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Mapgynin M. O. dopmyBanHs arperatiB Qynepeny Crzp Ta Koaryssimis
€JIGKTPOJIITAaMU B PO3UYMHHHUKAX pI3HOI mpupoau. — Ksamidikamiiina HaykoBa mpars Ha

paBax pPyKOIMUCY.

Huceprariist Ha 3100y TTsl HAYKOBOI'O CTYIICHsI KaHuaTa HayK (JIokTopa diocodii)
3a cenianbHICTIO 102 «Ximis» (10 — [Ipupoannyi Haykn). — XapKiBCbKH HAlllOHATBHUNA

yHiBepcuteT iMeH1 B. H. Kapasina MinicTepcTBa ocBiTH 1 Hayku YKpaiHu, Xapkis, 2024.

OcTaHHIM yacoM (QyJiepeHH YBIHIUINA 10 HAMOUTbII NOMYJISIPHUX XIMIYHUX CIOJYK.
BoHU BUKOPHUCTOBYIOTBCS SIK Y HOBITHIX HAHOTEXHOJOTIAX (MIKpOEJIEKTPOHIKA, ONTHKA,
MaJMBHI €JIEMEHTH, TOIO), TaK 1y 010Ximii Ta O10MeAUIINHI. SIK TpaBUIIO, iX BAKOPUCTAHHS
[OB’A3aHE 3 BUTOTOBJICHHSM Ta MOAAJBIINM 3aCTOCYBaHHSIM PO3YMHIB (ICTUHHHUX, a00
TaKHX, 10 MICTATH Kiactepu ¢ynepeHiB). ToMmy AOCHIKEHHIO caMe PO3YMHEHHUX (HOpM

dynepeHiB NpucBsiuYeHO O0arato myOJIiKallii, 1 MOTIK TAKUX POOIT HE 3yNMUHSIEThC.

Boani komoimHi aucmepcii ¢ynepeHiB n00pe BuBYEHI. [[1s Takux poO34YMHIB
JTOCIIKEHO (POpMyBaHHSI 3a PI3HUX YMOB, CTaOUIBHICTh OTPUMAHUX JUCHEPCIA IO
BIJTHOIIIEHHIO JIO PI3HOMAHITHUX (DAKTOPIB, a TAKOXK JOCITIKYETHCS 1X TOKCHYHICTD, BIUIMB
Ha HaBKOJIUIITHE CEPEJOBUINE YU OKPEMi OpPTraHi3Mu, TOIIO. AJle TIPH [IOMY PE3yJIbTaTH
PI3HMX JOCHIJHULBKUX TpPyN I1HKOJM JOCUTh cynepewinBl He Moxke BBaxkaTHCs

OCTAaTOYHOIO ICHYIOYA OIlIHKa KOHCTaHTH ['amakepa njisi B3aemoli (ynepeH—dynepeH,

Arr.

31e0UIBIIOr0 HasiBHI  JOCHIDKEHHS (yJiepeHiB y HEBOJHUX CEPEIOBUINAX
CTOCYIOThCSI ~ BU3HAQUCHHSI  JIEAKUX  (PI3UKO-XIMIYHUX  TapaMmeTpiB  (Hampukiaj,
PO3YMHHOCTI) Ta arperauii (CTpyKTypa KJacTepiB, HasABHICTb (PPAKTAIbHOI CTPYKTYpH,
po3Mip arperariB, 00OpPOTHICTH arperariii uu Kinetuka mpoiecy). Koarymsiist dynepeHis

EJIEKTPOJIITAMHA Yy HEBOJIHOMY CEPEIOBHUII, Ha BIAMIHY BiJl TiIPO30JiB Ta BOJIHUX



CYCIIeH31H, € BKpail MaJio TOCIIIKEHOI0, 3a ITIEI0 TEMOIO MPAITIOE JIUIIE BITHOCHO HEBETTUKE

KOJIO HayKOBIIIB.

OTxe, MeTOI0 [aucepTaliiiHOI podoTHM OyJN0 BUSBIEHHA OCOOIMBOCTEH
dopmyBanns arperartiB ¢ynepeny Cryo Ta Koarymsiii eIeKTpOJiTaMH B PO3YMHHUKAX

P13HOT IPUPO/IH.

JlociimkeHo 0CcOOIMBOCTI arperarii Ta KoaryJjsiii eJIeKTPOJiTaMu PI3HUX THIIIB
¢ynepeny Cro y pO3UMHHHMKAX pPi3HOT MPHUPOAU (3 MIMPOKHM J1ala30HOM BITHOCHOI
J1EJIEKTPUYHOI IPOHUKHOCTI, &,, MOMJIMBICTIO BUCTYIIATH JOHOPOM BOJHEBOTO 3B’SI3KY,

KHUCIIOTHICTIO Ta OCHOBHICTIO, TOINO), a TaKOX Yy iX cyMimax. AHali3 pe3yjbTaTiB
MIPOBEICHO 3 BUKOPHUCTAHHIM KJIACU4HOI Ta MoaudikoBaHoi Teopii JJIDO.

JlonatkoBo OyJji0 BHBYEHO JEsIKI 0COONMMBOCTI MoBeMIHKH PynepeHy Ceo y HU3II
cucteM — siK JUIsi mopiBHSHHSA 3 C7p, Tak 1 NIl BUSIBJICHHS 3arajbHUX BJIACTHUBOCTEH
(ynepeHis.

st nociimkenHs 0yyo oOpaHo po3urHU QyJiepeHiB y HACTYIMHUX 1HUBITyaIbHUX
Ta 3MIIIAaHUX PO3UYMHHHMKAX: H-TekcaH, JIMCO, JIM®A, Boma, METaHOI—TONYEH, H-
rekcaH—meTanos, auneroHitpui—toiayeH, JIMCO-6enszen, JIMCO-Bona, aneroHITpUI—
oenzen—/IMCO ta JIM®A—-Bona.

/Il TpoBeleHHSI EKCIEPUMEHTY Ta O00pOoOKH pe3yJbTaTiB BHKOPHCTAHO
HACTYIIHI METOAM TA MiAXOJHU:

1) Cnekrpodoromerpiss (cmekrpockomiss B Y®- Ta Bugumoi o0macti): IjIs
JOCHIKEHHSI 3MIH, COIPUYMHEHUX COJIbBATAIlIE€I0, arperaiiio Ta KOoaryJisii€ero
OTPUMAHUX CHUCTEM.

2) Jlunamiune posciroBanHs cBitia (JIPC): mis oTpuMaHHS AaHUX TPO PO3MIpH,
€JIEKTPOKIHETHUYHI MOTEHII1aJU, a TAKOXK JUHAMIKY iX 3MIH 3a pPI3HUX YMOB.

3) MogaemoBanHs miarpam [amakepa y pamkax Teopii AJIDPO: mis BU3HAYCHHS
KOHCTaHT ['amakepa, Arr.

HoBu3Ha oiep:kaHUX pe3yJibTATIB:



1) BusBneno siButie BuOipkoBoi conbBaTaiiii Mmonexyn ¢ynepeny C 7o (y Tomy
4yCIi y CKJIAAi arperaTiB) apOMAaTHYHUMM Ta OCHOBHHMH KOMIIOHEHTAMH 3MilaHHX
PO3YHMHHHUKIB.

2) 3anpomnoHOBaHO HOBHM METOJ OTPUMAaHHS CTaOLIBHHUX AMCIEPCiil QyrepeHiB y
IOTaHUX» OCHOBHHX po3unHHukax JMCO ta JM®DA, a Takox TiOpUIHUX
OpraHoTriApo30iB. JIOCIIIKEHO 0COOIMBOCTI CTIMKOCTI TAKUX JTUCTIEPCIH 3 IJIMHOM Yacy
Ta T JI€F0 SIEKTPOJIITIB.

3) Bmepme nociimpkeHO arperaTMBHY CTIMKICTh 1 KOAryJsIil0 €JICKTPOJIITaMHu
arperatiB ¢ynepeny Czo B OpraHidyHUX pO3UYMHHHKAX. B Toil 4Wac sik moporu MBHUIKOI
KOaryJisilii B alleTOHITPWIIL 1 METAHOJ1 Ha TPU NOPAIKH MeHIl HiX y Boal, B JIMCO
CTaOUIBHICTh AUCTIEPCIH (DyIepEeHIB CIOCTEPITAETHCS HA PIBHI TaKO1 JJIs T1APO30JIiB.

4) Po3po0seHo HOBHI MiAX1Jl 10 BU3HAYEHHs] KOHCTAHT ["amakepa, 1jid QpynepeHis,
10 JTO3BOJIUJIO CTBEPKYBaTH PO HASIBHICTH JOJATKOBOrO CTaOUII3yr04oro (akropy B

pasi TIpo30JIiB Ta oJep KaTH OUIBIN TOYHI 3HAUCHHS AFfF.

JocnimkeHHs MOJIOKEHHS CMYT CBITJIOTIOTJIMHAHHS y cyminri
H-TEKCaHy Ta O€H3eHy IMOKa3ajlio, IO TOBEPXHA MOJIEKYJd ¢ylepeHy BHOIPKOBO
COJIbBATYETHCS CaM€ apOMATHYHUM KOMITIOHEHTOM cymilm. Takoxk MiaTBEpIKEHO, M0
OTPMMAaHHS 30JIIB HUIIXOM METOJy 3aMiHM PO3YMHHHKA 3 BUXIJHUX PO3YUHIB Y
HETOJSIPHUX apOMAaTUYHUX PIAMHAX BEAC M0 arperaiii depe3 MpoIIapoK pPO3YMHHUKA
(3 4aCTKOBUM 30€pEeKEHHSIM BUX1IHOI COTbBATHOT 000s10HKH). HasiBHICTH maHOTO ehexTy
MIATBEPAKEHO CHOCTEPEKEHHSIM 3a 3MIHOKO CIIEKTPaJIbHUX BIIACTUBOCTEN (yJIEpEHIB y
IpoIieCi arperaiiii.

SAx HacmiIoOK, MOpPOroBe 3HAYCHHS CKJIAMy OIHAPHUX PO3YMHHUKIB, 3a SKOTO
MOYMHAETHCS arperailis, BU3HAuY€HE 3a JIOTIOMOTOI0 CIEKTPIB TMOTJIWHAHHS, MOXE He
CHIBIIaJIaTu 3 pe3ynbTaTamu BuMiptoBanus JIPC.

[loka3aHo TakoOX, IO OCOOJMBOCTI CHEKTPY MOJEKYJSIPHOTO (dyrnepeny

30epiratotbes 1y Bunaaky pos3unHeHHs ¢ynepeniB y IMCO ta JIM®A 3 yTBOpeHHSIM



JUCTEPCIH, 10 TAKOXK BKa3ye Ha 30€peKEHHS CObBATHUX 000JIOHOK OKPEMHUX MOJIEKYT Y
CKJaii arperaTy. EXeKTpoHHUI CHIEKTp MOTJIMHAHHS 3 4YaCOM TMOCTYIOBO BTpadae 03HAKU
MOJIEKYJISIPHOT ()OPMHU, IO CBIAYUTH MIPO BUIATICHHS MOJICKYJ POZUYMHHHUKA 3 COTBBATHUX
000JIOHOK 3 4acoM.

TakuM YHHOM, MIATBEPKEHO CIOPIAHEHICTh (yJIepeHiB SK 10 HEMOJSIPHUX
apOMaTUYHUX, TaK 1 JO OCHOBHUX pPO3UMHHUKIB. [loka3zaHo, IO MOYATOK arperarii
3aNeKUTh B TMOJSPHOCTI PO3YMHHHMKA 3 YpaxXyBaHHSIM CHEIU(pIYHUX B3a€EMOAIN 3
dynepeHoMm, TOOTO arperaifito He MOKe OyTH CIPOTHO30BAHO JIMIIE 3a 3arajJbHUMH

napameTpamu NOJSPHOCTI, TAKUMH SIK &, .

K y opraHiuHuX pO3YMHHUKAX, TaK 1y BOJA1 KOJOIiJIHI arperatu QyJiepeHiB MalTh
B1JI’€MHUU 3apsl.

HocnimxenHs: oprano3oiiB Cyo y CyMiliax aneTOHITPUI—OCH3EH Ta alleTOHITPUI—
TOJIYEH (32 HEBEJIUKUX BMICTIB apOMAaTUYHOI'0 KOMIIOHEHTY) MOKA3aJIH, 110 Ha/I3BUYaHUN
BIUTUB Ha KOAryJjlol4dy [0 KaTiOHy Mae€ fK BEJIMYMHA 3apsily, Tak 1 XapakTep Horo
nokamizamii. Hanpuknan, 3Hadenns noporis mBuakoi koaryssiiamu (ITHIK) consimu, mo
MICTSTh KaTiOHU Li*, Na", AgT, TeTpabyTHUIaMOHIIO
((#-Bu)sN*), Ca?*, La** cramommate 0,02, 0,25, 0,54, 0,64, 0,001 ta 0,0007 MM
(1 MM = 0,001 mons am~3), BianmosinHo, y cymimi aneronitpun—ronyes (9 : 1).

VY Bumaaxy koaryisiii karionamu Li* Ta Na*, 110 moBHICTIO 3B’s13aH1 y KOMITJICKC 3
OpUCYTHIM KpunTaHaoMm [2.2.2] (110 3HAYHO 3HIDKYE T'YCTHHY 3apsily Ta IMOKpAILye
COJIbBATAIlII0 KATIOHY 1, K HACJIZOK, 3MCHIIYE aJCOpOIiI0 Ha KOJOIMHMUX arperarax),
[TIIK cxnmamm 1,5 Ta 5,1 MM BianoBigHO. AHATOTIYHUIN PE3yibTaT CIIOCTEPITraeThCs IS
KaTioOHY teTpadeninpocdoHiro, Ph,P*, (MK Ha piBHI
1-4 MM), ny1st AKOTO TNepe3apsKEHHs arperariB QyjaepeHy He crnocrepiraerbes. Huszbke
snaueHHst [TIIK ams koarynsuii n-tonyercynbdokuciotoro (0,015 MM) cBimuuth mpo
OCHOBHY TIPHUPOAY IICHTPIB HETaTMBHOTO 3apsay moBepxHi arperaTiB Cro. Y cuctemax
METaHOJI-apoOMaTHYHUN po3unHHUK (9 : 1) edextn, 00yMOBIIeHI C1aOKOI0 CONBBATAIIIEIO

KaTiOHIB, JIeN0 MEeHI BUpaxkeHi, aje 3HadeHHs [1IIK B oMy 3anuiatoThest Ha TOMY %K



piBHI 1 Ha TpU MOPSAKU HIDKYl, HUXK Ans rigposoniB. Hampuknan, y meranoni [TIHK
KaTiOHaMH| JITIIO Ta HATPiO cHiBmagarTh 1 gopiBHIOTE 0,13 MM. Jlna dynepeny Ceo
3aKOHOMIPHOCTI aHAJIOT14Hi.

BcranoBneno, mo y KaTioHOGOOHOMY PO3YMHHHUKY aIlleTOHITPUI-TOIYEH
HOBEIiHKa KaTioHy Li* € OLIbII CX0K0I0 Ha THIIOBY MOBEAIHKY JBO3apSIHUX KaTiOHIB
(IMIIK 6mmxuanii go TTHIK consamu Ca?"), cnocTepiraeThes sSBUILE TEpe3apsIkeHHs 3i

3MIHOIO EJIEKTPOKIHETHYHOTO ToTeHmiany 3 ¢ = —-50 go +40 mMB, mo 3aramom

HEXapaKTEePHO AJIs OJTHO3APSIIHUX KATIOHIB 1 HE MOKIIUBE Y pa3i TIpo30iB GyIepeHiB.

Takox y BUIMAIKy KOAryJdilii MEpXJOpaToM KalIbIII0 MOXIIUBO 3a(diKCyBaTH
apyruit IIIIK (ITIOK; = 1,2 MM, a8 NO3UTUBHO 3apsIKEHUX KOJIOITHUX YacCTHHOK
dynepeny). Bsaemomiss 3  n-TONyeHCYNb(GOKHUCIOTH  TaKOX  MPU3BOJUTH  JIO
nepe3apsKeHHs TOBEPXH1 arperariB.

Y Bumagky comeii Li* Ta Na* (0e3 mgomaBaHHS KpHITaHIy) HWMOBIPHO
CIIOCTEPITAEThLCS SIBUIIE T€TePO- a00 B3a€MHOT KOATYJISIIIil, CIPUYUHEHE HEPIBHOMIPHOIO
crienu(p1yHOI0 aJCOPOIIE€I0 TaKMX KATIOHIB Ha MOBEPXHIO HAHOYACTHUHOK (YJIEPEHIB.
HeexBiBaneHTHICTh aJcOpOIlii MPU3BOJUTH JO ICHYBaHHS HAHOYACTUHOK 3 CYTTEBO
BIJIMIHHUMHM 3HAYEHHS €JICKTPOKIHETUYHHUX ITOTCHITIATIB.

B Toi ke "ac coti KaTioHiB 3 jenokaiaizoBanum 3apsaom ((#-Bu)sN*, PhsP*abo Li*
ta Na" 3a mpUCYTHOCTI KpUIITaHy) JEMOHCTPYIOTh 3HauHO BuIli 3HaueHHs [TIK, mo He
MOXe OyTH MOSICHEHE JIMIIIE PI3HUIICIO Y iX po3mipax. Lle € qomaTkoBUM miATBEPHKEHHSIM
crienu(p1YHUX B3aEMO/I1H KaTiOHIB 3 MOBEPXHEIO KJIACTEPIB (yJIEpEHY.

3nauenns MK ¢ynepeny comamu Ca?* ta La®* € mosomi GnuMsbkuMu , 1O HeE
BianoBigae npaBwity Ulymeue—T'apai. Take saBuime Moxke OyTH  MOSCHEHE
CTEX1IOMETPUYHOIO B3a€EMOJIEI0 KATIOHIB 3 HETaTUBHUMHU 3apsaMy Ha TMOBEPXHi, M0 €
MOJIMBUM Ye€pe3 3arajioM HU3bKY TYCTHHY 3apsiay oBepxHi dynepeny. Tak po3paxoBaHa
IIoMla, 1[0 TNpUNajgac Ha  OJUHUYHMK  3aps] HA  TOBEpXHI,  CKiaa:
16 num? y rigposomsx, 100 — 500 um® y cymimi aneronirpun—tonyeny 9 1,

400 — 700 am? y AMCO, 61u3bko 1600 aM? y cymimmi meTaHon—ToayeH 9 : 1,



BrnuB conbBaraiiii KaTioHy Ha MOKJIMBICTh CHIEIM(IYHIX B3a€EMOA1H MiATBEpKEeHA
IIJISIXOM JIOCIiPKEHHS KOATYJIAIi Y 6iTbIn 0cHOBHUX po3unHHMKaX (JMCO, JIM®A), ne
pizaung Mk [THIK onHO3apsaHUX KaTiOHIB Yy 3HAYHIA Mipi HIBEIIOETHCS 200 MOBHICTIO
BIJICYTHS.

TunoBumu € gani i koaryisiii 301iB Cyo ioHamMu Na* y pi3HHUX pO3YHMHHHKAX,

MK y MM:
CHsCN CH;OH JIMCO-CH;CN  JIMCO JIMCO-H,0 H.0
(3:2) 1:4)
0,25 0,13 32 > 180 175 250

st ananizy orpuMmanux pesyibTtaTiB 3a JJIDO nmpoBeneHo cenexiiio pe3yabTaTiB
3 METOIO BUSIBUTHU HaWO1IbII HAJlIMHI pe3yIbTaTH (3 MIHIMAJIILHUM BKJIaJ0M (aKTOpiB, 110
HE MOXYTbh OyTH BpaxoBaHi KJacuuHoro teopiero 1JIDO).

3aranom Bukopuctanus J1JIDOO no3Bosisie€ OMIHUTH 3HAUYECHHS KOHCTAHT B3a€MOJIIT

bynepen—dynepen (konctantu ['amakepa), Buxoasuu 31 3Hauens [IIIIK Ta ¢ 3a ymoB

KOaryJsuii B aueroHiTpwil ta Mmetadoii 3 10 % tonyeHy. OTpuMaHi 3HAYEHHS MarOTh
MIUPOKUIA JTOBIPUMA 1HTEpBAJT 1 Y3TOJDKYIOTHCSA 31 3HAYEHHSIMH, 10 OTPUMAHO IHITUMU
aBTopaMu. 3HaueHHs KoHcranTu amakepa cknamm: (5,8 — 20,2) x 1020 JIx y cymimi
aneroniTpun—ronyen 9 : 1 Ta (5,7 —7,0) x 1072 [l mna rigposomnis Gpynepeny. B Toit xe
4ac, y BUIAJIKY BIJOOPY CHUCTEM 3 HAWOLIBIN HATIWHUMU pe3yJbTaTaMu, 3HAYCHHS Afr
cknam (16,0 — 16,6) x 1072 JTx.

AHani3 OTpUMaHUX pe3yJdbTaTiB I[IOKa3aB, 0 Yy OCHOBHHUX pPO3YMHHHUKAX
CIIOCTEPITa€ThCSl HABHICTh JOJATKOBOTO CTabUIi3yro4uoro ¢Gakropy, 1o HEe BpaxOBaHUM
knacuyHoto [JJIDO. BiporiaHo, m1o TakuM (akTopoM € CTPYKTYpHHM (haKTop, OB’ I3aHUMA
3 CHUJIBHOIO COJbBAaTalll€l0 MOBEpXHI HaHO4YacTMHOK. Lle m00pe y3romxyerscs 3
YSIBIICHHAMU po B3a€EMO/II10 dbynepeHiB (o € KUCJIOTaMHU
3a JIproicOM) 3 ENEeKTPOHOJOHOPHHMH PO3YMHHHKAMHU, M0 T00pe Yy3TOIKYEThCS 3

MOKAa3aHOI0 JIETKICTIO OTpUMaHHa auctnepciil pynepeny y AMCO, AM®A Ta iM noaioHux



po3unHHukax. lle  Takox miATBepIKYyeThcs BenukuMmu 3HaueHHsmu [IIIK 30miB
¢ynepeniB y Bosi, IMCO Tta cymimax, o ix MiCTATb.

Takum yuHOM, OYJ0 BHSBJIICHO KIIOYOBI OCOOJMBOCTI (pOpMYBaHHS arperartis
¢ynepeny C7o Ta iX MOBEIIHKM B PO3YMHHHMKAX PI3HOI MPUPOIU: B BOI, METaHOII,
aneroHiTpuii, JIMCO Ta JIM®A, a Takox y JesKkuX OIHAPHUX Ta TEPHAPHUX PIJIKUX
CHUCTEeMaX, BKJIIOYAIOYM KOAryJAIlilo OpraHo-, TiApo- Ta OPraHoTiapO30JIB T HIE0
€JIEKTPOJIITIB.

[Toka3aHo, IO Ha KOAryJsTUBHY CTIMKICTh MalOTh BAaroMUiW BIUIUB HACTYMHI
dakropu:

— Oco0aMBOCTI KaTiOHIB. 3apsi, poO3MIp Ta MOXKJIMBICTH JAeJIOKami3alii 3apsay
CYTTEBO BIUIMBAIOTh Ha COJIBBATAIlIIO 1, SK HACHIJAOK, aJcOpOIlil0 KaTiOHIB Ha
noBepxHio. OcoONMBY POJb BIAITPAIOTh MPOTOHU, B3AEMOJIS SKHX 3 MOBEPXHEIO
arperaTiB Harajy€e KucJI0THO-OCHOBHY B3a€EMO/IIIO.

— ComnpBarallis  TOBEpXHI HAHOYACTUHOK (QyJepeHy. Y NPUCYTHOCTI OCHOBHHUX
PO3YMHHUKIB MOBEPXHS arperatiB (pyjepeHy Kpaiie COJbBaTOBaHa, IO IiJIBUILYE

KOAaryJsiTUBHY CTIHKICTH 30JIiB.

IIpakTHyHe BUKOPUCTAHHS O/IEP/KAHUX Pe3y/IbTATIB:

1) Opmepkani BIZOMOCTI PO EJIEKTPOKIHETHUYHI TMOTEHIianu (B TOMY 4YHCHI
MOJKJIMBICTh TIEPE3apsPKEHHS KOJIOITHUX arperariB) MOXYTh OYTH BHKOPHCTaHI s
MPOTHO3YBAaHHA  TPAHCIOPTHUX  BJIACTUBOCTEW Ta  TMOBEAIHKM  (yJlepeHiB y
EJIEKTPOXIMIYHUX MPOIECcaXx.

2) 3ampomnoHoBaHO MeToa oTpuManHs 301iBy JMCO Tta cymimax
JAMCO-Boga, 5iKi € JOCUTh CTA0ITLHUMH Ta HETOKCUYHUMH, 110 MOTEHIIIHO MOXXe OyTH
BUKOPHUCTAHO Y MEIUIIMHI.

3) Ilinxim 10 ONiHIOBaHHS KOHCTaHT ['aMmakepa, po3poOsieHMid Ha TpPHUKIaAL
¢dynepeHiB, JA03BOJIMTh MOKPAMIUTA PO3YMIHHS Ta MPOTHO3YBAHHS CTa0lILHOCTI 30J11B

IHIIMX HAHOBYTJICLIEBUX CTPYKTYp (BYTJEleBl HAHOTPYOKHU, TpadeH, HaHOAIMA3H ).



KawouoBi caoBa: ¢ynepeHu, HEBOAHI pO3YMHM, arperauis, ¢a3oBl NepexoiH,
HAHOPO3MIpHI YACTHHKH, 3011, EJIEKTPOKIHETHUHUN TMOTEHIlad, KOaryJysis, Teopis

JUIDO, xoHncranTa ["'amakepa, ajacopOrisi, cojibBaTallisl IOBEPXHi, (p13MYHA ONTHKA.



ABSTRACT

Marfunin M. O. Formation of Cy fullerene aggregates and coagulation by
electrolytes in solvents of various nature. — Qualifying scientific work on manuscript

rights.

Dissertation for obtaining the scientific degree of candidate of sciences (doctor of
philosophy) in specialty 102 "Chemistry" (10 - Natural sciences). - V. N. Karazin Kharkiv
National University of the Ministry of Education and Science of Ukraine, Kharkiv, 2024.

Recently, fullerenes have become one of the most popular chemical compounds.
They are used both in the nanotechnologies (microelectronics, optics, fuel cells, etc.), and
in biochemistry and biomedicine. As a rule, their use is connected with the application in
a form of solutions (true solutions or those containing fullerene clusters). Therefore, many
publications are devoted to the study of dissolved forms of fullerenes, and the number of

such works increases constantly.

Aqgueous colloidal dispersions of fullerenes are well studied. For such solutions, the
formation under different conditions, the dispersions stability in relation to various factors,
as well as their toxicity, impact on the environment or individual organisms, etc., were
investigated. But at the same time, the results of various research groups are sometimes
quite contradictory. The existing estimate of the Hamaker constant for the fullerene—

fullerene interaction, Agr, cannot be considered final.

Most of the available studies of fullerenes in non-aqueous media relate to the
determination of some physicochemical parameters (for example, solubility) and
aggregation (clusters structure, presence of fractal structure, size of aggregates,
aggregations reversibility or process kinetics). Coagulation of fullerenes by electrolytes in

a non-aqueous environment, in contrast to hydrosols and aqueous suspensions, is



extremely poorly researched, and only a relatively small number of scientists works on this

topic.

Therefore, the aim of the dissertation was to identify the peculiarities of the Cy
fullerene aggregates formation and coagulation by electrolytes in solvents of various

nature.

The peculiarities of Cyo fullerene aggregation and coagulation by electrolytes of
different types in solvents of different nature (with a wide range of relative dielectric

constant, ¢, the ability to act as a hydrogen bond donor, acidity and basicity, etc.), as well

as in their mixtures, were investigated. The results analysis was carried out using the
classical and modified DLVO theory.

Also, the Cgo fullerene was studied in several systems, both for comparison with C+g
and to reveal the general properties of fullerenes.

Fullerene C7;, was studied in the following solvents and their mixtures:
n-hexane, DMSO, DMF, water, methanol-toluene, n-hexane—methanol, acetonitrile—
toluene, DMSO-benzene, DMSO-water, acetonitrile—benzene—-DMSO and DMF-water.

The following methods and approaches were used to conduct the experiment
and process the results:

1) Spectrophotometry (spectroscopy in the UV and visible region): to study the

fullerene state changes during solvation, aggregation and coagulation.

2) Dynamic light scattering (DLS): to obtain data on dimensions, surface
electrokinetic potentials, as well as the dynamics of their changes under various
conditions.

3) Modeling Hamaker diagrams according to the DLVO theory: to determine the

Hamaker constants, Agg.



The novelty of the obtained results:

1) The phenomenon of selective solvation of C;o fullerene molecules (including
fullerene molecules in its aggregates) by aromatic and basic components of mixed solvents.

2) A new method for obtaining stable dispersions of fullerenes in "poor" basic
solvents DMSO and DMF, as well as hybrid organohydrosols, is proposed. Peculiarities of
the stability of such dispersions over time and in presence of electrolytes were investigated.

3) For the first time, aggregative stability and C; fullerene aggregates coagulation
by electrolytes in organic solvents were investigated. While the thresholds of fast
coagulation in acetonitrile and methanol are three orders of magnitude lower than in water,
in DMSO the stability of fullerene dispersions is observed at the level of hydrosols.

4) A new approach to determining the Hamaker constants for fullerenes was
developed, which made it possible to assert the presence of an additional stabilizing factor

in the case of hydrosols and to obtain more accurate Arrvalues.

Investigation of light absorption bands position in a mixture
of n-hexane and benzene showed that the surface of fullerene molecules is selectively
solvated by the aromatic compound of the solvent mixture. It was also confirmed that sols
obtaining by the solvent exchange methods (from the original solutions in nonpolar
aromatic liquids) leads to aggregation with saving the solvent interlayer
(with partial preservation of the original solvate shell). The effect was additionally
confirmed by observing the change in the spectral properties of fullerenes during the
aggregation process.

As a result, the threshold value of the composition of binary solvents (solvent
composition at which aggregation begins) which is determined using absorption spectra,
may not be the same value as that obtained from DLS measurements.

It is also shown that the features of the molecular fullerene spectrum are preserved
even in the case of dissolution of fullerenes in DMSO or DMF with the formation of stable

dispersions, which also indicates the solvate shells retention of individual fullerene



molecules in the aggregate. The electronic absorption spectrum gradually loses its typical
for molecular fullerene shape, which indicates the removal of solvent molecules from the
solvate shells over time.

Thus, the affinity of fullerenes to both nonpolar aromatic and basic solvents was
confirmed. It is shown that the aggregation beginning conditions depend of the solvent
polarity with respect to specific interactions of fullerene, i.e., aggregation cannot be

predicted only by general polarity parameters such as «, .

Both in organic solvents and in water, colloidal aggregates of fullerenes have a
negative charge.

Studies of Cy organosols in acetonitrile—benzene and acetonitrile—toluene (with
small contents of the aromatic component) mixtures show that both the charge and the
character of its localization have a significant influence on the coagulative action of the
cation. For example, the values of critical coagulation concentration (CCC) by salts
containing cations Li*, Na", Ag*, tetrabutylammonium
( ( n-Bu}yN *), Ca ?*, La * are 0.02, 0.25, 0.54, 0.64, 0.001 and 0.0007 mM
(1 mM =0.001 mol dm —3), respectively, in the acetonitrile—toluene mixture (9 : 1).

At coagulation by Li"and Na* cations, which are completely bound into a complex
with the present cryptand [2.2.2] (charge density is reduced, cations are better solvated and,
as a result, adsorption process on colloidal aggregates is reduced), the CCC value are to be
determined as 1.5 and 5.1 mM, respectively. A similar result is observed for the
tetraphenylphosphonium cation, Ph,P*, (CCC are
1-4 mM). In such case no surface recharging is observed. The low CCC value at
coagulation by p-toluenesulfonic acid (0.015 mM) indicates the basic nature of the centers
of negative charge on the C; aggregate surface. In the methanol-aromatic
compound mixture (9 : 1), the effects caused by weak cations solvation are somewhat less
significant, but the CCC values generally remain at the same level and are three orders of
magnitude lower than for hydrosols. For example, in methanol, the CCC for lithium and
sodium salts has equal values 0.13 mM. For fullerene C gy results are similar.



It was found that in the cationophobic solvent acetonitrile—toluene,
the behavior of the Li* cation is more similar to the typical behavior of doubly charged
cations (CCC value is closer to the CCC value for Ca?* salts), the phenomenon of the
surface overcharging is observed with a change in the surface electrokinetic potential from

¢ =—50to +40 mV, which is generally untypical for singly charged cations and is also not

possible in fullerene hydrosols.

Also, at coagulation by calcium perchlorate, it is possible to determine a second CCC
(CCC,= 1.2 mM, for positively charged colloidal fullerene particles). Interaction with p-
toluenesulfonic acid also leads to overcharging of the aggregates surface.

For Li*and Na* salts (without a presence of cryptand), the phenomenon of hetero-
or mutual coagulation is probably observed, which is caused by the unequal specific
adsorption of such cations on the fullerenes nanoparticles surface. The non-equivalence of
adsorption leads to the existence of nanoparticles with significantly different electrokinetic
potentials values.

At the same time, salts containing the cations with a delocalized charge
( (n-Bu )4N*, PhyP* or Li* and Na" at the presence of cryptand) show significantly higher
CCC values, which cannot be explained only by the difference in their sizes. This is an
additional  confirmation of  specific interactions  between cations and
the fullerene clusters surface.

The CCC values of C fullerene for coagulation by Ca?* and La" salts are quite
close, which does not correspond to the Schulze—Hardy rule. This phenomenon can be
explained by the stoichiometric interaction between cations and negative charges on the
surface, which is possible due to the generally low charge density of the fullerene surface.
Thus, the calculated area per wunit charge on the surface was:
16 nm?Zin hydrosols, 100-500 nm?in acetonitrile-toluene (9 : 1) mixtures, 400-700 nm?in

DMSO, about 1600 nm?in a mixture of methanol-toluene (9 : 1).



The cation solvation effect on the specific interactions possibility is also confirmed
by studying coagulation in basic solvents (DMSO, DMF), where the difference between
the CCC for singly charged cations is less or completely absent.

Typical CCC values for the Cyo sol coagulation by Na *ions different solvents, in

mM:
CH;CN CH;0OH DMSO-CH;CN DMSO DMSO-H,0 H20
(3:2) 1:4
0.25 0.13 32 > 180 175 251

To analyze the obtained results by DLVO approach, a selection of results was carried
out in order to identify the most reliable results (with a minimal contribution of factors that
cannot be taken into account by the classical DLVO theory).

In general, the use of the DLVVO approach makes it possible to estimate the value of
the fullerene—fullerene interaction constants (Hamaker constants), based on the CCC

values and ¢ under the coagulation conditions in acetonitrile and methanol with 10%

toluene. The obtained values have a wide confidence interval and agree with the values
obtained by other authors. The values of Hamaker's constant were:
(5.8 —20.2) x 1072°]J in the acetonitrile-toluene mixture 9 : 1 and (5.7 — 7.0) x 102°]J for
fullerene hydrosols. At the same time, for selected systems with the most reliable results,
the Arrvaluesare in the range (16.0 — 16.6) x 10 ~%°J.

Obtained results confirmed the presence of an additional stabilizing factor, which is
not taken into account by the classic DLVO. It is likely that such a factor is a structural
factor associated with strong solvation of the nanoparticle surface. This is in good
agreement with the ideas about the interaction between fullerenes (which are Lewis acids)
and electron-donating solvents. It is also in agreement with the demonstrated ease of
obtaining fullerene dispersions in DMSO, DMF, and similar solvents. The effect is also
confirmed by the large CCC values for fullerene sols in water, DMSO and mixtures

containing them.



Thus, the key features of the formation of C ;o fullerene aggregatesand their behavior
in solvents of different nature were revealed: in water, methanol, acetonitrile, DMSO, and
DMF, as well as in some binary and ternary liquid systems, including coagulation of
organo-, hydro-, and organohydrosols by electrolytes.

It has been shown that the following factors have a significant influence on colloidal
stability:

— Properties of the cations. Charge, size, and the possibility of charge delocalization
significantly affect cation solvation and, as a result, their adsorption on the
nanoparticles surface. A special case is proton, whose interaction with the
aggregates surface seems to be similar with acid-base interaction.

— Solvation of the fullerene nanoparticles surface. In the presence of basic solvents,
the surface of fullerene aggregates is better solvated, which increases the coagulative

stability of sols.

Practical use of the obtained results:

1) The obtained information on electrokinetic potentials (including the possibility of
overcharging colloidal aggregates) can be used to predict the transport properties and
behavior of fullerenes in electrochemical processes.

2) An easy obtaining method of stable and non-toxic fullerenes dispersions in DMSO
and DMSO-water mixtures is proposed. This method potentially can be used in medicine.

3) The approach to the estimation of Hamaker constants, developed on the example
of fullerenes, will allow improving the understanding and prediction of sol stability for

other nanocarbon structures (carbon nanotubes, graphene, nanodiamonds).

Key words: fullerenes, non-aqueous solutions, aggregation, phase transition, nanosized
particles, sols, electrokinetic potential, coagulation, DLVO theory, Hamaker's constant,

adsorption, surface solvation, physical optics.



