolayer, ωm, i are
also listed in Table 3. They were estimated using the
BET equation (ωm, 1) from the projection of the van der
Waals sizes of molecules on the adsorbent surface in
close (ωm, 2) and loose (ωm, 3) molecular packing.


For polar adsorbates, unlike for n-alkanes, adsorp-
tion drops dramatically for coverages up to approxi-
mately θ = 0.5 (a = 20 µmol/g) (Fig. 4). This drop sig-
nifies the energetic heterogeneity of the surface, that is,
the presence of adsorption sites with different activities.
These compounds are adsorbed not only via universal


dispersion interactions (which increase with molecular
polarizability) but also via extra specific, donor–accep-
tor, or acid–base interactions with the adsorption sur-
face sites of magnesium oxide.


To ascertain the role of particular interactions of
polar molecules upon adsorption on MgO, we com-
pared to differential molar changes in the enthalpy of
adsorption for n-alkanes and polar adsorbates for the
identical coverage θ = 0.5. With this surface coverage,
the effect of surface heterogeneity is lower, while
adsorbate–adsorbent interactions are still not very
noticeable. The contributions from dispersive and spe-
cific interaction energies into the overall adsorption
energy were determined from the heat of adsorption Q
as a function of overall molecular polarizability for n-
alkanes and polar adsorbates. n-Alkanes interact with
the MgO surface (as with the other adsorbents) only via
dispersion interactions, whose energy is proportional to
the molecular polarizability. When θ = 0.5, Qst for the
adsorption of n-alkanes on MgO is described as a func-


500300100


200


0


100


a, µmol/g
(a)


300100


80


0


40


(b)


1234


p, mmHg


1234


Fig. 3. Adsorption isotherms on MgO for polar adsorbates at 50°C: (a) polymolecular isotherms and (b) initial segments of iso-
therms for (1) (CH3)2CO, (2) C3COOC2H5, (3) CH3CN, and (4) CH3NO2.


Table 3.  Constants am and C in the BET equation and the surface areas occupied by test adsorbate molecules on the MgO
surface


Adsorbate Temperature, °C am C ωm, 1 ωm, 2 ωm, 3


C6H6 50 21.2 15.2 48 42 50


75 22.1 12.2 46 – –


CHCl3 50 30.3 13.2 34 – v


75 34.9 11.4 29 – –


CH3NO2 50 31.9 6.0 32 20 27


75 30.6 5.8 33 – –


CH3CN 50 70.4 6.2 14 20 25


75 29.9 10.12 34 – –


CH3COOC2H5 50 24 37.8 42 35 48


75 25.2 33 40 – –


(CH3)2CO 50 30.4 19.4 34 26 36


75 51 6.1 20 – –
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tion of overall molecular polarizability (a) by the fol-
lowing equation (Fig. 5):


(4)


The contribution of the dispersive interaction energy
Qdisp to the overall energy of adsorption for polar adsor-
bents was determined from Qst versus polarizability
curves for n-alkanes (Fig. 5).


The contribution of the specific interaction energy
Qsp was determined using Eq. (4) as the difference
between the isosteric heat of adsorption Qst of a polar
adsorbate and that for a hypothetical n-alkane with the
same overall polarizability.


Table 4 lists Qst, Qdisp, and Qsp for the test n-alkanes
and polar adsorbates in adsorption on MgO with θ =
0.5.


The specific interaction energy, determined by the
electron-donor and electron-acceptor properties of


Qst 2.9501α 4.5549 kJ/mol[ ].–=


adsorbate molecules and the adsorbent surface, can be
expressed as follows [15]:


(5)


Here, AN and DN are acceptor and donor Gutmann
numbers [9, 10] and KD and KA are the electron-donor
and electron-acceptor characteristics of the surface.
Figure 6 illustrates experimental data in the space of
this equation.


The values of 1.021 and 0.1305 kJ/mol were,
respectively, calculated for the electron-donor (KD) and
electron-acceptor (KA) characteristics of the MgO sur-
face. From this, the MgO surface has both electron-
donor and electron-acceptor sites. The strength and
density of these sites on MgO depend on the prepara-
tion technique and treatment temperature. The involve-
ment of particular reactive sites in adsorption also
depends on the treatment temperature before experi-
ments, the experiment temperature, and the electron-
donor and electron-acceptor characteristics of adsor-
bent molecules.


Qsp/AN KD KADN/AN,+=


1006020
a, µmol/g


20


30


40


Q, kJ/mol


1


2
3
4
5


6


Fig. 4. Isosteric heat of adsorption Qst, kJ/mol, vs. adsorp-
tion a, µmol/g, on MgO for (1) CH3CN, (2) CH3COOC2H5,
(3) CHCl3, (4) CH3NO2, (5) C6H6, and (6) (CH3)2CO.


16141210
α, Å3


40


30


20


Q, kJ/mol n-Alcanes


y = 2.9501x – 45549
R2 = 0.9999


Fig. 5. Isosteric heat of adsorption on MgO Qst, kJ/mol, vs.
general polarizability of n-alkane molecules.


Table 4.  Contributions of the energies of dispersive (Qdisp) and specific (Qsp) interactions of test adsorbates to the overall
adsorption energy (Q) on MgO (kJ/mol)


Adsorbate Polarizability, α, Å3 Q, kJ/mol Qdisp Qsp Qsp/Q, %


n-C6H14 11.9 29.4 29.6 – –


n-C7H16 13.7 35.8 35.5 – –


n-C8H18 15.6 41.5 41.7 – –


n-C9H20 17.9 47 49.2 – –


C6H6 10.4 32.3 24.7 7.6 23.6


CH3NO2 7.2 36.8 14.2 22.6 61.4


CH3CN 5.4 34 8.3 25.7 75.5


(CH3)2CO 6.6 34 12.3 21.7 64.0


CH3COOC2H5 9 36.8 20.1 16.7 45.4


CHCl3 8.23 33 17.6 15.4 46.7
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To conclude, our data imply that the test magnesium
sample has not micropores and has a geometrically uni-
form surface. The adsorption of polar compounds on
magnesium oxide involves dispersive and donor-accep-
tor interactions; the contribution from donor–acceptor
interactions to the overall adsorption energy is 23 to
75%.
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Biosensor engineering has recently become an
actively studied field. The creation of highly selective
immunosensors is an important line of activity in this
field, because antibodies are capable of high-specific
recognition of biologically active compounds. This
capability makes it possible to analyze real multicom-
ponent samples, such as blood serum, urea [1], and
foodstuffs [2, 3]. Electrochemical analyses take a spe-
cial place among the analytical methods used as detec-
tion systems in biosensors. Electrochemical biosensors
have been developed most actively; they do not require
complicated recording devices, can be used in field set-
tings, and can be implanted into a human body for con-
tinuous monitoring of various biologically active com-
pounds.


As a rule, the biological component in biosensors is
in an immobilized state; therefore, the analytical
parameters of biosensors depend on whether the prop-
erties of biomolecules are retained upon immobiliza-
tion.


This work studies various methods for immobilizing
specific antibodies on screen-printed graphite elec-
trodes (SPEs). These electrodes have several strengths:
a large working surface, simple design and operation,
good precision, miniature size, low manufacturing cost,
and high standardization. The immunological activity
of immobilized antibodies was determined in their
complexing with an antigen labeled with an electro-
chemically active label (horseradish peroxidase; HP).
The model antigen used was chloramphenicol (CAP), a


wide-spectrum antimicrobial antibiotic. It is widely
used in veterinary science and animal husbandry
against a number of infectious diseases. As a result,
there is a real danger that remnant amounts of this anti-
biotic will appear in foodstuffs of animal origin; there-
fore, the development of a rapid and sensitive method
for CAP determination in foodstuffs is a challenge.


MATERIALS AND METHODS


The chemicals used were didodecyldimethylammo-
nium bromide (DDAB), HAuCl


 


4


 


 · 3H


 


2


 


O, sodium boro-
hydrides, cathechol (Sigma-Aldrich), horseradish per-
oxidase (RZ 3.3, Biozyme), hydrogen peroxide, ferro-
cyanide, acids, alkalis, casein, buffer solution
components (Khimmed), and polyclonal chloram-
phenicol antibodies from rabbit (NVO Immunotekh).
Three-probe SPEs with a graphite indicator electrode,
graphite auxiliary electrodes, and a silver/silver chlo-
ride reference electrode (Elkom) were used. Chloram-
phenicol–horseradish peroxidase conjugate (CAP–HP)
was prepared using the standard activated ester method
[4]. Water deionized with Milli-Q System (Millipore)
was used to prepare buffer solutions.


Spectral studies were carried out on a Shimadzu UV
1602 spectrophotometer; electrochemical measure-
ments, on an Autolab (Eco Chemie) potentiostat
equipped with GPES software. Electrochemical exper-
iments were carried out in 0.1 M potassium phosphate
buffer (pH 7.4); the indicator electrode diameter was
2 mm. Cyclovoltammograms (CVs) were recorded at
scan rates of 10 to 100 mV/s. The parameters used in
square-wave voltammetry (SWV) were as follows: the
initial potential, 200 mV; final potential, 700 mV
(for reduction processes); potential step, 5 mV; ampli-
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Abstract


 


—Immobilization of polyclonal antibodies was studied on native screen-printed graphite electrodes
(SPEs) and variously modified electrodes. SPEs coated with didodecylammonium bromide (DDAB, a synthetic
membranelike substance) films with gold nanoparticles gave the maximum electrochemical response. DDAB
and gold nanoparticle films strongly changed the surface morphology, and the electrochemical signal became
more intense and stable. This immobilization method increased the concentration of immobilized antibodies
while their activity was retained. The detection limit of the enzymatic label (horseradish peroxidase) was
0.02 ng/L of sample.
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tude, 20 mV; and frequency, 10 to 100 Hz. The param-
eters used in differential pulse voltammetry (DPV)
were as follows: the pulse amplitude, 25 mV; initial
potential, 200 mV; final potential, 700 mV; potential
step, 1 mV; and pulse duration, 50 ms. All measure-
ments were carried out at room temperature.


 


Modification of SPEs by gold nanoparticles and
DDAB.


 


 A DDAB-stabilized colloidal gold solution was
synthesized as follows: to 1 mL of 0.1 M DDAB solu-
tion in chloroform, 0.5 mL of 10 mM HAuCl


 


4


 


 · 3H


 


2


 


O
solution in water was added with stirring. Next, 0.2 mL
of a fresh 0.4 M NaBH


 


4


 


 solution in water was slowly
added with vigorous stirring. After 2 h, a colored
organic layer was separated and washed with an equal
volume of water. The DDAB-stabilized colloidal gold
solution in chloroform was characterized using absorp-
tion spectroscopy: 


 


λ


 


max


 


 = 520 nm [5, 6]. The gold nano-
particle concentration in 0.1 M DDAB in chloroform
was calculated according to the reaction stoichiometry
(5 mM).


 


Anodic oxidation


 


 of SPEs lasted 5 min in an elec-
trochemical cell containing acetate buffer (the potential
was 5 mV).


 


Antibody immobilization on SPEs.


 


 2 


 


µ


 


L of 5 mM
colloidal gold solution in 0.1 M DDAB in chloroform
was spread over the surface of the indicator electrode.
After chloroform vaporized (which took 10 min), 2 


 


µ


 


L
of an antibody solution was applied. The electrodes
were left for 12 h at 4


 


°


 


C in a moist cell to keep them
from completely drying. Then, the electrodes were
rinsed with PBS and PBST solutions in a flow-through
system for 5 min; the flow rate was 1 mL/min. To
inhibit nonspecific binding, the electrode was incu-
bated for 30 min in 0.5% casein at 37


 


°


 


C. A CAP–HP
solution in PBS was passed in order to study antibody
complexing with the antigen. After rinsing, the elec-
trode was placed into the electrochemical cell, and the
electrochemical activity of HP on the electrode surface
was determined while passing the substrate (0.5 mM


hydrogen peroxide) and mediator (0.1 mM cathechol).
The peak electrochemical current was used as the ana-
lytical signal.


 


SEM Characterization of electrode surfaces.


 


Electrode surfaces were characterized using a Ste-
reoscan-240 (Cambridge Instruments) scanning elec-
tron microscope.


RESULTS AND DISCUSSION


The need to develop highly sensitive analyses for
monitoring various compounds in real objects entails
the need to create analytical devices with high sensitiv-
ity, precision, and operational stability. Important prob-
lems in immunosensor engineering are the discovery of
immobilization techniques that would provide the nec-
essary concentration of a biorecognition element on the
electrode surface and the retention of the ability of anti-
bodies to complex with antigens.


We used several approaches to immobilize specific
antibodies on graphite electrode surfaces: physisorp-
tion on both untreated electrodes and electrodes after
anodic oxidation, as well as immobilization on elec-
trodes modified by a membranelike synthetic substance
and gold nanoparticles. Scanning electron microscopy
was used to characterize electrode surfaces [7].


The activity of immobilized antibodies was deter-
mined as the electrochemical response after complex-
ing immobilized antibodies with CAP-HP. In this case,
immune complexes on the electrode surface can be
detected by the appearance of an enzymatic activity of
the label (HP), which is directly proportional to the
concentration of surface immune complexes. First, the
parameters of the electrochemical detection of HP on
SPEs were optimized. Using antibodies of a rather large
size as the recognition element of biosensors, we failed
to implement direct electron transfer from the biocata-
lyst (peroxidase) to the electrode surface; therefore, we
used a mediator (cathechol). The current versus media-
tor concentration calibration curve was as shown in
Fig. 1. There was an optimal mediator concentration pro-
viding the maximal signal. In an excess of the mediator,
the signal dropped because of the inactivation of immo-
bilized proteins. Similar tendencies were observed for
hydrogen peroxide (the peroxidase substrate). Thus, we
found the optimal concentrations of the reagents (sub-
strate and mediator) for determining the activity of per-
oxidase conjugated to chloramphenicol.


Figure 2 displays the SEM images of the surfaces of
native electrodes and electrodes with immobilized anti-
bodies. The surface morphology was virtually the same
for a native graphite electrode and an electrode modi-
fied by anodic oxidation (Figs. 2a, 2b). Antibody phys-
isorption did not markedly alter the surface morphol-
ogy (Fig. 2c). This is an indication of a small protein
surface coverage. Figure 3 presents the results of the
electrochemical detection of antibody complexing with
CAP–HP on unmodified electrodes and electrodes after
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Fig. 1.


 


 Electrochemical current vs. cathechol concentration
in a flow-through cell.
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anodic oxidation. Anodic preoxidation of the electrode
increases the electrochemical response of the sensor
almost threefold.


To improve the ability of graphite to bind antibod-
ies, the electrode surface was treated with DDAB [8, 9].
Membranelike substance are known to form a stable
lyotropic liquid-crystalline film on the electrode sur-
face, this film containing amounts of water sufficient
for proteins to retain their structure and activity. The
use of such films for immobilization of protein mole-
cules makes it possible to employ milder adsorption
parameters and to conserve the native conformation of
proteins and, thus, their maximal activity. It was shown


earlier that DDAB is an efficient means for improving
the electrochemical properties of immobilized proteins.
The immobilization of proteins or other macromole-
cules very frequently causes partial denaturing, which
generates an insulation layer and inhibits electron
transport [10, 11]. The addition of colloidal gold parti-
cles to DDAB solution partially solves this problem;
colloidal gold acts as a bridge for electron transport
from the protein to the electrode surface [12, 13].


Figures 2c and 2d show the surface structures of
DDAB-modified electrodes and the electrodes with
antibodies immobilized in DDAB and DDAB + gold
nanoparticle films. DDAB markedly alters the surface
morphology; addition of gold nanoparticles generates a
relatively smooth film, which changes its parameters
after the immobilization of antibodies and CAP–HP
(Figs. 2e, 2f). In this case, we can speak of a substantial
increase in the amount of active immobilized protein on
the electrode surface.


The table compiles the maximal electrochemical
responses and signal stability data for electrodes with
antibodies immobilized by various techniques. The
highest signal and high operation stability are charac-
teristic of the electrodes with antibodies immobilized in
DDAB + gold nanoparticle films. The detection limit
for HP in CAP–HP on the electrode was 0.02 ng/mL


 


(a) (b)


(c) (d)


(e) (f)


 


Fig. 2.


 


 SEM images of SPE surface structures: (a) SPE,
(b) SPE after anodic oxidation, (c) SPE after anodic oxida-
tion with immobilized antibodies, (d) SPE treated with
DDAB and colloidal gold, and (e, f) SPE treated with
DDAB and colloidal gold (e) with immobilized antibodies
and (f) conjugate.
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Fig. 3.


 


 Electrochemical response of the immunosensor pre-
pared using various methods of antibody immobilization on
graphite electrode surfaces: (


 


1


 


) SPE, (


 


2


 


) SPE with anodic
preoxidation, (


 


3


 


) DDAB-treated SPE, and (


 


4


 


) SPE treated
with a solution of DDAB and colloidal gold.


 


Analytical parameters of SPEs with antibodies immobilized by various methods


Immobilization method/parameter Adsorption
on graphite


Adsorption on 
graphite pretreated 
by anodic oxidation


Immobilization in a 
DDAB film


Immobilization in
a DDAB + gold 
nanoparticle film


 


I


 


max


 


, nA 100 340 750 790


Residual activity after 1 h, % 98 75 70 95
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sample. The calibration curve for the determination of
HP conjugated to the protein in a flow-through cell con-
taining cathechol and hydrogen peroxide was as shown
in Fig. 4.


In summary, the modification of SPEs with
DDAB + gold nanoparticle films produces a system


sufficiently sensitive for use in engineering highly sen-
sitive immunosensors with peroxidase as a label.
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 Calibration curve for the determination of HP in the
protein conjugate in a flow-through cell containing cathe-
chol and hydrogen peroxide.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 2, pp. 75–79. © Allerton Press, Inc., 2008.
Original Russian Text © M.M. Ulyashova, M.Yu. Rubtsova, T. Bachmann, A.M. Egorov, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008, No. 2, pp. 96–101.


 


75


 


Recently, one of the most intensively developing
areas of nucleic acid biotechnology has become the use
of DNA microarrays for nucleotide sequence analysis.
This group of methods has significant advantages over
traditional molecular biological methods as it allows
one to decrease the size of the studied sample, which
considerably decreases the cost and time of analysis.
DNA microarray technology is finding wide applica-
tion in fundamental and applied research such as iden-
tification of specific genes and determination of the
level of their expression, as well as the study of DNA
genetic polymorphism [1–4].


In DNA microarray technology, on a small surface
of glass or another carrier, DNA fragments with a
known nucleotide sequence are immobilized in the
form of regularly arranged micromatrices. For this pur-
pose, two approaches are mainly used: short oligonu-
cleotides are synthesized directly on the surface of the
substrate or preliminarily obtained DNA fragments are
attached to it by covalent and noncovalent bonds [5, 6].
Then, hybridization of the studied nucleotide sequence,
into which a label was preliminarily introduced, with
immobilized DNA fragments is performed. If their pri-
mary structures coincide, heteroduplexes form on the
surface of the microarray, which can be discovered by
the appearance on the given segments of analytical sig-
nals.


The hybridization results depend on several factors:
the length and composition of immobilized oligonucle-
otides and labeled DNA, the hybridization temperature,
the composition of the hybridization mixture, and the
type of introduced label [7–9]. The majority of devel-
oped DNA microarrays are based on the use of different


fluorescent labels [10, 11]. This ensures the necessary
sensitivity of the analysis; however, it considerably
increases its cost (the high cost of both fluorescent
labels and the fluorescent scanners used for recording
the signal).


The goal of this study was to develop a method
(PCR) of hybridization analysis on a DNA microarray
using horseradish peroxidase (HP) colorimetric detec-
tion. In this method of detection, a molecule of biotin is
introduced into the studied gene during the PCR pro-
cess as a label, which is then revealed by a streptavidin–
HP conjugate with subsequent HP colorimetric detec-
tion. In developing the method, we modified the analy-
sis principle proposed in [12] for DNA microarrays
with fluorescent detection.


The possibility of using this method is shown by the
example of identification of point mutations in genes of
CTX-M 


 


β


 


-lactamases. These enzymes are the reason
for the resistance of microorganisms to third-genera-
tion cephalosporins. It has been established that the
broadening of the spectrum of activity of 


 


β


 


-lactamases
is related to the appearance of point mutations in the
genes coding them. Studying the data of a mutation,
one can draw a conclusion about the subtype of the
enzyme and determine its substrate specificity.


EXPERIMENTAL


Forward (5'-ATG GTG ACA AAG AGA GTG C-3')
and reverse (5'-CCT TTC GGC GAT GAT TCT CGC-3')
primers for the CTX-M-9 


 


β


 


-lactamases and oligonucle-
otides for identification of point mutations in genes of
CTX-M-9 


 


β


 


-lactamases were synthesized by Metabion
(Germany). Samples of CTX-M-9 


 


β


 


-lactamases were


 


Optimization of DNA Hybridization Analysis on Microarrays 
with Colorimetric Detection


 


M. M. Ulyashova, M. Yu. Rubtsova, T. Bachmann*, and A. M. Egorov


 


Department of Chemical Enzymology
e-mail: mmulyashova@gmail.com


 


Received November 23, 2007


 


Abstract


 


—A method of hybridization analysis on a DNA microarray using colorimetric detection on the basis
of horseradish peroxidase has been developed. The effectiveness of the incorporation of biotin as a label in the
DNA molecule in the PCR process is estimated and the conditions of hybridization of the biotin-labeled DNA
with oligonucleotides immobilized on the surface of the array are optimized. The possibility of using the devel-
oped method is shown by the example of genotyping of CTX-M 
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provided by staff of the Institute of Antimicrobial Che-
motherapy (Smolensk).


For immobilization, oligonucleotides with amino
groups at the 5' end were dissolved in a salt buffer
(160 mM Na


 


2


 


SO


 


4


 


, 130 mM Na


 


2


 


HPO


 


4


 


) to a final con-
centration of 20 pmol/


 


µ


 


L and applied with a MicroGrid
II robot (BioRobotics, United Kingdom) to glass plates
with epoxy groups (Eppendorf, Germany), after which
they were incubated for 30 min at 60


 


°


 


C.
Amplification of the CTX-M-9 


 


β


 


-lactamase gene
was performed in a total volume of 25 


 


µ


 


L in thin-walled
test tubes containing 10 mM TRIS–HCl (pH 8.3 at
25


 


°


 


C); 2.5 mM magnesium acetate; 50 mM KCl;
2.5 units Taq DNA polymerase; 100 


 


µ


 


M each dATP,
dGTP, and dCTP; 60 


 


µ


 


M dTTP (Eppendorf, Germany);
40 


 


µ


 


M dUTP–biotin (Roche, Germany); 0.4 


 


µ


 


M each
forward and reverse primers; and 5 


 


µ


 


L of a solution of
the DNA matrix. Reactions were carried out in a Tertsik
DNA amplifier (DNK-Tekhnologiya, Russia) accord-
ing to the following procedure: initial denaturation at
94


 


°


 


C (2 min); 30 cycles of denaturation at 94


 


°


 


C (45 s),
annealing of primers at 55


 


°


 


C (1 min), and elongation at
72


 


°


 


C (1 min); and a final stage of elongation at 72


 


°


 


C
(10 min). Purification of the PCR product was per-
formed on QlAquick columns according to the manu-
facturer’s protocol.


Horizontal electrophoresis of PCR products was
performed in a 1% agarose gel using TAE buffer
(40 mM TRIS, 20 mM acetic acid, 1 mM EDTA,
pH 8.5). A solution of ethidium bromide was added to
the gel to a concentration of 1.6 


 


µ


 


g/mL. Visualization
was performed on a UV transilluminator at a wave-
length of 260 nm.


DNA fragmentation was performed at room temper-
ature for 5 min. For this purpose, amplified DNA was
dissolved to a final concentration of 30 ng/


 


µ


 


L in reac-
tion buffer (40 mM TRIS–HCl, 10 mM MgSO


 


4


 


, 1 mM
CaCl


 


2


 


, pH 8.0) and DNase I was added (Promega, Ger-
many). The reaction was stopped by adding 3 mM
EDTA and incubating for 10 min at 65


 


°


 


C.
Before DNA hybridization was carried out, DNA


microarrays with nucleotides applied to them were
washed at room temperature (5 min in 0.1% Triton
X-100 in ddH


 


2


 


O, 4 min in an HCl solution, 10 min in
100 mM KCl) and then free epoxy groups were blocked
(incubation of glasses in a 25% solution of ethylene
glycol at 50


 


°


 


C for 15 min). The hybridization mixture,
consisting of fragmented DNA, buffer (20 


 


×


 


 SSPE:
3.0 M NaCl, 0.2 M NaH


 


2


 


PO


 


4


 


, 20 mM EDTA, pH 7.7),
and water taken in a specific ratio, was applied (in an
amount of 70 


 


µ


 


L) to a DNA microarray, covered with a
frame, and incubated for 4 h at a specific temperature.
Then the glasses were washed: 2 


 


×


 


 SSC (0.3 M NaCl,
0.03 M sodium citrate) containing 0.1% SDS and then
2 


 


×


 


 SSC and 0.2 


 


×


 


 SSC (each stage lasted 10 min at
room temperature). After blocking of the free centers of
protein binding (incubation in a 1% BSA solution in
phosphate buffered saline (PBS) for 30 min at 37


 


°


 


C),


the microarrays were incubated for 1 h at room temper-
ature in a solution of a streptavidin–HP conjugate in
PBS Tween-20 (PBST) (dilution 1/1000). After this, the
glasses were washed (PBST, two times for 5 min each)
and placed in a substrate solution containing 4 mM


 


o


 


-dianisidine, 4 mM 4-chloro-1-napthol, and 1 mM
hydrogen peroxide in 0.1 M potassium citrate buffer
(pH 4.7). The microarrays were scanned on a Nikon
Coolscan 4000 film scanner with a resolution of
4000 dpi. For determining the intensity of staining of
spots, the obtained image was processed using the
ScanArray Express program (Perkin-Elmer, v. 3.0).


RESULTS AND DISCUSSION


The principle of the method of hybridization analy-
sis on a DNA microarray with colorimetric detection
for identification of CTX-M 


 


β


 


-lactamases was as fol-
lows. Single-stranded oligonucleotides were covalently
immobilized on glass in a specific order. For identifica-
tion of each mutation, a set of four oligonucleotides
with a unique sequence of bases corresponding to the
structure of the gene of 


 


β


 


-lactamases in the given seg-
ment and differing from each other only by the nucle-
otide in the central position (A, G, C, or T) was used.
The determination of the presence of mutations in the


 


β


 


-lactamase gene involved the amplification of the gene
isolated from the clinical sample with the simultaneous
introduction of a molecule of biotin (in the composition
of dUTP–biotin) as a label, the fragmentation of the
obtained PCR product, and its subsequent hybridiza-
tion with specific oligonucleotides on the surface of a
diagnostic DNA microarray (Fig. 1).The introduced
biotin was revealed using a streptavidin–HP conjugate
and HP colorimetric detection. For this purpose, 


 


o


 


-di-
anisidine and 4-chloro-1-napthol were chosen as sub-
strates, which upon combined enzymatic oxidation
with hydrogen peroxide form an insoluble dark violet
product well absorbed on the surface of the glass near
the location of enzyme molecules. After scanning, an
image of the micromatrix was obtained with points
whose staining intensity was proportional to the enzy-
matic activity of the peroxidase and, consequently, the
number of heteroduplexes forming on hybridization.
The quantitative processing of the results consisted of
the construction of profiles of the absolute intensity of
staining estimated using the ScanArray Express pro-
gram. It was supposed that, in each group, the oligonu-
cleotide fully complementary to the fragment of the
labeled DNA target gives a much stronger signal than
the remaining three, differing from it in the central posi-
tion. To determine the specificity of identification of a
mutation (the ratio of the signal of complementary
hybridization to the signal of nonspecific hybridiza-
tion), the absolute values of intensities were converted
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into relative values with the signal of complementary
hybridization being taken as a unity.


 


Obtaining a Biotin-Labeled CTX-M-9 


 


β


 


-Lactamase 
Gene by the PCR Method


 


To ensure a high sensitivity of the hybridization
analysis, the probe for hybridization should have a high
specific incorporation of the label. The PCR method is
efficient and highly reproducible as it allows consider-
able quantities of a specific probe to be obtained within
a short period of time with minimal amounts of the
DNA sample being used as the initial matrix. However,
the molecules of the label bound to dNTP can prevent
the incorporation by DNA polymerase of modified
bases into the synthesized DNA chain. In this study, an
estimate of the efficiency of incorporation of biotin
molecules into the CTX-M-9 


 


β


 


-lactamase gene during
PCR was performed using the results of determination
of the molecular mass of PCR products by the gel elec-
trophoresis method (Fig. 2). It is known that the CTX-
M-type 


 


β


 


-lactamase gene has a length of 876 bp. Since
the average molecular mass of one base pair equals 614,
the molecular mass of the CTX-M-9 


 


β


 


-lactamase gene
is approximately 540000. On introduction of biotin
molecules, the mass of the amplified fragment
increases by approximately 45000, which corresponds
to 80 molecules of biotin. Thus, the number of nucle-
otides in a single-stranded DNA molecule per label
molecule was 20.


Earlier it was shown that, on introduction of the flu-
orescent label Cy3 into the TEM 


 


β


 


-lactamase gene at
the same ratio of concentrations of labeled/unlabeled
dNTP, this value usually amounted to 50–150 depend-
ing on the quality of the DNA sample [12]. Thus, biotin
is incorporated into the DNA molecule during PCR
2.5–7 times more efficiently in comparison with the flu-
orescent dye Cy3, frequently used as a label in DNA
microarray technology.


 


Optimization of the Conditions of Hybridization
on a DNA Microarray


 


The problem of analysis on a DNA microarray is the
simultaneous determination of all mutation positions
described for the given enzyme. Therefore, subse-
quently, we carried out the optimization of hybridization
conditions on a DNA microarray with the goal of select-
ing the conditions under which it is possible to identify
the maximum number of mutations. For this purpose, we
used a microarray containing oligonucleotides for deter-
mining the 13 mutations described for 


 


β


 


-lactamases of
the CTX-M-9 subgroup, located in the following posi-
tions of the amino acid sequence: 7, 21, 29, 52, 121, 167,
183, 220.1, 220.2, 231, 240, 274, and 288.


It is known that the results of hybridization depend
on several parameters, the main of which, at a fixed
length of immobilized oligonucleotides, are the hybrid-
ization temperature and the molarity of the hybridiza-
tion buffer.


The main criterion in choice of the hybridization
temperature is that it should be significantly lower than
the melting temperature (


 


T


 


m


 


) of the heteroduplexes
forming. However, it cannot be greatly decreased
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Fig. 1.


 


 Scheme of the method of hybridization analysis on a DNA microarray with colorimetric detection on the basis of horseradish
peroxidase.
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Fig. 2.


 


 Results of gel electrophoresis of the unlabeled and
the biotin-labeled CTX-M-9 


 


β


 


-lactamase gene.
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because in this case the specificity of the analysis is
lost. Since 


 


T


 


m


 


 of oligonucleotides for detection of
mutations in CTX-M-type 


 


β


 


-lactamase genes is 52.4–
84.1


 


°


 


C, it was decided to study the range of hybridiza-
tion temperatures 42–48


 


°


 


C. Data on testing of the
CTX-M-9 


 


β


 


-lactamase gene on DNA microarrays with
colorimetric detection obtained at different hybridiza-
tion temperatures are shown in Fig. 3.


In comparison of the data of the diagrams, it is seen
that, with a decrease in temperature from 48 to 42


 


°


 


C,
the absolute intensity of signals grows, which indicates
an increase in the hybridization efficiency and, thus, the
sensitivity of the analysis. Thus, at 42


 


°


 


C, the results of
hybridization can be seen for a number of positions of
mutations that are impossible to identify at higher tem-
peratures (21, 29, 183) due to very weak signals com-
parable in intensity with the background. Therefore, for
the subsequent performance of a multianalysis on a
DNA microarray, the temperature 42


 


°


 


C was chosen.
However, with a decrease in the temperature, a decrease
in the specificity of determination of a mutation was
observed, and at 42


 


°


 


C we could not reliably determine
the type of nucleotide in positions 52, 167, 231, and
240.


One of the means of eliminating nonspecific interac-
tions in performing hybridization analysis is increasing
the molarity of the hybridization buffer. In Fig. 4, the
results of hybridization of the CTX-M-9 


 


β


 


-lactamase
gene obtained at a different content of NaCl in the
hybridization buffer are presented. For positions 52 and
240, the specificity of determination improves consider-


ably with an increase in the concentration of NaCl to
0.6 M, while for positions 167 and 231 a further increase
in the concentration of the salt to 1.0 M was required.
But, since at a concentration of 1.0 M for positions 29
and 183 the intensity of hybridization signals was very
low, for the subsequent performance of hybridization, an
NaCl concentration of 0.6 M was chosen.


Yet another parameter influencing the efficiency and
specificity of hybridization is the size of molecules of
the studied DNA. An increase in the size of fragments
enables the amount of label introduced per unit area of
the carrier to be increased. However, in molecules of
DNA having a great length, secondary structures
unavoidably form, causing steric hindrances during
hybridization and lowering its specificity. Therefore,
subsequently we increased the degree of fragmentation
of labeled DNA, for which we increased the concentra-
tion of DNase from 0.2 mU/ng DNA (fragment size
100–200 np) to 0.5 mU/ng DNA (fragment size 40–
150 np). The intensity of signals decreased inconsider-
ably, which had little effect on the sensitivity of the
analysis, but the specificity of hybridization in posi-
tions 52, 167, and 240 improved (Fig. 5).


Thus, the use of DNA microarrays with colorimetric
detection enables identification of 11 out of 13 oligonu-
cleotides for determination of the mutations described
for the given subtype of 


 


β


 


-lactamases. One position
(231) is characterized by a low specificity of determina-
tion (Fig. 5); the signals in positions 7 and 288 remain
close to the background values under any hybridization
conditions. It is possible that this explains the low effi-
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Fig. 3.


 


 Results of testing of CTX-M-9 I-lactamase on a DNA microarray with colorimetric detection obtained at different hybrid-
ization temperatures. Hybridization conditions: 0.3 M NaCl; fragment size 100–200 np.
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ciency of incorporation of the label in these segments
since they are the end segments in the gene and are
close to the region of annealing of primers.
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Fig. 4. Results of testing of CTX-M-9 I-lactamase on a DNA microarray with colorimetric detection obtained for different NaCl
concentrations in the hybridization buffer. Hybridization conditions: 42°C; fragment size 100–200 np.
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The design of simple hydrolytic systems capable of
separating racemates into optical isomers via kinetic
optical induction is promising for separating enanti-
omers of optically active carboxylic acids and amino
acids [1–4]. This strategy is efficient in fine organic
synthesis, including large-scale production of drugs.


One possible strategy to solve this problem is to use
cyclopalladated arylamines with one or several chiral
centers as hydrolysis catalysts. It is well known that
such complexes can enhance hydrolysis of ester bonds
[5–7]; in some cases [8, 9], there is a considerable dif-
ference between the rate constants of the reaction
depending on the optical configuration of the reagents.


The chemistry of catalytic hydrolysis in the pres-
ence of palladacycles is as follows [10–12]: in aqueous
solutions, a strong nucleophilic center is generated in
such complexes with the hydroxo ligand coordinated in
the 


 


trans


 


-position to the aromatic carbon atom, which
performs the nucleophilic attack at the carbonyl atom
of the ester. The mechanism of this reaction resembles
the hydrolysis of peptide bonds catalyzed by carbox-
ypeptidase A [13] or hydrolysis of ester bonds cata-
lyzed by carboanhydrase [14]. Therefore, a situation
appears in palladacycles where biomimetics is targeted
not only at modeling active sites of enzymes but also at
imitating the main features of enzymes, namely, high
activity and stereoselectivity.


 


Ortho


 


-palladated arylamines are convenient sub-
strates for accommodating optically active centers;
there are two sites for their accommodation: (a) in the
side chain and (b) at the chiral nitrogen atom (Fig. 1).


Hydrolysis rates for esters of optically active 


 


α


 


-
amino acids catalyzed by chiral cyclopalladated ary-
lamines are affected by the configurations of the chiral
centers of the substrate and catalyst [8, 9]. Complexes


of phenylethylamine (I), 


 


N


 


,


 


N


 


-dimethylphenylethy-
lamine (II), and 


 


N


 


-methylphenylethylamine (III) were
used as catalysts (Fig. 2).


In catalytic hydrolysis of sulfur-containing amino
acid derivatives, which occurs by an intramolecular
mechanism, the difference between the reaction rates of
stereomers increases from 


 


ortho


 


-palladated primary
arylamines (


 


k


 


S


 


/


 


k


 


R


 


 = 1.1) to tertiary ones (


 


k


 


S


 


/


 


k


 


R


 


 = 1.5);
the catalytic effect is highest when the reacting ester
and complex have the same absolute configurations of
their chiral centers. The efficiency of intramolecular
catalysis is higher when the reacting complex and ester
have opposite absolute configurations of their chiral
centers; catalytic hydrolysis rate constants for two ste-
reomer pairs coincide within the error. The maximal
difference between the rates is observed in the catalysis
by cyclopalladated secondary arylamines, being 2.3
times for the phenylalanine derivative [8, 9]. In view of
the aforesaid, we can infer that the hydrolysis selectiv-
ity for chiral substrates is affected by both chiral cen-
ters, the chiral nitrogen atom having a stronger effect
than the chiral center at the benzyl carbon atom.


To improve the hydrolysis selectivity, we decided to
design catalysts with bulkier substituents at both the
nitrogen and carbon atoms (Fig. 3).
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Abstract


 


—A 4.5-fold difference in catalytic hydrolysis rate constants between stereomer pairs was achieved
as a result of the incorporation of bulky substituents into chiral cyclopalladated arylamines used as catalysts for
hydrolysis of esters of optically active amino acids. An unexpected inversion of catalyst stereoselectivity
depending on the bulkiness of substituents at the palladacycle a-carbon atom was discovered.
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 Chiral centers in palladated benzylamine.
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RESULTS


 


Hydrolysis of 4-Nitrophenyl Ester
of N-BOC-L-Methionine Catalyzed


by Chiral Palladacycles


 


Figure 4 schematizes the interaction of a palladium-
coordinated hydroxide ion with a carboxy carbon atom.


For the attack of a hydroxy group to occur at the car-
bonyl carbon atom, they must closely approach each
other; group 


 


1


 


 and group 


 


2


 


 can both affect this
approach, but the effect of group 


 


1


 


 on the spatial
arrangement of parts of the transition state is weak.
Bulky group 


 


2


 


 can decrease the absolute value of the
hydrolysis constant in view of strong steric hindrances
to the approach of the carbonyl carbon atom and
hydroxy group. At the same time, the hydrolysis selec-
tivity should increase: for the palladacycle with the
chiral center of the opposite configuration, the
approach of the hydroxy group will be hindered by the


interaction between isopropyl group


 


 2


 


 and the phenyl
ring (Fig. 5).


The catalytic hydrolysis rate constants (Table 1) in
part support the above-assumed effect of substituents in
the catalyst molecule on the reaction rate. Compounds


 


IVc


 


 and 


 


IVd


 


 obey the above model. For compounds


 


IVa


 


 and 


 


IVb


 


, however, the diametrically opposite
effect is observed, possibly because of the different
conformations of the transition state for ethyl and
methyl substituents.


 


Hydrolysis of 4-Nitrophenyl Esters
of N-BOC-L-Isoleucine and N-CBZ-L-Phenylalanine 


Catalyzed by Chiral Palladacycles


 


Esters of amino acids lacking donor atoms in the
side chain (these atoms are capable of binding to palla-
dium) are hydrolyzed by an intermolecular mechanism
[8]. In this work, we studied the hydrolysis of 


 


N
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Fig. 2.


 


 Cyclopalladated amines used as catalysts for hydrol-
ysis of 


 


α


 


-amino acid esters.
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Ortho


 


-palladated 


 


N


 


-isopropylalkylbenzylamines
with the absolute configuration of the benzyl carbon atom
indicated. The configuration of the chiral center associated
with the nitrogen atom is opposite to the configuration of
the chiral center associated with the carbon atom.
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Fig. 4.


 


 Groups potentially affecting the nucleophilic substi-
tution selectivity in amino acid esters.
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Fig. 5.


 


 Spatial hindrance to the attack of a palladacycle of
identical configuration on 


 


L


 


-methionine.


 


Table 1.


 


  Catalytic hydrolysis rate constants for 


 


N


 


-BOC-


 


L


 


-methionine 4-nitrophenyl ester catalyzed by various substituted
chiral palladacycles


Compound Compound no. R


 


1


 


R


 


2


 


k


 


cat


 


, L/(mol s)


 


k


 


cat


 


(


 


R


 


)/


 


k


 


cat


 


(


 


S
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T
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°


 


C


 


IVa


 


(


 


S


 


)-Me (


 


R


 


)-i-Pr 3.72
1.8


25


 


IVb


 


(


 


R


 


)-Me (


 


S


 


)-i-Pr 6.71 25


 


IVc


 


(


 


S


 


)-Et (


 


R


 


)-i-Pr 8.28
0.6


25


 


IVd
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)-Et (
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)-i-Pr 5.20 25
Pd


NH


R1


R2


Py Cl


 


Py Cl


1


2







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 63


 


       


 


No. 5


 


      


 


2008


 


BIOMIMETICAL CATALYSIS OF 


 


α


 


-AMINO ACID HYDROLYSIS 257


 


L


 


-isoleucine and 


 


N


 


-CBZ-


 


L


 


-phenylalanine 4-nitrophe-
nyl esters catalyzed by chiral cyclopalladated com-
plexes (Fig. 4); the rate constants of the relevant reac-
tions are listed in Table 2.


Comparing the ratio of the rate constants obtained
for 


 


N


 


-CBZ-


 


L


 


-phenylalanine hydrolysis in the presence
of compounds 


 


IVa 


 


and 


 


IVb


 


 with the ratio of the hydrol-
ysis constants for the same substrate but in the presence
of cyclopalladated secondary benzylamines having a
methyl substituent at the nitrogen atom [9], we see that
the bulkier isopropyl radical enhances the kinetic opti-
cal induction effect considerably, from 2.3 [9] to 4.5
times. The hydrolysis rate constant is greater when the
ester and palladacycles have different absolute configu-
rations, in agreement with our suggested kinetic optical
induction mechanism [9].


For isoleucine ester with the use of compounds 


 


IVa


 


and 


 


IVb


 


, we observe the same phenomenon as for
methionine ester (Table 1), namely, the inversion of cat-
alyst selectivity. Methionine and isoleucine esters are
similar in that the transition state in their reaction with
the palladacycle will have one more chiral center than
for phenylalanine. For example, isoleucine itself has an
extra chiral center in the side chain; in methionine, a
chiral center is associated with the sulfur atom that
bears four different substituents (assuming that inver-
sion at the sulfur atom is sterically hindered). There-
fore, the effect observed for methionine and isoleucine
esters, presumably, arises from the existence of an extra


(third) chiral center in the transition state, this extra
chiral center affecting the difference between the cata-
lytic activities of palladacycles with different optical
configurations.


Thus, this work demonstrates the possibility of
increasing the selectivity of 


 


α


 


-amino acid ester hydrol-
ysis via increasing the bulkiness of the substituent at the
nitrogen atom. An unexpected effect was discovered:
inversion of the catalyst activity occurred in response to
variations in radical length in the side chain of cyclo-
palladated arylamine.


EXPERIMENTAL


NMR spectra were recorded on a Bruker Avance
400 instrument. Spectrophotometric experiments were
carried out on Hitachi 150-20 and Shimadzu UV-160A
spectrophotometers equipped with thermostated cells.
Specific rotation at the sodium 


 


D


 


-line frequency was
measured on a VNIIEKIprodmash A1-EPO automated
polarimeter.


 


Synthesis of Cyclopalladated Complexes


 


Chiral secondary 


 


α


 


-alkylbenzylamines were syn-
thesized as described in [15] (Table 3); dimeric pallada-
cycles were synthesized as described in [15] (Table 4),
and monomeric palladacycles were also synthesized as
described in [15] (Table 5). All compounds were char-


 


Table 2.


 


  Catalytic hydrolysis rate constants for 


 


N


 


-carbobenzoxy-


 


L


 


-phenylalanine 4-nitrophenyl ester and 


 


N


 


-


 


tert


 


-butoxycar-
bonyl-


 


L


 


-isoleucine 4-nitrophenyl ester catalyzed by various substituted chiral palladacycles


Compound Amino acid Compound 
no. R


 


1


 


R


 


2


 


k


 


cat


 


 


 


×


 


 10


 


2


 


,
L/(mol s)


 


k


 


cat


 


(


 


R


 


)/kcat(S) T, °C


N-CBZ-L-Phe


IVa (S)-Me (R)-i-Pr 1.06
4.5


30


IVb (R)-Me (S)-i-Pr 5.06 30


IVc (S)-Et (R)-i-Pr 0.56
2.7


30


IVd (R)-Et (S)-i-Pr 1.51 30


N-BOC-L-Ile


IVa (S)-Me (R)-i-Pr 3.14
0.5


45


IVb (R)-Me (S)-i-Pr 1.48 45


IVc (S)-Et (R)-i-Pr 0.88
2.2


45


IVd (R)-Et (S)-i-Pr 1.95 45


Pd
NH


R1


R2


Py Cl


Table 3.  Chiral secondary α-alkylbenzylamines


Compound Compound
no.


Boiling temperature, 
°C Yield, %


(–)-N-isopropyl-(1S)-1-phenylethylamine Va 53–55 (3 mmHg) –59.9° 76


(+)-N-isopropyl-(1R)-1-phenylethylamine Vb 67–69 (6 mmHg) +59.7° 76


(–)-N-isopropyl-(1S)-1-phenylpropylamine Vc 73–74 (3 mmHg) –45.3° 86


(+)-N-isopropyl-(1R)-1-phenylpropylamine Vd 72–73 (3 mmHg) +47.6° 83


α[ ]D
20
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acterized by 1H NMR spectra; for monomeric pallada-
cycles, elemental analysis was done (Table 6).


Kinetic Experiments


Hydrolysis of 4-nitrophenyl amino acid esters cata-
lyzed by ortho-palladated complexes was studied in
0.01 M phosphate buffered solution (pH 8). The hydrol-
ysis kinetics was monitored spectrophotometrically by
accumulation of 4-nitrophenolate ion at 395 nm. Hydrol-
ysis was initiated by consecutive addition of stock solu-
tions of the palladium complex and ester in acetonitrile
to the spectrophotometer cell. The final reagent concen-
tration in the cell was 1 × 10–5 to 9 × 10–5 mol/L for ester
and 2 × 10–5 to 6 × 10–4 mol/L for the metal complex.
The acetonitrile concentration in the reaction mixture
was 10%.


Kinetic parameters were found by nonlinear regres-
sion analysis using the SigmaPlot software. Observed
pseudo-first-order rate constants kobs were derived from
the rate curve using


where D(t), Dfin, and Din are, respectively, optical den-
sities at moment t, at the finish of the reaction, and in
the initial moment. The rate curves were described by a
first-order equation over at least five half-reaction
times. From the relationship between the pseudo-first-
order observed rate constants and palladium complex
concentration, catalytic hydrolysis constants kcat were
found from kobs = k0 + kcat[Pd(II)], where k0 is the rate
constant of background hydrolysis of the ester and
[Pd(II)] is initial palladium complex concentration
based on monomer.


D t( ) Din Din Dfin–( ) kobst–( ),exp+=


Table 4.  Dimeric palladacycles


Compound Compound
no.


Boiling temperature, 
°C Yield, %


Di-µ-chlorobis(N-isopropyl)-(1S)-1-phenyl-
ethylamine-2C,N)dipalladium(II)


IVa 200–203 (dec.) +127.7° 76


Di-µ-chlorobis(N-isopropyl)-(1R)-1-phenyl-
ethylamine-2C,N)dipalladium(II)


IVb 203–205 (dec.) –130.6° 72


Di-µ-chlorobis(N-isopropyl)-(1S)-1-phenyl-
propylamine-2C,N)dipalladium(II)


IVc 170–173 (dec.) +126.8° 82


Di-µ-chlorobis(N-isopropyl)-(1R)-1-phenyl-
propylamine-2C,N)dipalladium(II)


IVd 175–178 (dec.) –118.0° 85


α[ ]D
20


Table 5.  Monomeric palladacycles


Compound Compound
no.


Boiling temperature, 
°C Yield, %


Chloro-(N-isopropyl)-(1S)-1-phenylethyl-
amine-2C,N)(pyridine)palladium(II)


IVa 117–122 (dec.) +230.2° 76


Chloro-(N-isopropyl)-(1R)-1-phenylethyl-
amine-2C,N)(pyridine)palladium(II)


IVb 117–120 (dec.) –231.0° 78


Chloro-(N-isopropyl)-(1S)-1-phenylpropyl-
amine-2C,N)(pyridine)palladium(II)


IVc 123–128 (dec.) +212.5° 83


Chloro-(N-isopropyl)-(1R)-1-phenylpropyl-
amine-2C,N)(pyridine)palladium(II)


IVd 125–129 (dec.) –213.3° 90


α[ ]D
20


Table 6.  Elemental analysis data for monomeric palladacycles


Compound
C, % H, % N, %


found calcd found calcd found calcd


IVa 50.06
50.20


5.58
5.49


7.18
7.32


IVb 50.24 5.46 7.23


IVc 51.29
51.45


5.70
5.80


7.05
7.06


IVd 51.27 5.90 7.03
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Studies of the properties of surfactant mixtures are
of great applied importance, in particular, in cosmetics
and pharmaceuticals, detergents, flotation, chemical
industry, coatings, and all other fields of industry where
surfactants are used. The behavior of surfactant mix-
tures in micelle formation and adsorption at aqueous
surfactant solution/air interfaces has been studied quite
comprehensively. Adsorption of surfactant mixtures on
solid adsorbents has been studied much less; the effect
of surfactant mixtures on the interfacial energy at solu-
tion/solid interfaces is almost unstudied. Intentionally
altering the properties of solid surfaces by means of
surfactants, one can control the stability of suspensions
and sols and regulate wetting, capillary flow, and adhe-
sion.


Our task in this work was to study the effect of mix-
tures of cationic and nonionic surfactants on the inter-
facial energy and adsorption at aqueous solution/apolar
solid interfaces. We employed a set of techniques
including measurements of contact interactions, capil-
lary rise, and adsorption, which gave us sufficient data
on the interfacial behavior of surfactant mixtures.


SUBJECTS


We used the following surfactants: cationic tetrade-
cyltrimethylammonium bromide (TTAB) from Merck
(with critical micelle concentration CMC = 4 


 


×


 


10


 


−


 


2


 


 mol/L) and nonionic ethylene glycol 


 


p


 


-


 


tert


 


-
octylphenyl ether (Triton X-305, TX-305) from Ferak
Berlin (CMC = 10


 


–3


 


 mol/L). Both surfactants were 98%
pure. The solutions used in experiments had overall
concentrations 


 


c


 


 of 10


 


–6


 


 to 10


 


–2


 


 mol/L; the mole frac-
tion of the nonionic surfactant 


 


α


 


 was 0.5, 0.2, and 0.05.
The solutions were prepared by consecutive dilution
with distilled water (with electrical conductivity 


 


κ


 


 = 2 


 


×


 


10


 


–6


 


 S/cm). Experiments were carried out at room tem-
perature: (22–25)


 


°


 


C.


The solid surface used was hydrophobic glass. Fused
glass is a molecular smooth surface; when it is made
hydrophobic, the resulting surface is chemically stable
and has reproducible characteristics [1]. Samples for
contact interaction measurements were prepared from
newly pulled glass capillaries. Capillary rise experi-
ments employed glass capillaries from the Skhodnya
plant with the inner radius 


 


r


 


0


 


 = (0.30 


 


±


 


 0.02) mm. All
glass samples and capillaries were made hydrophobic
by exposure to dimethyldichlorosilane vapor (DMCS,
Fluka, 98% pure) at room temperature for 24 h fol-
lowed by chloroform washing. The specific surface
energy 


 


σ


 


sl


 


 at the sample/water (S/L) interface derived
from the results of measurements was (52 


 


±


 


 3.5) mJ/m


 


2


 


,
which can serve as evidence in favor of the complete
hydrophobicity of glass. The water contact angle 


 


θ


 


 in
hydrophobic capillaries was (105 


 


±


 


 0.7)


 


°


 


. This value is
also indicative of an almost complete hydrophobicity of
the surface [2, 3].


Surfactant adsorption was studied on quartz sand
(Sigma, specific surface area 


 


S


 


sp


 


 = 0.03 m


 


2


 


/g). This sand
was made hydrophobic by exposure for 48 h to a 2%
DMCS solution in chloroform followed by washing
with neat chloroform and drying in air.


METHODS


The surface tension 


 


σ


 


l


 


v


 


 of individual and mixed sur-
factant solutions was measured by the maximum pres-
sure in the bubble method.


 


σ


 


sl


 


 was determined via contact interaction measure-
ments [1]. Once the attraction strength between convex
solid surfaces in a solution, 


 


F


 


(


 


h


 


), has been determined,
one can calculate the interfacial tension at the solid/liq-
uid interface from


(1)σsl F h( )/2πk,=
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Abstract


 


—We studied the reciprocal influence of a nonionic surfactant (triton X-305) and a cationic surfactant
(tetradecyltrimethylammonium bromide; TTAB) on their adsorption from aqueous solution on hydrophobic
glass, interfacial tension at the solution/solid interface, composition of the mixed adsorption layer, and interac-
tion parameters between surfactant molecules in mixed adsorption layers.
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where 


 


k


 


 is a geometric parameter determined by the
curvature of contacting surfaces. For two spherical sur-
faces with different radii (


 


r


 


' and 


 


r


 


''), 


 


k


 


 = 2


 


r


 


'


 


r


 


''/(


 


r


 


' + 


 


r


 


'').
The radii 


 


r


 


' and 


 


r


 


'' for each pair of contacting samples
were determined with a horizontal microscope. The
curvature radius of spherical samples averaged 1 mm.


TX-305 and TTAB adsorption on hydrophobic
quartz sand was determined as the decrease in surfac-
tant concentration in solution:


(2)


Here, 


 


V


 


 is solution volume, 


 


m


 


 is adsorbent weight,
and 


 


c


 


0


 


 and 


 


c


 


eq


 


 are initial and equilibrium concentrations
of surfactant solutions.


Spectrophotometry was used to study TX-305
adsorption [4]. Absorption spectra for TX-305 solu-
tions were taken on a Agilent 8453 spectrophotometer
(Agilent Technologies).


TTAB adsorption on hydrophobic quartz sand was
determined using a tritium label [5, 6]: when labeled
TTAB dissolves in water, the radioactivity of the solu-
tion is proportional to its concentration. Radioactivity
was determined on an LKB-Wallac Rack Beta 1215 liq-
uid scintillation spectrometer. This method makes it
possible to determine the initial and equilibrium con-
centrations of solution from its radioactivity and to cal-
culate adsorption from Eq. (2).


Another way we used to determine the parameters
of an adsorption layer at the hydrophobic glass/surfac-
tant solution interface was capillary rise measurements.
In finding the simultaneous solution of the Gibbs and
Young equations, adsorption at aqueous/low-energy
solid interface, 


 


Γ


 


sl


 


, can be calculated from


(3)


where 


 


θ


 


 is contact angle in the hydrophobic glass/surfac-
tant solution/air system, 


 


σ


 


l


 


v


 


 is surface tension at the sur-
factant solution/air (L–V) interface, 


 


R


 


 is universal gas
constant, 


 


T


 


 is absolute temperature, 


 


n


 


 = 1 for nonionic
surfactant, and 


 


n


 


 = 2 for cationic surfactant [7–11].
Capillary rise measurements give the product 


 


σ


 


l


 


v


 


cos


 


θ


 


from the capillary rise height 


 


H


 


 for aqueous surfactant
solutions in hydrophobic capillaries with radius 


 


r


 


0


 


:


(4)


Γ c0 ceq–( )V / mSsp( ),=


Γsl
c


nRT
----------


d σlv θcos( )
dc


----------------------------,=


σsv θcos 1/2Hr0ρg.=


 


Here, 


 


ρ


 


 is surfactant solution density and 


 


g


 


 is gravity
acceleration. A KM-6 cathetometer was used to mea-
sure 


 


H


 


 and 


 


r


 


0


 


.


RESULTS AND DISCUSSION


Figure 1 displays surface tension isotherms for
TTAB, TX-100, and their mixtures. From the surface
tension isotherms of the individual surfactants, we cal-
culated surfactant adsorption at the solution/air inter-
face and determined the maximal adsorption 


 


Γ


 


max


 


,
adsorption activity 


 


A


 


, and the surface area per surfac-
tant molecule in the saturated adsorption layer, 


 


S


 


l


 


(Table 1). We found that TTAB forms quite close-
packed adsorption layers and decreases the surface ten-
sion to lower values than TX-305 does. The adsorption
activity of TX-305 is far higher than for TTAB. How-
ever, the bulky polar group of TX-305 is responsible for
the greater surface area per molecule in its saturated
adsorption layer and the smaller decrease in surface
tension on entering the plateau compared to TTAB.


We used the model from [12, 13] to calculate
TX-305 mole fractions, 


 


X


 


l


 


v


 


, in adsorption layers at the
solution/air interface (Fig. 2) and interaction parame-
ters 


 


β


 


l


 


v


 


 in them (Table 2). The empty cells in Table 2
refer to the complete displacement of TTAB by TX-305
from the adsorption layer (


 


X


 


l


 


v


 


 = 1). Calculations show
that adsorption layers are enriched in TX-305, with the
TX-305 fraction in mixed adsorption layers decreasing
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Fig. 1. Surface tension isotherms for (1) TX-305 solution,
(5) TTAB solution, and (2–4) mixed solutions with the TX-
305 mole fraction α = (2) 0.5, (3) 0.2, and (4) 0.05.


Table 1.  Parameters of adsorption layers at solution/air and solution/hydrophobic glass interfaces


Surface Solution/air
Solution/hydrophobic glass


contact interactions capillary rise


Surfactant TX-305 TTAB TX-305 TTAB TX-305 TTAB


Γmax, mol/m2 2.8 × 10–6 3.5 × 10–6 4.1 × 10–6 1.9 × 10–6 2.9 × 10–6 2.2 × 10–6


S1, nm2 0.60 0.48 0.40 0.87 0.58 0.75


A, L/mol 50805 1269 222820 13480 106329 2524
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with an increase in the total surfactant concentration in
solution. The interaction parameters are negative, indi-
cating attraction between the components in adsorption
layers. In their absolute values, the interaction parame-
ters are small; that is, attraction between TX-305 and
TTAB molecules is very weak.


The effect of surfactant mixtures on the properties
of aqueous solution/hydrophobic glass interfaces was
studied using data on the strength of contact interac-
tions between methylated glass samples in aqueous sur-
factant solutions, capillary rise of solutions in hydro-
phobic capillaries, and surfactant adsorption from indi-
vidual and mixed solutions.


Contact interaction measurements between molecu-
larly smooth spherical hydrophobic glass samples show
that cohesive strength acquires a steady-state value in a
period ranging from 24 h for solutions with c = 10–7 to
10–6 mol/L to 20 min for solutions with c = 10–4 mol/L
or higher. Figure 3 illustrates the calculations of the
interfacial energy σsl from Eq. (1). These interfacial
energy isotherms are typical of micelle-forming surfac-
tants: with increasing surfactant concentration, σsl first


decreases, then acquiring a steady-state value. Interfa-
cial tension acquires a steady-state value far before
CMC is reached: the interfacial energy isotherm for
TX-305 acquires a steady-state value at a concentration
almost one order of magnitude smaller than CMC. For
TTAB, the solution concentration at which a steady-
state σsl value is acquired is roughly one-half CMC.
This result implies that saturated monolayers appear at
the solution/apolar solid interface at lower concentra-
tions than at the solution/air interface.


To quantify the behavior of individual surfactants at
solid/solution interfaces, we obtained adsorption iso-
therms and determined the Γmax, S1, and A parameters of
adsorption layers using the Gibbs and Langmuir equa-
tions (Table 1).


Comparing the parameters of adsorption layers at
solution/air and solution/hydrophobic glass interfaces,
we find that the adsorption activity A of a surfactant at
the liquid/solid interface is higher than at the liquid/air
interface. Apparently, the rise in adsorption activity is
due to the interaction of the hydrocarbon radicals of the
surfactant with the solid surface. The adsorption layer
appears on a solid surface as follows [14, 15]: First,
separate molecules are adsorbed, being oriented paral-
lel to the surface. Then, depending on the surfactant and
substrate, a saturated adsorption layer is formed of hor-
izontally oriented surfactant molecules, aggregates, or
vertically oriented surfactant molecules. The surface
area per molecule in the saturated adsorption layer at
the interface with glass for TTAB is near twice than in
the layer at the interface with air. Presumably, a mono-
layer with the dominant horizontal orientation of mole-
cules is formed. For TX-305, the surface area per mol-
ecule in the saturated adsorption layer indicates the
dominance of the vertical orientation of molecules in
the monolayer at the solution/solid interface.


The contact interaction measurement data were
compared to the capillary rise data. From the capillary
rise heights, the product σlvcosθ was determined using
Eq. (4) for individual and mixed solutions; surfactant
adsorption at the solution/solid interface was calculated
from Eq. (3). The results of Γmax, S1, and A determina-
tions are compiled in Table 1.


Qualitatively, the characteristics of adsorption lay-
ers at the solution/hydrophobic glass interface deter-
mined from capillary rise experiments agree with those
derived from contact interaction measurements. How-
ever, there is a serious quantitative discrepancy in
adsorption activities. Contact interaction measure-
ments give higher surface activity than capillary rise
measurements. This discrepancy may arise from the
kinetics of surfactant adsorption on solids. The adsorp-
tion of micelle-forming surfactants on solids is a
lengthy process; a steady state is acquired over hours or
even days. In contact interaction measurements, a
steady state was acquired. The capillary rise height was
measured, on the average, every 1 h after the capillary
was brought in contact with a surfactant solution.
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Fig. 2. TX-305 mole fraction in the adsorption layer, Xlv, vs.
TX-305 mole fraction in solution, α, for σlv = (1) 70, (2) 65,
(3) 60, (4) 55, (5) 50, and (6) 45 mN/m.


Table 2.  Interaction parameters βlv in TX-305–TTAB mixed
adsorption layers at solution/air interface


σlv , mJ/m2
βlv


α = 0.5 α = 0.2 α = 0.05


70 – – 0.7


65 – – –0.4


60 –1.3 –0.4 –1.1


55 –2.3 –0.6 –0.9


50 –1.2 –0.6 –0.6


45 –1.1 –0.3 –0.7
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Adsorption equilibrium was not necessarily achieved
over this period, especially for dilute solutions. Another
explanation of the different adsorption activities deter-
mined by different methods is that the surface energy
changes at the air interface upon capillary rise [16].
Near the three-phase contact line, surfactant molecules
can transfer either from the liquid/gas interface or from
the bulk of the solution to the solid surface in front of
the contact interface. As a result, the solid increases its
energy and the surface becomes more hydrophilic.


We used the Rosen approach [9] to analyze the
behavior of surfactant mixtures at the solution/hydro-
phobic glass interface. We calculated the TX-305 mole
fractions in mixed adsorption layers, Xsl, and their inter-
action parameters βsl (Fig. 4, Table 3). Here, as at the air


interface, adsorption layers are enriched in TX-305.
The small interaction parameter values signify the
existence of a small excess attraction between the com-
ponents in the adsorption layer.


It is pertinent to compare the adsorption values cal-
culated from the Gibbs equation with direct measure-
ments of surfactant adsorption on hydrophobic quartz
glass.


Figure 5 displays the adsorption value derived
experimentally from the decrease in surfactant concen-
tration in solution. The calculated and experimentally
determined TX-305 adsorption values coincide for c <
5 × 10–4 mol/L. At higher concentrations, the values
derived from the decrease in surfactant concentration in
solution exceed the values calculated from the Gibbs
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Fig. 3. Interfacial energy isotherms for (1) TX-305 solution, (5) TTAB solution, and (2–4) mixed solutions with the TX-305 mole
fraction α = (2) 0.5, (3) 0.2, and (4) 0.05 at the hydrophobic glass interface.
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Fig. 4. TX-305 mole fraction in the adsorption layer at solu-
tion/hydrophobic glass interface, Xsl, vs. TX-305 mole frac-
tion in solution, α, for σsl = (1) 28, (2) 23, and (3) 18 mJ/m2.
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Fig. 5. Total adsorption of (1) TX-305, (4) TTAB, and (2, 3)
their mixtures with the TX-305 mole fraction α = (2) 0.5
and (3) 0.2 vs. total surfactant concentration in solution.
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equation; when c > CMC, there is a strong increase in
adsorption. The increase in TX-305 adsorption in this
range of concentrations can arise from surfactant aggre-
gation on the surface. For TTAB, adsorption increases
with increasing surfactant concentration to acquire a
steady-state value, which approximately coincides with
the maximal adsorption at the solution/air interface cal-
culated from the Gibbs equation.


We obtained adsorption values for each component
from mixed solutions with the TX-305 mole fraction
α = 0.5 and 0.2 and calculated the overall adsorption
(Fig. 5). In the concentration range from 10–4 to
10−3 mol/L, the overall adsorption of surfactant mix-
tures exceeds the adsorption of the individual surfac-
tants; that is, a synergistic effect is observed. Appar-
ently, this effect is caused by excessive interactions
between TX-305 and TTAB molecules in adsorption
layers; this agrees with the negative interaction param-
eter values in mixed adsorption layers. Using a com-
plex of methods (contact interaction measurements,
capillary rise, tensiometry, spectrophotometry, and
radioactive indicators), we determined the reciprocal
influence of mixtures of a cationic surfactant (TTAB)
and a nonionic surfactant (TX-305) on adsorption and
interfacial energy at aqueous solution/hydrophobic
glass interfaces. We found that the adsorption activity
of the surfactant at the solution/hydrophobic glass
interface is higher than at the solution/air interface;
interfacial energy acquires a steady-state value at lower
concentrations. We observed a synergistic effect at con-
centrations from 10–4 to 10–3 mol/L: the adsorption of
mixtures exceeds the adsorption of individual surfac-
tants. We used the Rosen model to calculate the interac-
tion parameters and the compositions of mixed adsorp-
tion layers at solution/hydrophobic glass interfaces.
These adsorption layers are enriched in TX-305, espe-
cially at low surfactant concentrations. The small nega-
tive values of the interaction parameters signify weak


attraction between TTAB and TX-305 in adsorption
layers.
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Table 3.  Interaction parameters βsl in TX-305–TTAB mixed
adsorption layers at solution/hydrophobic glass interface


σlvcosθ,
J/m2


σsl ,
J/m2


βsl


α = 0.5 α = 0.2 α = 0.05


–5 28 0 0 0.8


0 23 –2.1 –0.5 –0.1


5 18 –1.2 –1.0 –1.2
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Tumor necrosis factor 


 


α


 


 (TNF-


 


α


 


), an antigenic pro-
tein, was initially characterized as a protein that causes
necrosis of experimental tumors in mice [1]. Data accu-
mulated so far indicate that TNF-


 


α


 


 is one of the key
protein immune mediators produced primarily by acti-
vated macrophages. TNF-


 


α


 


 is biologically active in the
form of a trimer, which is believed to be necessary for
fulfilling its numerous functions [2]. As an antiinflam-
matory cytokine, TNF-


 


α


 


 plays the key role in patho-
genesis of some diseases and conditions, such as rheu-
matoid arthritis, psoriasis, and septic shock [3, 4].
Some diseases of both infectious (tuberculosis) and
autoimmune (scleroses and sarcoidosis) etiology are
accompanied by elevation in the TNF-


 


α


 


 level [5]. The
dynamics of TNF-


 


α


 


 in patient’s blood may serve as an
indicator of development of infection and subsequent
stages of disease. This fact can be used in clinical prac-
tice for diagnosing various infectious diseases.


Although a number of commercial systems for
TNF-


 


α


 


 quantification are available, only a few papers
describe their use in clinical practice. Possibly, this is
due to an increased sensitivity of these systems, which
may reach 0.5 pg/mL, while the content of TNF-


 


α


 


 in
patient’s blood amounts to hundreds of picograms. The
goal of this study was to design a new immunochemical
system for detecting TNF-


 


α


 


 in blood samples of
patients and healthy subjects, which can be used in clin-
ical practice.


MATERIALS AND METHODS


Expression in 


 


E. coli


 


 was performed using T7 pro-
moter-based vector systems (pET23a, Novagen). Plas-
mid DNA was isolated as described in [6], 


 


E. coli


 


 was
cultured in standard LB nutrient medium. Protein
expression and primary purification were performed as
described in [7]. During protein denaturation, the content
of moist pellet of inclusion bodies was 0.5 g per 10 mL
of a buffer containing 50 mM Tris-HCl and 7 M urea.
Protein was reduced in the presence of 10 mM DDT
(pH 8.0). Sulfitolysis was performed in the presence of
50 mM sodium tetrathionate and 50 mM sodium sulfite
(pH 8.8). Undissolved residue was removed by centrifu-
gation. Before loading on a DEAE–Toyopearl column,
protein solution was diluted five to ten times with the
chromatographic buffer containing 10 mM Tris-HCI
(pH 8.0) and 4 M urea. Protein was eluted with a NaCl
concentration gradient (0–1 M) in the chromatographic
buffer. The content of the product in fractions was deter-
mined by denaturing PAGE. Protein concentration was
determined by a modified Lowry protein assay using the
bicinchoninic reagent [8].


Refolding was performed by one-step 17-fold dilu-
tion of denatured protein. Refolding buffers were pre-
pared according to the protocol [http://www.athenaen-
vironmental.com/]. The total concentration of protein
remained in solution after separation of aggregates was
determined by a modified Lowry method.


Immunization of rabbits with the recombinant TNF-


 


α


 


 is described in [7]. Immobilization of the recombi-
nant TNF-


 


α


 


 on cyanogen bromide-activated agarose
(Amersham Pharmacia Biotech) was performed as rec-
ommended by the manufacturer. Polyclonal antibodies
were affinity purified as described in [9]; the concentra-
tion of RA-TNF antibodies was 1 mg/mL. The antibod-
ies were biotinylated with biotin hydroxysuccinimide
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(Amersham Pharmacia Biotech) according to the proto-
col provided by the manufacturer.


The biological activity of TNF-


 


α


 


 was assayed by the
standard test for apoptosis induction in L929 mouse fib-
rosarcoma cells treated with actinomycin D [10]. The
cells were plated in two flat-bottom 12-well Costar
plates (30 thousand per well) filled with a medium con-
taining 50% DMEM, 50% F12, and 1% serum
(PanEco, Russia). The cells were cultured at 37


 


°


 


C in a
moist atmosphere containing 5% CO


 


2


 


 until a mono-
layer on the bottom of wells formed. Then, the culture
liquid was replaced with a fresh one (2 mL) supple-
mented with actinomycin D (10 


 


µ


 


g/mL) and tested
TNF-


 


α


 


 preparations (final concentration, 50 ng/mL). In
parallel experiments, the same TNF-


 


α


 


 preparations
preliminarily neutralized with RA-TNF antibodies
were used. To neutralize TNF-


 


α


 


 preparations, they
were incubated at a final concentration of 10 


 


µ


 


g/mL in
the presence of antibodies (100 


 


µ


 


g/mL) and PBS
(20 mM sodium phosphate (pH 7.5) and 100 mM
NaCl) at 4


 


°


 


C for 20 h. The plates were incubated at
37


 


°


 


C for 16 h in a moist atmosphere containing 5%
CO


 


2


 


. Cells grown in the culture medium supplemented
with PBS as well as cells with free RA-TNF antibodies
served as a control. After incubation, the culture
medium was removed and the cells were stained with
0.1% crystal violet prepared in 2% ethanol. The optical
density was measured at 595 nm.


 


Calibration of Sensitivity of the Sandwich System


 


Before experiments, 96-well polystyrene Costar
plates were activated by overnight incubation at 4


 


°


 


C
with RA-TNF antibodies (10 


 


µ


 


g/mL) in 50 mM sodium
carbonate–bicarbonate buffer, pH 9.6 (NCA buffer).
Nonspecific binding was blocked by incubation at room
temperature for 1.5–2 h with 1% bovine serum albumin
(BSA) in NCA buffer. Then, a series of dilutions of the
full-length TNF-


 


α


 


 (six points with a fivefold step, from
20000 to 6 pg/mL) was prepared in the presence of a


healthy donor blood diluted 5 to 20 times with PBS.
Incubation was performed at room temperature for 2 h.
Thereafter, biotinylated antibodies B-RA-TNF were
added at a concentration of 2 


 


µ


 


g/mL. After incubation
of the mixture at room temperature for 1 h, horseradish
peroxidase conjugated with streptavidin (IMTEK,
Moscow, cat. no. P-S Avs) was added at a concentration
of 1 


 


µ


 


g/mL, and the resulting mixture was incubated at
room temperature for another 1 h. The color reaction
for peroxidase was performed in the substrate buffer
(400 


 


µ


 


g/mL 


 


o


 


-phenylenediamine, 0.015% H


 


2


 


O


 


2


 


, and
100 mM sodium citrate (pH 5.0)). The reaction was
stopped by addition of 30 


 


µ


 


L of 10% H


 


2


 


SO


 


4


 


. The opti-
cal density was measured at 492 nm.


The resolving capacity of the constructed test sys-
tem with respect to clinical blood samples was studied
by the same procedure that was used for determination
of the sensitivity of this system (see above). Experi-
ments were performed with sera of 100 healthy sub-
jects; each serum was diluted five times with PBS.


RESULTS AND DISCUSSION


The antigenic protein for the immunological test
system intended for TNF-


 


α


 


 detection was obtained
using the pET23a-based constructs described earlier,
which encode the full-length mature TNF-


 


α


 


 (construct
pTNFa) and its N-terminally truncated variant lacking
18 amino acid residues (construct pTNF-short) [7]. In
the product of the pTNF-short construct, 18 N-terminal
amino acid residues were replaced with 15 amino acid
residues of T7 protein 10 (Fig. 1).


The recombinant proteins were accumulated in the
form of inclusion bodies with a yield of 200 mg/mL.
The inclusion bodies were solubilized under denaturing
conditions either by the conventional procedure by
breaking disulfide bonds as a result of reduction with
DTT or by oxidative sulfitolysis with formation of the
sulfonated derivative of the protein [11]. It was
assumed that the reduced and sulfonated forms of the
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Fig. 1.


 


 Schematics of pET23a-based expression constructs pTNFa and pTNF-short, encoding the full-length and truncated variants
of human TNF-


 


α


 


. The N-terminal sequences of the products of both constructs are shown.
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denatured protein will differ in purification efficiency
under denaturing conditions and subsequent refolding.
Clarified preparations of denatured protein were sub-
jected to anion-exchange chromatography under dena-
turing conditions. Chromatography was performed in a
buffer containing 4 M urea. The advantage of reducing
the concentration of the denaturing agent is that it is
sufficient to dilute the initial preparation only twice
during subsequent refolding by dilution (to a final urea
concentration of 2 M). As a result, the refolded protein
solution is more concentrated.


After the treatment with DTT, the full-length TNF-


 


α


 


 was chromatographed on DEAE-Toyopearl (pH 8.2)
and elution with a NaCl concentration gradient. The
protein and DNA were desorbed from the resin at
120 mM and 450 mM NaCl, respectively. Anion-
exchange chromatography of the full-length TNF-


 


α


 


after sulfonation was performed under the same condi-
tions. However, in this case, three peaks on the chro-
matogram were observed, which presumably corre-
sponded to different products of sulfitolysis of two dis-
ulfide bonds in the TNF-


 


α


 


 molecule. The protein and
DNA were desorbed from the column at 80–160 and
420 mM NaCl, respectively (Fig. 2). Since the obtained
preparation was not sufficiently homogeneous, in fur-
ther experiments we used reduction with DTT. The
product of the pTNF-short construct was purified by the
same techniques.


Proteins were refolded using the set of buffers
[http://www.athenaenvironmental.com/]. The effi-


ciency of TNF-


 


α


 


 refolding was assessed by the yield of
the soluble protein and by the results of the cytotoxicity
test performed with L929 mouse fibrosarcoma cells
[10]. The highest specific biological activity was
detected in the proteins refolded in buffers nos. 7 and
13 (Fig. 3).


The specificity of effect of the TNF-


 


α


 


 forms was
assessed in the test for neutralization of TNF-


 


α


 


 activity
by purified rabbit antibodies raised against human
TNF-


 


α


 


. The results shown in Fig. 3 show that the cyto-
toxic effect of renatured TNF-


 


α


 


 preparations is not
associated with contaminants, because it was com-
pletely suppressed by purified antibodies that are
unable to interact with these contaminants. Regarding
the presence of the cytotoxic activity in the truncated
TNF-short protein, it should be noted that the truncated
TNF-


 


α


 


 contained no Lys-11, which is involved in sta-
bilization of the TNF-


 


α


 


 trimer [12]. Reed et al. [2]
assumed that the trimeric structure is necessary for
TNF-


 


α


 


 binding to receptors, and the presence of bio-
logical activity in the TNF-short protein is quite unex-
pected. It cannot be ruled out that the complex formed
by the truncated protein with the receptor may have an
abnormal structure as compared to the natural ligand
and that, possibly, this protein has an unusual spectrum
of physiological activity, which may be important for
fundamental studies of the biological role of TNF-


 


α


 


and the mechanisms of information transmission by
ligand–receptor complexes. It may be also useful in
diagnosing and treating some diseases caused by
immune system malfunction.
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Fig. 2.


 


 TNF-


 


α


 


 chromatographic profile. Chromatography was performed on DEAE-Toyopearl under denaturing conditions; before
loading onto the column, the inclusion bodies were solubilized in urea simultaneously with (a) reduction with DTT and (b) sulfitol-
ysis.
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The full-length TNF-


 


α 


 


was used for immunization
of rabbits to obtain monoclonal antibodies. After puri-
fication on a sorbent containing immobilized full-
length TNF-


 


α


 


, part of antibodies was biotinylated. The
scheme of the sandwich ELISA test included adsorp-
tion of nonbiotinylated antibodies at a saturating con-
centration on the surface of an immunological plate,
blocking of nonspecific binding with BSA, addition of
a source of antigen (donor sera), marking the bound
antigen with biotinylated antibodies, and visualization
with horseradish peroxidase-conjugated streptavidin.
To determine the sensitivity and specificity of this sys-
tem, we calibrated it with the use of a series of dilutions
of the full-length TNF-


 


α


 


 in the presence of blood serum
of a healthy subject which was diluted 5–20 times and
served as a competitor (Fig. 4). As can be seen from the
calibration curve, the resultant signal was proportional


to TNF-


 


α


 


 concentrations in the initial sample varying
from 100 to 5000 pg/mL and did not depend on the
amount of the competitor.


The level of the signal detected by the test system was
verified using a sample of healthy donors (100 persons).
When serum was diluted five times, approximately half
of 


 


A


 


492


 


 values was below 0.01. The remaining 


 


A


 


492


 


 values
varied in the range from 0.01 to 0.08, and several values
were as high as 0.12. Thus, our system can detect weak
signals that significantly differ from zero. This sensitiv-
ity makes it possible to reliably detect TNF-


 


α


 


 elevation
in human blood in any pathologies.
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 Cytotoxic effect of refolded TNF-


 


α


 


 on mouse fibro-
sarcoma L929 cells in the (a) absence and (b) presence of
antibodies to TNF-


 


α


 


: (


 


1


 


) negative control, (


 


2


 


) TNF-


 


α


 


refolded in buffer no. 7, (


 


3


 


) TNF-


 


α


 


 refolded in buffer no. 13,
and (


 


4


 


) TNF-


 


α


 


-short refolded in buffer no. 13.
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Fig. 4. Calibration of sensitivity of the sandwich ELISA test
system for determination of TNF-α content. The content of
donor serum in the sample was (1) 5, (2) 7, (3) 10, and
(4) 20%.
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Fig. 5. Distribution of TNF-α level in sera of healthy donors determined by the sandwich ELISA test system. 







84


MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 2      2008


KUZNETSOVA et al.


REFERENCES
1. Carswell, E.A., Old, L.J., and Kassel, R.L., Green S.,


Fiore N., and Williamson B., Proc. Nat. Acad. Sci. USA,
1975, vol, 72, p. 3666.


2. Reed, C., Fu, Z.Q., Wu, J., Zue, Y.N., Harrison, R.W.,
Chen, M.J., and Weber, I.T., Protein Eng., 1997, vol. 10,
p. 1101.


3. Wildbaum, G., Youssef, S., and Karin, N., J. Immunol.,
2000, vol. 165, p. 5860.


4. Shingarova, L.N., Sagaidak, L.N., Turetskaya, R.L.,
Nedospasov, S.A., Esipov, D.S., and Korobko, V.G.,
Bioorg. Khim., 1996, vol. 22, p. 243.


5. Erkut, Z.A., Endert, E., Huitinga, I., and Swaab, D.F.,
Mult. Scler., 2002, vol. 8, p. 229.


6. Maniatis, T., Fritsch, E.E., and Sambrook, J., Molecular
Cloning: A Laboratory Manual, New York: Cold Spring
Harbor, 1982.


7. Surovtseva, E.V., Kuznetsova, T.V., Khomenkov, V.G.,
Domogatskii, S.P., and Shevelev, A.B., Bioorg. Khim.,
2005, vol. 31, p. 474.


8. Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K.,
Gartner, F.H., Provenzano, M.D., Fujimoto, E.K.,
Goeke, N.M., Olson, B.J., and Klenk, D.C., Anal. Bio-
chem., 1985, vol. 150, p. 76.


9. Bashkov, G.V., Stepanova, I.P., and Domogatsky, S.P.,
Thromb. Res., 1994, vol. 74, p. 321.


10. Kramer, S.M. and Carver, M.E., J. Immunol. Methods,
1986, vol. 93, p. 201.


11. Patrick, J.S. and Lagu, A.L., Anal. Chem., 1992, vol. 64,
p. 507.


12. Eck, M.J., Beutler, B., Kuo, G., Merryweather, J.P., and
Sprang, S.R., J. Biol. Chem., 1988, vol. 263, p. 12816.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 5, pp. 265–268. © Allerton Press, Inc., 2008.
Original Russian Text © Yu.G. Bogdanova, V.D. Dolzhikova, G.P. Belov, O.N. Golodkov, A.E. Chalykh, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008,
No. 5, pp. 319–322.


 


265


 


It is well known that biomedical materials should be
biologically inert and nontoxic and that their mechani-
cal and adhesion characteristics should be stable in
exploitation. The combination of these factors is con-
ventionally referred to by the term 


 


biocompatibility


 


 of
a polymer material, which means the possibility of its
existence in a living organism or in contact with living
systems without negative consequences [1–4].


In this study, we consider the biocompatibility of
materials in the aspect of their blood compatibility,
meaning the low adhesion of blood proteins to the sur-
face in long-term contact with blood. This factor is of
paramount importance to choose materials for
implants: for example, adsorption of fibrinogen on their
surfaces enhances thrombosis [5]. Before beginning
comprehensive medical and biological studies of the
biocompatibility of a material, one can ascertain its
potential medical utility using simple, rapid physico-
chemical tests, for example, contact angle measure-
ments [3, 6, 7].


Studies pertaining to development of blood compat-
ibility criteria demonstrated that the behavior of a mate-
rial in a biological medium is dictated by the interfacial
energy of the polymer at the water interface [3]. In the
Ruckenstein concept for blood-compatible materials,
the interfacial energy at the polymer–water interface


(


 


σ


 


S(W)/W


 


) should be close to the cell/blood plasma inter-
facial energy: for blood-compatible materials, the crite-
rion value 


 


σ


 


S(W)/W


 


 = 1–3 mJ/m


 


2


 


 [3]. For polymer mate-
rials used in medical practice, however, 


 


σ


 


S(W)/W


 


 has a
wider value corridor. For silicon elastomer, for exam-
ple, 


 


σ


 


S(W)/W


 


 = 5.8 mJ/m


 


2


 


 [6]. However, 


 


σ


 


S(W)/W


 


 <
1 mJ/m


 


2


 


 does not exclude the utility of the polymer as
a blood-compatible material with the provision that its
mechanical strength is not noticeably deteriorated in
contact with a biological medium [7].


The interfacial energy of a polymer at the water
interface can be derived from contact angle measure-
ments in the advancing, receding, and preferred wetting
modes using equations of the molecular theory of wet-
ting [8]. Thus, contact angle measurements open a pos-
sibility of predicting blood compatibility for polymer
materials. Biocompatible polymers are exemplified by
diphilic block-copolymers of poly(propylene oxide),
poly(ethylene oxide), poly(vinylpyrrolidone),
poly(hydroxybutyrate), poly(caprolactone), polyure-
thanes, and others [9–13].


Polyolefinketones, a new class of strictly alternating
copolymers of carbon monoxide CO and olefins [14],
are potential biocompatible materials [14]. Studies of
the surface properties of polyolefinketones and deter-
minations of their energy characteristics at various
interfaces are of paramount importance for optimizing
polymer materials design for medicine and bioengi-
neering.


Whether polyolefinketones are blood-compatible is
still an open question. Here, we determine the interfa-
cial energy in polyolefinketone–water system, 


 


σ


 


S(W)/W


 


,
and ascertain the possibility of using polyolefinketones
as blood-compatible materials.


We studied two new copolymers (Fig. 1): propy-
lene–CO (PCO; a binary copolymer) and propylene–
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Abstract


 


—Contact angle measurements were used to determine the surface energy characteristics at polymer–
air and polymer–water interfaces for olefin–carbon monoxide alternating copolymers (polyolefinketones), a
new class of polymers: propylene–CO (PCO; a binary copolymer) and propylene–CO–ethylene–CO (PECO; a
ternary copolymer). Introduction of ethylene–CO comonomers into PCO increases its surface energy. Compar-
ison of copolymer interfacial energies at copolymer–water interfaces with criterion values for blood-compatible
materials showed that PECO can be recommended for medical and biological testing for blood compatibility.
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CO–ethylene–CO (PECO; a ternary copolymer) [14].
The weight-average molecular mass 


 


M


 


w


 


 was 4.8 


 


×


 


 10


 


4


 


for PCO and 25.5 


 


×


 


 10


 


4


 


 for PECO.


Polymer films were applied to aluminum plates 1 


 


×


 


1.5 cm from 3% PCO solution in methylene chloride
and 3% PECO solution in chloroform. Then, the films
were dried for 24 h at room temperature.


Contact angles were measured on an MG horizontal
microscope equipped with a goniometer attachment in
the advancing mode (


 


θ


 


a


 


) with drops 0.01–0.02 mL in
volume applied to a solid surface (Fig. 2a), in the reced-
ing mode (


 


θ


 


r


 


) with an air bubble brought to the surface
of a sample in a liquid (Fig. 2b), and in the preferred
wetting mode (


 


θ


 


WO


 


) with an octane drop brought to the
surface of the sample in water (Fig. 2c). Contact angles
were measured 3 min after the drop was brought into
contact with the surface (after the bubble was anchored
to the surface). The contact angle measurement accu-
racy was 


 


±


 


1


 


°


 


. For each sample, contact angles were
measured for six to nine drops. The root mean square


deviation ranged from 


 


±


 


1


 


°


 


 to 


 


±


 


2


 


°


 


. All measurements
were carried at 20


 


°


 


C.


To determine the specific free surface energy of
polymer films, we used test liquids whose surface ten-
sion is known (Table 1) [6, 15]. The surface energy of


polymers 


 


σ


 


S


 


 and its polar  and dispersive  com-
ponents were derived from measurements of water and
ethylene glycol contact angles by solving the following
simultaneous equations [16]:


(1)


(2)


Here, 


 


θ


 


L1


 


 and 


 


θ


 


L2


 


 are the advancing contact angles


for the test liquids; and , , , and  are the
polar and dispersive components of surface tension for


the test liquids; 


 


σ


 


S


 


 =  + . Water and ethylene gly-
col surface tensions were determined by the Wilhelmy
technique (


 


Δσ


 


L


 


 = 


 


±


 


0.5 mJ/m


 


2


 


). The polar and dispersive
components of 


 


σ


 


L


 


 were derived from the advancing
contact angles of liquids on Teflon-4 (


 


σ


 


S


 


 = 18 mJ/m


 


2


 


)
using the Girifalco–Good–Fowkes–Young relationship
[17]. The uncertainty in 


 


σ


 


S


 


 is 


 


Δσ


 


S


 


 = 


 


±


 


(0.5–0.7) mJ/m


 


2


 


.


The interfacial energy at the polymer–water inter-
face 


 


σ


 


SW


 


 was calculated from


(3)
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Fig. 1.


 


 Structural formulas for monomer units of propylene–CO (PCO) and propylene–CO–ethylene–CO (PECO) copolymers.
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Fig. 2. Scheme of contact angle measurements: (a) advancing, (b) receding, and (3) preferred contact angles. Contact angles are
designated in accordance with [3].


Table 1.  Surface tension σL and dispersive ( ) and polar


( ) components for test liquids


Liquid , mJ/m2 , mJ/m2 σL, mJ/m2


Water (W) 50.8 21.8 72.6


Ethylene glycol (EG) 19.0 29.3 48.3


Octane (O) [6] 0 21.8 21.8


σL
d


σL
p


σL
p σL


d
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where σW, , and  are the water surface tension
and its dispersive and polar components, respectively


[8]. The σW, , and  (Table 1) and σS, , and 
(Table 2) used in these calculations were derived from
the experimentally measured contact angles of test liq-
uids using Eqs. (1) and (2), respectively.


The interfacial energy for water-equilibrated poly-
mers at the water interface, σS(W)/W, was determined by
the Ruckenstein method [3], as follows: polymer films
were exposed to water for 24 h; then, contact angles
were measured for octane drops (θO) and air bubbles
(θV) brought to the surface of samples in water. These
measurements were used (according to [3]) to calculate


equilibrium values of the polar  and dispersive


 components of the surface energy of water-equil-
ibrated polymers. σS(W)/W was calculated from


(4)


 and  were, respectively, calculated from


(5)


where σOW is the interfacial tension at the octane–water
interface and σW and σO are the water and octane sur-
face tensions, respectively; and from


(6)


The data compiled in Table 2 demonstrate that both
polymers are wetted by water (θ < 90°); the PECO sur-
face is more hydrophilic because of the existence of
fragments containing (ethylene–CO–)n blocks in the
backbone of this copolymer.


The surface energies σS(W)/W of PECO at the water
interface determined by the Ruckenstein method
(Table 3) coincide, within the determination errors,
with σSW calculated from Eq. (3). For PCO, σSW calcu-
lated from Eq. (3) is higher than σS(W)/W determined
using the Ruckenstein method. This can be interpreted
as follows: as a result of equilibration of a polymer with
water, surface carbonyl groups are reoriented, which is


σW
d σW


p


σW
d σW


p σS
d σS


p


σS(W)
p


σS(W)
d


σS(W)/W σS(W)
p( )1/2 σW


p( )1/2
–{ }


2
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+ σS(W)
d( )1/2 σW
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2
.
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d


σS(W)
p σOW θOcos– σW σO–+( )2/4σW


p ,=


σS(W)
d σOW θOcos σW θVcos– σO+( )2/4σO.=


hindered for PCO because of the synchronous reorien-
tation of its methyl and carbonyl groups (Fig. 3).


Calculations from Eqs. (3) and (4) show that PECO
can be recommended for medical and biological testing
for blood compatibility: its σS(W)/W is close to the crite-
rion value.


To summarize, the surface energy characteristics of
polyolefinketones determined in this work signify that
a polymer containing considerable proportion of hydro-
philic groups in the backbone is a potential blood-com-
patible material. The incorporation of ethylene–CO
fragments into the backbone of PCO copolymers not
only offers a means for controlling the mechanical
properties of polyolefinketones [18], but also opens a
way to synthesizing blood-compatible polymer materi-
als based on them.


Table 2.  Advancing contact angles for test liquids (θW, θEG,
and θGL) on polymers and specific free surface energies of
polymers


Polymer PCO PECO


θW, deg 81 62


θEG, deg 63 50


θGL, deg 77 64


, mJ/m2 11.5 30.4


, mJ/m2 15.7 8.4


σS, mJ/m2 27.2 38.8


σS
p


σS
d


Table 3.  Energy characteristics of water-equilibrated poly-
mers at the water interface


Polymer PCO PECO


θV, deg 43 43


θO, deg 89 63


, mJ/m2 22.8 26.8


, mJ/m2 43.8 31.8


σS(W)/W, mJ/m2 as in [3] 8.9 3.6


σS(W)/W, mJ/m2 calcd. from (3) 14.5 3.9
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Fig. 3. Rearrangement of the PCO surface layer upon equilibration with water.
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Nucleoside phiosphonates and their acyclic analogs
(ANPs) in which the phosphonate group is linked to the
purine or pyrimidine base via an aliphatic residue are
key precursors of antiviral drugs. Several classes of
ANPs have been shown to be active against various
viruses [1, 2]. Analogs containing an unsaturated acy-
clic chain are a special class of ANPs [3–5]. Nucleoside
phosphonate are metabolized by cellular enzymes to
the corresponding 5'-diphosphates, which are sub-
strates of DNA or RNA viral polymerases and, after
incorporation into the viral DNA or RNA chain, termi-
nate its synthesis [6, 7].


We synthesized two novel types of phosphonate
derivatives of nucleosides: (


 


Z


 


)- and (


 


E


 


)-9-[3-(phospho-
nometoxy)prop-1-en-1-yl]adenines (PMEAs) and a
carbocyclic isosteric analog of guanosine monophos-
phate, as well as their diphosphates. Their activities
against human immunodeficiency virus (HIV) and her-
pes simplex virus (HSV) were estimated in a cell cul-
ture. Diphosphates were tested as substrates of HSV
DNA polymerase and HIV-1 reverse transcriptase (RT).
The antiviral activities of the diphosphates were found
to be correlated with their substrate activities towards
the corresponding viral enzymes.


EXPERIMENTAL


The Vero and CEMss cell cultures, HIV-1 (EVK),
HSV-1/L2, and the acyclovir resistant strain HSV-
1/ACV


 


R


 


 were obtained from the Ivanovsky Research
Institute of Virology of the Russian Academy of Medi-
cal Sciences (Russia); [


 


γ


 


-


 


32


 


P]ATP (6000 Ci/mM) was


from Izotop (Russia). We used synthetic oligonucle-
otides from Litech (Russia), HIV-1 RT and T4 polynu-
cleotide kinase from Amersham BioSciences (United
Kingdom), and [5'-


 


32


 


P]-labeled primer–template com-
plex obtained as described in [8]. The antiviral activity
and cytotoxicity of the substances were determined as
described earlier [9, 10].


HSV DNA polymerase was expressed in a baculov-
irus system as described below. The HIV RT and DNA
polymerase 


 


α


 


 activities were determined as described
in [11, 12]. The synthesis of nucleoside analogs and
their characteristics are described elsewhere [10]; the
corresponding diphosphates were synthesized as
described in [13]. The compounds were isolated by
chromatography using a DEAE–Toyeperl column and
by HPLC using a Lichrosorb RP-18 column.
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Diphosphate of the (Z)-isomer
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Abstract


 


—Two types of novel nucleoside analogs have been synthesized: acyclic (


 


Z


 


)- and (


 


E


 


)-isomers of
9-[3-(phosphonometoxy)prop-1-en-1-yl]adenine and a carbocyclic isosteric analog of guanosine monophos-
phate. The (


 


Z


 


)- and (


 


E


 


)-isomers inhibit the replication of herpes simplex virus (HSV) and human immunodefi-
ciency virus (HIV) and are nontoxic for cells. The (


 


Z


 


)-isomer activities against both viruses are higher than the
(


 


E


 


)-isomer activities. Diphosphates of these compounds display substrate activities towards recombinant HSV
DNA polymerase and HIV reverse transcriptase (RT). Diphosphate of the carbocyclic guanosine analog has no
substrate activity towards HSV DNA polymerase but is active as a RT substrate.
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RESULTS


The scheme shows the structures of the obtained
compounds. The antiviral activities and toxicities of the
compounds in the cell culture are shown in the table. As
evident from these data, both isomers, 


 


Ia


 


 and 


 


Ib


 


, inhib-
ited the replication of both HIV and HSV in the cell cul-
ture, the (


 


Z


 


)-isomer being more active than the (


 


E


 


)-iso-
mer and comparable with the control compound,
PMEA, with respect to the activity; the (


 


Z


 


)-isomer was
also active against the acyclovir resistant strain HSV-
1/ACV


 


R


 


.
Diphosphates of the compounds were tested in one-


substrate reactions of primer elongation catalyzed by
HIV RT and human and HSV DNA polymerases 


 


α


 


expressed in a baculovirus system (Fig. 1). The HSV
DNA polymerase gene was cloned with the use of poly-
merase chain reaction (PCR) from the HSV genome
and incorporated into the pFastBac HT B plasmid so
that the sequence encoding a hexahistidine fragment
was located at the N-end of the DNA polymerase gene.
This fragment allowed us to purify the enzyme using an
affine column. The resultant plasmid was used to trans-
form 


 


Escherichia coli


 


 cells containing the baculovirus


J2
CH2 P,


J3
CH2 CH3,


J2
Pα Pβ,


 


shuttle vector. We selected clones containing the DNA
polymerase gene and transfected Sf9 insect cells; DNA
polymerase was isolated chromatographically using
Ni–NTA–agarose and heparin–agarose columns. The
characteristics of the enzymes corresponded to those
described in the literature.


Figure 2 shows the incorporation of the obtained
diphosphates of the compounds studied into the 3'-end
of the primer with the use of HSV and human DNA
polymerases 


 


α


 


 (Fig. 2a) and HIV RT (Fig. 2b). Com-
parison of the intensities of the bands located above the
primer at the same concentration of the substrates
shows that the 


 


Ia


 


 diphosphate is a more effective sub-
strate than 


 


Ib


 


 diphosphate for both viral enzymes but is
not a substrate of human DNA polymerase 


 


α


 


. The
bands located lower than the primer, in experiments
with HSV DNA polymerase, resulted from the 3'  5'
exonuclease activity of the enzyme. The diphosphate of
the carbocyclic analog of guanosine (


 


III


 


) proved to be
inactive towards HSV DNA polymerase (data not
shown) but was a substrate of HIV RT (Fig. 2b). Selec-
tive inhibition of viral, but not cellular, enzymes is a
necessary condition for the use of the tested substances
in medicine.


DISCUSSION


Acyclic nucleoside diphosphonates display a wide
spectrum of activity against viral and retroviral DNA
[1, 2]. Upon entering a cell, they are phosphorylated by
cellular kinases to the corresponding diphosphates,
which interact with viral enzymes and, after incorpora-
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Antiviral activity of compounds 
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 in cell cultures
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) >3300 660 >3100 387 437


PMEA 2860 182 >344 80 77


 


Note: CD
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 were used as measures of the cytotoxicity and activity of the compounds, respectively.
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Fig. 1.


 


 Expression of HSV-1 DNA polymerase in a baculovirus system. Lanes: (1) DNA polymerase (MM = 136 kDa); (2) cell
extract without the virus; (3) markers.


Fig. 2. Autoradiographs of the gels after PAAG electrophoresis of the products of incorporation of the synthesized compounds to
the 3'-end of the [5'-32P] primer–template complex catalyzed by (a) HSV DNA polymerase (lanes 1–7), DNA polymerase α (lanes
11–13) (lane 8 shows the position of the primer), and (b) HIV RT. The components of the primer–template complex for incorpora-
tion of diphosphates Ia and Ib were the following: primer, 5'-CCG TCA ATT CCT GTA GTC TCG-3'; template, 3'-GGC AGT TAA
GGA CAT CAG AGC TCG GAA-5'.


1 2 3 4 5 6 7 8
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tion into the viral DNA or RNA, terminate its synthesis.
An advantage of these compounds is their stability in
the blood serum and the capacity for inhibiting viruses
independently of the cellular nucleoside kinase. The
(Z)-isomer studied here inhibits the replication of both
HIV and HSV, which often accompanies HIV infection.
In addition, the (Z)-isomer has a low cytotoxicity,
which is a necessary condition for potential drugs. The
antiviral activities of Ia and Ib are correlated with the
efficiency of the incorporation of their diphosphates
into DNA (after the reaction catalyzed by viral
enzymes) and termination of DNA synthesis.


ACKNOWLEDGMENTS


This study was supported by the Russian Federation
for Basic Research (project nos. 06-04-48-248, 08-04-
00-552, and 07-04-01-141) and Presidential Program
for Young Scientists (project no MK-4427.2007.4).


REFERENCES


1. De Clercq, E., Intervirology, 1997, vol. 40, p. 295.


2. Holy, A. and Rosenberg, I., Collect. Czech. Chem. Com-
mun., 1987, vol. 52, p. 2801.







88


MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 2      2008


KOROVINA et al.


3. Casara, J., Altenburger, J., Taylor, D., et al., Bioorgan.
Med. Chem. Lett., 1995, vol. 5, p. 1275.


4. Balzarini, J., Vahlenkamp, T., Egberink, H., et al., Anti-
microb. Agents Chemother., 1997, vol. 41, p. 611.


5. Bridges, C., Taylor, D., Ahmed, P., et al., Antimicrob.
Agents Chemother., 1996, vol. 40, p. 1071.


6. Xiong, X., Smith, J.L., Huang, E.S., and Chen, M.S.,
Biochem. Pharmacol., 1996, vol. 51, p. 1563.


7. Cihlar, T. and Chen, S., Mol. Pharmacol., 1996, vol. 50,
p. 1502.


8. Sambrook, J., Fritsch, E., and Maniatis, T., Molecular
Cloning: A Laboratory Manual, New York: Cold Spring
Harbor Laboratory, 1989.


9. Karpenko, I., Jasko, M., and Andronova, V., Nucleos.
Nucleot. Nucl. Acids, 2003, vol. 22, p. 319.


10. Ivanov, A.V., Andronova, V.L., and Galegov, G.A.,
Bioorg. Khim., 2005, vol. 31, p. 65.


11. Kukhanova, M.K., Liu, S.H., and Mozzherin, D., J. Biol.
Chem., 1996, vol. 270, p. 23055.


12. Hernandez, T.R. and Lehman, I.R., J. Biol. Chem., 1990,
vol. 265, p. 11227.


13. Jie, L., Van Aerschot, A., and Balzarini, J.P., J. Med.
Chem., 1990, vol. 33, p. 2481.


14. De Clercq, J. Clin. Virol., 2001, vol. 22, p. 73.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 5, pp. 269–273. © Allerton Press, Inc., 2008.
Original Russian Text © R.B. Romashkina, V.D. Dolzhikova, E.K. Beloglazkina, A.G. Mazhuga, N.V. Zyk, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008,
No. 5, pp. 323–327.


 


269


 


Monolayers of alkanethiols and dialkyl disulfides on
gold capable of self-organization and bearing various
terminal functionalities, such as –CF
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, and some others, have
been actively studied over the last two decades [1–5].
Such self-organized monolayers (SOMs) can be used to
prepare systems with desired properties (charge trans-
port, photochemical and biological activity, or super-
conductivity). Complexing of the terminal groups of
alkanethiols with transition metals offers a means for
manufacturing ion-selective electrodes and metal-com-
plex surfaces for use in catalysis [6].


Notably, thiols containing donor functionalities are
adsorbed on gold more firmly than their acceptor-sub-
stituted analogues. Monolayers bearing surface
hydroxy and carboxy groups are very convenient for
further transformations. For example, a carboxy group
can be converted into amine or ester; choline groups
can be used for molecular recognition of proteins and
microbial cells, which can be immobilized on gold via
complexing [6–8].


For adsorption of alkylmercaptans (AlkSH) on gold,
the reaction can be represented as the oxidative addition
of thiol to the gold surface and subsequent reductive
elimination of hydrogen [9]:


R–S–H + Au


 


°


 


  R–S


 


–


 


Au


 


+


 


 · Au


 


°


 


 + 1/2H


 


2


 


.


Thiolate formation on gold was proven using IR
Fourier-transform spectroscopy and FTIR/mass spec-
trometry. A sulfur–gold bond was found to be very
strong: its energy is about 40 kcal/mol [10].


It is known from [11] that the adsorption of RSSR
disulfides on gold involves thiolate formation with dis-
sociation of the S–S bond; for asymmetrical dialkyl dis-
ulfides, mixed monolayers are formed. Adsorption of
RSR dialkyl sulfides on gold does not require C–S bond


 


dissociation, as probed by secondary ion mass spec-
trometry [12].


The list of thiols used for gold modification is con-
tinuously increasing; various physicochemical methods
(IR spectroscopy, ellipsometry, X-ray crystallography,
tunnel microscopy, contact angle measurements, and
others) are used to study various aspects of alkanethiol
monolayer generation, such as packing, orientation,
and self-organization [12–14]. Ellipsometry can serve
to determine the monolayer thickness and the refractive
index of the film. X-ray crystallography can determine
the structure and composition of SOMs [15]. Water
contact angles were measured on the gold surface mod-
ified with thiols with various terminal groups [14, 16,
17] (Table 1).


The experiments cited above were usually confined
to measurements of advancing contact angles 


 


θ


 


a


 


 for
water with inferences of how the wetting character of
the modified surface differs from the initial gold sur-
face. For studying modified surfaces, however, the
potential of contact angle measurements is much
greater.


(1) Measurements of advancing contact angles 


 


θ


 


a


 


and receding contact angles 


 


θ


 


r


 


 on the same sample
make it possible to determine the degree of heterogene-
ity of the solid surface, which is characterized by the
contact angle hysteresis: 


 


∆θ


 


 = 


 


θ


 


a


 


 – 


 


θ


 


r


 


; for homogeneous
surfaces, hysteresis is near zero.


(2) The molecular theory of wetting for heteroge-
neous surfaces makes it possible to determine the cov-
erage of the solid surface by a modifying layer, i.e., rel-
ative adsorption.


(3) Contact angles provide data on the modifier dis-
tribution over a solid surface and the dominant orienta-
tion in the layer.


In this work, we used contact angle measurements
to study SOMs of derivatives of lipoic acid (which con-
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Abstract


 


—Self-organized monolayers (SOMs) of 2-thiohydantoins on gold modified with lipoic acid esters
were studied using contact angle measurements. The feasibility of complexing SOMs with cobalt(II) ions was
demonstrated. Optimal parameters were determined for generating surface metal complexes on gold.
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tains a ring disulfide group) on gold. Monolayer self-
organization brings about the dissociation of S–S bonds
and generation of thiolates on the gold surface.


The strongly bonded surface films of thiols and dis-
ulfides on gold can later be chemically modified at their
terminal groups, for example, for manufacturing com-
pact transition metal catalysts. For this purpose, in par-
ticular, for preparing cobalt complexes (potential
metal-complex catalysts), in this work we modified the
gold surface in three stages, which were as follows:


(1) Adsorption of lipoic acid bromoethyl ester on
gold (first layer).


(2) Modification of this layer by thiohydantoin—
trisubstituted imidazoline, which is a good complex
former for cobalt ions (second layer).


(3) Complexing of surface groups of the second
layer with cobalt ions (third layer).


Figure 1 illustrates the sequence of monolayer gen-
eration stages on gold. Lipoic acid bromoethyl ester
and thiohydantoin were synthesized as in [18, 19].


The layer-by-layer modified gold surface was stud-
ied by contact angle measurements. Advancing (


 


θ


 


a


 


) and
receding (


 


θ


 


r


 


) contact angles of water were measured,
contact angle hysteresis (
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 = 


 


θ


 


a


 


 – 


 


θ


 


r


 


) was estimated as
a function of layer generation time, and the gold surface
coverage by an adsorbate layer was calculated using
wetting theory for heterogeneous surfaces [20].


Let 


 


θ


 


0


 


 be the water advancing angle on the unmodi-
fied gold surface and 


 


θ


 


m


 


 be the advancing angle on the
surface completely covered with modifier molecules. In
the progress of adsorption on the unmodified surface,
regions occupied by modifier molecules appear; the
surface coverage increases with adsorption time. If 


 


x


 


 is
the fraction of the initial surface occupied by regions of
one type (modified), then (1 – 


 


x


 


) is the relative fraction
of the unmodified surface area, and the equilibrium
angle 


 


θ


 


 on this surface is determined from the Rebinder,
Cassie, and Baxter equation [20]:


(1)


Then, the surface coverage 


 


x


 


 can be calculated from


(2)


Thus, advancing contact angle measurements on a
modified surface help to ascertain the relative adsorp-
tion of the modifier on a solid.


An MG horizontal microscope equipped with a
goniometer unit was used to measure advancing and
receding contact angles (


 


θ
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 and 
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). The measurement
accuracy was 


 


±


 


1


 


°


 


. Water advancing angles on gold
were measured with applying drops 0.01–0.02 mL onto
a solid surface. For each case, contact angles of three to
five drops were measured on the same substrate. These
measurements were carried out in a closed chamber (to
inhibit vaporization) 3–5 min after applying a drop. The
contact angles determined in this way were close to
equilibrium values, being invariable with time: the con-
tact angle remained unchanged for 30 min after mea-
surements. Contact angles 


 


θ


 


r


 


 were measured with an air
bubble 0.01–0.03 mL in volume brought to the surface
of a sample in water. These measurements were carried
out at 20


 


°


 


C 3–5 min after the bubble was anchored. The
root-mean square deviation for contact angle measure-
ments was 


 


±


 


2


 


°


 


. We used germanium plates (5 


 


×


 


 5 mm)
coated with a vacuum-sputtered gold layer (50 


 


×


 


 10 nm
thick); 


 


θ


 


a


 


 = 80
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r


 


 = 70
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.
Modification was carried out as follows: To generate


a bromoethyl ester monolayer on gold, plates were
exposed to 10


 


–3


 


 M solution of the compound in ethanol
for various periods of times (varying from 10 s to 48 h),
followed by repeated washing with ethanol and drying
in air.


To generate the second modifier layer, disulfide-
modified samples were exposed to a 10


 


–2


 


 M thiohydan-
toin solution and acetonitrile (the exposure time was
varied from 10 min to 24 h), followed by repeated
washing with the solvent and drying in air.


Then, the resulting surface layer was exposed to a
10


 


–3


 


 M CoCl


 


2


 


 solution in acetonitrile to complex it with
cobalt.


The lipoic acid bromoethyl ester monolayer on gold
was completely formed in 24 h; contact angles had
fixed values; the contact angle hysteresis was practi-
cally zero (Table 1).
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Table 1.


 


  Surface coverage (
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) by a lipoic acid bromoethyl
ester monolayer as a function of modification time (
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Time, 
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Contact angles, deg
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0 80 70 10 0


10 s 72 60 12 34


1 min 71 60 11 40


5 min 70 61 9 42


10 min 67 62 5 54


15 min 64 60 4 66


30 min 63 59 4 70


1 h 63 57 6 72


5 h 62 58 4 74


10 h 61 59 2 78


15 h 60 58 2 83


20 h 58 57 1 91


24 h 56 55 1 98


48 h 56 55 1 98
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When a disulfide monolayer is formed on gold, the
surface becomes hydrophilic even for the maximal sur-
face coverage 


 


θ


 


0


 


 = 55


 


°


 


. This value agrees with water
contact angles for thiol layers bearing Br as a terminal
group: for a close-packed monolayer, 


 


θ


 


m


 


 = 55


 


°


 


 [21].


Table 1 displays the results of calculations of the
monolayer surface coverage by the lipoic acid bromo-
ethyl ester modifier, 


 


x


 


, as a function of modification
time. The maximal surface coverage is 98%, signifying
the practically complete surface coverage by the disul-
fide monolayer.


In the progress of surface coverage with the adsor-
bate layer (with increasing modification time), the con-
tact angle hysteresis 


 


∆θ


 


 = 
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 – 
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 decreases to become
virtually zero for the modification time 


 


t


 


 = 24 h. This is
evidence of a sufficient homogeneity of the monolayer.


The second modifier layer is formed on the disulfide
monolayer as a result of thiohydantoin chemisorption.
The maximal modification time (24 h) corresponds to
the completion of the thiohydantoin monolayer on the
lipoic acid bromoethyl ester surface. For the maximal


surface coverage (


 


x


 


 = 76%), the contact angle is 30


 


°


 


(Table 2). In calculating the degree of thiohydantoin
surface modification, we used 


 


θ


 


m


 


 = 15


 


° [14].
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Fig. 1. Scheme of layer-by-layer modification of the gold surface with lipoic acid bromoethyl ester, 2-thiohydantoin, and cobalt(II).
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Fig. 2. Degree of gold modification (X) vs. time (t) for layer-
by-layer coverage with (1) lipoic acid bromoethyl ester, (2)
2-thiohydantoin, and (3) cobalt(II).
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The value of the contact angle hysteresis ∆θ = θa –
θr signifies an increased heterogeneity of this modifier
layer compared to the disulfide monolayer; this
increase can be explained by the fact that some disul-
fide molecules on the gold surface are bound to thiohy-
dantoin molecules and some are not. The generation of
a homogeneous layer can also be sterically hindered by
such a bulky substituent as thiohydantoin.


When a surface complex with CoCl2 is formed, the
contact angle is an extreme function of modification
time: while t ≤ 1 min, contact angles θa abruptly
increase, then decreasing monotonically; when the
modification time is 20 h, θa = const = 40° (Table 3,
Fig. 2). For a monolayer whose terminal groups contain
metal ions, θm = 76° [14]. At the maximum point, θ0 =
52°; the surface coverage is 40%. With increasing com-
plexing time, the surface coverage drops to 16%. Prob-
ably, structuring and ordering of the outer modifier
layer have ended by this moment. This nontrivial struc-
tural alteration of the layer can be due to complexes
with various compositions generated on the surface
because of the existence of various donor atoms (N, S,
and O) in molecules in the monolayer. Molecules of the
monolayer can acquire conformations differing from
their initial orientation in the monolayer. As a result, the
contact angle changes. Our data indicate that there is
some optimal time for complexing with the transition
metal, providing the maximal amount of cobalt in the
surface layer of the complex former.


In summary, using contact angle measurements in
tandem with the molecular theory of wetting of hetero-
geneous surfaces, we demonstrated the feasibility of
complex formation between thiohydantoins immobi-
lized on gold and cobalt(II) ions and the generation of
metal-complex surfaces.
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Hepatitis C virus (HCV) is one of the most danger-
ous infections [1, 2]. Currently, only a few types of
HCV replication inhibitors are known, which makes
the search for new anti-HCV agents an important task.


This work deals with the synthesis of new analogues of
ribonucleosides, tests for their activity as inhibitors of
HCV reproduction in the HCV replicon system, and the
synthesis of 5'-triphosphates of the synthesized nucleo-
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—Bicyclic furano- and pyrrolo[2,3-
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]pyrimidine nucleosides and purine nucleosides modified at the
N


 


1


 


 atom and/or the 6-position have been synthesized. Among the tested nontoxic bicyclic nucleosides and N
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-
carboxyalkyladenosines, only furo[2,3-
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]pyrimidine with the C
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 substituent and N


 


6


 


-carboxymethylade-
nosine exhibit moderate anti-HCV activity in the virus replicon system and N


 


1


 


-hydroxyinosine exhibits high
anti-HCV activity and significant cytotoxicity. The corresponding 5'-triphosphates have been synthesized and
studied as substrates/inhibitors of HCV enzymes: NS5B protein (RNA-dependent RNA polymerase) and NS3
protein (NTP-dependent RNA helicase).
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sides and study of them as substrates/inhibitors of
nucleotide-dependent HCV enzymes: proteins NS5B
(RNA-dependent RNA polymerase) and NS3 (NTP-
dependent RNA helicase).


We developed a scheme of synthesis of N


 


1


 


-hydrox-
yinosine (


 


7a


 


) in preparative amounts by means of oxi-
dation of commercially available adenosine (


 


5a


 


) by 


 


m


 


-
chloroperbenzoic acid [7] with subsequent deamination
of adenosine N


 


1


 


-oxide (


 


6a


 


) by sodium nitrite in an acid
medium (Scheme 1) with 45% yield (for two stages).
Previously, N


 


1


 


-hydroxyinosine (


 


7a


 


) was obtained by
oxidation of inosine (


 


8


 


), N


 


6


 


-morpholinylpurineriboside
(


 


9


 


), or N


 


6


 


,N


 


6


 


-dimethyladenosine (


 


11


 


) by 


 


m


 


-chloroper-
benzoic acid (yields 24, 10, and <5%, respectively) [8].
The formation of N


 


1


 


-hydroxyinosine (


 


7a


 


) can be
explained by either consecutive or simultaneous oxida-
tion at the N


 


1


 


 position and the N


 


6


 


 exocyclic purine
group to form intermediate compound 


 


10


 


.


N


 


6


 


-Substituted adenosine derivatives are well docu-
mented [9]; however, their analogues with an anionic
group (zwitterionic structure) have not been described.
We synthesized N


 


6


 


-carboxyalkyladenosines (


 


13a


 


–


 


13c


 


)
by the reaction of 6-chloropurineriboside (


 


12


 


) with the
corresponding amino acid in the presence of N-ethyldi-
isopropylamine (Schemes 1, 2). In a nonaqueous


medium, the reaction does not take place. However, in
20% aqueous dioxane as the solvent, compounds 


 


13a


 


–


 


13c


 


 were obtained in almost quantitative yields.


 


1


 


H, 


 


13


 


C, and 31P NMR spectra were recorded in D2O
on a Bruker AMXIII-400 spectrometer operating at
400, 133, and 162 MHz, respectively. Sodium 3-trime-
thylsilyl-1-propanesulfonate was used as the internal
reference. TLC analysis was carried out on Kieselgel
60 F254 plates in different systems. UV spectra were
recorded as solutions in water (pH 7) on a Shimadzu
UV-2401 PC spectrophotometer.


The HCV replicon was cultured and its relative titer
was determined as described in [10]. The cytotoxicity
of the compounds in Huh7 cells was determined with
the use of MTT (Sigma, United States) [10].


N1-Hydroxyinosine (7a). To a solution of 2.68 g
(1 mmol) of adenosine in 50 mL of 50% aqueous meth-
anol, 3.44 g (2 mmol) of m-chloroperbenzoic acid was
added under stirring. After 24 h, another 3.44 g
(2 mmol) of m-chloroperbenzoic acid was added, and
the mixture was stirred for 24 h. The reaction mixture
was concentrated in vacuo, dissolved in water, and
extracted with ethyl acetate. The aqueous fraction was
purified by reverse-phase chromatography on a LiChro-
prep RP-18 column (50 × 400 mm) and lyophilized
from water to give 2 g of adenosine N1-oxide (6a). To a
solution of 2 g (0.7 mmol) of 6a in 50 mL of water,
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11 mL (2 mmol) of acetic acid and 13.8 g (2 mmol) of
sodium nitrite were added. The reaction mixture was
stirred for two days; then 6.9 g (1 mmol) of sodium
nitrite was added; and the resulting mixture was stirred
for three days, evaporated in vacuo, and purified by
reverse-phase chromatography on a LiChroprep RP-18
column (50 × 400 mm). The product was lyophilized
from water. The total yield was 1.28 g (45%) (the phys-
icochemical characteristics were the same as reported
in [8]).


N6-Carboxyalkyladenosines (13a–13c). To a solu-
tion of 50 mg (0.17 mmol) of 6-chloropurineriboside
(12) in 1 mL of aqueous dioxane, 300 µL (1.74 mmol)
of N-ethyldiisopropylamine and 78 mg (0.87 mmol) of
β-alanine, 65 mg (0.87 mmol) of glycine, or 78 mg
(0.87 mmol) of alanine were added. The mixture was
kept for two days at 37°C and then evaporated in vacuo.
The residue was dissolved in 1 mL of water and purified
by reverse-phase chromatography on a LiChroprep RP-
18 column (20 × 200 mm) in a linear gradient of meth-
anol concentration (0  20%, V = 400 mL) in 0.02 M
aqueous NH4HCO3. The products were lyophilized
from water. The yield was 95%.


N6-(2-Carboxyethyl)adenosine (13a). UV: λmax =
267 nm (ε = 16100). 1H NMR (δ, ppm; SCC, Hz): 8.09
and 8.01 (both s, 2H, H-2 and H-8); 5.87 (d, 1H, H-1',
J = 5.9); 4.63 (t, 1H, H-2', J = 5.6); 4.31 (~t, 1H, H-3',
J = 5.6); 4.16 (~q, 1H, H-4', J = 2.8); 3.81 (dd, 1H, H-
5'a, J = 2.8 and 12.9); 3.72 (dd, 1H, H-5'b, J = 3.6 and
12.9); 3.56 (br s, 2H, CH2N); 2.46 (t, 2H, CH2COOH,
J = 6.9). 13C NMR (δ, ppm): 178.62 (COOH), 159.14
(C-6), 149.54 (C-4), 153.52 (C-2), 140.93 (C-8),
119.61 (C-5), 89.46 (C-1'), 86.75 (C-4'), 74.88 (C-3'),
71.70 (C-2'), 62.64 (C-5'), 37.84 (C–COOH and
C−NH).


N6-Carboxymethyladenosine (13b). UV: λmax =
266 nm (ε = 15300). 1H NMR (δ, ppm; SCC, Hz): 8.14
and 8.03 (both s, 2H, H-2 and H-8); 5.91 (d, 1H, H-1',
J = 5.9); ~4.8 (the signal of H-2' is partially overlapped
by the signal of HOD); 4.33 (~t, 1H, H-3', J = 4.2); 4.18


(~q, 1H, H-4', J = 3.1); 3.97 (br s, 2H, CH2N); 3.83 (dd,
1H, H-5'a, J = 2.7 and 12.9); 3.74 (dd, 1H, H-5'b, J =
3.7 and 12.9).13C NMR (δ, ppm): 173.49 (COOH),
159.25 (C-6); 149.81 (C-4), 152.90 (C-2), 140.47 (C-
8), 119.65 (C-5), 88.87 (C-1'), 86.13 (C-4'), 74.19 (C-
3'), 71.03 (C-2'), 61.98 (C-5'), 44.93 (C–N).


N6-(1-Carboxyethyl)adenosine (13c). UV: λmax =
268 nm (ε = 14800). 1H NMR (δ, ppm; SCC, Hz): 8.11
and 8.01 (both s, 2H, H-2 and H-8); 5.89 (d, 1H, H-1',
J = 5.9); ~4.8 (the signal of H-2' is partially overlapped
by the signal of HOD); 4.32 (~t, 2H, H-3' and CH, J =
4.2); 4.18 (~q, 1H, H-4', J = 2.8); 3.83 (dd, 1H, H-5'a,
J = 2.5 and 12.9); 3.74 (dd, 1H, H-5'b, J = 3.6 and
12.9); 1.41 (d, 3H, CH3, J = 7.2). 13C NMR (δ, ppm):
176.42 (COOH), 159.13 (C-6), 149.61 (C-4), 152.76
(C-2), 140.18 (C-8), 119.51 (C-5), 88.73 (C-1'), 85.94
(C-4'), 74.11 (C-3'), 70.89 (C-2'), 61.83 (C-5'), 52.18
(C–N), 18.38 (CH3).


Cytotoxicity in Huh7 cells and the antiviral effect of the syn-
thesized compounds in the HCV replicon system


Compound LC50, µM IC50, µM


1a–1e, 2, 3 >500 Inactive


1f >500 30


7a 20 2–3


13a 100 30–50


13b, 13c >500 Inactive


2'MeC* >200 1.23


4'N3C* >33 1.28


* Taken from [11]; LC50 is the concentration of a compound that
is lethal to 50% of cultured cells; IC50 is the concentration of
a compound that inhibits virus replication by half.
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N1-hydroxyinosine 5'-triphosphate (7b) was syn-
thesized from adenosine 5'-triphosphate (5b) by the
method described above for the nucleoside. UV: λmax =
232 nm (ε = 35 000), 261 nm (ε = 8500). 1H NMR (δ,
ppm; SCC, Hz): 8.48 and 8.46 (both s, 2H, H-2 and
H-8); 6.01 (d, 1H, H-1', J = 4.6); ~4.8 (the signal of H-
2' is partially overlapped by the signal of HOD);
4.46 (br s, 1H, H-3'), 4.26 (br s, 1H, H-4'); 4.12 (m, 2H,
H-5'). 31P NMR (δ, ppm): –6.44 (br s, 1P, Pα), –10.64
(s, 1P, Pγ), –21.50 (br s, 1P, Pβ).


Bicyclic furo[2,3-d]pyrimidine nucleosides (1a–1f)
were synthesized by the reaction of 5-iodouridine with
terminal alkynes in the presence of catalytic amounts of
Pd(0) and CuI [3, 4] by analogy with the method sug-
gested for the synthesis of corresponding 2'-deoxynu-
cleosides [5, 6]. Treatment of nucleoside 1a with aque-
ous alcohol solutions of ammonia or methylamine
(Scheme 1) led to pyrrolo- and N7-methylpyrrolo[2,3-
d]pyrimidine nucleosides (2 and 3), respectively [3, 4].


The synthesized nucleosides were tested as poten-
tial inhibitors of HCV replication in the virus replicon
system [10] (table). Compounds 1–3, 13b, and 13c
were inactive in this system and exhibited no cytotoxic-
ity in concentrations up to 500 µM in human hepato-
cyte cells Huh7. Only bicyclic nucleoside 1f, contain-
ing the C10H12 substituent, and N6-carboxymethylade-
nosine 13a exhibited moderate anti-HCV activity. In
the series of N6 derivatives (13), only N6-carboxymeth-
yladenosine (13a) exhibited moderate cytotoxicity. N1-
Hydroxyinosine (7a) exhibited high anti-HCV activity
and high cytotoxicity in Huh7 cell culture.


The mechanism of the antiviral action of most
nucleoside analogues involves their enzymatic trans-
formation into nucleoside 5'-triphosphates with their
subsequent incorporation into the 3' end of viral DNA
or RNA, which inhibits virus replication [12, 13]. In the
search for the possible target for the nucleosides, we
synthesized a series of 5'-triphosphates and studied
their substrate specificity with respect to HCV
enzymes: proteins NS5B and NS3.


5'-Triphosphates 4a–4c were synthesized using the
method described in [14] (Scheme 1) by the action of
POCl3 in triethyl phosphate in the presence of proton
sponge followed by condensation with tributylammo-
nium pyrophosphate. The yields were 5–14% [3, 4].
N1-Hydroxyinosine 5'-triphosphate (7b) was obtained
in two stages by oxidation of the commercially avail-
able adenosine 5'-triphosphate (5b) followed by deam-
ination of adenosine N1-oxide 5'-triphosphate (6b)
(Scheme 2).


Bicyclic nucleoside 5'-triphosphates 4a–4c were not
recognized by RNA polymerase of HCB and were
extremely weak inhibitors of the ATPase reaction cata-
lyzed by HCV NTPase; however, they turned out to be
rather efficient NTPase substrates (figure). Their activ-
ity is only slightly lower than the activity of natural
UTP [3, 4]. The difference in hydrolysis rates could be
responsible for the low pseudo-inhibitory activity of
these compounds. At the same time, N1-hydroxyinosine
5'-triphosphate (7b) noticeably inhibited the ATPase
reaction catalyzed by HCV NTPase (Ki 109 µM).


The above data point to the need for further study of
the structure–anti-HCV activity relationship for this
group of compounds in order to more exactly assess the
prospects for their use as HCV inhibitors.
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2-Amino-5,6-dihydro-4


 


H


 


-1,3-thiazine (


 


1


 


) is a well-
known inhibitor of NO synthase (NOS) [1, 2] and
shows antihypotensive activity in in vivo experiments
[3]. With the aim to prolong the duration of antihy-
potensive action of this compound, we suggested to
synthesize more lipophilic analogues that can behave as


prodrugs.


 


1


 


 In this work, we obtained and tested in vitro
and in vivo four N-acyl derivatives of thiazine 


 


1


 


 with


structurally variable substituents, namely: 2-


 


N


 


-acety-
lamino-, 2-


 


N


 


-benzoylamino-, 2-


 


N


 


-cyclohexanecarbon-
ylamino-, and 2-


 


N


 


-(1-adamantanecarbonyl)amino-5,6-
dihydro-4


 


H


 


-1,3-thiazines (


 


2a


 


–


 


2d


 


, Scheme 1). It is
worth noting that the selection of substituents was
determined not only by their lipophilic properties but
also by their possible effect on the rate of hydrolysis of
the amide bond in vivo.


 


Compounds 


 


2a


 


–


 


2d


 


 were obtained by Scheme 1. At
the first step, parent compound 


 


1


 


 was obtained from 3-
bromopropylamine hydrobromide and thiourea through
the cyclization of 


 


S


 


-(aminopropyl)isothiourea dihydro-
bromide [4]. Then, acylation was carried out using ace-
tic anhydride (for 


 


2a


 


, Scheme 2) or corresponding acyl


chlorides (for 


 


2b


 


–


 


2d


 


).


 


2


 


 The composition and structure
of the obtained compounds were confirmed by elemen-
tal analysis, NMR spectroscopy, and mass spectrome-


try. At the next step, we carried out experiments to
assess approximately the inhibiting activity of com-
pounds 


 


2a


 


–


 


2d


 


 toward two isoforms of NO synthase,
inducible NOS (


 


i


 


NOS) and neuronal NOS (


 


n


 


NOS)
(Fig. 1). The testing was performed in vitro by radio-
metric method with the use of [


 


3


 


H]-


 


L


 


-arginine (a natu-
ral substrate of NO synthase). The results indicate that
compounds 


 


2a


 


–


 


2d


 


 show markedly lower inhibition of
NO synthase as compared with parent compound 


 


1


 


(Figs. 1 and 2).
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N · HBr (HCl)


NH C
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Scheme 1.


1 2a–2d


2a R = –CH3
2b R = –Ph
2c R = –cyclohexyl
2d R = –adamantyl
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Abstract


 


—The synthesis and results of in vitro and in vivo testing of 2-


 


N


 


-acetylamino-, 2-


 


N


 


-benzoylamino-,
2-


 


N


 


-cyclohexanecarbonylamino-, and 2-


 


N


 


-(1-adamantanecarbonyl)amino-5,6-dihydro-4


 


H


 


-1,3-thiazines for
NOS-inhibiting activity have been described.
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 Prodrug is a compound undergoing biotransformation before it produces a pharmacological effect (this compound is usually inactive or
shows low activity prior to biotransformation).


 


2


 


 To obtain compound 


 


2d


 


, adamantanecarbonyl chloride was reacted with 2-amino-5,6-dihydro-4


 


H


 


-1,3-thiazine as a base.
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At the final step of the study, we tested the physio-
logical activity of compounds 


 


2a


 


–


 


2d


 


 in laboratory ani-
mals. Originally, the compounds were assessed for
nitrogen oxide (NO) production in mouse liver. Com-
pounds 


 


2a


 


 and 


 


2b


 


 tested ex vivo showed almost the
same inhibiting effect on NO production in mouse liver
as parent thiazine 


 


1


 


 (the dose necessary to inhibit NO
production by 50% (ID


 


50


 


) is about 3 


 


µ


 


mol/kg). The
NO-inhibiting activity ex vivo of acyl derivatives 


 


2c


 


and 


 


2d


 


 was found to be much lower (by one to two
orders of magnitude) than that of the parent thiazine.
The study of antihypotensive activity of compounds 


 


2a


 


and 


 


2b


 


 in vivo carried out in rats, septic shock model
including, showed that the antihypotensive effect of


compound 


 


2a


 


 is approximately two times longer than
that of thiazine 


 


1


 


.
Thus, the best result in the series of the compounds


obtained was achieved for compound 


 


2a


 


, which proved
to be an efficient prodrug of thiazine 


 


1


 


. Taking into con-
sideration that compound 


 


2a


 


 shows very low toxicity in
vivo, we applied for patent for 2-acetylamino-5,6-dihy-
dro-4


 


H


 


-1,3-thiazine 


 


2a


 


 as a potential antihypotensive
remedy [5].


EXPERIMENTAL


 


1


 


H and 


 


13


 


C NMR spectra were recorded on a Bruker
WP-100SY and Bruker CXP-200 spectrometers oper-
ating at 100 and 200 MHz, respectively, using TMS as


Br NH2 · HBr
SH


HN NH2
S


HN NH2 · HBr


HBr · H2N
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 Concentration dependence for the inhibition of NOS isoforms by compounds 


 


2a


 


–
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 (see Experimental for the procedure).
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an internal reference. Reaction course was monitored
by thin-layer chromatography (TLC) on Silufol UV-254
plates with the use of the butanol–acetone–formic acid
(1 : 1 : 1) eluent system. Mass spectra were obtained on
a Shimadzu LCMS-2010A quadrupole mass spectro-
meter with electrospray ionization.


2-N-Acetylamino-5,6-dihydro-4H-1,3-thiazine
hydrobromide 2a. A 5-mL (0.053 mol) portion of ace-
tic anhydride was added to 0.7 g (0.0036 mol) of 2-ami-
nothiazine hydrobromide, and the mixture was heated
at 90°C under magnetic stirring for 10.5 h. After cool-
ing, the precipitate was filtered off and washed with
ether to give 0.72 g of compound 2a. Yield 84%. Mp
192–194°C (lit. [4]: mp 179–180°C). For
C6H11BrN2OS anal. calcd. (%): C, 30.14; H, 4.64; N,
11.71. Found (%): C, 30.25, 30.32; H, 4.39, 4.52; N,
11.62, 11.86. MS (m/z): 117 (C4H9N2S+), 159
(C6H12N2SO+). 13C NMR (DMSO-d6–CCl4 (1 : 4), δ,
ppm): 172.39 (C-7), 166.42 (C-2), 41.97 (C-4), 26.80
(C-6), 24.30 (C-8), 19.22 (C-5). 1H NMR (DMSO-d6–
CCl4 (1 : 4), δ, ppm, J, Hz): 2.15 (m, 2H, CH2), 2.32 (s,
3H, CH3), 3.40 (t, 2H, J = 5.6, CH2S), 3.75 (t, 2H, J =
5.6, CH2N), 12.10 (br s, 2H, NH + N+H).


2-N-Benzoylamino-5,6-dihydro-4H-1,3-thiazine
hydrobromide 2b. A 2-mL (0.017 mol) portion of ben-
zoyl chloride was added to 0.3 g (0.0015 mol) of 2-ami-
nothiazine hydrobromide, and the mixture was heated
at 140°C under magnetic stirring for 15–20 min. After
cooling, the precipitate was filtered off and washed
with ether to give 0.35 g of compound 2b. Yield 76%.
Mp 220–223°C (lit. [4]: mp 218–220°C). For
C11H13BrN2OS anal. calcd. (%): C, 43.86; H, 4.35; N,
9.30. Found (%): C, 43.62, 43.98; H, 4.46, 4.28; N,
9.48, 9.32. 1H NMR (DMSO-d6–CCl4 (1 : 4), δ, ppm, J,
Hz): 2.15 (m, 2H, CH2), 3.35 (t, 2H, J = 5.6, CH2S),
3.80 (t, 2H, J = 5.6, CH2N), 7.78–8.45 (m, 5H, Harom),
12.10 (br s, 2H, NH + N+H).


2-N-Cyclohexanecarbonylamino-5,6-dihydro-
4H-1,3-thiazine hydrobromide 2c. A 4-mL
(0.017 mol) portion of cyclohexanecarbonyl chloride
was added to 0.5 g (0.0025 mol) of 2-aminothiazine
hydrobromide, and the mixture was heated at 170°C
under magnetic stirring for 20–25 min. After cooling,
10 mL of diethyl ether was added, the precipitate was
filtered off and washed with ether to give 0.67 g of com-
pound 2c. Yield 86%. Mp 153–154°C. For
C11H19BrN2OS anal. calcd. (%): C, 43.00; H, 6.23; N,
9.12. Found (%): C, 43.16, 43.32; H, 6.34, 6.28; N,
8.94, 9.18. 1H NMR (DMSO-d6–CCl4 (1 : 4), δ, ppm, J,
Hz): 1.40 (m, 5H, C6H11), 1.85 (m, 3H, C6H11), 1.95 (m,
2H, CH2), 2.20 (m, 2H, CH2), 2.65 (m, 1H, CH–CO),
3.35 (t, 2H, J = 6, CH2S), 3.70 (t, 2H, J = 6, CH2N),
12.10 (br s, 2H, NH + N+H).


2-N-(1-Adamantanecarbonyl)amino-5,6-dihydro-
4H-1,3-thiazine hydrochloride 2d. A 1-mL portion of a
10% NaOH solution was added to a solution of 0.5 g
(0.0025 mol) of 2-aminothiazine hydrobromide in
5 mL of water with stirring. Five minutes later, 10 mL
of CHCl3 was added and the mixture was stirred for 1 h.
The organic layer was separated and dried with MgSO4,
and the solvent was removed. Triethylamine (0.33 mL)
and 1-adamantanecarbonyl chloride (0.48 g, 0.017 mol)
were added to the residue. The mixture was stirred for
1 h, the precipitate of triethylamine hydrochloride was
filtered off, and the filtrate was concentrated on a rotary
evaporator. The residue was dissolved in 3 mL of iso-
propanol, and 5 mL of concentrated HCl was added
dropwise with stirring. The precipitate was filtered off
and dissolved in acetone, the solution was filtered, and
the filtrate was concentrated to give 0.27 g of com-
pound 2d as white crystals. Yield 36%. Mp 243–245°C.
For C15H23ClN2OS anal. calcd. (%): C, 57.22; H, 7.36;
N, 8.90. Found (%): C, 57.38, 57.45; H, 9.07, 8.99; N,
8.94, 9.18. 1H NMR (DMSO-d6–CCl4 (1 : 4), δ, ppm, J,
Hz): 1.75–2.20 (m, 15H, cage), 2.40 (m, 2H, CH2), 2.65
(m, H, CH–CO), 3.40 (t, 2H, J = 6.5, CH2S), 3.85
(t, 2H, J = 6.5, CH2N), 12.30 (br s, 2H, NH + N+H).


Testing in vitro. The activity of NO synthase was
measured for two samples: iNOS isolated from
lipopolysaccharide-stimulated mouse macrophages
produced by Cayman Chemical, United States, (22.43
units/mg, 4.97 mg/mL, 111.5 units/mL, catalog number
60862) and a soluble fraction of rat cerebellum homo-
genate (NO synthase activity detected in this sample is
represented mainly by calcium-dependent nNOS). The
activity of NOS was determined by the radiometric
method (Wallac-1414, WinSpectral, Finland) from the
rate of accumulation of [3H]-L-citrulline in the NOS-
catalyzed reaction of oxidation of [3H]-L-arginine
(0.37 Ci/mmol) [6] in an in-house experimental modi-
fication [7]. The results are represented (see Figs. 1
and 2) as an inhibition percent (i.e., the difference
between the activities of the samples without inhibitors
and those containing inhibitors expressed as a percent
of the activity of samples without inhibitors).
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Fig. 2. Concentration dependence for the inhibition of NOS
isoforms by parent thiazine 1.
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Testing in vivo. Nitrogen oxide production in the
liver of laboratory animals was carried out ex vivo in
white non-inbred female mice 5 months old, weighing
27–30 g, derived from Swiss line. Four hours before
euthanasia with ether, E. coli lipopolysaccharide (LPC)
was injected into the animals (of tested and control
groups) (1.5 mg/kg, 0.5 mL of physiological salt solu-
tion per mouse). Three hours after injection, com-
pounds 2a–2d were injected intraperitoneally into the
tested animals (physiological salt solution was injected
into the animals of the control group); 1 h later, liver
samples were removed and frozen in liquid nitrogen.
NO• production was determined by EPR spectroscopy
using the spin trap technique by A.F. Vanin [8, 9].


The antihypotensive activity in vivo was studied in
rats (Wistar, male and female weighting 200–310 g).
The animals were narcotized by intraperitoneal injec-
tion of Nembutal (55 mg/kg), and the background val-
ues of systolic and diastolic pressure from the left
carotid artery, heart rate, and respiration rate were
recorded. Then, compounds 2a and 2b in a 0.9% aque-
ous NaCl solution were injected and the above param-
eters were monitored (until stable and distinct decrease
in arterial pressure was achieved). Compounds 2a and
2b were tested in a similar manner in experimental ani-
mals with permanent hypotonia, a model of septic
shock induced by LPC (18 mg/kg of LPC solution was
injected into an animal into jugular vein in 2–3 min
immediately after recording the background values).
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Laccases (


 


p


 


-diphenol:dioxygen oxidoreductase, EC
1.10.3.2) belong to the class of blue oxidases and cata-
lyze the oxidation of a large number of organic and
inorganic substrates by dioxygen, which is thereby
reduced to water (bypassing the stage of formation of
hydrogen peroxide) [1, 2]. The active site of laccases
has four copper ions, and their combined interaction
couples the one-electron oxidation of donor substrates
with the four-electron reduction of dioxygen. The cop-
per ions have historically been divided into three types:
T1 is a blue copper site, which has an absorption band
at about 600 nm in electronic spectra and gives rise to
an EPR spectrum with narrow hyperfine splitting; T2 is
a mononuclear site, which has no intense features in the
UV and visible spectrum but gives rise to a characteris-
tic EPR spectrum; and T3 is a diamagnetic binuclear
center, which has an absorption band at about 330 nm
as a rather diffuse shoulder. The T2 and T3 sites form a
trinuclear cluster, which is responsible for the reduction
of dioxygen to water [3]. Depending on the redox
potential of the T1 site, laccases are divided into high
and low redox potential ones [4]. The mechanism of
laccase catalysis is accepted to involve three stages:
(1) reduction of the T1 copper ion by the donor sub-
strate, (2) intramolecular electron transfer by the cop-
per ions of the active site, and (3) reduction of dioxygen
to water by the trinuclear copper cluster [2].


Laccases are widely encountered in fungi [5] and
plants [6]. Laccase-like oxidases have also been found
in microorganisms [7] and animals [2]. Plant laccases
are involved in free-radical reactions of lignin synthe-
sis, whereas fungal laccases have broader functions.


They are involved in the morphogenesis of fungi, their
protection from stress, and lignin degradation [8]. It is
possible that the localization of laccases in the cell and
the pH of a medium at which these enzymes function
correlate with their physiological activity, which deter-
mines the set of substrates for them and the conditions
of their functioning. The redox potential of the T1 site
of laccases is of crucial importance for the manifesta-
tion of the substrate specificity of these enzymes.


This paper deals with a comparative study of biocat-
alytic reactions of the high redox potential fungal lac-
cases of 


 


Trametes hirsuta


 


 and 


 


Cerrena maxima


 


 and the
low redox potential laccase from the latex of the Japa-
nese lacquer tree 


 


Rhus vernicifera


 


.


EXPERIMENTAL


 


Microorganism culturing and enzyme purifica-
tion. 


 


Producer strains of basidial fungi 


 


T. hirsuta


 


 and


 


C. maxima


 


 were cultured as described in [9]. The fol-
lowing sequence of enzyme purification stages was
used: precipitation of proteins from the culture broth by
ammonium sulfate (0–90% saturation); low-pressure
ion exchange chromatography on Sevacel DEAE 52
(Reanal, Hungary); adsorption chromatography on
HTP Biogel (Bio-Rad, United States); rechromatogra-
phy on DEAE-Toyopearl 650M (Toyo Soda, Japan).
The final stage of purification of all enzymes was high-
pressure liquid chromatography on a BioSep-SEC-S
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Abstract


 


—The homogeneous catalytic and heterogeneous bioelectrocatalytic properties of high redox poten-
tial fungal laccases and low redox potential plant laccase have been compared. The fungal and plant laccases
exhibit radically different catalytic activities as a function of pH with respect to substrates donating only elec-
trons and substrates donating both hydrogen atoms and electrons, as well as in the bioelectrocatalytic reaction
of dioxygen reduction. It is suggested that the difference between the biocatalytic properties of these enzymes
correlates with their role in lignin metabolism.
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2000 Phenomenex column (United States) with the use
of the Stayer HPLC system (Aquilon, Russia). All
stages of enzyme purification were carried out at 4


 


°


 


C.


The enzyme preparation from the latex of the Japa-
nese lacquer tree 


 


R. vernicifera


 


 was courtesy of Prof.
B. Reinhammar. The preparation was additionally puri-
fied by high-pressure chromatography. All enzyme
preparations under consideration were homogeneous as
probed by SDS electrophoresis.


 


Molecular weight determination.


 


 The molecular
weight of laccases was determined by SDS polyacryla-
mide electrophoresis (SDS PAGE). The following
marker proteins were used: cellulose (94.6 kDa), BSA
(66.2 kDa), ovalbumin (45.0 kDa), carboanhydrase
(31.0 kDa), trypsin inhibitor (21.5 kDa), and lysozyme
(14.4 kDa). The protein concentration in solutions was
determined as described in [10].


 


Kinetic studies.


 


 The activity of laccases in the reac-
tions of oxidation of organic and inorganic substrates
was determined spectrophotometrically from the for-
mation rate of the product and electrochemically with
the use of a Clark oxygen electrode by measuring the
decrease in the reduction current of dioxygen con-
sumed during the enzymatic reaction at a working elec-
trode voltage of –600 mV. The kinetic parameters of the
substrate oxidation reactions were calculated taking
into account their stoichiometry.


The laccase-catalyzed enzymatic reactions were
carried out in a 40 mM universal buffer solution at a
specified pH.


 


Bioelectrocatalytic experiments


 


 were carried out
on a CV-50W voltammetric analyzer (Bioanalytical
Systems, United States) using a three electrode electro-
chemical cell. A spectroscopic graphite rod (Ringsdorff
Werke, Germany) was used as a working electrode.
Enzymes were immobilized on the surface of the work-
ing electrode by means of adsorption of a 10 


 


µ


 


L sample
of an enzyme preparation for 30 min. The unadsorbed
enzyme was removed by repeated washing of the elec-
trode with a working buffer solution.


Cyclic voltammograms were recorded for the
renewed surface of the electrode at different pHs in the
voltage range from –200 to 1000 mV against Ag/AgCl
(210 mV versus the standard hydrogen electrode (vs.
SHE)) at a potential sweep rate of 10 mV/s.


 


Reagents.


 


 The following reagents were used: boric
acid, ABTS (diammonium 2,2'-azino-bis(3-ethylbenz-
thiazoline-6-sulfonate) (Sigma), hydroquinone (Roth),
K


 


4


 


Fe(CN)


 


6


 


 · 3H


 


2


 


O (Alfa Aesar), NaOH (Fluka),
H


 


3


 


PO


 


4


 


, CH


 


3


 


COOH, NaF, pyrocathechol (Russian State
Standard, special purity grade), syringaldazine (ICN),
and guaiacol (Acros Organics). All solutions, except
those for fermentation, were prepared in deionized


water obtained on a Milli Q water system (Millipore,
United States).


RESULTS AND DISCUSSION


One approach to understanding the physiological
role of fungal and plant laccases is determination of the
activity of these enzymes with respect to different sub-
strates at various pHs of a solution in both homoge-
neous and heterogeneous systems. The plots of the
activity of high redox potential enzymes from basidial
fungi 


 


T. hirsuta


 


 and 


 


C. maxima


 


 versus pH for different
substrates are rather similar and differ only in shape for
substrates donating only electrons and substrates donat-
ing both hydrogen atoms and electrons.


Figure 1 shows that high redox potential fungal lac-
case of basidial fungus 


 


T. hirsuta


 


 exhibits a catalytic
activity up to pH 6.5 for both types of substrates. For
electron-donating substrates (ABTS, K


 


4


 


Fe(CN)


 


6


 


), as
pH increases, the enzyme activity first remains virtually
unchanged and then monotonically decreases. For sub-
strates donating hydrogen atoms (hydroquinone, syrin-
galdazine), the plot of the activity of fungal laccases on
pH is bell-shaped. The difference in the pH depen-
dences for laccase substrates of different donor types
can be explained as follows: For both types of sub-
strates, when the pH of a solution is varied to alkaline
values, the initial rate of enzymatic reactions decreases
due to their inhibition by hydroxyl ions, which bind to
the trinuclear T2/T3 clusters of laccases [2]. For the
phenolic organic substrates (donors of hydrogen atoms)
of fungal laccases, the ionization potential decreases
with an increase in the pH of a solution and, hence, the
reaction rate increases. A combination of these two pro-
cesses is responsible for the bell-shaped curves of the
pH dependence of the enzymatic reaction for substrates
donors of hydrogen atoms. For electron-donating
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Fig. 1.


 


 pH Dependence of the reactions of oxidation of
donors of electrons (


 


1


 


) ABTS (1 mM) and (


 


2


 


) K


 


4


 


Fe(CN)


 


6


 


(10 mM) and donors of hydrogen atoms (


 


3


 


) syringaldazine
(0.025 mM) and (


 


4


 


) hydroquinone (10 mM) in the presence
of the laccase from 


 


Trametes hirsuta


 


 (0.8 


 


×


 


 10


 


–8


 


 M) in 0.04
M universal buffer.
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ABTS and potassium hexacyanoferrate, the substrate
ionization potential does not respond to a change in pH,
so that the plot of the pH dependence shows a small pla-
teau and then a smooth decrease in the substrate oxida-
tion reaction rate.


Additional evidence of the above features of fungal
laccases is the inhibition of the catalytic oxidation reac-
tions of both types of substrates by fluoride ions
(Figs. 2a and 2b). Fluoride ions, like hydroxyl ions,
bind to the trinuclear T2/T3 cluster and disrupt
intramolecular electron transfer from the enzyme sub-
strate to dioxygen. The inhibition of the enzymatic oxi-
dation reactions of ABTS and hydroquinone by 1 mM
NaF is 95 and 96%, respectively.


A different situation is observed upon the enzymatic
oxidation of the substrates of both groups in the pres-
ence of the low redox potential laccase from the Japa-
nese lacquer tree 


 


R. vernicifera


 


. As distinct from high
redox potential fungal laccases 


 


T. hirsuta


 


 and 


 


C. max-
ima


 


, low redox potential plant laccase is able to cata-
lyze the oxidation of organic substrates donors of
hydrogen atoms in neutral and weakly alkaline solu-
tions and remains catalytically inactive at acidic pHs.
At the same time, this enzyme is catalytically active
with respect to electron-donating substrates only in the
acidic pH range (Fig. 3). This means that, for substrates
donating hydrogen atoms, this enzyme is poorly inhib-
ited by hydroxyl ions. As distinct from high redox
potential fungal laccases, the activity of low redox
potential plant laccase is poorly inhibited by fluoride
ions in the neutral and alkaline range when hydrogen-
donating substrates are used. However, like high redox
potential enzymes from basidial fungi, 


 


R. vernicifera


 


laccase loses its activity in the presence of halide ions
during oxidation of electron-donor substrates in acid
solutions.


Comparison of the pH dependences of high redox
potential fungal laccases and low redox potential plant
laccase makes it possible to elucidate their physiologi-
cal function, in particular, their role in lignin degrada-
tion or synthesis. The high redox potential laccases
from wood-decaying white-rot fungi 


 


T. hirsuta


 


 and


 


C. maxima


 


 have the redox potentials 780 


 


±


 


 20 and
750 


 


±


 


 20 mV vs. SHE [4, 11], respectively, whereas the
laccase from the latex of the Japanese lacquer tree


 


R. vernicifera


 


 is a low redox potential laccase and has
the redox potential 440 


 


±


 


 20 mV vs. SHE [4, 12].


Different lignocellulose materials contain micro
amounts of manganese. The manganese ions Mn


 


3+


 


 are
strong oxidants and can directly oxidize nonphenolic
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Fig. 2.


 


 Inhibition of the initial rate of oxidation of (a) ABTS (1 mM) and (b) hydroquinone (10 mM) catalyzed by the laccase from


 


Cerrena maxima


 


 (3.3 


 


×


 


 10


 


–8


 


 M) in 0.04 M universal buffer at pH 4: (


 


1


 


, 


 


1


 


') in the absence of an inhibitor, (


 


2


 


, 


 


2


 


') in the presence of
1 mM NaF, and (


 


3


 


, 


 


3


 


') the background in the absence of the laccase.
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Fig. 3.


 


 pH dependence of the reactions of oxidation of
donors of electrons (


 


1


 


) ABTS (1 mM) and (


 


2


 


) K


 


4


 


Fe(CN)


 


6


 


(10 mM) and donors of hydrogen atoms (


 


3


 


) guaiacol
(10 mM), (


 


4


 


) hydroquinone (10 mM), and (


 


5


 


) pyrocathe-
chol (10 mM) in the presence of the laccase from 


 


Rhus ver-
nicifera


 


 (9.2 


 


×


 


 10


 


–8


 


 M) in 0.04 M universal buffer.
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lignin substructures, thus promoting lignin degrada-
tion. It was previously shown [13] that Mn


 


3+


 


 ions are
generated upon enzymatic oxidation of Mn


 


2+


 


 ions in the
presence of chelating agents (oxalic, tartaric, and
fumaric acids). The latter are necessary for reducing the
redox potential of the Mn


 


2+


 


/Mn


 


3+


 


 pair [14], thus mak-
ing possible the oxidation of Mn


 


2+


 


 by dioxygen in the
presence of high redox potential laccases. In particular,
the potential of the beginning of the oxidation of the
Mn


 


2+


 


–tartrate complex to the Mn


 


3+


 


 tartrate complex is
about 950 mV, so that it is thermodynamically possible
for the former to be oxidized by dioxygen in the pres-
ence of high redox potential laccases from white-rot
fungi, which have redox potentials in the range 750–
800 mV [4, 11–13]. Thus, high redox potential laccases
can be directly involved in lignin degradation, not only
through direct oxidation of the phenolic lignin sub-
structures, but also through indirect oxidation of the
nonphenolic lignin substructures by the triply charged
manganese ions that form in the course of the enzy-
matic reaction catalyzed by fungal laccases. The low
redox potential laccase from 


 


R. vernicifera


 


, with a
redox potential of 440 mV, is unable to catalyze this
reaction and, therefore, cannot be involved in lignin
degradation. However, in the range of neutral and
weakly alkaline pHs, the lacquer tree laccase efficiently
catalyzes the oxidation of guaiacol, hydroquinone, and
dimethoxyphenol, which are structural units of lignin.
Thus, due to free-radical reactions, this enzyme can be
involved in the synthesis of lignin from monomers.


 


Bioelectrocatalytic studies.


 


 The laccases under
consideration were immobilized by means of physical
adsorption on the surface of a graphite electrode,
which is, in this case, an electron-donor substrate in
the reaction of dioxygen electroreduction. Both
enzymes catalyze the electroreduction of dioxygen to


water. The dioxygen reduction half-wave potential is
close to the redox potential of the T1 copper ions of
the high and low redox potential enzymes under con-
sideration (Fig. 4).


Like the homogeneous reaction catalyzed by the low
redox potential laccase from the Japanese lacquer tree,
the biocatalytic reaction of dioxygen electroreduction
in the presence of this enzyme is inhibited by fluoride
ions, almost completely in acid solutions and poorly in
neutral solutions (Fig. 4a). The activity of the 


 


C. max-
ima


 


 laccase is completely inhibited by fluoride ions in
acid solutions (Fig. 4b). In addition, fungal laccases are
inactive in neutral and weakly alkaline solutions.
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A characteristic feature of quantitative X-ray fluo-
rescence (XRF) analysis of complex multielement sys-
tems is the necessity of consideration of matrix effects.
One of such effects is the effect of filtration of the poly-
chromatic emission spectrum of an X-ray tube by the
surface layers of an analyte. Due to a strong depen-
dence of the absorption coefficient on the X-ray radia-
tion wavelength and the nature and contents of analytes
and matrix components, XRF of deep-seated layers of
the sample is excited by primary radiation of a signifi-
cantly different spectral composition [1]. As a result,
the analytical signal intensity turns out to be related not
only to the analyte concentration but also to the ratio of
the efficiencies of XRF excitation in the control and ref-
erence samples. To calculate correction factors taking
into account this dependence, an adequate mathemati-
cal model is required for describing XRF excitation in
massive samples by X-ray tube radiation. The descrip-
tion of this process in the monochromatic approxima-
tion is elegant and requires fewer computational
resources.


The wave distribution of the polychromatic spec-
trum of an X-ray tube is replaced by the 


 


δ


 


 function of a
virtual monochromatic source (VMS) of radiation with
an analogous excitation effect. All traditional
approaches to the determination of the VMS parame-
ters can be divided into two groups. The first group con-
tains the algorithms based on the choice of the so-called
effective wavelength (EWL) of primary radiation with
the weighted average excitation effect of the XRF of an
analyte. Averaging can be both over the wavelengths of
the bremsstrahlung spectrum [1] and over the mass
absorption coefficients of primary radiation for a sam-


ple [2]. Unfortunately, the EWL depends not only on
the sample composition but also on the analyte content.
Therefore, the error of the results of quantitative XRF
analysis is rather high.


More promising from the analytical standpoint are
the algorithms belonging to the second group, which
are based on the choice of the so-called equivalent
wavelength of primary radiation slightly depending on
the analyte content. This parameter is calculated analyt-
ically with the use of experimentally measured line
intensities of two reference samples with compositions
limiting the range of expected contents of the analyte
element in the control sample [3]. The calculated VMS
characteristics ensure an analogous (equivalent) effi-
ciency of XRF excitation for two (rather than for one)
samples that differ in the analyte content by one to two
orders of magnitude. As a result, the error of XRF
determination is considerably lower than when the
EWL is used. However, the correctness of the analysis
results is limited by the fact that the VMS wavelength
is calculated with the use of the universal distribution
functions of bremsstrahlung intensity, which ignore the
effect of the design features of the X-ray tube of a spec-
trometer.


The smallest error of the XRF determination results
is achieved when an empirical method is used for find-
ing the so-called equivalent analytical wavelength
(EAWL) of the experimentally measured spectrum of
the X-ray tube [4, 5]. For samples with different analyte
contents, the ratio of the fractions of the intensity of the
line excited by primary radiation with the EAWL is
equal to the ratio of the integrated intensities of this
line. Among the drawbacks of this method is the neces-
sity of preparing a large number of reference samples
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Abstract


 


—An algorithm was proposed for calculation of the equivalent analytical wavelength of the
bremsstrahlung spectrum during X-ray fluorescence excitation in multicomponent objects of arbitrary thick-
ness. A correlation is found between the analytically obtained approximate values of a given parameter and its
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it possible to minimize the error of the results of quantitative X-ray fluorescence analysis of samples of various
thicknesses taking into account the matrix effects.
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for a wide range of analyte contents, as well as a trial-
and-error fitting procedure of finding the EAWL [4].


These drawbacks of the above algorithms, as well as
the possibility to analytically calculate the VMS param-
eters only for thin-film and semi-infinite samples (the
two limiting cases) in the absence of interfering ele-
ments, led to the increased use of the polychromatic
approach to the description of the primary radiation fil-
tration effect. The efficiency of XRF excitation by all
components of the X-ray tube spectrum is found by
numerical methods [6, 7]. The error of the analysis
results is reduced at the cost of considerably complicat-
ing the calculations. In this context, a generalization of
the monochromatic model to samples of arbitrary com-
position and thickness that will combine a clear physi-
cal meaning, simplicity of calculations, and a low error
of the XRF results is an important theoretical and
applied problem.


The aim of this study is to derive an approximate
analytical formula for calculation of the EAWL of the
bremsstrahlung spectrum for samples of various thick-
nesses and to find correction functions taking into
account the design features of an X-ray tube.


THEORY


 


In the absence of interfering components


 


 in a
homogeneous semi-infinite sample, the XRF intensity
of the 


 


i


 


th element excited only by polychromatic X-ray
tube radiation is expressed by the Sherman equation [8]


(1)


(2)


where 


 


C


 


i


 


 is the content of the 


 


i


 


th element; 


 


ω


 


i


 


 is the 


 


K


 


fluorescence yield of the 


 


i


 


th element; 


 


f


 


i


 


 is the contribu-
tion of the 


 


K


 


α


 


 line to the total intensity of the 


 


K


 


 series;


 


λ


 


K


 


 and 


 


S


 


K


 


 are the wavelength and jump of the 


 


K


 


-edge of
absorption of the 


 


i


 


th element, respectively; 


 


λ


 


0


 


 is the
short-wave edge of the bremsstrahlung spectrum; 


 


I


 


0


 


(


 


λ


 


)
is the primary radiation intensity; 


 


τ


 


i


 


(


 


λ


 


) is the mass
absorption coefficient of the 


 


i


 


th element for primary
radiation; 


 


µ


 


s


 


(


 


λ


 


) and 


 


µ


 


s


 


(


 


λ


 


i


 


) are the mass attenuation
coefficients for primary 


 


λ


 


 and XRF 


 


λ


 


i


 


 radiation, respec-
tively; 


 


ϕ


 


 is the angle of incidence of primary radiation
on the sample surface; and 


 


ψ


 


 is the take-off angle of
XRF radiation. An analogous equation can be written
for the VMS:


(3)


where 


 


λ


 


vs


 


 and 


 


I


 


vs


 


 are the VMS wavelength and intensity,
respectively.


Ii Ri


τi λ( )
µs λ( )/ ϕ( )sin µs λi( )/ ψ( )sin+
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The wave distribution of the X-ray tube is conve-
niently expressed by the Kramers equation:


(4)


where 


 


k


 


1


 


 is a constant, 


 


Z


 


an


 


 is the atomic number of the
anode material of the X-ray tube, and 
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 is the current
density [1]. At 
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where 
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 and 
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i


 


 are the atomic number and atomic
weight of the 


 


i


 


th element, respectively. The mass atten-
uation coefficient of primary radiation 


 


λ


 


 can be
expressed through the attenuation coefficients of XRF
radiation 


 


λ


 


i


 


 [1]:
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Taking into account Eqs. (4)–(6) and close 


 


τ


 


 and 


 


µ


 


values, we can rearrange Eq. (1):


(7)


(8)


(9)


An analogous equation can be written for the VMS:


(10)


The VMS intensity is represented as a function of
wavelength:


(11)


For a thin-film sample of thickness 


 


d


 


 and density 


 


ρ


 


,
the Sherman equation can be rewritten as follows:


(12)


Let us rearrange Eq. (12) taking into account
Eqs. (4) and (5):


(13)
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An analogous equation can be written for the VMS
of primary radiation:


(14)


With the use of Eqs. (13) and (14), the VMS inten-
sity can be represented as a function of wavelength:


(15)


Equating the right-hand sides of Eqs. (11) and (15),
we obtain the formula for the equivalent wavelength of
the excitation spectrum of a semi-infinite and thin-film
sample:


(16)
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(19)


where ZM and AM are the atomic number and weight of
a filler (the matrix components). Once the value of ε
(depends on the natures of the analyte and filler) has
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been adequately chosen, Eq. (16) allows one to calcu-
late the EAWL for samples of arbitrary thickness.


In the presence of interfering elements in the ana-
lyte sample, the EAWL determined by an empirical
method [4] is sometimes larger than the wavelength of
the absorption edge of the analyzed element, which is
physically meaningless. Therefore, it is expedient to
introduce additional EAWL values for the wavelength
segment between the absorption edges of interfering
components and between the absorption edges of the
interfering (λq1) and analyte (λq2) elements. The change
in the integration limits in Eqs. (8) and (13) gives the
following expression for the EAWL:


(20)


(21)


The rearrangement of Eq. (20) and the variable
transformation


(22)


give the identity that is the mathematical expression of
the first mean-value theorem for definite integral (21):


(23)


A more correct wave distribution of the bremsstrahl-
ung intensity of the X-ray tube can be calculated by the
formula [9]


(24)


where k2 is a constant; a is a parameter depending on
Zan; E0 and Eλ are the electron and bremsstrahlung pho-
ton energies (keV), respectively; J = 11.5Zan is the aver-
age ionization potential of anode atoms (eV); R is the
backscattering factor of electrons in the anode [10]; µBe


is the mass attenuation coefficient of the Be window;
ρBe is the beryllium density; and dBe is the Be window
thickness. The Philibert absorption correction (mass
coefficient µan) is
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Fig. 1. VMS intensity vs. wavelength for different Fe con-
tents in the Fe–Cr alloy. The anode voltage of the X-ray tube
is 45 kV, ϕ = 35°; ψ = 55°. The equivalent wavelength
ranges obtained with variation of (A) the analyte element,
(B) the sample thickness, and (C) the EAWL search range
are shown.
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in a massive anode and


(26)


in a thin-film anode. Here, ψ is the take-off angle of
anode radiation; Aan, ρan, and dan are the atomic weight,
density, and thickness of the anode; and σ is the elec-
tron energy loss factor


(27)


This procedure was used in this work for numerical
calculation of the VMS wavelength corrected for the
design features of the X-ray tube.


EXPERIMENTAL


To verify the validity of the suggested algorithm, we
determined the contents of Zn and Ni in certified spec-
imens of aluminum alloy and steel (metallic cylinders
∅12 × 4 mm in size with a polished surface) by the
external reference method with corrections for absorp-
tion. The spectra were measured on a Spektron Spec-
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troscan-G Max series XRF spectrometer (Russia)
equipped with a low-power (4 W) sharp-focus
(∅1.5 mm) X-ray tube with a Cr anode. The working
voltage and current were 40 kV and 100 µA, respec-
tively. The angle of incidence of primary radiation was
80° and the take-off angle of secondary radiation was
30°. A LiF (200) crystal analyzer (2d = 4028 mÅ) was
used for converting secondary radiation to a wave spec-
trum by the Johansson method. For detection of sec-
ondary X-ray quanta, the spectrometer was equipped
with a sealed gas-discharge proportional counter.


The contents of Zn and Ni were determined from the
ZnKβ (1295 mÅ) and NiKβ (1500 mÅ) line intensities.
The exposure time was 10 s (the counting rate was
above 5000 counts/s). Corrected spectral line intensi-
ties were found by measuring the amplitude distribu-
tion of the XRF intensity of the analyte element with a
step of 2 mÅ and the continuous spectral component
intensity in the vicinity of the characteristic peak
(±50 mÅ) followed by correction of the background
signal. The VMS parameters were calculated by
Eq. (16) and by common methods [1–4].


RESULTS AND DISCUSSION


In this work, a correlation between the VMS inten-
sity and wavelength was established for a wide range of
iron contents in the Fe–Cr alloys (Fig. 1). The abscissas
of the intersections of these curves (the VMS equivalent
wavelengths for two semi-infinite samples) are distrib-
uted over the range 953–1219 mÅ, and EAWL is
1086 mÅ. The error of determination of iron (1–
50 wt %) changes from +2.2 to –1.4%. The abscissas of
the intersections of the curves with the thick line (the
VMS equivalent wavelength for thin-film and semi-
infinite samples) are distributed over the range 1152–
1282 mÅ. When the corresponding EAWL (1181 mÅ)
is used, the error of determination of iron in a wide
range of contents changes from +0.36 to –0.29%. Thus,
the number of possible VMSs of primary radiation is
infinitely large. However, no VMS exists that has truly
composition-independent parameters. The equivalent
wavelength suggested in [3] is a result of optimization
of the VMS parameters for the studied range of analyte
contents in a semi-infinite sample. The algorithm


Table 1.  Calculated (1) and empirical (2) EAWL values
(mÅ) for different elements (the X-ray tube anode voltage,
45 kV; ϕ = 35°; ψ = 55°)


Algorithm
Element


26Fe 30Zn 40Zr 50Sn


24Cr filler


1 1181 939 539 367


2 1188 946 545 375


16S filler


1 1148 921 534 367


2 1139 915 535 370


Table 2.  Relative error (%) of the results of quantitative XRF analysis of certified metal alloys


Element
(content, wt %)


Concomitant 
components


Algorithm for calculation of VMS parameters


[1] [2] [3] [4] (16)


Steel sample


Ni (6.71) Fe, Mn, Cr, Ti 6.6 5.8 3.7 1.3 1.3


Duralumin sample


Zn (8.87) Zr, Cu, Ti, Si 5.2 4.7 2.5 1.4 1.4
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expounded in this work allows one to optimize the
equivalent wavelength values for samples not only of
different composition but also of different thickness.
The minimal error is achieved in analysis of a semi-infi-
nite sample with the use of a reference thin-film sample
of known density and thickness, as well as when both
samples are nonsaturating emitters of the same thick-
ness.


The dependence of the analysis error magnitude on
the VMS wavelength has an extreme point near the


EAWL. Figure 2a shows examples of such V-shaped
curves for different iron contents in the Fe–Cr alloy.
Figure 2b shows the smallest error of analysis with the
use of several Ivs(λvs) functions calculated for different
iron contents in the Fe–Cr alloy. The optimal content of
an element for calculation of Ivs(λvs) is within 10–
30 wt %, i.e., ε ∈ [3, 9]. The exact value depends on the
nature of the analyte element and the filler. In most
cases, ε = 4 in Eq. (18) can be successfully used in prac-
tice.


13001250120011501100
Wavelength, mÅ


101


100


10–1


10–2


ε, %


(a)


1 2 3 4 5 6


(b)


50403020100
C(Fe), wt %
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0.2


0.1


εmin, %


Fig. 2. (a) Relative error of determination of iron in the Fe–Cr alloy vs. VMS wavelength (the VMS parameters were calculated for
C(Fe) = 10 wt %) and (b) the minimal relative error of determination on the iron content used for calculating VMS parameters. The
sought iron content (wt %): (1) 0.1, (2) 0.3, (3) 1.0, (4) 3.0, (5) 10, and (6) 30. The anode voltage of the X-ray tube is 45 kV, ϕ =
35°; ψ = 55°.
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Fig. 3. Wave distributions of (1) the bremsstrahlung inten-
sity calculated by the Kramers formula and for the end-win-
dow X-ray tube with a thin-film (2 µm) (2) Cr, (3) Mo, and
(4) W anode (working voltage, 45 kV).
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Fig. 4. Correlation between EAWL (λexact) of the
bremsstrahlung spectrum of an end-window X-ray tube
with a thin-film anode of a thickness of (1) 1, (2) 10, and (3)
100 µm (λappr) found by formula (16) for a semi-infinite
sample with a density of 9 g/cm3.
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For a wide range of analyte elements in various
matrices in the absence of interfering components, the
EAWL values found empirically and calculated by
Eq. (16) are very close (Table 1). The deviation of the
results of quantitative XRF analysis is no more than a
few tenths of a percent (Table 2). In the general case,
there is a simple relationship between the approximate
EAWL values analytically calculated by Eq. (16) and
the exact values numerically found from the
bremsstrahlung spectra of real X-ray tubes (Fig. 3) and
samples of variable thickness and density; this relation-
ship is approximated by a parabolic function with a cor-
relation coefficient no worse than 0.98. Examples of
such a relationship are shown in Fig. 4. This depen-


dence remains valid when the anode material (Cr, Mo,
W) and thickness (from 2 µm to ∞) and the thickness of
the beryllium window of an X-ray tube (75–300 µm)
are varied simultaneously. For each analyte element
(Z = 11–50), when only one experimental parameter—
the matrix composition of a sample, its density (2–
10 g/cm3), or working voltage on the electrodes of an
X-ray tube (20–60 kV)—is varied, the correlation
becomes linear (Fig. 5)! Thus, correction of approxi-
mate EAWL values taking into account specific fea-
tures of the wave distribution of bremsstrahlung of an
X-ray tube with a thin-film or massive anode is not a
difficult problem.
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Fig. 5. Correlation between the EAWL values calculated for
the bremsstrahlung spectrum of an end-window X-ray tube
with a thin-film (2 µm) anode (λexact) and found by formula
(16) (λappr) when only one parameter is varied: (1) the
nature of the analyte element, (2) the matrix composition of
the sample, and (3) the X-ray tube voltage (20–60 kV).
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The creation, study, and use of supramolecular bio-
chemical systems (SBSs), i.e., highly organized sys-
tems of proteins, lipids, and other biologically active
substances with desired properties is a topical problem
at the interface between biochemistry, bioorganic
chemistry, biotechnology, nanotechnology, medicine,
and veterinary.


Many enzymes detected in the blood plasma and
widely used for diagnosing the physiological and bio-
chemical states of animals may be regarded as “endog-
enous” SBSs of different organizational levels, because
they consist of several polypeptide chains (subunits),
which, combined in different ways, form the quaternary
structures of the enzymes [1–3]. For example, lactate
dehydrogenase (LDH) consists of four subunits of two
types (H and M), and creatine kinase (CK), of two sub-
units of two types (B and M). Moreover, five LDH iso-
forms and three CK isoforms have been found in ani-
mals [1–3]. The characteristic set of all these enzymes
and their isoforms in the animal blood (the enzymatic
SBS or enzyme profile of the blood) depends on patho-
logical changes in organs and tissues, which was the
basic model for our biochemical studies on the animal
blood and improvement of the methods of biochemical
analysis.


We measured some enzymatic activities of the dog
blood serum that are used in clinical diagnosis and esti-
mated the correlation of the resultant enzyme profile of
the blood of six-year-old and older dogs with changes
in the heart functioning.


MATERIALS AND METHODS


The sample consisted of 37 dogs, which were
divided into two groups: group 1 comprised clinically


healthy dogs, and group 2, dogs with chronic heart fail-
ure (CHF) of functional class III. CHF was diagnosed
at the Tsentr Veterinary Clinic (Moscow) [4]. The dogs
of both groups were divided three age subgroups: 6–7,
8–9, and 10–11 years. All animals were analogous,
namely, male poodles with a body weight of 15–20 kg.
Blood serum and plasma were the material of the study.
Blood of the dogs of all groups was sampled in the
morning on an empty stomach. Plasma was stored at a
temperature of 4–8


 


°


 


C for 6 h. If a longer storage was
required, it was frozen and stored at –20


 


°


 


C. Blood
serum was obtained by settling of whole blood and
retraction of the clot followed by centrifugation (if nec-
essary). The serum was centrifuged at 2000 rpm for 10–
15 min [4].


We measured the total activities of alanine ami-
notransferase (ALT), aspartate aminotransferase
(AST), 


 


γ


 


-glutamyl transferase (GGT), LDH, and CK in
the dog blood by the standard biochemical method [5]
based on the spectrophotometry of a mixture of the
blood serum and the appropriate reagents after it was
incubated at 37


 


°


 


C for 1–3 min. We used polyacryla-
mide gel electrophoresis according to the standard pro-
tocol [4–6] to determine the LDH and CK isoenzyme
spectra. The proportion of each isoenzyme was deter-
mined as the ratio of the peak of the assayed isoenzyme
fraction to the sum of all isoenzyme peaks and
expressed in percent of the total LDH or CK activity
(


 


X


 


, %) [7].


The Statistica for Windows software was used for
statistical treatment of the obtained data. The signifi-
cance of differences of the measured parameters from
one another and from the normal level was estimated
using Student’s 


 


t


 


 test; the significance level was taken
to be 0.95.


 


Supramolecular Enzymatic Systems of the Dog Blood:
Clinical Diagnostic Implications


 


S. Yu. Zaitsev, V. I. Maksimov, and T. V. Bardyukova


 


Skryabin Moscow State Academy of Veterinary Medicine and Biotechnology
e-mail: szaitsev@mail.ru.


 


Received November 23, 2007


 


Abstract


 


—Some enzymatic activities (or the enzyme profile) of the dog blood serum that are used in clinical
diagnosis have been estimated. The alanine aminotransferase (ALT), aspartate aminotransferase (AST),


 


γ


 


-glutamyl transferase (GGT), lactate dehydrogenase (LDH), and creatine kinase (CK) activities of the blood
of 6- to 11-year-old dogs with chronic heart failure (CHF) have been found to be, respectively, 55–221%, 85–
285%, 168–234%, 6.4- to 7.4-fold, and 2.3- to 3.1-fold higher than in healthy animals of the same age. Analysis
of the LDH isoenzyme profile has shown the isoenzymatic activities decreased in the order LDH
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 in dogs with CHF, irrespective of their ages.
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RESULTS AND DISCUSSION


The enzyme profile of the dog blood may be consid-
ered as an example of an SBS, because the estimation
of the physiological and biochemical states in many
diseases requires the measurement of the main enzy-
matic activities of the animal blood, which constitute a
specific set or enzyme profile depending on the normal
or pathological states of organs and tissues of a given
animal. Some enzymes used in veterinary diagnosis
have several isoforms, which considerably complicates
the characteristic enzyme profile of the animal blood
and further confirms that it may be regarded as an SBS
of a high organizational level.


Table 1 shows the obtained data on the serum
enzyme activities (the blood enzyme profile comprising
the AST, ALT, GGT, LDH, and CK activities) in healthy
and diseased dogs.


Some enzymatic activities substantially changed
with age in healthy (control) dogs (Table 1): the mean
ALT, AST, GGT, and LDH activities in eight- to nine-
year-old dogs were 23, 24, 13, and 6% lower than in
six- to seven-year-old dogs, respectively, and the CK
activity was somewhat higher in the older dogs
(although the changes in the LDH and CK activities
were nonsignificant). The age-related changes were
more distinct in the oldest age subgroup (10–11 years).
The ALT, AST, and GGT activities of their blood were
decreased by 53, 50, and 26%, respectively, compared
to dogs aged six to seven years, respectively, whereas
the LDH and CK activities were only slightly changed
(Table 1). In summary, we may conclude that the serum
enzyme profile of healthy dogs changes with age as fol-
lows: the ALT, AST, and GGT activities significantly


(and substantially) decrease, whereas the LDH and CK
activities do not change significantly.


Chronic heart failure of different etiologies was
accompanied by a significant increase in all the above
enzymatic activities in dogs from all age subgroups
studied (Table 2). The ALT, AST, and GGT activities of
6- to 11-year-old dogs with CHF were, respectively,
55–221, 85–285, and 168–234% higher than in control
dogs of the same ages (Table 1). The increase in the
blood serum LDH and CK activities in CHF was espe-
cially pronounced (Table 2): the former was, on aver-
age, 7.4, 6.4, and 7.3 times higher and the latter was 3.1,
2.3, and 3.1 times higher in dogs with CHF aged 6–7,
8–9, and 10–11 years, respectively, compared to these
activities in healthy dogs from the respective age sub-
groups (Table 1).


Regarding the age-related changes in the studied
enzymatic activities between dogs with CHF, the slight
changes in the ALT, AST, and GGT activities practi-
cally fell within the measurement error (Table 2); i.e.,
they were nonsignificant. Nor can we consider signifi-
cant the larger variations in the LDH and CK activities
observed in dogs with CHF (Table 2), which were
related to huge “disproportional” changes in the activi-
ties of different LDH and CK isoenzymes, as we will
demonstrate below.


We believe that correct use of the obtained data in
clinical diagnosis also requires detailed analysis of the
isoenzyme spectra of the studied enzymes, e.g., LDH,
in the blood of healthy dogs (Table 3) and dogs with
CHF (Table 4).


The data shown in Table 3 indicate that, in healthy
dogs, the activity of the LDH


 


4


 


 isoenzyme is the highest


 


Table 1.


 


  Enzyme activities (


 


A


 


, U/l) in the blood of healthy dogs aged 6–11 years (


 


n


 


, number of animals)


Enzyme


 


n A


 


 (U/l), 6–7 years


 


n A


 


 (U/l), 8–9 years


 


n A


 


 (U/l), 10–11 years


ALT


5


34.6 


 


±


 


 1.9


5


26.6 


 


±


 


 1.7


 


#


 


5


16.2 


 


±


 


 1.7


 


###


 


AST 32.4 


 


±


 


 1.1 24.5 


 


±


 


 1.4


 


##


 


16.1 


 


±


 


 1.2


 


##


 


GGT 4.7 


 


±


 


 0.2 4.1 


 


±


 


 0.3


 


#


 


3.5 


 


±


 


 0.2


 


##


 


LDH 120 


 


±


 


 9 113 


 


±


 


 8 116 


 


±


 


 12


CK 52 


 


±


 


 5 61 


 


±


 


 5 55 


 


±


 


 5


 


Note: Significance of differences from the enzyme activity at an age of six to seven years: 


 


#


 


 


 


p


 


 < 0.05; 


 


##


 


 


 


p


 


 < 0.01; 


 


###


 


 


 


p


 


 < 0.001.


 


Table 2.


 


  Enzyme activities (


 


A


 


, U/l) in the blood of dogs with CHF aged 6–11 years (


 


n


 


, number of animals)


Enzyme


 


n A


 


 (U/l), 6–7 years


 


n A


 


 (U/l), 8–9 years


 


n A


 


 (U/l), 10–11 years


ALT


7


53.7 


 


±


 


 1.8**


9


54 


 


±


 


 2***


6


52 


 


±


 


 2***


AST 60 


 


±


 


 2*** 63 


 


±


 


 3*** 62 


 


±


 


 2***


GGT 12.6 


 


±


 


 0.4*** 12.6 


 


±


 


 0.9*** 11.7 


 


±


 


 0.7***


LDH 1009 


 


±


 


 79*** 837 


 


±


 


 76*** 965 


 


±


 


 65***


CK 213 


 


±


 


 17*** 204 


 


±


 


 14*** 226 


 


±


 


 19***


 


Note: Significance of differences from the control values (Table 1): * 


 


p


 


 < 0.05; ** 


 


p


 


 < 0.01; *** 


 


p


 


 < 0.001.
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(from 42.4 to 44.9 U/l) and that of the LDH


 


5


 


 isoenzyme
is the lowest (from 4.6 to 5.3 U/l) at all ages studied. In
general, the data shown in Table 3 demonstrate that the
activities of LDH isoenzymes decrease in the order
LDH


 


4


 


 > LDH


 


1


 


 > LDH


 


2


 


 > LDH


 


3


 


 > LDH


 


5


 


 in healthy dogs
of all ages; a decrease in these activities with age is
small, and the differences between all age subgroups
are nonsignificant (Table 3).


Our data demonstrated that the activities of all LDH
isoenzymes were considerably increased in dogs with
CHF (Table 4); however, there were no age-related dif-
ferences in the activity of any isoenzyme. In dogs with
CHF aged 6–7, 8–9, and 10–11 years, the mean LDH


 


1


 


activity was increased, respectively, by factors of 17.2,
15.1, and 15.3 (Table 4); the LDH


 


2


 


 activity, by factors
of 14.1, 11.9, and 16.8; the LDH


 


3


 


 activity, by factors of
2.0, 1.7, and 2.0; the LDH


 


4


 


 activity, by factors of 1.2,
1.4, and 1.5; and the LDH


 


5


 


 activity, by factors of 2.1,
2.3, and 2.4 compared to healthy dogs of the respective
ages (Table 3).


The data shown in Table 4 demonstrate that LDH


 


1


 


and LDH


 


2


 


 were the most active LDH isoforms in dogs
with CHF (485–586 and 258–379 U/l, respectively),
and LDH


 


5


 


 was the least active (10.4–11.3 U/l) at all
ages. In general, the data shown in Table 4 demonstrate
that the activities of LDH isoenzymes in CHF dogs of
all ages decrease in the following order:


LDH


 


1


 


 > LDH


 


2


 


 > LDH


 


4


 


 > LDH


 


3


 


 > LDH


 


5


 


.


These two series of the activities of serum LDH
fractions in healthy and CHF dogs may serve as a basis
for a novel diagnostic parameter, the ratio of the total
activity of four LDH isoenzymes (LDH


 


1


 


 + LDH


 


2


 


 +
LDH


 


3


 


 + LDH


 


5


 


) to the activity of the remaining isoen-


zyme, LDH


 


4


 


. This parameter, which we hereinafter
refer to as the LDH isoenzyme parameter (LDH–IP),
was 1.7 for healthy six- to seven-year-old dogs and
17.6—more than ten times higher—for dogs of the
same age with CHF; hence, it is a sufficiently informa-
tive indicator suitable for clinical diagnosis of this
pathology. We selected the LDH


 


4


 


 activity as the denom-
inator for the index that we suggest for comparative
analysis because this fraction both had the highest
enzymatic activity in healthy dogs and was compara-
tively little increased (by 20–50%) in CHF, whereas the
activities of all other LDH fractions were several times
higher in CHF.


In the biochemical analysis of the human blood,
data on the LDH isoenzyme profile are indicated in per-
cent. Applying the same form of presentation to our
data on dogs, we obtain the following isoenzyme pro-
files for dogs aged six to seven years. Healthy dogs:
LDH


 


1


 


, 28.4%; LDH


 


2


 


, 19.6%; LDH


 


3


 


, 10.2; LDH


 


4


 


,
37.4%; LDH


 


5


 


, 4.4%; dogs with CHF: LDH


 


1


 


, 58.1%;
LDH


 


2


 


, 33.0%; LDH


 


3


 


, 2.4; LDH


 


4


 


, 5.4%; LDH


 


5


 


, 1.1%.
In our opinion, LDH–IP is the best parameter for com-
parative analysis of clinical biochemical data on ani-
mals with CHF.


Thus, the physiological and biochemical adaptation
of dogs to altered cardiac functioning in the course of
ontogeny can be estimated by analyzing enzymatic SBSs
of the blood, namely, the total ALT, AST, GGT, LDH,
and CK activities and their isoenzyme spectra, although
assaying other enzymes and compounds may also be
useful. This makes it possible to diagnose destructive
processes in the myocardium caused by CHF.


The AST : ALT ratio is an important clinical bio-
chemical parameter of the animal blood [5]. In humans,


 


Table 3.


 


  Activities of LDH fractions (


 


A


 


, U/l) in the blood serum of healthy six-year-old and older dogs (n, number of animals)


LDH fraction n A (U/l), 6–7 years n A (U/l), 8–9 years n A (U/l), 10–11 years


LDH1


5


34.1 ± 2.8


5


32.6 ± 2.7


5


31.6 ± 2.9


LDH2 23.5 ± 2.3 21.7 ± 2.9 22.6 ± 3.1


LDH3 12.3 ± 0.9 11.5 ± 0.3 12.2 ± 0.8


LDH4 44.9 ± 2.9 42.4 ± 2.1 44.4 ± 4.8


LDH5 5.3 ± 0.3 4.6 ± 0.4 4.8 ± 0.7


Table 4.  Activities of LDH fractions (A, U/l) in the blood serum of six-year-old and older dogs with CHF (n, number of ani-
mals)


LDH fraction n A (U/l), 6–7 years n A (U/l), 8–9 years n A (U/l), 10–11 years


LDH1


7


586 ± 41**


9


492 ± 43**


6


485 ± 32**


LDH2 333 ± 31** 258 ± 28** 379 ± 29**


LDH3 24.6 ± 2.5** 20.0 ± 1.9** 24.2 ± 2.4**


LDH4 54.4 ± 3.6** 57.4 ± 3.1** 64.7 ± 4.5**


LDH5 11.3 ± 0.5** 10.4 ± 0.5** 11.7 ± 0.5**


Note: Significance of differences from the control values (Table 3): * p < 0.05; ** p < 0.01; *** p < 0.001.
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this ratio is normally about 1.3–1.4. As can be seen in
Table 1, this coefficient for healthy dogs is 0.94, 0.92,
and 1.0 at ages of 6–7, 8–9, and 10–11 years, respec-
tively. In dogs with CHF, it is 1.1 at 6–7 years of age
and 1.2 at ages of both 8–9 and 10–11 years (Table 2).
These small age-related differences are nonsignificant,
whereas the absolute age-related changes in the AST
and ALT activities in dogs with CHF are significantly
larger than in healthy dogs. Therefore, we suggest that
summary coefficients should be used, e.g., the ratio of
the total activity of three serum transaminases (AST,
ALT, and GGT) in animals with CHF to that for healthy
(control) animals. This ratio for dogs aged 6–7, 8–9,
and 10–11 years is 1.8, 2.3, and 3.5, respectively. The
ratio of the total activity of all the five enzymes studied
here (the SBS coefficient) in CHF to that for healthy
(control) dogs is an even better indicator; its values at
the respective ages is 5.5, 5.1, and 6.4.


Thus, the data presented here indicate that the
enzyme profile of the dog blood should be regarded as
an SBS with a high organizational level. The use of the
entire set of data on enzymes and their isoforms as an
integrated SBS is the most promising for estimating the


physiological and biochemical state of dogs with CHF
at different ages.
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Penicillin acylase (PA) is one of the most well-stud-
ied representatives of the recently discovered super-
family of enzymes with N-terminal nucleophile (Ntn
hydrolase), which are activated by means of a unique
autocatalytic cleavage of an inactive polypeptide pre-
cursor [1, 2]. PA from different sources is widely used
in the pharmaceutical industry for production of 6-ami-
nopenicillanic (6-APA) and 7-aminodesacetoxycepha-
losporanic acids (7-ADCA)—key compounds in the
synthesis of new penicillins and cephalosporins [3].
The broad substrate specificity and stereoselectivity
make it possible to use PA in fine organic synthesis to
obtain enantiomers of 


 


α


 


-, 


 


β


 


-, and 


 


γ


 


-amino acids [4, 5];
for highly efficient chemo- and stereoselective acyla-
tion of amino compounds in an aqueous medium; and
for obtaining of enantiomers of amines, amino alcohols
[6, 7], aminonitriles [8], and chiral sulfhydryl com-
pounds [9, 10].


The biocatalytic potential of PA makes possible its
use in bioengineering for creation of biocatalysts with
improved properties. It has been shown that it is possi-
ble to change the specificity and synthetic properties of
PA [11–13] using genetic engineering methods. In the
last study, in particular, as a result of multiple point sub-
stitutions, the binding domain of the acyl group of the
substrate in the active site was substantially changed, as
a result of which hydrolysis of cephalosporin C became
possible [13]. Molecular modeling, allowing the role of


amino acid residues of the active site in the mechanism
of action of the enzyme to be established [14], provides
new possibilities in the development of methods of
rational use of PA. Another important achievement for
bioengineering in recent years is the construction of
permuted single-chain PA [15], whose expression does
not depend on autocatalytic cleavage.


The goal of this study is the cloning of the PA gene
from 


 


E. coli


 


 strain that is a PA producer and the creation
of an enzyme expression system, as well as the obtain-
ing of PA mutants and the study of their catalytic prop-
erties.


EXPERIMENTAL


 


Cloning of the PA gene from E. coli.


 


 For cloning
of the wild-type PA gene, a strain of 


 


E. coli


 


 (PA pro-
ducer) from the collection of strains of the State
Research Center for Antibiotics was used. The wild-
type PA gene was obtained using polymerase chain
reaction (PCR). For isolation of the gene, the following
primers were used:


1. PAC_For: 5'-cttccagaggat


 


catatg


 


aaaaata-
gaaatcgtatgatc-3';


2. PAC_Rev: 5'-tgcc


 


gaattc


 


aagcttatctctgaacgatagatcc-3'.
For convenience of cloning, primers contained


restriction sites: primer 1, 


 


Nde


 


I (ensures insertion at the
ATG codon), and primer 2, 


 


Eco


 


RI. Restriction sites in
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Abstract


 


—The gene of penicillin acylase (PA) from 


 


Escherichia coli


 


 has been cloned from a PA producer
strain that is an analogue of strain ATCC 11105. Optimization of the cultivation conditions made it possible to
obtain up to 130 mg of active enzyme per liter of culture broth. A number of single, double, and triple mutants
were obtained by the method of site-specific mutagenesis using PCR. As a result of isolation and purification
procedures, homogeneous preparations of the wild-type enzyme and its mutants were obtained. Studies showed
that (1) the obtained enzymes have the correctly folded structure; (2) complexing agents and metal cations do
not inhibit their catalytic activity; (3) mutant PAs, like the wild type, are efficiently inactivated by phenylmeth-
ylsulfonyl fluoride (PMSF), which makes it possible to titrate their active sites; and (4) the obtained mutants
are characterized by a greater specificity constant in the reaction of hydrolysis of a colorimetric substrate; how-
ever, they are inferior to the wild type in the synthesis of ampicillin by acyl transfer.
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primer sequences are boldfaced. To a mixture of oligo-
nucleotides (20 pmol of each), 2.5 


 


µ


 


L of 10


 


×


 


 PCR
buffer supplied by the manufacturer together with the
enzyme, 2 


 


µ


 


L MgCl


 


2


 


 solution (25 mM), 2 


 


µ


 


L dNTP
solution (2.5 mM of each), 1 


 


µ


 


L of plasmid DNA solu-
tion (50 ng/


 


µ


 


L), 0.5 


 


µ


 


L 


 


Taq


 


 DNA polymerase (5 U/


 


µ


 


L),
and 17 


 


µ


 


L of deionized water were added to a total vol-
ume of 25 


 


µ


 


L. For PCR, SibEnzyme reagents were
used. PCR was carried out on a Tertsik apparatus
(DNK-Tekhnologiya, Russia) under the following con-
ditions: 25 cycles (1 min at 94


 


°


 


C, 1 min at 50


 


°


 


C, and
2 min at 72


 


°


 


C) with subsequent 5-min incubation at
72


 


°


 


C. PCR products were purified by electrophoresis in
1% agarose gel. For this, PCR products were run in the
gel and the piece of the gel containing the band of the
required size was cut out. DNA from the gel was iso-
lated using a DiatomTM DNA Elution kit (Labora-
toriya Izogen, Russia). The isolated fragment was pro-
cessed with restriction endonucleases 


 


Nde


 


I and 


 


Eco


 


RI.
As a vector for cloning, we chose pET24a (Novagen).
This vector contains a gene ensuring resistance to kan-
amycin. The presence of the restriction site 


 


Nde


 


I
enables the gene to be inserted exactly at the ATG
codon. The vector was processed with the same restric-
tion endonucleases: 


 


Nde


 


I and 


 


Eco


 


RI. The restriction
products were also purified by electrophoresis in 1%
agarose gel. Restriction fragments of the PCR product
and the vector for cloning were ligated using T4 phage
DNA ligase (SibEnzyme). 


 


E. coli


 


 TG1 cells were trans-
formed with the ligation mixture. Plasmid DNA was
isolated from individual clones according to a standard
method [16]. DNA sequencing was performed using an
ABI PRISM BigDye Terminator v. 3.1 reagent kit with
subsequent analysis of the reaction products on an ABI
PRISM 3100 Avant automatic DNA sequencer at the
Genom Collective Use Center.


Mutant forms with point mutations were obtained
using two-stage PCR. Two primers were involved in
each reaction: a mutagenic primer (forward or reverse)
and a primer ensuring cloning (with 


 


Bcl


 


I or 


 


Pvu


 


II
restriction sites). The products obtained were purified
and added to a third PCR. The primers at the mutation
site were planned in such a way as to ensure sufficient
overlap of products. For the third PCR, the products of
the two previous PCRs were annealed with each other
with the formation of a final product of the required size
with a mutation. The PCR product obtained at the sec-
ond stage was purified and processed with restriction
endonucleases 


 


Bcl


 


I and 


 


Pvu


 


I. Since restriction enzyme


 


Bcl


 


I is sensitive to DNA dam methylation, plasmids
containing the wild-type PA gene were transformed
into 


 


E. coli


 


 strain JM110, defective for two methylases,
dcm and dam. An unmethylated pEPAC plasmid con-
taining the wild-type PA gene was processed with the
same restriction endonucleases, 


 


Bcl


 


I and 


 


Pvu


 


I. The
purified restriction products were ligated and 


 


E. coli


 


TG1 cells were transformed with the ligation mixture.
Plasmid DNA was isolated from individual clones
according to a standard method [16]. DNA sequencing


was performed using an ABI PRISM BigDye Termina-
tor v. 3.1 reagent kit with subsequent analysis of the
reaction products on an ABI PRISM 3100 Avant auto-
matic DNA sequencer at the Genom Collective Use
Center.


 


Cultivation.


 


 The growth of 


 


E. coli


 


 cells with recom-
binant PA was carried out in 100-mL or 1-L shake
flasks containing two or four baffles on a Multitron
shaker (Infors, Germany). The working volumes of
medium were 40 and 100 mL, respectively. The inocu-
lum was grown overnight at 37


 


°


 


C and 180 rpm. The
medium contained 30 


 


µ


 


g/mL kanamycin. As an inducer
of protein biosynthesis, isopropyl-


 


β


 


-


 


D


 


-thiogalactoside
(IPTG; the final concentration was 0.1 mM) was used,
which was added after the cell suspension reached an
optical density of 0.6–0.8 at 600 nm (


 


A


 


600


 


). Then cells
were cultured for another 12–40 h at 15–17


 


°


 


C. Cells
were precipitated by centrifuging on a Beckman J-21
centrifuge (United States) for 20 min at 7500 rpm and
4


 


°


 


C. As additives in selection of culture conditions,
glycerol was used.


 


Enzyme isolation and purification.


 


 The procedure
of isolation and purification of recombinant PAs
included extraction by osmotic shock, hydrophobic
chromatography, and desalting. Cell suspensions were
centrifuged for 20 min at 3500 rpm and 4


 


°


 


C (a Beck-
man centrifuge, Germany). After removal of the super-
natant, the precipitate was resuspended in 1/10 the vol-
ume of osmotic shock buffer 


 


A


 


 cooled to 0


 


°


 


C (20%
sucrose, 100 mM Tris–HCl, 10 mM EDTA, pH 8.0) and
centrifuged for 10 min at 5000 rpm and 4


 


°


 


C. The super-
natant was removed and the precipitate was resus-
pended in 1/10 the volume of osmotic shock buffer 


 


B


 


cooled to 0


 


°


 


C (1 mM EDTA, pH 8.0) and centrifuged
for 15 min at 7000 rpm and 4


 


°


 


C. To the obtained super-
natant, we added, with stirring, 1 M KH


 


2


 


PO


 


4


 


 solution,
pH 7.0, to a final phosphate concentration of 50 mM
and then ammonium sulfate to a final concentration of
1.5 M sulfate. An aliquot (30–60 mL) of the obtained
PA solution was transferred to a Butyl Toyopearl 650 M
column equilibrated in buffer 1 (50 mM KH


 


2


 


PO


 


4


 


, 1.5 M
(NH


 


4


 


)


 


2


 


SO


 


4


 


, 0.1 M KCl, 0.02% NaN


 


3


 


, pH 7.5) and
eluted in a linear gradient of 1.5–0.0 M (NH


 


4


 


)


 


2


 


SO


 


4


 


 with
buffer 2 (50 mM KH


 


2


 


PO


 


4


 


, 0.02% NaN


 


3


 


, pH 7.5). Frac-
tions having PA activity were combined taking into
account the distribution of components of the initial
solution, desalted on a HiTrap Desalting column with
Sephadex G-25 (Amersham Biosciences, Sweden), and
concentrated in an Amicon M-3 ultrafiltration cell
(Amicon Corp., United States) using a Diaflo mem-
brane (Amicon). Glycerol (up to 10%) was added to the
obtained enzyme preparation, and it was stored at


 


−


 


20


 


°


 


C. The purity was monitored using analytical elec-
trophoresis in 12% polyacrylamide gel in the presence
of sodium dodecyl sulfate (a Bio-Rad electrophoresis
apparatus). The purity of the obtained enzyme prepara-
tions was not less than 95%.
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Determination of enzyme activity.


 


 The activity of
mutant forms of PA was determined potentiometrically
and spectrophotometrically. In the first case, the
enzyme activity was determined by hydrolysis of a
freshly prepared 2 mM solution of benzylpenicillin by
titration of phenylacetic acid (PAA) forming in the
course of the reaction with a solution of 0.02 N KOH
with a Titrino 719 titrator (Metrohm, Switzerland) at
25


 


°


 


C and pH 7.5 in the presence of 0.1 M KCl. In the
second case, the PA activity was determined according
to accumulation of a chromophore in the process of
enzymatic hydrolysis of a 1 mM solution of a 


 


m


 


-car-
boxy-


 


p


 


-nitro-anilide of PAA (NIPAB) at 400 nm on a
Shimadzu UV-1601 spectrophotometer (Japan). The
reaction was carried out at 25


 


°


 


C in 0.01 M phosphate
buffer, pH 7.5, 0.1 M KCl.


 


Determination of the concentration of active
sites.


 


 The absolute concentration of active sites of each
of the mutant forms of PA was determined by titration
of active sites of the enzyme with the irreversible inhib-
itor phenylmethylsulfonyl fluoride (PMSF) according
to the traditional method [17]. The remaining enzy-
matic activity was determined spectrophotometrically
according to the hydrolysis of a colorimetric substrate
and potentiometrically according to the hydrolysis of
the natural substrate as described above.


 


Study of the influence of metal ions and complex-
ing agents on enzymatic activity.


 


 The influence of
complexing agents and metal ions Me


 


2+


 


 on the catalytic
activity of native and recombinant PAs was studied
upon determination of enzymatic activity in the
absence and in the presence of complexing agents, eth-
ylenediaminetetraacetic acid (EDTA) and ethylene gly-
col-bis(2-aminoethyl)-


 


N


 


,


 


N


 


,


 


N


 


',


 


N '-tetraacetic acid
(EGTA), as well as the salts CaCl2, MgCl2, MnCl2, and
CoCl2, at pH 7.5 and 25°C in 0.1 M Tris–HCl and
0.1 M KCl. The concentration of added effector in the
reaction mixture was 1 mM.


Determination of kinetic parameters. The kinetic
parameters of enzymatic transformation (KM and kcat)
were determined by analysis of the dependence of the
initial rates of hydrolysis on the substrate concentra-
tion. Reactions were conducted within the framework
of the Michaelis–Menten scheme (S0 � E0) in 0.01 M
phosphate buffer (pH 7.5, 0.1 M KCl) at 25°C.


HPLC analysis. The quantitative determination of
components of the reaction mixture was performed by
reverse phase HPLC on a Perkin-Elmer Series 200
chromatographic system (United States): a Luna C18
column (Phenomenex, United States), 250 × 4.6 mm,
particle size 5 µm; mobile phase CH3CN–water (40 :
60), 0.68 g/L KH2PO4, 0.5 g/L sodium dodecyl sulfate,
pH 3.0; flow rate 0.8 mL/min; injection volume 10 µL;
UV detection at 210 nm.


Study of the synthesis/hydrolysis (S/H) ratio of
the reaction of enzymatic synthesis of ampicillin.
The initial rates of accumulation of products of synthe-
sis (S) and hydrolysis (H) in the reaction of ampicillin


synthesis by acyl transfer from phenylglycinamide (D-
PGA) to 6-APA catalyzed by PA were studied at pH 6.3
in buffer-free medium at 25°C. The initial concentra-
tions of reagents were 500 mM D-PGA and 300 mM 6-
APA. The reaction was carried out in a thermostated
cell of a Titrino 719 titrator at 25°C, pH 7.5, and 0.1 M
KCl with constant stirring. The duration of the experi-
ment was from 1 to 4 h depending on the catalytic activ-
ity and concentration of the enzyme preparation. Dur-
ing the reaction, aliquots were taken from the reaction
mixture, diluted with the mobile phase, and analyzed
by HPLC.


RESULTS AND DISCUSSION


For cloning of PA, the earlier described system
based on pET vectors was used [18, 19]. As a result,
clones were obtained containing the wild-type PA gene.
Test culture of recombinant PA showed the presence of
the enzyme in active and soluble forms. Cultivation at a
temperature of 30–37°C leads to the predominant
expression of the enzyme as inclusion bodies. A
decrease in the temperature often makes it possible to
obtain the enzyme in active and soluble forms [20], but
at the same time leads to a slowing of the growth of
cells and an increase in the cultivation time. In connec-
tion with the above, the inoculum was grown at 37°C
and the temperature was decreased immediately before
the addition of the inducer (IPTG). The optimal culture
temperature (17°C) was chosen experimentally. A fur-
ther decrease in the temperature in the case of wild-type
PA causes a decrease in the enzyme yield. Optimization
of the culture conditions allowed us to obtain approxi-
mately 20 mg of active enzyme from a liter of culture
medium. Thus, we created a construction for obtaining
recombinant PA in active and soluble forms.


The construction created was subsequently used for
obtaining of single, double, and triple mutants. In study
of the influence of culture conditions on the yield of
mutant forms, it was shown that, with a decrease in the
culture temperature from 17 to 15°C for the double
mutant M11, the yield of the enzyme increases from
10.2 to 72.2 mg/L, i.e., sevenfold (Table 1). In the case


Table 1.  Cultivation of E. coli cells with recombinant PA at
17°C


Mutant


Enzyme yield


Units per liter 
of medium,


U/L


Medium,
mg/L


Wet cells, 
mg/g


Wild type 153 17.9 2.3


M1 150 18.1 2.4


M11 5 0.6 0.1


M12 80 10.2 2.1


M101 138 16.5 2.4
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of the double mutant M12, a decrease in the tempera-
ture leads to a decrease in the yield of active enzyme.
The addition to the system of glycerol to a final concen-
tration of 5 g/L leads to an analogous result: the yield
of the enzyme additionally doubles and amounts to
136 mg/L in the first case, while in the second it
decreases twofold. The reasons for the decrease in the
yield of mutant M12 with a decrease in culture temper-
ature and with the addition of glycerol have not been
identified and require further study. The obtained
experimental data indicate the need to optimize the cul-
ture conditions of every PA mutant.


Taking into account the specific features of cultiva-
tion of each of the preparations, biomass was accumu-
lated for preparatively obtaining wild-type PA, as well
as mutant forms. After the corresponding isolation and
purification procedures, homogeneous preparations of
recombinant enzymes were obtained for further stud-
ies. According to X-ray structure (XRSA) data [21], in
the structure of PA from E. coli, a Ca2+ ion is present,


which coordinates six amino acid residues of the pro-
tein globule with the formation of an EF motif binding
the two α-helices of both polypeptide chains of the
enzyme. Kinetic studies showed that the presence in the
reaction mixture of the complexing agents EDTA and
EGTA and/or s and d metal cations does not influence
the activity of the studied mutant forms of PA.


For quantitative characterization and comparison of
the catalytic properties of PA mutants, it is necessary to
determine the absolute concentration of active sites of
enzyme preparations. It is known that enzymes of this
family have a high affinity to benzyl radical, and PMSF
is a highly efficient titrant of PA active sites [22]. To
estimate the possibility of use of PMSF for titration of
the obtained recombinant PAs, the inactivation of
mutants on incubation with this reagent was studied.
The studies showed that PMSF is a strong irreversible
inhibitor of all PA mutants: the reaction of formation of
the inactive covalent complex phenylmethylsulfonyl–
PA, as in the case of the wild-type enzyme, is com-
pleted within several minutes at an equimolar concen-
tration of the titrating agent, and the complex under the
given conditions is very stable. Independent monitoring
of the residual activity with regard to natural benzyl-
penicillin and its analogue, the colorimetric substrate
NIPAB, in the process of titration of active sites of
wild-type PA and mutant forms showed that modifica-
tion of the serine of the PA active site in all cases leads
to an identical loss of enzymatic activity with regard to
the studied substrates. Thus, it can be stated that the
enzymatic transformation of substrates occurs at the
same segment of the active site, which is in agreement
with the data of [23]. It should be noted that the concen-
tration of each of the recombinant enzymes determined
by titration of active sites (figure) was equal to the con-
centration of the protein determined according to the
known molar absorption coefficient of native PA from
E. coli at 280 nm (µ = 2.22 mL/(mg cm)). This fact indi-
cates that the obtained recombinant PAs have the cor-
rectly folded structure.


The determination of the concentration of protein
active sites makes it possible to quantitatively charac-
terize and compare the catalytic properties of the
obtained PA preparations on the basis of absolute val-
ues of kinetic parameters of enzymatic reactions. The
kinetic parameters of enzymatic hydrolysis of NIPAB
(Table 2) for wild-type PA found in this study fully cor-


3020100
CPMSF, nM


0.06


0.04


0.02


v, ODU/min


Titration of a homogeneous preparation of penicillin acy-
lase from E. coli by phenylmethylsulfonyl fluoride. Incuba-
tion conditions: 0.002 M KH2PO4, pH 6.5, 25°C. Determi-
nation of residual activity: 0.01 M KH2PO4, pH 7.5, 25°C.


Table 2.  Kinetic parameters of enzymatic hydrolysis of NIPAB (pH 7.5, 25°C, 0.1 M KCl)


Enzyme preparation kcat, s
–1 KM, µM kcat/KM, µM–1 s–1 (kcat/KM)/(kcat/KM)


Wild type 26 30 0.87 1


M1 53 9.0 5.9 6.8


M11 38 45 0.84 0.97


M12 40 15 2.7 3.1


M101 35 15 2.3 2.7
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respond to the results obtained by us earlier for PA from
E. coli strain ATCC 9637. The experimental data show
that the obtained mutants are characterized by a greater
value of catalytic parameters in comparison with the
wild-type enzyme (Table 2).


Of particular interest is the use of PA as a biocatalyst
for obtaining antibiotics, in particular, ampicillin. The
determination of the initial kinetic parameters of the
reaction of ampicillin synthesis by the method of acyl
transfer from an acyl donor (D-PGA) to the “antibiotic
nucleus” (6-APA) showed (Table 3) that, under condi-
tions close to optimal, for preparatively obtaining ampi-
cillin, mutant M11 most efficiently catalyzes acyl trans-
fer and is only slightly inferior in this reaction to the
wild-type enzyme.


Thus, in this study, the wild-type PA gene was iso-
lated and cloned, a system for expression of recombi-
nant PA in active and soluble forms in E. coli cells was
created, PA mutants were obtained, culture conditions
were optimized, recombinant PAs were isolated and
purified, a procedure of characterizing PA preparations
was developed, and initial kinetic studies of the corre-
sponding enzymatic transformations were carried out.
DNA sequencing was performed at the Genom Collec-
tive Use Center of the Engelhardt Institute of Molecular
Biology, Russian Academy of Sciences
(http://www.genome-centre.narod.ru/).
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Table 3.  Initial rates of accumulation of products of synthe-
sis (S) and hydrolysis (H) of the reaction of enzymatic syn-
thesis of ampicillin by acyl transfer


PA prepa-
ration from


E. coli


Initial concentrations, 
mM Initial rates


D-PGA 6-APA v(S/E0), s–1 S/H


Wild type 15 25 – 1.9


500 300 20 8.3


M1 500 300 1.2 3.7


M11 500 300 4.8 7.2


M12 500 300 1.3 0.8


M101 500 300 1.2 1.1
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Sulfanilamides (SA), derivatives of 


 


p


 


-aminobenze-
nesulfonic acid, are widely used in pharmacy practice
as efficient antibacterials. The safe and efficient use of
these pharmaceuticals requires dosage control because
of their toxicity. This feature implies the need for deter-
mination of sulfanilamides in different biological sam-
ples: biological fluids, blood plasma, and tissue sec-
tions. For this reason and on account of frequent drug
adulteration, there is increasing need for rapid and reli-
able means for the determination of qualitative and
quantitative composition of sulfanilamides in drug for-
mulations and biological fluids.


Spectrophotometric [1–8], fluorimetric [9, 10],
chromatographic [11–13], immunochemical [14–17],
electroanalytical [18, 19], titrimetric [20, 21], and
microbiological methods [22, 23] are used to determine
sulfanilamides. The majority of spectrophotometric
procedures for the determination of sulfanilamides in
pharmaceuticals are based on diazotization reactions
followed by coupling with 3-aminophenol [3], iminod-
ibenzyl [4], prometazine hydrochloride (in the presence
of 


 


N


 


-bromosuccinimide) [5], 8-hydroxyquinoline [6],
and other reagents [7, 8]. The substantial disadvantage
of these procedures is their two-stage character.


The aim of this work is to study the condensation
reaction of sulfanilamides with 


 


p


 


-dimethylaminocinna-
maldehyde (DMACA) in acetonitrile medium and to
develop spectrophotometric procedure for their colori-
metric determination. This reagent was previously used
for the spectrophotometric determination of primary
aromatic amines [24, 25].


EXPERIMENTAL


 


Subjects, Chemicals, and Equipment.


 


 Research
subjects were sulfanilamide, Sulfamethoxypyridazine,
Sulfachloropyridazine, Sulfamethoxazole, and Sul-
famethazine (Sigma). Stock solutions of the sulfanil-
amides (0.01 M) were prepared by dissolution of
weighted samples in acetonitrile. Working solutions
were prepared by dilution of stock solutions immedi-
ately before use.


4-(


 


N


 


,


 


N


 


-dimethylamino)cinnamaldehyde (


 


p


 


-dimeth-
ylaminocinnamaldehyde) (DMACA) from ACROS
was used as a spectrophotometric reagent. Initial solu-
tion of DMACA (0.01 M) was obtained by the dissolu-
tion of a weighted sample of the reagent in acetonitrile.
The absorption spectra and optical density of solutions
were recorded on an Akvilon SF-103 spectrophotome-
ter (Russia), pH was determined on an Ekspert 001 ion-
ometer (Russia).


RESULTS AND DISCUSSION


 


Optimization of Reaction Conditions for the
Condensation of Sulfanilamides with DMACA.


 


 Sul-
fanilamides are known to enter condensation reactions
with aromatic aldehydes [2]. A condensation reaction
with 


 


p


 


-dimethylaminobenzaldehyde to form highly
colored Schiff bases is frequently used for the spectro-
photometric determination of sulfanilamides. The reac-
tion of sulfanilamides with 


 


p


 


-dimethylaminocinnamal-
dehyde was not studied previously.


Preliminary studies showed that the condensation
reaction of 


 


p


 


-dimethylaminocinnamaldehyde with sul-
fanilamides in aqueous medium yields a poorly soluble
product. On the contrary, highly colored soluble con-
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Abstract


 


—


 


p


 


-Dimethylaminocinnamaldehyde has been proposed as a reagent for the spectrophotometric deter-
mination of sulfanilamides. This reagent was shown to undergo in acetonitrile a condensation reaction with sul-
fanilamide, Sulfamethoxypyridazine, Sulfachloropyridazine, Sulfamethoxazole, and Sulfamethazine to form
colored products. Optimal reaction conditions were found. A procedure for the spectrophotometric determina-
tion of sulfanilamide compounds with detection limit 


 


n


 


 


 


×


 


 10


 


–2


 


 


 


µ


 


g/mL was developed. Determination of Sul-
famethoxazole and Sulfamethazine in pharmaceuticals was carried out.
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densation products appear in nonaqueous solvents
(methanol, acetonitrile). We have studied the reaction
of sulfanilamides with DMACA in acetonitrile in more
detail. Acetonitrile was selected because it was often
used in foodstuff sample preparation for sulfanilamide
extraction [26] and as an eluent in solid-phase extrac-
tion and HPLC. In addition, acetonitrile is less toxic
than methanol.


To reveal the optimal conditions of the condensation
reaction, we have studied the reaction of DMACA with
sulfanilamides with varying sulfanilamide, component
concentration (DMACA, HCl), and water content. The
highest yield of condensation products was after 10–
15 min. Figure 1 shows the absorption spectra of the
products of DMACA condensation with sulfanilamide,
Sulfamethoxypyridazine, Sulfachloropyridazine, Sul-


famethoxazole, and Sulfamethazine; their comparison
reveals no marked difference in the spectral character-
istics of the condensation products. Absorption maxima
are at 540 nm, while molar absorption coefficients are
(3.7–5.1) 


 


×


 


 10


 


4


 


; these data can be used to develop a pro-
cedure for the determination of total sulfanilamides.


By analogy with the literature data on the mecha-
nism of the reaction of sulfanilamides with 


 


p


 


-dimethy-
laminobenzaldehyde and aromatic amines with
DMACA [2, 24, 25], one can suppose that sulfanil-
amides react with DMACA according to the scheme
below.


(CH3)2N CH CH CHO H2N S NH2


O


O


(CH3)2N CH CH CH N S NH2


O


O


H+


+


+ H2O


Scheme


 


Water content in the system is a significant factor
affecting the yield of colored products. For all sulfanil-
amides studied, optical density reached a maximal
value in solutions containing 10% of water and
decreased with increasing water content from 10 to
60%.


It was found that the concentrations of hydrochloric
acid (Fig. 2) and DMACA (Fig. 3) affected the yield of
the condensation products. The highest yield of the
condensation products was observed within HCl con-


centrations of 0.020–0.025 M at constant DMACA
concentration of 2 


 


×


 


 10


 


–3


 


 M. In choosing optimal
DMACA concentration, we took into account that the
time of a control experiment increased markedly as
reagent concentration rose from 1 


 


×


 


 10


 


–3


 


 to 1.5 


 


×


 


 10


 


–2


 


 M.


On the basis of our studies, we found optimal condi-
tions for the condensation of sulfanilamides with
DMACA in acetonitrile: 


 


c


 


HCl


 


 = 0.02 mol/L, 


 


c


 


DMACA


 


 =
2 


 


×


 


 10


 


–3


 


 mol/L, 10 vol % of water, and product color
development for 15 min.
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Fig. 1.


 


 Absorption spectra of products of 


 


p


 


-dimethylamino-
cinnamaldehyde condensation with (


 


1


 


) sulfanilamide, (


 


2


 


)
Sulfamethoxypyridazine, (


 


3


 


) Sulfachloropyridazine, (


 


4


 


)
Sulfamethoxazole, and (


 


5


 


) Sulfamethazine in acetonitrile;


 


c


 


SA


 


 = 2 


 


×


 


 10


 


–5


 


 mol/L, 


 


c


 


DMACA


 


 = 2 


 


×


 


 10


 


–3


 


 mol/L, 


 


c


 


HCl


 


 =
0.02 mol/L, and 10 vol % H


 


2


 


O.


 


0.100.060.02


 


c


 


HCl


 


, mol/L


1.0


0.6


0.2


 


A


1
2


3
4 5


 


Fig. 2.


 


 Optical density vs. hydrochloric acid concentration
for the products of condensation of 


 


p


 


-dimethylaminocinna-
maldehyde with (


 


1


 


) sulfanilamide, (


 


2


 


) Sulfamethoxypy-
ridazine, (


 


3


 


) Sulfachloropyridazine, (


 


4


 


) Sulfamethoxazole,
and (


 


5


 


) Sulfamethazine. 


 


c


 


DMACA


 


 = 2 


 


×


 


 10


 


–3


 


 mol/L, 


 


c


 


SA


 


 =
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×


 


 10


 


–5


 


 mol/L, 


 


λ


 


max


 


 = 540 nm, and 10 vol % H


 


2


 


O.
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Determination of Sulfanilamides.


 


 To construct
calibration curves, we prepared a series of solutions
containing from 2 


 


×


 


 10


 


–6


 


 to 2 


 


×


 


 10


 


–5


 


 mol/L (0.34–
5.7 


 


µ


 


g/mL) of sulfanilamide. Hydrochloric acid
(0.5 mL of 0.2 M solution), 1 mL of 0.01 M DMACA
solution in acetonitrile, and acetonitrile (to 5 mL) were
added sequentially to each solution. The optical density
of solutions was measured at 540 nm. The metrological
characteristics of the determination procedures are pre-
sented in Table 1. The detection limits calculated from
3S criterion were 40, 80, 110, 110, and 100 ng/mL for
sulfanilamide, Sulfamethoxypyridazine, Sulfachloro-
pyridazine, Sulfamethoxazole, and Sulfamethazine,
respectively. Thus, the procedure allows one to deter-
mine sulfanilamides at the level of 0.4–1.0 of the max-
imum permissible concentration for waters. The ade-
quacy of spectrophotometric determinations of sulfa-
nilamides was tested for model mixtures by
added/found analysis (Table 2).


 


Determination of Sulfanilamides in Pharmaceu-
ticals.


 


 To assess the practical utility of the spectropho-
tometric procedure, we determined Sulfamethoxazole
in Biseptol pharmaceutical and Sulfamethazine in
Zinaprim drug (which is used in veterinary). Trime-
toprim, a component of drugs, was shown to be inert in
the condensation with 


 


p


 


-dimethylaminocinnamalde-
hyde.


A Biseptol tablet (0.6723 g) was powdered and dis-
solved in 100 mL of acetonitrile. An aliquot was taken
from this solution for determination. Using addition
method, it was found that the pharmaceutical contains
405 


 


±


 


 60 mg of Sulfamethoxazole (


 


s


 


r


 


 = 0.06), which
agrees well with data certified by the producer (400 mg
in 1 tablet).


Zinaprim as a solution for injections was diluted,
and Sulfamethazine was determined by the calibration
curve method. The drug contained 190 


 


±


 


 20 mg of Sul-
famethazine (


 


s


 


r


 


 = 0.04), which also agrees well with the
certificate (200 mg/mL).


To summarize, our studies showed a possibility to
use 


 


p


 


-dimethylaminocinnamaldehyde as a reagent for
the spectrophotometric determination of sulfanil-
amides. The determination procedure is characterized
by low detection limits, simplicity, and good reproduc-
ibility.
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Fig. 3.


 


 Optical density vs. aldehyde concentration for the
products of condensation of 


 


p


 


-dimethylaminocinnamalde-
hyde with (


 


1


 


) sulfanilamide, (


 


2


 


) Sulfamethoxypyridazine,
(


 


3


 


) Sulfachloropyridazine, (


 


4


 


) Sulfamethoxazole, and (
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)
Sulfamethazine. 
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 mol/L, 
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 = 0.02 mol/L,
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 = 540 nm, 10 vol % H


 


2


 


O.


 


Table 1.


 


  Metrological characteristics of procedures for the spectrophotometric determination of sulfanilamides with 


 


p


 


-dime-
thylaminocinnamaldehyde


Compound Calibration cruve 
equation


Range of determinable concentrations,
mol/L (


 


µ


 


g/mL) cmin, mol/L (µg/mL)


Sulfanilamide y = 46887c 7.8 × 10–7–2 × 10–5 (0.12–3.4) 2.6 × 10–7 (0.04)


Sulfamethoxypyridazine y = 42272c 8.4 × 10–7–2 × 10–5 (0.24–5.6) 2.8 × 10–7 (0.08)


Sulfachloropyridazine y = 30213c 1.2 × 10–6–2 × 10–5 (0.33–5.7) 4.0 × 10–7 (0.11)


Sulfamethoxazole y = 27405c 1.3 × 10–6–2 × 10–5 (0.33–5.1) 4.4 × 10–7 (0.11)


Sulfamethazine y = 34196c 1.1 × 10–6–2 × 10–5 (0.30–5.6) 3.5 × 10–7 (0.10)


Table 2.  Validation of the procedure for determination of
sulfanilamides by added/found analysis (n = 3; P = 0.95)


Compound Added,
µg/mL


Found,
µg/mL sr


Sulfanilamide 3.4 3.3 ± 0.5 0.06


Sulfamethoxypyridazine 5.6 5.4 ± 0.7 0.05


Sulfachloropyridazine 5.7 5.5 ± 0.4 0.03


Sulfamethoxazole 5.1 5.1 ± 0.4 0.03


Sulfamethazine 5.6 5.3 ± 0.5 0.04
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Lipase (triglyceride hydrolase, EC 3.1.1.3)—an
enzyme catalyzing triglyceride hydrolysis to
monoglycerides and fatty acids—is contained in ani-
mals [1], plants [2], and microorganisms [3–5]. Lipase
is a unique biocatalyst with a wide substrate specificity.
Now it is widely used in organic synthesis [6, 7], med-
icine [8–10], and the paper and pulp industry [12] (see
also reviews in [13, 14]).


Lipase substrates are water-insoluble triglycerides,
whereas the enzyme is well soluble in water; in other
words, reactions should occur at interfaces. The major
specific feature of many lipases is their ability to sur-
face activation in the presence of aggregated substrate
molecules (oil droplets) [15–17].


Vegetable oils are known to differ in their fatty acid
compositions. Safflower oil is unique; it contains up to
80% valuable polyunsaturated linoleic acid (


 


cis


 


-,


 


cis


 


-
9,12-octadecadienoic acid) [18]. Enzymatic synthesis
of free fatty acids from triglycerides is a very promising
process. Enzymatic processes are attractive for the fol-
lowing reasons: (i) double bonds of unsaturated fatty
acids are not oxidized, and (ii) lipase-catalyzed pro-
cesses do not negatively affect the environment [19].


Apart from the ordinary parameters of enzymatic
reactions, the properties of the reaction medium, in par-
ticular, the emulsion quality, are important for lipases.
Here, we studied in the pH-stat mode the parameters of
lipase-catalyzed enzymatic hydrolysis of safflower oil
in an oil-in-water emulsion stabilized by the surfactant
sodium deoxycholate at various temperatures. In so
doing, our goal was to choose the optimum temperature
for the reaction rate and product yield. The temperature
effect was studied on both the enzyme and the reaction
medium, namely, the emulsion.


EXPERIMENTAL


 


Materials and methods.


 


 Commercially available


 


Alcaligenes


 


, 


 


Burkholderia


 


, and 


 


Candida rugosa


 


 lipases
(EC 3.1.1.3) purchased from Sigma were used. Saf-
flower (


 


Carthamus tinctori


 


) oil produced in the Peoples
Republic of China was used as the substrate. Sodium
deoxycholate, sodium chloride, and sodium hydroxide
(high purity grade) were purchased from DIA-M.


The acid evolved during hydrolysis was titrated with
25 mM sodium hydroxide in an automated mode using
a pH-stat (Radiometer TTT80/ABU80) with a temper-
ature-controlled cell.


Ultrasonication in an ultrasonic bath (Bransonic
1510E-MTH, 150 W, 50–60 Hz) was used to addition-
ally stabilize an oil-in-water emulsion.


 


Preparation of a stable emulsion.


 


 To 5 or 10 mL of
20–50 mM NaCl solution in water (pH 7.5–9.5), added
were 50–300 


 


µ


 


L of a 20% stock solution of sodium
deoxycholate (the required optimal surfactant concen-
tration was determined in a special experiment from the
enzyme activity versus surfactant concentration depen-
dence) and 60–100 


 


µ


 


L of safflower oil. The emulsion
was ultrasonicated two times for 10 min each with care-
ful stirring between.


 


Rate measurements and yield determinations for
the enzymatic reaction.


 


 To the prepared emulsion,
100 


 


µ


 


L of the 10-mg/mL stock enzyme solution was
added (in the case of an insoluble immobilized lipase
sample, the enzyme in a concentration of 2 mg/5 mL
was added directly to the pH-stat cell), and the acid
evolved was automatically titrated with sodium
hydroxide at the fixed pH optimal for each lipase.
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Abstract


 


—This work studies safflower oil hydrolysis catalyzed by 


 


Candida rugosa


 


 lipase as a function of tem-
perature in an oil-in-water emulsion stabilized by the surfactant sodium deoxycholate. The choice of tempera-
ture for this reaction is dictated by the effects of temperature not only on the catalytic activity and stability of
the enzyme but also on the state of the reaction medium (emulsion), whose quality substantially affects both the
kinetic parameters of lipase and the product (linoleic acid) yield. For example, although the highest initial rate
of the enzymatic reaction is observed at 40


 


°


 


C and the enzyme is virtually not inactivated during incubation
(45


 


°


 


C), the highest reaction yield is observed at 30


 


°


 


C and decreases upon temperature elevation because of a
change in the emulsion quality.
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Activity and stability of the enzyme and the
product yield as functions of temperature.


 


 To deter-
mine the rate of the enzymatic reaction as a function of
temperature, measurements were carried out at the
required temperature in the pH-stat cell. To determine
the stability (residual activity) of the enzyme, it was
incubated at 20–55


 


°


 


C. Aliquots were sampled in certain
time intervals, lipase was added, and the amount of acid
evolved was measured in the pH-stat under standard
conditions at 30


 


°


 


C. The stability of the emulsion and
the effect of its quality on the enzyme activity were
determined at 30 and 45


 


°


 


C by means of incubating the
emulsion at these temperatures. Aliquots were sampled
in certain time intervals, lipase was added, and the
amount of acid evolved was measured in the pH-stat
under standard conditions at 30


 


°


 


C.


RESULTS AND DISCUSSION


Temperature is known to influence the rate of both
chemical and enzymatic reactions. Figure 1 shows the
initial rates of safflower oil hydrolysis catalyzed by var-
ious lipases. In all cases, a rise in the reaction tempera-
ture increases the reaction rate until a certain limit is
reached, which can be followed by a decrease in the
rate, as shown for 


 


Alcaligenes


 


 and 


 


Candida rugosa


 


lipases. For 


 


Burkholderia


 


 lipase, there is a seeming
temperature independence of the reaction rate. Various
processes (enzyme inactivation, transition to the diffu-
sion-controlled regime, and others) can be responsible
for this trend. Arise in temperature does not consider-
ably affect the linolic acid yield in safflower oil hydrol-
ysis. 


 


Candida rugosa


 


 lipase is the exclusion (Fig. 2).
Along with the decrease in the reaction rate above 30


 


°


 


C
(Fig. 2a), the product yield decreases considerably
(Fig. 2b). For example, the yield of safflower oil
hydrolysis catalyzed by 


 


Candida rugosa


 


 lipase at 45


 


°


 


C
less than one half the yield observed at 30


 


°


 


C (Fig. 2b).
Recall that the existence of an interface is crucial for the
functioning of lipase [15–17]. In our case, the interface
is stabilized by the surfactant sodium deoxycholate.
What is responsible for such a considerable decrease in
yield, enzyme inactivation or emulsion quality? To
answer this question, we incubated both the enzyme
and the emulsion at 45


 


°


 


C for 45 min, the reaction time
until complete exhaustion occurred at which the prod-
uct amount was determined (Fig. 2b). Figure 3 displays
the results. The preincubation of the enzyme (


 


1


 


) virtu-
ally did not change either the initial rate of safflower oil
hydrolysis catalyzed by 


 


Candida rugosa


 


 lipase
(Fig. 3a) or the reaction yield (Fig. 3b). At the same
time, the preincubation of the emulsion (


 


2


 


) affected
both the initial reaction rate (Fig. 3a) and the reaction
yield (Fig. 3b); both parameters of the process cata-
lyzed by 


 


Candida rugosa


 


 lipase decreased consider-
ably.


To summarize, the choice of the reaction tempera-
ture is of fundamental importance for 


 


Candida rugosa
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Fig. 1.


 


 Initial reaction rate vs. temperature for safflower oil
hydrolysis catalyzed by lipases from (


 


1


 


) 


 


Alcaligenes


 


,
(


 


2


 


) 


 


Burkholderia


 


, and (


 


3


 


) 


 


Candida rugosa


 


. Experiment
parameters: enzyme concentration, mg/mL: (


 


1
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 (a) Initial reaction rate and (b) product concentration vs. temperature for safflower oil hydrolysis catalyzed by 


 


Candida rug-
osa


 


 lipase. For the experiment parameters, see the legend to Fig. 1.
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lipase not only as a factor influencing the enzyme activ-
ity and stability but also as a factor influencing the state
of the reaction medium and/or interface.
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 (a) Residual enzyme activity and (b) product yield for safflower oil hydrolysis catalyzed by 


 


Candida rugosa


 


 lipase measured
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parameters, see the legend to Fig. 1.
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The idea of atoms as rigid spheres dates back to
ancient times. At the end of the 19th century, this con-
cept was extended to ions in crystals. In 1898, the radii
of a few ions were determined [1]. Only the advent of
X-ray crystallography made it possible to experimen-
tally determine interatomic distances and, hence,
atomic and ionic radii. The concepts of atomic, ionic,
and van der Waals radii have been developed, and meth-
ods of their determination and areas of their reasonable
use in crystallography and solid state chemistry have
been found [2–16].


In the present study, we consider the available data
on ionic radii. Of all types of radii (ionic, covalent,
metallic), we select ionic radii since they provide the
simplest way to estimate the average valence electron
density in ionic crystals, which makes it possible to
consider the properties of crystals not only along the
periods or groups of the periodic table but also across
the table as a whole, assuming that atoms and ions are
soft spheres [17–19].


There are several tens of large and small systems of
ionic radii determined by different methods and sug-
gested by various authors. The total number of valence


 


†


 


Deceased.


 


states of elements for which ionic radii have been
experimentally found is about 200 of the approximately
400 theoretically possible states (including ionic radii
of unstable valence states for which stable chemical
compounds and, hence, X-ray crystallographic data on
interatomic distances cannot be obtained). Ionic radii
are usually used for semiquantitative estimation of
interatomic distances in crystallographic studies. How-
ever, if there existed a unified system of ionic radii, they
would also be used for quantifying the average valence
electron density in simple compounds (which is used
for comparing the properties of solid and liquid metals
[18, 19]), finding ionization potentials (as shown in
[20]), revealing the structure of radiation defects [17],
determining the ionic radii of elements in unstable
valence states (such valence states are encountered as
intermediate in different chemical processes), studying
the electronic structure of solids by the sublattice
method [21], and solving many other problems. How-
ever, none of the suggested systems of radii contains all
known ionic radii even for one coordination number
(the largest number of ionic radii was determined for
CN = 6), whereas quantitative estimation requires a
unified complete table of ionic radii for all possible
valence states, including unstable ones. The situation
with ionic radii is generally the same as that with cova-
lent and van der Waals radii, which were used only for
semiquantitative estimation until [15, 16]. The under-
standing of this circumstance (we are engaged in study-
ing the properties of compounds as a function of the
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Abstract


 


—Available systems of empirical (crystallographic) ionic radii are compared. All these systems turn
out to be compatible if the O


 


2–


 


 radius is taken to be 0.140 nm. The choice of the oxygen ionic radius is dictated
by the equality of the metal ion–oxygen ion distances in oxide crystals and the metal ion–oxygen atom distances
in crystal hydrates and concentrated aqueous solutions. In all systems of empirical ionic radii under consider-
ation, the uncertainty of determination of ionic radii is 0.002–0.005 nm. A new method of determination of the
ionic radii of elements in unusual valence states is suggested: from the empirical dependence of the electron
density at an atom in a given valence state on the atomic radius, a two-parameter equation relating the ionic
radii of Period 4–7 elements in two valence states is derived, which allows one to calculate the ionic radius that
cannot be determined by crystallography because of the lack of stable compounds in this valence state. Ionic
radii are calculated for all Period 4–7 elements in all valence states. They constitute a nearly complete system
of ionic radii. There is a linear relationship between the atomic nucleus charge and the inverse ionic radius. It
is shown that the square root of the ionization potential is a linear function of the inverse ionic radius. The as
yet experimentally unknown ionization potentials of 78 ions of different elements are estimated.
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electron density of their constituent elements) com-
pelled us to critically survey the available data on ionic
radii.


All systems of ionic radii can be divided into three
groups: empirical, semiempirical, and theoretical. The
first group, empirical ionic radii, comprises the radii
calculated from interatomic distances. Interatomic dis-
tances are determined by X-ray or neutron diffraction;
however, other approaches are also possible, for exam-
ple, calculation based on the lattice energy [22]. Then,
the value of the reference ionic radius was selected for
some element, for example, oxygen or fluorine, and the
radii of other ions are found by subtracting the refer-
ence radius from the corresponding interatomic dis-
tances.


In semiempirical methods, reference ionic radius
values are selected for several ions taken from a radius
system from the first group and the radii of other ele-
ments in various stable valence states are determined
using the dependence of a physical or chemical prop-
erty on the nucleus charge, valence state, ionization
potential, etc. (the radii of unstable valence states can
also be estimated).


The third group, theoretical ionic radii (they are also
referred to as orbital), includes radii obtained by quan-
tum-chemical calculations.


A large body of data on radius determination is
available (see, for example, reviews [11, 23]). However,
here we consider only empirical ionic radii, which are


directly related to experimental interatomic distances.
Available ionic radii obtained by different researches
will be treated as independent experimental data and
will be used in statistical processing with the same sta-
tistical weights.


Interatomic (interionic, internuclear) distances are
determined by X-ray diffraction as the distances
between the centers of gravity of a pair of atoms or ions.
To go from interatomic distances to ion sizes (crystal-
lographic radii of ions or ionic radii), the interatomic
distance should be divided between the cation and
anion. Researchers have solved this problem differ-
ently. In particular, radii were found assuming the exist-
ence of an anion–anion contact [3], on the basis of
refraction data [4], using the ratio of effective charges
in halides [6, 7], etc. These methods were used for
determining the radii of reference ions, and the remain-
ing radii can be found by subtracting these reference
values from the other interatomic distances. It is worth
noting that the radii of the reference ion determined by
different researchers were rather different (for example,
for doubly charged oxygen ions, these values ranged
from 0.132 to 0.156 nm). These differences, as well as
different sets of initial interatomic distances and differ-
ent statistical processing procedures, were responsible
for the invention of inconsistent systems of ionic radii.


It is natural that such a large scatter of ionic radius
values prevented their use for quantitative treatment. It
was necessary to compose a unified table referred to
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one radius value. It was suggested in [24] that different
systems of ionic radii are consistent with one another if
comparison is based on the same reference radius.
Thus, it is necessary to choose a definite value of the
reference radius. It is likely that the best choice is the
ionic radius of the doubly charged oxygen ion (or fluo-
ride ion) since the covalent contributions to the inter-
atomic distances in oxides and fluorides are minimal
(for example, it is noticeable in the case of sulfides).


To date, interatomic distances have been measured
for a vast number of inorganic compounds. In particu-
lar, the water–cation and water–anion distances have
been determined in crystal hydrates [25] and concen-
trated aqueous solutions [26]. Since the size of the O2–


ion should be close to the size of the water molecule
(this follows, for example, from the fact that the M···M
distances are close in crystal hydrates and oxides [27,
28]), it is expedient to compare the cation–water (cat-
ion–water oxygen) distances in solutions and crystal
hydrates and the cation–oxygen distance in oxides. The
interatomic distances in oxides were taken from [29].
The results of comparison are summarized in Table 1.
As is seen, the interatomic distances in the three classes
of compounds are the same within the error of determi-
nation. The same interatomic distances in crystal
hydrates and oxides were reported for the first time in
[29]. The same size of water molecules and O2– ions
allows us to assume that the radius of this ion is the
same as the water molecule radius. This radius is
known for both liquid water and ice: 0.138–0.142 nm
[26, 29]. Therefore, it can be assumed that the average
radius of the doubly charged oxygen ion is 0.140 ±
0.002 nm. This value was used in [6, 7] and in [13, 14].1


1 In these works, the authors presented tables of ionic radii of dif-
ferent elements for two reference ions (oxygen and fluorine),
which differ by 0.014 nm. Without any discussion of this differ-
ence, only the set based on the oxygen ions was considered.


Of all sources of information on empirical crystallo-
graphic ionic radii for CN = 6, we selected 13 works
where radii were crystallographically determined for
the largest number of ions [4, 5, 7–9, 12–14, 20, 30–
33]. Radius values to the third decimal place (in nm)
were used. The mean geometric error was estimated
(in some works, the radius values are given with a four
decimal place accuracy; however, as follows from the
scatter of radius values, this accuracy is artificial).The
radii obtained for Period 2 and 3 elements are summa-
rized in Table 2. The ionic radii for Period 4–7 elements
are listed in Tables 3 and 4 (in roman type). The lan-
thanide ionic radii were obtained by averaging the val-
ues reported in [5, 6, 9, 13, 14, 25, 32–39], and the
actinide radii were obtained by averaging the values
taken from [5, 6, 9, 13, 14, 23, 33, 34, 36, 37, 40, 41].
All radii were reduced to the oxygen ion radius
(0.140 nm) by subtracting this value from the sum of
the cation and anion radii. As follows from Table 2, the
average radii (nm) obtained by various researchers dif-
fer only by a few units in the third decimal place for cat-
ions and doubly and singly charged anions. For triply
charged anions, the difference is rather noticeable. The
radii of quadruply charged anions were determined in
few works; therefore, their values are unreliable. Our
system of average crystallographic radii is closest to the
system of effective ionic radii in which the ionic radii
are given relative to the doubly charged oxygen atom
[13, 14]. Inasmuch as the system of average crystallo-
graphic radii was based on the data of many authors,
our system turned out to be more complete than the sys-
tem of radii presented in [13, 14].


Comparison of selected interatomic distances with
the sums of the corresponding ionic radii and compari-
son with the sums of effective radii showed that, for
halides, oxides, sulfides, selenides, and tellurides, the
experimental interatomic distances are consistent with


Table 2.  Average values of empirical (crystallographic) ionic radii of Period 2 and 3 elements for CN = 6


No. Element Valence state R, nm No. Element Valence state R, nm


1 H –1 0.165 ± 0.028 11 Na +1 0.098 ± 0.004


3 Li +1 0.070 ± 0.006 12 Mg +2 0.071 ± 0.003


4 Be +2 0.035 ± 0.007 13 Al +3 0.051 ± 0.003


5 B +3 0.022 ± 0.005
14 Si


+4 0.040 ± 0.004


6 C
+4 0.016 ± 0.004 –4 0.239 ± 0.033


–4 0.260
15 P


+5 0.030 ± 0.007


7 N


+5 0.011 ± 0.003 +3 0.044


+3 0.016 P –3 0.211 ± 0.016


–3 0.172 ± 0.022


16 S


+6 0.027 ± 0.002


8 O
+6 0.008 ± 0.002 +4 0.037


–2 0.140 ± 0.002 –2 0.186 ± 0.004


9 F
+7 0.006 ± 0.002


17 Cl
+7 0.024 ± 0.002


–1 0.134 ± 0.004 –1 0.183 ± 0.005
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the values calculated from the sums of ionic radii. The
system of average crystallographic radii provides an
even more accurate description of interatomic distances
than the system of effective radii. For nitrides, ars-
enides, and hydrides, the interatomic distances, while
coinciding with the sums of ionic radii within the error
of determination, tend to be shorter than the sum of the
corresponding radii. This can be due to an insufficient
accuracy of determination of these anionic radii, as well
as due to a noticeable covalent contribution to the bond
of these ions. For carbides, the calculated values are
considerably larger than the experimental ones. If the
concepts of ionic radii are extended to triply and qua-
druply charged anions, their radii should be redeter-


mined. As a whole, the table of average crystallo-
graphic radii even in the full (nonminimized) form can
be used as a basis for determining ionic radii of unusual
valence states, which is described below.


It is also worth noting that, as expected in [26], the
average crystallographic ionic radius coincides, within
the error of determination, with the ionic radius
(Table 4) found in solutions for CN = 6, as well as with
the radius found by thermochemical methods [42].


Few studies are available in which the ionic radii
were determined for unstable valence states of ele-
ments. In particular, the radii of positive monatomic
ions were calculated in [43] by an equation containing


Table 4.  Comparison of ionic radii Ri in crystal and solution and thermochemical radii Rt of some element for CN = 6


No. Ion Ri in crystal, nm Ri in solution, nm Rt, nm


1 H– 0.165 ± 0.028 – 0.173 ± 0.020
3 Li+ 0.070 ± 0.006 0.071 ± 0.007 –
8 O2– 0.140 – 0.149 ± 0.008
9 F– 0.134 ± 0.004 0.124 ± 0.003 0.126 ± 0.003


11 Na+ 0.098 ± 0.005 0.097 ± 0.006 –
12 Mg2+ 0.071 ± 0.005 0.070 ± 0.004 –
13 Al3+ 0.052 ± 0.005 0.050 ± 0.002 –
16 S2– 0.186 ± 0.006 – 0.191 ± 0.007
17 Cl– 0.183 ± 0.008 0.180 ± 0.007 0.172 ± 0.005
19 K+ 0.132 ± 0.006 0.141 ± 0.008 –
20 Ca2+ 0.100 ± 0.003 0.103 ± 0.005 –
24 Cr3+ 0.061 ± 0.001 0.058 ± 0.003 –
25 Mn2+ 0.083 ± 0.002 0.080 ± 0.001 –
26 Fe3+ 0.064 ± 0.003 0.064 ± 0.002 –
27 Co2+ 0.074 ± 0.001 0.072 ± 0.001 –
28 Ni2+ 0.070 ± 0.002 0.067 ± 0.001 –
29 Cu2+ 0.075 ± 0.002 0.072 –
30 Zn2+ 0.076 ± 0.002 0.070 ± 0.007 –
34 Se2– 0.198 ± 0.003 – 0.209 ± 0.004
35 Br– 0.198 ± 0.006 0.198 ± 0.005 0.188 ± 0.006
37 Rb+ 0.148 ± 0.004 0.150 –
38 Sr2+ 0.116 ± 0.004 0.125 –
39 Y3+ 0.092 ± 0.004 0.097 –
44 Rh3+ 0.066 ± 0.004 0.065 ± 0.001 –
47 Ag+ 0.115 ± 0.007 0.102 ± 0.002 –
48 Cd2+ 0.096 ± 0.003 0.102 ± 0.002 –
49 In3+ 0.082 ± 0.003 0.076 ± 0.001 –
50 Sn2+ 0.096 ± 0.002 0.94 –
52 Te2– 0.218 ± 0.007 – 0.220 ± 0.008
53 I– 0.223 ± 0.006 0.225 ± 0.004 0.210 ± 0.008
55 Cs+ 0.166 ± 0.006 0.173 ± 0.008 –
57 La3+ 0.106 ± 0.006 0.114 ± 0.005 –
81 Tl3+ 0.092 ± 0.005 0.084 ± 0.001 –
85 At– 0.221 – 0.222
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three parameters that can be found from the known
ionic radii. In [43], the system of ionic radii from [5]
was used for calculations. In [44], the radii of positive
and negative ions in different valence states were calcu-
lated through the Bohr radii of atoms, assuming that all
atoms are hydrogen-like, according to [7], and taking
into account the shielding of electrons and the degree of
polarity. The equations used in calculations contain
three parameters, which should be determined indepen-
dently of each other. In [45], an incomplete table of
radii of positive ions in unstable valence states was
composed with the use of internal correlations. This
system is based on a somewhat modified system of
ionic radii [9]. In [20], on the basis of the notions of [6,
7], an expression with four parameters was obtained,
which were used for calculating the ionic radii for many
unstable valence states. The radii of some valence states
were also estimated in [33, 40, 46–52]. Comparison of
the radii of ions in unstable valence states obtained by
different researchers was not carried out, and the error
of determination of the ionic radius has never been esti-
mated.


Thus, the question of the radii of ions in unstable
valence state is still open. In this work, we attempted to
solve this problem by studying the relation between
ionic radii and the average valence electron density.


In [18], for comparison of the physicochemical
properties of metals, the notion of average valence elec-
tron density ρ was used. The density is defined as fol-
lows:


(1)


where n is the number of valence electrons lost in tran-
sition from a neutral atom to a given ion or from one ion
to another, Va is the volume of the atom, and Vi is the
volume of the ion (or the volume of the previous and
subsequent ions, respectively). To calculate the average
electron density, we use the average crystallographic
ionic radii R presented in Table 3 (in roman type); the
atomic radii were taken from [53]. The average valence
electron density was calculated not only for an atom–
ion pair but also for pairs of ions in which the first ion
had lower valence (lower charge) than the second ion.
This allowed us to increase the number of values of the
average valence electron density for each n value. It
was found that the logarithm of average electron den-
sity depends linearly on the logarithm of the radius of
an atom or larger ion. This relationship is described by
the simple equation


(2)


where Ra is the radius of an atom (or of an ion with
lower charge), and a and m are constants for each n
value. The substitution of Eq. (1) into Eq. (2) and expo-
nentiation gives the following equation for the


ρ n/ Va V i–( ),=


ρln a m Ra,ln–=


unknown ionic radius Ri (the radius of the ion whose
volume was determined above):


(3)


where b = 3n/4πea. As distinct from the previous equa-
tions, this equation contains only two, rather than three
or four, empirical parameters. In addition, in contrast to
[20, 43, 44], calculation of radii by this method does not
require any assumptions on the structure and physico-
chemical properties of atoms.


The a and m parameters are listed in Table 5. It is
worth noting that the parameters change rather
smoothly in going from n = 1 to n = 4. At the same time,
at high values n ≥ 5, the number of points is insufficient
for reliable calculation of the parameters of Eq. (3) and,
hence, the radius of the ion in an unstable valence state.
We may construct the plots of the average valence elec-
tron density not only versus the radius of a larger ion
(atom) but also versus the radius of a smaller ion. The


Ri
3 Ra


3 bRa
m,–=


Table 5.  Parameters of Eq. (3) for various n’s


Period n m a Number 
of points σ2


4 1 –3.51 –0.793 21 0.4
2 –3.40 –0.384 23 1.27
3 –3.11 –0.153 15 0.14
4 –3.13 0.438 11 0.26


5 1 –4.18 –0.148 16 0.17
2 –3.98 –0.184 22 0.07
3 –4.23 0.283 13 0.05
4 –3.18 0.053 10 0.007


6 1 –3.83 –0.329 22 0.14
2 –3.46 –0.184 19 0.09
3 –3.39 0.061 22 0.007
4 –2.8 0.047 14 0.003


7 1 –4.14 –0.072 18 0.14
2 –4.26 0.258 14 0.19
3 –3.67 0.269 14 0.03
4 –3.86 0.558 8 0.003


Table 6.  Parameters of Eq. (5) for various n’s


Period n m a Number 
of points σ2


4 1 –4.39 –1.84 21 0.40
2 –4.41 –2.43 23 0.50


5 1 –5.02 –1.44 16 0.45
2 –5.33 –2.05 22 0.80


6 1 –4.39 –1.11 22 1.27
2 –4.43 –1.63 19 0.69


7 1 –5.47 –0.796 18 0.30
2 –6.23 –0.905 14 0.60
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correlation can also be represented as a linear depen-
dence


(4)


(the a and m parameters are in Table 6). The expansion
of this equation gives the expression


(5)


However, since the ionic radii were determined less
reliably than the atomic radii (the error of determina-
tion of a radius by Eq. (5) is larger than by Eq. (3),
which is reflected in the root-mean-square deviation
presented for both equations in Tables 5 and 6), the
parameters of Eq. (5) are presented in Table 10 only for
n = 1 and 2. For the other n values, the scatter of data is
very large so that a reliable linear relationship cannot be


ρln a m Ri,ln–=


Ra
3 bRi


m Ri
3.+=


obtained. Even for the n values used, the calculated
radius value was introduced into the table only if the
difference between this value and the experimental one
for the atoms of a given element was no more than 10%.


An example of calculations of radii by Eq. (3) is pre-
sented in Table 7 (calculation by Eq. (5) is analogous).
The first column specifies the valence states for which
calculation was performed: 0 denotes a neutral atom, 1
corresponds to a singly charged positive ion (calcula-
tion by Eq. (3) at n = 1), 2 corresponds to a doubly
charged positive ion (calculation by Eq. (3) at n = 2),
etc. As follows from Table 7, calculations by different
schemes give rather close values. A somewhat larger
deviation was observed for calculations at n = 3 and
n = 4; however, only the values that differed from the
average value by three standard deviations were dis-
carded from statistical processing. Table 3 shows as an


Table 7.  Example of calculation of average crystallographic radii for titanium ions by Eq. (3). The initial valence state is
parenthesized


Valence states though 
which the calculation 


was performed
Valence state Calculation radius,


nm
Average calculated 


radius, nm
Average crystallo-
graphic radius, nm


(0), 1 +1 0.104 0.104 –


(0), 1, 1


+2


0.080


0.080 ± 0.001 0.080 ± 0.006(0), 2 0.081


(1), 1 0.080


(0), 1, 1, 1


+3


0.065


0.066 ± 0.001 0.066 ± 0.002


(0), 1, 2 0.066


(0), 2, 1 0.065


(0), 3 0.074


(1), 1, 1 0.065


(1), 2 0.068


2, 1 0.065


(0), 1, 1, 1, 1


+4


0.054


0.056 ± 0.002 0.061 ± 0.006


(0), 1, 2, 1 0.055


(0), 1, 1, 2 0.056


(0), 1, 3 0.060


(0), 2, 1, 1 0.054


(0), 2, 2 0.057


(0), 3, 1 0.060


(0), 4 0.065


(1), 1, 1, 1 0.054


(1), 1, 2 0.056


(1), 2, 1 0.056


(1), 3 0.057


(2), 1, 1 0.054


(2), 2 0.056


(3), 1 0.055
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Table 8.  Experimental and calculated average crystallographic radii of Period 4 elements for CN = 6


Element Valence state


Radius, nm


average experi-
mental radius


calculated radius overall average 
radiusby Eq. (3) by Eq. (5)


K
0 0.234 – – 0.234
+1 0.132 ± 0.004 0.132 – 0.132 ± 0.004


Ca
0 0.197 – 0.186 0.197
+1 – 0.125 0.136 0.130 ± 0.005
+2 0.100 ± 0.003 0.087 ± 0.0060 – 0.100 ± 0.003


Sc


0 0.164 – 0.183 0.164
+1 – 0.112 0.128 ± 0.002 0.120 ± 0.012
+2 – 0.084 ± 0.005 0.096 0.086 ± 0.005
+3 0.076 ± 0.003 0.071 ± 0.006 – 0.076 ± 0.003


Ti


0 0.145 – 0.140 ± 0.003 0.145
+1 – 0.103 0.104 ± 0.002 0.104 ± 0.002
+2 0.080 ± 0.006 0.080 ± 0.001 0.081 ± 0.002 0.080 ± 0.006
+3 0.066 ± 0.003 0.067 ± 0.004 0.065 0.066 ± 0.003
+4 0.062 ± 0.003 0.055 ± 0.002 – 0.062 ± 0.003


V


0 0.135 – 0.142 ± 0.005 0.135
+1 – 0.098 0.096 ± 0.003 0.097 ± 0.003
+2 0.074 ± 0.006 0.078 ± 0.001 0.076 ± 0.006 0.074 ± 0.006
+3 0.063 ± 0.003 0.065 ± 0.003 0.061 0.063 ± 0.003
+4 0.058 ± 0.004 0.053 ± 0.004 – 0.058 ± 0.004
+5 0.047 ± 0.010 0.046 ± 0.002 – 0.047 ± 0.010


Cr


0 0.128 – 0.128 0.128
+1 – 0.094 0.095 ± 0.006 0.095 ± 0.006
+2 0.080 ± 0.002 0.075 ± 0.002 0.075 ± 0.001 0.080 ± 0.002
+3 0.061 ± 0.001 0.063 ± 0.002 0.061 0.061 ± 0.001
+4 0.053 ± 0.006 0.054 ± 0.003 – 0.053 ± 0.006
+5 0.049 0.045 ± 0.002 – 0.049
+6 0.038 ± 0.010 0.040 ± 0.002 – 0.038 ± 0.010


Mn


0 0.130 – 0.145 ± 0.004 0.130
+1 – 0.095 0.107 0.101 ± 0.006
+2 0.083 ± 0.002 0.077 ± 0.003 – 0.083 ± 0.002
+3 0.062 ± 0.002 0.065 ± 0.003 – 0.062 ± 0.002
+4 0.050 ± 0.004 0.055 ± 0.003 – 0.050 ± 0.004
+5 – 0.046 ± 0.002 – 0.046 ± 0.002
+6 – 0.041 ± 0.002 – 0.041 ± 0.002
+7 0.044 ± 0.002 0.036 ± 0.002 – 0.036 ± 0.008


Fe


0 0.127 – 0.127 ± 0.002 0.127
+1 – 0.093 0.095 ± 0.001 0.094 ± 0.001
+2 0.076 ± 0.002 0.075 ± 0.002 0.075 0.076 ± 0.002
+3 0.062 ± 0.003 0.063 ± 0.002 – 0.062 ± 0.003
+4 0.058 0.052 ± 0.003 – 0.052 ± 0.003
+5 – 0.045 ± 0.002 – 0.045 ± 0.002
+6 – 0.038 ± 0.002 – 0.039 ± 0.002
+7 – 0.037 ± 0.003 – 0.037 ± 0.003
+8 – 0.031 ± 0.003 – 0.031 ± 0.003
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Table 9.  Parameters of linear dependences of the square root
of ionization potential on inverse ionic radius


Period b a σ2


Ions with a noble-gas 
shell


3 3.48 0.361 0.27


4 3.37 0.373 0.10


5 0.84 0.635 0.24


6 1.12 0.636 0.002


7 0.71 0.712 0.03


Ions with a 10- and
18-electron shell


6 1.73 0.416 0.23


5 –3.10 0.649 0.11


6 –3.74 1.01 0.07


s, p, d Elements


4 –0.374 0.450 0.17


5 –2.85 0.747 0.25


6 –0.243 0.548 0.07


f Elements
6 –3.39 0.929 0.11


7 –1.62 0.723 0.22


example the ionic radii calculated by Eqs. (3) and (5)
for all valence states of a given Period 4 atom (the cal-
culated ionic radii of unstable valence states are itali-
cized). It is worth noting that Eqs. (3) and (5) have a
broad flattened maximum in the radius range 2.0–
3.0 nm; therefore, calculation of large radii, for exam-
ple, for halide anions, gives values strongly different
from the experimental values and, thus, unreliable ones.
For this reason, the radii of anions were not determined,
although these radii were calculated in [44].


As follows from Table 8, calculation by Eqs. (3) and
(5) makes it possible to obtain close values. Equation (3)
allows one to calculate a larger number of variants of
high valence states (one value is obtained for a singly
charged ion), whereas Eq. (5) gives a larger number of
variants for the radii of low valence states. We can state
that, for stable valence states, the calculated radii are
consistent within the errors of determination. Compar-
ison of the computational results [44] and [20], [43],
and [45] for the known valence states with average
crystallographic radii showed that our calculation by
Eq. (3) provides coincidence within 6% and the calcu-
lation by Eq. (5), within 4%. The data in [44] and [43]
are consistent within 11% and the data on [20], within
9%. The data in [45] cannot be compared since the
authors used the table of radii [9] rather than calculated
the radii of stable valence states.


Checking calculation values of average crystallo-
graphic radii for the known valence states coincided
within the error of the experiment (0.004–0.006 nm)
with the experimental average crystallographic radii
(only the radii for which the error of determination was
known, i.e., determined by several researchers, were
used in calculations; the radii determined in a single
work were not considered). The agreement between the
calculated and experimental radii of atoms in stable


valence states allows us to believe that the ionic radii of
unstable valence states follow the general pattern.


Table 3 presents the average crystallographic radii
of ions of the Period 4–7 elements calculated by
Eqs. (3) and (5). Thus, the radii presented in Tables 2
and 3 constitute a nearly complete table of possible
ionic radii, except for periods 2 and 3, for which the
ionic radii of atoms in unstable valence states were not
determined. Hereinafter, we use the values of the aver-
age crystallographic radii from Tables 2 and 3.


How are the ionic radii related to the parameters of
atoms and ions? Let us consider two relationships.


The first relationship is that between the ionic radii
of the same element. Inasmuch as the radii of a given
element in different valence states are related to each
other by equations like Eq. (2), the ratio of radii in var-
ious valence states must form one smooth curve for all
elements of a given period. Figure 1 shows, as an exam-
ple, the R1/R0, R2/R0, and R3/R0 ratios (the valence of the
first ion is larger than the valence of the second ion by
one, two, or three units; the second particle can be both
the atom and the ion) as a function of the radius R0 of
the neutral atom or the ion in the lowest valence state.
As is seen, the values for each n fall on the same curve
for atom–ion and ion–ion pairs. This type of depen-
dence can be used, if necessary, for minimizing average
crystallographic ionic radii.


The second relationship pertains to ionization
potentials. According to [6, 7], in isoelectronic series,
the radius of an atom or ion is related to the nucleus
charge by a simple equation


where K is a constant, Z is the nucleus charge, and S is
the shielding constant (smaller than unity), Therefore,
the inverse ionic radius is proportional to the nucleus
charge: 1/R is proportional to Z (within a period, the
shielding constant retains its value and almost does not
distort the plot in linear coordinates since it is small as
compared with Z). Figure 2 shows the dependence of
the inverse radius on the nucleus charge Z for all
valence states of the Period 6 elements. As is seen, in
isoelectronic series, the points for all groups of ions fall
on straight lines with the same slope within the error of
determination of a radius (to elucidate the accuracy, the
errors of determination of each radius of the this series
of ions are shown on the leftmost curve). The radii of
unstable valence states (open circles) and the radii of
stable valence states (solid circles) fall on the common
line, which confirms, by and large, the correctness of
the calculation of crystallographic ionic radii of unsta-
ble valence states. Analogous dependences are valid for
the ions of Period 4, 5, and 7 elements. The correlation
between the inverse radius and nucleus charge can also
be used, if necessary, for refining the average crystallo-
graphic radii.


There is yet another, even more interesting, depen-
dence. It was shown in [48] that there is a correlation


R K / Z S–( ),=
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between ionization potentials and ionic radii. In [47],
ionic radii as a function of ionization potential were cal-
culated by the equation


In [20], an additional coordinate ξ equal to the sum
of the inverse numbers of electrons in separate elec-
tronic shells of ions was introduced for correlating the
ionization potential with the ionic radius. This coordi-
nate was used for calculating the radii of ions in unsta-
ble valence states. Figure 3 also points to the existence
of a correlation between the ionization potential and
ionic radius since, according to Moseley’s law, the
nucleus charge is related to the ionization potential as
follows [54]:


where ν is the frequency of the characteristic X-rays
emitted by an atom; Rc is the Rydberg constant; Sn is the
shielding constant, which takes into account the influ-
ence of other electrons; and n is the principal quantum
number. The left-hand term of this equation corre-
sponds to the ionization potential. The nucleus charge


r const/I2.=


ν/Rc( )1/2 Z Sn–( )/n,=


is proportional to the inverse ionic radius; therefore, the
above equations can be rearranged as follows:


(6)I1/2 1/nR Sn/n– a/R b.–= =


Table 10.  Calculated ionization potential not presented in [55, 56]


Element Valence 
state I, eV Element Valence 


state I, eV Element Valence 
state I, eV


Pr +4 51.4 At +2 14.9 Pu +7 70.9
Nd +4 56.8 At +3 22.9 Am + 11.6
Pm +4 56.8 At +4 32.6 Am +2 19.0
Sm +4 58.8 At +5 43.6 Am +3 34.0
Eu +4 53.1 At +6 59.3 Am +4 38.9
Gd +4 58.8 At +7 218 Am +5 51.8
Tb +4 65.3 Ac + 15.9 Am +6 62.3
Dy +4 65.3 Pa + 13.1 Am +7 70.9
Ho +4 67.3 Pa +2 20.8 Cm + 14.6
Er +4 67.6 Pa +3 28.4 Cm +2 22.3
Tm +4 65.3 Pa +4 40.0 Cm +3 33.1
Yt +4 60.3 U +4 42.3 Cm +4 42.3
Lu +3 33.4 U +5 51.7 Cm +5 55.0
Lu +4 60.9 Np + 14.2 Cm +6 64.3
Hf +4 47.3 Np +2 24.5 Bk + 17.3
W +6 81.8 Np +4 42.3 Bk +3 33.1
Re +7 101.9 Np +5 49.0 Bk +4 42.3
Os +8 206 Np +6 62.3 Bk +5 55.0
Po + 10.5 Np +7 115.4 Bk +6 64.3
Po +2 17.8 Pu + 15.9 Cf + 18.1
Po +3 25.3 Pu +2 21.8 Cf +2 29.9
Po +4 35.1 Pu +3 31.5 Cf +3 35.9
Po +5 44.8 Pu +4 43.5 Cf +4 50.3
Po +6 172 Pu +5 51.8 Cf +5 56.7
At + 8.9 Pu +6 62.3 Cf +6 64.3


0.200.150.100.050
Ri, nm


1.0


0.8


0.6


0.4


Ri – x/Ri


1


2


3


Fig. 1. Ratio of the radius of an ion in the lowest valence
state to the radius of the second ion in the pair vs. Ri, nm for
the charge difference of (1) one (2) two, and (3) three for
Period 4 elements.
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Fig. 3. Square root of ionization potential vs. inverse radius of an ion with a noble gas shell for (a) Period 3–7 elements and (b)
(inset) for Period 2 (+) elements.
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Fig. 4. Square root of ionization potential vs. inverse ionic
radius for the Period 4 elements (open symbols are stable
valence states, solid symbols are unstable valence states).
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Fig. 5. Square root of ionization potential vs. inverse ionic
radius for the Period 5 elements (open symbols are stable
valence states, solid symbols are unstable valence states).


We obtain a simple equation that can easily be com-
pared with the experiment. As dictated by the rules of
filling of electronic shells [54], let us divide all ions into
several groups: ions with a noble-gas shell; ions with an
18-electron shell; and the other ions, which we divide
into the group of s, p, and d elements and the group of


f elements. Figures 4–7 show the plots of the square
root of the ionization potential versus the inverse ionic
radius of a given ion for different groups of ions. The
ionization potentials were taken from [55, 56].


Figure 4 shows the plots for isoelectronic groups of
Period 2–7 ions with the shell of a preceding noble gas.
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As is seen, all the plots are straight lines forming two
subsystems: 3–4 and 5–7. In each subsystem, the coef-
ficients of Eq. (6) are close. For Period 2, Eq. (6) is not
valid (it cannot be ruled out that the ionic radii of non-
metal elements are underestimated). The coefficients of
Eq. (6) for these and next groups of ions are presented
in Table 9. For the isoelectronic series of ions with a
filled 18-electron shell, Eq. (6) is valid but has other
coefficients.


Figures 4–6 show the plots of the square root of the
ionization potential versus the inverse radius of s, p, and
d elements for the ions not belonging to the first two
groups. As can be seen, the square roots of the ioniza-
tion potentials satisfactorily fit the linear plot versus the
inverse ionic radius for all ions not belonging to the first
two groups. It is strange that this fact escaped the atten-
tion of the previous researchers. It is likely due to a dif-
ferent operation used for determining the radii of ions
in unstable valence states. These values do not fall on


straight lines; therefore, only second and higher ioniza-
tion potentials were used. It is worth noting that the data
on stable valence states (solid symbols) are almost the
same as the data on unstable states (open symbols).
Naturally, the question arises as to what ionization
potential value is in the solid state. We believe that the
used gas-phase ionization potentials, second and higher
ones, change slightly when these elements transform
into a solid so that this change is hardly perceptible
against the background of the error of determination of
ionic radii of several percents. It is evident that some
change should occur since the electron binding energy
changes by a fraction of a percent even in going from a
free atom to the atom in a molecule, which is demon-
strated by X-ray photoelectron spectroscopy.


Figure 7 shows the data for the Period 6 and 7 f ele-
ments. As is seen, Eq. (6) is also valid for these ele-
ments, but it has other parameters as compared with
those for the s, p, and d elements (Table 9).


The resulting values of parameters (Table 9) make it
possible to calculate the as yet unknown ionization
potentials. The results of such calculations for 78 ions
are summarized in Table 10.


Thus, the complete table of ionic radii allows us to
determine not only the crystal-chemical parameters but
also the properties of the atoms (i.e., ionization poten-
tials). In essence, the ionic radius is the distance of an
electron in the orbital from the center of the atom, i.e.,
the characteristic corresponding to the planetary model
of the atom. In our opinion, the average crystallo-
graphic radii should be a routin characteristic of all
ions.
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Calcium channel blockers are mostly used for myo-
cardial cells [1]. 1,4-Dihydropyridine derivatives include
all compounds whose molecules contain a fragment of
this type, but the only drugs now produced are nifedipine
derivatives (Fig. 1a), for which nifedipine is the leader
compound in accordance with the term used in [2].


Fossheim et al., in their X-ray diffraction study [3]
showed that the 1,4-dihydropyridine ring has a boat
conformation. They also found a linear correlation
between the deviations of the nitrogen atom and the sat-
urated carbon atom, expressed through the mean tor-
sion angles of rotation around the bond lines of these
atoms; for the nitrogen atom, the deviation was smaller
than for the carbon atom. Later, the equilibrium ring
conformation was determined using molecular
mechanics [4] and ab initio [5] calculations for a num-
ber of 1,4-dihydropyridine blockers, this conformation
being nonplanar in all cases. Shishkin [6] inferred that
the conformational behavior of the dihydropyridine
ring is apparently dictated by the interplay between the
1,2-allyl stress and bond-angle stress at the saturated
carbon atom, as well as the conjugation of the lone pair
of the nitrogen atom with the 


 


π


 


-system of the ring.
Fossheim [7] and Ramusino and Vari [8] thought


that side ester groups are H-bonded to the receptor, and
the orientation of these groups influences bioactivity.
Therefore, conformation mapping for 1,4-dihydropyri-
dine blockers can be of great importance for design of
new drugs.


EXPERIMENTAL


The Cambridge Structure Database (CSD, version
5.28) was searched for structures containing a 1,4-dihy-
dropyridine fragment. Of the 684 structures found,
681 correspond to compounds with a tricoordinated
nitrogen atom. Of them, 409 structures contain an 


 


sp


 


3


 


-


hybridized carbon, while most of the other structures
contain substituted 4-pyridone, which is not a calcium
channel blocker, is an abundant aglycone in 


 


N


 


-glyco-
sides, and is used as a chelant in therapy. Of the 


 


sp


 


3


 


-car-
bon structures, 291 contain two carbonyls in the posi-
tions 3 and 5; only 54 structures are not carbonylated in
these positions. Of the dicarbonylated structures, 39 have
a five-membered homo- or heterocycle in the position 4
and 217 have a six-membered cycle in this position; in
213 structures, the cycle is aromatic and in 202 structures
this is substituted phenyl. Thus, nifedipine derivatives
remain the best studied 1,4-dihydropyridines.


The reference structural fragment used in further
search is shown in Fig. 1b. For characterizing the con-
formation of the dihydropyridine cycle, we chose dihe-
dral angles (


 


θ


 


N


 


 and 


 


θ


 


C


 


 for nitrogen and carbon atoms,
respectively), which correspond to the deviation of
ends (planes through three atoms) from the mean bot-
tom plane (four atoms); for the boat conformation, this
seems most illustrative. The orientation of carbonyls
was set by torsion angles 


 


ϕ


 


1


 


 and 


 


ϕ


 


2


 


 in cases of statisti-
cally indistinguishable groups and 


 


χ


 


 and 


 


ϕ


 


 in cases


 


Conformation of 1,4-Dihydropyridine Calcium Channel Blockers 
and H-Bonds in a Crystal


 


A. M. Banaru


 


Department of Physical Chemistry
e-mail: banaru@mail.ru


 


Received January 24, 2008


 


Abstract


 


—A statistical analysis of conformations for flexible 1,4-dihydropyridine calcium channel blockers,
which are derivatives of nifedipine, was performed on the basis of the data deposited with the Cambridge Crys-
tallographic Data Centre. Inequality of N and C deviations from the root-mean-square plane of the heterocycle
was verified. A correlation was established between the orientation of carbonyls and their ability to form
H-bonds in a crystal.
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Fig. 1.


 


 (a) Structural formula of nifedipine and (b) the ref-
erence fragment used in searching over the CSD (R
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where only the first carbonyl was H-bonded. N···O and
H···O distances in intermolecular N–H···O contacts
were denoted as 


 


D


 


 and 


 


d


 


, respectively. The resulting
numerical values of parameters were processed using
the Vista program package [10].


RESULTS AND DISCUSSION


In the absence of steric influences, the proportion of
the 


 


anti


 


–


 


anti


 


, 


 


syn


 


–


 


syn


 


, and 


 


syn


 


–


 


anti


 


 carbonyl orienta-
tions should roughly be 1 : 1 : 2. For the initial reference
fragment (Fig. 2a), this proportion is heavily spoiled in
favor of the 


 


anti


 


–


 


anti


 


 orientation; this is explained by
the multiplicity of structures in which the carbonyl car-
bon atom enters the cycle. Therefore, to exclude these
structures, cyclicity was forbidden in further searching.
Figure 2b shows that the 


 


syn


 


–


 


syn


 


 form dominates over
the 


 


anti


 


–


 


anti


 


 form, apparently because of the influence
of the bulky aromatic substituent.


In about 45% of the structures, either with or with-
out a normalized N–H bond length, there are short
H···O contacts, according to Bondi [11] (Figs. 3a, 3b).
However, it is common knowledge that the fraction of
H-bonded channel blocker structures is actually much
greater, and a search over short N···O distances verified
this. In the case at hand (Fig. 3c), the bound of our
accepted short distances does not completely corre-
spond to the sum of the van der Waals radii; however,
structures are known in which the N···O distance for a
topologically evident H-bond exceeds this sum [12].


Figure 4b shows the torsion angle distribution for
the above short distances (Fig. 3c). The a priori proba-
bility of finding carbonyl in the 


 


syn


 


 position from the
general sample (Fig. 4a) is about 0.61, whereas the
probability derived from the partial sample for an H-
bonded carbonyl (Fig. 4b) is about 0.33. This implies a
correlation between the existence of an H-bond and
carbonyl 


 


anti


 


-orientation: an H-bond prefers orienta-
tion. The correlation of the fractions of 


 


anti


 


–


 


anti


 


 spe-
cies in the general and partial samples (11 and 10%,
respectively) proves the lack of correlation between the
existence of an H-bond and the steric influence of the


bulky aromatic substituent; in other words, this substit-
uent by no means hinders H-bonding.


The 


 


θ


 


N


 


–


 


θ


 


C


 


 dependence for all 409 structures con-
taining a dihydropyridine moiety (the linear regression
factor 


 


R


 


 = 0.9; the slope is 0.52) verifies the earlier
observed correlation [3] and the inequality of the devi-
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 Circular distribution diagram for 
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and 
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 spe-
cies (a) among all structures with the reference fragment
and (b) among the structures with an acyclic carbonyl car-
bon atom. The sectors corresponding to the 
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 spe-
cies are dark gray, those corresponding to 
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 species
are light gray, and those corresponding to 
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 species
are unshaded.
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structures with (a) an unfixed N–H distance and (b) a fixed
N–H distance (1.009 Å). (c) 
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ations of C and N atoms from the plane of the cycle.
This inequality is explained by the conjugation of the
nitrogen lone pair with the 


 


π


 


-system of double bonds in
the cycle.


Comparing the torsion angle diagrams for dicarbon-
ylated dihydropyridine and pyridine (Fig. 5), we infer a
possible conjugation of C=O and C=C double bonds in
carbonylated dihydropyridine; in Fig. 4a, there are
regions of points with 


 


ϕ


 


1


 


 near –120


 


°


 


, corresponding to
amides with spoiled conjugation.
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 Two-dimensional torsion angle distribution diagram and circular distribution diagram for 
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eral sample of structures with R
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 < 0.1) and (b) in a sample with an H-bond. 
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 is the torsion
angle for the H-bonded group. The sectors of the circular diagrams are colored to correspond to coloring in Fig. 2.
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Synthesis of chiral compounds is one of the most
rapidly progressing fields of modern chemistry. The
current importance of this field is due to the fact that
many drugs contain chiral centers. As a rule, a positive
therapeutic effect is due to only one optical isomer. The
other isomer can cause serious side effects (as was the
case with thalidomide) or rapid habituation (as anti-
asthmatic drugs based on 


 


β


 


2-receptor agonists). In this
context, since 1999, the US Food and Drug Administra-
tion requires that the optical purity of drugs containing
a chiral center (centers) should be at least 99%.


The Nobel Prize in chemistry in 2001 was awarded
for the development of chemical syntheses and chiral
compounds. However, classical organic syntheses of
these compounds have a number of significant draw-
backs, which hinder their wide use. The most serious
are as follows:


(1) the absence of a high enantioselectivity (the
reaction usually produces a racemic mixture; in the
majority of the other cases, the prevalence of one iso-
mer is insignificant);


(2) the absence of high regioselectivity (in the pres-
ence of two groups with identical structures and reac-
tivities (e.g., two keto groups), in most cases, a selective
transformation of one group is impossible without the
same reaction occurring at the other);


(3) a low overall selectivity of the process (in classi-
cal organic chemistry, as a rule, several alternative reac-
tions can occur concurrently; refinement from byprod-
ucts increases the cost of production of the desired
product);


(4) a low yield of the desired product (because of the
synthesis of the second isomer and byproduct forma-
tion, the yield of the desired isomer only infrequently
exceeds 60–70%);


(5) strong deviations of the process parameters from
the standard temperature and pressure (as a rule, many
reactions in classical organic chemistry are carried out


at elevated pressures and temperatures and require the
use of organic solvents).


The above factors necessitate additional safety mea-
sures and greater expenditures for refinement and the
elimination (recycling) of organic solvents. The use of
enzymes as biocatalysts for synthesis of chiral com-
pounds can easily eliminate the weaknesses of classical
organic chemistry. Enzymes have extremely high regio-
and enantioselectivity; they catalyze reactions without
byproduct formation, and the processes are carried out
in aqueous solutions at 25–35


 


°


 


C. Target products are
obtained in more than 85–90% yields (very frequently,
95–99%) and have an optical purity of 99% or higher.
As a result, the refinement cost is only a small part of
the overall cost of the process.


All biocatalytic processes of chiral synthesis can be
categorized into two groups. One group comprises
enzymatic reactions based on the selective chemical
transformation of one optical isomer in the racemic
mixture. This approach was one of the first in use. It is
employed when ordinary chemical synthesis is a suffi-
ciently cheap and simple route to racemic mixtures
compared to the preparation of precursor compounds
for chiral-center-generating processes (see below).
Chemical transformation of one isomer can either con-
serve the chiral center or not. The first variant is exem-
plified by reactions with hydrolases; hydrolases can
specifically catalyze the formation or hydrolysis of
esters or amides of one isomer. The second variant is
exemplified by reactions with oxidases (amine oxi-
dases, D- or L-amino acid oxidases). Evidently, the
yield of the desired isomer from the racemic mixture is
at most 50%. With D- or L-amino acid oxidases,
byproduct 


 


α


 


-ketoacids are also valuable compounds;
their preparation by classical organic synthesis is not a
trivial problem.


The other group of processes is intended to prepare
chiral compounds from achiral precursors. Evidently,
in this case, the maximal yield of the desired isomer
amounts to 100%.
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Abstract


 


—Characteristic features and modern trends in the biocatalytic synthesis of chiral compounds have
been discussed. New processes of biocatalytic synthesis use at least two enzymes. Whole cells of recombinant
strains are utilized as biocatalysts, and the complete set of target enzymes can be expressed in a single cell.
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The three major types of reactions used in this type
of process are described below.


 


Reduction of various groups with the use of
dehydrogenases and oxidoreductases.


 


 Dehydrogena-
ses are enzymes with the highest stereoselectivity. For
example, the well-known alcohol dehydrogenase from
baker’s yeast makes only one stereochemical error
(synthesis of the second (undesired) optical isomer) per
seven billion catalytic cycles. Although lactate dehy-
drogenase is inferior to alcohol dehydrogenase in its
stereoselectivity (one stereochemical error per seven
million catalytic cycles), it helps to prepare samples
with optical purity several orders of magnitude higher
than the current norm of 99%.


A weakness of reactions with the participation of
dehydrogenases and reductases is the need to use the
reduced species of the coenzyme nicotinamide adenine
dinucleotide or nicotinamide adenine nucleotide phos-
phate (NADH and NADPH, respectively). These com-
pounds are very expensive. The production cost of 1 kg
of NADH and NADPH is about US$5000 and
US$100000, respectively. Therefore, a second enzyme
is introduced into the system to reduce the cost; this
enzyme catalyzes the reduction of the oxidized coen-
zyme species formed in the main reaction (NAD(P)


 


+


 


)
back to NADH and NADPH. The enzymes used for
NAD(P)H regeneration should have a broad pH opti-
mum of activity and use cheap substrates; the reactions
catalyzed by them should be irreversible to ensure a
thermodynamic impact on the equilibrium of the main
reaction and a conversion in the desired process of
100%. In addition, the substrate and the product of the
second reaction must not inhibit the major enzyme and
must be easily removed during the purification of the
final desired product. In principle, the major enzyme
(e.g., isopropanol/alcohol dehydrogenase) can also cat-
alyze the second reaction; numerous experiments, how-
ever, showed that it is more reasonable to use a special
enzyme. Formate dehydrogenase and glucose dehydro-
genase, two widely used enzymes, showed the best
results. Formate dehydrogenase exceeds glucose dehy-
drogenase in almost all parameters. We should espe-
cially note that the energy content of formate is several
times that for glucose; the formate oxidation product
(CO


 


2


 


) is easily removed from the reaction mixture,
whereas additional efforts are needed to remove the
glucose oxidation product. A drawback of formate
dehydrogenase is its lower specific activity compared
to glucose dehydrogenase (about one-tenth). Each
enzyme, however, has found its own use.


Of the processes of the second group, reactions cat-
alyzed by dehydrogenases and reductases are most
widely used for synthesis of chiral compounds. Cur-
rently, the efficiency of NAD(P)H regeneration reaches
one million cycles; as a result, the cost of the coenzyme
use accounts for less than 1–2% in the overall cost of
the target product. The main problem here is the stabil-
ity of coenzymes (especially of NADP


 


+


 


 and NADPH)


during the reaction. Fresh portions of coenzyme should
be added to compensate for those degraded. Degussa in
the middle 1990s implemented a process for 


 


tert


 


-L-leu-
cine synthesis using leucine dehydrogenase as the
major enzyme and formate dehydrogenase as the
enzyme for NADH regeneration.


The reaction is carried out in a cascade of two flow-
through membrane reactors; polyethylene-immobilized
NAD


 


+


 


 is used for the retention of coenzymes in the
reaction zone. Currently, this process is used for enzy-
matic chiral synthesis on the largest scale (producing
tens of thousands of tons per year).


 


Oxidation reactions.


 


 These reactions are catalyzed
by various hydroxylases (e.g., cytochromes P450) and
monooxygenases. Stereochemical oxidative hydroxy-
lation reactions are abundant in nature. They produce
various steroids. Cyclomonooxygenases catalyze the
reactions in which the cycle increases by one atom as a
result of oxygen incorporation. This reaction is known
in organic chemistry as the Bayer–Villiger reaction.
The centenary of its discovery was celebrated in 2006.
Processes involving hydroxylases and oxygenases also
require the reduced coenzyme species NAD(P)H, and
all said above regarding coenzyme regeneration fully
applies to them. Most (more than 98%) reactions with
enzymes of this group require the use of NADPH.


Native formate hydrogenases are distinguished by
high NAD


 


+


 


 specificities and very low (or null) activities
with NADP


 


+


 


. This retards the development of these
processes with hydroxylases and monoxygenases as
compared to those using NAD


 


+


 


-specific dehydrogena-
ses and reductases. Activities in this field started with
the design of mutant NADP


 


+


 


-specific formate dehydro-
genases from 


 


Pseudomonas


 


 sp. 101.


 


Stereochemical condensation of cyanide ion with
ketones and aldehydes.


 


 This reaction is catalyzed by
special enzymes, nitrilases. Although this reaction has
come into use only recently, it has received much atten-
tion because of the simplicity of its implementation
(with the provision of an enzyme with the required sub-
strate specificity and stereospecificity) and because it
does not need other substrates.


Characterizing the modern trends in biocatalytic syn-
thesis of chiral compounds, we can note the following:


(1) New biocatalysts are searched, and their cata-
lytic properties and stability are improved. To some
extent, the high substrate, regio-, and stereospecificity
is a drawback of enzymes; a highly specific biocatalyst
for one process cannot be used for another. Genetic
engineering and bioinformatics are now widely used to
find new enzymes. Sequencing of a large number of
genomes and development of bioinformatic approaches
to annotation of new enzymes enable researchers to
search known genomes for enzymes with the desired
catalytic activity in a targeted way theoretically (we
may say, “with the tip of a pen”). Natural genomes are
even more diverse, especially in uncultured microor-
ganisms from deep-sea sources, volcanos, salt lakes,







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 63


 


       


 


No. 2


 


      


 


2008


 


MODERN TRENDS IN BIOCATALYTIC SYNTHESIS OF CHIRAL COMPOUNDS 113


 


and other sources. In this case, metagenome screening
is used, which does not require the isolation of pure cul-
tures. Sources range from samples of Arctic and Ant-
arctic seawaters (the well-known lipase from 


 


Candida
antarctica


 


 was discovered in this way) to bovine rumen
or the intestines of simple worms.


The next stage is to refine the catalytic properties
and stability of the enzyme found. The methods widely
used for this purpose include targeted search (rational
design) and random search (directed evolution, experi-
mental evolution, genomics, and other methods). Inten-
tionally designed highly productive recombinant
strains are used to prepare biocatalysts.


(2) A complex approach using several enzymes is
implemented. Recall that the yield of the desired opti-
cal isomer and racemic mixture cannot exceed 50%.
For large-scale production (tens of tons or higher), this
amount of waste inevitably requires the development of
special utilization processes; the overall cost of the
product will increase. Instead, it would be more perti-
nent to develop additional processes for converting
wastes into the desired product. Two approaches are
now used. If the product of the enzymatic reaction is the
target compound, the other optical isomer is treated
with the specific enzyme racemase, and the desired
product is produced by the major reaction from the
resulting racemic mixture. If the undesired isomer is
removed from the racemic mixture, the second enzy-
matic reaction can convert it to the target product.


(3) Whole cells, and not separated ones, are used as
biocatalysts. The synthesis and purification of an
enzyme are rather expensive processes. Therefore, the
use of whole cells of recombinant strains (producing
desired enzymes) as biocatalysts has been progres-
sively increasing during the last decade. In this case, the
absence of enzyme purification stages decreases the
process cost. When dehydrogenases, reductases,
hydroxylases, and oxygenases are used for biotransfor-
mation, additional coenzymes are not needed. The
amounts of coenzymes contained in the cell are suffi-
cient. In addition, coenzyme biosynthesis by the cell
itself compensates for coenzyme lost by degradation.
With the use of whole cells, glucose dehydrogenase is
widely used for the regeneration of NADH and, espe-
cially, NADPH; the product of glucose oxidation is


then used by the cell to maintain its life. Formate dehy-
drogenase is also widely used for NADH regeneration
in cells because of the occurrence of an additional reac-
tion for the production of NADH, independently of the
existing metabolic routes, for utilization in both
biotransformation and in the cell life cycle without
additional metabolites.


The use of recombinant strains—biocatalyst pro-
ducers—has one advantage over the native precursor
strains. In this case, it is possible to express the entire
required set of enzymes in the desired proportion in one
cell. Unnecessary metabolic enzymes can be excluded
from recombinant strains by genetic engineering. As a
result, intermediate metabolites are intentionally uti-
lized only in the synthesis of the desired product,
whereas byproduct formation and nonspecific utiliza-
tion of the desired compound are inhibited. An example
is the use of 


 


Rodococcus


 


 strains for preparing acryla-
mide from acrylonitrile. The final product is a 40%
aqueous solution of acrylamide, which can be used
(after a minimum purification or, in most cases, as syn-
thesized) for the designated purpose.


For recombinant strains (producers), methods have
been developed for preparing high-density cultures
with yields of up to 70–100 g primary cells per liter of
the medium, which is unachievable for native strains.
Low-cost synthetic media are used for recombinant
strains, which makes it possible to reach high cell
yields with high precision. For native strains, if the sup-
plier of these components is changed, variations in the
components of the medium require the optimization of
growth processes, which increases costs. The produc-
tion cost of biocatalysts based on recombinant strains is
at least one to two orders of magnitude lower than that
for native strains. As a result, the reuse of the biocata-
lyst becomes unnecessary. Most companies (Degussa,
DSM, Dow Chemical, and others) now follow this
route.


ACKNOWLEDGMENTS


This work was supported by the Russian Foundation
for Basic Research (project no. 05-04-49073a). 







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 6, pp. 321–323. © Allerton Press, Inc., 2008.
Original Russian Text © M.S. Shadrina, B.L. Grigorenko, A.V. Nemukhin, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008, No. 6, pp. 389–391.


 


321


 


Study of mechanisms of enzyme catalysis, includ-
ing elementary chemical transformations at the active
sites of protein systems, is required for gaining knowl-
edge of functioning living cells and for solving practi-
cal problems of pharmaceutics and bioengineering [1].
Experimental methods used for studying enzyme reac-
tions, including routine kinetic measurements (often in
combination with gene engineering techniques), as
well as X-ray crystallographic study of enzyme com-
plexes with substrate or inhibitor analogues, provide
very important information on the mechanisms of com-
plex transformations in proteins. Computer-aided cal-
culations by modern molecular simulation methods,
namely, molecular mechanics (MM), molecular
dynamics (MD), quantum chemistry, and combined
quantum mechanics/molecular mechanics (QM/MM)
methods, can complement experimental studies, pro-
vide new information, and ensure visualization of
enzyme catalysis processes with atomic resolution.


The MM and MD methods, which are based on the
use of empirical and semiempirical force fields for
describing atom–atom potentials, are currently the
most accepted tools for simulation of biomolecular sys-
tems since they can be used for computer-aided calcu-
lations of structures with hundreds and thousands of
atoms. For decades, the force field parameters have
been determined and refined from experimental data; in
recent years, they have also been found from quantum-
chemical computational data. Nevertheless, the ques-
tion of whether simulation of biomolecules with force


fields is adequate is constantly debated in the literature.
It is evident that methods based on quantum equations
for interaction potentials are preferable for describing
chemical reactions, i.e., chemical bond breakage and
formation. However, even in problems dealing with the
structural aspects of biomolecules, difficulties can arise
when empirical force fields are used.


In this paper, we discuss the structure of the
enzyme–substrate complex of one of the most impor-
tant enzyme catalysis systems, the EF-Tu protein in the
EF-Tu–ribosome complex with guanosine triphosphate
(GTP), which was determined by the QM/MM method
and from MD simulation with the CHARMM force
field.


Elongation factor EF-Tu is of crucial importance in
protein biosynthesis. The process involves rapid GTP
hydrolysis to guanosine diphosphate and inorganic
phosphate in the ternary complex EF-Tu · GTP · ribo-
some. Kinetic measurements showed that the critical
amino acid of the enzyme is His85 [2]. For theoretical
study of GTP hydrolysis, we constructed a model based
on the crystal structure of protein EF-Tu with a GTP
analogue (protein data bank code 1EFT). The model
contains a nonprotonated GTP molecule, 210 water
molecules (including the reactive molecule), a magne-
sium cation, and the amino acid residues of EF-Tu in a
radius of about 20 Å from the phosphorus atom of the 


 


γ


 


phosphate group of GTP. The quantum subsystem com-
prised 36 atoms, including two terminal CH


 


3


 


 groups.
The MM part consisted of 1811 atoms combined in
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Abstract


 


—The equilibrium geometric configurations of the enzyme–substrate complex for guanosine triphos-
phate hydrolysis by elongation factor EF-Tu calculated using two theoretical approaches, a combined quantum
mechanics/molecular mechanics (QM/MM) method and a molecular dynamics method, are compared. The
reaction complex geometry determined by the QM/MM method is consistent with the accepted reaction mech-
anism, whereas, in the enzyme–substrate structure predicted by the molecular dynamics method with the
CHARMM force field, the relative positions of the nucleophilic reagent (water molecules) and the base (a his-
tidine side chain) do not correspond to the optimal reagent arrangement.
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556 effective fragments. The energies and forces in the
QM subsystem were calculated by the Hartree–Fock
method with the LANL2DZdp basis set and corre-
sponding pseudopotential for the phosphorus atom.
The energies and forces in the MM subsystem were
determined with the use of the AMBER force field
parameters.


The equilibrium geometry of the enzyme–substrate
complex (Fig. 1) was determined from the results of
calculations by the flexible effective fragment QM/MM
method [3, 4].


It is important that the reactive water molecule
(denoted as Wat in Fig. 1) has the optimal orientation of
the hydrogen bonds involving the His85 and Thr62 side
chains for nucleophilic attack at the P


 


γ


 


 atom of the ter-
minal phosphate group of the GTP molecule. A similar
orientation of the reactive water molecule and a dis-
tance from the water oxygen atom to P


 


γ


 


 of 3.1 Å are
typical of the dissociative mechanism of enzyme
hydrolysis of nucleoside triphosphate molecules.
According to this mechanism, the transition state that
appears upon the rupture of the P


 


γ


 


–O


 


βγ


 


 bond induced by
the protein environment corresponds to the planar con-
figuration of the  group. The nucleophilic attack
of the reactive water molecule occurs at the P


 


γ


 


 atom
with proton transfer until the formation of inorganic
phosphate. Rather realistic activation barriers have
been reported for this mechanism [5–7].


To verify the efficiency of classical MD methods for
simulation of the enzyme–substrate structure (Fig. 1),
we carried out a computational experiment with the use
of the NAMD2 program package [8] with the
CHARMM force field. Previously, the geometry of the
enzyme–substrate complex was determined by the
QM/MM method and the coordinates of all atoms of the


Pγ O3
–


 


model system were optimized to correspond to an
energy minimum with the given force field parameters.
Then, from these atomic positions, a molecular
dynamic trajectory lasting for 4 ns was calculated and
the new coordinates of the system were again opti-
mized to achieve minimum energy. As a result, a new
enzyme–substrate structure was obtained, which is
consistent with the interaction potentials of the
CHARMM force field.


Figure 2 shows a superposition of the structures of
the enzyme–substrate complex for GTP hydrolysis in
the EF-Tu active site found by two methods. As a
whole, these structures are not very different, which is
consistent with the widely accepted conclusion that the
MD method adequately describes structures. However,
concerning the orientation of the reactive water mole-
cule with respect to the 


 


γ


 


-phosphate group of the GTP
molecule and the His85 side residue, the structure of
the active enzyme–substrate site obtained by the MD
method does not allow one even to propose a scheme of
the hydrolysis reaction. It is evident that attempts to
simulate the nucleophilic attack of the water molecule
at the 


 


γ


 


-phosphate group of GTP beginning with this
configuration will lead to significantly overestimated
activation barriers as compared with the reaction path
beginning with the structure shown in Fig. 1.


Thus, our simulation results show that MD predic-
tions with the use of classical force fields should be
treated with care even if the stages of chemical bond
breakage and formation are not considered.
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Fig. 1.


 


 Structure of the enzyme–substrate complex for GTP
hydrolysis in the EF-Tu active site calculated by the
QM/MM method.


 


Fig. 2.


 


 Superposition of the structures of the enzyme–sub-
strate complex for GTP hydrolysis in the EF-Tu active site.
The QM/MM structure is shown in gray, and the structure
obtained by MD simulation is shown in black. 
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Conformational flexibility is essential for function-
ing of all enzymes, the proteins executing and control-
ling all functions in living organisms. The most spec-
tacular representatives of protein flexibility are the rel-
ative movements of the larger structural units, such as
modules or domains within multidomain enzymes (cf.
reviews [1–3]). The structural principles that govern
such movements, as well as the specific role of motions
in the biological function, have not been clarified. The
mechanism of communication between modules and
domains and its control by the bound substrate(s) have
to be delineated for an understanding of catalysis.


Domain closure over the active sites of multidomain
enzymes can often create an optimal environment for
catalysis, orienting the substrate reactive groups prop-
erly and/or impeding side reactions. In order to reach
general conclusions on the structural and functional
aspects of domain closure, individual cases must be
investigated. In addition to comparison of the extreme
conformations (e.g., [2, 4–6]), simulation of the motion
by computer modeling (e.g., [7–9]) and more complex
investigations including functional studies (e.g., [10,
11]) are needed.


3-Phosphoglycerate kinase (PGK), a typical hinge-
bending enzyme, has been chosen for the present study.
It is an essential enzyme for basic carbohydrate metab-
olism. PGK catalyzes the phosphotransfer from 1,3-
bisphosphoglycerate (1,3-BPG) to MgADP and pro-
duces 3-phosphoglycerate (3-PG) and MgATP during
glycolysis of aerobes, fermentation of anaerobes, and
photosynthesis of plants. In addition to its physiologi-
cal activity, human PGK can phosphorylate the nonnat-
ural 


 


L


 


-nucleoside analogues that are used in antiviral


 


1
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and anticancer therapies [12, 13]. In this way PGK pro-
duces the pharmacologically active triphosphate forms
of these compounds and regulates their levels in the
cell.


PGK is a monomer with two structural domains of
equal sizes. The C domain binds the nucleotide sub-
strate (MgATP or MgADP), while the N domain binds
3-PG or 1,3-BPG (Fig. 1a). Several open [14–20] and
closed [21, 22] crystal structures of PGK are known,
and one pair of them is illustrated in Fig. 1b. Domain
closure was also evidenced by small angle X-ray scat-
tering (SAXS) studies [23, 24]. With its conserved
structure, including the well-structured interdomain
region, PGK is a suitable model to study the details of
domain–domain interplay and its regulation by sub-
strates.


PGK exhibits unusual functional behaviors that may
be associated with the domain movements. As shown
long ago, PGK is activated by various multivalent phys-
iological anions (such as phosphate, pyrophosphate, or
citrate), as well as by an excess of either substrate,
3-PG, or MgATP [25]. Up to now, however, no defini-
tive explanation could be given. We have proposed a
model [26] that assumes the existence of a secondary
regulatory (activating) site for each substrate or anion
in addition to the primary catalytic site. It also explains
inhibition at high concentrations of anions. At low con-
centrations, an anion can bind to the activating site and
increase PGK activity, while at high concentrations the
anion can replace the substrate at the catalytic site and
therefore become inhibitory. Based on these models,
we have derived kinetic equations that describe satis-
factorily the kinetic data (cf. the curves with wild-type
PGK in Figs. 2a and 2b).
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Abstract


 


—Comprehensive studies with 3-phosphoglycerate kinase revealed the details of transmission of a
substrate-triggered conformational effect towards the main molecular hinge at the 


 


β


 


-strand L. The unusual
kinetic behavior (activation by anions) and flexibility of the phosphate chain of the nucleotide substrate(s) can
be related to domain movements. Both phenomena are due to interactions with the catalytic Lys residue, which
moves more than 10 Å during domain closure. This movement occurs, in concert with operation of the main
hinge, under the simultaneous action of the two substrates.
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Thus, the kinetic data argue in favor of the existence
of a secondary regulatory site, but crystallographic and
part of the solution binding data (e.g., [27]) support the
existence of only a single site for each of the two sub-
strates. On this basis, we put forward a hypothesis that
the regulatory site is formed only during domain clo-
sure, i.e., during the catalytic cycle.


Another crucial observation with PGK is the various
positions of the bound nucleotide phosphates (or of the
analogues) as determined from crystal structures [16,
19, 20, 28]. In the two extreme cases, the nucleotide
phosphate either interacts with helix 8 (as for the ana-
logue MgAMP-PCP) or helix 13 (as for MgADP (not
shown) or the analogue MnAMP-PNP), while the phos-
phate chain of MgATP occupies an intermediate posi-
tion (Fig. 3). The crystallographic 


 


B


 


-factor values of
helix 13 correlate well with these crystallographic
observations: helix 13 becomes more ordered due to the
interaction with the nucleotide phosphate (Table 1).


Solution experiments, however, do not always cor-
relate with the crystallographic data. Similar behaviors
of MgATP and its analogues have been detected in both
isothermal titration (ITC) and differential scanning
(DSC) microcalorimetric experiments, in contrast to
the crystallographic data. ITC experiments showed
stronger binding of MgADP with large binding
enthalpy on the one hand and weaker binding of
MgATP (or its analogue MgAMP-PNP) with large
binding entropy on the other hand. The large entropy
value is consistent with the flexibility of MgATP phos-
phates [20] (Table 1). DSC experiments also revealed a
much stronger stabilization effect of MgADP on PGK
conformation as compared to MgATP, while the two
structural analogues of ATP, AMP-PNP and AMP-PCP,
behaved similarly to ATP [20, 29] (Table 1).


Thus, the binding modes of MgATP and its ana-
logues, AMP-PNP and AMP-PCP, are similar in solu-
tion but different in the crystal. This contradiction has
led to a second hypothesis: in solution, the flexible
phosphate chain of MgATP may fluctuate between the
termini of helices 8 and 13 and thereby it may assist in
the relative movement of these helices during domain
closure. The large binding entropy of MgATP as deter-
mined in the ITC experiments is consistent with this
hypothesis. In the crystal, however, the phosphates are
fixed in one or the other position, depending on the
crystallization conditions.


There is a completely conserved Lys 215 in helix 8,
the side chain of which can interact with MgATP. In this
way, MgATP may promote movement of helix 8 closer
to helix 13 during domain closure. It is also remarkable
that this side chain moves a distance of at least 10 Å
during domain closure.


In both hypotheses, the peculiar behaviors of PGK
(activation by anions and variations in the nucleotide
binding modes) were related to the occurrence of
domain closure.


The hypotheses were tested by several approaches:
(i) modeling of anion binding to PGK, (ii) site-directed
mutagenesis of Lys 215, and (iii) graphical analysis of
various PGK crystal structures.


Due to difficulties in experimental detection of a
secondary (possibly weak) anionic site, we modeled
binding of anions into the PGK molecule. Remarkable
docking results were obtained only in case of the closed
PGK crystal structure [30], supporting our hypothesis
that the activating anion site is formed upon domain
closure. Fig. 4 illustrates the binding of an activating
phosphate ion outside the closed active site. The
anionic site is constituted by participation of Arg 65
(N domain) and Lys 215 (C domain), respectively.


It is remarkable that the docking suggested interac-
tion of the anion with the same Lys 215, which may
also temporally interact with the nucleotide phosphate.


This bound anion may regulate domain closure and
opening. In order to test the role of Lys 215, we carried
out site-directed mutagenesis. It was changed either to
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Fig. 1.


 


 Schematic representation of PGK three-dimensional
structure (a) and the conformational changes during domain
closure (b). The arrangement and labeling of the secondary
structural elements are shown in (a) as determined in the
crystal structure of the 3-PG*MgADP ternary complex of
pig muscle PGK [18]. The open (gray) and closed (black)
structures of the 3-PG binary complex of pig muscle [17]
and of the 3-PG*MgADP ternary complex of 


 


Trypanosoma
brucei


 


 [21] PGKs, respectively, are superimposed accord-
ing to the backbone atoms of the core b-strands of the C-ter-
minal domain in (b). The positions of bL are highlighted by
ribbons of the respective colors. The bound substrates are
indicated by ball and stick models in both figures.
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 Substrate saturation kinetic curves (a) and the anion activation–inhibition kinetics (b) of wild-type and mutant human PGKs
[30]. Activity of 9 nM wild-type (


 


1


 


) and 4 mM K215A (


 


2


 


) and 0.8 mM K215R (


 


3


 


) mutant PGKs were measured as a function of
MgATP concentration in the presence of 10 mM 3-PG (a) and as a function of pyrophosphate concentration in the presence of
0.5 mM 3-PG and 0.5 mM MgATP (b). The time courses of the PGK-catalyzed reaction were recorded spectrophotometrically at
340 nm by using a coupled assay system. The continuous lines represent the best fits of the experimental points in (a) and (b) to
Eqs. (1) and (2), respectively, given in [26, 30]:
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where 


 


v


 


S


 


 stands for the activity at saturation of the catalytic site when no activation by an excess of substrate (S) occurs; the acti-


vation factor 


 


a


 


 can be varied between 0 and 1;  and  are the dissociation constants of substrates for the catalytic and acti-


vating sites, respectively; and
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where 
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0


 


 stands for the activity in the absence of bound anion (
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) at fixed substrate concentrations,  and  are the apparent
dissociation constants for the sites of activation and inhibition by anions, and 


 


n


 


 is the number of the inhibiting anion sites per PGK
molecule.
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Ala or to Arg and the results confirmed this assumption.
The substrate saturation curves are changed into hyper-
bolic ones (Fig. 2a) that lack activation at a high excess
of the substrates, and the mutants cannot be activated
by anions, just inhibited (Fig. 2b) [30].


Thus, modeling and mutagenesis studies have
proved the assumed relationship between anion activa-
tion and domain closure.


The kinetic and binding constants (Table 2) pro-
vided information about the binding mode of nucle-
otides. Increasing the 


 


K


 


m


 


 value for both mutants proved
the interaction of Lys 215 with the transferring phospho
group of ATP in the functioning ternary complex.
Weakening of MgATP binding (an increase in 


 


K


 


d


 


) even
in the absence of the other substrate indicates an initial
interaction of Lys 215 with the 


 


γ


 


-phosphate of MgATP
already in the open conformation of the nonfunctioning
binary complex.


Therefore, it follows that, during domain closure,
Lys 215 possibly moves together with the transferring
nucleotide 


 


γ


 


-phosphate; meanwhile this transferring
phosphate itself is being positioned for the catalysis. At
the same time, MgATP can assist in movement of
helix 8 during domain closure. All of these ideas are in
line with the hypothesis that mobility of the nucleotide
phosphate is related to the domain closure.


The next question was how the results are related
with operation of the main molecular hinge. We pro-
posed earlier the existence of this hinge at the 


 


β


 


-strand
L on the basis of comparison of two open and two
closed crystal structures [18]. As shown in Fig. 1b, the


 


β


 


-strand L is located between the two domains. The
question arose of whether the nucleotide phosphates, in
addition to interacting with helices 8 and 13 (as
described above), can affect the conformation of the
main hinge. Another relevant question is whether the
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simultaneous binding of both substrates is required for
closing the hinge. The necessity of both substrates was
observed from the crystal structures, which exhibit a
closed domain conformation only in case of the ternary
enzyme–substrate complexes containing both bound
substrates, and it was also confirmed by our SAXS
experiments with solubilized PGK [24].


In order to describe the operation of the molecular
hinge at 


 


β


 


L at the atomic level, we analyzed the con-
tacts of the conserved side chains and backbone atoms
in various open and closed crystal structures. Only two
additional backbone H bonds (black arrows) are formed
at the hinge in the closed conformation, in addition to
the gray atomic contacts, which are formed already in
the respective binary complexes (Fig. 5). The gray con-
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 Various positions of phosphates of the nucleotides
bound to PGK in the crystal structures. The surroundings of
the bound nucleotides (ball and stick models) are shown as
determined in the MgATP (black) binary complex of pig
muscle PGK [20]. The nearby helices (8 and 13) are shown
as black ribbons, while the interacting side chains are illus-
trated by gray stick models. MnAMP-PNP (gray (


 


1


 


)) and
MgAMP-PCP (gray (


 


2


 


)) are taken from separate crystal
structures of [28] and [19], respectively, and superimposed
according to all atoms of the adenine and ribose rings.
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 The possible binding mode of the activating phos-
phate ion to PGK. A phosphate ion (black ball and stick
model) was modeled into the closed conformation of the


 


Trypanosoma brucei


 


 PGK crystal structure [21] by docking
[30]. Secondary structural elements (black ribbons) and part
of the side chains (stick models) at the active site are illus-
trated. The side chains important for activity or activation
by anions are colored gray. The bound substrates MgADP
and 1,3-BPG are shown as gray ball and stick models. The
position of 1,3-BPG was suggested by docking into the
place of 3-PG, bound originally in the crystal structure.


 


Table 1.


 


  Binding characteristics of the nucleotide ligands to PGK*


Ligand


 


B


 


 factor
(helix 13)


ITC binding study DSC experiment


 


K


 


d


 


, mM


 


∆


 


H


 


, cal/mol


 


T


 


∆


 


S


 


, cal/mol


 


T


 


m


 


, 


 


°


 


C


 


∆Tm, °C


No 53.04 – – – 53.0 –


MgAMP-PCP 55.86 1.07 ± 0.25 – – 55.1 2.1


MgATP 38.87 0.26 ± 0.154 –1360 ± 280 3300 ± 80 54.9 1.9


MgAMP-PNP 27.09 0.35 ± 0.10 –1150 ± 145 3630 ± 160 55.0 2.0


MgADP 19.54 0.054 ± 0.008 –3180 ± 50 2530 ± 30 57.1 4.1


* The average crystallographic B-factor values for the backbone atoms of helix 13 were derived from the crystal structures of the substrate-
free enzyme [14] and of the complexes of PGK with 3-PG*MgAMP-PCP [19], with MgATP [20], with 3-PG*MgAMP-PNP [22], and
with MgADP [16]. The results of isothermal calorimetric (ITC) titrations and of differential scanning calorimetric (DSC) experiments
were taken from references [20] and [29], respectively.
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tacts describe the route of transmission of substrate-
triggered conformational changes from one domain to
the other. The two new H bonds complete a special H-
bonding network including βL. The separate binary
complexes are open structures, but under the concerted
action of the two substrates, the shape of the β-strand L
is substantially changed due to the formation of these
new H bonds. This is the key for domain closure. In this
way, βL acts as a double molecular switch, controlled
by the concerted action of both substrates. Naturally,
the closed conformation is stabilized by other contacts
as well, not shown here, including the contact with
Lys 215.


In summary, the catalytic cycle of PGK briefly con-
sists of the following events. Upon binding of both sub-


strates, under their concerted action, the shape of βL is
substantially changed, and this leads to closure of the
two domains. Simultaneously, an anion-binding site is
formed by the contributions of Lys 215 (C domain) and
Arg 65 (N domain). The activating anion can bind here
and stabilizes the closed active site, in which the reac-
tive groups are precisely oriented and the phospho
group is transferred between the two substrates. Anions
may also accelerate the subsequent domain opening
and dissociation of the products.
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Electrical transformer oil (ETO) is a highly refined
mineral oil that is stable at high temperatures and has
excellent electrical insulating properties. Polychlori-
nated biphenyls (PCBs), synthetic chlorinated organic
chemicals resistant to heat and chemically stable, are
widely used as dielectric fluids and heat transfer agents
in ETO. Nevertheless, PCBs are highly mutagenic and
carcinogenic compounds belonging to the larger group
of persistent organic pollutants (POPs) [1, 2]. In addition
to being lipophilic (bioaccumulative) and hardly
degraded by microorganisms, PCBs on incineration pro-
duce compounds such as dioxins and dibenzofurans,
causing toxic effects on living beings and the environ-
ment [3, 4]. In Venezuela, there are currently about
2600 t of PCBs corresponding to the national electric
and basic industries. Due to the incorporation of Venezu-
ela into the Stockholm Convention, is necessary to safe-
guard the final disposal, management, and degradation
of POPs such as PCBs [5, 6]. Bacteria have been shown
to degrade PCB compounds directly and cometaboli-
cally under anaerobic and aerobic conditions [7]. The
aim of this work is to isolate, identify, and characterize
autochthonous cultivable bacterial strains from a waste
ETO mixture in order to use them as biocatalysts in novel
green processes for ETO biodegradation.


MATERIALS AND METHODS


 


Isolation of Bacteria from Waste ETO
and Culture Conditions


 


A waste ETO sample was obtained from Electricity
of Caracas (Venezuela). A standard enrichment tech-
nique was used to isolate cultivable bacteria from waste
ETO. Erlenmeyer flasks (500 mL) containing a mixture
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of 100 mL Luria–Bertani (LB) medium [8] and 25 mL
ETO were incubated at 30


 


°


 


C in a rotary shaker
(200 rpm). Following five enrichment cycles, 1 mL of
the culture was diluted and plated on basal salt medium
(BSM) agar plates [9] supplemented with 25% (v/v)
ETO as a sole carbon and energy source.


 


ETO Chemical Analysis


 


To determine the saturated and aromatic fraction in
ETO samples, a method for separation of defined frac-
tions from petroleum products and lubricants was used
[10]. The PCB concentration was analyzed using ana-
lytical methods for Aroclors included in Environmental
Protection Agency Method 8082 using a capillary col-
umn with GC/ECD [11–13].


 


Molecular Identification of Bacterial Strains
from Waste ETO


 


Genomic DNA from each bacterial strain was
extracted as described previously [14]. Two different
DNA fingerprinting techniques were performed using
the ERIC-PCR [15, 16] and GIRRN-LIRRN [17] sets
of primers. PCR amplifications of the 16S rRNA gene
were performed as described previously [18, 19]; puri-
fication and sequencing was carried out using an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems,
Foster City, California). DNA sequence analysis was
performed using the Lasergene software package
(DNASTAR, Inc., United Kingdom), BLASTN [20],
and FASTA [21]. All other nucleic acid manipulations
were carried out by standard methods [22].
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Abstract


 


—Electrical transformer oil (ETO) includes as dielectric fluids hazardous compounds such as PAHs
and sometimes PCBs, which are highly toxic and resistant to degradation. Three species of bacteria, belonging
to 


 


Acinetobacter lwoffii, Bacillus amyloliquefaciens


 


, and 


 


Bacillus pumilus


 


, were isolated from waste ETO. Phe-
notypic and molecular assays revealed a high potential of 


 


A. lwoffii


 


 for catabolism of phenanthrene and ETO as
a sole carbon and energy source. This article reports for the first time the isolation, identification, and charac-
terization of bacterial diversity hidden in ETO.
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Ability of Bacterial Strains to Use Polyaromatic 
Hydrocarbons (PAHs) as a Sole Carbon


and Energy Source


 


The bacterial strains were tested for their ability to
grow on BSM agar (2% w/v) plates supplemented with
5% (w/v) naphthalene or phenanthrene as a sole carbon
and energy source and incubated at 30


 


°


 


C.


 


Molecular Detection of Genes Involved in PAH 
Degradation


 


The 


 


nah


 


Ac gene, encoding the large subunit of naph-
thalene dioxygenase, was amplified by PCR using the
following set of primers: FAc (5'-CCCYGGCGACTAT-
GT-3r) and RAc (5'-CCTCRGGCATGTCTTTTTC-3')
[23]. An 840-bp DNA fragment internal to the 


 


nah


 


Ac
gene from 


 


Pseudomonas putida


 


 R1 was used as a probe
in the hybridization experiments.


 


Ability of Bacterial Strains to Use Waste ETO
as a Sole Carbon Source


 


To study the ability to use ETO as a sole carbon and
energy source, the bacterial strains were grown in dif-
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Fig. 1.


 


 DNA fingerprinting of the 11 bacterial strains iso-
lated from waste ETO using GIRRN-LIRRN primer pairs.
Note that the presences of the three different groups of
strains are indicated with different symbols. 16S rRNA
gene sequencing confirmed that the three defined groups
belong to 


 


Acinetobacter lwoffii


 


 (one strain), Bacillus amy-
loliquefaciens (eight strains), and Bacillus pumilus (two
strains). (
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) 1-kb DNA ladder; (
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) PCB1; (
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) PCB2;
(
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(


 


9


 


) PCB8; (
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) PCB11; (
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) PCR
reaction control; (
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) 


 


P. putida


 


 9816 and 


 


Pseudomonas


 


sp. R1 used as controls, respectively.
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Fig. 2.


 


 Phenotypic characterization of bacterial strains according to their ability to grow with naphthalene or phenanthrene as a sole
carbon and energy source. Note that all bacteria were incapable of growth with naphthalene or phenanthrene except 


 


A. lwoffii


 


, which
was able to grow with phenanthrene. PCB2.2: 


 


A. lwoffii


 


; PCB2.1 and PCB11: 


 


B. pumilus


 


; PCB4 and PCB7: 


 


B. amyloliquefaciens


 


;
R1 and DH5a: 


 


Pseudomonas


 


 sp. R1 and 


 


E. coli


 


 DH5


 


±


 


 used as positive and negative controls, respectively.
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ferent carbon sources: (i) BSM supplemented with 1%
yeast peptone glucose medium (YPG), (ii) BSM sup-
plemented with 1% YPG and 1% ETO, (iii) BSM sup-
plemented with 1% ETO as a sole carbon source, and
(iv) BSM without a carbon source (as a control). The
Erlenmeyer flasks were inoculated in duplicate with 2%
(v/v) inoculum of each bacterium (1 


 


×


 


 10


 


8


 


 CFU/mL)
and were incubated in a rotary shaker (200 rpm) at
30


 


°


 


C for 4 days. Three samples of 0.5 mL were col-
lected every 3 h and the microbial growth was moni-
tored at OD


 


610


 


 using UV WinLab version 2.85.04 2000
software for a PerkinElmer Lambda 35 UV/Vis spec-
trophotometer.


RESULTS AND DISCUSSION


 


Bacterial Strains Isolated from Waste ETO Only 
Included Species of the Genera Bacillus


and Acinetobacter


 


There are a number of bacteria involved in biodeg-
radation of PCBs [24–26], but the diversity of bacteria
present in waste ETO and their potential for ETO bio-
degradation are unknown. In order to determine the
genetic diversity present in ETO, bacterial strains were
isolated by means of a standard enrichment technique


and identified through several molecular methods.
Eleven autochthonous bacterial strains were isolated
and axenically cultivated. DNA fingerprinting using the
ERIC-PCR [15] or GIRRN-LIRRN [17] primers was
performed for identifying and differentiating among
individual bacteria in the population. The GIRRN-
LIRRN results (Fig. 1) showed the presence of three
different groups, which were confirmed using ERIC-
PCR [17] (data not shown). The three defined groups of
strains were confirmed by 16S rRNA gene sequencing,
belonging to three different species, 


 


Acinetobacter
lwoffii


 


 (one strain), 


 


Bacillus amyloliquefaciens


 


 (eight
strains), and 


 


Bacillus pumilus


 


 (two strains), suggesting
a low genetic diversity present in waste ETO. The
results indicated that both DNA fingerprinting methods
used are useful for discriminating bacteria at the spe-
cies level. This work reports for the first time the isola-
tion, identification, and characterization of the bacterial
diversity present in waste ETO.


 


A. lwoffii Is Able to Use Phenanthrene as a Sole Carbon 
Source via the Phthalate Pathway


 


In order to study the capacity of bacterial strains to
catabolize PAHs, their ability to grow when naphtha-
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Fig. 3.


 


 (a) Naphthalene upper catabolic pathway genes of


 


 Pseudomonas


 


 strains named the 


 


na


 


h operon. (b) PCR amplification of the


 


nah


 


Ac gene encoding naphthalene dioxygenase from the 


 


na


 


h operon using genomic DNA from bacterial strains isolated from a
waste ETO mixture and from 


 


P. putida


 


 R1 used as a positive control. (c) Southern hybridization using an 840-bp DNA fragment
internal to the 


 


nah


 


Ac gene from 


 


P. putida


 


 R1 as a probe. Note that the presence of the 


 


nah


 


Ac gene was discarded in all bacteria
studied. (


 


1


 


) 1-kb DNA ladder; (


 


2


 


) 


 


B. pumilus


 


 11; (
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B. amyloliquefaciens


 


 7; (


 


6
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B. pumilus


 


10; (


 


7
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Pseudomonas


 


 sp. R1 (positive control); (


 


8


 


) PCR reaction control.
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lene or phenanthrene was used as a sole carbon and
energy source was tested. Phenotypic assays (Fig. 2)
showed that 


 


Bacillus


 


 and 


 


Acinetobacter


 


 species were
incapable of growth with naphthalene or phenanthrene,
while 


 


A. lwoffii


 


 was able to grow with phenanthrene.
These results are in accordance with the implication of


 


Acinetobacter


 


 species in the biodegradation of diverse
pollutants such as aromatic compounds and chlorinated
biphenyls [27–29]. To detect the presence of genes
involved in the degradation of PAHs in the bacterial
strains, the 


 


nah


 


Ac gene encoding the large subunit of
naphthalene dioxygenase from the naphthalene upper
catabolic pathway described in 


 


Pseudomonas


 


 strains
[30] was amplified by PCR (Fig. 3a). A DNA fragment
of 840 bp in 


 


P. putida


 


 R1 (positive control) was
expected. The results showed that the 


 


nah


 


Ac gene was
not present in any bacteria studied, except for a DNA


band of lesser size (about 800 bp) obtained in 


 


A. lwoffii


 


(Fig. 3b). To determine if this band corresponded to the


 


nah


 


Ac gene, hybridization analysis was performed.
The results (Fig. 3c) showed an 840-bp hybridization
band in 


 


P. putida


 


 R1 (positive control), as expected.
However, this band was not present in all bacteria stud-
ied, discarding the presence of the 


 


nah


 


Ac gene, charac-
teristic from the naphthalene catabolic pathway. Appar-
ently, 


 


A. lwoffii


 


 has different genes for phenanthrene
degradation from those reported in 


 


Pseudomonas


 


strains. 


 


Nocardioides


 


 sp. KP7 (


 


phd


 


 cluster genes) or


 


Alcaligenes faecalis


 


 AFK2 (


 


phn


 


 cluster genes), using
the phthalate pathway for phenanthrene degradation,
are unable to degrade naphthalene [30]. Both molecular
and phenotypic results suggest that 


 


A. lwoffii


 


 is able to
catabolize phenanthrene via the phthalate pathway.
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Fig. 4. Bacterial growth using different carbon sources: (1) BSM without a carbon source (negative control); (2) BSM + 1% ETO;
(3) BSM + 1% YPG; (4) BSM + 1% YPG + 1% ETO. Bacterial growth of (a) B. amyloliquefaciens; (b) B. pumilus; and (c) A. lwoffii.
Note that the growth of A. lwoffii using waste ETO as a sole carbon source was highly significant (p < 0.01) compared with both
Bacillus strains, indicating its high potential for use as a biocatalyst in ETO biodegradation.
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A. lwoffii Is Capable of Efficiently Using Waste ETO
as a Sole Carbon Source


ETO includes hazardous compounds such as PAHs
and, sometimes, PCBs, which are highly toxic and dif-
ficult to degrade. Chemical analysis revealed that the
ETO used in this work included, among other fractions,
65.7 and 6.6% of saturates and aromatics, respectively,
with <0.1 ppm of Aroclors 1242, 1254, and 1260. To
determine the potential of the bacterial strains in ETO
biodegradation, their ability to grow using different car-
bon sources was tested. The main results showed that B.
amyloliquefaciens was incapable of using ETO as a
sole carbon source (compared with the control) even
there was difference in absorbance 3 h (p < 0.01) after
inoculation, suggesting its low potential for use as a
biocatalyst in ETO biodegradation (Fig. 4a). B. pumilus
and A. lwoffii showed significant differences at 18–27 h
(p < 0.05) and 9–40 h (p < 0.01), respectively, using
ETO as a sole carbon source compared with the control
(Figs. 4b, 4c). However, the growth in A. lwoffii was
highly significant at 15, 24, and 36 h (p < 0.01) com-
pared with B. pumilus. In order to confirm the potential
of A. lwoffii in ETO biodegradation, a large-scale assay
(100 mL) using ETO as a sole carbon source was car-
ried out as described in Materials and Methods. Inter-
estingly, chemical analysis of biotreated ETO 15 days
after inoculation revealed a decrease to 63.1 and 1.6%
in the saturated and aromatic fractions, respectively.
Compared with values for nonbiotreated ETO, degra-
dation of 4 and 80% of the saturated and aromatic frac-
tions, respectively, was obtained. These results suggest
the ability of A. lwoffii to use initially low- and then
high-molecular-weight fractions present in ETO.
Acinetobacter species that can use various complex
mixtures of alkanes, aromatic compounds, and chlori-
nated biphenyls as a carbon source are considered as
efficient oil degraders [27] and important producers of
biosurfactants, which enhance biodegradation of satu-
rated and aromatic compounds [31, 32]. The results dis-
cussed in this article support the high potential of
A. lwoffii in environmental and biotechnological appli-
cations such as ETO biodegradation.


ACKNOWLEDGMENTS


This work was supported by the IDEA Foundation,
FONACIT (project no. S1-200500440), and the Minis-
try of Science and Technology of Venezuela. The
authors thank M. González, A. Reyes, N. Lander, and
L. Sena for technical assistance.


REFERENCES


1. Andersson, P., Physico-Chemical Characteristics and
Quantitative Structure-Activity Relationships of PCBs,
Thesis, Sweden: Umee University, 2000.
http://www.diva-portaI.org/umu/the-
ses/abstract.xsql?dbid= 17


2. Abraham, W., Nogales, B., Golyshin, P.N., Pieper, D.H.,
et al., Curr. Opin. Microbiol., 2002, vol. 5, p. 246.


3. Leigh, M., Prouzova, P., Mackova, M., Macek, T., et al.,
Appl. Environ. Microb., 2006, vol. 72, p. 2331.


4. Innovate Technology Group Polychlorinated Byphenils,
http://www.craworld.com.2005.


5. Manual TÈcnico para el Manejo de los Bifenilos Poli-
clorados y Lineamientos Estratftgicos para la Gestiyn
de los Bifenilos Policlorados en Venezuela, CD ROOM,
Caracas: MARNR, 2004.


6. Gil, M., Proyecto Intemacional de Eliminaciyn de los
COP. Fundaciyn Aguaclara Venezuela, Caracas: Univer-
sidad Central de Venezuela, 2004, http://
www.aguaclara.org/pdf/ pro-ipep-20060827.pdf


7. Supriyo, D., Saroj, P., Arthur, W., and Dutta, S., Int.
J. Hum. Genet., 2004, vol. 4, p. 281.


8. Miller, J., Experiments in Molecular Genetics, New
York, 1972.


9. Lee, M., Senius, J., and Grossman, M., Appl. Environ.
Microbiol., 1995, vol. 61, p. 4362.


10. Standard Test Methods for Separation of Asphalt into
Four Fractions Designation: D4124-01. http://enter-
prise.astm.org/ REDLINE_PAGES/D4124.htm


11. Poster, D.L., Schantz, M.M., Leigh, S.D., and
Wise, S.A., J. Res. Natl. Inst. Stand. Technol., 2004,
vol. 109, p. 245.


12. Method 8082 to Determine PCBs by Gas Chromatogra-
phy, http://www.epa.gov/SW-846/pdfs/8082.pdf.


13. Bernhard, T. and Petron, S., PCB Congeners in Ecological
Risk Assessment, http://web.ead.anl.gov/ecorisk/issue/pdf/
PCB%20IssuePaper Navy.pdf.


14. Chen, W. and Kuo, T., Nucleic Acids Res., 1993, vol. 21,
p. 2260.


15. Versalovic, J., Koeuth, T., and Lupski, J., Nucl. Acids
Res., 1991, vol. 19, p. 6823.


16. Bhattacharya, D., Sarma, P., Krishnan, S., Mishra, S., et al.,
Appl. Environ. Microbiol., 2003, vol. 69, p. 1435.


17. Jensen, M., Webster, J., and Straus, N., Appl. Environ.
Microbiol., 1993, vol. 59, p. 945.


18. Weisburg, W., Barns, S.M., Pelletier, D.A., and Lane, D.J.,
Bacteriology, 1991, vol. 173, p. 697.


19. Lu, J., Perng, C., Lee, S., and Wan, C., J. Clin. Micro-
biol., 2000, vol. 38, p. 2076.


20. Altschul, S., Gish, W., Miller, W., and Myers, E., Nucleic
Acids Res., 1997, vol. 25, p. 3389.


21. Pearson, W. and Lipman, D., Proc. Natl. Acad. Sci. USA,
1988, vol. 85, p. 2444.


22. Sambrook, J., Fritsch, E., and Maniatis, T., Molecular
Cloning: a Laboratory Manual, New York, 1989.


23. Moronta, F., Estudio Comparative de los Genes de la
Naftaleno Dioxigenasa en Bacterias Degradaddras de







MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 63       No. 2      2008


MOLECULAR CHARACTERIZATION OF BACTERIA ISOLATED 125


Crudos Extrapesados, Bachelor thesis in Biology, Cara-
cas: Universidad Central de Venezuela, 2006.


24. Furukawa, K., J. Gen. Appl. Microbiol., 2000, vol. 46,
p. 283.


25. Strand, S., Aerobic Biodegradation of Polychlorinated
Biphenyls, http://www.cfr.washington.edu/classes.esc518/
Lectures/aer%20PCB%20degrad.pdf.


26. Mohn, W., Westerberg, K., Cullen, W. R., and Reimer, K.,
J. Appl. Environ. Microbiol., 1997, vol. 63, p. 3378.


27. Abdel-El-Haleem, D., Afr. J. Biotechnol., 2003, vol. 2,
p. 71.


28. Sanggoo, K. and Picardal, F., Appl. Environ. Microbiol.,
2001, vol. 67, p. 1953.


29. Rusansky, S., Avigad, R., Michaeli, S., and Gutnick, D.L.,
Appl. Environ. Microbiol., 1987, vol. 53. p. 1918.


30. Habe, H. and Omori, T., Biosci. Biotechnol. Biochem.,
2003, vol. 67, p. 230.


31. Desai, J. and Banat, I. Microbiol. Mol. Biol. Rev., 1997,
vol. 61, p. 47.


32. Foght, J., Gutnick, D., and Westlake, D., Appl. Environ.
Microbiol., 1989, vol. 55, p. 36.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice






 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2008, Vol. 63, No. 6, pp. 324–325. © Allerton Press, Inc., 2008.
Original Russian Text © P.A. Golubev, G.Z. Tulibaeva, N.I. Shuvalova, O.V. Yarmolenko, 2008, published in Vestnik Moskovskogo Universiteta. Khimiya, 2008, No. 6,
pp. 392


 


−


 


394.


 


324


 


A polymeric electrolyte is an important component
of various electrochemical devices, such as electro-
chromic displays and electroluminescent devices, pri-
marily, most promising lithium batteries. The substitu-
tion of a solid electrolyte for a solid polymeric one in
lithium batteries expands their use from microelectron-
ics to electrical engines.


Preparation of polymeric electrolytes having high
electrochemical parameters is an important scientific
task. To fulfill this task, in addition to varying poly-
meric matrices, the electrolyte composition is modi-
fied; that is, additives of various characters (organic or
inorganic) and in various phase states (liquids or solids)
are used for this purpose.


The conductivity of useful polymeric electrolytes
should exceed 10


 


–5


 


 S/cm at room temperature. A con-
cept proposed and developed in [1–6] is to add Al


 


2


 


O


 


3


 


,
LiAlO


 


2


 


, SiO


 


2


 


, TiO


 


2


 


 and other powders to improve the
physicochemical properties of polymeric electrolytes.
Krawiec et al. [6] modified a polyethylene oxide–based
polymeric electrolyte by fine Al


 


2


 


O


 


3


 


 powders with parti-
cle sizes of 1 and 10


 


–3


 


 


 


µ


 


m. Comparison of the influence
of ceramic powders having various particle sizes (less
than 10 


 


µ


 


m and 10


 


–2


 


 


 


µ


 


m nanoparticles) showed that the
increase in conductivity induced by nanoparticles is
more than one order of magnitude greater than the
increase induced by 10 


 


µ


 


m particles.
Our goal in this work is to study the influence of


Li


 


3


 


N on the physicochemical properties of a polyester
diacrylate–based polymeric gel-electrolyte PGE [7].


Li


 


3


 


N is a crystalline solid, which is unstable in air
(lithium nitride rapidly reacts with water molecules to


yield ammonia). Li


 


3


 


N is one of the best known and
most promising materials with high ionic conductivity,
which amounts to 10


 


–4


 


 S/cm at 25


 


°


 


C [8].
In our prior work [9], we showed that the presence


of lithium nitride on the surface of a lithium anode
decreases the charge-transfer resistance at the lith-
ium/polymeric electrolyte interface. Therefore, it is of
interest to study this compound as an additive to a poly-
meric electrolyte and its influence on the electrochemi-
cal properties of the polymeric gel-electrolyte itself and
its interface with lithium metal.


In this work, we prepared lithium nitride by reacting
dry nitrogen with metallic lithium for 5 h at 100


 


°


 


C.
X-ray powder diffraction analysis was carried out on an
ARL X’TRA Thermo Electron instrument using
Cu


 


K


 


α


 


1


 


/


 


K


 


α


 


2


 


 radiation and a Peltier semiconductor detec-
tor in 


 


θ


 


–


 


θ


 


 geometry. The analysis of the received X-ray
diagram has shown that the sample contains 93.7% Li


 


3


 


N.
Li


 


3


 


N was ground on a Pulverizette ball mill Model 6
(Fritsch) under argon. The particle size was 100 nm.


Then, we prepared thin polymeric gel-electrolyte
films based on 20 wt % polyester diacrylate [7] and a
1 M LiClO


 


4


 


 solution in a propylene carbonate/


 


γ


 


-butyro-
lactone mixture (1 : 1 wt/wt) with 0.5 wt % or 1.0 wt %
of a fine Li


 


3


 


N powder added. Unlike the initial transpar-
ent films, the Li


 


3


 


N-doped film was dark with inorganic
filler inclusions.


Thus-prepared gel-electrolyte films were character-
ized by electrochemical impedance over the frequency
range from 12 to 10


 


5


 


 Hz at a measured signal amplitude
of 10 mV with the use of an Elins Impedance meter
Z-350 in symmetrical cells equipped with two lithium
electrodes. All manipulations with lithium nitride and
litium metal were performed in an argon-filled drybox.
Impedance spectra time curves were processed accord-
ing to the adsorption relaxation model of the double
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Abstract


 


—Influence of additives fine-dispersed powder Li


 


3


 


N on electrochemical properties polymer gel- elec-
trolyte and its interface with metal Lithium is investigated. Lithium nitride was received by reaction of dry nitro-
gen with metal Lithium within 5 hours at 100


 


°


 


C, and then it was crushed on a spherical grinding mill in an inert
atmosphere. The size of particles has made 100 nanometers. Dependence of an electrochemical impedance of
polymer electrolyte on the added amount of fine-dispersed powder of Li


 


3


 


N—0.5 w/w% and 1.0 w/w% was
measured. It is found, that introduction 0.5 w/w% Li


 


3


 


N improves volume conductivity of polymer electrolyte
in 2.4 times, but further increase amount of Li


 


3


 


N (1.0 w/w%) does not change this characteristic. On interface
with metal Lithium, on the contrary, Li


 


3


 


N—additive increases charge transfer resistance in 1.5 times that speaks
about difficulty of electrochemical reaction Li


 


+


 


 + e  Li at presence Li


 


3


 


N.
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 electric layer (Fig. 1), as proposed by Grafov and
Ukshe [10]. The resulting impedance spectra are dis-
played in Fig. 2. The ZView2 software was used to cal-
culate equivalent circuit parameters. In the start of cal-
culations, 


 


R


 


e


 


 should be set (


 


R


 


e


 


 is the volume resistance
of the electrolyte, which can be derived from the mea-
sured impedance spectrum). The impedance spectrum
in Fig. 2 is a semicircle. The origin of the semicircle lies
on the ordinate axis (at high frequencies of 350 kHz)
and is 


 


R


 


e


 


. Then, with 


 


R


 


e


 


 fixed, the program calculates
the other parameters of the equivalent circuit. After the
first calculation, 


 


R


 


F


 


 is fixed; this is the charge-transfer
resistance, which is determined with the least error. To
refine the other parameters, 


 


R


 


e


 


 and 


 


R


 


F


 


 are fixed. By con-
secutively fixing these parameters, we find refined val-
ues for the other components of the equivalent circuit.
The table summarizes the results of impedance calcula-
tions using the ZView2 program.


The table makes it clear that addition of 0.5 wt %
fine Li


 


3


 


N improves the volume conductivity of the
polymeric electrolyte by a factor of 2.4; a further
increase in Li


 


3


 


N (1.0 wt %) does not change this param-
eter. A possible explanation is that small Li


 


3


 


N percent-
ages (0.5 wt %) facilitate lithium ion transport due to
generating new track for Li


 


+


 


 movement. The further
increase in Li


 


3


 


N percentage to 1 wt % nullifies this
effect; that is, with the appearance of many new track
for Li


 


3


 


N transport, the excessive amount of nanosized
particles interferes with lithium ion movement. Charge-
transfer resistance at the polymeric gel-electrolyte/lith-
ium interface increases in both cases.


In summary, we may infer that, when introduced to
the polymeric gel-electrolyte in the optimal percentage
(0.5 wt %), nanosized Li


 
3


 
N particles facilitate lithium


ion transport inside the polymeric matrix by a factor of
2.4. At the interface with metallic lithium, on the con-
trary, an Li


 


3


 


N additive increases charge-transfer resis-
tance by a factor 1.5, indicating the electrochemical reac-
tion Li


 


+


 


 + 2e  Li is hindered in the presence of Li


 


3


 


N.
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 Equivalent circuit of an electrochemical cell with
reversible electrodes, where 


 


R


 


e


 


 is the volume resistance of
the electrolyte, 
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F


 


 is charge-transfer resistance, 


 


C


 


dl


 


 is the
double-layer capacity, 


 


R


 


A


 


 is adsorption resistance, 


 


C


 


A


 


 is
adsorption capacity, and 


 


Z


 


W


 


 is diffusion impedance.
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Fig. 2.


 


 Impedance spectra for a polymeric gel-electrolyte in
an Li/PGE/Li symmetrical cell at room temperature
(


 


1


 


) without lithium nitride additives, (


 


2


 


) with 0.5 wt % lithium
nitride added, and (


 


3


 


) with 1.0 wt % lithium nitride added.


 


Conductivity and charge-transfer resistance for gel-electro-
lytes as functions of Li


 


3


 


N percentage at 20


 


°


 


C


No. Li


 


3


 


N, % Film thick-
ness, cm σsp, S/cm RF, Ω cm2


1 0  0.021 8.75 × 10–4 281
2 0.5 0.033 2.10 × 10–3 434
3 1.0 0.020 8.8 × 10–4 772
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INTRODUCTION


Fiberboards such as MDF (medium-density fiber-
board), HDF (high-density fiberboard), and insulation
materials are variously used in the furniture and pack-
aging industry, in the construction industry, and in auto-
motive manufacture. The production of MDF in Europe
in 2005 rose around 13.7% to 13.5 million mi (EPF
2006). With a share of approximately 45%, most MDF
was used in laminate flooring. The second largest cus-
tomer is the furniture industry at 25%, followed by tim-
ber construction with approximately 11% of MDF con-
sumption (MDF-Magazin 2006).


For the production of these materials, fibers are used
that are manufactured by thermomechanical pulping of
wood chips. In Europe, softwood is dominantly used as
a raw material. In the wood pulp and paper industry,
there are fears of increasing costs for raw materials. It
could be interesting to explore new sources of raw
materials, in particular, the use of agricultural residues,
such as wheat straw and shives of flax and hemp. In
addition, rising prices of synthetic bonding agents, as
well as official restrictions on material emissions of
volatile substances (known as VOCs), in particular, of
formaldehyde, are leading to unfavorable market con-
ditions [1].


This discussion is a chance for the development of
emission-reduced products for the market. Demand
already exists from large furniture manufacturers and
the wood-based materials industry. Apart from this,
there are political efforts for more economic indepen-
dence from petrochemicals.
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STATE OF THE ART CONCERNING
THE ENZYMATIC MODIFICATION


OF WOOD PULPS


 


Use of Phenoloxidases


 


In the past, the biotechnological activation of fiber
materials with phenol-oxidizing enzymes (laccase, lig-
nin peroxidase, manganese peroxidase) was examined
in particular. The procedures dealt with the enzymatic
activation of the lignin on the fiber surface by the cre-
ation of phenoxy radicals and their subsequent poly-
merization and use for fiber cross-linking [2].


So far, however, both the enzyme costs and the man-
ufacturing procedures are still unsuitable for highly
productive processes. The procedure has not yet
attained any use in general practice. A substantial dis-
advantage for the use of these enzyme systems is their
long incubation times (several hours) as well as the use
of high moisture content (>50%) and enzyme dosages
due to their small redox potential.


 


Use of Hydrolases (Cellulases/Hemicellulases)


 


On the basis of positive results with an increase in
the tensile strength of test sheets made of thermome-
chanical pulp, tests were carried out on the use of
hydrolytic enzymes for fiber incubation and the
improvement of MDF properties [3, 4].


The incubation of softwood pulp with such enzymes
led to the reactivation of the fiber surface with partial
hydrolysis of the carbohydrates. With a lower dosage
and an incubation time of 20 min, fiberboards with
standard strength properties were produced.


 


Enzymatic Modification of Lignocellulosic Substances
for the Production of Fiberboards
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Abstract


 


—The object of the research is the development of enzyme systems for the enzymatic modification of
wood fiber materials as well as fiber materials from annual plants for the production of glue-free fiberboards.
The project is aimed first at the process development for the enzymatic modification and second at the devel-
opment of cellulase/hemicellulase complexes on the basis of stillage as a substrate and inducer for the enzy-
matic modification. The results demonstrate that it is possible to substitute synthetic resins by means of activa-
tion and biocatalytic cross-linking of fibers with hydrolytic enzyme systems, in particular, for the production of
medium-density fiberboards.
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Mechanisms of the Enzymatic Modification
of Lignocellulosic Fibers with Hydrolytic Enzymes


 


The mechanism that leads to the increase in fiber
binding strength during the enzymatic modification is
still unknown. The hydrolases that are successful in
enzymatic modification are in all cases enzyme com-
plexes composed of various cellulase and hemicellulase
components. Pure single-enzyme components were not
found to be successful in any enzymatic modification.


Several unanswered questions remain:
Which enzymes of the complex are necessary?
Which enzyme is the “bottleneck” related to the


modification?
What is the optimum composition of the enzyme


complex?
How to assay the complex in a manner adapted to


the application?


EXPERIMENTAL


 


Investigations into the Optimization
of the Applied Enzyme Complex


 


The following investigations were carried out to
learn more about the effect on the enzymatic modifica-
tion:


Comparison of different enzyme complexes both
with and without an effect on the modification of ligno-
cellulosic fibers.


Investigations concerning the composition and the
activity of enzyme components in those enzyme com-
plexes.


Investigations into the adsorption of selected
enzyme components into the lignocellulosic fiber mate-
rial.


The enzyme concentrates investigated contain an
abundance of different enzyme components that have
not been examined in detail. At present, about 22 extra-
cellular cellulase and hemicellulase components have
been described in 


 


Trichoderma reesei


 


 [5]. Depending
on what media and inducers are used for the cultivation
of these fungi, the secreted enzyme complexes are dif-
ferent in composition. We investigated one enzyme
(table, no. 1) with a reduced effect and three enzyme
samples (table, nos. 2–4) with a good effect on the
“binding ability.” The cellulolytic and hemicellulolytic


activities of the enzymes investigated are indicated in
the table.


The analysis was performed via native PAGE at
alkaline pH with 100 


 


µ


 


g of protein per lane, followed
by detection with 4-methylumbelliferyl-coupled sub-
strates for the respective enzyme activities. In addition
to endoglucanases and cellobiohydrolases, 


 


β


 


-glucosi-
dases that convert cellobiose to glucose are the last
member of the cellulose degradation complex [6].


In all enzyme preparations, we were able to find


 


β


 


-glucosidases with differing degrees of activity. It was
apparent that in the extract that is unsuitable for fiber
modification there is somewhat more activity than in
CelluPract AL 100. Apart from cellulolytic activities,
these enzyme preparations have various activities for
the degradation of hemicellulose. However, since hemi-


 


Activities of the enzyme concentrates


Enzyme concentrate Xylanase, IU/ml Cellulase (FPA), IU/ml Endoglucanase
(Azo-CMC), U/ml


Xylanase from 


 


T. reesei


 


2.081 n.d. 58.8


Dyadic xylanase XL conc. 10.545 18.5 371


CelluPract AL 100 1.332 14.2 292


SIAB 03 6.725 93.8 289


 


Fibre material Enzymes


Incubation of the lignocellulosic fibres


Drying of the incubated material


Fleece formation


Pressing process


Completion/Material testing


 


bending strength


discontinous-continuous
lncubation parameter


tensile strength
Elasticoty (MOE atDIN EN 622)


thickness swelling


 


Fig. 1.


 


 Scheme of the procedures for the production of MDF
by enzymatic modification.







 


128


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 63


 


       


 


No. 2


 


      


 


2008


 


UNBEHAUN et al.


 


cellulose is not as homogeneously developed as cellu-
lose, its decomposition requires more heterogeneous
enzymes such as xylanases, xylosidases, acetyl xylan
esterases, glucuronidases, mannanases, arabinosidases,
and others. During these investigations, only some of
these activities could be tested because of the unavail-
ability of specific substrates for a couple of enzymes.
Endo-


 


β


 


-1.4 xylanase catalyzes the hydrolysis of the


xylan backbone, while xylosidase promotes further
degradation to xylose [7]. In all four concentrates, very
high activities of endoxylanases could be detected. In
three out of four samples, xylosidase activities are vis-
ible. In the same three samples, we could find 


 


α


 


-galac-
tosidase. The concentrate with the missing activities
had quite a good effect on the bending strength of MDF
boards. No mannosidase activity was provable in all
four preparations and only a trace of 


 


α


 


-


 


L


 


-arabinosidase
activity was visible in the SIAB 03 preparation.


The result of these investigations is that the differ-
ences between the analyzed activities of these four
enzyme concentrates could not explain the differences
between their “activation” suitability. At present, only
the endoglucanase activity measured by degradation of
Azo-CMC substrate possibly correlates with the bind-
ing strength of MDF boards (Fig. 2).


 


Investigations into the Enzymatic Modification
of Lignocellulosic Fibers from Annual and Perennial 


Plants for the Production of Building Materials


 


Different lignocellulosic plants, such as wheat and
barley straw, flax and hemp shives, and pine wood
chips, were used as raw material for the research. Fiber
pulp was produced by thermomechanical refining. The
fiber material was dried up to a moisture content of 4%.


A buffered enzyme solution was sprayed on the
fibers. After an incubation period of 20 min, the fibers
were formed into a mat and hot pressed to form MDF.
The following material properties were examined:


Bending strength
Internal bond (IB)
Tensile strength
Modulus of elasticity (MOE)
Thickness swelling (24 h)
The scheme of the procedures for the production of


MDF by enzymatic modification is shown in Fig. 1.
In an upscaling pilot-scale trial, incubated hemp and


wood fibers were used for the production of door skins.


RESULTS AND DISCUSSION


The results achieved significant progress in the opti-
mization of enzyme production and material produc-
tion. The results of the fiber incubation proved that
wheat bran enzymes, as well as those fermented with
lactose or stillage substrate, are suitable for fiber incu-
bation. Concerning the generated enzyme components,
no disadvantages arise from the use of stillage, meaning
that stillage provides an inexpensive substance. With
the addition of induction additives, e.g., waste cellu-
lose, the enzyme formation can be increased and the
composition of the enzyme complexes can be purpose-
fully varied.


In comparison of the individual activities, one espe-
cially significant point was an almost linear correlation
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Fig. 2.


 


 Correlation between CMC activity and MDF bend-
ing strength.
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Fig. 3.


 


 Strength properties of MDF produced with incu-
bated fibers of different sources.
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between CMC activity and the bending strength of the
MDF produced. Xylanase and filter paper activities did
not show any significant influence. The correlation
between CMC activity and MDF bending strength is
shown in Fig. 2.


Altogether, it can be stated that enzymatic modifica-
tion of lignocellulosic fibers from wheat and barley
straw or flax or hemp shives with hydrolytic enzymes
leads to improved material properties. In particular, it is
shown that material quality standards can be obtained


with an enzyme dosage of only 7–10% (related to dry
fiber mass). The strength properties of MDF produced
with incubated fibers of different sources are shown in
Fig. 3.


However, the mechanical properties depend on the
kind of fiber material. In particular, the use of fiber
material from hemp shives leads to a better strength of
glue-free MDF compared with pine wood fibers. These
results were verified during upscaling trials in a plant
for the production of door skins. Here, the enzyme
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Fig. 4.


 


 Formation of endoglucanase on different stillage media.
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Fig. 5.


 


 Door skin and doors made of incubated hemp shive pulp.







 


130


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 63


 


       


 


No. 2


 


      


 


2008


 


UNBEHAUN et al.


 


complexes developed by SIAB were proved suitable for
the production of standard products.


For special applications in MDF production, such as
door skins, the use of resins as binders exhibits disad-
vantages because of adhesion and impurities on the
press plates. In such cases, the enzymatic modification
already has a beneficial effect. However, the upscaling
investigations are still at an early stage. The process
parameters need further optimization. The efficiency of
the enzymes has to be optimized and the use of hydro-
phobic agents should be tested. The integration of the
new procedure into the traditional fiberboard produc-
tion process should be possible without large capital
expenditures.


 


Investigations into the Production of Enzyme 
Complexes up to Pilot Scale for the Enzymatic 


Modification of Lignocellulosic Materials


 


The investigations were aimed at the production of
cellulase complexes different in composition and with
a wide spectrum of hemicellulases. As substrates and
inducers for the enzyme production, media based on
thin stillage as well as native stillage from a distillery
were used. To enhance the induction of cellulase and
xylanase components, different waste celluloses were
added to the medium. The formation of endoglucanase
dependent on different stillage media is demonstrated
in Fig. 4.


The used strain was a 


 


T. reesei 


 


mutant strain that
exhibits switched-off carbon catabolite repression.
Native undiluted stillage resulted in the highest enzyme
activities. The comparison between thin stillage and
native stillage shows that the latter is suitable for
enzyme production and therefore promising as a sub-
strate. The enzymes produced on native stillage with
the addition of waste cellulose were used for the enzy-
matic modification of hemp fibers in an industrial plant
(Fig. 5).


CONCLUSIONS


Stillage is a favored fermentation substrate for the
production of xylanase /cellulase enzyme complexes.
The enzymatic modification of wood fiber material, as
well as lignocellulosic fiber materials from annual
plants, using hydrolytic enzymes leads to improved
material properties. The mechanical properties of the
products depend on the kind of fiber materials. By com-
paring the activities of single enzymes, in particular, it
was possible to prove an almost linear correlation of
endoglucanase activity with MDF bending strength.
The results were verified in an upscaling attempt for the
production of door skins.


The suitability of the enzyme complexes for the pro-
duction of standard door skins could be proved. For fur-


ther optimization, the enzymatic modification of ligno-
cellulosic fibers from different annual and perennial
plants requires different enzyme complexes, which
should be adapted in cellulase/hemicellulase composi-
tion to the substrate. The commercial realization of the
enzymatic modification processes is substantially
determined by the enzyme costs. The procedure is eco-
nomical for special applications, but not yet for bulk
products. The following methods look promising to
reduce the enzyme costs:


Stillage (natural) as a cheap substrate/inducer for
enzyme production.


Use of fermentation broth without expensive down-
stream processing.


Reduction of the enzyme dosage by substrate-
adapted enzyme complexes.


Use of hot stillage coming from distillation as a fer-
mentation substrate without additional sterilization.
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Humic compounds (HCs) constitute an extensive
class of natural compounds, constituents of the organic
matter of soils, natural waters, and fuel minerals [1].
Humic compounds consist of a hydrophobic aromatic
framework with great percentages of functionalities,
dominated by oxygen functionalities, such as carboxy,
phenol, hydroxide, carbonyl, and methoxy groups. The
specified functionalities are responsible for the com-
plexing properties of HCs and their ability to partici-
pate in redox reactions. Studies of metal sorption [2–4]
showed that HCs have high ability to sorb heavy metals
and radionuclides. Apart from metals, HCs can bind
organic compounds [5]. The specified properties of
HCs are useful for creating humic sorbents.


A number of processes for preparing humic sorbents
have been described. The most widespread approach is
to treat a mineral matrix (most frequently, silica gel)
with organosilanes and then to anchor an HC film to the
surface [6–9]. We should stress that all relevant reac-
tions are carried out in anhydrous organic solvents at
elevated temperature (120


 


°


 


C). The products are solid
humic sorbents, which are mainly used as model solids
for studying the behavior of herbicides on soil particu-
lates [10]. Another approach to preparing humic sor-
bents is use of sol–gel technologies [11], which pro-
duce humic compounds encapsulated in a silica gel
matrix. The product of the aforementioned reaction is
also used to study the ability of humic compounds to
sorb various ecotoxicants.


Noteworthy, all above-described humic sorbents are
solid, regardless of their preparation. However, the syn-


thesis of water-soluble humic reagents capable of form-
ing films on mineral substrates is most promising.
These reagents provide new ways for developing effi-
cient and economical processes for decontamination of
deep aquifers; they can be pumped into a deep aquifer
via a set of holes. Humic reagents form films on the sur-
face of a mineral matrix (sand), which performs as a
sorbent for dissolved pollutants, which migrate with
groundwater flows.


To create such reagents, it is necessary to impart a
new property to natural humic compounds, namely, the
ability to irreversible sorption on mineral surfaces. This
can be done by introducing functionalities having a
high affinity to mineral matrices. Alkoxysilyl groups,
which are hydrolyzed in aqueous solutions to generate
silanol groups, are most promising in this respect. Sil-
anols, in their turn, can form strong Si–O–Si and Si–O–
M bonds with hydrosilylated silicon- and metal-bearing
surfaces.


In view of the above, in this work we create an effi-
cient method for introducing alkoxysilyl groups into
HCs. Previously [12], we used organosilanes with var-
ious functionalities (3-aminopropyltrimethoxysilane
(APTS) and 3-glycidoxypropyltrimethoxysilane
(GPTS)) for derivation of carboxy and phenolic groups.
Further studies showed that the alkoxysilylation of HCs
with the use of APTS brings about the modification of
the carboxy groups of humic acids, decreasing the
metal-ion sorption ability of modified HCs. GPTS
modified HCs at phenolic groups, but the amount of
methoxysilyl groups introduced into the HC structure
was not high. Therefore, in this work, we used 3-isocy-
anatopropyltrimethoxysilane (IPTS) for modifying
HCs. The isocyanato group adds to phenolic groups of
HCs with high product yields. All humic derivatives
were characterized by structural analysis, and their sil-
ica gel sorption ability was studied. The sorption ability
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of IPTS-modified humic derivatives is commensurate
with the sorption ability of previously prepared APTS-
and GPTS-modified humic derivatives.


EXPERIMENTAL


 


Isolation of Precursor Humic Compounds


 


The precursor humic compounds used were coal
humic acids derived from commercial potassium
humates: Powhumus (Humintech) and Sakhalin
Humate (Biomir 2000). Before use, both samples were
protonated as follows: a 50-g aliquot was dissolved in
5 L of water and allowed to stand for 24 h for the min-
eral component to precipitate. Then, the supernatant
was decanted and acidified to pH 1–2 with concentrated
HCl. Humic precipitates were separated by centrifuga-
tion and washed with distilled water several times. The
washed sample was dialyzed through cellulose mem-
branes with a pore diameter of 14 kDa until the washes
had a negative AgNO


 


3


 


 test for Cl


 


–


 


. The dialyzed sample
was concentrated on a rotary evaporator and stored over
P


 


2


 


O


 


5


 


 inside a desiccator. The HC yield was 67% from
Powhumus (CHP) and 54% from Sakhalin Humate
(CHS).


 


Modification of HCs
by 3-Isocyanatopropyltrimethoxysilane


 


Modification of a CHP sample in acetonitrile.


 


 A
1-g aliquot of the CHP sample was dehydrated by azeo-
tropic distillation with acetonitrile, which was first
dried and distilled from CaH


 


2


 


. To CHP, 50 mL of anhy-
drous acetonitrile was added, after which an equimolar
amount (0.41 mL) of 3-isocyanatotrimethoxysilane
(IPTS) was added. After 30 min, the reaction mixture
was heated to 75


 


°


 


C, and the reaction was carried out
under argon for 8 h with continuous stirring. After the
reaction was over, the acetonitrile was distilled off in
vacuo (2–3 mmHg) into a receiver cooled with liquid
nitrogen. The vacuum in the system was compensated
with argon. The product was dried in a vacuum drier at
40


 


°


 


C, then several times washed with dry diethyl ether
to remove byproducts of the reaction between DMF
and IPTS. The purified sample was ground with an
agate mortar and pestle and stored in a hermetically
stoppered weighing bottle. The product was denoted as
CHP-IPTS (Scheme 1). The yield was 78%.


 


Modification of a HCS sample in DMF.


 


 A 1-g ali-
quot of the CHS sample was dehydrated by azeotropic


distillation with toluene, which was first distilled from
CaH


 


2


 


. To dried HCS, 50 mL of anhydrous dimethylfor-
mamide (DMF) was poured, after which an equimolar
amount (1.1 mL) of IPTS was added. The reaction mix-
ture was heated to 120


 


°


 


C, and the reaction was carried
out for 10 h with continuous stirring. After the reaction
was over, the solvent was distilled off in vacuo (2–
3 mmHg) into a receiver cooled with liquid nitrogen.
The vacuum in the system was compensated with
argon. The product was dried in a vacuum drier at 40


 


°


 


C,
then several times washed with dry diethyl ether to
remove byproducts of the reaction between DMF and
IPTS. The purified sample was ground with an agate
mortar and pestle and stored in a hermetically stop-
pered weighing bottle. The product was denoted as
CHS-IPTS (Scheme 1). The yield was 87%.


 


Structure of Humic Derivatives


 


Precursor and modified HC samples were character-
ized using elemental analysis and titrimetry. Their ele-
mental compositions were determined on a Carlo Erba
Strumentazione CHN analyzer, Model 1106. Silicon
was determined spectrophotometrically on a Specord
M40 analyzer. The results of elemental analysis are
given without corrections for the ash content.


Carboxy and phenolic functionalities were deter-
mined by titrimetry using calcium acetate and barite, as
described in [13]. With barite, the overall acidity was
determined; with calcium acetate, the carboxylic acid-
ity was determined. The phenolic acidity was deter-
mined as the difference between the overall and carbox-
ylic acidities. Titration was carried out on a DMS
Titrino (Metrohm, Model 716) automated titrimeter
equipped with a glass electrode.


IR spectra were recorded as KBr disks on a Perkin-
Elmer spectrophotometer with resolution of 4 cm


 


–1


 


using 64 scans.


 


13


 


C NMR spectra of HCs were recorded inside a
5-mm NMR ampoule on Bruker Avance 400 instrument
operated at 100 MHz. A test sample (50–70 mg) was
dissolved in 0.3 M NaOD (0.7 mL). The spectrum
width was 400 ppm; the free induction decay signal
time was 0.6 s; the pulse repetition time 


 


T


 


d


 


 was 8 s for
90


 


°


 


 pulses; the build up time was 72 h. An external stan-
dard (MeOH/D


 


2


 


O, 


 


δ


 


 = 49.0 ppm) was used. Fourier
transform was preceded by the exponential weighting
of the free induction decay signal with the time constant
equivalent to the broadening of 75-Hz lines [14].
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 Modification of HCs upon addition of IPTS followed by immobilization on silica gel.
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Immobilization of Modified HCs on Silica Gel


 


To characterize the affinity of modified HCs to min-
eral surfaces, we measured sorption isotherms on silica
gel. The equilibration time was determined in an HCs
sorption kinetic experiment. For this purpose, aqueous
solutions of modified samples were prepared with the
concentration 0.1 g/L. Humic derivatives were dis-
solved by adding several drops of concentrated alkali to
weighed aliquots of solid samples with subsequent
dilution with a phosphate buffer (0.028 mol/L, pH 6.8)
to 10 mL. Silica gel (Merck) having the particle size
0.063–0.100 mm and the surface area 540 m


 


2


 


/g was
used. A silica gel sample (0.1 g) was inserted into the
solutions of HC derivatives. The onset of the plateau of
an equilibrium HC concentration curve was determined
spectrophotometrically. The rate curve for the sorption
of modified samples on silica gel in aqueous solutions
enters the plateau after 3 days. Therefore, 3 days were
taken to be the sorption equilibration time for all iso-
therms.


For measuring sorption isotherms, solutions of
humic derivatives were prepared with concentrations in
the range from 0.01 to 5.50 g/L. To an 10 mL aliquot of
each of the thus-prepared solutions, 0.1 g of silica gel
was added. The resulting suspensions were placed into
a rotary stirrer for 3 days. After this period, the optical
density of the solution was measured at 254 nm. The
HC concentration in the solution was calculated using
a calibration curve. Absorption spectra were recorded
on a Cary 50 (Varian) spectrophotometer equipped with
1-cm quartz cells. The spectrophotometric data were
used to plot sorption isotherms for modified samples on
silica gel. The weight of sorbed samples were calcu-
lated from


Here, 


 


M


 


HC


 


 is the weight of humic derivatives immo-
bilized on 1 g of silica gel, mg; 


 


∆


 


C


 


HC


 


 is the change in
the equilibrium concentration of humic derivatives in
solution in the course of sorption, mg/mL; 


 


V


 


sln


 


 is the ali-
quot volume, mL; and  is the silica gel weight, g.


Suspensions containing the maximal concentration
of modified HCs (5.5 g/L) were centrifuged, and pre-
cipitates were repeatedly washed with a phosphate


MHC ∆CHCV sln( )/MSiO2
g( ).=


MSiO2


 


buffer. The resulting silica gels with immobilized HCs
were dried in a vacuum drier. Depending on the type of
derivative, the samples were denoted as CHP-IPTS-Si
or CHS-IPTS-Si (Scheme).


RESULTS AND DISCUSSION


Methoxysilyl groups react with the hydroxide
groups of silica gel in aqueous solutions to produce
strong siloxane bonds [15]. Therefore, to prepare HC-
based samples that would be capable of sorbing on sil-
ica gel, Perminova et al. [12] proposed to introduce
methoxysilyl groups into the humic framework. Modi-
fication by silylating agents should be carried out in
anhydrous media, because even trace water can initiate
the polycondensation of methoxysilyl groups with pol-
ysiloxane formation. For this reason, all solvents and
precursor humic acids were carefully dried.


Both samples were first synthesized in acetonitrile.
CHP modification occurred with high yield, whereas
for CHS the reaction practically did not occur. A prob-
able reason for this was the lower solubility of the CHS
sample in acetonitrile, caused by its high phenolic acid-
ity, which is three times the value for CHP (Table 1).
Further experiments on CHS modification were carried
out in DMF, where alkoxysilylation of HCs was previ-
ously carried out with addition of 3-aminopropyltri-
methoxysilane [12].


The reaction ratios were calculated from the func-
tional composition of HC, namely, the percentage of
phenolic groups, which are the first to be modify in the
reaction with 3-isocyanatopropyltrimethoxysilane.
Thus, 1 mol of 3-isocyanatopropyltrimethoxysilane
was reacted with 1 mol phenolic groups of HC, which
were determined as the difference between the overall
and carboxy acidities.


The CHP and CHS samples were modified with
3-isocyanatopropyltrimethoxysilane to produce meth-
oxylated humic acids: CHP-IPTS and CHS-IPTS.


These derivatives were characterized by elemental
analysis and titrimetry. The results are displayed in
Table 1.


The low atom ratio H/C found for precursor HCs
indicates the high percentage of aromatic structures in
these samples, which is characteristic of coal humic


 


Table 1.


 


  Elemental and functional composition of unmodified and modified HCs


Sample


Weight percentages of elements Atom ratios Functional composition 
(mmol/g)


ash content 
(%) C H N Si H/C C/N COOH ArOH


CHP 10.6 52.8 3.85 1.11 2.11 0.87 55.6 3.8 1.8


CHP–IPTS 15.2 52.9 4.37 2.32 3.97 0.99 26.3 3.6 0.8


CHS 6.3 51.4 3.42 1.94 0.89 0.80 31.3 4.1 5.2


CHS–IPTS 24.8 49.4 4.76 7.58 7.52 1.16 7.6 3.8 0.7
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acids [16]. The increased H/C ratio for modified sam-
ples is evidence of the appearance of IPTS aliphatic
moieties in the structure. The decreased C/N proportion
in the IPTS-modified sample verifies the incorporation
of the nitrogen-containing groups of IPTS into the HC
framework. Another piece of evidence is the increased
silica percentage in modified samples compared to
unmodified HCs.


We should emphasize that the precursor humic acids
considerably differed from one another in the number
of carboxy and phenolic groups. For example, the num-
ber of Ar–OH groups in CHS considerably exceeded
the number of these groups in CHP. Logically, the
higher the phenolic acidity of the initial sample, the
greater the amount of reacting IPTS. The results agree
with this suggestion; a greater IPTS amount (1.0 g)
reacted with the CHS sample than with the CHP sample
(0.21 g). Therefore, both the silicon percentage and the
number of methoxysilyl groups are higher in CHS-
IPTS.


The proportion of phenolic groups is an important
characteristic of IPST-modified samples, because it
enables the determination of the degree of the reaction.
From titrimetric data, the percentage of phenolic
groups in IPTS-modified HC samples is considerably
lower than in the unmodified samples. From this, we
can infer that most phenolic groups of HCs have
reacted with the isocyanato group of the modifier. The
resulting compounds were structurally characterized
using IR and 


 


13


 


C NMR spectroscopy. The general pat-
tern of 


 


13


 


C NMR spectra for precursor HCs corresponds
to those reported in [14] (Fig. 1). The spectra of the
CHP and CHS samples have similar sets of peaks; pre-
vailing are overlapping signals in the range of aromatic
carbon atoms (100–150 ppm) and carbon atoms of car-
boxy groups COOH (160–180 ppm).


The spectra of modified samples are characterized
by similar sets of peaks.
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Fig. 1.
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C NMR spectra of unmodified and modified HCs.
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CHS-IPTS (ppm).


 


 168.36 (COOH), 155.71 (OCO–
NH), 110–150 (Ar), 48.61 (CH
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O), 43.63 (CH
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–CH
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–
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–Si), 24.51 (CH
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–CH
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–Si).
The spectra of modified samples contain peaks char-


acteristic of both precursor HCs and IPTS. The peak at
156 ppm indicates the generation of a new chemical
bond (OCO–NH) between the phenolic groups of HCs
and the isocyanato group of the modifier. The high-field
peaks are due to the aliphatic carbon atoms of immobi-
lized IPTS and to CH


 


3


 


O groups.
The peaks at 26.91 and 160.87 ppm in the spectrum


of the CHS-IPTS sample show that DMF remained in
the sample after the reaction. The 171 ppm peak is due
to the by-product of the reaction between DMF and
IPTS.


Thus, NMR spectroscopy showed that the addition
of 3-isocyanatopropyltrimethoxysilane to the humic
framework generated a chemical bond through the ure-
thane group. Different HCs yield similar sets of reac-
tion products.


The structure of modified HCs inferred from 


 


13


 


C
NMR spectra was confirmed by IR spectroscopy.


Figure 2 shows IR spectra for humic derivatives.
Assignment was done with reference to related litera-
ture [17].


The IR spectrum of IPTS contains a strong band at
2250 cm


 


–1


 


, which is characteristic of the isocyanato
group (N=C=O). Bands at 2940–2845 cm


 


–1


 


 are due to
the vibrations of CH


 


2


 


 groups. The range 1090–
1020 cm


 


–1


 


 is characteristic of alkoxysilanes (Si–O–C).


The general pattern of IR spectra for CHP and CHS
agrees with the spectra reported in the literature [1].
The appearance of the strong band of the C=C stretch-
ing vibrations in the aromatic ring (near 1610 cm


 


–1


 


) sig-
nifies the existence of an aromatic framework in HCs.
The band about 1710 cm


 


–1


 


 is associated with the C=O
stretching vibrations (carboxy and carbonyl groups);
the band at 1250 cm


 


–1


 


 is due to the C–O stretching
vibrations in phenolic and carboxy groups; and the
bands in the region 1050–1150 cm


 


–1


 


 correspond to the
C–O stretching vibrations in alcoholic groups. The
appearance of these bands is indicative of the existence
of various oxygenated functionalities in HCs.


The spectra of modified samples contain bands
characteristic of both HCs and alkoxysilanes. For
example, the appearance of bands in the region 1090–
1020 cm


 


–1


 


, which are associated with the Si–O–C
stretching vibrations, signifies the existence of methox-
ysilyl groups. The spectra of modified HCs do not con-
tain peaks of isocyanato groups, which can be regarded
as evidence of occurrence of the reaction between HCs
and IPTS. The increased intensities of the bands in
modified samples in the range 2940–2845 cm
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, which
are responsible for the vibrations of CH


 


2


 


 groups, verify
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Fig. 2.


 


 IR spectra of unmodified HCs, modified samples, and IPTS.
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the incorporation of aliphatic fragments into the structure
of modified HCs. In addition, the band at 1250 cm


 


−


 


1


 


,
associated with the C–O stretching vibrations inside
phenolic and carboxy group, had lower intensities in
modified samples. This confirms the entrance of phe-
nolic groups of HCs into the reaction with IPTS.


The appearance of a band at 1580 cm


 


–1


 


 (O–C(O)–
NH) in modified samples indicates the generation of
new bonds between the isocyanato group IPTS and the
Ar–OH groups of HCs. These bands are not character-
istic of precursor HCs and IPTS.


The spectra of both modified and initial samples
contain broad bands at 3500–3300 cm


 


–1


 


 due to HC-
bound water.


The sorption ability of humic derivatives was stud-
ied using isotherms.


Figure 3 displays sorption isotherms for precursor
HC samples and modified HC samples.


Unmodified HCs are not sorbed on silica gel,
whereas modified samples have high sorption abilities.


The experimental data were used to calculate the
maximal HC amount that can be immobilized on silica
gel from aqueous solutions (Table 2). These values are
commensurate with previous results from modification
by other functional organosilanes. The maximal sorp-
tion ability of HCs modified with 3-aminopropyltri-
methoxysilane was 220 mg per gram of silica gel
against 51 mg for the same HC modified with 3-glyci-


doxytrimethoxysilane [12]. Aminosilane modifies car-
boxy groups, whereas glycidoxysilane modifies phenol
groups of HCs.


To characterize HCs immobilized on silica gel, we
determined their organic carbon percentages (Table 2).


The data displayed in Table 2 make it clear that the
CHS-IPTS sample has a greater sorption ability than
the CHP-IPTS sample. The apparent reason for this is
the greater content of phenolic groups in the initial CHS
sample compared to the CHP sample. As a result, the
modified CHS-IPTS sample was characterized by a
high content of methoxysilyl groups, which endowed it
with the high sorption ability.


This inference agrees with the organic carbon per-
centages in immobilized HCs (Table 2): the CHS-IPTS
sample contained a greater organic carbon percentage
than the CHP-IPTS-Si sample.


Comparing the characteristics of modified samples
with previous data (Table 2), we can infer that IPTS
modification provides for samples with the sorption
ability commensurate with that of APTS-modified sam-
ples and exceeding that of GPTS-modified samples.
However, unlike APTS-modified samples, IPTS modi-
fication leaves carboxy groups free, conserving their
high ability to complex with metal ions and determin-
ing their potential for use in the purification of ground-
water from heavy metals.


Thus, our complex studies demonstrated the poten-
tial of targeted chemical modification for preparing
humic derivatives with desired properties. Both pro-
cesses ensure the complete modification of HCs with
3-isocyanatopropyltrimethylsilane.


When these derivatives are employed for the decon-
tamination of groundwater, however, the reaction in
acetonitrile is preferred to the reaction in DMF because
of the low toxicity of acetonitrile and the smaller num-
ber of side reactions. The resulting methoxy derivatives
are water soluble and stable at neutral pHs. They have
far higher sorption ability compared to the precursor
HCs and can be immobilized on mineral surfaces from
aqueous solutions. These reagents provide new possi-
bilities for developing efficient and economical pro-
cesses for the decontamination of deep aquifers.
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Cellulose filters with anchored functionalities are
used for preconcentrating inorganic ions from solu-
tions. For the subsequent determination of chemical
elements, these filters are usually burnt of dissolved [1];
however, X-ray fluorescence determination directly on
the filter is more promising [2]. This approach com-
bines advantages of both preconcentration and subse-
quent determination. Filters, being a light matrix, pro-
vide for high preconcentration coefficients, the unified
compositions and weights of radiator samples, and an
increased sensitivity of X-ray fluorescence determina-
tion of chemical elements.


Filters with anchored complexing groups are used
more frequently [3]; filters bearing ionic groups, such
as secondary and tertiary amino groups [4], are used
less frequently because of the moderate efficiency and
salt background dependence of preconcentration. Qua-
ternary ammonium groups have a higher basicity than
secondary or tertiary amino groups [5]; therefore, filters
modified with quaternary ammonium groups should be
more efficient for preconcentrating anions.


This work studies the recovery of molybdic het-
eropoly acids (HPAs) of silicon and phosphorus, as
well as arsenic(V), vanadium(V), and chromium(VI)
anionic species, on cellulose filters containing tet-
raalkylammonium chloride and tetraalkylammonium
iodide groups.


EXPERIMENTAL


 


Reagents and equipment.


 


 Solutions (1 
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 mol/L)
of phosphovanadomolybdic acid (PVMA)
H


 


4


 


[PVMo
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O


 


40


 


] · 20H


 


2


 


O and silicomolybdic acid
(SMA) H


 


4


 


[SiMo


 


12


 


O


 


40


 


] · 13H


 


2


 


O were prepared by dis-
solving weighed samples of acids in distilled water. The
stock arsenic solution (1 mg/mL) was prepared by dis-
solving a weighed Na


 


3


 


AsO


 


4


 


 sample (chemically pure
grade) in distilled water. Working solutions of
arsenic(V) were prepared by diluting the stock solu-
tion; those of chromium(VI) and vanadium(V) were
prepared by diluting standard solution samples
(1 mg/mL) purchased from Ecoanalytica.


1 M Na


 


2


 


SO


 


4


 


 and 2 M NaCl solutions were prepared
by dissolving weighed samples of the salts in distilled
water. 5 M sulfuric acid was prepared by diluting con-
centrated acid; 5% ascorbic acid solution was prepared
by dissolving a weighed sample in water.


pH was adjusted using 0.1 M NaOH and HCl.


Celluloses filters containing tetraalkylammonium
iodide groups were prepared by Schemes 1 and 2. Fil-
ters were designed using paper filters of various densi-
ties (Table 1). In addition, anion recovery was studied
on cellulose filters with anchored diethylenetriamine
groups, as proposed by Smits and van Grieken [6]. Ions
were sorbed on filters mounted in holder cells (Milli-
pore). The solution was passed through a cell with the
use of a Ros-Analyt peristaltic pump. Acidity was mon-
itored with a pH meter model 121. Diffuse reflectance
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—Sorption of silicomolybdic acid (SMA) and phosphovanadomolybdic acid (PVMA) and arsenic(V),
vanadium(V), and chromium(VI) anionic species is studied on cellulose filters with bound quaternary ammo-
nium groups. These heteropoly acids (HPAs) are recovered in quantity on filters from solutions with high salt


backgrounds and with high mineral acid concentrations. , , and  anions are sorbed at pH of
3–9. In this case, the ionic strength considerably influences anion recovery. Conditions were found for precon-
centrating vanadium, arsenic, and chromium from 250-mL aliquots of aqueous solutions (the preconcentration
coefficient was 5 
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). A procedure was proposed for the sorption/X-ray fluorescence determination of these
elements in high-purity water.
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spectra were measured on a Spectroton (Khimavtoma-
tika) photocolorimeter.


Vanadium, arsenic, and chromium were determined
on filters using a Spectroscan-U (Spectron) portable X-
ray fluorescence spectrometer equipped with a molyb-
denum anode and an LiF200 analyzer crystal with the
supply voltage 40 kV and current 0.5 mA. Silicon and
phosphorus were determined on a Spectroscan-GV
(Spectron) vacuum wavelength-dispersive scanning X-
ray fluorescence spectrometer.


 


Procedures.


 


 To study the sorption of silicon and
phosphorus HPAs, an HPA solution was placed into a
25-mL flask; then, sodium antimonyl tartrate (0.1 mL)
and ascorbic acid solutions were added. In studying the
influence of the ionic strength and acidity on HPA
recovery, the appropriate salt solutions and sulfuric acid
were added to a flask, and distilled water was added to
bring the aqueous phase volume to 25 mL. The result-
ing solution was passed through a filter at 5 mL/min.
The filters were dried in air, and the diffuse reflectance
at 


 


λ


 


 = 720 nm or X-ray fluorescence intensity was mea-
sured.


In studying the sorption of arsenic, chromium, and
vanadium anionic species, the recovery completion was
monitored by measuring the X-ray fluorescence inten-
sity on the filter after the passage of the solution con-


taining all elements. The percentages of the chemical
elements on the filter was determined from the calibra-
tion plot plotted using references, which were prepared
by dropping solutions of known concentrations on fil-
ters.


RESULTS AND DISCUSSION


On filters with anchored quaternary ammonium
groups, sorption mostly occurs via ion exchange; there-
fore, competition between anions is possible. With
changing solution acidity, recovery can be influenced
by the following two factors: competition from mineral
acid anions and a change in the ionic state of the recov-
ered anionic species (protonation); for HPAs, the decay
of hetero complexes comes is also in play. To choose
optimal conditions, we studied recovery as a function
of ionic strength and mineral acid concentration.


 


Sorption of reduced species of silicon and phos-
phorus HPAs.


 


 Reduced species of silicon and phos-
phorus HPAs are intensely colored blue; therefore, dif-
fuse reflectance spectroscopy is a pertinent tool for con-
trolling HPA recovery via measuring diffuse reflectivity


 


R


 


 at 720 nm. Function 


 


F


 


 was calculated from


F 1 R–( )2/2R.=
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Table 2 lists the values of function 


 


F


 


 for HPA recov-
ery on filters (type I) from solutions with various
sodium chloride concentrations. These values make it
clear that SMA and PVMA sorption is almost unaf-
fected by sodium chloride percentage within 0–
1.8 mol/L. In the presence of doubly charged sulfate
ions, PVMA sorption insignificantly decreases,
whereas SMA recovery remains unchanged.


SMA and PVMA sorption does not change while
sulfuric acid percentages are 0–1.5 and 0–0.5 mol/L,
respectively (Table 3). The decrease in HPA recovery
with increasing sulfuric acid percentage is due to the
protonation-induced decrease in the charge of the het-
eropoly anion. Possible is also partial degradation of
heteropoly complexes; this is more significant for sorp-
tion of less strongly bonded phosphorus complexes.
Our study provided for choosing parameters for joint
preconcentration of molybdenum HPAs of silicon and
phosphorus on filters with anchored quaternary ammo-
nium groups from aqueous solutions, including solu-
tions with high salt backgrounds, for the further X-ray
fluorescence determination of these elements. The
X-ray fluorescence signal intensity is a linear function
of HPA percentage in the solution for recovering silicon
and phosphorus from a 25-mL solution aliquot contain-
ing 5 


 


×


 


 10


 


–6


 


 to 1 


 


×


 


 10


 


–4


 


 mol/L of these elements.


 


Recovery of arsenic(V), chromium(VI), and
vanadium(V) anionic species.


 


 The sorption of
arsenic(V), chromium(VI), and vanadium(V) anionic
species was studied on filters I, which contain quater-
nary ammonium chloride and iodide groups. The


recovery of anions is almost not influenced by the coun-
terion (whether it is chloride or iodide) in the tetraalky-
lammonium group, but is influenced by the charge den-
sity of the anion to be recovered.


 


Table 2.


 


  Function 
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 for SMA and PVMA recovery as a func-
tion of sodium chloride and sodium sulfate concentration
(


 


c


 


SMA


 


 = 3 


 


×


 


 10


 


–5


 


 mol/L; 


 


c


 


PVMA


 


 = 4 


 


×


 


 10


 


–5


 


 mol/L; 


 


V


 


aq


 


 = 25 mL)


 


c


 


NaCl


 


, 
mol/L


 


F


 


SMA


 


F


 


PVMA


 


, 


mol/L


 


F


 


SMA


 


F


 


PVMA


 


0 2.7 3.8 0 2.4 3.8


0.3 2.9 3.9 0.2 2.5 2.5


0.7 2.7 3.6 0.4 2.5 2.5


0.6 3.0 3.5 0.8 2.4 1.6


1.8 2.8 3.6 – – –


cNa2SO4


 


Table 3.
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 for SMA and PVMA recovery as a func-
tion of sulfuric acid concentration (
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Table 1.


 


  Filters used for preconcentrating anionic species of chemical elements


Type Structure Paper density, g/m


 


2


 


Capacity, mmol/(L g)


I 140 0.7 


 


±


 


 0.05


II 100 0.6 


 


±


 


 0.06


III 100 0.44 


 


±


 


 0.05


IV 160 0.38 


 


±


 


 0.02


V 140 2.4 


 


±


 


 0.2*


 


* Nitrogen capacity.
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The data in Fig. 1 show that sorption decreases in
the following order: chromate > vanadate > arsenate.
The maximal recovery for all elements is within pH 3–
8. The reduction in sorption at pH > 8 is related to the
competition from hydroxide ions; at pH < 3, it is
because of the protonation of anionic species and the


competition from mineral acid anions. A change in the
flow rate of the analyte sample within 4–10 mL/min
does not influence the recovery of chromium and
arsenic anionic species; at higher solution flow rates,
however, the vanadium recovery decreases. Therefore,
in further experiments, the flow rate did not exceed
4 mL/min. For arsenic, vanadium, and chromium
anionic species, unlike for HPAs, increasing ionic
strength considerably influences the recovery. The
recovery is halved with increasing sodium chloride
concentration to 0.02 mol/L (Fig. 2).


We studied the recovery of arsenic, vanadium, and
chromium anionic species on filters of various capaci-
ties, as well as on filters having various structures and
basicities of anion-exchange groups. The results are
compiled in Table 4. The recovery on type I filters is
more efficient than on type II, III, and IV filters, which
may be explained by a higher capacity of type I filters.
Sorption on filters containing DETA groups is less effi-
cient, despite their greater capacities compared to
type I filters.


Samples for plotting calibration curves for X-ray
fluorescence determination were prepared by sorption
on type I filters. The linear region of the calibration
curve was 0–20 


 


µ


 


g for arsenic and 0–50 


 


µ


 


g for chro-
mium and vanadium for recovery from 30-mL solution
aliquots. For the chemical elements studied, the recov-
ery did not change when the aliquot volume changed to
250 mL; the maximal preconcentration coefficient was
5 


 


×


 


 10


 


3


 


. The detection limits for arsenic, chromium, and
vanadium on filters calculated using the 3


 


s


 


 test were
0.6, 0.9, and 1.6 


 


µ


 


g, respectively.


Distilled water was analyzed under optimal recov-
ery conditions (Table 5). The adequacy of arsenic, chro-
mium, and vanadium determinations was validated by
the added/found method.


0.100.050
cNaCl, M


80


60


40


20
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1


2


3


Fig. 2. (1) Arsenic(V), (2) vanadium(V), and (3) chro-
mium(V) recovery on filters vs. solution ionic strength.
cel = 50 µg; v = 4 mL/min; Vaq = 30 mL; pH 3.2.


Table 4.  Percent recovery (%) of anionic species of chemi-
cal elements on various types of filters (pH 4.5; Vaq = 30 mL;
cel = 50 µg)


Type


Element


Recovery, %


I II III IV V


As 17 24 10 22 40


Cr 96 38 21 31 38


V 70 34 16 22 27


12840
pH


100


60


20


%


As
V
Cr


Fig. 1. Arsenic(V), vanadium(V), and chromium(VI) recov-
ery on filters vs. aqueous pH. Vaq = 25 mL; cel = 50 µg; v =
4 mL/min.


Table 5.  Arsenic (V), chromium (VI), and vanadium (V)
determination in distilled water (V = 100 mL; pH 5.8; n = 3;
P = 0.95)


Element Added, µg Found, µg


As 0 0


10 9.9 ± 2.2


20 18.0 ± 2.5


Cr 0 1.0 ± 0.2


10 10.3 ± 0.7


20 19.5 ± 2.3


V 0 2 ± 0.3


10 11 ± 1


20 19 ± 3
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Nitronic esters (nitronates) are esters of unstable
nitronic acids or aci forms of nitro compounds. The
great variety and relative accessibility of nitro com-
pounds makes it possible to prepare a wide range of
nitronates for synthetic use. Due to the high and spe-
cific reactivity of nitronates, they are very important
reagents for organic synthesis; they are successfully
used as 1,3-dipoles in heterocyclic synthesis. This pri-
marily refers to rather stable five- and six-membered
cyclic nitronic esters, as well as to silyl nitronates,
whose chemistry is comprehensively surveyed in [1–4].


Acyclic nitronates have been known for more than
one hundred years; before the 1960s, however, their
reactivity was poorly studied, primarily because of
their low stability. The feasibility of generation of
nitronic O-esters in situ and their subsequent participa-
tion in [3 + 2] cycloaddition with alkenes was first dem-
onstrated in 1964 [5]; this enhanced the development of
the chemistry of acyclic nitronic esters.


An important stage of these investigations con-
cerned reactions of polynitromethanes with unsaturated


compounds. These reactions involve the in situ genera-
tion of unstable acyclic alkyl nitronates, which then add
to alkenes as 1,3-dipoles. Investigations of this type of
reaction resulted in the development of general and effi-
cient syntheses of five-membered 


 


N


 


- and 


 


O


 


-heterocy-
cles [5, 6].


Here, we review the literature on the chemistry of
acyclic nitronic esters, including [3 + 2] cycloaddition
reactions with unsaturated compounds published dur-
ing the last decade with reference to a number of works
that have not been cited in earlier reviews and mono-
graphs [1–4].


GENERATION OF ACYCLIC NITRONIC ESTERS


Acyclic nitronic esters are less studied than cyclic
and silyl nitronates. Their synthesis methods can be
represented by the following reactions (shown by
scheme 1): alkylation of nitronate salts and nitroal-
kanes, acylation of nitronate salts, and polyni-
tromethane-based syntheses.
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Abstract


 


—The literature concerning the chemistry of acyclic nitronic esters is surveyed and analyzed with spe-
cial reference to tandem heterocyclization of unsaturated compounds with acyclic nitronic esters as 1,3-dipoles.
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None of the aforementioned methods is universal;
each has some weaknesses, which will be discussed
below. Synthetic approaches to alkyl and acyl nitr-
onates based on nitroalkanes and their salts are covered
by monographs and reviews [1–4] and works cited
therein. Therefore, here we will mainly focus on the last
studies in this field.


 


Alkylation of Nitronate Salts and Nitro Compounds


 


Alkylation of sodium, potassium, and silver nitr-
onates, including polynitroalkane salts, is the best stud-
ied approach to the synthesis of nitronic esters [6–9].
The alkylating agents described include alkyl halides
[10–15], trialkyl oxonium borofluorides [16, 17], alco-
hols [18, 19], dialkyl sulfates, and diazoalkanes [1, 2].


The synthetic weaknesses of this method are due to
the possibility of both C- and 


 


 


 


O-alkylation of ambident
nitronate anion 


 


1


 


 [3] (scheme 2). The ratio between the
C- and O-alkylation products is determined by the fol-
lowing factors: the nature of the leaving group of the
alkylating agent, the structures of the nitronate salt and
alkylating agent, and the reaction parameters [1, 13–15,
20, 21]. Most O-alkylation products (nitronic esters 


 


3


 


)
are metastable and convert under the reaction condi-
tions into a mixture of oximes 


 


4


 


 and carbonyl com-
pounds 


 


5


 


 [1–3] (scheme 2).
Recent works [22, 23] are of interest in this context;


they describe the synthesis of a set of stable enantio-
merically pure alkyl nitronates 


 


7


 


–


 


15


 


 from sodium or


potassium salts of chiral nitro ester 


 


6


 


 and alkyl halides
(Table 1). The reaction is enantioselective and gener-
ates Z-isomers exclusively. The authors explain this
fact by the considerable difference in the chemical sur-
rounding of the two delocalized N–O bonds of the nitro
groups.


A later work [24] performed conformational analy-
sis of compound 


 


15


 


 and its analogue with a 


 


tert


 


-butyl
substituent in the position 4 of cyclohexane fragment


 


16


 


. An alternative approach used in this work for their
synthesis was based on the Mitsunobu reaction, in
which nitro compound 


 


6


 


 is alkylated by an alcohol in
the presence of triphenylphosphine and diethylazodi-
carboxylate (scheme 3).


This method had earlier been employed to synthe-
size nitronates of simpler structure [25–27]. Under the
conditions of the Mitsunobu reaction, the hydroxy frag-
ment of an alcohol molecule becomes a good leaving
group, and nitronate yields are 30–85%. The limitation
of the Mitsunobu reaction in nitronate synthesis is the
need for a nitro compound to contain an 


 


α


 


-proton with
increased acidity.


Direct preparation of nitronic esters from nitroal-
kanes is also described. The most frequently used alky-
lating agents are diazomethane and diazoethane [1, 2,
10, 15, 28, 29], alkyl phosphites [30], and alcohols
under the Mitsunobu reaction conditions [24]. The best
known method for the generation of methyl and ethyl
nitronates from nitroalkanes involves alkylation with
diazomethane and diazoethane [31–36] (scheme 1).
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This reaction, as a rule, has high nitronate yields. This
method has been widely used for nitroalkanes contain-
ing electron-acceptor groups. The limitations of this
method, as for the Mitsunobu reaction, are due to the
requirement of high acidity of the 


 


α


 


 proton in precursor
nitro compounds.


 


Acylation of Nitronate Salts and Nitro Compounds


 


Various classical acylating agents, such as anhy-
drides, acid chlorides, and other, have been used to gen-
erate acyl nitronates from nitro compounds [37–45].
Nitroalkanes in these reactions are first converted into
nitronate salts directly in the reaction mixture. Acyla-
tion of nitronates, unlike alkylation, occurs mainly at
the oxygen atom. Acyl nitronates based on primary
nitro compounds are labile and are detected either by
their rearrangement products 


 


19


 


 and 


 


20


 


 (scheme 4,
path 


 


a


 


) or by isoxazolines or isoxazolidines generated
in the presence of dipolarophiles (scheme 5) [3, 4]. Sec-
ondary nitro compounds yield more stable acyl deriva-
tives, which can be isolated. Isomerization of acylated
secondary nitro compounds 


 


18


 


 generates nitrosoacy-
loxy compounds 


 


21


 


 (scheme 4, path 


 


b


 


).


The only exception is the acylation product of sec-
ondary nitronate salt 
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: unstable nitronic ester 
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 is
cyclized into stable cyclic nitronate 


 


24


 


 due to the free
hydroxy group in molecule 
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 [46] (scheme 6).
In the presence of alkenes or alkynes, acyl nitronate
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 enters the [3 + 2] cycloaddition reaction to yield
unstable N-acyl heterocycles like 
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 and 


 


28


 


, which
convert to isoxazoline 
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 or isoxazol 


 


29


 


, respectively,
under the reaction conditions [44] (scheme 5).


Other researchers [4, 38] believe that nitronate 
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 is
first rearranged into nitrile oxide 
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, which then reacts,
as a 1,3-dipole, with unsaturated compounds.


Given that there is a double bond in a nitro com-
pound molecule, nitronate acylation can be followed by
intramolecular [3 + 2] cycloaddition, as demonstrated
for nitronate 
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 [47]. Analogous cyclization occurs dur-
ing treatment of nitronate 
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 first with HBr and then
with triethylamine; in both cases, isoxazol 
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 is gener-
ated in 80% yield (scheme 7).


Examples of syntheses of nitronic esters from
nitroalkenes and ketones are also described [48, 49].
Acyl nitronates 
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 were generated by treatment of a
mixture of nitroalkene and lithium enolate ketone with
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Table 1.  


Nitronic ester RX Yield, % Nitronic ester RX Yield, %


7 CH3I 96 12 n-C9H19Br 72


8 C2H5I 96 13 n-C12H25Br 70
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aceticanhydride (scheme 8). A large set of nitronates
that contained a ketone functionality in the γ position of
nitronate 32 were generated from various combinations
of ketones and nitroalkenes. These γ-ketonitronic anhy-
drides are relatively stable: their solutions in hexane or
ethyl acetate can be stored at reduced temperatures for
a long time; many of them are isolated by preparative
column chromatography. The spectrum of possible
conversions of nitronates 32 is very wide; they can be
used to prepare 1,4-diketones, monooximes, N- and
O-heterocycles (alkylpyrrols, dihydro-1,2-oxazines, 2,5-
dialkylpyrrolidines, and 2-hydroxypyrrolidines) [48, 49]
(scheme 8). A possibility of acyl nitronate generation
as  a  result of the intramolecular rearrangement of


2-nitroindenone ester 33 was discovered in an attempt to
acylate it [50]. Treatment of nitro compound 33 with a
base (triethyl-amine or pyridine) at room temperature gen-
erates acetyl nitronate 34 in quantitative yield (scheme 9).


We should note that an attempt to carry out similar
intramolecular alkylation on other substrates failed. For
example, when methyl derivative 33 was treated with a
base, the double bond migrated without generating
nitronic ester (scheme 9).
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several days at room temperature [2]. The major
decomposition products of alkyl and acyl nitronates 3
are oximes 4 and carbonyl compounds 5; this makes it
possible to employ this reaction to prepare oximes,
aldehydes, and ketones [1–3, 54–56] (scheme 2).


In some cases, more complex products can form; for
example, p-bromophenylnitromethane ethyl nitronate 35
generates oxadiazol 36 during storage [15] (scheme 10).


In general, alkyl nitronates synthesized on the base
of primary nitroalkanes have higher stability than those
based on secondary nitro compounds. For example,
1-nitrobutane ethyl ester completely decomposes in 3
days at room temperature, whereas 2-nitropropane ethyl
ester cannot be isolated in an individual state [15]. For
acyl nitronates, the opposite tendency is observed: more
substituted nitronates are more stable than acyl nitr-
onates prepared from primary nitro compounds [1, 3].


We can find only a few examples of relatively stable
alkyl nitronates that can be stored for one or several
weeks (Table 2). Chemical transformations of alkyl


nitronates induced by various reagents are considered
in detail in monographs [1–4]. In particular, heating
nitronates in the presence of reducing agents generates
aldehydes of ketones. Hydrolysis to the precursor
nitroalkanes is not characteristic of alkyl nitronates,
unlike silyl nitronates. Concentrated sulfuric acid con-
verts alkyl nitronates into hydroxamic acids; hydro-
chloric acid treatment gives rise to hydroxamic acid
chlorides. Nitronic esters based on primary α-nitroke-
tones, ethyl nitroacetates, and phenylsulfonylni-
tromethane enter the alkoxy group elimination reaction
and generate nitrile oxides in the presence of TsOH.
Hydrogen iodide converts alkyl nitronates into oximes;
catalytic reduction over platinum yields amines [1–4].


The ability of nitronic esters to participate in [3 + 2]
cycloaddition with unsaturated compounds is of the
greatest interest; these reactions will be considered in
the following section.
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Reactions of Acyclic Nitronates with Alkenes


The first report on the feasibility of using nitronic
esters as 1,3-dipoles in [3 + 2] cycloaddition reactions
with alkenes dates to 1964 [5]. In that work and [28, 34,
57], it was demonstrated that reactions between alkyl
nitronates and alkenes yield N-alkoxyisoxazolidines.
More recently [29, 35], various alkyl nitronates and a
large set of unsaturated compounds were studied in
these reactions. The reactions occur under mild condi-
tions and generate 5-substituted isoxazolidines in good
yield (Table 3).


It was shown for O-methyl α-nitroacetate esters [28]
that 1,3-dipolar cycloaddition to activated alkenes, i.e.,
alkenes containing electron-acceptor substituents (R' =
COOMe, CN, or COMe), occurs at higher rates than to
other olefins (R' = Ph or CH2Cl). Nitronates of aryl-
nitromethanes (R = Ar) are less reactive in 1,3-dipolar
cycloaddition than α-nitroacetate ester based nitronates
(R = COOAlk). The only dipolarophiles for them are
activated alkenes with electron-acceptor substituents
[5, 36].


Inasmuch as the rate of nitronic ester cycloaddition
to alkenes is virtually independent of the solvent, a
medium suitable for alkylation of nitro compounds can


be used (the alkylation stage is most sensitive to the
nature of the solvent). Benzene, ethyl acetate, tetrahy-
drofuran, diethyl ether, methylene chloride, and chloro-
form are the most frequently used solvents [36].


Reactions of Alkyl Nitronates with Dienes


In reactions of nitronic esters with conjugate dienes,
cycloaddition occurs at one of the multiple bonds of the
unsaturated compound. Nonsymmetrical dienes, for
example, usually generate two isomeric isoxazolidines
59a, 59b and 60a, 60b [58] (scheme 11).


If one multiple bond in diene is not terminal, how-
ever, its reaction with a 1,3-dipole occurs selectively
and generates adduct 61 exclusively at the terminal
double bond [58] (scheme 12).


In the course of this reaction, partial degradation of
isoxazolidine 61 was observed with elimination of
methanol, and by-product isoxazoline 62 was formed.
Isoxazolidine 61 can be completely converted into
isoxazoline 62 with the use of boron trifluoride ether-
ate [58].
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Table 2


Compound no. Nitronic ester Half-life period Source


37 4-BrC6H4CH=NO2CH3 (trans) 2 weeks [2]


38 4-O2NC6H4CH=NO2CH3 (cis, trans) Several weeks [2]


39 C6H5N2CH=NO2CH3 1 week [2]


40 4-O2NC6H4CH=NO2C2H5 (trans) 2 weeks [2]


41–46 Several months [24, 27, 29, 30]


7–16 Several months [22, 23]
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Reactions of Alkyl Nitronates with Alkynes


The reaction of nitronic ester 63 with vinylacetylene
(the simplest conjugate enyne) was studied for compar-
ing the reactivities of double and triple bonds with
respect to alkyl nitronates. Cycloaddition occurs at the
enyne double bond exclusively and generates N-meth-
oxy-3-carbethoxy-5-ethynylisoxazolidine 64; this sig-
nifies the lower reactivity of triple bonds compared to
double bonds in [3 + 2] cycloaddition with nitronates
[58] (scheme 13). Several examples of reactions of acy-


clic nitronic esters with acetylenes generating
N-alkoxyaziridines 66–78 are described in the litera-
ture. Presumably, these compounds are generated as a
result of the isomerization of the initially formed isox-
azolines 65 (Table 4).


Several alternative mechanisms have been proposed
to explain aziridine generation in these reactions: ionic
[62], radical, and sigmatropic [63] mechanisms, each
suggesting the rearrangement of 4-isoxazoline 65 gen-
erated at the first stage (scheme 14). The ionic or radical


Table 3.  


Isoxazolidine R R' Reaction time, days Yield, % Source


47 COOEt Ph 3 65 [28]


48 COOEt CH2Cl 3 76 [28]


49 COOEt COOMe 1 90 [28]


50 COOEt COMe 1 78 [28]


51 COOEt CN 1 76 [28]


52 COOMe COOMe 1.5 74 [28]


53 Ph COOMe 4 34 [57]


54 Ph CN – – [5]


55 4-NO2C4H6 COOMe 7 53 [35]


56 4-NO2C4H6 COMe 1 24 [35]


57 4-NO2C4H6 CN 5 34 [35]


58 4-OMeC4H6 COOMe 7 38 [35]
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Scheme 13.


Scheme 14.
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Table 4.  


Aziridine R R' R'' R''' Yield, % Source


66 H COMe COOEt H 82 [59, 60]
67 H COOMe COOEt H 74 [59, 60]
68 H COOMe COOMe H 79 [64]
69 H Ph COOEt H 46 [59, 60]
70 H CH2Cl COOEt H 55 [59, 60]
71 H CH2OH COOEt H 52 [59, 60]
72 H COOMe COOMe COOMe 39 [59, 60]
73 Me COOMe COOEt H 15 [60]
74 H COPh CN H 62 [63, 64]
75 H COPh COOMe H 100 [63, 64]
76 H COMe CN H 76 [63, 64]
77 H COMe COOMe H 100 [63, 64]
78 H COOMe CN H – [63, 64]
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mechanism of aziridine generation was suggested
because the N–O bond in the heterocycle can readily
open under the reaction conditions, generating rear-
rangement products [63, 65]. However, the high stereo-
selectivity of the reaction excludes an acyclic transition


state, which would have generated a great number of
isomers because of the possibility of free rotation
around the C–N bond. Therefore, the mechanism
including 1,3-sigmatropic shift better matches the
observations.
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Nitronates as Synthetic Equivalents of Nitrile Oxides


The β-elimination of alcohol is characteristic of
N-alkoxyisoxazolidines, resulting in 2-isoxazolines
[28, 34, 35, 66, 67]. This reaction occurs due to the dis-
sociation of a relatively weak exocyclic N–O bond
(53 kcal/mol [3]) in heterocycles; it can occur sponta-
neously, under heating, or be induced by electrophilic
agents. Dilute mineral acids also facilitate the genera-
tion of 2-isoxazolines 79–83 from N-alkoxyisoxazo-
lidines (schemes 15, 16). The alternative route to isox-
azoline 79 involves the generation of nitrile oxide from
nitronate and its addition to an alkene molecule [66].
The scheme proposed in [39] for nitrile oxide genera-
tion from nitronic esters involves the protonation of
nitronate 84 with subsequent elimination of methanol
(scheme 17).


Thus, 2-isoxazolines 79–83 can be generated by
either the [3 + 2] cycloaddition of nitronates to alkenes
followed by the β-elimination of an alcohol molecule
or the reaction of alkenes with nitrile oxides. In this


case, nitronates can be regarded as synthetic equiva-
lents of nitrile oxides.


ALKYL NITRONATES GENERATED
FROM POLYNITROMETHANES


Nitronic esters generated from polynitromethanes in
their reactions with diazoalkanes or alkenes are unsta-
ble and cannot be isolated from the reaction mixture.
The existence of dinitronitronates can only be judged
from the products of their reaction with olefins; there-
fore, 1,3-cycloaddition offers a reliable way to fix
unstable polynitromethane nitronic O-esters [1–4].


Alkyl Nitronates Based on Polynitromethanes
and Diazoalkanes


Data on the generation of nitronic esters based on
polynitro compounds appeared in the middle 1960s. It
was demonstrated [5, 16] that the reaction of diazo-
methane with nitroform generates O-methyl trini-
tromethane ester 85, which cannot be isolated in an
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individual form because it vigorously decomposes in
attempts to remove the solvent. Inasmuch as nitr-
onate 85 is stable only in solutions at temperatures
below 10°C, it was generated in situ with subsequent
olefin addition. N-methoxy-3,3-dinitroisoxazolidines
86–97 were obtained in all cases. For monosubstituted
alkenes, the reaction with nitronate 85 has high regiose-
lectivity and produces only one of the two possible
regioisomers, namely, 5-substituted isoxazolidines
(scheme 18).


The low yield of isoxazolidine 96 was explained in
[16] by steric hindrances created by the four methyl
groups of the dipolarophile. Steric factors can also
explain the fact that nitronic ester 85 does not react with
stilbene, methyl cinnamate, dimethyl fumarate, and
dimethyl maleate [16].


It was demonstrated recently that the reaction in the
presence of ethoxyacetylene produces N-methoxy-2,2-
dinitroaziridine 98 in high yield instead of isoxazoli-
dine [68] (scheme 19). The mechanism of the reaction
between O-methyl trinitromethane ester and acetylenes
is an analogue of that described above for alkyl nitr-
onates [63].


The reaction of dinitromethane with diazomethane
also generates unstable nitronic ester 99; then, the latter
reacts with methyl acrylate to generate N-methoxy-3-
nitroisoxazolidine 100 [66] (scheme 20).


In the reaction of nitronate 99 with styrene, isox-
azoline 103 was isolated instead of expected isoxazo-
lidine 102; its generation can result from the sponta-
neous β-elimination of methanol under the reaction
conditions. Isoxazolidine 100 can be converted into
isoxazoline 101 only by gaseous HCl [66].


Nitromethane O-esters can also be generated from
halotrinitromethanes by alkylation with diazomethane.
The resulting nitronates are unstable and have not been
isolated in an individual form; however, when generated
in situ, they enter 1,3-dipolar cycloaddition reactions
with dipolarophiles, e.g., with dimethyl 7-oxabicy-
clo[2.2.1]heptenedicarboxylate 104 [69]. The reaction
with chlorotrinitromethane produces N-chloromethoxy-
isoxazolidine 105 in 13% yield (scheme 21).


In the reactions of bromo- and iodotrinitromethanes,
isoxazolidine 106 (the product of cycloaddition of
nitronic ester 99 to unsaturated diether 104) was iso-
lated in 10% yield instead of halomethoxy derivatives
[69] (scheme 22).
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Apparently, the halogen atom of bromo- and iodo-
trinitromethanes is readily exchanged for the diazo-
methane hydrogen atom. This generates nitroform,
which reacts with a second diazomethane molecule to
generate nitronate 99, and the latter enters the [3 + 2]
cycloaddition reaction with diester 104.


Alkyl Nitronates Based on the Reaction
of Tetranitromethane or Halotrinitromethanes


with Alkenes


The main rules governing the reactions of tetrani-
tromethane or halotrinitromethanes with alkenes were
established in the 1970s [70–80]. These studies postulate
nitronic ester generation as the key stage in alkene
heterocyclization by tetranitromethane or halotrini-
tromethanes. The reaction of polynitromethanes with the
first alkene molecule generates nitronic ester N, which
then enters the [3 + 2] cycloaddition reaction with a sec-
ond alkene molecule, producing isoxazolidine. Alkenes
with electron-donor substituents mostly enter such reac-
tions. The results are compiled in Table 5.


This specific reactivity of tetranitromethane and hal-
otrinitromethanes with alkenes makes these reactions


convenient for the synthesis of a number of N- and O-
heterocyclic compounds. Frequently, this is the only
possible approach to target heterocyclic compounds
(see reviews [1–4] and the references cited therein).


A cycle of studies of the tandem heterocyclization
of unsaturated compounds caused by polynitromethane
reagents [68, 81–88] was a new stage in the develop-
ment of the chemistry of acyclic nitronates. Unusual
alkenes—strained polycyclic olefins with small cycles
having unusual reactivity—were studied in reactions
with tetranitromethane and its derivatives [85]. For
example, alkenecyclobutanes containing an exo- or
endocyclic double bond of various degrees of substitu-
tion under the action of tetranitromethane generate 3,3-
dinitroisoxazolidines 121–124 of the cyclobutane
series with sufficient yields (scheme 23).


Methylenecyclobutanes and cyclobutene react with
tetranitromethane regioselectively to yield 5-substi-
tuted isoxazolidines 121–124 exclusively.


Methylenecyclopropanes, unlike methylenecyclob-
utanes, do not yield identifiable products with tetrani-
tromethane because of their tendency to polymerize
under the reaction conditions.
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The reactions of tetranitromethane with vinylcyclo-
propanes of various degrees of substitution at the double
bond were studied in [84]. Tetranitromethane was shown
to react with two equivalents of vinylcyclopropane 125
through a nitronic ester intermediate and subsequent 1,3-


dipolar addition of a second olefin molecule. The spe-
cific feature of this reaction is the homoallyl-type open-
ing of the three-member ring in the process of nitronic
ester generation, which leads to unsaturated cyclopro-
pane isoxazolidine 126 (scheme 24).


Table 5.  


Isoxazolidine X R1 R2 R3 R4 Yield, % Source


107


I


H H H H 71 [72]


108 Me Me H H 82 [72]


109 SiMe3 H H H 92 [73]


110 –(CH2)4– H H – [71, 74]


111
Br


H Me Me H 61 [75]


112 –(CH2)4– Me H 45 [75]


113


NO2


Ph H H H 60 [76]


114 OEt H H H 55 [77]


115 OCOMe H H H 65 [77]


116 CH2OPh H H H 17 [77]


117 CH2OCOMe H H H 15 [77]


118 CH=CH2 H H H 74 [78]


119 CH=CH2 H Me H 66 [79]


120 Ph H Me H 83 [80]
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Substitution at the double bond in a vinylcyclopro-
pane molecule gives rise to competition between the C-
and O-alkylation of the nitrocarbocation generated at
the first stage: in the case of methylcyclopropylethyl-
ene, isoxazolidine 127 is the major product, whereas
the reaction of 1,1-dicyclopropylethylene with tetrani-
tromethane exclusively produces 2,2-dicyclopropyl-
1,1,1-trinitro-3-nitropropane 129 in 80% yield [84]
(scheme 25).


Thus, the study of tetranitromethane in reactions
with small-ring alkenes showed that cyclobutane ole-
fins, regardless of their structure, generate spirocyclo-
butanedinitroisoxazolidines. Cyclopropane-substituted
olefins in their reactions with tetranitromethane yield
isoxazolidines, tetranitroalkanes, or rearrangement
products, depending on their structure [84, 85]. We
should mention that introduction of certain substituents
makes it possible to intentionally perform either hetero-
cyclization (O-alkylation) or tetranitromethane addi-
tion at a multiple bond (C-alkylation).


Three-Component Reactions of Tetranitromethane
and Halotrinitromethanes


with Unsaturated Compounds


Isoxazolidine generation is a tandem reaction and
can be represented as a sequence of two stages. The first
stage is the generation of nitronic ester, which is a 1,3-
dipole. The second stage is [3 + 2] cycloaddition of
nitronic ester to olefin with heterocycle formation.
Because alkene should satisfy different steric and elec-
tronic requirements at the first and second heterocy-
clization stages, it is possible to make the reaction of
tetranitromethane with olefins more universal by using
different alkenes at the nitronic ester generation and
cycloaddition stages [76–80, 82, 83, 89–95].


A fundamental possibility of generating mixed-
structure isoxazolidines was demonstrated for the reac-
tion of 1-phenylcyclohexene with tetranitromethane in
another sterically unhindered alkene taken in a tenfold
excess [96]. For preparative practice, however, this
approach is unpromising.


Three-component heterocyclization reactions
induced by tetranitromethane or halotrinitromethanes


Scheme 24.
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were studied for a wide range of alkenes in the mixed
interaction version with the equimolar reagent ratio
[81–83, 88]; as a result, a general one-pot preparative
synthesis was developed for highly functionalized
mixed-structure 3,3-dinitroisoxazolidines 130–148.
Tri- and tetrasubstituted alkenes with a nucleophilic
double bond were used for generating nitronic esters:
they readily react with polynitro compounds, but are
poor 1,3-dipolarophiles; a wide range of alkenes con-


taining electron-acceptor, donor, aromatic, and hetero-
cyclic substituents were used as the second component
at the [3 + 2] cycloaddition stage (Table 6). In [81–83,
88], the main laws and applicability of three-compo-
nent heterocyclization reactions were determined with
all three reagents being varied. Isoxazolidine genera-
tion occurs with high regioselectivity and, in some
cases, diastereoselectivity [97, 98].


Table 6.  


Isoxazolidine X R1 R2 R3 R4 Yield, % Source


130


Br


–(CH2)3– – – 46 [81, 82]


131 –CH2CH(CN)CH2– – – 75 [81, 82]


132 H COMe – – 40 [81, 82]


133 H CN – – 47 [81, 82]


134 H CH(OEt)2 – – 56 [81, 82]


135
I


–(CH2)3– – – 67 [82]


136 –CH2CH(CN)CH2– – – – [82]


137


NO2


CN H – – 56 [83, 88]


138 Me COOMe – – 59 [83, 88]


139 (EtO)2CH H – – 52 [83, 88]


140 Ph H – – 50 [83, 88]


141 Py H – – 24 [83, 88]


142 H H H – 46 [83, 88]


143 H H CN – 66 [88]


144 –(CH2)2– H – 67 [88]


145 H H H H 65 [88]


146 H H H 25 [88]


147 H H COOEt COOEt 43 [88]


148 Me CH2=CH–CH2– H H 33 [88]
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We should mention that iodoisoxazolidines 135 and
136, which are generated in three-component one-pot
reactions of iodotrinitromethane with bicyclobutyl-
idene and methylenecyclobutanes, undergo spontane-
ous β-elimination to produce nitroisoxazolines [82]. A
new approach to the synthesis of nitroisoxazolidines
149–152 was proposed on the basis of thermal β-elim-
ination of N-alkoxy-3,3-dinitroisoxazolidines in chlo-
robenzene [86] (scheme 26).


The reaction of nitronic esters generated from bro-
motrinitromethane and alkynes, as for trinitromethane,
does not generate halodinitroisoxazols; rather, it pro-
duces their rearrangement products, namely, gem-dini-
troaziridines 153 and 154 [68] (Table 7).


With the use of methylenecyclopropanes as dipolaro-
philes, three-component heterocyclization reactions pro-
duce, instead of expected spirocyclopropane-containing
isoxazolidines, their rearrangement products (gem-dini-
tropiperidones 156a–156c) [87] (scheme 27).


Table 7.  


Aziridine X R Diastereomer excess Yield, %


153a NO2 H 6 : 1 86


153b NO2 Et 3 : 1 18


154a Br H 7 : 3 25


154b Br Et 3 : 1 18
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5-Spirocyclopropaneisoxazolidines 155a–155c are
first generated as one regioisomer; then, they are spon-
taneously and completely rearranged into piperidones
156a–156c at room temperature. In the case of methyl-
enespiropentane, two isomeric piperidones 156c are
generated in the ratio 1 : 1 with a total yield of 23%.


Thus, the three-component reactions of tetrani-
tromethane and halotrinitromethanes with unsaturated
compounds proceed as one-pot tandem heterocycliza-
tion reactions, including the in situ generation of acy-
clic nitronic esters followed by [3 + 2] cycloaddition
and generation of various mixed-structure isoxazo-
lidines.


Three-Component Reactions of Oxiranes
and Alkenes with Trinitromethane


The possibility of generating nitronic esters in situ
via the nucleophilic opening of oxiranes by trini-


tromethane in the presence of olefins was recently
shown [99] (scheme 28).


A study of the reaction of cyclohexene oxide with
trinitromethane and alkenes showed that this reaction
generates nitronate M, which then enters [3 + 2]
cycloaddition reaction to yield highly functionalized
3,3-dinitroisoxazolidines of mixed structure 157–160
(scheme 29).


The reactions of cyclohexene oxide and trini-
tromethane with various alkenes are regio- and diaste-
reoselective and produce 3,3-dinitroisoxazolidines
157–160 in high yields.


Other alkene oxides react with trinitromethane in a
similar way [100] (scheme 30).


It was shown for methylenecyclobutane oxide that a
nuclephile attacks the unsubstituted carbon atom of
oxirane.
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Thus, reactions of oxiranes, trinitromethane, and
alkenes are a simple and convenient route to function-
ally substituted 3,3-dinitroisoxazolidines of mixed
composition.


The numerous reactions of acyclic nitronates
described in this review demonstrate the wide synthetic
opportunities for acyclic nitronic esters in preparative
organic chemistry. As the main achievement in recent
years, we consider the development of cascade multi-
component transformations, including the in situ gener-
ation of acyclic nitronic esters; these transformations
under formal one-stage conditions generate various
nitro-substituted N- and O-heterocycles of nontrivial
structure, such as highly functionalized 3,3-dinitroisox-
azolidines of mixed structure, nitroisoxazolines, and
gem-dinitropiperidones, converting them into prepara-
tively accessible compounds.
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