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YzarasbHEHO JIiTEpaTypHi I BJIaCHI aHi IIIOI0 CTPYKTYPU, OCHOBHUX CIOCO0iB
OIep:KaHHs, MeXaHIYHNX Ta eJIeKTPUUYHUX BJIACTHUBOCTEIl a30TOBMiCHHX BYT-
JnereBux HaHOPYPOK (N—BHP), 1110 YMOKIUBIIIOIOTH IX BUKOPHUCTAHHSA Y HAHO-
TexHoJoriax. B same:xHocTi Big koudirypamii N—-BHP gocaim:xeno ix Tepmo-
IUHAMIUHY CTabiJbHICTL 3 BUKOPUCTAHHAM METOJ MOJIEKYJIAPHOI fUHAMIKHY i
Moute-Kapiso. Po3riasaayTo MOMKJINBI BIOPAAKOBaHI KOHMIrypaiii goMirmko-
Bux aTomiB damimenHda (N) Ta KiHeTUKY iX yIIOpsAAKYyBaHHA B rpad)eHOBi r'pa-
THUIII.

A compilation of data on a structure, basic methods of fabrication, mechani-
cal and electrical properties of nitrogen-containing carbon nanotubes (N—
CNT), which make possible their use in a nanotechnology, is presented. De-
pending on the N—CNT configuration, their thermodynamic stability is stud-
ied using the molecular dynamics and Monte Carlo methods. Possible ordered
configurations of substitutional dopant (N) atoms and kinetics of their order-
ing in a graphene-based lattice are considered.

0O600111eHbl TUTEPAaTyPHBIE 1 COOCTBEHHBIE JAHHEBIE O CTPYKTYpPE, OCHOBHBIX
cmocobax IMOJyYeHUA, MEeXaHUYEeCKUX U 3JIEKTPUUECKUX CBOMCTBAX a30TCO-
IepsKaIux yriaepoaubix HaHOTPY6oK (N—YHT), KoTophie AesIaioT BO3SMOYKHBIM
X MCIIOJIb30BaHUe B HAHOTEXHOJOTUAX. B 3aBucuMoCTH OT KoHburypauu N—
YHT uccienoBana ux TepMoguHaMUYecKas CTaOMIbHOCTE C UCIOJIb30BaHUIEM
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MeTOIOB MoJIeKyJapHoit nuHamuku u Mourte-Kapio. PaccMoTpeHBI BOZMOK-
HbIe YIOpAMOUYeHHbIe KOHPUTypanuu IpuMecHBIX aToMoB 3amerienud (N) u
KMHEeTHKAa UX YIOPSAL0UeHUA B rpa)eHOBOM peIléTKe.

Karouori c1oBa: a30TOBMiCcHI ByTJiellieBi HAHOPYPKYM, METOAY XEeMiUHOI CUHTe-
31, MeXaHiUHi ¥ eJIEKTPUYHI BJIaCTUBOCTi, METOAM MOJIEKYJIAPHOI AUHAMIKHY Ta
Momnte-Kapiio, teryBaHHsa rpadgeHoBoi I'pDaTHUIII, BIOPAAKYBaHHA aTOMiB.

(Ompumano 10 yepgns 2010 p.; ocmamounuil gapisnm — 24 gepecnsa 2010 p.)
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HomaTok A. KimeTuka pesakcalrii JajieKoro MopsagKy aTOMiB 3aMillleHHa
(N) B rpadenosiii rparuuii (ctrexiomerpii 1/311/6)

ITuroBana JsriTepaTypa

QU WO DN =

1. BCTYII

OpnHielo 3 HAWBAKJIMUBININX TOAiM B icTOpii pO3BUTKY HAHOTEeXHOJIOTIH
crajo BigrpuTTa HanpuKiHmi XX cT. HOBOI (DOPMU HAHOBYTJIEI[I0O — Ha-
HOPYPOK [1]. IloegHaHHS TeOMETPUYHOI CTPYKTYPU BYTIJIEIEBUX HAHO-
pypok (BHP) 3 ix yHikambHUMHN MeXaHiuHUMHU # (DisWKO-XeMiuHUMUI
BJIACTUBOCTAMHU BiJKPHUJIO MINPOKi IIEePCIEKTUBY IPAKTUUYHOTO 3aCTOCY-
BanHA BHP y pisHoMamiTHUX HamoTexHOJIOTiAX [2—4].

BHP — muaingpuuHi CTPYKTYpPHU, HOBEPXHA AKUX SIBJIAE COOOIO TeK-
caroHaJIBbHY rpadeHoBYy ciTKy (puc. 1, a). Ix giamerep ckiazae Big ogHO-
0 JI0 JeKiJIbKOX JMeCATKIB HaHOMETPiB, a JOBKUHA — J0 OeKiJIbKOX Ie-
CATKiB MiKpOMeTDiB.

I'pader — 1mrap aTomiB ByTJIeI[i0 TOBIIIMHOIO B ONUH aTOM, 3’ €THAHUX
3B’s3kaMu (ri6pugusania sp’) y rekcaroHaIbHY JBOBHMIiPHY I'DATHHILIO
[5]; #ioro Mo:kHA IPEACTaBUTU AK OAUWH MJIACKUH ITiIbHUKOBUI IIap,
BimoKpeMJIeHMIT Bif 06’ eMHOT0 KpucTaay rpadiry (puc. 1, 6).

B sanexxnocCTi Big KinbKocTu rpadenoBux mapis BHP noginarooTs Ha
ogHoctinui (OBHP) ra 6ararocrinui (BBHP) (puc. 2). Bigcranp mix
rpadenoBumu mapamu y BBHP mopisuioe 0,34 mm, To6TO Maiiike Taka
K, AK 1 Mixk mapamMu y Kpucraxiuaomy rpadgiti. Tumnosuit mismerep
OBHP cranoButs Bix 0,4 o 2 um, a BBHP — Big 1,4 1o 100 mMm.

Oguomaposi BHP MOXyTh IPOABIATU BJIACTUBOCTI IK METAJIiB, TaK i
HaOiBOPOBIAHUKIB, IO 3aJIEXKUTH BiJl IXHIX CTPYKTYPHO-T€OMETPUYHUX
napameTpiB, a BBHP npoaBiaoTh auilie MeTaIiuHi BJIACTUBOCTI.
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Puc. 1. @parmentu rpadenonoi (a) Ta rpadiTosoi (6) CTPYKTYP.

Ineanraa OBHP — 1me nmuaingep, ogep:KaHUi IpU 3TOPTAHHI IIJIaCcKO-
ro reKcaroHaJbHOTO rpadeHoBOro mapy 6es mBiB. BsaemHa opieuTarisa
rekcaroHaJibHOI rpadeHOBOI ciTKM Ta mo3moB:KHBOI Bici BHP BusHauae
BaXKJUBY CTPYKTYPHY XapaKTEePUCTUKY HAHOPYPKU — XipaJbHIiCTb.
Bona xapakTepusyerbca miasumMu yuciaamu (m, n), Mo BKasyoTh MicIie
3HAXOMKEHHSA TOTrO IIeCTUKYTHUKA Y rpad)eHOBiH MJIOMINHI, SKUHA Y pe-
IUTLCSA y MOYaTKy KoopauwHaT (puc. 3). 3 iHimoro 60Ky, XipajabHicTb
BHP mo:xe OyTu 0O4HO3HAUHO BU3HAUEHA KYyTOM 0, yTBOPEeHUM HAIIPSIM-
KoM sroprauus BHP i HampamMkoM, y AKOMY CYCiHI IIECTUKYTHUKH
MaloOTh CIiJIbHY CTOPOHY. € mocuTh 6araTo BapisHTiB sropranus BHP,
ajie cepel HUX BUIIJIAIOTH Ti, B pe3yabTaTi peasisalii axux He BimOyBa-

Puc. 2. Cxemu cTpyKTyp ofHo- (a) Ta 6ararocrinnoi (6) BHP [2, 3].
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Puc. 3. ®parmear OBHP, omep:xaHOi IILIAX0OM 3ropTanusa rpad)eHOBOI ILIOIH-
Hu [2]: a — enemenTapHa Komipka OBHP 3 ingekcamu xipansaocTu (4, 2), 00-
meskena OaraTokyTHUKOM OAB’B (1106 yreoputu OBHP, 1 Komipka sropra-
€ThCA TAK, 1110 O «3ycTpiuae» A, a B — B’); 6 — sursaromoxi6ua (zigzag) OBHP
306=0°i(m, 0) a6o (0, m) ta Kpicaomoxioua (armchair) OBHP 3 6 =30°i n = m.
(Xipanbui OBHP marots 0yan-axki sHauensa (m, n)i 0 <0 < 30°.) HopHi kpanku
y KpykKax Bigmosizarors OBHP 3 MmeTa/riuHMMM BJIACTUBOCTAMI, a MAJIi YOPHi
Kpanku — HaniBoposizaum OBHP.

€ThCSI BUKPUBJICHHS CTPYKTYPU TeKcaroHaJbHol citku. Ili mampamMru
yTBOpioioTh KyTu 6 =0 i 6 = 30°, akum BiagmoBimaioTh XipaabHoCTi (m, 0)
(surzaromnoxnioma OBHP) i (m, m) (xpicronoxioaa OBHP).

Crpykrypy OBHP MoKHa MaTeMaTHMYHO ONMMCATH 34 JOIOMOTOI0 Xi-
pasibHOro KyTa 0 i xipaisHoro BekTopa C, (OA) (quB. puc. 3, a):

C,=na, + ma,;

TYT a, i a, — OAWHWYHI BEKTOPU y IBOBUMIipHil reKcaronajabHi# rpade-
HOBIi#i I'paTHUIIi, 6 — KyT Mixk BeKTOopamu C, i a,.

Ha6ip MmokauBuX XipalbHNX BeKTOPiB MOKasaHui Ha puc. 3, 6. Bia-
ctusocti OBHP Bu3HauaroThCca iX giamerpom d i KyToMm 0, sAKi, Y CBOIO
yepry, 3ajie;kaTh BiJl 3HaUeHb iHAeKCiB XipaJbHOCTH 11 Ta m:

d=C,/n=3a, Nn®+m® + nm/n , 6 = arctg(\3m/(2n +m)),

Ie acc=0,14 HM — BimcTaHb MidK HAMOIMIKUNMU ATOMaMU BYTJIEITIO.
¥Yci OBHP, 3a BUKJIIOUeHHAM 3UI'3arOMOTiOHUX i Kpicaomomiouux, €
xXipamrbHUMET, TOOTO MalOTh a00 JIiBYy, a00 IpaBy CIipalbHiCTh.

Yci (m, n)-OBHP € meramiuaumMu, AKI0 PIsKHUIA M — 71 € KPATHOIO
pboM ((m —n)/3 e Z), a Kosu Hi, TO BOHU IPOABJAIOTH HAIIBIPOBi-
HUKOBI BJIaCTUBOCTi. 3aJIe;KHIiCTDh eJIEKTPOHHUX XapaKTePUCTUK Bim re-
OMETPHUYHOI CTPYKTYPHU € OAHi€I0 3 yHiKaabHUX BiaacTuBocteit OBHP,
3aBOAKU AKili, HaOpUKJIaL, Hepeadaunain MOKJIUBICTL BUTOTOBJIEHHS
Ha IX OCHOBi OHOEJIeKTPOHHOT0 Tpausucropa [6, 7].
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IIle ogra ocobauBicTh BHP — Bucoka uyTauBicTh iIXHBLOI mMpoBigHOC-
T OO0 MeXaHiuYHOTr0 HAIIPY KeHHsA, IIT0 € OCHOBOIO AJIA CTBOPEHHSA ITaTUl-
KiB peectpairii Haiiapiouimux gepopmarniii. BHP y 10—12 pasis mimmi-
1i, a Tako:k y 6 pasiB sermri 3a cranb. Binbie Toro, HaBiTH 3a MexaHiU-
HOTO HAIIPYXXEHHHA, 1[0 IePeBUIIlye KPUTUYHE, a TAKOMXK MiJ Ai€r0 Temaa
abo Bunpominennsa BHP He «pByTbhCs» i He «J1aMaioTbCA», a JUIIIE IIepe-
oymoBytoTbCA[7].

Omxe, BHP, akum npuramanHi Taki ¢isuuHi B1acTUBOCTI, AK BICOKA
MiIlHiCTBh, THYYKiCTh, TEILIO- Ta eJEeKTPONPOBiAHICTE i Majia MOJIEKYJIA-
pHa Maca, € He3aMiHHUM MaTepiaioM Ijia HaHoTexHosorii [8—10].

3 inmoro 6oky, JeryBanusa (momyBanusa) BHP aromamu pisHUX XeMi-
YHUX MMePBHIiB (a00 MOJIEKYJIIMM) MPU3BOAUTE A0 IMOJIMIIIeHH (B ceHci
dyuKmioHambHOCTH) IX (QiZMKO-XeMiUYHMX BJIaCTHUBOCTell B pes3yJbTarTi
peryanLoBaHOI 3MiHM KOH(pIr'ypailii aToM0oBOI Ta eJIeKTPOHHOI migcucTeM
WX HAHOCTPYKTYP.

¥ mamiit poboTi ysarajibHeHO JIiTepaTypHi JaHi 3 BUBUEHHS YMOB CUH-
resu BHP, nomoBanux (;1eroBanmux) aromamu azoty (N—BHP), ix cTpyK-
TYypPU Ta OCHOBHUX (PiBMUYHUX BJIACTUBOCTEM, 1110 YMOMKJINBIIOIOTH IIPaK-
TUYHEe 3aCTOCYBaHHS ITUX HAHOMAaTEPidIiB.

2. CIIOCOBH OJEP;KAHHA TA CTPYRKTYPA N-BHP

Bigomo, 1m0 N—-BHP Mo:xyTh OyTU Ofep:KkaHi, 30KpeMa, TAaKMMH MeTO-
ITaMu:
e BUIIaPOBYBaHHAM I'padiTy B eJeKTPUYHIN Ny3i B HOTOIIi iHepTHOrO Tra-
8Y; . . .
® KaTaJiTHMYHOIO MiPOJIi300 MeTaHy, alleTUJIeHY Ta OKCUIY BYTJIEITIO;
¢ JIa3epHUM BUIIAPOBYBaHHAM (a0s11i€10);
® XeMiUHUM IIapOBUM OCAKEeHHSIM, BKJIIOUAIOUM POT0 pisHOBMAU (3a
aTMoc(depHOTo i HU3LKOTO TUCKY, BUKOPUCTAHHSA IIJIa3MU MeTaJoopra-
HiUYHUX CIIOJYK).

Crpykrypa cuntedoBanux N—BHP zazBuuait gocaimKyeTnea 3a mo-
TIOMOTOI0 HACTYITHUX (DiSUUHUX METO/:
® eJIeKTPOHHOIO MiKPOCKOMi€io, BKJOUalOum ii pisHOBUIM (CKaHiBHY
erexTpouHy Mikpockomiio (CEM), ckaHiBHY TyHeJIbHY MiKPOCKOIIiio
(CTM), aTomoBYy cusoBy Mikpockoiriio (ACM));
¢ Tepmor'paBimerpuuHoo (TT') anasrizoro;
® CIIEKTPOCKOIIi€I0, BKJIIOUAIOUM ii pisHOBUAM (KOoMOiHAaITifiHe po3CiTHHA
ceitia (KPC), indpauepBory (I4) cneKTpocKomito, eJIeKTPOHHUI ITapa-
mar"HeTHui#l pesonamc (EIIP), PenTrenoBy (poTOeeKTPOHHY CIIEKTPOC-
Komito (PPEC), cmeKTpoCKOmil0 eJeKTPOHHUX eHEepreTUYHUX BTpPaT
(CEEB)).

Pesyabpratu POEC masesnu gokasu icuyBanHa C—N-3B’A3Ky mig uac
pocty HaHOPYpPOoK [11-18] abo B:Ke micjas pocTy Ipu JeryBaHHi (momy-
BaHHi) HaHOPYPOK [19], Xxoua iHTepmperallia MUX JaHUX 3aJUIITAETHCS
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a

Puc. 4. TEM-306paskenusa onep:xanoi N—BHP 3 uacTuHKOO KarajgisaTopa B
ocHOBI (TemHa ginanka) (a) [11]; BigkpuTuii Kpaiit HAHOKYIOJY MOKAa3aHOo CTPi-
JIKOIO; HallHM:KYa Ayromnoniouna dyactuHa € Fe—C-cmonykoio, AKy BOYZOBaHO B
OOJIIKPHCTATIUHY ILTiIBKY Ha TiJI0MKKi, 3BiIKM aTOMH BYTJIEIIO ¥ IIPOIieci poc-
Ty nudyHAyoTrs y HaupAMKY pocty BHP. TEM-306paskeHHA KpuUCTaIi30BaHOL
BHP (6) [11]; ua ginaumni I smicT asory cranoButh 6%, a Ha gimaumni II Bim
OPaKTUYHO BiICyTHINA.

HeonHO3HauHOIO [20].

Tak, y poborax [11, 16, 18] nmokasano, o BHP, momosaui asotrom,
MOJKHA OJep:KaTH 3a OOIOMOTOI0 METOAM XEeMiuHOTO IIapOBOr0 Oca-
IKeHHA 3 BukopumcranuaMmM Fe sk karamisatopa. Bigmomiennsa N/C
craagaio 0,72. Maiixxe Bci N-BHP maroTs 6aMOyKOIOAIOHY CTPYKTYPY.
TEM-306paxenusa ogeps;xauoi N—BHP gemoucTpye, 1o Bcepenuui BHP
MiCTUTBCSA TaK 3BAaHUI HAHOKOHYC, AKUI CKJIAZAETHCA 3 YACTUHOK Ka-
rajisaropa (puc. 4, a), KpUCTaAIi3allif0 IKOT0 BUABJIEHO CIEKTPOCKOIIi-
eio KPC. 3 Bukopucrauuasam metonu CEEB BcTaHoBIeHo, 110 a30T 3HA-
XOAUTHCS IIepeBasKHO HA BUTHYTOMY rpad)eHOBOMY Kpail y BepxHiil uac-
TUHI HaHOKOHYyca (puc. 4, 6). Cepenus nos:xxuna BHP cranosuia 61135-
K0 20 MKM. Ix missmetep BapitoBaBes Big 20 1o 150 um.

3a gomomoro meroau PPEC Bcramosseno [11], mo BmicT asory y
cuaTesoBanux N—BHP cramoBurs 61u3sk0 2 at.% (puc. 5).

Ha ogepsxanomy B po6orti [11] ciekTpi KPC (puc. 6) criocrepiraiorbesa
inTencuBHUi mik npu 1580 cm ! (G-Mona) i MeHIN iHTeHCUBHI miKky npu
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Puc. 5. P@EC-cnekrep Toukoi mirisku N—-BHP [11].

1350 cm ! (D-mozma) i 2700 cm ' (G’-Moza), IO € XapaKTepHUMU AJIA
rpadeHoBux mapiB. Takoxx Mae Micime cnabkumit mix mpu 4280 cm ?,
KU MOske 0yTu 3yMOBJIeHUH KoMbiHaieo G + G Moz,

Kourpomatowoun pict BHP Tta Bmict y aux C/C—N a6o C—N/C, moxxHa
omepsxaTu rereporepexonu mixk ynctumu BHP i N-BHP [11] (puc. 7).

¥ poborax [12—15] N—BHP BupoIinyBasu 3a KiMHAaTHOI TeMIlepaTypu
i HUBBKOMY THCKY METOAO0I0 XeMiUHOI'0 IIapoOBOTO OCAMKEHHS 3a IPUCY-
THOCTY HAAYMCTOI alleTHUJIeHOBOI IIJIa3MH, II0 JO3BOJIUJIO0 KOHTPOJIIOBA-
™1 mBuakicte pocty BHP. Ogpep:xami N-BHP wmarors mopdosioriro

—
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1000 2000 3000 4000 5000

3cyB yacToT KoMOiHAIiiTHOTO
(PamaHoOBOTrO0) po3ciasHHA, cM !

Puc. 6. KPC-cnektep Toukoi mrisku N—BHP (moB:xkuHa XxBuji Ja3epHOTO 30Y-
mxenus — 488,2 um) [11].
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3(-)—1—1‘M

Puc. 7. TEM-306paskeHHss MoxkiauBux rereponepexoznis: N—-BHP/BHP (a),
BHP/N-BHP (6) ra BHP/N-BHP/BHP (8) [11].

«cmareti» (puc. 8), 1110 MOB’SI3aH0 3 HU3bKOIO TEMIIEPATYPOIO OCAIKEH-
Ha (120°C) ra mBuzakictio npouecy (1-2 xB.). Ix moBkuHa He mepeBu-
mrye 50 HM, a BMicT a30Ty cTaHOBUTE 01113bK0 20% . Ha BinbHUX KiHIIAX
BHP micTarbesa wacTuHKY KatasisaTopy Ni.

Anmopodmui (a-C:N) HaHOPYPKU i HAHOBOJIOKHA HA 3pa3KaX IIOPHUCTOT'O
ajioMiHifo O0yJ0 CHMHTE30BAHO METOAOI0 XEMiuHOTO OCaKeHHs IapiB
[19] 3 BUKOpHUCTAaHHAM €JIEKTPOH-CUHXPOTPOHHOr'0 pe3oHamcy. Meroa
CTM zacsigumnia, 1o a-C:N HaHOPYPKHM Ta HAHOBOJIOKHA MaJM IisMe-
Tep y 100—250 um i goexkuny nopagky 50—80 mxm (puc. 9). Peurreno-
oudpakiiiiHa aHajliza WX HAHOCTPYKTYP MTiATBepamJa BiACyTHiCTH
kpucramiuaux ¢as. Cunexrep POEC BusaBus, 1o croisBigaomernns N/C
Moske caratu 72% . Haapricts IY-cmyru BOupanHa mixk 1250 cm ' i

Puc. 8. TEM-zoopaxxenuna N—BHP, cunaresoBanux 3a KiMHaTHOI TeMIepaTypu.
TeMHi IAMHU — YaCTUHKY HiKJIo-KaraxisaTopa [12].
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Puc. 9. CEM-zo6pakenns (a-C:N) Hanopypku (a) i HanoBosokHa (6) [19].

1750 cm' GesmocepenHLO MiATBepAMJIA IPUCYTHICTL aTOMiB as3oTy B
amopdHii ciTii Byrierio (puc. 10).

BHP 3 pisuum Bmictom azoty (zo 10% ) 6yJ10 ofepsxaHO METOLOI0 XeMi-
YHOT'O ITaPOBOTO OCAIMKEHH 3 BUKOPUCTaHHAM (eporeHy, NH; i Keumory
uy mipuauHy Ak KarajiaisaTopis [20, 21]. POEC-ananiza BuaBuia 3cys i
posmiupenua piBHA Cls cneKTpy 3i 30iIbIIIeHHAM HEeBIOPAIKOBAHOCTIH,
3YMOBJIEHOI CEJIEKTUBHUM Jier'yBaHHAM a30ToM. POEC-cmexTep N1s N—
BHP nokasaB Tpu OPpUHIIUIIOB] TUIIN KOOPAUHAIIIT a30Ty: IMipuAMHONOMI-
O0my, mipoaiTuuHonoAi6Hy i ueTBepTUHONOAIOHY. KPC-cnekTpu N—BHP 3
pisHMM BMicTOM a30Ty BimmoBimaiu I’ ATHOM IIiKaM, AKi BigpisHaIMCS 3a
imTeHCcHUBHicTIO Ta mupuHoo: 1624 cm ' (D’-Mmoza), 1583 e (G-moza),
1487 cm ' (D”-moga), 1851 ecm ' (D-moga) i 1220 cm ' (I-mopa)). TEM-

BignocHa morimMHANbBHA 3JaTHICTH

1750-1250 cm!

a

_-—\\_ HAHOPYPKH
(]

e HaAHOBOJOKHA
8

(a) a-C:N mavopypku (manpyra -450 B) CunpHa
(6) a-C:N manoronokna (manpyra -250 B) abcopbuis
(8) a-C:N nosepxueBuit map (6es HAIPYTH) A-l:zoa

4000 3500 3000 2500 2000 1500

XBHIbOBE YHUCJO, CM

1000

500

Puc. 10. I9-cunextpu (a-C:N) HaHOPYPOK (a), HAHOBOJIOKOH (6) i TOBEPXHEBOTO
mapy aarominito (8) [19].
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Puc. 11. TEM-306pa:kennsa: yuctux BHP (a), N-BHP (5,1+0,5%) (6) Ta N—
BHP (9,610,5% ) (8). Macmrra6ua mitka — 10 aMm [20].

anaJiza (puc. 11) 3acBigumia, 1110 gigMeTep JIETOBAHOI a30TOM Ta UMCTOI
BHP zanumniaeTbcs mocTitHuM — y Mexkax 15—40 um.

IIpu s6inbmienHi yactku NH; mo:xkwuHa Ta niamerep BHP amentiu-
aucsa npubausuo Ha 10-20% . Hogasauusa NH; no mipuaumy mifg gac cu-
HTesu BHP n03BoJIsie KOHTPOJIIOBATY BMiCT a30TY.

N-BHP 06ysi0 cuHTe30BaHO B a30THIiH IJIadMi BUCOKOI BXiMHOI mOTY-
skHOoCTH (3,1 KB) 3 BUKOpUCTAHHAM MiKPOXBUJIBOBOI IJIa3MOPO3IIUPIO-
BaJIbHOI CUCTEMU METOM0I0 XeMiUYHOTO apoBoro ocamkerHd [22]. TEM-
aHaJriza BUSABMIIA, 1110 rpadeHoBi mapu geropanux N BHP cranu gy:xe
BUTHYTUMH i HABiTh MicTuau QyaepeHonoAi0HI CTPYKTYpPH HA BinMiHy
BiJ KOHIIeHTpUUYHUX rpadeHoBux mrapiB Buxigaux BHP. Bignosigzo xo
P®EC-pocrimgxens [23] 3po0eH0 BUCHOBOK IIPO Te, IO a30TOBMiCHI
BHP wmarors Tpu BuAm KoHGbiryparii: moii-4-iminmnipugua-, momi-9-
Bimizkap6as30Ji- Ta moJiaHimim-omiromepu. N1s, — OCHOBHUI eHepreTH-
yHUH piBeHb, — 3paskiB N—-BHP nmoum:kysascs (~ 1 eB), 1110, romoBHUM
YMHOM, 3YMOBJIEHO eDeKTaMUu eKpaHyBaHHA OCHOBHUMU JipKaMu y Ti-
3B’sA3KaxX HABKOJIO aTOMiB a3oty [24, 25].

N-BHP 6yji0 BUPOIIIEHO B Pe3yJbTaTi PO3KJIaJaHHS alleTOHITPUIY 3
KaTtajaisdaTopoMm Fe 3a 1omoMorowo xeMiuHOTO IIapoBOT0 ocamKeHHsa [26].
BusBuiocs, mio 11i BHP matoTs 6aMOyKOmIoAiOHY CTPYKTYPY i cepenmuiii
Iismerep mopAAKy 60 HM.

OpieuToBani B pag BHP 6y10 cuHTe30BaHO 3 aepo30JIio, 1e (hepoleH
0yJI0O BUKOPHCTAHO AK IKepesio KaraaisaTopy. POEC-anamnisa 3acBia-
ynia (puc. 12), mo BHP MicTaTh ABa TUIIN CTPYKTYPOBAHOTO a30TY, AKi
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IETeHCHBHiCTB, JOB. OI.

fl} "

395 400 405 390 400 410 420

Enepria 3s'asxy eB O6paxoBaHa eHeprida, eB

Puc. 12. POEC-cuekTep N1s (a) macusy N-BHP, BupoIieHruX 3a IPUCYTHOCTHU
KartaJizaTopiB 6imasneaty saiuisa (1) Ta ¢eporeny (2). Pospaxosauuii POEC-
crexkTep BOupanusa (0) AJIA MipUANHOIOAIOHOT0 i MOJIEKYJIAPHOro a3oTy (IIoKa-
3aHO Bropi), BKJatoueHnoro y (6, 6)-BHP [26].

XapaKTepusyIThCSI BUCOKOeHepreTuUYHUMHY Iikamu ~ 399,1 ta ~ 401,1
eB y N1s-cuexTpi.

Harowmicts PenrreniB crnekrep BOMpanHsa N BUABUB TPU YiTKi miKku
npu 398,8 eB, 401,2 eB ta 405 eB. Ocrauuiii mik BigmoBigae MoJeKyJIs-
pHOMY as3oTy, akui# imkamncyiaboBaHo B N—BHP. Tarky BigmimzicTs B
€HEePTrisax 3yMOBJIEHO PidHOIO KiJbKicTIO aToMiB asdoTy Ha moBepxHui BHP.
ITi Tpu mikm BKa3yoOTh HA HAABHICTH TPHOX (DOPM a30Ty y AOCTiIKyBa-
HuX 3paskax. POEC-cmekTep BOUpaHHS 0yJIO PO3paX0BAaHO 3 BUKOPUC-
TAHHAM KBAaHTOBO-xeMiuHUX MeTon s BHP 3 BKIOUeHHAMU Iipuau-
HOIIOAIOHOI CTPYKTYPH a30Ty. BUCOKOEHEPTeTUYHHNN IIiK HigTBepI:Kye
OPUCYTHICTL MOJIEKYyJab N, y cTpyKTypi BHP, a iioro BimcyTHicTb y
P®EC-cnexkTpi N-BHP BKa3sye Ha rasomnomidouuii a3or, AKUil, TOJOBHUM
YMHOM, 30cepemKeHunil y Biggamenux minaukax BHP. 30inbiienusa in-
Karcyasamii momekyab N, y BHP Mmoixxe 6yTu 1moB’sa3ame 3 BUCOKOIO H-
(dysiero aToMmiB a30Ty Uepes YACTUHKHU KaTajaisaTopa, II0 YTBOpPeHi 0es-
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Puc. 13. KPC-cnektpu 1-ro Ta 2-ro mopaaky N—-BHP, curTe3oBaHuX 3 TOIYOTY
Ta anetoHiTpUay [27].

IocepeaHbO i Yac XeMiYHOT0 IIapoBOT0 OCAIKEeHH .

3pasku N—BHP 6yj10 cuHTE30BaHO 3 TOJIYOJY 1 alleTOHITPUIY B PisHUX
IIPOIIOPITiAX 3 a€PO30JI0 METOAO0I0 XeMiUHOT0 IaPOBOTO OcaaKeHHs [27];
ixHi cTpyKTypu nopiBHIOBaIU 3 BUKOopucTanuaM ciieKTpiB KPC (puc. 13).
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Puc. 14. PO@EC-N1s-cextep BHP, cuHTe30BaHNX 3a MPUCYTHOCTH YHCTOTO alle-
TonitTpuiy. CreKkTep BKIOUa€ B cebe Tpu I aBcianomoxi6Hi KommonenTu [27].
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IIBa ocHoBHi miku 6ima 1360 cm ' i 1590 cm ™! mamemxaTs cmyram D Ta
G BigmoBigHo. TaKoK MPHUCYTHI TPU MEHII iHTeHCUBHI miKu B obJacTi
2300—3400 cm '. Yacrora niky 2700 cm ! maiixke BaBiui BigpisHAeThCA
Bix vyactoru mirky D-cmyru i Bigmosimae G'-cmysi, Axa € o6eproHoM D-
cmyru. IIik apyroro mopazaky 2940 cm ! € kombinamieto D- ta G-cMyT, a
mix 3220 cm ' € obeproHOM G-cmyru. BusBmMiIOCH, IO iHTEHCHUBHICTH
cmyru G, i popMa Ta IOJI0KEeHHA 3aJesKaTh Big BMmicTy azory y BHP.

3aransuuit BMmicT asoty y BHP 3pocrae maitike ginifizno 3i 30iabInen-
HAM KOHITeHTpAaIlil alleToHiTpuIIy, MpuYiM BMicT a3oTy Ha ctinkax BHP
36iaemyerbesa Ha 0,3% i 0,5% npu gocArHeHHi KOHIEHTpAIIl areToHi-
oy y 25% i 34% BigmosigHO.

P®EC-ciekTep N1s BHP gemoncTpye Tpu miku (puc. 14). [flominanT-
Hui nixk opu 401,5 eB Bigmosigae rpadiromomioHoMy asoTy, TOAL AK
caabmuii mik opu 399 eB ta inTencusHimmwuit mpu 404,9 eB Bigmosiga-
IOTh HipUANHOIOAIOHOMY Ta MOJIEKYJIAPHOMY a30TY BiZIIIOBiAHO.

O6ugBa BUAM BUAO3MiHEHOTO a30Ty, — rpadiTononibHuil Ta mipumm-
HOMOOJiOHMII, — BHOCATH HEBIOPAAKOBAHICTE y IIIapH JIETOBAHOI a30TOM
BHP, mpo 110 cBiguaTh BiJHOIIIEHHSA iHTEHCHUBHOCTEHN CMYT BOMPAHHA Y
cuextpax KPC (puc. 15).

P®EC-pocrimxenna [28] N1s-mmiky Tako:K miATBepAUIN, ITIO BiH Mae
TP KOMMOOHEHTHU, SIKi BiATIOBimaioTh TPhOM pPiSHMM THUIIAM 3B’ A3KiB
atomiB N y rpadewni (puc. 16).

MeTtona xemiuHOTO ITapoBOTO OcajKeHHA AJid BupolnyBaunua BHP 3
HaAaHOUACTUHOK KaraJjisatopa B cepenoBuillii NH; mosBoJsise omep:raTu
BeprukaabHuit MacuB N—-BHP [29, 30]. OnTumizoBaHi yMOBHu pPOCTy 10-
3Boauau ofgepxatTu N—BHP gos:xuumoo y 52 mkm 3a 1 xB. Tay 100 HM 3a

E--] )
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Puc. 15. CuiBBignotenusa inTencusuocreit D- 1o G-emyr (I,/1;) Ta G'- no G-
cmyr (I /1) ax dysrnii koHIEHTpanii rpadiTonoxi6buoro azoTy (a) Ta mipuau-
Homoxi6HoTO a3ory (0) y BHP Bignmosigmo [27].
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. arom C . (2) "nipuauHOMOAiIOHMI" aToM N

.(1) "rpaditononibaui” arom N g (8) "mipomituunonogi6aui” arom N

Puc. 16. CxematuuHe 300pakeHHA JeroBaHOI a30oToM rpadeHoBOi r'paTHHMINL
(zuB. Tarkox Homarork A). [Tludpamu nosHaueno Tpu Tunu 3B’ A3KiB aTromiB N y
rpadeHoBil rpaTHutii: 1 (uepBoHuit) — rpadironmoxi6bumii; 2 (3emeHuir) — 1mi-
puauHONOAiIO0HMIT; 3 ((KOBTHIT) — mipoaiTuuHononioumii [28].

6 xB. POEC-gocaimxennas N—BHP (smict NH; — 20% ) mokasaau Hasd-
BHICTB 4OTHPBOX MHiKiB: mipummuomoai6uoro (398 eB), mipoaiTuunoIo-
ni6uoro (399 eB) i uerBepTumHOro asory (400,8 eB), a TaKoK OKCHUIY
asoTy (Nox; — 402,5 eB, Ng,x — 405,6 eB). IlIBuakicts pocty BHP cyT-
TEBO 3aJie;KUTh Big Bmicty NH,; y pobouomy rasi, soxpema, BiH 3HaAUHO
CIOBLIBLHIOETHCH, Koy BmicT NH; carae 20% .

N-nmonosaui BHP (missmerpom Big 20—160 M i 6iyibIie KiTbKOX gecs-
TKiB MiKpoMeTpiB y JOBKUHY) 0YJI0 CHHTE30BAHO 3 BUKOPHUCTAHHAM Ka-
TAJiITUIHOTO XEMiUHOTO IIapOBOT0 OCAMKEHHS AlleTOHITPUIIY, a TaKOoK
Fe—MgO sk rkaramaizaropa [31]. Oxep:xkaui BHP matoTs 6aMOyKomoaioHy
BHYTPIIIHIO CTPYKTYPY i MicTATh a30T, K «OyIiBeIbHUI» eleMeHT ix
crinok. BHP Taxko:k BKJIIOUAIOTH 3AJUINKN METAJIeBOTO KaTajizaTopa
BcepenuHi cebe (puc. 17).

Buxkounani Hamu KPC-gocimigsxkeHna 1nux spaskis (puc. 18) susBuiu,
II0 CHiBBiAHOIIIEHHA iHTEHCUBHOCTEM AJIsI KOJMBHUX Mon unctux BHP
ckaazae 1,36, roxi ak gaa N-BHP — 0,72, 1110 ¢cBifuuTh IIpo 3MeHIIIeH-
HA CTYyIIeHA HEBIOPSAAKOBAHOCTH KpucTariuHoi crpykTypu BHP.

ITix nmpu 1590 cm ' € xapaKTepHHMM A4 KpPHCTaJIiuHOro rpadiry.
Cmyra G smimryerbes y 6ik Husbkux uactot (1558 ecmt) noa N-BHP y
nopiBusuHi 3 yncTumu BHP. Kpim Toro, y N-BHP 3’aBiasierscs gomart-
KOBa KOMIIOHeHTa Ha dacTori 1621 cm'. ¥ unerunx BHP miku szaxo-
narbea Ha yactoTax 1341 em i 1355 e Y, Tozi AK miku Tiel x cMyru y
N-BHP 3uaxonsaTbca Maiike Ha ogHiit uactori — 1361 cv i 1363 cm L.
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Puc. 17. CEM-zoopa:xkennsa BHP: tunoBuii Buraan kayoka N—BHP (a); 6am0y-
Komoxi6Ha ctpykTypa okpemux N—BHP (6). Kpyxeukamu o6BeeHo MeTaaeBi
BrJIIOUeHHA Bcepenuui N-BHP [31].
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Puc. 18. Cuextpu KPC 1-ro i 2-ro mopsaakis uuctux BHP (a, 6) i N-BHP (s, 2).

PesyabraTtu podotu [32] 3acBigunmiiu, 1110 Oi/IbIITiCTE JOTOBAHUX a30-
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Puc. 19. TEM-3o6paxenusa N—-BHP (a) Ta BinmoBigHe emepreTuyie 300pakeH-
HA posmoxiny ByrJelto (0) i azory (6) y N-BHP [32].

Tom BHP maioTh mipugmuHOmonioHy i HiTpUIBHY CTPYKTYpPY. Hismerep
N-BHP sumaxoguBca y Mekax 5—45 HM, a KOHIIEHTpAI[is a30Ty 3MiHIO-
Basaaca Big 10% no 25%.

CEEB-jocifxenHs BUABIIN 1s—7 - Ta 1s—0 -pesonancu npu 396—

Puc. 20. TEM-3o6paskenta mopdosorii BHP, BupoinieHrx 3a HaABHOCTU YHNCTOT'O
rosryoary (a) Ta 3 momaBauuaM 15% miasumy (6). Tunmosa 6ambyKomonioua (8) Ta
ciTkomoxi6Ha (2) CTPYKTYypH, ofep:kaHi 3 BMicTrom 44% miasuny [33].
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402 eB, 110 TaK0X Ja€ MOKJIMBICTH PO3PIBHUTH TPU PisHI BUAU CTPYK-
Typ N—-BHP: nmipugunononi6ny (398,5 eB), miporitnunononiomy (399,5
eB) ra rpadiTononiony (401,7 eB) Binnorixwo.

N-BHP 6y.Ji0 CHHTE30BaHO METOL0I0 XeMiUHOT'O IaPOBOT'0 OCAIKEHHA
Ha KPeMHIiMOBIM ITi IJIOMK K.

TEM-300paskeHHsA TO3BOJIUJIN BUSABUTH 0AMOYKOIIOLIOHY CTPYKTYPY
omep:;kanmx 3paskis (puc. 19). ITokasamo, 1110 a30T BOYIOBYETHCA HEPiB-
HOMipHO y cTpyKTypy BHP i 3HaxX0m1uTHCA nepeBakHo Ha cTinkax BHP.

N—-BHP 0yJio TaK0 CHHTE30BaHO METOL0I0 XeMiuHOT0 IIapoBOTo OCa-
IKeHHS 3 UHCTOT'O TOJYOJIY i CyMiIlIi TOJyoa—aias3uH 3 IIONepPeIHiM BH-
KOPHCTaHHAM (PepolleHy B SKOCTi KaTajrizaTopa 3a Temmnepatrypu 760°C
[33]. BuaBuiocs, 1110 a30T AifiCHO BimIOBizae 3a CTPYKTYPHUI TOPAIOK
BHP. Ogep:kani 3pasku MaioTh TOBCTi CTiHKHM i BY3bKHH BHYTPIITHil
kKauag (puc. 20) Ta He € IPAMUME, OCKiJIbKY Y HUX CIIOTBOPEHO KpUCTa-
JiuHY I'PaTHUILIO, IO 3yMOBJIIOE YTBOPEHHS IIETEb.

3oBHimui gigsmerep BHP cknagas Big 50 um 1o 110 uM, a BHyTpiI-
Hitt — ~ 13 am. Ogep:xani N—BHP 6aMOyKomonioHoi CTPYKTYypH MaOTh
30BHIiIIHIH gigMeTep y ~ 40 HM, AKUHN 3MEHIIIYETLCA IO ~ 35 HM y BUIA-
IKy 3MiHu BmicTy miasumy 3 15% mo 44% . Y BUIagKy «CiTKOIIOLi0HOI»
CTPYKTYypHu cepenuiit miasmerep BHP cxkaazaB ~ 33 um mpu Bmicti 15%
nmiasumy Ta 43 HM npu oro BmicTi y 44% .

Ha pucyury 21 npeacraBieno Tunosuii CEEB-cmekTep «ciTKomoxmio-
Hux» BHP, Bupoimienux npu Koumeurtpanii giasuny y 44%. IIik opu
285,5 eB Bigmosigae 06’emuOMY rpadiTy, 10 MiATBEPAKYE BUCOKY KPU-
cramiunicts BHP. Piskwuit mik asory npu 401 eB i 6inbmr mosoruii mik
npu 420 eB e pesyabTaTom B3aeMmonii N, ta crpyxkTyp CN,. ¥ nromy Bu-
nankry Bigmormreraus N/C cramosuth 3% , a Bigmomenua N,/CN, — 25%.
Tako:K crocTepiraju OipuAMHOOOAIOHY, HmipoJiTuuHomoAi6HY i rpadi-
TOIMOLIOHY CTPYKTYpH 3 eHepriamu 398,9-399,8 eB ta 400,1-400,7 eB
(N1s-cmekrep).

PesyabraTi mociaimikeHns HMiATBepAMIIN, IO HipUAMHOIOAIOHI BKJIO-
YeHHSA a30Ty, podranioBaHi Ha crinkax BHP, migBumniyoors ii rHyYKicTD
Ta MyMIKiCcTh.

Tako:x BUKOHYyBaJucsa gociig:keHHda jerosanux N BHP, cunTesoBa-
HUX METOJ0I0 XeMiUHOI'0 IIapOBOT0 OCAIMKEHHI Ha KBAPIIOBIM i IJIOMK K
i3 cywmimri moHoeTaHoJaMiH—(epolleH y AiamasoHi Temmepatyp 700—
900°C [34]. ¥Yci N-BHP yTBopioioTh 6aMOyKomomioHi crpykTypu. Kon-
IeHTpaIlisa a3oTy peryiaoBajacsa B Aisamasoui 4,8—5,8% Ta KOHTpPOIIO-
Bajlacs TeMIeparypoio ocamkenua. [los:xuuna BHP ckiaamana 20 mxwm,
npoTe 3HauHO 3MiHIOBaJacsa Big 20 go 100 MKM npu migBUINEHH] TeMIIe-
patypu Big 700 mo 900°C.

TEM-anaJsiza Busasua, 1mo BHP, BuporrieHni 3a BMCOKOI TeMIiepaTypu
Ta 3 HU3BKNM BMiCTOM as30Ty, MalOTh BUCOKWH CTYMIiHBb rpadiTmsarii.
Hiamerep Takux N—BHP smimioBaBesa Big 15 10 60 um mpu 3miHi Temite-
patypu Big 700 mo 900°C.
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Puc. 21. CEEB-cnekTep «cirkononiouux» BHP 3 Bmictom 44% niasuny B misi-
nasoHi 240-450 eB. Azor mosxe 6yTu y ABOX (haszax: TBepziiit CN, (a) Ta rasomo-
niouiit N, + CN, (6). Bropi HaBeneno TEM-300pakeHHA SOCIiAKYBAHUX CTPYK-

Typ [33].

P®EC-ananisa sacBigumia, 1o Cls-cur'HaJ pO3INEIIOBAaBCA HA TPU
miku: 284,5 eB, 285,5 eB Ta 288 eB (puc. 22). KoHneHTpallis asory
crJiaagaia 5,6, 5,8 ra 4,8% mupu 700°C, 800°C Ta 900°C Bigmosiguo. ITik
apu 285,5 eB Brasye ma rpadiromomiony dopmy Byraemni. IIik mpwu
284,5 eB — Ha TeTpaeapuuHy (popmy Byrieiio abo C—N-3B’430K, a ImiK
npu 288 eB — Ha 3aMillleHHs aTOMiB ByTJIeIllo aTromaMu as3oTy. N1s-
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Puc. 22. P®EC-cuekrep N-BHP, cunresoBanux 3a pisaux temmepatyp. Cls-
(Bropi) Ta N1s- (Brusy) cnektpu BHP, Bupomiennx 3a remneparypu 800°C [34].

CIIEKTep TaKo:K Mae Tpu okpemi mikm: N; ma 398,3 eB, N, Ha 400,5 eB Ta
N; mHa 404,4 eB. IIiku N; ta N, BigmoBigaoTh mipuguHOTOmiOHMIT Ta
rpadiromoni6oHiy cTpykTypam. Ilix N; Mo:xe OyTu moB’sa3aHUMA 3 YTBO-
PEHHAM OKCHUIY a30Ty.

ITpu 3pocTanui Temueparypu Big 700 mo 900°C BigHoOIIeHHA iHTEeHCH-
BHOCTeN D- ta G-mon (Ip/I;) y KPC-cnexkrpi cuntesoBanmx N—-BHP
ameHIryeTbed Bix 1,10 go 0,92. Ile cBiguuTh npo te, mo N-BHP, cun-
Te30BaHi 3a BUIMUX TeMIIePaTyp, MiCTATh MEHINY KiJIbKiCTh a3oTy.

TI'-amasisa Ta BaroBa KpruBa BUKOPHCTOBYBAJIUCS OJIS JOCJIiIMKEHHS
piBHga rpaditusalrii ogep:xanux 3paskiB (puc. 23). TT'-mipauua susasu-
Ju, 10 BigOyBaeThcA 3HaAUHe 3MeHIneHHs Mmacu BHP, cumTesoBammx
apu 300°C, nopisusauo 3 BHP, cunresoarumu mpu 700°C, ske, mpore,
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Puc. 23. TT-anasisa (Bropi) ra Barosa kpuBa (BHu3sy) aasa BHP, cunresoBanux
3a pisHUX Temmepatyp [34].

He O0yJi0 TakuM 3HauHuM A1 BHP, cuaresoBanux npu 800 i 900°C. Ilpu
36inbmrenHi remmneparypu Big 700 o 800°C mae miciie 3cyB MaKCHUMYyMiB
miky BaroBoi KpuBoi Big 438 mo 452°C, 1110 BKasye Ha OiJbIII BUCOKY Te-
pMmiuny crabinpHicTs BHP, Bupomenux 3a temmeparypu 800°C. 3cyB
MaKCHUMYMiB IIiKy BaroBoi KpuBoi Bim 452 mo 550°C mpu migBuinenHi
remueparypu Big 800 mo 900°C mosACHIOETBCA 3POCTAHHAM CTYIIEHS
rpadirusamnii N-BHP.

Y [35] BHP 3 pisuum BmicTOM asoTy (3HaUeHHSA KOHIEHTpAILil He me-
peBuiysaJo 5% ) 6yJa0 CHHTE30BaHO 3a JOIIOMOTOIO IyT'OBOTO PO3PALY.

V [36—38] BHP 6ombapaysanucs iionamu N, 3 ereprieio 0,5 xkeB (15
HA/cM?) 3 pisHEUMUE mepiogamu wacy — 17 Ta 47 xB. (puc. 24). POEC-
aHaJIiza BUSIBUJIA, 1110 criekTep N1s ocHOBHOTO piBHA N-gomoBanux BHP
Moske OyTH poslellJeHni Ha ABa MiApiBHi, AKi BigHOCATHCA 10 Sp*- (C—
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Puc. 24. ACM-3o6paskenns 3paskis BHP gmo i micna 6ombapayBanua HoHaMu
N depes pisui mpomiskku gacy: 0 (a), 17 (6)i 47 xB. (8) [37].

N=C) i sp*-ri6puausanii (C—N-kondirypaiis). BcraHoBaeHo, 1[0 MOP-
dosoria BHP 306epiraerscsa i micaa OomOapayBaHHA, aje iX KiJTbKicThb
3MEHIITYETHCA.

POEC-mocaig:xenus Oyiu BUKOHAHI 3 MeTOI0O BMBUEHHS BKJIIOUEHb
azory y BHP (puc. 25). Ik 6aunmo, crocrepiraiorbcs aBa miku (1o 6om-
OapaysanHa N;): ogun npu 99,3 eB Bigmosizae uncromy KpemHiro (mig-
JOMKIKA), a immmuii mpu 103,3 eB Bigmosigae Si0O,. Illupuua miky samMiHIO-
eTbeda HedHauHO (0,25 eB), 1110 CcBiAYNTL PO BKJIIOUYEHHA HEBEJIUKOI Ki-
JBbKOCTH a30Ty B IIOBepXHIO cyocTpary. Ha pucyHry 25, 6 cmocrepira-
IOThCS IIEBHI BiiMiHHOCTI Tpu mopiBHAHHI mOBepXxoHBb cyocTpaty 3 BHP
micia 6omOapayBaHHSA, sIKi 3yMOBJIEHI BifIIOBiHOIO 3MiHOIO OCHOBHUX
piBHIiB y aapi Si2p. Hapermri, cnexkTep Ha puc. 25, 6 1eMOHCTPYE YiTKU
3CYB 0 O1JIBIIT BUCOKMX €HePriil y MOPiBHAHHI 3 IOJOMKEHHAM OCHOBHUX
piBHiB Cls. Ile cBigunTh IIPO TE, 1110 30T TOJJOBHUM YMHOM MiCTUTHCA Y
BHP, a He Ha migmosx:xKi.

AsoroBmicui BHP 6yso BupoOIlleHO 3 alleTOHITPUIY, IipuAuHy ado
N,N-gumerniapopmaminy 3 xaraaizaropamu Fe, Co uu Ni B imTepsaii
remneparyp 823-1123 K [39]. BcranoBieHno, 1o BigHOIIIEHHS aTOMiB
C/N 306imbiryeTbea 3i 30iJBIIIEHHAM TeMIIEpATypH, IO MOKe OyTH
IOB’A3aHO 3 TEPMOANHAMIUHOIO CTifKicTIO MeTaIOKapOigiB i MeTaI0Hi-
TpuaiB. Kpim Toro, BmicT asory y rpadeHoBomy Iiapi 3amiHOBaBCs 3i
301JILITTIEHHAM TeMIIEpaTyPH! BiJ IepeBa’KHO IIipUAMHOIIOAIOHOTO a30Ty
Io yerBepTuHHOTO a3oTy. N—BHP, omep:kaHi 3a mpucyTHOCTHI KaTaJisa-
Topy Fe, masnm «6aMOyKOBY» MOpPQOJOrifo, He3aJeKHO Bif CIIiBBimHO-
mrenna C/N abo remmepaTypu pocty, Ha Binminy Bix BHP, omep:ranmux
3a mpucyTHOcTHU Karajaisdaropy Co uu Ni.

Macus BepTukanarHo posramoBanux BHP, nomoBanux asorom, 0yJio
CUHTE30BaHO ILJIAXOM PO3KJIAJAHHA a€PO30JbHOI CyMilri aneToHiTpuIy
i pepomeny pu 850°C [40] (puc. 26). KounmeHnTpariiisa azoTy y 30BHIIITHiX
obonmonkax BHP, axky ounimeno merogor PPEC, ckirazana ~ 6% . Bera-
HOBJIEHO TpU XeMiuHi (popmu azory y BHP: mipugmnuaononiouumii, rpadi-
TOIIOXIOHMIL TA MOJIEKYIAPHUH a30T. T -Pe30HAHC MOJIEKYJISPHOTO a30Ty
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Puc. 25. Si2p- (Bropi), N1s- (nmocepenuni) i Cls- (Buusy) PPEC-cuexkTpu Si-
migmoxxsa 3 Ta 6es BHP mo Ta micia 6om0apaysanusa iionamu N;. TyT BBeeHO
raki mosHauenHs: Si+N; — mifgnomoxsa micaa GombapayBaHHA oHamu Njj;
Si+BHP — miggosxsxa 3 BHP; Si+BHP+Nj — migmoxkaxsa 3 BHP micisa 6ombap-
nysauHa onamu Ny (N/C=0,47%)[37].

IPOJEMOHCTPYBAB UiTKY IIOJAPUIAIINHY 3aJI€KHICTD, III0 CBiAYUTE IPO
mepeBakKHY OopieHTaIio Mmoyekyab N, B3goB:k Bici BHP.

Y Bumaaky cuHTesu O6amOykKomomioHmx N—-BHP 3 BuKOpucTaHHAM
¢eporeH—aIeTOHITPUIY BCTAHOBJIEHO, IO aTOMOBA YacTKa a3oty y BHP
3MeHIyeThcs 3i 30inmbrnenusam Temnepatypu [41]. Cepenusa mos:xuHa
s#KmyTiB BHP cramagana 430 MM, Ix mismeTep 30iJIbIIMYETHCA 3 POCTOM
remnepatypu. Cepenuiit gismerep N—BHP cramoButh 55,6 am i 73 uM
3a remnepatypu 800 i 950°C sigmoBigHO.

P®EC- (puc. 27) i KPC- (puc. 28) mociimxeHHA TOKa3yOTh, 110 N—
BHP, BupoirieHi 3a 6i1bI11 HUBBKUX TEMIEPATYP, MAIOTh 0i/IbIIT BUCOK M
CTYIIiHL HEBIOPAAKOBAHOCTH Ta OiabIime BOymoBamoro N. Cls-cmexTep
Mae ik mpu 284,6 eB, a N1s — npu 401 eB 3a pisuux Temmoepartyp poc-
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Puc. 26. TEM-306pa:keaaa BHP, BupolieHuX 3a IPUCYTHOCTU KaTajlilaToOpiB
6imaseaty 3aiisa (a) Ta deporeny (8). CEM-306pasKeHHS MacCUBY BePTUKAID-
uux BHP (6) [40].

Ty BHP. B aromoBux Bimcorkax Bmict asory y BHP crkaazas 8,29%,
4,65% Ta 3,19% nas 850°C, 900°C Ta 950°C BigmosigHO.

G-cmyry KPC-ciekTpy, AKy cmocrepiranu npu 1585 cM ', € TaHTeH-
IiffHOI0 KOJMBHOIO Mozolo 1t BHP. D-cmyra mpu 1351 cm ™! moB’a3ana
3 medextamu y rpadeni. OT:Ke, CIiBBiIHOIIIEHHS iHTEeHCHUBHOCTEHN BHU-
mesragaHux cMmyr I,/1; CyTTEBO 3aJI€KUTh Bi yacTKu AedeKTiB 3a yua-
CTH a30Ty i MOKe PO3TJIAZATHCA SK Mipa CTyHeHIO ioro riopuamsarii
(puc. 29).

3uauenud I,/I, smeniuiocsa 3 1,49 mo 1,025 npu 3pocTaHHi Temme-
parypu Bixm 850°C mo 950°C (BmicT asory smenmuBcsa 3 8,29% 1o
3,19%). Takosx Bimbysmocsa mesake smimenHa D- (Big 1578 cm ! 1o 1569
cm ') ta G- (Bix 1353 cm ! mo 1344 cm ') cmyr. OnepsxaHi pesyabTaTu
CcBiguaTh PO 30ibIIIeHHS HEBIOPAAKOBAHOCTY TA 3MEHIIIeHHA CTYIIEHIO
ribpuamsaiii a3oTy Ipu OigBUINEHHI TeMIepaTypHu.

N-BHP 6ysio cuaTe€30BaHO i 3a JOIIOMOT'OIO TEPMOJIi31 IBOX OpraHiu-
HUX PiVH 3 BEJIMKUM BMicTOM HOHIB asory [42, 43]. ¥V 1iboMy BUIIAAKY
BMIiCT a30Ty BAA€ThCsI KOHTPOJIIOBATH 34 JOIIOMOI'0OI0 TEMIIEPATYPHU Tep-
MOJIi3H.

Or:xe, HasgBHI MeToau cuHTesu N—BHP Ta ix cTpyxkTypHOi XapakTe-
pusalii B:ke M03BOJISIOTH OJEP:KYyBATH IIi YHIKAJIbHI MaTepignam 3amisd
MMOJAJIBIIIOTO AeTAJbHOr0 BUBUCHHS iX GYHKI[IOHATBHUX BJIACTHUBOCTEH.

3. TEOPETHYHI MOJAEJI CTPYRKTYPH N-BHP

BuxkopucranHaa ynceJbHUX METOJ CHJILHOTO 3B ABKY Ta ab initio miarsep-
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Puc. 27. POEC-cuexktep N-BHP, Bupoienux 3a pisaux temmepartyp: Cls-
cuexTep (Bropi), N1s-cmekrep (mocepennui). 3MiHa BMicTy a3oTy IpH IIigBU-
meHHi Temnepatypu (BHusy) [41].

IWJIN MOKJIUBICTL caMe mipuamHomomi6Hoi crpykTypu N—BHP (puc. 30)
[44, 45].

EdexT miTporenizaiii OBHP 0y.Jio pos3riasgHyTo B paMKax Teopii ¢yH-
Kiionany ryctunu [46]. BusBieno yoTupu pisHi TMOuM HiTporeHisarii:
(I) — mpsame samimenasa aTromaMu asoTy (rpadiTomonioHe Jier'yBaHHM);
(IT) — samimenHs 3 yTBOPEeHHAM BaKaHCiM (mipuanHonoaiOHe Jier'yBaH-
Hsa); (III) — exsoexgpanbHa xemocopoOIria agaromiB N; (IV) — dyHKITiO-
HaJrizaria 6oxoBoi cTinku KoBaJjieuTHOro NH,. CtpyKTypHa medopma-
1idA, rycTUHA eJIeKTPOHHUX CTaHiB Ta eHepria MoHisamiiitHOTO IMOTEHITiA-
Jy PO3paxoByBaJIMCA i MOPiBHIOBAJIMCA CepeJl PiBHUX THUITIB a30TOBMic-
Hux BHP. Marumetusm crocTtepirascs Jjguiie y xemocopooBanux OBHP:
MarHeTHUi# mMoMeHT popiBHioBaB 0,7U;. Eneprermunmit 6ap’ep, axumit
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Puc. 29. Bignomenna inTencuBHocTe KonuBHuX cmyr D i G (I,/1;) 3aymexHO

Biz TemnepaTypu pocty N—

BHP [41].

HeoOXimHo 3moJsiaTy 3a4Jid 3JUTTS OABOX agaToMiB N, xemMocopOoBaHUX
Ha OBHP, BusaBuBCA BUIIUM, aHiK y rpadeHoBOMY IIIapi.

IToxasano, mio mipuamuomoxmioHi N-momoami BHP xoHieHTpyOTH
aTOMM a30Ty y MO3UTHUBHO BUTHYTHUX IpadeHoBUX IMapax i, oT:Ke, Bif-

HOBiZAIOTh 3a I[YIKIiCTH
cTpyKTYyp [47].

crinok BHP Tta ¢opmyBaHHSA B3a€MO3B’ A3aHUX

JJ1s meTabHOTO JOCIIiAKeHHA CTPYKTYPHUX 3MiH Ha aTOMOBOMY PiB-
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Puc. 30. Mogens nipuanaononiouoi ctpykTypu N—BHP [44].

Hi OyJIO 3aIIPOIIOHOBAHO I'eOMETPUYHUN MOJAEJb, 10 IPeACTaBJICHUN Ha
puc. 31 i axuii 103BOJIsIE ITIOPiIBHIOBATYU CTPYKTYPY UUCTUX Ta JIETOBAHUX
azorom sursarononioaux BHP. Ha kinmax BHP 0yB nmpucyTHi# BogeHb
(11106 yHUKHYTHU 00ipBaHuX 3B’ A3KiB). JIeryBasibHa KOHIIEHTPAI[is a30Ty
Ias BUnankKis (0) i (8) Oysia ogHaKoBOIO i cKIagama 7% .

Busasuiocs, 1o nricts aToMiB Byriemio 0yau 3aMilljeHi aToMmaMu a30-
Ty. PiBHOMipHO posmomiseHi AOMIIIKM 306idbITyIOTH gidmerep SN-
aeropanux BHP. Ilipuauunonoxi6bni BHP xapaKTepusyioThcAad BUCOKUM
CTYyIIEHEM HEBIIOPAJKOBAHOCTMU.

Y Bunagky kKpiciaomozionux BHP cTyminb HeBOOPAIKOBAHOCTU BIU-
SBUBCA MeHIITUM (puc. 32), a TAK0K 301JbIINIIACh IJIOA TOIIEPEUHOTO
mepepisy y mopiBHAHHI i3 sursaromogionumu BHP. PesyabTaTu pospa-
XVHKIiB IIOKasaju, I0 y BUIaAKy Kpicaomomibaux N—-BHP Tperuna
aTOMiB BOJHIO i IMIECTUKYTHUKU, YTBOPEHI HipuAMHOM, PO3TAIIOBYBAa-
JIUCh mapaJjejbHo 1o rosoBHoI Bici BHP. Taka opieHTarisa npusBoguTs
o Toro, 1o 3asdHaueHi N—-BHP s3maTHi BuTpmMyBaTu MEHIIIi HaBaHTa-
JKeHHs MOpPiBHAHO i3 sursaronofiouumvu BHP. Taxko:x maa xpicaomomi-
ouux BHP, meroBanmx asoToM, € xapaKTepHUM 30iJIbINIeHHA AiAMETPY
(a came, gia sunagky sN-aeropanux BHP).

Hamvu TeopeTwuuHO mOCHi»KEHO XapaKTep IOBEeHiHKM HeJeroBaHOi
(CyoHyg), sN-meroBanoi (CgsNgH,o) Ta mipuaguaononiouoi (Cg,NgH,o) Ha-
HOPYPOK 3a migsuirenoi Temmueparypu g0 1000 K. IToxkasamo, o 1mi N—
BHP nmocraTHBO CTi#iKi MTOJ0 TEPMiUYHOTO BILIUBY. [0 TOTO K, YUM MEH-
Ia MOJIAPHICTh cucTeMu (KOBaJIEHTHUX 3B’A3KiB), TUM OiJgbIn cTiiika
raka N—BHP g0 mii Tepmiunoro unuHuka. Buasieno, 1o cucrema 6e3
inreprananii (BHP CyH,,) € mouarkom Bimmiky TepmoamHamiuHOI
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Puc. 31. OnrumiszoBaHa reomMeTpissi KJIacTEPHOTO MOZEJIO [IJIA HEJIeI'OBAHUX
CooH;s- (@), sN-meroBanux Cg,NgHg- (6) i mipuamaomoniouux Cg,NgH;s- (8) sur-
saromofiouux (9, 0)-BHP Ta posmozmin sapsaay B Mux cTpyKTypax (2, d, €). Ha
HUKHIX PHUCYHKaX KoJip (abo0 TOH y YOPHO-0iIMX KOJBOPax) KOKHOTO aToMa
OB’ A3aHUM 3 KOJIHLOPOM (TOHOM) Ha CMyTax, AKi BKa3yiOTh Ha PO3IOiJg 3aps-
Iy: Big HeraTuBHOTO («—») 10 TO3UTUBHOTO («+») [47].

CTiliKOCTHU PAAY, B TOoM uac Gk sN-merosaua Cgq,NH,, 3aMuKace mei psa.
3a BuximHy cTpyKTypy B3aTo (5, 5)-BHP CyH,,. InrepramtoBanus
BHP nepenbauae BBemeHHa y ckeser BHP atomiB azory (iHTepKaIATy)
3a cxemoio: SN- Ta mipuamHOTOAiOHE iHTepKaJIIOBAHHSI. Y MOJEJI0, IO
PO3TIATAETHCSA, IIOTEHITISAI B3aeMOAil Misk aTromamu asory [48] 6esmoce-
PeIHbO CTUKYBaBCS 3 IMAPHUM IIOTEHI[ISIIOM BHMCOKOI eHeprii 30ypeHb
aTtoma asory [49] i onucyBaBcsa piBHanuaMm Bopna—Maitiepa B mexax 0—
0,2815 um epexTUBHOTO pagitoca BzaeMomii. Bsaemoaisa aTromiB ByTJIeIfio
onucyBaJjiaca norenmisiaom Tepcodda—Bpenepa [50] 3 paxitoc-BeKTOpOM
0,21 HM, AKUil BpaXOBYyBaBCs Pa3oM 3 IIapHUM IIOTeHIIisgaoM 3iraepa—
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Puc. 32. Texx came, 1110 ¥ HaA MOIEPEeIHLOMY PUCYHKY, ajie M HeJer'OBaHUX
CooHy (@), sN-nmeroBanmux Cg,;NgH,, (6) i mipuamaononioaux Cg,NgH,, (8) kpic-
Jgomoxnibuux (5,5) BHP [47].

Bipsaka—Jlitmapka [49]. Hoexxuuau C—C-3B’saskiB y BHP cramoBuinm
0,139 um, a B3aemogisa mizk aromamu N—C omucysajacsa IapHUM TOTEH-
misaom Jlemnapa-I:xomca [51] 3 OTEHIIISIIBPHOIO eHEPrielo B3aeMomii y
0,12 eB. MogennoBauuii mepios BUKOHAHHS OJHOTO KacKany 30ypeHb
cTaHOBUB 2 IIC, 4 3aK0H 30epe:KeHHs eHeprii y KOKHOMY PO3paxXyHKOBO-
My IUKJIL «migrpumyBaBcesa» B mexxax 0,15% . ITouaTKoBi KoopauHATH
aTOMiB a30Ty 00MpaJIrCs yepes r'eHepaTop BUIAIKOBUX UNCEJ.

s BupiteHHs BUIIeBKA3aHOTO 3aBAaHHSI HAMU OyJIO BUKOPUCTAHO
HACTYIIHY CXeMY YKUCEeJIHLHOT'0 MOIEIIOBAHHSA.

Ha nmepmromy erarri po3paxyHKiB BUKOPHUCTAHO METOAY MOJIEKYJISAPHOL
mexaHiku MM+. PospaXxyHKHU MeTOZ0OI0 MOJIEKYJIAPHOI AuHaMiKu (cu-
JIOBOTO II0JISI) I'PYHTYIOTHCS HA IIPOCTOMY MOJEJIi MOJIeKYJIi, B3ATOI 3
KJaCcHMYHOI MeXaHiKM, e BU3HAUYAIOTHLCA JOBMKHHU 3B’ A3KiB, BaJeHTHi
Ta TOPCifiHI KyTH y BUXigHiM Momesio MogeKkyJai. OmepskaHi sHaueHHS
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BBOIATHCSA Y PisHi piBHAHHA AJIS IIOTEHI[IAJIBbHOI (DYHKI[II 3 METOIO BU-
3HAYEHHS IIOYATKOBOI CTEPUYHOI eHeprili MoJIeKyJIi, AKa € CyMOIO IIOoTe-
HI[IAJIBHUX eHepriii, po3paxoBaHUX IJd YCiX 3B’A3KiB, BAJIEHTHUX 1 TO-
pCcifiHMX KYTiB, Imap He3B sA3aHUX aTOMiB ToImo. PospaxoBaHa TakuM
YUHOM CTEepHUYHA eHeprid Mmae GisnuHe 3HaUEHHA JUIITE B paMKaX I[HOTO
cunoBoro mojid. OcKinbKu B mporeci onTumisarii cTpykTypu yci immri
daxTopu € He3MiHHMMH, JOCTATHHO BCTAHOBUTH MiHIiMyM CTEPHUYHOIL
emeprii. OnTumisalisg reomeTpii 3gilicHIOETHCS 3a BiZJOMOIO METOLOIO
Hriorona—PadcoHa 3 aHaNiTHYHMM PO3SPAXYHKOM IHIIUX IOXiTHUX
eHeprii MmoJseKyJIi 3a il reoMeTPUYHUMY ITapaMeTpPaMu.

[ momaibIInX KBAaHTOBO-XEMIiUHMX PO3PAXyHKiB BUKOPHUCTOBYBA-
Jacsa MeToJa CaMOy3TOMI:KeHOTO IO0JIsSd, e PO3B’sA3yBaJiocsa Bimome piB-
Hauuda [aprpi—Poxa—Pyraana. Ile moTpebyBasio Berukuii obcar pospa-
XVHKiB, IIOB’A3aHUI, TOJIOBHUM UMHOM, 3 oOuncaeHHAM inTerpasis Ky-
JBOHOBOTO BiIIIITOBXYBAaHHSA €JIeKTPOHIB. 3a3HAUNMO, IIT0 MeToa ['apT-
pi—®Porka—PyTaana He BpaxXxoOBy€ HasABHICTb €JIEKTPOHHUX KOPEJIAIiil.
BBemenna x xouoirypariiiinoi Bsaemomii (Kosiu, KpiM merepmiHaHTa
OCHOBHOI KOH(piryparii, BUKOPHUCTOBYIOTbCS iHIIi meTepMiHAHTH, IO
OMMUCYIOTH 30y AsKeHi cTaHn) 3HAYHO YCKJAIHIOE i 63 TOTo TPYJIOMiCTKY
PO3paxyHKOBY cxeMy. ToMy cTae 0OueBHUAHOIO HEOOXiZHICTh CIIPOIEHHSA
piBHaHHA 'apTpi—Pora—PyTaaHa 3 MeTOIO 3MEeHIITEeHHS BUTPAT MAIIIITH-
HOTO Yacy, a TaKOK BKJIOUeHHA (Y HESIBHOMY BUTIJISANI) KOPeJIAIiHOI
eHeprii y crpoIieHi TeopeTu4YHI Moei.

CTaHZAapTHOIO CXEMOIO CIIPOINeHHA KBAHTOBO-XEMiUHUX PO3PaXyHKIB
€ BUKOPUCTAHHA HAOIBEeMHOipUUYHUX METOH. ¥ HUX HEeXTYIOTh OCHOBHOIO
YAaCTHUHOIO MOJEeKYyJApHuX inTerpainiB KymnboHoBoi B3aemomii (abo yci-
ma). Kpim Toro, ocHOBHI iHTerpasm TOUHO He 00UUCIIOIOTHCA, & BUKOPH-
CTOBYIOTBhCSA IIapaMeTpu, AKX KaliOpyIOTh TaK, 1100 ogepKaThu AKHAaM-
Kpallle y3TOI:KeHHI PO3PaXx0OBaHUX Ta €eKCIEPUMEHTAIbHUX XapaKTepu-
CTUK ab0 Jocartu 30iry pe3yabTaTiB, ofepsKaHuXx 3a ab initio po3paxyH-
Kom. HacTimnie 3a Bce y HalliBeMITipUUHUX METOJlaX BUKOPUCTOBYIOTH Ba-
JeHTHe HaOJMKeHHA, 3TiJHO 3 AKMM IIPY PO3BUHEHHI MOJEKYJIIPHUX
opbiTaJsei y JiHitiny KoMbOiHAIit0o aTOMOBUX opbiTaseil BpaxoOBYIOTD JIH-
IITe eJIEKTPOHMU Ta BiAmoBimHi iM opbiTasi BaseHTHOI 0000HKU. BHYTpI-
IIHi eJIEKTPOHM BBaKaIOTLCA JHOKAJII30BaHMMM HA BiAIOBiZHMX aTOMO-
BUX OpOiTaisaX i YyTBOPIOIOTH HEMIOJAPU30BaHUI KapKac. 3BUYAMHO, pe-
3yJIbTATH HAIiBEeMIIIPUYHUX PO3PAXYHKIB He 3JaTHi JOCTATHBO TOYHO
BigoOpaxkaTu yci PisMKo-XeMiuHi BJIaCTUBOCTI MOJIEKYIb, OCKiJIBKY Hif-
0ip mapameTpiB 34ifiICHIOETHCA 3a OOHi€I0 a00 ABOMA BJIACTHUBOCTAMU. ¥
3B’SBKY 3 IIMM 3aIIPOIIOHOBAHO HU3KY ITapaMeTPU3AIlilHUX MEeTO, II0
3aJI0BiJILHO ONIMCYIOTH IEBHY BJACTUBICTh YU I'PYITY BJACTUBOCTEN.

Ot:xe, Ha IPYTOMY eTalli po3paxyHKiB O0yJI0 BUKOPUCTAHO HAliBEeMITi-
puuny metoxny PM3, 110 6a3yeThcsa Ha po3B’a3aHHi BitoMoro piBHaHHS
TapTpi—®oka y TaKOMY HaOJIMKEHHi:

e 0asuc CKJIamaeThCcda 3 JiHiltHOI KomOimarii s- i p-omHOEIeKTPOHHUX
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aToMoBuX opOitaseii CiieiiTepoBOTO TUNY AJIS BaJIeHTHUX €JIeKTPOHIB;

® KiCTSIKOBi €JIEKTPOHM OKPEMO He PO3IJIAIAIOThCS, a JIUIIIEe 3MiHIOIOTh
e(peKTUBHI 3apagu ALep; TaK, AAPO aTOMa BYIJIEII0 Mae e(peKTUuBHUMA
sapan +4 (+6 — 2 ex1ekTpoHiB);

e BeJIMKa KiJbKicTh ABOeJeKTPOHHNX Ky/JIbOHOBMX Ta OOMiHHUX iHTer-
paJIiB BpaXxoOBYEThCSA Y BUTJISAI IIapaMeTpPiB.

OcuosHi BigMinHOCTI PM3-MeTonM Bif iHIINX IMOJATAIOTh y PisHIi
mapamMeTrpusaliii. ¥ HaIlmoMy BUIIQAKY METOAy IIapaMeTPHU30BaHO IJId
HaWKpaIimoro 30iry pos3paxyHKOBUX Ta EKCIEPHUMEHTAJbHUX TEeILJIOT
YTBOPEeHHS MOJIeKyJb. PM3-MeToma moOpe 3apekoMeHayBaJia cebe IIpu
onTmMisaIllii reomeTpii cucTeM Ta IPU PO3PAXYHKY TEIJIOT YTBOPEHHS.
ITomanbini o6uncaenssa 0yJI0 BUKoOHaHO MmeTonoi0 MouTe-Kapao.

XapaxTep HOBeZiHKHU JOCJHiIKYyBaHIUX CHCTEM y iHTepBaJIi TeMIiepa-
Typ 273—1000 K nmoxasamo Ha puc. 33. Ak Bumguno, BHP Cy,H,, xapakxTe-
pU3yeThCA HAWBUIIOIO CTiAKiCTIO I1TOJI0 HATrPiBaHHA Y MOPiBHAHHI 3 iH-
IIUMH CHUCTEMaMu. ¥ CBOIO uepry, mipuaunomnoxioma BHP onucyerscs
OPOMIKHUME XapaKTEePUCTUKAMU, OCKLIBKM II CKJIAHOBUH (hparMeHT,
— mipuanH, — X0 i OiJbII TOJAPHUN y TOPiBHAHHI 3 0eH30JILHUM (pa-
rmeaTom BHP Cy H,,, mpoTe y XeMiuHUX ImepeTBOPEHHAX MOAiOHUI IO
HiTpPoOEeH30Jy, TOOTO OGiJMBLIN CTIHKMWHA He JIUIlE IO pPeareHTiB HyKJIeodi-
JBbHOI IPUPOAH, a 1 10 YMOB 3IiMiICHeHHS peakIliii, a came, I0A0 il pos-
YNHHUKA, BIJIUBY TUCKY i, 1[0 HalBaKJIMBIiIlIe, A0 HiIBUIIEHOI TeMIIe-
parypu. Tomy cTae 3po3yMijsiuM, IO JIUIIE 3 ITi€l IPUYMHU CTiHKiCTh
BHP C4,NgH,, 61usbka 1o crifikoctu Hesmeropanoi BHP CqoH,,.
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Puc. 33. 3anexkHicTh eHepriil iHTepKaJIHLOBAaHUX CHUCTEM BijJ TeMIepaTypu: He-
aeroBaHux (CqooH,o) (1), mipumauaomonioumx (Cg,NgH,,) (2) Ta sN-imeroBanmx
(Cg4sNgH,) (3) kpiciononioumx (5, 5)-BHP.
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AsBTopu poboTu [52] BuBUaIu eHepreTuKy Ta KiHeTuky pocty N—-BHP
3 BUKOPUCTAHHAM YMCEeJbHUX MeToa ab initio. OcHoBHI (pisuuHi BIacTu-
BOCTi IIMX HAHOMATEPiAJiB ITOSICHEHO Ha OCHOBI €JIEKTPOHHOI CTPYKTYPHU
aToOMiB a30Ty, BOyZJOBaHUX y BYIJelleBi ciTku. Po3paxyHOK IIOKa3aB, II[0
Jer'yBaHHA a30TOM 3MEHIINye KiHeTUUHUHE 6ap’ep poCcTy 3UTr'3aronoaioHol
BHP. Busuagaacs gepopmaitis BHP pagitocom Big 0,4 am 1o 20 M. Pe-
3yJIbTATH CBigUaTh, 1[0 eHepris mrepopMaIii IpakKTUYHO JOPiBHIOE HYJIIO
npu pagifoci gedopmarrii mouman 3,5 am. IlIBuakicTs pocty BHP BraeTh-
cA KOHTPOJIIOBATHU IIJIAXOM BKJIIOUEHHA V IX CTPYKTYPY aTOMiB asoTy,
IIT0 MOKe OYTH BUKOPUCTAHO MIJIS 3aaHOT0 PETyJI0OBAaHHA IX eJIeKTPOH-
HUX BJIACTHUBOCTEH IIle Ha CTail poCcTy.

Omxe, 3 BUKOPUCTAHHAM METOJ YNCEJIbHOTO MOAETIOBAHHSA BAAETHCS
MiATBEePAUTH Ta Iepeq0aunTy HAaABHICTL PiBHUX TUMIB 3B’SA3KY aTOMiB
asoty y BHP, 1110 Ba:KJIMBO 1 BUBUEHHSA €JIEKTPOHHOI CTPYKTYPHU IMUX
HaHOMATEPiAJiB.

4. MEXAHIYHI 1 EIEKTPUYHI BJIACTUBOCTI N—-BHP

Mexanmiuni BiaactuBocTi cuHTe3oBanux N—BHP mocraimsxkysaim 3a mo-
momororo ACM 3 gmismanToBOIO Toakoio [53]. TBepmicTh iAoMK
ckaagana 11 I'lla, pylinyBaHHA BigOyBagoCcAa IPU MAaKCHMAJLHOMY Ha-
BaHTa)KeHHI y 6 MmxH. ¥ sunagkxy N—BHP mHeobxinmo 6ysa0 icToTHO 30i-
JBIIUTHY Take HaBauTakeHH (1o 30 mxH) 3ama spyiiHyBaHHS.

Bcranmosiaeno, mio 6inbille pyiiHiBHe HaBaHTAXKeHHSA Biamosigae Oi-
JBIIiN KOHIIeHTPAIlii adoTy, axkuii npucyTtHiit y BHP. 3okpema, maxcu-
masbie HaBaHTakeHHA v 40 MmkH i 100 mxH moTpibue ansa po3puBy
BHP 3 smicTrom azory 0,47% Ta 0,58% BigmoBigHO.

¥ pobori [11] BuBuanu emiciiizi BractuBocti N—BHP. Becramoieno
BifcyTHiCTEL eMmicii 3a Hampyr, meHmux 3a 1 B/MmkM. ByJio 3po6ieHo Bu-
CHOBOK IIPO Te, ITI0 eJIeKTPOHU MOKYTh BUIIPOMiHIOBATHCA He JIMIIE 3 Ki-
Hiie N-BHP, a Tako:x 3 ix 6iunux moBepxoHb. IIpo 1e cBiguuTh 3poc-
TaHHSA TYCTUHU CTPYMY HOJILOBOI eMmicii (puc. 34). ABTopu 1moB’sI3yIOTH
el (pakT 3 HASABHICTIO AK YaCTMHOK KaTajlisaTopa B HUMKHIN yacTuHi
BHP, Tak i Bea1ukoi KinmbKocTu 06ipBaHUX rpadeHOBUX ITapiB HA 30BHi-
miHi# moBepxHi BHP. Iloganbiri pospaxyHKHu IiATBEPAUIINA, 110 TYCTUHA
€JIEKTPOHHMX CTaHiB Ha 30BHiIMHi# moBepxHi BHP € moBoJIi BUCOKOIO.

Bcranosaeno, mo N-seropani BHP, cuHTe3oBaHi 3a Temmeparypu
800°C, MaTh Kpallli XapaKTepUCTUKU IT0JLOBOI eMicii (3 moporoBum
moseMm y 2,3 B) y mopiBuauui 3 BHP, cunTesoBanuMu 3a TeMIepaTyp
700°C ra 900°C[34].

3ajyesxHicTh rycTuHU eMicifinoro ctpymy N—BHP Bing manpy:xeHocTu
€JIeKTPUYHOTO IIOJSA IpeacTaBJIeHo Ha puc. 35 [54]. Bimmimnmocti, m1o
cIocTepiralmThCsd, OB’ A3aHi 3 HEOTHOPIAHICTIO JHOKAJIBHOI CTPYKTYPHU
3pasKiB, 30KpemMa, 3 pisuuM cepegHiMm giamerpom N—BHP: Big 40 uMm 10
165 um, 6ambykomonioHoo hopmoro N—BHP (Bouu, K BUABUIOCA, Ma-
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Puc. 34. BoabT-ammepHi xapaxktepuctuku miaiBku N—-BHP. Ha BcraBmi —
ninguka Paymepa—Hopaxeiima [11] (I — cuna crpymy, E — Hampy:KeHiCcTb
€JIeKTPUYHOTO II0JIS).
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Puc. 35. IlopiBHsAIbHA 3aJI€}KHICTh I'YCTUHU €MiCiffHOTO CTPYMY BiJ HAIIpyKe-
HoCTHU ejeKTpuuHoro moJs ajas N—BHP 3 pisaoio mopdosoriero [54].

I0Th HIKYY Po0OTYy Buxony, amim immi N—BHP), piskum 3By:KeHHAM
KianiB N-BHP, BmiimBom yacTUHOK KaTaJjrizaTopa.

EnexTponHa cTpyKTypa i moaboBi emiciifini BaacTuBocTi unctux i N-
aerosanux OBHP 6yJio gocaig:KeHo 3 BUKOPUCTAHHAM Teopii pyHKITio-
Hany ryctunu [55]. Emiciiinuii ctpym BHP pospaxoByBaBcs B 3aJI€KHO-
CTi Bii BeIMUMHY IpUKJIaAeHoro mojasa. [lokasaHo, 1110 micasa JeryBaHHa
a30TOM 3arajJbHUU CTPYM 3POCTa€ NPUOJIM3HO B 4 pasu mpu GiJIbII HUSh-
KOMY eJIeKTpUUHOMY I10JIi Ta B 1,5 pasu mpu 6iJIbIII BUICOKOMY.

ExcnepuMeHTH miATBEPAUIIN, IO JIETYBAHHSA a30TOM 3HAYHO MHiJBU-
mrye esxekTponpoBiguicts BHP (puc. 36) [46]. S3okpema, BUABUIOCH, III0
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Puc. 36. IloBepxHeBuii omip ABocTinHUX N—BHP AK QyHKIig cTPpyMy A1 pPis-
Hux Bmictie NH, [29].

omip asocrinuoi BHP smenmuses Ha 40% nicas jerysannda ii azorom.

¥Yci nerosani azorom OBHP nposaBiiAoTs, MeTadiuHi BaacTuBocTi [44,
45, 56, 57]. Ha pucyukry 37 HaBeeHO 3aJI€KHICTh IPOBiJHOCTHY ITUX Ha-
HOCTPYKTYP BiJ TeMIIepaTypu.

Takum umaOM, JeryBanaa BHP azoToM mpu3BOAUTE 40 MiABUIIIEHHS
MexaHiyHOl HAIpyru iX pyMHYBaHHSA, 3HAYHOTO 3POCTaHHA eJeKTPOI-
poBimHOCTH ¥ eMiciiHOTO cTpyMy Hpu 30iJbIMeHH]I BeINUWHU ITPUKJIA-
IeHOT0 eJeKTPUUYHOIO HOJIA, IO YMOMKJINBIIIOE 3acTocyBanusa N—BHP y
HaHOEJEeKTPOHIIIi.
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Puc. 37. TemmeparypHa 3aye:xkHicTh npoBigHocT N—OBHP 3 pisaum BmicTom
asory. Ha BcraBii — s3ane:xHicTh nposignoctu OBHP Big KoHIeHTpaIrii azoty
B po3umHi OeH3mIaMiHy 3a TeMmiiepatypu 6siu3bpko 2—3 K [45].
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5. BUCHOBRKH

PosragayTi xeMmiuHi MeToau marTh MOMKJIMUBiCTE cuHTe3dyBaTu N—BHP
3aganol mopgoJorii Ta CTPYKTypHu, AKi MOKHA XapaKTepU3yBaTH CY-
YaCHUMU METOJAaMU eJIEKTPOHHOI MiKPOCKOIIil Ta CIeKTPOCKOITii.
Jler'yBanua (monyBarHa) BHP aromamu azory, 3MiHIOIOUM iX €J€KT-
POHHY OYIOBY, MOJIIIIIIYE I IXHi eTeKTPUUHI Ta MeXaHiUHi BJIaCTHUBOCTI.
PerynboBane moemHaHHA yHiKaapbHUX cTpyKTyp N—BHP, B mepmry
yepry, 3 iXx MeXaHiuYHUMU Ta eJeKTPUUYHUMU BJIACTUBOCTAMU 3YMOBJIIOE
MINPOKUH cIieKTep (PYHKI[IOHAJIBHUX 3aCTOCYBaHb INX HAHOMAaTEPiAIiB.
Tak, y poborax [58, 59] mocaimsKeHO 3aCTOCOBHICTH a30TOBMiCHUX
BHP ak go6asxu go NaAlH, nna cupusauusa mecop0Oirii i moBTOpHIM an-
copOI1ii BogHIO; 3’sACOBAHO, IO IepCIeKTuBa 30epiranHsA BOAHIO 3a J0-
momoroo N—-BHP (xasa mogansIrmoro BUKOPUCTAHHS HOTO AK MaJIBa) €.
KouTtpouaioouu pict BHP Ta BMicT a30oTy B HUX, MOXXHa CTBOPIOBATH
rerepornepexonau N—-BHP/BHP Ak KOHCTPYKTHUBHI eJleMeHTH HaHOEJEK -
TPOHiIKM. A HaABHICTL Pi3HMX aToOMapHUX KOHQIryparmiil y cTpykTypi
neroBanux BHP, ax i y cuctemax Ha rpadeHoBiit ocHoBi (guB. [lomaTok
A), 3a pidHUX 30BHIMIHIX YMOB MO:Ke OyTH BUKOPHUCTaHa Y HAHOTEXHO-
JIOTisAX (PYHKI[IOHAJBLHUX CEHCOPIiB.

JTOJATOK A. KIHETUKA PEJTAKCAIII JAJIEKOTO IIOPAIKY
ATOMIB BAMINIEHHS (N) B TPA®EHOBIN I PATHUIII
(CTEXIOMETPIi 1/311/6)

fAx Bimomo [60], omHOCTIiHHA HAHOPYPKA «OHEeP:KYETHCA» 3TOPTAHHAM Y
OUIiHAEep CKiHueHHOTOo rpadeHoBoro mapy. ToMy akTyaJbHUM € PO3T-
JISIT MOKJIMBUX PO3MOLNIiB aTOMiB 3aMimnienHa (Hanpukaan, N, a romy i
C) o Byasax rpageHoBoi (IIiITLHUKOBOI) I'paTHUIII IIPH Jier'yBaHHI (Zo-
myBaHHi) i1 JOMiITKOI0 3aMileHHA (K010, 30KpeMa, € a3oT).

CraTuCTHYHO-TePMOAMHAMIUHNE Ta KiHEeTWYHUIN MOJeJNi AAaJIeKOoTo
aTOMOBOTI'O MOPAAKY PO3unHYy 3aMiinernusa C—A B UiIBHUKOBIi# I'paTHHAITI
(me, mampukraan, A = N) 0yJio pospo6iieHo B po6orax [61-67]. Ane B HuX
He polsrJasajajacd KiHeTHMKa pejiakcallil AajIeKoTo MOPAAKY B CTPYKTY-
pax Tuny C,A (3i crexiomerpieto 1/3) i C;A (3i crexiomerpieio 1/6), 110
«TeHePYIOThCA» HAACTPYKTYPHUMHU XBUJILOBUME BeKTOpamMu 3ipku K —
(dipakxoBuMmU) BepIIMHaAMHU IlepuMeTpy mepirnoi BpiimioeHoBoi 30HU
00epHEeHOT0 IIPOCTOPY TaKOol I'PATHUILI; IPUMITHUBHI eJIeMeHTapHiI KOMi-
pxu 1ux cTpyKTyp upu T = 0 K cxemaTuuno 300paskeno Ha puc. Al1i A2.
Hinaaku crabilbHOCTH CTPYKTYP 3i crexiomerpieio 1/3 (3a aK0OI MOK-
JUBi IBa HeeKBiBaJ€eHTHUX POSIOAiJIM aTOMIB II0 By3JjaxX MIiJIbHUKOBOI
I'PaTHUIII) B TepMiHax ImapaMeTpiB MijKaTOMOBUX B3a€EMOJill IIpeacTaB-
JeHo Ha puc. A3.

Hagegemo pesyJibTaTu MOAEJIIOBAHHS YaCOBOI €BOJIIOIII 1aJIeKoro mo-
PAOKY caMe IJs TaKUX PO3YMHIB Ha OCHOBI rpadpeHOBOI I'PATHUIL, HEX-



A30TOBMICHI BYIVIELHHEBI HAHOPYPKU 403

TYIOUN BaKaHCiaAMHY y il By3Jjax.
Y BigmoOBiZHOMY MOJEJII0 PO3TISHYTO OOMIHHMNA MeXaHi3M MiKpomu-

n,a, n,a,

ln,a, lnlal

a 0

Puc. Al. IlpumiTtuBHi elemMeHTapHi KOMIpKH HaACTPYKTYpP 3i crexiomerpiero
1/3, 1o onucyoTbesa oguauM (a) a6o TphoMa (6) mapamMeTpaMu JaJIeKOro IOPAIKY.

n,a,
L

lna,

Puc. A2, ITpumiTuBHa ereMeHTapHA KOMipKa HaACTPYKTypu 3amimenHa C,A
(crexiomerpis 1/6) Ha rpadeHoBiit ocHOBI (mpu T > 0 K onucyerbca Tproma na-
pamMeTpaMu JaJIeKOro HOPSAIKY).
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Puc. A3. [[inaHKY 3HAYEHDb IIapaMeTPiB MiXKaTOMOBUX B3a€EMOJil, 1110 3a abco-
aworHoro HyJd (T = 0 K) «3abesneuyioTb» cTabinbHiCTh HAACTPYKTYD Ty C,A
Ha By3JaxX IiJIbHUKOBOI I'PATHUII, AKi onucymoTheda oguum (1) abo TproMma (3)
napamerpamu gasiexoro nopsagky npu T > 0 K [66]. Baaemogiro aTomiB Bpaxo-
BaHO B ycix kKoopaumHamiiHux «cdepax». [liarpama € ageKBaTHOIO 3a YMOBU
BiZl’€MHOCTH €HEPreTUYHOro IMapaMeTpa MiKaTOMOBUX BaaeMogiit, — Ay(k) < 0,
— i, BiATIOBiHO, TOBUTUBHOCTU TEMIIEPATYPHU BTPATU CTINKOCTU PO3UUHY IIOA0
BIIOPAAKYBaHHA [68, 69]: T, =—kz'c(1 — c)minky(k).

¢ysii aTromis TBepAoro posunHy samiienus C, .A., 110 BHOPSATKOBYETh-
cd, i 3acTocoBano Mikponudysiiiai piBuanua OHcareposoro Tumy (guB.
pobotu [61-64, 66] Ta 6i6aiorpadito B HUX).

3anwuiiemMo KiHeTnuHe piBHAHHSA AJd cTpyKTypu Ttuiy C,A (puc. Al,
a), 110 XapaKTepu3yeThCs OOHIM HapaMeTPOM AAJEKOTrO IMOPAIKY (ni ),
AK qudepeHITiliHe piBHAHHSA YaCOBOI1 €BOJIIOIi1 ni :

I . K c+2nt/3)(1-c+n’/3
M o1 - o)L kY) Mn; +1n< m/3)| m/3) ,(A1)
dt k,T (e—n}/8)(1-c—2n}/3)
Ie ¢ — aToOMOBa JOJIA JIeI'yBAJbHOI JOMIIIIKMN 3aMillleHHsd, f,(kK ) —

dyp’e-KOMIOOHEHTa MEeBHOI KOHIIEHTpAaIliliHo3ae:KHOoI KoMmOiHaImii Ki-
HETUYHUX Koe(iIlieHTiB, K1 BXOAATH A0 MiKpoaudy3iiHOTO piBHAHHA
Omncareposoro tumy, a M(k*) (= Ay(kX)) — emepreruuynuii napamerep mi-
skaTomMoBuXx B3aemomiit A—A, C—C ra C-A[62, 63] (meTasi onucano B[62,
63] Ha mpUKJIaAl iHITUX HAACTPYKTYPHUX TUITiB).

Haa crpyxkrypu tuny C,A (puc. Al, 6), iKa onucyeTbCsa TpboMa Ia-
pameTpaMu TOPAAKY (Mg, M, » My ) OAHOYACHO, CHCTEMA KiHETHUHMX

PiBHaHBb Ma€ BUTJIAML:
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dn II1

NT A (0)
pr —c(1-¢)L(0) S Mot

B
(C + ngl /3 _ (nin + n;n )/3) (C + ngl /3 + (nm + n;n )/6)2
(c _ nf)H/3 (nIII III)/3) (c _ ngl/g + (nIII III)/6)

+In

(1 c+n;II/3+(nIII III)/3)( c+ngI/3 (nIII III)/ )
* ln IH III III IIT III III (Aza)
(1-c-ni/3+@" +ni")/3)(1-c - /3 - @ +n")/6)
d II1 B kK
;‘; ~—c(1—c)L(kK){ lka) no 4+
1 (C +,n:)11/3 + (,nIII +n;II)/6 c— III/3 + (nIII III)/6)
+1n

(
(C + T](I)II/3 _ (niII + n;II)/g (C III/3 (nIII _ T];H)/S)

)
)
(
1

| (1-c- n111/3 +" +ny)/3)(1-c+ny' 3+ " —ny")/3) -
+1n ,
(1 - ni /3 (nm N n;n )/6) e+ ngl/g (nm IH)/G)
III K
d;; = —C(l - C)f,(kK)|: k(kT ) ;11 n
+1n (C + 1131/3 +(" + nin)/ﬁ (C - nén/3 My - III)/3)

)
(C + n:}II/Z)’ (nIII + n;H)/3) (C n;ll/?’ + (,nIII III)/6)
(1

(1 —c— 111/3 + (nIII + n;II)/S) —c+ nzn/?’ (nm III)/ )
(1 —c— n:)n/3 (nm + n;ll)/ﬁ)( —c+ T]BH/3 + (nm III)/S)

Hapermiri, giua crpykrypu tuny C,A (pnc A2), 1110 onICy€EThCS JIUIITE
TphOMa IIapaMeTpaMu OPAAKY (1, M, » M, ), PiBHAHHA KiHETUKY TaKi:

dngl = A, (0) i
= —c(1-c)L(0)| 2= +
T c(1-¢)L(0) . Mo

+1n

] (A28)

B

(C + ngl /6 + (nm + n;II)/S) (C + nIH /6 (nm + n;n )/6)
( III /6 + (nIII III)/3) (C T]HI/G (nIII III)/6)

+In
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(LT 6 ) B) (e e mt/6+ (i ) |

(1 —c— nf)H/G (nIII + n;II)/?))( —c— 1,]E)II/G + (niII + n;II)/ﬁ)

II1 K
an = —c(1 - ¢)L(k") MkT) )niH +

dt k,T

c— ngI/G + (nIII IH)/S)

(C + nBII/G + (nm + n;II)/g ( .
(c nzH/G (nIII III)/G)

III III

+In o
(c+mg'/6—(m" +m")/6

)
/6)
(
1

1— III 6+M™ +1n™M/6)(1=c+n™/6 + (M™ III
+1n( III/ (nln nfn)/ ) i n?n/ (nm III)/ ) ,(A30)
(1-c-ng'/6 - +m3")/3)(1-c+ng' /6 — ()" —n;")/3)
dnm = | A () m
—c(1-c)L(k")| =2——
g = Cl— LK) 0T — e+
. (C + ngl/6 + (TﬁH + n;II)/3)<c _ngl/ﬁ (nm —T];H)/G)
(C+HBH/6—(T1{H +n;n 6)(6‘ HBH/6+(T1HI III)/3)
. (1 IH/6+(T]FI +n;11)/6)(1 C+T]én/6 (nIII III)/ ) (A35)

(1 —c— III/6 (nIII + néﬂ)/3) —c+ nzﬂ/s + (nIII HI)/G)

Haramaemo [62, 63, 66, 67], 1110 a1a (Ham)CTPYKTYpP 3aMillleHHSA HaA
rpageHOBill OCHOBIi, AKi «I'eHepPYIOThCA» HAJACTPYKTYPHUMU XBUJIHOBU-
MU BeKTOpaMu 3ipku K, Mae Miclle oueBUIHA PiBHICTh PeryJiBHUX IIa-
pametpis, — A,(k"X) = A,(k¥), — axy Tpe6a BpaxoByBaTu y cucreMax pis-
HaHb (A2)i(A3).

YucesbHi PO3B’A3KU Nu(ePEHIINHNX PDiBHAHB (A1) (A3) B TepMiHax
sBefeHux Temneparypu T, =k T/ l2(kK ) iuacy ¢ = L(k*)t mpexcras-
JeHo Ha puc. A4—A6. RlHeTI/IqIﬂ KPUBIi Ha IMMX PUCYHKAaXxX CBiguaTh, 1110
BUCHOBKH, oJlep:KaHi B poboTax [62, 63, 66] aua (Ham)cTPYKTyp 3ami-
mrenna tuny CA, C;A i C/A (aKi «Tr'eHepyoThCSI» HAACTPYKTYPHUMU
XBUJILOBUMH BeKTOpamMu M-3ipKu — IeHTpaMu O0KOBUX CTOPiH IIepH-
MeTpy mepiroi BpinaioeHoBoi 30HM), MAIOTh MicIle i y JaHOMY BUIAIKY,
TOOTO i 1151 posrasanyBaHUX TYT (Ham)CcTpYKTyp Tunmy C,A i C,A (aki «re-
HePYIOThCSI» HAACTPYKTYPHUMU XBUJILOBUMU BeKTOpamMu K -3ipKm).

30KpeMa, aada cTpyKTyp samimnienua C,A i C,A, aKi XapaKTepusyoTh-
cdA TphbOMAa IapaMeTpaMu JAaJIEKOT0 MOPAAKY, KOKHUIN 3 ITUX HmapaMeT-
piB, Ny, M, i M, , MOXKe peJaKCYBaTH /IO CBOTO PiBHOBAXKHOTO 3HAYEH-
HSA 3 YaCOM HEeMOHOMOHHO, IIPUYIM HEMOHOTOHHICTh MOKe MAaTHU MicIie
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I II1 III II1
MNis Mos» M1 s M2

Puc. A4. BanexxHicTh IapaMeTpiB JaJeKoro IOPAAKY BiJ 3BefleHOro uacy
t" = L(k™)t nnaposuunis samimennsa C—A Ha rpadeHOBiiT OCHOBI 3a IEBHOTO 3Ha-
uenHs sBegeHoi remmueparypu T, = k. T /L, (k%) = 0,18 (A,(k*) = 1,(k¥) < 0) i cuis-
BiJHOIIeHHS eHepreTHUHIX mapaMeTpis A,(0)/A; (k%) =2,(0)/A,(k¥)=18/10.

I I I .10
Nis Mo M1 s N2

0 : : 0

01 2 3 4 5 6 7 8 910 01 2 3 4 5 6 7 8 910
t* t*
a 0

Puc. A5. Tex came, 10 i Ha puc. A4, ane s T, = 0,14 iL,(0)/1,(k¥)=14/24.

AK 3a pisHuUX (puc. A6), Tak i 3a omHmaxkoBux (puc. A4 i Ab) 3HaKiB Bif-
HMOBiHUX IapaMeTpiB MirxaToMOBHUX B3aeMOmiit: Ay(0) i A, (kX) = A (K5).
Tarky HEMOHOTOHHICTh JeAKUX KiHETUUYHNX KPUBUX CIPUUYMNHEHO Ha-
SABHICTIO ABOX IMiAI'paTHUIL B rpadeHoBiil (IMIiabHUKOBiN) r'paTHHUI i,
BJIacHE, KOHKYPEHIII€I0 8HYMPIuHbonior pamHuuyesux i mixcniorpam-
HUUesuXx MiKaTOMOBUX B3a€MOIi#l 3a eHEeprielo: mepIri JOMiHYIOTh JIU-
Ie Ha MOYaTKOBi#M craxii pesmakcarii, npomudinoyu BIOPAIKYBaHHIO,
HATOMiCTh OCTaHHI JOMiHYIOTH Ha OiJIBIII Mi3HIX Uacax ILIMHY peJlaKca-
1ii #1 y piBHOBasKHOMY CTaHi, cnpusiouu BOOpAAKyBaHHIO. Came TOMY



408 JI. J. KOHIPATEHKO, O. B. MUXAWJIEHKO, I0. I. IPUJIVIILKUMN ra in.

1 T 1 1 T T T T
B eeoeon | i 558 ||
e 1 S fooont
0.8 e_6’_87‘&[[ 0.8 T]é" iE
0.7 s LT -

I I T .11
Ni> Mo » M1 » M2

Puc. A6. Tex came, 1o it Ha puc. Ad, anes T, = 0,1 i2,(0)/A,(k*)=-10/6.

Ieaki Kimetmuni xpusi Ha puc. A4—A6 cmouaTKy cImamamoTb, a IOTiM
3pOCTalOTh, BUXOAAYN Ha PiBEHb «HACUUEHHA» — PiBHOBaKHE 3HAUEH-
HA BiAIOBigHOTO IIapaMeTpa JaJeKoTo IOPALKY.

Opumaue, € ¥ BigMiHHIiCTB Bif momepenHix pesyiabTaTiB. K BuUAHO 3
puc. A4—A6, kimeTuuni Kpusi mAnA mapameTpis T; i M, KokHOI 3i
crpyktyp tuny C.,A i C,A (mpaxkTuuno) cmiBmazaioTh. lle cipuumzeHo
TUM, 110, Ha Bigminy Bix (Ham)ctpyrTyp Tumy CA, C;A i C/A, niaa axux
peryaisauii napamerep Ayo(k™) # A (KY), nna (mag)etpykryp tumy C,A- i
C;A nmBa 3 TPLOX PEryJaiBHUX ITapaMeTpPiB MisKaTOMOBUX B3a€MOill € pi-
BauMHE (A, (K*) = A,(k¥)), 3aBaaxu yomy € piBHUMU il BHECKM Y BHYTpPiIlI-
HIO €HEePrilo PO3UYMHY BiJl CTATHYHUX KOHIIEHTPAI[IMHNX XBUJb BiJIIIOBi-
OHUX moJapusaitiii. OT:Ke, BIIMIHHICTh KiHeTUUHNX KPUBUX IJId IIapa-

-13

%
i
S
-
L)
-

_— T T T T 2410 T T T T T T T T T
=11 | A
= ~11] i \
o 210 lﬁ ) 0~J| e
ge o~y | B '|
2 ar o -0~ 1% | 1
N ik i = 13|
::_IKIO—II_ Illl <! ~4x10 I/ 7
q L

_3(10_11 1 1 1 1 L L 1 1 1 —SXIG_IS L L 1 1 1 1 1 L 1

012 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10

t*
a

t*
0

Puc. A7. YacoBi 3aJIe;KHOCTI PisKHUIb €HTPOIiNHNX BHECKIB ¥ €BOJIOIIiI0 JBOX

(3 TppOX) mapaMeTpiB JajieKoro mopaaky AlnZ(c,

s jiis
IuX rmapamMmeTrpiB 1),
III III jins

me AlnZ(c,m, M, >N,
piBuarHax (A36) i (A3B).

III

No 5T 5Ny
—n" (6) ps crpykTypu tuny C,A Ha rpadeHOBiil OCHOBI,
) — piKHUIIA JOTAPUTMIUYHUX YACTUH y KiHETHMUHUX

jiis III

) (a) Ta camux
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MeTpiB M) i 1, BU3HAYAETHCA JWINE BiAMIiHHICTIO BifMOBiAHUX eHTPO-

OifHNX BHECKiB y KiHeTHMUHUI HPOIeC, TOOTO PiiKHUIIEIO JIOTAPUTMIiU-
HUX YacTuH y piBHaHHAX (A206) i (A2B), (A30) i (A3B). HacoBy 3ajmex-
HicTh TaKoi piskHUI, HampuKJIanm, nasa cucremu C,A HaBemeHO Ha puC.
A7, a. Ii mana BeqmumHa Ta piBHiCTH BHeCKiB y BHYTDilIHii eHeprii
CIIPUYMHIOIOTH 11Te MEHIITY PisKHUITIO TTapaMeTpPiB JaJeKOoTo HOPAIKY 1),
i M)" B MOTOYHUII MOMEHT Yacy i IPOTATOM yChOTO KiHETUUHOTO TIPOTIe-
Cy, AKa B PiBHOBAKHOMY CTAHI IPAMYE 0 HYJIA, AK IIoKasye puc. A7, 0.
Ha zaBepmiennsa gogaTKy 3a3HAYMMO, IO MOJEJIi CTATUCTUYHOI Tep-
MOAWMHAMIKK Ta KiHeTHMKHU peJjlakcallii mopsAgKy aTOMIB BTiJIEHHS V
IIILHUKOBiH (rpadeHoBiil) I'PATHUIIL 3aIIPOIIOHOBAHO B poboTi [ 70].
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