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The application of different alternative approaches for building linear regression equations in tasks which
are connected with description of physicochemical parameters of molecules has been described. The Ordi-
nary Least Squares, the Least Absolute Deviation, and the Orthogonal Distances methods are among the
chosen approaches. In tasks, connected with multicollinearity of predictor sets, the principle component re-
gression and Lo-regularization have been applied. The special attention has been given to those ap-
proaches that made possible to reduce the number of predictors (the Li-regularization, the Least Angles
methods). In case of data with noticeable errors in both dependent and independent variables, the orthogo-
nal distance method has been examined as an alternative to the least square approach. The adequacy of
previously investigated least absolute deviation of orthogonal distances (LADOD) method has been demon-
strated.

Keywords: The Least Squares Method, Least Absolute Deviations method, L1—, Lo— regularization, The
Principle Component Regression, Orthogonal Distance method, Physical-Chemistry molecular properties.

Introduction

More than two hundred years ago the ordinary lest squares (OLS) method, which is cornerstone of
contemporary experimental investigations, has been developed in works of Gauss and Legendre (in the
present article we treated the OLS as a simplest approach for building regression equation). Later,
profound statistical justification of the OLS in conjunction with huge amount of experimental data
demonstrated great significance of the OLS in descriptive and predictive tasks. The wide application
of OLS in chemical science made it possible to construct a set of both purely phenomenological
(correlational) and theoretically justified equations (e.g. [1]). The regression analysis plays a
significant role in the construction of QSAR (Quantitative structure-activity relationship) equations.
Such dependences allow to describe and predict the important physical-chemical characteristics and
biological effect of molecular systems. A lot of regression equations which describe biological activity
can be found for instance, in [2].

Of course, if a) the required equation is theoretically justified, b) the data contains set of linearly
independent descriptors, ¢) the equation calibrated with the “sufficiently” sized training sample, and e)
there is no significant “noise” in the data, then using the OLS provides an unambiguous solution of the
regression analysis problem. However, in practice, there are much more data sets with a wide spread.
In addition, a typical QSAR problem does not provide any reason to how many and which descriptors
should be included in the desired equation. Thus, we have to deal with a redundant (multicollinear)
descriptor set.

It should be noted that for the present day the statistical science offers alternatives to OLS
approach. They are focused on robust estimations — stability in relation to outliers and
multicollinearity. There are also the regression methods which aim to shrink the set of descriptors.

Some of these approaches are known for a long while. For instance, the least absolute deviation
(LAD) first appeared in 1755, 50 years prior to OLS [3]! But it is surprising that even in present-day
most of calculations of regression equations in chemistry are performed only with the OLS method. In
addition, many of these approaches are not implemented in common statistical packages at all ! Thus,
the possibilities of alternative models for regression equations constructing are still outside of the
scope of chemists.

© Berdnyk M.I., Onizhuk M.O., Ivanov V.V, 2018
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With this in mind, a package of computer programs with various approaches to construct regression
equations was developed in the present work. We used the programming languages FORTRAN and
Python for effective implementation of different methods. The calculations of different molecular
parameters have been performed for illustrative purposes.

Methods for calculations of linear regression equations

In this section, we give a brief description of the methods used in the article. Detailed information
can be found in original works (see references in the text). In general, the goal of constructing linear
regressions is to find the coefficients of the following equation (g, ):

y=B, +BXx; +B,X, +...+ P, X, (1)
where X, X,, ... X, are independent variables (predictors, descriptors), y is a single dependent variable
(property, system’s response). It is assumed that the equation (1) is calibrated according to the training
(N-size) sample.

Y={y}; X= {xi’l, Xi55 xi’3,...,xi’m}, i=1...,N (2)

In the standard OLS method, task of finding the p, coefficients is associated with minimization prob-
lem:

BoLs = argming ||Y —Xﬁ"j . 3)

In this expression and below with symbol || . ||2 we denote the Euclidean (L,) norm. Expression (3) can

be transformed to the well-known matrix representation (see, for example [4, 5]):
Bors =(X'X)'X"Y - )
In the eq. (4) X* designates the transposition of matrix of predictors X .
The least absolute deviation method, LAD, is a more robust approach.
BLap = argmin, ||Y B XB"l . (5)
Here || is an absolute value (L;-norm). The feature of LAD is an “automatic” adjustment of weights

for certain data points. Thus, LAD can be interpreted as a “weighted” OLS method, but without the
use of a priori information about data errors. Several algorithms for solving problem (5) are described
in the literature [6].

In the present article we are using an iterative method called “variational-weighted quadratic
approximations” [7,8], which is implemented in the matrix form:

Buap =argmin, (Y*=B*X")S™(B)(Y - XB)> (6)
where S7'(B) — pseudoinverse diagonal matrix.

S(B)ij = 6ij : (7)

B, + szXik =Y
k=1

Obviously, the strict reason for applying the LAD method is the Laplace distribution of data errors. An
important feature of LAD is the robustness of the method. However, it is necessary to acknowledge
the drawbacks of the method. There are cases when multiple and degenerate solutions of LAD exist.

In the situations where the initial set of descriptors is deliberately redundant, Tikhonov's
regularization (also known as Ridge-regression) can be used [9,10]. A special feature of the method is
the presence of an additional factor in eq. (3) in the form of an L,-norm ||[3||§ =pp (we will designate

the method as L,-OLS):

B, -ous = argming { [Y =X, +2[B]: - (8)
The “strength” of the regularizing factor in (8) is determined by the parameter A >0. In this method,

the problem of explicit (or not explicit) inversion of the matrix (XX ) (4) is solved, even in the case
when it is ill-conditioned or even degenerate. L,-OLS approach makes it possible to obtain a closed
expression for regression coefficients:
BV, s = (X X+AD'XTY )
In (9) I is an unity matrix.
An analog of L,-OLS is the principal component regression (PCR) method [11]. Formally, the
PCR is described with the same expression as the OLS (3,4). But the inversion of the matrix (X*X) is
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performed by using a singular value decomposition (SVD) of the matrix X. In these matrix
manipulations we take into account only “sufficiently large” singular numbers of X (pseudoinversion).
The PCR approach does not attempt to reduce the set of descriptors. In practice, in PCR, as well as in
L,-OLS, a “long”, not easily visualized (and therefore difficult to analyze) equation is usually
obtained. This equation can include thousands of terms in the form (1), which turns the method into a
“black box” approach.

Also, we should note the distinctive features of PCR and L,-OLS. In the L,-OLS, a smooth
deviation from the solutions of eq. (3) occurs with increase of the regularization parameter 2. In the
PCR, the solution of eq. (3) changes discretely with removal of terms of the SVD of matrix X. The
most common implementation of PCR ideology is the partial least squares (PLS) method [11,12,13].
Sometimes this abbreviation interpreted as projection to latent structures. The PLS takes into account
the joint factor structure {X,Y}.

The LASSO (Least Absolute Selection and Shrinkage Operator) method [14] is an opposite to PCR.
B(A) asso = argming { ||Y - X|3||§ + 7»"[3"1 } . (10)

Function (10) is similar to (8), however here the regularization factor is an absolute value of regression
parameters J3, IB],, =[B|=PB"sign(B) - Such a regularization guarantees the shrinkage of descriptor set,

when A > 0. Detailed description of the LASSO and discussion on how and why such shrinkage can be
achieved can be found in [15].

In the elastic net, EN, both (8) and (10) regularization factors have to be included to the minimiza-
tion function [16]. This variant of regression is characterized by numerical stability in the initial stages
of calculation, when the set of descriptors is still large and can be multicollinear.

B e = argmin, { [ =X, + 2 (o8], + 1) B} )| (11)

The parameters A >0 and 0< o <1 give control of the relative contributions of both L,- and L,- norms
in function (11).

The least angle regression and shrinkage (LARS) [17,18] is a variant of forward stepwise regres-
sion [19]. The classical stepwise regression is a kind of so-called “greedy” algorithms which have
several essential drawbacks. For instance, it cannot include several correlated variables to the regres-
sion. In general, the simple stepwise regression poorly takes into account the factorial structure of the
problem. In the LARS method new predictors are included sequentially (step by step, starting from the
simplest equation y =p ), and these new predictors should be correlated with the remainder (y - xp) to

the same degree as those variables that have already been included in the regression. According to
[17], the LARS algorithm does not lose in computational costs to OLS. The most important
peculiarity of modified LARS is a possibility to obtain compact LASSO-solution. For this, an
additional condition is included into the algorithm. While moving to the next predictor, if one of the
coefficients already included to the model (say p,) changes its sign, the movement in this direction is

canceled, g, is equated to zero, and the ¢-th descriptor is excluded from the model (for the details see

[17,18]). In the present article we are using this modified variant of LARS.

It should be noted that in all the above-mentioned regression models (including OLS) it is assumed
that X is error free matrix of predictors. It is common when theoretical indices are used as the
predictors and their values are absolutely determined. However, in the situations when both dependent
and independent parameters are obtained from the experimental measurements (Errors in Variables,
EIV), made with certain error, it is essential to use different specialized approaches.

One among them is the fotal least squares (TLS) which is general case of orthogonal distances re-
gression (ODR) method. In the ODR method, the desired regression equation can be found by
minimizing the sum of the Euclidean distances from the given points to the hyperplane determined by
the regression equation (Fig. 1).

The well-known expression [20] allows one to obtain the form of a minimized ODR-function. In
general, ODR can be implemented both within the frameworks of least squares (ODR as such)”:

Boor =arg mil’lﬁ{ ||Y_Xf3||§ /(1+"B"z) } "

) here data is autoscaled, B, =0-
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and in least absolute deviation (Least Absolute Deviation of Orthogonal Distances, LADOD):

Busoon =argming Y X,/ fi+[Bf, | (13)

The latter case, LADOD, has been investigated by us in [21].

predictors X,
Figure. 1. Geometrical interpretation of difference between OLS and ODR
(the figure corresponds to the equation y = B, +Bx, + B2X2)~

A remarkable peculiarity of ODR and LADOD is the presence of only one equation which
connects the dependent and all independent variables. Unlike ODR and LADOD in the OLS for the
regression (1), additionally to itself, it is possible to obtain m additional linear equations where the
corresponding predictors take place of the dependent variable.

To evaluate the predictive ability of the obtained equations, we used the well-known formulas for
the determination coefficients (for the discussion see, for instance, ref. [22]):

R? =1—Z(Yi_§i)2/Z(Yi_?)2 (14)
Qz ZI_Z(Yi_gli/i)z/Z(yi_?)z (15)
=R _Q? (16)

where y — approximated values, y — mean value for sample {y}, y — calculated values which were
obtained for training sample, y. . — «predicted» by leave-one-out cross validation (LOO-CV) proce-
dure. Determination coefficient obtained by LOO-CV (Q?), and 6 are important parameters of predic-

tive ability of regression model. Namely, the model is treated as successful when Q*>0.5 and 6<0.3
[23]. For the detailed discussion of predictive ability of QSAR models see refs. [24,25].

Numerical Results

In the present article, before construction of the descriptor set, we optimized the geometry of the
corresponding molecules (with semiempirical method AM1 from GAMESS package [26]). Next, a
number of descriptors was calculated with the PaDEL-Descriptor program [27].

lonization constants of carbonic acids
This problem has been considered as a first test case. To find the equation for pK, (pKa =—logK,

where K, — acidity constant at equilibrium) as a function of structural parameters, 15 saturated
carboxylic acids were selected:

HCOOH CH;COOH C,H;COOH C;H,COOH  (CH;),CHCOOH
CH;3(CH,);COOH  (CH;),CHCH,COOH  (CH;);CCOOH CH,FCOOH  CH,CICOOH
CH,BrCOOH CH,ICOOH CHCIL,COOH CCI;COOH CF;COOH

Experimental values for pK, (25°C) were taken from [28]. We selected 9 parameters as molecular
descriptors: the charges on oxygen of the carbonyl (x;, a.u.) and hydroxyl (x,, a.u.) groups, on the
hydrogen of hydroxyl group (xs, a.u.), the surface area of the molecule (x4, A%, its volume (xs, A%),
molar refraction (xq, A’), polarizability (x,, A*), Randic index (xs) and informational index of routes in
the graph of the molecule (x9). Hence the equation for pK, should be obtained from the most general
expression:
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Y =By +Bix; +B,X, .+ BoX, (17)
The selection of the necessary descriptors, from these nine could be done manually from structural
and chemical considerations. Let's see, however, how the L,-OLS and LASSO approaches behave in
this task.
By changing the parameter A in the expressions (8) and (10), we obtain the dependences (Fig. 2)
and (Fig. 3), respectively, which describe the changes of the regression coefficients.
For the sake of comparability of the L,-OLS and LASSO data in both cases we show the
dependence of the regression coefficients g, on the norm IB[, =8| - As one can see, with fairly strict

limitations (HBHI <0.7) in the LASSO method, only three descriptors out of nine survive — X, X», X3
(Fig. 3). Here g, ~ B, and B,| > B,

Further increasing of A, in the LASSO regression, leads to elimination of all but one parameter — x,
(charge on oxygen of the hydroxyl group). Unlike LASSO, in the L,-OLS method the values of all
coefficients g decrease monotonically (Fig. 2). Obviously, the nature of changes g, in the L,-OLS

method does not allow to make conclusion about the significance of a particular descriptor.

0:10+1 /}Ei%i |

Bk y*/ﬁ/’x%;*;:x/ = Bk 0.1

0.05 - kXX .
- T . |’;1

0.00 4 !frf@é’#?’i:i;gfz\:?:izi'* B, 1

| ap, 0.1

-0.05 Bl

0.10 034

-0.15 0.4+

0204 054

0.1 0.2 03 04 0.5 0.6 07 0.8 0.9

Il Il
Figure. 2. Regression  coefficients of L,-OLS Figure. 3. Regression coefficients of LASSO method
method in the problem of pK, of carboxylic acids in the problem of pK, of carboxylic acids

Thus, according to the LASSO the most important descriptor is x,. The required equation using the
OLS method has the form:
pK, =—24.44-91.35x,,R*=0.852, s =0.27, Q* =0.805, 6 ~0.05, (18)
while in the LAD:
pK, =—20.53-79.06x,, R*=0.839, s=0.28, Q> =0.798, 6~ 0.04. (19)
The equations (18) and (19) can be considered as satisfactory and consistent with each other, including
proximity of standard deviations, s.
Let’s check the equations which include three descriptors selected by LASSO (at ||, 0.7, see

Fig. 3).
OLS: pK, = —1.08—19.93x, —46.80x, —67.61x,, R> =0.971, s =0.62, Q* =0.746, (20)
LAD: pK, =—4.28-17.22x, -55.12x, —61.17x,, R* =0.969, s =0.67, Q* =0.201. (21)

As we can see, although OLS is characterized by a rather good value of R*, the predictive ability is
noticeably worse than one of (18) with 6~0.23. At the same time, the LAD (Q?=0.201) equation is
completely inadequate. The poor quality of the LAD approach in this case requires additional
research.

It is usual to see an increase in value of R* as the number of parameters increases. However, it is
not associated with an enhance of the predictive ability of the equation. In the present example the
one-parameter equation based on OLS (18), or LAD (19), should be considered as the best.

The ideology of PCR does not assume an explicit selection of descriptors. Instead of definite
selection of the descriptors, in the PCR adjustable parameter is the number of singular values (n;)

10
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included in the SVD expansion. The results of PCR calculations for different ng are presented in
Fig. 4. It is clear from the picture that at n =1 the PCR equation does not allow reliable estimates

(R*~0.2, Q* ~0.1). With increasing n_ to two, the predictive ability of the method is significantly

enhanced. Further increase of n_ does not lead to the significant increase in value of Q°.

S R
R2Q? - @

/

0.8 4 |
|

0.6 - J

0.4 4 1

024

- o m_

Figure. 4. pK, of organic acids. The R* and Q” as a function of singular values numbers, n_, in PCR.

Thus, the PCR method with only two singular numbers (n, =2, PCR (2)) gives the best regression

equation. We are not presenting here the complicated PCR equation which includes 9 terms in the
expansion. In this example, the merit of LASSO analysis is obvious simplicity of the resulting

regression equation.

The boiling points of organic sulfides (thioethers)
For these calculations we used the training sample with 43 molecules of organic sulfides [29]. As
the training sample contains the same type of molecules with different aliphatic residues, it can be
assumed that to describe the boiling point (BP), only two-dimensional (2D) descriptors would be

sufficient.

These quantities describe the order of bonding of atoms in a molecule — “molecular topology”. We
removed descriptors which have same values for all the molecules of the training sample. After
removing the constant descriptors, a set of 501 descriptors was used in the calculations. L-regularized
methods (LASSO, LARS, EN) allowed us to select the most statistically important values. Based on
these descriptors, models were built within the frameworks of OLS and LAD. Our calculations
showed that the use of single descriptor, namely MLFER L (Solute gas-hexadecane partition
coefficient) [30], is sufficient to describe BP. The corresponding equations have the form.

In OLS: BP("C)=-52.04+48.58MLFER _L, R?=0.982, Q* =0.979, (22)

In LAD: BP(°C)=-49.31+47.75MLFER L, R*=0.981, Q> =0.981. (23)
As one can see the equations are almost identical. Predictive ability of both equations are close to
each other.

The PCR method in this task needed several singular values to achieve the values R* and Q* close
to ones obtained in the OLS (22) and LAD (23) methods (Table. 1). Also, the PCR method leads to

equation which includes the 501 terms in the eq. (1).

Table. 1. Determination coefficients R* and Q” as a function of number of accounted singular values (n,)PCR.

n, R2 Q?
1 0.919 0.926
2 0.979 0.978
3 0.981 0.976
4 0.981 0.976
5 0.989 0.985

11
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It is obvious that the one-parameter equations (22,23) are not unique. In order to find alternative and
rather simple equations, we excluded the “good” descriptor (MLFER L) and repeated the calculations.
In Fig. 5 it is shown profiles of p. changes in the LARS method.

0.6 .
T ——
0.5 =
u
P
0.4 ,,-". o®
o o* —=— SpMAD_Dt
s e e e ATS3i
N e P —a—IC1
B o, =T o v VE1_Dt
: v o —e—MPC5
e & ATSC4p
0.1 Pl
o b4
. A&
0.0 -- @& . A R RCEEETEPEES
=%
-0.1 T T
0.5 1.0
B,

Figure. 5. BP thioethers. Profile of LARS regression coefficients.

As one can see the most important descriptors are SpMAD_Dt (Spectral mean absolute deviation
from detour matrix), ATS31 (Broto-Moreau autocorrelation - lag 3 / weighted by first ionization po-
tential) and 1C, (First-order Informational Contents Index). Detailed information about these parame-
ters can be found in PaDEL-Descriptor manual [27] and in the book [31].

The characteristic of the equations (OLS vs LAD) are presented in the Table. 2. As one can see the
equations have a good predicting ability.

Table 2. Coefficients, R? and Q2 values in alternative equations for thioethers” BP. Methods OLS / LAD, m —
number of descriptors in equation.

m B, SpMAD Dt ATS3i IC, R’ Q?

1 -13.02/-17.54 33.83/34.48 - - 0.961/0.958  0.956/0.955
103

2 1.23/2.01 20.98 /21.99 /65'1227.1100_3 - 0.978/0.977  0.974/0.975
103

3 -35.26/-35.71 18.47/19.14 /66‘9737.1100_3 26.64/26.07  0.985/0.984 0.981/0.981

A graphical representation of the relationship “theory (LOO-CV) — experiment” for regression
from LAD method (m = 3) is shown in Fig. 6. We don’t show corresponding plot for OLS, as it coin-
cides with one for LAD (Fig. 6).

[BP(exp)=0.4653+0.9958 BPitheor) |

40 80 ‘ 12IU I wéu I 2EIIEI
BP (predicted)

Figure. 6. Theoretical (LAD) and experimental values of thioethers” BP.
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To validate results obtained in calculation without descriptor MLER L we selected test sample
which consisted of 10 molecules, other 33 molecules were used as a training set to build models in
PCR, OLS, and LAD methods.

We used equation (14) to calculate R* as the metric of external validation for the test sample. It ap-
peared that in the worst case for PCR with the number of latent variables equal to one R?=0.875 .

With higher amount of latent variables R> ~0.97 . In OLS and LAD coefficient R? for the test sample
appeared to be R*~0.9 with one descriptor used in calculation. With increase of the number of de-

scriptors used in calculation R* also tended to increase. Coefficients of internal validation almost did
not change when we decreased the number of molecules in training set from 43 to 33.

Liquid viscosity and saturated vapor pressure of organic compounds
In this part we demonstrate application of orthogonal distance methods (ODR and LADOD). The
correlation between two experimental parameters, viscosity (logn) and saturated vapor pressure of

organic compounds at the temperature 20 °C is considered. Experimental data for 116 different organic
molecules was taken from [32]. Brief analysis shows some level of correlation between these two pa-
rameters, and the biggest deviation from linear dependence is observed only in systems with high vis-
cosity of the corresponding liquids. Of course, such simple dependences cannot be used to describe
liquids with strong intermolecular interactions (e.g. containing strong hydrogen bonds). Nevertheless,
chosen data shows weak linear relation between logn and logP (see Table 3 and Fig. 7). Equations

from LADOD and LAD approaches are almost identical and notably different from ones from OLS
and ODR (Fig. 7). These distinctions come from robustness of the LADOD and LAD methods. On
the last note, even with weakly correlated data, LADOD shows stability towards LOO-CV procedure
with 6~0.

Table 3. Regression coefficients and approximation criteria for dependence of logn (mPa-s) on logP (kPa)

at T=20°C.
Method Regression coefficients R’ Q? 0
OLS Py -0.0043 0.677 0.663 0.014
B, -0.300
By -0.09
LAD 0.629 0.611 0.019
B, -0.257
By 0.0004
ODR 0.676 0.661 0.015
B, -0.312
Bo -0.0870
LADOD 0.634 0.634 0.000
B, -0.262

By

1.04 —E—OLS
—0—LAD
- - -ODR
——LADOD
& Data

0.5

log, m 1

0.0 4

-0.54

long

Figure. 7. Dependence oflogn (mPa-s) on logP (kPa)at T =20 °C.
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Evaluation of quality of nonempirical computations of phenols’ pK,

Standard approach to demonstrate accuracy of theoretical model is to graphically represent relation
“theory-experiment” and show corresponding equations. In this part we show correlation between
nonempirical computations of phenols’ pK, with experimental data. Theoretical and experimental data
was taken from [33]. We chose two methods of pK, estimations with different basis functions used in
the quantum chemical computations:

Version Neutral Molecule Anion
a CPCM/HF/6-31G(d) CPCM/HF/6-31+G(d)
b CPCM/HF/6-31+G(d) CPCM/HF/6-31+G(d)

Regression model’s computations are presented in Table 4, Table 5 and Fig. 8. Obviously, best
“theory-experiment” relation corresponds to equation with intercept, equal to zero, and slope, equal to
one:

y(theor) — y(exp) (24)
Nonzero value of intercept tells about presence of systematic error, and deviation of slope from one
characterizes discrepancy in quality of pK, calculations of different molecules. From our calculations,
LADOD shows high evaluation of accuracy in pK, calculations, compared to other linear regression
models. LADOD has minimal intercept B, and slope B, =1, highest value of Q* and 6 ~0. LAD

method, compared to LADOD, lowers accuracy of theoretical calculations of pK,. OLS and ODR
also hint on lower predicting ability of ab initio pK, calculations.

Table 4. Regression coefficients and approximation criteria for dependence “theory-experiment”
relation of pK, values (version a).

Method Regression coefficients R’ Q° 0

0.312

OLS Py 0.860 0.816 0.044
B, 0.970
Bo 1.001

LAD 0.855 0.842 0.013
B, 0.898
Bo -0.423

ODR 0.855 0.800 0.055
B, 1.049
Bo 0.050

LADOD 0.859 0.859 0.000
By 1.000

L3

Table 5. Regression coefficients and approximation criteria for dependence “theory-experiment
relation of pK, values (version b).

Method Regression coefficients R’ Q° 0
0.318
OLS Py 0.877 0.833 0.043
B, 0.987
Bo 0.504
LAD 0.867 0.864 0.003
B, 0.977
Bo -0.339
ODR 0.872 0.821 0.051
B, 1.058
Bo 0.290
LADOD 0.868 0.867 0.000
B, 1.000
Conclusion

In conclusion, it is worth to emphasize several important points concerning the regression analysis.
Confronted with an abundance of approaches for construction of regression models, a naturally
occurring problem is choice of appropriate model. Of course, this choice can be made based on a
statistical investigation of the nature of the errors in the particular problem. Subsequent assessments of
the significance of the regression coefficients and the equation as a whole (#-statistics, F-statistics),
calculations of the studentized residuals, estimates of possible outliers, confidence intervals, efc., give

14
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the most complete description of regression dependence. However, the reality of modern QSAR
calculations suggests that a detailed analysis of the nature of the errors is usually impossible due to the
limited data. In addition, the main criterion, characterizing prognostic ability of the equation, is the
adequacy of the calculation’s results with the training and, most importantly, test samples. Therefore,
the methods of sample generation are intensively discussed in modern literature, e.g. LOO-CV, Jack-
knife, bootstrap [34]. Following discussion on predictors selection, it is important to mention the crite-
ria, based on theoretical-informational interpretation of statistical data. Among them are the
information indices AlIC (4kaike Information Criterion) and BIC (Bayesian Information Criterion)
[35].

—a—OLS

—o—LAD

- = +ODR

——LADOD|
& Data

10.5 4

10.0 4

8.0

—a—OLS

—0—LAD

— — -ODR

——LADOD
® Data

T T 1 > T T 1
8.0 85 9.0 95 10.0 105 11.0 75 80 85 9.0 5% 10.0 10.5

pK

aexp

Figure. 8. Linear relationship between theoretical estimations of pKa and experimental values for two version of
computations are shown.

Additionally, it should be noted that we did not feature all possible regression approaches that exist
today, but included in the article only those which, in our opinion, constitute certain “reference
points”. The methods such as Genetic Algorithms, Quasi Least Squares, Support Vector Machine
Regression, Recursive Least Squares, Alternating Least Squares, etc. have been out of consideration in
the present article.

Speaking about the problem of choosing regression model in QSAR, we propose a pragmatic
approach, partially demonstrated in this paper. Our approach is based on the fact that today's level of
computer technology allows implementation and usage of different regression models simultaneously
with low computational cost. Registration of significant discrepancies for the test sample calculations
can serve as an indicator of necessity of an additional research of the problem. On the other hand, the
identical results (within the limits of statistical significance) of analyses with different models indicate
the effectiveness of the proposed equation.
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M.N. BepaHuk*, H.O. OHnxyk*, B.B. MBaHOB*. MeToabl NOCTPOEHNs1 YypaBHEHUA NMHENHOW perpeccun B 3aja-
Yax «CTPYKTypa-CBONCTBOY.

* XapbKOBCKMI HaLMoHanbHbIN yHUBepcuTeT nMmeHn B.H. KapasuHa, xumudecknin dakyneteT, nnowane Ceo-
6oabl, 4, XapbkoB, 61022, YkpanHa

MpooeMoHCTPMPOBaHO NPUMEHEHUE psifa anbTepHATMBHBIX MOOAXOAOB K MOCTPOEHUIO YPABHEHWUA NUHENHOW
perpeccun B 3agadvax onmcaHus puanko-XuMmnyeckux napameTpoB monekyn. Cpeam paccMOTPEHHbIX NOAXOAOB
CTaHAapTHbIA METOA HaMMEeHbLUUX KBagpaToB, METOA HauMEHbLUMX MOAyNen, MeToAbl OPTOrOHarbHbIX PaccTos-
HWIA. B 3agavax cBsi3aHHbIX C MyNbTUKOMNMMHEAPHOCTLIO B Habope NpeauKTOpoB paccMaTpuBaloTCs MeTopn per-
peccumn rmaBHbIX KOMMOHEHT U Ly—perynsapusauusi. Ocoboe BHUMaHWe yaensieTcs noaxoaam rno3BonsiowmymM co-
KpaTuTb KONMMYECTBO NpeaunkTopoB (Li—perynsipusauusi, Metoq HaMMeHbLlUux yrioB). [ns gaHHbIX, CoaepKalumx
MOrpeLUHOCTb M B 3aBUCUMbIX U B HE3ABUCUMbIX NEPEMEHHbIX, B KAYECTBE anbTepHaTUBbI CTAaHAApPTHOMY MeToay
HaMMeHbLUNX KBafpaToB, paccMaTpmBaeTCs MeTOA OPTOroHarbHbIX paccTosHui. NpoaemMoHCTpupoBaHa agek-
BaTHOCTb UCCIeA0BaHHOroO paHee MeToAa HanMeHbLUMX Mogynen opToroHanbHbIX pacctosHuin (LADOD).

KnioueBble crioBa: MeTO[ HaMMEHbLUMX KBaapaToB, MeTod HauMmeHblUux moaynen, Li—, Lo—perynapusauus,
perpeccust rnaBHbIX KOMNOHEHT, METOA OPTOrOHanbHbIX PACCTOAHUIA, (DU3UKO-XMMUYECKME CBOMCTBA MOJIEKy.

M.l. BepgHuk*, M.O. OHixyk*, B.B. IBaHOB*. MeToau noOynoBu piBHSAHb NiHINHOT perpecii B 3agavax «CTPYKTy-
pa-BnacTuBIiCTb».

* XapkiBcbkuii HauioHanbHWW yHiBepcuTeT iMeHi B.H. Kapasina, ximiyHun dakynbTeT, mangaH Csoboawm, 4,
XapkiB, 61022, YkpaiHa

MpencraBneHo 3acTocyBaHHsi psay anbTepHaTUBHMX NigxodiB 4o NoOyaoBuM piBHSAHL NiHIMHOI perpecii B 3aga-
Yyax onucy gisuko-xiMivHUX napameTpis Mmonekyn. Cepen po3rnsiHyTUX NiaAXoAiB CTaHAAPTHUA MeTOA HaMEHLLMX
kBagpartiB (Ordinary Least Squares, OLS) ta meTtoa HanmeHwux moaynis (Least Absolute Deviation, LAD). Y
3aBAaHHAX NOB'A3aHMX i3 MYyNbTUKONMNIHEAPHICTIO AaHWX B HAOOpi NpeanKTopiB po3rnaaanTbca MeToam perpecii
ronoBHux komnoHeHT (Principal Component Regression, PCR) i Lo-perynapusauis (Ridge Regression). Ocobnusy
yBary npuainseTbcs nigxogam siki A03BOMSOTb CKOPOTUTU KiMbKicTb npeaukTopiB: Li-perynsipusauis (Least
Absolute Selection and Shrinkage Operator, LASSO) Ta meTog HanmeHwmx KyTiB (Least Angle Regression and
Shrinkage, LARS). [Ins gaHunx wWo MiCTATb NOXMOKY i B 3aNeXHUX i B HE3aNEeXHUX 3MiHHKX, B SIKOCTi anbTepHaTu-
BW CTaHOAPTHOMY METOAY HauMeHLUMX KBaaparTiB, po3rnagaeTbcs MeTof opToroHansHux BigctaHen (Orthogonal
Distance Regression, ODR). Y cTaTTi JaHO CKOpOYeHUIA ONUC NepepaxoBaHuMx MeTodiB nobyaoBu perpecinHmx
piBHAHL Ta 0cOBNMBOCTI iX BUkopucTaHHA. Ha npuknaai 3agadi onucy pKa opraHiyHux kapboHOBUX KMCNOT HaBe-
OEeHO TexHiKy pospaxyHky metoaom LASSO. OTpumMaHi HannpocTilwi PiBHAHHSA, WO onucyloTb pKa SK yHKLiO
napaMeTpiB eNeKkTPOHHOro po3noAiny. [JaHo NopiBHAHHS NPOrHOCTUYHOT 34aTHOCTI PiBHSHbL ANs pKa, WO oTpMMaHi
y pamkax OLS, LAD ta PCR. Ha npuknagi 3agavi woao nodyaoBu perpeciiHoro onvucy TemnepaTtypu KWMiHHi
OpraHiYHuX cynbiaiB BCTAHOBMNEHO Kinbka HannpocTiwmx OLS Ta LAD piBHsiHb iX NPOrHOCTUYHY 34aTHICTb, Oyno
nopiBHsHO i3 pedynbTatammn PCR. B skocTi npuknagy nobynoBu perpeciiHux piBHsIHb, WO MOB'A3Y0Tb eKcrnepu-
MEHTanbHO 3HanaeHi BenuuuHu, 6yno JocnigXeHo 3anexHOCTi B'A3KOCTi Bid TMCKY HAaCU4EHOro napy opraHiyHux
cnonyk. [1na 3HaxomKeHHS LUyKaHUX piBHsSIHL Gyno BukopucTaHo metog ODR Ta gocnigxeHuid paHille aBTopamu
MeTod HanWMeHLMX MoayniB opToroHanbHux BigcTaHen (Least Absolute Deviation Orthogonal Distances,
LADOD). B nepepaxoBaHux npobnemax, a Takox a 3agayax OUiHKW afeKBaTHOCTi HEeMNiPUYHMUX PO3PaxyHKiB
pKa opraHi4yHux kncnot, 6yno npoaeMoHCTpOBaHO pe3ynbTaTuBHicTb Metogy ODR ta LADOD.

KnrouoBi cnoBa: metoq HalMeHLUMX KBaapaTiB, MeTo HaMeHLWmMxX moaynis, Li—, Lo—perynsapusauis, perpecia
rONOBHUX KOMMOHEHT, METO OPTOroHarbHUX BiacTaHen, pi3nKo-XiMiuHi BMacTUBOCTI MOMNEKYyI.
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QUANTITATIVE ANALYSIS OF MICELLAR EFFECT ON THE REACTION RATE OF
ALKALINE FADING OF PHENOLPHTHALEIN
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Quantitative treatment of the kinetic data of the reaction between phenolphthalein dianion and hydroxide
ion in aqueous solutions containing variable concentration of various surfactants is presented. Following
surfactants are used: Brij-35 (nonionic), sodium n-dodecyl sulfate (anionic), cetyltrimethylammonium bro-
mide (cationic) and 3-(dimethyl-n-dodecylammonio)-propansulfonate (zwitterionic). The quantitative treat-
ment is carried out basing of Piszkiewicz’s, Berezin’s, and Pseudophase lon-Exchange (PIE) models. It is
revealed that the Berezin’s model is a more applicable one for describing the effect of nonionic, anionic, and
zwitterionic micellar systems. The values of the corresponding kinetic parameters are discussed. The effect
of cetyltrimethylammonium hydroxide on the reaction is also examined and quantitatively described by the
PIE model. The research of systems based on a cationic surfactant shows previously unknown effect called
by us as “diverting influence”.

Keywords: Phenolphthalein Fading, Surfactant, Micellar Rate Effect, Piszkiewicz’'s Model, Berezin's
Model, Pseudophase lon-Exchange Model.

Introduction

This paper is a continuation of our previous studies [1-3] and is devoted to the quantitative treat-
ment of the experimental data of the rate constants of the reaction between phenolphthalein, PP*", and
hydroxide ion in solutions of surfactants of various types: non-ionic (Brij-35), anionic (sodium
n-dodecylsulfate, SDS), cationic (cetyltrimethylammonium bromide, CTAB and cetyltrimethylammo-
nium hydroxide, CTAOH), and zwitterionic (3-(dimethyl-n-dodecylammonio)-propanesulfonate,
DMDAPS). The reaction scheme is shown below:

O O o. o~
Ve v L
= + HO™
O OO ko HO

Here k, is the rate constant of the carbinol ROH*" formation; ky is the rate constant of the reverse reac-

COO~

tion. As a qualitative conclusion of the previous observations it can be stated that the addition of any
surfactant, the rate of the direct reaction decreases [1-3].

The quantitative treatment is carried out basing on most popular models [4-10]. Namely, the Pisz-
kiewicz’s model [11-13], which uses the mass action law model of micelle formation, and the
Berezin’s [14] and Pseudophase lon-Exchange (PIE) [4] models, which are based on the pseudophase
model of micelle formation, are considered.

It is important to gain insight into the mechanism of the above mentioned influence of the surfac-
tants on the rate constant and to test the applicability of the models to similar systems.

Experimental part

Materials, preparation of solution and the experimental procedure were as described previously
[1-3]. The NaOH solution was carbonate-free.

Apparatus. Spectrophotometer Hitachi U-2000 UV—visible and photocolorimeter KFK-—2M were
used for kinetic measurements at 25 and 35 °C. The KFK-2M device was equipped with cuvette

© Laguta AN, Eltsov S.V., Mchedlov-Petrossyan N.O., 2018
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holder through which thermostated water was continuously circulated. Zetasizer Nano ZS Malvern
was used for the study of the colloidal particles size via dynamic light scattering (DLS) at 25 °C.
Procedure of the rate constants determination. The rate constants of the reaction were determined
spectrophotometrically under pseudo-first order conditions at 35 °C for SDS, CTAB, Brij-35, and
DMDAPS systems, and at 25 °C for CTAOH. The hydrophobic PP was initially dissolved in 96 %
aqueous ethanol, therefore in all working solutions the alcohol content was 1.2 vol %. In all systems
under study, the PP and NaOH concentrations were 1.8x107 and 0.041 M, respectively. Under these
conditions the reaction between PP and HO™ is reversible. The neutral and monoanionic forms of
phenolphthalein are practically absent at this concentration of the alkali, judging by the thermody-
namic values of the indices of thermodynamic dissociation constants of PP at 25 °C, px = 8.97 and

pK, =9.73 [15].
The second-order rate constants, k,, were calculated by Eq. (1) [1-3].

_ ki +k, (1)
[HO ]+ K !
Here k| =k[HO™] is pseudo-first order rate constant; K is the equilibrium constant given by (2).
ok A-4, 2
k, A4,[HO7]

Here 4,, and 4, are the absorbance at time zero, and equilibrium, respectively.
The values of the sum f{ + k, were obtained as the slopes of the dependences of In(4, — 4,) versus
time, Eq. 3 [1-3].
In(4,-4,)=In(4,—4,)-(k+k)t 3)
Here 4, is the absorbance at time 7.
In water, the following values were obtained: k,= 2.25x102 M s, ky= 6.50x10* s', K = 34.6

(ionic strength 7= 0.041 M, 1.2 vol % ethanol, at 35 °C). Using the above K value and the thermody-
namic value of the ionic product of water at 35 °C, 2.089x10'*[18], and calculating the activity coef-
ficients by the Debye—Huckel equation (second approach), a thermodynamic value of px , = 12.37 for

the reaction R*” = ROH* + H" may be estimated. A value pK,, = 11.73 was determined spectropho-

tometrically under equilibrium conditions at / = 0.2 M (KCl), at 25 °C, using the pH values in the ac-
tivity scale [15]. Re-calculation to the thermodynamic value by estimating the activity coefficients via
the Davies equation leads to px , = 12.42.

Results and Discussion

Figure 1 shows the dependences of rate constants of the interaction of PP>~ with hydroxide ion on
concentrations of surfactants: Brij-35, CTAB, DMDAPS and SDS, taken from previous papers [1-3];
some experimental data in the micellar region were added within the course of the present study.

Observed rate constants indicate that an increase in surfactants concentration leads to a decreasing
in the rate constant reaching a plateau, where the further addition of the surfactant practically does not
influence the rate constant. The ratio of the rate constants corresponding to plateau and water
(kplatean/kw) equals 0.81, 0.57, 0.075, and 0.74 for SDS, CTAB, DMDAPS, and Brij-35, respectively.
The surfactants show influence from concentrations: 8x107°, 3x107°, 1x10°, 8x10° M for CTAB,
DMDAPS, Brij-35, and SDS, respectively.

As shown in our previous paper, the hydrophobic poorly water-soluble phenolphthalein is to high
extend bound in molecular form by surfactant micelles [2]. Under such conditions, the reaction will
proceed in both phases according to Scheme 1.

k,,
Aqueous  PP2” + HOj, ——“—=>PPOH?*"

Interface phase 1| ”

Micellar ” ”
pseudophase PP2~ + HO, <—“—PPOH*"

Scheme 1. Proceeding of the reaction in the presence of micelles.

19



Quantitative analysis of micellar effect on the reaction rate of alkaline fading of phenolphthalein

Here f, and g, are the rate constants referring to the micellar and aqueous phases, respectively.
The subscripts w and m indicate the aqueous phase and the micellar pseudophase, respectively.

a) d)
b) 0,024 0,030
0,022
0,024 4 0,025
= 0020 \
[ — . .
_ 00221 =g et —. 0,020
O -~ B
TE 0,016 50,015
0,020 - N
~ «(SDS), M <
3 0,014
000 001 002 003 004 005 006 0,010 ‘ ‘ «(CTAB), M
0,018 0,005 0,010 0,015 0,020
0,005
0,016 + T T * T T 1 ——B—-—g——-R-——R_——B_—§R
0,000 0001 0002 0003 0004 0005 0,006 0,000 + ' ' ' ' ,
0,00 001 002 003 004 005 006

¢(Brij-35), M ¢«(DMDAPS), M

Figure 1. Dependence of the rate constants of the reaction PP> + HO™ on surfactant concentration: SDS (a),
Brij-35 (b), CTAB (c), DMDAPS (d); 1.2% vol. ethanol; pH = 12.30, 35 °C. Broken line is drawn using values
calculated according to Eq. (5), solid line (for c(surfactants) > kinetic CMC) is drawn using results of calculations
according to Eq. (9) with ¥ =+59 mV (see below).

For a complete interpretation of the micellar effect, it is necessary to determine the reaction rate
constants in the micellar pseudophase and to evaluate the binding of the reagents to the micelles.
Berezin’s, Piszkiewicz’s, and Pseudophase lon-Exchange models were used for this purpose.

Application of the Piszkiewicz's model

Piszkiewicz proposed a simple model for describing the effect of micellar surfactant on the rate
constant, based on the idea of a so-called catalytic micelle [11-13]. The advantage of this model is that
it is capable of describing the effect of premicellar region surfactant. According to this model, the
second-order rate constant at low surfactant concentrations is given by Eq. (4).

_k,K,+k,[D]
* K,+[DI"

Here £, is the reaction rate constant in the absence of surfactant; » is a number of surfactant mole-
cules, which aggregate to form a catalytic micelle; K is the dissociation constant of this micelle back
to its free components; k,, is the reaction rate constant in the catalytic micelle.

Parameters of Piszkiewicz's model obtained by fitting the experimental data via Eq. (4) are pre-
sented in Table 1. Such treatment of experimental points is characterized by high values of the deter-
mination coefficients (+%). However, the standard errors exceed K, value, which indicates a statistical
insignificance of the influence of this parameter on the reaction rate. The calculated k, values are
lower than the corresponding k., value.

The obtained non-integer values of the n parameter reflect the usual result when using Eq. (4). Ac-
cording to Piszkiewicz [11-13], the non-integer values imply multiple equilibria in the formation of a
catalytic micelle. This raises doubts about the validity of the formalism used in the derivation of the
equation.

4

Table 1. Parameters of Eq. (4)°

Surfactant | 7 k, <1 0, M s K, n
Brij-35 | 0.967 1.58 +0.03 (3+4)x10™* 0.9+0.1
DMDAPS | 0.985 0.18 + 0.05 (1+77)x10" 4.7+0.1
CTAB | 0.987 1.49 +0.01 (5+7)x10"7 1.7+0.2
SDS | 0.959 1.84 +0.01 (3+5)x10° 12+0.2

* Standard errors of the parameters are given. k,, = (2.25 £ 0.01)x10° M 's ' at 35 °C.
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Application of the Berezin’s model

The general equation of Berezin's theory for a bimolecular reaction is normally simplified, with re-
spect to the values of partition coefficient of the reagents between water phase and micellar pseudo-
phase, P [12]. The partition coefficient of the dye, P> should be much higher than unity due to the

(probable) hydrophobic interaction. The value of the partition coefficient of hydroxide ion, P> may

be estimated by Eq. (5) [6, 12].

P = exp(FY /(RT)) (5)

Here P is the partition coefficient of hydroxide ion; F is the Faraday constant; ¥ stands for the

difference between the electrical potentials of the phases; T is the absolute temperature; and R is the
gas constant.
Values of P calculated using the literature ¥ values, are presented in Table 2. According to

these P values, for SDS, DMDAPS, and Brij-35, Eq. (6) is applicable.

, — kmf;)p% [Dn ]V + kw . (6)
‘ 1+ PP o [D,V
For CTAB system, PHO‘ >1, therefore:
i = k’"KPPZ’KHO’ [Dn] IV + kw ) (7)
obs
1+ Ko [D, 11+ K, [D,1}

Here k, is the observed second-order rate constant; ¢ and k  are the corresponding constant in

the micellar pseudophase and in surfactant-free system, respectively; V is the molar volume of the
surfactant, which equals to 1.064 M for Brij-35 [17], 0.314 M™' for DMDAPS [18], 0.364 M for
CTAB [19], and 0.246 M for SDS [17]; [D,] is the concentration of the micellized surfactant, which

equals the total surfactant concentration from which CMC is subtracted; K, . and KHO_ are the bind-

ing constants of the reagents, expressed in framework of Berezin’s model [14] in the following way
KPPZ’ - (PPPZ’ — DV and KHO’ N (PHO’ - by, ®)

though another way of derivation of the relation between K and P leads to K = PV
The value of surfactant concentration at which the change in the rate constant begins was used as
the CMC value, for calculate [D,] values. This assumption is quite firmly entrenched by introducing

the concept of "kinetic CMC" [20, 21]. Indeed, the DLS data give evidence for the presence of colloi-
dal species in the solution of 1x10° M PP and CTAB beginning from ¢ = 2x10* M of the surfactant
(Figure 2). Accordingly, for SDS, the aggregates appear at 2x10° M, as determined by the DLS
method.

35 by Number

by Volume
/
/

25 4
20 4

15 4 by Intensity

1 10 100 1000 100¢ d) nm
Figure 2. Size distribution by number, volume, and intensity in CTAB + PP solution; concentrations 2x10~* and
1x107° M, respectively, 0.041 M NaOH.

Parameters of Berezin's model obtained by fitting the data by Eqgs. (6) and (7) are presented in Ta-

ble 2. Treatment of experimental points by Egs. (6, 7) is characterized by high values of the determina-
tion coefficients and satisfactory values of standard errors.

21



Quantitative analysis of micellar effect on the reaction rate of alkaline fading of phenolphthalein

Since the W values depend on the ionic strength of the aqueous phase and did not coincide as de-
termined using different molecular probes, calculations using three P values for CTAB solutions

were carried out (Table 2) [22, 23]. The obtained values of /* show that for this system, a more appro-
priate value of ¥ is +59 mV, in comparison with the values of +118 and +124 mV.

Table 2. Parameters used to fit experimental data by Egs. (5)—(8) *

3 <1074

Surfactant | ¥, MV | Fuo- K;‘/{Q; A kK/IIXIISOI , Lo x10™ KPP;/I—ll o
Brij-35 — - - 0.944 16 £1 0.84 £0.01 0.89°
DMDAPS | +37[22] | 40 | 1.1 | 098 | 11203 |047£006] 015"

+59 [23] 9.2 3.0 0.965 1.87£0.02 3.0° 1.1+0.2

CTAB +118 [22] | 84.8 30.5 0.574 | 0.221 £ 0.008 8P 3+4
+124 [6] | 109.4 39.5 0.332 | 0.177 £0.008 11° 449
SDS —124[23] | 0.008 — 0.956 18+1 14.0+0.2 3.4°

* Standard errors of the parameters are given. k,, = (2.25 £ 0.01)x 10*M 's "at 35 °C;
® calculated according to Eq. (8).

The high values of P indicate a strong binding of dye with surfactant micelles of different

charge type, which is consistent with the concept of hydrophobicity of phenolphthalein. The values
obtained for k,, are lower, than the value of the rate constant in surfactant-free system.

Application of the Pseudophase lon-Exchange model by Bunton and Romsted

Among the surfactant systems considered, the PIE model is applicable only to the treatment of the
influence of CTAB micelles. In terms of PIE model for such reactions, in the case of cationic micelles
the counterions (Br ) compete with reactive hydroxide ions in the Stern layer [4,5],

HO, +Br, 2 HO,, +Br, ,

this equilibrium is described by the ion-exchange constant, K",
K} =[HO,][Br,]/([HO,][Br,])- )
Here [HO_ ] and [HO, ] are the HO™ concentrations in aqueous phase and micellar phase, respectively;
[Br,] and [Br;, ] are the Br™ concentrations in aqueous phase and micellar phase, respectively; [HO, ]
+ [HO,] = [HO],,, [Br,] * [Br,] = [Br],,; [HO]

HO™ and Br™ ions in the system.

The K value is equal to 15, as determined in our recent paper [24], has been used in calcula-

and [Br],, are total concentrations of

total ° total

tions.
Equation (10) of the dependence of the observed pseudo-first order rate constant of bimolecular re-
action on surfactant concentration is written in terms of the local concentration of micellar-bound HO™

[HO’]M =[H0;]/(V[Dn]) [5].

o k,[HO, |+k, K. [HO™ | [D,]
kohs - 1+Km

) (10)
PP?” [D, n]
Here k. is the constant of the binding of the dye anion by the micellar aggregate; V' is the molar

volume of Stern layer (V' = 0.14 M "' [25, 26]).
The molar ratio m, =[HO,]/[D,] may be determined by the equation:

2 ) m_ [HOi]totalfK;?i I:Bri:lroml _ﬂ _ IB|:Ij107:|total =0 (11)
How o Ho (K -D[D,] (K22 -D[D,]

Here p is the fraction of micellar surface charge that is neutralized by counterions (usually f is around
0.8 [4,27]).

22



A.N. Laguta, S.V. Eltsov, N.O. Mchedlov-Petrossyan

The effect of CTAOH micelles was also investigated within the framework of the PIE model. It is
of interest because this is a surfactant with reactive counterions. For such type of surfactant, the value
of Mo is equal to . The dependence of the pseudo-first order rate constant of reaction between PP*

and hydroxide ion on the concentration of CTAOH in the presence of 0.02 M NaOH is shown in Fig-
ure 3. The reaction practically does not proceed in this system without addition of sodium hydroxide.
The increase in surfactant concentration leads to acceleration of the reaction reaching a plateau. Con-
sequently, the dye binding by micelles shifts PP*" to a medium with a higher concentration of HO™
ions. The value of local concentration of micellar-bound HO ™ is estimated as 5/V, i.e. ~5.7 M [5]. Con-
sidering this value, it is not clear how to explain in the framework of PIE model that the reaction does
not occur in the system without added NaOH and why an increase in the total HO™ concentration
causes the possibility of the reaction to proceed.

0,0004 - T T T 1

0,000 0,005 0,010 0,015 0,020
] o(CTAOHLM R
Figure 3. Dependence of the pseudofirst order rate constants of reaction between PP~ and HO™ on the CTAOH

concentration at 25 °C, 0.02 M NaOH. Solid line is drawn using values calculated according to Eq. (10).

Treatment by the PIE model is characterized by high values of the determination coefficient only
for CTAOH system. Parameters of the PIE model obtained by fitting the data for CTAOH system by
Egs. (9) and (10) are presented in Table 3. The high values of K", indicate a strong binding of the

dye by CTAOH micelles. The values obtained for k¢ —are lower, than the value of the rate constant in

water. The observed acceleration in the CTAOH system according to the PIE model is a consequence
of the excess of the contribution of the change in the HO™ concentration, which increases 275-fold,
over the change in the rate constant (decreased by 60-fold). The same result was obtained by Bunton et
al. for the reaction of malachite green, MG", with HO™ [28], but the PIE model does not give a clear
explanation of the reason for the change in the rate constant. As shown in our previous article, the
factors influencing the value of the rate constant in cationic micelles are high ionic strength and low
polarity. The sign and the magnitude of the salt effect and the polarity effect are determined by the
signs of the charge of the reacting ions. Therefore, they are not suitable for explaining the decrease in
the rate constants of both reactions: MG" and PP*” with HO .

Table 3. Results of the fitting experimental data to Egs. (10) and (11)°
Surfactant 7 km ,M's™! K", M!

pp’
CTAOH | 0.961 | (1.99 +0.04)x10"* (3.7 £ 0.6)x10
“Standard errors of the parameters are given. &, = (1.20 £ 0.01)x10° M 's " at 25 °C.

Probably, the reason of the decrease in the rate constant of the second order reaction on going from
the aqueous phase to the micelle is a difference between the reactivity of the hydroxide ion in the
aqueous phase and the Stern layer. As a possible reason, we expect a “diverting” effect of cationic
head groups: counterions, including the reactive ones, are closely electrostatically associated with the
head groups of micelle. An association constant of this process can allow determining the concentra-
tion of HO™ ions capable of reacting with the dye. Added NaOH to CTAOH system leads to the com-
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pression of the diffuse part of the double electrical layer around the CTAOH micelle and thus the in-
crease in the local HO™ concentration. This is a possible reason for the fact that the reaction with PP in
the CTAOH system proceeds only on addition of 0.02 M NaOH. This effect, however, is not presumed
in the common PIE model.

The dependence of the pseudo-first order rate constants of reaction between PP* and HO™ on the
concentration of CTAB in the presence of 0.041 M NaOH was treated by Eqs. (10) and (11) using
Ko = 15 and two unknown parameters x and K. . The obtained #* value is very low (7= 0.2), that

shows the discrepancy between the experimental points and theoretically calculated by Egs. (10) and

(11).

Summary

Comparison of Piszkiewicz’s and Berezin’s models has shown that in the general case the
Berezin’s model gives a more satisfactory treatment of the experimental data. The high values of parti-
tion coefficient of the dye indicate a strong binding of dye with different charge type micelles, which
is consistent with the concept of hydrophobicity of phenolphthalein. The values obtained for r —are

lower, than the value of the rate constant in surfactant-free system. This indicates that binding of the
dye by micelles leads to a decrease in the observed rate constant due to the low value of . Taking

into account the fact that molecules containing hydrophilic and hydrophobic groups are located in the
surface layer of the micelle, the decrease in the rate constant upon the transfer of reagents from water
to the micellar pseudophase is a consequence of a decrease in the polarity of the microenvironment of
the reagents accompanying it, according to the Hughes—Ingold rule.

However, a special case is the system of cationic micelles. For CTAB system, the Berezin’s model
also gives a more satisfactory description of the experimental data than the PIE model. However, the
use of the PIE model has shown what its problem is. This model does not take into account the change
in the local concentration of HO™ ions due to a compression of the double electric layer upon addition
of reacting ions to the system, as well as the constant of association of HO™ ions with cationic head
groups of surfactant. However, the Berezin’s model also does not take into account these changes,
hence the question of quantitative processing for such systems remains open.
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Quantitative analysis of micellar effect on the reaction rate of alkaline fading of phenolphthalein

A. H. Naryta*, C. B. Enbuos*, H. O. Muegnos-lletpocsH*. KonuyecTBeHHbIN aHann3 MuuennsapHbix addgexkTos
Ha KOHCTaHTY CKOPOCTU LLEeNOYHOro rugponunsa deHondranenHa.

* XapbKOBCKMI HaLMOHanbHbIN yHUBepcuTeT uMeHn B.H. KapasuHa, xumudecknini chakyneTeT, nnowagbe Ceo-
6oabl, 4, XapbkoB, 61022, YkpanHa

MpuBoanTCst KoNMuecTBeHHas 0bpaboTka KMHETMYECKMX AaHHbIX MO peakuun mexagy AMaHUMoHoM deHondTa-
nevHa » rMapoKCUMA MOHOM B BOAHbIX pacTBOpax, CoAepXalux nepeMeHHble KOHLEeHTpauuu MOBEePXHOCTHO-
aKTUBHbIX BELLECTB pas3nuyHoro tuna. bbinym vMcnonb3oBaHbl cnefyloliMe MOBEPXHOCTHO-aKTUBHbIE BELLECTBa:
Bpuox-35 (HemoHHoe), foaeuuncynbdart HaTpust (aHWOHHOE), LeTUNTPUMETUNAaMMOHUI BpoMug (KaTUOHHOE) 1
3-(aumeTnngopeunnaMMoHuin)-nponaHcynbgoHaT (uBuTTeproHoe). KonnyecteeHHass o6paboTka npoBeaeHa Ha
ocHoBe mopenein lMuwkesunya, BepeanHa u MceepodasHol noHoobmeHHon (MUO). BoisiBneHo, Yto mogens be-
pesuHa 6ornee nNpumMeHMMa As ONUCaAHUSA BINSIHUST HEMOHHBIX, aHUOHHBIX U LIBUTTEPUOHHBIX MULIENTISIPHBIX CUC-
Tem. O6CyxaaTCca 3Ha4YeHNA COOTBETCTBYIOLUX KMHETUYECKMX NapamMeTpoB. BnusHue uetnntpyumeTnnaMMoHums
rMAPOKCMAA Ha peakumio Takke U3y4eHO M KonmyecTBeHHO onucaHo mogenbito MUO. VccneposaHune cuctem,
OCHOBaHHbIX Ha KaTVMOHHOM MOBEPXHOCTHO-aKTMBHOM BeELLECTBe, NMokasbiBaeT paHee HEeWU3BECTHbIN adhdekT, Ha-
3BaHHbIN HAMW «OTBMEKaLWNN 3PGEKT».

KntoyeBble cnoBa: obecupeunBaHne deHondTanenHa, NOBEPXHOCTHO-aKTUBHOE BELLECTBO, KMHETUYEeCcKue
mMuLennspHble adhdekTbl, Mogens MNuwkeBuya, mogens bepesuHa, MNceBgodasHasi MOHOOOMeHHasi Mogenb.

A. M. INNaryta*, C. B. €nbuos*, M. O. Muyegnos-letpocaH*. KinbkicHWin aHania miuensapHux eekTiB Ha KOHCTaH-
TY LUBWAKOCTI MY>XHOTO rigponisy eHondTaneiny.

* XapkiBCbkUI HauioHanbHWUA yHiBepcuTeT iMeHi B.H. KapasiHa, ximiuHuMin dakynbTeT, mangaH Csobogu, 4,
XapkiB, 61022, YkpaiHa

HaBoguTtbcs kinbkicHa obpobka KiIHETUYHUX AaHMX NO peakLuii Mix AiaHioHoM dheHondTaneiHy Ta rigpokeus io-
HOM Yy BOAHWMX PO3YMHAX, LLO MICTATb 3MiHHi KOHLEHTpauii NOBEpPXHEBO-aKTUBHUX PEYOBWH Pi3HOrO 3apsgHOro
TMny. Bynu BUKOpUCTaHi HAaCTyMHI NOBEPXHEBO-aKTUBHI peyoBuHU: Bpnmk-35 (HeioHHa), goaeumncynbgart HaTpito
(aHioHHa), ueTMnTpUMETMNaMoHI Bpomig (kaTioHHA) i 3-(oumeTnngodeuMnamMmoHin)-nponaHcynbgoHaT (UBiTepi-
oHHa). KinbkicHa obpobka mpoBefeHa Ha OCHOBI kiHeTMYHUX Mopenen [liwkeBnya, BepesiHa i nceBgodasHin
iOHOOOMIHHIN. OBroBOPIOIOTHCA 3HAYEHHS BiAMOBIAHMX KIHETUYHUX NapameTpiB. BuseneHo, wo moaens bepesiHa
6inbLL 3acTOCOBHA AN ONWUCY BMNUBY MilenspHux cuctem. OTpuMaHi BUCOKI 3HayYeHHs koedilieHTa posnoginy
GapBHMKa BKa3ylTb Ha CUMbHE AOro 3B'A3YBaHHSI MiLleriamMuy NoBEPXHEBO-AaKTUBHUX PEYOBWH, LLO Y3ro4XyeTbes 3
KoHUenuiet rigpodobHocTi deHondTaneiHy. OTpumaHi 3HaYEHHS1 KOHCTaHT LUBMAOKOCTI B MiLeni HMKYi, HidX Y
cuctemi 6e3 JoAaHOI NOBEPXHEBO-aKTUBHOI PEYOBUMHU, LLIO MOSICHEHO 3MEHLUEHHSM MOMNSPHOCTI MiIKPOOTOYEHHS
peareHTiB y BignoBigHOCTI A0 npaBuna Xbto3a—IHronbaa. Takum YMHOM, CNOCTEepeXyBaHe ranbMyBaHHS peakLii y
cUcTEMaxX aHiOHHOT, HEIOHHOT Ta LBITEPIOHHOT NOBEPXHEBO-AaKTUBHUX PEYOBUH € HACMigKoM 3B'A3yBaHHS deHond-
Taneivy miuenamu Ta 06yMOBEHO 3MEHLLEHHSM KOHCTaHTU LWBWMAKOCTI, WO BiaOyBaeTbCSA Npy LibOMY.

Bnnue ueTunTpyMeTUNaMoHin rigpokcuay Ha peakLuilo TakoX BUBYEHO i KiNbKiCHO OnMMCcaHo 3a piBHSAHHAM [ces-
JodasHoi ioHoobMiHHOT Mofeni. CnocTepexyBaHe MPUCKOPEHHS B CUCTEMi LETUNTPUMETUIAMOHIN rigpokcuay,
BiANOBIAHO OTPUMaAHMM 3HAYEHHAM NapameTpiB nceBnodasHoi IOHOOOMiIHHOI Moaeni, 06yMOBNEHO NepeBaxaH-
HsIM BNNMBY 36inblueHHs1 KoHueHTpauii HO™ Hag 3HUXKEHHSIM KOHCTaHTM LUBMAKOCTI, WO BiabyBaeTbCst Npu nepe-
XO[i peareHTiB Big BOAHOI ha3u Ao miuenspHoi ncesaodasn. [JocnimpkeHHs CUCTEM Ha OCHOBI KaTiOHHUX NOBEPX-
HEeBO-aKTVBHMX PEYOBUWH, MOKa3ano paHie HeBiAOMU edeKT, Ha3BaHU HamW «BiABOMiKalYMA edeKT»: 3MeH-
LLUEHHS peaKTUBHOCTI rapoKcua ioHiB, BHACNIAOK X eNeKTpoCTaTUYHOI B3aeMogii 3 KaTiOHHMMMW FONOBHMMM Fpyna-
MW MOBEPXHEBO-aKTUBHOI PEYOBUHMN.

KnroyoBi cnoBa: 3HebapBneHHs deHondTaneiHy, NOBEpXHEBO-aKTVBHA PEYOBUHA, KIHETUYHI MiLenspHi edek-
™, mogens lNiwkeBnya, mogene bepesiHa, MNMceBgodasHa ioHOOOMIHHaA Moaernb.
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Solvatochromic indicators of the pyridinium N-phenolate series, also known as Reichardt's betaines, or
Reichardt’s dyes, are often used for examining not only pure or mixed solvents, but also various colloidal
aggregates, such as surfactant micelles, droplets of microemulsions etc. In order to disclose the locus of
these molecular probes within the micellar pseudophase, we recently utilized the molecular dynamics (MD)
simulations for the standard dye, i.e. 4-(2,4,6-triphenylpyridinium-1-yl)-2,6-diphenylphenolate, and three
other dyes of this family of higher and lower hydrophobicity. Both zwitterionic (colored) and protonated (cati-
onic, colorless) species were involved into the research, as these compounds are also used as acid-base
indicators for micellar systems. In the present paper, we extended this investigation further. MD modeling
was applied to another three dyes incorporated in sodium n-dodecyl sulfate and cetyltrimethylammonium
bromide micelles. The following compounds were examined: (i) the most hydrophobic dye, bearing five
tert-butyl groups, 4-[2,4,6-tri(4-tert-butylphenyl)pyridinium-1-yl]-2,6-di(4-tert-butylphenyl)phenolate, (ii) a dye
with  a hydrocarbon loop around the oxygen atom, 4-(2,4,6-triphenylpyridinium-1-yl)-n-(3,5-
nonamethylene)phenolate, and (iii) the dye with additional carboxylate group attached to the phenyl group
opposite to the phenol, 4-(4-carboxylatophenyl-2,6-diphenylpyridinium-1-yl)-2,6-diphenylphenol. The orien-
tation and solvation of the cations, zwitterions (both colored and colorless), and the anion of the last-
mentioned dye in micelles appeared to be dissimilar, depending on the molecular structure and ionization
state. The results were compared with those obtained previously for the standard betaine dye. In some
cases, the most probable orientation of the dyes in their colorless form was opposite to that of the standard
Reichardt’s dye, i.e., their OH group is directed towards the center of the micelle.

Keywords: solvatochromism, polarity, sodium dodecyl sulfate, cetyltrimethylammonium bromide, localiza-
tion, orientation, hydration, molecular dynamics simulation.

Introduction

Solvatochromic indicators of different molecular structure are widely used for examining surfactant
micelles and other self-assembled aggregates [1—4]. Pyridinium N-phenolates [5], also known as
Reichardt’s betaine dyes, exhibit a strongly-expressed negative solvatochromism and are repeatedly
utilized for the aforesaid purpose, in particular also for evaluating the polarities of micellar pseudo-
phases [6-8].

Moreover, these dyes are in fact also acid-base indicators with colored-to-colorless transition
(Fig. 1), and can serve for estimating the interfacial electrostatic potential of surfactant micelles [6,8].
In relation to this, the problem of the locus of these dyes within the micellar pseudophase is of key
importance. Unfortunately, the abilities of experimental methods, e.g., NMR spectroscopy, for solving
this problem are limited. For a more detailed review on the application and instrumental investigation
of these dyes, the reader is addressed to ref. [9, 10].

R2 3] RZ 3]
= +H* =
R! \ N* (o} <7T’ R \ N* OH
R2 RS R2 RS

colored, solvatochromic colorless
Figure 1. Molecular structure of solvatochromic pyridinium N-phenolate dyes.
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In a set of previous papers, we made an attempt to reveal probable location and, thus, the nature of
the microenvironment of several dyes within the micelles of cationic and anionic surfactants via mo-
lecular dynamics (MD) modeling [9—-11]. Some most widely used pyridinium N-phenolates were al-
ready involved in the research project, such as the standard betaine dye |1, 4-(2,4,6-
triphenylpyridinium-1-y1)-2,6-diphenylphenolate (R' = R* = R* = C¢Hs) and three other compounds
with different hydrophilicity/hydrophobicity: 11 (R' = R* = C¢Hs; R> = H), 111 (R' = R> = C¢Hs; R’ =
Cl), and IV [R' = R? = C¢Hs; R*= C(CH,);] [9, 10]. Both colored (phenolate) and colorless (phenolic)
forms were considered in micelles. The MD simulations allow to state that the dyes with R® = C¢Hs
and C(CH;); are somewhat deeper penetrated into the micelles, as compared to the other two more
hydrophilic compounds. However, all species, both colored and colorless (protonated) ones, are situ-
ated near the water/micelle interface, with the O™ or OH groups directed toward the water phase.

In order to reveal the consequences of more substantial structural changes, we decided to extend
the MD studies with following betaine dyes, also used for studying micellar solutions of surfactants
[12]: V, 4-[2,4,6-tri(4-tert-butylphenyl)pyridinium-1-yl1]-2,6-di(4-tert-butylphenyl)phenolate [R' = R
= R’ = 4-C(CH3):-C¢H4], VI, 4-(2,4,6-triphenylpyridinium-1yl)-n-(3,5-nonamethylene)phenolate
(R' = R? = C¢Hs, R* = (CH,)o-), and VI, 4-(4-carboxylatophenyl-2,6-diphenylpyridinium-1-yl)-2,6-
diphenylphenol (R' = 4- O0C-C¢H,, R* = R? = C4Hs). The molecular structures are given in Fig. 2A.
For convenience, they will be denoted as RD-PhtBu, RD-cyclo9, and RD-COOH, respectively, while
the standard dye will be called RD-Ph for notation consistency. All dyes were simulated in both zwit-
terionic and cationic (protonated) forms. Due to the presence of the second acidic group, RD-COOH
can exist in third, fully deprotonated anionic form, Fig. 2B. Thus, it was simulated in all three forms.
Importantly, for this dye, it is the anionic form that is colored and solvatochromic because only this
form possesses a negatively charged deprotonated phenolate group.

RD-Ph (1) RD-PhtBu (V) RD-cyclo9 (VI) RD-COOH (VII)
B:
Ph Ph Ph Ph Ph Ph
— Kat — Kaz — —
Ph Ph Ph Ph Ph Ph
cation zwitterion anion, colored

Figure 2. A: The standard betaine dye (I) and three related dyes studied in the present work: highly hydrophobic
(V); with a hydrocarbon loop (VI); with an additional ionic group (V11). B: Protolytic equilibria of RD-COOH.

Simulation methodology

The simulations were carried out at standard conditions with the use of Berendsen thermostat and
barostat. The 3D periodic boundary conditions were imposed. Time step equaled 2 fs for cells with
SDS and 1.6 fs for that with CTAB. It appeared necessary to reduce the time step for the long-chain
surfactant because the value of 2 fs lead to accumulation of constraints errors and simulation crash.
Electrostatic interactions were computed with the PME method, while van der Waals interactions were
cut-off at 1 nm.

The initial configurations are micelles of 60 SDS monomers or 80 CTAB monomers with a solubi-
lized dye molecule inside. These numbers correspond to the aggregation numbers for these surfactants
[13,14]. For each system, three different initial configurations were prepared, and for each of them, a
50 ns simulation was performed. The first 10 ns of the trajectories were treated as equilibration and
thus omitted. GROMACS 5.0 software [15] was employed. The preparation of initial cells involved
several stages and is in detail described in our previous papers [9,10].
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The potential models for the dyes were built in the same way as the model for the standard dye
[9,10]. For deriving the atomic point charges, we followed the standard OPLS-AA methodology. It
consists of quantum-chemical computation of the electrostatic potential around the molecule of inter-
est on the Hartree-Fock level of theory in 6-31G(d) basis set in vacuum and the following fitting of it
with a set of point charges via CHELPG algorithm [16]. The RED Server was employed in order to
facilitate the process: this web-service automatically performs both steps for a given molecule, provid-
ing the final point charges to the user [17].

For the surfactants, the OPLS-AA models developed by us were taken [18,19], while for water, the
SPC model was used.

Results and discussion

For each system, the state of the dye molecule in the micelle was comprehensively characterized.
The localization of the molecule was described by means of distribution functions of the distance
(DFDs) between micelle center of mass (COM) and the O and N atoms of the dye molecule. In order
to indicate the location of the surface layer, DFDs between micelle COM and surfactant head groups S
or N atoms were plotted as well. The graphs are shown in the Appendix, Fig. Al.

For zwitterionic forms of the RD-cyclo9 and RD-PhtBu dyes, the N peak is located behind the O
one that corresponds to the inclined orientation of the molecule, having the pyridinium part immersed
into the micelle deeper than the phenolate part. This resembles the locus of the standard dye. For cati-
onic forms, peaks almost coincide or, in the case of RD-PhtBu, the opposite order of peaks is ob-
served.

The behavior of RD-COOH is quite different. Its colorless zwitterionic form is inclined having the
OH group immersed into micelle, while in both charged forms, the peaks either coincide or the O atom
is somewhat advanced toward the bulk (aqueous) phase.

RD-PhtBu is immersed into micelles notably (>0.3 nm) deeper than the other dyes, which proves
the increased hydrophobicity of this dye.

The orientation of the dye molecules was described in terms of the distribution of the angle 8 that is
formed by three points: £ (micelle COM, dye N atom, dye O atom), Fig. 3. Values more than 90°
indicate that the molecule is inclined with the O atom pushed toward the volume phase, while values
less than 90° show deeper immersion of this atom into the micelle compared to the N atom. The latter
orientation will be further called ‘inverted’.

hydrocarbon
micelle core

surface layer

Figure 3. Definition of the angle 0 that characterizes the inclination of the dye molecules.

The distribution functions of 6, pertinent to each system, are shown in Fig. 4. The colored zwitteri-
onic form of RD-cyclo9 is oriented exactly in the same way as that of the standard dye, RD-Ph. How-
ever, this does not mean identical orientation of their protonated forms: for the former dye, the ‘in-
verted’ orientation is not observed, in contrast to the latter dye. The reason is likely that the two phenyl
rings make the phenolate part more hydrophobic than the (CH,)y chain makes. The picture with
RD-PhtBu is more complicated. The zwitterionic form can reside in the same orientation as the RD-Ph
and RD-cyclo9. However, it has a second orientation that is more populated than the abovementioned
one: the molecule is aligned along the micelle radius with the O atom directed toward the volume
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phase. Further, after protonation, the molecule inverts its orientation and relocates the phenolate part
from the surface to micelle interior.

For RD-COOH, the following picture is found. For all forms, the orientation parallel to the micelle
surface is pertinent. However, when the phenolate group is protonated, it starts to bury into the micelle
core that leads to inclination of the molecule. In the limiting case, the molecule is oriented roughly
along the micelle radius with the carboxyl group advanced toward the volume phase and the neutral
OH group immersed into the micelle; this orientation is more probable for the zwitterionic form.

0.025, SDS: 0.025, CTAB:
0.0201 0.0201 -
0.0151 0.0151
S S
& 0.010 & 0.010
213 1 7
0.0051 0,005\ 34577
g - N > 4'4/////7W
000002 = < | "~ >s_. N 0000l =" | N33 N
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
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Figure 4. Distribution functions of 8. Top row: 1 — RD-Ph, 2 — RD-cyclo9, 3 — RD-PhtBu; bottom row:
1 — RD-Ph, 2 — RD-COOH. Solid curves are for zwitterionic forms, dashed curves are for cationic ones, short-
dashed curves are for the anionic one. Left: SDS micelles, right: CTAB micelles. The data for RD-Ph are from
ref. [9].

The listed information is collected and depicted in Fig. 5. Summarizing, some tendencies about the
orientation of Reichardt dyes molecules can be derived from the presented data and the data on previ-
ously studied dyes:

1. An ionized carboxylate or phenolate group always stays on the micelle surface in contact with
water molecules. This is easily explained by presence of high-energy ion-water interactions in
this case;

2. A neutral phenolic group in most cases also stays on the micelle surface. However, it can be made
immersed into the hydrocarbon core by placing large outstretched hydrophobic substituents in
ortho- position to it or by attaching a carboxyl group to the opposite side of the molecule. The
reason likely is that the carboxylic group interacts with water stronger than the phenolic one, thus
the former ‘wins’ the competition for contact with water molecules;

3. The hydrophobic part of the molecule, which does not contain ionized groups except pyridinium
ring, can be oriented differently (lay on the micelle surface or stay perpendicular to it) and sam-
ples these orientations in turn. This is somewhat counterintuitive, because a large hydrophobic
moiety is expected to immerse into the micelle interior. The explanation is that the total hydro-
phobic surface area of the micelle+dye complex is similar in both cases, and covering dye mole-
cule from water in the micelle will simultaneously reveal to water an equal area of the hydropho-
bic micelle core.
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The final point is an inspection of the local environment of the dye molecule or, in other words, its
microenvironment. For this sake, the previously described approach was employed [9-11]. The atoms
located in 0.4 nm vicinity of either whole dye molecule or its chosen atom were distributed into 3
categories, namely, micelle hydrocarbon core, surfactant headgroups, and water; the average number
of atoms in each category was computed. The proportion between the amounts of these atoms provides
general information about the medium the dye molecule is located in. The obtained numbers are de-
picted in Fig. 6.

Ph
Ph OH Ph—@ o
=N, P
Ph Ph

| Ar

Ph Ph

q _ 2 -
COOH coo Ter Ar—@{‘"@‘)
| | Ph Ph
Ar Ar
S S
| - | ~
PR N7 Ph Ph”” N7 ph
Ph Ph Ph Ph
OH OH

Figure 5. Observed preferential orientations of Reichardt’s dyes relative to the micelle surface. A: RD-cyclo9;
B: RD-PhtBu; C: RD-COOH. Gray zones depict the micelle cores and blue zones depict the Stern layer. In the
bottom row, the anion is colored, whereas in all other cases, the zwitterions are colored and solvatochromic. For
some structures, two highly populated orientations are observed and shown.
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RD-cyclo9:

SDS, +/-
CTAB, +/-|
SDS, +
CTAB, +

+1 PhtBu
SDS, +- ) |
CTAB, +/- b
SDS, + ) |
CTAB, + T

SDS, +/-
CTAB, +/-
SDS, +
CTAB, +
SDS, -
OTAR -

R e ———  ———————
| USRS IS IS SRS b T
0 20 40 60 80 100120140160180200220 0 2 4 6 8 10 12 14

number of atoms number of atoms
carboxyl O atoms hydroxyl O atom
SDS, +/- 1
CTAB, +/-
SDS, +
CTAB, +
SDS, - Il |
CTAB, - ||
I T T T T T 1 T T T T T T T 1
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14
number of atoms number of atoms

Figure 6. Average numbers of atoms of three categories in the microenvironment of the whole dye molecule and
its O atoms. The sections of bars correspond to (left to right): the micelle core atoms (gray), the water atoms
(cyan), the headgroup atoms (orange), the covalently bonded H atom (white). The microenvironment of the
RD-COOH hydroxyl O atom is shown twice for convenience. The data for RD-Ph are from ref. [9].

Considering the whole molecule, the microenvironment of RD-cyclo9 is similar to that of RD-Ph in
all cases. The same is true for RD-PhtBu, except the largely increased amount of hydrocarbon around
the molecule that can be attributed to its relatively big size. The oxygen atom of RD-cyclo9 is in all
cases better hydrated as compared to RD-Ph. However, the situation is somewhat surprising for
RD-PhtBu. In its zwitterionic form, the O atom resides in roughly the same medium as that of RD-Ph,
but the protonation leads to complete isolation of water. It can be explained with the fact that the ‘in-
verted’ orientation became populated. The negligible water content corresponds to short moments
when some exposure to water takes place.

The microenvironment of the whole RD-COOH molecule remains almost constant upon change of
the protonation state or the surfactant. Quantitatively, its composition is close to that of the RD-Ph
zwitterion in SDS micelles. The carboxylic group is well hydrated in all cases, but protonation heavily
decreases its hydration. The hydroxyl group is strongly hydrated only in the anionic form when it is
dissociated. In other cases, it is forced to immerse into the micelle core because the carboxylic group,
which is located on the opposite side of the molecule, has a tendency to be situated on the micelle
surface. This tendency is stronger for the ionized COO™ group, thus in this case the OH group becomes
almost completely screened from water.

Conclusions

MD simulations of three solvatochromic Reichardt’s dyes in micelles of ionic surfactants, namely,
sodium n-dodecyl sulfate and cetyltrimethylammonuim bromide, were performed. The results show
that structural changes actually are able to drastically affect the locus of the dye molecule. The states
of RD-cyclo9 and RD-Ph are similar in micelles of both kinds, with hydroxyl group of the former
being a little better hydrated.

The state of the zwitterionic form of RD-PhtBu is also similar to that of RD-Ph, but for the latter
the orientation along the micelle radius is highly typical besides the orientation parallel to the micelle

32



V.S. Farafonov, A.V. Lebed, N.O. Mchedlov-Petrossyan

surface. Oppositely, in the cationic form of RD-PhtBu, the phenolate part is immersed into the micelle
core and completely screened from water.

RD-COOH in all forms can be situated parallel to the micelle surface, but in the cationic and zwit-
terionic forms, the molecule stays roughly parallel to the micelle radius with the OH group immersed
into the micelle and having negligible contact with water.

These observations should be taken into account when using the dyes of this family for examining
of surfactant micelles and related colloidal species.

Appendix
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Figure Al. Distribution functions of distances micelle COM — N, micelle COM — O, micelle COM — surfactant
S (N) for three betaine dyes in SDS (left) and CTAB (right) micelles. Solid curves are for the zwitterionic forms,
dashed curves are for the cationic ones. The short-dashed curves in the bottom row are for the anionic form of
RD-COOH. The data for RD-Ph are from ref. [9].

Acknowledgements

The authors express their gratitude to Professor Christian Reichardt (Philipps University, Mar-
burg/Germany) for many fruitful discussions of the properties of pyridinium N-phenolate dyes. Also,
the authors are grateful to the Ministry of Education and Science of Ukraine for the financial support
of this study via grant number 0116U000834, and to Dr. Dmitry Nerukh (Aston University, Birming-
ham/UK) for the provided computational power.

References

1. Nakagaki M. Physical Chemistry of Membranes (Russian transl.). Mir: Moscow, 1991.
2. Kedia N., Sarkar A., Purkayastha P., Bagchi S. An electronic spectroscopic study of micellisa-
tion of surfactants and solvation of homomicelles formed by cationic or anionic surfactants us-

33



An MD simulation study of reichardt’s betaines in surfactant micelles: unlike orientation and ...

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

ing a solvatochromic electron donor acceptor dye. // Spectrochim. Acta, Part A. 2014.
Vol.131. P.398-406.

Maity A., Ghosh P., Das T., Dash J., Purkayastha P. Interaction of a new surface sensitive
probe compound with anionic surfactants of varying hydrophobic chain length. // J. Colloid
Interface Sci. 2011. Vol.364, No.2. P.395-399.

Abdel-Kadew M. H., Hamzah R. Y., Abdel-Halim S. T. Spectroscopic Characteristics of an
Amphiphilic Merocyanine Dye: A Probe of Polarity in Micelles. // Colloids Surf. 1988.
Vol.34, No.2. P.133-142.

Reichardt C., Welton T. Solvents and Solvent Effects in Organic Chemistry, 4th ed. Wiley-
VCH: Weinheim, 2011.

Drummond C.J., Grieser F., Healy T. W. A single spectroscopic probe for the determination
of both the interfacial solvent properties and electrostatic surface potential of model lipid
membranes. // Faraday Discuss. Chem. Soc. 1986. Vol.81. P.95-106.

Mchedlov-Petrossyan N. O. Protolytic equilibrium in lyophilic nanosized dispersions: differ-
entiating influence of the pseudophase and salt effects. // Pure Appl. Chem. 2008. Vol.80,
No.7. P.1459-1510.

Machado V. G., Stock R. ., Reichardt C. Pyridinium N-phenolate betaine dyes. / Chem. Rev.
2014. Vol.114, No.20. P.10429-10475.

Farafonov V. S., Lebed A. V., Mchedlov-Petrossyan N. O. Character of localization and mi-
croenvironment of the solvatochromic Reichardt’s betaine dye in SDS and CTAB micelles:
MD simulation study. / Langmuir 2017. Vol.33, No.33. P.8§342-8352.

Farafonov V. S., Lebed A. V., Mchedlov-Petrossyan N. O. Solvatochromic betaine dyes of
different hydrophobicity in ionic surfactant micelles: Molecular dynamics modeling of loca-
tion character. // Colloids. Surf. A 2018. Vol.538. P.583-592.

Farafonov V.S., Lebed A.V., Mchedlov-Petrossyan N.O. Solvatochromic Reichardt’s dye in
micelles of sodium cetyl sulfate: MD modeling of location character and hydration. / Kharkov
Univ. Bull., Chem. Ser. 2017. Vol.28, No.51. P.5-11.

Mchedlov-Petrossyan N. O., Vodolazkaya N. A., Kornienko A. A., Karyakina E. L., Reichardt
C. Counterion-Induced Transformations of Cationic Surfactant Micelles Studied by using the
Displacing Effect of Solvatochromic Pyridinium N-Phenolate Betaine Dyes // Langmuir 2005.
Vol.21, No.16. P.7090-7096.

Grieser F., Drummond C. J. The Physicochemical Properties of Self-Assembled Surfactant
Aggregates As Determined by Some Molecular Spectroscopic Probe Techniques. // J. Phys.
Chem. 1988. Vol.92. P.5580—-5593.

Pisar¢ik M., Devinsky A., Pupak A. Determination of Micelle Aggregation Numbers of Alkyl-
trimethylammonium Bromide and Sodium Dodecyl Sulfate Surfactants Using Time-Resolved
Fluorescence Quenching. // Open Chem. 2015. Vol.13, No.1. P.922-931.

Abraham M. J., Murtola T., Schulz R., Pall S., Smith J. C., Hess B., Lindahl E. GROMACS:
High Performance Molecular Simulations Through Multi-Level Parallelism from Laptops to
Supercomputers. SoftwareX 2015, 1-2, 19-25.

Breneman C. M., Wiberg K. B. Determining atom-centered monopoles from molecular elec-
trostatic potentials. The need for high sampling density in formamide conformational analysis.
//'J. Comp. Chem. 1990. Vol.11, No.3. P.361-373.

Vanquelef E., Simon S., Marquant G., Garcia E., Klimerak G., Delepine J. C., Cieplak P.,
Dupradeau F.-Y. R.E.D. Server: a web service for deriving RESP and ESP charges and build-
ing force field libraries for new molecules and molecular fragments. // Nucleic Acids Res.
2011. Vol.39. P.511-517.

Farafonov V. S., Lebed A. V. Developing and validating a set of all-atom potential models for
sodium dodecyl sulfate. // J. Chem. Theory Comput. 2017. Vol.13, No.6. P.2742—2750
Farafonov V. S., Lebed A. V. Molecular dynamics simulation study of cetylpyridinum chlo-
ride and cetyltrimethylammonium bromide micelles. // Kharkov Univ. Bull., Chem. Ser. 2016
Vol.27, No.50. P.25-30.

Tlocmynuna 0o pedaxuyii 15 mpaeus 2018 p.

34



V.S. Farafonov, A.V. Lebed, N.O. Mchedlov-Petrossyan

B.C. ®apacoHos*, A.B. Nlebeap*, H.O. Muegnos-lNetpocsH*. ML, mogenupoBaHue 6etanHoB Paiixapara B Mu-
uennax NAB: PasnuuHas opreHTaums u conbBaTaumns KaTUOHHbIX, UBUTTEP-UOHHBLIX U @aHUOHHBLIX POPM KpacuTe-
nen B ncesgodase.

* XapbKOBCKMI HaLMoHanbHbIN yHuBepcuTteT nMmeHn B.H. KapasuHa, xumudecknin cakyneteT, nnowane Ceo-
6onasbl, 4, XapbkoB, 61022, YkpavHa

ConbBaToOXpoMHbIe MHAMKATOPBLI psaa nupuanHuin N-cheHoNsaToB, Takke M3BeCTHble kak GeTauHbl Palixapara
unu kpacutenu Panxapara, 4acTo UCMOMb3yTCA ANA U3YYEHUS He TONMbKO YMCTbIX UMM CMELLAHHbIX pacTBOpU-
Tenen, HO Takke M pasHOODOpa3HbIX KOMMOMAHBLIX arperatoB, TaKMX Kak MULLENbl NOBEPXHOCTHO-AaKTUBHBIX Be-
LLeCTB, Kanav MUKPO3IMYNbCuii 1 Ap. YTobbl BbISBUTE NOKaNU3aLumto 3TMX MOMEKYNSPHbLIX 30HA0B B MULIENSAPHON
ncesgodase, Mbl He4aBHO MCMOMNb30BaNy MonekynspHo-guHammyeckoe (M) mogenvpoBaHue Ans ctaH4apTHO-
ro kpacutens, 4-(2,4,6-TpudernnnupuanHnn-1-un)-2,6-guderHundeHonata n Tpex APYrux KpacuTenem 3Toro
cemelicTBa ¢ 6onee BbICOKOM M HWU3KOW rmapodobHOCTLI0. B nccnegoBaHum Gbinm paccMOTPEHbI Kak LBUTTEpP-
WOHHbIE (OKpaLLEHHbIE), TaK N NMPOTOHUPOBaHHbIE (KaTUOHHbIE, BecLBeTHbIE) POPMbI, MOCKOMbKY 3TW COEANHEHNS
TaKkKe MCMonb3ylTCsA B Ka4eCTBe KMCMOTHO-OCHOBHbIX WHAMKATOPOB AN MULENNSAPHBLIX cnucteM. B HacToswen
paboTe Mbl NPOJOIXUAM 3TO uccnegosaHve. M mogenmpoBaHne BbIfIo MPUMEHEHO AN eLle TPex Kpacutenen
B Muuennax H-gogeuuncynbdara HaTpusa n LeTUNTpUMeTUnamMmMoHuin 6pomnaa. beinv nccnegosaHbl cnegyto-
Lme coeguHeHust: (i) cambln rnapodOOHbIN KpacuTenb C NSTbH TPeT-0yTUNbHbIMY rpynnamu, 4-[2,4,6-Tpu(4-TpeT-
6yTundennn)nmpuanHmnii-1-unl-2,6-au(4-tpet-6yTrndenun) dperonsT, (ii) kpacuTens ¢ yrneBoAOPOAHON NeTnen
BOKpYr aTtoMa kucropoga, 4-(2,4,6-tpudeHnnnupnanHnia-1-un)-+- (3,5-HoHameTuneH)deHonaT u (i) kpacutens ¢
OOMOMHUTENBHOW KapOOKCUINBHOWM rpynnomn, NPUCOeaNHEHHOW K BGEH30MbHOMY KOmbLy, NMPOTUBOMOMNOXHOMY dhe-
HonAaTy, 4-(4-kap6okcunatodennn-2,6-amdeHnnnupruanHnn-1-un)-2,6-gudenunderHon. OprneHTauus n conbea-
Taums KaTUOHOB, LIBUTTEP-MOHOB (Kak OKpaLLEHHbIX, Tak U 6ecLBEeTHbIX) U aHNMOHa MOCIeAHero KpacuTens B Mu-
Lennax okasanicb MHOroobpasHbiM/, B 3aBUCUMOCTU OT CTPYKTYPbl MOSIEKYS U COCTOSIHUSA MOHMU3auun. Pesynb-
TaTbl CPaBHMBANWCL C pedynbTaTamu, NOMyyYeHHbIMU paHee AN CTaHA4apTHOro MHavkaTopa. B HekoTopbix cry-
Yasix Hanbonee BeposTHas OpueHTaums KpacuTenen B nx becuseTHol dhopmMe NPOTUBOMOMOXKHA NO CPaBHEHWIO
CO CTaHAapTHbIM nHAnkatopom Paiixapara, T.e. ux OH-rpynna HanpaBneHa K LeHTpY MULensbl.

Knio4yeBble cnoBa: COJ1bBaATOXPOMW3M, MOJTIAPHOCTD, ,u,o,qeu,mncyan)aT HaTpu4, 6pOMVI,El uetTmnTpumeTunnam-
MOHUA, NoKann3auuna, opueHTauud, rugpartaumna, MonekynapHo-guHammn4yeckoe moaenmpoBaHue.

B.C. ®apadoHos*, O.B. Jlebigb*, M.O. Myegnos-letpocan*. M mogentoBaHHs GeTaiHiB Pavixapara y miue-
nax MAP: BigMiHHa opieHTauis i conbBaTauisa KaTiOHHUX, LBITEP-IOHHMX i aHIOHHMX hopM BapBHKMKIB y NceBoogda-
3i.

* XapkiBcbkuii HauioHanbHWi yHiBepcuTeT iMeHi B.H. KapasiHa, xiMiyHMIA dpakynbTeT, MangaH Ceoboau, 4,
Xapkis, 61022, YkpaiHa

ConbBaTOXpOMHI iHAMKaTopKu pAay nipuanHin N-cbeHonaTiB, Takox Bigomi sik 6eTailn Palixapara abo 6apBHMKK
Palixaparta, 4acTo 3acTOCOBYHOTLCSA AN AOCMIOAXKEHHS HE TiNbKM YNCTMX abo 3MillaHWX PO3YMHHUKIB, ane TakoXx i
Pi3HOMaHITHMX KOMOIQHUX arperatiB, Takmx SK MiLenu noBEepXHEBO-aKTUBHUX PEYOBUH, Kpanfni MiKpoemynbCin
Towo. LLlo6 BusiBUTU NnokanisaLito LmMx MONEKYNsSPHUX 30HAIB Y MiLensipHin ncesgodasi, My HelloaaBHO 3acToCy-
BanM MeTo4  MOJIEeKyNspHO-AMHAMIYHOrO  MOAENIoBaHHSA  Ans  craHgaptHoro  6GapBHuka,  4-(2,4,6-
TpudeHinnipuanHini-1-in)-2,6-audenindeHonaTy Ta TpbOX iHWNX GapBHUKIB LbOro CiMencTea 3 BinbLIOD Ta MEH-
LUOO rigpodoBHICTIO. Y gocnigKeHHi po3rnsaHyTi Sk 3abapBneHi, Tak i NPOTOHOBaHi (kaTioHHi, 6e36apBHi) dopmu,
OCKINbKM Ui CMOMYyKN TakoX BUKOPUCTOBYKOTBCA AK KMCMOTHO-OCHOBHI iHAMKATOpU AN MiLensipHux cuctem. Y
OaHin poboTi MM NpoOoBXMM Le AocnimkeHHsa. ML moaentoBaHHsl 3acCTOCOBaHe ANsl Le TPboX GapBHUKIB Y Mi-
uenax H-gopeumncynbdaTty HaTpilo i LeTuntpumeTunamoHin 6pomigy. JocnimkeHi HacTynHi cnonyku: (i) Haw-
Oinbw  rigpodobHun  BapBHUK, WO  MIiCTUTb N'ATb  TpeT-OytunbHux  rpyn, 4- [2,4,6-Tpu(4-TpeT-
OyTundeHin)nipuaunHin-1-in]-2,6-gu(4-tpet-6ytundeHin) deHonsT, (i) 6apBHUK i3 BYrneBOAHEBOK NETNel Ha-
Bkoro atoma OkcwureHy, 4-(2,4,6-TpudeHinnipnaunHin-1-in)-H-(3,5-HoHameTnneH) deHonaT Ta (i) 6apBHYKK i3 go-
0ATKOBOK  KapOOKCUNBHOK — FPynow, MpuedHaHo A0 OGEeH3eHOBOro  Kinbus  HaBNpoTU  cheHonATy,
4-(4-kapbokcunartdeHrin-2,6-gudeHinnipuanHin-1-in)-2,6-gnderindeqHon. OpieHTauis | conbBaTauis KaTioHiB,
LBiTEp-ioHIB (SIK 3abapBrieHnx, Tak i 6e3b6apBHMX) Ta aHiOHY OCTaHHLOrO GapBHMKA B Milenax BUSIBUNNCS Pi3HO-
MaHITHUMW 3anexHOo BiA4 MONEKYNSAPHOT CTPYKTYpW Ta CTaHy ioHi3auii. Pe3ynbTaTn nopiBHioBanucs 3 pesynbrarta-
MM, OTPUMaHMMM paHille Ans cTaHaapTHoro 6apBHMKa. Y Aeskux Bunagkax Hambinbll BiporigHa opieHTauis 6ap-
BHUKIB y ixHix 6e36apBHUX cdhopmax NpoTunexHa o cTaHdapTHoro GapBHuka Pavixapara, To6To ix OH-rpyna
cnpsiMoBaHa [0 LieHTpY Milenu.

KniouoBi cnoBa: conbBaTOXpoMi3M, MONSIPHICTb, AofeunncynbdaT HaTpito, Bpomig LeTUNTpUMETMNAMOHItD,
nokanisauisi, opieHTauis, rigpatadid, MonekynspHo-guHamiyHe MOAentoBaHHS.
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Various molecular parameters in quantum chemistry could be computed as derivatives of energy over dif-
ferent arguments. Unfortunately, it is quite complicated to obtain analytical expression for characteristics
that are of interest in the framework of methods that account electron correlation. Especially it relates to the
coupled cluster (CC) theory. In such cases, numerical differentiation comes to rescue. This approach, like
any other numerical method has empirical parameters and restrictions that require investigation. Current
work is called to clarify the details of Finite-Field method usage for high-order derivatives calculation in CC
approaches. General approach to the parameter choice and corresponding recommendations about nu-
merical steadiness verification are proposed. As an example of Finite-Field approach implementation char-
acterization of optical properties of fullerene passing process through the aperture of carbon nanotorus is
given.

Keywords: energy derivatives, numerical differentiation, finite-field method, coupled cluster theory, hy-
perpolarizability, DIIS.

Introduction

The bases of Finite-Field method (FF) as an approach for calculations of different molecular pa-
rameters (e.g. electro-optical properties, shielding constants, efc.) were founded in the end of 1960™
[1]. Initially FF was used for calculation of polarizabilities of atoms and diatomic molecules for first
and second period elements. Its use was restricted by employing the Hartree-Fock method (HF) as a
quantum-chemistry approach for in-field system energy calculation. Since then FF is one of the most
simple and wide-used methods for energy numerical derivatives computation.

Application of FF for post-HF approximations started at the end of 1970" with appearance of more
powerful computation systems. In the first works [2—7] about polarizabilities investigations the con-
figuration interaction (CI) approach was employed. First calculations for di- and triatomic molecules
revealed that HF results are in significant divergence with those obtained in more accurate methods.
Moreover, the most important circumstance is not only quantitative but qualitative differences. As the
result of carried investigations the importance of electron correlation (EC) account became evident.

As computational practice shows [8], account of the EC effects plays essentially important role for
n-conjugated systems (especially when high-order susceptibilities are of interest). Usually employed
density functional theory (DFT) [9] and second-order many-body perturbation theory (MBPT2) [10]
roughly account these effects and for the series of systems are unable to estimate the whole set of de-
sired properties with proper accuracy [8].

It is worth noting that articles devoted to computation of electrical and optical characteristics with
FF approach (except several [11]) contain brief information about technical side of the procedure and
reliability of presented results. Current work is called to clarify the details of FF implementation and
numerical steadiness of proposed derivatives over electric field computation algorithm. As a demon-
stration the authors’ computational complex is employed. Implemented approach uses the PPP
(Pariser-Parr-Pople) parameterization for n-electron variant of coupled clusters (CC) singles and dou-
bles (CCSD) method with covalently unbonded ethylene molecules as reference state (cue-CCSD).
[12-14]

Derivatives over the electric field strength

Variety of magnitudes in the framework of quantum chemistry could be computed as energy de-
rivatives over corresponding argument. One of the most comprehensive examples is calculation of

© Zakharov A.B., Ivanov V.V., 2018
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parameters of system response on external electric field. The change of molecular energy E( fr) due to

the action of falling light with significantly large wave-length is described by Buckingham [15] expan-
sion:
o ] 1 1 1 1
E(F)= By st F, =330, FF, = B FEF = FEEE, = (1)

where 4, o, g, and y  are the components of dipole moment, polarizability, first and second hy-

st

perpolarizabilities respectively. Indices {r,s,s,u} correspond to axes of Cartesian coordinate system
{x,y,z} . Thus, coefficients (4, , o, B, ,,) 0 equation (1) can be computed as a certain order de-

rivatives of E( }"7) over the force of applied field F:

_OE(F)
SONPYS

r

:82E(F) _ OE(F) _ O'E(F) ) )

- rs aEaF; mt_aF;,aF;aF; mu_aF;aF;@EaF; o

By the analogy with given equations, Brédas et. al. [16,17] proposed an approach that allows to
calculate separately every atom contribution to the value of (hyper)polarizabilities. Such method is
called Real-Space FF method. Given methodology employs the expansions of dipole moment and
charges on atoms in the series by the powers of applied field:
/ur = ,UB +arsEs +IBrstF;F; +7rsluF;F;F1; +... (3)
6,=4" +4F, +q/F,F, + g\ F,FF +... )

i,r:

F=0 F=0

where for /™ atom: ¢\"" — charge in zero field, g\, ¢\) and 47 —so-called “hypercharges” that corre-
spond to certain power of r . Comparing the equations (3) and (4), it is easy to obtain expression for
e.g. x component of second hyperpolarizability:
3 0 (Z 9:%; ] 3
Vi = Z Iff} == " 2 ZT(? = Zf‘,xiqfilx ' (3)
It is also worth noting that the elements of reduced density matrix (RDM1) could be computed as
energy derivatives [14,18]. It follows from general expression for system energy:

thus for atom orbitals (AOs) u and v correspondingly:
__ L %, (7)
P =375, o,

where h, is matrix element of core Hamiltonian, 5, — Kronecker delta. Multiplier 1 /(2_5/”) pre-
sents due to off-diagonal elements contribute twice (p,, =p, ) to the system energy. Foregoing

scheme is very attractive in m-electron approximation because every atom provides only one AO
(p—orbital). Also it should be emphasized that in CCSD method the regular linear response theory
lead to nonsymmetrical RDM1 matrix ( P # Py [19,20]). Hence the numerical differentiation (7) is a

simple yet physically correct alternative.

Finite Field method
At the present section we provide the details of high-order numerical derivatives computation on
the example of (hyper)polarizability calculations. For desired parameters FF method implies following
amendment of the unperturbed Hamiltonian g (0):

H,.,j’k:H(O)+§<i)2+j?+kZA)a ®)
where X, ¥ and Z — corresponding dipole moment operators; & — numerical constant that defines the
step of field strength alternation; integers i, j, k =...+3,+2,+1,0 form 3D point grid, where system energy
E\ will be calculated. In zero-differential overlap approximation, matrices that represent dipole
moment operators are diagonal and contain Cartesian coordinates of atoms.

The points in the 3D grid where system energy to be calculated are defined by the set of desired
components and by the symmetry of the molecule under investigation. For example, computation of
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geometrical invariant of second hyperpolarizability requires calculation of six derivatives of forth or-
der (among them three cross-components):

(v)= %(v Yy TV + 2 (Vagy + Vo + Yy ) ®)

It means that 3( N; ~2N, +1)+3( N, _1)+1 points of energy required, where the first summand corre-
sponds to three planes: E(i,j,0);E (3,0, /); E(0,, ): i,je[—Np,—l}u[l,Np], second summand corre-
sponds to three axes: E(i,0,0); £(0,i,0); £(0,0,i): ie[—Np,—l}u[l,Np] and the last one is zero-field
energy. These amount could also be reduced for high symmetric systems. One of the possible ap-
proaches for construction of necessary grid is based on calculation of Euclidian distance matrix with

atoms and grid points coordinates. Resulting matrix will have following structure (where M — block of
molecule atoms and G — block of grid points):

(MM MGJ
D= . (10)
GM GG

It is known [21] that eigenvector of Euclidian distance matrix that correspond to the biggest absolute
eigenvalue contains information about point equivalence. Therefore, analyzing G eigenvector block it
is possible to eliminate equal by symmetry grid points.

To obtain numerical energy derivatives there are at least two common approaches: numerical dif-
ferentiation of Lagrange polynomials (LP) and least squares method (LSM).

For LP interpolating dependence of system energy on the force of applied electrostatic field F is

given by the following expression:
S o F-ié (11)
E(F)= E(i&)- — |’
( ) g):|: (lg) {r];r[tiig_ré{]}

where N, — number of points in the interpolating polynomial. Differentiation of function (11) in the
point F =0 gives desired molecular parameters. For example, x components of polarizability o and
second hyperpolarizability Y o In case N, =5 (£2,%1,0) are represented with the following expres-

sions:
. :[EX(—25)—16EX(—§)+30E(O)—16Ex(§)+Ex(2§)]’ (12)
xx 1252
L _[R(20) 145 (£)6E(0) 145, (&) £.(2)], (13)
XXXX 54

where £ (i) — system energy in the field applied along x axis with force i¢.

In case of LSM, the problem is reduced to the solution of overdetermined (in general case) linear
system of algebraic equations, that characterizes behavior of system energy in fields of different inten-
sity. Metaparameters of the approach are number of averaging points — N, and maximal polynomial

power — N :
E(0)
/1
A e E(F)
al2! ! (14)
1 F F K F . F" E(F)
1 opI3 =
oo oo 7//4! b
\ F, F, F, F Py E(Fy,)
le/Nm!
or in compact matrix form:
AS=E. (15)

Thus, within selected approach, the solution of FF problem is represented by standard LSM expres-
sion:
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5=(A"4)'A"E =GE, (16)

where matrix
G=(A"A)"'4" (17)
has order N x N, at that the numeration of the first dimension is convenient to start with zero, so that
for corresponding component of § vector, i.e. for zero line G, , the energy of unperturbed system £(0)

is given.

It is necessary to mention that characteristic feature of employing LSM for solution of Finite Field
problem is possible co-linearity of input data (matrix 4). It leads to quasi-degeneration of normal ma-
trix (A" 4), and accordingly the standard approaches for its inversion are not applicable.

Within given notation, x components of polarizability ¢ and second hyperpolarizability 5 (ana-

logical to (12) and (13) equations) could be represented Wlth following expressions:
N,

a, =(2!) -ZP:GS.)E}” , (18)
i=1
N,
Vo = (40) -2 GED - (19)
i=1
In both cases (LP and LSM) the set of points is taken symmetrical respectively to the unperturbed
state:

EF)) [E(-NS)

E(F,) E.(“O) ) (20)

E (E’Vp) E( N, 5)
where N =( N, +1)/2 is shift in the value grid. Such choice is especially reasonable in case of non-

symmetric dependence of the energy, i.e. for systems with non-zero dipole moment.
It is worth mentioning that in case of N = N, LSM approach is reduced to the interpolation

(system is no more overdetermined). Therefore derivative calculation comply with particular expres-
sion, so equations (18) and (19) now lead to expressions equivalent to (12) and (13).
Computation of cross-components (e.g. ¥y ) I LP approach is based on the use of the expression

for mixed derivative:
K 62 0| o o 21
= ’ _— —E x, =—qQq M ( )
Yooy = Fos E(x,y)= 62)[62)6 ( y)} PE ()
First, one obtains ¢_(y) vector from E( x,y) matrix and then desired cross-component is obtained by
differentiating of ¢_(y). In LP approach despite y =y ., due to round-off errors these two values

are different although insignificantly.
In the framework of LSM computation of any derivative along arbitrary axis is represented with

simple enough expression:
a(k+l+m) N, N, N, (22)
(nz} k' . m; G(V)G(l)G(Z)E(m)
akxa[yam ;le; ma ya

Identity Yoy =¥y is guaranteed reasoning from the commutability of multiplication. The value of

Vo (k=2, I=2, m=0) in given approach is expressed as

ot N, N, N,
Vi = g E®) =(21:21-01)- ZZZG(X)G(‘)GSZ)E;:W) (23)
i=l j=1 a=l

Since zero line in G matrix has following form (unity corresponds to the energy of unperturbed along
particular axis system)

(0 010 0) en)
equation (23) simplifies into
Np N
o A BT GG @)

i=l j=1
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Coupled cluster singles and doubles

All energy values were obtained using local n-electron variant of CCSD approach. It is well-known
that the quality of (hyper)polarizability estimation is in the strong dependence on the level of EC ac-
count. CC theory has recommended itself well in various applications including optical and non-linear
optical properties calculations. Computational efficiency, elegance and high accuracy of EC estima-
tion made CC theory approximations the methods of choice.

Implementation of CCSD method is well-known and well-described so the following brief descrip-
tion will be given only for better understanding of material below. The wave-function of CCSD
method can be represented in the following form (so-called exponential ansatz):

B O P [PV IV RPN
W ) =€ T-|0>:(1+T1 b+ L T T, +ZTI4+ET22+5T12T2)|0>7 (26)

where |0) — reference determinant, operators 7, and 7, are cluster operators that generate superposi-

tion of singly and doubly excited configurations relatively to reference determinant. Employed meth-
odology is based on the use of unitary group generator (UGA) formalism [22]. Working equations are
derived projecting Schrodinger equation onto singly and doubly excited configurations:

A =(0E, |H —Ecgy | €77 [0) (27)
AL =(0E,E | H — Egegy | €77 0) (28)
Action of product £ E,, onto reference state |0) leads to doubly excited configuration [22,23]
EEy|0) =i )+ i)+ ) 29)
Given function is a linear combination of two orthogonal functions
E,E,]0) =3[ ()] (0)) (30)

Permutation of indices for occupied and vacant orbitals in (29) leads to new configuration that is
neither equal nor orthogonal to the initial one. To avoid the non-orthogonality problem, and as a con-
sequence to increase the speed of iteration procedure, it is possible to build biorthogonal basis. For
doubly excited configurations ( E,E, |0) and EbiEaj|O>) it is easy to proof that function
l<0(2 E.E,+E E, )| satisfies required orthogonality condition. Thus, in addition to equation (28) it is
6 ja—ib

ia™ jb
possible to write the following projection scheme:
Ay =(0(2B,E,, + E,,E, )| A = Ecegy | " |0) (31)
In our calculations we used m-electron variant of CCSD method and to construct the reference de-
terminant authors’ single-electron basis set of Covalently Unbonded molecules of Ethylenes was em-

ployed (CUE). [14]

Direct inverse in the iteration subspace

By the definition, derivative is the ratio of infinitesimal function change on infinitesimal argument
change, thus the variation of field strength in FF methodology has to be small enough to guarantee that
obtained values are actually derivatives. This obviously implies that energy has to be computed with
very high accuracy in order to prevent desired values from the distortion due to round-off errors. Such
necessity in turn defines the number of iteration steps to be performed.

In the framework of gradient method, iteration procedure for solution of CC equation can be repre-
sented as follows:

A = g A (), (32)

(k+1

where £ is the number of current iteration, /) amplitude vector, A(t(k >) — gradient vector, ¢ — coef-

ficient that defines the “length” of gradient step. In Steepest Descent variation, ¢*) value is estimated

on every step to reduce the number of iterations taken. However it requires additional calculation of
A( A(k)) that is equal to the cost of iteration. The steepest descent approach is justified only in cases

when the acceleration reduces iteration number more than twice. In the simplest approximation ¢*) is
constant ¢ = . It is manifest that incorrect choice of o will lead either to the divergence (too high
a ) of iteration procedure or to significant increase (too low « ) of calculation duration.

40



A.B. Zakharov, V.V. Ivanov

One of the most efficient methods of CCSD solution acceleration is Direct Inverse in the Iterative
Subspace (DIIS) [24,25]. Initially this approach was successfully used for SCF problem.

Interpolation DIIS scheme in application to the CCSD method consists in the construction of fixed
amplitude vector 7 that at k¥ iteration will be expressed through analogical vectors obtained at previ-
ous steps

7O = e ™ 4 g e (33)
with condition
Se =1 (34)
i=1
In matrix representation, the problem of ¢ ~determination can be written in the form
(k|k) (k|k-1) (k|k—m) 1 C 0
(k—1]k) (k—1]k—-1) (k=1]k—m) 1 ¢ 0 ’ (35)
<k—m|k> <k—m|k—1> <k—m|k—m> 1 c, 0
1 1 1 0 0
where matrix elements (k- |k -s) in CCSD method using projection (28) scheme is equal
(k—rlk—s)=> ATIACTT 4 3 APETIAE) S (36)
ia (ia)>(,jb)
and for (31)
(e=rlk=s) =Y AN 4+ 3 (28570 £ AGET ) (22507 + A (37)
ia (ia)>(jb)

Results and discussion

To estimate efficiency of DIIS procedure it is necessary first to investigate the features of standard
approach to CCSD equation solution (eq. 32). For this purpose we will look into dependence of itera-
tion number on the length of iteration step for two systems: polyene C,oH;, and fulvalene C;,H,, (Fig-
ure 1, A and B respectively). The detailed description of iteration procedure conversion for C;oHy; in
different first order iteration procedures has been investigated in [26]. The hyperpolarizabilities of
CioH;, and other n-systems in full configuration interaction method were investigated in [27,28,29]. In
the present articles we especially interesting in comparison of efficiency for different projection
schemes (28) and (31). Also these two systems were selected as representatives of alternant and non-
alternant compounds (system B in a contrast to system A has non-zero dipole moment) which as ex-
pected will have difference in solution determination.

P N _

A B
Figure 1. Systems under consideration.

To figure out the value of the optimal length of iteration step (minimal number of iterations) the se-
ries of computations were carried with different ¢ values. Results are presented in Figure 2 for two
projection schemes up to the accuracy ¢=10" (such strict termination criterion is selected for the
maximum correct efficiency estimation).

As seen from the figure, with the increase of « the number of iterations decreases monotonic up to
specific value (up to optimum) which rapidly increases after. This growth is connected with oscillation
around the minimum of optimizing function. After certain ¢ value divergence is observed.

The Table 1 contains the optimal values for all considered cases. Obtained data shows that every
projection scheme is characterized by own values, that generally speaking are close for majority of
examined systems. On polyene example established that for egs. (28) and (31) optimal step length is
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0.41 and 0.35 respectively. Projection scheme that employs biorthogonal basis is more efficient in

comparison with the standard one.
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Figure 2. Dependence of iteration number on the length of iteration step within
two projection schemes for systems A and B.

Table 1. Optimal values for the length of iteration step and corresponding iteration number.

system A system B
o | N | e [N
EE, 0.533 266 0.512 308
2EE, +E,E, 0.389 178 0.392 289

DIIS efficiency estimation will be performed in comparison with optimal values (Table 1). Natu-
rally, such approach is idealized and cannot be observed (because for every particular system it is nec-
essary to find ), however it allows to obtain the lower bound.

80 100 120 140 160

N

iter

system A

180 0

* noDIS
o Nps=5
v Nps=10
s Np,=15
= Npg=30

200 300

100

iter

system B

Figure 3. Change of accuracy during CCSD equation solution

First it is necessary to investigate the dependence of the iteration steps number on the quantity of
DIIS interpolation points. As an accuracy measure we will use

p=-log, ¢,

(3%)

where ¢ = Il is Euclidian norm of the amplitude vector. In Figure 3 the dependence of p on the num-

ber of DIIS points is presented (compared to the standard gradient approach — labeled as “no DIIS”).
When approximating given dependences with linear function coefficient of the argument
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(denoted as v ) is the velocity of convergence achievement. Then, efficiency can be represented in

terms of v, as the ratio between accelerated with DIIS and standard gradient method:
(DIIS)
_ % . 39
E, = v(no DIIS) ( )

As seen from the Figure 4, for two considered examples (systems A and B) the most efficient inter-
val is from 20 to 30 points. Notably that starting with N, =30 for polyene and with N, =40 for

fulvalene the difference between projection schemes vanishes.

00000
oo 000 o
RCCIRCHN o, o0° Ooo
6 000 o o oo ....‘..oo.oooogog
50°° n"""gg 4 oo 0,0 0ee®® CH
3 ©  eee® o9
. o o o
5 (1Y Qo o 08
. .OG °
O O 8 o*
8005 31 oo
4 000°® 8058‘ E 0%0 o e
v o 008 v o
.
3 °® 2 .
o° °®
2 e® o0
°
14
14 ° ElaEJb 3 E\aEm
o 2E.E,+E.E, o 2EE+EE,
0 T T T T 1 0 T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
Nous Nous
system A system B

Figure 4. Dependence of DIIS interpolation efficiency £, on number of DIIS steps N, -

The next objective is ascertainment of the optimal values for FF metaparameters: field step &,
number of differentiation points N, and termination criterion p. On the first parameter two intuitive
restriction are applied. The first (as mentioned above) — necessity of smallness condition (several hun-
dredths eV/A). Violating latter restriction leads divergence of observed values with desired magni-
tudes. Energies obtained in intensive fields are far enough from non-perturbed state (what derivatives

are computed for), due to the fact that in standard LSM approach the weights of all points are equal,
contribution from high orders increases. Since maximal polynomial power N is fixed, it will lead to

the overestimation for obtaining coefficients. The second restriction deals with the lower bound of &
value. In case of small ¢ the loss of accuracy and singularity of normal matrix 4”4 (due to co-
linearity of data) is observed. Limitations of N, are quite obvious: it can not be less than the maximal
derivative order and it should not be too big not to increase computational cost noticeably.

It is evident, that the most sensible to the value of ¢ are derivatives of high orders. Thus, the influ-
ence of £ on the computation accuracy will be examined on the values of average second hyperpo-
larizability (y).

For adequate investigation strict iteration procedure termination criterion is selected (p=13). The
results are presented in Figure 5. After elapsing unstable area in the region of small fields (up to
5:107 eV/A), (5) values ceases changing and the result keeps stable up to the 0.1 eV/A (deviation is
near 5%). According to obtained results, as optimal value of & is selected 2-10° eV/A. For this field
strength the influence of termination criterion size will be examined varying p e[6,13]. As can be seen

from the graph given in Figure 6, the stable region starts from p =10, thus reliable is p>11.

Aforesaid argumentation about the optimal/reliable parameters intervals are based on the stability
of selected magnitude on the particular range, however the question how close computed derivatives
are to the true values of second hyperpolarizability remains unanswered. To get unambiguous proof of
particular numerical approach applicability it is necessary to build model function with predefined
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coefficients and compare them with calculated ones. In case of system energy dependence on the
strength of applied electrostatic field, model function has to expressed as follows

2 3 4
M(x)=-a,+ax—a,x"+a,x" —a,x" +... (40)
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Figure 5. Dependence of average second hyperpolarizability <7/> (a.u.) on the & (eV/A)

In addition to the components that correspond to system energy (4, ), dipole moment (4, ), polariza-
bility (q,), first (¢,) and second (q,) hyperpolarizabilities, model function has to contain terms of

higher orders. Besides, it is obvious that function for systems A and B will have principal differences,
since system A has zero dipole moment. It means that coefficients that belong to the odd power of x
vanish. Constructed model functions for both systems are presented in the Table 2.
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Figure 6. Average second hyperpolarizability as a function of termination criterion p

Table 2. Model function of energy expansion by the power of applied field strength

a, a, a, a, a, as ag a, a,
model A 100 0 1 0 0.1 0 0.1 0 0.05
model B 100 1 1 0.2 0.02 0.1 0.05 | 0.01 0.03

The numerical steadiness of LSM solution is easy to estimate controlling condition number of nor-
mal matrix 4" 4. For such matrices, condition number is equal to the ratio of the biggest eigenvalue to
the smallest one. There is an empiric rule, which according to the number of significant digits lost
during the inversion of matrix with condition number « is equal 7 =log,, x [30]. Table 3 contains val-

ues of L parameter for different combination of numerical differentiation metaparameters.
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Table 3. A prior estimation of significant digits quantity lost (L) due to the
bad conditionality of 4”4 matrix.

£ (eV/A) Number of differentiation points
5 7 9 11

0.002 213 19.8 18.8 | 18.0
0.010 15.8 14.3 13.3 12.5

0.020 13.3 11.8 10.8 | 10.0
0.050 10.3 8.6 7.6 6.8
0.100 7.8 6.3 5.3 4.5

Table 3 data shows that employing standard “float64” type (16 significant digits) is meaningless for
strength of applied field less than 1.102 eV/A, due to almost all digits will be lost during 4”4 matrix
inversions through round-off errors.

Data presented in the Table 4 shows that LP approach for N,>7 shows absolute match of coeffi-

cients for model function. Starting with &=5.10 eV/A LSM demonstrates significant errors relatively

to model coefficients. Probably, it is connected with the fact when maximal polynomial power is fixed
it is impossible to account high-order terms (4,—q, ). In the fields of high intensity these contributions

will be included in coefficients (q,—q,). Exact matching of results for LP and LSM for case of 5 points

(except field 0.002 eV/A, where round-off errors are determining) is the proof of above mentioned
consideration about LSM case for non-overdetermined system of equations.

Table 4. Relative errors (%) in model function coefficients determination
LP LSM
5 [ 7 [ 9 | 1 5 [ 7 [ 9 [ 11
model A, ¢,

0.002 0.07 0.09 0.10 0.10 0.14 -0.01 0.01 0.01
0.010 0.05 0.00 0.00 0.00 0.05 -0.13 0.24 0.38
0.020 0.20 0.00 0.00 0.00 0.20 0.53 0.97 1.52
0.050 1.26 -0.02 0.00 0.00 1.26 3.34 6.16 9.78
0.100 5.11 -0.25 0.00 0.00 5.11 13.86 | 26.35 43.30
model B, ¢,

0.002 -0.45 -0.76 -0.96 -1.11 0.08 -0.03 0.07 0.02
0.010 0.12 0.00 0.00 0.00 0.12 0.33 0.60 0.94
0.020 0.50 0.00 0.00 0.00 0.50 1.32 2.42 3.80
0.050 3.14 -0.05 0.00 0.00 3.14 8.37 15.48 24.62
0.100 12.82 -0.74 0.00 0.00 12.82 | 34.99 | 67.02 111.02
model B, 4,

0.002 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
0.010 0.03 0.00 0.00 0.00 0.03 0.06 0.10 0.16
0.020 0.10 0.00 0.00 0.00 0.10 0.23 0.41 0.63
0.050 0.63 0.00 0.00 0.00 0.63 1.46 2.58 3.99
0.100 2.51 -0.02 0.00 0.00 2.51 5.89 10.46 16.26

£(eV/A)

Numerical illustrations

To illustrate the use of all mentioned above considerations we have modeled the process of
fullerene Cgy penetration through the aperture of carbon nanotorus. Carbon nanotorus represents the
structure of looped single-wall carbon nanotube. In our case we considered tore built of topology (5,0)
nanotube with 10 unit cells. Structure on investigated system is given in Figure 7.

Computation was carried with cue;)-CCSD method (see for details [14]) and following FF parame-
ters: £=2.107 eV/A, N,=17, p=12. Average iteration step number for every point is near 51 (for

N,,s =20), with the size of optimizing amplitude vector over 1.5 million parameters. Because of high
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symmetry, number of energy calculations in different field was reduced from 127 to 76 grid points.
Comparison of most significant components obtained for the moment of passing fullerene through
nanotorus aperture, i.e. distance between centers =0, is presented in the Table 5 (components
a.=a, and y = 7,, dueto high symmetry of the system under investigation).

Figure 7. Penetration of fullerene Cg through the structure of carbon nanotorus built from
carbon nanotube of (5,0) topology with 10 unit cells.

Table 5. Calculated values of polarizability and second hyperpolarizability (a.u.) for ;. | ;=0
NI’
N, =5 (LP/LSM) N, =7 LP N, =7 LSM
a, 704.4306 704.4307 704.4300
- 1.2767-10° 1.2760-10° 1.2778-10°
o 4.2533-10 4.2530-10’ 4.2532-10

The difference in given values is insignificant that argues for stable solution obtained, therefore results
are reliable and following investigation as for differentiation is trustworthy.

To estimate the interaction between fullerene and tore it is convenient to carry using corresponding
magnitudes:

7 =100% Z“l (41)
o
o = 100970 (42)

(r)

— average polarizability and second hyperpolarizability on current distance |

where (a) and () ,

between centers; <0{>Z and <7/>Z are sums of non-interacting molecules that are equal to 5.307-10° and
7.658-107 atom units respectively. Dependence of values (41), (42) and y... are presented in Figure 8

and Figure 9 respectively.

In the moment when fullerene is passing through the aperture of tore, the distance between surfaces
of molecules is equal 3.5 A. It satisfies the condition of maximal interaction, decrease of average po-
larizability is of 4%, while average second hyperpolarizability is slightly more sensitive — 7%. Interac-
tion decays slowly: at distance . , of 40 A decrease of (y) 1s still near 0.5%. It is worth noting
(Figure 9) the dependence of j__ (z axis coincides with the direction of fullerene movement) has ex-

tremums near 5, =11 A. The reason of it requires posterior investigations.
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Conclusions

The universal recipe for reliable numerical computation of high-order derivatives is the use of sev-
eral approaches and comparing their results. In case obtained values are noticeably different, solution
is unstable and it is necessary to change metaparameters.

LP does not require derivation of interpolation function for every calculation, corresponding ex-
pressions for proper number of points has integer coefficients. For LSM it is also possible not to calcu-
late G matrix equation (27) every time. Since computation of G requires “float128” type one should
carry one computation for certain combination of N, — ¢ and to store resulting G values and then use

them for derivatives calculation.

The use of LP gives results (as can be concluded from Table 4) that are closer to the desired coeffi-
cients of model polynomial so it is preferable to employ LP as numerical approach for high-order de-
rivatives calculation.

Investigated interaction between fullerene and carbon nanotorus fragments revealed that second
hyperpolarizability is the most sensitive, so the impact remains up to the distance equal 40 A. In the
limit » > oo values of ()" and (y)" correctly approaches to <0[>z and <7/>z due to the size-extensivity

of coupled cluster energy. However, despite interaction between given fragments has purely dispersion
nature, cuep-CCSD method gives for the state of maximal interaction (3.5 A) the change of
(y)" near 7%.
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Tlocmynuna 0o pedakyii 7 uepsns 2018 p.

A.B. 3axapos*, B.B. MBaHOB*. O TOYHbIX pacyeTax YMCMNEHHbIX MPOU3BOAHbLIX BLICLIMX MOPSAKOB AN HYX[
KBAHTOBOW XUMUMN.

* XapbKOBCKMIN HaUMOHanbHbIM yHMBepcuTeT nmernn B.H. KapasuHa, xumudeckun cpakynbteT, kadeapa xvmu-
Yyeckoro matepuanoBsefeHus, nnowanb Ceoboasbl, 4, Xapbkos, 61022, YkpauHa

Pa3nnyHble MonekynspHele napameTpbl B KBAHTOBOW XUMWMU MOTYT ObiTb paccyMTaHbl Kak MpPOM3BOAHblE OT
3HEeprnM Mo pasnuyHbIM aprymeHtam. K coxaneHuto, nony4nTb aHanuTUYeckme BblpaXKeHUs ANA UHTEPECYHoLLMX
XapakTepUCTUK B paMKax METOAO0B, KOTOPblEe YYUTLIBAIOT ahEKTI INEKTPOHHOW KOppensauum He Tak nerko. B
0COBEHHOCTN 3TO KacaeTcs Teopumn cBsi3aHHbIX knactepoB (Coupled Cluster, CC). B nogobHbIx cnyyasx, Ha no-
MOLLb NPUXOAMT MeToZ YncrneHHoro andpdepeHumposanus. MogobHbIN noaxoa, kak u nobble Apyrne YNCNEeHHbIe
MEeTOAbl MMeeT pag SMMUPUYECKNX ONTUMU3UPYEMbBIX NapamMeTpoB U PSA OrpaHuYeHun, Tpedbyowmnx ndyyeHus.
HaHHas paboTa npussaHa NPOACHUTL AeTanu UCNONb30BaHNA MeTo4a KOHEYHOro nons Afs pacyeta npovssoa-
HbIX BbiclMX nopsigkos Teopumn CC. lNpegnoxeH obwmii nogxof K BblGOpy napameTpoB M COOTBETCTBYHOLLUME
pekomMeH4aLuM No OLeHKe YNCIEHHON YCTONYMBOCTU. B kavecTBe npumepa peanvsauum metoda KOHEYHOro nons
BblOpaHbl ONTUYeCKMe CBOWNCTBa npouecca nponeTta dyniepeHa ckBo3b CTPYKTYPY YrNepogHoro HaHoTopa.

KnioueBble cnoBa: Npoun3BOAHbIE OT 3HEPrUU, YnUcneHHoe AnddepeHLnpoBaHne, MeTOoh KOHEeYHOro nons,
Teopus CBA3aHHbIX KnacTtepos, runepnonspudyemoctu, DIIS.

A.B. 3axapos*, B.B. IBaHOB". [1p0 TOYHi po3paxyHKuN YNCENbHMUX NOXIOHWMX BULLMX NOPSAKIB AN notped kBaHTO-
BOI XiMmii.

* XapkiBcbkuit HaLioHanbHUI yHiBepceuTeT iMeHi B.H. KapasiHa, ximiyHuin doakynbTeT, kadenpa ximiyHoro marte-
p y p p Y. p
pianosHaBcTBa, MangaH Ceoboau, 4, Xapkis, 61022, YkpaiHa

PisHOMaHITHI napameTpun B KBAHTOBIN XiMii MOXYTb OYT po3paxoBaHi K MOXiAHi Bif eHeprii No pisHMM apryme-
HTaMm. AK BiQOMO 3 niTepaTypHUX OaHUX Ta PO3PaxXyHKOBOro AOCBIAY, SKICTb OUIHKM ONTUYHMX Ta HENiHiMHO-
ONTUYHUX MapaMeTpiB, ki MOXYTb GYTU po3paxoBaHi Sk NOXiAHI BiA eHeprii CMCTEMM MO HaNPY>XEHOCTi 30BHiLLI-
HbOrO eneKTPOCTaTUYHOro MO, € Y AyXe TICHOMY 3B’A3KY i3 TOUHICTIO ypaxyBaHHA edeKTiB eneKkTPoOHHOI Kope-
nauii. Haxanb, oTpyMaTt aHaniTu4Hi BUpasu Ons XxapakTepucTuK Lo LIKaBNATb B pamMKax TakMx METOAIB He ner-
ko. B ocobnueocTi ue ctocyeTtbesa Teopii 3BsidaHux knactepiB (Coupled Cluster, CC). Tomy Tpeba npubiratu go
Bapiauin meTogy YncenbHOro gndepeHuitoBaHHs. Lien nigxig, gk i 6inblWicTe YncenbHUX MeToaiB Mae psig emni-
PWYHMX NapameTpiB, O ONTUMI3YIOTLCS Ta psag obmexeHb, Aki noTpebyoTb AeTanbHOro BUBYEHHS. [aHa poboTa
MOKNMKaHa NpPOSICHNTU OCOBNMBOCTI BUKOPUCTaHHA METOAY CKIHYEHOro Mons AN po3paxyHKiB MOXiOAHUX BULLMX
nopsakie B Teopii CC. 3anponoHoBaHO 3aranbHUi nigxig Ao Bubopy napameTpiB Ta BiANOBIAHI pekoMeHaauii 4o
OLiHKN YMCENBHOI CTINKOCTi. BU3HAYeHO onTMManbHWUiA iHTepBan KPOKy BapitoBaHHS HAMpPY>XEHOCTi eNeKTPpUYHOro
nons Ta KpUTEepIto 3aKkiHYeHHs iTepauiHoi npoueaypu ANs HagiiHOro po3paxyHKy LWyKaHWX noxigHux. NposicHeHo
3aCTOCYBaHHSl MeTody NpsiMoOro obepTaHHs B iTepauiiHoMy nignpocTopi AN NPUCKOPEHHS PilLEHHSA PiBHSAHb
MeTO/iB Teopii 3B’A3aHMX knactepiB. Po3rnsHyTo ocobnueocTi peanisadii anbTepHaTMBHOI NPOEKLNHOT CXeMU Ta
Ti epeKTUBHICTb Y NOPIBHSIHHI i3 cTaHOapTHOW. Ha npuknagi MogensHoro noniHOMy BCTaHOBIEHO, LLO Npuopute-
THMM MiAXOAOM i3 OBOX PO3rNSAHYTUX € MEeTOoZ iHTepronsuii 3a 4onoMorot noniHoMiB JlarpaHxa. Y skocTi npukna-
Oy peanisauii MeTogy CKiH4EeHOro nomnsi obpaHo ONTUYHI BNACTMBOCTI (pynepeHy B NpoLEeci MOro npoXomKeHHs
Kpi3b ByrneLeBuii HaHOTop. BcTaHoBMNEHO, WO HanbinbLWKi BiAryK Y UbOMY NPOLECi CNOCTEpPIraeTbCca Anst opyroi
rineprnonspu3oBHOCTI Ta YyTNMBICTb MiXX ABOMa oparMeHTamMu 3anuiaeTbCst Ha BiacTaHi 6inblie 40 aHrcTpem.

Knro4yoBi cnoBa: noxigHi Big eHeprii, YyicenoHe aMdepeHLitoBaHHSA, METOA CKIHYEHOrO Nosisl, TEOPIst 3B’A3aHMX
knactepis, rinepnonsapu3osHocTi, DIIS.
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* XapbKogcKuli HayuoHabHbIl yHUsepcumem umeHu B.H. KapasuHa, xumudeckul ¢hakynsmem,
rn. Ceobookl, 4, Xapbkos, 61022, YkpauHa

a. e-mail: deniskakalinin31@gmail.com, ORCID: 0000-0003-0965-4433
b. e-mail: 0.yu.konovalova@karazin.ua, ORCID: 0000-0002-6790-4843
c. e-mail: marina x4@i.ua, ORCID: 0000-0002-4844-2495

MeToaoM TOHKOCINOWMHOM XpomaTtorpadumm oueHeHa BO3MOXHOCTb pasferieHust ONleMHOBOW U CTeapuHO-
BOW KUCMOT C NOABWXHbIMK (pasamm Ha OCHOBE MOBEPXHOCTHO-aKTMBHBIX BellecTB. B paboTte nccneposaHo
BMMSIHWE TWNA W KOHLEHTPaLUM NOBEPXHOCTHO-aKTMBHOMO BELLECTBA Ha MapaMeTpbl yAEPXUBaHUSA Uccre-
AyeMbIX KUCMNOT MpU UCMONb30BaHUM HOPMarnbHO-a30BbIX NIIACTMHOK ANs TOHKOCIOWHOW XpoMaTtorpadum
Sorbfil UV-254. OueHuBanu BnuvsiHie Ha NOABWXHOCTb ONEWHOBOW W CTEAapMHOBOMW KUCHOT aHUOHHOMO H-
aofeunncynegaTa HaTpusl, KaTMOHHOIO LEeTUNNUPUAMHUIA Xnopuaa u HeumoHoro TBMH-80 B MHTEpBane KoH-
LeHTpaumn ot 1-10° monb/n £o 0.1 monb/n. Takke uccnegoBany CMeLlaHHble NOABWXKHbIE a3kl HA OCHO-
Be ABYX MOCMNEeAHUX MOBEPXHOCTHO-AKTMBHBLIX BELLECTB, B3ATbIX B Pa3fMYHbIX KOHLUEHTpaumsx. pH antoeH-
TOB BapbupoBanu B mHTepBane ot 1 go 9. [lobasneHne 2-nponaHona B NOABWKHYIO dasy, CoAepKallyto
NMOBEPXHOCTHO-aKTUBHOE BELLECTBO, HE MPUBOAMIIO K YIyyleHU0 3EKTUBHOCTU pa3deneHnss KUCnor.
Haunyuwmue pesynbtathl 66111 NOMyYEHbI C AMIIOEHTOM, COAEPXKALLUM 1-10"° monb/n LeTUNNUPUANHUIA XI10-
pvaa n TeTpabopaTHbIi 6ydepHbIi pacTBop ¢ pH 9. MpeaBapuTensHas MoauduKkaunsi NOBEPXHOCTU CUMNK-
Karenst LeTunnupuavHuin XnopuaomM He M3MeHsina pesynbTaTbl XpoMaTorpadupoBaHus. [ns BblSCHEHUS
CBSI3U YAEPXMUBaHUS KACMOT C ANMHOW YrieBOAOPOAHOro dparMeHTa, a, crefoBaTenbHO, BKraga rmapo-
¢Oo6HbIX B3anMOOeNCTBUN, B CUCTEME CO CMELLaHHOW NOABWXHOM ha3oi Ha OCHOBE LIETUNMUPUAMHUIA XIT0-
puga n TeuH-80 npn pH 3 xpomaTorpacdupoBany MypaBbUHYIO, YKCYCHYIO, NMPOMMOHOBYHO, FEKCAHOBYH U
MUPUCTUHOBYIO KMCIOTbl. HaumeHbllas noaBwXKHOCTb Habnwganace AN MUPUCTMHOBOW  KUCIOThI
(IgP0w=6.09£0.19), 4yTO yKasbiBaeT Ha OYeHb CUJSIbHble MTMAPOGOOHLIE B3aMMOAENCTBUS KACMOTbI C MOAU-
(PULMPOBaHHOM NMOBEPXHOCTHO-AaKTUBHBIMU BELLLECTBAMW NMOBEPXHOCTLIO cunukarensi. Takue B3auMoaencT-
BUSA SIBMSIKOTCA OCHOBHOW MPUYMHOWM MIOXOW MOABWMXKHOCTM uccrnenyembix onenHoBon (IgPom=7.7+0.2) n
cteapuHoBon (IgPow=8.22+0.19) kncnoT B cMCTEME C 3MI0EHTaMU, COAEPXKaLLUMMN NOBEPXHOCTHO-aKTUBHbIE
BellecTBa. [INs NposiBNEHNs 30H KUCIMOT MOCne XpomaTtorpadmpoBaHusl UchbITbiBanu: pactesop docdop-
HOMONMMBAEHOBOW KUCMOThI, pacTBOP poAamMuHa b, pacTBop CepHON KMCMOTbl U MOAHYK kamepy. Jlydiias
Bu3yanusauma TCX-xpomaTtorpamm SOCTUrHyTa Npy ONpbICKMBAHUWN MAACTUHOK 6 %-HbIM pacTBOpPOM cep-
HOW KUCIOTbI B 3TAHOME C nocrieayrowmm HarpeBannem mx npu 110 °C.

KnrouyeBble cnoBa: TOHKOCMOWHas xpomaTorpaqam, CTeapuHoBaa KUCNoTa, onenmHoBad KWUCIoTa, Mno-
BE€PXHOCTHO-aKTUBHOE BELLECTBO.

BBegeHue

JKupHble KHCTOTHI BXOISAT B COCTAaB XMBOTHBIX M PAaCTUTENBHBIX )XHPOB. B cocTaB pacTUTENBHBIX
Macell BXOAAT JIMHOJIEBAsl, OJEWHOBas, CTCAPUHOBAsI, MUPUCTHHOBAS, MAILMUTHHOBAS, JICHOJICHOBAs
kucioThl [1-3]. [IpudeM, oTHOLIEHNE KOHICHTPALMHA 3TUX KUCIOT MHAMBUAYAIBHO IJIsl JAHHOTO pac-
TUTENLHOTO Macia. Hampumep, AJst MOJCOTHEYHOTO Maciia OTHOIIEHNE KOHIIEHTPAIINI CTeapuHOBOU U
OJICMHOBOM KHCIOT mopsiaka 0.2 equHuIl, a 1uis 60j1ee JOPOrocTosIero omBkoBoro Macia — 0.04 [3].
Torpa no naHHOMY mapamMeTpy Ajsl aHAJIU3HPYEMOro oOpasiia MOXKHO BBISBIISTH Haduuue Qanbcudu-
Kalli¥ OJIMBKOBOTO Maciia J00aBKaMH IOACONHEYHOTO. CTeapHHOBYIO KHCIIOTY OTHOCSAT K HACHIIICH-
HBIM JKHPHBIM KHCIIOTaM, a OJIEMHOBYIO KHCJIOTY, COACPIKAIIYIO B YIJIEBOJAOPOAHON e ONHY IBOW-
HYIO CBSI3b, K HEHACHIIIIEHHBIM KHCJIOTaM 3Toro kiacca [1,4,5] (Puc. 1).

st KOHTPOJST COllepKAaHUS KUPHBIX KHUCIOT B PACTUTENBHBIX Maciax MCIOJIb3YIOT METOIBI ra3o-
Boii [3], BeICOKOA((heKTUBHOM KuAKOCTHOM [6] 1 ToHKOcHoHHOM (TCX) [7,8] xpomarorpaduu. Ilep-
BBIC JIBa METOJa CBS3aHBI C UCIIOJIL30BAHUEM JIOPOTOCTOSIIEr0 000PYIOBAHUS U BHICOKOKBATU(HIIN-
poBaHHOTO nepcoHana. B pabore [7] ucnoan3ytoT B kadecTBe moaBkHBIX (a3 (I1D) cmecn nensHoi
YKCYCHOM KHCIOTHI (KJIacC TOKCUYHOCTH 3), TIeTpolieitHoro 3¢upa (kiacc omacHocTH 3), xiopodopma
(xmacc Tokcmuroctd 2) [9]. Ilpumenenne 1D Ha OCHOBE pacTBOPOB MOBEPXHOCTHO-aKTHBHBIX Be-
mecTB (IIAB) mo3BossieT 0Tka3aTbes OT TOKCUYHBIX OpraHUYeCcKUX pacTBopuresnei. Kpome Toro, mpu

© Kanunun /J1.B., Konosanosa O.10., Hospenko M.H., 2018
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HCIOJIb30BAHUH DITIOCHTOB conepxaniux [TAB, ornamaer He0OXOAUMOCTh HACKIIICHUS XPOMATOrpa-
(uyeckoit kamepsl [10-13]

[lenpro TaHHOTO WCCIIEOBAHUS SBISUIOCH YCTAHOBIICHUE BO3MOXKHOCTH Pa3felieHUs] CTEapUHOBOM
U OJICMHOBOW JKHUPHBIX KHCIOT Ha JICHIEBBIX HOpMalbHO-(Pa30Bbix TCX-MIacTHHKAX C SIIOCHTAMH,
coaepxkamumu [TAB.

O ?}
HO 0
HO
a

O

Pucynok. 1. CreapunoBasi (a) 1 ojenHOBast (0) KUCIOTHI

IKcnepuMeHTasibHas 4acTb

Hcnoan3yemble peakTUBBI: 1o (X.4., AJutxuM, YKpauHa), pogamuH b (x.4., AjrxuM, YKpanHa),
(dhochopHOMONTUOIEHOBasT KuchoTa (X.4., AJuixuMm, YkpauHa) H-mouerwiicyibdar Harpus (JACH,
Merck, conepxanne ocHOBHOTO BemiecTBa 98.1%, ['epmanust), HETHIMTUPUINHANA XJIOPHU MOHOTUIPAT
(IIITX, Merck, maccoBast 107151 OCHOBHOTO BemecTBa 96%, MaccoBas moiist Boasl 4.5-5.5%, ['epmanms),
Teun-80 (mnotHocts 1.074 r/em’, AppliChem GmbH, I'epmanus), MypaBbuHas KucioTa (4.1.a., Mak-
POXHM); YKCyCHasl KucioTa (4.1.a., MakpoxuMm, YKpanHa), MponroHoBasi kucioTa (4., EpeBanckuit
3aBOJI XMMPEAKTUBOB, APMEHHUs), TeKCaHOBasl KUCIOTA (4.1.a., MakpoXuM); MUPHUCTHHOBAsT KUCIOTA
(x.4., Sigma-aldrich, CIIIA); onenHoBas kuciota (x.4., Sigma-aldrich, CIIIA), creapuHoBas KuciaoTa
(x.4., Sigma-aldrich, CLLIA), cepnas xucnora (4., XumaaboppeakTiB, YKpauHa), 3TaHON (X.4., 00BbeM-
Hast gona 96%, Makpoxum, YkpauHa), 2-npomaHon (4.m.a., MakpoxuM, YKpauHa), Xjiopodopm
(dapm., Yrpxumdkcro). pH amroedTa 1, 2 co3maBaiy ¢ MOMOIIBIO XJIOPOBOAOPOIHON KHUCIOTHI (X.4.,
Xummnaboppeaktus, YkpauHa); pH 3, 4 — ncnomnp3ysl TMMOHHYIO KHCIIOTY (X.4. AJIJIXUM, YKpauHa),
THIPOKCHI HaTpus (X.4., AJUIXuM, YKpauHa) ¥ XJIOPOBOAOPOIHYIO KHCIOTy; pH 5-7 — ncnonb3ys
ruapodochar HaTpus (X.4., AlmxuM, YKpawHa) u auraapodocdar kamms (X.9. AJUIXUM, YKpawHa);
pH 8, 9 — ncnonp3ys terpabopaT HaTpHUs AECATUBOAHBIN (X.4. AJUIXUM, YKpanHa) U XJIOPOBOJOPO/I-
HYIO KHCIOTY. PacTBop ruapokcuaa Hatpus, CBOOOIHBIH OT KapOOHATOB, TOTOBMJIM MO METOMAUKE,
omucaHHOW B padore [14], cTaHIapTU30BANK IO HABECKAM aIUITHHOBON KUCIIOTHI.

Jlns mpuroroBnenus 1P ucnonp30Bany OMIUCTHUTMPOBAHYIO BOay. MIcXogHBIE pacTBOPHI ¢ KOH-
nentpauuei 0.2 MOJIB/T MypaBBHHOM, YKCYCHOM, MPOMUOHOBOM, T€KCaHOBOW, MUPHUCTHHOBOH, CTea-
PHHOBOH U OJIEMHOBOM KHCJIOT TOTOBHMJIM PACTBOPEHHUEM TOUHBIX HABECOK MJIM AJIUKBOT B XJIOPOdOp-
Me. PabGoune pacTBOPHI MOTyJaid, pa30aBiisisl HCXOTHBIE XJIOPOGHOPMOM.

O6opynoBanne. CTEKISTHHBIC KaMepbl JJIsl XpOMaTOrpaQupOBaHUsl, IUTACTHHBI IJIsl TOHKOCIIOHHOM
xpomatorpaduu Mapku [ITCX-AD-A-YO (TVY 4215-002-43636866-2007, Sorbfil, Poccus), mukpo-
mpul ¢ ueHod naeneHust 0.1Mxn. 3Hauenne pH onpepensyii NOTEHIMOMETPUYECKUM METOAOM C
pH-merpom pH-150MU n xomOnHUpoBaHHBIM 31eKkTpogoM JCK-10603.

BennuuHbl norapu(MoB KOHCTaHT paclpelesIeHusi KUCIOT B cucTeMe okTanon-Boaa (lg Poyy) pac-
CUHTHIBAIH, HCITONB3Ys porpammy ACDLabs 6.0.

Pe3ynbTaTtbl M chymneHml

Bri0op nposiBUTesISI AJISI XMMHUYECKOH BU3yaJIM3aLMU XpoMaTorpamm. Jljig mposiBICHUS 30H
KHCIIOT TIOCIIE XpoMaTorpadHupOoBaHMs HCIOIL30BaIN pacTBOp (hochopHOMONMHOICHOBOW KHCIOTHI,
pactBop ponamMuHa b, pacTBOp CEpHOI KHCIIOTHI U HOJHYIO KaMepy.

B ciydae XuMHUECKON BU3yadH3allid XpOMAaTOrpaMMBbl ONPBICKUBAIN 4 %-HBIM pacTBOpPOM (oc-
(hopHOMONHOICHOBOM KHCIIOTH B 3TAHOJE C MOCICAYIONICH TEPMUIECKOW 00pabOTKOM B CYIIHIEHOM
mkady npu 120°C [15,16] u Habmogany CHMHUE NSATHA KHCIOT Ha kenroMm ¢one. OnHaKo, Ha Iuia-
CTHHKaX MOSBIBUIINCH CHHHE Pa3BOJIbI, YTO 3aTPyIHSIO HAOJIOJCHUE UCKOMBIX 30H KHCIIOT U MCKaXKa-
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JI0 pe3yNbTaThl aHanMu3a. B ciydae paboTsl ¢ munemsapapivMu [1D dacTh mIacTHHKY HUXKE MUIIEIUISP-
HOTO (PpOHTA OKpAIINBATIACH B KEJITHIN [[BET, MACKUPYS MATHA aHAJIUTOB.

[Tocne BeIIEP)KMBaHUS TUIACTUHOK B KaMepe, HACKIIEHHOW apamu Hoja [15,16], nabmoganm xei-
ThIe TIITHA Ha OenmoM ¢dore. OmHaKo, mocne XpoMmarorpadupoBanus ¢ muneusipHeiMu [1D Habmoma-
JIOCHh OKpAITMBaHUE B JKEIITHIN IBET 00JIACTH HMKE MUIIEIUIIPHOTO GpoHTA. ITO Memano oOHapyxKe-
HUIO 30H UCCIIEYEMbIX KHUCIIOT.

IIpu nposasnenun TCX-xpomarorpamm 0.4 %-HbIM BOJHBIM pacTBOPOM poaaMuHa b HeokpaiieH-
HBIE 30HBI KUPHBIX KUCJIOT OBLIO CII0XKHO HAOIIOAaTh HA pO30BOM (pOHE.

Jlyumne pe3ynpTaThl ObUIM MOMyYEHBI MPH XUMHUYECKON BU3yaJIM3allU MATEH ONPBHICKHBAHUEM
6 %-HBIM pacTBOPOM CEPHOI KHCIOTBHI B 3TAaHOJE C MOCIEAYIOUIeH TepMUUecKoi oOpaboTKoil B Cy-
mnsHOM mikady mpu 110° C. [Ipu aTom Habmonanu Ha 6e1oM (OHEe KOPHIHEBO-CEpPhIE MATHA aHAIU-
ToB. Kpome Toro, o6macTp HMXe MHIEUIIPHOTO ()POHTA MPH TPOSIBICHHUH HE OKPAIIUBANACh, YTO
JeTaio BO3MOXKHBIM HaOJII0IeHHE TISITEH KUCIOT Ha TIACTUHKE.

Bansaue Tuna u xkonuentpanuu ITAB Ha mapamerps! yaep:kuBaHus CTEAPHHOBOM W 0J1eH-
HOBOI KHCJIOT. V3BeCTHO, UTO B MpoIecce XpoMarorpadupoBaHusl MOBEPXHOCTh CHIIMKATelss MOJTH-
¢ummpyetrcas monomepamu IIAB 3a cuer ux copbumu Ha Heil. Ilpuyem, mOpsSAOK AIMIOUPOBAHUS HA
TaKol MOAW(UIMPOBAHHON MOBEPXHOCTH COBMANACT C MOPSIAKOM B OOpameHHO-()a30BOH XpOMaTo-
rpaduu. Munemist [IAB comoOumu3upyoT HepacTBOPUMEIE B BOJie KOMIIOHEHTHI, YTO TAET BO3MOXK-
HOCTb OTKa3aThCs OT MIPUMEHEHH JIETyUnX opraHnudeckux pactopurteneit [10-13]. B pabote ncrnomns-
3oBanu AmoeHThl Ha ocHOBE [TAB (anuonnoro JICH, xatuonnoro LITX, nemonoro Tun-80), a Takke
3t0eHThl, coaepxkamue cMech LIITX u TBun-80. Konuentpanuu [IAB B pacTBOpax BapbHUpOBaiu HU-
Ke KpUTHIECKOH KoHTleHTpanuu mutermooopa3osanus (KKM), mpu KKM u Beime KKM. B nccneno-
BaHUH TAaK)X€ BapbUPOBAIN KUCIOTHOCTH 3TIOEHTOB B MHTepBasie pH ot 1 110 9.

[Ipu ucnonszoBannu pacreopoB JICH msiTHa KHCIOT OCTaBaIMCh Ha cTapTe BO BceM nHTepBaie pH.
B o6xactu pH BrITe 6-7, TOe CHITAHOIBHAS TTOBEPXHOCTH MPHOOpPETAET YACTHUHBIN OTPHUIIATEIBHBIN
3apsaz [17], Momupukanus MOBEPXHOCTH, BEPOSTHO, OTCYTCTBYET BCIICACTBHE DJICKTPOCTATHUCCKOTO
OTTAJIKUBaHUs OTPUIATENBHO 3apsKEHHBIX MOHOMepoB wiu Muuet JJCH u nuccounmupoBaHHBIX CH-
JAHONBHEIX Tpymi. KpoMe TOro mpu KHCIOTHOCTH 3IIOSHTOB BhIie pH 6 ojenHOBas u creapuHOBast
KHCJIOTHI JUCCOLIMUPOBAHBI IO KapOokcuinbHOM rpymme (pK, cocrasmser 5.02 u 4.75 cOOTBETCTBEHHO
[18]), uTo MpensATCTBOBAJIO CBA3BIBAHUIO C OTpHUIaTeNbHON noBepxHocThio mutlemn JCH [19]. B ku-
cioit obnactu ¢ pH<2, rae cunaHoJbHBIE TPYNIBl CUIMKAreis NpoToHupoBansl [17], nobasku JCH
TO’KE HE MPUBOIIIIN K YITyUIICHAIO XpOMaToTrpadpupoBaHHsL.

[Ipumenenue 3m0eHTOB Ha ocHOBE TBHH-80 Taxke HE MPUBEJIO K CMEIEHUIO OT JIMHUU CcTapTa M-
TeH KHUCcOT. [lonspHas moBepxHOCTh cunukarens moaupunupoBanack [IAB 3a cuer oOpa3oBanus
BOJIOPOJHBIX CBSI3CH MEXKITy CHIIAHOJBHBIMU TPYIIIIaMU COpOEHTa U ATIICHOKCHIHOH 1enbio TBHH-80.
OTO NMPUBOAWIO K CHIBHOMY YJEPKUBAHHIO KHCIOT Ha OOpamieHHONW MOBEPXHOCTH CHIIMKArenis 3a
cueT ruIpodoOHBIX B3aUMOACHUCTBHUI 1 BOJAOPOIHBIX CBSI3EH.

B ciygae smoenToB Ha ocHoBe LIIIX HaOmromansock n3MeHeHHe MOBeAeHHs KUCIOT. KoHIeHTpa-
w0 ITAB BapbupoBanu ot 1107 mons/m 1o 0.1 monb/n. HanGomblyto MOIBHKHOCTE ONCHHOBOI
KHCIIOTHI Habmonamy npu kouuenTpamuy ITAB 1-107 mons/1 1 0.1 mons/1 mpu pH 9. Bo Bcex ciyua-
SIX CTEapUHOBAs KUCJIOTa OCTaBaJlach HA JIMHUU CTapTa.

[pu xonuentparmu LIIX 1-10” MONB/T, BEPOATHO, MPOUCXOMMT HEIOIHOE MOKPHITHE OTPHUI[A-
TENbHO 3apsSHKEHHOI MOBEPXHOCTH CHJIMKArelss MOJOXHUTEIbHO 3apssKeHHBIMH MoHoMepamu ITAB.
Torma, ¢ omHOH CTOpPOHBI, XpoMaTorpaduuecKoe pas3eieHue OJCHMHOBON KHCIOTHI 0OecrieurBaeTcs
ruapoOOHBIMI B3aMMOJICHCTBUSIMU €€ YTIIEBOIOPOIHOTO (hparMeHTa ¢ THAPO(HOOHOH YacThio CBS-
3anHoro L{I1X. C npyroif cTOpoHBI, UMEET MECTO AJIEKTPOCTATHUECKOE OTTAJIKHBAHHUE THCCOLUUPO-
BaHHOH KapOOKCHJIBHOW TPYMIIbI KHCIOTHI, a TAK)KE €€ ABOMHOM CBSA3M OT OCTATOYHBIX AMCCOLUHPO-
BaHHBIX CHJIAHOJBHBIX TPYII IMOBEPXHOCTH copOeHTa. B ciyuae creaprHOBOW KHCIOTBI AJIEKTPOCTA-
TUYECKHE B3aMMOJCHUCTBUS O0ECIIEYMBAIOTCS TOJBKO 3a CUET JWCCONHWHMPOBAHHOW KapOOKCHIBHOM
rpynmnsl. [ToaToMy cTeapuHOBas KMCIOTa HE CMeIIaiach OT JUHUM CTapTa.

B I1® ¢ xonnenTpanueit L{I1X 0.1 Monb/nm Ha TUTacTHHKE HAOIIOANIOCH TPU (HDPOHTA: MUIICIUISIP-
HEIH, pacTBopa MoHOMepoB LII1X B Bome u Boanbii. [losBienue Tpex GpoHTOB IpH paboOTe ¢ MUIICI-
nsapaeivu 11O Habmronamm u B padorax [11,12]. [IaTHO 0JIeMHOBOI KUCTIOTHI PaCTITUBAIOCH OT JIMHUU
CTapTa 0 YPOBHS MHUILEUISIPHOro (h)poHTa, KOTOPHIH HE MOAHUMAJICS BBIIIE CEPEAMHBI IUIACTHHKU.
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BzaumopeiicTBre OJEHMHOBOW KHCJIOTHI, TJIaBHBIM 00pa3oM, IIEKTPOCTATHUECKOE C IOJIOKHUTEIHHO
3apsHKEHHOM MOBEPXHOCTBHIO MUIIEIUT OTPAaHUYMBAET €€ TiepeMellleHue 110 TUTACTHHKE.

H3BecTHO, UuTO 100aBKM OPraHUYECKUX MOAN(UKATOPOB, B YACTHOCTH 2 - IPOMAHOJA, IPUBOIST K
nolrydeHuro Ooyiee kKomMnakTHBIX TsiTeH [10,20,21]. O6bpeMHyto momto 2-niponanona B [1D Bapeuposa-
mu ot 1 10 20 % (Tabmuma 1). [Ipu paboTe ¢ MUTIEIIISPHBIM TIOEHTOM T00aBKH CIIMPTa CYIIECTBEHHO
HE WU3MEHSJIM TMOJBWKHOCTH OJICMHOBOM KHCIOTHI Ha IuiacTuHke. B ciyuae II®D, coapepxkaiein
1-107° moms/n IIIX, yBenHueHye 0T CIMPTA MPUBOIMIO K YMEHBIICHHIO HOIBIKHOCTH OJICMHOBOI
KHCJIOTBI, O/THAKO, TIOJTHOTO OTPHIBA TISITHA KUCIOTHI OT JTMHHUH CTapTa He HaOmoaanock. CTeapuHOBas
KHCJIOTa OCTaBaJlach Ha JMHHUHU CTapTa.

Tabéauua 1. Brusane no6aBok 2-mpomaHoia Ha XpoMaTorpapuuecKoe MOBEIeHHe CTEAPHHOBOW U OJICHHOBOM
KucioT, t =23 °C

CwMeleHre oT JTUHUH CTapTa, CM
OGbemias 1ot CocTaB MOABMKHOMN (1)2131)15
crmpra, % 0.1 monw/n LITX, pH 9 1-10™ monw/n HITX, pH 9
’ CreapunoBas OJenHOBas KU- CreapuHoBas OnenHoBas
KHCJIOTa cJI0Ta KHCJIOTa KHCJIOTa

0 0 0-1.2 0 0-4.8

1 0 0-1.6 0 —

3 0 0-1.3 0 —
5 0 0-1.1 0 0-4.8
10 0 0-1.1 0 0-2.7
15 0 - 0 0-2.2
20 0 — 0 0-1.9

Jns momudukanuu 11 B paborax [22,23] mpemaraeTcst HCMOIB30BaTh M00aBku HenoHoro [1AB
TeuH-80. B moaBmwxkHBIE (a3bl, ComepKamiie 1-10”° momb/n 1 0.1 Monb/1 HIIX, nobapmsmu TeuH-80,
ToJTyuast ero KOHIEHTPAIHIo paBHoii 1-10° Moms/1 u 0.01 MONB/M B KOHEUHEIX pacTBopax. pH mroeH-
TOB BapbupoBaiiu oT 1 10 9. CyIIecTBEeHHOTO U3MEHEHUS B XpoMaTorpahuIeckoM MOBECHUH KUCIOT
HE HaOIF01aI0Ch.

B pabote uccienoBaiy BO3MOXKHOCTD MPEIBAPUTEILHON MOJU(PHUKALIUN TTOBEPXHOCTH CHIIMKATeIIs
HETWINMUPUANHUE XJIopuaoM. s sToro HopMmanbHO-(pa3oBble TUIACTHHKY NoMemand Ha 1 4 B pac-
TBOpHI ¢ KoruenTparueit LIITX ot 1107 Moms/1 10 0.1 MOJIB/I ¢ MOCTEAYIOLIMM XpoMaTorpabuposa-
HueM B 1D ¢ Temu xe koHrneHTpanusmu [IAB. KuCIOTHOCTE 37TF0€HTOB U pacTBOPOB IJIsT MOAM(HUKA-
UM U3MeHsUM B auana3oHe pH ot 1 mo 9. Yiyumienus pe3ynsTaToB XpomarorpadupoBaHus He Mpo-
WCXOIUJIO.

HccaenoBanue BAMSAHUA THAPO(POOHOCTH KUCIOT HA XpoMaTorpapuueckoe nopeaenmne. Kak
BUJIHO U3 OMHCAHHOTO BBIIIE IKCIEPUMEHTA, 3HAUUTEIHHOE BIMAHNE Ha yAepKUBaHHUE OJICMHOBOHN M
CTEapuHOBOHM KHCIIOT OKa3bIBAIOT THAPOPOOHBIE B3aMMOJCHCTBHSA MX YTIIEBOJOPOJHON 9acTH C MO-
TUGUITIPOBAHHON MOBEPXHOCTHIO CHIIMKArens. /| BBIACHEHUS CBS3M YIEPKUBAHHS KUCIOT C JUIH-
HOH yTJIEBOJOPOTHOTO (hparMeHTa, a, CIeJoBaTeNbHO, BKiIaaa THAPO(GOOHBIX B3aUMOICHCTBHI B CHC-
TeMe, XpoMaTorpapupoBaIl MypaBbHHYIO, YKCYCHYIO, IPONHOHOBYIO, TeKCAHOBYIO U MUPHUCTHHOBYIO
KACIOTEL. B cMmemanHoi moxBmkHOU daze, copepxameit 0.1 momp/n LI1X, 0.01 mons/n TBuH-80,
nojaepxuBanu pH 3 ans mepeBeneHHs BceX KHCIOT B MPOTOHHPOBAHHYIO (POpPMY M yMEHBLICHHS
pOJIN AIIEKTPOCTATHUECKUX B3aMMOJEHCTBUM B cucteme. Kak BUAHO M3 pUCYHKA 2 OT JMHMM CTapTa
CMECTHITUCH BCE KHCIIOTHI, KpOME MUPHCTUHOBOH. J[st kucmoTel ¢ 14 atomMamu yriepoja (MAPHCTH-
HOBas KHCJIOTa) UMEJIH MECTO CHIIbHBIE THAPO(OOHBIE B3aNMOACHCTBHUS C TOBEPXHOCTHIO, MPETIATCT-
BYIOIIIUE CMEUICHUIO OT TMHKUU cTapTa. [lonoOHOe moBeneHre HabII0AAN0Ch TSl UCCISYEMBIX OJICH-
HOBOH U CTeaprUHOBOM KUCIOT (18 yriaeponHsix aToMOB). Bee KHCTIOTHL, MATHA KOTOPBIX CMECTIUTUCH C
JUHAHA CTapTa, UMEIOT HEeBBICOKWE 3HadeHus lgP,.. Hanbonbimee 3HaueHme STONH KOHCTAaHTH y
rekcanoBod KucIOTH (1gP,y=1.84%0.18). JInsg MUpHCTHHOBOW KHCIOTHI Benu4uHa IgP,,, cocraBmia
6.09+£0.19. [ns uccnenyeMblx B padOTE ONEMHOBOW M CTEAPWHOBOW KHUCIOT BeIW4HHBI I1gP,., erme
ooxpire u coctaBistoT 7.7£0.2 u 8.22+0.19 cooTBeTcTBEHHO. B Cilydae ONeMHOBOU KHCIOTHI 3HAYH-
TEbHOE BIMSHNE Ha €€ TIOBHKHOCTh OKa3bIBAET €Ille M HaJIne BOWHOW CBS3H B YIIIEPOIHOM ey,
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YTO U NPUBOAUIIO K CHJIBHOMY PACTSXKCHHUIO €€ IIATHA OT JIMHUU CTApTa, B TO BPEMA KaK CTCApHUHOBAA
KHCJIOTA IMOJTHOCTBIO OCTaBaJlaCh Ha CTapTe.

0000,

12 3 45

Pucynok. 2. Xpomarorpamma MypaBbsuHO# (1), ykcycHo# (2), mpornoHoBoii (3), rekcaHoBoi (4) ¥ MEPUCTHHO-
BOH (5) KUCIIOT B cMemaHHO# moasmxHO# (ase 0.1 mos/i LITX, 0.01 mons/n Teuu-80, pH 9.

BbiBOADI

Hawnnyummue pesynbratsl mo TCX-pa3neneHnto 0IEMHOBON W CTEapUHOBOW KHCJIOT OBLUTH JOCTHT-
HYTBI C [OABIKHOM (a3oii, comeprkameii 1107 MOIb/I HETHIMMPHANHANR XTOPHIA U TeTPabopaTHbIil
Ooydepnsiit pactBop ¢ pH 9. JlobaBku 2-nponanonia wiud TBuH-80 B [IAB-comepxalyro MoaBHKHYIO
(a3y He IPUBOIMIN K YIydiIeHH o 3()(HEeKTUBHOCTH pasaeneHus. OCHOBHON MPUYMHON IUIOXOU MOJ-
BIDKHOCTH JKHPHBIX KHCIIOT B Xpomarorpadudeckoii cucteme ¢ [IAB-comepkamuMu dIFO€HTaMH SIB-
JISIIOTCST CHIIbHBIE THAPOQOOHBIE B3aMMOAEWUCTBUS KHCIOT ¢ MoauduuupoanHoil ITAB mosepxHO-
cThto. Jlyumas Busyanmusanus TCX-xpomarorpamMm JIOCTUTHYTa INpPH OINPBICKMBAHWUU IUIACTHHOK
6 %-HBIM pacTBOPOM CEPHOM KHCIIOTHI B 3TaHOJE C MocieayomuM HarpeBanueM ux npu 110 °C. Ta-
KOl NpOsBUTENbh HE OKpAaIINMBajl 00NAacTh HUXKE MUILEIUIIPHOTO (PPOHTA, YTO CHAENAIO BO3MOKHBIM
HabroneHue nsaTeH ananutoB Ha TCX-miacTHHKeE.
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0.B. Kaninin*, O.}0. KoHoBanoea*, M.H. [JospeHko*. OuiHka moxnusocTi TCX-po3aineHHs cTeapMHOBOI Ta one-
THOBOI KMUCIOTU 3 eNntoeHTamu, Wo Mictatb MNAP.

* XapkiBcbkuii HauioHanbHWiA yHiBepcuTeT iMeHi B.H. KapasiHa, ximiyHui dhakynbTeT, mangaH Ceoboawu, 4,
Xapkis, 61022, YkpaiHa

MeTogom ToHKoLapoBoi xpomaTtorpadii OLiHEHO MOXIUBICTb PO3AiINEHHS ONEiHOBOI Ta CTeapMHOBOI KUCMOT 3
pyXoMyMKM pa3amMm Ha OCHOBI NMOBEPXHEBO-aKTUBHUX Pe4OBUMH. B poboTi gocnigkeHo BNNMB TUMY Ta KOHUEHTpaLii
NMOBEPXHEBO-aKTUBHOI PEYOBVMHU Ha NapameTpu yTPUMyBaHHS KUCIOT, WO AOCHIAKYIOTb, NPU BUKOPWUCTaHHI HOp-
MarnbHO-(ha3oBKX NNACTUHOK AN TOHKoLapoBoi xpoMaTorpadii Sorbfil UV—254. OuiHioBanu BNNnB Ha pyxoMmicTb
OneiHOBOI Ta CTeapUHOBOI KMCMOT aHiOHHOro H-no,u,eu,mncgnbcbaTa HaTpito, KaTIOHHOro LeTUNnipuanHin xnopuay
Ta HeioHHoro TeuH-80 B iHTepBani koHueHTpadin Big 1-10™ monb/n go 0.1 monb/n. Takox gocnigxyBanu 3MillaHi
pyxoMi ¢pa3n Ha OCHOBI 4BOX OCTaHHIX NOBEPXHEBO-aKTUBHUX PEYOBWH, Y3TUX Y Pi3HUX KOHLUEHTpauisx. pH ento-
eHTiB BapitoBanu B iHTepBani Big 1 Ao 9. [JogaBaHHA 2-npornaHony B pyxomy asy, Lo MicTuna noBepxHeBO-
aKTUBHY PEYOBMHY, He MPU3BOAMMNO A0 MOKpaLLeHHS edeKTMBHOCTI po3AineHHs kucnoT. Havikpalli pesynbTtatu
Oyno OoTpMMaHO 3 ENIFOEHTOM, L0 MICTUB 1-10° monb/n LeTUNNipUAVHIA xnopuagy Ta TetTpabopaTtHun BydepHuii
po3unH 3 pH 9. lMNonepeaHs moaudikauis NoBepxHi cunikarento UeTUNnipUAMHIA XNOpMAOM He 3MiHioBana pe-
3ynbTaTiB XpomatorpadyBaHHs. [nsi BUACHEHHS 3B’3Ky YTPMMYBaHHSA KWUCMOT 3 [JOBXWMHOK BYrNEeBOOAHEBOro
dparmeHTy, a, oTXKe, Bknagy rigpodobHrx B3aeMopi, B CUCTEMI 3i 3MiLLaHOK PyXOMOK (ha3oro Ha OCHOBI LieTuI-
nipuaunHin xnopuay ta TeiH-80 npu pH 3 xpomatorpadysanu mypaluvHy, oLuTOBY, NPOMNIOHOBY, rEKCaHOBY Ta Mi-
PUCTUHOBY KMCNOTU. HanmeHLwa pyxoMicTb cnocTtepiranacb Ans MipucTtnHoBoi kncnotn (IgP.w=6.09+0.19), wo
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BKa3ye Ha OYyXe CWMbHi rigpodoOHi B3aeMOLii KUCOTU 3 MOANKIKOBAHOK MOBEPXHEBO-aKTUBHUMU PEYOBUHAMU
noBepxHeto cunikarento. Taki B3aemofii € OCHOBHOK MPUYNHOI NOraHoi pyxoMocTi oneiHoBoi (IgPqw=7.7+0.2) Ta
cteapuHoBoi (IgPow=8.22+0.19) KNCNOT B CUCTEMI 3 ENTIOEHTAMMU, L0 MICTATb NOBEPXHEBO-aKTUBHI pevyoBUHM. [a
NPOSIBNEHHA 30H KUCMOT Micns xpomartorpadyBaHHsa BUNpo6oByBanu: po3ynH docopHoMonibaeHOBOI KNCNoTu,
po34MH pogamiHy B, po3unH cynbdaTHOi KMcroTu Ta MogHy kamepy. Kpawa izyanisauis TCX-xpomaTorpam
[ocsirHyTa nig yac obnpuckyBaHHS nnacTuH 6%-BMM pO34MHOM Cynb(aTHOI KUCNOTKM B €TUOBOMY CNUPTI 3 Mo-
Janbwmm HarpisaHHsaM ix npu 110 °C.

KnroyoBi cnoBa: ToHkowapoBa xpomartorpacpisi, CTeapuHoBa KuCroTa, ofieiHoBa KucrnoTta, NoBepXHEBO-
aKTVBHA peYoBMHa.

D.V. Kalinin*, O.Yu. Konovalova*, M.N. Doyarenko*. The estimation of posibility of stearic and oleic acids'
TLC-separation with eluents containing surfactants.

* V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv, Ukraine

The possibility of separation of oleic and stearic acids with mobile phases on the basis of surfactants was esti-
mated by the method of a thin-layer chromatography. The influence of surfactant's type and concentration on the
retention parameters of the studied acids when using of normal-phase plates for a thin-layer chromatography of
Sorbfil UV-254 is investigated in the work. The influence on mobility of oleic and stearic acids of the anionic so-
dium n-dodecylsulphate, cationic cetylpyridinium chloride and non-ionic Tween-80 in the range of concentration
from 1-10° mol/l to 0.1 mol/l is estimated. The mixed mobile phases on the basis of two last surfactants taken in
various concentrations are also investigated. The pH of eluents was varied in the range from 1 to 9. The addition
of 2-propanol into the mobile phase containing surfactant didn't lead to imgxrovement of acids' distribution effi-
ciency. The best results have been received with the eluent, containing 1:10™ mol/l of cetylpyridinium chloride and
boric buffer solution with pH 9. Preliminary modification of silica gel surface with cetylpyridinium chloride did not
change the results of chromatography. For clarification of relation of acids' retention with a length of a hydropho-
bic fragment, and, therefore, a contribution of hydrophobic interactions, in system with the mixed mobile phase on
the basis of cetylpyridinium chloride and Tween-80 at pH 3 formic acid, acetic acid, propionic acid, hexanoic acid
and myristic acid were analyzed. The smallest mobility was observed for myristic acid (IgP.w=6.09+0.19) that
indicates very strong hydrophobic interactions of acid with the surface of silica gel modified by surfactants. Such
interactions are the main reason of bad mobility of studied oleic (IgPow=7.7+0.2) and stearic (IgP,w=8.22+0.19)
acids in system with the surfactant-containing eluents. For the manifestation of acidic zones after chromatogra-
phy, a solution of phosphomolybdic acid, a solution of rhodamine B, a solution of sulfuric acid and an iodine
chamber were tested. The best visualization of TLC-chromatogram is obtained after sprinkle the plates by 6%
solution of sulfuric acid in ethanol with their subsequent heating at 110 °C.

Keywords: thin-layer chromatography, stearic acid, oleic acid, surfactant.
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BrBYEHO BMKOPUCTaHHS 4BOYACTOTHOrO ynbTpassyky (¥Y3) npw nigrotosui npob po3conis Ans BU3HAYEHHS
Mepkypito abcopbuieto «xonogHoi napu». Mpu LuboMy Y3 ByB BUKOPUCTaHWUIA: ONSA PYNHYBaHHSA OpraHiyHUX
crnonyk Mepkypito, Ansg npoBeAeHHS npouecy ekcTpakLuii Mepkypito po34ynMHOM ANTU3OHY B TeTpaxropuai ka-
pboHy Ta Oons pymHyBaHHS 1 roMoreHisadii ekctpakTiB Mepkypito. EkcnepMMeHTanbHO BCTaHOBIEHO, LUO
AN pyNHYBaHHA OpraHiyHMX Cronyk MepKypito Ta Ans pymHyBaHHS W romoreHisauii ekctpaktis Mepkypito
ONTUMarnbHUM € BUKOPUCTaHHSA OAHOYACHOro BNMBY Y3 BMCOKOI Ta HU3bKOi 4acToT. [opiBHAHHSA pe3ynbTa-
TiB, OTPUMAHNX 3 BUKOPUCTAHHAM BUCOKOYACTOTHOro ¥3 vactotor 0.9-5.0 MMy Ta HU3bKOYACTOTHOrO yNbT-
pa3Byky 4actoToto 18-100 k' nokasano, Wwo Harkpalli pe3ynbtatn Oynu oTpumaHi Npu BUKOPUCTaHHI BU-
coko4vactoTHoro ¥3 vactoToto 1.5-2.5 MINy. 3miHa 4acToTM HM3bKOYACTOTHOro Y3 npu pyiHyBaHHI MepKypi-
nopraHiyHmx cnonyk 3 18 go 100 kl'y NpakTUYHO He BNNUBaE Ha Benqusz BUNy4eHHs Mepkypito. MNpu upbo-
My iHTEHCMBHICTb Hu3bko4acToTHoro Y3 nosuHHa 6ytu 1.5-2.5 Bt/cM®, a BucokoyactoTHoro — 2.5-3.0
BT/cM?. BCTaHOBMEHO 3aNeXHICTb MK cTyneHem Buny4deHHs Mepkypito Ta BMicTom dynbBokucnot (PK) y
posconax. [NokasaHo, wo Ans posconis 3 BMictom ®K go 10 mr/kr, cTyniHe Buny4eHHsa Mepkypito cknagae
95-98%, ansa poaconis 3 BMictom ®K 10-20 mr/kr, cTyniHb Buny4eHHs Mepkypito — 90-95%, a ans posconis 3
BmicToMm ®K nonag 20 mr/kr, cTyniHb Buny4eHHs Mepkypito — meHwe 90%. MNpu BUKOPUCTaHHI CTaHAapTHOI
MEeTOAMNKM AN BU3HayYeHHs Mepkypito B po3conax 3 BmictoM @K noHag 30 mr/kr, cTyniHb Buny4YeHHs Mep-
Kypito — meHwe Hix 80%. MNpwu pynHyBaHHi ekcTpakTiB Mepkypito (Mepkypin(ll) autusoHatn B TeTpaxnopuai
kapbOHy) MaKkcMManbHO MOXNMBa BENMUYMHA BUnyveHHs Mepkypito gocsiranacst npy BUKOPUCTaHHI ogHoYa-
cHoi aii Y3 aBox 4yactot - Y3 18-100 kl'y i iHTeHcuBHicTiO 1.5-2.5 Bt/cm? Ta Y3 vacTtoTtoto 1.0-2.5 MIY # iH-
TEHCUBHICTIO 2.5-3.0 BT/cm? npotsirom 15-30 c. MNpwu ekcTpakuii Mepkypito nig gieto Y3 makcumanbHO MOX-
nuBea cTyniHb BUNy4eHHs Mepkypito cnoctepiranacsa npu vactoti ¥3 500-800 kI'y Ta iHTeHcmBHocTi 0.3-0.5
Bt/cm? npotsrom 1-3 xB. Po3pobneHa meToauka Bu3HauYeHHs MepKypito B NpMpOSHMX pO3Cosiax 3 HUXHBOI
mexeto Bu3HadeHHs 0.0005 mkr/n. MNpu ubOMy BigHOCHE CTaHOApPTHE BiAXUNEHHS OTPMMaHWX pesynbTaTiB
cknagae 0.06-0.09, a 3a ctaHgapTHOK MeToaumkow S, 20.12. MoninweHHs BiATBOPOBAHOCTI OTPUMAHUX pe-
3ynbTaTiB 403BOMSE OiNbll TOYHO NPOCTEXUTU TEHAEHLIO KONMMBaHHSA BMICTY Mepkypito B MpUMpOaHMX po3-
corax fK BHacnigoK aHTPOMOreHHoro 3abpyaHeHHs, Tak i BHAcCnigoK BUKOPUCTAHHSA PO3COSiB Pi3HUX poao-
BULL Ta 3 Pi3HOT rMOMHU CBEPANOBUH.

KnrouoBi cnoBa: ynbTpassyk, MepKypiii, NpupoaHi po3conu, aToMHO-abCcopOUiiHUIA MeToh «XONOAHOI
napuv», ynbBOKUCMAOTK, aHari3, METPONOriYHi XapaKTepUCTUKN.

Bctyn

Haii0inpm edekTHBHUM A7l BU3HAYEHHS! MIiKpOKiUIbKOCTEH MepKypito BBaXKa€ThCS METOII, 3aCHO-
BaHWI Ha BIIHOBJCHHI i M0 atroMapHoro craHy cranyM(ll) xmopumoMm Ta BH3HAYCHHI MOTO BMICTY
abcopOiriero "xonoaHoi mapu" [1].

st 3HUKEHHST MEXi BUSBJIICHHS BUIICONMHCAHOTO METOLY aBTOpamMH poOoTH [2] 3ampomoHOBaHO
eKCTparyBatu MepKypili pO34HHOM JUTH30HY B METHII300yTHIKETOH 3 MOAAIBIIO TOMOTEHI3aIli€r0
EKCTPaKTy €TaHOJIOM 1 BiTHOBIIEHHAM MepKkypito 10 aromapHoro crany ctaaym(1l) xmopumom. OnHaxk,
HasiBHICTh B BOJIaX, PO3COJiaX i pO3UMHAX KyXOHHOI COJIi OPraHiYHUX PEUYOBHH HE JIO3BOJISIE TTOBHICTIO
nepeBecTd MepKypii B €KCTPaKT; KpiM TOTO TIOBHOTA BiTHOBIIEHHS MepKypito 10 aTOMapHOTO CTaHy 3
XEJIATHOTO KOMIUICKCY 3HUXKYEThCS [2].

© Opuenko O.1., Yepnoxyxk T.B., baknanosa JI.B., bakinanos O.M., KpaBuenko O.A., 2018
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3amponoHOBaHO METOZ BH3HAa4YeHHs MepKypilo y BoJax, po3cosiaXx 1 po3uMHax KyXOHHOI coii,
SKHI BKIIIOYA€E PyHHYBaHHS MEpKypidOpraHiyHuxX cronyk gieto Y3 gacrororo 18-44 k1, iHTEeHCHBHI-
ctio 10-15 Br/em® mpoTsirom 60-80 ¢, eKcTpakiiitie KOHIEHTpYBaHHS MepKypilo pO3dHHOM AHTH30HY
B TETPaxJIOpUAl KapOOHy, pyWHYBaHHS EKCTpakTy MepKypito i€ ynpTpa3Byky (Y3) 4acToTOrO
18-24 xI'w, intencusrictio 12.5-20 Br/cwm?, BinHOBIeHHS MepKypito 10 atomaporo crany cranym(1l)
XJIOPUJIOM Ta BH3HAYCHHsS BMicTy Mepkypiro abcopobuiero "xonoanoi napu" [3]. Hemonikamu MeTomy
€ HHM3bKa TOYHICTH 1 HEAOCTATHS BiATBOPIOBAHICTH Pe3yNbTaTiB BU3HAa4YeHHS Mepkypito (BizHOCHE
CTaHAApTHE BIAXWUJICHHS pe3ysbTatiB S, >0.15), 1Mo moB's13aH0 3 HEMOXIIHBICTIO TIOBHOTO pyHHYBaHHS
MEpKypiHOpPraHiuHUX CIIONYK Ji€r0 Y3 TUIBKH OJHI€T YACTOTH.

Jns inTencudikanii GizuKo-XiMIYHUX MPOLIECiB 3aIPONOHOBAHO BUKOPUCTAHHS OAHOYACcHOI 1ii V3
JIBOX YacTOT, IO CHJIBHO PO3pi3HAIOTECA. [Ipn oMy MIBHAKICTE OMHUX (i3WKO-XIMIYHHX MPOIECIB
3MiHIOBaJIach, Hapukian - okucHeHHs Kl 3 yrBopenHsMm I, 3MeHIIyBanacs, iHIINX (€MyJIbI'yBaHHS,
JMCIIepryBaHHs) - 30inbInyBanaca. 3a ganuMu Maprymica M.A. TpUunHa JIEXKHUTh B 0COOIMBOCTIX
YTBOPEHHSI Ta CXJIOIMyBaHHs KapitaniHux OymbOamox [4]. [Ipu gii qBouactoTHOro Y3, mIpH sIKOMY
nepeBaxHO (Oinpme 90%) yTBOPIOIOTHCS Ta CXJIOMYIOTHCS Maji ceprdHi KaBiTariifHi Oyip0OamKwy,
IHTEHCU]IKYIOTBCS caMe ocTaHHI npouecd [4]. Chix TakoX 3a3HAYUTH, IO KOKHOMY IMOEIHAHHIO
JBOX YacTOT BIINOBiJa€ yTBOPEHHs KaBITALIfHUX MyXWPLiB, IO BIUIMBAIOTH Ha BiAMOBiIHI (i3uKo-
ximiuHi nponecu [4]. ToOTO HEOOXiAHI eKCIIEpUMEHTANBHI JOCTIKEHHS 00 BUKOPUCTAHHS BOYA-
cTOTHOTO Y3 31 3MiHOI0 napameTpiB Y3 mis iHTeHcHikanii pi3HUX (i3UKO-XIMIYHHUX MTPOIIECIB.

Byno 3anpomnonoBano [5] BUkopucTaHHs Y3 IBOX YacTOT AJSl pyHHYBaHHS MEpKypildOpraHiyHHX
CIOJIYK B PO3YMHAX KYXOHHOI COJIi, PO3COJIax 1 MPUPOIHUX BOJAX, a TAKOXK IJIsl PyHHYBaHHS €KCTpakK-
TiB MepKypiit mepen Horo BiTHOBICHHSM.

ABTopamu po6OTH [6] OyJI0 BUKOPUCTAHO OHOYACHY [if0 Y3 BHCOKOI Ta HU3BKOI YacTOT IS Tie-
peBenenHs 3’enHanb [ImromOymy, Kynpymy ta Kagmito B po3unHax mykpy B KiHETHYHO Ja0inbHi crio-
JYKH.

MeTtoro naHOi poOOTH € Po3poOKa EKCIPECHOI METOIMKH aTOMHO-aO0COpPOIIHHOIO BHU3HAYCHHS
Mepkypito B IPUPOJHHUX PO3COJIaX 3 BUKOPUCTAHHAM OJHOYACHOI Aii Y3 BHCOKOI Ha HU3bKOI YacToT.

ExcnepuMeHTasibHa YaCTUHa

Y3 00pobKy mpoBoawiIM MojepHizoBaHuM Y3 mucnepraropom Y3/IH-1M (Ykpaina) 3 Habopom
MarHiTOCTPUKIIHHUX TPyOYacTUX BUIIPOMIHIOBadiB, IO MPAIlOOTh B Aiama3oHi Bix 18 mo 100 x['m
npy inTeHcuBHOCTI Bix 0.5 10 25 Br/cM?’. Onepauiiini mapamerpu V3 aucrepraropy V3/IH-1M: Buxi-
JIHa eJIeKTpHYHa NOTYXHicTh — 10 400 BT, HOMiHanbHa HaNpyTa KUBJICHHS Bil MEpexXi 0JHO(pa3HOrO
3MiHHOTO cTpyMy 4actotoro 50 ['m — 220 B, perymoBaHHS BUXiIHOI IOTY>KHOCTI — IJIaBHE, HOMiHAIb-
Hi po0oYi yacToTn TeHepaTopy — 3MiHHI Bix 18 mo 100 k[, BUTpaTa BOAM JJIsT OXOJIOKEHHS BHIIPO-
MiHroBauis — 0,75 11/XB.

BukopucTOBYBany TakoX ynbTpa3BykoBuii reneparop tumy 24—Y3['M-K-1.2 (kommanis «Pentex»
Pocist) 1o sikoro miAKIIIO9anu MarHiTOCTPUKIINAHI # I'€30€TIeKTpUYHI BUIPOMIHIOBaYi, IO JTO3BOJSIOTH
CTBOPIOBAaTH B JIOCIHI/DKYBaHUX pPO3UMHAX YIBTPa3ByKOBI KomuBaHHs yactortoro 100, 150, 200, 250,
300, 350, 400, 440, 500, 550, 600, 650, 700, 750, 800, 880, 900, 950, 1000, 1200, 1500, 2000, 2500,
3000, 4000 ta 5000 x['. 3acTocoByBanM cTaHAAPTHI MAarHITOCTPUKIIKHI Ta IT'€30€IEKTPUYIHI YIIBTpa-
3BYKOBI BuTpoMinaioBadi tumy L[TC—19, BuroTosneHi i3 MUPKOHATY TUTAHYy—CBHHITIO i3 3aXUCHUM TIO-
KpUTTSAM 3 (roporutacty BupoOHUNTBa KoMnanii «Pentexk» (Pocist), Tako)k BUKOPHUCTOBYBAIM BHILIE-
OIHCaHi yIBTPa3BYyKOBI BHIIPOMIHIOBadi BUTOTOBJIEHI 3a JineHmiero kommanii «Penrex» (Pocis) Ha
JTOCITITHO-CKCIIEPUMEHTAIEHOMY MaIIMHOOYIIBHOMY 3aBOJIi YKPaiHCHKOTO HAyKOBO-IOCIiTHOTO 1HCTH-
TYTY COJISIHOI TPOMHUCIIOBOCTI [7].

Bwmict Mepkypito BU3Ha4aidd 3 BUKOPUCTaHHAM pTyTHOro (hotomerpy (FOmis — 2 (Ykpaina, poGo-
guii miamazon 0.05 — 5.00 Mkr/im).

[MapameTpu 30BHIITHBOTO AKyCTUYHOTO TOJS BU3HAYAIM PO3PAXyHKOBUM 1 €KCIIEPUMEHTaIbHUM
HIJISIXOM 32 METOAUKOIO [8,9]. BukopucToByBanu peakTHBH KBadidikamii He HK4Ye X.4. Po3unnu npu-
TOTOBJISUIM HAa O1UCTUILOBAHIN BOII.

Memoouka pobomu Oyma HAcTymHA. 3 IOCHIMKYBaHHUX PO3COJIB 3arajibHOI0 MiHEpasli3aIiero
280-320 r/n nonepeaHbo Buaaysiin Mepkypiti [9]. Ilicas miporo po3cosu migkucisuii a0 pH 1, BBoau-
v ctaHaaptHUi po3unH Mepkypiro(1l) 0.050 Mkr/n, BIiMBanu 1BOYACTOTHUM Y3 i MPOBOJMIN €KCT-

59



JBovyacTOoTHHH yAbTPa3BYK B HiATOTOBLI NPOO NPUPOJHHUX PO3COIIB ISl BUSHAUEHHS ...

pakuiiiHe KOHIIEHTPYBaHHS MepKypiro 3 TMOJANbIINM HOTO BU3HAYEHHSM B €KCTPAKTI METOJOM «XO-
JoaHOoT mapu». Po3paxoByBanu CTyMiHb BHITy4eHHs: MepKypito SK BiIHOIIEHHS KUTBKOCTI 3HAHIEHOTO
Mepkypito 10 KinbkocTi BBeeHOTo (%). TakoX MpOBOAMIN AOCHIIKEHHS 3 BUKOPUCTAHHSIM CHHTE-
TUYHHAX PO3COJIIB Ha OCHOBI HATPil XJIOPHUIY X.4. IUIS CrieKTpaipHoro aHamizy (300 r/m), BBOIMIN Bifl-
TIOBIHI KUTBKOCTI QyIbBOKHCIOT Ta Mepkypito 0.050 mkr/mn. Pe3ynbrat BU3HAUCHHS CTYIICHIO BHITY-
4yeHHs Mepkypiro oboMa MeTonaMu OyJIu A0CTaTHbO Oyn3bkumu (< +£0,5%). OyIbBOKUCIOTH BUALISA-
1u 3 po3coiy o3epa Jxakcu-Kmny (Kazaxcran) 3rigHo MeToauKH, onucaHoi B poOoTi [9].

Pe3ynbTtaTn Ta ix 06roBopeHHs

3MiHAa YacTOTHM HU3BKOYACTOTHOro Y3 MpH pyHHYBaHHI MepKypidopraHiuHUX croiyk 3 18 mo
100 x['11 mpakTUYHO HE BIUIMBAE HAa BEIMYMHY BIITydeHHS MepKypito (Tabm.1).

Tabauns 1. Brums yactoTn HU3pKOYacTOTHOTO Y3 Ta BMicTy (YJIbBOKHCIOT Ha CTYIIHb BHIy4eHHS MepKypiro
IIpu pyHHYBaHHI MEPKYPIHOPraHiYHUX CIIOJIYK

Cryminb Buty4eHHs Mepkypito (B %) npu yacToTi

[Ipo6a / BmMicT @K HHU3bKOYacTOTHOTO Y3 (K1)

17 18 44 | 50 | 60 | 80 | 100 | 110

88 98 97 | 97 | 97 | 96 | 97 | 90

Poscin Mo3upcbkoro pojgosuiia (pecmyoti-
ka benapycs), Bmict @K — 5.53 mr/kr
Poscin I'eniueckkoro conezaBony (Ykpaina),
BmicT @K — 12.24 mr/xr
Poscin 03. CeiTimns (Kazaxcran), BMict @K
—19.11 mr/kr
*Poscin 03. CeiTiuts (Kazaxcran), BMiCT
OK —19.11 mr/kr
*Po3cin 03. CiTnuus (Kazaxcran), BMicT
OK - 19.11 mr/kr
**Poscim 03. CeiTimis (Kazaxcran), BMicT
OK - 19.11 mr/kr
Y yiti mabnuyi ma 6 Hacmynnux npedcmagieno ycepeoHeni pesyivmamu 6 00cniois. Yacmoma eucokouacmom-
nozo V3 1.5 MI'y, inmencusnicmo — 3 Bm/cy®. Inmencusnicmo nuzvkouacmommuozo Y3 — 2 Bm/cs’. Qac 0ii' V3 —
30 c. *IIpogedenns 0ocnidie 8 ymMosax SUKOPUCAHHA MITbKU YIbMPA3eyKy Huzvkoi uacmomu. **[Ipoeedenns

00cidi6 8 YMOBAX He NPOMIKAHHI 36YKOXIMIYHUX pearyitl, npu HacuuerHi npoou CO,[4].

83 95 95 | 95 | 94 | 94 | 94 | 81

52 92 93 | 93 | 90 | 90 | 91 | 65

36 80 81 | 82 | &1 | 82 | 83 | 39

36 80 81 | 82 | 81 | 82 | 83 | 39

32 47 61 | 59 | 58 | 35 | 26 | 11

IIpoBeaeHHS AOCTIAIB B YMOBaX BUKOPUCTAHHS TUTHKH YJIBTPA3BYKY OJHIET HU3BKOI 9aCTOTH ITOKa-
3aJ0, II0 caMe€ BUKOPUCTAHHS JBOYACTOTHOTO YJIBTPa3BYKy JAa€ HEOOXITHHH TMO3UTHUBHHUM e(exT
(tabn.1). 3a nqanumu Maprymnica M.A. [4] 11e MoB’sA3aHO 3 0COOJIMBOCTAMHU YTBOPEHHS Ta CXJIOMYBaHHS
KaBITallIHHUX ITyXUPIIB MPH IBOYACTOTHIN Aii yIBTPa3ByKy, MPH SKii YTBOPIOIOTHCS Malli chepruyHi
KaBiTalllifHI MyXUpLi [IPH CXJIOMyBaHHI caMe SIKUX 1 iHTeHcH(ikyroThcs maHi nmpouecH. [Ipu mpose-
JCHHI JOCTi/IiB B YMOBaxX HEMOXIJIMBOCTI MPOTIKaHHA 3BYKOXIMIUHHMX peakxiii, TOOTO MpHu HacH4eHHi
Ba)XKa€ CIEKTPUIHOMY Tp0o00I0 Ta e(PEKTUBHO Ne3aKTUBYE 30yKEHI CTaHW) [4] CTYIiHb BHITYyYCHHS
Mepkypito 3Ha4HO 3MeHIIY€EThCs (Tadi. 1). ToOTO BU3HAUaIEHUM (QaKTOpOM iHTeHCH(iKyrouol il V3
Ha JIaHi TIPOIIECH € MPOTiIKaHHA 3BYKOXIMIYHUX peakilii (Tadai. 1).

3a pe3ynpraramu Tabi.1 Takok MOYKHA IIWTH BUCHOBKY, o BMicT DK BIHBae Ha CTYINHDb BHITY-
yeHHs: Mepkypito: ynM Oimpimii BMicT @K, THM MeHImWMIA cTymiHb BuTydeHHS Mepkypiro (Tadm.l).
Panime HamMu OyJi0 BCTaHOBIEHO, 110 OpraHiyHi peyoBUHU (99 %) MpUpPOAHUX PO3COIIIB MpeACTaBICHI
(hynpBOKHCITOTaMH, BMICT KOTpUX Moxke gocsratd Bix 5.00 mo 100.00 Mr/kr, 30kpema aist OiIbIIOCTi
POJOBHII IPUPOJTHHUX PO3coiiB, BMicT @K y mpupomaux po3coiis ckianae 5.00 — 20.00 mr/xr) [9].

[NopiBHIOIOUM pe3ynbTaTH, OTPUMaHi 3 BUKOPUCTAaHHIM BHCOKO4YacToTHOro Y3 wacrororo 0.9-5.0
MI 1 moka3zano, mo HalKpalli pe3yiabTaTd OTPUMaHO NpH BUKopucTaHHiI Y3 dactororo 1.5-2.5 MI'ng
(Tabm. 2). IMoBipHO, IIe MOB’sA3aHO 3 THUM, IO CaMe€ B ILOMY YaCTOTHOMY Iialla30Hi YTBOPIOIOTHCS
BIZIMOBI/IHI KaBiTallilHI MyXUPIIl P CXJIOMYBaHHI caMe SKHX 1 IHTeHCHU(IKYIOThCS JaHi npouecH [4].
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Takox 13 Tabna. 2 BUXOIUTH, IO BUKOPHUCTAHHS TiNBKH OJHOTO BHCOKOYACTOTHOTO YJIBTPa3BYKY
NPU3BOIUTH IO 3HAYHOT'O 3MEHIICHHS CTYIEHS BHIy4YeHHs MepKypito.

[Tpy bOMY IHTEHCHBHICTh HU3bKOYACTOTHOTO Y3 moBUHHA OyTH 1.5-2.5 BT/cM”, a BUCOKOYACTOT-
HOTO — 2.5-3.0 Br/cm® (Tabun. 3). Ipu excrpaxiii Mepkypito mia giero Y3 MakCHMAaIbHHH CTYITiHb
BIUTydeHHST MepKypito crocrepiracst mpu wactori 500-800 Iy Ta imrencusrocti 0.3-0.5 Br/cm®
npotsarom 1-3 xB. (Tab:m.5).

Tabaunus 2. BruimB yacToTé BUCOKOYACTOTHOrO Y3 Ta BMICTY (YJIbBOKHCIIOT Ha CTYHIHb BHIy4YeHHs: MepKypito
[IpY pyHHYBaHHI MEPKYPIHOPraHiYHUX CHOJIYK

Crynias BumydeHHs Mepkypito (B %) mpu

[Ipo6a / BMicT ®K 94acTOTI BUCOKOYAcTOTHOroO Y3 (MI'm)

09 | 1.0 | 1.5 120(25]3.0]40]5.0

81 | 90 | 97 | 98 | 97 | 8 | 63 | 32

Poscin Mosupcbkoro pogosuiia (pecryOmika
benapycs), Bmict @K — 5.53 Mr/kr
Poscin INeniuecskoro conezaBoay (Ykpaina),
BmicT ®K — 12.24 Mr/xr
Poscin 03. Citiuns (Kazaxcran), Bmict @K —
19.11 mr/xr
****Poscin 03. Ceitiuid (Kazaxcran), BMIiCT
®K — 19.11 mr/kr
**x*Poscin 03. CeiTiur (Kazaxcran), BMICT
OK —19.11 mr/kr
Yacmoma nuzvxouacmomnoeo Y3 44.0 kly, inmencusnicmes — 2 Bm/c’. Inmencughicmos 8uUcoko4acmommo2o
V3 - 3 Bm/ewm’. Yac 0ii V3 — 30 c. *¥**[Iposedenns 0ocnidie 8 yMOBAX GUKOPUCTIAHHS MITbKU YIbMPA3EYKY

BUCOKOI yacmomu.

79 | 89 | 95 | 94 | 94 | 80 | 57 | 28

63 | 82 | 93 | 93192 | 76 | 50 | 22

32 | 47 | 61 | 59 | 58 | 35| 26 | 11

5 3 3 1 - - - -

Taoauus 3. BrumB iHTEHCUBHOCTI YIBTPa3BYKY Ha CTYIIHb BIIyYeHHS MepKypito Ipu pyHHYBaHHI MEpPKypi-
HOpraHivHUX PEYOBHH

Cryninb BuIy4eHHSI MepKypito (B %) IpH iHTEHCUBHOCTI Y3 BUCOKOT

[HTEeHCHBHOCTH HU3BbKOYA- 2

crotroro V3, Br/cm? HacToTH, B/em
’ 20 | 25 | 26 | 28 | 30 | 35

Po3cin Mo3upchKOro poioBHIa
1.0 90 90 91 92 93 83
1.5 87 95 96 97 96 84
2.0 86 95 96 97 97 84
2.5 86 95 96 97 98 86
3.0 89 89 88 89 89 86
Poscin 03. CBermns

1.0 60 85 83 84 82 76
1.5 63 90 91 92 93 77
2.0 65 90 91 92 93 74
2.5 67 90 90 90 92 75
3.0 70 73 74 73 71 75

Yacmoma nuzvkouacmomnozo Y3 — 44 xl'y, wacmoma sucoxouacmomnozo Y3 — 1.5 MI'y. Yac 0ii’ Y3 — 30 c.

Tadanus 4. Brums yacy 1ii 1BOYaCTOTHOTO YJIbTPa3ByKy Ha CTYIiHb BIIy4eHHs MepKypilo Ipu pyiHyBaHHI
MEpPKYpIHOpraHiYHIX pEeYOBUH

Crymninb BunydeHHs Mepkypito (B %) npu
[Ipoba gaci mii Y3, ¢
15 20 30 35 40 45
Po3cin Mo3upCchKOro poIoBHIna 90 95 97 98 97 94
Poscin 03. CiTnuis 89 92 93 97 97 93

Yacmoma nuzvkouacmomnozo Y3 — 44 kly, wacmoma sucoxowacmomnozo Y3 — 1 MI'y. Inmencusnicmo suco-
2 . 2
rxowacmommnozo Y3 — 3 Bm/cm”. Inmencusnicmo nuzvkouacmomnozo Y3 - 2 Bm/cm”.

61




JBovyacTOoTHHH yAbTPa3BYK B HiATOTOBLI NPOO NPUPOJHHUX PO3COIIB ISl BUSHAUEHHS ...

TakuMm 4MHOM, BUKOPUCTAHHS caMe OJHOYacHOI il ynbpTpa3ByKy dactororo 18-100 k1, iHTeHCHB-
ictio 1.5-2.5 Br/em” Ta V3 wacrororo 1.5 - 2.5 MI'n, inTencusHicTio 2.5-3.0 Br/cM” npu pyiinyBanHi
MEpKYpiHOpraHiuHUX MPU3BOIUTH O MiABUIICHHS CTYINEHIO BHIy4YeHHS Mepkypiwo. [Ipu npomy dac
nii Y3 noBunen Oytu 20-40 ¢ (Tabm. 4).

IIpu pylinyBaHHI eKCTpakTiB Mepkypiro (Mepkypiii(1]) quTH30HATH B TETpaxIOpHai KapOoOHY) MaK-
CHMaJbHO MOYIJIMBA BEJIMYMHA BHIYUYCHHST MepKypito Jocsranacsi Ipu BUKOPUCTaHHI OJHOYAacHOT il
V3 nmBox uactor - Y3 uactoror 18-100 xI'm Tta imTeHcuBHicTIO 1.5-2.5 BT/CMZ; V3 wyacrtororo
1.5-2.5 MI'n ta inTencuBHicTio 2.5-3.0 Br/cm® mpotsirom 15-30 ¢ (tam. 6-9).

Tadanus 5. Brums napamerpiB yJabTpa3ByKy Ha CTYNiHb BHIy4eHHS MepKypito npH iHTeHcH(iKalii ekcTpaxiii
[HTEeHCHUBHICTD Crymins Buny- | Yacrora | Cryninp Buiy- Yac nii CrymiHb BHITY-
V3, Br/em? qeHHs, %o V3, k' yeHHs, %o V3, xB. yeHHs, %o

0.1 91 490 92 0.5 91

0.2 97 500 97 1.0 95

0.3 96 600 98 2.0 97

0.4 97 750 96 2.5 97

0.5 98 800 95 3.0 96

0.6 92 810 91 3.5 92

Ilpu suznauenni onmumanvroi inmencugnocmi Y3 euxopucmosysanu Y3 uacmomoio 500 xly npomscom 2 xa.
Ipu susnauenni onmumansroi uacmomu Y3 euxopucmosysanu Y3 inmencugnicmio 0.4 Bm/cm’ npomseom 2 xe.
Ilpu eusnauenni onmumanvrozo uacy 0ii ¥3 euxopucmosysanu Y3 uacmomoro 500 xl'y ma inmencusHicmio
0.4 Bm/ca’. Jlocnioocenns nposodunu na pozconi Mosupcbkozo podosuwya.

Tabauus 6. Bruim yacToTH HU3bKOYACTOTHOTO Y3 Ha CTYIiHb BUIIyYeHHS MepKypito pu pyiHYBaHHI eKCTpa-
kty Mepkypii(Il) qutuzonary B CCly
Crymnins BumydeHHs Mepkypito (B %) mpu 4acToTi
IIpo6a HU3bKOYacTOTHOTO Y3 (K[ ')
17 18 | 44 | 50 60 80 100 | 110
Po3cint Mo3upchKOro poioBHUIa 39 97 97 98 98 98 95 43
Po3scin 03. CeiTiuns 36 90 92 92 92 93 93 37

5 s 2 s

Yacmoma eucoxowacmomnozo Y3 1.5 MIy, inmencusnicmo — 3 Bm/cym”. Inmencusuicmos HU3bKOUACIIOMHO20
2

Y3 —2 Bm/cm®. Yac 0ii ¥3 - 20 c.

Ta6uauus 7. Buiue 9acTOTH BHCOKOYaCTOTHOTO Y3 Ha CTYIIHB BIUTydYeHHS MepKypito Ipy pyHHYBaHHI eKCTpa-
kty Mepkypiii(ll) nutuzonaty B CCly

Crynins BuIy4deHHs: Mepkypito (B %) npu
IIpo6a 9acToTi BHCOKo4YacToTHOTO Y3 (MI'mM)
09 | 1 1.5 2 |125] 3 4 5
Po3cin Mo3upceKkoro pogoBuiia 70 | 97 | 97 | 97 | 96 | 72 | 43 | 20
Po3scin 03. CeiTnuns 69 91 92 93 92 71 43 | 19

5 N 2 N

Yacmoma nuszekouacmomnozo Y3 44.0 kl'y, inmencusnicme — 2 Bm/cm”. Inmencugnicmo 6UCOKOHACMOMHO20
2

Y3 — 3 Bm/em®. Yac 0ii Y3 — 20 c.

Tadauns 8. Brius inTeHcuBHOCTI Y3 Ha CTYIiHb BITydeHHS! MepKypito Ipy pyHHYBaHHI €KCTPAKTY
Mmepkypiii(1l) muruzonary B CCly

InTencuBHICTH HU3bKOYA- | CTymniHb BUITyueHHS MepKypito (B %) IpH iIHTEHCUBHOCTI Y3 BUCOKOI 4aCTOTHI,
CTOTHOIO Br/cum®
V3, Br/em® 2.0 2.5 2.6 2.8 3.0 35
1.0 70 78 79 84 85 86
1.5 73 97 97 97 97 85
2.0 74 96 98 97 97 84
2.5 75 97 97 97 98 83
3.0 77 81 82 83 84 80

Buxopucmano poscin Moszupcekozo pooosuwa. Yacmoma nuzvkouacmomuoeo Y3 — 44 kl'y, vacmoma eucoxo-
yacmomnoeo Y3 — 1 MI'y. Yac 0ii Y3 — 20 c.
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Taémuus 9. B gacy xii Y3 Ha cTymiHb BriTydeHHs MepKypito ipu pyiHyBaHHI eKcTpakTy Mepkypir(1])
qutuzonary B CCly

Crynine BuiydeHus: Mepkypito (B %) npu
IIpoba yacy mii ¥3, ¢
10 15 20 25 30 35
Po3cin Mo3upchKOro pooBHIIA 80 94 97 97 97 90
Po3scin 03. CeiTinuns 65 90 93 93 92 82

Yacmoma nusvxkowacmomuozo Y3 — 44 kly, uacmoma eucokouacmomnozo Y3 — 1.5 MI'y; inmencusnicms 6u-
2 . . 2
cokouyacmomnoz2o Y3 — 3 Bm/cm®, inmencusnicmo Husbkouacmommuozo Y3 — 2 Bm/cm”.

OTxe, B pe3yibTaTi IPOBEACHUX JTOCIIIKEHb pO3pO0JicHa METOIMKA BU3HAUEHHS BMIicTy Mepky-
pito B MPUPOAHUX PO3COJIAX 3 BUKOPUCTAHHIM YIBTPA3BYKY JJIsl pyHHYBaHHS PO3YMHHUX MEPKYpilo-
PraHivHUX CIONYK, I iHTeHCHGIKAIil ekcTpakiii MepKypito Ta IJIs pyHHYBaHHS €KCTPAKTy MepKy-
pito. [IpaBuIIbHICTD METOJUKH TIEPEBIPSII METOJIOM «BBelleHO-3HaleHo» (Tabm. 10), a Takox aHaii-
30M OJTHUX 1 THX K€ P00 3a CTaHIaPTHOIO MeToauKoro [10].

Ta6muns 10. Pesynpratn Bu3HaueHHss Mepkypito (n = 6; P =0.95)

Meronuka, 110 CrannmapTtHa
Beeneno MPONOHYETHCS METOANKA
[Ipo6a / BMicT DyTBBOKUCIOT Mepkypito, | 3HalIEHO 3HaICHO
MKT/JT Mepkypito, S, Mepkypito, S,
MKT/JT MKT/J
Po3scin CnoB’sauckKoro ponosumia (Ykpai- — 0.045 0.08 0.038 0.13
Ha), BMicT DK — 2.02 mr/kr 0.050 0.092 0.07 0.080 0.12
Po3cin Mo3upcrekoro pogoBuina (peciryori- — 0.075 0.06 0.068 0.12
ka bemapycp), BMicT @K — 5.53 Mr/kr 0.050 0.118 0.07 0.107 0.12
Poscin ['enivechkoro conezaBoay (Ykpaina), — 0.079 0.07 0.071 0.12
BMmicT @K — 12.24 mr/kr 0.050 0.123 0.08 0.111 0.12
Poscin 03. Ceitiuns (Kazaxcran), — 0.067 0.07 0.052 0.14
BMmicT ®K — 19.11 mr/kr 0.050 0.106 0.08 0.093 0.14
Poscin 03. [Ixakcu-Kinnu (Kazaxcran), — 0.097 0.07 0.083 0.14
BMicT ®K —23.26 mr/kr 0.050 0.135 0.09 0.114 0.15
Cuntetnunuii poscin 6e3 Beegenns OK 0.050 0.049 0.06 0.043 012
CUHTETHYHHIA PO3CLI 3 BMICTOM — — — — —
@K 5.00 mr/kr 0.050 0.048 0.06 0.042 0.12
CUHTETHYHHHA PO3CiN 3 BMICTOM — — — — —
®K 10.00 mr/kr 0.050 0.047 0.08 0.041 0.13
CHHTEeTHYHHUH PO3CiT 3 BMICTOM — — — — —
®K 20.00 mr/kr 0.050 0.046 0.09 0.040 0.13
CUHTETHYHHI PO3CiN 3 BMICTOM — — — — —
®K 25.00 mr/kr 0.050 0.042 0.09 0.032 0.14
CHHTETHYHUI PO3CiN 3 BMiCTOM — — — — —
©®K 40.00 mr/kr 0.050 0.040 0.09 0.031 0.15
CUHTETHYHHIA PO3CLI 3 BMICTOM — — — — —
©®K 50.00 mr/kr 0.050 0.035 0.10 0.027 0.16

Konyenmpayis npupoonux posconie 280-320 2/n, cunmemuyHux po3coiieé Ha OCHOGI Hampil XJI0puoy
X.4. 01 cnekmpanvrozo ananizy — 300 2/n1. Buxopucmanu ¢ynveoxuciomu nonepeoHvo udineHi 3 03.
Iicaxcu Knuu (Kazaxcman) 3a memoouxoro [9].

Takosx ciig 3a3HaYHUTH, IO PYHHYBaHHS €KCTPAKTiB, OTPHMAHUX 3 MAaTPUIlb, B SIKHX PI3HUH BMICT
(hyITBBOKHUCIIOT, TAKOXK 3JICKUTH B iX BMicTy (Tadi. 6). IMoBipHO, mo mipu Aii Y3 Ha MPUPOIHI pO3-
coiu BigOyBaeTbcs HEMOBHE PyHHYyBaHHs KOMIUIEKCiB MepKypito 3 @K. [Ipu npoMy yTBOPIOIOTHCS
komIutekcn Mepkypito 3 @K meHmn criiiki Hixk nutu3oHatu. Tak, 3a naHUMU aBTOpiB poboTH [11] mpu
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Iii yIbTpa3ByKy Ha MPHPOJHI PO3COIH BiIOYBA€THCS HETOBHE pyWHYBaHHS KOMIUIEKCiB [LimomMOymy,
Kynpymy ta KaaMito ynbTpazBykoM 3 YTBOPEHHSIM MEHII CTIHKMX KOMIUICKIB. Takox Halle MpuIy-
LICHHS MiATBEPIXKYETHCS pe3ysibTaTaMK aHalli3y OJHUX 1 TUX ke Mpod 3a CTaHAAPTHOI0 METOAUKOIO Ta
METOAMKOIO, 10 IIPOIIOHYETHCH.

Hageneni y Ta61. 10 pe3ynbpraTti Bu3HaueHHS MepKypito B MPUPOIHUX PO3COJIAX CBIMIATH, IO HAK-
OLIBII TOYHI PE3yJIbTATH JOCSITAIOTHCS IPH BUKOPHCTAHHI pO3POOJICHOT METOIUKHU 32 YMOBH BMICTY B
po3comnax ¢ymsBokucaoT < 20 MI/KT. BigHOCHE cTaHAapTHE BIIXHWIICHHS PE3yNIbTATIB aHATI3y, OTpHMa-
HUX 3a CTaHAAPTHOIO0 METOAUKOI cTaHOBUTH 0.12-0.17, a 3 BUKOPUCTaHHAM PO3POOICHOI METOANKH 3
3aCTOCYBaHHSAM YIbTPa3ByKy Ha CTaiii ekcTpakmii Ta Ha craxii pyiHyBaHHs —(0.06-0.09. [lominmenHs
BIITBOPIOBAHOCTI OTPHUMAHKX PE3YJIBTATIB JO3BOJISIE OUTBIIT TOYHO TMPOCTSKUTH TSHIACHITIIO KOJTUBAHHS
BMicTy MepKypito B IPUPOJHUX PO3COaX, K BHACHIAOK aHTPOIIOTEHHOTO 3a0pyAHEHHS, TaK 1 BHACII-
JOK BUKOPHUCTAHHS PO3COJIIB PI3HUX POAOBHIL Ta 3 PI3HOIO MNIMOWHOIO CBEPIJIOBHH.

Takox 3 pe3yabTaTiB eKCIIEPUMEHTATBHIX AOCTIIKEHb MOKHA JIATH BUCHOBKY, IIIO BMICT Y PO3-
coiax @K monan 20 mr/kr BUMarae Ajisi OTPUMaHHS JOCTOBIPHHUX pPe3yJbTATIB aHaJ3y MPOBEACHHS
JIOJTATKOBUX JOCHipkeHb. Cinif 3a3HaunTH, mo Takuii Bmict ®K mae we Oinbiie 10 % pomosui pos-
COJIiB, KOTP1 y TeepiliHii 4ac He MalOTh IPOMHCIOBOTO 3HAYCHHSI.

Memoouka eusnauenna emicmy MepKypito 6 npupoonux poscorax. Huowcusa mexa BU3HAUYEHHS
Mepkypito — 0.0005 mxr/n. Binnocue crannapthe Bigxunens - 0.06 — 0.09. [liana3oH BUMiprOBaHb
MacoBoi yactku Mepkypiro - 0.0005 — 0.5000 Mkr/m.

Y ximiuamit peaktop mictkicTio 1500 M1 mpuuBaroth: 1000 M1 MPUPOTHOTO PO3CONY Ta HIFOTH Y3
gacrororo 18-100 k[, inTeHcuBHicTio 1.5-2.5 Br/em” i V3 wacrororo 1.5 - 2.5 MI 1, iHTCHCHBHICTIO
2.5-3.0 Br/cm” potsirom 20-40 c. TToTiM I AKHCITIOITS 06pO6IeHHH PO3UHH HITPATHOK KUCIOTO0 0
pH 1-2, momators 10 M 0.002% -HOTO pO3UMHY AWTHU3OHY B TETPAXJIOPHII KapOOHY Ta IFOTh Y3 Jac-
ToTor0 500-800 kI, inTencusmictio 0.3-0.5 Br/cM® mpotsrom 1 -3 xB. EkcTpakTd 3a J0MOMOTOIO
ueHtpudyrysanns npu 2000 06/xB. BIIOKPEMITIOIOTh Bil PO3YHHY Ta NEPEHOCITH B XIMIUYHHI PEakTop
MictkicTio 50 mit. [lepmmii peakTop MPOMUBAIOTE 5 MIJI TETPaXJIOPHUIOM KapOoHY Ta 00'€ THYIOTH TPO-
MUBHHUH PO3YHUH 3 €KCTPAKTOM. Jl0 eKCTPaKTiB 1OJIMBAIOTh 5 MJI O1AMCTUILOBAHOI BOAU Ta IPOBOAATH
pYHHYBaHHs OpraHi4HOTO E€KCTpakTy MepKypiro onHodacHo gieto Y3 yactororo 18-100 kI’ Ta iH-
TeHcuBHicTIO 1.5-2.5 BT/CMZ, V73 yacrororo 1.5-2.5 MI'l1 Ta inTeHCcHBHICTIO 2.5- 3.0 Br/cm? MPOTATOM
15-30 c. Lett mporiec MpOBOASITH IMiJ TATOIO B 3B'SI3KY 3 BUAUICHHAM Xjopy. OTpUMaHu{ pO34HH Tepe-
HOCSITh B PEaKTOp aHamizaTopa MepKypilo i BCTaHOBIIOKOTH BMICT MepKypilo MeToaoM abcopOril
"X0NoAHOI apu".
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O.W. IOpueHko*, T.B. YepHoxyk™, J1.B. Baknarora', O.H. Baknaros', A. A. KpaBueHko*. [1ByX4aCTOTHbIV YyNbT-
pa3sByk B NOAroToBke Npob NpMpoaHbLIX pacconoB AN onpeaeneHns pTytn abcopbument «XonogHoro napa.

* XapbKOBCKMI HaLuMoHanbHbIN yHMBepcuTeT umeHn B.H. KapasuHa, xumwnyeckuin cakynbTeT, nnowianb
Csobopabl, 4, XapbkoB, 61022, YkpauHa

T YKkpanHckas UHXeHepHo-Neaarornieckas akaaemusi, kadepa oxpaHbl TPy/Aa W SKOSOMMUECKoN Ge30nacHoCTy,
yn. Mupa, 5, r. bBaxmyT, 84500, YkpanHa

M3y4yeHo ncnonb3oBaHue ABOYaCTOTHOrO ynbTpassyka (Y3) npu nogrotoBke npob pacconos Ans onpeaeneHus
pTyTn abcopbuuert «xonoaHoro napay. Mpu atom Y3 6bin ncnonb3oBaH: ANs paspyLLeHUst OpraHUYeCcKnx coeam-
HEHWI PTYTW, ANs NPOBEAEHMs NpoLecca SKCTpakuMmM pTyTU pacTBOPOM AMTU30HA B TeTpaxnopuae yrrnepoaa u
ONS paspyLleHns 1 FOMOreHM3aLmmn 3KCTPaKToB PTYTU. DKCNEPUMEHTaNbHO YCTAHOBMNEHO, YTO AN paspyLleHust
OpraHV4yeckMx CoOeaMHEeHUA PTYTU U ANS pas3pyLUeHNs U TOMOreHM3aunm 3KCTPaKTOB PTYTU ONTUMarbHbIM ABMSIET-
CSl UICMONb30BaHe OQHOBPEMEHHOIO BNUSAHMSA Y3 BbICOKON U HU3KOM YacToT. CpaBHEHUE pe3ynbTaToB, NonyyeH-
HbIX C UCMONb30BaHWEM BbiCOKOYAcTOTHOro Y3 vactoton 0.9-5.0 MMy 1 HM3KOYACTOTHOIO yrbTpasByka YacToTom
18-100 kl'y nokasano, 4To nyywue pes3ynbTaTbl ObIMU NOMyYeHbl NPU UCNOMNb30BaHUM BbICOKOYACTOTHOrO Y3
yactoton 1.5-2.5 MI'u. N3meHeHMe YacTOTbl HM3KOYACTOTHOIO Y3 npu paspyLlleHun pTyTbOPraHNMYeckux coeam-
HeHu ¢ 18 go 100 kMY NpakTU4eckn He BNUSET Ha BEMUYMHY U3BnedYeHns ptyTu. MNpu 3TOM MHTEHCUBHOCTb HU3-
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kovactoTHoro Y3 gomkHa ObiTb 1.5-2.5 BT/CM2, a BbICOKOYACTOTHOro — 2.5-3.0 BT/cM?. YcTaHoBreHa 3aBucH-
MOCTb MEXAyY CTENEHbI0 N3BMNEeYEeHNs pTyTu 1 cogepxaHnem dynoeokncnoT (PK) B pacconax. MNokasaHo, 4to Ans
pacconoB ¢ cogepxaHuem OK go 10 mr/kr, cteneHb nsBneveHns ptytn coctasnsieT 95-98%, ona pacconos ¢
copgepxxaHnem ®K 10-20 mr/kr, cteneHb ussnedeHus ptytn— 90-95%, a ans pacconos ¢ cogepxaHnem ®K Gonee
yem 20 Mmr/kr, cteneHb ussnedyeHus ptytu— MeHblie 90%. MNpy ncnonb3oBaHWM CTaHAAPTHOW METOAMKM ONs On-
peLeneHust pTyTu B pacconoB ¢ copepxaHnem ®OK 6onee yem 30 Mmr/kr, cTeneHb M3BMEYEHUS PTYTU— MEHbLUE
80%. Mpu paspyLueHnst IKCTPaKTOB PTYTK (PTYTbAMTU30HATLI B TETpaxniopuae yrrnepoaa) MakcMmarbHO BO3MOX-
Hasi BENUYMHa M3BNeYeHnst pTyTn gocturanach FIE)I/I MCMonb30oBaHNe 0QHOBPEMEHHOIO BNUAHUSA Y3 ABYX 4acToT -
Y3 18-100 kl'y 1 nHTEeHcuBHOCTbIO 1.5-2.5 Bt/cm” 1 Y3 yactoton 1.0-2.5 My 1 nHteHcmBHocTbiO 2.5-3.0 Bt/cm?
Ha npoTsxeHnn 15-30 c. MNpu akcTpakumm pTyTU NoA AencTBnemM Y3 MakcMmansHo BO3MO)KHa$| cTeneHb n3sneye-
HUs1 pTYTU Habntoganack npy Yyactote Y3 500-800 kIMy 1 nHTeHcmBHocTM 0.3-0.5 Bt/cm? Ha NpOTsKEHUU 1-3 MUH.
PaspaboTaHa meToguka onpegeneHuss pTyTu B MNPUPOOHBIX paccofiax C HWWKHEeM rpaHuuen onpeaeneHus
0.0005 mkr/n. Mpwn 3TOM OTHOCUTENBHOE CTaHOAPTHOE OTKITOHEHME MOSyYeHHbIX pe3ynbtaToB coctaensaeT 0.06-
0.09, a no ctaHgapTHol meToamke Sr 20.12. Yny4lieHne BOCNpPOU3BOAMMOCTM MOMYyYEHHbIX Pe3ynbTaToB NO3BO-
nsiet 6onee TOYHO NpocneauTb TEHAEHLMIO KonebaHuin cogepKaHusa pTyTH B NMPUPOLHbBIX pacconax kak Brnocnesa-
CTBMM aHTPOMOrEHHOro 3arpsi3HEHWs!, Tak U BMNOCMNEACTBMU UCNOMb30BaHUsSI pacCosioB pasHbIX MECTOPOXAEHUA U
C pasHbIX rMyOuH CKBaXWH.

KnioueBble cnoBa: ynbTpaseyk, pTyTb, NMPUPOAHbIE PaCCOMbl, aTOMHO-abCOPOLIMOHHBIA METOL «XONI0AHOrO
napa», (hynbBOKUCMOTbI, aHaNM3, MeTPONOrMYeckne XapakTepUCTUKM.

O.l. Yurchenko*, T.V. Chernozhuk*, L.V.Baklanova®, A.N. Baklanov!, O. A.Kravchenko*. Two frequency
ultrasound in preparation of the samples of natural brines to determine mercury by “cold vapor” absorption.

* V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv, Ukraine

T Ukrainian Engineering and Pedagogical Academy, Department of Occupational Safety and Ecological Safety,
5 Mira str., 84500 Bakhmut, Ukraine

Using of two-frequency ultrasound (US) in preparation of the samples of brines to determine Mercury by “cold
vapor” absorption was studied. At this process US was used for: to destruct organic Mercury compounds, to carry
out the process of Mercury extraction by ditizone in Carbon tetrachloride solution and to destruction and homo-
henization of Mercury extracts. It was found out by experiment that: to destruct organic Mercury compounds, also
to destruct and homohenizate Mercury extracts using of simultaneous action of US of high and low frequencies is
optimal. Comparison of the results, obtained with use of US of high (0.9-5.0 MHz)and low (18-100 kHz) frequen-
cies show us that the best results were obtained with use of US of high (1.5-2.5 MHz) frequency. Change of fre-
quency of low frequency US from 18 up to 100 kHz does not make the significant influence on the value of Mer-
cury extraction at destruction of organic Mercury compounds At this process intensity of low frequency US should
be 1.5-2.5 W/cm?, of high frequency-2.5-3.0 W/cm?. The dependence between the degree of Mercury extraction
and contain of fuIV|c acids (FA) in brines was determined. It was shown that for brines with contains of FA up to
10 mg/kg, the degree of Mercury extraction is 95-98%, for brines with contains of FA 10-20 mg/kg, the degree of
Mercury extraction is 90-95%, and for brines with contains of FA above 20 mg/kg, the degree of Mercury extrac-
tion less than 90%. At using the standard methodic to determine Mercury in brines with contains of FA above 30
mg/kg, the degree of Mercury extraction less than 80%. At the destruction of Mercury extracts (Mercury (Il) di-
thizonates in Carbon tetrachloride) the maximal possible value of Mercury extractlon was observed at simultane-
ous action of US of two frequencies- 18-100 kHz and intensity 1.5-2.5 W/cm? , of frequency- 1.0-2.5 MHz and
intensity 2.5-3.0 W/cm? during 15-30 s. At Mercury extraction under US action the maX|maI possible value of Mer-
cury extraction was observed at frequency- 500-800 kHz and intensity 0.3-0.5 Wicm? during 1-3 min. The meth-
odic to determine Mercury in natural brines with low end 0.0005 mkg/l was developed. The standard deviation of
the obtained results is 0.06-0.09, according to standard methodic S, =20.12. Simplification of reproducibility of the
obtained results let us to control the tendency of fluctuations of Mercury content in natural brines as a result of
anthropogenic pollution also as a result to using brines from various sources from various depth of the well.

Keywords: ultrasound, Mercury, natural brines, atomic- absorption “cold vapor” method, fulvic acids, analysis,
metrological characteristics.
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CraTtnctnyeckue 3s- 1 t-KpuTepun NpUMEHUnN Ansi NpoBepkn agauTUBHOCTU aHanmUTUYECKOro curHana B
TBepAodasHon cnekTpooToMeTpMN Npu onpegeneHnn CyMMapHOro cogepXKaHns MOHOB NATU NepexoaHbIX
MeTannoB C WUCMOMb30BaHWEM  WHAOMKATOPHbLIX JKENaTUHOBbLIX MAEHOK C  MMMOOGUNM30BaHHBLIM
4-(2-nnpnannaso)-pe3opUmMHOM. YCTaHOBMNEHO, YTO aHanMTUYECKUn CUrHan OT CyMMbl MEeTannoB, HaxXxoAs-
LUMXCS KaK B PaBHbIX KOHLEHTPauMsX, Tak U B PasHbIX COOTHOLLUEHWSX UX MOSSPHbIX KOHLEHTpauun, He
MMeeT 3HaYMMbIX OTKIOHEHWIN OT aAAMTMBHOCTM BO BCEM AManas3oHe onpeaensieMblX CoaepxaHuin metarn-
nos. MpaBnnbHOCTbL onpedeneHnin CyMMapHOro cogepXaHusa MeTannoB AokasaHa He3aBUCMMbIM METOLOM.

KnioyeBble cnoBa: cyMMa MeTanroB, XenaTuHoBasl NieHka, agaMTMBHOCTb aHanUTUYECKOro curHana,
cTaTUCTUYECKME KpUTEPUU, TBEPAOdA3Has CNeKTPOOTOMETpUS], BU3yarnbHasi KONOPUMETPUSI.

BBepneHue

Pacmmpenne accopTuMeHTa TBEpIO(a3HBIX PearcHTOB JJIsi CyMMapHOTO ONpPEACICHHUS aHAIUTOB
SIBIISIETCS] HEOOXOAMMEIM YCIIOBHEM ISl Pa3pa0OTKHA HOBBIX METOJIMK XUMUYECKOTO aHanu3a. TBepao-
(ha3HbIC pearcHTHl HA CyMMY METAJIJIOB ITOJyYalOT IMyTEM UMMOOMIN3AIUH XPOMOTEHHBIX PEarcHTOB
Ha COpPOEHTE 3a cYeT afcopOIUK, HCTIAPSHUS WK IPYTHX HEXUMUYCCKUX MPUEMOB, a TAKIKE MyTeM UX
KOBAJICHTHOTO (XMMHUYECKOTO0) 3aKperuieHns. B kadecTBe XpOMOTEHHBIX PEareHTOB OOBIYHO HCITOIb-
3YIOT XOPOIIIO M3BECTHBIE METAJUIOMHINKATOPHI, COPOCHTAMH CIIyXaT, HallpAMep, MOPOIIKOOOpa3HbIe
1 MeMOpaHHBIC [IEUTIOJI03HbIE MaTepHalisl [1,2], BOJIOKHUCTBIC MaTepuaisl [3,4], HOHOOOMEHHUKH [5],
cwirkarenu [6], 3omb-renb Matepuans [7], Oymara [8-10], mopomrkooOpa3ubie quacopOsr [11], momnu-
MepHBIe MeMmOpaHbl [12], monuMerakpuiaTHbIe MaTpullbl [13], MIEHKH Ha OCHOBE OTBEPIKICHHOTO
senatuHoBoro refst [14-18]. XKenatuHoBBIE TNIEHKHM OTHOCST K ONTHYECKH MPO3PAYHBIM MTOJIMMEPHBIM
MaTepuaiaM, UX MOXXHO (JOTOMETPHPOBATH WJIM HCIIOJIb30BaTh JIJIsl BU3YyAIbHOUW Kojdopumerpuu. Ha-
JTUYre B MaKpOMOJIEKYJIaX jKeJaThHa OOIBIIOTrO YMCia 3apsDKEHHBIX TPYII U HETONSApHBIX (pparMeH-
TOB ITO3BOJIICT BBOJUTH B TUNICHKA MOHHBIC (JOPMBI PEAreéHTOB U JOCTATOYHO TUAPOPOOHBIC COCAUHE-
Hus [19]. OnTudeckne XapaKTEPUCTUKUA MOJIU(PUIIMPOBAHHBIX KEIATHHOBBIX TUICHOK COXPAHSIFOTCS B
TE4YEeHUE JUTUTEIFHOTO BPEMEHH.

TBepmodasHble peareHTsl MPUMEHSIOT Ui WHCTPYMEHTAIBHOTO WITH BH3YaJbHOTO OTpEAeTIeHHS
METaJIJIOB HEMOCPEACTBEHHO B (pa3e COpOEHTA IMOCIIEC X U3BJCUCHUS U KOHIICHTpupoBanus. [Ipu atom
OIICHUBAIOT COJICPXKAHKUE Ka)XIOTO MeTajlia 10 WHAUBUAyabHOMY curHainy [1,4-7,11,13,16-18] nubo
TOCJIC pa3IeNICHHsT CYMMapHOTO CUTHAJIa C TIOMOIIBI0 XEMOMETPHICCKUX alropuTMoB [2,9,15], a Tak-
JKe€ OTIPEIENSIIOT CYMMapHOe cojiepkanue metamwios [3,7,8,10-12,14,15].

U3BecTHO, 4TO ompejeeHne CyYMMAapHOTO CONIEP>KaHMs OJTHOTUITHBIX aHATUTOB BO3MOXKHO IIPHU CO-
OJIFO[IEHNY IPHUHIUIIA aIUTUBHOCTH M3MEPSEMOT0 CBOWCTBA. BhIMmoHEHNEe HECEIEKTUBHBIX HHUKA-
TOPHBIX peaknuii Ha copOeHTax pa3sHON MPHUPOII HE CHUMAET MPOoOIeMBbl BO3MOKHOTO OTKIOHEHHS OT
aAMUTUBHOCTU aHanutuyeckoro curHana (AC). HapymieHue agTuTUBHOCTH H3MEPSEMOTO CBOMCTBA
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HpOBepKa ANTUTUBHOCTHU aHAJIMTUYCCKOTI'O CUI'HaJIa IIpHU CHCKTpO(I)OTOMCTpI/ILIGCKOM

MOTYT BbI3BaTh KOHKYpPHUPYIOIIUE B3aMMOACHCTBHUS, HETIOJIHOTA OCHOBHOM peakiuu, «0opb0ay 3a pea-
TeHT, pacnaj MpoayKTOB PEeaKLUU CO BPEMEHEM.

[puemsl mpoBepku agnuTHBHOCTH AC B CIIEKTPOPOTOMETPUH PACTBOPOB M3BECTHBL. MeTomoio-
MU CHIEKTPO(GOTOMETPUUECKOTO aHaIM3a PACTBOPOB HEPA3IEJICHHBIX CMECEH MOCBAIIEHBI PabOTHI
[20-24], B KOTOpBHIX aBTOPHI pacCMaTPUBAIOT MPOOJIEMBI, CBA3aHHBIC C HEAJIUTHBHOCTHIO CBETOIIO-
TJIOLICHUST Hepa3AeJICHHBIX CMECeH OJHOTUITHBIX aHAIUTOB (OMOaHTHOKCHIIAHTOB (PEHOJILHOTO THIIA,
cMecH OCH30MHOHM KHCIIOTHI U STHJICHOMAaMUHa, CMECeH IHC- U TPaHC-U30MEPOB, CMecei JIeKapCTBEH-
HBIX [IPENaparoB); 00CYXKAAIOT NPUUUHBI, UX BBI3bIBAIOLINE; IPEUIATal0T CIIOCOOB! BRIBICHUS U IIPO-
THO3MPOBaHUA OTKJIOHeHHH oT ajiutuBHOCTH (OA). OTMeuasi, YTO CTaHIAPTHBIX CIOCOOOB BBISBIIE-
HUS cTaTHCTHUYeCKH 3HaYMMBIX OA Ha (oHe ciIydallHBIX HOTPEIIHOCTEH HET, aBTOPHI MPEIJIararoT
MIPOBEPATH AATUTHBHOCTH CBETONOIJIOLICHHUS HEPA3JeICHHBIX cMecell OMHUM U3 Tpex crnocobos [20]:
[IPY HEU3MEHHOM COCTaBE HMCCIEAYEMOH CMECH MCIOJIb30BaTh CTATUCTUYECKUE KPUTEPHU 3S WIH t;
BapbUPOBATh COJEPKAHUE OJHOTO U3 KOMIIOHEHTOB CMECH; OJIHOBPEMEHHO BapbUPOBATh COJEPKAaHUE
HECKOJBKHUX HJIH BCEX KOMIIOHEHTOB CMECH.

B pabGote [25] MbI BIiepBble IOKa3aId NPUHININAIBHYIO BO3MOKHOCTh IPUMEHEHHSI CTATUCTHYC-
CKUX 3s- U t-KpUTEpHEB JJIS MPOBEPKU aJAUTUBHOCTH M3MEPSEMOr0 CHUTHAA OT OKpalleHHBIX MeTall-
JIOKOMILJIEKCOB, UMMOOMJIM30BaHHBIX Ha Pa3IMYHBIX COpOeHTaX (MEHOMOoINypeTane, Oymare, B Keja-
TUHOBOH IIJICHKE), OBbUIN NPEIUIOKEHBl U HOBBIE KpuTepuH. BuiBomsl 06 apgutuBHOocTH AC pasHOH
MIPUPOBI OBUIM CIENaHbl JUIS Cllydas, KOrja KOHIEHTpAaIlMM METaUIOB B UX CMECH ObUIM PaBHBIMHU.
[Ipu aHanu3e peasbHBIX OOBEKTOB TaKasi CUTyallsl BCTPEYaeTCsl PENKO.

Lenp nanHO# pabOTHl — NPUMEHUTH CTATUCTUYECKUE 35 U f-KPUTEPUH AJISl IPOBEPKU aATUTHBHO-
CTH CBETOIOIIOIIEHUSI NMMOOMIN30BaHHBIX B )KEIaTHHOBON IIJIEHKE KOMIUIEKCOB 4-(2-mupuauiaszo)-
pesopumna ¢ uoHamu MeraioB Co(Il), Ni(Il), Cu(Il), Zn(II), Pb(Il), HaxonsMmuxcsi Kak B PaBHBIX
KOHLIEHTPALMAX, TaK U B Pa3HBIX COOTHOIICHUSIX UX MOJIIPHBIX KOHLEHTpPALMH, BO BCEM AMANa30HE
OIIPEIEIAEMbIX COACPIKaHUH METaIJIOB.

JkcnepuMeHTasibHas 4YacTb

PeakTuBbl N1 MaTepuajbl

B pabore ucnonp3oBain peakTHBB KBAIW(UKALWK X.4. WIK 4.1.a. MIcXoIHbBIe BOJHBIE PAacTBOPHI
cojiell MeTaJsIoB M peareHTa 4-(2-nmupuaunaso)-pesopuuna (ITAP) roroBunu pacTBOpeHHEM COOTBET-
CTBYIOIIIMX HABECOK IpernapaToB. TOYHYHO KOHIICHTPALMIO HOHOB METANIOB B MCXOJHBIX PacTBOpax
CoJIell YCTaHaBIIMBAJIA METOJIOM TUTpUMeTpuH [26]. Paboune pacTBOPBI TOTOBWIIH TIEpPe IIPOBEICHHU-
€M JKCTIepuMeHTa pa3baBieHueM HCXoAHbIX. Tpebyemoe 3Hauenune pH 5 B pacTBopax moaaep>KuBaau
arieTaTHeIM Oydepom.

B xagecTBe mMpo3pavyHOTo MOJIMMEPHOTO COpOSHTA IPUMEHSUTH (poTOorpaduIecKyro TUICHKY I 0d-
ceTHOU mnevyatu GupMbl Agfa, U3 )KeITaTHHOBOTO CJIOSI KOTOPOH TOJHOCTHIO YAAJsUId TaJIOTeHUIBI Cce-
pedpa.

IIpuGopsl 1 MeTOANKH HCCIe0BAHNI

[onroroBky QoTorpaduueckoi mieHKH K paboTe, IMMOOMIIN3AIMIO PEareHTa i MeTaIUIOKOMILICK-
COB B OTBEPXAECHHOM JKEJIaTHHOBOM CJIO€ MJIEHKH MPOBOAMIN B COOTBETCTBUM C METOAMKOMN, OMMCAH-
HO¥1 B [14,25]. M3BneueHne peareHTa B KEIaTHHOBBIN CIIOI (POTOIIIEHKH MTPOBOAMIIN M3 BOJHOTO pac-
tBopa 0.001 mone/it ITAP B Teuenne 45 muH. IHIUKaTOpPHBIC TUICHKH ¢ IMMOOMIN30BAaHHBIM pearcH-
TOM OBUTM PAaBHOMEPHO OKPAIIEHBI B JKENTHIM IIBET, UX XPAHMIN MIPU KOMHATHOW TeMIepaType B TEM-
HOM 3aKphITOM MecTte. [IeHKH ¢ peareHTOM BBIAEPKUBAIU B PACTBOPE COJIEH METAIUIOB B TeUEHUE
15 MuH.

OkxkparieHHble TIeHKH GoTomMeTprpoBain Ha criekrpodoromerpe Hitachi U-2000 u dhoroxonopu-
Metpe KOK-3, 3akpemnsis ieHKH B AepikaTelie HEMOCPEACTBEHHO B KIOBETHOM OTAEJICHUH MpUOOpa.
CaeromnoromneHie TIEHOK ¢ METAIOKOMIUIEKCaMH (KpacHOTO IIBETa Pa3jIMYHOW HWHTEHCHUBHOCTH)
M3MEPSUTH OTHOCHUTEIHHO JKEITOH IJICHKU C peareéHTOM.

AIJTMTUBHOCTH CBETONOTIIOLUICHUSI CMECH METAJUIOKOMIUIEKCOB, IMMOOMIIN30BAHHBIX B KEIATHHO-
BOH IIJICHKE, POBEPSIIN JBYMsI CIOCOOaMU — IO METOMKE, ONrcaHHONW Hamu B [25] (cmocob 1), u mo
METOAWKE, To00HoH omucanHon B [20, 21] Ay pacTBOpOB HEpasIeICHHBIX CMECEH aHAJMTOB (CIO-
co0 II). ['oToBunM ABa THIa PacTBOPOB: PACTBOPHI MHIMBUIYAJIbHBIX COJEH METANIOB U PacTBOPSI,
coJieprKalliye MsATh HOHOB METAJIJIOB OJTHOBPEMEHHO.
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Cnoco6 I: XOHIIGHTPaLMI0 HOHOB METAaJUIOB B MHAMBHIYAIBHBIX PAacTBOpax (c) 3a/JaBajiil paBHOW
CYMMapHO! KOHIIEHTPAIUH METaJIOB B HX CMECH (Cx), TPU 3TOM MOJISIPHBIC KOHIICHTPAIIUH METAJLIOB
B CMeCH OBLIM PaBHBIMHU (C5/5);

Cnocob6 II: XOHIIEHTpallMi MOHOB METAJJIOB B MHIAMBUIYaJIbHBIX PACTBOpAX 3aaBalld TaKHMMH XKe,
Kakye OBUTM B MX CMECH, IIPH 3TOM COOTHOIICHHE KOHIEHTPAIMH METAIIOB B PAacTBOPAaX MX CMECH
BapbUPOBAIIH.

B kaxnp1ii pacTBOp norpyskanu Ha 15 MuH mo 3-4 (m) obpasua IIeHOK ¢ peareHTOM, TUICHKH 3aTeM
BBICYIIIMBAJIM Ha Bo3ayxe. B auanazone juinH BoJiH 480-580 HM U3MEpsUIA CIIEKTPHI MOTIOIMIEHUS UM-
MOOMJIM30BaHHBIX B TUICHKaX WHAWBUAYAIBHBIX METAUIOKOMIUIEKCOB M CIIEKTPBHI CYMMapHOTO MO-
TJIOLICHUSI CMECH METaJUIOKOMIUIEKCOB. B yKa3aHHOM CIIEKTpalbHOM JAMama3oHe depe3 KakAble 5 HM
BEIOWpA IJTMHBI BOJH (A) M AJIS KaXI0H BHIOPAHHOW A BBIYMCISUIA CYMMBI H3MEPEHHBIX 3HAUCHHM
CBETOIOTJIOMEHHS (XA4) MHAUBHUAYaIbHBIX KOMIUIEKCOB METAUIOB. /711 KaXI0T0 METaTIOKOMILIEKCa
NOJIyYadd m CHEKTPOB MOTJIOLICHHMS, TIO3TOMY BBIYMCICHHBIX CYMM Uil K&KIOH A OBUIO Takxke m
3HAYEHWH; U3 HUX BBIMUCIIUIM CPEJHUE 3HAYEHHUA M JUCTIEPCHH 5. OJHOBPEMEHHO JUIS KaXmOH A

YCPEOHIA M3MEPEHHBIC 71 3HAYEHHUH CYMMAapHOrO CBETOIOTJIOMICHHS CMECH METaIOKOMILICKCOB
(Ax) ¥ BBIYHUCTISUTA JUCTICPCHH s2.

Haiinennsie cpennue 3HaueHus 24 U Ay CpaBHUBAIM MO f-KpuTepuio CTbIOAEHTA, IPEABAPUTEIBHO
NPOBEPSIs UCTIEPCHHU 57 M 57 HA OJHOPOAHOCTH 110 Kpurepuio @umepa npu P = 0.99. Boraucmusmm

JKCIIEpUMEHTAIbHOE 3HaUYeHNE KPUTEPHS 1o (hopMyIam:

Cnocob I: Lyon =|As —ZA1 5|/ 5,5 (D
Cnoco6 II: lyen =| A5 —%A|/ s, - 2
3HaueHust 0000IIEHHOTO IO JBYM BBIOOPKAaM CTaHIAPTHOTO OTKJIOHEHHS §q HAXOAWIH 10 popmyie:

8, =[(s12+s22)/mT/2- 3)

I'nnore3y 0 HEaAOUTHBHOCTH CBETOINOIJIOMICHHS CMECH METAIJIOKOMILJICKCOB OTBEprajk, €Cld
3HAUEHUE ly; HE IPEBBIIIANIO0 KPUTUYECKOTO 3HAUCHUS f-KpPUTEpUsl AJs 4YUcia CTENEeHEH CBOOOIbI
S=2m-2 n ypoBHs 3HaUUMOCTH 1% (tpur = f0.01,7). B 9TOM ciyuyae Ha oHe ciyyaliHBIX HOTpEIIHOCTEN
OTKJIOHEHHMS OT aAJUTHBHOCTH CBETOIOTJIOIICHHS UCCIEAyEMOH CMECH HMMOONIM30BAaHHBIX B IICHKE
METaJJIOKOMILJICKCOB IIPY BHIOPAHHOW AJIMHE BOJHBI Oy IyT CTATUCTUYECKH HE3HAUNMBI.

ITpu ucnoab30BaHUM 35-KpUTEPHsI aHAJIOTUUHBIN BBIBOJ JI€JIAJIM, €CJIM BBIIOJIHIUCh HEPAaBEeHCTBA!
Cnocob I AA'=|A; —3A4/n|<3s C))
Cnocob II: A4 =|4; —34|<3s (%)
rze § — eIMHUYHOE CTAaHAAPTHOE OTKJIOHEHNE 3HAaUYCHHUH Ay NP MOBTOPHOM IMPUTOTOBICHHH 00pa31oB

IJICHOK U U3MCPEHHUHU IIPU BI>I6paHHI>IX JJIMHaX BOJIH CYMMAapHOI'0 IOIJIOMICHUSA CMECHU HMMOOHITH30-
1/2
BaHHBIX B IIJICHKEC MCTAJIJIOKOMIIJICKCOB, T. €. § = (522) .

Pe3ynbTaTbl M X 06Cy)kaeHue

CHCKTpI)I TIOIJIOIICHU MMMOOMIIN30BAaHHEBIX B JKEJATHHOBOH IIJIEHKE WHAWBUAYAJIbHBIX MCTAaJIJIO-
KOMITJICKCOB U UX CYyMMBI IIPE/ICTaBIICHBI Ha PUC. 1; CIIEKTPHI IEPEKPHIBAIOTCS B IIUPOKOM JHaIla30He
JUIMH BOJIH, 4YTO IIOATBEPXKJAeT HHU3KYI CEIIEKTUBHOCTh HMMMOOWMIM30BAaHHOTO B IUICHKE
4-(2-mmpunIa3o)-pe3opurHa. ITOT TBepAO(]a3HBIA peareHT MOYKHO HUCITOJIB30BAaTh M1 OMPEICIICHUS
CYMMAapHOT'O COAEPKaHHsI METaJUIOB, OTHAKO HEOOXO0JMMa NpeABapUTENbHAS MPOBEPKa aaIuTHBHOCTH
CBETOIOTIIONICHUS CYyMMBI IMMOOHIN30BaHHBIX METAIJIOKOMILIEKCOB.

JIuneitHOCTH rpagyupoBOYHOMN 3aBUCUMOCTH, KOTOPYIO OMKUCHIBAIIN YpaBHEHUEM
A4 =(3.90+0.06) - 10°, mHaGmiomanmu B JMama’oHe CYMMAapHOTO  CONCP)KAHMS — METAILIOB
(0.25-6.5) - 10™ Momb/1 (B KaXIOM PAacTBOpPE BCE HOHBI METAIUIOB MMENIH PABHbIE MOJISPHbIE KOHIICH-
Tpanuu). IMEHHO B 3TOM Mana3oHe CYMMapHOTO COJEPKaHUS METAIJIOB MBI IIPOBENN U3YUYCHHE a/l-
JUTUBHOCTHU aHAJIMTHYCCKOI'O CUT'HaJIA.

Buisgnenue omxnonenuti om adOumueHOCMuU C6eMON02N0UeHUsE MEMALIOKOMNIEKCO8, UMMOOUIU-
308AHHBIX 8 HCENAMUHOBOU NIIEHKE, NPU UX PAGHLIX MOJIAPHBIX KOHYEHMPAayusax 6 cmecu — cnocoo 1.

B pabore [25] MBI mokazamm pabOTOCIIOCOOHOCTH CTATHCTUYCCKUX KPUTEPHEB IS OICHKH
AIIUTUBHOCTA CYMMAapHOTIO aHAJIWTUYECKOIO CHUTHajJa HAa MpPUMEPE TOJIBKO OJHOM CyMMAapHOM
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KOHIIEHTpAIINK WOHOB MeTaIioB. UTOOBI MOKa3aTh CIPAaBEIIHMBOCTH CHOPMYIUPOBAHHBIX BBHIBOJIOB,
MBI PaACIIMPUIN SKCICPUMEHT — MPUTOTOBIIM IIECTh PACTBOPOB C CYMMApHBIMH KOHIICHTPAITUSIMHU
METAaJIoB: 7+ 10'6, 2:107,3-10°,4-10°,5-10° u 6107 mounb/; MPUTOTOBWIH MO LIECTh PACTBOPOB JIA
KaKIO0ro MOHA METaJlla C TAKHMH K€ KOHIICHTPAUUSAMHU U MONydrin 1o 3-4 o0pasla WHIUKAaTOPHBIX

IICHOK,

BBIYMCIICHUS COTJIACHO OIMMCAHHOM BEIIIIC MCTOIHKE.

AA
0,20

0,15+

0,104

0,05+

COOTBETCTBYIOIINX KaXIOMy pacTtBopy. IlpoBemnm wu3MepeHHS W COOTBETCTBYIOIIHE

0,00 T T
440 460 480

T T T
500 520 540

T
560

1
580
A, HM

Pucynok 1. CriekTpbl MOTJIONICHNST HMMOOWIIM30BaHHBIX B JKEIATHHOBOH IUICHKE METaNIOKOMIUIEKCOB H

nux CYMMBI:

c(M™") = ¢(

2+ 2+
1-Ni", 2-Cu”,
2+ -5
>M")=4.0-10" Mmons/1.
t
qour
.
—. aken
480 500 520 540 560 580
A, HM
(1a)
54
-
4
34
27 et S . taxcn
14
4é0 5(‘)0 550 5“10 SéO 5é0
A, HM
(2a)

3 - Co*,

2+ 2+ 2+
4-YM", 5-7Zn", 6-—Pb~; B pacTtBOpax
, 0,06~
AA, 3s el
0054 0/(/ \L“‘\n
o N, 3s
0,04 4 AA/
0,034 /./>'\\k
oo2] «
0,014 \K\J
T
0,00 T T T T T T
480 500 520 540 560 580
A, HM
(16)
AN, 3s
0,124
0,104
0,08 4
0,06 4 V \\
o]
0,04 4
0,024 -
0,00 -— T T T T T
480 500 520 540 560 580
A, HM

(20)

Pucynoxk 2. 3nauenns t-xpurepus (la, 2a), 3HaUCHUS OTKIOHEHHUH OT aIIUTHBHOCTH (A4 n YPOBEHB CITy-
YaifHeIx morpernHoctei (3s) (10, 20) mpu U3MEpEeHUH Ha Pa3HBIX IJIMHAX BOJIH CBETOIOIIOIICHHS CMECH UM-
MOOMJIN30BaHHBIX B )KEITATHHOBOM MICHKE METAJUIOKOMILIEKCOB.

(B pactBope: 1 — cx=2.0-10" Monb/11; 2 — ¢5=6.0-10" Monb/1; m=3)
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[Tpumeps! pe3ynbTaTOB NPOBEPKH aIAUTUBHOCTH CBETOMOIJIOLICHUS! METAITIOKOMITJIEKCOB, HMMO-
OMIM30BaHHBIX B JKEJATHHOBOW TUICHKE, YJOOHEE MpPEACTaBUTh B BHJIE TpaQHUUECKUX 3aBUCHMOCTEH
(puc. 2).

I'opuzonraneHas nuHMA Ha pucyHkax (1l a, 2 a) ykaspIBaeT KpUTHYECKOE 3HAYCHUE [-KPUTEPHS, a
HIDKHHE KPUBBIE — BBIYMCIICHHBIE 3HAYCHUS KPUTEPHUs HA OCHOBAHUM IKCIIEPHMEHTAJbHBIX aHHBIX.
Bepxusst kpuBast Ha pucyHkax (1 0, 2 6) orobpakaeT ypoBeHb CIy4alHBIX morpemrHocteit (3s) npu
U3MEpPEHHH CBETOINOIVIOIEHUSI CMECH IATH KoMIulekcoB MeramwioB ¢ [IAP, a HWKHAA KpuBasg —
OTKIIOHEHHS OT aINTHBHOCTH A4,

Ipu Bcex ITHHAX BOJH 3HadeHHs pasHOCTH AA’ He MpeBBICHIH (10 aGCOTIOTHON BETHUMHE) yPO-
BEHb CIIy4alHBIX MOTPEUTHOCTEH, a BEIYHUCICHHbIE 3HAUEHUS ~-KPUTEPHS HE MIPEBBICHIIN KPUTHUECKOTO
3Ha4YeHUs. Takue e pe3ynbTaThl ObLIM MOMYUYEHBI U AT APYTUX YEThIpeX cucTeM. Takum oOpazom,
CTaTUCTUYECKH 3HAYUMBIX OTKIOHEHUH OT aAJUTHBHOCTH CBETOIOIVIOLICHUS NPOAYKTOB HCCIELye-
MO HHAMKATOPHOM peaklMy BO BCEM HANa30HE CyMMApHOTO COJIEPKaHHs METAIJIOB HE BBISIBIICHO.

Buissnenue omxnonenutl om adOumugHOCMuU C8emMoNno21oujerus MemaiioKOMNIeKCO8, UMMOOULU-
308AHHBIX 8 HCENAMUHOBOT NIEHKE, NPU UX PA3HBIX MOJAPHLIX KOHYEHMpayuax 6 cmecu — chocoob I1.

Jns uccienoBaHus MPUTOTOBWIM MHAWBHUIYAJbHBIE PACTBOPHI COJIEM METANIOB M PACTBOPBI MX
cMmeceil. B Tabn. 1 mpuBeneHbl 3HAYCHUS MOJIIPHBIX KOHIIEHTPAIMiI HOHOB METAJIOB, KOTOPBIE TOI-
JICpKUBAIK B pacTBopax. [IpurotoBwiu no 3-4 oOpasiia MHAMKATOPHBIX IICHOK, COOTBETCTBYIOIIMX
pacTBopaM € YKa3aHHbIMU KOHUHTpPAUUSIMH, U3MEPUJIM CHEKTPHI IOIJIOLICHUS KaXIOro M3 MATH
MMMOOWIN30BaHHOTO B IUIGHKE METAIDIOKOMIUIEKCA W HMX CMECH, 3aTeM IIOCTYIMAId COTJIACHO
ONMCAHHOMU BBIIIE METOIUKE.

Pe3ynbTaThl BBISBICHUS OTKJIOHEHUN OT aJANTHBHOCTH CBETOIOTJIONIEHUS UMMOOUIN30BAHHEBIX B
JKEJIATHHOBOH TUIEHKE METaJUIOKOMILIEKCOB TIPEICTABIIEHBI B BUJIE TPadUKOB Ha pHC. 3 IS TPeX U3y-
YEHHBIX cMecel. I OCTaNbHBIX CMecel OBUTH MOTyUeHbl aHAIOTUIHBIE 3aBUCHMOCTH.

Tabauua 1. 3HaueHus: KOHUEHTpaUUi MOHOB METaJUIOB B MHIUBUAYaIbHBIX PacTBOPAaX M B pacTBopax cMece
KX coJiel

Cwmecn, ¢, 10°, Mons/n
No Cu™ Co* Pb* Ni** Zn”" cs.
1 0.2 0.2 0.5 0.15 0.2 1.25
2 0.8 1.0 0.4 0.2 0.3 2.7
3 0.3 0.4 0.6 1.2 0.9 34
4 1.2 0.3 1.0 0.8 0.9 4.1
5 1.0 1.2 2.0 0.4 0.8 5.4
6 0.3 1.5 0.8 1.7 1.8 6.1

3
Cy — CyMMapHas KOHICHTpalus HOHOB MCTAJIJIOB B CMECH

MeHss COOTHOIIEHNE MOJIIPHBIX KOHILEHTPALMl HOHOB METAJUIOB B MX CMECH, MBI IIPHUIIUIN K Ta-
KOMY K€ BBIBOJY, YTO W IJIsl CMECEl METaJJIOB C PaBHBIMU KOHIIEHTPAaLMSIMHU — IIPH BCEX JUIMHAX
BOJIH 3HAaueHHs pa3sHocTH A4’ He mpeBbICHIM (IO aGCOTIOTHOM BEIMUYMHE) YPOBEHb CIyYaifHBIX MO-
TPELIHOCTEN, a BBIYMCIICHHBIE 3HAUEHUS {-KpUTEPUS HE MPEBBICHIIN KPUTHUECKOTO 3HAYEHHs KpHUTe-
pHs, T.€. CTATUCTHYECKHM 3HAYMMBIX OTKIIOHEHHH OT aJJUTHBHOCTH aHAJIMTUYECKOTO CHTHala HE
BBISIBJICHO.

[Tonmy4yeHHBle IO ABYM CIOCOOaM pe3yNbTaTbl OLEHKH aIJUTHBHOCTH aHAJMTUYECKOTO CHUTHAJA
OPOLYKTOB  pEakUuM  KOMIUIEKCOOOpa30BaHMSI  MOATBEPOMIM  BO3MOXKHOCTH  IPHUMEHEHUS
MHINKATOPHBIX TLIEHOK JUISl ONpEeICHHs] CyMMapHOTO CONEPKaHHs HOHOB maATH Meramios (Ni’,
Cu*', Co™, Zn**, Pb®") B BoxHbIX cpenax. Jis yIPOIICHHS IPOLIEAYPHI CIIEKTPOHOTOMETPHUECKOTO 1
BU3YaJIbHO-TECTOBOTO aHAJIN3a TPaTyHpPOBOYHBIE PACTBOPHI MOTYT COJAEP)KaTh PABHBIE MOISIPHBIC
KOHIICHTPAllUH HOHOB METAJLIOB.

Ilpumepor cnexkmpogomomempuuecko2o U BU3VAILHO-MECMOB020 ONPEOENeHUsl CYMMAPHO20
co0epotcanis UOHO8 MEMALI08 8 PeANbHbIX 00BbEKMAX.

[ToaTBepIUB OTCYTCTBHE CTATHCTHYECKH 3HAYMMBIX OTKIOHCHUU OT aIJUTUBHOCTH HU3MEPSIEMOIO
AHAJIMTUYECKOTO CUTHAJA BO BCEM CIICKTPAIBHOM JHAINa30He U B 00JIACTH JIMHEHHOCTH TPaJyupoOBOY-
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HOW 3aBUCHMOCTH, Mbl IPUMEHWIN UHIUKATOPHBIC TUICHKU ATl CIIEKTPO(POTOMETPHUUECKOTO U BU3Y-
aIbHO-TEeCTOBOTO omnpeneneHus cymmapHoro conepxanust Cu(Il), Co(Il), Ni(Il), Pb(Il), Zn(II) B mpo-
0ax mpupomaHoil Boabl (Tabm 2). B kadecTBe KOHTPOJNBHOTO MeETOJa BHIOpadd aTOMHO-
a0COPOIMHMOHHYIO CTIEKTPOMETPHIO.

IIpoObI BomBI, 0OTOOpaHHOM M3 CKBaXKHH, TIEpe MPOBEICHUEM aHaIu3a GUIHTPOBAIN U IIPU HEOO-
XOJUMOCTH KOHIeHTpupoBanu (ynapuBaiu B 10-20 pa3); 5-10 M KOHIEHTpaTa BHOCHJIM B MEPHYIO
KOJIOY BMECTUMOCTBIO 25 MJI, aleTaTHBIM Oy(epoM yCcTaHaBIMBalIH HyHOe 3HaueHHe pH 5 u goBo-
JWIN TUCTULIUPOBAHHON BOIOM O METKH.

B ciydae BU3yanbHO-KOJIOPUMETPUIECKOTO OTPEICIICHUS], TOTOBIIIH TPalyipPOBOYHBIE PACTBOPHI U
COOTBETCTBYIOIINE UM TecT-00pa3ipl. CyMMapHas KOHIIEHTPALUs HOHOB METAJJIOB HAa IIBETOBOH IIIKa-
Jie U3MEHsIach B TeOMETPHUECKOH mporpeccun ¢ kodddurmentom 2: c(EM), 10° moms/m: 0; 0.5; 1.0;
2.0; 4.0; 8.0.

AA/ 350,05— i 5-

t
i

0,04 o

0,03

0,02 2 '\\
\
| t
. M
0,01 1 / \‘/ \,1 _w” oK
/ \./
‘
0,00 T T T T 1 0 T T T T 1
480 500 520 540 560 580 500 520 540 560 580
A, HM A, HM
(1a) (16)
0,04 4
/ t 59
AA 3s
o put
o o
0,03 / N 3s
4
3
AA' /"

0,02

/

.

\( A \
W IR
S 1/ -

. . . . , T T T T 1
480 500 520 540 560 580 500 520 540 560 580

A, HM A, HM
(2a) (26)

0,04 4

AA', 3s _ txpm
/A\“f \\/ * )

0,03 4
\ I
[\ AAl\ 5 \
A a
0,02 / \ / 0\ / \

\

\

/\J \ \\* "1 . /\J \/\/\\ N

-

T T T T T T !
480 500 520 540 560 580 500 520 540 560 580
A, HM A, HM

(32) (36)
Pucynok 3. 3uauenus f-kpurepus (la, 2a, 3a), 3HaueHHs OTKIOHEHHMII OT aamuTHBHOCTH (AA') M ypOBEHb
ciydaiiHpix morpemHocted (3s) (16, 26, 30) mpu mM3MepeHHH Ha pa3HBIX UIMHAX BOJH CBETOIOTIIOIICHUS
CMeCH MMMOOWJIN30BAaHHBIX B JKEJIATHHOBOW IUIEHKE METAIIOKOMIUIEKCOB IPH MX PA3HBIX MOJISIPHBIX KOH-
neHTpanuax B cMecH. (1 — cmeck No2, 2 — cmech Ned, 3 — cmech No5)
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Panee Hamu ObIIO ycTaHOBNEHO [14], 94TO Ha pe3yNbTaThl ONPENETIeHNUH ¢ UCIIONh30BAHUEM HHIH-
KATOPHBIX JKEJATHHOBBIX IUICHOK Memaromee Biusane nonoB K, Na*, Cl, NO;, SO,” HaumHaer
nposBasaThest pu ux 2000-4000-kpaTHOM MOJSIPHOM H30BITKE, NOHOB Mg%, Caz+, HPO42', Cng' —
mpu 200-500-kpaTHOM M30BITKE. Melarolee BIUSHAE HOHHOTO ()OHA B TPEACTABICHHBIX Pe3yJIbTa-
Tax OHpeAeTeHUI He MposBIIIOCh. [IpuMeHssI KOHTPOIbHBIA METOJ, MBI JIOKa3ajll MPaBUIBHOCTh OII-
peleneHuid.

Tabauua 2. Pesynbrarsl onpenenerus cymmapHoro coaepxkanusi Cu(Il), Co(Il), Ni(1l), Pb(Il), Zn(II) B mpodax
MPHUPOIHON BOJBI METOJAMHM aTOMHO-abcopOIimonHoi cnekrpomerpun (AAC), TBepaodasHoi crekTpodoTo-
MeTpui (TCD) 1 BU3yaIbHO-TECTOBBIM METOJIOM

OOBEKT ¢, MKMOJIB/JT
AAC TCD Tect-MeTO
n=10
[Tpo6sr (c (ZM;
BOI[H)IE/II:HCKBa_ M) c(M) (M) (M) (uHTEpBaN pasdpoca
(n=3, P=0.95) pe3yIbTaToOB
OTpeeIIeHHsI)
5 Ni(II) 3.6+0.8
3 Co(I) 25+0.5 945 7
S Nel Cu(Il) 0.09 £ 0.02 7.6 _
2 (n=6) (5-10)
e Zn(1I) 0.14 £0.03
2 Pb(11) 13£03
2 Ni(II) 3.6+0.8
% Co(I) 3.5+£0.7
2| w2 Cu(ll) 14%03 115 1(1?;:6)6 . 01_420)
=2 Zn(1I) 1.3+03
2 E Pb(1I) 1.7+£0.4
= Ni(II) 0.12 £0.03
S Co(I) 0.34 £0.07
= +
g s & Zn(1I) 0.46 + 0.08 0.92 O'(9n:50)'1 © ;ﬂ 5)
=5 E Pb(1I) <0.01 o
g | O Cu(Il) <0.01
°§’ Ni(II) 0.12+0.03
<
) > Cu(ID) 0.16 £ 0.04
B Zn(ID) 1.22 % 0.09 1.57 1'(5; 40)'3 a S 0)
5 g Pb(II) 0.07 £0.02 R
O X Co(1) <0.01
3aknoueHme

B pabote cTratrucTHYeCKHMM METOIOM J0Ka3aHa aJIATUBHOCTh aHAJTUTHYECKOTO CHTHAJIA TTPH CIIeK-
TPO(HOTOMETPUIECKOM OIPEICICHUH CYMMAapHOTO COJEPIKAaHUsS ISITH MOHOB MEPEXOMHBIX METaJIOB
Cu(Il), Co(II), Ni(Il), Pb(II), Zn(Il) ¢ ucmonbp30BaHNEM UHIUKATOPHBIX JKEITATHHOBBIX IUICHOK C UM-
MOOWITH30BaHHBIMHA 4-(2-TMPHUINITA30)-pe30puHOM. KOMIIOHEHTHI UCCIIeAyEeMBIX CMecel HaXOIUIIICh
KaK B PaBHBIX MOJISIPHBIX KOHIIEHTPAIMX, TAK U B Pa3HBIX COOTHOIIEHUAX WX MOJIIPHBIX KOHIICHTpA-
1uii. BEITOJIHEHHBIE B pa0boTe MCCIICIOBAHMS MTOKA3aJIM, YTO OTKJIOHEHMS OT aJIMTUBHOCTH CBETOIO-
[JIOIICHUST UMMOOWMIN30BaHHBIX B TUICHKE METAJZIOKOMIUICKCOB HE MPEBBIMIAIOT YPOBEHb CITyYalHBIX
MOTPEITHOCTEH BO BCEM IHAIa30HE OMPEISIIEMBIX coeprkaHuii MeTauioB. C HCIIONB30BAaHUEM WH-
JUKATOPHBIX IIEHOK oneHmu cymmapHoe conepxkanue Cu(ll), Co(Il), Ni(Il), Pb(Il), Zn(II) B mpobax
MPUPOJTHBIX BOJ CIIEKTPO(HOTOMETPUIESCKIM M BU3yalIbHO-TECTOBBIM MeToAaMu. [IpaBuiILHOCTE ompe-
JIEJICHUS TIOATBEPIIIIN aTOMHO-20COPOIIMOHHBIM METOIOM.
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0.0. PeweTtHsak*, B.M. LUeB‘-IEHKOT, H.M. J'ImcaKT, H.O. HikiTiHa*. MNepeBipka aAMTUBHOCTI aHaniTU4HOrO CUrHamny
npu cnekTpodoToMETPUYHOMY BU3Ha4veHHi cymapHoro Bmicty Cu(ll), Co(ll), Ni(ll), Pb(ll), Zn(ll) 3 BukopucTaHHAM
iHAMKaTOPHUX NiBOK.

* XapkiBCbkuii HauioHanbHWW yHiBepcuTeT iMeHi B.H. Kapasina, ximiyHun dakynbTeT, mangaH Csoboawm, 4,
XapkiB, 61022, YkpaiHa

T XapkiBcbkoro HayKkoBO-AOCMIAHOIO €eKcrnepTHO-KpuMiHanicTuyHoro ueHTpy MBC YkpaiHu, cektop disuko-
XiMiYHMX JocnigpkeHb Bigainy AocnigXeHHs maTtepianis, pevyoBuH Ta BMpoOiB, Byn. KoBTyHa, 32, Xapkis, 61036,
YkpaiHa

CratuctuuHi 3s- Ta t-kpuTepii 3actocyBanu Ans nepesipky aguTUBHOCTI CBITNOMOIMUHAHHSA iMMOGIiNi3oBaHMX B
XKenaTuHOBIW nmniBLi komnnekcie 4-(2-nipugunaso)-pesopumnny (MAP) 3 ioHamu meTtanis Co(ll), Ni(ll), Cu(ll), Zn(ll),
Pb(ll), wo 3HaxoasTbCs K y PIBHUX KOHLEHTpAaUisiX, TaK i B Pi3HNX CMiBBIQHOLEHHSX iXHIX MOMISPHMX KOHLUEHTpa-
Ui, Ha BCbOMY Aiana3oHi BMICTy MeTaniB, L0 BU3Ha4aTb. Y SIKOCTi NPO30poro noniMepHoro copbeHTy BUKopuc-
ToByBanu chotorpadivHy nnisky Ana odgceTHoro Apyky dipmn Agfa, 3 xenaTMHOBOrO Lapy skoi 6yno suganeHo
ranoreHian ApreHTymy. BunyyeHHsi peareHTy B >xenaTtuHOBWIA Lwap ¢poTONMiBKM NPOBOAUNM 3 BOAHOMO PO3YMHY
MMAP (1 mmonb/n) npoTtarom 45 xB; NNiBKM 3 peareHTOM BUTPUMYBanu y po3duHi conen metanis npotarom 15 xs.
CBiTNnonornvHaHHA NNiBoK 3 MeTarokoMnnekcaMmm 4epBOHOIO KOMbOPY BMMIpHOBaNM BiAHOCHO XOBTOI MMiBKM 3
peareHToM Ha cnektpodpoTomeTpi Hitachi U-2000 Ta dpoTokonopumetpi KOK-3.

FoTyBanu gBa TMNM PO34MHIB B Aiana3oHi KoHueHTpauin (0.25-6.5) - 10 monb/n — PO34MHM iHOMBIAYaNbHUX
coner MeTarniB Ta po34MHU, WO MICTATb M'ATb iOHIB MeTaniB ogHo4acHo. Criocib I: KOHUEeHTpaUito ioHiB MeTanie B
iHOMBIAyanbHUX po34nHax (C) 3agaBanu PiBHOK CyMapHOi KOHLUEHTpauii MeTanis B ixHiA cyMiwi (Cz), Npy LboMy
KOHUeHTpauii meTtanie y cymiwi 6ynu piBHumu (cs/5). Crioci6 II: koHUeHTpauii ioHiB MeTanie B iHAMBIQyanbHUX
po34MHax 3agaBanu TakMMK X, siki 6ynu y cymilli, npy LbOMY CMiBBIAHOLUIEHHS KOHLIEHTPAUi MeTanis y po34nmHax
IXHbOI CyMiLLi BapitoBanu. Y po3ynHu 3aHyptoBanu no 3-5 3paskis MoaudikoBaHnX NNiBoK, siki NN BUCYLLYBaHHS
Ha MoBITpi hoToMeTpyBanu B Aiana3oHi JoBxuH xBunb 480-580 HM 3 warom 5 HM. Pe3ynbTatn BUMIpIOBaHb yce-
peaHioBanu Ta po3paxoByBanv AUCNepCii ANg iHAUBiAyanbHUX Ta CyMapHUX CUrHaniB.

CniBcTaBnsanu ysaranbHEHUMIN aHaniTUMHUIA CUrHan Bif CyMW MeTarlokoMmmnnekciB (As) Ta Cymy aHaniTUYHUX CUr-
HaniB Bi4 iHOMBIAyanbHUX MeTanokoMmnnekciB (ZA). Y BUNagKy BUKOPUCTAHHS 3S-KpUTepis, BiAXWNEHHS Big agu-
TMBHOCTi CYyMapHOro curHany npuimMany cTaTUCTUYHO HE3HAYUMMUM, SKLLO po3paxoBaHi pisHuui (| As — ZA/n | abo
| As — ZA |) He nepeBuLLyBanu NOTPOEHE CTaHAAPTHE BiAXMIEHHSA CyMapHOro curHany. Y BUnagKy BUKOPUCTaHHS
t-kputepia CTblogeHTa, CNiBCTaBNANM KpUTUYHE 3HaYeHHs (fpur=lo.o15) T@ 3HAYEHHS KpUTEPIlo, WO po3paxoBaHe
Ha OCHOBi ekcrnepumeHTanbHUX gaHux. byno BCcTaHOBMEHO, WO Ha BCbOMY Aiana3oHi BMICTY mMeTanis, npu ycix
OOBXMHAX XBUIb CTATUCTUYHO 3HAYUMUX BiOXWMEHDb BiA aAUTUBHOCTI CBITNO NOrMMHAHHA MeTano KOMMIEKCIB, Lo
iMMOGinisoBaHoO y NNiBLj, HE BUSBMEHO.

IHAMKaTOpPHI NNiBKM BUKOPWCTOBYBaNM AN CNeKTPOoOTOMETPUYHOIO Ta BidyanbHO-TECTOBOrO BU3HAYEHHS Cy-
mapHoro Bmicty Cu(ll), Co(ll), Ni(ll), Pb(ll), Zn(ll) B npobax npupoaHoi Boau. MpaBusbHICTL BU3HAYEHb AoKasanu
MeToA0M aTOMHO-abcopbUiiHOT cnekTpoMeTpii.

KnroyoBi cnoBa: cyma meTtanis, enaTtuHoBa nniBka, aAUTUBHICTb aHaniTUMHOrO CUrHany, CTaTUCTUYHI KpuTe-
pii, TBepgodasHa cnekTpodoTOMETPIs, BidyarnbHa KONOpUMETpIs.

E.A. Reshetnyak*, V.N. Shevchenko', N.M. LysakT, N.A. Nikitina*. Verification of the analytical signal additivity
for the spectrophotometric determination of the total content of Cu(ll), Co(ll), Ni(ll), Pb(ll), Zn(ll) using indicator
films.

* V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv, Ukraine
T Kharkiv Research Forensic Centre of MIA of Ukraine, the sector of physic-chemical research of the depart-
ment of research of materials, substances and products, 32 Kovtuna str., 61036, Kharkiv, Ukraine
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HpOBepKa ANTUTUBHOCTHU aHAJIMTUYCCKOTI'O CUI'HaJIa IIpHU CHGKTpO(I)OTOMCTpI/ILIGCKOM

Statistical 3s- and t-criteria are used for the verification of the absorbance additivity of the immobilized in gelatin
films complexes of 4-(2-pyridylazo)-resorcinol (PAR) with metal ions Co(ll), Ni(ll), Cu(ll), Zn(Il), Pb(ll), both in
equal concentrations, and in different ratios of their molar concentrations over the entire range of metal contents.
An Agfa photographic film for offset printing is used as a transparent polymeric sorbent. Silver halides are previ-
ously removed from the gelatin layer. The extraction of the reagent into the gelatin film layer is carried out from an
aqueous solution of PAR (1 mmol/l) for 45 minutes; the films with the reagent are kept in a solution of metal salts
during 15 minutes. The light absorption of the films with red metal complexes is measured versus to the yellow
film with the reagent on the Hitachi U-2000 spectrophotometer and the KFK-3 photocolorimeter.

Two types of solutions are prepared in the concentration range (0.25—6.5)-10'5 mol/l — solutions of individual
metal salts and solutions containing five metal ions simultaneously. Method I: the concentration of metal ions in
individual solutions (c) is set equal to the total metal concentration in their mixture (cz); the metal concentrations in
the mixture are equal (cs/5). Method II: the concentrations of metal ions in individual solutions are set to the same
as in their mixtures; the ratio of the concentrations of metals in the solutions of their mixture is varied. 3-5 samples
of the modified films are immersed in the solutions, air dried and obtained the value of absorbance in the wave-
length range 480-580 nm in 5 nm steps. The results of the measurements are averaged and the dispersions are
calculated for the individual and summary signals.

The analytical signal from the sum of metal complexes(As) and the sum of analytical signals from individual
metal complexes (2£A) are compared. In the case of application of the 3s-criterion, the deviation from the additivity
of the total signal is assumed to be statistically insignificant if the calculated differences
(| As—ZA/n | or | As — ZA|), doesn’t exceed the tripled standard deviation of the total signal. In the case of Stu-
dent's-test, the critical value (fit=fo.011) and the calculated on the basis of the experimental data criterion value are
compared. It is found, that the analytical signal from the sum of metals, both in equal concentrations, and in dif-
ferent ratios of their molar concentrations, doesn’t have significant deviations from additivity in the entire range of
the metal contents and wavelength range.

The indicator films are used for spectrophotometric and visual-test determination of the total content of Cu (ll),
Co (I), Ni (1), Pb (1), Zn (Il) in samples of natural water. The accuracy of the determinations is proved by atomic
absorption spectroscopy.

Keywords: the sum of metals, gelatin film, analytical signal additivity, statistical criteria, solid-phase spectro-
photometry, visual colorimetry.

Kharkov University Bulletin. Chemical Series. Issue 30 (53), 2018
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ETUYHI HOPMM MYBJIKAILII HAYKOBHUX PE3VYJILTATIB TA IX IMOPYIIEHHS.
Penakuiiina xomerisi poOUTh BCE MOXKIIHUBE ANl JOTPUMAHHS €TUYHUX HOPM, NPUHHATHUX MIXHApOA-
HUM HayKOBUM TOBApUCTBOM, 1 ISl 3al00iraHHsl OyAb-sSKMX MOPYLICHb IUX HOpM. Taka mojiTuka €
BaYXJIMBOIO YMOBOIO TUTITHOI y9acTi KypHally B PO3BHUTKY IUTICHOT CHCTEMH 3HaHb B Taiy3i Ximil Ta
CYMDKHUX Tany3sX. JisUbHICT penakiiiiHOl KoJerii 3HauHOK MipO0 CIIMPAEThCS Ha PEKOMEHJAIIIT
Kowmitery 3 etnku HaykoBux myOumikariid (Committee of Publication Ethics), a Takok Ha miHHUN 10-
CBil MDKHAPOJHMX >KypHaJliB Ta BUAABHUUTB. [logaHHs cTaTTi Ha po3Tisiy 03HAaYae, M0 BOHA MICTHTh
OTpHMaHi aBTOpPaMH HOBI HETPHBIAIbHI HAYKOBI PE3yJIbTATH, SKiI paHimie He Oynu omyoiikoBani. Ko-
JKHY CTaTTIO PELEH3YIOTh IIOHAHMEHIIIe J1Ba eKCIIEPTH, SIKi MAOTh YC1 MOXKIIMBOCTI BUTBHO BUCIIOBHTH
MOTHBOBaHI KPUTHYHI 3ayBa)KCHHS LIOZ0 PIBHS Ta SICHOCTI MPEACTAaBICHHS MaTepiany, Horo BiINOBi-
JTHOCTI Mpo@iTto )KypHATYy, HOBU3HHU Ta JOCTOBIPHOCTI pe3ynbTaTiB. PekoMeHnpallii pereH3eHTiB € oc-
HOBOIO IS IPUHHATTS OCTATOYHOI'O PIllIEHHS IIOAO0 MyOuiKaiii cTaTTi. SIKII0 CTaTTIO MPUHHATO, BOHA
PO3MINTY€ETHCS Y BIAKPUTOMY AOCTYII; aBTOPCHKi TpaBa 30epiraroThCsA 3a aBTOpaMH. 3a HAsSBHOCTI
Oyap-sikux KOH(QIIKTIB iHTepeciB ((iHAHCOBHX, aKaAeMiYHHUX, NEPCOHATBHUX Ta 1HIIMX), YYACHUKH
TPOLECY PCLCH3YBAHHS MAIOTh CITOBICTHUTH PEMAKITIHHY KOJETiio mpo Iie. Bei mutanHs, mMoB’s3aHi 3
MOXIMBAM IUIariaToM abo QanbCHIKalli€ro pesy/lbTaTiB PeTeIbHO OOroBOPIOIOTHCS PEJAKUIHHOO
KOJICTI€I0, PIBHO SIK CIIOPH L1010 aBTOPCTBA Ta JOLUIBHICTE PO3APOOICHHS PE3y/IbTATIB HA HEBEIMYKI
CTaTTi. HOBeneHl wiariat uu ¢anbcudikais pesyabTaTiB € miacTaBaMy Uil 0€3yMOBHOTO BiIXHUJIEHHS
CTaTTi.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each
paper is peer reviewed by at least two independent experts who are completely free to express their
motivated critical comments on the level of the research, its novelty, reliability, readability and rele-
vance to the journal scope. These comments are the background for the final decision about the paper.
Once the manuscript is accepted, it becomes the open-access paper, and the copyright remains with
authors. All participants of the review process are strongly asked to disclose conflicts of interest of any
kind (financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives
extremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent
research entail the categorical rejection of the manuscript.

9TUYECKUE HOPMBbI INYBJIUKAIIUU HAYYHBIX PE3YJIIBTATOB U UX HAPY-
HIEHWS. Penakimonnasi KOJUIETHS IEJIAeT BCE BO3MOXKHOE JIJISI COONTIOICHUS STHIECKUX HOPM, TIPHU-
HATBIX MEXIYHAPOJIHBIM HAYYHBIM COOOIIECTBOM, W JJISl IPESJOTBPAIICHUS JTFOOBIX HAPYIICHUH 3THX
HOopM. Takas TOJMTHKA ABJISCTCS HEOOXOAMMBIM YCIOBHEM IIOAOTBOPHOTO yUaCTHsI )KypHalla B pas-
BUTHH TICJIOCTHON CHUCTEMbI 3HAHWH B 00JIACTH XUMHUM U CMEXHBIX 00JIacTAX. JTa JesATeTbHOCTh pe-
JIAKITUOHHOM KOJUICTMH OIHPACTCS, B YAaCTHOCTH, Ha peKOMeHIanuu KoMmureTa 1Mo 3THKE HAyYHBIX
myomukammii (Committee of Publication Ethics), a Takyke Ha 1IEHHBIH ONBIT aBTOPUTETHBIX MEXIyHa-
POIHBIX )KYPHAJIOB U U3AaTenbCcTB. [IpencTaBienre cTaTb Ha pACCMOTPEHUE TIOIPa3yMEBaeT, YTO OHA
COACPIKUT MOJIYUYCHHBIC aBTOPpaMU HOBBIC HETPUBUAJIBHBIC HAYUYHBIC PE3YJIbTAThl, KOTOPBIC PAHCC HU-
IJie He MyOIMKOBATNCH. KaXIyro cTaThiO PEIICH3UPYIOT MHHUMYM JIBa 9KCIIEPTa, KOTOPhIE UMEIOT BCE
BO3MO>KHOCTH CBO6OZ[HO BbICKa3aTb MOTUBHUPOBAHHBIC KPUTUYCCKUE 3aMCYaHUsd OTHOCUTCIILHO YpPOB-
HS ¥ SICHOCTH W3JIOKCHUSI MPEICTABICHHOTO MaTepualia, ero COOTBETCTBHS MPOGUIIIO KypHAIa, HO-
BU3HBI U JJOCTOBEPHOCTHU PE3yJITATOB. PEKOMEHAINY PEIICH3CHTOB SIBIISIOTCS OCHOBAHUEM JUIS TIPH-
HATHS OKOHYATEJIBHOTO PElICHUs 0 MyOnuKanuu ctaTbi. CTaThs, B CIydae MPUHATHS K OMyOJIHKOBa-
HUIO, pa3MeNIacTCs B OTKPBITOM JIOCTYIIC; aBTOPCKUE MIPaBa COXPAHSIOTCS 3a aBTopaMu. [lpy Hanmnyuu
KaKUX-THO0O0 KOH(IMKTOB WHTEPECOB ((PUHAHCOBHIX, aKaIEMUICCKUX, JTHYHBIX U T.J.) YIACTHHKH IIPO-
recca pereH3upPOBaHusl TOHKHBI COOOIUTL 00 3TOM peakouierud. JIioOble CropHbIe BOMPOCHI, CBS-
3aHHBIC C BO3MOXXHBIM INIaruaToOM HJIN @aHLCHq)I/IKaHI/ICI\/’I PE3yIbTAaTOB, BHUMATCILHO pacCMaTpuBa-
IOTCSI PEIAKIIMOHHON KOJUIerHed, paBHO KakK CIOpbl 00 aBTOPCTBE M IENECOO00Pa3HOCTh IPOOICHUS
pe3yJbTaTOB Ha HEOONbBIIUE CTaThH. B Cilyyae MOATBEPKICHMS IuIaruara wid (GpaabCUPUKAIIT pe-
3yJIBTAaTOB CTAThsl OE€30TOBOPOYHO OTKIIOHSETCS.
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THOOPMAULIA JJIA ABTOPIB. XKypnan my6iikye cTaTTi pociiichKor0, aHTITIHCHKOI0 Ta YKpai-
HCBKOIO0 MoBamH. Jlo myOikamii mpuiMaroThCs: OTISIAN (32 TIOTOKEHHSM 3 PEKOJIETi€l0); OpUTiHa-
JBHI CTaTTi, 00cAr 6-10 )XypHaJIbHUX CTOPIHOK; KOPOTKi MOBiAOMIIEHHS, 0OCST 10 3 KypHaJIbHUX CTO-
piHok. KpiM 3BHUaifHOTO CITUCKY JiTEpaTypH, B CTATTi OOOB'SI3KOBO IMOBUHEH OyTH APYTUN CHHCOK, BCI
TIOCWJIAHHSI IKOTO NTaHi JJaTHHHIE0. [IpaBuia miaroToBKM MbOTO CITUCKY HaBeAcHI B po3aim «TpaHc-
JiTepanis» Ha caifTi xypHary. OOuIBa CIIMCKU MOBHHHI OyTH MOBHICTIO ieHTHYHI. [Ipu penien3yBan-
Hi CTaTell OAMH 3 KPUTEPIiB - HASABHICTH NOCUIIAHb Ha MyOJIiKalii ocTaHHiX pokiB. CTaTTa 000B'SI3KOBO
TTOBUHHA MICTUTH PE3I0OME POCIHCHKOI0, YKPAiHCHKOIO Ta aHTJIIHCHKOI0O MOBaMH. Y BCIX TPhOX HE00-
XiIHO BKa3aTH Ha3BY CTaTTi, NPI3BHIIA aBTOPIB i KIIOYOBi cioBa. OpieHTOBHHI 00CAT pe3loMe -
500 3HakiB (0€3 ypaxyBaHHS 3aroJIOBKY 1 KIIOYOBUX ciiB). Pemakuis mpuiiMae enekrpoHHui (MS
Word) i 1Ba po3npykoBaHuX (U1 XapKiB'siH) TEKCTy PyKONUCY. AnpecH BKaszaHi B po3aini «KoHrak-
TH» Ha calTi xypHary. CyImpoBiTHHNA JINCT IO CTATTi, BUMIPABJICHOI BiIIOBIAHO 0 3ayBaKCHb PEIlCH-
3€HTa, MOBHHEH MICTHTH BiJMOBiAl Ha BCi 3ayBaxkeHHs. [logaeThes eNeKTPOHHUM 1 OJUH PO3IPYyKOBa-
HUH (178 XapKiB'aH) BapiaHT. PykommcH, siki MpOUTIITN pelieH3yBaHHs, MPUHHATI 10 myOumikarmii i odo-
PMJICH] BIATIOBIIHO 1O TPABWII IJIs aBTOPIB, MpuiiMaroThes y dopmari doc (He docX) eneKTpOHHOIO
nomtor (chembull@karazin.ua). Po3npykoBanuit Bapiant He motpiOen. Jlokmamuima iHpopmarris
po3milieHa Ha caiTi )xypHany http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular
papers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 500 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for
details. Please use papers of previous issues as samples when prepare the manuscript. The MS Word
format is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and dia-
grams are required in vector formats. Figure captions are given separately. All figures, tables and
equations are numbered. Please use MS Equation Editor or MathType to prepare mathematical equa-
tions and ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is
accepted in the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts
may be submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed informa-
tion see the journal web-site http://chembull.univer.kharkov.ua.

HNHOOPMALUA JJISA ABTOPOB. XKypHan myOiauKyeT cTaTbl Ha pyCCKOM, aHTJIMHCKOM U YK-
pauHCKOM si3bIKax. K myOnukauny npuHUMaIOTCs: 0030pbI (10 COTTIaCOBAHMIO C PEIKOJIIETHEN); OpH-
TUHAIBHBIC CTaThH, 00heM 6-10 >KypHaIBHBIX CTPAHUI];, KpaTKAE COOOIICHH, 00heM 10 3 JKypHAIlb-
HBIX cTpaHull. [IoMHMO OOBIYHOTO CIIHCKA JTUTEPATYPHI, B CTaThe 00S3aTEIBHO JTOJKEH OBITh BTOPOM
CIHCOK, BCE CCBUIKH KOTOPOTO JaHbl JaTHHULEH. [IpaBuna moaroToBKM 3TOro CHUCKa MPHUBEICHEI B
pazzene «TpaHcnuTepauus» Ha caite xypHana. O0a cHMCKa TOKHBI ObITh HMOJTHOCTHIO HACHTUYHBL.
[Ipu perieH3UpOBaHUM CTAaTEH OJMH U3 KPUTEPUEB - HAIWYHNE CCHUIOK Ha MyOIMKAIMK MTOCIEAHUX JIET.
Crarbsa 00s3aTeNIbHO OJDKHA COAEPKATh pe3loMe Ha PYCCKOM, YKPaMHCKOM M aHTJIMHCKOM SI3bIKax.
Bo Bcex Tpex HE0OX0AMMO yKa3aTh Ha3BaHHE CTaThH, (JaMUIMU aBTOPOB U KIIOUEBbIe cioBa. OpueH-
THPOBOYHBIN 00BeM pe3toMe - S00 3HaKoB (03 ydeTa 3ariiaBus U KIIFOUEBBIX CIIOB). Penaknus mpuHu-
MaeT aekTpoHHbl (MS Word) 1 nBa pacredaTaHHBIX (Ul XapbKOBYaH) TEKCTa PYKOMHCH. AJpeca
yKa3aHbl B pa3zneie «KoHTakTe» Ha caiite ypHana. COMpOBOAUTENbHOE MHCEMO K CTaThe, HCIIPaB-
JICHHOH B COOTBETCTBMU C 3aMEUAHUSIMH PELEH3EHTa, JOJDKHO COJCPKATh OTBETHI HA BCE 3aMEUYaHMUS.
[TomaeTcst 37eKTPOHHBIN U OAWH pacliedaTaHHBINA (71 XapbKoB4YaH) BapHaHT. lIpomeamume pereH3u-
pOBaHUE W TIPHHATHIE K MyONMKAalUM PYKOMHCH, O(QOpMIICHHBIE B COOTBETCTBHU C MpPaBWJIAMH IS
aBTopoB, mpuHUMatoTcs B (opmare doc (He docx) mo snekrponHHOU moute (chembull@karazin.ua).
Pacmieuatannsnii BapuaHT He TpeOyeTcs. boree moapoOHas mHGOpMAITHsS pa3MeleHa Ha caliTe KypHa-
na http://chembull.univer.kharkov.ua.
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