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Determination of organic compounds by kinetic
methods can be based either on their direct effect on the
rate of an indicator reaction or on their action on the
catalyst (metal ion). The direct effect of organic com-
pounds on the reaction rate is observed, for example, in
oxidation of arylamines by hydrogen peroxide (cata-
lysts are derivatives of phosphonic, sulfonic, and car-
boxylic acids [1]), in the iodine-azide reaction (cata-
lysts are thiols and thiones [2]), and in other systems [3,
4]. On the whole, notwithstanding a large number of
separate examples, the determination of organic com-
pounds on the basis of their direct effect on reaction
rates remains little studied. In particular, interesting
results could be obtained by studying radical chain pro-
cesses as indicator reactions, since even small concen-
trations of analytes can exhibit strong effects upon their
interaction with chain-carrying radicals present in very
low concentrations. For example, chain autooxidation
of aryldiamines makes it possible to selectively deter-
mine some compounds with high sensitivity [5]. In this
context, we considered typical radical reactions, such
as radical polymerization reactions.


Polymerization reactions of different monomers in
an aqueous solution have been studied [6–8]; however,
they have not been used for analytical purposes. Com-
pounds encountered as impurities in monomers or
inhibitors added to monomers to stabilize them in stor-
age are known to influence the polymerization rate [8–
12]. For the MMA polymerization, the strongest inhib-
itors are phenols and naphthols, whereas quinones, aro-
matic amines, and thiols are weaker inhibitors [8]. As a
rule, inhibition is chain transfer to the inhibitor to form


a radical that is less reactive than radicals ensuring
chain propagation. This mechanism is typical of aro-
matic amines and phenols, which form ArNH


 


•


 


 and ArO


 


•


 


radicals [10, 13]. Each of the semiquinone (or aryl-
amine) radicals disproportionates to quinone (quinone-
imine) and initial phenol (arylamine) and can terminate
one more chain. Polycyclic aromatic compounds, e.g.,
anthracene, are efficient inhibitors of polymerization of
vinyl monomers [13, 14], which is explained by their
ability to be excited to the biradical state due to their
polyconjugated structure. Inhibition by quinones [9,
12, 13] and other unsaturated compounds occurs
through their addition to double bonds to yield less
reactive products as compared to the initial radicals.
The most active inhibitor among quinones is 


 


p


 


-benzo-
quinone [9]. Nitroaromatic compounds are even more
active inhibitors. Their action is based on the formation
of a stable radical, nitrogen monoxide [9]. Nitroso com-
pounds have an analogous action [15].


Chain-transfer reagents (e.g., alkylamines) have no
considerable inhibiting effect on polymerization since
the nascent amine radicals are rather active [12, 13]. Ace-
tic acid, acetaldehyde, acetone, methanol, benzene, and
toluene were also found to be chain-transfer reagents;
however, the polymerization rate did not change in their
presence (presumably, for the same reason) [16]. In most
cases, oxygen acts as an inhibitor, which is attached to
the chain and forms peroxy radicals [16].


In this work, we studied the possibility of using rad-
ical polymerization reactions as indicator reactions in
kinetic methods of analysis. To do this, we needed to
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Abstract


 


—Polymerization of methyl methacrylate (MMA) and 4-vinylpyridine (VP) has been carried out in
an aqueous solution in the presence of the initiating system persulfate–tetramethylethylenediamine. The reac-
tion rate has been monitored by measuring the light absorbance of the suspension of the resulting polymer. The
effect of 26 model organic compounds on the polymerization rate has been studied. It has been shown that the
VP polymerization is inhibited by a smaller number compounds (9 compounds) than the MMA polymerization
(22 compounds), which indicates that the former reaction has better selectivity, whereas the determination of
model compounds using the MMA polymerization reaction is more sensitive. This is explained by the lower
chain growth rate constant for VP vs. MMA and different stationary concentrations of radicals in the systems.
The use of these indicator polymerization reactions makes it possible to distinguish some closely related com-
pounds, e.g., 1,4-benzoquinone and 9,10-anthraquinone (MMA reaction) or dinitrophenol and 4-nitrophenol or
phenol (VP reaction). Determination of ascorbic acid in a pharmaceutical formulation has been carried out.
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carry out the polymerization of selected monomers
(methyl methacrylate and 4-vinylpyridine) in an aque-
ous solution, find a simple method for monitoring the
reaction rate, and study the effect of model compounds
on the polymerization rate.


EXPERIMENTAL


 


Reagents, Solutions, and Instrumentation


 


Reagent grade or analytical grade reagents were used.
Distilled water purified with a Millopore system (resistiv-
ity, 18 M


 


Ω


 


 cm) or ethanol (Bryntsalov-A, Russia) were
used for preparing solutions. Methyl methacrylate
(MMA) and 4-vinylpyridine (VP) (Merck) were vac-
uum distilled and stored only at 5


 


°


 


C. 


 


N


 


,


 


N


 


,


 


N


 


',


 


N


 


'-Tetra-
methylethylenediamine (TEMED) (Helicon, Russia)
was used as purchased. K


 


2


 


S


 


2


 


O


 


8


 


 (Reakhim, Russia) was
recrystallized from water. Aqueous solutions of K


 


2


 


S


 


2


 


O


 


8


 


(0.1 mol/L), VP (0.3 mol/L), and MMA (0.1 mol/L)
were kept for 24 h before use, stored at 4


 


°


 


C, and used
within 5 days. An acetate buffer solution (pH 3.8–6.5)
was prepared from 0.02 M CH


 


3


 


COONa and 0.02 M
CH


 


3


 


COOH, and a borate buffer solution (pH 8.0) was
prepared from 0.05 M Na


 


2


 


B


 


4


 


O


 


7


 


 · 10H


 


2


 


O and 0.1 M
HCl. Ascorbic acid (Sigma-Aldrich) was dissolved in
water purged with nitrogen, and the solutions were used
on the day they were prepared.


Turbidimetric measurements were taken with a Uni-
phot-test-405 portable reflectometer (Marafon, Russia)
[17] in a 96-well polystyrene plate. The light from a red
light-emitting diode (LED) passed through the solution
in a well in which a polymer suspension formed,
reflected from a white paper sheet placed under the
plate, passed again through the suspension, and
recorded by a photodiode (Fig. 1). A red LED (650 nm)
was used since it ensured the highest intensity among
available LEDs and the light absorbance of a suspen-
sion was slightly dependent on the wavelength.


 


Reaction Procedure and Data Processing


 


Polymerization was carried out at room temperature
(23 


 


±


 


 1


 


°


 


C). Reagents were mixed in a well of the plate
in the following order: an acetate buffer solution
(pH 6.5, 15 


 


µ


 


L), monomer (VP, 0.3 mol/L, 75 


 


µ


 


L, or
MMA, 0.09 mol/L), initiator (TEMED, 0.9 or
0.01 mol/L, 15 


 


µ


 


L), and a model compound or pure
water; then, the solution was stirred with a pipette tip,
and a potassium persulfate solution (0.1 mol/L, 15 


 


µ


 


L)
was added. The mixture was stirred for 3 s, and measure-
ments were begun. The photodiode voltage 


 


U


 


, recorded
every second (an RS-232 interface), decreased with an
increase in the turbidity of the solution. The turbidity fac-
tor 


 


B


 


 was calculated by the formula


where 


 


U


 


black


 


 is the voltage on the LED placed in a
closed dark box, and 


 


U


 


white


 


 is the voltage obtained from
an absolutely transparent aqueous solution in a well of
the plate. Thus, 


 


U


 


white


 


 – 


 


U


 


black


 


 is the maximal range of
the 


 


U


 


 value. Correspondingly, the 


 


B


 


 value was unity at
the beginning of the run and decreased as polymeriza-
tion proceeded (Fig. 2).


RESULTS


 


Choice of Monomers, Initiator, and Analytical Signal


 


The polymerization reaction used as the indicator
one should proceed in an aqueous solution at room tem-
perature. To select a suitable reaction, reactions were
carried out in a neutral medium (an acetate buffer solu-
tion pH 6.5). Three monomers with a rather high solu-
bility in water were studied: methacrylamide, MMA,
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Fig. 1.


 


 Scheme of the measurement of the optical density of
a polymer suspension with the use of a reflectometer:
(
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) 96-hole plate, (
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) reflectometer probe, (
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) LED, (
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) pho-
todiode, (
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) aluminum orifice, (
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) white support, (
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) poly-
mer suspension, and (
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) light flux
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Fig. 2.


 


 Typical dependence of the turbidity factor 


 


B


 


 of a
polymer suspension on time for the MMA or VP polymer-
ization reaction in solution and the 


 


∆


 


B


 


 and 


 


τ


 


 parameters
used for characterizing these reactions.
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and VP. We found that the last two monomers polymer-
ize in an aqueous solution (the initiating system will be
discussed later) to form turbid suspensions that do not
precipitate for several minutes. The introduction of eth-
anol (


 


≥


 


0.5%) into the reaction mixture prevents the for-
mation of a suspension. This is most likely associated
with chain termination rather than with an increase in
the solubility of the nascent polymer. The inhibiting
effect of water-miscible organic solvents was previ-
ously observed in polymerization of acrylamide [6].


Figure 2 shows the resulting kinetic curve. The tur-
bidity caused by formation of an insoluble polymer is
observed with a delay of a few minutes. Such a delay can
be caused by different factors: accumulation of some
minimal concentration of a polymer necessary for its
coagulation; the presence of dissolved oxygen, which
rapidly reacts with active radicals, thus inhibiting the
process; or chain termination or transfer (in the presence
of model compounds). Hereinafter, the observed turbid-
ity delay is referred to as induction period.


Thus, the reaction was characterized by two param-
eters: the maximum turbidity 


 


∆


 


B


 


 related to the amount
of the formed polymer (the difference between the tur-
bidity factors prior to the reaction and after its comple-
tion at 


 


t


 


 = 400 s) and the induction period 


 


τ


 


. The maxi-
mal reaction rate 


 


w


 


max


 


, determined as the slope of the
kinetic curve at the point of its inflection, turned out to
be less reproducible.


For initiation of polymerization, we studied the
water-soluble initiator 2,2'-azobis(isobutyrate), which
decomposes into radicals; however, in its presence,
polymerization of VP and MMA did not begin even at
60


 


°


 


C. We also studied redox initiating systems [6, 9]
containing persulfate, bromate, periodate, or hydrogen
peroxide (including H


 


2


 


O


 


2


 


 + Fe


 


II


 


) as the oxidant and


thiosulfate, hydrazine, dimethylamine, diethylamine,
triethylamine, or TEMED as the reductant. Polymeriza-
tion occurred only in the presence of persulfate
(0.1 mol/L) as the oxidant and thiosulfate, hydrazine, or
TEMED (0.01 mol/L) as the reductant. It is likely that,
in these systems, the highest concentration of free rad-
icals is achieved. The strongest turbidity of MMA and
VP solutions is observed in the persulfate–TEMED
system; polymerization had the induction period
(~1 min). This initiating system is often used for poly-
merization of acrylamide in preparation of gels for pro-
tein separation [18]. The use of hydrazine or thiosulfate
as the reductant of the initiating system leads to lower
maximal 


 


∆


 


B


 


 values and a longer induction period
(3


 


−


 


13 min). Subsequently, the persulfate–TEMED ini-
tiating system was used for studying VP and MMA
polymerization.


 


Effect of Reactant Concentrations and pH


 


To achieve considerable conversions after only a
few minutes, highly concentrated aqueous solutions of
a monomer are required (a near-saturated solution of
MMA (0.09 mol/L) or VP (0.3 mol/L). With an increase
in the K


 


2


 


S


 


2


 


O


 


8


 


 concentration, the induction period
decreases while the depth of reaction increases
(Table 1). High TEMED concentrations lead to a
decrease in 


 


∆


 


B


 


 upon VP polymerization (Table 2),
which can be due to a too high initiation rate and for-
mation of shorter polymer chains or to a too rapid
decomposition of persulfate upon its interaction with
an excess of TEMED. It is desirable that the 


 


∆


 


B


 


 value
be maximal and the induction period be shorter than
1 min; therefore, we used a 0.9 M (for VP) or 0.01 M
(for MMA) TEMED solution in the presence of a 0.1 M
persulfate solution.


 


     


 


Table 1.


 


  Effect of the persulfate concentration on the polymerization reaction parameters


 


a


 


 (


 


n


 


 = 3, 


 


P


 


 = 0.95)


Monomer VP


 


b


 


MMA


 


c


 


C


 


 (K


 


2


 


S


 


2


 


O


 


8


 


), mol/L 0.01 0.03 0.10 0.01 0.03 0.10
Induction period


 


d


 


 


 


τ


 


, s 150 120 51 180 130 70
Maximum turbidity


 


e


 


 


 


∆


 


B


 


0.45 0.48 0.54 0.63 0.65 0.68


 


Notes:


 


a


 


 All concentrations refer to of initial solutions; 


 


b


 


 0.3 mol/L of VP, 0.9 mol/L of TEMED; 


 


c


 


 0.09 mol/L of MMA, 0.01 mol/L of
TEMED; 


 


d


 


 the reproducibility of 


 


τ


 


 was 


 


±


 


8–10 s for 


 


τ


 


 > 100 s and 


 


±


 


5 s for τ < 100 s; e the reproducibility of ∆B was ±0.05.


      
Table 2.  Effect of the TEMED concentration on the polymerization reaction parameters (concentration of K2S2O8, 0.1 mol/L;
n = 3, P = 0.95)


Monomer VP MMA


, mol/L 0.04 0.2 0.6 0.9 1.3 0.01 0.10 1.0


Induction periodb τ, s 65 58 53 51 36 70 45 0
Maximum turbidityc ∆B 0.05 0.15 0.49 0.54 0.33 0.68 0.64 0.58


Notes: a The concentration in the added solution; b the reproducibility of τ was ±5 s; c the reproducibility of ∆B was ±0.03 (at ∆B < 0.3)
and ±0.05 (at ∆B > 0.3).


CTEMED
a
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Solution acidity in the range of pH 3.9–8.0 has no
noticeable effect on the polymerization rate (for exam-
ple, during VP polymerization, ∆B was in the range
0.51–0.55). All further experiments were carried out in
neutral medium (pH 6.5, an acetate buffer solution).
Throughout this work, the volumes of solutions used
for polymerization (see Experimental) were the same.


Effect of Model Organic Compounds


Model compounds were selected among com-
pounds known to affect the polymerization rate—phe-
nols, amines, nitrosamines, and sulfur(2–) compounds
[9–13]—and among compounds with indifferent func-


tional groups (carboxyl, amide). The maximal initial
concentration of model compounds was 0.01 mol/L
(in some cases, 0.1 mol/L). The compounds under con-
sideration either have no effect on the reaction rate or
retard the reaction. The kinetic curves in Fig. 3 show
that an increase in the concentration of a model com-
pound decreases the depth of reaction ∆B and the max-
imal reaction rate wmax; the induction period τ can
thereby increase. Figures 4 and 5 show the plots of ∆B
and τ versus the concentration of a compound. A com-
pound was considered to influence the reaction rate if a
parameter (∆B or τ) fell beyond the confidence interval
for the blank (delimited by dashed lines in Figs. 4 and 5).
In particular, phenol, 2,4,6-trinitrophenol, and 2,4-dini-
trophenol have an effect on the depth of polymerization
of VP beginning with the concentration 0.01, 1 × 10–3,
and 1 × 10–5 mol/L, respectively.


The results of studying the effects of model com-
pounds on the progress of both reactions are summa-
rized in Table 3. Only the following compounds inhibit
the VP polymerization reaction: methyl- and ethy-
lamines, cysteine and thiosalicylic acid anions,
p-benzoquinone, and some phenols. At the same time,
nearly all selected compounds inhibit the MMA poly-
merization reaction, and the minimal detectable con-
centrations are, as a rule, lower in this case. Hydro-
quinone, p-benzoquinone, 2,4-dinitrophenol, and
ascorbic acid have the strongest effect.


Model compounds differently affect the kinetic
curve parameters ∆B and τ. For the VP polymerization,
only phenol, hydroquinone, p-benzoquinone, and picric
acid change the induction period of the reaction,
whereas the maximum turbidity is affected not only by
the above compounds but also by two amines and two
SH compounds. For the MMA polymerization, the


Time, s
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200 300 400 5000
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Fig. 3. Kinetic curves of the VP polymerization reaction in
the presence of different concentrations of 2,4-dinitrophe-
nol:(1) 0.01, (2) 1 × 10–3, (3) 1 × 10–5, and (4) 0 mol/L.
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Fig. 4. Effect of phenols on the depth of the VP polymerization reaction: (1) phenol, (2) 2,4,6-trinitrophenol, and (3) 2,4-dinitro-
phenol. Dashed lines delimit the confidence interval of the blank; the point with C = 0 corresponds to the ∆B value in the absence
of model compounds.
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opposite situation was observed: the minimal detect-
able concentrations calculated from τ were the same or
even lower (for nine model compounds) than those cal-
culated from ∆B.


It is worth noting that analytical signals are differ-
ent within similar groups of compounds. For example,
the VP polymerization reaction is retarded only by
methyl- and ethylamines and not by other amines (sec-
ondary and ternary, n-propylamine, and aniline, which
have no detectable effect up to the concentration
0.01 mol/L). In the MMA polymerization reaction,
primary C1 and C2 amines also have a stronger effect
than the other amines (the minimal detectable con-
centrations differ by two to three orders of magni-
tude). In the VP polymerization reaction, different
phenols have a very different effect (Fig. 4), which
makes it possible to detect 2,4-dinitrophenol or
2,4,6-trinitrophenol in the presence of 4-nitrophenol or
phenol. These phenols in concentrations 1 × 10–3 mol/L do
not interfere with the determination of 3 × 10–3 M
2,4-dinitrophenol. The difference in the effect of quinones
was observed in the MMA polymerization reaction
(Fig. 5); for example, p-benzoquinone in concentrations
1 × 10–7–1 × 10−4 mol/L inhibits the polymerization,
whereas 9,10-anthraquinone has no effect on it.


Determination of Ascorbic Acid in a Medical Product


The determination of a model compound by the
MMA polymerization reaction is more sensitive than
by the VP polymerization reaction (Table 3). The ques-
tion arises of whether the former reaction allows one to
determine compounds with the selectivity required for
analysis of actual objects. The determination of ascor-
bic acid (HAsc) was carried out in freshly unsealed
ampoules of Bravinton (sol. inj.) (Table 4). The analyte
solution was introduced into the MMA polymerization
reaction instead of a model compound. The detection
limit of ascorbic acid in an aqueous solution was
10−7 mol/L, which is close to its detection limit by
chemiluminescence and some spectrophotometric
methods [22]. The plot of ∆B versus the HAsc concen-
tration in water covers the range 1 × 10–3–
1 × 102 mol/L, which corresponds to the HAsc concen-
tration in the drug. However, the introduction of an ali-
quot of the undiluted drug into the reaction led to over-
estimated results: (3.5 ± 0.2) × 10–3 instead of 3.1 ×
10−3 mol/L; therefore, we checked the effect of the
other components of the drug. Sodium metabisulfite
interfered with the determination, whereas the other
components, separately or in combination with HAsc,
had no effect on the reaction rate. For lower concentra-
tions than those in the drug but at the same ratio of the
HAsc and Na2S2O5 concentrations, metabisulfite did
not interfere with the determination of ascorbic acid;
therefore, for analysis, the drug solution was diluted
tenfold to obtain HAsc and Na2S2O5 concentrations on
the order of 3 × 10–3 and 7.5 × 10–3 mol/L, respectively.
The calibration plot of ∆B versus HAsc concentration


covers the range 1 × 104–1 × 10–3 mol/L (r = 0.992, sr =
0.08 for 3 × 10–3 mol/L, n = 3). The concentration of
HAsc in Bravinton determined from this plot,
(3.2 ± 0.2) × 10–3 M, corresponded to the actual content
3.1 × 10–3 mol/L, which was also confirmed by liquid
chromatography with a UV detector, (3.1 ± 0.1) ×
10−3 mol/L (n = 3, P = 0.95).


DISCUSSION


Major interest in the reactions under consideration
as indicator reactions is due to the possibility of selec-
tive determination of compounds with similar struc-
tures. To interpret our results, we need to consider the
scheme of the polymerization process and the role of
model compounds in it.


Effect of Chain-Terminating Compounds


The polymerization of VP and MMA, like of other
monomers, involves the stages of chain initiation, prop-
agation, and termination (Table 5). A model compound
InH can react with the radical of the initiator R• or with
the radical of the growing chain  (reactions (7)
and (8)). If the radical of a model compound In• has low
reactivity, both reactions will lead to chain termination.
This is likely responsible for the inhibition of polymer-
ization by most model compounds (Table 3). In the case
of unsaturated compounds, the inactive radical In• can
also form as a result of addition of the chain-propagat-
ing radical to the double bond. This is possible for
ascorbic acid, one of the strongest inhibitors of the
MMA polymerization (a longer induction period was
observed only for hydroquinone, a classical inhibitor of
monomers). Ascorbic acid also decreases the polymer-
ization rate. This compels us to assume that the product
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Fig. 5. Effect of (1) hydroquinone, (2) 1,4-benzoquinone,
and (3) 9,10-anthraquinone on the induction period of the
MMA polymerization reaction. Dashed lines delimit the
confidence interval of the blank.
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of its transformation is also an inhibitor, even if a
weaker one than the acid itself. For quinones, the mech-
anism of inhibition due to addition to double bonds
cannot be ruled out as well.


Effect of Chain-Transfer Agents


If the radical In• forming in reactions (7) and (8) is
sufficiently active to initiate a new chain, the result will
be chain transfer, which leads to a decrease in the phys-
ical length of polymer chains and an increase in their
number. This is likely responsible for the effect of
methyl- and ethylamines on the polymerization rate
(Table 3, Fig. 5). Such an effect is unexpected since pri-
mary amines are neither among typical inhibitors of
bulk polymerization nor among typical radical scaven-
gers (alkylamine radicals are considerably less stable
than radicals formed from compounds of other classes).
If chain is transferred to amine, the nascent radical can
rather rapidly initiate the growth of a new chain; i.e., the
overall rate of the process will not change. However,
the effect of amine will manifest itself not only in bulk
polymerization; under our conditions, a decrease in
chain length can lead to a decrease in the turbidity of
the suspension.


Difference in the Properties of Monomers


To elucidate the difference in the characteristics of
the indicator reactions involving VP and MMA
(Table 3), we should reveal the difference in properties
between the monomers since the initiating system is the
same in all cases. As is known, the reactivity of vinyl
monomers noticeably depends on the resonance stabili-
zation energy [19, p. 25]: monomers with a higher
degree of conjugation are more reactive but their radi-
cals are less active, whereas less conjugated monomers
are less reactive but form very active radicals. Conjuga-
tion in the VP molecule should be considerably more
pronounced than in the MMA molecule; therefore, VP
radicals are expected to be less reactive. Indeed, the
reaction rate constants at 25°C are 2.7 × 102 and
12 L/mol s for MMA and VP, respectively [20, 21]. The
polymerization rate w is related to the chain propaga-
tion rate constant kp, the stationary radical concentra-
tion [R•], and the monomer concentration [M] as fol-
lows [10, p. 14]:


(9)


For the quadratic chain termination,


where win is the initiation rate, and k0 is the termination
rate constant. Based on the maximum turbidities, deter-
mined gravimetrically, and measurements of the light
absorbance of the polymer suspension, we estimated the
observed polymerization rate constants kobs, which are
equal to kp[R•] according to Eq. (9). For MMA and VP,
these values are close: (1.2 ± 0.1) × 103 and (1.0 ± 0.2) ×
103 s–1, respectively (n = 3, P = 0.95). If the kobs con-
stants of two monomers are close to each other and the
kp constants differ more than 20-fold, the [R•] values
should also be different; namely, stationary concentra-


w kp R•[ ] M[ ],=


R•[ ] win/k0( )1/2,=


Table 3.  Effect on model compounds on VP and MMA
polymerization. Minimal detectable concentrations (mol/L)
that change the induction period τ and the maximum turbid-
ity ∆B (these two values are separated by a slash) are given.
“No effect” means that there is no difference from the blank
at the highest concentration studied (0.01 mol/L)


Compound


Minimal detectable concentration of
a compound in the polymerization


reaction of


VP by τ/∆B MMA by τ/∆B


Amines and other nitrogen-containing compounds
Methylamine No effect/1 × 10–4 1 × 10–6/1 × 10–5


Dimethylamine No effect 1 × 10–4/1 × 10–3


Trimethylamine No effect 1 × 10–3/1 × 10–3


Ethylamine No effect/1 × 10–3 1 × 10–6/1 × 10–5


Diethylamine No effect 1 × 10–3/1 × 10–3


Triethylamine No effect –
n-Propylamine No effect 1 × 10–5/1 × 10–5


Aniline No effect 1 × 10–5/1 × 10–4


Glycine No effect 0.01/No effect
Hydrazine No effect 0.01/0.01
N-nitrosodime-
thylamine


No effect 1 × 10–6/1 × 10–4


Urea No effect 0.01/0.01
Sulfur-containing compounds


Thiosulfate No effect 0.01/0.01
Thiourea No effect 1 × 10–4/1 × 10–4


Thiosalicylic 
acid


No effect/1 × 10–4 –


Cysteine No effect/1 × 10–3 –
Phenols and Quinones


Phenol 1 × 10–4/No effect 1 × 10–6/1 × 10–5


Hydroquinone 1 × 10–3/1 × 10–4 1 × 10–8/1 × 10–8


p-Benzo-
quinone


1 × 10–3/1 × 10–3 1 × 10–8/1 × 10–8


9,10-Anthra-
quinone


– 1 × 10–5/1 × 10–4


p-Nitrophenol No effect 1 × 10–5/1 × 10–5


2,4-Dinitro-
phenol


No effect/1 × 10–4 1 × 10–7/1 × 10–7


2,4,6-Trinitro-
phenol


0.01/1 × 10–3 1 × 10–5/1 × 10–5


Other compounds
Ascorbic acid No effect 1 × 10–7/1 × 10–6


Benzoic acid No effect No effect
Salicylic acid No effect 1 × 10–4/1 × 10–3
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tions of radicals in a mixture upon VP polymerization
should be higher than upon MMA polymerization.


The above interpretation of the difference between
the systems under consideration is schematic and ten-
tative; however, it allows us to explain the different
effect of model compounds in these two reactions. At
low radical concentrations (i.e., in the case of MMA), a
considerable fraction of radicals can be trapped by
almost any model compound; most of these compounds
will decrease the overall polymerization rate. At higher
radical concentrations (in the case of VP), higher con-
centrations of rather active inhibitors are required to
achieve the same effect. This is actually the case
(Table 3): the MMA polymerization rate is affected by
22 model compounds, whereas the VP polymerization
rate responds to the presence of only nine model com-
pounds and the minimal concentrations of these com-
pounds that affect the reaction rate are always lower
than in the case of MMA.


If we assume that a model compound reacts not only
with the most active radicals of the initiating system but
also with the radicals of the monomers or growing
chain, it should be taken into account that lower reac-
tivity of radicals with a higher degree of conjugation
(VP) makes them more selective, i.e., less sensitive to
side reactions [19], in particular, to chain transfer to a


model compound (Table 5, Eq. (8)). This means that the
probability of MMA reacting with a model compound
is higher than that of VP.


Applying the aforesaid to the effect of, for example,
alkylamines, we may assume that higher concentra-
tions of methyl- or ethylamine are necessary to affect
the chain propagation rate during polymerization of VP
than of MMA. Indeed, the polymerization of MMA is
more sensitive to the presence of amine (Table 3).


Effect on the Induction Period and Maximum Turbidity


The different character of the effect of model com-
pounds on the induction period and the maximum tur-
bidity can be considered from the standpoint of the
reaction of a monomer. As follows from Table 3, for
some compounds, minimal detectable concentrations
are different depending on what parameter was mea-
sured (τ or ∆B). In addition, the determination based on
the VP polymerization reaction is more sensitive when
∆B is measured (for example, 1 × 10–4 mol/L of hydro-
quinone changes the maximum turbidity, whereas
1 × 10−3 mol/L is required to affect the induction
period; the same is observed for the other compounds
except phenol). Conversely, the determination based on
the MMA polymerization reaction is more sensitive


Table 4.  Composition of Bravinton solution for injections (g/L)


Ascorbic acid Vinpocetinea Tartaric acid Sodium metasulfite Sorbitol Benzyl alcohol


0.55b 5.0 10 0.23 10 10


Notes: a Another name for Cavinton, a semisynthetic alkaloid; b 3.1 × 10–3 mol/L.


Table 5.  Basic stages of the polymerization reaction used in this work


In th absence of model compounds (mon = VP or MMA):


Redox initiation: TEMED +   R• (R• = , TEMED•, etc.) (1)


(presumably the rate-limiting stage [15])
Interaction of radicals of the initiating system with the monomer:
R• + mon  mon• (2)


Chain propagation: mon• + mon  (3)


 + mon   (growing radical containing n + 1 monomer units) (4)


Chain transfer to the monomer:


 + mon  chainn + mon• (limiting the length of chainn) (5)


Termination: R• 


radical loss (e.g., by the reaction with another radical) (6)mon• 


 


Additional stages in the presence of model compounds (InH)
Radical exchange R• + InH  In• + RH (7)


Chain transfer to a model compound:  + InH  In• + chainn (8)


S2O8
2– SO4


–•


mon( )2
•


chainn
• chainn 1+


•


chainn
•


chainn
•


chainn
•
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when the induction period is measured. According to
the above assumption, the VP polymerization is charac-
terized by higher concentrations of the radicals of the
initiating system (R•) and growing chains ( );
therefore, the reactions of model compounds (chain
transfer and radical exchange, Eqs. (7) and (8), Table 5)
will be of more significance in polymerization of VP
than in polymerization of MMA.


To verify the suggested scheme of the action of
model compounds, it would be of interest to study the
polymerization of an unconjugated monomer with an
even lower chain propagation rate constant (for exam-
ple, vinylidene chloride, k = 8.6 [20]) with the use of
the same initiating system TEMED–persulfate. The
range of compounds that have an effect on the rate of
this reaction should be as narrow as or even narrower
than for VP polymerization, and model compounds
should mainly affect the depth of the reaction rather
than its induction period. This could be the subject of a
separate study.


CONCLUSIONS


Indicator polymerization reactions in an aqueous
solution are applicable to the determination of organic
compounds acting as radical scavengers, as well as of
some compounds that are not typical inhibitors of chain
reactions, e.g., alkylamines. Noteworthy is the fact that
some compounds with similar structures can be distin-
guished or one reducing agent can be determined in the
presence of another (ascorbic acid/metabisulfite). Inas-
much as many compounds have an inhibiting effect,
analysis of specific objects will require studying the
effect of the matrix and carrying out calibration on the
background of all components that can affect the ana-
lytical signal.


Our findings allow us to suggest the principle of fur-
ther selection of indicator polymerization reactions
(with redox initiation). If high sensitivity is required,
less active monomers should be chosen, which give
active radicals [19, p. 5], e.g., acrylonitrile, vinylidene
chloride, or maleic anhydride. If selectivity is of pri-
mary importance, more reactive monomers should be
used, e.g., isoprene, styrene, or acrylamide [19, p. 5].
To optimize the conditions of polymerization of these
monomers in solution will be a separate task.
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In gas-phase electron diffraction, there has long
been a need to discard the routine photographic method
of recording the diffraction pattern and to switch to a
new method having higher sensitivity and resolution,
ensuring a large linear sensitivity range (several orders
of magnitude), and making it possible to avoid labori-
ous processing of photo plates [1]. The Imaging Plates
(IP) system was developed by the Fuji company [2] and
has been widely used for recording different types of
radiation (X-ray, electron, neutron, ultraviolet, and vis-
ible). The system consists of the three components [3].


 


A special film


 


 for recording radiation has a flexible
base (polyester) coated with a layer of fine crystalline
BaF(Br,I):Eu


 


2+


 


.


 


A reader


 


, which scans the exposed film and obtains
a digital two-dimensional map of the absorbed radia-
tion.


 


An eraser


 


, which erases information from the
exposed film and prepares it for new measurements.


As compared to the photographic method, the IP
system has the following advantages [4]:


(i) The sensitivity is 10- to 100-fold higher than for
photo plates.


(ii) The linear sensitivity range is five to six orders
of magnitude, whereas photo plates ensure no more
than two orders of magnitude.


(iii) The film can be repeatedly used (more than
1000 cycles) and chemical treatment is not necessary.


IIjima and Suzuki were the first to use the IP system
in gas-phase electron diffraction in 1998 [5].They
reported that the IP system is 100 times more sensitive
than photo films. However, this high sensitivity is
achieved only at a voltage of 200 kW on the electron
diffractometer. At higher and lower voltages, the sensi-


tivity sharply decreases and loses up to four-fifths of its
maximal value.


Although chemical treatment is unnecessary, the IP
film should be exposed to laser light (


 


λ


 


 = 633 nm) and
then to UV light (


 


λ


 


 = 390 nm) to be ready for the next
cycle of measurements. In addition, this equipment is
very expensive.


In this context, a new design of the recording unit,
with a fixed screen coated with a layer of an appropriate
phosphor instead of a photo plate, seems to be promis-
ing. An electron beam is scattered by the molecules of
a compound and produces a diffraction pattern on the
luminescent screen. The screen brightness depends on
the energy of electrons, i.e., on the accelerating voltage
and the scattering angle of the incident beam.


The diffraction pattern displayed on the luminescent
screen is input to a reading device and is transmitted to
a computer for further processing.
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Abstract


 


—A new design of the recording unit of an electron diffractometer for gas-phase electron diffraction
has been suggested, in which a fixed luminescent screen is used instead of photo plates. The diffraction pattern
of a compound displayed on the screen is input to a reading device with contact photographic recording and is
transmitted to a computer as digital two-dimensional intensity maps.
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 Sensitivity vs. electron dose (C/cm


 


2


 


) according to
[5]: 


 


I


 


 is the intensity of Fuji imaging plate at 


 


V


 


 = 200 kV, and


 


D


 


 is the optical density of the Fuji FG film.
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The major properties of the phosphors determining
whether they are suitable for screens for different pur-
poses are [6]:


(i) the color of luminescence,
(ii) the afterglow time,
(iii) the luminescence brightness under certain exci-


tation conditions,
(iv) the resistance to electron irradiation,
(v) the resolution.
Comparison of technical data on different phos-


phors [7] allowed us to conclude that rare earth phos-
phors, i.e., regular phosphors with a high concentration


of an activator (up to several percents), are preferable
for our purposes. Such phosphors are the most current-
stable.


The choice of the luminescence color of the screen
is, first of all, determined by the spectral sensitivity of
the radiation receiver, so that the spectral sensitivities
of the luminescent screen and reader should be strictly
consistent.


As for the afterglow time, the choice of a screen is
determined by the data update rate; however, inasmuch
as the diffraction pattern emerging on the luminescent
screen is uploaded to a computer for further processing,
the requirement for the screen to have a long afterglow
time is not strict.


An important characteristic of the screen excited by
an electron beam is its resistance to electron irradiation.
A measure of the phosphor resistance to electron irradi-
ation at currents that do not lead to irreversible screen
burning can be the screen resource, i.e., the density of
the electric charge introduced by the beam at which the
initial brightness decreases by half. The largest screen
resource (100) is observed for phosphors of the
Y


 


3


 


Al


 


15


 


O


 


12


 


:Ce type.
In summary, we can draw the conclusion that, in


their chemical composition, afterglow time, screen
resource, and other parameters, rare earth phosphors
are best suited to the purpose. In this work, a KLZ-2
phosphor ZnS–Gd:Th,Tb was used.


The second step of the work intimately associated
with the choice of a phosphor for the screen is the
choice of an appropriate reading device whose proper-
ties (spectral sensitivity, resolution, and other parame-
ters) correspond to the properties of the luminescent
screen.


Comparison of the technical data on high-resolution
cathode ray tubes [7–9] shows that a 11LK7A tube is
preferable. This tube is used in special-purpose devices
with contact photographic recording. A 13LK17A tube
can also be used. The small dimensions of these tubes
(length, 315 mm; weight, no more than 700 g) make it
possible to mount them in the recording unit of an elec-
tron diffractometer.


Thus, the suggested new method of recording elec-
tron diffraction patterns not only retains all advantages
of IP caused by the use of the luminescent layer but also
circumvents some difficulties due to the use of a reader
with contact photographic recording.
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 Scheme of an electron diffractometer: 


 


1


 


 is the high-
voltage source, 


 


2


 


 is the electron gun, 


 


3


 


 is the electron beam,


 


4


 


 is the electron diffractometer column, 


 


5


 


 are electromag-
netic lenses, 


 


6


 


 is the sample, 


 


7


 


 is the luminescent screen, 


 


8


 


is the reader with contact photographic recording, and 


 


9


 


 is
the computer.
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An abrupt rise in the cost of energy sources and, as
result, in the cost of cooling agents, especially hydro-
gen and helium, made it virtually impossible for ordi-
nary laboratories to carry out investigations in the tem-
perature region between the nitrogen boiling point
(63 K) and the hydrogen boiling point (20 K). Cryo-
genic apparatuses that do not use expensive and defi-
cient cooling agents would be an acceptable approach
in this respect.


As the first step in this direction, we designed and
tested quite a simple and low-cost nitrogen sublimation
cryostat based on a commercial dewar vessel intended
for the generation of enriched parahydrogen. There is
an experience [1, 2] of the design and performance of
glass sublimation and adsorption cryostats intended for
operating at 50–35 K. However, practice showed that
glass apparatuses are highly inconvenient because of
glass brittleness and maintenance difficulties. Metal
apparatuses are evidently necessary.


The development and commercialization of SDS-6
and SDS-35 new-generation nitrogen dewar vessels
with low heat losses (less than 1/4 Wt) at NPO Geliy-
mash opens the possibility to create sublimation cryo-
stats operating at 77–45 K with the use of a forepump
only with a delivery of at least 5 L/s.


The major part of the sublimation cryostat designed
by us (Fig. 1) is a SDS-6 dewar vessel 6 L in capacity
with a glass fiber throat 60 


 


×


 


 0.8 


 


×


 


 250 mm in size. The
wide throat enables quite a rapid cooling of bulky
objects.


Inside the dewar, copper chamber 


 


4


 


 (


 


d


 


 = 40 mm)
filled with a granulated ortho-para conversion catalyst
(iron hydroxide on silica gel) is hanged on holder 


 


3


 


,


which is made of a stainless pipe (20 


 


×


 


 0.4 mm). Ger-
man silver capillaries 


 


5


 


 and 


 


6


 


 serve for input and output
of converted hydrogen. Vacuum vents 


 


7


 


 and 


 


8


 


 serve to
control the gas flow rate and pressure in chamber 


 


4


 


; the
gas pressure is measured with a test vacuum meter 


 


9


 


.
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Abstract


 


—A simple nitrogen sublimation cryostat for operating at 77–45 K was designed, built, and success-
fully tested. The major part of the apparatus is an SDS-6 commercial dewar vessel 6 L in capacity produced by
NPO Geliymash. A temperature of 45 K was achieved after 5 h of forevacuum pumping at 5 L/s.
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Fig. 1.


 


 Sublimation cryostat: (


 


1


 


) SDS-6 dewar vessel,
(


 


2


 


) fiber glass throat, (


 


3


 


) reactor holder, (


 


4


 


) copper reactor
with catalyst, (


 


5


 


, 


 


6


 


) German silver gas inlet/outlet pipes,
(


 


7


 


, 


 


8


 


) Du2 vacuum vents, (


 


9


 


, 


 


10


 


) test vacuum meters,
(


 


11


 


) cold junction of thermocouple, (


 


12


 


) sealed joint,
(


 


13


 


) hole for thermocouple connections, (


 


14


 


) mushroom
seal, (


 


15


 


) heat-insulating glass fiber plug, and (


 


16


 


) inner
vessel.
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Test vacuum meter 


 


10


 


 is used to control the vapor
pressure of liquid nitrogen in the dewar vessel. The
temperature in chamber 


 


4


 


 is measured with a copper–
constantan thermocouple whose cold junction is
mounted to the housing of the chamber. The connec-
tions to this junction go from sealed joint 


 


12


 


 inside
holder 


 


3


 


, pass through hole 


 


13


 


 of the holder, and are
tightly arranged in it.


Liquid nitrogen vapor is pumped out from inner ves-
sel 


 


16


 


 with a 2NVR-5V forepump through a plastic


pipe 20 mm in diameter and 1.5 m long (not shown in
Fig. 1). Figure 2 illustrates the cooling dynamics of
chamber 


 


4


 


. The minimal temperature 


 


T


 


m


 


 = 45 K is
achieved after 5 h. It is noteworthy that this is not the
lowest temperature achievable with this dewar. Esti-
mates show that 


 


T


 


m


 


 can be reduced to 40 K if using a
diffusion pump with a delivery of about 100 L/s and if
increasing vacuum pipe diameter to 50 mm.


The cryostat was successfully used to generate
enriched parahydrogen. Currently, a system ensuring
lower temperatures (to 20 K) is designed on the basis of
our cryostat with the use of the Joule–Thompson cycle;
this system will generate 99% para-H


 


2


 


 without using
liquid cooling agents at high costs.


The nitrogen sublimation cryostat based on an
SDS-6 dewar vessel is an acceptable alternative for
investigations at temperatures of 77–40 K without
using liquid hydrogen or helium. The use of exchange-
able inserts enables one to easily change objects to be
investigated.
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 Reactor cooling dynamics. Notation: 


 


t


 


m


 


—time
required for achieving the minimal temperature 


 


T


 


m


 


; 


 


t


 


f


 


—
period during which the temperature of the nitrogen triple
point (


 


T


 


f


 


 = 63 K) is maintained.
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INTRODUCTION


Group IB metals (Cu, Ag) are widely used as active
components of catalysts of numerous partial and com-
plete oxidation reactions [1, 2]. It has long been
believed that gold does not have such activity [3]. How-
ever, in the past 10–15 years since the discovery of the
high catalytic activity of nanodispersed gold [1, 4],
preparation of nanogold catalysts and study of their
physical and chemical properties have attracted much
interest [5].


The catalytic activity of gold nanoparticles sup-
ported by oxides (TiO


 


2


 


, Fe


 


2


 


O


 


3


 


, CeO


 


2


 


, etc.) in some reac-
tions (mainly, oxidative) has been found experimentally.
Noteworthy are the reactions of low-temperature selec-
tive CO oxidation, propylene epoxidation, nitrogen
oxide reduction, and SO


 


2


 


 dissociation. All these reac-
tions involve the formation of adsorbed oxygen species
on the surface of gold nanoparticles. It can be assumed
that the unique behavior of supported gold catalysts is
mainly associated with unusual states of oxygen on the
surface of gold nanoparticles. It is not improbable that
gold nanoparticles are completely oxidized during oxi-
dation reactions to form nanooxides [6].


In this context, experimental and theoretical study
of the structure and the nature of the bond between oxy-
gen and the gold surface is important. First of all, it is
of interest to study the direct interaction of oxygen with
gold nanoparticles by state-of-the-art spectral methods
of surface analysis, such as X-ray photoelectron spec-
troscopy (XPS), UV photoelectron spectroscopy, Auger
electron spectroscopy, and others. It is virtually imprac-
ticable to carry out such experiments and to obtain


information on the state of adsorbed oxygen on the sur-
face of gold nanoparticles because of the low concen-
tration of these particles and the overlap of strong oxy-
gen lines arising from the oxide supports. An alterna-
tive way is to study adsorbed oxygen on a bulk gold
surface (foil, single crystals, powders). It is evident that
no one can insist on the identity of the properties of
bulk and nanosized gold. Nevertheless, data on oxygen
species obtained for bulk gold can serve as a basis for
correct interpretation of the spectra and properties of
nanoparticles. However, study of bulk gold samples
encounters a substantial obstacle, namely, the difficulty
of obtaining oxygen species on the gold surface
because of the high barrier to O


 


2


 


 adsorption [7, 8]. Dif-
ferent methods have been suggested for treating the
gold surface and obtaining chemisorbed oxygen on it:
action of ozone [9], NO


 


2


 


 [10], and atomic oxygen [11,
12]; oxygen adsorption at high pressures and tempera-
tures [13]; and others. These methods are either of low
efficiency or rather inconvenient. For efficient oxida-
tion of the gold surface, electrochemical oxidation of a
gold electrode [14] or treatment with oxygen activated
by a high-frequency discharge [15, 16] has been sug-
gested. When electrochemical oxidation is used, it is
difficult to combine the XPS method with an electro-
chemical cell; at the same time, high-frequency activa-
tion can easily be carried out in the chambers of an elec-
tronic spectrometer.


As distinct from the electrochemical method, expo-
sure to oxygen plasma is implied to produce only one
type of gold oxide, Au


 


2


 


O


 


3


 


 [17, 18]. However, as is
known, the silver (gold analogue in Group IB) surface
is intensively oxidized by a microwave oxygen dis-
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Abstract


 


—Gold oxide films obtained on the surface of polycrystalline gold foil upon oxidation by oxygen acti-
vated by a high-frequency discharge have been studied by X-ray photoelectron spectroscopy. High-frequency
O


 


2


 


 activation affords oxide films more than 3–5 nm thick. As follows from Au4


 


f


 


 spectra, the surface gold atoms
are oxidized to the oxidation state +3. The O1


 


s


 


 spectra have a composite shape and are decomposed into four
components that characterize nonequivalent states of oxygen in the resulting oxide films. It is assumed that the
two major oxygen states (


 


E


 


b


 


(O1


 


s


 


) = 529.0 and 530.0 eV) correspond to the oxygen atoms in two- and three-
dimensional gold oxide Au


 


2


 


O


 


3


 


, respectively. The oxygen states characterized by the higher binding energies
(


 


E


 


b


 


(O1


 


s


 


) = 531.8 and 535.2 eV) likely correspond to molecular oxygen in peroxide and superoxide groups,
respectively.
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charge to produce not only a thick oxide film but also
several oxygen species and states with considerably
different chemical properties [19, 20]. Two major types
of oxide structures are formed, one of which is cuprite-
type Ag


 


2


 


O. In the second state, oxygen is believed to be
involved in AgO particles [20] or in oxidized nanopar-
ticles with the molecular nature of oxygen bonding
AgO


 


n


 


 with 


 


n


 


 > 1 [19]. In any case, low-temperature
plasma treatment of the silver surface imparts new
properties to the oxygen in oxide structures. It is possi-
ble that specificity in the formation of oxide species
obtained on the gold surface under oxygen activation
also persists on the surface of gold nanoparticles where
O


 


2


 


 is adsorbed without activation.
This work deals with the study of oxide layers


formed on the gold foil surface at room temperature
upon plasma treatment.


EXPERIMENTAL


Measurements were carried out on a VG ESCALAB
HP photoelectron spectrometer. The instrument con-
sisted of two high-vacuum chambers for pretreatment
of samples and an analyzer chamber, which are sepa-
rated by shut-off valves. The spectrometer was
equipped with an X-ray source with a double Mg/Al
anode, which made it possible to use for excitation pri-
mary MgK


 


α


 


 (1253.6 eV) and AlK


 


α


 


 (1486.6 eV) radia-
tion. A hemispherical electrostatic analyzer was used
for analysis of the photoelectron energy spectrum.
X-ray photoelectron spectra were recorded in the con-
stant pass energy (HV) mode. General spectra were
recorded at HV = 100 eV, and detailed Au4


 


f


 


, O1


 


s


 


, and
C1


 


s


 


 spectra were recorded at HV = 20 eV (energy step,
0.1 eV). In this case, the line width at half maximum for
the reference Au4


 


f


 


7/2


 


 line was 1. 3 eV. The Au4


 


f


 


7/2


 


 bind-
ing energy (84.0 eV) was used as the internal reference.
Processing of the data obtained and analysis of the
spectra were performed with the PSILON and CALC
programs tested for a number of systems [21–23] and
with standard graphical software.


In the pretreatment chamber, an ion gun for sample
purification and an antenna for high-frequency dis-
charge generation were mounted. The sample was a
polycrystalline gold (99.99% purity) sheet 0.2 mm
thick. A piece of the plate, 10 


 


×


 


 10 mm, was fastened by
gold wires with tantalum springs at the ends. The tanta-
lum springs ensured the stable position of the sample
relative to the X-ray beam and the analyzer lens during
recording of spectra at different temperatures.


Before the experiments, the sample was repeatedly
purified by etching its surface with argon ions followed
by annealing at 873 K. After these operations, XPS
showed no impurities.


The antenna for high-frequency discharge was a
gold (99.99%) wire 0.2 mm in diameter. The choice of
the antenna material was not accidental since HF dis-
charge generation can be accompanied by sputtering of


atoms from the antenna material. If the antenna mate-
rial is the same as that of the sample, such a construc-
tion makes it possible to minimize sputtering of impu-
rities from other parts of the oxygen excitation system
(in the course of experiments, no impurity deposition
on the sample surface was observed). The process was
monitored by XPS. High-frequency oxygen activation
was carried out at an adjustable frequency of about
12.6 MHz at oxygen pressures of 1–100 Pa. The expo-
sure to activated oxygen was 1–10 min. During expo-
sure to activated oxygen, the sample temperature was
varied from 300 to 520 K and a potential with discrete
values in the range from +300 to –300 V was applied to
the sample.


RESULTS AND DISCUSSION


 


State of Gold Atoms upon High-Frequency Oxidation 
of Polycrystalline Gold Foil


 


Oxygen activated by a high-frequency discharge
efficiently interacts with the polycrystalline gold foil
surface. Figure 1 shows that the action of oxygen
plasma leads to a sharp decrease in the intensity of the
metal gold doublet in the Au4


 


f


 


 spectra (


 


E


 


b


 


 = 84.0 and
87.0 eV) and to the emergence of a strong doublet with


 


E


 


b


 


 = 85.6 and 89.2 eV. According to the published data,
this doublet is due to gold incorporated in Au


 


2


 


O


 


3


 


 [11,
12, 14–17]. This is evidence of the growth of a three-
dimensional oxide film. The decomposition of the Au4


 


f


 


spectra into components shows that only two gold
states—metallic and oxidized (Fig. 2)—are observed
after the action of high-frequency discharge.


The thickness of the resulting oxide film can be var-
ied by changing the surface treatment duration. Figure 1
shows that, at the early stage of exposure of the gold
foil surface to activated oxygen, the oxide film grows
rather rapidly (this can be judged from the buildup of
the oxide component in the Au4


 


f


 


 spectrum with


 


E


 


b


 


(Au4


 


f


 


) = 85.6 eV), whereas an increase in the treat-
ment duration to 1 min or more leads to a noticeable
decrease in the film growth rate. In particular, after a
10-min exposure to oxygen activated by a high-fre-
quency discharge, the X-ray photoelectron spectra
show a weak doublet due to metallic gold. This can be
evidence that the thickness of the oxide film is ~90 Å.
It is likely that the oxide film growth occurs by means
of diffusion of gold atoms through the oxide film to the
surface. The action of X-ray radiation on ionic com-
pounds of Group IB metals is also possible; i.e., the
gold oxide on the surface decomposes during recording
of the photoelectron spectrum. The effect of X-ray radi-
ation on the reduction of divalent copper is well known
[22]. It is likely that a thin metal film will always cover
the gold oxide surface when the gold oxide states are
studied by probe spectral methods. On the whole, the
question of whether gold oxide particles are reduced
during XPS measurements requires a separate consid-
eration.
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Fig. 1.


 


 Au4


 


f


 


 spectra recorded after exposure of the polycrystalline gold foil surface to oxygen activated by microwave discharge in
the gas phase as a function of exposure time. Treatment conditions: 


 


P


 


(O


 


2


 


) = 25 Pa; 


 


T


 


 = 300 K; 


 


U


 


 = +300 V; and the treatment dura-
tion (


 


τ


 


) was 1, 10, 15, 30, 60, 120, and 240 s.
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Fig. 2.


 


 Spectral decomposition of the Au4


 


f


 


 spectrum recorded after exposure of the polycrystalline gold foil surface to oxygen acti-
vated by microwave discharge in the gas phase. Treatment conditions: 


 


P


 


(O


 


2


 


) = 25 Pa, 


 


T


 


 = 300 K, 


 


U


 


 = +300 V, and 


 


τ


 


 = 240 s.
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It should be noted that the formation of rather thick
silver oxide films (>30 Å) has been observed upon oxi-
dation of the silver surface by oxygen activated by a
high-frequency discharge [19, 20]; however, the Au4


 


f


 


spectra reported in [15] show that, upon gold oxidation,
the oxide component does not exceed the metallic one.
This means that the gold oxide film is about 15–20 Å
thick. In our case, the metallic component constitutes
no more than 5–10%, which points to a higher degree
of oxidation of the polycrystalline gold foil surface; i.e.,
the film thickness in our experiments is considerably
larger and constitutes 30–40 Å or more. It is not incon-
ceivable that this high efficiency of interaction of acti-
vated oxygen with the gold foil surface is associated not
only with the parameters of the HF discharge but also
with the fact of using a gold wire as the antenna. The
routine material used for manufacturing antennas is
superpure aluminum, which has the lowest sputtering
yield in an oxygen atmosphere. It is possible that, in the
course of experiments, the gold from the antenna was
sputtered under the action of the high-frequency dis-
charge and the oxide film growth was due to both the
interaction of activated oxygen with the gold foil sur-
face and gold sputtering in an oxygen atmosphere. Such
a method of obtaining gold oxides was described previ-
ously [23]. However, in this case, the oxide film growth
rate should not depend strongly on the oxide film thick-
ness (which was not observed in the experiments).


The use of an aluminum antenna in high-frequency
discharge shows that the O1


 


s


 


 and Au4


 


f


 


 spectra charac-
terize the same states of gold and oxygen atoms as were
obtained with the use of the gold antenna. In addition,
no aluminum was detected on the sample surface
within the sensitivity of XPS. Thus, we can assume that
no noticeable sputtering of the gold antenna material
occurs and that the film growth is mainly driven by
interaction of activated oxygen with the polycrystalline
gold foil surface.


A change in the potential applied to a sample has no
significant effect on the oxide film growth or on stabili-
zation of some specific oxygen species as in the case of
oxygen adsorption on the silver foil surface [19]. How-
ever, it is worth noting that, at long high-frequency dis-
charge times, the activated oxygen interacts with cham-
ber walls to yield metal oxides, in particular, iron
oxides highly mobile in an oxygen atmosphere, on the
sample holder. We found that a positive potential
applied to the sample during treatment with oxygen
under high-frequency excitation leads to a decrease in
the amount of iron oxides on the gold surface. We also
found that, at exposure times above 5 s, a change in the
oxygen pressure within the range 5–100 Pa and in the
distance between the sample and antenna has no effect
on the thickness and quality of the formed oxide film. It
is likely due to the fact that the basic parameters of
high-frequency oxygen activation (excitation fre-
quency, O


 


2


 


 pressure, etc.) used in this series of runs lead
to rather efficient oxygen activation independent of
auxiliary parameters.


 


Oxygen State upon High-Frequency Oxidation
of the Polycrystalline Gold Foil Surface


 


The interaction of the gold surface with oxygen in
high-frequency discharge leads to the emergence of a
strong O1


 


s


 


 line with 


 


E


 


b


 


(O1


 


s


 


) = 530.0 eV and a weaker
line with 


 


E


 


b


 


 


 


≈


 


 535.5 eV (Fig. 3). However, at short
exposure times, the major oxygen line with 


 


E


 


b


 


(O1


 


s


 


) 


 


≈


 


530.0 eV is shifted toward smaller binding energies by
about 0.3 eV and the line with 


 


E


 


b


 


 


 


≈


 


 535.5 eV vanishes.
For the major O1


 


s


 


 line, the width at half maximum
exceeds 2 eV, the line being noticeably asymmetric.
This can mean that this oxygen line is composite and,
most likely, consists of several components; i.e., there
are several nonequivalent states of oxygen atoms in the
resulting gold oxide films.


The spectra were decomposed into components of
Gaussian–Lorentzian shape with a spectrum-decompo-
sition program. The error of determination of binding
energies was no more than 0.1 eV. The assumption of a
Gaussian–Lorentzian shape of the O1


 


s


 


 line is well jus-
tified since oxygen atoms have no 


 


d


 


 or 


 


f


 


 electrons and
have only 


 


s


 


 and 


 


p


 


 electrons. Figure 4 shows the decom-
position of the O1


 


s


 


 spectrum after the treatment of gold
foil with high-frequency discharge for 4 min. The inte-
gral O1


 


s


 


 peak is decomposed into four components:
peak 


 


α


 


1


 


 with 


 


E


 


b


 


 = 529.0 eV, peak 


 


α


 


2


 


 with 


 


E


 


b


 


 = 530.0 eV,
peak 


 


α


 


3


 


 with 


 


E


 


b


 


 = 532.1 eV, and peak 


 


α


 


4


 


 with 


 


E


 


b


 


 =
535.2 eV. For convenience of discussion, the same des-
ignations 


 


α


 


1


 


–


 


α


 


4


 


 are used below. As follows from the
decomposition in Fig. 4, the oxygen in the oxide films
is mainly in two states, 


 


α


 


1


 


 and 


 


α2, the buildup of the
O1s peak with an increase in the plasma exposure time
being mainly due to an increase in the contribution of
component α2. This is responsible for the shift of the
O1s peak toward larger binding energies with an
increase in the time of exposure of the gold foil surface
to activated oxygen. Consideration of the spectral fea-
tures of the O1s spectra together with those of the Au4f
spectra shows that the oxide component with Eb =
85.6 eV is related to oxygen of both α1 and α2 states
incorporated in the three-dimensional gold oxide phase
Au2O3.


Component α1 with Eb = 529.0 eV is observed in X-
ray photoelectron spectra after exposures to oxygen
plasma of different durations, beginning with the short-
est times. It is worth noting that an increase in the expo-
sure time does not lead to a buildup of the α1 and α2
components. The lower Eb value for the oxygen in the
α1 state as compared with that for the oxygen in the α2
state allows us to assume that the charge state of α1 spe-
cies is close to that of atomic oxygen on the surface,
since its position coincides with Eb(O1s) = 529.4 ±
0.2 eV obtained for atomic oxygen at the gold foil sur-
face [9, 11]. This assumption is quite reasonable since
the high-frequency oxygen discharge generates both
excited molecular states of oxygen and atomic oxygen.
It is not improbable that this α1 species can be due to
two-dimensional gold oxide and the oxygen species
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Binding energy, eV
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240 s


120 s


60 s


30 s
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540


530.0


529.7


O1s


Fig. 3. O1s spectra recorded after exposure of the polycrystalline gold foil surface to oxygen activated by microwave discharge in
the gas phase as a function of exposure time. Treatment conditions: P(O2) = 25 Pa; T = 300 K; U = +300 V; and τ was 1, 10, 15, 30,
60, 120, and 240 s.


525 530 535
Binding energy, eV


540


α1


α2


α3


α4


Fig. 4. Spectral decomposition of the O1s spectrum recorded after exposure of the polycrystalline gold foil surface to oxygen acti-
vated by microwave discharge in the gas phase. Treatment conditions: P(O2) = 25 Pa, T = 300 K, U = +300 V, and τ = 240 s. The
peak positions are 529.0 (α1), 530.0 (α2), 531.8 (α3), and 535.2 eV (α4).
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with Eb(O1s) = 530.1 eV is incorporated in three-
dimensional gold oxide; however, there is no definite
proof of these assumptions. Thus, the gold oxide film is
characterized by two major nonequivalent oxygen
states, with their proportion changing during surface
oxidation: α1 species forms at the early stages of inter-
action of activated oxygen with the gold surface and
saturates rather rapidly, whereas species α2 mainly
forms upon deeper oxidation.


The binding energy of oxygen species α3 (Eb(O1s) =
531.8 eV) is rather high for atomic oxygen adsorbed at
metal surfaces. This species forms upon long-term
exposure to activated oxygen. Sometimes, high binding
energies are attributed to the molecular state of oxygen
[24]; however, it is also assumed that similar binding
energies should correspond to the oxygen of OH groups
or water molecules on the gold surface [14, 15, 25].
This possibility cannot be completely ruled out; how-
ever, the persistence of this oxygen species and its con-
stant amount allow us to cast doubt on this assumption.
It is most likely that this component corresponds to the
oxygen incorporated either directly in the oxide film or
in the transition layer between the metal substrate and
oxide film. The value Eb = 531.8 eV points to the exist-
ence of a direct chemical bond between oxygen atoms;
i.e., we can assume, in line with [25], the existence of
peroxide and superoxide species stable at room temper-
ature. Molecular oxygen is fixed most likely on tiny
particles and the amorphized gold surface [6].


Long-term treatment with oxygen activated by a
high-frequency discharge leads not only to efficient
oxidation of the gold surface but also to the formation
of a new unique oxygen state responsible for the peak
separated from the basic O1s peak by 5.5 eV (α4). The
binding energy of this species (535.5 eV) is anoma-
lously high for a thermostable oxygen form, since only
weakly adsorbed or physisorbed oxygen species have
been described as having such high binding energies
Eb(O1s) [26]. This oxygen species is not generated at
early stages of gold oxidation; rather, it is observed
only at a high degree of coverage of the surface with
oxygen; therefore, we can assume that the appearance
of this species is related to the formation of a thick gold
oxide film. To explain the chemical nature of this spe-
cies, two hypotheses can be put forth.


(1) This species is molecular oxygen occluded in
interblock or intergrain voids of the oxide film or of the
metal–oxide interface layer. Oxygen can be occluded
due to an extremely rapid growth of an oxide on the sur-
face under plasma treatment. As a result, oxygen turns
out to be entrapped in cavities and voids of the nascent
oxide with heterogeneous morphology. This hypothesis
is supported by the fact that oxygen in the gas phase has
a similar binding energy, Eb(O1s) = 537–538 eV (with
inclusion of the work function of a spectrometer). Indi-
rect evidence in favor of the hypothesis of occluded gas
can be the oxygen peak with a close binding energy
(Eb = 535.7 eV) observed after sputtering of gold on the


gold foil surface in the presence of oxygen [25]. In any
case, this species is close to the superoxide oxygen
structure.


(2) Photoionization takes place when elastic loss of
electrons due to electron shake-up leads to the emer-
gence of shake-up satellites in spectra. A similar situa-
tion is observed for some oxide and carbon systems, in
particular, in copper oxide CuO, graphite, and others
[24]. It is worth noting that copper is a gold analogue in
the group; however, for copper oxide, satellites are
observed only in Cu2p spectra. It is not improbable that
the satellite lines in the range 534–537 eV arise from
molecular oxygen in the system (α3) and the emergence
of the shake-up satellite in O1s spectra is caused by the
electronic structure of the occupied and vacant orbitals
of the O–O bond.


Our study of the thermal stability of the resulting
oxide films showed that all oxygen species are stable up
to about 470 K. At 470 K, the amount of oxygen on the
gold surface slightly decreases. However, heating to
480 K is accompanied by vigorous decomposition of
gold oxide and oxygen desorption with recovery of the
metallic state of the surface.


Our data on the thermostability of gold oxide Au2O3
are consistent with the data in [9, 11]. At the same time,
a thermostability of gold oxide not exceeding 370 K has
been reported [15, 18]. It is likely that oxide films
obtained in different works differ in structure and mor-
phology and require further, detailed study by different
spectral and structural methods of surface analysis.


CONCLUSIONS
Oxide films formed on the gold foil surface upon


high-frequency activation of O2 have been studied by
XPS. Optimization of O2 activation parameters makes
it possible to obtain oxide films more than 3–5 nm
thick. High-frequency activation of oxygen in the gas
phase allows uncontrolled deposition of impurities on
the surface to be avoided. The Au4f spectra showed that
gold atoms on the oxidized surface are in the oxidation
state +3. The O1s line shape is complicated and con-
sists of four components characterizing nonequivalent
oxygen states in the resulting oxide films. It is assumed
that the two major oxygen states correspond to oxygen
incorporated in two-and three-dimensional gold oxide
Au2O3 (Eb(O1s) = 529.0 and 530.0 eV, respectively).
The oxygen state with Eb(O1s) = 531.8 eV corresponds
presumably to the oxygen of peroxide groups. The
nature of the fourth oxygen state, which gives rise to the
high-energy peak with Eb(O1s) = 535.5 eV, is not com-
pletely clear. The most rational explanation is that this
oxygen species corresponds to superoxide-type molec-
ular oxygen occluded in the oxide film.
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Virtually all state-of-the-art plasticized-membrane
nitrate ion-selective electrodes (ISEs) in their perfor-
mance use associations of hydrophobic organic cations
with  anions [1]. In the vast majority of ISEs,
anion exchangers are alkylammonium or alkylphos-
phonium salts. During the conditioning in a solution of
the potential-determining ion,  is extracted to the
lipophilic membrane, whose extraction selectivity and,
therefore, potentiometric selectivity correlate with the
Hoffmeister lipophilicity raw [2]. Anion-exchange
membrane electrodes were proposed for use in the pH-
metric determination of relatively hydrophobic organic
anions, such as Cl , , SCN


 


–


 


, and  [3, 4].
The electrode-active component (EAC) is formed on
the membrane surface via association as a result of long
conditioning in a solution of the potential-determining
ion. We think that ISEs with the hydrophobic associa-
tion containing the target ion being embedded directly
into membranes have a higher potential [5, 6].


The analytical application of ionic liquids (ILs),
which are ionic organic compounds in a molten state, is
continually widening [7, 8]. Most often, compounds
with melting temperatures not higher than 100


 


°


 


C are
classified as ILs. Ionic liquids are used as solvents, dilu-
ents, and extracting agents in liquid–liquid extraction
[9–11], voltammetry [12], capillary electrophoresis,
and chromatography [13–15]. The feasibility of using


NO3
–


NO3
–


O4
–


BF4
–


NO3
–


 


ILs as EACs and plasticizers of polymer binders in ISE
membranes has been documented [16].


In this work, we tested two ILs based on 1,3-dialkyl-
imidazolium cations (C


 


8


 


C


 


12


 


ImNO


 


3


 


 and (C


 


16


 


)


 


2


 


ImNO


 


3


 


)
for use as the active components of PVC membranes
for nitrate-reversible ISEs.


EXPERIMENTAL


 


Solutions and Reagents


 


Ionic liquids, namely, 1-octyl-3-dodecylimidazo-
lium nitrate C


 


8


 


C


 


12


 


ImNO


 


3


 


 (a liquid at room tempera-
ture) and 1,3-dihexadecylimidazolium nitrate
(C


 


16


 


)


 


2


 


ImNO


 


3


 


 (a solid at room temperature; 


 


T


 


m


 


 =
68.5


 


°


 


C) were synthesized as described previously [17]
(Table 1). 


 


o


 


-Nitrophenyl octyl ether (


 


o


 


-NPOE; 


 


ε


 


 = 24.5;
from Sigma) was used as a solvent and plasticizer in the
manufacture of plasticized membranes. Poly(vinyl
chloride) (S-70 grade) was used as the polymer matrix.


KNO


 


3


 


 stock solutions and IL solutions were pre-
pared by dissolving exactly weighed aliquots in dis-
tilled water. Weaker solutions were prepared by consec-
utive dilution. Solutions of foreign anions for potentio-


metric-sensitivity studies (1 


 


×


 


 10


 


–3


 


 mol/L; , Cl


 


–


 


,


Br


 


–


 


, I


 


–


 


, CH


 


3


 


COO


 


–


 


, and Cl ) were prepared by dis-
solving an exactly weighed aliquot of an alkali-metal
(sodium, potassium, or lithium) salt, of reagent or ana-
lytical grade, in distilled water.


SO4
2–


O4
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Abstract


 


—Two dialkylimidazolium nitrate ionic liquids (ILs) have been tested for use as an active component
of plasticized PVC membranes in nitrate ion selective electrodes (ISEs). The potentiometric reversibility and
the main electrochemical characteristics of the ISEs in KNO


 


3


 


 solutions have been studied. The test membranes
contain 5% of the active component and demonstrate a near-Nernstian response to . The use of a more
hydrophobic IL based on dioctadecylimidazolium increases the sensitivity and decreases the detection limit:
the slope of the electrode function is 57 mV/p


 


C


 


, and 


 


C


 


min


 


 = 3.7 


 


×


 


 10


 


–6


 


 mol/L. The pH range of the membrane


performance has been studied, and the potentiometric selectivity to  in the presence of several foreign
anions has been determined. The new electrode exceeds the commercially available analogue (an ELIT 021
nitrate-selective electrode) in the detection limit and response time. The utility of the new electrode for the
direct potentiometric determination of nitrate ILs in aqueous solutions has been demonstrated.
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Manufacturing of Plasticized ISE Membranes


 


Film ISE membranes were manufactured using
known technology [18] via dissolving PVC, a plasti-
cizer, and an EAC in tetrahydrofuran while stirring. The
EAC, plasticizer, and PVC concentrations were 5.0,
63.5, and 31.5 wt %, respectively. The IL was added
directly to the membrane composition to serve as an
EAC (ion exchanger).


The e.m.f. of a galvanic cell with transference was
measured in order to study the electrochemical proper-
ties of the membranes. The cell was as shown below.


An Expert 001 pH meter was used to measure the
e.m.f. The external reference electrode used was an


 


Ag/AgCl Inner
standard 
solution


Plasticized
membrane


Test
solution


AgCl/Ag


 


Table 1.


 


  Ionic liquids as electrode-active compounds


Name Structural formula Membrane notation


1-Dodecyl-3-octylimidazolium nitrate
I


1,3-Dihexadecylimidazolium nitrate
II


C8C12Im+NO3
– N N


H17C8 C12H25


+ NO3
–


C16( )2Im
+
NO3


– N N
H33C16 C16H33


+ NO3
–
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–
3
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Fig. 1.


 


 Response of electrodes I, II, and ELIT 021 to KNO
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) electrode I, (
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) electrode II, and (


 


3


 


) ELIT 021. The dashed line is
the Nernstian function.


 


Table 2.


 


  Electrochemical properties of test membranes


Electrode


Electrode parameter


slope, mV linear range,
mol/L
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,
mol/L


response time
(10


 


–1


 


 mol/L), min working pH range


I –51 


 


±


 


 5 1 


 


×
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–1 
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5.0 2.5 3–10


II –57.1 


 


±


 


 0.8 1 


 


×
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–1


 


–1 


 


×


 


 10


 


–5


 


3.7 2.5 3–10


ELIT 021 –58 


 


±


 


 1 1 
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–1 


 


×
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5.9 4.0 2–9







 


202


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 4


 


      


 


2007


 


SVIRIDOV et al.


 


EVL-1 M3 silver/silver chloride electrode. The poten-


tiometric selectivity coefficient ( ) was esti-


mated using the bionic potentials technique with the
main and interfering ion concentrations equal to 1 


 


×


 


10


 


−


 


3


 


 mol/L. The main performance parameters of the
test electrode were compared to the parameters of an
ELIT 021 nitrate-selective electrode, which is produced
by Niko-Analit research and production company.


RESULTS AND DISCUSSION


 


Electrochemical Characteristics of IL-Based ISEs


 


The potentiometric response of the membranes con-
taining dialkylimidazolium-based ILs and  ions
was studied (Table 1). All test ISEs in KNO


 


3


 


 solutions
respond to ; the electrode function has a near-
Nernstian slope (Fig. 1). The response time of the elec-


K
X NO3


–,
pot


log


NO3
–


NO3
–


 


trode is not longer than 2 min. The membrane potential
is independent of solution acidity in a pH range of 3.0–
10.0. The use of (C


 


16


 


)


 


2


 


ImNO


 


3


 


 (the more hydrophobic
IL) increases the sensitivity and decreases the detection
limit for  (Table 2).


The electrochemical properties of IL membranes
were compared to those of a commercially available
ELIT 021 electrode. The IL-based ISEs exceed their
commercial analogue in the detection limit 


 


C


 


min


 


 and the
response time, the other parameters being competitive
(Table 2).


 


Nitrate-Ion Selectivity of Membranes


 


In order to study the potentiometric selectivity of IL
membranes, the potentiometric selectivity coefficients
were measured in salt solutions containing 1 


 


×


 


 10


 


–3


 


 mol/L
of the following foreign anions: sulfate, chloride, bro-
mide, iodide, acetate, and perchlorate. The selectivity
coefficients thus obtained are listed in Table 3.


The effect of the tested foreign ions on the response
to  increases in the order


 < Ac
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 < Cl
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 < Br
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 < Sal
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 < I
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 < Cl .


The highest selectivity is observed in the presence


of ; Cl  most strongly interferes with the poten-


tiometric determination of .


 


Response of Nitrate-Selective Electrodes
in IL Solutions


 


The electrodes equipped with ILs as active compo-
nents were used for the ionometric determination of


NO3
–


NO3
–


SO4
2–


O4
–


SO4
2–


O4
–


NO3
–


Table 3.  Potentiometric selectivity of electrodes


Electrode


II ELIT 021


–3.41 –3.39


Ac– –2.04 –1.97


Cl– –1.45 –1.36


Br– –0.94 –0.69


Sal– 0.99 1.38


I– 1.01 1.06


2.55 2.81


K
X NO3


–,
potlog


SO4
2–


ClO4
–


2.5


E, mV


pCIL


200


4.5 6.5
180


220


240


Fig. 2. Response of an ISE equipped with membrane II in a C8C12ImNO3 aqueous solution. The dashed line is the Nernstian func-
tion.
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 in C8C12ImNO3 IL solutions. The ISE in these
solutions behaved differently than in KNO3 solutions.
The presence of dialkylimidazolium C8C12Im+ (a large
and hydrophobic cation) in the test solution substan-
tially affected the response to . The  sensitiv-
ity within a narrow concentration range was found only
for membrane II, in which imidazolium (C16)2Im+


(a more hydrophobic cation) was the anion exchanger.
For low IL concentrations (below 1 × 10–4 mol/L), an
incomplete anionic function was observed with a slope
of (43 ± 3) mV/pC; Cmin was equal to 6.3 × 10–6 mol/L
(Fig. 2). Such a sub-Nernstian electrode function is
likely due to the presence of imidazolium hydrophobic
cations, which penetrate the membrane and decrease its
nitrate sensitivity. At higher IL concentrations (above
2 × 10–4 mol/L), the membrane loses its anion sensitivity;
the electrode function is reversed to the anionic one, also
because of the effect of the hydrophobic cation. In a nar-
row IL concentration range (1 × 10–4 to 1 × 10–5 mol/L),
however, the electrode potential is well reproducible,
making it possible to recommend the ISE for use in the
selective determination of nitrate ILs, in particular, for
evaluating the water solubility of such ILs.


Determination of the Water Solubility of C8C12ImNO3


Electrode II, equipped with a (C16)2ImNO3 mem-
brane, was used to determine the IL (C8C12ImNO3)
concentration in water. The ISE was calibrated in a
C8C12ImNO3 solution. The saturated solution was pre-
pared using a previously described procedure [19].
Equal volumes of the IL and distilled water were
shaken for 10 min. After the liquids separated, a 1-mL
aliquot of the aqueous phase was sampled, diluted with
distilled water (1 : 10), and measurements were carried
out. The IL concentration was determined by direct
potentiometry. The C8C12ImNO3 solubility was deter-
mined as 5.6 × 10–4 mol/L.
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Control over the fluoroquinolone concentration that
enters the organism during the healing of soft tissues is
a challenging problem. According to the existing regu-
lations, the procedure of taking biosamples should not
disturb the patient; in particular, taking blood from a
vein is permissible only in case of danger to life.
Uranalysis is very informative: most drugs are removed
with urine.


Several factors complicate uranalysis. One factor is
a change in pH with time due to the effect of ammonia-
producing bacterial flora. Another factor is the presence
in urine of low-molecular-weight products of amino
acid metabolism and saccharometabolism (amines, car-
boxylic acids, and others), small amounts of peptides,
saccharides, steroids, and urobilin (the latter makes
urine yellow). Apart from organic compounds, urine
contains significant levels of inorganic salts (chlorides,
oxalates, urates, and others).


As a rule, the separation of the analyte from the
biomatrix is the most important problem of sample
preparation for analysis. Liquid–liquid extraction is the
most widespread method for the separation of drugs
from urine; liquid–solid extraction is used less fre-
quently [1].


Gas chromatography and high-performance liquid
chromatography are the major bioassay methods [2–5].
These methods, despite their evident advantages,
require complex and expensive equipment and skilled
staff; thus, they are not always available for use in ordi-
nary analytical laboratories and monitoring control.
Thanks to their stiff structure, most fluoroquinolones
possess intrinsic fluorescence. Therefore, it is pertinent
to use luminescence methods for their determination in
urine: these methods are sufficiently rapid and sensi-
tive; in some cases, they allow determination without
preseparation of the matrix.


This work concerns the feasibility of using lumines-
cence methods for the determination of fluoroqui-


nolone antibiotics (e.g., pefloxacin) in urine without
preconcentration.


EXPERIMENTAL


 


Reagents.


 


 The stock solution used in the work was
a 1.0 


 


×


 


 10


 


–4


 


 M solution of pefloxacin hydrochloride
(from Sigma). More dilute solutions were prepared by
diluting the stock solution immediately before an
experiment. The dilute solutions were stored in the dark
for a period of no longer than 1 week to avoid the pho-
tochemical degradation of the compounds. Calcium
chloride, magnesium nitrate, aluminum chloride, and
iron(III) chloride solutions (1.0 


 


×


 


 10


 


–3


 


 mol/L, from
Khimmed) were prepared by dissolving proper weights
in distilled water.


 


Pefloxacin Determination in Urine by Synchronous Fluorimetry


 


I. Ya. Kamochkina, Ye. M. Rekharsky, A. P. Chukharkhina, and A. G. Borzenko


 


Analytical Chemistry Department; e-mail: borzenko@environment.chem.msu.ru


 


Received June 8, 2006


 


Abstract


 


—The feasibility of using synchronous fluorescence spectra for the determination of fluoroquinolone
antibiotics in biological liquids is demonstrated. Pefloxacin chelating with metal ions in a micellar medium
increases the determination sensitivity.
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Fig. 1.


 


 Emission–excitation fluorescence spectrum of an
aqueous pefloxacin solution.
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To determine the stability constants of chelates, the
salt concentrations were varied in the range from 2.0 


 


×


 


10


 


–6


 


 to 2.0 


 


×


 


 10


 


–5


 


 mol/L. The pH was adjusted with
0.1 M solutions of potassium hydroxide and hydrochlo-
ric acid. The 0.1 M stock solution of sodium dodecyl
sulfate (SDS; from Acros) was prepared by dissolving
the salt in distilled water on an ultrasonic bath. The
urine sample used to determine pefloxacin in the bio-
logical liquid was obtained from a healthy man.


 


Equipment.


 


 Fluorescence spectra were measured
on a Panorama spectrofluorimeter (from Lumex). Silica
glass cells with 


 


l


 


 = 1 cm were used in the measure-
ments.


RESULTS AND DISCUSSION


 


Analysis of pefloxacin fluorescence spectra.


 


 The
stiff structure of fluoroquinolones allows one to obtain
well-resolved electron-vibrational phosphorescence


spectra at room temperature. The underlying idea of the
spectral selection of the luminescence technique is to
use the difference between the major spectral parame-
ters of the analyte and matrix, namely, between the
excitation and emission wavelengths and luminescence
intensities. Such problems are solved on the basis of the
three-dimensional representation of the fluorescence
characteristics, called the emission–excitation spectra
(EES) or emission–excitation matrix (EEM). This rep-
resentation carries the maximal amount of information
about the luminophore, including absorption and emis-
sion characteristics and the direction of maximal signal
change, whose knowledge is necessary for the imple-
mentation of synchronous scanning. In this case, it is
much easier to choose optimal excitation and recording
wavelengths for individual compounds.


The fluorescence emission–excitation spectrum of
an aqueous pefloxacin solution is displayed in Fig. 1.
There are two excitation peaks (283 and 330 nm) in the
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Fig. 2.


 


 Synchronous fluorescence spectra for pefloxacin and a urine sample measured at various 


 


∆λ


 


 (nm): (a) 60, (b) 110, (c) 150,
and (d) 200.
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pefloxacin spectrum. The emission peak appears at
446 nm. Our spectrum agrees with the literature [6].


 


Synchronous fluorescence spectra of pefloxacin
and a urine sample.


 


 Inasmuch as urobilin (a pigment
in urine) has quite an intense signal, conventional fluo-
rimetry is of low efficiency for the spectral determina-
tion of fluoroquinolones. In addition, the spectral
ranges of fluorescence for pefloxacin and urobilin sig-
nificantly overlap (350–500 nm).


Synchronous fluorimetry is a convenient tool in this
case. This method consists of measuring the fluores-
cence spectrum with simultaneously changing the exci-
tation and measurement wavelengths. The difference
between the energies of the excitation and measure-
ment radiations is fixed during scanning. Synchronous
scanning substantially simplifies the spectral pattern
recorded. Evidently, this approach is very promising for
bioassay.


We measured synchronous fluorescence spectra for
a 100-fold dilute urine sample and a pefloxacin solution
at various shifts 


 


∆λ


 


 from 5 to 200 nm in 10-nm steps.
Figure 2 displays the synchronous spectra of urine and
pefloxacin samples measured at various 


 


∆λ


 


.


The maximal difference between the fluorescence
intensity of pefloxacin and the fluorescence intensity of
urobilin was observed at 


 


∆λ


 


 = 150 nm. The pefloxacin
peak in the synchronous spectrum had the minimal
width. The pefloxacin signal was several tens of times
the background signal, which was due to the intrinsic
fluorescence of the biomatrix. This wavelength shift
was chosen for all further measurements.


 


Pefloxacin chelating with aluminum(III).


 


 Fluo-
roquinolones are known to form chelates with various
metal ions [7, 8]. The fluorescence of these chelates
exceeds the intrinsic fluorescence of the test com-
pounds. A significant increase in the fluorescence inten-
sity of chelates compared to fluoroquinolones can be
assigned to the stiff structure of the six-membered ring
formed by the carbonyl and carboxyl groups of the
compounds and a metal cation. Fluoroquinolone chela-
tion is affected by the size and charge of the metal.
Two-charged and three-charged metal ions, such as
Ca


 


+2


 


, Mg


 


+2


 


, Al


 


+3


 


, and Fe


 


+3


 


, can change the signal inten-
sity. Here, we studied pefloxacin chelation with cal-
cium, magnesium, aluminum, and iron(III) ions. We
showed that the most stable pefloxacin complex (with
log


 


K


 


 = 5.7) is formed with aluminum ion in weakly
acid solutions.


 


Pefloxacin determination in urine.


 


 In order to
maximally increase the fluorescence signal, we carried
out pefloxacin determination in urine in the presence of
optimal aluminum chloride and SDS concentrations
[9]. It is known that micelle-stabilized florescence is
based on the ability of surfactant micelles to concen-
trate particles, decrease their vibrational energy, and
mitigate the effect of quenchers, thus increasing the flu-
orescence signal. The optimal aluminum chloride and
SDS concentrations are 1.5 


 


×


 


 10


 


–4


 


 and 2.5 


 


×


 


 10


 


–2


 


 mol/L,
respectively. The use of these reagents for the synchro-
nous fluorimetric determination of pefloxacin in urine
increases the pefloxacin signal intensity by a factor of
more than 6.5 (Fig. 3). The background signal from the
fluorescing components of urine remains practically
unchanged under these conditions. This allowed us to
determine pefloxacin in urine without preseparation of
the matrix.


The added/found technique was used to verify the
validity of the fluorimetric determination of pefloxacin in
urine. A set of solutions was prepared with pefloxacin
concentrations in urine ranging within 1.7–33.3 


 


µ


 


g/mL.
The optimal measurement conditions were ensured by
addition of the appropriate amounts of all required
reagents. The pefloxacin detection limit was
0.1 


 


µ


 


g/mL. The results of pefloxacin determination in
urine samples are complied in the table.


In summary, we have demonstrated the feasibility of
using synchronous fluorimetry to determine trace
pefloxacin in urine without separating it from the bio-
matrix.


 


Pefloxacin determination in urea (
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 = 0.95)
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Fig. 3.


 


 Synchronous fluorescence spectra for pefloxacin and
a urine sample measured at 


 


∆λ


 


 = 150 nm in the presence of
SDS (


 


c


 


 = 2.5 


 


×


 


 10


 


–2


 


 mol/L) and aluminum chloride (


 


c


 


 =
1.5 


 


×


 


 10


 


–4


 


 mol/L).
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Ion-exchange chromatography knows two methods
for creating pH gradients. The precolumn method is in
most use. In this method, the gradient is generated
upstream the column by mixing two or several buffer
solutions, having different pHs, in a mixer system or a
programmed gradient pump, thus controlling the veloc-
ities of mobile phases [1]. The pH gradient created in
this way can be called an external gradient. The linear
ranges of external gradients are seldom longer than
2.0–2.5 pH units [2]. In the second (in-column)
method, pH gradients are created inside a chromato-
graphic column due to the buffer properties of the elu-
ent and the buffering ability of the ionic groups of the
sorbent preequilibrated with the starting solution at
another pH [2, 3]. This method creates smooth, virtu-
ally linear gradients over wide pH ranges (up to 4–
5 units). In-column (or internal) pH gradients are used
in chromatofocusing, a method for separating biologi-
cally important bipolar compounds according to their
isoelectric points [3]. Despite the simplicity of instru-
mental implementation and the accumulation of a large
body of experimental data, the physicochemical model-
ing of the creation of internal pH gradients by chro-
matofocusing remained until recently immature [4, 5].
Now, there are several models of the generation of pH
gradients inside anion-exchange columns with account
of ion exchange and protolytic equilibria in a heteroge-
neous dynamic system [4]. However, the understanding
of gradient generation in a cation-exchange system is
still in its infancy, remaining at the level achieved in
1981 [6].


Recent studies demonstrated the utility of pH gradi-
ents in cation-exchange systems: descending gradients
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can be used for the preconcentration and determination
of metal ions [7, 8], and ascending gradients, for the
separation of proteins and peptides [9–11]. The physic-
ochemical modeling of gradient formation in such sys-
tems is made topical by the use of cation-exchange sor-
bents in chromatofocusing. These models would make
it possible for researchers to calculate the pH gradient
from the set parameters, thus saving time.


The parameters of the system in physicochemical
modeling should be categorized as follows: (1) known
from the literature, (2) previously unknown but subject
to experimental determination (this category includes
the ion-exchange capacity, protonation constant, and
other sorbent parameters), and (3) unknown and inde-
terminable directly from an experiment [4, 12, 13].


The last category should include approximate
parameters, i.e., empirical parameters and the parame-
ters that change in a complex manner during the exper-
iment [12–14]. For anion-exchange systems, for exam-
ple, it was shown that the ionic strength of the starting
solution and eluent has a complex influence on pH-gra-
dient formation: virtually linear gradients over wide pH
ranges can be generated by varying the concentration of
the strong electrolyte (such as NaCl) in both mobile
phases [4, 13]. The complex influence of the ionic
strength of the mobile phases on the pH gradient profile
was also observed in cation-exchange systems [7]. In
the context of modeling, it is interesting how the strong-
electrolyte concentration changes when an internal pH
gradient is formed. A combination of a pH gradient
with an ionic-strength gradient evidently pertains to the
separation of proteins and other bipolar biomolecules
[11]. This work concerns the variation in the concentra-
tion of a strong electrolyte during the creation of a pH
gradient inside low-acidity cation-exchange columns.
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Abstract


 


—The presence of a strong electrolyte in mobile phases essentially influences the pH gradient profile
generated by chromatofocusing. The variation in the strong electrolyte concentration in the chromatofocusing
system is studied. The ionic strength gradient ends far more early than the pH gradient; anomalous segments of
the pH gradient profile match the general trend of the ionic strength in the system. The pH gradients obtained
under identical conditions on carboxylic sorbents MacroPrep 50 CM and MN are compared. The influence of
the KNO3 concentration in the mobile phases on the gradient profiles is studied. Optimum systems are chosen
for generating the smoothestlinear pH gradients.
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EXPERIMENTAL


 


Instruments.


 


 The chromatographic system used
comprised Milton-Roy A-802 or Shimadzu LC-10AT
VP high-pressure pumps; a Rheodyne 7125 injector
with loop volumes of 100 


 


µ


 


L to 1 mL; a cation-
exchange chromatographic column; and a TOA Elec-
tronics HM 20-S digital pH meter including a GST-
5211C combination glass electrode or a pH-121 milli-
voltmeter/pH meter equipped with a EM-NO


 


3


 


-01 (for
 ion) or EM-K-01 (for K


 


+


 


 ion) ion-selective elec-
trodes and a silver/silver chloride reference electrode,
all electrodes being dipped into a home-designed flow-
through cell. The signals from the pH meter or ion
meter were recorded on an LKB-Bromma LKB-2210
two-channel recorder and, then, processed.


 


Chromatographic columns


 


 (50 


 


×


 


 4.6 mm) made of
PEEK polymer were packed with sorbents MacroPrep
50 CM or MN. The characteristics of these sorbents are
displayed in Table 1.


 


Reagents and solutions.


 


 In generating pH gradients
by means of chromatofocusing, 10 mM Tris-HCl with
pH 7.3–7.6 was used as the starting solution and 1 : 20
Polybuffer-96 (from Pharmacia) with pH 3.0 was used
as the eluent. The required solution acidity was
adjusted by conc. HCl. The ionic strength of the mobile
phases was adjusted by addition of calculated amounts
of a 2 M KNO


 


3


 


 solution, which was prepared from a dry
reagent grade chemical (from Reakhim).


 


Procedures.


 


 A cation-exchange column was equili-
brated with a starting solution until it reached the pH of
the starting solution (~7.5), which corresponded to the
onset point of the gradient. Then, a buffer eluent with
pH 3.0 was admitted to the column, and the effluent pH
at the column outlet was continuously controlled in a
flow-through cell. The pH-meter signal was recorded,
and the time during which the final point of the gradient
was reached was written. After this, the column was
again equilibrated with the starting solution, a millivolt-
meter/pH meter equipped with an ion-selective elec-
trode was connected, and the anion ( ) or cation
(K


 


+


 


) potential was continuously recorded in a flow-
through cell at the column outlet during the same period
of time as the pH gradient developed. Ion concentra-


NO3
–


NO3
–


 


tions were derived from calibration curves through the
potential. The volume rate of the mobile phases was
1 mL/min; in some cases, 0.6 mL/min. All gradients
were normalized to the volume of the mobile phase that
passed the column.


RESULTS AND DISCUSSION


 


Choice of the chromatographic system.


 


 Sorbent
MacroPrep 50 CM, having a sufficiently high ion-
exchange capacity (Table 1), was chosen to be the
model for studying the main tendencies of the pH gra-
dient profile as a function of the ionic strength of the
mobile phases. In addition, it is well known how to cre-
ate descending and ascending pH gradients in this sor-
bent using polyampholite and one- or two-component
eluents [7, 11]. To ease the understanding of the pro-
cesses that occur in the chromatographic system, we
chose Polybuffer-96 (a well known polyampholite) as
the eluent, while the starting solution was Tris-HCl,
which is routinely used in protein chromatofocusing on
anion- and cation-exchange sorbents [3]. Although the
influence of a strong electrolyte for anion-exchange
systems was noticed for sodium chloride [13], in this
work we chose potassium nitrate to be the model elec-
trolyte in order to avoid a possible influence of chloride
ions on the potential of the silver/silver chloride elec-
trode and, through this, on the measured signal.


The following notations will be used hereafter: 


 


I


 


ss


 


,
the ionic strength of the starting solution, crated by
KNO


 


3


 


 addition; 


 


I


 


e


 


, the eluent ionic strength; descending
gradient, a decrease in the ionic strength or ion concen-
tration; and ascending gradient, an increase in these
parameters.


 


Descending ionic strength gradient.


 


 pH and
nitrate-ion concentration gradients were obtained for
the chromatographic system where the KNO


 


3


 


 concen-
tration in the starting solution was 0.1 mol/L and a
strong electrolyte was not added to the eluent (


 


I


 


e


 


 ~ 0)
(Fig. 1). A so-called anomalous segment was detected
on the pH gradient curve: in this segment, pH was 0.5
unit higher than in the starting solution; its length was
~20 min (Table 2). Similar segments with rising pH are
well known from previous experiments for anion- and


 


Table 1.


 


  Characteristics of the sorbents used


Sorbent MacroPrep 50 CM MN


Manufacturer Biorad (USA) Purolite (Great Britain)


Matrix Poly(methyl methacrylate) (PMMA) Hypercrosslinked polystyrene (HCPS)


Functional groups –CH


 


2


 


COOH –COOH


Particle size, 


 


µ


 


m 50 5


pH range of hydrolytic stability 3–13 1–14


Ion-exchange capacity (as certified by 
the manufacturer)


0.21 


 


±


 


 0.04 mmol/(mL gel) Less than 0.10 mmol/g*


 


* Estimated from acid–base titration [7, 8].
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cation-exchange systems; they are explained by a
change in the acidity/basicity constants of the grafted
groups of the sorbent in response to changing ionic
strengths of the mobile phases [4, 7, 13]: the result is an
additional protonation of the ion exchanger and, thus,
an increase in the concentration of bases in the effluent.


At the same time, the nitrate-ion concentration
decreases monotonically, without anomalies (Fig. 1,
curve 


 


1


 


). During the first 7–8 min, the nitrate-ion con-
centration does not change; then, the ionic strength in
the system starts to decrease almost linearly: in 30 min,
the  concentration decreases to 10


 


–3


 


 mol/L and
below. Similar plots were obtained during the potentio-
metric control of the potassium-ion concentration;


NO3
–


 


however, because an EM-K-01 ion-selective electrode
operates within a limited pH range, all subsequent mea-
surements were carried out for nitrate ions. Thus, potas-
sium nitrate is gradually eluted from the pores and
interstitial space of the sorbent by an eluent free of a
strong electrolyte. The anomalous rise in the pH gradi-
ent profile coincides with the decrease in the ionic
strength in the system by one and a half to two orders
of magnitude. This confirms that the anomalous seg-
ment appears due to a change in the conditional ioniza-
tion constants of the functional groups of the sorbent in
response to changing ionic strength in the mobile
phases. A plateau or a rise in the concentration gradient
can be expected in the presence of two-charged cations
in the system and secondary anion sorption on previ-
ously sorbed cations [4, 13].


Creating an ionic strength of at least 0.025 in the
eluent slightly decreases the height and length of the
rise in pH along the initial segment (Table 2); however,
such a system approaches the case where a strong elec-
trolyte is absent in the eluent. When the ionic strengths
of the starting solution and eluent are not high and
when they differ as little as by a factor of about two
(e.g., 


 


I


 


ss


 


 = 0.1 and 


 


I


 


e


 


 = 0.05 or 


 


I


 


ss


 


 = 0.05 and 


 


I


 


e


 


 = 0.025),
the rise in pH lasts no longer than 8–9 min, and the pH
gradient develops in a shorter time. Descending ionic
strength gradients are hardly pertinent to chromatofo-
cusing.


 


Ascending ionic strength gradient.


 


 In cases where
the starting electrolyte does not contain a strong elec-
trolyte and where 


 


I


 


e


 


 = 0.1, the nitrate-ion concentration
gradient develops in a far shorter time than the pH gra-
dient (Fig. 2). Thus, neither pH nor the ionic strength
changes during the first 7 min. Then, the ionic strength
starts to change, while pH still remains constant (for
about 3–4 min), which is followed by the opposite vari-


   


8


6


4


pH


0 20 40 60


 


V


 


, mL


–2.5


–0.5
log


 


C


 


(NO


 


3
–


 


)


 


1


2


 


Fig. 1.


 


 pH gradient for the descending ionic strength gradi-
ent in the mobile phases: (


 


1


 


) log


 


C


 


( ) and (


 


2


 


) pH gradi-


ent. Sorbent: MacroPrep 50 CM (50 


 


×


 


 4.6 mm). Starting
solution: 10 mM Tris-HCl, 


 


I


 


ss


 


 = 0.1. Eluent: 1 : 20 Poly-
buffer-96 (


 


I


 


e


 


 ~ 0).


NO3
–


 


Table 2.


 


  pH-gradient parameters as a function of the ionic strengths of mobile phases


Sorbent Starting solution
(pH, ionic strength)


Eluent
(pH, ionic strength)


Rise,
pH units


Rise length,
mL


Gradient slope,


 


∆


 


pH/


 


∆


 


V


 


MacroPrep
50 CM


10 mM Tris-HCl
(pH 7.5; 


 


I


 


 0.1)
1 : 20 Polybuffer
(pH 3.0, 


 


I


 


 ~0)
0.45 18–20 0.13


The same (


 


I


 


 0.1) The same (


 


I


 


 ~0.025) 0.32 17–18 0.19


The same (


 


I


 


 ~0) The same (


 


I


 


 ~0.1) 0.30* 10–11 0.10 (0.45)**


The same (


 


I


 


 0.1) The same (


 


I


 


 ~0.1) 0 – 0.12


The same (pH 7.1; 


 


I


 


 0.05) The same (


 


I


 


 ~0) 0.30 9–10 0.18


The same (


 


I


 


 0.05) The same (


 


I


 


 ~0.025) 0.20 8–9 0.17


The same (


 


I


 


 0.05) The same (


 


I


 


 ~0.05) 0 – 0.21


MN 10 mM Tris-HCl
(pH 7.2; 


 


I


 


 0.05)
1 : 20 Polybuffer
(pH 3.0, 


 


I


 


 ~0)
0.40 4–5 0.58


The same (


 


I


 


 0.05) The same (


 


I


 


 ~0.025) 0.30 4 0.42


The same (


 


I


 


 0.05) The same (


 


I


 


 ~0.05) 0.15 2–2.5 0.48


 


Notes: * In the pH range of 6.7–6.4.
** In the pH range of 7.6–6.4.
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ations in the nitrate-ion concentration and pH. The most
significant increase in the ionic strength (up to 0.05)
occurs during 8–9 min (the linear segment on curve 


 


1


 


);
the subsequent saturation to 0.1 and development to the
plateau take another 6–7 min. Along these segments,
potassium cations from the eluent are exchanged for
protons in the sorbent phase until equilibrium is
reached at the given pH:


The interstitial volume in the column is also filled-
in by the mobile phase with the ionic strength equal to
0.1. A anomalous segment with an insignificant rise in
pH, 11–12 min long, appears on the gradient curve
(Table 2). The new gradient segment, with a smooth
decrease in pH, approximately matches the develop-
ment of the nitrate-ion concentration to a plateau
(Fig. 2). The conditional dissociation constants in the
system change; the sorbent starts to manifest its poly-
electrolyte nature [4, 13], which induces a smoother
variation in pH inside the column. The slope of the gra-
dient in this segment is far smaller than in the initial
segment in a pH range of 7.6–6.4 (Table 2).


Notice that ascending ionic strength gradients are
usually used for elution with a constant pH. In chro-
matofocusing, ionic strength gradients have not yet
been created. The combination of an ascending ionic
strength gradient with a pH gradient can be of particular
interest for the chromatofocusing separation of macro-
molecules.


 


Constant ionic strength.


 


 For systems in which the
ionic strength is sufficiently high and has the same
value in both mobile phases (


 


I


 


 = 0.1), the smoothest pH
gradient was obtained with a wide linear range and
without anomalous rise or steps (Fig. 3). The potential
measured for the nitrate ion remained constant over the
whole gradient length, verifying the absence of second-
ary anion sorption. Provided that the sorbent is equili-


–COO
–
H


+
K


+
NO3


–
+ + –COO


–
K


+
H


+
NO3


–
.+ +=


 


brated, protons are exchanged for the cations of the
strong electrolyte during eluent passage, but at a higher
degree of equilibrium:


 + K


 


+


 


 +  + H


 


n


 


Poly


  + K


 


+


 


 +  + KH


 


n


 


 – 2


 


Poly


 


–


 


 + H


 


+


 


.


Here, H


 


n


 


Poly denotes a polybasic acid in Polybuffer.
Because the sorbent is saturated with the cations of the
strong electrolyte, the carboxy groups of the sorbent are
protonated in time, with some protons leaving the col-
umn on account of partial dissociation of Polybuffer
and, thus, decreasing the effluent pH. An analogous
gradient was observed when an ionic strength of 0.05
was created in both mobile phases (Table 2).


Thus, the smoothest, virtually linear pH gradients in
low-acidity cation-exchange columns can be generated
by adjusting equal ionic strengths (0.05–0.1) in both
mobile phases.


 


Comparison of sorbents.


 


 Sorbent MN, based on
hypercrosslinked polystyrene with grafted carboxy
groups, more tightly fills-in the chromatographic col-
umn due to its small particle size, decreasing the inter-
stitial volume. According to our estimates, the ion-
exchange capacity of MN is three to four time lower
than that of MacroPrep 50 CM. Thus, the effects caused
by the presence of a strong electrolyte in the mobile
phases should be enhanced. In this set of experiments,
the ionic strengths in the mobile phases were not higher
than 0.05. For comparison, pH gradients were also cre-
ated on sorbent MacroPrep 50 CM.


In the former case, where the starting solution con-
tained a strong electrolyte (KNO


 


3


 


) in a concentration of
0.05 mol/L, a peaked segment was observed in the gra-
dient for sorbent MN, with a rise in pH of 0.4 units, last-
ing no longer than 5 min (Fig. 4a, Table 2). The gradient
length was 19–20 min, while for MacroPrep 50 CM, the


–COO
–
K


+
NO3


–


–COO
–
H


+
NO3


–


8


6


4


pH


0 20 40 60
V, mL


–4


0
logC(NO3


–)


1


2
–2


Fig. 2. pH gradient and the ascending ionic strength gradi-
ent in the mobile phases: (1) logC( ) and (2) pH gradi-


ent. Starting solution: Iss ~ 0. Eluent: Ie = 0.1. The other
parameters as in the legend to Fig. 1.


NO3
–


7.5


5.5


3.5
0 40 80


V, mL


pH


Fig. 3. pH gradient without an anomalous segment for equal
ionic strengths of the mobile phases (Iss = Ie = 0.1). The
other parameters as in the legend to Fig. 1.
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final gradient point is reached in less than 50 min,
which circumstantially verifies the different ion-
exchange capacities of the two sorbents. In addition,
the gradient for sorbent MN is less smooth; it consists
of several linear segments, which can also be due to the
lower ion-exchange capacity of sorbent MN. The
nitrate-ion concentration gradient for sorbent MN is a


analogous to that shown in Fig. 1, but it develops in a
far shorter time. The slope of the ∆pH versus ∆V curve
is an essential parameter of the pH gradient [15]. The
optimum ∆pH/∆V value lies in the range 0.17–0.25 (the
gradient has a reasonable development time but still
remains sufficiently smooth). Table 2 lists ∆pH/∆V for
the test systems. One can see that the slope of the gra-
dient obtained for Iss = 0.05 on sorbent MacroPrep 50
CM precisely falls into the optimum range, while for
sorbent MN, ∆pH/∆V has a too high value (0.58),
which is also due to its low ion-exchange capacity.


For both sorbents, pH gradients were obtained with
a minimum difference between the ionic strengths of
the mobile phases: Iss = 0.05 and Ie = 0.025 (Fig. 4b). In
this case, a rise in pH was also observed at the initial
segment of the gradient, being higher and steeper on
sorbent MN (Table 2). The gradient development time
for this ratio between the ionic strengths of the mobile
phases slightly increases, especially for sorbent MN.
The pH gradient profile is smoothed, which is most evi-
dent for sorbent MN: the transitions between the linear
gradient segments are less abrupt than for the gradient
shown by curve 2 in Fig. 4a; ∆pH/∆V decreases to 0.42.
For sorbent MacroPrep 50 CM, the slope of the gradi-
ent remains almost unchanged (Table 2).


With the ionic strengths in the starting solution and
eluent being equal (Iss = Ie = 0.05), the gradient
obtained for sorbent MN still contains a segment with
an insignificant rise (0.15 units) in pH, no longer than
2.5 min (Fig. 4c). The slope of the gradient increases
only insignificantly (Table 2), but smoothed steps
appear on the gradient profile. The gradient obtained
for MacroPrep 50 CM does not show an anomalous
segment with rising pH. The slope of the gradient here
also increases to 0.21, yet remaining within the opti-
mum ∆pH/∆V range. The linear decrease in pH at Iss =
0.05 on sorbent MacroPrep 50 CM starts 18–20 min
after the onset of the gradient; on sorbent MN, it starts
10–12 min after the onset of the gradient and is virtu-
ally independent of the eluent ionic strength (Figs. 4a–
4c). With the ionic strength in the starting solution
equal to 0.1, for sorbent MacroPrep 50 CM the onset
of decreasing pH was strongly affected by the KNO3
concentration in the eluent.


In summary, the following systems look the best
from the standpoint of anomalous pH rises and slopes
of the gradients:


for sorbent MacroPrep 50 CM,


Iss = 0.05; Ie = 0.05 (0.025) or Iss = Ie = 0.1;


for sorbent MN,


Iss = 0.05, Ie = 0.025.


Although anomalous steps appear on the pH gradi-
ent profile, when the eluent ionic strength is sufficiently
high (0.1) and when there is no strong electrolyte in the
starting solution, the system can yet be suitable for the
separation of bipolar biomolecules: in this case, an
ascending ionic strength gradient is generated inside


10 20 30 40 500


3


4


5


6


7


V, mL


(c)1


2


10 20 30 400


4


6


8 (b)


1


2


10 20 30 40 500


4


(a)


6


8
2


1


pH


Fig. 4. Comparison of the pH gradients obtained in 5 × 4.6 mm
columns packed with sorbents (1) MacroPrep 50 CM and
(2) MN. Starting solution: 10 mM Tris-HCl with Iss = 0.05.
Eluent: Polybuffer-96 (1 : 20) with an ionic strength of
(a) ~0, (b) 0.025, and (c) 0.05.
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the column in addition to the pH gradient. Systems
where a strong electrolyte is contained in both the start-
ing solution and the eluent but where Iss < Ie, can be of
particular interest. Such systems will be studied later.
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1-Naphthylamine (hereafter, NA) is used as a diazo
and azo component in azo dye synthesis; it also serves
as a precursor for the production of aminonaphthalene-
sulfonic acids, 1-naphthol, some herbicides, and pig-
ments [1]. Violations of process flowsheets in the textile
industry or chemical engineering or insufficient sewage
purification lead to environmental pollution with NA.
Another source of NA is the metabolism of agricultural
pesticides, e.g., naphthalam; as a result, NA piles up in
soils, from which it enters either water or air due to soil
erosion by wind. In addition, NA is contained in emis-
sions from vehicles and metallurgical facilities. The
current provisional safe levels for NA are 0.003 mg/m


 


3


 


in the atmosphere of residential areas and 0.002 mg/L
in potable water [2].


Spectrophotometric [3] and chromatographic [4–6]
methods are most frequently used for NA determina-
tion. Trace analysis of NA in environmental objects is
possible only after NA preconcentrating. To improve
the selectivity and efficiency of preconcentration, aro-
matic compounds are frequently converted to more
hydrophobic derivatives, in particular, azo compounds
[7]. This approach with the use of polyurethane foams


(PUF) was employed to the sorption/photometric deter-
mination of phenols [8] and 1-naphthol [9] in the form
of azo derivatives.


This work is intended to study the sorption of NA as
4-nitrobenzeneazonaphthylamine with the use of PUF
and to develop a technique for the sorption/photometric
determination of NA.


EXPERIMENTAL


 


Solutions and reagents.


 


 Analytical grade 1-naph-
thylamine was used. The stock solution (1 mg/mL) was
prepared from an exact NA weight dissolved in 0.1 M
HCl. Solutions with lower concentrations (10 


 


µ


 


g/mL)
were prepared from the stock solution by diluting it
with distilled water immediately before measurement.
4-Nitrophenyldiazonium tetrafluoroborate (NPD) was
synthesized and purified as in work [8]. An aqueous
solution of NPD (2.5 


 


×


 


 10


 


–3


 


 mol/L) was prepared from
an exact weight immediately before use. Acetone
(chemically pure grade) and hydrochloric acid (high
purity grade) were used.


 


Scheme 1.


 


The sorbent used was PUF based on ethylene
oxide and propylene (type 5–30, from Radical).
Polyurethane foam pellets (16 mm in diameter,
0.025(5) g in weight) were punched out of a com-
mercial polymer sheet 5 mm thick with a metallic


punch. The pellets were shaken with acetone twice
for 10 min on an electromechanical vibromixer in
order to free them from impurities; then, they were
dried to an air-dry state. The pellets were stored
away from light.


NH2 + [O2N N N]+BF4
– O2N N N NH2 + BF4 + H+–
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Abstract


 


—The sorption of 1-naphthylamine (NA) as 4-nitrobenzeneazonaphthylamine was studied as function
of phase contact time, aqueous acidity, 4-nitrophenyldiazonium tetrafluoroborate (NPD) concentration, and NA
concentration. A highly efficient method for the sorption/photometric determination of NA was developed.
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Procedure.


 


 Sorption experiments were carried out
in a batch mode. A test solution (25 mL) was poured to
a vessel with a ground stopper; then, a PUF pellet was
pressed with a glass rod to remove air bubbles, and the
vessel was shaken on an electromechanical vibromixer
until sorption equilibrium was acquired. The pellet was
removed and squeezed between two paper filters. Then,
the diffuse reflectance was measured. The NA concen-
tration in the aqueous phase after sorption was deter-
mined spectrophotometrically.


Diffuse reflectance spectra and diffuse reflectance
were measured on a Spectroton colorimeter using fluo-
roplastic cells. Absorption spectra and optical densities
of solutions were measured on an SF 103 spectropho-
tometer (Akvilon) and a KFK 2 photoelectrocolorime-
ter. Solution pH was measured on an Expert 001 ion-
ometer.


RESULTS AND DISCUSSION


 


Spectral characteristics of 4-nitrobenzenea-
zonaphthylamine.


 


 4-Nitrobenzeneazonaphthylamine,
red-lilac in color, was prepared by the azo coupling of
NA with 4-nitrophenyldiazonium tetrafluoroborate
(scheme). Preliminary experiments intended to study
the formation conditions for 4-nitrobenzeneazonaphth-
ylamine showed that the product yield is affected by the
pH of azo coupling and the 4-nitrophenyldiazonium tet-


rafluoroborate concentration. 1-Naphthylamine enters
azo coupling in acid solutions; at higher pHs, the reac-
tion produces a low-soluble compound.


Figure 1a displays absorption spectra for
4-nitrobenzeneazonaphthylamine. With increasing NA
concentration to 1.0 


 


µ


 


g/mL, the optical density
increases, which signifies an increase in the amount of
the azo product. The position of the absorption peak in
the spectrum remains unchanged, lying at 520 nm.
Figure 1b displays diffuse reflectance spectra for
4-nitrobenzeneazonaphthylamine sorbed on PUF. The
sorption of 4-nitrobenzeneazonaphthylamine induces a
small bathochromic shift of the diffuse reflectance peak
relative to the absorption spectra: in the diffuse reflec-
tance spectra, 


 


λ


 


max


 


 = 530 nm.


 


Choice of optimal parameters of 4-nitrobenze-
neazonaphthylamine sorption.


 


 The effect of the
phase contact time on the extraction of 4-nitrobenzene-
azonaphthylamine was studied (Fig. 2a). One can see
from Fig. 2a that sorption equilibrium is acquired after
60 min (ensuring 95% extraction). In all subsequent
experiments, the phase contact time was 60 min.


The effect of 4-nitrophenyldoazonium tetrafluorob-
orate concentration on the sorption of 4-nitrobenzenea-
zonaphthylamine was studied. One can see from
Fig. 2b that the sorption increases with increasing
4-nitrophenyldiazonium tetrafluoroborate concentration
to 1 


 


×


 


 10


 


–4


 


 mol/L; then, it does not respond to increasing
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Fig. 1.


 


 Panel (a): absorption spectra of 4-nitrobenzeneazonaphthylamine. Panel (b) : diffuse reflectance spectra of 4-nitrobenzene-
azonaphthylamine sorbed on PUF 5-30. 


 


c


 


HCl


 


 = 5 


 


×


 


 10


 


–3


 


 mol/L, 


 


c


 


NPD


 


 = 1 


 


×


 


 10


 


–4


 


 mol/L, 


 


l


 


 = 2 cm (a), 


 


t


 


 = 60 min (b), and


 


c


 


NA


 


 (


 


µ


 


g/mL) = (


 


1


 


) 0, (


 


2


 


) 0.25, (


 


3


 


) 0.5, and (


 


4


 


) 1.0.
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reagent concentration. In all subsequent experiments, the
reagent concentration was 1 


 


×


 


 10


 


–4


 


 mol/L.
The effect of the solution acidity in the range from


2 M HCl to pH 4 on the sorption of 4-nitrobenzenea-
zonaphthylamine was studied. The extraction increases
with rising pH (Fig. 2c). In the range of pH 2.0–2.5, a
plateau appears on the curve. In all subsequent experi-
ments, the HCl concentration was 5 


 


×


 


 10


 


–3


 


 mol/L
(pH 2.3).


The Kubelka–Munk function is linearly related to
the NA concentration in the aqueous solution, which
indicates the feasibility of using diffuse reflectance
spectroscopy for NA determinations.


 


1-Naphtylamine determination.


 


 Calibration
curves were plotted as follows. 1-Naphthylamine sam-
ples (0–40 


 


µ


 


g) were transferred to vessels with ground
stoppers; then, 0.05 M HCl (2.5 mL), 4-nitrophenyldia-
zonium tetrafluoroborate (1 mL), and water (to bring
the volume to 25 mL) were consecutively added. Poly-
urethane foam 5–30 pellets (


 


m


 


 


 


≈


 


 0.025 g) were placed
into the solutions, pressed with a glass rod to remove air
bubbles, and shaken for 60 min on a mechanical vibro-
mixer. Then, the pellets were removed and squeezed
between two paper filters. Diffuse reflectance 


 


R


 


 was
measured at 530 nm on a Spectroton colorimeter. The
calibration curve was plotted in the 


 


F


 


–


 


c


 


 coordinates,
where 


 


c


 


 is the NA concentration in the solution, 


 


µ


 


g/mL;
and 


 


F


 


 = (1 – 


 


R


 


)


 


2


 


/2


 


R


 


 is the Kubelka–Munk function.


Some characteristics of our developed technique are
displayed in Table 1. The detection limit decreases with
increasing analyte solution volume. When the solution
volume changes from 25 to 250 mL, the detection limit
decreases from 2 to 0.7 ng/mL.


We studied the determination selectivity. 1000-Fold
amounts of phenol, 20-fold amounts of resorcinol or
2-naphthol, and 10-fold amounts of aniline or 1-naph-
thol (which form colored azo derivatives in alkaline
solutions) do not interfere with the determination of
0.25 


 


µ


 


g/mL NA. The following inorganic ions also do
not interfere with the determination: hydrocarbonate
ions in 1000-fold amounts; sulfate ions in 500-fold
amounts; chloride, calcium, magnesium, potassium,
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Fig. 2.


 


 Extraction of 4-nitrobenzeneazonaphthylamine on PUF 5–30 vs. (a) phase contact time, (b) 4-nitrophenyldiazonium tetraflu-
oroborate concentration, and (c) aqueous pH. 


 


c


 


NA


 


 = 1.0 


 


µ


 


g/mL (a–c), 


 


c


 


HCl


 


 = 5 


 


×


 


 10


 


–3


 


 mol/L (a, b), 


 


c


 


NPD


 


 = 1 


 


×


 


 10


 


–4


 


 mol/L (a, c),


 


t


 


 = 60 min (b, c), 


 


V


 


 = 25 mL, and 


 


m


 


PUF


 


 ~ 0.025 g.


 


Table 1.


 


  Metrological characteristics of the NA determina-
tion technique


Analyte
sample
volume,


mL


Equation of
the calibration 


curve


Concentration 
range of


determination,


 


µ


 


g/mL


 


c


 


min


 


,


 


µ


 


g/mL


25


 


∆


 


F


 


 = 17.4


 


c


 


0.007–0.750 0.0024


50


 


∆


 


F


 


 = 30.9


 


c


 


0.004–0.400 0.0014


100


 


∆


 


F


 


 = 47.5


 


c


 


0.003–0.300 0.0009


250


 


∆


 


F


 


 = 56.3


 


c


 


0.002–0.25 0.0007


 


Table 2.


 


  Added/found verification of NA determination
(


 


n


 


 = 3, 


 


P


 


 = 0.95)


Analyte Added,


 


µ


 


g/mL
Found,


 


µ


 


g/mL


 


s


 


r


 


Distilled water 0.25 0.25 


 


±


 


 0.02 0.03


Tap water 0.25 0.22 


 


±


 


 0.04 0.07


River water
(from River Volga)


0.25 0.26 


 


±


 


 0.03 0.05


(a) (b) (c)
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and sodium ions in 200-fold amounts; copper ions in
100-fold amounts; and zinc and iron(III) ions in 10-fold
amounts.


The validity and reproducibility of the results were
verified using the added/found technique in the analysis
of distilled, tap, and river (R. Volga) water. The results
of verification are displayed in Table 2.


Comparing the characteristics of the sorption/photo-
metric technique developed for NA determination with
the characteristics of photometric determination (which
is based on the formation of an analogous azo deriva-
tive [3]), we found that the detection limit of the new
technique is five times that of the state-of-the-art tech-
nique with at least equal selectivity. Moreover, the new
technique is simple and has a relative low cost, and the
sorbent used is available.
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Thermal-lens spectrometry (TLS) is a modern
molecular absorption spectroscopic technique [1]. It is
based on the fact that the refractive index of a medium
absorbing laser radiation is proportional to the concen-
tration of the absorbing substance. This technique is 2–
3 orders of magnitude more sensitive than spectropho-
tometry and can, therefore, be used in trace analysis.
The analytical signal in TLS depends strongly on the
properties of the medium, primarily thermal conductiv-
ity and heat capacity. While the thermooptical proper-
ties of water and some common organic solvents are
well known [1, 2], those of electrolyte solutions have
not been adequately studied as yet, even though these
solutions are widely employed in chemical analysis.


Here, we report our study of the thermooptical prop-
erties of some common aqueous electrolytes. This
study, aimed at enhancing the sensitivity of thermal-
lens measurements, is based on theoretical calculations
of thermooptical properties and on checking the calcu-
lated data against experimental data for model systems.


CALCULATIONS


The matter in the laser-irradiated space is locally
heated owing to the nonradiative relaxation of electron-
ically excited molecules. The resulting refractive index
profile is determined by the spatial distribution of
energy in the incident light beam and acts as an optical
element [1]. The assumptions made in the calculation
of the properties of this optical element and the deriva-
tion of the equation describing the refractive index pro-
file due to the temperature field in the medium are
known from the literature:


(1)n r t,( ) n0
dn
dT
------∆T r t,( ),+=


 


where 


 


n


 


0


 


 is the refractive index of the sample before
irradiation.


The phase shift introduced by this optical element
into the probe beam is


(2)


where 


 


t


 


c


 


 is the characteristic thermal-lens development
time and 


 


ω


 


e


 


 is the beam waist radius, and


(3)


Here, 


 


A


 


 is the absorbance of the sample, 


 


k


 


 is thermal
conductivity, 


 


λ


 


p


 


 is the wavelength of the beam probing
the thermal lens, and 


 


P


 


e


 


 is the power of the excitation
beam [1].


The optical element acts like a diverging lens
because, far from strong absorption bands, the refrac-
tive index of most substances (except highly aggre-
gated liquids near a phase transition point) decreases
with increasing temperature [1]. Formula (3)
expresses the analytical signal of TLS. It can be
rewritten as


(4)


where


(5)


is the sensitivity enhancement factor determined only
by the properties of the medium.


The optical heterogeneity appearing in the laser-
irradiated portion of the medium is due to the local
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Abstract
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heating caused by the nonradiative relaxation of elec-
tronically excited molecules and the heat-induced
change in the refractive index. The refractive index is
among the fundamental properties of a substance.
According to the Maxwell equations, the refractive
index of a substance far from absorption bands is deter-
mined by the dielectric constant and the permeability of


the substance (


 


n


 


 = ).


The relationship between the refractive index and
the electromagnetic polarizability of a substance is
given by the Lorentz–Lorenz equation:


(6)


where 


 


R


 


m


 


 is molar refractivity.


Refractive index values measured under normal
conditions (20


 


°


 


C) are generally used. The refractive
index depends on many parameters in a complicated
way and cannot be directly expressed in terms of the
functions of state of the system. In TLS, of principal
significance is the temperature dependence of the
refractive index since this dependence, along with ther-
mal conductivity, determines the sensitivity enhance-
ment factor of the method.


For small temperature changes, the contributions
from the temperature and density of the medium to the
change in the refractive index (Eq. (1)) may be consid-
ered separately:


(7)


The first term on the right-hand side of this equation
accounts for the contribution from the temperature
dependence of the molar refractivity of the molecules
of the sample. This contribution is usually small as
compared to the contribution from the variation of the
refractive index with density, which is described by the
Lorentz–Lorenz equation and is accounted for by the
second term on the right-hand side of Eq. (7). This latter
term is expressed in terms of the volumetric thermal
expansion coefficient 


 


β


 


. Thus, the temperature depen-
dence of the refractive index (Eq. (1)) can be repre-
sented as the sum of two terms:


(8)


Using the Lorentz–Lorenz equation (6), we obtain
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second term of the relationship between the refractive
index and temperature can be represented as follows:


(10)


For a gas at a pressure of a few atmospheres, the
refractive index inside the optical element can be
directly related to the refractive index outside the opti-
cal element (outside the heated space) using gas laws.
This is possible owing to the fact that the refractive
index of a gas at a low pressure is very close to unity.
Therefore, for a gas sample in an ordinary pressure
range,


(11)


where 


 


T


 


0


 


 is the equilibrium temperature of the sample.
At a constant density, the temperature dependence of
the refractive index is determined by the temperature
dependence of the molar refractivity:


(12)


The main parameter determining the sensitivity
enhancement factor (5) is the temperature derivative of
the refractive index of the substance, 
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great majority of aqueous solutions, including electro-
lyte solutions, direct refractive index data available
from the literature refer only to room temperature. The
only way of estimating and calculating the temperature
dependence of the refractive index in this situation is by
using the Lorentz–Lorenz equation and density tables,
which are usually available from the reference or spe-
cialized literature for common solutions. However, the
data obtained in this way should be judged critically
because of the limited applicability of the Lorentz–
Lorenz equation to condensed phases. In particular, the
calculation of 
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 for water using this method leads
to a positive error over 50%. For the other media, which
are less polar than water, one should expect a better
agreement between calculated and observed data. The
following equation derived from Eqs. (11) and (12) is
used in these calculations:


(13)


No correlation equations suitable for the thermal
conductivity of such solutions have been reported.
However, the thermal conductivity of many commer-
cially important solutions has been accurately deter-
mined at several temperatures [3–5], so it is possible to
calculate the sensitivity enhancement factor for TLS
measurements in some systems. Table 1 lists thermoop-
tical data calculated for sulfuric acid, hydrochloric
acid, and sodium chloride solutions.
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EXPERIMENTAL


Instruments


All preliminary measurements at the spectrophoto-
metric examination stage were made on a Shimadzu
UVmini 1240CE spectrophotometer (Japan) in the
wavelength range of 400–700 nm. In thermal-lens mea-
surements, we used a laser thermal-lens spectrometer
described in [6]. The thermal lens was excited in a
quartz cell (l = 1 cm) using an Innova 90-6 argon ion
laser (Coherent, United States) with λ = 488.0 and
514.5 nm (TEM00 mode, input power of 100 mW). The
probe laser was an SP-106-1 He–Ne laser (Spectra
Physics, United States) with λ = 632.8 nm (TEM00
mode, 10 mW). The signal from a photodiode (propor-
tional to the light intensity at the center of the probe
beam) was directed to an ADC/DAC device connected
to a PC-compatible computer. Measurements were
computer-synchronized using a special-purpose pro-
gram. The relative standard deviation in TLS measure-


ments was 0.01–0.02. Prior to the TLS experiment, in
order to verify the constancy of ε488, we measured the
absorbance of all colored samples in various media on
a Shimadzu UVmini 1240CE spectrophotometer using
the same quartz cell (l = 1 cm) as was intended for TLS
measurements.


Solvents and Chemicals


The solvents were distilled water (pH 5.8, for spec-
trophotometry) and twice distilled deionized water
(resistivity of 18 MΩ cm, pH 6.5, purified on a Milli-Q
system (Millipore, France)). The following chemicals
were used: ferroin sulfate (aqueous solution, 0.1 wt %,
analytical grade), ammonium dichromate (analytical
grade), sodium chloride (reagent grade), sodium sulfate
(reagent grade), sulfuric acid (reagent grade), hydro-
chloric acid (reagent grade), and sodium hydroxide
(analytical grade). All solutions were prepared immedi-


Table 1.  Calculated thermooptical properties of electrolytes [3–5]


Modifies, c, mol/l ρ, kg/dm3 –dρ/dT,
kg/m3 nD


–dn/dT × 104,
K–1 k, W/(m K) E0/E0, water


Sulfuric acid*


0 0.9982 3.58 1.33319 0.91 0.5994 1


0.204 1.0131 6.31 1.33572 2.31 0.5969 1.76


0.408 1.0252 6.80 1.33801 2.47 0.5916 1.90


0.612 1.0372 7.28 1.34023 2.64 0.5864 2.04


0.816 1.0492 7.76 1.34245 2.79 0.5813 2.19


1.020 1.0612 8.24 1.34465 2.96 0.5762 2.34


1.531 1.0912 9.45 1.34999 3.36 0.5641 2.71


2.041 1.1212 10.07 1.35513 3.74 0.5526 3.08


Hydrochloric acid**


0 0.9986 3.58 1.33319 0.91 0.5988 1


0.548 1.0092 4.49 1.33779 1.66 0.5774 1.89


1.096 1.0183 4.78 1.34227 1.78 0.5558 2.10


1.644 1.0273 5.07 1.34669 1.90 0.5345 2.33


2.192 1.0364 5.36 1.35102 2.01 0.5137 2.58


2.740 1.0455 5.65 1.35528 2.13 0.4932 2.85


Sodium chloride**


0 0.9982 3.58 1.33299 0.91 0.5988 1


0.342 1.0134 4.10 1.33667 1.5 0.5784 1.66


0.684 1.0262 4.61 1.34002 1.69 0.5579 1.86


1.025 1.0390 5.12 1.34332 1.87 0.5375 2.07


1.368 1.0518 5.63 1.34651 2.05 0.5170 2.28


1.709 1.0646 6.13 1.34963 2.23 0.4966 2.49


2.564 1.0966 7.41 1.35721 2.68 0.4455 3.02


3.418 1.1286 8.68 1.36446 3.13 0.3944 3.54


Notes: * 17.5°C.
** 20°C.
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ately before measurements. The base solutions of col-
ored compounds (ferroin sulfate and ammonium
dichromate) were prepared by dissolving precisely
weighed samples in water. The solutions were stored in
test tubes and flasks with ground-glass stoppers. Labo-
ratory glassware was kept in a dichromate solution and
in nitric acid and was then thoroughly washed with dis-
tilled water. All weighings were done on an analytical
balance with an accuracy of 0.1 mg. Volumes were
measured with graduated pipettes with an accuracy of
±0.01 ml. Sodium sulfate was dissolved in an ultrasonic
bath (Branson) for 30–60 min.


Several series of aqueous solutions containing a cer-
tain amount of a colored compound were prepared.
Variable amounts of a modifier were added to the solu-
tions of each series, and the solutions were adjusted to
50 ml with deionized water. Thermal-lens measure-
ments were taken at λ = 488.0 and 514.5 nm for 3–
5 min. In order to obtain more correct analytical data
and to increase the accuracy of the determination of
sensitivity enhancement factor for water, calibration
relationships for modifier solutions were obtained on
the same day and under the same conditions as the cal-
ibration relationships for pure aqueous solutions.


Selection of Indicator Compounds


Iron(II) tris-(1,10-phenanthrolinate) was chosen to
be the colored indicator in the study of the thermoopti-
cal properties of the salts for the reason that it has a
large molar absorptivity (>11000) at the working wave-
length of the argon ion laser. The independence of the
ferroin extinction coefficient of the ionic strength of the
solution was verified spectrophotometrically.


Iron(II) tris-(1,10-phenanthrolinate) is unstable in
reactive media; for this reason, the dichromate ion was
used as the colored indicator in the study of the ther-
mooptical properties of strong acids and bases. The
extinction coefficient of the dichromate ion in aqueous
solution depends only on pH. Preliminary spectropho-
tometric experiments demonstrated that, between pH 6
and pH 0.2, the absorption spectrum is essentially
invariable for λ = 480–520 nm.


In highly alkaline media, the dichromate–chromate
equilibrium is shifted to the chromate ion, thus chang-
ing the absorption spectrum. This effect was taken into
account by normalizing the ratio of the slopes of the
calibration plots to the ratio of the absorbances of the
aqueous and alkali solutions at the TLS wavelength.


TLS Data Processing


The thermal-lens signal θ is determined by the lens-
induced relative change in the light intensity in the cen-


tral part of the laser beam that has passed through the
sample at thermodynamic equilibrium [1]:


(14)


where Ion and Ioff are the light intensities at the center of
the probe beam in the presence of a developed thermal
lens (when the excitation laser is on) and in the absence
of a thermal lens (when the laser is off), respectively.
The geometric factor B is defined as


(15)


where V is the distance between the waist of the probe
beam and the sample and m is the ratio of the cross-sec-
tional areas of the probe and excitation beams in the
sample. The analytical thermal-lens signal θ is con-
verted to absorbance using Eq. (4).


RESULTS AND DISCUSSION


Comparing the Modifying Properties
of Electrolyte Solutions


For sulfuric acid solutions, the observed sensitivity
enhancement factor is in good agreement with the fac-
tor calculated using Eq. (13) (Fig. 1): the deviation does
not exceed 5%. This is usually the case only for low-
polarity unassociated liquids [7]. It can be assumed
that, in moderately concentrated (0.01–1.0 M) sulfuric
acid solutions, the association of molecules due to
dipole–dipole interactions is suppressed because of the
ion–dipole interactions of water molecules with hydro-
nium and sulfate ions. Thus, sulfuric acid is a perfect
structure-breaking modifier. It is demonstrated by the
data presented in Table 2 that the deviation from the
Lorentz–Lorenz equation decreases as the sulfuric acid
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Fig. 1. Observed and calculated sensitivity enhancement
factors for thermal-lens measurements in sulfuric acid solu-
tions.
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concentration in the solution is raised and almost van-
ishes at an acid concentration of 0.6 mol/l. This trend is
likely due to the fact that, as the hydronium and sulfate
ion concentrations are raised, the proportion of ion–
dipole interactions increases, the proportion of dipole–
dipole interactions decreases, and, accordingly, the
association of molecules is progressively suppressed.


This can be explained by the fact that an ion in solu-
tion binds several water molecules into its solvation
shell by ion–dipole interactions. This breaks part of the
association species formed by water molecules through
dipole–dipole interactions. If the number of water mol-
ecules in the solvation shell is larger than the number of
molecules in the association species broken because of
ion solvation, more extensive structure formation will
take place in water. If the number of molecules is
smaller in the resulting solvation shell than in the bro-
ken association species, the extent of molecular associ-
ation will decrease.


However, it is difficult to distinguish the effects of
individual ions on water association because at least
two different types of ions are always present in a solu-
tion. In view of this, we examined sodium sulfate solu-
tions.


The observed sensitivity enhancement factor is
much smaller in a sodium sulfate solution than in a sul-


furic acid solution of the same molarity (Table 2).
Therefore, the sodium ion is a much weaker structure-
breaking modifier than the hydronium ion. Apparently,
the latter has a larger charge-to-surface area ratio. As a
consequence, the solvation shell of the hydronium ion
is smaller than that of the sodium ion and, accordingly,
association due to ion–dipole interactions is less pro-
nounced in the case of the hydronium ion. This infer-
ence is confirmed by the fact that the capacity of ions to
suppress water association decreases in the order
K > Na > Li; moreover, lithium is a structure-forming
modifier [8]. This conception provides an explanation
for the great difference between the thermooptical
properties of sulfuric acid and sodium sulfate solutions.


As compared to sulfuric acid and sodium chloride,
hydrochloric acid affords a much smaller gain in TLS
sensitivity relative to the sensitivity in water (Table 2).
Therefore, the chloride ion is a structure-forming mod-
ifier partly neutralizing the structure-breaking effect of
the hydronium ion. However, a marked enhancement of
sensitivity is observed for sodium chloride solutions.
This finding is in conflict with the view that the hydro-
nium ion is a stronger structure-breaking modifier than
the sodium ion. A comparison between the sensitivity
enhancement factors for the sodium sulfate and chlo-
ride solutions with equal molar concentrations of the


Table 2.  Observed and calculated sensitivity enhancement factors and dichromate ion (*) and ferroin (**) detections limits
for electrolyte solutions (n = 10, P = 0.95) at excitation wavelengths of 488.0 nm (*) and 514.5 nm (**) and an excitation
power of 100 mW


Modifier, c, mol/l
E0/E0, water
(observed)


E0/E0, water
(calculated)


Deviation from
Eq. (13), %


Detection limit,
mol/l × 108


RSD in the middle
of the calibration plot


Sulfuric acid*
0 1 1 – 50 0.03
0.056 1.147 1.21 –5.1 15 The same
0.104 1.320 1.39 –4.9 20 The same
0.306 1.483 1.83 –5.2 25 The same
0.423 1.835 1.91 –3.9 25 The same
0.612 2.034 2.05 –0.6 50 The same


Hydrochloric acid*
0 1 1 – 50 0.03
0.548 1.017 1.873 –48.3 20 The same
1.096 1.092 2.112 –45.7 20 The same


Sodium chloride**
0 1 1 – 2 0.03
0.3 – 1.75 –41.7 1.5 The same
1.0 1.204 2.06 –41.5 3 The same
3.0 1.534 3.30 –53.3 3 The same


Sodium hydroxide*
0 1 1 – 50 0.03
0.5 1.149 1.841 –37.6 20 The same
1.0 1.587 1.807 –12.2 20 The same


Sodium sulfate**
0 1 Not calculated 5.0 0.03
0.423 1.110 1.0 0.05
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sodium ion shows that the sensitivity enhancement fac-
tor for the chloride solution is 8% larger (Table 2).


It is clear from the above that the effect of a sub-
stance on the sensitivity of TLS measurements in aque-
ous solutions cannot be predicted without making
experiments, because it is impossible to precisely pre-
dict the effect of each particular ion on the structure of
water. Furthermore, the effect of electrolytes on the
thermooptical properties of the medium should neces-
sarily be taken into account. At equal pH values, sulfu-
ric acid and hydrochloric acid solutions have quite dif-
ferent thermooptical parameters. While the effect of
hydrochloric acid on the thermal-lens signal is negligi-
ble, the effect of sulfuric acid is fairly strong. There-
fore, in precision measurements (such as stability con-
stant determination), acidity should be created with
hydrochloric acid. When it is necessary to enhance the
sensitivity of measurements (e.g., in the case of a weak
analytical signal), it is better to use sulfuric acid.


The above examples demonstrate that the thermal-
lens signal depends not only on pH and ionic strength,
but also on the nature of the ions in the solution. The
thermooptical data obtained for the salt solutions indi-
cate that the nature and concentration of the ionic
strength modifier must be taken into account in order to
avoid large determination errors.


CONCLUSIONS


The metrological characteristics of thermal-lens
measurements in aqueous solutions depend strongly on
the composition of the medium. By using various mod-
ifiers, it is possible to significantly enhance the sensitiv-
ity and to lower the detection limit of the method. For
example, thermal-lens measurements in 0.5 M H2SO4
are nearly 2 times more sensitive than the same mea-
surements in water containing no significant amounts
of electrolytes (Fig. 2) and, therefore, have better met-
rological characteristics. As is demonstrated in Table 2,
the same is true for >1 M NaCl and >1 M NaOH solu-


tions. Since these media are widely used in the photo-
metric determination of elements and organic com-
pounds, the results presented here are essential for
enhancement of analytical sensitivity. In our opinion,
optimizing the determination conditions for various
compounds in aqueous acids and bases is a promising
way of developing sensitive thermal-lens determination
procedures.


Thermal-lens spectrometry is a promising method
for investigation of the thermooptical properties of
electrolyte solutions. Significant interfering factors in
this investigation may be thermal diffusion and the
Soret effect (concentration gradient formation) due to
the local laser heating of the medium. This is particu-
larly true for highly viscous media, such as sulfuric acid
solutions. These effects are beyond the scope of this
study. However, they deserve rapt attention not only as
interfering factors, but also as physical phenomena and
optimization parameters in the development of ther-
mal-lens determination procedures.
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Ionic liquids (ILs)—low-temperature salt melts—
have recently attracted the attention of researchers [1–9].
Combining nonvolatility, thermal stability, electro-
chemical resistivity, and low water miscibility, ILs are
lucky substituents for toxic organic solvents now used
in extraction, catalysis, biocatalysis, and galvanic engi-
neering. However, some physical properties of ILs,
such as miscibility with organic solvents and water sol-
ubility, remain insufficiently studied, and the available
literature is frequently controversial. Inasmuch as dis-
solution in water during industrial use is the most likely
route for ILs to enter the environment, control over the
levels of ILs in water is of fundamental significance.
Ionic liquids dissociate to ions; therefore, direct poten-
tiometry by means of ion-selective electrodes (ISEs)
with ion-exchanger-based membranes is the universal
method for the determination of the components of ILs
in water.


It is known that the structure of symmetrical and
asymmetrical ion exchangers, which are frequently
employed as electrode-active components (EACs), sig-
nificantly affects the potentiometric characteristics of
ISEs [10]. The components of the ILs we studied are
hydrophobic ions. On one hand, hydrophobic ions are
more easily determined with ISEs than hydrophilic ions
[11]: for hydrophobic ions, it is not necessary to ease
their transition to the membrane phase. On the other,
with hydrophilic ions, ion exchange can lose reversibil-
ity as the hydrophobicity of the analyte increases. This


toughens the requirements to the hydrophobicity of the
EAC in the membrane phase. The EAC concentration is
known to affect the electrode sensitivity and the detec-
tion limit [12]. The plasticizer also significantly affects
the membrane properties. For example, lipophilic ions
affect bis(2-ethylhexyl sebacate)-plasticized mem-
branes less strongly than the membranes based on


 


o


 


-nitrophenyl octyl ether [13].
In our previous work [14], we used ion-exchanger-


based ISEs for the determination of the water solubility
of ILs. This work was intended to explore the electrode
characteristics as dependent on the composition of
poly(vinyl chloride) (PVC) membranes, the nature of
the plasticizer, and the EAC concentration in the mem-
brane composition. In so doing, our goal was to develop
ISEs suitable for IL determination in water with a stable
performance.


EXPERIMENTAL


The structural formulas of the ILs used in this work,
namely, butylmethylimidazolium hexafluorophosphate
(BMIm PF


 


6


 


) and butyldimethylimidazolium bis(trifly-
limide) (BM


 


2


 


Im Tf


 


2


 


N) are indicated in Scheme 1.
Membranes were made of PVC, type S-70. The


plasticizers used were 


 


o


 


-nitrophenyl octyl ether
(


 


o


 


-NPOE), diethyl sebacate (DES), and dibutyl phtha-
late (DBP), all of chemically pure grade. The EACs
used were sodium tetraphenyl borate NaB(C


 


6


 


H


 


5


 


)


 


4
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Abstract


 


—Ion-selective electrodes (ISEs) with membranes based on ion exchangers plasticized with 


 


o


 


-nitro-
phenyl octyl ether (NPOE), diethyl sebacate (DES), or dibutyl phthalate (DBP) are used for the determination
of ionic liquids (ILs) in water. The membrane composition is optimized with respect to the ion-exchanger con-
centration and the plasticizer.
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(NaTPB, pure for analysis grade) as cation exchanger
and tributylhexadecylphosphonium bromide
C


 


16


 


H


 


33


 


P(C


 


4


 


H


 


9


 


)


 


3


 


Br (TBHDPBr, pure for analysis grade)
as anion exchanger. The components were dissolved in
freshly distilled tetrahydrofuran (THF; chemically pure
grade). The internal reference solution was prepared
from potassium chloride (chemically pure grade). A
mixture of PVC, EAC, and the plasticizer was dis-
solved in THF under magnetic stirring for 15 min. The
PVC concentration in the mixture was 33 wt %; the
EAC concentration was varied (0.5, 1, 2, or 5%) with
the overall weight of the component equal to 0.2 g. Cat-
ion-selective membranes contained TBP as the EAC; the
anion-selective membranes contained TBHDP. After
evaporating the solvent, the membranes were placed in
the electrode housing and exposed to distilled water for
24 h. Before use, the electrodes were conditioned in a
solution of the IL to be determined (1 


 


×


 


 10


 


–4


 


 mol/L). The
internal solution used was a 2 


 


×


 


 10


 


–5


 


 M solution of the
IL to be determined in a 0.01 M potassium chloride
solution. A silver wire coated with silver chloride was
used as the internal reference electrode. A silver/silver
chloride reference electrode (ESr 10108) filled with a
saturated potassium chloride solution was used as the
external reference electrode. The measurements were
carried out with the use of a robotized software–hard-


ware potentiometric complex we developed together
with OOO Econix-Expert, Ltd. [15]. The hardware part
of the complex is comprised of an Expert 001 four-
channel high-ohmic voltmeter (pH meter), an autosam-
pler, and a personal computer (PC). The pH meter and
autosampler are interfaced to the PC through an RS 232
(COM) asynchronous serial interface. The autosampler
is equipped with an integrated magnetic stirrer; its
capacity is 12 cells each 100 mL in capacity. This com-
plex is operated by a PC using our design software. The
use of this complex enabled us to automate potentio-
metric measurements. As a result, we achieved preci-
sion in the immersion depth of the electrode and the
duration of a single measurement; this also enabled us
to accomplish replicate sets of measurements followed
by statistical data processing.


The slope of the electrode function was determined
by the lest-squares fits. The detection limit was derived
from the departure of the electrode function from the
extrapolated linear portion equal to 


 


S


 


log2, where 


 


S


 


 is
the slope of the electrode function. The pH dependence
was studied starting at pH 2 (0.05 M H


 


2


 


SO


 


4


 


) with grad-
ually changing pH by addition of lithium hydroxide.
Potentiometric selectivity coefficients were determined
using the separate solutions method [16]. The foreign
ions used were the most abundant inorganic cations and
anions, as well as some organic cations and anions,
including components of other ILs: sodium (Na


 


+


 


),
ammonium ( ), benzylammonium ( ),


 


tert


 


-butyl ether 


 


±


 


 isoleucine hydrochloride, diphenyl-
dodecylethylphosphonium (Ph


 


2


 


C


 


12


 


H


 


25


 


Et


 


+


 


), chloride
(Cl


 


–


 


), nitrate ( ), iodide (I


 


–


 


), perchlorate ( ),
and picrate (Pic


 


–


 


) ions.


RESULTS AND DISCUSSION


To study the electrochemical characteristics as a
function of EAC percentage, we prepared cation-
exchange (TBP) and anion-exchange (TBHDP) mem-
branes plasticized with 


 


o


 


-NPOE (0.5, 1, 2, 5% EAC).
The results of these studies are displayed in Table 1. 


For the determination of the BMIm


 


+


 


 cation of ILs in
water with the use of the TBP-based membrane, the
optimal EAC concentration is 0.5–2%. Fairly high sen-
sitivity and precision are observed within these concen-
tration bounds; the detection limit is 3 


 


×


 


 10


 


–6


 


 mol/L.


NH4
+ PhCH2NH2


+


NO3
– ClO4


–


 


Table 1.


 


  Electrochemical properties of 


 


o


 


-NPOE-plasticized
membranes as a function of EAC concentration


EAC 
(TPB)


concent-
ration, %


BMImPF


 


6


 


BM


 


2


 


ImTf


 


2


 


N


slope,
mV/dec


 


c


 


min


 


,
mol/L


slope,
mV/dec


 


c


 


min


 


,
mol/L


0.5 56.6 


 


±


 


 0.5 3 


 


×


 


 10


 


–6


 


51.6 


 


±


 


 0.5 2 


 


×


 


 10


 


–6


 


1 56.6 


 


±


 


 0.3 3 


 


×


 


 10


 


–6


 


48.7 


 


±


 


 0.4 2 


 


×


 


 10


 


–6


 


2 57.4 


 


±


 


 0.4 3 


 


×


 


 10


 


–6


 


50.6 


 


±


 


 0.6 3 


 


×


 


 10


 


–6


 


5 57 


 


±


 


 2 4 


 


×


 


 10


 


–6


 


48.3 


 


±


 


 0.7 2 


 


×


 


 10


 


–6


 


EAC 
(TPB)


concent-
ration, %


BMImPF


 


6


 


BM


 


2


 


ImTf


 


2


 


N


slope,
mV/dec


 


c


 


min


 


,
mol/L


slope,
mV/dec


 


c


 


min


 


,
mol/L


0.5 –54 


 


±


 


 1 8 


 


×


 


 10


 


–7


 


–53 


 


±


 


 1 1 


 


×


 


 10


 


–6


 


1 –58 


 


±


 


 2 5 


 


×


 


 10


 


–7


 


–55 


 


±


 


 1 1 


 


×


 


 10


 


–6


 


2 –58 


 


±


 


 2 7 


 


×


 


 10


 


–7


 


–59 


 


±


 


 1 1 


 


×


 


 10


 


–6


 


5 –59.8 


 


±


 


 0.8 9 


 


×


 


 10


 


–7


 


–58 


 


±


 


 1 1 


 


×


 


 10


 


–6


 


Table 2.


 


  Electrochemical properties of membranes with various plasticizers (2% EAC, 


 


P


 


 = 0.95, 


 


n


 


 = 5)*


EAC TPB TBHDP


Plasticizer


 


o


 


-NPOE DES DBP


 


o


 


-NPOE DES DBP


Slope, mV/dec 57.4 ± 0.4 58 ± 2 56 ± 5 –58 ± 2 –53 ± 4 –54 ± 5


cmin, mol/L 3 × 10–6 3 × 10–6 4 × 10–6 7 × 10–7 5 × 10–7 7 × 10–7


* n—number of replicate measurements; P—set confidential level.
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When the EAC concentration is 5%, the detection limit
is higher and the precision deteriorates.


Membranes based on anion-exchanger TBHDP are
distinguished by the Nernstian slope of the electrode
function in BMImPF6 solutions; they have a wide linear
range, low detection limits (to 5 × 10–7 mol/L), and
good precision. For Tf2N– determination with anion-
selective electrodes, an increase in the EAC concentra-
tion in the membrane appreciably increases the sensi-
tivity: the Nernstian slope of the electrode function is
reached with 2% EAC. However, the amount of the
anion-exchanger in the membrane only insignificantly
affects the lower detection limit and precision.


The electrochemical properties of cation- and anion-
exchange PVC membranes in solutions of ILs were
studied as dependent on the nature of the plasticizer for
the EAC concentration in the membrane equal to 2 wt %.
The plasticizers used differed in their dielectric con-
stants ε: o-NPOE (ε = 23), DES (ε = 5.0), and DBP (ε =
6.4) [17]. The effect of the plasticizer used in the PVC
membrane was studied on the following properties of
the ISEs: the slope of the electrode function, selectivity
to typical inorganic and some organic ions, linear
range, and lower detection limit. All the electrodes
tested show a potentiometric response to the compo-
nents of the IL regardless of the plasticizer used. The
detection limit is n × 10–6 to n × 10–7 mol/L (Table 2).
For cation determination (TBP-based membranes),
cmin and the electrode function slope are virtually inde-
pendent of the plasticizer. For o-NPOE-plasticized
membranes, however, the reproducibility of the analyt-
ical signal is far higher.


In the determination of IL anions (with TBHDP-
based membranes), the Nernstian slope of the electrode
function was observed only when o-NPOE was the
plasticizer. For DES and DBP, the determination sensi-
tivity was a little lower.


The ISE potential was studied as a function of solu-
tion acidity for cation-selective electrodes (TPB) and
anion-selective electrodes (TBHDP) plasticized with
o-NPOE in 0.001 M BMImPF6 solution (Fig. 1). One
can see from the plot that the potentials of electrodes


with different EACs are virtually independent of solu-
tion acidity in a pH range of 2–9. For the anion-selec-
tive electrode, the solution pH has a higher influence on
the membrane potential, especially in the alkaline pH
range (pH > 10).


The electrodes have a high selectivity to the ions of
the test ILs. All inorganic and some organic ions prac-
tically do not interfere with the potential of the indica-
tor electrode (Figs. 2, 3). The effect of hydrophobic
organic ions is stronger on the electrode response to
potential-determining ions. However, this does not
interfere with the determination of ILs in the presence
of limited amounts of hydrophobic ions even such as
Pic– and . DES- or o-NPOE-plasticized mem-
branes have slightly higher selectivities to Tf2N– anion.
The highly hydrophobic ion Ph2EtC12H25P+ most
strongly interferes with the potentiometric determina-
tion of IL cations; this agrees with the mechanism of
the response of cation-exchanger ISEs. The o-NPOE-
based membrane has a higher selectivity to the desired
cation in the presence of foreign ions, as in the determi-
nation of IL anions.


In summary, the membrane plasticized with o-
NPOE and containing 2% of the TBHDP anion
exchanger has the best analytical characteristics. The
other membranes described in this work also give a sat-
isfactory potentiometric response; they can also be used
for IL determinations, as well as for ascertaining the
water solubilities of ILs.


ClO4
–


5


120


10 15
pH


0


160


200


E, mV


Fig. 1. Potential of the o-NPOE-based electrode (2 wt %
EAC) vs. solution acidity.
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Fig. 2. Selectivity to BMIm+ (2% EAC).
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Fig. 3. Selectivity to Tf2N– (2% EAC (TBHDPBr)).
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Oxide materials with high mixed (electron/ion) con-
ductivity are now in the focus of research on account of
their potential for use as materials for cathodes in high-
temperature fuel cells, oxygen pumps, various oxygen
pickups, and selective oxygen-permeable, electrocata-
lytically active membranes.


The oxygen ion conductivity in perovskite complex
oxides is due to the existence of anion vacancies. Vary-
ing the dopant concentration in the cation sublattice,
the oxygen partial pressure, or temperature offers a
means for intentionally varying the density of anion
vacancies. For a sample with a fixed cation composi-
tion, the change in the oxygen deficiency is accompa-
nied by a change in the charge of the transition element,
which in turn changes the concentration of the majority
charge carriers and thus the total conductivity of the
material. It was demonstrated [1, 2] that materials
based on cuprates with a distorted perovskite structure
and the composition La


 


1 – 


 


x


 


Sr


 


x


 


CuO


 


2.5 – 


 


δ


 


 (0.15 < 


 


x


 


 < 0.3)
have high electrical conductivities (mostly of the


 


p


 


 type). As a result of the high density and mobility of
anion vacancies, cathodes based on such phases have
sufficiently low absolute values of the polarization
resistance [3].


Cuprates of composition La


 


2 – 


 


x


 


Sr


 


x


 


CuO


 


4 – 


 


δ


 


 also have
an anion-deficient structure; this is a K


 


2


 


NiF


 


4


 


-type struc-
ture in which perovskite layers alternate with NaCl-
type layers. When the strontium concentration in these
phases is low, they have metal-type conductivity [4]. At
a significant strontium concentration, however, the
anion vacancy density increases; in view of the high
oxygen mobility in this structure [5], an oxygen elec-


trode based on this phase is expected to have a high
reversibility. The catalytic activity of a cathode material
in oxygen reduction is also an important criterion.
Thus, the investigation of the surface layers of complex
cuprates is very topical. X-ray photoelectron spectros-
copy (XPS), which enables the profiling of the near-
surface layers with 0.5–1.0 nm steps [6, 7], is a useful
tool in this context.


The goals of this work were to synthesize complex
cuprates La


 


0.85


 


Sr


 


0.15


 


CuO


 


2.5 – 


 


δ


 


 and La


 


2 – 


 


x


 


Sr


 


x


 


CuO


 


4 – 


 


δ


 


 (


 


x


 


 =
0.15, 0.6, or 1.0) and to study the surface cation compo-
sition of these samples using XPS.


EXPERIMENTAL


Ceramic technology was used to prepare lanthanum
strontium cuprates. The starting chemicals used were
commercially available La


 


2


 


O


 


3


 


 and SrCO


 


3


 


 (pure for
analysis grade) and CuO prepared by the decomposi-
tion of malachite at 300


 


°


 


C. Before weighing, La


 


2


 


O


 


3


 


was calcined at 900


 


°


 


C and SrCO


 


3


 


 was at 400


 


°


 


C. The
synthesis schedules are displayed in Table 1.
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Abstract


 


—Complex cuprates La


 


0.85


 


Sr


 


0.15


 


CuO


 


2.5 – 


 


δ


 


 having an anion-deficient perovskite structure and
La


 


2 


 


−


 


 


 


x


 


Sr


 


x


 


CuO


 


4 – 


 


δ


 


 (


 


x


 


 = 0.15, 0.6, 1.0) having a K


 


2


 


NiF


 


4


 


 layered structure have been prepared by ceramic tech-
nology. X-ray powder diffraction verified that single-phase samples were obtained. X-ray photoelectron spec-
troscopy (XPS) was used to determine the surface composition of compacted samples. It was found that both
the photoionization cross-section and the photoelectron mean free path should be taken into account when cal-
culating the surface composition. The surface was enriched in strontium as a result of segregation, regardless
of the bulk composition of the cuprate sample.
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Table 1.


 


  Parameters of cuprate synthesis


Sample composition Annealing schedule


La


 


1.85


 


Sr


 


0.15


 


CuO


 


4 – 


 


δ


 


1273 K, 20 h,
furnace cooling


La


 


0.85


 


Sr


 


0.15


 


CuO


 


2.5 – 


 


δ


 


La


 


1.4


 


Sr


 


0.6


 


CuO


 


4 – 


 


δ


 


1393 K, 15 h, quenching 
to room temperature


LaSrCuO


 


4 – 


 


δ


 


1473 K, 7 h, quenching 
to room temperature


 


a
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The phase composition was monitored by X-ray
powder diffraction (Guinier-deWolf camera, Cu


 


K


 


α


 


radiation, germanium internal standard). Powders were
compacted into disks (two disks for each cuprate) under
a load of ~4 t/cm


 


2


 


. After heat treatment at 600


 


°


 


C for
20 h, the disks were subjected to XPS surface analysis.


The surface analysis was carried out on a Leybold
LHS-10 electron spectrometer. X-ray photoelectron
spectra were measured at 10


 


–7


 


 Pa pressure in the ana-
lyzer chamber. The exciting radiation used was Mg


 


K


 


α


 


with a photon energy of 1253.6 eV and a line width of
~0.7 eV. A hemispherical energy analyzer was used for
the electron energy expansion. The energy analyzer
was calibrated against the Au 4


 


f


 


1/2


 


 line with 


 


E


 


b


 


 =
83.9 eV; the instrumental resolution for this line was
0.9 eV. The 


 


E


 


b


 


 measurement accuracy was ~0.1 eV. The
signal detector/amplifier used was an EMI electron
multiplier, which ensured an amplified signal intensity
of 10


 


4


 


 to 10


 


5


 


 pulse/s. From the measured spectra, the
copper, strontium, and lanthanum line intensities were
determined and the surface cation composition was cal-
culated. The interpretation of the XPS spectra was
based on the peak intensities, peak shapes, and binding
energies.


RESULTS AND DISCUSSION


X-ray powder diffraction verified the absence of
impurities in the samples: all X-ray diffraction lines


from La


 


2 – 


 


x


 


Sr


 


x


 


CuO


 


4 – 


 


δ


 


 (


 


x


 


 = 0.15, 0.6, 1.0) and
La


 


0.85


 


Sr


 


0.15


 


CuO


 


2.5 – 


 


δ


 


 samples were indexed in a tetrago-
nal unit cell. The unit cell parameters calculated from
the results of indexing are listed in Table 2.


From the XPS analysis of the surface, the kinetic
energies of photoelectrons were derived. The binding
energies corresponding to copper, strontium, and lan-
thanum lines were calculated from the photo effect law:


(1)


Here, 


 


E


 


kin


 


 is the kinetic energy of a photoelectron, 


 


E


 


b


 


is the binding energy of an electron, 


 


h


 


ν


 


 is the Mg


 


K


 


a


 


photon energy, 


 


ϕ


 


 is the photoelectron work function
(equated to zero in the experiment). The peaks associ-
ated with the La 3


 


d


 


5/2


 


, Sr 3


 


d


 


, Cu 2


 


p


 


3/2


 


, and O 1


 


s


 


 levels
have close spectral parameters; above all, they differ in
their intensities (Table 3).


Thus, in all samples the surface contains copper,
lanthanum, and strontium cations; this means that qual-
itatively the surface composition does not differ from
the bulk composition. For quantifying the surface cat-
ion composition, we used the intensities of the lines
associated with the La 3


 


d


 


5/2


 


, Sr 3


 


d


 


, and Cu 2


 


p


 


3/2


 


 core
levels. The energy difference between XPS lines is suf-
ficiently great, and the calculations from


(2)


are not quite adequate (this simplified relationship only
accounts for the photoionization cross-section 


 


σ


 


).
Therefore, calculating the concentration of each cation,
we took into account not only the photoionization
cross-section, but also the electron mean free path 


 


Λ


 


,
using the relationship


(3)


Here, 


 


n


 


i


 


/  is the element concentration for
each cation, 


 


E


 


i


 


 is the kinetic energy of 


 


i


 


th cation (


 


Λ


 


 ~


), 


 


I


 


i


 


 is the peak intensity for the 


 


i


 


th cation, and 


 


m


 


 is
the number of cations (in the case at hand, 


 


m


 


 = 3) [6].
The photoionization cross-sections were 26.5 (La 2


 


d


 


5/2


 


),
5.29 (Sr 3


 


d


 


), and 15.9 (Cu 2


 


p


 


3/2


 


). The results of the cal-
culations are displayed in Table 4.


It seemed pertinent to compare the surface and bulk
compositions of the samples. Containing alkaline-earth
and rare-earth elements, the complex oxides in question
are chemically reactive to water and carbon(IV) oxide.
As a consequence, the surface of the samples under
ambient conditions can contain either adsorbed or
chemisorbed water and carbon dioxide molecules, as
well as chemical compounds such as carbonates or
hydroxocarbonates [8]. Table 5 displays the cation
composition in the cuprates synthesized as determined
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Table 2.  Unit cell parameters for cuprates synthesized


Sample
composition


Space 
group


Unit cell parameters


a, b, Å c, Å


La1.85Sr0.15CuO4 – δ I4/mmm 3.7801(8) 13.228(4)


La1.4Sr0.6CuO4 – δ I4/mmm 3.7722(7) 13.189(3)


LaSrCuO4 – δ I4/mmm 3.7602(2) 13.005(1)


La0.85Sr0.15CuO2.5 – δ P4/mbm 10.861(3) 3.8584(7)


Table 3.  Binding energies for XPE peaks and relevant lines


Cu


Eb, eV 1070 954 934 124 78


Line 2s 2p1/2 2p3/2 3s 3p


Sr


Eb, eV 358 280 260 134 37


Line 3s 3p1/2 3p3/2 3d 4s


La


Eb, eV 851 834 274 210 195 102


Line 3d3/2 3d5/2 4s 4p1/2 4p3/2 4d
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by XPS and iodometry. The cation concentration in all
samples corresponds to their bulk composition to the
experimental error.


Analyzing the results compiled in Tables 4 and 5, we
infer that the surface segregation of strontium occurs
regardless of the as-batch (bulk) composition of the sam-
ple. Cuprates surfaces have highly reactive surfaces. For
this reason, selective strontium segregation to the surface
occurs and, thus, the surface free energy decreases. Sur-
face enrichment with strontium was also observed in pre-
vious XPS investigations of complex oxides of 3d ele-
ments and alkaline-earth elements [9–11].


ACKNOWLEDGMENTS
This work was supported by the Russian Foundation


for Basic Research (project no. 05-03-32715a).


REFERENCES
1. Yu, H.-C. and Fung, K.-Z., Mater. Res. Bull., 2003,


vol. 38, p. 231.


2. Mazo, G.N., Savvin, S.N., Mychka, E.V., Dobro-
vol’skii, Yu.A., and Leonova, L.S., Elektrokhimiya,
2005, vol. 41, p. 516.


3. Yu, H.-C. and Fung, K.-Z., J. Power Sources, 2004,
vol. 133, p. 162.


4. Hong, D.J.L. and Smyth, D.M., J. Solid State Chem.,
1993, vol. 102, p. 250.


5. Opila, E.J. and Tuller, H., L., Wuensch B.J., Maier J,
J. Am. Ceram. Soc., 1993, vol. 76, p. 2363.


6. Metody analiza poverkhnosti (Methods of Surface Anal-
ysis), Zanderna, A.M., Ed., Moscow, 1979.


7. Alov, N.V., Zh. Anal. Khim., 2005, vol. 60, p. 331.


8. Kudryashov, I.A., Cand. Sci. (Chem.) Dissertation,
Moscow, 2000.


9. Mazo, G.N., Alov, N.V., and Kudryashov, I.A., Perspek-
tivnye Mater., 2001, no. 5, p. 16.


10. Liu, H-X., Cocke, D.L., Naugle, D.G., and Pandey, R.K.,
Solid State Ionics, 1989, vols. 32-33, p. 1125.


11. Gunasekaran, N., Saddawi, S., and Carberry, J.J.,
J. Catal., 1996, vol. 159, p. 107.


Table 4.  Cation surface composition


Sample
composition


Cation composition (including σ) Cation surface composition (including σ and λ)


n (La) % n (Sr) % n (Cu) % n (La) % n (Sr) % n (Cu) %


La0.85Sr0.15CuO2.5 – δ 21.9 51.3 26.8 17.0 64.9 18.1


LaSrCuO4 – δ 12.1 60.9 27.0 9.0 73.5 17.5


La1.4Sr0.6CuO4 – δ 32.4 48.7 18.9 25.2 61.9 12.9


La1.85Sr0.15CuO4 – δ 23.1 49.5 27.4 18.0 63.2 18.8


Table 5.  Average oxidation number of copper (ZCu) and cation composition of the samples synthesized


As-batch sample
composition ZCu


Element concentration*, at. %


La Sr Cu


La0.85Sr0.15CuO2.49 2.13 ± 0.02 18.7 ± 0.3 (18.9) 3.5 ± 0.6 (3.4) 22.1 ± 0.4 (22.3)


La1.85Sr0.15CuO3.99 2.13 ± 0.03 26.6 ± 0.4 (26.5) 2.2 ± 0.5 (2.2) 14.5 ± 0.4 (14.3)


La1.4Sr0.6CuO3.81 2.22 ± 0.02 20.5 ± 0.6 (20.6) 8.6 ± 0.3 (8.8) 14.8 ± 0.4 (14.7)


LaSrCuO3.61 2.22 ± 0.02 15.1 ± 0.8 (15.1) 14.9 ± 0.4 (15.1) 14.8 ± 0.5 (15.1)


* In parentheses, the theoretical concentration of the element to be determined in a sample of the given composition is indicated.
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Carrying out enzymatic reactions in solutions with
high concentrations of an organic solvent or in non-
aqueous solutions is an important problem of contem-
porary bioanalytical chemistry. The use of organic solu-
tions to carry out enzymatic processes can substantially
widen the range of determinable compounds to include
water-insoluble or low-soluble substrates and effectors
(inhibitors and activators) of enzymes; this will also
make it possible to analyze water-insoluble objects, to
improve the metrological characteristics of existing
methods, and to increase the selectivity of the determi-
nation of biologically active compounds via concen-
trating.


Conserving the activity of enzymes in nonaqueous
solutions is a challenge. An analysis of the literature
showed that the catalytic activity of an enzyme in apo-
lar organic solvents is conserved when the enzyme is
enclosed (solubilized) into the cavity of an inverted
micelle [1–4], which is generated using surfactants.


Horseradish peroxidase is one of the most widely
used and well studied (in particular, by us) enzymes.
This biocatalyst is distinguished by its high activity,
stability in aqueous solutions, specificity to hydrogen
peroxide (the major substrate), and sensitivity to many
inorganic and organic effectors. Peroxidase was used to
develop many processes for the determination of bio-
logically active compounds (which are peroxidase sub-
strates, inhibitors, or activators) [5–7]. However, many
compounds capable of acting as second substrates, as
well as peroxidase effectors, are incompletely soluble
in water, and some substances, e.g., oils, are hydropho-
bic. In this context, there is a need for methods of enzy-
matic determination of peroxidase effectors and sub-
strates in organic and aqueous–organic solutions.


Only few works concerned the analytical applica-
tion of peroxidase enclosed in reversed micelles of
sodium di-2-ethylhexylsulfosuccinate (AOT), an


anionic surfactant, in an apolar organic solvent [8, 9].
Other surfactants have not yet been used for solubiliz-
ing peroxidase in chemical analysis.


The purpose of this work was to demonstrate the
pertinence of carrying out peroxidase-catalyzed indica-
tor reactions in the presence of another anionic surfac-
tant, namely sodium dodecyl sulfate (DDS), and
enclosing peroxidase into DDS reversed micelles. We
worked out procedures for the determination of phar-
maceuticals that differently affect the enzymatic pro-
cess, namely, hydrogen peroxide (the major substrate),
cystein (the second substrate), imidazole (an activator),
and sulfanylamide (an inhibitor).


EXPERIMENTAL


 


Reagents


 


A lyophilized horseradish peroxidase sample
(E.C. 1.11.1.7, from Merck) with a specific activity of
192 IU/mg was used. A peroxidase solution with the
concentration 


 


n


 


 × 


 


10


 


–6


 


 mol/L was prepared by dissolv-
ing a weighed sample in a 0.1 M phosphate buffer solu-
tion (pH 7.0). The concentration of the peroxidase solu-
tion was determined spectrophotometrically (


 


ε


 


 =
9.4 


 


×


 


 10


 


4


 


 L/(mol cm), 


 


l


 


 = 1 cm) at 403 nm [10]. The
solid peroxidase and the solution were stored in a
refrigerator at 4


 


°


 


C.
Sodium tetraborate (reagent grade), boric acid (high


purity grade), ammonium hydrogenphosphate (high
purity grade), and ammonium dihydrogenphosphate
(high purity grade) were used to prepare buffer solu-
tions; all chemicals were purchased from Reakhim
(Russia). Buffered solutions were prepared as
described in [11].


For experiments in reversed micelles, benzene
(from Reakhim), pentan-1-ol (from Acros-Organics),


 


Enzymatic Determination of Some Pharmaceuticals in Direct
and Reversed Sodium Dodecyl Sulfate Micelles


 


A. V. Kireiko, I. A. Veselova, and T. N. Shekhovtsova


 


Analytical Chemistry Department
e-mail: toshta@mail.ru


 


Received December 12, 2006


 


Abstract


 


—The properties of horseradish peroxidase in sodium dodecyl sulfate (DDS) reversed micelles in ben-
zene–pentanol–water solutions are studied. The potential of the analytical application of direct and reversed
DDS micelles is demonstrated using newly developed methods for the determination of peroxidase substrates
(hydrogen peroxide and cystein), inhibitor (sulfanylamide), and activator (imidazole) via the oxidation of 


 


o


 


-dia-
nisidine (
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-D) with hydrogen peroxide.
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and DDS (Helikon, Russia) were used. Benzene was
purified by distillation. Aqueous solutions of DDS were
prepared by dissolving an exact DDS aliquot in water
with continuous stirring on a magnetic stirrer for 15–
20 min.


The exact concentration of aqueous hydrogen per-
oxide (high purity grade, Reakhim) was determined
permanganometrically [12]. A solution of 


 


o


 


-dianisidine
(


 


o


 


-D; from Sigma) was prepared in rectified ethanol.
Solutions of cystein (IREA-2000, Moscow), imidazole
(Serva, France), and sulfanylamide (pharmaceutical
grade, from Lumi, Russia) were prepared from exact
weights and water; sulfanylamide was heated on a
water bath. Deionized water purified on a Millipore
setup was used to prepare all aqueous solutions.


 


Instruments


 


The rate of the 


 


o


 


-D oxidation indicator reaction was
monitored spectrophotometrically as the increase in the
absorbance (


 


A


 


) of the reaction products; it was charac-
terized by the slope (tan


 


α


 


) of the starting linear frag-
ment of the rate curve in the absorbance–time coordi-
nates. A Shimadzu UV-2201 spectrophotometer was
used to record the absorbance of solutions and the
absorption spectra of reaction products.


The optimum wavelength for observing the pileup
of the products of the peroxidase-catalyzed oxidation
of 


 


o


 


-D (440 nm) and the molar absorptivity (


 


ε


 


 =
10700 L/(mol cm)) were determined in DDS reversed
micelles with the degree of hydration equal to 27.


 


Indicator Reaction of o-D Oxidation by Hydrogen 
Peroxide in Buffered Aqueous Solution


 


To a glass test tube with a ground stopper, the fol-
lowing chemicals were added in sequence:


(1) the required amount of a 0.1 M phosphate buffer
(pH 5.6) for hydrogen peroxide, sulfanylamide, or cys-
tein determinations, or 0.1 M borate buffer solution
(pH 8.0) for imidazole determinations;


(2) 3 mM peroxidase solution (0.1 mL) or, for imi-
dazole determinations, a 9 nM solution;


(3) 6 mM 


 


o


 


-D solution (0.1 mL) for the indicator
reaction without effectors or for hydrogen peroxide,
cystein, or imidazole determinations or the same
amount of a 0.6 mM 


 


o


 


-D solution for sulfanylamide
determinations; and


(4) 7.5 mM hydrogen peroxide (0.1 mL).
In working out the hydrogen peroxide determination


procedure, the hydrogen peroxide concentrations in the
reaction mixture was varied in the range 0.1–
25 


 


µ


 


mol/L. The total volume of the reaction mixture
was 3 mL. After hydrogen peroxide was added, the
solution was stirred and a timer was switched on at the
same time. The solution was transferred to a quartz cell
(


 


l


 


 = 1 cm), and either the absorption spectrum of reac-
tion products was recorded after some time, or the


absorbance of the reaction mixture was recorded over
time at 


 


λ


 


 = 460 nm (


 


ε


 


 = 31000 L/(mol cm) [13]).
The indicator reaction in the presence of DDS was


carried out as described above with the only difference
that, after peroxide was added, a 30 mM DDS solution
(0.1 mL) was added to the reaction mixture and the
absorbance was recorded at 


 


λ


 


 = 395 nm.
In the presence of effectors or the second peroxidase


substrate, the reaction was carried out by the above-
described procedure with the only difference that, after
the enzyme was added, 50 


 


µ


 


L of an aqueous solution of
an effector (imidazole or sulfanylamide) or the second
substrate (cystein) with the required concentration was
added. In the presence of DDS direct micelles, the
investigation procedure differed in that addition of the
enzyme was followed by addition of a 30 mM DDS
solution (0.1 mL) and, then the effector solution was
added.


 


Preparation of a DDS Reversed Micellar Solution
and the Indicator Reaction in This Solution


 


The optimum parameters for preparing a DDS
micellar solution in an organic solvent were determined
from the phase diagram of the four-component system
and from experiments (Fig. 1 [14]). A certain DDS
sample was dissolved in a magnetically stirred mixture
of a 0.02 M citrate buffer solution (pH 5.0; 4.35 mL),
pentan-1-ol (7.35 mL), and benzene (1.0 mL). The indi-
cator reaction in the micellar solution was carried out as
follows. To a glass test tube with a ground stopper,
added were an organic solution (2.85 ml) of DDS, 6 nM
enzyme solution (50 


 


µ


 


L), 0.02 M citrate buffer solution
(25 


 


µ


 


L, pH 5.0) or an aqueous effector solution
(50 


 


µ


 


L), and 0.06 M 


 


o


 


-D solution (50 


 


µ


 


L; for sulfanyl-
amide determinations, the 


 


o


 


-D concentration was


   


S


W H


B


L


 


2


 


N


 


1


 


Fig. 1.


 


 Phase diagram of the benzene (H)–pentanol + DDS
(S)–water (W) system (L


 


2


 


, the reversed microemulsion
field) [14].
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6 mmol/L), and 0.03 M hydrogen peroxide (25 


 


µ


 


L).
The mixture was vigorously shaken until it became
optically clear. At the moment the aforementioned solu-
tions were combined, a timer was switched on; the mix-
ture was transferred to a cell, and its absorbance was
measured every 15 s during 2 min at 


 


λ


 


 = 440 nm.


 


The inhibition effect


 


 of sulfanylamide on the cata-
lytic activity of peroxidase (


 


I


 


, %) was calculated from


where tan


 


SA


 


 and tan


 


0


 


 are the slopes of the starting linear
fragments of the rate curves of the indicator process
with and without sulfanylamide, respectively.


 


The activation effect


 


 of imidazole on the catalytic
activity of peroxidase (


 


A


 


, %) was calculated from


where tan


 


Im


 


 and tan


 


0


 


 are the slopes of the starting linear
fragments of the rate curves of the indicator process
with and without imidazole, respectively.


RESULTS AND DISCUSSION


Sodium dodecyl sulfate, an anionic surfactant, was
chosen to solubilize peroxidase. Sodium dodecyl sul-
fate has shown a potential for use as the most versatile
modifier of electrodes [15] and nanoparticles (e.g., car-
bon nanotubes) [16, 17] among the surfactants studied:
it creates strong, structured, thin surface films of vari-
ous polyelectrolytes [18], including enzymes [16, 17].
These properties of DDS can in future help to create
biosensors on the basis of peroxidase solubilized to
DDS micelles, with a high sensitivity, stability, ragged-
ness, and rapid response. Phase diagrams for DDS in
water–organic solutions are well known (Fig. 1 [14]).


I %, 1 tanSA/tan0( )– 100,×=


A %, tanIm/tan0( ) 1–{ } 100,×=


 


An anionic surfactant was chosen for the pertinence
of immobilizing peroxidase inside a reversed micelle
(p


 


I


 


 = 7.2 [19]) by means of the electrostatic interactions
on the inner side of the micelle. This approach, we
think, should ensure the best conditions (the least diffu-
sion hindrance) for the transport of compounds from
the organic medium to the enzyme.


We chose the oxidation of 


 


o


 


-dianisidine by hydro-
gen peroxide for monitoring the peroxidase activity
both in aqueous solution and in reversed micelles. This
reaction in aqueous solution is well known: its mecha-
nism is described [20, 21], and we previously eluci-
dated the optimum parameters of this reaction [22].


Before addressing the behavior of peroxidase in
reversed micelles, we elucidated how DDS affected the
peroxidase catalytic activity in a buffered aqueous solu-
tion. Previously [22] it was demonstrated that the
chemistry of the peroxide-catalyzed oxidation of 


 


o


 


-D
changed in a phosphate buffer solution (pH 5.5) in the
presence of more than 0.1 mmol/L DDS: the substrate
was stabilized as a result of the electrostatic interac-
tions between the positively charged intermediate of its
oxidation and the anionic surfactant (Fig. 2). In concen-
trations less than 0.1 mmol/L, DDS does not affect the
catalytic activity of the enzyme and the chemistry of the
indicator reaction: the absorption spectra of reaction
products obtained with and without DDS virtually
coincide. In the presence of DDS, the intermediate of 


 


o


 


-
D oxidation (


 


λ


 


max


 


 = 395 nm) is piled-up more rapidly
than the main product in the absence of DDS; this fact
can help to improve the metrological characteristics of
the determination of peroxidase effectors and sub-
strates.


The DDS–pentan-1-ol–benzene–water four-compo-
nent system (Fig. 1) was chosen for solubilizing perox-
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Fig. 2.


 


 Absorption spectra for the product of the peroxidase-catalyzed 


 


o


 


-D oxidation with hydrogen peroxide measured (


 


1


 


, 


 


2


 


) 2 min
and (


 


3


 


) 3 min after the reaction started in various media: (


 


1


 


) 0.1 M phosphate buffer solution (pH 5.6), (


 


2


 


) 0.1 M phosphate buffer
solution (pH 5.6) in the presence of 1 mmol/L DDS, and (


 


3


 


) in DDS reversed micelles.
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idase to reversed micelles; this system has not been
studied as applied to enzymatic processes. The param-
eters of the peroxidase-catalzyed oxidation of 


 


o


 


-D in
this system were optimized: the degree of hydration,


 


W


 


0


 


 = [H


 


2


 


O]/[Surfactant], was 27; the surfactant con-
centration was 60% (in a mixture with pentanol); the


 


o


 


-D, H


 


2


 


O


 


2


 


, and peroxidase concentrations were
1 


 


µ


 


mol/L, 0.25 mmol/L, and 0.1 nmol/L, respectively;
the buffer solution was 0.02 M citrate buffer; and pH
was 5.0.


The rate constants (


 


k


 


cat


 


) were calculated for the
enzymatic reaction of 


 


o


 


-D oxidation in an aqueous
solution and in reversed micelles (1500 and 200 s


 


–1


 


,
respectively). It is known from the literature [4] that, in
the same reaction in AOT reversed micelles, peroxidase
is superactive (


 


k


 


cat


 


 equals 1400 and 33000 s


 


–1


 


 in aque-
ous solution and reversed micelles, respectively). Our
data provide evidence that in DDS reversed microemul-
sions the rate constant of the peroxidase-catalyzed oxi-
dation of 


 


o


 


-D remains virtually unchanged; i.e., perox-
idase does not manifest superactivity after being solu-
bilized to DDS reversed micelles. A likely reason for
this is a partial denaturing of the biocatalyst by high
pentanol concentrations (60% in a mixture with DDS).
When peroxidase is transferred to DDS reversed micro-
emulsions, its affinity to 


 


o


 


-D (the reducing substrate)
decreases, as in AOT reversed micelles: 


 


k


 


cat


 


/Km = 42
and 7 L/(s µmol) in the aqueous and organic phase,
respectively. The kcat in hydrogen peroxide and the
affinity of the enzyme to this major substrate increase:
kcat = 2770 and 3268 s–1 and kcat /Km = 5 and


22 L/(s µmol) for aqueous solutions and DDS reversed
micelles, respectively. As a result, the indicator reaction
in a DDS micellar solution improved the metrological
characteristics of hydrogen peroxide determination: the
detection limit and the lower determination limit
decreased significantly, and the sensitivity coefficient
of the calibration curve increased (table).


To compare the analytical characteristics of the
determinations of peroxidase effectors in three media
(aqueous solution, direct DDS micelles, and reversed
DDS micelles), we chose the following pharmaceuti-
cals to be model compounds: cystein, sulfanylamide,
and imidazole. In choosing these compounds, we were
guided by the importance of their determination and by
the fact that they have different effects on peroxidase,
being its second substrate (cystein), a competitive
inhibitor (sulfanylamide), or a noncompetitive activator
(imidazole at pH > 6.5) [23, 4]. We have optimized the
determination parameters for all aforementioned com-
pounds and worked out their determination in a buff-
ered aqueous solution in the absence of DDS (at λ =
460 nm), in the presence of 1 mM DDS (at λ = 395 nm),
and in reversed DDS micelles (λ = 440 nm) (table). The
table makes it clear that both direct and reversed DDS
micelles decrease the detection limit and increase the
sensitivity (the slope of the calibration curve) for the
determination of all aforementioned compounds.


In summary, adding a surfactant to an enzymatic
process and carrying out the process in direct or
reversed micelles improve the analytical characteristics
of determination of the peroxidase substrate and effec-


Metrological characteristics of the determination of hydrogen peroxide, cystein, sulfanylamide, and imidazole by the perox-
idase-catalyzed oxidation of o-dianisidine in various media


Analyte Medium DDS Analyte concentration 
range, µmol/L Calibration-curve equation cmin,


µmol/L


Hydrogen
peroxide


Water
–* 1–25 y = 0.71x + 0.04


y = 1.4x + 0.2
y = 4.03x + 0.03
y – tan × 102; x – C, µmol/L


0.4


+** 0.5–25 0.2


Reversed micelles 0.1–2.5 0.06


Cystein
Water


– 0.5–50 y = 23x + 151
y = 35x + 230
y = 46x + 304
y – I, %; x – log(C, mol/L)


0.3


+ 0.5–50 0.1


Reversed micelles 0.5–50 0.08


Sulfanylamide
Water


– 1000–10000 y = 5.5x + 5.1
y = 7x + 10
y = 15x + 9
y – I, %; x – C, mmol/L


300


+ 500–10000 100


Reversed micelles 100–5000 30


Imidazole
Water


– 20–600 y = 194x + 968
y = 194x + 968
y = 323x + 1632
y – A, %; x – log(C, mol/L)


10


+ 20–600 10


Reversed micelles 10–200 5


Notes: * In the absence of DDS.
** In the presence of DDS.
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tors. Therefore, it becomes possible to develop sensi-
tive methods for the determination of slightly water-
soluble or water-insoluble components of peroxidase-
catalyzed reactions.
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Oxygen adsorption on platinum is believed to be
irreversible [1]. This is due to that the oxygen bond to
the platinum surface becomes stronger with an increase
in the anode potential and residence time of oxygen on
the electrode surface. This leads to a decrease in the
reactivity of oxygen as the oxidant [2, 3].


2,4,5,7-Tetrabromofluorescein (TBF) and 2,7-
dichloroflurescein (DCF) were subjected to electrocat-
alytic oxidation. These compounds were used as mod-
els for verifying the idea that organic compounds can
be reversibly oxidized by adsorbed oxygen. They are of
interest because they can serve as a model of 2,3,7,8-
tetrachlorodibenzo-


 


p


 


-dioxine, a typical dioxine. They
are similar to dioxine in composition, structure, and
the presence of an oxygen-containing heterocycle, but
they are readily soluble in an aqueous medium and
nontoxic [4].


In studies of TBF adsorption, platinized platinum
with the surface area 


 


S


 


 = 1200 cm


 


2


 


 (


 


f


 


 = 600) served as
the working electrode, a platinum wire was the auxil-
iary electrode, and silver/silver chloride was the refer-
ence electrode. All potentials were recalculated against
the reversible hydrogen electrode (RHE). Measure-
ments were carried out in a YaSE-2 three-electrode cell
in an argon atmosphere, with 1 M KOH as the support-
ing electrolyte. The TBF concentration was 2 


 


×


 


 10


 


–2


 


 g/L
(3 


 


×


 


 10


 


–5


 


 mol/L). Measurements were carried out by the
potentiodynamic method at the potential sweep rate
10 mV/s as described in [5]. Adsorption was studied at
the double-layer potential 0.45 V and the potential
0.9 V. It was shown that all adsorbed TBF particles on
the electrode surface are in the strongly bound chemi-
sorbed state (table). According to [6], chemisorption of
TBF and DCF particles is due to the interaction of the


 


π


 


 electrons of the benzene rings with the 


 


d


 


 orbitals of
platinum. Chemisorbed TBF particles are completely
oxidized in the range of potentials below the oxygen
overvoltage: the oxygen section of the potentiodynamic


curve after washing is located above the curve of the
supporting electrolyte (Fig. 1). Subsequent anodic
curves coincide with this curve. It was previously
shown [7] that, upon adsorption of TBF and DCF at the


anodic potential, the coverage of the surface ( )
somewhat decreases (as compared with that at poten-
tials where the hydrogen and oxygen adsorption is min-
imal). This can be explained by the competition
between the organic compound and oxygen for adsorp-
tion sites at the surface or by the oxidation of chemi-
sorbed particles [8].


The electrocatalytic oxidation of TBF and DCF was
carried out at the oxygen evolution potentials, as well as
in the range of potentials below the oxygen overvolt-
age. The oxidation at the oxygen evolution potentials
was carried out under galvanostatic conditions. The
kinetics of processes was studied in situ by spectropho-
tometry by measuring the decrease in the optical den-
sity 


 


D


 


 of solutions at the wavelengths of maximum
absorption. Electronic absorption spectra were
recorded on a Specord UV-Vis spectrophotometer. The
spectra of TBF and DCF show four absorption bands at
245, 300, 350, and 500 nm for DCF and at 245, 300,


θR
H
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Abstract


 


—The development of new catalytic systems based on environmentally safe components is of theo-
retical and practical importance because of increasing environmental contamination. Promising systems make
it possible to decompose ecotoxicants to nontoxic products, which can be achieved by electrocatalytic oxidation
with the use of platinum electrodes.
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Adsorption of TBF on Pt/Pt (supporting electrolyte 1 M KOH)
at different potentials, the TBF concentration is 2 


 


×


 


 10


 


–2


 


 g/L
(3 


 


×


 


 10


 


–5


 


 mol/L)


 


E


 


, V


Coverage 


in the presence of 
TBF in the solution after washing


0.45 0.51 


 


±


 


 0.05 0.50 


 


±


 


 0.05


0.90 0.45 


 


±


 


 0.04 0.44 


 


±


 


 0.04
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350, and 520 nm for TBF. The change in concentration
was assessed by monitoring the most characteristic
band in the visible range at 500 (DCF) and 520 nm
(TBF). The optical density at these 


 


λ


 


 values obeys the
Beer–Lambert law.


In the course of oxidation, the optical density 


 


D


 


 at
the wavelengths of maximum absorption decreased
with time to the values of the supporting electrolyte,
which is evidence of the conversion of the initial com-
pounds. The processes of electrocatalytic oxidation of
TBF and DCF at the oxygen evolution potential are
first-order reactions. The effective rate constants of gal-
vanostatic oxidation processes at 


 


I


 


 = 500 mA (


 


E


 


 


 


≈


 


 2 V)
were (5.5 


 


±


 


 0.5) 


 


×


 


 10


 


–7


 


 and (5.3 


 


±


 


 0.5) 


 


×


 


 10


 


–7


 


 s


 


–1


 


 for
DCF and TBF, respectively.


The electrocatalytic oxidation of TBF and DCF by
oxygen adsorbed on platinum at potentials below the
oxygen overvoltage was carried out by the cyclic volta-
mmetry method using a PI-50.1.1 potentiostat. The
anode was Pt/Pt with the surface area of about 1000 cm


 


2


 


.
Measurements were performed in a cell without sepa-
ration of the anode and cathode spaces; therefore, the
auxiliary electrode was also Pt/Pt (


 


S


 


 = 3000 cm


 


2


 


), and
its large surface served to avoid cathodic side pro-
cesses. The volume of solutions to be studied was
10 mL. The working electrode was platinized before
each experiment and its surface area was measured.
The potential sweep rate was 50 mV/s.


At this potential sweep rate in the potential cycling
range 0–0.95 V, oxygen adsorption was reversible. The
potential cycling conditions used for the electrocata-
lytic oxidation of the TBF and DCF made it possible to
carry out measurements with the constantly renewing
surface of the electrode, which resulted in obtaining
adsorbed oxygen, a reactive oxidant.


The linear plots of ln


 


C


 


 versus 


 


t


 


 (Fig. 2) for TBF and
DCF solutions indicate that the process is described by
the first-order kinetic equation. The effective rate con-


stants for electrocatalytic oxidation were (1.9 


 


±


 


 0.2) 


 


×


 


10


 


–8


 


 and (1.5 


 


±


 


 0.2) 


 


×


 


 10


 


–8


 


 s


 


–1


 


 for DCF and TBF, respec-
tively.


DCF solutions after electrocatalytic oxidation by
the cyclic voltammetry method and after oxidation at
the oxygen evolution potential (according to the UV-
Vis spectrum, the initial compound was absent in this
solution) were studied by chromatography/mass spec-
trometry. The initial solution was shown to be free of
impurities.


In the solution containing the products of electrocat-
alytic oxidation of the substrate by the cyclic voltam-
metry method, 13.6% of organic compounds without
aromatic moieties and 0.31% of phthalates were found.


We can conclude that CO


 


2


 


 ( ) and H


 


2


 


O constituted


86% of the products. The qualitative reaction for 
ions was carried out by introducing Ba


 


2+


 


 ions. The
resulting white precipitate of barium carbonate, after
washing and drying, reacted with acetic acid to evolve
a gas.


In the solution containing the products of the elec-
trocatalytic oxidation of DCF at the oxygen evolution
potential (


 


E


 


 


 


≈


 


 2 V), 73% of organic compounds was
found (25% of them contained aromatic moieties), and


the remaining 27% was CO


 


2


 


 ( ) and H


 


2


 


O. Thus,
the electrocatalytic oxidation of DCF under the poten-
tial cycling conditions used turned out to be more effi-
cient for destruction of the studied compounds than the
oxidation at the oxygen evolution potentials.


We demonstrated that TBF and DCF can be oxi-
dized by oxygen adsorbed on platinum at potentials
below the oxygen overvoltage by the potential cycling
method.
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Fig. 1.


 


 Anodic potentiodynamic curves (


 


V


 


sweep


 


 = 10 mV/s):
(


 


1


 


) supporting electrolyte 1 M KOH, (


 


2


 


) in the presence of
3 


 


×


 


 10


 


–5


 


 M TBF, and (


 


3


 


) the first cycle after washing the
electrode in 1 M KOH.
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Fig. 2.


 


 Plot of log


 


C


 


 vs. 


 


t


 


 for the oxidation of DCF. 


 


C


 


0


 


 =
5.6 


 


×


 


 10


 


–6


 


 mol/L, 


 


V


 


sweep


 


 = 50 mV/s, 


 


E


 


 = 0–0.95.
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The structure and morphology of oxide films depos-
ited by pulsed laser ablation depend mainly on the
energy characteristics of laser plasma related to the
radiation flux density on the target 


 


J


 


 [1, 2]. The radia-
tion flux density 


 


J


 


 is the ratio of the laser pulse energy


 


W


 


 to the irradiated target surface area 


 


s


 


 (


 


J


 


 = 


 


W


 


/


 


s


 


). The
flux density can be varied by changing either the laser
pulse energy or the area of the focused spot on the tar-
get. However, changes in each of these quantities can
lead to different changes in the laser plasma character-
istics. It was found [3] that a proportional increase in
the area and energy, the 


 


J


 


 value being unaltered, has a
considerable effect on the energy spectrum of laser
plasma ions, which is due to an increase in the region of
interaction between the laser radiation and the laser
plasma itself. To prevent this effect, in this work, the
flux density was varied by changing the laser pulse
energy with a minimal area of the focused spot on the
target being retained.


The plasma of a compound deposited by pulsed
laser ablation is usually sufficiently ionized to be stud-
ied by Langmuir probes [4, 5]. These measurements
make it possible to estimate the kinetic energies and
concentration of singly charged particles and the
plasma temperature. However, as applied to a station-
ary equilibrium plasma, interpretation of the current–
voltage curves obtained with such probes is rather
ambiguous and depends on the parameters of both the
probe and the plasma to be studied [5]. A major distinc-
tion of a nonstationary pulsed laser plasma is the
ordered motion of differently charged particles whose
concentrations and velocities vary in time and space.
This can lead to false signals related to displacement
currents, secondary particle emission, and impact ion-


ization of highly excited atoms impinging on the sur-
face of a probe collector [4]. To prevent, insofar as pos-
sible, these interferences, we used screened grid probes
of the Faraday cup type with a biased collector oriented
normally to the direction of plasma propagation [5]. In
addition, a differential scheme of measuring the plasma
spread velocities by two identical probes located at dif-
ferent distances from the target were used, which elim-
inates the errors caused by the uncertainty of the plasma
pulse onset and duration with respect to the laser pulse
for different radiation energies [6, 7]. The charge mul-
tiplicity in the laser plasma was determined by time-of-
flight mass spectrometry [8, 9]: changes in the velocity
of different charges passing through an electric field
generated by parallel grid electrodes were recorded.


EXPERIMENTAL


The scheme of the experimental setup and main
devices—an excimer pulsed Kr–F laser, a vacuum
chamber, and an optical system that focuses the laser
beam on targets—were described in detail in [2, 7, 10].
Instrumentation for differential probe measurements
was described in [6, 11]. In the present work, targets
were plates made of tin (10 mm in diameter and 3 mm
in thickness), palladium (10 


 


×


 


 10 


 


×


 


 0.5 mm), and plati-
num (10 


 


×


 


 10 


 


×


 


 1 mm). Metals for all targets had a
purity of 99.9999%. The pressure in the vacuum cham-
ber during experimental runs was maintained at the
level 


 


p


 


 = 10


 


–3


 


 Pa. The laser pulse energy was varied by
controlling the voltage on the discharge circuit of laser
pumping.


To determine the energy flux densities, the pulse
energy and the area of the focused spot on the target
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Abstract


 


—The effect of the energy flux density of a pulsed Kr–F laser on the processes of generation of the
laser plasma of tin, palladium and platinum and on the deposition rates of metal films on dielectric substrates
in laser ablation have been studied. The use of the differential scheme of probing a laser plasma with Faraday
cups and time-of-flight mass spectrometry has made it possible to distinguish, in plasma ion signals, the ranges
of singly charged and multicharged ions, which differ in kinetic energy. The film deposition rate depends on
both the laser energy flux density and the degree of ionization of the laser plasma.
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should be known. In preliminary experiments, we dem-
onstrated that the size of the ablation crater formed on
polished metal targets by a sharply focused laser beam
depends on the pulse energy. The crater sizes were mea-
sured by an IZA-2 microscope and a Talystep profilo-
meter on fixed targets exposed to 20-pulse trains. These
measurements showed that, at high ablation thresholds,
the crater area can be approximated using a least-
squares procedure by the linear function 


 


s


 


(


 


W


 


) = 


 


kW


 


 +
0.12 (mm


 


2


 


) with an accuracy of 5%. Inasmuch as the
minimal energies at which a crater can form on the sur-
face are determined by the laser ablation thresholds
(


 


W


 


 > 0), which depend on the electrophysical proper-
ties of the target material [6, 12], the true geometric size
of the focused spot area can be determined by extrapo-
lation of the experimental plot to the value 


 


W


 


 = 0: 


 


s


 


(0) =


0.12 mm


 


2


 


. Thus, the energy flux density was calculated
by the formula 


 


J


 


 = 10


 


4


 


W


 


/12 (J cm


 


–2


 


).


The probes were located at different distances
(


 


r


 


1


 


, 


 


r


 


2


 


) from the target but at the same angles in the
plane near the normal to the ablation zone in order to
avoid shielding of a probe by the other one. Figures 1
and 2 show the signals of the nearby and distant probes
for different energy flux densities on the targets corre-
sponding to the ion currents of palladium and platinum.


Comparison of the signals of probes 1 and 2 (Figs. 1
and 2) shows that, while the signal is recorded, the par-
ticle velocity changes from maximum to minimum
since the corresponding time lag between the arrivals of
charges at the probes increases from minimum to max-
imum. On the one hand, ion currents can be calculated
by the Ohm law from the voltage drop induced by
charged particles at the output resistors of the probe
collectors (


 


R


 


 = 1 k


 


Ω


 


). On the other hand, the current
induced by charges moving in space is determined as
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Fig. 1.


 


 Signals for the (


 


1


 


) nearby and (
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) distant probes
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 = 4 cm) in a palladium laser plasma at energy flux den-
sities of (a) 80, (b) 40, and (c) 20 J/cm
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the derivative of the charge 


 


q


 


 with respect to the time 


 


t


 


at the point 


 


r


 


 of space [6, 12]:


(1)


where 


 


ρ


 


q


 


(


 


t


 


) is the linear charge density, and 


 


V


 


(


 


t


 


) is the
charge velocity.


Signal processing and calculations of the ion veloc-
ity–energy spectra were performed based on the numer-
ical solution of Eqs. (1)–(4):


(2)


(3)


(4)


Here, 


 


I


 


1


 


 and 


 


I


 


2


 


 are the ion currents of probes 1 and 2,
respectively; Eq. (2) is the condition of normalization
of the ion current of probe 2 to the current of probe 1;


 


I


 


2


 


n


 


 are the normalized currents of probe 2; Eq. (3) is for
calculation of the time delay 


 


τ


 


 between the arrivals of
equal integral charges at the probes; Eq. (4) is for cal-
culation of the velocities, which are substituted into
Eq. (1) to obtain the charge distribution density, 
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 =


 


r


 


2


 


 – 


 


r


 


1


 


. Equations (1)–(4) make it possible to calculate
not only the velocity and, thus, energy spectra of ions
which are usually obtained by means of time-of-flight
mass spectrometric studies of laser plasma [8, 9], but
also time-dependent instantaneous spectra [6]. To
determine the charge multiplicity by means of a linear
electrostatic mass spectrometer, a grounded screening
grid was placed between the target and the first probe,
and accelerating (decelerating) grids with the same
potential 


 


U


 


 with respect to the ground were placed
behind the first and the second probes. Thus, the more
distant probe is in the region of the drift of charged
plasma particles. Comparison of the changes in the
time of detection by the probes of the ion currents in the
leading and falling edges of ion signals and calculation
of velocities for potentials of different magnitude and
polarity on the grids made it possible to calculate the
charge multiplicities (


 


k


 


i


 


) of ions relative to the elemen-
tary charge (


 


q


 


e


 


) by the formula [8, 9]


(5)


where 


 


M


 


 is the ion mass, 
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0


 


i


 


 is the ion velocity in the
absence of an external electric field, and 


 


V


 


i


 


 is the ion
velocity modified by an external electric field of volt-
age 


 


U
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The calculated charge multiplicity for the leading
edge of the ion current, k1 = 1.9, is close to 2, and that
for the falling edge, k2 = 0.9, is close to 1. This can be
accepted as a good approximation, taking into account
that Eq. (5) implies the existence of a homogeneous
electric field between the screening and accelerating
grids, which is the case only for a field between infinite
parallel planar conductors, with no other conductors
between them [8]. At the same time, these calculations
did not reveal, in the probe signals of laser plasma ion
currents, the presence of charged clusters with masses
multiple of the masses of metal atoms.


To determine the mass loss of the targets in ablation
and metal film thicknesses as a function of the energy
flux density, substrates made of polished oxidized sili-
con, glass ceramics, or polycor were mounted parallel
to the target at the place corresponding to the maximum
of the metal deposition surface density. The substrates
were fixed at a distance of 4 cm from the target in a
holder, behind which a tungsten coil electric heater in a
quartz tube was located. Metal deposition was carried
out through a mask with a 4 × 8 mm window applied to
the substrate surface. Prior to laser ablation of the tar-
gets, the masked substrates were degassed by heating
them to 240°C in a vacuum for 1 h and then were cooled
in a vacuum for 1 h. In these experiments, the laser
pulse frequency was 500 pulses/min (~8.3 Hz). The
laser ablation duration was varied to achieve the neces-
sary accuracy of measuring film thicknesses on a pro-
filometer and weighing target mass losses on an analyt-
ical balance. The results of these runs are presented in
the table and Fig. 3. For tin films, the thickness data are
limited by the energy flux energy J ~ 25 J/cm2 (for Pt
and Pd, J ~ 100 J/cm2) since, under the constant focus-
ing conditions used, a further increase in J causes the
appearance of plasma particles of uncontrollable size,
which impairs the accuracy of measurements of depos-
ited film thicknesses and target mass losses (for tin tar-


0.01


0 20


d, nm/pulse


J, J/cm2


0.02


40 60 80 100


1
2


3


Fig. 3. Pd, Pt, and Sn film thickness (per pulse) as a function
of the energy flux density of the Kr–F laser.
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gets, this is also due to their large initial masses). The
minimal energy densities for zero film thicknesses in
Fig. 3 were obtained from probe measurements of tar-
get ablation thresholds [6]. The lines in Fig. 3, drawn
using the Excel program, approximate the experimental
values by third-order polynomials.


RESULTS AND DISCUSSION


In the energy flux density range 10–50 J/cm2 for Pt
films (up to 80 J/cm2 for Pd), the film deposition rates
are directly proportional to the target mass loss and the
energy flux density (table, Fig. 3).


At r = 4 cm, the surface atom distribution densities
per laser ablation pulse as a function of the energy flux
density were calculated from the experimental data on
film thicknesses (deposition rates), the tabulated mass
volume densities of the metals and their atomic masses,
and the Avogadro number [13]. For palladium,


(J) = (0.56J + 30.1) × 1012 at/pulse cm2. (6)


For platinum,


(J) = (0.62J + 80.1) × 1012 at/pulse cm2. (7)


Here, (J, r) is the surface distribution density of
atoms on the substrate located at the distance r from the
target along the normal to the ablation zone.


Figure 4 shows the limits of the change in the kinetic
energies of Pt and Pd ions calculated from the experi-
mental dependences of ion currents on time and energy
flux density on the target. The ranges of singly charged
and multicharged ions are shown. As is seen, the maxi-
mal kinetic energies of ions of the corresponding mul-
tiplicity for palladium are higher than for platinum. In
the energy flux density range ~10–80 J/cm2, the kinetic
energies of palladium ions are constant (within the
error of measurements). They increase only in the
ranges from the ablation threshold to 10 J/cm2 and from
80 to 100 J/cm2. The maximal kinetic energies of plati-
num ions increase over the entire range studied, from
the ablation threshold to 100 J/cm2.


Noteworthy are the differences in the degree of ion-
ization of the Pd and Pt plasmas, which can be calcu-
lated from the ratio of integral ion charge densities on
the probe collectors recalculated to the distance to the
target (4 cm) to the surface atom distribution densities
(6) and (7). These calculations show that the degree
ionization of the metal plasma increases with an
increase in the energy flux density from 10 to 80 J/cm2.
The degree of ionization of the laser plasma for Pt (3.2–


N0s
Pd


N0s
Pt


N0s
M


Table


Target Energy flux
density, J/cm2


Number
of pulses


Target mass loss, 
mg


Average film 
thickness, nm


Target mass loss 
per pulse, g/pulse


Film thickness per 
pulse, nm/pulse


Pd 20 7500 0.5 30 0.7 × 10–7 4 × 10–3


40 7500 0.9 55 1.2 × 10–7 7 × 10–3


60 7500 1.4 85 2.1 × 10–7 11 × 10–3


80 5000 1.6 95 3.2 × 10–7 14 × 10–3


100 5000 – 110 – 20 × 10–3


Pt 12 10000 0.9 30 0.9 × 10–7 3 × 10–3


25 10000 2 60 2 × 10–7 6 × 10–3


50 7500 2.9 75 3.9 × 10–7 10 × 10–3


100 5000 – 60 – 12 × 10–3


Sn 12 10000 – 70 – 7 × 10–3


25 10000 – 160 – 16 × 10–3


1.00E+03


0 50
J, J/cm2


1.00E+05


100
1.00E+01


1


2


3


(b)


1.00E+03


E, eV


1.00E+05


1.00E+01


(a)


Fig. 4. Limits of changes in the kinetic energy of singly
charged (Pt+ and Pd+) and multicharged (Ptn+ and Pdn+)
ions of the platinum and palladium laser plasma as a func-
tion of the energy flux density of the Kr–F laser on the tar-
gets.
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21.6%) is higher than that for Pd (2.8–5.4%), despite
the relatively lower content of multiply ionized atoms
(compare the ion current amplitudes in Figs. 1 and 2).


This can account for the different dependences of
the film deposition rates of Pd and Pt on substrates
(Fig. 3). The platinum film deposition rate can decrease
at large energy densities due to an increase in the effect
of surface sputtering by high-velocity ions. This effect
was also observed in [14] upon vacuum-arc plasma
deposition of platinum on substrates.
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The study of polymorphism is of fundamental sig-
nificance for an understanding of the general principles
of the structure of organic compounds [1, 2]. Polymor-
phism is inherent in organic compounds with intramo-
lecular charge transfer (ICT), so-called autocomplexes,
whose molecules contain both donor and acceptor moi-
eties linked through a bridging group. The bridge can
be of different length and contain atoms of different
nature, which considerably affects the conformational
mobility of the molecule as a whole and ICT in differ-
ent crystal structures and species. As a rule, heating the
less stable form leads to its transformation into the
more stable one without signs of melting, and then the
latter turns into a liquid [3–4]. For example, nitro deriv-
atives of diphenylamine are known to exist in several
differently colored crystalline polymorphs. In particu-
lar, three polymorphs with different melting tempera-
tures have been obtained for 2,4,6-trinitro-4'-iodo-
diphenylamine: yellow 


 


1a


 


, orange 


 


1b


 


, and pink 


 


1c


 


 [5].
These species have different types of crystal packing:


 


1b


 


 forms noncentrosymmetric crystals in which the
molecules have the same geometry, whereas the crys-
tals of 


 


1a


 


 and 


 


1c


 


 are formed by molecules of two con-
figurations. However, the conditions of mutual transfor-
mations of different crystal modifications have been
described only briefly, and conditions of their synthesis
have not been reported [5]. We are interested in study-
ing the conditions of preparation of compound 


 


1


 


 in dif-
ferent crystal modifications and studying them by phys-


 


†


 


Deceased.


 


icochemical methods. This problem is addressed in the
present work.


EXPERIMENTAL


Autocomplex 


 


1


 


 (Scheme 1) was synthesized by
means of nucleophilic substitution of chlorine in picryl
chloride under the action of 


 


para


 


-iodoaniline.


 


Scheme 1.


 


Acetone–water (10 : 1), alcohol–water (10 : 1, in the
presence of Na


 


2


 


CO


 


3


 


), and acetone–acetic acid (10 : 1)
mixtures or neat CH


 


3


 


CN were used as solvents. The
reaction mixture was heated to boiling for 10 min and
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Abstract


 


—The experimental conditions for preparation of four differently colored polymorphs of 2,4,6-trini-
tro-4'-iododiphenylamine, a picryl autocomplex, have been determined. The specific features of intra- and inter-
molecular interactions in the resulting polymorphs, one of them being noncentrosymmetric, have been studied
by IR spectroscopy and X-ray crystallography.
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cooled, and the resulting crystalline precipitate was
separated by filtration. In all solvent mixtures selected
for the synthesis, the colors of the precipitates were dif-


ferent, and, as a rule, the latter consisted of several
polymorphs. From the acetone–water (10 : 1) mixture,
the yellow precipitate of 


 


1a


 


 with an admixture of 


 


1b


 


(mixture 


 


A


 


) was isolated; from the alcohol–water
(10 : 1) mixture with Na


 


2


 


CO


 


3


 


, the orange precipitate of


 


1b


 


 with an admixture of 


 


1a


 


 and 


 


1c


 


 (mixture 


 


B


 


) was
deposited; the acetone–acetic acid (10 : 1) solvent led
to the orange precipitate of 


 


1c


 


 with an admixture of 


 


1b


 


(mixture 


 


C


 


); and from acetonitrile, the orange-yellow
precipitate of 


 


1b


 


 was obtained. The differently colored
crystals were separated under a magnifying glass and
used in further studies. The mixtures of crystals were
recrystallized from different solvents, including mixed
solvents, at different temperatures. These results are
summarized in Table 1. The recrystallized samples, as
well as mechanically separated crystals, were used in
further studies.


FT IR spectra were recorded on a ThermoNicolet IR
200 spectrophotometer. Samples were prepared as KBr
pellets and Nujol mulls.


RESULTS AND DISCUSSION


As distinct from the literature data [5], our findings
indicate that yellow modification 


 


1a


 


 has no well-
defined melting temperature (


 


T


 


m


 


); rather, it irreversibly
transforms into the pink modification in the range 172–
185


 


°


 


C. Below 172


 


°


 


C, no visible signs of changes in
color or structure are observed. Modification 


 


1b


 


 melts


 


Table 1.


 


  Polymorphs of autocomplex 


 


1


 


, their preparation, notation, and melting points


Preci-
pitate


Solvent for
crystallization


(temperature, 


 


°


 


C)


Precipitate
composition after 
recrystallization


Color after
recrystallization


 


T


 


m


 


, 


 


°


 


C
(this work)


 


T


 


m


 


, 


 


°


 


C
[5]


 


A


 


Acetone–water 10 : 1


 


1a


 


 (major) Yellow 172–185* 185.5


 


1b


 


 (minor) 187 181


 


B


 


Acetone–alcohol 1 : 1 (50)


 


1b


 


Yellow-pink 187 181


 


1c


 


 (1 : 1) 190.5 191


 


B


 


Alcohol (70)


 


1b


 


 (flat bands) Orange-yellow 187 181


 


B


 


MeCN


 


1b


 


 (needles) Orange-yellow 187 181


 


B


 


CHCl


 


3


 


–alcohol 1 : 1 (50)


 


1c


 


 (major) Orange-pink 190.5 191


 


1a


 


 (minor) 185.5


 


B


 


Toluene (100)


 


1c


 


 (major) Orange 190.5 191


 


1a


 


 (minor) 172–185* 185.5


 


B


 


Toluene (0)


 


1a


 


 (needles) Yellow 172–185* 185.5


 


B


 


Alcohol (0)


 


1a


 


 (flat needles) Yellow 172–185* 185.5


 


C


 


Acetone–alcohol 1 : 1


 


1b


 


 (flat needles) Orange-yellow 187 181


Crystallization of the melt


 


1d


 


 (crystalline mass) Red 135–145* –


 


* Temperature ranges for phase transitions are given.


 


Table 2.


 


  Assignment of stretching vibration frequencies of
some groups in the IR spectra of the polymorphs of 


 


1


 


 accord-
ing to [6]


Bands Yellow


 


1a


 


Orange


 


1b


 


Pink


 


1c


 


Red


 


1d


 


NH stretches 3264 3276 3306 3327


3311


CH stretches 
(aromatic)


3089 3073 3065 3063


3093 3086


3110


Antisymmetric
NO


 


2


 


 stretches
1624 1621 1620 1616


1591 1589 1592 1590


1540 1535 1550 1536


1518 1518 1529 1500


1509 1483 1510 1436


1481 1484


Symmetric
NO


 


2


 


 stretches
1349 s 1360 w 1352 1351


1337 w 1337 s 1330 w 1328


1293 1288 1308 1292


1290
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at a higher temperature (Table 1) than that reported in
[5]. On heating above 170


 


°


 


C up to the melting point,
the color of 


 


1b


 


 becomes deeper. Modification 


 


1c


 


 is the
only form whose melting temperature (190.5


 


°


 


C) virtu-
ally coincides with the reported value. It is worth noting
that 


 


1c


 


 has an anomalous thermomechanical behavior.
In particular, at 135–145


 


°


 


C, its crystals shatter to form
a powder.


We obtained one more crystal modification 


 


1d


 


; it is
bright red in color and, like 


 


1a


 


, undergoes a phase tran-
sition in the solid state, but in another temperature


range (135–145


 


°


 


C), to form pink modification 


 


1c


 


.
Modification 


 


1d


 


 is obtained only upon slow crystalliza-
tion of a supercooled glassy melt in the temperature
range 20–100


 


°


 


C. To conclude, we can say, with some
reservations, that modifications 


 


1a


 


–


 


1c


 


 are equivalent
to, respectively, the yellow, orange, and pink forms
described in [5], whereas modification 


 


1d (red) has not
been found previously.


The composition and molecular and crystal struc-
tures of these modifications were studied by IR spec-
troscopy and X-ray crystallography. The IR spectra


O(5)


O(6)


N(4)


C(10)


C(11)


C(12)


O(4) N(3)


O(3)


N(1)


N(2)


C(9)


C(8)


O(1)


C(7)


C(4)


C(5) C(6)


C(1)


C(2)


C(3)


I(1)


O(2)


Fig. 1. General view of the molecule of autocomplex 1 with the numbering of atoms according to X-ray crystallography.


Table 3.  Selected crystallographic parameters of polymorphs 1a–1c


Unit cell parameters Yellow 1a Orange 1b Pink 1c


Empirical formula C12H7IN4O6 C12H7IN4O6 C12H7IN4O6


a, Å 20.684(6) 5.133(1) 14.076(2)


b, Å 5.064(1) 12.102(1) 5.774(1)


c, Å 13.503(4) 22.457(3) 18.321(3)


β, deg 99.771(6) α = β = γ = 90° 112.475(3)


V, cm3 1394.0(7) 1395.1(4) 1375.9(4)


Density (dX, g/cm3) 2.049 2.048 2.076


Crystal system Monoclinic Orthorhombic Monoclinic


Space group P21/c P212121 P21/c


Number of molecules in the unit cell, Z 4 4 4


R 0.0458 0.0433 0.0322


(D/A) angle 110.9 109.2 115.7


O(3)–N(1) 2.612 2.654 2.614


* The N(1)–H(1) distance is normalized to the ideal X-ray diffraction distance 0.96 Å.
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recorded in the wide range 400–4000 cm–1 show N–H,
C–H, and nitro group stretching vibration bands.


For all modifications, the N–H bond stretches are
observed in the range 3350–3250 cm–1 typical of this
type of vibration [6]; however, band positions are dif-
ferent. In the range of aromatic C–H stretching vibra-
tions, these modifications give rise to different numbers
of absorption bands (Table 2).


X-ray crystallography for 1a–1c (for 1d, we failed to
obtain suitable crystals) shows that, although they are
different polymorphs, their molecular geometries are
only slightly different (Fig. 1). In each of these polymor-
phs, compound 1 has different unit cells and somewhat
different conformational parameters (Table 3). As we
previously showed for picryl derivatives with other
donor moieties [7–9], autocomplexes of this type adopt
a conformation with a considerable angle between the
donor and acceptor moieties with respect to the bridg-
ing nitrogen atom. As distinct from the N(1)–C(4)


bond, the N(1)–C(7) bond is shortened, which is evi-
dence of some conjugation between the N(1) atom and
the acceptor moiety. All nitro groups deviate from the
acceptor ring plane by different angles. One of the
o-nitro groups is involved in an intramolecular hydro-
gen bond with the proton of the bridge, whereas the
other o-nitro group has a shortened contact with the
donor ring; i.e., notwithstanding that the plane of this
group is not parallel to the plane of the donor moiety,
they are spatially close to each other, which renders
through-space ICT possible. In addition, the p-nitro
group is virtually in the plane of the acceptor moiety,
which favors charge transfer only along the conjugation
chain.


The presence of the iodine atom in 1 prevents the
determination of the exact position of the H(1) atom
and, hence, the N(1)–H(1) bond length by X-ray dif-
fraction. This causes some problems with unambiguous
interpretation of the strength of intramolecular hydro-


a


b
0 c


Fig. 2. Yellow form 1a. General view of the packing motif and the unit cell content (the most important intra- and intermolecular
contacts are shown with dashed lines).
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gen bonds in different modifications of complex 1 if
only X-ray diffraction data are used.


At the same time, X-ray crystallography shows that,
in addition to the intramolecular hydrogen bond, differ-
ent intermolecular hydrogen bonds are present in 1a–
1d, and some of the latter involve the bridging N(1)
atom. It cannot be ruled out that this interaction can be
responsible for the composite character of the NH and
CH stretching vibration bands in the IR spectra. For
example, the IR spectra of 1a and 1b show rather strong
bands due to the CH stretches at 3089 and 3072 cm–1,
respectively. The IR spectrum of 1c shows two bands
(3064 and 3093 cm–1) and that of 1d, three weaker
bands (3063, 3086, and 3110 cm–1). It is worth noting


that the first bands in the spectrum of 1d (3063 cm–1) vir-
tually coincides with the band at 3064 cm–1 in the spec-
trum of 1c, and the second band at 3086 cm–1 is close to
the band of the CH stretches of 1a (3089 cm–1) and not
significantly differs from the band at 3093 cm–1 for 1c.


These differences in the IR spectra of 1a–1d can be
due to the formation of different mixed dimeric inter-
molecular structures, which is consistent with the X-ray
crystallography data (Figs. 2–4). Results of a more
detailed study of this problem and those of a compara-
tive study of the strength of the intramolecular hydro-
gen bond forming in different modifications of auto-
complex 1 will be reported in future papers.


a


0


b


c


Fig. 3. Orange form 1b. General view of the packing motif and the unit cell content (the most important intra- and intermolecular
contacts are shown with dashed lines).
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CONCLUSIONS


Our findings allow us to conclude that autocom-
plexes are able to form several structures with different
crystal packings, in which the molecules not only differ
conformationally but also are involved in different
intra- and intermolecular interactions whose combina-
tion stabilizes a certain modification of a given auto-
complex [10, 11].
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Rare earth complexes have some interesting func-
tional properties (magnetic, optical, etc.); therefore,
they are candidates for use in the form of thin films in
different devices with a planar structure. In particular,
some rare earth 


 


β


 


-diketonates, pyrazolonates, and aro-
matic carboxylates exhibit luminescent properties and
can be used as emitting layers in organic electrolumi-
nescent devices (OLEDs) [1–3]. The performance of
these devices depends on many factors, one of which is
the quality of the resulting film. Chemical vapor depo-
sition of a compound on a substrate ensures higher
quality films [4]; however, the method requires volatile
compounds. Most rare earth 


 


β


 


-diketonates and pyra-
zolonates are volatile, whereas aromatic carboxylates
and some other rare earth complexes, such as com-
plexes with Schiff bases, are nonvolatile. These rare
earth complexes are of interest as magnetic and lumi-
nescent materials [5, 6].


Exchange reactions of rare earth 


 


β


 


 diketonates with
carboxylic acids [7] lead to the formation of tris-car-
boxylates:


Ln(dik)


 


3


 


 + 3HL  LnL


 


3


 


 + 3Hdik, (1)


where Hdik is a 


 


β


 


-diketone, Ln is a lanthanide, and HL
is a carboxylic acid.


Such reactions occur in solution. The equilibrium of
reaction (1) is shifted to the right due to the difference
in acidity between 


 


β


 


-diketonates and carboxylic acids,
as well as due to different solubilities of the reagents
and products.


The interaction of Ln(dpm)


 


3


 


 (Hdpm is dipivaloyl-
methane) with benzoic acid exemplifies the possibility
of the gas-phase variant of reaction (1) [8]. In this case,
the shift of equilibrium to the right is due to the differ-
ent volatilities of 


 


β


 


-diketonates and carboxylates [9].


 


This procedure was used to obtain thin films of rare
earth benzoates [10]. Thus, the gas-phase reaction
holds promise for the synthesis of a wide range of thin-
film materials.


In this work, we have considered whether the gas-
phase reaction (1) between volatile rare earth 


 


β


 


-diketo-
nates and Schiff bases is possible.


The objects of investigation were H


 


2


 


salen, a Schiff
base (the derivative of salicylaldehyde and ethylenedi-
amine), and yttrium dipivaloylmethanate Y(dpm)


 


3


 


since this compound is volatile, thermally stable, and
mononuclear in the gas phase; in addition, for this com-
pound, the saturated vapor pressures as a function of
temperature are known [11]. The choice of yttrium
among the rare earth elements is caused by the possibil-
ity to use 


 


1


 


H NMR for identification of the reaction
products.


EXPERIMENTAL


 


Reagents


 


Ethylenediamine (NH


 


2


 


)


 


2


 


C


 


2


 


H


 


4


 


 (Aldrich), dipivaloyl-
methane Hdpm (Fluka), yttrium nitrate Y(NO


 


3


 


)


 


3


 


 · 4H


 


2


 


O
(pure for analysis), sodium hydroxide NaOH (pure for
analysis), ethanol (pure grade), and benzene C


 


6


 


H


 


6


 


 (pure
for analysis) were used. Salicylaldehyde
C


 


6


 


H


 


4


 


(OH)CHO was purified by vacuum distillation
(


 


T


 


b


 


 = 93


 


°


 


C/25 mmHg).


 


Methods of Investigation


 


The content of Y(III)


 


 in the complexes was deter-
mined by complexometric titration (the accuracy of
determination, 


 


±


 


0.2%) [12].
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Abstract


 


—The interaction of yttrium dipivaloylmethanate Y(dpm)


 


3


 


 with bis(salicylidene)ethylenediamine
(H


 


2


 


salen) in solution and the gas phase leads to the formation of the heteroligand complex Y(dpm)(salen). The
composition of the product has been confirmed by IR spectroscopy, 


 


1


 


H NMR, and elemental analysis. The intro-
duction of a Schiff base excess into the solution or gas phase does not result in the formation of the homoleptic
complex Y


 


2


 


(salen)


 


3


 


.
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The content of carbon, hydrogen, and nitrogen


 


was determined by elemental microanalysis on a
TsKhLS-BNIKhFI CHN analyzer.


 


The IR spectra


 


 of the complexes were recorded as
KBr discs on a PE-FTIR-1600 spectrophotometer in
the range 7000–400 cm


 


–1


 


.


 


The 


 


1


 


H NMR spectra


 


 were recorded on a Bruker
Avance-400 spectrometer (400 MHz).


 


Synthesis


 


Synthesis of Y(dpm)


 


3


 


.


 


 Y(dpm)


 


3


 


 · 2H


 


2


 


O was synthe-
sized as described in [11]. Anhydrous Y(dpm)


 


3


 


 was
obtained by sublimation of the hydrated complex in
vacuo (0.01 mmHg) at 120–150


 


°


 


C. The yield was
~80%.


For C


 


33


 


H


 


57


 


O


 


6


 


Y anal. calcd. (%): C, 62.1; H, 8.9; Y,
13.9. Found (%): C, 61.9; H, 9.0; Y, 14.0.


 


Synthesis of H


 


2


 


salen


 


 was carried out as described
in [13] by condensation of 10 mmol of (NH


 


2


 


)


 


2


 


C


 


2


 


H


 


4


 


with a stoichiometric amount of aldehyde in alcohol
upon heating under reflux. The product was filtered off
and dried in air. Yield, ~90%.


 


1


 


H NMR (


 


δ


 


, ppm, DMSO/TMS): 13.20 (s, 2H), 8.33
(s, 2H), 7.28 (d, 2H), 7.21 (s, 2H), 6.93 (d, 2H), 6.84 (d,
2H), 3.90 (s, 4H).


 


Reaction of Y(dpm)


 


3


 


 with H


 


2


 


salen.


 


 The reaction
was carried out in benzene at the reagent ratio 1 : 1.5
and 1 : 2 as follows: To a hot solution of 1.5 mmol
(or 2 mmol) of H


 


2


 


salen in benzene (5 mL), a solution of
1 mmol of Y(dpm)


 


3


 


 in benzene (5 mL) was added. The
resulting reaction mixture was heated under continuous
stirring until the formation of a precipitate, which was
filtered off and dried in vacuo for 30 min at 60–80


 


°


 


C
(0.01 mmHg).


 


The composition of the product at the reagent
ratio 1 : 1.5.


 


 For YC


 


27


 


H


 


33


 


N


 


2


 


O


 


4


 


 anal. calcd. (%): C,
60.2; H, 6.5; N, 5.2. Found (%): C, 60.3; H, 6.5; N, 5.2.


IR (cm


 


–1


 


): 3055, 3023, 1627, 1640 sh (C=N), 1599
(C=O), 1578 (N–H), 1556 (C=O), 1540 (C=O).


 


1


 


H NMR (


 


δ


 


, ppm, DMSO/TMS): 8.32 (s, 2H), 8.06
(d, 2H), 7.20 (d, 2H), 6.93 (d, 2H), 6.81 (d, 2H), 5.61
(m, 1H), 1.14 (d, 18H).


 


The composition of the product at the reagent
ratio 1 : 2.


 


 For YC


 


27


 


H


 


33


 


N


 


2


 


O


 


4


 


 anal. calcd. (%): Y, 16.5;
C, 60.2; H, 6.5; N, 5.2. Found (%): Y, 16.3; C, 60.1;
H, 6.5; N, 5.4.


IR (cm


 


–1


 


): 3056, 3023, 1629, 1640 sh (C=N), 1600
(C=O), 1578 (N–H), 1556 (C=O), 1541 (C=O).


 


1


 


H NMR (


 


δ


 


, ppm, DMSO/TMS): 8.26 (s, 2H), 8.06
(d, 2H), 7.20 (d, 2H), 6.93 (d, 2H), 6.81 (d, 2H), 5.61
(m, 1H), 1.14 (d, 18H).


 


Reaction of Y(dpm)


 


3


 


 with H


 


2


 


salen in the gas
phase.


 


 The synthesis was carried out in a horizontal
vacuum reactor (figure) at a pressure of 0.01 mmHg.
The construction of the reactor ensured the interaction
of reagent vapors in the hot zone of the reactor since the
evaporators were mounted at the same level. The prod-
uct was deposited on the walls of the hot zone of the
reactor. The synthesis was carried out at 180–200 and
250


 


°


 


C for 60 min.


 


The composition of the product obtained at 180–
200


 


°


 


C.


 


 IR (cm


 


–1


 


): 3061, 3048, 1629, 1640 sh (C=N),
1598 (C=O), 1578 (N–H), 1556 (C=O), 1540 (C=O).


 


1


 


H NMR (


 


δ


 


, ppm, DMSO/TMS): 8.26 (s, 2H), 8.05
(d, 2H), 7.20 (d, 2H), 6.93 (d, 2H), 6.83 (d, 2H), 5.60
(m, 1H), 1.14 (d, 1H).


 


The composition of the product obtained at
250


 


°


 


C.


 


 IR (cm


 


–1


 


): 3061, 3048, 1628, 1640 sh (C=N),
1598 (C=O), 1578 (N–H), 1557 (C=O), 1541 (C=O).


 


1


 


H NMR (


 


δ


 


, ppm, DMSO/TMS): 8.26 (s, 2H), 8.05
(d, 2H), 7.20 (d, 2H), 6.93 (d, 2H), 6.83 (d, 2H), 5.60
(m, 1H), 1.14 (d, 1H).


RESULTS AND DISCUSSION


As shown in [14], the exchange reaction between
rare earth 


 


β


 


-diketonates and H


 


2


 


salen leads to the forma-
tion of partially substituted products, and their compo-
sition depends on the nature of the 


 


β


 


-diketonate:
Ln(dik)


 


2


 


(salen)


 


0.5


 


 (dik is acetylacetone, propionylace-
tone) and Ln(dik)(salen) (dik is benzoylacetone, diben-


   


H


 


2


 


salen


Y(dpm)


 


3


 


Vacuum


Furnace


 


Horizontal vacuum reactor.







 


228


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 4


 


      


 


2007


 


UTOCHNIKOVA et al.


 


zoylmethane). However, such a reaction have not been
described for dipivaloylmethanates. Therefore, we
studied the reaction of Y(dpm)


 


3


 


 with H


 


2


 


salen in solu-
tion and in the gas phase.


The interaction of Y(dpm)


 


3


 


 with H2salen (reaction
(2)) was carried out in benzene since the reagents are
readily soluble in this solvent. The reaction was carried
out with a stoichiometric amount of H2salen (for the
formation of Y2(salen)3, n = 3), as well as with its
excess.


(2)


In both cases, the reaction yielded the precipitates of
the heteroligand complex Y(dpm)(salen) as determined
by elemental analysis and IR and 1H NMR spectro-
scopy. The variation of the reagent ratio did not change
the composition of the product, which is evidence of
the formation of an individual heteroligand complex.


The IR spectra of the complexes show the stretching
vibration bands ν(C=O) (1598, 1556 cm–1) and ν(C–C)
(1540 cm–1) typical of the dipivaloylmethanate ligand,
as well as ν(C=N) (1629 cm–1) and δ(N–H) (1578 cm–1)
typical of the Schiff base. In addition, the range of
ν(C−H) stretching vibrations in the spectrum of the het-
eroligand complex shows not only the bands typical of
the methyl groups of the dipivaloylmethanate ligand,
but also higher frequency vibrations caused by the pres-
ence of the salen2– ligand.


The signals of both ligands dpm– and salen2– were
observed in the 1H NMR spectrum of the complex.
Their integrated intensity ratio corresponded to the
ligand ratio in the complex: [dpm–] : [salen2–] = 1 : 1.


Conditions for the gas-phase reaction were chosen
according to the temperature dependences of Y(dpm)3
and H2salen saturated vapor pressures. The temperature
dependence of saturated vapor pressure is known for
Y(dpm)3 [11]; however, no such data are available for
H2salen. To estimate the thermodynamic parameters of
H2salen evaporation, the temperature dependences of
saturated vapor pressures of related aromatic com-
pounds (methylbenzimidazole, phenylimidazoline,
phenylbenzimidazole) [15] were examined. Inasmuch
as the thermodynamic parameters of evaporation are
close in this series (for the equation logp = A – B/T, the
A values are within 12.64–15 and the B values are
within 5305–7313), we assumed that for the vapor pres-
sure for H2salen differs slightly from the known pres-
sures and can be obtained by averaging these data:


H2salen: logp = 14 – 6000/T, T = 436–466 K,


Y(dpm)3: logp = 15.799 – 7388.6/T, T = 420–454 K.


It follows from these dependences that the ratio of
the saturated vapor pressures p(H2salen) : p(Y(dpm)3
decreases with an increase in temperature, whereas the
reactivity increases. Two gas-phase syntheses were car-
ried out under different conditions. In the first experi-


Y(dpm)3 + n/2 H2salen


Y(dpm)3 – n(salen)n/2 + nHdpm.


ment, the temperature was chosen such that the vapor
pressure ratio p(Y(dpm)3) : p(H2salen) in the gas phase
was close to the stoichiometry of the reaction, 1.0 : 1.5
(T = 250°C). The second experiment was carried out at
a lower temperature, which increases the partial pres-
sure of H2salen (T = 180–200°C, p(Y(dpm)3) :
p(H2salen) = 1.0 : 2.5). In both experiments, the reac-
tion led to the deposition of the product in the hot zone
of the reactor in low yield.


The formation of the nonvolatile product in the hot
zone of the reactor is indirect evidence that reaction (2)
occurs since, as distinct from the probable product, the
initial reagents go into the gas phase at the experimental
temperatures.


The IR and 1H NMR data on the products obtained
and their comparison with the elemental analysis data
for the complex Y(dpm)(salen) obtained in solution
show that both gas-phase experiments lead to the same
complex Y(dpm)(salen).


Thus, reaction (2) occurs in both the solution and
gas phase to produce the heteroligand complex
Y(dpm)(salen). Even in the presence of an H2salen
excess, salen2– does not completely substitute for the
dpm– ligand. This is likely due to the fact that the
Y(dpm)(salen) complex is insoluble in benzene and
nonvolatile; i.e., it escapes from the reaction zone.
However, it is precisely this fact that leads to the occur-
rence of reaction (2) since H2salen is a weaker acid than
Hdpm. Therefore, if the heteroligand complex were not
removed from the reaction zone, the equilibrium of
reaction (2) would not be shifted to the right. The fact
that reaction (2) occurs in the gas phase to yield the
nonvolatile heteroligand complex gives grounds to
expect that reactions of this type may be used for pro-
ducing films of nonvolatile rare earth complexes with
Shiff bases.
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In the framework of the search for convenient meth-
ods of synthesis of pharmacologically interesting triflu-
oromethylpyrroloquinolines [1, 2], we have studied the
behavior of aminoindoles 


 


1


 


 and 


 


2


 


 in the reaction with
ethyl 4,4,4-trifluoroacetoacetate. On heating in abso-


lute benzene, the latter reacts with 


 


1


 


 mainly through the
ester group to form the corresponding amide, which,
under the reaction conditions (traces of acetic acid), is
likely cyclized to compound 


 


3


 


 through the most reac-
tive 7-position of the indole moiety (Scheme 1).


 


Scheme 1.


N
CH3


H


CH3


HN


OH


CF3
O


N
CH3


R


CH3


H2N


N
CH3


CH3


CH3


HN


O


CF3
O


F3C


H2C


EtO
O


O


1, 2


3


4
1 R = H, 2 R = CH3


 


The structure of compound 


 


3


 


 is confirmed by the 


 


1


 


H
NMR spectrum, which shows signals of the protons of
two methyl groups, two doublets due to nonequivalent
methylene protons, doublets of two 


 


ortho


 


-coupled pro-
tons of the benzene ring (H-4, H-5), and singlets of OH,
H-1, and H-6 (Table 1).


The strongest peak in the mass spectrum of amide 


 


3


 


is the peak of the fragment ion with 


 


m


 


/


 


z


 


 = 229, which
corresponds to the removal of the CF


 


3


 


 radical from the
molecular ion leading to the formation of the stable pyr-
rolo[2,3-


 


f


 


]quinoline-7,9-dione system. The IR spec-
trum of solid compound 


 


3


 


 shows two bands at 1696 and
1683 cm


 


–1


 


 due to stretching vibrations of the amide
group, which are presumably caused by the existence of
the amide in two forms. The spectral characteristics of
amide 


 


3


 


, including its UV spectrum, are in agreement
with the literature data on similar structures described
previously in [3].
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—The comparative reactivity of 2,3-dimethyl- and 1,2,3-trimethyl-6-aminoindoles in the reaction
with ethyl trifluoroacetoacetate has been studied with the aim of developing the synthesis of corresponding tri-
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tial stage of the formation of amides and during their transformation into trifluoropyrroloquinolines.
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Under the same conditions, reaction with aminoin-
dole 


 


2


 


 yields acyclic amide 


 


4


 


, which exists in the keto
form in DMSO-


 


d


 


6


 


 (Scheme 1). The 


 


1


 


H NMR spectrum
of compound 


 


4


 


 differs from the spectrum of cyclic
amide 


 


3


 


: it shows the signal of the H-7 proton, and the
signal of the CH


 


2


 


–CO protons is a singlet. The mass
spectrum of amide 


 


4


 


 shows the weak peak of the molec-
ular ion and the strongest peak with 


 


m


 


/


 


z


 


 = 174, which
corresponds to M


 


+


 


 of aminoindole 


 


2


 


. The latter
([M


 


−


 


138]


 


+


 


) is formed when the molecular ion of 


 


4


 


 loses
4,4,4-trifluorodiketene, which also confirms an acyclic
structure of 


 


4


 


. As distinct from the IR spectrum of 


 


3


 


, the
spectrum of 


 


4


 


 shows the stretching vibration band of one
carbonyl group at 1651 cm


 


–1


 


, which is likely evidence of
the enol form of this compound in the solid state.


The behavior of amides 


 


3


 


 and 


 


4


 


 in the reaction of the
formation of pyrroloquinolines was studied. We found
that, under acid cyclization conditions, the aromatiza-
tion of amide


 


 3


 


 proceeds with difficulty even upon pro-
longed heating with CF


 


3


 


COOH so that the reaction
mixture contains, in addition to pyrroloquinoline 


 


5


 


, the
initial compound (according to 


 


1


 


H NMR). The latter is
completely transformed into pyrroloquinoline 


 


5


 


 (which
has an angular structure) under more severe conditions
(ZnCl


 


2


 


, 140


 


°


 


C) (Scheme 2).


 


Scheme 2.
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3
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The 


 


1


 


H NMR spectrum of compound 


 


5


 


, as distinct
from that of amide 


 


3


 


, lacks two doublets of the methyl-
ene protons and the singlet of the hydroxyl group and
shows the signal of the aromatic proton H-8, whereas
the doublets of the H-4 and H-5 protons are shifted
downfield. The mass spectrum of pyrroloquinoline 


 


5


 


shows, in addition to the peaks of the molecular ion
with 


 


m


 


/


 


z


 


 = 280 (100%) and [M–H]


 


+


 


 (30%), rather
strong peaks with 


 


m


 


/


 


z


 


 = 259 (45%) and 260 (23%),
which are likely caused by the elimination of HF from
the interacting 


 


peri


 


 substituents (CF


 


3


 


, N–H) to form a
polycyclic structure.


The UV spectrum of compound 


 


5


 


 supports the trans-
formation of the cyclic amide system into the quinoline
system: it shows a strong band at about 284 nm corre-
sponding to 


 


n


 


–


 


π


 


 transitions in the pyridine ring.
Amide 


 


4


 


 is readily cyclized through the 5-position
in boiling CF


 


3


 


COOH to form compound 


 


6


 


 (Scheme 3).
The product of the alternative closing of the ring has not
been detected.


 


Scheme 3.


 


The linear structure of pyrroloquinoline 


 


6


 


 is con-
firmed by singlet signals of the aromatic protons in the


 


1


 


H NMR spectrum. The EI mass spectrum of 


 


6


 


 shows
the strongest M


 


+


 


 peak and the [M–H]


 


+


 


 (51%) and


N
CH3


CH3


CH3


N
H


CF3


O


4 CF3COOH


78°C
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Table 1.


 


  Spectral parameters of compounds 


 


3


 


–


 


6


 


Com-
pound


 


1


 


H NMR
(


 


δ


 


, ppm; 


 


J


 


, Hz)
Mass spectrum, 


 


m


 


/


 


z


 


(


 


I


 


rel


 


, %)
UV


 


λ


 


max


 


, nm log


 


ε


 


3


 


2.11 (s, 3H, 3-CH


 


3


 


), 2.32 (s, 3H, 2-CH


 


3


 


), 
2.82 (d, 1H, 


 


J


 


 = 15 Hz, H-8), 3.07 (d, 1H, 


 


J


 


 = 15 Hz, H'-8'), 6.61 (d, 1H, 


 


J


 


 = 8 Hz, H-5), 
7.27 (s, 1H, 9-OH), 7.29 (d, 1H, 


 


J


 


 = 8 Hz, H-4), 
10.00 (s, 1H, H-6), 10.17 (s, 1H, H-1)


298 (86), 280 (6), 259 (6), 229 (100), 228 
(10), 214 (13), 211 (19), 187 (10), 183 (12), 
159 (38), 158 (10), 149 (11), 115 (12), 114 
(10), 93 (16), 92 (10), 91 (16), 80 (22), 78 
(24), 77 (14), 44 (10), 43 (24), 42 (10)


215
253
317


4.27
4.37
3.97


 


4


 


2.17 (s, 3H, 3-CH


 


3


 


), 2.31 (s, 3H, 2-CH


 


3


 


), 
2.79 (s, 2H, CH


 


2


 


CO), 3.58 (s, 3H, 1-CH


 


3


 


), 
7.04 (1H, d br, 


 


J = 8 Hz, H-5), 7.33 (d, 1H, 
J = 8 Hz, H-4), 7.36 (s br, 1H, H-7), 10.25 
(s, 1H, N–H)


312 (29), 175 (14), 174 (100), 173 (42), 159 
(13), 78 (10), 69 (11)


233
249
306


4.25
4.30
4.09


5 2.17 (s, 3H, 3-CH3), 2.39 (s, 3H, 2-CH3), 
6.93 (s, 1H, H-8), 7.15 (d, 1H, J = 8 Hz, H-5), 
7.73 (d, 1H, J = 8 Hz, H-4), 9.64 (s, 1H, H-6), 
12.32 (s, 1H, H-1)


280 (100), 279 (30), 265 (9), 260 (23), 259 
(45), 245 (30), 231 (35), 217 (16), 140 (31), 
121 (18), 116 (27), 115 (24), 109 (14), 113 
(30), 106 (16), 102 (44), 95 (16), 78 (60), 77 
(31), 63 (28), 53 (22), 52 (31), 50 (20), 42 
(21), 39 (28)


240
284
350


4.37
4.32
3.68


6 2.23 (s, 3H, 3-CH3), 2.35 (s, 3H, 2-CH3), 3.69 
(s, 3H, 1-CH3), 6.74 (s, 1H, H-6), 7.25 (s, 1H, 
H-9), 7.64 (s, 1H, H-4), 12.07 (s, 1H, H-8)


294 (100), 293 (51), 279 (29), 265 (5), 147 
(10), 123 (8), 44 (8)


242
282
357


4.53
4.44
4.14
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[M−CH3]+ peaks, which points to the lack of interaction
between the peri substituents (as distinct from 5) and,
hence, to the linear arrangement of the fused rings in
the molecule. The UV spectrum of compound 6 shows
three absorption bands (242, 282, and 357 nm) caused
by n–π transitions in the pyrrole and pyridine rings,
which is characteristic of the pyrroloquinoline system
[1–3].


Thus, aminoindoles 1 and 2 react with ethyl trifluo-
roacetoacetate under the same conditions to produce
trifluoromethylpyrrolo[2,3-f]quinoline 5 and trifluo-
romethylpyrrolo[3,2-g]quinoline 6, respectively. These
different paths of the reaction can be explained by the
effect of the N-methyl group. It is likely that, at the first
stage of interaction involving the ethoxycarbonyl group
of the keto ether, amine 1 forms intermediate acyclic
amide 4a (hypothetical structure) (Table 2). Under the
reaction conditions (CH3COOH traces), this amide
undergoes electrophilic cyclization at the more reactive
(of the two alternative positions) C-7 atom to form
compound 3. In amide 4, the N–CH3 group sterically
blocks, to some extent, the 7-position of the benzene
ring, thus preventing the formation of the cyclic amide,
whereas the electron density at the C-5 atom is low for
ring formation under these conditions. These specula-
tions are supported by quantum-chemical calculations.
According to these calculations, the N–CH3 group has
no noticeable effect on the electron density distribution
in both amine and amide molecules (Table 2). The


charges on the amine nitrogen in aminoindoles 1 and 2
are virtually the same (0.067 and 0.066). In amides 4
and 4a, the analogous carbon atoms ortho to the NH
group (calculations for the structures with a hydrogen
bond in the side chain) carry the same charges. The
reactivity of the C-7 position is confirmed by its larger
negative charge (–0.128) as compared with the charge
on the C-5 atom (–0.108). Therefore, from the stand-
point of charge control, structure 3 and hypothetical
angular amide 3a are equally probable. Hence, in this
case, the energy of formation of a given structure is
decisive for the direction of cyclization. An insignifi-
cant difference (2.6 kcal/mol) between the energies of
formation of cyclic amides 3 and 3b allows us to con-
clude that cyclization is a charge-controlled process.
For the formation of hypothetical methylated analogues
3a and 3c (the difference between the formation ener-
gies is 8.27 kcal/mol), the energy factor is decisive: the
formation of linear cyclic system 3c is energetically
more favorable since it readily transforms into an aro-
matic system due to the lack of steric hindrances in the
resulting pyrrolo[3,2-g]quinoline 6 as distinct from
pyrrolo[2,3-f]quinoline 5, whose formation depends to
an extent on the steric requirements of peri substituents
and takes place under more severe conditions.


EXPERIMENTAL


The 1H NMR spectra in DMSO-d6 were recorded on
a Bruker DRX-500 spectrometer and referenced to


Table 2.  Quantum-chemical semiempirical calculation of molecules of compounds 1, 2, 3, 3a–3c, 4, and 4a


Compound
Charge


Compound Ef, kcal/mol
N amine C-5 C-7


1 0.067 3 –216.36


2 0.066 3a* –211.57


4 –0.108 –0.128 3b* –218.99


4a* –0.108 –0.128 3c* –219.84


Note: R = H in 1, 3, 3b, and 4a; R = CH3 in 3a, 3c, and 4; * hypothetical structures.
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TMS. The mass spectra were recorded on a Finnigan
MAT INCOS-50 mass spectrometer with direct injec-
tion of a sample into the ion source at the ionization
energy 70 eV. The UV spectra were recorded as ethanol
solutions on a Specord spectrophotometer. The IR
spectra were recorded as KBr pellets on an IKS Infra
LYuM FT-02 spectrophotometer. Reaction products
were purified by column chromatography. Aluminum
oxide (neutral Brockmann I and II) was used as a sor-
bent. The reaction course and the purity of the resulting
compounds were monitored and Rf was determined by
TLC on Silufol UV-254 plates in benzene–ethyl acetate
systems 1 : 1 (A), 3 : 1 (B), and 1 : 4 (C). The quantum-
chemical calculation of the molecules of 1, 2, 3, 3a–3c,
4, and 4a was performed by the PM3 semiempirical
method using the Hyper Chem 7.0 program package.
Spectral, physicochemical, and quantum-chemical
characteristics of the compounds are presented in
Tables 1–3.


9-Hydroxy-2,3-dimethyl-9-(trifluoromethyl)-
1,6,8,9-tetrahydro-7H-pyrrolo[2,3-f]quinolin-7-one
(3). A mixture of 0.5 g (3.12 mmol) of 2,3-dimethyl-6-
aminoindole (1) and 0.60 g (3.26 mmol) of ethyl 4,4,4-
trifluoroacetoacetate in 300 mL of absolute benzene in
the presence of catalytic amounts of glacial acetic acid
was refluxed with a Dean–Stark trap. After all aminoin-
dole reacted (heating for ~20 h, chromatographic mon-
itoring), the volume of the reaction mixture was
reduced to 20 mL by distilling off benzene. The amide
was precipitated by adding petroleum ether and filtered
off. The product was purified by recrystallization from
benzene. Yield, 0.58 g.


4,4,4-Trifluoro-3-oxobutanoic acid N1-(1,2,3-tri-
methyl-1H-6-indolyl)amide (4) was obtained analo-


gously from 0.45 g (2.59 mmol) of 1,2,3-trimethyl-6-
aminoindole (2) and 0.5 g (2.72 mmol) of ethyl 4,4,4-
trifluoroacetoacetate,but the reaction mixture was
heated for 15 h. The product was purified by recrystal-
lization from a petroleum ether–benzene mixture.
Yield, 0.59 g.


2,3-Dimethyl-9-trifluoromethyl-6,7-dihydro-1H-
pyrrolo[2,3-f]quinolin-7-one (5). A mixture of 0.2 g
(0.67 mmol) of amide 3 and 2 g of ZnCl2 was heated for
2 h at 140–145°C. After the reaction was complete, the
reaction mixture was treated with dilute (10–12%)
aqueous ammonia. The resulting precipitate was fil-
tered off, repeatedly washed with warm water, and
dried in air. The product was purified by recrystalliza-
tion from benzene. Yield, 0.16 g.


1,2,3-Trimethyl-5-trifluoromethyl-7,8-dihydro-
1H-pyrrolo[3,2-g]quinolin-7-one (6). A solution of
0.168 g (0.54 mmol) of amide 4 in 3 mL of trifluoroace-
tic acid was refluxed for 4 h. After cooling, the reaction
mixture was poured into dilute (10–12%) aqueous
ammonia with ice. The resulting precipitate was filtered
off and purified by recrystallization from ethanol.
Yield, 0.13 g.
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Table 3.  Physicochemical characteristics of compounds


Compound Empirical
formula


Found, %/Calculated, % Rf
(system)*


Tm, °C
(solvent for crystallization) Yield, %


C H M


3 C14H13N2F3O2
0.39
(A)


>300
(benzene) 63


4 C15H15N2F3O2
0.69
(B)


174–175
(petroleum ether–benzene) 73


5 C14H11N2F3O 0.28
(A)


>300
(benzene) 85


6 C15H13N2F3O 0.33
(C)


>300
(ethanol) 82


* The (A) 1 : 1, (B) 3 : 1, and (C) 1 : 4 benzene–ethyl acetate systems.


56.29
56.38
------------- 4.51


4.39
---------- 298


298
---------


57.47
57.69
------------- 5.19


4.84
---------- 312


312
---------


59.82
60.00
------------- 4.09


3.96
---------- 280


280
---------


61.20
61.22
------------- 4.46


4.45
---------- 294


294
---------
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1. THERMODYNAMIC ANALYSIS
OF 1,4-NAPHTHALENEDIOL OXIDATION


IN THE OSCILLATORY REGIME


One of the important problems in the study of oscil-
latory chemical reactions is to reveal the possibility and
origin of the emergence of critical phenomena on the
basis of the principles of nonequilibrium nonlinear
thermodynamics. To determine the thermodynamic sta-
bility of a system under highly nonequilibrium condi-
tions, the derivative of the second variation of entropy
is estimated, which is a Lyapunov function for the sta-
tionary state [1]. Thus, if (
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state far from equilibrium is stable; if (
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 < 0, it
is unstable and the emergence of dissipative structures
is possible (


 


ρ


 


 is the average density).


To estimate the stability of a system, the equation
for the derivative of the second variation of entropy is
used in the following form [1]:


(1)


∂/∂t( )ρδ2
S Vd


V


∫ δ µk/T( )δxkv
n


Fsd


Fs


∫=


+ δT
1– δq1


n
Fsd–


Fs


∫ δwδ Aw/T( ) Vd


V


∫+


=  δ µk/T( )δxkv
n


Fsd


Fs


∫ δwδ Aw/T( ) Vd


V


∫+


+ KT Fs δT( )2
/T


2 ρCTνq δT( )2
/T ,+


 


where 


 


A


 


w


 


 is the chemical reaction affinity, 
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 is the reac-
tion rate, 


 


V


 


 is the working volume of the reactor, 
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the surface of the reactor,  is the heat flux through the
surface, 
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 is the chemical potential of the 
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th compo-
nent, 
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 is the solution flow rate, 
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 is the temperature, 
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is the heat capacity, and 
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 is the heat transfer coeffi-
cient.


For processes that occur in a static reactor, the term


, which characterizes mass


exchange with the environment, can be taken as zero
(
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 = 0), and the equation for the derivative of the sec-
ond variation of entropy is rearranged to the form:


(2)


As follows from expression (2), to estimate
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 should be cal-
culated for definite kinetic schemes of the elementary
steps of a complex reaction.


To verify the mechanism of 1,4-naphthalenediol
(QH


 


2


 


) oxidation in the oscillatory regime, the following
facts [2–4] were taken into account: (i) the process was
carried out at pH 7.77–8.14, at which 1,4-naphthalene-
diol is mainly in the QH


 


–


 


 form [2]; (ii) the oxidant was
molecular oxygen reversibly bound to heteroligand
cobalt(II) complexes with DMG and Py [3]; (iii)
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according to [4], the process involved the formation of


, , and  species.


From these considerations, the scheme of the pro-
cesses occurring during oxidation can be represented as


1. QH– + Co2k   2  +  + ,


2.  +   Q + ,


3. Q + QH–  2  + H+,


4. QH– +    + H2O2, (3)


5. Q +    + ,


6.  +   H2O2 + O2,


7. 2  + O2  Co2k .


Here, QH–, , and Q are different species forming
in the course of 1,4-naphthalenediol transformation;


Co2k  and  are the oxygenated and unoxygen-
ated forms of cobalt(II) complexes. Let us introduce the


following notations: [QH–]initial = a, [Co2k ] = b,


[ ] = x, [ ] = y, [Q] = z, and [QH–] = a – x – z = h.
Then, the derivative of the thermodynamic Lyapunov
function (excess entropy production) for the above kinetic
scheme has the following explicit form (the procedure of
calculation of δw and δ(Aw/T) was reported in [5]):
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(4)


Analysis of Eq. (4) shows that the terms correspond-
ing to the forward reactions—(δx/x)2Rw2 + (δy/y)2R(w2 +
w4 + 4w6) + (δz/z)2R(w3 + w5) + (δh/h)2R(w1 + w3 + w5)—
are positive, which favors the stability of the system. In
such systems, thermal instabilities can emerge when


the term (–1/RT2) , which characterizes the


heat of the chemical reaction, becomes larger than the
term KTFs/V, related to heat removal, i.e., at rather high
heats of reaction and insufficient heat removal.


The kinetic schemes show that autocatalytic forma-


tion of one of the components, , is ensured by steps
(2) and (3). In this case, the terms


in Eq. (4) are negative.


If the contribution of these terms predominates, the
process can become unstable and critical phenomena
can emerge.


It follows from kinetic schemes (3) that the feed-


back is due to the formation of  through the reaction


of QH2 with  (steps 1 and 4). In this case, the terms
with negative sign


appear in the expression for the derivative of the second
variation of entropy. If the contribution of these terms
predominates, the transition of the system to instability
is probable.


In the derivative of the thermodynamic Lyapunov
function, the terms responsible for the onset of thermo-
kinetic oscillations and related to autocatalysis have the
form
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If an increase in temperature promotes steps 2 and 3,


the  radical anion can accumulate in the system
(δT > 0  δx > 0) and the above terms thereby can
become more negative, so that the system will become
more destabilized. The existence of feedbacks can also
lead to instability of the system. The terms


are related to the feedbacks. If these terms predominate,
critical phenomena will be possible.


Thus, our thermodynamic analysis based on estima-
tion of the derivative of the second variation as a
Lyapunov function allows us to conclude that the onset
of chemical oscillations in the system under consider-
ation is due to the existence of autocatalytic steps and
dynamic and thermokinetic feedbacks. At the same
time, it should be emphasized that the above kinetic
scheme can be considered as an alternative to the emer-
gence of the oscillatory regime in the homogeneous
system under consideration.


2. DEVELOPMENT AND ANALYSIS
OF THE MATHEMATICAL MODEL


Mathematical models are sets of ordinary nonlinear
differential equations deduced based on the consider-
ation of the mechanisms of chemical processes. In this
work, after some simplifications (taking into account
the dimension of the chemical system and the con-
stancy of the pH and oxygen solubility in water, assum-
ing some steps to be quasi-stationary), the mathemati-
cal model consistent with the kinetic schemes of
1,4-naphthalenediol oxidation in the presence of oxy-
genated cobalt(II) complexes is represented by the set
of three nonlinear differential equations


(5)


– δT /T
2( ) δx/x( ) w2 Q2 E2–( ) 2w3E3+[ ][{


+ δT /T
2( ) δy/y( ) w2 Q2 E2–( )[ ]


+ δT /T
2( ) δz/z( ) w2E2 w3 Q3 E3–( )+[ ]


+ δT /T
2( ) δh/h( ) w3 Q3 E3–( )[ ] }.


Q•–


– δT /T
2( ) δx/x( ) w1E1 w4E4+[ ]{


+ δT /T
2( ) δy/y( ) w1E1 w4 Q4 E4–( )+[ ]


+ δT /T
2( ) δh/h( ) w1 Q1 E1–( ) w4 Q4 E4–( )+[ ] }


dCX/dt ' k1 CA CX– CZ–( )CB k2CXCY–=


+ 2k3 CA CX– CZ–( )CZ k4 CY CX– CZ–( )CY+


+ k5CZ;


dCY /dt ' k1 CA CX– CZ–( )CB k2CXCY–=


– k4 CA CX– CZ–( )CY k5CZ k6CY
2
;–+


dCZ/dt ' k2CXCY k3 CA CX– CZ–( )CZ– k5CZ,–=


where CX = [ ], CY = [ ], CZ = [Q], CA = CR(initial),


CB = Ccat(initial), CR(initial) = [QH2] + [ ] + [Q], and t ' is
time.


Qualitative analysis of this mathematical model and
its numerical solution were performed using a common
procedure for determining specific features of process
dynamics.


2.1. Qualitative Analysis of the Mathematical Model


To solve this problem, the set was first reduced to
the following dimensionless form [6]:


(6)


where ω = k3/k2; η = k2/k3; ε = k5/k2, δ = k5, µ = k1/k2,


ρ = k3/k1, ξ = k2/k5, ϕ = k4/k2, σ = , and ε' =


k3k5/ .


For qualitative analysis, the stationary state should
be determined. To do this, the left-hand sides of the
equations are equated to zero and the set of algebraic
equations (7) is solved:


(7)


It can be shown that the coordinates of the stationary
(singular) point correspond to


The Routh–Hurwitz matrix, which is used for exam-
ining the stability of this stationary state, is


(8)


Hence, we obtain that the coefficients of the charac-
teristic polynomial


(9)


Q•– HO2
•


Q•–


εdx/dt µa ρ 1–
x– µξz–( )b xy–=


+ 2 µξρa ξx– µξ2ρz–( )z


+ µρϕa ϕx– µξρϕz–( )y z,+


ε'dy/dt µa ρ 1–
x– µξz–( )b xy–=


– µρϕa ϕx– µξρϕz–( )y z σy
2
,–+


dz/dt xy 2 µξρa ξx– µξ2ρz–( )z– z,–=


k3
2
k6/k2


3


k2
2


µα ρ 1–
x– µξz–( )b xy– 2 µξρα ξx– µξ2ρz–( )z+


+ µρϕa ϕx– µξρϕz–( )y z+ 0,=


µα ρ 1–
x– µξz–( )b xy– µρϕα ϕx– µξρϕz–( )y–


+ z σy
2


– 0,=


xy 2 µξρα ξx– µξ2ρz–( )z– z– 0.=


x αµρ; y 0; z 0.= = =


–ρ 1–
b λ– αµρ– –µξb 1+


ρ 1–
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0 αµρ –1 λ–
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λ3
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are as follows:


(10)


Then, the roots of characteristic equation (10) corre-
spond to λ1 = 0, λ2 ≠ 0, and λ3 ≠ 0.


A1 ρ 1–
b αµρ 1+ +( );=


A2 ρ 1–
b abµ2ξρ+( ); A3 0.= =


In the case when one of the roots is zero, qualitative
structures change in the vicinity of the stationary state
when passing through the boundary of the Routh–Hur-
witz region, and a double singularity is realized [7].


Analysis of the expression ∆* =  +  using
the procedure considered in [7] shows that, at ∆* < 0
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Yi, Yi–Zi, Xi–Zi and (c) Xi–Yi–Zi (a = 3.0 × 10–3, b = 1.0 × 10–4).
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(or  > ), the above stationary state can
become unstable, the singularity being of the saddle–
focus type. From this stationary state, bifurcation to a
limit cycle is possible; i.e., the emergence of an oscilla-
tory regime is possible.


A1
2
A2


2
4A3


3 2.2. Numerical Integration of the Mathematical Model


A major task in numerical solution of a mathemati-
cal model is finding the parameter domain in which the
emergence of chemical instabilities is possible [8]. For
solving the sets of ordinary differential equations, we
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used the Mathcad program with the Rkadapt subrou-
tine, which is internally adapted to the integration step
[9]. Our primary concern was determining the reagent
and catalyst concentration limits for the emergence of
oscillations. Figure 1 shows (a) the calculated trajecto-
ries of the dynamic system and (b and c) its phase por-
traits for the case when a = 3.0 × 10–3 and b = 1.0 × 10–4


(the number of points was taken to be 600, and the step
corresponds to 1). The results of the numerical experi-
ment show that, under these conditions, undamped
oscillations occur and the phase portraits have the form
of a limit cycle (conditions are listed in the figure cap-


tions; Xi = [ ], Yi = [ ], and Zi = [Q]).Q•– HO2
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236


MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 62       No. 4      2007


MAGOMEDBEKOV et al.


The data in Figs. 2 and 3 illustrate the character of
the evolution of the dynamics of the processes that
occur in the system as a function of the governing
parameters, the concentrations of the reagent (a) and
catalyst (b). These data indicate that, at a and b values
other than the aforementioned ones, damped oscilla-
tions can emerge.


Thus, the results of the numerical experiments allow
us to conclude that the model satisfactorily describes
the processes during the oxidation of 1,4-naphthalene-
diol in the oscillatory regime. At the same time, it is
worth noting that, for a more adequate quantitative
description, the mathematical model should be more
complex and the numerical values of rate constants of
definite steps should be taken into account.
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Metallocene derivatives of rare-earth elements and
yttrium are Lewis acids and readily form adducts with
donor ligands. The structure of these adducts is deter-
mined to a great extent by the steric properties of the
metallocene moiety and also depends on the type of
O-ligand [1]. For example, dimeric yttrium chloride with
bulky C
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, where 
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structure of L [1]. As distinct from 
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, complexes with
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 groups do not dissociate under the
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Assuming that a change in the type of L can consid-
erably influence the bonding in the complexes with
unsubstituted Cp groups, we synthesized and studied
adducts of the dimer [(Cp
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L’s. Here, we report the data on three adducts:
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the reaction of 
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 with THF, 1,4-dioxane, and 1,2-
dimethoxyethane (DME), respectively.


RESULTS AND DISCUSSION


It is known that, in dimer 
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 [4], each yttrium atom
(
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 state) has a vacant orbital and is able to coordinate
an extra ligand [5]. Therefore, the reaction of 
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bond persists and the yttrium atoms each coordinate a
THF molecule, thus becoming coordinatively saturated
(CN = 9). The structure of adduct 
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 resembles the struc-
tures of adducts 
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, and many structural parame-
ters of these complexes (for example, ClErCl, 72.2
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dioxane, the same type of bonding as in 
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 is observed.
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dinated to two Cl atoms and the O atom lying in the
bisector plane of the Cp
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 dimers in 
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 are linked in a chain by 1,4-diox-
ane molecules. The latter adopt a chair conformation
and act as bidentate nonchelating ligand. Comparison
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points to a greater strength of the Y–THF bond and is
consistent with the higher donor properties of THF as
compared to those of 1,4-dioxane [1].


 


Molecular and Crystal Structures of Adducts
(Cp


 


2


 


YCl)


 


2


 


L (L = 2THF, DME, 1,4-Dioxane)


 


A. I. Sizov, T. M. Zvukova, Z. A. Starikova, and B. M. Bulychev


 


Department of Chemical Technology and New Materials
e-mail: b.bulychev@highp.chem. msu.ru


 


Received February 6, 2006


 


Abstract


 


—The adducts [Cp


 


2


 


Y(


 


µ


 


-Cl)]


 


2


 


 · 2THF (


 


5


 


), {[Cp


 


2


 


Y(


 


µ


 


-Cl)]


 


2


 


 · 1,4-dioxane}


 


n


 


 (


 


6


 


), and Cp


 


2


 


Y(DME)(


 


µ


 


-
Cl)(Cl)YCp


 


2


 


 (


 


7


 


) have been synthesized and studied by X-ray crystallography. In 


 


5


 


, the (Cp


 


2


 


YCl)


 


2


 


 moiety is
coordinated to two THF molecules (


 


d


 


(Y–O)


 


 = 2.478 Å); in 


 


6


 


 the (Cp


 


2


 


YCl)


 


2


 


 dimers are linked by 1,4-dioxane to
form a polymer chain (


 


d


 


(Y–O)


 


 = 2.601 Å). In asymmetric adduct 


 


7


 


, the DME molecule is bound through both O
atoms to the same Y atom (


 


d


 


(Y–O) = 2.382 and 2.448 Å), and one of the chlorine atoms is bridging and the
other chlorine atom is terminal.


 


DOI: 


 


10.3103/S0027131407020125


 


C(27) C(28)


C(26)
C(25)


O(2)


C(11)


C(15)
C(14)


C(12)


C(13)


C(3)


C(4)
C(5)


C(1)
C(2)


Y(2)


C(16)


C(20)C(19)


C(18)


Cl(2) Y(1)


O(1)


C(24) C(23)


C(22)
C(21)


C(7)


C(8)
C(9)C(10)


C(6)C(17)


Cl(1)


 


Fig. 1.


 


 Structure of adduct 


 


5
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The product of the reaction of 4 with DME (adduct
7), unlike compounds 5 and 6, has an unusual asymmet-
ric structure (Fig. 3). Here, the DME molecule is coordi-
nated to the Y(1) atom through both O atoms (d(Y–O) =
2.382, 2.448 Å), which leads to the cleavage of one of
the bridging bonds Y(µ-Cl)2Y so that the chlorine atom
becomes a terminal atom bonded to the Y(2) atom. It is
evident that this bond rearrangement 7 is associated
with the strong chelation between DME and yttrium,
which takes place readily [6], in contrast to the chela-
tion between 1,4-dioxane and yttrium.


It is worth noting that nonequivalent metal atoms are
rarely encountered in dimeric metallocenes and, in this
respect, adduct 7 resembles complex 1 [1, 7] (Scheme 1).


However, whereas both Y atoms in 1 are coordina-
tively unsaturated (CNs are 7 and 8) (C5Me5, like C5H5,
occupies three coordination sites [1]), one of the metal
atoms in 7 is coordinatively saturated (CNs are 8
and 9). This fact, along with the higher steric hindrance
in 1 (d(Y ··Y) is 5.354 Å in 1 and 5.038 Å in 7), can
account for the difference in activity between 1 and 7
with respect to O-ligands. In particular, complex 1, as
mentioned above, readily dissociates upon its reaction
with O-ligands [1]. Adduct 7, which forms in a DME
excess, does not undergo further transformation into
two mononuclear molecules Cp2Y(DME)Cl, as might
be expected taking into account strong metal–DME
chelate bonds.


Cl


Y Y
Cl


Cl
Y Y


Cl O O


1 7


Scheme 1.


EXPERIMENTAL


All operations were carried out in an argon atmo-
sphere or vacuum. Solvents were purified by distilla-
tion with sodium benzophenone ketyl. (Cp2YCl)2 was
synthesized by a known procedure [8]. 1H NMR spectra
were recorded on a Bruker DPX300 spectrometer.


Adduct 5. (Cp2YCl)2 (0.2 g) was dissolved in a mix-
ture of toluene (22 mL) and THF (3 mL) at 20°C, and
the solution was evaporated to ~1/3 of the initial vol-
ume and left overnight at 18°C. The resulting colorless
crystals (0.07 g) were separated, washed with toluene
(1 mL), and dried in vacuum.


For C28H36Cl2O2Y2


Anal. calcd. (%): Cl, 10.85; Y, 27.22.
Found (%): Cl, 10.30; Y, 26.85.
1H NMR (300 MHz, C6D6, 20°C, δ, ppm): 6.19 (s,


10H, Cp), 3.45 (br s, 4H, CH2O), 1.27 (br s, 4H, C2H4).
One crystal was selected for X-ray crystallography.


Adduct 6. (Cp2YCl)2 (0.27 g) was dissolved in a
warm (45°C) mixture of toluene (35 mL) and 1,4-diox-
ane (6 mL), and the solution was allowed to slowly cool
(24 h) in a water bath to room temperature. The result-
ing colorless crystals (0.11 g) were separated, washed
with toluene (1 mL), and dried in vacuum.


For C24H28Cl2O2Y2


Anal. calcd. (%): Cl, 11.89; Y, 29.81.
Found (%): Cl, 11.31; Y, 29.44.
1H NMR (300 MHz, C6D6, 20°C, δ, ppm): 6.19


(s, 20H, Cp), 3.36 (s, 8H, dioxane). One crystal was
selected for X-ray crystallography.


Adduct 7 was obtained analogously to adduct 5. For
(Cp2YCl)2 (0.2 g) in a mixture of toluene (25 mL) and
DME (2.5 mL), 0.06 g of colorless crystals of 7 were
obtained.


Cl(1)


C(4a)
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C(2a)C(1a)C(5a)


C(12a)


C(11a)


O(1a)
Y(1a)


C(7a)


C(8a) C(9a)
C(10a)


Cl(1c)


Y(1c)
C(6a) C(12)


O(1)


C(2)
C(3) C(4)


C(5)C(1)


Y(1)


Y(1b)


C(6)


C(7)
C(10)


C(9)


C(8)


C(11)


Cl(1a) Cl(1b)


Fig. 2. Structure of a fragment of the polymer chain of adduct
6. Selected bond lengths (Å) and bond angles (deg): Y(1)–Cl(1),
2.693(1); Y(1)–Cl(1b), 2.789(1); Y(1)–O(1), 2.601(2); Y(1)–
Cp(1), 2.368(2); Y(1)–Cp(2), 2.402(2); Y(1)···Y(1b),
4.376(1); Cl(1)Y(1)Cl(1b), 74.08(2); Cl(1)Y(1)O(1),
71.72(4); Cl(1b)Y(1)O(1), 145.21(4); Cp(1)Y(1)Cp(2),
126.6; Y(1)Cl(1)Y(1b), 106.00(2).


C(11)


C(12)


C(13)


O(1)


C(4)


C(5)


C(1)


C(8)


C(9) C(10)
C(6)


C(7)


C(2)


O(2)


C(14)


C(3)
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C(17)
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C(16)
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C(21)
C(22)


C(23)


C(24)
C(18)


C(19)


C(20)


Cl(1)


Fig. 3. Structure of Adduct 7. Selected bond lengths (Å) and
bond angles (deg): Y(1)–O(2), 2.382(3); Y(1)–O(1), 2.448(3);
Y(1)–Cl(1), 2.785(1); Y(2)–Cl(1), 2.657(1); Y(2)–Cl(2),
2.575(1); Y(1)–Cp(1), 2.37; Y(1)–Cp(2), 2.38; Y(2)–Cp(1),
2.36; Y(2)–Cp(2), 2.36; Y(1)···Y(2), 5.038(1); O(2)Y(1)O(1),
65.77(1); Cl(2)Y(2)Cl(1), 98.10(3); Y(2)Cl(1)Y(1),
135.50(5); Cp(1)Y(1)Cp(2), 129.3; Cp(3)Y(2)Cp(4), 129.0.
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For C24H30Cl2O2Y2


Anal. calcd. (%): Cl, 11,83; Y, 29.67.


Found (%): Cl, 11.54; Y, 29.50.


1H NMR (300 MHz, C6D5CD3, 20°C, δ, ppm): 6.11
(s, 20H, Cp), 3.24 (s, 4H, CH2), 3.06 (s, 6H, CH3). One
crystal was selected for X-ray crystallography.


Details of the X-ray diffraction studies of single
crystals of 5, 6, and 7 sealed in capillaries and their
crystallographic data are listed in the table. The sets of
reflection intensities were collected on a Bruker
SMART diffractometer with MoKα radiation at 120 K.
Corrections for absorption were applied with the
SADABS program [9]. The structures were solved by
direct methods. The non-hydrogen atoms were located


from difference syntheses and refined on  in the
anisotropic approximation. The hydrogen atoms were
placed in the geometrically calculated positions and
refined as riding on their bonded carbon atoms with
U(H) = nU(C), where U(C) is the equivalent tempera-
ture factor of the corresponding carbon atom and n =
1.2 and 1.5 for sp2 and sp3 carbon atoms, respectively.
All calculations were performed with the SHELXTL
PLUS 5 program package [10].


Atomic coordinates and complete structural data are
deposited with the Cambridge Crystallographic Data


Center: CCDC no. 293793 for 5, no. 244037 for 6, and
no. 293792 for 7.
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Experimental details and crystal data of adducts 5, 6, and 7


Adduct 5 6 7


Empirical formula C28H36Cl2O2Y2 C24H28Cl2O2Y2 C24H30Cl2O2Y2


FW 653.28 597.18 599.20


Crystal size, mm 0.30 × 0.40 × 0.55 0.20 × 0.30 × 0.40 0.25 × 0.30 × 0.35


Crystal system Monoclinic Triclinic Orthorhombic


Space group P2(1)/c P–1 P2(1)2(1)2(1)


a, Å 15.549(2) 8.175(1) 11.6501(15)


b, Å 21.263(2) 8.201(1) 13.6572(16)


c, Å 8.4090(9) 10.346(1) 15.455(2)


α, deg 90 89.003(2) 90


β, deg 102.651(2) 73.059(2) 90


γ, deg 90 60.284(2) 90


V, Å3 2712.7(5) 569.49(10) 2459.0(5)


Z 4 1 4


D, g cm–3 1.600 1.741 1.619


Θ range, deg 1.65–27.00 3.82–29.00 1.99–29.00


Number of unique reflections 5879 (2758) 20218 (5783) 21811 (6525)


Absorption µ, mm–1 5.323 4.478 4.931


R1 0.0720 0.0300 0.0827


wR2 [I > 2s(I)] 0.0654 0.0540 0.0721
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In the last twenty-five years, drug design has
become an independent field of research with its own
specific conceptual apparatus. Following this world-
wide trend, ten years ago the Council on Chemistry of
the Association on Instructional Methods of the Univer-
sities of Russia made the decision to establish a new
specialization, medical chemistry. Its task is the prepa-
ration of organic chemists in the area of synthesis and
design of physiologically active substances and drugs.
This new specialization, introduced at the Faculty of
Chemistry of Moscow State University (MGU) and at
other universities of Russia, has proven over the period
of its existence its viability, importance, and necessity.


On November 15, 2006, at the Faculty of Chemistry
of MGU, a conference for young researchers was held,
“Molecular Design and Synthesis of Substances with a
Given Physiological Activity,” organized by the Faculty
of Chemistry jointly with the Institute of Physiologi-
cally Active Substances of the Russian Academy of Sci-
ences (RAS) and Orkhimed, a noncommercial partner-
ship of institutes of the RAS. The organizing committee
of the conference included Academician of the RAS
N.S. Zefirov (Chair); Academician of the RAS
V.V. Lunin, dean of the Faculty of Chemistry of MGU;
Academician of the RAS Yu.N. Bubnov, director of the
Nesmeyanov Institute of Organoelement Compounds
of the RAS; Corresponding Member of the RAS
S.O. Bachurin, director of the Institute of Physiologi-
cally Active Substances; and Corresponding Member
of the RAS M.P. Egorov, director of the Zelinskii Insti-
tute of Organic Chemistry of the RAS (the executive
secretary was O.N. Zefirova, associate professor of the
Faculty of Chemistry of MGU). The main tasks of the


conference were to summarize the results of the teach-
ing of medical chemistry at the Faculty of Chemistry of
MGU, to present studies by young researchers, and to
unite the Moscow community of medical chemists.


More than 90 people participated in the conference;
13 reports were heard and 14 poster presentations were
made by undergraduate and graduate students of MGU
(from the faculties of chemistry, biology, and mechan-
ics and mathematics), the Nesmeyanov Institute of
Organoelement Compounds, the Zelinskii Institute of
Organic Chemistry, the Shemyakin–Ovchinnikov Insti-
tute of Bioorganic Chemistry, the Mendeleev Univer-
sity of Chemical Technology of Russia, and the
Lomonosov Moscow State Academy of Fine Chemical
Technology. All studies presented at the conference
were distinguished by a high level of professionalism
and attracted the attention of the majority of those
present, in this way imparting an exceptionally creative
atmosphere to the whole event. The participants noted
the high level of organization of the conference.


This issue of the journal 


 


Vestnik Moskovskogo Uni-
versiteta, Seriya 2: Khimiya


 


 (Moscow Univ. Chem.
Bull.) contains papers based on materials of the confer-
ence.
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Head of the Department
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The possibility of the existence, under normal con-
ditions, of materials based on different modifications of
carbon nitride, some of which could have valuable
mechanical properties, has been predicted in [1, 2]. For
example, the 
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 phase of crystalline carbon nitride C
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), whose structure is analogous to that of
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, should be almost as hard as diamond. This pre-
diction has stimulated numerous experimental works
dealing with the synthesis of superhard crystalline
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 phase has not
heretofore been synthesized on a preparative scale,
despite the use of different methods. Only powders and
films have been synthesized in which different crystalline
phases (including superhard 
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) exist as inclusions
in the amorphous CN matrix [3, 4]. Nevertheless, these
films are already used as wear-resistant coatings [5, 6].


An efficient method of synthesis of CN films is laser
ablation of graphite in a nitrogen atmosphere followed
by chemical vapor deposition on different collectors
(substrates) [7]. The formation of gaseous nitrogen–
carbon compounds (C


 


x
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y


 


) during graphite ablation in
nitrogen has been demonstrated by time-of-flight mass
spectrometry. It turned out that C
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 molecules are the
major product of chemical reactions if the second har-
monic of a solid-state Nd:YAG laser (


 


λ


 


 = 532 nm) was
used for graphite ablation [8]. Low contents of crystal-
line phases of nitrogen–carbon compounds (including
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) in CN films deposited by laser ablation can be
explained as follows: Films with a high degree of crys-
tallinity, for example, diamond films, are obtained by
laser ablation of graphite in a vacuum (residual pres-
sure in the reactor is ~10 Pa). Under these conditions,


the velocity of the ablated matter (graphite) motion
toward the substrate is high and is mainly determined
by the power density of laser radiation at the target sur-
face and the distance between the target and the sub-
strate. Therefore, it is possible to choose conditions
under which the velocity of particles impinging on the
substrate will be optimal for the formation of crystal
structures in the resulting film. The role of the kinetic
energy of particles on the surface of the substrate in
synthesis of films by vapor deposition methods was dis-
cussed in [9, 10].


For deposition of carbon nitride films, graphite abla-
tion in nitrogen atmosphere (the pressure in the reactor
is ~10–1000 Pa) by short (10


 


–8


 


 s) laser pulses is used.
As a result of an explosive formation of laser plasma on
the graphite surface, a shock wave arises in the gas.
This wave propagates from the target (graphite) to the
substrate at a velocity that exceeds the velocity of the
motion of particles of expanding laser plasma toward
the substrate. This shock wave, when reflected from the
substrate, changes its direction to the opposite one. The
interaction of the reflected shock wave with the parti-
cles moving toward the substrate (components of the
expanding laser plasma, products of chemical reactions
of nitrogen with carbon particles) leads to the decelera-
tion and, sometimes, termination of their motion
toward the substrate [11].


Hence, the particles that form films arrive to the sub-
strate surface with considerably lower velocities as
compared to the velocities of particles during laser
ablation in vacuum. As a result, the kinetic energies of
film-forming particles on the substrate surface turn out
to be insufficient to ensure their motion across the sur-
face. This leads to the predominant formation of amor-
phous rather than crystal structures [12].


To increase the velocity of the particles arriving to
the substrate during laser ablation, it has been sug-
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Abstract


 


—Carbon nitride films have been synthesized by double-pulse laser ablation of graphite in nitrogen
plasma. The films produced in both single- and double-pulse experiments have been studied by X-ray photo-
electron spectroscopy and X-ray diffraction. The degree of crystallinity and the content of 
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-hybridized car-
bon atoms in the films obtained by double-pulse laser ablation turn out to be higher than in the films deposited
by the conventional one-pulse method.
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gested to use series of double rather than single (con-
ventionally used) pulses, i.e., two successive laser
pulses with radiation being focused into the same spot
on the graphite surface. In this case, the expanding laser
plasma acts as a piston accelerating (giving rise to) the
motion of the particles that were formed by the first
laser pulse and whose movement toward the substrate
was decelerated (terminated) by the reflected shock
wave. For the laser plasma and shock wave formed by
the second pulse to act as a piston, appropriate time
delays between the arrivals of the first and second laser
pulses to the target surface should be chosen.


EXPERIMENTAL


Radiation of two solid-state Nd:YAG lasers was
focused on the surface of spectrally pure graphite
placed in a reactor. The substrate, 10 


 


×


 


 10 mm, was a
thin plate of monocrystalline silicon Si(100). Before
deposition, the substrate was washed with solvents
(acetone and ethanol) in an ultrasonic bath and placed
at a distance of 20 mm from the graphite surface. The
reactor was evacuated to a pressure of ~10 Pa and filled
with spectrally pure argon to a pressure of ~(4–5) 


 


×


 


10


 


2


 


 Pa. Then, a glow discharge was ignited, the sub-
strate surface serving as the cathode. The substrate was
cleaned by sputtering with argon ions for 15 min, and
the reactor was again evacuated to ~10 Pa. The reactor
was filled with nitrogen (impurity content below 2ppm)
to a pressure of ~1.5 


 


×


 


 10


 


2


 


 Pa, and a glow discharge was
ignited, with the graphite target as the cathode and a
graphite electrode as the anode. The current in the dis-
charge was maintained at ~10 mA. Irradiation of the
graphite surface with laser pulses leads to the formation
of a carbon plasma. The products of the expanding car-
bon plasma were introduced into the nascent nitrogen
plasma. The power density of laser radiation on the
graphite surface was ~2 


 


×


 


 10


 


8


 


 W/cm


 


2


 


. The pulse repeti-
tion rate was 10 Hz. The time delay of the second laser
pulse with respect to the first one was varied from 2 to
50 


 


µ


 


s (double-pulse regime). The spectra below were
recorded for films obtained by the double-pulse tech-
nique with the time delay of the second pulse of 10 


 


µ


 


s.
The synthesis time was 30 min.


The characteristics of the films synthesized in sin-
gle- and double-pulse experiments were studied by X-
ray photoelectron spectroscopy and X-ray diffraction.
X-ray diffraction spectra were recorded on a DRON-4
diffractometer.


The X-ray photoelectron spectra were recorded on a
Kratos XSAM-800 spectrometer using Mg


 


K


 


α


 


 excita-
tion (


 


h


 


ν


 


 = 1253.6 eV) in the constant relative resolution
mode (


 


∆


 


E


 


/


 


E


 


 = const) at a residual pressure of 10


 


–8


 


 Pa.
The X-ray tube power during measurements did not
exceed 90 W (15 kV, 6 mA).


RESULTS AND DISCUSSION


 


X-ray Diffraction


 


The spectra of the films synthesized using the sin-
gle-pulse technique show only one reflection (2


 


θ


 


 =
33.2


 


°


 


) from the Si(100) substrate. The spectra of the
films obtained by the double-pulse technique (Fig. 1)
show reflections that point to the formation of crystal-
line phases in the films. However, the number of reflec-
tions observed is small and their interpretation turned
out to be impossible.


Based on data in [13] where reflection positions and
intensities were calculated for all theoretically pre-
dicted modifications of carbon nitride [2], we con-
cluded that the synthesized films contain crystalline
phases of previously unknown modifications. The pos-
sibilities of the existence of new modifications of solid
carbon nitride have been discussed in [7].


 


X-ray Photoelectron Spectroscopy (XPS)


 


XPS studies were carried out to compare the con-
tents of 


 


sp


 


3


 


 C atoms in the films synthesized in single-
and double-pulse experiments. It is worth noting that
chemical bonds in the predicted superhard CN material,
whose structure corresponds to the crystalline phase


 


β


 


-C


 


3


 


N


 


4


 


, are tetrahedral (


 


sp


 


3


 


 bonds); therefore, a change
in the number of 


 


sp


 


3


 


 carbon atoms will point to a
change in the degree of crystallinity of the films.


Some difficulties of comparison of the X-ray photo-
electron spectra of CN films obtained under different
conditions are associated with their insufficient con-
ductivity, which leads to accumulation on their surface
of electric charge during measurements. Since the elec-
tric characteristics of the films depend on the synthesis
conditions, the internal reference method was used for
determining the binding energies. The C1


 


s


 


 peak of the
amorphous phase with C–C bonds was used as the
internal reference. The C1


 


s


 


 binding energy was taken to
be 285.5 eV.
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Fig. 1.


 


 X-ray diffraction spectrum of a film synthesized by
the double-pulse technique.
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Elemental composition.


 


 The elemental composi-
tion of the films was calculated by measuring the rela-
tive intensities of the spectral lines of the element core
levels in general spectra with taking into account the
ionization cross sections of the core level of each ele-
ment. The nitrogen content of the films changed from
10 to 30 at % depending of synthesis conditions. The
concentrations of nitrogen in the films synthesized in
single- and double-pulse experiments were the same
with the experimental error.


The existence of oxygen in the films can be caused
by experimental conditions: after the films were synthe-
sized in the reactor, they were placed in an XPS cham-
ber in air. Figure 2 shows the general spectrum for one
of the synthesized CN films.


 


Interpretation of the fine structure of C1


 


s


 


 and
N1


 


s


 


 lines.


 


 In spite of numerous works [3, 14], no
unambiguous decomposition of the C1


 


s


 


 and N1


 


s


 


 peaks
in the CN films is available in the literature. The exper-


imental spectra show broad asymmetric lines, which is
evidence of the existence in the films of different types
of chemical bonds between nitrogen and carbon atoms.
Indeed, both carbon and nitrogen can form different
chemical bonds. For example, carbon forms tetrahe-
dral, trigonal, and linear structures, which correspond
to 


 


sp


 


3


 


, 


 


sp


 


2


 


, and 


 


sp


 


 hybridization, respectively. Nitrogen
atoms can form an even larger number of configura-
tions due to the presence of the lone electron pair and
its participation (nonparticipation) in the formation of
chemical bonds. Comprehensive analysis of numerous
literature data on the influence of chemical environ-
ment on the binding energy of core levels of C1


 


s


 


 atoms
in CN compounds allowed the authors of [14] to con-
clude that the reliable decomposition of the C1


 


s 


 


peak in
the spectrum of CN films obtained by vapor deposition
methods should consist of only three components.


We agree that, in the absence of references (the lack
of the necessary number of individual phases for
changes) and high-precision quantum-chemical calcu-
lations of energy levels in CN films, as well as taking
into account the possibilities of conventional X-ray
photoelectron spectrometers, it makes no sense to con-
sider the interpretation of C1


 


s


 


 and N1


 


s


 


 peaks in finer
details than it was suggested in [14].


Figures 3 and 4 show the results of decomposition of
the C1


 


s


 


 and N1


 


s


 


 XPS peaks for the films synthesized by
different laser ablation techniques.


Decomposition was carried out using the
XPSPEAK41 program. The background was sub-
tracted using the Shirley algorithm. The decomposition
results are consistent with the literature data. For exam-
ple, let us compare the decomposition of the C1


 


s


 


 spec-
trum for the film synthesized by the double-pulse tech-
nique (A) with the decomposition of the C1


 


s


 


 spectrum
(B) reported in [15] where the C1


 


s


 


 binding energy of
carbon existing in all samples was also taken to be
285.5 eV.


 


1003005007009001100
Binding energy, eV


5000


4000


3000


2000


1000


0


Intensity, arb. units


 


C KLL
N KLL


O KLL


O 1


 


s


 


N 1


 


s


 


C 1


 


s


 


Fig. 2.


 


 General X-ray photoelectron spectrum of a film syn-
thesized by the double-pulse technique.
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Fig. 3.


 


 X-ray photoelectron C1


 


s


 


 spectra of films obtained by (a) single- and (b) double-pulse techniques.
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The binding energies (eV) are


285.5 (C), 286.9 (Csp2), 288.6 (Csp3), and 289.9
(C–O) for film A and


285.5 (C), 286.3 (Csp2), 287.2 (Csp3), and 289.6
(C–O) for film B.


Assuming that the areas of the components in the
decomposition of the C1s and N1s spectra are propor-
tional to the concentrations of corresponding structural
units in the film, we calculated the increase in the con-
centration of sp3-hybridized C atoms with respect to the
concentration of sp2-hybridized C atoms in going from
the single- to double-pulse mode. This increase is about
five.


We also calculated the relative composition of the
phase in which the carbon atoms have sp3 hybridization
and the nitrogen atoms are bonded to these carbon
atoms. Based on the decomposition results, we calcu-
lated that this ratio is 0.54 and 0.56 for the films
obtained in the single- and double-pulse experiments,
respectively. These values correspond to the N/C ratio.
Thus, we can conclude that, under the experimental
conditions used, a new phase is formed whose compo-
sition corresponds to the formula C2N. The properties
of this phase have to be determined.
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The ability of porphyrins to selectively accumulate
and persist for a long time in tumor cells is behind the
interest in the synthesis of boronated derivatives of nat-
ural and synthetic analogues of porphyrins for their
testing in boron neutron capture therapy (BNCT) for
cancer [1]. BNCT is a promising method of treatment
of human tumors. The method is based on the nuclear
reaction of the stable isotope 


 


10


 


B with thermal neutrons.
The capture reaction 


 


10


 


B(


 


n


 


, 


 


α


 


)


 


7


 


Li yields highly ener-
getic helium nuclei and 


 


7


 


Li recoil nuclei, their com-
bined path lengths being comparable with the cell
diameter (10 


 


µ


 


m), which leads to a selective radiation
effect at the cell level [2].


Despite the high efficiency of some synthesized car-
boranylporphyrins, the problem of decreasing their tox-
icity is still acute since, upon introduction into the body,
most available preparations led to the development of
undesirable effects, such as blood clot formation and a
decrease in erythrocyte concentration, even before the
necessary therapeutic concentration of boron in the
tumor had been achieved [3].


Preparations should meet the following require-
ments: (i) good water solubility, (ii) low dark toxicity
for nontumor cells, and (iii) chemical stability in vivo
and predominant accumulation in tumors (the tumor :
brain and tumor : blood concentration gradients should
be > 4 : 1). We assumed that the main chemical modifi-
cation, conjugates of natural protohemin IX with
anionic 1-carba-


 


closo


 


-dodecaborate (monocarborane)
and natural amino acids located at the periphery of the
macrocycle, will meet all three conditions. The intro-
duction of an amino acid should optimize the selectiv-
ity of the uptake of a compound in rapidly proliferating
cells and increase its solubility in water. Previously,


boronated porphyrins with neutral and anionic boron
polyhedra were synthesized. Among the synthesized
compounds, water-soluble 1,3,5,8-tetramethyl-2,4-
divinyl-6(7)-[2-(


 


closo


 


-monocarboran-1''-yl)methoxycar-
bonylethyl]-7(6)-(2'-carboxyethyl)porphyrinatoiron(III)
(


 


1


 


) turned out to be nontoxic in the range 100 mg/kg
and an active phototoxic agent in vivo [4]. Study of the
intracellular distribution of compound 


 


1


 


 showed that it
accumulates in cytoplasm and does not bind to double-
strand DNA.


To optimize the anticancer properties of compound 


 


1


 


,
methods were developed for conjugation of L-amino
acids to the carboxyl group of boronated porphyrin 


 


1


 


,
which exhibits biological activity in vivo.


Two types of amino acid derivatives based on por-
phyrin 


 


1


 


 were obtained, in which L-amino acids are
bound to the free carboxyl group of monocarbora-
nylporphyirin 


 


1


 


 either through the amide bond or
through the ester bond.


Derivatives of the first type were obtained by the
reaction of serine, valine, phenylalanine, tyrosine, and
tryptophan methyl esters. The porphyrin carboxyl
groups were activated by Boc


 


2


 


O (Scheme 1). The
resulting compounds are dark red crystals, which are
soluble in CH


 


2


 


Cl


 


2


 


, CHCl


 


3


 


, MeOH, and THF.


Compounds of the other type were obtained by the
reaction of monocarboranylporphyrin with oxazaboro-
lidine derivatives of L-serine (


 


7


 


) and L-threonine (


 


8


 


),
which have a free hydroxyl group (Scheme 2). Activa-
tion was carried out analogously to the method pre-
sented in Scheme 1. Intermediate compounds were not
isolated since they are readily hydrolyzed to give end
products. These porphyrins are of interest since their
amino acid moiety contains free amino and hydroxyl
groups, which enhances the hydrophilicity of these
compounds. The resulting compounds are dark red
crystals, which are soluble in CH


 


2


 


Cl


 


2


 


, CHCl


 


3


 


, MeOH,
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Abstract


 


—New water-soluble conjugates of protohemin IX with an anionic 1-carba-


 


closo


 


-dodecaborate poly-
hedron and 


 


L


 


-amino acids have been synthesized. In these compounds, the amino acid residues are bound to
the porphyrin ring through the amide or ester bond. The new water-soluble amino acid derivatives of boronated
protohemin IX show high antitumor activity for human tumor cell lines.


 


DOI: 


 


10.3103/S0027131407050021


 


* Blokhin Cancer Research Center,
Russian Academy of Medical Sciences,
Kashirskoe shosse 24, Moscow, 115478 Russia







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 5


 


      


 


2007


 


BORONATED DERIVATIVES OF PROTOHEMIN IX WITH L-AMINO ACIDS 239


 


and THF. Their structure was confirmed by electronic
absorption and IR spectroscopy and mass spectrometry.


A series of tests for anticancer activity were under-
taken. Spectrophotometry showed that compounds 


 


2


 


and 


 


3


 


 interact with DNA, whereas no such interaction
was observed for initial monocarboranylporphyrin 


 


1


 


.
The formation of the molecular complex was judged
from the changes in the spectrum of the compound
induced by the introduction of DNA (figure). To
exclude the contribution of DNA absorption to the
spectrum of the reaction mixture, an aqueous DNA
solution of the same concentration as that of the reac-
tion mixture was used as the reference solution.


The antitumor activities of the compounds with
respect to the K562 cell line (leukemia) were com-
pared. Cells were incubated with 0–50 


 


µ


 


M of each
agent for 72 h and then reduced by 1-(4,5-dimethylthi-
azol-2-yl)-3,5-diphenylformazan cells (MTT test). The
test showed that serine-containing derivative 


 


3


 


 was the
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most toxic (IC


 


50


 


 ~ 5 


 


µ


 


M). The analogous valine-con-
taining derivative 


 


2


 


 was considerably less active (IC


 


50


 


 ~
35 


 


µ


 


M), whereas carboranylporphyrins with aromatic
amino acids 


 


4


 


–


 


6


 


 were inert. The serine carboranylpor-
phyrin exhibited the same activity with respect to the cell
lines MCF-7 (human breast carcinoma), CaOv (ovarian
carcinoma), and HCT116 (colon adenocarcinoma).


Comparison of the cytotoxicity of monocarbora-
nylporphyrin 


 


1


 


 and its serine derivative 


 


3


 


 showed that
the introduction of serine is responsible for the cytotox-
icity of the complexes.


Based on the data obtained, we studied the ability of
the serine-containing carboranylporphyrin to overcome
the multidrug resistance of different tumor cell lines.
Two molecular determinants were used: the transmem-
brane protein P-glycoprotein and the deletion of proap-
optotic protein p53. These data showed that new amino
acid derivatives of the boronated porphyrin are not
transported by P-glycoprotein. In addition, serine-con-
taining carboranylporphyrin causes the death of human
colon cancer cells (HCT116) with intact (wild-type)
p53 in the same concentrations as in the case of
isogenic cells with deletion of both alleles
(HCT116p53). Compound 


 


3


 


 was active even at low
micromolar concentrations. To elucidate the mecha-
nisms of cytotoxicity of serine carboranylporphyrin, we


checked whether this compound induces the production
of free oxygen species. 


 


N


 


-Acetylcysteine (NAC) was
used as the chelator of oxygen free radicals. However,
the presence of NAC had no effect on the toxicity of the
serine-containing carboranylporphyrin. We arrived at
the conclusion that oxygen radicals are not involved in
the cell death under the action of the serine-containing
carboranylporphyrin. These data allow us to assume
that the cells stable to the “oxygen explosion” will be
sensitive to the serine-containing carboranylporphyrin.


The fragmentation of genomic DNA is an important
sign of apoptosis. We were interested in whether the
cell death is related to DNA fragmentation caused by
the serine-containing carboranylporphyrin. K562 cells
treated with the serine-containing carboranylporphyrin
were lysed in a buffer containing propidium iodide for
binding this fluorochrome to DNA and analyzed in a
flow cytometer. The amount of destroyed DNA
depended on the dose and time. Within 24 h of the
exposure of cells to 10 


 


µ


 


M serine carboranylporphyrin,
more than 40% of DNA was destroyed, and within 48 h,
more than 60%. These results showed that serine carbo-
ranylporphyrin can cause cell death by the mechanism of
apoptosis accompanied by loss of DNA integrity.


Thus, our findings show that the amino acid deriva-
tives of boronated protohemin containing a water-solu-
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ble monocarborane exhibit properties necessary for
creating both independent antitumor drugs and drugs
for BNCT.


EXPERIMENTAL


The purity of compounds was monitored by TLC
(Silufol plates (Czech Republic), chloroform–methanol
(9 : 1) system). The IR spectra were recorded as tablets
with hexachlorobutadiene on a Carl Zeiss Specord
M-82 spectrophotometer. The compounds were puri-
fied chromatographically on columns packed with
Merck L silica gel (0.040–0.08) (elution with chloro-
form–methanol, 9 : 1).


 


General procedure of synthesis of conjugates of
3–6 in which L-amino acids are bound to monocar-
boranylporphyrin through the amide bond.


 


 To a sus-
pension of 0.195 mmol of the corresponding L-amino
acid methyl ester hydrochloride in 2 mL of CH


 


2


 


Cl


 


2


 


,
0.015 mL of Et


 


3


 


N was added, and the mixture was
stirred at room temperature for 1 h. The solvents were
removed in vacuo. Dry ether was added to the residue,
and Et


 


3


 


N · HCl was separated by filtration.
To a solution of 50 mg (0.065 mmol) of porphyrin 


 


1


 


in a mixture of 4 mL of methylene chloride and 4 mL
of pyridine cooled to 0


 


°


 


C, 60 mg (0.275 mmol) of di-


 


tert


 


-butylpyrocarbonate was added, and the mixture
was stirred at this temperature for 15 min. Then, a solu-
tion of the L-amino acid methyl ester in 2 mL of meth-
ylene chloride was added, and 10 mg of 


 


N


 


,


 


N


 


'-dimethyl-
aminopyridine was introduced 5 min later. The result-
ing mixture was stirred for 2 h at 20


 


°


 


C. The solvents
were removed in vacuo. The product was purified by
column chromatography.


 


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(


 


closo


 


-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-


 


N


 


a


 


(


 


O


 


a


 


-methyl-L-valino)carbonylethyl]porphy-
rinatoiron(III) (2).


 


 The amino acid component was
33 mg of L-valine methyl ester hydrochloride. The
yield was 34 mg (59%), Rf = 0.69. UV (CH2Cl2), λmax,
nm (ε × 10–3): 385.8 (38.30), 511.0 (4.09), 542.2 (3.77),
643.2 (1.83). IR, ν, cm–1: 3383 (NH), 2970 (CH), 2545
(BH), 1719 (CO ester), 1657 (CONH), 1623 (C=C),
1554 (amide II). MS, m/z: 884 [M+].


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Na(Oa-methyl-L-serino)carbonylethyl]porphy-
rinatoiron(III) (3). The amino acid component was
30 mg of L-serine methyl ester hydrochloride. The
yield was 26 mg (46%), Rf = 0.67. UV (CHCl3), λmax,
nm (ε × 10–3): 397.8 (48.4), 511.0 (5.29), 542.0 (4.68),
644.0 (2.01). IR, ν, cm–1: 3338 (NH, OH), 2947 (CH),
2540 (BH), 1742 (CO ester), 1658 (CONH), 1623
(C=C), 1553 (amide II). MS, m/z: 872 [M+].


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Na(Oa-methyl-L-phenylalanino)carbonylethyl]por-
phyrinatoiron(III) (4). The amino acid component was


42 mg of L-phenylalanine methyl ester hydrochloride.
The yield was 34 mg (59%), Rf = 0.61. UV (CH2Cl2),
λmax, nm (ε × 10–3): 395.6 (43.8), 511.1 (5.62), 542.3
(4.25), 643.4 (2.64). IR, ν, cm–1: 3389 (NH), 2930
(CH), 2540 (BH), 1725 (CO ester), 1674 (CONH),
1625 (C=C), 1550 (amide II). MS, m/z: 932 [M+].


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Na(Oa-methyl-L-tyrosino)carbonylethyl]porphy-
rinatoiron(III) (5). The amino acid component was
30 mg of L-tyrosine methyl ester hydrochloride. The
yield was 37 mg (60%), Rf = 0.70. UV (CHCl3), λmax,
nm (ε × 10–3): 387.9 (45.4), 510.0 (5.27), 542.2 (4.66),
643.6 (2.21). IR, ν, cm–1: 3368 (NH, OH), 2935 (CH),
2545 (BH), 1732 (CO ester), 1668 (CONH), 1623
(C=C), 1552 (amide II). MS, m/z: 948 [M+].


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Na(Oa-methyl-L-tryptophano)carbonylethyl]por-
phyrinatoiron(III) (6). The amino acid component
was 42 mg of L-tryptophan methyl ester hydrochloride.
The yield was 41 mg (64.9%), Rf = 0.55. UV (CH2Cl2),
λmax, nm (ε × 10–3): 393.3 (44.1), 511.1 (5.62), 541.3
(4.23), 642.7 (2.71). IR, ν, cm–1: 3387 (NH), 2915
(CH), 2537 (BH), 1728 (CO ester), 1667 (CONH),
1635 (C=C), 1552 (amide II). MS, m/z: 971 [M+].


General procedure of synthesis of conjugates of
monosubstituted carboranylporphyrin with amino
acids 9 and 10. A sample of 0.45 mmol of lithium salt
of serine or sodium salt of threonine was suspended in
3 mL of anhydrous THF, and 0.27 mL of BF3 · Et2O was
added. The reaction mixture was stirred for 6 h at room
temperature and 2 h at 40–45°C. The solution was
evaporated in vacuo. To a solution of 50 mg
(0.065 mmol) of porphyrin 3 in a mixture of 4 mL of
methylene chloride and 4 mL of pyridine cooled to 0°C,
60 mg (0.275 mmol) of di-tert-butylpyrocarbonate was
added, and the mixture was stirred at this temperature
for 15 min and then added to L-amino acid. Five min-
utes later, 10 mg of N,N '-dimethylaminopyridine was
added, and the mixture was stirred 2 h at 20°C. Then,
5 mL of water was added, and the mixture was stirred
for 1 h in the case of serine and for 10 h in the case of
threonine. The aqueous layer was separated. The sol-
vents were removed in vacuo. The product was purified
by column chromatography.


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Oa-L-serino)carbonylethyl]porphyrinatoiron(III)
(9). The amino acid component was 66 mg of lithium
salt of L-serine. The yield was 33 mg (59%), Rf = 0.17.
UV (CHCl3), λmax, nm (ε × 10–3): 363.2 (43.79), 511.4
(4.20), 542.0 (2.95), 621.2 (1.02). IR, ν, cm–1: 3700–
3100 (OH), 3315 (NH), 2936 (CH), 2540 (BH), 1725
(CO ester), 1623 (C=C). MS, m/z: 858 [M+].


1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarboran-1-yl)methoxycarbonylethyl]-7(6)-
[2-Oa-L-threonino)carbonylethyl]porphyrinato-
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iron(III) (10). The amino acid component was 63 mg
of sodium salt of L-threonine. The yield was 30 mg
(53%), Rf = 0.69. UV (CH2Cl2), λmax, nm (ε × 10–3):
406.4 (53.32), 538.0 (7.16), 641.2 (2.32). IR, ν, cm–1:
3700–3100 (OH), 3321 (NH), 2925 (CH), 2540 (BH),
1730 (CO ester), 1623 (C=C). MS, m/z: 872 [M+].


Determination of the cytotoxic activity of proto-
hemin IX derivatives for K562 human chronic myel-
ogenous leukemia cells growing in vitro. Cells were
cultured in a complete nutrient medium containing
RPMI-1640 + DMEM (1 : 1) (PANAEKO, Russia) and
5% FCS (Flow, Great Britain) with addition of 2 mM of
glutamine.


Cells in the log phase of growth were harvested
from a substrate by versene/trypsin treatment and care-
fully pipetted until the formation of a single-cell sus-
pension. The suspension was introduced into 50 µL of
a buffer (salt solution) and pipetted, and the cells were
counted in a Goryaev chamber (the number of cells in
25 large squares was divided by 5, multiplied by 2500, and
multiplied by the dilution; the dimension was cells/mL).
The cells and medium were placed in a new tube so that
the concentration of cells was 15000 cells/mL. In the
wells of a 96-well culture plate, 190 µL of the cell sus-
pension was pipetted. Serial dilutions were prepared:
250 µM (10 µL of the initial 1 mM solution was intro-
duced into 90 µL of the medium), 62.5 µM (25 µL of
the 250 µM solution was introduced into 75 µL of the
medium), and 15.6 µM (25 µL of the 62.5 µM solution
was introduced into 75 µL of the medium). Then, 5 and
10 µL from each dilution were pipetted in the wells. In
this case, the solvent volumes and changes in the vol-
ume of the medium in a well can be ignored. Incubation
was carried out for 72 h at 37°C.


Then, 20 µL of an aqueous solution of MTT
(5 mg/mL) was introduced into the wells. The cells
were incubated for 1 h until the development of a deep
dark violet color inside the cells (formazan). The
medium was removed, leaving the cells. Then, 100 µL
of DMSO was added to the cells, and the mixture was
pipetted until it became homogeneous and was then
shaken in a shaker for 2 min. The optical density was
measured at 540 nm and survival curves were con-
structed. The OD540 of control wells was taken as


100%. The ODs of the wells containing a tested com-
pound in a certain concentration were related to the
control OD.


Spectrophotometric study of the interaction of
carboranylporphyrins 1, 2, and 3 with DNA. Spectra
were recorded on a Carl Zeiss M-40 spectrophotometer.
In a quartz cell 1 cm thick, 3 mL of distilled water and
3 µL of DNA were placed (the ultimate DNA concen-
tration was 10 µg/mL). A solution of lyophilized dou-
ble-stranded calf thymus DNA (10 mg/mL in distilled
water) and solutions of the compounds to be tested
(10 mM in DMSO) were prepared.


A 3-mL aliquot of distilled water and 3 µL of DNA
were placed in a cell (the end DNA concentration was
10 µg/mL). Absorption was measured on a spectropho-
tometer at a wavelength of 200–900 nm. Then, 3 µL of
porphyrin 1 was introduced into a new cell (the end
concentration was 10 µM), and absorption was mea-
sured on a spectrofluorimeter. A 3-µL portion of the
solution of porphyrin 1 was introduced into the cell
with the DNA solution, and absorption was measured
with respect to a DNA solution of the same concentra-
tion. The binding of DNA was judged from the change
in the spectrum at 260 nm (the absorption maximum
typical of DNA) after subtraction. Analogous measure-
ments were performed with porphyrins 2 and 3.


DNA binding was monitored by means of a classical
intercalator, antitumor antibiotic doxorubicin.
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The iron oxidation state +5 is chemically unstable.
Reliable direct information on this oxidation state is
scarce, and its identification became possible only after
the advent of Mössbauer spectroscopy [1]. The iron(V)
state has been obtained, in particular, by the matrix iso-
lation method [2], in which the unstable ion of an ele-
ment is isomorphously substituted into a stable com-
pound of another element. To stabilize the Fe


 


5+


 


 ion,
potassium manganate(V) K


 


3


 


MnO


 


4


 


 [3] was used since
the iron and manganese ions have close ionic radii in
any oxidation states and, hence, are capable of isomor-
phous substitution. Potassium manganate was synthe-
sized by a known procedure [4], although the sample
turned out to be amorphous. This suggests that unstable
ions can be stabilized by highly disperse or even glassy
substances in matrices that are not fully crystalline. To
check this suggestion, in this work, iron was introduced
into different mixtures prepared from potassium super-
oxide KO


 


2


 


 and manganese oxides Mn


 


2


 


O


 


3


 


 and MnO


 


2


 


,
which, as might be expected by analogy with phosphate
and vanadate matrices [5], can give glasses.


EXPERIMENTAL


Mixtures of potassium peroxide (Merck, pure for
analysis) and manganese oxide (pure for analysis, Rus-
sian State Standard) containing 1–3 at. % iron were
placed in a silver boat into an oven, heated for 30 min
to 800


 


°


 


C, and kept at this temperature for 1 h. Synthesis
was carried out in a dry oxygen atmosphere. To cool the
sample, the quartz tube with the boat was removed from
the oven and placed in a water flow. All operations for
loading the initial mixture and removing the resulting
sample were carried out in a dry box. This procedure is
close to the procedure used for preparing potassium
manganate K


 


3


 


MnO


 


4


 


 [1].
Mössbauer absorption spectra were recorded on an


MosTek MS1101E spectrometer (Russia) or on a Persei
high-precision spectrometer (Russia) with laser cali-
bration and stabilization of velocities. The standard


 


57


 


Co(Rh) source was used. Chemical shifts were mea-
sured relative to 


 


α


 


-iron. The spectra were processed by


the least-squares method with the Univem software
(MosTek, Russia).


RESULTS AND DISCUSSION


A molar ratio >3 : 1 of the components of the KO


 


2


 


–
MnO


 


2


 


 system was chosen to considerably exceed the
stoichiometric amount of the reagent required for the
formation of potassium manganate K


 


3


 


MnO


 


4


 


 and to
facilitate the formation of a glassy matrix. All samples
prepared at 800


 


°


 


C were blue-green in color, hygro-
scopic, and X-ray amorphous. Before being ground to
a powder, the samples were a shiny homogeneous mass
typical of glass.


The sample with the potassium-to-manganese ratio
8 : 1 has the simplest spectrum as a virtually symmetric
well-resolved doublet with the inner slopes being gen-
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 Mössbauer spectra of the sample with the ratio
[KO


 


2


 


] : [MnO


 


2


 


] = 8 : 1 at (top) 295 and (bottom) 80 K.
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tler than the outer ones. This spectrum can be repre-
sented by two doublets or by a doublet and two singlets
(Fig. 1). The line parameters for both models are given
in Table 1. Our calculations show that the spectra are
satisfactorily described by a superposition of lines of
nearly Lorentzian shape. In all models, the isomer shift
of the major doublet, for example, –0.538(2) mm/s at
295 K, in model 3, is evidence that it arises from pen-
tavalent iron [3]. The other doublet in model 1 can also
correspond to the oxidation state +5. In model 2, the
isomer shift of one of the singlets 


 


δ


 


 = 0.90(2) mm/s pre-
cisely coincides with the isomer shift of potassium fer-
rate(VI), whereas the position of the second singlet is
also acceptable for the Fe


 


4+


 


 ion [1].
The spectra recorded at liquid nitrogen temperature


allow us to choose model 2. In this case, the spectral
resolution is improved due to some increase
(to 1.36 mm/s) in the quadrupole splitting for the +5
ion since the lines of the doublet are shifted in opposite
directions with decreasing temperature. Taking into
account the quadratic Doppler effect (temperature
dependence of the isomer shift), the lines of the +6 and
+4 ions, as expected, are shifted in one direction.


The decomposition of the spectrum is improved by
introducing yet another doublet (model 3). Its intensity is
low (8%), and, therefore, the parameters of this doublet


are not exactly determined. However, they undoubtedly
correspond to the iron state +3 (Table 1). Upon the intro-
duction of this doublet, the parameters of the lines of the
other iron forms remain virtually unaltered. The quadru-
pole splitting of Fe(V) (1.067(10) mm/s) differs notice-
ably from the quadrupole splitting observed when the
Fe(V) ion is stabilized in K


 


3


 


MnO


 


4


 


 (0.158(5) mm/s [3]).
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 Contribution of iron species as a function of the stor-
age time of the sample: (series 


 


1


 


) Fe(V), (series 


 


2


 


) Fe(VI),
(series 


 


3


 


) Fe(IV), and (series 


 


4


 


) Fe(III) (error, 4%).


 


Table 1.


 


  Mössbauer spectra of the sample with [KO


 


2


 


] : [MnO


 


2


 


] = 8 : 1 (


 


δ


 


, isomer shift; 


 


∆


 


, quadrupole splitting; 


 


Γ


 


exp


 


, exper-
imental line width at half maximum; 


 


S


 


, the surface above the line of a corresponding species; 


 


χ


 


2


 


, the sum of squared deviations
of the spectrum from the approximating function)


Temperature of measurement
(calculation model) Iron species


 


δ


 


, mm/s


 


∆


 


, mm/s


 


Γ


 


exp


 


, mm/s


 


S


 


, % (


 


±


 


4%)


 


χ


 


2


 


295 K (model 1) two doublets Fe(V) –0.530(2) 1.073(8) 0.26(1) 79 1.6


–0.540(6) 0.70(3) 0.24(1) 21


295 K (model 2) doublet and 
two singlets


Fe(V) –0.534(2) 1.08(1) 0.25(1) 77 1.5


Fe(VI) –0.90(2) 0 0.25(2) 13


Fe(IV) –0.18(2) 0 0.25(2) 10


295 K (model 3) two doublets and 
two singlets


Fe(V) –0.538(2) 1.067(10) 0.26(1) 73 1.0


Fe(VI) –0.89(2) 0 0.27(3) 12


Fe(IV) –0.19(3) 0 0.28(4) 8


Fe(III) 0.80(8) 0.52(11) 0.62(6) 8


80 K (model 2) Fe(V) –0.42(1) 1.36(1) 0.30(1) 70 1.5


Fe(VI) –0.78(1) 0 0.30(2) 18


Fe(IV) –0.02(4) 0 0.53(8) 12


80 K (model 3) Fe(V) –0.422(6) 1.36(1) 0.307(9) 68 1.2


Fe(VI) –0.772(9) 0 0.31(2) 18


Fe(IV) –0.12(4) 0 0.36(8) 7


Fe(III) 0.5(3) 0.5(2) 0.6(2) 7


295 K (model 2) five days after 
the preparation


Fe(V) –0.54(1) 1.08(2) 0.25(2) 42 1.2


Fe(VI) –0.93(3) 0 0.29(6) 12


Fe(IV) –0.11(2) 0 0.38(4) 23


Fe(III) 0.56(2) 0 0.67(6) 23
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According to the isomer shift, this form should be
assigned to the Fe(V) ion in a tetrahedral oxygen envi-
ronment [1]. The new Fe(V) state is unstable and grad-
ually disappears (Table 2, Fig. 2). This state is quite sta-
ble at liquid nitrogen temperature.


Figure 2 shows that, over the first five days, the
decrease in the content of pentavalent iron at 295


 


°


 


C is
accompanied by an increase in the contribution of the
+4 and +6 forms, which presumably reflects the dispro-
portionation of the +5 form. It is worth noting that the
yield and the rate of disappearance of Fe(V) vary within
noticeable ranges and depend on difficult-to-control
experimental conditions. When iron ions are almost
completely transformed into the +3 state, the calcula-
tion without constraints gives two doublets (model 4,
Table 2). According to their isomer shifts, these dou-
blets can be assigned to the ions in the tetrahedral
(73%) and octahedral (17%) oxygen environment [6].


Thus, we identified a new form of pentavalent iron
unstable at room temperature. The fact that its Möss-
bauer parameters are virtually independent of the com-


position near the ratio [KO


 


2


 


] : [MnO


 


2


 


] = 8 : 1 most
likely supports the formation of an individual com-
pound rather than a continuous solid solution of iron(V)
oxide in potassium oxide.
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Table 2.


 


  Contribution of different iron oxidation states as the sample is aged (temperature of measurements, 295 K; calcula-
tion model 3)


Sample Iron species


 


δ


 


, mm/s


 


∆


 


, mm/s


 


Γ


 


exp


 


, mm/s


 


S


 


, % (


 


±


 


4%)


 


χ


 


2


 


Initial Fe(V) –0.54(1) 0.99(3) 0.38(4) 50 1.5


Fe(VI) –0.83(1) 0 0.36(5) 29


Fe(IV) –0.38(4) 0 0.25(12) 5


Fe(III) 0.5(7) 0.8(8) 0.9(6) 16


5 days after the preparation Fe(V) –0.541(8) 1.03(2) 0.30(3) 34 1.2


Fe(VI) –0.877(4) 0 0.28(1) 35


Fe(IV) –0.34(3) 0 0.32(10) 7


Fe(III) 0.24(5) 0.72(7) 0.71(13) 24


15 days after the preparation Fe(V) –0.53(1) 0.99(2) 0.29(3) 26 1.1


Fe(VI) –0.863(1) 0 0.30(3) 22


Fe(IV) – – – 0


Fe(III) 0.19(1) 0.72(2) 0.49(3) 52


22 days after the preparation Fe(V) – – – 0 1.2


Fe(VI) –0.88(2) 0 0.45(6) 7


Fe(IV) – – – 0


Fe(III) 0.218(3) 0.657(4) 0.439(8) 93


22 days after the preparation, 
model 4 (three doublets and 
two singlets)


Fe(V) – – – 0 0.8


Fe(VI) –0.81(2) 0 0.53(6) 10


Fe(IV) – – – 0


Fe(III) 0.21(1) 0.61(2) 0.42(2) 73


Fe(III) 0.38(5) 1.1(2) 0.55(14) 17
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Nitrogen oxide NO is an essential neurotransmitter
in humans and animals [1]. Its production in cells is
regulated by the enzyme NO-synthase, which exists in
humans in three isoforms. Two isoforms are constitu-
tive, and the third is induced by some pathologies (e.g.,
in septic shock). We are now working on design of NO-
synthase inhibitors targeted to the induced isoform of
this enzyme (iNOS).


2-Amino-5,6-dihydro-4


 


H


 


-1,3-thiazine (


 


1


 


) is a non-
selective NO-synthase inhibitor [2]; a methyl substitu-
ent in the position C


 


6


 


 noticeably increases both the
activity and the iNOS selectivity of the inhibitor [1].


This work concerns the synthesis of 2-amino-1-thia-
3-azaspiro[5.5]dodec-2-ene (


 


2


 


), a spiro analogue of
structure 


 


1


 


 in which a cyclohexane moiety is added in
the position at C


 


6


 


 (Scheme 1).


We stress that it is difficult to predict the efficiency
of binding of structure 


 


2


 


 with the reactive site of the
enzyme. On the one hand, the known 6,6-dimethyl
derivative of thiazine 


 


1


 


 has a lower activity than the cor-
responding monosubstituted analogue; therefore, the
activity of compound 


 


2


 


 can be not high. On the other
hand, our computer modeling showed that spirothiazine


 


2


 


 in the catalytic site of the enzyme can have an orien-
tation such that their binding is efficient due to the gen-
eration of two hydrogen bonds through the amino
hydrogen atoms and due to the interaction between the
lone pair of the sulfur atom and the iron atom in the cat-
alytic site of the heme (figure).


Whether this orientation of compound 


 


2


 


 will be
implemented is questionable. According to the litera-
ture on 2-ethylisothiourea docking to the binding area
of the iNOS endogenic substrate (L-arginine), the
major ligand-orienting factor in the area in question is
its interaction with the Glu377 acid group of iNOS [3].


However, as a result of the possibility of protonation of
both the exocyclic nitrogen atom and the nitrogen atom
of the thiazine ring in structure 


 


2


 


, as well as in the base
compound 


 


1


 


, the ligand orientation in the reactive site
differs considerably depending on which atom is bound
to Glu377. Therefore, to gain more data on the possible
position of compound 


 


2


 


 in the catalytic site, we decided
to synthesize its N-methyl derivative 


 


3


 


.


 


1


 


We prepared novel compounds 


 


2


 


 and 


 


3


 


 from N-2-(1-
cyclohexenyl)ethylthioureas 


 


4


 


 and 


 


5


 


, whose cyclization
upon boiling with hydrochloric acid generates spiro
compounds (Scheme 2).


This method is convenient for preparing spirothiaz-
ines 


 


2


 


 and 


 


3


 


 in the form of hydrochlorides with overall
yields (from 2-(1-cyclohexenyl)ethylamine) equal to
79 and 68%, respectively. The structure of compounds


 


2


 


–


 


5


 


 was verified by elemental analysis and NMR spec-
troscopy (see Experimental). Spirothiazines 


 


2


 


 and 


 


3


 


were sent for in vivo and in vitro tests of their NO-
inhibitory activity.


EXPERIMENTAL


For our molecular modeling, we used the model of
the L-arginine-binding cavity of the oxidase domain of
iNOS taken from the crystal structure database (PDB)
and the SYBYL7.3 program package (Tripos) on SGI
OCTANE workstations.


 


1


 


H NMR spectra were recorded on a Bruker DPX-
200 spectrometer operating at 200 MHz relative to
internal trimethylsilane. The course of the reaction and
the purity of the reagents and products were monitored
by thin-layer chromatography on Silufol UV-254


 


1


 


Patent [2] claims a spiro analogue of compound 


 


1


 


 in position 4 as
an NO-synthase inhibitor, although neither the synthesis method
nor the activity of this compound is specified. It is, however, evi-
dent that, from the chemical standpoint, this compound strongly
differs from structure 


 


2


 


 we consider in this work.
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Abstract


 


—Two spiro analogues of 2-amino-5,6-dihydro-4H-1,3-thiazine, a known NO-synthase inhibitor,
were synthesized by means of cyclization of N-2-(1-cyclohexenyl)ethylthioureas.
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plates. Melting temperatures were determined on a
Boethius heating unit.


 


N-Benzoyl-N'-2-(1-cyclohexenyl)ethylthiourea (4).


 


To a solution of 2-(1-cyclohexenyl)ethylamine (2.52 g,
0.02 mol) in diethyl ether (40 mL), a solution of ben-
zoyl isothiacyanate (3.26 g, 0.02 mol) in diethyl ether
(20 mL) was dropped. A precipitate was filtered and
washed with diethyl ether. Compound 


 


4


 


 was obtained
in 96% yield (5.54 g). 


 


T


 


m


 


 = 86–88


 


°


 


C.


For compound 


 


4


 


 anal. calcd. (%): C, 66.63; H, 6.99;
N, 9.71.


Found (%): C, 66.97; H, 6.87; N, 9.88.


 


1


 


H NMR spectrum (DMSO-d


 


6


 


; 


 


δ


 


, ppm): 11.20 (1H,
s, NH), 11.00 (1H, t, NH), 8.00 (2H, d, Ar–H), 7.50
(3H, m, Ar–H), 5.60 (1H, br s, C=H), 3.70 (2H, q,
CH


 


2


 


N), 2.30 (2H, t, CH


 


2


 


CH


 


2


 


N), 2.00 (4H, m, (CH


 


2


 


)


 


2


 


),
1.70 (4H, m, (CH


 


2


 


)


 


2


 


).


 


S
N · HCl


NH2


 


N
S


NH2


 


N
S


N CH3


 


1 2 3


 


Scheme 1.
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Suggested version of the interaction of compound 


 


2


 


 with the reactive site of iNOS.
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N-Methyl-N'-2-(1-cyclohexenyl)ethylthiourea (5)


 


was prepared as described above. Yield: 93%. 


 


T


 


m


 


 = 75–
77


 


°


 


C.
For C


 


10


 


H


 


18


 


N


 


2


 


S anal. calcd. (%): C, 60.56; H, 9.15;
N, 14.12.


Found (%): C, 60.83; H, 9.38; N, 14.40.


 


1


 


H NMR spectrum (CDCl


 


3


 


; 


 


δ


 


, ppm): 6.70 (1H, br s,
C=H), 6.30 (1H, br s, NH), 5.15 (1H, br s, C=H), 3.20
(2H, q, CH


 


2


 


N), 2.40 (3H, d, CH


 


3


 


), 1.80 (2H, t,
CH


 


2


 


CH


 


2


 


N), 1.70 (4H, m, (CH


 


2


 


)


 


2


 


), 1.30 (4H, m,
(CH


 


2


 


)


 


2


 


).


 


2-Amino-1-thia-3-azaspiro[5.5]dodec-2-ene hydro-
chloride (2).


 


 To compound 


 


4


 


 (2.88 g, 0.01 mol), con-
centrated HBr (10 mL) was added, and the mixture was
refluxed for 30 h. The reaction mixture was cooled, a
benzoic acid precipitate was filtered and diluted with
cold water (40–50 mL), and Na


 


2


 


CO


 


3


 


 was added with
stirring to bring pH to 8. Extraction was carried out
with methylene chloride (2 


 


×


 


 30 mL). The organic layer
was dried, concentrated, and dissolved in isopropanol
(20 mL). Strong hydrochloric acid (1 mL) was added
with stirring. The precipitate was filtered and dried.
Compound 


 


2


 


 was obtained in 82% yield (1.81 g). 


 


T


 


m


 


 =
70–72


 


°


 


C.


 


1


 


H NMR spectrum (D


 


2


 


O; 


 


δ


 


, ppm; 


 


J


 


, Hz): 3.55 (2H,
t, 


 


J


 


 = 6.7, CH


 


2


 


N), 2.05 (2H, t, 


 


J


 


 = 6.7, CH


 


2


 


CH


 


2


 


N), 2.00–
1.20 (10H, m, (CH


 


2


 


)


 


5


 


).


 


2-Methylamino-1-thia-3-azaspiro[5.5.]dodec-2-ene
hydrochloride (3).


 


 To compound 


 


5


 


 (1.98 g, 0.01 mol),
strong HCl (20 mL) was added, and the mixture was


refluxed for 3 h. The reaction mixture was cooled,
excess hydrochloric acid was eliminated on a rotary
evaporator, the residue was diluted with cold water
(40–50 mL), and Na


 


2


 


CO


 


3


 


 (2 


 


×


 


 30 mL) was added with
stirring to adjust pH to 8. Extraction was performed
with methylene chloride (2 


 


×


 


 30 mL). The organic layer
was dried, concentrated, and dissolved in isopropanol
(20 mL). Strong hydrochloric acid (1 mL) was added
with stirring. The precipitate was filtered and dried.
Compound 


 


3


 


 was obtained in 73% yield (1.71 g). 


 


T


 


m


 


 =
140–142


 


°C.
1H NMR spectrum (DMSO-d6; δ, ppm; J, Hz):


10.55 (H, m, NH), 9.70 (H, m, NH), 3.60 (3H, s,
NCH3), 3.50 (2H, t, J = 6.7, CH2N), 1.70–1.25 (12H, m,
(CH2)5, CH2CH2N).
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A barrier discharge of any configuration is a unique
plasmachemical reactor that makes it possible to carry
out relatively simply nonequilibrium chemical synthe-
sis, including the synthesis of ozone, on an industrial
scale [1]. The dynamics of processes in coplanar and
volume barrier discharges has been extensively studied
[2–4]. So-called creeping discharges have been little
studied. Studies of fast processes above the dielectric
surface [5–7] left some unresolved questions. The
present work deals with the systematic and detailed
study of the dynamics of processes in a surface barrier
discharge, including the kinetics of ozone synthesis.


FORMULATION OF THE PROBLEM


A barrier discharge is developed on the surface of
the dielectric of a discharge cell when a high voltage is
applied to high-voltage electrodes (Fig. 1). High-volt-
age electrodes can be of different shape, and any num-
ber of them can be in the system. The discharge in such
a system is developed normally to the electrode surface
along the dielectric surface in the form of thin discharge
channels, microdischarges (Fig. 2). The length of the
channels depends on the applied voltage, and the thick-
ness is virtually constant and equal to ~100 micron [2].


The surface discharge has been experimentally and
theoretically studied [5–7]. In the present paper, we
report the results of a numerical study of a surface bar-
rier discharge in oxygen at atmospheric pressure.
Numerical modeling of the discharge was performed in
the two-dimensional approximation assuming the
existence of local equilibrium. The coordinate system
is shown in Fig. 1.


The dynamics of charged and neutral particles in the
discharge zone is described by the set of Boltzmann
equations. Under the conditions of local equilibrium,


the Boltzmann equations are transformed into the set of
continuity equations:


(1)


(2)


where 


 


n


 


i


 


, , 


 


D


 


i
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S


 


i


 


, and  are the density of charged
particles, the current density, the diffusion coefficient,
the source, and the velocity of the 


 


i


 


th particle, respec-
tively. For each charged particle, the source is thought
of as integrals describing the processes of ionization,
adhesion, and detachment of particles, as well as their
dissociation. The mathematical model implies the pres-
ence of electrons and positive and negative ions. Two
types of negative ions—atomic and molecular oxy-
gen—are considered.


To solve the set of Eqs. (1) and (2), we determined
the boundary and initial conditions. According to the
discharge cell model, two types of surfaces exist: actual
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Abstract


 


—The processes that occur in a surface barrier discharge in oxygen at atmospheric pressure have been
studied by numerical modeling. Modeling is performed assuming the existence of local equilibrium, and the
dynamics of charged particles in the gas gap is calculated using continuity equations. The configuration of the
electric field in the discharge zone is determined by integration of the Poisson equation. It turns out that the
breakdown of the gas gap is determined by the photoemission from the cathode surface. The appearance and
development of the microdischarge channel are sustained by the cathode layer that is formed at the conducting
cathode. The parameters of the cathode layer obtained in oxygen at atmospheric pressure are virtually the same
as for the ordinary cathode layer of the glow discharge.
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Fig. 1.


 


 Discharge cell of the surface barrier discharge.
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(the surface of the electrode and dielectric) and virtual
(the outer boundary of the discharge zone in a gas). The
dielectric and electrode surfaces were considered as
sources of secondary electrons that are due to photo-
emission and ion emission. The secondary electron
density is related to the ion and photon flux to the sur-
face by the equation


(3)


where 


 


γ


 


+


 


 is the secondary electron emission coefficient
(these electrons appear when positive ions impinge the
surface); 


 


γ


 


ph


 


 is the coefficient of electron photoemission
from the cathode; 


 


V


 


+


 


 and 


 


V


 


e


 


 are the magnitudes of the
velocities of positive ions and electrons, respectively.
The photon flux density 


 


φ


 


 at the cathode surface was
taken to be proportional to the ionization rate in the dis-
charge volume and was determined by integration over
the entire discharge region. It was assumed that all par-
ticles arriving at the surface of the conducting high-
voltage electrode are removed from the discharge
region. All particles that arrive at the dielectric surface
are deposited on it, and the charge of these particles was
taken into account in calculation of the electric field


neV e γ +n+V+ γ phφ,+=


 


strength. The particles that reached the outer bound-
aries of the discharge region can leave the integration
region.


The initial conditions were as follows:
(1) The density of charged particles in the gas was


taken to be zero.
(2) The initial charge density at the dielectric surface


was determined by the preceding discharge.
To correct for the effect of cell diffusion in the cal-


culation of the dynamics of charged particles, the FCT
method was used [8]. To determine the electric field
configuration in the discharge region, two integration
regions were considered: the dielectric and the gas,
which differ in permittivity. For each of the regions, the
Poisson equation was solved:


(4)


At the dielectric–gas interface, these solutions were
combined by known relationships between the normal
and tangential components of the electric field strength,
taking into account the charge deposited onto the
dielectric surface.


The distribution of potential at the open boundaries
of the integration region was determined by integration
of the charge distributions at the electrode and dielec-
tric surfaces, as well as in the discharge region of the
gas. The charge distribution at the electrode surface was
determined taking into account that this surface should
be equipotential [3].


Calculations were performed for the discharge in
oxygen at atmospheric pressure. The dielectric had the
relative dielectric constant 8.4 and the thickness 2 mm;
the high-voltage electrode in cross section was a 3-mm
square. The results below concern modeling of the
dynamics of discharge processes of the surface barrier
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Fig. 2.


 


 Photograph of the surface layer of the barrier dis-
charge [5].
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 Initial distribution of the electric field strength (a) along the dielectric surface and (b) normally to the dielectric surface.
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discharge when a constant negative voltage is applied to
the electrode.


 


Initial Stage of the Discharge and Formation
of the Cathode Layer


 


The results of calculations of the field strength
before the breakdown of the discharge gap are shown in
Fig. 3. The gas breakdown conditions are met near the
angle formed by the surfaces of the electrode and
dielectric. In this region, with the characteristic size of
several tens of microns, the appearance of electrons
leads to the development of discharge processes.


The appearance of priming electrons in the dis-
charge zone initiates the development of processes that
eventually lead to the gas breakdown along the dielec-
tric surface [4]. The total number of initial electrons
does not exceed a few thousands. There is a definite
delay between the instant of the appearance of initial


electrons in the gas and the breakdown. Depending on
the initial voltage on the electrode and the number of
electrons, this delay amounts to a few nanoseconds.
After the delay, the current discharge pulse is observed
(Fig. 4). The same figure also shows the plots of emis-
sion currents induced by photoemission and ion emis-
sion processes at the cathode surface. As is seen, the
appearance of the major discharge current is preceded
by a considerable photocurrent. The discharge current
front lasts for a few nanoseconds, whereas the complete
duration of the discharge current is as long as 20–25 ns.


Photoemission is of crucial importance for initiation
of discharge processes. The exclusion of photoemission
processes from the model leads to a considerable (by
one order of magnitude or more) delay of the front of
the discharge current, to an equal increase in its com-
plete duration, and a decrease in its amplitude, which is
inconsistent with experimental data [5, 6]. As the dis-
charge current builds up, the role of photo processes
decreases; at the same time, a noticeable emission cur-
rent appears, which is caused by collisions of positive
ions with the cathode surface.


The change in the significance of emission pro-
cesses, as well as the buildup of the discharge current,
is associated with rearrangement of the electric field
configuration near the cathode (Fig. 5). First of all, the
field strength near the cathode increases by about 30%
and becomes as large as 1500 Td, which follows from
comparison of Figs. 3 and 5. In addition, the longitudi-
nal component of the electric field strength approaches
closely the cathode. Simultaneously with this process,
the region with high field strength along the cathode
surface expands from the dielectric surface to the upper
edge of the cathode (Fig. 6). The parameters of the cath-
ode layer of the surface barrier discharge are virtually
the same as the parameters of the ordinary cathode
layer of the glow discharge; i.e., in a few nanoseconds,
an ordinary cathode layer is formed at the cathode sur-
face. The change in its transverse sizes along the cath-


 


40


0
10


 


I


 


, mA


 


t


 


, ns


80


30 50


 


1


2


3


 


Fig. 4.


 


 (


 


1


 


) Total discharge current and (


 


2


 


, 


 


3


 


) emission cur-
rents induced by (


 


2


 


) photoemission and (


 


3


 


) ion processes at
the cathode surface.


 


0.0025
0.0050


 


t


 


 = 15 ns


0.005


0.015–200


–600


–1000


–1400
(a)


 


E


 


x


 


/


 


n


 


, Td


 


Y


 


, c
m


 


X


 


, cm
0.0025


0.0050


 


t


 


 = 17 ns


0.005


0.015–200


–600


–1000


–1400
(b)


 


E


 


x


 


/


 


n


 


, Td


 


Y


 


, c
m


 


X


 


, cm


 


Fig. 5.


 


 Formation of the cathode layer at 


 


t


 


 = (a) 15 and (b) 17 ns.







 


122


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 3


 


      


 


2007


 


TKACHENKO et al.


 


ode surface is the process known as cathode spot
expansion.


The expansion takes place simultaneously with the
development of the discharge current front. Near the
current maximum, the transverse size of the cathode
spot is stabilized: its size is as large as 40–60 micron
(Fig. 6). The longitudinal thickness of the cathode layer
is about 20–30 micron. The current density at the outer
boundary of the cathode layer is as large as 250 A/cm


 


2


 


.
All these parameters are virtually coincident with the
parameters of the ordinary cathode layer in oxygen at
atmospheric pressure.


CONCLUSIONS


Thus, the numerical modeling of the processes in
the surface barrier discharge showed that


(1) the breakdown begins with a sharp enhancement
of photoemission from the cathode surface;


(2) the increase in the secondary emission from the
electrode surface leads to the formation of the cathode
layer, and the cathode spot at the surface of the conduct-
ing electrode expands until the charge deposited onto
the dielectric surface stops this process;


(3) in the developed cathode layer, the role of photo
processes in the discharge dynamics decreases and is
replaced by the secondary electron emission induced
by impingement of positive ions onto the cathode sur-
face.
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Most of the currently known myo-inositol mono-
phosphatase inhibitors, which are potential drugs for
treating manic-depressive and other mental disorders,
are polyhydroxycyclohexane derivatives (Scheme 1).


Of the other structural types of inhibitors, trihydrox-
ycycloheptatrienone derivatives (Scheme 2) deserve
special mention.


We have proposed a new class of potential 


 


myo


 


-
inositol monophosphatase inhibitors, namely polyhy-
droxycycloheptanes (homoinositols), which combine
both types of structural elements (polyhydroxycyclo-
hexane and trihydroxycycloheptatrienone derivatives).
This work studies the possibility of synthesis of these
compounds.


It is well known that [2 + 4]cycloaddition (the
Diels–Alder reaction) produces unsaturated six-mem-
bered rings [1]. Tetrachlorocyclopropene, as a dieno-
phile, enters this reaction with opening of its three-
membered ring in an intermediate adduct, which gener-
ates a seven-membered ring [2] (Scheme 3).


2,3,4,4-Tetrachloro-8-oxabicyclo[3.2.1]octadiene-
2,6 (


 


I


 


) is a convenient precursor for the synthesis of
seven-membered inositol analogues, namely, homoi-
nositols. The hydrolysis of compound 


 


I


 


 induced by
concentrated sulfuric acid generates 3-chloro-8-oxabi-
cyclo[3.2.1]oct-6-ene-2,4-dione (


 


II


 


). Partial hydrolysis
of compound 


 


I


 


 by sulfuric acid (lasting less than 5 min)
yields 2,3-dichloro-8-oxabicyclo[3.2.1]octadien-2,6-
one-4 (


 


II


 


) in 60% yield.
It is stated for the first time that the reduction of


diketone 


 


II


 


 by LiAlH


 


4


 


 in THF at room temperature gen-
erates 8-oxabicyclo[3.2.1]octene-6-diol-1,3 (


 


III


 


) with
simultaneous hydrodechlorination (Scheme 4).


Diol 


 


III


 


 contains latent oxy functionalities and can
easily be converted to deoxyhomoinositol 


 


IV


 


 through


OsO


 


4


 


-enhanced oxidative dihydroxylation of the multi-
ple bond and opening of the oxygen bridge as a result
of acid hydrolysis or in the presence of boron tribro-
mide.


The reduction of diketone 


 


II


 


 by sodium borohydride
in alcohol at room temperature occurs at very slow rates
(in our opinion, because of steric hindrances). During
boiling of the reaction mixture, however, reduction is
complete and diol 


 


V


 


 is formed with the halogen atom in
the molecule being conserved (Scheme 5).


Thus, a new synthetic approach to the design of
seven-membered structural analogues of inositol,
homoinositols, has been found and in part imple-
mented. A possibility of the diastereoselective reduc-
tion of type 


 


II


 


 bicyclic ketones to diols 


 


III


 


 and 


 


IV


 


 has
been demonstrated.


EXPERIMENTAL


 


2,3,4,4-Tetrachloro-8-oxabicyclo[3.2.1]octadiene-
2,6 (I).


 


 A mixture of tetrachlorocyclopropene (8.2 mL,
67 mmol), furan (8.8 mL, 120 mmol), and CCl


 


4


 


(16 mL) was heated in a sealed ampoule at 80


 


°


 


C for
18 h. The solvent was eliminated on a rotary evapora-
tor. The residue was an oil, which rapidly crystallized.
Recrystallization was from 40/70 petroleum ether; the
yield was 14.7 g (89%). The compound had a pleasant


smell. 
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), ppm: 6.89 (dd, 1H,
HC=CH), 6.44 (dd, 1H, HC=CH), 5.40 (d, 1H, HCO),
4.91 (d, 1H, HCO).
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C NMR spectrum, ppm: 139.17 (HC=CH), 129.79
(HC=CH), 89.95 (HCO), 82.18 (HCO).
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 anal. calcd., %: C, 34.19; H, 1.64.


Found, %: C, 34.21; H, 1.61.
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Abstract


 


—A new class of structural analogues of inositol (polyhydroxycycloheptanes, homoinositols) is pro-
posed. 2,3,4,4-Tetrachloro-8-octabicyclo[3.2.1]octadiene-2,6, the adduct of the Diels–Alder reaction between
tetracyclopropene and furan, is suggested as the key compound in homoinositol synthesis. Its modification
leads to the selective preparation of homoinositol stereomers and derivatives.
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3-Chloro-oxabicyclo[3.2.1]oct-6-ene-2,4-dione (II).


 


To compound 


 


I


 


 (9.2 g, 37 mmol), conc. H


 


2


 


SO


 


4


 


(130 mL) was added, and the mixture was stirred on a
water bath at 60


 


°


 


C for 35 min. The reaction mixture
was poured onto ice, extracted with chloroform (5 


 


×


 


 20
mL), and dried over Na


 


2


 


SO


 


4


 


. The solvent was elimi-
nated on a rotary evaporator. The yield of diketone 


 


II


 


was 4.4 g (65%). 
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 : MeOH =
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H NMR spectrum (CDCl
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), ppm: 6.38 (s, 2H,
HC=CH), 5.88 (s, 1H, HCCl), 5.46 (s, 2H, HCO).
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C NMR spectrum (CDCl
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), ppm: 192.03 (C=O),
132.33 (C=C), 86.62 (HCO), 72.64 (HCCl).


IR spectrum: 1720 cm
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 (C=O).


 


8-Oxabicyclo[3.2.1]octene-6-diol-1,3 (III).


 


 To a
solution of diketone 


 


II


 


 (0.1 g, 0.6 mmol) in absolute
ether (2 mL), LiAlH


 


4


 


 (50 mg) was added in increments
with stirring and refluxing for 15 min. The mixture was
stirred with reflux for 1 h. The reaction mixture was
cooled with stirring; on a cold water bath, water
(50 


 


µ


 


L), 15% sodium hydroxide (50 


 


µ


 


L), and water


(150 


 


µ


 


L) were added. The precipitate was filtered and
washed with diether ether. The organic layer was sepa-
rated; the aqueous layer was extracted with diethyl
ether (3 


 


×


 


 3 mL) and dried over Na


 


2


 


SO


 


4


 


. The solvent
was eliminated on a rotary evaporator. The yield of diol


 


III


 


 was 55 mg (64%). 
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HC=CH), 4.45 (s, 2H, HCO), 3.98 (s, 2H, HCOH), 1.81
(s, 2H, CH


 


2


 


).


 


13


 


C NMR spectrum (DMSO-


 


d


 


6


 


), ppm: 134.11
(C=C), 85.65 (HCO), 71.28 (HCOH), 33.74 (CH


 


2


 


).
IR spectrum: 3380 cm


 


–1


 


 (OH).
For C


 


7


 


H


 


10


 


O


 


3


 


 anal. calcd., %: C, 59.14; H, 7.09.
Found, %: C, 58.97; H, 7.18
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The mechanisms of hydrolysis of triphosphates
have received much attention, first of all, due to the
importance of enzymatic transformations of adenosine
triphosphate (ATP) and guanosine triphosphate (GTP)
in biological systems [1]. Analysis of the hydrolysis
reaction of methyl triphosphate (MTP) in aqueous solu-
tions provides necessary reference data for elucidating
the catalytic effect of protein matrices in enzymatic
transformations of ATP and GTP [2, 3]. Measurements
of the hydrolysis rate constants of methyl monophos-
phate in water at various pH values [4] made it possible
to estimate the activation barriers on the free energy
surface at 27–31 kcal/mol [5, 6]; however, details of the
reaction mechanism remained unclear. Theoretical
approaches to the modeling of the mechanism of
hydrolysis of completely deprotonated MTP in aqueous
solutions were described in [7, 8] with the use of the
Car–Parinello molecular dynamics method [7] (in this
case, this strategy led to considerably overestimated
activation barriers) and quantum mechanical/molecular
mechanical (QM/MM) method [8]. Our previous
results of calculation of the minimum-energy path of
the reaction


(1)


where MTP and MDP are, respectively, methyl triphos-
phate and methyl diphosphate surrounded by water
molecules [8], point to a predominantly dissociative
reaction mechanism. However, these results were
obtained in the Hartree–Fock approximation, i.e., with-
out the inclusion of correlation effects in the quantum
subsystem, as well as without the participation of Mg


 


2+


MTP4– H2O MDP3– H2PO4
–,+ +


 


in the model molecular system, although it always
exists in enzymes catalyzing the hydrolysis of AFP and
GTP. In this work, we report the results of calculations
of the minimum-energy paths of reaction (1) and dis-
cuss the reaction mechanism with and without the par-
ticipation of the Mg


 


2+


 


 cation in the system on the bases
of QM/MM calculations with the use of the density
functional theory (DFT) approximation in the quantum
subsystem.


COMPUTATION DETAILS


Energies and energy gradients were calculated by
the QM/MM method based on the effective fragment
potential theory [9]. In this approach, the molecular
groups attributed to the molecular mechanical (MM)
subsystem are taken to be effective fragments that make
electrostatic, polarization, and exchange contributions
to the Hamiltonian of the quantum subsystem. As dis-
tinct from the implementation of this method in the
GAMESS(US) quantum-chemical program [10], in our
computational scheme adapted for the PC GAMESS
program [11], the interaction between water molecules
assigned to the MM subsystem is described by the
known empirical potential TIP3P [12].


In the present work, we considered two model
molecular systems differing, first of all, by the presence
or absence of the magnesium cation. In model I, the
quantum subsystem comprises the quadruply charged
MTP anion and five water molecules; another 75 water
molecules described by effective fragments are
assigned to the MM subsystem. In model II, the QM
subsystem comprises the MTP anion, the Mg


 


2+


 


 cation,
and seven water molecules; another 73 molecules
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Abstract


 


—The mechanism of hydrolysis of deprotonated methyl triphosphate (MTP) to methyl diphosphate
(MDP) and inorganic phosphate (Pi) in water clusters in the presence and absence of magnesium cations has
been modeled. Modeling has been performed by the effective fragment potential–based quantum mechani-
cal/molecular mechanical method. The energies and energy derivatives in the quantum subsystem including
MTP, reacting water molecules, and Mg


 


2+


 


 has been calculated at the density functional theory (B3LYP) level,
whereas water–water interactions have been described by the TIP3P model potential. The minimum-energy
path for the reaction MTP + H


 


2


 


O  MDP + Pi is consistent with a two-stage dissociative process in the
absence of Mg


 


2+


 


 and with a one-stage mechanism in the presence of Mg


 


2+


 


.
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(effective fragments) constitute the MM subsystem.
These molecular clusters were constructed by succes-
sively adding water molecules to the reacting particles
(MTP


 


4–


 


 + H


 


2


 


O), the geometric parameters of the entire
system being optimized at each step in such a way that
the hydrogen bond network persists. The selected num-
ber of water molecules (altogether 80 molecules) is suf-
ficient for them to completely surround the reactive part
(Fig. 1).


The inclusion of five (model I) or seven (model II)
water molecules in the QM subsystem was caused by
the necessity to ensure several variants of the choice of
the proton transfer route to form inorganic phosphate.
For the ultimate conclusion, the routes with minimal
activation energies were selected.


In calculations of the energy in the QM/MM
approximation, regions of multidimensional potential
energy surfaces were scanned in which chemical or
hydrogen bonds are broken and formed. Then, the posi-
tions of the stationary points on the potential energy
surfaces were determined more precisely by geometry
optimization. The geometric configurations of the sad-
dle points (or transition states) were found based on the
following criterion: at this point, the gradient along the
internal coordinate related to the reaction coordinate of
the stage under consideration should change the sign.


The energies and energy gradients in the QM sub-
system were calculated by the DFT method with the
known B3LYP potential using the PC GAMESS pro-
gram package [11]. The LANL2DZdp_ECP basis set


[13] with the corresponding pseudopotential for phos-
phorus was used. The orbitals of the magnesium cation
were described with the use of the standard basis set
6-31G.


RESULTS AND DISCUSSION


The computation results for model I (without mag-
nesium cation) are qualitatively consistent with the
Hartree–Fock calculations in the QM subsystem [8].
The potential energy surface contains the stationary
points corresponding to the reagents (MTP


 


4–


 


 + H


 


2


 


O),
the products (MDP


 


3–


 


 + ), the reaction interme-
diate (see Figs. 1–3 in [8]), and two transition states
TS1 and TS2. The reaction proceeds by the dissociative
mechanism: the P


 


γ


 


–O


 


βγ


 


 bond is broken and the


 


γ


 


-phosphate group P


 


γ


 


O


 


3


 


 is eliminated from methyl
diphosphate followed by proton transfer along hydro-
gen bonds of water molecules and P


 


γ


 


O


 


3


 


 to form inor-
ganic phosphate . The table compares the rela-
tive energies of the stationary points on the reaction
path calculated at the Hartree–Fock and DTF levels.
The experience of calculations of the energy profiles of
chemical reactions shows that the Hartree–Fock activa-
tion barriers are, most likely, overestimated, whereas
the DFT barriers are underestimated. The calculation
results for model II (with the magnesium cation) are
considerably different. Figure 2 shows the equilibrium
reagent configuration obtained by unconstrained opti-
mization of geometric parameters. The magnesium cat-


H2PO4
–


H2PO4
–


 


P


 


γ


 


O


 


βγ


 


Fig. 1.


 


 General view of the model cluster (without the magnesium cation).
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ion is coordinated to four water molecules and the oxy-
gen atoms of the 


 


γ


 


- and 


 


β


 


-phosphate groups of MTP.
The reacting water molecule W


 


1


 


 is located at a distance
of 3.73 Å from P


 


γ


 


.


As for model I, the transition state was sought by
scanning the potential energy surfaces along two coor-
dinates: the distance from the oxygen atom of the react-
ing water molecule (W


 


1


 


) to the P


 


γ


 


 atom (the initial dis-


tance in the reagent configuration, 3.73 Å) and the
P


 


γ


 


−


 


O


 


βγ


 


 distances (the initial distance, 1.75 Å). After a
series of constrained optimizations of geometric
parameters, we obtained the transition state shown in
Fig. 3. As in all hydrolysis reactions of triphosphates,
the P


 


γ


 


–O


 


βγ


 


 bond surrounded by water molecules or a
protein matrix is broken through the stereochemical
inversion about the P


 


γ


 


 atom. As distinct from model I,


 


2.09


2.09
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2.75


3.73


1.75


2.15


2.13


2.68 2.70


W


 


1


 


Mg


 


2+


 


P


 


γ


 


O


 


βγ


 


Fig. 2.


 


 Geometric configuration of the quantum subsystem of the reagents for model II (distances are given in angstroms).
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2+
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1
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Fig. 3.


 


 Geometric configuration of the quantum subsystem for the only transition state in model II (distances are in angstroms).
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beyond the transition state point in model II, the mini-
mum-energy path leads from the saddle point to the
reaction products (MDP


 


3–


 


 + ) after a series of
proton transfer events involving the W


 


1


 


, W


 


2


 


, and W


 


3


 


water molecules. The equilibrium configuration of the
products, obtained by unconstrained optimization of
geometric parameters, is shown in Fig. 4. A similar sin-
gle-stage mechanism is characteristic of hydrolysis of
ATP by the protein myosin.


With respect to the energy level of the reagents, the
only transition state is 11.1 kcal/mol higher, and the
energy effect of the reaction is –8.6 kcal/mol.


H2PO4
–


 


CONCLUSIONS


Molecular modeling by the QM/MM method of reac-
tion (1) in water clusters in the presence and absence of
the Mg


 


2+


 


 cation in a model molecular system allows us
to draw the following conclusions. Hydrolysis of com-
pletely deprotonated MTP in water proceeds by the dis-
sociative mechanism: the P


 


γ


 


–O


 


βγ


 


 bond is broken so that
the 


 


γ


 


-phosphate group P


 


γ


 


O


 


3


 


 is eliminated and, due to suc-
cessive proton transfers along hydrogen bonds of water
molecules and P


 


γ


 


O


 


3


 


, is transformed to the inorganic
phosphate . The activation barriers calculated in
the B3LYP/LANL2DZdp_ECP approximation in the
quantum subsystem are estimated at 13 and 11 kcal/mol
in the absence and presence of the Mg


 


2+


 


 cation in the
system, respectively. Taking into account that DFT cal-
culations provide, as a rule, the lower estimate for free
energy barriers and that the estimates of the free energy
barriers (27–31 kcal/mol) [5, 6] based on experimental
data [4] refer to hydrolysis of methyl monophosphate and
obviously overestimate the barrier for completely depro-
tonated MTP, the agreement between the theoretical and
experimental results is quite satisfactory. The calculated
energy effect of reaction (1) in the presence of the magne-
sium cation in the model system (


 


−


 


8.6 kcal/mol) is also
consistent with the values expected from the experi-
mental data [14]. According to the modeling results,
hydrolysis by reaction (1) in the presence of the magne-
sium cation somewhat differs from that in the absence
of this ion. In the latter case, the cleavage of the P


 


γ


 


–O


 


βγ


 


bond leads to the formation of the intermediate and its
transformation into inorganic phosphate requires the
second transition state. Hydrolysis of deprotonated


H2PO4
–


 


Relative energies (kcal/mol) of the stationary points on
the path of reaction (1) of hydrolysis of MTP in the model
system without magnesium cation (model I) calculated by
the Hartree–Fock method in [8] and by the DFT (B3LYP)
method in this work. In both cases, the LANL2DZdp_ECP
basis set was used in the QM subsystem and the TIP3P poten-
tial was used for water–water interactions in the MM sub-
system


Structure Hartree–Fock
calculations [8]


DFT/B3LYP
calculations


Reagents 0.0 0.0


TS1 20.0 12.9


Intermediate 7.0 3.0


TS2 14.1 4.5


Products –20.7 –16.4


 


Mg


 


2+


 


O


 


βγ


 


2.04 2.04


4.25


1.652.95


2.69


2.52


W


 


2


 


W


 


3


 


H


 


2


 


PO


 


4
–


 


Fig. 4.


 


 Geometric configuration of the quantum subsystem of the reaction products in model II (distances are in angstroms). 
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MTP in water in the presence of the magnesium cation
proceeds in one stage.
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The problem of the search for relationships between
the structures of chemical compounds and their proper-
ties is still important. In this work, we described a spe-
cial algorithm applicable to solving this problem for a
set of molecules of amber odorants (small molecules
possessing an amber odor). A specific feature of the
approach to the QSAR problem used in this work con-
sists in that prediction of some (specified) properties of
a molecule is based not on initial molecular graphs but
on three-dimensional graphs derived from the initial
ones, and the vertices of these graphs are formed by sta-
tionary points rather than by the atoms of molecules [1,
2]. As a result, the object to be analyzed is a spatial
graph whose vertices are located at the stationary points
of the molecular surface. Only after then, based on the
resulting three-dimensional labeled graph, the values of
structural 3D descriptors are calculated, which can be
used for making QSAR predictions.


The above molecular surface is constructed based
on the van der Waas radii of atoms. Around each atom
of a molecule, a sphere of a given radius is constructed,
and the aggregate of these spheres is considered. The
resulting region is the base of the molecular surface at
which, after “smoothing,” stationary points are distin-
guished. They are defined as geometric local extrema of
the surface (the points at the surface nearest to or far-
thest from definite groups of atoms) or as physicochem-
ical extrema. A set of stationary points is calculated for
each molecule; these points are specified by their coor-
dinates, geometric type, and potential (Fig. 1).


Each stationary point is assigned a symbolic label
(marker). Marking is determined by the description
parameters optimized in the problem and can be calcu-
lated based on both the geometric type and the electro-
static potential at the surface. The electrostatic potential
is calculated by the formula


φ Qi/4πεε 'Ri( )∑ ,=


 


where 


 


R


 


i


 


 is the distance from the 


 


i


 


th atom to the SP, and


 


Q


 


i


 


 is the charge on this atom. A set of all electrostatic
potential values thus obtained is considered. The range
containing this set is divided into several partition inter-
vals. Three intervals are distinguished: the interval of
values close to zero (the magnitude of the potential is
smaller than the specified threshold value) and the
intervals of positive and negative values (the magnitude
is larger than the threshold value).


As a result, each stationary point has two character-
istics: (1) the local maximum or local minimum (two
variants) and (2) and the interval of the electrostatic
potential at the point (three variants). Combinations of
these characteristics gave six types of stationary points.
According to these types, the stationary points are
assigned symbolic labels. In this work, the numbers
from 1 to 6 are used as the labels.


At the next stage, we need to construct a family of
descriptors adapted to a given property (activity) and
then formulate a structure–descriptor matrix. A known
model used for studying structure–biological activity
relationships is a “spatial triangle” in which the vertices
have specified local physicochemical properties and the
sides are specified by intervals of distances. If a 3D
conformation of a molecule exists that “contains” such
a triangle, this molecule is believed to have the speci-
fied biological property. A more complicated variant of
such a model is a spatial pyramid with specified prop-
erties of the “vertices” and “edges.” Based on such a
model, we attempted to construct the descriptor alpha-
bet so that to describe the mutual arrangement of pairs,
triads, and tetrads of stationary points of the molecular
surface.


Then, we formulated a molecule–descriptor matrix
in which the rows correspond to the molecules of the
training set and the columns, to the descriptors. It is
worth noting that, in addition to structural 3D descrip-
tors, scalar descriptors can be used: general physico-
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chemical characteristics of molecules (e.g., molecular
weight, volume, refraction, surface tension, density,
dielectric constant, polarizability) and classical topo-
logical indices.


At the fourth stage, based on the formulated mole-
cule–attribute matrix X of the size 


 


N


 


 


 


×


 


 


 


M


 


 (


 


N


 


 is the num-
ber of objects of the training set, 


 


M


 


 is the number of
revealed attributes of the objects) and on the column of
properties (depending on whether or not the 


 


i


 


th mole-
cule has a given property, the column has in the 


 


i


 


th row,
respectively, 1 or –1), a prediction algorithm was
“launched” [3]. As such an algorithm, we used the
group method of data handling (GMDH), which makes
it possible to select significant properties of the mole-
cules of the matrix column (since the constructed
matrix is often very “wide,” i.e., 


 


M


 


 


 


�


 


 


 


N


 


) [4].


Inasmuch as the spatial forms of molecules of the
processed set are “inhomogeneous”, the structure-
activity relationship in the framework of the GMDH


method is sought as a tree of solutions in such a way
that the initial set of molecules is divided, upon train-
ing, into groups (clusters), and, then, a separate classi-
fier is found for each cluster (Fig. 2).


The hierarchical cluster analysis method is used for
identification of clusters [3]. An important advantage of
this method is the possibility to reject the prediction if
the compound studied is not similar to the molecules of
the training set. To assess the predictive stability of the
model, a cross-validation procedure is used [3] and the
multiple correlation coefficient is calculated. This coef-
ficient allows us to evaluate the quality of the descrip-
tion of the set in the given classification model con-
structed on selected parameters. The best model can be
chosen by varying the parameters of calculation of
descriptors, and the corresponding set of descriptors is
referred to as optimal for a specified property.


As mentioned above, this algorithm was tested for
the set of 50 molecules, 37 of which were amber odor-
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 Stationary points at the molecular surface.
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ants (have an odor) (Scheme 1), i.e., were biologically
active, and the other 13 molecules with similar struc-
tures did not exhibit biological activity. For each com-
pound of the set, the 3D description of the correspond-
ing molecular graph was obtained: the graph vertices
(atoms) were enumerated with additional attributes,
such as chemical symbol, three-dimensional coordi-
nates in angstroms, and electric charge. One of the
molecular surfaces with stationary points is shown in
Fig. 1.


After pairs and triads for each compound were
found, descriptors of length 703 were obtained. Based
on the formulated molecule–attribute matrix, the
GMDH algorithm was implemented. As a result, two
large clusters containing 28 and 10 elements were dis-
tinguished with the cross-validation estimate 78.6 and
80%, respectively [5]. This means that, by means of the
suggested algorithm, the labeled stationary points
describe rather accurately the activity in a series of
amber odorants.


In further description of the molecular surface in the
framework of the suggested approach, other properties


of molecules can be considered, for example, their lipo-
philicity or reactivity (the propensity to donate or
accept an electron or proton), thereby improving the
predictive quality of the model.
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 Scheme of use of the solution tree in prediction of biological activity.







<<
  /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, 2007, Vol. 62, No. 3, pp. 128–131. © Allerton Press, Inc., 2007.
Original Russian Text © T.D. Khokhlova, Le Thi Hien, 2007, published in Vestnik Moskovskogo Universiteta. Khimiya, 2007, No. 3, pp. 157–161.


 


128


 


Activated carbons (ACs) [1–3] and other carbon
materials (carbon blacks [4] and thermally expanded
graphites [5]) are highly efficient in decontamination of
water from dyes and other organic contaminants. The
effects of the surface geometry and surface chemistry
of carbon materials on dye adsorption have been stud-
ied in several works [6–9], but the adsorption mecha-
nism remains incompletely clear. In order to ascertain
molecular-sieve effects and the character of surface
interactions, here we study the adsorption of one basic
dye and one acidic dye on three activated carbons that
strongly differ in their porosity characteristics and con-
centrations of ion-exchange groups. For comparison,
we study graphitic thermal carbon black (GTCB),
which is a nonporous carbon adsorbent with a homoge-
neous nonpolar surface. We study adsorption as a func-
tion of the solution pH and the concentration of a neu-
tral electrolyte (sodium chloride) in order to ascertain
the contributions of ionic and hydrophobic interactions
to the adsorption of dyes on ACs.


EXPERIMENTAL


Three ACs (FAS-E, SKD-515, and BAU-A) and
Sterling MT GTCB were milled to obtained the fraction
with particle sizes of 40–100 


 


µ


 


m. The adsorbents were
dried at 180


 


°


 


C for 6 h. Their specific surface areas 


 


S


 


were measured by thermal nitrogen adsorption [10].
The reference used was GTCB with the BET specific
surface area of 11.5 m


 


2


 


/g. The total specific micro- and
mesopore volume 


 


V


 


 of the ACs was derived from cap-
illary benzene condensation after 10-day exposure to
benzene vapor in a desiccator.


The concentration of anion- and cation-exchange
groups in the ACs was determined by back-titration
with 0.01 N solutions of hydrochloric acid and sodium
hydroxide, respectively, after weighed AC samples
were exposed to aqueous acid or base for 5 days until
equilibration. Methyl Red indicator was used to titrate
equilibrated solutions.


The zero-charge-point (pH


 


zcp


 


) of the ACs was mea-
sured, as described in [11], as follows. To an AC sample
(100 mg), 5 mL of 0.1 N NaCl (pH 7.0) was first added
until a constant pH was acquired; then, the following
aliquot of the solution was added. The procedure was
repeated six times. The zero-charge point was set to be
the pH of the plateau on the pH versus solution volume
plot.


The dyes used were Acid Orange (an acidic dye con-
taining one sulfo group) and Methylene Blue (a basic
dye containing two alkylamino groups).


The adsorption was measured as follows. Weighed
samples of a sorbent were periodically shaken in vials
with 5–10 mL of solutions during 10–30 days until
equilibration. The dye concentration was determined
spectrophotometrically after centrifuging.


Dye adsorption isotherms were calculated for solu-
tions in distilled water and in 0.01 M phosphate buffer
solutions with pH ranging from 2 to 10. From these iso-
therms, the maximum adsorption 


 


A


 


m


 


 was calculated
using the Langmuir equation. The dye uptake was mea-
sured as a function of pH in 0.01 M phosphate buffer
solutions and in the same solutions after adding sodium
chloride and adjusting its concentration to 0.3 N.
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Abstract


 


—The adsorption of a basic dye (Methylene Blue; MB) and an acidic dye (Acid Orange; AO) has been
studied on three activated carbons (ACs; FAS, SKD, and BAU) significantly differing in their porous structures
and surface concentrations of ion-exchange groups and on graphitic thermal carbon black (GTCB). The effec-
tive specific surface area of FAS, SKD, and BAU determined by dye adsorption is, respectively, 60, 50, and 40%
of the BET nitrogen adsorption surface area. The MB uptake on ACs and GTCB increases with rising pH, while
the AO uptake decreases. Addition of an electrolyte (0.3 M NaCl) virtually does not effect the adsorption of
dyes on ACs and GTCB. It is suggested that hydrophobic interactions, and not ionic ones, are the major con-
tributors to the adsorption of dyes on ACs.
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RESULTS AND DISCUSSION


The AC surface is used only partially for dye
adsorption because of the molecular-sieve effect [7]. In
order to ascertain this effect, we compared the adsorp-
tion of dyes on GTCB and ACs.


Figure 1 shows isotherms of AO and MB adsorption
on GTCB from phosphate buffer solution (pH 6). The
adsorption of AO in the initial concentration region is
slightly higher than that of MB.


Table 1 displays the maximum uptakes per unit sur-
face calculated from these isotherms and the molecular
areas in the monolayer. These quantities for both dyes
are quite similar.


The isotherms of AO on ACs adsorption from a pH-
6 phosphate buffer solution are shown in Fig. 2. The
adsorption isotherms for this dye on ACs and GTCB
have approximately identical shapes. There is a rapid
rise in adsorption in the initial concentration region fol-
lowed by a plateau in the range 0.1–0.5 mmol/L. This
type of isotherm was also obtained for MB on ACs.


Assuming that the molecular areas for the adsorbate
dye on ACs and GTCB are identical, the accessibility of
the AC surface to dye molecules can be ascertained
from these adsorption isotherms. Table 2 lists the effec-
tive specific surface areas of ACs calculated from the
dye adsorption isotherms and those determined by ther-
mal nitrogen desorption. The specific pore volumes
derived from capillary benzene condensation are also
listed in Table 2. One can see that the specific pore vol-
ume of FAS-E (


 


V


 


 = 1.07 cm


 


3


 


/g) is about three times that
of either of the other two ACs; the BET effective spe-
cific surface area of FAS-E is about 1.6 and 1.8 times
that of SKD-515 and BAU-A, respectively. The effec-
tive specific surface areas of ACs determined with AO
and MB are quite similar. These specific surface areas
are about 60, 50, and 40% for FAS-E, SKD-515, and
BAU-A, respectively. Therefore, the exclusion of AO


and MB molecules from pores is the highest on BAU-A
and the lowest on FAS-E.


Table 3 lists the maximum adsorptions of dyes on
ACs from phosphate buffer solutions with pH 2, 6, and
10. On all ACs, the maximum adsorption of the acidic
dye increases noticeably with rising solution pH; that of
the basic dye decreases. This behavior of the dye uptake
as dependent on pH in [8] was related to the 


 


ζ


 


 potential
and the zero-charge point of AC.


In order to elucidate the types of interactions
between dye molecules and the surface, we determined
the following parameters of ACs (Table 4): 


 


N


 


A


 


, the
anion-exchange-group concentration; 


 


N


 


C


 


, the cation-
exchange-group concentration; 


 


N


 


Σ


 


 (mequiv/g), the
overall concentration of ion-exchange groups; 


 


N


 


A


 


/


 


N


 


C


 


,
the ratio between the concentrations of anion- and cat-
ion-exchange-groups; and pH


 


zcp


 


. On all three ACs, the
anion-exchange-group concentration is noticeably
higher than the cation-exchange-group concentration
(Table 4). The highest 


 


N


 


A


 


/


 


N


 


C


 


 ratio (17.6) is observed on
SKD. On FAS and BAU, this ratio is the same and is
one-fifth that on SKD. Accordingly, the zero charge
point on SKD is the highest (pH


 


zcp


 


 8.66); on FAS and
BAU, the zero charge points are far lower and roughly
equal (pH


 


zcp


 


 7.93 and 7.95, respectively). In BAU (the
most hydrophilic AC), the ion-exchange-group concen-
tration 


 


N


 


Σ


 


 is 0.71 mequiv/g, i.e., 1.5 times that in SKD
(


 


N


 


Σ


 


 = 0.47 mequiv/g). FAS is the least hydrophilic AC
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 Dye adsorption isotherms on GTCB from a 0.01 M
phosphate-buffered solution with pH 6.0 for (
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) AO and
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) MB.
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  Adsorption of dyes on GTCB: maximum adsorption
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 Acid Orange adsorption isotherms on ACs from a
0.01 M phosphate buffer solution with pH 6.0 on (
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) BAU-A,
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) SKD-515, and (
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(


 


N


 


Σ


 


 = 0.29 mequiv/g). Comparing the adsorption on
ACs with that on a nonpolar carbon material (GTCB) as
functions of solution pH and ionic strength offers a
means for ascertaining the character of adsorption
interactions between the dye and the AC surface.


Figure 3 illustrates the adsorption of AO and MB on
GTCB as a function of pH in low-ionic-strength solu-
tions (in 0.01 M phosphate buffer solutions) and the
adsorption of AO in the same buffer solutions that con-
tain 0.3 N NaCl. Both on ACs (Table 3) and on GTCB,
the highest adsorption of the acidic dye is observed for
the lowest pH (pH 2) and that of the basic dye is
observed for the highest pH (pH 10). The fraction of the
molecular species of the dye increases and that of the
ionic species decreases with decreasing pH in the acidic
dye solutions and with increasing pH in the basic dye
solutions. An electrolyte (0.3 N NaCl) virtually does
not affect the adsorption. The adsorption of dyes on the
nonpolar GTCB surface is controlled by hydrophobic
interactions. Figure 4 shows similar dye adsorption
curves on BAU (the most hydrophilic AC with the high-
est total concentration of ion-exchange groups, equal to
0.71 mequiv/g). One can see that the trend of dye
adsorption on BAU as dependent on the pH and electro-
lyte concentration is the same as on GTCB. The adsorp-
tion of the acidic dye increases with decreasing pH,
while that of the basic dye increases with increasing pH.
Addition of an electrolyte to the solution influences the
adsorption of AO on BAU as insignificantly as on
GTCB. However, an electrolyte, as a rule, dramatically
decreases the ion-exchange sorption of organic com-
pounds [12]. All the aforesaid implies that hydrophobic
interactions, and not ionic ones, are the main contribu-
tors to dye adsorption on ACs.


In summary, our comparative experiments on the
adsorption of dyes on GTCB and ACs resulted in the
determination of effective specific surface areas for
ACs and ascertained the character of adsorption inter-
actions between dyes and the AC surface.


 


Table 2.


 


  Structural parameters of ACs


AC type
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nitrogen


 


,
m


 


2


 


/g


 


S


 


AO


 


,
m


 


2


 


/g


 


S


 


MB


 


,
m


 


2


 


/g


 


V


 


benzene


 


,
cm


 


3


 


/g


FAS-E 880 580 520 1.07


SKD-515 560 290 270 0.43


BAU-A 480 180 190 0.37


 


Table 3.


 


  Maximum adsorption 


 


A


 


m


 


 (mmol/g) of dyes as
a function of pH


Dye Acid Orange Methylene Blue


pH 2 6 10 2 6 10


FAS-E 1.71 1.43 1.40 1.06 1.25 1.91


SKD-515 1.12 0.77 0.68 0.88 0.88 1.42


BAU-A 0.62 0.48 0.38 0.45 0.46 0.60


 


Table 4.


 


  Zero-charge point and concentrations of anion-
exchange 


 


N


 


A


 


 (mequiv/g) and cation-exchange 


 


N


 


C


 


 (mequiv/g)
groups in ACs


AC type


 


N


 


A


 


N


 


C


 


N


 


Σ


 


N


 


A


 


/


 


N


 


C


 


pH


 


zcp


 


FAS-E 0.23 0.063 0.29 3.65 7.93


SKD-515 0.44 0.025 0.47 17.6 8.66


BAU-A 0.55 0.16 0.71 3.55 7.95
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 Maximum adsorption on GTCB vs. solution pH:
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) from 0.01 M phosphate buffer
solutions and (
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) from the same solutions containing 0.3 N
NaCl, and (
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) adsorption of MB from 0.01 M phosphate
buffer solutions.
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 Maximum adsorption on BAU-A vs. solution pH:
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) adsorption of AO (
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) from 0.01 M phosphate buffer
solutions and (
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) from the same solutions containing 0.3 N
NaCl, and (
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) adsorption of MB from 0.01 M phosphate
buffer solutions.
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Gram-positive bacteria produce surface proteins
that mediate bacterial cell attachment to the host organ-
ism and hinder phagocytosis. Surface proteins are
sorted at the bacterial cell wall envelope, and this pro-
cess is catalyzed by the sortase enzyme [1]. 


 


S. aureus


 


sortase SrtA catalyzes the transpeptidation reaction in
which the surface protein containing the LPXTG motif
undergoes cleavage at the bond between the threonine
(T) and glycine (G) residues. Then, the threonine car-
boxyl group is attached to the amino group of the pep-
tidoglycan pentaglycine cross-bridge of the bacterial
cell membrane. As a result of this reaction, surface pro-
teins are covalently anchored to the bacterial cell wall.
There is experimental evidence that SrtA sortase plays
a significant role in the surface functionality of a bacte-
rial cell expressing virulent factors and in pathogenesis
of many 


 


S. aureus


 


 infections. Deactivation of SrtA
genes in 


 


S. aureus


 


 and other gram-positive microorgan-
isms inhibits the adherence of surface proteins and
decreases the virulence of a bacterium [2]. Thus, the
inhibition of sortase activity can be considered as a new
approach to treatment of gram-positive bacterial infec-
tions, which is supplementary to routine methods using
traditional antibiotics.


Several classes of 


 


S. aureus


 


 SrtA inhibitors are cur-
rently known: peptides [3, 4], plant extracts [5, 6], and
small organic molecules [6–8]. The latter are regarded


by pharmaceutical companies as the most promising
compounds for development of drugs. Based on syn-
theses of different derivatives of 2-pyrrolidinecarboxy-
lic acids [9, 10] and the knowledge of pharmacophores
of known inhibitors (vinylsulfonyl moiety [7] and
nitrile group [8]), the virtual design and synthesis of 5-
phenylprolines 


 


A


 


 and 


 


B


 


 (Fig. 1) have been carried out
and their 


 


S. aureus


 


 SrtA inhibiting properties have been
studied.


Synthesis of compounds 


 


A


 


 and 


 


B


 


 is based on 1,3-
dipolar cycloaddition of dipolarophiles to azomethine
ylides produced from 


 


α


 


-amino acid imino esters. The
reaction of divinylsulfone with imino esters 


 


1


 


, synthe-
sized from glycine methyl ester and benzaldehydes, in
the presence of silver(I) acetate gives 4-vinylsulfonyl-
5-phenylprolines 


 


2a


 


–


 


2c


 


 in yields not exceeding 30%
(Scheme 1), which differs from the reaction of dime-
thyl 2-benzylideneaminopentanedioate with divinyl-
sulfone [9].


The low yield of target products of 1,3-dipolar
cycloaddition of 


 


2


 


 is due to the bifunctionality of the
dipolarophile used and the possibility of competing
conjugated addition of divinylsulfone to the 


 


α


 


 position
of imino ester 


 


1


 


 (Scheme 2) [11]. Metal dipole 


 


C


 


 is able
to act as the Michael donor and to react with divinylsul-
fone to give azomethine ylide 


 


D


 


. The latter enters the
intramolecular reaction to produce bicyclic product 


 


3


 


.
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Abstract


 


—Methyl esters of 5-phenylprolines with the vinylsulfonyl or cyano group in the 4-position of the pyr-
rolidine ring have been synthesized. X-ray crystallography shows that all substituents in the vinylsulfonyl deriv-
atives are 


 


cis


 


 to each other. All compounds are inhibitors of 


 


Staphylococcus aureus


 


 sortase SrtA.
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 5-Phenylprolines 
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 and 
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The addition of the second divinylsulfone molecule gives
substituted 5-phenylproline 


 


4


 


 with two vinylsulfonyl
groups. Compounds spectrally corresponding to struc-
tures 


 


3


 


 and 


 


4


 


 were obtained by the reaction of imino
esters 


 


1


 


 with divinylsulfone but were not studied in detail.


X-ray crystallography showed that all the three sub-
stituents in pyrrolidinevinylsulfone 


 


2c


 


 are 


 


cis


 


 to each
other (Fig. 2). Selected bond lengths and bond angles in


 


2c 


 


are listed in the table. The basic geometric parame-
ters of molecule 


 


2c


 


 have common values [12].


The 


 


1


 


H NMR chemical shifts and spin coupling con-
stants for the protons of the pyrrolidine ring of prolines


 


2a


 


–


 


2c


 


 are the same (see Experimental), which allows us
to conclude that the three compounds have the same spa-
tial structure. Pyrrolidinylvinylsulfones 


 


2a


 


–


 


2c


 


 are stable
for one year when kept at +4


 


°


 


C notwithstanding the fact
that the same molecule contains the Michael acceptor
(vinylsulfonyl group) and donor (secondary amine).


The cyano group was introduced into the pyrrolidine
ring by the reaction of imino esters 


 


1


 


, obtained from


 


R1


N
OMe


O


 


SO2


 


N


S
O


O


H
R


OMe


O


 


AgOAc, Et


 


3


 


N, 


 


toluene


 


1a–1c


 


(±)-


 


2a


 


–


 


2c


 


, 13–26%


R = H (


 


a


 


), 2-F (


 


b


 


), 3-F (


 


c


 


)


 


Scheme 1.
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N
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R


S
O O


OMe
O


 


R


N+ OMe


Ag·····O


SO2


–


 


N
H


R


S
O


O


OMe


O


S
O


O


 


(CH


 


2


 


=CH)SO


 


2


 


(CH


 


2


 


=CH)SO


 


2


 


 Intramolecular
cycloaddition


 


C


D


 


Scheme 2.


 


 


Selected bond lengths (


 


d


 


, Å) and bond angles (


 


ω


 


, deg) in molecule 


 


2c


 


Bond


 


d


 


, Å Bond


 


d


 


, Å Angle


 


ω


 


, deg


S(1)–O(1) 1.378(10) N(1)–C(1) 1.472(14) O(1)–S(1)–O(2) 117.6(6)


S(1)–O(2) 1.455(8) O(3)–C(5) 1.235(17) O(1)–S(1)–C(7) 109.7(7)


S(1)–C(7) 1.764(13) O(4)–C(5) 1.259(16) O(1)–S(1)–C(2) 106.6(6)


S(1)–C(2) 1.812(12) O(4)–C(6) 1.401(16) O(2)–S(1)–C(2) 110.5(6)


F(1)–C(11) 1.351(18) C(7)–C(8) 1.31(2) C(7)–S(1)–C(2) 104.9(6)


N(1)–C(4) 1.453(15) – – C(4)–N(1)–C(1) 105.9(9)


 


3


4
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glycine and alanine methyl esters and benzaldehydes
with acrylonitrile in the presence of lithium bromide
(Scheme 3). Cycloaddition in this case is characterized
by low selectivity and leads to the formation of 


 


exo


 


products 


 


5


 


 and 


 


endo


 


 products 


 


6


 


 [13]. Isomeric 4-cyano-
5-phenylprolinates 


 


5


 


 and 


 


6


 


 are separated chromato-
graphically or by fractional recrystallization.


The structures of potential inhibitors were further
modified by methylation of the secondary amine nitro-
gen in compounds 


 


5


 


 (Scheme 4).


All 4-substituted 5-phenylprolinates 


 


2


 


, 


 


5


 


, 


 


6


 


, and 


 


7


 


taken in 5 mM concentration in vitro inhibit 


 


S. aureus


 


sortase SrtA. Details of these tests will be reported in a
separate paper.


EXPERIMENTAL


The 


 


1


 


H and 


 


13


 


C NMR spectra were recorded on a
Bruker AMX-400 spectrometer (400 MHz (


 


1


 


H), 100
MHz (


 


13


 


C)) at 303 K in solutions in DMSO-


 


d


 


6


 


 or
CDCl


 


3


 


. Residual signals of the solvents were used as
internal references. Spin coupling constants (


 


J


 


) are in
Hz. Compound 


 


2c


 


 was studied by X-ray crystallogra-
phy on an Enraf-Nonius CAD4 automated diffractome-
ter at 293 K. Compounds 


 


2


 


, 


 


5


 


, 


 


6


 


, and 


 


7


 


 were synthe-
sized by the methods described in [9, 10].


 


Methyl (2


 


S


 


*,4


 


S


 


*,5


 


S


 


*)-4-ethylenesulfonyl-5-phe-
nylpyrrolidine-2-carboxylate (2a).


 


 Yield, 13%; color-
less crystals with mp 111–112


 


°


 


C. 


 


1


 


H NMR (CDCl


 


3


 


), 


 


δ


 


,
ppm: 2.66–2.80 (m, 2H, H-3), 3.09 (br s, 1H, NH), 3.76
(ddd, 1H, H-4, 


 


J 


 


= 8.3, 6.3, 6.3), 3.84 (s, 3H, COOCH3),
4.02 (dd, 1H, H-2, J = 8.3, 8.3), 4.57 (d, 1H, H-5, J =
6.3), 5.39 (dd, 1H, CH2=CH, J = 16.4, 9.9), 5.61 (d, 1H,
CH2=CH, J = 9.9), 5.92 (d, 1H, CH2=CH, J = 16.4),
7.31–7.39 (m, 3H, Ar), 7.42–7.46 (m, 2H, Ar). 13C
NMR (CDCl3), δ, ppm: 30.74, 52.54, 58.46, 64.26,
67.27, 128.25 (2C), 128.33 (2C), 128.40, 129.53,
134.97, 136.10. 172.35.


For C14H17NO4S anal. calcd. (%): C, 56.93; H, 5.80;
N, 4.74.


Found (%): C, 56.81; H, 5.87; N, 4.48.
Methyl (2S*,4S*,5S*)-4-ethylenesulfonyl-5-(2-


fluorophenyl)pyrrolidine-2-carboxylate (2b). Yield,
26%; colorless crystals with mp 97–99°C. 1H NMR
(CDCl3), δ, ppm: 2.73–289 (m, 2H, H-3), 3.20 (br s,


F(1)
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Fig. 2. Molecular structure of 2c. 
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1H, NH), 3.85 (s, 3H, COOCH3), 3.87–3.92 (m, 1H,
H-4), 3.99 (dd, 1H, H-2, J = 9.1, 7.6), 4.61 (d, 1H, H-5,
J = 6.1), 5.65 (m, 1H, CH2=CH), 5.81–5.85 (m, 2H,
CH2=CH), 6.99–7.06 (m, 1H, Ar), 7.21 (t, 1H, Ar, J =
7.6), 7.30–7.37 (m, 1H, Ar); 7.56 (t, 1H, Ar, J = 7.3).
13C NMR (CDCl3), δ, ppm: 30.97, 52.54, 58.11, 58.70,
64.39, 114.63 (d, JCF = 21.2), 123.25 (d, JCF = 13.9),
124.22, 128.36 (d, JCF = 3.7), 129.75 (d, JCF = 8.7),
129.80, 135.08, 160.77 (d, JCF = 245.9), 171.99.


For C14H16FNO4S anal. calcd. (%): C, 53.66; H,
5.15, N, 4.47.


Found (%): C, 53.87; H, 5.07; N, 4.68.
Methyl (2S*,4S*,5S*)-4-ethylenesulfonyl-5-(3-


fluorophenyl)pyrrolidine-2-carboxylate (2c). Yield,
19%; colorless crystals with mp = 99–100°C. 1H NMR
(CDCl3), δ, ppm: 2.64–2.78 (m, 2H, H-3), 3.00 (br s,
1H, NH), 3.77 (ddd, 1H, H-4, J = 7.8, 6.6, 6.6), 3.84 (s,
3H, COOCH3), 4.01 (t, 1H, H-2, J = 8.3), 4.58 (d, 1H,
H-5, J = 6.6), 5.60–5.75 (m, 2H, CH2=CH), 5.98 (d,
1H, CH2=CH, J = 16.2), 7.03 (td, 1H, Ar, J = 8.3, 1.5),
7.18–7.27 (m, 2H, Ar), 7.34 (ddd, 1H, Ar, J = 7.8, 7.8,
6.1). 13C NMR(CDCl3), δ, ppm: 30.61, 52.57, 58.28,
63.56, 66.76, 115.25 (d, JCF = 21.2). 115.40 (d, JCF =
22.7), 124.03, 129.77 (d, JCF = 8.1), 219.86, 134.90,
139.01 (d, JCF = 7.3), 162.65 (d, JCF = 247.4), 172.25.


For C14H16FNO4S anal. calcd. (%): C, 53.66; H,
5.15; N, 4.47.


Found (%): C, 53.52; H, 5.05; N, 4.28.
Methyl (2S*,4R*,5R*)-4-cyano-5-phenylpyrroli-


dine-2-carboxylate (5a). Yield, 41%; colorless crystals
with mp 90°C (lit.: mp 93–94°C [13]). 1H NMR
(CDCl3), δ, ppm: 2.46–2.55 (m, 1H, H-3), 2.57–2.64
(m, 1H, H-3), 2.69 (br s, 1H, NH), 3.26–3.32 (m, 1H,
H-4), 3.83 (s, 3H, COOCH3), 3.99 (dd, 1H, H-2, J =
8.5, 6.7), 4.42 (d, 1H, H-5, J = 6.3), 7.32–7.38 (m, 1H,
Ar), 7.41 (t, 2H, Ar, J = 7.3), 7.49 (d, 2H, Ar, J = 7.6).
13C NMR (CDCl3), δ, ppm: 34.15, 35.94, 52.29, 58.55,
64.70, 119.28, 127.04 (2C), 128.54, 128.67 (2C),
137.72, 172.96.


For C13H14N2O2 anal. calcd. (%): C, 67.81; H, 6.13;
N, 12.17.


Found (%): C, 67.99; H, 6.03; N, 12.28.
Methyl (2S*,4R*,5R*)-4-cyano-5-(2-fluorophe-


nyl)pyrrolidine-2-carboxylate (5b). Yield, 41%; col-
orless crystals with mp 51°C. 1H NMR (CDCl3), δ,
ppm: 2.44–2.52 (m, 1H, H-3), 2.59 (m, 2H, H-3, NH),
3.42–3.49 (m, 1H, H-4), 3.82 (s, 3H, COOCH3), 3.97
(dd, 1H, H-2, J = 8.8, 6.8), 4.67 (d, 1H, H-5, J = 6.6),
7.04–7.12 (m, 1H, Ar), 7.22 (td, 1H, Ar, J = 7.6, 0.8),
7.30–7.37 (m, 1H, Ar), 7.73 (td, 1H, Ar, J = 7.6, 1.0).
13C NMR (CDCl3), δ, ppm: 34.01, 34.62, 52.56, 58.03,
58.23, 115.14 (d, JCF = 22.0), 119.12, 124.50 (d, JCF =
2.9), 125.16 (d, JCF = 13.2), 127.87 (d, JCF = 3.7),
129.92 (d, JCF = 8.8), 160.22 (d, JCF = 245.9), 172.72.


For C13H13FN2O2 anal. calcd. (%): C, 62.90; H,
5.28; N, 11.28.


Found (%): C, 62.72; H, 5.29; N, 11.18.


Methyl (2S*,4R*,5R*)-5-(3-chlorophenyl)-4-
cyanopyrrolidine-2-carboxylate (5d). Yield, 50%;
colorless crystals with mp 97–99°C. 1H NMR (DMSO-
d6), δ, ppm: 2.20–2.27 (m, 1H, H-3), 2.52–2.58 (m, 1H,
H-3), 3.62–3.67 (m, 1H, NH), 3.70 (s, 3H, COOCH3),
3.71–3.76 (m, 1H, H-4), 3.90–3.96 (m, 1H, H-2), 4.43
(dd, 1H, H-5, J = 6.1, 6.1), 7.32–7.44 (m, 3H, Ar),
7.55–7.58 (m, 1H, Ar).


For C13H13ClN2O2 anal. calcd. (%): C, 58.99; H,
4.95; N, 10.58.


Found (%): C, 59.15; H, 5.01; N, 10.69.
Methyl (2S*,4R*,5R*)-5-(2-chlorophenyl)-4-


cyano-2-methylpyrrolidine-2-carboxylate (5e).
Yield, 58%; colorless crystals with mp 95°C. 1H NMR
(DMSO-d6), δ, ppm: 1.42 (s, 3H, CH3), 2.24 (dd, 1H,
H-3, J = 13.2, 8.1), 2.64 (dd, 1H, H-3, J = 13.2, 4.1),
3.38–3.44 (m, 1H, NH), 3.70 (s, 3H, COOCH3), 3.86
(ddd, 1H, H-4, J = 8.1, 6.0, 4.1), 4.87 (dd, 1H, H-5, J =
6.0), 7.32 (td, 1H, Ar, J = 7.5, 1.8), 7.39 (td, 1H, Ar, J =
7.5, 1.3), 7.49 (dd, 1H, Ar, J = 7.8, 1.3), 7.84 (dd, 1H,
Ar, J = 7.8, 1.8).


For C14H15ClN2O2 anal. calcd. (%): C, 60.33; H,
5.42; N, 10.05.


Found (%): C, 60.15; H, 5.31; N, 10.19.
Methyl (2S*,4R*,5R*)-5-(4-chlorophenyl)-4-


cyano-2-methylpyrrolidine-2-carboxylate (5f).
Yield, 70%; colorless crystals with mp 101–102°C. 1H
NMR (DMSO-d6), δ, ppm: 1.40 (s, 3H, CH3), 2.16 (dd,
1H, H-3, J = 7.8, 13.2), 2.65 (dd, 1H, H-3, J = 3.7,
13.2), 3.38 (d, 1H, NH, J = 6.1), 3.70 (s, 3H, COOCH3),
3.65–3.69 (m, 1H, H-4), 4.60 (dd, 1H, H-5, J = 6.1,
6.1), 7.39–7.50 (m, 4H, Ar).


For C14H15ClN2O2 anal. calcd. (%): C, 60.33; H,
5.42; N, 10.05.


Found (%): C, 60.45; H, 5.55; N, 10.29.
Methyl (2S*,4R*,5R*)-4-cyano-2-methyl-5-(o-


tolyl)pyrrolidine-2-carboxylate (5g). Yield, 46%; oily
substance. 1H NMR (DMSO-d6), δ, ppm: 1.42 (s, 3H,
CH3), 2.23 (dd, 1H, H-3, J = 7.8, 13.2), 2.30 (s, 3H,
ArCH3), 2.64 (dd, 1H, H-3, J = 3.9, 13.2), 3.18 (d, 1H,
NH, J = 6.1), 3.71 (s, 3H, COOCH3), 3.76 (ddd, 1H, H-
4, J = 3.9, 6.1, 7.8), 4.72 (dd, 1H, H-5, J = 6.1, 6.1),
7.12–7.23 (m, 3H, Ar), 7.68 (dd, 1H, Ar, J = 1.5, 8.5).


For C15H18N2O2 anal. calcd. (%): C, 69.74; H, 7.02;
N, 10.84.


Found (%): C, 69.55; H, 7.05; N, 10.69.
Methyl (2S*,4S*,5R*)-4-cyano-5-phenylpyrroli-


dine-2-carboxylate (6a). Yield, 20%; colorless crystals
with mp 77°C (lit.: colorless liquid [13]). 1H NMR
(CDCl3), δ, ppm: 2.48–2.61 (m, 3H, H-3, NH), 2.83 (q,
1H, H-4, J = 9.0), 3.80 (s, 3H, COOCH3), 4.08 (dd, 1H,
H-2, J = 8.8, 5.3), 4.37 (d, 1H, H-5, J = 9.0), 7.33–7.42
(m, 3H, Ar), 7.48–7.52 (m, 2H, Ar). 13C NMR (CDCl3),
δ, ppm: 34.31, 36.42, 52.54, 58.54, 67.27, 119.76,
126.63 (2C), 128.65, 128.95 (2C), 138.81, 173.68.


For C13H14N2O2 anal. calcd. (%): C, 67.81; H, 6.13;
N, 12.17.
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Found (%): C, 67.70; H, 6.18; N, 12.10.
Methyl (2S*,4S*,5R*)-4-cyano-5-(2-fluorophe-


nyl)pyrrolidine-2-carboxylate (6b). Yield, 21%; oily
substance. 1H NMR (CDCl3), δ, ppm: 2.49–2.54 (m,
2H, H-3), 2.61 (br s, 1H, NH), 3.01 (q, 1H, H-4, J =
8.1), 3.80 (s, 3H, COOCH3), 4.12 (t, 1H, H-2, J = 7.3),
4.71 (d, 1H, H-5, J = 8.1), 7.09 (ddd, 1H, Ar, J = 10.6,
8.3, 0.8), 7.18 (td, 1H, Ar, J = 7.6, 0.8), 7.29–7.36 (m,
1H, Ar), 7.59 (td, 1H, Ar, J = 7.6, 1.5). 13C NMR
(CDCl3), δ, ppm: 34.11, 35.11, 52.54, 58.70, 61.05,
115.84 (d, JCF = 21.22), 119.64, 124.68 (d, JCF = 3.7),
125.95 (d, JCF = 12.4), 128.43 (d, JCF = 3.7), 130.12 (d,
JCF = 8.1), 160.73 (d, JCF = 246.6), 173.33.


For C13H13FN2O2 anal. calcd. (%): C, 62.90; H,
5.28; N, 11.28.


Found (%): C, 63.15; H, 5.39; N, 11.18.
Methyl (2S*,4R*,5R*)-4-cyano-5-(2-fluorophe-


nyl)-1-methylpyrrolidine-2-carboxylate (7b). Yield,
97%; colorless crystals with mp 66–68°C. 1H NMR
(DMSO-d6), δ, ppm: 2.16–2.23 (m, 1H, H-3), 2.23 (s,
3H, N–CH3), 2.66 (dt, 1H, H-3, J = 13.2., 8.8), 3.39 (dd,
1H, H-4, J = 8.8, 7.1), 3.72 (s, 3H, COOCH3), 3.72–
3.77 (m, 1H, H-2), 4.09 (d, 1H, H-5, J = 7.1), 7.22 (ddd,
1H, Ar, J = 10.7, 8.1, 1.1), 7.29 (ddd, 1H, Ar, J = 7.6,
1.1, 1.1), 7.36–7.42 (m, 1H, Ar), 7.62 (ddd, 1H, Ar, J =
7.6, 1.7, 1.7).


For C14H15FN2O2 anal. calcd. (%): C, 64.11; H,
5.76; N, 10.68.


Found (%): C, 64.25; H, 5.79; N, 10.88.
Methyl (2S*,4R*,5R*)-5-(2-chlorophenyl)-4-


cyano-1,2-dimethylpyrrolidine-2-carboxylate (7e).
Yield, 82%; colorless crystals with mp 95°C. 1H NMR
(DMSO-d6), δ, ppm: 1.32 (s, 3H, CH3), 2.15 (s, 3H, N-
CH3), 2.32 (dd, 1H, H-3, J = 12.7, 8.3), 2.47–2.55 (m,
1H, H-3), 3.72 (s, 3H, COOCH3), 3.90–3.97 (m, 1H,
H−4), 4.35 (d, 1H, H-5, J = 8.1), 7.36 (td, 1H, Ar, J =
7.6, 1.8), 7.41–7.50 (m, 2H, Ar), 7.68 (dd, 1H, Ar, J =
7.6, 1.8).


For C15H17ClN2O2 anal. calcd. (%): C, 61.54; H,
5.85; N, 9.57.


Found (%): C, 61.36; H, 5.81; N, 9.75.
Methyl (2S*,4R*,5R*)-4-cyano-1,2-dimethyl-5-


(o-tolyl)pyrrolidine-2-carboxylate (7g). Yield, 81%;
colorless crystals with mp 115–117°C. 1H NMR
(DMSO-d6), δ, ppm: 1.31 (s, 3H, CH3), 2.11 (s, 3H, N–
CH3), 2.26 (dd, 1H, H-3, J = 8.1, 12.7), 2.31 (s, 3H,
ArCH3), 2.55 (dd, 1H, H-3, J = 6.1, 12.7), 3.72 (s, 3H,
COOCH3), 3.81–3.89 (m, 1H, H-4), 4.17 (d, 1H, H-5,
J = 7.6), 7.15–7.28 (m, 3H, Ar), 7.56 (d, 1H, Ar, J = 7.6).


For C16H20N2O2 anal. calcd. (%): C, 70.56; H, 7.40;
N, 10.29.


Found (%): C, 70.75; H, 7.35; N, 10.59.
X-ray crystallographic study of 2c. Crystals of 2c


(C14H16F1N1O4S1), FW = 313.35) are monoclinic,
space group Cc, a = 14.985(9) Å, b = 10.398(7) Å, c =
10.610(5) Å, β = 117.57(4)°, V = 1465.5(15) Å3, Z = 4,
Dcalc = 1.420 g/cm3, CuKα radiation (λ = 1.54178 Å,


graphite monochromator); µ(CuKα) = 2.218 mm–1,
F(000) = 656. The intensities of 2229 reflections (1684
unique reflections, Rint = 0.0582) were measured using
the ω scan mode in the range 5.40° < θ < 64.93° (–17 ≤
h ≤ 17, –3 ≤ k ≤ 12, –3 ≤ l ≤ 12). The experimental data
were corrected for polarization and Lorentz factors
[14]. Absorption correction was applied using the azi-
muthal scan method. The structure was solved by direct
methods (SHELX86 [15]). All non-hydrogen atoms
were refined by full-matrix anisotropic least-squares
calculations on F2 (SHELXL97 [16]). The H(1) amine
atom (Fig. 2) was located from a difference synthesis,
and the other hydrogen atoms were placed in calculated
positions. All hydrogen atoms were refined as riding on
their bonded non-hydrogen atoms. The final residual
values were R1 = 0.1162 and wR2 = 0.2532 for 976
reflections with I > 2σ(I) and 191 refined parameters.
The Flack parameters was –0.03(8), ∆ρmin/max =
−1.253/0.631 e/Å3.
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Intermetallic hydrides (IMHs) are of interest for use
as the base of hydrogenation catalytic systems, in partic-
ular, for Fischer–Tropsch synthesis. Intermetallic
hydrides per se are not catalytically active. They acquire
such activity when subjected to oxidation–reduction
treatment (ORT) as a result of the segregation of one of
their metals during ORT. The resulting metal nanoparti-
cles are the catalytically active component [1].


Hydrides ZrCoH


 


x


 


 deserve special consideration.
First, cobalt-base Fischer–Tropsch catalysts are most
selective to C


 


5


 


 and higher liquid hydrocarbons. Second,
nonstoichoimetric ZrO


 


2


 


 is the promoter for some
cobalt-base catalytic systems supported on Al


 


2


 


O


 


3


 


, SiO


 


2


 


,
or TiO


 


2


 


. Third, the hydride system is conserved under
sufficiently mild ORT parameters; for this reason,
IMH-base catalysts have unique properties, such as the
nonexistence of surface carbonization and the high con-
centrations of active surface hydrogen.


In order to prepare Fischer–Tropsch catalysts with
definite cobalt grain sizes, one needs data on the kinet-
ics of ZrCoH


 


x


 


 oxidation, the dynamics of cobalt metal
segregation, and the resulting metal particle sizes. In
this context, here we studied the magnetization and
dynamics of hydrogen removal during the oxidation of
ZrCoH


 


x


 


 samples, either intact or after hydrogen ther-
modesorption.


EXPERIMENTAL


A ZrCoH


 


1.5


 


 sample (0.023 g) was placed in a
microreactor, which also served as the cell of a vibra-
tional magnetometer. The magnetometer was calibrated
against a high-purity cobalt sample. Magnetization was
assumed to be proportional to the cobalt metal weight.


The microreactor was connected to a heat conduc-
tivity detector in order to continuously measure the gas
composition at its outlet. The working gases used were


argon (high purity grade), hydrogen free from trace
oxygen and water, and O


 


2


 


 + Ar (5/95).


RESULTS AND DISCUSSION


The ZrCoH


 


1.5


 


 oxidation kinetics were studied as fol-
lows. First, the hydrogen evolution rate and magnetiza-
tion for ZrCoH


 


x


 


 were studied in an Ar flow and in an
O


 


2


 


 + Ar (5/95) mixture at a heating rate of 0.5 K/s
(Figs. 1, 2).


Intermetallic compound ZrCo has a CsCl-type cubic
lattice. Its lattice expands during hydriding along one
axis, and ZrCoH


 


x


 


 with 0.3 < 


 


x


 


 < 3 crystallizes in an
orthorhombic lattice. Four asymmetric octahedral
voids and eight symmetric tetrahedral voids appear in
the unit cell. There are four formula units in the ZrCoH


 


x


 


unit cell, and thus hydrogen atoms occupy all voids in
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Abstract


 


—Continuous in situ magnetization measurements are used to study the dynamics of processes in the
Zr–Co–H system during oxidation–reduction treatment (ORT). The oxidation of a ZrCoH


 


x


 


 sample after
removal of hydrogen results in a significant rise in magnetization. ZrCoH


 


x


 


 oxidation in air leads to higher mag-
netizations compared to oxidation in a 5% O


 


2


 


 + Ar mixture.
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Fig. 1.
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a


 


) Hydrogen removal rate and (


 


b


 


) magnetization vs.
temperature for ZrCoH


 


1.5


 


 in an argon flow.
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ZrCoH


 


3


 


. The hydrogen atoms enclosed in octahedral
voids are the first to leave during heating (as demon-
strated by both calculations and experiments [2]); the
first peak of hydrogen evolution at 340


 


°


 


C is due to this
process (Fig. 1, curve 


 


a


 


). Then, hydrogen atoms leave
tetrahedral voids with the second peak appearing at
415


 


°


 


C. The resulting metastable triclinic ZrCoH starts
to disproportionate as


2ZrCoH  ZrCo


 


2


 


 + ZrH


 


2


 


.


ZrH


 


2


 


 decomposition starts only at 515


 


°


 


C (the third
peak) and ends only above 600


 


°


 


C. Thus, the full dehy-
drogenization produces metallic zirconium and a very
stable ZrCo


 


2


 


 Laves phase [2].
A weak rise in magnetization can be due to residual


oxygen in argon (Fig. 1, curve 


 


b


 


). Removal of hydrogen
by an O


 


2


 


 + Ar (5/95) flow and the subsequent oxidation
of the intermetallic compound (Fig. 2) bring about a far
higher rise in magnetization as a result of the oxidative
segregation of metallic cobalt. The formation and
growth dynamics of cobalt metal particles was studied
in the following set of experiments: a sample was
heated to a certain temperature (point 


 


1


 


, 


 


2


 


, 


 


3


 


, or 


 


4


 


 in
Fig. 2) in an O


 


2


 


 + Ar (5/95) flow; then, it was cooled to
room temperature in an argon flow. For each point,
magnetization was measured as a function of field and
the coercive force 


 


H


 


c


 


, residual magnetization 


 


σ


 


r


 


, and
saturation magnetization 


 


σ


 


s


 


 were found by extrapola-
tion to 


 


H


 


  


 


∞


 


.
The suggested scheme of ZrCoH


 


x


 


 oxidation is


ZrCo


 


x


 


 + O


 


2


 


  ZrO


 


2 – 


 


δ


 


 + Co + H


 


2


 


O + H


 


2


 


.


The exponential rise in magnetization during the
initial oxidation stage at temperatures from 200 to
300


 


°


 


C can be explained by the decomposition of the
hydride and the nucleation of metallic cobalt. The rise
in the coercive force from point 


 


1


 


 to point 


 


3


 


 is due to the
fact that single-domain cobalt crystals are first formed


 


(Fig. 3). The critical single-domain diameter for cobalt
particles with uniaxial anisotropy is 20–25 nm [3]. The
particles are grown and coarsen as hydride oxidation
progresses; the coercive force increases with increasing
mean particle size.


The rise in the coercive force from point 


 


3


 


 to point 


 


4


 


can be interpreted as follows: Co


 


met


 


 particles are formed
and grown at the initial oxidation stage until tempera-
ture reaches 500


 


°


 


C; then, they oxidize and agglomer-
ate; cobalt crystallites are in the single-domain region,
and the mean particle diameter decreases and the coer-
cive force rises in the progress of oxidation. It is known
[4] that, provided that the system is in the single-
domain region, the proportion of superparamagnetic
particles is determined by


Here, 


 


σ


 


r


 


 is residual magnetization and 


 


σ


 


s


 


 is satura-
tion magnetization.


Keeping in mind that the system is in the single-
domain region, we calculated the proportion of super-
paramagnetic particles for points 


 


1


 


, 


 


2


 


, and 


 


3


 


 (Table 1).
The proportion of superparamagnetic particles


decreases in the progress of oxidation; at 7


 


°


 


C, the lim-
iting size of cobalt superparamagnetic particles is
6.4 nm.


In the second set of experiments, hydrogen was first
removed from ZrCoH


 


1.52


 


; as a result, a stoichiometric
mixture of zirconium and ZrCo


 


2


 


 (contact [Zr + ZrCo


 


2


 


])
was formed. Magnetization rose more significantly
during oxidation in these experiments (Fig. 4). Here, as
in the first set of experiments, the sample was heated to
a certain temperature and cooled to room temperature
in an argon flow, after which the hysteresis loop was
measured and 


 


H


 


c


 


, 


 


σ


 


s


 


, and 


 


σ


 


r


 


 were found. The results of
the calculations are listed in Table 2.
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) Hydrogen removal rate and (
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) magnetization vs.
temperature for ZrCoH


 


1.5


 


 in an O


 


2


 


 + Ar (5/95) flow.
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 Qualitative illustration of the coercive force vs. par-
ticle size.
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The most interesting detail is the higher magnetiza-
tion of the oxidized contact [Zr + ZrCo


 


2


 


]


 


ox


 


 compared to
that of the oxidized precursor hydride [ZrCoH


 


1.5


 


]


 


ox


 


 at
temperatures above 500


 


°


 


C. A likely interpretation of
this detail is as follows: ZrCoH


 


1.5


 


 oxidation first pro-
duces finer cobalt crystallites, which then fully oxidize.
In the case of [Zr + ZrCo


 


2


 


] (in the absence of the
hydride system), coarser cobalt particles are initially
formed (the system is in the single-domain region
except for the initial oxidation stage); these coarser par-
ticles do not burn up, because the oxide film stops to
grow after reaching a certain thickness. Accordingly,
the metal-cobalt proportion and magnetization increase
as the temperature rises.


The oxidation kinetics of ZrCoH1.5 and [Zr + ZrCo2]
by air were studied in the same manner (Fig. 5). The
oxidation of ZrCoH1.5 by air radically differs from the


oxidation by O2 + Ar (5/95): magnetization dramati-
cally increases at 275°C because of the instantaneous
burning up of all hydride and the elimination of metal-
lic cobalt (some 35% of the possible amount; the rest
65% cobalt is oxidized during hydride burning). The
subsequent reduction of [ZrCoH1.5]ox in a hydrogen
flow leads to the twofold rise in magnetization (about
70% of the total cobalt is the metal). The coercive force
measured for contact 2 (204 Oe) indicates that the sys-
tem is possibly in the single-domain region and the
cobalt particle sizes are comparatively large. The sub-
sequent air oxidation of contact 2 induces a drop in the
magnetization, which asymptotically approaches the
magnetization of [ZrCoH1.5]ox. The cobalt proportion
oxidized during hydride burning was apparently
enclosed in the ZrO2 matrix and was not accessible to a
hydrogen flow for reduction.


The oxidation kinetics of [Zr + ZrCo2] in air do not
differ from the oxidation kinetics of [Zr + ZrCo2] in
O2 + Ar (5/95).


The oxidation of [Zr + ZrCo2] in O2 + Ar (5/95)
induces a more significant rise in magnetization than
the oxidation of precursor ZrCoHx (Fig. 4). We can
explain this fact as follows: oxidation first produces
larger cobalt particles, which subsequently oxidize by
the Cabrera–Mott mechanism and whose oxidation is
controlled by oxygen diffusion above 450°C (with the
oxidation rate being independent of the oxygen concen-
tration). Accordingly, a significant proportion of cobalt
remains in the metallic state. During the oxidation of
the precursor hydride by O2 + Ar (5/95), cobalt nucle-
ation and oxidation progress; the process being


Table 1.  Magnetic parameters of [ZrCoH1.5]ox


Point σs, arb. units σr , arb. units γ Hc, Oe


1 1.191 0.262 0.56 77


2 1.042 0.250 0.52 112


3 1.066 0.289 0.46 108


4 1.089 0.324 – 297


2


0 150


Magnetization, Gs cm3/g


T, °C
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ZrHx + ZrCo2
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1


Fig. 4. Cobalt segregation dynamics in the progress of the
oxidation of intact ZrCoH1.5 and the contact obtained after
hydrogen thermodesorption from the hydride.


Table 2.  Magnetic parameters of [Zr + ZrCo2]ox


Point σs, arb. units σr , arb. units Hc, Oe


1 1.097 0.295 128.5


2 1.072 0.373 143


3 1.079 0.397 436


0


100


Magnetization, Gs cm3/g


T, °C
300 500


10


20


30


40


2


3


1


Fig. 5. Cobalt segregation and oxidation dynamics during
testing of a ZrCoH1.5 sample in air: (1) ZrCoH1.5 oxidation
in air in the temperature-programmed mode (heating at
0.47 K/s) (contact 1), (2) reduction of air-oxidized
ZrCoH1.5 in a hydrogen flow in the temperature-pro-
grammed mode (heating at 0.47 K/s) (contact 2), and (3)
oxidation of contact 2 in air in the temperature-programmed
mode (heating at 0.47 K/s) (contact 3).
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extended, a significant proportion of cobalt is converted
to the oxide by the end of the oxidative treatment.


In summary, the oxidation of [Zr + ZrCo2] is accom-
panied by a more significant rise in magnetization com-
pared to the precursor ZrCoH1.52; coarser Comet parti-
cles are produced. The oxidation of ZrCoH1.52 by air
results in higher magnetizations than the oxidation by
O2 + Ar (5/95), although the oxidation of [Zr + ZrCo2]
by air does not significantly differ from oxidation by an
O2 + Ar (5/95) mixture.
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Chitin, an aminopolysaccharide constituting the
base of the exoskeleton in crustaceans and insects and
the cell walls of fungi and other organisms, is the most
abundant natural polysaccharide [1]. Partially or com-
pletely deacetylated chitin (poly-/


 


β


 


-(1  4)-2-amino-
2-deoxy-D-glucan) is named chitosan (Fig. 1).


Low-molecular-weight chitosans (LMWCs), with
their high solubility and the low viscosity of their aque-
ous solutions, at physiological pHs have a bioactivity
that depends on the degree of chitosan acetylation, the
distribution of glucosamine moieties along the chitosan
backbone, and other factors. Synthesis parameters also
influence the resulting activity of LMWCs, because the
synthesis method (enzymatic or chemical hydrolysis)
determines the chemical structure of the reducing end
of the chitosan polysaccharide chain.


In this work, a set of LMWCs was prepared by con-
trolled acid hydrolysis of high-molecular-weight chito-
san derived from the following chitinous bioresourses:
shrimp (


 


Pandalus borealis


 


), squid (


 


Loligo vulgaris


 


),
cuttlefish (


 


Sepia oficinalis


 


), edible mollusk (


 


Cerastro-
derma edule


 


), and river crayfish (


 


Actacus leptodacty-
lus


 


).


First, chitin was obtained from the aforementioned
natural sources. Chitin preparation involves solid–liq-
uid heterogeneous chemical reactions. Here, the parti-
cle size is the critical factor [2]. In this work, biowastes
were reduced to particle sizes of 1 to 3 mm; then, they
were subjected to alkaline deproteinization with 0.5 M
sodium hydroxide at 80


 


°


 


C for 2 h. After alkaline depro-
teinization was over, the supernatant was separated and


 


deproteinized chitin particles were washed until the
wash-water pH was 7.0.


We used 0.5 M hydrochloric acid for chitin deminer-
alization. Acid increments were added to a stirred
water–chitin mixture until carbon dioxide evolution
ceased; then, the mixture was allowed to stand for
1


 


−


 


2 h. Minor butanol was added to reduce foaming.
Chitin deacetylation was carried out with 50%


NaOH at 90


 


°


 


C for 3 h. The resulting chitosan was
washed with water and dried in air. The results of our
experiments (table) showed that it is inappropriate to
use mollusks for full-scale chitosan production: the chi-
tosan yield from this source was low because of the
high calcium carbonate content.


High-molecular-weight chitosan (HMWC) isolated
from different sources was then used to prepare
LMWC. Hydrolysis of HMWC and its derivatives was
performed with hydrochloric acid of various concentra-
tions.


 


1


 


 Our prepared LMWC samples were analyzed by
gas-permeation chromatography to determine their
molecular weights M


 


w


 


 and polydispersion indices. The
polydispersion indices of the samples were in the range
1.4–2.2.


Then, we studied the growth-inhibiting activity of
the chitosans synthesized on fungi 


 


Penicillium vermae-
sseni


 


. The comparison of the activities of 0.1% solu-
tions of several LMWCs with M


 


w


 


 ranging from 4.1 to
90 kDa against 


 


Penicillium vermaesseni


 


 demonstrated
that chitosans with molecular weights of 4 to 10 kDa
had the highest activity (Fig. 2).


The growth-inhibition effect of 0.1% solutions of
the chitosan sample with the molecular weight equal to
7.57 kDa was also observed against lower plant-patho-
genic fungi such as 


 


Fusarium oxysporum


 


, 


 


Rhizoctonia
solani


 


, 


 


Verticillium dalie


 


, and 


 


Pythium ultimum


 


(Fig. 3).


 


1


 


Spent hydrochloric acid from this operation can be recycled in
the demineralization of chitin-containing wastes and the neutral-
ization of alkali used for chitin deacetylation, thus decreasing the
acid and alkali contamination of sewages.
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Abstract


 


—The synthesis of a series of low-molecular-weight chitosans and the results of their bioassay against
several phytopathogenic fungi are described.
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Fig. 1.


 


 Structure of chitin (R = Ac) and chitosan (R = H).
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In summary, we prepared a set of LMWCs; some of
them demonstrated a high growth-inhibiting activity
against some fungi, including phytopathogenic species.


EXPERIMENTAL
The chitosan molecular weight was determined by


high-performance liquid chromatography. The weight-
average molecular weight M


 


w


 


, number-average molec-
ular weight M


 


n


 


, and polydispersion M


 


w


 


/M


 


n


 


 for the
LMWCs prepared were determined at 30


 


°


 


C using an
Ultrahydrogel 500 column (Waters) in the 0.05 M ace-
tic acid–0.15 M ammonium acetate system with pH 5.2
and the elution rate 0.5 mL/min. Chromatograms were


monitored and analyzed using MultiChrom 1.6 soft-
ware (Ampersand, Moscow). The column was cali-
brated against dextran molecular weight standards
(1080, 4440, 9890, 43500, 66700, 123600, and
196300 kDa) purchased from Sigma.


The fungicidal activity was determined by measur-
ing the radial growth of a fungus colony. Test chitosan
samples were dissolved in 0.25 M hydrochloric acid;
then, the solution pH was adjusted to 5.0–5.5 using 1 M
NaOH. Antifungal Assay Agar (from Sigma), a 7.5%
agar medium containing 1 mg/mL chitosan, was steril-
ized at 110


 


°


 


C for 20 min and then distributed to sterile
Petri dishes 9 cm in diameter. The dished were inocu-
lated by a fungus colony 6 mm in diameter. A set of
three experiments was carried out for each sample. The
blank was the same agar medium without chitosan. All
dished were incubated in the dark at 20


 


°


 


C. The radial
growth of colonies was measured daily during 15 days.
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Precursor consumption required for preparing 1 kg chitosan


Sample
no. Source


Amount of the source 
(kg) required for pre-
paring 1 kg chitosan


1 Shrimp: whole 90–110
2 Shrimp: debris 50–70
3 Squid: gladius 4–5
4 Cuttlefish: cuttlebone 80–85
6 Mollusk 1600
7 River crayfish 80–100
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 Activity of a 0.1% LMWC solution against 


 


Penicillium vermaesseni
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) blank, (
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, and (
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–
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) chitosans with M


 


w


 


(kDa) equal to (
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) 4.10, (
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5


 


) 7.57, (
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) 9.92, (
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) 15.03, (
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) 24.23, (
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) 29.19, (
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) 40.45, and (


 


11


 


) 90.00. Measurement dura-
tion: (a) 5 and (b) 15 days.
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Fig. 3.


 


 Activity of a 0.1% LMWC (7.57 kDa) solution against 


 


Rhizoctonia solani


 


 (Rs), 


 


Verticillium dalie


 


 (Vd, 


 


Fusarium oxysporum


 


(Fox), and 


 


Pythium ultimum


 


 (Pu). Measurement duration: (a) 5 and (b) 15 days.
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A common distinctive feature of swing adsorption,
despite the variety of its implementations, is the differ-
ence between the pressure at which selective adsorption
(i.e., the separation of the gas components) occurs and
the pressure at which the remaining component is
vented, which leads to the recovery of the adsorbent
[1]. The underling idea of the method is a thermody-
namic cycle whose major stages are the selective
adsorption of one gas component, which occurs at pres-
sure 


 


p


 


a


 


, and the recovery of the adsorbate bed, which is
implemented through venting this gas component at
lower pressure 


 


p


 


0


 


 [1, 2]. Due to the small time lag of gas
venting, swing adsorption has been widely used in tech-
nology [3, 4]. A weakness of swing adsorption is a rel-
ative low purity of the product gas. For example, for
oxygen production from air in advanced swing adsorp-
tion setups, the product gas as a rule contains at least
2.5% nitrogen; an extra swing adsorption setup is
required in order to improve the purity of the product
gas, which decreases the efficiency of the cycle. It is of
interest to study swing adsorption flowsheets that
would improve product purity without significant
energy consumption.


EFFECT OF THE PRESSURE RATIO
ON PRODUCT PURITY


The main stages of pressure swing adsorption are
adsorption, desorption, and adsorber filling with the
product gas; sometimes, the swing adsorption flow-
sheet is supplemented with adsorbent purging with the
product gas [1]. The feed gas at the adsorption stage
enters the adsorber, which is initially filled with the
product gas to pressure 


 


p


 


0


 


. Adsorption occurs at a virtu-
ally constant pressure 


 


p


 


0


 


; a sharp and stationary adsorp-
tion interface is formed with width 


 


l


 


 


 


�


 


 


 


L


 


, where 


 


L


 


 is the
adsorber length. The effect of construction and process
parameters on interface length and the convective insta-


bility of the interface were studied in [5, 6]. Entropy
production near the adsorption interface was studied in
[7, 8].


The adsorption interface divides the adsorber vol-
ume into two parts. In front of the interface, the gas
composition corresponds to the composition of the
product gas; behind the interface, the gas composition
coincides with the composition of the feed gas. There-
fore, at the end of the adsorption stage, the partial pres-
sure of the 


 


i


 


th component (


 


i


 


 = 1 or 2) in the gas phase is


 


p


 


0


 


 = 


 


RTc


 


0


 


i


 


, where 


 


R


 


 = 8.314 kJ/(mol K), 


 


T


 


 is tempera-
ture (


 


K


 


), and 


 


c


 


0


 


i


 


 is the molar concentration of the 


 


i


 


th
component (


 


i


 


 = 1 or 2) in the feed gas. The total gas
pressure in the adsorber during the adsorption stage is


 


p


 


0


 


 = 


 


p


 


01


 


 + 


 


p


 


02


 


. Gas venting is carried out at pressure 


 


p


 


1


 


,
which is lower than 


 


p


 


0


 


. An important parameter of
swing adsorption is the ratio


Let us consider an isothermal process in order to
find the 


 


β


 


(


 


α


 


) function, where 


 


β


 


 is the mole fraction of
the first (impurity) component in the product gas. Let us
determine 


 


c


 


1


 


i


 


, the molar concentration of the 


 


i


 


th compo-
nent in the gas phase of the adsorber of volume 


 


V


 


0


 


 after
the gas-vent stage is over, on the assumption that the
adsorbent is in equilibrium with the gas discharged
from the adsorber to the external volume 


 


V


 


1


 


 at pressure


 


p


 


1


 


. For linear adsorption, we can write the mass balance
for the 


 


i


 


th component:


(1)


Here, 


 


ε


 


 is the bed porosity and 


 


χ


 


i


 


 is the Henry con-
stant for the 


 


i


 


th component.


By definition, 


 


α


 


 can be represented as


α
p1


p0
----- 1.<=


ε χi 1 ε–( )+( )V0C0i ε χi 1 ε–( )+( )V0c1i V1c1i,+=


i 1 2.,=
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Abstract


 


—The equilibrium swing adsorption model is used to show that the purity of the product gas linearly
increases with decreasing the ratio of the gas pressure during the recovery stage to the gas pressure during the
adsorption step. We propose to use the energy of the vented gas for decreasing this ratio through ejecting the
vented gas flow. A fundamentally new swing adsorption flowsheet with a gas ejector is proposed.
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(2)


Solving the linear set of algebraic equations (1)–(2)
for 


 


c


 


11


 


, 


 


c


 


12


 


, and 


 


V


 


1


 


, we obtain


(3)


where 


 


d


 


 = 1 +  + , 


 


k


 


 = , 


 


k


 


i


 


 = 


 


ε


 


 + 


 


χ


 


i


 


(1 – 


 


ε


 


),


 


γ


 


 = .


The number of moles of the 


 


i


 


th component that will
be in the adsorber after the gas-vent stage is over, 


 


m


 


1


 


i


 


,
can be represented as 


 


m


 


1


 


i


 


 = 


 


V


 


0


 


k


 


i


 


c


 


1


 


i


 


. When 


 


α


 


 


 


�


 


 1, after
linearizing relationships (3) for 


 


α


 


, we obtain


(4)


During the filling of the adsorber to the starting
pressure 


 


p


 


0


 


, 


 


M


 


 moles of the product gas are fed to the
adsorber with the mole fraction of the impurity compo-
nent equal to 


 


β


 


. Denoting by 


 


m


 


2


 


i


 


 the number of moles
of the 


 


i


 


th component contained in the adsorber after the
filling stage is over, we can write


On the other hand, 


 


m


 


2


 


i


 


 = 


 


k


 


i


 


c


 


2


 


i


 


V


 


0


 


, where 


 


c


 


2


 


i


 


 is the
molar concentration of the 


 


i


 


th component in the gas
phase of the adsorber after the filling stage is over.


Two equations should be made for 


 


β


 


 and 


 


M


 


. One
equation is the consequence of the constraint that the
pressure after the filling stage is equal to the pressure of
the feed gas that enters the adsorber during the adsorp-
tion stage; i.e., c21 + c22 = c01 + c02, which can be repre-
sented, using Eq. (4), as


(5)


with x = M/(k1V0c01). The other equation is the conse-
quence of the constraint that the gas composition after
the filling stage coincides with the composition of the
product gas; i.e., c21 = β(c01 + c02), which can be repre-
sented as


(6)


For the case at hand with low α and β, from Eqs. (5)
and (6) we finally arrive at


(7)


c11 c12+
c01 c02+
------------------- α.=


c11


c01


2
------d 1 1 4α


γ 1 k–( )d2
------------------------––⎝ ⎠


⎛ ⎞ ,=


c12
αc01


γ
---------- c11,–=


k
γ 1 k–( )
------------------ α


γ
---


k2


k1
----


c01


c01 c02+
-------------------


m11


V0c01k1α
γ 1 k–( ) k+
---------------------------, m12


V0c01k1k2 1 γ–( )α
γ γ 1 k–( ) k+( )


-------------------------------------------.= =


m2i m11 βM, m22+ m12 1 β–( )M.+= =


γ 1 γ–( )+( )α
γ γ 1 k–( ) k+( )
---------------------------------- x β 1 β–


k
------------+⎝ ⎠


⎛ ⎞+ 1
γ
---=


α
γ 1 k–( ) k+
--------------------------- βx+


β
γ
---.=


β αγ
1 k–( ) k γ 1 k–( )+( )


------------------------------------------------.=


One can see that β, i.e., the impurity level of the
product gas, linearly decreases with decreasing α.
When the gases to be separated have similar adsorption
properties (k ≈ 1), the interface thickness increases [6];
in order to achieve the required purity level, in addition
to decreasing α, one should increase the adsorber
length to make the interface sufficiently thin in relative
units.


In practice, the impurity level of the product gas is
lower than that calculated from Eq. (7). This is because
of the nonuniform distribution of the impurity gas
along the adsorbent length during the filling stage. At
the initial adsorption stage, therefore, the purity of the
product gas is higher than the average; as a result, the
earlier entrance to the adsorption stage improves prod-
uct purity. However, the active volume of the adsorber
decreases and the efficiency drops. Purging the
adsorber with the product gas also slightly improves
product purity, but the output decreases at the same
time. Thus, relationship (7) can be considered as the
upper estimate of the impurity of the product.


SWING ADSORPTION FLOWSHEET
WITH A GAS EJECTOR


The use of vacuum pumps to decrease the pressure
during the gas-vent stage in swing adsorption flow-
sheets [9] increases energy consumption. The energy of
the vented gas flow can be used to decrease α as fol-
lows: the vented gas flow is directed to a gas ejector,
which will decrease the pressure during the gas-vent
stage when connected to the adsorber. The figure dem-
onstrates a swing adsorption flowsheet with three
adsorbers and an ejector provided that p0 > 2 at. With
the use of a subsonic ejector, its inlet pressure is 2 at
[10]. The gas-vent stage is implemented in three steps.
In the beginning of the gas-vent stage (at pressures of
2 < p < p0 at), the vented gas is directed to a storage
(a gas collector) with a pressure of about 2 at. The col-
lector is the gas source for the ejector. In the middle of
the gas-vent stage (at pressures of 1 < p < 2 at), the gas
is discharged to the ambiance passing by the ejector
line. Finally (when p < 1 at), the adsorber is connected
to the ejector, which creates vacuum on the order of
10−2 at, thus decreasing α to ~10–3 and decreasing the
product impurity level β to ~10–2.


In the flowsheet for adsorber recovery during swing
adsorption shown in the figure, the gas is vented from
the end of the adsorber. The recovery time with this gas
vent organization can appear unacceptably long
because of a significant hydraulic drag of the bed along
the adsorber axis. Gas venting through the lateral sur-
face of the adsorber can shorten this time. The choice of
the gas-vent organization is dictated by the required
length of the recovery stage, which should correlate
with the length of the working swing adsorption cycle.
In the approximation of a semiinfinite adsorber, the fol-
lowing relationship was derived for the recovery time
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as a function of the process and construction parame-
ters of swing adsorption [11]:


(8)


Here, tL is the time during which the pressure in the
cross section of the adsorbent bed separated by distance
L from the outlet cross section will decrease to a certain
value p, ε is the bed porosity, dp is the particle diameter,
and ∆p is the difference between the pressure in the
beginning of the recovery stage and the ambient pres-
sure. The L value is affected by the gas-vent organiza-
tion: when the gas is vented through the end cross sec-
tion, L approaches one-half length of the adsorbent bed;
when the gas is vented through the lateral surface of the
adsorber, L approaches the bed radius.


CONCLUSIONS
(1) An equilibrium model as applied to swing


adsorption showed that the purity of the product gas
improves linearly with decreasing pressure at the
recovery stage.


(2) In order to decrease the pressure at the recovery
stage, it is advisable to implement this stage in three
steps. To decrease the pressure at the third step of the
recovery stage, the discharge gas flow is fed to a gas


ejector. A swing adsorption flowsheet with an ejector is
proposed.
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Gas venting in the
pressure range 2–1 at


Feed gas


Three-step flowsheet of the recovery stage: (1) partial gas venting to gas collector C to acquire the pressure equal to the pressure in
the collector (2 at), (2) gas venting to the atmosphere (to the atmospheric pressure), and (3) gas venting at a low pressure created
by the ejector, which is fed by the gas from the collector. Notation: A1, A2, and A3 are adsorbers.
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γ


 


-Aminobutyric acid derivatives have a wide spec-
trum of physiological activity and are mainly used as
antiepileptic, anxiolythic, and other psychotropic
drugs. In this context, a search for new approaches to
the synthesis of these compounds is important.


In our previous work,


 


1


 


 we discovered a new reaction
of substituted cyclopropenes with sodium cyanide in
nucleophilic solvents, such as alcohols and water. This
reaction generates esters of 2,3-substituted 3-cyanopro-
panoic acids (Scheme 1). The reaction conditions and
the composition of products are specified in the table.


This reaction was chosen to be the key stage in the
synthesis of 


 


γ


 


-aminobutyric acid derivatives. Because
methanol as a nucleophilic solvent provides for the best
yield and diastereoselectivity of the process, we chose
compound 


 


2b


 


 to carry out further transformations.
One-stage recrystallization of compound 


 


2b


 


 from tolu-


 


1


 


Yu. V. Skornyakov, D. S. Tereshchenko, A. V. Ignatenko,
M. V. Proskurnina, and N. S. Zefirov, Izv. Akad. Nauk, Ser.:
Khim., 2005, vol. 9, p. 2066.


O


R1R


CO2R'


R


NC


H
H R1


NaCN, NaHSO4


R'OH


2, 31


R = Ph, R1 = Ph (1‡), Me (1b)


Scheme 1.


 


ene produced 2,3-diphenyl-3-cyanopropanoate as the
pure RR,SS diastereomer pair.


The catalytic hydrogenation of compound 


 


2b


 


 was
studied (Scheme 2). Over a 10% Pd/carbon supported
catalyst, the process yielded a complex product mix-
ture, which contained, in addition to the desired com-
pound, twinning products and the unreacted cyano
ester. Reduction with hydrogen over skeletal nickel
avoided the generation of byproducts. For example, the
hydrogenation of compound 


 


2b


 


 in THF in the presence
of aqueous ammonia at 60


 


°


 


C and 12 atm hydrogen
pressure produced a 1 : 1 mixture of 2,3-diphenylbuty-
rolactame 


 


4


 


 and methyl 2,3-diphenyl-4-aminobutyrate


 


5


 


. Compounds 


 


4


 


 and 


 


5


 


 were separated and character-
ized separately. When the reaction temperature was
increased to 80


 


°


 


C, selective and virtually quantitative
preparation of product 


 


4


 


 became possible. Below 50


 


°


 


C,
hydrogenation did not occur; therefore, we have not
found parameters to ensure the selective preparation of
amino ester 


 


5


 


.
In summary, we have discovered a fundamentally new


approach to synthesize lactames of 2,3-substituted 


 


γ


 


-ami-
nobutyric acids. In view of the high yields of all interme-
diate stages and the final hydrogenation stage, this
method can be considered as preparative. We are planning
to extend this method to free amino acids and then to
asymmetric and 


 


α


 


-unsubstituted 


 


γ


 


-aminobutyric acids.


EXPERIMENTAL


 


2,3-Diphenylbutyrolactame (4).


 


 To an autoclave
(stainless steel), added were diastereomerically pure
methyl 2,3-diphenyl-3-cyanopropanoate (0.5 g, 20 mmol)
in THF (20 mL), 25% aqueous ammonia (1 mL), and
freshly prepared skeletal nickel (10 mol %). Hydrogena-
tion was carried out at 80


 


°


 


C and the 30 atm hydrogen pres-
sure until gas absorption stopped (for 5–7 h). The reaction
mixture was filtered from the catalyst and concentrated.
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Abstract


 


—A new approach to the synthesis of 2,3-substituted 


 


γ


 


-aminobutyric acids is proposed. This method
consists of the selective catalytic reduction of substituted 3-cyanopropanoic acid esters, which are generated in
high yield in the reaction of disubstituted cyclopropenes with sodium cyanide in the corresponding alcohol.
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Crystalline 2,3-diphenylbutyrolactame 


 


4


 


 obtained in
quantitative yield did not require further purification.


 


1


 


H NMR spectrum (CDCl


 


3


 


), ppm: 7.15–7.40 (m,
10H, 2Ph), 6.89 (s, 1H, NH), 3.8 (t, 1H), 3.54 (t, 1H,


CH


 


2


 


N), 3.67–3.83 (m, 2H, CH–CH).


 


13


 


C NMR spectrum, ppm: 177.63 (C=O), 140.06,
137.67, 128.84, 128.75, 128.48, 127.35, 127.30 (2Ph),
55.45 (CH–C=O), 50.38 (CH–CH–C=O), 47.66 (CH
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Scheme 2. 


 


Reaction conditions and product yields


Cyclopropenone R'OH Conditions Product RR, SS fraction, % Yield, %
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O Dioxane, refluxing
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65 45


MeOH 20


 


°
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2b


 


90 90


EtOH 20
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65 86
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-PrOH Refluxing
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58–60 75


 


n


 


-PrOH Refluxing
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60 75


PhCH


 


2


 


OH 60


 


°


 


C
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63 80


MeOH 20


 


°
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70 88


EtOH 20


 


°
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i


 


-PrOH Refluxing
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New technologies, such as intradiscal thermal annu-
loplasty, are in active current use in medicine for the
treatment of spine diseases [1]. For the successful use of
this technology, it is of importance to study processes
that occur in the connective tissues of an intervertebral
disc under laser heating. The intervertebral disc is com-
posed of an annulus fibrosis and a nucleus pulposus.
Their main structural component is the fibrillar protein
collagen immersed in a gel of proteoglycans [2].


The thermal stability of collagen has long been stud-
ied. The collagen–water systems with various compo-
nent concentrations and intact collagen have been con-
sidered [3, 4]. It was noted that, in the tropocollagen–
water (10–98%) system and in intact collagen with var-
ious moisture contents, the temperature of denaturation
increased with decreasing percentage of water, whereas
the heat of denaturation of intact collagen was indepen-
dent of the rate of heating. Miles and Ghelashvili [5]
reported the quantitative characteristics of the transi-
tion and data that demonstrated a relationship between
the heat of collagen denaturation 


 


∆


 


H


 


m


 


, the denaturation
temperature 


 


T


 


m


 


, and the degree of hydration. The heat
effect of denaturation increased with water content.
Thus, at water contents from 0.07 to 1 mol, the heat of
collagen denaturation was 11.6 J/g dry sample, whereas
this value increased to 58.55 J/g dry sample at water
contents from 30 to 460 mol.


The denaturation of collagen is a first-order phase
transition [6]. The occurrence of two phases (crystal-
line and amorphous) is characteristic of collagen, as
supported by X-ray diffraction analysis. In the course
of denaturation under equilibrium conditions, the vol-
ume and temperature of the system remained constant;
this is the characteristic property of first-order phase
transitions. This condition for collagen is met in the
case of very slow crystallization or very slow melting of
the protein, as well as in the combination of these con-
ditions. The last traces of crystallinity always disap-


peared at a strictly specified temperature because the
melting of polymers occurs over a narrow temperature
range. Mandelkern [6] noted that the fibrillar tension
affect the structure stabilization of collagen fibers and
increases the denaturation temperature of collagen, that
is, enhances its thermal stability.


Bass et al. [7] studied the thermal behaviors of both
an entire system that included vertebral parts and an
intervertebral disc and excised annulus fibrosus frag-
ments. They found that, on heating both of the materials
to 85


 


°


 


C in an aqueous medium, collagen denaturation
did not occur in the vertebrae–intervertebral disc sys-
tem, whereas collagen underwent complete denatur-
ation in the excised sample of annulus fibrosus tissue.
Thus, the integrity of the vertebral system affects the
thermal stability of collagen. The fibrillar tension,
which takes place in the entire vertebrae–intervertebral
disc system and is fully absent from the excised frag-
ment of annulus fibrosus tissue, causes an increase in
the temperature of denaturation. An alternative expla-
nation may consist in the effect of proteoglycans, which
stabilize the matrix. However, the thermal behavior of
the proteoglycan component of tissues is not clearly
understood.


This work was devoted to a study of the effect of
glycosaminoglycans and proteoglycans on the thermal
stability of collagen in the annulus fibrosus and nucleus
pulposus tissues of an intervertebral disc.


MATERIALS AND METHODS


 


Sample Preparation


 


The intervertebral discs and the tissue samples of
the annulus fibrosus and nucleus pulposus of an inter-
vertebral disc were excised (post mortem after no
longer than 5 h) from the tails of 12-month-old or
younger calves. Vertebral segments (1 cm in height and
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Abstract


 


—The thermal stability of collagen in intervertebral disc tissues was studied using differential scan-
ning calorimetry. It was found that the melting of collagen in a native tissue was complete at 62–75
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C (


 


∆


 


H


 


 =
62.4 J/g) under heating excised annulus fibrosus and nucleus pulposus samples. On heating an intact structure
up to 80


 


°


 


C, the denaturation of collagen did not occur. It was shown that the degradation of a proteoglycan com-
ponent in the test tissues had no effect on the thermal stability of collagen.
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1–2 cm in diameter) containing an intervertebral disc
were mechanically separated from and chords and mus-
cle tissues. The samples of annulus fibrosus and
nucleus pulposus tissues were also mechanically
extracted. Visually, the tissue structure was homoge-
neous with no damages. The entire intervertebral discs
were studied immediately after the removal. A portion
of the samples of annulus fibrosus and nucleus pulpo-
sus tissues was dried at room temperature after the
removal and kept at –20


 


°


 


C. These storage conditions
did not cause structural changes and had no effect on
the thermal properties of the tissues [8]. Tissue frag-
ments of size 3 


 


×


 


 3 


 


×


 


 1 mm were used for studying the
isolated annulus fibrosus and nucleus pulposus tissues
of the intervertebral disc. Before studying by differen-
tial scanning calorimetry (DSC), all of the samples
were kept in a 0.15 M NaCl solution for swelling.


 


Determination of Collagen Concentrations


 


To perform analysis for collagen, the samples were
hydrolyzed with a mixture of concentrated (12 M)
hydrochloric acid and fluoroacetic acid (99 wt %) in a
volume ratio of 2 : 1 for 1 h, and the solution was evap-
orated in a LABCONCO concentrator. A Hitachi 835
amino acid analyzer (Japan) was used for determining
the amino acid composition of the hydrolyzate. In this
case, cation-exchange separation and a spectrophoto-
metric reaction with ninhydrin were preliminarily per-
formed in accordance with a standard procedure [9].
The collagen content was determined from the amount
of the collagen-specific amino acid hydroxyproline
(Hyp), which accounts for 13.3% of the molecular
weight of collagen [10].


To determine the hydroxyproline content of nucleus
pulposus tissues after enzymatic treatment, we used a
spectrophotometric reaction with 


 


p


 


-dimethylami-
nobenzaldehyde after the preliminary selective oxida-
tion of hydroxyproline with chloramine in an evapo-
rated hydrolyzate [11].


 


Determination of Glycosaminoglycan
Concentrations in the Samples


 


The concentrations of glycosaminoglycans were
determined using a spectrophotometric reaction with
dimethylmethylene blue in accordance with a pub-
lished procedure [12]. Dry samples of weight 3 to
10 mg were transferred into solution with the use of
papain (2.9 mU/mg, 2.4 mg/ml) in an incubation buffer
solution (EDTA, 25 mmol/l; streptomycin, 200 


 


µ


 


g/ml;
penicillin, 200 U/ml; and NaCl, 0.15 mol/l) for 4 h at
60


 


°


 


C. An aliquot portion (50–100 


 


µ


 


l) of the test solu-
tion and 2.5 ml of a dimethylmethylene blue solution
with a concentration of 16 mg/l (Basic Blue 24; Sigma,
Germany) were placed in a spectrophotometric mea-
surement cell. The absorbance of solution was mea-
sured on a Varian Cary 3E spectrophotometer at a
wavelength of 540 nm against a reference solution of


dimethylmethylene blue. Calibration was performed
with solutions of chondroitin sulfate A (Sigma) with
concentrations of 125 to 500 


 


µ


 


g/ml.


 


Enzymatic Treatment of the Tissues


 


The samples of annulus fibrosus and nucleus pulpo-
sus tissues were treated with 1.5 ml of an enzyme solu-
tion at 37


 


°


 


C for a day. The solutions of the enzymes
trypsin (Sigma) with a concentration of 1 mg/ml and
chondroitinase ABC (Sigma) with a concentration of
0.2 mU/ml in the incubation buffer.


 


Thermal Treatment


 


Vertebral segments containing the intervertebral
disc were placed in a 0.15 M NaCl solution preheated
to 80


 


°


 


C and kept in this solution for 15 min. Upon com-
pletion of the thermal exposure, the samples of annulus
fibrosus and nucleus pulposus tissues were mechani-
cally removed from the intervertebral discs.


 


Differential Scanning Calorimetry (DSC)


 


The thermal behavior of the samples was studied on
a Mettler Toledo DSC 822e differential scanning calo-
rimeter. The samples of weight 5–10 mg were tightly
closed in standard aluminum dishes (40 ml). An analo-
gous empty dish was used as a reference sample. The
heating from 25 to 100


 


°


 


C was performed at a rate of
10 K/min. The heat effect was referred to the collagen
content.


RESULTS AND DISCUSSION


 


Biochemical Analysis


 


Table 1 summarizes data on the concentrations of
collagen and glycosaminoglycans obtained in both
intact and enzymatically treated samples.


Data on the concentrations of main components in
intervertebral disc tissues obtained in intact samples are
consistent with published data [2]. The Hyp/Hyl ratio
allowed us to determine the type of tissue collagen.
This value varied from 14 to 22 or from 4.2 to 6 for type
I collagen or type II collagen, respectively. The experi-
mental results suggest that nucleus pulposus tissues
mainly contained type II collagen, whereas annulus
fibrosus tissues contained both type I and type II col-
lagen [13]. This is consistent with the results of immu-
nochemical analysis [14].


Trypsin is an endogenous proteolytic enzyme,
which catalyzes the hydrolysis of peptide bonds con-
taining lysine and arginine residues. Enzymatic treat-
ment with trypsin causes the defragmentation of pro-
teoglycans by degrading their core protein and facili-
tates the transfer of individual oligopeptides with
attached glycosaminoglycans into solution [15].
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Chondroitinase ABC is a specific enzyme that
cleaves 4- and 6-chondroitin sulfate and dermatan sul-
fate. This effect of the enzymes explains a dramatic
decrease in the concentration of chondroitin sulfate in
the annulus fibrosus and nucleus pulposus tissues of the
intervertebral disc after the treatment of the tissues with
trypsin and chondroitinase ABC.


 


Thermal Behavior of Annulus Fibrosus
and Nucleus Pulposus Tissues


 


Figures 1 and 2 show the thermograms of the intact
and enzymatically treated annulus fibrosus and nucleus
pulposus samples of the intervertebral disc. Table 2
summarizes the heat effects and characteristic temper-
atures.


The heat effect (


 


∆


 


H


 


) is close to the enthalpy 


 


∆


 


H


 


m


 


 of
collagen melting. Any effects were absent from thermo-
grams upon repeatedly heating. For example, the ther-
mogram of the repeated heating of a sample of native
nucleus pulposus tissue is given (Fig. 1, curve 


 


4


 


). After
heating in a calorimeter cell, all of the samples fully


dissolved in trypsin, which does not affect intact col-
lagen fibrilles but acts on only degraded polypeptide
collagen chains [8]. All of the above facts demonstrate
that the complete denaturation of collagen occurred
upon thermal action on the fragments of intervertebral
disc tissues.


It is likely that the difference in the heat effects of
collagen denaturation for the annulus fibrosus and the
nucleus pulposus is related to different stabilities of
collagen in these tissues. In turn, the stability of col-
lagen depends on different degrees of matrix organiza-
tion [16]. In the nucleus pulposus, the degree of aggre-
gation of proteoglycans is low; therefore, the collagen
and proteoglycan components are weakly interrelated.
In the annulus fibrosus, proteoglycans form aggregates
with hyaluronic acid, and the degree of interaction
between two subsystems is much higher [2]. This fact
was supported by a lower sensitivity of the characteris-
tics of collagen melting (


 


T


 


m


 


 and 


 


∆


 


H


 


m


 


) in the annulus
fibrosus to treatment with chondroitinase ABC, which
degrades the glycosaminoglycans of a proteoglycan
component.


 


Table 1.


 


  Biochemical composition of intact and enzymatically treated annulus fibrosus and nucleus pulposus tissues from the
intervertebral disc


Tissue Treatment Amount of Hyp per dry 
residue (mg/100 mg) Hyp/Hyl ratio


Concentration of chon-
droitin sulfate based on 
dry sample weight (%)


Annulus fibrosus
(AF)


Intact sample 9.6 


 


±


 


 0.5 8.7 


 


±


 


 1 10.28 


 


±


 


 1.46


Chondroitin ABC lyase 8.5 9.6 


 


±


 


 1 5.19 


 


±


 


 0.66


Trypsin 9.0 


 


±


 


 0.5 6.6 


 


±


 


 1 5.81 


 


±


 


 4.70


Nucleus pulposus
(NP)


Intact sample 4.5 


 


±


 


 0.5 5.8 


 


±


 


 0.5 39.97 


 


±


 


 1.17


Chondroitin ABC lyase 9.0 


 


±


 


 0.5 – 8.24 


 


±


 


 0.34


Trypsin 7.1 


 


±


 


 0.5 – 8.16 


 


±


 


 0.59
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Fig. 1.


 


 Typical DSC traces of nucleus pulposus tissues: (


 


1


 


)
intact sample, (


 


2


 


) treatment with chondroitinase ABC, (


 


3


 


)
treatment with trypsin, and (


 


4


 


) repeated heating of an intact
sample.
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 Typical thermograms of annulus fibrosus tissues:
(


 


1


 


) intact sample, (


 


2


 


) intact, and (


 


3


 


) enzymatically treated
samples.
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Trypsin also facilitates the removal of the stabilizing
proteoglycan component from tissues. However, DSC
demonstrated a considerable decrease in the heat effect
of collagen denaturation in this case. It is likely that
trypsin modifies a collagen network to cause this con-
siderable change in the heat effect, as compared with
that in the native samples of the annulus fibrosus and
nucleus pulposus tissues of the intervertebral disc. The
heat effect decreased most strongly in the annulus
fibrosus tissues of the intervertebral disc. It is likely
that, in this case, the fibrillar network of collagen exhib-
its a very high organization [2], and enzymatic treat-
ment with trypsin results in a considerable change in
this organization.


The complete denaturation of constituent collagen
is common to all of the samples of the annulus fibrosus
and nucleus pulposus tissues of the intervertebral disc
(both intact and subjected to enzymatic treatment).


 


Effect of Thermal Treatment
on Intact Intervertebral Discs


 


In the treatment of annulus fibrosus and nucleus pul-
posus tissues with trypsin after the thermal treatment of


an intact intervertebral disc, the dispersion of these tis-
sues in an enzyme solution was observed. However,
thermal analysis data indicate that collagen macromol-
ecules retained a triple-strand structure. Figure 3 shows
the thermograms of annulus fibrosus samples after ther-
mal treatment and the thermograms of the dispersions
of these tissues obtained after enzymatic treatment with
trypsin. The heat effects and peak temperatures for
these samples are almost coincident with the corre-
sponding characteristics of the samples of native annu-
lus fibrosus tissues. Thus, the heat effect of denatur-
ation of annulus fibrosus collagen after thermal treat-
ment was 20.92 J/g. For a dispersion, the heat effect of
collagen denaturation was equal to 16.21 J/g; however,
these data were obtained with a moist sample. Note the
same tendency for a decrease in the heat effect of col-
lagen denaturation after treatment with trypsin as that
found previously for the fragments of annulus fibrosus
tissues treated with the specified enzyme.


However, heat effects in nucleus pulposus collagen
were much lower than in intact samples. The heat effect
of denaturation for nucleus pulposus collagen subjected
to thermal treatment was 19.62 J/g, whereas the heat
effect of collagen denaturation for a dispersion was
equal to 2.8 J/g. Data on the dispersion of nucleus pul-
posus tissue are also given for a moist sample. Figure 4
shows the thermograms of nucleus pulposus tissues.


This considerable difference between the thermal
behaviors of the tissues of an entire intervertebral disc
system and isolated annulus fibrosus and nucleus pul-
posus parts can be explained by the fact that the tension
of a fibrillar collagen network was retained in the entire
intervertebral disc. Therefore, collagen denaturation
did not occur even on heating the tissues to 80


 


°


 


C and
exposing them at this temperature for a long time.
Indeed, the application of a tension force along the
main axis of a collagen fiber caused an increase in the
melting temperature of collagen as the load was
increased. For example, at a tension force (


 


p


 


) corre-


 


Table 2.


 


  Characteristics of transitions in intact and enzymat-
ically treated annulus fibrosus and nucleus pulposus tissues


Sample
Peak


temperature 


 


T


 


p


 


, 


 


°


 


C


Heat effect of col-
lagen denaturation 


 


∆


 


H


 


m


 


, J/g


1(NP) intact 68.44 62.4
2(NP) chondroitinase 
ABC


67.27 61.5


3(NP) trypsin 65.09 53.6
4(AF) intact 68.7 57.5
5(AF) chondroitinase 
ABC


65.5 55.2


6(AF) trypsin 65.7 32.1
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 DSC traces of the annulus fibrosus: (
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) subjected to
thermal treatment and (


 


2


 


) as a dispersion.
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 DSC traces of the nucleus pulposus: (


 


1


 


) subjected to
thermal treatment and (


 


2


 


) as a dispersion.
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sponding to 2 atm, melting occurred at 65


 


°


 


C, whereas
the melting point (


 


T


 


m


 


) increased to 80


 


°


 


C at 


 


p


 


 = 8.8 atm
[6]. An analogous result was presented by Aksan and
McGrath [17], who found that the possibility of dena-
turation at a constant temperature depends on the load
applied to the test sample. Thus, at 67


 


°


 


C, denaturation
in ligament tissue samples did not occur at 


 


p


 


 


 


≥


 


 6 atm,
whereas collagen underwent complete denaturation at


 


p


 


 


 


≤


 


 1.92 atm. In the nucleus pulposus, the fibrillar col-
lagen network is much less pronounced, a rigid tissue
structure is absent, and a portion of collagen undergoes
denaturation on heating. This explains the decrease in
the heat effect of denaturation on the subsequent heat-
ing in the cell of the DSC calorimeter.


In general, the above experiments demonstrated that
glycosaminoglycans weakly affect the thermal stability
of collagen because the heat effect of denaturation in
the samples treated with chondroitinase ABC differed
only slightly from the heat effect in intact samples. In
this case, it is likely that enzymatic treatment with
trypsin caused a modification of the collagen network
because the heat effect in these samples was much
lower than that in the native tissues.


The above analysis suggests that the integrity of the
fibrillar structure of collagen networks strongly influ-
ences the heat effect of collagen denaturation in the
annulus fibrosus and nucleus pulposus of an interverte-
bral disc. Collagen in the tissues that retained the fibril-
lar network did not undergo denaturation under thermal
exposures, whereas collagen in the fragments of annu-
lus fibrosus and nucleus pulposus tissues readily under-
went denaturation on heating. Collagen fibrilles are
concentrically arranged over the entire disc; this fact is
responsible for the high stability of the entire system to
external thermal actions. However, the above experi-
ments demonstrated that the thermal treatment of an
entire intervertebral disc caused the degradation of
components that bound the collagen network. This was
supported by the dispersion of thermally treated tissues
under the action of trypsin.
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Taxol, isolated from extracts of the 


 


Taxus brevifolia


 


bark, is currently the most efficient antitumor drug. Its
action is based on its ability to bind to tubulin and dis-
turb the dynamics of the microtubule cytoskeleton
(taxol stabilizes microtubules and thereby prevents a
cell from dividing). It is worth noting that the clinical
use of taxol is limited by the fact that it should be
obtained by a semisynthetic method from natural
sources. This necessity is caused by its intricate molec-
ular structure. Therefore, development of taxol ana-
logues with a simpler structure is an important task.


In the framework of a program of synthesis of ana-
logues in which the complicated taxol skeleton is
replaced by the simpler adamantane or bicy-
clo[3.3.1]nonane moieties [1–9], we showed that tubu-
lin aggregation is induced only by cage compounds
containing 


 


N


 


-benzoylphenylisoseryl as the only sub-
stituent (the substituent at the C-13 atom in taxol). This
fact has stimulated our study of modification of differ-
ent mono- and polycyclic structures with 


 


N


 


-ben-
zoylphenylisoserine. As such structures, we used the
natural compounds lupinine (


 


1


 


), used in the form of N-


OPh


NHBz


OH


O


HO BzO
H


AcO
OH


O
AcO


O


Taxol


13


 


oxide, and menthol (


 


2


 


). Esterification was performed as
described in [1] by protected amino acid 


 


3


 


 with subse-
quent opening of the oxazolidine ring (Scheme 1). The
structures of the resulting new optically active interme-
diates (


 


4


 


, 


 


5


 


) and end compounds (


 


6


 


, 


 


7


 


) were determined
by means elemental analysis, IR spectroscopy, and
NMR. The overall yields of 


 


N


 


-benzoylphenylisoseryl
derivatives 


 


6


 


 and 


 


7


 


 were 51 and 64%, respectively.
Our biological activity tests for the ability of the


resulting compounds to stimulate tubulin polymeriza-
tion in vitro and to stabilize microtubules in vivo in
cells showed that neither the lupinine (


 


6


 


) nor the men-
thol (


 


7


 


) analogue has an effect on microtubules (at the
same time, compound 


 


7


 


 has a strong effect on cell adhe-
sion). It should be emphasized that the known 


 


N


 


-ben-
zoylphenylisoseryl derivatives of galactopyranose, gib-
berellic acid, and guanosine are unable to promote
tubulin polymerization or to stabilize microtubules in
cells [10, 11] (for the guanosine analogue, only a weak
cytotoxic effect was reported [11]). The results of the
present study confirms our previous conclusion that
definite cage moieties in the structure of “simplified”
taxol analogues play an important role in tubulin-aggre-
gating activity.


EXPERIMENTAL


The 


 


1


 


H and 


 


13


 


C NMR spectra were recorded on a
Varian Avans-400 spectrometer (400 MHz) in CDCl


 


3


 


with trimethylsilane as the internal reference. The reac-
tion course was monitored by thin-layer chromatogra-
phy (TLC) on Silufol plates. Chromatographic separa-
tion was carried out on columns packed with Merck-60
silica gel (220–440 mesh ASTM).


 


3-


 


tert


 


-Butyl 5-[((1


 


S


 


,9a


 


S


 


)-5-oxidooctahydro-2


 


H


 


-
quinolizin-1-yl)methyl] (4


 


S


 


,5


 


R


 


)-2,2-dimethyl-4-phe-
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nyl-1,3-oxazolidine-3,5-dicarboxylate (4)


 


 was syn-
thesized as described in [1] from 0.060 g (0.32 mmol)
of lupinine N-oxide (


 


1


 


) and 0.050 g (0.16 mmol) of pro-
tected amino acid 


 


3


 


 in absolute CH


 


2


 


Cl


 


2


 


. The product
was purified chromatographically (elution with ethyl
acetate–petroleum ether (1 : 10) at 40–70


 


°


 


C). The yield
was 0.053 g (68%) of compound 


 


4


 


 as a colorless liquid.


 


1


 


H NMR (CDCl


 


3


 


/TMS), 


 


δ


 


, ppm: 1.18–1.39 (m, 19H,
backbone + 


 


t


 


-Bu); 1.61–1.96, including 1.67 and 1.77
(m, 12H, backbone + Me


 


2


 


C); 3.65 and 4.07 (both dd,
2H, CH


 


2


 


O); 4.64 (d, 1H, OCHCHN); 5.44 (s, 1H,
OCHCHN); 7.27–7.36 (m, 5H, Ph).


 


3-


 


tert


 


-Butyl 5-[(1


 


R


 


,2


 


S


 


, 5


 


R


 


)-2-isopropyl-5-methyl-
cyclohexyl] (4


 


S


 


,5


 


R


 


)-2.2-dimethyl-4-phenyl-1,3-oxazo-
lidine-3,5-dicarboxylate (5)


 


 was synthesized as
described in [1] from 0.070 g (0.45 mmol) of (–)-men-
thol 


 


2


 


 and 0.068 g (0.21 mmol) of protected amino acid


 


3


 


 in absolute CH


 


2


 


Cl


 


2


 


. The product was chromatograph-
ically purified (elution with ethyl acetate–petrol ether
(1 : 7), 40–70


 


°


 


C). The yield was 0.070 g (72%) of com-
pound 


 


5


 


 as a colorless liquid. 


 


1


 


H NMR (CDCl


 


3


 


/TMS),


 


δ


 


, ppm: 0.75 (d, 3H, MeCH), 0.86–0.92 (m, 6H,
Me


 


2


 


CH), 1.00–1.51 + 1.17 (s, 16H, backbone + 


 


t


 


-Bu),
1.67–2.05 + 1.71 + 1.79 (m, 8H, backbone + Me


 


2


 


C),
4.46 (d, 1H, OCHCHN), 4.81 (m, 1H, CHO


 


2


 


C), 5.12 (s,
1H, OCHCHN), 7.26–7.37 (m, 5H, Ph).


 


(1


 


S


 


,9a


 


S


 


)-5-Oxidooctahydro-2


 


H


 


-quinolizin-1-yl)me-
thyl (2


 


R


 


,3


 


S


 


)-3-(benzoylamino)-2-hydroxy-3-phenyl-
propanoate (6)


 


 was synthesized as described in [1]
from 0.053 g (0.11 mmol) of 


 


4


 


 in 5 mL of 85% formic
acid. The intermediate product was benzoylated with
0.02 mL (0.17 mmol) of benzoyl chloride. For end
product 


 


6


 


, 


 


1


 


H NMR (CDCl


 


3


 


/TMS), 


 


δ


 


, ppm: 1.34–2.18
(m, 17H, backbone + OH), 3.66–4.13 (m, 2H,
CH


 


2


 


O


 


2


 


C), 5.08 (d, 1H, CHOH), 5.92 (dd, 1H, CHN),
7.16 (br s, 1H, NH), 7.29–7.81 (10H, arom.). 


 


13


 


C NMR
(CDCl


 


3


 


/HMDS), 


 


δ


 


, ppm: 24.71, 24.91, 25.48, 25.58,


28.42, 28.43, 33.22, 48.71, 52.35, 52.97 (CHN), 77.70
(CHOH), 126.856–134.42 (arom.), 166.55 (NHOCBz),
172.02 (COO). IR (KBr), cm


 


–1


 


: 1530, 1630, 1670,
1730, 3250 br, 3380.


 


(1


 


R


 


,2


 


S


 


,5


 


R


 


)-2-Isopropyl-5-methylcyclohexyl (2


 


R


 


,3


 


S


 


)-
3-(benzoylamino)-2-hydroxy-3-phenylpropanoate (7)


 


was synthesized as described in [1] from 0.070 g
(0.15 mmol) of cyclic ester 


 


5


 


 in 5 mL of 85% formic
acid. The intermediate hydroxyamino acid ester was
benzoylated with 0.02 mL (0.17 mmol) of benzoyl
chloride. The end product was purified chromatograph-
ically (elution with ethyl acetate–petroleum ether 1 : 9,
then 1 : 3). The yield was 0.048 g (76%) of compound


 


7


 


 as colorless crystals with mp 127–128


 


°


 


C,  –
44.04 (


 


c


 


 = 0.005, CH


 


2


 


Cl


 


2


 


).


For C


 


26


 


H


 


33


 


NO


 


4


 


 anal. calcd. (%): C, 73.73; H, 7.85;
N, 3.31.


Found (%): C, 73.55; H, 7.90; N, 3.15.


 


1


 


H NMR (CDCl


 


3


 


/TMS), 


 


δ


 


, ppm: 0.55 (d, 3H,
MeCH); 0.79 (d, 3H, MeC); 0.88–1.25, including 0.93
(d) (m, 6H, backbone + MeC); 1,48 (m, 2H); 1.68–1.71
(m, 2H); 1.83 (m, 1H); 1.99 (m, 1H); 3.44 (1H, OH);
4.60 (1H, CHOH); 4.87 (m, 1H, CHO


 


2


 


C); 5.73 (dd (1H,
CHN); 7.14 (br s, 1H, NH); 7.28–7.81 (10H, arom.).


 


13


 


C NMR (CDCl


 


3


 


/TMS), 


 


δ


 


, ppm: 15.46, 20.84, 21.95,
22.71, 25.60, 31.48, 34.00, 40.70, 46.78, 54.78
(CHYN), 73.78 (CHOH), 77.35 (CHO2C), 126.86–
138.97 (arom.), 166.37 (NHOCBz), 172.51 (COO). IR
(KBr), cm–1: 1520, 1580, 1650, 1720, 3420 br.


For biological tests of esters 6 and 7, 5 mM initial
solutions of these compounds and taxol in DMSO were
prepared. The tests were carried out in vivo and in vitro
in a concentration range of 10–100 µmol/L of 6 and 7.
A 25 µM taxol solution was used as a positive control.
The ability of the tested compounds to stimulate in
vitro assembly of microtubules (MTs) from protein


α[ ]D
26


N+


H


OH


O–
N+


H


O


O–


O


NBoc
O


Ph


N+


H


O


O–


O


Ph


NHBz


OH


OH


O O


NBoc
O Ph


O O


Ph


HO
NHBz


O
NBoc


PhO


HO1
4


b


6


7


b


5


‡


3


2


Scheme 1.
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tubulin (1–2 mg/mL) isolated from bovine brain [12].
The formation of MTs was monitored by light video-
enhanced contrast microscopy (AVEC DIC microscopy
[13]) and sedimentation analysis [14]. The ability of
compounds 6 and 7 to inhibit in vivo cell division was
studied by fluorescence microscopy of Vero fibroblasts
and PtK2 epithelial cells stably transfected and express-
ing fluorescent labeled YFP tubulin.
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Electron spin resonance provides detailed informa-
tion not only on the valence and coordination state of
paramagnetic transition-metal ions in oxide materials
but also on their local symmetry. Perovskite cobaltates
of the general formula LnCoO


 


3


 


 (where Ln stands for a
lanthanide) are very interesting in this respect. In ideal
structures of this type, cobalt exists in the form of dia-
magnetic cobalt(III) ions; in real perovskite phases,
however, there is always a deficit of oxygen. The gen-
eration of oxygen vacancies is accompanied by a
decrease in the formal oxidation number of some struc-
tural ions: Co(III)  Co(II); the latter retain the octa-
hedral oxygen coordination.


The imperfection of real oxide phases to a large
extent dictates the physical and physicochemical char-
acteristics of these materials; through this, imperfection
dictates their functional properties, in particular cata-
lytic activity, which is substantially affected by the
defect density. Here, we carry out an electron spin res-
onance (ESR) study of bulk and deposited lanthanum
cobaltates (LaCoO


 


3


 


) in order to determine their
cobalt(II) paramagnetic centers. Such oxide materials
attract the attention of researchers on the following
accounts: they do not contain precious metals, are envi-
ronmentally friendly, and are efficient catalysts for the
oxidation of organics and CO.


EXPERIMENTAL


Bulk LaCoO


 


3


 


 and Co


 


3


 


O


 


4


 


 phases were prepared by
the thermooxidative degradation of lanthanum cobalt
and cobalt citrato complexes, respectively. The citrato
complexes were prepared as in work [1] in the follow-
ing fashion. Lanthanum and cobalt nitrates were dis-


 


a


 


 Laboratoire de Catalyse et Environnement,
Université du Littoral, C te d’Opale, Franceô


 


solved in aqueous citric acids; the resulting solution
was continuously stirred for 24 h at room temperature,
and then used in the synthesis.


The bulk samples were prepared as follows. A solu-
tion of the citrato complex was concentrated to a dry
residue at 100


 


°


 


C for several hours; the residue was cal-
cined in air at 600


 


°


 


C for 8 h. In this way, lanthanum
cobaltate (LaCoO


 


3


 


) and cobalt oxide (Co


 


3


 


O


 


4


 


) samples
were obtained. Deposited cobaltate was prepared by
impregnating an MCM-41 mesoporous molecular sieve
(specific surface area, 860 m


 


2


 


/g; average pore diameter,
3.3 nm) with an aqueous solution of the citrato com-
plex. Then, the sample was dried at 60


 


°


 


C and calcined
in flowing air at 600


 


°


 


C for 8 h. A LaCoO


 


3


 


/MCM-41
sample containing ~10 wt % cobaltate was manufac-
tured in this way.


Powder X-ray diffraction analysis was carried out
on a Dron 3M diffractometer using filtered Cu


 


K


 


α


 


 radi-
ation. Electron spin resonance spectra were recorded at
295 and 77 K on an EMX Bruker spectrometer operat-
ing at ~9.3 GHz (the X band) and 100-kHz frequency
modulation. The 


 


g


 


-factor values were determined by
simultaneously measuring the frequency and magnetic
field. The spectra were processed using WINEPR
Bruker software.


RESULTS AND DISCUSSION


The figure displays the ESR spectra for bulk Co


 


3


 


O


 


4


 


(spectrum 


 


a


 


) and perovskite LaCoO


 


3


 


 (spectrum 


 


b


 


); the
latter nominally contains 22.1 at. % Co. Both spectra
are broad asymmetric lines. The average 


 


g


 


-factor value
(


 


g


 


0


 


) corresponding to the intersection of the ESR signal
with the baseline is ~2.3. The line width 


 


δ


 


H and signal
intensity (double-integrated intensity) for both samples
change with decreasing temperature. For LaCoO


 


3


 


, the
line width 


 


δ


 


H increases from ~1850 G at 295 K to
2350 G at 77 K; the signal intensity increases about
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Abstract


 


—The valence and coordination state of paramagnetic cobalt atoms in bulk phases of perovskite
cobaltate LaCoO


 


3


 


 and cobalt oxide Co


 


3


 


O


 


4


 


 and in nanosized LaCoO


 


3


 


 deposited inside the mesoporous molec-
ular sieve MCM-41 matrix has been studied using ESR. Cobalt(II) cations in deposited cobaltates have octahe-
dral coordination, which is characteristic of perovskite-like structures.
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threefold. Such a spectral evolution is intrinsic to para-
magnetic centers. For cobalt oxide, in contrast, 


 


δ


 


H
decreases with decreasing temperature, from 2100 at
295 K to 1170 G at 77 K; the increase in the signal
intensity is only 1.5-fold. This result can be regarded as
indicative of the existence of antiferromagnetic
exchange interaction in the spin system of Co


 


3


 


O


 


4


 


,
which is expected of cobalt oxide: Co


 


3


 


O


 


4


 


 contains
equal numbers of low-spin diamagnetic cobalt(III) cat-
ions and paramagnetic cobalt(II) cations; the Neél tem-
perature for Co


 


3


 


O


 


4


 


 is 40 K. The strong ESR signals
observed in bulk Co


 


3


 


O


 


4


 


 and perovskite LaCoO


 


3


 


 sam-
ples can be assigned, in accordance with works [2, 3],
to paramagnetic cobalt(II) ions in different local envi-
ronments involved to different extents in the exchange
interaction with each other. Strong exchange interac-
tions between cobalt(II) ions in Co


 


3


 


O


 


4


 


 are responsible
for the resemblance of the ESR spectrum of Co


 


3


 


O


 


4


 


 and
the previously described spectrum [2] of chain frag-
ments


–Co


 


2+


 


–O


 


2–


 


–Co


 


2+


 


–O


 


2–


 


–


Evidently, these structural fragments cannot exist in
perovskites, in which all cobalt is in the form of stable
low-spin cobalt(III) ions [4]. Therefore, the appearance
of the broad signal in bulk LaCoO


 


3


 


 samples is most
likely due to minor Co


 


3


 


O


 


4


 


 impurities, which can have
been formed during the thermolysis of the citrato com-
plex and which have not entered the composition of the
cobaltate. A similar result was obtained previously in
work [4]; the authors of that work studied the formation
of perovskite LaCoO


 


3


 


 during the thermolysis of a
mixed citrato complex and found weak reflections from
a Co


 


3


 


O


 


4


 


 phase in the X-ray diffraction diagram. In our
case, powder X-ray diffraction does not show a Co


 


3


 


O


 


4


 


phase in LaCoO


 


3


 


; ESR, due to its high sensitivity, can
detect weakly interacting cobalt(II) ions.


Apart from the strong, asymmetric ESR signal with


 


g


 


0


 


 ~ 2.3, a bulk LaCoO


 


3


 


 sample exhibits two extra weak
signals (spectrum 


 


b


 


): (1) 


 


g


 


0


 


 ~ 5 and 


 


δ


 


H = 160 G, and
(2) 


 


g


 


0


 


 ~ 2 and 


 


δ


 


H = 440 G. According to works [3–6],
the signal 


 


g


 


0


 


 ~ 5 can be assigned to isolated cobalt(II)
ions. Such isolated cobalt(II) ions do not exist in the
phase of the simple oxide, but they can appear as defect
centers in the perovskite material, where most cobalt
atoms are octahedral and have the oxidation number
+3. The appearance of the ESR signals from cobalt(II)
ions at 295 and 77 K implies their low-spin state
(


 


s


 


 = 1/2): high-spin (


 


s


 


 = 3/2) cobalt(II) ions have very
short relaxation times, and their ESR spectra are
observable only below 20 K [4]. The weak signal with


 


g


 


0


 


 ~ 2.0 and 


 


δ


 


H = 440 G is likely associated either with
other defect cobalt(II) centers in perovskite or with
adsorption complexes of cobalt and dioxygen [7, 8].


The ESR spectrum for deposited LaCoO


 


3


 


/MCM-41
samples (spectrum 


 


c


 


) significantly differs from the
spectrum of the bulk LaCoO


 


3


 


 sample. The spectrum is
a broad, strongly asymmetric line (at 295 K, 


 


g


 


0


 


 = 5.4


and 


 


g


 


max


 


 ~ 18). This line significantly shifts downfield
compared to the spectrum of the bulk cobaltate (spec-
trum 


 


b


 


). At 77 K, the signal intensity and line width
appreciably increase. The 


 


g


 


0


 


 value remains practically
unchanged, while the downfield shift of the low-field
extreme (


 


g


 


max


 


) becomes even greater. Analogous evolu-
tion of ESR signals was observed in work [3] from iso-
lated cobalt(II) ions introduced by ion exchange into
zeolites A and X.


By analogy with the spectrum of the bulk cobaltate
sample, the ESR signal with 


 


g


 


0


 


 = 5.4 in deposited
LaCoO


 


3


 


/MCM-41 can also be assigned to spatially sep-
arated low-spin cobalt(II) ions in octahedral coordina-
tion. Comparing the ESR spectra of bulk and deposited
LaCoO


 


3


 


, we see that in the latter, all cobalt atoms enter
the cobaltate: signals with 


 


g


 


 ~ 2.3 from cobalt–oxygen
chains, which are characteristic of Co


 


3


 


O


 


4


 


, do not appear
in the LaCoO


 


3


 


/MCM-41 sample. It is noteworthy that
the relative intensity of the ESR signals, normalized to
the overall cobalt content of the sample, in the
LaCoO


 


3


 


/MCM-41 sample is far higher than in the bulk
perovskite LaCoO


 


3


 


.
To summarize, the above data imply that nanosized


cobaltate particles formed in the mesopores of the
MCM-41 matrix upon the degradation of precursor
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compounds, contain higher cobalt(II) concentrations
than bulk lanthanum cobaltates; in the latter, cobalt(II)
ions are mere defects. There are two likely reasons for
this: either nanosized cobaltate particles deposited
inside MCM-41 pores have a higher degree of struc-
tural nonideality than bulk perovskites, or a mixed
oxide differing in composition from LaCoO3 and con-
taining cobalt(+2) is formed in MCM-41 pores.
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The pharmacological and medical utility of porphy-
rins and their complexes with metals is due to their lipo-
philicity, which enables their accumulation in the lipid
bilayer of cell membranes and transport to cells of liv-
ing organisms [1]. However, the structural and func-
tional affinity of synthetic metal porphyrins to the reac-
tive sites of oxidoreductases makes them catalytically
active in the oxidation of biosubstrates. As a result of
these side processes, the use of porphyrins, e.g., in
diagnostics, is complicated by the undesired oxidative
destruction of biosubstrates. In this case, it is proposed
to simultaneously use antioxidants. We demonstrated
earlier that the introduction of 2,6-dialkylphenols into
porphyrins or phthalocianines generates polyfunctional
systems. Such compounds express catalytic or antioxi-
dant properties depending on the metal and the process
parameters [2].


This work concerns the preparation of iron and man-
ganese porphyrins with 2,6-di-


 


tert


 


-butylphenol moi-
eties in their macrocycle and the study of their catalytic
activity in oxidation processes. For modeling the oxy-
genase activity, silica-gel-immobilized metal porphy-
rins were prepared and studied. In choosing spacers
with imidazole coordinating groups, we were guided by
modeling of natural heme systems in which the iron
metal is bound to the nitrogen atom of the imidazole
ring of histidine.


PREPARATION OF PORPHYRINS IMMOBILIZED 
ON SILICA GELS


To determine the role of antioxidant groups in the
catalytic activity of porphyrins, in this work we used
compounds bearing 3,5-di-


 


tert


 


-butyl-4-hydroxyphenyl


substituents in 


 


meso


 


 positions. Free base 5,10,15,20-
tetrakis(3,5-di-


 


tert


 


-butyl-4-hydroxyphenyl)-21H,23H-
porphyrin (compound 


 


1


 


) was synthesized by the
Rothemund condensation of aldehyde with pyrrole in pro-
pionic acid, and its complexes with iron (compound 


 


2


 


) or
manganese (compounds 


 


3


 


) were prepared (Fig. 1) [3–5] in
70–80% yields. These complexes were characterized by
electronic absorption spectroscopy [4, 9].


To immobilize porphyrins on silica gel, we synthe-
sized metalloporphyrins modified by various binding
groups of silica gel (Scheme 1), by analogy with previ-
ously described methods [6, 7]. First, we prepared
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modified silica gels bearing imidazole as the coordinat-
ing group (Fig. 2). The silica gel matrix was modified
by porphyrins via a coordination link between the imi-
dazole nitrogen atoms and the metal atoms of the mac-
rocycle. With respect to metalloporphyrin, the imida-
zole groups are the axial ligands of spacers 


 


L


 


1


 


 and 


 


L


 


2


 


.
The modified silica gels prepared in this work were


identified by their IR spectra, electronic absorption
spectra, and thermogravimetric analysis. All com-
pounds bearing moiety 


 


L


 


1


 


 display bands due to the
C


 


−


 


O stretching vibrations at 1510–1520 cm


 


–1


 


 and the
C=N vibrations in uncoordinated imidazole at


1675 cm


 


–1


 


. For the complexes of 


 


L


 


1


 


 with porphyrins,
the C=N band shifts toward longer wavelengths (1655–
1630 cm


 


–1


 


), signifying the coordination of the metal ion
and the nitrogen atom. For the O–H group, a broad
band of the stretching vibrations is observed at 3300–
3500 cm


 


–1


 


 for 


 


L


 


1


 


 and immobilized porphyrins 


 


4


 


 and 


 


6


 


and a narrow band, associated with the O–H stretching
vibrations and characteristic of 2,6-di-


 


tert


 


-butylphenol
groups, is observed at 3600 cm


 


–1


 


. For the compounds
bearing moiety 


 


L


 


2


 


, the C=N stretching vibrations in
uncoordinated imidazole characteristically appear at
1671 cm


 


–1


 


; for complexes of 


 


L


 


2


 


 with metalloporphy-
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rins, the C=N band shifts toward longer wavelengths
(1630–1620 cm


 


–1


 


); here, as in compounds of 


 


L


 


1


 


, this
shift indicates the coordination between the metal ion
and nitrogen atom.


ACTIVITY OF METALLOPORPHYRINS
IN THE OXIDATION OF ALKANES


AND ALKENES BY HYDROGEN PEROXIDE


Iron and manganese tetraarylporphyrins express
their catalytic properties in alkane oxidation and alkene
epoxidation [10, 11]. The effect of iron and manganese


 


meso


 


-tetraarylporphyrins, either immobilized or non-
immobilized, on the oxidation of hydrocarbons by
hydrogen peroxide was studied previously. The com-
pounds described in the literature had a catalytic effect
[8, 12–14].


The alkene-oxidation mechanism and the general
schemes of alkene epoxidation and alkane hydroxyla-


tion in the presence of iron and manganese porphyrins
were discussed in detail [12]. The action of manganese
porphyrin was represented by the following stages
(Scheme 2). For manganese porphyrins, the oxo com-
plex with the metal in the oxidation state +5 (PMn


 


V


 


=O)
is a characteristic catalytic species. Such species are
biomimetics of monooxygenases: they transfer oxygen
atoms to substrate molecules.


For iron porphyrin, another intermediate is charac-
teristic, namely, the radical cation form of the ligand in
iron porphyrin with the oxidation state +4 (Scheme 3).
We studied the influence of unsupported metallopor-
phyrins 


 


2


 


 and 


 


3


 


 and silica-gel-immobilized porphyrins


 


4


 


–


 


7


 


 on the oxidation of alkenes and alkanes by hydro-
gen peroxide.


Table 1 displays data on epoxide formation during
the oxidation of cyclooctene by hydrogen peroxide in
the presence of silica-gel-immobilized metalloporphy-
rins 


 


4


 


–


 


7


 


 and unsupported metalloporphyrins 


 


2


 


 and 


 


3


 


.
It is known that manganese 


 


meso


 


-chlorotetraphe-
nylporphyrin is catalytically active in such systems [8].
For manganese porphyrin containing 2,6-di-


 


tert


 


-
butylphenol groups (compound 


 


3


 


), the catalytic effect
is virtually unexpressed regardless of whether porphy-
rin is immobilized or not. Iron porphyrins 


 


2


 


, 


 


4


 


, and 


 


5


 


virtually do not affect the generation of cyclooctene
epoxides during oxidation by H


 


2


 


O


 


2


 


.
Table 2 displays data on the oxidation of cyclohex-


ene by H


 


2


 


O


 


2


 


 in the presence of supported metallopor-
phyrins 


 


4


 


–


 


7


 


. The reaction produces cyclohexene
epoxides and cyclohexan-2-ene.


Manganese porphyrin containing 2,6-di-


 


tert


 


-
butylphenol groups (compound 


 


6


 


) immobilized on sil-
ica gel via a long spacer 


 


L


 


1


 


 is catalytically active, but its
catalytic activity is lower than that of its phenyl ana-
logue [14]; the processes are not selective. In the pres-


 


OH R


PMnIV


•


 


O


  


PMn


 


III


 


 + H


 


2


 


O


 


2


 


PMnV=O + H2O


PMnV=O + PMnIII +


PMnIII + H2O2 PMnV=O + H2O


PMnV=O + RH PMnIII + ROH


PMnV=O + RH R•


PMnIII + ROH Products


Scheme 2. Scheme 3.


Table 1.  Epoxide yields in the oxidation of cyclooctene by
H2O2 in the presence of metalloporphyrins immobilized on
silica gels via various spacers (compounds 4–7) and unsup-
ported metalloporphyrins (compounds 2 and 3)*


Porphyrin Epoxides, % TOF × 10–2


R4PFeCl (2) >1 0.86


R4PMnCl (3) 2 4.68


R4PFeClL1 (4) 1 0.08


R4PFeClL2 (5) >1 0.04


R4PMnClL1 (6) >1 0.04


R4PMnClL2 (7) 2 0.16


* The reaction time with immobilized metal porphyrins is 24 h;
with unsupported, 1 h. For the process parameters, see text.
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ence of iron porphyrins 4 and 5, which are immobilized
on supports via long (L1) and short (L2) spacers,
respectively, cyclohexan-2-ene is generated with near-
100% selectivity, but product yields are insignificant.


Table 3 displays data on the oxidation of cyclohex-
ane by H2O2 in the presence of metalloporphyrins 2–7.
Cyclohexanol and cyclohexanone are produced by the
reaction.


All porphyrin additives only insignificantly affect
the generation of oxidation products. However, it is
important that all nonimmobilized metalloporphyrins
have higher catalytic properties than their immobilized
analogues. These results are consistent with [15];
apparently, they are due to the inhibition of the axial
positions of metalloporphyrins in their coordination to
the imidazole groups of the spacer.


Table 4 displays the data obtained from the oxidation
of hexane with H2O2 in the presence of metalloporphy-
rins immobilized via long spacer L1 (compounds 4 and
6). Oxidation products are hexan-2-ol and hexan-2-one.


From the above, we deduce that the catalytic activity
of porphyrins is controlled by several factors: the nature
of the metal, the existence of antioxidant phenol groups
immobilized on a support, and the nature of the binding
group of the support. The interpretation of our experi-
mental data should apparently include the generation of
various intermediates by phenol-substituted porphy-
rins. From tentative data, we can presume that the anti-
oxidant phenol group is involved in the main process
route via the inter- or intramolecular electron and pro-
ton transfer.


Thus, presumably, 2,6-di-tert-butylphenol substitu-
ents dramatically decrease the catalytic activity of man-
ganese and iron porphyrins.


EXPERIMENTAL


Electronic absorption spectra were recorded on a
Cari-219 Varian (Jasco) UV/Vis/NIR spectrophotome-
ter. IR absorption spectra were recorded as KBr disks
on an IKAR Fourier-transform spectrophotometer,


Table 2.  Product yields and selectivities in the oxidation of cyclohexane by H2O2 in the presence of metalloporphyrins immo-
bilized via various spacers (compounds 4–7)


Porphyrin Epoxide, % Ketone, % Overall product 
yield, %


Epoxide selectivity, 
%


Ketone selectivity, 
%


R4PFeClL1 (4) 0 9 9 0 100


R4PFeClL2 (5) >1 8 9 5.6 94.4


R4PMnClL1 (6) 6 13 18 30.5 69.5


R4PMnClL2 (7) 2 5 7 32.0 68.0


* The reaction time with immobilized metalloporphyrins is 24 h. For the process parameters, see Experimental.


Table 3.  Product yields in the oxidation of cyclohexane by H2O2 in the presence of metal porphyrins 2–7


Porphyrin Cyclohexanol, % Cyclohexanone, % TOF × 10–4 (alcohol) TOF × 10–4 (ketone)


R4PFeCl (2) >1 >1 22.0 28.0


R4PMnCl (3) >1 0 24.0 0


R4PFeClL1 (4) >1 >1 5.0 3.8


R4PFeClL2 (5) >1 >1 5.4 1.3


R4PMnClL1 (6) 1 0 8.0 0


R4PMnClL2 (7) >1 1 3.0 11.5


* The reaction time with immobilized metalloporphyrins is 24 h; with unsupported, 1 h. For the process parameters, see Experimental.


Table 4.  Product yields and process selectivities in the oxidation of hexane by H2O2 in the presence of metal porphyrins
immobilized via a long spacer L1 (compounds 4 and 6)


Porphyrin Alcohol, % Ketone, % Overall product 
yield, %


Alcohol selectivity, 
%


Ketone selectivity, 
%


R4PFeClL1 (4) 6 3 9 67.2 32.8


R4PMnClL1 (6) 7 4 11 67.3 32.7


* The reaction time with immobilized metal porphyrins is 24 h.
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Spectrum GX Perkin-Elmer FT-IR system. Thermo-
gravimetric analysis (TGA) was carried out on a Shi-
madzu DTG-60 instrument. Chromatographic analysis
was carried out on a Shimadzu GC-17A instrument
(a gas chromatograph coupled with GCMS-QP5000
mass spectrometer). Thin-layer chromatography was
performed on Silufol UV-254 plates. Column chroma-
tography was carried out using alumina (neutral) and
silica gel (40/100).


Porphyrins 1, 2, and 3 were synthesized as described
previously [3–5]; purification was carried out by col-
umn chromatography on silica gel with 80% CHCl3 +
20% hexane eluent.


Modifying silica gel with (3-glycidyloxypro-
pyl)trimethoxysilane (L1) was carried out as described
in [6]. To a solution of imidazole (3 mmol, 0.204 g) in
toluene (50 mL), (3-glycidyloxypropyl)trimethoxysi-
lane (3 mmol, 0.663 mL) was added. The mixture was
refluxed for 24 h at 80°C. Then, SiO2 (1.5 g) and etha-
nol (5 mL) were added to the mixture and stirred at
80°C for 24 h. The mixture was cooled; the precipitate
was filtered, repeatedly washed with etanol and ace-
tone, and dried in vacuo. Yield: 1.6 g. The organic con-
tent as determined by TGA was 20%. IR spectrum (ν,
cm–1): 1510 (C–O), 1631 (C=N), 3400 (O–H).


Modifying silica gel with (3-chloropropyl)tri-
methoxysilane (L2) was carried out as described in [7].
To a solution of imidazole (3 mmol, 0.204 g) in toluene
(50 mL), (3-chloropropyl)trimethoxysilane (3 mmol,
0.552 mL) was added. The mixture was refluxed for 24
h at 80°C. Then, SiO2 (1.5 g) and ethanol (5 mL) were
added to the mixture and stirred at 80°C for 24 h. The
mixture was cooled; the precipitate was filtered, repeat-
edly washed with etanol and acetone, and dried in
vacuo. Yield: 1.58 g. The organic content as determined
by TGA was 8.5%. IR spectrum (ν, cm–1): 1631 (C=N).


Immobilization of metalloporphyrins 2 and 3 on
silica gel (R4PFeL1, R4PFeL2, R4PMnL1, and
R4PMnL2). To a solution of metalloporphyrin
(R4PFeCl or R4PMnCl) in CH2Cl2, L1 or L2 was added.
The reaction was carried out for 24 h with continuous
stirring. The reaction mixture was filtered and repeatedly
washed with CH2Cl2 and dried for 3 h at 60°C.


Oxidation of alkanes and alkenes by hydrogen
peroxide [8]. The catalytic oxidation of cyclohexene,
cyclooctene, cyclohexane, and hexane by hydrogen
peroxide was carried out in glass reactors at a high stir-


ring speed, which released diffuse limitations, at a fixed
temperature of the reaction medium (20°C). The sol-
vent used were CH3CN and CH2Cl2. The products were
analyzed by GLC and mass spectrometry. The reaction
was carried out as follows. Into a glass reactor, metal-
loporphyrin (1 µmol), either immobilized or nonimmo-
bilized, was placed; then, CH3CN (650 µL) and CH2Cl2
(350 µL) were added. Then, the cocatalyst
CH3COONH4 (0.77 mg, 0.01 mmol) and the support
(0.8 mmol) were added in sequence. Next, a reference
was added: a 0.1 M solution of acetophenone in aceto-
nitrile (23.2 µL). An oxidizing agent, namely a 0.1 M
solution of hydrogen peroxide in acetonitrile (20 µL),
was the last added. When immobilized metalloporphy-
rins were used, the reaction lasted 24 h; with unsup-
ported metalloporphyrins, the reaction time was 1 h.
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STATEMENT OF THE PROBLEM


Dissipative structures emerging in real dynamic sys-
tems are on such a small scale that it is impossible, in
principle or for technical and economic reasons, to
recover the energy dissipated in these structures. Here-
inafter, such structures are referred to as dissipative
structures with unrecoverable energy loss (DSUEs).
DSUEs, as any dissipative structures, produce entropy
in the system. In short-cycle adsorption systems for gas
separation, the DSUE scale is the adsorption front
extension [1]; and in energy installations with chemical
oxidation of fuel, the DSUE scale is the size of the cat-
alytic insert synchronizing the fuel oxidation rate and
the expansion rate of a gas mixture in a turbine [2]. Tak-
ing into account the entropy production in DSUEs
makes it possible to estimate the limiting efficiency,
which, as distinct from the equilibrium efficiency,
determines a more realistic upper limit for the effi-
ciency of real systems. Let us illustrate this with the
example of the adsorption heat pump. Figure 1 shows
the principle scheme of heat flows in the adsorption
heat pump. In the steady periodic regime, the device
receives the heat 


 


Q


 


hs


 


 from a source with the temperature


 


T


 


hs


 


 and the heat 


 


Q


 


ev


 


 from an evaporator with the temper-
ature 


 


T


 


ev


 


 and loses the supplied heat 


 


Q


 


s


 


 to the environ-
ment with the temperature 


 


T


 


env


 


. The efficiency of the
working cycle of the adsorption heat pump is character-
ized by the coefficient of performance (COP) 


 


η


 


 =


 


Q


 


ev


 


/


 


Q


 


hs


 


, the ratio of the amount of produced cold to the
amount of supplied heat [3]. For the equilibrium cycle,
the efficiency (


 


η


 


c


 


) of the adsorption heat pump can be
expressed through the above temperatures [3]:


(1)


The typical cycle of the adsorption heat pump con-
sists of two isobars (the adsorption and adsorbent
regeneration stages) and two isosteres (the adsorbent


ηc
Qev


Qhs
--------


Tev


Ths
-------


Ths Tenv–
Tenv Tev–
----------------------.= =


 


heating and cooling stages) [3–7]. At the isobaric
adsorption stage, the adsorber is connected through the
gas phase with the evaporating compartment of a refrig-
erator where the constant temperature 


 


T


 


ev


 


 and the corre-
sponding equilibrium pressure of the working fluid


 


p


 


ev


 


 = 


 


p


 


(


 


T


 


ev


 


) are maintained. At the isobaric regeneration
stage, the adsorber is connected with a condenser
where, during vapor condensation, the constant temper-
ature 


 


T


 


c


 


 equal to the temperature of the environment
(


 


T


 


c


 


 = 


 


T


 


env


 


) and the corresponding equilibrium vapor
pressure 


 


p


 


c


 


 = 


 


p


 


(


 


T


 


c


 


) are maintained. For increasing the
efficiency of the adsorption heat pump, it has been sug-
gested to regenerate the adsorption heat [3, 4].


A heat pump with adsorption heat regeneration has
two internal circulation loops (Fig. 2): the loop of the
working fluid, through which the condensed working
fluid returns to the evaporating chamber, and the heat
carrier loop [6]. In the course of adsorption, the adsor-
bent is cooled with a heat carrier flow, which leads to an
increase in the amount of the adsorbate. In the course of
regeneration, the adsorbent is heated with a heat carrier
flow, which leads to a decrease in the amount of the
adsorbate. Calculations [4–7] and experiments [8, 9]


 


Limiting Efficiency of Adsorption Heat Pump


 


V. L. Zelenko and L. I. Heifets


 


Department of Chemical Technology and New Materials
e-mail: heifets@tech.chem.msu.ru


 


Received November 3, 2005


 


Abstract


 


—Based on the concept of unrecoverable energy losses in small-scale dissipative structures, the upper
limit of the heat pump efficiency has been estimated. This limiting efficiency is achieved in the absence of
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 Principle scheme of heat flows in the heat pump: the
subscript indices hs, env, and ev denote the heat source
(heating system), the environment, and the evaporator,
respectively.
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have shown that the equilibrium 


 


η


 


c


 


 value cannot be
attained by optimizing the heat exchange processes in
different elements of the heat pump. Heating and cool-
ing of the adsorbent and heat carrier can be equilibrium.
The losses due to cooling the working fluid in the evap-
orating chamber are negligible as compared to the heat
of evaporation. Nevertheless, the considerable differ-
ence between the equilibrium efficiency and the exper-
imental or theoretical efficiency is evidence that dissi-
pative structures whose characteristic scale is much
smaller than the size of heat-exchange devices are
present in the working cycle of the heat pump. An
important feature of the isobaric adsorption and regen-
eration stages is the constancy of the working fluid
pressure in the adsorbent bed. When the heat pump has
acceptable performance, the vapor flow becomes so
strong that a thin temperature boundary layer is formed
near the adsorbent (adsorption stage) or condensate
(regeneration stage) phases. It is precisely these bound-
ary layers that are responsible for the dissipative pro-
cesses, and their scale prevents the recovery the energy
dissipated in these processes. By analogy with [6], let us
estimate the entropy production due to vapor transfer.


ENTROPY PRODUCTION AT THE STAGE
OF ISOBARIC ADSORPTION


The adsorber is connected through the vapor phase
to the evaporating chamber. In the evaporating cham-
ber, 


 


dm


 


 moles of the working fluid, e.g., water, are
evaporated under equilibrium conditions at the constant


temperature 


 


T


 


ev


 


 and saturated vapor pressure 


 


p


 


ev


 


. This
vapor is heated in the adsorber under nonequilibrium
conditions to the current temperature 


 


T


 


 of the adsorbent
bed at the constant pressure 


 


p


 


ev


 


 and, then, is adsorbed
under equilibrium conditions. The adsorbent bed at 


 


T


 


 >


 


T


 


ev


 


 delivers 


 


c


 


p


 


dm


 


(


 


T


 


 – 


 


T


 


ev


 


) joules of heat to the vapor.
The entropy of the bed thereby decreases by


whereas the entropy of the vapor increases by


where 


 


c


 


p


 


 (J/(mol K)) is the molar heat capacity of the
vapor. The total change in entropy upon transfer of 


 


dm


 


moles of the vapor from the refrigerator to the adsorber
can be presented as


(2)


If we introduce the quantity 


 


q


 


 = (


 


T


 


 – 


 


T


 


ev


 


)/


 


T


 


ev


 


 and
rewrite the expression in the brackets in Eq. (2) as a
power series of 


 


q


 


, it is easy to check that the inequality


 


d


 


a


 


s


 


 > 0 is valid. It is evident that, at the place where the
vapor meets the adsorbent bed, there is an entropy
source caused by a DSUE emerging due to nonequilib-
rium vapor heating. The differential 


 


dm


 


 can be
expressed through the adsorption isobar differential


 


w
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p


 


 = const


 


:


(3)


where 


 


w


 


 is the vapor adsorption in moles per unit mass
of the dry adsorbent, 


 


m


 


0


 


 is the mass of the dry adsorbent
in the adsorber (the modulus symbol means that the
adsorption amount decreases as the adsorbent tempera-
ture increases). In a stationary cycle, the adsorbate
amount in the course of adsorption increases from 


 


w


 


1


 


 =
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) to 
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 = 
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). Thus, the initial (


 


T


 


1


 


) and
final (


 


T


 


2


 


) temperatures of the bed at the adsorption stage
(


 


T


 


2


 


 < 


 


T


 


1


 


) can be calculated from the known adsorption
isobar. Integrating Eq. (3) with taking into account
Eq. (3), we obtain the total entropy production at the
adsorption stage:


(4)


ENTROPY PRODUCTION AT THE STAGE
OF ISOBARIC REGENERATION


The adsorber is connected through the gas phase
with the condenser. In the adsorber, 


 


dm


 


 moles of the
working fluid are first desorbed under equilibrium con-
ditions at the constant pressure 


 


p


 


c


 


 (equal to the pressure
of the saturated working fluid vapor in the condenser)
and the current temperature 


 


T


 


 of the adsorber and, then,


d2s cpdm T Tev–( )/T ,–=


d1s cpdm T /Tev( ),ln=


das d1s d2s+ cpdm
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dm m0
dw
dT
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Fig. 2. Detailed layout of the heat pump: 1 and 2 are the
adsorbers, 3 is the condenser, 4 is the evaporator, (5) is the
heating system for the heat carrier, 6 is the cooling system
(cs) for the heat carrier, 7 is the circulation loop of the heat
carrier, 8 is the liquid (working fluid), 9 is the working fluid
loop with refrigerator 10 (Tcs = Tenv, q is heat exchange).
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are cooled under nonequilibrium conditions down to
the temperature Tc. Then, the cooled vapor condenses at
Tc under equilibrium conditions. On cooling, the vapor
delivers cpdm(T – Tc) joules of heat to the condenser
and its entropy decreases by d1s = cpdmln(TcT),
whereas the entropy of the condenser increases by d2s =
cpdm(T – Tc)/Tc. The total change in entropy at the des-
orption stage can be presented as


(5)


If we introduce the quantity g = (T – Tc)/Tc and
rewrite the expression in the brackets in Eq. (5) as a
power series of g, it is easy to check that the inequality
dds > 0 is valid. This means that, at the inlet to the con-
denser, there is an entropy source caused by a DSUE
emerging due to nonequilibrium vapor cooling.


In a stationary cycle, the adsorbate amount in the
bed in the course of regeneration decreases from w2 =
w(pc, T3) to w1 = w(pc, T4). The initial (T3) and final (T4)
temperatures of the bed at the regeneration stage (T3 <
T4) can be calculated from adsorption isobars. Integrat-
ing Eq. (5) with taking into account Eq. (3), we obtain
the total entropy production at the regeneration stage:


(6)


Summation of Eqs. (4) and (6) gives the total
entropy production in the stationary cycle of the heat
pump with taking into account DSUEs (∆S = ∆Sa +
∆Sd). To simplify calculations, let us use integration by
parts:


(7)


It is worth noting that ∆S is independent of the heat
source temperature Ths.


dds d1s d2s+ cpdm
T
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.


EFFICIENCY OF THE CYCLE WITH DSUE


The entropy balance of the heat pump during one
stationary cycle (Fig. 1) can be presented in the form


(8)


The heat Qev removed from the refrigerator chamber
can be presented as


(9)


where L is the heat of evaporation of the working fluid
(J/mol). Let us call the efficiency of the cycle with
DSUEs (ηL) the limiting efficiency of the heat pump
(ηL = Qev/Qhs). It is evident that ηL is smaller than ηc
since it takes into account the energy dissipated in
DSUEs. Dividing both sides of Eq. (8) by Qev, we
obtain the equation in the limiting efficiency:


(10)


where Ja = cpTc/L is the dimensionless Jacob number,
∆S* = ∆S/(m0cp∆w) is the dimensionless entropy pro-
duction per cycle, and ηM = 1 – Tc/Ths is the efficiency
of a Carnot machine operating between thermostats
with the temperatures Ths and Tc. The ηL value is the
upper limit of the efficiency of the heat pump in the
absence of the heat transfer resistance in large-scale
elements.


Example 1. Let us consider the adsorption heat
pump with water and zeolite NaX as a working pair.
This system has been studied theoretically [4–6] and
experimentally [8]. The water adsorption on zeolite
NaX was described in [8] by the modified Dubinin–
Astakhov equation:


(11)


where Ts is the temperature of the equilibrium liquid–
vapor system (T > Ts).


As in the experimental work [8], we take ths =
200°C, tev = 7°C, and tc = 40°C. At these temperatures,
the thermodynamic efficiency of the equilibrium cycle
(ηc) is 2.87 according to Eq. (1). The lower limit of the
moisture content of zeolite (w1) can be calculated by
Eq. (11), using the temperatures of the heat source and
condenser, i.e., at T = Ths and Ts = Tc. It turned out that
w1 = 0.0027 mol water/g. The highest moisture content
(w2) is taken to be 0.0086 mol water/g. Using Eq. (11),
we can calculate the temperatures at the beginning and
in the end of the isobaric stages of adsorption (T1, T2)
and regeneration (T3, T4) corresponding to the specified
adsorptions (w1, w2). These data are listed in Table 1.
The solution of Eqs. (7) and (10) led to ηL = 2.33. This
value is 25% lower than the ηc value corresponding to
the thermodynamically equilibrium cycle. At the same
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------- ∆s+ +
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time, ηL exceeds by a factor of 1.5 the maximal effi-
ciency (1.6) calculated using the heat transfer equations
in different elements of the heat pump [4] and by a fac-
tor of 3.5 the maximal experimental efficiency (0.6) [8].


Example 2. Let us consider the adsorption heat
pump in which the working pair is water and a compos-
ite adsorbent composed of calcium chloride impreg-
nated into a porous silica gel matrix. A series of such
sorbents have been developed at the Institute of Cataly-
sis, Siberian Division, RAS [10, 11]. Adsorption of
water by these sorbents in wide ranges of water vapor
temperatures and pressures was comprehensively stud-
ied by Aristov [12]. Processing the data from [12] by
the least-squares method in the moisture content range
0.006–0.04 mol water/g, we obtain the asymptotic
equation for water adsorption on the sorbent containing
33.7 wt % calcium chloride:


(12)


Here, F is the Polanyi adsorption potential


, R = 8.314 × 10–3 kJ/(mol K) is the


universal gas constant, ps(T) is the equilibrium vapor
pressure at temperature T, and p is the vapor pressure in
the adsorbent bed.


As in the experimental work [9], the heat source
temperature is taken to be ths = 90°C, the temperature in
the refrigerator is maintained at tev = 10°C and that in
the condenser, at tc = 35°C. Substitution of these tem-
peratures into Eq. (1) gives ηc = 1.715. The saturated
water vapor pressures in the refrigerator (pev) and con-
denser (pc) at the specified temperature, calculated by
the Clausius–Clapeyron equation [13], turned out to be
12.1 and 54.2 mbar in the refrigerator and condenser,
respectively. The lower limit of the zeolite moisture
content (w1) can be calculated by Eq. (12), using the
vapor pressure in the condenser and the equilibrium
water vapor pressure at the heat source temperature
(w1 = 0.0068 mol water/g). The maximal moisture con-
tent (w2) is taken to be 0.012 mol water/g. The temper-
atures at the beginning and in the end of the isobaric
adsorption (T1, T2) and regeneration (T3, T4) stages cor-


w 0.0486 0.0003F–( ).exp=


F RT
ps T( )


p
-------------ln=⎝ ⎠


⎛ ⎞


responding to the specified adsorptions w1 and w2 are
calculated by Eq. (12) (Table 2).


The solution of Eqs. (7) and (10) allowed us to
determine the limiting efficiency (ηL = 1.52). This
value is 13% lower than the thermodynamically equi-
librium efficiency η calculated by Eq. (1), but it
exceeds by a factor of 2.5 the maximal experimental
efficiency (0.6) [9]. The noticeable difference between
ηL and the maximal efficiency calculated using the heat
transfer equations or the experimental efficiency can be
partially explained by heat losses due to heating fol-
lowed by cooling the elements of the heat pump con-
struction.


Thus, consideration of nonequilibrium associated
with vapor transfer makes it possible to estimate the
upper limit of the heat pump efficiency attainable in the
absence of losses by heat exchange with the heat car-
rier. In the above examples, this limit considerably
exceeds the experimental efficiency, thus confirming
that there is considerable potential for improving per-
formance of existing devices.
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w1 = 0.0068 mol/g w2 = 0.012 mol/g
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tc = 35°C T4 = 363 K T3 = 344 K
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The development of pharmaceutical formulations
with desired pharmacokinetic and therapeutic proper-
ties based on the incorporation of drug molecules into
the cyclodextrin (CD) cavity is a promising direction
for solving the problem of targeted drug delivery. Com-
plexation with CDs prevents the biodegradation of an
organic compound, decreases its volatility, enhances its
solubility and bioavailability, and reduces the risk of
undesirable side effects [1–4]. The principle advan-
tages of natural CDs as carriers of drug molecules are
their well-known structure, the possibility of chemical
modification, low toxicity, and pharmacological activ-
ity [1]. 


 


β


 


-CD and its derivatives are the most promising
for practical use due to their relative availability and
low cost.


The importance of the development of a reliable the-
oretical method of computation and prediction of the
stability of organic complexes with CDs is caused, in
particular, by the difficulties faced by experimenters in
determining the corresponding parameters due to the
low solubility of guest molecules in aqueous solutions.
Computational methods of quantum chemistry and
molecular dynamics have limitations associated with
the large sizes and conformational flexibility of CD
molecules in an aqueous solution [5]. The QSPR meth-
odology (quantitative structure–property relationships)
is alternative to these methods. QSPR is successfully
used for predicting the properties of chemical com-
pounds [6, 7]. Previously [8–11], some QSPR models
were suggested for calculation of the thermodynamic
stability of different organic complexes with CDs.
These models have a common disadvantage: their pre-
dictive power has been overestimated. Traditional
methods used for prediction in most studies involve
either the use of one fixed set of compounds for inde-
pendent prediction or the use (after selection of descrip-
tors) of a standard cross-validation procedure, which
often leads to overestimation of the predictive power of
models since the information from the test set can be


indirectly taken into account in constructing a model.
This disadvantage can be avoided by using the double
cross-validation procedure. Previously, we used this
procedure for constructing models by the linear regres-
sion and artificial neural network methods for predic-
tion of the physicochemical properties and biological
activity of organic compounds [12]. In the present
work, we used the multiple linear regression method
and the double cross-validation procedure for calcula-
tion of the stability of host–guest complexes of differ-
ent organic compounds with 


 


β


 


-CD.


Experimental Gibbs free energies of formation (


 


∆


 


G


 


,
kJ/mol) of complexes of 218 organic compounds (aro-
matic hydrocarbons, alcohols, phenols, ethers, esters,
aldehydes, ketones, acids, sulfur-containing com-
pounds, nitriles, anilines, heterocyclic compounds, ste-
roids, and barbiturates) with 


 


β


 


-CD in water at 25


 


°


 


C [8]
were used. QSPR models were constructed and
descriptors (physicochemical, topological, charge-
based, steric, etc.) were calculated with the NASAWIN
program package developed at the Chemistry Depart-
ment, Moscow State University [13–16]. Fragmental
descriptors were generated by an algorithm implement-
ing the scheme of hierarchical classification of struc-
tural fragments and atoms [15]. The scheme makes it
possible to generate a large number of sets of fragments
of chemical structures and ensures a versatile classifica-
tion of atomic types. For constructing multivariate (i.e.,
including a great number of descriptors) linear regres-
sion models with the use of the double cross-validation
procedure, the initial database of chemical compounds
is divided into three parts in the 3 : 1 : 1 ratio: the train-
ing, internal test, and external test sets, respectively.
Each compound is successively included in all three
sets. The information of the internal test set is used for
control and optimization of the predictive power of
models: the process of stepwise selection of descriptors
and construction of models is terminated as the smallest
prediction error is achieved for this set. The information
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organic compounds with 
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-cyclodextrin has been constructed by the multiple linear regression method with the
use of the double cross-validation procedure. The model has good predictive power.
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of the external test set is not used in constructing and
selecting models and serves for independent evaluation
of the resulting linear regression model. The predicted
property for each compound is calculated as the aver-
age of all predicted values obtained for all partitions
when this compound falls into the external test set. At
the output, based on averaging statistical parameters of
a large number (in this work, 20) of partial linear
regression models, we obtained a multivariate model
that contains (1) information on the statistical parame-
ters of 20 linear regression models and the averaged
multivariate model, (2) data of independent prediction
of the modeled property for each of the compounds
from the database, and (3) data on the type and contri-
bution of each descriptor included in the multivariate
model. This methodology ensures correct estimate of
the predictive power of a multivariate linear model.


RESULTS AND DISCUSSION


At the first step of construction of QSPR models, we
used descriptors that take into account the number of
occurrences of structural fragments in the chemical
structure of guest molecules. Previously, we studied the
fragment approach for estimating the physicochemical
properties of organic compounds, in particular, chro-
matographic retention indices [17]; boiling point [17];
flash point [18]; magnetic susceptibility [19]; polariz-
ability [20]; density (for liquids), viscosity, and satu-
rated vapor pressure of organic compounds [16]; etc.
An advantage of fragmental descriptors is their clear
meaning and the possibility of rapid automatic genera-
tion of these descriptors on the basis of only the struc-
tural formula of the compound, without taking into
account the information on the spatial structure or elec-
tronic structure of molecules [15]. To select fragments
that provide the most adequate description of the geom-
etry and topology of the organic structures under con-
sideration, we calculated the number of occurrences of
the following fragments: chains containing from one to
15 non-hydrogen atoms, three- to five-membered rings;
branched fragments containing from four to six non-
hydrogen atoms, bicyclic rings containing from six to
15 atoms, and tricyclic rings containing from 12 to 15
atoms.


The best prediction characteristics were obtained for
the multivariate model that considers fragments con-
taining from one to four non-hydrogen atoms.


For external test sets:


the parameter 


 


Q


 


2


 


 for double cross-validation,


 = 0.704;


root-mean-square error,


 


 


 


RMSE


 


predict


 


 = 2.87 kJ/mol;
mean absolute error, MAE


 


predict


 


 = 1.98 kJ/mol.
For the training sets:


averaged squared correlation coefficient,  =
0.876;


Qpredict
2


Rtrain
2


 


root-mean-square error,
RMSE


 


train


 


 = 1.50 kJ/mol;
Mean absolute error,
MAE


 


train


 


 = 1.11 kJ/mol.
To enhance the quality of the models based only on


fragmental descriptors, it is expedient to include other
types of descriptors that can describe the modeled prop-
erty. As is known, according to the thermodynamic
equilibrium conditions, hydrophobic organic mole-
cules capable of entering into the CD ring form inclu-
sion complexes with CDs in aqueous solutions. The
free energy change is caused by the fact that the hydro-
phobic molecule is pushed out of the aqueous medium
and that additional hydrogen bonds are formed between
the water molecules being in contact with the hydro-
phobic molecule [1]. Among the factors that have an
effect on complex formation are hydrophobic interac-
tions, formation of hydrogen bonds between polar
groups of the guest and hydroxyl groups of the host,
steric hindrance, conformational changes of the CD–
water adduct, and the change (release) in the Gibbs free
energy when the substrate enters into the CD cavity and
replaces water. Therefore, to construct models, we
used, along with fragmental descriptors, various sets of
the following descriptors: (1) lipophilicity ( ); (2)
hydrogen bond descriptors, which characterize the abil-
ity of an organic compound to act as a hydrogen-bond
donor or acceptor; (3) descriptors taking into account
steric factors and characterizing the molecular volume
and molecular surface area; (4) descriptors characteriz-
ing the charge distribution in molecules; (5) descriptors
related to the distribution of atomic properties in frag-
ments (chains containing from one to five atoms) and
based on the number of electrons, atomic radius, elec-
tronegativity, ionization potential, etc. More than 500
linear regression models were constructed based on
combinations of different descriptors. The following
criteria were applied to the selection of descriptors in
the course of construction of the multivariate model: a
given descriptor should increase the correlation coeffi-
cient for prediction and have a high index of occurrence
in partial linear models. The best results were obtained
when, in addition to the fragmental descriptors, the
lipophilicity parameter  and descriptors charac-
terizing the distribution of atomic properties in struc-
tural fragments were used. It is worth noting that the
lipophilicity parameter has the largest statistical signif-
icance for all models in which it was used. This is evi-
dence of the importance of consideration of the hydro-
phobic component of the Gibbs free energy of interac-
tion of an organic molecule with the CD since the latter
has the hydrophobic cavity. The smallest contribution,
in combination with the fragmental descriptors, is made
by the descriptors characterizing steric features of guest
molecules and by the hydrogen bond descriptors. As a
result, we obtained a multivariate model constructed on
the basis of fragmental descriptors, lipophilicity, and
descriptors characterizing the properties of the atoms in


Plog


Plog
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the fragments. This model has the following statistical
characteristics:


For external test sets:


the parameter 


 


Q


 


2


 


 for double cross-validation,


 = 0.828;


root-mean-square error, RMSE


 


predict


 


 = 2.16 kJ/mol;
mean absolute error, MAE


 


predict


 


 = 1.56 kJ/mol.
For the training set:


averaged squared correlation coefficient,  =
0.936;


root-mean-square error,
RMSE


 


train


 


 = 1.19 kJ/mol;
Mean absolute error,


Qpredict
2


Rtrain
2


 


MAE


 


train


 


 = 0.91 kJ/mol.
For this combined model, the following descriptors


are most significant (in order of decreasing contribu-
tion): lipophilicity; the average product of atomic radii
in positions 1–5 for all five-atom chains; the number of
occurrences of fragments of type 


 


1


 


, 


 


2


 


, and 


 


3


 


(Scheme 1); and the sum of the differences in elec-
tronegativity for all X–H bonds (where X is any non-
hydrogen atom) in a molecule.


Descriptors that characterize the fragment composi-
tion of guest molecules are necessary for constructing
predictive models and compensate for the limitations of
other types of descriptors. For this model, the largest
errors of the independent prediction of the property
(


 


∆


 


G


 


) are observed for the 


 


β


 


-CD complexes with the fol-
lowing compounds: streptocid (the difference between
the experimental and predicted values 


 


∆


 


G


 


exp


 


 – 


 


∆


 


G


 


calcd


 


 =
–8.22 kJ/mol) and 2-norbornyl acetate (–10.21 kJ/mol)
(Scheme 2, structures 


 


4


 


 and 


 


5


 


, respectively). Exclusion
of these compounds from the database does not notice-
ably change the statistical characteristics of the model.
The figure shows the scatter diagram of the indepen-
dent prediction of the Gibbs free energy (


 


∆


 


G


 


, kJ/mol)
of formation of the complexes of the studied organic
compounds with 


 


β


 


-CD, obtained by the model, versus
the experimental data.


Thus, using stepwise multiple linear regression and
the double cross-validation procedure, we obtained the
multivariate QSPR model based on the fragmental
descriptors taking into account the number of occur-
rences of fragments containing up to four non-hydro-
gen atoms, as well as the lipophilicity parameter 
and descriptors based on the properties of the atoms in
the fragments. The model has high predictive power for
the Gibbs free energy 


 


∆


 


G


 


 of formation of 


 


β


 


-cyclodex-
trin complexes with different organic compounds. The
use of the double cross-validation procedure in the
course of construction of the model provides a reliable
and unbiased assessment of its predictive power.
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The adsorption of surfactants on solid–solution
interfaces is an important problem. Were it solved, one
would be able to govern the properties of solid surfaces
and the interaction of dispersed particles and to control
wetting (in air and under selective conditions), the sta-
bility of disperse systems, and other properties. Surfac-
tant adsorption is widely used in cleansing, flotation,
corrosion inhibition, lubrication, dispersion of solids,
oil production, and other fields of technology. The
adsorption specifics depend on the nature of the surfac-
tant, properties of the solid surface, composition and
concentration of the solution, the nature of the solvent,
and other factors [1]. In this work, we consider the
adsorption of a nonionic surfactant on different solid
surfaces from aqueous and nonaqueous solutions.


SUBJECTS AND METHODS


The surfactant used was 


 


tert


 


-octylphenyl decaethyl-
eneglycol ester (Triton X-100 or TX-100). This surfac-
tant is well soluble in both water and hydrocarbons
(especially in aromatic hydrocarbons) owing to its
structure [2]. Therefore, the nonaqueous solvent used
was toluene. The concentration 


 


c


 


 of TX-100 (from
Merck) in water or toluene was varied from 10


 


–5


 


 to
10


 


−


 


3


 


 mol/l. Distilled water (with an electrical conduc-
tivity of 


 


χ


 


 = 1 


 


×


 


 10


 


–5


 


 


 


Ω


 


/cm) and toluene (analytical
grade, Russia) were used in the experiments.


The surface tension 


 


σ


 


 of aqueous TX-100 solutions
was determined by the maximal air bubble pressure
technique (Fig. 1). The critical micelle concentration
(CMC) found from the break in the surface tension iso-
therm is 2 


 


×


 


 10


 


–4


 


 mol/l, which matches the related liter-
ature [2–4]. The Gibbs and Langmuir equations were
used to calculate the adsorption at the solution–air
interface. The maximal adsorption is 3.5 


 


×


 


 10


 


–6


 


 mol/m


 


2


 


;
the surface area per molecule in the saturated layer is


 


†


 


Deceased.


 


S


 


1


 


 = 0.48 nm


 


2


 


. Various authors report a value of 


 


S


 


1


 


 =
0.52–0.55 nm


 


2


 


 [5, 6], which matches our value.


The surface tension of toluene solutions of TX-100
were determined by the capillary rise technique in glass
capillaries. The value obtained for the surface tension
(27.6 mN/m) coincides with the literature data (26.8–
28.4 mN/m [2, 7, 8]. TX-100 practically does not effect
the surface tension of toluene (Fig. 1).


The solid surfaces used were quartz sand from Ald-
rich with a specific surface of 


 


S


 


sp


 


 = 0.03 m


 


2


 


/g and
hydrophobic quartz sand. The sand was made hydro-
phobic in a chloroform solution of dimethyldichlorosi-
lane as follows. The quartz sand was boiled in distilled
water, dried in air, and then exposed to a 1% solution of
dimethyldichlorosilane in chloroform for 24 h. After
this, the hydrophobizing solution was removed, the
sand was washed with chloroform several times and
air-dried. Sand hydrophobicity was monitored by water
absorption. In addition, quartz and hydrophobic glass
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 Surface tension isotherms for solutions of TX-100 in
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) water and (
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) toluene.
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plates were used in the experiment. Glass plates were
made hydrophobic as follows: they were exposed to
dimethyldichlorosilane vapor for 24 h, then washed
with chloroform and air-dried. The water wetting angle
at hydrophobic plates was 103


 


°


 


. The water wetting
angle at cleansed quartz plates (which were cleansed
with bichromate and then boiled three times with dis-
tilled water) was 8


 


°


 


.


The TX-100 adsorption uptake on quartz sand and
modified quartz sand from aqueous solutions was
determined spectrophotometrically as the decrease in
the surfactant concentration in the solution:


(1)


Here, 


 


V


 


 is the volume from which adsorption was car-
ried out, 


 


m


 


 is the adsorbent weight, and 


 


c


 


0


 


 and 


 


c


 


eq


 


 are
the initial and equilibrium concentrations, respectively.
The TX-100 concentration was determined as the
absorbance at 275 nm on an Agilent 845 spectropho-
tometer (Agilent Technologies). All measurements
were carried out using standard quartz cells with an
optical path length of 1 cm. The adsorption experiments
were carried out as follows. A quartz sand aliquot was
placed into a flask filled with a TX-100 solution, shaken
for 10 min, and allowed to stand for a long period for
adsorption equilibrium to be acquired. After adsorp-
tion, the spectra of the solution were measured, the
equilibrium concentration was determined, and the
uptake was calculated from Eq. (1). A constant value of
the equilibrium concentration was acquired after 24 h
of contact between the adsorbent and solution.


The TX-100 adsorption from toluene was studied
using a radiotracer. TX-100 was labeled with tritium
using the thermal activation method [9–11]. After thin-
layer chromatography, the radiochemical purity of
TX-100 was 98% and its specific radioactivity was
0.10 TBq/g. The adsorption experiment was carried out
as follows. An aliquot (1.2 ml) of a toluene solution of


Γ
c0 ceq–( )V


mSsp
--------------------------.=


 


unlabelled TX-100 was placed to a reaction tube, a
solution of 


 


3


 


H-TX-100 (50 


 


µ


 


l) of a known concentra-
tion was added, and the radioactivity of the resulting
solution was measured on a Rack Beta 1215 (LKB-
Wallac, Finland) liquid scintillation spectrometer.
Then, the adsorbent was placed into the solution; the
tube was plugged and weighed (for monitoring of tolu-
ene evaporation), shaken, and allowed to stand for 24 h.
After 24 h elapsed, the tube was centrifuged and an ali-
quot of the solution equilibrated with the adsorbent was
sampled for radioactivity measurements. The uptake
was calculated from


(2)


Here, 


 


a


 


0


 


 and 


 


a


 


eq


 


 are, respectively, the radioactivities of
the volume aliquots (


 


v


 


) before the adsorption experi-
ment and in equilibrium with the adsorbent, Bq; and 


 


A


 


sp


 


is the specific bulk radioactivity of the solution, Bq/l.
The mean error of uptake determinations from two or
three replicate measurements is strongly affected by the
concentration of the starting solution: it increases with
increasing concentration from 5 to 30%. The tube with
the solution and adsorbent was weighed during the
experiment to monitor possible toluene evaporation.
The solution on the average lost 1.3% of its weight in
24 h, which was taken into account in uptake determi-
nation.


Wetting angles were measured in order to analyze
the solid surface after the adsorption of the surfactant.
Quartz and hydrophobic glass plates were kept in a TX-
100 solution for 1 h and then air-dried. Water wetting
angles at the modified surfaces were measured using a
horizontal microscope equipped with a goniometer; the
measurement accuracy was 1


 


°


 


.


RESULTS AND DISCUSSION


The uptake isotherm for TX-100 adsorption on
quartz from aqueous solutions (Fig. 2) shows that as the
surfactant concentration in the solution increases to


Γ c0 a0 aeq–( )V /AspvmSsp,=


 


20


 


Γ


 


, 


 


µ


 


mol/m


 


2


 


c


 


eq


 


, mmol/l


30


0.2 0.6


10


1.0
0


(a)


20


 


Γ


 


, 


 


µ


 


mol/m


 


2


 


c


 


eq


 


, mmol/l


30


0.2 0.6


10


1.0
0


(b)40


 


Fig. 2.


 


 TX-100 adsorption isotherms from aqueous solutions onto (a) quartz sand and (b) hydrophobic quartz sand.
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reach the CMC, the uptake increases to reach a value of
2.5 


 


×


 


 10


 


–6


 


 mol/m


 


2


 


 at the CMC, then it abruptly
increases as a result of the adsorption of aggregates.
Comparing these results with the maximal adsorption
at the solution–air interface (3.5 


 


×


 


 10


 


–6


 


 mol/m


 


2


 


), we see
that up to the CMC, the adsorption is within the mono-
layer coverage. The water wetting angles at the quartz
plates modified in aqueous solutions of TX-100 first
increase with increasing concentration of the modify-
ing solution to reach 40


 


°


 


 at the CMC (Fig. 3). The use
of the Cassie and Baxter equation [12] to calculate the
proportion of the hydrophobic regions on the modified
surface shows that for this value of the water wetting
angle (40


 


°


 


), the proportion of the hydrophobic regions
is 19%. Therefore, after the near-monolayer coverage is
reached, the adsorbate layer is quite mosaic. The signif-
icant percentage of the regions (81%) corresponds to
good wetting. These are either unmodified quartz
regions or regions in which surfactant molecules are
oriented by their polar groups toward water. The
TX-100 molecules oriented by their hydrocarbon
chains toward the solution constitute 19% of the
regions. A further increase in the concentration of the
modifying solution induces a slight decrease in the wet-
ting angles.


On hydrophobic sand, the adsorption is higher than
on unmodified sand: the value corresponding to the
maximal adsorption at the solution–air interface is
reached at 8 


 


×


 


 10


 


–5


 


 mol/l, a concentration far lower than
the CMC (Fig. 2). Presumably, surface aggregation on
the hydrophobic surface is more intense than on the
hydrophilic surface: aggregates are formed on the sur-
face at lower concentrations than in the bulk [13, 14].
At higher surfactant concentrations in the solution, the
uptakes on methylated sand are also slightly higher
than on unmodified sand. The higher adsorption activ-
ity of TX-100 at the interface between the solution and
methylated quartz sand is due to the higher starting
interfacial tension at the solid–water interface and the


more favorable orientation of TX-100 molecules in the
adsorbate layer.


When hydrophobic quartz plates are modified in
aqueous solutions of TX-100, their surface becomes
slightly hydrophilic: the water wetting angle 


 


θ


 


 changes
from 103


 


°


 


 to 80


 


°


 


. This decrease in the wetting angle
corresponds with the appearance of 33% hydrophilic
regions on the surface.


It is not always adequate to match the adsorption
from solutions with the wetting of modified plates: if
the adsorbate layer is weakly bound to the surface,
some molecules leave the adsorbate layer when the
plate is taken out of the solution. In addition, a water
drop can cause surfactant molecules to desorb from the
adsorbate layer to an aqueous solution in order for equi-
librium between the adsorbate layer and solution to be
acquired. These processes complicate data processing.
A more careful effect on the adsorbate layer in the solu-
tion is caused by an air bubble brought to plates in the
solution; this means that outflow wetting angles are
measured (Fig. 4). For quartz, these angles are zero,
indicating the formation of a strong wetting film of an
aqueous solution of TX-100 on the quartz surface; this
film does not break when an air bubble is brought to it.
For methylated glass, the 


 


θ


 


(


 


c


 


) plot is analogous to the
surface tension isotherm 


 


σ


 


(


 


c


 


). In the pre-CMC region,
the angles decrease because of the decrease in 


 


σ


 


lg


 


 and


 


σ


 


sl


 


 (


 


σ


 


lg


 


 and 


 


σ


 


sl


 


 are the surface tension at the liquid–gas
and solid–liquid interface, respectively). The angles
and 


 


σ


 


lg


 


 do not change after reaching the CMC; there-
fore, 


 


σ


 


sl


 


 also should not change. However, the uptake
increases even after reaching the CMC. Therefore, we
can suggest that the hydrophobicity of the adsorbate
later does not change noticeably during adsorption.


To study the adsorption of TX-100 from toluene, we
used compounds labeled with tritium tracer. Previously
[10, 11], we employed an analogous procedure to study
the adsorption of surfactant mixtures on various adsor-
bents from aqueous solutions.
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 Water wetting angles at (
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) hydropho-
bic glass plates modified in aqueous solutions of TX-100.
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For quartz sand and hydrophobic quartz sand, Lang-
muir isotherms are obtained: the uptake increases with
increasing TX-100 concentration from 0 to 2 × 10–4 mol/l;
then, a plateau occurs (Fig. 5). Fitting the isotherm by the
Langmuir equation yields the following values of the
maximal adsorption: 4.0 × 10–6 and 3.2 × 10–6 mol/m2 for
quartz sand (S1 = 0.41 nm2) and hydrophobic quartz
sand (S1 = 0.52 nm2), respectively. Within the error,
these values are close to the maximal adsorption at the
solution–air interface. The relatively low uptakes from
toluene solutions (compared to aqueous solutions) pro-
vide circumstantial evidence that the abrupt rise in
adsorption from aqueous solutions is on account of the
adsorption of surfactant aggregates. In toluene solu-
tions, there are no aggregates (or they are very small),
and individual molecules are adsorbed until the surface
coverage is full.


We used the wetting method to determine the orien-
tation of TX-100 molecules in adsorbate layers. How-
ever, the modifying of quartz and methylated plates
with a toluene solution of TX-100 does not noticeably
change the water wetting angles at the modified plates.
Therefore, for these systems, the orientation of surfac-
tant molecules in the adsorbate layer was determined
by measuring the wetting angles of water drops at
plates placed in a toluene solution of TX-100; i.e., these
were selective wetting angles (the angles were mea-
sured toward the aqueous phase). The rise in the angles
in this case, as in air, is due to the hydrophobicity of the
solid surface, i.e., due to the adsorption of the surfactant
with its polar groups directed toward the aqueous
phase. The decrease in the wetting angles is due to the
hydrophylicity of the solid surface, i.e., due to the
adsorption with the polar groups directed toward the
aqueous phase. At quartz plates, the wetting angles
increase; this means the hydrophobization of the sur-
face (Fig. 6). The TX-100 molecules in the adsorbate
layer at the quartz–toluene interface are oriented so that
their hydrocarbon tails are directed toward toluene, pre-


cisely as follows from the polarity leveling rule.
At hydrophobic plates, the angles decrease by a very
small value (from 167° to 158°); this means that there
is no noticeable hydrophilization during adsorption. We
can infer that when TX-100 is adsorbed on a hydropho-
bic surface from toluene, its molecules are oriented
with their tails facing the solution. Likely, the adsorp-
tion occurs at the silanol groups of quartz sand that have
not reacted with dimethyldichlorosilane.


In summary, the investigation of TX-100 adsorption
from water and toluene shows that the uptake from
water solution is higher on account of the adsorption of
aggregates. The uptake on hydrophobic quartz sand is
higher than on unmodified sand. From toluene, individ-
ual TX-100 molecules are adsorbed until a monolayer
coverage is achieved, i.e., until the adsorption
approaches the adsorption at the solution-air interface.
The adsorptivity of TX-100 relative to the toluene–
quartz interface is slightly higher than relative to the
toluene–hydrophobic quartz interface. From the selec-
tive wetting angle data, we can infer that when TX-100
is absorbed from toluene, its molecules are oriented by
their polar groups toward the solid surface regardless of
the nature of this surface.
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Glutamate receptors, neurotransmitters, are essen-
tial biological targets in medicinal chemistry. 1-Ami-
noindane-1,5-dicarboxylic acid is a selective antagonist
of metabotropic glutamate receptors. The bioisosteric
substitution of a phosphonate group for carboxyl gen-
erates ligands of metabotropic glutamate receptors [1,
2], which can have an analogous antagonistic activity.
Some oligopeptides are known to improve the cognitive
functions of brain [3]; one such oligopeptide (Semax
peptide) is used in medical practice.


This work was intended to synthesize a potential
dual drug that combines oligopeptide and aminophos-
phonate moieties. To achieve this, we used the previ-
ously proposed one-pot three-component (carbonyl
compound, amine, and diethyl phosphite) catalytic syn-
thesis of 


 


α


 


-aminophosphonates with metal 


 


tert


 


-butyl-
phthalocyanines as catalysts [4, 5]. Acetophenone was
used as an example to study the utility of amino acids
and their esters as the amine component in this reaction
(Scheme).


 


α


 


-Aminophosphonate synthesis on the basis of
some amino acids have been described [6, 7]. However,
the classical Kabachnik–Fields reaction proceeds only
for formaldehyde. Attempts to carry out this reaction
with aliphatic aldehydes and ketones failed [6, 7].


Some ketones in three-component catalytic synthe-
sis [8] react with amino acid ethyl esters to yield 


 


α


 


-ami-


nophosphonates; however, the major process is the
cyclization of two amino acid ester molecules to form
diketopiperazine. Amino acid 


 


tert


 


-butyl esters, in
which steric hindrances inhibit cyclocondensation,
avoid this side process. For acetophenone, this reaction
was studied in various solvents, and methylene chloride
and methanol were the best solvents. Acetophenone
with alanine 


 


tert


 


-butyl ester or phenylalanine 


 


tert


 


-butyl
ester in methylene chloride at room temperature yields
desired aminophosphonates 


 


1


 


 and 


 


2


 


 with 95 and 80%
yield, respectively (table).


Not only amino acid esters but also amino acids enter
this reaction. However, the reaction of acetophenone
with alanine (phenylalanine) and diethyl phosphite was
carried out in 2,2,2-trifluoroethanol because of the low
solubility of the amino acids in methylene chloride and
even in methanol. As a result, the desired 


 


α


 


-aminophos-
phonates 


 


3


 


 and 


 


4


 


, with a free carboxyl, were obtained.
Along with the desired aminophosphonates 


 


3


 


 and 


 


4


 


, this
reaction produces their 2,2,2-trifluoroethyl esters as a
result of esterification of the aminophosphonate carboxy
group by trifluoroethanol.


The structures of 


 


α


 


-aminophosphonates were veri-
fied by IR, 


 


1


 


H NMR, 


 


13


 


C NMR, and 


 


31


 


P NMR spectra.
Because we used chiral amino acid esters, products 


 


1


 


–


 


4


 


 were mixtures of diastereomers (table), and all sig-
nals in the 


 


31


 


P, 


 


1


 


H, and 


 


13


 


C NMR spectra are doubled.
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Abstract


 


—The reaction of acetophenone with chiral 


 


α


 


-amino acids and their esters has been studied in cata-
lytic one-pot three-component synthesis of 


 


α


 


-aminophosphonates. 


 


α


 


-Aminophosphonates are found to form
mixtures of diastereomers in high yields.
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All 


 


α


 


-aminophosphonates synthesized have two signals in
the 


 


31


 


P NMR spectra at 25.49–26.24 ppm associated with
the dialkylaminophosphate groups of diastereomers.


Thus, it was demonstrated for acetophenone that its
three-component reaction with 


 


α


 


-amino acids and
diethyl phosphite in the presence of 


 


t


 


PcAlCl can serve
as a convenient route to phosphorylated derivatives of


 


α


 


-amino acids on the basis of aromatic ketones.


EXPERIMENTAL


 


1


 


H NMR spectra (400.13 MHz), 


 


13


 


C NMR spectra
(100.61 MHz), and 


 


31


 


P NMR spectra (161.98 MHz)
were recorded in CDCl


 


3


 


 on a Bruker Avance 400 instru-
ment relative to internal tetramethylsilane (


 


1


 


H, 


 


13


 


C) or
external 85% H


 


3


 


PO


 


4


 


 (


 


31


 


P). IR spectra were measured
on a UR-20 instrument in CCl


 


4


 


. Elemental analysis was
carried out on a Vario-II CHN analyzer; chromato-
graphic separation, on columns packed with Merck 60
silica gel (70–230 mesh ASTM).


Synthesis of 


 


α


 


-aminophosphonates 


 


1


 


 and 


 


2


 


 (the gen-
eral procedure) was a follows. To a solution of amino
acid ester hydrochloride (3.1 mmol) in water (40 mL),
added was sodium hydroxide (3.3 mmol). The mixture
was extracted three times with methylene chloride (20-
mL increments) in a separatory funnel; the supernatant
was separated and stored over anhydrous sodium sul-
fate. Then, sodium sulfate was filtered; the filtrate was
concentrated in vacuo.


To a solution of the amino acid ester prepared as
above (3 mmol) in methylene chloride (3 mL), ace-
tophenone (2 mmol), added were 4-Å molecular sieves,
and 


 


t


 


PcAlCl (0.1 mmol). The reaction mixture was
magnetically stirred for 3 h; then, diethyl phosphite


(3 mmol) was added. The reaction course was moni-
tored with thin-layer chromatography (the reaction
duration is indicated in the table).


Molecular sieves were filtered off and then washed
with CH


 


2


 


Cl


 


2


 


–MeOH (10 : 1, 3 


 


×


 


 2 mL). The filtrate was
concentrated in vacuo, the residue was dissolved in min-
imum CH


 


2


 


Cl


 


2


 


–MeOH (50 : 1) and chromatographed on
a silica gel-packed column (length, 20 cm; diameter,
2.5 cm) with CH


 


2


 


Cl


 


2


 


–MeOH (50 : 1) as an eluent.


 


tert-Butyl N-{1-(Diethoxyphosphoryl)-1-phenylethyl} 
Alaninate (


 


1


 


)


 


Yield: 95%; 


 


R


 


f


 


 = 0.62 (CHCl


 


3


 


/MeOH, 10 : 1).


For C


 


19


 


H


 


32


 


NO


 


5


 


P anal. calcd. (%): C, 59.17; H, 8.39;
N, 3.65. Found (%): C, 59.35; H, 8.40; N, 3.65.


 


1


 


H NMR spectrum (


 


δ


 


, ppm; 


 


J


 


, Hz): 1.12, 1.17, 1.27,
1.37 (all t, 6H, 2Me, POEt, 


 


J


 


 = 7.0); 1.21, 1.25 (both d,
3H, Me Ala, 


 


J


 


 = 7.0); 1.31, 1.41 (both s, 9H, 3Me, 


 


t


 


Bu);
1.68, 1.74 (both d, 3H, Me, 


 


2


 


J


 


H, P


 


 = 16.3, 


 


2


 


J


 


H, P


 


 = 16.7);
2.90 (br m, 1H, NH); 2.97, 3.27 (both q, 1H, Ala, 


 


J


 


 =
6.9), 3.75–4.15 (m, 4H, 2OCH


 


2


 


; 7.18–7.36, 7.54–7.61
(both m, 5H, arom.).


 


31


 


P NMR spectrum (


 


δ


 


, ppm): 25.72.


 


13


 


C NMR spectrum (


 


δ


 


, ppm; 


 


J


 


, Hz): 16.18, 16.28
(both d, Me, POEt, 


 


3


 


J


 


C, P


 


 = 5.4); 19.89, 20.86 (both s,
Me, Ala); 21.29, 22.04 (both s, Me); 27.68, 27.75 (both
s, Me, 


 


t


 


Bu); 51.51, 53.30 (both d, CH, Ala, 


 


J


 


 = 13.4, 


 


J


 


 =
13.4); 58.81, 59.99 (both d, C(1), 


 


1


 


J


 


C, P


 


 = 150.4, 


 


1


 


J


 


C, P


 


 =
155.8); 62.97–63.21 (m, OCH


 


2


 


), 80.49, 80.53 (both s,
C, 


 


t


 


Bu); 127.13, 127.83, 128.27, 140.31 (


 


C


 


arom


 


); 175.24,
175.35 (both s, C=O, Ala).


 


Amino acids (esters) and 


 


α


 


-aminophosphonate yields


Amino acid
or amino ester Carbonyl compound Reaction parameters: solvent, 


reaction time (h)


 


α


 


-Aminophos-
phonate no. Yield, %


CH
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IR spectrum, ν (cm–1): 1250 (P=O); 1730 (C=O);
3340, 3450 (NH).


tert-Butyl N-{1-(Diethoxyphosphoryl)-1-phenylethyl} 
Phenylalaninate (2)


Yield: 80%; Rf = 0.68 (CHCl3/MeOH, 10 : 1).
For C25H36NO5P anal. calcd. (%): C, 65.03; H, 7.88;


N, 3.03. Found (%): C, 65.22; H, 7.92; N, 3.21.
1H NMR spectrum (δ, ppm; J, Hz): 1.08, 1.17, 1.19,


1.25 (all t, 6H, 2Me, POEt, J = 7.0); 1.15, 1.31 (both d,
9H, 3Me, tBu); 1.63, 1.70 (both d, 3H, Me, 2JH, P = 16.7,
2JH, P = 16.3); 2.80 (br m, 1H, NH); 2.82–2.94 (m, 2H,
Phe); 3.13, 3.53 (both t, 1H, Phe, J = 7.1, J = 6.9); 3.63–
4.11 (all m, 4H, 2OCH2); 7.13–7.18, 7.20–7.33, 7.56–
7.58 (all m, 5H, arom.).


31P NMR spectrum (δ, ppm): 25.49, 25.64.
13C NMR spectrum (δ, ppm; J, Hz): 16.22–16.48


(m, Me, POEt); 20.15, 21.24 (both s, Me); 27.63, 27.73
(both s, Me, tBu); 41.84, 42.06 (both s, CH2, Phe);
57.45, 57.92 (both d, CH, Phe, 3JC, P = 13.2, 3JC, P =
16.1); 59.79, 60.81 (both d, C(1), 1JC, P = 156.7, 1JC, P =
152.2); 62.91—63.20 (m, OCH2); 80.78, 80.84 (both s,
α-C, tBu); 126.46, 127.19, 127.31, 127.87, 128.01,
128.11, 128.42, 129.86, 137.57, 137.90, 138.67, 140.32
(Carom); 174.18, 175.36 (both s, C=O, Phe).


IR spectrum, ν (cm–1): 1250 (P=O); 1730 (C=O);
3340, 3450 (NH).


α-Aminophosphonates 3 and 4 were prepared as fol-
lows. To a solution of the carbonyl compound (2 mmol)
in a solvent (4 mL), added were amino acid (2.2 mmol),
4-Å molecular sieves (500 mg), tPcAlCl (0.1 mmol),
and the catalytic triethylamine amount (0.2 mmol). The
reaction mixture was refluxed for 3 h; then, diethyl
phosphite (3 mmol) was added. The reaction course
was monitored by thin-layer chromatography (the reac-
tion duration is indicated in the table). Subsequent
treatment was as specified in the general procedure.


N-{1-(Diethoxyphosphoryl)-1-phenylethyl}alanine (3)


Yield: 60%; Rf = 0.46 (CHCl3/MeOH, 10 : 1).
1H NMR spectrum (δ, ppm; J, Hz): 1.16, 1.18, 1.32,


1.39 (all t, 6H, 2Me, POEt, J = 7.1); 1.37, 1.41 (both d,
3H, Me, Ala, J = 7.3); 1.73, 1.81 (both d, 3H, Me, 2JH, P
= 16.0, 2JH, P = 16.4); 3.20, 3.48 (both q, 1H, Ala, J =
7.1); 3.75–4.12 (m, 4H, OCH2); 7.09 (br m, 2H, NH,
OH); 7.21–7.62 (m, 5H, arom.).


31P NMR spectrum (δ, ppm): 25.93, 26.07.
13C NMR spectrum (δ, ppm; J, Hz): 16.18–16.35


(m, Me, POEt); 19.36, 20.13 (both s, Me, Ala); 21.76,
22.24 (both s, Me); 52.29, 54.59 (both d, CH, Ala, J =
13.4, J = 15.2); 58.71, 59.34 (both d, C(1), 1JC, P =
151.2, 1JC, P = 155.7); 63.13–63.59 (m, OCH2); 127.31,
127.41, 127.98, 128.21, 139.86, 139.75 (Carom); 177.38,
177.43 (both s, C=O, Ala).


IR spectrum, ν (cm–1): 1250 (P=O); 1720 (C=O);
2400–3500 (OH), 3300, 3420 (NH).


N-{1-(Diethoxyphosphoryl)-1-
phenylethyl}phenylalanine (4)


Yield: 55%; Rf = 0.52 (CHCl3/MeOH, 10 : 1).
1H NMR spectrum (δ, ppm; J, Hz): 1.13, 1.19, 1.22,


1.26 (all t, 6H, 2Me, POEt, J = 7.0); 1.53, 1.67 (both d,
3H, Me, 2JH, P = 16.6, 2JH, P = 16.3); 2.71–2.83 (m, 2H,
Phe); 3.10–3.30 (m, 1H, Phe); 3.63–4.00 (m, 4H,
2OCH2); 6.32 (br m, 2H, NH, OH); 7.09–7.51 (m, 10H,
arom).


31P NMR spectrum (δ, ppm): 25.76, 26.24.
13C NMR spectrum (δ, ppm; J, Hz): 16.20, 16.25


(both d, Me, POEt, 3JC, P = 5.6); 22.14, 22.25 (both s,
Me); 41.62, 41.96 (both s, CH2, Phe); 57.95, 58.32
(both d, CH, Phe, 3JC, P = 14.1, 3JC, P = 16.3); 59.72,
60.81 (both d, C(1), 1JC, P = 151.9, 1JC, P = 156.4); 63.04,
63.44 (both d, OCH2, 2JC, P = 7.32, 2JC, P = 6.83);
126.92, 127.36, 127.67, 128.20, 128.28, 128.38,
128.43, 129.47, 129.77, 137.80, 138.23, 140.43 (Carom);
177.22, 177.56 (both s, C=O, Phe).


IR spectrum, ν (cm–1): 1250 (P=O); 1720 (C=O);
2400–3500 (OH); 3320, 3420 (NH).
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The new rheological model proposed in [1, 2]
allows one to describe flow curves of different disperse
systems and relates one of the rheological coefficients
to the volume concentration of a dispersed phase. Inas-
much as we used equations for smooth cylinders, it is
necessary to show the meaning of the calculated coeffi-
cients for real aggregated systems.


The proposed model is valid when the energy dissi-
pation in the system of model cylinders is the same as
the dissipation energy in a real disperse system of par-
ticles prone to aggregation. The generalized Casson
equation has two terms:


The first term can be attributed to energy losses
associated with the motion of aggregates, and the sec-
ond term is due to energy losses associated with the
motion of separate particles.


If a system is composed of only aggregates of
medium size, the energy dissipation will be


If a system is composed of only separate particles,
the energy dissipation will be


It follows from the generalized Casson equation that
the total energy dissipation by viscous flow is deter-
mined by the formula


The presence of the geometric mean term (2 )
can be explained by the fact that a real system is char-
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acterized by some size distribution of aggregates, from
the maximal size to the size of a separate particle.


The coefficients  and  as a function of the
volume concentration 


 


Φ


 


 are described for ideal cylin-
ders as


(1)


(2)


where


Here,  is the force that prevents the disruption of an
aggregate (it is normalized to unit area of the aggregate
cross section).


In the cylinder model, the coefficients 


 


k


 


 and 


 


A


 


 in
Eqs. (1) and (2) are equal; however, in real aggregated
systems, they can have different values. The 
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coefficients describe the hydrodynamic interaction of
separate particles in shear flow, whereas the 
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 and 
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coefficients are related to the hydrodynamic interaction
of aggregates and, therefore, can differ from 
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,
respectively. However, we may assume that the func-


tional dependences of the coefficients  and  on
the volume concentration 


 


Φ


 


 in a real disperse system
and in a model cylinder system are identical. The


(


 


Φ


 


) dependence has been comprehensively studied
by us in [1]. It is adequately described by Eq. (1).
Aggregated systems exhibit, to a greater or lesser
extent, thixotropic properties [3], the deviation from the
equilibrium flow state having the strongest effect on the
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Abstract


 


—The coefficients of the previously proposed generalized flow model of structured systems have been
interpreted. The cohesive force between particles in disperse systems has been calculated from rheological data.
The number of aggregated particles in a disperse system is estimated using the kinetic equation method.
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τ


 


c


 


 value. Therefore, the dependence (


 


Φ


 


) is seldom a
smooth monotonic function.


We selected some systems with a rather smooth


(


 


Φ


 


) dependence. These are aqueous systems with
latexes GR-X [4] and Neopren [5], sterically stabilized
latex of poly(methyl methacrylate) in silicone liquid
[6], deionized polystyrene latex in water [7], latex of
poly(methyl methacrylate) in 


 


n


 


-hexadecane [8], and
polyethylene powder in unsaturated polyester resin [9].
The results are shown in Figs. 1 and 2. The solid curves
were calculated by Eq. (2).
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The , 
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 values were calculated using
Eq. (2) by the nonlinear regression method. Assuming
that the aggregate decomposes through the breaking of
the contact between two neighboring particles, let us
introduce the cohesive force


where 
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 is the averaged particle radius. The calculated
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 values are summarized in the
table. The average size of aggregates in a real disper-
sion can be estimated in a similar way. In the model sys-
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Fig. 1. Coefficient  vs. volume concentration: (a) GR-X latex, (b) Neopren latex, and (c) latex in silicone oil.τc
1/2


0.1 0.3 Φ
0


1


2


τc
1/2


(a)


(b) (c)


0 0.1 0.2 Φ


2


6


0.30 0.1 Φ


1


3


4


8


0.2


2


3


Fig. 2. Coefficient  vs. volume concentration: (a) deionized latex in water, (b) latex of poly(methyl methacrylate) in n-hexade-


cane, and (c) polyethylene powder in polyether resin.
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tem, the average axial ratio of a cylinder is equal to the
ratio of the half-length to the radius Jf = lf /r, and the
functional dependence of the axial ratio on structural
rheological parameters has the form


We may assume that the average relative aggregate
size is described analogously:


Inasmuch as the smallest aggregate size cannot be
smaller than the size of a separate particle, we can write
the approximate equation


In general, the average aggregate size decreases
with an increase in the shear rate ( ) and viscosity of a
disperse medium (η0) or with a decrease in the cohesion


between the particles (Fs ≈ πr2).


The original Casson model and the generalized flow
model of structured systems are based on calculation of
the energy dissipation by viscous flow. Another known
approach uses equations of chemical kinetics.


In particular, Cross [10] used the number of bonds
between particles (L), rather than the concentration of a
substance, and introduced the bond formation rate con-
stant (k2), the spontaneous bond breaking rate constant
(k0), and the shear flow–induced bond breaking rate
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constant (k1 ). Thus, the rate of the change in the
number of bonds between particles is


where N is the total number of particles in unit volume,
and L is the number of bonds between particles in unit
volume. Under equilibrium conditions, dL/dt = 0;
hence, L = k2N/(k0 + k1 ). If L0 is the number of bonds
in the zero shear rate limit (  = 0),


Cross [10] used an empirical expression from the
polymer flow theory: η = η∞ + BL, where η∞ is the sys-
tem viscosity at   ∞ and B is a coefficient. If the
maximal viscosity η(0) at   0 is introduced, then
the maximal number of bonds is L0 = [η(0) – η∞]/B. As
a result, we obtain the known Cross equation:


Analogously, let us define the number of particles in
aggregates N2 (in unit volume) through the aggregation
rate constant k2, the spontaneous aggregate breaking rate
constant k0, and the rate constant of aggregate breaking


under the action of hydrodynamic tensile forces (k1 ).
The aggregation rate can be expressed as
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Coefficients , k2, and A2; normalized cohesive force ; and cohesion force between particles Fs for different disperse
systems (SI dimension)


System r, µm k2 A2 Fs η0


Aqueous suspension of GR-X 
latex [4]


0.07 0.035 292.9 0.005 0.00365 5.6 × 10–17 1 × 10–3


Aqueous suspension of Neopren 
latex [5]


0.05 0.045 300.0 0.0018 0.0005 7.7 × 10–18 1 × 10–3


Latex of poly(methyl methacry-
late) in silicone liquid [6]


0.318 0.010 293.1 0.746 2934 9.3 × 10–10 0.18


Deionized polystyrene latex 
in water [7]


0.11 0.012 293.0 0.848 3783 1.4 × 10–10 1 × 10–3


Latex of poly(methyl methacry-
late) in n-hexadecane [8]


0.4 0.035 293.1 0.507 1352 6.8 × 10–10 2.7 × 10–3


Polyethylene powder in polyester 
resin [9]


20 0.073 142.9 0.146 54.3 6.8 × 10–8 0.939
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where N is the total number particles in unit volume,
and N2 is the total number of particles in all aggregates
that exist in unit volume.


Under equilibrium flow conditions, the number of
aggregated particles remains unaltered; hence,


In the limiting cases, we obtain the following rela-
tionships:


  0, N2  N2(0),


  ∞, N2  (0).


Let us introduce the following equation for effective
viscosity:


Hence,


Substituting the formulas for N2 and N2(0) into this
equation, we obtain


Previously, it was shown that the generalized Cas-
son equation can be expressed through the limiting vis-
cosities:


Comparison of these equations makes it possible to
determine the physical meaning of the coefficient χ,
namely, χ = k0/k1.


Thus, the coefficient χ is the ratio between the spon-
taneous aggregate breaking rate (caused by thermal
motion of particles or gravity forces) and the rate of
aggregate breaking caused by hydrodynamic tensile
forces.


The ratio of the number of particles in the aggre-
gates to the total number of particles can be described
by the following relationships:


Thus, the relative number of aggregated particles is
determined (1) by the interplay between the processes
of aggregation (due to Brownian motion or collisions in
the course of flow) and shear-induced aggregate failure


(due to hydrodynamic tensile forces), k2/k1 , and
(2) by the proportion between the spontaneous and


shear-induced aggregate breaking, k0/k1 .
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Cation-exchange sorbents based on silicas and
organic polymer matrices grafted with carboxyl moi-
eties are being increasingly applied for preconcentrat-
ing and separating metal ions [1–6]. Carboxylic cation
exchangers are attractive for their ion-exchange proper-
ties with respect to alkali and alkaline-earth metals
combined with their ability to complex with transition
metals. The complexing properties of grafted carboxyl
moieties are substantially affected by the acidity of the
contact solution. Thus, higher selectivities can be
reached or conditions for nonselective group sorption
can be created by means of varying solution pH. The
ion-exchange properties of carboxylic cation exchang-
ers have been well studied; due to these properties, such
sorbents are widely used for the chromatographic
determination of alkali and alkaline-earth metals [1, 2,
7, 8]. The complexing properties of cation exchangers
are usually described as applied to grafted aminopoly-
carboxylic acids [1, 4, 8–11], where nitrogen atoms con-
tribute appreciably to complexing. The use of carboxylic
sorbents has been described for separating [2, 3] or pre-
concentrating [5, 6] transition metals. An interesting
feature of carboxylic cation exchangers is their high
buffer capacity, which is virtually constant over a wide
pH range and which allows smooth and linear pH gra-
dients to be created in the sorbent layer using chromato-
focusing [12, 13]. Thus, carboxylic sorbents show
potential for use as sorbents for both preconcentrating
and separating transition metals by means of chromato-
focusing [14, 15]. The underlying idea of chromatofo-
cusing is the retention of metals at higher pHs via their
complexing with carboxy groups and the subsequent
degradation of complexes with a linear decrease in the
pH inside the chromatographic column. We should
stress that preliminary results were obtained on Macro-
Prep 50 CM, a sorbent grafted with carboxymethyl
groups. The complexing properties of other carboxylic


cation exchangers as applied to chromatofocusing have
not been studied.


This work concerns the complexing properties of
cation-exchange sorbents with grafted carboxyl and
carboxymethyl moieties.


EXPERIMENTAL


 


Reagents.


 


 Solutions of copper(II), zinc(II), cad-
mium(II), cobalt(II), nickel(II), manganese(II), and
lead(II) salts were prepared by dissolving exact weights
of analytical grade metal chlorides or nitrates in HCl-
acidified bidistilled water. A 0.025% solution of 4-(2-
pyridylazo)resorcin (PAR) was prepared from an ana-
lytical grade sample (from Reanal, Hungary) by dis-
solving its aliquot in 0.05 M borate buffer solution
(pH 9.18). A 0.2 M acetate buffer solution was prepared
by mixing the proper volumes of solutions of analytical
grade CH


 


3


 


COOH and CH


 


3


 


COONa; then, conc. HCl or
0.1 M NaOH was added to adjust the pH from 2 to 8. In
some cases (e.g., in nickel(II) sorption experiments),
the solution pH was lower than 2. A 0.05 M borate
buffer solution was prepared from an Na


 


2


 


B


 


4


 


O


 


7


 


 · 10H


 


2


 


O
standard solution (from Germed, Germany).


 


Sorbents.


 


 The sorbents chosen were CM-52, Olva-
gel-COOH, MN, and MacroPrep 50 CM low-acidity
cation-exchange sorbents based on polymer matrices
grafted with carboxyl or carboxymethyl moieties
(Table 1).


 


Equipment.


 


 In batch sorption experiments, the
metal ion concentration was monitored on a KFK-2
photoelectrocolorimeter (


 


l


 


 = 1 cm, 540 nm) by means
of measuring the optical density of solutions of PAR
complexes. The acidity of the buffer solutions was
monitored on an Orion Research 501 (USA) digital pH
meter equipped with a combination glass electrode and
a temperature adjuster.
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Abstract


 


—The complexing properties of CM-52, Olvagel-COOH, MacroPrep 50 CM, and hypercrosslinked
polystyrene MN (carboxyl-grafted sorbents) toward Cu


 


2+
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2+
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, Zn
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, Mn
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, and Pb


 


2+


 


 have been
studied. The optimal parameters for the sorption of these metal ions from solution have been determined. The
pH effect on the ion uptake has been studied. The uptake is maximal at pHs higher than 5–6. When pH is lower
than 2, the indicated ions are quantitatively desorbed. Olvagel-COOH is most selective toward these ions.
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Procedures.


 


 Batch sorption experiments on carbox-
ylic sorbents were carried out as follows: to plastic ves-
sels 15 mL in capacity, inserted were a sorbent (0.20 g),
acetate buffer solution (5.0 mL) with a certain pH, and
a 20 mM solution (0.20 mL) of a metal salt; bidistilled
water was added to bring the solution volume to 10.0
mL. The solution was shaken for 5 min; then, the sor-
bent and solution were kept in contact for 5–7 min, and
an aliquot (0.1–0.5 mL) was taken. The equilibrium
metal concentration in the aliquot after sorption was
monitored using a standard photometric determination
procedure (the test with PAR) [16] as follows. To flasks
10 mL in capacity, a borate buffer solution (2.5 mL) and
0.025% PAR solution (2.5 mL) were poured; a test ali-
quot was added, the volume was brought to the mark,
and the solution absorbance was measured on a KFK-2
photoelectrocolorimeter at 540 nm relative to the blank.
The metal-ion concentration (in 


 


µ


 


g/25 mL) was deter-
mined from calibration equations [6, 16].


DISCUSSION


 


Acid–base properties of carboxylic sorbents.


 


 To
ascertain the buffer properties of ion exchangers
intended for use in chromatofocusing, it is pertinent to
carry out acid–base titration of sorbent samples pre-
equilibrated with acid or alkali, draw differential


 


∆


 


pH/


 


∆


 


V


 


–pH curves, and find the pH range with a virtu-
ally constant buffer capacity [17]. Evidently, the pH
gradients obtained in a column packed with the tested
ion exchanger using chromatofocusing will be most lin-
ear and smooth in this range. The sorbents having wider
pH ranges of a constant buffer capacity will provide
more extended gradients. To shorten provisional exper-
iments, it is pertinent to create pH gradients immedi-
ately inside sorbent-packed columns with the other
parameters (such as the nature, concentration, and vol-
ume rate of the mobile phase) being unchanged. In our
previous works [6, 12, 14], we compared the pH gradi-
ents obtained after passing 0.2–0.5 mM citric acid elu-
ents with NaCl admixtures through columns packed


with CM-52, MN, and MacroPrep 50 CM. The
descending gradient profile in those works was divided
into several characteristic sections: the initial section
with a constant pH (corresponding to the starting solu-
tion pH), a section with increasing pH (higher than the
starting solution pH), and a section with the pH
decreasing almost linearly to reach the eluent pH.
Given that a high ionic strength (0.05–0.1) was created
in mobile phases, the rising pH section virtually disap-
pears, while the section in which pH decreases from 7.5
to 4–4.5 becomes much more smooth and flat (the
length of this section decreases in the following order:
CM-52, MacroPrep 50 CM, and MN [12, 14]), in agree-
ment with the ion-exchange-capacities of the sorbents
(Table 1). The pH ranges of a constant buffer capacity
are virtually the same for the carboxylic sorbents stud-
ied, but for CM-52 this range is slightly wider because
the cellulose matrix of the sorbent can also have some
buffer capacity. On Olvagel-COOH, pH gradients have
not been obtained, but proceeding from its ion-
exchange capacity (which is comparable to the capacity
of MacroPrep 50 CM), we can expect a quite smooth
decrease in pH from 7.5 to 4. Thus, the carboxylic cat-
ion exchangers studied can be used as sorbents for
chromatofocusing due to their acid–base properties and
the existence of a constant buffer capacity range.


 


Sorption kinetics.


 


 On amine anion exchangers, the
copper-ion uptake reaches a peak after 10–20 min; for
kinetically slow nickel(II) and cobalt(II) ions, after 20–
30 min [1, 4, 17]. Probably, this slow equilibration is
due to the multistep formation of oligoethyleneamine
complexes; one-step complexing with carboxy groups
is expected to be more rapid [5, 6]. In choosing
nickel(II) ions to find the optimal parameters of quanti-
tative sorption, we were guided by their highest kinetic
inertness. Aliquots for monitoring the nickel(II) con-
centration in the liquid phase were taken every 2 min.
Figure 1 demonstrates the nickel(II) uptake on Olvagel-
COOH versus time. Quantitative nickel adsorption is
achieved as soon as after 12–14 min of contact between
the sorbent and solution. Analogous curves were


 


Table 1.


 


  Parameters of the carboxylic sorbents studied


Sorbent CM-52 Olvagel-COOH MN MacroPrep 50 CM


Manufacturer “Whatman”
(Great Britain)


Inst. of Chemistry
(Leningrad, USSR)


“Purolite”
(Great Britain)


“Biorad”
(USA)


Matrix Microcellulose Poly(methyl metha-
crylate)


Hypercrosslinked
polystyrene


Poly(methyl metha-
crylate)


Functionalities –CH


 


2


 


COOH –COOH –COOH –CH


 


2


 


COOH
Particle size (


 


µ


 


m) 100–200 >30 5 50
pH range* 3–10 3–13 1–14 3–13
Ion-exchange capacity 
(as certified)


0.95–1.15 mmol/g** 0.30 mmol/mL gel No data*** 0.21 


 


±


 


 0.04
mmol/mL gel


 


Notes: * The pH range of hydrolytic stability.
** For dry sorbent.


*** According to our data, no higher than 0.10 mmol/g.
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obtained for the other carboxylic sorbents. Likely, a
sufficiently high specific surface area of the sorbent
shortens equilibration time, especially for MN.


Thus, the phase-contact time in complexing experi-
ments was determined to range from 5–10 to 15 min for
nickel(II) and cobalt(II) ions. The temperature effect on
the sorption of transition-metal ions on complexing sor-
bents was studied previously [6, 8, 17]. The chosen
temperature range (18–20


 


°


 


C) corresponds to the maxi-
mal sorption capacity.


 


Complexing properties of carboxylic sorbents.


 


When studying uptake as a function of increasing pH,
we observed sorbent coloring: the color was blue for
copper, pink for cobalt, and green for nickel; the color
deepened with increasing pH. This provides circum-
stantial evidence that the metals are sorbed via com-
plexing with the carboxylic surface functionalities of
the sorbent. The sorbents with oligoethyleneamine-
grafted matrices had a far deeper color because of the
specific formation of amino complexes [17].


 


Sorption capacity.


 


 The sorption capacity is an
important parameter of a complexing sorbent in the
chromatofocusing determination and separation of
metals. The sorption capacity is proportional to the con-
centration of surface functionalities of the complexing
sorbent. However, this relationship is far from being
always linear because of the ambiguity of the reaction
path and also because of the fact that not all functional-
ities are accessible to complexing [1, 6].


In the dynamic mode, the capacity of a sorbent is
determined by means of passing a solution with a
known metal-ion concentration through a chromato-
graphic column packed with the sorbent in the coordi-
natively active form. In the batch mode, a sorbent sam-
ple is simply dipped in a solution of a transition-metal
salt and allowed to stand for a certain period of time.
The results of the dynamic and batch determinations
differ only insignificantly; therefore, the latter is used
more frequently because of simple equipment. In this
work, the capacity was determined in the batch mode.
The capacity of the sorbent was calculated from


CE C0 C–( )V /g,=


 


where 


 


C


 


0


 


 and 


 


C


 


 are the initial and final metal-ion con-
centrations, respectively; 


 


V


 


 is the volume of the aque-
ous phase; and 


 


g


 


 is the sorbent weight. The relative
sorption was calculated as the ratio of the sorption
capacity at a definite pH to the maximal sorption capac-
ity for this ion.


Although the sorbent matrix itself is stable over a
wide range of pHs from 2 to 12, the maximum pH in the
sorption experiments was eight. This was due to the fact
that the formation of hydroxides and basic salts at
higher alkalinities is more noticeable, and this can
decrease the metal-ion uptake.


One can see that for all sorbents the metal-ion
uptake increases with increasing pH to achieve a maxi-
mal value at pH 6–8 (Table 2, Fig. 2).


Copper(II), zinc(II), and cadmium(II) are quantita-
tively removed at pH lower than 4, while the other ions
are still sorbed (Fig. 2a). For nickel(II), the uptake at
pH of about 4 approaches quantitative sorption; quanti-
tative uptake is achieved when pH is higher than 5. The
highest sorption capacity is observed for nickel(II)
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Fig. 1.


 


 Nickel(II) sorption on Olvagel-COOH sorbent vs.
time (sorbent weight, 0.20 g; solution pH, 7.0; for the other
parameters, see the text).


 


Table 2.


 


  Sorption of metal ions (mmol/g) on Olvagel-COOH as a function of solution acidity


pH
Sorption, mmol/g


Ni


 


2+


 


Co


 


2+


 


Cd


 


2+


 


Cu


 


2+


 


Mn


 


2+


 


Zn


 


2+


 


Pb


 


2+


 


2.0 0.153 0.066 0 0 0.037 0 0.024
3.0 0.157 0.065 0 0 0.019 0 0.070
4.0 0.160 0.098 0.022 0 0.031 0 0.073
5.0 0.168 0.125 0 0.022 0.074 0.072 0.171
6.0 0.182 0.133 0.096 0.169 0.151 0.149 0.193
7.1 0.187 0.175 0.178 0.193 0.144 0.170 0.190
8.0 0.188 0.181 0.178 0.185 0.171 0.177 0.193


 


Note: For the dry sorbent.
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(Table 2). Cobalt(II) ions, for which the sorption on
anion exchangers versus pH curves are usually analo-
gous to the curves for nickel(II) [17], are quantitatively
sorbed by Olvagel-COOH from solution only when pH
is 7.5. In the low-acidity region, however, the cobalt(II)
sorption capacity is also sufficiently high (Table 2). The
copper(II) uptake increases most strongly while pH
changes within a narrow range from 5 to 6. At pHs
higher than 6–6.5, the copper(II) sorption capacity
decreases by about 4–5%; this decrease is likely
induced by partial formation of hydroxo complexes in
the solution phase. The manganese(II) and lead(II)
uptake curves (Fig. 2b) are much alike: the relative
sorption at pH 2 is about 20%; then it smoothly
increases as an S-shaped curve. The copper(II) uptake
is maximal at pH 6; for zinc(II), at pH 8. Manganese(II)
and cadmium(II) ions have the least affinity to Olvagel-
COOH. Manganese(II) is sorbed starting at pHs higher
than 4 and cadmium(II), only at pHs higher than 5; the
quantitative sorption pH for these ions is 8 and 7.5,
respectively. The minimal sorption capacity of Olvagel-
COOH (0.17 mmol/g) is precisely for manganese(II)
ions (Table 2). In general, the desorption row matches
the row of the stability constants of metal ion-com-
plexes with carboxylic acids.


Comparing the complexing properties of Olvagel-
COOH with those of CM-52 [6], we note several dis-
tinctions. On CM-52, all metals are sorbed significantly
even at pHs higher than 2; for cobalt(II) and nickel(II),
the 50% sorption pH (pH


 


50%


 


) is about 1.5. On Olvagel-
COOH, copper(II), cadmium(II), manganese(II), and
zinc(II) are only sorbed starting at pH 4, the peak
adsorption is reached at pH 7–8; lead(II) and cobalt(II)
are taken from the solution starting at pH 2, but in this
case the sorption capacity at the same acidities is lower
than on CM-52. The nickel(II) sorption capacity curves
for both sorbents are virtually identical: the capacity
remains constant even at pHs higher than 3, but for CM-
52 the desorption of nickel(II) in the alkaline region is
more noticeable than for Olvagel-COOH. On the
whole, CM-52 has slightly higher sorption capacities
for all metal ions studied [6]. The higher capacities of
CM-52 are due to its unshielded oxygenated function-
alities, which provide extra sorption via complexing
ions with the matrix.


 


Sorption selectivity.


 


 The characteristic of the sor-
bent selectivity toward metal ions is pH


 


50%


 


 [18]. From
Table 3, pH


 


50%


 


 values for Olvagel-COOH fall in a wide
range of 2.0–6.0, and are distributed fairly uniformly:
they differ by 0.1 pH units only between manganese(II)
and zinc(II). The pH


 


50%


 


 on CM-52 are listed for refer-
ence: they are lower, fall within a narrower range (1.5–
2.9), and increase in another order: Zn


 


2+


 


 < Cd


 


2+


 


 <
Cu


 


2+


 


 < Mn


 


2+


 


. Probably, this is due to the extra interac-
tions of ions with the oxygen atoms in the CM-52
matrix. Thus, Olvagel-COOH is more suitable for the
selective preconcentration and separation of the studied
metal ions, while for group sorption, it is advisable to
use CM-52.


 


Comparison of sorbents.


 


 CM-52, Olvagel-COOH,
MN, and MacroPrep 50 CM cation exchangers were
compared in their ability to sorb copper(II) as a func-
tion of solution pH. For Olvagel-COOH, MN, and
MacroPrep 50 CM, the plots are similar (Fig. 3): cop-


 


20


2


Sorption, %


pH
63 4 5 871


60


100
Ni


Co


Cd


Cu


2
pH


63 4 5 871


Zn


Pb
Mn


(a) (b)


 


Fig. 2.


 


 Relative sorption of Cu


 


2+


 


, Co


 


2+


 


, Ni


 


2+


 


, Cd


 


2+


 


, Zn


 


2+


 


, Mn


 


2+


 


, and Pb


 


2+


 


 on Olvagel-COOH vs. pH in the batch mode (for the
legend, see the text).


 


Table 3.


 


  pH


 


50%


 


 values


Ion
Sorbent


Olvagel-COOH CM-52


Ni


 


2+


 


lower than 2.0 lower than 1.5
Co


 


2+


 


3.7 1.7
Pb


 


2+


 


4.2 1.8
Mn


 


2+


 


5.1 2.9
Zn


 


2+


 


5.2 2.1
Cu


 


2+


 


5.5 2.7
Cd


 


2+


 


6.0 2.4
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per(II) desorption occurs at pH 4.5–5.0, while CM-52
sorbs copper(II) even at pH 2. Similar pH


 


50%


 


 values
characterize the roughly equal complexing capacities
of Olvagel-COOH, MN, and MacroPrep 50 CM. Quan-
titative sorption is achieved at pHs higher than 6; the pH
was higher than 8 only for MN. On one hand, the com-
peting formation of hydroxocopper complexes can
occur in the higher alkalinity region. On the other, when
strong acid eluents (with pH lower than 2) are used for
quantitative desorption, they can attack the metal parts
and joints of the chromatographic pump. In this con-
text, Olvagel-COOH and MacroPrep 50 CM are of
greater significance. Olvagel-COOH has the highest
copper sorption capacity; the capacity of MN is one-
half (Table 4), likely because of the lower carboxyl
graft density. In addition, the matrix of MN (hyper-
crosslinked polystyrene) has a noticeable hydrophobic-
ity [12, 14], which is unusual for most ion-exchange
sorbents. This provides circumstantial evidence that the
ion-exchange-group density is minimal for MN even
with a more developed specific surface area.


To summarize, due to the combination of their com-
plexing properties, high sorption capacities, and high
selectivities, it is most advisable to use Olvagel-COOH
and MacroPrep 50 CM for the preconcentration and
preparative separation of metal ions, including pH-gra-
dient elution.
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Fig. 3. Comparison of copper(II) sorption on the following
cation exchangers: (1) CM-52, (2) Olvagel-COOH, (3) MN,
and (4) MacroPrep 50 CM.


Table 4.  Copper(II) uptake as a function of acidity


pH
Sorption, mmol/g


CM-52 Olvagel-
COOH


MacroPrep 
50 CM MN


2.1 0.017 0 0 0
3.0 0.083 0 0 0
3.5 0.103 0 0 0
4.0 0.114 0 0 0
5.0 0.109 0.022 0 0
6.0 0.119 0.169 0.046 0.041
7.1 0.120 0.193 0.143 0.078
8.0 0.124 0.185 0.155 0.096







<<
  /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, 2007, Vol. 62, No. 5, pp. 276–280. © Allerton Press, Inc., 2007.
Original Russian Text © E.A. Petrushkina, D.V. Khomishin, N.E. Mysova, A.V. Orlinkov, V.N. Kalinin, A.B. Ponomarev, I.A. Godovikov, Ya.V. Zubavichus, A.A. Veligzhanin, 2007,
published in Vestnik Moskovskogo Universiteta. Khimiya, 2007, No. 5, pp. 337–341.


 


276


 


Active bacteriostatic agents of monoterpene struc-
ture 2-cyclohexyl-5,9-dimethylcapric acid and 2-cyclo-
hexyl-5,9-dimethyl-4,8-decadienoic acid (2-cyclohex-
ylgeranylacetic acid) are components of the wound
healing ointment cygerol. The bacteriostatic activity of
substituted terpenylacetic acids is known to depend on
the branching of substituents. The substitution of the
octadiene group for the terpenyl group should also
change the bacteriostatic activity.


A one-pot method for obtaining a monoterpene
structure is telomerization of isoprene with nucleo-
philes. Inasmuch as this method affords terpenoids with
both natural and artificial hydrocarbon skeletons, it can
be used for obtaining modified cygerol for the purpose
of searching for more efficient and economical wound-
healing drugs.


The simplest method of synthesis of cygerol ana-
logues with a small number of stages is based on telom-
erization of isoprene and butadiene with ethyl acetoac-
etate by Scheme 1. Telomerization of butadiene with
ethyl acetoacetate was carried out as described in [1].
Product 


 


1


 


 is formed with 62% selectivity and is easy to
isolate by distillation of the reaction mixture. Alkyla-
tion of telomer 


 


1


 


 with butyl bromide in the presence of
sodium hydride produces compound 


 


2


 


 in high yield.
The further synthesis of a cygerol analogue—2-butyl-
4,9-dimethyl-4,9-decadienoic acid (


 


3


 


)—was carried
out without isolation of the decarbonylation product.
The latter, after saponification of the ethoxycarbonyl
group by Scheme 1, gives product 


 


3


 


 with an overall
yield of 40%. The structure of 


 


3


 


 was proved by NMR.


The synthesis based on the telomer of isoprene with
ethyl acetoacetate (


 


4


 


) by an analogous scheme turned
out to be a more complicated process. Telomer 


 


4


 


 was
obtained as described in [2]; however, the alkylation of
the 


 


α


 


 position is not quite smooth (the conversion of the
initial telomer is only 58%), presumably due to steric
hindrances created by the methyl group for the nearest
double bond.


Attempts to isolate product 


 


5


 


 by distillation showed
that it partially decomposed at high temperatures,
which significantly decreased its yield. Therefore,
product 


 


5


 


 was not isolated; rather, the crude product
was saponified and then decarboxylated. Inasmuch as
purification led to considerable losses of the target
product and the latter contained an impurity of skeletal
isomers (as MS-GC analysis showed), we used an alter-
native scheme of synthesis of compound 


 


6


 


 from the
telomer of isoprene with piperidine (


 


7


 


) (Scheme 2). The
telomerization carried out as described in [3] gave
telomer 


 


7


 


 with 89% selectivity. The Pd(dba)


 


2


 


-catalyzed
allyl alkylation of diethyl butylmalonate by salt 


 


8


 


,
obtained by quaternization of telomer 


 


7


 


, is smooth and
gives compound 


 


9


 


 with a high selectivity (up to 91%).
The saponification and decarboxylation of ester 


 


9


 


 were
carried out in one stage by treatment with a fourfold
excess of NaOH in a water–alcohol medium followed
by heating at 170


 


°


 


C, which yields acid 


 


6


 


 (Scheme 2).


Inasmuch as the state-of-the-art metal-complex
homogeneous telomerization of isoprene with amines
affords isomers 


 


7


 


 and 


 


10


 


–


 


12


 


 with a high selectivity [3,
4], whereas telomerization of isoprene with C-nucleo-
philes does not yield all analogous skeletal isomers, the
use of Scheme 2 opens up new possibilities for synthe-
sis of modified biologically active cygerol analogues
with different branching of the terpenyl chain. This
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Abstract


 


—2-Butyl-4,9-decadienoic and 2-butyl-4,9-dimethyl-4,9-decadienoic acids, structural isomers of 2-
cyclohexylgeranylacetic acid, which is an active component of the wound healing ointment cygerol, have been
synthesized. Hydrocarbon chains C


 


10


 


 have been obtained by the one-pot method of formation of long-chain
hydrocarbons, namely, by the telomerization reaction of 1,3-dienes with nucleophiles catalyzed by palladium
complexes. A heterogeneous palladium–zeolite catalyst has been used for the first time in telomerization of iso-
prene with piperidine.
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scheme was previously used for synthesizing 2-cyclo-
hexylgeranyl- and nerylacetic acids [6].


Since the industrial use of homogeneous catalysts is
economically inexpedient, we studied the possibility of
using zeolite-supported heterogeneous catalysts for
telomerization of isoprene with piperidine in compari-
son with the known method of preparation of a telomer
mixture under homogeneous conditions [4], which
affords all four possible skeletal isomers (


 


7


 


, 


 


10


 


–


 


12


 


)
(Scheme 3) in a mixture with 5–10% of corresponding


 


cis


 


 isomers. To prepare a heterogeneous catalyst, we
used the Pd(NH


 


3


 


)


 


4


 


Cl


 


2


 


 complex deposited on the
Z


 


4366


 


/H


 


+


 


 zeolite (H form). The resulting catalyst was
characterized by X-ray powder diffraction and X-ray


absorption spectroscopy (XANES). According to X-ray
powder diffraction, the H form of an MFI zeolite
(a crystalline zeolite with micropores of ~0.55 nm in
size) was used as the support. The X-ray diffraction pat-
terns of the pristine zeolite and the Pd-containing cata-
lyst (both initial and spent) are similar; however, for the
modified zeolite containing the palladium complex, the
lines are slightly shifted toward small angles and their
intensities are somewhat redistributed. This can be
associated with some increase in the unit cell parame-
ters of the zeolite caused by the fact that the cationic
palladium ammine complex occupies ion-exchange
positions of the zeolite. The XANES spectra are consis-
tent with the Pd


 


2+


 


 state in the catalyst (the absorption
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edge shift relative to Pd


 


0


 


 was ~8 eV). Palladium does
not noticeably change its state in the course of catalysis.
The Pd content estimated from the intensity of resonant
X-ray fluorescence was 0.4 wt % in the initial catalyst
and 0.05 wt % in the spent catalyst; i.e., the palladium
concentration decreases eightfold after the first cata-
lytic cycle. This is evidence of a considerable catalyst
entrainment, despite its rather strong binding to the
matrix. Heterogeneous catalytic reactions were carried
out for a long time in MeCN or MeOH in the presence
of phosphorus-containing ligands. No products formed
in the absence of these ligands. At temperatures
<100


 


°


 


C, the presence of zeolite catalysts does not
ensure telomerization; therefore, the reaction were car-
ried out at 120


 


°


 


C in an autoclave. The results are sum-
marized in the table.


The yield of the desired products (


 


7


 


, 


 


10


 


–


 


12


 


) was no
more than 2%. When the process was carried out in
MeOH in the presence of Ph


 


3


 


P, telomer 


 


11


 


 was not
identified; at the same time, no byproducts typical of
such reactions (isoprene dimers, isoprene and piperi-
dine adducts, high telomers) were observed. The over-
all content of corresponding 


 


cis


 


 isomers was no more
than 0.5%. Notwithstanding the low yield of the prod-
ucts, the use of zeolite catalysts in this reaction is prom-
ising since all possible side reactions are suppressed
and the isomer composition of telomers is considerably
changes depending on the phosphorus ligand used. This
opens up new possibilities in selective synthesis of
skeletal isomers of terpenoids.


Thus, we showed that the synthesis of 2-butyl-4,9-
decadienoic acid from telomers of butadiene with ethyl


acetoacetate is smooth, whereas it is more expedient to
synthesize 2-butyl-4,9,dimethyl-4,9-decadienoic acid
from the telomer of isoprene with piperidine by
Scheme 2. Telomerization of isoprene with piperidine
on zeolite-supported palladium complexes revealed
some advantages of these catalysts over homogeneous
palladium complexes, namely, the absence of byprod-
ucts and a narrower composition of the formed telomer
products.


EXPERIMENTAL


Ethyl acetoacetate and diethyl butylmalonate were
distilled before use, and butadiene was recondensed
twice through a KOH tube. Isoprene and piperidine
were distilled over KOH. GLC analysis was carried out
on an LKhM-8MD (5) chromatograph (steel column
2 m long, 15% SKTFT-50 on Chromatone N-AW) and
a Finnigan-9001 chromatograph (capillary column
30 m long, DB 5.625) at a programming rate of 8 K/min
in the range from 50 to 200


 


°


 


C and of 12 K/min in the
range from 200 to 310


 


°


 


C; C


 


21


 


H


 


44


 


 was used as the inter-
nal reference. Mass spectrometry/gas chromatography
analysis was carried out on an Analytical VG-7070E
mass spectrometer at 70 eV and an ion source temper-
ature of 150


 


°


 


C. Before GLC and MS-GC analyses, the
acids were preliminarily methylated with diaz-
omethane. The resulting isomers were identified by
GLC on a capillary column by comparing their reten-
tion times with those of the described samples. The 


 


1


 


H
NMR spectra were recorded on Bruker Avance-300 and
Avance-400 spectrometers (CDCl
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, TMS as the internal
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Scheme 3.


 


Conditions of telomerization of isoprene with piperidine in the presence of catalysts


Solvent,
mL Catalyst


Iso-
prene, 
mmol


Piperi-
dine, 
mmol


Isoprene : pipe-
ridine ratio


Tempe-
rature,


 


°


 


C


Time,
h


Yield,
 %


Isomer ratio,


 


7


 


 : 


 


10


 


 : 


 


11


 


 : 


 


12


 


MeOH 
37.5


Pd(acac)


 


2


 


 (1.25 mmol) : Ph


 


3


 


P = 1 : 2 375 350 1 : 0.9 60–70 53 61 2.5 : 3.4 : 2.9 : 1


MeCN 
12.5


Zeolite Z


 


4366


 


/H


 


+


 


 + Pd 0.5% 1 g 
(EtO)


 


3


 


P 0.17 g
100 50 2 : 1 120 37 0.36 3.2 : 4.7 : 4.7 : 1


MeOH 
7.5


Zeolite Z


 


4366
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+


 


 + Pd 0.5% 0.1 g 
Ph


 


3


 


P 0.13 g
75 37.5 2 : 1 120 96 1.2 2.6 : 1.7 : 0 : 1
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reference). X-ray powder diffraction patterns were
recorded on a DRON-3 automated powder diffractome-
ter (Cu


 


K


 


α


 


 radiation; scan speed, 1 deg/min; angle incre-
ment, 0.05


 


°


 


). The Pd 


 


K


 


-edge XANES spectra of the
Pd–zeolite catalyst were recorded at the STM station at
the Kurchatov Center of Synchrotron Radiation and
Nanotechnologies (Si(111) monochromator, scintilla-
tion detector).


Ethyl 2-acetyl-2-butyl-4,9-dimethyl-4,9-decadi-
enoate (2). To a solution of 2.38 g (10 mmol) of ether 1
in 10 mL of THF, 0.29 g (12 mmol) of NaH was added
under an argon atmosphere. The mixture was heated
under reflux for 1 h and cooled, and 1.37 g (10 mmol)
of BuBr was added. The mixture was refluxed for
another 6 h, and then 30 mL of water was added. The
product was extracted with ether. The extract was dried
by Na2SO4, and the solvent was removed by evapora-
tion to give 2.3 g of product 2 (75% purity according to
GLC).


Ethyl 2-butyl-4,9-decadienoate (14). A two-neck
flask was loaded with 2.1 g of crude ester 2, 0.2 g of
sodium ethylate, and 60 mL of absolute ethanol. The
formed ethyl acetate was distilled off while the mixture
was heated. After the reaction was completed, most
alcohol was removed in vacuum, and dilute hydrochlo-
ric acid was added to the residue. The product was
extracted with hexane, dried by Na2SO4. The yield was
1.8 g of the crude product.


2-Butyl-4,9-decadienoic acid (3). To the ester
obtained at the previous stage, 0.3 g NaOH, 1 mL of
water, and 0.65 mL of ethanol were added. The mixture
was stirred without heating for 1 h and then heated
under reflux for 2 h. The alcohol was removed in vac-
uum, water was added to the residue, and the product
was extracted with a hexane–ether mixture. The aque-
ous phase was acidified, the oil was separated, and the
aqueous layer was extracted with ether and dried over
MgSO4. The ether was evaporated. After distillation,
0.75 g (40% with respect to initial telomer 1) of acid 3
with bp 140–142°C/2 mmHg. MS-GC analysis of acid
3 (carried out after it was methylated with diaz-
omethane) showed 95% purity of the sample synthe-
sized.


MS of methylated acid 3 (m/z, Irel, %): 238 [M+] (3),
207 (5), 182 (2), 123 (10), 109 (25), 87 (100). 1H NMR,
δ, ppm: 0.88 (t, 3H, BuCH3, J = 6.8); 1.29 (m, 4H, 2
BuCH2); 1.42 (tt, 2H, 7CH2, J = 7.25); 1.45 and 1.59 (AB
quartet, 2H, BuCH2–2CH, J = 1.42); 2.00 (m, 4H, 8CH2,
6CH2, J8–9 = 6.65, J6–7 = 6.80); 2.18 and 2.30 (AB quar-
tet, 2H, 3CH2, J = 14.2); 2.38 (m, 1H, 2CH); 4.91–5.00
(m, 2H, 10CH2, Ja–b = 1.93, J9–a = 10.2, J9–b = 17.15);
5.33 and 5.47 (AB quartet, 2H, 3CH, 4CH, J = 15.23,
trans), 5.72–5.82 (m, 1H, 9CH, J9–8 = 6.65, J9–a = 10.2,
J9–b = 17.17). Signals were assigned using a 2D 1H–1H
COSY spectrum (400 MHz, CDCl3).


Ethyl 2-acetyl-2-butyl-4,9-dimethyl-4,9decadieno-
ate (5). To a solution of 2.5 g (9.4 mmol) (4) in 10 mL
of THF, 0.3 g (11.3 mmol) of NaH was added under an
argon atmosphere. The mixture was heated under reflux
for 4.5 h and cooled; then, 1.29 g (9.4 mmol) of BuBr
was added. The mixture was heated under reflux for
38 h. Water was added into the flask, and the product
was extracted with ether and dried with Na2SO4. GLC
analysis showed that the conversion of the initial ester
was 60%. The yield was 3.2 g of crude compound 5.


Ethyl 2-butyl-4,9-dimethyl-4,9-decadienoate (15)
and 2-butyl-4,9-dimethyl-4,9-decadienoic acid (6)
were prepared by the above procedures for acid 3. MS-
GC analysis of acid 6 (carried out after it was methy-
lated with diazomethane) showed 80% purity of the
sample synthesized.


MS of methylated acid 6 (m/z, Irel, %): 266 [M+] (4),
235 (8), 210 (11), 151 (34), 137 (27), 81 (100). 1H
NMR, δ, ppm: 0.9 (t, 3H, BuCH3, J = 6.8); 1.29 (m, 4H,
BuCH2, BuCH2); 1.42 (m, 2H, 7CH2); 1.45 and 1.59 (m,
2H BuCH2–2CH); 1.7 (s, 3H, 4aCH3); 2.00 (m, 4H, 8CH2,
6CH2); 2.18 and 2.30 (AB quartet, 2H, 3CH2, J = 14.2);
2.2 (s, 3H, 9aCH3); 2.18 and 2.30 (m, 2H, 3CH2); 2.38
(m, 1H, 2CH); 4.70–4.83 (m, 2H, 10CH2); 5.35 (t, 1H,
3CH).


Synthesis of the palladium catalyst applied to a
zeolite matrix. A ferroaluminosilicate zeolite of the
MFI type was obtained by hydrothermal crystallization
of a gel consisting of the sources of Si (A-300 Aerosil,
sodium silicate), Na (sodium hydroxide, sodium sili-
cate), Fe (ferric chloride), Zn (zinc acetate, and B (boric
acid) in the presence of tetrapropylammonium bromide
at 150°C for 82 h. After filtration and washing with
water, the zeolite in the Na form was treated with a 1 M
NH4NO3 solution (80°C, 4 × 30 min), dried at 120°C,
and calcined at 540°C for 6 h. The resulting H-zeolite
was impregnated with a solution of Pd(NH3)4Cl2, dried
at 120°C, and calcined at 400°C for 3 h. Elemental
analysis (%): Na, 0.033; Al, 19.1; Si, 29.4; Zn, 1.12; Fe,
0.38; B, 0.003; Pd, 0.48.


General procedure of telomerization of isoprene
with piperidine in the presence of zeolite catalysts.
Under an argon flow, a steel autoclave was charged with
(1) 1 g of a zeolite (Z4366/H+ + 0.5% Pd), 7.5 mL of ace-
tonitrile, 5.1 g (75 mmol) of isoprene, 5.9 g (70 mmol)
of piperidine, and 0.166 g (1 mmol) of (EtO)3P; (2) 0.1
g of a zeolite (Z4366/H+ + 0.5% Pd), 7.5 mL of methanol,
5.1 g (75 mmol) isoprene, 3.19 g (37.5 mmol) of pipe-
ridine, and 0.13 g (1 mmol) of Ph3P. The reaction was
carried out under the conditions specified in the table.
Suspensions were filtered. The solvent and unreacted
isoprene were removed in vacuum. The residue was
distilled at Tb = 110–116°C/2 mmHg. The yield was
0.04 g (0.36%) and 0.1 g (1.2%) of telomers prepared
by procedure (1) and (2), respectively.
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The use of dispersions (in the food industry, deter-
gents, biotechnologies, cosmetics, pharmacology, and
medicine) creates many problems for researchers. One
problem is the destabilization of a dispersion because
of the incompatibility of the stabilization mechanisms
of its components. An approach to this problem
requires systematic investigations of the properties of
mixtures and their compositions in an aqueous phase
and at the surface, as well as detailed investigations of
thin films (dispersion models) stabilized by such com-
plexes.


To draw adequate conclusions, it is pertinent to use
proteins whose surface properties are well known. In
choosing nonionic surfactants, one should be guided by
the following requirements: (1) a high probability of
the compatibility of the conditions for the dispersion
stabilization by mixtures of surfactants and proteins,
(2) the nonexistence of data about a negative effect of
the surfactant on protein conformation, and (3) the non-
toxicity of the surfactant (this is especially important
for the food industry, pharmacology, and medicine).


Proteins are natural macromolecular nanoparticles
having a surface activity. With low-molecular-weight
surfactants, proteins form associates of variable com-
position with different surface activities. Proper atten-
tion has not been paid to this fact. The properties of
mixtures are not additive; thus, reliable control over the
behavior of systems containing mixtures of a surfactant
and protein is impossible.


Investigations of mixed surfactant–protein mono-
layers are only part of systematic investigations in this
field. However, these investigations have their own
value for design of biosensors based on Langmuir–
Blodgett (LB) films and others.


SUBJECTS AND METHODS


We used lyophilized bovine serum albumin from
Sigma and nonionic surfactant polyoxyethylene-
20sorbitan monooleate (Tween 80) with the following
parameters: reagent grade; molecular weight,
1308 g/mol; critical micelle concentration (CMC),
1.5 


 


×


 


 10


 


−


 


4


 


 mol/l; hydrophilic–lyophilic balance, 15.
The protein concentration in solutions was deter-


mined spectrophotometrically at a wavelength of
280 nm. All solutions were prepared with twice dis-
tilled water (pH 6.0). Mixtures of the components were
prepared by the titration of a BSA solution (with a fixed
concentration of 8.5 


 


×


 


 10


 


–5


 


 mol/l) with a Tween 80
solution (1.3 


 


×


 


 10


 


–3


 


 mol/l) so that the Tween 80 concen-
tration in the solution varied from 1.4 


 


×


 


 10


 


–7


 


 to 8.5 


 


×


 


10


 


−


 


2


 


 mol/l.
Compression isotherms (biaxial pressure–area dia-


grams) were measured with a circular Langmuir bal-
ance; the biaxial pressure was recorded by the Wil-
helmy method. A 20 


 


µ


 


l aliquot of the solution of a com-
ponent or a mixed solution of various compositions was
applied to the surface of a bath (the subphase was water
with pH 6.0) and allowed to spread over the water–air
interface for 2 min; then, the monolayer was com-
pressed at a fixed rate of 0.01309 m


 


2


 


/min. All measure-
ments were carried out at 21


 


°


 


C.


RESULTS AND DISCUSSION


Tween 80 is a water-soluble nonionic surfactant.
When applied to a water–air interface, it does not form
stable monolayers: because of the uncontrolled transfer
of Tween 80 molecules to the subphase, the recorded
biaxial pressure (


 


π


 


, mN/m) does not correspond to rea-
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Abstract


 


—Mixed monolayers of bovine serum albumin (BSA) with a nonionic surfactant (Tween 80) are
obtained by spreading solutions containing both components over the surface of a subphase (water with pH 6)
over a wide range of solution compositions. According to compression–expansion isotherms, the mixed mono-
layers are of the condensed type when the BSA concentrations in the solution are far higher than or equal to the
surfactant concentration. Such monolayers mostly consist of BSA–Tween 80 (1 : 1) complexes. In contrast, a
BSA monolayer is of the expanded type. When Tween 80 in the solution prevails over Tween 80, the monolay-
ers become unstable. The results of this work pertain to the monitoring of the properties of protein–surfactant
mixtures and design of Langmuir–Blodgett (LB) films.
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sonable surface areas per Tween molecule. From sur-
face tension measurements [1], it is known that the sur-
face area per Tween molecule in the ultimately satu-
rated adsorbate layer is 0.65 nm


 


2


 


. At the same time,
when more than 1 


 


×


 


 10


 


16


 


 molecules are applied to the
bath surface, the ultimate biaxial pressure is 37–
38 mN/m. This value approaches the maximal decrease
in the surface tension of Tween 80 solutions upon the
formation of a saturated absorbate layer.


The compression isotherm for a BSA monolayer on
the water surface (pH 6.0) displayed in Fig. 1 is an
S-shape curve typical of protein monolayers, in agree-
ment with the related literature. For this protein, we
know how the compression isotherm depends on the pH
of the subphase [2], and its collapse pressure is
20 mN/m. Extrapolation of the linear portion of the iso-
therm to 


 


π


 


 = 0 gives a value of 110 nm


 


2


 


 for the area per
protein molecule; this value is substantially larger than
the area occupied by a BSA molecule in a saturated sur-
face layer. The equivalent sphere radius of a protein
molecule 


 


R


 


 (nm) can be determined from


(1)


where 


 


M


 


 is the protein molecular weight, equal to
67000 g/mol for BSA [3].


The radius of a BSA molecule (


 


R


 


BSA


 


) is 2.7 nm; the
surface area of the projection of a protein molecule on
the surface in an ultimately filled monolayer is 23 nm


 


2


 


.
Thus, a BSA monolayer is of the expanded type; prob-
ably, it has a cage or cluster structure, matching the
models of [4].


Let us proceed with the properties of mixed BSA–
Tween 80 monolayers. The compositions of the mix-
tures applied to the subphase surface are listed in
Table 1. The compositions of the solutions spread over
the subphase surface are listed in Table 2 (the solutions
are numbered in accordance with the numbering used
in Table 1). The monolayer compression isotherms for
the individual components and their mixtures of vari-


R 0.067 M3 ,=


 


ous compositions are displayed as the 


 


π


 


–


 


A


 


 diagrams in
Fig. 2. The curves are numbered to match the number-
ing of the systems in Tables 1 and 2. From Fig. 2, it fol-
lows that the positions and trends of the isotherms are
strongly affected by the component ratio (see Table 1):
the isotherms are displaced toward smaller areas com-
pared to the BSA monolayer isotherm (Fig. 2, curve 


 


8


 


);
they also differ from the compression isotherm for the
Tween 80 surface layer (Fig. 2, curve 


 


9


 


). We should
stress that the monolayer compression isotherms
(Fig. 2, curves 


 


1


 


–


 


4


 


) are well reproduced and show
reversible hysteresis in compression–expansion
cycling.


Figure 3 displays the same monolayer compression
isotherms as in Fig. 2 (solid curves 


 


1


 


–


 


4


 


), but in the 


 


π


 


(mN/m)–


 


A


 


 (area per BSA molecule, nm
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) space.
Extrapolating the initial linear portions of the isotherms
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Fig. 1.


 


 Compression isotherm for a BSA monolayer (sub-
phase, distilled water; pH 6.0; 


 


t


 


 = 21


 


°
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Table 1.


 


  Substance amounts of BSA, Tween 80, and their mixtures applied to the subphase surface to form a surface layer


Solution
no.


Applied compound


BSA Tween 80 BSA/Tween 80
ratiomoles molecules moles molecules


1 1.71 


 


×


 


 10


 


–9


 


1.029 


 


×


 


 10


 


15


 


2.85 


 


×


 


 10


 


–12


 


1.71 


 


×


 


 10


 


12


 


600


2 1.71 


 


×


 


 10


 


–9


 


1.029 


 


×


 


 10


 


15


 


1.71 


 


×


 


 10


 


–11


 


1.029 


 


×


 


 10


 


13


 


100


3 1.71 


 


×


 


 10


 


–9


 


1.029 


 


×


 


 10


 


15


 


1.71 


 


×


 


 10


 


–10


 


1.029 
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 10


 


14


 


10


4 1.71 
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 10
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 10


 


15


 


1.71 


 


×


 


 10


 


–9
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 10


 


15


 


1


5 1.71 


 


×


 


 10
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×


 


 10


 


15


 


1.71 


 


×


 


 10
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1.029 


 


×


 


 10


 


16


 


0.1


6 1.71 


 


×


 


 10
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15


 


1.71 


 


×


 


 10


 


–7
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×


 


 10


 


17


 


0.01


7 1.71 
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1.71 
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 10
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×


 


 10
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0.001


8 1.71 
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15


 


– – –


9 – – 2.04 


 


×


 


 10
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to π = 0, for the areas per molecule (isotherms 2–4 in
Fig. 3) we obtain a value close to the surface per BSA
molecule in the ultimately filled monolayer (23–
28 nm2/molecule). This result implies that when BSA
prevails over Tween 80, the monolayers consist of the
protein or the protein complex with Tween 80 in
which the tertiary structure of the protein does not sig-
nificantly change. To understand more details of the
composition of the monolayer, let us consider recent
investigations of the interaction between BSA and
Tween 80.


It was demonstrated in [5] that the phase behavior of
mixtures is dictated by the component ratio. When
Tween 80 prevalence is tenfold (mol/mol), the systems
are separated into macroscopic phases. For lysozyme


mixtures with sodium dodecylsulfate (an ionic surfac-
tant), it was shown in [6] that the protein precipitates
when binding eight to ten surfactant molecules; the dis-
solution occurs with a progress in the surfactant con-
centration and protein binding within a very narrow
range of these parameters.


Recently [7], the properties of mixed solutions of
BSA and Tween 80 were comprehensively studied
using a set of methods (surface tension measurements,
UV and IR spectroscopy, fluorescence quenching, and
others). The main results of these investigations that
directly pertain to the interpretation of our biaxial pres-
sure isotherms are as follows. When the protein prevails
over Tween 80 in the solution, the components form a
1 : 1 complex, whose solubility is 10–5 mol/l. Complex
formation induces the hydrophobization of BSA mole-
cules; as a result, the surface activity of the 1 : 1 com-
plex becomes five times the surface activity of BSA and
two times the surface activity of Tween 80. With the
prevalence of Tween 80, particles of variable composi-
tion are formed; the average binding of Tween 80 to the
protein is about ten Tween 80 molecules per protein
molecule.


Thus, curves 1–4 in Fig. 3 can be interpreted in the
context of the formation of the BSA–Tween 80 com-
plexes with the composition 1 : 1 (mol/mol), whose sol-
ubility is about 1 × 10–5 mol/l. The interpretation of
curves 5–7 in Fig. 2 is now difficult.


The formation of the 1 : 1 complex can be written as


P + S = PS. (2)


Here, P and S, respectively, are the protein and nonionic
surfactant in equilibrium with the PS complex.


Inasmuch as the solubility of the complex is far
lower than the solubilities of the individual compo-


Table 2.  Compositions of solutions applied the bath surface


Solution no. cBSA, mol/l cTween 80, mol/l


1 8.5 × 10–5 1.4 × 10–7


2 8.5 × 10–5 8.5 × 10–7


3 8.5 × 10–5 8.5 × 10–6


4 8.5 × 10–5 8.5 × 10–5


5 8.5 × 10–5 8.5 × 10–4


6 8.5 × 10–5 8.5 × 10–3


7 8.5 × 10–5 8.5 × 10–2


8 8.5 × 10–5 –


9 – 1 × 10–3
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A, m2/mg
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Fig. 2. Compression isotherms for BSA and Tween 80
mixed monolayers at various BSA/Tween 80 ratios
(mol/mol) in the spread solution: (1) 600, (2) 100, (3) 10, (4)
1, (5) 0.1, (6) 0.01, (7) 0.001, (8) BSA, and (9) Tween 80.


0 5 10 15 20 25 30
A, nm2/BSA molecule


10


20


30
π, mN/m


1 2, 2'


3, 3'
4, 4'


Fig. 3. Compression isotherms for BSA and Tween 80
mixed monolayers normalized to the area per BSA mole-
cule (solid curves) and per BSA–Tween 80 complex (1 : 1)
(dashed lines) at various BSA/Tween 80 ratios (mol/mol) in
the spread solution: (1) 600, (2, 2') 100, (3, 3') 10, and (4, 4') 1.
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nents, reaction (2) is shifted toward the complex, and
the concentration of the complex is determined by the
concentration of the deficient component.


The dissociation constant of the complex (Kd) is


(3)


(4)


Here, [P]0 and [S]0 are the initial concentrations of BSA
and Tween 80, respectively.


In view of equalities (4), Eq. (3) writes


(3a)


When the protein concentrations are high compared
to the Tween 80 concentrations (when [P]0 � [PS]), Eq.
(3a) transforms to


(4)


and [PS] can be expressed through


(5)


In cases where Kd � [P]0 (which is likely valid for
BSA concentrations on the order of 10–5 and
10−4 mol/l), Eq. (5) can be written in the form of


(6)


Kd can be ignored in cases where its value is at least
one order of magnitude or more lower than [P]0 (when
Kd ≤ 10–6 mol/l). At higher Kd values, the stability of the
complex is insignificant. Thus, we have determined the
conditions under which the concentrations of the com-
plex are close to the Tween 80 concentrations in its
binary mixture with BSA.


In view of the aforesaid, let us consider isotherms 1–
4 in Fig. 2 in the context of the formation of the 1 : 1
BSA–Tween 80 complex in the solutions applied to the
water–air interface and in the context of the properties
of this complex (the most important properties are the
increased surface activity and solubility). These proper-
ties are responsible for the displacement of all compo-
nents other than the BSA–Tween 80 complex from the
monolayer. According to Eq. (6), the concentrations of
the 1 : 1 complex in the solution that match isotherms
1–3 in Fig. 2 are equal to the Tween 80 concentrations
(1.7 × 10–7, 8.5 × 10–7, and 8.5 × 10–6 mol/l, respec-
tively).


The concentration of the 1 : 1 complex in solution 4
can roughly be equated to the component concentra-
tions ([P]0 = [S]0 ≈ 8.5 × 10–5 mol/l). However, the sol-
ubility of the 1 : 1 complex is 10–5 mol/l. Therefore, the
properties of the monolayer will be dictated by the con-
centration of the 1 : 1 complex if its concentration in the
spread solution is equal to its solubility, i.e., 10–5 mol/l.
The associated particles of the complex do not have a


Kd P[ ]0 S[ ]0/ PS[ ],=


P[ ] P[ ]0 PS[ ] and S[ ]– S[ ]0 PS[ ].–= =


Kd P[ ]0 PS[ ]–( ) S[ ]0 PS[ ]–( )/ PS[ ].=


Kd P0[ ] S[ ]0 PS[ ]/ PS[ ]–=


PS[ ] P[ ]0 S[ ]0/ Kd P[ ]0+( ).=


PS[ ] P[ ]0 S[ ]0/ P[ ]0.=


surface activity [7], and they can partially be removed
from the surface. The ordinate intercepts (m2/mg) cut
by the extrapolated linear portions of the isotherms can
be normalized to the weight and concentration of the
1 : 1 complex. The areas per molecule in the monolay-
ers that correspond to isotherms 2–4 are 26–
27 nm2/molecule and are close to the sizes of BSA mol-
ecules (24–28 nm2/molecule [8]). Isotherm 1 in Fig. 3
shows that for the BSA–Tween 80 complex, the area is
13–15 nm2/molecule, proving the collapse of the mono-
layer of the 1 : 1 complex. The results of the analogous
calculations for the whole trend of isotherms 2–4 are
illustrated by dashed curves 2'–4' in Fig. 3. Roughly,
curves 2'–4' follow the trend of isotherms 2–4. This fact
signifies that the monolayers are mainly constituted by
1 : 1 complexes. In the surface layer whose compression
is described by isotherm 4 in Fig. 3, there are also sur-
face-inactive particles, which are associates of 1 : 1 com-
plex molecules surrounded by surface-active BSA–
Tween 80 complex molecules. This assumption inter-
prets the fact that isotherm 4 is displaced toward larger
areas relative to almost coincident isotherms 2 and 3.
This interpretation is verified by the calculations of
the monolayer compressibility (π/A) for the initial
portions of the isotherms (π ≤ 10 mN/m). This value
(2.2 pN molecule m–3) is maximal for isotherm 4. The
respective value for the compression isotherm of the
BSA monolayer is 0.6 pN molecule m–3. For isotherms
2 and 3, an intermediate value is obtained (1.0–
1.5 pN molecule m–3).


The inflections on isotherms 1–4 in Fig. 3 signify
the restructuring of the condensed monolayers of the
1 : 1 BSA–Tween 80 complex and the formation of sur-
face films in accordance with the models developed in
[4]. Another piece of evidence in favor of the preva-
lence of protein–BSA complexes in the monolayer is
provided by the high limit biaxial pressures, which
reach 35 mN/m: the relevant value for expanded BSA
monolayers under the conditions where protein mole-
cules do not bind hydrophobic surfactants is 20 mN/m.


In summary, our investigations of the mixed mono-
layers of BSA and Tween 80 confirm previous infer-
ences about the formation of a 1 : 1 surface-active com-
plex in the solution; the solubility of this complex is
about 10–5 mol/l. This investigation is part of the sys-
tematic investigations of the interaction of proteins
with surfactants in mixed solutions and at interfaces.
The results of this work are to be used in design of con-
densed LB films of BSA, whose promise was men-
tioned in [9].
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The popularity of medicines containing two or more
active components is progressively increasing [1]. Such
medicines have complex formulations, and they cannot
be regarded as mere mechanical mixtures of auxiliary
and active substances. Components can enter various
physicochemical interactions, which affect the stability
of the medicine during production and shelf life,
change its appearance, and generate unidentified impu-
rities [2–4].


Farmstandart-Leksredstva (Kursk, Russia) is now
working on a new five-component cold medicine.
These pills, with decongestant and analgesic effects,
contain ascorbic acid (AA), chlorpheniramine maleate
(CM), phenylephrine hydrochloride (PE), paracetamol
(P), codeine phosphate (CP), and shaping components.
When a pilot lot of the pills was stored for two years at
room temperature, pill cores changed their color from
white to cream and the percentages of some compo-
nents changed.


The goal of this work was to elucidate the reasons
for these changes and to study the reciprocal effects of
the components of the medicine.


EXPERIMENTAL


 


Reagents, solutions, and equipment.


 


 Binary
model mixtures of the test compounds were prepared


by pounding in an agate mortar. In order to speed up
and enhance transformations, the mixtures were heated
at 110


 


°


 


C for 2 h in a drier. They were dried at 40


 


°


 


C after
pounding to remove excess liquid components.


The IR spectra of the reagents and their mixtures
(1 : 100) were recorded as KBr disks on an Nicolet
Avatar 360 E.S.P. FT-IR spectrometer in the wavenum-
ber range 4000–400 cm


 


–1


 


 with the resolution 4 cm


 


–1


 


.
UV absorption spectra of aqueous–organic solutions
were obtained on a Hewlett-Packard HP 8453 spectro-
photometer.


The medicinal and auxiliary substances used in the
work were of pharmaceutical quality; they were veri-
fied and certified by the quality control department of
the manufacturer. For spectroscopic measurements,
KBr (for IR spectroscopy, from Fluka, USA) and ace-
tonitrile (0 grade, for gradient chromatography, from
Cryochrom, Russia) were used. The other reagents used
were of at least analytical grade.


RESULTS AND DISCUSSION


We suggested that AA caused the observed evolu-
tion of the pills: AA is capable of reversible or irrevers-
ible oxidation and acid–base reactions. Experiments
verified our suggestion.


 


Evolution of the Color of AA and Its Mixtures


 


The results of the observation of mixtures with AA
in technological proportions are displayed in Table 1.
Yellowish tints appeared only after heating; the most
prominent changes occurred in mixtures of AA with
CM, PE, and magnesium stearate. Mixtures with P,
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Abstract


 


—The reasons why five-component cold pills, a new complex medicine under development, change
their color during shelf life are studied. The oxidation of ascorbic acid (AA) is responsible for the change in
color; this process is enhanced in the presence of nitrogen base compounds. The IR spectra of equimolar mix-
tures of AA with some such compounds signify these changes. The results of this work can be used to eliminate
undesired effects.
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microcrystalline cellulose, and starch remained practi-
cally unchanged. Pure AA changed its color only after
moisturizing. The amount of each additive was tens
times lower than the amount of AA.


To compare the color intensity for some of the most
deeply colored mixtures, we obtained the UV spectra of
their solutions. The solvent used was 5 vol % CH


 


3


 


CN +
0.025 M KH


 


2


 


PO


 


4


 


 (pH 7.4); the AA concentration was
0.25 mg/mL. In the absorption spectra for AA + PE,
AA + CM, and AA + magnesium stearate mixtures, an
increase in light absorption was observed in the form of
a plateau at 340–360 nm; the longest plateau was
observed for CM. The IR spectra did not reflect the
change in color. Apparently, the sensitivity of the
method is insufficient for detecting relatively low con-
centrations of colored compounds.


 


Reaction of AA with Some Components (Scheme)


 


Ascorbic acid is known to form H-bonds through
its OH group and the nitrogen atoms of nitrogen bases.
Complexes of AA with thiamine or nicotinamide were
prepared by heating ethanolic solutions of the
reagents [5].


Acids are complexed with substituted pyridines
either through H-bonds N···H–O or with the participa-
tion of an N


 


+


 


H···O– ion pair, depending on the strengths
of the acid and base. These two bond types differently
change the IR absorption bands of the reagents [6]. The
degree of ionization of AA can be ascertained from the
position of the stretching mode 


 


υ


 


C=O, which appears
at 1754 cm


 


–1


 


 in AA and at 1702 cm


 


–1


 


 in the ionized 3-
OH group of sodium ascorbinate [7, 8]. In attendance,
the mode 


 


υ


 


C=C shifts from 1680 to 1595 cm


 


–1


 


 [6].
Our results match the data of the above-cited stud-


ies. The main parameters of the IR spectra of AA and
its mixtures with CM, diethylamine, and sodium
hydroxocarbonate are listed in Tables 2 and 3. Despite
the different natures of the second components, the
spectral evolution in all cases is the same, associated
with the electron-density redistribution in the
OH


 


−


 


C=C–OH group in an AA molecule as a result of


 


−


 


O


 


−


 


H···N or O–Na bonding. In addition, in the spec-
trum of an AA + CM mixture, the characteristic fre-
quency of the protonated tertiary nitrogen of CM
changes, indicating the involvement of this atom in the
reaction [11]. We also studied mixtures of AA with tri-
methylamine and diphenylamine. The IR spectra of
these mixtures are the sums of the spectra of the
reagents. Ascorbic acid does not react in this case,
likely because of steric hindrances.


Our studies allow us to claim that AA in a solid drug
can react with some nitrogen-containing components.
The strength of the N···H–O bond is affected by the
steric hindrance to the reaction and the strength of the
base. Other processes can occur concurrently, including
those that yield colored products.


 


Table 1.


 


  Evolution of the color of model mixtures upon
heating


Compounds
Color after heating


without water with water


Ascorbic acid (AA) White Light yellow


AA + codeine phosphate Light cream Cream


AA + phenylephrine
hydrochloride


Light cream Brown


AA + chlorpheniramine 
maleate


Brown Dark brown


AA + paracetamol White White


AA + magnesium stearate Light cream Brown


AA + plasdon K25 Light lilac Light brown


AA + microcrystalline
cellulose


White White


AA + potato starch White White
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Table 3.


 


  Evolution of IR spectra upon mixing ascorbic acid with some bases (frequencies are in cm


 


–1


 


)


Mixture Vibration
Vibration frequency, cm


 


–1


 


Comments
(suggested assignment)AA mixture


AA + sodium
hydrocarbonate


 


ν


 


C


 


=


 


O 1754 Unchanged; appears at 1704 O–Na bonding


 


ν


 


C


 


=


 


C 1673 Shifted to 1601 Electron-density redistribu-
tion induced by H-bonding


 


ν


 


O–H 3526, 3410, 3316, 3218 A broad band at 3550–3100 cm


 


–1


 


O–Na bonding


AA + diethylamine


 


ν


 


C


 


=


 


O 1754 Virtually unchanged Not detected


 


ν


 


C


 


=


 


C 1673 Shifted to 1597 Electron-density redistribu-
tion induced by H-bonding


 


ν


 


O–H 3526, 3410, 3316, 3218 A broad band at 3550–2600 cm


 


–1


 


H-bonding


 


Table 2.


 


  Some parameters of IR spectra for ascorbic acid, chlorpheniramine maleate, and their mixtures (frequencies in cm


 


–1


 


)


Vibration type
Vibration frequency, cm


 


–1


 


Comments
(suggested assignment)AA CM mixtures


 


ν


 


C


 


=


 


O 1754 Not found Virtually unchanged Not found


 


ν


 


C


 


=


 


C, [1], p. 43 1673 Not found Decreased intensity Electron-density redistribution induced by 
H-bonding


 


ν


 


C–O, [1], p. 128 1140, 1121, 1027 Not found Decreased intensity The same


 


ν


 


O–H, [1], p. 116 3526, 3410, 3316, 
3218


Not found A broad band at
3550–3100 cm


 


–1


 


H-bonding


 


ν


 


–NH


 


+


 


, [1], p. 286 Not found 2456 Shifted to 2702 cm


 


–1


 


Replacement of maleic acid from the CM 
complex in the reaction and AA
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As part of our research on design of simplified ana-
logues of the natural anticancer drug taxol (


 


1


 


), we syn-
thesized a number of adamantane and bicy-
clo[3.3.1]nonane derivatives containing (2


 


R


 


,3


 


S


 


)-


 


N


 


-
benzoyl-


 


β


 


-phenylisoserine, the substituent at the C-13
atom in taxol [1–5]. This moiety is very important for
binding to tubulin, a target protein of the natural mole-
cule in the body. Into some of the synthesized cage
compounds, this amino acid fragment was introduced
in combination with other groups, –OH, –OBz, and


 


−


 


OAc, which model the substituents at, respectively,
the C-1, C-2, and C-4 atoms of taxol [6]. These groups
also make a significant contribution to the interaction
of taxol with the protein. Since the oxygen atom of the
oxetane moiety of the natural molecule is also involved
in binding to tubulin through the hydrogen bond with
the Thr 276 residue, we were interested in introducing
the oxetane ring as the second substituent into


 


N


 


-benzoylphenylisoseryloxyadamantane (or -bicy-
clo[3.3.1]nonane). The oxetane ring is linked with the
cage through a small bridge (linker) (Fig. 1a).


The problem of synthesis of the structures shown in
Fig. 1a can be solved in several steps. In this work, we
suggest ways to obtain an OH–cage–linker–oxetane
moiety, to which the amino acid substituent will be
attached at the alcohol group. As the linker in this moi-
ety, the ester group is used (Fig. 1b).


We have developed the scheme for the synthesis of
3-hydroxyoxetane, which is a combination of several
available procedures [7–10] (Scheme 1). At the first
stage, glycerol reacted with benzaldehyde under classi-
cal conditions of formation of acetals. Benzylation of
the resulting compound 


 


2


 


 at the OH group yielded 2-
phenyl-5-benzyloxy-1,2-dioxane 


 


3


 


, which was treated
with 80% aqueous acetic acid to give diol 


 


4


 


.


The oxetane ring in compound 


 


4


 


 was closed by two
methods [7, 9]. In one method, diol 


 


4


 


 was converted to


its monotosylate, which was then introduced into the
reaction with sodium hydride. It is worth noting that
this method turned out to be unsuitable for preparative
purposes due to the formation of ditosylate as a byprod-
uct at the first stage, as well as due to the necessity of
separation and purification of the intermediate monoto-
sylate, which considerably decreases the yield of prod-
uct 


 


5


 


 (14% from 


 


4


 


).
As a second method of formation of the oxetane


ring, we used a one-pot procedure, which was applied
to diol 


 


4


 


 for the first time and allowed us to obtain 3-
benzyloxyoxetane 


 


5


 


 in 44% yield (from 


 


4


 


). It is worth
noting that the product thus obtained was contaminated
with impurities (about 10% according to 


 


1


 


H NMR).
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Abstract


 


—A method of synthesis of 3-hydroxyoxetane esters with adamantane- and bicyclo[3.3.1]nonane-
containing carboxylic acids is reported.
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Fig. 1.


 


 Schematic representation of (


 


a


 


) a simplified ana-
logue of taxol and (


 


b


 


) the oxetane alcohols synthesized in
this work.
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However, in the course of the subsequent hydrogenoly-
sis of compound 


 


5


 


 in a hydrogen flow, these impurities
converted to separable components. After chromato-
graphic purification, 3-hydroxyoxetane 


 


6


 


 was obtained
from 


 


5


 


 in 82% yield. The 


 


1


 


H NMR spectrum of alcohol


 


6


 


 shows a doublet at 2.88 ppm (1H, 


 


J


 


 = 6.06 Hz, OH)
and a group of signals at 4.55–4.95 ppm corresponding
to the protons of the oxetane system.


In the next step, we performed esterification of oxe-
tane alcohol 


 


6


 


 with two bicyclo[3.3.1]nonanecarboxy-
lic acids 


 


7


 


 and 


 


8


 


 (the subsequent regeneration of the
alcohol group was assumed) (Scheme 2). The resulting
esters 


 


9


 


 and 


 


10


 


 are new, and their structure was proved
by 


 


1


 


H and 


 


13


 


C NMR and elemental analysis.


The 


 


1


 


H NMR spectrum of compounds 


 


9


 


 and 


 


10


 


shows the signals typical of the oxetane ring in the
range 4.60–5.43 ppm, the multiplet of the proton in the
3-position being shifted downfield as compared with its
position for 3-hydroxyoxetane and being separated
from the signals of the methylene protons of the oxet-
ane system. This fact unambiguously demonstrates that
the oxetane ring binds to the ester group at the 3-posi-
tion.


Then, we tried to “regenerate” the hydroxyl group in
compounds 


 


9


 


 and 


 


10


 


. However, the attempts to selec-
tively reduce the keto group of ester 


 


9


 


 with sodium
borohydride or with dehydrogenase from bakery yeast
did not lead to the expected result (in the first case, only
the products of hydrolysis of ester 


 


9


 


 were isolated).


We succeeded in obtaining ester 


 


11


 


 by means of
hydrolytic removal of the trimethylsilyl protecting
group from compound 


 


10


 


, although there were some
doubts about the possibility of this reaction because of
the low stability of the oxetane ring to the action of
acidic agents. However, the use of a minimal amount of


acetic acid in a strongly diluted solution allowed us to
avoid the destruction of the oxetane fragment.


The developed scheme was used for synthesizing
the adamantane analogue of compound 


 


11


 


 (Scheme 3).
The reaction of hydroxy acid 


 


12


 


 [11] with trimethyl-
chlorosilane under classical conditions yielded com-
pound 


 


13


 


, which was esterified with 3-hydroxyoxetane
(


 


6


 


) to form ester 


 


14


 


, and the trimethylsilyl protection
was removed (compound 


 


15


 


). The structure of new
esters 


 


14


 


 and 


 


15


 


 was proved by 


 


1


 


H NMR, IR spectros-
copy, and elemental analysis.


Thus, we synthesized for the first time the esters of
3-hydroxyoxetane with adamantane- and bicy-
clo[3.3.1]nonane-containing carboxylic acids. The syn-
thesized esters are basic structures for further addition
of an amino acid fragment aimed at obtaining com-
pounds with potential antitumor activity.


EXPERIMENTAL


 


2-Phenyl-5-hydroxy-1,3-dioxane 2


 


 was synthe-
sized as described in [10] using 


 


p


 


-toluenesulfonic acid:
mp 80–82


 


°


 


C (lit.: 83–84


 


°


 


C [10]).


 


1


 


H NMR (CDCl


 


3


 


/HMDS), 


 


δ


 


, ppm: 3.08 (s, 1H, OH),
3.65 (m, 1H, CHOH), 4.12–4.24 (dd, 4H, 2 –OCH


 


2


 


–),
5.58 (s, 1H, CHPh), 7.30–7.60 (m, 5H, arom.).


 


2-Phenyl-5-benzyloxy-1,3-dioxane 3


 


 was synthe-
sized by the common procedure of benzylation of alco-
hols using 9.0 g (0.23 mol) of NaH (60% in mineral oil)
in DMF, 20.0 g (0.11 mol) of compound 


 


2


 


, and 14.0 mL
(0.12 mol) of benzyl chloride. The yield was 25.2 g
(85%) of compound 


 


3


 


, mp 86–88


 


°


 


C.


 


1


 


H NMR (CDCl


 


3


 


/HMDS), 


 


δ


 


, ppm: 3.38 (m, 1H,
CHOCH


 


2


 


Ph), 4.07 and 4.39 (each m, 4H, 2 –OCH


 


2


 


–),


 


OH


OH OH


 


O O


OH


 


O O


O


 


O


OH


OH


 


O


O


 


O


HO


 


PhCHO, TsOH


C


 


6


 


H


 


6


 


, 80°C (23%)


1) NaH, 


 


DMF


 


2) BnCl, 


 


DMF


 


25°C, 20 


 


h


 


(85%)


AcOH–H


 


2


 


O [4:1]


25°C, 5 


 


h


 


 (96%)


1) BuLi, THF, 0°C
2) TsCl, THF, 0°C


3) BuLi, THF, 0°C
4) 60°C, 4 


 


h


 


 (44%)


H


 


2


 


, Pd/C [5%]


MeOH, 25°C, 18 


 


h


 


(82%)


1) TsCl, CH


 


2


 


Cl


 


2


 


, 20°C (34%)
2) NaH, 


 


DMF


 


, 20°C (41%)


 


2 3


4 5 6


 


Scheme 1.







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 5


 


      


 


2007


 


SYNTHESIS OF ADAMANTANE AND BICYCLO[3.3.1]NONANE DERIVATIVES 283


 


4.74 (s, 2H, OCH


 


2


 


Ph), 5.59 (s, 1H, CHPh), 7.30–7.60
(m, 10H, arom.).


 


2-Benzyloxypropane-1,3-diol (4).


 


 A solution of
20.5 g (75.9 mmol) of compound


 


 3


 


 in 300 mL of 80%
acetic acid was stirred at room temperature for 5 h. The
reaction mixture was evaporated in vacuo, and the resi-
due was treated with a saturated NaHCO


 


3


 


 solution and
extracted with three portions (70 mL each) of dichlo-
romethane. The combined extract was dried over anhy-
drous Na


 


2


 


SO


 


4


 


, and the solvent was evaporated in vacuo.
The residue was purified on silica gel by flash chroma-
tography. Mobile components (including benzalde-
hyde) were washed with an ethyl acetate–petroleum
ether mixture (1 : 7), and the product was eluted with
ethyl acetate. The eluate was dried over anhydrous
Na


 


2


 


SO


 


4


 


 and evaporated in vacuo. The product was a
thick yellowish liquid. The yield was 13.2 g (96%).


 


1


 


H NMR (CDCl


 


3


 


/HMDS), 


 


δ


 


, ppm: 1.90–2.60 (br s
2H, OH), 3.63 (m, 1H, CHOCH2Ph), 3.70–3.85 (m, 4H,
CH2OH), 4.68 (s, 2H, PhCH2), 7.38 (m, 5H, arom.).


3-Benzyloxyoxetane (5). Method 1. Benzyloxypro-
pane-1,3-diol monotosylate (4) was obtained by a com-
mon procedure from 0.56 g (3.1 mmol) of diol 4,
0.75 mL of pyridine in dichloromethane, and 0.64 g
(3.4 mmol) of p-toluenesulfonyl chloride. The yield
was 0.37 g (34%) of monotosylate and 0.58 g (39%) of
ditosylate.


1H NMR of monotosylate (CDCl3/HMDS), δ, ppm:
0.88 (m, 1H, OH), 2.45 (s, 3H, CH3), 3.58–3.60 (m, 1H,
CHO), 3.68–3.74 (2H, CH2OH), 4.11–4.18 (m, 2H,
CH2OTs), 4.02–4.28 (m, 4H, 2CH2 oxetane), 4.52 (s,
2H, PhCH2O), 7.28–7.81 (m, 9H, arom.). 1H NMR of
ditosylate (CDCl3/HMDS), δ, ppm: 2.49 (s, 6H, CH3),
3.75 (m, 1H, CHO), 4.02–4.28 (m, 4H, 2CH2 oxetane),
4.51 (s, 2H, PhCH2O), 7.18–7.82 (m, 13H, arom.).


A two-neck flask connected to an argon supply sys-
tem was charged with 0.13 g (3.25 mmol) of NaH and
5 mL of DMF, and 0.37 (1.1 mmol) of the monotosylate
obtained was then added in small portions with stirring.
The resulting mixture was stirred for 12 h. The reaction
mixture was diluted with a double volume of water and
extracted with four 20-mL portions of dichlo-
romethane. The extracts were dried over anhydrous


Na2SO4, the combined extract was evaporated in vacuo,
and the residue was separated chromatographically. An
ethyl acetate–petroleum ether (1 : 7) system was used
for elution. The yield was 70 mg (41%) of product 5 as
a yellowish liquid. The overall yield from 4 was 14%.


Method 2. A 35-mL portion (56 mmol) of 1.6 M
solution of n-butyllithium in hexane was added drop-
wise to a solution of 10.0 g (54.9 mmol) of diol 4 in
150 mL of THF at 0°C stirred in an argon flow. Half an
hour later, a solution of 10.53 g (55.3 mmol) of p-tolu-
enesulfonyl chloride in 50 mL of THF was added drop-
wise. An hour later, another 35 mL (56 mmol) of 1.6 M
solution of n-butyllithium in hexane was added drop-
wise to a solution. The mixture was heated to boiling
and refluxed (68–70°C) for 4 h. The solvent was evap-
orated, and the residue was diluted with 100 mL of
water and extracted with ethyl acetate (5 × 50–60 mL).
The extract was washed with 100 mL of a saturated
sodium chloride solution, dried over anhydrous
Na2SO4, and evaporated in vacuo, which left a yellow-
ish brown liquid. This residue was distilled
(2−4 mmHg), and the fractions with bp in the range
120–135°C were collected. The yield of product 5 was
3.9 g (44%). The purity of the product was about 90%
according to 1H NMR.


1H NMR (CDCl3/HMDS), δ, ppm: 4.48 (s, 1H,
OCH2Ph), 4.65–4.80 (m, 5H, oxetane), 7.37 (m, 5H,
arom.).


3-Hydroxyoxetane (6) was obtained by hydrogena-
tion of 3.5 g (21.3 mmol) of compound 5 with hydrogen
in methanol in the presence 4.5 g (5%) Pd/C at room
temperature for 18 h. The yield was 1.29 g (82%) of 3-
hydroxyoxetane as a colorless transparent liquid, mp
55–60°C/1–2 mmHg.


1H NMR (CDCl3/HMDS), δ, ppm: 2.88 (d, 1H, J =
6.06 Hz, OH), 4.57 (m, 2H, CH2 oxetane), 4.80–4.92
(m, 3H, CHOH + 2CH2 oxetane).


7-exo-[(Oxetan-3-yl)oxycarbonyl]bicyclo[3.3.1]no-
nan-3-one (9) was synthesized as described in [1] from
0.155 g (2.1 mmol) of 3-hydroxyoxetane (6) and 0.30 g
(1.65 mmol) keto acid 7 in the presence of 0.42 g
(2 mmol) of DCC and 0.012 g (0.1 mmol) of DMAP.


Scheme 2.


O


OH
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CH2Cl2, 25°C, 12 h
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The yield was 0.33 g (83%) of compound 9 as a white
solid with mp 106–108°C.


1H NMR (CDCl3/HMDS), δ, ppm: 1.54–2.58 (13H,
skeleton), 4.59 and 4.86 (both m, 4H, 2CH2 oxetane),
5.39 (m, 1H, COOCH).


For C13H18O4 anal. calcd. (%): C, 65.55; H, 7.56.
Found (%): C, 65.67; H, 7.59.
7-endo-Trimethylsilyloxybicyclo[3.3.1]nonane-3-


exo-carboxylic acid (8) was obtained by a routine pro-
cedure by the reaction of 0.30 g (1.63 mmol) of the cor-
responding hydroxy acid with 0.211 g (1.94 mmol) of
trimethylchlorosilane and 0.277 g (4.07 mmol) of imi-
dazole in DMF. The yield was 0.22 g (53%) of 8 with
mp 86–88°C.


1H NMR (CDCl3/HMDS), δ, ppm: 0.13 (s, 9H,
Me3Si), 1.2–2.2 (14H, skeleton), 3.55 (m, 1H, HC-3),
3.94 (m, 1H, SiOHC-7).


For C13H24O3Si anal. calcd. (%): C, 60.94; H, 9.38.
Found (%): C, 61.09; H, 9.39.
IR (Nujol), ν, cm–1: 2700–2800 (OH), 1700 (C=O).
7-endo-Trimethylsilyloxy-3-exo-[(oxetan-3-yl)oxy-


carbonyl]bicyclo[3.3.1]nonane (10) was synthesized
as described in [1] from 67 mg (0.91 mmol) of 3-
hydroxyoxetane (6) and 180 mg (0.7 mmol) of acid 8 in
the presence of 0.194 g (0.93 mmol) of DCC and 4 mg
(0.03 mmol) of DMAP. The yield was 0.17 g (80%) of
compound 10.


1H NMR (CDCl3/HMDS), δ, ppm: 0.13 (s, 9H,
Me3Si), 1.25–2.13 (m, 12H, skeleton), 3.94 (m, 1H,
CHOSi), 4.63 and 4.90 (both m, 4H, 2CH2 oxetane),
5.43 (m, 1H, CH oxetane). 13C NMR (CDCl3/HMDS),
δ, ppm: 0.15 (Me3Si), 26.31, 30.20, 34.05, 34.39,
37.16, 64.44 (CHOSi), 67.38 (CH oxetane), 77.81 (CH2
oxetane), 175.24 (C=O).


For C16H28O4Si anal. calcd. (%): C, 61.54; H, 8.97.
Found (%): C, 61.42; H, 8.96.
7-endo-Hydroxy-3-exo-[(oxetan-3-yl)oxycarbo-


nyl]bicyclo[3.3.1]nonane (11). To a stirred solution of
0.07 g (0.2 mmol) of compound 10 in a mixture of 5 mL
of methanol and 0.8 mL of water cooled with ice,
0.03 mL of acetic acid was added. After 15 min, meth-
anol was removed in vacuo, the residue was neutralized
with sodium carbonate and extracted three times with
10 mL of dichloromethane, and the extract was washed
with water. The organic solution was dried over anhy-
drous Na2SO4, and the solvent was removed in vacuo,
which gave 55 mg of the product as a colorless crystal-
line mass. The yield was 96%.


1H NMR (CDCl3/HMDS), δ, ppm: 1.2–2.2 (12H,
skeleton), 2.41 (br s, 1H, OH), 3.46 (m, 1H, HC-3),
4.01 (m, 1H, HC-7), 4.62 and 4.89 (both m, 4H, 2CH2O
oxetane), 5.41 (m, 2H, CH2O oxetane). 13C NMR
(CDCl3/HMDS), δ, ppm: 26.10, 30.16, 34.05, 34.40,
36.74, 64.01 (C-7), 67.56 (CHO oxetane), 77.73 (CH2O
oxetane), 176.54 (C=O).


For C13H20O4 anal. calcd. (%): C, 64.98; H, 8.39.


Found (%): C, 65.41; H, 8.46.


3-(Trimethylsilyloxy)adamantane-1-carboxylic
acid (13) was synthesized by a common procedure
from 0.50 g (2.55 mmol) of hydroxy acid 12 in pyridine
and 0.39 mL (3.05 mmol) of trimethylchlorosilane. The
yield was 0.46 g (68%) of product 13 as white crystals,
mp 76–78°C.


1H NMR (CDCl3/HMDS), δ, ppm: 0.11 (s, 9H,
Me3Si), 1.56 (2H), 1.73–1.78 (8H), 1.89 (2H), 2.22
(2H). 13C NMR3/HMDS), δ, ppm: 0.12 (Me3Si), 26.33,
30.22, 33.97, 34.29, 37.14, 64.49 (CHOSi), 180.12
(C=O). IR (Nujol), ν, cm–1: 2700–2900 (O–H), 1700
(C=O).


For C14H24O3Si anal. calcd. (%): C, 62.64; H, 9.01.


Found (%): C, 62.93; H, 8.84.


1-[(Oxetan-3-yl)oxycarbonyl]-3-trimethylsilyloxy-
adamantane (14) was obtained as described in [1]
from 0.058 g (0.78 mmol) of 3-hydroxyoxetane 6 and
0.138 g (0.51 mmol) of acid 13 in the presence of
0.140 g (0.67 mmol) of DCC and 1.3 mg (0.01 mmol)
of DMAP. The yield was 0.11 g (67%) of ester 14.


1H NMR (CDCl3/HMDS), δ, ppm: 0.14 (s, 9H,
Me3Si), 1.59 (2H), 1.75–1.82 (8H), 1.90 (2H), 2.25
(2H), 4.61 and 4.90 (both m, 4H, 2CH2 oxetane), 5.41
(m, 1H, CHO oxetane). 13C NMR (CDCl3/HMDS), δ,
ppm: 2.90 (Me3Si), 30.28, 35.05, 37.57, 44.93, 46.70,
67.74 (CHO oxetane), 71.19 (C-3), 77.67 (CH2O oxet-
ane), 175.87 (C=O).


For C17H28O4Si anal. calcd. (%): C, 62.92; H, 8.70.


Found (%): C, 62,89; H, 8.72.


1-[(Oxetan-3-yl)oxycarbonyl]-3-hydroxyadaman-
tane (15) was synthesized from 0.07 g (0.2 mmol) of
compound 14 in a mixture of 5 mL of methanol and
0.8 mL of water and 0.03 mL of acetic acid at 0°C. The
yield was 48 mg (97%) of compound 15 as a colorless
oil.


1H NMR (CDCl3/HMDS), δ, ppm: 1.30 (br s, 1H,
OH), 1.7–1.9 (12H, skeleton), 2.33 (2H), 4.64 and 4.94
(both m, 4H, 2CH2 oxetane), 5.45 (m, 1H, CHO oxet-
ane).


For C14H20O4 anal. calcd. (%): C, 66.65; H, 7.99.


Found (%): C, 66.73; H, 7.91.


REFERENCES


1. Selyunina, E.V., Zefirova, O.N., Zyk, N.V., and
Zefirov, N.S., Vestn. Mosk. Univ., Ser. 2, Khim., 2002,
vol. 43, p. 37.


2. Zefirova, O.N., Selyunina, E.V., Averina, N.V., Zyk, N.V.,
and Zefirov, N.S., Zh. Org. Khim., 2005, vol. 39, p. 1176.







MOSCOW UNIVERSITY CHEMISTRY BULLETIN     Vol. 62       No. 5      2007


SYNTHESIS OF ADAMANTANE AND BICYCLO[3.3.1]NONANE DERIVATIVES 285


3. Zefirova, O.N., Selyunina, E.V., Nuriev, V.N., Zyk, N.V.,
and Zefirov, N.S., Zh. Org. Khim., 2003, vol. 37, p. 880.


4. Zefirova, O.N., Nurieva, E.V., Chekhlov, A.N.,
Aldoshin, S.M., Nesterenko, P.N., Zyk, N.V., and
Zefirov, N.S., Zh. Org. Khim., 2004, vol. 40, p. 533.


5. Zefirova, O.N., Nuriev, V.N., and Zyk, N.V., Zh. Org.
Khim., 2005, vol. 41, p. 1313.


6. Zefirova, O.N., Nurieva, E.V., Nuriev, V.N., Zyk, N.V.,
and Zefirov, N.S., Book of Abstracts of International
Symposium “Advances in Science for Drug Discovery,”
2005, p. 21.


7. Fuji, K., Watanabe, Y., Ohtsubo, T., Nuruzzaman, M.,
Hamajima, Y., and Kohno, M., Chem. Pharm. Bull.,
1999, vol. 47, p. 1334.


8. Wang, X.-Q., Xu, R.-Q., and Zhang, P., Acta Chem. Sin.,
1984, vol. 42, p. 1168.


9. Picard, P., Leclercq, D., Bats, J.-P., and Moulines, J.,
Synthesis, 1981, p. 550.


10. Piantadosi, C., Anderson, C.E., Brecht, E.A., and
Yarbro, C.L., J. Am. Chem. Soc., 1958, vol. 80, p. 6613.


11. Baklan, V.F., Khil’chevskii, A.N., Sologub, L.S., and
Kukhar’, V.P., Zh. Org. Khim., 1992, vol. 28, p. 2098.







<<
  /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, 2007, Vol. 62, No. 1, pp. 27–31. © Allerton Press, Inc., 2007.
Original Russian Text © G.P. Yampol’skaya, V.D. Dolzhikova, 2007, published in Vestnik Moskovskogo Universiteta. Khimiya, 2007, No. 1, pp. 33–37.


 


27


 


Polymer materials are widely used in biomedicine
for the manufacture of implants (organs, vessels, and
tissues of synthetic materials) and for other purposes
(the manufacture of membranes, catheters, hemodia-
lyzers, blood storage containers, biosensors, drug trans-
fer containers, etc.). In all cases, these materials should
be biologically inert and biocompatible.


The results of studies performed over a period of
many years [1–3] allow us to recognize both the general
problems of biocompatibility and special problems
related to the particular conditions of the use of bioma-
terials. Thus, for example, a material for the replace-
ment of blood vessels should primarily be blood-com-
patible; this implies the low adhesion of blood cell
structures (thrombocytes, leucocytes, macrophages,
etc.) to the surface of the implanted material. The adhe-
sion of thrombocytes provokes thrombosis. It is well
known that, in contact between a polymer material and
blood, plasma proteins are adsorbed on the surface of
this material [4, 5]. In this case, the adsorption of serum
albumin is even favorable for blood compatibility [6,
7], whereas the adsorption of fibrinogen enhances the
adhesion of thrombocytes to induce complement acti-
vation, which is the initial stage of thrombosis [8, 9].
Note that serum albumin adsorbed on the surface of a
material should retain its native conformation; other-
wise, the blood compatibility of the material is dramat-
ically impaired [4, 6]. Moreover, pathogenic bacteria,
which are responsible for inflammatory processes that
accompany implantation, should not adhere to the
material [10]. An increase in the adsorption of serum
albumins, especially, in a denatured state, also
enhances the adhesion of bacteria. Thus, thromboge-
nicity and a probability of inflammatory processes are
the main complications in the implantation of artificial
materials contacting with blood [11].


Materials for medical purposes are tested with the
use of a number of appropriate biological procedures in
both in vitro and in vivo studies. However, historically
(and this approach remains of current importance), the
materials have been chosen based on studying their
mechanical and surface properties. The contact angles
of water (inflow wetting angles 


 


θ


 


a


 


) have been used to
characterize the surface properties (in almost all of the
studies). It has been found experimentally that the sur-
faces should be hydrophilic to a certain measure. A cor-
relation between the contact angle and the biocompati-
bility of a material [7, 10, 12–17] allowed one to find
that, to a first approximation, the material is suitable for
medical uses if the contact angles of water drops on the
surface are ~60


 


°


 


. In this context, various techniques for
the hydrophilization (increasing the wettability) of ini-
tially hydrophobic polymer surfaces have received
wide acceptance [7, 10–25]. Among them are surface
modification with lipids [10, 13, 16, 19, 20] and heparin
[18, 21]; the grafting of hydrophilic monomers to the
surface [22]; and partial surface oxidation with the for-
mation of C–O, C=O, and O–C–O bonds [17]. The
modification of polymer surfaces with polyethylene
glycols has been most widely used in the past few years
[7, 12, 14, 15, 23, 24].


An improvement in the biocompatibility of materi-
als upon surface modification with polyethylene gly-
cols was considered in a monograph [25]. However, the
contact angle given only roughly indicates the biocom-
patibility because wetting effects can depend on surface
microheterogeneity (nanotopography [14]) and rough-
ness [14, 26], porosity [27], and the structure and vol-
ume of a modifying layer [28].


The problem of choosing medicinal materials in
terms of mechanical surface stability in biological
media is also solved based on wettability measure-
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Abstract


 


—The surface of polystyrene was modified with the bovine serum albumin–Tween 80 complex. The
adsorption of the complex and the formation of films on the surface of polystyrene were studied using the piezo-
electric weighing method. The state of the modified surface was evaluated by contact angle measurements. The
stability of the modifying layer was determined based on the critical interfacial energy values of the surface
equilibrated with water. A conclusion was drawn that the complex can be effectively used to enhance the bio-
compatibility of polymer materials.
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ments. In this case, the hysteresis of contact angles (dif-
ference between the inflow and outflow wetting angles


 


θ


 


a


 


 and 


 


θ


 


r


 


, respectively) is measured. The contact angle
hysteresis 


 


∆θ


 


 = 


 


θ


 


a


 


 – 


 


θ


 


r


 


 suggests a change in the surface
properties of the material. In this manner, Kurian et al.
[12] found a membrane surface reorganization under
changes in a contact medium (air or water). Depending
on the concentration of polyethylene glycol, the inflow
wetting angle (


 


θ


 


a


 


) changed from 96


 


°


 


 to 126


 


°


 


, whereas
the outflow wetting angle (


 


θ


 


r


 


) changed from 20


 


°


 


 to 60


 


°


 


;
this fact suggests an increase in the fraction of polyeth-
ylene glycol on the surface in an aqueous environment.
Ruckenstein and Lee [29], who developed the criteria
of biocompatibility, found that the behavior of a poly-
mer in a biological medium depends on the polymer–
water interface energy (


 


σ


 


SL


 


). For biocompatible materi-
als, the value of 


 


σ


 


SL


 


 should be close to interfacial ten-
sion at the cell–water boundary. At the same time, the
polymer should not exhibit a noticeable decrease in
strength in contact with the solvent to avoid its disper-
sion into a liquid medium. According to Ruckenstein
and Lee [29], surface energy components, particularly,
the dispersion components of the surface energy of a
solid, are independent of the nature of a nonpolar
medium; that is, they are equal for both all hydrocar-
bons and air. Polar components can be affected during
a long contact of a polymer with a polar phase. The fol-
lowing two equilibrium values are of paramount impor-
tance for characterizing the surface of a solid: the sur-
face energy of the polymer in a nonpolar environment
(


 


σ


 


SO


 


) and the surface energy of the polymer in a polar
environment (


 


σ


 


SW


 


). Ruckenstein and Lee [29] reported
a procedure for determining 


 


σ


 


SL


 


 based on the wetting
method and made a criterial evaluation of blood com-
patibility (


 


σ


 


SL


 


 


 


≈


 


 3 mJ/m


 


2


 


).


Based on the above, we conclude that polymers
modified with serum albumin and protein–nonionic
surfactant complexes, in which the surfactant contains
oxyethyl chains (by analogy with polyethylene glycol),
can be very promising biocompatible materials.


This work was devoted to a study of the applicabil-
ity of these surfaces as biocompatible materials. For
this study, we chose the polystyrene–bovine serum
albumin (BSA; molecular weight 


 


M


 


 = 67000) model
system and the polystyrene–(BSA–Tween 80 complex)
system. Tween 80 is polyoxyethylenesorbitan
monooleate with the average degree of oxyethylation


 


n


 


 = 20 and 


 


M


 


 = 1308. The interaction of Tween 80 with
BSA was studied in detail [30, 31]. Initially, the adsorp-
tion of BSA, Tween 80, and the BSA–Tween 80 com-
plex on the surface of polystyrene was studied using
piezoelectric microweighing [32]. This was required
for quantitatively evaluating the polystyrene surface
coverage with a modifying layer. The test concentration
range of aqueous Tween 80 solutions was 10


 


–7


 


–
10


 


−


 


2


 


 mol/l,* and the concentration of BSA (


 


C


 


BSA


 


) was
10


 


–4


 


 or 10


 


–5


 


 mol/l. The BSA–Tween 80 complex (1 : 1)
was studied in the concentration region 10


 


–7


 


–10


 


–5


 


 mol/l.


The narrow range of the test complex concentrations
(


 


C


 


complex


 


) resulted from the fact that, at 


 


C


 


complex


 


 >
10


 


−


 


5


 


 mol/l, the resulting complex was water insoluble
and phase separation was observed.


Piezoelectric microweighing is a direct method for
adsorption measurements; it is based on the depen-
dence of the vibration frequency (


 


f


 


) of a quartz resona-
tor (a microbalance sensor) on the amount (


 


m


 


) of sub-
stance applied to its surface [33]. From the change in
the vibration frequency 


 


∆


 


f


 


 (Hz), the adsorption 


 


Γ


 


 is cal-
culated using the equation


(1)


where 


 


∆


 


m


 


 is the weight of the substance adsorbed on
the resonator surface; 


 


C


 


f


 


 is the mass sensitivity factor,
which depends on the properties of piezoelectric
quartz; and 


 


S


 


 is the working surface area of the resona-
tor. In this study, we used AT-cut quartz resonators with
silver electrodes and a natural frequency (


 


f


 


0


 


 = 5 MHz), for


which 


 


C


 


f


 


 = 2.27 


 


×


 


 10


 


–6


 


 and  = 56.75 


 


×


 


 10


 


6


 


 Hz cm


 


2


 


 g


 


–1


 


[32]. The adsorption 


 


Γ


 


 (g/cm


 


2


 


) was calculated from the
equation


(2)


In the piezoelectric microweighing method, an
adsorbent is either sputtered or applied as a thin film
onto the sensor surface. Polymer films are usually sup-
ported from an organic solvent (polystyrene films were
supported from a 0.5% solution of the polymer in tolu-
ene). The film thickness was 200 nm. In accordance
with the Ruckenstein procedure, the polar and disper-
sion components of the interfacial tension of a solid
surface equilibrated with water (


 


σ


 


SW(W)


 


) were calcu-
lated based on the measurements of inflow and outflow
wetting angles and under conditions of selective wet-
ting. Under certain assumptions, this value is deter-
mined by the equation


(3)


where  and  are the polar and dispersion compo-


nents of the surface tension of water, respectively; 


and  are the polar and dispersion components of
interfacial tension at the solid–water interface, respec-
tively. The latter two values were determined from the
outflow wetting angles of water upon delivering an air
bubble (


 


θ


 


VW


 


) and an octane drop (


 


θ


 


OW


 


) to the sample
surface, which was preliminary kept in water for 12 h
and placed in water. The calculation was performed
using the following equations:


 


* The critical micelle concentration (CMC) of Tween 80 is
CMC
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 = 1.4 


 


×
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 mol/l).
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(4)


(5)


The octane–water interfacial tension (


 


σ


 


O


 


W


 


) was
21.8 mJ/m


 


2


 


 (Table 1 summarizes the energy character-
istics of water and octane).


To modify polystyrene films with aqueous solutions
of BSA, Tween 80, and the BSA–Tween 80 complex,
the samples were exposed to the corresponding solu-
tions for 30 min; then, they were washed with water and
dried. Before contact angle measurements, the films
were kept in water for 12 h.


The adsorption of Tween 80 on polystyrene dramat-
ically increased at 


 


c


 


 > CMC (Fig. 1); this fact was usu-
ally attributed to the adsorption of micelles on a solid
surface [34]. In the monolayer coverage of polystyrene,
the surface area (


 


Sm) per Tween 80 molecule in the
adsorption layer is 66 nm2, which is close to the landing
area of the Tween 80 molecule in a saturated monolayer
at the water–air interface [35]. The values of BSA
adsorption on polystyrene are higher than the well-
known published data; this is due to the formation of a
protein polylayer on the surface [27]. After washing the
samples modified with the protein in water, the values
of adsorption consistent with published data were
obtained (Fig. 2) because only the first protein layer,
which is tightly bound to the polystyrene surface,
remained on the surface. The adsorption of the complex
increased with concentration (as the concentration of
Tween 80 in the mixture was increased), and this
increase was most sharply pronounced at cBSA =
10−4 mol/l. It is likely that the adsorption of the com-
plex stimulated protein coprecipitation on the surface
with an excess of the protein in a mixed solution.


The calculated values of σSW(W) for the test surfaces
suggest that the modification of polystyrene with BSA
solutions did not afford sufficiently low (~3 mJ/m2)
interfacial energies (Table 2). In the modification of


σSW
p σOW θOWcos– σW σO–+( )2/4σW


p ;=


σSW
d σOW θOWcos σW θVWcos– σO+( )2/4σO.=


polystyrene with Tween 80 solutions, the interfacial
energy was σSW(W) ≈ 0.25–1.3 mJ/m2, which implies the
dispersion of the substrate into a liquid phase and the
degradation of the material.


However, good results were obtained in solutions
with a certain concentration of the BSA–Tween 80
complex; this allowed us to use these modifying layers
for providing biocompatibility. The polystyrene sur-
faces modified with the BSA–Tween 80 complex (1 : 1)
at a concentration of 4 × (10–7–10–5) mol/l exhibited the
inflow wetting angles (θa) equal to 53°–58°, which is
consistent with the above correlation data. Conse-
quently, they are potentially biocompatible materials.
The interfacial energies of surfaces equilibrated with
water (2.4–6.4 mJ/m2) are also consistent with the crit-
ical values of biocompatible materials, which remain
stable in contact with biological media. Note that the
surface properties of polystyrene modified with BSA–
Tween 80 complexes depend only slightly on the struc-
ture and composition of the modifying layer. Lin et al.
[36] used an analogous approach in a study of the effect
of the surface properties of polyurethanes on their bio-
compatibility. The polar and dispersion components of
surface tension and the interfacial energy were calcu-
lated in accordance with a published procedure [37].
However, Lin et al. [36] did not keep polyurethane sam-
ples in water for a long time. The estimated interfacial
energies of porous membranes (1.14–0.10 mJ/m2) sug-
gest the instability of the material in an aqueous


Table 1.  Energy characteristics of liquids used for the calcu-
lation of σSW(W)


Liquid σL


Water 72.6 50.8 21.8


Octane 21.8 – 21.8


σL
p σL


d


10


–7 –6


Γ × 106, mol/m2


logc [mol/l]


20


–5 –4 –3 –2
0


30
1
2


Fig. 1. Adsorption of (1) Tween 80 and (2) BSA on polysty-
rene from aqueous solutions.
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Fig. 2. Adsorption of (1) BSA and (2) the Tween 80–BSA
complex on polystyrene from aqueous solutions.
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medium at satisfactory biocompatibility evaluated in a
number of biological tests.


Similar values of contact angles and interfacial ener-
gies for polystyrene surfaces modified with the BSA–
Tween 80 complex in systems with various values of
cBSA in a mixed solution provide support to the conclu-
sion that the 1 : 1 complex is formed, whose concentra-
tion depends on the concentration of the deficient com-
ponent Tween 80 [31].


Note that the contact angle hysteresis ∆θ = θa – θVW
reached a minimum for the surface of polystyrene
(∆θ = 6°), whereas it was 10°–12° for the surface mod-
ified with the solutions of the complex. This was due to
a structural rearrangement in modifying layers at the
solid–water interface. This was also supported by a
change in the interfacial energy upon surface modifica-
tion with the BSA–Tween 80 complex (from 8.8 to
2.4 mJ/m2). Low interfacial energies upon surface
modification with Tween 80 (from 1.3 to 0.25 mJ/m2)
suggest that the nonionic surfactant is a strong modifier
of the polystyrene surface; however, the modifying film
is unstable in contact with an aqueous medium. Pluron-
ics, whose films are stable in water, can be very prom-
ising for the modification of polymer surfaces [38]. The
surface modification of polystyrene with BSA–Tween
80 complexes results in the simultaneous presence of
BSA and Tween 80, which bears oxyethylene chains,


on the surface of the hydrophobic polymer. These
results indicate that, in principle, the biocompatibility
of a material can be improved, and they form the basis
for the subsequent biological tests, in particular, the
adsorption of fibrinogen on modified samples.
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Table 2.  Interfacial surface–water energy ΓSW(W)
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Surfactants, being diphilic, can be adsorbed at vari-
ous interfaces, including solid/surfactant solution inter-
faces. This adsorption can dramatically alter the prop-
erties of the interface; it can also affect the wetting of
the solid surface and interactions between solid parti-
cles in various media, i.e., the stability of disperse sys-
tems [1]. Rapid progress has recently been observed in
the field of investigation of mixed surfactant systems.
This progress is due to the appearance of synergism in
mixed solutions of surfactants of different characters:
reciprocal enhancement of surfactant effects can occur.
Synergism can appear differently: as a decrease in the
surface tension at surfactant solution/air interfaces,
micelle formation in surfactant solutions, adsorption of
surfactants at solution/air interfaces, adsorption of sur-
factants at solid/surfactant solution interfaces, and oth-
ers [2].


This work examines the interaction energy between
two nonpolar solid surfaces in mixed aqueous solutions
of two surfactants (one cationic and the other nonionic)
and compares the interactions between cationic and
nonionic surfactants at nonpolar solid/surfactant solu-
tion and surfactant solution/air interfaces.


EXPERIMENTAL


Dodecylpyridinium bromide (DDPB) was used as
the cationic surfactant (hereafter, c-surfactant), and Tri-
ton X-100 (TX-100) was used as the nonionic surfac-
tant (hereafter, n-surfactant). Dodecylpyridinium bro-
mide before use was purified by recrystallization from
ethyl acetate as described in [3]. The purification was
verified by the absence of a minimum on the surface
tension isotherm. Triton X-100 (polyoxyethylene gly-
col 


 


p


 


-


 


tert


 


-octylphenyl ether with the average degree of


ethoxylation equal to 9.5 from Ferak, analytical grade)
was used as received.


Mixed aqueous solutions of surfactants were pre-
pared using bidistilled water with the surface tension
72.5 mJ/m


 


2


 


 and the electrical conductivity (2–3) 


 


×


 


10


 


−


 


6


 


 


 


Ω


 


–1


 


 cm


 


–1


 


. The n-surfactant mole fraction 


 


α


 


 was
varied as follows: 0, 0.2, 0.4, 0.6, 0.8, and 1.0.


The surface tension of solutions was measured by
the Wilhelmi method (using a platinum plate) on a
Techniprot BT-5 tensiometer. The measurement accu-
racy was 


 


±


 


0.5 mJ/m


 


2


 


.
Test samples to measure cohesive forces were


spherical drops, which were obtained from glass capil-
laries ~1 mm in diameter pulled from a glass pipe. The
diameters of the spherical samples determined with a
microscope were 1.5–2 mm. Surface methylation was
performed by exposure to dimethyldichlorosilane
vapor at room temperature for 10 h followed by chloro-
form rinsing.


The prepared samples were dipped into water and
brought in contact with one another; then, the force
required for separating them, i.e., the coercive force in
water, was measured. Next, a calculated amount of the
concentrated surfactant solution was added to water
(and then to the solution) without removing the sam-
ples. The total amount of the solution was about
100 mL. Samples were exposed without contact for 3 h.
After this time, the samples were brought into contact
with one another without pressing and kept in contact
for 10 s; then, with a detachment force applied, the
coercive force (i.e., the force required for breaking par-
ticles away from each other) was measured. At least ten
replicate experiments were carried out; the mean devi-
ation was within 10%. A magnetoelectric device
designed at the Colloid Chemistry Department [4] was
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 particles in aqueous solutions of a cationic sur-
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used to measure coercive forces. The interaction energy


 


U


 


 was derived from the experimentally measured inter-
action force 


 


F


 


 using the relationship [5]


where 


 


r


 


 is the radius of contacting spherical particles.
The samples chosen for the experiments had the


interaction energy in water equal to 48 


 


±


 


 2 mJ/m


 


2


 


. All
experiments were carried out at room temperature.


RESULTS AND DISCUSSION


It was shown in [6] that the interaction energy for
nonpolar solid surfaces equals the doubled specific free
energy of these surfaces. For the interaction between
nonpolar surfaces in surfactant solutions, the 


 


U


 


/2 = 


 


f


 


(


 


c


 


)
curve is the surface tension isotherm at the nonpolar
surface/solution interface [4, 5]. This isotherm can be
fitted by the Gibbs equation [7, 8]


(1)


Here, 


 


Γ


 


 is the adsorption at the solid/surfactant solu-
tion interface, 


 


c


 


 is the surfactant concentration in the
solution, 


 


R


 


 is the gas constant, and 


 


T


 


 is temperature.
Figure 1 demonstrates the results of the coercive


force measurements in solutions of individual surfac-
tants and their mixtures. We draw the following infer-
ences from the data in Fig. 1: (1) in solutions of individ-
ual surfactants, the interaction energy between two
nonpolar surfaces decreases more strongly in TX-100
than in DDPB; (2) for the solutions in which the n-sur-
factant mole fraction is 0.4, 0.6, or 0.8, the 


 


U


 


/2 =


 


f


 


(log


 


c


 


) curve over a wide range of the concentrations
lies lower than the analogous curves for DDPB and TX-
100, which proves the existence of specific interactions


U F/πr,=


Γ c
RT
-------d U/2( )


dc
------------------.–=


 


between adsorbate surfactant molecules [2]; and (3) a
minimum 


 


U


 


/2 value is achieved at a certain surfactant
concentration, and this value remains unchanged at
higher surfactant concentrations.


Evidently, the decrease in the interaction energy
between two hydrophobic surfaces in surfactant solu-
tions is due to the absorption of surfactants on the solid
surface. Adsorption in this case is due to dispersion
forces between the surfactant chain and the nonpolar
solid surface [1, 9]. These interactions orient the polar
group of the surfactant to the bulk solution, and the sur-
face hydrophilicity will increase with rising surfactant
concentration until a saturated adsorbate layer is
formed on the solid surface. The concentration at which
the saturated adsorbate layer is formed is referred to as
the critical admicelle concentration (CAC) [10]. Table
1 lists the maximum adsorption values found from
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).
The concentration at which the saturated adsorbate


layer is formed is determined from the break on the
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/2 = 
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) curve (Fig. 1a). In an ideal system, the con-
centration corresponding to CAC for a surfactant mix-
ture (


 


c


 


12


 


) as a function of composition is described by


(2)


where 
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1


 


 is the mole fraction of the n-surfactant in the


solution and  and  are the CACs in TX-100 and
DDPB solutions, respectively.


The experimental 
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) curve shows a negative
deviation from the curve for the ideal system (which is
shown by a dashed line). The maximum negative anom-
aly is observed for 


 


α


 


1


 


 = 0.6. Thus, synergism in this
case appears as a decreased surfactant concentration
providing the maximal adsorption on the solid surface.
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Fig. 1.


 


 Panel (a): the interaction energy between two nonpolar solid surfaces vs. the concentration of DDPB, TX-100, and their
mixed solutions with the TX-100 mole fraction 


 


α


 


 equal to 0.2, 0.4, 0.6, and 0.8 of the total surfactant concentration in the solution.
Panel (b): the initial portion of the curve.
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According to Rosen’s ideas [2], a negative anomaly is
caused by the effect of attractive forces between differ-
ent surfactants; these attractive interactions are charac-
terized by the interaction parameter 


 


β


 


:


(3)


Here, 
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11
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E


 


22


 


, and 


 


E


 


12


 


 are the interaction energies
between similar (surfactant 1 or surfactant 2) molecules
and 


 


E


 


12


 


 is the interaction energy between surfactant 1
and surfactant 2 molecules. The interaction parameter
at the hydrophobic solid/surfactant solution interface
with the formation of a mixed saturated adsorbate layer
is calculated from the following equations [9, 11]:


(4)


(5)


Here, 


 


X


 


1


 


 is the TX-100 mole fraction in the mixed


layer at the solid/surfactant solution interface and ,


, and 


 


c


 


12


 


 are the concentrations required for achiev-
ing the ultimately saturated adsorbate layer of TX-100,
DDPB, and their mixtures, respectively. Equation (4) is
numerically solved for 


 


X


 


1


 


, which is then substituted
into Eq. (5) in order to calculate 


 


β


 


Γ


 


, the interaction
parameter between surfactant molecules and ions in the
adsorbate layer.


The data listed in Table 2 imply that, when 


 


α


 


1


 


 < 0.6,
the mixed adsorbate layer on the surface is enriched in
n-surfactant molecules. Synergism for the formation of
a mixed adsorbate layer on solid surfaces is observed
over the whole range of the TX-100/DDPB ratios. The
absolute value of the maximal anomaly is found in the
surfactant mixture with the TX-100 mole fraction equal
to 0.6.


An analogue of relationship (1) can be used to
describe the formation of a sparse adsorbate layer at the
solid/mixed surfactant solution interface. In this case,


, , and 


 


c
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 are, respectively, the TX, DDPB, and
mixed surfactant concentrations required for achieving
the set 


 


U


 


/2 value. Example correlations are demon-
strated in Fig. 3 for 


 


U


 


/2 equal to 45 and 40 mJ/m


 


2


 


. One
can see from these curves that the maximum nonideal-
ity is also observed for 


 


α


 


1


 


 = 0.6. Table 3 lists the com-
positions of the sparse adsorbate layers calculated for


 


U


 


/2 = 45 mJ/m


 


2


 


. It follows that synergism in the forma-
tion of sparse adsorbate layers is greater (βΓ has a
higher absolute value) at low surfactant concentrations,
and the adsorbate layers at low α1 are also enriched in
TX-100 molecules. The dominance of the n-surfactant
in the adsorbate layer can be due to the higher activity
of TX-100 molecules on the solid/surfactant solution
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Table 1.  Surface activity (Gσ), adsorption activity (GΓ),
maximum adsorption (Γm), and surface area (s) per molecule
upon the maximum adsorption at surfactant solution/air
(L/G) and nonpolar solid/surfactant solution (S/L) interfaces
as functions of TX-100 mole fraction (α) in a mixed aqueous
solution of surfactants


α


Gσ GΓ
Γm,


10–6 mol/m2
s,


10–20 m2
mJ/(m2 mol)


L/G S/L L/G S/L L/G S/L


0 1.4 × 104 2.0 × 105 3.2 4.7 52 35


0.2 4.2 × 105 3.7 × 106 2.8 3.8 59 44


0.4 1.1 × 106 7.9 × 106 3.2 6.2 52 27


0.6 7.7 × 105 1.2 × 107 3.2 3.3 52 51


0.8 1.2 × 106 6.7 × 105 3.6 5.2 48 32


1.0 5.3 × 105 1.4 × 106 2.9 3.4 57 47


Table 2.  Interaction parameter βΓ and TX-100 mole fraction
in a saturated mixed adsorbate layer


TX-100 molefrac-
tion in the bulk of 
the mixed surfac-


tant solution


Interaction
parameter βΓ


TX-100 mole frac-
tion in the mixed
adsorbate layer


0 – 0


0.2 –6.5 0.6


0.4 –6.8 0.7


0.6 –8.3 0.7


0.8 –5.4 0.8


1 – 1


Table 3.  Interaction parameter βΓ and TX-100 mole fraction
in a sparse adsorbate layer for U/2 = 45 mJ/m2


TX-100 mole frac-
tion in the bulk of 
the mixed surfac-


tant solution


Interaction
parameter βΓ


TX-100 mole frac-
tion in the mixed 
adsorbate layer


0 – 0


0.2 –6.9 0.5


0.4 –10 0.5


0.6 –11.7 0.6


0.8 –9.8 0.8


1 – 1
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interface compared to the activity of DDPB. The sur-
factant activity at the nonpolar solid/aqueous surfactant
solution interface can be determined, by analogy with
the surface activity, as


The adsorption activity of surfactants is a nonmono-
tonic function of the mixture’s composition, and the
highest value is observed in the solution with the n-sur-
factant mole fraction equal to 0.6 (Table 1).


Thus, our experiments show synergism in the
adsorption of surfactants on hydrophobic surfaces over
the whole range of the DDPB and TX-100 ratios in
mixed solutions. Synergism is maximal in mixed solu-
tions with α1 = 0.6. Presumably, chain–chain dispersion
interactions between surfactants adsorbed on the non-
polar solid surface are the main reason for the forma-
tion of mixed aggregates on the solid surface.


Previously [12], synergism in DDPB/TX-100 mix-
tures was only manifested as a decrease in the interfa-
cial tension at the mixed surfactant aqueous solution/air
interface and was not observed for micelle formation.
The mixed adsorbate layer on the aqueous solution/air
interface is enriched in n-surfactant molecules, and the
maximum absolute value of the interaction parameter
between n-surfactant and c-surfactant molecules corre-
sponds to α1 = 0.6.


We should note that the interaction parameters for
this TX-100 mole fraction at the nonpolar solid/aque-
ous surfactant solution interface are close in their abso-
lute values to the interaction parameters at the aqueous
surfactant solution/air interface.


GΓ dU/2
dc


-------------⎝ ⎠
⎛ ⎞ .


c 0→
lim=


Let us compare some properties to characterize
adsorption at a mixed surfactant aqueous solution/air
interface and a mixed surfactant solution/nonpolar
solid interface. From the data listed in Table 1, one can
see that the activity at the nonpolar solid/surfactant
solution interface is higher than at the surfactant solu-
tion/air interface for both individual surfactants and
their mixtures. These different activities can arise from
the existence of dispersion interactions between surfac-
tant molecules or ions and the nonpolar solid surface.
The maximum adsorptions on the solid are also higher,
as well as the surface area per molecule in the adsorbate
layer is smaller, than at the solution/air interface. These
results imply that surfactants are adsorbed on the solid
surface as aggregates in agreement with the related lit-
erature [13–16].


Having studied the interaction energy between two
nonpolar surfaces in solutions of cationic and nonionic
surfactants and their mixed solutions, we found that the
interaction energy decreases with increasing surfactant
concentration to acquire values lower than 10 mJ/m2.
The interaction energies in mixed surfactant solutions
are lower than in solutions of the individual surfactants.
Having compared the properties of mixed surfactant
solutions at aqueous solution/air interfaces and hydro-
phobic solid/mixed surfactant solution interfaces, we
found that synergism in both cases appears over a wide
concentration range with the formation of either a satu-
rated mixed adsorbate layer or a sparse adsorbate layer.
The compositions of the adsorbate layers at nonpolar
solid/mixed surfactant solution interfaces have been
calculated using the Rubin–Rosen model; the layers are
enriched in the nonionic surfactant. Chain–chain inter-
actions between the nonionic and cationic surfactants
with the formation of mixed aggregates are suggested
as the main cause of synergism.


0.2


c, mol/L


TX–100 fraction in the bulk solution


1E–3


0.6 1.0
1E–4


1


2


Fig. 2. Concentration required for achieving the maximal
adsorption on a solid surface in solutions of DDPB, TX-
100, and their mixtures vs. TX-100 mole fraction: (1) the
curve calculated for the ideal mixture and (2) the experi-
mental curve.


0.2


csurfactant, mol/L


TX–100 fraction in the bulk solution


1E–5


0.6 1.0


1E–6


1E–7


1
2


Fig. 3. Concentration of a DDPB + TX-100 mixture
required for achieving the set U/2 value equal to (1) 40 and
(2) 45 mJ/m2 vs. TX-100 mole fraction in the solution.
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The chloromethylation of a polymer matrix fol-
lowed by amine treatment is a classical route to
crosslinked-polystyrene-based anion exchange resins.
In the first study of chloromethylation, modifying was
performed with chloromethyl ether in the presence of
tin tetrachloride as a catalyst [1]. Chloromethyl ether
has been included into the list of carcinogens [2], and
its applications are limited. Methylene chloride and
methylal have been proposed for use as alternative
chloromethylating agents in the presence of acetic acid
chloride and anhydrous zinc chloride [3], hydrochloric
acid and paraformaldehyde [4], formaldehyde, thionyl
chloride, chlorosulfonic acid [5], and others. However,
chloromethylation has several weaknesses, including
the probability of side reactions, the decreased mobility
of the functionality because of the direct linkage to the
polymer framework through a methylene group, and in
some cases the hindered accessibility of the functional-
ity to reagents and solvents. In addition, the chlorometh-
ylation of polystyrene/divinylbenzene (PS/DVB) resins
is frequently accompanied by extra crosslinking [6, 7].


It was shown that the spatial separation of the func-
tionality from the anion-exchange resin backbone
offers a means for improving the chromatographic
properties of the anion exchange resin, in particular its
efficiency [8]. The alkylation of the polymer matrix
with 


 


n


 


-bromoalkene in the presence of trifluo-
romethanesulfonic acid as a catalyst, proposed in [9–
11], is most widespread. The treatment of PS/DVB with


 


n


 


-bromoalkenes generates apolar alkyl chains (spacer
arms) between the functionality and the anion-
exchange resin backbone. A drawback of this method is
the high cost of the reagents. It is more promising to
employ acylation in the reaction of the benzene rings of
the matrix with 


 


n


 


-bromoacyl chlorides. This reaction
generates chains that contain a polar carbonyl group
[12]. Alkylated anion-exchange resins based on chlo-


romethylated PS/DVB matrices are well known in ion-
exchange chromatography, whereas stationary phases
containing a carbonyl group in the spacer arm between
the functionality and the sorbent backbone are virtually
unstudied.


Our goal in this work was to prepare anion-
exchange resins for use in ion-exchange chromatogra-
phy by means of Friedel–Crafts acylation using acylat-
ing agents with various numbers of carbon atoms and to
compare the chromatographic properties of these
anion-exchange resins.


EXPERIMENTAL


 


Instruments and Reagents


 


Experiments were carried out on a Staier (Akvilon)
chromatograph equipped with a conductometric detec-
tor. Steel separation columns 4 


 


×


 


 50 mm in size packed
using the suspension method under 250 bar were used.
A column 4.6 


 


×


 


 150 mm packed with Dowex 50WX8
200–400 mesh cation-exchange resin in the H


 


+


 


 form
(Supelco) was used to suppress the background signal.


The equipment used in the synthesis was as follows:
thermostat (Memmert), vacuum pump (Laboport),
ultrasonic bath (Sapfir), and mechanical stirrer (Euro-
star).


The matrix used to synthesize anion-exchange res-
ins was 50 : 50 crosslinked PS/DVB, the grain size
3.3 


 


±


 


 0.2 


 


µ


 


m, the surface area 200 m


 


2


 


/g, the total pore
volume 0.64 cm


 


3


 


/g, and the average pore diameter 6 nm
(prepared in the Chromatography laboratory, Chemis-
try Department, Moscow State University).


The following reagents were used for modifying the
matrix: dichloromethane, aluminum chloride (from
Aldrich), tetrahydrofuran (Khimpromtorg), 3-chloro-
propionyl chloride (98.0%), 4-chlorobutyl chloride
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Abstract


 


—Anion-exchange resins have been prepared by a two-step process that comprises the acylation of
polystyrene/divinylbenzene (PS/DVB) with 50% crosslinking and subsequent amination with trimethylamine.
The spacer arm between the quaternary ammonium functionality and the polymer backbone in these resins con-
tains three, four, or five carbon atoms. An increase in the spacer arm improves the separation efficiency, affects
the selectivity, and produces more symmetric peaks.


 


DOI: 


 


10.3103/S002713140705015X







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 5


 


      


 


2007


 


EFFECT OF THE ACYLATING AGENT ON THE SELECTIVITY 287


 


(99.0%, Aldrich), 5-chlorovaleroyl chloride (97.0%+,
Fluka), ethanol (analytical grade, Labtekh), acetonitrile
(high purity grade for liquid chromatography, IREA
2000), and hydrochloric acid (Khimmed). The anima-
tion was performed with a 40% trimethylamine solu-
tion (Aldrich).


Analyte solutions and mobile phases were prepared
from the following reagents: sodium carbonate (analyt-
ical grade), sodium hydrocarbonate (analytical grade),
potassium sulfate (analytical grade), potassium nitrate
(analytical grade), lithium chloride (analytical grade),
potassium fluoride (reagent grade), and sodium dihy-
drogen phosphate (analytical grade) purchased from
Khimmed or Labtekh.


Stock salt solutions with concentrations of 10
mmol/L were prepared from accurately weighed sam-
ples. Working solutions with lower concentrations were
prepared by diluting the stock solutions. Eluents were
prepared from 200-mM solutions of sodium carbonate
and sodium hydrocarbonate. Distilled water was used
to prepare all solutions.


 


Synthesis of Anion-Exchange Resins


 


Acylation.


 


 A 1-g aliquot of the matrix was trans-
ferred to a three-necked flask 100 mL in capacity,
dichloromethane (12.5 mL) was added, and the mixture
was allowed to stand for 2 h for swelling. After this, 


 


n


 


-
chloroacyl chloride (0.01 mol) was added. The reaction
mixture was homogenized for 15 min at room temper-
ature by stirring at 200 rpm. The acylation reaction was
initiated by anhydrous aluminum chloride (0.137 g);
the reaction mixture turned grayish brown. After 10
min, the reaction was stopped by adding tetrahydrofu-
ran (50 mL). The product was filtered on a glass filter
and washed with the following liquids: water–tetrahy-
drofuran (1 : 1), 2M HCl, water, and ethanol. After each
washing stage, the reaction product was dried on a glass
filter in vacuum created by a water-jet pump and then
left on the fitter over CaCl


 


2


 


 in a desiccator until full dry-
ing.


 


Amination.


 


 At the second synthesis stage, a homo-
geneous suspension of a 1-g sample of the product
obtained at the first stage in acetone (15 mL) was pre-
pared; then, 40% aqueous solution of trimethylamine
(15 mL) was added, and the mixture was stirred for 16
h at 70


 


°


 


C. After this time, 2 M HCl was added to stop


the reaction. The reaction product was filtered on a
glass filter, washed under vacuo with two or three 2-M
HCl portions (10 mL each), distilled water (until neu-
tral pH), and ethanol. After this, the anion-exchange
resin synthesized was left until full drying on a filter
over CaCl


 


2


 


 in a desiccator (Fig. 1). 


 


Determination of the anion-exchange resin
capacity.


 


 The ion-exchange capacity of sorbents was
determined by converting them to sulfates in a dynamic
mode. After the sorbents were completely converted
from chlorides to sulfates with a 20 mM K


 


2


 


SO


 


4


 


 solu-
tion, the column was purged with distilled water to
scavenge excess sulfate ions from the system. The


 ions that were retained on the sorbent by the ion-
exchange mechanism were eluted with 2 mM Na


 


2


 


CO


 


3


 


solution. The eluate was collected to a graduated flask
100.0 mL in capacity and was chromatographed to


determine the  concentration using a calibration
curve. The time required for the full conversion of the


sorbent from the Cl


 


–


 


 to  form or from the  to


 form was judged from an abrupt change in elec-
trical conductivity. Thus, the amount of sulfate
(mmoles) required for converting the sorbent from the


Cl


 


–


 


 to  form was determined in the eluate. The
doubled sulfate ion concentration in the eluate was
equal to the full exchange capacity of the anion -
exchange resin. Dividing this value by the dry sorbent
weight in the column, we found the specific exchange
capacity. The results are displayed in Table 1.


RESULTS AND DISCUSSION


With the same amounts of 


 


n


 


-chloroacyl chlorides,
the anion exchange resins have different capacities,
increasing from 3-chloropropionyl chloride to 5-chlo-
rovaleroyl chloride. Apparently, lengthening of the
spacer arm decreases the influence of the benzene ring,
facilitating subsequent amination.


To study the ion-chromatographic behavior of
anions on the sorbents, we chose the two-column ion-
exchange chromatography version with a standard car-
bonate buffer solution as the eluent. Relative retention
scales for inorganic anions on the anion-exchange res-
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O


  


C


O


(CH2)nCl


  


C


O


(CH2)n N+(CH3)3


 


+


 


AlCl


 


3


 


N(CH


 


3


 


)


 


3


 


Fig. 1.


 


 Scheme of anion-exchange resin preparation.
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ins studied are shown in Fig. 2. With the use of the car-
bonate eluent, all anion-exchange resins tested demon-
strated an anomalous retention of the strongly polarized
nitrate ion, which can be explained by 


 


π


 


-


 


π


 


 interactions
with the aromatic nucleus of the ion-exchange resin.


Figure 3 demonstrates chromatograms for the sepa-
ration of five inorganic anions. One can see from this
figure that the selectivity of the sorbents improves with
increasing spacer arm length. On the one hand, this
improvement can be because of the type of acylating
agent; on the other hand, because of the exchange
capacity increasing in the following order: 3-chloropro-
pionyl chloride < 4-chlorobutyl chloride < 5-chlorov-
aleroyl chloride.


Figure 4 shows the log anion capacity of the anion-
exchange resin as a function of the number of carbon
atoms in the spacer arm of 


 


n


 


-chloroacyl chloride. The
plots are linear for all anions except for F


 


–


 


. The nonlin-
earity observed for F


 


–


 


 can be due to the exclusive reten-
tion of this ion on the suppressing column.


An increase in the distance between the functional-
ity and the sorbent backbone generates narrower and
more symmetric peaks. Table 2 displays the capacity
factors for the test anions, the efficiencies of anion-
exchange resins, and peak asymmetry coefficients. All
anion-exchange resins are most efficient for phosphate
ions. The highest efficiency (55 300 theoretical plates
(TP)) was achieved for the anion-exchange resin modi-


 


Table 1.


 


  Chromatographic parameters used to compare the anion-exchange resins synthesized


Separation column C


 


3


 


Modifying agent: 3-chloropropionyl chloride; anion-exchange resin capacity: 0.032 mmol/L


Separation column C


 


4


 


Modifying agent: 4-chlorobutyl chloride; anion-exchange resin capacity: 0.045 mmol/L


Separation column C


 


5


 


Modifying agent: 5-chlorovaleroyl chloride; anion-exchange resin capacity: 0.080 mmol/L


Eluent 1.8 mM Na


 


2


 


CO


 


3


 


 + 1.7 mM NaHCO


 


3


 


Mobile-phase flow rate 0.8 mL/min


Detection method Conductometry


Sample volume 50 


 


µ


 


L


Anions to be determined F


 


–


 


 (2.5 mg/L), Cl


 


–


 


 (5 mg/L),  (50 mg/L),  (25 mg/L), and  (25 mg/L)HPO4
2– NO3


– SO4
2–


 


Table 2.


 


  Capacity factors for determined anions, peak asymmetry, and efficiencies of the anion-exchange resins studied
(for the chromatographic parameters, see Table 1)


Anion
Sorbent C


 


3


 


Sorbent C


 


4


 


Sorbent C


 


5


 


k


 


'


 


N


 


, TP/m


 


A


 


s


 


k


 


'


 


N


 


, TP/m


 


A


 


s


 


k


 


'


 


N


 


, TP/m


 


A


 


s


 


F


 


–


 


0.36 2300 0.66 0.48 4900 0.53 0.76 5400 0.58


Cl


 


–


 


0.51 5300 0.73 1.09 7000 1.04 2.31 8100 1.01


0.93 7900 0.65 2.46 16800 0.93 6.76 55300 1.03


1.03 6500 0.52 3.10 16400 1.20 10.07 37400 1.04


1.65 1600 * 5.04 1800 * 18.04 1600 *


 


* Not calculated.
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Fig. 2.


 


 Selectivity scales for anion-exchange resins C


 


3


 


, C


 


4


 


,
and C


 


5


 


. 


 


α


 


 is the selectivity factor (for the chromatographic
parameters, see Table 1).
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fied with 5-chlorovaleroyl chloride. The peak asymme-
try factor for this sorbent is near unity.


In summary, sorbents with a spacer arm between the
functionality and polymer backbone containing three,
four, or five carbon atoms have been synthesized on the
basis of PS/DVB. The use of equal amounts of 


 


n


 


-chlo-
roacyl chlorides containing different numbers of car-
bon atoms in their chains affects the capacity and selec-
tivity of the sorbents, peak asymmetry, and the effi-
ciency of the chromatographic column; an increase in
the number of carbon atoms in the spacer arm improves
the specified parameters.
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Fig. 3. Chromatograms of a model anion mixture under identical conditions on anion-exchange resins (a) C3, (b) C4, and (c) C5 (for
the chromatographic parameters, see Table 1).
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Fig. 4. Log plot of the capacity vs. number of carbon atoms
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backbone in the anion-exchange resin for (1) fluoride, (2)
chloride, (3) phosphate, (4) sulfate, and (5) nitrate. 
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The notion of effective wavelength of primary radi-
ation is traditionally used for considering the polychro-
maticity of the emission spectrum of an X-ray tube in
standardless (SL) X-ray fluorescence (XRF) analysis of
multicomponent objects. The action of this component
is equivalent to the excitation caused by all radiation of
the continuous emission spectrum of the tube in the
range from its short-wavelength limit to the absorption
edge of the chemical element to be determined [1]. The
use of the effective wavelength of an X-ray tube makes
it possible to considerably reduce the volume of neces-
sary calculations. The effective wavelength depends on
the nature of an analyte, the elemental composition of a
sample, the emission spectrum of an X-ray tube, and its
filtration by the surface layers of the object. However,
the effective wavelength is usually determined using
complicated analytical expressions not quite suitable
for performing numerical calculations [1–4]. In addi-
tion, in these expressions, virtual tube emission spectra
are used in which the bremsstrahlung component is
specified by a simple and, in general case, incorrect
function (for example, by the Kramers function), while
the relative intensity of characteristic lines is described
by a universal function of the potential and anode mate-
rial [2, 5]. The calculated spectrum is independent of
the geometry of the X-ray tube, and this increases the
error of the analysis results. The calculation of the
effective wavelength requires knowledge of the ele-
mental composition of the analyte, which is a priori
unknown. In this context, some researchers have pro-
posed to use simpler methods of calculation of this
parameter [1, 5]. As a rule, the effective wavelength is
empirically taken either as the midpoint of the range
delimited by the short-wavelength edge of the tube
emission spectrum and the absorption edge of the
chemical element to be determined or as the average of


theoretically possible values for this element. Inasmuch
as the effective wavelengths thus selected depend only
on the analyte nature and do not take into account the
other above-mentioned factors and, hence, can differ
noticeably from the true values, the correctness of the
results of SL XRF analysis noticeably decreases [6].
The aim of the present work is to develop a new
approach to calculating the effective wavelength of the
emission spectrum of a given X-ray tube of a laboratory
XRF spectrometer. The approach should be easy to for-
malize when developing numerical algorithms of SL
XRF analysis of a multicomponent object all compo-
nents of which give rise to characteristic signals within
the working wavelength range of an XRF spectrometer.


ALGORITHM


The following expression is valid for the intensity of
the XRF emission of element 


 


A


 


 with the wavelength 


 


λ


 


fl


 


excited in the analyte at the depth 


 


d


 


 by the X-ray tube
radiation with the wavelength 


 


λ


 


1


 


 and the intensity 


 


I


 


1


 


:


(1)


where  is the linear absorption coefficient of primary
radiation in element 


 


A
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µ


 


1


 


 and 


 


µ


 


fl


 


 are the linear attenua-
tion coefficients of, respectively, primary and second-
ary radiation in the sample; 


 


ϕ


 


 is the angle of incidence
of primary radiation on the sample surface; 


 


ψ


 


 is the
take-off angle of the secondary radiation; and 


 


k


 


 is a
coefficient depending on the spectrometer geometry
and the sample surface area. Thus, the XRF intensity
from the sample surface layer of thickness 


 


d


 


 can be cal-
culated by the known Blokhin formula [1]:


Ifl kλ1τ1
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Abstract


 


—A simple algorithm has been developed for calculating the effective wavelength of the polychro-
matic emission spectrum of an X-ray tube upon excitation of X-ray fluorescence of a homogeneous object all
components of which give rise to characteristic signals within the working wavelength range of a spectrometer
used. The adequacy of this approach has been verified in the course of standardless X-ray fluorescence analysis
of certified steel samples by the fundamental parameter method.
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(2)


where


(3)


Expansion of the exponential function in a Maclau-
rin series at 


 


d


 


  0 with the use of only the first two
terms of the resulting sequence allows us to derive the
expression for the XRF intensity of an infinitely thin
sample:


(4)


For polychromatic primary radiation in the wave-
length range from the short-wavelength edge of the X-
ray tube emission spectrum (


 


λ


 


0


 


) to the absorption edge


of the element to be determined ( ), Eq. (4) takes the
form


(5)


Applying the generalized theorem of the mean to
Eq. (5) makes it possible to calculate the effective wave-
length of the fluorescence excitation spectrum for an infi-
nitely thin layer at the surface of the analyte sample:


(6)


For samples of finite thickness, the effective wave-
length value is shifted toward shorter wavelengths since
the primary radiation is filtered by the surface layers of
the sample. Let us estimate this shift. It follows from
Eq. (2) that, for a semi-infinite sample, the XRF inten-
sity tends to 


 


I


 


1


 


/


 


M


 


(


 


λ


 


1


 


; 


 


λ


 


fl


 


). Due to absorption in the sam-
ple, the intensity of primary radiation changes from 
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to zero. For a homogeneous sample, the efficiency of
this process can be uniquely described using the thick-
ness of the surface layer responsible for half of the XRF
intensity at 


 


λ


 


fl


 


 excited by radiation at 


 


λ


 


1


 


:


(7)


At 


 


λ


 


1


 


 = , Eq. (7) allows one to calculate the
effective thickness of the “filtering layer” of the analyte
sample. The transformation of the initial primary radi-
ation spectrum specified as a two-dimensional array
[


 


λ


 


1
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I


 


1


 


] by Eq. (8) makes it possible to calculate the
effective excitation spectrum of element 


 


A


 


 in a semi-
infinite sample:
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λq
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λmono
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(8)


Substitution of the effective excitation spectrum
intensity for the initial one in Eq. (6) gives the sought
effective wavelength of the fluorescence excitation
spectrum of the analyte sample. The absorption (atten-
uation) coefficients are tabulated in a wide range of
wavelengths [7].


EXPERIMENTAL


The adequacy of the algorithm for calculation of the
effective wavelength was checked in the course of SL
XRF analysis of certified steel discs 10 × 4 mm in size.
The spectra were measured on a Spektron Spectroscan
XRF spectrometer (Russia) equipped with a LiF(200)
crystal analyzer (2d = 0.403 nm) and a low-power
(4 W) sharp-focus X-ray tube with a Mo anode; the
working voltage was 40 kV. The angle of incidence of
primary radiation was 70° and the take-off angle of sec-
ondary radiation was 30°. The Ni, Fe, Mn, and CrKα
lines were used for determination. The optimal expo-
sure time (sr < 0.01) for these elements was 2, 1, 20, and
1 s, respectively. To take into account a possible varia-
tion in chemical composition across the sample, the
analytical signal was measured four times, turning the
sample by an angle of 90°, and the resulting values
were averaged.


VERIFICATION OF THE ALGORITHM


Based on the known Blokhin relationship [1], for
each jth component of the steel sample, we can write an
equation that relates the XRF line intensity to the chem-
ical composition of the analyte (concentrations Ci), the
fundamental parameters of the constituting elements of
the analyte, and the characteristics of a given spectrom-
eter:


(9)
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(12)


Here, N is the total number of components,  is the


jump of the q absorption edge of the jth element,  is
the mass absorption coefficient of the jth element with
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respect to the primary radiation with the wavelength λ1,


 is the probability of radiative relaxation of the jth


element after the ionization of the q level,  is the


fraction of the analytical line in the total intensity of the
q series for the jth element, R is the optical path length
from the sample to the detector, and s is the surface area
probed by the primary X-ray beam. The λ, µ, τ, ω, and
Sq are tabulated [7]. The overall contribution of I1, R,
and s can be determined by measuring the XRF spec-
trum of any element and by solving the aforementioned


ωq
j


pfl
j


Blokhin equation for the corresponding fluorescence
line.


The above expressions are valid for a semi-infinite
sample excited by monochromatic primary radiation.
These equations take into account absorption of pri-
mary and secondary radiation in the analyte sample. To
calculate the contribution of the additional fluorescence
of the analyzed elements excited by the characteristic
radiation of the attendant components, the relations
derived by Losev [1] can be used. If the contribution of
the X-ray tube radiation to the XRF intensity of the jth
element is equal to unity, the contribution of the addi-
tional excitation by the XRF radiation of the ith ele-


ment with the wavelength  <  is equal to


(13)


(14)


Let us formulate the algorithm of SL XRF analysis
of steel used in this work.


(1) The elemental composition of a certified steel
sample is roughly estimated from the XRF line intensi-
ties by the absolute normalization method. Effective
wavelengths for all elements are calculated in the first
approximation by Eqs. (7) and (8).


(2) The set of linear equations (9) is solved. Concen-
trations are refined. The effective wavelengths are cal-
culated in the second approximation.


(3) The contribution of additional excitation (13)
and (14) is subtracted. The set of equations (9) is solved
again to refine the concentrations. The effective wave-
lengths are calculated in the third approximation.


(4) The final contents of steel components are calcu-
lated.


RESULTS AND DISCUSSION


Important factors that determine the effective wave-
length are the elemental composition and filtration of
the X-ray tube emission spectrum by the surface layers
of the analyte sample. Figure 1 shows two spectra with
integrated intensities normalized to unity in the range
310–3200 mÅ: the X-ray tube emission spectrum and
the effective excitation spectrum of nickel in certified
steel no. 93, calculated by Eq. (8). Taking into account
the above factors changes by 41 mÅ the effective wave-
lengths calculated from these spectra by Eq. (6).
Table 1 presents the effective wavelengths of compo-
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Fig. 1. (1) Combined emission spectrum of an X-ray tube
and (2) effective excitation spectrum of nickel in certified
steel no. 93 with normalized integrated intensities in the
working wavelength range. The vertical lines (1' and 2') des-
ignate the effective wavelengths of nickel excitation calcu-
lated in this work (see text for details).


Table 1.  Calculated effective wavelength of the X-ray tube
bremsstrahlung spectrum used for excitation of X-ray fluo-
rescence of elements in certified steel samples*


Element


Effective wavelength, mÅ


proposed 
algorithm


classical approach


variant A variant B


relative deviation, %


Steel no. 91
Ni 1039 895 (–14) 905 (–13)
Fe 1178 1027 (–13) 1035 (–12)
Mn 1252 1103 (–12) 1112 (–11)
Cr 1336 1190 (–11) 1203 (–10)


Steel no. 93
Ni 1037 895 (–14) 905 (–13)
Fe 1176 1027 (–13) 1035 (–12)
Mn 1250 1103 (–12) 1112 (–11)
Cr 1334 1190 (–11) 1203 (–10)
* See text for details.
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nents of the steel sample calculated by the classical
scheme in two variants. The effective wavelength was
calculated either as the midpoint of the wavelength
range between the short-wavelength edge of the X-ray
tube bremsstrahlung spectrum and the absorption edge
of the element to be determined (variant A) or as the
average of all possible values for an arbitrary analyte
(variant B) [1, 5]. This universal approach takes into
account only the nature of the analyte and ignores the
other factors. As is seen, these values differ consider-


ably from the values calculated by the proposed algo-
rithm. However, in SL XRF analysis, the correctness of
the determination of each element depends on the cor-
rectness of the determination of all components. There-
fore, improper choice of the effective wavelength for
only one element can noticeably distort the entire com-
position. Figure 2 shows the results of numerical esti-
mation of the correctness of the SL XRF analysis of
certified steel no. 93 as a function of the choice of the
effective wavelength of the combined emission spec-


Table 2.  Results of standardless X-ray fluorescence analysis of certified steel samples


Element


Content, wt % Relative deviation, %


certificate calculation
(variant 1)


calculation
(variant 2)


calculation
(variant 1)


calculation
(variant 2)


Steel no. 91
Ni 9.1 ± 0.1 9.9 ± 0.5 9.2 ± 0.4 +9 +1
Mn 0.67 ± 0.02 0.53 ± 0.08 0.59 ± 0.03 –21 –12
Cr 18.0 ± 0.2 15.8 ± 0.6 18.1 ± 0.4 –12 +0.6


Steel no. 93
Ni 11.1 ± 0.1 12.5 ± 0.4 11.2 ± 0.2 +13 +0.9
Mn 0.36 ± 0.04 0.22 ± 0.06 0.27 ± 0.05 –39 –25
Cr 14.2 ± 0.1 12.9 ± 0.4 14.3 ± 0.3 –9 +0.7
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Fig. 2. Relative deviations from the certified values of the results of the SL XRF determination of (a) nickel, (b) iron, (c) manganese,
and (d) chromium in certified steel no. 93 as a function of the choice of the effective wavelength of excitation by X-ray tube radiation
(numerical estimation).
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trum of the X-ray tube. In some cases, the change in the
effective wavelength by only 50 mÅ can lead to the
change in calculated contents by 5–15%. An additional
source of error can be the use of the universal virtual
excitation spectrum calculated, for example, by the
Kramers equation (variant 1), rather than the real emis-
sion spectrum of the X-ray tube of a given spectrometer
(variant 2). These spectra were used in the SL XRF
analysis of certified steel samples. The correctness of
the analysis results is noticeably higher when the effec-
tive wavelength of the emission spectrum of a definite
X-ray tube is calculated by the algorithm proposed in
this work (Table 2). The large relative deviation of the
calculated manganese content from the certified value
is due to a noticeable spectral overlap of the MnKα ana-
lytical line (2102 mÅ) and the stronger CrKβ line
(2085 mÅ).
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Fullerenes were discovered in 1985 by spectromet-
ric analysis of interstellar dust [1]. The structure of the
new carbon form was confirmed under laboratory con-
ditions. The discovery of fullerene C


 


60


 


 and the identifi-
cation of its structure were widely recognized by the
world scientific community, and the authors of this dis-
covery won the Nobel Prize in 1996 [2]. The use of the
unique properties of fullerene in different fields is cur-
rently attracting attention worldwide [3–7]. One of the
promising applications is the design of sensor systems
and adsorbents based on transferred fullerene C


 


60


 


 films
[8–10]. In most methods for producing ordered
fullerene films on interfaces, some techniques are used
for suppressing the high propensity of globules to form
aggregates, which decrease the Hamaker constant or
create steric factors stabilizing the monomolecular
arrangement of the film [11, 12]. The drawback of these
methods of modifying the fullerene globule surface is
the fact that they change its physicochemical proper-
ties. The simplest and most economical method is pro-
duction of fullerene films at the energetically homoge-
neous water/air interface. This method makes it possi-
ble to control the parameters of the nascent systems
during film formation [13]. In the present work, we
used the property of the fullerene molecule to become
polarized, which allows ions to adsorb on the globule
surface [14, 15]. As a factor that regulates the properties
of 2D films, we studied the effect of the electrolyte
composition on the structure and properties of fullerene
C


 


60


 


 films.


EXPERIMENTAL


Chromatographically pure grade fullerene C


 


60


 


 was
used. 2D films were produced and their parameters
were controlled by the Langmuir–Blodgett trough
method. A subphase containing different amounts of
ammonium sulfate was used. The pH of the subphase
was adjusted by adding an NH


 


4


 


OH solution (pH 6.7).
The morphology of the films on the subphase surface
was studied by Brewster angle microscopy on BAM 2
and MiniBAM (at lower magnification) instruments.
The structure of the 2D fullerene film transferred onto
a silicon wafer was determined by atomic force micros-
copy (AFM). The images of the transferred 2D films
were obtained on a Nanoscope III (USA) instrument in
the tapping mode at a scan rate of 2.15 Hz. The scanner
model was AS-12 E, with a horizontal scanning range
of 10 


 


×


 


 10 


 


µ


 


m and a vertical range of 2.5 


 


µ


 


m. A TESP
silicon cantilever (length, 225 


 


µ


 


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


RESULTS AND DISCUSSION


Systems obtained by deposition of different amounts
of fullerene were studied. When 5.6 


 


×


 


 10


 


–8


 


 mol/L of
fullerene was deposited on the water surface, the maxi-
mal area per fullerene molecule at a measurable surface
pressure (


 


A


 


0


 


) was 54.5 Å


 


2


 


/molecule, which corre-
sponded to a two-layer film. The maximal film collapse
pressure (


 


π


 


coll


 


) achieved in this system was
39.73 mN/m. The introduction of electrolytes into the
aqueous phase increased the maximal area per fullerene
molecule (Fig. 1). The largest change in this parameter,
94.2 Å


 


2


 


, was observed for the system obtained on the
subphase containing 0.2 mol/L of (NH
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)


 


2


 


SO


 


4


 


. With an
increase in the electrolyte concentration from 1 
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 10
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Abstract


 


—The effect of ammonium sulfate on the parameters of surface pressure isotherms (surface pressure
and area per fullerene molecule) of 2D films of fullerene C


 


60


 


 on the water/air interface has been studied by the
Langmuir method. The possibility of regulation of the structure of 2D fullerene films has been shown. The max-
imal 


 


A


 


0


 


 value is achieved at an ammonium sulfate concentration of 1 


 


×


 


 10


 


–4


 


 mol/L. Brewster angle microscopy
shows that the presence of the electrolyte ensures the formation of a monomolecular 2D film with a lower con-
tent of defects.
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to 0.4 mol/L, the area per molecule passed through a
maximum: at the minimal measurable pressure, this
area first increased from 76.6 to 94.2 Å


 


2


 


 and then
decreased to 90.7 Å


 


2


 


 at the (NH


 


4


 


)


 


2


 


SO


 


4


 


 concentration
0.4 mol/L. The introduction of an electrolyte into the
subphase leads to a decrease in the film collapse pres-
sure. Upon the introduction of ammonium sulfate into
the subphase, a complicated dependence of 


 


π


 


coll


 


 on the
electrolyte concentration was observed. The minimal


 


π


 


coll


 


 value found in the system formed on the subphase
containing 0.0001 mol/L of (NH


 


4


 


)


 


2


 


SO


 


4


 


 was 29.51 mN/m.
An increase in the electrolyte concentration to 0.01 mol/L
had virtually no effect on this parameter. The change in
the electrolyte concentration to 0.2 mol/L was accom-
panied by a sharp increase in 


 


π


 


coll


 


 to a maximum,
36.64 mN/m. A further increase in the electrolyte con-
centration for the system obtained by deposition of
5.6 


 


×


 


 10


 


–8


 


 mol/L of fullerene led to a decrease in the
film collapse pressure. In the absence of the electrolyte,
the increase in the amount of deposited fullerene from
5.6 


 


×


 


 10


 


–8


 


 to 8.3 


 


×


 


 10


 


–8


 


 mol/L led to an increase in 


 


A


 


0


 


from 54.5 to 59.1 Å


 


2


 


/molecule. The maximal measurable
surface pressure decreased by 1.86 mN/m as compared
to the 2D film obtained by deposition of 5.6 


 


×


 


 10


 


–8


 


 mol/L
of fullerene.


The films were studied by Brewster angle micros-
copy and AFM. Figure 2 shows images of the 2D films
of fullerene on the surface of distilled water and a
0.01 M (NH


 


4


 


)


 


2


 


SO


 


4


 


 solution. Figure 2a shows a micro-
photograph of the gaseous fullerene layer formed on
the aqueous (distilled water) subphase with the area per
molecule being ~2900 Å


 


2


 


. It was shown that, under
these conditions, there was a distribution between the
monomer and separate aggregates of fullerene. To elu-
cidate whether this distribution is thermodynamically
stable, further studies are required. When this film was
compressed to the area per molecule equal to 200 Å


 


2


 


,
structures with higher aggregation levels were formed
(Fig. 2b). Under these conditions, the surface area free
of fullerene molecules was calculated to be 10% of the
total interface area. When the area per molecule
became 96 Å


 


2


 


, heterogeneous folded multilayers were
observed. Further compression led to the formation of


multilayer regions distributed uniformly over the sub-
phase surface. These high-order structures were in
equilibrium with less organized film regions that cover
the rest of the interface (Fig. 2c).


Analogous studies were carried out for 2D films of
fullerene C


 


60


 


 on the surface of the electrolyte. Figure 2d
shows the microphotograph of the C


 


60


 


 film obtained on
the surface of a 0.01 M (NH


 


4


 


)


 


2


 


SO


 


4


 


 solution at the sur-
face pressure 20 mN/m and the area per molecule
90 Å


 


2


 


. The Brewster angle microscopy data were con-
firmed by the AFM study of fullerene C


 


60


 


 films trans-
ferred onto a silicon wafer.


When a fullerene solution is applied to the water/air
interface, the toluene solution spreads over the surface
of the aqueous subphase to form a thin film. Solvent
molecules begin evaporating and penetrating into the
subphase. A decrease in the number of solvent mole-
cules leads to a buildup of the fullerene concentration
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Fig. 1.


 


 Isotherms of the surface pressure of 2D films of
fullerene C
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 formed upon the deposition of a toluene solu-


tion containing 5.6 
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 mol/L of fullerene on the an
aqueous solution containing (
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) 0.01, (
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) 0.2, and
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) 0.4 mol/L of (NH
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SO


 


4


 


 (


 


T


 


 = 294 K; pH 6.7; compres-


sion speed, 0.01309 m


 


2


 


/min).


 


Effect of the concentration of ammonium sulfate on the parameters of 2D films of fullerene C


 


60


 


 formed on the aqueous sub-
phase when 5.6 


 


×


 


 10


 


–8


 


 or 8.3 


 


×


 


 10


 


–8


 


 moles of fullerene are deposited


Electrolyte
composition


Deposited amount


5.6 


 


×


 


 10


 


–8


 


 M 8.3 


 


×


 


 10


 


–8


 


 M


 


A


 


0


 


, Å


 


2


 


/molecule


 


π


 


coll


 


, mN/m


 


A


 


0


 


, Å


 


2


 


/molecule


 


π


 


coll


 


, mN/m


0 54.5 39.73 59.1 37.87


0.0001 (NH


 


4


 


)


 


2


 


SO


 


4


 


76.6 29.51 95.1 26.75


0.01 (NH


 


4


 


)


 


2


 


SO


 


4


 


85.0 29.52 94.3 31.25


0.2 (NH


 


4


 


)


 


2


 


SO


 


4


 


94.2 36.64 87.1 31.75


0.4 (NH


 


4


 


)


 


2


 


SO


 


4


 


90.7 35.75 87.1 30.11
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and to the formation of a system almost completely
consisting of fullerene globules. Due to different ratios
between the spreading rate and evaporation/dissolution
rate of the toluene phase on the subphase surface,
molecular dispersions or aggregates of a certain size
can form.


To characterize the state of the 2D film of fullerene
at the water/air interface, Langmuir isotherms were
examined. Although fullerene is not a classical surfac-
tant, the presence of its molecules at the interface
reduces unbalanced intermolecular interactions in the
interface layer due to dispersion interactions arising
between C


 


60


 


 molecules and subphase molecules. The
efficiency of these interactions can be observed upon an
increase in the surface pressure that accompanies a
decrease in the area per fullerene molecule.


Systems in which fullerene is applied to the sub-
phase surface are characterized by low 


 


A


 


 values at
which the surface pressure begins to be detected. This
minimal area is smaller than the cross section area of
the fullerene globule. These data can be explained by
the fact that, due to the high propensity of fullerene
molecules to form aggregates, aggregates consisting of
several fullerene globules form in the gaseous layer.


Differences in areas per molecule observed upon the
deposition of different amounts of fullerene are due to
the formation of larger amounts of aggregates when a
solution containing 8.3 


 


×


 


 10–8 mol/L of fullerene is
applied. This dependence is a result of a definite ratio
between the spreading rate and evaporation/dissolution
rate of the organic solvent in the aqueous phase.


The introduction of the electrolyte in all cases
changes the parameters of the 2D films under consider-
ation. This points to a tendency of formation of mono-
molecular films. Due to electrostatic repulsion, the pro-
pensity of fullerene to form aggregates is suppressed,
which is favorable for a more uniform distribution of
the substance over the subphase surface. The extreme
values of the surface pressure isotherm parameters
when 5.6 × 10–8 or 8.3 × 10–8 mol/L of fullerene was
deposited are presumably associated with the compres-
sion of the double electric layer that occurs upon the
increase in the electrolyte concentration in the sub-
phase.


The microphotographs in Fig. 2 show that, after the
deposition of the solution on the water subphase,
objects with a complicated structure are formed. This is
due to the high propensity of fullerene molecules to


(a) (b)


(c) (d)


Fig. 2. Brewster angle microscopy images of 2D films of fullerene C60 on the surface of the water subphase (T = 294 K, pH 6.7),
the surface per molecule (Å2) is (a) 2900 (gaseous layer), (b) 90, and (c) 30; (d) films of the surface of a 0.01 M (NH4)2SO4 aqueous
solution with the surface per molecule 90 Å2. 
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form aggregates. Such structures can be detected by
Brewster angle microscopy, which allows one to deter-
mine the surface morphology. This method of studying
thin films at interfaces is based on measuring the inten-
sity of light reflected from different areas of the inter-
face film. Our findings allow us to conclude that, after
deposition of the system on the water subphase, aggre-
gates of fullerene globules are formed.


Our study show that, even in the case of the gaseous
state of the 2D film of fullerene, most fullerene mole-
cules are incorporated in surface clusters. A decrease in
the area per fullerene molecule leads to the formation of
structures with a definite amount of defects. In this
case, the defect is a region of the interface not covered
with fullerene molecules. The introduction of an elec-
trolyte, namely, ammonium sulfate, into the system
leads to a decrease in the total area of defects of the 2D
fullerene film at the interface.


The detailed three-dimensional structure of the 2D
fullerene film transferred onto a silicon wafer can be
studied by AFM. The AFM study shows the system is
composed of 2D clusters of packed fullerene mole-
cules. Compression of this system leads to the forma-
tion of a film consisting of 3D structures and regions at
the subphase surface free of fullerene molecules. This
result confirms the high propensity of fullerene to form
aggregates, which prevents the formation of a uniform
monomolecular film at the water/air interface. AFM
shows that the resulting structures are formed due to
aggregation of initial clusters. The microphotographs
of films with A0 = 30 Å2 show that they are multilayer
systems spread over the subphase surface.


In this work, we showed that the use of an electro-
lyte solution that creates the electrostatic barrier is, in
principle, able to regulate the structure of the 2D film of
fullerene formed on the surface of the water subphase.
The charge on the surface of the hydrophobic fullerene
molecule appears when it adsorbs cations from the
aqueous subphase. The possibility of using adsoption
of transition metal cations on the surface of fullerene
globules for their separation was shown in [16].
Adsorbed cations interact with the π electrons of the
fullerene molecule. In our opinion, the water/air inter-
face can affect the interaction of cations dissolved in the
subphase. At the water/air interface, water dipoles are
oriented creating a potential jump of ~25 mV [17].
When fullerene molecules, exhibiting considerable
polarizability [18], find themselves in the electrostatic
field of the interface, they can acquire enhanced elec-
tron density at the surface presented to the subphase.
This redistribution of π electrons creates conditions for
electrostatic interactions of the initially nonpolar mole-
cule with the cations in the aqueous phase. The cations


immobilized on the fullerene globule surface create an
electrostatic barrier that prevents their aggregation in
the 2D film. Only the use of an electrolyte solution as
the subphase makes it possible to obtain A0 = 90 Å2 cor-
responding to the theoretically calculated area per mol-
ecule in the monolayer. Comparative analysis of the
microphotographs of the films obtained on water and an
electrolyte solution in a given range of surface pres-
sures shows the decrease in the area free of fullerene
molecules in the latter case. Adsorption of cations on
the fullerene surface generates electrostatic repulsion
between the globules, which leads to the formation of a
2D film with a more uniform distribution of fullerene
over the subphase surface.
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Ion chromatography is an advanced and highly effi-
cient method for the determination of ionic substances
in environmental objects, medicines, and foodstuffs.
The search for ways to improve the efficiency and
speed of analysis is a focus of chromatography
research.


Styrene-divinylbenzene copolymers (PS/DVB) are
the most abundant anion-exchange matrices for ion
chromatography; copolymers with high degrees of
crosslinking (20% and higher) have been used, because
they have high mechanical stability [1]. With the use of
PS/DVB ion-exchange resins, however, anion retention
can be due not only to ion-exchange and but also to
non-ion-exchange interactions. Adsorption interactions
are as a rule observed for all polarizable inorganic or
organic ions that have low hydration energy, low hydro-
phobicity, and strong 


 


π


 


–


 


π


 


 interactions with the aro-
matic matrix of the ion-exchange resin. In some cases,
the adsorption properties of the sorbent fully control
even separation of simple inorganic anions, such as
nitrate and bromide ions [2], which was noted in [3–6].
The enthalpy of sorption 


 


∆


 


H


 


m


 


 


 


→


 


 


 


s


 


 for the nitrate and bro-
mide ion was –8.1 and –8.6 kJ/(mol K), respectively;
the index 


 


m


 


  


 


s


 


 denotes mass transfer from the
mobile to stationary phase. For fluoride, chloride, phos-
phate, and sulfate ions, this parameter is either low or
zero [2].


Non-ion-exchange interactions generate nonlinear
ion-exchange isotherms, a narrow range of linear signal
versus concentration dependence, and diffuse peaks.
Therefore, minimization of this type of interaction
improves chromatographic characteristics and is an
important problem for an analyst.


This work was intended to choose mobile phases for
the quantitative determination of polarizable anions on


 


PS/DVB anion-exchange resins and to study the effect
of additives suppressing adsorption interactions on ion-
chromatographic separation.


EXPERIMENTAL


 


Instruments and Reagents


 


Experiments were carried out on a Staier chromato-
graph (Akvilon, Russia) equipped with a conductomet-
ric detector. Steel separation columns 4 


 


×


 


 50 mm in size
filled by the suspension method under 250 bar were
used. A column 4.6 


 


×


 


 150 mm packed with Dowex
50WX8 200–400 mesh cation-exchange resin in the H


 


+


 


form (Supelco) was used to suppress the background
signal. The ejected sample volume was 50 or 100 


 


µ


 


L.


In the synthesis, the following equipment was used:
thermostat (Memmert), vacuum pump (Laboport),
ultrasonic bath (Sapfir), and mechanical stirrer (Euro-
star).


The matrix used to synthesize anion-exchange res-
ins was ST/DVB with 50% crosslinking, grain size
3.3 


 


±


 


 0.2 


 


µ


 


m, surface area 200 m


 


2


 


/g, total pore volume
0.64 cm


 


3


 


/g, and average pore diameter 6 nm (prepared
in the Chromatography Laboratory, Chemistry Depart-
ment, Moscow State University) [7].


The following reagents were used to modify the
matrix: 40% aqueous formaldehyde (Laverna), thionyl
chloride (Merck), chlorosulfonic acid (Aldrich), glacial
acetic acid (reagent grade, Reakhim), acetonitrile (high
purity grade for liquid chromatography, IREA 2000),
hydrochloric acid (Khimmed), sodium hydroxide
(reagent grade, Khimmed), and ethanol (analytical
grade, Labtekh). The amination was performed with
40% solution of trimethylamine, N,N-diethylethanola-
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Abstract


 


—Anion-exchange resins have been prepared by chloromethylating 50%-crosslinked styrene-divinyl-
benzene copolymers (PS/DVB) followed by amination with trimethylamine. In addition to ion exchange, inter-
actions with the anion-exchange matrix considerably contribute to the retention of polarizable anions on these
sorbents. Additives in the eluent that can suppress adsorption sites of the stationary phase can decrease this
effect. p-Hydroxybenzonitrile (0.15 mmol/L) in the eluent increases the  peak efficiency from 820 to 5100
theoretical plates per meter.
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mine (99.5%+, Aldrich), or N,N-dimethylhydrazine
(Merck).


Analyte solutions and mobile phases were prepared
from the following reagents: benzoic acid (99.0%+),
sodium hydroxide (98.0%+), perchloric acid (Fluka),
sodium carbonate, sodium hydrocarbonate, potassium
sulfate, potassium nitrate, lithium chloride (analytical
grade), potassium fluoride (reagent grade), and sodium
dihydrogen phosphate (analytical grade) purchased
from Khimmed or Labtekh.


Stock salt solutions with concentrations of 10
mmol/L were prepared from accurately weighed sam-
ples. Working solutions with lower concentrations were
prepared by diluting the stock solutions. Eluents were
prepared from 200 mM solutions of sodium carbonate,
sodium hydrocarbonate, and sodium hydroxide, 5 mM
benzoic acid, and 100 mM perchloric acid. Distilled
water was used to prepare all solutions.


Anion-exchange resins were synthesized as
described in [3]. The volume of the aminating agent
added and the chromatographic capacities of the sor-
bents are listed in Table 1.


RESULTS AND DISCUSSION


 


Elution with carbonate buffer solution.


 


 A two-
column version of ion chromatography with a carbon-
ate buffer solution as the eluent was chosen to study the
behavior of anions on the test sorbents. However,
anomalous nitrate retention is observed for this mobile


phase, which is standard for ion chromatography; the
relevant peak is very diffuse, making quantitative deter-
mination virtually impossible. Figure 1 displays chro-
matograms for inorganic anions on some anion-
exchange resins synthesized.


 


Elution with sodium hydroxide mixed with per-
chloric acid.


 


 A mixed eluent consisting of perchloric
acid, sodium hydroxide, and sodium carbonate was
proposed for use with high-capacity anion-exchange
resins [8]. The efficiency of perchlorate for these pur-
poses is due to the high affinity of this anion to quater-
nary ammonium functionalities. If perchlorate anions
are added to the mobile phase, stronger sorption inter-
actions with the aromatic stem of the anion-exchange
resin are observed for the perchlorate anion than for the
nitrate ion. This competing reaction makes it possible
to considerably decrease the 


 


π


 


–


 


π


 


 interactions of the
 ion with the benzene rings of PS/DVB. Figure 2


exhibits chromatograms for five inorganic anions on the
TMA anion-exchange resin with perchloric acid added
to the eluent. The use of the 0.1 mM HClO


 


4


 


 + 10 mM
NaOH mobile phase provides for the best anion separa-
tion; the elution sequence becomes ordinary for ion
chromatography. A weakness of addition of pechlorate
to an eluent is the high background electrical conduc-
tivity of perchloric acid. However, the detection limits
we determined (Table 2) signify the possibility of sen-
sitive determination of anions in the concentration
ranges characteristic of their determination in natural
water analysis.


 


Elution with benzoic acid.


 


 Polarizable anions can
interact with the matrix of the ion-exchange resin, gen-
erating 


 


π


 


–


 


π


 


 complexes. This type of complexes can be
formed by aromatic compounds. Therefore, the use of
aromatic compounds can decrease non-ion-exchange
interactions between polarizable anions and the sorbent
matrix. This decrease is due to stronger 


 


π


 


–


 


π


 


 interac-
tions between the 


 


π


 


-electron system of PS/DVB and the
benzene rings of a component of the mobile phase.
Benzoic acid and its derivatives are the most abundant
eluents of this type. Figure 3 displays the chromato-
grams of singly charged inorganic anions in the one-


NO3
–


 


Table 1.


 


  Functional groups and capacities of anion-
exchange resins synthesized


Sorbent Aminating
agent


Amine
volume, 


mL


Capacity,
mmol/g


TMA Trimethylamine 15 0.080


DEEA


 


N


 


,


 


N


 


-diethylethanolamine 15 0.013


UDMH


 


N


 


,


 


N


 


-dimethylhydrazine 10 0.055


 


Table 2.


 


  Parameters of the chromatographic determination of inorganic anions on the TMA anion-exchange resin with per-
chlorate ions added to the eluent (for the conditions, see Fig. 2)


Parameter F


 


–


 


Cl


 


–


 


Br


 


–


 


t


 


', min 1.17 3.25 5.19 10.00 12.52 22.22 58.57


 


k


 


' 0.33 0.91 1.43 2.76 3.52 6.24 16.45


0.36 1 1.60 3.08 3.85 6.84 18.02


 


N


 


, TP/m 6600 5700 5000 7300 5700 7900 5200


 


c


 


min


 


, 


 


µ


 


g/L 0.2 0.2 0.7 1.3 1.3 1.4 4.9


NO2
– NO3


– SO4
2– PO4


3–


α
Cl–
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column ion chromatography version, with benzoic acid
as an eluent, on an anion-exchange resin bearing N,N-
diethylethanolamine functionalities. A system peak is
observed in this chromatogram, which increases the
analysis time. Table 3 lists some chromatographic
parameters.


According to [2], elution with benzoic acid, as a
rule, provides for a higher sensitivity than sodium or
potassium benzoate; however, the detection limits of
ions in one-column ion chromatography are usually
higher than in the two-column version. Therefore, in
most cases, the two-column version is preferred.


 


Carbonate eluent with 


 


p


 


-hydroxybenzonitrile.


 


 It
is known that 


 


p


 


-hydroxybenzonitrile in two-column ion
chromatography is the best to suppress the surface
adsorption sites of the stationary phase. On the one
hand, this compound has a benzene ring in its structure;
on the other hand, it has a far weaker effect on the back-
ground conductivity of the eluent than the perchlorate
ion. While the concentration of 


 


p


 


-hydroxybenzonitrile
added ranges from 0.02 to 0.4 mmol/L, the determina-
tion sensitivity does not change; the baseline noise
remains unchanged: 


 


p


 


-hydroxybenzonitrile is a weaker


acid (pK


 


α


 


 = 8.0) than carbonic acid, which forms after
suppression. Therefore, the determination occurs on the
carbonic acid background, and 


 


p


 


-hydroxybenzonitrile
does not contribute to the baseline noise.


The amount of 


 


p


 


-hydroxybenzonitrile that should be
added to the eluent in order for adsorption sites to be
suppressed completely was determined experimentally.
Figure 4 shows that 


 


p


 


-hydroxybenzonitrile added to the
eluent decreases the retention times of anions until a
certain concentration is reached; when the 


 


p


 


-hydroxy-
benzonitrile concentration exceeds 1 


 


×


 


 10


 


–4


 


 mol/L, all
accessible adsorption sites are likely suppressed, and
anion retention is no longer affected by the additive
concentration. As a result, sorption interactions
between nitrate ions and the aromatic stem of the ion-
exchange resin are no longer observed, which makes it
possible to improve the efficiency of sorbents for this
anion. This type of effect was demonstrated for the
UDMH sorbent. With the carbonate eluent, the effi-
ciency of the anion-exchange resin for  ions is
820 theoretical plates per meter; when 


 


p


 


-hydroxyben-
zonitrile is added to the eluent, the efficiency increases
sixfold (Table 4). A similar situation is observed for


NO3
–


 


Table 3.


 


  Parameters of the chromatographic determination of inorganic anions on the DEEA anion-exchange resin with ben-
zoic acid as the eluent (for the conditions, see Fig. 3)


Parameter F


 


–


 


Cl


 


–


 


Br


 


–


 


t


 


', min 6.34 7.37 11.09 13.80 20.46 28.39


 


k


 


' 10.23 11.89 17.89 22.26 33.00 45.79


0.57 0.66 1 1.24 1.84 2.56


 


N


 


, TP/m 7000 5000 7000 27000 15600 12700


 


c


 


min


 


, 


 


µ


 


g/L 3.4 32.6 13.3 14.8 24.7 33.0


H2PO4
– NO2


– NO3
–


α
Cl–


 


NO


 


3
–


 


F
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10 1550


50.7
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min
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3
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min


 


Fig. 1.


 


 Separation of inorganic anions with a 1.8 mM Na


 


2


 


CO


 


3


 


 + 1.7 mM NaHCO


 


3


 


 eluent: (a) UDMH anion-exchange resin (mobile-
phase flow rate, 1.0 mL/min; nitrate ion concentration in the sample, 25 mg/L), (b) TMA anion-exchange resin (mobile-phase flow
rate, 1.1 mL/min; nitrate ion concentration in the sample, 25 mg/L), and TMA anion-exchange resin (mobile-phase flow rate, 1.0
mL/min; nitrate ion concentration in the sample, 620 mg/L).
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bromide ions. Figure 5 displays the chromatograms of
inorganic anions with 


 


p


 


-hydroxybenzonitrile added to
the eluent.


To summarize, we used chloromethylation fol-
lowed by amination with trimethylamine, 


 


N


 


,


 


N


 


-dieth-
ylethanolamine, or 


 


N


 


,


 


N


 


-dimethylhydrazine to prepare
heavily crosslinked PS/DVB sorbents for ion chroma-
tography. Elution with carbonate-buffered solution
does not make it possible to determine polarizable
ions. We propose to add 


 


p


 


-hydroxybenzonitrile to elu-
ents for the determination of this type of anion on the
PS/DVB matrix in two-column ion chromatography:
in this case, the suppresser influences the background
electrical conductivity more weakly than perchlorate
ions and lower detection limits are achieved than in
the one-column version.


Table 4.  Parameters of the chromatographic determination
of inorganic anions on the UDMH anion-exchange resin with
p-hydroxybenzonitrile added to the eluent (for the condi-
tions, see Fig. 5)


Parameter F– Cl–


t', min 0.19 1.07 3.96 8.01 15.50


k' 0.10 0.57 2.10 4.24 8.20


0.18 1 3.70 7.49 14.49


N, TP/m 10800 8900 5100 19400 7400


NO3
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2– SO4
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Fig. 4. Anion-retention time vs. p-hydroxybenzonitrile con-
centration in the eluent for (1) fluoride, (2) chloride, (3)
nitrate, (4) phosphate, and (5) sulfate ions.
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Fig. 2. Chromatograms of inorganic anions on the TMA
anion-exchange resin. Chromatographic parameters: eluent,
0.1 mM HClO4 + 10 mM NaOH; mobile-phase flow rate,


0.5 mL/min. The model mixture (mg/L): F– (2.5), Cl– (5),


 (25),  (25), and  (50).NO3
–
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Fig. 3. Chromatograms of inorganic anions on the DEEA
anion-exchange resin. Chromatographic parameters: eluent,
1 mM benzoic acid (pH 3.74); mobile-phase flow rate, 1.0
mL/min; conductometric detection. The model mixture


(mg/L): F– (1.9), Cl– (3.5),  (9.2),  (12.4), Br–


(16.0), and H2  (38.8).
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Fig. 5. Chromatograms of inorganic anions on the UDMH
anion-exchange resin. Chromatographic parameters: eluent,
0.5 mM Na2CO3 + 0.15 mM p-hydroxybenzonitrile;
mobile-phase flow rate, 1.2 mL/min. The model mixture


(mg/L): F– (1.9), Cl– (3.5),  (15.0),  (38.4), and


(38.4).
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Molecules of most compounds pertaining to phar-
macology or biochemistry contain one or several asym-
metric centers. Synthesis of these compounds can pro-
duce enantiomer mixtures. Inasmuch as optical isomers
usually differ from one another in their pharmacologi-
cal and biological activities, the separation of enanti-
omers (enantioseparation) has become increasingly
topical. High-performance liquid chromatography
(HPLC) is a very popular tool for solving this problem:
it provides the high efficiency and selectivity of enanti-
oseparation, but does not require much time and is not
expensive. Polysaccharides, having asymmetric centers
in each structural unit, have a high potential for design-
ing stationary chiral phases. Chitosan and its analogues
are the least studied polysaccharides.


We tested 


 


N


 


-(3-sulfo,3-carboxy)-propionylchitosan
(SCPC) as a new stationary chiral phase for the separa-
tion of the optical isomers of several medicinals; an
additional chiral center, sulfo group, and carboxy group
were introduced into the amino group of SCPC (Fig. 1).
The authors of [1, 2] first proposed this compound for
use as a chiral selector in electrophoresis. Their data


imply that SCPC has potential for use as a chiral selec-
tor in HPLC.


EXPERIMENTAL


This work was fulfilled on a Shimadzu SLC-10A
(Japan) liquid chromatograph equipped with a Shi-
madzu SPD-10AV spectrophotometric detector and an
LC-10AT Shimadzu pump. The software package
CLASS-VP v.5.03 (Shimadzu) was used for chromato-
gram recording and processing. The loop volume was
20 


 


µ


 


l. The detection wavelength was 230 nm. A steel
column 150 


 


×


 


 3.2 mm was used. The column was filled
with a Knauer K-1900 high-pressure pneumatic pump.


The sorbent was prepared from Silasorb S 300 silica
gel (average particle size, 7.5 


 


µ


 


m) modified with chito-
san (5 kDa, 85% deacetylated) supplied by the Bioin-
zheneriya Center, Russian Academy of Sciences;
maleic aldehyde; and sodium metasulfite (chemically
grade).


The dead time of the column was 2.25 min. Mobile
phases were prepared from methanol and acetonitrile
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Abstract


 


—A new sorbent based on silica gel modified by N-(3-sulfo,3-carboxy)-propionylchitosan (SCPC-
modified silica gel) has been synthesized, and its chromatographic properties have been studied. The laws gov-
erning the retention and resolution of chiral compounds with the use of SCPC have been investigated. The enan-
tioselectivity of the sorbent toward several basic compounds, including fluoxetine, chlorcyclizine, pindolol, and
other medicinals, has been investigated.
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 Structural formula of 
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-(3-Sulfo,3-carboxy)-propionylchitosan.
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(from Cryochrom, Russia), acetic acid, and triethy-
lamine (chromatographic grade). We also used 0.1–
1.0 mg/ml solutions of nicotinamide (chemically pure
grade) and racemic mixtures of the test compounds
(from Merck, Germany), which were prepared by dis-
solving the specified compounds in the mobile phase.


RESULTS AND DISCUSSION


In this work, we attempted to design a new chiral
stationary phase for HPLC using SCPC.


The efficiency of chiral sorbents is determined by
the difference between the formation energy of diaste-
reomeric complexes of the substrate ligand. Apart from
adequately choosing chiral ligands, it is important how
chiral sorbents are prepared. The synthesis should
ensure the preservation of the chiral configuration of
grafted ligands and the reactivities of functional
groups. The chiral molecule should be fixed in the strict
positions in order to avoid steric hindrances. In prac-
tice, this is achieved by using a long, flexible leg or by
diluting grafted chiral ligands on the substrate surface
to decrease their surface concentration.


The underlying idea of most approaches to design-
ing chiral stationary phases is the chemical modifica-
tion of mineral substrates, above all silica gels. The
advantages of silica gels are as follows: nonswelling in
various solvents, mechanical strength, thermostability,
high mass-transfer rates, separability to narrow frac-
tions, insignificant intrinsic catalytic activity, availabil-
ity, and relatively low costs [3].


The efficiency of a chromatographic column packed
with the sorbent was evaluated for nicotinamide with
the methanol–0.1% triethylamine acetate (TEAA) mix-


ture (50 : 50) as a mobile phase. The column efficiency
was 16 380 theoretical plates per meter.


The retention laws, efficiency, and enantioselectiv-
ity of SCPC-modified silica gel in reversed-phase and
polar-organic liquid chromatography (RP-HPLC and
PO-HPLC, respectively) were studied for several opti-
cally active compounds, whose structural formulas are
displayed in Fig. 2.


 


Reversed-Phase HPLC on SCPC-Modified Silica Gel


 


When choosing the enantiorecognition conditions in
RP-HPLC, we studied the retention, selectivity, and
efficiency as functions of the following factors:


(1) the nature of the organic modifier and its concen-
tration in the mobile phase;


(2) the pH and composition of the aqueous compo-
nent of the mobile phase.


Table 1 displays the results obtained from the inves-
tigation of the chromatographic properties of the test
sorbent in the RP-HPLC mode. The organic modifier
used was methanol or acetonitrile. The electrolytes in
the mobile phase were triethylammonium acetate
(TEAA), ammonium chloride, or glacial acetic acid; all
these compounds contain a cation that can compete
with the basic groups of the sorbate for the interaction
with the carboxy group and sulfo groups of SCPC.


With the use of acetonitrile-containing mobile
phases, the retention times of the test model com-
pounds were comparable with the dead time of the col-
umn; therefore, the experiments were carried out in the
presence of methanol.


With the use of aqueous methanol as the mobile
phase, high retention times and the absence of enantio-
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Fig. 2.


 


 Structural formulas of model compounds used for investigating the enantioselectivity of SCPC-modified silica gel.
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selectivity were observed. The retention time rapidly
drops when an electrolyte (0.05%) whose cation is
capable of the competitive interaction with the sulfo
groups and carboxy group of SCPC is added to the
aqueous-methanol mobile phase. The increase in the
electrolyte concentration from 0.1 to 1.0% induces only
small changes in the retentivity. The retention times
increase with increasing methanol proportion in the
mobile phase, but the enantioselectivity decreases.
Enantioseparation does not occur when the methanol
proportion in the mobile phase is 70%.


Acetic acid is an unsuccessful modifier of the aque-
ous component of the mobile phase: with 0.05% acetic
acid, the retention times are comparable with the dead
time of the column. Enantiorecognition is observed
when TEAA (0.05 or 0.1%) or NH


 


4


 


Cl (10


 


–3


 


 mol/l) is
added to the mobile phase. The resolution 


 


R


 


S


 


 decreases
to zero when the TEAA concentration increases from
0.05 to 1% or the NH


 


4


 


Cl concentration increases from
10


 


–3


 


 to 5 


 


×


 


 10


 


–3


 


 mol/l.


Greater separation numbers and the best enantiose-
lectivities and resolutions were obtained with the use of
TEAA as an electrolyte. Figure 3 exemplifies the chro-
matogram of fluoxetine enantioseparation.


Thus, the enantioselectivity is affected by the nature
of the electrolyte cation and its concentration. Proba-
bly, the electrolyte cation effects the electrostatic inter-
actions between sorbate and SCPC molecules, which is
in turn responsible for the chiral selectivity of the sor-
bent. As the pH of the aqueous component of the
mobile phase increases from 3.5 to 5.4, the retention
times of the model compounds increase. The optimal
pH of fluoxetine, hydroxyzine, and epinephrine enanti-
oseparation is 4.6. Likely, the carboxy group of SCPC,
whose p


 


K


 


a


 


 is 5.8 [2], is only insignificantly dissociated
under these conditions, which favors hydrogen bonding
with the amino or hydroxy groups of the racemates.


 


Polar Organic HPLC on SCPC-Modified Silica Gel


 


It is known from the related literature [4] that for
many chiral selectors, enantiorecognition can be
increased by the use of mobile phases with high propor-
tions of an organic modifier, i.e., in PO-HPLC. In our
PO-HPLC experiments, the mobile phase used was
methanol or acetonitrile plus methanol with TEAA or
acetic acid additives.


Table 2 displays the results of our investigation of
the retention and enantioseparation as a function of the
following factors: the acetonitrile and methanol propor-
tion in the mobile phase and the nature and concentra-
tion of the electrolyte.


The effect of the acetonitrile and methanol propor-
tion on the retention and enantioseparation was studied
in racemic mixtures of hydroxyzine, fluoxetine, and
epinephrine. The retention decreases with increasing
acetonitrile proportion in the mobile phase. This effect
is above all caused by the higher polarity of acetonitrile.


Figure 4 displays the resolution 


 


R


 


S


 


 as a function of
acetonitrile proportion in the mobile phase. At high
acetonitrile concentrations and lower retentions, enan-
tioseparation is better for fluoxetine and hydroxyzine,
while the epinephrine enantiomers are only partially
separated at high methanol concentrations. This differ-
entiated effect can be caused by different characters of
the interaction of the sorbates with the chiral centers of
the selector. For the bulky fluoxetine and hydroxyzine
molecules, hydrophobic interactions and steric discrim-
ination are significant, while for the epinephrine mole-
cules with their three OH groups, hydrogen bonds are
significant. Therefore, this differentiated effect can be
due to the interplay of hydrophobic interactions, hydro-
gen bonding, steric hindrances, and competitive inter-
actions of TEAA cations with the selector. Thus, the
sorbate structure is the key factor governing the differ-
entiated effect of the nature of the organic solvent and
its proportion in the mobile phase on the retention and
separation of racemic mixtures.
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Fig. 3.


 


 Chromatogram for fluoxetine enantioseparation
(mobile phase, methanol : 0.05% TEAA (50 : 50); pH 4.6;
flow rate, 1 ml/min; 


 


λ


 


 = 230 nm).
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Fig. 4.


 


 Resolution of enantiomers 


 


R


 


S


 


 for (


 


1


 


) hydroxyzine,
(


 


2


 


) fluoxetine, and (


 


3


 


) epinephrine vs. acetonitrile propor-
tion in the mobile phase (acetonitrile : methanol, 0.1%
TEAA).
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Table 2.


 


  Effect of the composition of the mobile phase (MP)
and of the electrolyte proportion on the chromatographic prop-
erties of SCPC-modified silica gel (flow rate, 1.0 ml/min;


 


λ


 


 = 230 nm)


Compound


 


k N


 


*


 


α


 


R


 


S


 


MP: (95 : 5) CAN** : 


 


Me


 


OH, 0.1% TEAA
Fluoxetine 0.40 1750 1.14 0.34
Chlorcyclizine 0.33 960 1.0 –
Terbutaline 0.36 1070 1.0 –
Hydroxyzine 0.39 3360 1.25 0.25
Epinephrine 0.32 590 1.0 –


MP: (50 : 50) ACN : 


 


Me


 


OH, 0.1% TEAA
Fluoxetine 21.69 1250 1.0 –
Chlorcyclizine 3.98 650 1.0 –
Terbutaline 9.76 210 1.0 –
Hydroxyzine 1.65 1330 1.14 0.28
Epinephrine 10.20 610 1.0 –


MP: (50 : 50) ACN : 


 


Me


 


OH, 0.2% TEAA
Fluoxetine 10.86 1020 1.0 –
Chlorcyclizine 2.40 810 1.17 0.30
Terbutaline 2.89 430 1.0 –
Hydroxyzine 0.86 680 1.20 0.23
Epinephrine 7.65 290 1.0 –


MP: (50 : 50) ACN : 


 


Me


 


OH, 0.5% TEAA
Fluoxetine 5.08 1090 1.0 –
Chlorcyclizine 1.74 1320 1.14 0.39
Terbutaline 1.25 500 1.0 –
Hydroxyzine 0.85 350 1.21 <0.1
Epinephrine 5.73 30 1.02 <0.1


MP: 


 


Me


 


OH, 0.1% TEAA
Fluoxetine 13.42 3570 1.0 –
Hydroxyzine 3.23 1530 1.0 –
Epinephrine 12.48 690 1.07 0.18


MP: 


 


Me


 


OH, 0.5% TEAA
Fluoxetine 3.87 1610 1.0 –
Hydroxyzine 1.27 830 1.0 –
Epinephrine 2.19 1440 1.0 –


MP: 


 


Me


 


OH, 0.25% AcOH***
Fluoxetine 0.72 1050 1.73 0.74
Chlorcyclizine 1.47 240 1.0 –
Terbutaline 0.56 850 1.0 –
Hydroxyzine 0.50 2490 1.16 0.43
Epinephrine 2.65 170 1.0 –


MP: 


 


Me


 


OH, 0.5% AcOH
Fluoxetine 0.72 220 1.45 <0.1
Chlorcyclizine 0.82 230 1.51 <0.1
Terbutaline 0.50 930 1.17 <0.1
Hydroxyzine 0.45 2430 1.19 0.27
Epinephrine 2.52 200 1.0 –


MP: 


 


Me


 


OH, 1.0% AcOH
Fluoxetine 0.22 390 1.0 –
Hydroxyzine 0.46 1150 1.20 <0.1
Epinephrine 2.22 630 1.0 –


 


* The number of theoretical plates per meter of the column.
** Acetonitrile.


*** Acetic acid.


 


Table 1.


 


  Effect of the composition, concentration, and pH of
the aqueous component of the mobile phase (MP) and of the
modifier proportion on the chromatographic properties of
SCPC-modified silica gel (flow rate, 1.0 ml/min; 


 


λ


 


 = 230 nm)


Compound


 


k N


 


*


 


α


 


R


 


S


 


MP: (50 : 50) 


 


Me


 


OH** : H


 


2


 


O
Pindolol 11.72 840 1.0 –
Fluoxetine *** – – –
Hydroxyzine *** – – –
Epinephrine 20.65 600 1.0 –


MP: (50 : 50) 


 


Me


 


OH : 0.05% TEAA pH 4.6
Pindolol 2.51 2100 1.0 –
Fluoxetine 9.94 15200 1.09 0.94
Hydroxyzine 12.03 1670 1.2 0.61
Epinephrine 13.05 2030 1.17 0.25


MP: (50 : 50) 


 


Me


 


OH : 0.1% TEAA pH 4.6
Pindolol 1.30 1000 1.0 –
Fluoxetine 0.90 1000 1.36 0.44
Hydroxyzine 0.92 1030 1.16 0.22
Epinephrine 1.03 730 1.31 0.34


MP: (50 : 50) 


 


Me


 


OH : 1.0% TEAA pH 4.6
Pindolol 0.67 1020 1.0 –
Fluoxetine 0.49 1870 1.0 –
Hydroxyzine 0.48 1330 1.0 –
Epinephrine 0.56 1800 1.0 –


MP: (50 : 50) 


 


Me


 


OH : 10


 


–3


 


 M NH


 


4


 


Cl pH 4.8
Fluoxetine 23.97 5970 1.05 0.34
Hydroxyzine 12.62 1510 1.0 –
Epinephrine 16.13 30 1.26 <0.1


MP: (50 : 50) 


 


Me


 


OH : 5 


 


×


 


 10


 


–3


 


 M NH


 


4


 


Cl pH 4.5
Fluoxetine 7.46 1550 1.0 –
Hydroxyzine 4.44 1540 1.0 –
Epinephrine 8.47 720 1.0 –


MP: (50 : 50) 


 


Me


 


OH : 0.1% TEAA pH 3.5
Fluoxetine 0.25 750 1.0 –
Hydroxyzine 0.17 480 1.0 –
Epinephrine 0.10 550 1.0 –


MP: (50 : 50) 


 


Me


 


OH : 0.1% TEAA pH 5.4
Pindolol 4.78 560 1.0 –
Fluoxetine 3.92 530 1.0 –
Hydroxyzine 3.70 810 1.0 –
Epinephrine 3.37 1360 1.0 –


MP: (70 : 30) 


 


Me


 


OH : 0.1% TEAA pH 4.6
Pindolol 2.09 1610 1.0 –
Fluoxetine 1.36 1090 1.0 –
Hydroxyzine 1.2 1940 1.0 –
Epinephrine 3.02 1920 1.0 –


 


* The number of theoretical plates per meter of the column.
** Methanol.


*** Not eluted.
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We studied the effect of the nature of an electrolyte,
which was TEAA or acetic acid, and its proportion on
the retention and separation of various compounds. An
increase in the proportion of TEAA or acetic acid in the
mobile phase decreases the retention times; TEAA has
a far stronger effect. This can be explained by the fact
that in the presence of N


 


+


 


(C


 


2


 


H


 


5


 


)


 


3


 


 cations, the competi-
tive interaction with the acid groups of the selector in
PO-HPLC is more noticeable.


An increase in the TEAA concentration from 0.1 to
0.5% in the acetonitrile–methanol (50 : 50) mobile
phase differently effects the enantioseparation: for epi-
nephrine, the separation deteriorates; for chlorcycliz-
ine, it improves. Therefore, the effect of TEAA is also
determined by the sorbate structure. An increase in the
acetic acid concentration to 1% decreases the resolu-
tion of enantiomer peaks.


The nature of the additive also determines the range
of separable compounds. For example, in the presence
of acetic acid, epinephrine enantioseparation does not
occur; instead, chlorcyclizine and terbutaline are added
to the list of partially separable racemates.


In summary, SCPC-modified silica gel provides a
partial enantioseparation of fluoxetine, hydroxyzine,
chlorcyclizine, epinephrine, and terbutaline. The selec-
tivity in PO-HPLC is in general better than in RP-
HPLC. Figures 5a and 5b display the PO-HPLC chro-
matograms for the enantioseparation of chlorcyclizine


and hydroxyzine. The low resolutions are evidently on
account of the low performance of the column. In this
work, we have demonstrated that 


 


N


 


-(3-sulfo,3-car-
boxy)propionylchitosan chemically immobilized on
silica gel shows enantioselectivity toward several basic
medicinals. The need for improving the separation effi-
ciency and selectivity makes it necessary to investigate
the parameters of silica gel modification and the prop-
erties of the matrix. From our standpoint, silica gels
with smaller particle sizes and larger, homogeneous
pores have perspectives.


This work was supported by the Russian Foundation
for Basic Research (project no. 03-03-32164).


REFERENCES


 


1. Budanova, N.Yu., Shapovalova, E.N., Lopatin, S.A.,
Varlamov, V.P., and Shpigun, O.A., 


 


Proc. of the 7th Int.
Conf. “Perspectives of Chitin and Chitosan Investiga-
tions,”


 


 St. Petersburg, 2003, p. 282.
2. Budanova, N., Shapovalova, E., Lopatin, S., Varlamov,


V., and Shpigun, O., 


 


Chromatografia


 


, 2004, vol. 59,
nos. 11–12, p. 709.


3.


 


Khimiya privitykh poverhknostnykh soedinenii


 


 (The
Chemistry of Grafted Surface Compounds), Lisichkin,
G.V., Ed., Moscow, 2003.


4. Chang, S.C., Reid, G.L., Chen, S., Chang, C.D., and
Armstrong, D.W., 


 


Trend. Anal. Chem.


 


, 1993, vol. 12,
no. 4, p. 143.


 


3 6


 


t


 


, min
5 10


0.001 0.003


(a) (b)


 


t


 


, min


 


Fig. 5.


 


 Chromatogram for (a) chlorcyclizine enantioseparation (mobile phase: acetonitrile : methanol (50 : 50), 0.5% TEAA) and
(b) hydroxyzine enantioseparation (mobile phase: methanol, 0.25% acetic acid); flow rate, 1 ml/min; 


 


λ


 


 = 230 nm.








 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2007, Vol. 62, No. 3, pp. 156–161. © Allerton Press, Inc., 2007.
Original Russian Text © E.K. Beloglazkina, N.S. Dubinina, A.A. Moiseeva, N.V. Zyk, 2007, published in Vestnik Moskovskogo Universiteta. Khimiya, 2007, No. 3, pp. 193–200.


 


156


 


A method for preparing (2-aminocyclohexyl)phe-
nylsulfide (compound 


 


1


 


) from (2-chlorocyclo-
hexyl)phenylsulfide by the Gabriel reaction was
described and the possibility of complexing the result-
ing aminosulfide with nickel(II) and copper(II) salts
was studied in [1].


Here, we report the synthesis of nickel(II) com-
plexes with (2-aminocyclohexyl)phenylethynylsulfide
(compound 


 


2


 


) and glyoxalbis(2-thiocyclohexyl)imines.
We also report the electrochemical study of these com-
plexes by cyclic voltammetry (CVA) and with a rotating
disk electrode (RDE).


Aminosulfides 


 


1


 


 and 


 


2


 


 were synthesized by reacting
chlorocyclohexylsulfides, which were prepared by
reacting cyclohexene with sulfenamide in the presence
of phosphorus oxochloride [2, 3], with potassium
phthalimide (Scheme 1).


Compounds 


 


1


 


 and 


 


2


 


 contain N and S donor atoms;
they are potential ligands capable of forming five-mem-
bered chelate rings with metal ions. We have studied the
reaction of these aminosulfides with nickel(II) perchlo-
rate. When hot solutions of compound 


 


1


 


 or 


 


2


 


 and an
inorganic salt are mixed, their color changes rapidly,
proving that the ligand is coordinated to the metal ion.
Upon cooling, the products crystallize from the solu-
tion in colored powdered compounds with mp > 300


 


°


 


C;
these powders are well soluble in DMA and DMSO and
poorly soluble in most of the other organic solvents and
water. The compositions of the complexes were derived
from elemental analysis. Their structure was verified by
electronic and IR spectra (Scheme 2).


The available data do not allow us to decide whether
the ligand moieties in complexes 


 


3


 


 and 


 


4


 


 have a 


 


cis


 


 or


 


trans


 


 configuration. However, from the results of sub-
sequent reactions with glyoxal (see below), the 


 


cis


 


 con-
figuration seems more probable.


Two nickel(II) complexes of another structure type
(complexes 


 


5


 


 and 


 


6


 


) were synthesized on the basis of 2-
aminocyclohexylsulfides. Complexes 


 


5


 


 and 


 


6


 


 contain a
chelating organic N,S-ligand, but they also contain an
imine donor moiety instead of the amine moiety. Com-
plex 


 


5


 


 was synthesized by reacting complex 


 


3


 


 with gly-
oxal hydrate in ethanol. Complex 


 


6


 


 was prepared by
two routes: (1) by the reaction with glyoxal hydrate, as
used to prepare complex 


 


5


 


, or (2) by three-component
condensation of aminosulfide 


 


2


 


, glyoxal hydrate, and
nickel perchlorate (Scheme 3).


The compositions of complexes 


 


5


 


 and 


 


6


 


 were
derived from elemental analysis; their structures were
determined from electronic and IR spectra. For com-
plex 


 


5


 


, the electronic spectrum shows medium-inten-
sity absorption bands at 252, 257, 263, and 307 nm. The
absorption in this spectral range is intrinsic to the
organic ligand. The band at 257 nm is the only band
observed in the electronic spectrum of complex 


 


6


 


.
Complexes 


 


5


 


 and 


 


6


 


 do not have noticeable absorption
intensities in the visible, which proves the octahedral
surrounding of the nickel atom in them. The existence
of a coordinated water molecule in the complexes is
confirmed by elemental analysis and IR spectra
(a broad band at 3200–3500 cm


 


−


 


1


 


).
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Abstract


 


—Nickel(II) complexes with aminosulfide and iminosulfide ligands have been synthesized on the
basis of phenyl- and ethynyl-(2-aminocyclohexyl)sulfides, glyoxal hydrate, and Ni(ClO


 


4


 


)


 


2


 


 · 6H


 


2


 


O. Electro-
chemical measurements were carried out using cyclic voltammetry (CVA) and a rotating disk electrode (RDE).
The following has been shown: (1) the reduced species of iminosulfide complexes are more stable than the
reduced species of aminosulfide complexes, and (2) the complexes containing a C


 


≡


 


C fragment in their organic
ligand are polymerized during reduction.


 


DOI: 


 


10.3103/S0027131407030108


 


S R


Cl


 


S R


NH2


 


1. PhtK
2. NaOH, H


 


2


 


O


 


1. R = Ph, 65% (see [1]);
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C–Ph, 65%.


 


Scheme 1.
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The formation of complexes 


 


5


 


 and 


 


6


 


 from com-
plexes 


 


3


 


 and 


 


4


 


 provides an argument in favor of the 


 


cis


 


configuration of the latter or at least of the existence of
equilibrium between the 


 


cis


 


- and 


 


trans


 


-species in solu-
tion.


With the goal of studying the redox ability of our
prepared metal complexes and of ascertaining a poten-
tial catalytic activity of these compounds as alkyl-
group carriers, we studied the electrochemical behavior
of compounds 


 


1


 


 and 


 


3


 


–


 


6


 


.


The one-electron reduction of nickel(II) complexes
yields anions in which nickel has the formal oxidation
number +1; their two-electron reduction yields dian-
ions of complexes containing nickel(0). Nickel(I) com-
plexes in their reactions with AlkX produce nickel(III)
compounds; nickel(0) complexes produce compounds


with alkyl–nickel(II) bonds. Such alkylnickel com-
pounds can further transfer alkyl groups to various sub-
strates [4] (Scheme 4).


In order for the aforementioned conversions to
occur, it is necessary that both reduction stages or at
least addition of the first electron be electrochemically
reversible or quasireversible. The voltammetric indica-
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Electrochemical potentials for compounds 


 


1


 


 and 


 


3


 


–


 


6


 


 (concentration, 10


 


–3


 


 mol/L) measured in DMF on SU, Pt, or Au elec-
trodes in the presence of 0.05 M Bu


 


4


 


NClO


 


4


 


 with reference to Ag


 


|


 


AgCl|KCl (sat) at room temperature (after a slash, reverse
peak potentials are indicated; in parentheses, the number of transferred electrons determined on an RDE with reference to
the one-electron ferrocene oxidation wave)


Compound , V , V , V , V


2 (SU) peaks are unob-
served


0.94a


(Pt) peaks are unob-
served


1.10a


3 (SU) 0.65b; 1.23/0.06; 
1.93; 2.63


0.65b (1/4); 1.30 (1/2); 
1.76 (1/8)


1.00; 1.42 1.20 (1.2)


(Pt) 0.44; 0.85/0.37a; 
1.62


0.46 (0.5); 0.76 (0.33); 
1.56 (0.13)


1.06 1.25 (2.5)


(Au) 0.77b; 1.47 0.60 (0.7) 0.49; 1.06; 1.39 0.90 (1.1); 1.44 (0.85)


4 (SU) 0.70b; 1.42/0.05c 0.72b (0.1); 1.50 (0.5) 0.98a 1.10 (0.33)


(Pt) 0.72a; 1.00/0.14c; 
1.31


0.66b (0.1); 1.42 (0.5) 0.99a 1.15 (0.33)


(Au) 0.73b; 1.17/+0.08 0.62b (0.13); 1.32 (1) 0.46b; 0.99a 0.72 (0.1); 0.97 (1/6)


5d (SU) 0.74b; 1.75; 1.93; 
2.36


0.70 (2.4); 1.35 (5.4) 0.95; 1.25 0.96 (1.3); 1.24 (10.4)


(Pt) 0.46b; 0.90/0.20; 
1.67


0.76 (34); 1.45 (8) 0.56; 0.88 1.22 (95)


(Au) 0.58; 1.07; 1.60 0.62 (1.4); 1.06 (1.4); 
1.80 (1.2)


1.42 0.82 (2.5); 1.28 (3.2)


6 (SU) 1.49/0.04; 1.89; 
2.21


1.32 (0.8); 1.50 (0.4) 0.88a –


(Pt) 0.86/0.16; 1.30a; 
1.70


1.19 (0.66); 1.62 (0.25) – 0.89 (0.14)


(Au) 1.14/+0.08 1.23 (1.2); 1.82 (0.3) 1.65 1.17 (0.2)


7 (see [6])


(Pt) 1.18/0.24 0.76 (0.1); 1.12 (1) 1.16 (2)


Notes: a A low-intensity peak; b an adsorption prewave (see discussion in the text); c the intensity of the reverse peak of nickel metal des-
orption from the electrode surface increases with time during electrolysis at the potential of the first reduction wave; d for complex
5 (concentration, <10–3 mol/L), E is followed by the parenthesized current ratio on an RDE.


Ep
Red– E1/2


Red– Ep
Ox E1/2


Ox


N


S


Ni


S


N


CH3 CH3


tion of the fast alkylation reactions of transition-metal
chelates is based on the electrochemical activation of
the complex via one- or two-electron reduction; as a
result, the complex becomes active in SN2 or radical
reactions with alkylating agents. The criteria of the
occurrence of such reactions are as follows: (1) the
appearance of a new cathodic peak associated with the
reduction of the alkylation product, (2) a noticeable
decrease in the reversibility of the reduction of the start-
ing complexes, and (3) the appearance of peaks due to
the oxidation of I– or Br– (when alkyl iodides or alkyl
bromides are used as alkylating agents) [5]. The results
of the potential measurements are listed in the table.


All peaks observed for the test complexes have very
low intensities in both the reduction and the oxidation
regions, especially in the oxidation region.


In the reduction of complexes 3, 4, and 5 on Pt or
CG electrodes, low-intensity peaks are observed in the
range from –0.7 to –0.9 V; the appearance of these
peaks indicates the adsorption of the starting complex
on the electrode [7]. The subsequent reduction peaks in
the range from –1.00 to –1.75 V should correspond to
the reduction of the complex at the nickel atom.


Regarding their electrochemical behavior, nickel
complexes are grouped as follows. One group includes
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complexes that are reduced stagewise through a
nickel(I) intermediate, which converts to nickel(0) at
far higher cathodic potentials [4–6]. Such complexes
are nickel(II) complexes with cyclames, dimethylgly-
oxime, and others. The other group includes complexes
that are electrochemically reduced to zero-valence spe-
cies immediately, in one two-electron stage. Such com-
plexes are nickel(II) complexes of 2,2'-bipyridyls, 1,10-
phenanthrolines, PPh3, or 1,2-bis(diphenylphos-
phino)ethane.


When the reduction proceeds to nickel(0), the
resulting complex is stable only when it contains a
nitrogen-containing macrocyclic ligand [8]. Otherwise,
the complex as a rule degrades to metal nickel and the
free ligand.


The reduction of complex 3 occurs as a two-electron
reaction at –1.42 V. We can state that the electron is
transferred to the nickel(II) atom: for uncomplexed
ligand 1, no peaks are observed in the reduction region
until the potential reaches –2.20 V (table). It is espe-
cially noteworthy that, although complex 3 contains
bidentate N,S-ligands, and not macrocyclic ligands, the
product of the two-electron reduction to nickel(0) is
stable only to a certain degree. Nickel elimination on
the electrode (the characteristic triangular peak due to
nickel desorption is observed at –0.05 V) occurs only
upon electrolysis at the potential of the first reduction
wave. Without accumulation, the peak associated with
oxidative nickel desorption virtually does not appear
(table, Fig. 1).


We obtained similar data for complexes 4 and 6.
Both complexes are reduced irreversibly with metal
nickel elimination, at the first stage of the two-electron
reduction. However, the reduced species of complexes
4 and 6 are more stable than those of complex 3. At the
same time, iminosulfide complex 5 is reduced at the
first stage without eliminating metallic nickel. We
should note that the oxidation and reduction mecha-


nism of the complexes depends on the nature of the
electrode (table; Figs. 2, 3). For compound 6, for exam-
ple, reduction on a CGelectrode occurs at –1.41 V and
on a Pt electrode at –0.86 V. In both cases, reduction is
irreversible and results in elimination of metallic
nickel. At the same time, reduction on an Au electrode
occurs at E = –1.14 V, and nickel elimination is not
observed. This can be due to the different adsorption
mechanisms of the test compounds on different elec-
trodes. The fact of adsorption is verified by the appear-
ance of adsorption prepeaks at about –0.7 V for the test
complexes (table). The different oxidation mechanisms
agree with data obtained in [7].


For complexes containing a C≡C fragment in their
organic ligands, the further reduction peaks at poten-
tials higher than –1.42 V have substantially decreased
intensities; visually, the electrode surface is coated with
a reaction-product film. Apparently, the test compound
is polymerized at its acetylene fragment. This is proven
by the low intensity of the reduction peaks, associated
with the formation of a low-conducting polymer layer
on the electrode [12]. Transition-metal (copper [14],
cobalt [15], and nickel [15]) complexes can catalyze the
electrochemically activated reactions of acetylene
polymerization. According to [14], the radical anion
produced at the first reduction stage adds to the C≡C
bond, initiating acetylene polymerization. Thus, the
complexes we synthesized can catalyze electrochemi-
cally induced alkyne polymerization.


The oxidation and reduction mechanisms for imine
complex 5, as for complex 4, are different on SU, Pt,
and Au electrodes.


The electrochemical behavior of imine complexes 5
and 6 is in general characterized by a higher stability of


2 µA


2 1 0 –1 –2 –3
E/V


Fig. 1. CVAs for complex 3 (DMF, 0.05 M Bu4NClO4,
10−3 mol/L) on a CGelectrode (the dashed line shows CVAs
obtained during electrolysis at the potential of the first
reduction wave for ~10 min).


5 µA


–11 0 –2
E/V


Fig. 2. CVAs for complex 6 (DMF, 0.05 M Bu4NPF6,
10−3 mol/L) on a Pt electrode.
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the product of the first reduction stage compared to
amine complexes 3 and 4 (cf. Figs. 3, 2, table). Com-
plex 6 on an Au electrode and complex 5 on CG and Au
electrodes are reduced without eliminating metallic
nickel. The reduction of complex 6 on a CG electrode
produces an insignificant peak due to nickel(0) desorp-
tion; this peaks becomes intense only upon accumula-
tion.


An electrochemical study of iminothiolate complex
7 on a Pt electrode was previously carried out in our
laboratory (see [6] and table). We compared the results
of [6] with the results of the electrochemical study of
iminosulfide complexes 5 and 6 obtained in this work.
Complex 7 is reduced on a Pt electrode in one two-elec-
tron stage with Ep = –1.18/–0.24 V with nickel(0) des-
orption. These results are similar to the reduction of
complex 5 (Ep = –0.90/–0.20 V) and complex 6 (Ep = –
0.86/–0.16 V). Therefore, we can suggest that the pos-
sibility or impossibility of covalent bonding between
the nickel ion and sulfur atom is not decisive for the
ability of the complex to stabilize low oxidation states
of nickel. For both types of complexes, the product of
the two-electron reduction is unstable and eliminates
metallic nickel. The easier reduction of sulfide com-
plexes compared to the thiolate complex is easily inter-
preted in view of the fact that a dication is reduced in
the former and a neutral species is in the latter.


The oxidation potentials of the iminothiolate com-
plex and the iminosulfide complex are practically iden-
tical (1.22 and 1.16 V for complexes 5 and 7, respec-
tively), proving that the oxidation occurs at the imine
moiety of the molecule.


As a result of the electrochemical study of our syn-
thesized complexes, the following preliminary conclu-
sions can be drawn:


(1) The reduced species of iminosulfide complexes
5 and 6 are more stable than those of aminosulfide com-
plexes 3 and 4.


(2) The adsorption of complexes 3 and 4 on elec-
trodes is likely due to the amino groups in their organic
moiety.


(3) Complexes 4 and 6, which contain the C≡C frag-
ment in their organic ligands, are polymerized upon
reduction. The low intensity of their reduction peaks (at
cathodic potentials higher than –1.42 V), associated
with the formation of a poorly conducting polymer
layer on the electrode, and the product film visually
observed on the electrode surface prove the polymer-
ization of complexes 4 and 6.


Thus, it seems most pertinent to further study the
potential of iminosulfide complexes for use as alkyla-
tion catalysts. Iminosulfide complexes containing the
acetylene moiety also form stable reduction products;
however, they are polymerized upon reduction, forming
a poorly conducting layer on the electrode surface.


At the same time, the last fact means that the amino-
and iminosulfide complexes we synthesized can further
be studied as potential catalysts in acetylene polymer-
ization reactions.


EXPERIMENTAL


IR spectra were recorded as thin films or Nujol
mulls on a UR20 instrument. Electronic spectra were
recorded on a Specord M40 instrument (200–900 nm)
in quartz cells 0.1 cm thick at 20–22°C. For electro-
chemical experiments, a PI-50-1.1 potentiostat was
used. All measurements were carried out under an
argon atmosphere. Test samples were dissolved in the
deaerated solvent. Dimethylformamide (pure grade)
was purified by stirring over freshly calcined K2CO3 for
4 days, followed by vacuum distillation first from P2O5
and then from anhydrous CuSO4. Aminosulfide 1 and
complex 3 were prepared as described in [1], and ami-
nosulfide 2, as in [3].


Bis(2-phenylethynylsulfidocyclohexyl)nickel(II)
bis(acetonitrile) diperchlorate (4). A solution of ami-
nosulfide 2 (1 mmol) in EtOH (5–6 mL) was mixed
with a solution of Ni(ClO4)2 · 6H2O (0.5 mmol) in a
minimal amount of EtOH, and the resulting solution
was allowed to stand at 20°C until about two-thirds of
the solvent were evaporated. To the residue, Et2O
(3 mL) was added. A powdered brown precipitate was
filtered and vacuum dried. mp > 300°C.


For C32H40N4S2NiCl2O8 anal. calcd. (%): C, 47.90;
H, 5.02; N, 6.98.


Found (%): C, 48.86; H, 5.73; N, 6.58.
Electronic spectrum (λ, nm): 250, 263, 310.
Glyoxalbis(2-phenylsulfidocyclohexyl)nickel(II)


diaqua perchlorate (5). A solution of glyoxal hydrate
(1 mmol) and complex 3 (1 mmol) in EtOH (10 mL)
was refluxed for 15 min, then cooled to 0°C. The color


–11 0 –2
E/V


2 µA


Fig. 3. CVAs for imine complex 6 (DMF, 0.05 M
Bu4NClO4, 10–3 mol/L) on a CG electrode. 
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of the solution changed from brown to black. A precip-
itate was filtered, rinsed with EtOH, and air dried. mp >
300°C.


For C26H36N2S2NiCl2O10 anal. calcd. (%): C,
42.76%; H, 4.97; N, 3.84%.


Found (%): C, 43.25; H, 4.39; N, 3.76.
IR spectrum (ν, cm–1): 1620, 1650, 3200–3500


(H2O).
Electronic spectrum (λ, nm): 252, 257, 263, 307.
Glyoxalbis(2-phenylethynylsulfidocyclohexyl)


nickel(II)diaqua perchlorate (6).
Method A. A solution of glyoxal hydrate (1 mmol)


and complex 4 (1 mmol) in EtOH (10 mL) was refluxed
for 15 min, then cooled to 0°C. The color of the solution
changed under reflux from light blue to black. The pre-
cipitate was filtered, rinsed with EtOH, and air dried.


Method B. A solution of glyoxal hydrate (1 mmol),
Ni(ClO4)2 · 6H2O (1 mmol), and 2-aminocyclohexyl-2-
phenylethynylsulfide 2 (2 mmol) in EtOH (15 mL) was
refluxed for 15 min, then cooled to 0°C. The precipitate
was filtered, rinsed with EtOH, and air dried. mp >
300°C.


For C30H36N2S2NiCl2O10 anal. calcd. (%): C, 46.29;
H, 4.66; N, 3.60.


Found (%): C, 46.32; H, 4.61; N, 3.89.
Electronic spectrum (λ, nm): 257.
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Laser-enhanced ionization spectrometry (LEI) is
based on the laser excitation and subsequent ionization
of atoms in flames. This method provides for ultralow
detection limits (on the level of pg/mL and even fg/mL)
for several tens of chemical elements [1]. The analytical
form of elements for LEI spectrometry is atoms gener-
ated by the analyte sample upon introduction into the
flame. The free-atom fraction depends on the element,
analytical-zone temperature, and several other factors.
However, certain elements (called refractory elements)
in the low-temperature flames conventionally used in
analytical spectrometry exist mainly as monoxide mol-
ecules. Either LEI does not determine such elements, or
their detection limits are very high (tens of 


 


µ


 


g/mL and
higher). One way to increase the sensitivity is to use
higher temperature flames, such as an acetylene–
nitrous oxide flame. The detection limits for refractory
elements in these flames remain unsatisfactory, on the


 


µ


 


g/mL level. The high temperatures of these flames
increase the degree of ionization, thus decreasing the
proportion of free atoms; increase noises due to the
high concentrations of intrinsic flame ions; and shorten
the lifetime of the detection electrode in the flame.
Lastly, such flames are hazardous for operators. At the
same time, the concentrations of monoxide molecules
of refractory elements in the flame are rather high.
Therefore, we designed a new method for the determi-
nation of chemical elements in flames in the form of
molecules, namely, laser-enhanced molecular-ioniza-
tion (MI) spectrometry. The underlying idea of this
method is the ionization of laser-radiation-excited mol-
ecules and the detection of generated charges. This
method achieves lower detection limits for refractory
elements than high-temperature-flame ionization of
their atoms, and under far milder conditions [2].


Systematic studies to develop laser-enhanced flame
MI spectrometry started in the middle 1990s [3]. Two-
step ionization schemes were proposed for rare-earth


monoxide molecules [4, 5]: laser radiation first trans-
fers a molecule to an excited electronic state and then
to the ground state of the molecular ion whose energy
corresponds to the ionization potential of the neutral
molecule. As a result, the MI signal becomes several
times stronger than in one-step excitation.


For laser-enhanced analytical molecular spectrome-
try to succeed, the structure of excited states and the
pathways of dissociation, ionization, and deactivation
of excited molecules should be known. An a priori
choice of the optimal excitation scheme is impossible,
because molecules, unlike atoms, have a great set of
excited states for dissipating the excitation energy.
Moreover, the radiation and energy characteristics for a
great many molecules are lacking in the literature.


For some of the previously studied molecules (LaO,
YO), the ionization potential 


 


E


 


i


 


 is lower than the disso-
ciation energy 


 


D


 


0


 


; therefore, the ionization probability
for an excited molecule is higher than the dissociation
probability. This situation is not a rule, as shown by
analysis of the literature [6]. Many monoxide mole-
cules have 


 


E


 


i


 


 far higher than 


 


D


 


0


 


. As a result, the disso-
ciation of a molecule during excitement becomes still
more probable than ionization. For EuO and DyO mol-
ecules, for example, flame ionization spectra have not
been recorded, but atomic lines were observed [7]. It is
relevant to study this type of molecule, e.g., BaO (


 


E


 


i


 


 =
6.46 eV [8], 


 


D


 


0


 


 = 5.79 eV [6]) and LuO (


 


E


 


i


 


 = 7.8 eV [9];


 


D


 


0


 


 = 7.19 [6]).
This work studies the flame MI spectra of BaO and


LuO and chooses optimal excitation schemes for these
molecules.


EXPERIMENTAL


The setup used was a laser ionization spectrometer
based on a xenon chloride excimer laser (


 


λ


 


 = 308 nm;
pulse energy, 


 


E


 


p


 


 = 45 mJ), which was used for pumping
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—The molecular ionization spectra of BaO and LuO were recorded in low-temperature natural gas–
air flame with excitation laser wavelengths in the range 440–480 and 535–575 nm. Addition excitation of bar-
ium and lutetium monoxides by a second laser quantum did not amplify the ionization signal. One-step laser
excitation with wavelengths of 549.3 and 466.2 nm is optimal for BaO and LuO, respectively.


 


DOI: 


 


10.3103/S0027131407050173







 


296


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 5


 


      


 


2007


 


GORBATENKO et al.


 


two frequency-tuned dye lasers: a Coumarin-153 laser
(generation range, 535–575 nm) and a Coumarin-47
laser (generation range, 440–480 nm). The radiation of
both dye lasers was directed into the natural gas–air
flame, in which a cathode was placed with the potential
100–600 V relative to the grounded burner head. Ana-
lyte solutions were introduced into the flame by means
of an pneumatic nebulizer. The ionization pulse signal
was fed to a preamplifier and then measured with a
gated integrator.


A 1-mg/mL barium solution was prepared from bar-
ium chloride (chemically pure grade), which was dis-
solved in 0.1 M HCl. A 1-mg/mL lutetium solution was
prepared as follows. A 1.138-g sample of lutetium(III)
oxide (pure for analysis) was dissolved under heating in
100 mL of 10% HCl (high purity grade), then trans-
ferred to a volumetric flask 1000 mL in capacity, and
0.1 M HCl was added to adjust the volume. Working
solutions were prepared by consecutive dilution of the
stock solutions with 0.1 M HCl.


RESULTS AND DISCUSSION


The BaO and LuO flame ionization spectra were
recorded with laser excitation in wavelength ranges of
440–480 and 535–575 nm. Barium and lutetium solu-
tions with the concentration of 1 and 20 


 


µ


 


g/mL, respec-
tively, were aspirated into flame. Figure 1 inhibits the
ionization spectrum for a flame-atomized barium solu-
tion. The spectrum contains bands associated with the
A


 


1


 


Σ


 


+


 


–X


 


1


 


Σ


 


+


 


 transition in a barium monoxide molecule
with head wavelengths of 549.3 nm (3-0), 564.4 nm
(2-0), and 570.1 nm (3-1). The maximum amplitude of
the MI signal corresponds to 549.3 nm. The Ba I atomic


line is clearly seen at 553.5 nm; its intensity is two
orders of magnitude higher than the intensity of the
molecular bands. The wavelengths found match the lit-
erature data [10, 11]. In the wavelength range 440–
480 cm, a band with the wavelength 468.0 nm is
observed with the intensity as low as 1.5 times that of
the noise level.


Figure 2 displays the LuO molecular spectrum in the
range 440–480 nm recorded for a lutetium solution
aspirated into the flame. The spectrum contains a set of
strong lines associated with the B


 


2


 


Π


 


3/2


 


–X


 


2


 


Σ


 


+


 


 transition
in a lutetium monoxide molecule with head wave-
lengths of 466.2 nm (0-0), 467.2 nm (1-1), 468.4 nm (2-
2), and 469.7 nm (3-3). The maximum amplitude of MI
signals corresponds to the 0-0 band (466.2 nm). In the
range 535–575 nm, two bands are observed due to the
same transition in an LuO molecule with head wave-
lengths of 544.8 nm (3-4) and 546.4 nm (4-5). The lat-
ter have comparatively low intensities. Band assign-
ment was performed with reference to [11]. For lute-
tium, there are no atomic lines in the spectrum, unlike
in the ionization spectrum recorded with a barium salt
introduced into the flame. Apparently, this is because of
the higher stability of lutetium compounds (above all,
lutetium monoxide) in flame. This correlates with the
dissociation energy of monoxides.


For the two-step excitation of monoxide molecules,
one dye laser was tuned to 549.3 and 466.2 nm for BaO
and LuO, respectively. The wavelength of the other dye
laser was tuned in the range 440–480 nm and 535–575
for BaO and LuO excitation, respectively. The signals
corresponding to the excitation by the first and second
dye lasers were separately subtracted from the signal
excited by both dye lasers. This makes it possible to
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 BaO molecular ionization spectrum in the wavelength range 535–575 nm.
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find the overall excitation energies of BaO and LuO
molecules for which the sum of two individual signals
is smaller than the signal excited by both lasers, i.e., for
which signal amplification occurs. No such signal
amplification is observed for either molecule studied.


For the excitation of BaO and LuO by the radiation
of two lasers, the overall energy imparted to a molecule
is 4.84–5.07 and 4.82–4.98 eV, respectively. Thus, the
overall energy is substantially (by 1.39–1.62 and 2.82–
2.98 eV, respectively) lower than the ionization poten-
tial in these molecules, making it impossible to imple-
ment two-step excitation schemes, unlike for molecules
with lower ionization potentials [4, 5]. Evidently, the
same pattern will be also observed for other molecules
with high ionization potentials. Our results indicate a
possible nonexistence of excited states of BaO and LuO
molecules in the above-indicated energy ranges.
Another possible reason is mixing of high-excitation
molecular states due to collisions with other particles in
the flame. The detection limits for barium in the atomic
form and in the form of BaO calculated from the 3S cri-
terium were 10 and 200 ng/mL, respectively; the lute-
tium detection limit was 250 ng/mL. Based on our stud-
ies of the laser-enhanced ionization spectra of BaO and
LuO, we propose optimal one-step laser excitation
schemes with the wavelengths 549.3 and 466.2 nm for
BaO and LuO, respectively.
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 LuO molecular ionization spectrum in the wavelength range 440–480 nm.
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Dithiocarbamates are wisely used as reagents in
organic synthesis, medicine, biology, and other fields of
science [1–4]. Furthermore, pesticides of the carbamate
family have almost replaced DDT, lindane, and other
familiar pesticides [5, 6]. Metal carbamates are highly
bioactive. Their polarity ranges between medium and
high. Under environmental conditions, some of them
turn into substances with a still higher polarity and tox-
icity [4]. However, dithiocarbamate complexes have
not been adequately studied. In particular, the literature
contains no distribution constant data for these com-
plexes in water–organic phase systems. Furthermore,
the spectrophotometric detection of dithiocarbamates is
insufficiently sensitive [7, 8].


Fluorimetry is a very sensitive method, but it
requires a complicated sample preparation technique
for obtaining fluorescing analytical species of dithio-
carbamates [9, 10].


The extra advantages of photothermal spectrometric
methods, primarily thermal-lens spectrometry, are high
sensitivity and nondestructivity. The potential of ther-
mal-lens spectrometry is most clearly seen in funda-
mental studies, particularly in the investigation of reac-
tions at low reactant concentrations [11–13], including
two-phase systems [14].


This work is devoted to carbamate complex forma-
tion and extraction. Specifically, we report a thermal-
lens spectrometric study of the model system cop-
per(II) diethyldithiocarbamate–water–chloroform.


EXPERIMENTAL


 


Instruments.


 


 Thermal-lens measurements were
carried out with a dual-beam two-laser spectrometer
[15]. A thermal lens was induced in the cell using an
argon ion laser (Innova 90-6, Coherent, United States;


 


λ


 


 = 514.5 nm; TEM


 


00


 


 mode). The probing laser was a
He–Ne one (SP-106-1, Spectra Physics, United States;


 


λ


 


 = 632.8 nm; TEM


 


00


 


 mode). The most important char-
acteristics of the spectrometer are listed in the table.
The thermal-lens signal was measured using quartz
cells with an optical path length of 1 cm. The residual
copper(II) concentration in water was determined by
atomic absorption spectroscopy on an AAS-3 spec-
trometer (Carl Zeiss, Germany) using electrothermal
atomization.


 


Solvents and reagents.


 


 The solvents were chloro-
form (spectrophotometric grade), deionized water
(Milli-Q, resistivity 5 M


 


Ω


 


 cm, pH 5.8), which were
used as-received. The reagents were sodium dieth-
yldithiocarbamate (hereafter, NaDDC; analytical
grade), copper(II) oxide (analytical grade), zinc nitrate
hexahydrate (analytical grade), and concentrated HNO


 


3


 


(reagent grade). The base solution of copper was
obtained by completely dissolving CuO (0.040 g) in a
mixture of concentrated HNO


 


3


 


 (5 ml) and distilled
water (5 ml) heated in a water bath. The resulting solu-
tion was cooled and was adjusted to 100 ml with dis-
tilled water. The ultimate copper concentration was 5 


 


×


 


10


 


–3


 


 mol/l.
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Abstract


 


—The metrological characteristics of the extraction–thermal-lens determination of copper as dieth-
yldithiocarbamate have been determined. The smallest reagent : metal ratio ensuring 100% extraction is 60 : 1.
The copper detection limit is 8 


 


×


 


 10


 


–9


 


 mol/l. Copper(II) extraction with zinc diethyldithiocarbamate had been
investigated in an unagitated system. The formation rate of the copper complex in chloroform is governed by
two processes, namely, the diffusion of copper(II) across the interface and the substitution of copper for zinc in
zinc diethyldithiocarbamate. The signal from copper(II) diethyldithiocarbamate in the organic phase was mea-
sured as a function of the distance between the measurement point and the interface. The diffusion of the com-
plex forming in the organic phase exerts no effect on the formation of this complex. The experimental data per-
taining to the “diffusion-controlled” portion of the thermal-lens signal curve are consistent with the model
based on Fick’s equation.
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Synthesis and properties of zinc diethyldithio-
carbamate.


 


 Zn(NO


 


3


 


)


 


2


 


 · 6H


 


2


 


O (0.1045 g) and NaDDC
(0.235 g) were dissolved in distilled water (50 ml). The
solution was stirred, and the resulting white precipitate
of the zinc complex was vacuum-filtered, washed with
distilled water, and dried at 100–110


 


°


 


C. The product
was stored in a glovebox at room temperature. The
Zn(DDC)


 


2


 


 complex is white, readily soluble in chloro-
form, and stable in the dark for a long time. The base
solution of the complex (0.0115 mol/l) was prepared by
dissolving the reagent (0.0209 g) in chloroform (5 ml).
The working solution of the complex (4.6 


 


×


 


 10


 


–5


 


 mol/l)
was prepared immediately before the experiment by
adding 40 


 


µ


 


l of the base solution to 10 ml of chloro-
form. The absorption spectrum of zinc diethyldithiocar-
bamate in chloroform is in agreement with the literature
[7]. Based on the spectral properties of copper(II) dieth-
yldithiocarbamate and on the characteristics of the ther-
mal-lens spectrometer, the thermal lens–inducing
wavelength was chosen to be 


 


λ


 


e


 


 = 514.5 nm.


 


Procedure 1: extraction–thermal-lens determina-
tion of copper.


 


 The calibration plot for copper(II) dieth-
yldithiocarbamate concentrations between 2 


 


×


 


 10


 


–7


 


 and
1.5 


 


×


 


 10


 


–5


 


 mol/l was constructed as follows. The work-
ing solution of copper nitrate (2.5 


 


×


 


 10


 


–5


 


 mol/l, 20 


 


µ


 


l to
1.5 ml) was diluted with distilled water to 3 ml. the
working solution of zinc diethyldithiocarbamate in
chloroform was added, and the copper complex was
extracted for 2 min. Forty minutes after phase separa-
tion, the aqueous phase was removed and the thermal-
lens signal from the organic phase was measured (


 


P


 


e


 


 =
60 mW, 


 


λ


 


e


 


 = 514.5 m). The residual copper(II) concen-
tration in the aqueous phase was determined by electro-
thermal atomic absorption spectroscopy.


 


Procedure 2: study of complex formation and
extraction in the unagitated system.


 


 Distilled water
(1.4 ml) and chloroform (1.4 ml) containing zinc dieth-
yldithiocarbamate (4.6 


 


×


 


 10


 


–5


 


 mol/l) were placed in a
quartz cell with an optical path length of 1 cm. The
phases were not agitated. The laser beam was passed
through the organic phase at a certain distance from
the interface. The working solution of copper(II) (1 


 


×


 


10


 


–3


 


 mol/l, 20–200 


 


µ


 


l) was micropipetted into the aque-
ous phase. The thermal-lens signal from the organic
phase was measured for 20 min at 


 


λ


 


e


 


 = 514.5 nm and an
inducing radiation power of 


 


P


 


e


 


 = 60 mW.


 


Procedure 3: kinetic study of the diffusion trans-
fer of copper(II) diethyldithiocarbamate in the
organic phase.


 


 Distilled water (1.4 ml) and chloroform
(1.4 ml) containing zinc diethyldithiocarbamate (4.6 


 


×


 


10


 


–5


 


 mol/l) were placed in a quartz cell with an optical
path length of 1 cm. The phases were not agitated. The
laser beam was passed through the organic phase. The
working solution of copper(II) (1 


 


×


 


 10


 


–3


 


 mol/l, 20 


 


µ


 


l)
was micropipetted into the aqueous phase. The ther-
mal-lens signal from the organic phase was measured
for 20 min while varying the beam–interface distance
between 0 and 6 mm (


 


λ


 


e


 


 = 514.5 nm, 


 


P


 


e


 


 = 60 mW).


 


Thermal-length signal evolution parameters.


 


 A
single measurement taken from the sample is an appa-
ratus signal (


 


ϑ


 


) defined as follows [11]:


(1)


where 


 


I


 


p


 


(0) is the intensity of probing radiation in the
absence of a thermal lens (when the shutter of the mod-
ulator is closed) and 


 


I


 


p


 


(


 


∞


 


) is the intensity of probing
radiation when the thermal lens is fully developed (the


ϑ
I p 0( ) I p ∞( )–


I p ∞( )
--------------------------------,=


 


Configuration parameters of the dual-beam thermal-lens spectrometer


Inducing laser Wavelength (


 


λ


 


e


 


, nm) 514.5


Focal length of the focusing lens (


 


f


 


e


 


, mm) 300


Confocal length (


 


z


 


c


 


, 


 


e


 


, mm) 6.4


Laser radiation power in the cell (


 


P


 


e


 


, mW) 80–500


Beam waist diameter (2 


 


×


 


 


 


ω


 


0


 


e


 


, 


 


µ


 


m) 64.5


Probing laser Wavelength (


 


λ


 


e


 


, nm) 632.8


Focal length of the focusing lens (


 


f


 


e


 


, mm) 185


Confocal length (


 


z


 


c


 


, 


 


e


 


, mm) 0.9


Laser radiation power in the cell (


 


P


 


e


 


, mW) 3


Beam waist diameter (2 


 


×


 


 


 


ω


 


0


 


e


 


, 


 


µ


 


m) 27


Geometric parameters Optical path length (


 


l


 


, 


 


µ


 


m) 100


Distance between the cell and the detector (cm) 180


Ratio of the cross-sectional areas of the probing and inducing 
beams in the cell (


 


m


 


)
2.85


Relative distance between the waist of the inducing beam and 
the cell (


 


V


 


)
3.93


Chopping frequency (


 


ψ


 


, Hz) 2
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shutter of the modulator is completely open). The fol-
lowing quantity was used as the analytical thermal-lens
signal [11, 12]:


(2)


where 


 


P


 


e


 


 is the power of the radiation inducing the ther-
mal length (W), 


 


A


 


 is the absorbance of the sample
(medium), and 


 


E


 


0


 


 is the sensitivity enhancement factor
as the ratio of the thermal-lens signal to the conven-
tional spectrophotometric signal for inducing radiation
of unit power. The factor 


 


E


 


0


 


 is expressed as


(3)


where 


 


λ


 


e


 


 is the wavelength of the inducing laser, 


 


dn


 


/


 


dT


 


is the temperature gradient of the refractive index, and


 


k


 


 is thermal conductivity. The analytical signal 


 


θ


 


 and
the apparatus signal 


 


ϑ


 


 are interrelated by the equation


(4)


where B is the geometric constant of the spectrometer,


(5)


which takes into account the distance between the waist
of the probing beam and the cell (V, in units of the con-
focal length of the inducing laser), as well as the ratio
of the cross-sectional areas of the probing and inducing
beams in the sample m [11].


RESULTS AND DISCUSSION


In thermal-lens measurements in the organic phase,
the signal evolution curve indicates convective oscilla-


θ 2.303E0PeA,=


E0
dn/dT–( )
λek


-----------------------,=


ϑ 1 Bθ–( )2 1,–=


B
1
2
--- 2mV


1 2m V2+ +
-----------------------------⎝ ⎠


⎛ ⎞ ,arctan=


tions with a constant period and a rather random ampli-
tude. This causes severe difficulties in the measure-
ments. Earlier, we demonstrated that the amplitude of
convective oscillations depends strongly on thermal-
lens signal measurement parameters [14]. In our exper-
iments, we set the time-resolved measurement time at
300 ms (100 points) and the steady-state thermal-lens
measurement time at 500 ms (900 points) for the reason
that, at these measurement parameters, there are no sig-
nificant oscillations of the thermooptical signal [14].


Thermal-lens study of the extraction of cop-
per(II) with zinc diethyldithiocarbamate in an agi-
tated system. Considering the high purity of the sol-
vents and reagents, we did not further purify them prior
to thermal-lens measurements. The magnitude of the
thermal-lens signal in the blank run did not exceed 0.10
and was low as compared to the range in which the sig-
nal magnitude varied during the reaction (∆θ = 3.5).
The magnitude of the blank signal, which was deter-
mined by the purity of Zn(DDC)2 in chloroform,
decreased with time. For this reason, the working solu-
tion of this reagent was prepared immediately before
measurements.


The metrological characteristics of the extraction–
thermal-lens determination of copper(II) with zinc
diethyldithiocarbamate (procedure 1) were evaluated
using the calibration plot defined by the equation


(6)


where c is the molar concentration of copper(II) in the
organic phase. The detection limit is 8 × 10–9 mol/l,
approximately six times lower than the detection limit
in the extraction–thermal-lens determination of cop-
per(II) with sodium diethyldithiocarbamate [16]. The
range of determinable copper(II) concentrations is
3.0 × 10–8–1.0 × 10–6 mol/l. For initial concentrations of
4 × 10–8 to 7 × 10–7 mol/l, it was demonstrated that the
residual copper(II) concentration in the aqueous phase
is negligible (the recovery factor is 100%). For the ini-
tial concentration 1 × 10–6 mol/l, the copper(II) concen-
tration in the aqueous phase is no higher than 3 ×
10−8 mol/l. The dependence of the amount of copper
transferred to chloroform on the c(ZnDDC)org/c(Cu)aq ratio
is plotted in Fig. 1. The smallest reagent : metal ratio
ensuring 100% recovery is 60 : 1.


Copper(II) mass transfer with zinc diethyldithio-
carbamate. Extraction and complex formation were
studied under conditions such that the metal (copper)
ion is in the aqueous phase and the ligand (zinc dieth-
yldithiocarbamate) is in the organic phase. The phases
were not mixed mechanically. Complex formation at
the interface and the diffusion of the complex into the
organic phase were monitored by measuring the ther-
mal-lens signal from the organic phase near the inter-
face.


θ 8.97 0.05±( ) 105c 0.096 0.007±( ),–×=


n 6, P 0.95, r 0.998,= = =


60


50


R


cZnDDC(org)/cCu(aq)


80


150 250


100


40


Fig. 1. Extent of copper(II) diethyldithiocarbamate extrac-
tion into the organic phase as a function of the reagent :
metal ratio (le = 514.5 nm, Pe = 60 mW,  = 4.6 ×


10–5 mol/l).


cZn DDC( )2
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Figure 2 illustrates the evolution of the thermal-lens
signal from the complex in the organic phase for vari-
ous copper(II) concentrations in the aqueous phase.
The increase in the signal magnitude is due to cop-
per(II) transfer across the interface and the formation of
copper diethyldithiocarbamate through the replacement
of zinc in its complex. The amount of copper trans-
ferred in a certain time interval (10 min) is derived from
the calibration plot for the thermal-lens signal (Eq. (1)).
For all concentrations examined, the recovery factor
did not exceed 3% (Fig. 3).


The copper(II) complex formation rate depends on
two processes, namely, the diffusion of copper(II) ions
across the interface and the substitution of copper(II)
for zinc in zinc diethyldithiocarbamate. Which of the
processes will dominate depends on the initial cop-
per(II) concentration in the aqueous phase (Fig. 4). At a
copper concentration below 4 × 10–5 mol/l in the aque-
ous phase, the complex formation rate is nearly con-
stant. Evidently, copper(II) diffusion across the water–
chloroform interface is the rate-limiting process and is
most likely controlled by copper(II) diffusion in the
aqueous medium toward the interface. At copper(II)
concentrations of 4 × 10–5 to 1 × 10–4 mol/l in the aque-
ous phase, the complex formation rate is proportional to
the copper concentration. Apparently, the rate-limiting
process in this case is the formation of the copper(II)
complex. This view is confirmed by the fact that, at
high copper(II) concentrations, the signal magnitude


grows less rapidly because of the decreased metal : reagent
ratio.


Copper(II) diethyldithiocarbamate diffusion in
the organic phase. Irrespective of the distance between
the measurement point and the interface (l), the signal
versus time curve runs like that shown in Fig. 5: the sig-
nal increases linearly up to some time point t0, at which
its buildup slows down. The higher-to-lower buildup
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Time, s
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0.6


0.8


1.0
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Fig. 2. Kinetics of copper(II) extraction with zinc diethyldithiocarbamate into the organic phase in the unagitated system. The cop-
per(II) concentration in the aqueous phase is (1) 2.8 × 10–5, (2) 4.3 × 10–5, (3) 5.7 × 10–5, (4) 7.1 × 10–5, and (5) 1.4 × 10–4 mol/l.


 = 4.6 × 10–5 mol/l; le = 514.5 nm; Pe = 60 mW. Data processing is illustrated for curve 5.cZn DDC( )2
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Fig. 3. Amount of copper(II) transferred into the organic
phase in the unagitated system 10 min after the beginning of
extraction as a function of the initial copper(II) concentra-
tion in the aqueous phase. le = 514.5 nm; Pe = 60 mW;


 = 4.6 × 10–5 mol/l.cZn DDC( )2
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rate transition occurs at the same time of t0 = 6.6 ± 0.2 s
for l = 0.2–3.0 mm (Fig. 6). Since t0 is independent of
the measurement point, it is reasonable to assume that
the run of the signal magnitude curve is governed by the
copper diethyldithiocarbamate formation kinetics. In
order to verify this assumption, we calculated the rate
constant for copper diethyldithiocarbamate formation
via the reaction between the copper ion and zinc dieth-
yldithiocarbamate, using the following equation:


(7)k1


βCu DDC( )2


βZn DDC( )2


--------------------k 1– .=


Here,  and  are the stability constants
of copper and zinc diethyldithiocarbamates
(log  = 12.6 [16], and log  = 11.4 [17])
and k–1 is copper diethyldithiocarbamate decomposi-
tion rate constant (k–1 = 0.03 min–1 [16]). Equation (7)
gives k1 = 0.6 min–1, implying that the degree of com-
plexation of copper at the time t0 is 95 ± 2%. Therefore,
the run of the initial portion of the curve in Fig. 5 is
explained by the fact that the process is controlled both
by the formation of copper diethyldithiocarbamate and
by the diffusion of this complex into the bulk of the
organic phase. Starting at the time t0, the process rate is
determined only by the diffusion of the complex.


This inference is confirmed by the observed depen-
dence of the copper(II) diethyldithiocarbamate signal
buildup rate on the distance between the measurement
point and the interface for both portions of the signal
magnitude curve (Fig. 7). The slope of the second por-
tion of the curve in Fig. 5 is in agreement with Fick’s
equation:


(8)


where x is the coordinate along the diffusion mass
transfer direction (normal to the interface), t is the dif-
fusion time (s), c0 is the substance concentration at the
initial time point of diffusion (mol/l), and D is the dif-
fusion coefficient (here, D = 5 × 10–6 cm2/s).


Thus, the diffusion of the resulting complex in the
organic phase is fairly rapid and does not affect the for-
mation of copper(II) diethyldithiocarbamate. An analy-
sis of the curve shown in Fig. 5 demonstrated that the


βCu DDC( )2
βZn DDC( )2


βCu DDC( )2
βZn DDC( )2


c x t,( )
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2
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Fig. 4. Copper(II) diethyldithiocarbamate formation rate in
chloroform as a function of copper(II) concentration in the
aqueous phase. le = 514.5 nm; Pe = 60 mW;  =


4.6 × 10–5 mol/l.
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Fig. 5. Evolution of the thermal-lens signal from copper(II) diethyldithiocarbamate in chloroform. The distance between the mea-
surement point and the interface is 620 µm; cCu(aq) = 7 × 10–5 mol/l;  = 4.6 × 10–5 mol/l; le = 514.5 nm; Pe = 60 mW.cZn DDC( )2
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largest amount of copper(II) transferred into the
organic phase under the conditions examined is 4%.


Metrological characteristics of copper determi-
nation. Under optimal measurement conditions, the
calibration plots are given by the following equations:


(9)
αtan 7.16 0.05±( )c 0.00005 0.0001±( ),+=


n 10, P 0.95, r 0.978,= = =


where c is the molar concentration of copper in the
aqueous phase, and


(10)


The copper detection limit is 2 × 10–7 mol/l (4 ×
10–7 mol/l in the aqueous phase). The plots are linear in
the copper(II) concentration range of 2.0 × 10–7 to 1.5 ×
10–4 mol/l. The standard deviation in this concentration
range does not exceed 0.03 (n = 10).
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Optically active sulfoxides are an important class of
compounds widely used in asymmetric synthesis. The
most popular method of synthesis of optically active
sulfoxides is enantioselective oxidation of readily
available prochiral sulfides [1].


Transition metal (including vanadium) peroxo com-
plexes with sterically hindered tridentate ligands, opti-
cally active Schiff bases, are promising oxidants for ste-
reoselective transformation of sulfides into sulfoxides
[2, 3]. Such oxidative systems oxidize prochiral sul-
fides to chiral sulfoxides with high stereoselectivity, the
oxidation efficiency depending on the structure of the
ligand and initial Schiff base [1, 4].


In the present work, the following chiral complexes
were used for stereoselective oxidation of sulfides:
diperxovanadium complex with 


 


L


 


-proline 


 


1


 


 and oxova-
nadium complexes with optically active Schiff bases 


 


2


 


–


 


5


 


 (Scheme 1).


The ligands for complexes 


 


2


 


 and 


 


3


 


 were obtained in
situ and were not isolated separately [5]. The ligands
for complexes 


 


4


 


 and 


 


5


 


 were preliminarily synthesized.


Peroxovanadium complex 


 


1


 


 was synthesized as
described in [6]. Upon the reaction, yellow-orange


crystals were precipitated from the solution. These
crystals are stable in the solid state at low temperature
(below 0


 


°


 


C) for several hours; soluble in methylene
chloride, acetone, ethyl acetate, and other solvents of
medium polarity; and poorly soluble in water. Accord-
ing to elemental analysis, complex 


 


1


 


 contains five water
molecules; i.e., it is a pentahydrate.


In the IR spectrum of complex 


 


1


 


, the strongest bands
correspond to crystal water vibrations (3450–
3200 cm


 


−


 


1


 


) and to the stretching vibrations of the oxo-
diperoxovanadium moiety (968 cm


 


−


 


1


 


 (V=O), 879 and
858 cm


 


−


 


1


 


 (O–O)). It is worth noting that these band
maxima coincide with the literature data [7] within
4 cm


 


−


 


1


 


. The ligand vibrations in 


 


1


 


 give rise, first of all,
to the band at 1766 cm


 


−


 


1


 


 (its position is virtually the
same as in the spectrum of crystalline proline) and to a
number of weak bands in the range 950–1200 cm


 


−


 


1


 


.
The positions and intensities of most bands in the IR
spectrum of 
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, especially in the range 1700–1300 cm
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,
are virtually the same as in the spectra of the ligand.
The spectrum of 
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 shows the pattern typical of seven-
coordinate diperoxo complexes: a broad band at
575 cm
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 and a medium band at 625 cm


 


−
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Abstract


 


—Oxo- and diperoxovanadium complexes with chiral ligands—
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-proline and Schiff bases—have
been synthesized. In the presence of these complexes, prochiral alkyl aryl sulfides have been stereoselectively
oxidized to optically active sulfoxides with the enantiomeric excess up to 85%.
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ing, respectively, to the symmetric and asymmetric
vibrations of the V–O


 


peroxo


 


 moiety.


The 


 


51


 


V NMR spectrum of complex 


 


1


 


 in the
organic phase (CH


 


2


 


Cl


 


2


 


) is represented by a singlet at
–642.345 ppm typical of oxodiperoxovanadium com-
plexes. The vanadium signal of complex 


 


1


 


 is shifted
downfield from the signals of peroxovanadium com-
plexes with pyridine ligands [8], which confirms our
previous conclusion concerning the existence of a cor-
relation between the chemical shift and the electron-
donating properties of ligands.


Oxovanadium complexes 


 


2


 


 and 


 


3


 


 were synthesized
as described in [5] by the reaction of vanadyl sulfate
VOSO


 


4


 


 with salicylaldehyde and 


 


α


 


-amino acids 


 


L


 


-ala-
nine (


 


2


 


) and 


 


L


 


-phenylalanine (


 


3


 


). The ligand in com-
plexes 


 


2


 


 and 


 


3


 


 is a dibasic tridentate Schiff base.


Vanadium complexes 


 


4


 


 and 


 


5


 


 were synthesized by
the reaction of vanadyl acetylacetonate VO(acac)


 


2


 


 with
optically active ligands 


 


10


 


 and 


 


11


 


 as described in [9,
10]. In each case, the reaction yielded dark green vis-
cous precipitates insoluble in water, acetone, and ben-
zene and soluble in methanol, chloroform, and methyl-
ene chloride.


In the IR spectra of complexes 


 


2


 


–


 


5


 


, the strongest
bands correspond to the crystal water vibrations (3450–
3200 cm


 


−


 


1


 


), as well as to the V=O stretching vibrations
(980, 975, 970, and 975 cm


 


−


 


1


 


, respectively). The band
at 1625 cm


 


−


 


1


 


 is due to the CH=N stretching vibrations
of the ligand.


Previously [11], we studied the structure of complex


 


2


 


—[2-(


 


N


 


-salicylidene)aminopropionato]oxovanadium


monohydrate C


 


10


 


H


 


9


 


N


 


1


 


O


 


5


 


V


 


1


 


—by X-ray crystallogra-
phy.


The 


 


51


 


V NMR spectra of complexes 


 


2


 


–


 


5


 


 show two
signals in the range from –530 to –575 ppm corre-
sponding to oxovanadium complexes. The chemical
shifts of vanadium atoms in oxo complexes 


 


2


 


–


 


5


 


, as in
oxo diperoxo complexes, are determined by the elec-
tron-donating properties of the ligands in the coordina-
tion sphere: the stronger the electron-donating proper-
ties of the ligand, the larger the electron shielding and,
correspondingly, the larger the downfield shift of the
signals (Table 1).


The presence of two signals in the spectra of com-
plexes 


 


2


 


–


 


5


 


 can be evidence of the existence of two dia-
stereomeric 


 


endo


 


 and 


 


exo


 


 forms of each of these com-
plexes (Scheme 2).


The catalytic activity of the resulting chiral com-
plexes in the asymmetric oxidation of prochiral sulfides
was studied for ethyl phenyl sulfide (


 


11


 


) and phenyl
benzyl sulfide (


 


12


 


). The results of oxidation experi-
ments are presented in Table 2 (Scheme 3).


The oxidation of ethyl phenyl sulfide and phenyl
benzyl sulfide by hydrogen peroxide under asymmetric
catalysis conditions in the presence of vanadium com-
plexes yields ethyl phenyl sulfoxide and phenyl benzyl
sulfoxide as major products. Formation of sulfone mix-
tures was observed in none of the cases. The chemical
yields of the sulfoxides are rather high (Table 2). The
optical rotation, absolute configuration, and enantio-
meric excess of sulfoxides were calculated from the
absolute angles of rotation of known enantiopure sul-
foxides. For some sulfoxides, the enantiomeric excess
data were confirmed by high-performance liquid chro-
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matography (HPLC) on a chiral sorbent, silica gel with
grafted (R)-N-(3,5-dinitrobenzoyl)phenylglycine. Pre-
viously, this sorbent was found to be efficient for chro-
matographic separation of racemic sulfoxides [16].


The oxidation of sulfides by vanadium complexes
1–5 with ligands in the (S) configuration yields, in each
case, corresponding (S)-sulfoxides. The highest enanti-
oselectivity of sulfoxides was observed when com-
plexes 2 and 3 were used, and the lowest enantioselec-
tivity was observed for complex 1 with proline as the
ligand. This is due to the fact that this complex is an oxo
diperoxo complex, in which, as in other such com-
plexes, the nucleophilic attack of the sulfide occurs at a
peroxide oxygen. In this case, proline does not protect
the peroxide oxygen atoms so that they can be attacked
on several sides. This factor is responsible for the low
enantioselectivity of the resulting sulfoxides (Scheme 4).


In the case of monoperoxo complexes with triden-
tate ligands, the number of vacant sites for insertion of
the substrate into the complex is sharply limited as
compared with the diperoxo complex. The enantioselec-
tivity of the process thereby increases, and, due to
increasing steric hindrances, the yield of sulfoxide is
higher when the ligand has a tert-butyl group (Scheme 5).


Thus, peroxovanadium and oxovanadium com-
plexes exhibit specific properties that make it possible


to use them for regio- and stereoselective oxidation of
organic sulfides in aqueous and organic media.


EXPERIMENTAL


Electron impact mass spectra (70 eV) were recorded
on a Finnigan MAT 112S mass spectrometer. Gas chro-
matography/mass spectrometry analysis was per-
formed on a Hewlett-Packard 5972MSD instrument in
the chromatographic mode, with the temperature being
programmed in the range 110–290°C at a rate of
10 K/min (helium as the carrier gas; ionization energy,
70 eV).


The 51V NMR spectra (52.6 MHz) were recorded on
a Tesla Bruker AC-200 radiospectrometer (single-pulse
excitation; excitation pulse width, 4 µs; repetition time,
1 s; number of scans, 460). VOCl3 (δ = 0 ppm) was used
as the external reference, and CHCl3 was the solvent.


The IR spectra were recorded as thin films and
CH2Cl2 and CHCl3 solutions on a Specord M80 spec-
trophotometer in the range 400–4000 cm−1 with the res-
olution 2.5–4.0 cm−1.


HPLC analysis was carried out on a liquid chro-
matopraph consisting of a Beckman Model 114M high-
pressure pump, a Rheodyne Model 712S injector with
a loop, and a Carlo Erba Micro UV-Vis 20 detector.
Separation was carried out on a Pirkle DNBPG chro-


SR R' SR R'
O


V-complex, 1 mol %
H2O2 (30%), CH2Cl2


11, 12 (S)-13, (S)-14


11, 13: R = Ph, R' = Et; 12, 14: R = Ph, R' = CH2Ph


:


Scheme 3.
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:


Scheme 4.


Table 2.  Asymmetric oxidation of prochiral sulfides 11 and 12


Sulfide Catalyst Sulfoxide yield, 
% ee*, % , deg


Concentration, 
mol/L, CHCl3


Ethyl phenyl sulfide 11 1 96 27** –98.4 0.13


2 98 75 –273.2 0.13


3 97 78 –280.3 0.10


4 95 65 –235.9 0.13


5 95 59** –214.8 0.13


Phenyl benzyl sulfide 12 1 98 29** –30.2 0.50


2 97 85** –88.5 0.50


3 98 83** –86.4 0.50


4 92 70** –72.9 0.50


5 98 67** –69.8 0.50


Notes: * The enantiomeric excess (ee) was calculated using the on optical rotation of enantiopure sulfoxides 13 and 14 [12–15].
** Confirmed by HPLC.


α[ ]D
25
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matographic column, 250 × 4.6 mm, packed with SiO2
(5 µm) with covalently grafted (R)-N-(3,5-dinitroben-
zoyl)phenylglycine. The mobile phase was a CH2Cl2–
hexane mixture (1 : 1). Chromatographic peaks were
detected at 254 nm.


The course of the reaction and the purity of the prod-
ucts were monitored by TLC on Silufol UV-254 plates.
Depending on the qualitative composition of the reac-
tion mixture, eluent mixtures of different polarity were
used. Specific rotations were measured on a Rudolf
Research polarimeter (σ = 0.0001°). Elemental analy-
sis was carried out on a Carlo Erba microanalyzer.


Synthesis of Vanadium Complexes


Peroxovanadium complex 1, containing L-proline
as the ligand, was obtained as described in [6]. Ten mil-
limoles of NaVO3 · 2H2O was dissolved in 20 mL of
water, the solution was cooled to 5°C, and 0.1 mol of
50% H2O2 was added.The resulting solution was stirred
for 2 min. Then, 15 mmol of L-proline dissolved in a
small amount of water was added. The solution was
stirred for 15 min and simultaneously cooled to 0°C. At
this temperature, the solution was left for crystalliza-
tion. The resulting yellow-orange crystals were sepa-
rated from the supernatant by decantation.


For C5H17NNaO12V anal. calcd. (%): C, 16.82; H,
4.80; N, 3.92.


Found (%): C, 16.86; H, 4.65; N, 3.90,


IR (ν, cm−1): 1766, 968, 879, 858, 625, 575. 51V
NMR (δ, ppm): –642.345.


Oxovanadium complexes 2 and 3 were synthesized
as described in [5]. The ligands were the Schiff bases
obtained in situ by the reaction of salicylaldehyde with
α-amino acid (L-alanine, L-phenylalanine). The yield
of 2 and 3 was ~80% (with respect to VOSO4 · 2H2O,
mp 250°C (from MeOH).


Complex 2. IR (ν, cm−1): 3500, 1625, 980. 51V
NMR (δ, ppm): –554.446, –569.124.


Complex 3. IR (ν, cm−1): 3500, 1625, 975, 972. 51V
NMR (δ, ppm): –553.621, –572.253.


Complexes 4 and 5 with Schiff bases 9 and 10 as
the ligands. Ligands 9 and 10 were synthesized by the
reaction of 3,5-di-tert-butylsalicylaldehyde with (S)-2-
amino alcohols obtained from the corresponding
α-amino acids.


3,5-Di-tert-butylsalicylaldehyde (6) was obtained
as described in [17]. Aldehyde 6 was purified from
impurities and 5-tert-butylsalicylaldehyde traces by
column chromatography on SiO2. A CH2Cl2–hexane
mixture (1 : 1) was used as the eluent. Yield, 62%;
mp 53–56°C (from MeOH) (lit.: mp 53–56°C [17]).
MS, m/z (Irel, %): 234(22), 219(100), 163(10), 135(8),
57(30), 41(14).


(S)-(+)-2-Amino-3-methyl-1-butanol (L-valinol)
(7) and (2S)-2-amino-3-phenylpropanol (L-phenyl-
alaninol) (8) were obtained by reducing L-valine and
L-phenylalanine by LiAlH4. Alcohol 7: yield, 80%;
mp 55–56°C. Alcohol 8: yield, 80%; mp 89–90°C
(from PrOH) (lit.: mp 91–92°C [18]).


(S)-2-(N-3,5-Di-tert-butylsalicylidene)amino-3-
methyl-1-butanol (9) and (S)-2-(N-3,5-di-tert-butyl-
salicylidene)amino-3-phenyl-1-propanol (10) were
synthesized as described in [10]. The yield of 9 and 10
was ~80%, and their 1H and 13C NMR spectra were
identical to those reported in [9, 10].


Complexes 4 and 5 with 9 and 10 as the ligands.
To a solution of 0.05 mmol of [VO(acac)2] in 10 mL of
CH2Cl2, 0.075 mmol of the corresponding ligands was
added. The resulting solution was kept for 3 h at 0°C.
The resulting dark green viscous precipitate was fil-
tered off, washed with distilled water, 50% EtOH, and
ether, and dried in a vacuum desiccator at 40°C. Com-
plex 4: yield, 81%. IR (ν, cm−1): 3450–3200, 1625, 970.
51V NMR (δ, ppm): –536.915, –554.789. Complex 5:
yield, 78%. IR (ν, cm−1): 3450–3200, 1625, 975. 51V
NMR (δ, ppm): –547.023, –560.107.
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Asymmetric Oxidation of Prochiral Sulfides


The oxidant was a 30% aqueous H2O2. The concen-
tration of H2O2 was monitored by titration with potas-
sium permanganate [19]. Prior to the experiments, the
initial phenyl benzyl sulfide was additionally purified
by vacuum distillation. Ethyl phenyl sulfide was syn-
thesized according to [20]. Oxidation of the sulfides
was carried out by the following schemes.


A. Oxidation by oxodiperoxovanadium complex 1.
A reaction mixture containing 10 mmol of the sulfide
dissolved in 10 mL of CH2Cl2, 31 mmol of 30% H2O2,
0.03 mmol of NaVO3 · 2H2O, 0.02 mmol of Bu4N+Br–


in 20 mL of CH2Cl2, and 0.06 mmol of the ligand (L-
proline) dissolved in a small amount of water was
stirred for 4 h at 30°C in a thermostated reactor in an
argon atmosphere. The aqueous layer was extracted
with ether (2 × 20 mL), and the combined organic lay-
ers were washed with water and dried by MgSO4. The
solvent was removed, and the organic phase (to remove
excess water) was applied to a filter column with SiO2
and eluted with an acetone–hexane mixture (4 : 1).


B. Oxidation by peroxovanadium complexes
(2, 3/H2O2) [9]. To 10 mmol of the sulfide dissolved in
10 mL of CH2Cl2, 0.03 mmol of complex 2 or 3 dis-
solved in a small amount of CH2Cl2 was added. To this
solution, 31 mmol of 30% H2O2 was carefully added
under stirring (12 h, 30°C). Further treatment was as
described above (A).


C. Oxidation by peroxovanadium complexes
(4, 5/H2O2). To 4.2 mmol of the corresponding sulfide,
a solution of 0.042 mmol of VO(acac)2 and 0.06 mmol
of the Schiff base with 2-aminoalcohol 9 or 10 in 10 mL
of CH2Cl2 was added. The resulting solution was ther-
mostated at 1°C, and 4.7 mmol of 30% H2O2 was care-
fully added. The reaction mixture was heated to 30°C
over 1 h and stirred at this temperature for another 12 h.
Further treatment was as described above (A). The
structure of the resulting sulfoxides (ethyl phenyl sul-
foxide and phenyl benzyl sulfoxide) was confirmed by
comparison the IR, 1H NMR, and mass spectral data
with the literature data [8, 12, 15]. The yields, absolute
configurations, and enantiomeric excesses determined
for these sulfoxides are presented in Table 2.
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Perfluorinated organic compounds (PFO) have high
chemical and thermal stability, absolute biological
inertness, and express weak intermolecular interac-
tions. The combination of these properties can be
assigned to the high C–F bond strength and the shield-
ing of the carbon framework by fluorine atoms. The
weakness of intermolecular interactions is responsible
for the inability of perfluorocarbons to dissolve and
transfer considerable amounts of gases, in particular,
oxygen and carbon dioxide. On account of these prop-
erties, perfluorocarbons have found wide application in
biology and medicine as efficient gas-transfer media
(blood substitutes). The saturated vapor pressure of


PFO at the human body temperature (310 K), , is


one of the key properties of a blood substitute. ,
which ranges from 0.16 to 2.66 kPa, determines the sta-
bility of an aqueous emulsion of fluorocarbon and its
delivery rate from the body. Medicine uses PFO com-
positions with high or low vapor pressures. Perfluoro-
N-(4-methylcyclohexyl)piperidine, which has low


, is a component of Ftorosan (Russia) blood substi-
tute [1] in mixture with perfluorodecaline.


The PMCP sample to used in this work was synthe-
sized at the Institute of Organoelement Compounds,
Russian Academy of Sciences, by perfluorination of 4-
methylcyclohexylpiperidine with cobalt trifluoride [2].
A sample of the as-synthesized compound was purified
by fractional distillation; its purity (99.99 wt %) was
determined by gas–liquid chromatography on a Perkin-
Elmer F-22 chromatograph equipped with a flame-ion-


ps
310


ps
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ps
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ization detector using a glass capillary column (


 


l


 


 =
50 m, 


 


d


 


 = 0.3 mm, OV-101 stationary phase). The
PMCP sample was a mixture of chair (60%) and boat
(40%) conformers, as analyzed by 


 


19


 


F NMR spectra
(Perkin-Elmer R-32 spectrometer, CF


 


3


 


COOH external
reference). The chromatographic separation of con-
formers was impossible because of the similarity of
their physicochemical properties.


LOW-TEMPERATURE HEAT CAPACITY


PMCP heat capacities were measured on a auto-
mated vacuum adiabatic calorimeter interfaced with an
Aksamit data acquisition and control system
(AK-6.25). The setup design and determination proce-
dure are described in [3]. The heat capacity measure-
ment error was 1.0–2.0% for 6–20 K, 0.5–1.0% for
20


 


−


 


85 K, and 0.2–0.3% for temperatures above 85 K.
Heat capacities 


 


C


 


s


 


, 


 


m


 


 were measured at 10.3–347.5 K at
the saturated vapor pressure. Liquid helium or nitrogen
was the cooling agent. Crystallization occurred while a
test sample was cooled from room temperature to
77.4 K for 12 h (in the absence of heat lift to the adia-
batic shell, which slows down crystallization). The heat
capacity versus temperature plot (Fig. 1) shows a ther-
mal anomaly associated with fusion of the sample. The
heat capacity difference


Cp m, Cs m,– T ∂V /∂T( )p ∂P/∂T( )s,=
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which was estimated for a liquid at 298.15 K, was
within the 


 


C


 


s


 


, 


 


m


 


 error limits; therefore, we ignored it
over the entire range of the temperatures studied.


The purity and triple-point temperature (


 


T


 


tp


 


) of the
test compound were determined calorimetrically by
studying the equilibrium fusion temperature (


 


T


 


i


 


) as a
function of the inverse molten fraction of the sample
(1/


 


F


 


i


 


) [4]. The results of two experiments are illustrated
by Fig. 2 and, in part, Table 1. The 


 


T


 


i


 


(1/


 


F


 


i


 


) plots for both
experiments are concave curves, which can be inter-
preted by mixed-crystal formation as a result of rapid
crystallization. The least-squares fits give


(1)


where 


 


T


 


0


 


(


 


T


 


tp


 


) = 293.26 K is the fusion temperature of
the pure compound, 


 


T


 


1


 


 = 292.80 K is the fusion temper-
ature of the sample with the molten fraction equal to


 


F


 


 = 1, and 


 


T


 


1


 


 – 


 


T


 


0


 


 = –0.46 K is the 


 


T


 


tp


 


 depression. The
impurity mole fraction 


 


N


 


2


 


 was determined by the Smith
and Aleksandrov method using 


 


T


 


i


 


 = 


 


f


 


(1/


 


F
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) experimen-


Ti 0.466 1/Fi( )– T0, R2+ 0.9359,= =


 


tal data and the equation for 


 


N


 


2


 


 in a binary system with
solid solution formation [6, 7]:


(2)


Here, 


 


T


 


i


 


 is the equilibrium temperature for the mol-
ten fraction 


 


F


 


i


 


, 


 


A


 


K


 


 is the cryoscopic constant for the
major substance, and 


 


k


 


 is the partition coefficient of
impurities between the solid and liquid. The weakness
of this equation for calculating 


 


N


 


2


 


 consists in the need
to determine 


 


K


 


 by an independent method. In [7],
Eq. (2) was transformed, by differentiating and taking
logarithm, to


(3)


Equation (3) can determine 
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 directly from 
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 =
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) experimental data and calculate the impurity
mole fraction (


 


N


 


2


 


). The least-squares fits of two frac-
tional fusion data sets gave mean values:


These data and the cryoscopic constant 


 


A


 


K


 


 =


 = 0.011635 


 


±


 


 0.00002, which was
obtained as in [4], were used to calculate the impurity
mole fraction in the PMCP test sample: 


 


N


 


2


 


 = 0.0034.
The 


 


N


 


2


 


 error was ~30%.


The enthalpy of fusion for PMCP was determined
calorimetrically with the continuous supply of energy,
required for the phase transition in the test compound,
followed by 
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 (J/mol) calculations from


(4)


Ti T0


N2


AK


------1 k–


Fi
1 k–


-----------,–=


dTi


d 1/Fi( )
------------------–⎝ ⎠


⎛ ⎞ln
N2


AK


------ 1 k–( )2


⎩ ⎭
⎨ ⎬
⎧ ⎫


ln k 1/Fi( ).ln–=


k 1.241 and
N2


AK


------ 1 k–( )2


⎩ ⎭
⎨ ⎬
⎧ ⎫


ln 0.41.= =


∆fusHm
0 /RT0


2


∆fusHm ∆H ∆H1– ∆H2– ∆H3,–=


100


1


100


100


200 300 400
T, K


Ttp


0


300


500


700


C
p,


 m
, J


/(
K


 m
ol


)


200 3000


2
3


T2, K2


C
p,


 m
/T


,
J/


(K
2  m


ol
)


Fig. 1. Heat capacity vs. temperature for PMCP.
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Here, ∆H is the enthalpy increment upon heating of
the compound from Tin < Ttp, a temperature at which it
has a normal heat capacity, to Tf > Ttp; ∆H1 and ∆H2 are
the enthalpies of heating for the test compound, which
were calculated by integrating the normal heat capacity
curves from Tin to Ttp and the heat capacities of the liq-
uid from Ttp to Tf, respectively; and ∆H3 is the enthalpy
of heating of an empty calorimeter from Tin to Tf. Five
calorimetric experiments were carried out to determine
∆fusHm (Table 2). Table 3 lists the thermodynamic
parameters of fusion for PMCP obtained by adiabatic
calorimetry and differential scanning calorimetry. The
purity of the test sample (N1), triple-point temperature,
and enthalpy of fusion obtained by the two independent
methods match within their error limits, which vali-
dates their adequacy.


Experimental heat capacity versus temperature data
were fitted to polynomials as in [3]. Calculated Cp, m
values match measured ones within the error limits: the
mean-square deviation is 0.25%. Extrapolation of the


heat capacity from 10.27 K to T  0 was carried out
using


(5)


where α = 0.00202 ± 0.0002 kJ/(K4 mol) and γ =
0.724 ± 0.04 J/(K2 mol) are the factors of a linear
dependence calculated from Cp, m experimental data in
the 10.27–15.96 K range. The mean-square deviation of
the Cp, m calculated by Eq. (5) from those found exper-
imentally is ±2.8%. The constant term in Eq. (5) equals
the residual entropy of the test sample, which is a mix-


ture of two conformers: (0) = 1.72 J/(K mol).


The thermodynamic functions of PMCP were calcu-
lated by integrating the Cp, m = f(T) polynomial func-
tions for a crystal and liquid and summing-up the
enthalpies and entropies of fusion of the test com-
pound. The function values below 10.27 K were found
by integrating Eq. (5) and Cp, m = αT3 + γT. Table 4 lists


smoothed Cp, m(T), (T) – (0), (T) – (0),


and –{ (T) – (0)} functions in the condensed
state for the range of the temperatures studied.


VAPOR PRESSURE AS A FUNCTION
OF TEMPERATURE


The saturated vapor pressure of PMCP at various
temperatures was determined by a comparative
dynamic method on a setup built of a differential ebul-
liometer (for measuring boiling (Tb) and condensation
(Tcond) temperatures) and a pressure gage system
(for automated pressure regulation and determination
in the ebulliometer) [8, 9]. The pressure gage system,
whose hart was a mercury contact pressure gage, oper-
ated in the manostat mode. Tb and Tcond were measured
by mercury resistance thermometers (R0 ~ 100 Ω) at the
pressures automatically maintained by the pressure-
gage system at the gage-contact levels. To adjust a fixed
pressure equal to the saturated vapor pressure of the test


Cp m, /T αT2 γ ,+=
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0 Hm
0 Hm
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0


      
Table 1.  Equilibrium temperature Ti as a function of recip-
rocal melt mole fraction, 1/Fi, for PMCP


Ti, K qi, J 1/Fi Ti(calc), K


290.232a 4.900 7.0287a 290.077


291.334a 4.900 3.5144a 291.724


292.154a 5.042 2.3205a 292.283


292.649a 4.900 1.7446a 292.553


292.961a 4.900 1.3977a 292.715


293.191a 4.900 1.1659a 292.824


293.459 4.900 1.0000 292.901


– – 0.0000 293.370


Note: a Ti and 1/Fi used to calculate Ttp, as recommended in [5].


Table 2.  Molar enthalpy of fusion ∆fusHm for PMCP (M = 595.103 g/mol, mvac = 1.80945 g, Ttp = 293.26 K)


Tin Tf


255.636 306.488 54793 20052 8042 18359 8340


255.558 305.944 54314 20092 7720 18185 8317


255.633 305.547 53860 20054 7485 18012 8309


259.019 308.583 53855 18320 9287 17943 8305


258.394 308.042 53881 18642 8965 17964 8310


Average: 8316 ± 17


Note: a Physical meaning of ∆Hi (J/mol) is disclosed in the text after Eq. (4).


∆H1
a ∆H2


a ∆H3
a ∆H4


a ∆fusHm
a
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compound, argon gas was fed into the ebulliometric
system. The pressures at the gage contacts were deter-
mined by precalibration against references, water (bid-
istillate) and n-decane (chromatographically pure), for
which precision saturated vapor pressure versus tem-
perature data are known [10, 11]. Tb and Tcond were
measured automatically on the AK-6.25 system, which
was used for heat capacity measurements. Instrumental
errors in pressures and temperatures were as follows:
Sp ≤ ±26 Pa, and ST ≤ ±0.01 K. The volume of the test-
liquid required for Tb and Tcond measurements was 6.5
and ~9 cm3, respectively.


The set of ebulliometric experiments was started
with the determination of the ebulliometric purity of the
test compound as ∆Teb = Tb – Tcond on the ebulliometric
scale [12]. Some liquid (~0.5 cm3) was first distilled off
the ebulliometer to entrain volatile impurities and trace
water in an azeotrope. The saturated vapor pressure of
p-perfluoro-N-(4-methylcyclohexyl)piperidine was
determined as a function of temperature for the 374–
461 K temperature range and the 6.2–101.6 kPa pres-
sure range. Table 5 lists the boiling and condensation
temperatures and saturated vapor pressures of PMCP.
The difference ∆T = Tb – Tcond corresponds to degree III
on the five-point ebulliometric purity scale [12], which
is due to 0.34 mol % impurities in the test compound
(Table 3). The difference between the Tb values mea-
sured at the beginning of an experiment and at the end
falls within the instrumental error limits (ST), proving
that the test sample remained unchanged during ebul-
liometric measurements.


The boiling temperature and saturated vapor pres-
sure data were fitted, as in [8, 9], to the four-parameter
equation


which was derived from the Clausius–Clapeyron equa-


tion in the approximation for ∆Cp, m = (gas) =


(liq) as a linear function of T. Least-squares fits
with orthogonal functions were used. In the concise


RT pln– f T( ),=


Cp m,
0


Cp m,
0


form, the final equations for the saturated vapor pres-
sure and the enthalpies of vaporization are as follows:


(6)


(7)


Here, ∆Z is the difference between the compressibil-
ity factors for gas and liquid; A, B, and C are linear
combinations of orthogonal parameters; D is an inde-
pendent coefficient, equal to the minimum orthogonal


parameter; σ( ) is the error in the enthalpies of
vaporization due to pT errors; and s(∆Z) is the ∆Z
uncertainty from Eq. (8) estimated at ~1% [8, 9]. ∆Z,
which accounts for the vapor nonideality and phase vol-
ume increments upon vaporization, was calculated
from


(8)


where V(gas) and V(liq) are, respectively, the volumes
of the gas and liquid calculated from the density of the
liquid and pT parameters, as in [8, 9]. The PMCP den-
sity obtained in [13] for the range 293–343°C with
±0.01% precision is fitted to


(9)


Statistical analysis of Eqs. (6) and (7) on the basis of
the inequality


(10)


as in [8, 9], showed a significant nonzero value of D,
which has the highest error: Fcalc(527.4) > F0.05(4.60).
Here, F0.01(1, f) and Fcalc are, respectively, the tabulated
[14] and calculated values of the Fischer criterion and
f is the number of the degrees of freedom.


Processing of pT data for PMCP gave the following
values for the factors in Eqs. (6) and (7): A =
210.05772, –B = 13 500.83, –C = 30.83011, and D ×
10–3 = 28.0834. The mean-square deviation of calcu-
lated P from experimentally found values was within
the error limits (Sp = 5 Pa). The number of significant
digits was chosen such that the mean square deviation
did not exceed the vapor pressure and temperature
determination errors.


The enthalpy of vaporization at 298.15 K was deter-
mined by a balance method in an adiabatic calorimeter
using the nitrogen carrier gas for enhancing vaporiza-
tion. The substance weight required for a set of six to
eight experiments was 0.5–1.0 g. The setup used and
the details of measurements are found in [8, 9]. The
errors in the enthalpies of vaporization are 0.2–0.5%.


Table 6 displays the normal boiling temperature for
PMCP, the calorimetric enthalpies of vaporization, and
those calculated from Eq. (6). The match, within the


p/kPa( )ln A B K/T( ) C T /K( )ln D T /K( ),++ +=


∆vapHm/J mol 1– R{ B– C T /K( )– D T /K( )2}+=


× ∆Z σ ∆vapHm
0( ) s ∆Z( )∆vapHm+{ },±


∆vapHm
0


∆Z P/ RT( ){ } V gas( ) V liq( )–{ },=


c/g cm 3– 1.9782 1.998 10 3– t/°C×–=


– 1.42 10 6–× t/°C( ) 2– .


Fcalc D2/S2 D( ) F0.05 1 f,( ),≥=


     
Table 3.  Thermodynamic properties of fusiona for PMCP as
measured by adiabatic calorimetry (AC) and differential
scanning calorimetry (DSC)


Property AC DSC


Ttp, K 293.26 ± 0.2 293.7 ± 0.4


∆fusHm, kJ/mol 8.316 ± 0.017 8.60 ± 0.1


∆fusSm, J/(K mol) 28.35 ± 0.06 –


N1, % 99.66 ± 0.1 99.57 ± 0.1


AK, K–1 0.01164 ± 2 × 10–5 –


Note: a Ti and 1/Fi used to calculate Ttp, as recommended in [5].
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Table 4.  Smoothed thermodynamic functions for PMCP


T, K Cp, m, J/(K mol) ,
kJ/mol


,
J/(K mol)


,
kJ/mol


Crystal
5 8.873 0.02186 8.704 0.02166


10 19.26 0.09125 17.913 0.08788
15 32.64 0.2199 28.161 0.2025
20 48.27 0.4223 39.696 0.3716
25 60.86 0.6968 51.897 0.6006
30 71.11 1.0269 63.904 0.8902
35 82.05 1.4093 75.673 1.239
40 93.41 1.8481 87.375 1.647
45 104.0 2.3419 98.995 2.113
50 113.9 2.8867 110.46 2.636
55 123.9 3.4813 121.79 3.217
60 133.5 4.1251 132.99 3.854
65 142.8 4.8154 144.04 4.547
70 154.5 5.5579 155.04 5.295
75 166.1 6.3600 166.09 6.097
80 177.6 7.2190 177.18 6.955
85 188.9 8.1354 188.29 7.869
90 200.2 9.1083 199.41 8.839
95 211.4 10.137 210.53 9.863


100 222.6 11.222 221.66 10.94
110 245.3 13.562 243.94 13.27
120 268.4 16.130 266.27 15.82
130 292.4 18.933 288.70 18.60
140 317.5 21.982 311.28 21.60
150 345.2 25.293 334.11 24.82
160 370.6 28.873 357.21 28.28
170 394.0 32.698 380.39 31.97
180 415.0 36.745 403.52 35.89
190 432.5 40.986 426.45 40.04
200 447.8 45.390 449.03 44.42
210 460.8 49.934 471.20 49.02
220 473.2 54.604 492.92 53.84
230 485.1 59.396 514.22 58.87
240 496.4 64.304 535.11 64.12
250 506.9 69.321 555.59 69.58
260 518.0 74.444 575.68 75.23
270 532.8 79.692 595.48 81.09
280 549.0 85.101 615.15 87.14
290 565.3 90.673 634.70 93.39
293.26 570.7 92.524 641.05 95.47


Liquid
293.26 582.2 100.84 669.40 95.47
298.15 586.3 ± 1.2 103.70 ± 0.34 679.06 ± 2.1 98.76 ± 0.71
300 587.8 104.78 682.69 100.0
310 596.0 110.70 702.10 107.0
320 604.2 116.70 721.15 114.1
330 612.2 122.78 739.87 121.4
340 620.1 128.95 758.26 128.9
350 627.8 135.19 776.35 136.5


Hm
0 T( ) Hm


0 0( )– Sm
0 T( ) Sm


0 0( )– Gm
0 T( ) Hm


0 0( )–{ }–
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error limits, between the enthalpies of vaporization
determined by the two independent methods validates
their adequacy and the adequacy of Eq. (6) as an extrap-
olation equation in the range ∆T = 76 K.


The saturated vapor pressure and density data were
used to calculate the critical parameters of PMCP pro-
ceeding from the corresponding states law, which was
developed in [15]. Calculations by the algorithm
described in [16] gave the following parameters: Tc =
600 K, Vc = 950 cm3/mol, and Pc = 1.25 MPa; the ther-
modynamic similarity criterion was Acr = 0.474. The
calculation errors estimated for several references [16]
were ±1, 2, 3–5, and 2%, respectively.


Table 7 lists the major thermodynamic functions in
the ideal-gas state at 298.15 K calculated from the data


displayed in Table 4, calorimetric  (298.15 K),
and the entropy of compression of an ideal gas from p =


∆vapHm
0


101.325 kPa to ps (298.15 K), which was estimated
from Eq. (6). The PMCP vapor pressure at the human


body temperature,  = 157 Pa, is 0.16–2.66 kPa, a
range permissible for use of PFO as blood substitute.


Figure 3 presents the critical temperatures, enthalp-
ies of vaporization, and oxygen capacities ( ) for cis-
and trans-perfluorobicyclo(4,3,0)nonanes (I and II),
cis- and trans-perfluorobicyclo(4,4,0)decanes (III and
IV; components of Ftorosan blood substitute); PMCP
(V); and some of their hydrocarbon analogues (VI–IX),
respectively.  (cm3/100 mL), which is the oxygen
volume in 100 mL of a liquid, was calculated by an
empirical method developed in [18, 19] based on regu-
lar solutions theory.  is a function of intermolecular


ps
310


ϕO2


ϕO2


ϕO2


Table 5.  Boiling temperatures (Tb) and saturated vapor pres-
sure (pexp) for PMCP


pexp, kPa Tb, K


6.202 374.186


374.178a


374.138b


8.391 381.556


10.764 387.917


13.404 393.739


16.807 400.006


20.844 406.215


25.038 411.700


30.883 418.211


37.224 424.240


45.775 431.187


56.065 438.270


67.440 444.987


81.509 452.148


93.084 457.346


95.219 458.241


97.343 459.122


99.494 459.999


101.616 460.854


Notes: a Tb remeasured after the entire pT curve was recorded.
b Condensation temperature, Tcond.


Table 6.  Normal boiling temperature ( ) and standard


enthalpy of vaporization ( ) at 298.15 K and Tn.b for
PMCP


Tn.b, K 460.74 ± 0.01


 (298.15 K), kJ/mol 56.56 ± 0.24 (cal)b


56.58 ± 0.88 (p–T)c


 (Tn.b), kJ/mol 40.68 ± 0.44 (p–T)c


Notes: a Calculated from (6). b Obtained calorimetrically. c Calcu-
lated from (7).


Tn.b
a


∆vapHm
0


∆vapHm
0


∆vapHm
0


Table 7.  Thermodynamic functions of PMCP in an ideal gas


state at T = 298.15 K and residual entropy  at 0 K


, J/(K mol) 423.2


ps(T), Pa 81.37


 (T), kJ/mol 56.56 ± 0.24


 (T), J/(K mol) 189.70 ± 0.8


Rln{ps(T)/101325 Pa}, J/(K mol) –59.26


(g), J/(K mol) 809.5 ± 3


(g), kJ/mol 160.26 ± 0.5


(g), kJ/mol –81.09 ± 0.8


, J/(K mol) 1.72 ± 0.05


Note: a Calculated from additivity [17]; ps(T), saturation vapor pres-


sure;  and , the enthalpy and entropy of vapo-


rization, respectively; Rln{ps(T)/101325 Pa}, the entropy of
compression of an ideal gas from p = 101325 Pa to ps(T);


,


the entropy, enthalpy, and Gibbs free energy increments,
respectively.


Sm
0


Cp m,
0 T( )a


∆vapHm
0


∆vapSm
0
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interaction energy. The critic temperatures and enthalp-
ies of vaporization of perfluorinated organic com-
pounds are lower than for their hydrocarbon analogues,
whereas their oxygen capacities are higher, which can
be explained by the smaller intermolecular interaction
energies of PFO.
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Search for new environmentally sound organic sol-
vents has become topical [1]. Ionic liquids (ILs) are one
class of such solvents. The nonvolatility, inflammabil-
ity, thermostability [2], and frequently water-immisci-
bility make ILs suitable for use in synthesis, catalysis,
extraction [3–6], chromatography [7–9], and electro-
phoresis [10–12]. The voltammetric applications of ILs
are due to their ionic nature, a wide electrochemical
window, and high ionic conductivity [13–16]. Recently,
ILs have been used as solvents for preparing polymers
with various physicochemical properties. Polymeriza-
tion in ILs proceeds more rapidly and efficiently than in
conventional solvents; ILs can behave as plasticizers,
solvents, or both [18]. The extremely low volatility of
ILs (compared to that of ethers and esters, which are
conventional plasticizers) can in future provide basis
for the design of plastic polymers with improved per-
formance parameters. Ionic liquids both have ion-
exchange properties and can plasticize some polymers.
The combination of these properties makes it possible
to use ILs as both plasticizers and electrode-active com-
ponents in the manufacturing of membranes of ion-
selective electrodes (ISEs). Here, we intend to verify
this possibility.


EXPERIMENTAL


 


Reagents


 


Polyvinyl chloride, grade C-70, was used as a binder
in the manufacturing of plasticized ISE membranes.
The electrode-active component (ion-exchanger) and
plasticizer both were dodecylethyldiphenylphospho-


nium bis(trifluoromethylsulfonyl)imide, the first-syn-
thesized ionic liquid (IL):


Solutions of potential-determining ions (PDIs) and
foreign ions were prepared from exact weights with
consecutive dilutions. For this purpose, the following
reagents were used: cetylpyridinium (CP) bromide
(C
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Br), cetyltrimethylammonium (CTMA)
bromide (C
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Br), benzylammonium
hydrochloride (C
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–CH
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HCl), ammonium chlo-
ride (NH


 


4


 


Cl), potassium chloride (KCl), sodium chlo-
ride (NaCl), and lithium chloride (LiCl).


 


Instruments and Techniques


 


Plasticized film membranes were manufactured
using the procedure described in work [19]: the IL and
PVC were one-by-one dissolved in tetrahydrofuran
under stirring (for 2–3 h) and gentle heating (at 60


 


°


 


C).
The weight ratio PVC : IL was varied from 1 : 1 to 1 : 2
(membrane weight, 0.3 g; diameter, 40 mm); the opti-
mal ratio was determined by trial and error. Before
measurements, the membrane was conditioned for 1.5–
3 h in a PDI solution; then, direct potentiometric mea-
surements were carried out on an Orion 420A ionome-
ter/pH-meter. The external reference electrode used
was an EVL-1M3T silver/silver chloride electrode
(Russia) filled with a saturated KCl solution. The elec-
trochemical properties of the test membranes were
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Abstract


 


—The dodecylethyldiphenylphosphonium bis(trifluoromethylsulfonyl)imide ionic liquid (IL) can
behave as both a plasticizer and an electrode-active component in the membranes of ion-selective electrodes
(ISEs). A stable potentiometric response to cationic surfactants is observed. The slope of the electrode function
is close to the Nernstian value for cetylpyridinium (CP) bromide and cetyltrimethylammonium (CTMA) bro-
mide; the detection limits are (5.0 
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 mol/l, respectively. The membrane poten-
tial does not depend on pH in the range from 3 to 11. The possibility of determining the critical micelle con-
centration (CMC) with the ISEs is demonstrated.
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studied by measuring the emf of the galvanic circuit
with transference (Scheme 1).


The detection limit (


 


c


 


min


 


) was estimated, in accor-
dance with the IUPAC recommendations, as the devia-
tion (


 


S


 


log2) of the extrapolated linear portion of the
electrode function from the experimental curve. Poten-
tiometric selectivity coefficients were determined by
the two-ion potential method [19].


pH control was accomplished on an Econix-expert
model 001-3 (Russia) ionometer/pH-meter using an
ESK-10601/7 (Russia) combination glass electrode.
The potential was determined as a function of pH as
follows: to a PDI solution acidified with strong H


 


2


 


SO


 


4


 


to pH 2, a 0.1 M NaOH solution was dropped.
The critical micelle concentration (CMC) was deter-


mined as follows. A series of CP bromide solutions
with concentrations far higher than the suggested CMC
were prepared from exact weights. Cetylpyridinium
solutions with concentrations lower than the CMC were
prepared by consecutive dilutions of a 5 


 


×


 


 10


 


–3


 


 M solu-
tion. The CMC was found as the point of the intersec-
tion of extrapolated linear portions of the electrode
function in the region of high surfactant concentrations.


DISCUSSION


In a search for the optimal membrane composition,
we tested the PVC : IL ratios of 1 : 1, 1 : 1.5, and 1 : 2.
In all cases, dodecylethyldiphenylphosphonium bis(tri-
fluoromethylsulfonyl)imide plasticized PVC; the phys-
ical and performance parameters of the membrane
improved with increasing IL proportion in the mem-


brane. The membrane with PVC : IL = 1 : 2 was a
homogeneous, flexible, elastic, and transparent mem-
brane.


Potential-determining ions (PDIs) were sought in
order to study the electrochemical properties of the
membrane. The highest potentiometric response was
found in the solutions of salts of cations that have sur-
factant properties. Further, the membranes were inves-
tigated in their relation to CP bromide and CTMA bro-
mide.


The electrode functions in the solutions of these sur-
factants have near-Nernstian slopes. The electrode has
good performance parameters toward CP: the slope is
57 
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c


 


min
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 mol/l. In CTMA
solutions, the test membrane also has the Nernstian
response and the reproducibility of the potential is good
((59.5 
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 0.2) mV/dec), but 
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 is slightly worse:
(1.3 
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 0.3) 


 


×


 


 10
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 mol/l (Fig. 1).


In order to decrease 


 


c


 


min


 


, we varied the concentra-
tion of the CP and CTMA inner solutions. A decrease
in the PDI concentration in the inner solution from
5 


 


×


 


 10


 


–6


 


 to 1 
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 mol/l leads to an abrupt decrease in
the slope of the calibration curve but only insignifi-
cantly decreases 
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min


 


. The optimal surfactant concentra-
tion in the inner solution is 5 


 


×


 


 10


 


–6


 


 mol/l.


The potentiometric selectivity coefficients of the
membrane toward PDIs in the presence of foreign ions
were determined by the two-ion potential method
(Fig. 2). The ISE membrane has a high selectivity to
cationic surfactants. Alkali-metal and ammonium cat-
ions, and well as low-hydrophilic benzylammonium
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 Potentiometric selectivity of ISEs toward CP in the
presence of foreign ions (CP-sensitive electrode).
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cations, practically do not affect the CP or CTMA
determinations. The membrane has a slightly higher
affinity to CP than to CTMA, but the difference is not
great.


The membrane potential is independent of pH over
a wide range from 3 to 11. The slight decrease in the
potential at pH > 10 is likely due to the error of the glass
electrode at high alkaline pHs. The abrupt ascent of the
pH curve at acidic pHs is more difficult to interpret.
Likely, this ascent is due to the acid–base properties of


the electrode-active component, e.g., the protonation of
the bis(trifluoromethylsulfonyl)imide anion (Fig. 3).


A significant advantage of our membranes is the
retention of the stability and precision of their electro-
chemical characteristics even after several months; this
is on account of the extremely low volatility of ILs. It is
noteworthy that the weekly measurements of the mem-
brane potential in solutions of cationic surfactants yield
unchanged values of the slope of the electrode function
(only absolute values of the potential insignificantly
change); this means that the test ISE has good perfor-
mance parameters. When the ISE is stored properly
(when it is immersed, together with the inner solution,
in a dilute solution of PDIs), it retains its electrochem-
ical properties during long periods of time. The poten-
tiometric response time even in dilute solutions of cat-
ionic surfactants is not longer than 20 s (Fig. 4).


It is known that direct potentiometry with ISEs is a
method for measuring ion activities (equilibrium con-
centrations); the CMC can be derived from the slope of
the electrode function in the region of high surfactant
concentrations (Fig. 5). A value of (5.37 


 


±


 


 0.20) 


 


×


 


10


 


−


 


4


 


 mol/l was determined for the cetylpyridinium
CMC with the use of the ISE designed. This result
matches the literature data [20].


In summary, we have shown that dodecylethyldiphe-
nylphosphonium bis(trifluoromethylsulfonyl)imide is
suitable for manufacturing new compositions for ISE
membranes; this IL behaves both as an electrode-active
component and solvent/plasticizer. The application per-
spective of the electrode is on account of the high sen-
sitivity, precision, and selectivity of surfactant determi-
nation. The short response time, simple implementa-
tion, and high precision of the analytical signal allows
us to recommend this ISE for use as a potentiometric
detector in in-flow analysis and in chromatography.


ACKNOWLEDGMENTS


This work was supported by the Russian Foundation
for Basic Research (project no. 05-03-32976).


REFERENCES


 


1. Holbrey, J.D. and Seddon, K.R., 


 


Chem. Commun.


 


, 2003,
p. 1209.


2. Wasserscheid, P. and Welton, T., 


 


Ionic Liquids in Synthe-
sis


 


, Wiley/VCH, 2002, p. 380.


3. Dai, S., Ju, Y.H., and Barnes, C.E., 


 


J. Chem. Soc., Dalton
Trans.


 


, 1999, p. 1201.


4. Wikes, J.S., Levisky, J.A., Wilson, R.A., and Hussey, C.L.,


 


Inorg. Chem.


 


, 1982, vol. 21, p. 1263.


5. Visser, A.E., Swatlowski, R.P., and Reichert, W.M.,


 


Chem. Commun.


 


, 2001, p. 135.


6. Huddleston, J.G., Willauer, H.D., Swatloski, R.P., and
Rogers, R.D., 


 


Chem. Commun.


 


, 1998, p. 1765.


 


122 4 6 8 10
pH


190


200


210


220


230


 


E


 


, mV


 


Fig. 3.


 


 ISE potential vs. pH (1 


 


×


 


 10


 


–4


 


 mol/l CP).


 


140


130
20


 


E


 


, mV


 


t


 


, s


150


40 60 800 100


 


Fig. 4.


 


 Response time of the ISE membrane in a CP solution
(5 


 


×


 


 10


 


–5


 


 mol/l).


 


220


180
3


 


E


 


, mV


pC


260


4 5 76


300


 


Fig. 5.


 


 Electrode function of the ISE for CMC determina-
tion for CP.







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 1


 


      


 


2007


 


IONIC LIQUID BASED ON A QUATERNARY PHOSPHONIUM CATION 51


7. Stepnowski, P., Muller, A., Behrend, P., Ranke, J., Hoff-
mann, J., and Jastorff, B., 


 


J. Chromatogr. A


 


, 2003,
vol. 993, p. 173.


8. Armstrong, D.W., He, L., and Liu, Y.S., 


 


Anal. Chem.


 


,
1999, vol. 71, p. 3873.


9. Berthod, A., He, L., and Armstrong, D.W., 


 


Chro-
matografia


 


, 2001, vol. 53, p. 63.
10. Yanes, E.G., Gratz, S.R., and Stalcup, A.M., 


 


Analyst


 


,
2000, vol. 125, p. 1919.


11. Vaher, M., Koel, M., and Kaljurand, M., 


 


J. Chromatogr.
A


 


, 2002, vol. 979, p. 27.
12. Qin, W. and Li, S.F.Y., 


 


Analyst


 


, 2003, vol. 128, p. 37.
13. Khachatryan, K.S., Smirnova, S.V., Torocheshnikova, I.I.,


Shvedene, N.V., Formanovsky, A.A., and Pletner, I.V.,


 


Anal. Bioanal. Chem.


 


, 2005, vol. 381, p. 464.


14. Suarez, P.A., Selbacd, V.M., and Dullius, L.E., 


 


Electro-
chim. Acta


 


, 1997, vol. 42, p. 2533.
15. Chandrasekaran, M., Noel, M., and Krishnan, V., 


 


Tal-
anta


 


, 1990, vol. 37, p. 695.
16. Thomas, J.-L., Howarth, J., and Kennedy, M., 


 


Mole-
cules


 


, 2002, vol. 8, p. 861.
17. Rahman, M.P. and Brazel, C.S., 


 


Europ. Polym. J.


 


, 2003,
vol. 39, p. 1947.


18. Cammann, K., 


 


Das Arbeiten mit ionenselektiven Elek-
troden


 


, Heidelberg: Springer, 1977; Moscow: Mir, 1980.
19. Umezawa, Y., Huhlmann, Ph., Umezawa, K., Tohda, K.,


and Amemiya, Sh., 


 


Pure Appl. Chem.


 


, 2000, vol. 72,
p. 1851.


20. Abramzon, A.A., 


 


Poverkhnostno-aktivnye veshchestva.
Spravochnik


 


 (Surfactants: A Handbook), Leningrad,
1979.








 


ISSN 0027-1314, Moscow University Chemistry Bulletin, 2007, Vol. 62, No. 6, pp. 306–312. © Allerton Press, Inc., 2007.
Original Russian Text © O.V. Krol, A.I. Druzhinina, R.M. Varushchenko, O.V. Dorofeeva, M.D. Reshetova, N.E. Borisova, 2007, published in Vestnik Moskovskogo Universiteta.
Khimiya, 2007, No. 6, pp. 372–381.


 


306


 


Alkyl and aryl derivatives of ferrocene represent a
little studied class of metal–organic complexes. They
have relatively high thermal stability, high vapor pres-
sure, low toxicity, and high reactivity. Due to a favor-
able combination of these properties, ferrocene deriva-
tives are widely used in many fields of technology and
medicine as components of thermostable polymers,
electronic materials, high-octane gasoline additives,
and antitumor and hematopoietic drugs. Available data
on the thermodynamic functions of ferrocene deriva-
tives are few in number, which impedes the develop-
ment of scientific foundations of their production and
application. For ferrocenemethanol (FM), only the sat-
uration vapor pressures in the range of 


 


P


 


 0.1–130 Pa
and the enthalpies of vaporization in the solid and liq-
uid states at 298.15 K are known [1]. The present work
deals with the complex determination of the thermody-
namic properties of FM—the heat capacity; the
enthalpy, entropy, and Gibbs energy changes; and the
enthalpy of formation—by experimental and calcula-
tion methods.


EXPERIMENTAL


 


Synthesis of ferrocenemethanol.


 


 FM was obtained
by alkaline hydrolysis of dimethylaminomethylfer-
rocene iodomethylate by the reaction [2]:


(1)
C5H5FeC5H4CH2N+ CH3( )3


– NaOH+


C5H5FeC5H4CH2OH N(CH3)3.+


 


The product was a mixture of two compounds, FM
and bis(ferrocenylmethyl) ether (BFE)
(C
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5


 


FeC
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H


 


4


 


CH


 


2


 


)


 


2


 


O, in the ratio 5 : 1, which remained
unaltered upon recrystallization of the mixture. The
separation of the mixture was carried out by column
chromatography on alumina with the use of petroleum
ether and diethyl ether for elution of BFE and FM,
respectively. The resulting sample of FM was purified
by column chromatography and recrystallized from
hexane. The absence of impurities was monitored by
thin-layer chromatography. According to NMR, the FM
sample contained about 2% of impurities (most likely,
BFE), which could not be removed by column chroma-
tography. FM was obtained as light yellow needle crys-
tals.


 


Measurement of heat capacity.


 


 The heat capacity
of FM was measured on a fully automated setup con-
sisting of an adiabatic calorimeter, an AK-9.02 data
acquisition and control system, and a personal com-
puter (PC). The setup and calorimetric procedure were
analogous to those described in [3]. A calorimeter cell
consisted of a cylindrical titanium container (~1 cm


 


3


 


)
for a sample; a copper sleeve, in which the container
was tightly inserted; and an adiabatic shield. The heater
of the calorimeter (


 


R


 


 ~ 300 


 


Ω


 


) was mounted on the
external surface of the sleeve. A miniature rhodium–
iron resistance thermometer (


 


R


 


0


 


 ~ 100 


 


Ω


 


), calibrated
against ITS-90, was fixed on the inner surface of the
adiabatic shield to decrease the heat capacity of the
empty container. Temperatures were measured with an
accuracy of 


 


±
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×


 


 10


 


–3


 


 K. The difference between the
container and adiabatic shield temperatures was mea-
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Abstract


 


—The heat capacity (
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) of ferrocenemethanol (FM) C
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OH have been measured by
the low-temperature adiabatic calorimetry method in the range 6–371 K. The triple point temperature, the
enthalpy of fusion, and the purity of the substance under consideration have been determined. The ideal gas


thermodynamic functions of FM—absolute entropy  and change in the enthalpy  at 298.15 K—
have been derived from the heat capacity data and the known values of the saturation vapor pressure and


enthalpy of sublimation. The ideal gas thermodynamic functions  and  and the enthalpy of formation
of FM have been calculated by the empirical difference method at 


 


T


 


 = 298.15 K. The experimental and calcu-
lated values of the thermodynamic functions are consistent within error limits, which proves their reliability.
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sured by a differential thermocouple (Cu + 0.1%
Fe)/Chromel. In this work, the sensitivity of the calori-
metric system was enhanced by using an 11-junction
thermocouple rather than the four-junction one used in
[3]. To eliminate temperature gradients on the adiabatic
shield, an additional three-junction thermocouple and a
heater (


 


R


 


 ~ 133 


 


Ω


 


) were used. This heater was mounted
on the upper part of the shield, to which electric wires
of the thermometer and main heater (


 


R


 


 ~ 300 


 


Ω


 


) were
connected.


The heat capacity was automatically measured by
an AK-9.02 system controlled by a PC [3]. The soft-
ware provided pulsed (stepwise) energy input to the
calorimeter and maintained the adiabatic conditions of
the experiment. The additional heater on the adiabatic
shield compensates for the lack of the second protective
shield, which is usually used in high-precision adia-
batic calorimeters; however, there is no room to place
the second shield in our miniature calorimeter. The
modified calorimetric cell is more sensitive than that
used in [3]. In particular, the difference between the
container and shield temperatures is maintained con-
stant with an accuracy better by an order of magnitude
than in [3] (within 


 


±


 


0.5 mK in the entire temperature
range).


Due to small dimensions, the cryostat with the calo-
rimeter was placed directly into transport Dewar ves-
sels with refrigerants (liquid helium or nitrogen), which
excluded the use of intermediate Dewar flasks and,
thus, saved the refrigerants. A high vacuum in the cry-
ostat was maintained by the cryosorption method with


the use of an efficient charcoal getter, which excluded
the use of a bulky system of roughing and diffusion
pumps. The calorimeter was tested by measuring the
heat capacity of high-purity copper (99.995 wt %,
OSCh 11-4). The 


 


C


 


p


 


, 


 


m


 


 data obtained in the temperature
range 5–300 K are consistent with the precision litera-
ture data [4], on average, within ~0.2%.


To measure the heat capacity, FM crystals were
pressed into a tablet, which was crushed into several
pieces. The latter were loaded into the container of the
calorimeter. Then, the container was sealed with a brass
lid and an indium gasket and filled with helium (the
heat exchange gas) up to the pressure 


 


P


 


 


 


≈


 


 24 kPa.


The heat capacity of FM was measured in the tem-
perature range 6–371 K with the use of liquid helium
and nitrogen as refrigerants. The temperature increment
in the runs for measuring the heat capacity was 0.1–
2.0 K. After an increase in temperature, it took 60–800 s
for temperature equilibrium to be achieved depending
on the temperature range for measuring the normal
(undisturbed) heat capacity in the helium and nitrogen
ranges. The heat capacity of the FM sample was 25–
40% of the total heat capacity of the calorimeter with
the substance. The 


 


C


 


p


 


, 


 


m


 


 values for FM measured in the
temperature range 80–85 K with the use of liquid
helium and nitrogen are consistent within 


 


±


 


0.5%,
which is evidence of the reliability of the procedure of
maintaining adiabatic conditions in the modified calo-
rimetric cell. The FM heat capacity curve is shown in
Fig. 1. The fusion curve of the substance shows an addi-
tional anomaly at 


 


T


 


 = 341.75 K, which is likely related
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 Heat capacity of FM as a function of temperature. Inset: Anomaly in the range of sample fusion.
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to the presence of an impurity in the FM sample stud-
ied. The effect of the impurity on the thermodynamic
properties of FM is estimated in the section “Ideal gas
thermodynamic functions” for absolute entropy as an
example.


The purity of the substance (


 


N


 


2


 


) and the triple point
temperature (


 


T


 


tp


 


) were determined calorimetrically by
studying the dependence of the equilibrium fusion tem-
perature (


 


T


 


i


 


) on the reciprocal mole fraction of the mol-
ten sample (1/


 


F


 


i


 


) [5]. The results are presented in Fig. 2
and Table 1. The 


 


T


 


i


 


(1/


 


F


 


i


 


) curves are concave, which can
be explained by the formation of the solid solution of


BFE in the FM sample under consideration. Least-
squares fitting to a linear equation gave the following
dependence:


(2)


where 


 


T


 


0


 


 (


 


T


 


tp


 


) = 349.62 K is the fusion temperature of
the pure substance, 


 


T


 


1


 


 = 347.80 K is the fusion temper-
ature of the sample at the melt fraction 


 


F


 


 = 1, and 


 


T


 


1


 


 –


 


T


 


0


 


 = –1.827 K is the 


 


T


 


tp


 


 depression. The mole fraction
of impurities (


 


N


 


2


 


) was determined by the Smith–Ale-
ksandrov method from the experimental data on 


 


T


 


i


 


 and
1/


 


F


 


i


 


 and based on the equation for calculation of 


 


N


 


2


 


 of
a binary system forming a solid solution [7, 8]:


(3)


where 


 


T


 


i


 


 is the equilibrium temperature at the melt frac-
tion 


 


F


 


i


 


, 


 


A


 


C


 


 is the cryoscopic constant of the major sub-
stance, and 


 


k is the coefficient of distribution of impu-
rities between the solid and liquid phases of the system.
N2 was calculated by the formula deduced in [8] by dif-
ferentiation and taking the logarithm of Eq. (3):


(4)


The advantage of Eq. (4) is that the mole fraction of
impurities N2 can be calculated with the use of the coef-
ficient k obtained directly from experimental data on Ti


and 1/Fi. Least-squares processing of experimental data
on fractional melting according to Eq. (4) gave the


average values k = –1.3303 and  =


1.7697. Based on these data and the cryoscopic con-


stant AC = ∆fusHm/  = (0.02254 ± 0.0005), obtained
by the procedure in [5], we calculated the mole fraction
of impurities N2 = 0.024 in the FM sample. The error of
calculation of N2 was ~30% [8].


The enthalpy of fusion of FM was determined calo-
rimetrically based on the total energy absorbed during
fusion minus the enthalpies of heating of the normal
(undisturbed) crystal, liquid, and empty container in the
fusion temperature range. The ∆fusHm values were
determined in two runs (Table 2). The thermodynamic
properties of FM fusion are summarized in Table 3.


The heat capacity data were approximated by power
polynomials using least-squares fitting:


(5)


where (T – Ak)/Bk is the normalization coefficient. The
heat capacities of the crystalline phase were approxi-
mated by three polynomials of degree 7–12, and the


Ti 1.827 1/Fi( )– 349.625, R2+ 0.9008,= =
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Fig. 2. Equilibrium fusion temperature (Ti) as a function of
the reciprocal mole fraction of the melt (1/Fi) of FM.


     
Table 1.  Equilibrium temperatures Ti as a function of recip-
rocal mole fraction of the melt 1/Fi for FM


Ti, K qi, J 1/Fi Ti(calc), K


337.091 4.181 13.00 325.871


339.100a 4.180 6.50 337.747


340.829a 4.181 4.33 341.707


342.206a 4.192 3.25 343.690


343.806a 4.181 2.60 344.877


345.173a 4.181 2.17 345.668


346.293a 4.181 1.86 346.233


347.177a 4.180 1.62 346.657


347.854a 4.180 1.44 346.986


348.370a 4.180 1.30 347.250


348.783 4.181 1.18 347.466


349.154 4.180 1.08 347.646


349.584 4.180 1 347.798


Note: a The Ti and 1/Fi values used in calculation of Ttp as recom-
mended in [6].
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heat capacity of the liquid was approximated by one
third-degree polynomial. The root-mean-square (RMS)
deviation of the calculated Cp, m values from experi-
mental is 0.6% in the temperature range 10–80 K and
0.2% in the range 80–373 K. Extrapolation of the heat
capacity from the initial temperature T = 6.14 K to
T  0 K was performed by the equation


(6)


where α = 0.005041 ± 3 × 10–5 J K–4 mol–1 and γ =
0.006 ± 1 × 10–8 J K–2 mol–1.


The RMS deviation from the Cp, m values calculated
by Eq. (6) in the temperature range 6.14–8.70 K
(13 experimental data points) is ~2%. Noteworthy is an
insignificant value of the constant term γ cause by the
presence of the residual entropy of the FM sample,
although it contains up to 2.44 mol % of impurities. The
characteristic temperature of FM Θ = 73.1 ± 0.2 K was
estimated using the Debye approximation Cp, m =
3RD(ΘD/T) in the temperature range 6.14–8.70 K. The
thermodynamic functions of FM were calculated from
the data approximated by Eqs. (5) and (6) and the
changes in enthalpy and entropy of fusion. Smoothed
heat capacities and thermodynamic functions of solid
and liquid FM are presented in Table 4.


Vapor Pressure of Ferrocenemethanol


The molar enthalpies of vaporization and sublima-
tion (∆vapHm and ∆subHm, respectively) were obtained
[1] from the temperature dependence of the saturated
vapor pressure psat, measured by the dynamic method.
The method involves the determination of the mass of a
substance transferred in a nitrogen flow followed by
calculation of the vapor pressure by the Dalton law for
partial vapor pressures of an ideal gas mixture. A sam-
ple of the substance (~0.5 g) applied to glass beads
1 mm in diameter was placed into a temperature-con-
trolled (±0.1 K) U-tube, through which a nitrogen flow
was passed. The nitrogen flow rate was adjusted to
ensure that the vapor and solid phase were in stable
equilibrium. The transferred substance condensed in a
cooled trap and analyzed chromatographically using
the external standard (hydrocarbons). The nitrogen
flow rate was controlled by a precision Hoke valve and


Cp m, /T αT2 γ , R2+ 0.9982,= =


measured with a bubble gauge. The saturation vapor
pressure psat was calculated by the formula


(7)


where V = V(N2) + V(FM); R = 8.314472; m and M are
the mass and molecular weight of FM, respectively;
V(N2) and V(FM) are the nitrogen and FM volume,
respectively, V(N2) � V(FM); and T is the gauge tem-
perature. The V(N2) value was determined from the
flow rate and the measurement time. The method is
used for determining small saturated vapor pressures
(≤1 kPa). The error of determination of ∆vapHm and
∆subHm was 0.5–1.5 kJ mol–1 depending on the pressure
value and the range of pT measurements.


The saturated vapor pressure was measured in the
temperature and pressure ranges 313.30–320.40 K and
0.1–0.25 Pa for crystalline FM and 353.20–393.70 K
and 7.88–130.09 Pa for liquid FM [1]. The pT parame-
ters were approximated by the equation


(8)


where a and b are coefficients, ∆Cp, m = Cp, m(g) –
Cp, m(c.p.) is the difference between the heat capacities
of the vapor and condensed phase, and Tst = 2.98.15 K
is the standard temperature (arbitrarily chosen). Equa-
tion (8) was deduced by integration of the correlation
[13]


(9)


psat mRT /VM,=


R pln a b/T ∆Cp m, T /T st( )ln ,+ +=


R d pln( )/d 1/T( )[ ]–  = ∆vapHm Tst, ∆Cp m, T T st–( ),+


Table 2.  Molar enthalpy of fusion (∆fusHm) of FM (M = 216.052 g/mol, Ttp = 347.80 K)


Tn Tb


310.146 368.350 9830 7757 44368 84748 22793


308.106 369.779 10326 8300 51854 93502 23021


Average: 22910 ± 530


Note: a ∆H4 is the change in the enthalpy on heating of the substance from Tn < Tb; ∆H1 and ∆H2 are the enthalpies of heating of
the substance calculated by integration of the curves of the normal (undisturbed) heat capacity from Tn to Ttp and of the heat capacity
of the liquid from Ttp to Tb, respectively; ∆H3 is the enthalpy of heating of the empty calorimeter from Tn to Tb.


∆H1
a ∆H2


a ∆H3
a ∆H4


a ∆fusHm


Table 3.  Triple point temperature (Ttp), enthalpy (∆fusHm)
and entropy (∆fusSm) of fusion, purity (N1), and cryoscopic
constants AC and BC


Ttp, K 347.80 ± 1.0a


∆fusHm, kJ mol–1 22.91 ± 0.53b


∆fusSm, J K–1 mol–1 65.87 ± 1.52


N1, mol % 97.56 ± 0.80


AC, K–1 0.02254 ± 5 × 10–4


BC, K–1 0.0008373 ± 2 × 10–5


Note: a The literature data on Ttp obtained in syntheses of FM:
347–349 K [9], 354–355 K [10], 353–354 K [11], and 351–
352 K [12]; b ∆fusHm (average of the two runs).
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Table 4.  Smoothed heat capacities and thermodynamic functions of FM (M = 216.052 g/mol, R = 8.31447 J K–1 mol–1)


T, K Cp, m, J K–1 mol–1 ,


kJ mol–1
, J K–1 mol–1 ,


kJ mol–1


Crystal
2 0.1536 0.000140 0.1050 –
3 0.2818 0.000360 0.1903 0.000210
4 0.4715 0.000740 0.2962 0.000450
5 0.7434 0.001350 0.4295 0.000798


10 4.687 0.01295 1.879 0.005835
15 11.63 0.05321 5.048 0.02251
20 18.89 0.1297 9.396 0.05822
25 25.81 0.2415 14.36 0.1175
30 32.53 0.3875 19.66 0.2024
35 38.90 0.5662 25.16 0.3145
40 44.52 0.7751 30.73 0.4542
45 49.51 1.010 36.27 0.6218
50 53.69 1.269 41.71 0.8165
55 57.26 1.546 47.00 1.039
60 60.87 1.842 52.14 1.286
65 64.05 2.154 57.14 1.560
70 66.46 2.483 61.98 1.855
75 69.40 2.819 66.65 2.180
80 73.69 3.177 71.27 2.524
90 81.73 3.954 80.40 3.282


100 88.12 4.803 89.35 4.132
110 94.19 5.715 98.03 5.069
120 100.3 6.688 103.5 5.731
130 106.7 7.723 114.8 7.197
140 113.2 8.822 122.9 8.387
150 119.9 9.987 131.0 9.656
160 126.7 11.22 138.9 11.01
170 133.8 12.52 146.8 12.44
180 141.1 13.90 154.7 13.94
190 148.6 15.34 162.5 15.53
200 156.2 16.87 170.3 17.19
210 163.9 18.47 178.1 18.93
220 171.8 20.15 185.9 20.75
230 179.8 21.90 193.7 22.66
240 188.1 23.74 201.6 24.63
250 196.5 25.67 209.4 26.68
260 205.0 27.67 217.3 28.82
270 213.1 29.77 225.2 31.02
280 220.6 31.93 233.1 33.32
290 227.7 34.18 240.9 35.68
298.15 233.4 ± 4.7 36.05 ± 0.79 247.3 ± 5.2 37.68 ± 1.17
300 234.8 36.49 248.8 38.14
310 243.2 38.87 256.6 40.67
320 253.6 41.36 264.5 43.27
330 263.6 43.95 272.4 45.95
340 273.5 46.63 280.4 48.72
347.80 281.2 48.79 286.7 50.93


Liquid
347.80 375.3 71.70 352.6 50.93
350 375.8 72.53 355.0 51.71
360 377.9 76.30 365.6 55.31
370 379.7 80.09 376.0 59.02


Hm
0 T( ) Hm


0 0( )–
Sm


0 T( ) Gm
0 T( ) Hm


0 0( )–{ }–
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based on a known thermodynamic equation and deriva-
tive


(10)


(11)


The enthalpy of vaporization was calculated by the
formula


(12)


obtained by differentiation of Eq. (8) with respect to
1/T.


The results of approximation of the pT data for FM
are presented in Table 5.


Ideal Gas Thermodynamic Functions


The ideal gas thermodynamic functions of FM at
298.15 K—the changes in enthalpy and entropy—were
calculated from the corresponding functions for the
condensed state (Table 4), the enthalpy and entropy of
sublimation (Table 5), and the entropy of an ideal gas
undergoing compression from p(298.15 K) to
101.325 kPa, Rln(p(298.15 K)/101.325 kPa). The ideal
gas thermodynamic functions are listed in Table 6.


The effect of the BFE impurity in the FM sample
under consideration was estimated by Benson’s group
additivity method for the gaseous state at 298.15 K. The
molar entropy Sm(g)BFE = 692.9 J K–1 mol–1 was calcu-
lated from the values of Sm(g)FM = 453.3 J K–1 mol–1


R d pln( )/d 1/T( )[ ] ∆vapHm,=


d ∆vapHm( )/dT Cp m, .=


∆vapHm ∆subHm( ) b– ∆Cp m, T ,+=


(Table 6) and the group contributions ∆S[O–(H)(C)] =
121. 50 J K–1 mol–1 and ∆S[O–(C)2] = 29.33 J K–1 mol–1


[15]. The error in determination of the entropy Sm(g)FM
caused by the impurity of 0.024 mole fraction of BFE
was estimated by the difference


0.024Sm(g)BFE – 0.024Sm(g)FM = 5.85 J K–1 mol–1,


which constitutes 1.3% of  and Cp, m of FM. The
errors of measurement of the heat capacity and related
characteristics were calculated by the random error
accumulation law with inclusion of all possible sources
of error, including the error 1.3% caused by the impu-
rity of BFE in FM.


The entropy of formation of FM (T)(g)


(Table 7) was calculated as the difference between the
absolute entropies of the products and initial reagents
[9] of the reaction


11C(graphite) + 6H2(g) + 0.5O2(g) + Fe(cryst) = 


= C5H5FeC5H4–CH2OH(g).


The ideal gas absolute entropy and heat capacity of
FM at 298.15 K were also calculated by the empirical
difference method [17]. The use of additive methods is
known to be justified for calculation of the so-called


characteristic entropy  =  + Rln(σ/n) (where
σ is the symmetry number, and n is the number of opti-
cal isomers) [18]. Unfortunately, the molecular symme-
try cannot always be correctly determined and this
increases the error of the estimated entropy value. The


Sm g( )
0


∆fSm
0


Sint 298,
0 S298


0


      
Table 5.  Coefficients of equations (8) and (12) and entro-
pies of vaporization and sublimation of FM at T = 298.15 K.
The Cp, m(g) values of FM at 298.15 K were calculated by
the additive method [14]


Parameter Crystal Liquid


a 339.7 359.5


b –111826.0 –115237.0


Cp, m(g), J K–1 mol–1 209.5 229.1


∆vapHm, kJ mol–1 – 87.0 ± 0.8


∆subHm, kJ mol–1 100.5 ± 0.5 –


∆vapSm(T), J K–1 mol–1 –337.2 ± 0.6 291.7 ± 2.3


∆subSm(T), J K–1 mol–1 –337.2 ± 0.6 –


     
Table 6.  Ideal gas thermodynamic functions of FM at
T = 298.15 K


Rln{p(cryst)(298.15)/101.325 kPa},
J K–1 mol–1


–131.2


, J K–1 mol–1 453.3 ± 8.6


, kJ mol–1 136.6 ± 2.3


, J K–1 mol–1 –522.9 ± 12.5


, kJ mol–1 207.9 ± 7.9


Note:  is the entropy of formation of FM.


Sm
0 T( ) g( )


Hm
0 T( ) Hm


0 0( )–( ) g( )


∆fSm
0 T( ) g( )


∆fGm
0 T( ) g( )


∆fSm
0


T( ) g( )


     
Table 7.  Ideal gas absolute entropy and heat capacity of FM at 298.15 K


Reaction
J K–1 mol–1


Fe(C5H5)(C5H4–CH2–OH) + C2H6 = Fe(C5H5)2 + C3H7–OH 460.3 195.7


Fe(C5H5)(C5H4–CH2–OH) + C3H8 = Fe(C5H5)(C5H4–C2H5) + C2H5–OH 452.0 201.6


Average 456.2 ± 5.0 198.7 ± 10.0


S298
0 Cp298


0
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difference method is based on the group additivity prin-
ciples and is applicable to molecules with unknown
group contributions. The reliability of the method as
applied to ferrocene derivatives has been proved by the


consistency of the  and  values of fer-
rocene derivatives with the corresponding data
obtained by independent methods [19]. The absolute
entropy and heat capacity of FM were calculated based
on two hypothetic reactions both parts of which contain
structurally related compounds and in which the
reagents, except the compound under consideration,
have reliably determined thermodynamic functions


(Table 8). The (298.15 K) values of FM obtained


by the calorimetric (453.3 ± 8.6 J K–1 mol–1) and differ-
ence (456.2 ± 5.0 J K–1 mol –1) methods are consistent
within the error limits, which is evidence of the reliabil-
ity of these values. The calorimetric and calculated


 values for FM are consistent, within the error lim-
its, with the absolute entropy of ferrocenyl methyl ether


 = 451.1 J K–1 mol–1, which has the same empirical
formula as FM. The consistency of these values con-
firms the adequacy of applying additive methods to cal-
culations of extensive properties of ferrocene deriva-
tives.


The ideal gas enthalpy of formation of FM at 298.15 K
was calculated by the difference method (Table 8). The


Gibbs energy of formation of FM  = 207.9 ±


10.0 kJ/mol was calculated from the  and


 values in Table 6 and 8. The experimental and
calculated data on the thermodynamic functions of FM
were reported for the first time.
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Table 8.  Standard enthalpy of formation of FM at 298.15 K


Reaction , kJ mol–1


Fe(C5H5)(C5H4–CH2–OH) + C6H6 = Fe(C5H5)2 + C6H5–CH2–OH 48.0


Fe(C5H5)(C5H4–CH2–OH) + C2H6 = Fe(C5H5)2 + C3H7–OH 59.7


Fe(C5H5)(C5H4–CH2–OH) + C3H8 = Fe(C5H5)(C5H4–C2H5) + C2H5–OH 47.5


Average 52 ± 5


∆f H298
0
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Interest in complex cobalt oxides Sr
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x


 


CoO


 


3 – 


 


y


 


with a perovskite structure stems from the possibility of
their use for producing electrodes for high- and low-
temperature fuel cells and as oxygen-permeable mem-
branes [1, 2]. It was recently found that the Sr


 


2+


 


 and R


 


3+


 


cations in the crystal structure of some cobaltites
Sr
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−


 


 


 


x


 


R


 


x


 


CoO


 


3 – 


 


y


 


 (R = Eu–Ho, Y) are ordered, which
entails ordering of oxygen vacancies and leads to the
formation of so-called 314 phases Sr


 


3


 


RCo


 


4


 


O


 


10.5


 


 [3].
The latter have some interesting physical properties. In
particular, depending on the oxygen content, the 314
phases are either antiferromagnets with semiconduct-
ing properties (Sr


 


2/3


 


Y


 


1/3


 


CoO


 


2.66


 


) or ferromagnets with
metallic conductivity (Sr


 


2/3


 


Y


 


1/3


 


CoO


 


2.70


 


) [4, 5]. There-
fore, it is of interest to synthesize and study the crystal
structure and electrophysical properties of the 314
phases in which cobalt is partially substituted by other
transition-metal cations, for example, by nickel. In this
paper, we report the synthesis and crystal structure of
the new phase Sr
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Ni
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O


 


6.84


 


.


EXPERIMENTAL


Samples of Sr
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YCo


 


4 – 
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Ni
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O


 


10.5


 


 (0 


 


≤
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≤


 


 3, 
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x


 


 = 1)
were synthesized by the citrate method. Calculated
amounts of yttrium oxide were dissolved in melted cit-
ric acid taken in a 50-fold molar excess. After the melt
became transparent, SrCO


 


3


 


 (pure for analysis) and,
then, (NiOH)


 


2


 


CO


 


3


 


 (pure for analysis) were introduced.
After they were dissolved, a solution of Co(NO


 


3


 


)


 


2


 


 ·
6H


 


2


 


O (pure for analysis) in a minimal possible amount
of water was added to the melt. The mixture was heated
by a gas burner until a brown solid mass was formed,


which was annealed at 650


 


°


 


C for 24 h. Then, the result-
ing powder was pressed in tablets and annealed at
1100


 


°


 


C for 48 h. The phase composition of samples
was monitored by X-ray powder diffraction. X-ray
powder diffraction pattern were obtained on an FR-552
high-resolution focusing monochromator camera
(Cu


 


K


 


α


 


1


 


 radiation, 


 


λ


 


 = 1.54060 Å) at room temperature.
Germanium was added as an internal reference. To
refine the crystal structure of the synthesized oxide, dif-
fraction data obtained on a STADI-P (STOE) diffracto-
meter was used (Cu


 


K


 


α


 


1


 


, 


 


λ


 


 = 1.54060 Å).
The oxygen content in the single-phase samples


obtained was determined by iodometric back titration.
A small amount of the sample (of about 0.03 g) was
placed in a flask containing 20 mL of a 20% KI solu-
tion. The solution was acidified with 2 mL of HCl
(conc.), sealed with a rubber stopper, and left in the
dark until the sample was completely dissolved. The
released iodine was titrated with a standard Na


 


2


 


S


 


2


 


O


 


3


 


solution.
The cationic composition was determined using


electron probe X-ray microanalysis (EPXMA) on a
JEOL JSM-820 scanning electron microscope (acceler-
ating voltage, 15–20 kV) equipped with a LINK
AN10000 microanalysis system.


High-resolution electron diffraction and microscopy
were carried out on a JEOL JEM 3010 UHR transmis-
sion microscope (Stockholm University, Sweden).


RESULTS AND DISCUSSION


X-ray powder diffraction showed that all
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 = 1) were not
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Abstract


 


—The complex cobalt and nickel oxide Sr


 


2.25


 


Y


 


0.75


 


Co


 


1.25


 


Ni


 


0.75


 


O


 


6.84


 


 has been synthesized by the citrate
method. The oxygen content of the oxide has been determined by iodometric titration. The crystal structure of
the compound has been refined using X-ray powder diffraction data (
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 has the structure of the second
member of the Ruddlesden–Popper series A
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single-phase. The sample with the composition
Sr


 


3


 


YCo


 


2


 


Ni


 


2


 


O


 


z


 


 contains, in addition to nickel oxide
(NiO), a tetragonal phase with an 


 


I


 


-centered lattice and
the following unit cell parameters: 


 


a


 


 = 3.8012(5) Å and


 


c


 


 = 19.754(2) Å. In the search for an isostructural com-
pound, the Sr


 


2


 


Y


 


0.8


 


Ca


 


0.2


 


Co


 


2


 


O


 


6


 


 phase was revealed [6].


Assuming that the oxidation states of nickel and
cobalt in the new tetragonal phase are, respectively, +2
and +3 and taking into account the Sr/Y ratio in the ini-
tial sample, we derived its composition


Sr


 


2.25


 


Y


 


0.73


 


Co


 


1.25


 


Ni


 


0.75


 


O


 


6


 


. A sample of this composition
was synthesized under the same conditions. The X-ray
powder diffraction pattern of the single-phase sample
was completely indexed in terms of a tetragonal 


 


I


 


-cen-
tered cell (


 


a


 


 = 3.7944(5) Å and 


 


c


 


 = 19.695(4) Å). The
cationic composition of the resulting phase was con-
firmed by EPXMA: Sr : Y : Co : Ni = 49(3) : 14(2) :
24(3) : 11(2) (calculated ratio, Sr : Y : Co : Ni = 45 : 15 :
25 : 15). Standard deviations calculated from the
results of eight measurements are parenthesized.
Iodometric titration showed that the oxygen composi-
tion of the phase corresponds to the formula
Sr


 


2.25


 


Y


 


0.75


 


Co


 


1.25


 


Ni


 


0.75


 


O


 


6.84(1)


 


. To change the oxygen
content of the phase, the sample was annealed in a
nitrogen atmosphere at 800


 


°


 


C. According to iodometric
titration, the oxygen content of the resulting compound
decreased and corresponded to the formula
Sr


 


2.25


 


Y0.75Co1.25Ni0.75O6.57(1). The unit cell parameters
of the phase after heat treatment in nitrogen were a =
3.8195(5) Å and c = 19.652(4) Å. The same trends in
the unit cell parameters with a decrease in the oxygen
content were observed for (Sr,Y,Ca)Co2O6 + y [6].


To study the homogeneity range of the
Sr2.25Y0.75Co1.25Ni0.75O6.84 phase, we synthesized
Sr2YCoNiO6 and Sr1.75Y1.25Co0.75Ni1.25O6 samples.
According to X-ray powder diffraction, both samples
are multiphase and contain, in addition to the tetragonal
phase (Sr,Y)3(Co,Ni)2O6 + y, a large amount of impurity
phases.


The refinement of the crystal structure of
Sr2.25Y0.75Co1.25Ni0.75O6.84 was carried out with the
GSAS program [7]. The atomic coordinates in the crys-
tal structure of Sr2Y0.8Ca0.2Co2O6 [6] were taken as the
initial ones. The oxygen atom displacement parameters
were refined in the block. Taking into account close
atomic scattering factors of the cations Sr2+ (Z = 38) and
Y3+ (Z = 39), as well as Co (Z = 27) and Ni (Z = 28),
only Y and Co cations were placed in the corresponding
positions. The refinement of the structure converged


with  = 0.0918 and χ2 = 1.26. The presence of the
extra (as compared to the stoichiometric composition)
oxygen atoms in the structure allowed us to assume that
they occupy the 2a (0,0,0) position. The occupancy of
this position (g = 0.84) was calculated based on the
iodometric titration data and was not refined. As a result,


the residual factors considerably decreased (  =
0.0586 and χ2 = 1.15). The theoretical X-ray powder
diffraction patterns of Sr2.25Y0.75Co1.25Ni0.75O6 + y were
calculated for three different oxygen contents (y = 0,
0.5, and 1.0). The oxygen content was varied by chang-
ing the occupancy of the O(3) position (g = 0.0, 0.5, and
1.0, respectively). The calculated X-ray powder diffrac-
tion patterns are shown in Fig. 1. The X-ray diffraction


RF
2


RF
2


100


5 9 3313 17 21 25 29


(a)


(b)


(c)


Fig. 1. Calculated X-ray powder diffraction patterns for
Sr2.25Y0.75Co1.25Ni0.75O6.84 at (a) g = 0.0, (b) g = 0.5, and
(c) g = 1.0.


Table 1.  Crystallographic data for Sr2.25Y0.75Co1.25Ni0.75O6.84


Space group I4/mmm


Unit cell parameters, Å a = 3.7951(2)
c = 19.700(1)


Reliability factors χ2 = 1.15;  = 0.0586;
Rp = 0.0365, Rwp = 0.0462
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patterns show that there is a correlation between the
occupancy of the O(3) position and small-angle reflec-
tion intensities.


Table 1 presents the crystallographic data for
Sr2.25Y0.75Co1.25Ni0.75O6.84. The final atomic coordinates,
site occupancies, and atomic displacement parameters
are summarized in Table 2. Selected interatomic dis-
tances are listed in Table 3. Figure 2 shows the experi-
mental, calculated, and difference X-ray powder diffrac-
tion profiles for Sr2.25Y0.75Co1.25Ni0.75O6.84(1).


The Sr2.25Y0.75Co1.25Ni0.75O6.84 sample was studied
by electron diffraction and high-resolution transmis-
sion electron microscopy. Electron diffraction con-
firmed the correctness of the choice of the space group
and unit cell parameters. The electron diffraction image
along the [010] direction is shown in Fig. 3. The lack of
superstructure reflections points to the absence of
ordering of oxygen vacancies in the crystal structure of
Sr2.25Y0.75Co1.25Ni0.75O6.84. The electron diffraction
image along the [010] direction and the corresponding
Fourier transform of a part of this image are shown in
Fig. 4. The crystal structure of the compound
Sr2.25Y0.75Co1.25Ni0.75O6.84 is an oxygen-deficient ana-
logue of the structure of the second member of the Rud-
dlesden–Popper series An + 1BnO3n + 1 (Fig. 5). Among
cobalt complex oxides, Sr3Co2O7 – y (0.94 ≤ y ≤ 1.22)
[8] and Sr2Ln0.8Ca0.2Co2O6 + y (Ln = Sm, Eu, Gd, Tb,
Dy, Ho, and Y) [9] have the same crystal structure.
Oxygen vacancies in the structures of these compounds
are located in the plane passing through the axial oxy-


gen atoms linking two neighboring layers of CoO6
octahedra:


…AO CoO2 AO1 – x�x CoO2 AO OA…,


where A is Sr or Ln and � is the oxygen vacancy. As a
result, the structure has two crystallographically differ-
ent positions for A cations with the coordination num-
ber (CN) 9 and 8 (for the stoichiometry A2Co2O6).


Table 2.  Atomic coordinates and isotropic thermal displace-
ment parameters for Sr2.25Y0.75Co1.25Ni0.75O6.84


Atom Position g x y z Uiso, Å2


Y1 2b 1.0 0.0 0.0 0.5 0.035(3)


Y2 4e 1.0 0.0 0.0 0.3192(2) 0.026(2)


Co1 4e 1.0 0.0 0.0 0.0979(4) 0.024(2)


O1 4e 1.0 0.0 0.0 0.196(1) 0.050(4)


O2 8g 1.0 0.0 0.5 0.0823(7) 0.050(4)


O3 2a 0.84 0.0 0.0 0.0 0.050(4)


3000


10


I, counts


2Θ, deg


4000


30 50 70 90


2000


1000


0


Fig. 2. Experimental, calculated, and difference profiles for Sr2.25Y0.75Co1.25Ni0.75O6.84(1).


Table 3.  Selected interatomic distances (Å) in the structure
of Sr2.25Y0.75Co1.25Ni0.75O6.84


Y1–O2 (×8) 2.50(1) O2 (×4) 2.71(1)


O3 (×4) 2.6836(1) Co1–O1 (×1) 1.94(2)


Y2–O1 (×1) 2.42(2) O2 (×4) 1.922(3)


O1 (×4) 2.701(2) O3 (×1) 1.928(8)
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In particular, positions with the smaller CN (CN = 8) in
Sr2Y0.8Ca0.2Co2O6 [6] are occupied by small cations
Ca2+ and Y3+, whereas positions with CN= 9 are occu-
pied by large Sr2+ cations. The coordination polyhedron
of the cobalt atoms in this case is a square pyramid. In
the structure of Sr2.25Y0.75Co1.25Ni0.75O6.84, only 16% of
the oxygen positions are vacant. In this case, only 16%
of the Co/Ni cations have a square-pyramidal coordina-
tion environment, whereas the rest of the Co/Ni atoms
have an octahedral environment. The mean formal oxi-
dation state of Co/Ni in Sr2.25Y0.75Co1.25Ni0.75O6.84 is
+3.47. It should be noted that this compound was syn-
thesized in air (  = 0.2 atm) and has a high oxygen


content (~7). For example, a close oxygen content
(6.79) is achieved in cobaltites (Sr,Y,Ca)3Co2O6 + y only
when the synthesis is carried out under high pressure
[6], whereas attempts to increase the oxygen content in


pO2


Sr3Co2O6 – y lead to the decomposition of the phase [8].


Lanthanum nickelates  with the struc-
ture of the second member of the Ruddlesden–Popper
series, synthesized at high temperatures (1200°C) in air
[10], have a high oxygen content. It is likely that the
high oxygen content in nickel-substituted cobaltite with
the structure of Sr2.25Y0.75Co1.25Ni0.75O6.84 is caused by
the presence of Ni3+ for which CN = 6 is stable.
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According to [1], hormone signal perception and
transduction in a plant cell proceed as shown in
Scheme 1. A receptor should meet the criteria [2, 3]
common for the hormonal systems of plants and ani-
mals. It should uniquely recognize the structure of the
hormone molecule and should reversibly bind it, with a
high affinity and saturation of the binding sites. In a
series of compounds with hormonal activity (phytohor-
mone analogues), it is suggested that their affinity for
the receptor is related to their physiological activity.
The hormone–receptor interaction should initiate the
physiological response typical of a given type of cell.


The approaches developed in [1, 4] make it possible
to consider, from a general standpoint, the role of the


molecular structure of a bioregulator in perception by
receptors of chemical signals from natural phytohor-
mones and their agonists, biomimetics; from antago-
nists that inhibit the biosynthesis of natural phytohor-
mones; and from blockers of regulatory systems, such
as enzyme poisons, e.g., herbicides.


How can the above requirements for a receptor be
related to the structure of physiologically active sub-
stances interacting with it? Here, similar interactions are
exemplified by some phytohormones and their biomi-
metics and antagonists, as well as by some herbicides
and fungicides. To have definite activity, phytoregulator
molecules must contain effector moieties [4–7], which
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Abstract


 


—The role of the molecular structure of phytoregulators in chemical signal perception by receptors of
plant hormonal systems and the character of complementarity of a phytoregulator to a receptor have been con-
sidered on the basis of (1) the mechanism of signal perception and transduction in a plant cell and (2) the pos-
tulates of the physiological paradigm, which lies at the heart of the strategy of chemical design of phytoregula-
tors with specified properties. For regulatory interaction, as distinct from interactions of enzymes with their sub-
strates, topochemical, rather than geometric (a key in a lock), complementarity of a bioregulator to a biotarget
is of crucial importance. The action of a bioregulator on a receptor is assumed to be cooperative and quantized.
It is shown that molecular parameters of quaternary ammonium salts that determine their antigibberellin (retar-
dant) activity can be used as a measure of topochemical complementarity to a receptor if physiological activities
are compared for compounds of the same series (cluster). Submolecular consideration of the physiological
activity of a molecule as the sum of the activities of its constituting effector moieties, with taking into account
the effect of the moieties that determine polar and hydrophobic binding to a receptor, is suggested as a possible
means for developing the QSAR method to make it heuristic.
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 Hormonal signal perception and transduction in a plant cell.
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can initiate or inhibit the physiological response typical
of a given type of cell upon interaction with a receptor.


For auxins, such a moiety is a system of fused or
separate aromatic rings binding to a polar group (car-
boxyl, amide group, nitrile, or hydroxyl) through a
methylene, dimethylene, trimethylene, or oxyalkylene
bridge [8]. It was recently shown that the minimal (sim-
plest) topochemical analogue of such a structure is the
benzyl group binding to the same polar substituents
through a heteroatom, attached to the methylene group,
and a chain of carbon atoms [9, 10].


For retardants, the effector group is an onium group
that inhibits conversion of linear geranylgeranyl pyro-
phosphate to copalyl diphosphate, which precedes the
formation of tetracyclic kaurene, a gibberellin precur-
sor [8]. The antigibberellin activity is manifested by
onium salts with a quaternary ammonium, ternary
sulfinium, or quaternary phosphonium groups [11]. The
1,2,4-triazolyl and imidazolyl groups and some related
groups can also act as the effector moiety that blocks
gibberellin biosynthesis. However, they have a different
mechanism of antigibberellin activity. Azolyl deriva-
tives inhibit the oxidation of the kaurene C18


 


±


 


 methyl
group into carboxyl to produce kaurenoic acid, which is
further converted to gibberellic acid [8]. Other types of
phytohormones and their biomimetics and antagonists
also feature their characteristic effector groups.


An important attribute of the interaction of the hor-
mone or its biomimetic with the receptor is saturability
of the binding sites. As a rule, the properties and effect
of a single molecule are examined when considering
bioregulator–receptor interactions. At the same time, it
is known that each bioregulatory system has its thresh-
old sensitivity to a chemical or biochemical impact.
Signals whose intensity is lower than this threshold are
not perceived, and the system does not respond to them.
It is reasonable to assume that we are, most likely, deal-
ing with cooperative and quantized action of bioregula-
tors. It is thereby necessary that the receptor simulta-
neously have several occupied binding sites (coopera-
tiveness) and the number of occupied binding sites be
no lower than a definite number (characteristic of a
given system) required for initiating the response
(quantization).


Another important criterion is the reversibility of
hormone–receptor interaction. Binding saturation and
reversibility of interaction ensure the more/less opera-
tion mode for the signal perception and transduction
process, which is crucial for regulation. The regulatory
impact should depend not only on the number of occu-
pied sites of the receptor but also, due to the reversibil-
ity of the process, on the lifetime of the hormone–
receptor complex, i.e., on the residence time of bioreg-
ulator molecules sitting on the receptor. Let us define
the product of the distribution density on the receptor
by the mean residence time of molecules at binding
sites as bioregulator moment.


As distinct from the hormone–receptor interaction,
the enzyme–substrate interaction occurs in the yes/no
mode. To attain the required selectivity, the substrate
should bind irreversibly to the active site of the enzyme
and should fit into the active site like a key in a lock
(geometric complementarity) [10]. The chemical trans-
formation of the substrate, inherent in a given sub-
strate–enzyme pair, gives the chemical signal to release
the binding site. The substances that bind irreversibly to
the active site of the enzyme and are unable to undergo
chemical transformation specific for a given system are
enzyme poisons. This is a common property of enzyme
systems of plants, animals, and fungi.


Computer modeling of herbicides from three fami-
lies inhibiting photosystem II in plants—triazines, car-
bamates, and benzimidazoles—shows that the effector
moiety in these compounds is the –C(X)–N–R group
(X is carbonyl oxygen, imine nitrogen, or a highly elec-
tronegative group (for example, –CF


 


3


 


); R is a hydrogen
atom or an alkyl group). It is precisely this group that is
responsible for irreversible binding of herbicide mole-
cules and blocks the operation of photosystem II. As a
result, photosynthesis ceases, and the plant dies.


The irreversible interaction of the biotarget with the
active site accounts for the fungicide activity of 1,2,4-
triazole and imidazole derivatives, e.g., 


 


RR


 


 stereoiso-
mer of 4,4-dimethyl-2-(1',2',4'-triazolyl-1')-1-(2'',4''-
dichlorophenyl)-3-pentanol [15, 16]. The NH group of
the azolyl moiety binds irreversibly to the heme of cyto-
chrome P-450. The group is substituted for oxygen, and
this prevents the oxidative demethylation of the C14


 


α


 


carbon atom of lanosterol and its conversion to ergos-
terol, which is the major component of the cytoskeleton
of the cell membrane of fungi.


Thus, the specific physiological response to hor-
mone–receptor or enzyme–substrate interaction
depends on the effector group in a hormone molecule,
its biomimetic, antagonist, or blocker of the enzyme
system. In addition, the bioregulator molecule should
feature moieties that bind to the hydrophobic and polar
sites of the receptor or the active site of the biotarget
and ensure the selectivity and prolonged action of the
bioregulator. These binding sites impose additional
requirements on the structure of both the bioregulator
molecule as a whole and its parts. In [17, 18], the retar-
dant activity of peptide analogues of 


 


SS


 


 isomer of 4,4-
dimethyl-2-(1',2',4'-triazolyl-1')-1-(4'-chlorophenyl)-3-
pentanol, known as paclobutrazole [19], has been mod-
eled. The imidazolyl group of histidine, the isopropyl
group of valine, and the phenyl group of phenylalanine
mimic, respectively, the 1,2,4-triazolyl, 


 


tert


 


-butyl, and
4-chlorophenyl moieties of paclobutrazole. The 


 


tert


 


-
butyl group of di-


 


tert


 


-butyl pyrocarbonate (Boc protec-
tion of the amino group in peptide synthesis) and the
benzyloxycarbonyl group (Z protection of the amino
terminus of the peptide chain or of the secondary amino
group in the imidazolyl moiety of histidine) also func-
tion as mimetic moieties: they can mimic, respectively,
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the 


 


tert


 


-butyl and 4-chlorophenyl groups of paclobutra-
zole. Three peptides of this series with the primary
structure Z-His-Boc, Boc-Phe-His(H), and Boc-Val-
Phe-His(H), which are topochemically similar to the 


 


SS


 


isomer of the prototype, show a noticeable retardant
activity in standard cucumber hypocotyl bioassay [20].
The key effector moiety that determines the retardant
activity is the histidine residue. The presence of this
residue in the molecule containing the Boc and Z
groups is sufficient for retardant activity to be mani-
fested. The activity increases as the peptide chain is
elongated with phenylalanine or the Val–Phe sequence.
The transposition of valine and phenylalanine in the
peptide chain eliminates retardant activity, so that the
resulting tripeptide is a plant growth stimulator. The
stereoisomeric structure of this tripeptide is farthest
from the spatial configuration of paclobutrazole.


Thus, combining in one molecule the biomimetic
effector moiety with other biomimetic moieties neces-
sary for interaction with hydrophobic and polar binding
domains at the active site of a biotarget makes it possible
to obtain a new compound with a desired physiological
activity (provided that the stereoisomeric structure of the
biomimetic is close to that of the prototype [4–7, 18]).


It is worth noting that these peptides have retardant
activity despite the fact that their molecular weights are
more than twice as large as the molecular weight of
paclobutrazole. Correspondingly, the molecules of the
prototype and its peptide analogues differ in size. To
explain this fact, we suggested that the peptide chain is
coiled into a conformation suitable for exerting the
retardant effect on one of the enzymes of the gibberellin
cascade, while the receptor of the biotarget has a struc-
ture in which the sites binding to the peptide molecule
are rather accessible if the peptide is topochemically
similar to the prototype.


However, an analogous pattern (difference in struc-
ture and molecular weight and similar physiological
activity) is also observed in series of phytoregulators
that, as distinct from peptides, have no secondary struc-
ture. In particular, in a series of choline and 


 


N


 


,


 


N


 


,


 


N


 


-tri-
ethylcholine derivatives [21, 24], the difference in
molecular weight between chlorocholine chloride and


 


N


 


,


 


N


 


,


 


N


 


-triethylchlorocholine chloride, on the one hand,
and the corresponding benzyl ethers of choline and


 


N


 


,


 


N


 


,


 


N


 


-triethylcholine, on the other hand, is 45 and
36%, respectively. However, all four compounds dem-
onstrate virtually the same antigibberellin activity in
the bioassay used. The entire series of ethers and halo
derivatives have the antigibberellin activity of the same
order of magnitude. 


 


N


 


,


 


N


 


,


 


N


 


-triethyl choline is a weak
retardant because of its low lipophilicity, while choline
has no antigibberellin activity. Rather, it stimulates the
biosynthesis of gibberellin. It is conceivable that cho-
line fulfils a trophic function in the life cycle of the fun-
gus. Compact molecules of halocholine halides, with
high lipophilicity and the most asymmetric electron
cloud, are the most active. Presumably, this is due to the


lower reversibility of binding to the hydrophobic and
polar sites and the higher saturation of binding sites
with compact molecules, which should increase the
moment, the product of the distribution density on the
receptor by the mean residence time of molecules at
binding sites.


It is worth noting that the molecular weights of
known retardants tri-


 


n


 


-butyl-(2',4'-dichloroben-
zyl)phosphonium chloride (phosphon D) and


 


N


 


-methyl-


 


N


 


-(2',4'-dichlorobenzyl)-2-(3'-pyridyl)pyrro-
lidinium chloride [11] exceed the molecular weight of
chlorocholine chloride by a factor of 2.2 and 2.5,
respectively; nevertheless, they have high antigibberel-
lin activity.


Auxin biomimetics (N- and O-benzyl-containing
compounds [9, 10]) exemplify biomimetic molecules
that have considerably more compact structures and
lower molecular weights than their functional natural
prototype. In particular, benzyl alcohol (MW 118) is
almost twice as light as the natural auxin indolyl-3-ace-
tic acid (MW 203), whereas they show similar activities
in bean rooting bioassay [12]. Conversely, 2,4-dichlo-
rophenoxyacetic acid (herbicide 2,4-D) (MW 223) as
auxin is several orders of magnitude more active than
indolyl-3-acetic acid, although their molecular weights
are close to each other. This can be due to a consider-
ably lower reversibility of binding of 2,4-D to the auxin
receptor and, hence, to an increase in the biomimetic
moment. This is likely the physiological reason for the
herbicide properties of 2,4-dichlorophenoxyacetic acid
and its salts and constitutes the basis for their use.


The above facts allow us to conclude that, for regu-
latory interaction, as distinct from interactions of
enzymes with their substrates, topochemical rather than
geometric (a key in a lock) [13] complementarity of the
bioregulator to the receptor of the biotarget is of crucial
importance. The structure and geometry of a molecule
can change but if its effector moiety, the moieties
responsible for hydrophobic and polar binding, and the
stereoisomeric configuration mimic those of the proto-
type molecule, the new compound will demonstrate the
desired activity.


Topochemical complementarity of a bioregulator to
a receptor is inseparably linked with the structural and
physicochemical properties of a molecule. The ques-
tion arises of whether molecular parameters can be a
measure of this complementarity. Regression analysis
[21] of the contributions of six calculated molecular
parameters to the antigibberellin activity of quaternary
ammonium salts, determined by a sensitive bioassay
using the cell culture of fungus 


 


Gibberella fujikuroi


 


[22, 23], shows that, for linear derivatives of 


 


N


 


,


 


N


 


,


 


N


 


-tri-
methyl-


 


N


 


-(2-oxyethyl)ammonium chloride (choline)
and 


 


N


 


,


 


N


 


,


 


N


 


-triethyl-


 


N


 


-(2-oxyethyl)ammonium chloride
(


 


N


 


,


 


N


 


,


 


N


 


-triethylcholine), the polarizability (


 


α


 


), proton-


acceptor factor ( ), and lipophilicity (log


 


P


 


) make
the major contribution to their antigibberellin activity.
In both series, the best inhibitors of gibberellin biosyn-
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thesis are choline benzyl ethers and halides with maxi-
mal partial charges (


 


q


 


x


 


) on the negative end of the
molecular dipole, i.e., with the most asymmetric elec-
tron cloud. The antigibberellin activity of sterically hin-
dered 


 


N


 


,


 


N


 


-dialkylpiperidinium salts is mainly deter-
mined by the steric parameter 


 


E


 


s


 


, while the polarizabil-


ity 


 


α


 


, proton-acceptor factor , and log


 


P


 


 are of
lesser importance [24]. The scheme of hormone signal
perception and transduction in a plant cell implies a
relationship between the physiological activity and the
bioregulator affinity for the receptor [1]. Then, in the
framework of this hypothesis, molecular parameters in
the series of quaternary ammonium salts under consid-
eration can actually serve as a measure of the affinity or
topochemical complementarity to a receptor if physio-
logical activities are compared for compounds that con-
stitute the same cluster.


In [21, 24], canonical QSAR profiles were obtained
for three groups of compounds with antigibberellin
activity. It is worth noting once more that benzyl ethers
of choline and 


 


N


 


,


 


N


 


,


 


N


 


-triethylcholine demonstrate anti-
gibberellin activity at the same level as the chlorocho-
line chloride reference. At the same time, due to their
auxin activity, they are efficient phytoregulators and
stress protectors: they increase the resistance of indus-
trial and food crops to meteorological and phytopatho-
genic stresses and considerably enhance their produc-
tivity [25–29] as compared to the known reference
compounds. The classical QSAR method as a method
of multiparameter correlation analysis cannot be heu-
ristic by definition. Based on the physicochemical
QSAR profile of one type of activity (for example, anti-
gibberellin), neither a new quality of compounds (in
our case, the concomitant auxin activity of quaternary
ammonium salts containing O-benzyl moieties [9, 10])
nor the synergism of the concerted action of these types
of activity on the regulatory systems of the entire organ-
ism can be revealed [10]. To do this, there is a need to
carry out corresponding biotests, to obtain new training
samples for computer programs, and to construct
QSAR profiles for new types of physiological activity.
A new quality of physiological activity and better tech-
nical efficiency are achieved by introducing into some
molecule a new effector moiety exhibiting the activity
that is complementary and compatible to the activity of
this molecule. This suggests to us that all important
types of activities inherent in a given compound and
constituting the spectrum of its physiological activity
should be revealed. This approach can be best imple-
mented in automated bioassay (path through test) sys-
tems.


A radically new way for developing the QSAR
method can be submolecular consideration of the phys-
iological activity of a molecule as the sum of the activ-
ities of its constituting effector moieties, with taking
into account the effect of the moieties that determine
polar and hydrophobic binding to a receptor. In so
doing, it is necessary to reveal the types of activity con-


Ca
max


 


tributed by separate effector moieties to the spectrum of
physiological activity of a given series of compounds,
to consider the contributions made to a given type of
activity by molecular moieties responsible for hydro-
phobic and polar binding, and to determine the effect of
separate moieties on the molecular parameters of com-
pounds. The relationship thus obtained between the
structure, molecular parameters, and activity makes it
possible to design molecules with desired properties
from separate chemical moieties based on the Lego
principle. Once the physiological activity spectra of the
resulting compounds have been experimentally refined,
the structures of compounds with optimal properties for
solving a given problem can be determined using clas-
sical means of the QSAR method. The physiology of
action of the regulatory system related to the problem
should be rather well understood. This is a possible
strategy for developing the QSAR method to make it
heuristic.
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The main indicators of gas separation are the prod-
uct purity, output, power consumption per unit product,
and adsorber size. The utilization efficiency of the
adsorbent volume is also relevant: this parameter char-
acterizes the accessibility of the inner surface of adsor-
bent grains. The accessibility depends on the structure
of the transport pore system and the arrangement of
adsorption-active particles (crystallites) in the bulk of
grains. The effect of structure regularization at the
adsorbent grain level was analyzed for a model separa-
tion of active and inert components by the frontal dis-
placement of the latter by a two-component gas from
the adsorber packed with a particulate zeolite adsor-
bent.


Zeolites are microporous materials. Pores, united
into a regular spatial structure of voids and necks
between them, have subnanometer sizes [1]. Adsorp-
tion on such materials occurs via bulk filling, i.e.,
avoids formation of polymolecular layers and capillary
condensation [2]. The characteristic grain sizes for
adsorbents based on NaX or CaA zeolites produced in
Russia range from split millimeter to several millime-
ters. As a rule, adsorbent grains are formed of zeolite
crystallites (20–50 nm) and a binder, usually kaolinite
or bentonite, in a proportion of 16–20 to 100 (wt/wt).
Crystallites are grouped into clusters, which are ran-
domly distributed over the binder phase (Fig. 1).


This representation implies that pores in a zeolite
adsorbent grain form a hierarchic structure of three
interpenetrating substructures:


(1) inside each grain, there is a unimodal regular
micropore network, constituted by voids and necks
between them with characteristic sizes of 


 


ρ


 


mi


 


 


 


≤


 


 1 nm.
(2) Inside a cluster, which is a random pack of crys-


tallites, there is a virtually unimodal nanopore structure
formed by intercrystallite spaces; the characteristic
sizes of these intercrystallite spaces, 


 


ρ


 


n


 


, are on the order
of an individual crystallite size, i.e., 20–50 nm.


(3) The binder is penetrated by a random polymodal
mesopore structure, with 


 


ρ


 


me


 


 on the order of several
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Abstract


 


—Five similarity criteria for adsorption systems have been formulated as follows: (1) the ratio of the
adsorber length to the thickness of the front; (2) the adsorber output; (3) the relative molar density of the adsor-
bate at the adsorber inlet; (4) the ratio of the grain saturation time to the residence time of a grain in the front
zone; and (5) the Peclet number, composed of the filtration rate, specific size of the filtration area (grain radius
or half-width of gaps between sheets), and molecular diffusion coefficient. The values of these criteria change
with modification of the tortuosity of transport nanopores. Simple mathematical analysis has shown that the
adsorber volume decreases in proportion to the decrease in the nanopore tortuosity induced by bed-structure
regularization. The pressure drop through the adsorber, as well as power consumption, will remain unchanged.
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Fig. 1.


 


 Schematic of a zeolite adsorbent grain. Crystallite
clusters (areas with uneven edges and white inclusions) are
distributed over the bulk of the binder (shown in gray).
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hundreds of nanometers, which is generated by anneal-
ing of zeolite plus binder blends. The following ine-
quality holds:


Adsorbent grains form a random system of channels
(macropores) that penetrate the adsorbent bed. The gas
mixture to be separated is filtered through this system.
Channel sizes are on the order of absorbent grain sizes,
i.e., far greater than the intragrain pore sizes. The
adsorptive concentration field for the gas mixture trav-
eling through the bed obeys the convective diffusion
equation with the longitudinal dispersion coefficient 


 


D


 


.
A natural assumption is that mass exchange between
the gas mixture filtering through the bed and adsorbent
grains is virtually never a rate-controlling stage. There-
fore, the utilization efficiency of the adsorption capac-
ity of a whole grain is controlled by the ability of gas
molecules to overcome the in-grain diffusion drag.


The mesopore system of the binder and the nanop-
ore system inside clusters play the role of the transport
channels through which the adsorptive comes to crys-
tallite surfaces in a zeolite grain. The structure of these
interpenetrating systems is randomly formed during
adsorbent preparation; it has a considerable inhomoge-
neity, which negatively influences the gas separation
selectivity. Then, let us assume that


(1) transport of adsorptive molecules through the
mesopore system of the binder is molecular diffusion
with the effective molecular diffusion coefficient 


 


D


 


m


 


;


(2) transport of adsorptive molecules through the
nanopore system inside clusters is mixed (molecular
plus Knudsen) diffusion with the effective molecular
diffusion coefficient 


 


D


 


n


 


;


(3) transport of adsorptive components through the
micropore system in the bulk of crystallites, accompa-
nied by adsorption proper, is activated diffusion.


A transition region is generated in the bed during
adsorption, thin compared to the adsorber length 


 


L


 


. The
molar concentration of the active component in the gas
flow in this transition region, 


 


c


 


g


 


, varies from near zero
to values close to the active component concentration at
the adsorber inlet, 


 


c


 


g


 


0


 


 (Fig. 2). This region is referred to
as the adsorption front [3]. For equilibrium adsorption
with a linear isotherm, an exact solution was obtained


ρmi � ρn � ρme.


 


for the front shape problem [4]. From this solution,
relationships for the front propagation rate 


 


u


 


, the front
thickness 


 


δ


 


, and the residence time of an adsorbent
grain in the adsorption front area 


 


τ


 


f


 


 are derived as
below:


(1)


Here, 


 


ε


 


 is the volume density of voids in the bed
(bed porosity), 


 


k


 


 is the Henry constant, 


 


c


 


s


 


 = 


 


kc


 


g


 


 (


 


c


 


s


 


 is the
molar density of the active component in the adsorbent
phase), 


 


w


 


 is the reduced gas velocity at the adsorber
inlet, and 


 


α


 


 = 


 


c


 


g


 


0


 


/


 


c


 


0


 


 (


 


c


 


0


 


 is the molar gas density at the
adsorber inlet). The natural inequality 


 


k


 


(1 – 


 


ε
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�


 


 


 


ε


 


 was
used in the derivation of relationships (1). This inequal-
ity means that the weight of the active component in the
gas phase can be ignored compared to its weight in the
adsorbent phase. In derivation of the expression for the
front thickness 


 


δ


 


, in addition, it was taken for certainty
that the relative densities of the active component at
front boundaries, 


 


c


 


g


 


/


 


c


 


g


 


0


 


, are 


 


e


 


–4


 


 (~0.018) and 1 – 


 


e


 


–4


 


(~0.982), respectively. The similarity parameters for an
adsorption system are


(2)


where 


 


S


 


 is the cross-sectional area of the adsorbent.


MACROREGULARIZATION


The regularization of grain packing is a way to
improve the utilization efficiency of the adsorbent vol-
ume, as proposed in [5] for catalytic beds. Such regu-
larization decreases the tortuosity of gas channels and
enhances the decrease in the longitudinal dispersion for
gas filtration through the bed, making the front more
acute. Let us consider planar adsorbent packing in the
bed, where adsorbent particles are biporous zeolite sor-
bent sheets lying at a distance of 2
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Fig. 2.


 


 Schematic of the adsorption front.
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Fig. 3.


 


 Schematics of macroregular (planar) packing of
adsorbent sheets in an adsorber. Gas is filtered between
sheets in the Poiseuille flow.
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parallel to the adsorbent axis, to exemplify the limiting
bed regularization (Fig. 3). For the filtration of a gas
flow through planar slot channels, the longitudinal dis-
persion is represented as [6]


(3)


where the second term is Taylor diffusion [7]. Let us
compose the Peclet number from the reduced filtration
velocity, half-width of the gap, and molecular diffusion
coefficient, as follows:


(4)


If 


 


Pe


 


 


 


�


 


 1 (which occurs with decreasing gaps
between adsorbent sheets), the second term in Eq. (3)
should be ignored; therefore, molecular diffusion
remains the only contributor into the longitudinal dis-
persion. Let us compare the residence time of an ele-
ment of an adsorbent sheet in the adsorption area, 


 


τ


 


f


 


,
with the saturation time of a particle with an adsorbate,


 


τ


 


s


 


. Setting that the arrival of adsorptive molecules to the
outer surface of zeolite crystallites through nanopores
inside clusters is the rate-controlling stage, we can


demonstrate that 


 


τ


 


s


 


 = /


 


D


 


n


 


, where 


 


D


 


n


 


 is the diffusion
coefficient in nanopores and 


 


r


 


s


 


 is the characteristic clus-
ter size; from general considerations, 


 


r


 


s


 


 


 


�


 


 


 


r


 


. Let us
compose the relationship


(5)


This relationship, together with the Peclet number
(4), should be added to the similarity parameters (2). If
the equilibrium adsorption model is used, the strong
inequality 


 


τ


 


s


 


/


 


τ


 


f


 


 


 


�


 


 1 should hold; i.e., adsorption equi-
librium should be acquired while clusters reside in the
front area.


MICROREGULARIZATION


A way to improve the utilization efficiency of the
adsorbent-grain volume is to regularize the nanopore
system, i.e., to direct the synthesis to the generation of
the nanopore system with the minimum dispersion of
the pore-size distribution. Let us assume that crystal-
lites, previously distributed chaotically, now form a
regular structure (Fig. 4) in the bulk of a sorbent parti-
cle. The nanopore tortuosity will substantially
decrease, and the diffusion coefficient in nanopores, 


 


D


 


n


 


,
will increase by a factor of 


 


β


 


 (the literature data indicate
that the tortuosity factor ranges within 1.5 


 


≤


 


 


 


β


 


 


 


≈


 


 3 [6]).
For equality (5) to hold, it is necessary that the


velocity change as 


 


w


 


   with changing tortuos-
ity. From expression (1), the adsorption front thickness


in this case should change as 


 


δ


 


  . Next, in


D Dm
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w β


δ/ β


order for criterion A (Eq. (2)) to retain its value, the bed


length should change as L  ; and for criterion
Q (2) to retain its value, the bed cross section should


change as S  . Thus, the adsorber volume
should change as SL  , i.e., should decrease in
β times in response to the regularization of the nanop-
ore system. Inasmuch as the Poiseuille flow occurs in
gaps between adsorbent sheets (for which the pressure
drop along the length L is ∆p ≈ wL/r2), then for a fixed
r (adsorbent particle packing step), the pressure drop
remains unchanged.


CONCLUSIONS


Five similarity criteria for an adsorption system
have been considered to characterize product quality
and adsorber output, as follows: (1) the ratio of the
adsorber length to the thickness of the front; (2) the
adsorber output; (3) the relative molar density of the
adsorbate at the adsorber inlet; (4) the ratio of the grain
saturation time to the residence time of a grain in the
front zone; and (5) the Peclet number, composed on the
basis of the filtration rate, the specific size of the filtra-
tion area (grain radius or gap half-width), and the
molecular diffusion coefficient. The values of these cri-
teria are shown to change with modification of the tor-
tuosity of transport nanopores. If the complete regular-
ization of transport nanopores is provided during adsor-
bent synthesis, the diffusion coefficient of the
adsorptive in nanopores will increase about twofold.
But it is necessary that all five similarity criteria of the
adsorption system retain their previous values, i.e., that
the product quality and adsorber output be retained.
Simple mathematical analysis has shown that the
adsorber volume decreases in proportion to the
decrease in the nanopore tortuosity induced by bed
structure regularization. The pressure drop in the


L/ β


S/ β
SL/β


2r
w


L


Fig. 4. Schematics of macro- and microregular adsorbent
packing in a sheet. Squares, zeolite crystallite; gaps
between squares, transport nanopore system. Gas is filtered
between sheets in the Poiseuille flow. 
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adsorber, as well as power consumption, will remain
unchanged.
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Generation of self-oscillations and dynamic chaos
in different systems has attracted the attention of
researchers [1, 2]. Of special interest are nonlinear pro-
cesses revealed through the study of a new class of
chemical oscillatory reactions proceeding in simple
biosubstrate/oxygenated transition metal complex sys-
tems. They show a number of examples of dynamic
self-organization [3, 4].


In the present paper, we report the quantitative esti-
mates of the dynamic characteristics of chemical oscil-
lations that upon oxidation of 1,4-naphthalenediol (R)
in the presence of oxygenated cobalt(II) complexes
with dimethylglyoxime (DMG) and pyridine (Py).


RESULTS AND DISCUSSION


The study was based on the methodological
approach used previously for studying oscillatory
redox transformations of different biosubstrates; exper-
imental details were described in [4].


Figure 1 show characteristic curves of the change in
the platinum electrode potential versus time for 


 


C


 


R


 


 =
3.0 


 


×


 


 10


 


–3


 


 mol/L, 


 


C


 


cat


 


 = 1.0 


 


×


 


 10


 


–4


 


 mol/L, 


 


T


 


 = 50


 


°


 


C, and
pH 7.96. These curves indicate that chemical oscilla-
tions are generated in the course of oxidation of 1,4-
naphthalenediol in the presence of oxygenated
cobalt(II) complexes with DMG and Py. These results
allow us to state that a new homogeneous system in
which concentration oscillations are generated has been
found. Some characteristics of oscillations observed
under different conditions (reagent and catalyst con-


centrations, temperature, and pH) are summarized in
Table 1.


We found experimentally that concentration oscilla-
tions in this system are observed at the following values
of parameters: 
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 =
(0.75–1.25) 
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 mol/L, 


 


T


 


 = 45–60


 


°


 


C, and pH 7.7–8.2.


 


Analysis of Time Series


 


As a result of the experimental study of the oxida-
tion of 1,4-naphthalenediol in the presence of oxygen-
ated cobalt(II) complexes with DMG and Py, we
obtained time series of data. The basic problem in anal-
ysis of such experimental results is to determine param-
eters that can identify the dynamics of the system to be
studied. To do this, we applied a complex approach
involving the use of discrete Fourier transform (DFT),
reconstruction of the dynamics of time series with con-
struction of phase portraits and determination of the
dimensions of the phase space and attractor, and calcu-
lations of the Lyapunov exponents and the Kolmog-
orov–Sinai entropy.


 


Analysis of Fourier Transform of a Time Series


 


Time series were processed by the numerical DFT
method using a routine computation program. The
power spectrum corresponding to the case in Fig. 1 is
shown in Fig. 2.


Fourier analysis of the time series obtained in this
work shows that in none of the experiments did we
reveal frequencies and, hence, chaotic oscillations
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Abstract


 


—The chemical oscillatory processes that occur upon oxidation of 1,4-naphthalenediol in the pres-
ence of oxygenated cobalt(II) complexes in a homogeneous medium have been studied. The limits of the
reagent and catalyst concentrations, pH, and temperature at which chemical oscillations are generated have
been determined. The types of dynamics of the occurring processes and the dynamic parameters have been
determined based on discrete Fourier transform, reconstruction of dynamics from time series of data, and cal-
culations of the Lyapunov characteristic exponents and the Kolmogorov–Sinai entropy.
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occurred. In addition, the analysis allows us to draw the
tentative conclusion that the observed chemical oscilla-
tions are a result of redox processes in the system,
which points to the deterministic character of fluctua-
tion phenomena.


Fourier transform does not allow one to distinguish
between dynamic chaos and a random process. This
limitation compels us to use other methods that provide
more specific information on the dynamics of the pro-
cesses in the system.


 


Construction of Phase Portraits


 


For description of the dynamics of a process in
which chemical instabilities appear, definite informa-
tion can be obtained based on the form of its phase
space [5]. To construct phase portraits, we used a
method in which 
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Fig. 1.


 


 Relative potential as a function of time: (


 


a


 


) the initial
curve, and (


 


b


 


) after the removal of the trend.


 


Table 1.


 


  Characteristics of the oxidation of 1,4-naphthalenediol in the oscillatory mode
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The three-dimensional phase portraits obtained
based on the experimental time series at ∆τ = 6 s (see
Fig. 1) are shown in Fig. 3, which demonstrates that all
families of phase trajectories converge to a definite sub-
set of points of the phase space, the attractor. This fact
is evidence of a complicated character of the occurring
processes and supports the deterministic character of
their dynamics under the studied conditions.


Determination of the Dimensions
of the Phase Space and Attractor


The dimensions of the phase space and attractor
were estimated by means of the correlation integral pre-
sented in the form [6]


where θ is the Heaviside function (θ(x) = 0 at x < 0 and
θ(x) = 1 at x > 0), N is the number of points in the initial
time series (discretization of the time series should be
performed), and r is the size of the phase space partition
cell.


The dimension of the attractor d is determined as the
slope of the linear portion of the plot of lnC(r) versus
lnr in a definite r range. At a finite attractor dimension,
the C(r) value is saturated.


Figure 4 shows dependences in lnC(r)–lnr coordi-
nates for successively increasing dimensions of the
phase space (n = 2, 3, 4, 5, 6, 7), and Fig. 5 shows the
plot of d versus n. Under all conditions, d is saturated,
which allows us to state that there exists a deterministic
mechanism that controls the oxidation of 1,4-naphtha-
lenediol in the presence of oxygenated cobalt(II) com-
plexes with DMG and Py in the oscillatory mode. The
phase space dimension at d is saturated corresponds to
5; i.e., a set of five ordinary differential equations is
necessary to describe the patterns of the occurring pro-
cesses. The attractor dimension has fractional values.
These data indicate that, in all cases under consider-
ation, the systems are in the state of dynamic chaos
(Table 2).


Calculations of the Lyapunov Characteristic Exponents 
and the Kolmogorov–Sinai Entropy


There is a fundamental difference in behavior
between the systems with regular motion and those
with chaotic dynamics: their attractors are different
(simple attractors correspond to regular motion, and
strange attractors correspond to deterministic chaos) [1,
7]. Dynamic chaos is a result of the instability of phase
trajectories (the divergence of close integral curves in
the phase space as time elapses). Therefore, the diver-
gence of the phase trajectories of a dynamic system is
chosen as the criterion of chaotic motion; i.e., the phase


C r( ) 1/N2( ) θ r xi x j––( ),
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trajectory x(t) emerging from the point x(0) and a tra-
jectory close to the first one,


are considered.
The consideration of the function


defined on the initial displacement vectors in such a
manner that |e(0)| = ε at ε  0 shows that, at all pos-
sible rotations of the e(0) vector in n directions in the
N-dimensional space, the function λ will change jump-
wise and adopt a finite number of values λ1, λ2, …, λn.
These quantities are referred to as the Lyapunov expo-
nents. They are averaged characteristics of the attractor
and describe its properties independently of the initial
conditions. Their values allow one to judge the rate of
loss of information on the initial state. Dynamic chaos
occurs only in dissipative systems and is characterized
by the presence of positive Lyapunov exponents in the
spectrum.


Another characteristics of the dynamics of occur-
ring processes is the Kolmogorov–Sinai entropy (KS
entropy, h), which can be used for determining the type
of behavior of a system. The exact value of h is deter-
mined by the formula


If dynamics is periodic or quasiperiodic, h = 0; if the
motion is characterized by a stable stationary point,
h < 0. However, in the case of deterministic chaos
(h > 0), the KS entropy takes a finite positive value. The
characteristic time for which the behavior of the system
can be predicted is inversely proportional to the KS
entropy. Based of the KS value, the character of oscil-


x1 t( ) x t( ) e t( ),+=


λ e 0,[ ] e t( ) /e 0( )[ ]ln
t ∞→
lim=


h t 1– d t( )/d 0( )[ ]ln
d 0( ) 0→


l ∞→


lim .=


lations can be estimated not only qualitatively but also
quantitatively: the inverse of the entropy t = h–1 deter-
mines the characteristic time for which the behavior of
the system can be predicted. The quantitative relation-
ship between the Lyapunov exponents and KS entropy
was found. The KS entropy is related to the positive
Lyapunov exponents by the equation


The Lyapunov exponents and KS entropy were cal-
culated for all experimental series with the use of the
TISEAN 2.1 freeware program [8]. The results of cal-
culations in the form of a dependence of the Lyapunov
exponents on the time series length are shown in Fig. 6;
the λ1, λ2, λ3, and h values, as well as the time for which
the behavior of the system can be predicted, are pre-
sented in Table 2, which shows that, under all experi-
mental conditions, the system is in the state of deter-
ministic chaos (λ1 > 0, λ2 = 0, λ3 < 0, h > 0, the attractor


h λi.
λ 0>
∑=


Table 2.  Quantitative characteristics of the dynamics of occurring processes


Conditions d λ1 λ2 λ3 h, s–1 t, s


CR = 1.5 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.96 1.90 0.060 0 –0.062 0.060 16.7


CR = 2.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.96 1.95 0.048 0 –0.052 0.048 20.8


CR = 2.5 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.96 2.95 0.044 0 –0.045 0.044 22.7


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.96 3.90 0.049 0 –0.050 0.049 20.4


CR = 3.5 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.96 3.90 0.071 0 –0.075 0.071 14.8


CR = 3.0 × 10–3; Ccat = 0.75 × 10–4 mol/L; T = 50°C; pH 7.96 2.20 0.089 0 –0.152 0.089 6.6


CR = 3.0 × 10–3; Ccat = 1.25 × 10–4 mol/L; T = 50°C; pH 7.96 1.95 0.062 0 –0.069 0.062 16.1


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.77 3.80 0.069 0 –0.079 0.069 14.5


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 7.87 3.70 0.081 0 –0.086 0.081 12.3


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 8.05 3.65 0.066 0 –0.068 0.066 15.2


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 50°C; pH 8.14 3.85 0.059 0 –0.064 0.059 16.9


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 45°C; pH 7.96 2.80 0.037 0 –0.039 0.037 27.0


CR = 3.0 × 10–3; Ccat = 1.00 × 10–4 mol/L; T = 55°C; pH 7.96 2.30 0.053 0 –0.062 0.053 18.9
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Fig. 6. Lyapunov exponents as a function of the time series
length.
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has fractional dimensions). Table 2 also shows that the
description of the dynamics of the processes based on
processing time series by the above methods leads to
the same results, which confirms the validity of the
approaches to time series analysis used in this work.
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An example of interaction between a catalyst and a
reaction medium is a phase transition in the catalyst
during a chemical reaction. Such a phase transition can
either increase or decrease the catalytic activity [1–4],
thus causing catalyst development or aging [5, 6].
These changes can be due to both the reorganization of
the phase itself (amorphous-to-crystalline transition,
recrystallization, change in the extent of dispersion of
the phase, etc.) and changes in the composition and
structure of the active sites of the catalyst.


For metallopolymer catalysts, there are other possi-
ble factors in development and aging because the
immobilization of active sites on a polymer support
exerts a strong effect on the activity and performance
stability of the catalyst [7]. For example, whether or not
the catalyst will develop during Na


 


2


 


S oxidation with
dioxygen depends on the nature of the functional group
of the ion exchanger coordinated to the metal ion. Stud-
ies of Ni(II)-containing catalysts based on hydrolyzed
and unhydrolyzed polyacrylamide hydrogel (PAAH)
demonstrated that the development and aging of the
catalyst in sodium sulfide oxidation are governed by the
cell size of the three-dimensional polymer network of
the support [9, 10]. The cell size was deduced to vary
from the finding that the hydrolyzed metal-free catalyst
has a three times higher swelling capacity than the orig-
inal polymer, without determining the extent of cross-
linking of the hydrolyzed gel.


This study concerns the effects of sulfide phase for-
mation conditions (the presence or absence of a support
and the extent of cross-linking of the support) and of
the nature of the metal ion on the development and


 


†


 


Deceased.


 


aging of Ni(II)- and Cu(II)-containing catalysts in the
oxidation of the sulfide anion with dioxygen.


EXPERIMENTAL


PAAH was obtained by the free-radical polymeriza-
tion of acrylamide (AA) and 


 


N


 


,


 


N


 


'-methylene-bisacryla-
mide (B) according to a procedure described in [9]. The
reaction initiator was ammonium persulfate (AP), and
the promoter of the initiator was 


 


N


 


,


 


N


 


,


 


N


 


',


 


N


 


'-tetramethyl-
ethylenediamine (TMED). The reactants were com-
bined in the following order: 4 ml of a solution of B
(


 


m


 


, g) was added to 12 ml of a solution of AA (


 


n


 


, g);
next, 1.4 ml of 0.043 M AP and 1.4 ml of 0.043 M
TMED were added. The reaction mixture was adjusted
to 20 ml by adding water and was left standing for 18–
20 h at room temperature. The extent of cross-linking of
the gel (


 


s


 


) was controlled by varying the proportion of
the cross-linking agent (B) in the mixture of the mono-
mers (AA and B):


 


s


 


 = 100 


 


×


 


 


 


n


 


/(


 


n


 


 + 


 


m


 


), %


where 


 


n


 


 + 


 


m


 


, the total amount of the monomers, is 1 g.
The resulting gels were palletized by forcing


through a sieve with an opening diameter of 1 mm. The
pellets were washed with water and were dried with a
series of water–acetone mixtures in which the propor-
tion of acetone was gradually increased from 50 to
100%. The product was filtered and held in air until
constant weight.


The swelling capacity (


 


q


 


) of PAAH was determined
gravimetrically. A sample of the dry polymer was held
in an excess of water for at least 2 h to reach the equi-
librium swelling. The resulting gel was separated by fil-
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Abstract


 


—The development and aging effects for Ni(II)- and Co(II)-containing catalysts involved in the oxi-
dation of the sulfide ion with dioxygen depend on the nature of the active metal ion and on whether or not the
support (polyacrylamide hydrogel) is present. The development time depends on the sulfide phase formation
conditions and is note correlated with the catalytic properties of nickel an cobalt sulfides. Increasing the extent
of cross-linking of the gel from 1 to 10% does not produce any significant effect on the activity and stability of
the catalyst.
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tration and weighed. The swelling capacity was calcu-
lated as


 


q


 


 = (


 


m


 


s


 


 – 


 


m


 


0


 


)/


 


m


 


0


 


,


where 


 


m


 


0


 


 is the weight of the dry polymer and 


 


m


 


s


 


 is the
weight of the swollen gel.


We synthesized PAAH samples with extents of
cross-linking equal to 1, 2, 5, and 10 wt %. The swell-
ing capacities of these samples were determined by
averaging the results of at least three measurements.
The swelling capacity of PAAH as a function of the
extent of cross-linking is plotted in Fig. 1. Clearly, as
the extent of cross-linking increases from 1 to 5%, the
swelling capacity gradually decreases from 27 to 19 g
H


 


2


 


O per gram of polymer. Further raising the extent of
cross-linking producers no significant effect on the
swelling capacity of the polymer, which almost reaches
its limit at 


 


s


 


 = 10%. By contrast, at 


 


s


 


 < 1%, 


 


q


 


 increases
rapidly as 


 


s


 


 is decreased. However, it turned out that
PAAH with such a low extent of cross-linking has
mechanical properties unsuitable for a catalyst support.


Based on the swelling capacity data for PAAH with


 


s


 


 = 1–10%, we determined the weight of the dry poly-
mer that will be completely swollen on being impreg-
nated with 0.2 ml of a 0.01 M metal chloride solution
and will take up all of the solution. This technique
enables one to prepare catalysts with a precisely known
metal content (


 


C


 


Me


 


) of the polymer matrix (in this
study, 


 


C


 


Me


 


 = 2 


 


×


 


 10


 


–6


 


 mol for all samples).
Catalytic activity was determined in a static system


described in [10] under the following conditions: oxy-
gen consumption was measured at atmospheric pres-
sure with an accuracy of 


 


±


 


0.05 ml, O


 


2


 


 was in excess, the
reaction temperature was 40


 


°


 


C in all experiments, and
the amount of the Na


 


2


 


S solution (0.1 mol/l) was 5 ml.
The measured volumes were reduced to normal con-


ditions using the formula


VO2
Vmeas 273/ 273 t+( )[ ] patm pH2O–( )/760,=


 


where 


 


t


 


 is room temperature and  is the water
vapor pressure in the burette. From these data, we
derived oxygen uptake ( ) versus time (


 


t


 


) curves. By
graphical differentiation of these curves, we deter-
mined current oxygen uptake rates (


 


W


 


).


We carried out at least three replica series of mea-
surements for sodium sulfide oxidation in the presence
of Ni(II)/PAAH, Co(II)/PAAH, NiCl


 


2


 


, and CoCl


 


2


 


. Fur-
thermore, we demonstrated that the metal-free polymer
matrix is catalytically inactive in the oxidation reaction.
The data obtained are presented in Figs. 2–5.


RESULTS AND DISCUSSION


It follows from the data presented in Figs. 2–4 that
the Ni(II)-containing catalysts are more active in Na


 


2


 


S
oxidation with dioxygen than the Co(II)-containing cat-
alysts, irrespective of whether the gel support is
employed. This result is in agreement with the order of
the activities of transition metal ion catalysts estab-
lished for the liquid-phase oxidation of the sulfide ion
with dioxygen [11].


Note the S-like shape of the oxygen uptake curves,
which indicates that the oxygen uptake rate passes
through an extremum during the reaction in all catalytic
systems. This is most clearly demonstrated in Fig. 5.
The run of the curves reflects the changes in catalytic
activity, which arise from the nonstationarity of the
reaction system. Indeed, the catalytically active phase,
which is cobalt or nickel sulfide, forms and evolves
continuously as the oxidation of the sulfide ion with
dioxygen proceeds. These processes may be accompa-
nied by changes in the composition and structure of
active sites. As a consequence, the oxygen uptake rate
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of the extent of cross-linking (
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 Dioxygen uptake kinetics in Na


 


2


 


S oxidation at 40
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in the catalytic system varies during the experiment.
Regions of initial and maximum rates (


 


W


 


0


 


 and 


 


W


 


max


 


)
can be distinguished in the oxygen uptake curves. Fur-
thermore, it is possible to determine the catalyst devel-
opment time (


 


τ


 


).
It is demonstrated in Figs. 3 and 4 that increasing the


extent of cross-linking of PAAH from 1 to 10% in the
presence of Ni(II)/PAAH or Co(II)/PAAH causes no
significant changes in the oxygen uptake rate over the
initial 4–5 min of the experiment. Apparently, in the
given range of 


 


s


 


 values, the activity of these catalysts is
independent of 


 


s


 


 and is determined by the nature of the
metal ion in the active phase. This finding indicates that
there are no internal diffusion limitations in the poly-
acrylamide gels and correlates well with the weak
dependence of the swelling capacity of PAAH on the
extent of cross-linking.


The initial and maximum oxygen uptake rates in
sulfide oxidation and the development time for the cat-
alysts are listed in the table.


The activity of the unsupported nickel catalyst is
higher than the activity of its cobalt counterpart by a
factor of 4 at the beginning of the development period
and by a factor of 7 at the maximum rate point. The
value of 


 


W


 


max


 


 exceeds 


 


W


 


0


 


 by a factor larger than 2 (by
116%) in the Ni(II)-containing system and only by 20%
in the Co(II)-containing system. The maximum oxygen
uptake rate is 3 times lower with Ni(II)/PAAH than
with NiCl


 


2


 


 and is 1.5 times lower with Co(II)/PAAH
than with CoCl


 


2


 


. The initial oxygen uptake rate in the
Ni(II)/PAAH- and Co(II)/PAAH-containing systems is
zero.


In an earlier study [10], although the development
effect was observed only for the heterogenized catalyst,
it was supposed that the unsupported catalyst is also


capable of developing. In this study, by shortening the
time interval of oxygen uptake measurements from
1 min to 15 s, we confirmed this supposition and were
able to determine the development time for the unsup-
ported catalysts. As is demonstrated by the data pre-
sented in Fig. 5 and in the table, this time is 30 s.


The results of replacing Ni(II) and Co(II) with
Ni(II)/PAAH and Co(II)/PAAH, respectively, and the
fact that the oxygen uptake rate is independent of the
extent of cross-linking in the catalyst development
period indicate that the polymer matrix reduces the
reaction rate. This effect can be explained in terms of
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active phase formation conditions [10]. For given active
phase formation conditions, the catalyst development
time τ is independent of the nature (catalytic activity) of
the metal ion and is 30 s for both Ni(II) and Co(II) and
120 s for both Ni(II)/PAAH and Co(II)/PAAH. By con-
trast, the magnitude of the development effect, defined
as the difference between Wmax and W0, depends on the
nature of the nature of the metal ion: the nickel cata-
lysts, which are more active, develop to a larger extent
than the cobalt catalysts.


It is clear from the totality of data presented here
that the evolution of a catalyst in the course of a model
reaction does not end in the development of the catalyst
understood as an increase in catalytic activity and
caused by the formation and growth of active phase
nuclei and by a change in the nature of the active sites.
This is followed by changes resulting in gradual cata-
lyst deactivation. The aging of catalysts is likely caused
by the same process as their development. These pro-
cesses are continuing physical and chemical reorgani-
zations of the sulfide phase under the action of the reac-
tion medium. The chemical changes in this phase are
readily detectable: all the cobalt-containing catalysts
after the reaction are brownish black, like cobalt sul-
fide; the nickel catalysts, which are black at the early
stages of the reaction, discolor and acquire a gray color
unnatural for nickel sulfide. It can, therefore, be
assumed that the interaction between the nickel ion and
the sulfide ion rapidly yields a highly active sulfide
phase of variable composition and that this phase is oxi-
dized simultaneously with the substrate to yield nickel
sulfohydroxo species. If this is the case, the following
sequence of transformations of the catalytic sites can
take place during the reaction:


Ni2+  NiS  NixSy  NixSyOzHk  NixOzHk.


Indeed, the nickel ion reacts with the sulfide ion in
the solution to yield α-NiS [12], which turns into
Ni1 − xS with a progressively increasing x value upon
aging [13]. Nickel sulfide reacts with water and oxygen
[14] to turn into NiOHS [13] or (NiOH)2S [12], and
these compounds can undergo deeper oxidation.


The complete deactivation of the unsupported nickel
catalyst is observed as early as the fifth minute of the
run (Figs. 2, 5). The resulting nickel compounds do not
catalyze the oxidation Na2S and even slow down the
background oxidation of the substrate. This is not
observed with the supported nickel catalyst, and
Ni(II)/PAAH and Co(II)/PAAH age in similar ways.


Thus, it follows from our data and the literature that
the evolution of the nickel- and cobalt-containing cata-
lysts in sodium sulfide oxidation with dioxygen is due
to the formation and conversion of the polysulfides and
hydroxosulfides of the active phase during this reaction.
The following factors are essential here:


(1) the variability of the composition of the active
phase (x, y, z, and k vary constantly, reaching the point
of the complete absence of S, O, or H);


(2) the crystallization of an amorphous sulfide,
yielding crystallites, and changes in the crystallite size;


(3) changes in the functional coverage of the crystal-
lites.


CONCLUSIONS


The polymer matrix slows down the formation and
reorganization of the sulfide phases of the nickel and
cobalt catalysts and the crystallization of these phases
by hampering the migration of metal ions between gel
cells, but this is not correlated with the catalytic activity
of the phases. Furthermore, the heterogenization of the
catalysts reduces their catalytic activity and, at the same
time, makes their performance more stable.


The extent of cross-linking of the polymer does not
have any significant influence on the magnitudes of the
catalyst development and aging effects.


The cobalt catalysts develop and age at a noticeably
lower rate than the nickel catalysts. This correlates well
with catalytic activity data: the less active the catalyst
the lower its development and aging rates; the higher
the development rate, the higher the aging rate.
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The molecular dynamics (MD) method is a com-
puter experiment aimed at simulation of the behavior of
a molecular system in time by means of numerical inte-
gration of equations of motion [1, 2]. Most MD calcu-
lations are performed in the framework of classical
mechanics with the use of empirical potentials of inter-
actions of atoms, so-called force fields. As applied to
biomolecular systems [3], the classical MD method
makes it possible to solve a large number of important
problems, first of all, to simulate conformational trans-
formations of proteins and nucleic acids, but it is inap-
plicable to the study of chemical transformations in a
system. A promising line of development of MD, which
is intended for simulation of the cleavage and formation
of bonds in a biomolecular system, implies the use of a
hybrid quantum mechanics/molecular mechanics
method (QM/MM) [4–7] for calculating the energies
and forces acting on atoms. In this approach, a rela-
tively small region of the entire system is treated quan-
tum mechanically, whereas the remainder is described
using classical force fields.


The practical implementation of a new combined
quantum mechanics and molecular dynamics
(QM/MD) method, in which the forces calculated in the
quantum subsystem by quantum-chemical algorithms
are processed by MD software and, together with clas-
sical forces, permit the calculation of the trajectories of
all particles in the system, is rather sophisticated and
only a few attempts to solve this problem have been
made [8].


In the present work, we describe the implementation
of a QM/MD approach in which the energies and
energy gradients are calculated by the QM/MM method


based on the effective fragment potential theory [6, 7, 9].
In this approach, the molecular groups attributed to the
molecular mechanical (MM) subsystem are taken to be
effective fragments that make electrostatic, polariza-
tion, and exchange contributions to the Hamiltonian of
the quantum subsystem. The interactions between
molecular groups (conformationally flexible effective
fragments) attributed to the MM subsystem are
described by classical force fields. To calculate the tra-
jectories of particles in the MM subsystem, molecular
dynamics, which describes motions of solids, is neces-
sary. Previously [10], we described the first attempts to
apply rigid-body molecular dynamics to a search for
conformations with minimal energies using the replica-
exchange algorithm. In the present paper, we report
examples of calculations and analysis of trajectories
with a new implementation of the QM/MD program.


To describe rigid body motion using explicit integra-
tion algorithms, two coordinate systems are introduced:
the laboratory coordinate system 


 


Oxyz


 


 and the body-
fixed coordinate system 


 


O


 


'


 


x


 


'


 


y


 


'


 


z


 


' (Fig. 1). In the latter, the
basis vectors are collinear with the principal axes of
inertia of the body and the origin of the system 


 


O


 


' coin-
cides with the center of mass of a fragment [11]. The
motion of a fragment, considered as a combination of a
translation of the center of mass 


 


q


 


 = (


 


q


 


x
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q


 


y
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q


 


z


 


) with
respect to 


 


Oxyz


 


 and a rotation, is described by means of
the vectors of the total momentum 


 


p


 


 = 


 


m


 


v


 


com


 


 deter-
mined with respect to the laboratory coordinate system
and the angular momentum 


 


π


 


 = 


 


I


 


ω


 


 specified in the
body-fixed coordinate system. Here, 


 


m


 


 and 


 


v


 


com


 


 are,
respectively, the mass of the body and the velocity of
the center of mass; 


 


I


 


 and 


 


ω


 


 are, respectively, the
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—We describe a new implementation of the molecular dynamics method aimed at simulation of the
properties of biomolecular systems in which chemical reactions are possible. The quantum mechanical/molec-
ular mechanical method based on the effective fragment potential theory is used for calculating the energies and
forces along trajectories. Due to specific features of the effective fragment theory, the behavior of the molecular
mechanical subsystem is described by rigid body dynamics. The method has been applied to simulation of pro-
ton transfer along the chain of water molecules inside the gramicidin channel.
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moment of inertia tensor and the angular velocity of the
body. The interaction of a given fragment with the
remaining part of the system is described by the overall


force 


 


f


 


 =  acting on the body and by the overall


moment of forces 


 


t


 


 =  calculated relative to the


center of mass.


The dynamic equations describing the motion of the
center of mass—


 


d


 


p


 


/


 


dt


 


 = 


 


f


 


 and 


 


d


 


q


 


/


 


dt


 


 = 


 


p


 


/


 


m


 


—can be
integrated either in the quaternion approximation [12]
or by the rotation matrix method [13]. We chose the lat-
ter variant, in which the orientation of the fragment is
specified by the matrix 


 


Q


 


 whose elements are the direc-
tion cosines between the laboratory coordinate system


 


Oxyz


 


 and the body-fixed coordinate system 


 


O


 


'


 


x


 


'


 


y


 


'


 


z


 


':


where 


 


a


 


 ∧ 


 


b


 


 is the angle between the vectors 


 


a


 


 and 


 


b


 


. In
this case, the dynamic equation of the motion of the
rigid fragment takes the form [13]


f i
i


∑
ti


i
∑


Q
x x'∧( )cos x y'∧( )cos x z'∧( )cos


y x'∧( )cos y y'∧( )cos y z'∧( )cos


z x'∧( )cos z y'∧( )cos z z'∧( )cos


,=


dp/dt f ,=


dπ/dt τ π I 1– π( ),+=


dq/dt p/m,=


dQ/dt Qskew I 1– π( ),=


 


where 


 


skew


 


(


 


a


 


) = .


We implemented a numerical algorithm that allows
one to compute the MD trajectories in molecular sys-
tems partitioned into the QM domain and the MM
domain represented by conformationally flexible
chains of effective fragments moving as rigid bodies
whose motion is described by the above equations. The
energies and forces in the QM subsystem are calculated
with the PC GAMESS program package [14].


The approach was first applied to a model system
containing the dipeptide 


 


N


 


-acetyl-


 


L


 


-alanine-


 


N


 


'-methyl-
amide and four water molecules [5] (Fig. 2a). The water
molecules were assigned to the QM part, and energies
and forces were calculated at the Hartree–Fock level
using the 6-31G basis set.


The dipeptide molecule was assigned to the MM
subsystem, which is partitioned into six effective frag-
ments (two CH


 


3


 


, two CONH, and two CH fragments)
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Fig. 1. Coordinate system in solid-body dynamics.
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Fig. 2. (a) Model system consisting of the dipeptide
N-acetyl-L-alanine-N'-methylamide and four water molecules
and (b) partition of the dipeptide into effective fragments.
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and is described by the OPLSAA force field parameters
[15]. The integration of the QM/MD equations was per-
formed in the NVE ensemble with an integration step of
0.5 fs and trajectory lengths of up to 3 ps. The calcula-
tions demonstrated satisfactory total energy conserva-
tion along all the trajectories.


In another example, we considered the movement of
a proton along the oriented chain of water molecules
inside the double helix of gramicidin constructed on the
basis of the 1JNO structure from the protein structure
database (Fig. 3). As the proton travels along the chain
of water molecules, cleavages and formations of chem-
ical bonds (inside a water molecule) and hydrogen
bonds (between water molecules) occur. In calculations
of trajectories, the water molecules and the extra proton
were assigned to the QM subsystem described at the
Hartree–Fock level with the 6-31G basis set. The
molecular groups of gramicidin were partitioned into
144 effective fragments. The interaction between these
fragments was described by the AMBER force field
parameters [16]. At each point of the MD trajectory,
each fragment of the MM subsystem contributes to the
quantum Hamiltonian of the QM subsystem. The inte-
gration of the QM/MD equations was performed in the
NVE ensemble with an integration step of 0.5 fs and
trajectory lengths of up to 3 ps. All calculations were
performed on common personal computers Pentium IV
3.03 GHz and Athlon XP 1800+. Quantum-chemical
calculations need the largest CPU time. Our findings
demonstrate the possibility of the practical implemen-
tation of a combined QM/MD method. We intend to
further improve the procedure of applying molecular


dynamics. Inasmuch as the major CPU time is con-
sumed by calculations in the QM part of the system, the
task of QM/MD simulation is rather untypical since, in
most cases, the time consumed by calculation of the
energy and force for a part of the system is proportional
to the size of the subsystem. These specific features of
the problem can be used for reducing the CPU time
required by calculations. First of all, the following tech-
niques can be used: (i) the use of the integration of
equations of motion with a variable time step (for
example, the Bulirsch–Stoer method [17]), (ii) approxi-
mation of the potential energy surface in those phase
space regions where the trajectory has already passed,
and (iii) distortion of the potential energy surface for the
accelerated barrier crossing by the MD trajectory [18].
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In the design of adsorption systems for gas separa-
tion, of importance are the total number of similar
adsorbers 


 


n


 


 and their division into active adsorbers,
which are in the adsorption mode at a certain moment
of the cycle (their number is 


 


n


 


a


 


), and passive ones,
which are in the regeneration mode (discharge, purg-
ing, and pressure rise) at the same moment (their num-
ber is 


 


n


 


p


 


 = n


 


 – 


 


n


 


a


 


). Let us denote the fraction of active
adsorbers in the separation system as 


 


α


 


a


 


:


(1)


Most commercial air separation systems use two
adsorbers (one in the adsorption mode and the other in
the regeneration mode; 


 


α


 


a


 


 = 0.5) or three adsorbers
(two in the adsorption mode and the third in the regen-
eration mode; 


 


α


 


a


 


 = 0.66). The system for hydrogen sep-
aration from the products of methane conversion devel-
oped by the UCC company employs nine adsorbers [1].


The number of adsorbers 


 


n


 


 in the separation system
is usually chosen proceeding from economic consider-
ations. One should keep in mind that addition of one
adsorber to the separation system decreases the load per
adsorber and, thus, decreases the pressure drop upon
gas filtration through the bed, but dramatically compli-
cates control over the whole separation system. In addi-
tion, the smaller the number of adsorbers 


 


n


 


p


 


 at each
moment of the cycle, the better the cycle efficiency.


The provision for the value and continuity of the
product flow 


 


Q


 


, mol/s, is one of the major requirements
for the design of an adsorptive separation system. Let
us denote the product flow from one active adsorber as


 


q


 


, mol/s. Then, the number of active adsorbers equals


(2)


For the specific product flow 


 


j


 


 = 


 


q


 


/


 


S


 


0


 


, where 


 


S


 


0


 


 is the
cross-sectional area of an individual adsorber (m


 


2


 


),
there are natural upper limits imposed by the following
two factors: the pressure drop along the bed and the
convective instability of the adsorption front. The pres-
sure drop due to gas filtration through the adsorbent bed


αa na/n.=


na Q/q.=


 


of a given cross-sectional area depends on the weight
gas flow and the bed structure; this dependence is
expressed through many semiempirical relationships
proposed for the hydraulic drag of the bed [2]. The con-
vective instability of the adsorption front is determined
by the Archimedes adsorption number [3, 4].


The results of experiments carried out on a labora-
tory adsorber or testbed can be represented as the ratio
of the duration of the adsorption mode to the overall
duration of the cycle 


 


τ


 


0


 


 (s):


(3)


The duration of the adsorption mode 


 


τ


 


a


 


 (s) equals
the travel time of the adsorption front at the linear
velocity 


 


w


 


f


 


 (m/s) through the bed with the length 


 


L


 


 (m):


 


τ


 


a


 


 = 


 


L


 


/


 


w


 


f


 


. The duration of the discharge stage, 


 


τ


 


d


 


 (s), can
by analogy be identified with the travel time of the des-
orption front at the linear velocity 


 


w


 


f


 


 (m/s) through the
bed with the length 


 


L


 


: 


 


τ


 


d


 


 = 


 


L


 


/


 


w


 


d


 


. Let us denote the dura-
tion of auxiliary stages of the regeneration mode (purg-
ing and filing) as 


 


τ


 


0


 


 (s). Then, Eq. (3) becomes


(4)


where


(5)


Let us consider a system of an infinite number of
adsorbers,


as a set of random objects. From the fundamental
ergodic hypothesis for such a system, the fraction of
time during which one randomly chosen adsorber is in


ατ
τa


τc


----
τa


τa τd τ0+ +
---------------------------.= =


ατ
1


ϕ L( )
------------,=


ϕ L( ) 1
w f


wd


------
w f τ0


L
-----------.+ +=
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Abstract


 


—An algorithm for the total number of adsorbers and the number of active adsorbers (i.e., the ones in
the adsorption mode at the moment in question) has been designed in terms of the ergodic hypothesis. This algo-
rithm is intended for the design of gas separation systems.
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the active mode, 


 


α


 


τ


 


, equals the fraction of active
adsorbers among the set of all adsorbers, 


 


α


 


a


 


, 


 


∞


 


:


(6)


In a real system, which is some finite sample, the
fraction of active adsorbers 


 


α


 


a


 


 (1) is the ratio of two
integers, whereas the experimentally determined
parameter 


 


α


 


τ


 


 (3) is an arbitrary number. Therefore, the
ergodic constraint (6) for a real system with a finite
number of adsorbers should be considered only as an
approximate equality:


(7)


In order for the exact ergodic constraint (6) to match
the approximate equality (7), the parameter 


 


β


 


 should be
introduced so that


(8)


We note that the choice of the parameter 


 


β


 


 is much
affected by the intuition and skill of the researcher. For
a sufficiently large number of adsorbers 


 


n


 


 in the system,
this parameter should be on the order of unity. From
Eqs. (1), (2), (4), (5), and (8),


(9)


Equation (9) can help to derive certain conclusions
about the optimum gas-separation system. For exam-
ple, in many significant cases, the optimization of an
adsorption system consists in the minimization of its
weight and size. Let us consider the target function,


αa ∞, ατ.=


αa ατ.≈


1
β
---αa ατ.=


n
Q
βq
------ 1


w f


wd


------
w f τ0


L
-----------+ +⎝ ⎠


⎛ ⎞ .=


 


which is proportional to the volume (weight) of the sep-
aration system composed of 


 


n


 


 adsorbents:


(10)


Here, 


 


V


 


0


 


 is the volume of the auxiliary elements of
the system per adsorber. The first term in Eq. (10)
equals the adsorber volume; the second one equals the
volume of the process equipment (including valves,
throttles, and intrasystem pipelines). For simplicity, let
the volume of auxiliary elements per adsorber be inde-
pendent of the adsorber length.


Substituting relation (9) into Eq. (10), we express
the target function through the adsorber length 


 


F


 


(


 


L


 


):


(11)


Solving the algebraic equation ∂F/∂L = 0, we arrive at


(12)


To L* (12), the minimum F(L) target function (11)
corresponds (figure).


The calculated L* (12) value can be used to esti-
mate, from Eq. (9), the total number of adsorbers in the
separation system for the given output Q and load per
adsorber q.


In concluding, we should note that, distributing
adsorbers over adsorption stages, one should try to best
satisfy relationship (8), which is a consequence of fun-
damental equality (6). The simplest route is to increase
n, the total number of adsorbers in the system. For
example, let laboratory or bed tests result in ατ = 0.7.
Guided by the constraints imposed on the pressure drop
upon the filtration of the given gas flow to be separated,
the process engineer has to use a system of four active
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Schematic plot of the F(L) target function (11). To the minimum F(L) function, L* calculated from Eq. (12) corresponds.
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adsorbers. At least two adsorbers operating in the
regeneration mode are required to provide the steady-
state operation of this system. In this case, αa = 0.66
and β = 1.06. If further experiments show that the load
per active adsorber q is still unduly high, a system of
seven adsorbers, including five active adsorbers (αa =
0.71), can be considered. In this case, β = 1.014.


CONCLUSIONS


An algorithm for the number of adsorbers in gas
separation systems has been designed. The target func-


tion has been designed for the optimization of the num-
ber of adsorbents.
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Pathologies in the structure of collagen fibers
brought about by high myopia are due to decreasing
crosslink density in the sclera. As a result, the biome-
chanical properties of the sclera are disturbed and the
pathology progresses irreversibly [1, 2].


The techniques being developed for the prevention
and treatment of progressive myopia are based on scle-
roplastic operations or treatment of the scleral or cor-
neal tissue with crosslinking agents [1]. However, the
introduction of advanced techniques into medical prac-
tice is impossible without careful in vitro and in vivo
investigations.


Collagen is the basis of the intracellular matrix of
the cornea and sclera. The overall collagen content of
the sclera and cornea is, respectively, some 80 and 90%
based on dry weight. Collagen fibrils in the cornea form
a unique structure: they are stacked in lamellas lying
strictly parallel, which is responsible for the exclusive
transparency of the corneal tissue. Fibrils are not
orderly arranged in the sclera; therefore, the sclera is
untransparent, and alteration of its structure does not
change the properties of the eyeball [3].


In the sclera, as in other collagen-containing tissues,
collagen macromolecules can be crosslinked by
monosaccharides, their metabolism products, and other
compounds containing aldehyde and alcoholic func-
tionalities. Crosslinking can occur naturally in the
aging body, as a result of diabetes mellitus, and under
the action of intentionally introduced reagents. This
complex multistage process starts with aminocarbony-
lation, which produces Schiff bases (aldimines), the lat-
ter undergoing intramolecular rearrangement to
1-amino-1-deoxyketoses (Amadori compounds). Sub-
sequent dehydration, condensation, spontaneous degra-
dation of Amadori compounds to yield more reactive


saccharoses (tetroses, pentoses, and deoxyglucosones),
fragmentation, oxidation, and cyclization produce vari-
ous nitrogen- and oxygen-containing heterocyclic com-
pounds [4, 5].


Yellow-brown final glycation products are formed
as a result of these processes [6]. With increasing
crosslink density in collagen fibers, the Young modulus
increases [7] and the thermostability and stability
toward proteolytic enzymes rise [7–9]. An improved
thermal stability is expressed as an increased denatur-
ation temperature 


 


T


 


d


 


.


 


1


 


 Thus, 


 


T


 


d


 


 is an important crite-
rion, a measure of the crosslink density of collagen
fibers.


This work is intended to investigate the thermal sta-
bility of the sclera and cornea, the alteration of the 


 


T


 


d


 


 of
collagen, and the stability toward trypsin of the scleral
and corneal tissues treated with crosslinking agents.


MATERIALS AND TECHNIQUES


 


Tissue Sample Preparation


 


Sclera and cornea tissue from rabbit were obtained
no later than 6 h post mortem. Sclera and cornea sam-
ples were washed with water, dried in air for 24 h, and
cut into samples 3–4 mg in weight based on dry weight.


 


Treatment with Crosslinking Agents


 


Tissue samples 5–10 mg in weight were treated with
1 M solutions of monosaccharides (from Sigma) in an
incubation buffer (0.15 mol/L NaCl, 25 mmol/L EDTA


 


1


 


The denaturation temperature is the temperature at which the
ordered structure of the collagen triple strand is destroyed to form
a random coil.
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Abstract


 


—The thermal stability of the scleral and corneal tissues after in vitro treatment with ribose, threose,
and glyceraldehyde was investigated. The thermal transition temperature and the enthalpy of collagen fiber
crosslinking were determined by differential scanning calorimetry (DSC). The resistance of the tissues toward
trypsin was also determined after heating tissue samples in the DSC furnace. It was shown that the denaturation
temperature of scleral and corneal samples treated by crosslinking agents increased, but the enthalpy of dena-
turation decreased. It is suggested that crosslinking in the collagen matrix of the cornea and sclera prevents
complete collagen denaturation if the temperature does not rise up to 110
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(from Quality Biological, Inc.), 5000 penicillin units,
5 mg streptomycin (from PanEco) per 1000 mL of the
buffer with pH 7.4).


Three sclera and three cornea samples were used in
each experiment. Crosslinking was performed as fol-
lows: (1) with ribose for 1 and 5 days at 37


 


°


 


C, (2) with
threose for 5 days at 37


 


°


 


C, and (3) with glyceraldehyde
for 12 h at 25


 


°


 


C.


 


Differential Scanning Calorimetry (DSC)


 


Tissue samples 1–5 mg in weight based on dry
weight were sealed in an aluminum cap. An empty cap
was used as the reference. Thermal analysis was carried
out by differential scanning calorimetry (DSC) on a
Mettler Toledo DSC 822 instrument at temperatures
from 25 to 110


 


°


 


C. The temperature variation rate was
10 K/min.


 


Thermogravimetric Analysis (TGA)


 


In order to determine the residual water content, air-
dried 1–5 mg tissue samples were heated in the cell of
a Mettler Toledo TGA 851 thermogravimetric analyzer
at 10 K/min in the range 40–160


 


°


 


C; then, the samples
were exposed for 15 min at 160


 


°


 


C. The residual was
used to normalize DSC peak areas.


 


Enzymatic Treatment of Denatured Issues


 


After recording DSC traces, sclera and cornea sam-
ples heated in the DSC furnace were treated with 1%
aqueous solution of trypsin at room temperature for
24 h in order to evaluate the collagen denaturation
depth during heating. Trypsin is known to split (solubi-
lize) only fully denatured collagen fibrils with the triple
strand, and it does not affect collagen that has retained
its tertiary structure [10, 11].


RESULTS AND DISCUSSION


Table 1 displays the residual water content in dried
samples of intact issues as determined by TGA and the
collagen percentage in dry tissue samples calculated
using data from [3].


Table 2 compiles the denaturation temperature and
the heat of denaturation for sclera and cornea samples,
as well as the solubilities of samples in trypsin after
heating inside the calorimeter furnace. For the
crosslinked samples, the heats of denaturation were cal-
culated on the assumption that the collagen content of
dry crosslinked samples does not differ substantially
from the collagen content in well dried intact tissues.


 


Intact Sclera and Cornea Samples


 


Example DSC traces for intact sclera and cornea
samples are displayed in the figure (curve 


 


1


 


). The endot-
hermic peaks are clearly seen in the DSC trace; their
peak temperatures are 66–67


 


°


 


C. The transition parame-
ters (temperature and heat) are indicated in Table 2. The
heat referred to pure collagen is 54.2 


 


±


 


 2.4 J/g for the
sclera and 49.8 


 


±


 


 3.1 J/g for the cornea, which corre-
sponds to collagen denaturation (


 


∆


 


H


 


m


 


 for collagen con-
taining some water ranges from 45 to 65 J/g [12]).
Heated samples dissolve in trypsin, which indicates the
full denaturation of their collagen.


 


Table 1.


 


  Water and collagen contents in intact samples
(


 


P


 


 = 0.95, 


 


n


 


 = 3)


Tissue TGA water content,
wt %


Collagen water content 
in intact samples, wt %


Sclera 19.3 


 


±


 


 2.5 64.56 


 


±


 


 2.0


Cornea 15.2 


 


±


 


 3.0 76.32 


 


±


 


 2.7


 


Table 2.


 


  Temperatures and heats of denaturation for sclera and cornea samples before and after crosslinking (


 


P


 


 = 0.95, 


 


n


 


 = 3)


Sample Crosslinking 
agent


 


T


 


d


 


, 


 


°


 


C
(peak)


 


∆


 


T


 


d


 


, 


 


°


 


C
(range)


 


∆


 


H


 


denat


 


, J/g,
for issue


 


∆


 


H


 


denat


 


, J/g,
for collagen


Solubility
in trypsin


Sclera No (blank) 66.0 


 


±


 


 0.5 62–74 35 


 


±


 


 0.5 54.2 


 


±


 


 2.4 Complete


Rib (1 days) 66.7 


 


±


 


 0.5 63–73 34 


 


±


 


 0.5 52.7 


 


±


 


 2.5 Complete


Rib (5 days) 68.0 


 


±


 


 0.4 67–75 30 


 


±


 


 0.6 46.5 


 


±


 


 2.3 With residue


Thr (5 days) 76.0 


 


±


 


 2.1 74–84 27 


 


±


 


 0.4 41.8 


 


±


 


 1.8 Poor


Gly (12 h) 83.0 


 


±


 


 3.1 80–92 25 


 


±


 


 0.7 38.7 


 


±


 


 2.2 Insoluble


Cornea No (blank) 67.0 


 


±


 


 0.5 56–75 38 


 


±


 


 0.9 49.8 


 


±


 


 3.1 Complete


Rib (1 days) 68.0 


 


±


 


 0.6 59–75 37 


 


±


 


 0.6 48.5 


 


±


 


 2.6 Complete


Rib (5 days) 69.8 


 


±


 


 0.7 68–76 33 


 


±


 


 0.4 43.2 


 


±


 


 2.2 With residue


Thr (5 days) 72.0 


 


±


 


 2.3 70–90 28 


 


±


 


 0.5 36.7 


 


±


 


 1.9 Poor


Gly (12 h) 78.0 


 


±


 


 2.9 74–88 19 


 


±


 


 2.1 24.9 


 


±


 


 3.5 Insoluble







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 2


 


      


 


2007


 


ALTERATION OF THE THERMODYNAMIC CHARACTERISTICS 65


 


Sclera and Cornea Samples after Ribose Treatment


 


One-day exposure of samples to a ribose solution
followed by DSC and trypsin treatment showed that the
temperature and heat of denaturation did not differ sig-
nificantly and that the samples dissolved in trypsin.
After 5 days of exposure in a ribose solution, the peak
temperature of the endotherm slightly increased and the
heat of collagen denaturation decreased (figure, curve 


 


2


 


;
Table 2). The heated samples did not completely dis-
solve in trypsin.


 


Sclera and Cornea Samples after Threose Treatment


 


After 5 days of exposure to a threose solution, sam-
ples became deep yellow, which indicated the forma-
tion of final glycation products [6]. Representative
DSC traces are displayed in the figure (curve 


 


3


 


). The
temperature range of collagen denaturation noticeably
widens and shifts toward higher temperatures, while
the heat of denaturation decreases (Table 2). The sam-
ples were treated with trypsin in order to control the
completeness of denaturation of collagen fibrils; as a
result, the tissues were dispersed; however, their full
dissolution was not observed.


 


Sclera and Cornea Samples
after Glyceraldehyde Treatment


 


Samples exposed for 12 h to a glyceraldehyde solu-
tion acquired an intense brown color. Representative
DSC traces for such sclera and cornea samples are dis-
played in the figure (curve 


 


4


 


). The curves make it clear
that collagen denaturation in these samples occurs over
a wide temperature range.


The peak temperatures rise even more greatly; as
expected, the overall heat of the processes is smaller
here than in the other samples (Table 2). When exposed


to a trypsin solution, glyceraldehyde-treated eye tissue
samples heated inside the calorimeter do not dissolve
and do not lose their integrity.


Based on the above results, we may infer that glyc-
eraldehyde produces the greatest crosslink density in
collagen fibrils in the sclera and cornea and at the high-
est rate compared to the other reagents used.


The reason for which several peaks were observed
in the DSC traces for glyceraldehyde-treated sclera and
threose-treated cornea samples is not quite clear. How-
ever, we may suggest that these peaks result from the
nonuniform distribution of crosslinks in the tissue.
Both chemical and diffusion factors can affect the
appearance of this nonuniformity.


The character of the interaction between the
crosslinking agents used and the intact collagen struc-
ture can be inferred from the results we obtained. The
ratio between the enthalpy change and entropy change
during heating dictates the collagen melting tempera-
ture 


 


T


 


d


 


 [13]. In an endothermic process, a decrease in
the heat of the process enhances the decrease in the
phase-transition temperature. In the case at hand, how-
ever, the decrease in the heat of the phase transition is
accompanied by the increase in the transition tempera-
ture. This means that the entropy change upon denatur-
ation has the decisive influence on the collagen denatur-
ation temperature. A decrease in the 


 


∆


 


S


 


 of this transi-
tion for the treated samples compared to the intact
samples is due to the fact that nascent chemical bonds
limit the number of possible configurations of collagen
chains in the amorphous phase above the denaturation
temperature [13]. Thus, the term “crosslinking” seems
quite adequate as applied to these bonds. The system-
atic decrease in the heat of denaturation after crosslink-
ing, whose trend is opposite to that of the denaturation
temperature, is another interesting feature. In all prob-
ability, this means that not only do newly formed
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Panel (a): DSC traces for sclera samples: (


 


1


 


) blanks (intact uncrosslinked samples), (


 


2


 


) samples crosslinked by ribose or 5 days, and
(


 


3


 


) samples crosslinked by threose for 5 days, and (
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) samples crosslinked by glyceraldehyde for 12 h. Panel (b): the same for cornea
samples.
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crosslinks change the state of collagen in the amor-
phous phase, but they also inhibit full denaturation.
This is supported by the very low solubility of the glyc-
eraldehyde-crosslinked samples in trypsin after heating
in the calorimeter furnace. A similar situation is
described in works [10, 11]. The authors of the cited
works, using electron microscopy, noticed the follow-
ing: cow and sheep skin samples with very high
crosslinking densities (these samples were either
obtained from very old animals or first reduced with
sodium tetrahydroborate) conserved some elements of
their ordered fibrillar structure after being heated to
120


 


°


 


C.


In this work, we have proven the suggestion about
the possibility of incomplete denaturation of collagen
in crosslinked tissues; to this end, we used two autono-
mous and easy-to-use methods, namely, differential
scanning calorimetry and enzymatic treatment.
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INTRODUCTION


Primary terpenic alcohols—geraniol (3,7-dimethyl-


 


trans


 


-2,6-octadien-1-ol) and nerol (3,7-dimethyl-


 


cis


 


-
2,6-octadien-1-ol)—are valuable fragrant compounds.
They are used in perfumery, soap fragrances, and syn-
thetic detergents; they are also used for preparing gera-
nyl acetate and other fragrant esters, intermediates for
organic synthesis [1], citronellol, and citral [2]. Geran-
iol now accounts for 10% (10000 t/a) in the world-wide
production of fragrances [3].


Hydrolysis, followed by fractional distillation, is
used to isolate geraniol and nerol, which are contained
as esters in palmarosa oil (70–89%), geranic oil, and
citronella oil (30%) [3]. Full-scale processes for geran-
iol and nerol production include multistage synthesis
from isoprene [1] and 


 


β


 


-pinene [4], as well as the
homogeneous isomerization of linalool (a tertiary ter-
penic alcohol, 3,7-dimethyl-1,6-octadien-3-ol) or its
acetate or borate esters [5–13]. Linalool is prepared
from renewable natural sources: coriander oil (contain-
ing up to 80% linalool) [14] or 


 


α


 


-pinene, which is iso-
lated from turpentine (a woodworking product) [15].


Allyl rearrangement to isomerize linalool to geran-
iol and nerol is carried out in the presence of acids
(H


 


2


 


SO


 


4


 


, H


 


3


 


PO


 


4


 


, or CH


 


3


 


COOH mixed with acetic anhy-
dride) [5, 6] or gaseous HCl and HBr [7] (process tem-
peratures are 25–135


 


°


 


C; geraniol and nerol yields are
40–55%)), or in the presence of oxometallic derivatives
(esters) and ammonium salts of some transition-metal
(V, Mo, W, Re, or Nb) acids [8–10], especially ortho-
vanadates, in particular ammonium metavanadate [9].
Alkyl orthovanadates (RO)


 


3


 


V=O [8] are also used in
the pure form or mixed with tetrabutylammonium
hydroxide [15, 16]. These catalysts increase the linalool


 


* Melikishvili Institute for Physical and Organic Chemistry,
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conversion and the selectivity of formation of primary
alcohols (geraniol and nerol). For example, over tri-
isobutyl orthovanadate (200


 


°


 


C, N


 


2


 


, 3 h), the yields
increase up to 42 and 96%, respectively [10]; over the
catalysts claimed in [15, 16], the respective yields are
up to 40 and 95–99% (140–220


 


°


 


C). Weaknesses of the
state-of-the-art catalysts for linalool isomerization are
their environmental hazard, difficult separation from
reaction products, nonrenewability, and complexity of
preparation.


This work studies the conversions of linalool and
linalyl acetate intended to isomerize them over hetero-
geneous catalysts (zeolite and mesoporous molecular
sieves); these catalysts have acidic properties but have
no drawbacks intrinsic to the aforementioned homoge-
neous catalysts of linalool isomerization. The use of
micro- and mesoporous molecular sieves in the isomer-
ization of linalool to geraniol and nerol has not been
documented in the scientific or patent literature [14].


EXPERIMENTAL


 


Catalysts.


 


 Catalysts were prepared from the follow-
ing large-porous zeolites and mesoporous MCM-41
aluminosilicate (AS) (Table 1): NH


 


4


 


BEA (Si/Al = 42)
and NaMOR (Si/Al = 5) (from Zeolyst). NaFAU(Y)
(Si/Al = 1.95) and colloidal TMA-OFF (Si/Al = 3) were
synthesized from natural clinoptilolite (the Khekord-
zula deposit, Georgia) as described previously [17].
Scanning electron microscopy (magnification 10000)
showed that colloidal TMA-offretite had submicron
crystallites with one dimension equal to 100 nm.


Aluminum-containing MCM(Al)-41 (Si/Al = 42.5)
and siliceous MCM(Si)-41 mesoporous materials were
prepared by the hydrothermal treatment at 373 K for
24 h of aluminosilicate and silicate hydrogels, respec-
tively, in the presence of cetyltrimethylammonium bro-
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α


 


- and 


 


β


 


-terpineols are low. The use of linalyl
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mide [18]. The TMA forms were precalcined at 813 K
for 3 h in an inert gas flow, then in air. Aluminum-con-
taining mesoporous MCM(Al)-41 (Si/Al = 25) with the
pore diameter equal to 2.8 nm was prepared at 373 K
from deeply acid-leached clinoptilolite (from the Khek-
ordzula deposit) in the presence of a decyltrimethylam-
monium bromide template. The tested acidic H-forms
of large-porous FAU(Y), OFF, and BEA and mesopo-
rous MCM(Al)-41 were prepared through their ammo-
nium species by decomposing them in a dry air flow at
773 K.


This work also studies deeply dealuminated large-
porous zeolites DeAlBEA (Si/Al = 277) and DeAl-
MOR (Si/Al = 97). High-silicon DeAlBEA and DeAl-
MOR were prepared by boiling the starting H-forms
with 2 M oxalic acid. The total acidities as determined
by the TPD-NH


 


3


 


 method were 378 and 365 


 


μ


 


mol/g for
HBEA and DeAlBEA, respectively.


 


Catalytic experiments and product analysis.


 


 The
catalytic conversion of linalool and linalyl acetate was
carried out at 373–453 K using 0.1–0.3 g of the cata-
lysts and 3 mL of the substrate in a batch mode either
in a four-necked flask (equipped with a refluxer, a mag-
netic stirrer, a thermometer, and a knee for the admis-
sion of the reagent and inert gases (Ar or He)) or in a
specially designed titanium autoclave of a small capac-
ity (20 mL).


The reaction products were separated from the cata-
lysts by centrifuging. They were identified by chroma-
tography/mass spectrometry on a VG 7070 instrument


(a quartz capillary column (25 m 


 


×


 


 0.2 mm) packed
with SE-30). The liquid reaction products were ana-
lyzed on an LKhM-8MD model 2 chromatograph
equipped with a catharometer installed on a steel col-
umn (5 m 


 


×


 


 3 mm) packed with 20% Tween-85 on acid-
washed Chromaton-N-AW. The analysis parameters
were as follows: carrier gas, helium; carrier-gas rate,
40 mL/min; and evaporator temperature, 443 K. Anal-
ysis was carried out in a programmed mode: first, tem-
perature was increased from 323 to 413 K at 8 K/min;
then, it was maintained at 413 K for 20 min. Chromato-
graphic peaks were identified by the retention time of
individual components. The products appeared in the
following order: 


 


α


 


-pinene, camphene, myrcene, 


 


α


 


-ter-
pinene, limonene, ocimene, 


 


γ


 


-terpinene, linalool,
camphor, linalyl acetate, 


 


β


 


-terpineol, 


 


α


 


-terpineol, terpi-
nyl acetate, nerol, geraniol, and geranyl acetate. Quan-
titative chromatographic analysis was performed by the
standard additions techniques [19, 20]. The standard
used was the starting compound (linalool or linalyl ace-
tate). Product yields (


 


B


 


) were derived from the concen-
trations of reaction products (


 


C


 


i


 


). The concentration of
chromatographically undetectable condensation prod-
ucts (


 


C


 


) was derived from


The reagent conversion (


 


Y


 


, wt %) and product selec-
tivity (


 


S


 


, %) were, respectively, calculated from


C 100 Ci.∑–=


Y Q1 Q2/Q1 100%,×–=


 


Table 1.


 


  Physical–chemical parameters of the test catalysts


Catalyst Si/Al,
mol/mol


 


S


 


BET


 


, m


 


2


 


/g


 


V


 


, cm


 


3


 


/g


 


V


 


micro


 


/


 


V


 


Unit cell composition


NaFAU(Y) 1.95 – – – Na


 


43.94


 


 · Ca


 


2.59


 


 · Al


 


66.37


 


 · Si


 


129.76


 


 · O


 


384


 


 · 196.49H


 


2


 


O


HFAU(Y) 1.95


NH


 


4


 


BEA 42.0 557 0.678 0.228 (NH


 


4


 


)


 


1.44


 


 · Na


 


0.06


 


 · Al


 


1.48


 


 · Si


 


62.5


 


 · O


 


128


 


 · 28H


 


2


 


O


DeAlBEA 277.0 565 0.335 0.510 H


 


0.23


 


 · Al


 


0.23


 


 · Si


 


63.77


 


 · O


 


128


 


 · 9H


 


2


 


O


NaMOR 5.0 – – – –


DeAlMOR 97.0 – – – –


TMA-OFF 3.0 – – – 0.48K


 


2


 


O · 0.33Na


 


2


 


O · 0.16(TMA)


 


2


 


O · 0.15CaO ·


0.09MgO · Al


 


2


 


O


 


3


 


 · 5.94SiO


 


2


 


 · 3.91H


 


2


 


O


HOFF 3.0 – – – –


MCM(Al)-41 42.5 1048 1.000 – 0.04Na


 


2


 


O · 0.96H


 


2


 


O · Al


 


2


 


O


 


3


 


 · 85SiO


 


2


 


 · 30H


 


2


 


O


MCM(Si)-41* – 1222 – – SiO


 


2


 


 · 0.07H


 


2


 


O


MCM(Al)-41** 25.0 – – – –


HMCM(Al)-41*** 25.0 – – – –


 


Notes: * Pore size of 2.5 nm.
** Pore size of 2.8 nm.


*** Crystallite size of 100 nm.
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where 


 


Q


 


1


 


 and 


 


Q


 


2


 


 were peak areas due to the reagent
(linalool or linalyl acetate), obtained under identical
conditions during calibration and product analysis.


 


Chemicals.


 


 Racemic linalool and linalyl acetate
(from Aldrich, 97–98%) was used. In some cases,


S B 100%/Y ,×=


 


d-linalool isolated by the fractional distillation of cori-
ander oil (


 


T


 


 = 50–60


 


°


 


C, 


 


p


 


 = 3 mm, 88.1% linalool) was
used.


RESULTS AND DISCUSSION


The composition of the conversion products of lina-
lool and linalyl acetate over the tested acidic forms of
zeolites and MCM-41 (Tables 2, 3) implies that we are
dealing with multipath processes; the main paths are
presented by Schemes 1 and 2. The conversion products
of linalool and linalyl acetate over the tested zeolites
and MCM(Al)-41 are yellowing liquids with a charac-
teristic smell.


 


Linalool conversion.


 


 Linalool over the tested zeo-
lites and MCM-41 is mainly dehydrated and cyclized to
form acyclic and monocyclic terpenic hydrocarbons
(HCs), namely, myrcene, ocimene, 


 


α


 


- and 


 


γ


 


-terpinenes,
and limonene, with total yields of 18–81% and conver-
sions equal to 21–100%. Linalool also forms condensa-
tion products with the lowest yields at 380 K over
DeAlMOR and the highest yields at 413 K over
MCM(Al)-41, these yields being equal to 4 and 36%,
respectively (Table 2).


The data contained in Table 2 show that the degree
of linalool isomerization to geraniol is insignificant:
geraniol yields over zeolites HFAU(Y), HBEA, and
DeAlMOR are as low as 1–3%. The selectivity of
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isomerization to α- and β-terpineols is also insignifi-
cant. Their yields are 1–10%, including HMCM(Al)-41
(Si/Al = 25), unlike over the MCM(Al)-41 sample
(Si/Al = 42.5): over MCM(Al)-41, which bears less
acidic sites, isomerization either to geraniol or α- and
β-terpineols does not occur. A linalool molecule is large
(9 × ~5.8 Å); during its conversion over zeolites and
MCM(Al)-41, the intracrystallite space should be
accessible only in mesoporous MCM-41 due to its large
pore sizes (2.8 nm). Indeed, linalool conversion at
413 K over MCM(Al)-41 and HMCM(Al)-41 occurs
with high extents (100 and 80%, respectively).


In the presence of MCM(Si)-41 (a catalyst with very
weak acidic sites), linalool is not converted under the
same conditions, indicating a need for the involvement
of stronger acidic sites in this process; another indica-
tion is that the reaction does not occur over DeAlBEA
pretreated with aqueous KOH.


Over zeolite catalysts with window sizes (MOR and
BEA) or pore sizes (FAU(Y)) ranging from 6.5 to 7.7 Å
[21], linalool conversion also proceeds with high
extents (43–100%). Presumably, linalool conversion
occurs at the acidic sites of the outer grain surfaces;
however, the involvement of the reactive sites and
intracrystallite space of zeolites cannot be ruled out
with the provision that the orientation of linalool mole-
cules favors the interaction of their OH groups with the
reactive sites of the zeolite. The same is indicated by the
different linalool-dehydration selectivities over differ-
ent zeolite types studied. In particular, the highest
ocimene selectivity (48.6%) is achieved over HFAU(Y)
and the highest limonene selectivity is over DeAlMOR,
HBEA, and HOFF (44.7, 54.2, and 58.7%, respec-
tively).


In the progress of BEA dealumination, i.e., as the
Si/Al ratio increases from 42 to 277 or as the BEA acid-
ity decreases with changing strength of acidic sites
[22], the dehydration–cyclization yield (hydrocarbon
yield) decreases from 80.7 to 17.9%. The linalool con-
version decreases in association from 100 to 44%,
while the isomerization selectivity (to α-terpineol,
β-terpineol, geraniol) does not change significantly
(Table 2).


Over HMCM(Al)-41, HFAU(Y), and DeAlMOR,
camphor (C10H16O, a terpenic ketone) is also formed,
with the highest yield over HMCM(Al)-41 being equal
to 10.2% (Table 2).


Linalyl acetate conversion. The catalytic proper-
ties of zeolites and MCM-41 in linalyl acetate conver-
sion were studied in order to avoid dehydration and to
obtain geranyl acetate as the isomerization product.
The OH group in linalyl acetate is shielded, unlike in
linalool. The data in Tables 2 and 3 demonstrate that,
under commensurable conditions, the degrees of con-
version and the condensation yields for linalyl acetate
conversion are higher than for linalool conversion, with
the dehydration and cyclization selectivity being
decreased almost over all types of catalysts studied.


The isomerization selectivity for terpinyl acetates and
geranyl acetates over these catalysts is higher during
linalyl acetate conversion than the selectivity of linalool
isomerization to geraniol, nerol, and α- and β-terpine-
ols; at 373–380 and 413 K, the selectivity for terpinyl
acetates and geranyl acetates is, respectively, 2.3–14.3
and 4.7–39.5% (Table 3). The highest geranyl acetate
yield is over DeAlBEA and colloidal HOFF. The gera-
nyl acetate yield is 17.4–33.1% over DeAlBEA at
413 K and 19.8% over HOFF at 373 K (Table 3).


The finding of terpenic hydrocarbons (myrcene,
ocimene, α- and γ-terpinenes, and limonene) in the
conversion products of linalyl acetate shows that linalyl
acetate over the tested zeolites and MCM-41 partially
decomposes to linalool and acetic acid. Recall that, in
the presence of MCM(Si)-41 at 413 K, linalool is not
converted, while linalyl acetate fully decomposes to
terpenic hydrocarbons and condensation products
(Table 3). Therefore, we can suggest that acetic acid has
a promoting effect on linalyl acetate conversion over
zeolites and MCM-41.


Over colloidal HOFF at 373 and 413 K, a high selec-
tivity for α-terpinene is observed, equal to 44.3 and
50.3% for conversions equal to 90 and 95%, respec-
tively (Table 3).


CONCLUSIONS


We can conclude that, in a liquid phase at 373–
453 K over acidic and dealuminized zeolites (FAU(Y),
BEA, OFF, and MOR) and over mesoporous AS
MCM-41, linalool isomerizes to geraniol and α- and
β-terpineols in low yields equal to 1–3 and 1–10%,
respectively. Linalyl acetate, an acetylated linalool
derivative, makes it possible to avoid some side reac-
tions. Over the same catalysts, linalyl acetate isomer-
izes to a greater degree, yielding geranyl and terpinyl
acetates with the highest yields at 413 K. These yields
over DeAlBEA are equal to 33.1 and 10.9%, respec-
tively.
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Organophophorous hydrolase (OPH, EC 3.1.8.1) cat-
alyzes the hydrolysis of organophosphorus compounds,
including pesticides widely used in agriculture and
chemical warfare agents (sarin, soman, and VX) [1, 2].
The genetic modification of OPH by His


 


6


 


 tagging of the
N-terminus of the protein molecule markedly simpli-
fied the isolation of the protein and made it possible to
obtain the highly active enzyme His


 


6


 


-OPH, which is
catalytically much more efficient towards some sub-
strates than native OPH [3]. At the same time, the
highly efficient expression system pTES-His


 


6


 


-OPH
created for the biosynthesis of this protein in 


 


E. coli


 


cells [4], which affords this enzyme in high yield (up to
45% of the total cell protein) [3] and produces most of
it (up to 60%) as inactive and insoluble inclusion bodies
(IB), irrespective of the host strain used in the transfor-
mation.


It is of great interest to see whether it is possible to
carry out the refolding of this protein. If the refolding is
possible, one would expect that the isolation of the sol-
uble form of His


 


6


 


-OPH from the cells and its purifica-
tion followed by the refolding of His


 


6


 


-OPH from the
inclusion bodies of the same cells will allow more com-
plete and rational cell biomass utilization and can
afford a higher yield of the active recombinant form of
the enzyme.


It is believed that the refolding of proteins contain-
ing polyhistidine sequences is technically much more
convenient than the refolding of the proteins containing
no polyhistidine sequences [5]. In particular, the former
allows application of metal-chelating affinity chroma-
tography. This method is based on the formation of a
stable complex between the His


 


6


 


 tag added to one of the
protein terminuses and a metal ion (usually Ni


 


2+


 


 or
Co


 


2+


 


) introduced into the chromatographic support


material premodified with a chelating ligand. The for-
mation of such metal complexes is possible even in
solutions containing high concentrations of chaotropic
agents, such as urea and guanidinium hydrochloride
[6–10]. As a result, the enzyme molecules are tightly
immobilized on the support. This makes it possible to
substantially simplify IB separation from the cell debris
and to distribute the protein molecules in the carrier
volume in order to keep them at some distance from one
another and thereby reduce the probability of their
aggregation during refolding. Note that the aggregation
of protein molecules, which is viewed as an adverse
phenomenon in refolding, results from intermolecular
interactions between the hydrophobic parts of protein
globules and from the interaction of these globules with
the hydrophobic components of the cell that pass into
the solution during IB solubilization [5].


The most common carrier used for metal-chelating
affinity chromatography is agarose modified with
nitrilotriacetic acid (NTA) and charged with Ni


 


2+


 


 ions
[6–10]. The most popular denaturants are urea [5–10]
and guanidinium hydrochloride [9, 10]. Optimum
refolding conditions defy rigorous systematization and
are unique for each particular protein.


In this study, His


 


6


 


-OPH was immobilized on poly-
acrylamide gel obtained by freezing a polymerizing
system (cryo-PAAG), modified with iminodiacetic acid
(IDA) residues [11, 12], and charged with Co


 


2+


 


 ions
(Co


 


2+


 


–IDA–cryo-PAAG) [13]. This support was chosen
for His


 


6


 


-OPH refolding for the reason that cryo-PAAG
is characterized by a much larger pore size than agarose
[11, 12] and is, therefore, more favorable for spatial
separation of protein molecules than the low-porosity
support media based on agarose.
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Abstract


 


—The inclusion bodies of organophosphorous hydrolase hexahistidine-tagged at the N-terminus of the
protein molecule were isolated from 


 


E. coli


 


 DH5a cells and purified. The optimum conditions for the solubilization
of the inclusion bodies are the following: 6 M urea in a phosphate–salt buffer with pH 7.6, 37


 


°


 


C, 2 h. The refolding
of the enzyme from solutions of the solubilized inclusion bodies was carried out using metal-chelating affinity
chromatography. The activation of the refolded enzyme was studied. The highest catalytic activity of the enzyme


is observed after 24-h-long incubation at 4


 


°


 


C in a solution containing 0.05 M  and 10
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 M Co
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The maintenance of secondary protein structure dur-
ing denaturing is a significant factor in the refolding
efficiency, specifically, in the functional capacity of the
molecule for correct renaturation [14]. The only chao-
tropic agent was urea for the reason that the denaturing
of native OPH with guanidinium hydrochloride causes
irreversible changes in the secondary structure of the
enzyme [15].


Along with the denaturant, the pH of the medium is
another factor in the refolding efficiency [14]. Accord-
ing to circular dichroism data [16], the secondary struc-
ture of native OPH depends considerably on the pH of
the solution. The enzyme takes on the correct configu-
ration at pH 7.6, which corresponds to its isoelectric
point. It is at this pH that we performed denaturing and
refolding.


Here, we demonstrate the possibility of the refold-
ing of His


 


6


 


-OPH from IB and report the effects of
refolding conditions on the yield of the active form of
the enzyme obtained from the cell biomass.


EXPERIMENTAL


In this study, we used paraoxon (diethyl 


 


p


 


-nitrophe-
nylphosphate), 2-[


 


N


 


-cyclohexylamino]ethanesulfonic
acid (CHES, pK


 


a


 


 9.3), imidazole, cobalt chloride
hexahydrate, glycerol, Bromophenol Blue, Coomassie
Brilliant Blue R-250, ampicillin sodium salt, egg albu-
min, and sodium dodecyl sulfate from Sigma (United
States); tripton and yeast extract from Difco (United
States); acrylamide and bisacrylamide from Merck
(Germany); isopropyl-


 


2


 


-D-thiogalactopyranoside
(IPTG) and molecular weight markers for protein elec-
trophoresis (protein standards with molecular weights
of 21.5, 31.0, 45.0, 66.2, and 94.6 kDa) from Fermentas
(Lithuania); and 


 


N


 


,


 


N


 


,


 


N


 


',


 


N


 


''-tetramethylethylenediamine
and ammonium persulfate from Bio-Rad (United States).
The support medium for affinity chromatography was
Co


 


2+


 


–IDA–cryo-PAAG provided by Protiste (Switzer-
land). The other chemicals (analytical grade) were pur-
chased from Labtekhnika and Khimmed (Russia).


Inclusion bodies were obtained using 


 


E. coli


 


 DH5


 


α


 


cells transformed with plasmid pTES-His


 


6


 


–OPH [4],
which were cultured at 37


 


°


 


C in a nutrient medium of
the following composition: tripton (12.0 g/l), yeast
extract (24.0 g/l), glycerol (4.0 ml/l), KH


 


2


 


PO


 


4


 


(6.95 g/l), K


 


2


 


HPO


 


4


 


 · 3H


 


2


 


O (12.54 g/l), pH 7.0. The bio-
synthesis of the desired protein was induced by introduc-
ing 1 mM IPTG. Five hours after induction, the cells
were precipitated by centrifugation (5000 g, 15 min),
resuspended in a phosphate–salt buffer (300 mM NaCl,
50 mM phosphate, pH 7.6), and ultrasonically disinte-
grated (44 kHz; six ultrasonications, each 45-s-long;
between ultrasonications, the biomass was held for
1 min in ice). After centrifugation (15 000 g, 30 min),
the IB-containing sediment was washed several times
with the same phosphate–salt buffer additionally con-


taining 1% Triton X-100 added to remove the residual
soluble form of His


 


6


 


-OPH.
In IB solubilization, we used urea solutions of dif-


ferent concentrations. These solutions were based on
the same phosphate–salt buffer and additionally con-
tained 5 mM imidazole. Urea solutions were added to
wet IB samples so that the IB : urea weight ratio was
1 : 10. After thorough resuspending in a vortex (Bio
Vortex V1, Biosan), the resulting suspensions were
incubated at 30 or 37


 


°


 


C under continuous agitation in a
temperature-controlled shaker (Biosan ES-20,
200 rpm). The undissolved IB residue was separated
using a Beckman J-2-21 centrifuge (United States)
(15000 g, 30 min).


Before loading the solubilized protein onto the
metal-chelating support, the latter was equilibrated
with the same buffer as was used in IB solubilization.
The loading of the protein solution to the chromato-
graphic support, His


 


6


 


-OPH folding using a linear urea
concentration gradient, and the elution of the folded
protein from the column using a linear imidazole con-
centration gradient (0 to 300 mM) were carried out at
4


 


°


 


C and a flow rate of 0.5 ml/min.
The His


 


6


 


-OPH biosynthesis level and the homoge-
neity of the protein preparation were evaluated by elec-
trophoretic analysis under denaturing conditions in
12% PAAG (Miniprotean II cell, Bio-Rad, United
States) followed by staining with Coomassie Brilliant
Blue R-250.


The protein concentration was determined by the
Bradford method [17] using a reagent from Bio-Rad
(United States).


The activity of the enzyme was determined spectro-
photometrically (Agilent 8453-UV spectrophotometer,
Germany) at 


 


λ


 


 = 405 nm and 25


 


°


 


C as the accumulation
of the 1 mM paraoxon hydrolysis product (4-nitrophe-
nolate anion) in a 50 mM carbonate buffer (pH 10.5, 


 


ε


 


= 18000 M


 


–1


 


 cm


 


–1


 


). The catalytic reaction was initiated
by introducing a His


 


6


 


-OPH solution into a cell contain-
ing the buffer and the substrate. The enzyme concentra-
tion in the reaction medium was 10


 


–10


 


–10


 


–9


 


 M.
The enzymatic activity unit was defined as the


amount of enzyme necessary for the hydrolysis of
1 


 


µ


 


mol of substrate in 1 min at 20


 


°


 


C and pH 10.5.
The rate of the enzymatic reaction was derived from


the slopes of the initial portions of kinetic traces (


 


v


 


0


 


 =
).


RESULTS AND DISCUSSION


When preparing the IB for solubilization, it was
necessary to maximally reduce the amount of the solu-
ble active form of His


 


6


 


-OPH in the wet IB sediment in
order to obtain a more accurate estimate of the refold-
ing efficiency and calculate the yield of the active form
of the enzyme. In view of this, we washed the IB sedi-
ment with the phosphate–salt buffer containing 1% Tri-


αtan
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ton X-100 three times. This procedure was chosen
based on numerous literature data indicating that the
Triton X-110 detergent is the most effective washer for
IB [7, 9, 10, 18–20]. The residual enzymatic activity of
the sediment was checked at each IB treatment stage.


We were unable to remove all of the soluble form from
the IB sediment: the residual activity after the completion
of the washing procedure was 1.6 


 


×


 


 10


 


–3


 


 units/mg.


 


Dependence of the IB solubilization efficiency on
process conditions.


 


 First of all, it was necessary to
determine the urea concentration maximizing the
amount of protein passing from the IB sediment into the
solution. To do this, we studied IB solubilization as a
function of the urea concentration at 37


 


°


 


C. The protein
solubilization efficiency was evaluated electrophoreti-
cally. Raising the urea concentration caused broaden-
ing of the lane corresponding to the molecular weight
of the desired protein (36 kDa), as is clear from electro-
phoresis tracks 1–3 in Fig. 1. The protein lane on track 4
is nearly as broad as the same lane on track 3. There-
fore, it is inappropriate to use denaturing agent concen-
trations above 6 M since this will not increase the con-
centration of the protein solubilized from the IB sedi-
ment. Note that similar results were obtained for other
polyhistidine-containing proteins [7, 8]. Furthermore,
according to the literature concerning the denaturing of
native OPH in urea solutions of various concentrations
[15], 8 M solutions of this denaturant completely break
down the secondary structure of the enzyme, more than
half of which persists up to a denaturant concentration
of 7 M. In view of these data, further optimization of
the solubilization process was done for 6 M urea solu-
tions.


Preliminary experiments demonstrated that the IB
dissolution efficiency depends on many factors, includ-
ing the process temperature, the duration of protein
exposure to the solubilizer solution, and the chaotropic
agent concentration (urea). In order to study the effects


of these main factors on the solubilization of insoluble
His


 


6


 


-OPH, wet IB samples were resuspended in equal
volumes of urea solutions of different concentrations
(2, 4, and 6 M). The suspension exposure time at 30 or
37


 


°


 


C was varied between 2 and 14 h. The solubilization
efficiency was evaluated electrophoretically. According
to electrophoresis data (Fig. 2), the protein fraction
passing into solution increases as the urea concentra-
tion or the IB solubilization temperature is raised. This
is indicated by the thickening of the lane near 36 kDa.
It was demonstrated that, at solubilization times longer
than 2 h, the His


 


6


 


-OPH concentration in the solution
remains invariable.


By these experiments, we found that the conditions
favorable for the solubilization of insoluble His


 


6


 


-OPH
are the following: 6 M urea, 37


 


°


 


C, and 2-h-long IB
exposure to the urea solution.


 


Refolding on the metal chelating support.


 


 The
pathway of in vitro renaturing is similar to the pathway
of in vivo renaturing. However, in an artificial medium,
the pathway may branch out, finally resulting in an
incorrect folding of the polypeptide chain. Correct fold-
ing depends on the ambient conditions, which should
not prevent the realization of the native structure. Pro-
tein refolding depends strongly on the composition,
temperature, and pH of the medium and on the protein
and denaturant concentrations [14]. These parameters
govern the total charge and the extent of hydration of
the molecule, the size and ratios of its charged frag-
ments, and the interaction level of these fragments.
These factors determine the conformation of the mole-
cule, which depends much more strongly on the prop-
erties of the medium before renaturing than the native
conformation. Furthermore, the IB contain the desired
product as a complex with lipid components of the cell,
nucleic acids, and cell proteins. These components can
prevent the protein molecule from assuming the native
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Fig. 1.


 


 Electrophoregram characterizing the extent of disso-
lution of the IB as a function of the urea concentration in the
50 mM phosphate–salt buffer containing 300 mM NaCl
(pH 7.6): (


 


1


 


) 2 M, (


 


2


 


) 4 M, (


 


3


 


) 6 M, and (


 


4


 


) 8 M. M = molec-
ular weight marker.
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Fig. 2.


 


 Electrophoregram characterizing the extent of disso-
lution of the IB as a function of the urea concentration in the
50 mM phosphate–salt buffer containing 300 mM NaCl
(pH 7.6), temperature and incubation time: (


 


1


 


) 2 M, 30


 


°


 


C,
2 h; (


 


2


 


) 2 M, 30


 


°


 


C, 14 h; (


 


3


 


) 4 M, 30


 


°


 


C, 2 h; (


 


4


 


) 4 M, 30


 


°


 


C,
36 h; (


 


5


 


) 4 M, 37


 


°


 


C, 2 h; (


 


6


 


) 6 M, 37


 


°


 


C, 2 h; (


 


7


 


) 6 M, 37


 


°


 


C,
10 h. M = molecular weight marker.
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spatial structure. The absence of these impurities is a
necessary condition for successful renaturing [14].


Based on previous data and on the relevant litera-
ture, we decided to use the following refolding condi-
tions: 50 mM phosphate buffer, pH 7.6, 300 mM NaCl,
6 or 4 M urea. 5 mM imidazole, and 20 or 4


 


°


 


C. The
presence of imidazole in the buffer is necessary to
reduce the nonspecific binding of the impurity compo-
nents that can be present in solubilized IB by the chro-
matographic support.


As the refolding temperature is decreased, the dif-
ference between the energy minima corresponding to
the intermediate states of the refolded protein molecule
increases, thus raising the probability of the protein
globule occurring in the global minimum correspond-
ing to the native configuration; for this reason, His


 


6


 


-
OPH refolding was performed at 4


 


°


 


C.
Figure 3 shows a chromatographic profile of the


refolding of His


 


6


 


-OPH from the IB solubilized in the
phosphate buffer containing 6 M urea at 4


 


°


 


C. The appli-
cation and elution processes were monitored electro-
phoretically (electrophoresis data are not presented
here). The narrowing of the lane near 36 kDa suggested
that the sample had been successfully immobilized on
the carrier.


The rate of the linear gradient of urea was main-
tained at a low level of ~0.15 M/h. According to famil-
iar data [7–10], low chaotropic agent concentration
decrease rates are favorable for correct refolding and
for a higher yield of the native form of the enzyme. It
was found that the enzyme is eluted from the support in
a linear imidazole gradient at a concentration of 50–


150 mM. The same elution conditions are appropriate
for the soluble form of His


 


6


 


-OPH [4].
The refolded protein eluted from the metal-chelat-


ing support was subjected to dialysis against the 50 mM
phosphate buffer containing 300 mM NaCl (pH 7.6) for
24 h and was then activated. The dialysis of His


 


6


 


-OPH
was used to remove imidazole from the enzyme.
According to our data, even the presence of small
amount of imidazole would have caused serious diffi-
culties in enzyme activation.


 


Activation of the refolded enzyme.


 


 The activation
of His


 


6


 


-OPH was carried out by adding a carbonate
buffer (to a concentration of 50 mM) and the Co


 


2+


 


 ion
(to a concentration of 10


 


–5


 


 M) to an enzyme solution.
The final enzyme concentration was 1.2 


 


× 10–7 M.
OPH is a metalloenzyme containing two Co2+ ions


in its active site. It shows its highest enzymatic activity
in the presence of Co2+ ions in the solution [1, 2]. The
coordination sphere of the metal ions in the active site
of OPH involves a carbamylated Lys-169 residue [21],
which is not modified in the apo form of the enzyme.
Bicarbonate concentrations of 30 to 50 mM are known
to speed up the formation of the active site of the
enzyme [22]. We demonstrated that, in the presence of
0.05 M carbonate ion and 10–5 M Co2+ in buffers with
pH 10.5 and 9.0, the activity of refolded His6-OPH
peaks in 24 h at 4°C (Fig. 4).


The activity of the enzyme was studied as function
of the pH of the medium. We used 50 mM CHES buffer
solutions containing 300 mM NaCl and having pH 8.0,
8.5, and 9.0. The highest catalytic activity of the
enzyme was observed at pH 8.5 and 9.0 ten days after
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Fig. 3. Chromatographic profile illustrating the loading of a solution of IB solubilized in 6 M urea onto the chromatographic support
Co2+–IDA–cryo-PAAG and the refolding and elution of the protein. Buffer 1: 50 mM phosphate–salt buffer containing 300 mM
NaCl (pH 7.6); (1) linear urea gradient of 6–0 M. Buffer 2: 50 mM phosphate–salt buffer containing 300 mM NaCl (pH 7.6). Buffer
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the beginning of activation (Fig. 4). Therefore, the car-
bonate-containing buffers are the best for the activation
of the enzyme.


It was found that the activity of the refolded protein
(6200 units/mg) and its catalytic properties are identi-
cal to those of the soluble form of His6-OPH [3].


Thus, we demonstrated for the first time that it is
possible to refold His6-OPH from urea-solubilized IB
using a metal-chelating support. We found the condi-
tions most favorable for the solubilization of the pro-
tein. His6-OPH refolding was carried out, and it was
demonstrated that the resulting protein is highly active
and has the same properties as the soluble form of His6-
OPH.


The refolding of His6-OPH from IB has made it pos-
sible to substantially raise the total yield of the active
form of His6-OPH from the cell material used as a
source of the soluble form of His6-OPH.
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The progressive improvement of techniques for the
synthesis of fluorinated carbon derivatives (fluorocar-
bons) and the substantiation of their scientific and engi-
neering applications is a rapidly advancing field of car-
bon chemistry. Along with familiar applications of flu-
orocarbons in the manufacture of high-efficiency
antifriction materials and cathodes for energy-intensive
chemical current sources [1–3], there are indications
[4–8] of the feasibility of their successful application in
sorption, catalysis, and chromatography; in particular,
fluorocarbons can be successfully used in these fields
on account of their extremely high hydrophobicity,
thermal stability, and chemical and biological inertness.
However, there are several factors, in particular, the
nonexistence of detailed data on the adsorption charac-
teristics of such materials, that hinder the design of flu-
orocarbon-based supports, coatings, and sorbents; the
improvement of their manufacturing technology; and
the prediction of their surface properties. Gas chroma-
tography is known as one of the most informative inves-
tigation tools for surface chemistry and adsorption
interactions. With rare exceptions [7–9], however, the
potential of gas chromatography with regard to fluoro-
carbons remains practically unused.


In this work, we use gas chromatography in the
Henry region, i.e., at ultimately low surface coverages,
to study the surface properties of graphite (G), carbon
fiber, and the products of their fluorination using
organic compounds of various classes as probe mole-
cules.


EXPERIMENTAL


Characteristics and notations for the test samples are
listed in Table 1. We used active graphite (GT grade,
State Standard (GOST) 4596-75, particle size of 200–
300 


 


µ


 


m). Graphite was treated with aqua regia in order


to free it from mineral impurities, then washed with dis-
tilled water to neutral reaction; next, it was treated with
hydrofluoric acid, washed with distilled water to neu-
tral reaction, and then dried at 400 K. The residue after
burning a purified G sample was 0.2 wt %.


Graphite was fluorinated in a nickel tubular reactor
equipped with an external heater. The temperature was
controlled with a chromel–alumel thermocouple. A G
sample (2 g) in a nickel boat was placed inside the reac-
tor; then, the reactor temperature was raised to 770 K,
after which fluorine was admitted at 90 mL/min. Prior
to use, fluorine was passed over NaF at 373 K to free it
from HF. After filling the reactor with fluorine, the tem-
perature was raised to 900 K at 0.16 K/s and maintained
at this level for 1 h. After the synthesis was over, the
sample was cooled to 298 K under a fluorine atmo-
sphere. The resulting sample of fluorographite (FG) was
a homogeneous white material with its particles con-
serving layered morphology; i.e., the average graphite
particle size after fluorination remained practically
unchanged (200–300 


 


µ


 


m). X-ray powder diffraction did
not show the G phase in the FG sample; the IR spectrum
of the FG agreed with the literature [10, 11]. Chemical
analysis showed 36.66 wt % C and 62.84 wt % F in the
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Table 1.


 


  Characteristics and notations of test samples


Notation Sample Color
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, m


 


2


 


/g


G Graphite Black 0.6


FG Fluorocarbon 
(CF


 


1.08


 


)


 


n


 


White 110


CF Carbon fiber Black 1.7


FCF Fluorocarbon 
fiber (CF)


 


n


 


Light gray 320
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product, which corresponds to the bulk formula
(CF


 


1.08


 


)


 


n


 


.
A sample of fluorinated carbon fiber (FCF) of com-


position (CF)


 


n


 


 (as specified by the manufacturer) was
prepared at the Research Institute for Electrocarbon
(Elektrougli, Russia) by fluorinating viscose carbon
fiber (CF) as in work [10]. Fluorinated carbon fiber is
an unstructured powder, unlike carbon fiber (filaments
~300 


 


µ


 


m in diameter). Therefore, for gas chromatogra-
phy, an FCF sample was compacted under a pressure of
70 bar; then, the pellets were crushed and sieved to
remove the 250–315 


 


µ


 


m fraction. The specific surface
area was determined by the Brunauer–Emmett–Teller
technique from nitrogen adsorption isotherms at 77 K or
by thermal nitrogen adsorption [12]. The procedure of
gas chromatography experiments is described in [8, 12].


RESULTS AND DISCUSSION


Table 1 makes it clear that fluorination is accompa-
nied by an almost 200-fold rise in the specific surface
area 


 


S


 


sp


 


. This significant change in 


 


S


 


sp


 


 as a result of flu-
orination can be due to the development of microporos-
ity, the appearance of defects (e.g., microcracks in the
starting carbon materials), and weakening of interparti-
cle bonding [1, 11].


It is known [13] that for gas-chromatographic inves-
tigations of the surface properties of microporous
adsorbent, it is important whether adsorption equilib-
rium is acquired under dynamic conditions [13]. The
noninfluence of the carrier gas flow rate on the retention
volumes is an argument in favor of the agreement of the
measured retention volumes 


 


V


 


a


 


 (mL/m


 


2


 


) and the Henry
adsorption constants [13]. It is shown in the work that


the 


 


V


 


a


 


 scatter around the mean value obtained on FCF
does not exceed 3% over a fairly wide range of the rates
from 2 to 10 mL/min. In view of the fact that good lin-
ear plots of ln


 


V


 


a


 


 versus the number of carbon atoms in
the molecules on FCF were obtained for 


 


n


 


-alkanes from
pentane to octane (with a correlation coefficient of
0.9999 at both 403 and 423 K), we may presume that
the samples acquired adsorption equilibrium. Calorim-
etry [14] and gas chromatography support this pre-
sumption: the initial differential heat of adsorption of
benzene on FCF is 44 kJ/mol at 373 K and 41 kJ/mol in
the range 373–423 K.


Fluorinated graphite shows a general tendency
toward an increase in 


 


V


 


a


 


 with decreasing helium flow
rate (Fig. 1), which keeps us from regarding the mea-
sured 


 


V


 


a


 


 as thermodynamic constants. It is fairly likely
that equilibration is hampered by the existence of
micropores and ultramicropores in FG. It also should
be taken into account that FG particles stick together
during the gas-chromatographic experiment; as a result,
the column permeability changes, and it is difficult to
obtain precision data. However, relative retention vol-
umes 


 


V


 


rel


 


 and retention indices 


 


I


 


 are comparatively little
affected by the carrier gas rate. The scatter of the 


 


V


 


rel


 


obtained on FG around the mean value does not exceed
3–11% in the range of the rates from 5 to 37 mL/min.
By way of example, Fig. 2 displays 


 


V


 


rel


 


 versus 


 


F


 


 plots
for three pairs of compounds. We may take that the
retention parameters (


 


I


 


 and 


 


V


 


a


 


) obtained on FG qualita-
tively characterize the surface properties of FG and that
they reflect intermolecular interactions in systems with
FG. The retention parameters on FG hereafter men-
tioned in the text were measured at 29 mL/min.


Table 2 displays vapor retention volumes deter-
mined for several organic compounds (saturated or aro-
matic hydrocarbons, oxygenated or nitrogenated com-
pounds). On fluorocarbons, a noticeable decrease is
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observed in 


 


V


 


a


 


 for all test compounds compared to the
unfluorinated matrices; this observation agrees with the
known data on the effect of carbon fluorination on
nitrogen, methanol, and ethanol adsorption in the batch
mode [3, 11].


On FG, 


 


V


 


a


 


 is 1.5–6 times that on fluorinated fiber.
This agrees with the suggested existence of micropores
and ultramicropores in the FG structure, which is
known to enhance the energy of interaction with adsor-
bate molecules [13].


To evaluate the polarity of test samples, we
employed an approach extensively used in gas chroma-
tography; namely, we compared the Kovatz retention
indices 


 


I


 


 of compounds capable of specific interactions
(hydrogen bonding, electrostatic, and donor–acceptor
interactions). Table 3 displays such data for the test
materials and for graphitized thermal soot (GTS),
which is classified as a reference apolar and chemically
homogeneous adsorbent with a planar surface formed
by the basal faces of graphite [13, 15]. In addition, 


 


I


 


 is
only insignificantly affected by the temperature; e.g.,
on FCF at 373–423 K, the retention indices for the test
compounds do not differ by more than 5 units. Similar
inferences were derived previously from the investiga-
tion of the retention of oxygen-bearing compounds on
GTS [16]. This allows us to compare the surface prop-
erties on the basis of 


 


I


 


 values determined at different
temperatures.


The similar 


 


I


 


 values obtained for benzene and
diethyl ether on G and GTS signify the chemical homo-
geneity of the graphite surface with respect to these
compounds. However, for alcohols, acetonitrile, and
nitromethane, 


 


I


 


 values on G are noticeably higher than
on GTS. The main reason for the residual inhomogene-
ity of the G surface is the existence on graphite of pris-
matic faces bearing oxygenated functionalities, apart
from the apolar basal face [15]. Molecules capable of
strong specific interactions, including hydrogen bond-
ing and donor–acceptor interactions [15], are mostly
responsive to the presence of such groups. We cannot
also rule out the existence of metal impurities on the G
surface, which also can induce a noticeable rise in
donor–acceptor interactions. Comparing 


 


I


 


 values
obtained for different matrices, we see that the contri-
bution of specific interactions during adsoprtion on car-
bon fiber is far higher than on G and the more so on
GTS (Table 3). For example, 


 


I


 


 for alcohols on CF is at
least 100 units higher than on G. For CF, one should
account not only for the existence of adsorption active
sites on its surface but also for the inhomogeneous CF
structure, which consists of both textured carbon and
various hybrid forms of amorphous carbon [1].


Fluorination abruptly decreases alcohol adsorption
regardless of the type of carbon material. This effect
indicates that the chemical homogeneity of the surface
increases as a result of fluorination and is the manifes-
tation of an increased hydrophobicity of the material.
For benzene, diethyl ether, and acetone, the fluorination


effect on the retention indices 


 


I


 


 on G is hardly notice-
able, unlike on CF, which is due to the high chemical
homogeneity of the matrix (Table 3).


Another conventional procedure for the character-
ization of the surface properties of solids is the compar-
ison of the adsorption of 


 


n


 


-alkanes and molecules hav-
ing relatively similar weights and geometries but differ-
ing in their functionalities or 


 


π


 


-bonds [13, 15]. Here,
we demonstrated that over a wide temperature range,
benzene is adsorbed on FG more weakly than hexane,
diethyl ether is adsorbed more weakly than pentane,
and butane and pentane are retained somewhat more
strongly than propanol-1 and butanol-1, respectively
(Fig. 3). One can see from Fig. 4 that similar results
were obtained for FCF, although 


 


V


 


a


 


 for butanol-1 on
FCF is slightly higher than for pentane. Similar tenden-
cies in the adsorption of the test group of compounds
were previously observed only for the most apolar,
chemically homogeneous, and hydrophobic surfaces


 


Table 2.


 


  Retention volumes 


 


V


 


a


 


 (mL/m


 


2


 


) for several com-
pounds on graphite (G), fluorographite (FG), carbon fiber
(CF), and fluorocarbon fiber (FCF) at 373* and 403 K


Adsorbate G FG CF* FCF* FCF


Pentane 0.38 0.23 0.49 0.16 0.06


Hexane 1.46 0.96 1.71 0.49 0.16


Benzene 1.07 0.70 2.96 0.41 0.15


C


 


2


 


H


 


5


 


OH 0.24 0.02 0.92 0.022 0.01


Propanol-1 0.31 0.06 1.5 0.063 0.028


Propanol-2 0.18 0.03 0.89 0.048 0.022


Butanol-1 0.95 0.22 4.0 0.20 0.076


Diethyl ether 0.29 0.16 0.58 0.11 0.043


CH


 


3


 


CN 0.24 0.03 0.6 0.03 0.02


CH


 


3


 


NO


 


2


 


0.16 0.05 0.8 0.04 0.02


 


Table 3.


 


  Retention indices 


 


I


 


 on carbon fiber (CF), fluorocar-
bon fiber (FCF), graphite (G), fluorographite (FG), and
graphitized thermal soot (GTS) [15, 16] at 373* and 403 K


Adsorbate CF* FCF* G FG GTS


Benzene 641 589 579 579 572


Diethyl ether 514 464 475 471 461


Propanol-1 589 420 482 393 397


Propanol-2 548 395 438 347 381


Butanol-1 672 523 570 492 493


Butanol-2 – 499 549 445 470


2-Methylpropanol-1 – 498 541 398 466


2-Methylpropanol-2 – 455 482 271 422


Acetone 545 414 400 408 382


Acetonitrile 520 361 460 346 340


Nitromethane 538 398 427 388 340
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such as hydrogen-treated GTS [15, 16]. Thus, we can
infer from our results that fluorocarbons have surfaces
adsorption on which is dominated by dispersion inter-
actions, as on GTS.


Graphitized thermal soot is known as the irreplace-
able adsorbent for separating structural isomers [13,
15]. The similarity of the chromatographic characteris-
tics of fluorocarbons and GTS was the impetus for
exploring the effect of the molecule geometry on the
retention parameters in systems involving fluorocar-
bons; this was considered using propanol and butanol
isomers as an example (Table 3). On the two fluorocar-


bons the retention parameters drop dramatically in
going from linear to branched alcohols, which results
from decreasing number of contacts between the mole-
cule and the adsorbent surface. In the butanol group, the
lowest 


 


I


 


 values were observed for the most heavily
branched isomer (2-methylpropanol-2). Along with the
common tendencies of alcohol adsorption, adsoprtion
on fluorocarbons showed several unexpected features.
On FCF, the difference between the retention of pro-
panol or butanol isomers is approximately the same as
on GTS; 2-methylpropanol-1 and butanol-2 are almost
equally adsorbed on these two sorbents (Table 3). A dif-
ferent pattern is observed for FG (Table 3, Fig. 5). In
this case, the adsorption of propanol-2 is one half that
of propanol-1 (on FGF and GTS, some 1.3 times
lower); the branched carbon skeleton of a 2-methylpro-
panol-1 molecule decreases the retention almost two-
fold compared to butanol-2 (where the hydroxide group
moves to the position 2). In addition, for FG we observe
an extremely weak adsorption of tertiary alcohol,
which is retained more weakly than propanol-2 (Fig. 5).
We encountered for the first time similar tendencies in
the gas chromatography of isomeric alcohols on solids.
These unusual properties of FG can be explained on the
assumption that graphite fluorination yields a system of
ultramicropores, which are poorly accessible to
2-methylpropanol-1 molecules with their branched car-
bon skeleton, and even less accessible to spheroid
2-methylpropanol-2 molecules. The retention features
we revealed for FG might enable its successful applica-
tion in gas chromatography of isomers, in particular, in
wet assay, where high-hydrophobicity adsorbents are
necessary.


On the whole, our results provide an argument in
favor of the appropriateness of using fluorination for
solving problems associated with the design of apolar,
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chemically homogeneous, and hydrophobic materials
on the basis of fluorocarbons.
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Poly(methylsiloxanes) are among the most abun-
dant modifiers, used for solving a broad range of
applied problems in making surfaces lyophobic and
inadhesive. Silicas bearing chemically grafted trimeth-
ylsilyl groups are widely used as sorbents for high-per-
formance liquid chromatography, separation, and con-
centration [1]. To provide the ultimate lyophobicity and
chemical homogeneity of the surface, the modifier
should be grafted with the highest density and should
shield the remnant silanol groups of the matrix as effi-
ciently as possible.


Improved techniques have been developed for the
synthesis of chemically modified silicas (CMSs) with a
trimethylsilyl layer; it was also shown that gas chroma-
tography is an efficient tool for quantifying the surface
properties of lyophobic silicas [3–7].


The goals of this work were to study, using gas chro-
matography, the adsorption of vapors of different
classes of organic compounds on silicas chemically
modified by silanes containing trimethylsilyl groups
and to quantify the effect of the hydrophilic sites of the
matrix on the thermodynamic parameters of adsorp-
tion.


The adsorbates used were from a standard test kit
intended to determine whether specific interactions are
possible on solid surfaces [8, 9], namely, hydrocarbons
and oxygenated and nitrogenated organic compounds.


EXPERIMENTAL


The objects of our study were silica samples modi-
fied with silanes of compositions (CH
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, respectively). The start-
ing matrix used was silochrom S-120 (from the
Stavropol Chemical Plant). Table 1 displays the nota-
tions and characteristics of the test samples, the intact
matrix [6], and hydrophobic silica modified with octyl-
silane (C8) [8].


Experiments were performed on Tsvet 500 and
Chrom 5 chromatographs equipped with flame-ioniza-
tion detectors using high-purity nitrogen as carrier gas
and glass columns 100 cm long with an inner diameter
of 0.3 cm. The adsorbent-conditioning time in flowing
nitrogen at 443 K was 20 h. The adsorbent fraction was
0.02–0.035 cm. Test samples were injected as 2- to 20-
fold dilute vapors; the sample size was 0.1 mL.


Adsorbate–adsorbent intermolecular interactions
are reflected by the following thermodynamic parame-
ters:
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From equations reported in [8], these parameters


were determined for pentane, hexane, and benzene at
373–423 K and for diethyl ether at 393–433 K, because
below 393 K the diethyl ether peak is skewed.
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—Adsorption of various classes of organic compounds has been studied on silicas chemically modi-
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estimated by different methods, in the TMS-silica sample is higher than in the C3TMS-silica sample.
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The heat of adsorption 
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is the standard internal energy), was calculated from the
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 versus temperature dependence (on the assumption
that 


 


q


 


 is temperature independent):


where A is a constant for the given adsorbate–adsorbent
system.


The determination error for the retention volume
and the heat of adsorption for all test compounds was
not higher than 5 and 10%, respectively.


The specific-interaction term 
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 of the standard
Gibbs energy of adsorption was estimated using the
Kiselev’s method [10]:
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 is the dispersion contribution to the total
Gibbs energy of adsorption for the given compound.
This contribution is determined on the assumption that
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The Kovatz retention indices 


 


I


 


 were calculated from the
equation found in [10].


RESULTS AND DISCUSSION


Figure 1 and Tables 2 and 3 display the thermody-
namic parameters of adsorption for 


 


n


 


-alkanes (these
compounds are capable only of dispersion interactions
with the surface virtually regardless of its chemical
nature).


It is clear that modified surfaces dramatically
decrease the Henry constants 


 


K


 


C


 


 of 


 


n


 


-alkanes compared
to the unmodified silica. The 


 


K


 


C


 


 of hydrocarbons is
only weakly affected by the nature of the modifier and
by the noticeably different carbon concentrations in the
TMS-silica and C3TMS-silica samples. This is a reflec-
tion of the close oleophobicities of the grafted layers.


In this respect, octylsilyl layers are far exceeded by
trimethylsilyl layers; for example, 


 


K


 


C


 


 for hexane and
nonane on C8 at 403 K is 0.026 and 0.123, respectively
[6]. The 


 


K


 


C


 


 on C3TMS-silica is more than two times
lower (0.011 and 0.041, respectively).


In the additive scheme for 
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-alkanes, for which the
additivity holds with a high accuracy, ln 


 


K


 


C


 


 is expressed
as a function of 


 


n


 


, the number of carbon atoms in the
molecule: ln 


 


KC = a + bn, where b equals the contribu-
tion of the methylene unit to the Henry constant (b =
lnKC(CH2)). According to the data displayed in Table 2,
the lnKC(CH2) values (which are usually used to esti-
mate the energy of dispersion interactions [9, 11]) on
modified surfaces are lower than on the intact matrix,
while the parameters a and b on TMS-silica and
C3TMS-silica are virtually identical.


We should note that it is not always possible to con-
clude uniquely how the nature of the grafted layer
affects the surface properties proceeding from the heats
of adsorption: the q scatter for saturated hydrocarbons
on modified silicas and on the unmodified matrix fall
within the experimental error (Table 3).


Next, we studied the adsorption of molecules that
are capable of sufficiently strong electrostatic and
donor–acceptor interactions and capable of H-bonding,
including oxygenated and nitrogenated compounds.


Figure 2 displays the KC versus temperature curves
for benzene and diethyl ether on modified samples and
the unmodified matrix. These curves imply that the
modification is accompanied by a substantial decrease
in KC. For benzene and diethyl ether, unlike for linear
alkanes, a perceptible differentiation in KC is observed
for modified samples: the uptake on C3TMS-silica is
lower than on TMS-silica, especially for diethyl ether.
Evidently, the thermodynamic parameters of benzene
adsorption are less sensitive to remnant hydrophilic
surface sites than those of diethyl ether adsorption
because of the higher energy of H-bonding between
diethyl ether and silanol groups [12]. Indeed, the heat of
adsorption of diethyl ether is 20 kJ/mol higher than the
heat of adsorption of benzene on Silochrom. On pass-
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Fig. 1. lnKC vs. the number of carbon atoms n in the n-
alkane molecule at (1, 3, 5) 403 K and (2, 4, 6) 423 K on (1,
2) SiO2, (3, 4) TMS-silica, and (5, 6) C3TMS-silica.


Table 2.  Parameters of equation lnKC = a + bn as functions of
n, the number of carbon atoms in the molecule, for n-alkanes on
the unmodified and modified silica samples at 403 and 423 K


Sample T, K –a ±δa  b ±δb


SiO2 403 6.82 0.01 0.596 0.001


423 6.96 0.01 0.550 0.001


TMS 403 7.256 0.025 0.463 0.003


423 7.499 0.008 0.427 0.007


C3TMS 403 7.243 0.006 0.447 0.007


423 7.521 0.069 0.437 0.008
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ing from the intact matrix to trimethylsilyl-modified
silicas, q decreases by 4–9 kJ/mol for benzene and 5–
10 kJ/mol for diethyl ether (Table 3). On the C3TMS-
silica sample, q approaches the values observed for C8.


Quantifying the role of specific interactions in
adsorption in the ordinary way [8, 10], i.e., comparing
the adsorption uptakes for the molecules having rela-
tively similar polarizabilities and van-der-Waals
dimensions but differing in their electron-density distri-
butions (namely, benzene–hexane and diethyl ether–
pentane pairs), we arrived at the following conclusions.
The differences between the Gibbs energies (–∆(∆G0))
and the heats ∆q for the aforementioned pairs of com-
pounds decreased significantly after surface modifica-
tion, due to the substitution and shielding of surface sil-
anol groups by apolar grafted groups (Table 4). The
lowest values of –∆(∆G0) and ∆q were observed for the
octyl phase C8, with the highest, near-theoretical graft-
ing density (Table 1). The higher polarity of C3TMS-
silica relative to C8 correlates with the greater density
of remnant silanol groups on C3TMS-silica (the groups
that have not reacted with the modifier). With the higher
grafting density on TMS-silica, on C3TMS-silica the
existence of branched and long chains with trimetylsi-
lyl groups (against the short grafted radicals on TMS-
silica) decreases more strongly the spatial accessibility
of remnant silanol groups to the adsorption of benzene
and diethyl ether.


The specific-interaction terms of the Gibbs energy
∆Gsp in the test samples are shown by Fig. 3. As
expected, modified silica surfaces appreciably decrease
–∆Gsp for the compounds capable of electrostatic inter-


actions and of H-bonding; the role of the specific inter-
actions in adsorption decreases in the order


SiO2 � TMS > C3TMS > C8.


This order matches the polarity of the samples,
which was estimated by comparing the differences
between the heats of chemisorption for benzene–hex-
ane and diethyl ether–pentane pairs. For example, for
acetonitrile, –∆G sp decreases from 18 to 11 and
10 kJ/mol in passing from SiO2 to TMS-silica and than


Table 3.  Heats of adsorption q, kJ/mol


Compound SiO2 TMS C3TMS C8


Pentane 25 23 25 25


Hexane 30 28 27 28


Benzene 38 34 29 28


Diethyl ether 58 53 48 44
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Fig. 2. lnKC vs. reciprocal temperature for diethyl ether
(rhombi) and benzene (circles) on (1) SiO2, (2) TMS-silica,
and (3) C3TMS-silica.


Table 4.  Differences between the Gibbs energies of adsorp-
tion ∆(∆G0) (403 K) and the heats of adsorption ∆q for ben-
zene and hexane and for diethyl ether and pentane (all quan-
tities are expressed in kJ/mol)


Adsorbate
Benzene–hexane Diethyl ether–pentane


∆(∆G0) ∆q ∆(∆G0) ∆q


SiO2 3.6 8 14 33


TMS 1.4 6 5 30


C3TMS 0.46 2 3.2 23


C8 0.25 0 0.58 19
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Fig. 3. Contribution from specific interactions to adsorption
(∆Gsp) at 403 K vs. donor number (DN) [13] for the test
samples and adsorbates: (1) benzene, (2) toluene, (3)
nitromethane, (4) acetonitrile, (5) ethyl acetate, (6) acetone,
and (7) diethyl ether.
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to C3TMS-silica, respectively; on C8, its value is
7 kJ/mol.


In this work the specific interaction terms ∆G sp are
analyzed as a function of the donor numbers (DN) of
solvents (in our case, test compounds), empirical
parameters that were introduced by Gutmann [13] to
characterize the donating ability of the solvent. For all
modified samples, the tendencies in ∆G sp variation as a
function of DN were similar to the unmodified silica.
We think this reflects the involvement of the remnant
surface silanol groups of CMSs in adsorption. The spe-
cific interaction term for adsorption on TMS-silica is
higher than on C3TMS-silica, although being far lower
than on the unmodified matrix. On the whole, our data
imply that the long-chain octyl groups on the C8 sam-
ple noticeably decrease the accessibility of remnant
hydrophilic sites to adsorption compared to that on
TMS-silica samples (Fig. 3). Of the nitrogenated and
oxygenated compounds, the lowest –∆G sp was
observed for diethyl ether, despite its high DN. This
observation can be explained as follows: the molecular
dipole moment, which determines the energy of orien-
tational interactions, for diethyl ether (µ = 1.1 D) is far
lower than for the other test compounds (e.g., µ
(CH3CN) = 3.9 D). Therefore, the decrease in the
adsorption energy on account of a decrease in the ori-
entational interaction term cancels out the rise in the
adsorption energy on account of the strong H-bonds
formed by the ether oxygen atom with silanol groups.
Because the Kovatz retention indices are one of the
most ordinary ways to ascertain the conventional polar-
ity of stationary phases [14, 15], we calculated them for
TMS-silicas at 403 and 423 K in this work (Table 5).


In full agreement with the above data, I decreases on
passing from TMS-silica to C3TMS-silica. An increase
in the measurement temperature decreases I for all
adsorbates, except for toluene and ethylbenzene on
C3TMS-silica, regardless of the nature of the grafted


layer, because the hydrogen-bond energy always
decreases with rising temperature [16]. The decrease in
I on C3TMS-silica is greater than on TMS-silica. Pre-
sumably, the conformational mobility of flexible and
relatively long grafted groups on the C3TMS-silica
sample increases with rising temperature, which favors
the efficient shielding of remnant silanol groups.


Thus, despite the lower density of grafted groups in
the C3TMS-silica sample compared to TMS-silica, the
appearance of two more methyl group in the modifier
molecule and the lengthening of the grafted chain result
in a coating that more efficiently shields the remnant
silanol groups of silica.
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Table 5.  Kovatz indices I at 403 and 423 K and their incre-
ments ∆ = I (423 K) – I (403 K) on TMS-silica and C3TMS-si-
lica samples


Adsorbate
TMS C3TMS


403 423 –∆ 403 423 –∆


Benzene 689 674 15 627 623 4


Toluene 798 783 15 732 745 –13


Ethylbenzene 899 888 11 830 841 –11


Diethyl ether 817 735 82 697 601 96


2-Methylpropanol-2 1028 982 46 909 780 129


Ethyl acetate 1001 920 81 858 751 107


Acetone 987 886 101 861 747 114


Methyl ethyl ketone 1031 962 69 883 782 101


Acetonitrile 936 892 44 861 796 65
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Codelac Broncho is a multicomponent cough sup-
pressant in tablet and syrup forms containing synthetic
and plant-derived active principles (see scheme). The
major active principles are ambroxol hydrochloride (I)
and trisodium glycyrrhizate (II). The tablets in addition
contain a dry extract of thermopsis and several adju-
vants and fillers. Nipagin (III) and Nipazol (IV) are
conservants.


In parallel with the development of technology for
tablet and syrup production, quantitative analyses were
developed. Inasmuch as the drug has a complex for-
mula, it is difficult to develop quantitative analyses for
all of its components. A real task was set: to develop a
procedure for the simultaneous determination of the
two major active principles (I) and (II) in the tablets and
syrup and the two conservants (III) and (IV) in syrup.


EXPERIMENTAL


 


Reagents.


 


 Acetonitrile for gradient chromatography
(Sigma) and ultrapure water (resistivity, 18.2 M


 


Ω


 


/cm;
prepared on a Direct Q Millipore setup) were used to
prepare eluents and to dissolve standards and test sam-
ples. The standards of the analyzed drugs were pharma-
ceuticals 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 dead
volume 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 sorbent with the particle size 3.5 


 


µ


 


m (Agilent
Technologies) and thermostated at 40


 


°


 


C.


The eluent pH was monitored with a pH-673M pH-
meter/millivoltmeter with a glass indicator electrode
and a silver chloride reference electrode.


 


Solution preparation.


 


 For analysis, carefully
ground tablets (exact weights, ~0.275 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 stirred. To prepare the solution of standards (SS),
exact weights of ambroxol hydrochloride (about 0.100
g) and trisodium glycyrrhizate (about 0.300 g) were
placed into a volumetric flask 100 mL in capacity, the
same CH


 


3


 


CN–H


 


2


 


O mixture (40 mL) was added, stirred
until dissolution, brought to the required volume with
the same solvent mixture, and stirred (solution A).
Then, an aliquot of solution A (5.0 mL) was transferred
to a volumetric flask 100 mL in capacity, brought to the
volume with the same CH


 


3


 


CN–H


 


2


 


O mixture, and
stirred. Model solutions for checking the adequacy of
the results were prepared in the same manner as SS, but
diluted with 4.0–6.0 mL of solution A and the corre-
sponding amount of placebo (a mixture of all compo-
nents except for the substances to be determined).
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Abstract


 


—A procedure was proposed for quantitative analysis of Codelac Broncho tablets and syrup, a new
original drug, by high-pressure liquid chromatography. The active principles of the tablets were separated in 6
min with an efficient resolution of all component peaks. Preproduction tablet samples were analyzed. The
results of the analysis meet the requirements of normative technical documentation and technologic loads. The
adequacy of the results was validated by the analysis of model solutions that contained all active principles and
adjuvants. For the syrup, two versions of analysis were proposed, in isocratic and gradient elution modes. These
versions are virtually equivalent with respect to the analysis time and precision. The isocratic elution version
is, however, easier to implement and is proposed for inclusion into the draft pharmacopoeic standards for com-
mercial production.


 


DOI: 


 


10.3103/S0027131407060065


 


a


 


 OAO Farmstandart-Leksredstva.







 


326


 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 6


 


      


 


2007


 


GOLUBITSKII, IVANOV


 


The analysis was carried out as follows. To a volu-
metric flask 100 mL in capacity, an analyzed syrup
(5.0 mL) was placed, a CH


 


3


 


CN–H


 


2


 


O mixture
(3 : 7 vol/vol, 40 mL) was added, stirred for 3 min,
brought to the volume with the same solvent mixture,
and stirred. To prepare SS, to a volumetric flask 100 mL
in capacity, placed were ambroxol hydrochloride
(~0.100 g), trisodium glycyrrhizate (~0.300 g), Nipagin
(~0.038 g), and nipazol (~0.013 g); the same CH


 


3


 


CN–
H


 


2


 


O mixture (40 mL) was added, stirred until dissolu-
tion, brought to the volume with the same solvent mix-
ture, and stirred (solution A). Then, an aliquot of solu-
tion A (10.0 mL) was transferred to a volumetric flask
100 mL in capacity, brought to the volume with the
same solvent mixture, and stirred. To check the ade-
quacy of the results, model solutions were prepared as
SS, but diluted with 8.0–12.0 mL of solution A and the
corresponding amount of placebo.


All solutions used in the analysis of the tablets and
syrup were filtered through a hydrophilic membrane fil-
ter with the 0.45 


 


µ


 


m pore size (fluoroplastic filters are
preferred because of their stability in water–acetonitrile
solutions).


 


Analytical procedure.


 


 A test solution of the tablets
and the SS were chromatographed. The eluent used was
CH


 


3


 


CN–0.025 M KH


 


2


 


PO


 


4


 


 (2 : 3; pH 2.5) at a flow rate
of 1.0 mL/min. The injected sample volume was
20.0 


 


µ


 


L; the detection wavelength was 250 nm.


In the analysis of the syrup, the test solution and the
SS were chromatographed. In the isocratic elution
mode, the eluent used was a CH


 


3


 


CN–0.025 M KH


 


2


 


PO


 


4


 


(3 : 7; pH 2.5) with a flow rate of 1.0 mL/min. In the
gradient elution mode, the composition of the eluent
was changed in accordance with the program described
in Table 1. The injected sample volume was 20.0 


 


µ


 


L;
the detection wavelength was 254 nm.


 


Data processing.


 


 For the tablets, the peak areas for
the analyzed components were determined, and the
content of each component in the tablets was found
from


where 


 


S


 


test


 


 and 


 


S


 


st


 


 are the average peak areas for the ana-
lyzed component in the chromatograms of the test solu-
tion and the SS, respectively; 


 


m


 


st


 


, 


 


m


 


av


 


, and 


 


m


 


test


 


 are,
respectively, the weight of the reference in the SS, the
average tablet weight, and the weight of ground tablets
taken for preparing the test solution (g).


For the syrup, the peak areas for the analyzed com-
ponents were determined and the content of each com-
ponent (g) in one dose of the syrup (5 mL) was deter-
mined from


where 


 


S


 


test


 


 and 


 


S


 


st


 


 are the average peak areas for the ana-
lyzed component in the chromatograms of the test solu-
tion and SS, respectively; and 


 


m


 


st


 


 is the weight of the
standard in the SS (g).


X Stestmstmav( )/ Sstmtest( ),=


X Stestmst( )/Sst,=


 


      


 


Table 1.


 


  Programmed variation in the eluent composition in
the gradient elution mode


Time, 
min


Eluent composition, vol %


CH


 


3


 


CN : 0.025 M
KH


 


2


 


PO


 


4


 


 (pH 2.5) = 3 : 2
0.025 M KH


 


2


 


PO


 


4


 


(pH 2.5)


0 30 70


16 90 10


17 90 10


18 30 70


21 30 70


 


Br


H2N


CH2


Br


NH · HCl


OH


 


CH3


H
O


CH3


CH3CH3


O
H3C CH3


H3C COONa


O


O


O
OH HO


OH


OHOH


NaOOC


COONa


 


O


O
HO


CH3


 


O


O
HO


C3H7


 


I II IV


III
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RESULTS AND DISCUSSION


 


Optimum analysis parameters for the syrup.


 


 The
figure shows absorption spectra for the analyzed com-
ponents recorded on-line with a diode-matrix detector.
From these spectra, the detection wavelength was
established equal to 250 nm, near the absorption peak
of component II and one of the absorption peaks of
component I.


Rapid optimization was performed to determine the
optimum parameters for the separation of the compo-
nents. Rapid optimization means studying some factors
that influence the chromatographic parameters of com-
pounds [1]. The other factors were evaluated proceed-
ing from the key physical-chemical properties of the
components. In order for the optimum retention of gly-
cyrrhizic acid and a satisfactory shape of its peak to be
achieved for purposes of quantitative analysis, pH in
the eluent should be less than three (the molecular form
of the compound). At this pH, an ambroxol molecule is
protonated, its retention decreases, but the peak shape
remains acceptable. A satisfactory resolution of the
peaks of the analyzed and other components is also
achieved under these conditions. To determine the
required concentration of the organic modifier in the
eluent, the CH


 


3


 


CN concentration was varied from 30 to
50 vol %. To determine the elution time of an irretain-


able substance, chromatograms of water were recorded.
The results (Table 2) demonstrate that the optimum res-
olution and the minimum analysis time were provided
by 40 vol % CH


 


3


 


CN. The retention time of ambroxol
and glycyrrhizate was 2.022 and 3.747 min, respec-
tively.


 


Optimum analysis parameters for the syrup.


 


 The
detection wavelength was 254 nm. Previously [2], we
developed an analysis method for Codelac Phyto syrup,
a multicomponent drug. This drug contains codeine
phosphate as the active principle. To achieve an effi-
cient resolution of the codeine peak from the peaks of
the plant-derived components, we exploited the prop-
erty of codeine to be irreversibly retained by some
reversed-phase sorbents if salts are absent in the eluent.
Gradient elution was carried out with the use of aceto-
nitrile–water and acetonitrile–phosphate buffer solu-
tion mixtures; the second eluent was introduced after
all components, except for codeine, were eluted.
Because of the absence of codeine phosphate in
Codelac Broncho syrup and because of a comparatively
lower content of plant-derived substances, we decided
to use a simpler elution version with phosphate buffer
solution introduced in the very beginning of the analy-
sis. With the starting 0.025 M KH


 


2


 


PO


 


4


 


 (pH 4.7), the
result was unsatisfactory: the shape of the glycyrrhizic


 


210 245 280 315


 


λ


 


, nm


 


1


2


 


Normalized absorption spectra of (


 


1


 


) ambroxol and (


 


2


 


) trisodium glycyrrhizate.


 


      


 


Table 2.


 


  Effect of the CH


 


3


 


CN concentration on the retention parameters


 


c


 


(CH


 


3


 


CN), vol % 30 35 40 50


 


t


 


gl


 


, min 21.567 7.319 3.747 2.212


 


t


 


ambr


 


, min 2.854 2.304 2.022 1.772


 


t


 


0


 


, min 1.347 – – –


ln


 


k


 


gl


 


3.006672 1.787082 0.875469 –0.14503


ln


 


k


 


ambr


 


0.410121 –0.04395 –0.39304 –0.85567
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Table 3.


 


  Metrological characteristics for the determination of ambroxol hydrochloride and trisodium glycyrrhizate in
Codelac Broncho tablets


Component


 


S


 


max


 


, g


 


ε


 


max


 


, %


 


e


 


r av


 


, %


 


∆


 


e


 


r


 


, %


 


e


 


r max


 


, %


Ambroxol hydrochloride 0.00007 5.39 


 


×


 


 10


 


–9


 


3.15 –0.073 0.137 –1.05


Trisodium glycyrrhizate 0.00018 3.14 


 


×


 


 10


 


–8


 


5.08 –0.028 0.168 1.69


Smax
2


 


      


 


Table 4.


 


  Metrological characteristics for the determination of ambroxol hydrochloride, trisodium glycyrrhizate, Nipagin, and
Nipazol in Codelac Broncho


Component


 


S


 


max


 


, g εmax, % er av, % ∆er, % er max, %


Ambroxol hydrochloride 0.00011 1.15 × 10–8 5.76 –0.032 0.213 –1.53


Trisodium glycyrrhizate 0.00022 4.92 × 10–8 3.04 –0.034 0.152 –1.48


Nipagin 0.00002 5.96 × 10–10 2.61 –0.005 0.142 1.75


Nipazol 0.00002 3.70 × 10–10 4.97 0.062 0.248 2.88


Smax
2


      
Table 5.  Results of the analysis of Codelac Broncho tablets (three preproduction samples)


Component Standard
content, g


Contained in a tablet, g (n = 9; P = 0.95)


Xav S Sxav ∆xav ε, %


Ambroxol
hydrochloride 0.0185–0.0215


0.0196 0.0011 0.00037 0.0009 4.43


0.0204 0.0009 0.00030 0.0007 3.49


0.0201 0.0007 0.00023 0.0006 2.75


Trisodium
glycyrrhizate 0.0277–0.0323


0.0299 0.0013 0.00043 0.0010 3.43


0.0287 0.0009 0.00030 0.0007 2.48


0.0308 0.0011 0.00037 0.0009 2.82


Table 6.  Results of the analysis of Codelac Broncho syrup (three preproduction samples); reduced absorption spectra of (1)
ambroxol and (2) trisodium glycyrrhizate


Component Standard
content, g


Contained in 5 mL, g (n = 9; P = 0.95)


Xav S Sxav ∆xav ε, %


Ambroxol
hydrochloride 0.009–0.011


0.00975 0.00034 0.00011 0.00027 2.74


0.00988 0.00028 0.00009 0.00022 2.23


0.01012 0.00036 0.00012 0.00028 2.80


Trisodium
glycyrrhizate 0.0277–0.0323


0.03211 0.00122 0.00041 0.00096 2.99


0.03020 0.00112 0.00037 0.00088 2.92


0.02890 0.00098 0.00033 0.00077 2.67


Nipagin 0.0034–0.0041


0.00364 0.00012 0.00004 0.00009 2.59


0.00354 0.00008 0.00003 0.00006 1.78


0.00388 0.00014 0.00005 0.00011 2.84


Nipazol 0.0011–0.0014


0.00122 0.00006 0.00002 0.00005 3.87


0.00118 0.00004 0.00001 0.00003 2.67


0.00129 0.00009 0.00003 0.00007 5.49
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acid peak was unacceptable for quantitative analysis.
Likely, this was for the following reason: glycyrrhizic
acid is contained in the eluent with a certain pH, and it
should be converted to a molecular form in order for its
peak to be symmetric. After the acidity of phosphate
buffer was adjusted to pH 2.5 by addition of H3PO4, this
assumption was verified: all peak shapes were satisfac-
tory, indicating the efficient resolution. Because the
change in the concentration of the organic modifier of
the eluent upon the component separation in the gradi-
ent elution mode was as little as 36 vol %, we suggested
that separation in the isocratic elution mode is also pos-
sible. The use of a CH3CN–0.025 M KH2PO4 mixture
(3 : 7; pH 2.5) gave satisfactory separation. The iso-
cratic elution version has no advantages with regard to
the analysis time, but is preferred for its easier imple-
mentation.


Analysis of model mixtures. Seventeen solutions
were prepared, in which the contents of the analyzed
compounds were ±20% of the values specified by the
formula. The solutions were analyzed as described in
the section Analyical procedure, and the results were
processed as added/found using Excel worksheets.
Tables 3 and 4 display the results obtained for the tab-
lets and syrup, respectively. Comparing the mean rela-


tive errors of component determinations (ercp) with the
corresponding confidence ranges ∆er, we find no sys-
tematic errors (ercp < ∆er). The peak areas for the ana-
lyzed compounds are linear functions of their concen-
trations in the specified range (with the correlation
coefficient Kcorr > 0.99).


Analysis of test samples. The procedure developed
was used to analyze preproduction tablet samples
(Table 5). The results of these analyses satisfied the nor-
mative documentation and technologic parameters.
Preproduction syrup samples were analyzed by the
developed procedure in the isocratic and gradient elu-
tion versions. The results obtained for the isocratic ver-
sion are listed in Table 6. The results for the gradient
elution version were virtually the same.
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Photogalvanic cells and artificial photosynthesis sys-
tems based on donor–acceptor diads are a rapidly
advancing field of research in new energy sources [1–3].
The operation principle of these devices is as follows:
absorbing a light quantum, one component (donor) of
the diad enters an excited electronic state; relaxation
from this excited state involves electron transfer to the
other component (acceptor) to produce a charge-sepa-
rated state. In this context, fullerenes are interesting for
their high electron affinity: they can act as efficient
electron acceptors in photogalvanic cells [4]. Many
diads of fullerenes C


 


60


 


 with phorphyrins, poly-
thiophenes, chlorins, ferrocene, and other donors have
been synthesized. The Prato reaction is one of the most
frequently used methods for diad synthesis: this is the
dipolar addition reaction of C


 


60


 


 with azomethinylides
[1], which produces 


 


N


 


-methylfulleropyrrolidines of the
general formula C


 


60


 


(CH


 


2


 


)


 


2


 


N(CH


 


3


 


)CHR with donor
substituent groups R at the heterocycle.


The nonplanar configuration of the pyrrolidine
cycle, the internal rotation of group R, and the equato-
rial–axial isomerism of the methyl group make the
coexistence of several conformers possible for such
diads. Evidently, the properties of the diad depend
above all on the relative location in space of the donor
and acceptor fragments; this location can change from
one conformer to another.


Despite a significant interest in 


 


N


 


-methylfulleropyr-
rolidine-based diads, structural and conformations
investigations (in particular, by means of spectroscopic
methods) for such molecules have not been performed.
This work is intended to study the structure and spectra
of 2-thienyl-


 


N


 


-methylfulleropyrrolidine (TMFP, Fig. 1)
using computational and experimental methods.


EXPERIMENTAL AND COMPUTATION 
PROCEDURES


The synthesis of TMFP is described in [5]. The IR
spectrum of TMFP was recorded as KBr pellets on a


Bruker IFS-113v FTIR spectrometer in the range 400–
4000 cm


 


–1


 


 with a 0.5 cm


 


–1


 


 resolution. The 


 


1


 


H NMR
spectrum was measured on a Varian VXR-400 spec-
trometer using a carbon sulfide/acetone-


 


d


 


6


 


 (9 : 1) sol-
vent.


The molecular geometry was optimized and the IR
spectra and proton shifts were calculated using Priroda
software [6] in terms of the PBE generalized gradient
approximation [7] and a three-exponent basis set sup-
plemented with two sets of 


 


d


 


-type polarization func-
tions (TZ2P). Auxiliary computations in terms of the
B3LYP hybrid functional and in terms of the Möller–
Plesset second-order perturbation theory (MP2) were
carried out using the GAMESS program package [8].
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Abstract


 


—The IR and 


 


1


 


H NMR spectra of 2-thienyl-


 


N


 


-methylfulleropyrrolidine are studied. The complete
interpretation of the spectra is carried out on the basis of density functional theory calculations. Conformational
composition is analyzed by means of both computational and experimental methods.
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Fig. 1.


 


 Model of a TMFP molecule.







 


MOSCOW UNIVERSITY CHEMISTRY BULLETIN


 


     


 


Vol. 62


 


       


 


No. 2


 


      


 


2007


 


INFRARED SPECTRUM AND STRUCTURE 73


 


Direct and inverse vibrational problems were solved
using the DISP program package [9]; the quantum-
mechanical force fields obtained as a result of the com-
putations were converted to the internal coordinate sys-
tem, which was constituted by all bond length changes,
bond angles, and nonplanar and torsion coordinates.


RESULTS AND DISCUSSION


 


Computation of the Geometry and Relative Energies
of Conformers and Tranformation Barriers


 


During the optimization of the TMFP molecular
geometry, eight nonequivalent minima were located on
the potential energy surface; this was due to the inver-
sion of the heterocycle, the possibility of the internal
rotation of the thiophene moiety, and the equatorial or
axial position of the methyl group relative to the root-
mean-squares plane of the pyrrolidine ring. Each of the
eight conformers in addition has one enantiomer.


Figure 2 displays some structures that correspond to
minima in the potential energy surface and that illus-
trate the routes of possible intramolecular structural
transformations: from the most stable conformer (see
below), which is denoted as 


 


1e


 


 and which is character-
ized by the equatorial position of the CH


 


3


 


 group, con-
former 


 


2e


 


 can be obtained by turning the thiophene ring
plane by some 40


 


°


 


 with respect to the NCC plane (the
sulfur atom lies more closely to the nitrogen atom) with
the internal rotation of the –C


 


4


 


SH


 


3


 


 fragment by 180


 


°


 


.
Heterocycle inversion (with the turn of the thiophene
moiety) produces conformer 


 


4e


 


. Conformer 


 


1a


 


 is dis-
tinguished by the axial position of the CH


 


3


 


 group (and
by some change in the rotation angle of the –C


 


4


 


SH


 


3


 


fragment). Functionality significantly distorts the
geometry of the fullerene cage near its attachment
place. The longest bond (1.605 Å) is the C–C bond
along which the heterocycle is attached; this value,
which is noticeably greater than the length of an ordi-


nary bond in the carbon cage, is indicative of significant
strains near the functionality. Adjacent ordinary bonds
of the cage become 0.05–0.1 Å longer; the other bonds
of the fullerene cage remain practically unchanged.
Table 1 displays some geometric parameters and the
relative energies of the eight potentially possible TMFP
conformers computed using the PBE/TZ2P method
with the energy of the zero vibrational level taken into
account. From Table 1 it follows that the conformers
with the equatorial orientation of the methyl group have
higher stability; of them, the conformers in which the
thiophene substituent lies opposite to the lone pair of
the nitrogen atom are less profitable. The two most sta-
ble conformers (


 


1e


 


 and 


 


2e


 


), as computed, have a small
energy difference (2.4 kJ/mol with account of the
energy of the zero vibrational level); therefore, their


 


1e 2e


4e 1a


 


Fig. 2.


 


 Configurations of four TMFP conformers.


 


Table 1.


 


  Geometric parameters (


 


E


 


, deg) and relative energies (kJ/mol) for eight conformers of a TMFP molecules from PBE/TZ2P
computations


Parameter 1e 2e 3e 4e 1a 2a 3a 4a


 


E


 


(PBE/TZ2P) 0.0 2.4 18.3 16.4 27.7 26.0 31.4 28.3


C


 


2


 


–N


 


1


 


1.462 1.462 1.457 1.457 1.466 1.466 1.467 1.467


C


 


3


 


–N


 


1


 


1.455 1.455 1.451 1.451 1.447 1.446 1.448 1.450


C


 


6


 


–N


 


1


 


1.465 1.465 1.469 1.464 1.461 1.461 1.458 1.459


C


 


3


 


–C


 


4


 


1.557 1.556 1.558 1.558 1.599 1.600 1.585 1.587


C


 


4


 


–C


 


5


 


1.605 1.605 1.608 1.607 1.596 1.596 1.598 1.596


C


 


5


 


–C


 


6
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coexistence is expected: the equilibrium composition
calculated for 298 K is a mix of conformers 


 


1e


 


 and 


 


2e


 


in the 74 : 26 proportion with infinitesimal concentra-
tions of the other conformers.


In order to estimate the energy of possible confor-
mational transformations in a TMFP molecule, we built
one-dimensional sections of the potential energy sur-
face for the internal coordinates that correspond to the
conformational transitions: the dihedral angle SCCN
for the rotation of the thiophene substituent, a linear
combination of the dihedral angles (C


 


2


 


, N


 


1


 


, C


 


3


 


, C


 


4


 


) and
(C
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, N


 


1
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6


 


, C


 


5


 


) for describing the movement of the
methyl group, and the combination of these angles with
the angles (N


 


1


 


, C


 


3


 


, C


 


4


 


C


 


5


 


) and (N


 


1


 


, C


 


3


 


, C


 


5


 


C


 


4


 


) for the het-
erocycle inversion. The atomic numbering used in this
work is shown in Fig. 3. Next, we optimized the geom-
etry of transition states; this enabled us to estimate the
transition barrier heights. The routes and energies of
possible transitions are displayed in Fig. 4. It follows
from Fig. 4 that the transformation barriers, counted start-
ing from the pertaining minima, for all types of move-
ment lie in an approximate range from 20 to 50 kJ/mol
(cf. 20.8–41.1 kJ/mol for equatorial  axial transi-
tions, 19.4–52.3 kJ/mol for the internal rotation of the


 


thiophene radical, and 21.1–36.9 kJ/mol for the inver-
sion of the pyrrolidine cycle). The highest value is for
the transition between the two most stable conformers,
likely because of the steric hindrances to the rotation of
the thiophene substituent around the C


 


6


 


–C


 


7


 


 line; these
hindrances appear due to the small distance to the
fullerene cage.


 


1


 


H NMR Spectra of TMFP


 


The number of signals recorded in the 


 


1


 


H NMR
spectra of TMFP matches the number expected for one
conformer; this can be due to either the existence of a
single species in solution or the averaging of signals
from several conformers as a result of rapid transitions
between them; see, e.g., [10]: in the 


 


19


 


F NMR spectra of
the compound C


 


60


 


FCF


 


3


 


 recorded at room temperature,
there was a single average signal from the fluorine
atoms of the CF


 


3


 


 group with the barrier to its internal
rotation of some 50 kJ/mol.


More data about the conformational composition of
the compound can be gained from the comparison of
the observed chemical shifts for proton signals with the
values calculated using the GIAO-PBE/TZ2P proce-
dure for the four most stable conformers (Table 2). An
analysis of the data compiled in Table 2 brings us to the
conclusion that the values calculated for conformer 


 


1e


 


best of all agree with the experiment.


 


IR Spectra for TMFP


 


The measured IR spectrum of TMFP is displayed in
Fig. 5. As a result of the lack of symmetry and the large
number of atoms in the molecule, the spectrum is very
complex; this is virtually a continuum spectrum in the
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Fig. 4.


 


 Transition routes and barriers between TMFP con-
formers (kJ/mol). In parentheses, the energies of conform-
ers are indicated.


 


Table 2.


 


  Experimental and calculated chemical shifts for
proton signals from TMFP


Proton


Chemical shift, ppm


calculated
observed


1e 2e 3e 4e


9 5.31 5.13 6.07 6.35 5.32


10 4.71 4.69 4.41 4.44 5.00


11 4.18 4.16 5.07 5.29 4.30


12 2.98 2.90 2.53 2.48


13 2.73 2.69 2.57 2.63


14 1.75 1.76 2.01 2.25


CH


 


3


 


 (avg.) 2.49 2.45 2.37 2.45 2.91


15 7.00 7.35 7.57 6.97 7.02


16 6.60 6.76 6.95 6.71 7.04


17 7.05 6.82 6.90 7.16 7.39
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region 400–1650 cm–1, accompanied by several bands
in the region of the CH stretching vibrations.


Assignment was carried out on the basis of the quan-
tum-mechanical computations of force fields and the
line intensities. Previously [11], we showed that using
the PBE generalized gradient functional [7] in combi-
nation with the three-exponent basis set supplemented
with two sets of d-type polarization functions, one can
reach a satisfactory fit of the vibrational spectra of cage
carbon structures without force field scaling; the mean-
square deviation of the calculated frequencies from the
measured values was 6 cm–1. However, force field scal-


ing can appear necessary for this method to adequately
fit the force fields of the moieties attached to the
fullerene cage. In order to obtain necessary scaling fac-
tors, we carried out provisional computations of vibra-
tional spectra for thiophene and N-methylpyrrolidine
model molecules. For the thiophene molecule, we bor-
rowed the spectrum assignment from work [12]; as a
result of solving the inverse problem by means of the
Pulay technique [13], we obtained the scaling factors in
the narrow range from 0.9670 to 1.0949. For the N-
methylpyrrolidine molecule, in contrast, the literature
assignment [14] leads to inadequate overestimates of


500


IR absorption, arb. units


700 900 1100 1300 2800
Wavenumber, cm–1


~ ~


a


b


c


*
*


*


Fig. 5. (a) Measured and (b, c) simulated IR spectra for TMFP conformers: (b) 1e and (c) 2e. Asterisks mark lines associated with
impurity solvents.


Table 3.  Scaling factors for the force fields of an N-methylpyrrolidine molecule


Coordinate


Scaling factor


spectrum assignment [14] this work


B3LYP/
6-311G**(d, p) MP2/cc-pVTZ PBE/TZ2P B3LYP/


6-311G**(d, p) MP2/cc-pVTZ PBE/TZ2P


QCC 1.3570 1.2845 1.3743 1.0658 1.0179 1.0801


QCN 1.2496 1.2354 1.3314 0.9741 0.9759 1.0432


γHCC 0.8780 0.8567 0.8709 0.9632 0.9345 0.9058


γHCN 0.8655 0.8497 1.1021 0.9074 0.8781 1.0756


γCNC 0.7654 0.70303 0.8144 1.0475 0.9431 1.0903


γNCC 0.4441 0.5014 0.9405 1.0263 1.0646 1.0231


rmsov, cm–1 18.2 23.0 17.5 15.8 24.5 14.2
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Table 4.  Calculated and observed vibrational frequencies and assignment of IR spectra for TMFP


TMFP C60 Addend


νobs, cm–1 νcalcd, cm–1 ν, cm–1 assign-
ment ν, cm–1 assignment


(NMP)
assignment
(thiophene)


3067 3074 3086 νCH


2976 2982 2958 νCH


2920 2935 2877 νCH


2782 2764 2771 νCH


2738 2738 2754 νCH


1558 1563 1567 Hg(8)


1538 1531 1504 νCC + δHCC


1518, 1507, 1489 1518, 1508, 1485 1525
1499


F2u(5)
Gg(6)


1471 1461 1458 δHCH


1462 1451 1448 δHCH


1439 1436 1409 νCC + δHCC


1436, 1429, 1424, 
1419, 1412


1431, 1429, 1419, 
1405


1429,
1425,
1418


F1u(4) 1418 δHCH + δHCN


Hg(7)


Gu(6)


1334 1335 1342 Hu(6)


1305 1308 1311 Gg(5)


1280, 1267, 1231 1275, 1266, 1222
1270
1252


F1g(3)


Hg(6)


1244 1245 1256 δHCC


1231, 1210 1222, 1211 1214 Hu(5)


1217 1215 1150 δHCC + δHCN + νCN


1194, 1182, 1179, 
1162, 1151


1193, 1177, 1173, 
1161, 1148


1182
1168


F1u(3)


F2u(4)


1188 1179 1150 νCN + δHCC + δHCN


1128 1127 1115 δHCC + δHCN


1122, 1108, 1079, 
1068


1117, 1104, 1084, 
1065


1099
1079


Hg(5)


Gg(4)


1090 1085 1085 δHCC + νCC


1029 1028 1039 δHCN + νCC + νCN


1001, 918, 905 988, 920, 908
973
962


Au


Gu(4)


993, 936 982, 933 956 F2u(3) 965 νCC + δCCC + δNCC 
+ δHCN


918 920 943 νCC


905, 898 908, 902 898 ρCH


858 863 872 νCS + δCCC + δSCC


846, 839, 833, 826 853, 849, 839, 837 827 F1g(2)
839 νCS


867 ρCH
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scaling factors for the coordinates of C–C and C–N
bonds. Therefore, we carried out additional computa-
tions of the molecular force field at the B3LYP/6-
311G(d,p), MP2/cc-pVTZ, and PBE/TZ2P levels and
proposed another assignment of the spectra. The scal-
ing factors computed in terms of the specified
approaches using the literature or our assignment of the
spectra are listed in Table 3.


The factors listed in the last column of Table 3
(together with the respective factors for the thiophene
moiety) were then used for scaling the quantum-
mechanical force fields computed for the two most sta-
ble TMFP conformers. The results of the computation
are compared to the experimental data in Fig. 5. The
spectra simulated for conformers 1e and 2e are very
similar; some distinctions are only observed in the
regions of 830–870 and 1200–1350 cm–1. The mea-


sured spectrum is slightly better fitted by the spectrum
simulated for conformer 1e; thus, we can infer that this
conformer dominates in crystals of the compound.


The assignment of the bands observed in the spec-
trum (Table 4, first column) was carried out by means
of normal-coordinate analysis; for clarity, the assign-
ment was also carried out in terms of the normal vibra-
tions of the starting fullerene, thiophene, and N-meth-
ylpyrrolidine molecules; their vibration frequencies are
also listed in the table. The full set of the calculated
vibration frequencies for TMFP and the results of the
normal-coordinate analysis are available from the
authors.


In the region 400–800 cm–1, the strong lines are due
to fullerene vibrations (Table 4). The components of the
F1u(1) mode of the starting fullerene are mixed with
components of the Hu(2) mode; they are observed as


Table 4.  (Contd.)


TMFP C60 Addend


νobs, cm–1 νcalcd, cm–1 ν, cm–1 assign-
ment ν, cm–1 assignment


(NMP)
assignment
(thiophene)


805, 798, 793 813, 810, 808 796 F2g(3)


788, 785, 780, 775 792, 776, 772, 771 775
Gu(3)


Hg(4)


769, 761, 758,
751, 746


767, 763, 759,
751, 747


757 F2g(2)
751 νCS + δCCC + δSCC


757 Gg(3)


753 Gu(2)


746, 737, 726 747, 738, 728 739 Hu(4)


742 744 787 δHCC + δHCN


715, 711, 706, 700 714, 711, 706, 702 712 F2u(2)
Hg(3) 715 ρCH


694 692 683 ρCH


694, 656 692, 657 668 Hu(3)


640 638 608 δCCC + δSCC + νCS


609 607 572 δCCC + δNCC + νCC 
+ νCN


598 598 615 δCCC + δNCC
+ δCNC


576, 571, 567, 553 576, 572, 564, 553 575 F1u(2)
Gg(2)


586, 536 586, 533 565 τCCCC + τSCCC


561, 550 555, 550 553 F2g(1)


553, 536 553, 533 533 Hu(2)


532, 526 524, 523 526 F1u(1)


495 498 452 τCCCC + τSCCC


488, 485, 479 484, 482, 476 496
485


Ag(1)
Gg(1)
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very strong bands within a narrow range of 526–532 cm–1.
The group of medium-intensity peaks at 553–598 cm–1 is
assigned to the derivative vibrations F1u(2) mixed with
F1g(1) and Gg(2) modes. The components of the five-
fold degenerate modes Hg(3), Hu(4), and Hg(4) with
small contributions of threefold and fourfold degener-
ate modes appear in the spectrum with moderate or low
intensities at 694–715, 726–746, and 758–788 cm–1,
respectively. The very strong band at 700 cm–1 is due to
the out-of-plane vibration of hydrogen atoms in the
thiophene moiety; the C–S stretching vibration is
observed at 858 cm–1 and has a medium intensity (Table 4).
In the starting compound, these vibrations are observed
at 722 and 872 cm–1, respectively [12].


The vibrations of the fullerene cage appear in the
range 800–1100 cm–1, frequently mixed with the
stretching vibrations of the pyrrolidine moiety. The
strongest bands in the range 1100–1600 cm–1 are due to
the C–C and C–N stretching vibrations and the HCC
and HCN bending vibrations in the addends (Table 4).
The F1u(3) and F1u(4) modes of fullerene appear as
medium-intensity and high-intensity bands at 1143–
1194 and 1424–1436 cm–1, respectively. The other
vibrations of the carbon cage are virtually unobserved
in this spectral range, except for several medium-inten-
sity lines at 1210–1238 cm–1 (the Hu(5) and Hg(6)
modes of fullerene) and 1473 cm–1 (the Ag(2) mode).


In the range of the CH stretching vibrations, five
strong lines appear due to the vibrations of the meth-
ylpyrrolidine moiety; the frequencies below 2800 cm–1


are due to the vibrations involving so-called Bohlmann
hydrogen atoms that lie opposite to the lone pair of the
nitrogen atom [14, 15].


CONCLUSIONS
The conformational composition of 2-thienyl-N-


methylfulleropyrrolidine has been studied using exper-
imental and computations methods. From the results of
quantum-mechanical computations, the compound can
exist as a mix of eight conformers with the energy dif-
ferences between the conformers ranging from 2.4 to
31.4 kJ/mol and transition barriers between them rang-
ing from 19.4 to 52.3 kJ/mol. The 1H NMR spectrum of
the compound in solution can correspond to either one
conformer or an equilibrium mix of the two most stable
species. The IR spectrum of the solid compound can be
assigned in terms of the presence of one (the most sta-
ble) conformer with the methyl group in the equatorial


position and the rotation angle of the thiophene moiety
relative to the NCC angle equal to 39.8°. The full
assignment of the spectrum has been carried out in
terms of normal modes of the constituents of the diad
(fullerene, thiophene, and N-methylpyrrolidine moi-
eties).
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Supersonic pulsed gas jets and molecular beams are
used in many fields of physics and chemistry, such as
chemical reactions, energy relaxation, cluster prepara-
tion and characterization, epitaxial growth, and others
[1, 2]. In this context, the modeling of pulsed mixed gas
jets is of interest for deriving correlations between the
jet macroparameters, on one hand, and the conditions in
the source and the atomic interaction potential, on the
other.


The model of a one-component supersonic pulsed
jet of a monoatomic gas expanding to vacuum was built
in [3]. It is of interest to generalize this model to cover
multicomponent jets, as was done for continuous jets
[4, 5]. The effects caused by nonequilibrium energy and
momentum exchange between dissimilar particles also
appear here as the velocity slip and the temperature dif-
ference between the component gases. Theoretical con-
sideration of these effects can provide the basis for the
determination of the parameters of the interaction
potential between dissimilar particles from experimen-
tally measured component temperatures and velocities
and for the description of the speeding up of the heavy
component from the gas jet and the gas-dynamic sepa-
ration of the components.


The asymptotic analysis of the equations for a mul-
ticomponent jet model is, in general, more complex
than for a one-component jet because of the appearance
of dimensionless parameters (the Knudsen number for
the interaction of dissimilar particle pairs, component
weight ratios, and component concentration ratios).
More difficulties arise from the fact that the orders of
magnitude of these quantities can depend on the situa-


tion, and in each case it is necessary to analyze the
order of smallness of the quantity for which expansion
is performed and to determine the range of its allowed
values.


This work generalizes the kinetic model of a pulsed
supersonic jet of a monoatomic gas expanding to vac-
uum to cover a multicomponent case. This work also
considers the limiting ratios of the component weights
and mole fractions.


MODEL


In the formulation of the problem, the modeling of
the non-steady-state expansion of a multicomponent jet
to vacuum does not differ from the modeling of a one-
component jet. Inasmuch as the jet is considered as a
perturbed equilibrium gas flow and the continuum gas
dynamic methods can be used to describe the unper-
turbed equilibrium flow, a boundary point is chosen at
which the flow is still continuous, and the jet parame-
ters are computed. These values of the parameters will
be the boundary conditions for moment equations. In
this work, the boundary conditions and scale values are
determined as in [3], but the expanding mixture is con-
sidered as a gas with the average molecular weight
equal to


where 


 


y
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 is the mole fraction of component 


 


α


 


. It is
assumed that the flow is spherically symmetrical and


m mαyα,
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Abstract


 


—A model for the expansion of a pulsed jet of a mixture of monoatomic gases was advanced on the
basis of the Boltzmann kinetic equation. The Grad method was used to solve the Boltzmann equation. The set
of moment equations was analyzed by matching asymptotic expansions. The behavior of the velocity slip and
temperature difference was analyzed as a function of the conditions in the source and the component-gas con-
centrations in the mixture. A functional relationship between these quantities and the form of the interaction
potential has been established.
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particles interact with the exponential potential 
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. For the details of the model, see [3].


The set of Boltzmann kinetic equations for the non-
steady-state, spherically symmetrical expansion of a
gas mixture to vacuum is written in a dimensionless
form as


(1)


where 
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 is the velocity distribution function for 
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 par-
ticles and 
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 is the weight-average velocity of the mix-
ture. In the physical space, a spherical coordinate sys-


tem is used:  = (
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” denotes the conditions in the


source);  is the effective scattering cross section [4,
5], defined so that to account for the interactions of all
types of particles with the weights proportional to their
mole fractions in the mixture:


For the exponential potential considered by the model,
the 
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(The proportionality factor is found in [6].)


The set of equations (1) is solved by the Grad
method in the 13-moment approximation, with the dis-
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In the zeroth approximation, the Maxwellian local
distribution is chosen:


where γα = mα/(kTα), and nα and Tα are the local num-
ber density and temperature of component α.


The macroscopic parameters of the component
gases and the mixture are determined as the moments of
the distribution function as follows:


number densities, as


weight densities, as


kinetic temperatures (Tα and T), as


pressure, as


diffusion rate, as


From the definition of the weight-average velocity
(ρu = ) and the diffusion velocity,


The viscous stress tensor π||α and the heat flux qα for
component α, as well as π|| and q for the mixture, are
determined as follows:


The scales of the variables were chosen to be the
same as in [3]. m means the average molecular weight
of the mixture:
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MOMENT EQUATIONS


The formal procedure for building the set of
moment equations in the inner and outer expansion
regions in any approximation for the Knudsen number
Kns is fully identical to the case of a pure gas [3]. In the
zeroth approximation, the mixture expands as a mono-
atomic gas with the average molecular weight . The
velocity slip and temperature difference in the outer
expansion region, respectively, appear in the first and


second approximations for  (ω = 1/2 + 2/n,
n is the exponent in the interaction potential). To avoid
tedious computations, we only write equations for the
specified effects in significant approximations in the far
region of interest. The detailed derivation of the set of
moment equations can be found in [8].


In the zeroth approximation, the solutions of the set
of moment equations are the following familiar contin-
uum relations:


where λ = r/t and g = 5–3/2(1 – λ2/5)1/2 [3].
In the first approximation, the component-gas tem-


peratures are equal to the continuum temperature:  =


 = T0. Therefore, the temperature difference is


 = 0. The set of equations for diffusion rates wα
and for hα = qα – pαwα (α = 1 or 2) in this approximation
is
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Chapman–Enskog integral (ξ = ), and κ and γ
are defined by


VELOCITY SLIP AND TEMPERATURE 
DIFFERENCE


In the general case, the set of equations (2) can be
numerically solved. However, let us start with a partic-
ular case where the light component gas dominates (δ =


 � 1). Assume that the component weights differ
significantly (ε = mα/mβ � 1). There are two cases with
different relationships between δ and ε: (1) component
β is a minor admixture (δ ≤ ε � 1), or (2) component β
is in trace amounts (δ � ε � 1).


In both cases, the equation for ∆wαβ1 is the same:
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degrees of equilibrium, it is slightly perturbed. The
equation for 


 


h


 


α
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 in its form coincides with the equation
for a pure gas [6]:


(4)


this means that the behavior of 


 


h


 


α


 


1


 


 is determined only
by the self-collisions of light molecules. The equation
for 


 


h


 


β


 


1


 


 in this case is


(5)


Decreasing 


 


δ, i.e., going to the second case or, phys-
ically, decreasing the role of self-collisions of heavy
molecules, we obtain


(6)


When yβ0  0, the evolution of the heavy gas is
fully determined by cross-collisions. For the exponen-
tial potential used in this model,


where


In this case, Eqs. (4)–(6) are integrated to easily
arrive at the asymptotics


with the determinate function (λ) (for details, see
[8]). It is now easy to find the asymptotic representation


for the velocity slip: ∆wαβ1∞(λ, t) = (λ)/t. In so
doing, we have to integrate Eq. (3) with account for the


∂hα1


∂t
----------- –hα1


6
t
---


16
15
------nα0Ωαα0


22
+⎝ ⎠


⎛ ⎞ 5
3
---


yα0


mα
-------g


4/3
g'


t
8


------------;–=


∂hβ1


∂t
---------- hβ1


6
t
---


16
15
------nβ0Ωββ0


22
+⎝


⎛–=


+ 16
µαβµβ


M
--------------nα0Ωαβ0


11


⎠
⎞ 5


3
---


yβ0


mβ
-------g


4/3
g'


t
8


------------.–


∂hβ1


∂t
---------- hβ1


6
t
--- 16


µαβµβ


M
--------------nα0Ωαβ0


11
+⎝ ⎠


⎛ ⎞–=


–
5
3
---


yβ0


mβ
-------n0T0


g
4/3


g'


t
8


------------.


Ωαβ0
lr Ωαβ


lr
T0( ) T0


1 ω– Ωαβ
lr


1( ),= =


Ωαβ
lr


1( ) 1


2
ω 1+ π


-------------------µαβ
ω 1– Q


l( )
RTs( )


Q RTs( )
---------------------------Γ r


3
2
--- ω–+⎝ ⎠


⎛ ⎞ ,=


ω 2
n
--- 1


2
---+=⎝ ⎠


⎛ ⎞ .


hk1∞ λ t,( ) hk1
∞ λ( )/t


6
=


hk1
∞


∆wαβ1
∞


expression for (λ). In the limit t  ∞, using
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The asymptotic solution of this equation is


(8)


where K(λ) is a rather complex function of λ, depend-
ing on mk, yk0, and the parameters of the interaction


potential (through integrals , , and ). The
behavior of ∆Tαβ as a function of the conditions in the
source is an analogue of the behavior of ∆wαβ. The gen-
eral tendencies in the behavior of ∆wαβ and ∆Tαβ fully
agree with the results obtained for continuous jets [4, 5].


Numerically, the set of equations (2) is solved in
some cases for He + Kr mixtures with various compo-
sitions. The timezero t = 0 corresponds to the moment
at which the pulsed nozzle stops operating. The results
of the calculations are demonstrated in Figs. 1–4.


Figures 1 and 2 demonstrate the behavior of the
velocity slip ∆wαβ in the center-of-mass system for the
99% He + 1% Kr mixture with Kns = 10–3. ∆wαβ is pos-
itive; i.e., the velocity of the light component is higher
than the velocity of the heavy component. The velocity
slip is zero in the center of the gas packet, and it rapidly
increases with the distance from the center. This ∆wαβ
behavior agrees with our model: the gas packet is ini-
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tially continuous; as scattering progresses, only the
core of the packet remains continuous, decreasing over
time. The ∆wαβ value at each fixed point of the packet
rapidly drops with time. Notice that the infinitely great
∆wαβ values in Fig. 2 at small times are near the expan-
sion front with λ ≈ 51/2. Figure 3 displays the limiting
∆wαβt values for various compositions of the He + Kr
mixtures with Kns = 10–3. Clearly, the velocity slip
increases with decreasing heavy-component fraction.


Figure 4 demonstrates the behavior of ∆Tαβt2 as a
function of λ for the 99% He + 1% Kr mixture with
Kns = 10–3. Evidently, the temperature of the light com-
ponent is always lower than the temperature of the
heavy component. This is made clear by the compari-
son of efficient collision frequencies. The total number
of collisions for particles with different weights is
roughly the same. For light particles, however, all colli-
sions are efficient for relaxation, while for heavy parti-
cles, only self-collisions are. As a result, the relaxation
rate for the heavy component decreases, and the devia-
tion from the isentropic temperature becomes greater.
Inasmuch as the component temperatures are by defini-
tion related to the average temperature of the mixture 
through
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Fig. 1. Velocity slip versus distance in various moments of
time for the 99% He + 1% Kr mixture: t = (1) 5 and (2) 10.
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Fig. 2. Velocity slip versus time at various distances for the
99% He + 1% Kr mixture: r = (1) 2 and (2) 4.
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for small yβ0 (yα0 ≈ 1) the temperature of the light com-
ponent is close to the average temperature of the mix-
ture, and the temperature of the heavy component is
higher than the temperature of the mixture by a value of
∆Tαβ2.


The temperature difference depends on the compo-
nent concentrations more weakly than the velocity slip. A
decrease in yβ0 induces only an insignificant rise in ∆Tαβ:
on passing from the 99% He + 1% Kr to 99.9% Hr +
0.1% Kr mixture, the increase in the temperature differ-
ence is as little as 1%. In addition, the ∆Tαβ value for
asymptotic times (t ≈ 100) is too small to be used for
processing time-of-flight spectra.


To summarize, we have built a model for the expan-
sion of a pulsed jet of monoatomic gases on the basis of
the Boltzmann kinetic equation. The Grad method was
used to solve the Boltzmann equation. The set of
moment equations was analyzed by matching asymp-
totic expansions. Sets of equations were derived to
describe the behavior of the jet parameters in the far
expansion region, and asymptotic expressions (for
large times) were derived for the component velocity
slip and temperature difference. In some particular
cases, the set of equations for these quantities was


numerically solved. The behavior of the velocity slip
and temperature difference was analyzed as a function
of the conditions in the source and the component con-
centrations. A functional relationship was found
between these quantities and the form of the interaction
potential.
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Fig. 3. ∆wαβt versus λ for various compositions of He + Kr
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Selenium is an essential microelement [1–2]. Exces-
sive selenium levels in an organism, however, can cause
great damage to the nervous system [3]. The environ-
mental levels of selenium are very low, which requires
high-sensitivity determination methods. Atomic
absorption spectrometry with electrothermic atomiza-
tion, luminescence, gas and liquid chromatography,
neutron activation analysis, mass spectrometry, and
various voltammetry variants, cathode stripping volta-
mmetry being important, are widely used for these pur-
poses. The strengths of cathode stripping voltammetry
are high sensitivity (up to 10


 


–12


 


 mol/L), selectivity,
rapidity of analysis, small sizes of equipment, and sim-
ple automation.


In cathode stripping voltammetry, selenium(IV) is
electrochemically concentrated on the electrode sur-
face, as a rule, as copper compounds [4–6].


The electrochemical reduction of the resulting
Cu


 


x


 


Se concentrate is usually carried out in the same
solution; the height of the relevant voltammetric peak is
functionally related to the selenium(IV) concentration
in the test solution:


Cu2+ 2e Hg+ + Cu0 Hg( ),


SeO3
2– xCu(Hg) 6H+ 4e+ + +


CuxSe(Hg) 3H2O.+


 


It was noted [7] that only mercury (dropping or
pool) indicator electrodes can provide a high sensitivity
of selenium determination via preconcentration into a
sparingly soluble copper compound. The transfer from
a dropping to film mercury electrode (MFE), as a rule,
appreciably deteriorates the precision of the parameters
of the selenium peak [4]. The use of an automated solu-
tion replacement system without circuit disconnection
has overcome this drawback [8]. In this case, the gener-
ation and regeneration of a mercury film on the carbon
glass electrode was separated from copper and sele-
nium preconcentration on an MFE [9], and the solution
compositions for both stages have been optimized. The
authors believe that an additional stage (renewal of the
mercury film on the working electrode between mea-
surements and selenium(IV) electroconcentration on an
MFE premodified with copper considerably improved
the precision of the selenium peak parameters and the
metrological characteristics of the analysis.


Here, we attempt to use an automated solution
replacement system without circuit disconnection for
comparing two versions of selenium determination by
cathode stripping voltammetry: (1) selenium(IV) pre-
concentration occurs on an MFE premodified with cop-
per and (2) selenium is preconcentrated concurrently
with copper from one solution. In the second version,


CuxSe Hg( ) 2H+ 2e H2Se xCu(Hg).+ + +
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Abstract


 


—Two versions of selenium(IV) preconcentration and determination on a mercury film electrode
(MFE) by cathode stripping voltammetry with an automated solution replacement system without circuit dis-
connection are compared. In one version, selenium(IV) is preconcentrated together with copper(II); in the other,
selenium is preconcentrated on a copper-modified MFE. Under optimum conditions (against the 0.1 M HCl
background at selenium electrolysis potentials from –350 to –400 mV and electrolysis times of 180–300 s),
calibration curves for both selenium preconcentration versions are linear over the concentration ranges from 2.5
to 20 


 


µ


 


g/L and from 50 to 250 mg/L. The selenium peak heights are well reproduced in both cases (in the range
of the concentrations studied, 


 


S


 


r


 


 lie in the range from 0.02 to 0.05). Sequential copper and selenium preconcen-
tration is more convenient: there is no need to add copper to each analyzed solution, and it is possible to opti-
mize selenium preconcentration parameters (solution composition, electrolysis potential, and electrolysis time)
regardless of the copper preconcentration parameters.
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an additional stage of mercury-film regeneration is
included into the cycle, and the selenium electrocon-
centration and electrostripping of the concentrate were
carried out in solutions of different compositions, opti-
mum for each stage.


EXPERIMENTAL


Voltammograms were recorded on a computer-mon-
itored Ecotest-VA (Econix-Expert) voltammetric ana-
lyzer. The electrode system used was a 3-in-1 sensor,
which was an electrochemical cell implemented in one
case so that the carbon glass indicator electrode and the
key leading to the cell with an auxiliary and reference
electrodes lay in one plane [8]. The specific feature of
this design is that the sensor taken from the solution
bears on top a drop of the solution attached due to sur-
face tension, which keeps the circuit from disconnect-
ing when the sensor is transferred from one solution to
another.


Solution replacement and renewal of the electrode
surface were performed automatically using an Exper-
tise-VA-2D attachment (Fig. 1) to the Ecotest-VA vol-
tammetric analyzer.


The solution compositions and experimental param-
eters for each voltammetry stage in version A (sequen-
tial concentration of copper and selenium on an MFE)
and version B (concurrent concentration of selenium
and copper on an MFE) are displayed on Fig. 2.


The following chemicals were used in the work:
HCl (pure for analysis), HNO


 


3


 


 (chemically pure),
Hg(NO


 


3


 


)


 


2


 


 · 2H


 


2


 


O (pure for analysis), SeO


 


2


 


 (chemically
pure), CuSO


 


4


 


 (chemically pure), and KCl (chemically


pure). All solutions were prepared from twice distilled
water.


RESULTS AND DISCUSSION


Voltammograms were recorded on a preformed
MFE. For this purpose, the sensor was first exposed to
0.1 M HNO


 


3


 


 at the potential 


 


E


 


 = 100 mV for 100 s to
electrochemically purify the electrode and then to a
solution of mercury(II) (


 


c


 


 = 2 g/L) in 0.1 HNO


 


3


 


 at 


 


E


 


 =
–900 mV for 300 s to generate the mercury film (Fig. 2,
beakers 1–3).


Figure 3 shows cathode stripping voltammograms
recorded in the background solution plus selenium(IV),
copper(II), or selenium(IV) + copper(II) and the back-
ground solution plus selenium(IV) on a copper-modi-
fied MFE.


The voltammogram of the background solution
under the specified conditions does not show any peak
(Fig. 3, curve 


 


1


 


). When 0.75 mg/L copper is added, a
small peak appears at –660 mV (curve 


 


2


 


). In the pres-
ence of 100 


 


µ


 


g selenium(IV) without copper(II), a
small peak at –610 mV is observed in cathode stripping
(curve 


 


3


 


). When 0.75 mg/L copper(II) is added to this
solution, the peak shifts to –655 mV; the peak height
increases by several times (curve 


 


4


 


). We can conclude
that, in the last case, the peak is due to the reduction of
the copper compound with selenium. The peak
observed in the absence of copper can appear due to
selenium accumulation in the form of mercury selenide
and its subsequent reduction; selenium(IV) concentra-
tion in the presence of copper(II) is more efficient.
When selenium and copper are sequentially concen-


 


1


2


3


4


 


Fig. 1.


 


 Exterior of an Expertise-VA-2D automated unit: (


 


1


 


) 3-in-1 sensor, (


 


2


 


) 20 cells with solutions, (


 


3


 


) mobile platform, and (


 


4


 


)
immobile platform.
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trated on the electrode, the peak potential shifts to


 


−


 


635 mV; the peak acquires a more regular shape, and
its height slightly increases.


Apparently, both versions of selenium determina-
tion by cathode stripping voltammetry (selenium pre-
concentration together with copper or sequential pre-
concentration of copper and selenium) have approxi-
mately equal sensitivities. It is of interest to compare
the characteristics of the two versions, such as the pre-
cision of the selenium peak parameters and the linear
range of the analytical signal, as a function of selenium
concentration.


 


Optimum Parameters of Selenium Cathode Stripping 
Voltammograms


 


Important factors for the parameters of stripping
voltammetry peaks are the electrolysis potential 


 


E


 


el


 


 and
electrolysis time 


 


t


 


el


 


. It was stated in [9] that –900 mV is
the best copper electrolysis potential for a copper-mod-
ified MFE.


The parameters of the selenium stripping peak were
studied as a function of the selenium electrolysis poten-
tial for the sequential preconcentration of copper and
selenium in the range from –200 to –500 mV. The peak
height increased as 


 


E


 


el


 


(Se) changed from –200 mV to


 


−


 


400 mV (Fig. 4); this increase can be due to the ther-


modynamic ease of reduction of both copper(II) and
selenium(IV) from the. The dramatic decrease in the
peak upon a further cathodic shift of the electrolysis
potential is likely due to the loss of accumulated sele-
nium because of its progressive reduction to H


 


2


 


Se.
For the same preconcentration version, the peak


parameters were studied as a function of selenium elec-
trolysis time 


 


t


 


el


 


(Se) for three copper electrolysis times:


 


t


 


el


 


(Cu) = 60, 120, and 180 s. The selenium peak height
increased in proportion to increasing selenium electrol-
ysis time and increased only slightly with increasing
copper electrolysis time (Fig. 5).


Then, the selenium peak parameters were studied as
a function of electrolysis time in the range from 30 to
600 s for concurrent selenium and copper preconcen-
tration. The selenium peak height increased in propor-
tion to increasing electrolysis time.


All subsequent experiments were carried out as fol-
lows. For version A, 


 


E


 


el


 


(Cu) = –900 mV, 


 


t


 


el


 


(Cu) = 60 s,


 


E


 


el


 


(Se) = –375 mV, and 


 


t


 


el


 


(Se) = 180 s. For version B,


 


E


 


el


 


(Se, Cu) = –375 mV and 


 


t


 


el


 


(Se, Cu) = 180 s (Fig. 2).


 


Comparative Characterization of the Two Selenium 
Electroconcentration Versions


 


The linear peak height versus peak area range was
found for both selenium preconcentration versions. For
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Fig. 2.


 


 Scheme of an experiment and record of cathode stripping voltammograms for selenium(IV) solutions. Version A: sequential
preconcentration of copper and selenium. Version B: simultaneous preconcentration of copper and selenium.
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this purpose, voltammograms were recorded in solu-
tions containing various selenium amounts in the range
from 2.5 to 250 µg/L.


Calibration curves were plotted as the peak height
and peak area versus selenium concentration for both
versions. In the range of the selenium concentrations
studied, two linear segments were observed on the cal-
ibration curves: from 2.5 to 20 µg/L and from 50 to
250 µg/L selenium.


To study the precision of the selenium peak param-
eters, five cathode stripping voltammograms were
recorded one by one under identical conditions for two


selenium concentrations and the peak heights and peak
areas were measured. The results were as follows:


for version A,


Sr = 0.036–0.040;


for version B,


Sr = 0.028–0.051.


From these data, it was deduced that the selenium
peak potentials are well reproduced in both selenium
preconcentration versions and the peak heights rise
with increasing selenium concentration.


–900


–18


–800 –700 –600 –500 –400
E, mV


–16


–14


–12
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1
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4 5


Fig. 3. Cathode stripping voltammograms on an MFE against 0.1 M HCl background: (1) without additives, (2) 0.75 mg/L cop-
per(II), (3) 100 µg/L selenium(IV), (4) 100 µg/L selenium(IV) + 0.75 mg/L copper(II), and (5) 100 µg/L selenium(IV) with copper-
modified electrode.


H, a.u.


100


4


300 500
0


8


12
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Fig. 4. Selenium peak height vs. electrolysis potential (version A). Parameters: background, 0.1 M HCl; c(Cu) = 0.75 mg/L;
Eel(Cu) = –900 mV; tel(Cu) = 60 s; c(Se) = 100 µg/L; Eel(Se) = –X mV; tel(Se) = 180 s.
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Both versions have identical linear ranges of the
analytical signal versus selenium concentration and
have similar precisions: in the range of the concentra-
tions studied, Sr lies in the range from 0.02 to 0.05.
Addition of the mercury film regeneration stage to the
stripping cycle and the use of different solution compo-
sitions for the electroconcentration of selenium and the
electrodissolution of the concentrate improve the preci-
sion of the selenium signal if selenium is preconcen-
trated together with copper. For sequential copper and
selenium preconcentration on an MFE, a slightly higher
sensitivity coefficient (S = 0.18 a. u./µg/L) and, accord-


ingly, a lower selenium detection limit (cmin = 1.7 µg/L
are achieved than during concurrent copper and sele-
nium preconcentration (S = 0.15 a. u./µg/L, cmin =
2.0 µg/L). There are no considerable differences in the
characteristics. The sequential copper and selenium
preconcentration is more convenient from the practical
standpoint: there is no need to add copper to each ana-
lyzed solution, and there is a possibility of optimizing
the selenium preconcentration parameters (solution
composition, electrolysis potential and time) regardless
of the copper preconcentration parameters.
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Fig. 5. Selenium peak height vs. selenium and copper elec-
trolysis time (version A). Parameters: background, 0.1 M
HCl; c(Cu) = 0.75 mg/L; Eel(Cu) = –900 mV; tel(Cu) =
1−3 min; c(Se) = 100 µg/L; Eel(Se) = –375 mV; tel(Se) =
X s.
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