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AMbuduMIbHBIE MOJEKYJISIPHBIE IIETKH, WK rpadT-conoiaumepsl (rpadT-CII), c runpodoOHOIM moan-
WMUIHOW OCHOBHOI LIETTBIO U TUAPODUIBHBIMU OOKOBBIMU LEMSIMUA TOJIMMETAKPUIOBON KUCIOTHI MIPU
BBICOKOI CTeTIEHU TTOJIMMEPU3aIIK /71 OOKOBBIX 1IeTIeld 1 TIJIOTHOCTY MX TMTIPUBHMBKHU MOTYT OBITh UCITOJIb30-
BaHbI B KAYECTBE HAHOKOHTEMHEPOB TPU aIpeCHOM JOCTAaBKe JJeKapCTBEHHBIX MpernapaTroB/areHToB. B Ha-
cTosLIeil paboTe B KAUeCTBe 3arPyKaeMOro areHTa UCIIOIb30BaIl HaHOUACTULIEI cepebpa (Ag’) wiu HaHO-
vactuipl cesiera (Se’) B Hy/1b-BaJIeHTHOI (hopMe, 061anatoIe KOMILIEKCOM YHUKAIbHBIX GUOMEANIIH -
CKuX cBoiicTB. Merogamu Y®-BUAUMONM CHEKTPOCKOIMM, aTOMHO-CUJIOBOM M IIPOCBEUMBAIOLIECH
3JIEKTPOHHON MUKPOCKOIIMY OBIJIO TIPOBEIEHO CPABHUTEILHOE MCCIIeIOBAHWE BOAHBIX TUCIIEPCUIT HAHO-
vactui Ag’ u Se?, crabumsnpoBaHHbIX aMbUBUILHBIMY MOJIEKYJISIPHBIMU LIIETKAMU BAPbUPYEMOil TOIIO-
sorun. [TokazaHa BO3MOXHOCTb PeryJIMpOBaHUs CTPYKTYPHO-MOPGOJIOTUUECKUX U CITIEKTPaIbHBIX Mapa-
MeTpoB HaHocTpYKTYp Ag’/rpadt-CIT u Se’/rpadr-CIT nyreM U3MeHEHUs CTENEH! TTOIMMEepU3aliu m
OOKOBBIX 1IeTeit rpadT-conoaumepa.

KiroueBble c10Ba: aTOMHO-CHUJIOBAsi MUKPOCKOTIIHSI, TPOCBEYMBAOIIAS DJIEKTPOHHAsI MUKPOCKOITHSI, MOP-
domorus, CTpyKTypa, HAaHOYAaCTUIIBI cepedpa U cesieHa, YP-BuanmMasi CIieKTPOCKOITHSI, TOIOJIOTUSI, TpadT-

corouMepbl, aMOUGUITbHBIE MOJIEKYISIPHBIC IETKU.
DOI: 10.31857/S1028096023080149, EDN: SHDQGV

BBEIAEHME

AMbnduaprHBEIE MOJIEKYISIpHBbIE IIETKA (Tpadr-
cornoauMepbl) 3¢p@PEeKTUBHO HCHOJB3YIOT B HaHO-
OMOTEXHOJIOTMYECKMX pPa3paboTKax IJIsl CO3MaHUsI Ha
MX OCHOBE HAHOKOHTEITHEPOB B 1LIEJISIX COJIIOOMIN3a-
1IUU TUAPO(OOHBIX JIEKAPCTBEHHBIX ITPENapaToB WX
areHTOB U UX aJpecHoOU moctaBku [1—5]. B HacTos-
meil paboTe B Ka4eCTBE 3arpy>KaeMbIX areHTOB MC-
MOJB30BaIN TUAPO(POOHBIE HAHOYACTUIILI OMOTeH-
HOTO BJIeMeHTa cejieHa B HYJb-BaJleHTHOI ¢opme
(Se%), obsanamolIMe KOMIUIEKCOM YHUKAJIBHBIX OUO-
MEIUIIMHCKNUX CBOMCTB [5—9], M HaHOYACTUIIBI ce-
pebpa B HyJIb-BaJIeHTHOI1 (popme (Ag’) ¢ ApKO BbIpa-
XKEHHOI aHTUMMKPOOHOM aKTHUBHOCTBIO, MPUYEM
cTeneHb aHTHOaKTepuanbHOTro 3¢@deKkTa B 3HAUU-
TEJILHOW Mepe oIpeesisieTcsl pa3mepaMu U1 Mopgo-
norueit Hanovyactull [10—12]. HecomMHeHHBIT MHTE-
pec Is1 UCIIOJIb30BaHMS B KaueCTBE HAHOKOHTEIHE-
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POB IpencTaBisoT rpadT-conoaumepsl (rpadT-CIT)
¢ ruapodoOHOIT MOJIUUMUIHON OCHOBHOM 1I€NbIO U
rUuaApoGUIbHBIMU OOKOBBIMM 1IETISIMU TTOJIMMETa-
kpuinoBoit kucyioTel (ITMAK). ITo cpaBHeHUIO € Kap-
OOLICITHBIMU MOJIEKYJISIPHBIMU IIeTKaMU JJIsl rpadT-
CII xapakTepHa 0oJiee peakasi peryjsipHasi IpuBUBKa
OOKOBBIX liereii, 00ycaoBIeHHasT OOJbILION IIUHOMN
MOHOMEPHOIO 3BeHa TOJUUMUIA, TUMUYHOMN ISt
MOJIUMEPOB MOJUKOHASHCAIIMOHHON TIPUPOIBI. DTU
COTOJIMMEPHI MPU BBICOKOU CTETIEHU MOJUMEpU3a-
H1n OOKOBBIX [J,CHCIZ U IIJIOTHOCTU UX IMPUBUBKU 00-
JlaJlaloT XOopolleil paCTBOPUMOCTBIO B BOJIE U IIPO-
SIBJISIIOT CMOCOOHOCTh MHKOPIIOPUPOBATh B THAPO-
¢doOHYI0 YacTh JieKapCTBEHHbBIE MpenapaThl/areHThl
3a cueT ruapodOoOHbIX B3aumMoaeiicTeuit [4, 5].

Ienpro HacTOsIIEH paOOTHI OBIJIO CPABHUTEIBHOE
ucciaegoBaHue MerogamMu Y@D-BUIUMOM CIEKTPO-
CcKommuu, aToMHO-cujioBoii (ACM) u mpocBedynBaio-
mieii asekTpoHHoi (IT9M) MUKpOoCKOIIMM CTPYKTYp-



114 BAJIYEBA u np.

HO-MOP}OJIOTUYECKUX U CIIEKTPaATbHbBIX TAapaMETPOB
HaHouacTuL cepedpa (Ag°) u cesrena (Se’), crabunu-
3UpoBaHHBIX B Boae rpadt-CII pa3nuyHoil Tomo-
JIOTUU.

B pabGote OB MCTIOMB30BAHBI 00pa3IIbl TpadT-
CII ¢ ommHaKOBBIMU TapaMeTpaMH OCHOBHOM MOJIH-
WMMIHON LIETTM Y MAKCUMAJIbHOM TJIOTHOCTBIO TIPU-
BUBKU Z 60K0OBHIX Lietieit [IMAK (Z = 100 mon. %),
HO C BapbUPYEeMOii CTETIEHbIO TTOJIUMEepU3au m 60-
KoBbIX mereii. CumaTe3 TpadT-ClIl ¢ mommmMmmaHOM
OCHOBHOI1 11e1ThI0 1 00KOBBIMU 1ieTiaMu [TMAK mpo-
BOOVJIM METOIOM KOHTPOJIMPYEMOM paguKaabHOM
nojauMepusanuu ¢ mepeHocom aroma (ATRP — Atom
Transfer Radical Polymerization) B pa3paboTaHHBIX
paHee ycinoBusx [3—5]. MonekynsipHO-MacCOBBIE Xa-
pakTepuctnku rpadt-CI1 onpenensiin njisg meToK-
MIPEKYPCOPOB C OOKOBBIMU LICTISIMU TTOIU(mpem-0y-
truMetakpuiaTa). CoracHO JaHHBIM Tellb-IIPOHU-
Karoleil xpomarorpacduu, OCHOBHAS ITOJUUMUIHAS
LIeTb UMeJia MoJieKyJIsipHyto maccy M, = 31200, uH-
JIeKC TMOIMANCITIEPCHOCTU cocTaBua D = 2.4, cpeaHsIs
CTelNeHb MOJMMEPU3allMi OCHOBHOM Henu n = 49.
Oo6pasubl rpadT-CI1 oTIMyanuch cpenHei creneHblo
MOJIMMEPU3aLIMK GOKOBBIX LIeNei MOTUMETAKPUIIO-
Boit kuciaotel m = 60 (M, = 8600, D= 1.3) mm = 270
(M,=39500, D=1.3).

OKCITEPUMEHTAJIBHAA YACTb
Mamepuanet

CuHHTE3 MOJIEKYJISIPHBIX MIETOK C MOJTMHMMUIHOM OC-
HOBHO¥ Henbio U 00KoBbIMM Hensavu ITMAK. Cunre3
rpacdT1-CIT ocyliecTBasIIN CHOCOOOM “TIpUBUBKA OT”’
Ha ITOJIMMMUITHOM MYJIBTULIECHTPOBOM MaKpPOMHUIIM-
atope MetonoM ATRP B HeckoabKo cTamuii yepes
IIPOMEXYTOYHOE 00pa3oBaHUE PEryJISIPHO IIPUBUTO-
ro poprojimMepa ¢ 60KOBBIMU LICMISIMU HOJIU(mpen-
oyrunmerakpuiata) (ITTBMA) [4]. Ha nocnenHeit
cTaguu B pe3yjbTaTe IOJIMMEpPaHAJIOTMYHOM peak-
LIMU KUCJIOTHOIO ruapousa 3seHbeB TBMA 00Ko-
BbIX Lierieit mosydanu rpadt-CII ¢ ruapoduabHbIMU
3BeHbsIMU [IMAK B 60KOBBIX LieTisiX. C 1Ie/IbIO TTOJTY-
yeHus: oopas3noB rpadt-CII ¢ ommHaKOBBIMHU T1apa-
MeTpaMU ITOJIMMMUIHO OCHOBHOM LIETIM M MaKCHU-
MaJIbHOM IUIOTHOCTBIO IIPUBHMBKUA OOKOBBIX ILIETICiA
JUUIST CHHTE3a MOJICKYJISIPHBIX IIIETOK ObLJIa MCITOIh30-
BaHa OJHA MapTUS MOJIUMMMIHOIO WHUIIMATOpa C
vuHuuupymommuMun ATRP 2-6poMu3o0yTuparHbIMu
rpyImnaMy B KaXXJIOM ITOBTOPSIIOIIEMCS 3BeHe (110 JaH-
HeiM 'H AMP). 1 pacueTa CTENEHU ITOJIMMEPU3a-
WA m W TUIOTHOCTU TIPUBUBKU Z OOKOBBIX IIETICiH
ITTBMA onpenensyii KOHBEPCHUIO MOHOMEpPa METO-
JIOM Ta30Boi xpomartorpaduu [13], a OOKOBBIE IIETTH
BBIIEJISIIM M3 00pa3lioB IIETOK-IPEKYPCOPOB ITyTEM
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CEJIEKTUBHOTO ILIEJI0YHOI0 THAPOIN3a OCHOBHOM 1Ie-
nnu [4]. Ha ocHOBe maHHBIX KOHBEpCUM MOHOMeEpa 1
CTEIIEHEN ITOJMMEPHM3allMi BBIIEJIEHHBIX OOKOBBIX
LIETIEN, OMpeaeIEHHbBIX METOAOM IeIbIIPOHMKAIOLIEN
XxpoMmarorpaduu, pPacCYUTHIBAIM IUIOTHOCTb IIPHU-
BUBKN OOKOBBIX IIeTieii. Bce cuHTe3mpoBaHHbIE 00-
pasubl xapakTeprzoBanuch 100%-Hoii MIOTHOCTHIO.

CuHTe3 HAHOYACTHI] HYJIb-BAJEHTHOTO cepeodpa.
HanouacTulibl Hy/Ib-BaJIECHTHOTO cepebpa nmoaydyanu
B pe3y/ibTaTe OKUCIMTEIbHO-BOCCTAHOBUTEIBHON pe-
akiiuu Hutpata cepedpa (AgNO;) ¢ Gopruapunom
Hatpusi (NaBH,) B npucyrctBuu rpadt-CII no me-
tonuke [10]. B xonOy 3ammBanm BOOHEBIN pacTBOpa
rpadT1-CII 1 pacTBop HUTparTa cepedpa. Komby 1mo-
Melany B neagHyto 6anio Ha 30—40 muH. Jlanee npu
MEXaHMYECKOM TIepEeMEIINBAHMKU B IIOJYYEHHYIO
cMech 100aBisiv BocctaHoBUuTeb NaBH, B u30bIT-
ke 1 : 24. PacTBop BBIIEP:KUBAIN B JEISTHON OaHe B
TedeHHe 1 4, a 3aTeM ellle CYTKH B XOJOOUIbHUKE.
Cuntes nposoauu u3 pacuera Cy, = 0.005 mac. % un
Crpagr-cnn = 0.1 Mac. % (oTHOLIEHNE V KOHLIEHTPALMA
cepedpa u rpadp1-CIT B qucnepcun Ag’/rpadpr-CIT
coctaBisio V = Cyo/Cipagrcn = 0.05). BBenenue B
peakioHHyio cpeny rpadT-CI1 1mo3BoamIo NoaydnuTh
CTaOMJIBHBIC PACTBOPBI XKEJITOBATO-KOPUYHEBATOTO
1IBeTa, COXpAHSIOIINE CBOU (PUIUKO-XUMHYECKUE
CBOICTBa He MeHee AByX MecsleB. Benrmunna pH ce-
pebpocoaepKaliux JUcnepcuii coctapnsia 7.4—7.6.

CuHTe3 HAHOYACTHII HYJIb-BAJIEHTHOrO cejieHa. Ha-
HOYAaCTUIIbl HYJIb-BAJICHTHOIO CeJieHa Mojyyaid B
pesyJibTaTe peaklUu BOCCTAHOBJIEHUSI CEJICHUCTOM
kucnotsel H,SeO; ackopouHoBoii kucinotoit CgHgOg
B BOIHOI cpene B mpucyTctBuu rpadt-CII mo meto-
nuke [10]. B peakiiMoHHY10 KOJIOY TTOMEIai BOTHbIM
pactBop rpadT-CI1 u pacTBop CeIeHUCTONH KUCTOTHI.
CwMech nepeMellIuBaJIiu Py KOMHATHOI TeMrepary-
pe B TeueHue 20 MUH, 3aTeM JOOABJISIJIM PAcTBOP ac-
KOPOWHOBOI KUCIOTHI B cooTHo1eHuu 1 : 2. ITocre
BBEJICHUSI BCEX KOMIIOHEHTOB PACTBOP BbIAEPKUBAIN
MPY KOMHATHOM TeMIiepaTrype B TedeHUue CyToK. Mac-
COBOE COOTHOLIEHME V KOMITOHeHTOB Se’/rpadr-CIT
coctaBysio V = Cg./Cpagr.cn = 0.05. Iocne 3aBep-
IIEHUs peakiMu pacTBOP MpUOOpeTal KpacHOBAaTO-
OpaHXeBbIii 11BeT. BBeAeHEe B peaklIMOHHYIO Cpeay
rpadT-CI1 Mo3BOIMIIO ITONYYUTH CTAOMIILHBIE pac-
TBOPBI KPAaCHOBATO-OPaHXKEBOTO 1IBETA, COXPAHSIIO-
11e cBou (hU3MKO-XMMUYECKNE CBOMCTBA B TEUEHUE
IByX—Tpex MmecsueB, pH ceneH-comepxkaiiux pac-
TBOPOB coCTaBIsA1 3.4—3.6.

Memoos: uccredosanus
Perncrpanusi cnekTpoB noromennsa. M3mepenus
ONTUYECKOM TIOTHOCTU D BOTHBIX PaCTBOPOB rpadT-
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Puc. 1. YO-Buaumbie crieKTpbl ruteHOK ripu m = 60 (1) u 270 (2): a — cBo6onHbix rpadgT-CI1; 6 — HaHOAMCIIEPCUIA Ago/rpacb'r—
CII; B — HaHoauCHEpCHit SeO/rpa(bT—CH; I — 3aBUCUMOCTh (Dhy)2 = f(hy) ans HaHONUCIIEpCUi Ago/rpa(bT—Cl'l cm=60wu

rpa¢pT-CII ¢ m = 270 (BcTaBKa).

CI1 v cOOTBETCTBYIOIINUX cepeOpo- U CeeHCOAepKa-
IIUX AUCIIEPCUI TIPOBOAMIIM Ha CIIEKTpodOoTOMETpE
Shimadzu UV-1900i B nuana3oHe miH BoaH 200—
900 HM ¢ pOTOMETPUYSCKUM CJIOEM TOJIIUHOM 1 cM.
OTHOCUTeIbHAs CyMMapHasi MOTPEelIHOCTh MIPU pe-
TUCTPALIMU CIIEKTPOB He TpeBbiiaia 2%.

H3zyuenue mopdosnoruu rpadr-CII, cepedpo- u ce-
JieHconepKammx aucnepcuii metoaom ACM. Mopdoiio-
rndyeckue ncciaenoBanus rpadT-CII u coorBeTCTBY-
ro1mx HaHogucnepcuit Ag®/rpadr-CIT u Se’/rpadr-
CII mpoBommim B aTOMHO-CHJIOBOM MUKPOCKOIIE
Nanotop NT-206 (OO “Mukpotectmaiuuntbl”, be-
JIapych). PacTBopbl HAaHOCWIIM Ha MTOBEPXHOCTH CBE-
3KEro cKoJia clitoabl. U3MepeHusl BBITIONHSIIA B BO3-
IYIIHOI aTMocdepe B KOHTAKTHOM DPEXHME C MC-
MOJb30BaHMEM KpeMHUEBBIX KaHTWiIeBepoB FM GOl
¢ koo pummeHToM xkectkoctu k = 3.0 H/M u pamgmy-
COM KPMBU3HBI KOHUMKa ocTpust 10 HM. Dkcrepu-
MEHTAaJIbHbIC OaHHBIE O0padaThIBAJIM C ITOMOIIBIO
nporpamMmbl Surface Explorer, B ToM 4mcie paccum-
THIBAIA CpemHeapu(pMeTUUEeCKOe OTKJIOHEHUE IPO-
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dunsa R, u cpeqHeKBaIpaTUIHOE OTKJIOHEHUE TIPO-
buna R, 11 0T06paxxaeMoro yyacTka IOBEPXHOCTH.

H3yyenue cTpyKTypbl HAHOYACTHIL Cepedpa M cene-
HA B cepedpo- U CeJIEHCOAEePKAIUX TUCTIEPCUAX METO-
aom II®M. UcciaenoBanust cepedpo- U ceaeHCcoaep-
Xammx gucrepcuit MmetogoM [1OM mpoBommam B
9JIeKTpoHHOM MuKpockone BS-500 (Tesla) mpu
yckopsttonieM HarnpstkeHuu U = 60 kB B quanasoHe
yemmaeHnit 9000—30000. Ilepen mccnemoBaHmeM
IUCTIEPCUY HAHOCUIIA Ha MEIHYIO CETKY, TOKPHBITYIO
YIJIEPOOHOM IMJICHKO, M CYLIMIN Ha BO3OyXe.

WUsmepenus pH. Ina usmepenust pH cpensl uc-
MOJB30BaIM MUIIuBonsT™MeTp KM-160 MU (HITO
“M3meputenbHast TEXHUKA”).

PE3VYJIbTATbBI 1 UX OBCYXIEHHUE

Ha puc. 1a mpuBeneHBI ONITUYECKUE CITEKTPHI TT0-
mroleHust cBooomHbIX rpadT-CI1 B YD- n Bunumoit
00JIaCTSIX IIPY BApbMPOBAaHUM CTETICHU MOJIMMEPHU3a-
OUU m OOKOBBIX IIETIEN ITOTMMETAKPMIIOBOM KHUCIIO-
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Tel. B criekTpax 4eTKO NpOCeXKUBAETCS 3aBUCHU-
MOCTb OIITMYECKON IJIOTHOCTU D OT mapameTrpa m:
pu nepexoje ot obpasia ¢ m = 60 K o6pasiuy ¢ m =
= 270 orrTyecKast TNTOTHOCTD IMaiaeT BO BCEM MCCIIe-
JIOBaHHOM Auaria3oHe MIMH BoiH. Kpome Toro, mis
0001X CBOOOOHBIX (HE 3arpy>KeHHBIX HAHOYACTUIIA-
mu) rpadt-CII HabGmogaeTcs HeOONBIIONM MUK II0-
IIOIIEHUS ITPpU A = 245 HM, a TAKKe “TUIeY0” MpU A =
= 275-295 um.

Ha puc. 10, B ciy4yae cepedpo- 1 celieHcoaepKa-
X HAHOAMCIIEPCUI MUK TIOMIOLIEHUS MpPU A =
=250 HM, XapakTepHBI IJs1 CBOOOMHOTO TpadT-
CII, coxpaHnsercd, a “ruiedo” mipu A = 270—330 um
BBIpaXKeHO cjiabee, 4eM B ciiydae CBOOOIHOIO rpadT-
CII. KpomMme Toro, HaOI10aaI0TCSI MAKCUMYMBI T10J10C
MOIJIOIIEHMSI, XapaKTepHbIE, COOTBETCTBEHHO, IS
KOJIJTOUIHOTO cepedpa 1 ceJieHa. MakKCUMyM TOJIO-
ChI TTOBEPXHOCTHOTO MJa3MOHHOI'O pe30HaHca AJs
cepebpoconepxamux aucnepcuii Ag’/rpadpr-CI1 B
cllydae cTabmIM3annuy HaHOodJacTUll cepedbpa rpadr-
CII ¢ m = 60 nabmogaerca npu A = 440 1M, a mrsd
rpadt-CIT ¢ m = 270 — npu A = 430 am (puc. 16,
KpuBble I 1 2 COOTBETCTBEHHO), T.€. IMEET MECTO
“cuHee” CMeIlleHre IIPU YBEIMUYCHUH apaMeTpa m.
BBuay Toro, 4To B OTCYTCTBHE CTaOMIM3aTOpa HAaHO-
JacTHUIl cepebpa mpu JaHHOM METOAE CHHTe3a II0-
BEPXHOCTHBIH IJIA3MOHHBII pe30HAaHC HAaOII0HaeTCs
npu A = 400 um [14], caBur MaKCMMyMa MOJIOCHI TTO-
mromeHus Ha 30—40 HM CBUAETEILCTBYET O B3aIMO-
neyicTBuM HaHovyacTuIl cepeopa ¢ rpadT-CII m 06 00-
pa30oBaHUU B BOMHOM pPacTBOpPE HAHOYACTUII cepedpa
B HyJIb-BaJleHTHOM cocTtossHum [11, 12, 15]. Kpome
TOTO, CIIEKTpa/JibHbIe HAaHHBIE WJUIIOCTPUPYIOT BO3-
pacTaHue OITUYECKOM INIOTHOCTH D B TOYKE MaKCH-
MyMa IIPY YBEJIMYEHUN CTEIICHU MOJIUMEpPU3aLun M
ookoBbeix 1erneii [IMAK. DTo yka3biBaeT Ha Ooiee
“appexTuBHbIll 3axBar” (0ojee 3(PGEKTUBHYIO
cTabuiam3anmio) HaHodactul cepedpa rpacprt-CII ¢
ooJbLIel LinHoi 6okoBoit e [IMAK.

B ciiydyae HaHOUYacTU1I cejeHa 6e3 cTabuaIm3aTo-
pa [16] mpu A = 265 HM HabIIOAAETCH HEGOJIBILION Xa-
pakTepHbIii Tuk. [lpu crabuauszauuu HaHOYACTHII
cestera rpadt-CI1 ¢ m = 60 B ciekTpe MONIOLIEHUS
MPUCYTCTBYET IUTOIIAAKa B 06macTi A = 270—300 HM
(puc. 1B, kpusag /), a B cinyvae rpadt-CII ¢ m = 270
TIoIagKka HabJonaeTcss B 6ojiee IMPOKOM TMara-
30He IIMH BOJIH: A = 270—330 (puc. 1B, kpuBasg 2).
D10 moaTBepxKIaeT 3p@PeKT cTaduIn3aluu HaHOYAa-
ctutl Se’ aMpUPIEHBIMI MOJIEKYIISIPHBIMHA IIETKAMMU.
Kpome Toro, mpociexuBaeTcsl 3aBUCUMOCTb OITH-
YeCcKOil mI0THOCTU D OT mapaMeTpa m: IIpU Mepexoe
oT obpasia ¢ m = 60 (puc. 1B, kpusas /) K o6pasiy ¢
m = 270 (xpuBas 2) onTuyecKasl INIOTHOCTD I1agaeT
BO BCEM WCCJIEOOBAaHHOM [HMAIa30HE IJIUH BOJIH.
B 11iennom, 3aBUCMMOCTH ONTUYECKON TNIOTHOCTU Ce-

MMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIELOBAHUS

nenconepxammx gucrnepcuii Se’/rpadpr-CIT or na-
paMeTpa m aHaJIoTUYHA 3aBUCUMOCTHU IJIsI CBOOO/-
HBIX TTIOJIUMEPHBIX 1IeTOK (puc. 1a). Takum o6pa3om,
B ciyyae HaHocucteM Se’/rpadr-CIT umeer MecTo
cyneprio3uims BkiagoB rpadpt-CI1 m HaHO9acTHIL
ceJieHa B ONTUYECKYIO TNIOTHOCTb.

Ha ocHoBaHMU MOJIYyYEHHBIX CIIEKTPO(POTOMET-
pUYECKUX NaHHBIX IJI cepedpocoiepxKalluX IuC-
nepcuii Ag’/rpadr-CI1 6bU1a paccuMTaHa LIMPUHA
3alpeIIeHHON 30Hbl £, — MUHUMaJIbHOW SHEPruu,
HeoOXoauMOoii I IIepexona 3JeKTpOHA U3 BaJeHT-
HOIT 30HBI B 30HY IPOBOIMMOCTH MeTasioB [17—21].
DTOT ImMapaMeTp BO MHOTOM OIIpeeIIsieT pa3MepHBIE,
DJIEKTPUYECKNE Y ONTUIECKUE XapaKTePUCTUKU Ha-
HOYACTHUII, a 3HAYUT W CBOMCTBa MarepuaioB [17—
21]. Pacuer E, GbuT IpOBeNieH BOIM3M Kpast TOJIOCHI
norjouieHus 1o ypasHenuto Dhy = (hy — E,)", tie
D — onrtuyeckasi TNIOTHOCTb, A — TocTosiHHas [1naH-
Ka, Y — yacTtoTa G OTOHOB, IapaMETP A CBSI3aH C 3JIEK-
TPOHHBIMU MEPEeXoaaMU PA3TUIHBIX TUITOB U MOXKET
ObITh paBHBIM 1/2, 2, 3/2 wnu 3 [17]. TTocKoNbKY B pa-
60Te nmapameTp # ObUI MPUHST PaBHBIM 1/2, IUpUHa
3aIpelleHHO 30HbI HaHoYacTuL Ag® ObUIa paccuu-
TaHa I10 UX CHEKTPY ONTUYECKOTO MOIJIOIISHUS ITy-
TeM TIOCTPOEeHUsI KpUBOii 3aBucumoctu (Dhy)? ot hy
M 3KCTPAIOJIS LMY JUMHEMHOM 4aCTU KPUBOIA 10 HYyJIE-
Boro nonioiieHus (D = 0).

Ha puc. Ir npezncrasiena 3asucumocts (Dhy)? =
= f(hY) nns cepebpocoaepxKalnux HAaHOAVCIIEpCUit Ha
ocHoBe Tpad1-CII ¢ m = 60 u 270 (BcTaBKa). M3 310-
ro pUCyHKa BUAHO, uTo E, = 6.5 (m = 60) n 6.1 3B
(m = 270). Takum oOpa3oM, HabJIOgaeTC “cuHee”
CMellleHUe TIPU YBEJIUUYEeHUN CTeTICHU MOoJUMepHu3a-
un m 6okoBeIX Lieneit [IMAK amMmuduibHBIX MO-
JIEKYJIIPHBIX LIETOK. DTO MOXKET OTPA3UTHCS U HA U3-
MEHEHMU pa3MepoOB HAHOCTPYKTYp/HAaHOYACTUIl B
cepebpocoaepxKalmx gucnepcusx [21] u, Kak cien-
cTBME, Ha 3(PEKTUBHOCTU CTAaOUIM3alM HaHOYa-
CTHUII cepedpa MOJIUMEPOM.

Ha puc. 2—4 nnpeacrasinensl 3D ACM-u3ob6paxe-
HUS TOBEPXHOCTHU TICHOK, TTOJIYIeHHBIX U3 BOTHBIX
pactBopoB cBoOOmHBIX TpadT-CII mpu BapsupoBa-
HHUU ITapamMeTpa m (puc. 2), 1 COOTBETCTBYIOIINX CE-
pebpo- U ceJleHcomepXalux aucriepcuii (puc. 3, 4)
MpU MacCCOBOM COOTHOIIEHUU V KOHUEHTpauuit
cepebpa (cenena) u rpadr-CIl, paBHom v = C,,/
Crpapr-cn = Cse/Crpapr-cnt = 0.05. Tannbie ACM ne-
MOHCTPUPYIOT CYIIIECTBEHHbIE U3BMEHEHUST B MOp(]O-
JIOTUYECKOI KapTHUHE IMJIEHKU MPU TMepexoje OT CBO-
6omHoro rpadT-CIl Kk rpadt-CII, 3arpyKeHHOMY
HaHoO4YacCTULIaMU cepedpa Wi celieHa.

B cayyae cBobomHoro rpadt-CII npu m = 60
HaOTIOIAIOTCS KOJIBIIEBBIC aCCOIINAThI pazMepoM ~200—
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(©) Z, HM

Puc. 2. 3D ACM-u3o06paxxeHnsI HOBEPXHOCTHU TOHKUX TUICHOK, MOJIyYeHHBIX U3 BOIHBIX paCTBOPOB cBOOOAHBIX TpadT-CI1, m:

60 (a); 270 (0).

Puc. 3. 3D ACM-u3o6paxkeHus MOBEPXHOCTU TOHKKX IUIEHOK, ITOJYYEHHBIX U3 cepebpocoaepsKalluX HAaHOAUCIIEPCU Ha OC-

HoBe rpad1-CI1, m: 60 (a); 270 (6).

400 aM, nmeroiye TomuuHy 10 100 HM, 1 OTOeIbHBIE
IUIOTHBIE cepruyecKrue CTPYKTYPhlI IIOOYJISIPHOTO
TUTIA, CPEOTHUIM THaMeTP KOTOPBIX COCTABISIET Dacy =
=50 HM (puc. 2a, Tab6a. 1). IlonydeHHas IUIeHKa
WMeeT OYeHb TUTOTHYIO, TIPAaKTUIECKA OTHOPOIHYIO
texctypy. B ciiyyae rpadpr-CIl ¢ mimHOII GOKOBBIX
neneit m = 270 4eTKO BU3YyaJIU3UPYIOTCS MPOTSKEH-
Hble accouuarbl (MUKPOHHBIX pa3MepoOB) CJIOXKHOI
MOpGOJIOTUH: BHYTPU aCCOIIMATOB HAGIIOTAIOTCS
“3epHa” nuamMeTpoM ~ 150 HM, cBsSI3aHHBIE MEXIY CO-
ooii “rrepersckkamu’ (puc. 20, Taomn. 1). “Ilepersokki”
MPEACTaBISIOT COOOM “XKTYTUKU” W3 HECKOJIbKUX
pacTIIpIMIICHHBIX M TIEPETIETeHHBIX MaKpPOMOJICKYJT
rpad1-CII. [1neHka nmeeT ceTyaTyro TEKCTypy. 3Ha-
YeHUsI cpemHeapudMETUIEeCKOTO W CpeaHeKBampa-

TMOBEPXHOCTb. PEHTTEHOBCKHUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UICCIEJOBAHUA  Ne 12

TUYHOTO OTKJIOHEHWI NMpoduiist 411 ZAHHOTO y4acT-
Ka TIOBEPXHOCTH COCTaBJIAOT: R, = 1.5u R, = 2.5 HM

(n1a rpadT-CIT mpu m = 60) u R, = 3.5u R, = 4.7 um

Tabmuma 1. Pasmepsr chepuiaecknx HAaHOCTPYKTYP Dacm
(um), onpeneneHHble MeTogoM ACM sl TUIEHOK, TOJTYy-
YEeHHBIX 13 BOTHBIX pacTBopoB IpadT-CII 1 cooTBeTCTBY-
IOIIUX Cepedpo- U ceJleHCoaepXKallluX TUCIIepCUil Mpu Ba-
PBUPOBAHUM MapaMeTpa m

TInenka m =60 m=270
I'padpr-CII 50 150
Ag’/rpad1-CI1 50—-150 50—100
Se/rpadr-CI1 100—250 100—150
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Z, HM

20

(©) Z, HM

Puc. 4. 3D ACM-u3o6paxeHust TOBEPXHOCTU TOHKUX TIJICHOK, IMOJIyYeHHBIX U3 CEJICHCOACPXKAIIMX HAHOAUCTIEPCHiT HA OCHO-

Be rpad1-CII, m: 60 (a); 270 (6).

(msa rpadT-CII npu m = 270), T.e. ¢ yBeJIMYESHUEM
JUIMHBI 00KOBBIX Lieneil cBoOoaHbIX TpadT-CII 3Ha-
dyeHust R, 1 R, BO3pacTaror.

Ha noBepxHOCTH MJIEHKU, OTJIUTOI U3 cepedpo-
conepxkamieit mucnepcuu (m = 60), BUIHBI KaK Mac-
CUBHBIE arperaTbl, COCTOSIIME U3 CheprIecKux Ha-
HOCTPYKTYp pazmepom 10 200 HM, TaK U AUCKPETHHIC
chepudeckrie HaHOCTPYKTYphI nuaMmeTpom 50—150 Hm
(puc. 3a, Tabn. 1). Ha 3TomM ydacTKe mMOBEpPXHOCTU
R,=45u R, = 6.0 um. [l MI€HKH, NOTYyIEHHOM
u3 cepebpoconepxamieit nucnepcun Ag’/rpadpr-CIT
(m = 270), xapakTtepHa MHasi MOP(MOIOTrUs: B 3TOM
cllydyae HaOJIOJAIOTCS BBITSIHYTbIE OPUEHTUPOBAH-
HbI€ B OTHOM HaIlpaBJeHUU JJaMeJId, BHyTPHY U Ha T1O-
BEPXHOCTU KOTOPBIX BUAHBI chepuyeckue HaHO-
CcTpyKTYpHI pazmepoM 50—100 aM (puc. 30, Taba. 1).
Kpome Toro, 3nech BU3yaaTu3upyroTcsl KarcyJ/ibl pa3Me-
poM ~6 MKM, 3aIlOJTHeHHBIE CHEPUISCKIUMH CTPYK-
typamu nuametrpom 300—500 Hm. TToxoxxue KamncyJibl
ObLTM OOHapyxXeHbI B [22]. Ha mqaHHOM y4yacTke mo-
BEPXHOCTU R, = 4.5 1 R, = 6.2 HM, YTO NPAKTUYECKU
COBMAanaeT C MapaMeTpaMu B ciydae cepedpoconep-
Kalleu AUCIIepCru, TToJy4YeHHOM Ha IIeTKe C IJIMHOM
60KOBEBIX Lietieit m = 60. CieayeT OTMETHTh, YTO Ta-
paMeTpbl OTKIOHeHU TTpodwis wist rpadt-CII, 3a-
TpYy>X€HHBIX HAaHOYACTULIAMU cepedpa, OoJblle, YeM
i1 cBooomHbix rpadT-CII nmpu Tex ke 3HaYeHUSIX
napameTpa m.

Mopdonorust maeHoOK, MOJYYSHHBIX U3 CEJICHCO-
nepxamux Hanogucnepcuii Se’/rpadpr-CIT npu v =
= 0.05 (puc. 4), coBepiieHHO nHas. Tak, mpu m = 60
HaO1101a10TCS OTHeNbHbIe chepruuecKrue HaHOCTPYK-
Typbl auametpoM 100—250 HM M MHOXECTBEHHBIC
chepuueckue arperatbl pasmMepoM ~300—600 HM

MMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIELOBAHUS

(puc. 4a, tabn. 1). B cayuae rpadpt-CII ¢ m = 270
(puc. 40) BUTHBI OOBEKTHI ABYX TUIIOB: HAHOCTPYKTY-
pel chepudeckoit popmbl guamerpoMm 100—150 HM
(tabn. 1) u oTmelbHbIE arperaTbl HeENMpPaBUJIbHOMN
dopmbr pasmepom ~300—400 uMm. ITapameTpnl oT-
KJIOHEHUU Mpoduis 1js 1eToK, 3arpy>KeHHbIX Ha-
HOYAaCTULAMM CeJIeHa, COCTaBIAT: R, = 1.9 u R, =
=27um(m=60)uR,=0.8uR,= 1.3 um (m=270),
T.€. C YBeJIMUEHUEM JIJIMHBI OOKOBBIX 1ieTieil CBOOOI-
HeiXx tpad1-CII 3HayeHuss R, u R, yMEHBILAIOTCH.
OTO oTAMYaeTcsl OT CUTyalluM, KOTopasi Habitona-
Jiach B citydae cBoOOnHbIX rpadT-CI1 1 COOTBETCTBY-
Io1IKUX cepebpoconepxkalliux HAaHOAUCTIEPCUTA.

Ha puc. 5 npencrapnedsl [I1DM-uzobpakeHus nuc-
nepcuii Ag’/rpadgr-CIl, 1eMOHCTPUPYIOLIUE BIIMS-
HUE CTENEeHU MOJMMEPU3ALIMU M OOKOBBIX lieTeit
rpadgT-CII Ha cTpPYKTYpHEIE OCOOEHHOCTHU cepeOdpo-
colepKalx HaHomucnepcuii. Tak, Mpu yBenuue-
HUU TTapaMeTpa m Bo3pacTaeT BKJaja 6oJjiee KpyImHBIX
chepuyeckux 00beKTOB (HAHOCTPYKTYP) AMaMETPOM
Dpsy ot 35 mo 60 HM, a BKIag “dpakuumn” (HaHOYA-
CTHUIl) MEHBIINX pa3MepoB (10 10 HM) yMeHbIIIAeTCS.
Kpowme Toro, usmeHsiercst xapaktep accoluainuu Ha-
HOCTPYKTYP/HaHOYACTUIL Y TIJIOTHOCTH UX YITAKOBKM.
MoXHO rOBOpUTH, UTO BO BTOPOM ciyyae (puc. 50)
5KpaHMPOBaHUE HAHOYACTHUIL cepedbpa MaKpoMoJie-
Kynamu rpadTt-CIT npoucxonut 6osee 3¢hheKTUBHO,
YeM TIPpU MCIIOJb30BAHUN B KAY€CTBE MOJIMMEPHOTO
crabunuzaTopa IIETKU C JJIMHOW OOKOBBIX liereit
m = 60 (puc. 5a).

B ciyyae cepebpocopepxaiiueili mucnepcum mnpu
m = 60 HabmoJarTCd TUCKPETHBIE CIUIONIHbIE cde-
PBI C IOCTATOYHO Y3KUM paclpeieiecHUeM 10 pa3Me-
paM B nipenesax oqHoi “dpakunn” (Dpmy = 35—50 HM
(“dpaxkumst” 1 ~15%) u Dy = 5—10 um (“dpak-
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Puc. 5. [IDM-u306paxkeHust IpU pa3HOM YBeJIMYSHUU cepebpoconepxkalimx HaHonucnepcuii Ha ocHoBe rpadt-CIl, m: 60 (a);

270 (6).

must” 11 ~85%)) (puc. 5a). B cnyyae qauHHBIX OOKO-
BbIX neneit rpadt-CI1 (m = 270) yeTKo BU3yaIM3U-
pyIOTCS TUIOTHBIE chepuuecKre HAHOCTPYKTYPbI
auametpoM 40—60 HM M YaCTUYHO 3amnoJHEHHBIE
cepst (Dysy = 40—60 HM) ¢ 060JT0UKOI, TEKOPUPO-
BaHHOIT HaHOYACTUIIaMU cepebpa (puc. 560). B aTtom
cliygae HaOJIrogaeTcs “TsKeBoi” XapaKTep accolira-
uu OoJyiee KPYMHBIX HAHOCTPYKTYp (“dpakumsa” 1
~30%). Kpome Toro, npu m = 270 oGHapy:KUBaeTCS
“dpakuuga” 11 HaHouacTuir pazmepoM a0 10 um (~70%).

Ha puc. 6 npencrasiensl [1DM-u3o6pakeHus ce-
neHcoaepxaimx nucnepcuii Se’/rpadpr-CIT. B cay-
yae ceeHconepxaieil HanocucteMbl Se’/rpadr-CIT
(m = 60) BU3yaTM3UPYIOTCSI OOBEKTHI IBYX THIIOB:
CTIJIOIITHBIE MUCKPETHBIE HAaHOYACTUIIBI/HAHOKIIA-

TMOBEPXHOCTb. PEHTTEHOBCKHUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UICCIEJOBAHUA  Ne 12

ctepbl AuaMeTpoM Dy = 12—18 HM; mostble “cdhepbl”
C MaKCUMaJIbHbIM pazmepoM ~30 HM, IeKOpUpOBaH-
HbI€ C BHYTPEHHE!l CTOPOHBI 000JIOUKU ABYyMSI—IIIe-
CTbIO MeNKMMM HaHovyacTULaMu (Dpgy = 3—6 HM)
(puc. 6a). B ciydae ceneHcomepkaleil HAaHOCHUCTe-
M1 Se’/rpadt-CI1 (m = 270) HabaI01aI0TCA CIUIONI-
Hble JMCKPETHbIE HAHOYACTHIIBI/HAHOKJIACTEPHI C
MIOCTAaTOYHO Y3KMM paclipefieJICHUEM I10 pa3MepaM:
Dpny = 12—18 HM (puc. 60).

Jas mcciaeqoBaHHBIX cepeOpo- M ceJleHCOoIep-
KaIlUX AUCIIEPCUI Ha OCHOBE BOIOPACTBOPUMBIX
rpadT-CII ¢ 0CHOBHOI MOJMUMUIHON 1IETTbIO 1 00-
koBeiMU LeramMu [IMAK metomom Y®-sBummmoit
CIIEKTPOCKOITMH B BOZIE YCTAHOBJIEH (DAKT 0Opa30BaHUs
HAHOYACTUII cepebpa WM celicHa B HYJIb-BaJICHTHOM
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Puc. 6. [IDM-u3o0paxeHust IIpU pa3HOM YBEJIMUEHUH CeJIEHCOIepXKallluX HaHoaucnepcuit Ha ocHoBe rpadT-CII, m: 60 (a);

270 (6).

cocrostHuu. Metomamu ACM u I1OM 6bu11 00Hapy-
KEHBbl UI3MEHEHUSI B XapaKTepe acColMaluu ceped-
po- U cefleHcoaepXKallluX HaHOCTPYKTyp/HaHo4Ya-
CTUIl U B MOP(MOJOTHU IUIEHKUA IIPU YBEIUYCHUU
IJIMHBI 00KOBEIX 11eteit rpadpT-CI1.

BbIBObI

st uccliemoBaHHBIX cepedpo- U celleHCcoaepXKa-
IIIMX HAHOJIUCHEPCUIl HA OCHOBE BOJOPACTBOPUMBIX
aMmpudUIbHBIX MOJEKYJSIpHbIX I1eToK TpadT-CIIT
C OCHOBHO TTOJTUMMUIHOMN IIETTbI0 1 GOKOBBIMH 11e-
nsvu [IMAK metogoM Y®-BUIMMOI CIIEKTPOCKO-
IIMA B BOAE yCTaHOBJIEH (paKT oOpa3oBaHUSI, COOT-
BETCTBEHHO, HAHOYACTHII cepedpa 1 ceyieHa B HYJIb-
BajieHTHOM cocTostHuM (Ag’ u Se?).

MMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIELOBAHUS

Metogamu ACM u I1DM 06b111 0OHaApYXKEHBI U3-
MEHEHHUS B XapaKTepe accollMallnu cepebpocomep-
KaIIUX HAHOCTPYKTYP,/HAaHOYACTUIL M B MOP(DOJIOTUH
TUIEHKY TIPU BapbUPOBAaHUU JIMHBI OOKOBBIX 1IeTei
rpadt-CII. YcTaHOBIEHO, YTO B cepeOpOCcoIepKaIIX
mucnepcusax Ag’/rpapr-CIl ¢ yBenruueHUEM CTENEHN
nojavuMepusalumu m 60KoBbIx 1eneit rpadgT-CIT Ha-
O10maeTcsl, ¢ OMHON CTOPOHBI, YMEHbBIIIEHUE pa3-
MepoB, C(hOPMUPOBABIINXCS ChPepUIECKUX HAHO-
CTPYKTYp U, C APYTOii CTOPOHBI, BO3pacTaHUE TOJIN
“pakumun’”, oTHOCSILIECs: K HAaHOCTpyKTypam. Kpome
TOTO, B CJIyyae TUCIIepCUH, ColepKailieit HaHOYacTH -
1Bl cepebpa, crabnnm3npoBaHHbie TpadT-CIl ¢ m =
=270, metonoM ACM, moMmuMo chepruIeCKUX Ha-
HOCTpYKTyp nuamerpoMm 50—100 HM, oOHapyXKeHbI
KarcyJiabl pa3MepoM ~6 MKM, 3arojIHEHHBIE chepr-
YyecKUMMU cTpykTtypamu guameTpoM 300—500 am. ITo-
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Ka3aHO, YTO B M3yYEHHBIX CEPEOPOCOmMEPKAIIIMX THC-
MEPCHUSIX C YBEIMUYCHUEM CTEIICHU IIOJIMMEPU3aLINU M1
ookoBbIx Herneil rpadT-CII mpoucxomur 6oiee 3@ -
(¢eKTMBHOE 3KpaHUPOBAHNE HAHOYACTUIL ITIOJIMMEP-
HOM IIETKOM.

IIponeMoHCTpUpOBaHa BO3MOXHOCTh PEryJIUpO-
BaHMSI CTPYKTYPHO-MOP(POJIOTNIYECKUX MapaMeTpOB
ceneHconepxaumx Ha"Homucnepcuii Se’/rpadpr-CIT
IMyTeM BapbUPOBAHUS CTEIIEHU IOJIMMEPU3ALUU M
ooxkoBrbIx 1ieneit rpadT-CII. YcranosiaeHo, 4TO B ce-
JICHCOIEpXKAIIUX IUCIIEPCUsIX (hOPMUPYIOTCS TIpe-
UMYIIECTBEHHO ITUCKPETHBIE chepudecKue HaHO-
CTPYKTYpPBI, pa3Mepbl KOTOPBIX OMPEACISTIOTCS TTapa-
METPOM 1.

BJIIATOOJAPHOCTHU

Pa6ota BeITIONHEHA TTpU (PMHAHCOBOI TToIepKKe Mu-
HUCTepCcTBa o6pa3zoBaHus U Hayku P® (Merarpant [1pa-
ButeabcTBa Poccuiickoit Denepanuu, goropop Ne 14.
‘W03.31.0022). ABTOpBI BhIpaXKaloT 0JIar0OJapHOCTh MHXKE-
Hepy UBC PAH Kytuny A.A. 3a momolb B IIpOBeACHUN
ucciaenoBaHuii Mmetonom [IOM.
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Effect of the Molecular Brush Topology on the Stabilization of Silver
and Selenium Nanoparticles in Aqueous Nanodispersions:
Spectral and Structural-Morphological Characteristics
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Amphiphilic molecular brushes, i.e. graft copolymers (graft-CP), with a hydrophobic polyimide main chain
and hydrophilic side chains of polymethacrylic acid at a high degree of polymerization m of the side chains
and their grafting density, can be used as nanocontainers for the targeted delivery of drugs/agents. In this
work, silver nanoparticles (Ag’) or selenium nanoparticles (Se®) in zero-valence form with a complex of
unique biomedical properties were used as a loading agent. A comparative study of aqueous dispersions of Ag®
and Se” nanoparticles stabilized by amphiphilic molecular brushes of varying topology was carried out using
UV—visible spectroscopy, atomic force microscopy and transmission electron microscopy. The possibility of
controlling the structural-morphological and spectral parameters of the Ag®/graft-CP and Se’/graft-CP
nanostructures by changing the degree of polymerization m of side chains of the graft copolymer is shown.

Keywords: atomic force microscopy, transmission electron microscopy, morphology, structure, silver and se-
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