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MPO®ECOP O3ABA I HAMNMPEKPACHILLUA MOJIEKY/IA
M.O. Muepnos-llerpocsiH

Xapkiscbkull HauioHanbHUU yHigepcumem imeHi B.H.KapasiHa, xiMidHUl ¢bakynbmem, matiOaH
Ce0600du, 4, Xapkis, 61002, YkpaiHa

- mchedlov@karazin.ua https://orcid.org/0000-0001-6853-8411

VY nanexomy 1997 poiii MeHi 3 KoJieraMH JJOBEJIOCS OMyOIiKyBaTH poOOTY, IPUCBIYCHY KOJOIIHUM
pozunHam ¢ymrepery Ceo ¥ BOJI, a 3rofloM s OTpHUMaB IOIITOBY JIMCTIBKY 3 AmOHIT 3 mpoxaHHSIM
HaJicnaTH BiOMTOK 1€l crarti. Miii cmiBaBTOp, acmipanT (i KomumHiA Mil cTyaeHt) Bomomas
KnoukoB onpasy 3BepHYB yBary Ha 3BOPOTHY aapecy Ta BUTYKHYB: «Lle x mpodecop O3aBa, sxuii y
1970 porii mepmM y CBiTi TEOPETUYHO TMepe0aYnB MOXIUBICTh YTBOPEHHS Takoi MONeKynu!». 3
TOT0 Yacy y HaC BUHUK CTIMKUN TBOPUYMIA 3B'SI30K 31 3HAMEHUTHM SITIOHCHKHM KOJIETORO.

I Tomy, ko Habmm3uscst 2000 pik, ik TPUIIATHPIYYS IIHOTO BIAKPHUTTS, 51 3BEPHYBCS 110 TIpodecopa
Eixi OzaBu 3 TIpoXaHHSM HamWcaTd MpoO 1€ CTAaTTI0 Juis Hamoro «BicHuka XapKiBCBKOTO
YHIBEPCUTETY», PEAAKTOPOM SKOTO 51 ToAi OyB. BiH BiarykHyBcs, i 3'sSBHiIacsi CTarTs 3 HECIIOAIBAHOIO
3paBanocst 6 HasBoro «llepemuache BiakpuTTa Ceo», SIKY MU 3apa3 BIATBOPIOEMO 3 JIF00'S3HOI 3roau ii
aBTOpa. 3apaau CHpaBeJIMBOCTI Tpeba CKazaTH, L0 L0 KPYIJly JaTy Big3Ha4uid W OOrOBOPHIM B
PI3HHX HAYKOBUX BHJIQHHSX, aje CTarTs HammcaHa mnpodecopom O3aBOIO CHEMILHO JUIS HAIIOrO
Bicuuka. [Bicauk Xapkicekoro yHiBepeutery, 2000, Ne 477. Ximis. Bum. 5 (28) C. 9-13].

VY 1985 poui monekyna Ceo Oyia BUsIBJIEHA €KCIIEPUMEHTANIBHO aHTIiHIeM KpoTo 1 ame pukaHisaMu
Kepnom i Cmonni, siki 3rogom oTpumaiu 3a Biakputtsa HobeniBceky npemito. BykBaibHO Ha IBKPOKY
BificTanM BiJ HUX HiMmelb Kperumep Ta amepukanens Xydman; Tak 0yBae 3 HobeniBchkoi mpemiero,
SIKY MOXYTh OTPUMATH 3a OJ[HE BIIKPUTTSI He O1JIbIIIe TPhOX YUCHUX. A Ha3Ba «(PYIUIEPSHI) MOXOIUTh
Bifl iMeHi apxiTekTopa bakmincrepa Dymiepa, skl mpoekTyBaB OyIiBiIi KyMoJIomoaioHoT popMHu.

Tenep yci XiMiku, (Qi3UKH Ta TPEACTABHUKMA CYMDKHMX HAyK 3HAIOTh, IO pa3toue MPOPOITBO
O3aBu MO0 CTIHKOCTI MONieAPAILHIX MOJCKYISIPHUX QopM Byriemto, Hacammepe — cTpykTypu Ceo,
orpumMaio Onvckyde miarBepkeHHs. KinbkicTh myomikaiii, nprcBsueHnx MolekynaM Ceo, Cro, Crs,
Css Ta iHIIMM QyiUiepeHaM Ta iX MOXiIHUM OOYHCIIOEThCS OararbMa THcsHaMH. BOHM 3acToco-
BYIOTECSI B COTHSIX Pi3HHX OOJacTel, BiJf HOBITHIX HAHOTEXHOJIOTIH Ta 010MEIUITMHY 10 KOCMETHUKHU Ta
BUI'OTOBJICHHS KyJIb JUIs OoymiHry. DysnepeHu nociyii moYecHe Micue cepell IHIINX HaHOBYTJICIIEBUX
CTPYKTYp: HAHOTPYOOK, HAHOIMOYJIMH, rpadeHiB, HAHOAIMA3iB Ta IHIIUX.

Hapmanm name ymcryBanns 3 nmpodecopom O3aBoro TpuBaso, i B 2012 poli 32 MOEIO PEKOMEHIA1Ii€10
BiH HaIlMCaB CTATTIO JIJIs1 )KypHaly «BicHuk HarionansHoi akanemii Hayk Ykpainu» (Ne 9) mig Ha3Boro
«Looking back the best beautiful molecule Ceo after century of discovery», a morim OyB omHUM i3
PEIeH3EHTIB MO€T OTJIsIIOBOT cTarTi mpo po3unHu QyiwiepeHiB y Chemical Reviews (2013).

Ane ekcrieprMeHTaIbHA cHiBmparls 3 mpodecopoM O3aBoro CKiianacs He B raiysi Qymiepenis. Ha
HOro mMpomo3WLil0 MM 3aifHsuMca Ha Kadenpi (ismdHOI XiMil BHUBYEHHSIM BOAHUX PO3UYHMHIB
JIETOHAIIIHHIX HaHOAIMa3iB Ta OMyOJiKyBald Ha II0 TEMY BXke CiM chijgpHuX crarted. [1i pobotu —
JUIE HEeBelIMKa dYacThHa myOmikamiii 3a ydactio mpodecopa O3aBu y cdepi TOCTIIKEHHS
HaHoanMa3ziB. B ouomoBanomy HuM [HcTuTyTi NanoCarbon Research Institute, sk i B iHITHNX HAYKOBUX
[EHTpaX Y pI3HUX KpalHaxX, IOCTIHO BJIOCKOHATIOIOThCS METOIM OTPUMAHHS Ta SIKOCTI IUX
MaTepiaiB.

© Muennos-Ilerpocsa M.O., 2021
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IIpodecop O3aBa i HaiinpekpacHinia MoJeKyJa

Pucynok. Boguuii konoinHuii po3unH HaHOaIMasiB, BuoToBieHni B NanoCarbon Research Institute.

I Takuii iHTEpeC SMOHCHKOTO JOCHTITHUKA JIO HAaHOAIMA3iB HE € BUIAJKOBUM, PO IO CBiTUUTH i
HOro HOBa MOMyJISIpHA CTAaTTs, HANMCaHa CIELIabHO JUIA HAIOro JKypHaly Ta HaBeJCHA HUKYE.
Hanoanvas — 11e Bxke He MoneKyna, sk Ceo Ta 1HIII QyJuIepeHH, a MaTepiail.

I nyxe wikaBo, mo tenep npodecop O3aBa IUBUTHCS HA QYIIEPEHH, SIK Ha I[IKaBUHA, KPACHBHM, aJie
TIEBHOIO MIpOIO TPOWJICHUH eTall i 3HaXOAUThCS B MOIIYKY Ta BJIOCKOHAJICHHI HOBOI Ta KOPHUCHIIIOT
HaByrerieBoi cuctemu. CripaBii, HaHOANMAa3W IIiKaBl TAKOX IIE W THM, IO BOHU € HAWOUIbII
HEIIKiUIMBMH CepeJl HAHOBYTIIENeBUX 00'eKTiB (depes sp>-riOpuau3alii aToMiB ByTJIEIIo B ajiMasi).
CroniBaTMeMocs, 10 HaJ(i1 BUITPaBIAIOThCS.
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FIFTY YEARS AFTER THE IDEA OF Cso MOLECULE
E. Osawa
NanoCarbon Research Institute, Ltd.
[ osawa@nano-carbon.jp https://orcid.org/0000-0002-1147-0898

In contrast to most of the well-known molecules, Ceo fullerene is a brainchild of a fantasy-inclined
young chemist. It occurred to me 50 years ago in 1970 [1, 2]. Then, 15 years later, Ceo Was
spectroscopically observed by Kroto, Smalley and Curl [3] and finally isolated and confirmed
by Kratchmer and Huffman [4]. Stunning sphere and well-proportioned symmetry of the molecule
instantly attracted large number of scientists all over the world and the so-called fullerene research
fever ensued [5].

Fig. 1 Computer drawing of C¢o molecule. Purple = carbon atom, Red = single bond, = double bond.

To our disappointment, however, the fever did not last long. In 1996, Kroto, Smalley and Curl were
given Nobel Prize of Chemistry for the discovery but in the next year all of them left Ceo and turned to
carbon nanotubes. Actually | was faster than them to leave Ceo, finding nanodiamonds more
interesting (see below) [6, 7]. As the old Chinese proverb says, A beauty’s life is thin”. On the
occasion of 50 years anniversary of the idea of Ceo, let me briefly analyze the reason for the sudden
decline of Ceo research.

Technically, the production cost was and still remained too high for Ceo to become a commodity
chemical. In turn, reason for the high cost is that the formation mechanism still remains unclarfied.
However, these explanations are only phenomenological. The true reason for the decline of our

© Osawa E., 2021
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Fifty years after the idea of Ceo molecule

interests in Ceo is the fact that no significant industrial application has ever been found. As a matter of
fact, in the beginning every one of us believed that there will be soon found truly useful and new
applications but this expectation was never fulfilled. The same thing happened with carbon nanotube
(CNT) on grander scale. The CNT fever began only a few years later than Ceo, and lasted much longer
until very recently involving huge number of researchers.

At the moment, no one can give logical explanation on our failure to find highly attractive
applications for these novel network structures of carbon atoms. My tentative explanation invokes the
fact that carbon atoms comprising Ceo and CNT have the same electronic configuration of
sp-hybridization as carbon blacks, the cheapest carbon material. Carbon networks based on
sp’-carbon atoms seems to have inherent and incurable defective properties for use as industrial
materials, which cannot be removed by correcting the bulk structure to homogeneous and well-aligned
network as in Ceo and CNT.

Then, one would ask what the best carbon structure is? At the moment we believe the answer is
diamond in single-nano size. Note that diamond is chemically composed of sp*-hybridized carbon
atoms, and basically different from sp>-hybridized Ce and CNT. So far micron-sized particles and
ultra-thin films have been produced on industrial scales, but these were extremely difficult to process.
For these diamonds, the final production forms are the final application forms.

We are now working on nanoparticles of diamonds (Photo 1), which can be readily prepared by a
number of methods, the best-known one being detonation. Detonation nanodiamond has been known
since 1963 [8] but the raw product was extremely tight agglutinates of primary particles [9] (Photo 1).
We found attrition milling of the aqueous suspension of raw detonation nanodiamond completely
disintegrated the agglutinates into polyhedral primary particles with 2.6+0.5nm in diameter (Fig. 2)
[10, 11]. These findings comprise a remarkable breakthrough.

LT RN N
Photo 1 TEM image of primary particles of detonation nanodiamond particles. These have once been dispersed
in water by careful attrition milling, but re-aggregated during drying for TEM observation.

Our preliminary studies indicate that solid materials dispersed with the primary particles of
detonation nanodiamond acquire high degree of toughness without harming the original elastic and
other properties of the host material [12]. It seems that we have finally reached a truly powerful form
of carbon material in nanodiamonds after a long detour. Even though the classic beauty of Ceo will
remain permanently and remembered by many scientists, | shall, at least for the moment, not come
back to this molecule.

10
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{111}
{100} {110}

Fig. 2 Geometry-optimized structure drawings of the primary particles of detonation nanodiamond. From left to
right, wire-mesh, surface charge distribution, and line drawings. Drawn by Professor A. Barnard.
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Introduction

I am always amazed whenever | find seemingly simple rules prevail in nature. The structural
principle of fullerene carbon is an example: network of any number of hexagons and exactly twelve
pentagons forming a closed cage. Once this principle was understood, then so many structural
variations were discovered one after the other including carbon nanotubes, carbon nanoparticles, and
higher fullerenes in a short period of time, and now we recognize that fullerenes, namely the closed
form of graphite having no edge, are of rather general occurrence[1].

No less amazing about fullerenes is that we did not know their existence only until recently, but
they were there since ancient times, even before human being appeared on earth. Perhaps for this
reason, people are curious if any scientist made notice of this ubiquitous form of carbon before the
seminal discovery of Ceo (1), the masterpiece of fullerenes, by Kroto and others in 1985 [2]. As it
turned out, several people had thought about Ceso molecule before them. For a notable example, |
learned that Professor Schleyer once discussed the possibility of synthesizing this super-cage structure
with Professor Chapman, who thereupon invested a few graduate students into this job. Unfortunately,
the Chapman route did not work and they never published anything. This took place in 1980s [3].
Earlier, Drs. A. Stankevich and E. Gal’pern performed Hiickel molecular orbital calculations of Cg to
obtain the now-well known characteristics of its frontier orbitals with five-fold degenerate HOMOs,
and the three-fold degenerate LUMOSs, the latters penetrating deep into bonding energy level, and
published the results in a Russian journal [4].

Chronologically speaking, | happened to be the first lucky guy. My youthful essay about the
prediction on the possible electronic stability of soccer-ball molecule (as | called it at that time) was
printed first in 1970 in a local chemical journal [5], then after revision in the following year as the last
Chapter of my first book [6]. This book has long been out of print. These two publications can be
hardly found in any library outside Japan because both of them are written in Japanese. Nevertheless,
after fullerene research became popular, my 1970 journal article was cited more than 120 times as |
found while checking Citation Index a few years ago. Apparently most of the authors quoted the work
even without reading it. In order to respond to the intense interest in the first description of Ceo from so
many people, I am writing this short article.

© Osawa E., 2021
12


../../osawa@nano-carbon.jp

E. Osawa

Attempted Extension of Aromaticity

Actually I mentioned about my premature discovery of Cg in some detail when | was invited to a
Royal Society Meeting organized by Sir Kroto in 1992, and the content of the talk was published in
the following year [7]. It would certainly be not appropriate to repeat the content here, but let me
briefly reproduce its essence for Russian readers.

When 1 first thought of Ceo, | had just come back home from 3 years of post-doctoral stint in the US
and took up a post of assistant professor in Hokkaido University. Naturally | was looking for a new
project to start my carrier as an independent reseacher. One of the popular topics at that time among
organic chemists was the non-benzenoid aromaticity. Although | liked the expansion of the old but
vague concept of aromaticity to a wider structural framework with the theoretical prediction by Hiickel
as the guiding principle, | was too late. The beautiful work of Franz Sondeheimer on annulenes,
especially the magnificent molecule of [18]annulene (2), soared so high before me like Mt Everest that
all subsequent works in this field seemed like an imitation of his style [8]. How can I circumvent the
disadvantage of a late comer? After some thoughts | came across an idea of enlarging the dimension. It
seemed that no one ever attempted to escape from the dogma of delocalizing conjugated m-electron
system over a planar molecule. Why not three-dimensional delocalization which should give much
higher aromatic stabilization?

F

2

The key molecule I had in mind at that point was corannulene (3). I knew about this molecule since
one of the evening seminars of Professor Schleyer’s group in Princeton took it up soon after the
synthesis by Barth and Lawton in 1968. Interests in the seminar centered around its unknown
structure: there were two possibilities, double-looped planar non-benzenoid aromatic (4, inside 4,
outside 14x, both aromatic), and tub-shaped benzenoid. After coming back to Japan, | read the result
of X-ray analysis of corannulene single crystal by Lawton [9]. To my surprise, it was a shallow tub,
apparently a compromise between the non-benzenoid and benzenoid aromatics. It still took sometime
before I could connect the corannulene structure with 3D aromaticity. One day as | was watching my
small son playing with a soccer ball, 1 suddenly saw that soccer ball had the structure of corannulene.
Closer look revealed that corannulene constitutes its basic pattern, nicely overlapped with each other
to cover spheroidal surface. Instantly | saw that this is an ideal model of 3D-aromaticity! | soon
learned that the geometry of soccer ball is one of the Archimedean non-regular solids called truncated

icosahedron.
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Premature discovery of Ceo

Afterthoughts

The following are the results of my recent analysis on the reason why | stopped to work on Ceo. For
the following few days since | noticed the possibility of constructing a molecule having the geometry
of truncated icosahedron from sixty sp>-hybridized carbon atoms, I enjoyed thinking of the molecular
ball, but then finally | decided to abandon, a decision later proved to be the greatest mistake | have
ever made in my life. The reasons of my abandoning Ceo are as follows. First | thought about the
possibility of building up Ceo Step by step by the method of organic synthesis, but it soon became clear
that this molecule was too difficult. I was not good at the art of organic synthesis, anyway. | was then
concerned about many benzene rings in Cg. The known molecular structure of corannulene retainning
planar benzene rings seemed to me to indicate the dominance of the aromaticity of benzene, a
masterpiece of all aromatic molecules. Typical non-benzenoid aromatic molecules like [18]annulene
and cyclopropenium tactfully avoid the inclusion of hexagons, which may disturb extensive
delocalization of n-electrons but confine the conjugative delocalization within hexagons.

My memory of Cego was still clear when | saw the Nature paper [2] 15 years later that reported the
first observation of Ce. Evidence of structure the authors presented in that paper was weak, but I
wished to believe that this is an experimental proof of the superaromaticity | had in mind. Then I
became uneasy to realize that Ceo was formed spontaneously during laser ablation of graphite and
annealing in helium thereafter. Indeed, if Ceo Were truly 3D-aromatic and exceptionally stable, the
wisest way to make it must be to let carbon atoms work themselves to form the stable structure
spontaneously. Why did | fail to recognize this natural route to obtain Ce? Obviously the formation of
such a large cage structure is accompanied by a large loss of entropy, hence must be
thermodynamically very unfavorable process. Continued failure in the total synthesis of Ceo even now
attests to this thermodynamic principle. It is now clear that the secret of success by Kroto and others is
the use of extremely high temperatures in their experiments, which must have compensated the
entropic disadvantage to turn the free energy of formation of Ceo to a negative value.

Thus, | understood that my task of designing the preparation of Cg in 1970 was a very hard one.
Chemists generally do not think of temperatures like 20,000 K (temperature at the site of laser
ablation), but our maximum reachable temperature is that of flash vacuum pyrolysis, about 1300 K,
above which all organic compounds decompose. This was a mental pitfall that appears when an
organic chemist thinks of the one-step preparation of entropically unfavorable molecule. There is
another reason why we need high temperature to form Ce. On the basis of recent computational-
theoretical studies, we know that the crucial step to achieve the symmetric pattern of Ceo, in which all
the pentagons are isolated and surrounded only by hexagons, is believed to be an energetically very
expensive step called Stone-Wales rearrangement [10].

What about the danger of destructive decomposition of Cgo at temperatures higher than 1300 K?
How Cg molecules survive in temperatures of several thousand K after they are formed? Actually
Ceso molecules survived in the experiments of Kroto et al., because, in my opinion, two key factors
acted favorably and effectively to avoid thermal decomposition. These factors are rapid cooling and
closed structure. At very high temperatures, the fullerene-forming reactions are complete in a split of a
second, therefore extremely rapid cooling can be applied, and was actually applied in their experiment.
The second factor, closed structure of Ceo (or in general fullerenes), precludes large vibrational modes.
Ceo has only four very weak vibrational frequencies in the infrared, thus the initial steps of thermal
decomposition are strongly suppressed. Hence, all the conditions for Cg formation were miraculously
satisfied in their experiments.

At this point, | am again impressed to see another manifestation of very simple principle
controlling the formation process of fullerenes. The new principle is the ‘rigid cage structure’. One of
the advantages of having a structure without edge is the absence of dangling bonds. This is well
known since Kroto and his coworkers used this idea to propose the closed structure for Cg. However,
another advantage of the rigid cage has never been well recognized before, which is to protect the
molecule from decomposing by suppressing the seed of decomposition, the thermal vibration, as
mentioned above.
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Final words

In retrospect, if |1 were to continue the work on Cgo in 1970, | had to have enough imagination and
drive to foresee and solve all those problems as mentioned above. This task was clearly too hard, and
it almost seems natural that | abandoned the project at that time. The bitter oversights notwithstanding,
however, | still feel myself as very lucky. | am rejoiced by the fact that a dream came true while | am
still alive. 1 even participated in its research and watched my brainchild growing up quickly to
eventually become probably the best studied of all the known molecules in the history of science:
more than 20,000 papers on Cg have been published by now. All three awardees of 1996 Nobel Prize
for Chemistry generously referred my 1970 article at the beginning of their Nobel lectures [11]. At the
moment, industrial applications of fullerene carbons are imminent and it is truly exciting to imagine
myself watching flat-panel display of a wall TV illuminated by electron beam from carbon nanotubes
in not too distant future. I am thankful to the lucky star under which | was born.
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Ynepuue BMBYEHi KIHETUYHI 3aKOHOMIPHOCTI NPOLIECY pO3psAay iOHIB HIKEMIO 3 ENeKTPONiTy Ha OCHOBI HOBOMO TUMy
IOHHUX PIOWUH — HWU3bKOTEMMEPaTYPHUX EBTEKTUYHMX PO3YUHHWKKIB. [OCHiMHKEHHS NpOBEAEHO 3 BUKOPUCTaAHHAM
€neKkTponiTiB Ha OCHOBi ethaline — pigKoi eBTEKTUYHOI CyMilli XOniH Xropuay i €TUMNEHrMIKOMI Yy MOMApHOMY
cniBBigHoLeHHi 1:2, BignoBigHo, y Akin po3yunHanu 1 M NiCl,-6H,0. MokasaHo, Wo yABHI koedilieHT nepeHeceHHs
ana enektpoximiyHoro npouecy y cuctemi Ni(ll)/Ni(0) B ethaline gopisHiotote 0=0.309 i $=0.255 gna aHogHOI i
KaToAHOI peakui, BignosigHo. OTpUMaHi 3HaYeHHS BaXKO iHTepnpeTyBaTh B pamKax BiJOMUX KPUTEPIIB CTagiNnHOCTI.
[ns NosicHeHHs1 UBOro edhekTy 3acTOCOBAHO TEOPETUYHI YABMEHHA, 3anponoHoBaHi lMneapgj, 3rigHO 3 akuMKU npu
€nekTpooCcaMKeHHI MeTaniB enekTpuYHWA 3apsag NepeHoOCUTLCH Yepes Mexy noginy a3 MmetanesnMm ioHamuy, a He
enekTpoHamu, i TOMYy MOTEeHUiHMA eHepreTuyHun 6ap'ep B NOABIMHOMY EneKTPUYHOMY Lapi CTae CUMbHO
HeCMMETPUYHUM (BiOXMNeHHs koediuieHTy nepeHeceHHs Big 0.5). BusaeneHo, wo npu BBeaeHHi YactuHok TiO-
(0-10 r/gm®) o enekTponiTy Ha ocHoBi ethaline cnocTepiraeTbea ranbMyBaHHA eekTPOXIMIYHOrO BiHOBMEHHS! iOHIB
Hikento(ll) yHacnigok 4acTkoBoro 6noKyBaHHA MOBEPXHI enekTpody aacopboBaHMMKM KOMOIOHMMU YaCTUHKamm
giokeuay TuTaHy.

KnioyoBi cnoBa: kiHeTVKa i MexaHi3M, eneKkTpoxiMiyHa peakLisi, iOHU HiKento, HU3bKOTeMNepaTypHUA EBTEKTUYHUIA
PO3YMHHVK, KOEILIEHT nepeHeceHHs, eHepreTudHuA Gap'ep, enekTPOOCaMKEHHS KOMMO3WTIB, LIOKCUA TUTaHYy,
agcopbuis.

Bctyn

EnextpoximMidHO oca/pKeHi TOKPUTTS HiKeIb—I10KCH TUTaHy IPUBEPTAIOTHh 3HAUHY yBary depes ix
mpuBabIMBi (QYHKIIOHATBHI BIACTHUBOCTI. Tak, BIPOBA/DKEHHS MUCIEPCHUX YACTHHOK Yy HIKEIEBY
eNEeKTPOOCAKEHY MATPHII0 CIPHSE IiIBUIICHHIO MIKPOTBEPIOCTi, 3HOCOCTIMKOCTI Ta KOPO3IHHOI
crifikocti [1-4], Hagae $hoToiHIyKOBaHY TiAPODUILHICTE 1 (HOTOKATATITHYHY aKTUBHICTb, 10 BU3HAYAE
3MATHICTH TIOKPUTTIB [0 CaMOOYMINEHHsS [5], a TakoK MOMKJIMBICTP BMKOPHUCTAHHS IS
(bOTOKATATITHYHOrO OYMINEHHS CTIYHHUX BOJ BiX opraHiuHux 3abpyaHioBauiB [6, 7]. Oxpim ToOro,
enekrpoocamkeri Ni-TiO2 KOMIO3UTH MOXYTh OYTH BHKOPHUCTaHI SIK EIEKTPOKATATi3aTOpPH Y
MAJMBHUX €IEMEHTaX ISl OKUCICHHS MeTaHoiy [8], a TakoX MpH BUAUICHHI BOIHIO i KMCHIO MIUISIXOM
eaekrpomnizy Boau [9, 10].

Tpamumiiino ransBaHomokputTst Ni-TiO2 0caKyOTh 3 BHKOPHUCTAHHSM "3BHYAiHUX" BOTHHX
enekrponitie [1-6, 8]. Brim, HeronaBHo, Oyio mokasaHo, 1o mokputtst Ni-TiO2 MOKHA OTPHUMYBATH
3 eNeKTPONITiB Ha OCHOBI HOBOTO THIYy IOHHHMX pIIUH — HHU3BKOTEMIIEPATYPHUX EBTEKTHIHUX
posunnHukiB (deep eutectic solvents, DESs) [7,9, 10]. DES sBusiore c000K0 aHaIOrH
HU3BKOTEMIIEPaTYPHHUX 10HHHUX PiIMH 1 € €eBTEKTHYHIMHU CYMIllIaMH TIEBHUX OPTaHIYHUX 1 OpTraHIYHUX
CHONYK, B SKHX 32 PaxXyHOK B3a€MOJIii M’k KOMITOHEHTaMH BiJI0YBA€ThCS ENEKTPOIITHYHA TUCOIiaIlis
[11, 12]. Ha Bimminy Bix "3Buuaitnux" ionHux piguH, DES e memeBuMH, TOCTYITHHMH 1 €KOJIOTIYHO
NPUHHATHAME CEPEeIOBUIIAMHM Ul BUKOPUCTAHHS y PI3HOMAHITHHX Taly3sX HayKH 1 BUPOOHHIITBA,
30KpeMa, B EIEKTPOXIMil i eTeKTpOXiMiuHOMY eeKTpoocapkenHi [11-14].

Po3pobka 1 ymoCKOHAJICHHS MPOIECIB €IEKTPOOCaPKEHHS KoMMO3uinHuX mokputTiB Ni-TiO-
HEMHCITUMiI 0€3 BCTAHOBJICHHS OCOOJHMBOCTEH KIHETHKH 1 MEXaHI3My EIEKTPOJHUX IMPOIECiB, IO
BinOyBaroThCcs Ha Katoi. He3Baxarouu Ha HasiBHI JaHiI CTOCOBHO BIUIMBY YMOB €JIEKTPOJIi3y Ha CKJal,
MIKpPOCTPYKTYpPY, MOP(OIIOrito MoBepxHi 1 pi3HOMaHITHI BIACTUBOCTI YTBOPIOBAaHHUX €JIEKTPOIITUYHUX
nokputTiB HikeneM i komnozutoMm Ni-TiO: 3 enekrpomnitiB Ha ocHoBi DES [7, 9, 10, 14-16], napasi

© Iponenko B.C., bornanos /[.A., Byrupina T.€., Jlanuios ®.J1., 2021
16


mailto:vprotsenko7@gmail.com
https://orcid.org/0000-0002-5959-0426
mailto:bogdanov95@yahoo.co.jp
https://orcid.org/0000-0002-6741-9901
mailto:butan@email.ua
https://orcid.org/0000-0002-0619-6783
mailto:fdanilov@optima.com.ua
https://orcid.org/0000-0001-6058-6056

B.C. Ipouenko, I.A. bornaunos, T.€. Byrupina, ®.1. Jlanunos

He3'SICOBAHUMH 3aJIMIIAIOTHCS MUTAHHS CTOCOBHO CTAIiHHOTO XapakTepy IEpeHECEHHs 3apsiay IMpH
pO3psizi i0HIB HiKeIN0. BrjiuB 4acTHHOK MIOKCHIYy THTaHy Ha KiHETHKY mpoiiecy po3psay ioniB Ni(ll) 3
enekTpoiity Ha ocHoBi DES 1ie He BcTaHOBNeHMIA. be3 HaKONMUYEHHS 1 y3araJbHEHHS TaKUX JAHUX
HEMOXJIMBa PO3pOOKa pPEKOMEHJAIil CTOCOBHO METOAWK KEPOBAHOIO CHHTE3Y KOMITO3HIIHHUX
MOKPHUTTIB i3 MPOrHO30BAHUM CKJIAJIOM i €JIEKTPOKATATITHIHUMH BIACTHBOCTSMHU.

Tomy Meroro naHoi poOoTH OyJI0 BU3HAYEHHS OCOOJMBOCTEH MEXaHI3MY CTaIIHOIO MepeHECEHHS
3apsay Ul IPOIECY EIEKTPOOCAIPKEHHS/ €IIeKTPOPO3UMHEHHS HIKEIIO 3 €ISKTPOoNiTy Ha ocHOBI DES
Ta BCTAaHOBJICHHSA XapakTep BIUIMBY Ha Iel MPOIeC CYMICHOTO TMpOIecy BIPOBAKEHHS YaCTHHOK
JIOKCHTy TUTAHY y €IIEKTPOOCAIKEHY METalIeBy MaTPHIIIO.

MeToanka eKCrnepuMeHTy

Y poboTi BHKOPHCTOBYBAIM HHU3BKOTEMIIEPATYpHUI EBTEKTHMYHWI pO3uMHHUK ethaline, mo €
€BTEKTHYHOIO CYMIIIIIIO XOJNiH XJIOPHIY 1 €THUIICHTIIIKONI0 (Y MOJSIPHOMY CHiBBiTHOIIEHHI 1:2, Bin-
noBinHo) [11]. Cuute3 mporo DES, a Ttakoxk enekrponity, 1mo Mictute 1 M NiCly-6HO Ta
0-10 r/mm® TiO, (Degussa P 25, cepenniit niamerp yacturok 25-30 HM) 37iliCHIOBANIN 33 METOIMKAMH,
JIeTaJIbHO onMcaHumu panire [7, 9, 16, 17].

PozunnHuk ethaline rotyBany 3MillTyBaHHSIM KOMITOHEHTIB ITpU TemriepaTypi npuonuszto 70°C 3a yMoB
riepeMilllyBaHHsI MarHITHOIO MIIIIAJIKOIO JI0 YTBOPEHHS OHOPiHOT pinpHu. Jlaimi npH Tii e Temiieparypi i
Oe3repepBHOMY  TIepeMilllyBaHHI BBOJMJIM  PO3PAaXyHKOBY KutbKicTh TBepmoi com  NiClo-6H20,
nepeMilllyBaHHsI TIPOJIOBKYBAIM JI0 TIOBHOI'O PO3UMHEHHS TBEPAMX KpHCcTaliB. HaBakky HaHOMOPOIIKY
JIOKCHJIy THTaHY BBOIMIM B OTPUMAHUK EIEKTPONIT 1 Jaii OTpUMaHy CHUCTeMY TijuiaBaiyd oOpoOii B
yibTpasBykoBoMy mucriepratopi  Y3JJH-A (uacrota 22,4 kI, nmtoma moTyxHicte 340 Br/mv®,
TpUBANICTh | TouHa) st 3a0e3nedeHHsT PIBHOMIPHOTO PO3MOJUTY KOJOIMHUX YacTOYOK Mo o0'emMy
pimman. Taky K YIbTpa3sByKOBy OOpOOKY TIIPOBOIWJIM TIeped KOXKHHUM  EKCHEPUMEHTOM 3
eIIEKTPOOCAKCHHSI.

EJNeKTpONiTHYHE OCa/UKCHHS IOKPUTTIB NPOBOMMIM Ha IUIATHHOBOMY enekTpomi (0.28 cm?),
BHasHoMy y ckio. [Ipormenekrpomom ciyryBajga HikedeBa IUIACTHHKA (BUAMMA  IIJIONIA
noBepxHi ~2 cM?). EJeKTpoocaukeHHsT NPOBOAWIM B TalbBaHOCTATHYHOMY PEKHMi (cTabimizoBaHe
mwkepeno xusienns Electronics 30V 6A) npu katoamiii ryctuni crpymy 10 MA/cm? i Temmepatypi 40°C.
TpuBagicTh €IEKTPOI3Yy MiAOMpald TaKMM YHWHOM, 100 TOBIIMHA IOKPUTTIB CTAHOBMJIA OJM3bKO
10 mxM. MeToanka aHaizy XiMi4HOTO CKJIaay KOMITO3uIiiHOro mokputts Ni—TiO, ommcana B poOoTi
[7].

Bomprammiepni  mocmimkeHHs — (JTiHIHHA — BOJBTAMIIEPOMETPIS) TPOBOMMIM Y  CKIISHIN
TepmocTatoBaHiii koMipii (40°C) 3a TpuenekTpomHo cxemoro. Ilpu 1mpoMy poOOUYNM EIeKTPOIOM
Oyma TUTaTHHOBAa IUIACTHHKA 31 CBDKEOCAa/PKEHWM MapoM Hikemo (abo, B OKpeMHX BHITaJKax,
koMIt03uToM Ni—TiO,, mpo 1m0 OKpeMo 3a3HaueHO B TEKCTI), OTPUMAHHM BiIITOBIZHO O OIHCAHOL
BHIIE METOAWMKH 3 EIEeKTPONITYy Ha OCHOBI ethaline. JlomOMDXHIM E€IEKTPOIOM CITyTyBasa HiKelleBa
mnacTuHKa (~2 cM?). TToTeHIiany BUMIpIOBaIH BiTHOCHO CPiGHOT POBOIOKH, IO BUKOPHUCTOBYETHCS B
DES Ha 0CHOBI XOJIiH XJIOPUY SIK KBa3i-eJIeKTpo/1 mopiBHsHHS [7, 17].

Bci enmextpoxiMiuHi JOCTiKEHHS TPOBOMWIMA 3a Jomomororo moteHmioctara Reference 3000
(Gamry, CHIA). OmiyHa CcKiTagoBa ENEKTPOAHHUX IMOTEHINialliB BUMIpIOBANACs 1 aBTOMATHYHO
KOMIICHCYBAJIAcs 3a JOIOMOT' 00 KOMITeHcaTopa, BOYI0BaHOTO B rmoTeHiocTaT. LIIBHIKiCTS po3ropTKu
MOTEHIliaTy BapiroBaim B Mexax Bing 20 mo 100 mB/c.

Pe3synbtaTti Ta ix 06roBopeHHs

Puc. 1 mokasye katomHi i aHOAHI JUISHKH TOJSPH3AMIHMHUX KPUBHUX, OTPUMAaHUX Ha HIKEIEBOMY
erexTpoi B posunHHUKY ethaline ta B ethaline, o mictuts posumneny citb NiClp-6H:0. Sk BuamHo, y
Ni-BMiCHOMY €JIEKTPOJITI XBHJISI KaTOAHOrO CTpyMmy enekrposianosierns ioHiB Ni(ll), posramoBana
mpu TnoTeHmianax, mo Ha 150-200 mB mo3uTwBHINI, HDK Ti, O[O0 BIiAMOBIZAIOTH XBHII
€JIEKTPOBITHOBJICHHSI KOMIIOHEHTIB ()OHOBOTO €IEKTpoiiTy. Takum 4yMHOM, POLIEC BiTHOBICHHS 10HIB
Ni(ll) 3 yTBOpeHHSAM oOcCaay METANiYHOrO HIiKeIr BinOyBaeTbest mpaktuuHo 3i 100% Buxomom 3a
CTPYMOM, IO WiATBEPUKYETHCA AaHUMH HE3AJISKHHMX TpaBIMETPUYHUX BHUMIpIOBaHb (B iHTepBai
ryctun ctpymy 10 ~10 MA/cm?). Kpusi aHasoriunoro Burismy Oyiu oTpumani y podorax [17, 18] B
ENIEeKTPOJTITax 31 CKIaamMu, OJIM3bKUMHU 0 BUKOPUCTAHOTO B JaHOMY AociipkeHH]. Cliig 3a3HaYuTH, 110
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AQHOJIHI JUISHKY TOJISIPU3AIIHOT 3aIeKHOCTI JUISl SJIEKTPOJIITIB 000X CKJIAJIB MPAKTHYHO 30iratoThCs.

Lle o3nayae, mo HasBHicTh ioHIB Ni(ll) y enekTpomniti He BIJIMBaE HAa AaHOMHWI TPOIEC POSYMHECHHS
METAaJIEBOI0 HIKEIO.

0.02 f 1,2
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Pucynok 1. TlonspusariiiHi KpuBi, OTpHMaHi Ha HikeneBomy enektpoxi B ethaline (1) ta B posuwmni
1 M NiCl;-6H20 B ethaline (2)

Crnin 3a3HauMTH, MO TNOJSPH3AlidHI KpUBI, HaBeJeHI Ha puC. |, OTpUMaHI MpPU IIBUAKOCTI
posroptku noreHiriany 20 MB/c. 30inbiieHHs mBUaKoCTI ckanyBaHHs 10 50 ta 100 MB/c mpakTuyuHO
HE BIUTMBAE Ha BHUIUISAJ i PO3TAIYBaHHS KPUBUX, III0 BKAa3ye Ha BIICYTHICTH AUDY3IHMHUX OOMEKEHb.
Bci momspuzaniiiHi KpuBi, 300pa’keHi Ha HACTYIIHUX PHCYHKax, 3apeecTpoBaHi MpPU IIBUAKOCTI
posroptku norenitiany 20 mB/c.

[Tpu BUBYEHHI MeXaHi3My Oyb-SKOr0 eIeKTPOXIMIYHOTO MPOIleCy, ¥ OpyTTO-peakilii sKkoro 6epyTh
y4acTh KiJIbKa €JIeKTPOHIB, IPUHIIUIIOBUM € TIUTAHHS CTOCOBHO TOTO, NIEPEHECEHHS SIKOTO €IEKTPOHY €
YIOBUTHPHEHOIO CTaJi€I0 peakiii. 3a3BHYail BBaXKAETHCS, IO OJHOYACHE IEPEHECEHHS KUTBKOX
CIIEKTPOHIB BUMarae BeJIbMHU BHCOKOI CHEpTil aKTHBAIlli, HDK P IMOCTIIOBHOMY TIEPEHECEHHI, 1 TOMY
B C€IEMCEHTApPHOMY aKTi TEpEHECEHHS 3apsmy HauOLIbII WMOBIPHUM € YYacTh TUIBKH OIHOTO
enekTpona [19]. € Bci migcTaBu BBaXKaTH, IO TaKa 3aKOHOMIPHICTH OyIe CIpPaBENIMBOIO 1 IS
CIMEKTPOXIMIYHOr0 ocaKeHHs Hikearo 3 DES.

Jis BCTaHOBNIEHHSI CTafii 3 YIOBUTIBHEHWM TIEPEHECEHHSM €JIEKTPOHA BHKOPHCTOBYIOTH HHU3KY
KpUTEpiiB, SKI TIEPEBAKHO TPYHTYIOTbCS Ha TIOPIBHSIHHSA TadeNliBCHKUX HAXWIIB BIAMOBITHUX
KaTONHMX 1 aHOJNHUX MUISHOK Moispu3aniinux samesknocreit [20]. Ha puc. 2 HaBeneHi BimmoBimmi
TUISTHKA KaTOJHOTO Ta aHOJHOTO CErMEHTY MOJISIPU3alifHOl KPUBOI KATOAHOTO €TEKTPOOCaKEHHS Ta
AHOJIHOTO PO3YHHEHHS HIKEITI0, BIIITOBIAHO.

0.0

1
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Pucynoxk 2. ®parmMeHTH NOISIPU3AMIHHAX KPUBUX aHOJHOTO po3unHeHHH (1) 1 kKaTomHOTO OcamKeHHS (2)
HiKeJTro B TadereBChknx KoopanHatax. Enekrpomit — 1 M pozumn NiCl,-6H,0 B ethaline (2)

BumHo, mo mpu goctaTHROMY BiAJajeHHI BiJ pIBHOBarW sK aHONHA, TaK i KAaTOMHA MAUISTHKA
NOJSIpU3aliiiHOT KpUBOi 100pe CHpsAMIISIOTBCS B KOOpAMHAaTax piBHsAHHS Tadens, 3Binku Oymnu
BH3HAUeHi ysaBHI koedimienTn nepenecenss: 0=0.309 ta p=0.255 ans aHOOHOI Ta KATOAHOI peakui,
BiIIOBiIHO.

Brim, 3acTocyBaHHS BiJOMHX KPUTEPiiB CTalilfHOCTI HAIITOBXYETHCS HA TPYJHOILI, OCKUIBKH CyMa
YABHHUX KOe(QIli€EHTIB IepeHeceHHs A KaTOAHOI Ta aHOIHOI peakliid IOBMHHA JOPiBHIOBATH
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3arajpHii KiITBKOCTI €IeKTPOHIB, IO O0epyTh y4acTh y mpolieci (B AaHOMY BHIAJKy, OYEBUIHO, 1€ ABA
enekTponu) [20], 1m0 SBHO HE BUKOHYETHCS Y TAaHOMY BUIIAJIKY.

Crhin 3a3HAYMTH, [0 HAa MOXJIMUBICTD peamizalii Takol CHTyauii HpH eNeKTPOXiMIYHOMY
OCa/KCHHI/PO3UMHEHHI MeTalliB BKasyBanocs y pobori [inmeani [21], me Oyno mimkpecieHo, 1o
SNEKTPUYHUHN 3apsa]] B TAKHX MpOLIecax MEPEHOCUTHCS Yepe3 MEeXY NoALTy (a3 MeTaneBUMHU i0HaMU, a
HEe eleKTpoHaMH. ToMy i0HM MeTally MIrpyloTh Y CHJIBHOMY €IEKTPHYHOMY MOl TMOJBIHOTrO
CNEKTPUYHOTO Iapy, IO CTBOPIOE TEPEIyMOBU MJSl CWIBHO BHUPAXXEHOI HECHMMETPUYHOCTI
noreHnianpHoro Oap'epy. [Ipu mpomy y BUTaAKy, KOJTM METaJiuyHUH i0H MOB'A3aHUN y KOMILJICKC 3
aHIOHAMH 3 YTBOPCHHSM HETaTUBHO 3aps/DKCHOr0 KOMIUIGKCHOrO i0Ha (a2 caMe Taka CHTYyallis
XapakTepHa Uil OCaJDKEHHs Hikemio 3 ethaline, e 10HM HiKeNmo iCHYIOTh y (opmi KOMIUIEKCIB
[NiCls(Eg)s] Tta [NiCl*, ne Eg — erumenrmikons [17]), yaBHi KoedillieHTH TIepeHeCEHHs
BHU3HAYAIOTHCS CHIBBIIHONICHHSM MDK TOBIIMHAMH YacTUH IOJBIHOTO EIEKTPUYHOr0 IIapy,
00MEXEeHUX BHYTPILIHBOIO 1 30BHIMIHBOIO TUToMHaMu [ enbMronbia [21]:

a+B =8y /S0 1)
ne Omp / Somp — BimgHOmIeHHs ToOBHIMH uyacTHH [IEI, oOMEXKEeHUX BHYTPIIIHBOI 1 30BHIIIHBOIO
mromyHaMu ['epMromsia, BigmoBiIHo.

SKIO0  MiACTaBUTH OTPUMaHI  eKCIEPUMEHTadbHO BEIMYMHHU o 1 [ Ui KaTOIHOrO
OCa/DKEHHS/aHOIHOT0 po3unHeHHs Hikemio B ethaline, To Biamosimuo m0 piBHsHHS (1) BUXOANUTH, IO
Sinp/ donp = 0.564. Omxe, 3BiaCH BHILIIMBAE, IO €IEKTPOAKTHBHI HIKETHBMICHI KOMIUIEKCHI aHiOHM
npu ocajpkeHHi Hikemo 3 DES crnenudiuno agcopOboBaHi Ha MOBEPXHI €NEKTPOAA i PO3TAIIOBaHI Ha
BHYTpIIHIN rutonuHi ['enbmrosbiia. 3riHo 3 po3paxyHkamu [22], Taka CUTyallisi 4acTO peati3yeThes
MPH OCa/PKEHHI METaNiB 1 03HaJae€, 10 aKTMBOBAHMH KOMIUIEKC IPHU MEPEHECEHHI 3apsay y Mpoiieci
OC/DKEHHI METalliB YacTO PO3TAIIOBYETHCS OJIMKYE JIO MOYATKOBOI'O (BHXINHOIO) CTaHy, HIK JIO
CTaHy MPOAYKTIB. TaKMM YMHOM, CHIILHO 3aHFDKeHHH (Y OPIBHIHHSA 31 "3BHuaitHuM" 3HaueHHsM (.5)
KOC(IIIEHT MEPEHECCHHs MpH po3psai ioHIB Hikemto 3 DES BiAmoBigHO A0 KOHIEMIll, PO3BHHYTOI
I'ineani, 00yMOBJICHHI CHIIBHOK HECUMETPUYHICTIO MOTEHIIHHOIO0 EHEPreTHYHOIO 0ap'epy.

Illo crocyeThcs MpPUPOMX YIOBUTBHEHOI cTafii TepeHeceHHS 3apsany (Mepimmii 9u  ApyTHM
€JIEKTPOH), TO MU CXHJIIEMOCA 10 AYMKH, 110 B JAHOMY BUIIAJIKy IIBHJKICTh BU3HAYAJIBHOIO € CTafisl
3a yYacTIO TIEPIIOro eIeKTpPoHa (Y KaTOTHOMY HAIMPSMKY IPOIIECY), IO € THUIIOBOIO CUTYAIIE€I0 IS
eIEKTPOOCaKEHHS pisHOMaHITHHX MeTaimiB [21]. CrpaBmi, akio O yIoBilbHEHNM OYII0 TIEpEHECEHHS
3apsay 3a y4acTio JPYroro eleKkTpoHa (IpH PiBHOBAKHOMY IEPEHECEHHI MepIIoro), TO 3a PaxyHOK
HasBHOCTI TIONEPeNHBOI PIBHOBAXKHOI peakiii ysIBHWI Koe(iIli€eHT IepeHEeceHHs IMEepeBHIyBaB OU
OJIMHMYHE 3HAYCHHS (HABITH 32 YMOBU CHJIBHOI HECHMETPHUYHOCTI eHepreTuyHoro Oap'epy) [21], mro
SIBHO CYIIEPEUUTh OTPUMAHHUM €KCIIEPUMEHTATIbHUM JaHHUM.

3 mossIpU3aIifHUX KPHUBUX, HABEIEHMX Ha PHC. 3, BUIUIMBAE, IO HoJaBaHHsA dacTuHOK 1102 10
ethaline mpakTu4HO He BIJIMBAE HA BUTJIS 1 pO3TAIyBaHHs MOJsIpU3aiiiiHol kpuBoi. e o3Havae, mo
YaCTHHKH JIOKCUAY THTaHy B JaHIN CHCTEMIi € eeKTPOXiMiYHO HeaKTHBHUMH. Ha 1boMy X pHUCYHKY
JUTS TIOPIBHSHHS HaBeJIeHA TMOJISIpH3alliifHa KpYBa IJIATHHOBOTO €NEeKTPOLY B (POHOBOMY EIEKTPOIITi
(ethaline), ne, sk i ouikyBasoCs, TMepeHANpyra KaTOTHOIrO TIPOIECY CYTTEBO HIDKYA, HDK Ha
HIKEJIEBOMY €JIeKTPOII.
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Pucynok 3. Ilomspusamiiini kpusi, orpumani Ha HikenmeBomy enmektpoai B ethaline (1), B ethaline
+ 5 r/mm® TiO; (2), a Takosk B B ethaline na nmatunoBomy enexrponi (3)
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OnHak, sIK BCTaHOBJEHO paHime, yactuHku TiO» 37aTHI BOyIOBYBaTHCS y HiKENIeBY MATPHIIIO B
MPOIIEC] eIEKTPOOCAIKEHHS 3 po3unHy Ha ocHOBI ethaline [7, 9, 10]. 3anexHICTh BMICTY AMCIIEPCHOT
(ha3u B yTBOPIOBAHOMY KOMIIO3HIIIMHOMY ITOKPHTTI BiJl KOHIIEHTPAIil JIOKCUIY TUTAHY B KOJIOITHOMY
eNeKTpoNiTi HaBegeHa B TaOn. 1. HameBne, mpomec BmpoBamkeHHs 4yacTHHOK TiO, B HikeneBy
MaTpUII0 BiIOYBa€Thcs 3a PaxyHOK afcopOuii YacTHHOK OKCHMAHOT (aszu, 1o HeoOOPOTHO
a7IcopOyIOThCS Ha CBDKCYTBOPIOBaHIM MeETaJeBili MOBEPXHI, SKa IMOCTIMHO OHOBJIIOETHCS 32 PaXyHOK
CIIEKTPOOCAKEHHsI, Ta MOAAJBIIOro "3apollyBaHHA" ajcopOoBaHuX 4YacTouok [7, 9]. Ilpu 1pomy
gactuku Ti0Oz, mo anacopOyBanucss Ha TOBEPXHI HIKEJIEBOI MaTpUIl i, SK IOKa3aHO BHILE, €
SNEKTPOXIMIYHO HEAaKTHBHUMH, TTOBUHHI YaCTKOBO OJIOKYBaTH €NEKTPOJHY MOBEPXHIO. B TakoMy pasi
MOBHHHO CIIOCTEPIraTUCs rajibMyBaHHS €IEKTPOXiMIYHOT peakiii po3psi Ly i0HIB HiKeIIo.

Tadauns 1. 3anexHicTh BMICTY JiOKCHAY THUTaHY B KoMmmosuiiiiHomy mokputti Ni—TiO; Big kouuentparii TiO;
B eJIEKTPOITiTI Ha 0cHOBI €ethaline

Konnentpauis TiO; B enektporiti, /am® | BwmicT aucnepcHoi $hasu B MOKpUTTi, Mac.%
1 7.80
2 8.40
5 9.95
10 10.05

JilicHoO, sIK BHILIMBAaE 3 NaHWUX puc. 4, nmpu BBenenHi TiOz 70 ckiamy eneKkTpoliTy Ta 30LTbIIeHH]
HOro KOHIIEHTpAIIIl CIIOCTEPIraeThCsl MOMITHHIA 3CYB JUISHKY TOJSIPU3alliiHOI KPUBOI, 10 BiAMOBIIaE
nporecy pospsay ioHiB Ni(Il), y Oik OiIbII HETATHBHUX 3HAYEHb EIEKTPOJHOTO MOTEHIiany (To0To
1HTiIOyBaHHs eneKTpojHoi peakiii). [Ipu BigHOCHO BHcokomy BmicTi TiO2 B enektpomiri 1 mpu
JOCTaTHRO BHWCOKHMX KATOJAHMWX TYCTHHAX CTPYMY MOXKIHBO JIOCSTHEHHS TIIOTEHINANIB, KOJH
MMOYMHAETHCS EICKTPOXIMIYHE PO3KJIaJaHHsS KOMIIOHEHTIB po3uuHHHUKa ethaline. Ile mpuBomuTh 10
MTOMITHOTO 3HIDKEHHS BUXOJY 32 CTPYMOM peakilii ocapkeHHs Hikenro (MeHmre 100%).
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Pucynok 4. Tlonspusaniiiai kpuBi, oTpuMani Ha HikerxeBomy enektpoxi B posunni 1 M NiClz-6H.0 B ethaline,
o mictutb TiO2, /oM 1-0,2—-1,3-5,4-10

Jlist TOro 106 MATBEpIUTH MEXaHi3M iHTIOYBaHHS peakilii eneKTpoocaKeHHs Hikero B ethaline
3a PaxyHOK YacTKOBOTO OJIOKYBaHHS €JEKTPOJHOI MOBEPXHI IHEPTHHUMH YaCTOYKAMHU HTIOKCHIY
TUTaHy, BIPOBAPKEHUMH B TIOKPHUTTS, OYJIH TOPIBHSHI MOJSPHU3AIiIHI KPHUBI PO3psAAY iOHIB HIKeIo,
oTprMaHi Ha "4UCTOMY" HIKEJIEBOMY €NEKTPOAi 1 eJIeKTpOHi, BUTOTOBJIEHOMY 3 KOMIIO3UTY
Ni-TiO,, enexTpooca/uKEHOro 3 IOCHIKYBAHOTO eNeKTpoiTy (puc. 5). SIK BHAHO 3 OTPUMaHHX
JaHUX, TpPH TIPOBENEHHI KaTOMAHOTO BIJHOBIICHHS IOHIB HIKEII Ha CBDKEOCAHKEHOMY
komnosuifiinomy mTOKpuTTi Ni-TiO, crmocrepiraeTbCsi MOMITHE TalbMyBaHHS EICKTPOXIMIYHOT
peaxii po3psiay ioHIB Hikenro. B oMy BUNIaAKy JUISHKH TTOBEPXHI, J€ JIOKaIi30BaHi BIIPOBAIKEHI B
HIKEJIeBY MATPHUII0 YaCTHHKH MIOKCHIY TUTaHYy, € aHAJIOTaMH YacTKOBO 3a0JIOKOBaHMX [UISTHOK
MOBEPXHI ENeKTpoAy 3a paxyHOK ancop6rii TiO, mpu mnpoBeaeHHI TpoIecy B KOJOITHOMY
enextponiti. OueBHAHO, 1O e(EKT BIAMOBIAHOTO 3CYBY MOJMSPHU3ALIAHOI KpHBOi B OiK OLIbII
HEraTUBHUX IOTEHILIa iB aOCONOTHO aHAJOTIYHMHA TOMY, IO HPOSIBISETHCA A KpUBUX 2—4 Ha
puc. 4.

20



B.C. Ipouenko, I.A. bornaunos, T.€. Byrupina, ®.1. Jlanunos

0.00 -

-0.01

i, Adew®

-0.02

-0.03 +

-0.04 +

14 -1I2 -1‘0 -(;,a -(;,s -ol,4
E.B
Pucynok 5. [lonsgpusamiiini KpuBi, OTpuMaHI Ha HikeleBoMY enekTpomi (1) 1 Ha eleKTPOOCaIKCHOMY
komnosuniitnomy mokputti Ni-TiO (10 mac.% TiO2) (2) B po3uuni 1 M NiCl,-6H,0 B ethaline

BuUcHOBKM

OTpumaHi eKCrepUMEHTaNIbHI JaHi MPO YSIBHI KOS(IIIEHTH TEPEHECeHHs IS eJIeKTPOXIMIYHOi
peaxiii, mo BinoOyBaetbest y cucremi Ni(l1)/Ni(0) B ethaline, Mmoxxyts OyTu iHTeprperoBaHi B paMKax
TEOPETHUYHOI KOHIIEMNIIii, po3BuHYyTOI ['easi, BiANOBIIHO 10 SIKOT CHJIBHE BIAXWJICHHS KOE(DIilieHTY
MepeHeceHHs KaToaHOo1 peakilii Bix 0.5 mpu ocapKeHHI METaIB MOSCHIOETHCS THM, 110 €ICKTPUYHHI
3apsi/i IEPEHOCUTHCS Yepe3 MEeXy TOALTYy (a3 MeTaJIeBUMHU 10HaMH, a He eNEKTPOHAMH, IO CTBOPIOE
TepelyMOBH JUIS CHIILHO BUPAXKEHOT HECUMETPUYHOCTI MOTEHITiaIbHOTO Oap'epy.

ITpu ocamkenHi kommosuiiiaoro mokpurts Ni—TiO; 3 enexTpostity Ha ocHoBi ethaline Bigirparors

pOJIb CBOEPITHUX TOBEPXHEBO-aKTUBHUX 1HTIOITOPIB, IO IMTOMITHO TaJbMYIOTh IPOIEC PO3PSAAY 10HIB
Ni(ll).
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B.C. lMpouenko, O.A. BorgaHos, T.E. BytbipyHa, ®.W. OaHunoB. OCOGEHHOCTM KMHETMKM U MeEXaHu3ma
anekTtpoBoccTaHoBneHunst noHoB Ni(ll) npy ocaxaeHnn Hukenst n komno3ntoB Ni—TiO, U3 HM3KOTEMNEepPaTypPHOro
3BTEKTUYECKOTO pacTBOPUTENS.

YKpauHCKUIA roCcyAapCTBEHHbBIN XMMUKO-TEXHOIOIMYECKUA yHMUBepcuTeT, npocn. arapuHa, 8, OHenp, 49005,
YKpavHa

BnepBble nccnegoBaHbl KMHETUYECKME 3aKOHOMEPHOCTY NpoLecca paspsifa MOHOB HUKENS U3 3MeKTponmTa Ha
OCHOBE HOBOTO TUMa MOHHbIX XXMOKOCTEN — HU3KOTEMNEPaTYpPHbIX IBTEKTUYECKUX pacTBopuTenei. ViccneqosaHue
NpoBedeHO C UCMONb30BaHMEM 3MEKTPONUTOB Ha ocHoBe ethaline — XWOKOM 3BTEKTMYECKOW cMecu Xxropuaa
XOMMHa W 3TWUNEHINUKONS B MOMSIPHOM COOTHOLIEHWM 1:2, COOTBETCTBEHHO, B KOTOpoW pacTteopsnv 1 M
NiCl>-6H.0. lNokasaHo, 4TO Kaxylimecsi KO3(UUUEHTbI MepeHoca Ans 3MeKTPOXMMUYECKOTo npolecca B
cucteme Ni(ll)/Ni(0) B ethaline paBHbl a=0.309 u =0.255 ons aHOAHOW M KaTOOHOW peakuuii, COOTBETCTBEHHO.
MonyyeHHble 3HAYeHWs TPYAHO WHTEPNPETMPOBATb B paMKax W3BECTHbIX KpUTepueB cTaguiHocTu. [ns
06bsicHeHUs1 3TOoro adpekTa WCMOoNb30BaHbl TeOpeTUYeckue NpPeAcTaBneHns, npeasiokeHHble [vneaaw,
COrnacHO KOTOPbIM MPWU 3MEKTPOOCAKAEHUM METANNOB 3MEKTPUYECKUA 3apsii NEpeHOCUTCs 4Yepes rpaHuly
pasgena ¢a3 MeTanMyeckuMn WMOHaMW, a He 3MNEeKTPOHaMW, U MO3TOMY MOTEHLMArNbHbIA SHEPreTUYECKU
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B.C. Ipouenko, I.A. bornaunos, T.€. Byrupina, ®.1. Jlanunos

Gapbep B ABOWHOM 3MEKTPUYECKOM CIOe CTaHOBUTCS CUMbHO HECUMMETPUYHBLIM (OTKIOHEHUS Ko3dhduLmeHTa
nepeHoca ot 0.5). OGHapyeHo, 4To npu BBegeHun Yactuy TiO2 (0—10 r/am®) B anekTponuT Ha ocHoBe ethaline
HabnogaeTcss TOPMOXEHUE SNEKTPOXMMUYECKOTO BOCCTAHOBMEHMS MOHOB Hukensi(ll) BcrneacTBue 4acTUYHOMO
6GroKMPOBaHMSA NOBEPXHOCTM 3MEKTPOAA aAcopOUpPOBaHHLIMU KONMOUAHLIMA YacTMLaMm guokcuaa Tutaxa.

KnioueBble crioBa: KMHETUKa 1 MeXaHU3aM, aNeKTPOXUMUYEcKas peakLms, MOHbl HUKENs, HU3KoTeMnepaTypHbIi
SBTEKTUYECKUIA pacTBOpUTENb, KOIMMULMEHT MepeHoca, 3SHepreTMyecknin  Gapbep, aMneKkTpoocaxaeHue
KOMMO3WTOB, AMOKCUA TUTaHa, aacopoLms.

V.S. Protsenko, D.A. Bogdanov, T.E. Butyrina, F.l. Danilov. Features of kinetics and mechanism of Ni(ll) ion
electroreduction in the course of electrodeposition of nickel and Ni—TiO, composites from a deep eutectic solvent.

Ukrainian State University of Chemical Technology, Gagarin Ave., 8, Dnipro, 49005, Ukraine

Kinetic characteristics of the nickel ion discharge were investigated for the first time from electrolytes based on a
new kind of ionic liquids, deep eutectic solvents. The study was carried out using electrolytes based on ethaline, a
liquid eutectic mixture of choline chloride choline and ethylene glycol in a molar ratio of 1:2, respectively, in which
1 M NiCl,-6H,0 was dissolved. It was shown that the apparent transfer coefficients for electrochemical process in
the system Ni(Il)/Ni(0) in ethaline were equal to a=0.309 and (3=0.255 for anodic and cathodic reactions, respec-
tively. It is difficult to interpret these values in the framework of known criteria of consecutive electrochemical pro-
cesses. In order to explain this phenomenon, a theoretical conception was used, that was earlier developed by
Gileadi. According to that conception, electric charge during metal electrodeposition is transferred through the
electrode interface by metal ions, but not by electrons. Therefore, potential barrier in a double electrical layer be-
came very asymmetric (i.e. the apparent transfer coefficient deviates from 0.5). It was found that the introduction
of TiO; particles (0-10 g dm~3) into the electrolyte based on ethaline results in declaration of electrochemical re-
duction of nickel (Il) ions due to a partial blocking of the electrode surface by adsorbed colloidal particles of titani-
um dioxide.

Keywords: kinetics and mechanism, electrochemical reaction, nickel ions, deep eutectic solvent, transfer coef-
ficient, energy barrier, electrodeposition of composites, titanium dioxide, adsorption.
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This paper is aimed to estimate the transmittance of the electronic effects in the fluorescein molecule between
the phthalic acid residue and the xanthene moiety. Despite the almost orthogonal orientation of the latter with
respect to the rest of the molecule, some influence of substituents in this 9-aryl ring on the dissociation of the
hydroxyl group of the hydroxyxanthene cannot be ruled out. In order to reveal this (possible) effect, we blocked
the carboxylic group via esterification. The reason of using dimethyl sulfoxide as solvent was the high Hammett's
“rho” constant for phenolic group. The pK, values of eight methyl or ethyl esters of 3'-, 4'-, and 5'-nitro and amino
fluoresceins were determined in benzoate and salicylate buffer solutions using the spectrophotometric method.
For nitro derivatives, the dissociation constants of the cationic forms of the dyes were also determined in diluted
p-toluenesulfonic acid. The study reveals increasing in the pK, by 0.2—0.3 units in the case of amino derivatives,
while the nitro group decreases the pK.s by 0.2-0.8. Also, the position of the substituent is of importance; the
5'-substituents display the least influence. In addition, the pK. values of methyl and ethyl esters of eosin
(2,4,5,7-tetrabromofluorescein) were determined in order to clarify the influence of the alkyl group. The absorption
maxima and molar absorptivities of the anions, as well as the pKss in DMSO coincide within the margin of errors.

Keywords: fluorescein esters; 3'-, 4'-, and 5'-nitro and amino derivatives; spectrophotometry; pK. values;
transmittance of electronic effects.

Introduction

Fluorescein and its derivatives belong to most popular organic dyes in many fields of chemistry
and related sciences [1-3]. Despite the huge number of publications devoted to these compounds,
there are still many unsolved problems. One of such problems is the influence of the substituents in the
arene cycle on the xanthene portion. It is generally known that this cycle, i.e., the residue of the
phthalic acid, is rotated by 60-90° relative to the xanthene plane [4, 5]. Hence, relatively small
electronic interactions between these parts of the molecule should be expected. However, it is firmly
proved that the protonation of the COO™ group in the dianion of eosin (2,4,5,7-tetrabromofluorescein)
and other dyes of this type leads to a bathochromic shift, as it is exemplified in Scheme 1.

Br Br Br Br
o) 0 0 -0 0] o
Br Br Br Br
COO — COOH
XN X
Amax In DMSO = 531 nm 542 nm

Scheme 1. Ions R?> and HR™ anions of eosin

In this work, we examined the influence of the substituents in the phthalic residue on the
dissociation of the hydroxy group of the compound. This can shed some light upon the transmittance
of the electronic effects between the two parts of the fluorescein molecule. In order to avoid
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difficulties connected with interpretation of lactone formation and complicated overlapping equilibria,
we decided to examine the methyl (ethyl) esters of fluorescein, Scheme 2.

OH HO

H:R" HR R™
Scheme 2. Stepwise dissociation of the esters of nitro and amino fluoresceins; X = CH3 or C;Hs. The NO, or
NH, groups occupy positions 3', 4', or 5'.

As substituents which are known to display opposite electronic effects, the nitro and amino groups
were chosen. The Hammett 6. constants are +0.78 and —0.66, whereas the Gmew values are +0.71 and
—0.16, respectively [6]. In the case of fluorescein series, the 4'-substituents are in the para position to
the nodal Cy atom. As a solvent appropriate for the declared goal, dimethyl sulfoxide (DMSO) was
used. In this solvent, the Hammett p constant for phenols is 4.29, while in water p = 2.11 [7]. The pKa
values were obtained for all the dyes under study, while those of pK, were determined only for nitro
derivatives, because in the case of the amino fluoresceins, the protonation of the NH, group should
also be taken into account.

Experimental

Materials

The nitro and amino derivatives were synthesized and identified in this Laboratory; the procedures
will be published elsewhere. Dimethyl sulfoxide was purified by freezing and distilled under vacuum;
water content around 0.02 % as determined by coulometric Karl Fischer method. Benzoic and salicylic
acids were purified by sublimation. Potassium benzoate and sodium hydrosalicylate were purified by
re-crystallization. p-Toluenesulfonic acid monohydrate was re-crystallized from acetonitrile.
Diazabicyclo[5.4.0Jundec-7-ene (DBU) was used as purchased from Merck.

Procedure
The pK, values of the fluorecein derivatives were determined in DMSO at 25 °C using
spectrometric measurements. The acidity of the solvents in buffer solutions was characterized by the
pa“y+ values. These values were calculated using the pKua values of the buffer acids and the formation
constants of the HA, ions, K'a, (Eq. 1) [8].
(@) e, =@y fiKuale, +e,+ KL, (c,=¢)’1+Kpc, =0 (1)
Here ¢, and ¢; are molar concentrations of the acid and salt, respectively; fi; stands for activity
coefficient of a single-charged ion. Normally, the ¢, value was fixed, while that of ¢, was variable. As
result, at ¢, > ¢, thus estimated pa’y+ values were lower than those calculated without taking into
account the homoassociation process. The results were opposite at ¢, < ¢s. The pKna values of the
salicylic and benzoic acids used in the calculations are 6.80 and 11.10, respectively, K'ua, = 30 M

and 60 M, respectively [9]. All salts were considered as completely dissociated. The f; values were
calculated using the Debye—Hiickel second approach law. The possibility of heteroassociation between
the dyes and buffer compounds was ignored. High acidities were created by the p-toluenesulfonic acid.

The pK., values of the dyes were obtained by processing the absorption spectra at different pa’y+
values. The dye concentrations were two orders of magnitude lower than those of buffer components.
The spectra of the forms R~ and H.R" were measured in 0.02 M DBU solution and p-toluenesulfonic
acid solutions at concentration of about 0.2 M, respectively. The spectra that coincide in a salicylate
buffer solution, in pure salicylic and benzoic acids with concentrations of 0.02 and 0.21 M,
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respectively, can be considered as first approximation as the spectra of the HR forms. The problem of
the HR spectra will be discussed below. The absorption spectra are typified in Figures 1-3.

0.8 ~
] +
07 DBU (0.02M) HBenz+KBenz
pay
0.6
11.84
> 11.46
<
0.4 - 11.24
H,Sal + NaHSal (pay+=5.93
’ o ) 11.03
0.3 1
HBenz 0.230 M
10.80
0.2 4
10.53
017 10.17

0.0 T T T T T T T
400 420 440 460 480 500 520 540 560

A, nm

Figure 1. Absorption spectra of ethyl ester of 4'-aminofluorescein in DMSO at different pa’y+ values.
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Figure 2. Absorption spectra of ethyl ester of 5'-nitrofluorescein in DMSO at different pa'y+ values.
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Figure 3. Absorption spectra of methyl ester of 4'-nitrofluorescein in DMSO at different P&+ values.

The thermodynamic pK, values were calculated using Equation 2 at a fixed wavelength, optical
path length, and constant dye concentration:

. A
pK, = pa.. +10g;_—A—logf1 )

HR
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Here Ar- and Awr are absorbances of the solution under complete transformation into the
corresponding form, 4 is the absorbance at the current pa’y+ value. Three wavelengths around the Amax
of the R™ ion were used as analytical positions. For the determination of the thermodynamic pKio
values in solutions of p-toluenesulfonic acid, TSA (Equation 3), the wavelengths within the range of
450—460 nm were used. The latter was considered as completely dissociated; cy+ is equated to the
analytical concentration of the acid.

K, =—1 log i —4
PR, =—logc . + ogﬁ 3)
H,R

In the case of the eosin esters (Figures 4 and 5), the pK, values are substantially lower and were

also determined in the p-toluenesulfonic acid solutions, Eq. 4.

0.94
0.8+
0.7+
0.6
0.5+

0.4+

0.3+
TSA 0.2387 M

0.2+

0.1 ==

0.0

T T T — T
500 520 540 560 580
A, nm

T T T
440 460 480

Figure 4. Absorption spectra of methyl ester of eosin in DMSO at different concentrations of p-toluenesulfonic

acid; pa’y+ = — log ¢yt — log fi. The values below pa’y+ 2.37 should be considered as conventional ones
because of relatively high ionic strength. The spectra in 0.239 M acid and 0.02 M DBU correspond to the neutral
form, HR, and to the anion, R, respectively.

0.9 TSA

0.8 pay

DBU (0.02 M)
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0.6 335
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Figure 5. Absorption spectra of methyl ester of eosin in DMSO at different concentrations of p-toluenesulfonic
. * * . .

acid; pa@ g+ = — log cy+ — log fi.The values below Pa y+ 2.89 should be considered as conventional ones because

of relatively high ionic strength. The spectra in 0.243 M acid and 0.02 M DBU correspond to the neutral form,
HR, and to the anion, R", respectively.
A4, —4

pK,, =pa,, +log———~log f, 4)
A— A,

The isosbestic point is well expressed in the spectra of eosin esters; the same is the case with the
equilibrium of 3'-, 4'-, and 5'-substituted fluorescein esters in the acidic region. On the contrary, this
point is clearly blurred when moving from benzoate buffers to the HR absorption curve. The reason
can be heteroassociations of the HR molecules with the benzoate ions. As a result, the molecular
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spectrum of the given dye in the presence of the C4HsCOO™ ions somewhat differs from that in benzoic
and salicylic acids and salicylate buffer solutions. At the lowest pa’y+ in the benzoate buffers, the A~
ions are almost completely transformed to the complex HA,; the latter is much less pronounced H-
bonds acceptor. Therefore, the absorption curve does not cross the isosbestic point.

Note, that for the sulfonefluorescein, a dye with the SO; group instead of COOC,Hs, the spectrum
of the monoanion, HR", in DMSO also does not cross the isosbestic point in the spectra in p-
aminobenzoate buffer solutions, where the equilibrium between the anions HR™ and R*" takes place
[10]. At the same time, in 50 mas % aqueous ethanol, where the heteroassociation processes are
improbable, the isosbestic point in the spectra of the fluorescein ethyl ester at different pa’y+ values is
well expressed [11].

Two experiments were made to confirm our above explanation. The measurements with benzoate
buffers in DMSO in the presence of 1 and 10 vol % water were performed. Whereas introduction of
1 vol % displays practically no influence on the spectra, in the presence of 10 vol % a distinct
isosbestic point is observed (Figure 6).

0,6
0,5
0,4

<
0.3

0,2 1

0,1 1

0,0

400 425 450 475 500 525 550 575 600
A, NmM
Figure 6. Absorption of 4'-nitrofluorescein methyl ester in benzoate and salicylate buffer solutions in DMSO
with 20 vol % water: 1 — 0.005 M KBenz, 2 — 0.005 M HBenz + 0.005 M KBenz, 3 — 0.0075 M HBenz +
0.005 M KBenz, 4 — 0.020 M HBenz + 0.005 M KBenz, 5—0.001 M H,Sal + 0.005M NaHSal.

In any case, the absorption of the neutral form at Amax of the anion is negligible even if the spectrum
in salicylate buffer solution is displaced to cross the isosbestic point in benzoate buffers. Variation in
the absorbance of HR at absorption maximum of R~ results in pK, changes of approximately about
0.04 units. Ultimately, one must take into account that the pK, value of the benzoic acid in DMSO
(11.1) is determined with uncertainty of +0.1. Additional digits in the pK,, values in Table 1 primarily
reflect the accuracy of the spectral data.

Results and discussion

The results are presented in Tables 1 and 2. The bathochromic (4 to 9 nm) and hypsochromic (2 to
3 nm) shifts of the absorption bands of the nitro and amino derivatives, respectively, in respect to
those of the unsubstituted compound give additional evidence of small but distinct influence of the
NO:; groups.
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Table 1. Absorption spectra maxima and dissociation constant indices of the esters of nitro and amino
fluoresceins in DMSO

7\fmax, nn_ll/ ;4
Dye Emaxx 1073, M cm pKaO pKal ApKa
cation anion
Fluorescein ethyl ester 451/48.7 530/101.0 2.74+0.01 10.91+0.08 0

3'-Nitrofluorescein methyl ester 462/50.9 539/96.6 1.9940.02 | 10.46+0.07 | 0.4
4'-Nitrofluorescein ethyl ester 456/64.1 535/73.4 2.3940.05 | 10.63+0.09 | 0.3
4'-Nitrofluorescein methyl ester 456/53.3 534/70.4 2.35+0.04 | 10.63+0.12 | —0.3
5'-Nitrofluorescein ethyl ester 457/58.5 534/87.8 2.4440.08 | 10.74+0.12 | 0.2

3'-Aminofluorescein methyl ester n.d. 528/109.9 n.d. 11.12+0.07 | +0.2
4'-Aminofluorescein ethyl ester n.d. 527/116.3 n.d. 11.22+0.07 | +0.3
5'-Aminofluorescein ethyl ester n.d. 527/110.8 n.d. 11.10£0.11 | +0.2

It can be concluded that the nitro group in the phthalic acid residue displays pK,: shifts up to 0.4
units. The molecular absorption band of the esters is broad and triple-humped; the maxima positions
and molar absorptivities are collected in Table 2.

Table 2. Absorption spectra maxima of the neutral forms of the esters of nitro and amino fluoresceins in DMSO
Compound Amax, 1M (Enax 107, Mem')
Fluorescein ethyl ester 437 (17.5) 460 (21.9) 488 (14.9)
3'-Nitrofluorescein methyl ester 442 (18.0) 464 (22.2) 492 (14.6)
4'-Nitrofluorescein ethyl ester 440 (20.2) 463 (25.3) 490 (17.9)
4'-Nitrofluorescein methyl ester 441 (18.4) 463 (22.8) 489 (16.0)
5'-Nitrofluorescein ethyl ester 440 (21.2) 463 (25.8) 491 (17.6)
3'-Aminofluorescein methyl ester 436 (23.6) 459 (29.4) 487 (20.7)
4'-Aminofluorescein ethyl ester 433 (23.8) 459 (29.2) 489 (21.2)
5'-Aminofluorescein ethyl ester 434 (21.6) 458 (27.2) 485 (19.3)
Eosin methyl ester 453 (17.3) 478 (22.8) 504 (17.4)
Eosin ethyl ester 452 (17.2) 478 (22.9) 504 (17.6)

Table 3 additionally demonstrates the similarity of the pK, values and spectral parameters of the
hydroxyxanthene dyes with COOCH; and COOC,H; groups in 2' position.

Table 3. Absorption spectra maxima and dissociation constant indices of the eosin esters in DMSO

Dye pKa Amax (R), nm Ena(R)*x107°, M'em’
Eosin methyl ester | 2.91+0.04 ° 544 112.0
Eosin ethyl ester | 2.8540.04° 544 108.5

Note. * For calculations, the data at pa@y+ = 3.32, 3.09, 2.65, and 2.37 were used. * For calculations, the data at
pa‘y+=3.78, 3.35, 3.06, and 2.89 were used.

The pK.o values of the nitro derivatives are 0.30—0.75 units lower than that of ethyl fluorescein. The
NO; group in the position 4' displays a somewhat larger effect, 0.35—0.39 units, as compared with the
pKo shift of 0.30 in the case of 5'-nitrofluorescein ethyl ester. This is in line with the relation between
the Opaa and Gmewn constants of the nitro group. Here, the terms para and meta indicate the position of
the substituents in respect to the nodal carbon atom C,. The last is in direct polar conjugation with both
quinone and OH groups. The distinct difference between the influence of the substitution in the
positions 3' and 5', 0.75 and 0.30 units, respectively, reflects the specificity of the ortho-effect in the
respect to the carbalkoxy group.

Similar effects are observed for the pK,; of 3', 4', and 5' nitro derivatives: ApK, = —0.4; —0.3; and
—0.2, respectively (Table 1). In contrast, the ApK,, values of the corresponding amino derivatives are
equal to +0.2; +0.3; and +0.2, respectively. Therefore, the effects of the 4' and 5' substitution in the
9-aryl portion are for the hydroxy group in the xanthene moiety on average an order of magnitude
lower than those for the para and meta substitutions for phenols as predicted by the pc product. Of
course, such estimates are only conventional.
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The effect of 3'-substitution is obviously caused by the neighboring carbalkoxy group. It deals
about the ortho effect, which is formed both by electronic and steric factors.

On the other hand, the corresponding effects in aqueous solution should be predicted to be
4.29/2.11 = 2.03 times lower than those determined in the present work in DMSO.

The above-mentioned heteroassociation leads to some “drift” of the pK,; along with the absorbance
dependence vs. pa’y+. While the association of R~ with HBenz causes the apparent strengthening of the
dye acidity, the analogous interaction of HR with Benz™ leads to an opposite result. Indeed, within the
pa’y+ decreasing by 1.2-1.5 units an average decrease in the pK,; values of 0.24 units is observed for
all the dyes.

Since the pK. values are somewhat distorted by heteroassociation and their accuracy is limited by
that of the pKua of the benzoic acid, we additionally compared the spectrophotometric data for
different dyes at the same pa’y+ values. In Table 4, the ratio of the absorbance of the anion and that at a
given pa’y+ value is presented.

Table 4. Ratios of absorbances at a given pa’y+ and of the anion

Compound Al A (R") at Amax of the anion
pa’y+=11.04+0.01 pa’y = 10.5440.01
3'-Nitrofluorescein methyl ester 0.805 0.615
4'-Nitrofluorescein methyl ester 0.731 0.534
4'-Nitrofluorescein ethyl ester 0.731 0.533
5'-Nitrofluorescein ethyl ester 0.659 0.498
Fluorescein ethyl ester 0.601 0.378
3'-Aminofluorescein methyl ester 0.491 0.290
4'-Aminofluorescein ethyl ester 0.443 0.243
5'-Aminofluorescein ethyl ester 0.494 0.283

An inspection of Table 4 confirms the above observations: the 4'-substitution has a somewhat
stronger effect than the influence of the 5'-derivatives. Introduction of the NO, group in 3' position
reduces pKa, even more.

Conclusions

The introduction of nitro and amino groups into the phthalic acid residue affects the protolytic
properties of the functional groups in the xanthene part of the fluorescein molecule in DMSO. The
decrease in the pK, caused by the NO, group and increase with the introduction of the NH, group is
somewhat more pronounced with the substitution at the 4'- compared to the 5'-position. For the nitro
derivatives, the decrease in the pK, value is more pronounced than that in the case of pK,:. Here the
impact sequence is as follows: 3' >4'> 5",

Although the variations in the pK, values in DMSO are only in the range of 0.2-0.8, they
convincingly prove the transmission of the electronic effects despite the almost perpendicular
orientation of the phthalic residue to the xanthene fragment. In water, the effects are expectedly less.
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O. . MockaeBa, K.I. OctpoBcbkuin, C.B. LlexoBuoB, M.O. Muegnos-lletpocsaH. MpoBigHICTE enekTPOHHUX
edexTiB B Monekyni driyopecueiny: HITpo- Ta amiHOrpynu y 3anuiuky Tanesoi KUCMoTw.

XapkiBCbKkuiA HauioHanbHWIA yHiBepcuTeT iMeHi B. H. KapasiHa, ximiyHun dakynbteT, nn. Ceoboau, 4, Xapkis,
61022, Ykpaina

MeToto Uiei poboTM € ouiHka nepedadi eneKkTPoHHUX edbekTiB MK 3anuwikom dTaneBoi KUCRoTU Ta
KCaHTEHOBOI YaCTUHOK B Monekyni dnyopecueiHy. HesBaxawoum Ha mamxke OpTOroHanbHy OpIEHTAL0 LMX
dparMeHTiB, HEe MOXHa BWKMOYUTM MEBHOMO BMAMAMBY 3aMIiCHWKIB y 9-apunbHOMY Kinbli Ha Aucouiauito
riAPOKCUNbBHOI rpynu rigpokcukcaHTeHy. LWob Buasutu uen (Moxnuemin) edpekt, mn 3abnokyBanm kapboKCunbHy
rpyny wnaxoMm ecrepuaikauii. MNpvyYnHO BMKOPUCTaAHHA AMMETMICYNbMOKCMAY 5K pOo3vMHHMKa Gyna Bucoka
KOHCTaHTa NammeTa, «po», Ans deHonbHoi rpynu. 3HayeHHs pK, BOCbMU MeTUNoBux abo eTunosux ectepis 3'-,
4'- i 5'-HiTpO- Ta amiHodnyopecueiHiB BM3Ha4Yanu B OeH30aTHWX | caniumnatHux OydepHnx pos3ymHax
cnekTpooToMETPUYHMM MeTogoM. KOHCTaHTM aucouiauii KaTioHHMX OpM  HITPONOXigHUMX BU3Ha4anuM B
po3BefeHin n-Tonyoncynb@oHoBil kucnoTi. 3HaveHHA pK. 36inbwytotbea Ha 0,2-0,3 oguHuui y Bunagky
amiHonoxigHux, Todi Ak Aans HitponoxigHnx pK, 3meHwyetbes Ha 0,2-0,8. [ns 3amiCHWKIB Yy NONOXeHHi 5'
BiAMIYEHO HaMMeHLLUA BNAMB. [INs YTOYHEHHSI BNMUBY arnkifibHOi rpyny 6ynu oTpumaHi 3Ha4eHHs pK, MeTunoBumx
Ta eTUIoBMX ecTepiB eo3uHy (2,4,5,7-TeTpabpomdriyopecueiny). MakcuMymu NOrmuHaHHs i MONSApHi koedilieHTu
NOrNUHaHHA aHioHiB, a Takox pKa B IMCO 36iraoTbca B Mexax AOBipyOro iHTepsany.

KnrouoBi cnoBa: ectepu dnyopecueiny; 3'-, 4'- i 5'-HiTpo- Ta amiHOMNOXiAHI; cNeKTPOOTOMETPINA; 3HAYEHHS
pKs; nepefaya enekTpoHHUX edekTiB.

E. I'. MockaeBa, K. . Octpoeckuin, C.B. LWexosuos, H. O. Muyeanos-IeTtpocsiH. [MpoBoANMOCTb 3NMEKTPOHHbIX
ahhekToB B Morekyne rnyopecuenHa: HUTPO- 1 aMUHOTPYNMbl B ocTaTke dpTanesomn KUCMoThl.

XapbKOBCKUIA HauMOHanbHbIA yHuBepcuteT umenn B. H. KapasuHa, xumuueckun cdakynbteT, nn. Ceoboakl, 4,
XapbkoB, 61022, YkpanHa

Llenbio 31Ol paboTbl ABMSETCA OLeHKa nepedadn 3reKTPOHHbIX 3hEKTOB Mexay ocTaTkom Taneson
KMCNOTbl U KCAHTEHOBOW YacTbio B Morekyne dryopecuenHa. HecmMoTpsa Ha NoYTn OPTOroHarnbHYK OpUEeHTaLuio
3TUX (parMeHTOB, HeNnb3s WCKIYUTbL OMpeaenéHHOro BrMSHWUA 3amMecTuTenen B 9-apunbHOM Kofble Ha
Avccoumaumio rTMaPOKCUIBHOW Tpynnbl r’MAPOKCUMKCaHTeHa. YToGbl BbIABUTH 3TOT (BO3MOXHBIN) 3DMEKT, Mbl
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E.G. Moskaeva, K.I. Ostrovskiy, S.V. Shekhovtsov, N.O. Mchedlov-Petrossyan

3abnoknpoBanu kapbokcunbHy rpynny nytém obpas3oBaHUs CROXHbLIX 3UPOoB. MpUUMHON UCMONb30BaHUSA B
KayecTBe pacTBopuTenst AMMeTurncynbcokcmaa Gbina BbicOKas KOHCTaHTa MammeTta «po» Anst OeHONbHOM
rpynnbl. 3HaveHns pK. BOCbMW METUIMOBBLIX WNW 3TUNOBLIX CHOXHBLIX 3dwupoB 3'-, 4'- n 5-HuTpo- n
aMuHodnyopecLerMHoB onpedenanu B 6eH30aTHbIX W canuuunaTtHblx OydepHbiX pacTBopax npu nomoLm
crnekTpooToMeTpnyeckoro  MeTtoga. KoHCTaHTbl  AMccouMauum  KaTMOHHBIX  (DOPM  HUTPOMPOU3BOAbIHX
onpegensnu B pasbaBreHHbIX pacTBOpax M-TONyoncynbgOHOBOM KUCMNOThl. 3HadyeHus pK, yBenuumBaloTCcsa Ha
0.2-0.3 eanHULbl B cniyyae aMUHONPOU3BOAHbIX, TOTAA Kak B Crlydae HUTPONpomu3BOAHbIX pK, yMeHbLIaTCs Ha
0.2-0.8. [Ina 3amecTutenerm B MNOMNOXEHMM S' OTMEYEHO HaumeHbllee BAUsHWE. [ns YyTOYHEHMs BIMSAHUSA
ankunbHOWM rpynnbl ObinnM nomnyyeHbl 3HadveHust pK, MeTUnoBbIX U 3TUMNOBLIX 3UPOB 303uHa (2,4,5,7-
TeTpabpomdnyopecuenHa). MakcMyMbl MOrMoLWeHUst U KO3PULMEHTbI MOMSIPHOTO MOTMOLLEHNST aHUOHOB, a
Takke pK, B JMCO coBnagatoT B npegenax 4OBEPUTENbHOIO MHTepBana.

KnioueBble cnoBa: crnoxHble adupbl dnyopecuenHa; 3'-, 4'- i 5-HUTpPO- M aMMHONPOU3BOAHbLIE;
cnekTpodoToMeTpust; 3HaueHust pKs; nepegada snekTpoHHbIX 3hheKToB.

Kharkiv University Bulletin. Chemical Series. Issue 36 (59), 2021

32



BicHuk XapKiBChbKOTO HaLliIOHAIBHOTO YHiBEpcHUTETY, cepis "Ximis", Bur. 36 (59), 2021

https://doi.org/10.26565/2220-637X-2021-36-06

VK 541.62+544.7+541.6+547.8
KBAHTOBOXIMIYHI PO3PAXYHKWU ENNEKTPOHHUX CNEKTPIB NOrNMMIMHAHHA:
AB INITIO Y1 HAMIBEMIMIPUKA?

B. B. IsaHoB?, . B. Tpoctsinko®, C. M. KoBaneHko¢, A. C. BonogueHko®, T. B. YepHOXyK®,
A.C. CrenaHtok’, 0. M. Kanyriu®

Xapkiecbkuli  HauioHanbHUlU yHigepcumem imeHi B.H.KapasiHa, ximidHUG ¢bakynbmem,
matidaH Ceobodu, 4, Xapkie, 61002, YkpaiHa
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f) < d.s.stepaniuk@gmail.com https.//orcid.org/0000-0002-2629-0427
g) < onkalugin@gmail.com https.//orcid.org/0000-0003-3273-9259

3 meToo po3pobku NiaxoniB A0 NPOrHO3y CnekTparnbHWX BMAacTUBOCTEN OpraHiyHMX 6apBHUKIB ANS COHAYHMX
KOMipoK Oynu mnpoBefeHi TecTOBi pO3paxyHKM TUMOBUX CMPSHKEHUX CUCTEM i3 Pi3HMMU CTPYKTYPHUMMU
dparmeHTamu. Cepea Hux OEH3E€HOBMUI, OKCA30SfbHWUIA, OKCadia3ofibHWUMA, TIOEHOBUIA Ta KyMapWHOBWIA
dparmeHTU. B AKOCTi 3aMiCHUKIB BUCTynanu HiTpo-, METOKCU-, AUMeTUnamiHo- i gieTunamiHo- rpynu. 3rigHo 3
OTPMMaHMMMN eKCepUMEHTANbHUMU AaHUMKM, HAWbInNbLi 6aTo- i rinepXpOMHI 3CyBM CMEKTPIB AaBana crosnyka i3
AieTinaMmiHoOrpynow B 7 MOMOXEHHI KyMapuMHOBOro dparmeHTy. EkcnepumeHTanbHi CnekTpy nornMHaHHea 6ynu
BMMIpSIHI B PO3YMHHUKAX 3 Pi3HOIO nmonsapHicTio. Cepea HUX LMKNOrekcaH, AUMeTOKCcieTaH, TeTparigpodypaH,
MEeTaHor, aueToHITpuNn Ta auMmeTtuncynbgokcua. okasaHo, Wwo He BiabyBaeTbCs iCTOTHUX 3MiH A(max)
MOrMWHaHHSA ANs CMOMyK Ha OCHOBI KyMapuHy, nNpu 3MiHi po34vHHMKa Ha Binblw nonapHui. OgHak, Npu LUboMy,
NOMITHa TeHAeHUis 00 36iNblUEeHHS] IHTEHCUMBHOCTI MOrMMHaHHA. [Ns TeopeTUYHOT iHTepnpeTalii eNnekTPOHHNX
CMEKTPIB MOMMMHAHHA BMKOPUCTOBYBanacsi HeemnipuyHa Teopis dyHKkuioHany ryctuHn (DFT), a Takox
HanisemnipuyHi metogmn (PPP/CIS, ZINDO/S, AM1/CIS). Y pospaxyHkax DFT BukopuctoByBanucs gyHkLUioHanu
B3LYP, CAM-B3LYP, M06-2x, PBE1PBE Tta wB97XD. lNoka3aHo, wo pi3Hi dyHkuioHanu DFT nposBnstoTb
CYTTEBY PO36IKHICTL B OLiHKaX enekTPOHHUX 30yaxeHb. 3pobneHo BUCHOBOK, L0 CnekTparnbHi po3paxyHku DFT
MOBWHHI BUKOHYBaTUCH 3 BUKOPUCTaHHAM 5K pyHkuioHany B3LYP, tak i CAM-B3LYP (a6o M06-2x). [ins ouiHKu
CONbBaTOXPOMHUX BIIACTMBOCTEW TI-CMIpshKeHWX cnonyk y pamkax DFT BukopuctoByBanacs Teopis NiHinHOro
Biaryky. 3aranom 6yno nokasaHo, WO HaniBemnipuM4yHi nigxogun, ocobnueo t-enektpoHHun meton PPP/CIS Ta
BceBaneHTHu metog ZINDO/S, MoXyTb HafaTV agekBaTHi OLHKN eHepriii 30yoKeHHs TT-CnpsikeHnx 6apBHUKIB
3a MOMIPHMX BUTPAT KOMM'IOTEPHUX PECYPCIB.

Knio4oBi cnoBa: CoHsi4Hi KOMIpKW, TT-CNpsiKeHi opraHivHi 6apBHUKKW, HeeMnipuyHi (ab initio) meToawu, Teopis
yHKUiOHany rycTuHW, HamiBEMMipUYHi pO3paxyHKW, TT-eNEKTPOHHE HAbNWKXEHHS, BCEBANEHTHI METOAM.

Bcrtyn

[IpoTsiroM ocTaHHBOTO AECATHIIITTA COHAYHI KOMIpKH, ceHcuOini3oBani OapBHUKOM (dye-sensitized
solar cells, DSSC) mnpuBepHyiaM BeJIMKYy yBary, OCKUIbKM LI HETpamuliiHi coHsS4HI Oarapei
JIEMOHCTPYIOTh BUCOKY NMPOAYKTHBHICTH 1 MalOTh MOTEHIIial JUIsi BUPOOHUIITBA 3 HU3BKOIO BapTICTIO
[1-4]. OcraHHIM 4acoM €(EeKTHUBHICTh MEPETBOPCHHS COHSYHOI €HEpril B €JCKTPUKY 3a JOIOMOTOH0
DSSC nocsirna 11% npu onpoMiHEeHHI CTaHAaPTHUM piBHEM MOJEIBHOI COHsiHOL pamiamii AM 1.5 G
[5-7]. Y DSSC ¢dortocencubinmizatop € OTHHM 3 HAWBaKJIWBIIINX KOMIIOHEHTIB, IO BIUIMBAIOTH Ha
pOOOTY COHSAYHHX EIIEMEHTIB, OCKIJIbKM BUOip ceHcuOimizatopa BusHauae ¢orosiaryk DSSC Tta
1HILiIO€ TIEPBHHHI KPOKM MOTJIMHAHHS (DOTOHIB 1 MOJANBIIOrO TMPOLECY NEPEHECEHHs EJIEKTPOHIB.
Tpanumiitao, 3aBasku moHepchkuM podoTam ['permens (Gritzel) B skocTi OapBHUKIB ceHCI01TI3aTOPIB
BHKOPHCTOBYIOTHCS TOJIMIPIAMIBGHI KoMIDiekcn Ru, Hampukian, muc-guTiomianaro 6ic(4,4'-
nukapookcu-2,2'-0inipunuH)pytenii(1l) (tak 38ani N3 (703206) a6o N719 (703214) 6apBuukn) [4,5].

© IBanos B. B., Tpoctsnko I1. B., KoBanenko C. M., Bonoguenko A. C., Yepnoxyk T. B., Crenantok J[.C.,
Kanyrin O. M., 2021
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KBaHTOBOXiIMiUHI pO3paxyHKH €IEKTPOHHUX CHEKTPIB MOTIMHAHHA: ab initio 4u HamiBemmipuka?

ANBTEpHATHBOIO OapBHUKAM-CEHCIO1Ti3aTopaM Ha OCHOBI KOMIUIEKCiB Ru € opraHiuni 6apBHUKH,
SK1 MalOTh PsII IIepeBar K CeHCUO1Ti3aTopu:

1) BOHM He BUKIMKaIOTh MMOOOIOBaHb LIOAO OOMEXKEHHX PECypCiB, OCKUIBKM BOHH HE MiCTSThH

OJIarOpOHMX METANIB, TAKUX AK PyTEHiH,

2) BOHM MAalOTh BENHKI KOEQII[IEHTH TOTJIHHAHHSI 32 PaxyHOK BHYTPIIIHbOMOJIEKYJISIPHUX

T-T* IepexoiB,

3) icHye BenMKa PI3HOMAHITHICTh MOJICKYJISIPHUX CTPYKTYp, KOXKHY 3 SKHX BiJJHOCHO JIE€TKO

MOIU(IKYBaTH 33151 JOCATHEHHS! KOHKPETHIX BHMOT.

@doToeneKTpUYHI XapaKTepPUCTUKH CEHCHOLII3aToOpiB - OpraHidyHMX OapBHHKIB IOCTIHHO TOKpa-
mrytothes [8-13]. IIporte mokaznuku DSSC Ha OCHOBI opraHiuHMX OapBHUKIB MOKH HE TEPEBUIIYIOTH
TTOKa3HUKX Ha OCHOBI KOMIUIEKCIB Ru. JIyI1 HOCATHEHHS BHIIIOI POXYKTUBHOCTI COHSYHIX SIIEMEHTIB Ha
OCHOBI OpraHi4yHUX OapBHUKIB, MOPIBHSHO 3 TAKUMH Ul COHAYHUX EIEMEHTIB HAa OCHOBI KOMILJICKCIB
Ru, HeoOXxigHWH CKIagHUN MOJEKYJSIpHHHA JAW3aiiH OpraHiyHuX OapBHHUKIB 3 IOKpaIlleHUMH
(hOTOCIEKTPUIHIMH XaPaKTEPUCTHKAMH Ta JIOBrOTpruBajoro ctadbumpHicTI0O DSSC Ha iX OCHOBI.

3BaKaroud Ha HEOOMEXKEHY PI3ZHOMAaHITHICTh MOJEKYJISPHHX CTPYKTYpP Ha OCHOBI OpraHIYHUX
0apBHHKIB, aKTyaJIbHOIO MPOOJIEMOIO € PO3pOOKa METO/IB MPOTHO3Y IX CHEKTPaJbHUX BIACTHBOCTEH
BUXOJSYH 3 IX CTPYKTYPH.

CyuacHui cTaH KOMIT'IOTEPHOI TEXHIKM BHBIB PO3PaxyHKOBY XiMil0 Ha HOBI BHcOTH. ChOTOIHI
CTaJI0 MOKJIMBHM 0araTOCTOPOHHE TEOPETHYHE IOCIIJKCHHS PI3HOMAHITHUX CHUCTEM BiJ| aTOMIB Ta
MOJIEKYJ1 0 CKJIAaJHHX KOMIUIEKCIB, IO BKIIOYAIOTh «BaXKKi» NepeximHi eneMeHTd. JlocTymHuit
XiMikaM apceHan TEOPEeTHYHHX METOMIB BKJIIOYAE HAMPI3HOMAHITHINI MiAXOMM BiJ MOOYIOBH
EMIIIPUYHIX CTATUCTUYHUX 3aKOHOMIPHOCTEH «CTPYKTYpa-BIACTUBICTBH» 10 METOMIB MOJEKYJISPHOI
JMUHAMIKK Ta KBAHTOBOi XiMmii. 30KpeMa METOAM KBAaHTOBOI XiMii, II0 peani3oBaHi B 0araTthox
MOMYJIIPHAX KOMIT IOTEPHUX TIporpaMax, MOXYTh HaJaTH IIIHHY iHQOpMAIli0 MO0 TeOMETpii
OCHOBHOT'O CTaHy, 3apsIOBOTO PO3IOILTY, XapaKTePUCTHK PEAKITIHHOI 31aTHOCTI, TOIIIO.

OpHak, po3paxyHKH 30y/DKEHHX CTaHiB 1 Ha CHOTOAHIIIHIA J€Hb BCE IIE 3aJHIIAIOTHCA CKIAIHOIO
npobiiemoro. OcoOMMBO 1€  CTOCYETHCS TEOPETUYHHUX JOCHIDKEHb ENEeKTPOHHUX 30y KEHb
(cmiexTpockomist Y® Ta BuauMoi 0671acTi) JOCTaTHRO BETMKHUX OPTaHIYHHX T-CIPSDKEHUX OapBHUKIB, SIKI
MOKYTh BKJIIOYaTH 3HAYHY KIJIbKICTh HEBOJHEBUX aTOMIB cepell SIKHX BYTJIElb, a30T, KHUCEHb, CipKa Ta
iH. J{71s1 po3paxyHKIB TaKMX CHUCTEM 3a3BUYall BUKOPUCTOBYIOTH TEOPir0 (YHKIIIOHANY TYCTUHH (Density
Functional Theory, DFT) [14]. Tax, necsatku ¢ynkunionanis DFT peanizoBaHo B MOMyJISApHUX KBAHTOBO-
xiMiuHux nakerax Gaussian [15] ta GAMESS [16]. 3BicHO, 1110 HasIBHICTh BEJIUKOI KUILKOCTI Pi3HUX 3a
cBoero mpupoaorw DFT ¢dynkuionaniB ckmamae i mpobnemy BuOopy. Ha macts, B OocimiKeHHIX
OCHOBHOTO CTaHy MOIIEKYyJl, Ha CHOTOJHINIHIA JE€Hb, B 3HAYHI Mipi "mepeMararoTs': BiIOMHUIA
¢dynkrionan B3LYP [17] Ta ribpuaHi MeTa 0OMiHHO-KOpEIsAIiitH GyHKIioHamu kracy M06 [18].

Pazom i3 THM, TpoBeJeHI AOCHIIKEHHS MOKa3alH, [0 TOYHICTh OMKCY €IeKTPOHHHX 30yIKEeHb B
pamkax DFT ne 3aBxau 3an0BinbHa (nuBuck Hanpukiaax [19]). [Ipu npomy, caix Matu Ha yBasi, 0 Ha
BIIMiHY BiJl PO3paxyHKiB OCHOBHOTO CTaHy, BHOIp (YHKITIOHATY JJII OMHUCY CICKTPOHHUX 30YKEHB
HE € TpoCcTor0 mpobieMoro. 3okpema Oyio ITOKa3aHO, IO HAaBiTh PO3PAXyHKH BAJICHTHHUX Ta
pinGepriBcbkux 30yKEHb I IEBHUX MOJIEKYN MOTPeOYIOTh pi3HUX PyHKIioHaiB [20]!

Otxe Bubip DFT ¢yHkuionamy, Ta HaBiTh KBaHTOBOXIMIYHOTO METOAY, AJISI PO3pPaxyHKiB
30y/DKEHHX CTaHIB € BIIKpUTOI mpobnemoro. OcobnmBo ToCcTpo Il mpobieMa TOCTae Mpu
HEOOX1IHOCTI "BIPTYaJIbHOTO CKpPHUHIHTY" OapBHHKIB, IO pealli3yeTbcs Ha 0a3ax JaHUX, SKi
BKIIIOYAIOTh COTHI THCSY MOJICKYJ, 3 SKHX HEOOXigHO BimiOpaTH HEKUTbKa XITiB i3 3aJlaHUMHU
CHEKTPaJbHUMU BJIACTUBOCTAMH. 3pO3YMiIO0, 10 B IIbOMY BUIIAJKy 3aTpaTHI Y PO3PaxyHKOBOMY CEHCI
Metoau ab initio HenpunaTHi. HeoOXigHUME € OUIBII MPOCTi PO3PaXyHKOBI CXEMH, SIKi BKIIOYAIOTh
TaKOX HamiBeMmipuuHi Meromu. st OOIpyHTYBaHHS LIOAO BHKOPHCTaHHS TaKHX HaOIMKEHHX
METOJIB ITiKaBUM Oyi0 O TIPOBECTH IMOPIBHIOBAILHUN aHAi3 PEe3yNbTATIB Pi3HUX IMIXOMIB, SIKi Ha
CHOTOHINIHIN JIeHb OYIH po3po0IIcHi.

Taky YMHOM, METOIO IPEACTaBICHOI POOOTH € PO3PaxyHOK 1 HMOPIBHSJIBHUI aHalli3 CIEKTPaIbHUX
BJIACTUBOCTEH MAESKUX OPTaHIUHUX T-CIPSDKEHUX CUCTEM, LIO MICTATh XapakTepHi XxpomodopH, a
came: apwibHI ()parMeHTH, OKCa30j, OKCafia3ojl, KyMapwH 3 3aMiCHHKAMH Pi3HOi €JIeKTPOHHOI
npupoau. Jns cepii HOBUX CHHTE30BaHUX TMOXIAHUX KyMapHHY OyId BHUMIpsHI €IEKTPOHHI CIIEKTPU
NOTJIMHAHHS B PO3YMHHUKAX PIi3HOI MOJSPHOCTI Ta NMPOBEACHO IMOPIBHSIHHA EKCIIEPUMEHTAIBHUX
JaHMX 3 Pe3yJIbTaTaMU PO3PaxyHKiB.
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ExcnepuMmeHTaNnbHa YacTUHa

B poboti HaBegeHO eKCIEpHUMEHTaIbHI Ta PO3PAXyHKOBI PE3yNbTaTH ENEKTPOHHUX CIIEKTPiB
nornuHanHs (Hagani, ECIT) neskux TUMOBUX m-cucteM (puc. 1), siKi IIMPOKO BUKOPUCTOBYIOTHCS IS
CTBOpEHHS e(peKTUBHUX OapBHUKIB 1 IFoMiHOGOpiB [21].
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Puc. 1. Cucremu, 1y axkux Oyl po3paxoBaHi CHEKTPH ITOTIIIHAHHS.

CuHTE3 Ta CIIeKTpabHi BIacTHBOCTI MoJeKyln 1-4 panimre Oynm ommcadi B niteparypi (aus. [22,23]
Ta MOCHJIAHHS), TOMY B MPEICTABICHIH POOOTI MU OOMEKHUMOCS JIUINE JaHWUMU LIOJI0 CHHTE3y Ta
CKCIIEPUMEHTAITLHUX EJICKTPOHHUX CIIEKTPIB MOTJIUHAHHS JJIs CTPYKTYp 5-8.

Hamu Oyiio cuHTE30BaHO psAI MOACIBHHUX TOXITHUX KymapuHy, Ta BuMipsHi ix ECII B pi3zHHX
po3unHHUKaX. CHHTE3 MOXIMHUX KyMapuHy OyJ0 BUKOHAHO 3a CXEMOIO 3 BUKOPHUCTaHHSIM pPEaKIlii
peunkiizanii, po3poOieHoo Hamu paHiie [24-26] (puc. 2).

o
Ry 0" "N A MO@
AN, Ri oo

5:R;=H 7:R; =8-OMe
6:R;=7-OMe 8:R;=7-N(Et),

Puc 2. Cxema peakiii penukirizarii.

BumiproBanus ECII cuHTe30BaHNX MOAETHHUX KyMaprHiB OyJIO MPOBEEHO B PO3UMHHUKAX Pi3HOT
MOJIIPHOCTI (fienekTpuyHoi cTaioi, €), a came: nukiorekcad (CH, € = 2.02), nimetokcueran (DME,
€ =17.20), rerparinpodypan (THF, € = 7.52), meranon (MeOH, ¢ = 33), aueronitpui (AN, € = 36.64)
ta quMetwicynbdokcua (AMCO, € = 47.24). Ha puc. 3 npeacrasneno ECII crionyk 5-8 B AN.

3rifHO OTPUMAaHWX JAHWX BBEJCHHS 3aMICHHKIB B KyMapHHOBE SIpO TMPH3BOAWTH A0 0OaTo- Ta
rinepxpomaoro 3cyBiB. [Ipu mopisasari ECII crionyk 5, 6 Ta 8, MokHa mo0OadnTH, 1O 3aMiCHHUK B
MOJIOKEHHI 7 BHKJIHMKae 0aro- Ta TiNepXpPOMHHHA 3CYBH JOBTOXBHJIBOBOI CMYTH TOTJIMHAHHS.
EdekruBHicTs 3aMicHHKAa — ayKCOXpoMHOi TIpynu 3poctae B pagy 7-NEt; (Akm =91 HM,
AVimax = 6150 e, Ae=33-10° amomp'ecm') > 7-OMe (Ahmax =24 HM, AvVma = 1900 oM,
Ae=11-10° r'momp-cm™ ) > H.

[opiBHsIHHS CHEKTpiB cHoiykK S, 6 Ta 7 moka3dye L0 BBEACHHS AaHAJIOTIYHOTO 3aMiCHUKA Y
MOJIOKEHHS 8 KyMapHHOBOTO ()parMeHTy He Ma€ BIAMOBIAHOTO e(eKTy, a HaBIaKh BHKIUKAE
HE3HAYHHI TIICOXPOMHUI 3CYB JOBIOXBHIBOBOI CMYTH TIOTJTHHAHHSL.

AKTyalbHOIO TPOOJIEMOIO € TPOTHO3 BIUTUBY PO3YMHHMKA Ha TIOJIOKEHHS Ta IHTCHCHUBHICTD
SIIEKTPOHHUX TIEPEXO0/IiB B OPTaHIYHUX MOJeKynax. il MOKIMBOCTI MTOPIBHAHHS €KCIIEPUMEHTAIBHHX 1
PO3paxyHKOBUX CIIEKTPiB OyJI0 JOCIIKEHO CHEeKTpallbHI BIACTUBOCTI KyMapHHOBHX OapBHUKIB B
PO3YMHHHKAX Pi3HOI IPUPOAH, 3 MeTOrO Yoro Oy BuMipsiHi ECII crionmyku 5 B TakuX pO3uMHHHUKAX, SIK:
CH, DME, THF, MeOH, AN, ta DMSO. Bignosiaui aani momno ECII npencraBneno Ha puc. 4. Ha
puc 3 Ta 4 MoXHA OauWTH, [0 TPHU TEPEXOAi OO0 OUTBII MOJSIPHOTO PO3UYMHHHKA XO04 1 HE
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CIIOCTEPITaEThCA 3HAYHHUX 3MIiH Amax TOBTOXBHJIHOBOI CMYTH TOTJIMHAHHS, OJTHAK TIOMITHA TEHACHIIIS 10
CYTTEBOTO 3POCTaHHS IHTEHCHUBHOCTI mHornuHaHHA. L[ikaBo Takok, MO Held PIiCT HE € MPOCTOIO
MOHOTOHHOIO (PYHKITI€I0 Biji Ai€TEKTPUYHOI CTanoi po3unHHWKA. lle me pa3 migkpeciioe CKIamHiCTh
Mpo0JIeMH OMICY BIUIMBY PO3YMHHHUKA Ha CIIEKTPAJbHI BIACTUBOCTI PO3YMHEHOTO OapBHUKA.

A, nm
210 250 300 350 400 450500

Acetonitrile

£-10°, M'ecm™

v-102, cm™’

Puc. 3. ECII cTpykryp 5-8 B aneToHiTpuii.

222 250 300 350 400
30 L 1 1 L

3-(5-Phenyl-1,3 4-oxadiazol-2-yl)-2H-chromen-2-one

20

g-10°, M'em™

0 T T T -+
45 40 35 30 25
v-102, cm™’

Puc. 4. ECII cTpykTypH 5 B pi3HUX pO3UMHHHUKAX.

PO3paxyHKM e/IEKTPOHHUX CMEKTPIB NOrJIMHaHHSA

s 3'sicyBaHHS MOXIIMBOCTEH KBaHTOBO-XIMIYHHMX MeTOHiB y npobinemi onucy ECII m-cnpspkeHnx
CHUCTEeM HaMH OyJI0 BHUKOPHUCTAaHO PSI IIAXOMIB, SKI IOKPHUBAIOTh 3HAYHY YAaCTHHY IOCTYITHUX
HaOJMKEeHb. AJIe TYT CIiJl BI3HAYUTH, IO MPOOJIEMa OIMHCY CIIEKTPAILHUX BIACTHBOCTEH CIPSHKEHUX
CHCTEM B3aralii, i OpraHiuHIX OapBHHUKIB 30KpeMa, pO3IUIETHCS Ha ABi CYTTEBO pi3HI YacTUHU. [lepuia 3
HUX TOJISITa€ B BUOOPi TAKOTO KBAaHTOBO-XIMIYHOTO TiJIXO/Y, SIKH 3/1aTeH aJIEKBATHO OIUCATH CUCTEMY
B BakyyMi (a0o ra3oBiii (azi). OueBuaHA CKIAIHICTh TAKOTO JOCIIKSHHS TMOB'sI3aHa 13 BiJICYTHICTIO
JIOCTaTHBOI KUIBKOCTI €KCTIEPUMEHTANBHUX JaHuX. [[pyea mipoOiiemMa — e aJleKBaTHUI ONKC CUCTEMHU B
cepenoBui. Citif] 3ayBaXkUTH, IIO MOJSIPH3ANiHHO-KOHTHHYaIBHI miaxomu (PCM) [27,28], axi 3a3Buyaii
BUKOPHUCTOBYIOTHCS JIJISl OMUCY HecTeU(IuHNX e(EeKTIB COIBBATOXPOMii, HOCATh HAATO MOJEIBHHMA
XapakTep, 1, B3araji KaXy4yd, HE TapaHTYIOTb CTPOroi BiJIOBITHOCTI SKOMYCh pEalbHOMY
CTHEKTPOCKOMIYHOMY EKCIIEpUMEHTY. BibIll peanicTHYHOI0O MOKHAa BBaXKaTH MOZENb B SIKi edekTH
OJIM3BKO/TIT YPaXOBYIOTHCS 32 JOTIOMOTOIO SIBHOTO BKJITFOUCHHS TTEBHOI KITBKOCTI MOJIEKYJI pO3YHHHUKA, B
pamMKax METOy MOJIEKYJIIPHOI AWHAMIKH, a eektr mganexonii — metogom PCM. Taka Momenb, BTiM, €
HaJTO "Ba)KKOIO" JJIsl IIMPOKOMACIITaOHOTO CKPUHIHTY MOJIEKYJL.
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BpaxoByroun BHIIecKa3aHe B IIPEACTABIICHIH poOOTI MU BUKOPUCTAIIN PSII METOIB, SKi CKIaIal0Th
NEBHY i€papxil0 KBAaHTOBO-XIMIYHMX HaONIKEHb, U SIKUX pEali30BaHO BiAMOBIAHI Mozeni
ypaxyBaHHs1 Hecrequ}iuHUX e]eKTiB compBaToxpoMmii. 3okpema B poOoTi Oynu BuOpaHi HACTYINHI
METOJIH.

1. HamiBemnipuunuii metox Ilorna-ITapizepa-Ilappa y xymi i3 MetomoM KoHGirypariiiHoi B3aeMoii
(PPP/CIS) — pmoctaTHbO NPOCTHHM MiAXig OO OMNWCY CIEKTPIB B pPaMKaxX m-€JICKTPOHHOTO
HaOmmwkenHs [29,30]. Jlns ommcy reomerpii B PPP-po3paxyHky 3a3Bu4aii BUKOPHUCTOBYIOTh
CTaHIApPTHI yCEpeIHEHI JIOBKUHU 3B’SI3KIB Ta KYTH SIKi XapakTepHi IS CIPSKEHUX CHCTEM.
Enextponni napamerpu PPP raminbroniany € TabynpoBaHUME BennauHam# [31].

2. ZINDO/S [32] BceBaJIeHTHUI HaIliBEMITIpUIHHA METOJ, SKHH OpIEHTOBAHO JIMIIE Ha OIIHC
CIICKTPIB TIOTJIMHAHHA. AJle METOJ HE MPHCTOCOBAaHUH 10 ONTHUMI3alii reoMeTpii B OCHOBHOMY
ctaHi. TakuM YMHOM CIIOYATKy HEOOXiHO ONTHMI3yBaTH F€OMETPiI0 OCHOBHOTO CTaHy HalpUKIa[]
MeTooM AM1, abo BUKOPHCTOBYIOUM CTaHAAPTHI CHJIOBI HOJIA MOJEKYIsIpHOi MexaHiku (Python
Moxaynhb rdkit [33] mo3Bostste 11e 3podutn). JInme motiM po3paxoByBatu criektp MetonoMm ZINDO/S.

3. BceBanentHuli HaniBemmipuunuii Metoq AM1 y noennanni 3 CIS (AM1/CIS) npencrasiisie co00r0
O1NTBII MTOCTIZOBHY CXEMy PO3PaxyHKY HiXK momepeqHs. AJDKe i sl OCHOBHOTO 1 1yisi 30y IKEHOTO
CTaHIB BUKOPUCTOBYEThHCS €auHa napamerpusanisi. AM1/CIS € neBHOIO anbTepHATHBOIO A0 METOLY
ZINDO/S.

4. YacosozanexHi DFT (TDDFT) po3paxyHkH i3 XapakTepHUMH (QYHKIIOHAJIAMHU SIKi 3yCTPidaroThCs
B cnekTtpanpHuX jpociimkenasx: B3LYP, CAM-B3LYP, M06-2X, PBEIPBE, wB97XD.
Kopotkwuit onuc GpyHKIioHaiB HaBeneHo B [34].

Chin 3ayBakuTH, 110 Ha TenepimHii yac Teopiss TDDFT € maibke enuuauM ab initio METOIOM, KA
JI03BOJIsIE TIPOBECTH aJCKBAaTHI PO3PAaXyHKH CIEKTPy MOIJMHAHHA OapBHHUKIB 3a MOMIpHY LiHY
(xoMIT'FOTepHMI Yac Ta maM'sath). Tak, meBHuM aHaiorom Teopii TDDFT e meton CIS na I'aptpi-Dokis-
ChkrX opOitasix. OfHak BiH, HaXandb, HE3MATHUA HA SKICHWA OIKC CHEKTPATbHHUX BJIACTUBOCTEH
MosieKkyn. Hanpuxmaa, nins monekynn 8, ska € BHUPaKEHOIO JOHOPHO-aKIENTOPHOIO CHUCTEMOIO,
po3paxynok CIS/6-31++G(d,p) B amneroHiTpwii AaB AOBKHHY XBWII TOTIMHAHHS Jjwiie 291 HM
(excrieprMeHTaNbHA BETHYUHA Amax = 426 HM). 3ayBakKUMO BTiM, IO 3CYB BiTHOCHO BakyyMmy, B I[bOMY
po3paxyHKy, ckiamae 0.26 eB, i 1le HEMOraHO Y3rOIKYEThCS 13 aHAJIOTIYHMM po3paxyHkoM MO6-2X
(TDDFT) - 0.27 eB.

B npencrasneniii Hamu poOOTI BUKOPHUCTOBYBABCS JOCTATHHO MIMPOKHUNA 0a3uc aTOMHUX OpOiTaneit
— 6-31++G(d,p). Pe3ynbpraTti momepenHix po3paxyHKIB JOBKHHU XBHJIb TOTJIMHAHHS HABEJCHO B
Tabn. 1. Meron DFT npencrasieno nsoma ¢ynkmioHaniamu — B3LYP ta CAM-B3LYP, sxi, 3rimHo
HaIUX MOIMEPEIHIX MOCIIIKEHb, JAIOTh MTEBHI TPAHUIll TEOPETUIHUX OIIHOK CIIEKTPIiB MOTINHAHHS.
Pe3ynmpraTé po3paxyHKiB, IO BiIIOBITAIOTh MOJIEKYJIaM Y BaKyyMi, IUIS TIPEICTABICHHS 3arajbHOT
KapTUHH, 3iCTaBICHI i3 JOCTYMHUMH EKCHEPHMEHTAJbHUMH BEIMYMHAMHU [UII CHCTEM Yy PI3HHX
PO3YMHHHUKAX. 3BICHO, IO EKCIIEPUMEHTAJIbHI JaHi AKi OTPUMaHi B PO3UYMHHHUKY 1 pO3PaXyHKH CUCTEM
B BakyyMmi (me ¥ ms pi3HUX piBHIB Teopii!) He MOXyTh OyTH Oe3mocepeaHbhO 3iCTaBICHI 3a
aOCOJIOTHOIO BEIMYHMHOK. Alle, OYEBHIHO, [0 IIi BEIMYMHH MAIOTh OYTH TICBHUM YHHOM
CKOpENbOBaHi.

Taémuus 1. PesynpraTtén po3paxyHKiB JOBKHHN XBWJII MOTIMHAHHS (HM, BaKyyM) Y TMODIBHSAHHI i3 JOCTYIHUMH
eKCIICpUMCHTAIBPHUMH TAHUMHU JIIs X cucteM. Jani s cucreM 1-4 Oymm B3sTi 3 [21].

Ne | PPP/CIS | AMI/CIS | ZINDO/S | B3LYP | CAM-B3LYP Excn.
1 305 336 291 282 253 270 (AN)
2 327 277 324 334 301 302 (renTan)
3 330 414 430 359 313 330 (Toayon)
s 380, 418, 412, 511, 339, 390%
306 346 313 333 269 307 (Toyon)
5 360 410 415 380 322 349 (AN)
6 364 428 420 381 329 362 (AN)
7 327 416 413 377 322 330 (AN)
8 382 449 436 400 351 426 (AN)

* HaBe}IeHO MaKCUMYMU IOTJIMHAHHA JJId IBOX BUPAKCHUX CMYT. O6FOBOp€HHH JAUBUCH Y TEKCTI CTaTTI.
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Tadmuusa 2. Koedimientn kopemsmii (R) Ta crammaprtHi BigxwieHHs (SD) DOBXHH XBHJIb MOTJIMHAHHS
(mamiBemmipuani Metog — DFT — eKciepiMeHT).

HalliBeMITipHKa DFT R SD (um)
PPP/CIS B3LYP 0.81 50
PPP/CIS CAM-B3LYP 0.90 34
PPP/CIS Excm. 0.93 -

AMI/CIS B3LYP 0.78 53
AMI1/CIS CAM-B3LYP 0.72 86
AMI1/CIS Excm. 0.77 -
ZINDO/S B3LYP 0.66 48
ZINDO/S CAM-B3LYP 0.91 78
ZINDO/S Excr. 0.90 -
B3LYP Excm. 0.78 -
CAM-B3LYP Excr. 0.90 -

I niticHo, mpencTaBiieHI JaHI TOKa3yloTh, 110 HaOmmkeHl HamiBemmipuuHi cxemu PPP/CIS Ta
ZINDO/S nocuth HemoraHo BigmoBifaioTe pesynbrataM DFT pospaxynky. Tak, koedilieHTH
KOpensmii (IuB. Tabi1. 2) BUABIAIOTHCSA TOCUTh Beaukumu 1t PPP/CIS — DFT.

[Ipu 11bOMy BETMUHMHHN CTaHAAPTHHUX BimxwmieHb (Standard Deviation, SD) X09 i BUSBJISIOTh TIOMITHI
BIAXWJICHHS B Ama HOTJIMHAHHS, OJHAK JIEMOHCTPYIOTh MpHAATHICTH omiHok MeTtomamu PPP/CIS Ta
ZINDO/S. Merox AMI/CIS mnposiBisie nemo ripmii  y3romxeHHs 13 pesynbratramu DFT  Ta
SKCIICPIMCHTATPHUMH JTaHUMH. 3arajjoM TmoMitHo, mo wMeromum ZINDO/S ta AMI/CIS cyrTeBO
3aBHUIMYIOTh A0COIFOTHI BETHUYUHU Amax. OCKUIBKH NaHI Amax THOTJIMHAHHS BiATIOBITAIOTH CHCTEMI Y
PO3UMHHMKY, @ pO3paxOBaHi BEIMYMHH — BaKyyMy, MH HE HaBoauMo SD sK XapaKTepHCTHKY
a0COITIOTHOTO BiIXUJICHHS "Teopis-eKCIIepuMeHT" .

Amnaniz Tabn. 1 Takox MpoAEeMOHCTpYBaB NeBHUN Henmoiik metomy B3LYP s momekynu 4 sika €
CHCTEMOIO 13 BUPOKCHUM TIEPEHOCOM 3apsimy. TyT MepeoliHKa JOBXHH XBWIb MOTJIMHAHHS JUISL JIBOX
CMYT TIOB'si3aHa 13 He30aIaHCOBaHUM YpaxyBaHHSM KYJIOHIBCHKUX e(ekTiB gampHOmil [35]. OnmHak, Bxe
Oymo BimzHaueno, mo merox CAM-B3LYP koperye mro mpobnemy. | mificHO, 3a TpencTaBIeHUMH
manumu (Tabn. 1 Tta Tadm. 2), CAM-B3LYP nae Haiikpamie y3rofpKeHHsS i3 €KCHEepUMEHTaIbHHUMHU
nmaaumu 1 3 metogamu PPP/CIS ta ZINDO/S. Tlpu npoMy HalOMMK4i IO €KCIICPUMEHTATBHUX JTaHUX
Amax TIOTJTMHAHHS BUSBHINCH y MeTory PPP/CIS!

Iame BaxumBe mmTaHHA Tonsirae B PCM  oriHkax coipBaTo- Ta (DIIopo- Xpomii TT-CHCTEM.
HesBakaroun Ha JOBry icTopito, sika MOYMHAETBCS me 3 pobir Onzarepa ta KipkByma [36] i
MIPOJIOBXKYETHCS B HAIl Yac B mpargx Tomasi, Menyudi Ta iH. [27,28], 1 mpobiema Ime janeka Bif
po3B’sizanHsa. Craprytoun 3 PCM OmMiHOK PIBHOBaXXKHOI COJBBATAIlli OCHOBHOTO CTaHy MOJICKYJIH,
CHEKTPAIBHI MepexXo i MOXKYTh OyTH ONHKCAaHI SIK MPOIECH i3 HEPIBHOBXHUMU YMOBAaMH COJIbBATAIlil.
Cepen psay MiIXOMiB Ui OMUCY HEPIBHOBAKHOI CONbBATAIlil, HA TETIEPIIIHIA Yac, BHUIIIAETHCS JIBa
ocHoBHHX [37]. Meron miniiiHoro Binryky (Linear Response, LR) mo3Bomse natm OIiHKH
Oe3mocepenHbo eHeprii 30y/pkeHHS cucTteMu. B Meromi 3amaHoro crany (State Specific, SS)
PO3PaXOBYETHCSI €HEPTisl CUCTEMHU Y MIEBHOMY 30YPKEHOMY CTaHi 3 ypaxyBaHHSIM CaMOY3rOILKEHOTO i3
PEaKTUBHUM IIOJIEM 3apsiIOBOTO po3moniny. Ciif 3ayBaXKUTH, IO X04, SS PO3paxyHOK € (GOpPMaibHO i
OLTBIT KOPEKTHHUM, OJHAK, OCKUTBKH po3paxyHkdn PCM e MomenpbHMMH, SKWH 13 BapianTiB LR um SS
BUSIBUTBCA OJIDKYMM JI0 CKCIEPUMEHTAIPHUX MJaHUX € BiAKPUTUM TNHMTaHHSAM. 3TiAHO HaMIAX
po3paxyHkiB pe3ynbrat LR Ta SS iHOMI BUSBIISIOTHCS JOCTATHRO OMM3BKUMH, 1HOJI — Pi3HATHCS. BapTto
3a3HAYUTH TakoXk, Mo LR po3paxyHOK HabaraTo mpocTimmwii i moTpedye 3HAYHO MEHIIE KOMIT FOTEPHUX
pecypciB Hik Meron SS. Mu BBakaemo, IO B TpOIENypax IONIYKY OapBHHKIB i3 HEOOXiTHUMH
napameTrpamu, LR Teopii Mae Oyt moctatHpo. B wmimomy 3ayBakmmo, IO HHMTaHHS MPO T€ SIKUHA 3
meroniB, LR um SS TouHime omucye CHeKTpaibHI BJIACTHBOCTI MOJEKYN MOTpedye, 30Kpema,
postmpeHoi iHpopMaIlii MO0 eKCIIEPUMEHTAIBHUX JTaHUX B 0araTbox (pi3HOMaHITHHX) PO3YMHHHKAX
K0T OpaKye y Cy4acHUX JOCHIPKEHHSIX.

B npencrasneniii po6oTi B pamkax LR 3a gomomoroto psay DFT dyHkiioHasiB 6yto 3po0ieHo OIliHKA
Amax TIOTTIMHAHHS JUISI CTIONYK 5-8 B pisHUX cepenoBuimax (tabdmn. 3). OtpumaHi pe3ynabTaTd, 3TiHO TaHUX
st AN, 3aranom Herorano xapaktepusyrorb Metoad B3LYP ta CAM-B3LYP. Takox MoxHa moOa-
YUTH, IO PEATICTUYUHI pe3yNbTaTh Ui HaBeleHWMX (PyHKIOHANB po3TamoBaHi MK (yHKIiOHaTaMu

38



B.B. Iranos, I1.B. Tpoctsauko, C. M. Kosanenko, A. C. Bomomuenko, T. B. UepHoxyk, Ta iH.

B3LYP T1a CAM-B3LYP. Pesympratm MO06-2X moBomi Ommseki g0 CAM-B3LYP. Ilpm mpomy
¢ynkiionan B3LYP wacom nae 3aBumieny, toni sik CAM-B3LYP — nemro 3aHmkeHy oriHku. Takum
YMHOM MOJKHA OYIiKYBATH, IO BETHUMHU - =(Assyr + Acammsiyr) / 2 OYAYTH Y CepeqHBOMY GIIDKUE 10
excriepuMeHTaIbHuX fAanux. Oywnkiionan PBE1PBE notpamnsitoun B 1ieit intepBan (Assyr — Acamsiiye)
Jla€ JIOCHTh HEIMOTaHy BiMOBIJHICT eKCHepuMeHTAIbHUM JaHuM. DyHkiioHan wB97XD nmae Haaro
3aHWKEH] TOBKWHY XBIJTH TTOTIMHAHHSA, [{ikaBo, 1110 1 cuctemu 5 po3paxynku A B meroqi CAM-B3LYP
BUSIBJLIFOTBCS. ONMM3BKUMH  OAWH JO OJHOTO, B CEpPEeOHhOMY, B MeXax 2 HM, IO BIAIMOBITaE
EKCTIEPUMEHTAJIBFHUM JaHUM (IHB. puC. 4).

Merton ZINDO/S x04 1 ga€ O4EBUAHO 3aBUIIEH] OL[IHKHA JIOBXXWH XBWJIb IOTJIMHAHHS BCE X HeE-
MOTaHO BiJITBOPIOE BIAHOCHI 3cyBH. Tak 3 ekcriepuMeHTaAIbHUX JaHUX JUIT AN: Amax(8) / Amax(7) = 1.29.
A i ZINDO/S: Anax(8) / Amax(7) = 1.31.

Tabanus 3. PozpaxyHOK IOBXKHHHU XBHJII TOTJIMHAHHS (NM) T-CHUCTEM 3 ypaxyBaHHSM e(eKTiB CepeloBHIIa B
pamkax LR-moxeni, mist pyukiionanis DFT/6-31++G(d,p). ¥ myxkax HaBEJCHO CHJIM OCIIJISATOpA.

Ne | Cepen. | ZINDO/S | B3LYP l;ihﬂ/([i’ MO06-2x |PBE1PBE| wB97XD | Exkcn.
Bayywm 415.0 379.6 3224 320.1 346.1 319.9 B
0.9837) | (0.6476) | (0.8314) | (0.8337) | (0.7191) | (0.830)
CH 451.9 385.6 328.7 322.7 369.8 3222 328
(1.0321) | (0.7992) | (0.9789) | (0.9753) | (0.8739) | (0.8747) | 349
THF 4443 380.1 326.6 318.8 360.9 313.16 324
5 (1.0533) | (0.8087) | (0.9770) | (0.9678) | (0.8728) | (0.9294) | 343
AN 438.0 376.3 324.4 318.96 361.4 3224 322
(1.0595) | (0.7996) | (0.9603) | (0.9560) | (0.8723) | (0.9562) | 341
DMSO 443.6 378.1 326.1 317.4 357.8 311.2 263
(1.0614) | (0.8201) | (0.9819) | (0.9688) | (0.8804) | (0.9218) | 346
Baxyywm 420.0 381.2 329.6 327.9 366.9 324.9 _
(1.0434) | (0.846) (1.015) (1.022) (0.918) (1.011)
CH 462.6 384.91 3384 3335 375.5 334.6 B
6 (1.0720) | (0.9835) | (1.165) (1.170) (1.097) | (1.0206)
AN 450.3 381.3 337.7 331.9 368.3 331.0 362
(1.0944) | (0.9621) | (1.145) (1.147) (1.102) | (1.0112)
Baxyywm 413.4 376.9 322.6 320.9 361.7 320.7 _
(0.8266) | (0.5538) | (0.6670) | (0.6833) | (0.6209) | (0.6390)
CH 377.1 381.9 3273 325.7 366.7 3254 B
7 (0.9698) | (0.6898) | (0.8367) | (0.8443) | (0.7727) | (0.7992)
AN 372.4 374.9 324.0 3223 360.1 306.6 330
(0.9970) | (0.8020) | (0.7144) | (0.7453) | (0.8898) | (0.8228)
Bakyywm 435.6 400.0 351.2 348.3 386.6 346.7 _
(1.1569) | (1.108) (1.180) | (1.0644) | (1.1579) | (1.170)
CH 484.1 418.0 367.1 364.9 401.9 359.65 415
8 (1.1471) | (1.272) | (1.323) | (1.1999) | (1.1612) | (1.1865) | 420
AN 488.6 423.2 375.8 377.3 409.6 369.3 426
(1.1489) | (1.231) (1.274) (1.313) (1.269) (1.296)
BucHoBKkMU
HesBakarounm Ha mmpokwii Ha0ip MJOCTYIMHHUX KBAHTOBOXIMIYHHX METOJIB, PO3pPaxXyHKH

CIIEKTPOHHUX 30YKEHb OPraHIYHUX T-CHCTEM (30KpeMa OapBHHKIB) OCTAIOTHCS JOCHTH CKIIAJIHOIO
npoOsiemoro. KinbKiCHI OIIHKM TaKMX MapaMeTpiB SK JOBKHHA XBWII TOTJIWUHAHHA 1 BiIIOBiTHI
IHTEeHCHUBHOCTI IIe AaJieKi Bifl ifleallbHuX 3 psmy npuduH. [IpencraBieHi y cTaTTi gaHi BKa3yIOTh, IO
CTaHAAPTHUN Ha TEMEPINTHIA Yac MiAXiA A0 OMHCY CIEKTPaIbHUX IMEPEXOiB, KW OCHOBAaHUN Ha
Teopii (yHKIIOHANy TyCTHHW, HE Ha 0araTo Kpallliif, a 4YacoM 1 TipIiuid, HiX J00pe Bigomi
HamiBeMIipU4Hi MeToAH. 30KpeMa, Y CUTyalii, KOolMM HeoOXiJHO NPOBECTH BIpTyalbHId CKPHHIHT,
meromu PPP/CI ta ZINDO MOXyTh HamaTH HEOOXiIHY iH(OpMAIlil0 IIHOIO HE3HAYHUX BUTPAT
KOMIT FOTEpHUX PECYPCIB.

39



KBaHTOBOXiIMiUHI pO3paxyHKH €IEKTPOHHUX CHEKTPIB MOTIMHAHHA: ab initio 4u HamiBemmipuka?

3rifHO HAIKUX OIlIHOK TPH pPO3paxyHKaxX T-COpsOKEHWX cucteM B pamkax DFT mae cenc
BUKOPHUCTOBYBaTH /1Ba (pyHKUIioHamn. A came pesynsTatd MeTtoaiB B3LYP ta CAM-B3LYP npatoth
BiZIIIOBIAHO BEPXHIO TA HIKYY MEXKI JOBXUHH XBHJIM MTOTJIMHAHHS.

Moasikn

PoboTa BukonyBamack 3a QinancoBoi migrpumkn oroBopy Ne bd/32-2021(15) na BHUKOHAHHS
3aBJaHb MEPCHEKTUBHOIO IUIaHY PO3BUTKY HAayKOBOTO HampsMKy «MaremMaTu4Hi Ta NpUPOTHHYL
Haykn» XapKiBCBKOrO HalioHampHOro yHiBepcutTery imeni B.H. Kapasina, Ne nepxpeecrpanii
0121U112886.

References

1. O'Regan B., Gritzel M. A low-cost, high-efficiency solar cell based on dye-sensitized colloidal
TiO2 films. Nature. 1991, 353(6346), 737-740. https://doi.org/10.1038/353737a0

2. Smestad G., Bignozzi C., Argazzi R. Testing of dye sensitized TiO2 solar cells I: Experimental
photocurrent output and conversion efficiencies. Solar Energy Materials and Solar Cells. 1994.
32(3),259-272. https://doi.org/10.1016/0927-0248(94)90263-1

3. Kay A., Gritzel M. Low cost photovoltaic modules based on dye sensitized nanocrystalline
titanium dioxide and carbon powder. Solar Energy Materials and Solar Cells. 1996, 44(1), 99-117.
https://doi.org/10.1016/0927-0248(96)00063-3

4. Hagfeldt A., Gritzel M. Molecular Photovoltaics. Acc. Chem. Res. 2000. 33(5), 269-277.
https://doi.org/10.1021/ar980112]

5. Nazeeruddin M.K., De Ngelis F., Fantacci S., Selloni A., Viscardi G., Liska P., Ito S., Takeru B.,
Griatzel M. Combined Experimental and DFT-TDDFT Computational Study of
Photoelectrochemical Cell Ruthenium Sensitizers. J. Am. Chem. Soc. 2005. 127(48), 16835-16847.
https://doi.org/10.1021/ja0524671

6. Chiba Y., Islam A., Watanabe Y., Komiya R., Koide N., Han L. Dye-Sensitized Solar Cells with
Conversion Efficiency of 11.1%. Jpn. J.  Appl Phys. 2005. 45(25), L638-L640.
https://doi.org/10.1143/jjap.45.1638

7. CaoY.,BaiY., YuQ., Cheng Y., Liu S., Shi D., Gao F., Wang P. Dye-Sensitized Solar Cells with
a High Absorptivity Ruthenium Sensitizer Featuring a 2-(Hexylthio)thiophene Conjugated
Bipyridine. J. Phys. Chem. C. 2009. 113(15), 6290-6297. https://doi.org/10.1021/jp9006872

8. Gonga J., Sumathya K., Qiaob Q., Zhoub Z. Review on dye-sensitized solar cells (DSSCs).
Advanced techniques and research trends. Renewable and Sustainable Energy Reviews. 2017. 68.
234-246. https://doi.org/10.1016/j.rser.2016.09.097

9. Carella A., Borbone F., Centore R Research progress on photosensitizers for DSSC. Frontiers in
Chemistry. 2018, 6, 481 (24 pages). https://doi.org/10.3389/fchem.2018.00481

10. Sharma K., Sharma V., Sharma S. S. Dye-Sensitized Solar Cells: Fundamentals and Current
Status. Nanoscale Research Letters. 2018, 13, 381 (46 pages). https://doi.org/10.1186/s11671-018-
2760-6

11. Devadiga D., Selvakumar M., Shetty P., Santosh M.S. Dye-Sensitized Solar Cell for Indoor
Applications: A Mini-Review. Journal of Electronic Materials, 2021, 50(6), 3187-3205.
https://doi.org/10.1007/s11664-021-08854-3

12. Bera S., Sengupta D., Roy S., Mukherjee K. Research into dye-sensitized solar cells: a review
highlighting progress in India. J  Phys. Energy. 2021, 3. 032013 (30 pages).
https://doi.org/10.1088/2515-7655/abff6c

13. Kokkonen M., Talebi P., Zhou J., Asgari S., Soomro S.A., Elsehrawy F., Halme J., Ahmad S.,
Hagfeldt A., Hashmi S.G. Advanced research trends in dye-sensitized solar cells. J. Mater. Chem.
A, 2021, 9, 10527-10545. https://doi.org/10.1039/d1ta00690h

14. Theoretical And Computational Developments In Modern Density. Functional Theory A. K. Roy
Ed, Nova Science Publishers, Inc.: New York, 2013; 598 p.

15. Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V.
Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J.

40


https://doi.org/10.1039/d1ta00690h
https://doi.org/10.1088/2515-7655/abff6c
https://doi.org/10.1007/s11664-021-08854-3
https://doi.org/10.1186/s11671-018-2760-6
https://doi.org/10.1186/s11671-018-2760-6
https://doi.org/10.3389/fchem.2018.00481
http://dx.doi.org/10.1016/j.rser.2016.09.097
https://doi.org/10.1021/jp9006872
https://doi.org/10.1021/jp9006872
https://doi.org/10.1021/jp9006872
https://doi.org/10.1143/jjap.45.l638
https://doi.org/10.1143/jjap.45.l638
https://doi.org/10.1143/jjap.45.l638
https://doi.org/10.1021/ja052467l
https://doi.org/10.1021/ja052467l
https://doi.org/10.1021/ja052467l
https://doi.org/10.1021/ar980112j
https://doi.org/10.1016/0927-0248(96)00063-3
https://doi.org/10.1016/0927-0248(96)00063-3
https://doi.org/10.1016/0927-0248(96)00063-3
https://doi.org/10.1016/0927-0248(94)90263-1
https://doi.org/10.1016/0927-0248(94)90263-1
https://doi.org/10.1016/0927-0248(94)90263-1
https://doi.org/10.1038/353737a0
https://doi.org/10.1038/353737a0
https://doi.org/10.1038/353737a0

B.B. Iranos, I1.B. Tpoctsauko, C. M. Kosanenko, A. C. Bomomuenko, T. B. UepHoxyk, Ta iH.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G.
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M.
Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K.
Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.
Schmidt M. W., Baldridge K. K., Boatz J. A., Elbert S. T., et al. General atomic and molecular
electronic  structure  system. J.  Comput. Chem. 1993, 14 (1), 1347-1363.
https://doi.org/10.1002/jcc.540141112

Tirado-Rives J., Jorgensen W. L. Performance of B3LYP Density Functional Methods for a Large
Set of Organic Molecules J. Chem. Theory Comput. 2008, 4, 297-306.
https://doi.org/10.1021/ct700248k

Zhao Y., Truhlar D.G. The M06 suite of density functionals for main group thermochemistry,
thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two
new functionals and systematic testing of four M06-class functionals and 12 other functionals.
Theor Chem Account. 2008, 120, 215-241. https://doi.org/10.1007/s00214-007-0310-x
Silva-Junior M. R., Schreiber M., Sauer S. P., Thiel W. Benchmarks for electronically excited states:
Time-dependent density functional theory and density functional theory based multireference
configuration interaction. J. Chem. Phys. 2008, 129, 104103. https://doi.org/10.1063/1.2973541
Leang S. S., Zahariev F., and Gordon M. S. Benchmarking the performance of time-dependent
density functional methods. J. Chem. Phys. 2012, 136, 104101. https://doi.org/10.1063/1.3689445
Krasovitsky B. M., Afanasiadi, L. M. Preparative Chemistry of Organic Luminophores. Kharkiv:
Folio, 1997; 205 p. [in Rus]. Kpacoumkuit b. M., Adanacuamu JI. M. IlpenapatuBHas XUMHUS
OpraHuvecKuX JTIOMHHOGOPOB, XaprkoB: Dommo, 1997; 205 c.

Krasovitsky B.M., Grinev B.V., Vinetskiaya J. M., Bogdanova L.I. Spectra of organic
luminophores. Atlas, Volume 1. Kharkiv: Folio, 2001; 139 p. [in Rus]. Kpacosurkuii 5. M.,
I'puneB b. B., Bunenkas FO. M., bormanoBa JI. M. CrekTpsl OpraHUYecKHUX JIOMHHO(DOPOB.
ATtnac. Beimmyck nepBbiif. Xapbkos: @ommo, 2001; 139 c.

Krasovitsky B.M., Grinev B.V., Vinetskiaya J. M., Bogdanova L.I. Spectra of organic
luminophores. Atlas, Volume 2. Kharkiv: Folio, 2001; 151 p. [in Rus]. Kpacosunkuii b5.M.,
I'pune b. B., Buneukas 10. M., bornanosa JI. M. CrekTpbl OpraHMYECKUX JIFOMHHO(GOPOB.
ATtnac. Beimyck Bropoii. Xapekos: ®@omnmo, 2003; 151 c.

Kovalenko S. N., Sytnik K. M., Nikitchenko V. M., Rusanova, S. V., Chernykh V. P., Porokhnyak
A. O. Recyclization of 2-imino-2H-1-benzopyrans by the action of nucleophilic reagents 4. Use of
2-(N-aroylhydrazono)coumarin-3-carboxamides for the synthesis of 3-(1,3,4-oxadiazol-2-
yl)coumarins. Chem. Heterocycl. Compd. 1999, 35(2), 167-170.
https://doi.org/10.1007/BF02251703

Zubkov V. A., Kovalenko S. N., Chernykh V. P., Ivkov S.M. New derivatives of coumarin: 2-(N-
R-imino)-2H-1-benzopyrans. = Chem.  Heterocycl. Compd. 1994, 30 (6), 665-670.
https://doi.org/10.1007/BF01166306

Kovalenko S. N., Zubkov V. A., Chernykh V. P., Turov A. V., Ivkov S. M. Recyclization of 2-
imino-2H-1-benzopyrans under the influence of nucleophilic reagents. 1. New approach to the
synthesis of 3-(1,3,4o0xadi-, thiadi-, and triazolyl-2)coumarins. Chem. Heterocycl. Compd. 1996,
32(2), 163—168. https://doi.org/10.1007/BF01165439

Tomasi J., Mennucci B., Cammi R., Quantum mechanical continuum solvation models. Chemical
Reviews. 2005, 105, 2999. https://doi.org/10.1021/cr9904009

Mennucci B., Caricato M., Ingrosso F., Cappelli C., Cammi R., Tomasi J., Scalmani G. How the
environment controls absorption and fluorescence spectra of PRODAN: A quantum-mechanical
study in homogeneous and heterogeneous media. The Journal of Physical Chemistry B. 2008, 112,
414-423. https://doi.org/10.1021/jp076138m

Pariser R., Parr R. G. A semi-empirical theory of the electronic spectra and electronic structure of
complex  unsaturated molecules. 1. J  Chem.  Phys. 1953,21(3), 466-471.
https://doi.org/10.1063/1.1698929

41


https://doi.org/10.1063/1.1698929
https://aip.scitation.org/author/Parr%2C+Robert+G
https://doi.org/10.1021/jp076138m
https://doi.org/10.1021/cr9904009
https://doi.org/10.1007/BF01165439
https://doi.org/10.1007/BF01166306
https://doi.org/10.1007/BF02251703
https://doi.org/10.1063/1.3689445
https://doi.org/10.1063/1.2973541
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1021/ct700248k
https://doi.org/10.1002/jcc.540141112
https://doi.org/10.1002/jcc.540141112

KBaHTOBOXiIMiUHI pO3paxyHKH €IEKTPOHHUX CHEKTPIB MOTIMHAHHA: ab initio 4u HamiBemmipuka?

30. Pariser R., Parr R. G. A semi-empirical theory of the electronic spectra and electronic structure of
complex unsaturated molecules. II. J  Chem. Phys. 1953, 21 (5),767-776.
https://doi.org/10.1063/1.1699030

31. Zakharov A. B., Ivanov V.V., Adamowicz L. Optical Parameters of p-Conjugated Oligomer
Chains from the Semiempirical Local Coupled-Cluster Theory. In book: “Practical Aspects of
Computational Chemistry IV”, J. Leszczynski, M. K. Shukla, Eds. Springer Scence+Business
Media, New York 2016. Chapter 3, P. 57-102. https://doi.org/10.1007/978-1-4899-7699-4 3

32. Da Motta L., Neto J. D., Zerner M. C. New parametrization scheme for the resonance integrals
(Hpv) within the INDO/1 approximation. Main group elements. International Journal of Quantum
Chemistry. 2001, &1, 187-201. https://doi.org/10.1002/1097-461X(2001)81:3<187::AID-
QUA1>3.0.CO;2-B

33. RDKit: Open-source cheminformatics; http://www.rdkit.org

34. Mardirossian N. Head-Gordon M. Thirty years of density functional theory in computational
chemistry: an overview and extensive assessment of 200 density functionals. Mol Phys. 2017, 115,
2315-2372. https://doi.org/10.1080/00268976.2017.1333644

35. Yanai T., Tew D. P., Handy N. C. A new hybrid exchange—correlation functional using the
Coulomb-attenuating method (CAM-B3LYP) Chemical Physics Letters. 2004, 393, 51-57.
https://doi.org/10.1016/].cplett.2004.06.011

36. Kirkwood J. G. Theory of solutions of molecules contaiting widely separated charges with special
applications to zwitterions J. Chem. Phys. 1934, 2. 351-361. https://doi.org/10.1063/1.1749489

37. Continuum Solvation Models in Chemical Physics: From Theory to Applications B. Mennucci, R.
Cammi eds. John Wiley & Sons, Ltd.: Chichester, 2007; 619 p.

Haoicnano oo pedaxyii 29 bepesus 2021 p.

V. V. Ivanov, P. V. Trostianko, S. M. Kovalenko, A. S. Volodchenko, T. V. Chernozhuk, D. S. Stepaniuk,
O. N. Kalugin. Quantum-chemical calculations of electronic spectra absorption: ab initio or semiempirical methods?

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

In order to develop approaches to predict the spectral properties of organic dyes for solar cells the test
calculations of typical -conjugated systems with various structural fragments, have been performed. Among the
structural elements there are benzene, oxazole, oxsadiazole, thiophene and coumarin fragments. Nitro, methoxy,
dimethylamino and diethylamino groups are substituents. According to the obtained experimental data, the
diethylamino group at position 7 of the coumarin moiety gave the highest bato- and hyperchromic shifts of
spectra. Experimental absorption spectra were measured in various solvents with different polarity. Among them
are cyclohexane, dimethoxyethane, tetrahydrofuran, methanol, acetonitrile, and dimethylsulfoxide. It has been
shown that there are no significant changes in the A(max) absorption of coumarin-based compounds when the
solvent is changed to a more polar one, but there is a noticeable tendency to increase the intensity of the
absorption spectra. For the theoretical interpretations of electronic spectra absorption ab initio density functional
theory (DFT) as well as semi-empirical methods (PPP/CIS, ZINDO/S, AM1/CIS) were used. In the DFT
calculations the functionals B3LYP, CAM-B3LYP, MO06-2x, PBE1PBE, wB97XD were used. A significant
discrepancy in the estimations of electronic excitations is demonstrated by the DFT for the different functionals. It
is concluded that DFT calculations should be performed by using both B3LYP and CAM-B3LYP (or M06-2x)
functionals. Linear response theory has been used to evaluate the solvatochromic properties of 1-conjugated
compounds in the DFT frameworks. In general it was found that semi-empirical approaches especially t-electron
method PPP/CIS and all valence method ZINDO/S can provide adequate estimations of excitation energies of -
conjugated dyes for moderate computer resources.

Keywords: solar cells, m-conjugated organic dyes, nonempirical (ab initio) methods, density functional theory,
semi-empirical calculations, t-electron approximation, all valence methods.

B. B. MeaHos, M. B. TpoctaHko, C. H. KoaneHko, A. C. BonogueHko, T. B. YepHoxyk, [. C. CrtenaHtok,
O. H. KanyruH. KBaHTOBOXMMUYECKME pacHeTbl ANEKTPOHHbIX CMEKTPOB NOrnoLLeHus: ab initio unvu nonyamnupuka?

XapbKOBCKMI HaUMOHanbHbIA yHMBepcuteT umenn B. H. KapasuHa, xummnyeckuii cbakyneteT, nn. Ceoboapl, 4,
Xapbkos, 61002, YkpanHa

Ons paSpaﬁOTKVI NoaXOA0B K MPOrHO3NMPOBaHMUIO CNEKTParnbHbIX CBOMCTB OpraHMYeCcKNX KpacuTenemn CormHeYHbIX
a4yeek Obinun npoBefeHbl TeCToBble pacyeTbl TUMUYHbLIX TT-CONPAXEeHHbIX CUCTEM C PasfiMdHbIMU CTPYKTYPHbIMU
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B.B. Iranos, I1.B. Tpoctsauko, C. M. Kosanenko, A. C. Bomomuenko, T. B. UepHoxyk, Ta iH.

parmeHTamn. Cpean TakoBblX GEH30MbHbLIN, OKCA30MbHbIA, OKCaAMa3onbHbIA, TUOMEHOBLIN U KYMapUHOBHI
bparmeHTbl. B ka4ecTBe 3amecTuTENEN BbICTYNANM HUTPO-, METOKCU-, AUMETUNAMUHO- U OUITUNAMUHO- FPYMMbI.
CornacHo nomny4YeHHbIM 3KCMEepPUMEHTanbHbIM OaHHbIM, Hanbonbwmne 6aTo- N TMNEPXPOMHbIE COBUMM CMEKTPOB
JaBana AuaTUNaMuHoOrpynna B MOMOXEHUM 7 KyMapuHOBOro dparmeHTa. JOKCNepuMeHTanbHble CMeKTpbl
nornoweHnss O6biNM  M3MepeHbl B PacTBOPUTENSAX C  pas3HOM MonsipHOoCTbio. Cpean HUX  LMKIOreKcaH,
OUMETOKCUITaH, TeTparnapodypaH, MeTaHof, aueToHuTpun u  gumeTtuncynbdokena. [lokasaHo 4To He
NPOUCXOANT CYLLECTBEHHbBIX M3MEHEHWI A(max) NOrnoLLeHns, y CoeaUHEHNIN Ha OCHOBE KymapuHa, Mpu cMeHe
pacTtBoputensa Ha 6onee nonspHbii. OgHako, NMpW 3TOM, 3aMeTHa TEHAEHUMS K YBENMYEHUI0 WHTEHCUBHOCTU
nornoweHnsi. [ns TeopeTUYecKon WHTepnpeTauun SMeKTPOHHbIX CMEKTPOB MOMMOLWEeHNs UCMnofb3oBanach
Heamnupuyeckas Teoputo dyHkumoHana nnotHoctu (DFT), a Takke nonyamnupuyeckue metogwl (PPP/CIS,
ZINDO/S, AM1/CIS). B pacyetax DFT ncnonb3oBanuce gyHkumoHansl BALYP, CAM-B3LYP, M06-2x, PBE1PBE,
wB97XD. MNMpoaeMoHCTPMPOBAHO CYLLECTBEHHOE pacxoXAeHue B OLeHKax 3MNeKTPOHHbIX BO30YXAEHUI B pasHbIX
dyHkumoHanax DFT. CpgemaH BbIBOA O TOM, 4YTO chnekTpanbHble pacyetbl DFT OoOmkHbl BbINMOMHATLCS C
ncnonb3oBaHvem Kak dyHkumoHana B3LYP, tak 1 CAM-B3LYP (unn M06-2x). na oueHKku ConbBaTOXPOMHbIX
CBOWCTB TT-COMPSPKEHHbIX coeanHeHn B pamkax DFT mcnonb3oBanacb Teopust MMHEMHOINO OTKNKUKa. B uenom
6bINO MokKasaHo, 4YTO MOMy3aMNMpUYECKMe MOAXOAbl, B OCODEHHOCTM TT-aneKTpoHHbI meTon PPP/CIS n
BceBaneHTHbI MeToa ZINDO/S, moryT obecneunTtb afiekBaTHbIE OLEHKU SHEPTUIA BO3OYKOEHMWS TT-CONPSKEHHbIX
Kpacuternen npy yMepeHHbIX BbIYUCTIUTENBHbIX pecypcax.

KniouyeBble cnoBa: COMHeEYHble SYENKW, TI-COMPSHKEHHbIE OpraHMyeckue Kpacutenu, HeaMnupudeckue
(ab initio) meTogpbl, Teopuss yHKUMOHANa MNOTHOCTKU, MOMYySMNUPUYECKME pacyeTbl, TT-3NEeKTPOHHOe
npubnmxeHne, BCeBaneHTHbIe MeTOAbI.
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We have considered the dependences of the specific (k) and molar (A) electrical conductivity (EC) of aqueous
electrolyte solutions on the molar concentration and temperature for sulfates of divalent metals (Mn, Co, Ni, Cu,
Zn, Cd) in a wide concentration range at 5 —35°C. To describe such systems we propose a modified cubic
equation (MCE): k = C-c* + Q-¢®* + L-¢*, where C, Q, L, k are empirical parameters, fixed parameter k = 0.5 has
been considered as well. From the correlation between the calculated parameters we assume that two of them
are sufficient. The maximum of specific EC (km) and the corresponding concentration (cm) have been calculated.
We also assume that the systems under study are isomorphic in the normalized coordinates (k/kn via c/cm). For
the dependences like Kk = A-¢* + B-¢” it is shown that x = 1 is a good approximation over the generalized sample.
Empirical dependences with y = 5/4 and y = 4/3 are also considered. It is shown that they give comparable re-
sults to MCE.

The proposed approach is tested on EC data of aqueous solutions of some salts. Similar two-parameter
K(Km, Cm; €) equations of other authors have been considered. In order to describe the dependence of the
specific EC on temperature and concentration we propose an equation
K = (A + a-8)-c — (Bxs + b-8)-c®, where 8 is the reduced temperature and A, a, By and b are empirical
parameters. Also a generalized equation for the molar EC of concentrated electrolyte solutions is proposed:
AN\, Am, Cm; C), where A- is the effective limiting molar EC, and An is the molar EC at ¢ = cn. It was found that A-
and An depend linearly on temperature. The average value of the exponent is close to 1/3, which brings the
generalized molar EC equation closer to the equation derived from the quasi-lattice model of electrolyte
solutions.

Keywords: specific electrical conductivity, molar electrical conductivity, electrolyte solutions, sulfates of diva-
lent metals, empirical equations.

Introduction

One of the most important features of electrolyte solutions is electrical conductivity. Concentrated
solutions deserve special attention [1,2]. At the same time for concentrated electrolyte solutions there
are practically no equations, which would have a rigorous theoretical justification. More often
empirical equations are used. The Casteel-Amis equation [3] is the most popular. This equation de-
scribes dependence of specific electrical conductivity on molality of electrolyte solution:

L:(ﬂj -eXP(b-(m—u)z—a-m_“J (1)
n n

K

m

where Kn is the maximum electrical conductivity at molality p, while a and b are fitting parameters.
Thus, the Casteel-Amis equation has four parameters to describe the concentration dependence, which
makes it impossible to use for treatment of small experimental data samples. Most experimental and
reference data sets contain 5-7 points in the region of concentrated solutions.

Aim and objects of the study

In this paper we have tried to get some simple empirical equations for the electrical conductivity
dependence on the molar concentration and temperature. Here we consider as ‘simple’ only equations
that can be converted into a linear form. At the same time, the authors did not seek theoretical
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justification for the equations, their applicability across the entire concentration range, or universality
in the selection of electrolytes and solvents.

As objects of research, we chose the experimental data sets [4] on the specific electrical
conductivity of divalent metal sulphate solutions (Mn, Co, Ni, Cu, Zn, Cd) in water at 5-35°C. Our
choice is based on the following facts:

o They are typical salt solution systems with a wide range of applications;

e They all (except CuSO,) show a maximum in the concentration dependence of the specific
electrical conductivity, which is of particular interest;

e They are similar in their physical and chemical properties.

The molar concentrations are calculated from the density data of the solutions given in the original
article [4].

Calculations and discussions

Empirical equations for specific electrical conductivity. To describe the concentration dependence
of specific conductivity, we propose an empirical equation as follows:

k=C-c*+0Q-c*+L-c" )
where C, O, L, k — are fitting parameters.
Such an equation (2) form is chosen due to the simplicity of finding the concentration of maximum

conductivity:
i O +40* -3CL
Cm = T30 (3)
maximum conductivity value:
szC-c;k+Q-cik+L-c§1, 4)

and the inflection point i, on the concentration dependence of the conductivity x(c):

-2
Cing = 3C (%)

The optimisation with the least-squares method has been performed in Statistica software using the
Newton-Gauss algorithm. We used the data for the whole concentration range. The results of the
calculations are presented in table 1. Equation (2) describes the experimental data well enough. For all
systems considered, the coefficient of determination R? is greater than 0.999. For CuSO., values of
extreme parameters are outside of the experimental data range. The maximum conductivity practically
coincides with the values calculated using the Casteel-Amis equation given in the original paper [4].

Table 1 The parameters of equation (2) and the maximum specific conductivity k. (S/m) for the concentration
¢m (mol/dm?) at 25°C

Salt — C Q L k Cm Cm[4] Cinf Km Km[4]
MnSO, | 4.55 9.03 -0.18 0.440 1.86 1.80 0.40 5.03 5.064
CoSO,4 3.97 7.86 0.66 0.488 1.89 1.89 0.43 5.50 5.488
NiSO,4 3.74 7.40 0.88 0.501 1.89 1.88 0.44 5.48 5.474
CuSOq4 3.12 6.51 1.31 0.532 2.11 1.99 0.53 6.10 5.998
ZnS04 3.66 7.31 1.00 0.509 1.93 1.91 0.45 5.68 5.670
CdSO, 3.39 6.99 0.53 0.480 2.05 2.02 0.46 5.14 5.134

The proximity of the values of the parameter k£ for the systems under study should be pointed out.
One can assume that this parameter depends on the system and fix it at a close to average level of 0.5.
Then equation (2) acquires three parameters. The results of the three-parameter approximation are
practically the same as those of the four-parameter one (except for CuSQO.,).

Choice of parameters. For equation (2) there is a correlation between the optimal parameters C, O, L,
and k for the dependencies considered. The principal components analysis has been used to process the
array of optimal parameters C, O, L, and k. It is shown that the magnitude of the explained variance is
distributed over the components as follows: first principal component (PC) 93.17%, second PC 6.69%,
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third PC 0.13%, fourth PC 0.003%. It can be assumed that the presence of four parameters is excessive.
Thus, two parameters are sufficient to describe the systems under study with practical accuracy.

As these parameters, it is convenient to choose the maximum electric conductivity «, and the
concentration ¢, corresponding to it. For systems with maximum conductivity, k. and c. are
objectively observable phenomena and their values do not depend on the choice of «(c) dependence.
At the same time, for systems where solubility does not allow for maximum conductivity, k. and cn
are fitting parameters of the functional dependence x(c).

As a solution to the problem, it is proposed to find equations of the form:

K=Ac" + Bc’ (6)
where 4 and B are model parameters, and the exponents of powers x, y are rational numbers.
If x, and cn, are defined as parameters, equation (6) is transformed to:

x y
K __ v (LJ i [Lj o
Km y—x Cm x—y Cm

Thus, the solution to this problem comes down to determining the parameters kn, and c¢m, and
selecting satisfactory values of x and y.

Choice of two-parameter models. A direct four-parameter optimization is inefficient, given the
small number of experimental points and the symmetry of x and y.

Two parameters, x and y, remain when equation (7) is considered in coordinates normalised at the
extrema.

Figure 1 shows the specific conductivity concentration dependences, normalised to optimum values
(Table 1).

1.2 4
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L -#, at B Ase g .
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0.8 1 -t .
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o X
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X
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¢
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Figure 1 Concentration dependencies of specific conductivity, normalised to optimum values for divalent metal
sulphate solutions at 25°C.

It can be seen that the points fit well on the same curve, indicating the isomorphism of the studied
systems. Therefore, further analysis was carried out for a generalised sample of normalised specific
conductivity values as a function of normalised concentration.

The optimal values of y for the generalised sample are calculated for the given values of x. A frag-
ment of the dependence y(x) is shown in Figure 2.
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Figure 2 Dependence of the optimum values of y(x) (equation (7)). The diameter of the balls is proportional to
the sum of squared deviations.

Figure 2 shows the relative magnitudes of the sum of squared deviations for the corresponding
pairs of x and y. The optimum corresponds to the pairs x = 1.271 and y = 0.998, given the symmetry of
x=0.998 and y=1.271. However, the sum of the squared deviations varies insignificantly over a
generalised sample. If x =1, then y = 1.270+0.011.

Approximate models of specific conductivity are proposed, where the exponent is approximated by
a rational number:

vy
L i_4.(iJ , (8)
Km Cm c“‘l

4

3
L:4.i_3.[ij _ 9)

The calculation result for the salts studied for the whole concentration range is shown in Table 2.

Table 2. Parameters of equations (8) and (9), maximum specific conductivity k, (S/m) at ¢, (mol/dm?) at 25°C
(N is the number of experimental points).

Salt N Kn (8) m (8) R’ (8) K (9) m (9) R (9)
MnSO, 17 5.08+0.02 | 1.86+0.01 0.9989 5.12+0.04 | 1.88£0.02 | 0.9970
CoSO, 12 549+0.02 | 1.91+0.02 | 0.9998 550+0.02 | 1.87#0.02 | 0.9996
NiSO; 14 545£0.02 | 1.9350.02 | 0.9997 547+0.02 | 1.890.01 | 0.9996
CuSO, 13 6.38+0.08 | 2.45:0.06 | 0.9998 6.18£0.09 | 2.24+0.06 | 0.9996
ZnSO, 13 5.6440.02 | 1.96£0.02 | 0.9997 5.66£0.02 | 1.93£0.02 | 0.9997
CdSO. 16 5.12£0.01 | 2.04+0.01 0.9997 5.16£0.02 | 2.030.02 | 0.9994

For all systems, models (8) and (9) give results corresponding to the four parametric models.

Comparison between each other shows that equation (8) gives the best results.

Testing of the model. An approach proposed can be applied for other systems. Table 3 presents the
results of the approximation of the concentration dependence of the specific conductivity for some
salts in water at 25°C [5] by means of equation (8).

Table 3. Parameters of e

quation (8): maximum specific conductivity k. (S/m) at ¢, value (mol/dm?).

Salt Cm K R Salt Cm K R?
MgCl, 2.47 15.88 0.9986 NaNO; 6.35 19.89 0.9997
CaCl, 2.74 19.93 0.9957 NaBr 6.96 27.00 0.9964
SrCl, 3.20 21.06 0.9991 KNO; 11.5 37.44 0.9999
BaCl, 4.82 28.65 0.9998 KBr 80.1 255.2 0.9999
LaCls 1.61 16.99 0.9965 Cd(NO:s), 2.08 11.26 0.9894

Na,SO;4 2.58 13.08 0.9999
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Most systems are well described by the two-parameter equation. The value of parameters outside
the experimental data (italicised in Table 3) is noteworthy. In this case, such parameters should be
considered effective ones.

Temperature dependence of specific electrical conductivity. The «. and ¢, parameters calculated
by means of equation (8) for divalent metal sulphate solutions at different temperatures are given in
tables 4 and 5.

Table 4. Parameters of equation (8): maximum specific conductivity kn (S/m) at different temperatures.

Salt 5°C 10°C 15°C 20°C 30°C 35°C
MnSO, 3.12 3.59 4.08 4.57 5.59 6.10
CoSO, 3.23 3.76 431 4.89 6.10 6.72
NiSO, 3.18 3.70 4.26 4.84 6.08 6.72
CuSO, 3.68 4.29 494 5.64 7.16 7.97
ZnSO, 3.31 3.85 441 5.02 6.28 6.94
CdSO, 3.15 3.63 4.12 4.61 5.65 6.18

Table 5. Parameters of equation (8): c. values (mol/dm’®) at maximum specific conductivity.

Salt 5°C 10°C 15°C 20°C 30°C 35°C
MnSO, 1.76 1.79 1.82 1.84 1.89 1.91
CoSO, 1.75 1.80 1.84 1.88 1.95 1.98
NiSO, 1.76 1.80 1.85 1.89 1.97 2.02
CuSO, 2.16 222 2.29 2.37 2.54 2.63
ZnSO, 1.78 1.83 1.88 1.91 2.00 2.05
CdSO, 1.89 1.93 1.96 2.00 2.08 2.12

From the analysis of k. and ¢, temperature dependences (as well as the functions on them), we
propose the following dependences:

5.5m 0)=4, +a-0 (10)
K 11
4-W(9)=B25+b~9 ( )
on the reduced temperature
0=7-298.15 (12)

where A5, a, Bxs, b are empirical coefficients.

For all systems studied, the coefficient of determination of equations (10,11) exceeds 0.9997.

It should be noted that the use of Arrhenius-type equations or other similar equations to describe
the temperature dependence of k., parameters is not correct, since not only the temperature changes but
also the composition of the system.

Combining equations (8) and (10, 11, 12), we obtain an empirical dependence of the specific
conductivity on the molar concentration and temperature.

K=(Ay+a-0)-c—(By+b-0)-c7* (13)
The calculated parameters A»s, a, Bs, b for the systems studied are presented in Table 6.

Table 6. Maximum absolute deviation Ak (S/m) experimental and calculated specific electrical conductivity and
parameters of the equation (13): A5 (S/m)-(mol/dm®)™', a (S/m):(mol/dm?) "K', Bys (S/m):(mol/dm®)™*, b (S/
m)-(mol/dm*)>*-K .

Salt Azs a st b AK Rz
MnSO, 13.60+0.05 0.238+0.004 9.30+0.04 0.158+0.003 0.159 0.9989
CoSO, 14.34+0.05 0.258+0.004 9.74+0.04 0.167+0.004 —0.080 0.9997
NiSO4 14.11+0.04 0.255+0.004 9.56+0.04 0.164+0.003 0.095 0.9996
CuSO, 12.99+0.06 0.222+0.005 8.28+0.06 0.131+0.005 0.064 0.9998
ZnS0, 14.37+0.06 0.256:0.005 9.70+0.05 0.164+0.004 0.108 0.9995
CdSO, 12.54+0.03 0.208+0.003 8.38+0.03 0.132+0.002 0.074 0.9997

An example of the approximation by equation (13) is shown in Fig. 3
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Figure. 3 The specific electrical conductivity concentration dependence for aqueous solutions:
1 —MnSO4 (35°C); 2 —CoSOs4 (30°C); 3 —NiSO4 (25°C); 4 — CuSO, (20°C); 5—7ZnS0O,4 (15°C); 6 — CdSO,4
(10°C). Dots are the experimental data, while lines indicate approximation according to equation (13).

Although equation (13) describes the whole concentration range considered, it is better to use it for
concentrated solutions.

Empirical equation of molar electrical conductivity of electrolyte solutions. Equation (7) can be
easily linearised and takes the form of the concentration dependence of the molar conductivity at x = 1.

_:_._m__._m.cy’l (14)
c y-1rc¢, y-1 c,
Equation (14) cannot adequately describe data in the whole concentration range, therefore only
concentrated solutions are considered. The value of concentrations at the inflection point (Table 1) is
taken conventionally as the lower limit of the region of concentrated solutions. Further calculations
were performed using data for concentrations higher than cir.
If we consider only concentrated solutions in terms of molar conductivity, equation (14) can be
written in the most general form as:

c A,
A:A*—(A*—Am)-[—] (15)
c
where the index ‘m’ corresponds to the value at maximum specific conductivity, the asterisk indicates
that this is the effective limiting conductivity. The effective limiting molar electric conductivity is a
fitting parameter. The A+ values differ from the traditional limiting molar electric conductivity A,.

By equation (15) the optimum values of parameters are calculated. For all considered systems
R?>0.9995. Figure 4 shows the temperature dependence of the effective limiting A« and extreme A,
(according to the concentration c¢n) molar conductivity. The optimum values of ¢ do not differ
significantly from those given above (Table 5).
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Figure 4. Temperature dependence of the effective limiting A« (upper values) and extreme An (lower values)
molar electrical conductivity of aqueous solutions of divalent metal sulphates.

A linear equation approximating well all the temperature dependencies considered has the form:

A, =7,-(T-T) (16)
where index i respectively ‘*’ or ‘m’. The conductivity temperature coefficient y; and the limiting
temperature 7; are both the fitting parameters. Table 7 shows the values of parameters y; 7; and
functions on them. Equation (16) for the effective limiting molar electric conductivity is functionally
the same as equation (10).

It is obvious that the exponent in equation (15) is a function of temperature. In the systems
considered, an insignificant decrease in the exponent of equation (15) (except for MnSO,) is revealed
with increasing temperature. In general, for the systems studied the value of the exponent lies in the
range of 0.23 — 0.39. The independence of the exponent value from the temperature is possible only if
the limiting temperatures are equal (7+ = T,,). Table 7 presents the values of the exponent y.. calculated
under these conditions, as the corresponding ratio of temperature coefficients and the temperature-
average value of y. The parameter y. also corresponds to the temperature limiting value of the
exponent.

b

Table 7. Temperature coefficients of effective limiting (yx, S:cm*mol '"K™) and extreme (jm, S-cm*mol™-K™)
molar conductivity. Corresponding limiting temperatures (K). The temperature limiting value of the exponent
(1) and the temperature average (1)

Salt

X Y T T Yoo N2
MnSO, 2.52+0.01 0.473+0.001 240.3+0.3 240.3+0.1 0.23 0.23
CoSO, 2.37+0.02 0.522+0.003 248.7+0.4 242.3+0.3 0.28 0.34
NiSO, 2.40+0.05 0.513+0.004 | 250.2+0.9 242.2+0.4 0.27 0.34
CuSO, 2.147+0.003 0.4444+0.004 | 247.2+0.1 237.1+0.5 0.26 0.34
ZnS0O, 2.07+0.09 0.527+0.007 24642 242.5+0.7 0.34 0.37
CdSO, 2.07+0.01 0.415+0.002 | 245.9+0.2 237.3+0.3 0.25 0.31

Calculations do not give an unambiguous exponent in equations of the form (15). If we assume a

close to average value of the exponent of 1/3, then equation (14) takes the form of equation (9).

Two-parameter models of specific electrical conductivity. Previously in the literature, two-
parametric equations of the form (7) have been proposed. This is primarily in the work of Varela et al.

[7], where a theoretical justification is given:

K

K

m

and Gamburg's empirical equation [§]

_.C

( c
Cn Ch
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/4
L:Z.L_E.LLJ _ (18)

C

m

An alternative approach, using two parameters k, and cm, was proposed earlier by Shestakov et al

[9]:

K 3-c/c
—_— . (19)
K, 1+2-(c/c,)”
Gamburg [8] also proposed an equation of the form:
X L (0)
K. 1+(c/c,)
Artemkina and Shcherbakov [10] give a generalised equation:
3 2
i=0.3536-[ij —1.728-(LJ +2.376-- @1)
for aqueous electrolyte solutions.
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Figure 5. Maximum specific conductivity km(S/m) at cm(mol/dm?) for NiSOy solutions at 25°C. The numbers in
the figure correspond to the numbers of the equations by which the optimisation was carried out.

Figure 5 shows the optimum parameter values for all the equations considered, using NiSO4
solutions at 25°C as an example. The parameters calculated by equations (17 — 21) differ considerably
from each other and from Casteel-Amis equation (1). At the same time parameters by Casteel-Amis
equation (1) are very close to those calculated by equations (2, 8, 9, 15) which are proposed in this
work.

Thus, electrical conductivity of concentrated solutions can be characterized with practical accuracy
by two parameters: kn and cm.

The theoretical upper limit on the use of equations like (7) is calculated as:

clim = y_dz ’ Cm ~ 24 ' Cm ’ (22)
X

but for concentrations greater than 1.5¢, it is not practical to use equation (7).
From the point of view of theoretical justification, equation (9) is more promising, which
corresponds in form to the quasi-lattice model [11]. But this applies only to concentrated solutions.

Conclusions

New empirical equations for the concentration and temperature dependence of the specific and
molar conductivity of electrolytes are proposed.
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It is shown that two parameters are sufficient for the practical use of empirical equations of con-

ductivity concentration dependence. It has been proposed to use the maximum electric conductivity
and the corresponding concentration as parameters. The maximum electric conductivity and the corre-
sponding concentration for a number of electrolyte solutions in water have been calculated. In cases
where the concentration dependence of conductivity does not have a maximum, the parameters should
be considered effective. For concentrated solutions, it is appropriate to use a more flexible generalized
molar electric conductivity equation, where the additional parameter is the effective limiting molar
electric conductivity.

10.

11.
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P. Efimov, A. Kramarenko, V. Tomak

MN.B. Edoumos’, A.B. KpamapeHko®, B.A. Tomak. AMnNupuUYeckre 3aB1UCMMOCTN IMEKTPUYECKON NPOBOAUMOCTU
pacTBOPOB 3NEKTPONUTOB OT KOHLIEHTpALMM U TeMnepaTypbl.

*XapbKOBCKUI HaUMOHarnbHbIM yHUBepcuTeT umenn B.H. KapaanHa, xumunyeckmun cdakynbteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpauHa.

THaumoHanbHbIN TEXHUYECKU YHUBEPCUTET «XapbKOBCKWI MOSIMTEXHUYECKUA MHCTUTYT» yn. Kupnuuésa, 2,
XapbkoB, 61002, YkpauHa.

PaccMoTpeHbl KOHLEHTPaUUOHHbIE (B MOMSIPHOW LUKane) u TemnepaTypHble 3aBUCUMOCTU YAENbHOW K U
monsipHon A anekTponpoBogHocTu (A1) BoAHbIX pacTBOPOB cyrbgaToB AByxBaneHTHbIX MeTannos (Mn, Co, Ni,
Cu, Zn, Cd) B WMpoOKOM MHTepBane KoHueHTpauun npu temnepatype 5 — 35°C. MpeanoxeH psg aMNnMpu4ecKkmx
ypaBHeHMn Ans  uccnegyembix  3asucumocten.  MoguduumpoBaHHoe kybuyeckoe ypaBHeHue (MKY):
K=Cc*+ Qc*+Lckrne C, Q, L, k amnupnyeckne napameTtpbl. AHANOMMYHOE ypaBHEHWE C (OMKCUPOBaHHbLIM
napameTpom k = %2. [poaHanu3vpoBaHa Koppensauns paccynTaHHbIX napameTpoB. CaenaHo npegnonoxeHne o
[0CTaTOYHOCTM ABYX napameTpoB. PaccuntaH makcumym yaenbHon Ol Km M COOTBETCTBYHOLLASA KOHLIEHTpauus
cm. CoenaHo gonylleHune, YTo B HOPMUPOBAHHbBIX KoopauHaTax K/Km OT ¢/Cm MCCNeayeMble CUCTEMbI U30OMOPMHbI.
MpoaHanuanpoBaHbl 3aBMCUMOCTU Buaa K = A-¢* + B-¢” ans 0606LieHHON BbiGopkn. MNokaszaHo, YTO C XOpPOLLUM
npubnuxeHnem x = 1. PaccCMOTpeHbl aMNMPUYECKUE 3aBUCUMOCTU C ¥ = 5/4 n y = 4/3. TokasaHo, 4YTO OHW fatoT
conoctaBumble pesynbTatel ¢ MKY. MNMpeanoxeHHbI nogxod NpoTeCTMPOBaH Ha AaHHbIX 3 BOAHbLIX pacTBOpPOB
psga conen. PaccmoTpeHbl aHanoruMyHble AByxnapameTpuyveckme K(Km, Cm; C) YPaBHEHWUs OPYrnx aBTOPOB.
[MpoaHanunsnpoBaHa TemnepaTypHasa 3aBUCMMOCTb OYHKUUN OT Km U Cm. NpeanoxeHa 3aBUCUMOCTb yAENbHON
3l oT TemnepaTypbl U KOHUEHTpauumn K = (A + a-0)-c — (Bxs + b-8)-¢®*, rne 8 — HopMmmpoBaHHas Temneparypa, a
Axs, a, B., b amnupuuyeckme napametpbl. [lpegnoxeHo o0606lWeHHOe ypaBHeHMe MonsipHon Oll
KOHLEHTPMPOBaHHbIX pacTBOpoB anekTponutoB: A(A-, Am, Cm; €), Toe /- adbdeKTNBHaAA npefenbHas MonspHas
3n, a An monsipHas 3l npu ¢ = cm. OBHapyxeHo, 4YTo A+ U An NMUHENHO 3aBUCAT OT TemnepaTtypbl. HageHo, 4to
cpefHee 3Ha4YeHWe nokasaTens creneHn 6nusko k 1/3, yto conmxkaeT 0606LeHHOe ypaBHeHNe monsipHon 3l ¢
KBa3MpeLLEeTOYHON MOAENbI0 PACTBOPOB 3MEKTPONMTOB.

KnioueBble cnoBa: yoenbHaa anekTpunyeckaa npoBOAMMOCTb, MOdpHaaA oanekTpuyeckad npoBOAMMOCTb,
pPacTBOpPbI ANTEKTPOJINTOB, Cyﬂbd)aTbI AOBYXBalneHTHbIX MeTannoB, SMNUpn4eckne ypaBsHeHuUA.

MN.B. Edimos’, A.B. KpamapeHko®, B.O. Tomak. EMNUPUYHI 3anexHOCTI eneKTPUYHOT MPOBIAHOCTI PO34MHIB
€neKkTPpOoniTIB Big KOHLEHTpaLii i Temnepartypu.

*XapkiBCbKkuI HauioHanbHWiA yHiBepcuTeT iMeHi B.H.KapasiHa, xiMiyHun dakyneTteT, mMangaH Csoboau, 4,
Xapkis, 61002, YkpaiHa.

THauioHanbHWii TEXHIYHWUIM yHIBEpCUTET «XapKiBCbKWIM MONITEXHIYHWUI IHCTUTYT», Knpnndosa, 2, Xapkis, 61002,
YkpaiHa.

Po3rnsaHyTo KOHUEHTpauiiHi (y MONSPHIA LWKamni) Ta TemnepaTypHi 3aneXHOCTi MUTOMOI K i MonspHoi A
enekTpnyHoi nposigHocTi (EMNM) BogHux posuuHiB cynbdatie aBoBaneHTHMx metanie (Mn, Co, Ni, Cu, Zn, Cd) y
LUIMPOKOMY iHTEpBani KOHUeHTpaLiii, npu Temnepatypi 5 — 35°C. 3anponoHoBaHO psf eMNipUYHUX PIiBHSHL Ans
JOCnimKyBaHMX 3anexHocTten. MogudikoaHe kybiuHe piBHAHHS (MKP): k= C-¢c* + Q- ¢* +L-cX, pe C, Q, L, k
eMnipnyHi napameTpu. AHanoriyHe pPiBHAHHSA i3 dikcoBaHuM napameTpom k = 0.5. [poaHanizoBaHO Kopernsuito
po3paxoBaHUX napameTpiB. 3pobneHo npunyLleHHs LWoAo0 [AOCTaTHOCTI [ABOX napameTpiB. Po3paxoBaHui
makcumyMm nutomoi ElN Ky, | BigNoBigHa KOHUEHTPaLis Crm. 3pO06NEHO NPUNYLLEHHS, WO Y HOPMOBaHWX KOOpAUHaTaXx,
K/Km BiO C/cm, OOCRiOXyBaHi cuctemmn i3oMopdHi. [poaHanizoBaHO 3anexHocTi Buay K= A-¢c*+ B¢’ anga
y3aranbHeHoi Bubipku. MokasaHo, WO 3a AOCTaTHLOro HabnwwkeHHs x = 1. Po3rnsaHyTi eMnipuyHi 3anexHoCTi 3
y = 5/4 Ta y = 4/3. TNokasaHo, Lo BOHM AaloTb 3icTaBHi pedynbTatn 3 MKP. 3anponoHoBanuii nigxig npotectoBaHui
Ha AaHux ElM BogHMX po3ynHiB HU3KKM conelt. Po3rnsaHyTo aHanoriyHi ABonapamMeTpuyHi K(Km, Cm; C) PIBHSIHHS iHLIMX
aBTopiB. [poaHanizoBaHO TakoX TemnepaTypHy 3anexHiCTb (PYHKUIA Bi Km U Cn. 3anponoHoBaHa 3anexHicTb
MUTOMOI EmM BiOg Temnepartypu i KOHLeHTpaLii
K = (Ass + a-8)-c — (Bys + b-8)-¢c™, ne 8 — HopmoBaHa TemnepaTypa, a Az, a, Bxs, b emmipuyHi napamertpwm.
3anponoHoBaHo y3aranbHeHe PiBHAHHA MonspHOi ElN koHueHTpoBaHux posunHie enektponitie: A(A-, Am, Cm; C), A€
N\- edpekTvBHaA rpaHuyHa monspHa El, a A mongapHa ElN npu ¢ = ¢cm. BussneHo, wo A- n Ay, niHiHO 3anexatb Big
TemnepaTtypu. 3HanaeHo, WO cepedHE 3HaYeHHs noka3Huka cTyneHs 6nmaeke go 1/3, wo 36nNmxKye y3aranbHeHe
piBHAHHS MonsipHOT ElM 3 KBasipeLUiTKOBOKO MOAENM0 PO3UYMHIB €NEKTPONITIB.

KntoyoBi cnoBa: nutoma enekTpmyHa nNpoBiAHICTb, MONSPHA eneKkTpnYHa NpoBiAHICTb, PO34YMHU ENEKTPONITIB,
cynbdaTy ABOBaNeHTHUX MeTaniB, eMMipuyHe PiIBHAHHS.
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ETHYHI HOPMH IYBJIKAIII HAYKOBUX PE3VJBTATIB TA iX MOPYIIEHHS.
Penakuifina Komeriss poOMTh BCE MOXJIHMBE [Jisl JOTPUMAaHHS €THYHHX HOPM, NPUAHATHX
MDKHapOIHUM HAyKOBHUM TOBapHCTBOM, 1 Uil 3amo0iraHHsi Oynb-sIKMX MOPYLICHb LUX HOpM. Taka
MOJITHKA € BayKJIMBOIO YMOBOIO IUIITHOI y4yacTi )KypHaJIy B PO3BHUTKY LiJICHOI CUCTEMH 3HAaHb B Taly3i
XimMil Ta CyMDKHHMX Tamy3sx. JisIpHICTH pemaKmiifHOT KoJIerii 3HA4YHOI0 MIpOI0 CHHPAETHCS Ha
pexomenparii Komitery 3 etnkn HaykoBux myb6mikariii (Committee of Publication Ethics), a Takox Ha
IHHAK JTOCBiJ MDKHapOAHUX >KypHaJiB Ta BHIAaBHHUUTB. [logaHHs cTaTTi Ha PO3rMsA O3HAYaAE, IO
BOHAa MICTUTh OTpPHUMaHi aBTOpaMH HOBI HETpPHBiaJlbHI HAayKOBi pe3yNbTaTH, fKi paHime He Oymu
omyOikoBaHi. KokKHY CTaTTIO peleH3YIOTh MOHAWMEHIIE JBa SKCIEPTH, SKI MAIOTh YCI MOYKITUBOCTI
BUTPHO BHCJIOBHTH MOTHBOBAaHI KPHUTHYHI 3ayBa)K€HHsS IOJO PIBHA Ta SICHOCTI MpPEICTaBICHHS
Mmarepialy, HOro BiANOBIAHOCTI MpOQiNI0 >XypHaldy, HOBH3HH Ta JOCTOBIPHOCTI pE3yJIbTATiB.
Pexkomenpallii perieH3eHTIB € OCHOBOK ISl NMPHHHATTS OCTATOYHOTO PIllICHHS IIOAO IyOsiKarii
cTarTi. SIKIIO CTAaTTIO NPUHHATO, BOHA PO3MILLYETHCS Y BIAKPUTOMY JMAOCTYIi; aBTOPCHKI MpaBa
30epiraloTbcsi 3a aBTOpaMU. 3a HAsBHOCTI OyAb-iKHX KOH(QIIKTIB iHTepeciB ((piHAHCOBUX,
aKaJIeMiYHUX, TIEPCOHABHUX Ta IHIIUX), YYAaCHUKU TNPOLECY pPELEH3YBaHHS MAalOTh CIOBICTHUTU
penakuiiiHy Koserito mpo 1e. Bci nuTaHHs, MOB’s3aH1 3 MOXKIIMBHM IuiariatoM abo (danbcudikaiieto
Pe3yJIbTaTIB PETEIIEHO OOTOBOPIOIOTHCS PEAAKLIHHOIO KOJIETI€I0, PIBHO SIK CIIOPH LIOAO aBTOPCTBA Ta
JOLUTBHICTh PO3IPOOJICHHST pe3yibTaTiB Ha HeBenWuki ctarTi. JoBeneni miariat uu ¢anscudikamis
PE3yNIbTATIB € IMiICTaBaMHU JUTsl 0€3YMOBHOTO BIXHJICHHS CTaTTi.

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

9TUYECKHE HOPMbI NYBJIUKALHUU HAYYHBIX PE3VJIBTATOB U HX
HAPYIIEHMUMS. PenakuuoHHaAs KOMIETHS AEIA€T BCE BO3MOMKHOE I COONIIONEHHSI ITHYECKUX
HOPM, HPHUHITBIX MEXIyHApOAHBIM HAay4HBIM COOOIIECTBOM, W JJsl MPEJOTBPAIICHUS JIHOOBIX
HapyleHuH 3TUX HOpM. Takasi MOJIMTHKA SBISIETCS] HEOOXOAUMBIM YCIIOBHEM IIJIOJOTBOPHOTO YUACTHS
KypHaJa B Pa3BUTHH IIEJIOCTHOW CHUCTEMbI 3HAaHUH B OOJACTM XMMHHM M CMEXHBIX OOJacTsx. Jrta
JESITENbHOCTh PENAKIMOHHON KOJJIETUHM ONUpaeTcs, B YaCTHOCTH, Ha pekoMmeHaauun Komwurera mo
aTHKe HayuyHbIX mybOnukauuii (Committee of Publication Ethics), a Takke Ha IEHHBIA OIBIT
ABTOPUTETHBIX MEKAYHAPOIHBIX XKYPHAIOB U M3AaTeNnbCTB. [IpencraBienue craTbl Ha pacCMOTpPEHHE
[OJpPa3yMeBaeT, YTO OHAa COJCPXKHUT IIOIyYEHHbIE aBTOPaMHM HOBbIE HETPHBHAJIbHbIC Hay4HBIE
pe3yibTaThl, KOTOPBIE paHee HUIAE He MyOnukoBanuch. Kaxayro cTaThlo peleH3UPYIOT MUHUMYM JIBa
9KCIEepTa, KOTOPbIE UMEIOT BCE BO3MOXKHOCTH CBOOOJHO BBICKA3aTh MOTHBHPOBAHHBIC KPUTHUYECKHE
3aMeuaHus OTHOCUTEJIBHO YPOBHS M SICHOCTH H3JIOKEHHS TIPEACTABICHHOTO MarepHana, ero
COOTBETCTBMS MNPOQWII0 KypHala, HOBU3HBI M JOCTOBEPHOCTH pe3yJlbTaToB. PexomeHmanmu
PELIEH3EHTOB SBJISIOTCSI OCHOBAHHUEM JIJIsI IPUHATHS OKOHYATEIBHOTO PELICHUS O MyOJIMKAIlMK CTAaThH.
Cratbs, B cllydae MPUHATHS K OITyOIHKOBAHHIO, PA3MEIAETCsl B OTKPBITOM JIOCTYIIE; aBTOPCKHUE MPaBa
COXpaHAIOTCA 3a aBTopamu. lIpm Hammumyu Kakux-mM0o KOH(IMKTOB HHTEpecoB ((hMHAHCOBBIX,
aKaJeMUYECKUX, JTMYHBIX U T.J.) YYACTHUKH MpOLecca PEeleH3UPOBaHUs JOIKHBI COOOLIUTE 00 3TOM
penxomiernd. JIfoOble CHOpPHBIE BOMPOCH], CBSI3aHHBIE C BO3MOKHBIM  IUIATMATOM WK
¢banscudukanueil pe3ynbTaToB, BHUIMATEIbHO PACCMAaTPUBAIOTCS PEAAKLMOHHON KOJUIETHeH, paBHO
KaK CIIOpBI 00 aBTOPCTBE W IEJIECOOOPA3HOCTb OPOOJICHUS pe3yNbTaTOB Ha HeOosblIue craThi. B
cllydae TONTBEpXKICHHS Iularnata wid ¢anbCu(uKamuu pe3yibTaToB CTaThsi 0€30rOBOPOYHO
OTKJIOHSIETCS.
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IHOOPMALIA JJISI ABTOPIB. Xypnan myOmikye cTaTTi pOCIHCHKOIO, aHTIIHCHKOIO Ta
yKpaiHChKOI0 MoBamu. Jlo myOuikamii mpuiiMaroTbes: oI (32 MOTOPKEHHSM 3 PEAKOJIETi€lo);
OpHTiHalbHI CTaTTi, o0csr 6-10 >KypHaJbHHX CTOPIHOK; KOPOTKI MOBiZOMJeHHs, oOcsar mo 3
KYpHaIBHUX CTOpiHOK. KpiM 3BHYAaMHOTO CHHICKY JIITepaTypH, B CTATTI 00OB'SI3KOBO IMOBHHEH OYyTH
JIPYTHI CIMCOK, BCl TOCHJIAHHS SIKOTO JaHi IaTuHUIE0. [IpaBria miAroTOBKH IIHOTO CITUCKY HaBEEH]
B po3xini «TpaHciiTepatis» Ha cailTi )xypHany. OOuaBa CIMCKA TOBUHHI OyTH MOBHICTIO 1I€HTUYHI.
IIpu peuensyBaHHi cTareil OIUH 3 KpUTEPiiB - HAsBHICTh MOCHJIAHb Ha MyOJiKalii OCTaHHIX POKIB.
CraTTst 000B'I3KOBO IOBHHHA MICTHTH PE3IOME POCIHCHKOIO, YKPATHCHKOIO Ta aHTJIHCHKOI0 MOBaMH.
VY BciX TppOX HEOOXiJHO BKa3aTH Ha3By CTaTTi, MPI3BUILA aBTOPIB 1 KIOYOBI cioBa. OpieHTOBHHI
o0csr pestome - 1800 3HakiB (0e3 ypaxyBaHHS 3aroJIOBKY 1 KIIFOUOBHX cIiB). Pemakiis mpuiimMae
enektponHuit (MS Word) i 1Ba po3apykoBaHUX (ISl XapKiB'aH) TEKCTY pyKomucy. ApecHu BKa3aHi B
posnini «KoHTakTH» Ha caiiTi xypHany. CynpoBiJHUH JUCT IO CTaTTi, BUIPABJICHOI BiIOBIIHO JI0
3ayBaXKCHb PEIICH3CHTA, IOBUHEH MICTHTU BIIIMOBIAI Ha BCi 3ayBakeHHs. [1omaeThCsl eMEKTPOHHUI 1
OIIMH PO3JIPYKOBaHUH (7151 XapKiB'sH) BapiaHT. Pykommcu, ki mpolIIIy peneH3yBaHHs, IPUHHATI 10
myostikarmii i oopMIIeHI BiITOBITHO A0 MPABWII IS aBTOPIB, puitMaioThes y dopmati doc (He docx)
enekTpoHHo nomToo (chembull@karazin.ua). PozapykoBanuii BapianT He moTpibeH. JloxiaaHimnia
iH(pOopMalis po3MilieHa Ha caifTi )KypHaiy http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular pa-
pers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for de-
tails. Please use papers of previous issues as samples when prepare the manuscript. The MS Word for-
mat is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and diagrams
are required in vector formats. Figure captions are given separately. All figures, tables and equations
are numbered. Please use MS Equation Editor or MathType to prepare mathematical equations and
ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is accepted in
the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts may be
submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed information see
the journal web-site http://chembull.univer.kharkov.ua.

HNHOPOPMALUSA IJS1 ABTOPOB. Xypran nyOnukyeT cTaThl Ha PYCCKOM, aHTJIMHCKOM H
YKpauHCKOM s3bIkax. K myOnukanuu mpuHHMAIOTCA: 0030pbI (IO COTJIACOBAHMIO C PEIKOJUIETHEH);
OpWUTHHAJIBHBIE CTaThbH, 00BbeM 6-10 >KypHambHBIX CTPAHMI], KpaTKHE COOOMICHMs, 00beM 10 3
KYPHAIBHBIX CTpaHull. [IToMHMMO OOBIYHOTO CIIMCKA JTUTEPATYPHI, B CTaThe 00S3aTENBHO JIOJDKEH OBITh
BTOPOH CIIMCOK, BCE CCBUIKM KOTOPOrO JaHbl JIaTHHUIEH. [IpaBuia MOIrOTOBKM 3TOrO CIHCKA
npuBeAeHs! B pazzaene « Tpanciutepauus» Ha caiite xxypHana. O6a crucKa AO0JKHBIL OBITh TIOTHOCTBIO
uAeHTHYHBIL. [Ipu pereH3upoBaHUU CTaTell OJMH U3 KPUTEPHEB - HAJMYHE CCBHUIOK Ha MyOJIMKaIMH
nocineqHux JeT. Crtarbs 00s3aTeNbHO JOJDKHA COJIEPXKATh PE3IOME Ha PYCCKOM, YKPaWHCKOM U
aHIVINICKOM s3bIKax. Bo Bcex Tpex HeoOXOOMMO yKa3aThb Ha3BaHHE CTAaThbH, (paMMINK aBTOPOB M
KITfo4YeBble cioBa. OpHEHTHPOBOUHBIM 00beM pestome - 1800 3HakoB (6e3 ydera 3armaBusi U
KJIIOUEBBIX cJIoB). Penmakuus mpunmumaer snektpoHsblidi (MS Word) u aBa pacnedaTaHHBIX (IUist
XapbKOBYaH) TEKCTa DPYKOMUCH. Azpeca yka3aHel B paszzaene «KOHTakTb» Ha caidTe >KypHaia.
ConpoBoauTenbHOE MUCHMO K CTAaThe, MCIPABICHHONW B COOTBETCTBUH C 3aMEUaHMSMHU PELIEH3CHTA,
JOJDKHO COJIepKaTh OTBETH Ha Bce 3aMmedaHus. [logaercs 3eKTpOHHBIM U OJWH pacnedaTaHHbIN (111
XapbKoBYaH) BapuaHT. llpomenmue pereH3upoBaHWE W TNPHHATHIE K MyONMKAlMUd PYKOIUCH,
oopmIiieHHBIE B COOTBETCTBHMHU C MPAaBUJIAMHU I aBTOPOB, MpHHUMaroTcs B Gopmate doc (He docx)
no snekTpoHHod moure (chembull@karazin.ua). PacriedaTannsiii BapuanT He TpeOyercs. bonee
nopoOHast ”HPOpMaIHsl pa3MelleHa Ha caiiTe xypHana http://chembull.univer.kharkov.ua.
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