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BniauB mocTiHHOr0 MArHIiTHOrO MOJS HA CTPYKTYPHY
OpraHizaunino Ta TepMoOMexXaHIYHI BJACTHUBOCTI moJimMep-
MeTaJivyHHX cHcTeM HneKTHH—-Cu*—moJjieTniaeHimMin i
chopMOBaHUX i3 HUX HAHOKOMIIO3UTIB

B.JI /lemuenxo, B.1. lllmomnens, C.B. Pabos, JI.A. I'onuapenxo, C.M. Koounincokuii

[HcTuTyT XiMii BUCOKOMOITEKYIIsIpHUX crtonnyk HAH Ykpainu

48, XapkiBcwke moce, Kuis, 02160, Ykpaina

3a oonomoeolo Komniekcy cmpykmypHux mMemooie i mepMomMexaniuHo2o ananizy 00CHiONCeHo GNIUS
NOCMILIHO20 MACHIMHO20 NOJISL HA CMPYKMYPY MaA 81ACMUBOCII ROMPIUHUX NONIeNeKMPONIM-MemaniuHux
xomnaekcie (IIIIMK), ompumanux i3 cmexiomempuurnozo noiaieiexkmponimuoco komniexcy (IEK) na
ocnogi crabkux nonienexmponimie (nexmumny i noriemuneniminy) ma coni CuSO,, a maxooxc
chopmosanux i3 HUX HaHOKOMRO3UMIs. Bemanosneno, wo ximiune ionoenenmns kamionie Cu’* 6 06 ’'emi
HITIMK nio dieto nocmitinoeo MacHimuo2o noJis 6i00y8acmvCs 3 YMEOPEHHIM HAHOKOMIO3UMY HA OCHOBL
HEK i hanowacmunox minoxku memaniunoi ¢pazu Cu, TOJ1 K y BUXITHOMY cTaHi (0e3 Jil MarHiTHOTO ITOJIs )
popmyerbea nanokomnosut [IEK-Cu/Cu,0. Memodom mepmomexaniunozo ananisy nokazamo, wjo ons
nHanoxkomnosumy IEK—Cu, cgopmosanozo nio dicio nocmilino2o MasHimmozo nofs, Xapakmephe
3POCMAHHS MEMNEPAmypu CIMPYKmMypHO20 CKy8ants, mooi sik s IIEK i I[ITIMK — snuowcenns it enuuunu.

Kor0490Bi cJ10Ba: MOTPiHHMIA TTOTIETICKTPOITIT-METATIYHU KOMIUICKC, HAHOKOMITO3UT, MArHITHE TIOJIE, CTPYKTYPa, BIACTHBOCTI.

MarsitHe 1moje — OIiH i3 epeKTUBHHX 3ac001B Moa]i-
Karii Mmatepianis [ 1-5]. YncneHHi ekcriepuMeHTaNTBHI OCTi -
JKEHHSI CBiT9aTh MPO iCTOTHUHA BiATYK CIIAOKOMArHiTHHX,
30KpeMa IoiMepHHX, Marepialis [6—10], momiMepHIX KOM-
mo3uIiHnX Matepianis [11], HaHOKIacTepis [12] Ha miro
Mar"iTHOro moiis. OcoONMMBO MEPCIEKTHBHE 30MpaHHS
PEYOBHH 3 OKPEMIIX aTOMIB 3a JOITOMOTOI0 CHIIOBHX TIOJTiB
[13,14].

ExcrieprMeHTanpHe TOCTIDKEHHS BIUTUBY MarHiTHOTO
TI0JIS Ha BIIACTUBOCTI HEHATIOBHEHUX ITOJTIMEPIiB II0YaI0Cs
B 1970-x poxkax [15—17]. Huni murarssM Momudikartii modti-
MEpHHX MaTepialliB Ai€0 MATHITHOTO ITOJIS 3aMaIOThCS
TPy TOCHIAHUKIB Y pi3HUX KpaiHax cBiTy [14, 18, 19, 33].
AKTyanbHICTh IIUX JOCIIHKEHb 3yMOBIICHA MOKITUBICTIO
PeTYIIOBaHHS CTPYKTYPH 1 KOMIDIEKCY BIACTHBOCTEH TOTi-
MEpHHX MaTepialliB y 3aJaHOMY HATIPSIMi.

Hwuni MeTox BILITMBY MarHiTHOTO TIOJIS 3HAIIIOB IITHPO-
Ke 3aCTOCYBAHHS B PI3HUX raly3sX HPOMHUCIOBOCT. Moro
BHUKOPHCTOBYIOTh HE TUTBKH JUIS TIOKPAIICHHS MArHITHIX
BIacTUBOCTEN epomarueTukis [20], a i 1 Mmoguikartii
CTPYKTYpH Ta (pi3MIHNX BITACTUBOCTEH ITIMHUCTHX Marepi-
amiB [21], Boau ¥ BOOJHUX PO3YHHIB Pi3HUX peIOBUH [22],
pinkux kpucTamis [23], 6aBOBHSHIX BOJIOKOH [24].

ExcrieprMeHTaIbHO BCTaHOBJICHO, IO BILUTHB MArHiTHO-
TO TIOJISt MOYKe Oy TH BUKOPHCTAHO: Y TIPOIIECi CHHTE3Y TOJTi-
MepiB [25]; pu 3aTBEpAiIHHI ETIOKCUIHIX cMoI [26, 27];y
Tpolteci mepepoOKu moaimMepiB i popMyBaHHS HOTIMeEp-
HUX BUPOOIB [28]; pH OTprMaHHI TOJIIMEPHIX KOMITO3HUTIB,

AK1 MICTATB APIOHOMUCTIEPCHI 1 BOJIOKHHUCTI HAIIOBHIOBAY1
[28].

[ompu HasIBHICT YMCICHHUX ITyOIIIKAIiH, TPHCBsIe-
HUX JOCIIIKEHHIO il MOCTIHHOTO MarHiTHOTO IIOJIST Ha
CTPYKTYpY i BIACTUBOCTI TIOTiMEPiB Ta iX KOMITO3HTiB, Ha-
pas3i BicyTHi aHi PO BIUIMB MOCTIHHOTO MarHiTHOTO TIOJIS
Ha IIpoIecH copOii Ta XiIMIYHOTO BiTHOBIICHHS KaTiOHIB
METAaJiB Y HOTPIHHUX MOTIENEKTPOTIT-METAITHIX KOMIT-
nekcax ([TIMTMK).

Meroro 1i€i poOOTH € TOCTiPKEHHS BIUTUBY ITOCTIHHO-
TO MarHiTHOTO TOJIS Ha CTPYKTYPYy Ta TePMOMEXaHidHi
BJIIACTUBOCTI OTPIHNX MOMiEIEKTPOTIT-METaIITHIX KOM-
IUIEKCiB, OTPUMAHIX Ha OCHOBI IIPOTHIICKHO 3aPSIHKEHIX
TIOJTiETICKTPOIIITIB (MIEKTHHY ¥ MOTieTUIICHIMIHY) Ta COTIi
CuSO0,, a TaKOKX OTPUMAHKX i3 HUX HAHOKOMITO3HTIB y pe-
3yabTaTi XiMIYHOTO BiHOBIEHHs KaTioHiB Cu** B 00’ emi
ITIMK.

ExcnepuMeHTAIbHA YACTHHA.

Hus orpumanns [TEK BukoprcToByBai ciaadKi motie-
nekrponity (I1E): aHiOHHMIA IOMIENEKTPOIIIT — IEKTHH [IUT-
pycoswuit Bupoonunrsa “Cargill Deutschland GmbH”
(Himeuunna), M = 3-10%; kaTiOHHH TOTIENEKTPOJTIT — MOJI-
ieTHIIEHIMIH po3raiykeHoi OynoBu (Oe3BomHMIT) BUPOO-
nunrea ¢pipmu “Aldrich”, M =1-104, M =2,5-10".

ITmisku ITEK ¢opmyBanm nuisxom 3mimnryBanas S5 %o-
BHX BOJHUX po34nHiB mekTHHY i [1EL, B3ATHX 32 MOJIEHOTO
cuiBBigaomenns (MC) 1:1,3a T=20+2 °C. Otpumadi Ta-
kuM unHOM crexiomeTpudHi ITEK BunnBanm Ha moiter-
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Tab6mus 1. CopOrifiHa eMHICTB JOCTIPKYBaHHX TUTIBOK

A, MMOJIB/T

TEI-Cu”"
MC [nanka IexTnH— M MK
MOJTIeNIEKTP OJTITY |: Ccu?* K (TIMIT)
[Cu®']=5
4,7 1,3 2,9 3,1

padToperuncnoBi ([ITDE) mnactunu i cymmm 3a Tiel x
TemnepaTypH 1o cranoi Mmacu. Cyxi motiBku [1EK npomusa-
JIM B JUCTUIILOBAHIHM BOJII 1O TOCATHEHHS HEUTPAIBHOTO
pH i3HOBY cymnmnm 3a Takoi camoi TeMnepaTypH 10 CTaIoi
macu. ToBimHa rutiBok [1EK cranoBuia 100 MxMm.

3pasku [ITIMK otpumyBaim, 3aHyprotoun otiBku [IEK y
BozHMi posunH comi CuSO, 3 konuenTparieto 0,1 Momb/m.
[Tpu upomy mpo3opi 6e36apHi mwiiBku [1EK HabyBanu
TEMHO-CHHBOTO KOJILOPY.

Ximiune BigHoBneHH: KaTioHiB Cu?' B 06’ emi ITTIMK
BUKOHYBaJH 3a jonomoroto NaBH, (MC [BH, ] : [Cu*'] =
6) y my>xHomy cepenosuini 3a pH 10,8 y cyminri po3unH-
HUKIB BoJa-izonpomnanoin (4:1 00.%) npotsrom 3 rox 3a
T'=20+2 °C (1o nmpunuHEHHs BUIUICHHS OyJIb0AIIOK razy).
Konuenrpanis NaBH, y BogHO-CIMPTOBOMY pO3YMHi
0,1 monw/n. V pesynbrari BigHoBneHHs mwiiBku [1EK, sxi
mictimi CuSO,, 3MiHIOBaJIH KOJIp i3 CHHBOTO Ha TEMHO-
KOPUYHEBHH, IO CBIZTYMTH PO YTBOPEHHS HAHOUYACTHHOK
Cu,O B nonimepHiit matpui [29].

®opmysanns [1EK, [TTIMK i HaHOKOMITO3HTIB IIPOBO-
JIAITH SIK Y BUXIZHOMY CTaHi, Tak 1 MiJ{ €0 TOCTIHHOTO
marsitHoro nojist (ITMIT) npotsirom 3 roa Mixk omocamMu
enexrpomartita (B = 0,2 Tu1), npy bOMY TUTOIIMHY TLUTIBKH
3pa3Kka OpiEHTYBaJIH NEPIEHANKYISIPHO HAPSIMKY CHIIO-
BUX JIiHIH MarHiTHOTO nostst (7=20=+2 °C).

Cop0buiiiHy eMHICTB (A4, MMOJIB/T) IITIBOK OOYHCITIOBA-
i 3a popmysioro [30]:

A=(C~C)V/m,
ne: m— HaBaxka copoenty; V' —o06’em poszumnny; C i C,—
M0YaTKOBA i piBHOBa)KHA KOHLICHTPALIisI 10HIB MiJIi.

Jani copOIiifHOT EMHOCTI JOCITIPKYBAHHUX TUTIBOK Ha-
BEJICHO B Ta0mI. 1.

OcobnuBocTi amopdHOi Ta aMmopdHO-KpHCTANTIYHOT
ctpykrypu [IEK (nextuu—IIEI), ITIIMK (mexktna—Cu®—
nonieTuIeHiMin) i Hanokomnosutis [IEK-Cu/Cu,O a6o Cu
BUBYAJIM METOAOM LIMPOKOKYTOBOI PEHTT'€HIBCHKOI M-
¢paxuii Ha qudppakrometpi JJPOH-4-07, perrreHoonTny-
Ha CXeMa SKOTO BUKOHAaHa ‘‘Ha MPOXOAKEHHS MEPBUHHO-
IO ITy4YKa BUIIPOMIHIOBaHHS KPi3b IOCIIKYBaHHH 3pa3oK.

MikporeTeporeHHy CTpyKTypy (Ha HAHOPO3MIPHOMY
PiBHI) 3a3HaYEHUX MOTIMEPHUX CUCTEM JOCIIJHKYBAIIN Me-
TOJIOM MaJIOKyTOBOT'O PO3CIIOBaHHSI PEHTTEHIBCHKHX ITPO-
MeHiB 3a joriomMoroto kamepu KPM-1, ocHarieHoi iTuH-
HUM KOJIIMAaTOpOM IE€PBUHHOIO Iy4YKa BUIIPOMIHIOBaH-
Hsl, BUKOHaHMM 3a MeTosioM Kparki. ['eomerpuuni napa-
METPH KaMepH 3aJ0BOJLHSIIOTH YMOBY HECKIHUEHHOT
BUCOTH NepBUHHOTO myuka [31]. [Ipodini iHTeHcHBHOCTI
HOPMYBAJIM Ha BEJIMYUHY 00 €My PO3CIIOBAaHHS PEHTIe-
HIBCHKHUX ITPOMEHIB 1 ()akTOp NMOCIa0JIeHHs TEPBUHHOTO

w
o
T
00 ‘.;%69?
e

N E BigH. oI

15 30 45
26, rpas.

Puc. 1. IllnupokokyToBi peHTIeHiBChKi TudpakTorpamMmu
Buxignux 3paskis [1EK (/); I[ITIMK (2) Ta HaHOKOMIIO3HUTY
INEK-Cu/Cu,O (3) Ta ix ananoris [1EK (/°); IIIIMK (2”) Ta
naroxomnosuty [TEK—Cu (3”), chopmoBanux y [IMIT

ITyYKa JOCIIJDKYyBaHHM 3Pa3KOM.

Bci peHTreHOCTpyKTYpHI JOCHTIKEHHSI TIPOBOIMIIN B
CuK -BUIIDOMiHIOBaHHI, MOHOXpOMAaTH30BaHOMY Ni-
¢uteTpom, 3a T=20+2 °C.

Posmip nanouacturok Cu/Cu,O Ta iX po3nozii y moji-
MEpHIH MaTpHili JOCTIHKyBaJU 32 JOIOMOTOI0 TPaHC-
MiCiiHOTO eneKTpoHHOro Mikpockorna JEM-1230 (“JEOL”,
SnoHist) 3 po3AUTBEHOO 3AaTHICTIO 0,2 HM.

TepmomexaHiuHi AOCHIIKEHHS ITOJIIMEPHUX CUCTEM
BHUKOHYBJIU METOIOM ITEHETPALlii B PEXKHMI OJJHOBICHOTO
noctiitHoro HaBantaxeHHs (0= 0,5 MIla) Ha ycTanoBui
YUII-70M. Jlinilinuit HarpiB 3pas3kiB 37iiiCHIOBaIHU 3i
mBHAKicTIO 2,5 °C/XB y TemniepaTypHoMY iHTepBadi Bix 0
no+350°C.

Pe3yabTaTH 10CIiIZKeHD TA iX 00rOBOpEHHS.

3 aHaJTi3y IIMPOKOKYTOBUX PEHTTEHIBCHKHX U(PaKTOr-
pam BuxinHoro Ta chopmoBanoro y I[IMII 3pazkis I[TEK
(puc. 1, kpusi /, 1”) BUIHO, 1110 00M/IBA 3pa3Kku aMOpdHi, a
BILUIMB MAarHiTHOTO MOJs Ha TOHKY cTpykrypy [1EK
BiACyTHIH. Buxinnuii Ta chopmoBanwii iz giero [TMII cre-
xiomerprunuii [1EK, yrBopeHHii eKBIMOJIBHOIO KiIBKICTIO
a”ioHHOTO i KaTionHoro [1E, xapakrepu3yeThcs OImKHIM
YIOPSIIKYBaHHSIM TIPH TPAHCIIALIT Y IPOCTOpi pparMeHTiB
MIPOTHIIEKHO 3aPsHKEHNX MaKPOMOJIEKYIISIPHHX JIaHIIIOT1B
TIOMTIENIEKTPOJIITIB, sIKi BXOAATH 110 Horo ckiany. Ha 1ie Bka-
3y€ IIPOSIB HA PEHTI€HIBChbKUX AN(PPAKTOrpaMax BUXiTHOTO
Ta c(hOPMOBAHOTO i II€0 MOCTIHHOTO MarHiTHOTO OIS
3paska [1EK ogHoro mudpaxuiiHoro Mmakcumymy audys-
Horo Tumy 3a 26 = 20,8° (kpusa /). Cepeains BeuuuHa
nepiofy OJIMXXHBOTO BIOPSIKYBaHHS ()parMeHTiB KOMII-
JIEMEHTapHUX MaKpOMOJIEKYJISIPHUX JIAHIIIOTB TPOTHIIEHK-
Ho 3apsypkennx [1E B 06’emi [TEK (cepenns OperriBcbka
BIZICTaHb MK MAKPOMOJICKYIAPHUMH JIAHLIOTaMH aHIOH-
Horo i karionnoro ITE B 06’emi [1EK) cranoButs 4,3 A.

YrBopennsa [IIIMK cynpoBomxyeTbcsi 3MiHOIO
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Puc. 2. Mikpodororpadis TEM nanoxommosuty [TEK—
Cu/Cu,0, oTprMaHOr0 IIPH XiMiYHOMY Bi/JHOBJICHHI KaTiOHIB
Cu** BIINIMK 3a MC [BH, J/[Cu*] =6

nudpakuiiHOT KapTHHH. CYNPOBOJIKYETHCS 3MIHOIO AN(-
pakuiiHoi kapTuHu. [Tpo 11e CBiq4YNTb MPOSIB iIHTEHCHBHO-
ro nudpakuifHoro MakcuMymy 1ugy3Horo THIry 3a 26 =
11,2° (xpuBa 2) Ha (hOHI MaJIOIHTEHCUBHOTO aMOP(HOTO
rajo, ke, Ha BIIMIHY Bif anigﬂoro TTEK, mae kyToBe mosno-
Kenus3a26 = 204°(d= 4,3 A).leit nudpakiitinmii Mak-
CUMYM, Y BiJIIIOBITHOCTI 3 po0OoTOI0 [32], XapakTepusye
ICHYBaHHS MOJTI€JIEKTPOJIIT-METaTiYHUX KOMILIEKCIB MiXkK
ueHtpanbHuMu ionamu (Cu?") i miranaam, SIKUMH, iMOB-
ipHO, BUCTYNalOTh aTromMu a3zory amiHorpym I1EI i kap-
OoHIBHI aTOMHK KHCHIO aHioHHOTO [1E. Buxosuu 3 kyTo-
BOT'0 MOJIOXKEHHSI LILOTO TN PAKLIHHOTO MAaKCUMYMY Ha
pentreniBebkii nudpaxrorpami [ITNIMK, cepenus Operri-
BCbKa BIICTaHb (d) Mi>K MAKPOMOJIEKYIIIPHUMH JIAHLIOTaMH
I1E, xoopaunoBanuMu Karionamu Cu*', craHOBHUTE 7,9 A.

Ha mudpakrorpami 3paska [TTIMK, chopmoBanoro iz
niero [TMII, Takox crioCTEepiraeThes MPOSIB TOJIOBHOTO 3a
IHTCHCHUBHICTIO TUQPAKI[IHHOTO MAaKCUMyMyMYy, aje
3MIIIEHOTO B 00JIaCTh OIIBIINX KYTiB PO3CIFOBaHHS PEHT-
reHiBcbkux npomeHis (20) 3 11,2 no 11,8° (kpusi 2, 2°). Le
BKa3y€ Ha Te, [0 B PE3yJIBTaTI JIii MOCTIHHOTO MarHiTHOTO
NOJIsI cepeiHs OperriBchKa BiJicTaHb Mi’K MaKpOMOJIEKY-
maprumu tariroramu I1E, xoopauroaniMu KaTioHamMu
Cu*, 3amenmyernest 37,9 10 7,7 A.

Panime B po6oTi [33] METOIOM HIMPOKOKYTOBOT PEHT-
rerorpadii Hamu Oy0 BCTAHOBJICHO, 1[0 ONTUMAILHUM
JUTS BITHOBJICHHS 32 JIOTIOMOT'010 OOpOTiIpu Ty HaTpilo Ka-
tionie Cu** B 06’emi [ITIMK 3 HacTynHUM HOpMYyBaHHAM
nanokommnosutis [IEK-Cu/Cu,0 e MC BH, /Cu**= 6. Ha
Ju(paKTorpaMax Takux 3pa3KiB 3HUKAE IHTCHCUBHUH (-
pakuiitnuit Mmakcumym 3a 26 = 11,2°, saxuif Xapaktepusye
ICHYBaHHSI TTOJII€IEKTPOITIT-METAIIIYHUX KOMILIEKCIB BUIIE
BKa3aHOT'O THITY, HATOMICTb 3’ IBJISIFOTHCSI JIBa MaJIOIHTEH-
cuBHi udpakuiiini makcumymu 3a 26 = 35,6140°, mo,
3riHO 3 po60TOI10 [34], CBIAUUTE PO yTBOPEHHS HAHOYA-

HEEOEE @i@@@@-@-e-e-m-am-em s-?-@ lcleloterat

0,8 1,6

q, M’

Puc. 3. IIpodini iHTEHCHBHOCTI MaJOKyTOBOTO
po3scitoBanHs BuxigHux 3paskis [1EK (7), [IIIMK (2) Ta
nanokomnozuty [IEK-Cu/Cu,O (3) taix ananoris [1EK (4),
MITMK (5) ta HanokommozuTy [IEK—Cu (6), cpopmoBanmx
y TIMIT

ctuHok Cu,O B 06’emi I1EK, i 1Ba iHTEHCHBHI MAKCHMYMH
32260 = 42,8149,6°, sKi ineHTHIKYIOTH CTPYKTYpY MeTa-
TiYHOI Mifi (KpuBa 3).

[eperBopenns [ITIMK Ha HAHOKOMITO3HTH, SIKi MIiCTAT
HanogacTHHKM Cu/Cu,O, TaKOX MiATBEPIKYETCS JaHH-
MU TPAHCMIiCIHHOI eJIeKTPOHHOI Mikpockortii (puc. 2). 3
MikpogoTorpadii BUIHO, 0 HAHOUYACTHHKH CEPEHBOTO
po3Mipy 6mu3bK0 10 HM CTaTUCTUYHO PO3MOIUICHI B 00 €Mi
IEK

[IpoBeneHuii aHai3 MIMPOKOKYTOBUX PEHTTEHIBCHKHX
nudpaxrorpam BuxigHoro ta cpopmosanoro y [IMII Ha-
HOKOMMO3UTIB (puc. 1, kpuBi 3, 3”) BUSBUB, 110 B pE3YJib-
TaTi XIMIYHOTO BiHOBICHH: KaTioHiB Cu?* B 06 emi [TTIMK
(MC [BH, J/[Cu**]=6) min ai€to moCTiifHOro MarHiTHOro
TIOJISl yTBOPIOETHCS HAaHOKOMITO3HT Ha ocHoBi I1EK 1 HaHO-
YacTHHOK MeTalliyHoi Mifi. Ha 11e Bkasye rmposiB 1Box jiu-
(pakuifHUX MaKCUMyMiB JMCKPETHOTO THITy 32 260 = 431
50° 31 3BHUKHEHHSIM JIBOX AU(PaKIiHHIX MaKCUMYMIB 32
29m= 35,6140,0°, sixi BKa3yBaJId HAa HASIBHICTh HAHOYACTH-
Hok Cu,O B 06’emi IIEK. Ouinka eeKTHBHOTO po3mipy
(L) xpuctanitip HanoyactuHOk Cu/Cu,O Ta Cu B 06’ emi
HAHOKOMITO3HTY, C()OPMOBAHOTO Y BUX1THOMY CTaHI Ta Mif
niero [TMIT, moka3aiia, 110 Ii1 Ai€f0 IMOCTIHOTO MarHiTHOTO
noJist pOPMYIOTHCS 3HAUHO OUTBII KpHCTaNiTH (L= 6 HM),
HDK y BUXitHOMY cTaHi (L= 4,5 Hm).

BusiBiieHi 0coOMMBOCTI BILIMBY MOCTIHHOTO MarHiTHO-
0 1oJIst Ha aMop(HY Ta aMOP(PHO-KPUCTAIIYHY CTPYKTY-
py IHEK, IINIMK i nanokommnosutis [IEK-Cuw/Cu,O e mifcra-
BOIO JIJIs1 IOCITIPKEHHS MIKPOT€TEPOTreHHOTO CTaHy TXHBOT
CTPYKTYpH.

[Ipu npoBenenHi aHaii3y MpodiiB MaJIOKyTOBOTO PO3-
CIFOBaHHS pEHTTeHIBCHKUX IPOMEHIB JIOCITIDKYBaHHUX CHC-
TEM OTPUMAHHUX SIK Y BUXiJJTHOMY CTaHi TaK i Imi1 Ji€r0 I1,
NPe/ICTaBICHUX Y BUIIISAL rpadiKiB sIK 3aIeKHOCTI [ Bin ¢
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Tabmuus 2. Jlesiki CTPYKTypHI HapaMeTpH
JIOCITIJDKYBaHHX MOJTIMEPHUX CHCTEM
3pasok bp . Q.
HM | BITH.OJ

TTEK — 6,2
ITEK (TIMIT) 22 6,15
TIIIMK 12 6,0
MIMMK (TIMIT) 30 8,9
IMEK—Cu, 0 4,2 251,2
[MTEK—Cu (ITMIT) 6,8 2343

(puc. 3), Tak i s3FBiL[ 5%, 3rigHo 3 poboTtamu [35, 36], ne 1D -
IHTEHCHBHICTb PO3CilOBaHHS 0€3 BHECEHHS KONIMaIiHHOT
nonpaekH, a g=(4TVA)sin6=2 78, BCTAaHOBJICHO, 1110 32 BU-
usatkoM [1EK, orpumaHoro y BUXiZHOMY CTaHi, 1i CHCTEMH
XapaKTepU3yIOThCSI MIKPOT€TEPOr€HHOI0 CTPYKTYPOIO,
TOOTO iICHYBaHHSM B IXHBOMY 00’ €Mi KOHTPACTY €JICKTPOH-
Hoi ryctunu Ap (Ap = p—<p>, ne p, <P> — JOKaNbHE i
cepelHE 3HaUeHHSI eJIeKTPOHHOI rycTuHn). Lle o3Havae Ha-
SIBHICTH HE MEHIIIE IBOX THIIIB MiKpoOoOJ1acTel rereporeH-
HOCTI 3 Pi3HOIO BEJTHYUHOIO JIOKAJILHOT €JICKTPOHHOI I'yC-
tunu (). [IpumitHO, o HaHokommo3uty Tuny ITEK-Cu/
Cu,O ta IIEK-CumaroTh BUIIly iHTEHCUBHICTb PO3CitOBaH-
H4, a, 0OT)Ke, 1 BenmnuuHy AP (KpHBi I, 6) TOPIBHSHO 3 IOJI-
imepaumu cuctemamu [1EK i [IIIMK, copmoBannmu y
BUXiTHOMY cTaHi Ta mij xieto [IMIT (kpusi /—4). BogHouac
BiJICYTHICTb IPOSIBY iHTEpEPEHLIIHHOTO MAaKCUMyMYy Ha
BCIX MpoiJIsiX IHTEHCHBHOCTI BKa3y€e Ha CTOXaCTUYHMI Xa-
paxTep po3MilIeHHs y IPOCTOPi PI3HOTO THITY MiKpOOoO-
JlacTei reTeporeHHOCTI.

J1J1s1 HamiBKUTBKICHOT OLIIHKY BiZTHOCHOTO PiBHSI T€TEPO-
T€HHOCTI CTPYKTYPH JOCIIJDKYyBaHHUX ITOJIMEPHHUX CUCTEM
MOPIBHIOBAJIM 3HAYCHHS 1X iHBapianTa [lopoma O '[37]:

0 =Iq7 (q)dq,,

BEJIMYMHA SKOTO He3asexxHa (iHBapiaHTHa) moao Gopmu
MIKpOOOJIacTel reTeporeHHOCTI Ta 0e3MOCePeTHBO MOB s~
3aHa i3 cepeHbOKBAIPATHYHUM 3HaYCHHAM (uryKTyarii
eNeKTPOHHOT rycTHHH (<AP?>) B 06’ eMi 1BO(a30Bo1 cHc-
TEMH:
0'0<4p>,

ne: <Ap>=,6,(0,-p, . npu uwoy 9., p.. p, - 06-
’€MHa 4acTKa i eJIEKTPOHHA TyCTHHA MiKpoobJacTel rete-
porennocTi (@, +¢,=1) y nBodasosiii cuctemi. 3 nopisHsH-
Hsl 3Ha4YEHb iHBapiHTa O JUIsl TOCIIPKYBaHUX ITOTIMEPHUX
CHCTEM, OTPUMAaHUX SIK y BUX1THOMY CTaHi, TaK i ImiJ| Ti€ro
IIMII (tab:1. 2), BuaHO, IO BiTHOCHHH PiBEHb F€TEPOTeH-
HOCTI CTPYKTYpH ICTOTHO 3pocTac rpu nepexoni Bif [1EK i
IIIMK 1o nanokomnosuTis Ha ocHosi ITEK i Cu/Cu,O abo
Cu.

EdexruBuuii po3Mmip (IOPSIOK BEIUYHHU) MIKPOOO-
JlacTel reTeporeHHOCTI, ICHYIOUUX B 00’ €Mi JIOCITIKyBa-
HHX HOJIIMEPHUX CUCTEM, OTPUMAaHUX SIK y BUXIJJHOMY CTaHi
tax i iz gieto [IMII, oniHroBanu MeTo10M aBTOpPiB POOIT
[35, 36] nuisixoM po3paxyHKy TaKOTO CTPYKTYpHOTO Mapa-
MeTpa sK Jiama3oH rerteporeHHocti (range of

100

T
%

&%

200
r°C
Puc. 4. Tepmomexaniuni kpusi [TEK (7), [IIIMK (2) i
nanokommnosuty [IEK-Cu/Cu,O (3)

inhomogeneity) (lp), KU 0e3MocepeIHbO OB’ AI3aHUMH 3
YCEepEeTHCHUM JIiIaMEeTPOM MiKpOOOJIaCTeH reTepOreHHOCTI
(<I,>,<L>) B 1BOa30Biii cHCTEMI:
L=¢<l>=¢<l>.
Y pesyibTari IPOBEACHOIO PO3PaxyHKy napamerpa /,
BcTaHOBJEHO, o [1EK, chopmoBanmii mif 1i€ro mocTinHO-
T'0 MarHiTHOTO TOJISI, XapaKTePH3Y€EThCS MiKpOTETEPOTeH-
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Puc. 5. llInpokoKyTOBI peHTTeHIBCHKI TU(paKkTOrpamMmu
IMIIMK nipu T=20£2°C (1)1 T=1904£2°C (2)

TaOnuris 3. TemmieparypHi IepeXou CKITyBaHHS Ta B SI3KOT
Tedil OCIIPKYBaHHX MTOJTIMEPHUX CHCTEM

T, | T

3pasok oC oC

TIEK 53 319
TTEK (ITMIT) 50 314
TIIIMK 57 205
IITIMK (TIMTT) 53 215
ITEK-Cu,O 44 317
IMEK—Cu (IIMIT) 49 321
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Puc. 6. Tepmomexaniuni kpusi: a — [1EK, orpumanoro y BuxigHomy crani (/) i min giero [IMII (2); 6 — IITIMK,

oTpuMaHoro y BuxigHomy crani (/) i min giero [IMII (2); 6 —

HAHOKOMIIO3HUTiB, OTPUMaHHX IPH XIMIYHOMY BiJIHOBJIEHHI

kationis Cu** B IIIIMK 3a MC [BH, ]/[Cu**] = 6 y Buximnomy ctani na ocroBi [IEK i Cu/Cu,O (1) i mmia aiero nocriitHoro

marsitHOro rojist Ha ocHoBi [TEK i Cu (2)

HOIO CTPYKTYpo¥0, ToAi sk Buxinamii [IEK cTpykTypHO ro-
morenuuni. I[Tokasano, mo B [IIIMK 1 HaHOKOMITO3HTax
MEK—Cu, orpumanux min gieto [IMIT, popmyroTscs 3Ha4-
HO OUITBIII MiKpOOOJIACTI TETEPOTeHHOCTI TOPIBHSIHO 3 iX
BHIX1JTHIMU aHajoramu (Taom. 2).

PazoMm i3 mpoBe1eHMMH TOCTIIKEHHIMH BIUTABY ITOCT-
1IfHOTO MarHiTHOTO MOJIS Ha CTPYKTYpHY oprasizarito I1EK,
MMNMK i nanoxkommosutis [TEK-Cu/Cu,O BrB4ami repmo-
MeXaHIYHY ITOBEIIHKY [INX CHCTEM, C(HOPMOBAHUX Y BUXiJI-
HOMY cTtaHi Ta mif gieto [IMIL.

I3 Tepmomexaniunoi kpuBoi Buximaoro I[TEK (prc. 4, kpu-
Ba /) BHIHO, ITI0 B 007acTi TemmepaTyp Bix 25 no 145 °CiBin
265 1o 350 °C criocTepiraroTbest TEMIIEpaTypHi IIepexo/y,
TIOB’sI3aHi 3 TEMIIEPaTypOI0 CTPYKTYPHOTO CKITyBaHHSA 1
TeKydocTi BinmoBigHo. KpiMm mieoro, B inTepBai Bix 80 1o
245 °C icHye TeMIepaTypHHI ITepexi, moB’ s3aHui, iMO-
BipHO, 3 Iu1aBiIeHHsM y 00’ eMi [TEK kprcraiiTis, siki Haje-
’aTh 10 aHioHHoro [1E, HasBHOTO B iX cKumai [38].

Yr1Bopenns [IIIMK cynpoBogKyeTbcsi MOABOIO HA
TepMOMeXaHIgHIH KPHUBiH TeMITEpaTypHOTO IEPEXOy IPH
T'=205 °C, ioB’s13a00r0 3 T1asyeHHsM conti CuSO, B 06’ emi
TIOJIiMepY, IO IPUBOIUTH A0 HOTO MEPEX0ny y B’S3KOTe-
Kyuwii ctaH (kpuBa 2). [3 maHoi TepMoMexaHigHOi KpUBOT
MOJKHA 3pOOUTH BICHOBOK, IO 31 301TBIIICHHSM TeMITEepa-
TypH pyHHYIOTBCS TOTPiHI TOTieNEeKTPOTIT-MeTaIigH1
KOMIUIEKCH 1 TIOCITITOBHO 3MiHCHIOIOTHCA MTPOIIECH KPUCTa-
mizamii coni B iHTepBam Temmepatyp 185-205 °C i 1i mras-
nenss. Lle miaTBepmkye anamiz AudpakifHIX KPUBUX
MIIMK, oTpumaHuX 3a pi3HOI TeMIiepatypu. SIK BUIHO 3
mudpakrorpamu [ITIMK (mocnimkeHHS POBOIWIH 32
T=20=+2°C, puc. 5, kpua 2), cyibhar Mifi y moriMepHii
MaTpuIli epedyBae B iI0HHOMY BHUIIIAAL (Ha TP PAKTOT-
pami HeMae MaKCUMYMIiB, III0 XapaKTePH3YIOTh KPUCTaIi-
YHY CTPYKTYpY codi). CriocTepiraeTbcst iHTEHCHBHUM qH()-
pakiitauit Makcumym qudysnoro Tumy npu 26, = 11,2°,
SKUH XapaKTePHU3ye ICHYBAHHS MTOJTIETEKTPOITIT-METaTI THIX
KOMIUTCKCIB MiK IIeHTpabHIMH ioHaMu Cu?' i irasaamu,
B pOJIi SIKMX, IMOBIpHO, BUCTYIAIOTh aTOMH 30Ty aMiHOT-

pyu ITEI i xapOoninsHi aTomu kucHIO a”HionHoTo [1E. 3
TTOPIBHAHHS ITIPOKOKYTOBUX PEHTTEHIBCHKIX AU(PPAKTOT-
pam 3paskiB [IIIMK, npormcannx npu 7'=20+2 °Ci T =
19042 °C (xpusi /, 2) BuHO, o Ha qudpaxrorpami ITTIMK,
nporucaroro npu 7'=190£2 °C, BincyTHil iHTCHCHBHUI
mudpaxiiiiauit Makcumym mpu 26 = 11,2°, mo xapaxTe-
PpU3ye iCHYBaHHSI MTOMIEIEKTPOTIT-METAITYHUX KOMILIEKCIB.
HartomicTp 3’ BISIOThCS AUQPPaKIiiHI MAKCUMYMH TIPH
20m = 43,5150,5°, 10, 3rigHO 3 podoToto [33], xapakTepu-
3YIOTh CTPYKTYpY Mizi B 06’ emi [TEK.

3 aHamizy TepMoMexaHiuHUX KpuBuX BuxigHOTo [1EK,
TIMMK i nanoxommosuty IEK-Cu/Cu, O (puc. 4) BcTanoB-
JIeHo, 1o tipu niepexozi Bix ITEK mo TITTMK ITEK-Cu? tem-
repaTypa CTpyKTypHOro cruryBanHs (T g) T ABHUITYETHCS, &
mpu iepexoxi Bix [IIIMK no manoxommozuty [TEK-Cu/
Cu,O —icToTHO 3HMKYETHCS (Ta0I. 3). OMHOYACHO 3 BENH-
4nHOI0 T, CIIOCTEPIraeThesl SHUKECHHs TEMIIEPATyPH Tie-

, o
pexony B B’SI3KOTEKy4HI CTaH (7}) Y PIRY ™ T
Cu20)>Tf(l'll'lMK) .

3 repmomexanigHnx kpuBux 3paskis [1EK, IITIMK i Ha-
HOKOMIIO3HTIB, OTPUMAHHX 3a Pi3HUX YMOB (puc. 6a—8),
BuaHo, o [TEK i [TTIMK, chopmoBaHi iz mi€ro mocTiiHO-
T'0 MarHiTHOTO ITOJIA, BiJ3HAYAIOTHCS 3HU)KEHHSM BEJIHYH-
a7, Toxi sik 1yt HaHokoM1To3uTy [TEK—Cu, chopmona-
Horo mia aieto [IMI1, xapakTepHe IiABUIIICHHS ITi€1 BEITH-
guan. Kpim toro 3pasku [IIIMK i Hanokommnosut [TEK—
Cu, cdopmonani nig giero [IMII, xapakTepu3yoThCs
BUIMMH 3HaYCHHAMH T (tabm. 3). Lle Bka3zye Ha OUTBII
BHCOKY TEPMOCTIHKICTh IUX MOJIMEPHHUX CHCTEM Y TI0-
PpiBHSHHI 3 X aHaJIOTaMu, oTpuMaHuMu 6e3 mii [IMIT.

OTxe, B pe3yabTari MPOBEICHUX J0CITiHKEHb METOIOM
IIPOKOKYTOBOI peHTreHorpadii BUSABICHO, IO B PE3YJIb-
TaTi [ii MOCTITHOTO MarHiTHOTO MOJIS MPH (GopMyBaHHI
[IIMK 3meHIIy€eThCS cepenHs OperriBchKa BiICTaHb MiXk
MaKpOMOJICKYJIIPHIMH JIAHIIOTaMH IIPOTHIICKHO 3apsij-
JKEHUX TOJIEIeKTPOIITIB, KOOPINHOBAHUMH KaTiOHAMHU
Cu*,379107,7 A Bcranosieno, 1o xiMidHe BiJTHOBIIEH-
Hi kaTioHiB Cu®* B 06’ emi IITIMK min mi€ro MOCTIMHOTO
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MarHiTHOTO TI0JIs BiJIOYyBa€ThCS 3 yTBOPEHHSIM HaHOKOM-
no3uty Ha ocHoBi [TEK 1 HaHOYaCTHHOK TLIBKHM MeTalliYHOT
¢asu Cu, Toai gk y Buxiguomy crati (6e3 aii [IMIT) ¢pop-
MyeTbes Hanokomnosut [TEK-Cu/Cu,O.

YeranoneHo, mo [1EK, chopmosanmuii mig giero [IMI1,
XapaKTepPHU3YEThCSI MIKPOT€TEPOTEHHOIO CTPYKTYPOIO Ha
BiZIMIHY BiJ] HOTO aHaJIOTa, IKUI CTPYKTYPHO FTOMOTEHHHH.
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Biausinue moCTOSIHHOI0O MArHUTHOIO IOJIS HA CTPYKTYPHYIO OpPraHmM3alvio "
TEPMOMEXaHNYECKHUE CBOlicTBA MOJIMMEP-METAVNIHICCKHUX CUCTEM NEKTHH—
Cu?—moIHeTHIIEHUMHUH H C(l)OpMI/IpOBaHHLIX M3 HUX HAHOKOMIIO3UTOB

B.JL /lemuenxo, B.H. IlImomnens, C.B. Pabos, /1. A. I onuapenxo, C.H. Kooununckuii

MHCcTUTYT XMMUH BBICOKOMOJIEKYISIpHBIX coennHeHnit HAH Ykpaunsl
48, XapbkoBckoe mocce, Kues, 02160, Ykpanna

C nomowbio Komniekca CmpyKnmypHbiX Memoo08 U MepMOMEXaHUYECKO20 AHANU3A UCCLE008AHO GUSIHUE
HOCMOAHHO20 MACHUMHO20 NOJS HA CMPYKMYPY U CE8OUCMEA MPOUHBIX NOJUINEKMPOIUN-
memanauueckux komniexcog (TIIMK), nonyueHHvlx u3 cmexuomempuyecko2o nOAUINEKMPOIUMHOZO
xomnnexca (I19K) na ocnoge ciabvix nOIUINEKMPOIUNMOE (NEKMUHA U ROIUDIMULEHUMUNA) U CONU
CuSO, a makdce chopmMuposannblx u3 HUX HAHOKOMNO3UMOS. YCMAHO6NEHO, UMO XUMUYECKOe
soccmanogienue kamuorog Cu’* ¢ oowveme TIIMK noo Oeticmguem noCmMosHHO20 MASHUMHO20 NOJISL
npoucxooum c 06pazosanuem HaHokomMno3uma na ochoge IOK u nanouacmuy moavko memaniuieckoul
Gasel Cu, moeda xax 8 ucxoonom cocmosiHuu (6e3 8030elcmeusi MAzHUMHO20 Nois) Gopmupyemcs
nanoxomnosum [IIK-Cu/Cu,0. Memooom mepmomexanuiecko2o anaiu3a nokasawo, 4mo noo
delicmguem NOCMOSHHO20 MASHUMHO20 NnoJs 0ast Hanokomnozuma [19K—Cu umeem mecmo pocm
memnepamypuvl CmpyKmypHo2o cmeknoganus, moeoa kax onst IIOK u TIIMK xapaxkmepho cHuscenue
eeauyunovl T ¢

KiroueBbie ¢j10Ba: TPOWHOM MOTHANIECKTPOIUT-METAIUTMICCKUI KOMIUIECKC, HAHOKOMIIO3UT, MATHUTHOE TI0JIE, CTPYKTYPAa,
CBOICTBA.

The influence of a constant magnetic field on the structure and
thermomechanical properties of polymer-metal systems based on polyelectrolyte
complexes of pectin and polyethyleneimine with copper ions and nanocomposites
formed from these systems

V.L. Demchenko, V.I. Shtompel, S.V. Riabov, L.A. Goncharenko, S.M. Kobylinskiy

Institute of Macromolecular Chemistry, NAS of Ukraine
48, Kharkivske shose, Kyiv, 02160, Ukraine

The effect of a constant magnetic field on the structure and properties of ternary polyelectrolyte—metal
complexes (TPMC) obtained from a stoichiometric polyelectrolyte complex (PEC) based on pectin
and polyethyleneimine with Cu?* ions and nanocomposites formed from these ternary system have
been studied by a number of structural techniques and thermomechanical analysis.

1t is revealed that as a result of chemical reduction a copper ions in the volume of TPMC under the
influence of a constant magnetic field occurs with the formation of nanocomposites based on PEC and
nanoparticles which consist of only metallic copper phase, whereas in the initial state (without
exposure to a magnetic field) is formed nanocomposite PEC—Cu/Cu,0. By means of thermomechanical
method it is found that under the influence of a constant magnetic field a glass transition temperature
T, increases for PEC—Cu and decreases for PEC and TPMC.

Key words: ternary polyelectrolyte-metal complexes, nanocomposite, magnetic field, structure, properties.
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