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XUMHSt: UTOTH U MEPCITEKTHUBDI

VIIK 541.12.038.2+541.051.2 | |
NPEXOAEBPEMEHHOE OTKPBITUE Cgg
© 2000 E.OcaBa

30 neT Haszany mojopon sAnoHCKMH XxuMHK Enmxu OcaBa cienaln nopasuTesbHOe Npeackasa-
HHE OTHOCHTEJbHO YCTOMUMBOCTH TMOJNHU3APANbHBIX MOJEKYJAAPHBIX (opM yriaepoaa, npexjie
Bcero — cTpyKTyphl Cgp. Teneps, nocse GjecTsiero NOATBePXKACHUST 3TOH HIOeH, 3HAMEHUTOTO
npodeccopa OcaBy yacTo MPOCSAT paccKasaTb 06 UCTOPHH CBOEro 3aMeyaTeslbHOTO OTKPITHS.

[Ty6nuKyeMble B HacTosillied cTaThe BocroMuHanus E.OcaBa Jilo6e3HO coracuicst HanmueaTh
crielMaIbHO JJIS YATaTesled Halllero XKypHaJa.

PREMATURE DISCOVERY OF Cegp
© 2000 Eiji Osawa*

Introduction

I am always amazed whenever I 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 gnderstood,
then so many structural variations were discovered one after the other _mcludmg carbon
nanotubes, carbon nanoparticles, and higher [ullerenes in a short p:griod of time, and now we
recognize that fullerenes, namely the closed form of graphite having no edge, are of rather
general occurrencef1]. | | o ,

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 a_ppegred on

+ Toyohashi, Japan. E-mail address: User86219475 0@aol.com,
osawa@cochem?.tutkie.tut.ac jp
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earth. Perhaps for this reason, people are curious if any scientist made n--otrce ol thisf
ubiquitous form of carbon before the seminal discovery of Cego (1), the master{ifce }{;t
fullerenes, by Kroto and others in 1985 [2]. As it turned out, several peop-ie had. };::lug

about Cgp molecule before them. For a notable example, I learned that Plrofes.)sor Scf eyer
once discussed the possibility of synthesizing this super-cage gtrycture with Pro,ess;l}r
Chapman, who thereupon invested a few graduate students into th_ls job. Unfort'unate.ly, [tS]e
Chapman route did not work and they never published anything. This took pla-;e in 1980.8. 2
Earlier, Drs. A. Stankevich and E. Gal’pern performed Hiickel molecular 9rb1tal .calcglatzons
of Cgp to obtain the now-well known characteristics of its frontier orbitals ‘.rV.lth fwe-.fo}d
degenerate HOMOs, and the three-fold degenerate LUMOs, the latters penetrating deep into

bonding energy level, and published the results in a Russian journal [4].

Chronologically speaking, I happened to be the first lucky guy. My youthful essay about
the prediction on the possible electronic stability of soccer-ball molecule (as I 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 I 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 Cgg from so many people, I am
writing this short article.

Attempted Extension of Aromaticity

Actually I mentioned about my premature discovery of Cgq in. some detail when I 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 [ first thought of Cgg, I had just come back homie from 3 years of post-doctoral stint
in the US and took up a post of assistant professor in Hokkaido University. Naturally I was
looking for a new project to start my carrier as an independent reseacher. Ope ol the popular
topics at that time among organic chemists was the non-benzenoid aromaticity. Although I
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, I was too late
The beautiful work of Franz Sondeheimer on annulenes, especially the magn’-ificent mo‘l-ecul-e;
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 ",
a late comer? After some thoughts I came across an idea of enlargin

electron 'syStem over a p_lariar. molecule. Why not three-dimensional

10
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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 47, outside 147, 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, I 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 I saw that this is an ideal model of 3D-aromaticity! I
soon learned that the geometry of soccer ball is one of the Archimedean non-regular solids
called truncated icosahedron.

Afterthoughts

The following are the results of my recent analysis on the reason why I stopped to work
on Cgo. For the following few days since I noticed the possibility of constructing a molecule
having the geometry of truncated icosahedron from sixty sp2-hybridized carbon- atoms, [
enjoyed thinking of the molecular ball, but then finally I decided to abandon, a decision later
proved to be the greatest mistake I have ever made in my life. The reasons of my abandoning
Ceo are as follows. First I thought about the possibility of building up Cep 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. I was then concerned about many
benzene rings in Cgg. The known molecular structure of corannulene retainning planar
benzene rings seemed to me to indicate the dominance of the aromatquty of benzene,. a
masterpiece of all aromatic molecules. Typical non-benzenoid aromatic molecgles like
[18]annulene and cyclopropenium tactfully avoid the inclusion of hexagons, which may
disturb extensive delocalization of m-electrons but confine the conjugative delocalization

within hexagons.

My memory of Cgp was still clear when I saw the Nafure paper [2] 15 years later that
reported the first observation of Cgp. Evidence of structure the authors presented in that
paper was weak, but I wished to believe that this is an experimental proof of the

11
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superaromaticity 1 had in mind. Then I became uneasy to real
spontaneously during laser ablation of graphite and annealing in heliu .
Cgo were truly 3D-aromatic and exceptionally stable, the wisest way to make it mus.t be _t'c»
let carbon atoms work themselves to form the stable structure spon’(aneously. Why did I fail
to recognize this natural route to obtain Cgg? Obviously the lormation of such a !arge cage
structure is accompanied by a large loss of entropy, hence must be thermodynaEHICf:l[l}’ very
unfavorable process. Continued failure in the total synthesis of Cgp even now attests tg 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 Cgp to a negative value.

Thus, I understood that my task of designing the preparation of Cgg 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 m_enial
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 Ceo.
On the basis of recent computational-theoretical studies, we know that the crucial step to
achieve the symmetric pattern of Cgg, 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 Cgg at temperatures higher than
1300 K? How Cgo molecules survive in temperatures of several thousand K after they are
formed? Actually Cgo molecules survived in the experiments of Kroto ef a/, 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-
lorming 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. Cgg 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 Cgg formation were miraculously satisfied in
their experiments.

At this point, I am again impressed to see another manifestation of very simple principle
controlling the formation process of Iullerenes. 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 Cgp. 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.

- Final Wordé

In retrospect, if I were to continue the work on Cgp in 1970, I 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 I abandoned the project at that time.
The bitter oversights notwithstanding, however, I still feel myself as very lucky. I am rejoiced
by the fact that a dream came true while I am still alive. | 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 Ce
have been published by now. All three awardees of 1996 Nobel Prize for Chernis’tlx‘?O
generously referred my 1970 article at the beginning of their Nobel lectures [11]. At thg
moment, industrial applications of fullerene carbons are imminent and it is truly exciting to
imagine mysell watching flat-panel display of a wall TV illuminated by ele.ctroh- beam fgfo--
carbon nanotubes in not too distant future. I am thankful to the lucky star under which I wx
born. |

ize that Cgg was formed;
m thereafter. Indeed, if
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YK 539.196: 536.758
MOJESTb 3ATOPMOXXEHHOIO BPALLEEHUA MOJIEKYJT:
NPUBNTMXEHUE N3UHTA

- © 2000 T.B. JIUTHHCKHHA

Mopens 3aTOPMOIXKEHHOrO BPALUEHUA MOMEKYN MCMONb30BaHa ANS Bbi4MCTIEHNS TepMmoauHamu-
HECKUX (DYHKLMM MOJENbHON MOMAPHON MMAKOCTU AMMONbHLIX TBEPAbIX cdep (ATC) c y4eTom
B3aumopencTems cnepytowmx 3a Bramxarummn (BTOpbIX) cocegen. Ilytem 3ameHbi TOYHOro no:
TEHLUMana B3aMMOAENCTBUA Aunonedl cryneH4aTol dpyHKumel (noTeHUMansHOM AMOM) HCXOfJ,—H.I:IH
ren3eHbeproBCcKMii  raMunbTOHWAH CBOAMTCS K OgHOMEpPHOW mopenu MauHra, Ans KOTOpOoM MU3-
BECTHbI TOYHbIE AHAMMUTUYECKMUE BbIPAMEHUSA [NA CTATUCTUHECKOM CYMMBbI W TEPMOAMHIMUHECKMX
dyHKUMM. OcobeHHO NPOCTble 33BUCMMOCTM MOMYHAIOTCS B HU3KOTEMNEepPaTypHOM MpubmKeHun,
AnNsi KOTOPOro MPeanoXeHb! 3MNMpuyYeckre OpMYyfbl, YUMTbIBAIOLLME NagKOCTb NOTeHLMana
B3aMMmopencTeua. DT (POPMYfbl XOPOLIO COMMacyroTcs € AaHHbimu metopa Mowrte-Kapno so
BCeM MHTEPBANe TemnepaTtyp W NPeBOCXOAAT NO TOYHOCTH M3BeCTHYIO [lage-anpOKCUMAaHTY Tep-
MOJMHAMUHYECKON TEOPUM BO3MYLLLEHMN Ana cBoBoaHOM aneprim xugkocty OTC.

B npenpinymux paborax[1,2] mpeasnokedHa MoJesb 3aTOPMOXKEHHOTO BpalleHHUS MOJIEKY.J
(M3BM) aast onucaHus AMB/EKTPHUECKHX H TePMOJMHAMHWYECKHX CBOHCTB MpocTeiliedl mo-
JFPHOM XMAKOCTH AunosbHbiXx TBepabix cdep (ATC). CornacHo 3Toft MomesNH MOJspHAS
XKUIKOCTb MOXeT OBITb MpelcTaBleHa MNOJHMEepPONoJo6HEIM K1y6KoM (Lenodykoil) CBS3aHHBIX
APYT C ApYyroMm QUIIOJBHBIMHM cHlaMu MoJeKya — ITC, ans onucaHns CBOMCTB KOTOPOTO MOMKHO
HCTO/b30BAaTb XOPOILO pa3BHThiE MeTOABl CTATUCTUUECKOM (U3UKW MaKpPOMOJIEKYJ. Bo3MoXx-
HOCTb TaKOro MnpeiacTaBJ/IeHHS OﬁYCJIOBJIEHa AHU3OTPONIHBIM XapakKTepoM MNOTeHUHaJa AUIOJ/Ib-
JUITIOJILHOTO B3aUMOJEHCTBHUS:

2

u7(01,07,0)= —%—-(200591 c0s6y —sinB; sinB, cos@) =
R

e
R3
LAe: W — BeJHYMHA JHUIOJBHOTO MOMEHTa MOJeKyd; ©;— yrabl, o6pasoBaHHble THIONSMH ¢
OCBIO, COEJIMHSIIOIEH LEHTPEl ABYX MOJEKYJ, HaXOASUIMXCSH HA PACCTOSHMH R : @ — IByrpas-
Hbil, @ Y13 — TPOCTPAHCTBEHHBIH YTroA MeXAY [HIOJSMY: COSY1y =c0s0) cosO, +

+sin0 sin0, cosg. |
[TapannensHOMY pacroONOXeHHIO AUMOJEH BAOJb OCH R (kondurypawus “ronosa x XBocTy”)
COOTBETCTBYET NPUTAXKEHHE ¢ 3IHeprued B3aUMOAeHCTBUSY Uy (0,0,0) =“‘2M2 / R3, B TO
BpeMs Kak aHTHnapannenbHoMy  (“ronosa k rosose”) - ortankupamue o sHepruefi

(3c0sB) cosBy —cosy;y) (1)

uy(0,m,0) =2}-,L2 /R . u SHEPTHH M ONPefeNsioT GOJMbUMAHORCKHE BEPOATHOCTH COOTBET-
CTBYIOIINX OpHEHTauuH, Henasi Gollee NPEANOYTUTENbHBIME Leroyeyn/e KOHQUTYpalLMy AUIIO-
new B XKUAKOCTH.

3apukcupyeM, Kak 370 NPUHATO B TEOPHUH MOJHMEDOB, npousBosbHy0 (nepsyio) MOJIEK YTy
BIOML OcH R, To ecTb nonoxum yroa 0y =0. Torna Bropas MOJIeKysa GyneT Ha.x-o-nmbc;i B
fnoJie ¢ MOTEHLHANOM

Ug (9) =% _‘%LOO-SB (2)

" XapbKoBCKHE BOEHHBIN YHHBEPCHTET
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s ____Mojienb 3aTOpMOXEHHOrO BpaleHUsi Mosieky: npubwkenre UauHra

Toyno Tak e TpeTbs wacTHUa — OAMXaHUWNKA Cocell BTOPOH — GYyNeT OPHeHTHPOBATHLCH MO
yrjiom 04 [0 OTHOMIEHHIO K OCH, COEQMHSIOUIEN ee CO BTOPOH MOJIEKYJIOH M TaK JaJee.

B nprbamxennn BsanMoneHcTBHS OIHMAHUIHX COCENeH, KOTHA KaXKHas yacTHlla YYBCTBYeT
TOJIBKO TI0JIe MpeAblAyLleH, ONMHChiBaeMoe MoTeHuuat oM (2), mMoaHas SHeprUsi KUIKOCTH, T.e.
HeMOoYKM M3 N IHUITOJbHBIX MOJIEKYJ, OMHCHIBaeTCAd KJAaCCHYECKHM OJHOMEDPHBIM TaMUJbTOHHA-
HoMm ['efizenbepra [3]:

Hy=-JY <ili+1>=-J) cosb; ;, (3)

rpe “o6MeHHBIN HHTerpan” J = 2u2 /IR - npencTaBisieT coO60H MapaMeTp AUMOJb-AUIIONBHOTO
B3auMoneHcTBus; |i>, |i+1> — emWHUUHBIE BeKTODHl AUMOJBHBIX MOMEHTOB COCEIHHX MoJe-
KyJd, a 0;;,1 — yroa Mexay HUMH.

B xumkocTd ¢ maotHocThio p=N/V cpensee paccTosiHue MeXay OJMXaHIIMMH COCENSMH

- / ' ) o
R~p 13 4 ramunsronnan (3) NPHBOJUT K KOH(QHTYPALMOHHOH CTATHCTHYECKOH CyMMe st
Takol uernouku (>kuakocTH), cocroswed us N JITC:

Z4(2) = ( [exp(zcosB)sin0d0/2)" = (sh(z)/z)" (4)

roe: z=BJ = 2|3pp2 — 6e3pasMepHbIl apaMeTp AUMOJBHOTO B3aUMOAeHCTBHS; P = (kT)"'l.

BxJjiag AMAMONbHBIX B3AUMOJEHCTBHE B CBOGOMHYIO SHEPTHIO XUIKOCTH Fy Torna pabeH
BF;/N =B(F ~F )/ N=In(sh(z)/z) (5)

rae: F — cBo6onnas sHeprus ITC; F,. — cBoGoIHas SHeprs >XKMAKOCTH TBEPABIX cdep MpH

NAHHOM 3Ha4eHHH P, B KauecTBe KOTOPOrO HCIOJb3yeTcs H3BeCcTHOe BbipaxKeHMe KapHaraHa-

CrapauHra[4]. __

W3 5TOro BbIPaXKEHHS C MOMOIIBI0 TePMOJAWHAMHMYECKHX COOTHOLUEHHH JIeTKO MOJYYHTh BK/al
[HTIObHBIX B3aHMONEHCTBUI B IPYTHe TepMONHHAMHYeCcKHe OYHKUMM xuakocTd [1,2]:
BHYTPEHHIOI 9HEpPTHIO

BU,/N =z d(B?/M=—zL(z), | (6)
vA
SHTPOIHIO
TS, =BU, —BF; =—zL(z)+In(sh(z)/ z) (7)

rae: L(z)=cth(z)-1/z — ¢ynxuusa JlanxeBeHa, H [pyrue.

[IpuBeneHHble Beille HOPMYJE [/l TEPMOAWHAMUYECKHX dyskuuit gmoraa JTC Hemoxo
corjiacyloTcs ¢ JaHHHIMH MeToja Mownre-Kapio (MK) mpu yMepeHHBIX 3HaueHHfX NapameTpa

B3auMofedcTBH z <1 (Bp,Lz/ > <2)[2,5], ogHako NpH HHU3KHX TeMIepaTypax (unn npu

6OMBIIAX (1) NPUOIMKEHHsi B3aUMOJEHCTBHA OJHMKAHIIMX cocenell, Ha KOTOPOM OCHOBaHbI
BHILIETIPUBEleHHble (OPMYJibl, OKas3blBaeTcs yXe HelLOCTaTOuHO = HeOOXOAMMO YUHTHIBATH
B3aMMoeiicTBEs GoJiee yAaJeHHBIX MO LenH AunoJed. B paMkax ramMu/bTOHHaHA [erizen6epra
(3) chmenaTh 3TO MOXHO JHLUb B YMCJIEHHOM BHIE [6,7], TO3TOMY B n.pe;[m}i[ymeﬁ paGote [8]
ANS yueTa B3aHMOAEHCTBHH CAEAYIOIUHX 34 GaKanaMu (BTOphIX) coceger TIPeNI0NKeHO BMe-
CTO TOYHOrO TIOTEHLMAJa BpalleHHs AHIMOJeH (2) ucnonbzoBaTh YNPOLIEHHBIN - CTYIEHYATHIH -
noTeHIHaI:

U4(0)=~J, 0<0<n/2 (8)

J, #f2<0<m

Vcronb30oBaHie STOro MOTEHIHaNa 03HayaeT 3aMeHy MCXOJHOTO reiiseH6EpProBCKOro raMu/bTo-
nuama (3) ramumsTormaHoym Msnara [3), B KOTOPOM MMIOJbHbIE MOMHTLI (To ecTh co-sij)
NPHHUMAIOT BCEro JBa 3HayeHHA: 1. Ins omHoMepHoO# Mofenu KlsuHra B npﬁ6m>}<eﬁuu B3au-
MoOJeHcTBHSl HeOJHKaNMKUX coceleld W3BeCTHBI TOUHDIE 2HAJNHTHYECKHE pelleHus (9,101 anasn

CTATUCTUYECKOH CYMMBI H TepMOAMHaAMHYECKUX GyHKUHH, ¥ B 3TOH paboTe Mbl HCNOJB3YEM HX
AJ1s OTIMCAaHUs CBOHCTB MOJNAPHBIX XKHAKOCTEH B paMKax M3BM.
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B npabanxennn B3arnMogeHcTBHA OJHMXAAIWHX Ccoceaed KOHPUTypalnoHHasA (cg)a)l* H};ﬂ o
¢BoOO/IHAast M BHYTPEeHHSAS sHeprus A5 Mofenau Msuura (To ecThb A4 noTeHlUHana 16// 4

BHIL:

Jlnsi Toro, YTo6bl MOJyyeHHBIe TepMOAMHAMHUYeCKHe ¢

Z4(z) = (ch(z))"

BF, /N =-In(ch(z))

ﬁUd /N =—zth(z)

YHKUMHM MakcUMa/JbHbIM 00pasoM COBIIa-

(9)
(10)
(11)

nafn ¢ “TOYHbIMH” BblpaxkeHuamu (4)-(6), Beamuuny Gapbepa BpaileHuss J He0OXOZMUMO BhI-
6UpaTh U3 YCJOBHS PaBEHCTBA IUIOLIAfell MOTeHLHaNbHbIX M (BapbepoB) AJISI TOUHOTO [OTEH-
uMana (2) wu ero crymedyatoro npuGauxenusi (8), uto yMensimaer J Ha BeAHUHHY Y =27

= 0.6364 [8] Tak uto B opmynax (9) — (11) z=2ﬂ3pu2 =1.273Bpp2.

Pacuetsl o dopmynam (5), (6), (10), (11) npusenens B Tabauuax 1-3 (TpeThH U YeTBep-
Thle CTOJOULl TabJaHL), Tae OHH CPaBHMBAlOTCH C JaHHBIMM MeToga MoHTe-KapJo (MK) [11]

*
(Broprre cronbupl Tabauu) aas xuakoctd JTC ¢ TIOTHOCTBIO P = No>/V =0.9.

Tabrrna 1. CeoGonHas sHeprust xunkoctd ATC

Kax Bugno us tabauu, npu HU3KHMX TeMmeparypax (
(8) ana noTeHuuana BsauMoAeHCTBUA — dGopMyb (

16

2
9%_ —BF4(MK) | ~BFz(5) | —BF4(10) | —BF4(13) | =BF4(15) | =BF42(17)
o] | . . -
0.5 0.21 0.13 0.16 0.19 - 0.25 - 0.28
1.0 0.68 0.49 0.55 0.70 0.74 - 0.80
2.0 2.01 1.63 1.61 1.99 2.00 - 2.94
3.0 3.65 3.02 2.74 333 3.33 3.94
4.0 5.38 4.53 3.89 4.66 4.66 5.76
Tabnuua 2. Buytpenusisi sgeprus xunkoctu JTC
[—3-%— “BU4(MK) | —=BU4(6) | —BUz(A1) | =BUz(14) | ~BU4(16) | —BU 4, (18)
0]
0.5 0.37 0.26 ~ 0.30 0.38 0.39 0.41
1.0 1.11 0.90 0.94 1.19 113 1.21
2.0 2.98 2.61 2.25 2.67 2.64 3.22
3.0 5.0 4.40 3.43 4.02 4.02 5.32
40 7.3 6.20 4.58 5.37 5.37 7.43
Taburna 3. durtponus xupkoctu ITC
Bp’. —TSd(MK) ""'TSd "‘TSd _T'Sd2 _TSd2 —-TSd-z
o3 (6)-(5) | (11)-(10) | (14)-(13) | (16)~(15) (18)—(17) |
05 0.16 0.13 0.14 0.19 0.16 0.13
1.0 0.43 0.4l 0.39 0.49 "0.39 0.41
2.0 0.97 0.98 0.64_ 0.68 0.64 0.08
30 | 135 138 | 0.69 0.69 0.69 138
10 92 167 069 | 069 0.69 167

2,3 |
Bu“ /e’ >2) CTYNEeHYaToe npub/imKenue
10)-(11) ~ oxassiBaercs CJHIIKOM rpy6oim
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OCOOEHHO A% AMNOJBHOTO BKJajga B SHTPONHIO XKUIKOCTH. CToJIb K& HEeTOYHBIMU OKa3biBalOTCH

M JIpyrue CTPYKTYPHO-UYBCTBHTE/NbHbBIE PYHKUMHK, HanipuMep, pakTtop KMpkByaa M cBfizaHHas C
HUM AH3JeKTpHUeCKas [IPOHULIAEeMOCThb XHIKOCTH.

MuTepecHo, ofHaKo, OLUEHUTh BEJIMUMHY BKNaNa HEOJHMKAHIIHX COCeliell B TepMOJMHaMMYe-
ckue GyHKUMK Xuakoctd ATC B 2108 (M3MHIOBCKOM) MOMleIM B3aUMOZeMCTBHS YaCTHLL
lamuabTOHMaH V3uHra ans B3aHMONEWUCTBUS Z€PBLIX H BTOPAIX COCEAEH MeeT BULL:

H, =-—J12<i1i+1>=-—J22<z’|i+2>=—lecos6,-,,-+1 ~Jp2.c088; ;0  (12)
rae, Kak M TpeXk[e, BEKTOPHl ABJIAIOTCS OJHOMEPHLIMH Tak, YTO BCe KOCHHYCHl NPHHHUMAIOT
JWUIb ABa 3HaueHus: tl; J; u Jo mnpencrasasioT cobod mapaMeTpbl OUIMOJb-AUIIOJbHOIO B3aK-
MOJeHCTBUS MeXAy OMKaUIIHAMH U CAefyOWUMH 32 O6JMXKaiIMMK cocessMu. TlepBbifl H3 HHX
Jy =J onpenenen Buie (dopmysa (3)), a BTopoli KMeeT BHA: 2p,2 /Rg , Tne Ry — paccros-
HHe MeXIy CJeLyoLMME 32 OMMXKaiiuMu cocefisiMi. B mioTHo# xunkoetu JITC sTo paccros-
HHe COOTBETCTBYeT BTOPOMY IIHKY MapHOH KoppeasuuoHHOH ¢yHKumu Ry ~1.8c [12] Tak,
4TO |

Jy=aJ u a=187=~017.
TouHoe BhIpaXKeHHe Il CTAaTCYMMbl 9TOH MOJENH MOJyyeHo MeTooM TpaHcdep-Matpuupl [10]

¥ TPUBOAUT K BHIPAXKEHHIO A/ CBOOOIHON SHEPTHHU!
1

BF /N=_1n[e2(2c2 —1)+e'2+2Bc]5 +In2 (13)

/2
Coe MBI AAs KpaTKocTH oGosHauwin: ¢ =ch(z), e=exp(az), B E(e4(02 ——1)-1—1)1 H, Kak

M TIpexne, Z =2yﬁpp2 = 1.273[3-pp2.
BoipakeHue [/l BHYTPEHHeil SHePrMH JKHIKOCTH JHIIONbHBIX TBEPABIX Cep B 3TOH MOAEJH
crenyet ua (13) ¢ yueToM TepMOmMHaMUUeCKoro coorTHouerus (6) n umeeT BHA:

e2(2sc +a2c® —1)) —a/e? + 5B +ce* (sc+2a(c’ ~1))/B

0

BU /I N=~2 (14)

rae: S=sh(z), a QE€2(202 —1)+e”? + 2Bc.

B npHOJAMKEHHH B3aHMOJEHCTBHS OMIMXaHLINX coceneiit =1, e=1u Buipaxenus (13) u
(14) mepexomst B dopmyast (10) u (11).

B maThIX cTosbliax TaGJuull NpHBefeHbl CBOOGOAHAs W BHYTPEHHSSl SHEPrHH, a TaKXKe SHTPO-
nust xugroetn ITC, pacunrtanubie mo ¢opmysiam (13), (14) u U3 TepMOAMHAMHYECKOTO COOT-
goinenus (7).

Kak BUAHO W3 TaGJul, y4eT B3aHMOJeHCTBHS CO BTOPBIMHM COCENSMH CYLIECTBEHHO yJIy4iuaeT
COLNACHE MONEJW C MAaLIHHHBIM 3KCIepHUMeHTOM, OQHAKoO MpHM HHU3KMX TeMmIepaTypax  Io-
IpeXKHeMy UMeIOTCH CyIeCTBeHHble OTKJIOHEHHS. Oco6eHHO 3TO 3aMeTHO AJIS SHTPONHKH, KOTO-
pasi Jyisi Mojfiend MIsHHTa He MOXKeT MpeBBIlIaTh BeJTHHUHY In2 = 0.693.

B s1oM HH3KOTeMITepaTypHoM npefene (z —> o) GopMyIHl (13), (14) ynpouamoTcs ¥ CBOASITCS

K BbIpaXKeHHSIM: | |
BF 5 / N =—In[ch(z)exp(az)]—1n2 - z(1 + o) (15)

BU g5 | N =—z|th(z) + o] —z(1 + @) (16)

13 KOTOpBIX, B UACTHOCTH, H CJieflyeT MpellebHoe 3HaueHue SHTPOILH In2. |
UHTepecHO OTMETHTb, YTO (OPMYJIBI (15), (16) B TOYHOCTH COBMAJAIOT C IipHBe,E[:eHHbIMH
panee [8] npHOAHIKEHHBIMH Bblpa)enHAMH L% TepPMOJIMHAMUYECKHX GbyHKUMH ,IIT. , ToJIy-
yeHHbIMH TYTEM TPAMOTO HHTErpUpOBaHHS MO YIJIOBBIM [ePEMEHHBIM BhIpAXKEHHS QI CTaT-
CYMMBI YacCTHLB, Haxofslelics B Mojie ABYX OJMKauIIMX COCEeH. Tquoch 9TOrO HHsE{Fg;M-
nepaTypHOro MNpPHGIMKEHHsS. MOMXHO OLEHHTb, CpaBHMBAA pacuMTaHHble IO q)opmy.nam U
(16) TepmonmHamuueckre QyHKuun (wecTod cTobel '-ra-6_JIHu)_ ¢ MX TOUHBIMHM BbIpAXEHHSAMH
(13) u (14) (nste cronbew). VI3 3Toro cpaBHeHHs C/ieflyeT, UTO MPOCTHE npnﬁ)nﬁmeﬁnue
dopmynst (15) u (16) poctarouno GJHSKH K TOUHBIM cootHowernusm (13) u (14) Bo BCeM
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2 3 OJIHOCTBIO COB-
paccMaTpHBAaEMOM AMaNa3oHe TeMmepaTyp, a npu Pp” /c”~ 22 npakTHYECKH I PR
NagaoT ¢ HUMH, YTO MO3BOJSET HCMOJNb30BaTh HX NS KOJIMYECTBEHHBIX pacyeToB CB

JAPHBIX XKUAKOCTEH. y

Eie onHa noJse3Has ocoGeHHOCTb HH3KOTeMIIepaTypHOIO NnpUBIHKEHUSA AJIS CTaTcyMbI AHA
nobHOM uyacTHUb (BbIpaXKeHMe B KBaipaTHHX ckoGKax B (opmyue (15)), oTmedeHHas paEse
(8] — aT0 ee gakTopusauHg — MpeACTaBUMOCTh B BHAE [TPOU3BEAEHHS IBYX COMHOXHUTEJIEH:!

CTaTCyMMbi NpHOMMKEHNs B3aMMofecTeus Gikaimmx coceneit (ch(z), dopmyna (9)) u

SKCTIOHEHLIMATbHOTO MHOXHUTeas exp(0z), YUHTHIBAIOMIEro B3auMofeHCcTBHEe cO BTOPBIMH COCe-

ISMH. IDTOT (PaKT MO3BOJISIET TNMOJYYHTh HpOCTHe W Gojee TOYHbie MPH HHU3KHX TeMIiepaTypax
BbIP)KeHHS [/l CTaTCyMMbl M TepMOAHHaMH4ecKHX Qyskumi xugkoctd ATC. [lis sToro, cie-
nyst [8], Heo6XOOUMO 3aMEHHTb H3HWHIOBCKOe BbipaKeHHe [Jisi CTaTCyMMbl LENOYKH CO B3aH-
MOZeHCcTBHeM 6auKauwmux cocemel (9), OCHOBaHHYIO Ha CTYyMNeHYaTOM NpUOHMIKeHHH A5 M0-
TeHUMaNa AUMOJb-IHIONBHOrO B3auMmoeiicTBis (8), Ha refisenGeprockyio crarcymmy (4), or-
Beyalollyl0 TOYHOMY noTeHuHalny (2).

[TonyyeHHble TakuM 06pa3oM cBOGOAHAS U BHYTPEHHSIS HEPrUU HMEIOT BHI!

BF,, /N =—In sh(z)exp(oz) (17)
| z |
BU j2 /N =—z(L(z) + ) (18)

rae, Kaxk v B (4), z=2[3pu2.

PacueTh 1o 3TuM ¢opMy/iam npuBefeHH B MocaeJHUX cTonblax Tabauu 1- 3 U KeMOHCTpH-
PYIOT Xopoillee COrJiacHe ¢ MalIMHHHIM 3KCMEepUMEHTOM BO BCEM NOCTYIHOM AManasoHe TeMIle-
paTyp, MpPeBOCXOAsl IO TOYHOCTH, CYMTANOUIYIOCS ONHOM M3 JYYLUHX, anmpokcumaHTty I[lame
TepPMOAMHAMHUYECKOH TEOPHH BO3MYIIeHMH I cBOGOAHOM 3Hepruu xuukoctd JATC [8,11].
Vcnosp3oBaue reiiseH6eproBckoro BhIpaKeHHst 4Jisi cTarcymmbl (4) mosBosseT “HOANpaBUTH”
TepMoauHaMHuyeckue QyHKUMH xunkoctd ITC nmeHHO B HM3KOTeMMepaTypHOH obaacTu. Ilpw
5TOM B3aMMOJEHCTBHEe HeOJMXaHUINX COCeReidl He BJHAET, Kak 3To Jerko BuaeTh u3 (17) u
(18), Ha SHTPONHIO CHCTeMBI TaK, YTO OHa H B STOM cllyyae ONMCHIBaeTCsl re3eHOEpProBCKHM
BoipaxkeHuem (7).

[TpuBeseHHble Bhille Bhipax<enust (17) u (18) ana TepMomHHAMHYECKHX QYHKUMH KHAAKOCTH
ATC, GesycioBHO, ABNSIOTCH SMITHpHYECKHMH, TIOCKOJbKY OCHOBAHLI Ha NPEAIONOXKEeHUH O
TOM, HTO B HM3KOTEMNepaTypHOM Ipefesie CTaTCyMMa reli3eHGEpProBCKOM CHCTeMbl ¢ B3aUMO-
AEHCTBHEM BTOPLIX COCElieH SBJIAETCS MPOH3BeJeHHEM IBYX COMHOXMTENEH, KaK 5T0 HMeeT
~ MeCTO B Cjydae H3MHTOBCKOM Lienodykd. OGOCHOBaHHe 3TON aHaJOrMH TpeOyeT BHIUMCIEHUS
3TOH CTAaTCYMMBI M GyfeT pacCMOTPEHO B C/IeAYIOLIHX COOOLIEHUSIX, OJHAKO, M0 KpafiHei Mepe,
B Npele/IbHOM Caydae z —> o0 BhIpaXKeHHe [JI BHYTPeHHEeH 3Hepruu reiseH6eproBCKoON Lenoy-
KM [7] coBmagaer ¢ moc/ieJHUM paBeHcTBOM B (16) uTo, MO-BHAHMOMY, FOBOPHUT B N0OJIb3Y Ta-
KOHM aHAJIOTHH.

Jlutepartypa

1. JIntusckun I.B. XK. Crpykr. Xumun. 1998. T.39. No5. C.843-850.

2. JIntunckuit T.B. Bectn. Xapek. Yu-ta. 1999. Ne437. Xumus. B 3. C.59-61

3. Crensn I'. dazoBble Mepexo/ibl ¥ KPUTHYECKHE SBJCHHS. M. - Mup, 1973. 419 ¢.

4. FOxuopckuii M.P., Tonosko M.®. Cratucrrueckas TCOPHS KJIaCCHYECKUX DPaBHOBECHBIX
cucteM. Kues: Haykora gymka, 1980. 372 c. |

5. Jlutunckuit I.B. Beetn. Xapsk. VH-Ta. 1999. Ne454. Buin.4. C.180-189

6. Harada I. J. Phys. Soc. Japan 1984. Vol.53. No5. P.1643-1651.

7. Harada I., Mikeska H.J. Z. Physik. 1988. Vol.B72. Ne3. P.391-398.

8. Jlutmuckuil I.B. BectH. Boernoro ¥u-ra. 2000. (s meuary)

9. Dobson J.F. J. Math. Phys. 1969. Vol.10. Nel. P.40-45.

10, %heumezm W.K.,}}I-I'{oye Ji J. Chem. Phys. 1971. Vol.55. Ne9. P. 4159-4166

11. Jlesex ., Beiic 2K.-2K., Aucen XK.-I1. MeTomsi Moute-Kanmm o o e .
e Tun ey & Bovie o 03 Mup, 1989, .58 A HTe-Kapno B cratnermyeckoi pusu-

18



~ Mopenb s3atopmodkeHHOro BpaueHusi Monekyn: npubamkenne Uanxra

12. bepuan Ix., Kunr C. ®usnka npocteix xugkocreir. T.1. / TToa pen. I'.Temnepau, [x.
Poyauncona u k. Pambpyka. M.: Mup, 1971. C.116.

IToctynnsra B pegakyuro 21 mapra 2000 r.

Kharkov University Bulletin. 2000, Ne 477. Chemical Series. Issue 5(28). G.B. Litinskii. A
model of the hindered molecular rotation: Ising approximation.

A new theoretical model of the hindered molecular rotaition is used for calculating thermodynamical
functions of polar liquids of dipolar hard spheres in the Ising approximation with next-neighbour interac-
tions. In this approximation our model leads to exact analitical fomulae for the internal and Helmholtz
free energies. In low-temperature limit these formulae have a very simple analitical form and are in a
good agreement with Monte-Carlo simulation data, better than one of the best Pade-approximation
formula from the thermodynamic perturbation theory.
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RANDOM VORONOI TESSELLATIONS:
A WAY OF USING IN KINETIC SIMULATIONS

© 2000 A.I.LKorobov

The objective in this communication is to show that the typical cell of a random Yoronoi
tessellation may be used for simulating the global kinetics of various nucleation and growth 'k’
impingement processes. A particular realization of the typical cell is constructed numerically with
the account of detailed statistics of Gabriel and non-Gabriel edges and is shown to be
representative in kinetic respect. This expands the scope of using this interesting and efficient tool
of simulation and is promising from the angle of kinetic applications. |

In a recent book [1] Voronoi diagrams (tessellations) are characterized as "one of a few
truly interdisciplinary concepts”, and more than twenty fields of application are mentioned
among which crystallography and chemistry, astronomy and biology, anthropology and ecol-
ogy, etc. Also, the dominance of recent references in the bibliography is emphasized in the
book as an indication of ever increasing interest to this tool of simulation. Though many in-
teresting and useful results, both analytical and empirical, are known for Voronoi diagrams,
still there are some essential questions to be clarified. One of them arises in heterogeneous
chemical kinetics in connection with the need to get a keener insight into the structure of
rate-time curves [2]. These curves describe formation of some nuclei and their growth to
impingements due to chemical transformations [3]. To understand the structure of these
curves in more detail, nuclei impingements need to be taken into account explicitly in terms
of tessellations (rather than in terms of coverings) [2]. A random tessellation is characterized
by its typical cell [1,4]. This leads, in particular, to the general question to what extent the
typical cell of a tessellation is representative in kinetic respect.

Note in this connection that currently a static view prevails in the literature on the sub-
ject: a random tessellation is treated as a pattern obtained after a nucleation and growth to
impingement process has been completed and is used for simulating various properties of
eventual cellular structures. The present communication suggests an alternative kinetic view.
Briefly it consists in that the growth of each nucleus inside its cell of a tessellation is followed
in detail starting from the instant of birth and up to the moment when the cell will be
completely filled. Impingements with neighbouring nuclei are simulated in these terms as
impingements of a nucleus with the cell edges. Within this approach a random tessellation is
treated as a pattern that will be gradually filled with a new phase. And though this approach
has one of its roots in computational chemical kinetics, it seems to be of extended interest for
those dealing with simulation of various cellular structures in physics of granular media,
tl;eory of first-order phase transitions, statistical crystallography, materials characterization,
etc. -
~In the simplest case when all .nucleji are formed simultaneously, nucleation and growth to
impingement processes are described in terms of Poisson Voronoi tessellations which means
that all nuclei are located in space at random according to the homogeneous Poisson point
process. The typical Voronoi cell is delined in this case as the random polytope on (T',4)
lr{avi_ﬂg Pa_lm‘measiu_re Q [fL-]., where T is the set (?f polytopes in RY equipped with a suitable o-
field A. Main points g-’t issue become egphcxt in two dimensions, and we will restrict our-
selves here to two-dimensional Voronoi tessellations. When the typical cell of a two-
dimensional Poisson Voronoi tessellation with the density A of nucleation '
it is known that the number V of its edges is 6, its area Sis 1/, its
4/2172, the averaged number N of edges outgoing f ool ot

] 3 D€ 38 ¢ g Irom a typical verte
total length L' of edges, outgoing from a typical vertex is 2 /a1/2 [1,4].
istics may be continued. |

The question of kinetic representativity of the typical cel
particular realizations. Relatively small attention is devoted

points is concerned,
erimeter length P is
X is 3, the averaged
This list of character-

Lis l-argely the question about its
in the literature to this point. If a
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wide variety of realizations may be constructed without suitable classification and/or criteria
ol comparison, this set most likely will be of limited interest. This seems to be the case for
hexagonal cells with given area and perimeter length that are known analytically. To reduce
this potential set, a natural further step is to take into consideration the averaged distances d,
of the nearest, second, etc. edges from the nucleation point and also the averaged distances #;
of the nearest, second, etc. vertexes. They are not known analytically but may be estimated
numerically, as many other characteristics of random tessellations. Various estimations dis-
cussed below were obtained using a random Voronoi tessellation generated in a usual way (as
described e.g. by Frost and Thompson [5]). As to the numerical technique, the only peculiar-
ity is that the computer program was adapted for growing a circular nucleus inside each cell
of the tessellation as explained below. This step of simulation is time consuming, and because
of this the number of cells was restricted to 5000. But even this relatively small sample pro-
vides estimations acceptable in the present context. Boundary cells were rejected, and aiter
this the ultimate density of nucleation points A is 0.93. Averaged distances to edges and ver-
texes are given in Table 1.

Table 1. Empirical characteristics of the typical cell

Edge number i 1 2 3 4 5 6
Averaged distances to edges d| 0.279 | 0404 | 0.511 | 0.603 | 0.736 | 0.887
Averaged distances to vertexes hijer 0.493 | 0.602 | 0.682 | 0.797 | 0926 | 1.019
% of non-Gabriel edges 0 | 203 | 311 | 365 | 473 | 54.1

But even with these characteristics two points remain ambiguous: (i) we do not know the
order in which the nearest, second, etc. edges may be situated; (ii) we do not know either
angles between edges or lengths of edges, i.e. how the perimeter length is distributed be-
tween edges. When kinetic simulations are concerned, this is a considerable ambiguity. At-
tempts to clarify these two points via direct numerical simulation failed. One of them was to
find out the most frequent mutual situation of edges with respect to their distances from the
nucleation point. Computations have shown that practically all possible non-cyclic permuta-
tions are present in the tessellation with fairly close frequencies. Another computation con-
cerned edge lengths. Given the distance o of an edge from the nucleation point, the expected
length e of this edge is known to be [6]

| 1

e = —\/Texp(-nxdz) (1)

But the sum of lengths calculated in this way with averaged distances (Table 1) differs
considerably from the perimeter length P of the typical cell (3.01 vs 4.15 respectively).

In thinking over this result it comes to mind that edges of a Poisson Voronoi tessellation
are of two types. According to [4] two nucleation points Vo and V| are said to be Gabriel
neighbours (or full Voronoi neighbours) if their Voronoi cells are neighbours and the straight
line VgV intersects the common edge AB of these cells (Figure la). We will term such an
edge the Gabriel edge. A non-Gabriel edge is, accordingly, the edge that is not intersected by
the line joining two adjacent nucleation points (e.g. edge BC in Figure la). The averaged
number of Gabriel neighbours y of the typical Voronoi cell is known to be 4 [4]. Gabriel and
non-Gabriel edges determine different kinetic behaviour of a growing nucleus. Accor.dingiy,
statistical computations were carried out in which polygons of the tessellation with different
number v of edges were treated separately. Results obtained show that polygons of the ran-
dom tessellation are distributed in the number of non-Gabriel edges in a regular manner.

This clarifies not only point (ii) above but, unexpectedly, also point (i). For simple geomet-
rical considerations the nearest edge cannot be non-Gabriel at all. Also, if there are two adja-
cent edges, and one of them is Gabriel whereas the other is not, only the more distant edge
can be non-Gabriel. It follows that the sequence of edges {1,2,3,4,5,6} (where "1" denotes the
nearest edge, etc.) is the only sequence that may represent results given in Table 1. Any
other permutation will represent a sample with zero percentages of non-Gabriel edges for at
least two edges. | -
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Fig.1. (a) Two types of edges are possible in a Poisson Voronoi tessellation:
Gabriel (AB) and non-Gabriel (BC); (b) both adjacent edges are Gabriel

For this particular sequence of edges it is now possible to calculate angles between them.
If both edges 7 and j are Gabriel (as in Figure 1b) then the angle ag- between them is calcu-

lated as
a¥ = arcsin 9 -+ arcsin| i '-
j = arcsin| - | + arcsin| - (2)
hy hy; S
If the more distant edge / is non-Gabriel (as in Figure 1a) then |
* ; df . d}
o = arcsin| —- | + 7 — arcsin| —- (3)

With the account that all nearest edges of the tessellation are Gabriel and among second
edges 20.3 % are non-Gabriel, angle oyo between the nearest and second edges of the typi-

cal cell is calculated as ayp = 0.8(1_.?2 + 0.2(1;‘2 . And in this way the chain of similar calcula-
tions leads to a closed convex hexagon shown in Figure 2. This hexagon has the area 1.09
(compare with S=1/21=1.08) and the perimeter length 4.18 (compare with P=4/)1/2=4 1-5)-
Within the above scheme of construction it is unique. And though this does ndt meaﬁ 'o’;‘
course, that only one realization of the typical cell is possible, it seems u-nlikely_that too fn;m
realizations may represent all the above averaged characteristics.. B M
Now the capability of this hexagonal typical cell to represent kinetics of nucleation and
growth to impingement processes may be shown via direct simulation. [et radius - ofn
growing nucleus run from 0 to A, (where 4, is the distance to the most distanf vert f .
cell) and a series of concentric circles is constructed for it with the nucleatiéri poi-m(tE o?xa C;‘eﬁ
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as the center (an ex-
ample is shown in
Figure 2). For each
circle the length / of
its part which is within
the cell is registered.
The result is a function
Ar) for each cell which
represents the actual
boundary length of a

growing circular nu-
- cleus with the account
ol impingements as a
function of radius r. It
will be termed a primi-
tive kinematic curve.
The dotted line in Fig-
ure 3 was obtained
numerically as the
sum of Ar) curves for
all cells of the tessellation divided by their number. It provides an integral characteristic of
the tessellation in kinetic respect and may be treated as a direct analogue of conventional

Fig. 2. A particular realization of the typical Voronoi
cell; concentric circles illustrate the growth of a circu-
lar nucleus inside this averaged hexagon

I
kY
kS i
(ah)
L
4y}
=
9
e
— =
0 P LI ) ] , . ,
0 0.2 04 0.6 0.8 1 1.2 ) 1.4

Radius
Fig. 3. Primitive kinematic curve for the averaged hexagon (solid) in cpmparison with the
kinematic curve averaged over the whole tessellation (dotted); in the insert the former is
smoothed

rate-time curves (if rate is considered to be directly proportional to the boundary length and
the increase of radius is linear). '
Another curve with cusps in Figure 3 was obtained in the same way by following the
growth of one nucleus inside the typical cell shown in Figure 2. And though one of th'em is
smooth whereas another one is not, there are good grounds to say that the latter prqwde_s a
reasonable representation of the former. The fitting may be further impmved by smopthmg
the typical primitive curve. The result obtained with the use of symmetric k—negrest neighbor
linear least square fitting procedure [7] is shown in the insert. But ‘Ehg.compansor} g_f.curves |
without smoothing seems to be more informative due to the possibility of subdl'mdmg the
integral curve into sections according to the situation of cusps on the corresponding typical
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RS o

e detailed description and analysis of
h is of considerable need and canno.t
will be considered in more detail

primitive curve. In particular, this opens the way for mor
rate-time curves in heterogeneous chemical kinetics, which
be accomplished within conventional approach [2]. This point

elsewhere. _ o £ 5 Haoeris]
The main conclusion is that it is possible to construct a particular realization ol the typica

cell of a random Poisson Voronoi tessellation, which is capable of representing thet global kz
netics of nucleation and growth to impingement processes that lead to -’[he .iormattxon_of this
highly correlated construction. In addition to heterogeneous chemical kinetics tms may also
be useful in simulating the evolution of various space-filling cellular structures, in particular

kinetics of lirst-order phase transitions.
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Kharkov University Bulletin. 2000. Ne 477. Chemical Series. Issue 5(28). A..Kopo6osB
CnyqaﬁHble MO3aukKu BODOHOFO: ncnonb3oBaHe B KMHETUHYECKOM MOOeanpoOBaHnNn.
MokaszaHa BO3MOMHOCTL MCMONb3OBAHUSA TUMMUHOM SYEHKM Criy4alHoW Mo3aukn BopoHoro npw
MOAENUPOBAHUM KUHETUKM Pa3NMYHbIX NPOLLECCOB, MPOTEKAIOWMX NO MeXaHM3mMy obpa3osaHus M pocTa
3apopbiwen. PeanM3aums TUNMHHOM SYEMKM NOCTPOEHa YUCMIEHHO C YYEeTOM [EeTanbHOM CTaTMCTHUKH
rabpuenosbix pebep, M NOKa3aHa KMHETUYECKAN NPEACTaBUTENBHOCTh 3TON Peanu3auuy.
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SINGULAR VALUE DECOMPOSITION FOR ACCELERATING GRADIENT ITERATIVE
METHODS: APPLICATION TO SCF MOLECULAR PROBLEMS

© 2000 A.V.Luzanov, A.D.Bochevarov

A computational scheme for realizing nonlinear variational models is improved for the case of
quasi-one-electron approach such as antisymmetrized geminal power, extended Hartree-Fock
model and other methods using one-electron variational matrices. The technique proposed is
specified for the conventional Hartree-Fock model and its efficacy is demonstrated for some non-
empirical and semiempirical calculations. |

New ellicient algorithms that give extremals of nonlinear energy functionals, especially a
minimal energy point, are still of particular importance within computational quantum
chemistry. In exploring this problem, the Hartree-Fock (HF) energy functional is the generic
one, and many useful and rather sophisticated techniques have been developed Ior
accelerating convergency to the seli-consistent solution of HF equations. As a deep insight
into nonlinear aspects of the HF theory, the original review [1] may be recommended. Though
new approaches have been appearing from time to time (see, e.g., [2,3]), there are significant
well-known quantum-mechanical models, such as MCSCF, that also necessitate further
development in this respect.

The goal of this paper is to propose a rather general and simple computational scheme for
seeking a minimum of special energy functionals, that is based upon the so-called covariant
representation. We will keep here the terminology used in our previous works [4,5]. The
electronic model in question will be called covariant if all its variational parameters can be
packed into certain matrices (operators), so that the energy functional may be represented as
an invariant (nonlinear in the general case) form of such variational matrices.

The Hartree-Fock energy EHF is the simplest example of this situation due to the covari-
ant variational matrix p, usually named the Dirac-Fock density matrix,

9=§|(Pi><q>i| | (1)

where {@; } is a set of occupied MO’s. Other covariant models, such as the extended HF

approach (EHF) or antisymmetrized geminal power model (AGP), have been studied in our
works cited above. The algorithm given here can be applied to any covariant many-electron
model. Nevertheless, in this work we restrict ourselves to a specific realization of the algo-
rithm for the HF model only.

The general computational scheme

Let us consider the problem of minimizing an arbitrary energy functional E=E(X ),
where X is a given variational matrix. For simplicity we will consider X as a certain one-
electron object X = X (1), but generally this restriction is not necessary for the whole ap-

proach. | .
In the vicinity of point X the expansion of the functional in a series up to second-order

terms provides a suitable in the present context approximation:

|
E(X+M)=E(X)+SpAX(l)g(1)+~2f Sp AX (1) AX (2)A(1,2), (2)
H (1,2)
where the one-electron matrix
g()=8E/8X7 (1) - (3)
is a gradient of E(X) at the point X, and the two-electron matrix
A(L2)=82EN8XT(1)6X(2)) (4)
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T

plays the role of the Hessian matrix for the functional E(X). For example, in the case of the
(1,2) can be recognized as HF stability matrix
[1]. Evidently, the

HF model the corresponding matrix AT

whose eigenvalues ifF can be treated as effective excitation energies

requirement Z,f,'IF > ( guarantees a local minimum value of E(X) to be found in the vicin-

ity of X . N | —
In the general case, relationship (4) is also identified as 2 stability matrix, and 1t wWill be

assumed that it is positive definite: (5)

A(1,2)>0
Developing relationship (2) further, we can easily writ
AX by an elementary minimization procedures for (2) as the functional
AX =-A"'(g). (6)
This is nothing but the well-known Newton-Raphson approach to updating the starting
point X if one takes |

e down the optimal correction matrix
with respect to AX :

X=X+AX -
as a new point for subsequent optimization step. s .
A crux of realizing these Newtonian steps of optimization is a very large dimension and

complicated structure of the A(1,2) for most of real cases. Our main idea for reducing diffi-

culties of solving (6) is based on the matrix form of the above relations. It is known that for
an arbitrary matrix the most compact form is produced by the so-called singular value decom-
position [6]. Thus, at the first stage of our modification of the quasi-Newtonian procedure one
needs to obtain the singular value decomposition for (3)

D | ‘
g)= Y galua O}, M) (8)
a=1 |

Squared singular values g, are eigenvalues of both matrix products gg” and g7g, and
[ ua>,[ va> are eigenvectors of these matrices. In so doing the singular values are arranged
in descending order, and the number D is determined by the condition

gp+1 STolerance~ 107 a.u. (9)

which eliminates unimportant contributions of the decomposition.
The next stage is making an estimation of the correction matrix (6). At this point we
suppose AX to be of the form '

D
AX = 3 cglug)(vq| | (10)

a=1
where ¢, are the sought-for coeilicients. Strictly speaking, (10) is not the exact solution to
(6), but in view of (8) it may be expected to be suificient for the iteration process. Therefore,
one obtains ¢, from (6), (8) and (10) as follows

D
¢4 =bzlA;},ga, (11)

where -
Aab=<va |A(l-ub ><Vb|)lu_a> (12)

is a reduced stability matrix, and the orthonormality condition for l U O,),l Va>
when deriving (11). After computing (11), the new matrix

X=X+ 2 calug)(v,] (13)

a=1

has been used
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is calculated, and all the procedure is repeated up to a desired accuracy. Along with (6), a

special technique of the augmented Hessian matrix may be used. But this point is outside the
scope of this presentation.

Application to SCF model

The efficiency of the algorithm given above will be examined for the HF model. The HF
gradients may be cast in the following matrix form

g=g)=U-p)fp, (14)
where f = f[p] is the well-known Fock matrix for the current density matrix p, and the
variational matrix X is connected with p in a rather complicated way (see, e.g., [5]). Sup-

posing the guess matrix p(o) close to the exact solution, one can take AX™ +AX™ as a

good correction to p(o). In so doing, the recovery of idempotency for the improved density
matrix L

5=p0 +AX +AXT (15)
‘may be made by any technique such as that given by McWeeny [7]. Then, by using (8), one
easily gets the corresponding singular value decomposition

D X
g= Zga' (‘9a><¢’a ‘ (16)

.a=]

where |¢a> belongs to the subspace of occupied orbitales and

(0;> belongs to the sub-

space of unoccupied orbitales. Now the correction matrix (10) assumes the form

D
=S 2a g 17
ax = 322 0z )0 | (17)
with |
ﬂa=<¢2 f!co;>—(coa|fl¢a)- (18)

Actually (17) is a realization of (10) — (12) when the simplification A, = A, dgp is used for

HF stability matrix. This procedure will be referred to as the simple acceleration. zi\long with
this version, we will implement a more accurate computational scheme (15) by using (10 ) -

(13) with A, calculated as it is prescribed by Mestechkin [1]. This scheme will be named

the full acceleration.

Some illustrations of the algorithm presented are given in Tables 1 and 2. For CHy and
HoO molecules studied in a certain AO basis set comprising lobe orbitals \_Nith t‘he. quality of
the standard Huzinaga-Dunning basis set, the simple acceleration scheme is examined (table

1).
Table 1. Convergence rate of the simple acceleration SCF procedure for CH4 and HO
S | CH, | Hy0

Cycte gmax (a.u) | AE (a.u.) gmax (a.u.) AE (a.u)

1 0.49863 0.015389 0.707455 0.064864

g 0.103466 0.000429 0.229414 0.004168

3 0.015517 46-107° 0.061337 0.000165

4 0.001645 1.6-1077 0.009672 6.6-107°

5 0.000261 '2.0-107° 0.002024 5.4+ 1077

6 0.000022 8.4- 1071 0.000341 6.3- 1078

7 0.000004 44-10717 0.000119 80-1077

8 L -0.000049 8.2 10719

9 0.000017 8.3 10~

10 0.000006 8.2+ 1077
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From this table one can see a very good convergence of the energy (in Tziilet If
(AE = E(cycle) — Egxact ). The rate of convergence in our case is none the worse than that o

algorithms implemented in GAUSSIAN packages. Meanwhile, the method ?a‘sedG%nU(SIS?&N
(17) is evidently simpler than the so-called DIIS algorithm incorporated mto
codes. o aleula.
Certainly, for final conclusions about the efficacy of our approach some .addltlona caicula
tions need to be made. The situation can be partially clarified by investigating molecular sys-
tems with a small HOMO-LUMO energy gap. Among these strongly correlated sysﬁems
nanotubes are of particular interest for theoretical chemistry as a new class of cgrbon clu-sters
[8,9]. Due to the small HOMO-LUMO gap most of nanotubes turn out to be triplet unstable,
so we studied for them the so-called spin-polarized T -states taking the same semiempirical

parameters as in [4,5]. Some results given in Table 2 allow to conclude that the full accelera-
tion scheme gives a good convergence rate even in the difficult case.
Table 2. Convergence rate of simple and full acceleration procedure for zigzag
[1,0)7 nanotube Cjjo

Simple acceleration _Full acceleration
Cee €max (a.u) AE (a.u.) €max (a.u.) AE (a.u)
1 0.011101 10.002240 0.011101 0.001567
2 0.003529 0.000610 0.002515 0.000196
3 0.001475 0.00225 0.000671 0.000037
4 0.000658 0.000104 0.000301 0.000008
5 0.000443 0.0000565 0.000135 1.6+107°
6 0.000322 0.000031 0.000061 5.4 1077
7 0.000237 0.000019 0.000033 1.3- 1077
8 0.000177 0.000011 0.000016 47-10°°
9 0.000133 0.000007 0.000010 1.4+ 107
10 0.000102 0.000005 0.000005 4.8-1079
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 BJIUSHWE AJIbTEPHUPOBAHWA AJIMH CBASEN HA OMTUYECKMUE ¥
HEJITMHEMHO-OMNTUYECKUE CBOVICTBA KBA3VIOAHOMEPHbBIX COMPSDKEHHBIX
MOJIEKYJ1 B METOAE NOJ/IHOMO KOH®OUIMYPALIMOHHOIO B3AUMOLENCTBUA

© 2000 10.®.Ilemaw, B.B.UBauos, A.JO.Cemenon, O.A.2Kukoa

Ha npumepe 12-aTOMHON COMPSIKEHHONW LEMOYKM B T-INEKTPOHHOM NPUONMIKEHMM C MOMHBIM
Yy4ETOM BCEX BO3BYMAEHHbIX KOH(UIypaUMi BbIMOMHEHb! PACHETbl HUMHMX MO 3HEPrM 3MEKTPOH-
HbIX TEPMOB, AMMOMNLHON NONAPU3yemocTH (O) M BTOpOI runepnonspusyemoctu (Y) npu pasnuu-
HOM arnbTePHUPOBaHMM ANMH CBA3el. TlOKa3aHo, 4TO yANMHEHMe KOHUEBbIX CBA3el NPpUBOAMT K
yBenuyeHnio 0L B 2 pasa, a Yy — B 7 pas. B paBHOCBA33aHHON reoMeTpun AMMHHOBONHOBLIM sBNAET-
CR 3anpellieHHblt NEePEeXOof B COCTOSHME TOW KE CMMMETPMM, UYTO M OCHOBHOE cocTosHue. Cuna
OCLMNAATOPA MEPBOro PAa3PELUeHHOro Nepexoaa CMoXHbiM OBPasoOM 3aBUCMT OT NOPSAKA anb-
TEPHUPOBaHMS ANUH CBA3EH U NPU YANMHEHUHU KOHLEBLIX CBA3EH YCTPEMITAETCH K HY M.

BBenenue

TToanconpsKeHHble KBa3HOLHOMepHbe MOJIeKyJIspHbIe chcTeMbl (MOMHEHbl, KyMy/eHBl, M0-
JHALleTH/IeHbI, TIOJIAMETHUHE! U [p.) 06/1afaloT LeJbiM PSIOM ClelHdHUeCKHX CBOHCTB, 00yCJIOB-
NIEHHBIX KOHO®HTYpaluel sIepHOr0 O0CTOBA M KYJOHOBCKHM B3aHMOJEHCTBHEM 3JIEKTPOHOB B HX
BaJIeHTHbLIX oBosoukax [1-6]. K TakuM cBOHCTBAM OTHOCHTCS OITHYECKHe XapaKTepHCTHKH
[1,3], snekrpuueckas mposomumocTh [3,4], mMarHuTHas BOCTPHHMUHBOCTD [3,5], peakiumonHas
cnioco6HOCTh U ApyrHe. OCHOBHOH TeOpeTHYECKOH MOJEJBIO NMPOTSIKEHHBIX OpraHUyYecKHX Co-
NpSDKEHHBIX MOJIeKYJ SBJsSeTCS OAHOMepHas Lerodyka OXMHAKOBHIX aTOMOB [1,6]. D12 xe Mo-
Iesb TPUMeHSIeTCS M JUIsi MCCHe[OBAHHMS 3MEKTPOHHBIX CBOHCTB TBEHbIX TeJ [1,7,8]. B mpo-
cTeiilmeM cjydae PAcCTOSHHSI MeXy aTOMaMM 3afaloTCsi OJWHAKOBBIMH, UTO COOTBETCTBYeET (B
TepPMHUHOJOTHH TEOPHH TBEPHOTO TeJa) TPAHC/SLMOHHON CHMMETPUM C OJIHHM aTOMOM B 3Jje-
MeHTapHOH fueiike. XOpPOLIO H3BECTHO, YTO HApYLIeHHE TPAHCIAIMOHHOM CUMMETPHH MPUBOAT
K BO3HMKHOBEHHIO JIOKAJH30BAaHHBIX cocTosHHE [7-10]. Eciu cuMTaTh KOHIEBOM aToM Jedek-
TOM, TO BO3HMKAOIHe JOKaJIH30BaHHBE COCTOSIHHS NMPHUHATO HA3HIBaTb MOBEPXHOCTHBEIMH, HJH
OKTHeBCKUMH COCTOSIHMAMH [8,9]. B MoseKyJaX KOHeuHOH H BecbMa OTPAaHHYEHHOH IJMHbI
aHaJIOTMYHble COCTOAHUS GyleM HasblBaTh KBa3HJOKaJIbHEIMA.

Jlanee orpaHMYMMCH Haubojiee NPOCTHIM CIydyaeM NOJHEHOBBIX MOJEKY.L. O6biyHO mpobiema
albTEeDHUPOBAHHUS JJIUH CBSI3eH 3[1eCb CBOAMTCH K TaK Ha3blBaeMoOM MaliepJICOBCKOW NUMepH3a-
UWH, OTBeuaollell UYepeNyIOUIEMYCsl PaClONOXKEHHIO ABOMHBIX M ONMHApHBIX cBfizedl, MpuUyeM
KOHeYHhle CBSI3M OKA3bLIBAIOTCSH JBOHHBIMM B COOTBETCTBHH CO CTaHHAApTHBIM HanKCaHHEM
CTpyKTypHO# opmyJsl [1,6,11]:

M//\/\/\/ _
(1)

OmHaKO, 0COBEHHOCTH CTPOEHHS HEKOTOPHIX MOJIEKYJ TAKOBbl, HTO KOHIIEBbIE CBA3H OKa3blBa-
OTCS HECKOJIbKO AAHHHEe, YeM CJelyIollMe 33 HMMM, ¥ B CONPSDKEHHOU LEMH MOXET ObITH BbI-
JeJjieH PparMeHT

s e W Ul W (2)

Kak 6ymeT mokasaHo HHXe, B cTpykType (2), B oTaHMuHe OT CTPYKTYPH (1), BO3MOXHO BO3-
HUKHOBHHME KBasuIoKaabHbX ypoBHeHd [Iokin.

C Hamefi TOUKM 3pEeHHS, CBOMCTBA LENOYKH (2) mcenenoBaHbl AOBOJbHO caiabo. 910 00Y-
CHOBJIEHO HEAOCTATKAMH WCIIOJb3yeMOH MOJENbHOHM reOMeTPUH, MPUMEHABIIMMUCH paHee IpH-
GAMKECHUSAMHA B KBAHTOBO-XMMHYECKHUX pacyeTaXx, HeTOJIHOTON N3y4YeHHBIX CBOMCTB. Yalue Bcero
crcteMbl THna (2) paccMaTpUBANHCh B TEOPHM HEHTPATbHBIX TOTOJOTMHECKHX COJIMTOHOB, TJ€
OHM BO3HUKAIOT B pesynbTaTe IBYX ‘c6oeB” (KMHKOB) B DEryJ/sipHOM depeloBaHUH YKOPOU€H-
HbIX ¥ YAJUHEHHBIX CBfizeH [12,13]. TTo cyTu mesa, Ha JJIMHHOW LeTodKe MOAENHPOBAJCH NO-
cTeneHHbI Nepexoa oT ofHoH $a3bl AHMepHU3alun (1) k apyro@t (2) 1 o6aacTb Ae/IOKaIASALUH
n-5JeKTPOHOB He OTpaHHYMBaNach KOHIEBRIMH OHHAPHBIMH CBAISMH. B ony6JauKOBaHHbIX pac-
geTax HEJOCTATOYHO MOJHO YYMTHBAJAHCH 3Q(PEKTh 3JeKTPOHHOH KOPPELHH, XOTSl B HEKOTO-
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DHIX H3 HAX W NPUMEHSIHCh OBOALHO THOKKME MOJEH MHOr03J/eKTPOHHbIX BOJIHOBH.X .CPY;‘::“;T
[14,15]. MsBecTHO o4eHb Mao paboT M0 BLIYMCAEHHIO M aHaMH3y 3JEKTPAUECKHX xap[ale- 1?7}'
CTHK 00CYXKaeMblX CTPYKTYp — AHUIIOJ/BHOH MOJISIPU3yeMOCTH H rUepro/apu3yeMoCTH 10,171

Lleib HacTosilel paGOTH COCTOMT B TEOpPeTHYECKOM aHalu3e pas/HHHbIX THIIOB aﬂmépﬂﬁ:
DOBaHHMS LJMH CBSA3eH B CONMPSIKEHHBIX KBA3HOIHOMEDHBIX MOJeKyJaax C TOJHBIM }:%TOM KyJ0
HOBCKOH KOppeJsILMH BaJeHTHLIX 3JIEKTPOHOB M B OfIpefie/IeHHH BJHAHHS KOH(HUrypaun# saaep-
HOTO OCTOBA Ha ONTHYECKHe M HelMHelHO-ONTHYECKHe CBOHCBA.

B 3ToM cTaTbe Mbl He CTPEMHJIHChb [aThb KOJNHYECTBEHHYIO TPAKTOBKY
qBJEHMIl, a CTapalHCh TMOJYYHTb KayecTBeHHOe OOBSICHEHHEe B3aUMOCBASH CTPYKTYpPBI

CBOACTB GOJBIIMX MOJIEKYJ] ¢ KpaTHHIMH CBSI3fIMH B OCHOBHOH LieMH CONpKEHHS.
Monenb 1 MeTof pacyeTa

CJI0XKHBIX TPHUPORHBIX
7!

B KauecTBe MOZENH HCMOJb3yeM MOJHEHOBYIO JUHEHHYI0 LEMouky B 7-3J1€KTPOHHOM IpH-
6amxenuy [lonna-Tlapusepa-ITappa. PaBHocBsi3aHHBIY BapHaHT XapaKTepH3yeTcs OJHHAKOBBIMH
pe30HaHCHBIMH HHTerpalnaMu Bg = —2.274 3B, paccrosHusMU MeXAy aTOMaMH 1.4 A n xyuo-
HOBCKMMH HHTerpajaMi MeX3JeKTPOHHOro OTTaJKUBaHWSl Ha OJHOM LEHTPE 11.13 3B. Mex-
[eHTPOBble KYJNOHOBCKHe MHTerpaibl BHIUHCASAMCH 1O popmyse OHO [18]. ameHeHHe MexX-
ATOMHBIX PACCTOSHHH MOZEJMpOBAJOCh H3MeHeHHeM DEe30HAHCHBIX HHTerpajos [3 (B manbHed-
meM 1 OTBe4YaeT KOHUEBLIM CBA3MM, o — CJAEAYIOLIMM 32 HUMH CBA3AM H TakK nanee).

Boiuyicienys npoBeJeHbl MaKCHMA/JbHO TOYHBIM (IpH 3aaaHHOM raMH/JIbTOHHAHE) METOLOM
MOJIHOTO KOHMOUTYPaLMOHHOTO B3aUMOIEHCTBUS B ollepaTOPHOH (GOpPMYJTHPOBKE [19].

3HaueH#s 3/1eKTPHUECKHX XapaKTepHCTHK (IHMOJIbHOH MONSPU3yeMOCTH W BTOPOH THITepIIo-
NAPHU3YeMOCTH) MOJy4YeHbl METOHOM KOHEUHbIX BO3MYLIEHHH UHC/IeHHBIM HU(depeHLHpOBaHHEM
SHEepreTHUeCcKoro (yHKIHMOHANA 110 HANpPSXKEHHOCTH TPOGHOTO 3JEeKTPHUECKOro MoJs Mo 7 pas-
HooTCcTOsiLIMM ToukaMm [20].

3JIeKTp0HHbIe COCTOSTHHUSA COIPAXKEHHbLIX [IeNo4YeK B METO/e XI0KKeJs

OcTaHOBHUMCSl B HayaJjle Ha MPOCTOM MOAeNH XIOKKess, peau3ylollied NpOCTeHIIUH cay4yan
OTCYTCTBUSI MEX3JIEeKTPOHHOIO OTTaJKHBAHHUS.

PaccMoTpuM Lemouky yeTHoro uucia (AV=2L) aTomoB. PesoHaHcHBle MHTerpajbl depemylo-
MMUXCS CBSA3eH yHOGHO BHIPAsHTb 4Yepe3 ofuH mapametp £ By = Bo(1+7), By = Bo(1—1), Koto-
pbill U3MeHsleTcst B mpefesiax —1< £ <1. Jlerko BHmeTh, 4TO BenwuuHa |/ coBmamaet ¢ o6bu-
HO WCMO/Mb3yeMbIM MapaMeTpoM genokanusaumu d [21]: & = (B+B92)/(B1—B9). 3nauenmio f
= 1 orBeuyaet cucTeMa L M30JIHPOBAHHBIX 3TH/EHOBHIX ¢parMeHToB, / = 0 — paBHOCBA3aHHas
nemnoyka, f = —1 — nenoyka L—1 M30JUpPOBaHHLIX 3THJIEHOB IIIIOC ABA OTHENEHHBIX KOHIEBBIX
aToMa. TeMuCaMbIM MOZeNIUPYeTCsl BeChb NOMYCTUMBIM AHala30H aJbTePHHPOBAHHOIO U3MeHeHHS
JJIMH CBfI3€H. -

[pu ¢ > 0 (Be/PB1<1) u GombiuoM L CylIeCTBYIOT B2 Habopa OHO3/MEKTPOHHKIX COCTOSHHUH
(sanATBIX ¥ BaKaHTHBIX MOJIeKYJNAPHEIX opGuTaneii (MO)), pasnenenubix “sanpeuiensoi” 30H0M
WU SHepreTHueckoh uiesbio (Ag). dHeprun opbuTaiell BHMUCASIOTCS 10 dopmyJie

. la2 , a2
B € pi = i\/ﬁl +B3 +28,6, cosp (3)
rge "—" oreeuaeT 3aHATHM (7)) MO, “4+” — BaKaHTHBIM (p), a neficTBUTeNBHOE u (aas mo6oro
L) HaxomuTcs W3 pellleHHs TPaHCLEHIeHTHOTO YpaBHEHHUS: | |

B, sin(Z+1) +PB,sinLyu =0, (4)

uMeioltero Ha untepsaie [0, n] poBHo L kopHeit. Kosbduupuents PasNOXeHHS] MOJIeKYASPHBIX
opbuTasIell M0 aTOMHBIM (C TOUHOCTBIO 40 3HAKA) UMEIOT BUA |

. N+1-m |
Cy m = Asin( snar B hal o 2L s Asin(%z-)p, m =2k, (5)
k=12..N/2.
- -N+1_s_in(N+l)p.
p. 2siny

3HaKH 4eTHBIX W HedeTHbIX C,, ONMpeNeAsiOTCS CAeAYIOLIMM obpasoM. ¥ sausaTeix MO:
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T

Cim =sign(sinLp)Cy . m = 2k-1; Cim=Cym: =2k (6)

a y BaKaHTHBIX — M3 (6) o Teopeme mapHoCTH AMs aJbTepHaHTHBIX cucteM. MO penokanuso-
BaHBI IO aTOMaM BCel LENOUYKH, [T03TOMY, 110 aHAJIOTHU C TBEPALIM TeJIOM, MX MOXKHO Ha3blBaThb
06 BbeMHBIMH. | |

Ecau L>> 1, 10 Ae 2['[31“[321.

[Tpu ¢ < 0 (Ba/Pi1>1) ypasuenne (4) MoxkeT UMeTh KOMIUIEKCHBIH KopeHb. Jlna p=iv+m (2
- neJioe) Bmecto (4) nonyuaercs

Bish(L+1)v—B,shLv=0, (7)
a Bbipa)keHWe [JIf SHEePIHH UMeeT BHL | |
| ] _
oh =B} +83 28,8, chv. ®

Kosdduumentsl pasnoxenuss MO 1o aToMHBEIM OpOHTa/IIM B 3TOM CJlyuae BhIPAXalOTCH Hepes
runepboJnyecKre CHHYCHI: |

C\lz,m e AI(_I)(NH—m)/z ShN+;—m v, —
Cl ., = A(-1)""? sh%v, m = 2%k, (9)
k=12..N/2.
41 \[_N+1+sh(N+1)v.
2 2shv

CnenoBaTeJbHO, OPOMTANH CHJbHO JIOKAJIH30BaHbl Ha KOHLEBBIX aTOMaxX LEMOYKH, MO3TOMY MO-
ryT ObITh Ha3BaHbl KBA3HMJIOKAJbHBIMH WM MOBEPXHOCTHBIMH. (s 3HKOB C’fm MpaBUJ/O He-

CKOUBbKO OTaMuHO oT (6). ¥ yerHnix (MM HeueTHBIX) KO3 duuHeHTOB B 3aHATHX MO HeobXo-
IMMO M3MeHHTh 3HaK, ec/H L 4eTHo).
Ananus ypasHenus (7) naeT ycnoBHe CYILECTBOBAHHS KBASHJIOKAJbHBIX COCTOSHUM:

dePle. b uw et~ (10)

B, L+1 N+1

Takum o6pasoMm, cMellleHHe 7 B 00jacTb OTpHIATEJIbHBIX 3HQUeHUH TIPUBOAMUT K IIOPOTOBOMY
OTIEJEHHIO ABYX ypoBHe# (Mo ofHOMY OT 3aHATHIX W BaKaHTHBHIX COCTOSIHMM) BHYTpb 3alpe-
nieHHOM 30HHL JlambHeiimee (oT mopora) yMeHblleHue f BelleT K “C/MIAHHIO” KBa3HJIOKa/bHBIX

cocTosiauil. JleficTBHTeNbHO, BBOAS 0603HaueHue A =B, /B; M npeo6pa3oBbiBas ypaBHeHHeE (7)
K CTelleHHOMY, MojydaeM JOBOJIbHO XOPOIIYIO OLEHKY KOpHS

BT PIFTY (11)
| N+2
[Tonctasass (11) B (8) , HaxomuM Ans IPaBOKM TPAHHLbL
AGE =1
Ei?,f ziﬁl s (12)

2
y o
UTO HO,{LqepKHBaeT CTPEMHQHHE K 0 OH,HOBJIEKTPOHHI:IX BHEPTHﬁ BAKAHTHOTO U 3aHHATOIO KBa3u-

JIOKaJIbHAIX COCTOSHHE ¢ POCTOM pasMepa cHcTeMbl pd A>1. JleBas rpaHHLa (11) mmeet cxon-
HYI0 aCHMITOTHKY, TaK KakK OT/HHaeTcs OT npaBOoi BCEro JULIb 6JH3KUM K 1 MHOXHTEJEM (ec-
m L>>1). (OTMeTuM, 4TO aHAJOTMuHbie NPOGJIeMbl Ui COTPSKEHHBIX CHCTEM KacTepoB rpa-
buTa paccMaTpHBA/IMCh paHee [22].) Toayuennas oueHKa (11) mosBojifeT Takxe ONpEeNeNUTb
33BUCHMOCTD TePEXONHOr0o MoMeHTa () MeXLy KBasH/OKaIbHBIMH COCTOSHHAMH K COOTBETCT-
BYIOIIEro BKJaja B NPOROJbHYI0 KOMIIOHEHTY JUTOMbHON noaspusyeMocTy (o) oT A:

N+2
==t N+2m 'lz P Q“Nzlzkmz/ﬁl' - 13)

P NGE D) _
3pech / — AJa¥Ha cBsA3H. BuaHo, uTO NpH yMeHbIIEHUH f epeXofHbIA MOMEHT ) oueHb cnabo
32BUCHT OT A H OKa3hiBaeTCS MPONOPLHMOHABHEIM [V, KaK ¥ B PaBHOCBS3aHHBIX LEHOHKaX. On-
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. ; WUHBI 3HEpTeTH-
HAKO BKJAA B NONSIPH3YeMOCTh BO3pacTaeT oyeHb ObICTPO 3a cueT MajloH BEJIH;:’IH p
MBI

geckoil utenn (12) U ABasieTcs onpeensOWMM /15 Beelt MOJIEKY/IsipHOM CHCTE o

OrauuHe 21eKTPOHHOrO cTpoeHHs menoukn (2) oT (1) sakmouaeTcsi He TOJBKO B HAJMHHM
0COBbIX KBASHIOKAbHBIX COCTOSHHMH, HO W B clelH(HKe BceX O6BEMHbIX SHEPreTHHECKHX
YDOBHEH, Orpele/soliiX B KOHEYHOM cyeTe HHTerpajbHbIC CBOHCTBA CHCTeMbl: pacrnpenejeHne
5JIeKTPOHHOM TJIOTHOCTH, MOJIHYIO 3HEPTHUIO H p.

Cnaboe anbTepHUPOBaHUe ANUH CBA3eU 3aTparubaet Ipe
MH HeprusiMH BOJIM3U dHEpPreTUUeCKOH LUeJH, B YeM JIETKO Y
pelleHue ypaBHeHus (4) B BUIe

sae Bcero MO ¢ 01HO3/1eKTPOHHBI-
GequThCs, 3anKcaB MPHO/HIKEHHO

2kn 1-A kn (14)
)\.%1: = - t .
M Nl N+l TN+
N>>1, r=l
2re (A=3)rn N-r 2(1-4) (r+Dn
k=r: p,= + - k= I pp =R - -
N N 2 (r+1n N

[TorpaBKa K paBHOCBSI3aHHOH MOJEJH OTJAHYAeTCs TOJbKO 3HAKOM B CHCTEMaX (1) u (2).
CuibHOe a/bTePHAPOBAHHE MOXKeT GHITh OMMCaHO ¢ MOMOLIBIO APYroro NPHOIMXEHHOTO pe-
eHus ypasHeHHs (4), HO yXKe OTHENbHO /5 KaXKLOH M3 IeNoyeK:

kn A . km

A<<l: = + sin ; B=12..1 (15)
L+1 L+1 L+l
A>>1: H =—k—7r—+——1—sin£-7¥t—, k=12..L~1. (16)
L LA L
[Toacranoska (15) u (16) B (3) maet sueprun o6veMHbx MO:
krt
A<s=]: =+(B, +B, cos—), 17
k By +B; L+1) (17)
- | kr
A>>1: ekzi(ﬁz—t—ﬁlcosf). (18)

Conocrasyienve (17) u (18) mokasbiBaeT, uTo B 06eMX CHCTeMaX IUMPHHA 3aMpelleHHOH 30HHI
ompefesisieTcsi GOJBLIAM [0 MORYJIO PE30HAHCHBIM MHTErpajioM CBAI3H, a LIMPHUHEI 3aHATOH M
BAaKaHTHOH 30H — MeHbIUWM [0 MOAYJIO Pe30HAHCHBIM WHTerpajsoM. B iensom o6beMHbie MO
neroyex (1) u (2) ouens cxomHel, onHako (Kak 9To BHIHO MO 3HameHaTensiM dopmya (15) -
(18)) Mbl MMeeM feso ¢ MoOJIeKyJaMH Kak Gbl pa3HOH HHHBL, npudeM sddexTHBHas nauHa (2)
Ha nBa aToma (ofMH sTHITeHOBBUI (parMent) MeHbule, yeM (1). IeficTBUTebHO, NpeHeGperas
BTOpeiME craraembiMu B (15) u (16) u momcraBinsis atv sHauenus B (5), yGexmaemes B paBeH-

CTBE HYJIIO KOHUEBBIX MOPSOKOB cBsider nenodkd (2). Bosee Toro, Cy,, TepBoro ¥ N - HOro

aToMoB Bcex o6beMHbIX MO paBHBI HY/IO, TO €CThb NUMEPU30BAaHHAS CHCTeMa COKpalllaeTcs Ha
ABa KpaiHHX aToMa. OKoHYaTeNbHO 3/EKTPOHHBIM 6allaHC yCTaHABJAMBAeTCH 3a CYeT ABAMKIHI
3aT0JIHEHHOr0 KBa3UJ/0KaJbHOTO YPOBHS.

[Tonyuennusie ouenku (15) - (18) nmokasbiBaioT, uTo AesoKaNH3oBauHbe MO HesSHAUHTEILHO
BJIHSIOT Ha SJIEKTPHYECKHE XapAaKTePUCTHKH PAcCMATPHUBAEeMBIX UENOUYeK MpH JI060M cnocobe
anbTePHUPOBAHHA [JIMH CBA3eH M 3[eCh BIOJIHE MPHMEHHMbl HaleXHO YCTAHOBJEHHbIE paHee
PAZIOM aBTOPOB 3aKoHoMepHocTH [21].

Takum o6pasoM, omucaHHas Bhillle NePeCcTPOMKA HEePreTHUECKOro CnieKTpa CONpsKeHHBIX
erouek npu mepexofe oT cucteMsl (1) K (2) 3a cueT BOSHMKHOBeHus KBaSHJIOKaE)IthIX '.c-o.é
CTOSIHUM CYIIIECTBEHHO CKa3biBaeTcs Ha ONTUUYECKHUX W HeJmHeﬁH-o-on’queCKHX csofic"rsa.x
DHeprua NJIHWHHOBOJHOBOIO repexofa ¢ yCU/eHHEM ‘“Henn o
CBsi3eH ObICTPO CTPEMHTCH K HYJIIO, a AMNOJbHAS MOJSPH3YEMOCTh U, TeMm 6868, frmenmeiomss.
3yeMOCTb HayWHaeT 6bICE‘-pO BO3pacTaTh. BkaoueHHe B pacyer M@H(SJIEKTP(.)HH(,)I‘O. éfian?(ﬁin—
HUA U y4eT 3JIeKTPOHHOH KOPPENsilIUM, KaK MOKa3HO HUXKE, HeCKOJIbLKO CrJIAXKHBAIOT a'r. H, )
ekT. ONHAKO XapakKTepHbie IeTalH XIOKKeJeBCKON KapTHHbI COXPaHAKTCH. OT 3¢-

PaBUJILHOTO™ aNbTepHUPOBAHMS AMUH
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Bnvsinue ansTepHUpOBaHUA [IMH CBA3EH HA ONTUYECKME U HESIMHENHO-OMNTUYECKUE CBOWUCTBA...

AnvTepuupoBanue JJIMH CBSI3eH B MeTOMe MOJHOr0 KOHMHUIYPalHOHHOTO B3aUMOJEHCTBUS

B sToM pasiesie NpWBENEM pe3yJsbTaThl pacueToB 12-aTOMHOHM LEMOYKH B MeTOAEe MOJHOro
kondurypaunontoro Bsaumopedicteusi (ITKB). Vs-3a orpomHoro Ko/uyecTBa BapHaUXOHHBIX
napaMeTpoB 3[ecCh TPYAHO BBeCTH NPOCTOH ONHO3HAYHBIH KPHTEPUH JIOKAJbHOCTH COCTOSHUA.
OmHaKo MOXHO YBepeHHO MpOCAeIuTb 3a TOBEINeHHeM BOJHOBOM (YHKUMH M Pas3/vYHBIMH
CBOHMCTBAMH 3/J€KTPOHHOH CHCTEMbI P ajbTepPHUPOBAaHHUHUH [JJIHH CBSI3EH.

Haynem ¢ OCHOBHOI'O 3JIeKTPOHHOrO COCTOsIHMs. B KauecTBe [epBOro npuMepa npHBeeM
nopsiiku cBsisedt Py (tabul).

Tab6rrna 1. Tlopsuky cBsised 12-aTOMHOM LENOYKH NPH PasMUYHbIX 3HaueHusx f B Mertofie ITKB

t P9 B3 | Py Py5 Bss | Py
1.00 | 0.981 0 0.981 0 0.981 0
0.50 | 0.959 | 0.126 | 0.951 | 0.127 | 0.951 | 0.127
0.02 | 0.847 | 0.387 | 0.768 | 0.423 | 0.752 | 0.431

0 0.831 | 0.412 | 0.740 | 0.457 | 0.719 | 0.467
[ —0.02 | 0.810 | 0.442 | 0.705 | 0.497 | 0.678 | 0.510
[ -0.05 | 0.766 | 0.500 | 0.633 | 0.575 | 0.596 | 0.593
| —0.10 ] 0.652 | 0.624 | 0.476 | 0.726 | 0.432 | 0.748
—-020 | 0.453 | 0.796 | 0.288 | 0.870 | 0.268 | 0.878
—050] 0.191 | 0.940 | 0.128 | 0.951 | 0.127 | 0.951
~100] O | 0981 ] O 098] 0O | 098I

Bunso, 4to B o6jacTh f ~ —0.1 IpOMCXOOMT pesKasi NepecTpOHKa JEKTPOHHOH MJIOTHOCTH.
[Ipu mepexofe OT KpalHero aToMa K cepeiyHe MOJIEKY/H aJbTePHHPOBAHHE Pyj nu3meHsieTcs Ha
o6paTHOe 110 CPaBHEHMIO C PaBHOCBSI3aHHOH reomerprell. IlokasaTespHO, UTO B 9TOH ke obuac-
TH B MOAeJH XIOKKeJs OTLIENJSIOTCS KBasHJOKa/lbHble YPOBHH: N=12; t=-1/13 = -0.077,
W TIPOMCXOIMT MepecTpoiika AesokanusoBaHHbXx MO. CJiefoBaTeNbHO, NPU OOHHX M TeX Xe
SHAYCHUIX 7 H3AMEHSIOTCS He TOJbKO CBoficTBa (MaM THI) OJHOTO 3aHATOrO OAHOJIEKTPOHHOTO
COCTOSIHHSI, HO H MHOT03JIEKTPOHHOE OCHOBHOE COCTOfIHHE B IE€JIOM. |

BTopoii pUMep OTHOCHTCS K MHOTO3/IEKTPOHHOH KOJIEKTHBHOCTH (x) [23]; ee 3aBucumocTb
OT MapaMeTpa aJbTepPHUPOBAHUS HIIIOCTPHPYETCS PHC. 1.

B o6aactu ¢ ~ —0.1

3,00 S oo ! HabJ/10aeTcs sBHAs

2,80 | ocobeHHOCTb.  KpuBas

2,60 k(#) wumeer HecuMMeT-

2,40 PHYHBIA BHJ, IPHYEM Ha

2,20 untepsane ~=—1..—0.5

K 2,00 KOJLIEKTUBHOCTD co-
180 CTOSIHUSI PUMEPHO B 2

' pasa OoJbile, YeM Ha

1o patepane 0.5..1. B

' leJJOM pe3Koe Bo3pac-

1‘22 | g e tanue k(7)) npu nepexo-

’ . o ok ke RN S i Ie B OTpULATEIbHYIO

42 -1 08 -9,6 04 02 0 02 04 06 08 1 12 Gt HbanED 1

t XapakKTepu3yeT —OCHOB-

HOe 9JIEKTPOHHOE CO-

Puc. 1. 3aBHCHAMOCTES KOAAEKTHUBHOCTH (K} OCHOBHOTI'O 9A€KTPOH- CTOSIHMe KaK CyLIecT-
HOTO COCTOSIHHS OT TTapaMeTpa aabTEpHUPOBaHUA L. BEHHO MHOTOKOH(HUIY-

paunonHoe.  JlasbHeH-
[ee yMeHbIUeHHe KOJIEKTHBHOCTH CBA32HO C YACTHYHbIM Pa3BaJOM COTPSKEHHOH CHCTeMb.
JleBasi MOIOBHHA PHCYHKa CKOpee THIMYHA [ TPHIUIETHBIX, 4eM [Uld CHHIIETHLX COCTOAHHH,
4YTO yKa3hlBaeT Ha 6HpafHKa/bHYIO IPUPOLY “HerpaBHJibHO” aJbTEPHUPOBAHHOH LEMOUKH. Or1-
MeTHM. uTo B Mofean Xiokkens k(f) = 1 Bo Bcell 06/1aCTH H3MEHeHHS [
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10.®.Megaw, B.B.Wearos, A.HO.CemeHOB, O.A.)Kunkon

TpeTuit npuMep COCTOUT B aHAMM3E€ BECOBOro COCTaBa BOJIHOBOH q)yimLLHH HKB, Hp-OBEIIePF
HOTO COTJIACHO HU3BeCTHOMY MeToay [23]. Byaem HCXOmHTb W3 HarJsiHOH Kapmer HpeﬂCTa‘gge-
HUSl BOJHOBOM (YHKUHMW B BUME CYMepNO3HLMH B3aUMOIEHCTBYIOMHX BaJeHTHBIX CXeM. | 0-
3HaYUM yepes WO cyMMapHb Bec BCeX KOBaJleHTHbIX CTPYKTYp, HEPE3 Wl - ogﬂoxpamo?
MOHHBIX CTPYKTYyp, 4Yepe3 W2 — OBYKpaTHO-WOHHBIX H T. . Torga, 10 gnpeﬂeﬂeHHm.
WO+W1+W2+W3+W4+W5+W6 =1 B 12-aToMHO#H CONpsSIKEHHOH CHCTeME. UsmeHeHHe BeJIUYHH
W npH BapbHpOBaHMU JIUH CBsi3ell NpPHBEEHO Ha pHC. 2.

0,35 — ,/\
0,30 - w2
| W3
043 4
0,20 4 :
W1
015 W
0,10 4
005 - WO
‘ WS
0,00 4 Wé
T T T | | &
“1’,0 ‘0,5 0,0 0,5 110
f

Puc. 2. 3aBHCHUMOCTE BECOBOI'0 COCTaBa BOAHOBOM (PYHKIIMH OCHOBHOI'O COCTOIHUSA
OT IIapaMeTpa aARTEPHUpPOBaHUuA 1.

Otcioga MOXKHO clieJlaTh HeCKOJbKO BBIBOLOB. Bo-TepBEIX, IMIaBHBIM BK/Iaf B BOJHOBYIO (yHK-
LMI0 OCHOBHOI'O COCTOSIHWSI BO BCeM TeOPeTHUECKH AOMNYCTHMMOM AHana3oHe H3MeHeHHS f BHOCHT
ABYKPA4THO HOHHbiE BaJieHTHbI€ CXeMbl. BO-BTOPHIX, BeC KOBaNeHTHBIX CTPYKTYDP OKasbiBaeTcs
‘He3HauuTeJNbHbIM W He mpeBbiiaeT 10%. B-TpeThHx, HabmonaeTcs CHMMETPUSA OTHOCHTEJBHO
HEeKOTOPLIX CpeJHHUX 3HAYEHUH:

W0 & W3, Wl & W4, W2 & W5, : (19)
B-ueTBepThIX, 0OIHMA BECOBOK COCTaB BOJHOBOH (BYHKUMM cl1aG0 3aBHCHUT OT THMA M BEJUUHMHBI
albTePHHUPOBaHUA MJHMH cBf3eH. M, HakKoHel, HEOGXOAUMO OTMETHTb MPUCYTCTBUE BCEX THIIOB
BAJIEHTHBIX CXeM B “KDaMHHX TOUKaX {=1H ¢= -1, Ile pe3oHaHCHBE HHTEerpasl MeXay 3TH-
JIeHOBbIMH (PparMeHTaMH paBHBI HYJII0 U COOTBETCTBYIOLIME MOPSAKH CBA3EH TaKkKe paBHBEl HY-
mo. Kasanoch 6bl, uTo 30ech Bce Beca, kpome WO u W1, mosmxusl PaBHATbCA HYMIO, TaK Kak
OHH COOTBETCTBYIOT MEX(PPAarMEHTHOMY IlepeHOCYy 3JeKTPOHA, a CaMH pparMeHTH — HSOJIHpo_
BaHBI. B NeHCcTBUTE/BHOCTH TakoH [epeHOC MPUCYTCTBYET M OCYLIECTBJASETCS 3a cueT AaJbHO-
JEHCTBYIOILEr0 KYJIOHOBCKOIO B3aHMOJEHCTBUSI 3JEKTPOHOB, a B TepMHHAX UCTIOJ/Ib3yeMOH MoO-
A€M — 3a cyeT ABYXLUEHTPOBBIX MHTErPa/iOB MeX3JEeKTPOHHOTO OTTAAKUBAHMS. Mexny stume-
HOBBIMH (PparMeHTaMH HabJsopaeTcs AUCIIEPCHOHHOE B3aMMOJeHCTBMUeE, TEOPETHUUYECKHU OIUCHI-
BaeMoe 3(pdeKTaMH 3JIeKTPOHHOH Koppenauuu. [IpeHeGpeixenue IOC/IEIHUMM, HanpuMmep, B
OrpaHH4eHHOM Ino cnuHy metoae Xaptpu-®oka (OXD) uau B mertone X;oKKeJIg: cymeC'rBei;Ho

u3meHseT Hab/oaeMylo KapTuHy. B aTux metonax, B cuiy cBoiiern OLHO3/IEKTPOHHON MATDH-
bl TMJIOTHOCTH: AP

B
| | | € =% (20)
BMecTo (19) peanusyioTest cTporve paBeHCTBa:
W0 = W6, W1 = W5, W2 = W4, (1)

KOTOpBle FOBOPAT O SIBHOH MepeOLleHKe HOHHOTO BKJIANa B BOJHOBYIO hVHKIIM: _ _
yeHnu f. Hanpumep, npu £ =08 OXP nmeem: | ) qu FHHIS AR ACou axe:
W0 =10.007, W1 =0.071, W2 = 0.242, W3 = 0.359
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_Bausnne anbTepHUPOBaHWA [/IMH CBA3EH HA ONTHYECKHE W HE/IMHEHHO-ONTUYECKUe CBOWCTRA. ..

OTtknonenune secosoro coctaBa [IKB ot cummerpuunoro (21) MOXKHO TpakToBaTb Kak Mepy
BJAMAHUS KOPPeNsfillMOHHBIX 3()¢eKTOB Ha XapaKTepHUCTUKU 3JIEKTPOHHOTO paclpefe/ieHHs B CO-
NpAKEHHOH LeNoYKe. |

[Mepefigem Tenepb K OOCYXNEHUIO 3JE€KTPUYECKHX CBOMCTB OCHOBHOIO COCTOSIHHMA. 3aBHCH-
MOCTH CPEeAHWX 3HAUeHHWH AUNOJBHON MOJIAPH3YeMOCTH H BTOPOH THIEPHOJISIPU3YyeMOCTH OT
napaMeTpa ajlbTepHHUPO-
BaHUS TIpHMBeJeHbl Ha

1'8_0 | puc.3 u 4. B oboux cay-
s yagx rpa@uKd HMeIoT
140 § CUMMETPHYHBIN BUA C
120 HEMHOTO  CMelIeHHBIM
100 BJIEBO MaKCHMYMOM.
A & OTHOCHTEJbHBIH POCT
50 | MPH YMeHblUeHHH [ OT

a0 | 0.2 x -0.1 nmocturaet
i} - i JABYX pas3, a Y — CeMH

. PR . pa3. DTH JaHHbE YKa-
R RN e S 3bIBAlOT Ha CTPYKTYp-

12 1 -08 06 04 02 0 02 04 06 08 1 12 HEle OCOGEHHOCTH MO-

[ JEKYJNSIPHBIX  CHCTEM,

‘ KOoTopble Moryt obJa-

Puc. 3. 3aBUCUMOCTE AUIIOABHON IMOAIPU3YEMOCTH (aT. €.) OT JaTh BBICOKOM MOJIEKY-
mapaMeTpa asbTepHUPOBaHUSA L. | NSpHOM pedpakuyer W
HeJIMHEeHHO-ONTHYECKON

aktupHocThio (HJIO). A

2500000 ¢~ UMeHHO, B YCJIOBUAX
CYLLeCTBOBAaHHUS KBa3H-

2000000 JIOKAJbHHIX MOJIEKYJIp-

| HBIX COCTOSIHHA B CO-

1500000 NpsKEHHBIX LENoUKax ¢
yIJWHEHHBIMH  KOHIIe-

k BIMH  cBsizsiMu. [lo-

Y 1000000 CJIeIHUH BBIBOA, MOXHO
UCIOJNb30BaTh [AJISl  pe-

500000 KOMEeH ALK 110 CUHTe3Y

| _ HOBLIX  OpraHHYeCKHX

G st 9T—— S e e BelleCTB C 3aBelOMO

42 14 08 06 04 02 0 02 04 06 08 1 12 SOJBIIAME  3HAUEHUSIMH

500000 bomsmemiemms : * HeJJUHEHHOT0  OTKJHKa

¢ Ha BHeEIIHee 3JIeKTPH-

yeckoe moJse. [lonyuen-
Hble HaMH [OaHHBIE YyKa-
3blBAlOT TaKXe Ha Mep-
CIIeKTHBHOCTb  NpHMe-

. Henua HJIO sddexTon
B aHajIi3e CTPYKTYPHl H HaJH4UH TONOJOTHYECKHX fletheKTOB B MOJIMalleTHIIEHE.

Oco60 CllefyeT [OA4ePKHYTh, YTO HTHOPHPOBaHUE MeX3JeKTPOHHOrO OTTANKMBAHHA B Moze-
i XIOKKesiss TIDUBOAHT K HEOTPaHHYEHHOMY POCTY O M Y TpHA I —> —1, a npeHebpexxeHne 3¢-
C})eKTaMH 9MeKTPOHHON KOPpeJIsilid¥ CHJIBHO 32BbllllaeT pacueTHbe 3HaUeHHsd o 1 Jaxe U3MeHS-
eT 3HaK Y B OFPaHMUEHHOM 110 CIHHY MeToie XapTpH - ®oxa. [IpuMepsl NpHBENeHbl B Tab/H-

He 2. |
B 3Tolf CBA3U HeoGXOAMMO OTMeTUTh paboTy, Tie paHee Obljia BhlUKCJ/IeHa 3aBUCHMOCTDb Be-

JWYUHBl O [OJHEHOBBIX MOJeKyJ C MOJIAPOHHBIM W COJHTOHHBLIM fedexTaMy OT JJIMHBL LenH
conpsikenns [16]. Pacuers 6biiH mpoBeieHbl KaK pas METOAOM OX® 6es yueta KyJOHOBCKOH
KOppe/IlMU 3JeKTPOHOB M TOJMPKO IIPH OJHOM 3HAYEHHH t. I[TosToMy AanHbie H3 [16] Bpsn an

MOTYT NpeTeHA0BAaTh Ha ajieKBaTHoe 00bACHEeHHE (pU3HYeCKOH KapTHHLI ABJIEHHUS.

Puc. 4. 3aBHCHMOCTE BTOPOH THIIEPIIOASPH3YEMOCTH (aT. e.) OT
napaMerpa aabTepHUpoBaHusa L.
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-6 - OH [eNnoYKH
Tatmina 2. DnexTpudeckue xapaktepuctuky o, (at.en.) u y-10 (at.e1.) 12-aTOMEOH 1

B OPpaHHUEHHOM [0 CIUHY MeTose XapTpH - Poka

t o j 4
0.050 240 0.99
0.020 278 1.2¢
0.000 308 1.48

-0.020 343 1.67
~0.050 407 1.88
-0.100 549 1.34
-0.125 639 - 0.12
~-0.167 | 809 -4.31
-0.200 932 ~8.35

Oco6bill MHTEpPeC ¢ TOUKH 3DeHHSl NPHJIOKEHHMH HMEIOT CIeKTpajbHbie XapaKTEPUCTHKH CO-
npsKeHHbIX Lenodek [1,3,6,15,21,24,25]. PesyabTaThbl BBHINIOJHEHHBIX M0 M3BECTHOM METOAMKE

[26] pacueToB 5Hepruil AJIHHHOBONHOBHIX MNepexoaos 14, — 24, wy. . —1B; 14, - 2B,

pHBeleHb Ha puc. 5. Ha puc. 6 MoKasaHbl 3aBHCHMOCTH CHJ OCHMJIATOPOB [ OT MapaMmeTpa
aNbTepHUpOBaHUs £ BuaHo, uTo o6byHBIM 06pa3oM a/jbTepHHPOBaHHAsA LeNo4YKa HMEET MocJe-

— . + %) (% , :
[0BATe/IbHOCTE BO3OYXAeHHbIX TepmoB 1B, , 24;, 2B, co 3sHa4NTe/bHOH CHJIOH OCUHILIATOPA
14, — 1B, nepexona. Ilpu ¢~ 0.2 HHXHUM 10 SHEPIHM OKa3bIBaeTCS TePM TOH XKe CHMMeT-

pUH, YTO U OCHOBHOe cocTtosHHe. [lo/oXKeHHe B CeKTpe U 3JIeKTPOHHad NpHUpoJa 2{4‘;~ Tepma

06yc/ioBaeHb 3(hdeKTaMH MeX3JeKTPOHHOIr0 B3aUMONEHCTBHS M KYJAOHOBCKOM KOppeJIsiHH
[15,24,25]. Bugumo, 5T0 COCTOSIHHE U SBJIAETCS OTBETCTBEHHBIM 32 CJ1ab0e MOIJIOMIeHHe BHYTDH

SHepreTUueckoi uiesiu (Ag) B JIIMHHBIX MONKEHOBHX MOJIEKYJIdX W TpaHc-ToJHaleTHierHe. [Jel-
CTBMTEJIbHO, 3KCIIEPHMEHTA/bHO yCTaHOBJNEHHOE a/bTepPHHPOBaHHE JJIHH cBsizell 8F MPHMepHO
paBro 0.08 A, yto npu o6bunoi amnpokcuMauun P(R) = Bg + B8R U cTaHIAPTHBIX 3HAYEHH-
X TOJYSMIHPHUeCKHX mMapaMmeTpoB (Bg =—2.274 3B; B’ ~ 2.2...3.5 3B/A) [15] npusomur x ¢
~ 0.08...0.12. B sTto¥t o6sacTH Hall¥ JaHHBE He NMPOTHBOPEUYAT SKCIEPUMEHTANbHBIM: Aas 12-

aTOMHOH LEMOYKH BeauuMHa Ae cocrabiseT 3.65 3B, a sHeprus yposHg 24, pasna 2.73 3B
[25]. |

W3 puc.5 BumHo, uTo B obsact f ~ —0.1 5HeprHH BceX TpeX pPacCUHTAHHBIX COCTOSHME
HMEI0T MUHHMYM ¥ JafibHeHIlee yMeHbUIEHHe [ CONPOBOXAAETCS BO3PACTAHMEM SHEPruil ¢ Ofl-

HOBPEMEHHBIM “006MEHOM” HHTEHCHBHOCTAMH MeXAY MepeXoLaMH 14, - 1B, 14, - 2B}

] g u -

D1oT 3(pdeKT UeJdKkoM 06YCIOBIEH MeX3JeKTPOHHBIM B3aHMOJICHCTBHEM, TakK KaK MOZEJb
] 4 ; 2 ; o — -+

XIQKKeJm NPUBOMUT K yMEHBIUEHHIO SHeprHM coctosHud 24,, 1B, no nyns. B npene6pexe-

HUM MeX3JIeKTPOHHBIM B3auMojeiicTBUeM TepM 1B, onuchiBaeTcs OILHOKpaTHo-Bogﬁy}KHeHHOﬁ
KOH(HTypaluHeH, COOTBETCTBYIOIIE! NepeXony 3JeKTPOHa ¢ BepxHel sausToii MO Ha HUXKHIOKO
BaKaHTHYI0, TO €CTh COOTBETCTBYET MEPeXOly MeX/y KBasHIOKAIbHLIME YPOBHSIMHU Tepm 24,

| . Tep e

+
o/ryaeTcs oT 1B, TeM, UTO BMECTO OJHOTO 3JIeKTPOHA MPOUCXONHT TIEPEXOL ABYX 3JEKT DOHOB
mexay temu ke MO [15]. Ecam pacnmpoctpannts HalJeHHYIO Bhille K3 KCIEePUMEHTAIbHbIX

AGHHBIX OLCHKY /ISl f Ha Uerouky (2) , To MOXHO CuMTaTh, uTo B MHTepBase dusuueck of-
paBJlaHHBIX 3H24eHMH MONYSMNUPHYECKHX NapaMeTpoB SHEpruM Tepmo 24~ 1B*
' g u

CKH JIHHEHHO YMeHbLUAITCS NPH YMeHbUICHHUH f U B
MuHHMYM. [IpHBeieHHble HaHHBle NMO3BOJAAIOT MpeA

npakTHye-

PAL I B STOM WHTepBajie NPOXOAAT Yepes

OJIONHTD, HTO 0OBACHEHHE BHYTPHILEAEBOrO
NOTJIOUICHUA 110 MeXaHH3My 006pasoBaHUS HEHTPAJbHBIX COJHTOHOR = 4

. . 10B € nepexonon b

pexonom 14, —> 1B,
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i

13,12,15] Bpsin siu sBAsieTCH yAaYHBIM M3-32 Ma/ol MOXBMXHOCTH 1B TepMa NpH Aedopmaliuu
agepuoro octoa (cusur & 3.9-33.3 5B npu uamenenun f ot 0.1 go —0.1). Cropee Bcero, mo-
rnotileHne obycnoBaeHo nepexonoM 14, — 24, , paspelueHHbHIM BHODOHHBIM M MeXMOJIEKY-

NAPHHIM B3auMojercTBuaME (CABHT € 2A; tepMa 3.2—>1.3 3B npu usmenenun ¢ ot 0.1 go —

g

0.1).
; —e—E(1Bu)
e ~i— E(2Bu)
| —&— E(Ag)
8,0 +
? 6.0 +
83
40 +
20 +
42 4 08 -06 -04 02 0 02 04 06 08
t
Puc. 5. 3aBHCUMOCTS 3HEPTHI S2AEKTPOHHBIX MEPEXOAOB OT ITapaMeTpa aAbTCPHHPO-
BAHHUS .
45
5 —e— f(1Bu)
‘ | —m— f(2Bu)
3,67
3,0 -
t— 2,5
20-
1,5 -
|
1,0 -
0,5 -
12 4 08 06 04 02 0 02 04 06 08 1

t

Puc. 6. 3aBECUMOCTS CHABI OCIIMAASTOPOB ONTHYECKH PA3PEIICHHBIX IEPEXO/OB OT

mapaMeTna asbTEeDHHDOBAHHUA 1.
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-- - > HIeHHBIX 9JIeKTPOHHBIX
Pacnonaras naHHbIMH 06 3HEPrHSIX M CHJaxX OCHHU/JIATOPOB ABYX paspell i

. . eHKa [OKa3bi-
nepexoaos, JierKO OUEHUTb (& KaK CyMMY N0 COCTOAHHSIM. HeO}IKH,[IaHH.O Taxai};):“x oy
BaeT, YTO MPAKTHYECKH BCS BEJMYHHA TO/ISPU3YEMOCTH 3aK/iyeHa B ABYX H

: - MIEpPBOTO H
BO BCeM MHTepBaje H3MeHeHWs ! B Tabi. 3 npuBeneHbl OTA€/pHBIE BKJIZABL a(l)- mep
a(11)- BTOporo mepexoaoB, HX CyMMa M TOYHOe 3HayeHHe .

Tabnrna 3. Bkaaabl B UNONBHYIO TOJAPU3YEMOCTh (aT.eq.) oTHe/IbHEIX TI€PEXON0B

t o) olD) | oll)+adID) o
1.0 33.99 1.47 | 35.46 35.63
0.5 47.32 | 2.68 50.00 52.97
0.1 [18.24 | 421 | 12045 | 124.37

«=(}.] 125.64 16.65 142.29 145.62
0.5 2579 | 15.76 | 41.55 | 46.93
~(} 7 4.60 27.74 32.34 36.00
~1.0 0 28.15 28.15 29.21

CoBnanenue (B mpenesax HecKOMbKHX npoleHToB) 3HaueHHH a(l)+o(Il) ¢ TOUHBIM 3HaUeHH-
eM 0. BO BCceM AHalla3oHe H3MeHeHHs ! yKa3blBaeT Ha TO 06CTOATENbCTBO, YTO B MOJHOM CITEK-
TpPe JMHEHHBIX CONPSKEHHBIX LEMOYeK OTCYTCTBYKT APYrHe, MOMHMO HCCJeI0BAHHBIX, UHTEH-
CHBHbIe 37€KTPOHHbie Mepexofsl. CilefoBaTenbHO, AJiSi KBa3sHONHOMEPHBIX MOJHCOMPSIKEHHBIX
CHCTeM MOKeT ObITb ONpaBoaH METO[ pacyeTa AUMOJNbHOM MONSPU3YeMOCTH KaK OrpaHHUeHHOH
CYMMBl 110 COCTOSIHHAM.
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ITocrymnura B pexakunro 14 mapra 2000

Kharkov Umversﬁy Bulletin. 2000. Ne 477. Chemical series. Issue 5(28). Yu.F.Pedash,
V.V.lvanov, A.Yu.Semenov, O.A.Zhikol. Optical and nonlinear-optical properties of quasi-
one-dimensional conjugated molecules: the influence of the alternatlon of bond lengths in
the method of full configuration interaction.

The low energy electron terms, dipolar polarizability (o) and second hyperpolarizability (y) have
been calculated in the m-electronic approximation with full account of all excited configurations for a 12-
atom conjugated chain with different alternation of bond lengths. The lengthening of end bonds is
shown to result in the increase of o (2 times) and y (7 times). For equibound geometry the long-wave
transition is the forbidden transition into a state with the same symmetry as the ground state. The
oscillator strength of the first allowed transition depends on the alternation of bond lengths in a com-
plicated manner and tends to zero with the lengthening of the end bonds.
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YIOK 541.124+621.762

- | 1OMrOCBA3HOU
NONYYEHUE BbICOKOAMCIEPCHOIO NMOPOLLKA HUKESA C MHO
MOBEPXHOCTbIO M EFO CMNEKAEMOCTb B CBOBOAHOHACBHINMAHHOM
COCTOAHUU

© 2000 B.H.Kosnecuukos, P.H.[Tonos

BbICOKOﬂ,HCI‘TepCHbIe NOPOWHKKX HUKensi, nony4eHHble TepMHUHECKUM QEBHOH(GHVHEM OKCarnarta #“
cbopmmnata meTanna, B cBOBOAHOHACHINGHHOM COCTOSHMM MPEACcTaBnstoT cobon GupmcrepcHyto
cucTemy ¢ 60onbLIOH aKTUBHOCTBIO K cnekaruio. OBcymaaeTcs mexaHusm PopMUPOBaHUA NopHc-
ThbiX 4acCTuL, NOPOLLKa HHUKens C MHOrOCBSI3HOM NOBEPXHOCTHIO M OCO6€HHOCTH Cﬁe!{aHHﬂ, K'OT?pOQ
conposoxpaetcs Gonbwon nuHenHon (Bo 55%) u obwemHol {po 90%) ycagkou rnpu BbICOKOM OC-
TaTOYHOM MOPUCTOCTH.

CyllecTByeT HeCKOJBKO CMOCOG0B MOJy4eHHS BHICOKOAMCIEPCHBIX TOPOIIKOB HHKeJd ¢ pas-
JIAYHOH BEJHYHHOM, MODGONOTHEH W CTPYKTYPHBIM COCTOSIHMEM UYacCTHl, a TaKxXe pas/JM4HOH
CTETEHBIO WX arperalUd B cBOGoAHOM cocTostuy [1-3]. BausHue crnocoba mojydeHHs Ha KHHe-
THKY CIeKaHHs M CBOHCTBa CleyeHHBIX 06pa3lioB paccMOTpeHo B psne paboT [1-6]. YcraHose-
HO, 4TO JJIs y/bTPafHCIEPCHBIX MOPOIIKOB MeTajla CIeKaeMOCTb HMeeT 0COOeHHOCTH KHHETH-
KM M MeXaHK3Ma IlepeHOCa MacChl, 00YC/IOBIeHHbIe MaJbiM pasMepoM uacTHl mopoinka (10-
100 uM). D10 mposIBASIeTCs B BHICOKOH aKTHBHOCTH K CIIEKaHWIO J@Xe NPH HHSKHX TEeMIIEpaTy-
pax, NpoXoslleMy C yyacTHeM TaKHX MeXaHM3MOB NepeHoca, KaK KoaJeCLeHHUS ¥ 3epHorpa-
HHYHOEe CKoJsbXKeHHe [5, 6. |

OTMeyeHHBle 0COGEHHOCTH NPHCYLIM [OPOLIKY HMKes, NpeACTaBIAOLEMY co60i KOMIaKT-
Hbl€ QaCTHLBI C TOMOJIOTHYECKH OJHOCBSSHOW MOBEPXHOCTHIO, HarnpuMep, KapOOHHUJIBHOTO IPO-
HCXOXNECHHSl WK MOJMYyYeHHOMY KOHJeHcalueH mapoB Mertaina. [IpefcTaBifeT HHTepec Hccle-
ll0BaHKE CNEKAEMOCTH BBICOKONMCIEPCHOTO MOPOLIKA HUKeNf, COCTOSILIEr0 W3 MOPUCTHIX YaCTHIL
¢ OO/BLIOH Y/e/NbHON NOBEPXHOCTBIO, KOTOpasl SBASAETCS TONOMOTHYECKH MHOTOCBSI3HON. Takwue
HaCTUIIbl, HUMeEollMe CKBOSHYIO MOPHCTOCTb, 06pasyioTCs MPH TePMOJH3e KPHCTAJJIOTHAPATOB
HEKOTOPBIX coJleH HHUKeJs. B jpanHoN paGoTe paccMoTpeHa CriekaeMocThb MOPOLIKOB HUKeJs,
TOYHEHHBIX [TPH TePMHYECKOM Da3J/IOKeHHH OKcasaTa U GopMHaTa HUKEJIS.

Meronuka nosyueHHs IOpoIIKa MeTa/Jla BKIIOUAET CHHTE3 COJIH U ee TEPMOJIU3.

1. TTopowiok okcanata nukess NiCoO42H9O ¢ BenuunHof KPHCTA/IOB 1-5 MKM Gbla moJry-
HEH OCaXJIeHWEM H3 BOLHOIO pacTBOpA ILUABEJEBOKHMCIOr0 HATPUA NPH H0GaBJEeHHH pacTBopa
a30THOKHMCJIOrO HHKess. TepMONM3 CcONM NMPOXOAHMT B ABE CTAAMH: CHAYAJA AeTHipaTauys TpH
T~ 530 K

NiC204-2H0 — NiC9Oy4 + 2H90, AH®= 178 k]Ix/ Mo, (1)
- @ 3aTeM pasJioxeHHe npH ~ 603 K B atMocdepe razoobpasubix TPONYKTOB peaKLuU
NiC904 — Ni + 2CO9, AH® = 66.5 kIx/Mmous (2)

2. ©®opmuar Hukesas Ni(HCOO)92H9O ¢ Bemmuumoi KpucTamio 1-10 MkM 6bl1 mosyuen
NpUIMBAHHEM KOHUEHTPHPOBAHHOW MYDaBbHHOH KHUCJIOTH K CBEXEIONYYCHHOMY OCHOBHOMY
KapboHaty HHKess. [lernapartauus CoJqM NpOXOAUT npu T = 440 K.

Ni(HCOO),:2H90 — Ni(HCOO), + 2Ho0, AH® = 1254 KoK/ MonD (3)

Pasnoxenre 06e3BoXXeHHOH COMM uaeT MpH ~ 570 K B aTMochepe razoo6pasubix NMPOAYK

TOB
peakuuu

Ni(HCOO)y — Ni + 2COy + Hy, AH® = 63 5 KIDK / Mok (4)
DopmupoBanue Hasbl MeTalia NpU TEPMOJI3€e KPHCTaNIOTHAPATOR KapOOKCHIIATOB HUKeJ
PaccMOTpuM, YTO NPOUCXOAUT NMPH HArpeBaHUH K

HHUS UCXOOHOTO KpHCT&JIJIOFHI{p&Tﬁ B KOHEYHbIH [1po
HUe OTHeJIbHOMN NNOPOLIMHKH OfpefeJiieTcs He ToJb

51
PHCTaNNa CoMM Ha Bcex 3Tamax npespatie-
AYKT — YacTuuy nopomka Hukensi. CocTos-
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TonyyeHne BHICOKOAUCNEPCHOTO NMOPOLLIKA HHKENA C MHOTOCBSA3HOW MOBEPXHOCTDI. ..

NPOMCXOAALIAE NPH JeTHAPATAlMK, OKa3biBalOT BJHSIHHME HA MUKPOCTPYKTYPY YacTHMIL MOPOLIKA
HYUKess, HOPMHUPYIOLIMXCS MPU MOCAENYIOIEM Pa3JIoKEHUH 00e3BOXKEHHOH COJH.

B CTPYKTYpé KPHCTAJJIOTHIPATOB OKCajaTa HHKeJsi ¥ (opMHaTa HUKeJs MOJIeKyJbl BOMbI
BXONAT B KOOPAMHALMOHHYIO chepy aToMOB MeTamna. B okcajsate HHMKeJssi aTOMBI KHC/I0pPO/A
IBYX MOJEKYJ BOIbl HAaXo#ATCS B aKCHAJbHOM IOJOXEHHH KHCJIOPOJHOrO OKTas/apa BOKPYT
KaXKJIOro aToMa HUKeJs, a caou u3 JeHT —M—CoO4—M—-Co0O4— cBsI3aHBl BOLOPOAHBIMH CBA3H-
My [7] 1 uepenyioTesi co CJIOSIMH MOJIeKYJ Bofbl. B ¢opMuarte MMeeTcs NBa THMA aTOMOB HHKe-
ns. Y ONHOTO OKTasApHYECKOe OKPYXKeHHe COCTOMT H3 IIeCTH aTOMOB KHCJIOpOAA [IECTH ¢op-
MMAT-HOHOB, @ Y APYTOro — U3 ABYX OPMHAT-HOHOB U YeThIPeX MOJIEKYJI BOAbI [8]. TIpu merup-
paTal{¥ CTPYKTypa IIpeTepreBaeT CylleCTBEHHbie H3MEHEHHUS. Hapsany c¢ ¢parmentauuen 6Jio-
KOB MO3aWKHM, CABUI'OM JIEHT H CJIO€B CTPYKTYpHOTo MOTHBA, HAET QopMHpOBaHHE MUKPONOp Ha
MecTe YyHaJMBIUeHCS BOABL DTH HM3MEHEHHs UYacTH4YHO IPOC/JEXHMBAIOTCS NPH aHAIH3e febae-
rpamm [9] u, KpoMe TOro, MOATBEPIKAAIOTCS 3HAYNTEJbHBIM BO3pACTaHHEM yIeJbHOU [OBEPXHO-
CTH TIOPOLIKA COJIM BCJefcTBHE 0Opa3oBaHUS MUKPOIIOP.

B Ta6n. | mpuBefeHbl HalM auHBe To ancopbund asora (meton BIT, 77 K), nokaskiBaio-
[yie Bo3pacTaHMe Gosee YeM Ha TOPSAOK YAEJbHOH NOBEPXHOCTH MOpOLIKA OKCajlaTa HHUKEJS
IpH ero AerMApaTaluy W M3MeHeHHe ee MPH MOCHeNyIOlleM PasjioXKeHHH COJH M CTeKaHHH 06-
pa3oBaBLIerocs MOPOIIKa MeTaslIa. -

Ta6arna 1. VisMeHeHue y/Ie/bHOH TOBEPXHOCTH S (M%2 /1) B mpolecce pasJoXeHHs OKcazlaTa
nukens npu 603 K u mocsienymomeM nporpeBe o6pasoBaBLIErocsi MOPOLIKA HHKEJS. HcxonHbii
mopomok comn umen S = 5.1 M?/r. B ckobkax ykasaHa J0/1s1 pasJioKHBIIErocs NOpOLIKa

[Tocsie mporpesa CoJii H MOJYYEHHOT0 NOPOLIKa HAKEJS B Te-
yeHHe MUHYT
5(0.1) 15(04) | 30(0.8) 60 (1.0)
69.5 | 76.9 83.6 81.3 15.0

[To mepe pasButus peakuun (2) u (4) xpucTam conn u obpasyiolasics dasa MeTasa mpe-
TepreBaloT XUMHMUYeCKOe JMCIeprHpoBaHHe BC/IENCTBAE HECKOJBKMX MPHHHH. O6pa3oBaHHIO
yABTPaJUCIEPCHBIX KPHCTAJIOB HHUKEJS Croco6CTBYET MHOXEeCTBEHHOCTh LEHTPOB Pas/ioKeHHs:
B 06beMe KPHCTaN/a COJIM, KOTOPHIMH SIBJISIOTCH Ne(eKThl CTPYKTYpPbl M MIOBEPXHOCTb MHKPO-
fop, BO3HUKUIMX IIpH Jeruapatauud. Kak oTmeuaercst BO MHOTHX pa6GoTax, HalpuMep, (2, 10],
pa3yioXKeHHe COJH MOXeT HaYHHATbCA HE TOJBKO Ha BHellIHel MOBepXHOCTH KpHCTalla, HO U B
o6beMe Ha fedekTax CTPYKTyphl. MexaHnuecKue HampsDKeHHs B TaKHX silpax peakuyuyu MOryT
PUBOANTH K AUCIIEPTHPOBAHHIO BCIeCTBHE paCTpECKHBAHHA KpHCTalLIa. Ewe oqHo¥ NPHYHHOK
NUCIIeprupoBaHHUS gBISieTCS ~ 3HAUMTE/NbHBIM  OTPHLATEJbHBIH 06beMHBIH  3((EKT
(AV /V ~70% ), o6ycloBIeHHb# pas3/xdieM [UIOTHOCTH COJH H MeTallla (2.3 u 89r1/cm?
COOTBETCTBEHHO). | S

OHHOBPeMeHHO, 10 Mepe CONPHKOCHOBEHHS 00pasOBaBLIMXCS yJIbTPAAUCIIEPCHBIX KPUCTAJ-
JIOB MeTaJjya, HAeT WX B3aWMHOe MpUIeKaHHe Io MeXaHM3My TJACTHYECKOro TedeHus W Io-
BePXHOCTHOH AMPPYy3HH [4, 6], npuBoAsiilee K 06pa30BaHMI0 MOPHCTOrO CPOCTKA™ arjomepara.
CoBMeCTHOe JeHcTBHe 3THX (haKTOpOB NMPHBOAWUT K TOMY, HYTO KaxNas o6pa3oBaBilasics MOPO-
WIMHKa NpeAcTaB/iseT coboM CPOCTOK B3aMMHONPHIIEYEHHBIX MHMKPOKPHCTAJIIOB HHKe/d BeJH-
qumodi 20-100 my [9, 11], uMelomuii ppakTanbHylo CTPYKTYPY C PasBeTBJEHHOM CHCTEMOH Ka-
HaJOB M NyCTOT. BesiMuMHA CPOCTKOB, B CPeJHeM, COOTBETCTBYET BeJIAYMHE HCXOLHOro KpHu-
cTAMNA COMH, a CTEleHb arperupoBaHMs MHKPOKPHCTA/IOB 3aBUCHT OT yCJOBHHA pasJjioXeHHd,
yBeJIHUMBasiCh, KaK IPaBUJIO, C TMOBbIIICHHEM TeMIepaTypbl M JJUTEJbHOCTH Harpesad. Ha
puc. | mpHBefeHB KPHUCTAJIBI COMH H o6pa3oBaBlUriecss M3 HUX YaCTHLBI NMOPOIIKA HHUKEJ.
MuUKponophl, BO3HHKIIKE TPH AerHApaTaluy, B MpOLEcCe naJibHeHLIero pasJsioXeHus COJH Tpe-
06pasyloTcs B MaKpOIMOpH!, XOPOLIO BHAHbIE HA PHC. 1. CkBo3Hble NOpPbI, MPOHH3bIBAIOLINE Hac-
THIly TOPOLIKA, ONpeAessioT MHOroCBASHOCTH [OBEPXHOCTH, KOTOpasi TOMNOJIOTHYECKH TOMeOo-
MopbHa cdepe ¢ 77 pyuKaMmy, Te Kaxjas H3 /1 Pydex COOTBETCTBYeT CKBO3HOH IOpe [12]. Io
Mepe (OPMHPOBAHHS CPOCTKOB B3aHMHOE IpHUIEKAnHe MHKDOKPHCTAJLJIOB COTMPOBOXKAALTCA
yMeHbllIeHHEeM YAeJbHOH TMOBEPXHOCTH S Ilnomaas MOBEPXHOCTH CHayaja Bo3pacTaeT MPH /e
FAAPATALMH M Pa3JOXKEHHH COJH, 2 3aTeM YMERbIIAeTCH B peaysbTaTe CleKaHHs (ra6a.1).

[Tocne peruapatanuy
conu mpu 833 K
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Crniekanue c¢Bo60OJHOHACHIIIAHHOTO MTOPOLIK

| : : H3 YacCTHI
[TosyueHHbI MOPOLIOK MeTa/aa NpeAcTaBaseT coboi GupucrnepcHyo Cfg;ﬁ; UMEIOLLHe
sennurnoi 20-100 HM, arperHpoBaHHLIX B MOPUCTbIe CPOCTKH BENHHHHOM 2 ,oc.ne TDS-
lIepOXOBATYIO MOBEPXHOCThb. [IOPHCTOCT TaKoro ¢BOGOAHOH2CHIIAHHOTO ropoliKa II yTp
0..
cku jpocturaer BenuuuHsl O, = 90%. HMsBecTHbIM 13 JHTEPATYPhI EPYHNGIRECHCREAIE SRES
MblHi M3 ABYXKOMITOHEHTHOH CHCTEMbI

FOM TAaKOTO MMOPOIIKA MOXKeT CJAYXHTb TOPOLIOK, MoJyyae
4]. DdderTHBHOE AaBIEHHE BCECTO-

pH yAajdeHHH JIeTyyero KOMIOHeHTa-opoobpasoBaTes [
POHHEro cXkaTHsl P, onpejiesisieMoe KalMUISPHEIMY CHJIaMH, JOJKHO [IPH HarpeBe MPHUBOAUTE K

YIJIOTHEHUIO KaK OTAEJbHBIX IMOPOLIKHOK-CPOCTKOB, TaK ¥ ropolika B LEJOM, ch(l—e)/l,

fle G — yieabHas IOBePXHOCTHAs SHeprus, © — MOPHCTOCT, [ — Be/IHYMHZ HaCTHII [4, 6.

Ha Haua/ibHOi CTAQMH ClIeKaHHSl TPH CTOJb GOJIBIIOH HadalbHOH MOPHCTOCTH O, [OMKHa HATH

6o/iee KOMIIAKTHas YKJafKa 4YacTHll MOPOLUKa ¢ MOMOLIbIO NOBOPOTOB H CMelIeHHH KX KaK Le-

Jloe OTHOCHTeJIbHO APYT Apyra [5, 6]. [Ipu 9ToM Kamua/spHblE M rpaBUTALHOHHBIE CHJB HTPH-
Jal0T 5THM MHOXECTBEHHLIM IepeMelleHUsIM XapaKTep CTATUBaHHMS MOPOIIKA B 6ojiee KOMIaKT-
HYIO cHcTeMy. Kpome TOro, ycaika CaMHX CPOCTKOB, YMEHBIIAIOUIAs MX BEJIHUHHY, TaKXKe CIO-
coOCTBYeT CMeIeHUIO MOPOLIMHOK KaK LeJIoro [4, 11]. Bce aTH MeXaHHM3MbI B COBOKYMHOCTH
o6ecreynBaloT BechMa 3HAUMTEbHBIA PeosorHueckuil ekt 06beMHOH YCalKH Ha HadalbHOH

CTaauHn CIIeKaHHA.

Puc. 1. KpucTaasl coAcHl U IOAyYEHHBIE M3 HHMX YACTHLE! OPOLIKA HHKe AST: @ —
OKCasaT HUKEAS; O — IOPUCTBIA CPOCTOK MUKPOKPHCTAAAOB HUKEAS 06pa30;3a33-
LIAHACH M3 OJHOTO KPHCTAAAR COAHU; B — KPUCTAAA DOPMUATA HUKEAS H’I‘ — MIOAYYEH-
HBIF U3 KPUCTaAAa (DOpPMHATA IIOPHCTHIE CPOCTOK MEKDPOKPHCTAAAOB HUKEAS ¢

Ha puc. 2 npuBejieHa 3aBUCHMOCTb OTHOCHTE/BHOH 06beMHON yeamku AV /V OT MJIUTEJIbH
CTU CIIeKaHUS NpY pas/M4HbIX Temnepatypax. Buano, uto ocHoBHasi ycagka (no 80 i
cTBAfeTCA B MepBble 1-O MUHYT Harpepa. CrekaHWe NOPOLIKOB npo-BosziocBB art
AOpOA2 ¢ NpephiBaHHeM [ MSMepeHHs JHHeHHbIX pasMepos. O6pasypl neziro*raBJIM
CHINKOH TMOpolIKa B KBapleBbie TPYGOUKH C yTPSICKOM N0 HachINHOrG Beca 0.5 —
AMead (HopMy UMAMHAPa AHaMeTpoM 6 MM u BhicoTol 30 MM u NnoMelannch B' éap

%) ocyure-
ocepe Bo-
MBaJ/IUCh Ha-
0.6 r/emd,

aHee Harpe-
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MonyyeHue BbICOKOAUCNEPCHOTO NMOPOLWKA HUKENS C MHOTOCBA3HOW MOBEPXHOCTLIO. ..

TVIO neyb. MIHTeHCHBHOE ClleKaHue MO3BOJIANO MOJYYHTb MEeXaHHUUYeCKH TPOUYHble 00pasibl yxKe
nocae | MuHYTH crekanusi. B Tabi. 2 npencraBieHbl pe3yibTaThl CleKaHMS MOPOLIKOB OKCa-
JIATHOTO H (HOPMMATHOro NpoHcxoxiaeHus B TeueHue | yaca. Ilpn cnekaHuu MOPOIIKOB ¢ MHO-
rOCBSI3HON MOBEPXHOCTHIO O6palliaeT Ha ce6Gsi BHUMaHHe HECKOJbKO OCOGEHHOCTEH M0 CpaBHe-
HHIO ¢ OBBLIUHBIMH MOPOLIKAaMU NMPHMEPHO TAKOH e JHCMePCHOCTH 14 -6].

100
— 6.5
- ———14
s© | = 2 - *2
>" .
S || 1
s
)
50 |
0 20 40 60 80 100 120
t. min -

Puc. 2. 3aBACHMOCTH OTHOCKTEABHoﬁ 00BeMHOM YCAOKKU OT IIPOAOANKHUTEABHO-
CTH CIEeKaHUs OAd IIOPOIIKa HHUKEAsT U3 OKCasaTa HHKCAA. 1- 673 K, 2-
773 K, 3-873K,4-973K,5-1073K,6-1173 K.

Ta6runa 2. JlanHble MO CleKaHHWI0 CBOGONHOHACHINIAHHOIO MOPOIUKa HUKE/A B TEICHAE 1 yaca B
atmochepe Bogopoaa

AT, | AVIV | do, d.,
LR % % r/cms %o r/cmd e =
Jlig mopoliKa M3 OKcajlaTa HHKeJs
693 34.5 708 | 0.527 | 0.941 1.81 0.797 | 0.246
773 434 | 823 | 0535 | 0.940 3.02 | 0661 | 0.125
873 51.0 809 | 0478 | 00946 | 447 | 0498 | 0.056
973 53.7 91.3 0455 | 0949 | 625 | 0410 | 0.038
1073 | 55.5 922 | 0476 | 0947 | 6.16 | 0306 | 0.025
| Jlisi nopouika U3 popMHaTa HUKeJS
593 18.3 398 | 0855 | 0.904 1.42 | 0.840 | 0.560
693 | 318 | 626 | 0687 | 0923 | 183 | 0797 | 0323
773 | 343 | 738 | 0745 | 0916 | 279 | 068 | 0200
873 | 394 | 770 | 0750 | 0916 | 326 | 0634 | 0.159
973 | 417 | 798 | 0850 | 0905 | 394 | 0558 | 0133
T073 | 420 | 800 | 0833 | 0907 | 412 | 0538 | 0.120
1173 | 442 | 805 | 0838 | 0906 | 427 | 0520 0.113
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B.H.Konecnukos, P.U.lMonos

%) 1 06BEMHON (10 90%) ycag-

Mo COKMe 3HaueHHs JuHehHoM (f0 99 :
HMmeroT MecTo odyeHb BBICOKHE 3H H30TepMHUECKOH Bbi-

KM, 10CTHraeMbie, B OCHOBHOM, B Ipollecce HarpeBa H B nepBbie MHHYTHI

AePHKKH. . )
CpaBHHTeJ/bIO HH3KHe TeMIepaTyphl clleKaHust ¢ OOJbLIOH YCalKOH (5673 67:31 IiLTHBHOCTH )
Bosibiuve WaMeHeHHs] ¢ pocToMm Temneparypsl (B 5-10 pa3) KospULHEHT

criekanuio K =V, /V,, e Vy, V, — ofbem mop Ac K nocjie CleKaHus.

. o s | 059
Manbiéi HachIHOHM Bec MopoliKa, GosblIKe 3HaueHUs HadajbHOH TIOPUCTOCTH 90 (o %)

" u nocJie cnekanust (0, ~ 30-50%).

[TopolLIOK OKCa/MaTHOTO MPOHUCXOXKAEHHsi UMeeT OyJbllylo akTHBHOCTD K CIIeKaHUIO 110 CpaB-
HeHUIO ¢ popmMHaTHBIM. OTMETUM TaKXKe 3aMefJieHUEe CIeKaeMOCTH TIPH 1073-1173 K. u
[TocnenHee o6CTOATENBCTBO MOXHO OOBSCHHTL TeéM, YTO IpH Harpese MO Gornee BBICOKOH
TeMIepaTyphl YBeJHUHBAETCS BEPOSTHOCTh 06pa3oBaHMs rasoHanoNHEHHBIX [10p, OKa3bIBalUIMX
. TopMo3siillee JeHcTBHe ycalake. ITo XKe (akTop, N0-BHAUMOMY, HCKaXaeT XapakTep 3aBUCHMO-

ctu In(AV /V)or 1/T, koropasi npamosuneiina npu T < 873 K, ¢ ymMeHblUeHHeM HAKJOHA IIPH

GoJiee BEHICOKOH TeMmepaTtype. [1o-BHAMMOMY, 9TO OTKJIOHeHHWe OOyCJOBJIEHO He CMEHOM MeXa-
HH3Ma TlepeHoca, a TOPMO3SIUUM JelicTBMeM 00pas3ylOLIUXCsl Ta30HANONHEHHBIX INOP. dddek-
THBHAsi HEeprdsi aKTHBAllMM YCAfK{, HalWfeHHasd [10 HaKJ/JIOHY NPAMOJMHEVHOro ydacCTKa IIpH

T < 873 K, coctaBasieT ~ 20 kK / MOJIb.

O6061A0NHI BHIBOL COCTOHT B TOM, YTO MOPHCThIE TOPOLIKH HHUKeJ/ OKcalaTHOro H (op-
MHATHOFO MPOMCXOXIEHMS, HMeloliMe (PaKTaJIbHYIO CTPYKTYpy C MHOTOCBSI3HOHM [OBEPXHO-
CTbIO, NPOSIBJASAIOT CaMyl0 BBICOKYHIO M3 HM3BECTHBIX B JIUTepaType aKTHBHOCTb K CMNEKaHHIO B
CBOGOLHO HACHIIAHHOM COCTOSIHMH C COXpaHeHHeM GoJIbLIOH 0CTaTOYHOM TOPHCTOCTH.
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R.l.Popov. Preparation of a highly dispersed nickel powder with multisli(r?l?ga \;uNrfggclanrrig?:s
sintering in a freely poured state.

Highly dispersed nickel powders prepared by thermal decomposition of
miate in a freely poured state are a bidispersed system with a great activi
of formation of porous particles of nickel powder with a multilinked surfac
which is accompanied by linear (up to 55%) and volume (up to 90%)
ity are discussed.

metal oxalate and metal for-
ty to sintering. A mechanism
e and peculiarities of sintering
shrinkage at high residual poros-
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