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I3 euxkopucmanHAM cyyacHux @QI3uUKO-XiMIYHUX MemOoOi8 OO0CNIONHCEeHH Ma KEAHMOB0-
XIMIUHO20 MOOEN8aHH OO0CNIONCeHO 0y008y NoeepxHi, Mopghonoziuni ma adcopOyilini
xapakxmepucmuxu, azosi nepexoou 8 2emepoceHHUX CUCMEeMAax HA OCHO8I MemuIKpeMHe3eMy
ma tio2o cymiuteti 3 2i0pohinbHUM KpeMHe3eMOM.

Bcmanosneno, wo npu nesHux KOHyeHmpayisx —mixcghasnoi  8oou, 2iopogho6Hi
KpemHezemu abo ix xomnosumu 3 2iOpoghinbHUM KpemHe3eMoM hOopMyIoms mepmMoOUHAMIYHO
HecmaobibHi cucmemu, 8 AKUX OUCUNAYISl eHepaii Modice 30IUCHIO8AMUCH NIO BNIUBOM 3068HIUHIX
Gaxmopis: 30inbeHH] KoHnyenmpayii 600U, MEXAHIYHUX HABAHMAICEHHAX ma aodcopoOyii
nosimpsi 2iopogobno Komnonenmoio. Ilpu nopisHanwni enepeiti 36 ’s13y8aHHA 00U V BOJIO2UX
nopowxax 2iopoywinonenux 3paskie A-300 ma AM-1, wo manu 6au3bKi 3HAYEHHS HACUNHOL
evemunu (1 2/em’) ma eonococmi (1 2/2), Gnusexi 0o 8 [owc/z. Ilpome npoyec cidpamayii
2i0pohodbHO20 KpemHe3emy CYNPOBOOI’CYEMBCSA 3HUNCEHHAM eHmpOnii i nepexodom cucmemu
aocopbenm-600a 6 MEPMOOUHAMIYHO HEPIBHOBANCHULL CMAH, SKULl J1e2Ko IKcyemvcs Ha
3aneACHOCmX mixcghasnoi enepeaii (y s) 610 Kkinbkocmi 600u 6 cucmemi (h).

Bussunocws, wo ons uucmozo AM-1 midicghasna enepeis 600u 36inbutyemovcs NPONOPYIIHO
il KitbKoCmi 6 MidJICHaCMUHKOBUX 3a30pax auuie y 6unaoxy, koau h<lI e/e. Ilpu binvwiil Kinbkocmi
800U eHepeisl 36 A3VBAHHS CKAYKONOOIOHO 3MEHUYEMbCA, WO CEIOYUMb NPO Nnepexio cucmemu 8
Oinbw cMabiNbHULl CMaH, AKUL XapaKmepu3yemvcs YKPYNHEeHHAM Klacmepie aocopOo8anoi 600u
i Hagimb opmyeanusm 06’ ’emnoi pazu eoou. Hmosipno npu ybomy 6i006yeacmvcsa uacmrose
“cxnonysanna” midcuacmuukogux 3azopis 2iopogodonux uwacmumox AM-1 i eudinenHs 3 Hux
MEPMOOUHAMIYHO HAOIUWKOB0L 600u. [[ns cymiweti 2iopogpobHoco ma 2iopoghinbHoco
KpemHe3emi, MAKCUMYM 38 'S3Y8aHHs 800U 3MIUYEMbCS 8 CIMOPOHY OLIbUIOT 2i0pamo8aHoCmi.
Ilpu AM1/4-300 = 1/1 maxcumym cnocmepicacmocs npu h = 3 2/e, a y eunaoxy AM1/4-300 =
1/2 6in He oocsieacmocs Hagime npu h = 4 2/2.

Hocnioocenns peono2iunux enacmusocmeri KOMROIUMHUX CUCTEM BUABUIO, WO Ni0 Oi€l0
MEXAHIYHUX HABAHMAICEHb 8 SA3KICMb CUCTEM 3MEHULYEMbC Matidce Ha nopsadok. Ilpome, nicis
BUMPUMYBAHHS 8 YMOBAX HABAHMANCEHHS 3 NOOAILUUUM 3MEHUEHHAM HABAHMANCEHb 00 HYI,
8 SA3KICMb cucmemu 3H08 3POCMAE i CMA€E CYMMEBO OINbUIOI0, HIJC HA NOYAMKY O0CIIONCEHD.
Tobmo o00epoicani mamepianu Maioms SUCOKI mMuxcomponHi eiracmusocmi. Tax, eonoeut
HOPOULOK, WO MA€E BCI O3HAKU MEepO0020 MIiNa NiClsA HEe3HAYHO20 MEXAHIYHO20 GNIUBY 1e2KO
nepemeoprocmvcs 8 KOHYEHMPOBAHY CYCHEH3II0 3 ABHUMU OZHAKAMU PIOUHU.

KarouoBi ciioBa: 2iopogodonuii ma 2iopoghinoruii kpemuesemu, MmuKCoOmponis
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Beryn

INapodoOHUMHE pedoBHMHAMU MPHUMHITO BBaXKaTH PEYOBHMHHU, I SKUX KpaoBOi KYT
chepruyHoi BOASHOT Kparuni Ha ii moBepxHi nopiBHIOe abo Oimpimie 90°. Ilpu mpomy ciin
BpaxoBYBaTH, 110 BEJIMKE 3HAUYECHHS Ma€ BIUIUB Ta30mo1i0HO01 ¢a3u (MoBiTps a00 HACHYEHI Mmapu
piaMHMN), SKi MOXKYTh CTBOPIOBATH JIOKaJi30BaHI Ha MEXi MoJALTy (a3 piluHH 3 TBEPAUM TLIOM
nmpomapku razy abo cyOmikpoHHI razoBi OynwsOamku. [lpomy mpomecy crpusie BuUcoka (B
NOpPIBHAHHI 3 00'€eMOM) BiJIbHA €HEPTisl MPOIIAPKY BOJH, 110 MEXYE 3 riApooOHOI0 MOBEPXHEIO
[1-5]. IlparHeHHs 10 MIHIMAJIBLHOTO 3HAYECHHS EHTAJBINI CHJIHBHOACOIIMOBAHOTO BOJHOTO
CepeZioBUINIa MOXE YacTKOBO KOMIICHCYBaTHCA MOSBOI0 Ha IOBEPXHI IYCTOT, SIKi JIETKO
3alMOBHIOIOTHCS TOBITPSM, sK€ ITU(QYHIYE TO TMOBEpXHI ab0 € PO3YMHEHHUM Yy BOIHOMY
cepenoBuii [6-8]. YV pa3i, konu rigpodoOHa peuyoBHHA SBIISIE€ COOOI0 CYKYMHICTh YaCTHHOK 3
BHCOKOIO ITUTOMOIO TTOBEPXHEI0, MiXK(a3Hi B3aeMO/Ii1 Ha rpaHUIll TBEPI01, PiAKOI 1 ra30moai0HOT
a3 MOXKyTh BIUTUBATH Ha B3a€EMOJIII0 MiXK COOOI0 TBEpIUX YACTUHOK, IO BiOUBAETHCS HA CTaHI
KOJIOTTHOT CHCTEMH, ii B'SI3KOCTI 1 TAKCOTPOITHUX BJIACTHBOCTSIX [9-11].

BuBunty BB riipodoO6HOT MOBEpXHI Ha TEPMOIUHAMIYHI TApaMETPH BOJH, SIKA MEXKYE
3 HEK, MOXHa IIISXOM JIOCHIDKEHHS KOMIIO3UTHOI CHCTEMHM, IO CKIAJaeTbcsi 3
BUCOKOMCIIEPCHOTO TiipodobHOro KpemHesemy, abo cymimi rigpododHoro i riapodinsHOro
KpPEMHE3eMIB B SIKWX MDKYaCTHHKOBI 3a30pHu 3amoBHEHI Bojaoro. B [12-15] Oyno mokazaHo, 110
NEPEeBECTH MOPOIIKOMOAIOHI TiapodoOHI pPEeYOBMHHM pi3HOI XIMIYHOI NPUPOAU Yy BOJIHE
CEpeIOBUINE MOXKHA IIIJITXOM HOro po3ThpaHHs 3 BoJoi0 B cTynii. [Ipu mpomy mij BIUIMBOM
MEXaHIYHUX HABAaHTAXXEHb BiJOYBAa€TbCS BUIAJNCHHS IMOBITPS 3 MIKYACTUHKOBHX 3a30piB 1
3aMillleHHs] Horo BOJO0. SIKIO Mpollec MeXaHOAKTHWBAllll MPOBOIUTH AOCTATHHO JOBTO, TO
NPaKTUYHO BCE TOBITPS BUAAISETHCS 3 MDKYACTMHKOBUX 3a30piB, a TiApodoOHHMI MOPOIIOK
MOBHICTIO 3MOYY€ETHCSI BOAOIO, SIKIIO KUTBKICTh BOJW JOPIBHIOE a00 O1IbIa 3a Macy mopoIiky. B
npoIieci TipOyIIIbHEHHS HACUIIHA T'yCTHHA T1Ipo(0oOHOr0 MOPOIIKY 301IbIIY€ETHCS BITHOCHO
nepBuHHOTO 3HaYeHHs Cy = 0,05 o 1 r/em’.

BucokomucniepcHuil KpeMHE3eM BUKOPUCTOBYETHCS SIK MepopanbHuil copOeHt [16-18],
iMyHOJIOTTYHHH an'toBaHT [19-26], xapyoBa po6aBka E 551 [27], HOCI# JiKapChKUX MpenapaTiB
[16-18,28,29], imyHomonynsaTop [30-36], a TakoX MPOMHUCIOBHI Martepias (HAIOBHIOBAY,
3arycHuK Tomio) [37-41]. B nitomy OKCHAHI HaHOMAaTepialid, BKIIOYAIOYH KPEMHE3EM, MOXKYTh
IpaTH K NO3UTUBHY, TaK 1 HETATUBHY POJb B KUTTI JIIOAMHU: CIiJ 3a3HAYMTH, 10 KPUCTAIIYHI
HAHOYACTHHKY OB IIKIJIUBI, HI’XK aMop(dHI, a HAHOYACTUHKH aMOP(GHOTO KPEMHII0 pO3MipoM
50-100 HM Oi7BII MIKIJIMBI, HK JAIOKCHI KPEMHIIO 3 MEHIIUMH PO3MipoM dacTUHOK 10-15 HM.
BuxinHuii miporeHHU KpeMHE3eM € TiIpo(iTbHUM 3aBIsSKH HAsSBHOCTI MOJISIPHUX TTOBEPXHEBHUX
CHJIAHOJIBHMX TPYI, IO € IIEHTPaMu MEepBUHHOI aacopOiii Mosiekyn Boau [42-44]. OcHOBOIO
MIPOTEHHUX KPEMHE3EeMIB CIyTyIOTh HemopucTi HaHodacTUHKH (NPNP), sxi yTBOpromoTh
arperatu (po3Mipom <l MKM) Ta arioMmeparu arperaTiB (po3mipoMm > 1 Mkm) [42-45], mo
XapaKTEePU3YIOThCS TEKCTYPHOIO MOPHUCTICTIO [46-48].

YactkoBa abo moBHa Tinpo¢o0izallis MOBEpXHI HAHOKPEMHE3EMY J103BOJISIE 3MIHIOBATH
HE TIIBKM BJIACTHUBOCTI TIOBEPXHI HAHOYACTHHOK, ajne W (QakTtypHi Ta wMopdosoriuni
XapakTepucTuku matepianiB [37-45]. T'igpodobuuii HanokpemHezeM (AM-1) moxke 3HAYHO
BIUTUBATH HAa TOBEAIHKY MIKPOOPraHi3MiB, KIITHH, HaciHHS Tommio [49-51]. Xowa nmeranpHUi
mexaHi3M aii AM-1 (okpemo abo B cyMini 3 ripodiibHUIM HAHOKPEMHE3EMOM) Ha KHB1 00'€KTH
JIeTaTbHO HE BHUBYCHHM, OyJau po3po0JeHI MEBHI TEXHOJOTIUYHI CXEMH HOTO BUKOPHUCTAaHHS Y
citbchbkoMy rocmomapcTBi [52,53]. 3acrocyBaHHs TiApodoOHOTO KpeMHE3eMy TOPOIKYE
npo0jeMy HOro 3MOYyBaHHS BOJOIO, siKa OyJia BHpIIIEHA 3a JTOMOMOTOK KOHTPOJbOBAHOTO
MEXaHIYHOTO HaBaHTA)KEHHS, 3aCTOCOBYBAHOTO JIMIIE 1O HBOro abo MHoro cywmimei 3
riapodUIbBHIM HAaHOKPEMHE3EMOM 3 JI0JIaBaHHSAM TMEBHOI KUTBKOCTI Boau [54-56]. I'impodoOHi
YACTUHKM B3a€EMOJIIOTH 3 BOJOI0 4Yepe3 BiTHOCHO ciabki cuim Ban-nep-Baanbca [57-59], a
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opraHizarfiss MbK(}a3HUX MapiB BOAM CHJIBHO 3aJIe)KUTh BIJ KITBKOCTI BOJH, a TaKOX BIJ
TEKCTYPHUX XapaKTePUCTUK TBEpAUX TuI. SKmo nomaHuii o0'eM BOAM MEHIIMH, HiXK 00'eM
MDKYaCTHHKOBHX IOPOXKHHH (1I0p) V), (BU3HA4YEHUH 3a 130TepMaMu aacopbuii asory, 1 V, = 0,5-
1,5 em’/r << V,,, [45,46]), TO 3B's3aHa BOJA 3HAXOIUTHCS B HAHO/ME30Topax, B arperarax i
noBiTps (OynpOamku) c1abo BIUIMBAE HA TOBEAIHKY CHCTEMH. SIKIO KUTHKICTh BOAW OJIM3bKa
abo Bumia 3HaueHHS V., TO B ariomepaTax MOKE 3 SBISTHCS BiOKpemieHa ¢aza CHUIy4oi
pIIMHU Ta TOBITPsIHI HAHO/MIKpO OynbpOAIIKy, 10 MPU3BOAMTH 10 ¢uioTamii yacThHOK AM-1.
3acTocyBaHHS MEBHUM YMHOM 00poOieHux cymimeit AM-1 ta rizpodisbHOro KpeMHe3eMy 4u
IHITUX OKUCJICHUX OKCHJIIB MOXE MPHUBECTH J0 JOJATKOBOI CcTa0lmi3amii CKIaJHUX CUCTEM, IO
3aNeXHUTh BiJl CTYIEHS 3MOUYYBaHHs, MEXaHIYHOTO HAaBaHTaXXEHHS Ta 4acy oOpoOku [54-56]. B
IpoIeci MEXaHIYHOTO HABAHTAXCHHS MOJXKE 3MIHIOBATHCH (Da30BHil CTaH KOJIOIAHOI CHCTEMH.
Pinka cycnensis Moxe MEepexXOoJuTH B TBEpAy 1 HaBMaku. B OUIBIIOCTI CKIAQAHMX KOJOiTHUX
CUCTEM, SIKi MICTSTh TiIpo(OOHI YACTUKH MOKIIMBO CIIOCTEPIraTH SBUIIE TUKCOTPOTIIil, KOJIH ITi]T
BIUTMBOM MEXaHIYHUX HaBAHTAXXEHb CYTTEBO 3MEHIIYETHCA B’SI3KICTh CHCTEM, a Michs ix
3aKiHYCHHS KOJIOiHA cHcTeMa 3HOB 3arycae. [li edexkTd MoKHA BHKOPUCTOBYBATH IS
CTBOPEHHSI HOBUX THUMIB (YHKIIIOHATI30BaHUX MaTepiajiB Ta MaTepialiB CIHeIiaTbHOTO
MPU3HAYCHHS.

Jlns aHamizy TEKCTYpHHX XapaKTEpPUCTUK HAHOKpEMHEe3eMiB iX Oylio JerasoBaHo IMpHU
353 K a6o 373 K mpoTsirom IeKiIBKOX TOIWH, IICIs YOTO 3HIMAJIMCh HU3BKOTEMIIEpATypHi
(77,4 K) 13otepmu ancopOiii-gecopOirii a3oTy (puc. 1) 3a momomororo aHamizaTopa aacopOrii
Micromeritics ASAP 2420. Iluromy mnoBepxHio (tabmuus 1, Sppr) po3paxoByBaiu 3a
crangaptHuM MetogoM BET [60]. 3aransuuiil 06'em nop (V) ouiHoBamu 3 aacopoOuii a30Ty npu
p/po = 0,98-0,99, ne p 1 pp MO3HAYAIOTH PIBHOBAXHHUW Ta HACUUYIOUHIA THUCK a30Ty mpu 77,4 K,
BianoBigHO, [61]. Cmig 3asHauMTH, MO 3HA4YEHHSA V), HWKYl, HDK HOPOXHIA 00'eM
(Vem =V py=1/py, ne py 1 py — 00'eMHa Ta CIpaBKHS HACHUIIHA TYCTHHA 3pa3KiB) y MOPOIIKY
KpeMHe3eMy, OCKUTbKU V., = 19,5 eM’/r s A-300 pu pp, = 0,05 r/em’ , aje 3Ha4eHHs V), Ik
npaBito, MeHme 1 cv’/r (tabmuwst 1). Ls HeoowiHKa 3HAUCHHS V,, po3paxoBaHOro 3 agcopouii
a30Ty, 3yMOBJICHA YK€ CITaOKUM BILTUBOM CTIHOK IMOp (TMOBEPXHI HAHOYACTHHOK) HAa MOJIEKYJIH
a30Ty, IO PO3TallOBaHI B MaKpOMOpax MajeKo BiJl TBEPAOi MOBEPXHI B MyXKHUX arjioMeparax
HAHOKPEMHE3EeMY Ta BHIUMUX YACTUHKAX.

Jani mecopOirii a30Ty BUKOPUCTOBYBAJIM Il OOYMCICHHS PO3IMOJILIIB MOP 3a pO3MipamMu
(PSD) f/(R) ~dVy/dR Ta fs(R) ~ dS/dR, BUKOpUCTOBYIOUU IPOLEAYpYy peryispusauii B yMoBax
He B’ eMHHX 3Ha4eHb (fy(R) > 0 mpu Oyap-skomy paaiyci mop (R) npu ¢GikcoBaHOMY MapaMeTpi
perymspuzauii o =0,01. Moagens mnop BiANOBiada NOPOXKHMHAM MK CHEepUUHUMU
HerniopuctuMu HaHouyacTuHKamMu (NPNP), ymakoBanuMu y BHUIAOKOBI arperat, mpu
BUKOpUcTaHHI Metony ¢yHkmionany ryctuau (DFT) [62]. Hudepenmiiiauii po3noain PSD
BigHOCHO 06'eMy mop f(R) ~ dV/dR, [f/(R)dR ~ V, OyB mepepaxoBaHUll 0 IHKPEMEHTAJIBHOIO
PSD (IPSD, puc. 2) npu ®v(R;) = (fv(Ri+1) + fV(R))(Rir1 — Ri)/2 at 2Dv(R;) = V,,. ®ynkuii PSD
TaKOXXK po3paxoByBald 3a gomoMorow HemokanpHoro meromy DFT (NLDFT) (mporpammue
3abe3nedenHs Quantachrome) 3 MOAEIUII0O HWIHAPUYHMX TOP B KpeMHE3eMi, MICIs 4Oro
nepepaxoByBanu y ¢ynkmii IPSD. ®yskmii DFT fy(R) 1 fs(R) BUKOpUCTOBYBamW st
obunciienHs BHecKy HAHOTIOP (Vyano 1 Snano TipH 0,35 HM < R <1 HM), Me30T0D (Vineso 1 Smeso TIPH 1
HM < R <25 #M) 1 Makponiop (Vimacro 1 Smacro Tipu 25 HM < R <100 u™M) [45]. 3HaueHHs <R;> i
<Rs> sIK cepeliHiX pajiiyciB MOp OOUHCITIOBAIIH SIK BIAHOIIEHHS MEepIIoro MoMeHTy fi{R) abo fs(R)
JI0 HYJIbOBOTO MOMEHTY (IHTerpyBaHHs MpoBowIH B aiana3oHi 0,35-100 Hm)

<R> = [AR)RAR/[A(R)dR. (1)

55



Tadoauust 1.  TexcTypHi XapaKTepUCTUKH BUX1THOTO KpeMHe3eMy, 3ModeHoro npu (2 = 0,9 1/r)
Ta 3Mo4eHoi-BucyIeHoi cymint A-300/AM-1 (DFT meron).

3p330K SBET, Snano, Smeso, Smacro, Vi 5 Vnano, Vmeso, Vmacro, <RV>’ <RS>>
M/r | M | Mt | MEr CMg/F e/t | em/r | eM/r HM HM

A-300 294 1 271 22 0,524 0 0,278 | 0,245 | 30,9 8,0

AMI1 178 0 153 25 0,466 0 0,228 | 0,238 | 32,3 | 12,5

A-300/AM1 | 216 0 177 39 0,756 0 0,382 | 0,374 | 29,1 14,8

Note. BenuauHu Viyno Ta Spapo OyJIM OfiepiKaHi HUIIXOM iHTerpyBaHHs fy(R) Ta fs(R) dyHKuiil, BiAMOBIqHO, pU
0,35 HM <R < 1 HM, Vieso T Sieso TP 1 HM < R <25 HM, 1 Vipacro Ta Spacro TPH 25 HM < R < 100 HM.

500
450
400 BuxigHi nopoLukn
1 1—— A-300
350
2 AM1
o 300 Micna 3MoMyBaHHA-BUCYLLYBAHHA
“’E 250 3—— A-300/AM1
% 200 4
g 150
(3]
& 1004

504

0 T T
0.0 0.2 0.4

PR,

Puc. 1. [3orepmu ancopbmii-necop6bmii azory (77.4 K) mns BuximHoro kpemHesemy A-300,
MeTuiakpeMHuesemy AM-1 Ta rigpoymiiibHeHoro pu 2 = 0,9 1/r, a TakoX 3MOYEHOTO Ta

BUCYIIEHOTO KoMmo3uty A-300/AM-1 (1/1)

NLDFT WnniHQpy4HI
BuxigHi nopoLuki
1——A-300

2—— AM1
3MoueHi-BACYLWEHI
0.030 J 3—r—A-300/AM1
DFT NOpOXHWHK
BuxiaHi nopoLuku
4—c— A-300

S AM1
3MoYeHi-BACYLLIEHI
6—— A-300/AM1

0.0151

IPSD (BigH.on4.)

0.000 bepeprpicsitt
1

Pagiyc nop (HM)

Puc. 2. [HKpuMeHTaNbHI pPO3MOALTU TOp 3a po3mipamu i BuximHux A-300 ta AM-1 Ta
3MoueHoi 1 Bucymenoi cymimri (2 = 0,9 r/r) A-300/AM-1, po3paxoBaHi 3a JOITOMOTOIO
130Tepm ancopbii azoty meronamu DFT ta NLDFT 3 BUKOpUCTaHHAM MOJIEINI MOp K
MOPOYKHUHU MK cepnaHnMu HermopuctuMu dyactuakamu (DFT) Ta numiaapuaanMu
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3 Ttabmuimi 1 BWIUIMBae, MO B 3pa3kax Maibke BinCcyTHI HaHomopu. [lopoBumii mpocTip
YTBOPEHO Me30- Ta Makpornopamu. O0'eM 000X THITIB IOP ONM3BKHIA, MPOTE MOBEPXHSI ME30IOP
Maike Ha MOpsSAOK Oulbia, HDK Uil Makporop. Ha puc. 3 HaBeneHo pe3ysbTaTh BUBYCHHS
KpPEMHE3eMiB METOJ[aMHU €JIeKTPOHHOI Mikpockomii. [Ipu oMy BukopucroByBaiu sk CEM, Taxk i
TEM wmikpockonmu.

O
(6)
Puc. 3. Mikpodororpadii, onepxkani 3a TOMOMOTOI0 CKaHYIO YOTO €JIEKTPOHHOTO MIKpPOCKOIIa

(SEM, FE-SEM, Hitachi S—4700, Japan uu Quanta TM 3D FEG, FEI, USA) Buxigaux
(a) A-300 ta (6) AM-1 (macmrad 200 i 500 HM, BiITOBITHO)

Sk BUIHO 3 HaBeACHUX MikpodoTorpadiii, KpeMHE3eMH 3HaXOAThCS y BUTIISAI arperaris
MIKPOHHOTO PO3Mipy, SIKi CKJIAMalOThCsl 3 TMEPBUHHUX YAaCTHHOK, PaJllyC SKUX CTaHOBUTH 10-
20 M. 3a30pu MiX YaCTHHKaMHU (OPMYIOTh ME30- Ta MaKpOIOPUCTY CTPYKTYpy Marepiaiis. I3
3aCTOCYBaHHSAM MporpaMHoro 3abe3nedeHHs Fiji/lmagel, https://imagej.net/Fiji Ha ocHoBi TEM
mikpodoTtorpadiit 6yno obuncieno (puc. 5) po3noainm 3a po3mipamu yactuHok (PaSD) s (a)
A-300, (6) AM-1, (B) A-300/AM-1, rpanynomerpuunuii miarid (r) (cepemniit miametp 10,8,
14,7, ta 13,8 um, masa A-300, AM-1 1 A-300/AM-1, BiANOBIAHO), Ta TUIArIH JIOKAJIBHUX TOBIIHUH
().

Ha puc. 6 HaBeneHo cnekTpu TBepAOTUIbHOTO SIMP nocnimKyBaHUX 3pa3KiB: BUXITHHX
kpemHe3eMiB A-300 tTa AM-1 (cnektpu 1 Ta 2, BiZIMOBIIHO), CyXOi Ta 3BOJIOKEHOI CyMmimiei A-
300/AM-1, cymimi A-300/AM-1 ctBopeHy Ha ocHOBI 3BojoxkeHoro A-300 (cmektpu 3,4,5) Ta,
s mopiBHsSHHSA, AM-1, mo mictuB 0,5 r/r agcop6oBaHoi Bomu (cmektp 6). BumiproBaHHs
IPOBOJIHIIM HA MPOTOHAX (PHC. 6,a) Ta Ha SIPAX KPeMHiio > Si (puc 6,6). B MPOTOHHUX CrIeKTpax
CUTHAJIM METWIBHUX Tpyn AM-1 crioctepirarothbes npu oy = 0 M.4. Curnanu B o6aacTti oy = 4-6
M.4. CJiJ BIIHECTH O MPOTOHIB MOJIEKYJ BOIM, IO Oepe y4dacTb B YTBOPEHHI 2-3 BOJHEBHUX
3B’s13KiB. B OUIbII CHJIBHHMX TOMSIX (MEHINI 3HAYEHHS XIMIYHOTO 3CYBY) CITOCTEPIrarOThCs
curHamu ciaboacoriiopaaux ¢opm Boan (WAW). HaiiGinbiry iHTEeHCUBHICTh cUTHATiB WAW
CIIOCTEPIraeMo IS BOJIOTO1 CyMiti rigpodiipbHOro Ta rigpooOHOTro KpeMHe3eMiB.

Ha simpax KpeMHiI0 CHIOCTEepiraeThesi 1Bi TPYNU CUTHAJIIB — CUTHAJHM Oz9si = -100 — -120
M.4., IO BIAHOCATHCS 10 KPEMHE3EMHOI OCHOBHU 3 Pi3HOIO KIIBKICTIO Si-O 3B’s3kiB (Si04, Si0O3
ta Si0; - Q4-Q2, BIANOBIIHO), a TAKOXK CUTHAJT KPEMHIIO, 3B’ S3aHOTO 3 XIMIYHO MPUIIETUICHUMU
METUIILHUMH TpyTaMH (0,¢s; = -20 — -30 M.4.).
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Puc. 4.(a, B, 1) CEM (QuantaTM 3D FEG, FEI, USA) ta (6, r, ¢) TEM (JEM-2100F uu
TECNAI G2 F30, FEI-Philips) mikpodoTorpadii cyxux mopomikiB (a, 6) A-300, (B, T)
AM-1, Ta (1, e) A-300/AM-1 (1/1 1/r)
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Puc. 5. TEM wmikpodororpadii (a) A-300, (6)

AM-1, (B) A-300/AM-1 BuxopucraHi
UL pO3paxyHKy  pO3MOILIIB  3a
po3mipamu wactuHok (PaSD) 3 (1)
TPaHyJIOMETPUYHHUNA TUTariH (CepemHii
nmiametp 10,8; 14,7 ta 13,8 am, nns A-
300, AM-1, i A-300/AM-1,
BIJIMIOBITHO), Ta (1) TUIATiH JTOKAJIBHUX
toBuuH  (mporpama:  Fiji/Imagel,
https://imagej.net/Fiji)
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Puc. 6. Crexrpu tBepaotinsaoro SIMP (a) 'H (MAS) ta (6) *Si (CP/MAS) (Agilent DD2 600
MHz NMR spectrometer) misi iHAMBIAYaJbHUX KPEMHE3EMIB Ta iX CYMIIIEH, CyXHX,
BOJIOTHX Ta 00pOOIIeHUX

Kaacrepusauisi Bogu B Mi>KYaCTHHKOBOMY NPOCTOPi rinpopo6HOoro HanokpemHezemy AM-
1 Ta iioro cymimax 3 A-300

Boga BigHOCHTBCS J0 CHIIBHO acouiiioBanux piguH. KokHa ii Moyekyna MICTHTH J1Ba
NOJISIPU30BaHI MPOTOHM Ta JBi HETOMAIJICHI eNEKTPOHHI Mapu aToMa KHCHIO, SIKi MOXYTh Opatu
y4acTh y GOpMyBaHHI BOJHEBHX 3B'A3KiB [63]. IX MakcuManbHa KiNbKiCTh JOPIBHIOE YOTHPLOM,
OpUYOMy B JBOX MOJIEKyJa BOJM Oepe ydacTh SK NPOTOHOAOHOP, a B JBOX IHIIUX — SIK
€JIEKTPOHOJIOHOp. TOMy B KOHJEHCOBaHMX CEpEAOBHUINAX MOJEKYJIM BOAM (POPMYIOTH CITKY
BOJHEBUX 3B'SI3KIB, SKa 1 BU3HAYae CTPYKTYpy piakoi Bomu [64-66]. VY mopax abo
MDKYaCTHMHKOBUX 3a30pax aJIcOpOEHTIB BoJa MparHe cOpMyBaTH KJIACTEpHI CTPYKTypU 3
MIiHIMQJIFHOIO BUTBHOIO EHEPri€r0, po3Mip SIKMX 3aJIe)KHUTh BiJ CIIOPITHEHOCTI TOBEPXHI 0
MoJeKy Boau i Mopdosnorii mycrot. [lepBuHHa ancopOiisi Boau BiIOyBaeThes Ha aacOpPOIITHIX
[IEHTPax, B SIKOCTI SKMX MOXXYTh BHUCTYIATH 3apsPKEHI aTroMu abo rpymu. AncopOyrodnch Ha
IOBEPXHI, MOJIEKyJla BOJM CTBOPIOE IIEHTP BTOPUHHOI aicopOIii, Ha SKOMYy MOXYTb
copOyBaTHCh 1HIII MOJIEKYJIM BOIU. B pe3ynbraTi GopMyeThCs cucTeMa KiactepiB aacopOoBaHOi
BOJIM, SIKi, IPH BUCOKIH TipaToBaHOCTI, MOXKYTh 3aiiMaTH BeCh MOPOBUN a00 MIKYaCTUHKOBUMN
npocTip [67-71]. SIkmio B mopax KpiM BOJM 3HAXOAATHCS 1HII PEYOBHHH, BOHH 3/1aTHI YHHHUTH Ha
azcopOoBaHy BOJY PO3YMOPSAIKOBYIOUHIA (XaOTPOIHUI) a00 BIOPSAKOBYIOUNN (KOCMOTPOITHUA)
BILIUB [72-75]. CepenHe 4nciao BOJAHEBUX 3B'S3KiB, B AKMX Oepe ydacTb KO>KHA MOJIEKYJa BOJH,
OpsSMO MOB'sI3aHE 3 BEJIMYMHOIO XIMIYHOTO 3CYBY IPOTOHIB B CIIEKTPax sSJIEPHOTO MAarHiTHOIO
pe3oHancy [76-79]. it MOHOMEpPHHUX MOJIEKYJ XapaKTepHI XiMivHiI 3cyBH B 00nacTi dy = 0,5-1,5
M.4. [78], B TOH Yac K JUIsl TETPAaKOOPAMHOBAHOT BOJIM B T'€KCArOHAIBHOMY JbOAL Oy = 7 M.4.
[80,81].

I'apodoOHI yacTHHKK 3 BOJHUM CEpEAOBUIEM a0 KlacTepaMu aacopOOBaHOi BOAM
B3a€EMOJIIIOTh 3a Jomnomoroir Ban-nep-BaanbcoBux cun [82-84], mpudyoMmy cTaH KOJOiAHOI
CUCTEMH 3aJIeXHUTh BiJ KOHLIEHTpaLil AMUCHEpCiiHOro cepepoBuma. Skmo o0'eM BoOu He
NEPEBUIIYE CyMapHOro o0'eMy MIDKYaCTMHKOBHX 3a30piB B arperarax, TO BOJa MOXeE
JIOKaJi3yBaTUCs TIJIBKKA B MOPHUCTIA CHUCTEMI KpeMHE3eMy, a MOBITpsiHa ¢a3a 3MAIWCHIOE JIHIIe
HEBEJIMKWH BIUIMB HA B3AaEMHE pO3TALIYBAaHHS YAaCTHHOK. 3pOCTaHHS KIUJIBKOCTI BOJH 1
dopmyBanHs ii o0'emHOi (a3u, He MOB'I3aHOT 3 KpPEMHE3eMOM, 30UIbIIye WMOBIPHICTH
JMCTIEPTYBAaHHS TBEPAMX YaCTUHOK y BoAi. OCKUIBKH CKJIaJHa T€TepPOreHHa CUCTEMa TparHe J10
MIHIMyMy BUIBHOI €HEprii, TO B 3aJle)KHOCTI BiA KIJIBKOCTI BOAM MOXIHBE (HOpPMYBaHHS
CTaOUTBHUX KOJIOIAIB a00 KOJIOiNiB, IO MICTATH aACOpPOOBaHI MIKPOMYXHPII TOBITPA (SIKi
MiJHIMAIOTECS Y BEPXHIO YaCTUHY MOCYIWHHU). MeToro i€l poboTu Oyno BU3HAUEHHS €Hepril
B3a€MOJii BOAM 3 TIOBEPXHEIO KOMIO3HTHOI CHCTEMH, IO MICTUTh PIiBHI KIUJIBKOCTI
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riagpodinbHOTO 1 TiAPoHOOHOTO KPEeMHE3EMIB B IIMPOKOMY JT1alia30Hi 3MiHU KOHIICHTpAIlii BOJIH,
B 00JIaCTi BiJ T1IpaTOBaHUX MOPOIIKIB /IO KOHIIEHTPOBAHUX T'eJiB.

HusbkoTremmneparypHa 'H SAMP-cnekTpockomnist

Cnextpu SAMP 3nimamu Ha SIMP-cniekTpoMeTpi 3 BHCOKOI PO3IIILHOI 3aTHICTIO
(Varian "Mercury") 3 po6ouoro gactororo 400 MI'i. BukopucroByBanu BiciM 60° 30HAYIOUMX
IMITyJIbCIB, TpuBamicTio 1 Mkc mpu mupuHi cmyru 20 k[, Temmepatypa B HaTuuky
perymioBanacsi 3 TOYHICTIO =1 rpan. [HTEHCHMBHOCTI CHUTHaNIB BH3HAYAIHCS IUIIXOM
BUMIPIOBAHHS TUIONI TIKIB 3 BHUKOPHUCTAHHSAM MPOLEIYypPH PO3KIAJaHHS CUTHAIY Ha WOTO
CKJIJIOBI B MPUITYIIEHHI TayCCIBChKOI ()OPMU CHUTHAILy 1 ONTHMI3allii HyJIbOBOI JiHii 1 ¢a3u 3
touHicTio, +10%. Jlnsg 3amoOiraHHs TEPEeOXOJIOMKEHHIO BOIW B JIOCTIDKYBaHMX 00'€KTax
BHUMIPIOBAaHHS KOHIIGHTpAIlii He3aMep3aio4yoi BOAWM TMPOBOAMIM TMPH HArpiBaHHI 3pa3KiB,
MOTIePEIHBO OX0JoKkeHNX 10 Temreparypu 210 K. TemmnepaTypHi 3a1eKHOCTI i1HTCHCHBHOCTI
curHanis SIMP mpoBoauin B aBTOMaTH30BaHOMY IIMKJI, KOJIM 4Yac BUTPUMYBaHHsS 3pa3ka Mpu
MOCTIMHIM TeMmmeparypi CTaHOBHB 9 xB, a yac BumiptoBaHHsS —1 xB. SIMP-BumiproBaHHs
MIPOBOMIIU B TIOBITPSTHOMY CEPEIOBHILLI.

OCKiNbKH KOHIIEHTpAIlisl BOJHM B 3pa3Kax BioMma, 3a IHTEHCUBHOCTSIMH CHUTHAITy Boau (/)
MOXYTh OyTH pO3paxoBaHi 3Ha4EeHHS KOHIEHTpauii Hezamep3arouoi Boau (Cy,) Npu Oyab-sKii
temneparypi: C,, = I7/Ir- 273 h (mr/r). Tlpomec 3amep3anHs (TaHeHHS) Mix(da3HOI BOAM,
JIOKaJIi30BaHO1 B TBEPJiN MOPUCTIN MaTpHIll, MPOXOAUTH BIAMOBIAHO 10 3MiH BIIBHOI €Heprii
['i06ca, 3yMOBJIEHMX BIUIMBOM TIIOBEpXHi. BOHM THM MeHIIEe, YWM Jami BiJ TOBEpPXHI
3HAXOJUThCA MochipKyBanui map Boau. [Ipu 7' = 273 K 3amep3ae Boja, BIACTHBOCTI AKOi HE
BIZIPI3HAIOTBCS Bi 00'€eMHHX, a B Mipy 3HW)KEHHS TemnepaTypu (0e3 ypaxyBaHHS eQeKTy
MEPEOXOIOHKEHHS) 3aMep3aloTh IIapy BOAM, BCe ONIMKYE PO3TAIIOBAHI 10 MOBEPXHI, TPUIOMY
JUTSE Mi>K(a3HOT BOJM CITPABEITUBO CITIBBITHOIICHHS:

AGice = —0,036(273,15 — T), )

JIe YUCIIOBMM KOeQILieEHT MpeACTaBise cOo00K Mapamerp, MOB'SI3aHUM 3 TeMIepaTypHUM
KoedillieHTOM 3MiHM BUTBHOT eHeprii ['i060ca ms mpomy [85]. Tomi, BiAMOBIAHO 10 METOIUKH,
JeTanbHO omucaHoi B [86-88], MOyTh OyTH po3paxoBaHi KiJIBKOCTI CHUJIBHO-1 C1a003B'sA3aHOI
Bou (SBW 1 WBW, BianoBifHo), a TakoX TepMOIUHAMIYHI XapaKTEPUCTUKH IIHX IIApPiB.

SIK10 B KONOT/HINM cHCTEM1 3aralbHUI BMICT BOJU ICTOTHO MepeBepIye CyMapHH 00'eM
nop (MDKYaCTHHKOBUX 3a30piB), TO YacTHHA BOJM MOXKE 3HAXOAMTHUCS Y BIIBHOMY CTaHi, KOJIA
MOJIEKYJIM BOJM HE BIJ4yBalOTh 30ypIOIOYOr0 BIUIMBY 3 OOKY IOBEpXHI YAaCTHHOK. TOYHO
BU3HAYHUTH KUTBKICTh «00'€MHOT» BOIM CKJIAIHO, TOMY OyZeMO BBaKaTH 00'€MHOIO Ty YacTUHY
BOJIM, sIKa BiAIIOBiZa€ CIiBBIAHOLIEHHIO: /1 > 1,5 I/T.

MixdaszHa eHeprisi TBEpIuX TUT ado OiomoJiiMepiB BH3HAYAIACsS SK MOJIYJb CyMapHOTO
3HIDKEHHS BUTBHOI €Heprii Boau, 0OYMOBJICHOTO HAsBHICTIO BHYTPIIIHBOI TpaHUIl po3Ally ¢a3
BOJIa-T0JIiIMEp 3a GOPMYJIIOFO:

-

ys=—K | AG(C,,)dC, . 3)
0
ne C =1,5r/r.

Jnis  BU3HAUEHHS TEOMETPHUYHUX PpO3MIpIB  OOMEXKEHHUX TBEPAOI IOBEPXHEIO
HAaHOPO3MIPHHUX arperaTiB piAMHN MOXe OyTH BUKOpHCTaHO piBHAHHS ['160ca-Tomcona [89,90],
10 3B's3y€ pajaiyc chepuaHux abo MUITIHAPUIHUX TOp (R) 3 BEIUYHHOIO JETIpecii TeMIeparypu
3aMep3aHHS:
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AT, =T,(R)-T,,, :M 4)
AH ,pR
ne Tw(R) — Temmeparypa IUIaBJIEHHS JIbOJAY, JIOKaNi30BaHOro B mopax paaiyca R, Tme —
TeMIepaTypa IJIaBIeHHS 00 €MHOrO0 JhONy, P —TYCTUHA TBepaoi (a3u, oy — eHepris B3aeMO/Iii
TBEpAOro TuTa 3 piauHOlO, a AHy — o0’eMHa eHTanblis IulaBleHHS. J[Is mpakTUYHOTO
BUKOpUCTaHHS Gopmyity (4) MokHa 3actocoByBatu y Burisni A7, = (k/R), ne koHcTaHTa k 1is
0araThbOX reTepOreHHUX CUCTEM, 110 MICTAThH BoAy, Onu3bka 10 50 rpagenm [88]. (AG), a Takoxk
BEIMYMHY MiXK(a3zHoi eHeprii, po3paxoBaHy BIAMOBIAHO 10 ¢GopmyiH (3), CHIBHO3B’ SI3aHOIO
BBOXAJIM Ty YacTUHY MiK(}a3HOI BOAM, IS SKOI 3HMKEHHS BUIbHOI eHeprii [166ca AG <
0.5 xJIx/mMonn [45]
B psini BUBYEHWX CHCTEM BEJIMYMHY XIMIYHOTO 3CYBY BH3HAYa M 1O BiHOIICHHIO [0
CUTHAJIy METaHy, MOMepPEAHbO aJIcCOPOOBAHOMY Ha BOJIOTHX 3pa3kaxX KpeMHE3eMYy.

BouJiori 3paskn metnikpemHesemy AM-1

Jlnst mochi/DKeHHS BUKOPUCTOBYBABCS METHIKpeMHe3eM AM-1, OTpuMaHHMi NUIIXOM
Monu(dikyBaHHs HaHOKpeMmHe3emy Mapku A-300 muigxoM XiMIYHOTO CHHTE3y N0 TOBEPXHI
muMetwxiopemnany (M.Kamym Ykpaina). 3BoJIOKEHHS KpeMHE3eMy MpPOBOIMIN IIIISIXOM
JOJlaBaHHs AUCTUILOBAHOI BOAM N0 oro HaBaxku 0,5 r. Cywmim mepeTupaiu 10 YTBOPEHHS
OJTHOPITHOTO TOPOIIKY, IO HE MICTUTHh (a3 pinkoi Boau. Yac roMoreHizamii 301IbITyBaBCs 13
3pOCTaHHIM BMICTY BOAM 1 cTaHOBUB BiJ 3 xB nipu /7 = 0,33 r/r 1o 15 xB npu 4 = 1 /1. 3pasky,
10 MICTATh 4 = 2 1 3 T/T BOAM TOTyBaJMCS Ha OCHOBI 3pa3ka 3 & = 1 1/t Boau. Ilpu oMy
dbopmyBasicst KOHIIEHTpoBaHi cycrnen3ii AM-1 y Boxai. bBymo BuBuYeHO mporecu, 110
BiZIOYyBaIOTHCS B IiIpaTOBAHUX MOPOIIKAX 1 KOHIIEHTPOBAHUX CYCIICH31IX METWIKpPEMHE3eMy IIpU
30UTBIIIEHH] KITBKOCTI BOAM, [0 BBOJUTHCS B KOJIOITHY CHCTEMY 3 BUKOPUCTAHHSIM MEXaHIYHHX
HaBaHTaXCHb.

3usTi IpU pisHEX Temmeparypax crektpu 'H SIMP Bomu B MDKYaCTHHKOBHX 3a30pax
MeTuIKpeMHe3eMy AM-1 mpu pi3Hiil rigpaToBaHOCTI MOBEpXHI HaBeAeH! Ha puc. 7. s OinbIn
TOYHOT'O BH3HAYEHHS BETUYMHHU XIMIYHOTO 3CYBY Mik(a3HOi BOJIH, BUMIPIOBAHHS MPOBOIWIH B
CepeAoBUIIll ra30moAi0HOr0 MeTaHy, IKUI CIOCTepiraBcst B CeKTpax npu oy = 0 M.4. XiMiYHUNA
3CYB BOJH, 3B'SI3aHOI B MIKYaCTHUHKOBHUX 3a30pax AM-1 cTaHOBHB 5-6 M.4., 11O CBIAYUTH TPO
(dopMyBaHHS BIOPSAKOBAHMX KJIACTEpPiB, B SKUX KOXXKHA MOJIEKyla BoAM Oepe ydactb y
dbopMyBaHHI B cepeIHROMY TPhOX BOJIHEBHX 3B'A3KIB 31 CBOIMU cycigamu [86-88]. 31 3HIKEHHSIM
TEMIepaTypu XIMIYHUA 3CyB BOAM 30UIBIIYETHCS, L0 MOXE OyTH TOB'A3aHO 3 POCTOM
BITIOPSKOBAHOCTI CITKM BOJIHEBHUX 3B'S3KIB.

Jlnis 3pas3ka, 1mo MICTUTh 2 T/T BOAM BUMIPIOBAHHS MPOBOJIWINCS TAKOXK B CEPEIOBUIII
nerrepoxiopopopmy (puc. 7,e). B pe3ynprari €KCIEpUMEHTIB BU3HAUYAJIOCh, SIKOIO MipOIO
CJIa0OMONSAPHUN OpraHiuHUil PO3UYMHHHK MOXKE NPOHMKATH B BOAHY cycmenszito AM-1 i
BIUIMBaTH Ha MapaMeTpu 3B's3yBaHHS Boau. [Ipu 1mboMy B CHEKTpax BOJIM KpiM OCHOBHOTO
CHUTHAJIy CHJIbHOACOIIMOBAaHOI BOAM 3 XIMIYHMM 3CyBOoM Oy = 6,5 wm.4., @QikcyBaBcs
c1a00IHTEeHCUBHUN CHUTHAN C1ab0acoIifioBaHO BOAW 3 XIMIYHUM 3CyBOM oy = 1,5 m.4.,
IHTEHCUBHICTb SKOTO CJIa00 3MIHIOEThCA 3 TeMIepaTyporo. Sk Oyno mokazano B [86-88], ueit Tum
MDK(}a3zHoi BoaM OOYMOBJICHHH TMOSBOIO IMOONHM3Y IMOBEPXHI MHUCIEPCHUX YAaCTUHOK IIapy
xJI0poopMy 3 MIIBUIIICHOIO PO3YMHIOIOYOK) 3/IaTHICTIO MO BIAHONICHHIO 70 BoaW. Taka Bona
craboacorriioBaHa 1 MPaKTUYHO HE YTBOPIOE BOAHEBUX 3B'SI3KIB 3 IHIIUMH MOJIEKYJIaMHU.

3HIKEHHA TeMIIepaTypu BHUKJIMKA€ YAaCTKOBE 3aMep3aHHs MDK(}a3HOI BOAM, MPUUOMY
BOHA TPAKTUYHO BCA 3amep3ae npu temneparypax T > 240 K. XiMmiuHui 3cyB Takoi BOAHW HE
nepesuilye oy = 7 M.u. TemmeparypHi 3aJeKHOCTI XIMIYHOTO 3CYBY BOJAM B 3pa3Kax, LIO
PO3pI3HAIOTBCS 1i BMICTOM HaBeneHi Ha puc. 8. Jlims 3paskiB 3 pi3HMM 3HAYCHHAM /, BUJ
3aJIe)KHOCTEH Aeno Biapi3HsAeTbes. HaliMeHIi 3MiHM XiMIYHOTO 3CYBY CHOCTEpIrarOThbCs IS
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3pa3ka TiapaToBaHOrO0 KpeMHe3emy, mo MicTuth 4 = 0,33 1/r BoAM. Ha 1HIIUX 3aJEKHOCTSIX
CIHOCTEPIraloThCs AUISTHKY 3 BEIMKUMU XIMIYHUMU 3CyBaMu (O > 8 M.4.).

AM1 + 330 mr/r H,0,

AM1 + 330 mr/r HZO, 0.24 r/em®

0,086 r/cm®
280 K
273.7 280 K

228 249
207 e — 240
T T T T T T T T 1 ! T T T T T T T 1230
14 12 10 8 6 4 2 0 -2 14 12 10 8 6 4 2 0 -2
5 (M.4.) 3 (M.u.)
(a) (6)

AM1 +1r1/rH,0,

AM-1/H,0 1/2,
0,5 ricm®

MogiTps

_.u—f—m_ 241
Mﬁg‘? 238
597 230
T T T T T T T 1 f T T T T T T T
14 12 10 8 6 4 2 0 -2 14 12 10 8 6 4 2 0
3 (m.4.) 5 (Mu.)
(B) ()

M/w\\ymm AM1/H20 173,

Mzss .
R, MoBiTps H/LJWW AM1/H,0, 112,

266

258
247
239
227
T T T T T T T T T T T T T T T T
14 12 10 8 6 4 2 0 14 12 10 8 6 4 2 0
3 (M.4.) 5 (MY
(m)
(e)

Puc. 7.3usti npu pisHux Temmepatypax crnextpi 'H SIMP BoM B MiKYaCTHHKOBHX 3a30pax
MeTuiIKkpeMHesemy AM-1
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Puc. 8. TemmneparypHi 3alleKHOCTI XIMIYHOTO 3CyBY aJcOpOOBaHOI BOAU Ui TiAPaTOBaHHX

rizpogoOHX KpemHe3eMiB Mapku AM-1, mo pi3HATHCS KOHIEHTPAI€I0 BOAHM B
M1XYaCTUHKOBOMY MPOCTOPI1

Bomu, 3 TakuMM BUCOKMMHM 3HA4YEHHSMH XIMIYHOTO 3CYBY JyXe€ Majo 1 BOHa
CIOCTEpIraeThCsl JIMIIE MpH BHUCOKIM uyTnuBocTi SIMP-cnekTpomerpa mpu  HHU3BKHX
TeMrieparypax. BianmoBigHO A0 pe3yJbTaTiB BUBYCHHS XIMIYHOTO 3CYBY T€KCAarOHAIBHOTO JIbOTY
[80] mnst TeTpakOOpPAMHOBAHOI BOIM 3HAYEHHS XIMIYHOTO 3CYBY CTaHOBHTH Oy = 7 M.4. Tomy
HE3HAYHy YacCTHHY MiX(]a3HOi BOAM B 3aMOPOKEHUX KoMmmo3utax AM-1/Boma MOXHa BiTHECTH
JI0 Ti€1, 0 BXOAUTH JI0 CKJIATy HEBEIHMKHUX KJIACTEPIB, SIKi MICTATH COJIbBAaTOBaHI MpoToHH [91].
MMoBipHO, Taki KIacTepH JIOKami3oBaHi MOONM3y 3alMIIKOBHX TiAPOKCHIBHHX TPYIL
HEIOCTYIHUX JUTS TUMETHWIIUXIOPCUIIaHy B MPOLEC XIMIYHOTO MOIN(DIKyBaHHS.

TeMmmepaTypHi 3ajeKHOCTI KOHIIEHTpallii He3aMmep3arodoi Boau (a), moOyaoBaHI Ha ix
OCHOBI 3aJIe)KHOCTI 3MiHM BifbHOI eHeprii ['160ca Bia KoHIEHTpaiii He3amep3aro4doi Boau (0)
3aJIeXKHICTh 3MIHM MDK(}a3HOT eHeprii BiJ KUIBKOCTI aacopOoBaHOi BOAW (B) 1 PO3MOAULY IO
pazaiycax kiactepiB aacopOoBaHOi BOIU IS T1IPATOBAHUX TOPOIIKIB 1 KOHIIGHTPOBAHUX BOJIHUX
cycneHs3ii MmeTriikpemMHeseMy AM-1 HaBezneHi Ha puc. 9, a B Ta0JI. 2 — XapaKTEPUCTUKU IIapiB
Mikda3Hoi Boau. Y pasi, KOJIM TiApaToOBaHICTh 3pa3kiB 4 < 1 r/r, cucrema sBIsiE COOOIO
rigparoBanuii mopomok AM-1, a mpy BeTWKUX KOHIICHTPAILIISIX BOJU — BOJIHY CYCIICH31I0.

Tabdauust 2. XapakTepUCTUKH IIapiB HE3aMep3ardoi BOAW B TIiAPATOBAHHX IOPOIIKAX
MeTHIKpeMHe3eMy AM-1 3 pi3HUM BMICTOM BOJH

h, /T C,, Mr/em’ Cuws, MI/T CMWW, M/t | AGS, kJx/Monb | vs, Jok/r
0,33 320 50 280 -1,2 5,0
0,66 540 80 580 -2,0 9,6

1,0 1000 110 890 -2,0 14,0
2,0 8 1492 -1,5 2.3
2,0(CDCls) 9 1491 -2,0 1,7
3,0 15 1485 -1,7 4,2
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1000 + h (r/n)
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Puc. 9. TemmneparypHi 3a1eKHOCTI KOHIIGHTpaIlii He3aMmep3arouoi Boau (a), moOyaoBaHi Ha ix
OCHOBI 3aJI©KHOCTI 3MiHM BUIbHOT eHeprii [100ca Bij KOHIIEHTpallii He3aMep3ar0u0i BOIH
(0) 3amexHicTh 3MiHM MDK(a3zHOi eHeprii BiJ KIIbKOCTI aacopOoBaHOi BoAau (B) 1
pO3MOITY MO pajiycax KIACTEpiB aacopOOBaHOI BOAW JIA TiAPAaTOBAHUX ITOPOIIKIB
MeTuIKpeMHesemy AM-1

SIk BUMIMBA€ 3 OTPUMAHUX PE3yJbTATIB, XapaKTEPUCTUKU MIAPiB 3B'A3aHOI BOAW IS
rizparoBaHux mopoukiB (A <1T1/r) CHIBHO BIIPI3HAIOTHCS BiJA XapaKTEPUCTHUK BOJHUX
cycnensii. Jlyis rigparoBaHux mopomkiB AM-1, 3 pocTOM BMICTY BOAM 30UIBIIYETHCS
KOHIIEHTpALlisl CHJIBHO- 1 cJ1a003B's13aH0T BOIM, Mi>K(a3HOi eHeprii i BEJIMYMHA MaKCUMAaJIbHOTO
SHIDKCHHS! BUIBHOI eHeprii ['166ca B mapi cuiisHO3B's3aH01 Boau (AG”). 3pocTae Takoxk HACHITHA
TYCTHHA TiIPaTOBAHOTO MOPOIIKY METHIIKpeMHe3eMy (Tabi. 2) i 4acTka BOAHM, IO BXOIHTH JIO
CKIaay KiactepiB 3 pamiycom R>20uM (puc. 9, r). Lli mpolecn MOXYTh IOSICHIOBATHCS
NEPEeTBOPEHHSAM  IiJi BIUIMBOM MEXaHIYHOTO HaBaHTaXKEHHA BOAM 3 00'€eMHOro B
TEPMOJMHAMIYHO HECTIHKWH, KIacTepu30BaHUI CTaH. BuTpatn MexaHiuyHOi eHeprii iIyTb Ha
IpOOJIEHHS CIIOYATKY CYIIBHOTO BOJHOTO CEpPEJOBHUINA Ha CYKYITHICTh CyOMIKPOHHUX Kpariens,
JIOKaJi30BaHUX B MIKXYACTHHKOBOMY NPOCTOpPI METHIKPEMHE3EeMYy, OTOYEHHUX TiIpodhoOHOI0
00O0JIOHKOIO, 1110 CKIIAIAETHCS 3 TBEPANX YACTHHOK, SIKI TIEPELIKO/PKAIOTH iX 00'€JHaHHS B OLTBII
NPOTSDKHI BOJHI CTPYKTYPH.

IIpu mepexomi A0 BomHUX cycneHsiii (£>171/r) pi3ko 3MEHIIYETbCS KIUIbKICTh
CWJIBHO3B s13aHOI BoaM 1 MixkdaszHoi eHeprii (tadm. 2, puc. 9, B). BiamoBigHO, 3MEHITY€ETHCS
YacTKa BOJH, 10 BXOIUTH 10 CKIaAy Manux kmactepiB (puc. 9, r). Lle moxke OyTu mos's3aHo 31
3MiHOIO (a30BOTO CTaHy KOJIOIAHOI cHUCTeMH. SIKIIO B TigpaTOBaHMWX IOPOIIKAaX BOAA
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3HAXOAMUTHCS Y BUTIIAI KJIACTEPIB, PO3AUICHUX T11poOOHIUMH YaCTHHKAMHM, TO 31 301JBIIICHHIM
KIJIBKOCTI BOJM 3'SIBISIETHCS MOXIIUBICTH JUI (hOopMyBaHHS MPOTSDKHOI BOAHOT (as3u, sKa s
YAaCTUHOK Tiapo(oOHOTO KpEeMHE3eMy CIYXHTh AUCIEPCIHHUM cepeaoBuineM. llpu 1mpomy
BiZIOYyBa€THCS CIOHTAHHE MMOHWKEHHS BUIBHOI €HEprii BOAM 32 paXyHOK 3MEHIICHHS ii MOBEPXHi.
CyKynmHICTh CyOMIKpOHHHX KJIACTEPIB MEPEXOIUTh B CTaH MIKpPOKpamneilb abo CYHUIbHOTO
BOJIHOTO cepenoBHIa. Toal NOPOKHUHU MK HAHOPO3MIPHUMHU YaCTUHKAMHU KPEMHE3EMY 3HOBY
MOXXYTh 3allOBHIOBATHCSI TOBITPSM a00 K KOH}Irypamis MDKYACTHHKOBOTO IPOCTOPY
3MIHIOETHCSI TAKUM YHHOM, 11100 3a0e3redyBaBcss MaKCHUMAIbHUN KOHTAKT MiX TiIpohoOHUMH
YaCTHMHKaMHU 32 PaXyHOK BaH-/Iep BaaJlbCOBUX B3aEMO/IIH.

Bogana cycnensis, o MiCTUTH 2 T/T BOAM MPeACTaBisie cO000 rycTy macrty, mpoTe, 1o0pe
3MINIYETHCS 3 CIA0OMOJIIPHUM, MOTAHO PO3YMHHUM Yy BoAi xyopodopmom. [Ipu mpoMy macrta
PO3PIKYETHCS, alle HEe PO3IIAPOBYETHCS Ta ICHY€ y BUIJISAL CYCIEH3ii, M0 MICTUTh OJIM3bKI
KiJIbKOCTI  Xstopopopmy 1 Bomu. BiamoBimHo no manux Tabn. 2, momaBaHHS XJI0podopmy
npu3Beno 10 ictotHoro (Bix 2,3 mo 1,7 JIx/r) 3umxkeHHs Mixkda3HOT eHeprii BOAU, 10 CBIIYUTH
po 3aMileHHs XJI0po(hOopMOM AESIKOT KUTBKOCTI MIKYaCTHHKOBUX 3a30piB, O I[LOTO 3aHATHX
BOJIOIO.

Bopana cycnensist Tinpodo0HOT0 KpeMHE3eMy € CKIaTHOI0 HEPiBHOBAYKHOIO CHCTEMOIO,
sKa caMa, ado MiJ BIUIMBOM 30BHIIIHIX HaBaHTa)KE€Hb, MOKE 3MIHIOBATH CBiil (pasoBuii ctan. L1
MPOIECH MOXKHA PEECTPYBAaTH MUISIXOM BHMIPIOBaHHS B'S3KOCTI CYCHEH31l MMl BIUIMBOM
MEXaHIYHUX HaBaHTaXXEHb, CTBOPIOBAHUX B LWIIHAPUYHOMY BUMIPIOBATHHOMY MPUCTPOT
JTMHAMIYHOTO BUMiproBaya B's3kocTi Peorecti. Ha puc. 10 mpeicraBieHi KpuBi 3MiHH B'SI3KOCTI B
yaci B 3aJIe)KHOCTI BiJl HIBUAKOCTI 00epTaHHs pobodoro nuiaiHapa. BuMipioBaHHS NMPOBOIWIN Ha
3pa3ky cycnensii kpemHesemy AM-1, mo mictuth 15% TtBepaoi dasu.

0 100 200 300 400 500 600 700 ¢
v’
Puc. 10. 3mina B's3kocti 15 % cycnensii metunkpemuesemy AM-1 mij BIJIMBOM MEXaHIYHUX
HABaHTaKCHb

ITouaTkoBa B's3kicTh cycnen3sii craHoButh 380 mlla ¢ mpu mamomy uyuciai 000pOTIB
ATiHgpa, mo obepraeThes. 1o Mipi 3pocTaHHS HaBaHTaXeHHS (dmciao oGoporiB 1200 c¢)
TUHaAMIYHA B'S3KICTh 3MeHmnyeThess n0 70 mlla c. Hamami 3 Wacom B'S3KiCTh CyCHeH3ii He
3MIHIOETBCSI TpH  30€pekeHHl IIBUIKOCTI OO0epTaHHA poOOYOro LWIIHAPA. 3MEHIICHHS
HABaHTAXCHHS JI0 TTOYATKOBOTO 3HAYCHHS CYNPOBOKYETHCS 3POCTAaHHSM B'SI3KOCTI, SIKa MOXeE
BJ[BiYi MEPEBUILYBATH MOYATKOBY B'S3KICTh CycreH3ii. TakuM 4uHOM cycrieH3is TipodoOHoro
KpEMHE3eMy y BOJIi Ma€ BHCOKI THKCOTPOITHI BIACTHUBOCTI, SIKi 3aJI€KaTh BiJl Yacy i BeTUYHHU
NPUKIIAJIEHOTO MEXaHIYHOTO HaBaHTaXeHHS. OCHOBOIO e(eKTy € MOXJIMBICTh peoprasizauii
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CTPYKTYPH MIKYaCTHHKOBUX arperariB, siKa MparHe 3a0e3MeunTd MiHIMaJIbHE 3HAYCHHS BUIBHOL
€HEprii TeTeporeHHoOi CUCTEMH.

3 mpoBeneHUX MOCHTI/PKeHb BHIUIMBAE, IO IMiJI BIUITMBOM MEXAHIYHOTO HaBaHTAKCHHS
CyMillIi, 110 CKJIAJAaeThes 3 TiApodoOHOro nmopomky mMetuiakpemuesemy AM-1 1 Boau (£ <1 /1)
MOXKE MEPETBOPIOBATHCA Yy BOJOTHH IIOPONIOK, B SKOMY BOJa JIOKaNi30BaHAa Yy BUIJIAII
CyOMIKpOHHHMX KJIacTepiB, IO 3alOBHIOIOTH MIXKYACTHHKOBI 3a30pH KpemHe3emy. [Ipu npomy
Mik(a3zHa €Hepris IpsiMO TPOIOPIliiHA KiTbKOCTI Boau. [IpM BEIMKHUX KOHIICHTPAIISX BOAH
BiZIOYyBa€THCS CHIOHTaHHE 301IbIIEHHS PO3MIpY BOJHHUX CTPYKTYP, SIKE CYNPOBOIKYETHCS PI3KUM
3MEHIICHHSAM MDK(a3HOi eHeprii, IO MOXE CBIIYUTH IMPO KOJIANC BY3bKUX MIKYaCTUHKOBUX
3a30piB  a0o iX 3amoBHeHHS MNOBITPAM. Boxni cycnensii AM-1 nerko 3MiH_IYIOTLCH 3
CJTa0OTONISIPHUM OPTAaHIYHAM PO3YMHHUKOM — XJIopodopMoMm, (HopMyroun CTIMKY CycCIieH3ito, B
SKI  KUIBKICTH BOAM 1 XJIOpopopMy MOXKYTh Oyt Onusbkumu. Bogna CYCI'ICH31}I
METHJIKPEMHE3EMY BOJIOJII€ BHCOKUMH THUKCOTPOITHUMH BIIACTHBOCTSIMH, SIKi 3aJIe)KAaTh BiJl 4acy i
BEJIMYMHU BUKOPUCTOBYBAaHUX MEXaHIYHMX HABAHTA)KEHb.

Cynpamoneky.asipHi B3aemoaii B cymimax 1/1 rigzpo¢go6Horo ta rizpo¢pisibHOro miporeHHux
KpeMHe3eMiB

JUis  mpuUroTyBaHHs ~ KOMIIO3UTHOI  CHCTEMHM  pPIBHI  KUIBKOCTI  KpEMHE3eMiB
MepeMilIyBaIucs IUIIXOM iX mepetupanHs mpotrsroM 10 xB. [loTiM 10 KOMITO3UTY J0/1aBajH
HEOOXIJJHy KUIbKICTb BOOM 1 MPOJOBXKYBAJIM IEPETUPAaHHA 110 (POPMYBAHHS OIHOPITHOTO
MOPOIIKY abo TeenoaioHol macTy.

30BHIIIHINA BUIIIA KOMIO3MTIB, 110 PO3PI3HIIOTHCS BMICTOM BOJIU HaBeAECHO Ha puc. 11.
KommosutHi cuctemu, mo mictsats £ = 0,5 ado 1 v/r H,O manu Burisg Bosorux nopomkis. [pu
h=2r/r H;O cnocrepiraeTbCsi KOMKYBAaHHSl arperariB, a MpHU BEIUKUX KOHLEHTpALisX BOAU
YTBOPIOETHCSL TEJENOoAiOHa CHCTeMa, B'S3KICTh SKOi 3MEHIIYETBCS 3 POCTOM BEITHYUHH
TiApaTOBaHOCTI.

h=0,5r/r H,0, C;= 0,12 r/em’ h=1r/r 5,0, C;=0,5 r/em®
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h=2r/r H,0, C;=1,0r/cm’ h=31/r H,0, C;= 1,2 r/em

Puc. 11. 3oBHimHIN BUrsa KoMno3uTHUX cucteM 1/1 A-300/AM-1, 1m0 po3pi3HAIOThCS
HACHUITHOIO TYCTHHOIO 1 KOHIIEHTPAIIIEIO BOIN

3HsTi mpH pi3HUX TeMmmeparypax crnektpu 'H SIMP mporonis B kommosutax A-300/AM-
1, mo po3pi3HAIOTHCS BMICTOM BOAM HaBeleHI Ha puc. 12. Boma B crmekTpax MpOSBISETHCS Y
BUTJISIZII IIAPOKOTO OJMHOYHOTO CHUTHATY, XIMIYHUM 3CYB SIKOTO 30UIBIIYETHCS BiT Oy = 4,5 npu
T =280 K no 6 mu. mpu 7 = 203-230 K. IHTEHCHBHICTh CHUTHAIly BOAHM 31 3HIKCHHSIM
TEMIIEPATyPH 3MEHIIYETHCS 3aBIAKA 11 YACTKOBOMY 3aMEP3aHHIO.

Bennunna mikdas3Hoi eHeprii € 3pyyHUM HapaMeTpoM, SIKMW JI03BOJISiE TOPIBHIOBATH
EHEePTiI0 3B'A3yBaHHs BOJIU B PI3HUX CHCTEMaX, 0OCOOJIMBO, SIKIIO ii KITbKICTh B HUX OJlHaKoBa. B
TaOJI. 3 HABEJCHO XapaKTEPUCTHUKH IIapiB 3B'I3aHOI BOJM B KOMIO3UTHUX cucTemax A-300/AM-
1. TIpu 1bOMy BHMIPIOBATHCS KOHIEHTpALii CHIbHO- i c1a603B's3anoi Bomd (Cuy’ i Cu s
BiJIMOBIIHO), MaKCUMaJIbHE 3HWKEHHS BUTRHOI €HEprii B IIapi CUILHO3B’ s13aHO1 BOAU (AGS), sIKE
BHUMIPIOBANIOCS MUIIXOM eKcTpamnoisiii 3anexHocti AG(C,,) A0 oci opauHat (puc. 13).
Posnoninu mo paaiycax kimactepiB ancopOOBaHOI BOAM PO3PaxOBYBaIM BIAMOBIIHO 10 GpopmMyin
(3). Anga Hao4YHOCTI BOHM HaBe[eHI Ha puc. 14 CHUIBHO 3 3alEXKHICTI0O MiXk(]a3sHOi Boau BiX
rizparoBaHocTi (ys(#)). HacunmHa ryctuHa 3pas3kiB Moria OyTH BH3HAY€HA TUTBKU IS 3pa3KiB,
1o Mictate A < 3,0 v/t HyO.

MoxHa BBaXaTd, II0 B MpPOIECi YTBOPEHHS KOMIIO3UTHOI CHCTEMH, B YMOBAax, KOJIH
h=0,500-1,0 r/r, miJ1 BIVINBOM MEXaHIYHUX HAaBaHTaXXeHb BIJJOyBaeTbCs nepeOyioBa arperaris
KOoMITo3uTHOI cuctemu A-300/AM-1, mo CynpoBODKYETBCS 3aMIlIEHHSM BOJOIO TOBITPS B
MDKYaCTHHKOBHUX 3a30pax sK ripodiuibHOi, Tak 1 TigpodoOHOi koMmoHeHT. IlepeBakHo Bcs
BOJIa 30CEpEIKeHA Y BHYTPIIIHIX MOPOKHUHAX arperati. [Ipu 1iboMy peecTpyIoThCsi MiHIMANbHI
3Ha4YeHHs paJilyciB KJIacTepiB afcopOOBaHOI BOJM, ajle BIIHOCHO HEBEIHMKI BEIMYMHU MiXK(pa3HOi
emeprii (tabm. 3, puc. 14,a). MMoBipHO, 3 POCTOM KOHIIEHTpawii aacopOOBaHOi BOIH
BiZIOyBaeThCsl 3HauHa MepedyaoBa B3a€MHOIO pO3TallyBaHHS TiApooOHUX 1 TiApoQiIbHUX
YAaCTHHOK B KOMIIO3UTI 1O BIJHOIICHHIO JO JTUCHEPCIHHOTO CEPeOBHINA 1 3MIHIOETHCS
MOJKJIMBICTh 3aIIOBHEHHS BOAOI0 MIKYaCTHUHKOBHUX 3a30DiB.
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Tadauus 3. XapakTepuCTHKY MIapiB HeE3aMep3ar0doi BOJIM B KOMITO3UTHIHN cuctemi A-300/AM-1
3 PI3HOIO T1IPaTOBaHICTIO

h.t/t Cy r/em’ CuWS, MI/T CMWW, MI/T AGS, kJIx/Monb | vs, JIK/T
0,5 0,12 100 400 -3,0 11,4
1,0 0,50 75 825 -2,0 11,7
2,0 1,00 125 1275 -2,0 16,1
3,0 1,20 135 1375 -1,7 18,8
4,0 - 75 1425 -1,5 10,7
5,0 - 70 1430 -1,5 9.4

1 riem’, 21/r H,0

0,12 r/cms,

0,5r/rH,0 280K 0,5 r/em’,

11rH,0

280 K
2723

270 266.2
266.5 260

263 515
A 260 247
—_— 250 238

237 233

237 216

229 T T T T T T T

Puc. 12. 3usTi 11pu pisHuX Temmeparypax crektpr 'H SIMP npoToHiB B KOMIIO3uTax A-

300/AM-1, 10 po3pi3HAIOTHCS BMICTOM BOJIU
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Puc. 13. TemnepaTypHi 3a1€KHOCTI KOHIIEHTpalii He3amep3arouoi Boau (a) 1 MoOyAoBaHi Ha iX
OCHOBI 3aJIe)KHOCTI 3MiHH BUTbHOI eHeprii ['100ca Bix KOHIEHTpaIii HezaMep3aruoi

BojH (0)
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ITo mipi 3pocTaHHs KITBKOCTI BOAM Oinblia i YacTHHA JOKATI3yeThCS B 3a30pax MiX
arperataMu — ()OPMYIOTbCS MPOLIAPKH 00'€MHOI BOAW, IO € IS YaCTHHOK KPEMHE3eMy
nucriepciiinuM  cepenoBuiieM. OKpeMi arperatd KOMITO3UTY, $IKI BXOAATh JO iX CKJany,
rigpodinbHi 1 TiApoHOOHI YACTHHKH, CTAIOTh OUTBII PYXJIMBHMHU IIiJl BIUIMBOM MEXAHIYHOTO
HABaHTAXXCHHS 1 MOXYTh PO3TAlIOBYBaTHCS TaKUM YMHOM, 1100 3a0e3meuyBaliocss MiHIMalbHE
3HAYCHHsI BUIBHOI €HEprii KOJOiMHOI CHCTeMH (SBHINEG HAHOKOAryJsllli), IO BIAMOBiIA€E
MaKCHUMaJIbHOMY 3B'SI3yBaHHIO MiXK(a3HOi BOAM 1, BIJMOBIJHO, MAaKCHUMaJIbHOMY 3HAYECHHIO
Mikda3znoi eneprii (puc. 14, a).
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Puc. 14. 3anexHicTh BeIMUMHU MiX(a3HOi eHeprii BiJl KOHIEHTpaLii BOAU B 3pa3Ky (a) 1 BIUIUB
KUTBKOCTI BOJIM HA PO3IOJILI IO pajiiycaxX KIAcTepiB aacopOOBaHOT BOIN

[Tpu mepexoxi B 0061acTh KOHIIEHTPOBAHUX BOTHUX cycrniensiit (4 =4,0-5,0 r/r) 3aBasku
KOHTaKTy YaCTUHOK 3 IMOBITPSAM MOXKE 31MCHIOBATUCS YaCTKOBE 3aMILICHHS MOBITPSIM BOJIHU B
rizpodoOHNX TOPOKHUHAX YaCTHHOK KOMITO3UTY. Lleit mporec cynmpoBOKYEThCS 3MEHIICHHIM
30HM KOHTAKTy TBEpZOi MOBEPXHI KOMIIO3UTY 3 BOJOIO, a, OTXKE, MPU3BOJAUTH A0 3MEHILEHHS
MiK(]a3HOI eHeprii YaCTHHKH-BOJIA, IO MPOSBISETHCSA B 3MEHIICHHI BUMIPIOBAaHUX BEIMYHH Ys
(puc. 14,a, Tabm. 3).

[Ipu nomaBaHHI MO KOHIIEHTPOBAHMX CYCIIEH3iH, MPUTOTOBJICHHX HAa OCHOBI CyMIiIIen
rizpogoOHOro Ta riApodiILHOTO KpeMHE3eMiB, cIa00NoIsIpHUX a00 HEMOJISPHUX BYTJIEBOJIHIB,
3'IBISIETHCS MOMJIMBICTB I AU(y3ii OCTaHHIX MO MOBEPXHI YaCTHHOK KOMMo3uTy. [Ipu mpomy
MO’Ke B1IOyBaTHCS YaCTKOBE BUTICHEHHS 3 MIXXYaCTKOBUX 3a30piB ajcopboBaHoi Boau [45], 1o,
3a3BUYal, BUKIIMKAE 3MEHIICHHS BUMIPIOBAaHUX BEIMYMH MiK(}a3HOI eHeprii Boau, 00yMOBIICHE
YKpPYIHEHHAM 1i kiactepiB. OJHAK CIif 3a3HAYUTH, 110 B 0araTOKOMIIOHEHTHUX I'e€TEPOr€HHUX
cucTeMax MOJIOHI MpoLEecH MOXYTb CYNPOBOUKYBAaTHUCA TepedyI0BOI0  B3aEMHOIO
po3TairyBaHHs T1Ipo}oOHHX 1 TiAPOPITHPHIX YACTUHOK KOJOiTHOI CHCTEMH, [0 MOKE BIUIMBATH
Ha MeXaHi3MH (OpMYBaHHS aICOPOLIHHUX KOMIUIEKCIB BOJIM B MIKYaCTHHKOBHX 3a30pax.

70



B cmexTpax, mpencraBieHuX Ha puc. 15, peecTpyrOThCS CUTHAIM TIAPOKCHWIBHUX TPy
BOJU (d0y = 5—6 M.4.) 1 3NUTUI MK METHJIBHHUX 1 METHJIEHOBUX TPYI H-IeKaHy (Oy =2 m.4.). 3i
3HIWKEHHSAM TEMIEepaTypH piJKI KOMIIOHEHTH YacTKOBO 3aMep3aloTh, IO NPHU3BOIUTH 10
3MEHIICHHSI IHTEHCHBHOCTI BIAMOBIIHUX CHUTHANiB. 3HAIOYM KIJIBKICTH KOMIIOHEHTIB [0
3aMOpO’KYBaHHS, 32 1HTCHCHUBHICTIO CHUTHAJIB HE3aMep3arouoi BOJIW 1 JIeKaHA MOXYTh OyTH
o0y 10BaH1 3aJIeKHOCTI KOHIICHTpaIliif He3aMep3alounX PeYOBUH Bija Temmeparypu (puc. 16).

Po3mopoxyBaHHS OCHOBHOI 4acTHMHHM BoJU BinOyBaeThes mobnusy 273 K. Bopa, sxa
3aMep3a€ MpHU OUIBII HU3BKUX TEMIIEpaTypax 3HAXOIUTHCA Y BY3bKHX MIKUACTHHKOBHUX 3a30pax
1 1i TemmepaTypa 3aMep3aHHS 3HIDKEHA aJCOpOIIMHUMH B3aeMOMISIMU. Y TOH JKe dYac
PO3MOPOXKYBaHHS 3HAYHOT YAaCTMHU H-JIeKaHa BiJJOyBa€ThCs MpHU TeMIepaTypax 3HAUYHO BUILHX,
HiXK Temneparypa 00'emHoro taHeHHs (7y = 245 K). To6To rizparoBaHa NOBEpXHs KOMIO3UTHOI
cuctemu A-300/AM-1 3matHa cTabinizyBatu TBepay a3y JeKaHy MpU TeMIepaTypax, Ha KiabKa
JIECATKIB TpaayciB BUIIMX 3a 00'€eMHy Temmeparypy 3amep3aHHs. Panime momiOHmWiA edext
CIIOCTepiraBcs MpU BUBYEHHI MPOLECIB 3aMep3aHHA-PO3MEP3aHHs MOJIIJUMETUICUIOKCAHY 1 H-
JIEKaHy B JIEIKUX T'€TepOreHHUX cucremax [92,93].

C, = 250 mrlcm®,
+1r/rH,0

250 mr/em® + 1 rH,0

Cd=250 MI'/CMa,
1/rH,0

1 1/ H,0, 500 mr/cm’®
+1r/rn-gekc+1 r/r CDCI3

250 mr/cm’,
+1r1rH,0

+ 0,5 r/r n-gex,
8 CDCl,

283K

2754
2732

2706
265

261 257
257 245.3
248 2355
238 233
223 223

Puc. 15. 3usti npu pisHux Temmeparypax crextpr 'H SIMP rigparoBanux mopomkis (4 = 1 1/r)
cyminn A-300/AM-1 B mpucytHocTi H-fekany 1 CDCl; 3 HacunHoio ryctuHoo 250
mr/em’ (a-r) i 500 mr/em’ ( 1, €) 3 noGaskamu 0,5 1/t (6, 1), 1,0 /r (1, €) i 1,4 1/t (B) H-
JIeKaHy, a TaKoX Xjopodopmy (T, €)

Ax BumMBae 3 gaHux puc. 16, B, A1 KOMIO3UTY 3 HacuUmHOwo ryctuHow Cy; = 250
MI/cM’, MAaKCHMalbHE 3POCTAHHS TEMIICPATypU TAHCHHS NEKaHY CIIOCTEPIiracThCs IS 3paska,
mo mictuth 0,5 r/T agcopOOBaHOTO anmkaHy. 3pOCTaHHS KITBKOCTI JEKaHy CYMpPOBOJIKYETHCS
BiTHOCHUM 3HW)KCHHSM HOT0 TeMmIrepaTypu TaHEHHS. Y pa3i, KOJH JO KOMITO3UTY JOAaBaIIA
HaUIMIIOK XJ0po(opMy, IO Ma€ 3HAUYHO HWXKYY Temmeparypy 3amep3anHs (Iy = 210 K), B
TBEPAMNA CTaH MepexoAmwsio He Ourbme 15 % Bix 3araJbHOTO BMICTY H-JekaHy. Ha puc. 16, T
MPEJICTaBICHI Pe3yJlbTaTH BHBYEHHS BIUIMBY JOOABKH HEBEIHMKOI KUIBKOCTI XJopodopMmy Ha
TEeMIIepaTypy TaHCHHS allkaHy B 3pa3Ky 3 HacumHoio ryctunoro C; = 500 Mr/cM’, o MicTuTh |
r/T amcopboBaHoro H-aekaHy. [Ipy HU3BKHX TeMmmepaTypax KiJbKiCTh HE3aMEp3alouoro ajikaHy
30UIBIIIYETHCS, B TOM Yac SIK P BUCOKHUX — 3MEHIITY€EThCS.
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a
(a) ©)
500+ 1200 -
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— ]
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~ 3004 ] ;
H 4 T 600
g 2001 2 1
o —=—0.5 r/r n-{JekaH $ 4004
100 —e— 0.5 r/r n-flexan B CDCI, o ] .
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’ ] —e— +1 1/r n-[JekaH
%] T 0 ] +1 i CDCI,
T T T T T T T 1 f
220 230 240 250 260 270 280 29(

220 230 240 250 260 270 280 290
Temneparypa (K) TemnepaTtypa (K)
(B) (r)
Puc. 16. TemmepaTypHi 3aJeKHOCTI KOHIICHTpAIlii He3aMep3arouoi BOAM 1 JeKaHa s
KOMITO3UTHOI CUCTEMH, IO CKIATAEThCS 3 TiaparoBanoi cymimn (A = 1 r/r) 1/1 A-
300/AM-1 npwm pizHiit KinbkocTi H-gekana Ta CDCls

OTtpumaHi pe3ynbTaTH MOXKHA TPAaKTyBaTHU 3 TOYKU 30py (OPMYBaHHS B T€TEPOreHHHUX
KOMITIO3UTaX, CTBOPCHHX HAa OCHOBI T1[PAaTOBAHUX MMOPOIIKIB TigpodibHOrO 1 TiApodoOHOTO
KPEMHE3€EMIB, CYIIPAMOJIEKYJIIPHUX CUCTEM 3a Y4acCTIO TIOBEPXHI TBEPAUX TiJI 1 aICOPOOBAHUX HA
HUX MOJICKYJ JIEKaHy 1 BOJIH.

Ha mincraBi 3anexxHocTeid 3MiHM BiibHOI eHeprii [160ca Big KoOHIEHTparii
He3aMep3arouoi BOJIU IS 3B's3aHOi KOMITO3UTHUMH cucteMamMu A-300/AM-1 3a ydvacTio H-
nexany 1 CDCl; (puc. 17) MoxyTb OyTH po3paxoBaHi TE€pPMOAMHAMIUHI MapaMeTpu IIapiB
Mikda3Hoi Boau (Tadi. 4). BrumB ciiabomonsipHUX OpraHiuHUX J00aBOK BUSBHBCS YUY TIHBHM JI0
HACHITHOT TYCTHHH KOMIO3HTHOI cuctemu. Ipu Cy= 250 mr/cm’ 106aBKH eKaHy IPUBOISTH 10

JeSIKOro 3pocTaHHs Mik(asuoi emeprii Bomm. Y pasi, xomn C;=500 Mr/cM® peecTpyeThcs
3BOPOTHA 3aJICKHICTb.
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Puc. 17. 3anexxHocTi 3MiHU BUIbHOI eHeprii ['100ca Big KOHIIEHTpalii He3aMep3arvoi BOIAH B
KoMITO3uTHHUX cucteMmax A-300/AM-1 3a yuactio H-miekada Ta CDCl;

Posnoainu mo pamiycax kimacrepiB aacopOoBaHOi BOJH, SKI B YMOBaxX BHCOKOI Tiapararii
ONMU3bKi 10 PO3MOALUIIB MO pajaiycax MDKYACTMHKOBUX 3a30piB, HaBeneHi Ha puc. 18. Ilpu
BiIHOCHO Majii BenuuuHl C,; Aiama3oH po3MipiB KiacTepiB amcopOOBaHOI BOIW 3 J00aBKOIO
OpPTraHiYHUX PEYOBUH 3pocTae (puc. 9,a), aje B 3HAYHO MEHIIOMY CTYMEHi, HIXK JUIsl OiLIbII
YVIIUTbHEHUX 3pa3kiB (puc. 9,0). 3BiAcW BUIUIMBAE, M0 B YIIUIBHEHWX 3pa3Kax BOJA JIETIIIE
BUTICHSETHCS 3 BY3bKHMX MIDKYACTUHKOBHX 3a30piB, (POPMYIOUM KJacTE€pH OLIBIIOTO paziycy.
MMoBipHO, mpM Mamiii HacumHIH TyCTHHI HOJABAHHS OpramHidHOi (asW BIUTHBAaE Ha
MIXXYaCTUHKOBI B3aeMoii T11podoOHOI Ta Ti1podiIbHOT CKIIAJOBHX KOMIIO3UTY, IO MPUBOIUTH
JI0 TaKoi iX rmepedy 0B, sika 3a0e3neuye OUTbIe 3B's13yBaHHS BOJIH.

Ta6auus 4. XapakTepUCTUKH IApiB HE3aMeP3ar0dol BOIU B KOMIIO3UTHOI cuctemi A-300/AM-1
MICTUTh 100aBKHU H-JIEKaHy Ta XJI0pohopMmy.

CepenoBuie C, mr/em’ Cp’, MI/T Co, MI/T | AG®, K/ x/MoITh s, Jx/T
[ToBiTps 250 133 867 -2.5 16,3
+0,5 r/r nexan 250 160 840 -2,5 17,3
+0,5 /T nexaH B

CDCl, 250 70 930 - -
+1,4 /T nexa" 250 200 800 -2,0 20,3
[ToBiTps 500 75 925 -2,0 11,7
+1,0 /T nexan 500 13 987 -0,9 5,3
10T/ pexan 500 53 947 1,0 3,7

+1,0 /v CDCl;

CknagHuil XapakTep BIUIMBY PIAKUX TiApopOOHHMX pPEYOBHMH Ha 3B'SI3yBaHHA BOIM 1
dbopMyBaHHS B MIDKYACTUHKOBUX 3a30pax KJIacTepiB BOJAM PIZHOTO pO3Mipy MOXe OyTh
NOB'A3aHE 3 YTBOPEHHSIM TiJIpaTiB KOMIUIEKCIB BOJa-H-J€KaH 3 PI3HUM CITiBBITHOLICHHSAM
KOMITOHEHTIB.

BcraHoBneHo, 1110 3a7€KHICTh €Heprii B3a€MOJil BOJIU 3 TOBEPXHEIO YACTUHOK KOMITO3UTHOT
CHUCTEMH, CTBOPEHOI Ha OCHOBI T1IpodiIHHOTO 1 T1Ap0ohOOHOT0 KPEMHE3EMIB B3STHX B MIPOMOPITIi
1:1, mae KOJNOKOJOMOMIOHMH BHIUIAL 3 MakcUMymMoM 1pu h=3r1/r. Bumg 3anexHocti
00yMOBJIEHUH CKJIAMHUMH TIpOIlecaMHu, MO BiAOyBarOThCA TpU (OPMYBaHHI KOMITO3UTHOI
CHCTEMH 3a y4acTio BOAM. [lil BIJIMBOM MEXaHIYHOTO HAaBAaHTAKEHHS HAa MOYATKOBUX CTaJisX
rigparamii (£ <1 1/T) MOBITpS B MIKYaCTMHKOBUX 3a30pax sK riapodinpHOi Tak 1 rigpodoOoHOT
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KOMITOHEHT KOMITO3UTY 3aMilllye€ThCsl BOAOK0. [Ipy BeIMKMX 3HAUEHHIX /I MOXKIIUBA mepedy10Ba
B3a€MHOT'O PO3TallyBaHHs TiIpopoOHUX 1 TiAPOQIIEHUX YACTOK (SBUINE HAHOKOATYJIALIT), sSKe
CYTIPOBOJIKYEThCSI 3POCTaHHSM €HEprii B3aeMojii 3 BOAHHMM cepenoBuieM. [lomambiie
3pOCTaHHA TifpaTallii MPUBOIUTEH A0 YAaCTKOBOTO 3aMIIICHHS BOJU B MIDXYaCTUHKOBUX 3a30pax

riapodoO6HOT KOMIIOHEHTH MOBITPSIM, IO CIPUYHHSE 3MEHIIICHHS BETUYHHH Ys.

500
400
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200
100

C,=250 mr/cm®

— 1.4 1/r H-geKkaHy

1 —— 0.5 r/r H-pgekaHy

500 -
400 ]
300
200 ]
100

Cd=500 mr/r, 1 r/r HZO

100 A
0]

0 10 20 30 40 50 60 0 + 1 1/r H-pekany+1 r/r CDCl,

600 . ]
~ 500 o 0 20 40 & 80
g 400 o .
Z 200 & 400
g 100 0.5 r/r H-pekaHy B CDCI, L 0]
(@) rrTrTrTr T r T T T T T T T T T T T % 1
< 0 5 10 15 20 25 30 35 40 45 50 55 60 200 +

+1 r/r H-ge KAHY

0
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0 T T T T T T 1 -50 T T T T T T T T 1
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R (Hm) R (Hm)
(a) (6)

Puc. 18. Po3noninu mo pajiycax KJIacTepiB aJIcOpOOBAHOT BOAM ISl KOMITO3UTHOT CHCTEMH A-
300/AM-1 (h=171/r), mo po3pi3HAIOTbCA 3a HacumHow TycTuHOoiO: (a) C; = 250
mr/em’; (6) — Cy = 500 mr/cm’

Henomnsipauit H-fekan 1 cnabononsipHuic XJ10poGopM MOXKYTh YMHUTH ICTOTHHH BIUIMB Ha
3B'I3yBaHHS BOOU KOMIO3UTHOIO cuctemoro A-300/AM-1. Ilpu npomy BennuuHa e(dexTy
3alIeKUTh BiJl HACHIIHOI I'yCTHHH KOMIIO3MTY. MIMOBIpHO, B HeIIiIbHI 3pa3kax Mij BILIABOM
opraiuHoi a3y MOXJIHMBa MpOCTOpoBa mepedynoBa TiapodoOHOi 1 TiApodiIbHOT CKIATOBHUX
TBEPJIOTO KOMIIO3HTY.

[ToBepxus kommo3utHOi cuctemu A-300/AM-1 3maTHa 3ailicHIOBaTH Ha afcopOoBaHUl B
MDKYaCTHHKOBUX 3a30pax H-IEKaH BIOPSAKOBYIOWY [if0, SIKa TPOSIBISEThCS B cradimizarmii
TBEPJIOTO JIeKaHa NP TeMIlepaTypax 3Ha4HO BUINKX 3a Horo o0'eMHy TeMIiepatypy 3amMep3aHHs,
10 MOKe OyTH TOB'sI3aHO 3 (POPMYBAHHSM TiJpaTiB BOJa-JCKaH.

TukcorponHa cucremMa Ha oOcHOBi cymimi 2:1 rigpodinbHoro Ta riapododHOro
KpeMHe3eMiB Y BOIHOMY cepeaoBHUIILi

dazoBuil cTaH cycrneHs3ii riagpopoOHUX MOPOILIKIB y BOJI 3aJIEXKHUTh Bi 6arathox (hakTopis,
TaKMX SK KOHIEHTpalliss TBepAoi (a3 CHiBBIAHOIIEHHS KOHIICHTpaliid rigpodobHoi Ta
ripodigbHOI KOMIIOHEHTIB, TemIeparypu, Augy3ii ra3onogiOHUX pedyoBHH 1 iH. B ckimamnHux
TEeTEPOreHHUX CUCTEMaxX aJICOPOIiiiHI Ta TEXHOJOTIUHI XapaKTEPUCTUKH KOMIIO3UTIB B 3HAUHIN
Mipi 3aJIeXaTh BiJl CAMOY3TO/DKEHUX MPOLECIB, SKi BiIOyBarOThCs MpH iX popMyBaHHi, TOOTO Bix
YTBOPEHHS CYNPAaMOJIEKYJISIPHUX CHCTEM 3 MIHIMQJIBHOIO BEJIUYMHOI TEPMOAMHAMIYHUX
NOTEeHIIaliB. MOXXIIMBO KiJIbKa THITIB MOJIEKYJISIPHUX B3a€MOJIIN Y BOJHUX CYCIIEH31X — P1IKOTO
Cepe/IoBHINA 3 TBEPAMMH YaCTHHKAMH, HAHOPO3MIPHUX TBEPAMX YACTHHOK MK CO00I0 1
ra3onoiiOHUX pedoBUH (TOBITPs) 3 TBEPAUMH (IIepul 3a Bce TiApoPoOHMMHU) YacTHHKaMHu [94-
96]. B pesynbrari MOXKYTh (hOpMYyBaTHCS SK TBEPIi, TaK 1 piKi KOJOIAHM, a TaKOX KOJIOiTHI
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CHUCTEMH, IO BOJOJIIOTh TUKCOTPOMHUMH BIACTUBOCTI [97-99]. SIkmio B piguHax, 3aBISKH
IHTEHCUBHUM MOJICKYJIIPHUM pyXaM, TE€PMOJAMHAMIYHA PiBHOBAara BCTaHOBIIIOETHCS CAMOBUIBHO
(MinensipHi KOJOiAM), TO B CyMilllaX HAHOPO3MIPHHUX TBEPAUX T 3 PI3HUMH TiaApodhoOHO-
TiApOQUIBHUMHA  BIACTUBOCTSAMH JUIS JOCSTHEHHS TEPMOJMHAMIYHOI pIBHOBaru MOXe
3HAI0OMTHUCS 30BHIIIHIN BIUIMB, 30KpeMa MepeMillyBaHHS 3 MEXaHIYHUM HaBaHTAKCHHSIM.

[TpoBoauiocs: BUBUEHHS (pa30BOro CTaHy Ta IMapaMeTpiB 3B'sI3yBaHHS BOAM 3 MOBEPXHEIO
TBEPAUX YACTUHOK KOHIIEHTPOBAHOI KOJOITHOI CHCTEMH, IO CKJIAJa€ThCS 3 JBOX YAaCTHUH
riapodiabHOrOo 1 OAHIET YaCTHHU THAPOPOOHOTO KPEMHE3EMY.

Ha puc. 19, a-r HaBeneHO 3HATI MPHU PI3HUX TEMIEpaTypax CIEKTpU 'H SIMP Boxm,
ancopOoBaHOI KOMITIO3UTHOIO CHCTEMOIO, SIKa CKIIQAA€ThCS 3 TBOX YACTHUH T1APOQPIIBHOTO 1 OJHIET
YacTUHH TiapodoOHOrO KpeMHe3eMy B Jiana3oHi KOHIEHTpaliil agcopboBaHoi Bomau 1-4 r/r
cyxoi peyoBMHHM a Ha puc. 19, 1 — nmus 3paska, mo wmictutk 4 r/r HO B cepenoBuii
neiitepoxiopodopmy. B CHekTpax CIOCTEpiraeTbCsi OJAWMH CUTHAN BOJH, XIMIYHHH 3CYB SKOTO
npu T =283 K cranoBuTh 6:1M3bK0 4,5 M.4. HOro iHTEHCHBHICTb 3MEHIIYETHCS 3i 3HMKCHHSM
TEMIIepaTypy BiJIOBITHO IO 3aMEp3aHHSAM aJcOpOOBaHOI BOAM, TPU I[HOMY XIMIYHUH 3CYB
3poctae (puc. 20).

BenmumHa XiMiYHOTO 3CyBYy BOJHM, JIOKaJi30BaHOI B MIKYaCTHHKOBHX 3a30pax
KPEMHE3eMIB, BU3HAYAETHCSA CEPEAHIM YHMCIOM BOJHEBUX 3B'SI3KIB, B SIKUX Oepe ydacThb KOXKHA
MOJIEKYJIa BOJIM, MIIIHICTIO BOJHEBUX 3B'A3KIB 3 MOBEPXHEIO 1 HASBHICTIO B TOBEPXHEBOMY IIapi
TiApaTHUX CTPYKTYp 3 HAAMIPHOIO 3apsaoM (COMbBATOBAaHHMX MPOTOH). SIK 3a3Hayanoch B
MOTIEPETHBOMY PO3JILITI, XIMIYHUH 3CYB HEACOIIHOBAaHUX BOAM (Ta30MOMIOHUI CTaH, HEMOJSIpHAS
cepena) oy = 1-1,5 M.4; A TETPAKOOPAMHOBAHOT BOJIU B JIbOJI — 0y = 7 M.4U.; 7Sl PIIKO1 BOJIU, B
3aJISKHOCTI BiJl TEMIEpaTypH, XapakTepHi MPOMIKHI 3Ha4eHHS — dy = 4—6 M.4., 10 BiJNOBiJgae
y4acTi KOXKHOT MOJIEKYJU B 2—3 BOJIHEBHUX 3B'i3KaX 31 CBOIMH cycigamu. Y pO3uMHAX BETUYHMHA
XIMIYHOTO 3CYBY TaKOX BH3HAYAETHCS CTATUCTHYHMMK BHECKOM BiJ| acoliaTiB BOJa-pO3UMHEHA
peuoBuHa [100-102].

BigmosigHo nanux puc. 19, 20, Boja B MiKYaCTHHKOBHX 3a30pax KoMmo3uty A-300/AM-
1 3HAXOAUTHCS Y BUTTISAL YIOPSIAKOBAHUX TMOJIACOINIaTiB, aHAIOTIYHUX KJacTepaM B PiAKii BOI1
[45]. 31 3HIDKEHHSIM TeMIIepaTypu BIOPSIKOBAHICTH BOAM 3pPOCTA€, a B JCSIKUX BUITAJIKaX Ha
MOBEPXHI YTBOPIOIOTHCS CTPYKTYpH, IO XapaKTEPU3YIOThCS BUCOKMM 3HAUEHHSM XIMIYHOTO
3CyBY, @X 10 Oy = 8,5 M.u. VIMOBipHO, Ha TIOBEpXHi NPHUCYTHS JAESKA KilbKiCTh ACOL{ATiB, IO
MICTSITh COJBBATOBAaHI MPOTOHU, XIMIYHUN 3CYB SKUX MOXeE cKiamatd omy= 12 m.u. [103].
CepenoBurnie xaopodopmy ciabo BIUTMBAE HA BEIIMYUHY XIMIYHOTO 3CYBY aJCcOpOOBaHOI BOJM.
Ile cBigUUTH MPO BiJICYTHICTb BUTICHEHHS XJIOPO(GOPMOM BOJIH, II0 KOHTAKTYE 3 MOBEPXHEIO
[45], OCKUTBKM B YMOBax MOBHOTO 3allOBHEHHS BOJOI0 MIKYaCTHHKOBHX 33a30piB KOMITO3UTHUX
YaCTHHOK NU(y3isd claboMmoNIpHUX MOJEKYJ MOXKe BiIOyBaTHCs JAOCUTH MOBUIbHO. Kpim TorO,
el mporec Moxke OyTH EHEepPreTWYHO HE BUTIIHAM 3BaKAOUM Ha HEOOXITHICTh 3MiHU
CTPYKTYpH arperaris.

A-300/AM-1, 2/1,
280 K 0,54 ricw’, 2781 A-300/AM-1, 211,

0,32 rlem’, 271.6 2,01rH,0 271 1,0 r/ewm’,

1,0r/r HZO

269 270 3,01/rH,0 268.2
266 268.: 267.9
261 265 264.9
255 260 — 259.7

247 252 252
237 241 240
229 228 226
218 212 ; - - - - - - - 210

A-300/AM-1, 2/1,

14 12 10 8 6 4 2 0 J
5 (W) 14 12 10 8 8(3%)4 2 0 14 1210 Sa(nfq.) 4 0
(a) (6) (B)
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A-300/AM1 2/1,

280  A-300/AM-1, 2/1,
4rlr H,0

272 4r/r HZO
+2,5r/rCDCI, 270.2
267.3

268,
__—_//\ 265 267
i 258 270.8

280 K
272.4

——— 249 250
238 238
236 232
223 : : : : : —217
12 10 8 6 4 2 0 2 10 8 6 4 2 0
3 (M.4.) 5 (Mu.)
() (m)

Puc.19. 3uATI npH pi3HUX TeMIepaTypax CIEKTPH 'H SIMP Bosw, ancopOoBaHOi KOMITO3UTHOIO
cucremoro A-300/AM-1 2/1, mpu h=1-4r1/r. (a-r, BiamoBigHO) Ta mpu h=4T1/T B
cepenosutni CDCl; (1)

9,04 A-300/AM1 2/1
8,5+

8,0 :;U—l_

7,54
7,0
6,5 1
6,0
551

8 (M.M.)

h(r/r)
—u— 1 [oBiTps
—eo— 2 lNosiTps

5,0 3 MNoeiTps ~\
—v—4 MoBiTps \

4.5 48CDC,

4,0 —7r1r r r - 1 - 1 1 1T - T

210 220 230 240 250 260 270 280

TemnepaTtypa (K)

Puc. 20. TemneparypHi 3aJ1€KHOCTI XIMIYHOTO C3CYBY BOJH, acCOPOOBAHOT B MIKYACTHHKOBHX
3a3opax kommnosury 2/1 A-300/AM-1 npu pizHOMY piBHI T1JpaTOBAHOCTI

Ha puc. 21 npezcraBieHi TeMnepaTypHi 3aIeKHOCTI KOHIIGHTpAIlii He3aMep3ardol BOIU
(puc. 21,a) i po3paxoBaHi Ha iX OCHOBI 3aJie)KHOCTI 3MiHHM BUTBHOI eHeprii ['i60ca Bin
KOHIIeHTpaIlli Hezamep3atouoi Boau AG (C,,) (puc. 21, 0).

A-300/AM-1, 2/1 0.0+ v
A-300/AM-1, 2/1 L
1000 + h (r/r) 054
—s—1,0 ’ /
—e—2,0 . v
3,0 g -1,0 1 //
- ——4,0 s . v’
E 100 5 %151 /
= 0 h (r/r), cepeposnile
H '”/ g v —&— 1,0, nosiTpa
y i —e— 2,0, nosiTps
© ./'//./ <-20 " 3,0, nosiTpst
10 5 —v— 4,0, nosiTps
-254 4,0, CDCl,
210 220 230 240 250 260 270 280 1 1'0 1(')0 10'00

TemnepaTtypa (K) C,, (mr/r)
(a) (6)
Puc.21. TemnepaTypHi 3aJeKHOCTI 3MiHM KOHIICHTpalii He3amep3arodoi Boau (a) i moOyoBaHi
Ha 1X OCHOBI 3aleXHOCTI 3MiHM BiIbHOI eHeprii [100ca Big KOHIEHTpaii
He3amep3arouoi Boau (0)
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XapakTepucTUKH IMapiB 3B'3aHOI BOAM B KOMIO3WUTHUX cucteMax A-300/AM-1
HaBesIeHO B Tabi. 5. 3 pocTOM KOHIIEHTpaLii BOAM B KOMIIO3UTHIN CHUCTEMI, ITiABHIY€ETHCS HOTO
HACHITHA TYCTHHA, KUIBKICTh CHJILHO3B'sI3aHOT BOAM 1 BenmunHa Mik(paznoi eHeprii. Ha BimMiny
BiJl CUCTEMH, 110 HE MICTUTH KpeMHe3emy A-300, ab0 MICTUTH piBHI KUIBKOCTI TiApodoOHOI Ta
riapodiIbHOT KOMIOHEHTH (IHUB. pO3aUTH 2.3) 3alEeXKHICTh Ys(#) MOHOTOHHO 3pOCTa€E B YChOMY
nianma3oHl 3MIHM TiapaToBaHOCTi (Tabn.5, puc. 22,a). HacumHa ryctuHa 3pa3kiB Morja OyTu
BU3HAUYCHA JIUIIE JIJIS 3pa3KiB, mo MicTath /2 < 3,0 r/r. [Ipu 4 < 4 r/r mixkdazHa eHeprist BOIU s
KOMIIO3UTY, IO MICTUTh BIBIYi Oinblie riApodiabHOTO0 KPpeMHE3eMy BUSBUIACS MEHIIO, HIXK
g iHOHMX  TigpodoOHUX cucTeM, TOOTO HE ICHye CHMOATHOTO B3a€EMO3B'SI3KY MIiX
ripodiIbHUMHU BIACTUBOCTAMHU KOMIIO3UTHOI CUCTEMH 1 HEPTI€IO 3B'A3yBaHHs BOJM. 3pOCTaHHS
KIJIBKOCTI a7copOOBaHOi BOJM B YOTHPH Pa3H MPHU3BOIUTH IO BiTHOCHO HeBenukoro (mo 30%)
3pocTaHHsl BenMMuMHHU Mixkda3Hoi eHeprii. ToOTo B mianmazoni 1</ <4 r/r, nomaBaHHS HOBHX
HOPIIiH BOAM HE MPUBOAATH JI0 MMOMITHOTO 3pOCTaHHS 11 3B'A3yBaHHS 3 MOBEPXHEI0 KOMIIO3UTHUX
YacTUHOK. MOJIMBOIO PUYMHOIO CIIiJl BBAXKaTH (POPMYBAHHS I'€TEPOr€HHOI CUCTEMH 32 y4acTIO
HOBITPsI, SIKE HE J03BOJIIE KOHTAKTYBATH 3 MOBEPXHEIO BEJIMKIM KIJIBKOCTI MPUCYTHBOI B 3pasKy
Boau. [Ipu nomaBanHi 10 3pa3ka 3 4 =4 1/t 2,5 v/t aeritepoxiopodopMy BiTOyBaeThCSI HEBEITHKE
3MEHIICHHs] BEJWYMHU Mik(}a3Hoi eHeprii (Tabm. 5), 3yMOBJIE€HE 3MEHIIEHHSIM KiUJIBKOCTI
CHJIbHO3B S13aHOT BOJIH, 11O CBITYMTH MPO MOKJIMBICTh YACTKOBOTO BUTICHEHHS MiK(}a3zHOT BOIU
XJI0po(hopMOM.

Tabauus 5. XapakTeprCcTUKH IIapiB HE3aMep3ar0uoi BOAM B KOMIIO3UTHiH cuctemi 2:1 A-
300/AM-1 3 pi3HOIO T1APATOBAHICTIO

h.t/r C, r/em’ Cp’, MI/T Cyy”, Mr/T AG®, k]JIk/MoIb s, Jox/T
1 0,32 60 940 -2,5 11,6
2 0,54 85 1415 -2,2 13,1
3 1,00 75 1425 -2,3 13,7
4 - 98 1402 -2,5 15,7
4 (CDCly) - 85 1415 -2,0 14,4

JInsi KOMIO3UTIB 3 PI3HOIO TiAPATOBAHICTIO CIOCTEPIralOThCS CXOXI 3a BHTJISIOM
pO3MOJIIIN O pajiycax KiactepiB agcopboBanoi Boau (puc. 22, 6). Ha HuX i1eHTU(IKYIOThCS
JBa MakCUMyMHU TIpH R = 5—7 1 20-30 HM. 3HayHa YaCTHHA BOAM BXOJUTH JI0 CKJIaTy KJIACTEPHUX
CTPYKTYp, padiyc skux cTaHoBUTh R =20-40 HM 3a BHUHATKOM 3pa3Ka, IO MICTUTh 3 I/T
azicopOoBaHO1 BOJHM, /e MPOBECTH BUMIPIOBAHHS 1HTEHCHUBHOCTI CHTHAJy HE3aMmep3arouoi BOIU
nob6u3y 7= 273 K ue Buanocs (puc. 19,8).
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—m— A-300/AM1 = 2/1

AC (OTH.eqn.)
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Puc. 22. 3anexHicTh BeNMWYMHU MiXK(a3zHOi eHeprii BiJ KUIbKOCTI BOAM B KOMIIO3UTI 2A-
300/TAM-1 (a) 1 po3nmoalTy Mo pajaiycax KiacTepiB aJcopOOBaHOI BOAM MPHU Pi3HIN
ripaToBaHOCTI cucteMu (0)

B KOHLIEHTpOBaHMX CYCHEH3ISX, O SIKUX BIJHOCSATHCS BUBYEHI KOMIIO3UTHI CHUCTEMHU
MOKYTh ICHYBaTH CHJIbHI MDDKYACTHHKOBI B3a€MO/Iii, BETMUMHA SKUX 3AJICKUTH BiJ] KOHIICHTpAIIil
TBepaoi (asu. Ha puc. 23 mpencraBieHi pe3yabTaTd BUMIPIOBAHHS PO3MOILTIB 3a JiaMeTpaMu
YaCTUHOK KOMIIO3HTY, 3HSATI METOJOM JIa3epHOI KOPENSALIHHOI CIEKTPOCKOMIl MPpH PO3BEICHHI
3paska, 10 MICTHTh 2 YaCTUHU T1APOQPIIBHOTO, OHY YaCTUHY TiApodoOHOro KpemMHe3emy i 3 1/t
Boau 1o 5, 1,4 1 0,23 mac% cyxoi pedoBuHH (3pazku 1-3) micist yapTpa3ByKOBOi 0OpOoOKH
npotsiroM 10 xB (3paszku 2,3) 1 40 xB — 3pa3zok 1. Ha puc. 23,6 HaBeieHO KpUBI 3aJ1€KHOCTI BiJl
JiaMeTpa YaCTUHOK IHTEHCUBHOCTI CUTHAITY PO3CIsTHOTO CBiTJIa, 00’ €My 1 YHciia YaCTHHOK.
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B makcumanpHO KOHLIEHTpPOBaHIM cycrnensii (3pa3ok 1, puc. 23,a) 6IU3bKO JBOX TPETUH
3arajJbHOr0 00’€MY YaCTHHOK CKIIAJArOTh Ti, JiaMeTp SKHX 3HAXOAWTHCS B jmiama3oHi D = 10—
80 HM, a TpetuHa — B aiana3zoni D =200-1000 um. IIpu po3BeneHHi cycneHsii, 00’eM BEIMKHX
YaCTUHOK JEII0 3MEHIIyeThcs (3pa3ok 2, puc. 23,0), a B po3BeACHINH CycneHsil Ha KpHBIH
posnoniny ¢dikcyroTbess Tpu Makcumymy npu D =30, 100 1 300 am (puc. 23,B). OcKinbku
cTallTbHAa BUCOKO KOHIIEHTpPOBaHA cycrensis (5,5 Mac.%) yTBOPIOETHCS TUTBKH B Pa3i TpHUBAJIOi
00pOOKH yJIbTPa3BYKOM, CIiJi 3pOOUTH BHCHOBOK, IO U KOMIIO3UTIB, MPUTOTOBJIEHUX HA
OCHOBI cymimeil TigpodinbHOTO 1 TiApoPOOHOTO KpPEeMHE3EMIiB XapakTepHI  CHIIBbHI
MDKYaCTHHKOBI B3a€MOJIli, BEIMYMHA SKHX 3aJ€KUTh BiJ CIOCOO0Y MPUIOTYBaHHS 3pasKa.
Busisminocs, mo kommo3ut 2/1 A-300/AM-1, sikuii MicTuTh 3 1/T aacopOoBaHOi BOJIM Ma€ BUCOKI
TUKCOTPOITHI BIaCTUBOCTI. be3nocepeHbo Mmicis MpUroTyBaHHS BiH Ma€ BUTJISLL PYyXOMOi 1MacTH,
3 BI3KICTIO pinkoi cmeranu. OmHAK, MiCis JEKUIBKOX TOJWH BUTPHMYBaHHS 03 MEXaHIYHUX
HaBaHTaXEHb BIH IEPETBOPIOETHCS HA TBEPAY PEUYOBUHY, SKa MOXKE MNOJAPIOHIOBAaTHCS Ha
CKJIaJIOBI 1 Ma€ BHIJIAJ BOJIOTOr0 MOPOMIKY (puc. 24,a). Takwuii mporec € 000pOTHUM, OCKITBKA
Hiclis JIETKOTO PO3TUPAHHS B CTYMLI IOPOIIOK 3HOBY IEPETBOPIOETHCA HA B'A3KY PIIAUHY
(puc. 24,0).

(6)
Puc. 24. 3mina azoBoro crany komrno3uty 2/1 A-300/AM-1, mo mictuts 3 1/ H,O: BuXigHorO
(a) 1 micyst IETKOTO MEepEeTUPaHHs B MOPLEISHOBIN cTymi (0)
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Ha puc. 25 npencraBiieHi pe3yJbTaTd BUMIPIOBaHHS 3CYBHOI B'I3KOCTI B 4aci MpH Pi3HUX
3CYBHHUX HAaBaHTAXEHHIX, OTPHUMAaHUX Ha Bicko3imeTrpi «Peotect» 3 UMIIHIPUYHOIO
BUMIPIOBAJILHOIO KaMepor0. BuMiproBaHHs 3A1HCHIOBAINCS B PEXXHUMI CTYTICHEBOT 3MiHU 3CYBHHX
HaBaHTaXeHb. 110 Mipi 3pOCTAHHSA 3CYBHOTO HaBaHTaxeHHs Bix 0 1o 1300 ¢, B's3kicTs
KOJI0iMHOI cucteMu 3MeHmyeThes Bix 90 mo 30 mlla c. ButpumyBanus 3paska npotsrom 10 xB.
IpY TOCTIITHOMY 3CYBOBOMY HaBaHTaXEHHI HE MPUBOJUTH JI0 3MiHU HOTO B'I3KOCTI, B TOW Yac sK
MOBEPHEHHSI CUCTEMHU JI0 CTallIbHOTO CTaHy (BiJCYTHICTh HAaBAaHTA)KEHHS) CYNPOBOIKYETHCS
BIIUyTHUM (B TOPIBHSHHI 3 BUXIJHUM 3HAYCHHAM) 3POCTAHHSAM B'SI3KOCTi. TakuM 4YHHOM,
KOJIOiTHA cucTeMa Ha OCHOBI cymimi 2/1 rigpodinpHOro i rizpodoOHOrO KpEeMHE3EMIB Y
BOJIHOMY CEpEAOBHUII HE OOOpPOTHA 1 Mijl BIUIMBOM MEXaHIYHOTO HABAHTAXKEHHS B POOOUYOMY
IWTIHJIP1 BICKO3UMETpPA 3MIHIOE CBOI B'SI3KICTHI BJACTHBOCTI B 01K 301TBIIICHHS.
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Puc. 25. 3anexHicTs epexTrBHOI B's3kocTi (1), MIla ¢) Bix rpamienTa mBumKocTi 3cyBy (v, ¢') B
qaci (¢, xB.) (a); edexkruBHOI B's3kocTi (1), MIIa ¢) Big Hampyru 3cyBy (P, Ila) (0) i
rpajienTa WBHAKOCTI 3¢yBY (v, ¢ ) Big Hanpyru 3cysy (P, I1a) (B)
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MosxHa 3pOOMTH BHUCHOBOK, II0 KOMIIO3UTHA CHCTE€Ma, OTPMMaHa LUISIXOM CIH1IHHOTO
nepeTupaHHs 2 dYacTuH TrigpodineHoro kpemHesemy A-300 1 1 wactunu TigpogoOHOTrO
kpeMmHe3eMy AM-1 (opmye cTiliki arperatu, B sSIKUX MEPBHHHI YACTHHKH MarTh miametp 10—
20 HM, a 3a30pH MiX YaCTHMHKaMH yTBOPIOIOTH PO3BHHEHY cucTteMy Mesomop. [lin BrumBom
MEXaHIYHOTO HABAaHTa)KEHHS ME30MOPH MOXKYTh OyTH 3allOBHEHI BOJOIO, SIKa 3HAXOAMTHCS B
KJIACTEPU30BAHOMY CTaHi, IO XapaKTePU3YETHhCS YYACTIO KOXKHOI MOJIGKYJTH BOAM B 23
BOJHEBUX 3B's3KiB. OCHOBHA YacTHHA MiK(a3HOI BOJAM BXOJWTH IO CKIATy KJIacTepiB, pamiyc
akux He nepesuinye 40 aMm. CycrieHsis, IPUroToBIeHa Ha OCHOBI cyMimti 2/1 rigpodinbHOro Ta
rigpodob6HOrO KpemHe3eMiB 1 1 I/T BOAM B 3aJIEKHOCTI BiJi MEXaHIYHOI HABAHTAXKECHHS MOXKE
3HAXOJIUTHCS B CTaHI B'SI3KOi PiIMHU a00 BOJIOTOTO MOPOIIKY, TOOTO Ma€ BUCOKI TUKCOTPOIIHI
BiacTuBOCTI. [Ipy AucTepryBaHHI Y BOJHOMY CEpPEIAOBHIINI TAaKHi KOMIIO3UT (OPMY€E arperatu
niametpom 80-100 1 200-1000 HM, 110 CBIJYUTH MPO IHTEHCHBHI MIKYaCTUHKOBI B3a€MOi.
Enepris B3aeMonii NMOBEpXHI KOMIIO3UTY 3 BOJHUM CEpeloBHIIEM 30umbIryeTbess Big 10 1o
15 JIxx/T 3 poctom Bmicty Boau Bia 1 go 4 r/r. Ilin BIIMBOM HaBaHTaKEHHS 3CYBY, B'S3KICTh
CycIieH3ii 3MEHIIYEThCS Ha TOPSAOK, a IOTIM BiJHOBJIIOETHCS HA PiBHI, SKHHA TIEPEBHILYE
BUXIHMIA Maii’e B JIBa pa3u.

KBanTOBO-XiMi4HI po3paxyHKu

KanroBo-ximiuni (QC) po3paxyHku wmetomoMm Teopii ¢yskmioHany ryctuau (DFT)
MPOBOAMIIN 3 BUKOPUCTAHHAM Ti0puaHoro ¢ynkuioHany ®B97X-D (no3nauenuit sk wB97XD B
GAUSSIAN 09) 3 6a3ucom cc-pVDZ 3 BukopuctanusiMm mporpam GAUSSIAN 09 [104] Ta
GAMESS 2019 R2 [105,106]. Edextu conbBartamii aHamizyBajddl 3a JIOMOMOTOI0 METOAY
compBararnii SMD [107], peamizoBanoro B GAUSSIAN 09 ta GAMESS. Jlns oOuuciieHHs
BUIBHOI eHeprii conbBaTauii ['160ca (innekc s), AGy = Gy — Gy, ne G; 1 G — BubHI eHeprii ['160ca
MOJIEKYJIH, BUIBHOT 200 3B's3aHOI 3 KJacTepoM TIOKCHIYy KpeMHilo B pigkomy (1) i razoBomy (g)
CepeIOBHII, BiAMOBIAHO. PO3paxyHKH MpOBOAMIIN 3 ypaxyBaHHSAM TOMPABOK Ha BUTbHY €HEPTii0
['i066ca B ra3zoBiii (a3i Ta I COIBBATOBAHMX MOJIEKYJI Ta KIJIACTEPIiB TIOKCHIY KPEMHIIO 3
BUKOPUCTAHHSIM TeoMeTpii, omTumizoBaHoi 3a mgomomoroo ®wB97X-D/cc-pVDZ. Edextu
conbBaTalii Ta CTymiHb rigpodoOizamii aHamizyBamum I KJIAcTepiB KpemHe3emy 3 8
TeTpaeApaMu 3 pi3HOW KuibkicTio Tpyn OH Tta tpumerwicuninsaux (TMS). ©B97X-D
¢dyHKuioHan OyB 0OpaHUii Ui OTPUMAaHHS OUTBII aJ€KBAaTHUX PE3yJIbTATIB IS ra30BO1 Ta PiIKol
(SMD) a3 sk 3 rigpodiTbHUMH, TaK 1 3 T1IAPOGHOOHUMH PO3UNHHUKAMHU.

OyHKIIT pO3M0aLTY 3HAUEHb O PO3PAXOBYBANIHN 32 JIOTIOMOTOIO MTPOCTOTO PiBHSHHS

[(6)= oy Y expl(8, -6, 126°], 5)

zie j — umcno atomis H, 6° — qucrepcis posnoziny, a d; — po3paxyHKOBE 3HaueHHs j-ro aroma H.
Bemuki crpykrypu (o 15000 aromiB) Oymm po3paxoBani 3a mornomororo meroxy PM7 (MOPAC
2016) [108,109]. Hns po3paxyHKy ¢yHKiH f(Oy) 3a ngomomorow pesyibTariB PM7
BUKOPUCTOBYBAJIM KaJiOpyBaibHY (DYHKIIIO JJIS ONUCY 3AJICKHOCTI MK aTOMHUMHU 3apsiiaMu ¢
(PM7) ta 3rauennsmu oy (3 DFT po3paxyHKiB)

on =—27.38435372 + 83.67491184xqu. (6)

PiBHstHHS (6) BHKOPHUCTOBYBaIH AIsi 00urcienHs crektpis 'H SIMP BomHuX KiacTepis
3B'sI3aHMX 3 KpeMHe3eMaMu. [is1 004YHCIIeHHsT KOHCTAHT B PiBHAHHI (6) y JTiHIHHOMY HaOIMKEHHI
3HaYeHHA Oy BHM3HAYalIM JUISI KIUJIBKOX BOJHUX KJAacTepiB, pO3PAaxOBaHUX METOJIOM
GIAO/®wB97X-D/cc—pVDZ sk  pI3HUIIO MDK SIIGPHUM  MarHiTHUM  €KpaHyBaHHSAM
terpamerwicwiany (TMS) B skocTi craHmaptry (Orus) Ta JOCHIDKEHUX cucTeM (C) 3a
130TPOMHUMH 3HAYCHHSIMH (CIIiJT TEH30PYy MarHiTHOrO €KpaHyBaHHS) G = (G + O + 033)/3
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[106]. Ili »x kmactepu Oyiu po3paxoBaHi 3a JOMOMOTO0 MeToxy PM7 mist oTpuMaHHs 3HA4YCHb
qu. 3ayBaXXHMo, 110 MOAIOHI MpOoCTi Kopessuii O Bif ¢ BIACYTHI AJs aTOMIB, 110 HE € BOJHEM,
yepe3 CKiIaaHl (akTopW, 110 BIUIMBAlOTh HA TEH30pPM MAarHITHOTO  €KpaHyBaHHs
OaraToenekTpoHHUX aToMiB. KpiM TOoro, koHcTaHTH piBHSHHS (6) s atromiB H y pi3HHX
CHOJNyKax (HampuWKiald, pi3HI OpraHiyHI Ta HEOpraHiuHi PEYOBHMHH) Pi3HI IS PI3HUX THUIIB
CIIONYK, a TaKoX 3aleXxaTh BiJ THUMIB BHUKOPUCTOBYBaHUX ab initio abo DFT Ta
HamiBeMIipuuHux (Hanpukiag, PM3, PM6, ta PM7) metonis [110,111].

I'eomerpiss  kimactepiB  Oyna omnTuMizoBaHa 3a  gomomoror  meromiB  DFT
(0B97X-D/cc—pVDZ) 3 Gaussian 09 ta GAMESS (2019 R1 i R2) (cuctemu 3 4nciom atomis
<400) abo PM7 (ax mami, Tak 1 BEJMKI cHCTeMH). Bizyamizarmisi po3paxyHKOBHX CTPYKTYD
MPOBOAMIIACS 3a AOMOMOrow mnporpamanx nakeriB GaussView 5.09 [112], ChemCraft [113] Ta
UCSF Chimera [114]

Iiapodobizaris kpeMHe3eMy MPUBOAUTH 0 3MEHIICHHS €HEeprii B3aeMoJlii HE TUIbKH 3
BOJIOIO, a i 31 ciupToM (puc. 26). [Ipore sl 0CTaHHBLOTO 3MEHIICHHS € OUTBIN MOBUTHBHUM 32
paxyHOK HasgBHOCTI TiapopoOHOoi rpynmu CH3CH, B Mosekym cnupty. [ng rekcany sk
PO3UMHHHKA 3AJIEKHICTh BUTRHOI €Heprii coibpBaTtalii BiJl CTyneHs Tigpodobizarii KpeMHe3eMy
He3HayHa. [{i ocoOmuBOCTI conbBaTallii B 3aJ€KHOCTI BiJl TUIY PO3YMHHUKA MOSCHIOIOTH SIKUM
YHHOM MOJXYTh MOBOJUTHCH CKJIQJHI CyMilli TigpodiibHOrO Ta TigpoPoOHOr0 KPEMHE3EMIB Y
BOJHOMY CEpEIOBHIII Ta MPH J0JABaHHI HETOJSIPHUX YH C1a00 MOJSIPHUX PO3UYMHHUKIB Ta SIK
MOJKE€ 3MIHFOBATHCS KJIACTEPH3aIlisl PiIMH Ha Mexkax moaury ¢a3 (puc. 27 ta 28, Tadn. 6 ta 7).
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Puc. 26. Binbaa enepris ['1006ca conpBaraiiii mo BIAHOMICHHIO MO YHCIA TPUMETHUICHIIIBHUX
rpyn (TMS) y kpemue3emanx kinactepax SigOj; (OH),(OSi (CHs);) 8-n (n=38, 7, 6,...
0), pospaxoBana 3a npomnomororo SMD/wB97X-D/cc-pVDZ//cc-pVDZ nns Boan,
€TaHOJy Ta H-T€KCaHy SIK PO3YMHHHKIB

ITpu wactkoBi# rigpodobizarii (B AM1 moxxe 3anumarucs neBHa KiabKicts OH rpym, siki
He OynM 3aMillleHi Ha JUMETWJICWIUIBHI, puc. 27, MOAENbh 3 MPaBOoro OOKY), YTBOPEHHS
NPUIIOBEPXHEBUX KJIacTEPiB BOJU Ma€ MEBHI OOMEKEHHs, TOMY IS Bojia € ciaboacoliiiioBaHolo,
MpoTe CUJIBLHO 3B’s3aHOI0. Ha moBepxHi TipodiabHOTO KpeMHE3eMy TaKuX OOMEKEHb HEMae,
MPOTE MOJEKYJIIpHA PYXJIHMBICTH Ii€i BOAM TAaKOXX 3MEHIIEHA 3a PaXyHOK CHIIBHUX 3B’SI3KIB 3
MOBEPXHEBUMHU TpymnaMu. L{e mokazaHo y mosiBi 3HAUHUX XIMIYHUX 3CYBIB, K1 HE XapaKTEpHI s
00’emHoi Boau (puc. 27 Ta 28, criekTpHu).
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i ;b-«
(-0),Si(CH,),

He 3B'd3aHi H B

\ SOH Ta HyO

Puc. 27. Teopermuno (GIAO/®B97X-D/cc-pVDZ) pospaxosri cmextpu 'H SIMP Bomu
(Monekynmu Ta i0oHM), 3B’s3aHOi 3 rigpodinmeHuUM (KpuBa 1, 44 terpaeapu SiOsp +
43H,0) Tta rimpodpobnum AMI (xkpuBa 2, 44 SiO4p + 19Si(CHs), + 9H0)
KIACTEpaMH KpeMHe3eMy, a Takox jinii 'H, 3's3aui 3 rpymamu =SiOH ta (-0),Si
(CHs),; Ta excrepumentansii 'H MAS (kpuBa 3) ta cratmuni (kpusa 4) SIMP-
cnekTpu cymimi A-300/AM1 (3BepHiTh yBary, mo nosepxHeBi rpynu SiOH Ta (-
0),Si(CH3), B A-300 Ta AM1 He 1aroTh BHECKY B CIIEKTp (4) CTATUYHOTO 3pa3Ky)

8, (MY.)

Ta6auus 6. PozpaxyHok camoconbBaraiii 3 Bukopuctanasim SMD/wB97X-D/cc-pVDZ
(GAMESS 2019 R2) (AG; BennuuHU B Ay*Kax noka3yotb BSSE-kopekiiio).

Po3unnHuK | AG; (x/Ixx/mons) (BSSE) | u (D)
Xnopodopm | -20,1 (-12,2) 1,46
n-reKCcaH -16,4 (-8,5) 0,05
Bona -19,1 (-11,1) 2,15

Tabauus 7. Po3paxyHOK MOJIEKYJISIPHOI COJTbBATAIli] B BOJHUX PO3YMHAX 3 BUKOPHUCTAHHIM
SMD/wB97X-D/cc-pVDZ (GAMESS 2019 R2) (AG; BenmuuuHU B TyKKaX
noka3ytotb BSSE-kopexkitiio)

Posunnnuk | AG; (xIx/mois) (BSSE) | 1 (D)

Xnopodopm | -26,4 (-18.4) 1,56

n-rexkcal -24,6 (-16,7) 0,04
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Axmo Boaw B cucteMi 3 TiAPOGUIBHUMH YU TiApOo(POOHWMH YaCTHHKAMHU JOCTATHHO
Oarato, TO ii XiMIYHUH 3CYB ONHM3BKUN JO TOTO, IO CIIOCTEPITAEThCS Il BOJAHOTO CEPEOBHINA
(puc. 28). Skmo B cuctemi 3 TiApoGITEHUMH Ta TiAPpoHOOHMMHU YAaCTHHKAMHU BOJW OaraTo, TO
MOKe BimOyBatucs mepeOyaoBa arperaTiB Ta arjoMepaTiB Tak, IO KOHTAKTH TiapohoOHHX
YaCTUHOK 3 BOJIOI0 CYTTEBO 3MEHINYIOTHCA. lle siBHIE BiAKpWBA€ JT0OMATKOBI MOMIIMBOCTI IO
KepyBaHHIO Oy/I0BOIO, TOOTO BJIACTHBOCTSIMH, HAHOCTPYKTYPOBAHHUX TiApoQiIbHO-T1IpohoOHNX
cyMminiei.

3B'A3aHa Boa

1—— 203H,0 3B'a3aHa 3 AM1

2—— AM1/203H,0

3——406H,0 3B'd3zaHa 3 gBoma
BinbHi knacTepu Bognm YactuHkamm AM1

4- -+ - 203H,0

5—— 5000H,0

5y (M.4.)

Puc. 28. Teopermano po3paxosati crexkrpr 'H SIMP Boaw, 38’s13aH0i 3 uacTiakamu AMI i3 182
terpaenpis (kpusi 1-3): (1) 203H,0, 3B’s13aHux 3 yactuHkoro AMI, (2) yci atomu H y
203H,0/AM1 Ta (3) 406H,0, 3B’s13aHi 3 n1BOMa CyciiHIMUA 9acTHHKH AMI1; Ta BUIBHI
BoAHI kiactepu (kpuBi 4-6): (4) 203H,O (onTtumizoBaHa BoAHA 0OOJOHKAa YaCTUHKH
AMI1 micns BumanenHs dvactuHku) Ta (5) 5000H,O. Kpusi po3paxoByBayin 3a
3Ha4eHHsAMU qy (PM7) 3 KopemnsLiiiHoo QyHKIIE Sy MO BITHOLIEHHIO A0 qx
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6 <

Oy (M.4.)

Puc. 29. Teopernuno pospaxosani ciekrpu 'H SIMP (1) 100H,0 (0B97X-D/cc-pVDZ) ta PM7
3 KOpeJsiiitHo QyHKIieo oy mpotu qy 11 (2) S000H,0, (3 - nmume H,O, 3' - Bci H B
cucreMi) TigpodinbHUN Kimactep KpemHesemy 3 22 terpaeapamu (SiOsn) Ta 160H,
oroueHuit 65H,0, ta mricte rimpodoOHux kiactepiB kpemHezemy 3 22 SiOgp 3 15
rpynamMu TMS ta OH (3anumikoBuii Ha MicCIli, HEJOCTYIIHOMY Ul PEaKilii MOJEKYIH
cunany 3 SiOH) ta (4 - mume H,O, 4'- Bci H B cucremi) rigpodoOuuii kmacrep
kpemHeseMy 3 8 rpynamu SiOs, Ta 8 TMS, oTouenwmii 18 rimpodineHuMu K1acTepamu
kpemHe3eMy 3 8 Si04/; (koxer 3 8OH) ta monekymamu Boau (387H,0)

BucHoBKH

BceraHoBneHo, 1mo g0 MEBHOrO BMICTY BOAM TiApodoOHI MOPOLIKM 3HAXOAATHCS B
TEPMOJIMHAMIYHO HEPIBHOBAXHOMY CTaH1 1 PU 30BHINTHLOMY BIUTUBI (JI0/1aBaHHS T1ApOhOOHUX
peUOBHMH ab0 BOJM) CKA4yKOMOAIOHO TepexoAiTh B OUIbII CTaOUIBHUN CTaH, SIKHH
XapaKTEePU3YETHCS 1HITUM PO3TOIIIIOM MiXK YaCTMHKaMU TBEpAOi (a3u, piAMHM Ta MOBITPS

IigpodoOHi peuoBHHM cTabiMI3yIOTH ciaboacouiiioBany (opMy BOIH, IO J03BOJISIE
CTBOPIOBATH KOHIIEHTPOBAHI CyCIHEH311, M0 MICTATh OJM3bKi 3a BEIWYMHOIO KUTHKOCTI BOJIU Ta
piakoi rinxpopoOHOT peuoBUHHU.

JJ1st KOHIIEHTPOBAHUX CYCIIeH31H TiApodhoOHOr0 KpeMHe3eMy Ta ioro cymimei 1/1 ta 1/2
3 TiAPOIUTHPHIUM KPEMHE3eMOM JIOCIIKEHO BIUIMB MEXaHIYHOT 0OpOOKHU Ha B’S3KICTh CyCHEeH3ii
Ta iX CTaOUIBHICTH M CyclieH3iit B miamazoHi # = 2-8 r/r. Ha ocHOBI mpoBeaeHUX poOIT
BCTAHOBJICHO, IO B’SI3KICTh Ta (pa30BUil cTaH CycneHsiil Iyke YyTIuBi 0 CIIOCOOY CTBOPEHHS
MEXaHIYHUX HaBaHTa)XEHb, KOHIICHTPAIIli CyCTICH31i Ta MBUAKICHOTO PEKUMY HABAHTAKYIOUOTO
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NpUCTpOr0. BCi TUNM KOMITO3UTHHX CHUCTEM BHUSIBUJIM 3HAYHI TUKCOTPOITHI BJIACTHUBOCTI, IO
IPOSIBIAIOTHCS B 3aJICKHOCTI B’SI3KOCTI BijI Yacy BUTPUMYBAHHS 3pa3ka B CTalllOHAPHUX YMOBaX.
Ile#i edexT iCHye K B CTaTHYHHX, TaK 1 B AMHAMIYHUX yMOBax. B cTaTM4HMX ymoBax TMicis
NPUITUHEHHS i1 MeXaHIYHUX HAaBAaHTAXKEHb pifka cycnensis uepe3 0,2-2 roguHu 3aTBEpAiBac i
MIEPETBOPIOETHCSI B PEUOBUHY, IO MA€ BCl O3HAKH TBEPJOTO TiNa. B AuHAMIYHMX yMOBaXx IiJl
J€I0 3pOCTAIOUMX HABAHTA)XEHb B S3KICTh CYCHEH3li Moxe 3MeHmyBaTtuch B 5-10 pasis.
Cralimizalliss HaBaHTAKEHb TNPU TEBHOMY iX 3HAYEHHS [I03BOJISIE BUWTH Ha CTalllOHApHI
3HaYeHHA B’A3KocTi. I[locTymoBe 3MEHIIEHHS HaBaHTAXEHb JO HYJIS CYINPOBOIKYETHCS
3pOCTaHHSM B’S3KOCTI JIO BEJIMYUHHU, 10 B 2-3 pa3u MEPEBUIIYE Bs 3KICTh KOJIOITHOT CUCTEMHU JI0
noyatky [ii HaBaHTaxeHb. O3HaueHi e(ekTu moB’s3aHI 13 (opMyBaHHAM OaratodazHoi
CaMOOPTraHi30BaHOI CYIPAMOJCKYJSAPHOI CHUCTEMH, IO CKIQJAa€Thes 3 TiApoPoOHUX Ta
riapodiTbHUX YaCTHHOK KPEMHE3eMY, HAHOCTPYKTYPOBAHOT BOJIU B iX MIKYaCTUHKOBHX 3a30pax
Ta MIKPOIYXHPIIIB TMOBITPS, aJCOPOOBAHOTO TIEPEBAKHO HA TiAPOPOOHUX YaCTHHKAX
METHIIKPEMHE3EMY.

[TybOnikamist MICTUTh pe3yJdbTaTH AOCTIIKEHb, IMPOBEIECHUX YaCTKOBO 3a TPAHTOBOI
HiATPUMKH 32 KOHKYPCHUM TPOEKTOM IIUJTFOBOI IPOTpaMu HayKoBUX nociimkeHb HAH Ykpaian
([Jorosip Nel9) ta mpu rpanTtoBiii miarpumui HamionanbHoro ¢oHy IochijkeHb YKpaiHu
(Horogip Ne 176).
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MEX®A3HBIE B3AMMOJIENCTBUS THIPO®OBHBIX
IIOPOIIKOB HA OCHOBE METHJIKPEMHE3EMA B
BOJIHOW CPEJE

B.B. Typos ! B.M. I'ynbko L T.B. Kpynckas L NA.C. IMponaxk !
J.C. Annpuiixo ', A.-A. Mapunun 2 AL Toaosans ', H.B. Exaruna ', H.T. Kapreas '
IHHcmumym xumuu nosepxnocmu um. A.A. Yyiiko, HAH Ykpaunuwi,
Kuee 03164, yn. I'enepana Haymosa, 17, Kues, Ykpauna, e-mail: krupska@ukr.net
’Hayuonanvhwiii VHUgepcumem nuwjesvix mexuonocuti, Kues 01033, yn. Braoumupckas, 68

C ucnonvsosanuem COBPEMEHHbIX DUIUKO-XUMUUECKUX MemoO008 UCCLe008AHUSL U
K8AHMOBO-XUMUYECKO2O MOOenuposaHus UCC1e008aHo cmpoenue HOBEPXHOCU,
Mopgonocuueckue u adcopoyuoHHble XapaKkmepucmuku, (azoevie nepexoobl 8 2emepoceHHbIX
cUCmemax Ha 0CHOBe MEeMUIKpEeMHe3eMa U e20 cmecell ¢ 2UOPOPUNLHBIM KPEMHEZEMOM.

Yemanoeneno, umo npu  onpeoeneHHuIX  KOHYEHMpAayusx  MexcqhasHou  800ul,
2UOPOhOOHIL KpeMHeseM UlU e20 KOMNO3UMbL ¢ 2UOPODUILHBIM KDEMHE3eMOM (opMupyrom
MEPMOOUHAMUYECKU HEeCMAOUNIbHbIE CUCEMbl, 8 KOMOPbLIX OUCCUNAYUSL DHEPSUU MOACem
0CYUeCmanAmsbCs N00 8030eUcCmeUuemM 6HEWHUX PaKmopos: yeeaudeHuu KOHYeHmpayuu 600bl,
MeXaHu4ecKux Hacpy3oxk u aocopoyuu 6030yxa 2uopogoouoi xomnonenmot. Ilpu cpasnenuu
9Hepeull C8:A3bI8AHUL 800bL 80 BILANCHBIX NOPOUKAX 2UOPOYNIomHeHHbIX 00pa3zyos A-300 u AM-
1, umenu Gauskue snauenus nacemnnoti niomuocmu (1 2/em’) u enascnocmu (1 2/2), 6auskue x
8 [c/e.  Oomaxo npoyecc eudpamayuu  2udpopodHO20 KpemHe3eMa CONpo8o*COAemcs
CHUDICEHUeM JSHMPONUU U NepexoooM CUcmemvl aocopOeHm-600a 6 MmepMoOUHAMUYECKU
HepasHoBeCHOe COCMOsAHUe, KOMOpoe Ne2KO QUKCUpPYemcs Ha 3a8UCUMOCMAX MedchazHou
sHepeuu (y s) om Konuuecmsa 600vl 8 cucmeme (h).

Okazanoce, umo o0aa uucmozo AM-1 medxcgpaznaa sHepeus 600bI y@eauyuU8aemcs
NPONOPYUOHATILHO ee KOIUYeCmBa 8 MeNCUACMUYHBIX 3d30Pax MoabKo 6 cayuae, koeoa h < 1 2/e.
Ilpu 6onvwem Konuuecmee 600bl dHEPIUS CEA3BIGAHUS CKAYKOOOPAZHO YMEHbULAemcs, 4mo
ceudemenbcmeyem o nepexooe cucmemvl 8 60ee cmaduibHoe COCMosHUe, Xapakmepusyujeecs
VKPYNHEHUeM K1acmepos aocopoupo8aHuoll 600bl u oadxce hopmuposanuem o00veMHoU Gazvl
800bl. Beposimuo, npu smom npoucxooum yacmuyrnoe "cxionviganue"” mMencuacmuyHblx 3a30pos
2uopogobuvix vacmuy AM-1 u gvidenenus u3 HUX MepMOOUHAMUYLECKU U3ObIMOYHOU 800bl. Jns
cmecell  euopoobHoeo U eUOPOPUILHOZO KPEMHE3eMO8, MAKCUMYM  CBA3bIBAHUS  800bL
cmewjaemesi 8 cmopowny Oonvuell euopamosarnocmu. Ilpu AMI/A-300 = 1/1 maxcumym
Habarwoaemcess npu h =3 e/e, a 6 cayuae AMI1/A-300 = 1/2 ou me docmuecaemcs Oadxce npu
h=4c/.

HUccneoosanue peonocuueckux c8OUCME KOMHOZUMHBIX CUCMEM NOKA3A10, 4mo Noo
oeticmeuem MexXaHu4yecKux Hacpy30K 6A3KOCMb CUCIEeM YMEHbUAemcs NOouYmu Ha HOPAOOK.
Oonako, nocie 8blOEPIHCUBAHUSL 8 YCIOBUAX HASPY3KU C NOCACOVIOUUM YMEHbUUEHUEM HACPY30K K
HYJII0, BA3KOCMb CUCMEMbl 6HO8b 803PACMAENm U CMAHOBUMCS CYUWECMEEeHHO OoNbule, YeM 8
Hauane ucciedoganuil. To ecmv noiyueHuvle Mamepuaibl UMEIOM BbICOKUE MUKCOMPONHbIe
ceoticmea. Tak, 61adX0CHbII NOPOWIOK, UMEIOWULl 6Ce NPUSHAKU MEepo0o20 mead, Nocie
HEe3HAYUMENbHO20 MEXAHUYECKO20 B030eliCMEUsl 1e2KO Npespawaemcs 8 KOHYeHmpUupoB8aHHyo
CYCNEH3UI0 C ABHbIMU NPUSHAKAMU HCUOKOCTIU.

KiioueBble ¢JI0Ba: 2uopo@ooHblil U 2UOPOPDUIbHBILI KpeMHe3eMa, MUKCOMPORUS, 83KOCHb
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INTERPHASE INTERACTIONS OF HYDROPHOBIC
POWDERS BASED ON METHILSILICA IN THE WATER
ENVIRONMENT
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Using modern physicochemical research methods and quantum chemical modeling, the
surface structure, morphological and adsorption characteristics, phase transitions in
heterogeneous systems based on methylsilica and its mixtures with hydrophilic silica were
studied.

1t is established that at certain concentrations of interfacial water, hydrophobic silica or
their composites with hydrophilic silica form thermodynamically unstable systems in which
energy dissipation can be carried out under the influence of external factors: increasing water
concentration, mechanical loads and adsorption of air by hydrophobic component. When
comparing the binding energies of water in wet powders of wettind-drying samples A-300 and
AM-1, which had close values of bulk density (1 g/em’) and humidity (1 g/g), close to 8 J/g.
However, the hydration process of hydrophobic silica is accompanied by a decrease in entropy
and the transition of the adsorbent-water system to a thermodynamically nonequilibrium state,
which is easily fixed on the dependences of interfacial energy (y s) on the amount of water in the
system (h).

It turned out that for pure AM-1 the interfacial energy of water increases in proportion to
its amount in the interparticle gaps only in the case when h <1 g/g. With more water, the
binding energy decreases abruptly, indicating the transition of the system to a more stable state,
which is characterized by the consolidation of clusters of adsorbed water and even the formation
of a bulk phase of water. Probably there is a partial "collapse” of the interparticle gaps of
hydrophobic particles AM-1 and the release of thermodynamically excess water. For mixtures of
hydrophobic and hydrophilic silica, the maximum binding of water is shifted towards greater
hydration. At AM1/4-300 = 1/1 the maximum is observed at h = 3g/g, and in the case of AM1/A-
300 = 1/2 it is not reached even at h = 4 g/g.

The study of the rheological properties of composite systems has shown that under the
action of mechanical loads, the viscosity of systems decreases by almost an order of magnitude.
However, after withstanding the load and then reducing the load to zero, the viscosity of the
system increases again and becomes significantly higher than at the beginning of the study. That
is, the obtained materials have high thixotropic properties. Thus, a wet powder that has all the
characteristics of a solid after a slight mechanical impact is easily converted into a concentrated
suspension with obvious signs of liquid.

Keywords: hydrophobic and hydrophilic silica, thixotropy
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