Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2015 IM® (IacturyT MeTanodisukm
Nanosystems, Nanomaterials, Nanotechnologies im. I'. B. Kypaiomosa HAH Vkpainun)
2015, 1. 13, Ne 4, cc. 649-659 Hazapykosauno B YKpaisi.
PoroKronioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsii

PACS numbers: 44.10.+i, 62.23.Pq, 64.70.P-, 65.40.De, 68.37.Lp, 83.60.Np

CrpykTypa M TepMoMeXaHUYeCKHe CBOMCTBA HAHOKOMIIO3UTOB
HA OCHOBE IEKTHHA, MOJUITUICHUMUHA ¥ HAHOYACTHUIL] MEeIH,
c(hopMHUPOBAHHBIX MO JEeHCTBHEM IMOCTOTHHBIX MATHHUTHOTO
WJIM 3JIEKTPUUYECKOT0 IoJiei

B. JI. llemuenko, B. . lllTtomnens, JI. A. 'oHuapeHKO

Hunemumym xumuu 6b.COKOMONEKYAAPHBLX coedunenult HAH Yikpaunot,
Xapvrosckoe wocce, 48,
02160 Kues, Ykpauna

MeTogaMu HIMPOKOYIJIOBOII pPEeHTreHOrpa)uy M TEePMOMeXaHUYeCKOTO aHa-
Ju3a MCCJAeNOBAaHO BJIUAHWNE ITOCTOSIHHBIX MATHHUTHOTO UM 3JeKTPUUECKOTO
ImoJieil Ha CTPYKTYPY M CBOIiCTBA HAHOKOMIIO3WTOB HA OCHOBE IEKTHHA, IIO-
JUSTUICHUMUHA W HAHOYACTUIL MeAu. ¥ CTAHOBJIEHO, UTO XUMHUYECKOe BOC-
craHoBieHHe KaTruoHoB Cu?’ B TPOHHBIX IOIMAIEKTPOIUT-METALINIeCKIX
kommrexkcax (TIIMK) mox meficTBMeM HOCTOSHHBIX MATHUTHOTO W DJEKTPU-
YECKOro II0JIell MMPOMCXOAUT C 00pasoBaHMeM HAHOKOMIIO3WTa Ha OCHOBE IIO-
auasiekTpoauTHoro kKommiaekca (II9K) m wmaHouacTwIll TOJIBKO MeTaJJInue-
CKOU (pasel Meau, TOrga KakK B MCXOOHOM cOCTOSHUM (0e3 meficTBUSA IIOJIA)
dopmupytorca HaHOKOMIO3uThl [IOK—-Cu/Cu,0. MeTomoMm TepmMoMexXaHmUe-
CKOrO aHajam3a II0OKa3aHO, UTO IIOf OefiCTBMeM IIOCTOSHHBIX (DU3UUYECKUX
moJieit (opmupyrorcs HaHOKoMmo3uThl IIOK—-Cu c 6oJjiee BLICOKMMU 3HaUe-
HUAMH TEeMIIepaTyphbl CTPYKTYPHOTO CTEKJIOBAHUA.

MeTtomamMu MIMPOKOKYTOBOI peHTreHorpagii Ta TepmMomMmexaHiuHOl aHaJism
IOCJIiI?KEHO BIJIUB MOCTiMHMX MAarHETHOTO W €JeKTPUUYHOTO IIOJIiB Ha CTPY-
KTYpy Ta BJACTUBOCTi HAHOKOMIIO3UTIB Ha OCHOBi HMEKTHHY, ITOJIieTHJIEeHiMi-
HY Ta HaHOYACTUHOK Mini. BecramoBiieHo, 1o XimMiuHe BifHOBJIEHHS KaTiOHIB
Cu? y moTpifiHMX mOJieJIeKTPOJiT-MeTalIeBIX KOMILIEKCAX MIif i€l IIoc-
TiTHUX MarHeTHOTO I eJIeKTPUUHOTO MOJIiB BifgOyBaeThCA 3 YTBOPEHHAM Ha-
HOKOMIIO3UTY Ha OCHOBi mosienexTtposiTHoro xKomiiexkcy (ITEK) i manouac-
TUHOK TiJbKM MeTajsieBoi dasu Mizxi, Tomi AK y BuximHomy craHi (6e3 mii mo-
as) popmyiorbesa Hamokommosutu [IEK-Cu/Cu,O. MeTomooo TepMoMexaHid-
HOI aHaJi3M MOKAa3aHO, IO Iij Ai€r0 MOCTiMHMX (PiSMUYHUX IOJIB (POPMYIOTH-
ca HaHoromno3utu IIEK—Cu i3 6inbln BUCOKMMU 3HAYEHHSAMU TeMIIEpaTypu
CTPYKTYPHOTO CKJIYBaHHA.

The methods of wide-angle X-ray diffraction and thermal mechanical
analysis are used to study the effect of constant magnetic and electric
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fields on the structure and properties of nanocomposites based on pectin,
polyethylene and copper nanoparticles. As revealed, the chemical reduc-
tion of Cu?' cations in the ternary polyelectrolyte—metal complexes
(TPMC) under constant magnetic and electric fields occurs with formation
of a nanocomposite based on the polyelectrolyte complex (PEC) and nano-
particles of only metallic phase of copper, whereas in the initial state (no
action of the field), the PEC—Cu/Cu,0 nanocomposites are formed. The
method of thermomechanical analysis shows that, under the influence of
constant physical fields, the PEC—Cu nanocomposites with higher glass-
transition temperature are formed.

KaroueBsie cjoBa: IMOJINAJIEKTPOJUTHLINA KOMILIEKC, TPOMHON MMOJHIIEKTPO-
JIUT-METAJINYECKNH KOMILJIIEKC, HAHOKOMIIO3UT, CTPYKTYypa, T€PMOMEXaHU-
YyecKHUe CBOMCTBa, GU3UUECKOe MOJe.

KarouoBi caoBa: mosrieIeKTPOTITHUN KOMILIEKC, HOTPIAHUI MOJIieIeKTpo-
JiT-MeTaymeBUil KOMILJIEKC, HAHOKOMIIO3UT, CTPYKTypa, TepMoMeXaHiuHi
BJIACTUBOCTI, (hiduwuHe moJie.

Key words: polyelectrolyte complex, ternary polyelectrolyte—metal com-
plex, nanocomposite, structure, thermomechanical properties, physical
field.

(ITonyueno 24 cenmabpsa 2015 e.)

1. BBEAEHUE

Croco0HOCT, (PYHKIITMOHAJIBHBIX TPYIII IIOJHUIJIEKTPOJUTOB CBI3LIBATH
MOHBLI METAaJIJIOB II03BOJIAET HCIIOJb30BATh MX B KauecTBe COPOEHTOB,
MOHOOOMEHHBIX MAaTEPHUAJIOB U IIPEKYPCOPOB MHJIA IIOJYUYEHUS IIOJIH-
Mep-HeOpraHuYeCKUX HAHOKOMIIOBHUTOB IIYTEM BOCCTAHOBJIEHUSA WJIN
ocaiKIeHus WNOHOB MeTaJiIoB. IlocJ/ieqoBaTeIbHOCTH COJIEBBIX CBsA3eil
IIPOTHBOIIOJIOKHO 3aPAKEHHBIX IIOJUIJIEKTPOJHUTOB MOMKET CIYKUTH
11a0JI0HOM [IJIsT CBS3LIBAHUSA MOHOB METAJIJIOB C BBICOKOU CEJIeKTHBHO-
CThIO OJlaromaps IIpoleccaM KOMILIEKCOOOpasoBaHMA. OTO [OejaeT
BO3MOXKHBIM CO3JaHNe COBPEMEHHBLIX (PDYHKIIMOHAJIbHBIX MaTePHAaJIOB
HAa OCHOBE HWHTEPIIOJUIJIEKTPOIUTHLIX KOMILIeKCOB. HamouacTHIib
HEKOTOPBIX METAJIJIOB 00JIafal0T YHUKAJILHBIMU (PU3UUYECKUMU U XU-
MUYECKHMU CBOMCTBaMM, HAOpuMep AJA HAHOYACTHUI[ MeIN Xapak-
TePHBI MHTEPECHbIEe OIITUYECKHE CBOMCTBA, BHICOKAs KaTAaJUTHYECKasd,
aHTHOAKTepHaJIbHAS WM (PYHMUIIUIHAS aKTHBHOCTb. JTO O0yCJIaBJIMBA-
eT WHTepec K MOJIYUYEHWIO METaJLI-IIOJTUMEPHBIX KOMIIOSUTOB C KOH-
TPOJUPYEMOH CTPYKTYPOIl 1 padmMepamMu HaHouacTui [1-6].

HoBbIM ¥ TEPCIEKTUBHBIM METOAOM TOJYYEHUS HAHOKOMIIO3UTOB
ABJIAETCA BOCCTAHOBJIEHWE MOHOB MeTaJIoB (Me"') B TPOMHBIX ITOJIH-
asieKTposuT-MeTayindeckux Komiiekcax (TIIMK). 9rto mosBosaser
MoJyYaTh HAHOKOMIIO3UTHI C 3aJaHHBIM DPasMepoOM HAHOYACTHUI, U
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paBHOMEPHBIM pacIpeeeHIeM UX B IMoJamMepHo# matpuiie [7—10].

B uactmocTH, B paborax [1, 3] uccaemoBaHbl CTPYKTypa, 9JIEKTPO-
dusuuecKre M MAarHUTHBIE CBOMCTBA MCXOTHOI'O CTEXHOMETPUUECKOTO
monmaaeKkTpoauTHoro Kominexkca (IIOK) monmakpuioBas KucioTa—
nosuastmiernMuH, TIIMK tunma IIDK-Cu?" u IIDK-Ni*" u HarOKOM-
mo3uToB II9K—-Cu,0 u II9K-Ni’. B pesyabTaTe XMMHUUECKOTO BOCCTA-
HOBJeHHusA ¢ nomombio NaBH, xaruomos Cu®’" u Ni®*" 8 TIIMK o6pa-
3yeTca HAHOKOMIIO3UT CO CpeJHMM pasMepoM HaHouacTur, Cu,0 u Ni’
3—5 HM. YCTAaHOBJEHO, YTO 3JIEKTPOHIPOBOAHOCTL IIPU IIOCTOSIHHOM
toke TIIMK II9K-Cu* u IIDK-Cu,0 cocraBiger 6-10°7 m 3.107°
CMm/cM COOTBETCTBEHHO.

HecMmoTpsa Ha onmyOJMKOBAHHBIN pAL PadOT, IMOCBAMIEHHBIX ICCJIE-
mopauuio TIIMK u mosyyeHHBIX M3 HHUX HAHOKOMIIO3HUTOB, IO CHUX
[IOP HET JaHHBIX 00 MCCJENOBAHUY BIUAHUSA IIOCTOAHHBIX MATHUTHOTO
¥ BJIEKTPUYECKOro IIOJIel Ha IPOIeCChI COPOIMYN KATHOHOB METAJIJIOB
Me"" monnsIeKTPOIUTHLIMYA KOMILICKCAMM M3 BOJHBIX PACTBOPOB CO-
Jell u BocCcTaHOBJIeHUA KaTuoHoB MeTayioB B TIIMK ¢ mociemyromum
dopMUpOBAHTEM HAHOKOMIIO3UTOB.

B cBsA3u ¢ sTuM B HacTosAleill paboTe cTaBUJIACh IIeJIb HMCCJIEL0BATh
BINSAHNE IIOCTOSHHBIX MATCHATHOI'O WKW 3JEKTPUUYECKOrOo IIoJiell Ha
0COOEHHOCTH CTPYKTYPBI, MOP(OJOrMHM ¥ HA TepMOMEXaHHYeCKUe
CBOMCTBA TPOUHBIX MOJUIJIEKTPOJUT-METAINYECKNX KOMILIEKCOB,
IMOJIYUYEHHBIX HA OCHOBE IIPOTHBOIIOJIOMKHO 3apPAMKEHHBIX IIOJHIJICK-
TponuToB (meKTuH—IIOU) u comu CuSO,, a Takxke cHOPMUPOBAHHBIX
13 HUX HAHOKOMIIO3UTOB B Pe3yJIbTATe XMMHUYECKOIO0 BOCCTAHOBJICHUS
rkatnoHoB Cu®" B 06béme TIIMK.

2. OKCIIEPUMEHTAJBHASA YACTD

Hnsa nonyuenua 119K mcmonabzoBaiu ciiabble TOMUIIEKTPOJIUTHI: aHU-
OHHBIU ITOJUIJIEKTPOJUT—TIEKTUH ITUTPYCOBBIN mpomsBojacTBa ‘Cargill
Deutschland GmbH’ (Tepmanusa), M = 3-10*; KaTHOHHBIH IIOJIHUAJIEK-
TponuT—noaustuaenuMun (IIOW) pasBeTBiIEHHOTO cTpoeHUs (6e3BOI-
HBIH) TpousBojacTBa pupmsl ‘Aldrich’, M, =1-10%, M, = 2,5-10".

Ilnéuku II9K dopmupoBanu cmernuBanueM 5% -X BOAHBIX PACTBO-
poB mektumHa u IIOU, B3ATBIX B MOJBHOM COOTHOIIeHuu 1:1, mpu
T =20 + 2°C. Ilonmyuennble TaKuUM obOpasoM crexuomerpuueckue 19K
BBLIMBAJIM Ha IMJIACTUHLI M3 moiauTeTpadrTopstuiaeHa (IITDI) u cy-
UM TPU 9TOH JKe TeMIlepaType [0 IIOCTOSHHON Macchl. Cyxue
maéaxu ITIOK mpoMmbIBaIu B AUCTUIMPOBAHHOI BOJE M0 HOCTUIKEHUS
HeriTpanbuoro pH u cHOBa CyIIWauM MpU 9TOM Ke TeMIlepaType I0 IIo-
croaHHoi maccwl. Tommuua miaéuox II9K cocrasiasiaa 100 mxM.

O6pasusr TIIMK noayuanu, morpy:kad miaéHku IIOK B BomHBIN
pactBop comu CuSO, ¢ xommenrpanueir 0,1 moab/n. Ilpu sTom OGec-
nBeTHble IEHKYU [IOK mpuobperain TEMHO-CHUHIOI OKPACKY.
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Xumudeckoe BoccTaHOBIeHHe KaTnoHoB Cu?’ B 06béme TIIMK BbI-
nonHanu ¢ nomorsio NaBH, (monsHOe coormomenue (MC) [BH,”
J:[Cu®'] = 6) B menounoit cpexe npu pH 10,8 B cmecu pacTBopuTesei
poma—musonpomnanos (4:1 06.%) npu T =20+ 2°C B Teuernune 3 u (mo
IpeKpalleHnsa BbIJeJeHna IY3bIphbKOB rasa). Koumenrpanus NaBH, B
BomHO-cnupToBOM pactBope — 0,1 moian/n. [Ipu BoccTamoBIeHUM Ka-
tuonoB Cu?" mnéaxu TIIMK MeHAIM IIBET C CHMHEr0o Ha TEMHO-
KOPUUYHEBBIN, UYTO CBUIETEJBCTBYeT 00 00pasoBaHMU HAHOUYACTHUI]
Cu,0 B monumepHoi#i marpuiie [1]. AHAJIOTMUYHBEIM 00PA30M IIOJYUAaJIT
mopomrok Cu/Cu,0.

Boccranosierue katuonoB Cu?' B o6wéme TIIMK nmpoBoguim Kak B
MCXOJHOM COCTOSHUM, TaK W IIOJ AeHCTBHEM IOCTOSHHOTO MAarHUTHO-
ro mona (IIMII) B Teuenme 3 U Me:KIy IIOJIOCAME 3JIEKTPOMATHUTA
(B=0,2 Txa) unu nox AeiicTBUEM IIOCTOSAHHOTO 3JIEKTPUUYECKOTO IIOJIS
(II3II) B TeueHme 3 U MeKy IJIACTUHAMM IIJIOCKOTO KOHJEHcCATOpa
(E=1-10° B/m); npu 3TOM ILJIOCKOCTh ILJIEHKH OPHEHTHUPOBAJIU IIep-
MeHINKYJIAPHO HAIpaBJIeHUI0 CUJI0BLIX JuHui mouas (T = 20 + 2°C).

CopbuuonHyI0 E€MKOCTh (A, MMOJB/T) ILIEHOK PACCUUTHIBAIU IIO

dopmye [11]:
A=(Cy—-CpV/m,

rme m — HaBecKa copbeHtra; V — o00BéMm pactBopa; Cy m Cp —
HavaJbHAsg W PaBHOBeCHAs KOHIEHTPAIIMM MOHOB Menau. JlaHHBIE IO
COPOITMOHHON éMKOCTH IpPUBEIeHEl B Ta0a. 1.

OcoGennocTu amMophHOi ¥ aMOPHHO-KPUCTAIINUECKON CTPYKTYPHI
9K (mextur—II9N), TIIMK (nextTur—Cu*—ImOJMSTHIEHHMMHUH) u
"HanoxkomMo3uToB II9K—-Cu/Cu,0 uau Cu mayuyaam MeTOAOM MIHPOKO-
YTJIOBOII PEHTTeHOBCKO# mudpaknum Ha mqudpaxromerpe [[POH-4-07,
PEHTTeHOOITUYECKAasA CXeMa KOTOPOTO BBIMOJHEHA «HAa MPOXO0XKIeHUE»
MePBUYHOr0 NyYKAa M3JIyYeHUs CKBO3b MCCJIeNyeMbIil oGpaseir.

PeurrenocTpyKTypHBIe uccaenoBanus npoBoguau B CuK,-usimyue-
HUU, MOHOXpoMaTusupoBaHHoM Ni-puasrpom, mipu T'=20+ 2°C.

Pasmep namouacturr; Cu/Cu,0 u ux pacupeneseHre B MOJUMEPHOMH
MaTPUIle MCCJIEN0BaJU C MOMOIILI0 TPAHCMUCCUOHHOTO 3JIEKTPOHHOTO
mukpockomna JEM-1230 (‘JEOL’, Aoonus) ¢ paspemtenuem 0,2 HM.

TepMoMexaHNUECKUE WCCJEIOBAHUSA ITOJUMEPHBIX CHCTEM BBIOJI-
HAJIW METOJOM IIeHeTpalyd B peXUMe OJHOOCHOM IIOCTOAHHOM

TABJIMIIA 1. CopbuuoEHas éMKOCTb HCCAeAyeMbIX IIEHOK.!

A, MMOJIB/T
19U -Cu® P
MC [Cu?*]:[sBeno TI] = 5 [MexTur—Cu®’|TIIMK | TIIMK (IIMII)| TIIME (IT911)
4,7 1,3 2,9 3,1 3,5




CTPYKTYPA U TEPMOMEXAHUYECKUE CBOVICTBA HAHOKOMIIO3BUTOB 653

Harpysku (o = 0,5 MIla) ma ycranoske YUII-7T0M. Jluueiinniii Harpes
00pasIoB OCYINECTBJISIIN CO CKOPOCThIO 2,5°C/MUH B TeMIIepaTypPHOM
uaTepBaJe ot 0 7o 350°C.

3. PE3YJIBTATBI HCCJIENJOBAHUA U UX OBCYKIEHUE

Crexuomerpuueckuii II9K, o0pasoBaHHBINI SKBUMOJLHBIMHU KOJHUUE-
CTBAMM AHMOHHOTO M KATHMOHHOrO moamdjaexTponauToB (II9), xapaxre-
pusyeTcs OJIMIKHUM YIIOPSAJOUYEHWEM NPU TPAHCAAINUN B TPOCTPaH-
cTBe (DpParMeHTOB IIPOTHBOIOJIOKHO 3aPAKEHHBIX MaKPOMOJIEKYJIIP-
HBIX IeTeil moJIMaIeKTPOJUTOB, BXOJAIINX B ero cocTaB. Ha aTo yKa-
3bIBAET ITIPOSBJIEHWE HA PEHTreHOBCKOH audpaKTorpamMme o6Gpasiia
II9K ommoro mudpaKIMOHHOTO MakKcumMyMa AuddysHoro tuia mnpu
20,,~ 20,8° (puc. 1, kpuBaa ). Cpexguas BesmunHa nepuonga d OJIMK-
Hero ymnopsAmoueHus (GpparMeHTOB KOMILJIEMEHTAPHBIX MaKpPOMOJIEKY-
JIAPHBIX Ilellell TPOTUBOIIOJOMKHO 3apsaKeHHBIX IID B 00béme IIOK
(cpemHee GPITTOBCKOE pacCTOAHWE MEXKIY MAaKPOMOJIEKYJIAPHBIMU ITe-
IIMU aHWOHHOTO M KatumouHoro II9 B o6méme IIOK), cormacuo ypas-
HeHuto Bparra:

d = M2sind,) ",

rme A — UIMHA BOJIHBI XapaKTEePUCTUUYECKOTO DPEHTTEHOBCKOTO HMB3JIY-
yenusa (A= 1,54 A gna CuK,-msnyuenus), cocraBuger 4,3 A.

IIpu o6pasopanmu TIIMK pgudpaknmuonHad KapTuHa MeEHAETCH.
IlosBnsieTcA MHTEHCUBHBIN NUMPAKIIMOHHBIA MaKCUMyM AUDOYIHOTO

I, otn. enm.

29, rpag.

Puc. 1. IllupokoyrioBhie peHTreHOBCKUe audpaxtorpammbl 19K (1), TIIMK
(2), manorommnosura II9K—-Cu/Cu,0, nosyueHHOTO B pe3yJIbTaTe XUMUUECKOTO
BoccTaHoBaIeHua KaTuonos Cu?t 8 TIIMK (3), u mopomxka Cu/Cu,0O, moiyden-
HOTO B Pe3yJbTaTe XMMMUYECKOTO BOCCTAHOBJeHMsA KaTuoHoB Cu®" us BomHO-
caouprosoro pactsopa CuSO, (4) npu MC [BH, ]/[Cu®] = 6.2
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tuna opu 20,~11,2° (kpuBaa 2) Ha (HoHe MAJTOMHTEHCUBHOTO aMOpd-
HOrO rajo, KoTopoe, B oTiauumne oT ucxoguoro II9K, mmeer yriosoe
mososkerue 20, ~20,4° (d~4,3 A). DroT quPAKIUOHHBIH MaKCIMYM,
Mo JamHBIM paboThl [12], XapaKTepusayeT CYIeCTBOBAHUE ITOJUIJIEK-
TPOJIUT-METAINUYECKNX KOMILIEKCOB MEXKIYy IEeHTPAJbHLIMU HOHAMU
Cu®" m JuraEzaMm, B POJM KOTOPHIX, BEPOATHO, BHICTYIIAIOT ATOMBI
asora amuHorpynn IIOM m KapOOHMJILHBIE aTOMBI KICJIOPOAA AHMOH-
goro II9. Cyma mo yrjioBOMY IIOJIOMKEHHIO 3TOr0 AUPPaKIIMOHHOTO
MaKCHUMyMa Ha peHTreHoBckoii mudpaxtorpamme TIIMEK, cpenmee
OpSITOBCKOE paccTosgHue d MeXIy MaKpPOMOJEKYJIAPHBIMU IIeIAMU
I19, KoopAMHUPOBAHHLIMU KaTmoHaMu Cu?’, cocrasisger 7,9 A.

Pamee B paGore [8] MeTomOM INMMPOKOYIJIOBOM peHTTeHOorpapuu
HaM#u OBLIO YCTAHOBJIEHO, UYTO OITHUMAJBHBIM [IJsI BOCCTAHOBJICHUS
6oporuapuzoM HaTpusa KatuoHoB Cu®' B 06Bméme TIIMK c mociexyro-
muM (opmupoBanueM HaHOKOoMIo3uToB II9K—-Cu/Cu,O asagerca MC
BH, /Cu®* = 6. Ha gudpaxTorpamMme Takux o6pasIoB (KpuBas 3) muc-
Yye3aeT WHTEHCUBHBIA MuGPAKIMOHHBIA MakcuMyM npu 20,,~11,2°,
XapaKTepU3YIOIN CYIIeCTBOBAHNE YKABAHHBIX IIOJUIJIEKTPOJIMAT-
METAINYECKUX KOMILIEKCOB, IIOABJIAIOTCA [IBa MAaJIOMHTEHCUBHBIX
IN(PPaAKIIMOHHLIX MakcuMyMa mpu 20, ~ 35,6° u 40°, uTo, M0 JaHHBIM
paboter [13], cBumeTenbcTByeT 06 oOpasoBanuu Hamouactui Cu,0O B
o0béme I[IOK, m nBa WHTEHCMBHBIX MaKcuMmyma npu 20,~42,8° u
49,6°, ugeHTUGUIUPYIOIINE CTPYKTYPY METAJLINYECKON Meau.
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Puc. 2. Mukpodororpabhuu TOM nanoxommosura IIIK-Cu/Cu,0, moayueH-
HOTO IPHW XWMHYECKOM BoccTaHoBieHnm katmoHoB Cu?' B TIIMK mpu MC
[BH, ]/[Cu®*1=6.2
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Ananus IIHUPOKOYIJIOBOM PEHTTeHOBCKON [IuU(MpaKTorpaMMbI IIO-
pomka Cu/Cu,O (KpuBasa 4) moxasaj HaJauune TPEX IUPPaKIIIOHHBIX
MakcumymoB mpu 20,,~ 36,2, 43,0 u 50,7°, KoTOphble HUAEHTUDUIIU-
pyior ctpykTypy uactul, Cu/Cu,O. Ilpu cpaBHenum gudpaxTorpaMm
manokomnodura IIOK-Cu/Cu,0 u nmopomika Cu/Cu,0 (kpusvie 3, 4),
moJsyueHHBIX npu omntuMmainbHoM MC [BH, ]/[Cu®]=6, BumHo, uro
MHTEHCUBHOCTb AUGPaKIIMOHHOr0 MakcuMmyMa mpu 20, ~ 35,6°, Koro-
pBIfi uAeHTHUINPYeT CTPYKTypy Hanouactul, Cu,0 B HaHOKOMIIO3H-
TaxX, 3HAUNUTEJbHO MEHBIIIE II0 CPAaBHEHMUIO C ero MHTEHCHUBHOCTBHIO B
ucxoguaom mopoiike Cu/Cu,0. 310 roBopuT 00 YMEHBIIIEHUUW COAEP-
JKaHua Kpuctaanumueckoit pasel Cu,0 B 00béme ITOK mpu BoccTaHOB-
nerun kKatuoHoB Cu?' B o6béme TIIMK mo cpaBHEHHIO C MCXOTHBIM
TIOPOIITKOM.

IIpeo6pasoBanne TIIMK B HAHOKOMIOO3UTHI, cOAep:Kallie HaHOUa-
ctunpl Cu/Cu,O, moaTBep:kIaeTCsS TaKiKe MTAHHBIMH TPAHCMHCCHOH-
HOM 3JIEKTPOHHOM MuUKpocKonuu (puc. 2). AHanus Mukpodororpadpuit
moKasaj, uTo cpemuuii pasmep Hanouactul Cu/Cu,O cocraBaser 10
HM, ¥ OHU CTATUCTUUYECKU pacipenesieHbl B o6béMe TIOK.

B cBsI3M ¢ BBLIABJIEHHBIMH OCOOEHHOCTSIMIU BOCCTAHOBJICHUS KATHO-
HOoB Cu®" B 06BéMe TIIMK 1 0OpasoBaHMeM HAHOKOMIIOSUTOB BEIIIIE-
YKasamHOTO THUIIA CJeJ0BAJIO TaK:Ke YCTAHOBUTL BJIMSAHNE IIOCTOSH-
HBIX MArHUTHOIO WM 3JEKTPUUYECKOro MIoJiell HA YPOBEHb BOCCTAHOB-
nerus katuoHoB Cu?" B 00Bbéme TIIMK 1 Ha CTPYKTYPHYIO OpraHm3a-
IO IIOJYYEHHBIX HAHOKOMIIO3UTOB.

IIpoBen€HHBIN aHAMN3 IIMPOKOYIJIOBLIX PEHTTEHOBCKUX AU(PPAKTO-
rpaMMm mcxomHoro u chopmupoBauHbIX mof aeicrBueM IIMII mau 11911
HAHOKOMIIO3UTOB O0HAPYKUJI, UTO B Pe3yJIbTaTe XMMHUYECKOT'O0 BOCCTA-
HOBJeHUA KatnoHoB Cu®" B o6béme TIIMK (MC [BH, ]/[Cu®*]=6) mox

i
T

i L

15 30 45
20, rpaz.

Puc. 3. IIIupoKOyrJOBble PEHTIEeHOBCKHE AMMPpPAKTOrpaMMbI HMCXOIHOTO 00-
pasma Hamokommosuta I[I9K-Cu/Cu,0 (I) m mHamokommosutoB II9K-Cu,
chopmuposanubix B IIMII (2) u IIDII (3).*
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IeliCTBHMEeM MHOCTOSHHBIX MATCHATHOI'O MJIM JJIEKTPUYECKOIro II0JIeil 00-
pasyeTca HaHOKOMIIOSUT Ha ocHoBe IIOK m mamouacTuiy mMerajiamye-
cxkoit menu. OO0 5TOM CBUAETEJIBCTBYET IIPOSBJICHNE MBYX IUGPAKIIU-
OHHBIX MaKCUMyMOB auddysnoro tuna mpu 20,~ 43 u 50° u orcyrt-
CTBHE IBYX IUPPAKIMOHHLIX MakcumymoB mpu 20,~ 35,6 m 40°,
yKasbpIBalomux Ha Hajgmuue Hamouactun Cu,O B 00néme IIOK (puc. 3,
KpuBble 1—-3).

OZHOBPEMEHHO C KCCJIEIOBAHMEM BJIMAHUS MOCTOAHHBIX (husude-
CKUX IIoJel Ha CTpyKTypHyo opranmsanuioo II9K, TIIMK u HaHOo-
kommo3utoB IIOK—-Cu/Cu,0 6bLI0 M3yUYeHO WX TepMOMEXaHUYeCKOoe
[IOBeeHIe.

Ha rtepmomexanmuueckoii Kpusoii oopasia IIOK (puc. 4, xpuBas 1)
BUJIHO, YTO B oOsacTax Temmepatyp 25—145°C u 265-350°C mabuio-

£, %
100 -

75
50

25

0 100 200 300

T, °C

Puc. 4. Tepmomexaranueckue Kpusble II9K (1), TIIMK (2) u HanokomMmosura
IMOK—Cu/Cu,0 (3).°

TABJINIIA 2. TemnepaTypHble MEPEXOAbI CTEKJIOBAHUA U BA3KOTO TEUEHUSA
HCCJIEAYEMBIX ITOJUMEPHBIX CUCTEM.

O6paserr T, °C T, °C
II9K 53 319
II9K (IIMII) 50 314
II9K (II9II) 56 319
TIIMK 57 205
TIIMK (IIMII) 53 215
TIIME (IISII) 50 215
IISK-Cu,0 44 317
IISK—-Cu (ITMIT) 49 321

IIDK—Cu (IIDII) 52 317
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IaloTcsa TeMIepaTypHble IIepexoabl, CBA3AHHBIE C TeMIIepaTypoit
CTPYKTYPHOT'O CTEKJIOBAHUSA M TEKYUYeCTH cOOTBeTcTBeHHO. Kpome To-
ro, B unTepBajyie Temueparyp 80—245°C cylmecTByeT TeMIepaTypHBIH
mepexol, CBA3AHHBIN ¢ ILIaBJeHHeM B 00BéMme IIOK kpucramiiuTos,
KOTOpBIE OTHOCATCA K aHumomHOMYy II9, mpucyTcTByIOIleMy B HX CO-
craBe [14]. O6pasoBanme TIIMK compoBoKaaeTcsi IOABJIEHUEM HAa
TepMOMEeXaHUYeCKO KPUBOU TeMmmepaTypHoro mepexoza mpu 205°C,
CBA3aHHOT'0, OUeBUAHO, c maaBiaeHuem coaum CuSO, B oowéme TIIMEK,
YTO MPUBOAUT K IIepexofy MHoJuMepa B BASKOTEKydUee COCTOSHUE
(kpuBasa 2). AHanus TepMOMeXaHMUYECKMX KPUBBIX obpasios IIOK,
TIIMK u mamoxommosuta II9K-Cu/Cu,0O (puc. 4) mokasay, 4TO Opu
nepexone ot II9K k TIIMK temmepaTrypa CTPYKTYPHOT'O CTEKJIOBAHUS
T, nosblmaercs, a npu nepexoze or TIIMK k HaHOKOMIIO3UTaM
II9K-Cu/Cu,0 — cymiecTBeHHO cHm:Kaerca (Tadi. 2). OgHOBpeMeHHO
¢ BequuuHoi T, HaOmIOfaeTcA CHM)KeHHe TeMIlepaTyphl Ilepexoja B
Baskorekydee cocroanue (T) B pany Tmox) > T or-cu/cu,0) > T -

Ananus TepMoMeXaHMUECKMX KpuUBBIX oOpasmos IIOK, TIIMK u
HAHOKOMIIO3UTOB, MIOJYYEHHBIX KAaK B MCXOJHOM COCTOSHUM, TaK u
nox meticrBueM IIMII u IIDII (puc. 5), moKasaja, YTO HAHOKOMIIO3UThI
II9K—-Cu, chopMupoBaHHEIE IO AeHCTBMEM HOCTOSHHBIX MArHUTHOTO
¥ 9JeKTPUUYECKOTO II0JIeH, XapaKTepuayloTcsa 6ojiee BLICOKMMM 3HAUe-
HuaMu BenuuuHbl T,, Torga kak aaa TIIMK, mogsepramyTtoro meii-
CTBUIO MATHUTHOT'O HJIM 3JEKTPUUYECKOI'o II0Jiel, XapaKTepHO CHIKe-
HIUe 9TOM BeJNUYMHBI, a TaKyKe POCT TeMIIePaTyphl IIepexoja B BI3KO-
TeKydee cocrosaHue (T;) (Taba. 2).

g, %
100

75

25

Q 100 200 300

T, °C

Puc. 5. TepmoMexaHMUeCKre KPHUBbIe HAHOKOMIIO3UTOB, IIOJYUYEHHEIX IIPU XU-
MuUuecKoM BoccTaHoBgeHnu katuonos Cu?’ 8 TIIMK npu MC [BH, ]/[Cu®*']=6 B
ucxoxzuoM cocrogauu Ha ocHoBe II9K u Cu/Cu,0 (1) u nox meficTBUEM IIOCTO-
SHHBIX MATHATHOTO (2) 1 3JeKTpudecKoro moJeii (3) Ha ocaose IIDK u Cu.”
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4. BBIBOAbI

IIpoBenénHbIe MCCIEMIOBAHUSA METOAOM IMHMPOKOYIJIOBOW PEHTIreHOorpa-
¢duu norxasaau, uto nepexon ot IIOK x TIIMK BrI3bIBaeT mposiBIeHME
Ha PEHTTreHOBCKOU au@partTorpaMMe AUPPAKIMOHHOTO MaKCHMyMa
muddysaoro tuma mpu 20,,~11,2°, xapaKTepusyoInero cyIiiecTBOBa-
HUE TIOJUAJIEKTPOJINT-METAIINUECKUX KOMILJIEKCOB MEXKAY I€HTPAJIb-
HeIME noHamu Cu?' u JuraEzamMm, B POJIM KOTODPHIX, BEPOATHO, BBI-
CTymaloT aToMbl asora amuHorpynn IIOV m KapOOHMJILHBIE aTOMBI
KucJsioposna anmonuoro I19. Ilokasano, 4T0 XMMHUYECKOe BOCCTAaHOBJIE-
are xKatuoHoB Cu®’" B TIIMK HemocpenCTBeHHO B IIOCTOSHHOM Mar-
HUTHOM WJW 3JIEKTPUUYECKOM II0Jie IIPOMCXOAUT € 0oO0pa3oBaHUEM
HaHOKoMIo3uTa Ha ocHOBe IIOK m maHouacTHI TOJBKO MeTaJIUYe-
CKOM Menau, TOorja KaK B MCXOJHOM cocToAHUU (0e3 MefCTBUS II0JIS)
dopmupyerca manokommnosut IIOK—-Cu/Cu,0.

C momoIIp0 TEPMOMEXAaHUUYECKOTO aHAJIM3a MOKa3aHO, UTO MJA 00-
pasioB HaHOKOMIIO3UTOB [I9K—-Cu, chopmMupoBaHHBIX TOA IEHCTBUEM
IIMII mmu II9II, xapakTepHO HOBBIIIIeHHe BeIUYUHBI T,, TOrJa Kak
misa TIIMK — eé cuuskenue.
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! TABLE 1. The sorption capacity of investigated films.

2 Fig. 1. WAXS patterns of (1) PEC, (2) TPMC, (3) PEC—Cu/Cu,0 nanocomposite obtained via
the chemical reduction of Cu?" cations in the TPMC, and (4) Cu/Cu,0 powder product of the
chemical reduction of Cu?' cations from a CuSO, water—alcohol solution at the molar ratio
[BH;]:[Cu2*] = 6.

3 Fig. 2. TEM micrograph of the PEC-Cu/Cu,0 nanocomposite obtained via the chemical re-
duction of Cu?' cations in the TPMC at the molar ratio [BH,]:[Cu?']= 6.

4 Fig. 3. Wide-angle X-ray diffractograms of nanocomposites obtained in the initial state (1)
on the base of both PEC and Cu/Cu,0 and on the base of both PEC and Cu under (2) constant
magnetic field and (3) constant electric field.

5 Fig. 4. Thermomechanical curves of (1) PEC, (2) TPMC, (3) PEC-Cu/Cu,0 nanocomposite
obtained via the chemical reduction of Cu?" cations in the TPMC at a molar ratio
[BH;]:[Cu2*] = 6.

5 TABLE 2. Temperature transitions for the investigated polymer systems.

7 Fig. 5. Thermomechanical curves of nanocomposites obtained via the chemical reduction of
Cu?" cations in the TPMC at a molar ratio [BH,]:[Cu?]=6 in the initial state (1) on the base
of both PEC and Cu/Cu,0O and on the base of both PEC and Cu under (2) constant magnetic
field and (3) constant electric field.



