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The paper deals with quantifying aromaticity in wn-electron networks by unsophisticated MO techniques.
The focus is placed on local aromaticity measures associated with individual benzenoid rings. We revised
the ring aromaticity index due to Cioslowski et al (2007) by including explicitly net charges and electron un-
pairing effects. Our previously introduced quasi-correlated tight-binding (QCTB) approximation serves here
as an easily available tool for taking account of n-electron correlations. The latter crucially influence the be-
havior of large and even small conjugated n-structures with a nontrivial topology. Numerical applications of
Hickel and QCTB models to measuring local aromaticity are reported for various structural classes (poly-
cyclic aromatic hydrocarbons (PAHs), graphene nanoflakes, and others). We analytically investigate the
aromaticity in conjugated monocycles CyHy (neutral and charged ones). Furthermore, in the same manner
several PAH structures (oligocenes, pyrene, perylene, etc.) are considered in their charged states, and the
results are compared with those of related quinoid-type systems, such as p-diphenoquinodimethane. It is
shown that, unlike usual PAHs, quinodimethane structures tend to increase their aromaticity in dicationic
(dianionic) form. In our studies of nanographene aromaticity we find a decrease of the local aromaticity as
we move to a center of graphene structures, that is in a sharp contrast to the predictions of NICS (nucleus
independent chemical shift), a rather criticized approach. A particular emphasis is being put on measuring
local aromaticity in highly correlated n-systems. Typical non-Kekule hydrocarbons (e.g., triangulene radical
and polyradicals), are also studied within QCTB by which characteristic difficulties caused by the occurrence
of many non-bonding n-MOs, are simply obviated.

Keywords: aromaticity measures, polycyclic aromatic hydrocarbons, nanographenes, Hiickel MOs, open-
shell systems, polyradicals, quasi-correlated tight-binding approximation.

Introduction

Aromaticity is a deep and difficult concept which raised many controversy questions of interpreta-
tion. On the one hand, the concept is treated as one “of immense practical importance” [1]; on the
other hand, some researchers take it as a suspicious notion (e.g., see interesting discussions in [2,3]).
Nevertheless, polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds and many others
definitively reveal their aromaticity character, and the vast majority of papers were dedicated to treat-
ing this fundamental chemical notion in quantitative terms; for recent reviews and new articles see
Ref. [4-14].

Several important issues still remain incompletely resolved within the theoretical approaches to
aromaticity. The cyclic delocalization of m-electrons is one of them. Indeed, this delocalization is the
underlying feature of PAHs, and serves as a principal characteristic of aromaticity at all. There exist
many approaches to “measure” the cyclic delocalization in aromatic systems by structural [4], mag-
netic [15], and electronic indexes (of one sort or another) [8-13]. Unfortunately, some of them, par-
ticularly, magnetic measures, can lead to results that are not consistent with chemical expectations.

The above consideration motivates us to apply a special cyclic delocalization index which would
directly reflect electronic cyclicity of benzenoid or other structural subunits. Among the existing aro-
maticity measures, the so-called /; index, which was introduced in Ref. [16] and investigated in

Ref. [5], deserves more attention than it has received thus far. In the present paper we revive and ex-
tend the [/, -approach, making improvements to it. These improvements are mainly concerned with a
simplified inclusion of both electron correlation and atomic charge effects.

The essential part of our approach is an explicit incorporation of an electron-correlation factor to

the resultant cyclic aromaticity index. We achieve this by invoking the recently introduced quasi-
correlation tight-binding model (QCTB) [17,18]. Notice that the typical tight-binding (TB) model for

© Luzanov A. V., 2018
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n-electrons is tantamount to the Hiickel MO (HMO) method, so we will make no distinction between
TB and HMO schemes. The proposed cyclic aromaticity index is easily computed within the frame-
work of semiempirical models of TB type, and it is used here for sufficiently large PAHs and graphene
nanoclusters.

Cyclic aromaticity for n-conjugated fragments

Our approach, as many others, is founded on the conventional n-electron characteristics which are
named n—electron bond orders, more exactly Coulson’s mobile bond orders. Like ‘experimental’ bond
orders that are used in Pozharski and Bird aromaticity scales [19,20], the Coulson bond order ex-
presses, in relative units, the bond strength. Before giving the approach to be considered it is suitable
to start with one very simple but lucid quantification scheme for the local aromaticity from Refs.
[21,22].

In the above cited works, the bond-order index of aromaticity (BOIA) of the form

1 6
BOIA=1—EZ(Pa—PO)2 (1)

a=1
is assigned to each benzenoid rings. In Eq. (1) P, is n—bond order of ath chemical CC bond in the
given 6-atom ring, and P, is a reference value for the isolated benzene molecule. In practical computa-
tions based on usual Hiickel and Pariser-Parr-Pople m-approximations, P, =2/3. Slightly more com-

plicated are the definitions of the so-called para delocalization index (PDI) [5], quantum similarity
[23] and quantum fidelity [8] indexes, and several others which are also based on using bond orders.
The certain drawback of the many above mentioned indexes is that they permit nonzero values
even for benzenoid rings with a zero m—bond order between neighboring atoms, i.e. when no cyclic
n—electron delocalization occurs (e.g., in partially hydrogenated rings). It means that the discussed
indexes are not sufficiently targeted for describing the cyclic delocalization itself. It is not hard to un-
derstand that the use of arithmetic mean in Eq. (1) and related equations is the cause of such unwanted
behavior. This obstacle is easily removed by replacing, in Eq. (1), the arithmetic mean by a geometri-
cal mean. The previously cited 7, index from Ref. [16] is just the measure of this type (see Egs. (8)

and (13) therein). Thus, we can start now by adopting 7, index, from which we first take out its so-

phisticated normalization factor. It gives us a suitable quantity which will be termed the cyclic aro-
maticity index (CAI). The explicit expression for the given ring r is:

CAIlF1=[[] & /2)1"° =[] & /R1" )

Here we imply notations from Eq. (1), that is, all P, in above are related to cycle r. Furthermore, in

Eq. (2) the squared bond orders are, in fact, averaged over, so that we deal with the bond-orders due to
Wiberg [24]. A more general is the definition of CAI for arbitrary cycle of size m:

CAI[F1=[[] A/RT" 3)

a=1
It is also useful to introduce atomic aromaticity indexes (AAI) condensed to atoms. For this we will
consider a cyclically connected backbone of the entire molecule without exocyclic atoms, that is a
cyclic part of the whole structure. The individual values of AAI indexes will be denoted by AAI ,

with a specifying the given atom of the cyclic part. Explicitly, AAI, are computed as follows:
3
AAL =T &,/ R)" )
Jj=1

Here P,; is m-bond order for the C,C,; bond where atom j being adjacent to atom a, also belongs to the

cyclic part. In case of the border atom a having only two neighbors, we have

2
AAL =[] P,/ B, (4)
j=1
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Moreover, by construction we adopt AAI, =0 for every exocyclic atom. The AAI set {AAI },_,., 1S
computed for all M atoms in the cyclic part of the molecule, and it allows one to approximately repre-
sent atomic contributions to the overall aromaticity.

As will seen in the next section, the given definitions are suitably applicable for cyclic-structure
hydrocarbons (PAHs and other alternant systems). The latter, by definition, contain no odd carbon
rings and heteroatoms. These are the so-called bipartite graphs in graph-theoretic terms. The remark-
able fact for neutral (uncharged) alternants is that they have no m-electron net charges (a well-known
consequence of the Coulson-Rushbrook pairing theorem). Otherwise, the m-electron net charges
{q,},<.<y appear, and they can suppress aromaticity (by increasing reactivity of polar molecules). Of

course, net - charges do not occur in the benzene molecule (within conventional nt-theories). Hence, a
certain charge factor, say, such as 1-|g, | for each atom a, must be additionally included into the

above relations. In doing so, we imply that index @ in P, can be also treated as a number of the ‘“first’
atom in the ath two-center bond, so ¢, is the net charge on this cyclic atom. At this stage we take,
instead of Egs. (3) and (4), the following definitions:

CAIF1=[] [(-Iq, DB,/ P, " (5)
a=1
3
AAL =(-1q, (] P,/ B)*" (6)
j=1

Obviously, all net charges and bond orders here are reiated to the given ring r.

Measuring cyclic aromaticity for small conjugated systems

To assess the quality and application of the proposed aromaticity measures, let us study, within the
conventional Hiickel approximation, several examples, mainly focusing on alternant structures. The
simplest is a model case of plane annulenes, the completely conjugated monocycles CyHy with N car-
bon atoms. In these model monocycles, all the AAI indexes are equal, and for the given N they will be
denoted by AAI.[N]. In the case of n-ions, number N will be supplied here by the superscript show-
ing a total charge of the system. Evidently, AAI.[N] coincides with the CAI values defined in Eq. (5).
For the reference benzene molecule we naturally have AAI_.[6]=1. Simple computations on typical
monocycles (including ions) produce the following results:

AAIL[5]=72(3+~/5)/625~0.603,

AAL.[77]=324(1+ 2cos[27/7])* /2401~ 0.681,
AAI.[97]=64(1+2cos[27/9]+ 2cos[47/9])* /729~ 0.728,
AAIL[10] =9(3+~/5])/50~ 0.942,
AAI [o0] = 9/7*=0.91189....

Together with AAI_.[6]=1, they show that in our scheme the aromaticity degree of stable monocyclic
n—systems satisfying Hiickel (4n+2) rule, nonmonotonically varies with increasing N, and goes to the
limiting value (= 91%).

Next, in Table 1, we provided the Hiickel-based characrerization of local aromaticity in the ground
states of naphthalene, anthracene and others typical PAHs. The results for ring aromaticity measure,
Eq. 5, are compared with o*°"-indexes, that is, with our another ring aromaticity measure, defined
previously in Ref. [8], Eqs. (7.3) and (7.4). In Table 1, as well as in other tables and figures, the visu-
alization of atomic distributions {AAI,} is also shown. Each AAI, value is displayed as a red circle

with radius proportional to this AAI, value. From the table we see that the “most aromatic” are outer

rings of the studied systems. Judging from the data collected in Ref. [19] for linear polyacenes and
related systems, this feature is not reproduced by other aromaticity scales such as NICS in Ref. [14],
PDI and HOMA (the last is described in Refs. [1,4]) . At the same time, the more sophisticated scales



A.V. Luzanov

from Ref. [22,25] (six—center indexes etc) give the picture which is qualitatively(but not quantita-
tively) the same as that of our CAI scale. Interestingly enough, a similar reasonable behavior was ob-
served as well when using the quantum fidelity measure of aromaticity from Ref. [8].

Table 1. CAI and o™" distributions (both in %) for small n-structures at the Hiickel level. AAT distri-
butions are shown in red.

No | {CAI[r]} | {o™"[r]} | No {CAI[r]} {o""[r]}
[} 79
L 85 69
1 — { } 4
. 83 . 85 69
.o 79
)
« 50 p 80
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< | s 72]2]
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arom

Observe that the CAI aromaticity scale is quite different , by its nature, from the ™" scale from

Ref. [8]. Indeed, o™ is produced by estimating a local energy of benzenoid cycles (a counterpart of
aromaticity stabilization energy), whereas CAl is directly calculated from the corresponding ring bond
orders. Nevertheless, these two scales behave very similarly in all respects.

An interesting case is the charged aromatic molecules. To be more specific, let us take the three
doubly charged molecular ions (dications). For them we give, in Fig 1, the local aromaticity diagrams
along with the corresponding atomic net n-charge distributions in their ground states. We observe an
understandable decrease of local aromaticity for all benzenoid subunits (compare the respective CAI
values in Fig. 1 and Table 1). It is natural that as a rule less charged atomic sites turn out to be the

ssselege %

(a) (b) ©
Figure 1. Dicationic states of tetracene (a), pyrene (b), and perylene (c) within HMO. Top panel: CAI
(in %) and A AI distribution (in red). Bottom panel: distributions of net atomic charges (in brown).

A specific case of quinoid molecules is also worth consideration. In Fig. 2 we have displayed the
data obtained for a double-quinoid structure (p-diphenoquinodimethane). When treating this hydrocar-
bon in its neutral form we took into account the corresponding bond-length altenation. The standard
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alternation scheme of resonance integrals is used with factor 1+0.125 (the upper sign is for the es-
sentially double CC bonds, and the lower for the ‘simple’ CC bonds). In case of the dication, such a
bond alternation was ignored because the alternation is practically absent, as follows from an analysis
of the most contributing valence-bond resonance structures [8,26]. From Fig. 2 we see that the dica-
tionic state is even more aromatic than the initial neutral state of the diquinoid (in spite of nonzero net
n-charges), and it is opposite to the behavior of the PAH molecules of a similar size. This result is
readily explained by the comparable analysis of valence bond schemes (for precedent cases, see Refs
[8,26]). In passing, recall that cationic and anionic forms of alternants have the same m-electron den-
sity matrix, so m-aromaticity of the ionic alternant systems is indepengent of their charge sign; e.g., the
aromaticity is same for dications and dianions. Notably, the similar HMO approach can be applied
without difficulty to heterocyclic molecules, as our preliminary computations for several azaheterocy-

OO o ) e

Figure 2. The neutral form (in left) and dicationic form (in right) of p-diphenoquinodimethane within
HMO. CAI are given in %; AAI distributions are shown in red, and atomic net charge distribution in
brown.

Local aromaticity for singlet open-shell and electron correlated states

Now we turn to a more refined aromaticity scale which takes into account nt-electron correlation ef-
fects explicitly. In so doing we do not go essentially beyond the standard Hiickel model, thus retaining
the key graph-theoretic benefits of the whole approach. It becomes possible by employing the QCTB
technique mentioned in the introductory section. Notice that usually high-spin electronic states (bi-
radical and polyradical structures) are electron-correlated states in their nature, and strictly speaking,
they are beyond conventional one-electron schemes. Nevertheless, for alternant systems we are able to
analyze high-spin states on an equal (QCTB) footing with others. Before doing it we first sketch very
briefly main points of the required formalism.

QCTB [17,18] is based on a crude description of m-electron systems by using the alternant MO
(AMO) theory. The Devison-Amos model [27] (see also Ref. [28]) can be regarded as a precursor of
our QCTB scheme that is but one-parametric AMO model with a fixed spin parameter o ; the last
predetermines splitting of the different orbitals for different spins. The approach is consistently appli-
cable to alternant hydrocarbons only.

First, we write down the QCTB energy spectrum:

8iQCTB —_ /52 +8i2 ’ E,iQCTB _ /52 +8i2 ’ %

where 1<i<n, and sets {2} and {£°™} are related to occupied and virtual MOs, respectively. In
Eq. (7), a set {¢} of nonnegative Hiickel orbital energies (graph spectrum) is produced by the square

root of the eigenvalues of B*B, with B being a submatrix of the full topological matrix (adjacency
matrix). The latter allows the standard block-matrix representation:

h,, = 05 8
top__B+0 ()

Nowadays the Hiickel (graph) spectrum can be quickly computed for multi-thousand atom systems
even by laptops (to say nothing of the fact that the graph spectrum is easily available for many poly-
mer structures with translation symmetry).

An important result of electron correlations is the occurrence of effectively unpaired electrons
(EUE) in formally closed-shell singlet molecules (see review [17] and references therein). The main
entity of the EUE formalism is EUE density matrix, DY [29] (or D™ in Ref. [17]). It describes, in
particular, how unpairing electrons are distributed over the entire molecule. The respective EUE densi-

10
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ties, which are condensed to atoms, constitute a set of the EUE atomic indexes, {D’}_ _, , and the

latter will serve us as the key instrument to incorporate electron correlation effects into the aromaticity
measurement. In Appendix A we show in detail that QCTB also provides a generally correct account
of the EUE properties of m-conjugated radicals and polyradicals. Interestingly, quite recently in Ref.
[30] a special analysis of the QCTB bond orders was proposed, which aimed to describe bond alterna-
tion effects in terms of implicit spin—spin repulsion forces [31].

We now suggest that local aromaticity must incorporate not only a benzenoid similarity of the ring
bond orders, but also a change of the electron unpairing in the rings. To be consistent, we must take
account of a small electron unpairing in the benzene molecule itself. Let us denote by D;’ the EUE

atomic 7m-density in the isolated benzene molecule. Then, for the given atom a, factor 1—‘ DaU —DSJ ‘

can be used when accounting for a diminution of aromaticity due to electron unpairing. Hence, we
have the resultant definition of the ring aromaticity at the QCTB level:

CAllr]=[[ [ a-|D) -DJ)(-|q, )P,/ P, 17" ©)
a=1
The respective atomic delocalization index is
3
AAL, =[(1-|DY =Dy (-1q, D (JT B, /8", (10)
j=1

with the corresponding change in the case of atom a having two neighboring atoms [see Eq. (47)].
Here the computations are performed with using the QCTB matrix P given in Eq. (A1).
Applying QCTB to the benzene n-shell, we find the reference value

DV=(3-2/V1+6% —=2/4+65%)/3 (11)
needed for Egs. (9) and (10) [for the derivation see Appendix A]. Furthermore, in Egs. (9) and (10) the
HMO reference value Py=2/3 is also replaced by the respective QCTB value of the form

Py=(1/\1+68> +2/4+5%)/3. (12)

Taken together, Egs. (9) - (12) give a complete set of relations for computing the local aromaticity
indexes within QCTB. In our practical computations, splitting parameter 0 was taken as previously in
Refs. [17,18]: 6=7/24.

Let us now consider pertinent examples that illustrate the introduced QCTB aromaticity measures.
We take several tetramethylene-based aromatic diradicals and other radical structures with the
phenalenic motif (Table 2). These and closely related systems are frequently discussed in literature
[32-35]. The case of tetramethylenic radicals (structures 7 and 8 in the table) is of particular interest
because the singlet-state diradicals of this type belong to the class of the so-called non-Kekulé conju-
gated molecules (no classical valence formula with alternating single and double bonds). It means that,
strictly speaking, they cannot be treated by the simple TB n-model. For such diradicals the conven-
tional Hiickel model leads, in practice, to charge symmetry breaking solutions due to a degeneration of
frontier MOs. In other words, the singlet biradicals are the open-shell systems which require suffi-
ciently advanced electron-correlation models. But in QCTB owing to splitting different orbitals for
different spins one can easily manage these open-shell problems, thus providing resulting symmetry-
correct solutions.

As a result, for the singlet open-shell systems we obtain a large amount of EUE (NV >2) as well
as a significant spreading of EUE over the whole molecule (see the last column in Table 2). Because
of that the ring aromaticities are reduced, especially for tetramethylenic radicals. It is also worth not-
ing that atomic local aromaticity indexes AAI, are rather marked even for sites with nonnull values of

DY . Furthermore, the AAI, values can be treated as the chemical stability (passivity) index of the
given atom a in respect to substitution and/or radical attack in the molecule of question. So, 1/AAI,

might be used as conditional atomic reactivity indexes (in the benzene units) but further discussion of
this is beyond of scope of the paper.
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Table 2. Aromaticity and effectively unpaired electrons in open-shell n-structures with spin value S at
the QCTB level. Distributions {CAI[r]} are displayed in %; AAI indexes are shown in red, and atomic

EUE distributions {D.} in green.
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We call attention to the fact that it is typical that polyradials with large EUE degree (e.g,. the last
system in Table 2) actually remain sufficiently aromatic. Possibly, this internal stability of the aro-
matic radicals is responsible for the fact that the here treated open-shell structures are quite realistic.
More than that, the ingenious experimentalists succeeded recently to synthesize the related high-spin
radical structures at last. These are a derivative of 1,14:11,12-dibenzopentacene and triangulene (struc-
tures 10 and 11 in Table 2) [36,37].

Large graphene-like molecules

In this section we present the aromaticity characterization of graphene nanoflakes of different
structural types (Figs. 3 and 4). The first system, C;s4, Fig. 3 is related to the periacene - type nanogra-
phenes which we discussed previously in Refs [14,17,18]. The second (C,9,) is the antidote structure
taken from Ref. [38]. The third, Cay, Fig. 4, has triangular zigzag graphene subunits as building
blocks. As a system with the compensated topological frustration it was proposed in Ref. [39] for fu-
ture spintronics applications. In Ref. [18] we examined the EUE properties of this Cy6, named in Ref.
[39] ‘Kekulean logic gate structure’ (KLGS).
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(N"=10.8)

Figure 3. Local aromaticity and effectively unpaired electrons in nanoflakes Cis4 and C;o, at the
QCTB level. The left panel: CAI (in %) and AAI (in red). The right panel: EUE distributions (in
green).
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Figure 4. Local aromaticity and effectively unpaired electrons in the KLGS nanogaphene Cy. The
left panel: CAI (in %) together with AAI distribution (in red). The right panel: EUE distribution (in
green) at the QCTB level.

For the periacene molecule C;s4 we observe a higher aromaticity at armchair edges (along the long
axis of the molecule), and it is in agreement with the results of Refs. [11,14,40] for related structures
in alternative considerations. Concurrently, in our approach the local aromaticity decreases as we
move to the center of graphene structures, and this behavior contradicts the NICS (nucleus independ-
ent chemical shift) predictions discussed in [11]. The analysis of the rest structures and other systems
(not reported here) draws the above conclusion that aromaticity is decreased in the inner core of the
graphene clusters. As to the cited NICS predictions we only remark that it may be strongly doubted
whether NICS can provide a reliable description of the relative aromaticity at all [6,41,42].
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Whilst this paper was in preparation a new analysis of m-electron aromaticity was reported [43],
and one of the Referees kindly informed the author about this work. The cited paper motivated us to
provide in Appendix B a supplementary example which elucidates peculiarities of using bond orders
in m-theories.

Conclusion

Summing up, we would like to stress once more that aromaticity must be regarded as one of the
most important chemical paradigms. It unites fundamental aspects of electronic and structural behav-
ior of various conjugated systems — from small molecules to large nanoclusters.

As to the practical side, it may be worthwhile to keep in mind a quotation from Ref. [44]: “As a
concept, aromaticity is not directly accessible experimentally, but its consequences are.”. For instance,
the stability of m-conjugated networks is directly connected with aromaticity, and in our paper we have
just faced such a situation in section 4. At the same time, we must not forget about “the many guises of
aromaticity” [45].

It the present paper we have revised the so-called ring indexes of aromaticity earlier defined by Ci-
oslowski et al in Ref. [16] (see also Ref [46]). We stressed upon the cyclic delocalization as an under-
lying characteristic of aromaticity, and used an appropriate term “the cyclic aromaticity” from Ref.
[47] . Starting from the simple Hiickel model we incorporated net charge and electron correlation ef-
fects into the ring aromaticity indexes, while retaining a simplicity of the whole approach. It allowed
us to investigate, in an elementary way, the large open-shell systems which are electronically of bi-
radicaloid or polyradical nature (sections 4 and 5). The atomic aromaticity indexes (10) per se also
deserve attention when chemical reactivity rather than benzenoid or total aromaticity is the main fo-
cus. Our experience in working with the proposed aromaticity measures, Egs. (9) and (10), suggests
that after a small modification their usage can be extended to more sophisticated methods. In particu-
lar, the generalized bond order indexes which are based on the cumulant analysis of the two-electron
density matrix (see, e.g. [48]) should be used for bona-fide many-electron approaches. Seemingly, also
realistic would be the perspective to treat, in the same manner, heteroaromatic polymers, nanotubes
and other quasiconjugated networks.
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Appendix A. Effective unpaired electons within QCTB
Below we briefly outline the procedure for determining EUE density matrix DV within QCTB.

Starting from our initial work [49], the QCTB scheme was applied only to the closed-shell singlet
states of alternant hydrocarbons. Now, following Ref. [18], we extend the consideration, and show that
QCTB is also applicable for analyzing aromaticity in high-spin ground states of alternanant diradi-
cals/polyradicals. Notice also that in general the key idea of QCTB was in fact contained in Ref. [27]
(which remained unknown to us for a long time). For m-polymer structures, a related approach was
elaborated in Ref. [50] and many others Tyutulkov’s papers.

We refer the reader for details of QCTB to review [17], and begin with the explicit representation
of the ordinary density matrix (charge and bond order matrix), P, at the QCTB level:

2 2 -12
P=1-hg (g, +5°1)"". (A1)

The basic matrix of the EUE theory is the density matrix D% defined in Ref. [51]. It describes a de-

D odd

viation of P from its one-determinant pattern. More exactly, is a duodempotency deviation ma-

trix, that is D°% —2P_ P? . Within QCTB this matrix allows the explicit representation:
Y = s vt (A2)

top

(see Ref. [18], Appendix D). From it the useful expression for D" is derived to be
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DU=I—(]—DOdd)l/2. (A3)

The above result provides a consistent EUE characterization within the hole-paricle approach [38]
which for the ground state is equivalent to the EUE theory given in Ref. [29]. By using a spectral reso-
lution of matrix 5, , Eq. (8), we obtain the working expression for atomic densities of the unpaired

electrons, that is diagonal matrix elements (D= D" ):

M
Y=Y I, Pl 1g, 15+ Y] (a9
=
with C, being atomic expansion coefficients for the j ™ Hiickel MO of energy g . In doing so, the
total number of unpaired electrons, which by definition is NV = Tr D, can be presented as the spec-
tral sum:

M
NY =Y (1-|¢g |/,J67 +¢&}). (A5)
i=1

M

With this, we have identity NV = Z D! . Interestingly, Egs. (A4) and (AS5) can be directly extended to
a=l1

nonalternant systems too, but this possibility requires additional testing.

We infer from Eq. (A5) that arbitrary alternant polyradical has indeed a high NV value for any &,
namely,

NY>n,—n,, (A6)
where we use notation, 7, and n,, for the corresponding numbers of starred and unstarred m-centers.
Really, it is well known that 7, —n, is just a number of zero-energy MOs (more exactly, of nonbond-
ing MOs), and condition 7, >n, provides existence and stability of radical/polyradical states as the
ground states of these m-structures [52]. Turning to Eq. (5) we realize that for such structures at least,
n, —n, terms in Eq. (AS) are equal to 1; other terms are certainly nonnegative, and this leads to ine-

quality (A6). If we recall the known Ovchinnikov-Lieb rule for the ground-state spin, S, of the alter-
nant (bipartite) networks [53,54], then (A6) can be rewritten as follows:
NY 228§,
where NV at the QCTB level is determined by Eq. (AS). We see that the elementary expression (AS)
affords a correct EUE picture by using only a Hiickel-like framework.
Let us take, as a simple example, the benzene molecule for which the orbital energy spectrum {6}}

is well known:
{8j} ={2,-1,-1, 1, 1, 2}.

Substituting these values into Eq. (A.5), we find NV =2(3—2//1+ 62 —2/4/4+62) . Due to symmetry
we have NV =6 D,’, where D is the EUE atomic density for carbon atom in the benzene molecule.
It gives Eq. (11) for D, that is the reference value needed for computing QCTB aromaticity indexes

by Egs. (9) and (10). Moreover, with somewhat more work, we obtain from Eq. (A1) the explicit ex-
pression (12) for the reference bond order P, .

Appendix B. Which bond orders are preferable for aromaticity measures

This appendix is appropriate to be added in a general context of the aromaticity analysis which
draws on the bond order theory. We recall that there are at least two key definitions used for m-electron
bond orders (if ignoring the experimental bond orders mentioned in section 2) . The most popular and
most consistent is the definition based on one-electron density matrix theory. In its simplest MO reali-
zation this leads to the well-known classical bond orders due to Coulson. These ones and their QCTB
counterparts are employed in the present work. Another definition of n-bond orders is due to Pauling
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and Ruedenberg [55]. Let us denote the Pauling-Ruedenberg bond order matrix by p"® .Then for

‘nonsingular’ (Det[#,,]#0) benzenoid systems, p**can be obtained as an inverse of the Huckel

top
Hamiltonian matrix [56]:

PR ! (B1)

top *
This elegant relation was analyzed and used in many papers. It is also suitable to be applied when dis-
cussing local aromaticity in the spirit of the recent works [43,57,58]. However, there is one unpleasant
disadvantage with p"® . It turns out that one can encounter the cases when P:V'R: o even for chemically

bonded carbon atoms (x,v)! The specific perylene example having p"®-¢ was mentioned in Ref. [59]

uv

P-R

(for the related critique of p"" see also Ref. [60]). Moreover, it is possible to find large classes of

PAHs where the Pauling-Ruedenberg theory predicts such unnatural zero-valued m-bond orders for
chemical C-C bonds. For instance, the well-known periacene structures, such as Cys4 in Fig. (1), repre-
sent just such a class of molecules. We see that using Pauling bond orders is not generally wholly
satisfactory procedure, and it warns us to be cautious when analyzing local aromaticity by the tech-
nique from Refs. [43].

Nevertheless, it would be interesting to compare the results of Randi¢ and Balaban with ours. As a
preliminary study, let us take the specific example of a double peropyrene molecule given in the cited
work.This system termed here as diperopyrene is dislayed in Fig. 5. The molecule has no anomal zero
Pauling bond orders, and apparently, the results from Ref. [43] should be resonable in this case. An
interesting point in papers [43,58] is taking into account the so-called migrating Clar sextets when
forming local benzenoid aromaticity. For various aspects of the Clar theory the reader is also referred
to Refs. [11,61-63].

020000098
Figure 5. Ring labels for diperopyrene.

The obtained results are given in Table 3. In this table, the data from Fig. 7 in Ref. [43] are pre-
sented in the rescaled form (by factor 1/3) for making them comparable with ours. By inspecting the
table one can conclude that the used aromaticity scales are all qualitatively similar; e. g., the local
aromaticity value of the central ring in diperopyrene is lesser than all other values. Concurrently, we
observe certain quantitative differences between the results of Ref.[43] and ours. In particular, in the
Randi¢-Balaban approach, we have a seemingly too large aromaticity measure in the terminal rings,
and a too low one in the central ring. Notice that the electron correlation at the QCTB level slightly
enhances the local aromaticity. At last, again turn attention to the fact that energetic aromaticity in-

arom

dexes 0" [r] from Ref. [8], and the QCTB aromaticity measures by Eq. (9) are very similar.

arom

Table 3. Rescaled ring indexes from Ref. [43], local energy indexes o, and aromaticity indexes
CALI for benzenoid rings of diperopyrene at the TB and QCTB levels. Rings A, B,... are shown in
Fig. 5; all values are in %.

Method o C-‘/élesD .
Ref. [43] 89 72 63 80 48
CAI[TB] 72 67 56 69 55

o™ Ref.[s] 79 71 57 73 67

CAI[QCTB] 76 71 58 72 58
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A.B. JlysaHoB. LiMknunyeckass apoMaTUYHOCTL B MeTode XIOKKeNs U B KBasUKOPPENsLMOHHOM XiOKkeneobpas-
HOM Moaxoae.

HTK «MHcTtuTyT MoHokpucTtannoe» HAH YkpaunHbl, npocnekt Hayku, 60, Xapbkos, 61000, YkpanHa

B craTbe paccmaTtpvBaeTcs KONMYEeCTBEHHOE MepoorpederneHne apoMaTUYHOCTU T-3MEKTPOHHbIX CTPYKTYP
npoctbiMn cxemamn MO. [enaeTcst akUeHT Ha Mepax JNoKanbHOW apoMaTUYHOCTM, KOTOPYK NPUMMCHLIBAIOT OT-
AenbHblM 6eH30MbHbBIM KorbLam CTPYKTYpbl. MogndumumpyeTcs MHAEKC UMKIMYECKOM apoMaTUYHOCTM No MeToay
Cioslowski 1 cotp. (2007), rae Tenepb y4MThIBAOTCA OCTATOMHbIE 3apsabl U 3PdEKTLI dNEKTPOHHOro pacnapvea-
Hus. lMpexHee Halle KBasuKoppensaumoHHoe npubnmkeHHue cunbHon ceasm (QCTB) cnyxuT 3gecb B kayecTse
nogxogsien mogenu, Kotopas BecbMa NpocTbiM 0bpa3om BkMovaeT apdeKTbl T-3NEKTPOHHBLIX KOPPENALMNA.
[MocnegHue MOryT KpUTUYHO BNUSTL Ha noBedeHne 6omnbLunx 1 gaxe mManbiX CONPsKEHHbIX MOMeKyn ¢ HeTpUBK-
anbHou Tononoruen. MpeactaeneHsbl NpuMeHeHnst mogenen Xiokkena n QCTB ans nokanbHOM apoMaTUYHOCTY B
pa3Hoo6pasHbIX CTPYKTYPHBIX Kraccax MOMULMKINYECKUX apomatuyeckux yrnesopopogos (MAY), HaHovacTuy
rpadeHa u T.n. AHanUTUYeCKn uccrnegoBaHa Mepa apoMaTUYHOCTU B COMPsPKEHHbIX MoHoumknax CyHn (Hen-
TpanbHbIX U 3apskeHHbIX). Kpome Toro, B Tex e cxemax u3ydeHo Heckornbko [MAY-CTpyKTyp (OnmroueHsl, NMpeH,
nepuneH 1 np.) B UX 3apsXeHHbIX COCTOSIHUSAX 1 NPOBEAEHO CpaBHEHWE CO CTPYKTypamu XMHOUZHOro TWNa, Kak B
n-pudeHoxmHoaumeTaHe. MokasaHo, 4To B oTnnumne oT 06biYHbIX [TAY, XMHOAUMETaHbl YBENNYMBAKOT apomMaTuy-
HOCTb B AMKATUOHHOW (AmaHuoHHoW) dopme. N3yyasa HaHorpadeHbl, Mbl PUKCUPYEM MOHKEHWNE MX NOKarbHOWN
apoMaTMYHOCTN NO Mepe nepexoda K LEeHTPY CTPYKTypbl, YTO BOBCe He oTBevaeT pesynbrtatam NICS-metopa
(HesaBMCMMBIN OT SAPa XMMUYECKNIA CABWT), BNPOYEM, MeToAa A0BOMbLHO CrnopHoro. B paboTe genaetca ocobeH-
HbI aKUEHT Ha OLUEHKe JoKanbHOW apoMaTUYHOCTU B CUIBHO KOPPENMPOBAaHHLIX T-3NIEKTPOHHLIX cucTemax. Tu-
MWYHblE HEKEKYNEeBCKNe YrneBogopoabl (Hanpumep, TPMaHryeHoBbIV paavkan v nonmpagukansl) Takke n3yyeHsl
¢ nomoupto QCTB, rae ¢ nerkocTbio 06X0AATCA XapaKkTepHble TPYAHOCTW, OBYCNOBMEHHbIE HanMMYnem 60MbLIoro
yucna HecssidbiBatoLmx MO.

KntoyeBble cnoBa: Mepbl apoOMaTU4HOCTU, MOMAMLMKIIMYECKME apoMaTiecKne yrneBogopoabl, HaHorpadeHsl,
xtokkenesckne MO, cucTembl C OTKpbITON OGOMNOYKOW, NonvpaavKkanbl, KBa3WKoppensuuoHHoe npubnvxeHve
CUITbHOW CBSA3MN.
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A.B. JlyzaHoB. LnkniyHa apomaTuyHiCTb 3a MeTOAOM XIOKKENs Ta KBasiKopensauinHUM XioKKenenonioHum Ha-
BrVKEHHSIM.

* HTK «lHcTuTyT MoHokpucTtanis» HAH Ykpainu, npocnekt Hayku, 60, Xapkis, 61000, YkpaiHa

Y cTaTTi po3rnagaeTbCs KinbKicHe MiPOBU3HAYEHHS apOMaTUYHOCTI T-eNEKTPOHHWUX CTPYKTYp HeBubarnmeumm
meTogamu MO. AKLEHTYETBCA Ha Mipax foKanbHOI apOMaTUYHOCTI, WO MOB’A3YI0TLCA 3 OKPEMUMU BEH30MbHYMM
Kinbuamu. MogudikoBaHo iHAEKC uukniyHoT apomatuydHocTi Cioslowski Ta cniBpo6. (2007), B skomy Hapasi Bpa-
XOBaHO HasBHi OCTATOMHI 3apsan Ta epekTn eneKkTpoHHOro po3naptoBaHH4. [lonepeaHe Halle KBasikopensuiiHe
HabnwkeHHs cunbHoro 3B’a3ky (QCTB) cnyrylo TyT 3a npuaaTHy Modenb, KOTpa Yy BenbMW NPocTui cnocid Bpa-
X0BYE edeKT n-eneKkTPOoHHUX kopensuin. OCTaHHi CMPOMOXHi KPUTUYHO BNMBaTW Ha NOBEAIHKY BENWKWUX Ta
HaBiTb Manux CynpsikeHUX CTPYKTYp 3 HeTpuBianbHo Tonornorieto. 3pobneHo YMcenbHi 3aCTOCyBaHHA Moaenen
Xiokkens Ta QCTB go nokanbHOi apoMaTUYHOCTI Y PiBHOMAHITHUX CTPYKTYPHUX Knacax (MOniuuKIMYHUX apoma-
TUYHKUX yrnesogHis (MAY), rpadeHoBNX HAHOYACTUHOK TOLO). AHaNITUYHO AOCHIAXEHO apoMaTUYHy Mipy B Cymn-
pskeHnx MoHoumknax CyHy (HenTpanbHux Ta 3apsgxeHux). KpiM LbOro, 3a TUMM Xe CXemamu PO3rNsHYTO
nekinbka MAY-CTpyKTyp (oniroueHn, nipeH, nepuneH Towo.) y 3apsamKeHnx cTaHax; ix NOPIBHSAHO i3 CTPyKTypamu
3a XiHOIAHUM TUMOM, SK Yy f-gudeHoxiHogmMeTaHi. [poaeMoHCTpoBaHO, WO Ha BigMiHY Big 3BudanHux MAY, xi-
HoOMMETaHW 36inbLUyoTb apOMaTUYHICTb Y AMKaTIOHHINA (AMaHioHHIN) dopmi. Jocnigkytoun HaHorpadeHu, mu
3HaxoAMMO 3HWXEHHS X NOoKanbHOi apoMaTWUYHOCTI, KONU MPOCYBAaEMOCh A0 LEHTPY CTPYKTYpW, L0 30BCIiM He
Bignosigae pesynbtatam 3a NICS-meTogoM (HesanexHun Big saep XiMiYHWMIM 3CyB), AKUIA B3arani € JoBoni chip-
HUM. B po6oTi pobutbcst 0COBNMBMIA aKLLEHT HA OLHIOBAHHS NIOKarlbHOI apOMaTUYHOCTI B CUITbHO KOPENbOBaHUX
T-eNEeTPOHHUX cucTemax. TUNOBI HEKEeKYNIBCLKI BYrnMeBOAHI (Hanpuknag, TpiaHryneHoBu paavkan Ta nonipagu-
Kanu) Takox BMB4YeHO 3a gornomoroo QCTB, Akui 3 NerkicTio OMUHAE XapaKTEepHi yCKNagHEHHS, KOTpi NoB’si3aHo
i3 3HAYHOIO KiNbKiCTo He3B'aA3yro4mx MO.

KnrouoBi cnoBa: Mipu apoMaTU4HOCTI, MOMILUMKIMYHI apoMaTWyHi BYrneBOAHI, HaHOrpadgeHu, XHKKENiBCbKi
MO, cuctemu 3 BigkpuTOo 060MOHKO, Nonipagukany, KBasikopensuinHe HabnMKEeHHsI CUNBHOTO 3B’A3KY.

Kharkov University Bulletin. Chemical Series. Issue 31 (54), 2018
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The results of densimetry investigation of the solutions of 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4), hexafluorophosphate (BMIMPFg) and bromide (BMIMBFr) in propylene carbonate (PC) at 298.15,
318.15, 338.15 and 358.15 K are presented and discussed in terms of apparent partial molar volumes and
solvation contribution. Density measurements were carried out using the vibrational tube densitometer Met-
tler Toledo DM 50 with accuracy * 310° g/cm3.

The limiting partial molar volumes of investigated ionic liquids in PC were obtained from density experi-
ment using Masson equation and divided into ionic contributions. Limiting partial molar volumes of
BMIMBF4, BMIMPFs and BMIMBr in PC slightly increase with the increase of temperature. The limiting par-
tial molar volumes of BMIM" cation obtained from three ionic liquids with different anions was found to have
the same value, 115 cm¥mol at 298.15 K.

The intrinsic volume of BMIM® cation estimated from quantum chemical calculations at the
M062X/6-311++G(d,p) theory level exceeds one obtained from density experiment indicating that solvation
of cation has a negative contribution to the volume of ion in propylene carbonate.

In order to investigate the microscopic structure of the BMIM" solvation shell in PC, molecular dynamics
simulation of the infinitely dilute solution was carried out in the NVT ensemble at 298.15 K. The results of the
simulation reveal that 5-6 PC molecules forming the first solvation shell penetrate into the inner space of the
cation, which agrees with the results of a density experiment treatment. From the analysis of the cation-
solvent site-site radial distribution functions and the running coordination numbers it was established that the
most probable coordination center of PC molecule is carbonyl oxygen.

Keywords: densimetry, density, apparent partial molar volume, solvation, 1-butyl-3-methylimidazolium,
tetrafluoroborate, hexafluorophosphate, bromide, propylene carbonate, molecular dynamics simulation.

Introduction

The room temperature ionic liquids (RTILs) due to their ionic structure and liquid state at room
temperature have a plenty of specific features such as negligible vapor pressure, non-flammability,
broad range of liquid state, high thermal stability, high solvating capacity and wide electrochemical
window [1]. As a result, RTILs have a variety of different application areas [2] such as bio-catalysis
and organic reactions [3], lubricants [4], separation and extraction [5], energy storage and chemical
power sources [6]. Mixtures of RTILs (especially imidazolium based RTILs) with aprotic solvents like
propylene carbonate are widely used in lithium-ion batteries [7], super capacitors [8] and solar cells
[9] due to lower viscosity and higher ion mobility.

Taking into account growing interest for electrochemical application deeper understanding of phys-
icochemical properties of the RTILs mixture with molecular solvents is needed since this information
is vital for optimization and development of new electrochemical devices. The most important proper-
ties for electrochemical application of RTILs mixtures are mainly defined by microscopic structure
and ion—ion and ion—solvent interactions. To date, there have been made several attempts to study
such interactions using theoretical and experimental approaches, including scanning electron micros-
copy (SEM) [10], quantum chemical calculation [11], thermodynamic and transport properties
[12-15], NMR spectroscopy [16], IR spectroscopy, Raman spectroscopy [17-18]. But the role of cation
solvation by solvent molecules is still remains unclear. It seems appropriate to use a combination of
experimental and computing methods for examination of solvation structure in such complicated
systems like mixtures of RTILs with aprotic solvents.

© Riabchunova A. V., Karabtsova V. M., Kalugin O. N., 2018
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Densimetry is one of the simplest, fast and informative experimental methods which can give the
information about solvation effects by means of apparent partial molar volumes of electrolytes and
ions. In spite of the fact that literature data on density of some RTILs in PC [19-22] is available, in-
formation about the apparent partial molar volumes of RTILs in such systems is scarce.

Based on this, in current work density of binary mixtures of three RTILs 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF,), hexafluorophosphate (BMIMPF4) and bromide
(BMIMBEr) with propylene carbonate (PC) was measured with high accuracy in the temperature range
298.15 — 358.15 K. The apparent partial molar volumes (V¢) of the mixtures were calculated and fit-

ted by the Masson equation [23] to discuss the concentration dependence of V¢ and to find limiting

—0
partial molar volumes V', in order to evaluate the solvation effects. Additionally, the microscopic
structure of the first solvation shell of 1-butyl-3-methylimidazolium in propylene carbonate at infinite
dilution was studied by means of molecular dynamics simulation.

Experimental section

Materials. lonic liquids 1-butyl-3-methylimidazolium tetrafluoroborate and bromide were pur-
chased from Merck and 1-butyl-3-methylimidazolium hexafluorophosphate was purchased from
Solvionic (mass fraction purity 99.0 — 99.5%). RTILs were preliminary dried under reduced pressure
in ultrasonic bath at 50 — 60 °C for 4-5 hours. 1-Butyl-3-methylimidazolium bromide was dried under
reduced pressure in water bath at 85 °C for 4-5 hours using rotary evaporator and then recrystallized
using liquid nitrogen. Propylene carbonate (Merck 99%) was distilled under reduced pressure and
stored over 4 A molecular sieves, and redistilled under reduced pressure prior to use. The water con-
tent in propylene carbonate was less than 80 ppm as was controlled by Karl Fischer titration.

Measurements. A set of 10 solutions for each RTIL+PC systems in the range of concentrations
from 5107 to 1:10" mol/dm’® were used for the density measurements. Solutions were prepared from
concentrated one gravimetrically by dilution taking into account the correction on Archimedean force.
All the solutions were handled in a dried glovebox over P,Os and tested for a water content that was
about 100 ppm for each solution.

Density measurements were carried out using the vibrational tube densitometer Mettler Toledo DM
50 at 298.15, 318.15, 338.15 and 358.15 K with accuracy 0.02 K (Peltier temperature control) and
viscosity correction. Each value of solution density is an average from at list five measurements with
repeatability £ 2-10” while the instrument accuracy is reported to be + 3-107 g/cm’. The calibration of
densitometer was made using ultra-pure water and air at atmospheric pressure and 293.15 K.

Results and discussion

Density and partial molar volumes

The experimental density data for studied systems are presented in Table 1. Literature data on the
density of propylene carbonate at 298.15 K is in the range of 1.1890 — 1.2001 g/cm’ [24-35].

The apparent partial molar volumes (V¢) of RTILs in PC were calculated from experimental densi-

ties of solvent (d,) and solutions (d ), respectively:

V¢=[1_d_]10"0+%, (1)
d

o) € d,

where M, is a molar mass of RTIL.
Obtained data (Fig. 1) were fitted by Masson equation (eq. 2) where apparent partial molar volume
of electrolyte has a linear dependence versus square root from molar concentration [23].

_ 770 12
V,=V2+S, ¢ @)
The values of limiting partial molar volumes 1720 were obtained by extrapolation of the concentra-

tion dependence to the infinite dilution. As can be observed from Fig. 2 limiting partial molar volumes
of studied RTILs in PC slightly increase with the increase of temperature.
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Table 1. Density change of BMIMBF,, BMIMPF,;, BMIMB-r solutions in PC compared to the pure
solvent (4d, g/cm’) as a function of molar concentrations (¢, mol/dm’) at studied temperatures

c Ad c Ad c Ad
BMIMBEF, BMIMPF BMIMBr
T=298.15K, dy=1.19932
0.00663 0.00012 0.00641 0.00033 0.00497 0.00038
0.01120 0.00029 0.01050 0.00050 0.00962 0.00045
0.01850 0.00042 0.01690 0.00081 0.01520 0.00063
0.02850 0.00051 0.02510 0.00117 0.02230 0.00079
0.03700 0.00045 0.03400 0.00142 0.03180 0.00109
0.04420 0.00061 0.04430 0.00262 0.04290 0.00125
0.05600 0.00070 0.05660 0.00265 0.05480 0.00165
0.07930 0.00059 0.07370 0.00244 0.06760 0.00176
0.08400 0.00081 0.08560 0.00333 0.08310 0.00219
0.12200 0.00074 0.12420 0.00281 0.11980 0.00299
T=318.15K,d,=1.17814
0.00651 0.00030 0.00630 0.00033 0.00489 0.00032
0.01100 0.00050 0.01030 0.00048 0.00945 0.00046
0.01820 0.00051 0.01660 0.00085 0.01490 0.00067
0.02800 0.00065 0.02470 0.00116 0.02190 0.00094
0.03640 0.00073 0.03340 0.00145 0.03120 0.00115
0.04340 0.00075 0.04350 0.00283 0.04220 0.00148
0.05500 0.00088 0.05560 0.00270 0.05380 0.00174
0.07790 0.00079 0.07240 0.00248 0.06640 0.00206
0.08260 0.00110 0.08410 0.00340 0.08170 0.00249
0.11990 0.00109 0.12210 0.00314 0.11770 0.00328
T=338.15K, dy=1.15702
0.00640 0.00029 0.00618 0.00033 0.00480 0.00032
0.01080 0.00041 0.01010 0.00046 0.00928 0.00047
0.01790 0.00048 0.01630 0.00078 0.01460 0.00065
0.02750 0.00062 0.02420 0.00107 0.02150 0.00090
0.03570 0.00071 0.03280 0.00149 0.03070 0.00113
0.04260 0.00069 0.04280 0.00283 0.04140 0.00147
0.05400 0.00090 0.05460 0.00274 0.05290 0.00182
0.07650 0.00087 0.07110 0.00251 0.06520 0.00209
0.08110 0.00107 0.08260 0.00346 0.08020 0.00258
0.11780 0.00122 0.11990 0.00319 0.11560 0.00344
T=358.15K, dy=1.13587
0.00628 0.00020 0.00607 0.00030 0.00471 0.00030
0.01060 0.00031 0.00992 0.00047 0.00911 0.00045
0.01750 0.00041 0.01600 0.00076 0.01440 0.00066
0.02700 0.00056 0.02380 0.00114 0.02120 0.00088
0.03510 0.00067 0.03220 0.00152 0.03010 0.00116
0.04190 0.00075 0.04200 0.00288 0.04060 0.00152
0.05310 0.00093 0.05360 0.00281 0.05190 0.00188
0.07520 0.00092 0.06980 0.00256 0.06410 0.00217
0.07960 0.00125 0.08110 0.00356 0.07870 0.00269
0.11560 0.00136 0.11770 0.00326 0.11350 0.00364

In order to estimate the ionic contribution into limiting partial molar volumes we used schemes
(3-5) and available literature data for anions and lithium salts [36] in PC at 298.15 K.

Br — LB i —LBE ,BE _ BMIMBE , )Mt 3)
Br_ LiBr > Li+ LiPFﬁ > PF6— BMIMPF6 > BMIM+ (4)
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Br- —2MMBr_, BMIM* (5)
The values of BMIM" cation limiting partial molar volume 171.0 and initial literature data are listed

in Table 2.

The results listed in Table 2 demonstrate that the values of BMIM™ cation limiting partial molar
volume obtained from three RTILs with different anions are close to each other that confirms reliabil-
ity of our experimental data and the used dividing schemes.

298.15 K
220 1 = 200 I

200 - M/;”L;/
160 /JHM ] e——g——o——*
=~ e BMIMBF, e BMIMBF,

180 -

v?,, cm*mol
@
(=]
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1407 e BMIMBr 120 | v BMIMPF,
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Figure 1. Concentration dependence of apparent Figure 2. Temperature dependence of limiting
partial molar volume of RTILs in PC at 298.15 K. partial molar volumes of RTILs in PC.

The same tendency is observed at other tempera-

tures.

Table 2. Limiting partial molar volumes of electrolytes and ions at 298.15 K. The corresponding val-
ues for anions are taken form ref. [36].

1720 , cm’/mol Ve, cm’/mol [36] I7+O, cm’/mol
BMIMBF, BF, BMIM"
161 47 114
BMIMPF; PF, BMIM"*
188 73 115
BMIMBr Br BMIM"
141 26 115

For more detailed interpretation of obtained data it was assumed that limiting partial molar volume
0

of ion can be represented by the sum of intrinsic ionic volume I7l.n , and the additional value AIZO that
describes the solvation effects in the nearest space around the ion:
V=V + AV (©)
To estimate the intrinsic molar volume of BMIM " cation first quantum chemical calculation at the
MO062X/6-311++G(d, p) theory level was carried out in order to optimize its geometry in vacuum us-
ing Gaussian 09 [37] program package. Then the cation volume that defined as one inside a contour of
0.001 electron/Bohr® density was estimated by averaging ten corresponding values. The ion radius was
calculated from an assumption of ion sphericity and was found to be 0.364 nm. Finally the average

intrinsic molar volume of BMIM" Vi/?tr was estimated as 122 cm’/mol. Comparison of the intrinsic

(122 cm*/mol) and experimental limiting partial molar volumes (115 cm’*/mol) allows one to make a
conclusion about the “negative” contribution of solvation (AI7I.°= —7 em’/mol) to the value of I7+O for

BMIM™ in PC implying penetration of inner space of cation by solvent molecules.
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Molecular dynamics simulation

In order to investigate the microstructure of the BMIM™ (Fig. 3) solvation shell in PC, a molecular
dynamics (MD) simulation of the system of an infinitely dilute solution was carried out.

The MD simulation was performed by using MDNAES simulation package [38]. The interparticle
interactions were represented by a sum of Coulomb and Lennard-Jones (LJ) (12, 6) potentials.

o< 2]

The cross-terms of LJ (12, 6) were calculated via Lorenz-Berthelot combining rules:

&; =4\€:€,» Oy :(Gﬁ +0'jj.)/2 (8,9)
Electrostatic interactions were treated by using the reaction field method:
2 —
U_l_eF=Z,-Z/€ l—bo T +L b_o_l , bOZM, (10, 11)
! 47[50 rij 2R3ut Rcut 2’ 28RF +1

where R, and err are cut off radius and dielectric constant above the R, radius, respectively. The
technique of the shifted force was applied to LJ (12, 6) interactions.

A simulation of a system that consists of 215 PC molecules and 1 BMIM" in cubic cell with peri-
odic boundary conditions in all directions was treated in the NV'T ensemble at 298.15 K by using the
Berendsen thermostat. The time step was set equal to 0.5 fs. The investigated system was undergone
the equilibration for 500 ps followed by calculation of the structural parameters for another 500 ps.
The dielectric constant and density of system were set 64.92 kg/m’ [39] and 1198.0 kg/m® [40] respec-
tively (equal to the parameters of the pure solvent).

In the current work for propylene carbonate the parameters of the force field model were taken
from [41]. The PC model had seven centers with united atoms: CH, CH, and CH;, which were re-
placed by single interaction centers (Fig. 4).

o
@,ff:‘?} &3

Figure 3. Structure of 1-butyl-3-methylimidazolium cation Figure 4. Structure of united atom
with atom designation used in the MD simulation. model of the PC molecule.

Table 4. The partial charges on the BMIM " atoms (g, |e|) according to the Mondal and Balasubrama-
nian model [42] (original) and used in the present work

Site Original Present work
N 0.140 0.184
Cr -0.010 -0.013
Cw -0.110 -0.144
Ha 0.180 0.236
Hp 0.170 0.223
Ci -0.250 -0.328
H, 0.120 0.1574
) -0.076 -0.076
Hc 0.098 0.098
Cs -0.196 -0.196
Cr -0.294 -0.294

Total cation charge +0.79 +1.0
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Non-rigid and all-atom BMIM" force field of Mondal and Balasubramanian [42] with the modifi-
cation of partial charges proposed recently [43] was used for the present MD simulation. Particularly,
the partial charges on the BMIM" atoms were modified to restore the total charge of cation equal +1
in the infinitely dilute solution as compare with one equal to +0.79 in the original model of Mondal
and Balasubramanian (Table 4).

The microscopic structure of the BMIM™ cation solvation shell in PC was analyzed in terms of
the radial distribution function (RDF) and the running coordination numbers (RCN). From the analysis
of cation-solvent site-site RDFs and RCNs one can conclude that the most probable coordination cen-
ter of PC molecule is carbonyl oxygen. It interacts mostly with atoms of imidazole ring of the

BMIM™ cation.

As can be seen from the Fig. 5 carbonyl oxygen atom of PC (O1) are mostly coordinated by the Hp
atom bearing the highest positive charge within imidazole ring of the BMIM" cation (Table 4).
Ol are less coordinated by the Hg atoms and even less by carbon atoms of imidazole ring Cy and Cy.

Based on interatomic RDF the limits of the first solvation shell were evaluated. This gave the op-
portunity for estimation of RCN (Fig. 6). The first maxima on the RDF corresponds to the most prob-
able distances between two neighboring atoms (7, ;) and the first minima corresponds to the first
solvation shell radii (7, ;) (Table 5). Coordination numbers (Table 5) were obtained from RCN func-
tion by using first solvation shell radii acquired from RDF for the same interatomic interactions. In-
spection of Table 5 show that about 3 PC molecules are placed around the Hx and Cy atoms, about 2
are placed around the Hg and Cy atoms of imidazole ring. In total O1-H, and O1— Hp interatomic

interactions show that there are 5 or 6 molecules of PC in the first solvation shell of BMIM™ cation.
Based on these data one of the possible instantaneous configurations of the first solvation shell pre-

sented in Fig. 7.
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1 ! —— O1-Hy — Of1-H

4 01-Cyq 01-C

al \‘. -—- 01-Cy, g J—= 01Cy
& \ &

S

0 —— A

0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
r,nm r,nm

Figure 5. RDF of interatomic interactions be- Figure 6. RCN for interatomic interactions be-
tween carbonyl oxygen atom of PC and atoms of tween carbonyl oxygen atom of PC and atoms of
imidazole ring of BMIM " cation. imidazole ring of BMIM " cation.

Table 5. The structural parameters of cation-solvent site-site interactions within the first solvation
shell of BMIM" in PC

Pair of atoms Vmax.1, NM Vmin. 1, M Coordination number
O-H, 0.201 0.420 2.84
0-Cr 0.295 0.410 2.92
O-Hp 0.229 0.355 1.70
O-Cyw 0.319 0.390 2.25

It should be noted that the most probable distance of the carbonyl oxygen atom to the center of the

imidazole ring was 0.329 nm that is less than intrinsic radius of the BMIM" cation (0.364 nm) ob-
tained from quantum-chemical calculations. This fact indicates the penetration of PC into the internal
space of the cation. Such organization of solvation shell leads to the negative contribution into the
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solvated volume which is in accordance with the mentioned above results of the densimetry
experiment.

Conclusions

Density of BMIMBF,4, BMIMPF4, BMIMBr in PC was investigated with high accuracy at 298.15,
318.15, 338.15 and 358.15 K. From the obtained experimental data using Masson equation the limit-
ing partial molar volumes of RTILs in PC were obtained and divided into ionic contributions. The

limiting partial molar volumes of BMIM" cation obtained from three RTILs with different anions
was found to have the same values 115 cm®/mol.

A quantum-chemical calculation (QQC) was carried out in order to optimize the geometry and ob-
tain the intrinsic radius of the BMIM™ cation. The radius obtained from QQC was 0.364 nm and the
intrinsic volume of cation was 122 cm’/mol. Comparison of the cation volume from density experi-
ment and QQC indicates that solvation of cation has a negative contribution to the volume of ion in
PC.

The microstructure of the first solvation shell of BMIM™ cation in PC was investigated by molecu-
lar dynamics simulation of infinitely diluted solution of 1 BMIM"in 215 PC in the NV'T ensemble at
298.15 K. It was shown that the most probable coordination center of PC molecule with respect to the
BMIM" cation is carbonyl oxygen. It interacts mostly with hydrogen atoms of imidazole ring of the
BMIM™ cation. This results in formation of the first solvation shell consisting in 5-6 PC molecules
which tend to penetrate the inner space of the cation.

Cw

o

Figure 7. Instantaneous configuration of the first solvation shell of BMIM™ cation in PC.
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A.B. PabuyyHoBa*, B.M. Kapabuosa*, O.H. Kanyrun*. MnoTHOCTb M conbBaTauMoOHHble 3dEKTbl MOHHbIX XMa-
KOCTElN Ha OCHOBE MMMAA30nusa B nponuneHkapboHaTe.

* XapbKOBCKMI HaUMOHanbHbIN yHUBepcuTeT umenn B.H. KapasuHa, xumundeckuin dakynbeTteT, kadeapa Heop-
raHuyeckon xumuu, nnowanb Ceoboapl, 4, Xapbkos, 61022, YkpanHa

MpencraBneHbl pe3ynbTaTbl AEHCUMETPUYECKOTO MCCNeAOBaHNst pacTBoOpoB TeTpadTopobopata (BMIMBF,),
rekcagptopodhoccpata (BMIMPFs) u 6pommnaa (BMIMBr) 1-6ytun-3-metunnuvmmngasonus B nponuneHkapboHaTe
(PC) npu 298.15, 318.15, 338.15 n 358.15 K. MNony4eHHble AaHHbIE PACCMOTPEHbI C TOYKMN 3PEHUS KAXKYLLUMXCSA
napumarnbHbIX MOMbHLIX 0O BEMOB U1 BKNaga conbBaTtaumn. MaMepeHusi NNOTHOCTM BbINOMHEHbI C UCMONb30BaHM-
eM geHcumeTpa Mettler Toledo DM 50 ¢ To4YHOCTbIO * 3-10° r/em®.

MpepenbHble nNapumanbHble MONbHbIE 06beMbI UCCNEAOBaHHbLIX MOHHBIX XMUAKOCTEN B MponuneHkapboHate
ObINM NONy4YeHbl U3 3KCNEPUMEHTANbHBLIX AaHHBLIX MO NAIOTHOCTU C UCMONb30BaHWEM ypaBHeHMe MaccoHa u pas-
JeneHbl Ha UOHHble Bknadbl. MpenenbHble napumansHble MorbHble 06bembsl BMIMBF., BMIMPFs n BMIMBr B
PC HesHaunTenbHO yBenuuMBaloTCA C POCTOM TemnepaTypbl. NpeaenbHbI NapumnanbHbIi MOMbHbIA 06bem Ka-
TMoHa BMIM®, nonyyeHHbI 13 Tpex MOHHBIX XUAKOCTE C PasHbIMU aHMOHAMM, UMEET OANHAKOBYIO BEnuMHY
115 cm*/monb npu 298.15 K.

CobCTBEHHbIN paguyc  KaTuoHa BMIM, paccymMTaHHbIN KBaHTOBO-XMMUYECKN Ha  ypoBHe
M062X/6-311++G(d,p), oka3ancst 6onblue YeM NOMYyYEHHBIN N3 3KCNEPUMEHTA MO NITOTHOCTU U yKa3blBAeT Ha TO,
4YTO comnbBaTauusi BHOCUT OTpULATENbHBIA BKNa B KaXyLUMICS NapuvanbHbid MOMbHBIN 06bEM MOHA B Nponu-
neHkapboHare.

JInst MccnenoBaHNs MUKPOCKOMUYECKOW CTPYKTYPbI CONbBaTHO 060noykn BMIM® B PC BbINOMHEHO Moneky-
NApHO-AMHaMMYeckoe MogenvposaHue 6eckoHevHo padbasneHHoro pactesopa B NVT aHcambne npu 298.15 K.
PesynbTaThl MogenvMpoBaHMsA ykasblBalOT Ha TO, YTO MepBasd conbBaTHas obonoyka kaTMoOHa COCTOUT u3 5-6
MoneKyn nponuneHkapboHaTa, NPOHMKaKLWKMX BO BHYTPEHHEE MPOCTPaHCTBO KaTMOHAa, YTO cornacyeTcs C pe-
3ynbTaTaMu EeHCUMETPUYECKOro akcrnepumMeHTa. M3 aHanusa dyHKuMiA pagnanbHOro pacnpeaeneHms n TeKyLmnx
KOOPAMHALIMOHHbIX YMCEN KaTUOH-MOJIEKYIa pacTBOPUTENST YCTAHOBIEHO, YTO Hanbonee BEPOSTHLIM KOOpAUHA-
LUMOHHBIM LieHTpoM Mornekynbl PC sBnsieTcs kncnopo kapOoHWMbHONM rpynmbl.

KnioyeBble cnoBa: LeHCUMETPUS, MNOTHOCTb, KaXYLLUACS napumanbHbii MONSIpHbIA 06beM, conbBaTauums,
1-6yTun-3-meTnnummngasonuin, TetTpadgptopobopart, rekcacdTopodocdar, bpomua, nponureHkapooHaT, MONeKy-
NAPHO-AMHaMMYECKOe MoAEeNpoBaHMe.

A.B. PabuyyHoBa*, B.M. Kapabuosa*, O.H. Kanyrin*. lN'yctuHa i conbBaTtauinHi edekT iOHHUX piaWH Ha OCHOBI
iMmigasonis B nponineH kapboHari.

* XapKiBCbkU HaLioHanbHWIM yHiBepcuTeT iMeHi B.H. KapasiHa, xiMmiyHun dakynbTeT, kadeapa HeopraHiyHoi
ximii, manngan Ceoboaum, 4, Xapkis, 61022, YkpaiHa

MpencraBneHi pesynbTatv 4EHCMMETPUYHOTO AOCHIOXKEHHST po34uHiB TeTpadTopobopaty (BMIMBF,), rekca-
dropodocdaty (BMIMPFg) i 6pomigy (BMIMBr) 1-6yTun-3-metunimigasonis B nponineH kapbonati (PC) npu
298.15, 318.15, 338.15 T1a 358.15 K. OTpuMmaHi gaHi po3rnsHyTi 3 TOYKU 30pYy YSBHUX NapuianbHUX MOMbHUX 00'-
€MIB i BKnagy conbBaTauii. BUMiploBaHHsi ryCTUHM BUKOHaHI 3 BUKOpUCTaHHAM AeHcumeTtpa Mettler Toledo DM 50
3 TouHicTio  3:10°° r/em®.

[paHuyHi napuianbHi MonspHi 06'emMn gocnigXeHux ioHHMX piguH B PC 6ynu oTpumaHi 3 ekcnepyMMeHTanbHnx
JaHUX MO FYCTUHI 3 BUKOPUCTaAHHAM PiBHAHHA MeccoHa i po3fineHi Ha ioHHI cknagosi. ['paHuyHI napuiansHi Mons-
pHi 06'emn BMIMBF4, BMIMPFs u BMIMBr B PC He3Ha4yHO 36inbLuyoTbCst 3 pOoCcTOM Temnepatypu. [paHu4HuiA
napuianbHWii MORsIpHWIA 06'em kaTioHa BMIM®, oTpuMaHWii 3 TPbOX IOHHUX PIAVH 3 Pi3HUMM aHIOHaMK, Ma€e OaHa-
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KoBy BenuunHy 115 cm®/monb npun 298.15 K.

BracHuit pagiyc kationa BMIM® poapaxoBaHuii KBaHTOBO-XiMIYHO Ha piBHi M062X/6-311++G(d,p) BusBMBCS
OinblUe HiXX OTPMMaHU 3 eKCNEePUMEHTY MO TYCTUHI | BKa3ye Ha Te, WO CofbBaTallisi BHOCUTb HEraTUBHUI BKNag
[0 ySIBHOrO napuianbHOro MosnsipHoro o6'emy ioHa B nponineH kapboHari.

Ons [oChimKeHHs MIKpOCKOMIYHOT CTPYKTYpU conbBaTHOi o6ornoHkn BMIM® B PC BUKOHaHO MOMeKynsipHo-
OnHamiyHe moaerntoBaHHsa 6e3mexHo po3segeHoro posdmHy B NVT aHcambni npu 298.15 K. Pesynbtat mope-
NOBaHHS BKa3yloTb Ha Te, Lo nepLua conbBaTHa 0b6onoHka kaTioHa cknagaeTbes 3 5-6 Monekyn nponineH kap6o-
HaTy, O NPOHUKaKTL Y BHYTPILLHIA NPOCTIp KaTioHa, WO y3roXXyeTbcsl 3 pesynbTatamv 4eHCUMETPUYHOTO eKc-
nepumeHTy. 3 aHanidy dyHKLUin pagianbHOro posnoiny Ta NOTOYMHUX KOOPAMHAUIMHUX YMcen KaTioH-monekyna
PO34YMHHMKA BCTAHOBMEHO LIO HaWbinbL MMOBIPHUM KoopAWHaLUinHUM LueHTpom monekynu PC e OkcureH kap6o-
HINbHOI rpynu.

KnrouoBi cnoBa: pgeHcumeTp, TryCcTMHa, MapuianbHui MonsipHun  ob'eM, conbBaTauisf, 1-6yTun-3-
meTunimigasonin, TetpadTopobopat, rekcadTopodocdaT, OGpomia, nponineH kapboHaT, MONeKynsipHo-
AVHaMiyHe MOLentoBaHHs.

Kharkov University Bulletin. Chemical Series. Issue 31 (54), 2018
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NMPOU3BOAHDIE 1,3,5-TPUAPUJTI-2-NMUPA30JIUHA C AONOJIHUTE/IbHbIMU
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CwuHTeanpoBaH psaa NPOV3BOAHbIX 1,3,5-Tpnapun-2-nupasonunHa c NMUPUANHOBbIM "
8'-rMapOKCUXMHONMHOBBLIM (dparMeHTamMmun B MOSIOKEHUN 1, HEKOTOpLIE N3 KOTOPbIX COAepXaT TakkKe rmapo-
KCW-rpynny B OpTO-NonoxeHun 3 6eH30MbHOro Korbla, obecneynBaroLLyo BO3MOXHOCTb peakumm doTtone-
peHoca npoToHa OH-rpynnbl Ha aToM HUTPOreHa NMPasoNMHOBOrO LMKNa. B mMomnekynax nccnenoBaHHbIX
NPOU3BOAHbIX aTOMbl HUTPOreHa hOPMUPYIOT XeNnaTHble NOMOCTH, CBSA3bIBAHWE C KOTOPLIMU MOHOB NoOnMBa-
NEHTHbIX METarnoB AOMKHO NPUBOAUTL K UBMEHEHMWIO CNEKTParbHbIX XapakTePUCTUK. M3ydeHbl cnekTpanb-
HO-NIOMUHECLEHTHbIE CBOMNCTBA CUHTE3MPOBAHHBIX COEAMHEHUI B PACTBOPUTENAX PasfMYHOM MONSPHOCTU
1 UX B3aUMOLENCTBME C COMNMAMU NONMBANEHTHbLIX METanMoB B aueToHuTpune. MNokasaHo, 4YTo peakums ¢o-
TonepeHoca MpPOTOHa COMPOBOXAAETCA 3HAYUTENbHLIM TylleHneM dyopecleHumMmn, Hambonee cyLiecT-
BEHHbIM OS5 MPOU3BOAHOMO C MMAPOKCUXUHOMMHOBLIM (PPAarMeEHTOM B MOJIOXEHUM 1 NMMPaA30SIMHOBOIO LiMK-
na, Npy 3TOM ee KOHCTaHTbl CKOPOCTM HaxoaaTcs B npeaenax 2-410° ¢ B anpoTOHHbLIX PacTBOPUTENAX
pa3nnyHol NONsSPHOCTH.

OueHeHbl NepcrneKkTUBbl UCMONb30BaHUSA CUHTE3MPOBAaHHbIX MPOM3BOAHbBIX Kak (DryOpeCcLEeHTHbIX XeMo-
CEHCOPHbIX COeAMHEHWNIA AN aHan13a NonuBaneHTHbIX MeTannoB. B 6onbWWMHCTBE nccneqoBaHHbIX Cryva-
€B B3aMMOJENCTBME C MOHAMW TSKEMbIX METANOB NPUMBOAMIIO K YMEHbLUEHUIO UHTEHCMBHOCTU dhnyopec-
LeHUMN, OOHaKo ANsi COEANHEHWUI C peakumelrt BHYTPUMONEKYNSAPHOro hoTonepeHoca NpoToHa CyLLeCTBEH-
HOrO TYLLIEHWUSI MOHAMWN TSXKENbIX MeTannoB He Habnioganock. VcknioveHne COCTaBnsnM MOHbI MEPKYpUs,
npv B3aUMOAEWNCTBUUN C KOTOPbIMU Yy COEAMHEHUA C peakumen doTornepeHoca NpoToHa Ha oHe obuero
TyweHnst hyopecLeHLMM NPOUCXOANII0 nepepacnpeneneHe MUHTEHCMBHOCTEN NX OBYX MOSIOC UCMYCKaHUS.
MocnepHee o6CTOSATENBLCTBO CBMOETENBCTBYET O BO3MOXHOCTU MPUMEHEHUS METOAOB paLMoOMeTpU4ecKomn
dnyopecueHTHON AeTekunn Ans aHanmsa UoHOB HgZ+.

KnroueBble cnosa: 1,3,5-Tpuapun-2-nmpasonuHbl, NUPUAKH, 8-rMOPOKCUXMHOMNWUH, (ryopecLeHTHbIN
aHanu3, conbBaTOXPOMUS, KOMMIekcoobpasoBaHue, (POTONEPEHOC NPOTOHA, MOHbLI MOMMBANEHTHbLIX Me-
Tannos.

BBeaenue

Pa3paboTka ceneKTUBHBIX OpPraHMYECKUX PEeareHTOB Ha MOHBI MOJUBAIEHTHBIX METAJUIOB, KOTOPHIE
SIBIISTIOTCS. OTIACHBIMH 3arPSA3HUTEISIMH OKPY>KaIOIIEH Cpeibl, a TAKKEe XeMOCEHCOPHBIX MaTepHaioB Ha
WX OCHOBE, SIBIIICTCS aKTyaJdbHOW HaydHOU 3amadeit [1-2]. diyopeciieHTHAS CIIEKTPOCKOHS, Xapak-
TEPU3YIOMIAsCS BBICOKOH YYBCTBHUTEIBHOCTHIO M CHEIM(DUYHOCTHIO CIEKTPAIBHOTO OTKIHMKa [3-4],
0CcOOEHHO MPH YCIOBUH MPUMEHEHHSI COBPEMEHHBIX PAlIOMETPHUYECKHX METOAMK [5], siBiseTcs mep-
CIEKTUBHBIM (PU3HKO-XMMUYECKUM MHCTPYMEHTOM JUIS PEIICHHS 3TOMH, a TaKkKe IPyTuX 3a1ad coBpe-
MEHHOH aHAIMTHYECKON XMMHH, SKOJIOTHU M Onodm3uku [6].

OTnenbHBIM U IOCTATOYHO CIIOXKHBIM 3alaHHEM SIBJISIETCS ONpeieieHre eJIeBBIX aHAIMTOB Ha ¢o-
HE APYTHX COCAMHEHHH CXOAHOM XUMHMUYECKON MPUPOJBL, YTO 0COOEHHO BaXKHO NP IMPOBEICHUHU KO-
JIOTMYECKOTO MOHUTOPUHIA OOBEKTOB OKpY’Karollel cpeasl 1 Onodu3ndeckux UcciaeJoBaHUM KUBBIX
opranu3MoB [7-8]. OJHUM U3 MEePCHEeKTHBHBIX IMyTeH pemeHus] MOJO00HBIX 3a1ad SIBISETCS MOJIEKY-
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32



A.10. Uymak, H.B. Kopayo6aiino, M.A. Bomomnaxenko, B.H. Kotmsip, A.O. Jlopomenko

JSIPHBIA TU3aifH KOMILIEKCOOOPa3yIONINX COSAMHEHWH HOBOTO THIIA — «Pa3yMHBIX» JIMTAaHAOB (smart
ligands) [9], cmOCOOHBIX K BapbUPOBAHHIO LIEHTPA KOMILIEKCOOOPa30BaHUsI B 3aBUCIMOCTH OT JIICK-
TPOHHOTO CTPOCHUSI U FeOMETpHUYECKHUX MapameTpoB noHa metamia [10]. IIpu sTom Oyner reHepupo-
BaThCSl PA3NIMYHBIA 1O CHEKTPAILHOMY COCTaBY (hIYOPECIEHTHBIH OTKJIHK, MOCKOJIBKY KOMILIEKCHI,
oOpasyromuecs: pa3HbIMU [IEHTPaMHU CBSI3BIBaHUS, OyIyT 00NagaTh OTIMYAIOIINMHUCS CIIEKTPATbHBIMH
xapaktepuctukamu [11]. Takum oOpa3om, MOKeT OBITH OOECTIEUeHO CEJEKTUBHOE M HE3aBHCHMOE
BBISBJICHHE HECKOJIBKUX HOHOB MIPU X OAHOBPEMEHHOM MPUCYTCTBUH B aHAIM3UPYEMbIX 00pa3iax.

Ho cux mop momoOHBIE cBoiicTBa OBUTH 3adUKCHPOBAHBI IS HEKOTOPBIX IPOHU3BOTHBIX
3-runpoxcuxpomona [12-13], a Taxxe 111 cOeqUHEHUI HEKOTOPBIX APYTHX Kitaccos [14].

B nocnennne ropl HAMETHIICS HHTEPEC K (PIyOopecueHTHBIM COSAMHEHHUSM Tpymnsl 1,3,5-Tpuapu-
2-nHupa3oiarHa Kak OCHOBE XEMOCEHCOPHBIX CUCTEM JJIsl aHAIM3a NOJUBAJICHTHBIX MeTaIIoB [15-20].

B nanHOM cTaThe OMMCAH CHHTE3 HOBBIX IMPOM3BOIHBIX Ha OCHOBE 2-TTMpa3oyinHa (cxema 1), B Mo-
JIeKyJ1ax KOTOPBIX, Onarogapsi HAIMYUIO JOMOJIHUTEIBHBIX TeTEPOLUKINIECKUX (HParMeHTOB U OpTO-
THIPOKCH 3aMEIIEHHOT0 OSH30JLHOTO KOJIbIA, CPOPMHPOBAHO HECKOIBKO MOTEHIIHAILHBIX HEHTPOB
CBSI3BIBAHUS TIOJM3APATHBIX KATHOHOB METAJUIOB pa3HON mpupoasl. [Ipu sToM ogHOBpEeMeHHas Koorre-
paTHBHas KOOpAMHAIMA JABYX HOHOB HCKIIOYEHA, MOCKOJIBKY MOTEHIHAIbHBIE LEHTPhI CBSI3BIBAHUS
KaTHOHOB COZEPKaT OOLIMI CTPYKTYPHBII SJIEMEHT — aTOM HUTPOT'€HA MMPAa30JIMHOBOTO LIUKIIA.

Cxema 1. CtpykTypHBIE (hOPMYITBI UCCIEAYEMBIX MPOU3BOIHBIX 1,3,5-TpHapui-2-nupa3oivHa ¢ yKa-
3aHUEM MOTECHIMAIBHBIX XEJIaTHBIX MOJIOCTEH I KOOPAMHAIIMH KaTHOHOB IIOJIMBAJIEHTHBIX METAIJIOB

K rpynne «pa3syMHBIX» JUTaHIIOB MOTYT OBITH OTHECEHBI COEAMHEHHS 2-4, B MOJIEKYJIaxX KOTOPBIX
c(hOopMHUPOBaHBI HECKOJIBKO NMOTEHIMAIBHBIX XEJIaTUPYIOIIUX LIEHTPOB, B TO BpeMs Kak coeauHeHue 1
MOJKET pacCMaTpUBAaTHCS KaK MOJIENb C €IMHCTBEHHBIM LIEHTPOM KOMITJIEKCOOOpa30BaHUsL.

Hanuune ruapoKCHIBHOM TPYIIIBI B OPTO-HONIOXKEHHH 3 OEH30IbHOTO KobLa (coenuHeHus 2 u 4)
00yCJIOBIMBAET BO3MOXKHOCTh peajM3allii peakuuu (oromepeHoca mpoToHa [21] — OCHOBBI coBpe-
MEHHBIX PallMOMETPUYECKHUX (IIyOpECIIeHTHBIX METOAMK aHanu3a [22-24].

IKcnepuMeHTasibHas 4acTb

CHexTpsl sSIepHOTO MAarHWTHOTO pe30HaHca OBITM W3MEpPEHBl Ha crekrpomeTpe Varian MR
400MHz. DnexTpoHHBIE CHEKTPHI MOroNmeHus - Ha crnekrpodoromerpe Hitachi U3210, cnekTpsl u
KBaHTOBBIC BBIXOMHI [25] dmyopectentmum - Ha cniektpoduryopumerpe Hitachi 850 mpu koHUeHTparmm
rccIenyeMsIx coemuaennit 10°—10 Monb/1 mpy TonmuHe moromaromero ciaost 1 oM (omTHdeckas
TUIOTHOCTh Ha JUIMHE BOJIHBI BO30YX/IE€HHUS BO BCeX (DIIyOPECHEHTHBIX 3KCIIEPUMEHTaX He MpeBbIIIaja
0.2). PactBop Oucynbdara xununaa B 0.1 M H,SO,4 (¢=0.55 [26]) ObLT UCTIONB30BaH KaK CTAHIAPT IS
U3MEpeHNsT KBaHTOBBIX BBIXOIOB. s M3MepeHUs KMHETHKM 3aTyxaHusl (piayopecueHIuu Obuia Hc-
NOJIb30BaHa YCTaHOBKA, OmucaHHas B padote [27]. KoHTpoNb YMCTOTHI CHHTE3UPYEMBIX COSINHEHUH
ocymecTBisuics ¢ noMoupto TCX Ha mactunkax Silufol-250 u MeTonOM CIEKTPOB CHHXPOHHOTO
CKaHMPOBaHUs (DIyOopecLeHINH.

CuHTEe3 HEe3aMEIEHHOT0 XaJIKOHA U €T0 2’ -THIPOKCUIIPOU3BOIHOI0, HEOOXOAUMBIX B KaUeCTBE II0-
JYTPOAYKTOB JUIA MOJYYEHHUs MUPa30JUHOBBHIX (piyopodopoB, oCymIecTBISICS MO TPaaULIUOHHON
METOJAUKE, MpeAroararomeil KaTaau3upyeMylo OCHOBaHMEM KoHAeHcanuio KiisiizeHa cooTBeTcT-
BYIOIMX OeH3aibleruaa u aneroperona. OU3nKo-XMMHUYIECKHE XapaKTEPUCTHKH MOJIyYCHHBIX XaIKo-
HOB COBHAJU C JquTeparypHbIMH [28-29]. KoHeuHble MHpa30IuHbI MONTyYaal KOHAEHCaluell coOTBeT-
CTBYIOIIIMX XaJIKOHOB C 2-TUApasuHUINUpUAUHOM [30] mnm 2-runpasuHuiI-8-THIPOKCUXUHOINHOM
[31].
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1-(2-nupuoun)-3,5-ougpenun-2-nupasonrun (1). K pacrsopy 3.0 r ruapoxcuna xamus B 30 M mera-
Hona fo6asmiu 4.71 r (43 MMOJIb) 2-THAPAa3UHWINAPHANHA, 3aTEM - SKBUBAJIEHTHOE KOJIMYECTBO Xall-
koHa (9.0 r, 43 mmons), nepemennBanu 24 yaca npu 65°C. PacTBop oxiaaniu, BHIIABIIMKA OCaIOK
MEePEKPUCTAIIN30BaNU U3 MeraHona. [loayumnu 5.0 r mpoaykra xenroro usera ¢ Ty, 134°C [32]
(Be1x0x 39 %). Criextp 'H SIMP (DMSO-dg) & (m.1.): 3.12 (dd, 1H), 3.89 (dd, 1H), 5.75 (dd, 1H),
6.68 (t, 1H), 7.61 (t, 1H), 7.22-7.61 (m, 8H), 7.79 (d, 2H), 7.97 (d, 2H).

1-(2-nupuoun)-3-(2-eudpoxcugenun)-5-gpenun-2-nupazonun (2). K pactopy 0.5 r runpokcuia ka-
s B 10 M1 metanona, nodaBwin 0.48 r (4 MMOIb) 2-THAPA3HHIIITAPUINHA, 3aTEM - SKBUBAJICHTHOE
KOJIMYECTBO 2’-ruapokcuxainkona (1 r, 4 mmons), nepementnBanu 24 gaca npu 65°C. PactBop nosenu
10 pH~6 ykcycHOH KHCIOTOM, OXJIaJWiIN, BBICAIWIN MPOAYKT BoAoH. OUHnIIamy METOAOM KOJOHOY-
HOW xpomarorpadu, 3ar0eHT — OytunaneraT. [lomyunnu 0.34 T npoayKTa TEMHO-OPaHKEBOTO IIBETa
(Be1x0x 88 %). Criektp 'H SIMP (DMSO-ds) § (M.11.): 2.69 (dd, 1H), 2.94 (dd, 1H), 5.55 (dd, 1H), 7.25
(m, 2H), 7.45-8.12 (m, 9H), 8.21 (m, 2H), 9.58 (s, 1H).

1-(8-2udpokcuxuronun)-3,5-ouppenun-2-nupazonur (3). K pacreopy 0.2 r rugpokcuaa xamus B 10
mJ MeTaHoJa 1o6aBuiaH 0.3 T (2 MMOJIB) 2-THIPa3HHUI-8-THIAPOKCUXHUHOIMHA, 3aTEM - SKBUBAJICHTHOE
KonyecTBo xankoHa (0.36 T, 2 Mmoib), nepemernuBanu 24 yaca npu 65°C. PactBop gosenu no pH~6
YKCYCHOH KHCJIOTOH, OXJTaquii. BeimaBmmii ocafiok mepekpucTaIn30Band u3 Meranona. [lomyunnu
0.42 r npoaykTa KpacHoro 1geta ¢ Ty, 145°C (Bbixoa 58 %). Crextp 'H SIMP (DMSO-dg) & (M.11.):
3.26 (dd, 1H), 3.98 (dd, 1H), 6.06 (dd, 1H), 6.91 (d, 1H), 7.09 (t, 1H), 7.20 (d, 2H), 7.32 (t, 2H), 7.38-
7.55 (m, 5H), 7.77 (d, 1H), 7.86-7.91 (m, 3H), 8.11 (d, 1H).

1-(8-2udpokcuxuronun)-3-(2-eudpoxcughenun)-5-gpenun-2-nupazonrun (4). K pacrsopy 0.2 r ruapo-
kcuma kamus B 10 M meranona mob6aswmin 0.2 T (1 MMob) 2-Tuapa3suHIII-S-THAPOKCHXUHOJIMHA, 3a-
TEM - DKBHUBAJIEHTHOE KOJMU4ecTBO 2’-Tuapokcuxankona (0.26 r, 1 mmons), nepememmBaiy 24 yaca
npu 65°C. PactBop noBenu 10 pH~6 yKCyCHON KUCIOTOM, OXJIaauiIH, BEICAIUIN MPOAYKT Bogo. [lo-
nyumu 0.34 T poyKTa KpacHOro 1Bera (Bbixox 88 %). Crextp 'H AMP (DMSO-dg) & (m.1.): 3.33
(dd, 1H), 4.01 (dd, 1H), 6.15 (dd, 1H), 6.95 (d, 1H), 7.20-7.50 (m, 9H), 7.78 (d, 1H), 7.88-7.92 (m,
3H), 8.12 (d, 1H), 9.42 (s, 1H).

Ta6imuma 1. CnexTpanbHble XapaKTEpUCTHKH HCCIAEAYEMBIX MPOM3BOAHBIX 1,3,5-Tpuapuin-2-
MUPA30JIMHA C OAHOMOJIOCHBIMU clieKTpamu (ayopecueHumu (coequaenust 1 u 3)

PactBopurens ETN Vv, Ao vy )\.f Avgr O Tr kf;, X 108 kg < 1078
1-(2-nupuoun)-3, 5-ougpenun-2-nupazonun (1)
I'ekcan 0.009 27220 | 367 | 24300 | 412 | 2920 | 0.251 | 2.20 1.14 341
Tonyon 0.099 27140 | 368 | 23680 | 422 | 3460 | 0.310 | 2.41 1.29 2.86
Juxinoparan 0.327 27240 | 367 | 23280 | 430 | 3960 | 0.364 | 3.05 1.19 2.09
JIMODA 0.386 27380 | 365 | 23240 | 431 | 4140 | 0.332 | 2.97 1.12 2.53
AUETOHUTPHI 0.460 27360 | 365 | 23220 | 431 | 4140 | 0.181 | 2.86 | 0.63 2.25
Meranou 0.762 27720 | 361 | 22740 | 440 | 4980 | 0.217 | 3.10 0.7 2.86
1-(8-2udpoxcuxunonun)-3, 5-ougenun-2-nupazonun (3)

I'ekcan 0.009 26660 | 376 | 24280 | 412 | 2380 | 0.202 | 1.81 1.12 4.41
Tonyon 0.099 26460 | 378 | 22740 | 421 | 2720 | 0.243 | 1.75 1.39 4.33
Juxioparan 0.327 26980 | 371 | 23380 | 428 | 3600 | 0.162 | 2.68 0.65 3.13
JIMODA 0.386 26820 | 373 | 22400 | 446 | 4420 | 0.206 | 2.93 0.73 2.71
AUETOHUTPHI 0.460 27360 | 365 | 22920 | 436 | 4440 | 0.084 | 2.06 | 0.41 4.45
Meranou 0.762 27350 | 366 | 21160 | 473 | 6190 | 0.046 | 0.96 | 0.48 9.94

V, - TIOJIOKEHHE JTHHHOBOJIHOBOTO MAKCHMyMa B CIEKTpE TOIJIOIIEHHS, CM ; A, — TO K€ B IIKaNe JUIMH BOJIH,
HM; Vy- NOJIOXKEHUE MaKCUMyMa (IyOpeCleHIHH, em’l; A - TO Ke B LIKale JUIMH BOJH, HM; Avgr — CTOKCOB
caBUT (IyOpecLUEeHIH, CM ; @y — KBAHTOBBIN BBIXOJ (IyOpPECLUEHLHH; Ty — BPEMs 3aTyXaHus (IyopecieHInH,
HC; k/=@¢/Tf — KOHCTAHTa CKOPOCTU U3Iy4eHHUs (IyOopecleHIMH, ¢! k~=(1-@p)/t; — KOHCTAHTa CKOPOCTH GE3bI3-
Ny4aTeTbHOM 1e3aKTHBALMH (ITyOPECIICHTHOrO COCTOSHHS, C .

Pe3ynbTaTbl M 06Cy)kaeHue

CrextpanbHble 1 HOTOPU3NUECKHE XAPAKTEPUCTUKN CUHTE3UPOBAHHBIX IPOU3BOAHBIX MUPA30JIU-
Ha (1-4) ObUTH OmpeneNeHbl B CEPUU PACTBOPUTENEH pPa3IMYHON MOJSPHOCTH U MPOTOHOTIOHOPHOM

34



A.10. Uymak, H.B. Kopayo6aiino, M.A. Bomomnaxenko, B.H. Kotmsip, A.O. Jlopomenko

cnocooHoctr (Tabmuma 1,2). IlomsapHble cBOWCTBA pacTBOPHUTENS, BKIIOUArONe dPQGEKTh yHHUBEP-
CAIIBHBIX U CHENH(DUIECKUX MEKMOJEKYISIPHBIX B3aUMOACUCTBHM, ObIIIM OXapaKTepU30BaHbI HOPMU-
poBaHHBIM mapamerpoM Paiixapara Er™ [33].

KsanToBbrii Berxon dayopecuenimu 1-(2-mupunwn)-3,5-mudennn-2-nupa3onuna (coen. 1) B 3aBucu-
MOCTH OT TIPHPOJIBI PAaCTBOPHUTENS M3MeHsieTcs B ipeaernax 0.18-0.36, BpeMs 3aTyxaHus QIryopecIeHITNN
—2.2-3.1 e, CtokcoB cBur coctapiser 2900-4200 cM ™', 9To He BHIXOIHT 3a TIPE/Ieibl HOPMBL.

Kak cnemyer m3 NMpHBENCHHBIX AAaHHBIX, MOJOXECHUE IJITUHHOBOJIHOBOW MOJIOCH! moriomeHus 1
MPAKTHYECKH HE 3aBUCHUT OT (GU3NKO-XUMHUIECKHX XapaKTEPUCTHK PACTBOPUTEIIS, YTO CBUIETEIHCTBY-
€T 0 He OYeHb OOJBION BEIIMYNHE TUIOJILHOTO MOMEHTA 3TOTO COSIMHEHNSI B OCHOBHOM COCTOSTHHU.

B 10 e Bpemsl, MONOKEHHI MaKCUMyMa CIeKTpa (IyopecleHINH 3aMETHO PEryIHpyeTcs MPHpO-
JIOW pacTBOPUTENS, YTO YKa3bIBa€T HA 3HAUMTEIILHOE TIepepacipeie]ieHne dJeKTPOHHON IIOTHOCTH B
MoJiekysie 1 B CTPyKTYpHO- M COJIbBATHO-PENIAKCHPOBAHHOM 3JIEKTPOHHO-BO30YHKEHHOM COCTOSIHUH.
Bnaronapst 3ToMy HMeeT MeCTO CyIecTBEHHAs U TMHEHHast [0 CBOoed MpHupoie 3aBHCUMOCTh CTOKCOBa
CABHWTra OT MPUPOIBI pacTBopuTeis (puc. 1), mpuyeM JaHHBIE IS MPOTOHOJOHOPHOTO METaHOJa He
BBIMTAIAIOT U3 00mIeit 3aBucuMocTH. [locienHee 06CTOATENHCTBO OTpakaeT HE OYEHBb OOJBIIOE BIHUS-
HHE Ha CIIEKTPalIbHbIC XapaKTePUCTUKU CHEIM(PUISCKAX MEKMOIEKYISIPHBIX B3aMMOJICHCTBUI ¢ pac-
TBOpHUTEJIEM, HE CMOTPS Ha HaJIMYUe HECKOJIbKUX HYKICO(QHUIbHBIX aTOMOB HUTPOTeHa B MoJekye 1.

AHanornyHoe MoBeIeHNE JeMOHCTPUPYET COSANHEHNE 3, OHAKO, B €r0 Cly4yae HaKJIOH COJIbBATO-
XPOMHOM 3aBHCUMOCTH BBIpaKEH B OOJIbIICH CTENIeHH. JTO yKa3bIBaeT Ha 0oJiee CyIEeCTBEHHOE Tepe-
pacmpeneneHue 3IeKTPOHHOHN TUIOTHOCTH B €r0 MOJIEKYJIe TIPH Iepexojie B BO30YKIECHHOE COCTOSHHE
o cpaBHeHHIO ¢ 1. BeposaTHO, NUMEHHO 3TO OOCTOSTENECTBO ONPEEINsIeT CHIDKEHIE KBAHTOBOTO BBI-
xona iyopecrierruu 3 ot ~0.2 B rekcane 10 ~0.05 B meTanone. OMHOBpEMEHHO HAOIIOIAIOCH TAKKe
U CHIDKCHHE BPEMEHH 3aTyXaHus (uryopecteHuun (Tadin. 1), oTpaxkas yBelU4eHHe BEPOSTHOCTH MPO-
[[ECCOB 0E3bI3ITyYaTeNIbHON JIe3aKTUBAIIMH COeNMHEHNS 3 B TIOJISIPHOM Cpee.

7000

6000 1

-1

5000

4000

CTOKCOB CABHUT, CM

1000 T T T T T T T |
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

E{
Pucynok 1. 3aBucumocts CToKcOBa caBura (iyopecteHInu coeinaenuit 1 (cniownasn aunus, cunuil
ygem) u 3 (nynxmup, Kpachuwviil yéem) OT HOPMAJIN30BAHHOTO ITapaMeTpa MOJIIPHOCTH PaCTBOPUTEISL
no Paiixapary (uBet oToOpaskaeTcst B 3JI€KTPOHHOM BepCHH JaHHON CTAaThH).

BryTpuMonekynapHas BOOOPOAHAS CBA3h B 8-THAPOKCHXWHOIMHOBOM (PparMeHTEe HE MPHUBOIHT K
peaknuu QoTorepeHoca MPOTOHA, MOCKOJBKY IMOSIBICHHUS JOTONHUTEIBHBIX TOJOC HCIYCKaHHS B
crnekTpe (ryopecueHunu 3 He HaOmogaeTcsl.

HanpoTuB, BBeleHHE OPTO-TUAPOKCHIILHONM TPYNITBI B OEH30JIEHOE KOJBIIO B TIOJIOKEHUH 3 THpa-
30JIMHOBOTO MHKIA (COeTUHEHUS 2 U 4) TIPUBOIUT K TOSBJICHUIO JTOTOJHUTEIHHOW JUTMHHOBOITHOBOM
MOJIOCHl B CIIEKTpE (IIyOpECcICHIIUK, OOYCIOBICHHON peakiueld BHYTPUMOJICKYJISIPHOTO MepeHoca
npotoHa (ESIPT, excited state intramolecular proton transfer [34-38]) B 31meKTpOHHO-BO30YKICHHOM
COCTOSTHUH (PUCYHOK 2, Tabyuma 2).
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N*

Pucynok 2. Peaknus miepeHoca IpOTOHA B AJIEKTPOHHO-BO30Y)aeHHOM coctossanu (ESIPT), mpuBo-
Jsmas K aapabaTHuecKkoMy nepexony HopManbHoi Gopmbl (N*, cieBa) B poToTayTOMEepHYI0 hOopMy
(T*, cnpaBa) Ha mpuMepe coenuHEHMS 2.

TepMuHoorus: «HOpMasbHas Gopma» U «HOTOTAyTOMEP» MCIIOJIB3YETCS B HAYYHBIX ITyOJUKAIUSIX
o peaknuu otonepeHoca nporoHa ¢ 50-x rogos 20 Beka u sBiseTCs oOmenpuHsaToil. Ha pucynke 2
(hotoTayTomepHast popma IMpencTaBiIeHa B BUJE JIBYX €€ TPAHUYHBIX CTPYKTYpP, XHHOUJIHON M LIBUT-
Tep-uoHHOH. JlucKyccuu 0 TOM, Kakas U3 HUX 00Jiee TOYHO COOTBETCTBYET XapaKTepy BHYTPUMOIIC-
KYJISIPHOTO TIepepaclpeieiCHUs 3JEKTPOHHON TUIOTHOCTH B (POTOTAyTOMEPHBIX (POpMax pa3iHyHBIX
kiaccoB oprannueckux ESIPT-Monexysn, npoxoauinu Ha NPOTSHKEHUH BCEW HCTOPUM UX UCCIIETOBAaHUS
[39]. CooTBeTCTBEHHO, AMCKYTHPOBAJICS BOIPOC W O MPHUPOJIE YACTHIBI, IIEPEHOCHMON B IpoIecce
JTAHHOM peakIy — MPOTOoHA (MOJOXKHUTEIHHO 3apsDKEHHON) WiIM aToMa THApOoreHa (He HecyIel 3Jek-
Tprueckoro 3apsaa) [40]. ApryMeHTOM B TOJI3y MOCIEIHETO SBISIACh MEHBIIAs MOJISIPHOCTh (OTO-
TayTOMEpHBIX GopM T* 1Mo cpaBHEHHIO ¢ HOPMAIBHBIMUA GopMaMu N*, He 3aBHCSIIAs] OT TMPUPOIBI
koHKkpeTHON ESIPT-cuctremsr [41], 3xciepuMeHTaIbHBIM OTPaKEHHEM KOTOPOM CUHUTAETCs HE3HAYH-
TeJbHAS 3aBUCUMOCTh OT TMOJSPHOCTH PACTBOPUTEINS TOJOXKEHUS (OTOTAYTOMEPHOH IMOJIOCH! (iryo-
PpeCIeHIINN.

Tabimma 2. CnexkTpanbHble XapaKTEpUCTHKH HCCIAEAYEMBIX NpPOM3BOAHBIX 1,3,5-Tpuapun-2-
MUPA30JMHa C peakuueil ¢oromepeHoca MPOTOHA M ABYXIIOJIOCHBIMU CIEKTpaMH (IyopecHeHIUN
coenuHeHUS 2 U 4)

PactBopurens EY v, Ao va ka Avgr™ va XfT Avgr! @y

1-(2-nupuoun)-3-(2°-eudpoxcupenun)-5-gpenun-2-nupazonun (2)
I'ekcan 0.009 | 27980 | 357 | 24260 412 3720 19000 | 526 8980 0.124
Tosyon 0.099 | 27640 | 362 | 23640 423 4000 18780 | 532 8860 0.392

Juxsoparan | 0.327 | 27740 | 360 | 23220 431 4520 19000 | 526 8740 0.291

Aneronntpun | 0.386 | 27920 | 358 | 23160 432 4760 18880 | 530 9040 0.090

MDA 0.460 | 27620 | 362 | 23140 432 4480 18580 | 538 9040 0.035
MertaHon 0.762 | 27720 | 361 | 22960 436 4760 18740 | 534 8980 0.022

1-(8-2uopoxcuxuronun)-3-(2°-eudpoxcupenun)-5-gpenun-2-nupasonun (4)
['ekcan 0.009 | 28780 | 347 | 24240 413 4540 18980 | 527 9800 0.032
Tosyon 0.099 | 28640 | 349 | 23660 423 4980 18780 | 532 9860 0.043

Juxsoparan | 0.327 | 28990 | 345 | 23260 | 430 5730 19040 | 525 9950 0.032

Aneronntpun | 0.386 | 28860 | 347 | 22940 436 5920 19020 | 526 9840 0.017

MDA 0.460 | 28920 | 346 | 21980 455 (6940) — — — 0.021
MertaHoun 0.762 | 28860 | 347 | 22860 437 6000 18880 | 532 9980 0.006

V, - TIOJIOXEHHE [UTMHHOBOIHOBOTO MAKCHMyMa B CIIEKTpE TOIJIONIEHHS, CM '3 A, — TO K€ B IIKaJle JUIHH BOJIH,

HM; va " va - T0JIOXKEHHE MAKCUMyMOB (DIyOpEeCIeHIMH HOPMANbHOH U (OTOTayTOMepHO# dopm, cM'; K/N "

ka - TO e B IIKaJie JUTHH BOJH, HM; Avsr # Avsr' — CTOKCOB ¢IBHT (hIyOpECIeHIHH HOPMAbHOM i (GoToTay-

TOMEPHO#1 GopM, cM™'; @y — CyMMapHbIi KBaHTOBBII BBIX0J (uryopecueHIuHy. 1To10KeHHe T0J0CH HCITYyCKaHUs

HOpMasibHOU (opMmbl coenuHenust 4 B JIM®DA orpaxkaeT NpUCYTCTBHE B PACTBOPE 3HAYUTEIILHOTO KOJIUYECTBA

aHUOHHOH (opMbl (3HaueHHe CTOKCOBA CABUTA MIPUBEACHO B CKOOKAX).

OTrMedeHHas BBIIIE OCOOCHHOCTh B TIOJHOM Mepe XapakTepHa coeAuHEHHSIM 3 U 4: TOJSIPHOCTH
PacTBOpHUTENS MPAKTUIECKH HE BIHSIET HA TIOJIOXKEHHE MOJIOCH! (IIyOpEeCIeHIINH X (hOTOTayTOMEPHOH
(hopmsI (CM. pHUCYHOK 3).
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Pucynox 3. 3aBucumoctu CTOKCOBa C/IBUTA ()IIyOPECIICHIIMY HOPMAIILHOU U (POTOTAyTOMEPHOI Popm
coequHeHui 2 (cnaownasn aunus, N* - cunuil, T* - 3enenviii yeem) u 4 (nynxmup, N* - kpacueui, T* -
KOpuyHesblll yeéem) OT HOPMAJHM30BAHHOIO IapaMeTpa IOJIIPHOCTH pPacTBOpUTENs o Paiixapary
(uBet oToOpaxaeTcs B 3JIEKTPOHHOM BEPCHU JaHHOM CTAaThH).

Coemunenue 4 xapaktepusyercs: 6oee BEICOKUMH CTOKCOBBIMH CIBUTAMHU (hJIyOPECICHIINH HOP-
MaJIbHOH ()OPMBI U IGMOHCTPUPYET 00Jiee BEIPAKEHHYIO YyBCTBUTEIBHOCTE K MOJISIPHOCTH PACTBOPHU-
TeNst. DTO SIBIICTCS OTPAKCHUEM YCHIICHUSI BHYTPUMOJCKYJISPHBIX TOHOPHO-AKIICITOPHBIX B3aMMO-
JIeHCTBHIA B BO30YXK/ICHHOM COCTOSIHUU TIPH 3aMeHE THPUAMHOBOTO IMKJIA B TIOJOXEHHH | MOJIEKYITBI
Ha 8 -THAPOKCUXUHOJIMHOBBIA. OTHOBPEMEHHO AaHHOE 0OCTOSITETHCTBO CKA3bIBACTCA M Ha BEIHYMHE
KBaHTOBBIX BBIXOJIOB (DIYOPECICHIIMU — Y THAPOKCUXHMHOJIMHOBOTO MPOW3BOJHOTO 4 OHHM 3aMETHO
HIDKE, 4YeM y ero aHanora 3 (He MMEOIIEro OpTO-TUPOKCHIIBHOM TPYIITEI B O€H30JI5HOM KOJIBIIE B IT0-
JIOKEHUH 3 TMHPa30JIUHOBOTO LHWKJIA). AHAJOTHYHAS TEHACHINS, XOTh U B MEHee SIBHOM BHJE, IPO-
CJIeKHUBANIACh Uy coequHeHui 1 u 2.

BBuny Hanmuuus y coenuHeHus 4 MOTCHIMATBHOTO JOTIOIHUTEIBHOTO IICHTPA CBS3BIBAHUS KATHO-
HOB W BBUY OXHJaBIIeiCs OOMNbIeH ero MepcreKTUBHOCTH Kak (hIyOpecleHTHOTO 30Ha Ha KaTHO-
HBI METAJIOB, JIJIsl HEro OblLja MPOBEACHA OIICHKA CKOPOCTH PEAKIMU BHYTPUMOJIEKYJIIPHOTO MEPEHO-
ca MPOTOHA B DJIEKTPOHHO-BO30YKICHHOM COCTOSIHUU C HCIIOJIb30BaHWEM ypaBHeHus (1), mpemio-
JKEHHOTO B paboTax [42-44].

N
ksipr = _fr&/rr (1
kf Py

CoOTHOIIICHHE KOHCTAHT CKOPOCTH MCITyCKaHUS (IIyOpeCIeHIMH ObUIO OIICHEHO HA OCHOBAHHU pe-
3yJIbTATOB KBAHTOBO-XMMHUYECKUX PACUYETOB, OTHONICHHUE KBAHTOBBIX BBIXOJIOB (hiryopecueHInu (HoTo-
TAyTOMEPHOW W HOPMalbHOW (HOPM — M3 IKCIEPHUMEHTAIBHBIX CIIEKTPOB WCITYyCKaHHUs, BPEMS JKU3HU
(ryopecueHINN HOPMaNbHOW U (OTOTAyTOMEPHOH (popM OBUTO M3MEPEHO B MaKCUMyMax HX MOJIOC

ucmyckanus (Tabm. 3).

Tabauna 3. Kunetnuyeckue mapamerpsl (iayopecleHIMH HOPMaJbHON M (oToTayTOMepHOU (opm
coeNHEHNS 4 U OLEHKH CKOPOCTH PEaKUUU BHYTPUMOJEKYJSIPHOTO (oTomnepeHoca MpoToHa, CAEIaH-
HbI€ Ha UX OCHOBE.

PactBopurens E Y rfN rfT kesipr
I'excan 0.009 1.65 3.81 4.54-10°
Tousyon 0.099 1.68 3.93 2.46:10°

Juxnopatan 0.327 1.59 2.55 3.72:10°

AneToHuTpUI 0.386 1.10 0.89 2.53:10°
Metanon 0.762 0.84 0.76 —

Bpemena xu3nu t/N u th MPUBEACHBI B HC, KOHCTAHTa CKOPOCTHU
-1
peakiuu GoTonepeHoca NpoToHa kgs;pr— B C .
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B cooTBeTcTBHM C YMCICHHBIMU JaHHBIMH, IPEACTABICHHBIM B TAaOIHLE 3, MPOCIEKUBACTCS TCH-
JCHIUS K CHIDKCHUIO BPEMEHH XH3HH (DIyopecleHIIMA 000UX MPOTONUTHYECKUX (GOPM COeTUHEHUS 4
B PacTBOPHUTEISX OoJiee BHICOKOW MOISAPHOCTH M MPOTOHOAOHOPHOM CIIOCOOHOCTH, YTO CBHACTENBCT-
BYET O pealu3aliyd MeXaHU3Ma JONOJHHUTEILHON Oe3bI3IydaTeNIbHOM Ae3aKTUBALlMU UX BO30YKICH-
HBIX COCTOSIHMH, PeryJIMpyeMOro MOJIIPHOCTBIO Cpeibl. AHAIOTMYHAs TEHACHIMS K CHUKCHUIO CKO-
poctH peaknuu (oToNEepeHoca MPOTOHA OTPaKaeT OTMEUEHHYIO Bhille 0oJiee BBHICOKYIO MOJIIPHOCTH
¢dopmbl N* 1o cpaBHeHHIO ¢ T*, MPOSBISIONIYIOCS TaKKe U B COJIBBATOXPOMHBIX 3 dekTax (Tadim. 2,
puc. 3).

UccnenoBanne KoMIuiekcooOpa3oBaHHs MHPA30IMHOBBIX MPOU3BOAHBIX 1-4 OBUIO MPOBENEHO Ha
KayeCTBEHHOM YPOBHE, B MEPBYIO OUEPEAb C LIENbIO BHIABICHUS CIIEKTPAIbHBIX 3()()EKTOB NpHU B3aH-
MOJIEHCTBHM ¢ CONAMH TsKelbIX MeTamnoB — kaamus (1.09 A), mepkypus (1.16 A), mmombyma
(1.33 A) u Gapus (1.49 A), koTopsle BBOIHMIKNCH BO B3aMMOJICHCTBHE C AlleTOHUTPHIBHBIMU PACTBO-
pamu hayopodopopB B alleTOHUTPUIIE B BUAE ALlETATHBIX coJiel (B CKOOKaX MPUBEACHBI PalnuyChl IS
HOHOB ¢ 3apsanoM +2 [45]). BeiOpanHble HOHBI OTIUYAIOTCS Pa3MEPOM U CTENEeHBIO KECTKOCTH, IT0-
3TOMY OXMIAETCSI UX Pa3iIuuHast 3PPEKTUBHOCTh B3aMMOJICHCTBUS € HCCIEAyeMbIMH JIUranaaMu. Bo
BCEX CIIy4dasx Co/ep)KaHHe MOHA MeTalula ObUIO OJJMHAKOBBIM W MPEBBIIIANIO0 KOHIEHTPALUIO (Iyopo-
dopa (10°-10° M) Gonee uem na 2 nmopsaxa (10° M). Ha pucyHke 4 mpecTaBlIeHsI CIEKTPh! (Iyo-
pecuennuu coeauaennit 1 u 3 ¢ nobaBkamu colieil BHIOpaHHBIX METAILIOB.

[losiBieHne B pacTBOpe MOHOB BCEX UETHIPEX TECTHUPYEMBIX TSDKEIBIX METAJUIOB NMPHUBOIUT K 3a-
METHOMY TYIICHHUIO (IyOpecUeHLIMH 000MX paccMaTpHBaeMbIX (uIyopoOpoB, IPH 3TOM MpaKTHYe-
CKH HE M3MEHSETCs MON0XKEHHe MaKCUMyMa (IIyopeclieHInH, 3a HCKTIoueHneM napkl 3/Ba”’. Coemn-
HEeHHEe 3 OTINYaeTcs OT COeAWHEHWs 1 HamudueM [JONOJHUTEIBHOM XeNaTHOW moJocTh 8-
THIPOKCUXUHOIMHOBOTO (pparmenTa. Ilo-BuarMomy, MOHBI Gapusi CBSA3BIBAIOTCS C HEW, BBI3BIBAs He-
3HAYUTEJILHBIN JUTMHHOBOJIHOBBIN CIBUT MOJIOCH! HCITyCKaHUSI.

HumencusHocms (ayopecueHuun HumencugHocs (ayopecueriun
1.0 1.0

0.8 08
0.6 0.6
04 0.4

0.2 0.2

e - — 0
370 385 400 417 435 455 476 500 526 556 588 370 385 400 417 435 455 476 500 526 656 588
Anuna 6onHst, HM Anuna sonnst, Hm

Pucynok 4. BiusiHre 100aBOK coell TSDKENBIX METaJIOB Ha CHEKTPHI (IIyOpeceHInd coequHeHui 1
(cnesa) m 3 (cnpasa): pUBENEHBI UCXOTHBIE CIEKTPBI U CIIEKTPHI C JOOABKAMHU COOTBETCTBYIOLIMX
METaJUIOB.

Bo Bcex ocTanbHBIX CIydasx MOKHO TPEAONIOKHUTE 00pa30BaHUE HEIIFOMHHECIICHTHBIX KOMILICK-
COB, TIPH 3TOM HabmromaeMasi (pIyopecieHIsI OTHOCUTCS K HE3aKOMITJIEKCOBAHHBIM MOJIEKYJIaM JIU-
raH;a, OCTAIOIINMCS B pacTBOPE MOCJE CBI3LIBAHUS MOHOB MeTauia. B KauecTBe BO3MOXKHOTO MeXa-
HU3Ma TyIICHUs (DIyOPECICHIIMA MOKHO TMPEIIOI0KUTh KOMOWHAIMIO d(deKTa TSHKEIOro atoMa U
IIepeHoca IEKTPOHA ¢ BO30YKIIEHHOTO JINTaH/1a Ha CBSI3aHHBIN HOH MeTaJlla.

[To cTemenu TymieHUsI MOXHO MPEeIBAPUTEIHHO ONEHUTDH 3 (HEKTHBHOCTh KOMITIIEKCOOOPA30BaAHMS.
B uccneayemoii rpyrine MeTalJIOB OHa MHHUMAJbHA JIJIS UIFOMOyMa U MakcuMaibHa ais Oapus. HMo-
HBI KaJIMUSI 1 MEPKYPHS 32aHUMAIOT IPOMEXYTOUHOE TTOJIOKEHHE.

s coennuaennit 2 1 4 XxapaktepHa peaknus ¢oroneperoca nporona (ESIPT), B pe3ynbrare KoTo-
poii B UX crieKTpax (UIyOpeCLCHIIUU MPOSBISIOTCS JIBE MOJIOCH UCITyCKaHUs (OTHOCAIIUECS K hopMam
N* u T*). Ilpu oO6pa3oBaHNH KOMIIJIEKCOB IMMOJAOOHBIX COCIUHEHUH C MOHAMU METAJIIOB MOXET (op-
MHUPOBATHCS AHATUTHYECKUN CUTHAJ Pa3unIHOMN npupons! [12,46], Hauboee nmepcrnekTuBHAs ero pas-
HOBUIHOCTh OCHOBaHAa Ha M3MEHECHHM COOTHOIICHHS] MHTEHCHBHOCTCH YIOMWHAEMBIX BHIIIE IOJIOC.
Hnst paznuunbix kinaccoB ESIPT-Monexkyn Ha JaHHOM IPUHIIWIIE OCHOBAH Pa3BUBAEMBIN B MOCIEIHEE
JECSTHIIETHE METOJ PalliOMETPHUIECKOr (ryopeciieHTHOH aerekuuu [24,47]. IIpeacTosio BEISICHUTS,
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BO3MOJKHO JIM IIPUMEHEHNE AAHHOTO METOJa B ClIy4ae B3aUMOJCHCTBHS COEIUHEHUN 2 U 4 ¢ HOHAMHU
paccMaTpUBAaEMBbIX TSKENBIX METAIUIOB.

Ha pucyHke 5 mokazaHsl H3MEHEHHsI B CIIEKTpax coeAnHeHus 2 mpu gobasienuu coneit Cd, Hg, Pb
u Ba.

HumencusHocms ayopecuenyin HumeHcusHochis aiyopecuenyui
1.0 1.0
0.8 0.8
0.6 0.6

04 04

0.2 0.2

2+

Hg

Ba’*

cd*

0 =
370 385 400 417 435 455 476 500 526 556 588 0 385 400 417 435 455 476 500 526 556 588 625
Anuna 60ms1, HM Anuna eomst, HM

Pucynok 5. CriekTpsl QUIyopecIieHIInA COCTUHEHNS 2 TIpH T0OABIICHUN COJIEH TSDKENBIX METAJIJIOB B
alleTOHUTPUIIEHOM pacTBope (cresa), OHU ke, HOPMUPOBAHHbIE HA HHTEHCUBHOCTh UX UIMHHOBOJHO-
BOTO MaKCHMyMa (cnpasa).

BI/II[HO, YTO pacCMaTprUBaCMbIC METAJIJIbI 3a UCKIIIOYCHUCM PTYTH OUCHBL HE3HAYUTCIBHO CHUIXAIOT
MHTEHCUBHOCTH (DIIYOPECICHIH JaHHOTO COCOUHEHUS, MPU 3TOM 4yTh Oojiblias 3QQeKTHBHOCTH
TyIIEHUS XapakTepHa MoHaM Kanamus. [IpuanHOW MaHHOTO SBIEHHUS MOXKET OBITH BBICOKAs CKOPOCTh
peakumu QoTonepeHoca MPOTOHA, B PE3yJbTaTe Yero KATHOHBI TSDKENBIX METAUIOB HE YCHEBAIOT
mudPyHaAUpoBaTh U3 00BEMa pacTBOpa K IEKTPOHHO-BO30YKICHHON HOpMallbHOU (hopMme 3a yIbTpa-
KOPOTKOE BpeMsl ee HaXOXKJISHHsSI B COCTOSIHUU S1*, MO TOPSIIKY BEIHMYUHBI COTIOCTABIMOE C O0OPATHOM
ckopocTthio muddysun. Ilo-punumomy, hotorayTomepHas dopma kak rnmpomykt ESIPT Taxke nmmms B
O4YCHb He60J’IBH.[OI>i CTCIICHU IIOABCPKCHA JUHAMHNYCCKOMY TYIICHUIO MOHAMH TSXKECIIBIX MCTAJIJIOB.
Ckopee BCEro, TaKKe 1Mo MPHYNHE KOPOTKOTO BPEMEHHU €€ HaXOX/ICHUS B BO30YKISHHOM COCTOSHUU.
CoxpaHeHne IBYXITOIIOCHON TPHUPOJBI CIIeKTpa (IIyOPECICHIIMH COSTUHEHHST 2 TOBOPUT O TOM, YTO
KaTHUOH MCTaJlyla HE BCTPAUBACTCA B NMOTCHUUAJILHYIO XCJIATHYIO IOJOCTh MCXKIAY FI/IZ[pOKCI/IJIbHOﬁ
TPYNIION U aTOMOM HUTPOTeHa MUPA30JUHOBOIO IHKIIA, CJICIOBATEIFHO, HE HApyIIaeT BHYTPUMOJIE-
KYJISIPHYFO BOZOPOJHYIO CBsI3b U BIOoceAcTBUN He Ookupyet ESIPT.

DddexT noHoB Hg2+ KapJIUHAJIbHO OTJIMYAETCA OT TaKOBOTO JJI OCTAJbHBIX PACCMOTPEHHBIX Me-
tTajuioB. Hannume B pacTBope cojiell pTYTH NMPHUBOAUT HE TOJIBKO K PE3KOMY MaJCHUI0 KBAaHTOBOT'O
BBIX0JIa UCITYCKaHUSI COSAMHEHUS 2, OHU TaK)K€ 3aMETHO U3MEHSIOT COOTHOIICHHE WHTEHCHBHOCTEH
I0JIOC HOPMaJIbHOH 1 oToTayToOMepHOU dopm. [Tocmeaanii »3¢deKT He 0YeHBb BEUK, OJTHAKO OH MO-
JKET MCIOJIb30BAThCS sl pa3pabOTKU METOAMK PAlIOMETPHUYECKOTO (DIyOpPECEHTHOTO ONpeIeIeHUs
PTYTH C IIpHUBIIEYCHNEM JaHHOTO (prryopodopa.

B ciydae coennnenus 4 taxke HaOMOgaeTCa TylleHHe QIIyOpPECICHIINN COMSIMHU TKENBIX MeTal-
JIOB NIPH COXPAaHEHUH COOTHOILICHHS HHTEHCUBHOCTEH MOJI0C HOPMAJIBHOM M TayTOMEPHOM (opM, Hau-
Oornee cymecTBEHHOE B cllyyae HOHOB pTyTH. [locinennee, Kak u B ciIydae COCOUHEHUS 2, COIPOBOX-
JaeTcs CYIIECTBEHHBIM IIepepacipeielieHneM WHTEHCHBHOCTEH TOJIOC HCITyCKaHHWs HOPMABHOW U
tayTomepHoit hopm. CoennHeHHEe 4 WMEET B COCTAaBE CBOCH MOJIEKYJBI 8-THIPOKCUXHHOIMHOBBIN
(parMeHT ¢ ero cCOOCTBEHHBIM LIEHTPOM CBSI3BIBAHUSI KaTHOHOB MeTaioB. Ckopee BCero, B JaHHOM
ciydae TyuieHne (UIyOpEeCIeHIIMM MMEeeT CTaTHYeCKHU XapakTep, T.e. KOMIUIEKC o0pa3yercsi yxe B
OCHOBHOM COCTOSIHUH. [Ipn 3TOM BHYTpHUMOJIEKYyIJIIpHAs BOJOPOIHAS CBSA3b HE OJOKHPYETCS, COXpa-
HsIsl peaknuio GoTornepeHoca MPOTOHA U ABYXITOIOCHBIN XapaKkTep CIIEKTPOB (pIIyopecieHIHH.

BbiBOAbI

IIpousBoansie 1,3,5-Tpuapun-2-nupa3oianHa € JOTOJTHUTENBHBIMH TETEPOIMKINYECKUMH (par-
MEHTaMH B TIOJIO>KEHHH | OBUTM CHHTE3MPOBAHBI M MCCIEJOBaHbl KaK MOTEHIHAIbHbIE (IIyOpecleHT-
HBIE€ 30HIBl HAa MOHBI MOJUBAJIECHTHBIX TSDKEIBIX MeTauIoB. [lokazaHa BO3MOMXHOCTh HMCIOIB30BaHMS
COEIUHEHNH C TUAPOKCHIIBHOM TPYIINON B OPTO-MOJIOXKEHUH OEH30JIBHOTO KOJIbLIAa B IIO3ULIMHU 3 TIHpa-
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30JIMHOBOT'O IMKJIA, KOTOPBIM XapaKTepHA PeakUusi BHYTPUMOJECKYJSIpHOTO (oTomepeHoca MpoToHa,
IUISL paliiOMeTpHYECKOl (PIIyopecieHTHOM JeTEeKIIUA HOHOB PTYTH.
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AlO. Yymak*, M.B. Kopay6aitno', M.A. Boponaxenko!, B.M. KoTnsp*, A.O. [lopoleHko*. [oxiaHi

1,3,5-Tpuapun-2-nipa3onvHy 3 O04aTKOBMMM TeTEPOLMKITIYHHUMW (dparMeHTamn B MOSNTOXEHHI 1 K MOTEeHUiNHi
driyopecueHTHI XeMOCEHCOPHI CNOMNyKN A5 BUSHAYEHHSA KaTioHIB NoniBaneHTHUX MeTarnis.

* XapKiBCbkU HaLlioHanbHWI yHiBepcuTeT iMeHi B.H. KapasiHa, ximiuHui dpakynbteT, MangaH Ceoboau, 4, Xa-
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PHTK «IHcTUTYT MOHOKpUucTanie» HAH Ykpainu, npocnekt Hayku, 60, Xapkis, 61000, YkpaiHa

CuHTesoBaHa cepia noxigHux 1,3,5-Tpiapun-2-nipasoniHy 3 nipuanHoBuMm i 8'-rigpokcuxiHoniHoBUM dparmeH-
Tamu B MOMOXEHHI 1, AedKi 3 AKX MICTATb TaKOX FAPOKCU-TPYny B OPTO-NOMNOXEHHI 3 GEH30MbHOro Kinbus, WO
3abeaneyye MOXNUBICTb peakuii poTonepeHocy npotoHa OH-rpynyu Ha aToOM HITPOreHy nipa3oniHOBOro LMKITY.
Y Monekynax AocrnigKeHnX noxigHMx atoMm HiTporeHy oopmytoTb XenaTHi MOPOXHWMHK, 3B'A3yBaHHS 3 SKMMU iOHIB
noniBaneHTHNX MeTaniB MOBMHHO NMPUBOAMTW A0 3MiHW CMEKTpalbHUX XapakTepucTuk. BuBuyeHo cnekTpanbHo-
NIOMIHECLUEHTHI BNACTUBOCTI CMHTE30BaHMX CMONYK B PO3YMHHMKAX PI3HOI MOMASPHOCTI Ta IX B3aEMOois 3 COnsmMu
noniBaneHTHUX MeTanis B aueToHiTpuni. MNokasaHo, Lo peakuis oTonepeHocy NpoToHa CynpOBOMKYETLCSA 3Ha-
YHUM raciHHAM dhriyopecueHUii, HanbinbLW CyTTEBUM ANsi NOXiAHOrO 3 FiApPOKCUXIHONIHOBUM chparmMeHToOM B Moso-
XeHHi 1 nipa3oniHOBOro LUKy, NPW LbOMY i KOHCTAHTU LUBUAKOCTI 3HaX04ATLCS B Mexax 2-410°c' B anpoToH-
HUX PO3YMHHMKAX Pi3HOI NONSAPHOCTI.

OuiHeHO nepcrnekTVBM BMKOPUCTAHHA CUHTE30BaHWMX MNOXiAHUX 5K (PIYOPECLEHTHUX XEMOCEHCOPHMX ChOomyK
Ons aHanisy noniBaneHTHMX MetaniB. Y GinbLIOCTi 4OCHiAKEHMX BUNAAKIB B3aEMOZiA 3 iOHaMM BaXKKMX MeTariB
npu3BoAnna Ao 3MeHLUEHHS iIHTEHCUBHOCTI donyopecueHLil, oaHaK Ans Cnonyk 3 peakuieto BHYTPiLLHbOMONEKYNs-
pHOro doTonepeHocy NPOTOHa iICTOTHOMO raciHHA iIDHAMM BaXXKUX MeTarniB He crnocTepiranocs. BUHATOK cTaHOBK-
nn ioHW MepKypito, NPy B3aEMOAIT 3 AKMMU Y CMOMYK 3 peakuieto hoTonepeHocy NPoToHa Ha Thi 3aranbHOro raciH-
Hs1 conyopecueHLii BiabyBaBcsi nepepo3noain iHTEHCUBHOCTEN iX ABOX CMYT BUMNPOMiHIoBaHHSl. OcTaHHs obcTaBm-
Ha 2C+Bi,q‘-ll/ITb Npo MOXIMBICTb 3aCTOCYBaHHS METOAIB paLioMeTpivHOi dryopecLeHTHOI AeTeKuii Ana aHaniy ioHiB
Hg*".

KnrouoBi cnoBa: 1,3,5-Tpuapun-2-nipa3oniiu, nipuauH, 8-rigpoKCuxiHoniH, dnyopecueHTHUIA aHanis, conbBa-
TOXPOMIsi, KOMMMEKCOYTBOPEHHS, POTONEepeHOC NPOTOHY, iOHM NoniBaneHTHNX MeTanis.

A.Yu. Chumak*, N.V. KordubaiIoT, M.A. Vodolazhenkoi, V.N. Kotlyar*, A.O. Doroshenko*. Derivatives of
1,3,5-triaryl-2-pyrazoline with additional heterocyclic moieties in position 1 as potential fluorescent chemosensing
compounds for detection of polyvalent metals cations.
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A series of 1,3,5-triaryl-2-pyrazoline derivatives with pyridine or 8'-hydroxyquinoline fragments in position 1
have been synthesized, some of which also contain a hydroxy group in the ortho-position of benzene ring-3,
which makes possible the their OH-group proton phototransfer reaction to the nitrogen atom of pyrazoline cycle.
The nitrogen atoms in molecules of the investigated compounds form chelate cavities, binding of the ions of poly-
valent metals to which should lead to changes in the spectral characteristics. The spectral-luminescent properties
of the synthesized compounds in solvents of different polarity and their interaction with salts of several polyvalent
metals in acetonitrile were investigated. The proton phototransfer reaction was shown to result in significant fluo-
rescence quenching, the most prominent for the derivative with the hydroxyquinoline fragment in position 1 of
pyrazoline cycle. The proton transfer reaction rate constants vary within the interval of 2-4-10° s™ in aprotic sol-
vents of different polarity.

The prospects for application of the synthesized derivatives as fluorescent chemosensor compounds for the
analysis of polyvalent metals were examined. In most of the studied cases, their interaction with heavy metal ions
led to decrease of fluorescence intensity, however for compounds with intramolecular proton phototransfer reac-
tion, no significant quenching by heavy metal ions was observed. The exception was the mercury ions, in the
interaction with which compounds with proton phototransfer reaction demonstrated intensity redistribution of their
two emission bands on the background of their general fluorescence quenching. The latter circumstance indicates
the possibility of application of the modern methods of ratiometric fluorescence detection for the analysis of Hg2+
ions with their help.

Keywords: 1,3,5-triaryl-2-pyrazolines, pyridine, 8-hydroxyquinoline, fluorescent analysis, solvatochromism,
complexation, ESIPT, polyvalent metals ions.
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UccneposaHo npespalleHve nonuakpunamuga (MAA) B nonusuHunamuH (MBAmM) peakuuen MNodmaHa n
JanbHenlee nNpeBpalleHme aMMHOrpynn nonvmepa peakuuen Jlerikapta-Bannaxa. JoctoBepHOCTb Npeo6-
pasoBaHus MAA B NBAM noaTBepxaeHa peakumen na3oTypOBaHNa U auuiMpoBaHns NosyyYeHHbIX obpas-
uos MNMBAM u npoBeAeHHbIMW LBETHbIMU peakuusiMv npodyktoB npespaiieHnsa NBAm. Ctpyktypa MNBAmM
Takxe noaresepxaaetcsa AaHHbIMK MIK-cnekTpockonum n pH-meTpnyeckum TutpoBaHueMm. MonyyeHHble npo-
OYKTbl ABMAOTCA cononumepamn BuHunamuHa (o 80 %), akpunamuaa u akpunoBon KncnoTbl. CUHTESbI
N-apunmetuneH- n N-retapunmMetuneHsameLteHHHbIX NBAM ocyLlecTBneHbl BOCCTaHOBUTENbHBLIM ankunu-
poBaHvem amMuHorpymnn MBAm apomMaTnyecKummn " reTepoLMKIM4ecKnMm anbgervaamm
[5-(4-xnopdennn)-2-(4-popmundpeHun)-okcason-1,3,  5-(4-metokcndeHnn)-2-(4-coopmundeHunn)-okcason-
1,3, 5-(4-metnndenun)-2-(5-copmundypun-2)-okcason-1,3, 5-(4-metokcudenunn)-2-(5-cbopmundypun-2)-
okcason-1,3, 3,5-andennn-1-(4-dopmundpeHnn)-2-nMpas3onuH, nupeH-3-anbaerna], obnagawmmm momMmu-
HECLIeHLIMeN, B NPUCYTCTBUM MypaBbUHON KucnoThbl npu 100 — 120°C. YkasaHHble npoussoaHbie MNBAM no-
NyYeHbl Takxke NyTeM nocrnefoBaTeribHOro 06pa3oBaHns ¢ aMUHOTPyNNaMu areMeHTapHbIX 3BEHbEB OCHO-
BaHun LWndpda n BocctaHosneHne nx NaBHs. MponssogHblie NMBAM, cogepxalime N-apunmeTuneHoBblie- u
N-retapunmetuneHosblie rpynnsl [..—CH>—CH(NH-CH2-Ar)—... n ..—CH>;-CH(NH-CH,-Het)—... ), co-
OTBETCTBEHHO], ManopacTBOPUMbI B BOAE, HEMOMSAPHbIX OPraHNYeCcKMX, YaCTUHHO pacTBOPMMbI B MONSPHBLIX
pacTBOPUTENSAX U NErkopacTBOpUMbI B KUCMbIX pacteopax. [lonyyeHHble 06pasubl MoandmunupoBaHHOTO
MBAMm, copepxalime anemMeHTapHble 3BEHbS ...—CH2—-CH(NH-CH2>—-Ar)—... "
..—CH>—-CH(NH-CHz>—Het)—..., niomnHecumpyloT Kak B TBEPAOM COCTOSIHWUM, TaK U B pacTBopax. M3yyeHsl
UK-cnektpbl (TBepaoe coctosiHue) NMBAM 1 MOAMMUUMPOBAHHBLIX NPOAYKTOB, CNEKTPbI MOrMOLEHNs 1 Nio-
MuHecueHumn N-apunmetunen- n N-retapunmetmnensamelrteHHHbIX NMBAM (B pacTBopax CMeLlaHHOoro pac-
TBOpUTENS - dTUNaueTaT-MypaBbuHas kucrota). Makcumymsl prnyopecueHumnm nponssoaHbix NBAM cme-
LLeHbl B KOPOTKOBOMHOBYIO 06M1acTb MO CPABHEHUIO C aHANOIMMYHbLIMU Afs pacTBOPOB UCXOAHbIX anbaeru-
0B BCMNeacTBMe YMEHbLUEHNss XPOMOOPHON Lienn 13-3a 3aMeHbl anbAernaHon rpynnsl Ha METUMEHOBYIO.

KnioueBble cnoBa: cuHTe3, nonusmHunamuH (MNBAM), niommHodopsl, MK-cnekTpbl, CnekTpbl NOrmnoLeHns
1 cpbnyopecueHumn.

BBeaeHue

Hacrosimee cooOrieHne, B MpOJOIKEHAE UCCICAOBAaHUNA BOJOPACTBOPUMBIX MOIUMEPOB, IPOBE-
JIEHHBIX HaMH paHee [1-2], mocBsImaercss CHHTE3y U MCCICAOBaHUIO N-3aMEIICHHBIX MTOJIMBUHUIAMI-
Ha (IIBAwm). Kak n3BectHo [3—6], roMoIenHOI TOJTMBUHUIAMUH — TIOJIMMEp C MAaKCUMAaJIbHBIM COZEp-
KaHHEeM aMHUHOTPYII — TMONYyYUTh MPAMON MOJUMepH3aluell BUHWIAMUHA, KaK THIOTETHYECKOTrO
npenmectBeHHuka [IBAM, HEBO3MOXKHO H3-32 MMHHO-€HaMHUHOBOM TayTOMEpHUU [BUHWJIAMUH (EHa-
MUH) <> 3TWIHJCHAMUH (MMHUH)], modToMy cuHTe3 [IBAM ocymecTBisiercss Moau(UIIMPOBAHHBIMU
meromamu (Cxema 1).

Hambonee w3BectHbie Metoabl cuHTe3a [IBAmM (Cxema 1) — ruapasuHONM3  Mo-
i (N-BHHAJIKApOOKCaMHIA); TUAPOJIN3 nonu(N-BUHWICYKIIUHUMHUIA); TUAPOIIN3 o-
mu(N-suaMIQTaTMMIIa); peakius ['opmana ¢ [TAA. Hccnenyst cuHTe3 M IpeBpamieHus BOJOPacTBO-
PUMBIX TIOJIMMEPOB BaXKHBIM OBIJIO MCCIEAOBATh CBOWCTBA M npeBpaileHus [IBAM, monydeHHOro mo
peakiuu ['opmana us [TAA.

EcTtecTBeHHO, MBI MOHMMAaJH, YTO HETATHBHBII MOMEHT HAIIEro SKCIepUMEHTa — MOIYy4eHHBIH
MPOAYKT MOXKET OTJIMYATHCS OT HAEaIbHOIO MOJIMBHUHHJIAMHUHA BCIIEACTBHE TOTO, YTO MPOBOAMMAS
peakius ['opmana (Cxema 2) MpOXOIUT B CHIIBHOIICIOYHON CpEie C MCIOIb30BAHUEM PAacTBOpa T'-
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MOXJIOPUTA HATPUS, &, CIEAOBATEIBHO, TTOOOYHAST PEaKIHs TUAPOIH3a aMHIHBIX TPYII CTAHOBHTCS
(haKTOPOM CHMKAIOIINM OXKHJIAEMYIO CTEIIEHb KOHBEPCHUHU aMHJIHBIX TPYIIT B aMHHOTPYIIIHI (CM. CXe-
My 2).

HeoOxoqumerit amst sxcriepumenTta [TAA monmydany myTeM OcaguTelnbHONW MONMMEpPH3AN aKpH-
JIaMHJIa B Cpeie TOMSPHBIX PACTBOPUTENICH (ITUIIAIIETAT, JUOKCAH ), HCIIOIB3Ys B KAUeCTBE HHUIINATO-
pa mepokcu] OeH3omna. B 9THX YCIOBHSX CHHTE3HMPOBAHHBIC 00pa3llbl MOJHAKPUIAMHIIA HMEIOT MO-
nekynsapayto maccy a0 100 K/la. Mcrons30Bath uist mpeBpaieHus: MpOMbIIIIeHHbIE 00pa3ibl [TAA,
MOJIEKYJIIpHas Macca KOTopbiX gocturaeT 3HaueHuit 1000 K/la u Gonbine, B peakiuu ['oddhmana He-
KeJaTenbHO, IOTOMY YTO BOJHBIC PACTBOPHI HEOOXOIUMOM KOHIICHTPAIluu Takoro [IAA MMeloT BbI-
COKYIO BA3KOCTh. Jla’ke MONMy4eHHbII HaMH yKa3aHHBIM BbIe criocoooM [TAA B ycmoBHAX peakiuu
lopmana cozmaer AOCTaTOYHO BS3KYIO PEAKIMOHHYIO CPEly, B pe3yjbTaTe Yero 3ameyisercs mnepe-
MEIINBaHUE B TPOIECCE PEAaKIHH, YTO MPUBOIUT K IEPErpeBy PEaKIMOHHOW Cpelbl U YCKOPEHUIO
moOOYHOrO Mpoliecca.

HN_ _R | o N0
\or ] v [ U
A
TUAPasHMHOMM3 [ THAPOIN3
v

rromu( N- BHHIIKapb okcaMizaa) rronn(N-BHHIWICY KUVHHMIYI a)

— TYh ]
NH; /{’Y
- «an
O N0
I ] MOMVEHHHIIAMHH
07 NH, — TIBAM —
peaxima [odppmana TMOpPOIH3
C MIOIMAKPIIT aMII OM nonu(N-enHn TamMMMIa)

Cxema 1. Baxwneitue nytu nomyuyenus [IBAwm.

NaOCl
Na'OH"
n
NH,
—
n
CONH,
Na'OH"
—
n
COOH

Cxema 2. [Tytu npeBpamenus [1AA

[Nony4eHHble OnMCcaHHBIM BBIIIE METOAOM 00pa3ibl [IBAM 001amaroT 10CTaTOuHON pacTBOpUMO-
cTbto B Bozie. O0paboTKa peaKMOHHOW CMECH XJIOPUIHOM KucinoToit (10 pH = 2) npuBoaut k o6pazo-
Banue consaHoit popmbl - NH; CI™ o BceM aMHHOTpYIITIaM M CTUMYJIHpYeT "BbicanuBanue” IoIuMepa,
KOTOpBIH coOMpaercs Ha JHE PEaKIMOHHON KOJIOBI M Yepe3 HECKOIBKO CYTOK JIETKO OT/ENIeTCs MyTeM
JeKaHTalH. BeIcyleHHbIe 00pa3iibl MOJIMMEpa B MacCe MOTYT COJIEPKAaTh Kak CBOOOIHYIO M30BITOU-
HYIO TaK W CBA3aHHYIO aMHHOTPYIIAMH XJIOPHIHY KUCIOTY. TakuM 0o0pa3oM, IO HAIIMM IPEIoNo-
KEHUSM, TIPOJYKT MOXKET COJIEpXKAaTh MPOTOHOBAHHBIE aMUHOTPYIIIBI, KapOOKCHIIBHBIE TPYIIIBI KaK
pe3ynbTaT MoOOYHOM peakluu THAPOIN3a, HEMPOpearupoBaBIlue UCXOJHbIC aMUIHBIC TPYIINBI U He-
3HAYUTENLHOE KOJMYECTBO CBOOOTHOM XJIOPUIHON KHUCIIOTHI.

Jnst mokaszatenbcTBa 0Opa3oBaHUS CHHTE3UPOBAHHOTO MOJU(HUIIMPOBAHOTO MPOAYKTA MPOBEICHBI
CIIEIYIOUINE KaueCTBEHHbIE XMMHUYECKHE TECThI, @ UMEHHO: PEaKIUs THa30THPOBAHUS 3JIEMEHTAPHBIX
3BEHbEB MPOAYKTA, COAEPKAIIMX aMUHOTpynmsl, HUTpuTOoM Hatpus {...—CH,—CH(NH;)—... —
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...—CH,—CH(OH)—...}. O6pa3oBanue nonuuauioBoro cnupra (IIBC) moarsepkmaercs mBeTHBI-
mu peakuusimu (LITopxa-MopaBchbKoro u peaxiuen ¢ Hoaom).

Taroke ObITM MPOBENEHBI PEAKIIMH AlMIMPOBAHUS AMHHOTPYIIN — B3aHMOJICHCTBHE C YKCYCHBIM
AQHTUIPUIIOM U XJIOPaHTHIPUAOM mapa-OpomOeH30iiHoi KuciaoThl (Cxema 3) B 00€3BOKEHHOM 3THII-
areraTe B TeueHUeE 3,5 4acoB ¢ 00pa3oBaHUEM OCaJKOB alMInpoBaHHBIX [IBAM (Oonee 0OMIBHBIX BO
BTOpOM ciydae). Mccnenosannbie MK criekTpsl IpoaykToB uMeioT B obmacti 1550-1750 cm™' mormo-
menne amMmuAHbiX rpynn —NHCO—-CH; unmn —NHCO—Ar, noarepkaaroie oopa3oBaHue almjmpo-
BaHHBIX IIPOAYKTOB.

CreneHb KOHBEPCHM aMUIHBIX TPYNI B aMHHOTPYNIBI OblIa YCTaHOBJIEHA ITYTEM KHCIOTHO-
OCHOBHOI'O THUTpOBaHus coyssHokucioro [IBAM pacteopom NaOH, u coctarisiia y pa3Hbix 00pa3iioB
nonmumMepa ot 60 mo 80 %.

B UK-crexrpax (mpumep puc. 1a) B obmactu 2200-3700 cvm™' HaGmoaaercs MMpoKas Monoca, Ko-
TOpas 06YCHOBHeHa HaJIOKEHUEM I10JI0C CBO6OZ[HI)IX " CBA3AHHBIX CUJIBHBIMH BOAOPOAHBIMU CBA3AMU
aMHUHOTDYIII, a Takxke moinocamu Koinebanwii ckeneTHbix CH,- m CH-rpynnm ¢ makcumymamu
3340 cm™, 3186 cm, 3000 cm™ u 2500-2600 cm'. Takke NPUCYTCTBYET IIMPOKAS ACHMMETPHUHAS
I10JI0Ca ¢ MAKCHMyMOM B oGmactu 1652 cm™', kotopas o6ycnosiena noriomennem C=0 cBsi3eii ocTa-
TOYHBIX aMUAHBIX TpyNIl. Ee acHMMeTpUYHOCTh B CTOPOHY OOJNBIINX 3HAYCHUH BOTHOBBIX YHCEN YKa-
3bIBACT HA IMMPUCYTCTBUEC HEKOTOPOI'o KOJIHNYCCTBA Kap60KCI/IJ'IBHLIX rpymnn (HO OKCIICPUMEHTAJIBHO U3-
MCPCHHOMY CIICKTPY KOJIMYCCTBEHHO YCTAHOBHUTH COOTHOLICHHE Kap6OKCI/IJ'IBHLIX U aMUOHBIX T'PYIIIL
HE TIPe/ICTaBIAeTCS BO3MOXKHBIM). [Ipu 1445 cM™' HaGmonaroTcs 1monockl, 00ycIoBIeHHbIE JedopMa-
uroHHbIMK KoneGauusmu CHy-rpynm u CH-rpynm. B o6macti 1000-1300 cm™ HabmromaeTcst mupokast
CTPYKTYpPHpOBaHHas moinoca, odycioienHas konedanusmu C-C, C-O, C-N.
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Pucynok 1. UK cnekrpsi [IBAM (a) u moguduunpoBannoro [IBAm (6) coenuHennem V,

Bnaronaps Beicokol peaknuoHHOM criocobHocTH [IBAM nMeeT GONBIION MOTEHIIMAT UCTIONb30Ba-
HUS YYUTHIBAsS BO3MOXKHOCTH MOJYYEHHS M3 HEro pazHoOOpa3HbIX MPOWU3BOMHBIX IYTEM MPOBEIACHUS
Pa3TMYHBIX XUMHUYECKUX PeakInii IO aMHHOTPYIITIaM TOJIMMepa.

Hcnone3ys peaknuto Jleiikapra-Baminaxa kak MeToll CHHTE3a aMHUHOIPOM3BOJHBIX BOCCTaHOBH-
TENbHBIM aNKIJIMNPOBAHWEM aMHHOB alIbJAETHIaMU UM KETOHAMU B MPUCYTCTBUH MYPaBBUHON KHCIIO-
Tl Kak BoccTaHoutens (Cxema 3), MBI TONYYWIH Psia MOAUQUIIMPOBAHHBIX COIMOIMMEPOB -
N-apunmeruiieH- 1 N-reTapriIMeTHIICH3aMeeHHbIX, 00IaIal0InX JTIOMHUHECTIeHIeH. M3BecTHO, 4To
3HAYUTENLHBIA M30BITOK MYPaBBHHOW KHCIIOTBHI CITIOCOOCTBYET YBEIUYEHHIO BBIXOJA IENEBOr'0 MPO-
IYKTa ¥ TIO3BOJISIET TPOBOIUT PEAKIIMIO B MEHEE )KECTKUX yCIOBHUSAX :
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+ HCOOH

O + N r + €Oy + H0
Ar . CH—CH,... AT CH—CH,..

Cxema 3. Cunte3 N—apuiIMeTIIICHOBBIX 3aMenieHHbIX [IBAM.

Peakuus Jlelikapra-Bamnaxa ucnonb3yercs HE 4acTo, HEB3HMpass Ha €€ MPOCTOTY U JOCTYMHOCTb
HCXOIHBIX BellecTB. Hac oHa mpuBiekia TeM, 4To B3aumojaeiicTBueMm amuHorpymmn [IBAM u kap6o-
HUJIBHBIX COCIMHEHHUI B Cpeic MypaBbUHOW KUCIIOTHI (B3TOM HE MEHEE UueM B 4-X KpaTHOM H30BITKE
OTHOCHUTEIHHO BBOJIMMBIX B PEAKIIMIO OKCOCOCTUHEHHUH ) IIPH €€ TeMIIepaType KUTICHUS CPAaBHUTEIHLHO
JIETKO MOXKHO TOJYyYUTh N—apHIIMETHIICH OBBIC/-reTapHIMETHIICHOBBIC 3aMEICHHBIC ¢ CIIOJIb30BaHM-
€M pa3HOOOPAa3HBIX JIOMHUHO(OPOB, COMEPIKAIIMX aJIbICTHIHbBIC TPYIIIILL.

Jns momuduiupoanust crpoeHus [IBAM (¢ 1efblo MOJydYeHHS BOAOPACTBOPHUMBIX JIFOMHUHEC-
IIEHTHBIX MTOJIMMEPOB) MBI UCIIOIE30BAIIN

a) 5-(4-xnopdenun)-2 (4-popmundeHmn)okcaszon-1,3 (coen. I)
0) 5-(4-meroxcudennn)-2 (4-bopmundennn)okcason-1,3 (coen. 1)
B) 5-(4-metrndennn)-2-(5-popmundypui-2)oxcaszon-1,3 (coen. III)
r) 5-(4-metoxcudennn)-2-(5-popmundypui-2)okcazon-1,3 (coen. IV)
n) 3,5-nudenunn-1-(4-popmumndennn)-2-nupa3oauH (coen. V)
€) MMpeH-3-aIbIerus (coen. VI)

®dopmynbl MmoguduiupoBaHHsix [IBAM mpencrarnensl Hiwke Ha Cxeme 4 (B Tabnuie 1 OykBamu
OT a JI0 € TI0Ka3aHO MPEBPAIICHUE UCXOOHOe éeliecmeo — moouguuuposannstii IIBAm):

2) &)

= O P ¢ 0
< 0™
B") r’)

Cxema 4.
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Bzaumogeticterue [IBAM 1 BBIOpaHHBIX allbJACTHIOB B CPEIC MyPaBbUHOW KMCJIOTHI MTPOBOIMIH:

a) B MATKHUX yCJIOBUAX (KHUIIsTUeHHe 2-3 "yaca U OCaKJeHHE MPOAYKTa BOJIOH) U

0) B J)KECTKUX YCIIOBHUAX (JUTUTENBbHOE KUIISTUEHUE, OTTOHKA MypaBuHOU KHCIOTH Ha 80 — 90 % u

OCaX</ICHUE alleTOHOM).

[Mocne murenpHOrO KumstaeHust (6 4acoB, BapraHT 0) peaKIMOHHOM cMmecH, cocrosimerd 3 [IBAM,
apOMaTHYECKOTO (FJIH TeTePOIUKINIECKOT0) allbJIeTH/Ia, 00JIaJaroIIero JIIOMAHECIISHIINEH, 1 MypPaBbU-
HOW KHCJIOTHI, B3ATOH B U30BITKE, KOTOPYIO NOTOM OTroHsumH Ha 80 — 90%, rycToit octaTok (C menbio
UCKITIOYEHHsI 3 00pa3ua MoaudunupoBanHoro [IBAM n30BITOYHOrO KOJIMYECTBA JTIOMUHOGOPOB) JIBY-
KpaTHO 00pabaThIBali alleTOHOM, alleTOH OTJCIISUTH, TIPOAYKT CYIIHIIH, IPOBEpsIM Ha uucroty. Cremy-
€T OTMETHTb, UYTO HEXENaTeNbHbIE B3aUMOACHCTBUS MEXIy Pa3HbIMU (DYHKIMOHAIBHBIMH TPYIIAMH
MoJIMMepa, B ciTydae MPOBEJCHUS PEAKIUH B )KECTKUX YCIOBHSIX, MOT'YT OBITh YCHIIEHBI Y eKkToM OIIH-
30CTH (PYHKIMOHAIBHBIX TPYII U IMO3TOMY MOTYT MPOXOAUTH MOOOYHBIE PEAKIUH, HAPUMED, MEXKIY
AMHHOTPYTIIIAMH 1, HEeKENATEIFHBIMHE ISl HAC, HO TOOOYHO 00pa30BaBIIMMHUCS B MIPOLIECCE MTPOBENICHNUS
peakiu ['opmana, kKapOOKCHIIBHBIME TpymnmiaMu. Takue B3auMOACHCTBHUS BEAyT K Pa3BETBICHUIO HIIN
MEPEKPECTHOMY CBSI3BIBAHMIO, & TaKKE K CUIMBAHUIO YYACTKOB MOJIMMEPHOM LIENH WM pa3HBIX IOJIH-
MeEpHBIX 1erneil. Mbl Habmro1amm, 4To 00pasibl MOJIUMEPOB, MTOMYYCHHBIE B JKECTKHX YCIIOBHUSX, PACTBO-
PUMBI TOJIBKO B OYEHB IMOJISIPHBIX PACTBOPUTENSIX, HAPUMED, TAKUX KaK MypaBbHUHAs KUCIOTa, KpailHe
OTpaHUYEHO PACTBOPUMBI B allETOHUTPHIIE, dTIIEHTIMKoNe. [1o 3Tol mpuinHe OCHOBHBIMH 00bEKTaMU
CTIEKTPATLHBIX HCCIIEIOBAHMI ObIITH 00pa3Iibl, IOyYeHHBIE B MSATKHX YCIOBHAX (BAPHAHT ).

Momudukanuio [IBAM MBI Takke IPOBENH HHBIM IyTeM — B3auMojelictBieM [IBAm ¢ BbIOpaH-
HBIMH HAMH QJIBJICTHJIAMH M TOCIIEAYIOIINM BOCCTAaHOBJICHUEM 00pa3oBaBmixcs ocHoBanuil 1lndda
NaBH; (-HC=N-rpymnet po -H,C—NH-moctuka) c ¢opmupoBanueM N-apuiMeTUiIeH- U
N-retapuiMeTHICHCOACPKAIINX TTPOAYKTOB, AHAJOTHYHBIX IMOJYyYEHHBIM HAMH paHee MO Peakiuu
Jleitkapra-Bamraxa (Cxema 5).

Ar-CHO H
—_— —_—
n n n
NH,

NH

CH,

Ar
Cxema 5. AnbTepHATHUBHBIM NMyTh MoOMy4YeHHs N-apuIMeTHIeH- U N-reTapriMeTHieH-CoAep Kalux

MIPOAYKTOB.

>—0O0=Z
= T

[Mony4eHnusle 00pasibl MOTUGUIIMPOBAHHBIX MOJUMEPOB - BEIIECTBA OENOro WM IKEITOBATOTO
1[BETa, TPYIHOPACTBOPUMBI B BOJIE W OOJBIIMHCTBE OPTaHUYECKHX PACTBOPHUTENEH, OJHAKO JIETKO
PacTBOPHMBI B BOJHBIX pacTBOpaX MyPaBHHHOI KHCIOTHI U €€ CMECSIX C OPraHUYeCKUMHU PacTBOPUTE-
JISIMH, XapaKTEepU3YIOTCsl HalTMaueM (IyopeceHIINN B TBEPAOM COCTOSIHUU M B PACTBOPAX.

B pesynbrate BO3MOXKHOTO 3arpsi3HEHUS] TPOYKTOB UCXOJHBIME JTIOMHHO(POPaMU KOHTPOJIb YHC-
TOTHI KOHEYHBIX MPOIYKTOB IpoBoIiIH MeToaoM TCX — monuMeps! OCTaBaJIMCh HA JIMHUM CTapTa, a
(IIyopecIieHTHBIC ¥ MHBIC PACTBOPHMBIC 3arpsS3HEHHS MEPEMEIAINCh 110 TUIACTUHKE B 3aBUCHMOCTH
OT BBIOpaHHOTO pactBoputelns U Rf ncxonupix moMuHOGopoB. OUUCTKa KOHEYHBIX MPOAYKTOB MPO-
BOJIMJIOCH ITyTEM MEPEOCAKACHHUS M3 MYPAaBBHHOKHCIBIX PAacTBOPOB M TPOMBIBKM AIlETOHOM WIIH
CIUpPTaMH (METaHOJIOM, 3TaHOJIOM).

[posenennnie uccnenobanus (MK cnekTpol, 21€KTPOHHBIE CIIEKTPHI MOTJIOMIEHHUS U (IIyopeciieH-
IIUH ) TOATBEPKAAIOT 00pa30BaHUE OTMEUYEHHBIX BHIIIE MPUBUTHIX MOJMMEPHBIX CTPYKTYp a' — €'

Ha UK-cnekrporpamax momuduippoBantbsix [IBAM HeKoTOpbIe M3MEHEHHUS UCIIBITHIBACT 110JIOCA B
o6mactu 2300-3600 cM™, a TakKe CyMMapHasi 10JI0ca oromenns B ooaactu 1600-1700 em™. Jliist Beex
COCIMHEHMI CyMMapHasi I10J10ca, KoTopas Haxozurcs B uaTepBaie 1000-1500 cv™' n3MensieT cBoii Bu B
CBSI3U C M3MEHEHHEM OTHOCHTENbHOW MHTEHCHBHOCTH COCTaBISIOMMX ee monoc. Ilo cymecTBy 3ToT
Y4acTOK CIIEKTpa SBJSCTCS Kak Obl "OTIeuaTKOM HaiiblieB" st aanHoro nmonmmepa ([pumep Puc. 16).

Bce momydennbie MOnuGUITMPOBaHHBIE TOIUMEPBI UCCIIENOBANI HAa HANWYME JJIsl HUX JIIOMUHEC-
LEHIINN B TBEPIOM COCTOSHUU M B pacTBopax (B OpraHMYECKHMX M CMEIIaHHBIX PAacTBOpPHUTENSX). B
KayeCcTBE OPraHUYECKOr'0 PACTBOPUTENS, C OMHOW CTOPOHBI, MOTYT OBITH BHIOPAHBI AIETOHUTPUI WIIH
STHJIALETAT, KaK YaCTUYHO PAaCTBOPSIONINE MOJIyYeHHBIE BEIIECTBA, OJHAKO JIYYIlas pacTBOPUMOCTD
MOJTUMEPOB JIOCTUTAETCA B CMECH 3TWialeTaT — MypaBbuHasa kucinota (15 : 1). Bee mony4uennsie mMo-
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JTU(PUIMPOBAHBIC COMOIMMEPHI, TTOJJOOHO MCXOMHBIM COCAUHECHHUSIM, HMEIOT HHTCHCUBHYIO JIFOMUHEC-
HeHIuo. JlaHHble npencTarieHsl B Tabmuile 1 (CM. Takke pUCYHOK 2).

Tadauna 1. CrekTpanbHble XapaKTEPUCTHKH HCXOMHBIX JIOMHHO(DOPOB M MOAM(DUIIUPOBAHHBIX
I[IBAM (pacTBOpuTENh: ATUIAIETAT — MypaBbrHas kuciora (15 : 1))

Ilornomenue, JIromMmuHECICHITHS,
Ne coen. A, HM (Uyaee 107, cM™) A, HM (Uyaee 107, cM™)
(mpeBpaiieHue) MoaudunmpoBanHoro MoaudunmpoBanHoro
Anpnernna 1B Ant Anpnernna 1B Ant
I (a—a") 341 (29.3) 339 (29.5) 471 (21.2) 465 (21.5)
11(6—6") 358 (27.9) 356 (28.1) 480 (20.8) 450 (22.2)
I(s—B") 351 (28.5) 350 (28.6) 501 (20.0) 489 (20.4)
IV(r—r") 362 (27.6) 360 (27.8) 530 (18.9) 486.5 (20.6)
V(n—n'") 370 (27.0) 370 (27.0) 495 (20.2) 492 (20.3)
Vi(e—e') 364 (27.5) 360 (27.8) 453 (22.1) 435.5 (23.0)
Ul 17 D/D ax
08
0.6
04 -
02
] \ JIroMHHE I eHIH A
i [Tormowenue
0 L T [ T T T T ] T T T T ' T T T T i T T T T

1,5e+04 2e+04 2,5e+04 3e+04 3,5e+04
cm?

Pucynok 2. CriekTpbl MOTIONMEeHUs (MTOKa3aHa TOJLKO JUIMHHOBOJTHOBAS IOJI0Ca) M JTFOMHHECIICH-
uuu IVr' (pacTBopuTess: 3TUNIAIETAT — MypaBbuHas kuciora (15 : 1)).

AHanmu3 37eKTPOHHBIX CIEKTPOB MOTJIONMICHUS M CIIEKTPOB (hIyOpECHEHIINN PACTBOPOB MCXOMHBIX
moMuHOpopoB  u  mpousBoaHbix  [IBAM ¢ OokoBbIMH  N-apHIIMETHJICHOBBIMH- U
N-rerapuiMeTHIEHOBBIMU rpynmnaMu [...CH,~CH(NH-CH,—Ar)—... u
...—CH,~CH(NH—CH,—Het)—...], cOOTBETCTBEHHO, MMOKAa3bIBAET, YTO KaK MCXOIHBIC COSAUHEHHUS la -
Vle, tak u [IBAM ¢ ykazanHbiMU nipuBUTBHIME rpymmaMu (Ia' - VIe') uHTeHCHBHO (uryopectupyroT
(Tabmuua 1). [Ipu 3TOM, Kak MpaBUIIO, IS CIEKTPOB (DIYyOPECICHIIMM PAaCTBOPOB MOJIUMEPHBIX 00-
pas3ioB XapaKTepeH MakCUMyM (pIIyopeclieHIINH CMEIICHHBI B KOPOTKOBOJIHOBYIO 00JIACTh 1O CpaB-
HEHHIO C aHAJIOTMYHBIM JUI1 PACTBOPOB HCXOAHBIX alIbJAECTHI0B BCIEACTBUE MPON3OLIEAICH 3aMEHbBI B
XpoMO(OpHOI LIENH abJIETHAHON TPYIIBI HA METHIICHOBYI0. ClieyeT OTMETUTD, YTO B 00JIACTH MaK-
CUMYMOB JUTMHHOBOJHOBBIX TIOJIOC TTOTJIOMICHHUS M ()IyOpeciieHIIN HaONIoaloTcsl He3HAUYNTEeIbHbBIE
M3MEHEHUs KoJIeOaTelbHON CTPYKTYpHI mmojoc. Takum 00pa3oM, YCTaHOBIICHO, YTO B IIEMTH MaKpOMO-
JIeKyJ B OOKOBBIX aMHHOTPYIINAX COJEPIKATCS PUBUTHIE (PparMeHThl, OTBEYAIONIHE 3a MOTJIONCHHE U
JIOMHUHECIICHIUIO MTONY4YeHHBIX 00pa3mnoB B obnactu 300—-600 HM, KOTOpBIE BO BpeMsl CHHTE3a IeNe-
BBIX MTOJTUMEPHBIX MPOLYKTOB IeJIEHANIPaBIEHHO HaMH BBOIIIINCE B [IBAM.

3KCI'IepVIMeHTaJ1bHaSI 4acTb

WudpakpacHbie CIIEKTPHI TOTJIONICHUS] CHHTE3UPOBAHHBIX coemuHeHni (B Tabnerkax KBr) m3me-
psttuck B auamasone 400 — 4000 cm' Ha crekTpomerpe ALPHA npomsBoxctsa Bruker, n3mepurers-
Heiid Monytb ALPHA-P (anst uzmepennii Hapymenust [lomnoro Bayrpennero Otobpaxkenus), Kpu-
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crajui-anmas. DJCKTPOHHBIE CIIEKTPHI MOTJIOIICHHS U3Mepsui Ha criektpodoTtomerpe "Hitachi-3210",
CHeKTpsl (iyopeciieHIuy - Ha criektpodoromerpe "Hitachi 850",

Cunre3 [IBAm (npeBpamienue [TAA B [IBAM no peakuun I'odpmana). B konby BMECTUMOCTBIO
500 mu1, cHaOXKEHHYIO MEXaHUYECKON Mellaakol, 3arpyxainu cmech pacteopa NaClO (40 mi ¢ macco-
BOM KOHIIEHTpaIuelt akTuBHOrO xyopa 14-15 %) u 15 M pacrsopa NaOH (5 mun) n oxiaxxgand 1o
-10°C. PactBop 5 r mommakpuiamuga B 20 r HyO Gbictpo oxnaxmaanu o 0°C ¥ IpH WHTEHCHBHOM
nepeMenMBaHNH T00ABIISUIN B PEakIoHHYI0 KonOy. Uepes 1,5 daca nepeMermuBaHusi B peakIIHOHHYIO
cMech no0aBisti 165 Mt pacteopa 11 M pactBop NaOH, npenBaputenbHo oxnaxaenHoro ao -10°C.
BoiepkuBanu 30 muayT npu -10°C, a morom cytku npu 0°C. TlonmydeHHBIH TOTUMEpP U3 PEaKIIHOHHON
CMECH OCa)KIaJIH MOAKUCICHUEM XJIOPHIHON KuciaoToi mo pH = 2, ocramsumm Ha cytku. [anee pac-
TBOp JIEKAHTUPOBAIIN, OCAXKIEHHBIN TTONMMep B Buje ruapoxiopuna [IBAm cobupanu co CTEHOK Mo-
CY/JIbI, TIEPE0CAK AN AllETOHOM M CYIIHIIH Ha BO3/yXeE.

CuHTe3 MPOU3BOAHBIX MOJUBUHIIAMIHA N0 peakumu Jleilikapra-Bamiaxa (O0uast MeTonuka).
B kpyrioaoHHOM K010€ BMECTUMOCTBIO S0 M1, CHAOKEHHOM 00paTHBIM XOJIOAUIBHUKOM, ITPYU HarpeBa-
HUH Ha TIIMIEPUHOBON (MSITKU# pexxum nonmydenust, t = 100 °C) wiu necuanoil (KECTKUM PEKUM TTOITy-
uenust, t = 120 °C) 6ane pactBopsumd 0,5 r [IBAM B MypaBbHHOM KHCIIOTE (KOHIIEHTPAIMS OCHOBHOTO
BemectBa 98 %). [Tocne pacrBopenus [IBAM B peakiiMOHHYIO CMECh MTPHU TIEpeMENTHBAHIN TIPHOABIISLIIN
0,05 — 0,1 r apoMaTUIECKOTO MM T€TEPOAPOMATHICCKOr0 aIbJICTH/Ia U HarpEeBaHUE PEAKIIMOHHON CMe-
CH TIPOAOJDKAIM OT 2 710 6 yacoB. B ciydae MATKOro pexxuma moTydeHHsI MPOIYKT uepe3 2-3 gaca ocax-
JlaJIi BOJIOM IyTeM pa30aBieHus B 4 — 5 pas, a IPH JKECTKOM PEKHME IOJIYUYCHHUS depe3 5 — 6 4acoB
MYpPaBBUHYIO KHCIIOTY OTrOHSUM Ha 80 — 90 %, ocTaTOK IBYKpaTHO 00pabaThiBaIN alleTOHOM.

AJIbTepHATHBHBI NYTh cMHTe3a NMpou3BoaHbIX [IBAM - o0pa3oBanue ocHoBanuii lllndda n
BoccraHoBjeHue nx NaBH, (Oomas meroauka). K pacteopy 1 r [IBAM B sTrnanerare npruoOaBisiu
sTHNAaIeTaTHeil pactBop 0,3 T apoOMaTUYECKOr0 MJIM TETEPOIUKIMYECKOro albjeruja. PeaknnoHHyto
cMech Harpesaan (no 80 °C) mpu mepeMenMBaHuy B TedeHue 2-3 yacoB. K peakiMOHHONW CMECH MpH-
6aemsum 0,6 r NaBH4 8 10 Mt H,O, 3aTem no0aBisiim 5 MiI METaHOMIA M CMECh TepeMelBaiy 3-5 Ja-
COB (10 TIOJTHOT'O MCUYE3HOBEHUSI OKpacku). [Ipoby anammsupoBanu merogoM TCX Ha TOTHOTY IPOXOK-
JICHUS peakuy. PacTBoprTelh 4aCTHYHO OTTOHSITH, 00Pa30BaBIINKCS 0CATOK (DHIIBTPOBAITH, CYIIIHIIH.

BbiBoAabl

1. Onrtumuzupopano npespaimieHue [TAA peaknueit ['opmana B [IBAM. [Nonydensiii momumep
XapaKTepu3yeTcsl BBICOKOH CTENEHbI0 KOHBEPCUU aMUIHBIX TPYII B aMUHOTPYyNIbl. JlOCTOBEPHOCTH
nony4yenust [IBAM moarBeprk/ieHa peakiyeil 11a30TUPOBAHMS U AI[MIIMPOBAHUS TOJTYYEHHBIX 00pas3-
noB [IBAMm. Crpykrypa [IBAM moareepxmaercs ganabsiMu HMK-cnekrpockonuu, pH-Merpudeckum
TUTPOBAHUEM M MPOBEACHHBIMH XUMUYECKUMHU peakusaMu. [1omydeHHbIi TPOAYKT ABISETCS COIMOH-
MEepOM BHHWJIAMUHA, aKpHJIaMUJa U aKPHIIOBOM KUCIOTHI.

2. Tloka3ano, uro peaknueiln Jlefikapra-Bammaxa gocrturaercs 3¢ ¢GeKTHBHOE NpeBpallecHue
I[IBAM B ero mpousBoanbie ¢ 00koBeIMH apomatudeckumi [...—CH,—CH(NH—CH,—Ar)—...] nuiu
rereporukianaeckumu [...—CH,—CH(NH—CH,—Het)—...] ¢dparmentamu. [jis moiydeHUs yKa3aH-
HBIX TPOJYKTOB TAKXKe M3y4YeH albTePHATHBHBINA IMyTh CHHTE3a Mpon3BoAHBIX [IBAM — uepe3 obpazo-
Banue ocHoBanuil Llludda m Boccranosnenne nx NaBH,. Ctpoenne o6pa3noB MoanumpoBaHHOTO
[NIBAM noaTepkaeHo MK- 1 31eKTpOHHBIMU CIIEKTPaMH MOTJIOIICHHUS U CIIEKTpaMHu (DiIyopeciieHIIHH.

3. Ilpoumssomnwie [IBAM, comepxkarue N-apuaMeTHIICHOBBIC- M N-TeTapHUIMETHIICHOBBIC TPYII-
sl [ ..—CH,~CH(NH-CH,—Ar) —... u ...—CH,—CH(NH—-CH,—Het)—...], cooTBeTcTBEHHO, Majo-
PacTBOPHUMEI B BOJI€, HETIOJSIPHBIX OPTaHMYECKUX, YACTUYHO PACTBOPUMBI B MOJISIPHBIX PACTBOPUTEIIAX
M JIETKOPAaCTBOPUMBI B KHCJBIX PacTBOpax, 00Ja/lal0T JTIOMHHECIICHIIMEH KaK B TBEPJOM COCTOSIHUH,
TaKk U B pacTBopax. V3yueHsl crieKTpajbHble XapaKTEepUCTHKH TOIMMEPOB B PAaCTBOPAaX CMENIAHHOIO
PacTBOPHTEINS - eTUJIAlleTaT-MypaBbUHAs KUCIIOTA.
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A.MN. WkymaTt*, P.B. Yex*. MNowyk HOBUX MOMIHOGOPIB i3 3aa4aHUMN i3VKO-XiMIYHUMM | XIMIYHUMW BNACTUBOC-
Tamu. XVI. N-ApunvetunneH- n N-retapyunMeTnneHnoxiaHi nonisiHinamMiHa.

* XapkiBCbKMI HalioHanbHWI yHiBepcuTeT iMeHi B.H. KapasiHa, xiMmiuHuin dhakynbTeT, MmangaH Ceoboawn, 4, Xa-
pkiB, 61022, YkpaiHa

HocnigpkeHe nepetsopeHHsa noniakpunamigy (MAA) B nonisiHinamiH (MBAM) peakuieto ModmaHa i nogansiue
nepeTBOPEHHA amiHOrpyn nonimepa peakuieto Jlerikapta-Bannaxa. [ocTtoBipHicTe nepetBopeHHs MAA B NBAM
niaTBEpAKEHa peakuieto Oia3oTyBaHHS i auuntioBaHHa OTpumaHux 3paskis [BAM i npoBeAeHMMM KONbOPOBUMU
peakuigmu npoaykTiB nepetsopeHHs MNBAM. Ctpyktypa NMBAM Takox nigTBepaAXyeTbca AaHumm Y-cnekTpockonii
Ta pH-meTpuyHum TUTPYBaHHAM OTpuMaHuin NPOAYKT € cononimepom BiHiNnamiHa (Ao 80%), akpunamigy i akpu-
nosoi knucrnotn. CuHtean N-apunmetuneH- i N-retapunmetnnensamiwieHmnx NBAM 34iNCHeHi BIQHOBHUM ankKinto-
BaHHAM amiHorpyn [1BAM apomaTtvyHumu | reTepouukniyHumn  anbgerigamm  [5-(4-xnopdeHin)-2-(4-
dopmindeHin)okcason-1,3, 5-(4-meTokcudpeHin)-2-(4-cdopmindeHin)okcason-1,3, 5-(4-metundeHin)-2-(5-
copmindypun-2)okcason-1,3, 5-(4-meTokcndpeHin)-2-(5-chopmundypin-2)okcason-1,3, 3,5-andeHin-1-(4-
dopmindeHin)-2-nipa3oniH, nipeH-3-anbaerng ], Wo MaoTb MIOMIHECLEHLIIO, Y NPUCYTHOCTI MypaLUMHOI KUCIOTW.
BkasaHi noxigHi NMBAM oTpvMaHi TakoX LUNSIXOM MOCAILOBHOIO YTBOPEHHST 3 aMiHOrpynamMmm enemMeHTapHux naHok
ocHoB Ludda i BigHoBneHHa ix NaBHs . T[loxigHi TMBAM, wo wMictate N-apunmetuneHoBi Ta
N-retapunmetuneHosi rpynu [...—CHx-CH(NH-CHa-Ar)—... i ...—CH>-CH(NH-CHz>-Het)-...), BignosigHo], manopos-
YMHHI Y BOAj, HEMONSAPHNX OPraHivyHMX, YacTKOBO PO3YMHSIOTLCSA B MOMAPHUX PO3YMHHMKAX | NIErKOPO3YMHHI B KUC-
nux  posdymHax. OTpumaHi  3pas3km  moaudpikoBaHoro [BAM, WO  MIiCTATb  enemMeHTapHi  NaHKu
..—CH2-CH(NH-CH2-Ar)—... i ...—CH>-CH(NH-CH2-Het)-..., maloTb noMiHecLeHL;jto K B TBEPOOMY CTaHi, TaK i
B po3yuHax. BueyeHi 14-cnektpu (TBepammn ctaH) NMBAM i mogudikoBaHNX NpoayKTiB, CNEKTPU NOrMUHAHHS i Mto-
MiHecueHuii N-apunmeTtunen- i N-retapunmetuneHsamilleHnx NBAM (y po3ynHax 3MilLaHOro PO34YMHHUKA - €TU-
nauetart-mypatuvHa kucnota). Makcumymn donyopecueHuii noxigHmx NBAM 3milLeHi B KOPOTKOXBUNbOBY 06nacTb
Y MOPIBHSIHHI 3 @aHaNOrYHUMKN ANA PO3YMHIB BUXIAHUX anbAerifiB BHACNIAOK 3MEHLUEHHST XPOMOMOpPHOW naHLora
Yyepes 3amiHy anbaerigHoi rpynu Ha METUNEHOBY.

Knto4yosi cnoBa: cuHTes, nonisiHinamid (MBAM), niomiHodopw, IY-cnekTpu, cnekTpn nornuHaHHs i driyopec-
LeHLii.

A.P. Shkumat®, R.V. Chekh*. Search of new luminophores with predetermined physicochemical and chemical
properties XVI. N-arylmethylene- and N-hetarylmethylene- substituted for polyvinylamine.

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

Investigation of transformation of polyacrylamide (PAA) in the polyvinylamine (PVAm) the reaction of Hofmann
and further transformation of NH>-groups polymer by the Leuckart—Wallach reaction. The reliability of the trans-
formation of PAA into PVAm is confirmed by the reaction of diazotization and acylation of the samples obtained
by PVA and by the color reactions of the PVAm transformation products. The structure of PVAm is also confirmed
by data from IR spectroscopy and pH-metric titration. The product obtained is a vinylamine copolymer (up to
80%), acrylamide and acrylic acid. Syntheses of N-arylmethylene- and N-hetarylmethylene substituted PVAm, is
carried out by the reduction alkylating of NHz-groups of PVAm by aromatic and heterocyclic aldehydes
[5-(4-chlorophenyl)-2-(4-formylphenyl)oxazol-1,3, 5-(4-methoxyphenyl)-2-(4-formylphenyl)oxazol-1,3,
5-(4-methylphenyl)-2-(5-formylfuryl-2)oxazol-1,3, 5-(4-methoxyphenyl)-2-(5-formylfuryl-2)oxazol-1,3, 3,5-diphenyl-
1-(4-formylphenyl)-2-pyrazoline, pyrene-3-aldehyde, possessing luminescence, in presence formic acid. The
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indicated derivatives of PVAm are got also by successive formation with NHz-groups of elementary links of
grounds of Schiff and reduction of them NaBH4. The derivatives of PVAm containing N-arylmethylene and
N-hetarylmethylene groups [...—~CH2—-CH(NH-CH2-Ar) — ... and ... —=CH,—-CH(NH-CHz>-Het) — ...), respectively],
low-grade in water, nonpolar organic, partially soluble in polar solvents and readily soluble in acid solutions.The
got standards of modified PVAm, containing elementary links of ...—CH>-CH(NH-CH>-Ar)-... and
..—CH>—CH(NH-CHx—Het)-..., luminesce both in the hard state and in solutions. IR-specta (hard state) PVAmM
and modified foods is studied, spectrums of absorption and Iuminescence of N-arylmethylene- and
N-hetarylmethylene substituted for PVAm, (in solutions of the mixed solvent is ethyl acetate - formic acid). The
fluorescence maxima of PVAm derivatives are shifted to the short-wave region in comparison with similar solu-
tions for initial aldehydes due to the reduction of the chromophore chain through the replacement of the aldehyde
group with methylene.

Keywords: synthesis, polyvinylamine (PVAm), luminophores, UV-, IR- spectrums, spectrums of absorption and
fluorescence.

Kharkov University Bulletin. Chemical Series. Issue 31 (54), 2018
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KOMNMJIEKCOOBPA3OBAHME Cu(BF,), B ALETOHUTPWUJIE:
KBAHTOBO-XUMUYECKOE UCC/NTIEAOBAHME

A.0. HoBukos “?, O.H. Kanyrun “°
* XapbKogCKuli HayuoHabHbIl yHusepcumem umeHu B.H. KapasuHa, xumudeckul ¢hakyrnbmem,
Kkaghedpa HeopaaHuyeckol xumuu . Ceoboolsl, 4, Xapbkos, 61022, YkpauHa

a. e-mail: dmitrynovikovs@gmail.com, ORCID: 0000-0003-3584-4521
b. e-mail: onkalugin@gmail.com, ORCID: 0000-0003-3273-9259

B paboTe npeactaBneHbl pesdynbTaTbl KBAHTOBO-XMMWYECKOrO MCCNEefoBaHUS COMbBATOKOMIIIEKCOB Ka-
TvoHa meau (1) ¢ auetoHuTpunom (AN), TeTpadTopobopat aHnoHom (BF4 ) u 3-rugpokcudnasoHom (flv)
coctaBa [Cu(AN)e]**, [Cu(BF4)(AN)s]*, [Cu(flv)(AN)s]**, [Cu(flv)(BF4)(AN) ¢ wucrnonb3oBaHuem Teopuw
dyHkumnoHana nnotHoctn (DFT) Ha ypoBHe MO06-2X/6-311++G(d,p). Mpu nHTepnpeTaLmMmn nonyvyeHHbIX pe-
3ynbTaToB 0CcO60e BHUMaHWe yAerneHo reoMeTpun ConbBaTOKOMMMEKCOB, a Takke TONOMorMu 3neKTPOHHON
NMNOTHOCTM B TePMUHAaxX HekoBaneHTHbIX B3aumogencteum (NCI). Beino ycraHosneHo yto monekyna flv siB-
nseTcs MOHOAEHTATHbIM NUraHAoM, KOOPAUHUPYIOWMMCS aToMOM kucrnopoda KapOoHMMbHOWM rpynmnbl No
OTHOLEeHWIo K KaTnoHy meawm (l1). MNpn obpasosBaHMM KOMMNnekca [Cu(flv)(AN)5]2+ BHYTPUMOIeKynsapHas Bo-
[opoAHas CBA3b Mexgy aToMOM BoAOpoAa TMOPOKCUMIIBHOW TPynnbl U aTOMOM KMCHopoda KapOGoHWMbHOM
rpynnbl, CywecTeyowas B usonvposaHHou monekyne flv, paspeiBaetcsa. Mpu obpasoBaHun Kommnekca
[Cu(flv)(AN)5]2+ pa3pbiB BHYTPMMOMEKYIISAPHOM BOAOPOOHOM CBSA3WM COMPOBOXAAETCHA 3HAYMTENbHbIM pa3Bo-
POTOM MOABWXHOIO (DEHWSTBHOIO KOJbLi@ OTHOCUTENBHO MIaHapHOro XPOMOHOBOIO bparmeHTa MOMeKynbl
flv. B cnyyae BxoxaeHust BF,~ aHvWoHa B nepBy0 koopAuHaLUMOHHYO cdepy katvoHa meau (II) obpasyetcs
BHYTPUKOMINIIEKCHas BOAOPOAHAs CBA3b MeXAy aTOMOM BOOOPOAA M'MAPOKCUIBHOW rpynnbl Monekynbl flv n
6nwkanwmm atoMmom Topa aHuoHa BF4. AHanu3 HekoBaneHTHbIX B3aMMOLEWCTBUIA Nokasarn, yYTo BOAO-
poaHas cBA3b Mexay aTOMOM BOAOPOAa rMAPOKCUIBHONM rpynnbl 1 6nvkanwmnm atomom dtopa BF4~ aHuo-
Ha oKkasblBaeTCsl ropasgo npoyHee, YeM BHYTPUMOIEKynspHas BogopodHasi cBsa3b B Monekyne flv. [laHHoe
06CTOATENLCTBO, @ Taloke TOT haKT, YTo peHUrnbHOe KomnbLo Monekysbl flv B komnnekce [Cu(fiv)(BF4)(AN)]*
OKa3blBaeTCs BHYTPEeHHe-CTabunmanpoBaHHbIM cnabbiM BaH-aep-BaanbcoBbiM npuTskeHnem mexay arto-
MaMu KMCrnopoaa XpOMOHOBOTrO hparmeHTa v GnvxanummyM atomammn Bogopoda heHunsHoro Konbua, no-
3BOnAeT 3aKMoYNTb, 4To Komnnekc [Cu(flv)(BF4)(AN)]" sBnseTcs 6onee cTabunbHLIM MO CPABHEHUIO C
[Cu(flv)(AN)s]*".

KnioueBble cnoBa: KBaHTOBO-XMMUYECKUE pacyeThbl, Teopusi pyHKLMOHana nnoTHoOCTH, TeTpadTopobo-
paT Meau, aueToHUTpUn, 3-rmapoKcudnaBoH, KOMNIekcoobpa3oBaHe, BOAOPOAHAs CBA3b.

BBepeHune

OaBOHONBI MPEACTABIAIOT COOOW XOPOIIO M3BECTHBIN KIIACC MPUPOIHBIX MOJUPEHONBHBIX TPO-
W3BOJHBIX, UMCIOIIUX MIMPOKYH OMOJOTHYECKYI0 aKTHMBHOCTH [1]. JlaHHBIN Kilacc COeIUHEHUI SBIIs-
€TCSl aHTUOKCUIAHTaMH [2] U XeNaTUPYIOMIMMU areHTaMu ISl MHOKeCcTBa MeTaiioB [3-5]. bnaronaps
3¢ ekTy BHyTPUMOJICKYJIAPHOTO MEpeHOca MPOToHa B BO30YykaeHHOM coctosiauu (ESIPT mexanusm)
[6], dmaBOHOMIBI aKTUBHO HCIONB3YIOTCS Kak (UIyOpecleHTHbIE 30HIBI ISl Pa3sIUuHBIX cpen [7-8],
thepmentoB [9] u karnoroB metaiuios [10-11]. B ucciemoBaHusx MpoIEccOB KOMIDIEKCOOOpa30BaHUS
KaTHOHOB METAJLIOB ¢ (DJITaBOHOJIOM HapsIy C MEepXjopaTaMH 3a4acTyi0 MCHOJB3YIOT TeTpadTopoOo-
paTsl 6iarogaps XopoIei paCTBOPUMOCTH COOTBETCTBYIOIIMX COJIEH Kak B BOJE, TaK M B HEBOJHBIX
pacTBOpHTENISIX, a TakKe OO0JbIel 6e30TacHOCTH IO CPABHEHUIO ¢ epxiopaTamu [12-13].

OpnanM u3 Hanboliee pacTpoCTPaHEHHBIX METOJIOB MCCIIEIOBAHI KOMILIEKCOB METAIIIOB C ()JIaBo-
HOWJIaMH SIBIIsIeTCs crieKTpockomus [14-16]. O mpupoae B3auMOACHCTBUS JIMTaHAA C IEHTPATLHBIM
aTOMOM CY[IST TI0 M3MEHCHUIO MMHUKOB IMOTJIONMEHHS JIN00 (PiryopecieHuu (IaBOHOJIOB, a TAKXKE IO
MOSIBJICHUIO HOBBIX Mosioc. Takoil moaxon MO3BOJISIET OTBETUTh Ha Bompoc cymiectBoBanus ESIPT
MeXaHHW3Ma B JJAHHOM KOMIUIEKCE, OJTHAKO JAPYTHE acleKThl MHKPOCTPYKTYPHI COJBBATOKOMILIEKCA
ocratoTcs B TeHU. Hambonee neranbHy0 MH)OPMAIUIO O MHUKPOCTPYKTYPE MOMOOHBIX KOMILJICKCOB
MOJKHO TOJTyYUTh METO/IaMU KBaHTOBOW XUMUH.

Teopus ¢pyuakmmonana miorHocty (DFT) gacTo mpuMeHsIeTCS I UCCIICIOBAaHUS CTPYKTYPHI CHC-
TEM, COJIEPKaITUX MeTall U opranndeckuii gurany [17-31]. IlomydeHHbIe TakuM 00pa3oM pe3yJibTa-
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TBI, 0OJIEe YE€M YAOBJIETBOPUTEIHHO KOPPEIUPYIOT ¢ HH(MOPMAITUEH, TOTyIeHHOW U3 allbTEPHATUBHBIX
METOJIOB UCCIIEIOBAHUS CTPYKTYPBI KOMILIEKCOB. OOMEHHO-KOPPEISAIUOHHBIN THOPUIHBIH (YHKINO-
Han B3LYP [32-33] aBnsiercss Haubonee yacto BcrpedaeMbiM MeToioM DFT B mpumeHenuun k mojo0-
HbIM cuctemaMm [26-31]. OgHako, psl WCCIeNOBaHWA MOKAa3al, 4YTO JaHHBINH (PYHKIMOHAJ SBISETCS
HETOYHBIM J[JISI CHCTEM CO 3HAYNUTEIHHBIM JAUCIIEPCHOHHBIM B3anMOocHCTBHEM [34-35], KOTOpEIE TIPO-
SIBIISIIOTCS B KOMIUIEKCaX, cojepkamux d-merant. [IBa moaxoaa, MO3BOJSIIONINX U30eXaTh 3Ty Mpo-
onemy sto — DFT-D2 meton [36-38] u motennumansl rpymnmnsl MunHecoTa [39]. Beuto nmokaszano, 4To
00a 3T TOJX0Aa TO3BOJSIOT JOOUTHCA 3HAUMTEIHHOTO YJIYUIIEHUS TOYHOCTH pacyeTa, CpaBHHBAS
pe3yabTaThl nociuennux ¢ yxe umeromumucst B GMTKN30 [40-41] 6a3e qaHHBIX TEPMOXUMUH, KIHE-
TUKUA ¥ HEKOBAJICHTHBIX B3aumojeicTeuil [42]. OqHako, OBUIO MOKA3aHO, YTO JJIsS ONMMCAHUS HEKOBa-
JICHTHBIX B3aWMOJICHCTBUI B CHUCTEMaX, CONEPKAIINX TEPEXOMHBIH MeTalll, 0oyee MPEeANOYTUTENb-
HBIM SIBIIICTCS MCTIOJIB30BaHUE MMEHHO (QYHKITMOHAIOB Tpymmel M06, Hampumep, M06-2X [39, 43].
Taxxe, BiOOp (yHKIIMOHATa M06-2X TIPEIIOYTHTEICH Ui CUCTEM C BBICOKON MOJBUKHOCTBIO JIU-
raHAOB, I'Ie MUHUMYM SHEPTUU BbIpaKeH HESBHO [39].

MeToapl KBaHTOBOW XHUMHH KpOME [ETalbHOW HWH(OPMAalUUd O CTPYKType MOJEKyl W HOH-
MOJIEKYJIIPHBIX KOMIUIEKCOB TTO3BOJISIIOT TaKXe JETabHO UCCIEA0BaTh paclpeaesieHHe 2IeKTPOHHOM
IUIOTHOCTHU B TIOJJOOHOTO pojia cuctemMax. HaubonbImii MHTepeC ¢ 3TON TOYKH 3PEHUS MPEACTABISIOT
METO/IbI, TIO3BOJISIONINE aHAIM3UPOBATh HE TOJBKO BaJCHTHBIC B3aMMOJCHCTBUS, HO U cladble HEKO-
BaJICHTHBIC B3aUMOJICUCTBHSI B MEXXMOJIEKYJISIPHBIX M HOH-MOJICKYJISIPHBIX KoMIuiekcax. Cpeau menoro
psAaa METOJOB aHAJIM3a TOIOJIOTUHU 3JICKTPOHHOUN miuoTtHocTh (Teopust Beitnepa, meroq NBO u np.)
0c000Tr0 BHUMaHMs 3aCITy’)KHBaeT MOIXOJ, OCHOBAHHBIM Ha aHAIN3€ MPUBEIACHHOTO TPaJueHTa dJeK-
TPOHHOH TUIOTHOCTH [44]:

(1

/I p — DJIIEKTPOHHAS TUIOTHOCTb.

WHaexc HEKOBAJEHTHBIX B3aWMOJEHCTBHH (§) MO3BOISIET M3YUUTh JOMEHBI 3JIEKTPOHHON IUIOTHO-
CTH, KOTOPBIE COOTHOCSTCS CO claObIMU B3aMMOJCHCTBUSAMH, & HMEHHO — KaK JIOMEHBI, UMEIOIINe
HU3KOE 3HAYCHHE AJIEKTPOHHOU IJIOTHOCTH U HYJIEBOU TPAAMEHT AJIeKTpOoHHOM mioTHOCTH (1). Cuna u
TIPUPOJA B3aMMOJIEHCTBUS (IPUTHKCHHE MO0 OTTAIKWBAHHUE) MOTYT OBITH YCTAHOBJICHBI ITyTEM YM-
HOXXCHHUS AJIEKTPOHHOM TUIOTHOCTH Ha 3HAK BTOPOT0 COOCTBEHHOTO 3HadeHHs ['eccraHa ITUIOTHOCTH
(4,) [44].

Lenpto maHHOM pabOTHI OBUIO UCCIEAOBAHUE MUKPOCTPYKTYPHI PA3IMYHBIX COJBBATOKOMILIEKCOB
karuona Cu(ll) B aneronutpune ¢ BF, anunonom u momnexynoit 3-ruapokcuduaasona (flv) B kauecTBe
aurangoB. Crnekrpockonueit abcopbuum pentreHoBckux sydeil (EXAFS) Obuio yctaHoBieHO yTO
compBaTokoMIuiekc Cu(ll) B ameToHUTpHIIE UIMEET OKTadJPUUYECKYIO CTPYKTYPY, KOOPIUHHUPYS 6 MO-
JIEKYJI PacTBOPUTENS BOKPYT IEeHTpanbHOTO atoma [45]. U3 pe3ynpTaToB KOHAYKTOMETPHIECKOTO
3KCIIEPUMEHTa U3BECHTO, YTO COJIbBATOKOMILJICKCHI JIByX3a3sIHbIX KaTHOHOB META/UIOB B allETOHUT-
pwie MOTyT JTUOO COAEpKaTh JTUOO HE COAEPKaTh aHWOH B MEPBOM KOOPAMHAIMOHHOW cdepe IeH-
TpasibHOTO aroMma [46]. [loaToMy OBITH M3Y4YEHBI BCE BO3MOXHBIC KOMOWHAIIMH COJIEBATOKOMITICKCA
Cu(Il) B ameromutpume, a wumenHo: [Cu(AN)]*, [Cu(BE;)(AN)s], [Cu(flv)(AN)s]*,
[Cu(flv)(BF4)(AN),]" mcxons u3 TOro, 4rto B pealbHOM >KCIEPHMEHTE MpEeAToNaraeTcs H3yuyeHHe
aneTOHUTPWIBHEIX pacTBOpoB Cu(BF,),. JlomomHutensHO ObLIa MCCIEOBaHA TUTaHApHAS KOH(pOpMa-
mus Monekynbsl flv. Ocoboe BHUMaHWE OBLIO YACICHO BHYTPHUMOJICKYJIIPHOW BOIOPOMTHOW CBS3H B
Mmoutekyie flv mpu GpopMHpOBaHUU COJBLBATOKOMIUIEKCOB, TaK KaK OT 3TOT0 HAIPSIMYIO 3aBHCUT BO3-
moxHocTh ESIPT nepexona B uccineayeMbIX cUCTEMaXx.

MeTtoauka npoBeAeHUs pacyeToB

KBaHnTOBO-XxMMHYecKne pacyeTbl ObUIM NPOBEACHBI C HCIIOJIB30BaHHEM TEOpHH (YHKLIHOHANIA
mwrotHocTH (DFT) B mporpamaoMm makete Gaussian 09 [47] ¢ ucnonb3oBanreM GyHKImoHama M06-2X
B Oasuce 6-311++G(d,p). Kak Obuto mokaszano B padote [48], ucnonbs3oBanue ¢ynkiuoHana M06-2X
B KOMOWHAIIMM C TPWKIBI-I3€Ta BAJICHTHO-palIeIIeHHbIM Oa3ucoM [lomma ¢ momspu3aunOHHBIMU
(YHKUMSMH Ha aToMax BOJAOPOAA U TsDKenbIX atomax (6-311++G(d,p)) siBisieTcs yAOBIETBOPUTEIb-
HBIM KOMIIPOMHCOM C TOYKH 3PEHUS] CTPYKTYPHBIX, SHEPreTHUECKUX U DJIEKTPOHHBIX CBOWCTB CUCTEM
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CO 3HAYUTENBHBIM IHUCIIEPCHOHHBIM B3auMozaencTBueM. sl pacueToB OBUIM HMCHOJIB30BAaHBI CETKA
MHTETPUPOBAHUS, 3a/1aBacMasi BHyTpeHHUM KitoueM “Ultrafine” ¢ kpuTepusMu cX0JUMOCTH IO yMOJI-
gyaHuto. [locie onTuMuU3auy reoOMeTpUN CIeA0Bal aHAJIM3 Ha OTCYTCTBHE OTPHUIATEIbHBIX TapMOHU-
YECKHUX YacTOT, YTOOBI yOSAUTHCS B NOCTH)KEHUHM UCTUHHOI'O MUHUMYMa 3Hepruu. Bee pacueTs! Obutn
BBINIOJIHEHBI B CPEJ€ PacTBOPUTENS (ALETOHUTPUIIA) B paMKaxX MOJENIH peakTHBHOro nois OHzarepa
[49]. K cokaneHuio, BHITIOJHUTH ONTHUMH3AIUI0 TEOMETPHUU KOMIUIEKCOB, OCOOCHHO COJEpIKaIIuX
MOJIEKYTy 3-THIpOKCH(]IaBOHA, C UCIIONB30BaHUEM 0oJiee COBEpPIICHHBIX METOIOB onucanus dpdex-
TOB CpeIbl, BKII0Yas pa3inyasie BapuanTtel PCM 1 COSMO, He yaamocs.

HccnenoBanne HEKOBAJIEHTHBIX B3aMMOAEHCTBUI OBLIO MPOBEACHO C MCIIOJIB30BAaHUEM IIPOTPaMM-
Horo makera MultiWFN [50], ucnone3yst paBHOMEpHOE OCTPOCHUE MPOCTPAHCTBEHHOW CETKHU C IlIa-
roM B 0.1 a.e. Cnalble HEKOBaJCHTHBIC B3aWMOJCHCTBUS ObUIM MICHTU(QHULUUPOBAHBI HA COOTBETCT-
BYIOIIEH CETKE M0 3HAYEHUIO AIEKTPOHHOM MmioTHOCTH p < 0.05 a.e.

Pe3ynbTaTbl M 06Cy)kaeHue

['eomeTpus KOMIJIEKCOB

Ontumusanus reomerpur Moiekyibl flv Obula mpoBeseHa sl MIaHAPHOW KOHPOPMAIMH, B KO-
TOpPOW aTOM BOZOPOJa THAPOKCHIBHOW TPYMIBI Pa3BEepHYT B CTOPOHY KapOOKCHIIBHOW TPYIIIBI XpO-
MOHOBOTO (pparMeHTa MoJieKyJbl. [Ipu 3ToM HaOonancs HEe3HAYUTEIbHBIA Pa3BOPOT (DEHWILHOTO
KOJIbIIa OTHOCHTEIHHO XpOoMoOHOBOro ¢parmeHtra (Puc. 1). [IByrpaHHBI yrom MexXIy aTOMaMu
£ C3C,C1Cy cocraBmn -17.7°. TlogoOHBIE pe3yibTaThl XOPOIIO COTJIACYIOTCA C KBAHTOBO-
XUMUYECKUMH PacueTaMy C WCIOJIb30BaHHEM TEOpHH (DYHKIMOHANA IIOTHOCTH, NPOBEICHHBIMU Ha
ypoBHsix B3LYP/6-31G*[51] u B3LYP/6-31G(d,p) [52]. IloMmumo 3TOrO, panee ObLIO TPOBEACHO
PEHTTeHO-CTPYKTYPHOE HcciaenoBanne MoHOKpUCTaIIIoB flv [53]. CpaBHEHNE reOMETPUICCKUX Xapak-
TEPUCTHK, MMOYYSHHBIX YKCIIEPUMEHTAIBHBIM M PACUETHBIM MeToJamu npuBesieHo B Tabmuie 1. Bei-
COKas  CXOOUMOCTb  HCXOOHOH  reoMeTpud  Monekynel  flv,  pacuMTaHHOH  METOJOM
M06-2X/6-311++G(d,p) ¢ 3KCIEpUMEHTATBFHBIMU PEHTTEHOCTPYKPYTPHBIMH JaHHBIMH CBHJICTEIbCT-
BYET O KOPPEKTHOCTH BBIOOpa MeTO/Ia y4yeTa pyHKIIMOHAA MIOTHOCTH M Habopa 0a3uCHBIX (QYHKIUH.

Pucynok 1. OnTuMu3upoBaHHas ~ CTPYKTypa  IUIaHapHOM  KOH(OpMamuu  MOJIEKYJBI
3-rugpoxcudiaaBoHa.

Teomerpust kommrekcoB [Cu(flv)(AN)s]*" u [Cu(flv)(BF4)(AN),], npencrasiennas B Ta6muue 1,
CBHJICTEIILCTBYET O TOM, YTO KOMIUIEKCOOOpa3oBaHue Mojekybl flv ¢ karnoHom memu (II) cymiect-
BEHHO HE BJIMSET Ha JUTMHBI M YIIIbI CBA3CH KOJIbIIa A XpOMOHOBOTO ()parMeHTa U ()eHIILHOTO KOJIbIla
B mosekyibt flv . OnHako B konbiie C XpOMOHOBOTO (hparMeHTa Mpu KOMILIEKCOOOPa30BaHUH [ITHHBI
cemaeit O;C, u C;C,4 yMeHbILIAOTCS, B TO BpeMs Kak anuHa cBsizeit C,C; u C404 yBenuuuBaetcs. mu-
na cesu C4Cyo ocraercs moctosHHOM B cucteme [Cu(flv)(AN)s]™', M yMmeHbImaeTcs B cHCTeMe
[Cu(flv)(BF4)(AN),]". TlonoOHEIl (eHOMeH ObUT OOHApyKeH paHee, NPH HCCIEIOBAHMUH CHCTEM
[MgClO4(AN)s]" 1 [Ni(AN)e]* [46].

B Tab6mune 2 npuBenens! pacctossaus Mexxy atomoM Cu(ll) u KoopAMHUPYIOUTMMHE IEHTPAMH JTH-
raHIoB B HCCIICAOBAHHBIX KOMILIEKCax. B compBatoxommiekce [Cu(AN)s]*" 6bL10 06HAPYKEHO HCKa-
KEHUE TETPadAPUUECKON CTPYKTYpbI, oOycinoBnenHoe ¢ dexrom Sna-Temnepa [54], mpu aTom oce-
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BbIE MOJIEKYJIBI JIUTAH/Ia OKA3BIBAIOTCA Ha 6OJIbIIEM OT IIEHTPAILHOTO aToMa paccTosHuu (2.33A), uem
skBaropuanbheie (2.07A). B kommiekcax cocraBa [Cu(BF4)(AN)s]™ u [Cu(flv)(AN)s]*" monekyna flv
u BF, aHWOH 3aMemaroT MOJEKYJIbl alleTOHUTPHIIA, HAXOSAIINECS UIMEHHO B SKBaTOPUAIBHOM ILIOC-
KOCTH IICHTPAIILHOTO aToMa, IIPH 3TOM HCKaKEHHE OKTa’ApUIECKON CTPYKTYpHI coxpaHsercs. Crnemy-
eT 0OpaTuTh BHUMaHue, uTo B komiuiekce [Cu(flv)(BF4)(AN)4]", monekyna flv u BF, anuoH Haxomsr-
ca 6mmxe k aromy Cu(ll), uem cootercTByromue dyacTuibl B kommiekcax [Cu(BF4)(AN)s]” u
[Cu(ﬂV)(AN)5]2+. Takxe, pacCTOSIHUSL OT OCEBBIX MOJIEKYJ allETOHUTPWIA 10 LEHTPaJbHOrO aTroma
(2.12A m 2.24A) coxpamraroTcs. ITO CBHIETENBCTBYET O CTPYKTypoykperustomeM >¢ddexre BF,
annona Ha komriekc [Cu(flv)(AN)s]*.

Ta6mmuma 1. [eomerpuueckume xapaktepuctuku wmonekynsl flv (Ia), a Takke KOMIIIEKCOB
[Cu(flv)(AN)s]*" (II) u [Cu(flv)(BF4)(AN),]" (III), monydennsie Metogom M06-2X/6-311++G(d,p).
Jl1g cpaBHEHUs MPHUBEIEHBI COOTBETCTBYIOIINE MMapaMeTphl 1O SKCIIEPUMEHTANBHBIM PEHTIE€HOCTPYK-
TYpHBIM JaHHBIM MOHOKpHUcTaita 3-ruapokcuduasona [45] (Ib)

CBsi3b Ia Ib II III Yron Ia Ib II III

0,C, 1.363 1369 1349 1.347 0,C,C; 120.2 1197 1223 120.7
C,Cs 1.358 1.363 1.365 1.372 C,C5C, 1219 1228 1204 120.2
CsCy 1.460 1.457 1.449 1.438 C5C4Cyo 1154 116.0 1155 117.0
CsCyo 1.457 1446 1456 1.439 C4C10Co 118.7 119.6 1185
C1Cs 1.404 1387 1.407 1.410 CoC1oCs 1193 1179 1189 119.1
CsCs 1.377 1366 1376 1.374 C10CsCs 120.1 1212 120.1 119.8
CeCs 1.405 1.372 1.406 1.409 CsCeCs 119.8 120.8 120.0 120.1
C,Cs 1.379 1385 1379 1378 CeC:Cs 121.0 120.1 121.0 121.1
CsCo 1.398 1401 1.396 1.397 C;,C5Cy 118.8 1187 1185 1184
CoCio 1.394 1392 1394 1397 CsCoCip 121.0 1212 1215 1215
GO, 1.352 1377 1355 1352 C10Co0O4 122.1 1234 1214 1212
C.Chy 1471 1474 1475 1472 Cy0,C, 121.7 1202 1207 1219
C11Cis 1.401 1.389 1399 1.402 0,C,C,y 1122 111.1 1122 1126

Ci6Cis 1.389  1.364 1391 1.389 C,C11C6 121.7 1227 1213 122.0
Ci5Ci4 1.391 1400 1391 1.391 C11Ci6Cis 120.0 121.0 120.0 119.8
CisCis 1.391 1.377 1.391 1.392 Ci6Ci5Cia 120.6 1213 120.1 120.6
Ci5Ch2 1.387 1.397 1387 1.387 C5C14Ci3 119.6 118.5 1200 119.8

C2Cyy 1.401 1394 1399 1.402 C14C15Cy2 120.2  120.0 1202 120.1
C404 1.226 1.232 1.238 1.257 Ci3C12Cy; 120.5 1213 1200 1204
G505 1.351  1.357 1354 1344 C2C11Cs 119.1  117.8 119.1 119.2
OsH; 0.973 0960 0964 0.981 C;C404 1193 119.8 123.6 119.8

Paccrognus 0O4H;0; 1180 1208 1573 103.6

04...05 2.631 2.677 2716 2.715 C4O4H; 83.2 82.5 59.08 80.76

O,...H; 2.030 2200 3.625 2312 C;05H; 104.8 109.0 110.7 111.1

Cs...H; 2.244 - 3.172 2.448 C;05Cu - - 96.57 80.38

0s...Cu - - 3452 3.768 C404Cu - - 1527 1315

0;...Cu - - 2.026 1.996 O;H;Cu - - 2895 111.6

0;...B - - - 3.228 O;H;F* - - - 158.1

0,...B - - - 3.784 H;F*B - - 103.0

H;...B - - - 2.484 GC5CChiCoe -17.7 5.5 -43.1  23.42

H;...F* - - - 1.738 C4C505H; -179.2 - 1574  20.82

- - - - - C4C;0;Cu - - 237 249

HekoBaneHTHBIC B3aMMOICHCTBUS B CCIEIOBAHBIX CHCTEMAX

HekoBaneHTHBIE B3aUMOJICHCTBYS B HCCIIEIOBAHBIX CHCTEMaX MOKa3aHbl B BUIE M30MOBEPXHOCTEH
Ha COOTBETCTBYIOIIMX PUCYHKaX 2 U 3. CHHUM I[BETOM 0003HAYEHO CUIILHOE MPUTKEHUE, 3€TICHBIM —
ci1aboe B3aMMOJICHCTBHE, KPACHBIM — CHIIbHOE OTTaikuBaHue. Cepuueckne Koiblla CHHUM I[BETOM
OBUTH WHAMKATOpaMU OOpa30BaHWs CHIIBHOW KOOPIMHAIIMOHHOHN CBSI3U MEXIY COOTBETCTBYIOIINMH
rapaMu aTOMOB.
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ITnanapHast koHpopManus Monekyisl flv B cpene aneToHuTpuia crabmimsupyercs ciadbbiv Ban-
nep-BaanbcoBsiM mputshkeHueM mexay atomamu O u O; XpoMOHOBOTO (pparMenTa u OnmkalImMu
aToMaMHy BoJOpoAa (eHWIbHOTO Koibla. O0 3TOM CBHIETEIBCTBYET 3€JCHBIN LBET N30MOBEPXHOCTH
3JIEKTPOHHON MJIOTHOCTU MEXIY COOTBETCTBYIOIIMMH Hapamu atoMoB (Puc. 2). JlonoiaHuTensHO mia-
HapHas KOHGOpMAaIHs CTAOMIM3UPYETCS CHIIBHBIM TPUTSDKEHHEM Mexny atomamu H; n O, (BHYTpH-
MOJICKYJISIpHAsi BOJOpOaHast cBsi3b). JIByrpanubiii yron £ C;C,C;C¢ B miaHapHO# KoH(OpMAIHH
Mmodekynsl flv cocrasnsier -17.7°.

Ta6auua 2. Paccrosiaus mexny neHtpaibHsiM atomoM Cu(ll) 1 xoopAMHUPYIOUIMMH LIEHTpaMH JIU-
ranos (A).

Cucrema Cu..N Cu...F Cu...04, Cu...N[45]
2.07
2.07
2 2.07
[Cu(AN)] 5 07 — — 1.99
2.33
2.33
2.07
2.04
[Cu(BF4)(AN)s]" 2.07 2.43 — —
2.03
2.22
2.07
2.05
[Cu(flv)(AN)s]** 2.09 — 2.03 —
233
2.36
2.06
[Cu(flv)(BF,)(AN),]" g'?g 2.36 2.00 —
2.24

Pucynox 2. CtpykTypa MOJEKyJbl 3-TUAPOKCH(IIABOHA C ITOBEPXHOCTHIO HEKOBAJIEHTHBIX B3aMMO-
JeiicTBuil co 3HayeHueM KoHTypa 0.5. [loBepXHOCTH OKpalleHa B CHHE-3€JICHO-KPAacHBIX LBETaX B
cootBetcTBHH ¢ -0.02 a.e. < sign(ly)p <0.02 a.e.

O6pasosanue kommrekca [Cu(AN)s]*" compooxaaercs: pOPMHPOBAHHEM KOOPIMHALIMOHHBIX CBSI-
3eit Mmexxay katnoHoM Cu(Il) m aTomaMu a30Ta OKpY>KarOIUX LEHTPAJIbHBIN aTOM MOJICKYJI alleTOHUT-
puna (Puc. 3A). B 970 e BpeMst cTporo okTasapraeckas crpykrypa kommiekca [Cu(AN)s]* uckaxa-
eTcs MpU 3aMeHe ofHOW MoJekyibl anetoHutpuna Ha BF4 anmon (Puc. 3b). Takoii saddekr mMoxeT
OBITH OOBSACHEH CIa0BIM HEKOBAJCHTHBIM B3aUMOJICHCTBHEM OTPHLATENIFHO 3apsHKEHHON MOBEPXHO-
cti BF, aHNOHa 1 yTIeBOJOPOIHBIX «XBOCTOB)» OKPYKAIOIINX MOJIEKYJI alleTOHUTPHUIIA.

B ciyuae o6pazosanus xommiekca [Cu(flv)(AN)s]” (Puc. 3B) BHyTpuMONEKyIsSpHAsS BOAOPOIHAS
cBs13b H30, paspeiBaercs u3-3a 006pa3oBaHus IPOYHOHM KoopAnHAIIMOHHOM cBsizu O,Cu (cuHee KOJbLo

57



KOMHJ’IGKCOO6pa.30BaHPIe CH(BF4)Z B aICTOHUTPUJIC: KBAHTOBO-XHUMHUYCCKOC UCCIICAOBAHUC

H30M0BEPXHOCTH JIEKTPOHHOI MoTHOCTH). Pacctosuue Hs...O4 cTanoButes pasubiM 3.625 A, a yron
Z O4H;0; — 157.3°. TIpu stoM crabunm3aiis (EHMILHOTO KOJNbIA OTHOCHTEIFHO XPOMOHOBOTO
(parmenTa Hapymaetcs (oTcyTcTBUEe ciaboro BaH-pep-BaanbcoBoro mpuTsSKeHUS MEXKAY aTOMaMu
O; u O; xpoMoHOBOTO (hparMeHTa W ONMKAWIINMH aTOMaMH BOJOpPOAa (DEHWIBHOTO KOJbIIA), YTO
IPHBOMKT K yBenmdeHuio amapanbaoro yriaa £ C3C,CyiCie B cucteme [Cu(flv)(AN)s]*" o -43.1°.

Eme 6Gonee mHTEpecHBIH dG(eKT MokHO Habmoxath Ha npumepe cuctembl [Cu(flv)(BF4)(AN),]"
(Puc. 3I'). 3nech, HaIMYKE OTPULIATEILHO 3apsbkeHHOro MoHa BF, B mepBoii koopauHaIMOHHON ce-
pe karmona memu (I1), medopMUpyeT OKTadAPHUCCKYIO CTPYKTYpy COJIbBaTOKoMIniekca. [Ipm sTom
OmKkaiiiiie MOJIEKYJbl alleTOHUTPHIIA MPUTATUBAIOTCS YTIEBOAOPOJHBIM XBOCTOM K OTPHUIATEIHHO
3apsKEHHO MOBEPXHOCTH TeTpasapuueckoro BF, . Ilogo6ro cucteme [Cu(flv)(AN)s]*, B kommiekce
[Cu(flv)(BF4)(AN),]" BHYTpUMOJIEKy/IApHAs BOAOPOAHAs CBA3b paspbiBaercs. Paccrosnue Hs...O4 B
3ToM ciydae paBHo 2.312 A, a yron £ O4H;0; — 103.6°. Oxnako, atom Bogopoaa Hs opuenTnpyercs
Kk Omm3nexamemy anuony BF, . Tak, paccrosnue H;..B paBHo 2.484 A, paccHositHue Hj...Fi* —
1.738 A, a yron £ O3;H;F * pasen 158.1°.

Pucynok 3. Crpykrypa comsBaTokommiekcoB [Cu(AN)s]*" (A), [Cu(BE,)(AN)s]" (B),
[Cu(flv)(AN)s]*" (B) u [Cu(flv)(BF4)(AN),]" (I') ¢ MOBEPXHOCTBIO HEKOBAJIEHTHBIX B3aMMOICHCTBHIH
co 3HaueHueM koHTypa 0.5. [ToBepXHOCTh OKpallleHa B CHHE-3eJICHO-KPACHBIX I[BETaX B COOTBETCTBUU
¢ -0.02 a.e. <sign(1)p <0.02 a.e.

IToMHMO 3TOTO, Ha M30MOBEPXHOCTH 3JIEKTPOHHOM mioTHocTH Kommekca [Cu(flv)(BF,)(AN),]"
MOJKHO HaOJII0/IaTh 3HAUYMTEIBHYIO 10 pa3MepaM, CHHIO o0nacTs Mexay aromamu Hs u Fi*. Cnemo-
BaTeNLHO, MOXXHO YTBEPkKAATh 00 00pa30BaHWU BHYTPUKOMILJICKCHOM BOJAOPOAHON CBS3U MEXIY aTo-
mMom Hj; monexyisl flv u 6muxkaitmmum atomom Fi* annmona BF4 . B xommiexce [Cu(flv)(BF,)(AN),]
(deHunbHOE KOJBIO MOJIEKYNbl flv ocraeTcs cTabWIM3MpOBaHHBIM ciaObiM Ban-nep-BaanbcoBeiM
nputshkeHrueM Mexay aromamu O 1 O3 XpOMOHOBOI'O PparMeHTa U OJIMKANIIUMU aTOMaMHu BOJOPO-
Ja (hPeHUITHHOTO KOJBIA, O YeM MOXHO CYIUTh MO 3eJICHOMY YYacTKy M30MOBEPXHOCTH JJEKTPOHHOMN
mIoTHOCTH. B KoHewHOM wmrore, nByrpanubii yron £ C;C,C,Cis B cucteme [Cu(flv)(BF,)(AN),]
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OKa3bIBaeTCs paBHBIM 23.4°) YTO 3HAYMTENHHO MEHBIIE YeM COOTBETCTBYIOIIMA YTOJN B CHUCTEME
[Cu(flv)(AN)s]*".

Koopmunanus Cu(ll) ¢ monekynoit flv mpoxogut yepe3 atrom O, mockodbKy pacctosiaus Oy...Cu
paBHbI 2.026 1 1.996A B cucremax [Cu(flv)(AN)s]*" u [Cu(flv)(BF4)(AN)4]" cooTBercTBeHHO. B 3T0
ke Bpems paccrostams O;...Cu paBusl 3.452 u 3.768A B cmcremax [Cu(flv)(AN)s]*" wu
[Cu(flv)(BF4)(AN),]", cootBercTBenHO. TaKsKe, aHAIN3 HEKOBAJIEHTHEIX B3aMMOIEHCTBHI CBUIETENb-
CTByeT 00 00pa3oBaHUM MPOYHON KOOPAMHALIMOHHOH CBsI3M MMeHHO Mexxay atomamu Oy 1 Cu (cuHee
KOJIBIIO M30TIOBEPXHOCTH AJIEKTPOHHOW IUIOTHOCTH). DTO TO3BOJSET yTBEPXKIATh YTO Mojekyia flv
SIBISICTCS. MOHOJICHTATHBIM JIMTAHJIOM TIPH BXOXKJCHHU B TIEPBYI0 KOOPIMHAIMOHHYIO cepy KaTnoHa
meru (1) B aeTronuTpue.

AHanu3 HEKOBAJICHTHBIX B3aWMOJCHUCTBUI B HCCIENYEMBIX CHCTEMax IOKa3all, YTO BHYTPHUKOM-
TUTEKCHAs BOJIOPOMHAS CBA3h MeXIy atomMoMm Hj monexymnsr flv m Gmmxaitmum atomom Fi* armona
BF, oka3biBaeTCsi HAMHOTO CHJIBHEE Y€M BHYTPUMOJICKYIIIpHAs BOopoIHas cBsi3b Hj...04 B MoOJIEKY-
ne flv. B 5710 e Bpems, npu obpasoannn komiuiekca [Cu(flv)(AN)s]*", BHyTpuMoneKyIspHas BOJ0-
pomHas cBs3p B Mousekyne flv paspeiBaeTcs. OTO TO3BONSIET TMPEATIONOXHTH YTO KOMIIIEKC
[Cu(flv)(BF4)(AN),]" sBsercs Gonee craGumbabivM gem [Cu(flv)(AN)s]*". BTopsiM aprymeHTOM B
T0JIb3y JAHHOTO HPETONOKEHHUs ecTh To, uTo B KoMiutekce [Cu(flv)(BF4)(AN),]” deHunIbHOE KOMBIIO
OKa3bIBaeTCs BHYTPEHHE-CTa0MIN3UPOBAHHBIM Cla0biM BaH-aep-BaanbcoBBIM MPUTSIKEHUEM MEXKITY
atomMamu O; 1 O3 XpOMOHOBOTO (pparMeHTa M OJMDKANHIIIMMU aTOMaMHU BOJIOPOoa (DEHUIIBHOTO KOJIbIIA.
Bcenenctue storo asyrpannbii yron £ C3;C,Ci1Ci¢ B cucteme [Cu(ﬂV)(BF4)(AN)4]+ OKa3bIBaCTCs
paBHbIM 23.4°, a B cucteme [Cu(flv)(AN)s]*" — -43.1°. Panee, 6bUIO MOKA3aHO, YTO MOIOKEHHE TOI-
BIDKHOTO (DEHMIIBHOTO KOJIbLIA CTAOMIIM3UPYETCS TeTePOIMKINIECKIM KOJBI[OM, B CIy4yae ecii 3Ha-
yenune audapanbHoro yrina / C3C,CyCig He BBIXOAMT 3a mpeaens 0° < 6 < 30°[46].

Crout oT™MeTUTH, 9yTO BXOXaeHue BF, anmona, u monekynsl flv, B Onmxailiryro KOOpIuHAIIHOH-
Hy10 cepy karnona meau (I1) He3HAUNTENBEHO BIIMSET HAa PACCTOSHIE MEXIY IEHTPAILHBIM aTOMOM H
KOOPJIUHALMOHHBIMHU IIEHTpAMH MOJIEKYJ arneToHuTpuia. PaccrosHne mexnay atomamu Cu u O4 B
xommiexcax [Cu(flv)(AN)s]*" u [Cu(flv)(BF4)(AN),]", Take MeHstercs HesHaunmtenbno: 2.026 A u
1.996 A cootserctBenHo. O6pa3oBaHHe KOMILIEKca ¢ Mojekysoi flv Biuser Ha mnonoxenue BF,
aHHOHA B COJIbBATHOM oOojouke katuoHa meau (II) mesHaumtTenvHo. JlaHHbIe (PaKTHI TO3BOJSIIOT YT-
BEPXKIaTh, UTO HelTpabHbie Juransl (flv u AN) SBISIOTCS paBHO3HAYHBIMU 110 OTHOIICHUIO K IICH-
TPaILHOMY aTOMy C OJIMHAKOBBIM MEXaHW3MOM O00pa30BaHUs KOMIUIEKCHOW YAacCTHIBI Yepe3 Heroie-
JICHHYIO TIapy 3JIEKTPOHOB.

3aknoueHme

B manHOI cTaThe MpeaCcTaBIeHBI Pe3yIbTaThl KBAHTOBO-XMMHYECKOTO pacyéra M aHaIHN3a HEKOBa-
JICHTHBIX B3aUMOJICHCTBHIT YeTHIPEX cOMbBATOKOMILIEKCOB Katnona Meau (I1), a umenno: [Cu(AN)]*",
[Cu(BF4)(AN)s]", [Cu(flv)(AN)s]*" u [Cu(flv)(BF4)(AN),]". AHANOrHYHBIME METOAAMH ObIIa HCCIe-
JIOBaHa TUTaHApHAas KoH(opMaIus MOoJeKyinbl 3-ruapokcudiaaBoHa (flv). AHamu3 reoMeTprudecKux
XapaKTEPUCTUK MCCIICIOBAaHHBIX KOMIUIEKCOB TOKa3aj, 4T0 HeWTpanbHble auranasl (flv u AN) sBms-
IOTCSl pPAaBHO3HAYHBIMU 110 OTHOIICHHIO K IICHTPAIbHOMY aToMy, a Mojekyia flv B mepBoit koopauHa-
uoHHOM chepe karnoHa Meau (11) He BIMseT 3HAUNTENBEHO Ha TIoNIoKeHNe BF, aHMOHa B cONBBAaTHOM
obomouke. M3 mccinenoBaHusl TeOMETPUIECKIX XapaKTEPUCTHK B KOMOWHAIIMK C aHAJIN30M HEKOBa-
JICHTHBIX B3aMMOJICHCTBUN OBLI ClEJaH BBIBOZA 00 00pa30BaHUU BHYTPUMOJIEKYJISPHOU BOAOPOIHOMN
cBsi3u B Monekyine flv. Beiio mokaszano, uro monekyna flv sBisieTcss MOHOACHTATHBIM JIUTAHAOM IO
OTHOIIIEHUIO K IIEHTPAJIHLHOMY aToMy, a KOOPAWHAIUS OCYIIECTBISIETCS Yepe3 aTOM KHCIIopoaa Kapoo-
HUBbHOM Tpyrmsl. [Tpu o6paszoannn kommiekca [Cu(flv)(AN)s]*" 66110 MOKa3aHo, 4TO BHYTPHMOIIC-
KyJsipHas BOJOpPOAHAs CBsi3b B Monekyne flv  paspeiBaeTcs. B komiuiekce  cocraBa
[Cu(flv)(BF,)(AN),]" 6bL10 MoKa3aHO 0Opa30BaHUE BHYTPUKOMILIEKCHOH BOJOPOIHOM CBS3H MEKIY
aTOMOM BOZOPO/ia TUAPOKCHIIBHOW TpyNIbl MoJiekyibl flv u Ommxkaiimmmm aromom ¢ropa BF, anuno-
Ha. Takum 06pa3zoM, ObLIO MOKa3aHO, 4To conbBaTokoMiieke [Cu(flv)(BF,)(AN),]" sBnsercsa Gonee
yeroiunBbiM 1o cpasHennio ¢ [Cu(flv)(AN)s]*", u3-3a 06pa3soBaHHs POYHON BHYTPHUKOMIUICKCHOI
BOJIOPOAHOM CBSI3M M CTAOMIM3AIlMU MOJABIKHOTO (PEHMIFHOTO KOJIbIIa MOJIeKybl flv oTHOCHTENBEHO
CTpPOTO IJIAHAPHOTO XPOMOHOBOTO (hparMeHTa.
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bnaropapHocTun

Hannas pabota Obula BBINIOJIHEHA B paMKaX Hay4HO-HCCIIEOBATEIBCKOW paboThl "Oprannyeckue
MOAHU(UKATOPHI U MOH-MOJIEKYJIIPHBIE CUCTEMBI M HOBbIE MaTepHalbl HA UX OCHOBE JJIS aHAJUTHYe-
CKOTO U  D3JIEKTPOXMMUYECKOIO  HCMONb30BaHMA" (HOMEp TOCYJapCTBEHHOW  perucrpanuu
0118U002025) MunucrepcTBa 00pa3oBaHusl U HayKu YKpawHbl Ha 0a3e Kadeapbl HEOPraHMYeCKOi
XUMUH XUMHYECKOTO (haKyibTeTa XapbhKOBCKOTO HAMOHAIRHOTO yHUBepcuTeTa uM. B.H. KapasuHa.
ABTOpBI BbIpaxaroT OnarogapHocTh HaydHo-TexHHYecKOMy KoMIUIiekcy "MHCTHUTYT MOHOKpHCTAa-
noB" HAH VYkpauHbl 3a mpeaoCTaBICHUE BBIYMCIUTENBHBIX PECYPCOB AJIA MPOBEACHUS KBAaHTOBO-
XMMUYECKUX PACUYETOB.
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[.0. Hogikos*, O.M. Kanyrin*. KomnnekcoyteopeHHsi Cu(BF4)2 3 3-rinpokcucpnaBoHOM B aLeTOHITpWNi: KBaHTO-
BO-XiMi4YHUIN pO3paxyHOK.

* XapkiBCbkuI HauioHanbHUM yHiBepcuTeT iMeHi B.H. KapasiHa, xiMiyHuiA chakynbTeT, kadeapa HeopraHivyHoi
ximii, margan Ceoboan, 4, Xapkis, 61022, YkpaiHa

Y poboTi nNpeacTtaBneHo pesynbTaTh KBAHTOBO-XiIMIYHOIO OOCHIAKEHHS CONbBaTOKOMMIEKCIB kaTioHa Kynpy-
my(ll) 3 aueToHiTpuriom (AN), TeTpaCbJ'Iyopof’}OpaT-aHiOHOM (BF4) T1a 3-rippokcudpnasoHom (flv) cknagy
[Cu(AN)6**, [Cu(BF4)(AN)s]", [Cu(flv)(AN)s]**, [Cu(flv)(BF 4)(AN)4]" 3 BUKOPUCTAHHSIM Teopii (PYHKLIOHAITY ryCTUHM
(DFT) Ha piBHi M06-2X/6-311++G(d,p). Mpu iHTepnpeTauii oTpuMaHux pesynbTaTiB, 0co6nMBy yBary npuaineHo
reomeTpii CONbBaTOKOMMIEKCIB, @ TaKoX TOMOMOrii PO3NOAINEeHHS eNeKTPOHHOI rNYCTUHWN B TEpMiHax HeKoBaneHT-
Hux B3aemoginn (NCI). YcraHosneHo, wo monekyna flv € moHogeHTaTHUM niraHgom ansa katioHa Kynpymy(ll), a
KoopavHauis BigbysaeTbca 3a ydacTi atoma OkcureHy kapOGoHinbHOi rpynu. [lig 4ac yTBOPEHHS KOMMMeKcy
[Cu(flv)(AN)5]2+ BHYTPILLHLOMOMNEKYNSAPHUI BOOHEBUI 3B’A30K, iCHYIOUMIA B i30MbOBaHin monekyni flv pospusaeTsb-
cs. MNpun yTBOPEHHI KOMMNMeKcy [Cu(flv)(AN)5]2+ PO3pMB BHYTPILLHEOMOJEKYNAPHOIrO BOAHEBOrO 3B’SI3KY CYNPOBO-
[XKYETBCA 3HAYHUM PO3BOPOTOM PYXOMOrO (PEHIMbHOro KinbUs BiAHOCHO MNaHapHOro XpPOMOHOBOrO dparmeHTa
monekynu flv. MNig yac BxomkeHHs aHioHa BF4~ go nepuuoi koopauHauinHoi cdepu katioHy Kynpymy(ll) yTBopto-
€TbCS1 BHYTPILLUHBOKOMMIEKCHWUI BOOHEBUIA 3B’I30K Mk aTomoM [igporeHy rigpokcunbHoi rpynu monekynu flv Ta
Hanbnmkynum atomom Pnyopy aHioHa BF,4 . AHania HekoBaneHTHVX B3aeMOAili Mokasas, L0 BOOHEBUM 3B’A30K
MiX aTomom [igporeHy rigpoKCunbHOI rpynu Ta Hanbnwkuum atomom ®nyopy aHioHa BF4 € Ginbw cTivikum, y
NOPIBHSAHHI 3 BHYTPILLHLOMOMNEKYNSAPHUM BOAHEBUM 3B’A3KOM B i30MboBaHii monekyni flv. Kpim Toro, pyxome de-
HinbHe kinbue monekynu flv y conbsaTokomnnekci [Cu(flv)(BF4)(AN)4]" € BHyTpilHbOCTabinisoBaHMM cnabkoto
BaH-gep-BaanbcoBoto B3aemogieto Mixk atomamm OKcrreHy XpOMOHOBOro dpparmMeHTa Ta Hanbnmwk4mmm atomamu
FipporeHy eHinbHOro kinbusa. Lle po3sonuno  3poOuMTWM  BMCHOBOK MNpPO  Te, WO CONbBATOKOMIIIEKC
[Cu(fiv)(BF4)(AN)4]* € GinbLu CTiftkiM K nopiBHsIHHI 3 [Cu(flv)(AN)s]**.

Knio4yoBi cnoBa: KBaHTOBO-XiMi4Hi po3paxyHku, Teopia dyHKuioHany ryctuHn, kynpym(ll) Tetpacdnyopobopar,
aueToHITpun, 3-rigpokcudnaBoH, KOMMNIEKCOYTBOPEHHS, BOOHEBUN 3B’SI30K.

D.O. Novikov*, O.N. Kalugin*. Complexation of Cu(BF4), with 3-hydroxyflavone in acetonitrile: quantum chemi-
cal calculation.

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

In the article the results of the quantum chemical study of copper (Il) solvato-complexes with acetonitrile (AN),
tetrafluoroborate anion (BFs) and 3-hydroxyflavone (flv) of the composition [Cu(AN)e]z", [Cu(BF4)(AN)s]",
[Cu(flv)(AN)s]**, [Cu(flv)(BF4)(AN)4]" are presented. Calculations were done using density function theory (DFT)
on the M06-2X/6-311++G(d,p) level of theory. Obtained results were interpreted in terms of complexes geometry
and topology of electron density distribution using non-covalent interactions (NCI) approach. It was shown that flv
molecule is a monodentate ligand in copper (Il) complexes and coordinates central atom via carbonyl oxygen.
Intramolecular hydrogen bond that exists in an isolated flv molecule was found to be broken upon [Cu(fIv)(AN)5]2+
complex formation. In [Cu(flv)(AN)5]2+ complex, a significant rotation of phenyl ring over the planar chromone
fragment was spotted as a consequence of intramolecular hydrogen bond breaking. Upon inclusion of BF4~ anion
to the first solvation shell of Cu®*, an intracomplex hydrogen bond was formed between hydrogen atom of hy-
droxyl group of flv molecule and the closest fluorine atom of BF4 anion. NCI analysis had shown that a hydrogen
bond between hydrogen atom of hydroxyl group of flv molecule and the closest fluorine atom of BF4~ anion is
significantly stronger than intramolecular hydrogen bond in an isolated flv molecule. In addition, flexible phenyl
ring of flv molecule in [Cu(flv)(BF4)(AN)s]" complex was found to be internally stabilized by the weak van der
Waals attraction between oxygen atoms of chromone ring and phenyl hydrogens. These evidences led to a con-
clusion that [Cu(flv)(BF4)(AN)4s]" complex is more stable, comparing to the in [Cu(flv)(AN)5]2+ complex.

Keywords: quantum-chemical calculations, density function theory, copper tetrafluoroborate, acetonitrile,
3-hydroxyflavone, complexation, hydrogen bond.
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JKcnepuMeHTanbHO C NMOMOLLbIO POTALMOHHOIO BUCKO3MMETpa METOAO0M TEMMEPaTypHOro CKaHMpOBaHUA
onpeeneHbl 3aBUCUMOCTU BENUYUH HANPSXKEHWUsI CABUra OT CKOPOCTW CABUra U paccymntaHbl 3hEKTUBHbIE
AvHaMmnyeckue BA3KOCTU cuctem Boaa-0.5% arapa (BA), Boga-2% xenatuHa (BXX) n Boga-0.5% arapa-2.0%
xenatuHa (BAX) B amanasoHe ckopocten casura 17-1021 c'un uHTepsane Temnepatyp 298-323 K. lNMony-
YeHHble 3KCNepPUMEHTArbHbIE KPUBbLIE TeYEHNUs BbINU annpoKCUMUPOBAaHbL! YPaBHEHUSIMU CTEMNEHHON Moze-
nn Octeanbaa, mogenu epwens-banknm n mogenu KaccoHa. YCTaHOBNEHO, YTO 3KCMEPUMEHTAarbHbIE pe-
3ynbTaTbl C XOPOLUEeN TOYHOCTbIO MOryT ObiTb OnucaHbl ypaBHeHuem [epwensa-banknu. PaccuyuTaHHble €
NMOMOLLIbIO 3TOr0 YpaBHEHUSI BENUYMHBI NPEAENbHOIO HanpshKeHUst caABUra U MHOEKCa TEKy4eCTn Nno3Bonunm
knaccudpuumpoBatb cucteMbl BA 1 BAX B obnactn temnepatyp 298-310 K kak HENMHENHO-NNacTUYHbIE C
YacTU4YHBIM NEpPexXoaoM K nceBaonnacTuieckomy TedeHuto. [lobaeneHue xenatmHa k cucteme BA npuBogmt
K ee «pa3XMKeHNI0» BO BCEM MHTepBarne TemneparTyp.

AHanua TemnepaTypHbIX 3aBUCUMOCTEN BSI3KOCTU C MO3ULUMIA aKTUBALMOHHOW TEOPUN BSIBKOTO TEYEHUSI NO-
Kasan OTKIMOHEHUWE OT NIMHENHOCTU KPUBOW 3aBUCUMOCTU Nlorapudma Bsi3KOCTU OT obpaTHOWM TemnepaTypbl C
NOHWXeHneM Temnepatypbl. JaHHbIV dakT C NO3ULMIA NONOXEHNIN O CTPYKTYPHOW BA3KOCTU CBUAETENbLCTBY-
€T O CyleCcTBOBaHWUN nepexoaa 30nb-renb. [lonyyeHHble Takum ob6pa3om TemnepaTtypbl reneobpasoBaHus
yMeHbLUaTca B pagy cuctem BA-BAXK-BXK.

B pamkax CTpyKTYypHOro nogxoga peoriormyeckue faHHble Obiny npoaHanmsupoBaHbl Ha ocHoBe 0600-
LLleHHON peonornyeckon mogenu KaccoHa. PaccumTaHHble M3 SKCnepuMeHTanbHbIX AaHHbIX BKragbl B Mpo-
LieCcC BSA3KOrO TEYEHMUS OT MHTErparbHbIX XapakTepUCTMK accoLMaToB MakpOMONEKY U OTAEMbHbIX YacTuy,
npu Ux rMapoauHaMuU4eckoM B3auMOZENCTBMU NO3BONUIN OOBACHUTL 3PAEKT MOHKEHUS BA3KOCTU CUC-
Tembl BA npu no6aBneHum xenaTtvHa paspyLUeHNEM CTPYKTYPHbIX 3NIEMEHTOB UCXOOHOW CUCTEMBbI.

KntouyeBble cnoBa: peonorus, xenaTtuH, arap, BA3KOCTb, refb, HanpshkKeHne casura, SHeprust aktusaumm,
CTPYKTYPHbIA NOAXOA.

BBeaenue

Hayunsle uiccnenoBanus B 00J1acTH cMecell OMOMOIMMEpPOB B MOCIEAHNE IBAIATh IISTH JIET UMe-
JIM 3HaYUTEIbHBIE TEMIIBI POCTa B MUIIEBOM NMpoMbINIeHHOCTH [1]. IlpuunHoil ToMy sBIseTCs cyllie-
CTBOBaHME Psilia IPOLYKTOB MUTaHUA B (popMe reneil, KOTOpbIe COCTOST U3 OHOMOIMMEPOB B Ka4eCTBE
OCHOBHOTO KOMIIOHEHTa, (popmupyromero crpykrypy [2]. Tak, KoHIuTepckre U3Ienus, B YaCTHOCTH
TOPTHI, MUPOKHBIE, TIEYCHBE M 3€(HUPHI, YKPAILICHHBIEC KEeJICHHBIMA U COMBHBIMH TOJTy paOpuKaTamy,
MOJIB3YIOTCSl 3HAYUTENILHBIM CIPOCOM y HACEJIEHHs BCeX CTpaH Mupa. TpaaulMOHHO NMPOU3BOICTBO
9TUX OTIEJIOUHBIX MOTY(haOpPHKAaTOB OCYIIECTBISACTCA Ha OCHOBE NEKTHHA WJIM CyJIb(aTHPOBAHHBIX
HOJINCAXapUIO0B U3 KPACHBIX MOPCKHX BOJOpOCIEH TakuX, Kak arap, QyprenapaH, arapous. JlaHHbIe
OuomonmMepsl 00J1a1aI0T HEOOXOAUMBIMU TEXHOJIOTHYECKIMHU CBOMCTBA, HO, K COXKAJICHUIO, SIBIISIOTCS
JOCTaTOYHO OPOTHM CBHIPHEM.

st ynpaBlieHUs] Ka4eCTBOM JKeJIEWHBIX U COMBHBIX MOJTY(HaOpUKaTOB, YMEHBIICHHS UX CE0ECTOMMO-
CTH, YBEIMUYECHHUS CPOKOB XPAaHEHUs KOHAUTEPCKUX H3JENUI B KOHIUTEPCKOM IMPOU3BOACTBE aKTyallb-
HOH 3aaveil SBisieTcsl pa3padOTKa HOBBIX, HAYYHO OOOCHOBAaHHBIX TEXHOJIOTHH Ha OCHOBE rejeo0paso-
BaTeJel C HCIOJB30BAaHUEM ChIPbS PETMOHAIBHOTO MPOM3BOACTBA. K TakuMm MHrpeaneHTaMm ciemyer
OTHECTH >KEJIATHH, KOTOPBIH SBIISETCS OMTHUM M3 HanboJiee BOCTPEOOBAaHHBIX B MUILEBOI MPOMBIIIICH-
HOCTH C IIMPOKUM CIIEKTPOM NPUMEHEHHS B KauecTBE Ieeo0pa3ylollero, 3arymaroliero, neHooopa-
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3YIOIIET0, CTaOMIM3UPYIOIIETO M CBS3BIBAIOIIETO BOAY areHTta. Tak B paborax [3—5] mpemiokeHsbl mH-
HIEBBIC TEXHOJIOTHM HAa OCHOBE refieoOpa3oBatelieil OeIKOBO-MOIHCaxapuIHON PUPOABI C UCIIONb30Ba-
HHEM CBIPbsl PETHOHAIBHOTO MPOU3BOJCTBA, TAKOTO KaK JKENATHH, KENUPYIOIHMHA KapTodenbHbIi Kpax-
MaJl, TUIO/IOBO-SATOTHOE U (PPYKTOBOE ITFOPE, YTO TO3BOJMIO PACHIMPHUTH aCCOPTUMEHT KOHIAMTEPCKOM
MIPOIYKIIMH, TIOBBICUTH €€ OMOJIOTUYECKYIO IIEHHOCTh, CHU3HUTh KaJOPUHHOCTh M CO3/IATh JKEJICHHBIE U
cOuBHBIE TONy(habpHUKaThl C YIYYIICHHBIMA OPTAaHOJENTHUYECKUMH W CTPYKTYypHO-MEXaHHYECKUMHU
cBOWcTBaMHU. B 0OCHOBE yKa3aHHBIX TEXHOJIOIUH JIEXKUT Ued O YAaCTUYHOM 3aMeHe arapa, TpaJAuIOHHO-
TO CBHIPHS ISl TIONyYEHHs YKa3aHHBIX BBIIIE BUAOB MPOIYKIMH, HA KOMOMHUPOBAHHBIA (MHOTOKOMIIO-
HEHTHBIN) reneo0pa3oBarTeib, COCTOSAIIMN U3 B3SATHIX B ONPENEIEHHBIX COOTHOIICHHUIX arapa, jejJaTnHa
¥ Kpaxmaja. Y CTaHOBJICHO, YTO KOMIUIEKCHOE HCIIOJIb30BaHUE CHCTEMBI «OEIKOBBIH reeo0pazoBaTeb -
CyTb(aTUPOBAHHBIN TTONMCAXapUJ - BOJA» MPHUBOAUT K YBEIHUYSHHUIO IPOYHOCTH, YIPYTOCTH, TIACTHY-
HOCTH, TEeMIIEPaTypHl TUIABICHUS JKeJle, IPH 3TOM HEMHOTO CHIDKAeTCsl TeMIlepaTypa 3acThIBAaHHS pac-
TBOPOB, U IPOJODKUTENBHOCTE CTPYKTYpooOpa3zoBaHus xeje [4]. Tak, Ipy COOTHOLIEHUSIX KOHIIEHTpa-
it komnoHeHToB 0.5% arapa-2.0% sxenaruna u 0.5% arapa-2.0% xenaruna-1.5% kpaxmarna BO3MOXK-
HO TIOJTyYUTh CTPYKTYPBI, KOTOPBIE TI0 TPOYHOCTH HE YCTYMAIOT TPAJUIIMOHHEIM Ha ocHOBE 1% pacTBo-
pa arapa [5]. [IpakTrka HCHIONB30BaHHUS OHMOMIOIMMEPOB TOJIMCAXAPUAHON M OEIKOBON MPUPOJIBI B ITH-
IIEBBIX TEXHOJOTHSX IS MPUIAHUS ONPEAETICHHBIX TEKCTYPHBIX XapaKTEPUCTHK SBJISIETCS TPaAULIUOH-
HoH. [Ipu uCTONBE30BaHNM MIX CMeCei BaYKHBIM CTAHOBHUTHCS aCHEKT X COBMECTUMOCTH JPYT C APYTOM U
CIOCOOHOCTH ONTHUMAJIFHO B3aWMOJICHCTBOBATE APYT C IPYTOM C LIEIBIO MPEIOTBPAIEHUS HEKEeTaTelb-
HOT'O pa3JielicHus Ha JBe oTAeibHbIe (a3bl [1,6].

Takum 00pa3zoM, yUUTHIBasI, YTO JKEJATHH SIBISAETCS PACIPOCTPAHEHHBIM OT€YECTBEHHBIM CBHIPHEM,
€ro WCIOJh30BaHHE B KOMOMHHPOBAHHOM Telieo0pa3oBarene ¢ Cyib(haTHpOBAaHHBIM MOJIUCAXAPHIOM
arapoM TMpPEACTABISETCS AaKTyaJdbHBIM ISl PEryJIMPOBAHUSA PEOJIOTHUYECKHX U CTPYKTYpHO-
MEXaHUYECKHX CBOHCTB, KOTOPBIE ONPEAEISIOT BHEUIHHE M BKYCOBBIE XapaKTEPHCTHUKU >KEICHHOM
NpoAyKIud. B yka3aHHBIX MyOJHMKaIWsIX aBTOpaMH OCHOBHOE BHHMaHHE OBLIO yIIEIEHO HCCIeI0Ba-
HUIO CTPYKTYPHO-MEXaHHUECKUX CBOMCTB. B TO ke BpeMms, peoslorndecKie UCCIEIOBaHUS 3aHUMAIOT
3HAYUTEIIFHOE MECTO B TEXHOJOTHMUYECKOW MPAaKTUKE MPEANPHATHN MUTAHUS U SBISIOTCS HEOOXOIH-
MBIMH IS OTIPE/ICTICHHUS PA3IMYHBIX CTPYKTYPHO-MEXaHHUYECKUX XapaKTEPHCTUK MHUIIEBBIX CHUCTEM
[7]. Peonoruueckue xapakKTepUCTUKH TEISI UMEIOT OOJBINIOE 3HAYCHUE JUTSI YCTAHOBIICHUS CBSI3U MEK-
Iy ero KOMIIOHEHTaMH M CTPYKTYPOH, a TaKkKe OKa3bIBAIOT BIMSAHUE Ha pa3pabOTKy MPOMEXYTOYHBIX
CTauil TEXHOJIOTUYECKUX IPOILECCOB MPOU3BOJACTBA. DTO U MPOIECCH MMOTOKA MPOIYKTOB B TPyOO-
MIPOBOJIaX, BKIIFOYAIOIINE B Ce0S TPAHCIIOPTUPOBKY JKUAKOCTEH, CHCTEMBI PEUPKYJIISIIUH, OTCTOMHUKH
Y TEeTJIO0OMEHHUKH, U TPOLIECCHI, CBA3aHHBIE C TETNIOOOMEHHOM OT TEXHOJIOTHYECKOTO 000PYIOBaHUS
K mpoaykty [8]. ns pacdera nepenana AaBJeHUS MIPOTEKAOLIEH KUAKOCTH B TpyOe TpedyroTes peo-
JIOTMYECKHEe AaHHBIE [0 M3MEHEHHUIO BS3KOCTH B JHAla30HE CKOPOCTEH CIBHTa, MOAETHPYIOMIHUX II0-
BEJICHHE peabHON CHUCTeMBI B mpoliecce. YacTo, 3TO yNpoIleHHbIe MOJeNH, 0a3upyromuecs Ha cre-
neHHOM 3akoHe. C OJJHOI CTOPOHBI, 3TH MOJENN MMEIOT HeJOCTaTOuHOe (yHAaMeHTaIbHOe 000CHO-
BaHUE, HO, C JIPYTOH CTOPOHBI, JOCTATOYHO TOYHO OIMHUCHIBAIOT PEOJIOTHYECKOE TIOBEJICHIE B OTPaHU-
YEeHHOM JHaIra3oHe CKOPOCTEH CABHTra. DKCIIEPUMEHTAIbHBIE TAHHBIE, KOTOPHIE TIO3BOJISIOT OIperie-
JSATh KO3 (GUIMEHTHl aNNpOKCUMHUPYIOLEH MOAEH, MOJMYYaroT C HCIOJIb30BAHUEM POTALMOHHOTO
BHCKO3UMETpa B JHMAla30He CKOPOCTEH CABHUra, COOTBETCTBYIOIINX MPUMEHEHHUIO B MPOMBIIIICHHO-
CTH, B JaHHOM ciydac B auamasone 1—-100 ¢ '. B TemmooGMEeHHBIX MPOLEccax BBIGOP KOHCTPYKIIHH
TEII000OMEHHMKA 0a3UpyeTCsl Ha 3HaHUAX PEOJOTHUECKUX CBOMCTB MPOIYKTa.

Takum 00pa3omM, BSI3KOCTh CHCTEMBI Kak (YHKLUS TeMIepaTyphl, JaBJICHUs, CKOPOCTH MOTOKA, MO-
JIEKYISIPHON MacChl U CTPYKTYPhI COCTABISIONINX KOMIIOHEHTOB UMEET OOJBIIOe MPAKTUIECKOe 3Ha-
YeHHE.

Lenpio ganHOW pabOTHl OBUIO MCCIEJOBAaHHE PEOJIOTHYECKUX CBOMCTB BOAHBIX PACTBOPOB arapa,
JKeJIaTUHA U UX CMECH B 3aBUCHMOCTH OT CKOPOCTH CIBHUTA U TEMITEPATYPHI.

3Kcnepvme|-|Tan bHasA 4acCTb

PeakTuBbl 1 MaTepuaJbl. B padore 6putn ncnionb3oBaHsl xenatuH numieBoi [1-11 (TM «Mpus»,
VYkpanna) u arap CERO Agar Agar powder Type 8925 S (C.E. Roeper GmbH, I'epmanus) co cie-
IOYIOUIMMHU XapaKTepUCTUKAMH, IPHBEJICHHBIMU B CepTU(UKATE KauecTBa MPOU3BOIUTENS: TUIOTHOCTh
900 r/cm’, pasmep uactur 100 Mesh, Temnepatypa reneobpazosanns 35-41 °C, pH (1.5% pactsop)
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6.0-8.0, cogeprkanne Bnaru MakcumaiabHoO — 12.0%, 30mpHOCTD — 1.5%. I IpUTrOTOBIEHUS PacTBO-
POB HCIOJIB30BAIH TUCTUIIIMPOBAHYIO BOAY.

OKCIIepUMEeHTaIbHO OBLUTH HCCIIeNoBaHbl cucTeMbl Boma-0.5% arapa (BA), Boma-2.0% xemaTuHa
(BX) u Boga-0.5% arapa-2.0% xenatuna (BAXK). Bce cucteMbl TOTOBUIIM pacTBOPEHHEM COOTBETCT-
BYIOIIMX HABECOK CYXHMX KOMIIOHEHTOB B BOJE C MOJIy4eHHEM pacTBOpoB oObemom 200 mi. B3pemm-
Banue npoBomy Ha Becax IKEA (IKEA GmbH, 'epmanus) ¢ Tounoctsio 0.01 T.

PacTBOpBI XenaThHa TOTOBWIIN clieAyromuM o0pa3oMm. K TouHOI HaBecke keaTHHA T00aBIsIach
BOJIa, ITOCJIE Yero keiaaTuH HaOyxan B TedeHue 30—40 munyT. Jlanee Ha BomsHou O6ane IKEA (IKEA
GmbH, 'epmMaHus) ¢ KOHTpoJIEM TeMIepaTyphl MIPOBOANUIOCH PACTBOPEHUS JKeJaTHHA MIPU TeMIlepa-
type 323 K ¢ nmocnenyomum oxjakaeHHEM 10 KOMHATHOW TeMmepaTypbl. B oxnakaeHHBIH pacTBOp
N00aBIIsUIach BOJA C pacueToM IOIy4eHHs TpeOyeMoi KOHIIGHTpaluy pacTBopa. Janee pacTBop Tiia-
TEJBbHO MepeMeNInBaCs Ui pAaBHOMEPHOTO pacipeiesieH s JKelaTuHa.

PacTBOpEBI arapa B Boie TOTOBHJIM MO TPOLEAYPE, aHAJTIOTHYHON MPUTOTOBJICHUIO BOAHBIX PacTBO-
POB KellaTuHa, C TOM pa3HULEH, UTO paCTBOPEHUE arapa MpoBOIWIM pu Temneparype 368 K.

[IpuroToBieHne BOIHOTO pacTBOpa CMECH yKa3aHHBIX KOMIIOHEHTOB IIPOBOJMIIN U3 TOUHBIX HaBe-
COK CyXHX KOMIOHeHTOB. CHauana Mpou3BOAWIN PAacTBOpPEHHUE arapa npu temneparype 368 K B mo-
JIOBUHHOM O0beMe BOIbI, 3aTeM OOOABISUIM KEJIAaTUH B PACTBOP, OXJAKACHHBIA A0 TeMIIEpaTypbl
323 K, u mocie ero mojHOTrO pacTBOPEHHUsS JOBOJMIN MOJYYEHHBIM pacTBOp BOJOW /10 MaccChl, COOT-
BETCTBYIOIECH yKa3aHHBIM KOHLIEHTPALIUSM KOMIOHEHTOB.

O0opynoBaHue U MEeTOAUKA Hccae0BaHusA. Peoornueckue n3MepeHusi NpOBOAMIN Ha POTalu-
orHoM BuckozuMetpe OFITE Model 900 Viscometer (OFI Testing Equipment,, Inc., CILIA) ¢ cucre-
Mo# aByx mwmHApoB Kyamia B nuamasone ckopocteit Bpamierus 1-1000 obopor/munyTta (RPM) ¢
touHocThio 0.001 obGopor/mMuHyTa. BO BCEX M3MEpEHHSIX HCIIOJB30Baiach KOMOWHAIIMS OCHOBHBIX
Y3JI0B BUCKO3UMETPa, ONPEACIISIOMHNX IOIyCTUMbIE BETHUUHBI 3()()EKTUBHONH TUHAMUYECKOH BS3KO-
cteil (MuHEAMabHYIO0 Bemmuuay 0.5 mIda-c mpu 1021 ¢ ' u makcumansnyo 107 mITa-c mpu 0.01 cfl):
npyxuHa — F1.0 (mocrosauas 386), porop R1 (pammuyc 1.8414 cm), 606 B1 (pamuyc 1.7245 cm), KoH-
CTaHTa CKopocTu casura 1.7245 C*I/RPM, WHCTPYMEHTaJIbHas KOHCTaHTa k 171t maHHOW KOMOMHAITIH
npyxuHa-000-potop 300. [Ins kanuOpoBKM yKa3aHHOTO BHCKO3UMETPA HCHOJIB30BAIN CHIIMKOHOBOE
macio Calibration Fluid Batch: 100 cP NIST N 132-80 (OFI Testing Equipment,, Inc., CIIIA). Ka-
JTMOPOBKY MPOBOAMIIN MPpH TemriepaType 298 K. 3aBucuMoCTh KpyTSIIEro MOMEHTa TOPCHOHA OT CKO-
poctu medopmanuu casura B auanazone 0-1021 ¢ ' uMena IHHElHYIO 3aBUCHMOCTB ¢ KOd(h(hHUIHEH-
ToM Koppemsuu 0,9999 u BenMuYMHONW HYJNEBOro KpyTALIEro MoMeHTa paBHOro 20534, KoTopslil Ha-
Xonuics B TpeOyeMbIX mpezenax (HeOOXOMUMBIM OHWAMa3oH IS TPaBWIIBHOW paboThl mpubopa
20000-21000 c 3aBoxackoii HacTpoiikoi 20500) 3amanHoi xecTkocTH npykuHbl F1.0. YkazanHas ka-
AUOPOBOYHAS 3aBUCHMOCThH OblJa MCIIONB30BaHa NpU 00pabOTKe HKCIEPHMEHTAJIbHBIX NAaHHBIX IS
pacueTra AMHAMHYECKOH BSI3KOCTH 1], CKOPOCTH JeOopMalliy CABUTra Y W HalpsDKeHHs caBura tT. Bee
pacyeThl MPOBOIIIIH 110 CTAHAPTHBIM IS POTALMOHHBIX BUCKO3UMETPOB TUNa Kyaiia ypaBHEeHHIM B
aBTOMAaTHYECKOM KOMIBIOTEPH3UPOBAHHOM DEXHME C HCIIOJIb30BAHHEM IMPOrPAMMHOTO IMPOAYKTa
ORCADA™ Model 900 Software (OFI Testing Equipment, Inc., CIIIA). [Tony4enHbie sKcriepruMeH-
TaJIbHBIE JaHHBIC HANIPSDKEHUS CABHTA (T) OT CKOPOCTH CABHTa () UCIOIB30BAIN ISl pacueTra 3ddek-
TUBHOH ITUHAMUYECKOW BA3KOCTH (1)) HCCIEJOBAaHHBIX CHCTEM BO BCEM HWHTEpBajie TEMIIEpaTyp IO
BeIpakeHHIO (1):

n="1/y (1

TepMocTaTupoBaHHE PacTBOPOB B IKCIEPUMEHTE MPOU3BOAMIN C MOMOIIBIO CIEHHAIBHON MpH-
craBku Universal Heat Cup (OFI Testing Equipment,, Inc., CIIIA) ¢ TemmepaTypHBIM CEHCOPOM —
TepMmonapoii Tumna J. 3aganue, noaaepkaHue, U3MEPEeHNe U MOHUTOPUHT TeMIIepaTypbl OCYIIECTBIISII-
Csl aBTOMAaTHYECKU C MMOMOILBIO YKa3aHHOTO BhIIIE MporpaMMHoro mpoaykta ORCADA™ Model 900
Software ¢ TounocTsio B peaenax 0.1 K.

OO6mee BpeMsl M3MEPEHHs BA3KOCTH BO BCEM TeMIIEpaTypHOM HMHTEpBajie CO CKaHHUPOBAaHHEM IO
CKOPOCTSIM CIBHUTa HE MPEBBIIAN0 5 MUHYT IpH KaXa0l Temiepatype. CKaHUPOBaHUU MO CKOPOCTSIM
CBWTa MPOBOAMIIM OT OoJbIIel ckopocTH kK MeHbmier (ot 600 mo 10 RPM). [Ipu nepexoxe oT oxHOM
TEMIIEPaTypsl K OPYTO B PEKUME OXJIAKACHUS HCCIEAyeMbIH pacTBOpP IIOCTOSHHO IIE€PEMEIINBAIICS
MOJIBYDKHBIM IIVUTHHIIPOM U3MEPUTEITFHOM CHCTEMEI CO cKopocThio 600 RPM.
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B npouecce n3MepeHus HCIONb30BANIN IBA PEXKUMA TEMIEPaTyPHBIX H3MEPEHUI B 3aBUCUMOCTHU OT
IpeanogaraeMoil TeMreparypsl reneoOpasoBanus. [locieHIO0 ONEHUBAIN 110 CEPUU TTPEABAPUTEIb-
HBIX AKCIEPUMEHTOB. JlJI1 3TOr0 MPOBOJWIN W3MEPEHHE HAIPSHKEHUS CABUIa HCCIENYEMBIX CHCTEM
npu ckopocTu czpura 1021 ¢! B Temmneparyprom urTepBane ot 333 10 298 K B pexuMe OXIakIeHHs
co ckopoctbio 0.5 K/mun. Ha puc. 1a npuenen oOpasel] KpuBoi H3MEHEHUs BI3KOCTH cucTeMbl BAJK
OT TeMIepaTyphl, OJyYCHHON IyTeM OMMCAHHOTO BhIle cKaHupoBaHus. Kak BuaHo u3 puc. la, Ba3-
KOCTb CHCTEMBI ITOHM)KAETCS C IIOBBIIIEHHEM TEMIEpaTypbl C JOCTATOYHO HU3KOH CKOPOCTBIO. JTa
CKOPOCTb YBEIMUUBAETCS ¢ MPUOIMKEHUEM 30JIb-TEJb MEPEX0Aa U CTAHOBHUTCS OUYeHb OBICTPOH ¢ Ha-
yasioM reneodpazoBanusi. O0a yyacTka KPUBBIX OJU3KH K JTUHEHHBIM. ABTOpamu B [9] Todka, B KOTO-
poii MeasneHHas (BBICOKOTEMIIEpaTypHas) KpHUBas, XapakTepHU3YIOLlas BHCKO3UMETPHUECKOE MOBEIE-
HUE 30J1, HAYMHAET OTXOJIUTh OT JIMHEHHOCTH, ONpeesieHa KaKk cTaThdecKas TemrepaTypa reixeodpa-
3oBaHusA. Ha puc. la sTa Temmeparypa COOTBETCTBYET TOUKE IEpECeUeHUs NEPIEHANKYISIpa C OChIO
temneparyp. Ilpu TemnepaTypax HMXKe CTaTHYECKOH TeMIIEpaTypbl Ieleo0pa3oBaHMs BSI3KOCTh CHC-
TeMBbI Oy/IeT pacTH BO BPEMEHH, YTO CBA3AHO C MPOUCXOAIINM B CUCTEME MPOLIECCOM TejeodpazoBa-
Hust. Kak BugHO 13 puc. 10, Takoi npouecc Habmaronaetcs ans cucteMbl BAXK npu ogHoit u3 Temmepa-
Typ HIDKE TEMIEepaTyphl TejeodpazoBanus, a uMeHHo nipu Temrieparype 300 K. B tedenue 90 munyT
BSI3KOCTh CHCTEMbI yBEIMUYMWIACh B 3 pa3a. IIpu 3TOM cieayeT yuuThIBaTh, YTO CAEPKUBAIOIIUM (hak-
TOPOM JUISI TIpoliecca resieoOpa3oBaHMs ABISIIACH MEPEMEIINBAHUE CHCTEMBI CO CKOPOCTBIO CABHIa
1021 ¢!, ipu KOTOPO#t MPOUCXOMUT MOCTOSHHOE PA3PYIICHHE CTPYKTYPBI CHCTEMBL.
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Pucynok 1. a) 3aBucumocth 3 dexkTuBHOi Bsizkoctu cucreMbl BAXK oT Temneparypbl; ckaHHPOBaHUE CO
ckopoctbio 0.05-0.025 K/mun npu ckopoctu ciasura 1021 ¢'. 6) Usmenenne Bsskoctn cucreMsl BAJX Bo
BpeMeHH npu ckopocty casura 1021 ¢ ' u Temneparype 300 K.

Takum 00pazom, U3MEpEeHHs TIPHU TeMIIepaTypax BBIIIE CTATHYECKOW TeMIIepaTypsl reixeodpa3zoBa-
HUS IPOBOJIAIIN TIPH YCIIOBUH TEPMOCTATHPOBAHUS UCCIEAYEMOT0 00bEKTa TIpH 3aJaHHON TeMITepaTy-
pe. Bpems TepmocTaTupoBaHUs MPU KaXKI0M TeMIiepaType COCTaBIsuIo okojo 15 munyt. [Ipu Temme-
paTypax HIDKE TeMIlepaTypbl reneoOpa3oBaHHs W3MEPEHHS MPOWU3BOAMIN B PEXHME CKaHUPOBAHUS
TeMIrepaTyphl co ckopocThio 0.1 K/MIUH B MOMEHT HOCTHXEHHUS CHCTEMOM 3aJaHHOM TeMITepaTyphl. 3a
BpEMs U3MCPCHUA BA3KOCTU C U3MCHCHHUEM CKOPOCTU CIABUIa TEMII€paTypa HE H3MCHAIACh (BpeMH
u3MepeHus 10 5 muHyT). Kak BugHO U3 puc. 10, Bpemst 5 MUHYT, B T€UEHHE KOTOPOTO OMpPEeIsach
BA3KOCTh CHCTEM CKaHMPOBAHHWEM IO CKOPOCTSIM CHBHTa, HE MPHUBOIIIO K CYIIECTBEHHOMY H3MEHe-
HUIO CTPYKTYPBI CUCTEMbBI C TOYKHU 3PCHUA BIIUAHUA IIPOILICCCa rene06pa3OBaHI/m Ha BA3KOCTbh CUCTCMBI
(B mpenenax 5%). C mpyroii CTOPOHBI, U3 BBINIECKA3aHHOTO CJIEIYET, YTO BEIIMYMHBI d(PEKTUBHOM
JTUTHAMHYECKOH BA3KOCTH CHUCTEM, OIPEIEIICHHbIC TIPY TeMIIepaTypax BhIIIE CTATHYECKON TeMIepaTy-
pHI Teneo0pa3oBaHus, COOTBETCTBYIOT PAaBHOBECHOMY COCTOSIHHIO KHIKOW BSI3KOTEKYUYEH CHUCTEMBI.
AHanoruyHbple BEJIUYMHBI, ONpPEICICHHbIC MPU TeMIepaTypax HIKE 3TOH TeMIepaTypbl, COOTBETCT-
BYIOT HEPAaBHOBECHOMY COCTOSIHHIO CHCTEMBI, HaXOJSIICHCs B JOCTATOYHOM BPEMEHHOM JHAaIla3oHe
OT PaBHOBECHOTO COCTOSIHFSI, KOTOPBIM SIBIISIETCS TIPH JTaHHOW TeMITepaType TBEPAOIOJ00HOE COCTOS-
Hue rens. Tekyiee COCTOSHUE CUCTEMBI TIPU U3MEPEHUH CIIEyeT 0XapaKTepU30BaTh KaK BI3KOTEKY-
Yyee KUJKOE COCTOSHHE C MaKCHMAalbHO Pa3pylIEHHOW CTPYKTYpPOW NpPU AaHHOW CKOPOCTH CIBUTA.
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OxJaxk[IeHNe CHCTEMBI NMPUBOJIUT K BIUSHUIO TEMIIEpaTyphl Ha 3TO TEKyIIee COCTOSHHE, KOTOpOe
ociabeBaeT ¢ TOYKU 3pEHHS pa3pyIleHHs CTPYKTYPHI IIPH TAHHON CKOPOCTH CIIBUTA Oiaromapsi BIUs-
HUIO MIPOMCXOISILET0 MEePexoa 30Jb-reflb. Takasi MoCTaHOBKA HKCIIEPHUMEHTa MPUBOIUT K MOTYUYCHUIO
Benn4rH 3PPEKTHBHON BA3KOCTH CHCTEMBI, KOTOPHIE MO CMBICTY SBJSIOTCS KXKYIIUMUCS, T.K. 3aBH-
CST OT YCIOBHHA WX TOJXYYSHHA. DTO BPSAJ JIU MMOJHOCTHIO MOKHO CUHTATh YAOBICTBOPHUTEIBHBIM IS
(yHIaMEHTaIbHBIX MCCICIOBaHUM, HO C JOCTATOYHON TOYHOCTHIO COOTBETCTBYET TEXHOJIOTHYECKUM
CTaJMsIM IPOMEXYTOUYHBIX IPOLIECCOB MOTyUEHHS KeJICHHON MPOIYKINH.

JmHaMHYeCKyT0 BSI3KOCTh JKHAKOCTEH HBIOTOHOBCKOTO THIIA OIPENENSUTH C IIOMOIIBI0 BUCKO3H-
MeTpa ¢ MaJalluM IapukoM (Bucko3uMmeTp ['emmiepa). B skcnepuMenTe OBUT UCIIOIB30BaH CTEK-
NAHHEIA mapuk (nuamerp 15.804 mm, macca 4.9630, miotHocTs 2401 r/cm’, koucTanTa k=0,008684
mlla-c/T). Beibop mociaeaHero mo3BOJIAI MTPOBOIUTE U3MEPEHUS B Ipeaenax BpeMeHu manenus 60-300
C, 4TO 00ecIeunBao 3asiBICHHYIO IIPOU3BOAUTENIEM TOYHOCTh M3MepeHuit okoio 2%. Ilepecuet Bpe-
MEHHU MaJIcHU MapuKa t B JMHAMUYECKYIO BSI3KOCTh OCYIIECTBIIUIN 10 hopmyiie (2):

t —
n= (p1k pz)’ @)
rze p; — IVIOTHOCTh LIapHuKa (CTEKJIO0), P, — MIIOTHOCTh MCCIEAYEMON KHUIKOCTH MIPH TEMIepaType u3-
MepeHust. [IIoTHOCTh HccaenyeMbIX )KUAKOCTEH MPUHUMAIN BO BCEM AMANa30HE TEMIIEPaTyp PaBHBI-
MU TUIOTHOCTH BOZBI TIPU COOTBETCTBYIOIIEH TeMrepaType. BpeMs majeHus onpeaessuii BU3yaibHO C
MOMOILBIO PYYHOTO ceKyHIoMepa ¢ ToyHOCThIo (0.2 c. TepMocTaTHpOBaHHE HCCIEAYEMBIX KHUIKOCTEH
B BUCKO3UMETpPE OCYIIECTBISUIM ¢ noMmouisio Tepmoctara U-4 (MTM, I'epmanus) ¢ Tounoctsio 0.1 K.
KoHTponb TeMIiepaTypbl MPOBOIIIN € MIOMOIIBIO PTYTHOTO TEPMOMETpA, MOMEIIEHHOTO B TEPMOCTa-
TUPYEMYIO 000JI04KY BUCKO3UMETpA, ¢ TouHOCThIO 0.1 K.
O0paboTKy SKCHEPHUMEHTAIBHBIX JAHHBIX M PacdeT KOA(QQPHULIMUEHTOB PErpPEeCCHOHHBIX MOJeJeit
npoBoamin B nakere SigmaPlot v.10 (Systat Software Inc., CIIIA).

Pe3ynbTaTbl M 06Cy)kaeHue

Ha puc. 2a moka3zaHa 3aBUCHMOCTh HAINPsDKEHHS CIBUTA OT CKOPOCTH JAedOpMaluy CABHUTra JUIs
BceX HccnenoBaHHbIX cucteM. st cuctem BA u BAX yka3anHble peorpaMmbl I€MOHCTPUPYIOT TH-
MIUYHOE TOBEACHHE >KUAKOCTEH C HEHbIOTOHOBCKHM XapaKTEpPOM TEUCHHS B IUAla30HE M3yUYCHHBIX
ckopocreii casura 42-1021 ¢

Hust cucrem BXX kpuBbie ¢ JOCTaTOYHO BBICOKUM 3HaueHHsT KOOQQHUIIMEHTA KOPPESIInU (He HUXKE
0.99) omuceiBatoTCS MPSMOM JTHHHEH, BBIXOIAIICH C TOYKH Hadaiaa KOOPAHMHAT, YTO COOTBETCTBYET
HBIOTOHOBCKOMY Tully TedeHusi. OnHako, cienyer 3aMeTHTh, YTO BEJIMYMHbI BA3KOCTH ObUIH MOJIyde-
HBI TIPH CKOPOCTSX cBura He Hike 340 ¢, IIpu Goee HU3KHMX CKOPOCTAX SKCIIEPHMEHTaIbHBIC Be-
JIMYUHBI HANIpsDKEeHUs caBura craHosstcd menble 0.5 Ila yxe npu temneparype okoso 298 K u cHu-
KaroTCsl IPH JaJbHEWIIEM MOBBIIICHUH TeMIepaTypbl. Takue HU3KHE 3HAYEeHUs] HAUPSDKEHUS! COBUra
MPUBOIAT K OOJBIION HEONPENEIeHHOCTH B H3MEPEHUH BEITMUMHBI B3KOCTHU, YTO CBS3aHO C MapaMeT-
paMu KOHCTPYKIHH NpY>KHUHA-000-poTop.

Ha puc. 26 npusenens! peorpammsl i cucteMbl BAXK npu pazmuunbix Temmneparypax. [lobiire-
HHUE TEeMIIEpaTypbl MIPUBOIUT K CHIDKEHHUIO HANPsDKEHMS CIBUTA NPH AAHHONW CKOPOCTH CABMIA TS
BCEX TEMIIepaTyp U CKOPOCTe cABUra. AHaJOrHYHas KapTHHA HaOII0AaeTcs U I CUCTeMBI BA.

Kak cnenyer u3 puc. 2a, noGaBiieHue KeIaTUHBI K cucTeMe BA NpUBOIUT K yMEHBILECHHUIO HAIPS-
KEHUS CABHUIA CUCTEMbI IIPU JAHHON CKOPOCTH cIBHUTra. J[pyruMu ciioBaMmu, H0OaBIEHHE >KEIaTHHbI
«pazKIKaeT» BOAHBIN pacTBOp arapa, Jienas ero 60oiee TeKydnM.

MatemaTruyeckoe ONMCaHUE PEOJOTMUECKOro MOBEACHUS KUIKOCTH SABISETCS MPENNOChUIKON s
HWH)XEHEPHOT'0 pacyera mpouecca TeueHus. OHaKo, B IPAKTHYECKUX pacdyeTax UCIOJIb3YIOTCS MHOTO-
o0pasue Mopesel Al ONMCAaHUsI KPUBBIX T€UEHHs B OTIMYHBIX 10 XMMUYECKOM MPUPOAE CHCTEMaXx.
[lo mMHenuto aBTOpoB 0030pa [10], MpoaHaNM3UPOBABIINX PEOIOTHUECKUE AaHHBIC ATl PasIMUHBIX
CHCTEM, «MOKHO BBIOpATh MOJIXOAAIIEE PEOJOIMYECKOe YpaBHEHHE IS OMMCAHMS JII0OOOT0 3KCIIepH-
MEHTa, HE 3alyMbIBasICh O PEATbHOM MEXaHU3ME TEUCHMA», YTO BIIOJIHE NMPHEMIIEMO ISl MHXKEHEP-
HBIX TPHJIOKECHUH, HO HEJNb3sl CUYUTATh NPUEMIIEMBIM C TOYKH 3pCHHUS (YHIAMEHTAJIbHON HAyKI».
Hcxons U3 «TEeXHONOTMYECKOW» e U TOro (akTa, YTO CUCTEMBl OBUIM M3YyYEHBI B HEJOCTATOYHO
LIMPOKOM AMAaNa30He CKOPOCTEH cIBUTIA, [UIA LEJIeH amlpOKCHUMAIMM 3KCIIEPUMEHTAIbHBIX JaHHBIX
OBUIM pacCMOTpPEHbI HanboJiee YacTO UCTIOIb3yeMble ISl HCCIEOBAHNS COOTHOILIEHUS MEX Ty Hamps-
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JKCHUEM CIIBUTA U CKOPOCTHIO CIIBUTA MHIIEBBIX MATEPHATIOB CICAYIOIINE MOJCIU: CTCIICHHAS MOJICITh
OctBanpaa (3), mogens ['epmiens-bankmu (4) u mogens Kaccona (5):

T=Kvy", 3)
t=1,+KYy", 4)
V2= TZZ +ni/;2Yl/2 , (5)

re Tp — AMHAMUYECKOe MpeieNbHOe HalpshKeHne CIBUra, K U n — SMIUPUYECKHIE MOCTOSHHBIE, Ty U
1, - IpeAes TeKy4ecTH U BI3KOCTh 1o Kaccony.
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Pucynoxk 2. a) 3aBUCHMOCTb HaNpsDKEHUS CABUra OT CKOpocTH caBura amns cucreM BA, BAX u BXK mpu temmnepa-
type 303 K. 0) 3aBHCHMOCTDh JMHAMHYECKOH BSI3KOCTH OT CKOPOCTH ciBura Juii cuctembl BAJXK mpu pasmuuHbIx
temnepatypax (302, 305, 308 u 311 K)

Jng aHanm3a anmpoOKCUMUPYIOMIEH CITOCOOHOCTH YKa3aHHBIX BBIIIE BBHIPAKEHHH, OBITH BHIOpAHBI
MpOOHbIE KPHUBBIE TEUEHUS CUCTEMbl BA mpH HEKOTOPBIX TeMIlepaTypax, KOTOpble OBLTH M3yUeHBI B
Gosee MUPOKOM JHama3zoHe ckopocTeii capura 1-1021 ¢! (14 ckopocrteii). Ha puc. 3 npusenena onna
U3 TaKUX KPUBBIX TCUECHHMsI IJIs1 yKa3aHHOU cucTeMsbl npu temiepaTtype 303 K B koopauHatax moneneit
OctBanpaa u ['epmens-bankmm (puc. 3a) u Kaccona (puc. 36). AHanu3 MONYYSHHBIX PE3yJIETATOB C
TOYKHM 3PEHUSI CPaBHEHUs KOX(PQPHUIMEHTA KOPPESIIUU U CPEAHEKBAAPATHYHOTO OTKIOHEHHUS DKCIIe-
PUMEHTAIBHBIX JaHHBIX OT PACCUYUTAHHBIX M0 YPABHEHUIO HEJTMHEWHOUN perpeccuu mokasal, 4To Hau-
JTydIeil anmpoKCUMHUPYIOIIEH CITOCOOHOCTRIO ob0nazaeT mMonenb [ epmens-bankmu. [anHas momens
MOJTy4YMJIa IIHPOKOE PacTpOCTPaHEHUE IS ONMCAHUS Pa3IMYHBIX MUIIEBHIX CHCTEM [7], B TOM YHCie
U U1 (PPYKTOBBIX JKeJe C MpeaesioM TeKydecTH [8]. JKuakocTu ¢ mpeaenoM TeKy4ecTH BeayT ce0st Kak
TBEpJOE TEJI0 J0 TeX IMOop, MMOKa MUHUMAIbHOE HANpsHKeHNE, N3BECTHOE KakK MpeeNl TeKy4ecTH, He
OyZIeT mpeo1oNIeHo 7S Havajga TeueHHUs MaTepuana. YKa3aHHas MOJelb B Ka4ecTBE HeJOCTaTKa nMe-
et ¢akT puznyeckoii HeOOOCHOBAaHHOCTH KO3 GHUIIMEHTa ToKa3aTelns creneHy n. OQHako, B HEKOTO-
PBIX PEOJIOTUYECKHUX MCCIEAOBAHUSIX MTOCTOSHHAS N pACCMAaTPUBAETCS B KAYECTBE WHAECKCA TEKYUYECTH.
Ero 3HaueHme MeHbIE EOWHUIBI U TICEBAOIUIACTUYECKHUX, PABHO €IWHUIE ISl HPIOTOHOBCKHX H
BBIIIIC CAMHMUIIBI VIS AMIATAHTHBIX KUAKOCTEH. B obmem cimyuae moxaens ['epiens-bankiu B 3aBucH-
MOCTH OT KOMOMHAIIMU 3HAYEHHUH T¢, BI3KOCTH 1| M 1 TIO3BOJISIET BBIICIUTH JIEBATH BUJIOB KPUBBIX Te-
YEHUS MUIIEBBLIX cUCTEM [7].

B Tabn. 1 mpuBenens! ko3ddunments! ['epmens-bankmm ans cucrem BA n BAX Bo Bcem unTEp-
BaJie M3yUYEeHHBIX Temmepatyp. [IpoBenenHbIe pacueTsl 10 yka3aHHOMY ypaBHeHUIO (1) marot xoporee
corjlacHe C JKCIEPUMEHTAIbHBIMU JAaHHBIMH C BBICOKMM KO3()()UIIMEHTOM KOppEIALWH Ha ypOBHE
0.997-0.999.

W3 momydeHHBIX TaHHBIX MOXKHO CIIENaTh CIIEAYIOIINE BHIBOIBI:

. paccunTtanable K03(dunreHTsl ypaBHeHUs |epmens-banknn u 3Ha4eHHS BSI3KOCTH CHUCTEM
ITO3BOJISIOT OTHECTH HCClIeoBaHHbIe cucTeMbl BA 1 BAXK x HelMHEHHO-TUTACTHYHBIM (To>0,
n>0, n<l);
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MIpY TOBBIIIEHUN TEMIIEPATyphl MPEAETHHO HANPSHKEHUE CIABUTAa CTAHOBUTCS MaJlo OTIMYHBIM
OT HYJIS, YTO CBUAETEIBCTBYET O MEPEXOAE CUCTEM K TUIMYHOMY IICEBIOMIACTHYECKOMY Te-
yernto (1,=0, >0, n<l);

MIpYU JaJbHEHIIEM MOBBIIIEHUH TEMIEPATYPhl CUCTEMBI CTAHOBATCS MPAKTUYECKH HBIOTOHOB-
CKUMHU (MCTUHHO BsI3kuMH) (1o=0, >0, n=1);

paccunuTaHHbBIE 3HaYEHHS N BO3PACTAIOT C MOBBILIEHHEM TEMIIEPATYPhl U MPAKTHUECKU JOCTH-
TaroT €AWHULBI, XapaKTepU3ys yBEINUEHHE MHJIEKCA TEKYYECTH CHUCTEMBI 10 €r0 BEINYHHEI B
XKHUJIKOCTSX HBIOTOHOBCKOTO THIIA;

WHJEKC TeKy4yecTH cuctemMsl BA BrIlIe mpu Bcex TemmepaTtypax, dyem st cucteMbl BAX, uto
CBHIETENLCTBYET O (haKTe «pa3KWKECHUS» BOTHOTO pacTBoOpa arapa ¢ J00aBJICHHUEM XKeJaTu-
Ha;

MHUHHMMAJIBHO 3HaYCHHUE Mpeiena TeKy4eCcTH, KOTOPOe MPenCcTaBisieT co00i MUHUMAIBHOE WIIN
MpelIeNbHOE HAMPSDKEHUE CIBUTA, U U3YYEHHBIX CHCTEM IOBBIIIACTCS ¢ MOHMKEHHEM TEM-
nepartypsl, a Takxe mpu nepexozge or BAX k BA, uro xapakrepusyeT yIpo4HEHHE CTPYKTY-
PBI CUCTEM.
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PucyHoxk 3. a) 3aBUCHMOCTb HalPsKEHUA CABHUra OT CKOPOCTH cBUra Juid cucteM BA mpu temnepatype 303

K (R*=0.9921n1s monemu OctBanbaa u R*=0.998) mns monenn eprmens-Bamkmu) . 6) 3aBucuMocTs 2 o

Y

1/2

s cuctemsl BA nipu Temneparype 303 K (R*=0.983).

Taémmua 1. Koadhdunmentsr ypaBHennss Xepuumi-bankinu Uit onucaHus 3aBUCUMOCTH HaIPSKSHHS
casura 3 dextuBHOH Bs3kocTH cucteM BA 1 BAX npu paznuaHBIX TeMiepaTypax

Cucrema

T,K BA BAX

To, I1a n Tun* Ty, [1a n Tun
298 1.35 0.433 HII — — —
299 1.26 0.442 HII — — —
300 1.31 0.446 HII 1.28 0.693 HII
301 1.27 0.451 HII 1.16 0.715 HII
302 1.35 0.480 HIT 1.13 0.740 HIT
303 1.28 0.511 HIT 1.01 0.754 HIT
304 0.550 0.533 HIT 0.904 0.797 HIT
305 0.536 0.657 HIT 0.578 0.814 HIT
306 0.568 0.699 HIT 0.356 0.816 HIT
308 0.166 0.762 HIT 0.220 0.852 HIT
309 0.080 0.786 I1I1 0.206 0.907 HIT
311 0.107 0.806 I1I1 0.080 0.951 I1I1
312 0.079 0.855 I1I1 0.035 0.967 I1I1

316-323 0-0.1 0.90-0.98 II1—->H 0-0.1 0.9-1.0 II1—->H

* HII - nenuneiHo-11acTHYecKas KU aKocTh, I1I1 - nceBpo-mnactuueckas ;kuakocth, H — HEIOTOHOBCKAs! )KMIKOCTD.
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[locnenHuii BBIBOJ CieTaH C MO3UIMH CTPYKTYPHOTO TOJX0/a, B paMKaxX KOTOPOTO YMEHbBIIEHHE
BSI3KOCTH CHCTEMBI CBA3BIBAIOT C Pa3pyIICHUEM CTPYKTYPHBIX AJIEMEHTOB YACTHII MO BO3JACHCTBHEM
caBuroBoro TeueHus [11]. BenuuuHbl mpeaenbsHOTO HAMPSKEHUS! CIBUTA, IIUPOKO HCIIONb3yeMbIe B
MUIIEBON MPOMBIIIIICHHOCTH ISl TEXHOJIOTHUYECKUX IIeJIeH, OTPEAeISIOTCS IKCTPATIONAINeH TaHHBIX
KPHUBOI TEUEHUS] paBHOBECHOI'O MOTOKA 3a MpeJebl caMOl HU3KOM M3MEPEHHON CKOPOCTH CIIBUTa Ha
HYJIEBYIO CKOPOCThH CIIBUTa. B HacTosIIEeM MCCIIeZIOBaHNU HE BCE TaHHBIE OTHOCATCS K paBHOBECHOMY
COCTOSIHUIO TIOTOKA, C OJHON CTOPOHBI, U CKOPOCTH CIIBUTA HE SIBIIOTCS HU3KUMU I TaKUX LIeeH, C
Ipyroit ctopoHbl. [103TOMy JeTalbHBIN aHaTU3 MOTYUYEHHBIX 3HAUEHHUH T¢ IPOBOAUTH HE MPEACTaBIIs-
€TCsl KOPPEKTHBIM.

U3 skcneprMeHTaNBHBIX TAHHBIX KPUBBIX TEKYYECTH OBUIM PACCUUTAHBI BETHMYUHBI A((EKTUBHON
JTUHAMAYECKOHN BS3KOCTH MCCIICIOBAHHBIX CHCTEM BO BCEM MHTEPBAJIC TEMIIEPATypP U CKOPOCTEH CIIBU-
ra. Ha puc. 4 npusenenst 3D muarpammel 3aBucuMocTel 3HEKTUBHON BSI3KOCTH OT CKOPOCTH CIBHTa
U TeMreparypsl aisa cuctem BA u BAXK.

U3 momydeHHBIX 3aBUCUMOCTEH ISl YKa3aHHBIX CUCTEM HAOIF0OaeTCs YMEHbBIIEHHE BEIMYHH 1| C
MOBBIIIICHUEM TEMIIEPaTyPhl B CKOpocTh capura. [Ipu Temmneparypax Beime 320 K mabmomaercs cia-
0ast 3aBUCHUMOCTh BSI3KOCTH OT CKOPOCTH CJIBHTa, YTO XapaKTEPHO JUIS HHIOTOHOBCKUX JKUIKOCTEH.
IIpu mepexone ot cucremsl BA k cucteme BAXK BA3KOCTH yMeHbIIAETCS, TO €CTh MOATBEPKIACTCS
paHee cIelaHHBIA BBIBOJI O TOM, UTO JOOaBIEHHE JKelaThHA K cucTeMe BA «pazkmkaeT» cHCTEMY.
s cucremsl BXK, kak u ObLIO OTMEUEHO BBIIIE, B Tpe/eiaX MOrPEIIHOCTH KCIIEPUMEHTA Ha0JII0 1a-
€TCsl TIOBEJICHHE OJIM3KOE K HHIOTOHOBCKOMY THIMY TedeHus. [lodToMy B nanbHeiieM, B U3y4eHHOM
JMara3oHe CKOPOCTEH CIBUTA BETMYNHY BSA3KOCTH CUHTAIN NMOCTOSIHHOM. [Ipy yMeHbIleHnn Temmepa-
TYPBI BSI3KOCTh TaHHOH CHCTEMBI yBEIHMUNBANIACH, KaK U B CITydae ABYX JPYTHX CUCTEM.
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Pucynok 4. 3D nuarpammel 3aBucuMocTH 3¢ dexTHBHON AuHaMuueckol BsiskocT BA (a) 1 BAX (0) ot
CKOPOCTH CIIBHTa U TEMIIEPATYPBbI.

CornacHo aKTHBAIIMOHHOW TEOPHS BS3KOTO TEUEHUS TeMIlepaTypHas 3aBUCHMOCTh TUHAMHUYECKOM
BSI3KOCTH OITMCHIBACTCS ypaBHEHHEM DipuHTa-DpeHKens:

ET]
lnn:A+E, (6)

rae A- IIOCTOsHHA, ETl — DHCPI'U aKTUBALIUN BA3KOTO TCUCHUA. Ha puc. 5 NPUBCACHBI 3aBUCUMOCTHU

Inm ot 0OpartHOil TeMIiepaTyphl I UCCIIEOBAHHBIX CHCTEM.

s Bcex Tpex CHCTeM HaOJIOaeTCs HeTMHEWHBIX XapaKTep 3aBUCUMOCTH Inn oT oOpaTHOHN TeM-
neparypbl. OTKIOHEHHE OT JTMHEHHOCTH C MOHIMKEHHEM TEMIIepaTyphl OOBIMHO OOBSICHAIOT B TEPMU-
HaX CTPYKTYPHOH BSI3KOCTH, CBS3bIBasi €€ C 00pa30BaHHEM MPOCTPAHCTBEHHOW CTPYKTYPbI, KOTOPas
BO3HUKAET B Pe3yJIbTaTe Mepexo/ia 30JIb-Tellb B Mpollecce reineodpazoBanusi. HavaneHas Touka OTKIIO-
HEHHsI Ha KPUBOW COOTBETCTBYET TEMIIepaType Hadaja rejeoOpazoBaHus. M3 aureparypHBIX HCTOY-
HUKOB [12] M3BECTHO, YTO KJIACCHUECKUE TeJe00pa3oBaTelid THIIA arapa M eJlaThHa, 00pa3yroT MpH
MOHIKEHUH TEMIIEPaTyphbl HEKOBAJIEHTHBIEC MOJIUMEPHBIE T€IIU COTJIACHO CXEME:
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KIIyOOK — CITUpaib — reilb (7)
Arap cocTouT u3 (pakinui arapossl ¥ araponektuHa. GopMHUpOBaHKUE MPOCTPAHCTBEHHON CETKU
BOJIOPOJHBIX CBSI3EH B IIpOIlecce Teieo0pa3oBaHue B arape MPOUCXOIST IPH TeMItepaTypax Hiwke 40 ©
C. B HarpeToMm pacTBOpe MOJIEKYJIbI arapo3bl CyIIECTBYIOT B BHJE YCHJICHHBIX CIHpalieii, KOTOpbIE
[IPU OXJIAXKICHHUH JAI0T TEPMOOOpaTHMBbIE XPYIIKAE U MyTHBIE TEJIH B Ipoliecce 00pa3oBaHUs CIHPaTU
(oaMHApHOW WITM TBOWHOW) M MOJMMEPHBIX acCOUMATOB. JKenaTHHbI 00pa3yIoT refib MPH OYeHb HU3-
koi koHuenTpaiuu (0,5-1% mac./mac.), koTopsiii mwaButcs npu Temmeparype ot 300 mo 302 K. Cy-
LIECTBYIOT /IBa TUIMA refiei: Gu3ndecKkue u Xumudeckue renud. OU3nuecKuif, KOTOpBId SIBISETCS TPO-
3pauyHbIM U DJIACTUYHBIM, MOJYYAIOT MPH OXJKACHUHM B pE3ylibTaTe Mepexona KIyOKOB B TPOWHBIC
crupaiii. XMMHUYECKHUH Tellb 00pa3yercsl B pe3yJIbTaTe CITUBKH MEX/TY MOJIMMEPHBIMH [EMSIMH U TIPH-
BOJIUT K IOJYYEHHUIO KECTKUX Telel ¢ yiydiieHHoH TepmocTabmibHocThiO [13]. [Tockonbky B3aumo-
JICUCTBUSI, KOTOPBIC COMPOBOXKIAIOT ITU TMEPEXO/bl, SBISIOTCS HHU3KOIHEPTETHUECKUMHU (BOJIOPOTHBIE
CBSI3U W BaH-JIeP-BaabCOBBIC B3aMMOJICHCTBHS), MPOIlecC releo0pa3oBaHusl SIBISETCS TEpMOOOpaTu-
MBIM [14].

InM

©)

1.0

PoTaunoHHbIN
lennnepa

0.8 1

[e]

0.6 4

04

Inm

0.2 1
0.0 |

-0.2

-04 ‘ T ‘ T : ‘
2.8 29 3.0 3.1 3.2 3.3 34

1000/T, K
(8)

Pucynok 5. 3D nuarpammbl 3aBUCUMOCTH Inm OT 00paTHON TeMIiepaTypbl U CKOPOCTH CIIBUTra JiIsi cUCTeMbl BA
(a) u BAXK (0). B) 3aBucumocts Inm ot oOpaTHO# Temmneparypsl mis cucrembl BXX B Bome (Bsi3kocTh ObuIa
ofpeieieHa ¢ MOMOIIBIO ABYX BUCKO3UMETPOB: POTALMOHHOTO U ['enmepa).
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Kak BugHO 13 puc. 5 a, mins cuctembl BA Temmeparypa reneoOpa3oBaHUs 3aBUCHT OT CKOPOCTH
ciBUra M MeHseTcs B mpenenax 314-316 K npu ymenbmenuu ckopoctu casura ot 1021 go 17 ¢
[TosydeHHbIe 3HAYECHUST HAXOJATCS B MHTEPBAJIC TEMIIEPaTyp releo0pa3oBaHusi, PUBEICHHBIX B Cep-
tudukare nmpouszBoautens. s cucrembr BAX 3aBHCHMOCTB OT CKOPOCTH CIIBUTA HE HACTOIBKO OUe-
BHJIHA U TeMIIepaTypa rexeodpazoBanus JexkuT B ipeaenax 310-312 K. Jlns cucremsr BX ykazannas
TeMIepaTypa COOTBETCTBYeT BenuuuHe npudiusureiabio 300 K. Takum 00pa3om, HOMUMO CHIDKEHHS
BSI3KOCTH, T0OABIICHHE KellaTHHA K cucteMe BA cHukaeT TemrepaTypy reaeo0pa3oBaHusl CHCTEMBI.

s aHanu3a MOMy4YeHHBIX Pe3yIbTaTOB 3aBUCUMOCTEN 2 PEeKTUBHON BAZKOCTH OT CKOPOCTH CIIBH-
ra ¥ TeMIepaTypbl IS U3yUYEeHHBIX CHCTEM BOCIIOJIb3YEMCSl CTPYKTYPHOM PEONIOTHMYECKOW MOJENbIO,
pa3paboTaHHOI I pacijiaBoB MOJMMEPOB, HO XOPOLIO ONMUCHIBAIOMICH TaKKe TUCTIEPCHBIE CUCTEMBI
u pactBopsl oaumepoB [10,15]. CyTh maHHOTO MOJENHN 3aKItoYaeTcs B O0OBICHEHUH PEOJIOTHUECKOTO
MOBEJIEHUS] CUCTEMBI M3MEHEHHEM CTPYKTYPBI CHCTEMBI, MO KOTOPOW MOHWMAETCS OIpeIeIeHHOe
PAacIOIOKEHHE B MPOCTPAHCTBE OTACIBHBIX MM CBS3aHHBIX MEXY COOO0W 4acTHll (TBEP/bIX YACTHIL,
Karreib, MUIEIUT Wik Makpomoliekyn). CTpyKTypa XapakTepu3yeTcs paclipellelieHneM I10 pa3Mepam
arperaTtoB 4acTull (MJIM acCOIMaTOB MaKpOMOJIEKYJ), (hOpMOM YacTHI[ WM arperatoB, BHyTPEHHUM
CTPOEHHMEM arperaToB M OpueHTauued B MpocTpaHcTBe. [lomyueHHass aBTOpaMH MOJIENb SBISETCA
000011IeHIEeM U PacHpOCTPaHEHHEM Ha peaslbHble CUCTEMBI KJIACCHUYECKOW MHKPOPEOIOTHYECKON MO-
nemr Kaccona [16] ¢ nOTIONHUTENEHOM TPAKTOBKON KO GHUIIMEHTOB 3TOM MO Ha OCHOBE KHHETH-
YECKHUX yPaBHEHHM pa3pyIICHHs—BOCCTaHOBICHHs arperaroB mojenu Kpocca [17]. Ilpenmaraembrit
MEXaHHU3M BSI3KOTO TCUCHUS CBSI3aH C JMCCUIIAIIUEH SJHSPTUU ITOTO TCUCHUS NIPU 0OTEKAaHUU COBOKYII-
HOCTH arperaTtoB W OTAEIbHBIX YaCTHI] IPU YCIOBUHU UX THAPOJIMHAMHYECKOTO B3aHMMOICHUCTBUS, BO3-
MOJKHOTO Pa3pyIIEHHUs] arperaTtoB 3a CUET Pa3phIBAIONINX THAPOJUHAMHYECKAX CHII U OObEIUHEHHS
P CTOJIKHOBEHUAX 4acTuil u arperato [10]. O0001IeHHOE YpaBHEHUE TEUCHHS )i TAKOTO TOJIX0-

Ila, TIPEJICTABJICHO BHIpaKeHUEM (8):
/2, 1/2
2 _ TC/ Y/
T = 1/2
Xty

rae emmunasl T,"%, % ,m."> — SABIAIOTCA MHTErpalbHBIME XapaKTEPUCTHKAMHU CTPYKTYPHPOBAHHOM

+n l/2yl/2 (8)

c

CUCTEMBI, B HaIlleM CIIydae, PaCTBOPOB OMOIMOIMMEPOB. VX BEIMYMHBI MTOTyYaIOTCs allllPOKCUMAITUCH
OKCTIIEPUMEHTATIBHBIX JaHHBIX KPUBBIX TEUCHHsSI B IIHPOKOM HHTEPBae CKOPOCTEH CABHUIa HA y4acTKe,
rae HaOIoAaeTCsl POCT HANPSDKEHUS caBura. B oTimumne oT BeIpaxkeHuit (3)-(5) maHHBIC MapaMeTpsl
UMEIOT (PU3NYECKUI CMBICT Ha OCHOBE KMHETHYECKOW MOJENH pa3pyLICHUSI-BOCCTAHOBICHUS CTPYK-
TYpPHBIX arperaroB CHUCTEMbI. JTOT CMBICI CTAHOBUTCS MOHSATHBIM, €CIHM yYeCTh, YTO MEPBBIA WiIECH
ypaBHeHHUS (8) COOTBETCTBYET MUCCHUTIAIIMN SHEPTMH TIPH OOTEKAHWHM arperaToB MaKpOMOJEKYJ, a
BTOPOI - IOTEPSM SHEPIMM IPU JIBUKEHUU OTAEIBHBIX MAKPOMOJIEKYJ. M3 Takoro paccMoOTpeHUs
CIIelyeT, UTO HapaMeTp T MOKET OBbITh PACCMOTPEH KaK CyMMapHasl BSI3KOCTb CUCTEMBI IIPU MOJTHOM

paspyuicHu acCouuaToB IMOJIUMCPOB. KO3(1)(1)I/ILII/I6HTLI T, U ¥ XapaKTCpU3YIOT CTCIICHb arperanuu

CHCTEMBl M CTENEHb PBIXJIOCTH WIIM KOMIIAKTHOCTH arperatoB (MJIM accOlMaTOB MaKpPOMOJEKYN) B
pacTBOpax MOJIUMEPOB, COOTBETCTBEHHO [15]. Ykazanuble KOI(POHUITHEHTH CBSI3aHHBI ¢ TTapaMeTpaMu
KMHETHYECKOTO YPaBHEHHS, pacCCMaTPHUBAIOILETO JBIKEHHE YaCTHUI] B BA3KOW Cpefie, arperupyonmx-
Csl TP B3aMMHOM CTOJIKHOBEHHH, U PA3JEISIOMINXCS M0/ BO3AEHCTBUEM TEMJIOBOTO ABM)KEHUS U THI-
POAMHAMHYECKUX PACTATMBAIOLINX CHIL.

ITonydeHHble B HacTOsAIIEH paboTe SKCIIEPUMEHTAIbHbBIE JaHHbIE ObUIN TAKKE alllPOKCUMHUPOBAHbI
ypaBHenueM (8) mpu Temmepatypax 298-315 K. Bridop Temmeparyp 0OycCIOBIIEH CIIPaBeIJIMBOCTHIO
ypaBHeHus (8) Aisl cilydaeB IUIACTHYHOTO MJIM IICEBIOIUIACTHYHOIO MoBeaeHHs cucteMsl. IIpoBenen-
HBI€ pacueThl II0Ka3aIy, YTO ypaBHEHHUE (§) JIydllle ONMChIBAET SKCIIEPUMEHTAIbHbIE JaHHBIE 110 CPaB-
HEeHHIO ¢ BoIpakeHHsIMH (3)-(5). Tak nucnepcus anmpoKCUMAIMK yMEHbIIaeTcs B 3-5 pa3 1o cpaBHe-
HUIO ¢ ypaBHeHueM [ 'epuens-bankmu.

/2

1 12
Ha puc. 6 npuBeneHa TemnepaTypHas 3aBUCUMOCTb KOI(Q(PUIILEHTOB T,

u 1, . YKa3aHHbBIC Be-
JIMYMHBI YMEHBIIAETCS C YBEIIMUEHUEM TeMIlepaTypsl Ui ooenx cucteM BA u BAX.

Beime ObI10 0TMEUEHO, 4To KO3 dunueHT Bsa3kocTH Kaccona ncl/ ? ONIUCHIBAET TEUEHUE CUCTEMBI C
MOJHOCTBIO Pa3pylIEHHBIMH arperaraMy 4acTHll, T.e. ¢ OTCYTCTBYIOIIMMH accoIlHaTaMi MaKpoMoJie-
KyJ1. [ToaTromy, ObUTH MTOTyYeHBI HU3KUE 3HAUCHHUS BSI3KOCTH, TIOKA3bIBAIOLINE YMEHBIICHUE BETHIHHBI

C TIOBBIIIIEHWEM TEMIIEpaTyphl B CHIIy yBEJIWYCHHS TUCCHITALMK YHEPTHH ITOJ BO3JEHCTBHEM YCHIIU-
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BAIOIIETO TEILIOBOTO BMKeHUs (puc. 66). [Ipumeuarensro, uto m."? mms BAXK Bbime BO BceM HH-

TepBaje TEMIEpaTyp M0 CPAaBHEHMIO C AaHATIOTUYHON BeMUnHOU A71si BA, B TO Bpemst Kak Uil BEIMYUH
3¢ GEeKTUBHON BS3KOCTH, OBUIM MOJy4eHBI OOpaTHBIE pe3ynbTarhl. TakuM 00pa3oM, NpHU BBEICHUU
JKeJIaTHHA B JKUJIKOCTb C IIOJHOCTBIO Pa3pyll€HHbIMU acCOLUAaTaMy arapa BsI3KOCTb CUCTEMBI BO3pac-
TaeT, YTO BIIOJIHE JIOTMYHO, U CBSI3aHHO C YBEIMYEHUEM 4acTHll B cucteme. CiieoBaTeIbHO, HaOM0-

JaeMbIi 3PPEKT «Pa3KIKESHUSI» CUCTEMbl BA XKeJIaTHHOM ONpPeAesseTCs BKIAIOM BEJITUUMH rcl/ ‘n s

3HAYCHUS KOTOPLIX 3aBUCAT OT TeK}/H_[eﬁ CTPYKTYPblI CUCTEMBI. KOB(l)(i)I/I]_[I/IeHT CTPYKTYPUPOBAHHOCTU
1/2

cucTeM rc/ pacTeT ¢ MOHKEHHEM TeMITepaTyphl (puc. 6a), 4TO BIOJHE JIOTUYHO, YIUTHIBAs, IIPOUC-

XOIISAIIAHN MPOIIECC CTPYKTYPUPOBAHMSI CUCTEMBI (6) Tipyu 00pa3oBaHUU rejisd. DTOT Mporiece Hanbosee

BBIpaKEH B cucTeMe BA, 3HaUeHMS rcl/ * U1 KOTOPO# mouTH B 2 pasa BeiTe (Mpu Temmepatypax 300 K

u HwKke), gem s cucreMbl BAXK. Tlocnenanii ¢pakt u 00BACHIET d3(HEKT «Pa3KIMKEHUD) CTPYKTYPHI
BOJTHOTO pacTBOpa arapa ¢ BBEJICHHEM JKeJIaTHHA.

3.5 - 0.10
e BAX
3.0 1 0.09
2.5 1
0.08 +
2.0 1
o g
% 1.5 5 0.07 -
1.0 1 0.06 |
0.5 1
&k 0.05
T y T ' 0.04 " T ‘ ‘
295 300 305 310 315 300 305 310 315
Tk T K

(a) (6)

PucyHoxk 6. 3aBucumocTs 'Ecl/ g (a)m T]Cl/ ? (6) ot Temmepatypsl qust cuctemsl BA 1 BAX.

B [15] aBTOpamu moka3zaHo, 9TO KOI(PDHUITUEHT KOMITAKTHOCTH ¥ B CTPYKTYPHOH PEOJOTHIECKOM
MOJIETTN OTpeIeIsieTCsl OTHOILIEHNEM KOHCTaHT CKOPOCTEH JBYX IMPOIECCOB: CIIOHTAHHOTO pa3pylie-
HUS arperatoB W pa3pylICHHs arperaTa MoJ JCHCTBHEM PaCTSITUBAIONINX THUAPOJUHAMHYECKUX CHIL.
Jiis pacruiaBoB OTMMEPOB OBLIO TOJTYYEHO YBEJIHMUEHHE dTOro KO3 UIMEeHTa ¢ TOBBIIIEHUEM TEM-
mepatrypel. OTO CBS3aHO C yBEIMYEHHWEM BEPOATHOCTH CIIOHTAHHOTO DPa3pbiBa 3alleIUIEHUH MEXITy
MaKpOMOJICKYJIaMH, KOTOpasi JOJKHA BO3PACTaTh MIPHU YCHUIICHUH TEILIOBOTO JIBUKCHUS. AHAIOTHYHASL
TEH/ICHIUS ObLIa TOJydeHa W JJIs cucTeMbl BA, mis KoTopoi 3ToT K03 PHUIMeHT yBenTndanBaeTcs C
pocTOM TeMmmepatypsl B mpeaenax 1.8-4.4 Ha M3ydeHHOM TeMIlepaTypHOM HHTEpBaie. Takoe n3MeHe-
HUE TepeKphIBaeT HEKOTOPhIe KojeOaHus Toro koddduimenta npu OoTAETBHBIX TeMIepaTypax, Ha-
OJro/TaeMble MPY alPOKCUMAIIMU SKCIIEPUMEHTANBHBIX BennduH. J{ist cucrembl BAXK Obutu mosyude-
HBI PE3yJIbTaThl KOJIEOaHHUS STOTO KO3 (UIIMEHTa OKOJIO BETMYMHBI | BO BCeM TeMIepaTypHOM WHTEp-
Bajie. Takoi pe3yJbTaT, MO BCEH BEPOATHOCTH, MOXKHO OOBSICHUTH TEM, YTO BBEICHUE >KEaTHHA B
pactBop BA co3nmaet ahekt paspylieHns KOMIAKTHOCTH CTPYKTYPBI, KOTOPBIA YaCTUYHO YMEHBIIIAET
3¢ (deKT ee yCHUIIEHUS C TOHIKEHUEM TEMIIEPaTyPhI.

BbiBOADI

B xozne nanHoii pabOTH Ha POTALIMOHHOM BHCKO3MMETPE METOJIOM TEMIIEPATYPHOTO CKAHUPOBAHHUS
TIPOBEICHHBI peosioruiecKue uccieqoBanus cucteM BA, BXK n BAXK. DkcniepuMeHTanbsHO onpezerne-
HBl BEJIMYMHBI HANPSDKEHUS CIBUTA, 3PQEKTUBHBIC TUHAMUYECKUE BA3KOCTH 3THUX CHUCTEM B JMana3o-
He ckopocreii capura 17-1021 ¢ u unTeppane temmeparyp 298-323 K. ITomyueHHble SKCIEpPHMEH-
TaJIbHBIE KPUBbIE TE€YEHHs ObUIM alIPOKCUMUPOBAHBI YPAaBHEHMSAMHU CTeNeHHON mozaenu OcTBaibaa,
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mogenu ['epmens-banknu u mogenn Kaccona. AHanu3 pacdeToB MOKas3all, YTO HAWIYYIIEH ammpokx-
CUMHPYIOIIEH CIIOCOOHOCThIO OOsiamaer Mojenb ['epmiens-bankiu. PaccunTaHHble B paMKax 3TOM
MOJIENN BEJIMYMHBI PEAETHHOTO HANPSYKEHUs CABHIa M MHAEKCA TeKY4YeCTH TO3BOJIMIN KilaccupHLu-
poBatb cucteMbl BA 1 BAX B obmactu temnepatyp 298-310 K kak HenMHEHHO-TUTACTUYHBIE C Yac-
THUYHBIM IIEPEXOJIOM K IICEBIOIUIACTHUYECKOMY IoBeneHuto. [Ipu temneparypax Beie 315 K HaGmro-
JlaeTcs MPaKTU4YeCKU HbIOTOHOBCKMI TuIl TedeHus. [l cucremsl BXK paccmaTtprBamy HbIOTOHOBCKHI
THUI TEYEHMsI BO BCEM U3YUEHHOM MHTEpBaJle TEMIIEpaTyp.

ITony4enHsle 3aBUCHUMOCTH 3()()EKTUBHOM BSI3KOCTH JUI YKa3aHHBIX CHCTEM YMEHBINAIOTCS C IO-
BBILIICHUEM TEeMIIEpaTyphbl U ckopocTH capura. [Ipu temneparypax Boiie 315 K nHabnromaercs cnabas
3aBUCHUMOCTh BSI3KOCTH OT CKOPOCTH CIIBUT'a, YTO XapaKTEpPHO IJIsI HBIOTOHOBCKUX XHIKOCTeH. IIpu
nepexoze or cucremsl BA k cucreme BAXK BA3KOCTH yMeHbIIAETCs, YTO CBHICTEIBLCTBYET O (hakre
«pazKMKECHUS» CUCTEMBl CHCTEME BOAa-arap Ipu A00aBIeHHWU K Hel noOasieHue xenatuHa. s
cucteMbl BXK oTMeueHo yMeHblIeHHE BSI3KOCTH C MOBBIIIEHUEM TEMIIEPATyPHI.

AHanu3 TeMIrepaTypHOil 3aBUCUMOCTH BSI3KOCTH C MTO3ULIMN aKTUBALIMOHHON TEOPHUs BS3KOIO Tede-
HUSI TIOKa3aJl OTKJIOHEHHE OT JIMHEHHOCTH 3aBUCHUMOCTH Inm OT 00paTHOM Temmeparyphl ¢ IOHHKESHHU-
eM Temnepatypsbl. [lanHbii hakT ObUI CBSA3aH C BOSHUKHOBEHHUEM B CHCTEME IIE€PEX0Aa 30/1b-Teib. s
cucteMbl BA Temmeparypa reneoOpa3oBaHUsl 3aBUCUT OT CKOPOCTH CIBHTa U MEHSETCS B Tpejeiax
314-316 K npu ymeHnsiennn ckopocty casura ot 1021 no 17 ¢!, Jins cucremsr BAX 3aBucumocts
OT YacTOTHI CIIBUTa HE HACTOJBKO OYEBHIHA W TEMIEpaTypa reneo0pa3oBaHUsl COOTBETCTBYET OKOJIO
310-312 K. Jms cucrembl BXX ykazaHHas Temmeparypa COOTBETCTBYET BEIHUHHE MPUOIM3UTEIHHO
300 K.

[Tonmy4eHHble peojorudeckue AaHHbIE B 3aBUCUMOCTH OT CKOPOCTH C/ABUTA U TEMIepaTyphl ObuIN
HOJBEPIHYTHl aHAIN3Yy B paMKaxX CTPYKTYPHOI'O IOJXO0Jla Ha OCHOBE OOOOIIEHHON pPEOJIOrMYEecKOM
monenu Kaccona. PaccunTaHHble M3 3KCIIEPUMEHTANIBHBIX JaHHBIX BKJIAIbl MHTETPAbHBIX XapakKTe-
PHUCTHK acCOLMAaTOB MAaKpOMOJIEKYJ M OTAEIbHBIX YACTHI] IPU UX THAPOJIUHAMUUYECKOM B3aUMOJEHCT-
BUHM B IPOLECC BSA3KOTO TEUCHUS MO3BOJIMIM KOJIWYECTBEHHO OXapakTepH30BaTh M3MEHeHHE d(¢exk-
TUBHOH BSI3KOCTH C TEMIIEPaTypoOH I MCCIEIOBAaHHBIX CHCTEM. BbIIO MOKa3aHO, YTO NpH HEepexojie

ot cucteMbl BA k BAXK, BenmnumHa BSI3KOCTH CHCTEMBI TPH TOJHOM pa3pyIICHUN arperaroB ncl/ :

y

3aKOHOMEPHO BO3paCTacT. B 10 xe BpeMs, BSJIMYUHA T, : , XapaKTCpusyrouass CTPYKTYPUPOBAHHOCTb

CUCTEMBI YMEHBIIACTCSI, BHOCS ONPEACISAIONINNA BKIAJ B U3MEHCHHE MAKPOCKOIMHYECKON BEITUYMHBI
a¢dekTuBHOI BsazkocTH M. O0a BKIIaAa YBEIMYUBAIOTCS C IOHMKCHUEM TEMIIEPATYPhl, OJHAKO JOMH-
HUPYIOIIEe BIMSHUE HA MPOIECC BA3KOTO TEUCHHUS OKA3bIBACT arperMpOBaHUs YACTHI IIPH MEPEX0Jie
30JIb-TeJb.

HOHy‘IeHHLIe PE3YIbTAaThl UMCIOT MPAKTUYCCKOC 3HAYCHUC JId pacucTa TEXHOJIOTMYCCKUX Ilapa-
METPOB B IPOIIECCe TOTYUCHHUS JKEICHHON MPOIYKIIMA Ha OCHOBE MCCJICJIOBAHHBIX B PabOTE MHIUBU-
ITyaJIbHBIX 1 KOMOWHHUPOBAHHBIX TeJIe00pa3oBaTEIICH.
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C.M. ry6CbKVIl7IT, Al Mysuka*, AJ. CDOLLI,aHT, B.B. €snawt, O.M. KanyriH*. PeonoriyHi BNacTtnBocTi BOAHMX
PO34MHIB arapy Ta xenaTuHy Ans XenenHux BupooiB.

* XapkiBCbkuI HauioHanbHMIN yHiBepcuTeT iMeHi B.H. KapasiHa, xiMiyHuin chakynbTeT, kadeapa HeopraHivyHoi
ximii, marigan Csoboan, 4, Xapkis, 61022, YkpaiHa

T XapKiBCbKuii AepXXaBHUIA YHIBEPCUTET XapyyBaHHA Ta Toprieni, kacdeapa ximii, Mmikpobionorii Ta ririeHn xap4y-
BaHHS, Byn. KnoukiBcbka, 333, 4, Xapkis, 61051, YkpaiHa

EkcnepumeHTaneHo 3a 4ONOMOrY poTaLiiHOro Bi3KO3MMeTpa METOAOM TEMMEPATYPHOrO CKaHyBaHHS BU3HAYEHI
3anexHOCTi BENUYUH Hanpyru 3cyBy Bif LUBWAKOCTI 3CyBY Ta po3paxoBaHi e(DEKTUBHI ANHaMIYHi B'S3KOCTiI CUCTEM
Boaa-0.5% arapy (BA), Boga-2% xenatuny (BXK) i Boga-0.5% arapy-2.0% >xenatunHy (BAX) B gianasoHi wemnako-
cten 3cyBy 17-1021 cli iHTepBani Temnepatyp 298-323 K. OTpumaHi ekcnepMMeHTanbHi Kpusi Tedii 6ynu anpok-
CUMOBaHI piBHAHHAMMK cTeneHHoi mogeni OcTtBanbaa, mogeni MNepwensa-bankni Ta mogeni KaccoHa. BctaHoBne-
HO, LLO eKcnepuMeHTarnbHi pe3ynbTaTi 3 rapHOK TOYHICTIO MOXYTb OYTW onucaHi piBHAHHAM [epens-bBankni.
PospaxoBaHi 3a 4OMNOMOrM LbOro PiBHAHHSA BEMNUYMHU FPAHWYHOMO HamnpyXeHHs1 3CyBY Ta iHOEKCY NIMHHOCTI Ao-
3Bonunu knacudikyesatn cuctemu BA i BAXK B obnacti Temnepatyp 298-310 k sk HEMiHIMHO-NNACTNYHI 3 YaCTKO-
BUM Nepexo4oM A0 NceBAonnacTuMYHOI Tedil. [logaBaHHA xenaTuHy Ao cuctemm BA npusBoauTb 0o il «po3pi-
DKEHHsI» y BCbOMY iHTepBani Temneparyp.

AHani3 TeMnepaTypHOi 3anexHOCTi B'A3KOCTi 3 NO3WLIN aKkTMBALMHOI Teopis B'A3KOT Tevii nokasaB BiOXUIEHHSI
BiO NMiHIMHOCTI 3aneXHoCTi norapmdma B’sA3KOCTi Bij 3BOPOTHOI TEMMNepaTypu 3i 3HMKEHHAM TemnepaTypu, Lo 3
Mo3uLii MOMOXeHb NPO CTPYKTYPHY B'SI3KICTb CBiQYMTb MPO iCHYBaHHSA nepexody 3ofb-refnib. OTpuMaHi Takum
YMHOM TemrnepaTypu reneyTBOpeHHs 3MeHLLYTbCS B pagy cuctem BA-BAXK-BXK.

B pamkax CTpyKTypHOro niaxoay peonoriyHi AaHi 6yny npoaHanizoBaHi Ha OCHOBI y3aranbHEHOI PeornorivHi Mo-
geni KeccoHa. Po3paxoBaHi 3 ekcnepumeHTanbHUX AaHuX BKNaam B npoLec B'sA3Koi Teuil Big iHTerpanbHMX xapak-
TEPUCTUK acouiaTiB MakpoMOMeKyn i OKpeMmnx 4YacToK Mpu iX rigpoAMHaMiyvHin B3aeMogdii 4O3BONUNN NOACHUTU
edeKT 3HKeHHS B’A3KoCTi cuctemn BA npu goaaBaHHi )kenaTuHy pyviHyBaHHSAM CTPYKTYPHUX €NEMEHTIB BUXigHOT
cucTemMu.

KnrouoBi cnoBa: peornorisi, XenaTuH, arap, B’A3KiCTb, refib, Hanpyra 3CyBYy, €Hepris akTuBauii, CTPYKTYPHUIA
nigxia.

S.M. GubskyT, Ja.l. Muzika*, A.L. FoshchanT, V.V. EvIashT, O.N. Kalugin*. Reologic properties of aqueous solu-
tions of agar and gelatine for confectionery.

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

1 Kharkiv State University of Food Technology and Trade, Department of Chemistry, Microbiology and Hygiene
of Nutrition, 333 Klochkivska str., 61051 Kharkiv, Ukraine

Experimentally by using the rotational viscometer and the temperature scan method the dependence of shear
stress on shear rate were determined and the effective dynamic viscosity of the systems water-0.5% agar QWA),
water-2% gelatin (WG) and water-0.5% agar-2.0% gelatin (WAG) in the range of shear rates 17-1021 s~ and
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temperature range of 298-323 K were calculated. The obtained experimental flow curves were approximated by
the equations of the Ostwald power-law model, the Herschel-Bulkley model, and the Kasson model. It is estab-
lished that the experimental results with good accuracy can be described by the Herschel-Bulkley equation. The
values of the yield shear stress and yield index calculated using this equation made it possible to classify the
systems WA and WAG in the temperature range 298-310 K as nonlinear plastic with partial transition to pseudo-
plastic flow.

Analysis of the temperature dependence of viscosity from the viewpoint of the activation theory of viscous flow
showed a deviation from linearity of the dependence of the logarithm of viscosity on the inverse temperature with
decreasing temperature, which suggests the existence of a sol-gel transition from the standpoint of the structural
viscosity. The gelation temperatures thus obtained are reduced in a series of WA-WAG-WG systems.

Within the framework of the structural approach, the rheological data were analyzed on the basis of the general-
ized rheological model of Kasson. The contributions to the viscous flow from the integral characteristics of the
associates of macromolecules and individual particles calculated from experimental data during their hydrody-
namic interaction allowed us to explain an effect of decreasing of viscosity WA system due to adding of gelatin by
ruin of the elements of initial system.

Keywords: rheology, gelatin, agar, viscosity, shear stress, activation energy, structural approach.
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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 -
1800 3HakiB (Oe3 ypaxyBaHHsI 3aroJIOBKY 1 KJIFOUOBHX cJiB). Pemakiis npuiimae enexrponuuii (MS
Word) i 1Ba po3npykoBaHuX (U1 XapKiB'siH) TEKCTy pyKONmucy. Anpecu BkaszaHi B po3aini «KoHrak-
TI» Ha calTi xypHary. CyImpoBiTHHN JINCT IO CTATTi, BUMIPABJICHOI BiIIOBIAHO IO 3ayBaKeHb PEIlCH-
3€HTa, MOBHHEH MICTHTH BiIMOBiAl Ha Bci 3ayBakeHHs. [logaeTbes 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 1800 characters (excluding the title and key words). The help in translation is provided by
request 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-
THPOBOYHBI 00beM pe3tome - 1800 3HakoB (6€3 yueTa 3arjaBus W KIIOUYEBBIX CIIOB). Pemakmus mpu-
HUMaeT 31ekTpoHHbI (MS Word) u aBa pacneuaTanHbIX (7151 XapbKOBUaH) TEKCTa pyKOMUCH. Allpeca
yKa3aHbl B pa3zneie «KoHTakTe» Ha caiite ypHana. COnpoBOAUTENbHOE MHUCEMO K CTaThe, HCIIPaB-
JICHHOW B COOTBETCTBMU C 3aMEUYAHMSIMH PELEH3EHTa, JOJDKHO COJACPKATh OTBETHl HA BCE 3aMEUaHMUS.
[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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HayKOBe BNOaAHHA

BicHuK
XapKiBCbKOro HauioHanbLHOro yHiBepcurteTy
imeHi B.H. KapasiHa

Cepis «Ximig»
Bun. 31 (54)
36ipHUK HayKOBMX NpaLb
YKpalHCbKOK, POCINCLKOIO Ta aHrMincbKO MOBaMM.

TexHiYHMn peaakTop:
A.b. 3axapos

MignucaHo o apyky «24» rpyaHs 2018. ®opmat 60x84/8.
YM.-gpyk. apk. 8,2 O6n.-eua. apk. 9,5.
Tupax 100 np. LiHa gorosipHa.

61022, Xapkis, mangaH Csoboau, 4
XapkiBCbKui HauioHanbHUM yHiBepcuTeT iMeHi B.H. KapasiHa,

BuaoaBHnuTBO XapKiBCbKOro HauioHanbHoOro yHisepcuteTy iMeHi B.H. KapasiHa

HapgpykoBaHo: XHY imeHi B.H. KapasiHa
61022, m. XapkiB, MmangaH Csoboaun, 4.
Ten.: 705-24-32

Ceigouro cy6'ekta BuaasHun4oi cnpasu K Ne 3367 Big 13.01.09
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