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ITPABHIIA lVIA ABTOFPIB

B pemaxmiio MOJAETHCA PYKOMMC YKPAiHCHKOIO, POCIHCBKOIO 200 aHITNACHKOIO MOBOK y [ABOX EK3eMIULApax 3
HANMPABICHHAM YCTAHOBH i EKCIEPTHHM BHCHOBKOM. PyKOMHCH, fAki NOZAIOTBCA A0 pPEAAKIi, MOBHAHI TOYHO
BIANIOBIATH HACTYITHHM BUMOTaM.

TexerT ApyKyeTnca Ha Giamx apkymax gopmary A4, depe3 OMH iHTEPBaJ, 3 BHCOKOIO AKICTIO APYKY, MPMAATHO 1A
hOTOROMIXOBAHNA (PEKOMEHAYETECA Ja3cpHmi abo Crpyiimmii mpumtep). BmropucroByerscs pesaxrop MS Word,
mpa¢T Times New Roman (Cyr), posmip mpudry 10 pt., BApiBHIOBAHEA TeKCTY mo mmpHHi. [loms cnpasa i 3nisa mo
2,5 oM, 3BEpXy 3 cM, 3Em3y 2 cM. CTODiHKH HyMEpYIOTECA MOC/IJOBHO HA 3B0POTHOMY OOII aPKYINA OJHBIEM,
Maremarausi Ta XiMiuHl CHMBOJH, PiBHAHHA i (JOPMyIH BBOIATHCA JO TEKCTY CTATTI 38 AONOMOrOI KOMII FOTEPHOI
Texmiky. PHCYHKH, y BADISAI MOBHICTIO NPHATHOMY JO PEHpPOAYKIi, BCTABIAIOTECA 4O TEKCTY B MEXaX Miomi
CTODIiHKH, BKA3aHOi BHIIC. PHCYHKH BHTOTOB/MIOTHCA 3 BHKODHECTAHHAM KOMIIOTEPHOI TEXHIKH a00 BHKOHYIOTBCA
Tymmmo Ha Oimomy mamepi 3 ApyxosammMu umdpavu i Oyksamu Ha ocaX. ITiamucH miX PHCYHKAMH APYKYROTHCA
mpr@ToM 9 pt. opmyma, TabmHI # PHCYHRH HyMEPYIOTECA MOCTIIOBHO apOckumMu muppamu, Hanpukmax, (1), Tabn.
1; Puc. 1.

TTocmaoBHICTS PO3MIMICHHS MaTepiany.

Ha nepmiii CTOpIHI 3BEPXY MPOMYCKAIOTHCA JBA PAIKA;, HA TPCTHOMY PAAKY B JIBOMY BEPXHBOMY KyTi JPYKYETHCA
VK (xypcus, 9 pt.). IloriM, mcas mpOmycKy OQHONO PAXKA, POMIMMYETHCA HA3BA CTATTI (MPAMMEA HAIMIBXHPHUHA
mprQT, 12 pt., BCi OyKBH MPOIHCHI, BEPIBHIOBAHAA N0 HEHTPY). [Ticng mpomycKy OAHOrO psaka APYKYIOTBCA CHOYATKY
iHiiams, moTiM Opi3BAINA aBTOPIB (NpaMmEi HamBXAPHME mpurdT, 12 pt., BEpiBHIOBAHEA MO UEHTPY). Ha BacTymHOMY
PSAKY APYKYIOTHCA HOBHI HA3BH # aQpeCH YCTAHOB, AC BHKOHYBaJach poGora (Kypcus, 9 pi., BHPIBHIOBAHHA IO
LEHTPY), aApeca CIEKTPOHHOI HOMTH APYKYETHCA 33 OakanuaM asropis. [loTiM BMIIMYETHCS JaTa HAXXOMKEHHS CTATTI
10 PEOAKIGI: Yacao-ImMdpaMu, MiCAIb-NPOMHCOM, pik-IHppamMu (mpr(T ApaAMEH, 9 pt., BUPIBHIOBAHHA MO HCHTPY).
ITics mpomycKy OQHOTO PAAKA BMIIIYETHCA pedepar cTarri, He MeHIme 6 i He Oumbme 12 paaxiB, 3 KOPOTKHM BHKIANOM
00’ €KTY HOCTDKEHHS, METH a0 3ana4, MCTOAMYHHMX MiIXOMIB, BUKOPHCTAHHX y poboTi, T4 OCHOBHHX PE3y/IBTATIB i
BECHOBKIB. (11080 “pedhepar” He MAMETHECA (U TEKCTY pedepaTy BEKOPHCTOBYETHCA npaMuii mpu(T po3mipom 9 pt.).
Ha mactymmoMy panxy smimyioreca 5-8 xmodoBmx cmiB (9 pt., 3aronosox “KJIQOUOBI CJIOBA:” mmmersca
IPOMKCOM HA TOMY K PAKY, IO ¥ KJEOYOBi CI0BA 1 BUAUIAETHCA HANIBKHPHUM mpH(TOM).

Texrcr pedepaty 1 KNIHOYOBI CI0BA MAKOTh IMHMPHHY HA | CM MEHINY, HiK OCHOBHMEI TeKCT (0 0,5 CM 3 KOMXKHOrO GOKY).
THoTiM, mcas OPOMYCKY OQHOIO PANKA, BMIMMYEThCA OCHOBHMI TEKCT CTATTi. AG3aIH MOYMMHAIOTECA 3 YEPBOHOTO PAIKA
(0,75 cuM). Pexomenayerscsa po3OHTTA CTATTI HA TAaKi PO3ALIM: BCTYN (HasBa poszainy He rmmerhcs), MATEPIAJIH I
METO/H (0608’ m3k080 ana excuepumenTamsrnx pobir), PE3YIBTATH i OBrOBOPEHHSA, BHCHOBKH,
Jna TeopeTHYHMX pOOIT mepeadavacThCA OLIBII BiMBAE POSTAMYBAHHA MATCPIady, HAUPHKIAL, 3aMICTh PO3IHLIY
MATEPIAJIA I METOJH pexomenayroteca posaim MMOCTAHOBKA 3AJAYI, MOAEJD ta iu. Posaim me
HyMEPYIOTBCA (B Ha3BaX pO3AMB yCi OykBm NpOMMCHI i BUALMAIOTECA HAMBKHPHMM MPU{TOM, BHPIBHIOBAHHS IO
ueHTpy). Ilps HeoOXIZHOCTI PO3ALH NOMAOTECA Ha miaposxima. Haseu migpo3ains mumyTsca 3 Benmkoi GykBH i
BHIULAIOTECA HAMIBXHPHEM mpE(TOM (BEpiBHIOBAHHA No neHTpy). [licis koxuHoro posainy a6o maposainy ixe oxuw
myCTEH pAZoK. [1icia Hass po3aims i mAPO3ALUTIE KPANKa HE CTABHTHCA. |

Y KiHI TEKCTY CTATTi, MIC/A MPOIYCKY OAHOTO PAAKA, AKMO HEOOXINHO, 3a3HAMAETHCA HA3BA (OHIY, AKHi (iHAHCYBAB
pobory, i HoMep TpaHTy. |

Buxopuctasi B po0ori mreparypHi DKEpena HyMEPYHOTRCA B NOPAAKY UMTYBAHHA B TCKCTL, HOMED IOCHJIAHHA
MHMETHCA y KBAAPAaTHHX RyxkaX. He NomyckaloTeCs MOCHNaHHA Ha HeomyOmikoBaui poGorm. Crmcok miTeparypu
(mpE@T 9 pt.) POIMIIMYETHCA OAPA3Y 33 OCHOBHEM TEKCTOM CTATTI i BAAINACTLCA MK POSZILL.

Ha OKPEMOMY apKynn 3 DONAMH CHpaBa i 3MiBa mo 2,5 cM, 38epxy 3 cM, 3HM3Y 2 CM 4O CTATTI AoAAETRCA peepar
AHTIHCHKOI0 MOBOIO. Cri0BO “Abstract” He mumeTsca. Hassa crarri: npormcom, mpadyr npamuii 10 pt., HAMBXKHPHUHR,
BEDIBHIOBAHHA [0 HCHTDY. Ha wactymsomy pamky - imimiame Ta mpisemma aeropis (mpadr mpavuii 10 pt.,
Hamsm:pmﬁ BHDIBHIOBAHHA 110 ucHTpY). Ha HacTynHOMYy pamxy ApyKyeTsCA NOBHA HA3BA opramizanii Ta {i axpeca
(xypcus 9 Pl., BHDIBRIOBAHHA HO BEHTPY). [licna RpomyCKy OHOIO pazika BMIIIYETHCA TEKCT pedepary (mpudr opmvow
9 pt, BUDIBHIOBAHHA N0 mHpHHI, 0e3 4€pBOHOrO paaxa). Ha HACTYmHOMY paaky micas cnie “KEY
WQRDS:”(@omu, mpudT npAMEE BAMIBAKHPHEA, 9 pt.) BMIIIYIOTBCH KOYOBI CIOBA (wpudr npavuii 9 pt.,
BHDIBHIOBAHHAA N0 NIHDHHI). | |
Alns crareli HAUHCAHEX GHTTIHCHKOK) MOBOIO, muamompe@epawmmﬁcammmymmm o o
CHHECKY TTCPaTypH HaSOARTECA PEQEpaT YKpaiHCHKOK MOBOKO 33 THMY K NPABHIAMM
mmmmmmmmﬁo&wmmw IMHCHIOEYRCA HA MiACTABI
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A THEORETICAL STUDY OF THE DOUBLE-PROTON
PHOTOTAUTOMERISM IN 7-AZAINDOLE DIMER

V.1 Danilov’, O.N. Slyusarchuk’, J.J. Stewart’, J.L. Alderfer’

'Department of Quantum Biophysics, Institute of Molecular Biology and Genetics, National Academy of Sciences of Ukraine
Zabolotny Str. 150, Kiev-143, 252143, Ukraine,
*Stewart Computational Chemistry, 15210 Paddington Circle, Colorado Springs. CO 80921-2512, USA
*Biophysics Deparmment, Roswell Park Cancer Institute, Buffalo, NY 14263, USA

’

- A detailed study of the potential energy curves for the double-proton transfer along hydrogen bonds (H-bonds) in the
7-azaindole (7AlI) dimer in the ground (S,) and lowest singlet excited (S)) states are presented. Calculations were carried out by
the semi-empirical AM1 method including configuration interaction. It is shown that in the S| state the rare tautomeric form of
the dimer is more stable than its normal form and it can become responsible for the spectrum of long-wave fluorescence.
Calculations of the 7AI dimer with full geometry optimization in comparison to ones where the H..N7 distance in the
N1-H...N7 bonds was not optimized provides more realistic parameter values characterizing the potential curves of H-bonds.
The simplest mode] system representing 7AI dimer normal and rare forms, which allows to perform calculations for both forms
of the dimer in the Sy and S, states with full geometry optimization is suggested. It is found that the minimum corresponding to
the rare tautomeric form of the dimer is deeper than the normal form. This result supports main conclusion made from the
potential curves. Comparison of the calculated maxima of the absorption and fluorescence bands for the rare dimer form shows
a large Stokes shift of green emission which is close to the one observed in experiments.

Key words: 7-azaindole, hydrogen bond, potential curves, proton transfer, phototautomerism, fluorescence.

INTRODUCTION

Double-proton phototautomerism was first detected [1] when studying the fluorescence spectrum of 7AI in
3-methylpentane at room temperature as function of concentration. It was shown [1] that along with the normal
fluorescence band (violet fluorescence) peculiar to the monomer form ( Agy, = 325 nm) a new band ( Ay = 475 nm)
occurs in the radiation spectrum, that becomes more intensive if, by means of increasing concentration of 7Al, the
equilibrium is shifted in the direction of forming a self-associating dimer. Analysis of possible mechanisms consistent
with the occurrence of the long-wave band of fluorescence (green fluorescence), enabled the authors to conclude [1]
that a rare tautomeric form of the 7AI dimer is responsible for the observed green band of fluorescence. That rare form
is produced as a result of simultaneous intermolecular transfer of two indolic protons (Fig.1) in an excited-state of the
normal dimer form. |

A necessary condition to produce such a transfer is that potential energy curves for mutual movement of protons
of H-bonds in the Sy and the S, states must have two minima each asymmetrically opposed to each other [1]. If this is
the case, in the S, state, the deeper minimum corresponds to the normal tautomeric form of H-bonded dimer, and in the
S, state, to its rare tautomeric form. Then the maximum of absorption of the 7AI dimer would be close to that of the
normal form of the 7AI monomer, the phenomenon observed in experiment [1]. At the same time light emission from
the 7AI dimer corresponds to fluorescence of the rare tautomer of the 7AI dimer. With this, maximum fluorescence of
the 7Al dimer experiences a significant red shift as compared to the maximum fluorescence of the normal form of the
7Al dimer. This phenomenon may explain the observed green band in the 7AI dimer fluorescence spectrum.

The first theoretical study of the potential energy curves for the mutual movement of protons along H-bonds of the
7AI dimer in the Sq and S, states have been performed by us [2]. The form of the potential curves which we obtained
confirmed the presence of the necessary condition for the dimer fluorescence in the rare tautomeric form, as postulated
earlier {1] using a similar interpretation of the experimental results. The presence of considerable Stokes' shift in the 7Al
dimer fluorescence spectrum was also confirmed. Fluorescence study on N-methyl-derivatives of 7AI at various
concentrations [3] also supports the presence of the double-proton phototautomerism in H-bonded 7AI dimers.

Further experimental proof of the double-proton phototransfer was given [4] where the authors concluded that a
potential with two minima along the coordinate of simultaneous movement of the two H-bonded protons exists in the S,
state of the dimer. The photophysics of 7-azaindole was studied by a number of other researchers in nonpolar solvents at
77K and at room temperature [5-9]. In particular, the conclusion was made [7] that the observed increase of tautomeric
emission most likely does not differ significantly from the rate constant for proton transfer.
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Fig. 1. Schematic picture of normal (A) and rare (B) tautomeric forms of the 7-azaindole dimer.

Along with the above-mentioned facts, it was shown [4] that two fluorescence bands of 7Al are observed not only
in nonpolar solvents, but in ethanol and other alcohols as well. In other words in the S, state the double-proton transfer
takes place not only in 7Al dimers, but also in 7AI - alcohol complexes. In connection with the experimental work [4]
we calculated the potential energy curves for the mutual movement of protons along H-bonds of the 7AI - ethanol
complex in the Sy and S, states [10]. The obtained form of the potential curves confirmed the possibility of proton
transfer to the S, state of the complex.

Several groups of researchers have investigated the tautomerization of 7Al in a variety of alcohol solvents [10-14].
The emission of 7Al has been studied in water too [12, 14-17]. It should be noted that in the opinion of the authors |
11,18] the potential curve in the excited-state must have a minimum corresponding to the rare tautomeric form of 7Al
dimer in hydrogen-bonded dimers and solute/solvent complexes. Therefore the existing experimental data is consistent
with the occurrence of double-proton phototautomerism both in 7AI dimer and 7Al - solvent complexes.

In 1979 another attempt was undertaken to study theoretically the potential energy curves concerning transfer of
protons in the 7Al dimer [19]. In this study, the potential cnergy curves corresponding to the double-proton transfer in
the 7AI dimer's S, and S, states were calculated by the CNDO/2 method. While the movement of the two protons
occured, the monomers' geometry and the H-bond's length was kept constant (3.0 A). In other words, for calculation of
the H-bonds’ potential curves in case of simultaneous transfer of protons, a fixed geometry for the framework of heavy
nuclei (a hard framework model) was used [19]. This suggested that movement of protons along the H-bonds is in no
way correlated with the deformation of the heavy nuclei’s framework. Results of these calculations [19] showed that in
the dimer's S, state the potential curve is high asymmetric: its deeper minimum corresponds to normal dimer’s form and
its shallower minimum — to the rare tautomeric form. In the S; state, the asymmetry of the potential curve decreascs
considerably and the curve becomes almost symmetric. However the value of the barrier's height for this curve remains
very high (near 5 eV). In this connection the authors [19] carried out similar calculations for other fixed lengths of
H-bonds (2.8 and 2.6 A). In these cases, the barrier's height considerably decreased reaching a minimum at 2.6 A,
however the general picture found for the H-bond length of 3 A remained unchanged. Although it was shown that the
barrier's height depends very much on length of H-bonds in dimer, the problem of their real length remains unanswered.

Furthermore, in all the cases considered by Catalan and Perez [19], the rare tautomeric form of dimer remains less
stable than the normal one. Meanwhile, it follows from the experimental data [4,5] that in thc S, state rate constant for
the proton transfer from pyrrolic rings to pyridine ones is much higher than the rate constant of reverse reaction. This
reflects the fact [4] that the minimum on the potential curve for proton transfer in the 7Al dimer, which corresponds to
rare tautomeric form of dimer, is much deeper than the minimum corresponding to its normal form. |

[t should be noted that the electron absorption energy of the normal and rare tautomeric forms of the 7Al dimer
which was calculated based on the potential energy curves [19] is several eV higher than the experimentally obtained
one [1.8,11,12}. It 1s caused by the fact that the CNDO/2 method used in Ref. [19] does not satisfactorily describe the
spectral charactensucs.

Some information for the shape of the potential energy surface in the Sy and S, states is also provided by the
experimental and theoretical studies [20-22]. It was calculated that in the S, state of a 7Al dimer tautomerization 7Al is
exergonical, i.e. energetically favorable. |

In order to elucidate t;hf: shape of the potential encrgy surfaces the HF and MP2 ab initio calculations of the
normal and rare iautamerig forms of the 7Al dimer as well as the transition state in the S, and S, states are uite
recently performed {23] using the 3-21G and 6-31G(d) basis sets. It is detected that in S state the rare tautomer is
more stable than normal tautomer although the difference of energy between tautomers is very small. The barricr for
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the proton transfer notably decreases in relation to the S, state however it is still too big to allow the proton transfer
reaction across this transition state. However, the small difference of energy between tautomers leads to potential
energy curves with an almost symmetric profile and so the proton transfer could happen by tunnelimg, according to
experimental and theoretical results [24,25]. At the same time the obtained values for the absorption and the emission

notably differ from the experimental ones.

All this serves a foundation for futher theoretical study of 7AI dimer electronic properties. In this paper the results
of the detailed study of potential energy curves for the double-proton transfer along H-bonds in the 7AI dimer (see
Fig.1) in the ground and the first singlet excited states without using a hard framework model are presented.

MATERIALS AND METHODS

At the present moment, the calculations for the Sy state can be carried out by ab initio method. At the same time
the complexity of the molecular systems considered makes the ab initio calculations for the excited state extremely
labor-intensive. In addition, ab initio methods is not able to predict the correct excitation energies (see [23]). Therefore,
the calculations were carried out by the semiempirical AM1 method with geometry optimization.

The energy values of the 7AI dimer in the Sy state were calculated for different positions of protons in H-bonds.
This procedure allowed to obtain a potential curve. In order to compare the obtained results with the previous
investigations [2,19], originally, the H...N7 distance was not optimized in the calculation. This distance was chosen for
each position of the protons so that the condition RIN1-H) + R(H..N7) = 3 A was satisfied (optimized geometry case).
Besides, we carried out the same calculations of potential curves where during geometry optimization this condition
was removed (fully optimized geometry case). In doing so the fact that movement of H-bonded protons is tightly
connected with deformational movement of the heavy atom nuclear framework is taken into consideration. Using this
method of optimization, H-bonds may be both linear and non-linear. At last for calculation of the H-bond potential
curve in the S; state, the same geometry was applied as used for the Sy state. Thus, in this case the potential energy
curve in the S state is the Frank-Condon potential curve. To calculate potential curves the N1-H bond length remained
the only fixed parameter.

When building a multi-configurational wavefunction of the Sy and S; states, all the active space of SCF MO were
used consisting of the four HOMO and two LUMO MO obtained for the SCF configuration of the ground-state. In this
case the dimer wavefuncton consists of the ground-state configuration and all the singly-, doubly-, triply-, and
quadruply-excited configurations involving the active space (225 microstates in MOPAC representation). The obtained
results are reported below. It should also be noted, the calculations were also carried out using two other
multi-configuratonal wavefunctions built on two HOMO - two LUMO and two HOMO - four LUMO SCF MO of the
ground state. However, the use of these wavefunction produces worse results.

RESULTS AND DISCUSSION

The calculated potential energy curves for protons for the optimized geometry case are given in Fig. 2.
As can be seen from this figure, the curve for the S state is highly asymmetric with a deeper left well which
corresponds to the normal tautomeric form of the dimer with an equilibrium disposition of protons near the nitrogen
atoms of the pyrmrolic rings. In the S, state of the dimer which, as follows from our analysis of its wavefunction,
represents a T, ©t* state for each position of the protons, the right well is deeper. So, in the lowest excited state, the most
stable position of the protons is localized near the pyridinic rings. In other words, in the S, state, the rare tautomer is a
more stable form of the dimer. Hence, there is the necessary condition that the fluorescence of the dimer is deterrmned
by its rare tautomeric form.

Energetical characteristics of hydrogen-bonds potential curves for 7-azaindole dimer calculated for the Sy and S,
states are given in Tab. 1.

Tablel. Energetical characteristics of hydrogen-bonds potential curves for 7-azaindole dimer in the ground (Sg) and

first singlet excited (S;) states (in eV)

| So S,
Potential Optimized Fixed Fully optimized Optimized Fixed Fully optimized
Curve Geometry geometry geometry geometry geometry Geometry
Left minimum -0.114 -0.114 -0.165 4214 4.214 4.224
Maximum _ 2.803 2983 - 1.427 6.525 6.679 5.125
Right minimum |  0.932 1.504 0.926 4.033 4.406 4.030
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Fig. 2. Potential energy curves for the 7-azaindole dimer with simultaneous movement of hydrogen bonds protons
in the ground (Sy) and the first singlet excited states (S)).

They allow to calculate electron transition energies. The obtained transition energies also support the mechanism of
the double-proton tautomerism. Based on difference of energy at the minimum point of the left wells of the potential
curves in the §; and Sy states (sce Table | and Fig. 2), it is possible to determine that the excitation energy of the normal
form of the dimer is equal to 4.33 eV. This value is very close to the experimental value (4.29 eV) based on the
absorption maximum of the 7Al dimer [11]. The excitation energy of the rare tautomeric form of dimer calculated at the
minima of the right wells is equal to 3.10 eV. Comparison of this value with experimental ones [8,9,11,26] for the rare
dimer form (3.31 eV) and tautomeric form of the monomer (3.17-3.22 eV) indicates good agreement between theory and
expernment.

Potential curves for the Sy and S, states calculated with fixed geometry of the framework of heavy nuclei
(indicated as a large dashed lines) are also depicted in Fig. 2. In this case for each position of the protons H-bonds in the
7-Al dimer, its geometry remained the same as the equilibrium geometry of the normal form found during optimization
of the ground state of the dimer. -

It can be seen that in the S, staté the normal form of dimer is the more stable form unlike that was in optimized
geometry case where the rare form was stable. At the same time the other properties of the potential curves remain in
general the same as were obtained during optimization. This confirms our suggestion that was presented above
regarding why the earlier study [19] was not able to obtain the correct asymmetry of the potential curves in the S state.
Thus, both the potential curvcs and transition energies which we calculated confirm our previous conclusion [2] that in
the §; state, the rare tautomeric form of the 7Al dimer is more stable than its normal form and, under certain conditions,
it can become responsible for the spectrum of long-wave (green) fluorescence.

It should be noted (see Fig. 2) that the resultant height of the potential barrier for two protons moving
simultaneously in opposite dircctions is rather considerable (2.92 eV). It is obvious that it is first of all caused by the
fact that during optimization of the dimer, we imposed the condition of R (NI-H) + R (H..N7) = 3 A (a condition
clearly justified by our results) which does not almost change the H-bond lengthes. In this calculation a small decrease
in N1..N7 distance for various positions of protons that we can observe is due to bending of the H-bonds. | |

Previous studies have shown {27,28] the relationship between the movement of protons and the deformational
movement of the framework of the dimer's heavy nuclei which mostly influences the distance between monomers
Therefore we carried out the same calculations of potential curves where during geometry optimization the condition ui
R(NI-H) + R(H..N7) = 3 A was removed. The resultant potential curve caleulations for fﬁ_uy optimized Eﬁ‘m‘mf}f og
shown in Fig. 3. | | | ' S )
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Fig. 3. Potential curves for transfer of two protons along hydrogen bonds of 7-azaindole dimer in the ground (S;) and
first singlet excited state (S;) for the bounded movement of protons and the framework of heavy nuclei.

As it can be seen, the character of the potential curves given in Figs 3 and 2 is qualitatively similar. Like in the
previous case, the rare tautomeric form of the dimer remains the more stable form in the S, state.

The analysis of the obtained atom charges for fully optimized geometry case allows to get some additional
information on the reason of H-bonds potential curves change in 7AI dimer. The charges on proton-donor and proton-
acceptor atoms are of special interest since they for the most part determine the shape of potential curves.

When we move from the Sy to the S, state for 7Al dimer's normal form the negative charge on N1 proton-donor
atoms does not change much (-0.19 — -0.23 lel). At the same time the negative charge on N7 proton-acceptor atoms
significantly increases (-0.17 — -0.37 lel). This is favorable for protons transfer to these atoms. As we move from the S,
to the §; state for 7AI dimer's rare form the negative charge on N7 proton-donor atoms noticably increase (-0.08 —
-0.20 lel) whereas the negative charge on N1 proton-acceptor atoms substantially decreases (-0.29 — -0.06 lel). This
promotes the change of H-bonds potential curve symmetry in the S state and, hence, protons transfer.

Comparison of Figs. 2, 3 and Table 1 data shows that the height of the potential barrier decreases considerably and
itis 1.59 and 0.90 eV for the Sq and S, states, respectively. If the protons in the H-bonds move from the pyrrolic rings to
the pyridinic ones, the H-bond lengths decrease considerably (from 3.52 to 2.58 A ) in the interval R (N1-H) = 1.0 - 1.4
A, and their length increases considerably (from 2.61 to 3.30 A ) in the interval 1.5 - 2.3 A. This observation
demonstrates the close correlation between the movement of protons and the optimized distance, R (H...N7).

Energy values of the first electron transition for the normal and rare tautomers, which can also be obtained using
Table 1 remain unchanged and agree with the experimental results. Hence, we again conclude a higher stability of the
rare tautomer compared with the normal one in the S, state.

Energy values for the extreme points of the curve (both minima and the maximum) in the S, state for three
different H-bond lengths (3.0, 2.8, and 2.6 A) were calculated by us. They show that if the H-bond length decreases, the
barrier height decreases considerably. A similar conclusion was made earlier [19] however there the left well happened
to be deeper than the right one. This can be explained by the fact that authors of the work [19] did not optimize the
geometry of the dimer. It should be noted that analysis of the data obtained following optimization shows that the
principal contribution to an increase of the right well depth is made by forming non-linear H-bonds (a bending of
7-12.5°, depending on H-bond length). Thus, calculations with an optimally deformed framework of heavy atoms (fully
geometry optimization case) of the 7AI dimer in the S, state provides more realistic parameter values characterizing the
potential curves of the H-bonds in the S, state

It should be emphasized that according to the experiment a large energy barrier is not expected. So, in according to
the most precise experimental data {29,30] for the 7AI dimer an energy barrier of a few kcal/mol for the ground state
reverse proton transfer has been reported. Meanwhile, neither one of the above considered cases brings the correct value
of the potential barrier height for the Sy and S, states. This is not amazing, since in the semiempirical methods (in
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Fig. 4. Potential energy of the normal and rare tautomeric forms of 7-azaindole as a function of the N1-H and N7-H
bond lengths in the vicinity of the equilibrium position, respectively. |

particular, AM1 method) all terms arising from the overlap of two atomic orbitals which are on different centers or
atoms are set to zero. The semiempirical methods reproduce various properties only near equilibrium points.

To obtain more reliable values of the characteristics of the potential curves in the S, state, it is necessary to
perform calculations of the energies of 7Al dimer's excited-state for various positions of the protons in the H-bonds with
full geometry optimization. In this case, it would be possible to compare directly the theoretical data with available
experimental data on fluorescence of the normal and rare tautomeric forms of the 7Al dimer, as well as provide a
yuantitative explanation of the position of maximum of the green fluorescence band in the 7Al dimer.

When calculating the first excited state for a symmetry-related pair of molecules, it is reasonable to expect the
excited-state 10 be 50% on each member of the pair. Indeed, after initial photoexcitation, the excitation energy is
calculated to be 50% in each of the molecules. This fact is due to the symmetry of the system, which demands the two
monomers be equivalent. However as soon as the geometry is allowed to relax the excited-state is stabilized in one
molecule, and the other molecule stays in its ground-state geometry. In other words, if the geometry is optimized, then
the excitation energy would be concentrated in one or other of the molecules. This is almost like the Jahn-Teller effect.
If the two molecules interact very strongly, then the excited-state might be spread across both molecules. -

Actually all our attempts to optimize the geometry of dimer in the S, state for various positions of the proton in the
H-bonds were unsuccessful, even though all optimization procedures available in the MOPAC 93 package were
utilized. In all the cases studied, convergence was absent or excitation was localized on one component of the dimer.
The result observed by us, that is, in the first excited state one molecule receives almost 100% of the excitation energy,
and the other molecule receives almost nothing, is quite real.

Taking into account the mentioned above, we decided to consider 7Al dimer where interaction between the
monomers is absent (i.e. when the distance between them is infinity). Such a dimer is the simplest model system
representing a real 7Al dimer. At the same time such a dimer allows to perform calculations for its normal and rare
forms in the Sy and S, states with full geometry optimization. Hence, it is easy to obtain a very good quantitative
evaluation of the locations of the fluorescence band maximum for both forms of the 7AI dimer.

For this purpose we carried out the calculations for normal and rare forms of 7Al in the S, and S, states with full
geometry optumization for several positions of the proton in the vicinity of the equilibrium position. The obtained results
produce the potential curves of the H-bonds near their minima for a 7Al dimer.

When calculating the wavefunction for the Sy state, a single-configuration approximation was applied. For the
wavefunction of the S, state we used the configuration interaction method in which all the singly-excited configurations
built on two HOMO and two LUMO MO of corresponding forms of 7AI were taken into consideration.

The potential energy of each form of 7Al, as a function of the N1-H bond length in the vicinity of the equilibrium
position, is presented in Figure 4. - - |



A theoretical study of the double-proton phototautomerism ...

Comparison of the calculated maxima of the absorption and fluorescence bands for the rare dimer form (see Figs 2
and 4) shows a largc Stokes' shift of green emission (87 nm) which is close to the one observed in experiments (100 -
110nm) [1,2,4,6,7,9,26,31].

The carried out calculations for the same simplest model system for the Sy and S, states with a more sophisticated
wavefunction (it consists of the four HOMO and two LUMO MO obtained for the SCF configuration of the
ground-state) yielded similar results.

The double-proton phototautomerism was proposed [1,4] as a mechanism of inducing mutations in DNA by
UV-light. The corresponding potential curves for DNA base pairs calculated by us [32,33] did not confirm this
conclusion. A similar result was reported by Blizzard and Santry [34] and Chojnacki et al.[28] which were obtained by
CNDO/2 and INDO/L methods, respectively. Recently the formation of rare tautomeric forms of the Watson-Crick base
pairs in the ground and low-energy excited singlet electronic states was considered [35] by ab initio HF method. It was
shown that in the excited singlet states with excitation localized on the one of the bases of the pair the double proton
transfer becomes energetically more accessible as compared with S state. However, in the opinion of the authors [35] it
1s unlikely that the rare tautomer may live long enough to perturb the dublication of the genetic information. At the
same time in this work is discussed the possibility that the charge-transfer excited electronic states may play a key role

in mutagenesis. It is obvious that this problem requires further investigation.
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MeToxamu UK-. VO- 1 BUAUMON CMIEKTPOCKONMH, @ TAIOKE [TbE30TPABUMETPHH H3YHUCHbI 0coO¢cHHOCTH 0OpasoBaHus
KOMIUICKCOB KpayH-akTHHOIMHA ¢ TUMYCHOH JIHK BO BAQXHBIX MICHKAX M pacrsopax. [lokazaHo, 4ro Hauwbonec
BEPOATHBIM MEXAHHW3MOM CBA3bIBAHHA KpacuTens ¢ NHK sBasercs uHTepkansuus (EHOKCA3HHOBBIX KOJEIL
AKTHHOLMHA B CTONKY A30THCTHIX OCHOBAHWH U 00pa30BaHKE cTabunbHONM rMAPATHON CTPYKTYPBI KOMIICKCA 3a CHET
B3AMMOISHCTBHA MONEKYN BOIbI C MOASPHBIMM TPYNIAMH KpacHTes ¥ THAPATHO-aKTUBHLIMK LICHTPaMH JHK.
KpayH->upibic rpynnsi KpacuTes, B3aMMOACHCTBYS ¢ MPOTHBOHOHAMH JTHK, cBsA3IBAIOTCA C MOJEKY/1aMH BObI U
docdaTamu, 4TO HE NO3IBONAET ASIOKCHPHOO3E NIPH BLICOKHX AKTHBHOCTSAX BOABI NPUHATE C2' - snno-koudopmauuio.
Haiineno, uto TepmoctadunstocTs komniexca JIHK-L Boiie 10 CPaBHEHHIO ¢ yucroi JHK.

KJIHOUYEBBIE CJIOBA: IHK, koMmuiekce, ruaparauus, CnEKTpOCKONnKs, akTHHOUMH.

B CBS3H ¢ HECOMHEHHBIMM ycnexamu paGoT mo mnonHo#l pacwnppoBke MEHETHUECKOro KOJa HesIoBeKa,
KOTOpbIE BHINONHAIOTCA B PaMKax MexIyHapOAHOH MPOrpaMMbl "T'eHom uesioBeka", 0co0yl0 aKTyalabHOCTb
npuoBpeH HCCNeNOBAHAS, HANpaBNEHHbIE HA MOMCK HOBBIX BELIECTB, crnocoOHbIX OKa3biBaTh BIUAHHE HA
OHOJOTHYECKYIO AKTWBHOCTb HYKJIEHHOBBIX KHCIOT, B TNEPBYIO O4EPEab, JHK. Hepasuo B CaHkr-
[MeTepOyprckoM rocynapcTBEHHOM TEXHWYECKOM YHUBEPCHTETE ObLIM CUHTE3MPOBAHLI TaKUe HOBbIE COCAM-
HEHMS - MPOM3BONHBIE AKTHHOLMHA, ABASIOWEroCs aHalIoromM U3BECTHOTO MPOTHBOOMYXOJIEBOTO aHTUOMOTHKA -
AKTHHOMHLHHA D. B ATuUX coequHeHMsAX B l-M ¥ 9-M nonoxeHmax Xpomodopa (AKTHHOLMHA) COAEPIKATCA
IUMETUAAMUMHHAS W KpayH->(QHPHAS TPYNMHUPOBKH, NPUCOEAMHEHHbIE K OCHOBHOMY BELIECTBY [OCPEACTBOM
METHIEHOBLIX Uenouek pazHoit amunsl (Puc. 1).

UsBecTHo, uTo npu obpasosasun kommiekca JTHK ¢ aHTHOMOTHKOM aKTUHOMULWMHOM D OCHOBHbIM
cnocotom cea3biBaHua nuranaa ¢ JIHK aBnserca uHTepKaiAUums, KOTOpas OCyIECTBIAECTCA MYTEM BCTPaUBaHUA
cncTeMsl heHokcasuHosbix koneu B GpC- yyactku JAHK [1,2]. TlpensaputensHbie nccnenoBaHus 0cOOEHHOCTEH
komnaekcooopaszosanns ¢ JHK xpayHcomepkauimx MpOU3BOAHBIX AKTHHOUWHA, BbIMOJAHEHHLIE METOAAMM
MEKTPOHHON U K/I-CNEKTPOCKONMU, BUCKO-
/-—-\ /—\ 56}{30_’8‘@&}.””6‘\} 3UMETPUU W [ABOUHOrO JNy4YenpesoMIeHus,

o o noKasann, YTO B 3TOM CJIy4a€ CBA3bIBAHME
akTUHOUMHOBOrO Xpomodopa ¢ JIHK ocyiue-
CTBAAETCA KaK IMyTEM HHTEPKANSILUMM OKpa-
WEHHOTO fiuranfia, Tak W MyTeM BHEWHEro

- e e e

s -

__________________________________ / CBA3bIBAHUA, NMPU ITOM CNOCOO CBA3BLIBAHUA
3aBUCHAT OT KOJIMYECTBA JIMFaHAa B KOMII-

Qussifs  orroleERRanse st T, CH; NIEKCe 1 OT PaccToAHus Xpomohop — KaTHOH-
N———r(CH,);—N *HCl  Hbi¥i UeHTp GokoBo# uermn. C yBennieHHem

“CH; ITOF0  PACCTOAHMSA YMEHbLIaeTCs  Ciocob-

H, HOCTb  Xxpomodopa MHTEpKaIMpoBaTL B

1
i
I
]
:
i Aoy cnupasib JIHK u ysenuunsaercs
| AONS BHEIWIHETO CBs3bIBaHuA [3].
1
: Hacromuied crateell Mbl  Ha4MHaeM
E Ny0nuKOBaThL PE3YAbTATH CUCTEMATHMECKMX
o | J UCCACAOBAHUI BIAUMOUEHCTBUA IPOM3BOJL-
W sccissibuminiasii I HbiX aktTunouumHa ¢ JIHK. Hcesenosanun
BEITIONHAKOTCA  PA3AMYHBIMY  PUINUECKMMUY
Puc. 1. CrpviTypHas GOpM)y1a BOIOPACTBOPUMOro 1-(3-aumeTviaamuno- MCTOAAMHU C LEABIO fIONYHECHHA IHEPIETH-
ApOTI) KAPBOMOUI-2-aMHHO-4- veTUA-9-{ 2-{(Gen3o- 1 8-kpayH-6)-4'- YECKMX W CTPYKTYPHLIX HAApaMeTpos »rofo
HAAMHHOKAPOOMON A |-ITHIRapOuMOn.I§-3-H-3-0kcodeHokcasnna (L ). B3AUMOICHCTBHA M  MIOCTPOCHUA MOJIEKY
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NAPHLIX MOACEH CBA3BIBAHNWSA C YYETOM BIIMAHUA BOAHOIO OKpPYXeHus, HykneoTuaHoro cocrasa JIHK u apyrux
baxkTopoB KOMILIEKCOOOpazoBaHNA.

Inasnas uens 3T0H paboThi - BLIACHEHHE OCHOBHBIX OCOOEHHOCTEH BMAHMSA BOIHOIO OKPYXXEHMS Ha
CTPYKTYpY # crabunbHocTh kommiekcoB TuMycHoit JIHK ¢ BomopactBopuMbIM  KpayHcomepkamum
axruHoumsom (komrmnekc [IHK-L). Panee nmamu Obino nmoka3aHo, YTO OCHOBHBIM (HAKTOPOM, CTAGHIW3M-
pyIOWUM CTPYKTYPY MABOMHOW CrHMpaiH, SBIAIOTCA "BOAHbIE MOCTHUKH" MEXAY COOTBETCTBYIOLIMMHU
ruapatnoaktuBHbiMu ueHTpamu JJHK [4]. EcrecTBenHo npeanonoxuts, 4to crabunbHocTs komruiekca JIHK-L
TAKKe AOMKHA 3aMETHbiM 00pa3oM 3aBUCETb OT B3aMMOJEHCTBHA C BOAOH, TaK Kak Npu 0Opa3sOBaHMM TaKHX
KOMIUIEKCOB NPOHCXOJAT CYIIECTBEHHBIE U3MEHEHHA B CTPYKTYPE MMAPATHBIX 000N0UEK MOJIEKY, BXOJALIMX B
KoMruiekc.  Jlpyrumu  cnoBamM, 1 Oosiee  MOMHOTO  MOHUMaHHWA  QU3MYECKUX  MEXaHU3MOB
xoMnnexcoobpaszoBanuua aktusHoro arenra ¢ JHK cnemyer paccmatpusath He npocto kommeke JIHK-L, a
cucremy HHK-L-soma. CnpaseanuBoCTb 3TOr0 YTBEPXACHUA NMOATBEPXKAACTCS pe3yAbTaTaMM WCCJIEHOBAHUS
BAaXHbIX TieHok JIHK B kommiekce ¢ MHTEPKAIUPYIOIMMHA KpacuTeasamMu [5,6,7] v AaHHbIMM, MOJyYeHHbIMH
METOAOM PEHTTEHOCTPYKTYPHONO aHanksa, O HajlM4YH{ MEeHTaroHoB M3 MOJIEKYJ] BOAbl B CTPYKType
KPUCTAJUIOrMAPATOB KOMILUIEKCOB UHTEpKaIaTOpa-npodnasuna ¢ nurykneotundocdarom d(CpG) [8,1].

B Hacrosineit pabote 00beKTaMU HCCIEA0BAHUA ABIAIOTCA BIIXKHbIE MeHKn TuMycHo# JIHK B koMmiekce
C KpayH-aKTHHOLWHOM L, a Take BOAHbBIC pacTBOPbI ITOr0 KOMIUIEKCAa. B kagecTBe METONOB WCCeNOBaHUSA
BbIOpanbl nHPpakpacHas CIEKTPOCKONMSA U CIIEKTPOCKONUS B BUAUMOMN U yNbTpadroseTOBOM 00/1acTH, a TaKXe
nbe3orpaBumerpusd.  Mcnomb3oBanne  uHQpakpacHOW  CNMEKTPOCKOMAU M BbICOKOUYBCTBUTEJILHOM
NbE30rpaBUMETPUM TNPU MHCCACNOBAHUM BIRKHBIX [UIEHOK MO3BOJWIO ONPEACNIUTh LIEHTPbl TMApATALWu
KOMIUTIeKca U u3MeHeHus B cTpykType JAHK npu pasusix BiaxHocTax B mpouecce oOpa3opaHus kommnjekca, C
NOMOIIBIO CNEKTPOCKONKH B BUAUMON 1 YD-00nacT Obijid HalieHb! ycnoBua oOpazoBanua komnnexca JIHK-L
B BOAHOM PacTBOPE W NMapaMeTpbi, ONPeASHAOLIME TEPMOCTAOMIBHOCTD 3TOT0 KOMILIEKCa.

MATEPUAJIbI U METO/ibl

B paGote ucnosbzoBanach tTumycHas AHK, soigenenHas 8 jnaboparopun npod. Jlanmo I 1O. (Mucturyt
Ounoopranuyeckoii xumuu AH Benapycu, MuHCk) €O cleqyOlUMH XapaKkTepUCTHKAMU: HYKNECOTUAHbIH COCTaB
AT/GC = 1,36, monexynspHas macca M >10" D, runoxpomusiii >3pdext h = 38-39% npu A = 260 um,
conepxanue Bomwl - 0kojio 10% B nepecuere Ha cyxoi Bec JIHK u uoHOB - oauH voH Na™ Ha omuH docdar.
Ipenapar kpayHcoaepxailero aktTuHoLmHa L ¢ Mmosnekynspaon Maccoit M=815 D Obin cunTesuposad B CaHKT-
[TerepOyprckoM TrOCyHZapCTBEHHOM TEXHOJIOTMYECKOM HMHCTUTYTE (TeXHM4YeckoMm yHuBepcutere). Jlns
nonyuenus naeHok JHK u xomnnexca JIHK-L rorosmnuce Boanbie pactsopsl JHK (kxonuentpauus 0,3 %) n
kpacutens L (0,2 %). B pactsop JJHK noGasnanu conas NaCl B TakoM konuyecrse, 4ToOb! COACpKaHUE ITOMH
cony B IUIeHKe cocTtaBnsio 3-5% no orHoweHWo k cyxomy Becy JAHK. 3arem B pactsop HHK maneimu
o0beMaM¥ 100aBIsAIU PacTBOP KPacwuTeld NPy OJHOBPEMEHHOM TILATEILHOM ME€PEMEINBAAMH H MONY4UCHHYIO
CMECh BbIIEPXKUBAIH B TeueHHUe 1-2 CyTOK.

Beipammsanue, yBnaxseuue u nefirepuposanue mwieHok JHK u THK-L (¢ P/D=4,9, T.e. oTHOWmEHUEM
monedi dpocdara [IHK k Monam kpacutens L) ocyuiecTBIsIM O CTieMUabHON METOAMKE, pa3paboTaHHOW HaMu
pakee Als MOJTy4eHus HHPPAKPaCHLIX CNEKTPOB MIEHOK B YCNOBHAX (PMKCHMPOBaHHOM BAaXHOCTY oOpasua [9].
VK-cnekTpsl 3amucaHbl Ha crektpodoromerpe UR-20. Crektpst pacteopoB JJHK u xommiexca THK-L B
BHAMMON M yabTpaduoneToBoll obnacTu 3amucaHbi Ha cnektpodoromerpe UV-VIS, Specord M-40 npu
paznuuHbix 3Hayennsx P/D B 0,01M SSC-Oydepe u npu pasusix koHueHTpaumsax NaCl. Kpusbie nnasieHus
ceodomnoii JTHK u JIHK B KoMmmJiexce ¢ KpacHTeNeM MOJNiydeHbl C MNOMOLUBIO ClELHaNbHONH TepMOCTaTH-
pOBaHHOI KioBeTH Ha cnektpodoromerpe Hitachi,mod.356 npu pH 6,0, 8 0,1M pactsope NaCl, P/D = 4,0.
W3orepmbl ruaparauyy (3aBUCUMOCTH OTHOLIEHMS Macchi cOpOMpOBaHHOM BOABI K Macce Cyxoro obpasia ot
otHocutenbHoM BnaxHoctu (OB)) IHK, xpacurens L w kommnexca JHK-L npu P/D=4,9 nonyueHsi ¢
NIOMOIIIBIO NbE30TPaBUMETPUYECKON YCTAHOBKH, omcanHoM panee [10].

PE3YJIbTATbHI U OBCYXAEHUE

Ha puc.2,a,6 npeAcTaBnenbl CEKTPS NOrAOMEHUs KpacuTens B Buaumoit obnactu (360-520 um) pactBopos
cmeceit IHK-L B 3aBucumocty o1 P/D. Buano, 4to npu yBenudeHny P/D UHTEHCHBHOCTB NOJOCH! MOMOWEHHA
ymenbmaercs (runoxpomusm a0 30%) ¢ OQHOBpEMEHHBIM CMEIICHHEM €€ MaKCAMyMa B UIMHHOBOJIHOBYIO
obnactb. Takoil xapakrep cnekTpaibHbix HameHeHul oT P/D mopobeH W3MEHEHWAM A pAfa KaTHOHHBIX
pacwureneii [11-13] u ceupeTenscTyeT 06 MHTEPKATALMH (EHOKCA3HHOBBIX KOJIEW B ABOMHYI0 cripais JTHK.
Otcyrcreue uzobectuueckoilt Touku 8 ciygae cmecedt JHK-L npn Huskux uOHHBIX cwiax (puc.2,a)
CBUAETEALCTBYET, N0 KpaifHe#i Mepe, O ABYX TUNAX CBA3bIBAHMS KpacuTesis L co cniupanbHoi crpyktypoi IHK.

Brausuue Boasl Ha CTPYKTYpy u crabunshocts kommuiekea JIHK-L samv usydeno B cucreme JIHK-L-Boza ¢
nepeMeHHbiM coaepikanuem Boasl. Ha puc.3 mpeacTaBnieHbl M30TEpMbl TMAPATALMK KpacHTena L, «4uCTOH»
JHK (#-JIHK) ¥ ux kommiekca, a Takke pacyeTHas H30TEpMa, MONYYEHHAA CYMMHPOBAHHEM H30TCPM
raapataimu L u n-/IHK ¢ Becamn, paBHbiMy MaccobiM fonsM L # H-JIHK, COOTBETCTBEHHO, B MCCIIEAYEMOM
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Puc.2. Cnextpsl noraoweHus c¢meceit JHK ¢ xpacurenem L npu pasnuuHbX 3Ha4YeHuax P/D
(nprBeacHB Ha cnekTpax): (a)-80.01 M SSC-6ydepuom pactsope, Cp = 5,43-10° M;
(6) - 8 1,12:10" M NaCl, Cp=6,74-10" M.

1,0y T _BOZbI 4

KOMIUIeKce. BHano, 4TO YpPOBEHb COpPOLMH BOHIbI | ¥ BeLLECTBA
KOMIUTEKCOM BbILIE 0 CPABHEHHUIO C CYyMMO# ypOB- 0.8 3
Hell copOUNK BOAb! OTAENbHLIMH KOMIOHEHTaMH, T.€. * 5
IOHK wu «xpacutenem. B nepecuere Ha OAMH
HYKICOTHA >TO NpeBbilleHHe cocTasnser 3-4 0,6 1
MosieKyitbl Bofbl. [TonyuenHsii pe3ynbTaT yKasbiBaeT
HA TO, 4TO ANA crabunu3auumyd  KOMIUIeKCa
HEOOXONUMB! NOTIONHUTENbHBIE MOJIEKYJIbI BOJILI. 0.4

Jlna onpeneneHus rHAPaTHOAKTHBHBIX aTOMHbIX
rpynn JTHK u kpacutens L B xommrekce JHK-L n 0,2
IUTA BLIACHEHUS CTPYKTYPHOPO COCTORHHSA, B KOTOPOM
npu 3tom Haxoautes JHK, wamu nomyyensi MK- OB.%
cnextps! H-JIHK, komnnekca THK-L u kpacurens L 0, 1
B CYXOM COCTOAHMM W MPH  OTHOCHTEJNIbHBIX 0 20 40 60 80 100
BRaxHocTAX 76% n 92% B nerkoit ¥ TAKeNOH BOJE. Prc.3. Wsotepmbi ruaparannu: (1)— kpacutens L
AHalH3 CNEeKTPOB B 00GNACTH  MOMIOLIEHMSA (2) — eymmapsas JHK + L: (3) - neIHIC (4) ~
caxapodocharHoro octosa (900-1300 cM') u B kommnackca JJTHK-L.

00NacTH NOrNOLIEHHS KPAaTHBbIX CBA3ZEH a30TUCTBIX

OCHOBAHWI B  HeAeHTEPUPOBAHHOM  COCTOSAHUU

nposoauiu kak B pabote [4] — no HamekKHO WHTEPNpeTUpOBaHHLIM nonocam nornomewnnsa JIHK, secbma
YYBCTBHTEbHBIM K €€ THAPATALHH H KOHPOPMALMOHHOMY COCTOAHHIO.

Kax #38eCTHO W3 HWCClefoBaHHWH AMPpaKUMU PEHTTEHOBCKMX JIydyell Ha OPUEHTHPOBAHHLIX BOJIOKHAX
tumychoit JIHK {1] u HK-cnextpoe nuieHok [4], npu 76% u 92% OB JIHK Haxoautca B cnimpalibHbiX A- 1 B-
dbopmax, cooTBeTcTBEHHO. [LNd CTPYKTYphl THTIa A XapakTepHO HAIMUME TIOIIOWEHUA A30TUCTBIX OCHOBAHWH
npu 1709 cM™' M aHTHCUMMETpHYHOro KoiebGanus pocdaros PO, npu 1234 em”’, a mn CAUPANILHON CTPYKTYPbl
tuna B, COOTBETCTBEHHO, NONOC ¢ MAKCUMyMaMu nornoweHus npu 1714 cm™' u 1223 cm’! [14]. Kak Buaso w3
npuseaeHHuix Ha puc.4 HK-cnextpos ceobonnoi IHK u xomnaexca npu 0%, 76% un 92% OB, 311 01010CHI €
poctoM OB cMewanTca, COOTBETCTBEHHO, A0 1711 em' W 1227 oM. Du COEKTpaibHBIE W3MEHEHNS
CBUHIETENLCTBYIOT O TOM, 4TO docdaruvie rpynnei [IHK B koMnsiekce CBA3LIBAIOT MOAEKYbI BOJbI, HO HE /0
TaKoH CcTeneHH (Kak 310 umeeT mecto Aas csoboano#t JIHK [4] ), utobut B komiuiexkce ofpazosaaucs
kanoHHueckue A- u B-gopmbl JHK. Tlo-svnumomy, BCTpauBanue (PEHOKCA3MHOBLIX KONEW MEKAY YOTCOH-
KPHKOBCKHM#M MapamMy a30THCTBIX OCHOBAHUH MPUBOANT K MX YACTUYHOMY PACKPY4YHBAHUIO M W3MEHEHHIO ux
caxapogocdatroro octosa. Ho Hannuue noaocs! nornowenus npu 1711 oM™ CBUACTEALCTBYET O TOM, 4T0o H-
CBA3H B YOTCOH-KPHKOBCKUX mapax coxpaumorca. [lockonbky 4acTora konebanuit pocdaros PO, npu 92% OB
HE NOCTMrAeT 3HAYCHHA, XAPAKTEPHOTO A B-¢popmbi [THK, Mbi nonaraem, 410 kpayH-3pupHbie rpynisi
KpacHTeia L cBA3anH nNpOTMBOMOHM Na' ¥ TeM CaMbiM NPENSTCTBOBAAY MCPEXOAY ACIOKCHPHOOIb B
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C,/ -anpmo-koudopmaumio. [lo-suaumomy, pansHeilmee ceasbpiBaHue BoAbl (docparamMu, Kak W B Cilyyae
csoboanoi JTHK, He npousouwno no npuykHe 0Gpa3oBaHHUs TAKOro KOMIUlekca: KpayH-3dupHas rpynna - Na' -
Boma - docar PO;. CMmeiesne M0A0C NOLAOWEHHS ne30kcHpubossl (1058 cm™ u 968 cm™' B crektpe
xommiekca JJHK-L B otnname ot cootreretaytomux nosoc 1052 cu™ u 970 e B cnexrpe r-JIHK, cm. puc.4)
TaKXKe CBUAETENLCTBYET O TOM, 4TO caxapodocdarmbiii ocroB JIHK uyactuuno nedopMHposaH B CTOPOHY
obpazoBanus cnaboit cnupany, Kak 3170 Mbl HaOMOJanK paHee Ha NoJMHyKneoTuaax [4].

Jins BLISABICHMS BIUSHUA BCTpauBaHUA (EHOKCA3MHOBBIX KOJieL B Napbl a30THCThIX ocHOBaHuH JTHK Hamu
Obnu nosyyedsl criekTpsl komnnekca JJHK-L u kpacurens L B neifrepupoBannom cocrostuu npu 0%, 76% u
92% OB (puc.5). Monoca v = 1609 cM™' B crieKTpe KpacuTesi, COOTBETCTBYIOWAs, NO-BUAMMOMY, KapOOHHIIb-
HoMmy kojnebGaHmio C;=0 aKTHHOLIMHA, B CMEKTPE CyXOM MIEHKH KOMIUIEKCA CIBUraeTCi B BbICOKOYACTOTHYIO
o6macts no 1618 cm™. D10 roBOpHT O TOM, YTO YyKa3aHHas Tpynna B OTCYTCTBHE BOJAbl HAXOAWTCH B
HETIONAPHOM OKpYXeHun. [Ipn yBIaXKHeHUH TUISHKU 3Ta I0JIoca CMellaeTcs B KpacHyro obnacth Ha 11 em™ ¢
OHOBPEMEHHBIM POCTOM HHTEHCHBHOCTH, YTO CBHACTENLCTBYET O ruapartauun C;=O-rpynmbl akTUHOLMHA B
kommekce JJHK-L.

Monoca nornouenus v = 1455 cm™ | cBszanHas ¢ nedopManmonHbiM koneGanueM aToMHbIx rpynn ND,
(8 Cr-noioxkeHuy akTHHOUUHA), ¢ pocToM OB Takke npereprneBaeT 3HAYMTENbHBIC CTIEKTPATbHbBIE H3MEHEHUS:
BLICOKOYACTOTHBIH CABHT Ha 2-3 M~ M yBeNMUEHUe MHTEHCHBHOCTH Ha 60%. DTH U3MEHEHUS, KaK U B Clyydae ¢
KapGOHIIBLHBIM KONeGaHHEM, YKa3bIBAIOT Ha TO, YTO MOJIEKYJIbl BOAb] CBA3BIBAIOTCS C ITOH rPyNNoli aTOMOB.

061
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Puc.4. UK-cnextpsl H-JHK u xomnaexca JHK-L B o6nactu nornomeHus caxapodocparnoro ocrosa
(950-1300 cm') u B 06nacTH NOrAOLIEHHS a30TUCTBIX ocHoBauui (1680-1800 cM™') Npu pasiMyYHLIX 3Ha-
yenusx OB 8 H,O: (1)-JHK-L, 0 % OB; (2)-JAHK-L, 92 % OB; (3)-AHK-L, 76 % OB; (4)-x-AHK, 92 % OB.
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Puc.5. a) UK-cnextpe komniaekca AHK-L @ xpacutens L B 067acTH NOrIOLICHUA a30THCTHIX OCHOBAHUH
fnp# pazaudabix 3naveHuax OB B DQi-(H—-AHK-E, 0% OB;"(‘2)-—;;§£{'K‘_;’§, “9.%"1» OB; (3)-kpacuresns, 92% OB.
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Ha pwuc.5,6 npuBeicH pa3HOCTHBIN CTIEKTP CyXOii H BJIAXHOH (npu 92% OB B D,0) ruIeHKH KOMIUIEKCa, Ha
KOTOPOM XOpOLUO BHAHBI BBILICOMHCAHHbIC CTIeKTpaibHble W3MeHeHus. Kpome Toro, Ha pa3HOCTHOM CITEKTPE
BHAHO, YTO WHTEHCHBHOCTb MOJIOC MOTJIOMEHHA KapOOHHIBHBIX TPy IHK (v = 1693 em', konebanue C,=0O
ruvnEa u 1630-1660 e , Ce=O ryanuHa C,~=0 TuMHHA) TaKke BO3pacTacT IpH copbuuu Bombl. Tlo-
BUAMMOMY, COpPOUPOBAHHbIC MOJICKYJIbI BOZDbI, CBA3bIBAACH C YKA3aHHBIMA TPyNMaMH Kpacuteis H JTHK,
00pa3yloT MOCTHKOBbIE CTPYKTYpbl B rUApaTHOW 000/0YKe KOMIUICKCA, UTO NPUBOAMT K €ro CTadHnu3aLiy.
Tlomo6Has cTpyKkTypa Gblna oGHapyKeHa MpH HCCNEN0BAHHH MOHOKDHCTAIOB AUHYKIICO3HAA d(CpG) ¢ npodna-
BHHOM METOI0M AMMPAKIMM PEHTTeHOBCKUX JydeH [5,8].

CaeneHHs 0 TEPMOCTabHIILHOCTH MHAPaTHPOBAHHOTO

KOMIIIEKCA MONyHEHb! PH CPABHHTEILHOM HCCIIeI0BaHHH 0 1

KPHBbIX «IaBNEHUD) n-JIHK u JTHK B KOMmieKkce ¢ kpa- 1,0

cutenem L B 0,1 M pacreope NaCl (puc.6). /iByxcTyneh- 0 8-

4aTbiii XapaKTep MIABJICHHA CBHACTE/LCTBYET O HANMINH ’

ABYX THMOB CBS3bIBAHWA Kpacurens ¢ IIHK: cnabom 0,61

BHelIHeM cBs3biBaHMM No caxapogocdarnoii nenu THK u 0 4

Gonee MPOUHOM CBA3bIBAHUH — WHTEPKANALIHH. 3TOT BbI- |

BOJ COMIACYeTCA H C NMPHBEASHHBIMM BBIUE CMEKTpalb- 0.2

HbIMH HaHHBIMH. [IpUBEIEHHAA HA 3TOM XKe PHCYHKE TEM- 00{ & . T.°C
nepaTypHas 3aBHCHMOCTb WHTEHCHBHOCTH MNOTJIOWICHHA 0 20 40 60 80 100
KpacuTeNs B KOMILIEKCE (P/D=4,0), no;fy4eHHas Ha 1noNo-

ce MOMMOLIEHNs KPACHTENS B BUAMMOM 06NacTh cnexTpa A

= 448 HM, yKassiBaeT Ha TO, 4TO MepBad CTaaus rnasne- Puc.6. Kpuseie muasnacuus H-AHK (1) u
s komruiekca JJHK-L B OCHOBHOM CBS3aHa C BbICBOOO- komnnekca [HK-L B Y®-o6nactu cnekrpa

npu A=260 1M (2) ¥ B BuAUMO#H 0611aCTH NpH

xaeunem xpacutens. CpaBHEHHE TeMNepaTyp M1aBICHHUS
\=448 um (3) npu P/D = 4,0 (0,1 M NaCl).

H-THK (74°C) st IHK B kOMMIEKCE (77°C) cBUOETENbCT-
ByeT O TOM, YTO, NO-BMAWMOMY, TMAparHas CTpykTypa
kommiekca JHK-L crabunusupyet ctpykrypy JTHK.

Takum 006pa3oM, TIPOBEACHHBIE HCCJIENOBAHUA BIMAHUA BOABL HA B3auMOAEHCTBIE KpayH-2PUPHOTO
POU3BOAHOr0 aKTHHOUWHA C JIHK mokasand, 4TO (PEHOKCA3MHOBOE KO/bIO MHTEPKAIMpyeT B yOTCOH-
KPHKOBCKHE Napbl a30THCTbIX OCHOBaHHH, UTO NPUBOIUT K 4aCTHHOMY WX PacKpy4YuBaHui0. Monexynbl BOAbI
yCTAHABAMBAIOT MPU 3ToM H-CBA3H C KpacHTENEM MO rpynnam atoMos C;=0 u ND; 1 kapOOHHIBHBIMK rpYynna-
M THMUHA, W, MO-BUAMMOMY, FyaHHHa 1 LIWTO3MHA, 00pasys CIUIOWIHYIO BOAOPOAHOCBAAHHYIO CCTh B MUHOP-
Hom xenobke JIHK. Takoi koMiuiekc Gonee CTabWICH, YEM «9UCTast» JTHK, nockosibKy TeMmnieparypa rniasje-
uua JIHK B coctaBe kommnekca Ha 3°C Bbllie TeMnepaTypbl MIABJICHHS u-JIHK. Cps3piBaHue KpacuTens ¢
caxapodocdarHbim octosom [AHK npuBoauT K TOMY, 4TO Ne30KCHPUBO3HOE KONbLO HE TPaHCHOPMHUPYETCA MpH
92% OB 8 C, -3HA0-KOH(POPMALHIO, XapPaKTEPHYIO A B-¢popmel JIHK. Hapo mnonarath, 4TO TakKue
KOH(pOPMALMOHHbIE H3MEHEHNA 00YCNOBNIEHbI CBA3BIBAHHEM NPOTHBOUOHOB Na' ¢ kpayH-3QUPHBIMU TPYNIAMM.
OpnHako B HACTOAILEE BPEMA MOKA HEACHO, KaKWe MMEHHO MOJIEKYJbl Kpacutens — cnabocBiI3aHHbIe WK
HHTEPKANKWPOBAHHBIE — BCTYNAIOT B 3TO B3aWMOCHCTBHE.

Pa6oTa BHNOAHEHA NPpH HUHAHCOBO#H noaaepikke no nporpamme INTAS'97, rpaut 31753.
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VI $41.49 MOJIEKYJIAPHA BIO®I3UKA

CTATHCTHKO-TEPMOJUHAMHYECKASI MOJEJIb FTETEPOACCOIUAITNN
APOMATHYECKHX MOJIEKY.JI B BOJJTHOM PACTBOPE HA OCHOBE
JAHHBIX 'H-IMP-CIIEKTPOCKOIIUU

JL.A. Becenxos', MLIL. EBcTursees, JLB. IaBuc', A.H. Becenkon
Kagheopa usuxu Cesacnononsckozo 20cy0apcmeeHH020 MexHU4ecko20 YHueepcumema
Cesacmonone-99053, Ykpauna; e-mail: veselkov@sevgtu.sebastopol ua
i Henapmamenm xumuu Bepkbex xonnedca Jlondonckozo yrusepcumema, WCI1H OPP, Benuxobpumanus
ITocrynuna B penaxkuumio 13 mapra 2000 T,

Paspaborana craTHCTHKO-TEpMOAMHAMUYMECKAs MOJAENL TI€TepOacCOLMalMi  APOMATHYECKHX MOJNEKya  Juls
MHTeprperauuy faHHbsx JMP-cnektpockonun. B paccmarpuBaeMoil MOZENH, B OTIMYUE OT MPEANOXKEHHOM paHee
[12], seT orpaHuyeHui Ha PaBHOBECHBIE KOHCTAHTHl CAMOACCOLMALM MOJIEKYN, U YYTEHBI Kpaesbie dQQeKThI, T.€.
3aBHCHMOCTb XHMUYECKOTO CABHUIa IIPOTOHOB OT TIOJIOXKEHUS MOJIEKYJIbI B arperare - BHyTpPH, Ha KpasxX UM B FeTepo-
cThike. Mojens anpobuposana Ha NpUMEpe reTepoaccoUraliMy GEeHaHTPUAMHOBOIO KpacuTensl GpOMHUCTOrO ITUAMS
(EB) u awrpaumkauHosoro antubuoruxa aayromuuuHa (DAU) B BoaHom pactBope. Pacuer napamerpos
accCOUMAlMM  MOJNEKyn npoBeaeH no ganueM  H-AMP-cnekrpockoman (500 MIn). Mccnenosaus
OKCIIEPUMEHTAIBHBIE KOHLEHTPALMOHHBIE M TEMIIEPATYPHbLIE 3aBUCHMOCTH IPOTOHHBIX XHMHYECKUX CJABUIOB
B3aUMOJCHCTBYIOLMX APOMATUYCCKUX MOJEKYJ. YCTaHOBJCHO, YTO PaBHOBECHAas KOHCTAHTA IETEPOACCOLMALIUM
CYLIECTBEHHO TPEBEIMNACT KOHCTaHTHl camoaccouuaiwi EB n DAU. Ananu3s cTpyKTYpHBIX M TEPMOJMHAMHUYECKUX
XapakTepucTHK komiutekcoobpazopanus EB u DAU yxassiBaet Ha BO3MOXHOCTH AOIOJHUTENbHON cTabunM3aliviu
1:1 rerepo-koMmnekca MOJEKya 3a cyeT 06pa3oBaHMsl BOJOPOIHOM CBA3M Mexny 3-amuHorpynnoit EB u 9-MeCO
rpymnmoit DAU.

KJIHOYEBBIE CJIOBA: CTaTHCTHKO-TEPMOAHHAMHYECKAS MOAELID, re'repoaccounauﬂﬂ apOMAaTHYECKHE MOJEKYNbI,
AayHOMHLUH, OPOMUCTBIN STHIHIA.

HccnenoBaHusi rerepoaccoldauuy OHONOTUYECKH BaXKHBIX apOMaTWYECKHX MOJIEKY] TNPEACTaBIdeT
3HAYUTENIbHBIN UHTEPEC KaK ¢ QU3UKO-XMMHUYECKON TOYKH 3PECHMUA, MO3BOMAS YCTAHOBUTH BIHAHHUE CTPYKTYphI
xpoMopopa U OOKOBBIX LENEH Ha CPOACTBO PA3NMAYHBIX MOJEKYJ] B BOJHOM pPacTBOpe, Tak ¥ C MEAMKO-
OHOIOTUYECKOMH, CBA3aHHOM C UCCICAOBAHUEM BIUIHUA aCCOLMANMK MOJIEKY)T HA aKTUBHOCTb aHTUOHOTHKOB [1].
B pabGore [2] cpenaHo TmNpeAnoJiOKeHHE, HYTO AapOMATHYECKMe MOJIEKYJbl MOTYT BBICTYNaTh B POJIM
"mepexBaTyMkoB" aHTHOWOTHKOB, cBs3biBatonpxca ¢ JIHK myrem wuHTepkamiuwm, B 4acTHOCTH, KO(eHH
OKa3bIBaeT MPOTEKTOPHOE AeHCTBHE Ha I'eHOM KJIEeTKHU Ipy Kommiiekcoobpazosanuu ¢ THK unTepkanupyoimx
JMTaHA0B: OPOMUCTOTO 3THAMA, OJOKCOpYOMLMHA, HOBaTpoHa ¥ Ap. [3]. Oano N3 00BACHEHHH ITOMY ABJICHHIO
OCHOBAHO Ha MPENTONIOKEHNH 00 00pa3oBaHNK reTePOKOMILIEKCOB MEXTY MOMEKYJoH koderHa u anTuOMoTHKA
B pacTBOpE, MNPHBOAAIIMX K YMEHBIIEHMIO KOHLEHTpAIlMM MHTEPKAIATOPa U, COOTBETCTBEHHO, €ro
ypdextusrocTu {2,3]. Takum obpazom, ucciieA0BaHNE NIPONECCa NETEPOACCOLMAUMH UMEET BIIOJIHE KOHKPETHOE
MEIUKO-OHOIOrHIeCcKOe NPUIOKEHUE 1A pelmeHrs BOMpoca O 3aKOHOMEPHOCTAX KOHKYPEHTHOTO CBS3bIBaHWA
Pa3IH4YHLIX ApOMaTHIECKHX JTUranaoB ¢ peuenrtopamu tina JTHK [4] win 6enxos [5].

3a mocnemHWe B3 AcCATHNETHA OBUIO TPEMIOKEHO HECKOJNbKO MojaeleH rerepoaccounaunn
apoMaTH4eckux Molnekyn. CTaTHCTHKO-TepMOauHaMudeckas Mofenb Bemnepa u mp. [6] paccmarpuBaer
obpaszoBanre OECKOHEUHOMEPHBIX arperaTtos mjid €amMoO- M TeTEPOacCOLMalMd MOJIEKYJ, OOHAKO OHa
HeNMpUMeHUMA [UId aHalM3a OJKCOCpUMEHTAIBHBIX JAaHHeX SIMP, B 4YaCTHOCTH, KOHUEHTPAaLMOHHLIX W
TEMIIepaTyPHBIX 3aBHCHMOCTEH XMMUIECKIX CABUIOB A4ep HCCNeXyeMbIX Monekyl. Monens [7], paspaboTatHas
1A accolidaimy KopeHHa W METWI rajiiarta, He MOXeT ObiTh MpUMEHEHa B OOlUEeM Ciiy4ae, TOCKObKY B HEH
KCTIOJB3YIOTCA JOBOJBHO NPHONMKEHHbIE BHIPAKECHHS [JI4 OLEHKH PaBHOBECHBIX MOHOMEPHBIX KOHUEHTpALUi
OHOW M3 KOMIIOHEHT B CMEINAHHOM pacTBOpe. MoAenHpOBaHKUE NMPOLECCA FETEPOACCOLMAE aPOMATHIECKAX
MOJIEKYJI 110 JAHHBLIM ONTAYECKOH CIEKTPOCKOOMM He Y4UTHIBaeT 00pa3zoBaHue #-MEepHBIX arperatos (8], uto B
ofIeM CAyuae MOXeT NPUBECTH K HEKOPPEKTHBIM pe3ynsTaraM. Beenenne B Monenax [9,10] orpannuenui Ha
pasmephl arperatoB (GOpPMHpPOBAHHE JNMIIL JWMEPHBIX KOMIUIEKCOB) apOMAaTHUECKHMX MOJEKYJl ClpaBeINBO
TONBKO B 067ACTH MATLIX KOHLEHTPAIul ¥ OTHOCHTENIBHO HeOONBIINX KOHCTAHT aCCOUMALNH, OITOMY TaKOH
NOAXOA MOKHO paccMaTpuBaTh JIHUIL KaK NpHOIDKeHHBIM. K aHanornyHoMy BBIBOXY MOMKHO TpPUHTH B
pe3yNbTaTe aHamu3a rpadyudeckoro MeToja OnpejesieHus NapaMeTpoB reTEPOACCOUMALUM, OCHOBAHHOTO HA
ydere peakimii aumepusanyy 1 1:1 rerepoaccoimatny MONEKyI, B3auMoaeHcTBYIOIMX B pacTBope [11].

CTaTHCTHKO-TEPMOAMHAMMYECKAA MOJENb FEeTepoaccoiMalyiy, B KOTOPOH MONeKyael  00pasylor
BeckOHEYHOMEPHBIE arperaThl Kak Uil caM0oacColMallvl, Tak W rerepoaccouualli, 6bina HefaBHO pazpaboraHa
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B Hamieit naboparopuu [12] ansa amamusa xaHEBX SAMP apoMaTHieCKuX MOJIEKY/T B CMEIIAHHBIX pacTBOPaX.
D¢ PeKTUBHOCTE MOZENH MOATBEPIKIAACTCA, C ONHOM CTOpOHBI, COBMaJEHHeM pE3YJIbTATOB PpacHcToB,
BBITTOMHEHHBIX ¢ MCIONB30BAHHEM PAa3HBIX apOMATHYECKHX MPOTOHOB KaXJOro M3 Yy4acTBYIOUIMX B PEeaKLUAX
BEIIeCTB, C MAPYroff CTOPOHBI - COBIAJEHHEM pE3yNbTaTOB pactcia Mo HE3aBHCHUMBIM [pYyr OT Opyra
3KCIEPUMEHTANBHEIM KOHLUEHTPAUHOHHBIM 1 TeMIICPaTypPHbIM 3aBHCUMOCTAM IPOTOHHBIX XMMHUYECKHX CIBUTOB
[T KaXIOro apoMaThyeckoro juraiaa. OXHako NpH MOCTPOCHUH o0mielt cxembl peakuuii camoaccouralru
reTepoaccolManuy, 00ecnevnBalomuX AUHAMHHEECKOC paBHOBECHE B pacTBOpe, OHHO M3 YpaBHEH N,
OIMCHIBAIOIMX TreTepoaccolyalio ¢ IBYM:A "reTepo-CcThIKaMHu", ObUI0 MCKIIOYEHO W3 PacCMOTPEHHA [12].
JlelCTBUTENBHO, B CTydae GONBUIOrO pasiuius B 3HAYCHUAX KOHCTaHT caM0acCoUHaluyy B3auMOJEHCTBYFOLIMX
Remects (B 5-6 pa3, kak B [12]), cyulecTBOBaHME reTCPOKOMIUICKCA B BOJAHOM PpacTBOpE, COCTOALLEro M3
LEHTPANLHOTO arperara - BeecTBa ¢ MEHbIIEH KOHCTaHTOM, (pIAHKHPOBAHHOIO arperaraMu Apyroro BeecTsa
¢ GoNbILEH KOHCTAHTOM, ManoBeposTHO. OXHAKO MOXHO 3aK/IOYMTh, YTO NPEANOKEHHAT MOACTH [12] BHOCUT
ONpeJeNeHHble OrPaHMYEeHHs Ha BEIMIHHBl KOHCTAHT camoaccolpanyy B3aUMONEHCTBYIOIMX MOJEKYST H
NPUBOAMT K CHCTEMATHUeCKOH ommbKke ONpeNENeHNs [apaMeTpoB B 0OIEeM Ciydae, KOrga 3HAUCHHs
PABHOBECHBIX KOHCTAHT CaMOaccoUMald MONEKyJl B CMELIaHHOM pacTBOPC CpaBHUMBI MO Besnm4KHe. Kpome
ytoro, B Moaenn [12] He npuHUMaeTcs BO BHUMaHHE TOT ¢axT, YTO MPU CYMMHPOBaHUN KOMILIEKCOB C ABYMS
CeTepO-CThIKAMH, HEOOXOIHM Y4eT TOXIECTBEHHBIX M€TEPOACCOLMATOB, NAIOMMX yABOCHMC COOTBETCTBYHOIIMX
KOHLEHTPALWMI B DAaBHOBECHOE PACTpE/eNieHHe KOMIUIEKCOB B PacTBOPE, & TAKKE y4eT BIIMAHIA KpaeBbIX
5} (}EeKTOB, 2 UMEHHO, 3aBHCHMOCTb XMMHYECKOrO CIBUIa MPOTOHOB OT MONOXCHMA MOJCKYIL B arperare -
BHYTPH, Ha KpasX WIH B reTepo-cTeike. B nocnemyomen pa6ore [13] HamMu mpeanoxeHa MOAUPHUUMPOBAHHAS
MOJENb TIeTepoaccolMalii, B KOTOPOH paccMaTpuBalack MNOJHAt CXeMa peakuuii 0e3 OrpaHMuYEHHN Ha
KOHCTAHTH CaMO- H reTepoaccolualyu. IloclenHee MO3BONWIO [POBECTH KOPPEKTHBIH aHANN3 CUCTEMbI
KPACHTENb-aHTHOMOTHK C ONM3KHMH MO BENUYMHE KOHCTAHTAMHM CaMOAacCOUHMALMH apOMATHHECKHX MONCKYJ
{13].

B uactosuieii pabore mpeaioxeHa 0600IEHHas MOACNTb reTepoaccoudalii apoMaTHIECKUX MOJIEKYIT C
YYEeTOM BIMARMA KpaeBbix >(pdexToB mpu 00pasoBaHHM PasNMHHBIX MONCKYISAPHBIX acCOUMATOB B PacTBOPE.
Armpobanua 0606MWEHHON MOJIeNH TPOBEAEHA HA (pHMeEpe Mpolecca reTepoaccolauyly AByX apoMaTHYECKHUX
MOJIEKYJT - AHTHOIYX0J1eBOTO aHTHGHoTHKA nayHomuuuHa (DAU) 1 peHaHTPUARHOBOTO KpacHTe s 6poMucToro
ytumus (EB), o6nagatomero mMyTareHHsIMH cBoiicTBamMu. SIMP-cnextpockonus (500 MI'11) ucnonb3loBaHa JUis
onpenesieHHa TEPMOAMHAMHYECKUX M CTPYKTYPHBIX NapamMeTpoB KOMIJIEKCOOOpa30BaHMsl MOJIEKYN, KOTOPbIE
OTIpeIe/IAIHCh, UCXOISA H3 IKCTIEPUMEHTAILHEIX 3aBUCUMOCTEH MPOTOHHBIX XHMHYECKUX CHBUTOB MOJEKYJI KaK
bYHKUMM KOHLEHTpaUuH H TeMnepartypsi [12,13].

PE3YJIbTATHI 1 OGCYKIAEHHUE
Mopess rerepoaccouHanmn

Tak xe kak | B 6a3080i Moaenu [12}, paccMatpuBaercs clelylolas cxeMa peakui B pacTBope:.

-

Ky
Xl +X:‘HXI+1 F :
K, = Kyxox = Kex®
Y +Y I e JE
‘ m—z A Y =Kyy,y =Kiy/"
<X‘.+Y}(_).XJY}_ s 12 =ch,.y,.'—"KCK;IK}{"lx:y{ (1)
Ke _ 2 . 2 f - - - i
X:Y; +}’} ('—)YjX:Y: a)jﬁ - K(,‘y;x;‘yf _KCKI{ IKX]K;' lyl.jxiyi{
K @ = Kex,y,x, = KLKP K Ky xlyi x
XY +X, & XY X,

rae paBHOBECHBIE KOHCTaHTbI camoaccoluaiy BewecTs X - Ky u Y - Ky 1 koHCTaHTa revepoaccoumnaumn K,
NONAraloTCs HE3aBUCHMBIMM OT HHMCHA i j, k | Monekyn B arperare; X, ¥, zj @y, Gy - KOHLEHTPALMM
00pa3ylouMXcA KOMILUIEKCOB, BHIYHCACHHBIX [0 3aKOHY ACHCTBYIOUIMX MacC. Y paBHEHHME, BhIPAKAIOLIEE 3AKOH
coXpaHesus Macchl [12], npeaponaraeT CyMMUpOBaHME KOMIOHEHT MO BCEM WMEKCAM, HanpuMep, Mii

xoMrmekca Y X Y :
Z 2, Z Da (2)
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Vinnexcwl j, i, [ HesaBHCHMBI ApYr OT Apyra, MOITOMY Cpeiu ciaraembix B (2) ¢ j=/ Bcerma Haitmercs napa
CUMMETPHYHBIX APYT APYry C PaBHBIMH KOHUEHTPALWMAMU @y = @) , COOTBETCTBYIOLIME TOXKIECTBEHHBIM B
pacteope xommrekcaM VXY n VXY . Cienosarensno, cymma (2) fommkHa GbITh CKOPPEKTHPOBAHA K BUIY:

1{ & & & ©
5 ZZZ“’W +Z_Za)ﬂ]' ‘ 3)
Tor,ua 3aKOH COXPAHEHHA MacChl [T PAaCCMAaTPHBAEMOH CHCTEMBI MOXKHO 3alHCaTh CIEAYIOMIMM 06pasoM:

—-sz +ZZzz +—— ZZZ: },£+ZZia)w gl ZZZ(ﬁ+m)aUm+ZZZi%

3 s s , (4)

=X+ T+ zzzm@d«-zm w |+5| SE T+ T e,

THe Xg, Yp - MCXOHHBIC MOJIPHBIE KOHUEHTpAaLMH BemecTs X ¥ Y. [lpomsBens cymMMHpoBaHHe GeCKOHEYHBIX
psmoB ¢ y9eToM (1), MOXHO IMpeACTaBUTh 3aKOH COXPAHEHHS MacChl B MATPUYHOM BHIE:

= |k, }c], (5)
- 22 .
rae [Ke]= : : 1 KXx; i szxl 2 -MaTpuLa ko3 punrEeHTOB
\I=Kyx 1-Kyx 1-Kyx I_Kxxiz

=\X,] |X.Y,| Y, X,Y,| |X,Y.X,|) -marpuua xounenTpanuit TUIIOB KOMILTEKCOB
] y] rxr] rx)

[Xr‘]: 1 J [Yj]z. g "t [X:'Yj]"_‘KC[X:][le

1=K ;7. i-K,y,

2 - - 1]
k) KX Pl
Ir x5 |=gx0k4s | |= J
N 1+ Ky, R P ¢
r Vi _ x %
Cucrema ypaBHeHHH (4) cUMMeTpU4YHa OTHOCUTENBHO X M Y, M, CienoBaTeNbHO, 3aKOH COXPaHEHMA A
BeliecTRa Y nosydaercs U3 (5) npoctoi 3aMeHO# MHAEKCOB X Ha y ¥ HA000pOT.

AHanu3 3aBHCHAMOCTH MPOTOHHOTO XMMMYECKOrO CHBMIa MOJIEKYJ OT KOHLEHTpaUHWd U TeMIepaTypbl
pacTBOpa npeanosaaraeT ObICTPhI 00MeH MEXIy PasnNdHbIMU accoumaTamu B Macuitabe BpemeHu SIMP u yyer
BK/aZa TONBKO OMKalImUX COCEOHHUX MOACKYN B 3KpaHHpPOBAHUE HUCCIEHYyEeMbIX NpPOTOHOB. Ecim arperar
obpa3oBaH B pe3yabTaTe CaMOacCOLUMaldd MOJEKyJl OJHOr0 CcOpTa, TO BKIAaJ COCEIHUX MOJIeKyT B
3KpaHAPOBaHHUE AP NOJIaraeTcsa OQUHaKoBbiM [12] :

O; - O = 2(04 - On), (6)

rae &, &, O - COOTBETCTBEHHO, XUMHUECKHE CABHUI'M MPOTOHA BHYTPU camoaccouuara, Ha kpato (WM B gumepe)
¥ B MOHOMEDE. | ‘

| Jlna Toro 4ToGb! yUecTh BIMAHHE MOJOXKEHHA MOJEKY/bl B arperate Ha XUMMWYECKU CHBUI MPOTOHOB,
HeOOXOMMMO DPAcCCMOTPETE BCE BO3MOXKHBIE BHOBI ¢ OmbDKaiuiero OKpyXKeHusd, T.e. KaKoro THIAa KOHTaKThl
(cTeiku) o6pasyer Monekyna ¢ cocemami. I[Tycts Ads u Ade - 106aBKY B XUMHUYECKUM CHABUI, COOTBETCTBEHHO, OT
coceHEl MOJEKYNBI TOTO e BemiecTBa (FOMOCTBIK) U APYroro BemiecTsa (retepoctsik). Toraa xumudeckui
CHBUT MOXET NPUHUMATh CACHYIOUIME 3HA4YeHWT: a) 5, - B MOHOMepe; 6) 6,=6,+A4ds - Ha xpato arperara ¢
TOMOCTHIKOM, B) O0p=0,+ASc - HA Kpalo arperara ¢ IreTepocTsiKoM; T) §=5,+2AJ0; - BHyTpH arperara ¢ AByMs
FOMOCTBIKAME, ) Occ=0n+240c - BHYTpH arperara ¢ ABYMA FeTepOCThIKaMH; €) &0=0,+Ads+A6:=6,t A0 -
BHYIDM arperata ¢ reTepo- W TOMOCTBIKOM COOTBETCTBEHHO. [IpHHMMas BO BHHMAHHe, 4TO BKNaj B
3KPaHUPOBAHME AAep HaeT b Gauwkalimee OKpyXKEHHE MOJEKYNbl, MOKHO [IPWBECTH BCE BEPOATHBIC BUIbI
KOMIUIEKCOB, pasiAdaloniecs n0o XxuMHueckoMy casury (taba. 1), | Torpa agaMTHBHAA MOACHbL A%
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gabogaeMoro XUMHWICCKOro caBura MpoTOHa MOXeT ObITb npenc:TaBneHa B BHAEC CYMMbI BKIaA0B OT
pa3sINIHBIX BHIIOB KOMILICKCOB!:

D. -

I

5X=

Mo

i=1

Tabnuma 1. Bo3MOXHBIE THIBI KOMILICKCOB U BHOCHMBIHM UMH XHMHYECKUH CIBUT

Buzisi KOMILIEKCOB Tun T XpMWYecKUH CIBUT, BHOCHMBIH KOMILIEKCOM
e x[
—ﬂ——-ﬁ" X} Dl - ' xo 5”1;\'
_—-/5d=5m+d53 5&3’ = 5;){ - .
8=+ Ay ’ :
5C=§m+A§C D. = 5(7)( S
o885 | X1 S T
o Jj=l
_/5d
#——d JY!Y:J B 5dx o Acscx 0 @ 5 0w ‘5&' w0 ™ .
................... \Jic=5d+45c‘ D4 - x ZZZU""—"—Z Zj; +“ZZ(’*2)Z;}‘
................... 0 J=1 i=2 Xo j=t i=2 Xo j=1i=3
................... /§CC=5M+2A5C . 5m+2A6‘C (4] o o0
................... ‘K"X"Y’ DS= 2 Zzwjl!+zwjlj
a lal jul =l
................... A 5;1)( = AJCX % 22 o @
................... /&ngd’i—dé‘(j YXY D6 st 2 ZZZZ(DM +222a)w -
j it Xo I=l j=1 i=2 j=1 i=2

”—-—51 . 5 . o
................... : X1, D, =432,
Opry e On +A0 ) o
o - Jex ax T BO0cx
- Oc D, . Zzaiﬂr + Zzalﬂt +
................. - 0 k=2 y=l Xo k=2 f=I

i BB Ay | A

——-—-\5d Xo k=3 j=I X0 k=2 j=I

i b= Oa ¥ 88y | s 2 &

_ 5 | o =TT 22 22, +) ) 2a, |+
T NG=dras | XWX e o

S ) 5}_ o oD 5] o o
____igf-oﬁaac + E; DI Mi+tk-4)x, +. Y Qi-4),, |+
i \5; 5 0 :]:l k;3 i:3 o Jj=l 1=3
i "if; Z Zzwm '*'2}22%
0 | k=2 jzll =2 j=t =2

* . COCTABARIOLNAR CYMMAPHOTO XMMMYECKOTO CABUIA, B KOTOPOH yUHTLIBACTCA CooTHOMeHUE (3)
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Upynnupys 3magesus D; no THmaM KOMILIEKCOB (D,2(X))=D;+D,, D;«X;Y) =Ds+D, Dss(Y;X;Y)=Ds+Dy,
Drso(Xi¥;Xp) =D,+Dg+Dy), MOXKHO 3aIUCaTh BbIpaXKEHHE IS XMMMYECKOro caBura BemectBa X B 0606meHsom
MaTpHYHOM BHJE:

Oy = [5X]'[K1]'[Kz]s (7)
rae
| Dy, D, D Diq i B, B,
_ | | 2B 1-B ~ B M, ] B,B.B B
0 4'::-5_ &, o K, |= 1 l 1 I K |= el e B |
rl=lbm u dal K] 2(B,-1) 2(B,-1) 2(B,-1) -2M, , [K:] B2B,B BB,
- @ 1 2 2M, | BZB.B, |
X ' 1 | 1
Boaob @ B B 2L B |
Yok ¢ Tk ox l—-K,,yl’B3 1+K,y,
' A 3 . 3 4 3
Mlle'f—z-}il—_BE_F(BI 1) . Bl : M. = x B
2B, -1 B, (2B, -1) 'S8, I

OueBnaHO, YTO AN POTOHOB BEIECTBA [ 3HaUeHUE XMMIYIECKOTO CIABUTa noy4aeTcs u3 (7) mpocToil 3ameHok
HWHAEKCOB X HA y U Hao0OpoT.

'V no6ctro 3anucu (7) COCTOUT B CAETYIOLIEM:
a) BrluncneRWe NPOW3BeNEHMN MaTpUIl B MOCIEHOBATENBHOCTH ¢ ¥ = [5 ¥ ] ([K 3 ] [K . D JaeT TpH
CHAaraeMeIX, OTpaKaromyX BKJIaJ B XUMUYECKUI CABUT NAPAMETPOB O,y Oyx, Ocx -

5,=6,,|B,B,(2-B,)+B,B.B,B,(1- B, )~ B:B,B}B.B, + BLB,B,M, |+
+ 8, [2B,B,(B, ~1)+2B,B,B,B,(B, - 1)+ 2B2B,B,B2B,(B, -1)- 2B:B,B,M, |+
+ 8 ey |B,B.B,B, +2B2B,B,B.B, + 2B2B,B,M, |

0) BelaucieHne OpOM3BENEHHMN B IOCHENOBATENLHOCTH O, = ([5 % ] [K ; ]) [K 2] JAET YETHIpE CllaraeMabix,

OTpaXarOMMX BIWAHUE HA XAMHUYESCKHH CABHT KOHKDPETHBIX THIOB KOMIIEKCOB - D)y(X), Ds(X;Y)), Dss(Y,XiY),
Dso(XY X

0y = ByB, [5mx (2 B Bl)+ 20 g (Bi - 1)]+ B,B.B,B, [5,»::,\' (1 - B, )+ 20 4 (B-I B 1)+ Ocx ]"‘
+B2B,B,B:B,[-6,, B, +26, (B, ~1)+25., |+ B:B,B,[6,, M, -26, M, +25.,M, ]

BrluncnuTeNlbaad MPOLEAypa HAXOXKACHHA NapaMeTPOB MOIEIH COOTBETCTBYET OMMCaHHOW paHee [12].
BXONHBIMH JaHHBIMH SBIIAIOTCA OJKCIIEPUMEHTATbHBIC KOHLEHTPALMOHHbIE MW TEMIIEpaTypHbIe 3aBUCHMMOCTH
XAMHAYECKHX CHBHIOB apOMaTHYeCKMX NPOTOHOB MCCIEAYEMOrO BEHIECTBA, a TakXKe pe3yibTaT pacyera
MapaMeTpOB CaMOACCONMANHM 000HX BEMECTB: Onx, Ogr, Ky, Opy, Oay . Ky ; BHIXORHBIMM - Oy , Ocy , Kc H
sHTambivn  (AH), saTpomma (AS), onpenengeMble MCXOAA U3 KOHUEHTPAUMOHHBIX M TEMIEPATYPHBIX
3aBHCHMOCTed cooTBeTCTBeHHO. KmamparmuyHas QyHKUWA HEBA3KM MEXAY OIKCIIEPUMEHTaNbHbIMU N
TEOPETHICCKNMY 3HAYCHUAMMN XUMMYIECKOTO CIBATa BBICTYMAeT UEieBOM QyHKUKeH Mpoueaypsl MUHIMU3aLMK
[0 BLIXOHHBIM fapaMeTpaM, NPH 3TOM Ha KakJOM LMKIe UTEpalUM pELIacTCs CHCTeMa ypasHeHuit (5) mns
060X BEIIECTB OTHOCHTENBHO X; H V), KOTOpbie B JajibHeHeM uenonb3ytores B (7).

AMP >kxcnepHMeEHT

Memooduxa sxcnepumenma. BpoMHCTHIM >THAME ¥ AayHomuumd Gupmel "Sigma" ucnons3osanu Oe3
JONONAWTENRHON OuMCTKH, pactBopamu B D,0 ¢ wsoronHo#t wuctoroiit 99.95% D (“Sigma") w
avoduousuposany. PacTBOphl [OTOBHNM myrTeM JOGaBAEHHs B3BEWEHHOTO Koiu+ecTsa obpasua 8
neirrepuposansom 0.IM docharaom Gydepe (pD 7.1), comepxkaiiem 10 moas/n DATA. Konuenrpanmuio
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apOMATHYECKHX MOJIEKY/T B BOXHOM PacTBOpe ONPEACILUIHA cnelcrpocpo'romerpx?mecm- - ,E[J'Hll GPOMFCTOTO ITHANA
ko> dmimenT sKcTHHKIH £=5860 M’ cM™ (V=480 rm) [14], s DAU - e=1 1500 M cm™' (A=477 um) [19).
IM- u 2M-'"H-SIMP cnexTpsl H3MEpPEHsI Ha CIIEKTPOMETPE "Bruker DRX" ¢ pe3oHaHcHoii yactotoii 500
MT . Ocrarounsiii cursan HOD Hachimancs B MepHOA ACTEKTHPOBAHHA. KOHIEHTpaUXOHHBIE U3MEPEHMS
MPOTOHHBIX XUMHYECKHX CIBHTOB MOJICKYN BBINIOJIHCHBI IpH remnepatypax 303K (pmc. 1a) w 313K
TeMTepaTypHble 3aBHCHMOCTH XHMHYECKUX CHBUTOB MPOTOHOB apOMaTHYECKHX JIUTaHIOB H3MEPEHBI B
nuanasone temmepatyp ot 298K o 343K (puc. 10). Xumuueckuii casur onpeaesuid otHocureasHo JICC (2,2-
TUMETHIT-2-CHIaNeHTaH-5-CyMbpoKucaoTa), B KayecTBE BHYTPEHHEIO CTAHJApTa HCIONB30BANCA OpPOMHA
retpamerthnammonus (TMA). OTHeceHue CHTHANOB B CIICKTPAX 'H-SIMP, 0TOXIECTBJICHUE XUMHUYECKHX U
MPOCTPAHCTBEHHBIX CBA3EH MPOBOMMIH, COOTBETCTBEHHO, ¢ MOMOLIBIO nByMepHBIX roMosazepHeix TOCSY u
ROESY skcnepuMeHToB, MeToMKa MPHroTOBNECHIA 00pa3LioB 1 MPOBEACHHA SKCIICPHMEHTOR onucana B [15].

S mnu!

S mnw! H1(EB)
H10(EB)
H1{EB) 8 - H2(DAU)
8 et ——— 3 H10(EB) H1(DAU)
-v-‘-‘-.i-ql.“-*...*....,.‘....---‘,.......‘,.“....,‘........;.......-..........__.‘.....-..-j H2(DAU) :g((gBA)U)
e .. ool ~ H1(DAU) 74 HA(EB)
) HO(EB) H2(EB)
H3(DAU) et e (e
HA(EB) 6 | (EB)
H2§EB) j/
HY(EB) 4 iy b__“'_*_‘___*‘_._‘__‘__‘_‘,__‘._,,_‘._.,‘..,_‘.,_.‘....‘....‘,..,g.u-l----j O"‘[a(DAU)
CH, (DAU)
=] e G & & ; 3 - [T W VEUUIY WY PRIy e Wity peRtY WOy YRS SRR SRREY SERY SIEE SRRy A H‘|03(DAU)
2 ,:::,.*.,,:4. : A e . : : :13;%823; ;,...;...;...‘-.--.4.<----.n.-..-n----a-~--.|.----n----h----b---l----*-"4""" H10a(DAU)
2 1 T | I 2 1 I T T -
0 1 2 3 4  C, mmonb/n 290 300 310 320 330 340 €, mmons/n
2) 6)

Puc.1 Terepoaccoumauns EB 1 DAU B 0.IM docdarnom Gydepe, pD 7.1. 3aBUCHUMOCTH XHMUUECKHX CIBUTOB NPOTOHOB
APOMATHYECKMX TUTAHI0B B CMEIIAHHOM PacTBope OT a) - koHuexTpauni EB npu T=303K (3,=0.8 MM); 0) - Temneparypsi
(x7=1.75 MM, 1,=0.8 MM).

Ananuz pesyrsmamos sxcnepumernma. CTPyKTypHbIe M TEPMOAMHAMUYECKME NTapaMeTphl retepoaccounaluu EB
1 DAU onpeaenanu myTeM asain3a 3aBUCHMOCTEH XHMWIECKHX CIBUTOB HEOOMEHMBAKOMIMXCA POTOHOB 000UX
apOMATHYECKHMX COeJHHEeHWH B CMEIaHHOM pacTBOPE OT KOHLEHTPALMHU M TEMIEPATYphl M0 ONUCAHHOW BbILIE
moaed. B pacyerax MCTONb30BaHbl NIAPAMETPbl CAMOACCOLMAIUH Oy , Oux , Ky M Opy , Ouy , Ky , ONpeNeneHHbie

1wis EB u DAU pasee [16,17] B HOSHTUUHBIX IKCMECPUMEHTAIBHLIX YCIOBHSX. Pe3ynbTarel pacyeTos
npeacTaBneHsl B Tabn. 2. |

Ta6nnua 2. Tapamerpsi retepoaccourauuu EB (X) v DAU (Y) B 0.1 mons/n docarnom 6ydepe, pD 7.1

T.K [TpoTonsI Ocx, [TpoToHsl dcy, Ke, -AH, A5,
X mwm® | Y MIH wmonb | kfbi/mons | JIx/K Mons
303 HI 8.01 H2 7.59
H10 7.96 Hl 1.29
Kx=270£20 HS 121 H3 7.26 1310£30
Ky=580+110 H4 7.07 OCH, 3.88
H2 7.03 H10e 297
| H7 6.24 H10a 2.73 33243 .4 49+11
313 Hl 8.04 H2 7.60
H10 7.98 HI 7.30
Kx=200220 H9 - 7.25 H3 7.26 970450
K+=380+90 H4 7.08 OCH, 3.89
H2 7.03 Hl0e | 297
H? 625 H10a 2.77

M3 1aba. 2 BHIHO, 9TO BEMMYMHA KOHCTAHTH IeTEPOACCOLIHALIAM KoMmIuiexcoobpasosanus EB ¢ DAU
CYLIECTBEHHO BBILE PABHOBECHBIX KOHCTAHT CAMOACCOLMALMU KaKAOH U3 BIAUMOACHCTBYIOWMX MOJEKYA. "0
o3HayaeT, yTo Gopmuposamne EB-DAU rerepo-koMnnexcos 3xepretwieckn 6oee BHIromHo no CPABHEHUIO ¢
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camoacconaumed 3Tux Mosiekyn. IlogobHoe COOTHOIEHHWE pPaBHOBECHBIX KOHCTAHT CaMOAcCOUMalMy W
reTepoacconyauuy Opio 00HapyxeHo u g cucteMbl npodnapud(PF)-gayHoMunuH B BogHOM pactope [13].
Axamms mexmonekynspabix NOE KOHTaKkTOB, TEpMOAMHaMHYECKUX TMapaMeTpoB KOMIUIEKCOOOpa3oBaHusl
MOJNIEKYNl M CTPYyKTypel auMepHOoro komiuiekca PF-DAU nosBosster cpenaty 3akmodeHune [13] o
pononHuTeNbHON (k Ban-mep-BaanbcoseiM m ruapodoOHbIM B3amMoneHcTBHAM) crabunusauuy 1:1 rerepo-
KOMIJIEKCa 32 CYeT 00pa3oBaHusi BOAOPOAHOM CBA3M MeXIy 3,6-aMHHOTPYIION akprauHOBOTO Xpomodopa PF u
rpynnoi 9-MeCO DAU. MoxHO Npeanonoxuts, 4rto rerepo-komiwiekc EB-DAU Taxke crabunusupyercs
BOJIOPOJHOM CBA3BIO MEXAY 3-aMUHOTpyNmod (eHaHTPUAUHOBOro Xpomodopa kpacurens u rpynmoit 9-MeCO
anTubuoTHKa. ITocnennee no3BousgeT OOBACHUTL OTHOCUTENBHO BBICOKHE OTPHUIATE/IbHbIE 3HAYEHHS IHTATLITHUH
retepoacconauyy Kpacurens ¥ aHTUOMOTHKA. OOpa3oBaHue BOJOPOIHOM CBSI3U NMPUBOIUT K OTPHLATENbHBIM
3qaveHuaM AH u AS [18,19]. Ontansmisa 00pa3oBaHya BOAOPOAHOM CBS3M B BOXHOM pacTBOPE MO pa3fIMyHbIM
OLEHKaM Haxojurcs B mpeaenax otr -8 mo -13 xJDx/Mone [18]. Omnako mpsamoit SIMP skcnepuMeHT 10
ompeneneHito BomopomHo# cBs3u B EB-DAU rerepo-xkommnekce B 90% H,0/D,0 pactBope He nan
OJHO3HAYHOrO pe3yjbTaTa M3-3a YIIMPEHUS PEe30HAHCHOTO curHajna NH,, CBf3aHHOro, MO-BUIMMOMY, C
MPOMEXXYTOUHBIM XMUMHUYIECKAM OOMEHOM MOJEKY] M CIOXHBIM MOJIEKYJIAPHBIM PAaBHOBECHEM B pPAacTBOpE,
BKJIFOYaroLIeM GOPMUPOBAHUE BOAOPOMHBIX CBSA3EH Uepe3 MOJIEKYJbl BOJbl B CAMOACCOLMHUPOBAHHBIX arperarax
EB.

CnenyeT TakKe OTMETUTb CYIIECTBEHHbIHM BKJIaj AUCMEPCHOHHBIX B3aUMONEHCTBUM, XapaKTePU3yHOILINXCS
OTpULIATeTbHONW JHTanbnMed W SHTponued [18], mpu obpasoBanum 1:1 rerepokommiekca apoMaTHUYECKHX
MOJIEKyJl B BOAHOM pacTBOpE.

Bripaxxaem GaronapHocTs O0BbeAMHEHHOMY UCCIIEAOBATENILCKOMY LIEHTPY JIOHAOHCKOTO YHUBEPCUTETA 32
NpeAOCTaBICHHYI0 BO3MOXKHOCTH B bepkOek Kkoiuemxe HCnoip3oBaTh Mjis usMepeHui SMP-cnextpomerp
"Bruker DRX" (500 MI'n).

Pa6ota gyacTugHO puHancupoBanack MexmyHapoaHoi nporpamMMoit INTAS (rpant INTAS-97-31753).
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VIK 577.32 MOJIEKYJIAPHA BIO®I3HKA

M3YUYEHUE THIPATALIMM PA3JIMYHBIX CTPYKTYPHBIX ®OPM
[OJINPUBOIMTHINIOBOM KUCJIOTHI H EE KOMIIOHEHTOB METOIOM
MOHTE KAPJIO. 3. POJIb BOJbI B CTABIUIU3ALINH CITUPAJIbHBIX ®OPM

[OJIMPUBOLUTHINIOBON KUCJIOTHI

A.B. lllecronanosa, /I.b. Anumenko , B.Sl.Maees

Hrnemumym paduogusuxu u snexmponuxu HAH Ykpaumol, ya. Axademuxa Ipockyper 12, 61085, Xapekos; "Xapwroscxuii
2ocvdapemeennbtii yrugepcumem, nn.Ceoboowt, 4, 61077, Xapvkos

Cratbs moctynuna 8 penakuuio 30 mapra 2000 r.

Briepesie MetoaoM MouTe Kapio Ha MONEKYNAPHOM YPOBHE MPOBCACHO HM3Y4CHHE MMAPATALMH CTPYKTYPHBIX KOMIIOHEHTOB
nonupubounTHanaoBoi kucnotel - polyrC. OnucaHO ruApaTHOE OKpYXEHHE pu603sl M QocharTHbIX TPy, BXOASMKX B
COCTAB HEHTPANbHON M TPOTOHWPOBAHHOW (QOPMbI untuauMonodocdaros. IlposeneH aHanu3 IHEPreTHUECKUX W
CTPYKTYPHbIN XapaKTEPUCTUK CHCTEM, COACPIKAILHX auHykaeosuamoHodocatsl uurosuHa u 200 monexyn Boast. [octpoeks!
OIIHO- W ABYXUEMOYEYHBIE TETPAHYKICOTHIBI HEHTPANBHOH U noaynpoTtonupoBanHoi ¢opm polyC. Ha ocHoBe pesysbTaToB
H3YYECHHA THAPATHOrO OKPYXKEHUsl TAKMX TETPAHYKICOTHAOB MPCANIOKEHA CXeMa 06pazoBaHus YMOPSAAOYEHHBIX BOIHBIX
MOCTHKOB H LeNOYek, CTaCHIH3HPYIOWHX CriupaibHyo cTpykTypy polyrC.

KJIKUYEBBIE CNOBA: uvtiaudmorodocdar, noampubOUUTHANIOBAS KUCNIOTA, TMApaTalus, MOACIUPOBAHHE METOAOM
MouTte Kapsno.

B npenctasnsemoii paboTe TNpUBEAEHbl Pe3yNbTaThl M3YYEHHWA BOIHOTO OKPYXEHHA CTRYKTYpHbIX
KOMTIOHEHTOB nonupubounTuannosoi kucnotst (polyrC), nonyyeHHsie ¢ nomouibio mMerona Monte Kapno. B
HALLIIX fpeablaywnx padortax [1.2] 6b10 HCCNENOBAHO BHMAHWE POTOHMPOBAHUS UMTO3MHA MO N3 MonoxeHuto
HA M3MEHEHHe BONHOTO OKPYKEHHMsA TMPOCTEHILNX CTPYKTYpHbIX 3neMeHToB polyrC - MOHOMEpHOH WM
ACCOLMHPOBAHHBIX MONEKYNl LMTO3MHA B HEHTpatbHOH M MPOTOHUPOBAHHOW ¢opmax. PaccmoTtpenne Oonee
cnoXHbIX KomnoHeHToB polyrC HeoOXOAMMO A BBIACHEHWS PpONM pacTBOpUTENs B (HOPMUPOBAHMM U
cTabunu3auiH oaHOCTIHpanbHON HelTpanbHOH ¢opmbl polyrC, obpasytoweiica npu pH 7, u gByxcnupaibHOH
noaynpoToHnpoBauHoit dopmel polyrC-polyrC’, cywectBytouer npu pH 4 - 5 [3-7]. Bbiio BbICka3aHo
npeanonokenne [5.6], 4To B oaHouenodyeyHo# cnupann polyrC HET HUKAaKMX ABHbIX CTAOMIM3UPYHOLLUHA
haKTOPOB, KPOME CTIKMHIA OCHOBAHWI M CTEPUYECKHMX OrPaHUYEHHUI, KOTOPbIE HANAraeT CTaHAapTHaA reoMeTpus
HYKIE€OTHIOB Ha TreoOMeTpuio caxapodocdarHoro ocrosa. HeonHokpatHo 00Cyxaanach BO3MOMXKHOCTD
cradinuzauny  polyrC 2a cuer obpasosanus BomopoaHoit (H-) ceasu 02’-H..O4" wmexay coceiHUMH
HyKk1eoTHaaMu (cMm., Hanpumep, [3,6]). Takas cBa3b morya 6b1 0Opa3zoBaThbCA TONLKO NPU MOMOUIM BOIHBIX
MOCTHMKOB, MOCKOAbKY paccroanue O2°-H..O4’ 6onblie, yem anuHa H-cBasu. KpoMe TOro, coriacHo AaHHbIM

IKCNEPHMEHTOB, GOPMHPOBAHUE OOHO- U ABYXLENOYEYHbIX CTPYKTYp polyrC BO BIQXHBIX [UIEHKAX MPOUCXOAUT
NpH  pa3iv4yHbIX 3HAYEHUAX OTHOCHTENIBHOW BIAXKHOCTH, M KOJMYECTBO BOJbI, CBA3aHHOW ¢ obeumu

cTpyKTYpHbIMU (hopmamu polyrC B pacTBope, Takxke painugaercs [8,9]. TostoMy uccnenoBauue B3auMoAenCTBUA

KOMMOHEHTOB MONHPHOOLIMTHAMIOBON KHUCNIOTBI € pacTBopuTenem, mposefeHHoe metonom Monte Kapiio,

MO3BOKT HA MONEKYIAPHOM YPOBHE U3Y4YUTH POJIb BOAHOTO OKPYXKEHUS B CT2OUIN3ALUMU CTIMPANTBHBIX CTPYKTYD
polvrC.

OBBEKTbI U METOJA UCCIEAOBAHUSA

Lleabto nanHOH padoThl ObLTO M3yueHue ruapataunu HeintpaabHoro (FCMP) u npotonuposantoro (+C'MP)
udTHAREMOHOBOCcaTa, ux BopopoaxocBazaHHON (BC-) napei rCMP..rC'MP, punykneosuamonodocdara
(DMP) uutosuna rC-P-rC, TeTpaHykneoTuaa UMTO3MHA 8 oaHocnupanbHo#t dopme (polyrC) u mymnekca
AONYNPOTOHHPOBAHHOTO TETpaHykneoTHAa B AByxcrupansHol dopme (polyrC-polyrC'). Jins onucaHus Thx
MPOLIECCOB HA MONEKYNIAPHOM YPOBHE HEOOXOAMMO MONYYUTL IHEPrETUHECKUE U CTPYKTYPHBIE XapaKTepUCTHKHU
CHCTEM, COAEPKAWMX M3YYacMble COCHMHEHUA W MONEKYNbl pacTBopuTens. [103TOMY Hamu HCRONB30BaAICA
KOMNbIOTepHBIA MeTOA MoHTe Kapio, fno3B0NAi0MMi NOMYuMTL TAKUE XAPAKTEPUCTUKHU, a TAKKE MIHOBEHHbIE
KaDTUHKH, HEOOXOIMMbie NPU TMOCTPOCHWH MOJENed TIUAPATHOTO OKPYKEHUA UCCAEUYEMbIX MOMEKY.

Ilpumenenne metosa MowTe Kapno A8 M3y4eHWA ruApaTaln GHOMOSEKYS C WCHONb3IOBAHUEM AiropHTMA
Metponoaunca [10] noapobro onucano B pabotax [11-13]. |

Konpopmaii HYKI€OTHIOB - UMTUAKHMOHOGOChaToB (FCMP) B HeltrpansHoOi 1 NPOTOHMPOBaHHOR GOopMe
- COOTBETCTBYIOT LAHHBIM PEHTTEHOCTPYKTYPHOTO aHATH3A O CTPYKType OmHOCTMpaibho# polyrC, xotopas
NPHHAATERKHT & A-CEMEHCTBY €O CTaHaapTHOH C3-3x#00 koHnpopmauueit caxapa [5]. Kondurypauus BC-napwi
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rCMP._.FC'MP cootsetcTBYeT KOH(Urypauun HYK€03MIAMOHOpOC(HaTOB NPOTHBOMOJIOKHBIX Lenel NBOWHOM
CMUpaTH - MOMYNPOTOHMpOBaHHOH polyrC, y KOTOPOR OCb CUMMETPUH BTOPOTO nopsakKa COBIMAJaeT C OChHO
CTipany #u T[O3TOMY WMEET MECTO napamiensHas opuentauus uened [3,6]. DMP rC-P-rC Haxogutcs B
KOHOPMALIMH, COOTBETCTBYIOMIEH NONOKEHHIO ABYX COCEIHWX HYKJIEOTHAOB B OAHOLENOYEUHO polyrC, y
KOTOpO# nomuMo cTanaapTHO# Cy-3#00 KOHpOPMALIMK caxapa BCe TOPCHOHHbIE Yrilbl GIM3KH K 3HAUYEHHUSIM ITHX
yraoB y A-JIHK, 3a uckmoyenvem yria spamenus € Bokpyr C3’-03° cemu (Tabn.1), a PaccTOsIHUA MEeXIY
HYKJIEOTHAAMH BLIOJIb OCH cniupaiin coctasnseT 3.11A [5]. Ha ocHOBE 3TUX AaHHBIX HAMM C TOMOLIBIO NporpaMMei

MonexynapHoro monenuposanus HyperChemS Gbina mocTpoena npocTpaHCTBEHHas MOAENb TeTpaHyKIeoTuaa
oaHouenouyeynon polyrC (puc.1). |

Tabmuua 1. 3Hayenus TOPCUOHHLIX YII0B AMs OAHOCTHpanbHo# polyrC u A-popmsl THK.

Cuctembl \ Yrsl | a | P y | & | e Etox
| polyrC -57 | 173 | 47 83 [ -129 | -65 | -159
A-JTHK | -50 [ 172 | 41 79 | -146 | -78 | -154

l'omononumep polyrC npu HU3KUX pH MOXET CYIIECTBOBATh B BUAE ABONHOI CNUpaiii ¢ napauiebHbIMU
UeNAMM M HanonoBuHy npoToHuposanHsiMu mapamn C..CH™. Langridge u Rich [7] no pewrreHosckoit
anddpakunu Ha BosokHax polyrC, nomydeHHsIX npu pH 5.0, npennoxunu asyXcnupaabHyro CTpYKTYpY polyrC-
polyrC™ ¢ 12 mapamn OCHOBaHWii Ha BWTOK M PacCTOAHHEM MexXy Humu 3.11A. Bonee nosmue paboTbl Kak
ONpOBEpraj 3TH HaRHbie [5], Tak ¥ noateepxnanu ux [6]. Ho naHHbIX O TPOCTPAaHCTBEHHOW CTPYKTYype
(KOOpAMHATBI ATOMOB, TOPCHOHHBIE YINbI) H3-32 PA3MBITOCTH pe(reKkcOB Ha pPEHTIeHOrpaMMe BOJIOKOH
amMmoHueBo#t conu polyrC momyueno He Gbwio. Hamu ¢ nomoLpio MporpaMMbl MONEKYNISPHOTO MOAENUPOBAHHUS
HyperChemS5 u nocnemytounm yTouHeHHEM KOOPAMHAT aTOMOB MeTOI0M MonTe Kapno 6blna noctpoeHa mMozesb
TETPaHyKI€OTUNA ABOFHOH CMUpaiH ¢ NapajiieabHbIMH UEMAMH, NpHHagnexawas k B-cemeiicty (puc.2).
OcHoBaHHeM NOCTYKHNM NaHHbIE O CYLIECTBOBAHUH OCH cuMMeTpul C,, Nexaleii Mexay napaMin OCHOBaHHil U
coBrajaiolien ¢ ockio crimpany [6]. Takxke yauThiBasoCh XapaKTEPHOE I MONHUHYKICOTUIOB 3TOTO CeMeHcTBa
OonbLIOE CTPYKTYpHOE MHOIOOGpa3ye, KOTOPOE MO3BONTET CHOPMUPOBATH MOAOGHYIO CTPYKTYDY.

Puc. 1. Onnocnupansuas polyrC. Puc.2. ise npoekuuu polyrC-polyrC*.-

[ns peineHus CTosiiedl nepel HamMu 3afauu - OMpPENeNeHHs PONM BOAbI B CTaGWIM3ALMH CTPYKTYPHbIX
KOMMOHEHTOB polyrC - Mbl U3y4anu GUKCHpPOBaHHbIE KOHPOPMALIMK TeTpaHykneoTnna polyrC u ero mymniexca. B
ACHACTBUTENBHOCTH, AN KOPPEKTHOTO pacyeTa IHEPTETHUECKUX XApaKTEPHCTHK PacCMaTPHUBAEMbIX HAMU CHCTEM
HEOOXOAMMO NPOBOOUTL TMOAHBIA KOH(QOPMALUHMOHHBIA aHANU3, KOTOpLIi TpebyeT onpeneneHus MUHUMYMa
KOH(OpMAHUOHHON 3HEPTHH MO MHOTUM napameTpaM. YtoObl ynpoCcTHTh 3aauy, Mbl M3YYMIIN U CPaBHUIN GoJiee
npocTeie cucTeMsl: BC-napy HelitpansHoro u nporoHuposaHuoro CMP u DMP ¢ (QuKCHpOBaHHBIMU W
M3MEHAIOUIMMHCS TlapaMeTpamMy CBA3EIL.

B caysae BC-napet asa CMP cmelanucek Opyr OTHOCUTENBLHO Apyra B paMkKax ainroputma MeTtpononuca
[10], Torna xak koudopmaiuu caxapodochaTHOro OCTOBA, ANMHLI CBA3EH ¥ BENMYMHBI BANETHbIX YIJIOB B
mpouecce pacyera He usMenaauces. [Ipu pacuere koHdopmauuonHo# sHeprun DMP mbl paccmatpusanu
M3IMEHEHHE OCHOBHBIX TOPCHOHHBIX YrjioB M 070k0B, Ha koTtopbie pazgened DMP. [lonHoe uucno cesseit B -
AUHYKIEOTHAE, BOKPYT KOTOPbIX BO3MOKHO BpallleHHe, B HaMX pacyetax pasHo 10. D10 yribl BpaleHUs BOKPYr
caazeft C1'-N1(2 yraa), C3'-03’ (2), C4°-C5’ (2), C5°-05’ (2), P-O3’ u P-Q5’. DMP paszenen Ha ceMb GHOKOB:
“xpoct” HOS5'-C5°, nee pubossi, docdarnas rpynna O3’- PO, - 05°, “xoct” C3’ - O3’H u apa uurozuHa.
[TopHaa kxoudopmauuonnas sHeprua DMP paccuuThIBATaCh Kak CyMMa 3HEpPruil B3auMONENCTBUA MEXILY
oTHEAbHLIMY 610KaMU. AMIVINTYIa H3MEHEHHA TOPCHOHHBIX yrnos coctasnser 0.1-0.3° B 3aBHCHMOCTH OT THIN
yraa spawenus. Kax nokaisiBaer nposeseHnoe 8 pasene “Pesyaptathl  06cykaesne” cpaBHEHUE Pe3ynbTaToB,
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nonyueHHbix ans BC-napst w1 DMP ¢ ¢uKCHpOBaHHOH W H3MEHSIOILEHCS TeOMETpUeH, BBEAEHHUE

KOH(DOPMALIMOKHON JHEPTHM B PacyeT IHEPreTHHEeCKMX XapakTepuCTHK B pamkax Halel 3ajavyu HE uMeeT
CYUIECTBEHHOTO 3Ha4eHus. [103TOMY Mbl MOXeM OTPaHMYUTBCS PacCMOTPEHUEM (pUKCHPOBAHHBIX KOHQHUTYpALMH
TETPaHyKIEOTHA K ero Aymiekca. BoiGop Hamu TETPaHyKIEOTHAOB OMPEACNACTCA TEM, HTO UMEHHO IUISl TAKOro
ymcna HYKJIEOTHAOB BO3MOXKHO (POpPMHUPOBAHHE BOAHBIX LEMOUEK, crabunusupytowx cnupanu polyrC u
NOBTOPAIOLLMXCA uepe3 kaxabie 4 Hykneotnaa [7,14].

B pacyeTax HCCNEIyeMOE COENMHEHHWE H MONIEKYNbl BOJbI NMOMEWANUCHL B LCHTP chepbl C KECTKUMH
OTpaXkaTeNbHBIMU CTeHkamu. Pandyc BEIOMpalCs TaKuM, yToOB!I 00BEM Ccdepbl, HEOOXOAUMBIN WIS CO3DaHUS
HOPMANbHON MIOTHOCTH PacTBOpa, ObLT B HECKOMBKO pa3 MEHBLIC HCMOJIB3yEeMOTO. Paauycel cep B HaUIHX
pacueTax coctaaanu 25 - 35A. Pacuets mposommwiuck npu Temnepatype 298K. [ina pacuetoB >Hepruv
MEXMOMEKYNSPHbIX  B3aMMOACHCTBHI ~ BOJAa-OCHOBaHWE W OCHOBAHWE-OCHOBAHWE  HCTIONB3OBANICA
mMonuduUUMpOBaHHbIH moTeHuMan Jlennapna-Jhxonca 1-6-12, ¢ mapameTpamu, MOTY4CHHbIMA [TonTeBbIM C
coaBTopami [15,16], a nna pacueTos B3auMONeHCTBHHA BOa-BOJA - nosyamnupuyeckuil moreHuman 1-6-exp. [17].
[TpOTOHUPOBAHHE YUHTHIBATOCH MOCPEACTBOM MOAUGHUKALIMM YACTHHHbIX aTOMHBIX 3apPANOB, PaCCIUTAHHBIX HAMHU
metonom AM1 [18] ans *CMP u rC'MP.

Hykneo3uamMoHopochaTsl B pacTBOpe NMPH (PU3MONOTHIECKUX YCIOBHAX 3apSHKCHBI OTPULATENBHO H3-3a
MOJIHOM MOHU3aWMH docdaTHbIX rpynn. HefiTpanusauus 3apsaa Ha GochaTHbIX rpynnax oCyecTBAAETCA 3a CHeT
KOHTYPHbIX HOHOB, HAXOAALMXCSA B pacTBope. Kak mpaBuiio, 3TO MOHbI Na'. B Hawmmux pacuetax WOHbI B SIBHOM
BHIE HE YUMTHLIBATHCH, HO 3apsibl Ha docdaTHbIX rpynnax ObuIM pacCuMTaHbl Tak, 4T0Obl COXPAHUTL YCJIOBHS
ANEKTPOHENTPanbHOCTH. Takoe npub/MkKeHHe WHPOKO MWCMONbL3YeTCs NpH KOH(OPMAUMOHHOM aHanu3e
HYKNEHHOBBIX KHUCNOT ¥ MX (parmeHToB [16] M Npu U3yYEHUH TMAPATAUMK AU- U ONUFOHYK/IEOTHIOB METOAOM
MouTe Kapno [13,19].

Il YCTAHOBAEHHS PABHOBECHOTO COCTOSHMA K@XKMOH CHCTEMbI JUIMHA FeHEPUPYEMOW MapKOBCKOH Lenu
coctansna  4x10°  osmemeHTapHeiX  koH@urypauud. CraTucTHyeckas  owMOKa  NpW  BBIYHMCICHMM
TePMOIHHAMHYECKHX BEIMYHH B HAlIKX pacyeTax Obina mopanka * 0.005 mns coenvHeHur ¢ ¢uxcupoBaHHOM
reometpheil ¥ £ 0.007 ana coenuHeHuit ¢ m3MeHsouwieics reoMerpueil. HTobbl fOCTHYbL TaKoi TOYHOCTH
BBLIYHCIIEHHE, AJIHHbl TEHEPHPYEMbIX MAPKOBCKMX LIEMEH COCTaBIAJIM 4x10° sneMeHTapHBIX KOHUrypauuit ans
CHCTEM C PUKCHPOBAHHON reOMETPpHEH W 6x10° 11 CUCTEM C H3MEHAIOLIEHCA reOMETPHEH.

PE3YJBTATHBI U OBCYXJIEHHUE

Cuctembt rCMP, rC"MP, rCMP..rC'MP, rC-P-+C + H,0. Tlpu u3yueHud HaHHBIX CUCTEM OIHON M3
OCHOBHbIX 3a71a4, NOMHMO HCCAEN0BAHWA pasNu4HuA TMApPATALMU HEHTPANLHON M NPOTOHMpoBaHHOU dopm CMP,
ObiI0 OMHCaHHe T[UIAPATaUHK 3EMEHTOB caxapodocdarHoro octoBa (pubo3za u QocdaTHbie rpynnbl) W
BO3MOXHOIO OT/IHYMA €ro ruApaTaudd MpH MNPOTOHHPOBAHMM  OCHOBaHMA  HyksieozuamoHodocdara.
DHepreTH4YeCkHe XapakTEPHUCTHKHM HCCIIENOBAHHBIX CUCTEM MpeactasaeHsl B Tabnuue 2. 3pech Ugym - monuas
CpeAHAR JHEPrHA B3aWMONECHCTBUA B cucTeMe, Uww - CPEHHAA DHEprus B3auMoAeWcTBUA Boga-soma, Uwp -
CPEIHNAA 3HEpPrua B3aUMOAEHCTBUA BOAA-OCHOBaHWE, Ugg - CpeaHAA YHEpPrus B3aUMONEHCTBUS rCMP...rC+MP,
Uwwn # Using - yaenbHble 3Ha4€HUA IHEPruit B3aUMOACHCTBUA BOA-BOAR U TMOJTHOIM IHEPrUn cucrtem, Npe -
Y1CT0 MONEKY BObI, 0Opasytowinx H-cBA3M ¢ uccieayembim BelecTBoM. TToche Tabiuniisl npUBeIeHbI 3HAYEHUA
CPeIHUX SHEPrHil B3aUMOAEHCTBHA rCMP...rC"MP Ugp ans BC-napsr: a. - ¢ pukcupoBaHHot reometpueid, b. - ¢

M3MEHAIOLWEHCA reoOMeTpUel U CpeHUX KOHGOPMAUMOHHBIX 3Hepruit Ucone i DMP ¢ a. - hukcuposanHoii u b.
- H3AMEHAIOUEHCA reoOMeTpUeHn.

Tabanua 2. SHepretTuueckue xapakrepuctuku cuctem rCMP, rC'MP, BC-nap rCMP...rC*MP
DMP rC - P - rC 8 xnactepe u3 200 Monexyn Bobl. ’

Cuctema Usum Usumn Uww Uwwii Uws Ngc
KKAT/MOb KKa1/MONb KKan/mMoub KKa1/MOJ1b KKa/1/MOJTb

FCMP -1635.5 |-8.178 + 0.005 | -1518.6 7,593 -116.9 9 H,0

ACMP -1637.1  |-8.185+ 0.005 | -1505.5 7,527 1316 | 10 H,0

PCMP ... | a-16883 |.8441% 0.005 | -14442 7221 2172 [ 13H,0

rCMP | b.-1690.6 |-8453x 0007 | -1437.5 7.187 2405 | 16 H,0

rC-P-rC | a-1812.2 |-9.061 = 0.005 | -1481.0 -7.405 2273 | 14 H,0
b.-1787.4 1.8937+ 0007 | -1459.6 -7.298 2292 | 14 H,0

H,O 7956+ 0.005 | -1591.2 -7.956 |

Uag FCMP_. #C"MP: a. = -26.9 kkaW/monb; b. = -12.7 KKa/Mons.

Ucone rC-P-rC: a. = -103.9 kkan/mosb; b. = -98.6 xxan/mons.




29

Hayqe_m_;e rHApaTauuy CTPYKTYPHBIX POPM NOMMPUOOLUTHAUIOBON KUCHOTHI . ..

M3 cpasuenns BeawuuH nomHsIX dHepruit cuctem rCMP u rC'MP BUOHO, 4TO CHCTEMbl OTIMYAIOTCS
HE3HAYMTENbHO, HEKOTOPAs IHEPreTUYeckas NPeANnoYTHTENLHOCTL CUCTEMBI, copepxalei *C MP, onpenensercs
HECKOJIbKO 00JjIee BLITOAHBIM B3aUMOAENHCTBHEM MPOTOHHUPOBAHHOM ¢popmsr FCMP ¢ Bomofi.

AHanu3 MIHOBEHHbIX KOH(Urypauui nokassiBaet, 4to 9 mMosekys Boasl o6pasyrot H-ceazu ¢ *CMP, 10 - ¢
rC"MP. C nelitpanbbiM uuTo3uHOM H-cBA3H 06pasyloT 4, a ¢ MPOTOHHPOBAHHBIM LIUTO3MHOM - 5 MOJEKYJ BOJbI.
LleHTpbi ruapaTaunm OCTarTCA TEMY XKeE, YTO ¥ Y MOHOMEPOB LuTo3uHa (310 C,=0, N3 unu N3H, N4H, rpymnmsi).
C pubo30#i 1 pochaTom CBA3LIBAIOTCA 5 MONEKYN BOMbL, U3 HUX 3 MOMEKYJIbI BOMbI 06pasytoT H-cB3M ¢ atomamu
kucnoposa ocdatHoi rpynisl, 3 MonekyJibl BOAbI - ¢ atomamu 02°, O3’ u 04’ puGosbl, ipu 3ToM | MonekyJa
BOJbI 3aHMMAeT MOCTHKOBOE MONOXKESHHE MEXITY KUCIopoaoM ¢ocdatHol rpynmsi u O3’ atomom pub03Bbl.
O4eBnAHO, NpPOTOHMPOBAHME UMTO3WHA 10 N3 TNONOXKEHMIO HE BAMAET HAa TUAPATALIO 3JIEMEHTOB
caxapoocdaTHOTrO 0CTOBA.

AHaJI3 SHEPreTHYECKHX XapaKTepUCTHK cucTeM, couepxawiux BC-napsi ¥ DMP umrosuna (tabn.2),
MO3BOASET CHENaTh BBIBOA O OHEPreTHYECKOM TPEANOYTHTENIBHOCT CUCTEM, coaepxkailiux DMP. Takas
MPEAMOYTUTENBHOCTL ONpeneNAeTCa Kak Jydlleid cTpykTypod Boaei Bokpyr DMP uurto3zuna, tak u mydiwum
B3aUMOJEHCTBMEM €To ¢ MoJjieKynaMu Boabl. Hckmouenue coctasnser BC-napa ¢ usMeHaouUlelcs reomeTpuet,
Ans KOTOpPOH 3Heprus B3aumoneicTsus Boaa-BC-napa Uyp HaubGonbiuas (mo aGconoTHOM BeaYMHE). AHanus
paBHOBECHBIX KOHQurypauu# BC-napsl ¢ usmenstoueiics reometpueit nokaseiBaer (Puc.3a, b), uto nsa CMP He
coXpausoT H-cBA3W Mexay CoOOH, Mockonbky paccTosHua mexay rpynnamu C20, N4H, u N3 (N3H)
yBenuduBatotcs 10 3.8-4.0A. DTH rpynmsl CTAHOBATCS NOCTYMHBIMH ISt MOJIEKYJ BOJbI, KOTOPbiE 0GPasyroT C
Humu H-cBa3u. Hucno mosiekysn BOIbI, B3aUMOACGHCTBYIOIIMX C OTACNBHBIMU MOHOGOC(ATaMK, YBEIWYMBAETCA.
Yeenuusaercs (110 abcoMOTHON BENUYUHE) U TI0NIHAs SHeprus B3auMoneictsud Uyg. OGHAPYKEH 0AUH BOAHbIM
MOCTHUK MEXIY ABYMS OCTaTKaMH LIUTO3MHA.

Y BC-napsi ¢ QuUkcHpOBaHHON reoMeTpuel wecTb THAPOPWIbHBIX FPYNM UWTO3WHOB HEXOCTYMHbI IS
moniexyn H,O, Tak kak o0pasyioT H-cBasu Mexny coboit. [loatomy yucno rugparaunn BC-napbl HeaaaAuTUBHO: ¢
rCMP...-C"MP BomoponHbie cBA3M obpasytor 13, a He 19 monekyn Boas! (puc.3a). [lna aToi napbl HaWaeHsl 2
BOOHBIX MOCTHKA, KOTOpbIE COSANHAIOT UMTO3HHLI B Nape, pacnonaraiach Haa wau oA rpynnamu C20, N3, N3H u
N4H; HeTpajibHOrO ¥ NPOTOHUPOBAHHOTO UUTUAKHMOHOGDOCHATOB.

C DMP, nmerouwviM (GuKkcUpoBaHHYO koHdopmaumo, H-cBasu oOpasyioT 14 Monekyn BOAbI, M3 HHUX C
3NeMEHTOM caxapodocdaTHoro ocrosa (aBe pubo3sl ¥ onHa QocdaTHas rpynna, CBA3bIBAKOMIAS HYKICO3MIbI
LMTO3MHA) - 5 Monexyn Bomel. HekoTopbie MoJieKkysibl BOAB pacnonoxeHsl Mexxmy N4H,, C20, N3 rpynnamu
ABYX UMTO3MHOB, oOpasya 4 mocTuka. (Puc.4a). To ecT, Ha ypoBHE NPOCTbIX KOMMOHEHTOB pAa3JIYHBIX
CTPYKTYpHbIX (QopmM polyrC HaligeHsi Takue MOJNEKyNbl BOAbl, KOTOpPble MOTYT MPUHMMATb Yy4yacTHE B
cTabuiHsalyMA KaK ONHO-, TaK K ABYXLENOYeYHbIX crupaneit polyrC.

a b. - a. b.
Puc.3. Mruosensbie kondurypauum cucrem, coacpxaiiux Puc.4. MrHoBeHHbE KOH(MTypauUMy CUCTEM, COAEPKAIIMX
rCMP.. . »C"MP, umerounx: a.-pukcruposanHyio reometputo, rC-P-rC, umerownx: a.-puKCHpOBAHHYIO reoMeTpuio, b. -

b. U3MEHSIOWYIOCA TFEOMETPHIO, W MOACKYAbl BOABl, H3MECHAIOUIYKOCS  FEOMETPUID, M MONEKy/lbl  BOAb,
obpasyroume H-CBsi3U ¢ HUMU. obpazyiomme H-csizu ¢ HUMMU.

Ilna DMP ¢ usmensoluelics kongpopmaumed (Puc.4b) xapaktepHa “packpbitas” KOHQUrypauus, Y KOTOPOH
YBEAUYMAOCh PACCTOAHME MEXKIY MJIOCKOCTAMY OCHOBAHUM U yMEHBIWUAOCH WX nepekpoiBanue. s takoro DMP
HEe HaMJeHO BOAHBIX MOCTHMKOB, CBA3LIBAIOMIMX THUAPOQUIbHBIE IPYNMbl ABYX LMTO3UHOB. BCE MOCTHUKOBbIE
MOJOKEHMA MOJIEKYAbl BOABI 3aHUMAOT MEXAY Kucnoponamu docdartHoH rpynnbl U puOO3bl, a TAKKE MEKIY
ruapoGUALHEIMY TPYNNaMH KaKIOTO W3 UMTO3MHOB. Takas KOHQHIypauusi He NOX0Xa Ha KOH(QHIypauuio,
KOTOPYIO KMEKT LMTO3MHBI B LeNH OAHO- wAM AByxuenodeqHo# polyrC. TlooToMmy, yuuThiBas Hannune
CTEpUNECKMX OrpaHudeHull npH (GOPMMPOBAHMY MPOTHKEHHBIX CNUPANBHBIX CTPYKTYP, KOTOpPbiE YMEHBLIAIOT
NOABMAHOCTL HYKACOTHAOB BAOAL HENMM M B INPOTHUBONOJNOXKHBIX UENAX, Mbl B [aJbHEHLIEM pAcCMOTPHM
dparMenThl 04HO- 1 AByxuenoyeyHo# polyrC ¢ GukCUpoBaHHBIMHM KOHPHUTYPAUUAMH.
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Cuctemsl polyrC+H,O u polvrC-poIvrC++H_z__Q_._ JHepPreTHUECKUE XapaKTePUCTHKHN CUCTEM polyrC u polyrC-
poler+ npuBeneHbl B Tabauue 3 (0003HAUEHUA OMUCAHDI paHee LS Ta61.2). V3 pe3ynsTaTtoB, NPUBEACHHBIX B
1a61.3 BUMIAHO, YTO CTPYKTYpa BOAbI BOIH3M 00eHX CHIMPAbHBIX dopm polyrC cunbHO paspyLueHa. AHIU3 JaHHBIX
TaGn. 3 W pe3ynbTaThl PAcueToOB IS MMHYKICOTHAA MO3BOMACT chenarth BHIBOA O TOM, 4TO CTaOWIBHOCTH
PaccMaTpUBAEMBIX CHCTEM B OONBINEH CTEMCHH onpenenseTcs B3aUMONEHCTBUEM € BOJHBIM OKPYXEHHCM, yeM
IPYrMMH THNAMH p3agmoneiicTeuil. Tak, CTIKUHI-B3AUMOICHCTBHE OCTATKOB LUMTO3MHOB, pacronoXeHHbIX BIOJIb
nenu (B3auMoneHcTBre MEXIY MI0CKOCTAMH LMTO3MHOB), momydenHoe ans DMP ¢ (UKCUpOBaHHOM reoMeTpuern,
nectabunu3upyer cTpykrypy. OHO. cocTaBaser ~ + 2 8 kKan/MONb ANA ABYX COCENHHX B LEMH UMTO3WHOB (Win
okono + 4.5 kkan/monb ans DMP ¢ n3MeHsOIEHCS reoMeTpHeit). MexuenoyeyHoe B3aUMONEHCTBHE (oHeprus
Ugg) cTaOMAN3HUPYET CUCTEMY poler-ponrC+, Ho 3HaueHue Upp COCTaBAsSET TONbKO ~ 2,5% BCEH IHEPTHUH
CUCTEMDI .

Ta6auua 3. DHEPreTHUeCKHe XapaKTepHCTHKH OAHOCMHMPAILHOTO TETPaHyKICOTHAR polyrC u
ABYXCMHPANBHONO TETPaHyKNEOTHAA poler«po»ler+ B knacrepax u3 400 mosexyJ BOAbI

Cucrema Usum. Usumns Uwws, Uwwiis Uws.
KKan/MoJb KKaJI/MOJIb KKan/MoNnb | KKaia/MoJib | Kkan/Mosib
polyrC -3410.8 | -8.525+ 0.005 | -2934.8 7337 -476.1
polyrC -polyrC* -3775.0 -9.437 + 0.005 -2656.0 -6.640 -1039.4
H,O -3269.6 -8.174 + 0.005 -3269.6 -8.174

Ugs [polyrC-polyrC']=-79.6 kkan/mob

[3yyeHne MrHOBEHHBIX KOH(Urypauuii CHCTEMBI polyrC+H,O nosBomnio onpenenutb Haubosee
MPeANOYTHTENbHbIE MECTa CBA3BIBAHMA MOJEKYN BOIBI C oaHocnupanbHoit  koHpopmauuei polyrC. C
terpaHykieotuaom H-ceasu oOpasytoT 40 MONEKy BObI, B CPEAHEM MO 10 Monexkynbl BOABI Ha HYKJICOTHA, YTO
cornacyetcs ¢ dKCMepHMEHTaNbHbIMK AaHHbiMK [8,9]. Touku rumpataumu HykJICOTHIOB B CMUpany COBMaiu ¢
TOUYKAMH THIpPATALMK H3ONHPOBAHHBIX HYKNeoTHAOB. Tak, y OCTAaTKOB UWTO3MHA Hanbosnee ruaparupoBaHa
rpynna C-,=0. Ha kaskayto hochaTHyio rpynny u pub0o3y NPUXOIUTCA B CPEAHEM MO 5-6 moaexyn sonsl (Puc.5).

Ptxc.é‘ ®parmeHT oanocnupansHoi polyrC u monekyant soasl, Puc 6. ®parment asyxcnupanbuoit polyrC v MosieKyitbi
obpaszyrouse ¢ Hum H-CBA3M (MONEKy/bl BOAbI CMEIEHBI  BOAbL, 06pasytoume ¢ uuM  H-cBaM: ABE 1IpoOEKLMH

QTHOCHTEALHO polyr(). g
Ho polyrC) MIHOBCHHOW KOH(pUIypaumn (MONEKY/Ibi BOJLI CMELLCHbI
oTHocuTensHo polyrC-polyrC).

B paccmartphiBaeMoit cucTeme 00HapyKeHsl 9 MONIEKYS BONbI, 3aHUMAIOLMX MOCTUKOBOE MONOKEHHE MEXKIY
ABYMs THAPOOHIbHBIMK UEHTpaMM. B npeaenax OAHOrO U TOrO e OCHOBAHMA OHW CBA3LIBAIOT rpyAnsl N3 u
C,=0 wau N3 i N4H, rpynnei. BuyTpy caxapodociaTHOro 0CTOBa 0GHapyKeHbI MONIEKY.Ibl BObI, JAHUMAIOLME
MOCTHKOBOE MonokeHue mexay atomamu 02’ u 05, O’ u 04’, a taxke mexay O3° win O35’ n’ KUCN0pOAaMHM
(ocarrot rpynnel. OOHapykeHsl UEMOYKM U3 ABYX MONEKYA Boabl mexay rpynmamu C,=O u N3 mmwg
ocroBaHuA. OcobexHocTbio cHcTembl polyrC+H,O ABnseTca CyuwiecTBOBaHME BOAHBIX uenozqex Mekay rpynnod
C,=0 u atomamu O2° 4 O4° 0cTOBa. DTOT pe3ynbTaT COrNACYETCH ¢ NPEANONOKEHUAMU s-ucméﬂnm:ﬂmz
paborax {3,5,6]. (MocTukoM MBI Ha3bIBaEM OAHY MOJIEKY/TY BOAbI, pacndn Oétékuym ﬁéMy P ;‘;‘«; i
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Haytteune FHAPATALEHN CTPYKTYPHBIX -q:opm nos_mpm’mummosoﬁ KHMCJIOTHI ., .

MROPATHOAKTUBHBIMA uempamu a Uenovkol - fBe wim Gomee MONEKYNBI BOJbI, CBA3aHHbIE MeXDy coboil W
COEIMHAIOIHE ABA TMAPATHOAKTUBHLIX LIEHTPA).

DHEPreTHYECKUE XapaKTePUCTHKH CHCTEMbI polyrC-polyrC" + H,O npencraneHHbt B Tabauue 3.
CTabunbHOCTL 3TOM CHCTEMbI ONpeieNAeTCs Kak B3aUMOIEHCTBHEM MEXIY LeNsMH B ABOMHOIA CrMpau, KOTopas
COCTABNAET OKONO -20 KKkan/MONb Ha Napy OCHOBaHMIt (-79.6 Kkan/Mob A AyniueKca), Tak U B3aUMOAEHCTBHEM C
pacTeopuTenem. HanGonbumii BKiaa BO B3aHMOIEHCTBHE polyrC-polyrC” ¢ Bogoii BHOCAT 65 MOJIEKYJIbI BOJIbI, U3
HuX ¢ polyrC H-ceazn o6pasyrot 30 mMosekyn Bozst, a ¢ polyrC” - 43; 8 monexyn Boasl ABNSIOTCH OOGMMUMY [UTA
ABYX lenel, o6pasys BOZHbIE MOCTHKY ¥ Lenouky. Takum obpa3oMm, Ha OiuH HYKJIEOTHA NMPUXOJUTCA OKOJIO 8
MOJIEKYJTbI BOIBI, YTO COTNIACYETCA ¢ SKCNEPUMEHTANbHBIMU AAHHBIMU [8,9].

Cpasuenne Bemmind Uww B Uww) ABYX CHCTEM - OIHO- # ABYXLUENo4euHoit polyrC (cM.1abn.3) - TIPUBOAUT
Hac K BbIBOLY O TOM, 4T0 B cucteMe polyrC-polyrC+H,0 CTPYKTYpa BOIBI CWIBHO pa3pylueHa. O4eBHIHO, B ITOM
CHCTEME CYLIECTBYIOT MOJISKYJIbl BOMBI, KOTOpbIE CBA3aHBI C MMAPOGUILHBIMM YUacTkaMyu ABOMHON criupanw, a
Mex Iy coboli obpasyror He Gomee 2 H-cesseid, T.e. POPMUPYIOT HEPA3BETBACHHBIE BOAHbIE LEMOYKH. [Ipn 3TOM
MOJTEKYJibl BOZAb] KakK Obl CTAHOBATCA HaCThio CTPYKYTpbl criupam. (Puc.6.).

AHanu3 MIrHOBEHHbIX xoucburypaunﬂ cucreMsi  polyrC-polyrC* +H,0 no380amA MONYYUTh ACTAbHYIO
KapTuHy JIOKaJW3alUmKu MONEeKY BoAbl BOU3M ABO#HOM cnupaid. C kaxa0# napoii octHosanuit H-cBs3u o6pasyrot
5-6 monexyn Boasl. Haubosnee ruapatupoBansl rpynisl C,=0O, B MeHbluei crenenn - rpynnsl N3, N3H, N4H, u
CSH uwrosmnos. Cxema ruapataumy caxapogocdaTHOro OCTOBa ABOHHONW CMUpaid aHANOTHYHA CXeMe
rHApaTauMy oaHocnupanbHol Gopmel. B cucreme polyrC-polyrC™+H,O o6HapyxeHb!l BOAHbBIE MOCTHKH,
CBA3biBalOLINE Napbl OCHOBAHWK MPOTHBOIONOXHBIX LIENei, napel OCHOBAHMM B CTOMKE, a TakXKe OCHOBAHHA C
caxapodocdaTHeim ocToBoM ux uenu (Puc.7.).

Puc.7. Cxema 06pa3zoBaHus HEKOTOPBIX BOAHBIX LEMNOYEK
H MOCTHUKOB OKOJIO JBOMHOWM crnupanu
nonynporoHupoBanHo Gopmst polyrC-polyrC’.

. - BOAHbIE “LEnouKn”
_O- BOAHBIC “MOCTHKH”

@- >waounxkavueckui kucnopoa
O- JHAOUMKAMUECKHUH a30T

Mexay napaMu OCHOBaHMUI 00pa3yrOTCA MOCTHKH, CBA3BIBAIOLLHE TPYTML] CfO n N4H2, C,=0 n N3 (N3H)
LATO3WHOB NPOTUBONOAOKHLIX ueneil. Haliaexsl MONEKyibl BObI, 3aHUMAIOUINE MOCTHKOBOE MOJIOXKEHHE MEXKITY
rpynnamu C,;=0 COCeAHMX MPOTOHMPOBAHHBIX OCHOBaHHH H aTomami O4’ pubo3bl. B Iynnexce TeTpaHykneoTHaa
BLIABACHO HYETHIPE UEMOYKY MOJIEKYA BOMbl. DTH LENOYKH COEAMHAOT rHAPOGHUILHBIE TPYNIbl OCHOBAHMIA,
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nepsas - rpymmei N4H,, a BTopas - Tpyinsl C,=0. B npoTOHUpOBAHHOW CriMpani LEMoYKu MONCKYI BO/Ib!
obpaszyroTes Mexxay rpynnamu N4H, ocHopauuil 1 aromamu O3’ u 04’ caxapodocpaTHOro 0CToBa.

BbIBO/IbI |

UzyueHue B3aMMONEACTBUA CTPYKTYPHBIX KOMIOHEHTOB HEHTpanbHOW H MOJTyNPOTOHUPOBAHHOM (HopM
MOANPHOOLIMTHAMIOBOM KHCIOTBI ¢ BOMHBIM OKPYXEHHEM, BBITIOHEHHOE HA MOJIEKYJIAPHOM YPOBHE C MMOMOILLIO
metona Mounte Kapno, no3sonuio Ham CAe/aTh CHCTyIOUIHC BbIBOABI. 110 Mepe YCAOKHEHUs CTPYKTYpPHBIX
3neMenToB polyrC - OT acCOUMaTOB LHTO3MHA [2] 20 CIMPaNBHBIX OIMTOHYKIEOTHAOB - pOJIb BOAHBIX MOCTHKOB M
LernoYeKk B CTAOUNM3aUKu YNOpsAI0YEHHbIX CTPYKTYP BO3pacTacT. Ve Ha ypOBHE CTIKMHI-AMMEPOB LMTO3NHOB,
BC-nap  HeiiTpaibHOH W MpOTOHMpOBaHHOH  ¢opM  LMTO3MHOB  H uutuarnHomoHodochaTos,
anHyKneosnamoHodocdatos  oOHapyxeHbl  BOAHBIE  MOCTHKH, KOTOpbi€  OMpENeNAT IHEPreTHYECKy:o
MPeAnoYTATENLHOCTb 00pasoBaHiA CTPYKTYp C napameTpam, COBMAJAMLIMMHU C MapaMeTpamMu CHOHPATBHBIX
oaHo- i aByxuenoyeunsix polyrC. B Gonee CloXHBIX SAeMEHTaX Crpatt - OIHOUEMOYEUHOM TETPAHYKNIEOTHAE U
AyrnaeKce MonynpoTOHHPOBAHHONO TETPAHYK/ICOTHAR = 06pa3ytoTcA BOJAHBIE MOCTUKM U LEMOUKH, CBA3BIBAIOLIHE
[apbl OCHOBAHHUI MPOTHBOJIEKALUMX LENeH, Napsl OCHOBAHMIi B CTOMKE M Mapsl OCHOBaHMH ¢ caxapoochaTHbIM
OCTOBOM U sBiagiolvecs kak Obl 37eMEHTaMUW CTPYKTYpbl CIHPaJH. [To3TOMYy MOXHO YTBEpPXKAaTh, 4TO
CTaOHNBbHOCTL OAMHAPHOM W NBOMHOW crMpanew polyrC onpenensercs (GOpMHUpOBaHUEM cneurpuiecKom
CTPYKTYPbl  MOJIEKY] BOMbl  BOMH3M polyrC B Oonbluei CTENEHH, HeM B3aUMOIEHCTBUEM  MEXILY
MPOTHBOMOOKHBIMH LENAMH WIH CTIKHHIOM OCHOBAHHM B10Nb LIEMH.
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[Ipexcrasiens pe3ynsTaThi KBaHTOBOMEXAHMYECKONO MCCICHOBAHMS CTPYKTYpbI MPOJMHCOAEPXKALIEro MenTuaa
aHTaMaHuza - cyclo (- Val, — Pro, — Pro; — Ala, — Phes — Pheg — Pro; — Prog — Phey — Pheg -), a Takke ero kommaexca ¢
22 MONEKyNnaMu BOIbl, MOAETWPYIOIIMMH IEPBYIO TMAPAaTHYRd O0OOYKY. AHANM3 CTPYKTYPHBIX napaMmeTpoB
TPO/IMHOBBIX (ParMEeHTOB, PACMONOXEHHBIX HAa YyacTkaX B - M3ruGOB H30JMPOBAHHOTO W TUAPATHPOBAHHOTO
aHTaMaHW/Ia, NO3BOJIM YCTAHOBHUTH, 4YTO ¢parmenThl Pro2 u Pro7 antamaHuaa SBISIOTCH CTPYKTYPHBIMM aHAJIOTaMH
koHopmepa npoarna Ia, a gparmentrl Pro3 u Pro8 seisiorcs cTpyKTypHsIMM aHanioramu koHgopMepa nponvHa Ila.
OTO MOKA3BIBACT, YTO P MONENHPOBAHMH CTPYKTYPHI NENTHAOB METOAAMH MONEKYIAPHON MEXAHHUKY IS PAsTHYHBIX
(parMEeHTOB TpPONMHA HA Y4YacTKax B - WIrWGOB MOMKHBI HCTIONB3OBATHCS DA3TMYHBIE Habopsl HApaMeTpoR,
COOTBETCTBYIOLIME KOHGOpMepam nponuna Ia u Mla. [TonHas SHeprus MEXMONEKYIAPHBIX B3aUMONEHCTBYI B PHAPATHOM
KOMIJIEKCE aHTaMaHuIa coCTaBgeT -142.3 kkan/Moib, B ToM yucie -110.7 kkan/Mob NMPUXOANTCS Ha B3aUMOACHCTBIE
aHTaMaHWI-BOJA M -3 1.6 KKaN/MOJbL Ha B3aUMOAEHCTBHE BOLA-BOAA.

KJIIOYEBBIE CJIOBA: antamann, NpoJiHH, KBAHTOBOMEXaHHYIECKUE pacyeThl, MeTo AM1, MoJieKy IspHast CTPyKTYpa,
TYpaTauys.

B nmocremHee BpeMs C MCHONB30BAHHEM HHM3KOTEMIIEpaTypHOM MatpudHoii UK-cnektpockonmu u
KBAaHTOBOMEXAaHMYECKAX pacyeTOB BIEPBBIC OBLUIM MOJMydeHbl HaHHBIE O KOH(POPMALHMOHHOM CTPYKTYpe
W30JIMPDOBAHHBIX aMHHOKHMCIOT anudartmyeckoro psama [1-5]. Tawke ObUIM ONpeacneHbl MOJEKYJISPHBIE
napaMeTpel (reOMETpHH, CHWIOBBIE MNOCTOSHHBIE) IS Pa3IMYHBIX KOH(POPMEPOB AMMHOKHCIOT M ObUIO
NPEUIOKEHO WCHOIB30BaTh 3TH HOAHHBIE Ui MapaMeTpU3alMd METOAOB MOJIEKYJISAPHOTO MONEIUpPOBAHHSA
CTPYKTYpbl Onomonekyn. OIHakO BOOPOC O COOTBETCTBMH NaHHBLIX, TOJNYYEHHBIX A KOHGOPMEPOB
H30/IUPOBAHHBIX AaMHHOKHCIIOT, CTPYKTYpE aMHHOKHCIOTHBIX (pParMEHTOB MENTHUAOB OCTAETCA OTKPBITHIM.
I'naBno#i 3amaved uccnemoBaHmii, pe3yNbTaTsl KOTOPBIX NpPENCTAaBIEHHI B JaHHOW pabore, sABIAETCA
YCTaHOBJICHHE CTENEHH COOTBETCTBHA CTPYKTYPHBIX MapaMeTpOB H30JIMPOBAHHBIX KOH(OPMEPOB MpOJKHA |
CTPYKTYPHBIX N2paMeTPOB MPOJIUHOBHIX (pParMeHTOB B pealbHbIX NeNTUAaX. B kayecTBe MOAENIBHOIO MENTU/A
0wl BEIOpaH MponMHCOASpKAMUY LMKIOAEKaNeNTUA anTaManug — cyclo (- Val; — Pro, — Pro; — Ala, — Phes —
Pheg — Pro; — Prog — Pheg — Pheq -) (Puc. 1). Buonoruyeckue dyuxumu avtaMaHuaa noapo6Ho paccMOTpEHsI B
paborax [6-8].

PI'02 E— A131 "“'Phelo E— Pheg —P Irog
PI'O3 E— Val4 — P he5 E— Pheﬁ E— PI'O7
Puc. 1. TleprudHas cTpykTypa NMKIOAEKaNENTHAa aHTAMAHK/a.

JETAJIM PACYETOB

Kakx Buano w3 Puc. 1, aHTamanuy BKmodaeT 4 NMpoAMHOBLIX (pparMeHTa, 4 GpEeHWIAIaHMHOBBIX (PparMeHTa
U 10 OAHOMY $parMeHTy BajiuHa A ajlaHuHa. Obniee 9ucao aromoB — 162. [lis yCTaHOBNEHHS BIUAHUA BOIBI HA
CTPYKTYpPY aHTaMaHWAa JMAOTIOJNHUTENbHO OBUIM MNpOBENEHBI pacyeThl KOMIUIEKCa aHTaMaHuaa C 22-m5
MOJIEKy/laMd BOIbl, MOJECNMPYIOIIMMH MEPBYIO TIuapaTHYI0 o000104ky. Ilpu 3TOM TruapaTUpyrOTCs BCE
NPOTOHOAOHOPHBIE H IPOTOHOAKUECNTOPHBIC HEHTPHl aHTaMaHWga. Yuciao aToMOB B KOMIUIEKCE
anramaaua-22H,0 cocrasnser 228.

Ilockonbky pasmepbl aHTaMaHUAA MCKMOYAIOT HCMONBb30BAHME HESMIUPUYECKUX METONOB AJIs
ONPEACACHHUSA €0 CTPYKTYPhl, ONTUMU3ALMA NeOMETPUM aHTAMaHUIA, a4 TAKXKE €ro KOMIUIEKCa ¢ 22 MOJIeKyJIaMH
BOJIbl, BRITIOJIHANACE C TIOMOIIBIO [HONYIMITHPUIECKOTO KBAHTOBOMEXaHU4ecKoro Merofa AM1 (Austin Model ).
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Puc. 2. Paccunrannas merogom AMI1 cTpyKTypa H301THPOBAHHOINO LIMKJIOACKANENTHAa AaHTAMAHH A,

Bribop merona AMI1, ocHoBanHoro Ha mpubmmwkerun MNDO (Modified Neglect of Diatomic Overlap),
OTIpEJENAETCA TEM, 9TO SHEPTUU 0Opa30BaHMA U NFEOMETPHU MOJIEKYJL, NOTYYEHHBIE ITHM METOJIOM, HAXOAATCS B
JTyYieM COTJIaCHMHM ¢ SKCNEPUMEHTOM MO CPaBHEHHIO C [aHHBIMHM JPYTUX MNOJNYIMIUPHYECKUX METOHOB,
0CcO0EHHO B CiTy4ae pacdeTa MOJIEKyJI, COAepxamuX rerepoatomsl [9]. Metox AM1 ocHoBaH Ha npuG/KEHUM
HY/IEBOTO IBYXLEHTPOBOTO AH(QPEPEHLMANLHOrO MEPEKPhIBAaHUA, KOTOpOe MPUBOAUT K 3HAYHTENLHOMY
COKPAIIEHHIO 9MC/a ABYXOJNEKTPOHHBIX MHTErpasioB ¥ 6osiee MpOCTOM BhIMMCIUTENbHOM npouexype. PacueTHas
cxema Metona AMI ommyaetcs ot uexomHoro metona MNDO cnioco6oM BEIMMCIIEHHS SHEPTHM OTTAIKMBAHUSA
0cTOBOB. MeTonu4eckuil aHamu3 MpUOIMKEHUH, MOJOXEHHBIX B OCHOBY PAaCYeTHBIX CXEM, U criocobbl BeiGopa
napaMeTpoB pacCMOTPEHHI B [9].

Meron AMI pmaet pesynbTaThl, HE YCTYMaloUiHe MO TOYHOCTH NAHHBIM HEIMNHMPHYECKUX PAacyeTOB B
6asuce 4-31G, npuyem 3aTpatsl BpeMern OBM B 1000 pa3 mensime [9]. INocnensee 06CTOATENBCTBO ABAAETCH
PeIIaloIUM TIpH BbIOOpE KBAHTOBOMEXaHHYECKOTO METO/A pacyeTa CTPYKTYphl aHTaMaHMAa. PacueTs: MeToaoM
AMI nposonwniyce Ha koMrbiotepe PC Pentium I1 ¢ ncrionb3oBannem naxera nporpamm GAMESS [10].

PE3VJIbTATBI U OBCYXJIEHHUE

PaccanTannas cTpyxTypa aHTaMaHW/a M rHAPATHPOBAHHOIO AHTAMAHAAA.
B pesynstate nOIHOM ONTHMH3ALMH rEOMETPHH MOTYYEHbI CTPYKTYpHbIE NapaMeTpbl aHTAMAaHHUJIA U
komruiekca aHTtaManna22H,0. Paccyurannbie CTPYKTYpsl ABYX CHMCTeM TOKa3aHBl Ha Puc. 2 u 3. Monekyna
aHTAMaHHIa Kak B H30IMPOBAHHOM, TaK W B I'MAPAaTUPOBAHHOM COCTOSHHMM, MOXET GbiTh YCIOBHO pa3jeneHa Ha
TpH QparmenTa: 18a P-usruba Ha yuactkax Pro2-Pro3 m Pro7-Pro8, a Taike B cnoii, cocroswmuit uz aAByx
NapailieIbHRIX YHaCTKOB NENTHAHOW LEMH C YeThiPbMA MEXUENOYEYHBLIMH BOAOPOIHBIMU CBA3AMA N—H--O.
OCODEHHOCTBIO aMMHOKHCIIOTHOTO COCTaBa AHTAMAHMUAA ABIAETCH OTCYTCTBHE OOKOBBLIX paJUKaIOB C
MONAPHBIMH (rUApodWIbHBIMU) rpyrnamMu. Kak BumHo u3 Puc. 3, B aHTamaumne H-cBsa3biBaHME MOXKET
MPOHCXOAHTE TONBKO TIPH B3aUMOZCHCTBUM C aTOMaMu COOGCTBEHHO TenTUaHOH uenn. B pe3yJibTaTe pacyeTos
THIPATHOTO KOMILTEKCA NOJTY4€eHO Clleaylolliee pacripeieieHHe MOJIEKY.T BO/IbI B EPBOM rugpatHo#t 06onouke:
¢ 12 Monexyn BObI CBA3BIBAIOTCS C 6-10 aTOMaMM KACIIOpO/ia MENTUIHBIX CBA3EH, IKCIOHUPOBAHHBIX HAPYKY
MAKpOLMKJIZ, [IPH ITOM € KaKALIM 2aTOMOM KUCIIOPO/Ia B3aHMOIEHCTRYIOT 110 J1Be MOJIEKYJibl BOAbI, 0Opasys
TPH BOLODOJHBIC CBA3M: [BE BOJNA-aHTAMAHWA IUTIOC JONOJHMTENLHAY MOCTHKOBAS H-CBA3L MEXAY
MOJIEKYIaMH BO/bI,

¢ 2 MONeKyNbl BOJB CBM3bIBAIOTCH ¢ ABYMs N-H atomamu NEeNTHAHBIX
MakpouHKiaa, ¢ obpasoBanueM BOAOPOAHbLIX cBAzeli N—H--O;

® oOCTaBmHeCH § MOMEKYA BOALI CBA3KIBAIOTCH ¢ aTOMAMH a30Ta HETRIPEX NPONUHOBLIX $parmenTos (no ase
MOJNEKY bl BOAB! Ha QparMenT). |

Paccawrannsie 3HAUCHHA SHEprull komiuiekca awtamManua22H,0, a Ttake MOHOMEDHBIX MOIEKY
(aHTaMaHHA2 H BOMh) IO3BONAET ONPEAEHAATE SHEPTHIO MEOKMOACKY IAPHBIX B3anmoneHcTBui. Tlonuas ueprus

rpynii, SKCHOHUPOBAHHALIX HAPYKY
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Puc. 3. Paccuurannas merongoM AMI cTpykrypa kommiuekca avtamanna+22 H,O.

MEXMOJICKYJIAPHBIX B3aMMOJCHCTBUN cocTtaBasieT -142.3 kxam/mons, B ToM uucne -110.7 xkan/mons
NPUXOOUTCSA Ha B3aUMONCHCTBHE aHTaMaHHUA-BOAa U -31.6 KKain/MoJIe Ha B3aWMOJICHCTBHE BOJa-BOa.

CpaBHeHME CTPYKTYp aHTaMaHHWIAa B M30JUPOBAHHOM W FMIPAaTUPOBAHHOM COCTOSIHHMSAX TMOKA3bIBAET, 4TO
CBA3BIBAHWE MOJEKYNl BOObl HE NMPUBOOUT K CYIIECTBEHHOMY HM3MEHEHUIO MaKpOCTPYKTYphl aHTaMaHHIa |
IPOSIBJIACTCS B OCHOBHOM B M3MEHEHUW IN€OMETPMIA JIOKAIbHBIX ()parMeHTOB, Y4YacTBYIOIIMX B 006pa3oBaHHU
MEXMONEKYAApHEIX H-cBsazell. OOiieli 3akOHOMEPHOCTHIO SBNAETCA YBEJWYCHHE IJIMH CBs3eid, oOpa3yembix
TUOpaTHpPYeMbIMH atoMamHu. Kpome 3TOro MOXHO Takke OTMETHTh He3HaumTeNsHoe (B mpexzenax 10°)
HU3MECHEHHE OpMEHTalWH PeHWNATaHUHOBBIX [PYIIIL.

Oco0blli HHTEpEC NPEACTaBNAET aHAIW3 CTPYKTYPHl TNPOJHMHOBBIX (PParMEHTOB W30JMPOBAHHOTO H
THIPaTHPOBAHHOIO aHTaMaHUa U €€ CpPaBHEHHE CO CTPYKTYpPOH H3OJHPOBAHHBIX KOH(OPMEPOB IMPOJIUHA.
Pe3ynbTaTsl 3TOr0 aHaNM3a MPUBEIEHSI B CIEAYIOIMIEM pa3icle.

CipykTypa nponMHOBLIX (PparMEHTOB aHTAMAHHAJA.
Kak yxe oTMEYajnoch BbIlle, B COCTaB€ aHTaMaHMOa MPUCYTCTBYIOT YEThIPE MPOIMHOBBIX (PParMEHTa,

obo3HaueHHBIX Kak Pro2, Pro3, Pro7 u Pro8 (Puc. 1). I'eoMeTpuueckne mnapaMeTpbl 3THX KOH(OpMEpOoB,
TONy4CHHBbI® [UIA HM30NHPOBAaHHOIO H TMAPAaTHPOBAHHOIO aHTaMaHWma, npuseneHbl B Tabmuuax 1 u 2,
COOTBETCTBEHHO. Hymepanusa aToMOB NMPOIMHOBOTO (pparMeHTa aHTaMaHKAa nprBeeHa Ha Puc. 4.

C8 Puc.4. Hymepauus aroMOB NPOJIMHOBOTO (pparMeHTa.

| 04

H17
N N1 \

c1.5/ C3 )
H16~ 1 \cz/ I
H14~—C12 / \H.,

/. s

H13 / \

H11  H10
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BIX ()parMEHTOB M30JHPOBAHHOO AHTAMAHM]IA

I Pro2 Pro3 Pro7
CB#31, aHICTPEMBI
1-2 1.459 1.457 1.456
2-3 1.544 1.547 1.548
3-4 1.248 1.250 1.249
3-5 1.380 1375 1.379
2-6 1.544 1.546 1.545
2-7 1.129 1.131 1.129 1.131
1-8 1.383 1.380 1.392 1.379
6-10 1.117 1.119 1.117 1.119
6-11 1.119 1.118 1.117 1.118
6-12 1.525 1.524 1.526 1.525
12-13 1.117 1.118 1.117 1.118
12-14 1.117 1.117 1.117 1.117
12-15 1.538 1.538 1.539 1.538
15-16 1.126 1.125 1.125 1.126
15-17 1.125 1.125 1.126 1.125
BajieHTHBIE YIIBI, FPAXyChi
1-2-3 112.7 114.8 1123 112.4
2-34 121.0 119.7 121.6 121.2
2-3-5 118.9 118.8 118.3 117.2
1-2-6 107.3 106.5 107.2 106.7
1-2-7 106.7 109.4 107.5 109.6
2-1-8 120.6 121.8 119.7 122.0
2-6-10 109.9 110.9 109.6 110.9
2-6-11 110.4 109.2 110.7 109.2
2-6-12 106.2 106.4 106.3 106.5
6-12-13 110.9 110.8 110.8 110.8
6-12-14 111.0 111.2 111.0 111.1
6-12-15 106.6 106.4 106.6 106.5
12-15-16 110.8 110.7 111.0 110.7
12-15-17 110.3 110.5 110.1 1109
TopcuronHbi€ YTUIbI, FPaxyChl
1-2-3-4 47.9 -142.7 33.1 -118.1
1-2-3-5 -130.4 41.1 -144.7 63.3
4-3-2-6 158.4 151.8 168.1 151.6
4-3-2-7 -83.3 32.0 -72.1 31.9
3-2-1-8 37.5 -85.9 48.0 -86.7
3-2-6-10 128.3 133.7 1135 130.7
3-2-6-11 -112.2 -107.4 -125.3 -110.2
3-2-6-12 1.7 12.3 -4.6
2-6-12-13 111.8 111.2 1194
2-6-12-14 -128.1 -128.6 -120.5
2-6-12-15 -8.0 -84 -0.6
6-12-15-16 124.5 120.9 124.1
6-12-15-17 -115.9 -119.1 -116.5

AHang3 3THX JaHHBIX W MX CpaBHEHHE CO CTPYKTYPHBIMM napameTrpamu koHpopmepos nponuxa Ia u lla

(Puc. 5) no3BoJIAeT CAeaTh CACAYIONIHE BBIBO/bL:

Bce nponuHOBbi€ (parMeHThl, Kak B M30JMpPOBAHHOM, TAK ¥ B IMAPATHPOBAHHOM AHTAMAHULE, MMEIOT
OnM3KHe 3HAYCHHMA UIMH CBA3eH M BallCHTHLIX yriioe. PasHuua nocturaer 0.01 A nns pauH ceasedt u 1° an
BAIEHTHBIX YIJoB. B TO Xe¢ Bpemsi HaOMONAIOTCA 3HAYMTENbHBIEC OTJIMYUA TOPCHOHHBLIX [APAMETPOB
MPOJHHOBLIX (JparMeHTOB, 0OCOGEHHO M BKMOYEHHbIX B ENTUAHYIO LETh YHacTKOB.

Kak Buzano w3 Tabnuimi 1, nponuHoBLie PparMeHThl H30HPOBAHHOIO aRTAMaHMAA MOTYT ObiTh pa3zie/ieHbl
Ha JABe IPyNMbl B 3aBHCHMOCTH OT 3Ha4YeHAH MX TOPCHOHHLIX napamerpoB. K nepsoli rpynne otrocaTca
Pro2 u Pro7. Benwussbi MX TOPCHOHHBIX YriioB 1-2-3-4 cocrasamor 47.9° u 31.1° , coorsercreenno. Ko
BTOpOH rpymnne MoryT ObiTh oTHeceHR Pro3 u Pro8, n1s koTopeix BeidunHLI TOPCHOHHEIX Y08 1-2-3-4
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_Taﬁnﬁua'z-, CTPyKTYPHLIC TApAMETPhI IPONIHHOBLIX PPArMEHTOB rMAPATUPOBAHHOIO AHTaMaHH/I2

__ ~ Pro2 Pro3 Pro7 Pro8
Cas31, aHICTPEMBI] | '
1-2 1.461 1.457 1.459 1.461
| 2-3 1.544 1.544 1.548 1.546
J 3-4 - 1.258 | 1.260 1.256 1.249
3-5 . - 1372 | 1.366 1.381 1.377
2-6 1.545 1.547 1.547 1.546
2-7 1.133 1.135 1.133 1.133
1-8 | 1.374 1.372 - 1.385 1.381
6-10 | 1.117 | 1.118 1.118 1.118
6-11 | 1122 1.118 1.123 1.119
6-12 1.526 | 1.524 1.524 1.523
12-13 1.116 ' 1.118 1.117 1.120
12-14 1.120 1.118 1.118 1.117
- 12-15 1.538 1.536 1.538 1.535
| 15-16 1.125 1.128 | 1.124 1.127
15-17 1.126 - 1.124 1.127 1.128
BasieHTHBIE YTJIbI, FPaXyCHI 1
1-2-3 112.1 114.9 111.7 113.4
2-3-4 120.5 119.0 | 1221 121.4
I 2-3-5 119.5 | 120.1 118.4 117.2
1-2-6 - 107.2 106.4 107.7 107.0
1-2-7 106.7 109.6 | 108.8 109.6
2-1-8 121.0 122.3 | 120.2 121.4
2-6-10 | 109.8 1114 109.6 111.2
2-6-11 | 110.6 | 108.6 111.0 109.0
2-6-12 | 106.4 | 106.3 106.2 ' 106.2
6-12-13 1113 | 111.0 111.0 110.8
6-12-14 1103 | 111.1 111.0 111.4
6-12-15 106.9 106.2 106.5 106.1
12-15-16 110.9 | 111.5 1113 110.7
12-15-17 110.1 110.3 109.3 110.0
4 TopcuoHHBIE YIJibl, IPaXyChl |
1-2-3-4 | 49.3 f -150.9 32.9 -119.6
1-2-3-5 | -129.0 33.1 | -147.0 62.0
4-3-2-6 161.9 | 154.5 -153.1 147.6
4-3-2-7 -79.2 _ 35.1 -33.0 28.5
3-2-1-8 41.6 -83.2 88.7 -90.0
3-2-6-10 125.6 | 135.9 - 120.8 133.8
3-2-6-11 -114.5 | -105.3 -120.5 -106.8
1 3-2-6-12 5.0 14.0 0.3 12.6
2-6-12-13 118.7 106.8 114.7 104.6
| 2-6-12-14 -120.9 -132.0 -1252 -1343
2-6-12-15 -1.9 -12.8 -5.4 -14.1
6-12-15-16 117.2 126.9 130.1 129.4

L 6-12-15-17 |  -1227 1127 1098 -109.3

| Ia Ia
Puc. 5. Crpykrypa Hanbonee cTabuabHBX XOHPOPMEPOB MPOTHHA.
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Ta6muua 3. TOPCHOHHBIE TApaMeTPhl Haubosiee CTAOWIBHBIX xordopmepos nponuna Ia u Ha, paccauTaHHbIC
metonamu MP2/aug-cc-pVDZ u DFT/B3LYP/aug-cc-pVDZ.

npoJivH Ia nposvH Ila

Hapasomn MP2 DFT MP2 DFT
N1-C2-C3-04 5.0 6.1 -182.3 -179.9
N1-C2-C3-05 -174.9 -173.3 2.0 -0.0
04-C3-C2-C6 -112.4 -113.3 61.6 62.8
04-C3-C2-H7 126.8 127.0 -60.8 -58.6
C3-C2-N1-H8 26.0 13.0 120.3 112.2
C2-C3-05-H9 -179.7 -180.2 -0.1 0.6
C3-C2-C6-H10 5.1 19.6 -31.6 -25.0
C3-C2-C6-H11 -114.1 -100.0 -152.4 -144.6
C3-C2-C6-C12 14 13.8 91.0 98.1
C2-C6-C12-H13 88.9 84.1 162.4 157.9
C2-C6-C12-H14 -149.1 -154.6 284.3 279.0
C2-C6-C12-Cl15 274 -33.0 41.3 36.6
C6-C12-C16-H16 161.6 159.2 78.9 81.6
C6-C12-C16-H17 -76.1 -80.0 200.7 202.8

coctapszoT -142.7° 1 —118.1°. AHanOrMdHbIe OTIHYMS HAGIOAAIOTCA TAKKe IS TOPCUOHHBIX yrioB 1-2-3-
5:-130.4°, —144.7° (Pro2 u Pro7) u 41.1°, 63.3° (Pro3 u Pro8); ans TOPCHOHHbIX YIIIOB 4-3-2-7. -83.3°,
-72.1° (Pro2 u Pro7) u 32.0°, 31.9° (Pro3 u Pro8).

CpaBHEHHE TOPCHOHHBIX MApamMeTPOB NMPOJIMHOBBIX (PArMEHTOB aHTaMaHWIA (Tabn. 1) n koHpOpMEPOB
mponuna (Tabn. 3) mokasbiBaeT, 4To parMenTsi Pro2 u Pro7 sBSOTCA CTPYKTYPHBIMH aHaJIOramu
koHdopmepa mponnHa [a, a dparmenTsl Pro3 u Pro8 sBasioTCS CTPYKTYPHBIMHM aHANOraMH KoH(popMepa
nponuua [la. D10 NMOKA3BIBAET, YTO MPH MOAEAHPOBAHMM CTPYKTYpPbI NENTHAOB METOAAMHM MOJIEKYJIAPHOM

MEXAaHUKH U1 PasTHYHbIX (parMeHToB MNpONMHA HAa y9YacTkax [-u3rubOB NOJDKHBI HCHONL30BATHCS
pa3nidHbIe HaOOPhI NTApPaMeTPOB, COOTBETCTBYIOLIME KOH(opMepam nponuta Ja u Ila.

[IpH THOpaTALMH AHTAMAHWAA CTPYKTYpa ero MpONMHOBbLIX (parMeHToB MpeTepneBacT ONpENENEHHbIC
W3MeHeHWs, Haubonee CYIIECTBEHHbIE Ui TOPCHOHHBIX NapameTpos. V3MeHeHust ANAH CBA3ed W
BAJIEHTHBIX yrOB He npessimaroT 0.01 A n1.5% B 10 x)e BpeMA U3MEHEHHSA TOPCUOHHLIX YTJIOB JOCTUTAIOT
10°. OnHAKO MPH 3TOM MOJHOCTBIO COXPAHAETCS CTPYKTypHoe nonobue ¢parmentos Pro2, Pro7 u Pro3,
Pro8. Takum 00Gpa3zoM, BbIBOALI CAENAHHLIE B MpPEALIAYIEM MyHKTE SBJIAIOTCSH MPaBOMEPHbIMM M A
rWIpPAaTUPOBaHHBIX MENTHAOB.

ATtopsl Gnaropapsat HayyHsii gonn NATO (I'pant CRG.CRG973389) 3a dunaHCcOBY10 MNOAAEPKKY

HCCIeIOBAHWH.
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STUDY OF Cu ' IONS EFFECT ON POLY(T) CONFORMATION IN SOLUTION
BY VISCOMETRY AND IR SPECTROSCOPY METHODS.

D. N. Grigoriev, G. Zhuchkova, V. Andrushchenko, S. V. Kornilova, Yu. P. Blagoi.
B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine.
47 Lenin Ave., 310164, Kharkov, Ukraine
Received November 14, 1999

The present work is aimed at studies on the Cu®* interaction with poly(I) in solution by viscometry, UV and IR
spectroscopy methods. Dependences of the intrinsic viscosity [n] and helicity degree © of poly (I) on Cu** contents
and IR spectra of poly(I) complexes with Cu*" in solution were obtained. The data obtained permitted to calculate
the binding degree (C) and association constants (K) of Cu** ions interacting with bases of single-stranded poly (I). It

" is shown that at small concentrations ( lower than 10 M) the Cu®" ions bind to the phosphate groups of poly(I). At
the Cu?* concentration above 10~ M, the interaction between the metal ions and the poly(I) bases, especially with
Cs=O of inosine, occurs. This binding causes destabilization of the polymer and the helicity degree decrease down
to the transition into the coil conformation. The Cu®* binding to poly(I) in the coiled conformation induces the
formation of intermolecular bonds, that has an effect on the sharp increase of [n] as well as on the great increase of
the absorption band intensity C¢=0. The larger concentration of the Cu®* leads to the polymer aggregation. |
KEY WORDS: Polyinosinic acid, Cu®, intrinsic viscosity, IR spectroscopy, helicity degree, binding degree

Polyinosinic acid (poly(I)) is one from the class of synthetic polynucleotides which have the same ribose-
phosphate backbone as is found in a naturally occurring ribonucleic acid. Although inosinic acid is not found in
naturally occurring nucleic acids, it is an important metabolic intermediate in the pathway of purine biosynthesis.
However, the hypoxanthine base of inosinic acid is closely related to guanine, i.e. it is deaminated guanine. Thus,
poly(l) is a biopolymer that is of interest for its biological activity as well as for fundamental studies. As is well
known, the secondary and tertiary structures of poly(I) are strongly influenced by the solvent, intramolecular and
intermolecular interactions [1-10]. In this connection bivalent metal ions ( Me?*) interactions with poly(I) is of
interest for studies. Furthermore, the similar investigation is important because pollution of the environment with
Me>* is one of the central ecological problems. In spite 'of the great number of works [1¢ — 15] devoted to the
Me?* binding to poly (I), some questions remain uncleared. This concerns, in particular, the Cu** interaction with
poly (I). So, the question on the possibility of the Cu®* binding to O(6) of hypoxanthine of inosinic acid in
aqueous medium remains unsolved (remains to be answered) [10]. As well, the problem of changes in the
biopolymer tertiary structure on its interaction with Cu™ is poorly covered. Besides, the most of works
investigate the Cu®" interaction at low ionic strengths (~10°M Na) [11-13]. So, the present work is aimed at
studies on the Cu?* interaction with poly (I) in solution under conditions close to physiological ones (0,1M Na",
pH=6), in the wide range of the ion concentrations (10:°-10°M). Besides, methods of viscometry, UV and IR
spectroscopy used in the present work permitted to follow changes both in secondary and tertiary structures of
the biopolymer. ' |

MATERIALS AND METHODS

The potassium salt of polyriboinosinic acid ( poly (I) ) (NIKTI BAV, Russia ) and CuCl,, (“Reahim”,
USSR) were used. The molecular weight of poly (I) was determined by the Mark-Houwink equation with
coefficients k=3.3 10”; 2=0.9 [3] and was equal to 1.1 10* Da. CuCl, was solved in acetate buffer (NaAc)
(10° M Na’, pH6). The metal ions concentration was determined by weight and was controlled by
complexonometric method. The determination error of [Cu”"] didn’t exceed 0.1 %. The solution of poly(I) was
prepared in 0.1 M NaAc buffer, pH6. The sample was then heated at 65 °C for 5 min, to eliminate aggregation,
and cooled quickly on ice. The phosphates concentration of single-stranded poly(I) was determined by measuring
the absorbance at 250 nm, with Spectromom 202 spectrophotometer (MOM, Budapest, Hungary). The molar
coefficient of extinction was 10800 M'cm™ [9].

Intrinsic viscosity measurements were made using the low gradient rotational Zimm-Crothers viscometer
[16]. Relative viscosities [16] were determined at 20 °C in the concentration (¢) range from 2.6 mg/ml to 5
mg/ml. The intrinsic viscosity [n] was then determined by using: -

-1

_ 1 |
[n];___ thin _rel ().
c—>0 ¢




40

D.N.Grigoriev, G.Zhuchkova, V.Andrushchenko et al.

The infrared spectra of poly(I) complexes with Cu”* in sQlution were obtained with ¥R spectrophotometer UR-20
(Carl Zeiss, Jena, Germany) in the regions of 1000-1350 and 1400-1800 cm’ for H,O and D,0O
solutions, respectively. The specially designed CaF, cuvettes with path lengths of 63.8 um were used [17].
The IR spectra were recorded at 29°C. The concentrations of poly(I) were 10.8 mg/ml and 14.6 mg/ml for H,0
and D,O solutions, respectively. | | |

The helicity degree (®) of poly(I) and binding degree (C) of Cu® interacting with bases of poly(I) were
calculated by measuring the absorbance of poly(I) complexes with Cu”" in solution at A= 253.2 nm and A, = 266
nm, respectively, with Spectromom 202 spectrophotometer (MOM, Budapest, Hungary). The calculations were
made as is described in [10]. The concentration of poly(I) was 15.6 pg/ml.

RESULTS AND DISCUSSIONS

As a number of works show
(3-9], poly (I) at 0,1M Na' is in a
single-chain conformation being the
equilibrium between the coiled
405 nonordered and ordered helical
states [10]. As can be seen (Fig. 1),
in the absence of copper ions the
helicity degree of poly (I) is 0.47.

The dependence of the

015 & ¢ L intrinsic viscosity [11] of poly (I) on
. Cu’* contents is shown in Fig, 1
446 o2 In the concentration range up to

10° M Cu”" jons induce the essential
decrease (~ 9 times) of the polymer
[n]. Perhaps, this is connected with
the decrease of the macromolecule

0,05

G A e R MU G btk Uk b O el excluded volume due to the Cu*" ion

[Cu™], M binding to phosphates of poly (I)

’ because in this concentrational range

- " no metal ion binding to

Fig. 1 Dependence of changes in single-stranded poly (I) helicity degree (®) and hypoxanthine is practically present
intrinsic viscosity [n] on concentrations of Cu’*. (Fig. 2).

(Cu™ )P The further 5incrc::as.e of Cu®

R . " : E. contents from 10° M up to 10* M

i A T s leads to the increment of the poly(I)

d1o intrinsic viscosity and induces its
sharp increase in the narrow range
(10 - 2 10* M Cu* ) of
concentrations. The rise of the Cu?*
concentration up to 10° M induces
Jos aggregation of poly (I) and the
further precipitation of aggregates.
Also it is shown that in the
concentration range up to  10° M
J Cu” ions induce no essential
{02 changes in the helicity degree ©
(Fig 1), and the binding degree C of
Cu®*" interacting with bases of poly(l)

10}

08¢t

0.6 )

o4 404

Q.2

0.0 W&

0.0

9 E§ Y 123 (fig. 2) is small. The increase of C

(Cu™), M and sharp decrease of the ® are

| observed at Cu** concentration
Fig. 2 Dependence of changes in single-stranded poly (I) helicity degree (®) and from 10° M to 10 M. The

bi . C . . s P :
inding degree (C) on concentrations of Cu increase of cuprum ions contents

(up 10 10° M ) doesn’t change the
helicity degree and causes the further
rise of the binding degree up to 1.
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The data obtained permitted to calculate the association constant (K) [10] of Cu** ions interacting with
bases of single-stranded poly I (fig. 3).

C/([Me]-Cn[P])=K(1-C) (2)

[Mt]=C;+ [P]-Cn 3)
where C is the binding degree of a ligand interacting with poly(I); [Me] is the fotal ligand concentration in
solution; [P] is the poly(I) concentration in phosphorum moles; n is the number of ligand binding sites; Cs is the

concentration of free divalent metal ions in solution. :
K=K,e™° 4)

KM
| o C is the ion binding degree; ® is the cooperative
wh 1 > - - parameter; K, is an apparent binding constant of
N 0 © o & gl -G . .
f o~ 5 ions at their concentration approaching zero.
[° ¢ The dependence (1) on fig. 3 is related to the
- | Cu®" interacting with bases of the poly(I) in helical
10 K1,=46 10, 0,=-1,3 * conformation (the binding degree being 0 — 0.3 and
; R0, o1 g ,  helicity degree being above zero at this range of
1 the Cu’" concentration (Fig. 2)). Positive
1 i cooperativity of the Cu®* ion binding to inosine is
e B T obviously connected with the rise of the complex
C ~ entropy due to-melting of helical parts as well as
"~ with a possibility of the ions to form cross-links
Fig. 3. Dependence of changes in association constants of and loops in coiled parts [10].
Cu” ions interacting with bases of single-stranded poly () - At the binding degree from 0.4 to 1 the
“nﬂ‘;iﬂ_di“g. degree (C). 1 - helical conformation; 2- coiled polymer is at the coiled conformation (fig. 2 ) and
%:;-e 3rmat1m?n.aﬁﬁn error of association constants was about the: dependence (2)-0n Fig: 3 1y reigted. 1p The

cuprum ions interacting with bases of the coiled
poly(I). And in this case, the positive cooperativity
due to the formation of intramolecular loops in coils and intermolecular links is observed.

Values of binding constants obtained are in an qualitative agreement with K=1,6x10" from [10]. The
quantitative difference is due to a difference in Na® concentrations - 10°M [10] and 0.1M.

Also the IR spectra of poly(I) complexes with. Cu®* in solution were obtained. The IR spectra of

single-stranded poly (I) complexes with Cu®" ions in D,O and H,O solutions are presented Figs 4 and 5,
respectively. : |
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As it can be seen, the interaction of the cuprum ions with poly(I) doesn’t lead to the significant shift of the
characteristic absorption bands of symmetric (1090 cm™ ) and antisymmetric (1225 cm™') stretching vibrations of
the phosphate groups [18] as well as of the absorption band of the vibrations C¢=0 of inosine (1687 cm™) [4-6],
however changes their intensity.So, a small increase ( ~ 1.2 time ) of the intensity of the absorption band of the
symmetric  stretching vibration of the phosphate groups (fig. 6) and the significant increase
(for [Cu®* ]/ [P] = 0.2) of the absorption band of the vibrations Cs=O of inosine are observed. Such changes can
be caused by the interaction of metal ions with phosphate groups and Cs=O of the poly(I).

As was mentioned above, IR spectra were registered at 29°C. This temperature is a temperature of the
single-chain poly (1) transition into the coiled state (Fig 7): Taking this into account as well as the fact that Cu®*
ions lower the melting temperature of polynucleotides [10], a conclusion may be derived that changes indicated
in IR spectra resulted from the Cu?* binding to poly (I) in the coiled conformation.

The anomalously large increase of the absorption. band at 1687 cm’' can be connected [19] with the
formation of the intramolecular bonds that can lead to the formation of compact particles [10]. It is known that at
the height Cu** content ([Cu®'] > 10° M that corresponds to [Cu*"}/p > 0.1 on the Fig.6) the aggregation of the
disordered coiled polyl molecules appears, that can result in the decrease of the IR spectrum intensity.. |

4.5 o come e =
o 1090 (C)
40+ @ 1687
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Fig. 6. Dependence of relative change in optical density of
[Cu’")/[P] for absorption band 1687 cm’ (vibrations Cs=0
of inosine [ 4-6 ]) and absorption band 1090 cm’
(symmetric stretching vibration of the phosphate groups Fig. 7. The dependence of poly(I) helicity degree on
[18]). temperature

CONCLUSION

Thus, the data obtained permitted to deduce the following conclusions:

At small concentrations ( lower than 10° M ) the Cu** ions bind with the phosphate groups of poly(I). At
that the screening of the phosphate groups uncompensated negative charges takes place. This lowers the
fepglsi.on between the similar charge groups and, as a result, decreases the polymer root-mean-square size and
ﬁgmisin]: viscosity. Also, the same binding leads to the small increase of the polynucleotide helicity degree

At the Cu®" concentration above 10”° M, the interaction between the metal ions and the poly(I) bases,

especially with C¢=O of inosine, occurs. This interaction has a positive cooperativity (0= -1.3) and association
constant K =4,6 10° M. This binding causes destabilization of the polymer and the helicity degree decrease
Fiﬁ“n to the transition to the coil conformation. The cuprum ions binding with poly(I) at the coiled conformation
m-ducgs the formation of intermolecular bonds, that has an effect on the sharp increase of {1 ] as well as on the
grefit increase of the absorption band intensity C¢=0. The association constant and cooperativity parameter of
Cu™ ions interacting with bases of poly (1) at coil conformation are K ., =10’ M and @=-1.2 respectively

The larger concentration of the Cu®* leads to the polymer aggregation. |
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BUBYEHHS JIi IOHIB Cu** HA KOH?OPMAIIHO POLY() B PO3YMHI
METOJAMMH BICKO3IMETPII TA I4 CIIEKTPOCKOIIIL.
A. M. T'purop’es, I'. Xyukosa, B. Auapymenko, C. B. Kopuisosa, IO. II. Baaroii.

Dizuxo-mexniynuil incmumym Huzokux memnepamyp im. b.I. Bepxina Hayionanvroi Axademii nayx Yxpainu

Po6oTa NpHCBSIeHA BUBYEHHEIO B3aeMofil Cu’" 3 poly(I) B posunmi (0,1M Na*, pH=6) metomamu BickosimMerpii,
V®- ta T4- cnekTpockomii. OTprMaHi 3aIeXKHOCTI XapakTepHCTHIHOT B’smcocri [n] Ta crymemro cmipamsrocTi @
poly (I) sin Bmicty Cu®", a Tako:x MU crnextpm xommuekcis poly (I) 3 Cu’' B posqmn Oneprkani JaHHI JO3BOJIMIM
po3paxysatH CTymeHs 3B’ s3yBaHA (C) Ta xoncraﬂm 3B’ xsyBamix (K) ionis Cu®* 3 ommo-nammorosoio poly (I).
[Toxazano, mo npu Mamux Kormeﬂrpamxx( mwkde 107 M) iorm Cu®* 38’ m3ytotses 3 pocdarkmmu rpynamu poly (I).
IIpn komuentpamii Cu’" pummge 10° M sinGysaersca B3aemonmis Mik ioHamm Metamy Ta ocHoBamu poly (1),
nepesaxHo 3 Cg=0O imosmHy. Ile 3B’s3yBaHHA crnpuaMHie AecTabimizauiio MnojiMepy Ta 3MEHIIYE CTYNEHb
CHipanbHOCTI A0 mepexoxy B KiyOkoBy koH(opMatito. Ioru mini, 38’ a3yrouncs 3 poly(I) B xryGkogii xoHpopmanlii,
BUKITMKAIOTE (GOPMYBaHHS MDKMOJICKYIAPHHMX 3B’A3KiB, INO TIDOABIAETHCA B Pi3KOMY 3pocTaHHl [ ] a TakoX B
BENIMKOMY 3DOCTaHHI iHTeHCHBHOCTI monocH mormHanas Ce=0. binsm BuUCOKi KOHLIEHTpamii Cu®* Bemyts 1o
arperamii nDoaiMepy. |

KJIIOYOBI CJIOBA: INoniiHo3uHOBa KMCIOTA, Cu xapmepncrmua B’A3KicTh, I criekTpockoIms, CTYNEHb
CTHPABHOCTI, CTYHEHD 3B’ A3yBaHH.
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MASS SPECTROMETRIC STUDY OF LIQUID SOLUTION OF AMINO ACID
PROLINE IN ETHANOL AT TEMPERATURES BELOW 0°C
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A possibility of qualitative and semi-quantitative estimate of the composition of liquid solutions of organic and
inorganic compounds in a cryoprotector solvent at temperatures as low as -130+ -100°C by means of low temperature
FAB/SIMS mass spectrometry is demonstrated on the example of solutions of amino acid proline and NaCl in ethanol.
Method of deriving information on these solutions from analysis not only of molecular but of cluster ions as well is
described. Ratio of ethanol to solute in the liquid eutectic is estimated as 8:1 for water and NaCl and up to 40:1 for
proline. Continuous monitoring of changes in ion currents of various ions with temperature increase allowed to
observe fine peculiarities of thawing process.

KEY WORDS: proline, ethanol, cryoprotector solution, low temperature mass spectrometry, secondary emission

Evaluation of various parameters of solutions of biomolecules at reduced temperatures and, in particular,
development of methods of determination of composition of such solutions comprise an interesting task of
molecular biophysics and cryobiology. In a series of our recent works [1-6] possibilities of application of low
temperature (LT) fast atom bombardment (FAB) and secondary ion mass spectrometric (SIMS) techniques in
cryobiological studies was demonstrated. All results for water solutions at temperatures below 0°C-[1-3, 7, 8],
however, were obtained for solid state, since high value of saturated vapour pressure of water and water solutions
does not permit studies of these objects in the liquid state under low pressure (10™ - 10 Pa) experimental
conditions of mass spectrometric set up. Organic liquids with low vapour pressure, glycerol at the first place,
which are used as liquid matrices in ambient FAB mass spectrometry [9], show significant increase of viscosity
with temperature decrease, which hampers obtaining of meaningful spectra using glycerol solutions at
temperatures below -70°C [1]. In this connections it was necessary to look for some other solvents which remain
liquid at more low temperatures at low pressure.

Our previous research showed that ethanol (more precisely, ethanol-water azeotropic mixture of 95.5% of
ethanol) can exist in the liquid state in the -130°C to -100°C temperature range under the LT FAB mass
spectrometric conditions [4-6]. Ethanol possesses pronounced cryoprotector properties and is utilised in
cryotechnology, but not in biological cryoprotection because of its high toxicity [10].

The aim of the present work was to examine a possibility of investigation of solutions of some simple organic
and inorganic compounds in ethanol in the liquid state at low temperatures by means of LT FAB/SIMS. The
results obtained for ethanol solutions of an amino acid proline which plays a certain role in cryoprotection and

has the highest among amino acids solubility in ethanol and for NaCl. as the main salt constituent of biological
fluids are presented.

EXPERIMENTAL

LT FAB measurements were performed with the help of a magnetic mass spectrometer M1-1201E («Electrony»
Works, Sumy, Ukraine) equipped with a secondary ion source with a cryogenic unit for cooling of the sample
dgscribed in Ref. [11]. The cryogenic block consisted of a hollow copper cylinder cooled by liquid nitrogen A
pilot groove was made in the cylinder to house a removable copper sample holder, The temperature of the sa.mb-le
holder was measured by a thermistor. Temperature of the sample was either controlled by the change of flow of
nitrogen vapours or increased with the rate of 3°Cemin”’ due to spontaneous thermal leak. Argon with primary
beam energy of 4.5 keV was used as a bombarding gas.

Some experiments were performed on VG-ZAB-SEQ double focusing mass spectrometer characterised by a
laz:ger mass range and higher resolutions, described elsewhere {5, 6}. SIMS mode was applied using 30 keV Cs’
primary bombarding beam. Only spontaneous thawing (with the rate of 5°Cemin’') without temperature control
was available on this experimental set-up. This drawback was compensated by an advanced software .which-
allowed construction of so called ion chromatograms (or thermograms in the case of temperature' éhange in tlhe
z;:?;m?}f ;;:_eg;ufmem)’ that is the continuous plot of the value of relative ion current 1., of any ion in the

Amino ac%d L-Proline was purchased from «Reanal», Hungary. Freshly distilled ethanol (which is 95.5 wi%
azeotropic mixture with water) was used. A 0.01 M solutions of the amino acid and a saturaté.d gb].u[ign ‘;;f Na{lz
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(10 meL dr?p-let) were frozen on a copper or steel sampie holder in vapours of liquid nitrogen with the rate of
100°Cemin' .

RESULTS AND DISCUSSION

Preceding the description of results on solutions, the main features of temperature dependencies of the LT
FAB mass spectra of ethanol azeotrop with water, revealed in our previous works [4-6], are to be outlined. It was
shown that no meaningful spectrum can be produced from the sample in the solid state in the lowest temperature
range; the threshold for ion production on thawing is connected with the appearance of the liquid phase in the
sample due to melting of eutectic [12], while the subsequent termination of the cluster-type spectrum is
connected not with exhaustion, but with the self-freezing of the liquid due to intense evaporation. Monitoring of
thermogram of ion current allowed to determine the temperature range for existence of the liquid phase, which is
about -130°C to -100°C [6]. LT FAB/SIMS mass spectrum of liquid ethanol at subzero temperatures is
characterised by high absolute intensities of the peaks, low level of fragmentation, presence of cluster ions and
practical absence of chemical noise. The spectrum is comprised by a set of abundant protonated neat ethanol (E)
clusters E,H™ and less intense sets of hydrate clusters E,W,H" (W is for water molecule). It was shown that the
obtained distribution of clusters correlates qualitatively with the distribution expected from the statistical
probability of inclusion of two components into a cluster (associate) of a definite size, but the qualitative ratio of
abundances is affected by the relative stability of the clusters and their decay under mass spectrometric
conditions [5].

The temperature changes of the frozen amino acid solutions in ethanol were the same as those for ethanol
solvent. The eutectic temperature of the triple ethanol-water-amino acid mixture appeared to be nearly the same
as that of water-ethanol mixture. LT FAB and LT SIMS spectra obtained on two different experimental set-ups
appeared to be qualitatively similar and reproducible.

In Fig. 1 the LT FAB mass spectrum of proline in ethanol is presented. The spectrum contains the same
abundant sets of ethanol and water-ethanol clusters as the pure solvent and less abundant set of proline (P)
containing clusters (Fig. 1a), starting from protonated proline PH", m/z 116 and continued by its clusters with
ethanol PE,H" (n = 1-7) (Fig. 1b). In the LT SIMS mass spectrum recorded with higher sensitivity and resolution
(Fig. 2) clusters with n up to 15 were distinguished. There is no information on the clusters which may contain
two proline molecules, as the mass value of the proline dimer coincide with that of the ethanol pentamer, EsH™.
Clusters of proline with water, if any, do not exceed the level of background peaks, obviously, due to low content
of water in the sample as a whole.
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Fig.1. LT FAB mass spectrum of amino acid proline in ethanol: general (a) and enlarged (b) views. Designations:
P - proline, E - ethanol, W - water molecules; clusters of P with E -V, clusters of E with one W - % and E with
2W - O (all clusters are protonated).

In Fig. 3 ion thermograms of some selected ions: neat alcohol clusters EH® , m/z 93, 2EH", m/z 139,
protonated proline PH™, m/z 116 and total ion current (TIC) are shown. The plots for proline-ethanol PE,H”
clusters behaved similar to those of neat E;H" clusters, described in [6]. 1t follows from the plots that after the
melting threshold there is 6 minutes interval of steady cluster ion production. In this time interval the temperature
of the sample holder rises from about -130°C to -100°C, but the temperature of the sample surface may differ
from that of the sample holder due to intense evaporation of the liquid. The cooling of the surface cause self-
freezing of the liquid [6, 10]; obviously, it is accompanied by expelling of the solute to the surface, which lead to
significant increase of PH ion at scans #32-35 (see Fig. 3). Thus, fine peculiarities of freezing of solutions can
be monitored by LT FAB/SIMS.
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Fig.2. Enlarged part of LT SIMS mass spectrum of proline in ethanol, recorded on VG-ZAB-SEQ instrument.
® - Proline-ethanol clusters PE,H™ with n = 0-9.
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Fig.3. Thermograms of selected ions, recorded in LT SIMS spectrum,

[t is of interest to compare LT FAB mass spectrum of proline in ethanol with that obtained with glycerol
matrix at ambient conditions, the latter presented in Fig. 4. It contains abundant peak of protonated proline PH",
m'z 116. less abundant dimer 2PH", m/z 231, and a number of characteristic fragments, the most prominent of
which are [P - COOH] at m/z 70 and m/z 43, 30. There are two substantial differences in the two types of
spectra. Firstly, the efficiency of fragmentation is much higher in the case of ambient spectra from glycerol (e.g. a
fragment at m/z 70 comprises ~60% of the molecular ion peak) than in the case of low temperature spectra from
ethanol (where the yield of the fragments does not exceed 10-12%). Secondly, there are no peaks of glycerol
matrix in the corresponding spectrum (so-called «suppression» effect [13]), which points to the surface activity of
the analyte in relation to a matrix compound, that is glycerol. At the same time suppression effect is not observed
for ethanol solutions of proline. There may be two explanations for the latter distinction. On the one hand, proline
may not exhibit high surface activity in relation to ethanol which is better solvent for less polar compounds. On
the other hand, different mechanisms of secondary ion production may work for liquid glycerol and ethanol:
direct ion sputtering from the surface of glycerol matrix and phase explosion mechanism [14] for ethanol, which
involves explosive non-equilibrium process of formation of gas bubbles with even mixing of the constituents of
the liquid. The switching from the explosive to desoprtion mechanism with the increase of the viscosity of self-
freezing ethanol may be a reason for increase of the monomer PH”™ peak (see scan #34 in F 1g. 3).

It is of application interest for cryobiology (cryoprotection) to estimate the concentration of the solute in the
liquid phase at low temperatures. Quantitative estimates, however, are rather difficult, since they necessitate
account of many factors, including influence of the ionizing agent on the system under study. Under gas-phase
mass spectrometric conditions the use of reference compounds and knowledge of ionization efficiencies
enables
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Fig.4. Ambient FAB mass spectrum of proline dissolved in
glycerol matrix. Any signals of glycerol are absent due
to suppression effect.

R | the relative concentration of the components. It
was shown in MS/MS studies [15], that the
preferential center of protonation in the mixed
ethanol-water clusters is connected with
30- 43 | ethanol, which makes the probability of
2PH" protonation of neat and mixed clusters nearly
231 equal; at the same time the energy of the
hydrogen bonds formed by all components of
the system is of the same order of magnitude.
this means that the inclusion of all
components into a cluster must be governed, in
the first approximation, by the statistical
probability laws. On this basis water which

concentration is known for distilled ethanol
(and differs from the eutectic concentration in several percent only) can be used as internal standard. Comparison
of the abundance of similar cluster ions E,WH" and E,PH" (see Fig. 1 b) shows, that they are of the same order
of magnitude, proline containing clusters intensity being in average 3-5 times lower than that of water-containing
ones. Since ethanol:water molar ratio in the system was estimated as 8:1, ethanol:proline ratio may be about

(24+40):1.

Tests with ethanol solutions of some more amino acids were made. While the results were qualitatively
similar, the absolute abundances of amino acids peaks were much lower obviously due to their lower solubility in
ethanol. The test of proline solution in one more primary alcohol methanol gave results similar to those or

ethanol solution.

3 I’ a-“.
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Fig.5. LT FAB mass spectrum of saturated solution of NaCl in ethanol
recorded at -110 °C. Designation: % - E;WH", ¥ - E Na*,
numbers in circles correspond to "n" in E,H™ clusters.

In Fig. 5 LT FAB mass spectrum

~of solution of NaCl in ethanol is

presented. Saturated NaCl solution
was prepared at room temperature,
but the concentration of the liquid
phase in the sample at the
temperatures of the spectrum
recording corresponds to the eutectic
one and is rather low, as it follows
from the low relative abundance of
E.Na" clusters (n = 1-6) in Fig. 5.
Anyway, some share of sodium ions,
comparable with that of water, is left
in solution at temperatures as low as
-130 + -100°C. Using the same
approach as described above for
proline one can say that ethanol:
NaCl ration is around 8:1.

From  the  purely  mass
spectrometric point of view the

observed phenomena can be described as an application of ethanol as a liquid matrix for measurements at low

temperatures.

CONCLUSIONS

Examination of solutions of organic (amino acid proline) and inorganic (NaCl) compounds in ethanol by
means of LT FAB/SIMS technique allowed to come to following conclusions, Presence of the solute in
cryoprotector-ethanol solution at temperatures as low as -130+ -100°C is reflected in the composition of
molecular and cluster ions recorded in the FAB/SIMS spectra. Production of informative ions from the liquid
media at so low temperatures is reported for the first time. Approximate estimate of the solute content in eutectic
can be made using water, present in the distilled ethanol, as an internal standard. Molar ratio of ethanol to solute
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was estimated as 8:1 for water and NaCl and up to 40:1 for proline. Suppression of the matrix signals in ambient
FAB spectra of proline in glycerol and the absence of the suppression in LT FAB of ethanol solutions can be
explained both by surface-active properties of proline and differences in the mechanisms of ion production for
the two types of liquid matrices. Monitoring of ion thermograms allowed to observe absence of noticeable
changes in the sample composition during about 5 minutes of thawing and subsequent increase of abundance of
molecular ion of proline due to expelling of the solute to the surface cooled due to rapid evaporation.
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MAC-CIIEKTPOMETPHUYHE JOCTIAXEHHSA PIJKOIO PO3YUHY AMIHOKUCJIOTHU
IMPOJIITHY Y ETAHOJII ITPU TEMIIEPATYPI HU)XYE 0°C
O.A. bopsik, M.B. Kocesuu, B.C. llleakoBcnicnii
Dizuko-mexniunuu incmumym nuzokux memnepamyp im b.1. Beprina Hayionanenoi Axademii Hayk Yrpainu
np. flenina 47, Xaprie, 61164, Ykpaina

[Noka3ano MOKIMBICTH AKICHOT T4 HAMIBKINBKICHOT OUIHKYM CKNAMy PIAKAX POZUMHIB OpPraHiuHuUX Ta HEOPraHIYHMUX CONYK Y
xpionpmemqgmomy PO3UMHHUKY 3a TeMneparyp -130 = -100°C meronom mnusekoremueparypnoi BLUA/BIMC mac-
CMCKTPOMETPIT Ha MpHKAani po3uuHiB amiHokucnoty niponiny ta NaCl y erawoni. Onucawo Me'rojiuxy OTPUMAHHS
1HGOpMAUIT CTOCOBHO LUMX PO3YMHIB 3 aHaNi3y HE TiIbKM MOJICKYNAPHUX, 2 ¥ KJIACTEPHUX 1OHIB. MOJIAPHE BIAHOUICHHSA
€TAHOTY J10 PEHOBHHHU Y PO3YHHI loui.nc:w ak 8:1 ang soau ta NaCl i maixe 40:1 ans npoainy. Hocriite kouTposoBarus
3MIH IOHHMX CTPYMIB OKPEMHX IOHIB B 3QI€AHOCTI Bil 3pOCTaHHA TEMHEPATYPU H03BOJISE criocrepiratd 0cobiuBoOCTI|
NPOUECY MIABICHHS,

k.jl_()WOBl CJOBA: nponid, eTaHon, po3HHHU KPIONPOTEKTOPIB, HU3LKOTEMIICPATYPHA MacC-CHEKTPOMETPIA, BrOpHHHA
eMicis. ’
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MOJIEKYVJIAIPHA BIO®I3HKA

YAK 577.3

KOH®OPMAIIIOHHASI U30OMEPU A MOJIEKYJI PUBO3bI U 2-TE30KCUPHUBO3bI
N30JIMPOBAHHBIX B HU3KOTEMITEPATYPHBIX MHEPTHBIX MATPUIIAX.

C.A. Kpacrokyrckmii, A.1O. Usanos, I'.T". lllenna, ¥O.I1. Baaroii
DH3HKO-TEXHHYICCRHH HHCTHTYT HH3KHX TeMueparyp um. b.H. Bepxrma HAH Yxparuei, 61164 Xapskos np. Jleauna, 47.
[Mocrynuna B penakumio 16 mrons 2000 r. "

Kongopmaumonsoe noseaeHye MONEKyT pUGO3BI ¥ 2-Ne30KCUPHBO3BI GBUIO MCCIEIOBAHO METOAAMH CIIEKTPOCKONUM MaTPpUYHOM
M30JLILMM ¥ KBAHTOBO-XMMHYECKUMU pacueramu. B auanasone 4000-450 oM™ nmomyuens: HK-®ypre cnekTphl JaHHBIX MOJIEKYII,
H30JMPOBAHHBIX B HU3KOTEMIEPaTYpHEIX Marpuuiax Ar, Ne. Ab initio meromamm HF/3-21G(p) m HF/6-31G(d,p) npoBeneHsr
PacyeTsl OTHOCHTENBHOM CTaOMIBHOCTH KOH(POPMAUMOHHBIX M30MEpOB. CpaBHEHHEM 3KCTIEPHMEHTANBHBIX M PACCUMTAHHBIX
KBAHTOBO-XMMHYECKIMH METOLAMH CIICKTPOB ONPEACNCHBI TP kOH(GOpMEpa 2-1e30KCHPHOO03bl, YUKCUPYEMBIE B MATPHUUHbIX
obpasnax mpu Temneparypax 5-30 K. O6HapyseHO, 9T0 B MATPUIHO-M30IMPOBAHHBIX KOHPOpMEpaX prbo3s! 1 2-11€30KCHPUBGO3EI
Bce OH rpynmsl y4actByioT BO BHYTPHMONCKY/SPHBIX BOZOPOIHBIX CBA3AX. OTHIOM MATPHYHLIX 06Da3LOB oIpeseneHa
HIDKHSA TpaHuLa (2,5 Kkan/Mob) BeICOT 6aphepoB KOH(OPMALIMOHHEIX IEPEXOJOB.

Kmouesnie cnioBa: pu603a, KBaHTOBO-XMMHYECKHE PacHeThl, MaTpuyHas u3omsiuus, MK-Oypbe cnexTpockonms.

Kon¢opmauwonnass npupona cTpykTypHeIX cocrasimsmommx JHK wu PHK (2-npesokcupubosa, pu6osa,
OCHOBaHMsA, HYKICO3HIBI) HHTCHCHBHO HCCIE0Ba]ach PasHOOOPA3HBIMU SKCTIEPHMEHTAIbHBIMH U PacuyeTHBIMH
meTonamH [1,2]. Ocobsiii MHTEpec MpeACTaB/IseT W3YYeHHe BHYTPHMOJEKYJISIPHBIX BOAOPOIHBIX CBA3eH, KOTOpbIE
MOTYT WIPaTh BKHYI0 POJNb B CTa0WIM3amM¥ CTPYKTyphl OuoMmonekyn [1-5]. BosMmoxsOCTH 6ONBIIMHCTBa
3KCINEPHMEHTANBHBIX ~METONOB B  MOAOOHBIX  HCCICHOBAHMAX OrPAHWYMBACT KOHKYPEHTHOE  BIIMSHUE
MEXMOJICKYJIPHBIX B3aUMONCHCTBHI. B TO € BpeMs, CNEKTPOCKOMMS MATPUYHOU H30JIAIMH 061afaeT BBICOKO
paspeinaiomas CIoCOOHOCTBIO M OTCYTCTBHEM CRUIBHBIX MEXMOJEKY/IAPHBIX B3aMMONEHCTBHY B HHEPTHBIX
HU3KOTEMINEPAaTYPHbIX MAaTPHLAX, 9TO AEN2CT NAaHHBIA METOA HACAIBHBIM Uil W3YYEHHS BHYTPUMOJEKYJIAPHBIX
BOZIOPOAHBIX cBsa3ed [6]. Omnako, O HacTOsIIEro BPEMEHH, NPUMEHEHWE METOJd MaTPMYHON H30AUMH OO
OrpaHN4CHO HMCCIICAOBAHMAMH HPOCTEHINMX (PparMeHTOB OMOMOINMEPHBIX MONEKYJl - HYKICOTHAHEIX OCHOBAHUI U
HEKOTOPbIX aMAHOKHACIOT. I10THOCTEIO OTCYTCTBOBANM HCCACAOBAHMUS TAKMX BAKHBIX MOJIEKY.JI, KAK MOHOCAXapH/Ibl.
3T0 OOYyCNOBNIEHO TeM, YTO TeMieparypa cyOmuMmanuy OONBIIMHCTBZ CaXapoB NPAKTHYECKH COBMAJAeT C
TEMIEPATYpOH TEPMHYECKOIO pasiokKeHHss M MOoCnexylomeil kapamenusamuu [7]. Taioke B HENMOJAPHBIX
PacTBOPHUTENAX MOTJIH OBITh M3YUeHBI HCKIIIOYUTENLHO MOJIENbHLIE caxapa ¢ 3amemmerHsiMu OH rpynnamu [7].

B mpeppiaymux paboTax [8,9] Mbi BiepBbie OKa3alH BO3MOXHOCTh HCCIIEI0OBAHKA MOHOCAXAPH/IOB - IIIFOKO3b,
prb03sl, 2’-A€30KCHPHOO3BI H COHEpXammMX pHOO3HBIE KOJbLA HYKICO3HMAOB - YPHAMHA, THMHIMHA, aJeHO3HHA,
CHEKTPOCKOMMeH MaTpuiHON M3o/silun. OOBbeKTOM HCCNEeNOBaHMS NaHHON paboThl ObLia CTPYKTYpa MONEKYN 2-
Ae30kcupubO3sl M prbO3bl B M30MHPOBAHHOM COCTOSHMW. PaHee, TakWe W30JIMPOBAHHEIE MOJIEKYNIBI MOLIM GBITH
HCCICNOBaHLI TOJBKO PpacYeTHBIMM METOJaM#, MNPUYEM OCHOBHOE BHUMAHME YAENAIOCh KOHPOpMaLWaM
dypaso3HoOro KoJblia prbo3s ¥ 2’-ne30KcHprbO03kl B cocTase Hykieo3unos [1-5,10,11].

B HEKOTOpLIX CiydasX W3YHaluch MOJE/bHbIE COSAVHEHWS C 3aMEILECHHOW IMApOKCWIBHOM rpymmoit O1H
[12,13]. TlonpobHble HCCHenOBaHUA KOHGOPMAIMOHHBIX CTPYKTYD M3BECTHBI TOJBKO IS HEKOTOPBHIX CBOGOMHBIX
MOHOCaXapH/IOB, TaKHX kak rimoko3a [14-17] u D-dpykrodypanosza [18]. B mannoii pabote xpome m3mepenuii B Ne
¥ Ar matpuuax ObLIH BHIMONHEHB! ab initio pacyersl A OHEHKM CTaOMIBHOCTH Pa3iMMHBIX KOH(pOpManuit u

MHTEpIOpEeTally KoebaTeIbHEIX CIIEKTPOR.
MATEPHAJIBI H METO/TbI DKCITEPUMEHTA

OcroBHile ocoberHOCTH (yphe-ciekrpomerpa FS-01 u HM3KOTEMIIEPAaTYPHOrO IKCIIEPUMEHTa GBUTH OMUCAHbI
pasee [8,19,20]. Jina nanHo# paboTsl CieKTpaibHbic H3MEPEHNA BHITIONHAINCH C aNOAM3HPOBAHHBIM pa3peIleHHEM
0.24 cM™' B mmanaszore 450-2500 cm™ 1 0.4 cm™' B mwamazone 14004000 cm™ . Kak otmedeno B [8], w1 ucnapenus
MOHOCAaXapuaoB HeoOXoAnMa CrielHanbHas suelika KHynceHa ¢ yMeHbIIEHHBIMH OTEPSAMY MOJEKYJIAPHOTO My4Ka.
O¢pekTuBROCTE Takol KOHCTPYKUMH Ha [Ba MODPAAKA MPEBOCXONUT 3(PGEKTHBHOCTL TPAIMHHOHHBIX SHEEK
Knysacena p gammxX npempiyliux 3kcnepumentax [19,20]. Dto mo3Bomwio noaydath AOCTATOYHO MHTEHCUBHLIM
MOJIEKYNAPHBIA [IOTOK NpH TeMmreparypax HWKe TOYMKM IUIaBJieHWs, BONM3M KOTOpO#l HAYMHAETCA HWHTCHCHBHAsA
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TEPMOZECTPYKIHA MOHOCAXapuaoB. Hns o
yucna MOJEKYJ WHEPTHOro rasa MpUXOad

npefieNneHns a0COMOTHBIX MHTEHCHUBHOCTEN MOJIEKYJIAPHOro MoToka u
[MXCS Ha MOJeKydy BelmecTsa (matrix to sample ratio - M/S)

JCTIONB30BANMCE HU3KOTEMIEpaTypHbie Au(GepeHuanbHbie KBapueBbie MHKpPOBCCEI (KMB) [19]. B naHHBIX
3KCIIEPUMEHTAX TUNIHYHAA WHTEHCUBHOCTb MOJICKYJIAPHBIX NIOTOKOB pu603bI U 2-1€30KCHPHOO03bI COCTABILLIA OKOJIO

16.5 mr/(cxem®). Kommepueckue (Sigma) BewecTs
nononuuTebHON ouncTky. [lepe HanbUleHHEM Bell
Taioke copbuposanHbix Monexyn H,O, CO, N, . Il
enonbsoBansl Ne B Ar MaTpHIIBI MpH TeMnepatypax 3epkal 5K
GuuTH Oosiee YeM 99.99% uucToTel. LS MPOBEAECHMS KBAHTOBO-X
KoneGaTeNbHBIX CNEKTpoB Obina KCIMoIb30BaHa MporpaMMa GAMES

a - pubosa u 2-1e3okcupub03a HCTIONB30BATHCH 0e3
ecTBa OTKHUIraINCh, I YIATCHHUA JIETKONCTYTHX npuMecei, a
poliecc OTXKHMIra KOHTPOJIHpOBAICA € NMOMOUIBIO KMB. bbinu
i 12K coorsercTBenHo. UHepTHbie rasel (Ne, Ar)
YIMHIECKHX PacyeToB dHEpruil KOH(POpMEpoB U
S [21], amantuposanHas A. 'paxosckum [22]

mis pabotsi Ha WINTEL kommsiotepax. PacueTsl OTHOCHTEILHOM CTaOWILHOCTH KOHGOpPMEPOB MPOBOAWIHCEH
metonamMid HF/3-21G(p) w HF/6-31G**, a mna pacdera xoyie0aTeNbHBIX CIMEKTPOB HCIONB30BAICA METOX HF/3-

21G(p).

PE3VJIbTATHI U OBCYXJIEHHME

Ha Puc. 1 npeactasnexst HK-@ypbe CEKTPbI 00/1aCTH BATEHTHBIX (v) xonebanuii ruapokcuabHbIX rpynn OH

2-1e30KCHpUB03bl B HH3KOTEMNEPATYPHbIX MaTpHLIAX Ar u Ne.

0,24

0.18

0,12

0.06

0,00 -

Puc. 1. O6nacte BanentHbix OH
konebanuit 2-ne3okcupubossl B Ar u
Ne marpunax. M/S=600 mns Ne u
M/S=900 nns Ar marpuii.

-1

CpasHennie FTIR crmekTpoB B pajiMyHbiX MarTpulax ¥ anmupoKCUMaluas O3KCIEPHUMEHTAIbHOrO CrekTpa
7OPEHLEBHIMH KOHTYPAMH MO3BOJNAET BBIACNUTL TATH IPYMN CNEKTPANbHLIX MOJOC, OTHOCALIMXCS K Kosie6aHusAM
tpex OH rpymn (Ta6. 1). Panee npeanonaranocs (8], 410 CTONL 3aMeTHAs YaCTOTHAA AUCNEPCHUA konebauuii vOH

N i 2 3 <4 5 Tab
' - mupa 1. Yacrorel, nosymmpuser (Av-
Ar\aa(:% ;zua | 3654 3630 ggg}i ggg? ggﬂ HIMPHHA TONOCHI HA MOJIOBUHHOM BBICOTE)
— 335 35 57 £3 ) U OTHOCHTEJILHBIE UHTErpajibHbIC
Av (em ™) ’ ’ 106 113 13’] MHTEHCHBHOCTA (B NPOUEHTaX oT o0wei
L (%) 77 284 2; 22: 9 li MHTCHCUBHOCTHU CIEKTpA) CIIEKTPANbHbBIX nosoc
(o) 3663 3645 3611 3559 3535 :;OH koneGanuit 2-nesokcuprbo3nl B Ar n Ne
Ne Marpiua ) 3597 | 3562 | 3518 | oo
Av (cM ) 16.7 1438 119 13.6 13.5
8.5 8.2 11.9
Lo (%0) 8 25.4 28.6 24.3 13.7
pubO3bl  BbI3BaHA  BHYTPUMONEKY/ADHBIMM  BOAOPOAHBIMU  CBA3AMU B pasivyHbiX  KOHQOpMaLMAX.

KonpopMalMOHHYO OpHpoay aucnepcud 1vactor VOH oaHo3HauHO noaTeBepkaalT AaHHble Tab. 1, cornacuo
KOTOpLIM MHTEIPAbHbIE HHICHCHBHOCTH KaXkAoW Irpyimimel NMOAOC NpakTW4ecky COBnajaioT B Ar 4 Ne marpuuax
(Tab. 1), aTo MO3BONAET MCKIOYUTL paclerUieHMe MON0C BLI3BAHHOE Marpuileit. Mpi paccMorpenu S Turos
KOHQOPMALHOHHAIX UIOMEPOB C PA3IMYHON CTPYKTYPO#l BHYTPUMONEKYAAPHBIX BOAOPOAHBIX CBsA3eld 115 ﬁ-auomepa
2-ne3oxcupubossl (B1-BS5 wa Puc. 2) ¥ 5 Tvno mun «-aHomepa (0l ¥ o2 nokasambl Ha Puc. 2). Take Gbiin
paccMOTpeHR! koaGopMauuu §1a-B4a, B xoTopeix nosopor oaxo# u3 OH rpynn (O5SH,03H - Bla; O3H - B2a,B3a'
O1H. - pB4a) uckmodYaeT BOZOPOAHYIO CBA3b JTOH TUAPOKCHILHON rpymii ¢ O4 i((;ﬂblla (Puc. 2-)T
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Konopmainonnas msomepus MOeKys pubo3sl u 2-1e30KcupubosH . .

Puc.2 CrpyxTypsl KOHPOPMAIMOHHBIX HM30MEPOB 2-AE30KCHPUOO3LI ONTHMU3UPOBAHHLIC
merogamu HF/3-21G (p) (a-anomep) m HF/6-31G (d,p) (B-anomep). [TyHkTHpoM noka3zaHsi
BHYTPHMOJIEKYIIPHBIE BOXOPOAHKIE CBA3M.

Pacuetsi meronamu HF/3-21G(p) u HF/6-31G(d,p) moka3siBalOT CTaOWILHOCTh M300pakeHHBIX Ha Puc. 2
KOHQ)OPMALMOHHBIX CTPYKTYp. [lManasoH W3MEHEHHM OTHOCHTENbHON SHEPruM KOHQOPMEPOB HE MPEBBIMIAET
8xkan/Moub (Tab. 2). [ina nogoGHBIX HEXECTKUX MOJIEKYI, pacdeThl MeToaoM XapTpu-DoKa U Jaxe yUeT

Tabnnua 2. OTHOCUTEIBHBIE S3HEPTHH ¥ HEKOTOPBIE CTPYKTYPHBIE TapaMeTphl KOHPOPMEPOB 2-1e30KCUPHUOO03bI

Ne | 1HS* | 1H4 | 3HS | 3H4 | sH1 | sH3 | sm4 | 1H3 | 3m S G CTP%TY
i 6-31G(d,p) | 3-21G(p) | xompua**

B1 | 233 | 263 2.71 2.6 4.73 1.5 T,

Bla | 2,1 2.31 1.72 0.4 ,E

B2 2.51 2.7 | 2.07 0.8 — ‘E

B2a 2,5 2,14 0,6 0 T

B3 2.54 2.65 2.39 2.72 — ‘E

B3a 252 2,41 0.12 — .E

B4 2,44 | 2,43 0 0.4 ,E

B4a 2,42 3,64 6.82 ,E

Bs 2,43 235 2 2.06 T

al 2.49 2.3 1.96 — -3.52 P

a2 227 | 193 -1.19 ’E

¥ 1H] - pacCTosHus B A° MEiIy POTOHOM M aKLICITOPHBIM KACIOPOAOM OiH...0j . ** - Kilaccuukaums CTPKTYpbl KOJIbLA,
NIpOBEZICHHas N0 QaszoBoMy yriy ncepaospamenus (T-Teuct, E- kousepr) [1, 23]

3NMeKTPOHHON KOppensipi Ha ypoBHe MP2 He MNO3BOJIOT C YBEPEHHOCTbIO BbIOpaTh Haubolniee CTaOHIbHbBIC
KOH(OpMEpHI, pealbHO MPUCYTCTBYIOIIHE B MarpudHoM oOpasue. Hanpumep, kak mokasaHo B pabore [17],
M3MEHEHHS OTHOCHUTENIbHON SHEPTHH HEKOTOPhIX KOH()OPMEPOB IJIHOKO3bI JOCTHUTAIOT 7 KKaJ/MOJIb TIPH MEpexoae oT
merona HF/cc-pVDZ k meroxy MP2/cc-pVDZ u 4 kkaw/mons npu nepexone ot MP2/cc-pVDZ x MP2/cc-pVTZ.
OueBHIHO, 9TO NPUCYTCTBHE B MATPHYHOM 00pasie BceX NMoKa3aHHBIX Ha Puc. 2 koHPOpMEPOB MOXET NPUBOANTS K
TEPEKPHIBAHMIO U 3HAYUTEIHHOMY YIIHPEHHMIO CIIEKTPaNbHbIX Mojoc. JIeHCTBUTENbHO, XapaKTepHO# 0COOEHHOCTHIO
JNaHHOM O00/NacTH CHeKTpa SBNAETCA 3HAYATEJbHAs MNOJYyIHMpUHA crekTpamsHeix monoc VOH, B cpensem
npesbmatomas 10 cm” (Prc. 1, Tab. 1). D10 3HaIMTeNBHO GoMbie, YeM nomymuprHa VNH ypamaia (0.5¢cm™), 2-
rHApoKCHIMpAMUTEHA (2 ¢M ™) i nonymupnsa vOH (1.5 cm™") rmumpma B Ar Matpuuax. Ofsako 10T sddekr He
CTOJIb 3HAYMTENEH, YTOOH €ero Henb3s ObUl0 OOBACHWTH APYTAMM TNpPHYWHAMH. BO-NEpBBIX SKCHEPUMEHTHI C
TeTparuapodypaHoM nokazamu [24], 9T0 crneKTpadbHLIE NPOSBICHHA BBICOKOM KOHMOPMALMOHHOA MOOHILHOCTU
nATAYWIeHHOro (ypaHo3Horo konbla B cpeaHeM HK-nuanazoHe He3HaYMTENbHbI M MOTYT NMPOABIATHCA TIIaBHBIM
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06pa3oM B YUIHPEHHH CIEKTPATbHBIX MOJOC. Bo-BTOpBIX, HEOOXOAMMO Y9IHTBIBATH 3 PexT HEOHHOPOIHOro
VIIAPEHUS CTIEKTPAJIbHBIX MOJIOC, XOpOLIO 3aMeTHBIN B CIIEKTPaX HEIUIOCKHX MOJIEKYJ/I, HapuMep TakuX Kak 5,6~
nuruapoypaumn [19]. HeonHoponHoe yWHpEeHHe CNIEKTPAIBHBIX MONOC SBNSETCH CHENCTBHEM KOH(MOPMALMOHHON
HeYTIOPSIOYERHOCTH MaTpudHoro caifra. Ilocie omkHra Ar MaTpHlbl XOpOWO 3aMETHO CYXEHHE CTCKTPANBHBIX
nunuil (Puc. 3), Tak KaKk OTXKHI' BeAeT K YMEHBIUCHHIO KOH(pOPMALMOHHOH HEYMOPANOYECHHOCTH MAaTPHIHOTO caiiTa.
Terepb B Kax/0# u3 maTH rpyrm niosioc (Tab. 1) 4eTko BRIACIAIOTCA 1O TPH nonockl (Puc. 3). CTaHOBUTCA MOHATHO,

D ¥ i

0,15 p=

0,10
Puc. 3. BnusiHue OT)XMra Marpuusl Ha

0.05 criektp BanentHex OH koneGanuit 2-
nesokcupu6osel B Ar marpuue (12 K). 1
— 10 OTXHra. 2 — nocie omxura npu 30

0.00 K, t=5 Mun.

3500 3600 cm

4TO TONBKO OrPAHUUEHHOE 9ACNO M3 OJMHHAIIATH TPUBEACHHBIX Ha PuC. 2 CTPYKTYp peajibHO MPHMCYTCTBYET B Ar
MaTpHIE, TaK KaK WHAYe NepeKpbiBaHHe GOJBIIOrO YHC/Ia MOJOC HE MO3BOJKIO Ob1 HAOMONATH CTPYKTYPUPOBAHUE
cniektpa (Puc. 3) mpr omkure marpuubi. [lepekpsiBaHHe M YWIUPEHHE MONOC BOAOPOAHO-CBA3AHHBIX KoJicOaHu
(MakcuMyM B Ar marpuue —3420 cM™ ) xopomo Ha6ionaeTcs mpu 06pa3oBaHMM AUMEPOB 2-ne3oxcupudossl. Ilpu
omkure (T=30 K) Ar marpuimsi (M/S=500) okono 20% MoneKys NEpEXOAAT B COCTaBs numMepos. - Heobxoaumo
OTMETHTD BLICOKHE 3HAYEHHMA MHTErpaibHON WHTEHCUBHOCTH NMONIOCH JumepoB 3420 cM™', 4TO BEPOATHO CBA3AHO C
vyacTHeM Bcex Tpex OH rpynmn B 06pa3soBaHUN MEXMOJIEKYJIAPHBIX BOJXOPOIHBIX CBA3ECH.

Ha OCHOBAHWHM BhIIMIECKA3AHHONO MOXHO CHENaTh BBIBOA, 9TO JUIA ONpeJeNeHUs Haubosee BHITOJHBIX
KOH(DOPMEPOB pelialomee 3HAYECHHE HMEET CPaBHEHME OSKCMEPUMEHTAIbHBIX M PaCHETHBIX KoJie0aTeIbHBIX
cnekTpos. Jlis Beex nMokasaHHsIX HA Puc. 2 koH(popMepoB ObUIH BHITIOIHEHB! KBAHTOBO-XHMHUYECKUE PaceThl 4acToT
W MHTeHCHBHOCTel koneGaTenbHeX monoc metomom HF/3-21G(p). PesynbraTsl pacueToB Ais o6nact KoyiebaHui
vOH nokasausl B (Taba. 3). XapakrepHoi ocobGeHHOCTbO ab initio pacueToB KojeOaTeNbHbLIX CNEKTPOB B
rapMOHIHYECKOM NPUO/IIDKEHMH SB/AETCA 3aBIIEHNE 3HAYEHUMN YACTOT BACHTHBIX KoJiebaHui, 0COOEHHO 3aMETHOE
8 auanasoxe VNH, vOH. IMo3ToMy ans cpaBHEHMs 4acTOT KojleOaHui SKCNEPUMEHTANIbHBIX U PACYETHBIX CMEKTPOB
WCTIONB3YIOT MacwTabupyromue MHOXKUTETH. [locnie OTHECEHHA OQHON W3 MOJIOC IKCTICPUMEHTANILHOIO CMEKTpa K
vOiH, senuunHa oTHOweEHHA VOIH,./VOiH o, OyneT myumum BeIGOPOM MacCHITAOMPYIOIIETO MHOXKHUTENA Ui
NAaHHOTO [Wana3oHa. Mbl  onpefenuid  MaclTabupylomMii MHOXMTENb KAk  BEJWYMHY  OTHOLICHHUA
VO3 Hyeen /VO3Hrpeop = 3654/4154 = 0.88. Pacuernoe 3HadeHue VO3H,, = 4152 cM” B3sTO s KoHdopmepa P2
(3navernnsa vO3H mng 1 u B3 Toxe odens 6nu3km, cm. Tabn. 3) OcHoBanueM [1a OTHECEHMA Nonockl 3654 cm” K
vO3H xondopmepoB P1-B3 nochayxun pAa MOTyHEHHLIX HaMu 3KCIIEPUMEHTANbHBIX (pakToB. Bo-mepBbix ObuIO
MPOBEAEHO CPaBHEHHE a0COMOTHBIX MHPPAKPACHBIX UHTEHCUBHOCTEHN KoieGaTeNbHBIX NOJIOC B IKCMEPUMEHTANIbHBIX
cnekTpax 2-7e30KkcHpubOo3ni M TuMmHMAMHA. Hamepenus abCoOmOTHBIX MH(PAKPACHBIX MHTEHCUBHOCTEH Obliu
BBINOMHEHB! aHAnorudHo [19], ¢ norpewmnocTsio +20%. CpaBHenne abcomoTHOW MHPpPaKpacHON MHTEHCUBHOCTH
nosocsl O3H B TiMmause (VO3H=3642 cm™ [8]) n nonocst 3654 oM™, oTHecerHo Hamu k O3H 2-1e30kcupn603bl,
1aeT MPaKTWYECKH OAMHAKOBbIE PE3ynbTaThi - 9 M 8.5 KM /MoOab COOTBeTCTBEHHO. Bo-BTOPHIX, nonoca 3654 cm™
uMeeT HeOOJbIMOH BHICOKOYACTOTHBIA CABUT MO CpaBHeHMIO ¢ monocodt VO3H TUMMAMHA M MOXHO NPOBECTH
QHAIOTHIO ¢ YBENHYEHUEM 9acTOT vN;H ypaimna, TemuHa 1 BasieHTHbIX KoneGanuit NH; rpynnst anequna Ha 4-7 cm’
', 110 CPaBHEHHIO C aHATOTHYHBIMU KONEOAHHAMH B HYKIEO3HIAX - YPUAMHE TUMUAMHE M ajeHo3une. Hakouen B-
TpeThbHUX, Noioca 3654 oM™’ NMONHOCTLIO Hcue3aeT B crekTpe pubosn (Puc. 4). OHa CABAraeTcs B HU3KOYACTOTHYIO
obnacTe #3-3a yuactus rpymnsl vO3H 8o BHyTpUMOneKy:spHo# Bogoponsol cessu O3H...02. [MoHwkeHHe 4acToOThi
BaJICHTHOIO KONeOaHUA IPYNIbi, ABAMIOMIEHCA JOHOPOM MPOTOHA, fpe/icTasnseT obuiensBecTHpil paxt [2]. Onnaxo,
eCM KHCHOPOJ IHIPOKCWILHON TIPYINbi ABASETCA aKUENTOPOM NPOTOHA, TO HANDABJIEHHE CHABHIA HaCTOTH!
BaJICHTHOIO KOI€OaHHA ITOH IPyNIsl HeodeBHaHO. Cpasrenne yacTor O3H B kondopmaumsax Bla, B2a u B5 (Tab. 2)
NOXa3bIBALT, YTO YacToTa Kosebanua VOH akuenTopHO# rpyiiel MoXeT



53

Konpopmaunonnas msomepsi MOJIEKYN pubo3sl U 2-1€30KCHPHOO3LI . ..

Tabnwua 3. YacToTs! ¥ MHTEHCHBHOCTH BaJICHTHBIX koseOaHmit OH rpynm kOHGOPMALHOHHEIX H30MEPOB.
Jmanason | 3700-3672 3672-3640 | 3640-3610 | 3610-3580 3580-3550 3550-3500
v | v |1 v 1] v I v | 1 3_3\! I v I
KCTICPUMEHT g | Vi 3601 69 3523 |
|b Ar matpre P e AN 3584 | | 3551 3514
Omnecenye VO3, VOIH, vOSH | vOIH, vO3H vOSH, vOIH,
(3ker. moJioc) %3311-_{33) (B1-B3) (B1-B3) (B2) (B1)
vO:
Kondopmep | 3655,7 | 36 vO1H 177
) YOS gy 3563,5
Ee
s |5
p2 vO3H VOSH | 215
3653,7 |24 3579.7
vOSH
vO1H
36721 |¥°
- vO3H |
B3 36527 |2
vOSH
| 36562 | Y
s |33
s vOIH
Bla YOS | ¢4 35356 | 288
vO3H VOIH vO3SH
P23 3673 |28 36633 |3 3565.6 | 232
vOI1H | |
84 3684.4 |3 VO3H | o,
YOSH | 45 | 3637.8 |
| vOSH ——void vO3H |
Pda | 36032 (30| 36677 |*?| 36325 | 100
, vO3H |,cel VvOIH | vOSH |
B3 3681.8 [*®8] 36668 [°2] 36205 | 122
" 36634 || vO3H | 3,
vO3H vO5SH vOlH | |
% 3675 |37] 36601 |3 3605.4 | 34

v-gactora B cM ", [- abcomorHsie UK-MHTEHCHBHOCTH B KM/MOIb.

BO3PACTaTh HA HECKOJBKO CM ' MO CPaBHEHMIO ¢ KojeGaHmeM CBOGOMHOM IpyHIbi. JaHHBIH BEIBOJ TMOATBEPKAALOT
pacueThl ¥ SKCIIEPAMEHT, COTJIAaCHO KOTOPBIM YacToTa aKuenTopHoi rpynmsl OH B numepax MeTaHosIa BO3pacTaeT

Pucynok. 4. CpaBHenue Kkou€6aTENbHBIX
CNIeKTpOB pHOO3BI U 2-71€30KCUpPHOO3bI B
vOH obnacti. (Ar marpune;, T=12 K ,
M/S=900).

0,000 |

ik i

%70
Ha 10 cM” no cpasmermo ¢ MosoMepoM [25]. C ydeToM BCero BhIeCKa3aHHOTO, B koHdopmaimsax Bla u {32;;;
2-ne3okcupubosst, rae rpymua O5H sBuseTcs akuenTopoM NPOTOHA, €€ YacToTa JOMMKHA Ha HECKONBKO CM
ApesbimIaTe 9actoTy VOSH=3668 cM' B Hykneosunax [8,9]. OTMeTuM, 970 3T0 XOPOWIO COIJIACYETCH C YACTOTOM
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vOH meranona (3678.9 cm’') B Ar matpuue [25]. M3 maHHBIX tabauuel 1 crexyet, YTo CNeKTpaibHbIE MOIOCH €
yacToTaMH Bsume 3654 oM OTCYTCTByeT B CHEKTpe, YTO MO3BONAET Cpasy HCKIIOHYMTH H3 paccMOTpeHUsA
xordopmepst Bla u f2a (Puc. 2). Hamu pacueThl NOKa3bIBAIOT, HTO JacTOThl aKLENTOPHBIX rpy:m O5H, O3H n
cso6oanoii rpyrmnsl O1H HaxoasaTcs B OHOM CHEKTPAIBHOM JManasoHe, npesbimaromem 3672 ¢M ', 1 MPAKTUYECKH
cosmazgatoT (Ta6. 3). [TonHOe COBMAACHHE YacTOT AKUEMTOPHBIX IPYTIN OsH n O;H B ypuaune u UUTHINHE TAKKE
nemonctprpytoT DFT pacuetsi Merozom B3LYP//6_31G(d) [3]. [103TOMy MOXHO CUHTaTh, 4TO KOHGOPMALMOHHBIE
u3oMephl B4 1 B4a, B5 1 02 MOTHOCTHIO OTCYTCTBYIOT B HH3KOTEMIIEPaTyPHBIX MaTpUYHBIX 00pa3ax.

BhIMIecKa3aHHOE 1aeT OCHOBAHME TOBOPHTH O (PHKCALUMH B MATPHYHLIX 00pasiax Tpex KOH(QOPMaLMOHHBIX
w3oMepoB 2-ne3okcupubossl - B1 B2, B3. CornacHo KoppesUHH MEXTY TacTOTHBIM CABUTOM U CHJIOH BOJOPONHOM
cBa3u [26] , Haunbosiee CUNBHBIMHM BOMOPOAHBIMH CBA3AMH ABJAIOTCA O1H....05 B xoudopmepe Bl u O5H....Ol B
B2. Cpasrenne monoc Konebanuii vO1H xoHbOpMEpOB Bl u Pla (Ta6. 3) moKashIBAaeT 3aMETHOE BIIMIHHE
koH(popMaLmK QypaHO3HOrO KOJblia Ha BENHYHHY 4aCTOTHOTO CABUIA, HTO He0OXOMMO YUNTHIBATh B AAbHEHIIMX
HeenenoBaHusx. HekoTopble Mpo6eMbl BbI3BIBAET OTHECEHME MOJIOC KO/eOaHuH vO1H...04, vO5H....04. MeTon
HF/3-21G(p) He cOBCEM KOPPEKTHO OMpejensieT 4acTOThl BOAOPOAHO-CBA3AHHBIX konebanmit VOH, nanpumep,
nokassipas npessimeHne VO1H wax vO3H nHa 20cm™ (B3, Tab. 3). Mepexon x Gonpmemy Gasucy 6_31G(d,p)
yMEHBILAET 3Ty pasHuity 10 10 cM’' , mosToMy JanbHelimee ysesnuerme Gasuca M UCNONB30BaHue MeToN0B MP2 1
DFT npencrasisgercs HeoOXoauMbM. OHAKO B EJIOM, METOX HF/3-21G(p) naeT Ka4€CTBEHHO BEPHBIC pe3yJIbTaThl
pacueTa MHTEHCHBHOCTEH KonebaTesbHBIX NOJNOC, MPeAcKasbiBas YBEJNHYEHHE HHTCHCHBHOCTH A Oonee CHIBHBIX
BOXOPOMHBIX cBaA3ei (Ta6. 3). TouHbie OLEHKH 26COMOTHBIX HHTCHCHBHOCTEH BOIOPOJHO-CBA3aHHBIX Konebanui u
3aceneHHocTell KOHGOPMEPOB He MO3BOWIO MONYYHTb OTCYTCTBHE HETKHX AAHHBIX O CABMre KOH(POPMALMOHHOTO
paBHOBeCHA NOA NeHCTBHEM TeMrepaTyphl Hcnapenus. Casura kOH(QOPMAUMOHHOTO DaBHOBECHA HE BhI3bIBAJIO
raioke Y®-06/TyueHre MaTPHHHBIX 00pasuos B auanasoHe 200-240 uM mo metoauke ananorudHo# [20]. Onnako
OTYHI MaTPHLL MO3BOJIAN, HA OCHOBAHHHN YpaBHEHUs DUPHHTA U JKCTIEPUMMEHTANIbHBIX JaHHbIX paboTsi {6] , ouenUTH
HIDKHIOIO FPaHMILy BBICOT 6apbepoB MeX Iy KOHpopMepamu B 2.5 KKa/MOJTb.

B Monekynax puOo3sl NOABIAETCS BO3MOXHOCTH BHYTPMMOJEKYJAPHBIX BOAOPOAHLIX cBsizedl O3H...02 u
O2H....03 [1-4]. Ha nanHOM 3Tarne, Mbl He MPOBOAMIIM JCTANbHBIX PACYETOB CTAOMILHOCTH OCHOBHBIX KOHPOpPMEPOB
pHGo3bl. ONHAKO KCTIEPUMEHTAIbHBIN criekTp (Puc. 4) no3BonsieT chaenaTh OAHO3HAYHLIN BHIBOA 00 OTCYTCTBUH B
MaTpHYHBIX oOpasuax KoHGOpMepoB, nMeroumX cBoOOAHbIE WiK YucTo akuentopHsie OH rpynmel, Hanmpumep, Takue
kak B koHdopmauuu rl (Puc. 4). [lo-BuaHMOMYy, B MaTpuuax NpUCYTCTBYeT Habop koHpopMepoB pubo3sl C
pacnojoxenueM rpynn O3H u O2H ananorminsiv koHGopmauuu 12 (Puc. 4). Pacnonoxenue octanbHeix OH rpynn
MOXeT COOTBETCTBOBaTH KOHGopmepam P 1-B3 (Puc. 2).
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KKaJl/MOTb.

YCTaHOBNEHO, YTO B MATPHYHBIX 06pasuax OTCYTCTBYIOT KOHGoOpMepbl pubo3bl U 2-ge30kcupubosbi,
HMEIONIHE CBOOOAHBIE WM 9HCTO akuenTopubie OH rpynmsi,

Jlureparypa:
1. 3enrep B. [Ipunininst cTpykTypHO# OpPraHu3aliMy HYKIEHMHOBLIX KUCI0T / Mocksa, Mup, 1987, 584 crp.
2. G.A. Jefirey, W.Saenger Hydrogen Bonding in Biological Structures / Springer-Verlag , Berlin 1991 p. 563
3N Lcu}ll}ot, M. Ghomi, G. Scalmani, G. Berthier, // J. Phys. Chem. A 1999, V.103, p. 8716-8724.
4;. ;:J Leulluz, ‘t{L ixdhonu 2 l;lot;{lc 0. Bouk)]u;sa, V. Baumruk, C.Coulombeau // J.Phys.Chem. B 1999, 103, p.10934-10944.
. I'osopys JIL.M., Mimyk A.P., Konaparniok 1.B., Xenroscexuit M.B / i1 i
6. Barnes A.J., // JMol. Struct. 113, (1984), p.161-174 FPRRT e, 8, 1596, o 143444

Igggn Iakos, P.I'. KGatkos “BHYTp# 1 MEAMOTEKY IHPHbIC BIAUMOACHCTBUA B YIIEBOAOPOAAx” MUHCK “Hayxka u Texnuka”



39

~ KondopmaimorHas usoMepis MOeKysi puGossl i 2-1e30Kcnpubossi ...

8. S.A. Krasnokuski, A.Yu. Ivanov, V. Izvekov, G.G. Sheina, Yu.P. Blagm] Mol.Struct. 482-483, (1998), p. 249-252.

9. S.A.Krasnokutski, A.Yu.Ivanov, G.G.Sheina, Yu.P.Blagoi // 8" Conference on the Spectroscopy of Biological Molecules,
Netherlands 1999, p. 263.

10. A.3. Kucrep, B.I". Hamesckuit u A.W. Kuraiiropoackuii // Mon. Buon. T.5., Ne.2 (1971) ctp. 232-237.

11. Levitt M., Warshel A. / J. Amer. Chem. Soc. V. 100, p. 2607-2613, 1978.

12. Ning Lio, Arkadi Litvin and Roman Osman // J.Phys. Chem. A 1999, 103, p. 592-600

13. K.B. Borisenko, S. Samdal, IF. Shishkov, L.V. Vilkov J.Mol.Struct. 448 (1998) 29-41.

14. C.J.Cramer // J. Org. Chem. 1992, 57, p.7034-7043.

15. Bouke P. van Eijck, Rob W.W. Hooft, and Jan Kroon // J. Phys. Chem. V.97, p. 12093-12099, 1993

16. Wladkowski B.D., Chenoweth S.A., Jones K.E., Brown J.W. // J. Phys. Chem. A 1998 V.102, p. 5086-5092.

17. S.E. Barrows, F.J. Dulles, C.J. Cramer, A.D. French, D.G. Truhlar Carb. Res. 276 (1995) 219.

18. A.Chang-Phillips, Y.Y. Chen // J.Phys.Chem. A 1999, 103, 953-964.

19. A.Yu.Ivanov, A.M. Plokhotnichenko, E.D. Radchenko, G.G. Sheina, Yu.P. Blagoi, J.Mol.Struct. 372 (1995) 91.

20. Yu. Ivanov, A.M. Plokhotnichenko, V. Izvekov, G.G. Sheina, Yu.P. Blagoi J.Mol.Struct. 408-409, 459 (1997).

21. M.W .Schmidt, K.K.Baldridge, J.A.Boats, S.T.Elbert, M.S.Gordon, J.H.Jensen, S.Koseki, N.Matsunaga, S.Su, T.L.Windus,
M.Dupuis and J.A.Montgomeri. // J. of Computational Chemistry, Vol.14, No.11, (1993) p. 1347-1363

22 hitp://classic.chem.msu.sw/gran/gamess/index.html]

23. Altona C., Sundaralingam M. J. Amer. Chem. Soc. V. 94, p. 8205-8212, 1972. .

24. B.Cadioli, E.Gallinella, C.Coulombeau, H Jobic, G.Berthier // J.Phys. Chem. V.97 (1993) p. 7844-7856.

25. S. Coussan, Y. Bouteiller, A.Loutellier, J.P. Perchard, S. Racine, A. Peremans, W.Q.Zheng, A. Tadjeddme // Chem. Phys.
219, 1997, pp. 221-234

26. Bonopozmas caa3b. Iox pen. Coxonosa H.JI. / M., Hayxka, 1981, crp. 288



56
Bicu. Xapk. yH-Ty, Ne 488 BIO®I3UYHMI BICHUK. Bum. 6(1) 2000

MOJIEKYIAPHA BIO®I3HKA
VIK 577.323.237336

B3ACMO/ISI KAPMIHOMIIAHY 3 IOJI (A) TA HOJII (U)
3A TAHAMH TOJISIPH30BAHOI ®JIIOOPECIEHII

H.M. Knranosa, B.M. 3osyas , 0.0. Paszanosa
Jiqpmecam sayionansnuil ynisepcumem iv. B.H. Kapasina, 61077, Xapxis, ni. Ceoboou, 4,
* Disuxo-mexnisnuii incmumym nussxux memnepamyp in. b.1. Beprina HAH Yipainu,
61164, Xapiie, np. Jienina, 47, E-mail: zozulya@ilt. kharkov.ua

Hami#imma o pegaxii 12 tpasus 2000 p.

Metogamn  abcopOuiivol  Ta nonapma}rm HMOOpPECIEHTHOI  CIEKTPOCKOIT  BHBYEHO — B3a€MOJIO
AHTPALHKTIIHOBONO AHTHOIOTHKY KAPMIHOMIIHY 3 CHETETMUEHHMA NOMHYKICOTHIAMI mom (A) 1 ooni (U) npu
HESBKIH 1OHHINH CHoT pOsuMHY. BeraposlieHo, mo Hel GapBHMK 3 OFHOMAHIFOTOBUMK TIONHYKIICOTUAAMA YTBOPEOE
Ba ATBTEPHATHBRMX THITH KOMIDICKCIB, GopMyBaHHS SKUX BLIOYBAETLCS 32 PAXYHOK €NEKTPOCTATHYEHOIL B3aeMozmi
AMIBOLYKOPY INrany 3 docdariimi rpyname roniMepy. [Ip MamiX CriBBLIHOMIEHHIX MOJUIPHHX KOHIIEHTpaifiii
goniMepy Ta mirapgy (P/D) JoMiHye XOONepaTHBEHE 3B S3yBaHHA 31 cTeKIHr-acoiiaraMy  Xpomodopis
KAPMIHOMIIMHY MK ¢06010. IIpn BHCOKMX 3HaueHHaX FP/D acolfaTH po3NajaloThCH 1 YTBOPIOKOTECS KOMIUICKCH
MOHOMEDIB JUraslly 3 HYKNSiHOBMMM ocHoBamy. OIHEHI TEPMOMHAMIYHI NAPAMETPY [BOX THINB B3aeMOZ
KAPMIHOMIL[EHY 3 GOMHYKTCOTHIAME: 3 HyKNCIHOBHMEA OCHOBAMH T 3 HOCHATHIMU IPYTIAMH.

KJHOUYOBI CHAOBA: xapMiHOMIIHH, TIOTIHYKNSOTHM, KOMIUIEKCOYTBOPEHESL, IOIPU30BaHa (PmOOpECIISHITISL.

BizoMo, mo B33aeMOig pany Gi0J0rYHO AKTHBHEX CIONYK, SKi MAIOTh IUIOCKY IETCPOLMKIIYHY CTPYETYPY
(GApBEAKA, ABTHOIOTHKM, KAHIICPOTCHM, qyomceﬂcnﬁini:mopu Ta ACAKl iHON) 3 HYKJICIHOBHMM KHCIOTAMH
BinOYBAETHCA TUTAXOM iHTEpRANMEl iX Xpomodopis y momBiiiHy CHipams, mO NOPYMYE NEPEAady CIaIKoBOi
inpopMawii Ta DpH3BOTMTH 40 3arubem KmiTHHM. TakMM YHMHOM, HANPHKAAA, AOTh (POTHIYX/IHHHI
ARTpAaEKTHOBI anTHOIOTAKA. KpiM IHTCPRANMIT KaTIOHHI MONCKYIH MOYKYTh CACKTPOCTATHYHO B3AEMOJIATH 3
MOMAHIOHHOK) MATPHOCIO, fAKY VTBOPKIOTE (ocarHi IpymM HYKIACIHOBHX KMCNOT. 32 3BHYAEM YBara
MPETINAETHCH CANMBHOMY - IHTCPRAJMINHHOMY THIY B3acMOMil, 4 CrabuM THNOM 30BRHIMALOIO 73B'T3YBAHHA
TPAIHIIHED HEXTYIOTh. ANC OpH 3B'A3YBAHAl KATIOHHHMX 1HTCPKANATOPIB 3 OJHONAHIFONOBMMH HYKACTHOBHMM
KHCNOTAMA, V SK4X Hemae cmapewmx ocHOB 1 (ocdaTwi rpymm Jerre AOCTYDHI, ueH THnm MOxe Oyrm
JoMiHvIOUREM. KOMTLIEKCOYTBOPCHHA ARTPANAKIIHIB 3 O HOCIIPANLHHME MOJMIHYKNCOTHIAMH HC BHBUCHO.

B naii po0OTi JOCTIPKEHO B3AEMOAII0 AHTPAMMKIIHOBOTO aHTROIOTHKA Kapmivominuay (KM) (puc. 1) 3
CHHTCTHHHEMHE roMonomaykacoragamy rom (A) ta nom (U). Kondopmargig
BACTHBOCTI OHX NOJTIHYKICOTHALB JO3BOAIOTL MOJCIIOBATH Pi3HI CTPYKTYpHI
MaTpHIN N4 3B m3yBamHa iETepkagaropis. [lom (A) B 3amexmocti Big pH
MOXC OyTH B OOHO- T4 JBORAHIFOroomy crawl, a mom (U) — OXHOHATKOBA
MOICKY.IA 3 POSYTIOPAIKOBAHHMH OCHOBAMH.

JlocHKeHAS NPOBOMATH METOTAMH (MEoOpecucHTHO 1 abcopOi#Hol
cnekrpockomi.  Ilpe  mpOMy ~— BHKOPHCTOBYBAJMACh  MONAPH3AMiAHA

fp;‘noopecuemm doromerpis, axa € chexrEBEEM 3ac000M  BHBUCHHA HO
MIAKMOICKY TAPHHX B3AEMOALH IPOMATHYHMX CHOOIYK, TOMY OO iHTCHCHBHICTH NER
¢-roopecueHLii TraBay gywe 4yTIHBA 40 IMiHHA IOBKILIA Horo xpomodopy, 2 Puc.1. Cpysrypa

NONAPE3AMA  BiIOMBAE CTYIIHb PpyXOMOCTI xpomodopy, ska nam DOPMYIA KapMiHOMIgHiy
IMCHIIY€TBCA PR koMnIekcoyroperH! [1]. Orpumami exCncpEMeHTambHi JaHi JO3BOMAM 3ANPONOHYBATH
woaem 3B a3yBanHa KM 3 00~ T4 JBONAHIGOTOBHMA MATPHIAMHY i OMIHATA KiNLKICHI CIIBBIIHOMICHHS JXBOX
THriB B3aemoai KM 3 noMmHyKICOTAIAMH: 3 HYKICIHOBEMH OCHOBAMH T2 3 POCHATHHMY rpynaMu.

MATEPIAJIM 1 METOH

Y poboTi BHKOPHCTOBYBATH riapoxaopa KM smpoGuumrsa HJYI awrubiorvxie (Mocksa, Pocin), iHui
peakteBy Oy sHpoGmEmTsa Sigma (Himewwmna). Komuemrtpaniio kapmisomiupmy T4 nomﬂyxm,&ia
BH3BA9ATH cnekTpodoTomerpiyno. Koediimacars monsproi excrvmmugii: mus KM 45, = 14500 Mo 2],
A1R moXi (A) €5 = 10100 M'ew” i ama nomi (U) e = 9600 M'cw [3]. Posummemxom Gy | MM Na-
raxommaTHHE Ovep 3 0.5 M Na EDTA, sxuif rotyBam ua AcioHioBauil AsCTwimosauiii soy. B
ammm3ommmmm&mmnwm;ﬁ? 4 3 ABOHMTKOBOIO DO/ (A) ~ pH
4.9. 3MIHA BUTHOMCHHA MOMMPHEX KOMUCHTDAIlH DOTIHYKICOTHAB i miramay, P/D, aocaramacs TRTPYBAHHAM
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Bsaemonin xapminomitHy 3 nosni(A) ta nomi(U) ..

posumsis KM (1,7:10°M) Gesmocepenmbo B KiOBETI PO3MMHOM MONIMepy. BEMIpIOBAHRS OpOBOIAIH B
KBAPIOBKX KIOBETAX HPH TEMuEpaTypi 22-24 C.

®moopecrenmis KM 36y vysanace mpa A=441,6 5M CTabii30BaHAM MONAPH3OBAHAM BHIPOMIHIOBARHIM
remi-kamicsoro gasepy JHIM-11. [lapamerps (HOODeCHCHINI BHMIPIOBANA B MAKCHMYMi CMyTH
prroopecueruii KM npr 584 um 3a merogom paxyeasns ¢oromi [4]. TToxmOka BUMIPY 1HTCHCHBHOCTI
Guroopecueri e nepesmmysana 0,5%. 3aranbHy iHTCHCHBHICTS, /, CTYIING DOIAPH3ANIL, 0, i aHI3OTPOIID, A
droopecienuii Bu3HAYAIN 33 PopMyIaAME;

P=h+2A,p={y -1/ @ +1), p=2p/G-p (1),

ae Iy, [: - IHTEHCHBHICTH (HIIOOpECUCHINT 3 CNEKTPHYHAM BEKTOPOM NADANCIBHEM T NCPICHIEKYIISPHAM
BEKTOPY 307 DKVBANBHOIO MPOMIHED,

PE3YJLTATH # OBT'OBOPEHHSA

Ha pwc. 2 i 3 maeencHi 3aMexBOCTI BIAHOCHOI OMTHYHOI rycTHREM 4/4,, Bigmockoi imvencusrocTi /7, Ta
nonapnsamp@mmpememmPfannmpynammnom (A) 1a mom (U). 4, , 1, — mapamerpa i
BIIHOTO ﬁapmm

@opME KpHBHX TETPYBAHAS CBiTYaTs Mpo (opmysamns kommiekcie KM 1BOX TENIB 3 ONHOHATEOBHMY
momiMepanm. Tipa Mamnx cuissigromennax P/D (mo P/D ~2) conocrepiranocs racises dmoopecuerui (pec. 2b,
3b), fKe € MOBHMM OCKUNEKH mOIsprsauis quroopecuewmii (pac. 2¢, 3C) 3aIFIIACTECS TAKOIO X, AK i UM
BUTBHOFO 0apBHNKA, IO BRA3YE HA CBITIHHY TUIGKE HE3B I3aHWX MOISKYN OnmudEa TyCTHHA OPH NBOMY
3MEHINYETsCA (prC. 2a, 3a). [lombni 3misE coexTpockomyHEX BaacTuBocTel KM cmocrepiranmcs mpu Horo
3B’ I3YBAHHL 3 MOMCIO HOMaHiORY - mompocharoM 1 XapakTepH3yBAIE CTCKIHT-B3acMOZiK0 XpoMOQopiB mpE
yreopern qumepis [2]. Taxuym wwmoM npa mcekex P/D monexym KM 38 S3yI0ThCE 3 HOMHYETCOTHAIMA 33
PAXYHOK CICKTPOCTATHYHONO IPHTArAHHAS AMIBOIYKODPY A0 (ocdatis, a xpomoGopr mraHgy acOmIOITE MK
cobot0.

A4, oF 5a® 5 A4 10 - IIm:Ba BACOKOTIOIAPH-
0.9 " . 09 |, . 30Bam0i  (moopecmenmii 3
o L 5] n o =
0.8 :_' o . o a) 0,8 - . © . a) pocTomM P/D CBIAYHTE PO
. } KOMILICECOYTBODCHHSA 3
9,7 i I?.I.:II:!;"EI . a o . 0,7 ﬂb 00 a0 © o U - - —
0.6 |- o 06 | >, Bop HYKJICOTAIHIMA  OCHO! 3
ol b il » ko oL 0 .. OpHYOMY IL¢ BiAOYBAETHCH
of 1L 0 . : 3 4 o A 0 v 2 3 4 ppacmaok DOCTYHOBOFO pO3-
1,0 !‘-u ﬁnn o 10F nany acomiaris KM ma
ol E 081 4 X - MOHOMEPY, AMIROIPYIH SKHEX
0.6F o .® b) g:ig P b) | mameBwo [THITAYOTHCA
9,4 = o . o [ L]
; . I . KTPOCTATHYH: HEMH
02f ® 0t 02 ° %, e o
sil fopgp® et AN T 3 TAME OIOHOMMEDY.
T4 6 % 2 3 4, -4 6 1 2 3 4lpn npyse semmax FP/D
7 0,16} _ 0 SOEETD o 0,40 | . ONTHYHI XAPAKTCPHCTHKH B~
0,14F B : i OYBAIOTS  3HAYCHEN, 4K
T = Y} 4]
0,12} 5 af B st ° ¢ | XBPAKTEPHIYIOTH B3aEMOZIIO
0,10[ - 0,20 - e OapBHMKA JMIIC Y KOMI-
0,08F - 0.10 I o ¥ - JIEKCAX 3 HYKISOTHIAHHMH
0,06 , . 4 . v .4y = A 4 4P 9F il piecs g I T,
- ocpoBavm. [Ipo BHaABHICTH
el S PR o0t 3 ) takoi  msaewomi  ceimaars
log (P/D) log (#/D) '

Puc. 2. 3wiHM OUTWHHOI [YCTHEHM — 8),  Ppc. 3. 3MiHM ONITHMHOI rycTwEm —a), DHCOKA CTYIIHE HOIApH3AI
iFTeHcmBHOCTI — b), DouSpE3AmWii — C), iHTeHcMBHOCTI — b), Domgpuagi — c) (QUIOOPSCHCHm, a4  TaKOK
dmoopeceanii KM mpu 3’s3ypaEHi 3 dmoopecuenmii KM npu 38’s3yBapmi 3 JOBIOXBHIIBOBHH 3CYB M3k~
nom (U)-o,pH 7. momi (A A-pH7,0-pH4,9. CAMYMY CMyTd MOLJMHAHBA
KM ma 3 BM npHE 38" 43yBaHHI

sncm(U)raualt)m 3nom(A) %’MWBWESWIME&HBMWHEMH

mym@poe TBOHH nycmpama.ﬁxmmspnc. 3 mmu:nmmcmynyplmmemmﬂx




H.M.Xuranosa, B.M.303ymns, 0.0 Ps3anosa

Cuexrpockomiysi xapakrepacTakd KM, 3B’A33HON0 3 HYKICOTHZHHMH OCHOBAME, Oymu oTpEMaHi 9K
FPAREYHI 3HAYCHHS 3ANCHKHOCTEH pamipropanax semrmA Biy D/P 1 naseacHl B rabmoa 1.

Tabmima 1. CoeKTPOCKOMIMHEL XaPAKTEPACTHRH KApMiBOMILHHY

B KOMILTIEKCAX 3 HOMHYKICOTHAAMU
| Tpemapat A/Ag 140 o
KM 1,00 100 | 0065
KM-+nom (U) 100 | 090 0,160
KM-+nom (A) OJHONAHIOIOBA 0,77 004 | 0,300
KM-+nomi (A) ABONAHIFOIOBA 0,70 0,10 0,380

PyXOMICTH TAHOK MOMHYKICOTHLY, 3 SKHAMH 38’ s3aHAl GAPBHHK, BH3HAYAE HOMIPH3ANIIO dbmoopecncHmii.
Sk sEmHo 3 Tabmmg 1, Ana HAHGimLM JAOLIBHOTO MAHMON moni (U) sona madimenma, 0,16, a mng WOPCTKOI
[OBiiiECL CTPYKTYpH nom (A) - Haibimma, 0,38. e -

KimbkicHl XapaKTCPRCTHKH KOMILICKCOYTBOPCHHA Oyna OTpPHMAHI 3 aHAM3y I30TCPM 3B’ A3YyBAHHA,
oSy aoBaKKX B KoopmaHaTax Cxerwapma (puc. 4), Ae r = Yool /P ~ KiBKICT 3B’ S33HHX MONCKY KM Ha omuH
syricoTHa, 8 C = (1-)5D =)o) - KOHUCHTPAIIA simsnoro KM, Uacrky 38’ m3aHoro KM, 7, PO3PaxoBYBAIH 3d
pisasHiam Emmeprona i AliseHOepra [6]:

7. =1/ 1w ) o 11 ) @

Onyxnicts kpuBrX CkeT4apma Amd OFHOMAHIFOPOBAX HOTIHYRICOTHAIB (PBC. 4a) CBLIYMTH NPO TE, MO

NCKTPOCTATENHA B32€MO/IN 31 CTEKIHT-aCOIAIE0 xpomoopie KM € CHIBHIM KOONECPATHBHHM MPODCCOM.

8,0F 8,0
A ' 5
4 <
40 »
6, Q‘
- X [0
= a)| = 40f b)
* 4 1
S & Yo
o N n} OOO O o o 5
2.0} "‘

X i L A i i L . 0’0 i PR n . VSO 1 )\
0,00 6,20 Q.40 0,60 0.80 1,00 0,00 0,05 0,10 0,15 0,20 0,25 0,30
r

r

Puc. 4. [soTepam apcopbini KM Ha: a) — ogHonmrropux 1o (U) — o1 mom (A) - A, b) — ApormTKOBI nomi (A) ~ O.
CVLITHHOIO T4 MyHKTHPHOO TiHIAMA RABE/EHa APOKCHMAIH CKCTIEPHMEHTAITLHNAX IOHIX piBesHEsIMY (5) T2 (6).

Vioro KOHCTAHTY i po3Mip MiCub 3B’A3yBAHHA MOXHA BEHAWATA 33 Merogom lllsapua [7). Jlna uworo
ARATI3YIOTH IMiHY 9ACTKH BLIBHOTO Mrawdy, yp, WpH Mamix P/D. Taxy 3aiekHICTh Y HaC BiAOHBANOTE MOYATKOBI
ANAHKH KPEBAX (PIIOOPECUCHTHONO TATPYBAaHMA (PHC. 5), TOMY
mo [/ly=y;, BHACHIOK NOBHOrO raciwma 138 ssamoro KM.
TMpaMoNiHIAAI AUAHKA WHX KPUBAX BIAVIOBIJAMTHL WOBHOMY
HACHYCHHIO I8’ L3y BAHHL Touxa NCPCTHHAHHA
CKCTPANO/ANIAHOL apsMoi 3 BicCio P/D BA3HAYAE PO3MIP MICIb
18’ A%yBaHuA - #. Sxai € ogmakoenm L nom (U) ta mom (A):

n = 1,1. KOHCTaHTa KOOMEPATMBHOTQ 3B A3YBAHHA
BHHAMACTHCA 33 (POPMYIIOND.
K=1/Dy, (3)

Puc. 5. ODOOpECHEHTHE Bafag KM . " : .
poni (1) - 7 1 noai (A)-A,plﬁ??lyxdm g A Yo - € TACTENNO FLEAMNOIO IMAMAY, NN DOMMCE
UVHKTHpHA S - BHSHAYEHHZ (APAMETDIB JANOBHCHAN HEM Ha nonosuay. L ymos1 siAN0OB1 A€ NpAMA 3
8’ T3yBaHEA 38 MeToAoM Ilisapua DOIOBHHEHMM HAXAIOM BiX CTEXIOMCTpEMHOI (Ha puc. 4 -

_ DyuxkTHp). 32 TOUMKAME HEPETMHAHHS €T AiM{ 3 KpHBM
THTpYBauBs GynE OZCpAAR] Taki BaveHns y; | A mox (U) - 0,09 1a womi (A) - 0,05. MMiacrasue mi Aaui 12

pigomi komes-Tpali KM, orpamamy sexwoumm xoucraur K ass non (U) - 6,5-10° M" i i moai (A) -
1,16-10° M. KOBCTAHTOIO KOOREPATHBHOI B32EMOAIT:

| K=K, .o O
e K; - KOHCTaHTa MOHOMSPHOIO 3B’ T3yBAHRY, @ - NAPAMETD KOOnCP: '
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Bzaemonis kapmiHomitmny 3 noi(A) ta nmosmi(U) ...

- ExcreprMenTansil gasi B xkoopauHarax Crkeryapaa Oynm ampokCMMOBaHI piBHAmBaM Mak Il i ¢ou
Ximrena [8], #xe BpaxoBye ABa THIHE 3B I3YBAHHA 3 OJHICK pemmTro0. QWA 3 HHX - KOOUCPATHBHA CTEKiHT-
acomanis KM, a apyraii - BeROOTICPATHBEE 3B A3yBAHHSA 3 HYKICIHOBEMH OCHOBAMHA:

. ; (n-1) _ 2
s =(1_Hr)[gz+K!|:(2w——-l)(l-—nr)+r—R} [1~(n +1)r+R] ] (5)

2(w -1 - nr) 2(1 = nr)
R=[[1-(n+ 1] +40ra- nr)]m

Blaemomiro 3 HYKICIHOBEME OCHOBAMH XapakTrepisye koucramra K, Posmip Micip 3B d3ysamsf
NpEAHSTHE OJHAKOBHM g 000X THIIB KOMILICKCIB i BrsHaycHHd Bmme, n7=1,1. Touxwm nepermmanmg
EKCIICPEMEHTATBEEX 3amexaocTeil Cretuapma 3 Biccro »/C npu r=0 (puc. 4a) BEH3HAYAKOTL CyMy MOHOMEDHHX
xoHcTasT K;+K,, axa nopierroe 10° M ama xovmurekcie KM 3 momi (U) i 1,2-10° M - 3 nomi (A). Jaa K; mu
NPUHELIA 3HAYCHHS KOHCTAHTH MOHOMEDHOTO SCKTPOCTaTAYHOTO 38 A3yBanHA KM, sxe oTpEMano B CrECTEMI 3
momdocdarom [2]: K;=1,8-10° M. K nerko BsmauaeThcs 3 Cymm ®omctamr: 8,2:10° M' mnx moni (U) i
1,18-10° M ayms moi (A). HepioMuam napaMeTpoM 3aIMIAETHCH TUTBKA @, SKii GYB OTPHMAHRMIL 3 HANKPAIOI
anpoKCcHMAI i gopisrroc i kommekcie KM 3 moni (U) - 360, a mig momi (A) - 600. 38iacE KOHCTAHTH
KOOMEPATHBHOIO 38 m3ysanns KM 3a pismssesM (4) Gyayts mas cacremu 3 mom (U) - 6,5-10° M7, a ans
mom (A) - 1,08.10° M, sixi 506pe criBImaIaoTs 3 BeTATMHAME, OTPEMAREME 33 MeToaoM Ilsapia.

Sk GaumMo, mapamerpd 38 myeamEd KM 3 JOCTipKeHMME NOTIHYRICOTHAAMEA BiAPISHAETHCA s 000X
THIiB B33emomii. [Tapamerp koomepaTusHOCTI Oimbmmii Aua mom (A), TOMy MO NHIWEA IYCTHAA BETATHBHAX
3aps/AiB A4 Kei BEmE. TAKoX KOBCTAHTA B33€MOAI 3 OCHOBAME IMONIAACHLIATY 3HAYHO OLIBINA, HK 3 OCHOBAMH
moi (U). Lle HoSCHIOETECA YACTROBO YIOPSAKOBAHOK BTOPHHHOK CTPYKTYPOio o (A), T SK OCHOBE B IO/
{U) moBHICTIO pO3YDOPSAIKOBAHIL.

Jing 38’ s3yBanks KM 3 asomaTroBow0 nom (A) kpasa Crergapaa (puc. 4b) Takos CBITIHTS PO HAABHICTH
ABOX THINB B3AEMOI, 3 AKAX MEPEBAXKAE iNTCPRANMHHPH Mexarism. Kpyra quiaHka i30TepME, SKa BiUOBLAIE
inTepranauii, Moxe Oyt mobpe ommcana pisAsmmsM Mak I Ta ¢or Ximmena y pasi HCKOONCPATHBHOTO
3B’ A3yBAHHL:

I-nr | (©6)
r/C=K(1 m)*lil-—(n—l]r]
3 mapamerpami: 7=8, K=8.10° M. Jipyra aimasxa i30TepMH BiMOBiZ3€ CraGoMy THIY €ICKIPOCTATHIHOTO
3B’ S3yBAHAS 3 30BHINTHLOW MOBEPXHEX nomHykneoray. IloaiGumii xapaxrep cnocTepirais A 38 A3yBaHAA
KM 3 maraeso0 JTHK [4].

BUHCHOBKHM
KooneparuBEe CHCETPOCTATHYHE 3B A3YBAHHA BiAITPAE BKIMBY DO [NPH g3aemomii KM 3
OJHOIAHIIOTOBAME HYKICIBOBAMHM EKACHOTaMH. J3p’ssysamas KM 3 OCHOBaMH  OJHONAHIFOFOBHX
HOMIHYKACOTHNB MOMIHBO JWIIE OPA YMOBi GNEKTPOCTATHYHOI B3AcMOALl aMiHOLYRODY 3 fpocharammu
rpymams nomimepy. Ilpa esaemomii KM 3 IBOHMTROBOIO Mol (A) ICpEBATIOE iHTCpEANMIiAHA B3AEMOTIS, 4
EIEKTPOCTATAYHA MECHIN CYTTEBA.
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TIpennaraeTcsi TPeXMEpHasA MOJIENb MCHETHYECKOTO CIIOBApA B TCPMHHAX BBEJACHHOM IHCIOBOH
XapaKTEPHCTHKH HYKIICOTH/IOB — CTENCHH NETSPMHHALHH, KOTOpai oTpaxaeT abGCONOTHYIO pas3-
HOCTB COAEPAHHS MHPHMHUIHHOBEIX H TyPHHOBBIX ocHoaum# B onoit HuTH JJHK. B paMkax sTo#
MOJIENTH HPOCTISKHBAIOTCS BHIPAKESHHBIE CHMMETPHITHBIE 3aKOHOMEPHOCTH U IPYIIOBRIC CBOMCTBA,
koTopble omHcaHs!. [Ipe/araeTcs HCNONB30BATH CTENICHb ACTCPMHHAIIHH JUL aHAITH3a reHEeTHYESCKHX
TEKCTOB & TakKe MPEACKa3aHHUA CTPYKTYP H 3HAUCHHUS PasIIIHBIX dynxnuonansHbIX yuacTkos JTHK.
KJJFOUEBBIE CJIOBA: reHerHuecKHit Kofi, KOJIOH, KyOH4yecKkas MaTpHLa, MypHH-MTHPHMHIHHO-
Bast HHBEPCHS, CTENICHb AETEPMHHALIHH, CHMMETPHA, IpyTina BpaIlieHUH

[TOHHMAHHE COBPEMEHHBIX KOHIICIIHH MOJIEKYNAPHOH Nre HETHKH HEBO3MOXKHO 0e3 JansHEeHLIero BCe-
CTOPOHHETO H3YYeHHs anmapara 3KCmpeccHH remos [1, 2]. BecsMa aKTyalbHBIM B 9TOM HAINPaBIICHHH
SRIAIOTCS anre0panueckue MOAXOAb! K MpobneMe 3BOMONHH 3YKapHOTHIECKOro reHeTHISCKoro Koja
[3, 4], 3aKTIOYAIOMMECS B MPUMCHEHHH TCOPETHKO-IPYNIIOBBIX METONOB [5], moucke cummerpuii [6, 7]
1 cynepcummerpHii [8, 9, 10], TexHuKH BEKTOPHBIX pOcTpancTs [11]. OnHako BHYTPEHHAS CTPYKTYPa
reneTHIecKoro koaa u tonosorusa JJHK Tpebyror sanbueiiero uccnenosanus [12, 13, 14].

B pa6ote mpeaaraeTcs TpeXMepHas MOJIENb TEHETHYECKOTO0 CI0Baps, HAa OCHOBAHHH pa3Ho# CTENECHH
NeTePMHHALMY HYKI€OTHIOB d, KOTOPas OMHCHIBACTCA KONMYSCTBCHHO. BHYTpH MOMYYCHHOU MOJICITH
MPOCIEKHBAIOTCS BHIPAXCHHBIE CHMMETPHIHHbIC 3aKOHOMEPHOCTH H IPYNIOBBIC cpoiicTea. BBenennas
CTerneHb JeTePMHHAAIMH HyK1eoTHaa d oTpakaeT abCOMOTHYIO Pa3sHOCTh CONCPIKAHUA NUPHMUHHOBBIX
i ITyPHHOBBIX OCHOBAHMH B HA0Opax HYKJICOTHIOB U HAXOIMTCS C HEH B NEPHOAMYCCKOH 3aBHCHMOCTH.
O6cyKaaeTCs BO3MOXKHOCTD MCIONIB30BAHMSA 3TOH YHCIIOBOH XapPAKTEPHCTHKH A1 aHAIM3A W YTCHHA
reHETHUECKHMX TEKCTOB, 8 TAKKE MPE/ICKa3aHne CTPOSHUA pasnuuHbIx GpyakunoHambHbx yuactkos JHK.

BBIPOYIEHHOCTD KOJIA H CHENAOAYHOCTH HYKJIEOTH/IOB

Xopomo H3BECTHO, YTO FeHETHIESCKHH KO/ HMEET TPHIUICTHBIH XapaKTep ¢ pa3HOH CTENCHBIO CCIHM-
duarocTH ocHosanui [15]. Tak mepBbic B2 OCHOBAHUA KONOHA B OONMbIICH CTENMCHH ACTCPMUHMPYIOT
o6pa3zoBanue ONpeeneHHOH aMHAOKHCIIOTHL, YeM TpeThe oCHOBaHue. Hanpumep, mobas u3 aMHHOKH-
CJIOT — ITIMIIMH, BANWH, MPO/IHH, AIAHAH X TPCOHHH — KOAUPYETCH YETHIPbMA KOJOHAMH, ¥ B KAXKAOM
CIIy9ae 3TH YeThipe KOJA0HA PAa3NMYaoTCA TOJBLKO HYKICOTHIAMH B TPEThEH No3uluK. [pyrumMu cioBaMu
32 KOA0HA,TO €CTh NOJIOBHHA BCETO KOMMYECTBA, HMEET IMOJTHOE BRIPOXKACHHE MO TPETHEMY OCHOBAHHIO Z.
AMMHOKHCIOTA NOJHOCTRIO 33J]aHA NEPBLIMH HyKIICOTHIAMH T M Y HE3aBUCUMO OT Hykieotuaa 2. s
JBYKPAaTHO BHIPOXKJICHABIX KOZOHOB XapaKTep AMHHOKHCIIOTH onpeaensercs nypunamu (z = A, G) win
nupuMEuEaMi (z = C,U) saxoasipmmucsa B Tpetbel nozuumu. Okono apyx Tpereit o6mero komave-
CTBa OCHOBaHHi, npucyTcTBYIomHUX B JIHK #iMeror npuMepHO NOCTOAHHBIA XapakTep y BCEX OPraHu3Mon
— 3TO OCHOBaHMS, 3AHHMAIOUIHE NEPBOE H BTOPOE MOJIOKEHUE B TPHILIETE, H3MERYMBOCTL cocrasa JIHK
ONpENENNeTcs OCHOBAHMAME B TPETHEM NONOXeHUH [16, 15].

Koppensigns Mex 1y KOHYSCTBOM ONPEACACHABIX AMHHOKHCIOT B 0e/Ke U OTHOCHTENBHBIM COAEP-
XaHHeM yaHWHA ¥ HHTO3HHA B cootBeTcTBYomeiH JIHK Onuta naiiiena eme 10 OKOHYATENBHOTO BRIAC-
HEHHS FeHETHYECKOTo crioBaps [12]. Yeemuruenue conepxanus G + C s JAHK paznwuyno oTpaxaerca sa
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COCTABE AMHHOKHCIIOT B O€/IKe M XapaKTEpH3yeTCs CIEAYIOMMMH TPeMs 3aBUCHMOCTaMH, Conepkanue
O/THAX aMHHOKHCIIOT YBE/IMIHBACTCS OpH yBenmdeHuu kommdectea G + C B THK, conepxanue apyrux
YMCHBIIACTCA, & CONCPIKAHME TPETHHX 0CTAeTCH HHANPPEPSHTHBIM OTHOCHTENBHO KOJIMYECTBA IUTO3H-
Ha ¥ TyaHWHA. B 3aBHCHMOCTH OT COep)KaHMs IYAHNHA W LUTO3HHA TyILTETH HyKICOTHIOB, KOTUDYIO-
IIAX aMHHOKHCJIOTEI PasACIAIOTCA HA TPH KJIACCa: HE BKIIOYAIOIIME HY I'YaHHH, HH UTO3HMH; COIEPKa-
e HCKITFOYATETHHO IyaHHH U HHTO3HH H mpoMeXxyTounsie [12]. O4eBHAHO, 9TO NPHUCYTCTBHE B KOLOHE
TyaHHWHA WIH OUTO3HHA B GONMBINOH CTENCHH AeTePMUHNpPYET 06pa30BanKe COBEPIICHHO OMPEASICHHOM
AMHHOKHCJIOTEI, B TO BPEMs Kak HAJIMYHE 4/ICHHHA HIH ypaliia He SBISCTCS BBICOKO CENH(PHIHBIM:
HanpuMep, nymwier A A coorserctsyet u Lys, n Asn, nyrwier UU xomupyer Phen 1 Leu, B To Bpems kak
CG Bcerna aerepmunupyer Arg).

CTPYKTYPA MATPHIIbI IYIUIETOB

ITockoneky OCHOBaHME B TPETHEM IIOTOXKEHHH JOMYCKAET GONMBIIYI0 BapHAOeIBHOCTH IS OXHOM H
TOM K€ aMHHOKHCJIOTHI, II€1€CO00Pa3H0 PacCMOTPETH EPBEIE IBA OCHOBAHHS KOJOHOB Z, Y OTAEIBHO OT
TpeTsero 2. [Tpu 3ToM mecTHAATE BOSMOXHBIX AYIUIETOB IO COOCOGHOCTH AETEPMUHHPOBATE AMHHO-
KHCJIOTY pacnajaioTcsd Ha 1Ba OKTeTa. Bocems aytuieros (6onee “CriibHBIX ™) OHO3HAYHO KOAHUPYIOIIHX
aMHHOKHCIIOTBI HE3aBHCHMO OT TPETHEI0 OCHOBaHHUSA, M BOCeMb (“Cabbix™), y KOTOPBIX TPETEE OCHO-
BaHWE ONPEHENICT 3HaYCHHE KOAOHA. J{yIUleTsl Ty NEePBOTO H BTOPOro OKTETOB PE3KO Pa3IMYAIOTCs IO
cocrasy. B mepBoM okTeTe A BCTEYAeTCH JHILL ORHH pas, BO BropoM — oxuu pa3 C . [Ipuyem, nepexox
OT IYIUIETOB “CHJIBHOIO” OKTETa B XyILIETHI “‘cliaboro” oKTeTa MOXHO MOMYYHTE CIIEAYIOLIEH 3aMEHOM
(17]

C< A, G =T, (1)

KOTOPYIO MBI OyzieM ofo3Hagats “onmepanus (*)” ¥ HA3bIBATH MyPHH-MHPHMHAHHOBOM HHBEPCHEH.
HeTsIpe HyKICOTHAA MOXKHO PACHONOXKHTH IO CIIOCOOHOCTH OHO3HAYHO ACTSPMHHHPOBATH AMHHO-
KHCIIOTH! B IOPSIKe yObIBaHMsA CreyromuM obpazom [18]:

Iupuvmunua Mypun  Ilupummaun [Typun
C G U A (2)

OYCHb CHIbHAA CHJILHAA crnabas O4YeHb cnadas

OTH HYKICOTHABI OTIMIAKTCH H [0 YHCITYy BOXOPOMHBIX CBA3€H, KOTOPEIC OHH MOTYT 00Pa3oOBbLIBATh
¢ KOMIUTEMEHTAPHBIMH HYKICOTHAaMH aHTHKOOHA, Kaxzasn 3 CHibHbIX Oyks (C n ) obpasyer no tpu
BOAOPOJHEIE CBA3H, B TO BpeMA Kak kaxkjas 3 cinabex Oyks (U u A) obpasyer rmmis o Be BOAOPOJHEIE
cea3u [18, 19]. MoxxaO NpeAnmonoXKuTh, 9T0, 94eM 00bIIe BOJOPOIHEBIX CBA3CH B AYIUIETE, TEM MCHBIIIECS
3HAYCHHUE AMEET B3AHMOACHCTBHE 2 — 2’ TPETHEr0 OCHOBAHHSA C AHTHKOJOHOM.

Jis Toro, 9ro0hl mepeiTH OT Ka4ECTBCHHOrO OMMCAHUA CTPYKTYPhl NT€HETHYECKOTO Kozia (OTHOCH-
TEABHO CIOCOOHOCTH KOAMPOBATH @MHUHOKHCIIOTY) K KOJTHISCTBEHHOMY, BBEJIEM YHCIIOBYIO XapaKTepH-
CTHKY SMITHPHIECKOH “CHIIEI” — “cTeneHs AerepMuBanmuu’” Hykireotuaa d. Ucxons us (2) 6ynem cumrars,
9T0 CTENCHD ACTCPMHUHANAHE d MOXXET OPMHUMATH 3HAYCHNS OT OFHOTO A0 YETHIPEX COOTBETCTBEHHO BO3-
pacTasmio 3To# canel. Ecru 00038a9uTs CTeNeHs AeTepMUHANHH KOJIOHA BepXHHM HHIEKCOM B CKOOKaX,
TO YETBEPKY OCHOBaHWH (2) MOXHO MPEJCTABUTE B BHAC BEKTOpa-CTONIONA

Vel ge , 3)

M COOTBETCTBYIOIIEH BEKTOP-CTPOKHA
Vi=(CcWw g® u® AM). - (4)



62
JLP Oyrumii, C.A. ymumait

Onepamus (*) (1) aeficTeyer Ha BekTop-cTonbeN V ClIETyIOMMAM oOpazoM
[ A\

V= s | )

)

PaccMOTpHM BHeIHee npou3beneHue [20] BeKTOpa-cToN01a (3) H BEKTOpa-CTPOKH (4)

/ Cc)
ell) B
M = VxV = e ](0(4) c® y® AM)=
A
/ cOcw cHg® cOu® cWA® \
c®cw g®a® g®u®@ Gg®AW "
TOCH® yog® UueU® UAD (6)
ADCc@® AM@® AMUR AMAQ)

Orcrona BuaHoO, ato M (6) mpexctasnsier coboii MATPHIY AYIUICTOB, BHYTPEHHsS CTPYKTypa KOTOPOH
ONpEeIeTCs BHEIHUM TMPOM3BENCHHEM BEKTOPOB. FIMEHHO 3TOT $aKT 00yCcnaBIMBaeT BEICOKYIO CTe-
NeHs CHMMETPHH MaTpHITel Ml H MO3BONIsET HCCIEAOBATH CBOHCTBA MATEMATHYCCKOH MOJICTH TeHETHYC-
CKOTO CIIOBaps B TSPMHMHAX aGCTPaKTHOH TEOPHH IPYTIIL.

CBOMCTBA MATPHIIBI IYIUIETOB H CTEIIEHH JETEPMHHAILIMHA

ByzieM nomarars, 9To B HEPBOM MPHOMIKSHHH CTENEHb JeTSPMUHAIHH KONIOHA d ABIACTCA aJUIHTHB-
HOH XApaKTEPHCTHKOMH, TO €CTh CTENEHD ACTEPMHHALNH AyTUIETa CKIANBIBACTCS U3 CTENCHEH IeTepMH-
HAITHH COCTARMAIONIHX €10 HYKIeoTHAOB (HampuMmep, dga = dg + da). Torna u3 Marpuus! JyIUIeTOB
M MOXHO NOIYYHTH COOTBETCTBYIOIIYIO (CHMMETPHYECKYI0) MaTpuly DD CTeneHeH AeTepMUHALHH

/8 7 6 5\
76 5 4
D—_‘6543
5 4 3 2

B KOTOPOH SBHO MPOCICKHBAIOTCA CHMMETPHIHBIE 3aKOHOMEPHOCTH. OTMETHM, 9TO CHMMETPHS MaTpH-
sl (7) HACTONIBKO BRICOKA, 9TO MATPHIA CHHIYIAPHA, T. €. €€ IeTePMUHAHT paBeH Hymo det D = 0, u
paHT MaTpHIIbl paBeH AByM rank D = 2, ee nedekT TaKke paBeH AByM. JTO ABIAECTCA CIASICTBHEM TOTO
¢axra, 910 OHA €CTH BHENIHeE npon3seacHue (6). [Ipumeuarensno, uro cnex Marpunsl pasen tr D = 20
H COBNANAET C CyMMOH 2eMEHTOB OOKOBOM quaronam. Buano Taxke, 910 mo GOKOBOM AHMAroHaNM Ma-
TpHLpl (7) ¥ NAPAUIENBHO € HAXOAATCA “paBHOCHIBHBIE” aynuersi. Onepawus (*) (1) coorBeTcTBYeET
OTPAXCHHIO MATPHIILI CTENCHEH AeTepMUHALKH (7) OTHOCHTENHLRO OOKOBOM AUATOHAIIM

. | )

/2 3 4 5)\
"= I ®

=B~
N W™
v SR B -]

3
4
5

M, CHCRXOBATE/IBHO, NYPHH-NHPHMHIHHOBAA HHBEPCHUA HE MEHAET OCHOBHBIX CBOWCTB Marpuum D, 10
ecth iMeeM det D* =det D = 0,rank D* =rank D = 2utrD* = t&r D = 20.

Ecrmm pacnionox#Ts GokoByI0 AHaroHams Marpuill M ropu3cuTansmo, T0 Mbl NomydacM poMGuye-
CKYIO CTPYKTypY AYILICTOB
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1¢ec| =8
__1GC| [CG. = T CHIbHBIE
__JC6u] "]GG| |cu] =6
AC| }|UG|] |GU | CA | = 5 nepexonnsie )
(AG|] JUU| |GA =4
AU | UA = 3 cnabeie
AA =2

COOTBETCTBYIOLYIO POMOWYECKOMY BapuWaHTy NeHeTWdeckoro ciosaps [18, 21], 8 xoropoii onpenere-
Ha “cuja” KaXKAOro AyIUIeTa B TEPMUHAX €ro CTeNCHM ACTCPMMHALMYA TaK, YTO N'OPU3OHTAIbHBIE PAJibI
COCTOST M3 PaBHOCHIBHAIX AymuieToB. [lypuH-mupuMunuHoBas uasepcus (nepexon (1)) coorercTyeT
OTPaXCHHIO POMOWYECKO# CTPYKTYPhl OTHOCHTEIBHO OUAroHand. J{YIUIETE CO CTENEHBI0 AeTEPMUHA-
MM OOJIbIIe S KOOUPYIOT OXHY aMHUHOKHUCIIOTY, CO CTEICHBIO JETEPMUHALMH MEHBIIE S KOAUPYIOT JABE
aMHHOKWCIIOTHI, 3Ha4eHNe 5 — mpomesxyTouroe: u3 3toro paga AC u GU peTepMHHMPYIOT IO OJHOM
ammHOKHCIoTe, @ UG 1 CA mo gBe. AMUHOKHCIOTHI, KOQUPYEMBIE AYIUIETAMA C HU3KOH CTENEHBIO
JCpMUHAIHY (MEHBIHE S) IPHHAIEKAT K pa3HLIM KilaccaM Mo XMMHYECKOMY THITy PaJUKaloB, KpoMe
nynnera GA, nerepmusupyromero Asp u Glu oHoT0 XMMAYECKOro Kiracca. B mpoMexyTodHoM ciryyae
CTETICHb JeTepMHMHALX NyIUIeTa NPONOpOMOHAIbHA YHCIY BOXOPONHBIX cBa3ei. IlypuHOBEIE OCHOBa-
uust (G u A) 06pasyior no ABE BOTOPOAHEIX CBA3M, a mupumumuBaossie (C u U) no Tpu cBasm.

TPEXMEPHASA MATPHIIA KOJOHOB

Ot Marpuns! aywieroB M (6) MoxHO TTepeiiTH K CTPYKTYpE TPHTIIETHOrO KoJia CIeAYIOUIMM 00pasom.
IIpeacraBum, 9o MaTpuna aymieToB M HaxomuTes B IOCKOCTH KOOPAHHAT ZY. YMHOXUM 3Ty MATPHIY
Ha BekTop cronben V (3), mexaumii Fa ocH, MEPIIEHANKYIIAPHON INIOCKOCTH LY, TO €CTh MOCTPOUM TPOW-
Hoe BHeiHee npousseaenue K = V x M. Takum o6pazom, no ananoru ¢ (6) Mbl NOIy4YWIH TPEXMEPHYIO
MaTpHIly S€TBEPTOIO MOPAAKA, WIH KyOWYECKYI0 MaTpUIy HaJ MHOXECTBOM TPUILIETOB.

Jis onpeeneHAs CTENEHN JeTCPMUHALIUH TPHIUIETOB Taloke BOCHONB3yeMCs MPEION0KeHHEM 00
AJUIMTURHOCTH, KaK ¥ JUIf QyIUieToB (Hanpumep, doga = do + dg + da ). Torna xaxpaeni us 64 sie-
MEHTOB (KOHOHOB) KyOM4ecKoi MaTpHilsl OyJeT MMETh YHCJIOBYIO XapaKTEPUCTUKY — CTETICHb JETEp-
MHHAIHM KOZOHa OT 3 0 12, xoTOpyIO 14 KparkocTy OyAeM Ha3sIBaTh CHIIOH KOJOHA, a CyMMBI CTe-
neHel AeTepMUHALINE KOXOHOB, JEXKAMMX Ha ONHOM I'paHy — CHIOH rpaHu. KoooHB ¢ MMHHMATLHOM
cunoit 3 — (AAA) u MaxcumamsHOl 12 — (CCC) nexar B NpOTHBONOJIOXHEIX BEPIIHHAX Ky0a, IpHy-
geM CCC HaxomuTcs B IIOCKOCTH BepxHell rpany, a AAA — B INTOCKOCTH HIDKHeH rpanu Ky6a. Ha-
3oBeM AAA(3)-lys Murmmaneasmv nomocoM, a CCC(12)-Pro— makcumansaeiv!. Cymma cuwt 1o
BCEM YETRIpEM OWaroHayisM Kyba paBHa 30, 910 yKa3hIBaeT Ha BHICOKYIO CTENTEHE CHMMETPHH MaTPHIIEL.
Cymma cusn BepxHeii rpanu Kyba

CCC12)-Pro CCG(11) — Pro CCU(10)-Pro CCA(9)—Pro
CGC(11)-Arg CGG(10)-Arg CGU(9)—Arg CGA(8)-Arg

. 10
CUC(10)—Les CUG(9)—Leu CUU(8)—Leu CUA(7)—Leu 9
CAC(9)—His CAG(8)-Gln CAU(7)-His CAA(6)—Gln

paBra 144, a mwkHel rpady

ACC(9)-Thr ACG(8)-Thr ACU(7)—Thr ACA(6)-Thr
AGC(8)-Ser AGG(7)-Arg AGU(6)-Ser AGA(5)—Arg a1

AUC(7)-lle AUG(6)-Met AUU(5)—lle AUA(4)-lle
AAC(6)-Asn AAG(3)-Lys AAU(4)-Asn AAA(3)-Lys

pasHa 96. BokoBHie rpaE¥ (HapyXHbIe IIOCKOCTH Kybmaeckoi Marpunn K) no cuie pasnmuiaorcs oT-
HOCHUTEIBHO JHArOHaALHOI0 CCYCHYS, NOCTPOCHHOTO JEPE3 SNEMCHTEI CAC(9), CCA(9), ACA(6),
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A AC(6). I'pann, nmeromme obmee pebpo CAA— AAA

CAC(9)-His CAG(8)—Gln CAU(7)-His CAA(6) —Glin
GAC(8)—-Asp GAG(7)-Glu GAU(6)-Asp GAA(5)—Glu (12)
UAC(7)-Tyr UAG(6)-TERM UAU(S5)-Tyr UAA(4)-TERM
AAC(6)—Asn AAG(5)—Lys AAU(4)—-Asn AAA(3)-Lys

CAA(6)-GIn CUA(7)-Ley CGA(8)—Arg CCA(9)—Pro
AGC(5)—Ser GUA(6)-Val GGA(7)-Gly GCA(8)—-Ala (13)
UAA(4)-TERM UAA(5)-Leu UGA(6)-TERM UCA(7)—Ser |
AAA(3)-Lys AUA(4)-lle AGA(5)-Arg ACA(6)—Thr

HMEIOT CHITY, PaBHyIo 96, a rpann ¢ o6mum pe6pom CCC— ACC

CCC(12)—Pro CCG(11) —Pro CCU(10)—Pro CCA(9)—Pro
GCC(11)-Ala GCG(10)-Ala GCU(9)-Ala GCA(8)—Ala
UCC(10)-Ser UCG(9)-Ser  UCU(8)-Ser UCA(7)—Ser
ACC(9)-Thr ACG(8)-Thr ACU(7)-Thr ACA(6)—Thr

(14)

CAC(9)—-His CUC(10)—Leu CGC(11)-Arg CCC(12)—Pro
GAC(8)-Asp GUC(9)-Val GGC(10)-Gly GCC(11)-Ala
UAC(7)-Tyr UUC(8)-Phe UGC(9)-Cys UCC(10)—Ser
AAC(6)-Asn AUC(T)—lle AGC(8)-Ser ACC(9—Thr

(15)

MMEIOT CHITY, pasHyIo 144, CnenoparensHo, rpani uMeromme o6uryio Touxy A A A (3) xapakrepusyiorcs
cunoii 96, a rpanu, mepecexalonmecs B Touke MakcumansHoro nomoca CCC(12), umetor cruty 144
Kaxaas. DTo MOATBEPKAAET BEICOKYIO CHMMETPHIO KyOuueckoii Marpunb K.

BHyTpeHHHE IUIOCKOCTH MATPHIbl, APATUICIBLHBIC TPAHAM, YHC/IO KOTOPBIX WECTh, KAK H HAPYyX-
HBIX, 1O CYMMe CHJI pa3fieNAioTCa Ha aBe rpynnel: ¢ cuiaMu 112 u 128. Jlpe BepTHKATBHBIC IUIOCKOCTH
[CAU(7),CCU(10), ACU(7), AAU(4)] u [CUC(10), CUA(7), AUA(4), AUC(7)], marms me-
peceyenns kotopaix npoxoaut yepe3 CUU(8)— AUU(5), a raxxke mnockocts [UAC(7), UCC(10),
UCA(T), UAA(4)], nepecexaromas qse nepesie U umeromas ¢ aumu o6uryro rouxky UUU(6) nmeror
crwty 112 kaxnas u Haxonarcs Omike K MEHMManbHOMY nomocy. [Tnockoctn (CGC(11), CGA(8),
AGA(5), AGC(8)] u [CAC(8), CCG(11), ACG(8), AAC(5)| nepecekatorca no craexyomei
npamoit CGG(10)— AGG(7) u umeror ¢ mnockocteio [GAC(8), GCC(11), GCA(8), GAA(5)]
obmyio Toaxy GG G(9). Cuna xaxnoi w3 Hux pasaa 128. OrmeTHM 9T0, TOYKAMH NEPECEICHHNA PABHO-
CHIBHBIX TUIOCKOCTEH ABIAIOTCA MOHOTOHHBIC TPHHYKICOTH B!, HAXOMMIIHEC HA [TIABHOM JHArOHAJIH.
Orcrona cnexyeT NpaBHIIo:

Cuna zpanu unu nnockocmu, napaunenvnou 2panu, dyigne 00HO3HAYHO ONpedersemcs ee
eouHcmeennbim monomontsim mpunykneomudom AA A (3), UUU(6), GGG(9), CCC(12)
u pasna 96, 112, 128. 144 coomeemcmeenno.

Bax#0, 4To rpa@uK 3aBUCHMOCTH CHIIBI IUTOCKOCTH dplane OT CHIIBI IPHHAIEKALETO € MOHOTOH-
HOPO TPHHYKICOTHAA U yon, OPEACTABIACT COOO0M NPAMYIO THHUIO

16
dplane = "'é"d'mmw + 80, (16)

970 SRIACTCA CHEACTBAEM BLICOKOH CUMMETDHI KyOWHeckolt MaTpus.
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KYBHYECKASI MATPHIIA KOJIOHOB H BBIPOXJIEHHOCTD KOJIA

PacemMoTprM 0COGCHROCTH PacTIONOkKEHHA KONOHOB M HX 3HAYCHMIH B IOCTPOCHHOM KyOH9IeCcKoM Ma-
Tpuue K. TlockonbKy KkaoMy KOIOHY, KPOME TPEX TEPMHHATBHEIX, COOTBETCTBYET AMUHOKHCIIOTA, TO
MOXHO FOBOPHTH O TPEXMEPHOH MOJE/H T€HETHISCKOrO C/IOBapA.

Ormvernm crnexyromme cBoiicTsa 310# Monenn. Tuapod 06HbIE AMHEOKHCIIOTHI Leu, Val, Phe, lle ne-
xar B onuoi mwiockoctn CUC(10), CUA(7), AUA(4), AUC(7). OKCHMOHOAMHHOKAPGOHOBEIE K-
CHOTEI cepun (Ser) u Tpeornn (Thr) maxonsrcs Ha Rapyxuoii rpann CCC(12), CCA(9), ACA(6),
ACC(9). Ha sepxneii rpanu Kyba HaxosTcs YETHIPE U3 MIECTH KOJOHOB JICHINHA H aprHHHMHA, H BCE
KONOHBI 3TOH IPaHM COAEPaT HUTO3HH. KoxoHs! MponmHa 3aHMMAIOT CTPOKY ¢ HAHGOMBIMME CTEme-
rava perepmunammn CCC(12), CCG(11), CCU(10), CCA(9). AMHHOKHCIOTEI, KOMMPYIOMHECS
YETHIPEMS KOJOHAMH, PACIIOJIOXEHE! B CTPOKY, MPHUEM MOHOBMHHOKapOOHOBEIC aMHHOKHCIIOTHI JIEXAT
B OHOH ILIOCKOCTH

GCC(11)-Ala GCG(10)—Ala GCU(9)-Ala GCA(8)-Ala
GGC(10)-Gly GGG(9)-Gly GGU(8)-Gly GGA(7)—Gly an
GUC(9)-Val GUG(8)-Val GUU(7)-Val GUA(6)-Val
GAC(8)-Asp GAG(7)-Glu GAU(6)-Asp GAA(5)—Glu
[ocnean oo CTpOKy 3aHUMAKOT MOHOAMHMHOIHKAP6 OHOBHIC AMHHOKHCIIOTHL: acraparuHoBas ¥ IIyTa-
MHHOBas, 001afaroye runpoduIEHEIMA CBOMicTBaMH. Yaukansasie konousl AUG(6)—Met naxomures
B I7IOCKOCTH HIDKHETO OCHOBaHHsA 0CHOBaHH Marpuibl, a UGG(8)—Trp nexurt B oxHOM IWIOCKOCTH

UCC(10)—Ser UCG(9)—Ser UCU(8)—Ser UCA(7)—Ser
UGC(9)-Cys UGG(8)—Trp UGU(7)—-Cys UGA(6)-TERM as)
UUC(8)—Phe UUG(7)—Leu UUU(6)—Phe UUA(5)—Leu
UAC(7)-Tyr UAG(6)-TERM UAU(5)—-Tyr UAA(4)-TERM

¢ repmuBHaTbHBIMA KofoHaMu UA A(4), UGA(6), UAG(6), koTopbie HMEIOT CTENCHH NeTePMHHALHH
He OombIme 6 W HAXOAATCH HA PaBHOCHIBHEIX GOKOBBIX rpamsx ¢ d = 96. B ofimeM ciIydgae MOXHO
3aMETHTB, 970, 96M 0O/IbINe KOXOHOB KONHPYET OJHY AMHHOKHCIIOTY, TeM GOJIBIINe CHIIA KaXIOTO U3 HHX
(8-10), ynuxamsHEIC KONOHEI, HAIPOTHB, HMEIOT HEBBICOKHE CTENCHA JeTepMuHaLyH (4-8).
Onpenennm cHTy aMHHOKHCIIOTE dAMK KaK CPEIHEe apHPMETHYECKOE CHIT KOXOHOB deodon, AETED-
MHHHPYIOIIHX €€
| > deodon
S ?

(19)
Ndeg

LAE Ngey — ITO €€ CTEMNCHb BRIPOXKACHHOCTU. TO €CTh, 18 KaXAoH U3 20 aMUHOKUCIOT Mbl MOy UMM
YHCHOBYIO XapaKTEPHCTHKY damk, KOTOpas MOKa3BIBAET C KAKOH CHJIOH HeTEpMUHHPYETCS TaHHAS aMH-
HOKHCJIOTa. JTa 3aBHCHMOCTE H 3aBHCHMOCTD CPEIHEN CHIBI aMUHOKHCIOTH dapMK OT 9HC/a KONOHOB
Ndeg TPEACTaBICHE! B Tabmmue 1.

damk =

- AMK dAMK ndeg
[ Lys 4 2
Asn 5 2
_ lle 53 3
- Glu/Met/Tyr 6 | 2/1/2
Phe/Asp/Gin | 7 2/2/2
Val/Thr 7% 4/4
e .7‘% -
| Cys/Trp/Ser/His | 8 |2/1/6/2
Gy 8-% |4
~ Ala 95 4
Pro 11 4
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710 O3BOJIFET AHATH3HPOBATH PANTHYHBIC CBOHCTBA aMHHOKHCIIOT B 3aBHCHUMOCTH OT BBEJCHHOH
cubl (CTENMEHH ACTEPMUHHPYSMOCTH dAMK)-

CBOIMCTBA PABHOCHJIbHBIX CEYEHTH

PaccMOTPHM FeOMETPHYECKOE PAaCHONIOKEHHE B xybuaeckoit Marpuue K KofoHOB, HMCIOIMX paB-
Hyi0 ciIy. KOTOHEI ¢ OMHAKOBOH CHOH (opdon = CONSL IEXAT B IIOCKOCTAX, MCPICHIMKYIPHEIX
raBHoO# qHaronam kyoa AA A (3)— CCC(12). MoxHO noKa3aTh, 10 TAKHAX fiockocTelt (W cede-
HAH) 1eCATH (C YYSTOM JBYX YITIOBBIX OJTHO3IEMEHTHBIX ), KOTOPBIE NPEICTABIAIOTCA B BUAC PASTHIHBIX
reoMeTpHuecKuX Guryp. Cuma ceuenHs dsection OMPEACIACTCS KAK CHIA Ka)KIOro M3 BXOAAINKX B HE-
0 KOMOHOB dsection = Oeodon = COMSL, 8 KONHIECTBO JICMCHTOB B CEUCHHY HAXOMATCH B CISHYIOMICH

3aBHCUMOCTH OT dsection

Cuna cedeHHA dsection 345/ 6|7 (8|9 |10]11 |12
Unco aneMenToB Bcevennn || 1|31 6| 10 ] 12 12110 6 | 3 1

OTcioa BHHO, UTO IECATH CEUSHUH pacafalorcs Ha MATh B3aHMOJONONHHTEbHBIX Nap, AMCIOMIHUX
OUHAKOBYIO HOPMY U KOMHYECTBO TPHILICTOB M CBA3AHHBIX MEXLY co6oii NypUH-MUPAMUIMHOBOH HH-
BepcHeii ¥ oTpaxerHeM. ECIH CHTy CedeHHA NONOHUTETBHOH IIapsl 0003HATHTS d? . ction> TO 13 TaOmALBL

2 cnepyet popmyna

dsegtion o d:edim = 15. (20)

B npocreiiieM ciyuae OXHONIEMEHTHOI Napsl HA0MOAAETCA MOHOTOHHAS NypHH-IUPUMUIMHOBAS
k3
uuBepcust AAA(3) < CCC(12). Cneayromas napa B3aHMOJOTIONHHTEIBHEIX (B cMEICTE opMyINTEI
(20)) ceueHHU COCTOUT U3 TUIOCKOCTEH € TPEMS KOAOHAMH

d=4 d=11
UAA CGC CCG
Term & Arg Pro
AAU AUA GCC
Asn lle Ala

OrMmeTHM, 9T0 ceyeHue d = 4 He COAEPKUT “CHITBHBIX” QyTIIETOB, a cedenne d = 11 He conepXkuT
“cnabbix” AymueToB. B OCTANbHLIX Mapax NMPOUCXOAMT CMEILEHHUE “Clabbix” u “CHIIBHBIX” JYILICTOB.
Hanpumep, napa cedeHud ¢ 6 INeMEHTaMHu UMEET BH

d=>5
GAA
Glu
UAU UUA
Tyr Leu
AAG | AUU AGA
| Lys lie Arg
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d=10

[ CUC CGC CCU
Leu ~ Arg Pro

“GGC | GCG
Gly Ala

UCC
~ Ser

Brmo, uro ceenue d = 4 (d = 5) smiserca orobpaskenneM B ceaerne d = 11 (d = 10) npn
IeHCTBHH IypHH-IMPEMUIAHOBON uEBepcHn G <= U, C <= A (1).

IIpamearensHo, 9T0 MOKOGHBIE OTOOPAKEHNS W 3ePKANbHAS CHUMMETPHA ¢ MOBOPOTOM Ha YOI 7
OTHOCHUTENIBHO OCH Y HaOIIONaIoTCs BO BCEX NMapaX NeoMETPHYECKH MTOAOOHBIX CEYeHUM ¢ OMMHAKOBLIM
YHCIIOM 3JIEMEHTOB, YTO HALISIHO MPOC/IEKHUBACTCS U3

d=35: AAG - UAU - GAA - UUA - AGA - AUU

g = | 21)
d=10: CCU —- GCG —- UCC - GGC —» CUC —» CGG

ITapa cegennii ¢ cunamu 6 U 9 conepkut B ToM umciie B MoHoToHHEIe kofoHsl UUU u GGG,
HaXONAINUECS Ha UaroHamy Kyba i BHYTPU CEYCHHS

d=6: UUU - AAC - UAG - GAU - CAA - GUA
- UGA - ACA - AGU - AUG
]l*
d=9: GGG - CCA - GCU - UCG - ACC - UGC
— GUC - CAC - CUG - CGU

Cegenni ¢ d = 7 u d = 8 coneprxar o TpH MNIEMEHTA, JIEXAIUX BHYTPH NEPUMETPa CEICHHUA

d=7: AUC - UAC - GAG - CAU - CUA - GGA
—+ UCA - ACU - AGG - UUG - GUU - UGU
{ =
d=8: CGA - GCA - UCU - ACG - AGC—-=UUC
—- GAC - CAG - CUU - GGU - UGG —» GUG

TEOMETPHYECKHE CAMMETPUN KYBHYECKOH MATPUIILI KOJIOHOB

PaccmoTtpnm cederme ¢ cuntoif d = 4, BiTIoYalomee TpH neMeHTa. [IpecTaBuM ero B BHE paB-
HOCTOPOHHETO TPEYTONbHUKA B BEPIIMHAX KOTOPOro PacnoIOKEHEI KOJOHBI (nepequcneﬂm 0 4acOBOH
CTpeNnKe, Ha9WHas C HWKHEHW IeBOW BEpIIWHEI):

AAU — UAA — AUA. (22)

OIeMEHTHl CeYeHUA UMEIOT CBA3HOCTH, TaK KaK KOJOHKI OTIMYAIOTCS ApYT OT Apyra OIHHM OCHOBA-
HUCM.

Hanee, kaxastif KOJOH MOXHO B CBOIO 0Yepelb MPEACTaBUTh Kak PABHOCTOPOHHUH TPEYTOILHHK, B
BEpIIMHAX KOTOPOTO NEKAT &AUEHATHBIE HYKISOTHIIH. Bpazmcnneu , HaripuMep, Tpeyronsauka A AU Bo-
KpYT OCH z, IpETeHIMKYAKPHOH €ro IIOCKOCTH Ha YTIIHI 37 -g-ar MOXCHO NIOTYIHTB ITOCIEN0BATEIbHEIE
MpeBpamenus (epexojsl) JAEMEHTOB ceqerud (22).

IToBOpOTOM Ha HONOKHTEALHEIH YION, OTHOCHTEILHO HANPABICHHON OCH, Mbl, KAK 3TO OOMICHIpH-
HATO [22] Gynw CYHTATE HOBOPOT, comnercrsymnmﬁ BpaUIEHWIO MPaBOro RHHTA, TO €CTh MO YACOBOH
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CTpENKe, €CITH CMOTPETH BAOIb OCH B IOJIOXHTENEHOM Hanpaailenuu. O603Ha4MM OTEPALHIO BPALICHHA
2 - | . i
tpeyronsauka A AU Ha yron Ear kak R;, a Ry — IOBOPOT Ha gar, nosopor A AU Ha Hy7eBo#i yron 060

sgaunm E. MOXHO NoKa3aTs, YTO COBOKYITHOCTS ONEpaluii BpalieH s E, R,, Ry soxpyr ocH 2 obpasyer
rpynmy. Jns 10Ka3aTensCTBa 3TN0 YTBEPKIACHUA COCTaBUM TaOuuIly YMHOXCHMA ('raﬁnmiy Kamu). Co-
IIaCHO OoMpeneneHuio [22] coBOKYMHOCTE I a1eMeHTOB G1, G2, G3... Ha3BIBAETCS TPYNTION, ECNH 3ajaH
3aKOH “yMHOXCHHA~ HJIH ONepaLys, yIOBICTBOPsIOLas ClICAyIOLUM TpeGoBanuaM, Pe3yasTar yMHOXeE-
HUA JBYX MeMEHTOB G, H G Ha3BIBAETCA MPOM3BEICHNEM U JOIDKEH MPHHAIIENKATE IpyHIie. B namem
ciy4ae NeMEHTaMH TPYIITBL SBVISIOTCS MOBOPoTH E, Ry, R, a MPOU3BENCHHEM — NOCIER0BATENBHOE
BHIIIONHEHNE MOBOPOTOB. ECii MoBOPOT F; MEPEeBOUT CUCTEMY M3 IONOXCHHA A B nonoxenue B, a mo-
BOPOT R> u3 nonoxenus B B IONOXEHHE C, To npousBeacHue R; K2 MepeBOIUT CHCTEMY U3 A B C (3akoH
YMHOXEHUs orepanuii Bpamenus). [Ipu nosopore Ha HYJIEBOM YTOI TPEYrOJbHUK IIEPEXOUT CaM B Ce-
651, T0 ecTh F — onepanusd TOXASCTBEHHAA, MIOJIHOCTBIO COOTBETCTBYHOINAS TpeOOBaHWIM €IUHIUYIHOTO
SIICMEHTA

R1XE=R1;R2XE:R2.

2 4
J{BOiiHOE BHIMOJIHEHWE NMOBOPOTA Ha -é-ar HIAEHTHYHO TOBOPOTY Ha -:-3-7r, nostomy R; X R; = Ra.

AHaJIOTHYHO HaXCOWM IMPOU3BEACHUA OCTANTBHBIX ANEMEHTOB.

G \ Gy [ E Ry | Ry
FE F | R | R
Ry Ry | Ry | By
Ry Ry, | E | Ry

BuHO, 4TO COBOKYITHOCTE 3€MEHTOB [’ ABNISETCA rpyNIoi, MOCKOIBEKY BBIIONHAIOTCA YCIOBHA:

1. TIpou3sBeaenye MOOBIX ABYX JIEMEHTOB MPHHAJIE)KHT COBOKYITHOCTH.

2. YcioBHE acCOIMATHBHOCTH, TO €CTh NIPH MEPEMHOXKECHHUHM TPEX IMEMCHTOB HE IODKHO UMETh 3Ha-
q9eHWs B KakOW MOCJIENOBATENLHOCTH BRITIOHAETCA 3TO YMHOXEHHE. [T0CKONBKY 3/IEMEHT Tpymmsl —
MOBOPOT, TO 3TO YCIOBHUE BHINOIHACTCA.

3. EAWEWYHBIN 3/IEMEHT OrOBOPEH BHIIIE, a CYIIECTBOBAHNE 00paTHOTO BBITEKAET W3 TAONHUIIBI YMHO-
xenus. Kak npousBeieHHe ABYX Onepanuit COBMELICHUA, TaK U AeHCTBUE oOpaTHOE 11000M U3 HUX, ecTe-
CTBEHHO, SBJISIOTCS ONEpAIlUIMU COBMEICHHA. |

Taxum 06pa3zoM MBI 10KA3aJIH, 9TO CEYEHHUE CO CTENCHBIO JeTepMUHaLUK d = 4 obnafaeT CBOHCTBA-

MM TPYyTsl. AHAJIOTHIHO MOXHO J0KA3aTh TPYNIIOBbIE CBOMCTRA ceyeHusd d = 11, Taioke coaepikaiiee
TPH KOZOHA |

CCG - CGC — GCC (23)

B kax1oM U3 ceqeHHi MOYXKHO HaWTH obmiee YUCIIO TYPUHOBBIX H TUPUMHIVNHOBBIX OCHOBaHUA.

| dsection | NC ng | ny | na l nc + ny | ng + na , An
= == == e
3 0 0 0 3 0 3 -3
4 0 0 3 6 3 6 -3
5 0 3 6 9 6 12 -6
6 3 6 9 | 12 12 18 -6
7 "6 19 12]9 18 18 0
'8 9 121 9 6 18 | 18 0
9 12| 9] 6| 3 18 12 6 |
1 10 916 1 3 0 12 6 6
11 6 {1 31010 6 3 3
12 3000 ) e
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I'paduxk sasncamoctn An ot d npejcrasiser o6 NEPHOANIECKYIO ynxnro ¢ 06nacTeIo onpese-
nennd {3;12} u obGnacTeio 3HAYCHMH Ha oTpeske {-6;6}. DTa GpyHKIHsA ONHCHBACT KOTeOaHMs Pa3HOCTH
KOIHMYCCTBAa MHPHMHINHOB H TMYPHHOB B KONOHAX C ONMHAKOBBIME CTEIEHAMH JETEPMHHANNM, UTO MO-
3BOIICT FOBOPHTE 00 ONpeNeeHAOM GHOIOTHYECKOM CMBICIIE BBSACHHOM HAMM CTEIICHH JeTCPMHHALHA
HyKIeoTHIA d. |

OrmernmM, 910 peds HACT 0 3aBHCHMOCTAX BHYTPH F€HESTHIESCKOTO CI0Baps, MPUMEHHUMBIX H K OTHO-
HCHOYCUHEIM HYKICOTHIHBIM HOCTICAOBATENIEHOCTAM B oTIHIHe 0T Yapradda[23], onucasimero mypus-
MHPMMHIHHOBEIC COOTHOMCHNS B Monrekyne JIHK. Taxum obpazom, Graronaps BBEXECHHOI CTeenH Je-
TCPMHUHALMH HYKICOTHA BO3MOXXHO aHATH3MPOBATH HE TONBKO OTHOCHTEIBHOE W KAYECTBEHHOE, HO H
abCOMOTHOE COAEPKAHHE ONPEACACHHBIX HYKIICOTHIOB B T06OM I'eHETHIESCKOM TEKCTe.

BBLIBOIbI

Taxam obpasom, anreGparaeckuii MOAXOA JACT BOIMOXKHOCTD 110 HOBOMY B3IISHYTh HA MpoGmemy
FeHETHIECKOro koxa. CammeTpuu, HabmofaeMbie B KOAe MPOABIAIOT cefd B mpomeccax BHIGOpa Komo-
HOB AT ONPENCNICHHA PasIHYHbIX aMHHOKKCIOT. [Ipetoxennas Moaens MOCTPOEHa Ha OCHOBE paz/THy-
HOM cnnocobnOCTH HyKneotHaoB C, G, U, A o1H0329HO JeTepPMUEUPOBATE AMHEOKHCIOTY. BReiennOe
OOHATHE CTCNICHN JCTCPMHHANMM HYKJICOTH A MTO3BOJIIET MPEACTABIATE NeHETHISCKHE TEKCTHI KaK MO-
CIEROBATENIBHOCTD IUCEN OT 1 10 4 (paKTHICSCKH B YSTBEPHUIHOH CHCTEME CYMCICHMSA). AHATH3 TAKHX
OCIENOBATEALHOCTEH MOXET MPHBECTH K Goree IyGOoKOMYy HOHMMAHHIO MPONECCOB TPAHCKPHIIHH H,
BOSMOXHO, K (OpPMYITHpOBKE HOBBIX NPHHIHMIOB KOHCTPYHpOBaHHs pekoMbuHanTHEX JIHK, uro B Ha-
CTOAIICS BPEMS ABIIICTCS HEOTHCMIIMMEBIM KOMIIOHCHTOM Pa3BHTHS METOAOB KJIOHHPOBAHMS M M€HHOMH
HHXXCHEPUH.
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