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AHOTAIIA

Kypacosa 0. /]. Peakuii XJ0OpBMICTHUX KOMILJIEKCIB KYNPyMy 3 HEHACHYCHUMU
OpraHiyHUMHU KucioTamMu. KBaHTOBO-XiMiuHMU aHami3. — KBamidikamiiiHa HaykoBa

npatls Ha MpaBax PyKOMHUCY.

Huceprarist Ha 3100yTTs CcTymneHs Joktopa ¢urocodii B ramy3i 3HaHb 10
[Tpupogunui Haykm 3a cremianpHiCTIO 102 Ximis. — JIHINPOBCHKWI HAIIOHATBLHUN
yHiBepcuteT iMeH1 Onecs 'onuapa, nHinpo, 2024.

HNucepTaniiiny po00OTy NPUCBAYEHO IOCTIIKEHHIO EICKTPOHHOI Oya0BH
XJIOPUIHUX alugoakBakoMiyiekcis CU’ 3 HeHAaCHYEHMMH OPraHiYHUMH KHCIOTAMHU Y
BOJTHOMY CEPEJOBHII, 3’SICYBAaHHIO XIMIYHMX IPOIECIB 3a Y4acTi ITUX KOMILICKCIB,
BU3HAYCHHIO KOPEISIiHHIX 3aJICKHOCTEH MIXK PO3pPaxXyHKOBUMH Ta
CKCIICPUMCHTAIBHAMH ~ [ApaMETpaMH sl O-alHJ0aKBaKOMILIEKciB  Cu”*
OJIHOOCHOBHHMH Ta JIBOXOCHOBUMH KapOOHOBUMU KUCIIOTaMHU.

VY mepmoMy po3aijii npoBeIeHUN aHai3 JITEpaTypHUX JKEpEN, B pe3yJbTarl
AKOTO OYyJIO PO3IJISTHYTO OCOOJIMBOCTI TEOMETPUYHOI OY/I0BU TT-KOMILIEKCIB Kynpymy(I)
3 HECHACMYEHHUMH OpPTaHIYHUMH JIITaHIaMH.

Ha ocHoBi anamnizy 310paHoi iH(dopMaliii 3p00IeHO0 BUCHOBOK, 10 JJOCUThH BEIUKA
YaCTHHA KPUCTATIYHUX TT-KOMIUICKCIB Cu' 3 OpraHiYHUMH JIITAHJIaMH B CBOEMY CKJIaJii
OKpIM OpraHi4HOi KOMIIOHEHTH BKJIIOUYA€ HEOpPraHIYHY aHIOHHY KOMIIOHEHTY SIK Yy
30BHIIIHIM Tak 1 Yy BHYTPIIIHIA KOOpAWHAIINWHIA cdepi, OUIBIIICTh 3 KOTPUX €
rajJioreHamu, 30KpeMa XJIopuJl aHioH. OCTaHHIH, OKpIM TOTO, 110 HEUTpali3y€e KaTIOHHY
YaCTUHY IEHTPAJIBHOTO aToMa Ta IIe, SK MOKa3aHO B JITEpPaTypHOMY OTJISII, 37aTEH
YTBOPIOBATH JOJIATKOBI 3B’SI3KM 3 cycigHiM atomMoMm Kympymy, 1 Takum 4YHMHOM
BUOY/ZIOBYBATUCh B JIOBIl MOJIMEpHI CTPYKTypu. ToOTO, HEOOXITHOI YMOBOKO JJIS
YTBOPEHHSI CTaOUTHhHUX T-KOMILUICKCIB Cu’ y KPHUCTaJIYHOMY BWIJISIZII € OJHOYACHA
HasBHICTh 5K 7-3B°s3Ky (iomy Cu’ 3 HeHacmueHnm C=C-(pparMeHTOM OpraHiuHOIO
niranay) Tak i 6-38’sa3ky (iony CU™ 3 HeOpraHiYHMM JiraHIOM/KMCIOTHHM 3aJIHIIKOM

a00 HEraTUBHO 3aPSHKEHOI0 (PYHKITIOHAIBHOIO TPYIIOI0 OPTaHIYHOTO JITaHTY).



3

3a pe3yibTaTaMu aHali3y JIITepaTypd MOXKHA JIMTH BUCHOBKY, IO ICHY€E Kpai
oOMesKeHe KOJIo POOIT Npo iCHyBaHHsA ab0 YTBOPEHHs XJIOPHAHMX T-Kommiekcis Cu’ 3
TaKUMU HEHACMYCHUMHU KapOOHOBHMH KHCIOTaMHU SIK MayieiHOBa, (ymapoBa Ta
aKpHJIOBa KUCJIOTA.

Y apyromy po3gijii omnucaHi BHKOpUCTaHI y poOOTI TEOpETHYHI Ta
€KCIIEpUMEHTAIbHI METOAM JTOCHIIKEHHS, XIMIYH1 peaKTUBU Ta YMOBH iX 3aCTOCYBaHHSI.

Jlo TpeTboOro po3ainy yBIMIIUIA Pe3yIbTaTH KBAHTOBO-XIMIYHOTO MOJICITFOBAHHS
XJIOPUJHUX T-al[UI0aKBAKOMILIEKCIB 3 MaJIeTHOBOIO KHUCJIOTOI0. Jlnsi  KiactepiB
saraneHOTO ckaaxy [Cu’(L)(CI)(H.0)n](H20)2 (me L — 01HOOCHOBHI Ta IBOXOCHOBHI
KapOOHOBI KHCIIOTM B MOJCKYJSpHIA Ta JeNpOTOHOBaHiN (opmax) Oynu mokaszadi
3aKOHOMIPHOCTI CYMICHOI Jii G©- Ta T-JIraHgiB Ha €JEKTPOHHY OyJoBy 1
TepMOIMHAMIYHI MapaMeTpy aluI0aKkBaxjaopokomiuiekcis Cu'”.

Byno mpoaeMoHCTpoBaHO, IO HaKpalll €HEePreTHYHI XapaKTepUCTUKH MAaroTh
0€3BO/IHI XJIOPUJHI KOMIUIEKCH 3 MOJIEKYJaMH HEHACHUUEHUX OPraHIYHUX KHUCIOT. B
HUX JOCATAIOTHCS MaKCHUMAaJIbHI 3HAYCHHS €HEPTiil 3B sA3yBaHHs IICHTPAIBHOTO aroma 3
xsopua-ionom (150 + 1 k/I»x/mMonb) Ta opraniuaum jirangom (130 + 1 k/[»x/Mounb), sKi
NPaKTUYHO He 3aj1eKaTh Bij npupoau kucinotu. [pueananus go [Cu'(L)(Cl))] Monexyn
BOJM € TepMoauHaMiqHO BUTIAHUM TporiecoM (AE, = 10 — 60 xI>x/Mob), SIKHii cripusie
Mepexoqy Bil G-3B’SI3yBaHHSA IEHTPAJIBHHUM aTOMOM aHIOHHHX (OpPM OpraHiuHUX
niraHpiB, go m-38°a3yBanHHsa. CrabineHi m-kommiekcu [Cu'(L)(H,O)(Cl)] icuyrots 3
ycima hopMamMu JOCTIKEHUX KUCIIOT.

B pesymbrati mnopiBHsANBHOro aHamisy m-kommiekcis  [Cu’(L)(H,0)(CI)]
MOKa3aHo, 10 MepexiJ BiJ MOJEKYJIIpHOi (GOPMU OpPTaHIYHUX KHUCIOT /10 aHIOHHOI B
yciX BHIAjKax MOTIpIIye sfK eHepreTuKy o-38’sa3kiB Cu’ 3 aHioHamm Xopy Ta
MOJIEKYJIaMH BOJIM, TaK 1 €HEPreTUKY 7-3B’A3KIB. 3a 3MIHOIO €(EeKTUBHOIO 3apsiay
IIEHTPAJILHOTO aToMa KUIBKICHO OIlIHEHa aHTaroHICTUYHICTh CYMICHOI JIii G-JiraHjiiB B
n-kommnekcax [Cu'(L)(H,0)(CI")]. BcraHoBieHO, 0 B KOMILIEKCAX 3 MOJIEKYIISPHOIO
(GbopMOI0  JTOCHIIPKEHUX  HEHAaCMYEHMX  KHUCIOT AaHIOHM  XJIOPY  3MEHIIYIOTh
€JIEKTPOHOJOHOPHICTh MOJIEKYJ BOAM Ha 86 %, a MOJIEKYJIM BOAM 3MEHUIYIOThH

enekrpoHogonopHict Cl Ha 35 %.
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B TperboMy po3aiii Ha MiACTaBl aHai3y pe3yJbTaTiB KBAaHTOBO-XIMIYHOIO
MOJICIIOBAHHSL CIICKTPOHHOI OyIoBH akBakoMuiekciB Cu®’, mo MicTsT aHiOHH
OpraHIYHUX KHUCIOT Ta XJOPWUJ-10HU, OyJO BCTAHOBJIEHO, IO AOCTIHKYBAHHM pPsif
OpraHIYHUX KUCIOT YTBOPIOE ABI JIIHIMHI KOPEJAIINAHI 3aJeKHOCTI pK MOHO3aMIIIEHUX
amunoakBakoMIUiekcie. CU”" Bix e(eKTHBHOrO 3apsgy LEHTpaTbHOro artoma. OpHa
BIJHOCUTHCSI OO aHIOHIB OJHOOCHOBHHUX KHCJIOT, 1HIIA — JO aHIOHIB JIBOOCHOBHHX
KHCIOT. 3 BHKOPHCTAHHAM mapameTpiB Bimmoimmoi pK, Z*(Cu®*)-3anexmnocti Ta
pesyibTaTiB  pospaxyHky Z*(Cu?’) BusHaueHO 3HaueHHs pK UL aKpHJIATHHX
komiexcis Cu?*, mo gopiBHioe 1,778, BimoMOCTi Ipo sSIKy y JTiTepaTypi BiACyTH.

IIpoBOAMIACh OINHKA CTyNeHs 3MiHH e(eKTHBHOro s3apsimy iomis Cu®’ y
kommiekcax [Cu®’(L)], B pesymbrari 4Woro misi Beix JlraHiiB Oyia mopiBHSHA
CJICKTPOJIOHOPHICTH B PAIY: aHIOHW opraHigyHux kucioT (—51,95 %) > Cl (—47,75 %) >
H,O(—21,45%). Opnak, y TMONUIITAHIHUX KOMILICKCAaX 3a PAaXyHOK YTBOPEHHS
oimenraroro rigpaty L H,O aHioHM OpraHiyHUX KHCIOT MOCTYHAlOThCA XJIOPHI-
10HaM.

Byno mokasano, 1o BBeneHHs Cl -aHIOHIB y BHYTPIIIHIO KOOPAMHAIIINHY chepy
MOHO3aMIIIIEHUX aHIOHAMU OPTraHIYHMX KHUCJIOT aKBAaKOMILICKCIB cu® MPU3BOJIUTH /10
3aKOHOMIPHOTO rocnabenHs 38°13kiB Cu*—L. TIpu ibOMy CTYITiHb 3MEHIICHHS SHEpTii
3p’s3yBanns (CU’*—L)-3B’13Ky 3al1eXHUTh Bif HPHPOAM oOpraHiuHoi KucmoTH. s
HACHMYCHUX CTPYKTYp PI3HHUI €Heprii 3B’s3yBaHHS 3HAXOIUTHCA B 1HTepBasli 2-8
kJ>x/Monb, mna HeHacwuueHux — gocsirae 20 kJ[k/mMoiab. CHHXpPOHHO 3MIHIOETHCS 1
CHEPreTHKa PeaKiiii 3aMileHHs] MOJICKYI BOIM B amumoakBakoMiuieke Cu’’ anioHamu
xyopy (3 —4 nmo —30 x/lx/Monb). Lle, a Takox Te, 110 €HEPreTUYHUI ePeKT peakiii
npuegnadds Cl 1o anmmoakBakOMILIEKCIB Cu?* 3 HeHacHMYEHMMH aHIOHAMH € IIE
OinpmmM, gocsraroun  —62 kJk/Moslb 'y  TIpUCYTHOCTI  (pymapaT-iOHIB, CTBOPIOE
CTIPUSATIINBI TOYATKOBI YMOBH JUIS CHHTE3Y 3MIllIaHUX alMI0XJIOpOKoMILTeKciB Cu®'.

VY deTBepTOMY PO31iJii HABOAATHCS PE3yJIbTaTH €KCHEPUMEHTATBHUX (BUANMUN—
yibTpadioIeTOBUM Jlana3oH) Ta TEOPETUYHUX EJICKTPOHHUX CIEKTPIB M-KOMIUICKCIB
Cu" 3 maneinoBow kuca0Tow. IT0Ka3aHO, ONTMMAbHI YMOBM €JlEKTPOXiMi4HOIO

CuHTe3y MajeiHaTHuX KomiuiekciB Cu’, siki 3a0e3meuyroTh npaktuuno 100 % Buxiz 3a
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CTPYMOM IJILOBOTO MPOIYKTY. A caMe MOTEHIIOCTATUYHUI PeXUM, MOTEHITIaI aHO/1a
0,1 B BigHOCHO XJIOPUACPIOHOTO E€IEKTPOJa TMOPIBHSIHHS, KOHIICHTPAIlSI MaJieiHOBOT
kuciotu 0,1 monw/1n1, (pH = 2), t° = 60° C.

CrekTpo)OTOMETPUYHO Yy TOEAHAHHI 3 KBAHTOBO-XIMIYHUM MOJICITIOBAHHSIM
CHEKTPIB  TMOTJMHAHHS  €JIEKTPOMArHiTHOIO  BUIPOMIHIOBAHHA  PI3HOMAaHITHUMU
KOMIUIGKCHIMH CTPYKTYpamMH BHU3HAYEHO CKJIaJ] OTPUMAHOTO TMPOAYKTY Y BOJHOMY
posunni — [CU(H,0)3(HM)]. V sKocTi DiarHOCTHYHOTO KpUTEpio AMs ineHTHiKamil
IPUPOIN KOMITJICKCY OOpaHO PI3HHUITIO TOBXHH XBHJIb MTOTJIMHAHHS CBITJIA TI0 T-3B 3Ky
Cu* 3 sp’-ribpunanM atomoM Kap6ony BiHinbHOro (parMeHTa MaseiHaT-ioHa (061acTh
400 uM) Ta 6-38 13Ky Cu’ 3 10HI30BaHOIO KAPOOKCUIILHOIO TPyHo0 (061acTh 300 HM).

JIJist KUIBKICHOTO aHai3y poO04Yoro po3yrMHy Ha BMICT MajeiHATHUX TT-KOMILJIEKCIB

CU" 3anpONOHOBAHO BUKOPHCTOBYBATU A, C-3a5IeXkKHICTh, BUMIpSAHY pH 360 HM.

Kiro4oBi cj10Ba: T-KOMIUIEKCH KYINPyMY, XJOPUIHI T-alUA0aKBAKOMILIEKCH
KyIpyMmy, MajeiHOBa KHCIIOTa, (yMapoBa KHCIIOTA, aKpUIOBAa KHUCJIOTa, KBAaHTOBO-

XiMiuHe MoJieTtoBaHHs, cuHTe3, UV-VisS-crieKTpodoToMeTpis, CIeKTPOIIi3.



ABSTRACT

Kurasova Y.D. Reactions of chlorine-containing copper complexes with
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The dissertation is dedicated to the investigation of the electronic structure of
Cu* acidoaquachlorocomplexes with unsaturated organic acids in an agueous medium,
elucidation of chemical processes involving these complexes, and determination of
correlation dependencies between calculated and experimental parameters for o-
acidoaqua complexes of Cu®* with monobasic and dibasic carboxylic acids.

In the first chapter, a literature review was conducted, examining the features of
the geometric structure of n-complexes of copper(l) with unsaturated organic ligands.

Based on the analysis of gathered information, the conclusion was drawn that a
significant portion of crystalline n-complexes of Cu* with organic ligands includes an
inorganic anionic component both in the outer and inner coordination spheres, with the
majority containing halogen anions, particularly chloride. The latter, besides
neutralizing the cationic part of the central atom, is capable, as indicated in the literature
review, of forming additional bonds with neighboring Copper atoms, thereby
constructing long polymeric structures. Therefore, a necessary condition for the
formation of stable Cu* m-complexes in crystalline form is the simultaneous presence of
both a m-bond (Cu* ion with the unsaturated C=C fragment of the organic ligand) and a
o-bond (Cu* ion with the inorganic ligand/acid residue or negatively charged functional
group of the organic ligand).

In the second chapter, the theoretical and experimental methods used in the
study, as well as the chemical reagents and conditions of their application, are

described.


admin
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The third chapter presents the results of quantum-chemical modeling of chloride
n-acidoaqua complexes with maleic acid. For clusters of general composition
[Cu™(L)(CI")(H20),](H20),., (Where L is monobasic and dibasic carboxylic acids in
molecular and deprotonated forms), regularities of the combined action of o- and =-
ligands on the electronic structure and thermodynamic parameters of Cu® acidoaqua
chloride complexes were demonstrated.

It was shown that anhydrous chloride complexes with molecules of unsaturated
organic acids exhibit the best energetic characteristics. They achieve maximum values
of binding energies between the central atom and the chloride ion (150 + 1 kJ/mol) and
the organic ligand (130 = 1 kJ/mol), which practically do not depend on the nature of
the acid. The attachment of water molecules to [Cu*(L)(CI")] is a thermodynamically
favorable process (AE, = 10 — 60 kJ/mol), promoting the transition from c-bonding by
the central atom to the anionic forms of organic ligands to =-bonding. Stable
n-complexes [Cu(L)(H,O)(CI)] exist with all investigated acid forms.

As a result of the comparative analysis of m-complexes [Cu*(L)(H,O)(CI)], it has
been shown that the transition from the molecular form of organic acids to the anionic
form deteriorates both the energy of o-bonds between Cu® and chlorine anions and
water molecules and the energy of n-bonds in all cases. Quantitative estimation of the
antagonism of the combined action of o-ligands in the n-complexes [Cu™(L)(H,0)(CI)]
is performed based on the change in the effective charge of the central atom. It has been
established that in complexes with the molecular form of the investigated unsaturated
acids, chlorine anions reduce the electron-donating ability of water molecules by 86 %,
and water molecules reduce the electron-donating ability of CI™ by 35 %.

In the third section, based on the analysis of the results of quantum-chemical
modeling of the electronic structure of Cu®* aqua complexes containing organic acid
anions and chloride ions, it was established that the investigated series of organic acid
forms two linear correlation dependencies of pK, monosubstituted acidoaqua complexes
Cu?* on the effective charge of the central atom. One relates to the anions of monobasic
acids, and the other relates to the anions of dibasic acids. Using the parameters of the

corresponding pK,, Z*(Cu®*)-dependence, and the results of calculating Z*(Cu?"), the
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value of pK, for acrylic complexes Cu®* was determined to be 1.778, for which
information is absent in the literature.

An assessment was conducted to determine the extent of the effective charge
change of Cu® ions in [Cu?*(L)] complexes, as a result of which the electron-donating
ability was compared for all ligands in the series: organic acid anions (-51.95 %) > CI-
(-47.75 %) > H,O (-21.45 %). However, in the polyligand complexes, due to the
formation of a bidentate hydrate L - H,O, organic acid anions yield chloride ions.

It was demonstrated that the introduction of CI ions into the inner coordination
sphere of mono-substituted organic acid anion aqua complexes Cu®* leads to a
systematic weakening of the Cu®*~L bonds. The degree of reduction in bond energy
(Cu®*-L) depends on the nature of the organic acid. For saturated structures, the
difference in binding energy is in the range of 2—8 kJ/mol, while for unsaturated ones, it
reaches up to 20 kJ/mol. Simultaneously, there is a change in the energy of the reaction
of water molecule substitution in acidoaqua complexes Cu?* by chloride anions (from —
4 to —30 kJ/mol). This, along with the fact that the energy effect of the reaction of ClI™
attachment to Cu®* acidoaqua complexes with unsaturated anions is even greater,
reaching —62 kJ/mol in the presence of fumarate ions, creates favorable conditions for
the synthesis of mixed acidochlorocomplexes Cu®*.

In the fourth chapter, the text continues with an analysis of maleate complexes
of Cu’, including experimental (visible—ultraviolet range) and theoretical electronic
spectra. Optimal conditions for the electrochemical synthesis of maleate complexes of
Cu* are shown, ensuring nearly 100 % yield of the target product. Specifically, a
potentiostatic mode, an anode potential of 0.1 V relative to a silver chloride reference
electrode, a concentration of maleic acid at 0.1 mol/L (pH = 2), and a temperature of
60 °C.

The fifth chapter discusses the spectrophotometric and quantum-chemical
determination of the composition of the obtained product [Cu*(H,O)3(HM)] in an
aqueous solution. The difference in absorption wavelengths for the n-bond of Cu* with
the sp®-hybridized carbon atom of the vinyl fragment of the maleate ion (around

400 nm) and the o-bond of Cu* with the ionized carboxyl group (around 300 nm) is
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chosen as the diagnostic criterion for identifying the nature of the complex. For
quantitative analysis, an A, C-dependence measured at 360 nm is proposed.

The composition of the obtained product in an aqueous solution -
[Cu*(H,0)3(HM )] — was determined by spectrophotometry combined with quantum-
chemical modeling of the absorption spectra of electromagnetic radiation by various
complex structures. As a diagnostic criterion for identifying the nature of the complex,
the difference in absorption wavelengths of light through the n-bond of Cu™ with the
sp-hybridized Carbon atom of the vinyl fragment of maleate ion (around 400 nm) and
the o-bond of Cu® with the ionized carboxyl group (around 300 nm) was selected.

For quantitative analysis of the working solution for the content of maleate

n-complexes Cu’, it is proposed to use the A, C-dependence, measured at 360 nm.

Keywords: copper n-complexes, copper chloride n-acido-aqua complexes, maleic
acid, fumaric acid, acrylic acid, quantum-chemical modeling, synthesis, UV-Vis

spectrophotometry, electrolysis.
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— V  axosux euoannsx kameeopii A, 6KkaOUeHUX 00  MINCHAPOOHOI

HAyKoMempu4Hoi 6azu «Scopusy:

1. Quantum chemical modeling of aquachlorocomplexes of Cu® with acrylic,
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ONpayro8anHs aimepamypu, 30UpaHts ma 4acmrko8a oopooKa axmuiuno2o mamepianiy,
HANUCAHHS CMAMmMI).

3. Electrochemical synthesis and spectrophotometric determination of
maleinate complexes of Cu® / Y. D. Kurasova, V. A. Polonskyy, V.F. Vargalyuk,
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30UPAHHI MA YACMKO8A 00POOKA (haKMuuHo20 Mamepiany, HANUCAHHS CMAMmMI).
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5. KBaHTOBO-XiMiyHE  MopemtoBaHHa  m-komiuiekciB  [CU™,Cly(nL),] 3
MasieiHoBOl0 KucioTor B sikocti siranmy / FO. . KypacoBa, €.C. OcokiH,
B. ®. Bapramok, B. A. [lononcekuit // VII Bceykpaincbka HaykoBa KOH(EpeHIIis
«aKTyanabH1 3aaa4i Ximii: Jocaimkenns ta nepcrnektusuy. — 2023, — C. 116-188.

6. Oco06aMBOCTI €JIEKTPOHHOI OyJOBH XJIOPUAHUX AalMJI0aKBAKOMILJIEKCIB
Cu®* 3 pesxkumu opramiuammu  kucnotamu [/ FO. JI. KypacoBa, €.C. Ocoxin,
B. ®. Bapramok, B. A. Tlomoncekuii // XXV MixHapogHa MOJOJIDKHA HAyKOBO-
npakTuuHa KoHbepenuia «Jlroauna 1 kocmocy. — 2023. — C. 235.

7.  KypacoBa FO.J. QAIM amamiz kmacrepy [Cu*,Cly(H,M),° /
1O. 1. Kypacosa, B. A. Ilonouncekuii // «HaykoBa BecHa» 2023: marepiamu XIII
MiKHapoIHOT HAYKOBO-TEXHIYHOI KOH(EpEeHIli CTYACHTIB, acHipaHTIB Ta MOJOJUX
BueHux. — 2023. — C. 405 — 406.

8.  Enekrponna OynoBa m-xomiuiekciB ckiany [Cu,Cl,L] 3 maneiHoBOO
KHACIOTOI B skocti miranay y BomHomy [/ FO.JI. Kypacosa, €. C. OcokiH,
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BCTYII

AKTYyaJIbHICTb TEMH

KommuiekcHl crmoiayku MiJli 3aBASKH CBOiMl pI3HOIUIAHOBIA O10aKTHBHOCTI
3HAMIUIM  IIMPOKE TMpaKTHYHE 3aCTOCYBAaHHS Yy  SIKOCTI  MPOTHUCYJIOMHHX,
MpOTHU3aNajIbHUX, MPOTUTPUOKOBUX Ta aHTHOAKTepialbHUX mpemnapatiB. Cepea 1ux
PEUYOBHH OKpeMy TPYIy CKJIaJalOTh KOMIUIEKCH 3 OpPraHIYHUMH KHCIOTaMH Ta iX
noXiTHUMHU. TakoX KOOPJMHAIIIHI CIIOJYKH Mii BUKOPUCTOBYIOTH IPH BUPOOJICHHI
JITIA-10HHUX OaTtapeil, Ta s CTBOPEHHS HAANPOBIIHUKIB MaTepiaiiB. OJHaK BUCOKA
JTAOUIBHICTh  allUJIOKOMIUIEKCIB  KYNIPYMY OOMEXYE MOXIIUBICTh MPAKTUYHOTO
BUKOPUCTAHHS IMX CHOJYK B 00’€KTax, M0 JOMYCKAaIOTh KOHTAKT 13 Bojorwo. Jlis
BUPIIICHHS 3a3HAYEHOI MPOOJIEMH JOUUIFHO TOTIOBHUTH AIUAOKOMIUIEKCH KyIpPyMy
aHIOHAMU XJIOpPY, 3JaTHUMHU 32 PaxXyHOK CBO€I MOJIACHTATHOCTI (hOpMYyBaTH CTiHKi
nomisigepHi CcTpyktypu. Ilpum upboMmy ciig MaTd Ha yBasl, IO SIKIIO HUIbOBUM
MPOAYKTOM € TeTeposriranani komruiekcHi crmonyku taimy [Cu(Lq)(Ly)], To myxe
BEJIMKAa MMOBIPHICTh TOTO, 110 B MPOIIECI CHUHTE3Y 3aMIiCTh HUX YTBOPIOBATUMETHCS
cymim Oubin npoctux Gopm [Cu(L;) ] Ta [Cu(L,)], BHACII 10K HEraTUBHOI B3a€MOIT
PI3HHX 3a MPUPOJIOIO JIITaH B Y MeXKaX OAHIET KOOPAUHAIIHHOT chepH.

B nucepraiiitHiii poO0TI IPOBEIEHO TEOPETUUHE MOJEIIOBAHHS KOMITJIEKCHUX
CTPYKTYp, SIKi MOXKYTb YTBOPIOBATHCS y BOAHHX PO3UMHAX 3 aKkBakoMmIutekcis Cu®’,
XJIOPUI-10HIB Ta AaHIOHIB OpraHIYHUX KHCIOT 3 METOI BUSIBIECHHS CTIHKHX Yy
BOJHOMY CEpEIOBHUIN AamMmoXiopokommiekcie Cu®’, ski € mpexkypcopamu
BiJIMOBIZIHMX CHOIYK OJHOBANEHTHOro Kynpymy. BpaxoByroun 3patHicTh ioHiB Cu’
n0 (dn—pm)-3B’si3yBaHHS 3 BIHUIBHUM (parMEHTOM OpraHiYHUX JITaH/IB,
pO3TIsAaTach TAKOXX MOYKIJIMBICTh YTBOPEHHS KOMITJIEKCIB 3 MOJICKYIISIPHOIO (pOpMOtO

BKa3aHUX KHCIIOT.
3B’5130Kk po00TH 3 HAYKOBHMHM NPOrpaMaMH, IJIAHAMH, TEMAMHU

JocnixkeHHss BUKOHaH1 Ha Kadeapi (i3U4HOi, OpraHigyHOi Ta HEOpraHIYHOi
ximii JIHITPOBCHKOTO HalllOHAJILHOTO YHiBepcuteTy imeHi Onecst ['oHuapa B pamkax

TEP>KOI0KETHUX HAYKOBO-IOCTITHUX TeM MiHICTepcTBa OCBITU 1 HayKu YKpaiHH
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«Enexrponni peakmii n-komrmiekciB 3d-metani» (2019-2021 p.p. Ne 0119U100977),
«DyHKIIOHAIbHI KOMITO3UTH Ha OCHOBI crofiyk 3d-metaniB. CHHTE3 Ta BIACTUBOCTI»
(2022-2024 p.p. Ne 0122U001464).

Mera i 3aga4i qocaixKeHHS

Memoio poOOTH € BUSBIEHHS LUIIXOM KBAaHTOBO-XIMIYHOTO MOJEIIOBAaHHS
OCHOBHUX 3aKOHOMIPDHOCTEH B3a€MOJii XJIOPBMICHHX KoMIUiekciB Kympymy 3
HEHACMYCHUMHU OPTraHIYHUMHU KHUCJIOTaMH 3 YTBOPEHHSM CTIMKHX KOMILJIEKCHUX
CTPYKTYp Ta BCTAHOBJIEHHSI MOXJIUBOCTI iX €IEKTPOXIMIYHOTO CUHTE3Y.

JInst NOCSITHEHHST TIOCTABJIEHOI METH HEOOXITHO OyJio peai3yBaTH HACTYIHI
3aBJIaHH:

— TPOBECTU TEOPETUYHE MOJIEIIOBAHHS KOMIUIEKCHUX CTPYKTYp, SIKI MOXYTb
YTBOPIOBATHCS y BOAHHX PO3YHHAX 3 akBaKoMIuiekciB Cu’’, XTopua-ioHiB Ta aHioHiB
OpPraHiYHUX KHCIOT 3 METOI BHSBJICHHA CTIHKUX Yy BOJHOMY CEpEIOBHILI
anunoxIopokomiurexcis Cu?;

— BCTaHOBHUTH EHEPIEeTUKY MPOLIECIB (dbopMyBaHHS Ta OynoBy
anupoxnopokomiekcise Cu’ 3 aHioHaMH aKpHMIIOBOi, MajeiHOBOi Ta (yMapoBoi
KHCJIOT;

— OIIIHUTHU MO>KJIUBOCTI EJIEKTPOXIMIYHOTO croco0y CUHTE3Yy
anuaoxjopokomiuiekcis Kynpymy.

06 ’exkm_0docnidocennss — auuaoxjaopokomiviekcn Kynpymy 3 HEHaCMUEHHMHU

OpraHIYHUMU KHUCITOTAMHU.

LIpeomem docnidsicenns — peakilli yTBOPEHHs, eJIEeKTpOHHA Oy/1I0Ba Ta ONTUYHI

BJIACTUBOCTI allu0XJI0poKoMILiekciB Kympymy.

Memoou docnidocennst:

— kBaHTOBO-XiMiuHe MojentoBaHHsS DFT ta QTAIM meromamu (omrumizariis
CTPYKTYp KOMIUIEKCIB;, PO3paXyHKH €HEPreTHKH E€JEKTPOHHUX IEPEXO/IiB;
TOIOJIOTIYHUN aHaJi3 QYHKIIH PO3MOALTY eIEKTPOHHOI TYCTHHU);

— EJIeKTPOXIMIYHI BHUMIPIOBAaHHA (BU3HAYEHHS ONTUMAJIBHUX MapaMeTpiB

€JIEKTPOXIMIYHOTO CIIOCO0Y CHHTE3Y alu10XjJopokomiuiekciB Kynpymy);



17

— cneKTpodOoTOMEeTpist (JOCTIIKEHHS CIIEKTPATbHUX BIACTUBOCTEH DPO3UYMHIB
aruaoxJI0pokoMIuiekciB Kympymy).

HaykoBa HOBH3HA 0Jiep:KaHUX pe3yJIbTATIB
Y npencraBiieHiid poOOTi BIiepIiie:

— BUABJICHI 3aKOHOMIPHOCTI CYMICHOI Mii G- Ta T-JIraHIIB Ha CJICKTPOHHY
OyI0BY i TepMOIMHAMIUHI TapaMeTpH alug0aKkBaxaopokommiaekcis Cu’;

— po3paxoBaHa CHEpPreTHMKa  peakiii 3aMilleHHs  MOJEKYJ BOIA B
alMI0aKBaKOMILIEKCI Cu?" anionamu XJIOPY;

—  BH3HAYCHO 3Ha4yeHHs pK MOHO3aMillEHOr0 aKPUIATHOTO akBakommuiekey Cu”’:

— 3ampoIlOHOBAaHO B SKOCTI JIIaTHOCTHYHOTO KPUTEPIIO JJis  1AeHTUdIKaI]
IPUPOAN KOMIUIEKCY 3aCTOCOBYBATH PI3HUIIO JOBXKHUH XBWJIb TMOTJIMHAHHSA
cBiTna mo m-38’s3ky Cu’ 3 sz-Fi6pI/II[HI/IM atomom KapOoHy BIHUJIBHOTO
(parmMenTa opraHiuHoi KuCIOTM Ta 0-38'a3ky Cu’ 3 i0oHi30BaHOIO

KapOOKCHIIBHOIO TPYIIOI0.

IIpakTH4YHe 3HAYeHHS OJleP:KAHMX pe3yJIbTaTiB

Pe3ynpTaTh BHUKOHAHMX KBAaHTOBO-XIMIYHHUX PO3pPaxyHKIB MOXYTb OyTH
BUKOPHUCTAH1 JJIsI MOJAJIBIIIOTO PO3BUTKY Cy4aCHOI HEOPTaHIYHOT X1Mii.

BusnayeHi onTuUManbHI yMOBH €JIEKTPOXIMIYHOTO CHHTE3Y MajeiHaTHUX
kommekciB CU™ MaroTh MNpakTUYHE 3HAYEHHS I OTPMMAHHS AHTHUMIKPOOHHX
nmpenapariB Ha OCHOBI ciosiyk Kympymy.

3anponoHoBaHa CHEKTPOPOTOMETPUYHA METOJUMKA BHU3HAYEHHS MPUPOIU

3MIIIAHUX G- Ta T-KOMILJIEKCIB Ta iX BMICTY B p0OOYOMY PO3UHMHI.

Oco0ucrTuii BHECOK 3100yBaya

AHamni3 JiTepaTypHUX JaHUX, BIAMpAIlOBaHHS Ta MiAO0Ip METOMIB s
IPOBEICHHS] KBAaHTOBO-XIMIYHOTO MOJICJIIOBaHHS, a TaKoX 0OpoOKa OTpUMaHUX
pe3yabTaTiB MpoBeaeHl 3100yBaueM ocobucto. IlocTaHOBKa 3amad JOCHIIKEHHS,
y3arajJbHEHHSI Ta OOTOBOPEHHS PE3yJIbTATIB MPOBOJWINCH CHIJIBHO 3 HAayKOBUM
KEPIBHUKOM K.X.H., TouieHToM [lononcekuMm B.A. Ta 1.X.H. nmpodecopom Bapramokom

B. ®. [Ipu BuKOHaHHI PO3pPaXyHKOBHUX POOIT TUCEPTAHTKA CKOPUCTAIACH ABTOPCHKUM
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nporpaMHuM 3abesrnedeHHs M PhD  mokrtopa dinocodii Ocokina €.C. YactuHa
eKCIIepUMEHTaJIbHOI pOOOTH BUKOHAHA CyMicHO 3 MarictpoM IlycrinpHik C.B.

Anpobanisi pe3yabTaTiB AUcCepTaLil

OcHoBH1 pe3ynbratu aucepTaiii npencrasieHi Ha [ Ta I MixHapogHux
HayKkoBHUX KOH(pepeHisx «TeopeTuuHi Ta eKClepUMEHTaIbHI aCTIEKTH CYYacHOI X1Mil
ta matepianiB» (Juinpo, 2022, 2023); V, VI MixHapoaHUX HAYKOBUX KOH(PEPEHIIIAX
CTYJICHTIB, acHipaHTIB 1 MOJIOJUX YUYEHHMX «XIMIYHI  MPOOJEMH CHOTOJICHHS
(Biraums, 2022, 2023); XIX, XX, XXI BceykpaiHCbkuX KOHGEPEHIISIX MOJOIUX
BUEHUX Ta CTYJAEHTIB 3 aKTyaJbHUX MHUTaHb cydacHoi xiMii ([Juimpo, 2021, 2022,
2023); XXHI ta XXV MiKHApOJHUX MOJOADKHUX HAYKOBO-TIPAKTHYHHUX
koH(pepenmisx «JIromuaa i kocmocy (Quainmpo, 2021, 2023); KondepeHnisx Momoaux
BueHux [3HX — 2021, 2023, I3HX im. B.I. Bepuancekoro HAH Vkpainu (Kuis), X
PerionanbHi1il HAYKOBO-TIPAKTUYHINA KOH(EPEHI[ll MOJOJNX HAYKOBIIB Ta CTYJICHTIB
«Cy4acHl HayKOBO-TE€XHIYHI JOCIIIPKEHHSI Y KOHTEKCTI MOBHOTO mpoctopy» (/[Himpo,
2021); IX HaykoBo-IpakTH4HIH KOH(EpPEHIT MIKOJW MOJIOAUX HaykoBIiB AT
«®apmak» (Kuis, 2021); X IOBuieiiHii MiXHApOAHIA HAyKOBO-IPAKTUYHIN
IHTEepHET-KOH(EpeHIlii 3100yBayuiB BHUIIOI OCBITU Ta MOJIOAMX YYCHHX «XiMis Ta
cydacHi Texnojorii» ([uimpo, 2021); International Scientific Conference "Modern
Achievements in Food, Organic and Polymer Chemistry" (JIeBiB, 2023); XXIlI
HayxkoBiit mononikHii koHpepeHiii «IIpobiemMu Ta MOCATHEHHS Cy4YacHO! Ximii»
(Opeca, 2023); XXVI MixkHapoaHII HAyKOBO-TeXHIYHINA KOoH(epeHuii « TexHonoris-
2023» (Kwuis, 2023); MixHapoaHiii HayKOBO-TEXHIUHIA KOH(EpeHIi CTyIeHTIB,
acmipanTiB Ta wmojoaux BueHux «HaykoBa Becna» (Huinpo, 2023); VII
Bceeykpainchkiii HayKoOBiM KOH(epeHIlli «akTyanbHl 3agadi ximii: JlociipKeHHs Ta

nepcnektusuy (Kuromup, 2023).

IMyo6aikanii
Pesynbrat mmceprariiHoi poOOTHM JOCTATHBRO IOBHO OIyOJIiKOBaHO y 23
HAyKOBUX Mpallsix (3 HUX 3 CTaTTi y HAYKOBOMY (paxoBOMY KypHail Kateropii A, 1o

IUTYEThCSI B HayKkoMeTpuuHiii 0a3i Scopus — «Journal of Chemistry and
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Technologiesy; 1 dbaxoBa kojnekTuBHa MoHOTpadis, 19 Te3 momnosiaei Ta MatepiaiiB
KOH(epeHIIii).

Crpykrypa Ta 00°em podoTH.

Po6ora npexacrasnena Ha 123 cTopiHkax, MiCTUTh 55 pucyHKiB Ta 14 TalGnuiib,
CKJIQZIAETHCS 31 BCTYITY Ta 4 PO3JLUIIB: JIITEPATYPHOTO OTJIS Y, METOIUKHU JOCIIHKCHb,
OJTHOTO TEOPETUYHOTO Ta OJHOTO EKCIIEPUMEHTAIHLHOTO PO3IiIiB, BUCHOBKIB, JIBOX

JIOJTaTKIB Ta MEPEITiKy MOCUIaHb, MO MICTUTH 117 HaiilMeHyBaHb.
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PO3JILI 1
OIS JIITEPATYPH

1.1 3acTocyBaHHSI KBAHTOBO-XiMiYHMX METOXIB JIJIsl MOJIEJTIOBAHHS

KOMILIEKCHUX cTPYKTYp Kynpymy

MeTo KBaHTOBO-XIMIYHOTO MOJETIOBAHHA € Y€ KOPHUCHHM 1HCTPYMEHTOM
JUIA TPOTHO3YBAaHHS CKJIaQy, CTPYKTYpH, CTIMKOCTI Ta BIJIACTUBOCTEW caMHX
PI3HOMaHITHUX PEYOBHH, OCOOJIMBO y pasi JOCTIIKEHHS HECTIMKUX Ta MPOMIKHUX
cronyk. B cydacHii XiMi4HIM HayIll Ta MaTepiaqo3HABCTBI KBAHTOBO-XIMIUHI METOIU
3aiiMarOTh LIEHTPAJIbHE MICIIe B JOCIIKCHHI XIMIYHUX BJIACTUBOCTEH Ta IMOBEIIHKH
aToMmiB Ta MoJekyid. OIHIE0 3 BaXIMBUX Taly3edl 3aCTOCYBAaHHSI LIMX METOJIB €
MOJICTIOBaHHSI KOMIUIEKCHUX CTPYKTYp, 30Kpe€Ma T-KOMIUIEKCIB KYNpyMmy 3
OpraHiYHUMHU JIiraHaaMu. MoenntoBaHHsI KOMIUIEKCIB KylIpyMy 3aco0amMH KBaHTOBO-
XIMIYHUX METO/IIB BIAKPUBAE MIMPOKI MOKIMBOCTI AJIA IETaJIbHOIO PO3YMIHHS IXHbOI
CTPYKTYpH, €IEeKTPOHHOI KOH]Iryparii Ta XIMIYHUX BJIACTHUBOCTEW. 3aCTOCYBaHHS
IMX METOMAIB JO3BOJISE aHAJII3yBaTHU 1 BH3HAYaTH MEXaHI3MH YTBOPEHHS Ta
NEPETBOPEHHS KOMIUIEKCHUX CTPYKTYp, a TakoXX IependayaTH iXHIO MOBEAIHKY B
PI3HHX yMOBax.

IcHye BenMKa KUIBKICTH pOOIT MO KBAHTOBO-XIMIYHOMY MOJIEIIOBAHHIO
KOMIUJIEKCIB KyIpyMy 3 HEOpraHIYHUMHU Ta OpraHiuyHUMH Jirasgamu. Aue
HE3BaXKal0YM Ha 1€ KUIBbKICTh POOIT MO MOJEIIOBAHHIO TT-KOMILIEKciB Kynpymy(l) e
3HaYHO MEHIIOI0, TOMY 3aciIyroBye OKpemoi yBaru. Hampuximang € pobGotu me
JOCITIIKYBAIHUCh T-KOMILIEKCHU kyripymy(I) B KOHTEKCTI nporecy
eleKTpoBiaHOBIeHHs ioHiB CU”. B Takux po60Tax MOJIETIOBAHHS MPOBOMMIOCS 34
JOTIOMOTO0  HeemmipuuHux  MmetoniB  mporpamu  WinGAMESS.  Cucremu
PO3paxoBYBaJIUCS 3a JOTIOMOTOI0 HEOOMEKEHOTO 3a CIHOM MeToy XapTpi-Doka Ta
3 Bukopuctanusm DFT-teopii . LlenTpanbHuil aToM MeTany onucyBaBcsi 0a3ucom 6-
31G**, aromm miranmiB — 6-311G. [lns BpaxyBanHs e(deKTiB coibBaTallii
BUKOPHCTOBYBAJIACS MOJIEIh MOJSPU3AIIITHOTO KOHTHHYYMY.

3 MEeTOI0 BM3HAYEHHs HaAMOUIBII IMOBIPHOTO MEXaHI3MY BIUIMBY OJe(iHOBHX

CTMOJYK Ha TpOIeC CIEeKTPOBiAHOBICHHs ioHIB Kympymy Oynao mposemeno [1]
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KBaHTOBO-XIMIYHE MOJICTIIOBAHHS EJIEKTPOHHHUX TIEPEXOMAIB 3a y4acTi KOMILJIEKCIB
[CU”(H0)L] (me z =0 + 2, x = 0 = 6), B SKMX JITraHIaMH BUCTYIATH MOJEKYIH
aKpUJIOBOI KUCIIOTH, akpuiamiay Ta akpuioHiTpuiy. [lokazano, mo ionun Kynpymy
B3aEMOJIIIOThH 3 JITaHIaMH y BCIX CTYINEHSX OKHUCHEHHS, aje IS B3a€MOJis HOCHUTH
pisHuit xapaxtep. Moun Cu”* yTBOpIOOTH 3 0e(iHOBHMH CIIONyKaMH HECTifKi,
MOPIBHSHO 3 AKBAaKOMILJIEKCAMH, G-KOMIUIEKCH 3 Pi3HOI T€OMETPUYHOIO OYI0BOIO.
Ionn Cu" Ta aromu Cu’ yTBOpIOIOTH BiZHOCHO CTiliKi 7-KOMIUIeKcH. Jlims
MPOTOHOBAHOT (OPMU aKPHIAMILY IHpPH KOMIUICGKCOYTBOpeHHI 3 aromamu Cu’
XapaKTepHUM € YTBOPEHHS Oc-KOMILJIEKCIB, B SKHX CIIOCTEPIra€ThCs PO3PUB
MOJIBITHOTO 3B’5I3KYy B MOJIeKyJ Il Jiranay. OTpuMaHi pe3yJbTaTu J03BOJIMIN CKIACTH
y3aragpHEHY peakLiiHy CXeMy IIpOLeCy eleKTpOBigHOBIeHHs iouiB Cu°* 3a
MIPUCYTHOCTI y PO34YMHI 0JI€(DIHOBUX CIOJIYK.

3a [0IMOMOIrOK HEEMIIIPHYHUX KBAaHTOBO-XIMIYHHUX METOIB HOCTiIKeHl [2]
CTPYKTYPH, sIKI MOKYTh YTBOPIOBATHCS B PO3UMHI MiJ] Yac €JIEKTPOBIAHOBICHHS 10HIB
Cu** y mpucytHOCcTi akpumaminy (AA). POSIISHYTO MOXIMBICT MPOTOHYBAHHS
JiraHay B KHUCIWMX PpO3YMHAX 1 BIUIMB 1[hOro €PEeKTy Ha  Xapakrep
KOMILIEKCOYTBOpEHHs. [lOpiBHAHHS €Heprii KOMIUIEKCIB 3 JEMpPOTOHOBAHOK Ta
MOJIEKYIsIpHOIO (opMamMu AA mokasye, o y BHmaaky karionie Cu”" ta Cu’
KOMIUIEKCOYTBOPEHHSI 3 MOJICKYJSIpHOIO (OpMOIO OUIbIl  BIpOTigHE, HDK 3
nenportoHoBanoo. Jlms atomiB  CU°, HaBmakW, NEPEBaXAOTh KOMIUIEKCH 3
IPOTOHOBaHOK (opMoro. TakuM YHHOM B PO3YMHI HAWOLIBIIT  IMOBIPHO
nepeBakaroTh Taki kommiekcHi iorn: [CU(H,0)s00-AA] (w1 Cu®) ta [Cu(H,0)sm-
AA]" (ns Cu’).

[Ticns 2010 poxky nnst omumcy aromiB KympyMmy B CBITI Bce YacTile HoYyaiu
BUKOPUCTOBYBATH OUIbII MOJAEpPHI30BaHI 0a3ucHi Habopu HiX 6-31G**. 3okpema
0asucHuit HaOip Wachters+f. Hukue HaBemeHi pe3yabTaTd pO3paxyHKOBUX pOOIT 3
BUKOPUCTAHHSM LILOTO 0a3UCHOTO HA0OpYy.

Tak B poOOTI 13 3aCTOCYBaHHSIM KBAaHTOBO-XIMIYHOT'O MOJIeNtoBaHHS [3] Ta
METOIY XPOHOIOTEHIIIOMETPIi BUBUEHO MOYATKOBI CTall eNeKTpOKpUCTaIi3amii Miji

3 BOJHUX PO3YMHIB Ha YYKOpIJIHIM migkianumi. Ha miactaBi aHamizy OTpUMaHHMX
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JaHUX TI0Ka3aHo, 10 O0’€MHaHHS TiAparoBaHux aroMiB Kympymy B kiactepu
HaHopo3MmipHoro ¢opmaty Cun(H,O), BkiIowae paBa eranu. Y IepuioMy —
YTBOPIOKOTHCS MOBHICTIO TiipaTroBani kiactepu Cu,(H0), (n = 2 — 6), asie B ipyromy
— gacTkoBo rigparoBadi Cup(H,O)y, (n > 7, m < n). Knactep Cuz(H,0)s BuaicHMI K
neBHa crnenudiuHa mepexigHa CTPYKTypa, sKa MOXe OyTH oxapaKTephu3oBaHa SIK
KPUTUYHUHN 3apOA0K, GOopMaT SIKOTO 30ira€ThCs 3 €KCIEPUMEHTATHLHO BU3HAYCHUM
CEPEeMHbOCTATUCTUIHUI PO3MIp KPUTHUIHOTO 3aPOJIKA.

B po6oti [4] MeTOAOM KBaHTOBO-XIMIYHOIO MOJEIIOBAHHS JIOCHIIKCHO
KOHKYpYIody B3aeMozito 3 CU'-ioHaMH MOJIEKyn BOAM Ta HEHACHYEHHX OPTaHIYHHX
kucnoT: akpuioBoi (HA), maneinosoi (H,M), dbymaposoi (H,F). Busineno, mo B
PUCYTHOCTI MOJIEKYJISIpHOiI (JOPMHU Ta YaCTUHH JieripoTroHoBaHux dopm (HM™, HF,
M?, F?) Cu*-iom 3mareH NpUEAHATH JI0 TPbOX MOJIEKYJT BOAW. Y MPUCYTHOCTI

amioniB A" — 10 a8ox (puc. 1.1).

Pucynox 1.1 — I'eomerpuuna Oy10Ba ONTUMI30BaHOTO KOMITJIEKCY

[Cu®(H,0),(HA)]

JImme y geox xommiekcax ([Cu’(H20)2(H.F)] (puc. 1.2) i [Cu(H,0)(F*]) v
(dm-pm)-B3aemonii  OepyTh ywacth obOuaBa atomu Kapbony (C=C)-pparmenty
HEHACUYEHOI KHUCJIOTH. B 1HmMMX BUMaaKax 7-3B’SI30K 3 IIEHTPAIBHUM aTOMOM
yTBOpIO€ oiuH aToM KapOoHy, He3BakKalouy Ha Te, o MikaToMHi Bincrani (Cu'—C,)
i (Cu'™—C,) Omm3bki Mixk cO00OI0 i1 NPAaKTUYHO 30iraloThCS 3  BiAMOBITHUMHU

BCIIMYMHAMU, 3HaﬁHeHHMH CKCIICPHUMCHTAJIBHO IJIA HOI[i6HI/IX CITIOJIYK.
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Pucynok 1.2 — I'eomerpuuna 6y10Ba ONTUMI30BaHOTO KOMILJIEKCY

[Cu"(H,0),(H,F)]

Ha enepriio 7n-38’s3ky B kommekcax [Cu'(H,0),(L)] Monexyau BoaM AiOTH
cuHepriuHo. Y okpeMux Bunajakax edekt spocranas E,(Cu™—C,) nocsrae 40 %. ITpu
[IbOMY MOJIEKYJIM BOJIM HIBEJNIOIOTH PI3HUIIO BEIUYMH €HEprii m-3B’A3Ky, sKa
00yMOBJIEHa KUIBKICTIO KapOOKCWJIBHUX TPyl 1 FeOMETpi€r0 KHUCIOTH. B3aeMHuit
BB G-38’s13kiB (H,O-Cu’) B m-KOMIIEKcax Mae aHTaroHiCTUYHHUIA XapakTep.
Kosxna HacTymHa MOJeKysia BOJM 3MEHIIYE €HEPrilo 3B’sS3yBaHHS MOMEPETHBOI HE
MeHII Hixk Ha 20 %.

B crarti [5] 3a [I0OMOMOror METOAIB KBAaHTOBO-XIMIYHOTO MOJCIIOBAHHS
JOCIIKyBaJlach B3aeMoAiss artomiB KymnpyMy 3 akpuioBOIO, MaJIETHOBOIO, 1
(GymMapoBoi KHCIOTaMH y MPUCYTHOCTI BOAW. BCTaHOBJIEHO, M0 MOJEKYJIH BOJIH,
OyIy4d €JICKTPOHOJOHOPHI JIraHAu, NOCWIIOITL (dm-pm)-B3aemMoniro B 7-
xommnexcax Cu’ 3 HEHACHYCHHMMH OPraHiYHUMH KHCIOTAMH. BHSABIEGHO Bicim
CTaOUTBHUX CTPYKTYP 3 MOJEKYISIpHUMH (hopMamMu JraHmiB (AB1 3 aKpUIOBO1 , TPH 3

MajeiHoOBOO 1 (hymMapoBOIO), cepel SIKUX HaHOUIbIl CTa0UIBHUMHU € KOMIUIEKCH

[Cu®(H,0)(HA)] (puc. 1.3), [Cu’(H,0)2(H:M) i [Cu’(H,0)2(H2F)].



24

94.06°

‘ 175.35°
@

Pucynok 1.3 — I'eomeTpuuna 6y/10Ba ONTUMI30BaHOTO KOMILJIEKCY

[Cu’(H0)(HA)]

Tomnosoriuanii aHami3 po3noaily enekTponHoi ryctuau y By3m Cu(-C=C-)
mokazas, mo iwmme B omHomy Bumanky ([Cu’(H,0)x(H.F)]) aromm Kympymy
YTBOPIOIOTH MOJIEKYJISIpHI OpOiTani 3 oOoMa aroMamu BYIJICHIO. Y BCIX IHIIHUX
KOMIUJIEKCax Oepe ydacThb OJIMH aTOM BYTJICIIO IIPU YTBOPEHHI 7-3B’s13Ky. Kpim Toro,
CUHEPreTUYHUM e(eKT T-JIraHjiB Ha €HEprito 3B’SI3Ky MOJIEKYJI BOJY aTOMaMH Miji
OyJ10 3HAIACHO.

B nitepaTypi Takox € BiIOMOCTI, III0 3 BUKOPUCTAHHSM KBAHTOBO-XIMIYHOTO
METOAY IOKa3aHO, LI0 MaJIeiHOBa KHUCJIOTa B PI3HUX AUCOLIMOBaHHUX (opmax 3
iomamun Cu”* moxe yrBoproBati sk Momomraumai [Cu®*(H,0),(M*)] [6] Tak i
6imiraraai komrmrekcu [7] [Cu® (H,0)(M*),], (e N — KinbKicTh MONEKYN BOAH Y
BHYTPIIIHIM KOOpJWHAIIHHIK cdepil), 32 MOHOJEHTATHOI TaK 1 3a O1EHTaTHOIO
koopauHartiero. HA ta H,F yTBOproe nuiiie MOHOZIGHTATHI KoMIutekcH [8].

B poGotax [9, 10] Oynu po3paxoBaHi Ta ImpoaHaTi30BaHl €HEPrii 3B’ A3yBaHHs
JUTSI KOMIUIEKCIB 3 JEMPOTOHOBaHUMH (hopMaMu MayieiHOBOI Ta (pyMapoBOi KHCIIOT.
IToxazaHo, 110 10HHU cu® MOXYTh 3B’A3yBaTUCh SIK 3 OJHIEI0, TakK 13 JIEKIJIbKOMA
aromamn OKCHIEeHy, TOMy 3aleKHICTh eHeprii 3B’s3yBanHs Cu’*—O Bim Kimbkocti
MOJICKYJI BOJAW y BHYTPIIIHIA KOOPAMHAIINHINA chepl Mae HETIHIWHUNA XapakTep.
BeraHosreno, mo  kommiekcn  [Cu®(H,0)("HM)],  [Cu®*(H,0)("HM)],
[Cu®*("HM)], [Cu®*("M*)], [Cu* (H,O)(HF)] Ta [Cu*(HF)] MaroTs mBa 3B’sI3KH
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2+ . .
Cu“—0O 3 oaHi€l0 KapOOKCUIBHOIO Tpymnoro. Takoxk po3paxoBaHi eHeprii Ta ¢opma

rpaHuYHUX opoitaneii (puc. 1.4).

N

W
TAVAZRN
COAN

KR N
RN %

YAV
%
2
N

N

[Cu**(HF)] [Cu®*(H,0)(HF)]

Pucynox 1.4 — Bumi 3aiinari op6itani komiiekciB Cu(Il) 3 dymapoBoro kuciaororo,

K1 yTBOPIOIOTH JIBA G-3B’SI3KU

Oxpemoi yBaru 3aciayroBye podota [11], B sikiii Oyjia po3rIssHyTa MOKIUBICTh
3aCTOCYBaHHS KBAaHTOBO-XIMIYHHUX METOJIIB Il BU3HAYEHHs TUITY 1HTEpMeaiaTy Ta
MeXaHi3My OOMIHY JrasaiB B akKBakoMmIuiekcax 3d-MeTamiB dYepe3 KOpEJSLio
BIJIOMHUX 3HAYEHb IIBUJIKOCTI OOMIHY MOJIEKYJI BOJIW y BHYTPIIIHIN KOOpAUHAINIHHIN
chepl B aKBaKOMIUIEKCAX 3 PO3PAXOBAaHUMHU EHEPrisIMU YTBOPEHHS BIINOBIIHUX
iHTepMeniariB. I[lokazaHo, 1m0 1y OUIBIIOCTI JBOXBAJICHTHHUX aKBaKOMILICKCIB
peani3yeTbesl IUCOLIaATUBHUIA MeXaH13M OOMiHY MOJIEKYJI BOJH, IPUYOMY LIBHJIKICTh
OoOMIHY JIraHiiB 3BOPOTHO TMPOMOpIiiiHA Jjorapupmy eHeprii yTBOPEHHs
I SITUJTIrAHAHOTO  iHTepMesiaTy. Timbknm jUis  aKBaKOMILIGKCiB Ti°'  MoKiuBa
peanizaliisg 000X MexXaH13MiB, aCOI[IaTUBHOTO 1 IUCOLIIATUBHOIO. JIJ1s1 TphOX3apsIIHUX
akBakoMmIUiekciB  Tutany, Bananito, Manrany Ta ®epymy peanizyerbcs
acolllaTUBHUN MEXaHi3M, TOHl SIK JJi BIANOBIAHUX cnodyk Xpomy Ta KoOambTy
acolllaTUBHUN MEXaHi3M 3a00pOHEHUH 1 OOMIH MOJIEKYJ BOJU PEalli3ye€ThCs uyepes

CKIIAJIHMKA IS JaHUX KaTIOHIB JIUCOIIaTMBHUM MeXaHi3Mm. 3 puc. 1.5 BuaHO, mIo
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3aNeKHICTh MDK JorapuMoM KOHCTAaHTH IUBUIKOCTI JITAHIHOTO OOMIHY 1
enepreruaHoro edekry peakmii (1.1) (ma puc. 1.5 300paxkena sk (5)) milicHO
nOpsIMOJIiHIMHA 1 Mae Hermorani xapakrepucTuku (a = 9,2 £ 0,5, b = —0,088 + 0,007,

koediuient kopensanii 0,964), SKIO0 BUIYYUTH 3 KOpEJAIiHOI cepii Ti 10HH, fKi

. =3+ 3+ 3+
pi3ko BumagawTh: 117, V™, Fe™.

[Me**(H20)6](H20)m <> [Me*"(H;0)5](H20)m-1 (1.1)

|
160
AE(5), k[Ix/monb
Pucynox 1.5 — Kopensiiiina 3anexuicts log k Binm AE(S) mist akBakommiekciB 3d-

METAJIIB

TakuM YMHOM, 3 TOYKH 30pYy aBTOpIB BHKOpHCTaHHS orpuManux log Kk, AE —
KOPEJSAIIMHNX 3aJIeKHOCTEH JT03BOJISE YITKO 1AeHTU(]IKYBAaTH MEXaHi3M JIIraHIHOTO
oOmiHy. OKpiM IIBOTO MOJKHAa TaKOX KUIbKICHO OINIHUTH IIBUJKICTH JITaHIHOTO
OOMIHY 1 y IHIIIMX aKBaKOMIUIEKCIB 3d-KaTiOHIB, JIJIsl IKMX BIJIOMOCTI PO KOHCTAHTH
MIBUAKOCTI B JiiTepaTypl BIACYTHI. JlOCHiPKEHHS BHUKOHYBAJOCh ILISXOM
KOMIT'FOTEPHOTO MOJIC/IIOBaHHS 3 BHKOpHcTaHHsAM nporpamu GAMESS [12].
Cucrema [Me*"(H,0),](H20)m po3paxoByBanach 3a JOINOMOIOI HEOOMEKEHOTo 3a

crinom MetogoM Xaptpi-®oka (DFT 3 riopuaaum metogom B3LYP). LlentpanbHuii
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atoM mertany onucyBanu 0asucom CRENBL ECP, aromu niranmis — 0aszucom 6-
311G. BB po3uyMHHHKA BpPaxOBYBAJIM 3a JOMOMOTOI0 MOJENI MOJSPHU3AI[HOTO
KOHTUHYYMY.

[cHylOTP TakoXX BIIOMOCTI TMpPO 1HIIN 3aJIEKHOCTI KBAaHTOBO-XIMIYHHUX
napaMmeTpiB BiJl EKCIEPUMEHTAIbHHUX IapaMeTpiB. YCHIINIHOIO MO>KHA BBa)XaTH
cripo0y BUSBUTH EMITIpUYHY 3aJICKHICTh MK JIOTapu(MOM KOHCTAHTH JHCOITIaIli
MOHOTIPOKCUAHUX KOMIUIeKCiB MeTany (K;) 1 Tak 3BaHOI0 BETUYMHOIO 10HHOTO
MOTEHIIay, 1[0 JOPIBHIOE BITHOIIEHHIO (POPMATIBLHOTO 3apsily HEHTPATbHOTO aToMa
(Zy) nmo wMibK’saepHOl BijJcTaHi «MeTal-TOoHOpHHMI aTtoM Jrapmay» (d) [13].
BusiBusocs, mo Taka 3aJeXHICTh Ma€ B LUIOMY JIHIHHUN Xapakrep, mpoTe Ha ii
napaMeTpu CWIbHO BIUIMBAa€ Mpupoja KaTioHiB. IIpoTe B Mexax JOCUTH BEIMKOI
rpymu karionis (Li*, Na* K*, Be*, Mn*", Fe*, Co**, Ni*", Cu**, Zn*", Cd**, Sc**,
Ti¥*, V¥, cr, Fe*, rRh*, Ga*, In3+) cTaOUIbHO TIpaIoe piBHsHHA (1.2) 3
napameTpamu A=-19,8+ 1,0 fa B=11,0.

InK; =A+B - (Zwu/d) (1.2)

Hanpuknazg B po6oTi [14] Ha migcTaBl aHami3y pe3yabTaTiB KBAHTOBO-XIMIYHHUX
pO3paxyHKiB (3 BHKOpUCTaHHSAM TmporpamHoro makera GAMESS wmetonom
dyHKImionany minsHocTi y Bepeii B3LYP) kommiekcHux croayk ionis Co* 3 H,0,
NH;, OH, F, CI', Br, I, Ac, CN , Ak 3aramsroro Bugy [Co(H,0)g.nLn]*™
[OKa3aHO, IO pe3yJbTaT B3aeMOAIl iX CTPYKTYpPHHUX [JOJIaHKIB CHUHXPOHHO
B1JIOUBAETHCA HA BEIMUMHAX €(DEKTUBHOTO 3apsly lieHTpaibrHoro aroma (Z*Co) Ta Ha
BEJIMYMHAX KOHCTAHT CTIMKOCTI KOMIUIEKCIB. lle crnpuuuHsie ICHyBaHHS JIHIMHHX
Kopensiiaux 3anexHocteit 1IgKk = A + B - Z*Co, mapaMmeTpu sIKHX BHU3HAYAIOTHCS
OPUPOAOI0 TOHOPHHUX aTOMIB JiraHAiB. 3HailieHo koHcTaHTH A Ta B nns Xnopy (—
6,1, 5,8), Hitporeny (125,4; —69,9) ta Oxcureny (30,2; —17,7). ObuucneHo
KOHCTaHTH cTifikocTi komrmiekciB Co®* 3 akpuiaaT-ioHAMH, BIOMOCTI IOKO SKHX Yy
niteparypi BiacytHi: 1gK; = 1,2 Ta IgK, = 4,3. Byno noka3zano, 1o inidHi (IgKy,
Z*Co)-3aJIeKHOCTI  MOXKYTh ~ pEalli30OBYBaTHCS TUIBKM JUIi  KOMIUICKCIB 3

OJHOTUIIHUMHU 1O JOHOPHOMY aroMmy Jirangamud. Ha mnpukiam XJopuaHUX
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KOMILIEKCIB KoOanbTy mokazano niHiiHy (IgKi, z*Co)-3amexnicte (puc. 1.6). 3

napameTpamu piBasHHA (1.2): A =—6,3; B = 5,8.

3.0 1

2.5

2.0 -

ngn

1.5 4

1.0 -

0.5 | 1 1 1
1.2 1.3 1.4 1.5 1.6

z*Co

Pucyrok 1.6 — (IgKy,z co)-3amexnicts wis xmopuaaux [Co(H,0)e.nClo]*" kommrekcis

1.2 CuHTe3 Ta CTPYKTYpPA 3MIilIAHUX I'AJIOT€HOBMICHUX TT-KOMILIEKCIB

Kynpymy

[cHye NOCTaTHBO BEJIMKHM MacuUB HAyKOBOi JITepaTypH ILIOJO CHHTE3Y Ta
CTPYKTYpH T-KOMIUIEKCIB Kynpymy (I) 3 pi3HOMaHITHUMH OpraHIYHUMU JITaHAAMM.
Tak B poGori [15] cuHTEe3yBalmd HOBI T-KOMILICKCH T€T€POMETATIYHUAX Ta
nomBasieHTHUX Kyrnpym (I/II) xmopuniB 3 aminmoxiguumu 1,2,4-Tpiazony. bynu
onepxani  rerepoOimeranmiuni  komruiekcu  Cu(l) cxmamy:  [Cu,(L),Ag,Cl,],

[Cu,(L),ZnCl,] - 2CH;CN, [Cu,(L),FeCl,] - 2CH;CN Ta 3MmimaHOBaJCHTHUH 7

KOOPAWHAIIIMHUNA KOMITJICKC: [Cugl(L)gCu2||C|6] (me L — e 3-amincynsbanina-4-amii-
5-¢enin-4H-1,2,4-tpuazoin). CTpyKTypu OTpUMaHUX KOMILJIEKCIB MOXHA PO3TJISIATH
K Taki, L0 CKJIAJalOThCid 3 JBOX CYOOJUHMIIb: KaTIOHHHM MeTaloOpTraHIuyHUM
dbparment, yrBopenuii ionamu Cu (I), 1 aHioHHI HeopraHiuHi ()parMeHTH. AHIOHHA
YacTHHA, YTBOPEHA JPYTUM KaTiIOHOM METally, BU3HA4Ya€ PO3MIPHICTh KPUCTATIYHOI

CTpYKTypu — abo 3’eaHye nBa ioHH Kynpymy (I) y MoCTHKOBOMY pexXumi B
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MeTaT00praHidHoMy (parMenTi, mo npu3Boauth 10 0D-cTpykTypH (y Bumaaxy Cu' —
Zn" ta Cu' - Fe"), a6o 3B s13ye karionni meranoopraniuni xuvepu B 1D cxomu (Cu' —
Ag' & cu'-cu™.

CTpyKTypd OTpUMaHUX KOMIUIEKCIB MOJXKHA pO3MVBSIIATA SK Taki, IO
noOy/1I0BaHi 3 ABOX I1JOAMHUIIb: KAaTIOHHOI OpraHOMETaIIYHOT YaCTHHHU {Cu'z(L)2}2+,
sKa YTBOPEHA IBOMA 1 -T-KOOopAuHOBaHWMMH ioHamu Kympym(I) Ta gBOMa mapamu
atoMiB N [UKIIB TpHa30dy, 1 aHIOHHOTO HeopraHiyHoro ¢parmenra. Y BCiX
KOMIUJIEKCAaX JPYTUid KaTiOH MeTady BKJIIOYEHUN Yy BUIIISAl aHIOH-TaJIOreH1THUX
(dbparmMeHTiB, HE MOPYIIYIOYH CYTTEBO METaNoopraniyHe sapo. [ns posrisay 0ynoBu
n-komiiekciB  kynpymy (I) 3 mirammom L xommutekc [Cup(L),Cl,] i3 aBoma
TEPMIHAIBHUMU XJIOPUAHUMH 10HaMU Opayii 3a ocHOBHUM OyxaiBenbHuit 010k (OBB).
HonaBanns nBox oauHulb CuCl go mporo 010Ky mpu3BOAMTH A0 yTBOpeHHs 0D
komiuiekcy [Cuy(L)2(CICuCl),] 3 nBoma minitiHuMu cy6omununsmu  CICuCl
(puc. 1.7). YV pasi npueanansns asox oaununb CuCl, 1o OBb, octanHi 3’€1HYIOTbCSA
MK coOoto 3a pornomMororo kynpyM (II) xmopuanux MictkiB y dhopmy apabunu 1D.
Honasanus nBox ogunuib AgCl o Obb Mae nmoniOHumii edekT. BKiroueHHs 0uHULD
ZnCl, a6o FeCl, mo OBb mnpwu3Bomuth 10 BTpatu ueHTp cumerpii OBb, a

terpaeapuani {MeCl,}* axionn ciyxars MoctrkoM Mix ioamu Cu(I) OBB.

+ ZnCl

+ 2CuCl

[Cuy(L),ZnCl] (3)

+ FeCl

}\ [Cu,(L),(CICuCl),)
i

Pucynok 1.7 — [Ipuniunu nodyaoBu n-komiuiekciB kynpymy (1) 3 mirangom L
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B po6oti [16] Oymo cuHTe30BaHO KpHUCTamu T-KomIuiekciB kympymy (I) 3
noximaumu  N-amiumminepasuny, Taki  sk:  [C3HsNH(CHy);NH;]Cu,Cl, Ta
[C3HsNH(CH,)4sNHC3Hs]o5sCuCly,. PeHTreHOCTpyKTYpHE TOCHIKEHHS 1I0Ka3ajo, [0
kpucraniuna crpykrypa cronyku [C3HsNH(CH,),NH,]Cu,Cl, € Bensmu HeTHITIOBOO
Yyepe3 HAasBHICTh IIEHTPOCUMETPHYHOTO HeopraHiunoro ¢parmenta CuyuCig, mo €
HOBUM i1 [bOro kiacy cmoiyk (puc. 1.8). Ileit ¢parmeHT MICTUTH [Ba
KpuctanorpapiyHo He3alexHuX aromu Kkymnpymy (I). O6uaBa atomMu MaroTh
TPUTOHAJBHO-TIIpaMiiajibHe OTOYeHHs. CTPYKTypHHUMH OJWHUISMH € JTUMEpH

{Cu,C4(C7H16N,) }o, ki moeauani MirHIME BogHeBUMHE 3B s13kamu (N)H:--Cl.

Pucynok 1.8 — ®@parment ctpykrypu [CsHsNH(CH;)sNH;]Cu,Cl,
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Crpykrypa cnonyku [C3HsNH(CH;)sNHC3Hs]o sCUuCl, (puc. 1.9) cknamaerbes
3 EHTPOCUMETPpUYHHX JuMepHuX aHioHiB Cu,Cly, ne atomn Kynpymy koopauHyrOTh
QJIJIOBI TPYIIH Pi3HUX ICHTPOCHMETPHUYHUX OPraHidyHMX KaTioHiB. AToMm Kympymy(l)
TaKO)X Ma€ TPUTOHAIBbHO-OlMipaMifaibHE KOOpJAWHAIIIIHE CEepeloBHUINE Ta
CKJIaaeThcsl 3 TpboxX artoMiB Xmopy Ta C=C-3B’s3ky. JlaHiorm ammep-iiranna

cniosrydeHi BogHeBuM 3B’ s13k0M (N)H:- - - Cl.

Pucynok 1.9 — ®@parment ctpykrypu [C3HsNH(CH,),NHC3Hs]o sCuCl,

IcHYI0Th TakoXk BimomocTi mpo m-kommiekcu Cu® 3 C=C-dparmentom. B
poboti [17] Oyno OTpUMAaHO KPUCTAIM JBOX IIBITTEPIOHHUX T-KOMILJIEKCIB
kynpymy(I) 3 xmopumom i 6pominom mponaprinamonito — [HC=CCH,;NH;3]CuCl, Ta
[HC=CCH,NH;]CuBr,.  Crpykrypa [HC=CCH,;NH;]CuCl, ckmagaerscs 3
auckpetaux ¢pparmenTiB [HC=CCH,;NH;3]CuCl,, a ctpykrypa [HC=CCH,;NH;]CuBr,
yrBopeHa nojimepaumu  jganmtoramu  {[H,C=CHCHCH,NH;]CuBr,},, xpim
BoaHeBux 3B’s3kiB =C-H:---X y [HC=CCH,;NH;]CuCl, i [HC=CCH,;NH;]CuBr,,
BHPaXCHUW BIUTUB Ha ()OpPMYBaHHS CTPYKTYpHU B IMX KOMIUIEKCaX YHUHHUTH TaKOK
pO3IIMpPEHa cUCTeMa CUIILHUX BOJHEBMX 3B’A3KiB, yTBOpEeHA aToMaMH Bojnio NHj'-
rpyny Ta aTOMaMH TaJOT€HIB HEOPraHIYHOTO aHIOHY, TAKOXK YMHHUTH BUPAKEHUN
BIUTMB Ha ()OPMYBAHHS CTPYKTYPH B IIMX KOMIUIEKcaxX. KoMIIeKcH BIAPIZHSAIOTHCS 32

e(eKTUBHICTIO T-3B’43KY; BijcTaHb Cu—(cepenuna 3B’s3ky C=C) 1 10BXKHHA 3B’SI3KY



32

C=C cranmoBuats 1,923(9), 1,23(1) A Ta 1,960(6), 1,192(8) A nana
[HC=CCH,;NH;]CuCl, ta [HC=CCH,NH;]CuBr,, Bignosiguno. Yacrotu v(C=C) B
[HC=CCH,;NH;3]CuCl, i [HC=CCH,;NH;]CuBr, cranosmsats 157 i 137 CM © HYDKYE
BIAMIOBIJHNX 3HAUCHb AJISI BIIBHOTO JiraHay. 3MeHmeHHs 3HaueHb V(Cg—H) Ha 92—
84 cm ! cBimunTH Ipo aKTUBaIlito 3B’ sa3ky =C—H.

Asropamu [18] Oyno orpumano HoBuii Cu(l) n-KoMmIUIIeKC CKiIaTy
[Cuy(dapt),Cl,4] - 0,38EtOH (dapt — (2Z)-3-amin-2-(aminimino)-1,3-tia3oaiauH-4-0H).
n-KoMmrieke KpucTamizyeTbess y TPUTOHAIBHIA IICHTPOCHUMETPHYHIA TPOCTOPOBIi
rpymi. Ctpykrypa kominiekey [Cug(dapt),Cly] - 0,38EtOH moOynoBana 3 AuMepHUX
terpasaepaux  pparmentiB  [Cuy(dapt),Cl;] Ta ™omexkyn eranomy. OcraHHi
po3TalioBaHi Ha OCI TOTPIAHOI 1HBEpPCli 1 YAaCTKOBO 3alOBHIOIOTH IYyCTOTH B

KpHUCTaiuHii cTpykTypi (puc. 1.10).

R0

Pucynok 1.10 — Ynakoka kpucrtainis [Cu,(dapt),Cl,] - 0,38EtOH y nanpsmky [001] 3

300pakeHNMH (y HAMIBIIPO30POMY PEKUMI) TIO3UIIISIMH €TaHOTY

3aBasku  KoOpAHWHAIIT 000X aMiJbHUX TPYym [0 METATIYHHUX IEHTPIB
yrBoproeTbest  critike  siapo  {CusCly}  y  cmomymi  [Cug(dapt),Cly] - 0,38EtOH.

Monekyna dapt y cTpykTypi i€ sIK TPUACHTATHUI XeIaTyrOuuil JiraH]l Ta BUKOHY€E
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(YHKIIIIO  MOCTHKOBOTO  3B’SI3Ky,  OJHOYacHO 3B S3yl04MCh 3  oboma
KpuctajgorpadiyHo  HE3aJICKHHMH atoMamu  Kynpymy. BHacmigok  1poro
YTBOPIOKOThCS AUMEpHI TeTpanykiieapHi ¢pparmertn [Cuy(dapt),Cl,].

B po6ori [19] Buxoasuu 3 BIAMOBIMHUX TiATUI-TIOXITHUX 1 TaJOTCHITIB
kynpymy (II) Bmepme Oynu oTpuMaHI Ta OXapaKTepHU30BaHI JBa T-KOMILICKCH
kynpymy (1): [Cuy(dau)ClysgBros,] Ta [Cuy(dapa)Cly74Bro2e] (ne dau i dapa — 1,3-
miamiicedoBuHa Ta 1,3-miaminmapabanat, BignmoBigHO). 1,3-JliamincedoBwHa B
cTpykTypi -Kominiekey [Cuy(dau)Cly sgBrg 42] BUCTYIIAE JTiraHIOM, 11O Ma€ K G-, TaK
i m-xoopauHamniHi BiactuBocTi. Atom Cul B [Cuy(dau)ClysgBros] npuiimae
TPUTOHAJBHE TipaMiaibHe KOOpAHMHAIIHE OTOYEHHS, IO CKIIAJA€ThCS 31 3B’ A3KY
C7=C8 aninbHoi rpynu Ta aroma Ol Tiel ) MoyieKyau dau 1 IBOX 10HIB TaJIOT€HY
(Hall 1 Hal2) HeckiHUeHHOro MOJIIMEpHOTro JaHiora rajgoreHiny kynpymy (I). lon
Cu2 B [Cuy(dau)Cly sgBrg 4o] Mae mnanapHe TpUTOHAIBHE KOOPIUHAIIWHE OTOYCHHS,
yrBopeHe 3B’si3koM C10=C11 iHmoi anunpHoi rpynu dau Ta 1BOMa 10HAMH TaJOreHy

3 CYCITHBOT'O HECKIHUYEHHOTO J1aHIora (puc. 1.11).

Hal2

Hal1'

Pucynok 1.11 — Cxema nymepaiii B cTpyktypi crioiyku [Cu,(dau)Cly sgBro 42]

1,3-HianinnapabaHaT € BUKIIOYHO T-KOOPJAMHOBAHUM y CTPYKTYpi CIOIYKH
[Cu,(dapa)Cly 74Brg 26]. Ion Cul yTBOprO€ TpuroHaabHe IMipaMigaibHe OTOYCHHS, SKE

cknanaersbes 3 ionis Hall, Hall' ta Hall" qpa6uHOnoqi6HOro mosiiMepHOro JaHmora
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Kynpym ranoreniny ta C7=C8-3B’s3ky anuipHoi rpynu (puc. 1.12). Ha BigMminy Bia
Cul, ion Cu2 3HaxXoAMTHCA B TPUTOHAJIBLHOMY OTOYEHHI, IO CKIIAJAEThCS 3 10HIB
Hal2 i Hal2" Ta 3B’s13ky C10=Cl11 iHmoi anisibHOI Tpynu Ti€l K MoJiekyau dapa.
OpHak G-KOOpIMHAINS HE CIOCTepiraeThcs s koaHoro atoma OxcureHy B dapa
mopiBHsSHO 3 atomMoM OxcureHy B dau, 1O Y3TOIKY€TbCS 3 OUIBII KOPCTKOIO

OCHOBHICTIO 3a JIproicom.

Hal2

Pucynok 1.12 — Cxema Hymepaitii B ctpyktypi criosyku [Cu,(dapa)Cly 74Brg 26]

OO6uaBi cioayku NMoOyI0BaH1 3 MapajiebHUX MOJIMEPHUX JIAHIIOTIB KyPyM
rajoreriny omgHoro tumy B [Cuy(dau)ClysgBros] 1 aBox  TumiB B
[Cu,(dapa)Cly 74Brg 6], 3mmTHX MonekynamMu OpraHiyHOIO JraHAy 3 YTBOPEHHSM
3D-nonimepHoro 06’emy B [Cu,(dau)ClysgBros,] 1 2D-mapyBaToi CTpyKTypu B
[Cu,(dapa)Cly 74Broos]. Crpykrypa [Cuy(dapa)Cly74Brozs] 3acmyroBye Ha yBary
3aBJSKU MMOETHAHHIO IBOX PI3HUX THITIB JIAHITIOTIB, K1 PAHIIIE CIIOCTEPITAIMCS JIUIIIE
OKpeMO B KoopauHaliitaux crosrykax kynpym (I) ramorenimy [20].

Tak, B po6oTi [2]1] OyJ10 HOCHIAKEHO OTPUMAHHS Ta MOJEKYJISPHI CTPYKTYpH
JIBOX YOTUPHUSIEPHUX T-KOMIUIEKCIB 3 KyOaHoBuMu CuyCy-siapamu, MiX €HJIO-
muiukioneHTaaieHoM 1 kynpym (I) xmopugom. JIBa 4HOTHPUSIIEPHUX KOMILIEKCH
[CusC4(CyioH12)4] (TeTparonansbHoi Ta opTopoMOiuHOoi OymoBu), Mictate CuyCly siapa,
MK Kynpym(l) xmopuaoM Ta €HI0-AMIHMKIONECHTAIIEHOM. EHI0IUIIMKIIONEHTadIEH
KOOpAUHYEThCS 10 KynpyM (1) uepes moaBiitHui 3B’ 130K y HOpOOPHEHOBOMY KUJIbIII B
000X KoMILIeKcax, e aToM Kynpymy (I) I1eMOHCTpye BUKPHUBIIEHY TETpacapudHY

(TpuroHasibHO-TIipaMiAHy) KoopauHaliitHy reomerpito. Biacrani Cu—C KonuBaroThCs
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Big 2,011-2,092 A nns kommekcy 3 TeTparoHanbHOIO OynaoBoro Ta Bif 2,051-2,077
A B xommnekci opropom6iunoi Oymosu. OcTaHHiN MOMHA ONMCATH SIK acOL{aLilo
neox gumepiB  Cu,Cly(CioHyp),, 31 3B’sskamu  Cu—Cl 2,284-2.323 A, sxi
YTPUMYIOTbCS pa3oM AoBruMu B3aemomiamu Cu—Cl 2,827 i 2,852 A. Ky6anose sapo
TETParoHaJIbLHOTO KOMIUJIEKCY TaKOoX croTBopeHe, 13 3B’si3kamu Cu—Cl B miama3oH
2,274-3,015 A, anme croTBOpeHHs Take, IO IpaHb Ky0a He CKIAMA€ThCS JIMIIE 3
kopoTkux 3B’s13KiB Cu—Cl.

B crarTi [22] nmoka3aHo, 110 TaKi CIIOJYKU SIK OSH30TpHa30J1, PeH1IbHI TOX1/IH]
TeTpa3oiy, mipa3zon 1 2-MeTun-5-mepkanrto-1,3,4-tiamiazon B po3zunnax NaCl, ta 5-
xJjopOeH3oTpuraso, 3,5-mamino-1,2,4-tpuazon 1 4-merunimigazon B po3unHax HCI,
3/1aTHI aJIcOpOOBYBAaTUCH HA MiHIN MOBEPXHI Ta 3aXUIIATH 11 Bl KOPO3ii.

B po6oti [23] Oyno cuHTE30BaHO MEPUIIMA MOHOSACPHHIA MOHOKIIHHHU T-
KOMILJIEKC KyIIpyM (D XJIOPULY 3 OJIHO3aMIIIIEHUM ATKIHOM
[(CoHsNH,(OH)C=CH)CuCl;] B CUCTEMI CuCl-HCI-H,0O-
(CgH1gNH,(OH)C=CH)C] (me CgHis(OH)C=CH - 4-etunin-4-rigpokcu-2,2,6,6
TEeTpaMEeTWIINepikaTion  ayOHir0).  bymoBa ~ komIuiekcy ~ MICTHTh — JIBi
KpuctanorpadiuHo HEe3aJIeXKH1 IBITTEP-10HHI bopmynu
[(CoH1sNH2(OH)C=CH)CuCl;], sixi € pe3ynbTaToM T-KOOPAMHALIT MOTEHI[IIHOTO 7-
6inenrarnoro C=C-3B 3Ky OpraHidHoOro kariony Ha ogun atroM Cu’ HeopraHiuHOro
aniony CuCl, . Ilopsa 13 cnaOKuMH MDKMOJIEKYJISIPHUMU BOJHEBUMH 3B’ SI3KaAMU
=CH---Cl Ta BHyTpimmHbOMOJNEKYIsApHI KOHTakTH OH---Cl, cTpykTypa cTabdimi3yerbes
CTIPSIMOBAHOIO 10HHOIO B3aeMOIi€r0 uepe3 cuiy 3B s3kiB NH---Cl.

Crning 3a3Ha4yuTH, [0 HABENEHI CTPYKTYpPH TaJOTeHIAHMX (1 HE TUIbKH) T-
KoMIuiekciB kynpymy (1) 3 HeHacuueHrME hparMeHTaMH PI3HOMAHITHUX OPTaHIgYHUX
PEYOBHH HE € BHUEPHHUM. ICHYIOTH 1 1HIII BigoMi m-KoMIuiekcu kynpymy(l): 3 2-
amiHo-5-aininrio-1,3,4-tiagiazonom [24, 25], 3-(auaninamino)mnponan Hitpuiom [26],
5-(aminTio)-1-(3,5-mumetnndenin)- 1 H-terpazonom [27], 2-(N-anin)-amino-5-meTui-
1,3,4-tiamiazonom [28], Oic(amiakapbamoTioin)miazaneniiqom [29], N-amin-5-amino-
1-¢penin-1H-1,2,3-tpua3on-4-kapObokcamiiom [30], N,N'-miamin-N,N,N',N'-

TeTpameTuiaeTuiacHIiamiHoM [31].
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Takox icHye Oararto cTpyktyp, y skux Cu(l) 3B’s3aHmii 3 eTnineHom, ane 1e
3a3BUYail YyTJIMBI J0 MOBITPS METAJIOOPTaHiuHI CIIOIYKH, SKI MAlOTh MOJEKYJSPHY
npupoay, ae oiaediHoBui miraHi moB’s3aHui 13 neaTpoM Cu(l) muime 7-3B’s3K0M
[32-35].

[Mogo cuHTE3y XJIOpPUAHHUX T-KOMIUIekciB Kynpymy (I) 3 maneiHoBoro
KHUCIIOTOIO CJIiJl 3a3HAYUTH, 1110 BIATOBIIHI BIJOMOCTI B JiTepaTypi Mai)Ke BIACYTHI.
ABtopu pobotu [36] oTprMany KOBTUH KPUCTATIYHHN KOMILIEKC KUCIIOTO MajeiHaTy
kynpymy (I), sskuit mae cknag — CUHM - 2H,0, sxuii Oyino cMHTE30BaHO B3aEMO/IIEI0
po3unny H,M wneittpanizoBanoro NaOH, 3 CuCl. Atomu Kynpymy, po3ramoBaHi B
TUTOLIMHAX A3€PKALHOTO BIAOOPaXKeHHsI, SIK1 3 €JHaH1 B OTPIHHI IIapyU MICTKOBUMHU
anionamu HM', sxi koopaunytoTh arom Kynpymy noasiiinum C=C-3B’s:3koM. [Ipu
bOMY I[I0OKAa3aHO, II0 y BOJHOMY PO3YHMHI YTBOPIOIOTHCS TAaKOX XJOPUIHI -
xkommiekeu [(H,M)CuCl], [(H.M)Cu]", [(HM)CUCI]", ane BoHM icHylOTh &HIIE B
BOJIHOMY CepeloBHI. A y TBepJaoMy cTaHi Buausierbes komiuiekc [(HM)Cu], y

BUIJISA1 KPUCTAJIOTIAPATY 3 AIBOMA MOJIEKYJIaMH BOJIH.
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1.3 EnexkTpoxiMiuHuii CHHTe3 Ta A0C/iIKeHHA T-KOMILUIeKciB Kynpymy

OaHuM 13 MEepCHeKTUBHUX HANpPSIMKIB CUHTE3Y T-KOMIUIEKCIB Kynpymy (1) €
CJICKTPOXIMIYHUN CHUHTE3 3 BUKOPHCTAHHSM 3MIHHOTO CTpyMy, SIKHM Ha 0as3i
JIbBIBCBKOTO  HAITIOHAJIBHOTO YHIBEpcUTETy 1MeH1 IBana @dpaHka yCHIIIHO
BUKOPUCTOBYBABCA JJII OTPMMAHHS BEJIUKOI KIJTBKOCTI KPUCTAIIYHUX TT-KOMILJIEKCIB
kynpymy (I).

B crarti [37] MeTOIOM 3MIHO-CTPYMOBOT'O CHHTE3Y OYJ0 OTPUMAHO KPHUCTAJIH
n-komiiekcy 2CuCl - DATrS (DATrS = miamintpucynsdim). CTpykTypa MICTHUTH
HeckiHueHH1 KiyOku (CuCl),, siki 00’eaHaH1 B TPUBUMIPHY CTPYKTYpYy O1IMOCTOBUM
TETPAJCHTaTHUM JIraHaoM. TpuroHanpHO-mipamigHe oToueHHs aroma Cu
cknagaeTbes 3 aABox aromiB Cl, onedinoa rpyna C=C 1 atom S (B amikajgbHOMY
oJIoKeHH1) pi3HUX Mosiekys1 DATTS.

B crarti [38] mocmimkyBamuCh KpUCTalU T-KoMILiekciB Kympymy (I) 3
MOX1THUMHU N-aninminepasuny, [C3HsNH(CH,)4NH;]Cu,Cl, Ta
[C3HsNH(CH,)4NHC3Hs]osCuCl,, siki Oyau oTpuMaHi €IEKTPOXIMIYHUM IUISXOM.
PentrenoctpykrypHe JOCTIPKEHHS 1oKasasno, 110 CTIOTYKH
[C3HsNH(CH,)4NH]Cu,Cl, i [C3HsNH(CH)sNHC;3Hs]osCuCl, xpucramisyrorscs B
MoHOKMiHHY cuctemy. Crtpykrypa [C3HsNH(CH,);NH,]Cu,Cl, cxnamaerbes 3
aumepiB  {Cu,Cly(C;H1gN2)},, 3’ennanmx gocuts MinauMm BoaneBumu (N)H:---Cl
38 si3kamu (2,35(4) A). Crpykrypa [CsHsNH(CH,)sNHC3Hs]osCuCl, cxnanaerses 3
CHTPOCHMETPHYHIX AuMepHHX aHioHiB Cu,ClL%, y skmx aromu Kympymy
KOOPJIMHYIOTh aJlIbHI TPYIH PI3HUX LIEHTPOCUMETPUUYHUX OPraHIYHUX KaTiOHIB.

ABtopamu crtarti [39] OyB po3po0ICHHI €NEKTPOXIMIYHUN CHHTE3 KPUCTATIB
n-komrmiekciB CigHigN,S - CuCl ta CygH1gN,S - CuBr. Cumerpist C1oH1oN,S - CuCl e
pomb6iuna st C1oHioN,S - CuCl ckmaay, R = 0,0635. (2-AsinTio)0eH31Mi1a301bHU#
¢dparMeHT 1ie€ B 000X PO3IIIIHYTUX CTPYKTypax sk OLA€HTaTHUM JITaH, XelaTylouu
atom Kympymy ioro rpynoro C=C ta atomom Hitporeny. BHaciigok cTepuyHUX
nepemkoa arom Cynedypy He Oepe ydacti B koopauHamii metamy. Camo3bipka
kBazimwmomHn  CyoHoNoS-CuX  nmpusBoauth 10 yTBOpEHHA — mapy B

Cio0H1oN,S - CuCl. Cepenosuiie aroma Kynpymy B CioHioN,S - CuCl Brimrouae,
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okpiMm atoma Hitporeny ta rpynu C=C, me i atom XJopy B €KBaTOpiaJIbHI
IUIONMIMHI Ta CHUJIBHO BUINAJCHUW 1€ OJWH Y amiKaJbHOMY TIOJIOKEHHI. Y
CioH1oN2S - CuBr nBi momiOH1 KynpyMKOOPJMHAIIWHI TOJIIEAPH IMPUETHAH] 0
aumepiB  (Cu-CyoH1oN,S),Brp, siki 3B’s3aHI  B37OBXK OCCH  3aBISKH CHIIBHOMY
BoaHeBomy 3B’s3ky N-H..F. Opna 3 xoopnunauniitnux cdep xkynpymy (I) MicTUTBH
HeBnopsakoBanuii C=C-3B’s30K.

B nocmimkenni [40] Oymo otpumano m-komiuieke kymnpym (l) ckmany
[CuCI{CHsN3(C3Hs)} ]. EnexTpoximiuHuii CHHTE3 IMPOBOAMBCS IPOTAroM 24 roja y
po3unHi etaHoiy, 3 npekypcopom CUCl, - 2H,0 Ta l-aminOeH30Tpia30yioM, B SKOCTI
OpraHivHOTO JiraHmy, 3 OTPUMaHHSIM IPOMIKHOTO POAYKTY
[Cu";Cle{CeHsN3(CsHs)}s]  3emeHoro kombopy, sKmii depe3 JeKiibka JIHIB
MEPETBOPIOBABCSI HAa YEPBOHI KPUCTAIH [Cu”2C|4{C6H4N3(C3H5)}3]. Kpucramm
[Cu";Cle{CeHsN3(CsHs)}s] Tpuxmmumi, a kpucramu [Cu",Cli{CsHiN3(CsHs)}s]
MOHOKJIIHHI. B 000X crionykax KokHe O€H30TPHA30JbHE SAPO KOOPAUHYETHCS IBOMA
atomu Kynpymy 3 BuUKopHcTaHHSIM ABOX atomiB Hitporeny. [3onboBani ¢pparmeHTH
CusCls B [Cu"sCle{CsH4N3(CsHs)}4] xommencyroThes B3moBk HampsimMxy [001] Ha
HeckinueHHi Jyaniorn [CuCly], y [Cu”2CI4{CGH4N3(C3H5)}3]. 3peniToro, 4epBOHI
kpucramu [Cu',Cl{CsH4N3(CsHs)}s] 3 wacom meperBoproroThest Ha Ge30apBHUI -
komiutiekc Kynpymy(I), cknamgy CuCl-CgHsN3(C3Hs).

B poGoti [41] MeToaoM 3MIHHO-CTPYMOBOTO €JIEKTPOXIMIYHOTO CHHTE3Y
OJIep’KaHO Ta PEHTTEHOCTPYKTYPHO JIOCTIPKEHO JBa HOBI  T-KOMIUIEKCH
[Cu,Cls(Almethia),] ta [Cu,(Almethia)s](ClO,), (me Almethia (CgHgN,S,) — 2-
anmurio-5-metun-1,3,4-tiagiazon). B o0ox  cTpykTypax HasBHI 1O  JiBa
Kkpuctajgorpadpidao HesanexHi aromu merany. Y kommiekci [CuyCly(Almethia),],
mirang Almethia crnpusie peamizamii «cxiguactoro kybany» Cu,Cly. ¥V crpykTypi
[Cu,(Almethia)z](ClIO,), mume monexynu Almethia mos’si3ani 3 atromamu Kynpymy i
yTBOPIOOTH KationHi dparmentu[Cu,(Almethia)s]®*, moexnani 3 aniomamu ClO, —
BUKJTFOYHO €JICKTPOCTATUYHUMH B3AEMOTISIMH.

B crarti [42] OoTpuMaHO KOMIUIEKCHM MajeiHOBOI KucioTH 3 KobambTom,

Hikenewm 1 Kynpymowm, siki Manu moJiiMepH1 OKTa€pUUHI CTPYKTYPH.
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ABropu cratTi [43] eNEeKTPOXiMIYHMM METOIOM OTPUMAIM KPHUCTAIU Ti-
kommuiekcy kynpymy(l) 3 l-amimmipumuniii  xmopumom  [CsHsN(CsHs)][Cu,Cls]
(puc. 1.13). Kommiaekc [CsHsN(C3Hs)][Cu,Cls] xpucranizyerbcst MOHOKIIHHO. Y
ctpyktypi  [CsHsN(C3Hs)][CupCls]  TpuronampHO-TlipamigHe  OTOYEHHS — 7T-
KoopauHOBaHOTO atoma Kynpymy (I), skuit yrBOpeHuit momoexkenum po C=C-

3B’A3KOM aJIlJIbHOI TPYNH Ta TpbOMa aTOMaMu XJIOpY.

I \

NN SN -

TN

Pucynok 1.13 — Kpucraniuna crpykrypa [CsHsN(C3Hs)][Cu,Cls]

[Hm nBa aromu KynpyMy € TeTpacApUyHUMHU 1 OTOYEH1 JIMIIE aTOMaMHU
Xnopy. Koopaunartiitni 6araTorpaHHuKu 00’ €THYIOTHCS B TIEPBICHUNM HECKIHUCHHHMA
(Cu,Cls®), dparment (puc. 1.14). Crpykrypue nopisusuus [CsHsN(CsHs)][Cu,Cly]
Ta HEM[OIaBHO JOCIIKEHUX M-KoMIuiekciB KynpyM (I) ximopumy 3 3-amiHo-, 2-aMiHO-
, 4-amino-l-aminmipuaunito xaopumaamu  BiamoBigaux [LCu,Cls], [L,Cu,Cly] i1
[LCUCl,] mno3Boimiay BUSBUTH TEHICHIIO 3MiHM YCKJIQJHEHHS HEOPraHIYHOTO
dbparmenTa, sike 3aeKuTh BiJl pK, (0a30BOro) 3HaU€HHS BiJIMOBITHOTO TTOYATKOBOTO

TETEPOLUKITY.



Pucynok 1.14 — Cxematnunmii Bux neoprauiumoro gparmenty (CusCls®), B

ctpyktypi [CsHsN(C3Hs)][Cu,Cls]
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B po6orti [44] 6yn0 T0CTiAKEHO ABa CIIOCOOM CHHTE3y KoMIuiekcis ioHiB CU” 3

MaJieiHoBO0 KUCIOoTOK (H,M) — XiMiuHUH, MIISXOM BiTHOBICHHS Miji i3 pO3YHHY

KynpyMm cyibdpary 3 no0aBkoro H,M Ta enekTpoxiMIYHUM, IO 311HCHIOBABCA

IUISXOM aHOJHO1 10Hi3amii Mmigi B po3umHax H,M. EnekTpoxiMiuHMil CHHTE3

pPO34YMHIB BIAOYBaBCA IiJ] 4Yac MPONYCKAHHA Yepe3 pO3YMH MEBHOI KUIBKOCTI

CJIICKTPHUKHU. ]_IH onepauiﬂ MMpOBOAWIIACH 3 BUKOPUCTAHHAM ILUIATHHOBOI'O KaTOAy Ta

MiHOTO aHOMy IpH CTPYMi rycTHHI cTpyMy 2 MA/cM® mpotsrom 10 — 60 xBumus. B

MIPOIIEC] €NIEKTPOJII3Y 3a0apBICHHS aHOJITY MOCTYOBO 3MIHIOBAJIOCH B1J] OJIAKUTHOTO

1o cBiTio 3enenoro. Ha puc. 1.15 naBeneni criektpu norimHanns 6azosoro (1,0 M

H,SO, + 0,1 M CuSO,4) ta d¢onooro (1,0 M H,SO,) po3umHy 3 mg00aBKOIO

MaJIeTHOBO1 KHUCIIOTH TI1]] 4ac oro aHogHO1 0OpOOKH.

1.0
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Pucynok 1.15 — Cnextpu norinuHanHs: a — 6azoBoro po3uuny + 0,1 M H,M; 6 —

¢onoBoro pozuuny + 0,1 M H,M 3 pi3HrM gacoM poBeICHHS €IEeKTPOTI3Y, XBUINH:

1-0,2-10,3-30,4-60
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byno noxazano, mo B 30H1 400 HM crocTepiraeTbes MK ONTHYHOT TYCTHHH, L0
MOKE BKa3yBaTH Ha Te, IO B 000X PO3YMHAX IIiJl YaC €JIEKTPOJIi3y YTBOPIOETHCS
0JIHaKoBa croJiyka. Tak, B 6a30BOMY pO3uMHI 3Ha4YHa KUIbKicTh H,M 3B’s3aHa y o-
xommeke 3 Cu”’-ioHaMu i TOMy Tpu MaJTiit KiTbKOCTi BUIBHMX JTiraH/iB 0 MPOLECY
(1.3) monyuaetncs i nporec (1.4):
Cu’—e + HM = [Cu*(HM)] (1.3)
Cu’—2e =Cu* (1.4)
VY dbonoBoMy po3umHi Bcsa H,M goctynHa 11 B3aeMOJii 1 TOMY BCsI KIJIBKICTh

+ —
CJIICKTPUKH BUTPAYA€THCS Ha yTBOpeHHs Komiuiekcy [Cu (HM))].
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1.4 IlocTanoBKka 3axa4i JOCTITKEHHA

AHani3ylound pe3ylbTaTh JITEPATYPHUX JHKEpeT MOXHA 3pOOUTH BHUCHOBOK,
mo cTabinbHi m-kommiekcu CU™ 0JHOYACHO YTBOPIOIOTH SIK T- TaK i G-3B’S3KH. B
JiTeparypl 1CHy€ BEJIMKHM MacuB JOCIHIDKEHb IIPO TEOMETPUUYHY CTPYKTYpY (3
mapaMeTpaMi KpPHCTaliuHOi IPaTKH) TaJoreHigHMX 7T-KoMruiekcis CU’ 3 pisHuME
(GyHKITIOHATBbHO3aMIIIEHUMH aJKeHAMU Ta aJKiHAMU, ajie B TOW K€ Yac 3aJUIIA€ThCs
HEJIOCTATHHO JIOCIIIJKEH] 0CO0JIMBOCTI 3B’SI3yBaHHS XJIOPUTHUX -
anupoakBakoMiiekcis Cu® 3 ManeiHoBoro Ta (ymMapoBolo KHCIOTaMu. AHani3
JTTEpaTypHUX JHKEpe JT03BOJUB BUSBUTH MEBHY KOPEJSII0 MK PO3PaXyHKOBUMU
KBaHTOBO-XIMIYHUMHU TIapaMeTpaMH Ta EKCIEPUMEHTAIbHUMH JAHUMU  JUIS
KOMILIEKCIB TEpEeXIAHUX METaldiB 3 OpraHiuyHUMH JiraHjaamu. BracHe, I1CHYIOTbH
JiTepaTypHi BIIOMOCTI MPO JIHIMHY 3aJeXKHICTh MIXK KOHCTaHTaAaMHU JHMCOLIAIii
MOHOTIAPOKCUIHUX KOMILUIEKCIB METaliB JO PO3PaxXyHKOBOTO MapamMeTpy 10HHOTO
MoTeHIiaTy a0 ePEeKTUBHOTO 3apsay IeHTpaIbHOTO aToMa. Lle 103Bosisie BU3HAUUTH
KOHCTAHTH JHCOILIAIl JJI1 BIAMOBIIHMX KOMIUICKCIB B paMKaxX MOJIOHUX CHCTEM.
AJle py IbOMY € HEJIOCTaTHhO BUBUYEHA 3aJICKHICTh MK KOHCTAaHTaMH JUCOIlIalll] Ta
BETHYMHOI0 e(eKTHBHOrO 3apsioy JUI AlMA0aKBaKOMIUIGKCiB ioHiB Cu* 3
OJTHOOCHOBHMMH Ta JIBOXOCHOBHHUMH KapOOHOBMMM KucioTamu. B mitepatypi
icHyI0Th naHi mpo ocobmuBocti dn-pr-38’s3yBannsd ionis Cu™ 3 (C=C)-¢parmenrom
MajeiHoBoi Ta (yMapoBOi KHCJIOT, ajieé MpU I[bOMY BIJACYTHI BIJIOMOCTI IIpO
0COOMMBOCTI 3B’SI3yBaHHS, T€OMETPUYHY Ta €JEKTPOHHY OyIOBY XJIOPHUIHHUX T-

. +
armoakBakoMiiekciB Cu .
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PO3JILI 2
METO/IUKA MTPOBEJEHHS EKCIIEPUMEHTAJBHUX TA
PO3PAXYHKOBUX JOCJIUKEHD

2.1 KBanToBoO-XiMiuHe MOIETIOBAHHSA

KBaHTOBO-XIMiYHE MOJCIIOBAHHS € CYYacCHOIO Taly33l0 HAYKH, IO TOETHYE
METOJY KBAHTOBOI MEXaHIKM Ta XiMIi JUUIsl BUBYEHHS BJIACTUBOCTEN Ta INOBEIIHKU
MOJIEKYJI, aTOMIB 1 XIMIYHMX peakuiid. lle BaxkimBa ramdy3p s pPO3YMIHHS 1
IPOrHO3YBaHHS XIMIYHUX BJIACTUBOCTEN PEYOBHH HAa aTOMHOMY Ta MOJIEKYJIIPHOMY
piBHsX. KBaHTOBO-XIMiUHE MOJIEIIOBAHHS Ma€ KUIbKa BAaXKJIMBUX IIepeBar, sKi
poOJIsATh HMOTro HEBIJ €EMHOK YAaCTHMHOKI Cy4dacHOI HaykKu Ta naociimkeHb. Cepen
HepeBar 1[bOro METO/1y MOXKHA BUAUTUTH HACTYIIHI:

> PO3yMIHHS €JIEKTPOHHOI T4 TEOMETPUYHOI CTPYKTYpPHU: KBAHTOBO-XIMIYHI1
METOAM JO3BOJSIOTh TOYHO PO3PAaXOBYBATH €JIEKTPOHHY CTPYKTYPY Ta T€OMETPUUHE
MIOJIO’KEHHS aTOMIB Ta MOJIEKYJ, 1110 € BaXJIMBUM JJIsl PO3YMIHHS IX BIaCTUBOCTEH Ta
B3a€MO/IIN.

> NPOTHO3YBaHHS XIMIYHHMX pEaKI[iii: METOIM KBAHTOBO-XIMIYHOTO
MOJICJIIOBAHHSI J03BOJIAIOTh 3 3aJaHOK TOYHICTIO PO3PAXOBYBaTH EHEPreTHUYHI
Oap’epy Ta MEXaHI3MHU XIMIYHMX peaklii, 1o Jonomarae B MPOTHO3YBaHHI Ta
parioHaTbHOMY ITPOEKTYBAaHH1 HOBUX XIMIYHUX MPOIIECIB Ta PEAKIIIH.

> JOCIIKEHHS MOJIEKYJISIPHUX napameTpiB: KBaHTOBO-XIMIYHE
MOJICJIFOBAHHS JJO3BOJISIE BUBHAUMUTH PI3HOMAHITHI MOJIEKYJISIpHI TTapaMeTpu, Taki sK
JUTIOJIbHI MOMEHTH, €HEPreTH4YHI PIBHI, CIEKTPH TMOTJIMHAHHS Ta PO3CIFOBAHHS
CBITJIa, TIOBHY €HEPril0 CHUCTEMHU 3 PI3SHOMAHITHUMHU TEPMOJUHAMIYHUMU
nmonpaBkamu, €GEKTHBHI 3apsau, e€Heprii 3B’sA3yBaHHs, MOTEHINAN 10HI3aIlll,
€HepreTUyH1 NapamMeTpyu MOJIEKYJIIpHUX opOiTaneil Ta 6arato 1HIINX.

> e(eKTUBHICTb B POOOTI 3 MACHUBHUMHU MOJEKYJSIPHUMH CUCTEMaMHU:

KBAaHTOBO-XIMIYHI METOAM MOXXYTh OyTH 3aCTOCOBaH1 JJisi BUBUEHHS BEIIMKUX Ta
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CKJIQJHUX MOJEKYJISIPHUX CHUCTEM, BKIIOYAIOYM OIOMOJIEKYIH Ta TOJIMEpH,
J03BOJISIFOYM OTPUMYBATH BaXJIHMBI BIIOMOCTI MPO iXHIO CTPYKTYPY Ta BIACTUBOCTI.

> €KOHOMISl  pecypciB: Yy TOpIBHSHHI 3  €KCIEPUMEHTAIbHUMHU
TOCIIKEHHSIMHA, KBAaHTOBO-XIMIYHE MOJCIIOBAHHS MOXKE OYTH MEHII BUTPATHUM Y
BIJTHOIIICHH] JI0 Yacy Ta PECypcCiB, a TaKOXK JT03BOJISIE BUBYATH MPOIECH, SIKI MOXKYTh
OyTH BaXXKO a00 HEMOKITUBO 3a(iKCyBaTH €KCIIEPUMEHTAIBHO.

KBaHTOBO-XIMIYHE MOJENIOBAHHS, $KE MPOBOJMIOCH, YMOBHO MOJKHA
HOJIINTH Ha ABa eTamu. Ha mepmiomy ertami moaemtoBanHs B mporpami ChemCraft
1.8 [45] OynyBanachk movyaTkoBa reoMeTpuyHa OyI0Ba JITaH/iB (MOJICKYJ Ta aHIOHIB
OpraHiYHUX KHCIIOT, aHiOHIB XJIOpy Ta MoJjekyn Boau). [lotim oOpani mMeroau
pPO3paxyHKy (HaBeJeHI HMXKYE B IIbOMY PO3/1JI1) 3aJaBAIMUCh Y BUIJISAI TEKCTOBOTO
daitry dpopmary *.gjf (momarox A). 3a aHa/i30M MPOBEACHUX JITEPATYPHUX TAHUX
MO>KHa 3pOOUTH BHUCHOBOK, I1I0 KBAHTOBO-XIMIYHE MOJICTIOBAHHS OpPraHOMETalIeBUX
KOMILJIEKCIB KYIPYyMY MPOBOJASATh 3 BUKOPUCTAHHSAM PI3HOMAHITHOIO MPOTPaMHOTO
3a0e3neyeHHs], ajue Mpy [bOMY HaHOUTBII MOMyISPHUM MPOTPAMHHUM IaKeTOM st
J0CTiKyBaHUX cucTeM € (Gaussian, Tomy BoHa Oyiga oOpaHa il MPOBEICHHS
KBaHTOBO-XIMIYHHMX pPO3paxyHKiB B JaHiii poboti. B mporpami Gaussian 09 [46]
IPOBOJIMIIACH ONTHUMI3AIlisl TEOMETPUYHOI OyJOBM JIIraH/IB 3a 3aJaHUMH METOJaMH
po3paxyHky (momatok b). ITlotiMm TakuM >k€ YMHOM TPOBOJIMIIACH MOOY0Ba
KOMILJIEKCIB 3 BUKOPHCTAHHSM BXKE€ ONTHUMI30BAHMUX JITaHJIB, 1 B MOJAIBUIOMY 1
caMUX KOMIUIEKCIB. TakoXK OKpIM METOIy PO3PaXyHKIB Ta MOYATKOBOT reOMeTpii st
OKpEMHUX JIraHJIB Ta KOMIUICKCIB, 3a/JaBajucsi Taki MapaMeTpu SK 3apsja Ta

MYJIbTHILICTHICTH cucTeMu M (2.1):

M=2-S+1 (2.1)

Jie S — cyMa CITiHIB BCiX €JIEKTPOHIB B CHCTEMI.
[Ticns onTuMizarii AJi1 KOKHOI PO3Pax0OBaHO! CUCTEMH BU3HAYABCS PO3MOJLIT
e(eKTUBHOTO 3apsay 3a MallikeHOM, €JIGKTpOHHA CHEpTis, a TaK0X IPOBOIUBCS

PO3pPaxXyHOK KOJIMBAJILHOTO CHEKTPY 13 BU3HAYCHHSIM PI3HUX TEPMOIUHAMIYHUX
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XapaKTePUCTHK, TaKUX $IK, €HEPris HYJbOBUX KOJUBaHb, CHTAJbIIS, CHTPOMIsS Ta
BiTbHA eHepris ['10ca.

Jpyruii eTan MOJAETIOBaHHS BKJIIOYaB B ceO€ MiArOTOBKY HOBOTO BHXiTHOTO
daiiay 3 ONTUMI30BAaHOK TEOMETPHYHOIO Oy/moBOIO cucTteMu. Ha mpomy etami, B
pekumi  Single  Point  Geometry mpoBoawiHch — po3paxXyHKH — TPaHHYHHX
MoJteKy sipaux  opOitaiteir, QAIM-anamiz, UV-Vis-ciekTpockomisi, B OKpeMHUX
BHITAJIKaX TPOBOJIUBCS PO3PAXYHOK PO3MOALTY €hEKTHBHOTO 3apsiay 3a TEOPIi€ro
HaTypainbHux opoOitajieit (NBO) [47].

Tononoriynuii  a”amiz (QyHKLUIA po3NOAUTY €JIEKTPOHHOI TYCTUHHU p(7)
npoBoauan merogoM QTAIM [48-50] 3a momomororo mporpamu AIM2000 [51].
bazucHi Habopu A Pi3HUX aTOMIB Y CUCTEMax po3pi3HsumHcs. Sk Oyno moka3aHo B
OTJISII JITepaTypH, Uisi omucy aToMiB KympyMy B KOMIIJIEKCHHUX Ta KJIacTEpHHUX
CUCTEMaxX, OCTaHHIM 4YacoM HaOyB MOIYJSPHOCTI MOBHOEIEKTPOHHUI Oa3uCHUN
Habip Wachters+f [52]. Tomy B nmaHiii poOOTi mjisi OaraToeleKTPOHHOTO aToma
Kynpymy BukopucTOoByBamu came el OasucHuid HaOip. msa aromiB KapOony,
Okcureny, I'inporeny ta XJopy BHKOPHCTOBYBaaM OasucHuii Habip 6-311G(d, p)
[53, 54].

Po3paxynku mnpoBoguiau 3a gomomororo DFT-merony 3 BUKOpPHUCTaHHSIM
riopumHoro ¢ynkmioHanry B3LYP [55]. Boane cepemoBuie BpaxoByBalu 3a
JIOTIOMOTOF0 MOJICINTI  TMoJigpu3aliiHoro koHtuHyymy PCM [56-58]. Jlns peskux
KOMIIJIEKCIB B SIKOCTI TMOPIBHSHHS TaKOX BHKOPHUCTOBYBAJIM yHIBEpCajibHa MOJEIb
conmpBaranii  (SMD) [59]. Eneprii BHYTpINIHBOMOJEKYISIPHUX  KOHTAKTIiB
po3paxoByBaiucs 3a ¢opmynoro Ecoinosu [60]: E, = 0,5 - v(r), ne E, — enepris
M’ siiepHol B3aemoii (Xaptpi), v(r) — T'YCTHHA TOTCHIIHHOT eHepril y BiAMOBIAHIM
KpUTUYHINA Toulll. PO3paxyHOK TMOBHOI €JIEKTPOHHOI €Heprii MpPOBOAWIN 3
ypaxyBaHHSM €Heprii HyJbOBHX KoiuBaHb [61, 62]. Enepretnunuii edexr peakirii
(AE;) po3paxoByBaBcsl SIK pi3HULS €JIEKTPOHHUX eHepriil cucreM (FE), mo OepyTh
y4acTh y peakiiii. 3Ha4eHHsI €HEepreTUYHOTro e(eKTy peakili mnmepepaxoByBaju 3a
dopmynoro 1 Xaptpt (H) = 2625,5 x/[x/monb. lleli koedilieHT mnepepaxyHKY

BUKOpUCTOBYBanM 1 Juist E,. [ MOXIMBOCTI MOpIBHIOBATH 00’€KTH MiX COOOIO
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MIATPUMYBaJIacs OJTHAKOBA KUIBKICTh aTOMIB Yy CHUCTEMI, IO MOKJIWBE TUIBKU IS
KJIACTEPiB 3 OJHUM KOHKPETHUM OPTaHIYHUM JIITaHIO0M.

Po3paxynku Bugumoro-yiasrpadionerooro crekrpy (UV-Vis) y npooaunuch
3 BUKOPUCTAHHSM HaIliBEMITIPHYHOTO IMapaMmerpu3oBaHoro merogy PM6 [63, 64],
KU 100pe OMHCY€E TaKi CIIEKTPU JJIs OPraHIYHUX KOMIUIEKCIB Kympymy [65, 66].
Bizyamizamist Ta iHtepmpertamis po3paxoBaHux UV-Vis-criekTpiB BHKOHYBajach B

nporpaMHomy cepenoBui GaussView 5.0 [67].

2.2 ExcniepuMeHTAJIbHI J0CTiTKeHHS

2.2.1 EnexkrpoxiMiuHi MeToauKH

Jns mpoBefieHHs €NEeKTPOXIMIYHMX BHUMIPIOBaHb 3aCTOCOBAHO MOTEHINIOCTAT
[1I-50-1 3 mnporpamaropom IIP-8 Ta TepMOCTaTOBaHOI TPHOXEIEKTPOIHOIO
KOMIpKo0. B sikocti pobouoro BukopuctaHo MigHuii (Mapka MO) TopreBuii
EIeKTPOI 3 mIoiero moBepxHi 0,16 cm”. JIOMOMIKHIM eleKTpooM 6yia IIaTHHOBA
mractuaa (S = 4,0 cM®), a eNeKTPOIOM MOPIBHSAHHS CIYIyBaB XJIOPHACDIOHHiIT
HaIlIBEJIEMEHT, 3’€IHAHMM 3 KOMIPKOIO uepe3 3aloBHEHHH (OHOBUM PO3UYMHOM
kamisisap Jlyrrina. Bei moTeHiianm HaBeieHi BIIHOCHO IIbOTO €JIEKTPOAa MOPIBHIHHSIL.

[TinroToBKa MOBEpPXHI POOOUOrO EJNEKTPOAYy ToJifArajga y WOro MEXaHidyHOMY
MOJIpYBaHHI Ta 3HEXKHUPIOBAHHI COJOI0 3 TOAAIBIIUM PETEIbHUM MPOMHBAHHSIM
JUCTUIILOBAHOIO BOJO0. [IiATpUMyBaHHS 3a1aHUX 3HAYEHb TEMIIEPATYpPH 3 TOUHICTIO
+ 1 C° 3abesmeuyyBanoch 3a gomomoror yibrpatepmoctaty UTU-2. IIBuakicTs
pPO3rOPTKMA TOTEHIaly MijJ 4Yac MoJspu3aliiHuX BuMIpioBaHb Oyna 1 mB/c.
Hocmimxenns: mposeneni y ¢donoBomy (1 M Na,SO,), Ta pobouomy (1 M Na,SOy,
0,1 M H,;M) po3unnax, Benuuunu pH sikux BcraHoBmoBaiuch B mexax 2,0 +0,1
J0J1aBaHHAM HE00X1mHO1 KiTbkocTi po3unHy NaOH Ta KOHTporOBaIuCh 10HOMIpOM
EB-74. IlepemimiyBaHHs pO3UYMHIB TiJ Yac €JIEKTPOXIMIYHUX BHUMIPIOBaHb HE
3acTOoCOBYBajoch.  Jlns  BuU3HAUeHHd  HAWOUTbII  OPUUHATHOTO  PEKUMY
€JIEKTPOXIMIYHOTO CUHTE3y KOMIUIEKCY OyJid BUIPOOYBaH1 SIK MOTEHI[IOCTaTUYHI TaK

1 TaJIbBAHOCTATUYHI YMOBH €JIEKTPOJII3Y.
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EnexTpoxiMiunuii cuHTe3 KoMmiuiekcy iHoniB CU™ 3 ManeiHOBOIO KHCIOTOIO
OPOBOAWIM B CKJISHIM KOMIPII 3 PpO3AUICHUMH €IEKTPOJHUMHU MPOCTOpPaMH,
BHKOPHCTOBYBABCS [UIATHHOBUH KaTOA ILIOMICI0 4 cM i MimHMH aHOI IUTOIICIO
10 cm® O6’eM aHOIITY cknanas 30 M. B TambBaHOCTATHYHHX yMOBAaX EIEKTPOI3Y
TyCTHHA aHOJHOTO CTPYMY CKJjajana 2 MA/CMZ, 00’eMHa ryctuHa ctpymy — 0,67 A/m.
CrekTpu TOTIMHAHHS JUIS PO3YUHIB AHONITIB TMICHS EJIEKTPOXIMIYHOI 0O0pOoOKHU
MIPOBOAMIIN 3a JomoMororo crekrpodoromerpa CD-46 B inTepnari Bix 280 — 680 HM.
BukopuctoByBanuch KBapIioBi KIOBETH 3 IOBKUHOK ONTUYHOrO NUIAXY 1 cm. Takox
JUTS TIPOBEACHHSI IIIBUAKUX TOIMEPEIHIX JOCTiIKEHb BUKOPUCTOBYBABCS KOJIOPUMETP
doToenexkTpoHHuit koHUeHTpaiitHuit KOK-2 31 cnektpaibaum aianmazoHom 315-750

HM Ta KIOBCTH TOBIINHOIO 3 cMm.

2.2.2 Marepiajiu, peakKTHBH TA YMOBHI II03HAYEHHS

Po3unnu nmst aHanmiziB TOTyBajdd Ha JAMCTHIIbOBAHIM BOJI 3 BUKOPHUCTAHHSIM
CuS0O, - 5H,0, H,SO,4, NaOH, mapku x.4, MajieiHOBa KACIIOTa MapKu 4.1.a. Po3unHn
JUISL  TIPOBEJCHHS  BOJBTAMIEPOMETPUYHHX  JOCHIIKEHb  TOTYyBaJIM  Ha
OiaucTHIIbOBaHIM BOAl. Y POOOTI Uit BCIX PEYOBMH OyJIM TPUNHATI YMOBHI
MO3HAYCHHS: MOJIEKYJIsipHa (HeaucoliiioBaHa) MaieinoBa kuciora — H,M (puc. 2.1).

H H

HOOC COOH

Pucynok 2.1 — Monekymsipaa maneinosa kuciora C4H40,4a60 H,M

Ta ii gerpotoHoBani hopmu, arionn — HM™ (puc. 2.2), M* (puc. 2.3).
H H

HOOC COO’

Pucynok 2.2 — OngHo3apsigauii i0H MasieiHoBoi kuciotu C4H30, a6o HM™
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"O0C COO”

. . . . 2~ 2
Pucynox 2.3 — JIBo3zapsauuii ioH maneinoBoi kuciotu C4H,0, 7 a6o M

s dymapoBoi kuciotH, BianoBigHo — HyoF, HF = JI71s1 akpUII0BOi KUCJIOTH
— HA, A". B po0oTi TakoX MpHUCYTHI JIraHAd SK 3 OAHO3APATHUMH aHIOHAMH
asoocHoBHux kucior (HM, F, HSc, HMal), tak i 3 aHioHaMH OJIHOOCHOBHHUX
kuciaor (Ac, Pr, But, For), ne HSc, HMal, Ac, Pr, But, For — kwuciotHi
3IMIIKKA  OypUITHHOBOI, MAaJIOHOBOI, alleTaTHOi, IPOMIOHOBOi, OyTaHOBOi Ta
dopmiatHOi kucioT. Ilo3HaueHHs 7- Ta ©- BIANOBIAAIOTH THUIY MPEBATIOKOYO]
KoopAuHalii y Komiuiekci. ToOTo y poOOTI 7M-KOMIUIEKC BBAXAETHCSI TUM
KOMIUIEKCOM, SKWA Ma€e B CBOEMY CKiIaAl 7-3B’si30K Kympymy 3 OpraHigyHoro
KHUCJIOTOI0, HAaBITh SIKIIO MW e JIraHj MapajeibHO YTBOPIOE 1 G-3B’SI30K 3
Kynpymom. BosiHowac, 6-KOMIUIEKCOM BBa)KA€ThCA TOM, SIKM Ma€ y CBOEMY CKJIaji

JINIIE O-3B’SI3KHU 3 OpFaHi‘-IHHM HiFaHIIOM.
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PO3/LI 3
KBAHTOBO-XIMIYHE MOJIEJTIOBAHHSI XJIOPATHUX
AINIOAKBAKOMILJIEKCIB KYIIPYMY

3.1 AkBaxsiopokomiuiekcn Kynpymy

IepinM etamoMm poGoTH OYI0 MOAETIOBAHHS akBaxiopokommiekcis Cu”’, Cu*
ta Cu’, OCKiNBKM BOHH OY/IH MOYATKOBUMH CHCTEMAMH B IIPOIECI MOMCIIOBAHHS O-
Al 10aKBaKOMILIEKCIB Cu®t 3 pI3HUMU  KapOOHOBMMM  KHCJIOTaMH Ta  Ti-
anpnoaksaxaopoxommiekcamu Cu’ ta Cu’, 3 ManeiHoBo0 a6o (yMapoBOK KHCIOTOIO.

Byito BcraroBIeHO [68], mo st komiutekciB Cu®* oxHOYACHO 3 XIOPH/I-aHIOHOM
MaKCUMaJIbHO MOXYTh YTPHUMYBATHCh JO YOTHPHOX MOJEKYJ BOIW y BHYTPIIIHIN
KOOpAMHALIHHINA cdepi. B Toit xe wac y kommiekcax Cu’ 3 XJIOpHI-aHIOHOM
YTPUMYETBHCSL JIMIIE OJIHA MOJIEKYJa BOJU, a Yy KOMIUIEKCI aTOMapHOro KynmpyMmy
[CU’CIT momekymu Boau y BHYTpilHINA KOOpAMHAIIHHIA chepi HE yTPHEMYIOTHCS
B3araji, 1 MEpexXoAsTh y 30BHINIHIO KoopauHamiiiHy cdepy. B tabdn. 3.1 mokaszani

. 2 .
AKBaXJIOPOKOMIIIICKCIB Cu ¥ y CKJIaal

[CU“(H20)4(CIN T *(H,0)m, ze m =4 —n.

aOCOJIOTHI  eHeprii KJIacTEPiB

Ta6uus 3.1 — AGcomoti ereprii knactepis [Cu’(H,0),(CIH]* *(H,0)m Ta eHeprii

3B’si3yBaHHs (Cu—Cl)-38’s13ky

Kiacrep E,H En(Cu-Cl),
kJ[>k/MOJIb
[Cu®*(H,0)4(C)] —2406,375 | —108,38
[Cu®*(H,0)5(CN] (H,0) |—2406,358 | —114,62
[Cu®(H,0),(CN] (H,0), |-2406,324| —122,07
[Cu”*(H,0)(CN]*(H,0); |—2406,283| —130,67
[Cu®*(C]*(H,0)4 —2406,223 | —179,85
[Cu(H,0)(CN)](H,0); | —2406,532| -152,71
[Cu*(CI)](H,0), —2406,488 | —148,68
[Cu’(CD] (H,0)4 —2406,601 | —100,63
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[TocnigoBHE MpuEAHAHHS MOJIEKYJ BOJY A0 BHYTPIIIHBOI KOOPAUHALINHOI chepu
xommiekcy [Cu’(Cl)] BimOyBaeTbcs 3 NOCTYIIOBUM 3MEHIICHHSIM EHEPreTHYHOIO
epexty. I[lpuenHanHs mepmioi MOJIEKYJIM BOJIU CYNPOBOKYETHCS HAUOLIBIINM
eHepreTmaHnM edextom i mrst kommwrekcie [Cu®'(H,0)(C)]* ta [Cu®*(H,0)(CH]
craHoBuTh —157,88 Ta -116,24 xJ/[x/monb, BiamoBigHo. Cmia 3a3HAYATH, IO
MIPUETHAHHSA I1'ATOI Ta JPYroi MOJICKYJIM BOJHW 10 BHYTPIITHLOT KOOPAMHALINHOI cepu
XIOpHAHUX KoMIuiekciB Cu®’ MpU3BOANTH 10 MEPEeXOAy XIOPUI-aHIOHY y 30BHIILIHIO
KOOpAHHALIHHY chepy. KoMmIuiekciB. Byno mokasano, mo eneprii 38’s3yBanms (Cu®'—
Cl)-3B’s13Ky Maiie piBHOMIPHO 3MEHIIYEThCS 31 301IBIIICHHSM KUTBKOCTI MOJICKYJI BOJH
y BHYTpillHii KoopauHamiiHi# cdepi. Beranosneno, mo (Cu’~Cl)-38’5130K TeOPETHIHO
MOYE yTBOPIOBATHC, alle € Maibke BIBidi crabmmmM Hix (Cu®—Cl)-3B’5130K. 3aIexKHICTD
enextponnoi eweprii  kmacrepis  [Cu’(H,0)n(CD]* *(H.0)m Bixm KimskocTi BomH y
BHYTPIIIHIN KOOpAuHAIINHIA cepi T00pe OMUCYETHhCS MOJIHOMOM JAPYTOro CTYIEHS
y = 0,006 - N 0,002 - x — 2406, 3 koedimieHTOM AeTepMiHallii OJU3bKO OTUHUII R? =
0,999. Jlns wHaiicraGinpHimmx kommuekcis, a came [Cu®*(H,0)4(CN]" Ta
[Cu®(H,0)(CI")] 6ynu pospaxosani rpanuuni opbitami (#a puc. 3.1 nmoxasui B3MO).
ToOTo, He 3BaKalOuM Ha BEJNbMHU cHaOKy po3uuHHICTH KynpyM(I) xmopumy, Moxe

YTPUMYBATHCh OJTHA MOJIEKYJIa BOAM Y BHYTPIIIHIN KOOpAUHAIIHHIN chepi.

a 0
Pucynok 3.1 — I'padiune 306paxenns B3MO wist: a — [Cu®*(H,0)(CHT,
6 — [Cu’(H,0)(CIN)]
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[Tokazano, mo komimieke [Cu(Cl7),], sk pe3yabrar po3umHeHHS Kynpymy(l)
xmopuny y npucytHocti Cl aHioHIB y BOAHOMY pO34YdHI Ma€ JiHIHHY OymoBYy 3
Mikatomuumu Bifcranamu Cu—Cl 2,165 A Ta enepriamu 38°s3yBanns 143,5 xJIx/Moinb
[69]. Jnst xommekcy [Cu(Cl)s]* xapakrtepHi emo MeHImi 3HAYEHHS MiXKATOMHHX
BigcTtaneit Cu—Cl. JIpa 3B’si3ku Cu—Cl MaroTh 3HAYCHHS MIXKATOMHHX BiJCTaHEH IT10
2,322 A (Ep = —94,0 xJIx/Moms), a Tperiit 38’130k Cu—Cl € memo gosmum (I, = 2,331
A; E, = -91,8 kJ>x/mMonb). BinnmosigHo aBa BasieHTHI KyTH Cl-Cu—Cl MaroTh 3HaUYeHHS
119°, a Tpertiit — 121°. Byno mokaszano, 110 e(QEeKTUBHMI 3apsi]] IEHTPAILHOIO aToMa Y
[CU(CI),]” (Zetr = 0,455) Ha 0,076 wMmae Ginbme 3radenns HiX y [CU(CI)s]* (Zetr =
0,377). EdexruBuuii 3apsng na atomax Xiopy y [Cu(Cl),] ckmamarotes mo —0,727
koxHHA. A y xommwiekei [CU(Cl)s]* mmst ommoro —0,795, i mist ABOX iHIIMX aToMiB
Xnopy —0,791.

B pesynbTari po3paxyHKy IpaHUYHHAX MOJICKYJIIpHUX opOitanei (puc. 3.2) Oyio
BCTAHOBJIEHO 3HaueHHs ix eHeprii: B3MO —0,23475 ta —0,18701 eB; HBMO — 0,00692
12 0,00716 A, Bigmosizmo mmst [Cu(Cl),] ta [Cu(Cl)s]* .

B r
PucyHoK 3.2 — Mosekyisipai op6itami [Cu(Cl),]” ta [Cu(Cl)s]*: a, B — B3MO, 6, r —
HBMO



51

3a pospaxoBanumu [70] eHepreTuuHUMHU edEeKTaMH YTBOPEHHS aHIOHHHX
kommiekciB  [CU(ClY),]” ta [Cu(Cl)s]*, BmmHO, IO GiIbII EHEPreTHYHO BHTiAHO
yrBoproroThes kKomruiekcu [Cu(ClY),] mpu nomaBanni NaCl y Hepo34yrHHI BOJHI Ocaau
CuCl 3a peakriero (3.1):

CuCl + CI' =[Cu(CI"),] —144,1 xJIx/momb (3.1)

[Cu(CI),] + CI" = [Cu(CI")s]* 1,7 xJI>x/moub (3.2)

Pe3ynbrati KBaHTOBO-XIMIYHOTO MOJCIIOBAHHS TakKOXX TNokazamu [71], mo y
BOJHOMY pO3YMHI MOE YTBOPIOBATUChH TMEpeXiAHUN (HECTIMKHIl) TiIpaToBaHUMN
komiieke [Cu(Cl),(H,0)]” 3 oxHiero MONEKyI00 BOIH Y BHYTpIlHIil KOOpAMHALIHHiif
chepi. Ilepeximuuii cTaH KOMIUIEKCY Ha mMoBepxHi mnoreHuiitHoi eHeprii (IIIIE)
MiATBEP/HKYBaBCS HASBHICTIO OHIE] HETaTUBHOI YacTOTH KOJIMBAHb PO3PaXyHKOBOTO
iH(ppayepBoHOro cnektpy. lLle o3Hauyae, MO0 Taka CTPYKTypa HOTEHUIAHO MOXeE
MpUIMATH y4acTh B PI3HOMAHITHHX XIMIYHUX PEAKIIIfX, 32 YYacCTl PI3HUX OPTaHIuHUX
CIIOJIYK.

3HadeHHs €(EKTHUBHUX 3apsAdiB I IEHTPAJIBHOTO aToMa y KOMIUICKCI
[Cu(CI)(H,0)] cknano 0,442, mo na 0,013 MeHme HiX 3HaueHHS e(EKTUBHOIO
sapsaay Kynpymy y anionnomy komrutekci [Cu(Cl),] . dusa atomie Xmopy mo —0,750 i
IUTs1 MOJIEKYJT Boiu cyMmapHo ckiano 0,059.

byna ontumizoBaHa Ta MokazaHa reoOMeTpuYHa Oy0Ba MEPEXiTHOTO KOMILIEKCY
[Cu(CI),(H,0)]". Ha puc. 3.3 mpoaeMOHCTPOBAHO PO3TAIyBAHHS BaJCHTHUX KYTiB Ta
MDKATOMHUX BifcTaHe. Hampukian, ais OCTaHHBOIO TEOMETPUYHOTO ITapamMeTpy
sHaueHHs 17151 pparmenTiB Cu—Cl ta Cu—OH; cknanae 2,213 ta 2,396 A, BigmoBigHO. A
3HayeHHs1 BajeHTHuUX KyTiB g Cl-Cu-OH, ta Cl-Cu-Cl cknamae 99° Tta 162°,
BIJITTOBIJTHO.

Jlns mepexignoro xommiekcy [Cu(Cl)y(H,O)]" 6ymm pospaxoBani rpaHudHi
MOJICKYJIIpHI opOitani, juist sikux 3HadeHHs eHeprii B3MO (puc. 3.4, a) ta HBMO
(puc. 3.4, 6). cxmamu —0,20700 eB Ta —0,00432 eB. 3HaueHHsT eHEPETUIHOI ITITTMHU MiXK

muMu opoOiTansmMu ckiano 0,20268 eB. AOGconroTHa eNeKTpPOHETaTUBHICTh CKiiaja ()

0,10566 eB.
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2.213 2.213

161.63

Pucynok 3.3 — T'eomerpuuna 6ynosa [Cu(Cl),(H,0)]

Pucynok 3.4 — I'pannuni Monexysipsi op6itami [Cu(Cl),(H,0)]: a— B3MO, 6 —
HBMO

Ha puc. 3.5 306paxeno mosepxHto p(r) y miomuni Cl-Cu—Cl, Ha skiii BUAHO
KPUTHYHI TOUYKH €JEKTPOHHOI I'ycTUHH (3;—1) (IpiOHI TOYKU 3€JI€HOTO KOJIhOPY), SKi

BIJIMOBI/IAIOTh 32 HASBHICTh XIMIYHOTO 3B’S3Ky MK aToMamu B cucTemi. EHeprii
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3B si3yBaHHs 11 pparmeHTiB Cu—OH, ta Cu—Cl ckmamm —50,83 ta —125,25 xJ{/Moib,

BIAIIOBIJIHO.

Pucynox 3.5 — IloBepxHsi €J1€KTPOHHOI TYCTUHU (MOJIEKYJISIpHUM Tpad) KOMILIEKCY

[Cu(CI)(H,0)T” y mnomuni Cl-Cu—Cl

Sx Oyno mokaszaHo B po3niii 1, Bimoma BeldMKa KUTBKICTh pOOIT /1€ XJIOPUAHI Tt-
KoMIiekcu Kynpymy(I) 3 opraHiyHUMU JIIraHAaMU YTBOPIOIOTh JUMEPHI CTPYKTYpH
3B’s3aHi Yepe3 MicTkoBui atom Xiopy [19, 20, 21]. Illo6 3’scyBatu SIKHM YHHOM
YTBOPIOIOTBCS MOAIOHI CTPYKTYpH Yy BHUIVISIAI  T-KOMIUIEKCIB OyJM MpOBEIEHI
po3paxynku knactepis [Cu™»(Cl),(H,0),].

Byno nokasano [72], mo a4 Beix knactepis [Cu»(Cl)y(H,0)n], ien =0, 2, 4y
wiomuHi Cu—Cl-Cu—Cl Ha nmoBepXxHi €JIEKTPOHHOI TYCTHHU YTBOPIOETHCS JBA IIUKIIH 3
JBOMa MiHIMyMaMu €JIEKTPOHHOI rycTuHM (Ha puc. 3.6, ApiOHI YEpBOHI TOYKH). Y
AUMepl MaKCUMaJIbHO MOXKE YTPUMYBATUCh Y BHYTPILIHIN KoopauHaliitHiil chepi go 4
MOJIeKyJ1 Boau (1o 2-Bi Ha KoxkHUI atoM Kymnpymy). B mpoiieci npuegHanHs MOJEKYIT
BOJIM JI0 BHYTPIiIHKOI koopauHamiiuoi cepu [Cu™y(Cl),] enepris 3B’s3yBaHHs s
Cu—Cu-3B’s13Ky 3MeHIyeTbess B Mexkax 13—17 kJlx/monb. Cepente 3Hauenns Cu—Cl-
3B’SI3KIB  PIBHOMIPHO 3MEHUIYETHCA B TMpPOIEC] MPUEAHAHHS MOJIEKYJ BOJAMU 10

BHYTPIIHBOI KoopauHaiiiiHoi cdepu. Cepenniii edeKTHUBHMI 3apsi Ha aToMax
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Kynpymy Takox 3MmeHinryeTbcsi maibke niHiiHO (R° = 0,9726). Haitbinbine cepenne

3HaueHHs eHeprii 3B’a3yBaHHs Cu-H,O croctepiraetscs ana kmactepy [Cu',Cl

»(H20)4], 1 cranoButh —128,35 kJ[/Moib (Tabmd. 3.2).

Pucynox 3.6 — [Noepxus enekrponnoi ryctunu y mioniuai Cu—Cl-Cu—Cl s

[Cu™>(CI7)2(H20).]

Ta6muns 3.2 — Eneprii 38°a3yBanss (B kJ[x/Momb) [Cu™5(Cl),(H,0),]

Knacrepu —E,(Cu—Cu) | -E, (Cu-Cl) |-E, (Cu-H,0) |z (Cu)
[Cu™,(CIN),] 68,43 97,33 — 0,668
[Cu*»(CI)»(H,0),] 51,01 87,21 128,35 0,552
[Cu*»(CI)»(H,0)4] 55,07 77,51 79,10 0,489

Bceranosneno [73], mo ans akakiactepiB [Cu’,(Cl),], [Cu®,(CI),(H,0)],
[Cu™»(CI)2(H,0).], 3Hauenns eneprii 38°a3ky Cu—Cl 3MiHIO€ThCS B Jiana3oHax Big 77
10 97 xJlx/moub. 1le BoueBuabL TIOB’s13aHO 3 pizHOIO OymoBoro (Cu,Cl,)-hparmenty mis

akBaknactepis [Cu’»(Cl),(H,0),]. Byno inentudikosano HaseHicTh crnadkoro (Cu'—
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Cu®)-38’sa3ky y knactepax tumy [Cu’y(Cl),(H,0),] (puc. 3.6) Ta 6e3BoanuX KnacTepax
[CU+2(C|_)2] (puc. 37)

Pucynok 3.7 — IloBepxHs noTenmuiany enekrponHoi ryctuan [Cu’,(Cl),]

[le n0maTKOBO MIATBEPKYE HAABHICTh MIHIMYMY €JIEKTPOHHOI TYCTHHH Y
BUTJISAII KpUTHYHOT TOUKH (3;+1). (Ha puc. 3.7 mo3HaueHa YEPBOHUM).

Ha npuxaazi [Cu®,(Cl),(H,0)4] 6y10 mokasano [74], mo po3noin eheKTHBHOTO
sapsaay 3a Beitnxompmom (NBO) (puc. 3.8, a) € Oumblnl acUMETpUYHUM HDK 3a

Malic _ -
4 Mixk mBOMA

Manikenom (Malic) (puc. 3.8, 0) mis atomiB Kynpymy. TooTo, AEes
atomamu Kympymy y [Cu»(CI)a(H,0)s] cranosuts 0,002, a AEg >0 — 0,015. Ipu
I[bOMY CIIOCTEPIra€ThCs 3BOPOTHS 3aIEKHICTh 1yIst aToMiB OKCHIeHy B MOJIEKYJIaX BOIH
B.K.c knactepiB [CU’5(Cl)(H,0),]. dns monekyn Boau (ki KOOpAMHOBAHI 3 OIHUM
Malic

atomoM Kynpymy) AEg

AEe — 0,001. A 3a teopiero NBO (Eerf'°°) wi 3nauenus cranosists 0,004 ta 0,

cknagae 0,011, 3 mpoTunexxHoro OOKy AJisi MOJIEKYJT BOAU

BIIMOBIHO. SIKIIO MOPiBHIOBATH Ecf MIDK OJTHAKOBUMHM aToMaMH 3a MallikeHOM Ta 3a

. Malic — NB Mali NB .
BaitHxomb oM (To0T0 AEe"2'¢ ™ NBO = | Eg (X)) — Eert °0(X) |, me X — aToM sikmit
MOPIBHIOETHCA) TO MOKHA JINUTH 110 JIOTIYHOTO BUCHOBKY, IO aOCOJIOTHI 3HAYCHHS

Malic

NBO . .. .
Eerr' o0 € memo Gimbui misk 1st Eer ™. Hanpukan, cepenne snauenns (AEg" "~ N&°)

s atomiB Kynpymy B cepennbomy ctaHoButh 0,130; mis atomiB Xiopy 0,034; a mis

atoMiB OKCHUIeHy B YOTUPBHOX MoJeKynax Boau — 0,441.
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-0.657

a 0

Pucynox 3.8 — EdpextuBHi 3apsiam 3a Belinxonpaom (a) Ta 3a MasikeroM (0)

3a po3paxyHKaMu TpaHMYHUX opOiTaneit Oyino mokazaHo, po3ranryBanHss B3MO
(puc. 3.9, a) Ta HBMO (puc. 3.9, 6). Aromu Kynpymy yTBOpIotoTh criibHy B3MO
OJIMH 3 OJHUM. 3 JBOMa MOJIeKyJaMu BoJau aroMu Kymnpymy yTBOPIOIOTH OJHY
MOJIEKYJISIpHY OpOiTasiib. Bennka dYacTMHA €JIEKTPOHHOI TyCTHUHU Ha B3MO
30cepemkeHa Ha aromax Xiopy. Ha puc. 3.9, 6, Buano, mo HBMO po3ramoByeTscs
B370Bk oci atomiB Kynmpymy. s [Cu*»(Cl),(H,0)4] enepris B3MO cxnana —0,1728
eV, sa HBMO cranosuts —0,02757 €V, a 3Hauenns AEg,, = -0,1653 eV.
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3.2 AxkBaxjiopokoMiiekcu Cu”’ 3 pi3HUMHM KAapOOHOBUMH KHUCJIOTAMH

Sk Gyro mokasaso B po3im 1, ions Cu®* 3 OpraHi9HMMH KHCIOTAMH y BOIHOMY
PO34YMHI B MPHUCYTHOCTI XJOPUA-aHIOHIB YTBOPIOIOTH G-allI0aKBaXJIOPOKOMILIEKCH.
JIng 1muxX KOMILIEKCIB Cu?’ Bu3HAYEHI KOHCTAHTHM CTIiMKOCTI Ta BCTaHOBIEHA
KpucTasiyHa OyzoBa y TBepii (asi, aje ysaBIEHHS MPO iX TEOMETPUUHY Ta CICKTPOHHY
OyJI0BY y BOJJHOMY PO3UHHI OTPeOy€E BIAMOBITHUX YTOYHEHb.

Byno BcTaHOBIIEHO, IO Y XJIOPUAHUX MaleiHATHUX, (yMapaTHUX Ta aKPUJIATHHX
KOMILIEKCAX y BHYTpimHifi koopmuHamiiiuiii cdepi Cu®* MakcHMagbHO MOXe
YTPUMYBATHCh 0 YOTHPHOX MOJEKYI BoH [75]. A mist kommiekcis Cu®* 3 MaOHOBOIO,
OypIITHHOBOIO, alleTaTHOIO, (POPMIATHOIO, MPOIMOHOBOIO Ta MACISIHOK (OyTaHOBOIO)
KHCJIOTOI0 MAKCUMAJIbHO MOKE YTPUMYBATHUCh 10 TPHOX MOJeKys Boau. [lokazaHo, 110
icayBanns kommrekcy [Cu® (H,0)4("HM)(C)] (prc. 3.10) Ha 52,52 kJ[K/MOIb OLIbII
eneprernyHo Burigaime Hix [Cu® (H,0)3("HM)(CIN)]. TobTo B mprcyTHOCTI aHiOHIB
HM™ yTBOpeHHs 0iIEHTaTHOTO KOMIUIEKCY € €HepreTHYHo He BurimHum (3.4), mpo 1o
CBIJIYaTh BIAMOBIIHI peaKIli KOMIJIEKCOYTBOPEHHS:

[Cu®*(H,0),Cl] + HM™ = [Cu**(H,0)4("HM")CI] —139,33 xJIx/mob (3.3)
[Cu?*(H,0),Cl] + HM™ = [Cu*(H,0)s("HM)CI] + H,0 86,81 kJlx/Mos (3.4)

,g/ ?\u ©® ‘o

Pucynok 3.10 — Kommeke [Cu® (H,0).("HM)(CIN)]

. . . 2+ 2— .
[Ipu nopiBHSAHHI XJopuaHuX KoMmiwekciB Cu® 3 M™  cmocrepiranocs

piBHOBiporinHe  yrBopenHs  kommiekcie  [Cu?f(H,0);("M?)(CH)]  (35) Ta
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[Cu* (H,0),("M*)(CI]” (3.6) (puc. 3.11, a ta puc. 3.11, 6). Lle maTBepIKYETHCS
TUM, 10 pi3HUI eHepriii cuctem ckiagae 0,016 x/bx/monb, a 1€ BIANOBiIaEe
3HAYCHHSAM €HEPTiil KOJMBAJIBHOTO PyXy MOJICKYJI. Y BOJHOMY PO3UMHI TaKi KOMILICKCH
MOKYTh YTBOPIOBATHCH 32 HACTYITHUMH PEAKITISIMH.
[Cu? (H,0),Cl] + M* = [CUu**(H,0)3("M*)(CIN] + H,0  —155,16 xJlx/mMonb (3.5)
[Cu? (H,0),Cl] + M?* = [Cu?*(H,0),("M*)(CIN] + 2H,0  —155,17 xJlx/mMonb (3.6)

Pucynok 3.11 — Kommiexen: a — [Cu?*(H,0)5("M*)(CT;
6 — [Cu*"(H0)("M*)(CNT

TakuM YWHOM MOXHA CTBEP/DKYBaTH, MO Yy BoaHOMY po3uuHi KynpyMm(Il)
XJIOPUAY B THPHUCYTHOCTI MAaJI€iHOBOI KHCIIOTH BIPOTIZIHO MOXYTh YTBOPIOBAaTHCh
KOMILIEKCH [Cu®* (H,0).("HM)(CI)], [Cu* (H,0)s("M*)(CN] Ta
[Cu?*(H,0),("M*)(CI)]. 3’sicoBaro, mwO B KOMIUIEKCAX 3  MOHOJITAHIHO
KOOPAWHAIIEI0 MaJIeTHOBOI KHUCIIOTH €HEprisl 3B’s3yBaHHS (Cu®*—Cl)-3B’s13kiB CKIATH
6nm3bKi 3HaUeHHs —92,92 Ta —96,08 Kk hx/Monb mis "HM™ ta "M%, Bignosimro. Aue
JUIST KOMIUIEKCIB 3 O1IeHAaTHO KOOPJIMHOBAHOK MAaJIETHOBOIO KHMCJIOTOIO ISl €HEPTis
ckrata —41,99 kJx/Mons. Bymn pospaxosani eneprii 38’s3yBanust gt (Cu”*—OO0C)-
3B’s3KIB.  JIMs  KOMIUIEKCIB 3~ MOHOJACHTATHOIO  KOOPAMHAINIEK  JITaHTy
[Cu* (H,0),("HM)(CIN] Tta [Cu*(H,0)s("M*)(CI)]" eneprii 38’s3yBanms (Cu*—
OOC)-3p’s3ky ckimamu —149,84 ta —158,35 xJIx/Monb, BiamoBigHo. Takox Oynu
pospaxoBani eHeprii 3B’s3yBaHHs B0X (Cu’—OOC)-3B’S3KiB [ KOMILIEKCY

[Cu* (H,0),("M*)(CI)], siki € CyTTEBO BHINMMH HDX Yy BIAMOBIIHHX KOMILICKCIB 3
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MOHOJICHTATHOI0 KOODMHALI€EI0 JraHmy, At mepiuoro 38°s3ky Eg(Cu**~00C), = —
189,23 Ta st apyroro 383Ky (Cu”*—O0C), = —179,58 kJ[K/MOJIb.

Jlns  BUSBIGHHS Ta OIIHKA OCOOJIMBOCTEH BIUIMBY XJIOPU/-aHIOHIB Ha
CIICKTPOHHY CTPYKTYPY O-alugoakBakoMiuiekciB Cu’’ momepesHb0 MOIeTIoBaINCh Ta
aHaJI3yBaJid KJIaCTEePH 3arajbHOr0 CKIIaIy [Cu2+(C|_)(HgO)n](HZO)(4_n) [76].

[x xommmextr 6yB momoBHeHmit kmactepom [Cu®*(H,0)](H.0)5(Cl") s
BHU3HAUCHHS €HEPreTHUHUX MapaMeTpiB peakuii npueaHanHs okpemo moiuekyn H,O Tta
anionie Cl” o iony Cu?*. Pisamuero xmacteprux cucteM Ne 6 Ta Ne 4 (tabm. 3.3) €
peakuis npuenaanss Cl o MoHoakBakommiekcy Cu®* (3.7).

[Cu?*(H,0)] + CI” = [Cu®*(H,0)(CI)] AE, = -336,33 k/lx/Mois (3.7)

Pizauns cucrem Ne 5 ta Ne 4 — peakmis mpuegHanHs wmoiekynmu H,O go
MOHOXT0pHAHOro Kommiekcy Cu”* (3.8).

[Cu®*(CIN)] + H,0 = [Cu®*(H,0)(CIN)] AE, = -157,88 kJIx/mons (3.8)
3icTaBlCHHS OTPUMAHUX EHEPreTUYHUX €(PEKTIB CBIIYUTH MPO 3HAYHO OUIBIITY
CJICKTPOHOOHOPHICTh aHioOHIB Cl™ B HOpIBHSAHHI 3 MOJIEKYJI010 BOAM. Lle pOsABIsSETHCS
M y cTyneHi 3MeHIleHHs e(heKTUBHOTO 3apsiy IEHTPAIbHOTO aToMa Mij JI€0 JITaHmIy.
Bemmunna Z*(Cu®") y mpucytrocti aniony Cl™ gopisaroe 1,045 (kmactep Ne 5), a 'y
npucytHocti mosiekynu H,O 1,571 (kmactep Ne 6).

[icrorpama (puc. 3.13) 1eMOHCTpPY€ XapakTep MOKPOKOBOI 3MiHU €HEPreTUYHOTO
edexTy peakilii MpUETHAHHS MOJIEKYJ BOJU JI0 XJIOPOKOMILIEKCY Cu®". 3MeHMICHHS
AE,, 0 criocTepiraeTses, 3aKOHOMIPHO KOpenroe 3i 3miHow Z*(Cu®"), Ey(Cu—Cl) u
En(Cu—OHy) (Tab:. 3.3).

SKIo po3riasAaTH CTyNiHb 3MIHM €EKTUBHOIO 3apsiy UEHTPAIBHOIO aroMa sIK
MOKa3HUKa EJIEKTPOHOJOHOPHOCTI JIraHay, TO CTa€ OYECBHAHUM, IO 3a IIUM
rapaMeTpoM AaHIOHU OPTaHIYHUX KHUCJIOT Y CKJIaJl MOHOJITAHIHUX KOMIUJIEKCIB €
6e3ymoBHUMU Jifepamu (Tadu. 3.4a). OqHak, IpU MOSIBl y BHYTPINIHIA KOOPAWHAIIHIT
chepi MOJEKYN BOJIM 3a PAXyHOK YTBOPEHHS MIITHOTO BOJHEBOTO 3B S3KYy MIXK
KapOOKCcwIbHOK rpymnor Ta npoToHoM HOH dopmyeTbest cTiikuil mecTUUYIeHHUN

LMK, SIKAH TIPUCYTHI# y BCiX BHAax ammmoaksakommiexkcax Cu (puc. 3.13).



61
Tabnuns 3.3 — Pe3ynbraT KBAHTOBO-XIMIYHOT'O MOJIEIIOBAHHS KJIacTepiB
[Cu™(CIN)(Hz0)a](H20)a-n), [Cu*"(CI)(L)(H20)](Hz0)s-n) Ta [Cu™ (L)(H-0)a](CI), 2

TaKOX I[OHOMi)KHHX CHCTCM

E,, x/Ixx/Moib

Ne Knactepu E, Xaptpi Z*(Cu*)

(Cu-Cl) | (Cu-OH,) (Cu-L)
1 [Cu™(H,0)4(C)] —2406,3749 0,762 —108,38 -113,11 —
2 [Cu”™(H,0)3(CIN](H,0) —2406,3583 0,791 —114,62 —140,89 —
3 [Cu**(H,0),(CI)](H,0), —2406,3240 0,870 —122,07 —176,95 —
4 [Cu”™(H,0)(CIN](H,0)s —2406,2829 0,885 -172,55 —199,63 —
5 [Cu**(CI)](H,0), —2406,2227 1,045 —179,85 — —
6 [Cu®*(H,0)](H,0)5(CI) —2406,1548 1,571 — —240,81 —
7 [Cu**(A")(H,0)4](CI) —2673,1355 0,793 — —115,58 —-176,82
8 [Cu”*(A)(CI")(H,0).] —2673,1508 0,622 —92,75 —80,22 —153,08
9 [Cu?*(A)(CI")(H,0)3](H,0) —2673,1407 0,677 —93,18 —-101,65 -162,34
10 | [Cu™(HM")(H,0),](CI") —2861,7458 0,785 — —115,46 —175,29
11 | [Cu®* (HM")(CI")(H,0)4] —2861,7609 0,633 —92,92 —81,01 —149,84
12 | [Cu™*(HM)(CI")(H,0)5](H,0) —2861,7543 0,672 —97,64 —108,60 —151,46
13 | [Cu®™*(HF)(H,0).](CI") —2861,7458 0,804 — -117,30 -171,26
14 | [Cu™ (HF)(CI)(H,0)4] —2861,7694 0,633 —93,22 —81,08 —150,09
15 | [Cu™(HF)(CI)(H,0)5](H,0) —2861,7564 0,672 —99,09 —106,92 —149,38
16 | [Cu”*(HSc)(H,0)4](CI) —2862,9621 0,792 — -116,47 -172,55
17 | [Cu**(HSc))(CIN)(H,0)5](H,0) —2862,9647 0,728 -57,17 —140,19 —170,04
18 | [Cu*"(HMalon)(H,0),](CI) —2823,6614 0,794 — -117,16 —173,12
19 | [Cu®*(HMalon")(CI")(H,0)s](H,0) | —2823,6642 0,728 -57,30 —124,70 —168,05
20 | [Cu*"(Ac)(H,0)4(CI") —2635,0514 0.795 — —115,65 —-175,80
21 | [Cu*(AC)(CI)(H,0)s](H,0) —2635,0534 0,721 —54,78 -125,23 -168,34
22 | [Cu™(Pr)(H,0)4](CI") —2674,3479 0,787 — -116,38 —175,80
23 | [Cu™(Pr)(CI")(H,0):](H,0) —2674,3493 0,727 -56,87 —124,88 —168,28
24 | [Cu®(For )(H,0)4](CI") —2595,7425 0,799 — -115,67 -171,69
25 | [Cu*(For)(CI")(H,0)s](H,0) —2595,7454 0,728 56,72 -124,82 -164,88
26 | [Cu”(But)(H,0),](CI) —2713,6434 0,788 — -103,32 —-176,99
27 | [Cu®(But)(CI")(H,0)3](H,0) —2713,6449 0,724 -56,30 —124,81 -168,93
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Pucynox 3.12 — I'ictorpama nokpoKoOBOi 3MIHU €HEPTETUYHOTO €PEKTY

. 2+
MPUETHAHHS MOJIEKYJ BOJIU J0 XJIOpOoKoMILIeKkciB Cu

Tomy mpu aHami3i MOJUNITAHJHUX CTPYKTYp HEOOXIJHO Opatu 1O yBaru He
1HUBITyaJIbHI TTapaMeTpU aHIOHIB OPraHIYHUX KHUCJIOT, @ BUXOJWUTHU 3 TOTO, IO BOHH
BIUTMBAIOTh Ha IIEHTPAJIBHUHN aTOM Y Tapi 3 MOJICKyJI00 Boau. 3 Taba. 3.40 BUIHO, IO
oinenrarni ¢pparmenT —COO "HOH no enekTpoHOIOPHOCTI MOCTYNAIOThCS XJIOPHU/I-
ionamu B mapi 3 H,0. Tyt AZ*(Cu®") w1s anumoakBakoMIUIeKciB Ha 67 % MeHIe Bif

. . .o . 2+
BIJIMTOBITHOT BEJTMYMHM JIJIS1 XJIOpOaKBakoMILiekciB Cu” .

@

2.041 U% . £\ C /g
- |/1.985 Tr N\

@ “ 7 1.530 O b

a

Pucynok 3.13 — Crpykrypa kommiekcis [Cu?* (H,0)(A)] (a) i [Cu®*(H,0)4(A)] (6)
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VY OaratonmirangHuX KoMmIUiekcax (n>3) dYepe3 €NEeKTPOHHE HACHYEHHS
[EHTPAJbHOTO aTOMa BIUIUB  EJIEKTPOHOJOHOPCTI  JITAHIIB 3HAYHOIO  MIpPOIO
niBemoerbest. Tak, npu mepexoxi Bix amuupoxommiekcis [Cu® (H,0)4(L)] (xnacrepu 7,
10, 13, 16, 18, 20, 22, 24, 26 tabn. 3.3) mxo xuopoxommiekciB [Cu® (H,0)4(CI)]
(kracrep | Tabu. 3.3) Benmunna Z*(Cu?") smermyeTses B cepenabomy Ha 0,03 e, To6TO

Bimxunenns AZ*(Cu*") Tyt craHoBHTB BChoro —1,5% (Tabu1. 3.48).

Ta6must 3.4 — CTymisb 3MiHu eeKTHBHOTO 3apsy i0HiB Cu®’ y XapakTepHHX

npencraBHuKax kommiekcis [Cu?’(L)] (a), [Cu?*(H,0)(L)] (6) i [Cu® (H,0)4(L)] (8)

(a)
L H,0 Cl Pr A HM™ HSc
AZ*(Cu™"), % | —21,45 | —47,75 —52,05 —51,90 —52,00 —51,0
(6)
L Cl Pr A HM™ HSc
AZ*(Cu®"), % | -55,75 | —49,15 —49,00 —49,25 —48,90
(8)
L Cl Pr A HM HSc
AZ*(Cu™) % | —-61,90 | —60,65 —60,35 —60,40 —60,75

Bkpaii mami duykryarii Z*(Cu®") BkasyloTh Ha HE3HAYHMI BIUTHB TPHPOJIA
JOCIIKYBAaHOTO PSAY KHCJIOT Ha elneKTpoHonoHOopHicTh —COO -rpym, 3aaisiHUX B
yTBOpeHHi 38°s13kiB Cu—L B meHTaniraHIHIX MOHOAIHI0aKBaKoMILIekcax Cu®*. TTpore,
HABITh myxke Mam 3minn Z*(Cu®") y mpuCyTHOCTI aHiOHIB OPraHiYHMX KHCIOT, MOXKE
OyTH JKepesioM KopHCHOI iHdopmarii. Y poboti [14] Ha mpukiami MIMPOKOTO PSIy
MOHO3aMiIeHnX aKBakoMIuiekcis Co?’ OyJI0 TIOKa3aHO, 1[0 1HTEHCHBHICTh B3a€EMOJIT
JITaHJIB 3 10HAMU METaly KOMIUIEKCOYTBOPIOBaYa CHUHXPOHHO BiJOOpa)KaeThCsl Ha
BeNTMYMHAX €(EKTUBHOTO 3apsay IEHTPAIbHOTO aroMa Ta KOHCTAHT CTIHKOCTI
xommiekcis (K). BusiBieni kopemsiiini 3anexsocti Mix pK ta Z*(Cu®*) 103BOIIsIOTS
BM3HAYATH 3HAaueHHs K Ha MiAcTaBi TeopeTwunmx pospaxyHkiB Z*(Cu®) y mexax

TOMOJIOT1YHOTO Py JIraHIiB.
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Ha puc. 3.14 BuaHO, 110 AOCTIIKYBaHHUM PsII OPTaHIYHUX KHUCJIOT YTBOPIOE BI
KopemsiifiHi cepii: omHa — me kommiekch Cu’’ 3 OJHO3APSAHMME AaHIOHAMHE
asoocHoBHux kuciaor (HM, F, HSc, HMal "), inma — 1ie BiAmoBigHiI KOMIUIEKCH 3
aHIOHaMH OJHOOCHOBHHMX Kkuciaor (Ac, Pr, But, For). HasBuicth TyT aBOX
KOPEJAIMHNX Cepiil TPH HE3MIHHOCTI MPUPOIU JOHOPHOI'O aToMa Y JIiraH 1iB KUMOBIPHO
oOymoBieHo yTtBopeHHsIM Jipyroi —COOH rpymoio JBOOCHOBHHMX aHIOHIB BOJHEBUX
3B’SI3KIB 3 BHYTPIMTHROCEPHUMHU MOJIEKyJIaMH BOJIW. BHacmimIoOK Takoi B3aeMoOil
B1IOYBA€ThCS BIATATYBAHHS 3 IIEHTPAJBHOTO aTroMa EJEeKTPOHHOI TYCTHHH, 1,

BIJITOBITHO, — 301JIBIIICHHS Z*(Cu2+).

3 -
1 #e
2,6 -
¢k
y=-4535-x + 38.44
of R?=0.893
2,2 - 2
[ ]
pK 1
1,8 -
y=-55.69-x+4594
R%=0.950
L4 - md
z*(Cu®")
l T T T T 1
0,78 0,785 0,79 0,795 0,8 0,805

Pucynok 3.14 — pK, Z*(Cu®") — 3aexHicTh /1S TOCITIKYBAHUX JTiraHIiB.
3HaYeHHs KOHCTAHT CTIMKOCTI MOHOJITAaHIHUX KOMILIEKCIB Cu?’ B3STO 3 TAKHUX JOKEper:
a—Pr[77],b—But [77],c—Ac [78],d—For [78],e—-HM [79], f—HSc [80], k —
HMal [81], | -HF [82]
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CKOpUCTABIIUCH napaMeTpamu KOPEJSIHOT 3aJIEKHOCTI
(pK = 55,69 - Z*(Cu*) + 45,94) 151 OXHOOCHOBHHX aHioHIB (kprBa 2 puc. 3.14), Gyo
BH3HAYCHO KOHCTAHTy CTifikocTi axpmmatHux kommiekcis Cu®': K =0,01667
(pK =—-55,69 - 0,793 + 45,94 = 1,778), BimoMoCTiI TIpo sKY BiACyTHi. Y nitepatypi [83,
84] € kinbKicHa iHpopMaris mmme npo kommiekern Cu®* 3 momiakpumaramu. CXUIBHICTS
0  mojiMepu3alii  aKpWIOBOi  KHCIOTH  MNEPElIKO/KAE  EKCIIEPUMEHTAIbHUM
BU3HAYCHHSIM.

CHTyaris 3 BILIMBOM JirauiB Ha Z*(CU®") cTae MpUHIMIIOBO {HIIOKO y 3MilIAHIX
ammoxiopokommrekcax  [Cu”*(L)(CI)(H,0)s]. Y mmx xommiekcax Z*(Cu®™)
MPUCYTHOCTI aHIOHIB HACMYEHHMX KUCJIOT MPAKTUYHO HE 3MIHIOETHCSA 1 MAa€ OJUH PIBEHb:
0,725 £ 0,4 %, a B IpUCYTHOCTI aHIOHIB HEHaCHYEeHUX KUCIOT — iHmwmi: 0,674 £+ 0,4 %.

Judepenirialiisi 3a 03HaKOI «aHIOHW HACUYEHOI KUCJIOTH — aHIOHM HEHAaCU4YEHOT
KHCJIOTH» TIPOSIBIIAEThCS TYT 1 3MiHax Bedu4uMH eHeprid 3B’s3yBanHs Ep(Cu—Cl) Ta
Ep(Cu-L). Tak, 3nauenns Ey(Cu—Cl) y komIiuiekcax 3 aHIOHAMH HACHUYCHHUX KHCIIOT
CTaHOBUTH 55 + 2 % xJ[/Monb, craroun maibke npiui Oumemie (95 + 2 % x/[x/Monb) y
MPUCYTHOCTI  aHIOHIB HEHACHMYEHMX KHUCJIOT. BBeneHHs XJopuja 10HIB B
anmmoakBakoMruiekcs Cu”’ He3Ha4HO BIUTMBA€E Ha eHeprito 38°13ky Cu—L y pasi aHioHiB
HacuueHuX KuciaoT (AEy(Cu-L) 3Haxoauthes B iHTepBam 2—8 kJ[K/MOJb), MOMITHO
smentnytoun Ep(Cu-L) y pa3i aHIOHIB HCHACHYCHUX KHUCJIOT: Y akpuiaTHUX — Ha 14,48
k/[x/mMonb, pymapataux — Ha 21,88 k/[x/Monb, y ManeiHatHux — Ha 23,83 k/[x/mMomb
(tabu. 3.5).

XapakTepHO, 110 €HEepreTUYHUN epeKT peakxiiii 3aMmilleHHsS MOJIEKYJHd BOJIHU Ha
anion Cl mae Burisn (3.9).

[Cu™(L)(Hz0)] + CI = [Cu™(CI)(L)(H-0)s] + H.0 + AEA(l)  (3.9)
Ty’Ke He3HAYHUH JUTsl KOMITJIEKCIB 3 aHIOHAMU HaCHYEHUX KHCIIOT, CKJIQIAl0ud OTUHHIT
k/k/Monb, TOAI SAK y TPUCYTHOCTI aHioHIB HeHacuuenux kucior E.(l) (3.9)
BUMIPIOETHCS AecsiTkamu KJ[x/mMonb (Tadu. 3.5). Ille Oinbin eHepreTHyHO BUTIHOO IS
I[LOI'O THUITY aHIOHIB € PeaKilis MPUEIHAHHS XJOPHUA-IOHIB J0 aIli0aKBaKOMILUICKCIB
Cu™":

[Cu?*(L)(H,0)4] + CI” = [Cu®*(CI")(L)(H.0)4] + AE(Il)  (3.10)
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Tabnuis 3.5 — BruiuB npupou aHiOHIB OPTaHIYHUX KUCJIOT Ha EHEPTreTUKY

. 2+ . 2+
peakiii yTBOpeHHs anuaoxjaopoakBakomiuiekciB Cu” ta 3B’ s3kiB Cu” —L

AHIOHM HEHACHYCHHUX KHCJIOT

L A HM HF
AE(1), xIx/M0IIb -13,75 —22,32 —27,86
AE((I1), xJIx/Momb —40,37 —39,68 —62,00
AE(Cu**-L), 14,48 23,83 21,8
kJ[>kK/MOJIb
AHIOHU HACUYEHUX KUCIIOT
L Ac Pr But For HSc | HMal
AE(1), xI>x/M0ITb -525 | -4,02| -3,58 |-7,69 —6,93 —7,51
AEy(Cu*-L), 746 | 752 8,06 | 681 2,51 5,07
kJ[>x/MoJTb

3BIJICH BUIUIMBAE, M0 y BOJHMUX PO3YMHAX, Y€pE3 BIJACYTHICTh CHEPTreTUYHOI
[IepeBary, YTBOPEHHs 3MIMIAHMX amumoXiIopokoMiuiekcie Cu’’, mo MicTaTh aHioHHM
HAaCUYEHUX KHUCJOT, € MAJTOMMOBIpHUM. TyT, MpU OJHOYACHOMY BILUIMBI aHIOHIB XJIOPY
Ta OpPraHiYHHX KHCJIOT HAa OXHOPiAHI akBakommuiekck Cu’’, BHTiHilIe yTBOPIOBATHCS
iHaMBI TyansHIM MoHO3aMimeHnM kommiekcam [Cu?*(L)(H,0),] Ta [Cu®*(CI7)(H,0),]. I
nasmaky, — kommiekcr [Cu” (Cl7)(L)(H,0),] 3 aHiOHAMHM HEHACHYCHHX KHCIOT OyLyTh
JIOMIHYIO4O0I0 (POPMOIO.

Jlms  maneiHaTHUX — G-aIuI0aKBaKOMILICKCIB Cu?’ MOJETIOBAIUCH PeaKIlii
MPUETHAHHS MOJIEKYJI BOAM JO BHYTPINIHBOI KOOPAWHAIINHOT cdepu 3Milmanux
XIopHAHUX KoMmiekciB Cu”’ 3 ManeiHOBOIO KHCIOTOK B PIi3HHX IEIPOTOHOBAHHX
dopmax ta koopauHaliero Jgiranay [85]. Takum YuHOM MpHUETHAHHS MEPIIOT MOJICKYJIIH
BOJAW 3 HaAWOUIBIIMM EHEPreTUYHUM €(PEeKTOM CIOCTEPITAEThCS ISl KOMIUIEKCY 3
MOHOIeHTaTHUM JtiranoM HM ™ peakuis (3.11).

Ipuennanns nepmoi Moxekyi oy 1o [Cu?* ("HM)(CI)] ta [Cu® ("M*)(CI)]
MPOTIKAE 3 JIOCUTHh OJIM3BKUMHU eHepreTndHuMH edekramu, peakmii (3.12) Ta (3.13)

BimmosinHo. A st komruekcy [Cu?*("M%)(CI)] mae Haiimenwe 3nauenus —42,05
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kJ/x/Monb, 3a peakmiero (3.14), e B BOYEBHIb IOB’S3aHO 3 THUM, IO B I[bOMY
KOMILITEKC Ha iorax CU”* 30cepekena HaifOiIba KiTbKiCTh HEraTUBHOTO 3apsILy.

[Cu® ("HM)(CIN] + H,0 = [Cu®**(H,0)("HM)(CI)]  —72,32 kJIx/Moxs (3.11)
[Cu?* (®"HM)(CIN] + H,0 = [Cu®*(H,0)"HM )(CI)]  —61,67 [lx/Mois (3.12)
[Cu® ("M%)(CI)] + H,0 = [Cu**(H,0)("M?*)(CIN] —63,94 xJIx/Mois (3.13)
[Cu*(*M?)(CI)] + H,0 = [Cu*(H,0)(""M?*)(CI)] —42,05 kJIx/Mois (3.14)
[Tpuennanns napyroi monekyaun Boau (3.15) 1o BIAMOBIIHUX KOMILICKCIB
MPOTIKA€E 3 MEHIIIMM SHEPreTUYHUM e(EKTOM HIXK y nepiioMy Bunaiky (3.11).
[Cu?*(H,0)("HM)(CI)] + H,0 = [Cu®*(H,0),("HM)(CI)] —53,34 kJDx/moms (3.15)
[Cu? (H,0)(""HM)(CI")] + H,0 = [Cu®*(H,0),("HM )(CI)] —29,20 kIx/mos (3.16)
[Cu* (H,0)("M*)(CIN] + H,0 = [Cu**(H,0),("M*)(CIN]  —41,05 xIx/Monb (3.17)
[Cu? (H,0)("’M%*)(CI] + H,0 = [Cu®*(H,0),("M*)(CIN]  —12,65 k/lx/moub (3.18)
Anle TIpU IbOMY CIIOCTEPITa€eThCsA TMOAIOHA TEHJICHIIS, JI¢ HaWOUIBIINIA
EHepreTUYHHI e()eKT Mae KOMILIEKC 3 MOHOJEHTATHOIO KOOpAMHALIOE Tiranay "HM™ —
53,34 xJlx/monp 3a peakuiero (3.15), a HaliMeHIIMI EHEPTeTUYHHA €PEeKT —
12,65 xJ[x/Momb 3 miranmamu “M? (peakmis (3.18)). Takoxk BHIHO, IO [PHEIHAHHS
APYroi MOJIEKYJIM BOJAU /10 KOMIUIEKCIB y SKMX MajieiHOBAa KHCJIOTa 3 MOHOJITaHIHOIO
KOOPJIMHAIIIEI0 CYITPOBOIKYETHCS OLIBIIIMM 3HAYEHHSIM €HEPTreTUYHOT0 e(PEeKTy HIXK /10
KOMILJIEKCIB 3 OI1JIEHTATHOI KOOpJWHAIlE€l0 JiraHay. [lpuenHaHHs MOCHITyHOUHX

MOJICKYJI BOAU HpOTiKaE 3 IOCTYIIOBUM 3MCHIICHHAM CHCPICTUYIHOTO C(beKTy.

3.3 T-AMI0aKBAXJI0POKOMILIeKcH ioHiB Cu’ 3 aKPUII0BOI0, MAJIEIHOBOIO T2

¢GymapoBor0 KucjI0TAMHA

Pe3ynbraT poO3paxyHKIB €JIEKTPOHHOI €Heprii Ta po3MOALTy 3apsay Ha
LIEHTPANIbHOMY AaToOMi i JliraHgax mis 7-KoMIuiekciB ioHiB Cu’ 3 HeHacHYEeHHMH
KapOOHOBUMH KHCJIOTaMH MpecTaBieHi B Tadu. 3.6 1 Tabu. 3.7.

Ockinbkn B kKommmiekcax [Cu'(HM)(CI)], [Cu®(HF)(CI] i [Cu*(M*)(CI)] -

3B’S30K He yTBOproBaBcs [86, 87] B pamkax oOpaHOi METOJHMKH, TOMY BOHH HE



68

posrasaanuck. [lpu 1poMy mpu BHUKOPHCTAaHHI coiibBartauiiHoro meroxy SMD -

kommiekcr [Cu*(HM)(CI7)] ta [Cu*(M*)(CI")] Brazocs omrumizysaru [88].

Ta6muig 3.6 — BenuuuHM 3araibHO1 €JIEKTPOHHO1 eHeprii koMruiekciB (Eg) Ta

eHepriii 38’ a3yBanHs ioHiB CU" 3 arionamu xiopy (Ep(Cu—Cl)) i BininsHIM

¢dbparmenTom opraniunoi kucinotu (E,(Cu—C=C))

No T-KOMILUIEKCHU -E.,, H ~Es(Cu=Ch), ~E(Cu=C=0),
kJ[>x/MOJIb kJ[>x/MOJTb
1 | [Cu'(mHA)(CI)] 2520,84247 149,32 128,35
2 | [Cu*(H,O)(mHA)(CI)] 2520,85896 114,30 130,28
3 | [Cu"(H,0),(rHA(CI)] 2520,86836 108,81 124,63
4 | [Cu'(rA")(CIN)] 2520,39609 127,37 93,25
5 | [Cu*(H,O)(®A)(CI)] 2520,40817 120,98 108,72
6 | [Cu’(H,0),(mA)(C)] 2520,42386 104,64 115,68
7 | [Cu"(mH,M)(CI")](H,0), 2709,44355 150,34 130,40
8 | [Cu™(H,O)(mH,M)(CI)](H,0) | 2709,45533 126,22 113,20
9 | [Cu*(H,0),(rH,M)(CIN)] 2709,47857 98,91 123,56
10 | [Cu"(H,0)(xHM")(CI)](H,0) | 2709,01955 121,08 107,10
11 | [Cu™(H,0),(zHM)(C)] 2709,03591 96,75 115,97
12 | [Cu*(H,0)(mM*)(CIN](H,0) |2708,56787 116,51 108,80
13 | [Cu*(H,0),(xM*)(CI)] 2708,57603 87,33 118,62
14 | [Cu™(rH,F)(CI)](H.0), 2709,44323 152,78 130,32
15 | [Cu™(H,0)(xH,F)(CIN)](H,0) | 2709,46504 114,70 131,49
16 | [Cu"(H,0),(zH,F)(CI)] 2709,47547 106,21 124,90
17 | [Cu"(H,0)(zHF)(CI)](H,0) |2709,01933 97,37 110,90
18 | [Cu™(H20),(xHF )(CI)] 2709,03510 95,92 121,50
19 | [Cu*(xF*)(CI)](H,0), 2708,54915 139,55 126,96
20 | [Cu*(H,0)(xF*)(CN](H,0) | 2708,56986 109,66 120,87
21 | [Cu*(H,0),(xF*)(CI)](H,0) |2708,57439 90,54 119,89
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Sk 1 MOkHa OyJI0 OYIKYBaTH, OCHOBHI 3aKOHOMIPHOCTI B3a€MOJIIT y BHYTPIIIHIN
KOOPJIMUHAIIMHIN cdepl TUMIOBUX T-JIraHmiB (MOJCKYJId Ta AaHIOHHM HEHACHYCHHX
opraniyaux kucioT) i o-miragaie (H,O, Cl7), BusiBieni ta omnucani B [89] mis
kommekcis [Cu’(L)(H,0),], TyT 36epiratorscs. Ognak B xapakTepi cymicuoi aii H,O i
Cl” € meBHI 0COOIMBOCTI.
3a BiacytHocTI MoJiekyd H,O y BHYTpillIHIi KOOpAUHALINHIN chepi KOMIUIEKCIB
[Cu™(L)(CI")] Bemmumnn E,(Cu—Cl) i E,(Cu—C) mpakTH4HO He 3aiexkaTh Bil MpHPOAH
OpraHiuyHoi KHUCIOTH. Tak, B aKpWJaTHHX, MaJleiHaTHUX 1 (ymMapaTHUX KOMIUIEKCax
E,(Cu—C) HnaOyBae 3nauenp —128,35 x/lx/moms, —130,40 xJx/monb, —130,32
kJ>x/Monb, a Ep(Cu—Cl) BignosigHo —149,32 x/x/moinb, —150,00 x/Ix/Monb, —152,78
k/[>x/mMoub (Tabm. 3.6).

Lle, BoueBUAb, OOYMOBIIEHO BIJICYTHICTIO MOMITHOTO BIUIUBY iX CTPYKTYpPHHUX
eneMenTiB Ha (dn—pm)-B3aemomito HeHacuueHoro (—C=C—)-¢pparmMeHTa OpPraHidHOrO
niranza 3 Cu’ ioHoM.

Cnipg 3a3HayuTH, O 30UIBIIEHHS KUIBKOCTI MOJIEKYJ BOAM Y BHYTPIIIHIN
KOOpJIMHALIIMHIN cdepl KOMIUIEKCIB 3 (yMapoBoro, MayleiHOBOIO Ta aKpUIIOBOIO
KHCJIOTAMH HPHU3BOAUTL JI0 3MEHLIeHHs eHeprii 3B s3yBaHHs E,(Cu™—CI7). Takox
MOKa3aHo, 110 XJOPUJI-I0HU Y CKJIaJll T-aKBaKOMIUICKCIB Ccu’ JOCITIKYBaHUX KHCIIOT
MOCJIA0IOITh €Heprii 3B’sA3yBaHHS MOJIEKYJ BOJW Yy BHYTPIIIHIN KOOpAMHAIINHIN
cdepi [90].

Ha ctaliibpHICTh pO3MOALTY €IEKTPOHHOI TYCTHHH BKa3ye 1 Te, U0 e(eKTUBHUN
3apsii OpraHiYHUX JIraHIIB B O€3BOJHUX aIlMI0XJIOPOKOMILIEKCAX Cu” pu Hepexoi
BiJl OJTHOOCHOBHOT KHCJIOTH JI0 JBOOCHOBHOI Maiie He 3MiHroeTbes: Z*(HA) = 0,265 e,
Z*(H,M) = 0,238 ¢ (Tabi. 3.7).

[Ticnst  BBegeHHS 70  alMAOXJOPOKOMILICKCIB Cu’ MOJICKYJIM ~ BOOU
CIIOCTEPIraeThCsl OUiKyBaHe 3MeHIeHHs eHeprii 38’ s3ky Cu—Cl, 00ymMoBieHe B3aeMHUM
AHTArOHICTHYHUM XapakTtepoM il o-miranaiB, skumu € CI° i HyO. B akpunataux
komiutekcax Ep(Cu—Cl) 3menmyerbes mo —114,30 k/[x/Moab, B MajeiHATHHX [0

—126,22 x1>x/monb, B hymapataux 1o —114,70 kJx/mMomb.



Tabmuns 3.7 — BennunHu epeKTUBHOTO 3apsily CTPYKTYPHHUX €IEMEHTIB
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KoMIIIekciB: ionis Cu’ (Z*(Cu™)), anionis xmopy (Z*(Cl)), monexyn Bogu (Z*(H,0)),

opraniunux jgiranis (Z*(L))

Ne T-KOMIUICKCH Z*(Cu®) Z*(Cl) Z*(H,0) Z*(L)
1 | [Cu*(rHA)(CI)] 0,284 —0,550 — 0,265
2 | [Cu*(H,0)(xHA)(CI)] 0,393 —0,650 0,164 0,093
3 | [Cu*(H,0)x(mHA(CI)] 0,348 —0,681 0,239 0,094
4 | [Cu*(mA)(C)] 0,248 —0,660 — —0,587
5 | [Cu*(H,0)(rA)(CI)] 0,286 —0,685 0,059 —0,661
6 | [Cu*(H,0)x(mA)(CI)] 0,288 —0,719 0,142 —0,710
7 | [Cu*(mH,M)(CI](H,0), 0,308 —0,546 — 0,238
8 | [Cu*(H,0)(zH,M)(CI)](H,0) 0,409 —0,649 0,116 0,125
9 | [Cu*(H,0)x(tH,M)(CI)] 0,381 —0,647 0,257 0,010
10 | [Cu*(H,0)(mHM)(CI)](H,0) 0,321 —0,685 0,061 —0,698
11 | [Cu*(H,0),(xHM )(CI)] 0,352 —0,726 0,194 —0,820
12 | [Cu*(H,0)(xM*)(CIN](H.0) 0,244 —0,707 0,010 —1,549
13 | [Cu*(H,0)(xM*)(CI)] 0,276 —0,764 0,137 —1,648
14 | [Cu*(zH,F)(CIN](H,0), 0,345 —0,574 — 0,229
15 | [Cu*(H,0)(xH,F)(CI)](H.0) 0,442 —0,613 0,172 —0,001
16 | [Cu*(H,0)x(mH,F)(CI)] 0,444 —0,663 0,256 —0,037
17 | [Cu*(H,0)(xHF )(CI)](H,0) 0,380 —0,738 0,150 —0,792
18 | [Cu®(H,0)x(xHF )(CI)] 0,379 —0,723 0,203 —0,859
19 | [Cu*(=F?)(CIN)](H,0), 0,186 —0,610 — ~1,576
20 | [Cu*(H,0)(xF*)(CI](H,0) 0,281 —0,698 0,060 —1,643
21 | [Cu*(H,0),(xF*)(CIN](H,0) 0,309 —0,752 0,172 ~1,729

Jlesike BiAXWJIEHHS B MaJIeiHATHUX KOMIUIEKCAaX BIlJ CEPEIHBOTO PIBHS

00yMOBJIEHE YTBOPEHHSM TYT BHYTPILUIHbO-MOJEKYJSIPHOTO BOIHEBOTO 3B’SI3KY MiXK
npotonoM H,0 1 kapbokcunpsHuM okcurenom (puc. 3.15, ctpykrypa a). B akpunaraux i

+ [V}
dbymapaTHUX MOHOakBaxJiopokoMiiekcax Cu’ Takuil 3B’S30K HE YTBOPIOETHCS
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(puc. 3.15, cTpykTypu 6, B), TOMy B HUX €JIEKTPOHOJOHOPHICTH BOJAU MPOSIBIAETHCSA Y

MaKCUMaJIbHOMY CTYTICHI.

Pucynok 3.15 — I'eomerpuuna 6yosa kommiekcis [Cu’(H,0)(rmHA)(CI)] (a),
[Cu”(H20)(nH,M)(CI")] (6), Ta [Cu"(H0)(rH,F)(CI")] (8)

Cnix BIIMITUTH, IO TMPOLEC MPUETHAHHS MOJEKYJ BOAM JI0 KOMILJIEKCIB
[Cu"(L)(CI)] B ycix Bumagkax SABIAETbCA EHEPreTMYHo BuriguuMm (Tabm. 3.8).
Benuuuna AE, 3anexuTh BiJ OpUPOAM OPraHIYHOI KHUCIOTH, ii (OpMHU 1CHYBAHHS
(MOJNIeKynu, aHIOHHM), KIJIBKOCTI MOJIEKYJT BOAM. TOMYy KOJHMBA€THCA B ILIUPOKOMY
iHTepBaii 3HayeHsb: Big 10 1o 60 k/x/mMons. EHepreTnunuii epext npuegHaHHs MepIioi

Mosekyau HyO 3miHoeThes aento menine — Ha 30 — 60 k/[>k/Modb.
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Takox BHAHO, MO VY pa3l 3aMiHU MOJEKYJSIpHOI ¢GOopMH JiTraHay Ha
JIENPOTOHOBAaHY, KIIBKICTh MOJIGKYJ BOAUM Y CKIaJi aKBAaKOMIUIEKCY MOXE
30imbpIIyBaTUCh. Ha mpukimani  akpuwioBoi KHUCIOTH IOKa3aHO, IO KOMILJICKC

[Cu*(mA)(CI)]” ma Biaminy Big xommuexcy [Cu’(H,O)(mHA)(CI)] mMoxe mpuennysaTu

70 ABOX MoJieky Boau [91].

Panimie B poboti [4] Bka3yBaloCh Ha CHHEPIiYHHMK BIUIMB MOJEKYJI BOIM Ha

eHeprito m-38’s13yBanHs B Kommiekcax [Cu’(L)(H,0),].

Tabnuus 3.8 — EnepreTuunuii edekt npueHaHHSI MOJIEKYJ BOIH
[Cu’(L)(CIN] + H,0 = [Cu"(L)(CIN)(H,0)] + AE; (1), [Cu"(L)(CI")(H,0)] + H,0 =
[Cu™(L)(CI)(H,0)2] + AE: (2)

L HA A H.M | HM | M* | H,F | HF =
AE; (1), kIx/moms | 43,28 | 31,72 | 30,94 | — — | 5726 | — | 5437
AE, (2), xlx/Monb | 24,69 | 41,20 | 61,02 | 42,94 | 21,42 | 27,39 | 41,40 | 11,91

Ileii edekT crocTepiraeThes i npu mepexoni Bif amumokommiekcis [Cu'(L)] 3
OpraHiYHMMHU HEHACHMYEHHUMH KHUCJIOoTaMM 0 auupoxiopokommiekcis [Cu’(L)(CI)].
[Min miero amioniB xmopy Ep(Cu—C) B akpuiaaTHUX KOMILUIEKCaX 3pOCTae 3
—121,02 x/>x/mone go —128,35 k/[x/mMonb, B ManeiHatHux 3 —95,53 k/[x/Moyb 10
—130,40 x/Ix/monb, B pymapataux 3 —119,03 kJ[x/mMons 1o —130,32 kJ[>/Moab. Tomy
OYIKyBaJIOCh, MO MNpHU CcyMicHid naii cxoxux o-mraaaiB (CIT ta H,O) Oyne
criocTepiratuck nogainsiie nmomitae 3poctanns E,(Cu—C). Ognak oTpuMaHi pe3yybTaTH
(Ta6m. 3.6) uporo He miaTBepaumu. Iepexin sig [Cu’(L)(CI)] mo [Cu*(L)(CI)(H0)] y
BUTIAJIKY aKpWjaTHUX 1 (ymapaTHHX KoMIUIekciB mMano 3MiHuB Ep(Cu—C): 3 —128,35
kJ[x/monb 1o —130,28 kJ[x/mMonb (akpuiiatHi komiuiekcH) 1 3 —130,32 kJ[x/mMonb 10
—131,49 xJIx/Moinb (hymapaTHi KOMILIEKCH). A B ManeiHaTHuX Komruiekcax En(Cu—C)
HaBITh MOMITHO 3MeHImIack: 3 —130,40 x/lx/Moas g0 —113,20 kJI>x/MoJb, BIpOTiIHO,
3aBJSKU MOSB1 BHYTPIITHBO-MOJICKYJIIPHOTO BOJHEBOTO 3B’ S3KY, PO KU 3rayBajioCh

BHIIIE.
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[lepexin Bim MomnekynsapHOi (GOpMH OpPraHIYHUX KHCIOT y CKIaAl KOMILJIEKCIB
[Cu™(L)(CI")(H,0)] no ix omHo3apsiauux aHioHiB 3meHmye Ep(Cu—C) i E,(Cu—Cl).
HaiiGinpmoo € pisHunsg eHepriii 38 sa3ysanHs Cu’ 3 aromom Kapbomny (—C=C-)-
¢dbparmenTa npu 3amidi monekyn HA 1 HF ma A 1 HF: 21,56 x/lx/momp i
20,59 kJI>x/Mounb BiamoBiaHo. Y Bumaaky maneinar-ioniB E,(Cu—C) = 6,10 k/[x/Moib.

Amnionn HF  nigmpyroTs i y BIimBi Ha eHepriio 3B°s3yBanHs Cu’ 3 aHioHamu
xmopy. Tyt AE,(Cu—Cl) = 17,33 x/[x/monb. CyrreBo menmrn 3HadueHHs AE,(Cu—Cl)
Maroth A 1 HM : —6,38 x/»x/monb 1 5,14 xJ[/MoIb.

Okpemoi yBaru 3aciayroBy€ aHalli3 pPO3MOJAULY €JIEKTPOHHOI TYCTHHU MIXK
CTpyKTypHMMM  enemeHTamu  kommuekcie  [Cu'(L)(CI)(H,0),]. B  Tab6n. 3.7
MIPE/ICTABIICHI PE3YJIbTATH PO3PAXyHKY €(MEKTUBHOTO 3apsiay ILEHTPaJbHOTO aroMa
(Z*(Cu")) ta nirangis (Z*(L), Z*(CI"), Z*(H,0)).

Ax BUIHO 3 1€l TAOMUIN, BXOJDKEHHS MOJIEKYJIM BOAM Y BHYTPIIIHIO
koopauHauiitny cdepy m-kommiuekcis [Cu’(L)(Cl")] npu3BoauTh 10 XapakTepHUX 3MiH
BenuuuH Z*. BexkTuBHMii 3aps aHiOHIB XJI0py cTae GilbIl HeraTUBHUM, a ioHiB Cu’ —
OUIbII TO3UTUBHUM. Lle € pe3ynbTaToM B3a€MHOTO MOCIA0IEHHS €IeKTPOHOIOHOPHOCTI
Cl 1 H,O.

His apyroi MoyieKynu BOAM OUIbIN CKiIagHa. Y JESKUX BUIAJKaX (aKpuiIaTHI
KOMILJIEKCH) 30epiraeTbcs 3arajbHa HAMPaBICHICTh, 3MEHIIYEThCS JIUIIE IHTEHCUBHICTh
BIUMBY. B 1Hmux — Z*(Cu) abo He 3MiHI0O€EThCs ((hymapaTHI KOMIUIEKCH), a00 HaBITh
3MEHIIYEThCS (ManeiHaTHI KoMIiekcH). Po3rsin 3MiH Z* IHIIWX JIraHAiB BKasye Ha
BU3HAYAJIBHWI BIUIMB HA HHUX CTPYKTYPH KOMILICKCIB, Hacamrepel, — BHYTPIIITHBO-
MOJICKYJISPHUX BOJHEBHUX 3B S3KIB.

1106 owiHKUTH pe3yabTaT KOHKYPYIOUOi Aii aHIOHIB XJIOPY Ta MOJIEKYJ BOAM HA
LHEHTPAJIbHUI aToM, y SIKOCTI MJIarHOCTUYHOTO TNapameTrpa Oyino o0O0paHO 3MiHY
eexTuBHOTO 3apsay ioHiB Cu’ B T-KOMIIIEKcax 3 Pi3HOI0 KOMOIHALIEI0 G-TiraHiB MpH
ctanomy m-miradai (AZ*(Cu)). 1i BimomocTi ipeactasiedi y Tabi. 3.9.

3 Tabu1. 3.9 BUIHO, 1110 OUIbIIA €IEKTPOHOIOHOPHICTH aHIOHIB XJIOPY MOPIBHSHO 3
MOJIEKYJTaMH BOJAM TPOSIBISIETHCS Yy CYTTEBO Ounbimomy 3MeHmeHHi Z*(Cu) B

kommiekcax [Cu'(L)(CI)] signocno [Cu’(L)(H;O)]. A B 3MimaHux Kommiekcax
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[Cu™(L)(CI")(H,0)] Bemmumnra AZ*(Cu) 3HAXOMUTHCA TPUOIM3HO TIOCEPEIMHI MiX
AZ*(Cu) B kommiekcax [Cu’(L)(CI)] i [Cu™(L)(H,0)], To6TO € KOMIIPOMICHOIO, IO €

nposieoM aHtaronismy B aii ClI™ 1 H,O.

Ta6nus 3.9 — 3miHa epeKTUBHOTO 3apsay 10HIB Cu’ IIpU BBEJICHHI 10

xomitekci [Cu’(L)] anionis Cl i monekyn Bogu (AZ*(Cu))

Jlirangue | HA, H,O | HA, HA, H,M, |H,M, |H,M, |H,F, H,F, H,F,
OTOYEHHS Cl Cl, H,0 Cl Cl, H,0 Cl Cl,
Cll+ Hzo HZO Hzo

AZ*(Cu) | —0,253 —-0,409 | —0,300 | -0,200 | —0,365 | —0,264 | 0,236 | —0,410 | —0,312

SIKIO TPUAHATH, IO TMPH CTAIOMYy XapakTepi 7-3B’S3KiB B aKpUJIATHHX,
MaJieiHAaTHUX Ta (QymapaTHUX KoMIIeKcax —enekTpoHogoHopHicth ClI 1 HyO
3MIHIOETBCA OJHAKOBO, TO MOKHA CKJIACTH BIAIMOBI/IHI TPU PIBHSHHSA

Z*(Cu)[L, CI', H,0] = xZ*(Cu)[L, H,O] + yZ*(Cu)[L, CI ]

s tpeox L: HA, HoM 1 HyF. TyTt: X — yacTka BiJ €J1€KTPOHOJAOHOPHOCTI MOJIEKYI
Bomu B  kommiekcax [Cu’(L)(H,O)], ska peamisyeTbcas B  KOMIUIEKCax
[Cu™(L)(CI")(H,0)]; y — yacTka BiJi €IeKTPOHOZOHOPHOCTI aHiOHIB XJIOPY B KOMILIEKCAX
[Cu™(L)(CI)], axa peanmizyerhes B kommiekcax [Cu’(L)(CI)(H,0)]; Z*(Cu)[L, CI,
H,0] — edexrupnuii 3apsan ionis Cu’ B kommuekcax [Cu’(L)(CI)(H,0)]; Z*(Cu)[L,
H,0] — edexrusnuii 3apsy ionis Cu’ B xommiekcax [Cu’(L)(H,0)]; Z*(Cu)[L, CI'] -
edexTuBHuil 3apaz ionis Cu’ B kommiexcax [Cu’(L)(CI)].

PimenHsM BKa3aHOi CMCTEMHU PIBHSHb 3 BUKOPHUCTAHHSAM JaHUX Ta0xd. 3.9 Oymnu
Haiieni BenmuuuHu X = 0,14 1y = 0,65, ki BKa3zyloTh Ha Te€, IO B KOMILUIEKCAX
[Cu™(L)(CI")(H,0)] anionu xi0py 3MEHIIMIHN eleKTpoHooHopHicTs HoO Ha 86 % = (1
—0,14) - 100, a monekymu H,O 3menmman enekrponogonopuicte Cl Ha 35 % = (1 -
0,65) - 100. Takum uywmHOM, BHAHO, 1o cnabkuii Jmiradn (H,O) iHTeHCuBHIIIE

npurHiuyetses cuibHEM (Cl ), Hixk caM MOXe MoAiITH Ha HBOTO.
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3.4 MaaeinaThi n-kommiaexcu Cu’ ckmaay [Cu™(Cl),(L)]

Sk 3a3Hauasnock y nyHkTi 3.1, y npucytHocti Cl -ioniB kynpymy(l) xmopum Mmoske
YTBOPIOBATH Y  BOJHOMY  pO3YMHI  HECTIMKMH  TMepexiHUH  KOMILJIEKC
[Cu(C)(L)(H,O)) [71], skmit B cBOO depry Moske B3aeMOIIATH 3 MaleiHaT-
anioHamu. 3a peakuiero (3.19) BugHO, 1110 MOJIeKyJIgspHa popMa MaJeiHOBOT KHCIIOTH HE
B3aemoie 3 kommurexcoM [Cu’(Cl),(H,0)T.

[Cu™(CIN),(H,0)J + HoM = [Cu(CIN)(H,0)(mH,M)] + CI” 49,8 xJIx/mois (3.19)

TakuM YHHOM, KOMIUIEKCOYTBOPEHHS y CHJIBHOKHCIOMY CEpPEAOBHIIN 3
MAaJICIHOBOK KHUCJIOTOI € EHEepreTMYHo He BurigHuM. 3 HM -aHIOHOM KOMILIEKC
[Cu*(CI),(H,0)J mMosxe B3aemomisith 3 yrBoperrsam [Cu(Cl)(H,O)(@HM )] (3.20), ane
TaKUil TMpOLIEC Ma€ HEBEIMKUWA EHEPreTMYHUM eQeKkT, M0 TOBOPUTHh NP0 HU3BKY
BIPOT1/IHICTh HOT'0 YTBOPEHHS. BiJIbIll €HEepreTUYHO BUTIAHUM MPOIECOM TIPU B3a€EMOIT
[Cu*(CI)y(H,0)] ta HM -amiony Hix mponec (3.20) € peakuis 3 YTBOPEHHAM
nerigparoBanoro o-komimiekcy [Cu(Cl)(cHM)], g skoro Mojekyjla BOIAH Y
BHYTPIIIHIN KOOpAWHAIINHINA cdepl HE YTPUMYEThCS 1 MEPEXOJUTh y 3O0BHIIIHIO
KOOpJUHAIIHHY cdepy, 3a peakiieto (3.21).

[Cu*(CIN)2(H,0)] + HM™ = [Cu(CI)(H,0)(nHM )] + CI” —15,0x/Ix/moub (3.20)
[Cu*(CI),(H,0)J + HM™ = [Cu(CI")(cHM)] + H,0 +CI —35,2x/Ix/moub (3.31)

[IpuenHanHss TOBHICTIO  JEMPOTOHOBAaHOI (OPMH  MaJIETHOBOI  KHUCJIOTH
(M* -aniony) mo mepexigmoro kommiekcy [Cu’(Cl),(H,O)]" mporikae 3 Gimpmmm
eHepretuyHuM edektoM B mnopiBHsHHI 3 H,M Tta HM -anionoM. B 1uporo Bumaaky
MOJKJIIBE YTBOPEHHS TBOX Pi3HUX KOMIUIEKCIB 3a 7- Ta G-KOOpPJMHAIIEI. Y TBOPEHHS
GimentatHoro o-kommiekcy [Cu(Cl)(eM?)]* mporikae (3.23) omHouacHO 3
BIIIICTUICHHSIM OJHI€T MOJIEKYJM BOJM 13 BHYTPIIIHBOI KOOPJIUHAIINHOI chepu
KoMIiekcy. EHepreTuuynmii egext Takoro mpoiecy ckiagae —59,7 k/[x/monb. binbmn
EHEePreTUYHO  BHTIJHO  TMPOTIKAE  PEaKIlis 3  yTBOPEHHAM  T-KOMIUIEKCY
[Cu(CIN)(H,0)(nM)]*, sika € Ha 11,4 kJK/MOIb GLIBII CHEPreTHYHO BUrimHIMA, HIX
peaxitis (3.23).

[Cu*(C),(H,0)]F + M* = [Cu(CIN)(H,0)(aM*)]* + CI” —71,1 xJ[x/mous (3.22)
[Cu*(C),(H,0)]F + M* = [Cu(CIN)(cM*)]* + H,0+ CI” —59,7 xJ[/mos (3.23)
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KpiMm Toro, po3paxyHKH KOJHBAJIBHOTO CHEKTPY IIOKa3ajlu BiJICYTHICTb
HEraTUBHUX KOJUBAJIbHMX YACTOT, IO TOBOPUTH MPO CTAOUIbHICTh TAaKOi CHOIYKH
(miaimym Ha I1I1E) y BogHOMY pO3uHHI.

Takox po3risnanuch BIpOTiAHI peakilii KOMIIJIEKCOYTBOPEHS 3a y4acTi BUX1IHOO
komiutekcy [Cu(Cl),] . Tak Oyno BcranosiaeHo [70], mo npueaHaHHsS ISIPOTOHOBAHOT
3a MEpIIMM CTYIECHEM MOJIEKYJIH MaleinoBoi kuciotd a0 komiwiekcy [Cu(Cl),]
npotikae 3 yrBopeHHsM o-komiuiekey [Cu(Cl)(cHM')] 3a peakmiero (3.24) (sx
3a3Hayaliocs y MyHKTY 3.2 Iei T-KOMIUIEKC MOXKe ICHYBaTH JIMIIE Yy CKIAAl OJHi€l
monekymu Boau [Cu’(H,0)(CI)(mHM))]). Posrnsananack MOKIMBICTE TpaHC(pOpMAIi
G-KOOpJWHALlI y T-KOOPAWHALIID 3 MPUEJHAHHSAM OJHIE] MOJEKYJIH BOIU JI0
BHYTPIIIHBOI KOOpJWHAIIIAHOT cepu, ane sk BUAHO 3a peakiieo (3.25), mo Takui
MPOLIEC EHEPIeTUYHO HE BUT1IHUI Ta HE MPOTIKAE.

[Cu(CI),] + HM =[Cu(CI')(cHM )] +CI —43,02 x/Ix/Mounb (3.24)

[Cu(CI")(cHM)] + H,0 = [Cu(CI")(H,O)(xHM )] 20,22 x/Ix/momnb (3.25)

[IpuenHanHss MoyeKyJapHOT (OpMU MaNEIHOBOI KHUCJIOTH JI0 KOMILIEKCY
[Cu(CI),] He mporikae Hi 3 yrBOopeHHsaM m-komiuiekcy [Cu(Cl)(nH,M)] (3.26), Hi 3
yrBopeHHsM o-komiuiekey [Cu(Cl)(cH,M)] (3.27).

[Cu(CI),] + H,M = Cu(CI")(zH,M) + CI” 72,9 xJIx/Monb (3.26)

[Cu(CI),] + H,M = Cu(CI")(cH,M) + CI 46,2 xJIx/mounb (3.27)

B3aemogist [CuCl,] 3 MOBHICTIO IETPOTOHOBAHOIO (POPMOIO MaIETHOBOT KHCIIOTH
MOJKITHBE JIHIIE 3 yTBOpeHHsM -kommmrekcy [Cu(Cl)(oM*)]* (3.28). Iloxanbiue #oro
neperBopenns y n-komiuieke [Cu(CI)(H,0)@M*)]* (3.29) Takoxk € MOXIHBHM, ale
Yyepe3 HEBUCOKE 3HAUCHHS CHEPreTUYHOTO €EeKTy TaKy Peakilifo MOKHA PO3TIISAATH K
HE3HAYHUN MTOOIYHUH TTpoIIeC.

[Cu(CI),]” + M* = [Cu(CI")(cM*)]* + CI” —67,6 xJ[x/Moub (3.28)

[Cu(C)(eM*)]* + H,0 = [Cu(CIN)(H,0)(=M*)]* ~11,3 xJIx/Mois (3.29)

byno BcraHoBieHo, mo atoMm XJOpYy y BHYTPIIIHIM KOOpAWHAIINHINA cdepi
NPU3BOJIUTE JI0 3aKPITUICHHS G-KOOPAWHAILIT 3 JIraHAOM MaJIeiHOBOI KHCIIOTH Ta 10HOM
Cu’. To6To y ckIai XIOpHAHUX AlKA0aKBAKOMILIEKCIB TpaHc(hopMallis G-KOOpAUHALLi

y m-KoopauHaiito (dm-pm-3B’si3yBaHHS) TMPOTIKAE OUIBII YCKIAIHEHO, OCKIIbKH
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nopiBHIOOUH peakirii (3.25) ta (3.30) BugHO, 110 OCTaHHS MPOTIKA€E 3 HA0ATaTO BUIIUM

CHEPreTUYHUM €(PEKTOM.

[Cu(cHM) ] + H,O = [Cu(HO)(mHM )] —87,04 xIx/moib (3.30)

3.5 Majeinarni n-kommieken Cu’ ckaany [Cu™,(Cl),(L)]

[IpeacTaBnsuio iHTEpEC AOCHIAUTH CTPYKTYPY AMMEPHUX KOMIUIEKCIB BUIIIALY
[L-Cu",Cl,—L], ockinbku icHyroTh BigomocTi [18], 0 Taki quMepH MOXKYTh iCHYBAaTH Y
BOJITHOMY PO3YHMHI 1 IPH MEpexo/il y TBepAy a3y Taki KOMIUIEKCH 3B’ A3YIOThCS OJIUH 3
OJIHUM Y JOBT1 JIAHIIIOTH.

Byno BcraHosneno [92] mo y kommaekci [Cu'p(Cl)y(HoM),] (puc. 3.16)
YTBOPIOIOTHCS JIBa PIBHOIIIHHI BOJHEBI 3B’S3KM MDK aTOMOM XJIOpYy Ta aTOMOM
I'ipporeHny KapOOKCWJIBHMX TPyl MaJIETHOBOi KHCIOTH 3 MIX SAEPHUMH BIJICTaHAMU
2,350 A. Atomu Kynpymy 3 atoMaMu XJI0py YTBOPIOIOTH LUKJ, MiX’ sepHi BifcTaHi
AKMX, MaloTh 3HadeHHs 2,321 Ta 2,324 A (puc. 3.16). Banenrni kytu Cu-Cl mns

[Cu™5(CIN),(H,M),] cranoBasaTH 98°.

« 1 o - we.

) 2.084 -
2075y u 98.00 98.00
S 3.019 ! Eu

2.084 6} ~cC
\ :

@e \. /" € e

Pucynok 3.16 — ['eomeTpruyHa Oy1oBa HEUTPAIbHOTO KOMILIEKCY

[CU+2(C|7)2(H2M)2]
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Komrutekcu 3 JenpoTOHOBaHUMHU (DOpMaMH MaJIeiHOBOI KHCJIOTH MAloTh JIEIIO

innty ctpyktypy (puc. 3.17). B Takux crnojykax oJHOYAaCHO YTBOPIOIOThCS K G- (Cu™—
OOC) rtak i m-38’s30k (Cu'—C). Bymo BCTaHOBIEHO, IO I KOMILIEKCY
[Cu™,(CI)2(HM),] (puc. 3.17, a) 3Hauenns BanentHoro Kyta Cl-Cu—Cl cknamae 99,21°,
mo Maibxe He BifpisHseTbea Big [CU5(CI)y(HoM)]. A ock 1 KoMIuiekcy
[Cu*,(CI)(M?),] (puc. 3.17, 6) crarosuts 95,59°. TOGTO Il OCTAHHBOTO KOMILIEKCY
Mix’sinepHa Biacrans Cu'—Cu® cranosuts 3,283 A, To6T0 BoueBuap Cu™—Cu™-38’s13Ky
TYyT HE YTBOPIOEThCA, o miarBepkye QAIM-anani3 Hamux AOCHKEHb. Y psay
cionyk [Cu*5(Cl),(HM),] — [Cu*»(CI)o(HM),] — [Cu®5(CH)o(M?),] 3miHtoIOTBCS
Mk saepHi Bigctani m-38’s3ky (Cu'™—C) i ckmamatots 2,078; 2,120 Ta 2,119 A,
BiAMOBIHO. TOOTO I JENpOTOHOBAHMX (HOPM JNTaHMAIB 3HAYCHHS MUK SISPHUX
BiJICTaHEH Maibke oOJHaKoBi. TakoXX CiiJg 3a3HAYUTH, MO0 IS KOMILIEKCY
[Cu",Cl,(HM"),] s3HaueHns Mix’sgepHux Biacrameil o-38’s3kiB (Cu'—OOC)-
dparmenrty e gemo merme (2,182 A) uix mrs kommekey [Cu*,(Cl)o(M?),] (2,205 A).
Takum unHOM anioH HM™ cunbHile 38’ s3yeTbes 3 koMmaekcoM [Cu'o(Cl)o(HMY),] Hixk

anion M* 3 — [Cu*»(CI),(M*),].

qf o cl
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w f u 00 g’ —2.152 5
2 17(?%\ g s 2.119
( < $ 2462 d ( @l ® 2322 & : C
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Pucynok 3.17 — I'eometpuuna 6y10Ba 1ePOTOHOBAHUX KOMILJIEKCIB:

a— [CU+2(C|_)2(HM_)2], 0— [CU+2(C|_)2(M2_)2]

Po3paxyHku peakiiiii mpuegHAHHS MOJICKYJ BOJHM Ta PI3HUX JIEIPOTOHOBAHUX
dopm maneinosoi kucnoru g0 kommiekcy [Cu'y(Cl),] nmokasanu, 1o npueHAHHS IBOX
mosekyn Boau (3.31) mpotikae Ha 17,8 k/M0b OUIBII €HEPreTUYHO BUTIIHIIIEC HIXK

MIPUETHAHHAS TBOX MOJICKYJI MaJeiHOBOI KHCIOTH B MOJeKyysipHikd dopmi (3.33). Arne
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npueaHaHHS AenpoToHoBaHNX (hopm maneinoBoi kuciotu 1o [Cu',(ClY),] mporikae 3i
3HAYHO OUTBIIMM eHepreTHYHuM edektom i craHoBuTh 3HaueHHs —230,0 (3.34) Ta —

247.,9 (3.35) xIx/Momb st [Cu®»(Cl),(HM),] ta [Cu*»(Cl)o(M*),], Bimmosizaso.

[Cu™,(CI"),] + 2H,0 = [Cu*,(CI")x(H,0),] 140,18 xJTx/mous (3.31)
[Cu*5(C1)2(H20),] + 2H,0 = [Cu*»(CI),(H20)s] 50,47 xJlx/mons (3.32)

[Cu”5(CI);] + 2H,M = [Cu*5(CI)5(HM)] ~122,39 xJLx/Mous (3.33)
[CU*5(CI),] + 2HM™ = [Cu*»(CI)o(HM),] 122,39 xJlx/moub (3.34)
[Cu",(CI),] + 2M* = [Cu*,(CI)»(M*),] ~122,39 kJIx/mob (3.35)

Takox Oyno mNOKa3aHO, K 3MIHIOETbCS 3HA4Y€HHs €(EKTUBHOTO 3apslay ¥y
NOCTiKyBaHUX KoMmIuiekcax. 3 Ta6n. 3.10 BuaHo, mo y paxy [Cu'»(Cl)x(H,M),] —
[Cu*,(CI)(HM),] — [Cu*»(Cl)2(M?),] edexrrpHuii 3apsix Ha 060X aTromax Kympymy
KOKHOTO KOMIUIEKCY OJIHAaKOBUM 1 cmiBmajgae 31 30UIBIICHHSM CTYNEHS AucoIialii
KUCJIOTH. Y LBOMY X psaay e(peKTHUBHUN 3apsg Ha aToMax XJIOpy NpuiMae OiIbII
HeraTWBHI 3HaueHHsA. Taka » cama TEHJEHIlS CIOCTEPIraeTbCs 1 JJIs JITaHIIB
MaJIeiHOBOI1 KHUCIJIOTH, ajie crnafae OuIbIIl CTPUOKOMOAIOHO, Yepe3 BIAMIHHICTh CTYIEHS

Ucoriarii.

Ta6muns 3.10 — 3HauenHs epexkTuBHUX 3apsaaiB s kommiekcis [Cu’»(Cl),(L),]
Kommutekc Zef(Cu) | Ze(Cl) | Zeg(L)
[Cu™,(CI),(HaM),] 0,632 -0,527 | -0,210
[Cu™,(CI),(HM),] 0,532 -0,599 | -1,866
[Cu*,(CI),(MP),] 0,506 | —0,639 | —3,734

Ha sigminy Big [Cu™,(Cl),] y (Cuy(Cl),)-dpparmenti [Cu™y(Cl)y(nL),] BincyThi
Cu'—Cu" 3B’ s3ku (puc. 3.18) [73]. Lleit pakT omocepeaKOBaHO TOBOPHUTH TIPO T, 110 d7-
P7T-3B’sI3yBaHHS MOJICKYJ MAJeiHOBOI KHCIOTH B Pi3HHX IENPOTOHOBAHUX (opMax 3
ionamu Cu’ ranmpmye auMepusariito ionis Cu’ i cTBOpIOE GiNbII CIIPUATIANBI YMOBH IS

YTBOpPEHHS KOMILIEKCIB Kynpymy (I).
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Pucynok 3.18 — IToBepxus notenmuiany enxekrporHoi ryctuan [Cu’»(CH)y(tHM),]

[opiBHioloun eHeprii 38’sa3yBanHs Cu’ 3 C=C-(pparMeHTOM KHCIOTH 3a
1a61. 3.11 BUHO, IO cepefHe 3HaueHHs eHeprii 3B a3yBaHHs (Cu'—C)-3B 3Ky s
KJIaCTEPY 3 MOJIEKYJIIPHOIO (POPMOIO MAJIETHOBOI KUCIOTH € Ha 36 k/[>k/MOJIb BUIIOLO,
HDK J7s KJacTepiB 3 JENpOTOHOBaHOIO ¢opMoro maneinoBoi kuciotu. [Ipu mpomy
pI3HHULI cepelHbOro 3HaueHHs eHeprii 3B s3yBanHsa (Cu'—C)-38’s3ky Mixk [Cu’»(Cl®
)2(mHM),] Ta [Cu*y(Cl)o(nM*),] cramoButh mmme 1 kJ[K/MONb, IO € B paMKax
TEIJIOBOTO PYyXy MoJiekysd. KpiM Toro, ciif BiAMITUTH, IO B 3aJIEKHOCTI BiJl CTYyIEHS
JCTIPOTOHAITIT KUCJIOTH, 3aJIeKUTh BHECOK Om-pr-3B’si3yBaHHS B 3arajibHy CHEPIiio
38’s3yBanHs ioHy Cu’ 3 ManeiHOBOI0 KucIoTowr. Uepes Te, MO0 B JAEHPOTOHOBAHHX
dopmax kucnotH 3’gBIAIOTBCA G-3B’s3ku. Jna  [Cuty(Cl)y(nH,M),] ueit BHecok
cknaznae 100 %, ockineku HyM He yTBOproe 6-38’s3kiB (Cu’ 3 " O0OC) 3 ionamu Cu”, mus
[Cu*,(CI)a(rHM),] Ta [Cu*,(Cl),(nM?),] BHECOK ckiamae 47 % Ta 45 %, BixmoBigHO.
3a tabn. 3.11 Takox BUAHO, 3MEHIICHHS €()EKTUBHOTO 3apsay IEHTPAIBLHOTO aTomMa B
3QJIEKHOCTI BiJ CTYNEHS JAMCOLIalii MaJIeiHOBOI KHUCIOTH y BHYTpPIIHIA cdepi
kommekcy. Ilpu mpomy mnopiriooun [Cu’»(Cl)y(nHaM),] ta [Cu™»(ClH)y(rHMY),]

CIIOCTEPITa€EThCS CTPUOKOIO10HE 3MEHIIIEHHS 3apsiTy.
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Tabmuns 3.11 — Cepenni 3HaU€HHS €HEpPriil 3B A3yBaHHs Ta €()EKTUBHOTO 3apsiay

IeHTpabHOTO i0HY s Kinactepis [Cu™»(Cl),(nL),]

Knacrepu Eb(CuK 5)2 /L{E;(fu <) Z(Cu)
[CU+2(C|_)2(7IH2M)2] —94,84 —129,4 0,632
[Cu*,(CI)(rHM),] 94,021 -93,71| 0532
[Cu*,(CIN),(tM%),] 9420 -92,69| 0,506

Byno 3’scoBano [93], mo y kmactepi [Cu»(Cl)a(H,M),]° o6umei momekyu
MaJIeiHOBOT KHCIJIOTH YTBOPIOIOTh OJHOYACHO TO JiBa 3B’SI3KM 3 KOXXHHUM aTOMOM
Kapbony (C=C)-¢dparmenty 13 eHepriero 3B’ sa3yBanHs —129.,4 x/[>/monb. [Ipu npomy
YTBOPIOIOYM LUKJI 3 TPbOX aTOM C'-C?-Cu. HasBHiCTB SIKOTO M1ITBEPIKYETHCS
BIJIMOBIJIHOI0O KPUTUYHO TOuYkor0 (3;+1) 31 3HaYEHHSM TMOTEHIIATy eJIEKTPOHHOI
ryctuan (—0,10356 H) miis 060X Momekyn maneiHoBoi KuciaoTn. Mixk’s/iepHi BiJcTaHi
(Cu—C) MaroTh mysxe 6au3bKi 3HageHHs (prc. 3.19) r(Cu™-C) = 2,078 A ta r(Cu™-C?) =

2,084 A i criBnanaroTh 1718 060X MOJEKYT ManeiHOBOi KUCIIOTH.

.
\c C\ : e ,
- .

@/ @‘ 2.324 c

Pucynok 3.19 — OntumisoBana crpykrypa kaactepy [Cu’2(Cl)o(HoM),]°

Banentnuit kyr Cl-Cu—Cl ckmnamae 98°. Emepris 3B’s3yBammst mist Cu—Cl-
(dbparmMeHTiB B cepeHboMy ckiagae —94 xJIk/mMoib 3 MK’ siiepHUMHA BiacTaHsMu 2,324
ta 2,321 A. Knacrep [Cu*(CI)2(H,M),]° mae 1Ba Boxmesi 38’s13k1 Mixk atomMoM Xiopy
[Cu™,(CI"),]-pparmenty Ta atomom [IimporeHy KapOOKCHIBHOI TIpyHH KHCIOTH 3
O/IHAKOBMM 3HAUEHHSAM Mix saepHuX Biacrtaneil (2,350 A) Ta 3HaueHHsm eHeprii

3B’si3yBaHHsa 12,7 k/[x/Monb. Takum 4MHOM 3 TOYKHA 30pYy PO3MOAULY €JIEKTPOHHOI
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rycruan kimactep [Cu'5(Cl),(HoM),]° yrBopioe crifiky crcTeMy MOB’SI3aHHX IUKIIB
(puc. 3.20).

Pucynok 3.20 — Monekymsipauii rpad kiaactepy [Cu®»(Cl),(HoM),]°

JBa notpiini mukiun Cu—C—C (puc. 3.21, a), retpaeapuunuii muxs Cu—Cl-Cu—Cl
(puc. 3.21, 6) 3 MiHiMymMOM enekTpoHHOT ryctuHu y nentpi (—0,01551 H), a takox

nBoma Benukumu 1ukiamMu Cu—C—C—-O-H:---Cl 3 MiHIMyMOM €JIeKTPOHHOI TYCTHHH (—

0,0665 H).

{ [/ = i g \ >_—;‘7 \\\\\‘ \\'
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Pucynox 3.21 — [ToBepxHs elekTpoHHOI rycTuHU s pparmenTis: a — Cu—C—C,

6 — Cu—CI-Cu-ClI
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Ha Bimminy Big kmactepy [Cu»(Cl),] y xmactepi [Cu»(Cl)a(HoM),°
(Cu5(Cl"),)-pparMenT Mae He3HauHMil, ane MoMiTHMI Haxmn (puc. 3.22). 3HauyeHHs

TOPCIOHHOTO KyTa JjIs TaKoro ¢parMenTy ckiazgae 10,34 °,

@ &
@

(
Pucynok 3.22 — Topcionnuii kyt (Cu’,(CI),)-pparmenty

Takox 1mokazaHo, 110 3HaYeHHs e(EeKTUBHUX 3apsiiB Il 000X aroMiB Kynpymy
CIIBNAAa0Th 1 cTaHOBJATH 0,632. AHanoriuHo 1 ansg atomiB Xiopy —0,527. Bci iHie
MpUNaJace Ha aTOMHU OPTaHIYHMX JiraniB i cranoButh —0,210.

Jly1st BCiX KOMIUIEKCIB BHINA 3aiiHATa MoJieKyisipHa opOitans (B3MO) Giibioro
Miporo posnoaiisierbes Ha (Cuy(Cl),)-dbparmMenTi Ta 4YacTKOBO Ha MOJIEKYJax
MasieinoBoi kuciaotu (puc. 3.23) [94]. A HmK4Ya BaKaHTHA MOJICKYJSIpHA OpOITAsb
(HBMO) naBnaku, po3MOAUISAETHCS Maibke TMOBHICTIO Ha MOJIEKYJaX OpPraHiyHOTO
mirannay (puc. 3.24) 3a paxyHOK YTBOPEHHsSI CJIA0KUX BOJIHEBUX 3B’SI3KIB aTOMOM
[aporeny kapOokcuibHOT Tpynu Ta atoMoM Xiopy (Cu,(ClY),)-pparmenty. CyTreBo
BIIPI3HAETHCS BiJ IHIIUX JOCTIIKYBaHUX KomIuiekciB gopma B3MO y komruiekci
[Cu™y(H,0)o(ClN)(H,M),].  Ile Moke OyTH  3yMOBIEHO THM, IO  MOJIEKyJsa
[Cu’,(H,0)o(ClN),(H,M),] € meditpambhoro, a  [Cu’p(H,0),Cl,(HM),]  Ta
[Cu*,(H,0),(CIN)o(M?*),] € anionHnMu komrurekcamu. JUist JOCTIIKYBAHHX KOMILICKCIB

Oynu pospaxosani eHeprii B3MO ta HCMO (ta6:. 3.12).

Tabmuus 3.12 — Eneprii B3BMO, HCMO Ta Egp

Komreke E(B3MO), a.o. | E(HBMO), a.o. | Egp, a.0.
[Cu",(H20),(CI")(H,M),] —0,27814 —0,09828 -0,17986
[Cu™2(H,0),(CI),(HM),] —0,21405 —0,06027 -0,21378
[Cu*,(H,0),(CI)(M*),] -0,18967 -0,01327 -0,17647

3 pe3yabTariB, HaBeAeHUX B TaOu. 3.12 BUIHO, 1m0 CTaOIBHICTh KOMILIEKCIB

cmagae B pagy [Cu'p(H:0)(CI),(HM )] — [Cu'z(H0)(Cl)(HM),] —
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[Cu*,(H,0),(CIN)a(M?),]. Takum 4YMHOM, 3 TOYKH 30py EIEKTPOHHOI OymoBH MO
kommaeke [Cu’y(H20)(Cl),(HM),] € Haiibinbin cTabGimbHUM cepen AOCIHiKyBaHHX

KOMILJIEKCIB Y BOJJHOMY PO3YHHI.

Pucynok 3.24 — HBMO kommiekcy [Cu™s(H20),(C)o(HoM),)



85
PO3JILT 4
EJEKTPOXIMIYHH CUHTE3 TA CHEKTPO®OTOMETPUYHE
TOCJTKEHHS MAJEIHATHUX KOMILIEKCIB Cu*

Kommnekchi cnonyku Kyrnipymy 3aBasku CBOiM Pi3HOIUIAHOBIN 010aKTMBHOCTI
3HAMIIM ~ MIMPOKE  MPaKTHUYHE  3aCTOCYBAaHHA Yy  SKOCTI  MPOTHUCYIOMHHX,
NPOTH3AMAIbHUX, MPOTUTPHOKOBUX Ta aHTUOakTepiambHUX TnpenapatiB [95-105].
Takoxx nepcrneKTUBHOIWO C(HEpPor0 BUKOPUCTAHHS KOOPIMHAILIMHUX CIOJIYK MiAl €
BUPOOHMIITBO JITIH-I0HHUX Oatapeit [106], Ta cTBOpeHHS HAANPOBIIHUKIB MAaTEplajiB,
AK1 IPALIOI0Th NPU KIMHATHIN Temneparypi [107].

Cepen HUX OKpeMy Ipymy ckiagaioTs kommuekcun Cu® [108-110], oco6muso, m-
xommuiekcu CU” [111]. CuHTe3 TakuX KOMILIEKCIB 3/il{CHIOIOTH Pi3HUMH METOJAMH —
a0 IpenapaTHBHO, 3 BUKOPHCTAHHSAM y sKOCTI mpekypcopa crionyk Cu® [29] uu Cu®*
[113], abo enekTpoxiMidHO, 3acTocoByrour 3MmiHHuHN [28, 114, 115] uym mocTiiHuH
ctpyM [44] 1 migl, sIK TpeKypcopa.

CmiBCTaBIEHHS TEXHIYHUX XapaKTEPUCTHK TEpeNiYeHuX METOMIB BKa3ye Ha
3HAYHI MEpeBaru eJEeKTPOXIMIYHOTO BaplaHTy 3 TOYKH 30py HIPOAYKTUBHOCTI Ta
CEJICKTHBHOCTI TIpoIiecy. BapiroBaHHS IUIOMICI0 MITHOTO aHOJIA JO3BOJISIE B ITHPOKOMY
Jliana3oHl PEryJoBaTH IMIBUAKICTH YTBOPEHHS IIJILOBOTO MPOAYKTY, a BapilOBaHHS
BEJIMYMHOIO TIOTEHITiaa JO3BOJIsI€ BIUTMBATH HA IPUPOJTY CAMOTO MPOAYKTY.

31 3pOo3yMiIUX TPUYWH, JTOCHIDKEHHS TIpoIlecy 10HI3aIlii aToMmiB Midl 1
BIIMPAIIOBAaHHSL PEXUMY E€JEKTPOJi3y B poOOYOMY pO34MHI MOTpedye 3acTOCYBaHHS
AKICHOTO Ta KUIbKICHOTO aHalli3y MpOJIyKTy, L0 YTBOPIOETbCS. MU 3BaXWIU 3a
JIOIIUIBHE ~ BUKOPHUCTATH  CHEKTPO(MOTOMETPUYHUN  METOJ, TMOJIMIIUBIIA  HOTO
1HQOPMATUBHICTh KBAaHTOBO—XIMIYHUM MOJICIIOBAHHIM MOXJIMBUX MOJEKYJISAPHUX
CTPYKTYp Ta BINMOBIIHUX JJII HUX CIEKTPIB TOTJIMHAHHS EJIEKTPOMArHiTHOTO
BUIPOMIHIOBAHHS.

VY akocTi 06’€kTa CHHTe3y Oyj0 00paHO rpyny MajeiHaTHuX komiiekciB Cu’,
3MATHUX IHTEHCUBHO MPUTHIYYBATH KUTTEIISUTBHICTH MiKpoopraHi3mis [111].

EnekTpoOKMCHEHHSI Mifli B IUVIOMY € CTaJA1HUM MPOIECOM:
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Cu’— e +2H,0 = [Cu(H,0),]"* (4.1)
[Cu(H0)]" ~ e +4H;0 = [Cu(H0)6]” (4.2)

Opnak, 3a BIJICYTHOCTI Y pPO3YMHI IHIIMX, KpPIM MOJIEKYJ BOJIM, JITaHIB,
TEPMOJMHAMIUHI ~ XapaKTEPUCTUKU I[HMX CTajiil 30iraloTbCs 1 BOHU Peaii3yrOThCs
oJHOYacHO. Tomy, HaBITh MPHU HEBEJIUKOMY BIAXWJICHHI TMOTEHIIANy €JIEKTpoaa BIJ
piBHOBaXHOTO, Mimb oKuCHIOeTbCS 10 Cu’'-iomiB. IlpH BBeIeHHI X y pPO3UHH
OpPTaHiyHUX JirasaiB (30KpeMa ManeiHOBOI KHCIOTH), sIKi yTBOPIo0Th 3 CU’™ MinHi Ta
CJICKTPOHEAKTUBHI 3a TMOTEHLIANy 10HI3aIlli MiJli KOMIUIEKCH, CTa€ MOXKJIMBOIO
peanizaiis TUlbku ctafli (4.1) y BUrIsial peakiii

Cu’—e +nH,0 +L = [Cu*(H,0)n(L)] (4.3)

3a JaHMMM KBaHTOBO-XIMiUHHX PO3paxXyHKiB, HaBeJIEHUX Yy po3idi 3, ionn CU’ y
BOJHOMY CEpEIOBUIIl 3JaTHI YTBOPIOBATH § MaJIEIHATHUX KOMIUIEKCIB: 3 3
MoJleKyspHoo (opmoro Maneinosoi kucnotu [Cu(H,O),(H.M)]" (n =1, 2, 3), 3 3
omHozapsaauM anioHoM [Cu(H,0),(HM?)] (n=1, 2, 3), 2 3 nBo3apsaHUM aHIOHOM
[Cu(H,0)(M*)] (n = 2, 3). ToMy, mepeq MPOBEACHHSIM EIEKTPOXiMIYHOTO
nociimkeHHs: peakiii (4.3), Oyna BiampanboBaHa METOAMKA CIEKTPO(POTOMETPHUIHOTO
BU3HAYEHHs MaJleiHaTHUX T-KoMmiuiekcis Cu’,

Cnoyatky OyB MpOBENEHUN pPO3PAXyHOK Ta aHajii3 TEOPETHUYHUX CIIEKTPIB
MOTJIMHAHHA. A  TOTIM [ TOPIBHSHHS  MPOBOJMIUCH  €KCIIEPUMEHTAJIbHI
cnekrpoporoMeTpuyHi pocaikenHs. Ha puc. 4.1 mnpencraBieHl po3paxoBaHi
TEOPETHYHI CIEKTPHU TOTJIMHAHHS CBITJIA, SKI BIAMOBIAAIOTH MOXJIMBUM IPOJYKTAM
aHOJIHOI 10HI3alli MiJl y BOJHOMY pPO3YMHI MaJIEiHOBOI KHCJIOTH. BuUABHIOCH, IO
koMIiekcHi cronyku CU™ 3 MONEKYNSpHOIO (POPMOKO KHCIOTH MAIOTh JIUIIE OJHY
gacToTy nornuHaHHs (puc. 4.1, a), moB’s3aHy 3 7-3B’sI3KOM. [HIIN 3B’SI3KM B JIiana3oHi

A =100 — 600 HM HE POSABIAIOTHCS.
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Pucynok 4.1 — Teopetuyni criekTpu nornuHanss : a — [Cu’(zH,M)],

6 — [Cu"(rHM")], B — [Cu"(H,0),(rHM)]
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OpHak, mMpu 3MEHIIEHHI KUCIOTHOCTI PO3YMHY CIIBBITHOLICHHS KOHIIEHTpAIii
HoM 1 HM™ 3mimyeThcst B 01k ocTaHHIX Tak, mo npu pH = 2 Gimbsme 90 % Monexyn
MaJIeTHOBOT KUCJIOTH mpejcTaBieHi anionamu HM™ [116]. Tum caMuM CTBOPIOIOTHCS
YMOBH 111 (OPMYBaHHS B TaKMX pO3UMHAX TepeBakHO Kommekcis Cu’ 3 HM,
TEOPETUYHUN CIIEKTP AKUX BXKE MA€ TPU YACTOTH IMOTJIIMHAHHS CBITJIA: OJHY B 00J1acTI
400 uMm 1 81 B obnacti 300 uM (puc. 4.1, 0). OcTaHHl BiANOBIIAIOTh E€JIEKTPOHHUM
TepexoaM 110 G-3B 513Ky 10Hi30BaHOI KapOokcunbHOi rpymu 3 CU™-ioHOM.

BBeneHHst 10 BHYTPINIHBOI KOOPJAWHAIINHOI chepu MOJIEKYT BOJIU MO PI3HOMY
BIUIMBAE HA 3HAYCHHS ITUX YacTOT. 3TiTHO HaBEJICHOro B poOOTi [4] TeopeTHYHOro
aHaji3y B3a€MOJIi G- Ta T-JITaH/AiB, B O3HAYEHOMY THUIl KOMIUJIEKCIB MOJICKYJIH BOJHU
AHTaroHICTUYHO JIIOTh Ha BIJIACHI G-3B’S3KH, ajié CHHEPTeTHUYHO — Ha 7-3B’s130K. Came
Taka KapTHHA i criocTepiraeTbes B kommiekcax [Cu’(H,O),(HM)].

Sx BunHO 3 Tab. 4.1, e HaBEJIEHO JIOBXKWHU XBUJIb TOTJIMHAHHS JUIsI KOMIUIEKCIB
3n =1, 2,3, 3a paxyHOK 3pOCTaHHS €HEprii 7-3B’ 53Ky 31 301IBIICHHAM YHCIIA N JIHIA
noryiMHaHHsA B oOnacti A = 400 HM 3aKOHOMIPHO 3MINIYE€ThCS B OiK MEHIIUX A. |
HAaBIAKW, 3MEHIICHHS €Heprii ©-3B 3Ky 31 30UIBIICHHSIM 4YHuCIa N TPU3BOAHUTH IO
301uIbIIeHHS A B 00aacTi 300 HM.

Hnst  igeHTHdikamii KOMIUIEKCIB OyJla BHUKOPUCTAaHA PIZHUIS BEIWYUH A
MOTJIMHAHHSA KBAHTIB €JIEKTPOMArHITHOTO BUIIPOMIHIOBAaHHS 7- Ta G-3B’S3KaMH 10HIB
Cu”". Amxke abGCONIOTHI 3HAYEHHS TEOPETUYHUX Ta EKCIIEPHMMEHTATLHUX JOBKUH XBHIIb
HE MOXYThb 1/1€a]lbHO CIIBMAJaTH 3a HAsBHOCTI HEMHUHYYOI CHCTEMHOI MHMOXHOKHU
KBaHTOBO-XIMIYHUX pO3paxyHKiB. Tojal sIK MpU BUKOPUCTaHHI AL cHUCTEMHa MOXHOKa
JIKBITYEThCHL.

BusiBunocs, 1m0 3HaueHHs AL Ay)Ke YiTKO MPUB’s3aHE 10 KIIBKOCTI G-JITaHIIB Yy
BHYTPIIIHIN KOoOpAMHALINHIN cdepi m-komiuiekciB (Tadiu. 4.1). [Ipudyomy, Mixk co0o0r0
BOHHM BIJPI3HAIOTHCS HAa JECATKM HM, IO BHBOJHTH iX JaJEKO 32 MEXI IOXHOKH
EKCIIEPUMEHTAIILHUX CIEKTPOPOTOMETPUYHUX BUMIpIOBaHb. Lle cripuse q0CTOBIpHOCTI

1meHTrUdiKarii T-KOMILJIEKCIB 3a BETUYUHOIO AA.
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Tabmuns 4.1 — TeopeTnuHi 3HaYSHHS JOBKUH XBUJIb (HM) ITOTJIMHAHHS CBITJIA
kommaekcamu [Cu’(H,0),(HM")] o m-38’s13Ky (A1) Ta 6-38’s13Ky (A2, Ag)
n 1 2 3
M | 412 | 400 | 380
A2 316 | 329 | 334
A3 294 | 304 | 317
Ahz | 118 | 96 | 63

Ha mepmiomy erami ekcnepuMEHTAIBHHX poOIT Oylia 3acTocOBaHA METOJIUKA
CJIEKTPOXIMIYHOTO CHHTE3Y MaJIeiHATHUX KOMILIEKCIB Cu’. TIlix wuac MIPOBEJCHHS
eNeKTpoxiMiuHOT 00poOku poszuuny 1,0 M Na,SO, + 0,1 M maneinoBoi KHCIOTH B
AHOJTHOMY TIPOCTOP1 KOMIPKH IOOJIM3Y MIZHOTO €JIEKTPOIY CIIOCTEPIra€ThCs TOSBa
YKOBTOTO 3a0apBIIEHHS, IHTEHCUBHICTh SIKOTO 3pOCTA€ MPOIOPIIAHO Yacy €JIEKTPOIIi3Y
(puc. 4.2). lle namo MOXJIHMBICTH HMPOBOJHUTH CIEKTPOPOTOMETPUYHI JOCTIKEHHS Y

OJIMKHBOMY YIIBTPadioIeTOBOMY Jliarta30Hi BUMIPIOBAHb.

Pucynok 4.2 — 3MiHa KOJIbOPY aHOJITY Mif] Yac eJIEKTPOIIi3y poOOUYOro po3UHHY

1,0 M Na,SO, + 0,1 M H,M 3 gacom, xsunud: a — 0, 6 — 10, B — 30, r — 60
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JIJT4 IBUKOT OI[IHKHA ONTUYHOI aKTUBHOCTI OTPUMYBAHHX B MPOIIEC] EIEKTPOIIZY
pPO3UMHIB, CHEKTPU TMOTJIMHAHHS TONEPEeIHHO BU3HAYAIWCH 32  JOIMOMOTOIO
KOJIOpuUMETpy (poToenekTpuaHoTo KOoHIeHTpaliiitHoro KOK-2, skuii mpusHadeHWA [Ist
BHUMIPIOBaHb B OKPEMHUX AUISHKaX Jlana3oHy JoBXHH XBUIb 315 — 980 um. Ha puc. 4.3

HABEJICHO CIIEKTPH MOTJIMHAHHS OTPUMAHOTO B MPOIECT €IEKTPOIIi3Yy aHOJITY.

1.0 ¢
A —e¢—e/1-3 10 xB L
08 F !
— # -en-330xs ‘A
0.6 - ceeedeses ©71-3 60 XB . ':
S :
SN E
0.4 N 4
i o F
! £/ /
02 r LTI /‘ — ot
2_ - ~-.~A ...... /‘ 4 / /
0.0 g — T .
800 700 600 500 400 A. HM 300

Pucynox 4.3 — Cnextp nornuHanss anomity 1,0 M Na,SO,4 + 0,1 M H,M micns

PI3HOT0 Yacy MPOBEJEHHS €IEKTPOII3Y 3 MIIHUM aHOOM

Sx BuaHo, B oOnacti cnekrpy Omu3pko 400 HM MarOTh MiCIle XapaKTepHI
MaKCUMyMH y CHEKTpi TOTJIMHAHHSA ONTWUYHOI, SKi Ha PO3PAaXOBAHMX TEOPETUIHHUX
CIEKTpax IIOMJIMHAHHSA BiANMOBifanM KOMIUIEKCHMM croiaykaMm Cu® 3 MaseiHoBOIO
KHCIIOTOIO.

JUist oTpuMaHHs OLIbII JETANbHUX CHEKTPAIbHUX JAaHUX OyJI0 3aCTOCOBAHO
cnekrpoporomerp CD-46. Ha puc. 4.4 HaBeneHUl EKCMEPUMEHTAIBHUN CIEKTP
MOTJIMHAHHSA, BUMIpSAHUIA B poOodyoMy po3uuHi 3 pH = 2 micas 30 XBUIUMH aHOJHOTO
pPO3UMHEHHSI B HBOMY MiAl 3a 00’emHOi ryctuHH cTpymy 0,67 A/n. Sk Oauumo,
3arajJbHUN BUTJIS IMi€1 3aJI€KHOCTI MOBHICTIO BIAMOBIAA€E (POPMi TEOPETUUHUX KPUBHUX

puc. 4.1 nns xommiekcis [Cu*(H,0),(HM)].
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Pucynok 4.4 — A, A-3anexHictb, BumipsiHa B 0,1 M pozuuni 1,0 M Na,SO, +

0,1 M H,;M 3 pH = 2 micnst 30 XB. aHOAHOTO PO3YMHEHHS B HHOMY MiJIi 32 00’ €MHO1

ryctunu ctpymy 0,67 A/n

3a pI3HUIICIO JOBXKUH XBUJIb 3aPEECTPOBAHUX MAKCUMYMIB MOTJIMHAHHS puc. 4.4
(AN = 62 uM) OyJI0O BM3HAYEHO CKJIaJl KOMIUIEKCIB, CHHTE30BAaHUX EJIEKTPOXIMIUHO.
Humu BusBuIMch Tetpaniranani crpykrypu [Cu’(H,0)3(HM )], mo 6yno y aeskiit mipi
HEOYIKyBaHO, OCKIJIbKH B po00Ti [95], Oys10 ommcaHo mpenapaTiBHUI CHHTE3 3 BOAHOTO
cepenosuia kommiekcis [Cu’(H,O)(HM")]. BoueBunp, Ipu arperyBaHHi Bif0yBaeThCs
AeriapaTaiiis 10 cTabiIbHOI B TBEPIOMY CTaHi MOHOTiApaTHOT popmu [36]. A B po3uuHi
3a craHAapTHUX yMoB Aominye [Cu’(H,0)3(HM)].

Kpim  skicHoro aHamizy, CHEKTPO(POTOMETPUUHUA  METOH  TPaJULIHNHO
BUKOPUCTOBYIOTH JJISI KUTHKICHOTO BU3HAYCHHS ONTUYHO aKTHBHOI PEYOBUHU. 3TIAHO 3
METOMKOIO, HaBeIeHO B poboTi [116], 6yno orpumano Maneinatauii kommuekc Cu’
Ta MPUTOTOBAHO MOTO HACHYCHUM PO3YMH 3 KOHTPOJHOBAHOIO KOHIIEHTpaiiero. Jlami
IIUISIXOM PO3BEJICHHS T4 BUMIPIOBAHHS BEJIMYUH A NJIT OTPUMAHUX PO3YMHIB OyayBaBCs
rpaayroBajgbHUM Trpadik, npeacraBieHuit Ha puc. 4.5. 3HaueHHS A BUMIPIOBAIM MPU

360 HM.
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Pucynok 4.5 — I'panyroBasibHHil rpadik 17 COEKTPOPOTOMETPUUHOTO BU3HAYEHHS

kommuiekcy [Cu*(H,0),(HM)]

3 METOI0 ONTHUMI3alli poOOYUX MAPaMETPIB €IEKTPOIII3Y, 110 3aCTOCOBYBABCS IS
CHUHTe3y ManeiHaTHoro komiiekcy CU’, Oymu NIpoBeJeHi BiMOBIJHI eIeKTpOoXiMiuHi
nocnixeHHs. Ha puc. 4.6 npencraBieHi aHOAHI MOJISPU3AIIAHI 3aJIEKHOCTI, BUMIPSHI
B (onoBomy pozumHi 1M Na,SO, 6e3 ta 3 momaBanHsm 0,1 MoaB/T ManeiHOBOI

KHCJIOTH.

20 -
i, mA/sm?

12 -

I I J T 1

-0,20 -0,10 0,00 0,10 0,20

EV

Pucynox 4.6 — AHoH1 oyIsipy3aliiiiHi 3aj1eXHOCT1, BUMIPSIHI B PO3UHUHAX:

1-1M Na,SO, pH =2,0; 2—-1M Na,SO,4, 0,1 MH,M pH=2,0,t=20°C
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SIx BunHO 3 puc. 4.6, mosiBa MajeiHAT-10HIB 3aKOHOMIPHO 30UIbIIY€E IIBUIKICTD
pPO3YMHEHHS Mimi, OCKUIbKM g0 mporecy (4.1) nomaerbes mpomec  (4.3).
ChiBBIAHOIICHHS IMX CTald € MaKCHUMaJIbHUM Ha KOpUCTh mporecy (4.3) mnpu
HU3BKOMY 3HAYCHHI TYCTUHH CTPYMY, ITOCTYIIOBO 3MEHIIYIOYUCH 3 POCTOM i. XapakTep
TaKOi 3MIHHM MOJKHA OI[IHUTH 3a BEJIMYUHOIO (ip/i1)p kpuBux 1, 2 puc.4.6. Tak, npu
nepexoxi Big 0,02 B 1o 0,1 B mokasuuk (ip/iy)g 3MEHIIY€EThCS MPUOIU3HO BTpHUYi: 3 7,7
10 2,6.

ToOTo, 3a BeMUKHUX 3HAYEHBb IMOTEHIIANTY EJIEKTPOJa MPOAYKTHUBHICTH MPOIECY
pocTte, ajge Mmpu UOMY BHXIJ I[ILOBOTO MPOAYKTY MOKE MOMITHO 3MEHIIYBATHCh. Y
SIKOCT1 KOMIIPOMICHOTO 3Ha4€HHs MoTeHIany 0yno oopano E = 0,1 B, 3BaxkuBiim Ha Te,
o0 NpoAyKT peakiiii (4.1) mpu HAsIBHOCTI HAJUIMILIKY MalleiHAaT-10HIB Oyne y 00’emi
pO3YMHY 3B’A3yBaTHCh y KOMIUIEKC. A Bxke 3amumok CuU’, mo He 3B SKeTbCsd, —
mucnporopritonye o Cu®* i Cu®. J{is BU3HAYCHHS BUXOY 33 CTPYMOM MaJCiHATHHX
xommekcis Cu”, 6yno criBcTaBiIeHO iX KOHIEHTpallii, oTpuMaHi peareHtHo (puc. 4.5),
3 KOHIICHTpAIlIsSIMH, PO3paxoBaHUMU 3T1IHO 3 3akoHOM Dapajes. OCKiIbKHU BIAXUJICHHS
He nepeBumuiio 1 %, MokHa BBaXKaTH, 110 BUXIJ IILOBOTO MPOAYKTY, CHHTE30BAHOTO
npu E = 0,1 B, cranoButs npaktuano 100 %.

B mizomy enekTposiz MoOKHA MNPOBOJWTH HE JIMIE ITOTEHIIOCTaTHYHO, a M
raJIbBAHOCTATUYHO, 1110 € TEXHIYHO OLIBII MPOCTUM BapiaHTOM. TOMY CIiBCTaBIISUTUCH
MOXKJIMBOCTI 000X MeromiB. Ha puc. 4.7 mpencrasieni Biamosigai 1, t- ta E, t-

3JIEKHOCTI.
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i, mA/sm? EV
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Pucynok 4.7 — E,t- Ta 1, t-3a51€KHOCTI, BUMIipsiHi B po3unHi 1 M Na,SO,, 0,1 M H,M

pH =20 mpu: 1 —i=2,0 MA/cm?, 2 —E=+0,03 B, t=30° C

Ak BuAHO, CTAaOUIBHO €JEKTPOJI3 e B MOTEHI[IOCTATUYHOMY PEXHMI, a B
raJIbBAaHOCTATUYHOMY — HI. B OCTaHHBOMY CIIOCTEPIraeThbCA AYyXKE BEIUKUN Jpeiid
MTOTEHITIAITY.

TpanuuiiiHuM GakTopoM, IO CIPHUSE POCTY MPOAYKTUBHOCTI XIMIYHOTO MTPOLIECY,
€ temreparypa. JliiicHo, sik BUAHO 3 puc. 4.8, mpu HarpiBaHHI MIBUAKICTH aHOJHOI
10H13amii Mill B MaJIETHATHOMY PO34YMHI 3aKOHOMIpHO 3pocTae. OHAK, BUSBUIOCH, IO
nekaaauii koedinienT peakiii (4.3) € nyxe Hu3bkuM. Tak, npu nepexoxi Big 30° C 1o
40° C 3pocTaHHs MIBUJIKOCTI CTAHOBUTH OJU3BKO 25 % 3a Oyab-skoro moteHiiany. Lle
BKa3ye Ha Te, IO Ha TEBHI CTajii 3arajbHOTO MPOIECY TEeMIlepaTrypa BIUIMBAE IO
pizHOMY. 30Kpema, 3 POCTOM TeMIepaTypu ancopOlliss Ha TOBEPXHI MiJl JIraHIiB
3MEHIIY€ETHCS, a BUAKICTh BIABOIY MPOIYKTIB peakiii — 3011biryerbesa. Hezpaxkatoun
Ha 11e, cymapHo npu nepexoi Bijg 20 °C go 60 ° C mBUAKICTH TPOIIECY 3pOCTAE BIBIYI,

110 JIOTIThHO BUKOPUCTATH HA TIPAKTHIII.
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Pucynox 4.8 — AHoH1 ossipy3aliiiiii 3anexHocTi, BUMIpsiHI B po3unHi 1 M Na,SOy,
0,1 M H,M pH = 2,0 mpu pizaux temmnepatypax: °C: 1 — 20; 2 — 30; 3 —40; 4 — 60;
5-80

OpHouacHO 3 1HTEHCU(DIKAIIEI0 CUHTE3Y, TEIUIOBUM PEXHUM 3a0e3medye TaKokK

KpHUCTaji3aliiiHe BUAUICHHS MPOAYKTY IIPU OXOJIOJKEHHI PO3UUHY.

Hactynmaum eramoM poOiT Oysi0 eIeKTPOXIMIYHE OTPUMAHHS JOCIIIKYBaHUX
KOMILIEKCIB 3 XJIOPHAHKMX po3unHiB. CHHTE3 ManeinaTHoro kommiekcy CuU’ mpoBoauscs
3 pozunny 1,0 M NaCl + 0,1 M H,M Takox B e1eKTpOXiMI4HINA KOMIpIIi 3 PO3IIJICHUMHU
€JIEKTPOJHUMHU MPOCTOPAaMHU. 3aCTOCOBAHO TOTEHIIOCTAaTUYHUN PEXKUM E€JIEKTPOIi3y,
M Yac SKOTO MIJHHUIA €JNEeKTPOJ BUTPUMYBABCS 3aJaHUl TPOMIKOK Yacy Mpu
norenuiani +0,03 B. B Takux ymoBax rycTuHa aHOZHOTO CTpyMy Oylia Takom X, sIK 1 B
paHillie 32CTOCOBAHOMY TaIbBAHOCTATHIHOMY pesknMi — 2 MA/cm®. ITi 4ac mpoBeIeHHs
EJIEKTPOXIMIYHOT OOPOOKH B aHOAHOMY MPOCTOP1 KOMIPKH MOOIU3Y MIJHOTO €IEKTPOIY
TaKOX CIOCTEpirajiach MOsiBa >KOBTOTO 3a0apBIICHHS, 1HTEHCHUBHICTH SIKOTO 3pOCTalia

MPOIOPIIIHHO Yacy enekTpousy (puc. 4.9).
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Pucynox 4.9 — 3miHa KOJIbOPY aHOITY TiJ 9ac eneKTpoi3y po3unny 1,0 M
NaCl + 0,1 M H,M 3 yacom, xBuiuH: a— 0,6 — 10, B — 30, r — 60

BadikcoBani Ha KOK-2 cniekTpu MOTrJIMHAHHS OTPUMYBaHHMX po34uHiB (puc. 4.3)

AyXe CXO0X1 Ha CHEKTPH, sIKi Oyln paHilie OTpUMaHi AJsl aHAIOTTYHOTO CyIh(aTHOTO

posuuny (puc. 4.3) [117], Tiabku oTpuMyBaHi miku B 30H1 400 HM € 3HAYHO OUTBIINMHU.
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Pucynok 4.10 — A, A-3anexuocti anoiity 1,0 M NaCl + 0,1 M H,M micis

PI3HOTO Yacy MPOBEACHHS €ICKTPOII3y 3 MIIHUM aHOJIOM
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Jlns orpumaHuX mpob aHOMITY MisHKA crnekTpy B 30HI 400 HM Oyma OiibIn
AETaNbHO JociikeHa Ha crekTpodoromerpi CD-46. OTpumaHi CHEKTPU MOTIMHAHHS

npejacTaBieHi Ha puc. 4.11.

2,00 r
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1,60 Kl S
1,20

0,80

0,40

0,00

>

480 430 380 330 yy

Pucynok 4.11 — Cnexrpu nornmHanas pozunsy 1,0 M NaCl + 0,1 M H,M: 1 —
710 eNeKTpo3y, 2 — micis 15 xB. enextpomnizy, 3 — micist 30 XB. €JIeKTPOIIi3Yy.

E=4+0,03B,1=1cm

Ax BugHO, B 00macti cnektpy A Bif 280 HmM 10 430 HM 110 Mipi 30UJIBIIIEHHS Yacy
€JICKTPOITI3Y CIIOCTEPITAETHCS MOSIBA JICKITbKOX MAaKCUMYMiB, ITOJIOKECHHS 1 BUCOTA SKHX
HE € CTa0UIbHUMHU 1 3MIHIOIOTBCS B TOBTOPHUX €KCIIEpUMEHTax. BiporigHo, B
3a3HAYEHUX YMOBAX y PO3YMHI OJHOYACHO YTBOPIOETHCS JEKUIbKA MPOAYKTIB peakKlii,
10 3aBa)ae€ iX 11eHTUdIKaI].

3 METOI0 BCTAaHOBJICHHSI BIPOTIIHUX MPOAYKTIB €JIEKTPOXIMIYHOTO CUHTE3Y OyiH
po3paxoBani Teoperuuni UV-Vis-crexTpu as xnopunaux n-kommiekcis Cu” 3 H,M Ta

HM . Bonu npencrasieHi BianoBigHo Ha puc. 4.12 ta puc. 4.13.
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6 — [Cu”(nH,M)(H.0)(CIN)], B — [Cu"(xHM)(H20),(CI)]

Pucynok 4.12 — Teopetudni criekTpu nornuHanss : a — [Cu’(zH,M)(CI)],
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Pucynok 4.13 — TeopeTuusi crekTpu normuuanss: a — [Cu’(zHM)(H,0)(CI)],
6 — [Cu"(=HM")(H,0)»(CI)]

B Tabn. 4.2 HaBeneHO TEOPETUYHO pPO3pPaXOBaHI 3HAYCHHS JOBXKHH XBHIIb
MOTJIMHAHHS CBITJIA 1O 7-3B’s13KYy (A1) Ta 0-3B’513KY (Ap, A3) alMI0XJIOPOKOMILICKCAMHU
[Cu™(H,0),(H2M)(CI)] Ta [Cu™(H,0),(HM)(C)].

YiTKO MPOCIiZKOBYEThCS 3BOPOTHA TeHpeHNid BigHocHO [Cu’(H,0),(L)], mo 3i
301NIBbIIEHHSAM KiTBKOCTI MOJIEKYJ BOAM Yy XJIopuaHux kommiekcax [Cu’(H,0),(L)(CI)]
Ui TIKYy A CIIOCTEpIraeThcs 3CyB CMYTU MOIVIMHAHHSA B 00JacTh OUIBLIMX JOBXKHH

XBUIJIb.
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Tabmuis 4.2 — TeopeTudHi 3HaYEHHS JOBKHWH XBUJIb (HM) TIOTJIMHAHHS CBITJIA
xommekcamu [Cu*(H,0),(H,M)(CI)] ta [Cu*(H,0),(HM)(CI")] o n-38’sa3ky (A,) Ta
0-3B"513KY (A3, A3)

[Cu"(H20)n(H.M)(CI)] [Cu"(H,0)n(HM)(CI)]
n 0 1 2 1 2
A1, HM 380 | 408 | 430 362 393
A, HM 325 | 386 | 362 330 335
A3, HM 311 | 320 | 345 317 326
Ahiz, HM | 69 88 85 45 67

Takuii BIJTUB BOYEBUIb OB s3aHUI uepe3 HasBHICTH Cl aHiOHa y BHYTpIIIHIM
KOOpAUHAIIMHIN cepl KOMIIEKCY, OCKIITbKU 30UIBIIEHHS A CIIOCTEPITa€ThCs TSl BCIX
xnopuaHux kommiuekciB Cu® 3 MmaneiHOBOIO  KkucnoTOl0.  JIns  KOMILIEKCIB
[Cu™(H,O)(HM)(CI")] cnocrepiraerscs noai6Ha 3Mina mikiB A; Ta As. Taka mosesiHKa
MOYXE CBiYHTH NP0 BiACYTHiCTh 6-38’s13kiB B Cu'-OOC y KOMIUIEKCAX CKIamy
[Cu"(H20)n(L)(CI].

Crix 3a3HAauWTH, IO eNEeKTpoHHUi crektp cTpykTyp [Cu’(H,O0)(H,M)(CI)]
JICIIIO BHUIAIA€ 3 3araibHOT TCH/CHIIIT, OCKIIbKU HOro MakcumMyM Az (320 HM) Mae qyxke
HU3BbKY 1HTEHCUBHICTh. TOOTO TEOPETUYHO BIH Ma€ EJIEKTPOHHUU Tepexia Mpu I
JOBXHHI XBWJII, ajl€ EKCHEPUMEHTAIbHO CMYTY TaKOi 1HTEHCUBHOCTI HEMOKIJIMBO
imeHTrdiKyBaTH. TaKoX IS IOTO KOMIUIEKCY BHPI3HAETHCS TEHICHIIIS 3MIHUA ALy.3 BijlT
KUIBKOCTI MOJIEKYJI BOJM Y BHYTPIIIHIA KoopiauHauiHiii cdepi. lle BoueBHub,
MOB’S13aHO 3 KOHKYPEHITIEIO BIUIMBY PI13HUX G-JIraHaiB. 30KpeMa MiKaTOMHA BiJICTaHb
Cu™—C; B paxy [Cu’(HM)(CI)] — [Cu*(H,0)(HM)(CI)] — [Cu’(H;0),(H,M)(CI)]
3minoeThes 2,087 — 2,131 — 2,061 A, BigmosigHo.

Taxkum yuHOM, 171eHTU(IKAIlIS OTPUMAHUX CIOJYK IUISIXOM BH3HAYCHHS PI3HUII
JTOBXKMH XBWJIb TOTJWMHAHHSA TIO 7-3B’S3KaM Ta O-3B’S3KaM Yy BHUMNAAKY 3MilIaHUX

. +
AN IO0XJIOPOKOMILIICKCIB Cu’ BuUSBHIIACH HEMOXKIIMBOIO.
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BUCHOBKHA

I. Ha migcraBi aHamizy pe3yJbTaTiB KBAaHTOBO-XIMIYHOTO MOJICJIFOBAHHS
CJIeKTPOHHOI 6y10BH akBakoMIUTekciB Cu’*, o MiCTATb aHIOHM OPraHiYHHX KUCIOT
Ta XJIOPUA-10HU, BCTAHOBJICHI HACTYIIHI 3aKOHOMIPHOCTI.

1. HocmipkyBaHUM psii OPTaHIYHUX KUCIOT YTBOPIOE JB1 JIIHINHI KOpEJSLiiH1
3amexHOCTi pK MOHO3aMilIeHHX ammgoakBakoMiviekcis Cu®’ Bin edexTHBHOrO
3apsmy meHTpaabHoro aromMa. OaHa BITHOCUTHCS 10 aHIOHIB OJTHOOCHOBHHUX KHCIIOT,
1HIIIa — JI0 aHIOHIB JBOOCHOBHUX KHUCJIOT. 3 BUKOPUCTAHHSIM IapaMeTpiB BiAMOBIAHOT
pK, Z*(Cu*")-3anexHocTi Ta pe3ynbraTiB pospaxyrky Z*(Cu®") BU3HAUECHO 3HAYCHHS
pK mns akpumataux xommiekcis Cu®’, mo mopiHioe 1,778, BiZoMOCTi mpo sIKy y
JiTepaTypi BIICYTHI.

2. 3a CBO€IO EJIEKTPOHOJIOHOPHICTIO, SIKY MOKHA OLIIHUTH 32 CTYIEHEM 3MIHU
edextuBHOro 3apsimy iomie Cu?* 'y kommiekcax [Cu®’(L)], mirammm, o
PO3TISAAAIOTHCS, CIIBBIIHOCATHCS HACTYIIHUM YUMHOM: aHIOHM OPraHIYHUX KHUCJIOT
(-51,95%) > CI(-47,75%) > H,0(-21,45%). Opnak, y NOJUTIraHIHUX
KOMITJIEKCaX 3a paxyHOK yTBopeHHsa OimenratHoro rigpary L H,O anionm
OpraHIYHUX KUCJIOT MOCTYIAIOThCS XJIOPUI-i0HAM.

3. Bgegenns aHioHIB XJIOpY Yy BHYTPIIIHIO KOOpJAMHALIMHY cdepy
MOHO3aMIIIEHUX aHIOHAMH OPTaHIYHUX KUCJIOT aKBAKOMILJIEKCIB cu? MPU3BOJIUTH 10
3aKOHOMIpHOTO mocnadnennst 38’s3kie Cu’*—L. Cryminbp 3menmenns Ep(Cu®—L)
3aJIKUTh BIJ TPUPOIU OPraHiuHOl KUCIHOTU. [l HacuueHux crpyktyp AEp
3HaXOJUThCS B iHTepBali 2—8 kJ[>k/MoJib, s HeHacuyeHux gocsirae 20 kJ[x/Moob.
CHUHXpPOHHO 3MIHIOETBCA 1 C€HEpPreTHMKa peakili 3aMillleHHsS MOJEKYJ BOIU B
armoaksakomiuieke Cu?* anionamu xyopy (3 —4 mo —30 x/[x/monp). Lle, a Takox Te,
10 eHepreTHUHUi edekT peakiii npueaHanas Cl 10 anumoakBaKOMILICKCIB Cu* 3
HEHAaCMYEHUMH aHIOHAMU € Ie OUTbIIUM, Jocsraiouu —62 k/[k/MOJb y PUCYTHOCTI
(dymapar-ioHiB, CTBOPIOE CHPHUSATIMBI MOYATKOBI YMOBHM JJisi CHUHTE3Y 3MiIIaHUX

. 2+
anuI0XJIOpoKoMILIekciB Cu™ .
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II. Amnanmi3 pe3ynabTaTiB KBAaHTOBO-XIMIYHOTO MOJEIIOBAaHHS KJIACTEpIB
[Cu™(L)(CI")(H,0),](H20),., 103BONNB BUABUTH HACTYIHI 3aKOHOMIpHOCTI CyMicHOT
i ©o- Ta T-NraHaiB Ha eJEKTPOHHY OYyJI0BY 1 TepMOAMHAMIUHI IapaMeTpH
anuoakBaxiopokommiekcis Cu'.

1. HaiOuiblm NDpUAHSATHI EHEPreTHYHI XapaKTEPUCTUKH MarOTh OE3BOJIHI
XJIOPUIHI KOMIUIEKCH 3 MOJICKYJIaMH HEHACHUYCHUX OPTraHIYHMX KHCIOT. B HuX
JOCSITAIOThCSI MaKCUMAaJIbHI 3HAYEHHS C€HEPriil 3B’S3yBaHHS LEHTPAJIBHOTO aToMa 3
xsopua-ionom (151 + 2 xJ[>x/mons) Ta opraniuaum jgiranaom (130 + 1 x/x/mob),
SIK1 MPAKTUYHO HE 3aJI€KaTh B1Jl MPUPOAHN KHUCIOTH.

2. Tlpueananns g0 [Cu’(L)(Cl")] Monexyn Boay € TepMOAMHAMIYHO BUTiTHUM
npouecoMm (AE, = 10 — 60 k/I>x/Monb), IKU cripusie Mepexoay Bil G-3B’SI3yBaHHS
LHEHTPAJIbHUM aTOMOM AaHIOHHMX (OpPM OpraHIYHMX JIraHjiB, A0 7-3B’sS3yBaHHS.
Crab6ineni  m-xommiekcu [Cu’(L)(H,O0)(Cl)] icHylots 3 ycima Qopmamu
JOCJIIIKEHUX KUCTIOT.

3. Ilepexin Biag MOJEKYJIAPHOI (POPMH OPraHIYHUX KHUCIOT JI0 aHIOHHOI B yCIX
BUIIA/IKaX TPU3BOJUTH JI0 3MiHH SIK eHepreTukH c-38’sA3kiB Cu’ 3 aHiOHAMU XJIOpY Ta
MOJIEKYJIaMH BOJIY, TaK 1 EHEPreTUKH T-3B’SI3KIB.

4. 3a 3MiHOIO €(EKTUBHOTO 3apsiiy IEHTPAIBHOTO aToMa KIJbKICHO OIliHEHA
AHTArOHICTUYHICTh CyMicHOI ii o-miranaiB B m-kommiekcax [Cu’(L)(CI)(H,0)].
BcranoBineno, mo B KOMIUIEKCAX 3 MOJEKYJISIPHOIO (OPMOIO  JOCTiIKEHUX
HEHACHYEHUX KHUCJIOT aHIOHU XJIOPY 3MEHIIYIOTh €JIEKTPOHOIOHOPHICTH MOJIEKYII
BOJIM Ha 86 %, a MOJICKYJIM BOJY 3MEHIIYIOTh eIeKTpoHOJ0HOpHICTh Cl Ha 35 %.

III. OOrpyHTOBaHO ONTHUMAaJbHI YMOBU  EIIEKTPOXIMIYHOTO  CHUHTE3Y
ManeiHaTHUX KomruiekciB Cu’, ski 3abe3neuytorh mpaktuyHo 100 % Buxig 3a
CTPYMOM IJILOBOTO MPOJYKTY: PEXKUM MOTEHIIOCTaTUUHMM, nmoTeHiian anoja 0,1 B
BITHOCHO XJiopucpiOHoro enektpona nopiBasHHSA, C(H,M) = 0,1 M (pH =2), t° =
60 °C.

CnexktpodhoTOMETPUYHO Yy TOE€JHAHHI 3 KBAaHTOBO-XIMIYHUM MO/JICIIOBAHHIM

CHEKTPIB TMOTJIMHAHHS €JIEKTPOMArHiTHOTO BHIIPOMIHIOBaHHS PI3HOMaHITHUMU



103

KOMIUIEKCHUMH ~ CTPYKTypamMH  BU3HAY€HO CKJIaJ  OTPUMAHOTO  MPOAYKTY:
[Cu"(H,0)3(HM)].

VY SKOCTI IarHOCTUYHOT'O KPUTEPiro I 1IeHTUdIKAIlT TPUPOIU KOMIUICKCY
00paHO pIi3HMINO MOBKMH XBHIb MOTIMHAHHSA CBiTHAa mo m-38’s3ky Cu’ 3 sp’-
riopuaauM atomoM KapOoHy BiHUIBHOTO (pparmMeHTa MaseiHar-iioHa (o6macts 400
HM) Ta 6-38’3Ky Cu’ 3 10Hi30BaHOIO KapOOKCHIBHOIO TPyIoio (061acTs 300 HM).

Jlis  KUTBKICHOTO aHallizy poOO04Yoro po3uMHy Ha BMICT MalieiHaTHUX -
xoMmitekcis CU’ 3ampornoHoBaHo BUKOPUCTOBYBaTH A, C- 3aJI€KHICTh, BUMIpSHY U

360 M.
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JOIATOK A
# opt ub3lyp/gen freg=noraman scrf=(pcm,solvent=water) guess=mix

CuC4H404C1

-

.4393650000 .4884680000 .1496830000
.7282350000 .1828840000 .3043480000
.3120490000 .88424700800 .11159100880
.4435700000 .2293640000 .1491850000
.95199400800 .0547270080 .0665790000
.8832530000 .©0330340000 .9919220000
.4006820000 .55967200800 . 78587700800
.6804920000 .5889280000 .1208300000
.1767830080 . 2894400000 .9651210000
.9934560000 .3409870000 .1269930000
.2668430000 .2356450000 .6000380000
.6389810000 .1312330000 .3292100000
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Pucynok A.1 — ®@parMeHT CTPYKTYpH BUXITHOTO (haiiily Ha MPUKIAIl ONTUMI3aIi

cucremu [Cu*(nH,M)(C)]° (v Sublime Text)
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JTOJATOK B

I'eomeTpuuHa Oya0Ba XJOPUIAHMUX T-AUUA0AKBAKOMILJIEKCIB KyNIpymy 3

MAJICTHOBOIO KHCJIOTOIO

2.153

Pucynok 5.1 — [Cu*(H,M)(CI)]

T 1.924

Pucynok B.2 — [Cu*(H,M)(H,0)(CI)]
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Pucynok 5.4 — [Cu"(H,0)(HM)(CNT



27-112

2.115

Pucynok B.5 — [Cu*(H,0),(HM)(CH)]
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Pucynok B.6 — [Cu*(H,0)(M*)(CIN]*
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Pucysoxk B.7 — [Cu*(H,0),(M*)(C)]*



