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IIVIEHOYHBIE 2JIEKTPO/IBI HA OCHOBE CTPYKTYP
JIEHI'MIOPA - BJIO/IKETT, COAEPXKXALINUX
MOHBI KEJIE3A U MEIU

MeTo oM TIOCTAAUHHOTO BBEJICHUS PEAreHTOB B PACTBOP MOJyYEHBI MOHOCIOH OKTAJCIUIIAMHHA, COJEpPXKAIINe
B CBOEM COCTaBe rekcannanodepparsl jxenesa 1 MeJId, a TakxKe Pou3BoHbIe GeppoieHa. C eIblo CO3IaHus IIeK-
TPOJIOB MOJyYEeHHBIE MOHOCIIOH TepeHeceHbl MeToI0M JIeHrMiopa — BiIoKeTT Ha TBEPYI0 TOKOIPOBOASAIILYIO MMO-

BEPXHOCTb.

Kniouesvie cnosa: mieHKn J'[eHrM}opa — BJIO,I[)KGTT, IIJICHOYHBIC DJICKTPOAbI, 6epHI/IHCKaH JIa3ypb U €€ aHaJIOTn

BBEJEHUE

ToOHKOIJIEHOUHbIE 3JEKTPOABl HCHOIB3YIOT TpHU
W3TOTOBJIIEHHN HWHTETPHUPOBAHHBIX KPEMHHUEBBIX ILIAT
Ut "yMHBIX" 3JI€KTPOXUMHUYECKUX CEHCOpOB. B ToH-
KOCJIOMHBIX SYEeHKaX C TOHKOIUICHOYHBIMH JJIEKTPO-
JaMH{ [IPOUCXOIUT OBICTPOE U MOJHOE OKHCIIEHUE HIIH
BOCCTAHOBJIGHHE JJIEKTPOAKTHBHBIX BEIIECTB B He-
OonpmMx 00BEMax, YTO IO3BOJSIET NMPOBOAUTH IKC-
npecc-aHanu3. Kpome Toro, ofHUM U3 NMpPEeUMYIIECTB
TOHKOIIEHOYHBIX 2JIEKTPOJIOB SIBJIAETCSA OTCYTCTBHE IO-
CTYIUIEHUSI B PacTBOp 3arps3HSIOLIMX CHUCTEMY HOHOB.
OCHOBHBIM YCJIOBHEM [UI CO3JaHHSI TOHKOIUIEHOY-
HBIX 3JIEKTPOJOB SIBISIETCS pPaBHOMEPHOE pacmpere-
JIHUE 3JIEKTPOAKTHUBHOIO MaTepuaia B TOHKOM CIIOE.
OTOro MOXXHO AOOWUTHCS MyTeM HAHECEHHS METOIOM
pacmbUieHns, HO JaHHBIH Mporecc TpeOyeT JKECTKUX
YCIJIOBHI, YTO MOYKET MPUBECTH K Pa3pyLICHUIO JJIEK-
TpoXUMHUECKOU cucteMsbl. [loaToMy I momydeHus
PaBHOMEPHOTO €O Ha MOBEPXHOCTH YacTO IpUMe-
Hst0T Meton Jlenrmiopa — braomkert (JI-b) [1, 2], ko-
TOPBIN MpEACTaBIAeT COOOH MPOCTON METOJ OpraHH-
3allMM  MOJIEKY1 B  MOHOMOJIEKYJIDHOM  CIO€
Ha TOBEPXHOCTH XUAKOCTH U MX IepeHoca Ha TBep-
IyI0 MOJUIOKKY. [loyueHHble TakuM 00pa3oM MyJib-
TUMOJIEKyNsApHble CTpyKTypel (MMC) min IieHKu
Jlearmtopa — baomxkert (IIJIB) mpusnekaroT uccnemno-
Barejed, Kak MHHHMMYM, [0 ABYM Ipu4yuHaMm. Bo-
MIEPBBIX, TyTEM IIEPEHOCA ONPEAEICHHOTO KOJINIECTBA
MOHOCJIOEB Ha TBEPAYIO MOJIOKKY MOYKHO TOYHO 3a-
JlaBaTh TOJIIIMHY IOKPBITUS, BO-BTOPBIX, cocTas 11JIb
MO’KHO MEHSTh OT CJIOS K CJIOI0, IOJTydast, TAKMUM 00-
pa3oM, IUIEHKM C 3aJaHHBIMH Ha MOJIEKYJISIPHOM
ypoBHE cBoicTBamMH. XO0Ts Meron JI-b He pemraer
BCEX MpOOJEM, CBSI3aHHBIX C MOCTPOCHUEM TBEPAO-
(ha3HBIX CTPYKTYp, OH o0ecredrnBaeT KOHTPOJIbh OpH-
EHTALlUN M TOJIOXKEHHS MOJIEKYJI B MOHO- U MYJIBTH-
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MOJICKYJISIDHBIX TUICHKAX, KOTOPBIH HE MOXET OBITh
JOCTUTHYT IPYTUMH METOAAMH.

OpmanM n3 mpmitokeHuit Mmetona JI-b sBisiercs mo-
JIyUCHHUC FI/I6pI/II[HI>IX MaTepUualioB, COYCTAIIINUX
B ce0e CBOMCTBAa OPraHMYECKMX M HEOPraHWYECKHX
BemecTB [3]. Yxke ceiiuac TuOpuAHBIE MaTepUAIIBI
HaxoIAT WupoKoe npumeHenue. Meroz JI-b He ToJib-
KO SBJSETCS CIMOCOOOM OpraHM3aluH  YTIIEPOIHBIX
HAHOTPYOOK, HO Y TTO3BOJISIET MHTETPUPOBATh UX B Opra-
HI4ecKylo ¢aszy [4—-6]. Marepuansl Ha ocHose I[1JIb
MOJIMOKCUMETAJNIATOB  MCIIOJIB3YIOTCS B  MEAMIIMHE
U XMMUYECKOM aHaju3e, MPU CO3AAHUH MarHUTHBIX
matepuanoB [7]. C momometo mMetona JI-b cozmaror
Karanu3aTopsl [8] u momynpoBogauky [9—11].

Amnanorn GepnuHckod nasypu (bJI-anamoru) BbI-
3BIBAIOT OOIBIION WHTEpEC W3-3a OOIIMPHOTO psijia
CBOWCTB, KOTOPBIE MOXHO MOJIYYUTh BO3JAEHCTBUEM
Ha HUX MArHuTHOrO II0Jid, CBETA, TEMIICPATYpPhl WU
napnenud. KoopauHanMoHHbIE HAHOYACTHULBI HOJY-
HarwrT, C 0Z[HOI71 CTOPOHBI, OJId U3YYCHUS BIIUAHUSA U3-
MEJIbYEHHOCTH Ha KOJIJIEKTHBHBIE MarHUTHBIE CBOMCT-
Ba [12], a ¢ Apyro# CTOPOHBI, C LENBI0 NPUIAHUS UM
MAarHUTHBIX CBOMCTB BHEIIHMMHM Bo3aercTBusiMuU. Ha-
HOpa3MepHble dacTuilbl bJl-aHamoroB MoryT ObITh
MOTEHIMANbHBIMU KaHIUIATaMU Ul CO3JaHMS YCT-
poiicTB XpaHeHns wHpopMmarmu. B nureparype omu-
CaHO HECKOJbKO METOJOB co3faHus bJI-ananoros,
B OCHOBHOM, C HCIIOJIb30BAHHEM OPraHMYECKHX HIIN
HCOPraHMYCCKUX CPEACTB 3allUuThl WA Hla6J'IOHOB
[13-15].

Hanouwactuupl rekcanuanodeppara meaum MOTyT
OBITH TIONMy4YeHBI ¢ momomiplo Meronma JI-b myrtem
a7copOLMU OTPULIATENBHO 3apsSHDKEHHBIX HAHOYACTHUL,
pPacTBOPCHHLIX B BOJC, HA MOHOCJION KaTMOHAKTUBHO-
T'O TIOBEPXHOCTHO-aKTUBHOTO BetiecTta (IIAB). briio
00Hapy»XEeHO, YTO B 3aBHCUMOCTH OT KOHIIGHTPALMH
MpeIIIeCTBeHHNKOB HAHOYAacTUIl B cyOdasze Moryr
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OBITH MOJTy4YeHBI 1Be cHcTeMbl. [Ipy BEICOKMX KOHIIEH-
tpaumsx (> 10° M) komtonausie BJI-ananoru axcop-
OMPYIOTCSI Ha MOBEPXHOCTh 33 CYET AIIEKTPOCTaTHYE-
CKOr'0 B3aMMOJEUCTBUSA, pa3pbIXiisii MOHOCIOW. IIpu
HU3KUX KOHLEHTPALUSX IOJY4aroTCs XOpOILIO opra-
HuzoBanHble [1JIB, B KOTOpBIX HaOMOgaETCS YacTHY-
Has Jucconmanusa KoyumowmHbix bJI-amamoror [16].
[MomoOHBIE CHCTEMBI UCTIONB3YIOT Ul CO3JaHUsl XU-
Muyeckux gataukoB. Hanpumep, IJIB 100 HM yacTun
rekcanpaHogeppara HUKeNsS Ha MOHOcioe Opommuia
JUOKTaIC I ANMETHIAMMOHUS HCTIONB3YIOT
B KadecTBe JaT4ynka Ha MoHbBI kKamus [14], a IUIb, co-
nepxarue 20 uM yactuipl bJI-ananoros, — B kadecT-
Be OnomatymkoB Ha Troko3y [15]. CxomHoe mpume-
HeHUe (XUMHUYeCKue AaTuuku, katanu3) Haxomst [1JIb
Ha OCHOBe mpom3BoAHbIX (epporeHa (Fc). Lukio-
nayutagathl GeppoleHUIMMHHA IPUMEHSIOTCS B Kade-
CTBE KaTaJlu3aTOPOB B peakuusx compsbkenus [17].
Hampumep, nudnnpHBIN 1MKIONAIIANAT GEeppoLeHH-
JMMUHA TIPUMEHSETCS B KayecTBE Karaiau3aropa
B F'OMOTEHHOH PEaKLUHU MEPEKPECTHOIO CONPSLKEHHS
Xexa — Cy3yKu MpH MOBHIIIIEHHOW U KOMHATHOU TE€M-
neparypax [18].
CKOpOCTb OJJHORJIEKTPOHHOT'O 0OOMEHA

(Fc=Fc' +¢)

MeXy OKHCIEHHOW W BOCCTaHOBJIEHHOH (opmamu
(deppolieHa oYeHb BBICOKA KaK B TOMOTGHHOH, TaK
U B TETEPOre€HHON OKHCIUTEIBEHO-BOCCTAHOBUTEIBHON
peakiun. Cnenyronme XapaKTepPUCTHKH TO3BOJISIOT
BBIJICJINTh ATOT KJIACC BELIECTB B KAa4ECTBE IIEKTPO-
JOAKTHUBHBIX JJIS PA3JIMYHBIX 3JICKTPOJAHBIX CUCTCM!

— OOJIBIIION MOHHBIN paanycC;

— MaJIblii 3apsaa u chepudeckas cTpykrypa deppo-
LIEHOBOTO S/Apa;

— IpaKTHYecKas HepacTBOPUMOCTh  (epporeHa
B BOJIe M BOJHBIX pacTBOpax 3JEKTPOJHUTOB (MeHee
107 moub/n);

—Majas pacTBOPHUMOCTH CoJiel (eppHIIeHNEeBhIX
(hopM, B YACTHOCTH AIIKWJIBHBIX, C aHHOHAMH OO0JIb-
IOTO pa3Mepa, KoTopasi ObICTPO U3MEHSETCS C yBEIH-
YCHUCM YHUCJIa YITICPOAHBIX aTOMOB B aJIKUJIIBHOM 3a-
MECTHTETIE.

Crnenyer OTMETUTb, YTO IOTEHLHMAN 3JEKTPoIa
¢ ucnonb3oBanueM cucteMbl Fe/Fc™ B kauecTse diek-
TpoaHOro Mmarepuana He Oyner 3aBucerb oT pH,
MOCKOJIKY HU alKui(eppoleHOBbIe, HH alKuidep-
PHILIEHUEBBIE COEAMHEHHS HE INPOSBISIIOT KUCIOTHO-
OCHOBHBIX CBOMCTB B BOJHBIX PACTBOpAaxX 3JIEKTPOJIH-
TOB.

Uenpio HacTosmiel paboOThl SBISETCA W3YYCHHE
anekTpoxumuueckux cpoiictB IIJIb Ha ocHoBe BJI-
aHaJIoTOB (TeKcarraHnoeppaToB jkejue3a W MeEIH)
Y TIPOU3BOJIHBIX ()eppOIICHA.
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MATEPHAJIBI U METO/IbI

Bce Heopranmdeckue peakTUBBI MCIOJIB30BATUCH
tonbko Mapok "OCY" mmm "XY" u He moaBeprajuch
JIOTIOJIHUTEJIBHOM O4YUCTKE. PacTBOpbl cosneil Menu
U >Kejie3a TOTOBMJIMCH HENOCPEICTBEHHO Iepell Mpo-
BEJCHUEM 3KCIIEPUMEHTA IyTEeM PaCTBOPEHHS TOUHBIX
HaBECOK.

Oxragemmndeppounen FcCigH3; (xpomarorpadu-
YEeCKUIl aHau3 Mmokasan cojaepxanue oonee 95% oc-
HOBHOT'O BEIIECTBA) JOMOJIHUTEIbHON OUYUCTKE HE
noaBepraics. Kanuesas conb HoHadTOpHU30Ballepra-
HoBo# kucnothl ((CF;3),CFCF,COOK) cunre3npoBana
B ['OCy1apCTBEHHOM HHCTUTYTE NPUKIALHOW XUMHUU
W He MoJBeprajach JONOJIHUTENbHON ouncTke. Crea-
punHoBas kuciora (C,;H;sCOOH) nmoasepranace mec-
TUKPAaTHOW MEepeKpUCTALIM3AMN U3 aOCONOTHOTO
9TaHOJA A0 HOJyYeHHsl 4uCTOTHI > 99.8%, xoropas
ompenensiiachk usmepenueM 1y, = 69.5 °C.

B xauectBe OydepHBIX pacTBOPOB HCIIONH30BA-
JINCH CTAaHAAPT-TUTPHIL.

I'ekcan mapku "XY" MPTVY-6-09 ¢ temnepa-
Typoit kuneHusi 64.8—65 °C mOMOIHUTENFHON OYUCT-
K€ He MOJIBepraics..

Hcnonp30Bany AUCTUIUIMPOBAHHYIO BOXLY CO 3Ha-
YeHWEM  YAETbHOH  JJEKTPONPOBOJHOCTH & =
=2+3-10° 1/(OMCM) M MOBEPXHOCTHBIM HATSKCHH-
em o = 72.7 mH/m nipu 20 °C.

IIepen nanecenuem I1JIBb cTekisIHHBIE IUIACTHUHBI
C TPO3pPauHBIM BJIEKTPONPOBOAALIMM HMOKPBITUEM
U3 OKCHJa HHAWA — OJIOBA TINATCIIbBHO IIPOMBIBAJIU
B rexcane. COIpoTHUBIEHUE NMPOBOAALICH HOBEPXHO-
CTU U3MEPSUTH C MOMOIIBI0 aBoMeTpa Mapku 11[-4313,
n oHO cocTaBisuio 0.4-0.6 MOwm. I1JIb 6pumn momyude-
HBI C TIOMOIIIBIO TTOJTyaBTOMAaTHYECKON yCTaHOBKH [19],
KOTOpasi O3BOJISIET MOJJIEP>KUBATH ITOCTOSIHHYIO 3a/1aH-
HYIO BEJIMYMHY ITOBEPXHOCTHOT'O JIaBJIEHMS B IPOLIECCEe
ONBITa W OCYIIECTBIATH BO3BPATHO-IIOCTYNATEIHHOE
JBIDKEHUE TBEPIAOM NOIJIOKKUA C MOCTOSIHHOM CKOpO-
cThi0. Vcrnonb3oBaHHAsh METOJMKA IMONTYYECHHUS M Tepe-
HOCa MOHOCJIOEB, COIEPKAIMX OEPIMHCKYIO JIa3ypb
Y ee aHaJIoTH, MOAPOOHO onucaHa B [20].

[Torenumomerpuueckue uzmepenus I1JIb, monu-
¢unHMpoBaHHBIX TekcanuaHodeppaTaMu, MPOU3BOJIHU-
mck B pactBopax KCI, NH,CI, CsCl u MgCl,, npuro-
TOBJICHHBIX Ha AMCTHJUIMPOBAHHOM BOJE IIyTEM pa3-
Oapyienust ucxonuoro 0.1 Mojb/Kr pacTBOpa 110 pac-
TBOPOB € KOHLEHTpauusmMu 5-1077, 1-10’2, 5-10’3,
1-10°,5-10* u 1-10* momb/kr.

[ToreHunomeTpruyeckre HU3MEPEHUs! MPOBOIMINCH
c wucnonb3oBaHueM mnoreHuuomerpa WM-130 mpu
(20 + 2) °C. B kauectBe pH-MeTpuieckoro 31eKkTpoaa
WCTIONB30BANICA CTEKIISTHHBINA dnekTpon mapku DCJI-
515, mpenBapuTenbHO NPOKATHMOPOBAHHBIA B CTaH-
naptHeix pH-OydepHBIX pacTBOpax, a 3JIEKTPOIOM
CPaBHEHHSI CIIY)KWJI XJIOPHICEPEOPSIHBIA AIEKTPOJ]
trmna OBJI-1M
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PE3VJIBTATBI 1 X OBCYXJIEHNE

Memoouku ¢hopmuposarust MOHOCIOA

JIst TToJTydeHust JICHrMIOPOBCKHX IUICHOK HPEKIe
BCEro HEOOXOJMMO, YTOOBI BEIIECTBO OOPa30BHIBAJIO
CTaOMIbHBIE MOHOMOJIEKYJISIPHBIE CIIOM Ha NMOBEPXHO-
CTH KUAKOM cyO(has3pl. DTOMY yCIIOBHIO, KaK PaBUJIO,
YIIOBJIETBOPSIIOT MOJIEKYJBI TTOBEPXHOCTHO-aKTHBHBIX
BemiectB (I[TAB), uMeromye MONSpHYIO THIPOPHIIH-
Hy!I0 "TONOBKY" W IUIMHHBIA yTJIEBOJOPOIHBINA JIATIO-
¢mpHBI  "xBocT". CBOMCTBA MOHOCIOS 3aBUCST
or tuna [TAB. Karuonaktusasie [IAB B MoHOCIOE
MOTYT HaXOJIWTHCS KaK B HEHMOHW3UPOBAHHOM, TaK
W B HOHU3UPOBAHHOM COCTOSIHUH.

R-NH, + H" — R-NH;". (1)

CMeleHre paBHOBECHS! 3TOW peaklUH MpPOHCXO-
JUT 3a c4yeT u3MeHeHust pH pacTBopa, U MOHOCIOU
MOXET JH00 CIKUMATHCSI, TMOO PACHIMPATHCS 3a CUET
AIIEKTPOCTATHUECKOTO OTTAJIKUBAHUS YACTHII.

Hamu Opima paspaboTana MeTOAMKA BBEICHUS
B MOHOCJION 4acTHIl OCPJIIMHCKOM Jla3ypu U e aHaJlo-
rOB IIyTeM IIOCJEIOBaTENbHOIO BBOJA PEAreHTOB
B cyOda3y.

CxeMa B3aMMOJEHCTBUS MOJOKHUTEIBHO 3apsHKEH-
HOoro MoHocnos oktagenwiamuHa (OA) ¢ kowm-
IUIEKCHBIMH aHMOHAMHU W Ipouecc o0pa3oBaHMS He-
PacTBOPUMBIX  TeKcalaHopeppaToB  H300pakeHbI
Ha prc. | Ha mpuMepe oOpa3oBaHusI OEPIMHCKOH JIa3ypH.

IIJIb, Ha KOTOpPBIX MPOBOAWIM HEMOCPEICTBEHHO
AIIEKTPOXUMHUUECKUE HCCIe0BaHus, (hopMupoBaiu
Ha IOBEPXHOCTH CTEKJISIHHOW IUIACTHHBI C HaHECEH-
HBIM Ha OJHY M3 CTOPOH TOKONPOBOMSIIHM CJIOEM
SnO, (puc. 2). CurnHan ¢ mIacTUHB CHUMAJH TIPH TI0-
MOIIM MEIHOTO IPOBOJHMKA, MPUIIASHHOTO K TOKO-
MPOBOJSAINEH CTOPOHE IMJIACTHHBI, B KAYECTBE MPHIIOSI
ncnonszoBam Ga. Ero mcmons3oBaHue 00yCIOBIEHO
TE€M, 4TO OH OO0JIaJlaeT XOpOIleH ajare3ueilt K CTEKITy
1 TemnepaTtypoit tiaBneHus 7,,(Ga) =28 + 2 °C. Tem
CaMbIM MBI MOTJIH OBITH YBEpEHBI, YTO TpH IMalke
HE BO3HHMKAE€T HUKAKUX TEPMHUYECKHX H3MEHEHHUH
B MOJIyYEHHOU CTPYKTYpE.

Hus  momyuenuss [1JIB  okragenmndeppoiieHa
Ha MMOBEPXHOCTh BOAHOH (pa3bl, OUMIIIEHHOHN OT TBUIH,
HaHocwn 1o kamM 10—12 mit ero pacTBopa B H-TeK-
cae (C = 6+9-10° Momb/n) U3 KanUOPOBAHHOM ITH-
IIETKU Ha 5 MJI, KOTOPBIU IIOCJIE UCIIAPEHUS] PACTBOPHU-
TeJsl JaBaj HEpacTBOPUMBIA MOHOCIION. [lanee momy-
yeHHBIM MC, HaxXOmSIIUNACA MEXKIy MOABIKHBIM
OapbepoM u 6aphepoM BecoB JICHTMIOpa, CKUMAITH J10
HY>XHOH BEJIMYUHBI IOBEPXHOCTHOI'O JAABJICHUS NPH
MOMOIIM TIOJIBUKHOTO Oapbepa (v = 5 ¢cM/MUH), OTBe-
YaoLIEero KOHACHCUPOBAaHHOMY cocTosiHuio MC, pas-
Horo ~ 20 MmH/M. 3ateM TBep/yt0 MOMJIOKKY 3aKper-
JSUIN B TIOTPYXKAIOLIEM YCTPOWCTBE M OCYILLECTBISUIN
nepeHoc MC Ha OJTOXKKY.

g’) - O.D.A @ - Fea[Fe(CN)G]z

Puc. 1. Cxema nonyuenus monocinoeB OJIA, coxepxa-
MuX OEPIMHCKYIO J1a3ypPh.
OJ/IA — oxTajenuiaMuH

Cu

SiO,

Puc. 2. Cxema 371eKkTpojia C HAHECEHHBIM MOHOCIOEM
OJA, comeprxaum OEpIMHCKYIO Ja3ypb

Ilocne wHaHeceHusi TNPOU3BOTHOTO (QeppoleHa
Ha IDIACTUHKY HeoOxoamMo Obuto co3math Red-Ox
cHCTeMy, T.e. MOJy4HTh OKMCieHHble (opmbl RFc
1 cTaOWIM3UpOBaTh WX aHHOHOM HOHa(TOpH30Baie-
puanoBo#t kucnotsl (CF;),CFCF,COO™ (FyVal). dns
3TOTO MCMOJIB30BAIH UCTOUYHHK MUTAHUS TIOCTOSHHOTO
Toka Thna b5-49 u nnaTUHOBBIN ANIEKTPOJ, KOTOPHIA
norpyxxanu B pactBop KFyVal B Bogme (C =
= 10 ’MoJIB/1T) BMECTe C MPHIOTOBICHHBIM (epporie-
HOBBIM JJICKTPOIOM, U TMOAaBad HampspkeHue 1.5 B.
JUINTENBHOCT OKUCIIEHUS COCTABIISIIA 3 MUHYTHI.

[Mpu crabunmzanuu QeppuleHN-KaTHOHA AHHO-
HOM  crteapuHoBod  kuciotel  CgH3,COO (St)
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METO/IMKa HAHECEHHUs IMpeTeplieBalla HEKOTOpPhIC H3-
menenwus. [locine Hanecenuss MC Ha BonmHyO cyOdasy
TBEPAYIO HOJUIOKKY 3aKpEeIUIUIM Ha MOrpPY’KaroleM
YCTpOHCTBE, MOCJIE Yero HpPOU3BOIMIM HaHECEHHE
MC oxragennidepporieHa B asze morpykeHus. YcrT-
POMCTBO OCTaHABJIMBAJIM, KOTJa IIACTHHA ObL1a IO-
rpy’keHa B BOZy, C IOBEPXHOCTH BOAHOM (a3bl yna-
JSITM MOHOCJION OKTaILeLII/IH(beppOHCHa U HaHOCHJIH
pacTBop CTeapuHOBOM KHCIOTHI B H-rekcaHe (C =
= 10" mosn/n) 1o kamam (5—7 mu). Tlocne ncnapenus
pactBoputenst MC cTeaprHOBOM KUCIOTBI CKUMAIH IIPU
MOMOLLM TOJBMKHOTO Oapbepa 0 KOHIEHCUPOBAaHHOTO
COCTOSIHUS (maBneHus, paBHOTO ~20 mH/m),
a 3aTeM MOJIOKKY TOAHUMANU W3 BOABI, IEPEHOCS
CTEapUHOBYIO KHCIIOTY Ha TBEPAYIO MOMTIO0XKKY C YKe
HaHeceHHBIM MC @eppoueHa Takas MeTonuKa moy-
yenus I1JIb Ha TBepAoOM MOIIOKKE T03BOJISET HanOo-
Jiee OJIM3KO PACIONOKUTh KATUOHBI RFc" u aHuoHb —
cTabmmm3aTops! St .

Homem;uoxvzempuqecxue U3MeEPErUA

Ilepen HayaaoOM NOTEHLIMOMETPUYECKUX H3MeEpe-
HUHM Kpasl BCeX 3JEKTPOAOB M MECTO NpHIas ObLIH
M30JIMPOBaHbI MapaduHOM. DTO TpedyeTcs s TOro,
9T0OBl M30€XaTh HECTAOMIBLHOCTH MOTEHIMAaIa U3-3a
WCTEYEHUS TOKa C KpaeB MOKPHITUS SnO, U TaineBo-
ro MpuIas, Ha KOTOpbIX He Obuta HaHeceHa [1J1B. J{ns
mmepennst IJIC ranbBaHMYECKHX DSJIEMEHTOB HC-
nonb3oBaics noreHuuomerp M-130. IloTeHmmomer-
puueckue usmepenust [1JIb, moguduumpoBaHHBIX
rekcanuatodeppaTamy, MPOU3BOIMINCH B PACTBOPAX
KCl, NH,Cl, CsCl u MgCl,, npuroToBJI€HHBIX Ha
JUCTWINPOBAaHHOM BOJE IMyTeM pa30aBlIeHUS UCXOI-
Horo 0.1 mMomb/Kr ,PacTBopa /10 paCTBOPOB C KOHLIEH.
TpanuAMH  5- 102 1-10°% 5-10°, 1-10°, 5-10°
u 1-10* momb/kr. B KaquTBe ANEKTpoaa CpaBHeHI/IH
WCTIONB30BANIN XJIOpHACepeOpsHbIi AnekTpoa. Ha oc-
HoBe [LJIb, comeprxamux rexcammanodeppaTs xKeesa
n MCIu, 6I>IJ'II/I COCTAaBJICHBI JICKTPOAHBIC CUCTEMBI:

Ae | AgCLKCl(ac) ” Wccremyembrit OI[A/Fe4[Fe(CN)6]3| SnO, | Ga | Ag
Ass PacTBOp COMH VT
OJIA/Cus[Fe(CN)gls @
Uccnenyemsiii pH- | Crexnsinnas memOpana | 0.1n HCI
Ag| Ga | SnO, | R-FeSt 6ydepHsblii pactBop |c H' -pyHkimeit AgCl g 0

Ha ocnose IlJIb okranemnmndepponena, cTaOMIM3UPOBAHHBIX aHHOHAMH HOHAa()TOPHU30BAIEPHAHOBON KH-

CJIOTHI, OBLT cocTaBieH Atektpon Il poxa:

Ag | AgCl, KCl(nac)

Uccnenyemslii p-p
(CF5),CFCF,COOK

RFc OOC-C,4F, SnO, | Ga | Ag

(1)

Ipumeuanue. B (1, 111) KCl(nac) — nacbimennsiii, B (I-111) AgCl — ocanoxk.

B cucremax I u IIl B xauecTBe U3MEPUTETHLHOIO
JIEKTPOJIa UCHOJIB30BAIN MOIYIPOBOJHUKOBYIO IUIA-
ctuHy SnO, ¢ HAHECEHHBIMH CIIOSIMU OKTaJCIHIaAMU-
Ha, COJIEepXalMH HaHOYACTHIIBI TekcanuaHodeppa-
TOB, WJIM MOHOCJIOSIMU TPOW3BOJAHBIX (peppoleHa, co-
OTBETCTBEHHO. B cucreme II W3MEpPUTEIBHBIM 3JIEK-
TPOIOM SIBIBLICS Kiaccudyeckudd pH-meTpruueckuii
3JIEKTPO/I, & IEKTPOJIOM CpaBHEHUs miactuHa SnO; ¢
HaHECEHHBIMM MOHOCJIOAMH aJIKWiI(eppoueHa, MOIu-
(unMpoBaHHBIME CTeapUHOBON KucioToit. CoxpaHe-
HUE HEPHCTOBOW 3aBHCHMOCTH (YTrIIOBOW KO3(QuIm-
eHT HakioHa 59 MB) moxarBepkmaer BO3MOXKHOCTH
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WCTIONB30BaHMS IJICHOYHOTO (EPPOLCHOBOTO JIIEK-
TpOJa B KA4eCTBE IIEKTPOAa CPABHEHHUS.

QHCKTPOXI/IMH‘IGCKI/IG pCaKkuru ¢ y4aCTUueM IJICHKHU
MajopacTBOpUMO¥ OepiuHCKoi Ja3ypu u  bBJI-
aHAJIOTOB, HAHECEHHBIX Ha DJIEKTPOX, MPOTEKAIOT
C y4acTHEeM KaTHOHOB (DOHOBOT'O BIIEKTPOJIUTA, KOTO-
pBIe TIOCTYMAaOT B TUIEHKY W3 pacTBOpa MpH €€ BOC-
CTAaHOBJICHUMU W BBIBOIATCA U3 HEC NPHU OKHUCIICHUH
[21]:

Fe,"[Fe"(CN)o]; + 4e +4K' =

= K4Fe,"[Fe"(CN)g]s. 2)



40 H.T. CYXOJIOJIOB u np.

PesynbraTel NMOTEHOUOMETPUYECKUX U3MEPEHUI
mwieakn OJ]A/Fey[Fe(CN)s]; B pactBopax KCl pasz-
JINYHBIX KOHUEHTpalUUW MpencTaBlE€Hbl Ha puUC. 3, a.
Tanrenc yrna HakjoHa mpsiMOil cocTaBisieT 52 + 3 MB,
9TO 3HaueHHE OJM3KO K 3HAYCHUSIM JUIS DJIEKTPOXH-
MHYECKOTO MpoIlecca ¢ y4acTHEM OJIHOTO 3JIEKTPOHA.
CxomHas kaptuHa HaOmomaetcs mis pactBopa KCl
n Ha mwieHke OJIA/Cus[Fe(CN)s], (puc. 3, 6). Ho
HNPSMOJIMHENHHAsT 3aBUCHMOCTh COXPAHSAETCS TOJIBKO
B obmacti KouuenTpauuit ot 0.1 10 5-10° Momb/kr,
TaHTeHC yTJIa HaKJIOHAa IpsAMOi coctasmnseT 55 + 3 mMB.
OTKJI0HEHWE OT MPSIMOJIMHEWHOW 3aBUCUMOCTH B 00-
JJaCTH HHU3KHX KOHHGHTpaHHﬁ, BEPOATHO, CBA3aHO
¢ yaepxkuBanueM HoHOB K’ B CTpyKType TLIEHKH, UTO
MPUBOIUT K HEKOTOPOMY HapYyIICHHIO OOpaTUMOCTH
mpoiecca.

st 2IEKTPOXMMUYECKOM CHCTEMBI Ha OCHOBE
[JIB OHA/Cus[Fe(CN)g] mnpsimonuHeiHas 3aBUCH-
MocTh DJ]C ranbBaHHUYECKOTO BJIEMEHTa OT aKTHBHO-
ctu uonos NH,  HabmionaeTcs BO BceM JHanaszoHe
M3MEPEHHBIX KOHIeHTparwit (ot 0.1 10 107" Monb/kr),
TaHTEHC yTJIa HAaKJIOHA TpsiMoii coctapisieT 41 £ 3 mB
(puc. 3, B). B pacTBOpax e, comepKammx KaTHOHBI

a
0,44 4
0,401
D ;35
i
0321 L
n
028 4— . y . ; B -
10 15 20 25 30 35 40
-lga.(K*)
B
0.354
0.304
0.25 4
W .20
0,154
0.10 ’ . . ;
i 2 3 1
-Iga (NH,")

Na’, Cs" u Mg”", He ynanoch JOOHTHCS YCTONUMBBIX
3HAYCHUH IEKTPOIHBIX MOTSHIHAIIOB.

Ha puc. 3, 1, npeacrasnens! 3aBucumoctu I/C
raJlbBaHUYECKOro aneMeHra Ha ocHoe IIJIb
OJIA/Fe [ Fe(CN)g]3s B pacTBOpax, comepiKamux pas-
JNTMYHEle KOHIEeHTpamuy noHoB Na', NH, Cs™ u Mg,
Takum obpazom, 11 3TOM cucTeMbl Hamboee OJn3-
KHE 3HAYCHUsS YTIIOBOro ko3dduimenTa Kk TeopeTuye-
CKMM 3HAYCHHSM HAOIIOAIOTCS B PAcTBOpax MOHOB
NH," (50 + 4 MB). 3aBucumocts DJIC rambaHuue-
CKOTO 2JIeMEHTa OT KOHIIEHTPALlMK KaTHOHOB Na' ju-
HEWHa, HO yroJ HaKJIOHAa NPSIMOX MEHBIIIE TEOPETHYE-
CKOTO 3HaueHus u cocrtaBisier 22 + 3 MB. Yron Ha-
KJIOHA MPSMOM TOTEHIMANa B PAacTBOpax COJU IIE3Hs
coctaBnsgeT 32 = 5 MB, uTo Takxe MeHbIlIE 3HAUCHUS,
pPacCYUTAaHHOIO IO YPaBHEHUIO HCPHCTa. Hns pac-
TBOPOB, COJIEPIKAIINX KAaTHOHBI Mg, 3HAaueHHe yrio-
BOoro ko3¢ ¢unueHta cocrapmsier 12 +£ 2 mB. Otkio-
HEHUS OT TEOPETHYECKHX 3HAUYeHHWH IOTEHIHana
B pacTBopax noHoB Na', Cs™ u Mg”", BeposTHO, TaKxke
CBSI3aHBI C MX YAEPKHBAaHHEM B CTPYKTYpE IUICHKH
W, CIeJ0BaTeNbHO, HApPYIIEHUEM OOpaTHMOCTH IpPO-
ecca.

02414
0204

Wi 0161

0.12 1

0.1 3

-
(SR
w
EN

-lg a.(Men*)

Puc. 3. 3aBucumocts JJIC ranseanmueckoro snementa (OJJA/Fey[Fe(CN)gls) ot aktunoctu K (a);

3aBucuMocTh J/IC ranbBaHHMUECKOTO JJIEMEHTa
3aBUcUMOCTh DJ[C TajapbBaHUYECKOTO 3JIEMCHTA
3aBucuMocTh JJIC TambBaHUYECKOTO 3JIEMEHTa

1 —Na',2 —NH,", 3 —Cs", 4— Mg" (r)

(OJIA/Cus[Fe(CN)¢],) ot aktusroctn K’ (6);
(OJ1A/Cu;3[Fe(CN)g],) ot aktuBHOocTH NH4 (B);
(O1A/Fe4[Fe(CN)g]s) OT aKTHBHOCTH HMOHOB:

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2
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Emie onHoi cucteMoi, B KOTOPOH OCYIIECTBIISIETCS
OJTHOJIEKTPOHHBIM Iponecc, sBiseTcss (eppoueH-
(depputicaueBas.  deppuileHui-kaTHOH  o0Opasyer
C aHHMOHaMH BOJIOpPAcTBOpPUMbIE coiu. s cTadumu-
3allMM W BBIACTCHUS (eppULICHUH-KATHOHA HCIOJb-
3YIOTCS AHWOHBI OOJNBIIMX pPa3MepoOB, CHOCOOHBIE
B3aPIMOI[CI71CTBOBaTb C KaTHUOHaMH, Yy KOTOPBIX IUIOT-
HOCTh 3apsaa gnocratouHo wMama (ClO4, BF4,
CsHsSO;7). Hamu ObLIM HCIIOJIB30BaHBI aHUOHBI HO-
Ha(TOPU30BAICPHAHOBOM KUCIIOTHI FoVal u aHHOHBI
CTeapuHOBOW KHCIOTHI St. AHWOH HOHa(TOpH30Ba-
JIEpUAHOBOH KHCIIOTHI OJlarofiapsi BEICOKO3JIEKTPOOT-
punarensHOMy (GTOpY 00NamaeT Hamboiee crabWiu-
3UPYIOIINM ACHUCTBHEM, 2 aHUOH CTEApUHOBOW KHCIIO-
Thl MOXHO HAHOCHUTH 10 Metoay JI-b, nonyyas Takum
00pa3oM cTaOUIBHYIO0 OUCIOWHYIO CTPYKTYDY.

CTabWIBHOCTh OKHUCIICHHBIX (opM (epporeHCo-
JepXKalluX COEIAWHEHUH MOXeT ObIThb JOCTHTHYTa
B pe3yJbTaTe HCIOIB30BaHUS HanOoJee YCTOMUMBBIX
NPOM3BOAHBIX (eppulleHHs. BBeaeHue 31eKTPOHAO-
HOpPHBIX 3aMecTUTeled (Hampumep, aJKWIbHBIX)
B NEHTAAMEHMWIFHOE KOJIBIO (EePPULMHIIBLHOIO siApa
3HAYUTCIIbHO YBCIINYUBACT yCTOﬁ‘lHBOCTL HOCJIICAHECT O
K mporeccaM pazpyuieHus. OkragenundepporeH 00-
JaiaeT HeOOXOAMMON yCTOMYHNBOCTHIO, YTO TTO3BOJIS-
eT MONY4YUTh (EPPHULIEHUIH-KATHOH MyTeM 3JCKPOXH-
MHYECKOTO OKHCICHUS [22].

DepulleHUI-KaTUOH B3aUMOJICHCTBYIOT C aHUOHOM
A" (rme A” = St, FgVal) ¢ obOpazoBanmem RFCcA,
1 00111231 peaKiys BbIpakaeTcs Kak

RFc+ A =RFcA+e. 3)

Pe3ynbraThl MOTEHUMOMETPUYECKHUX H3MEPEHUI
[1JIb Ha ocHOBe OkTanenmiIdeppoIeHa, CTAOUITH3UPO-
BAHHOI'O CTEAPUHOBOM KHCIOTOW, MPEACTABICHBI

04

0.0 [ 2

Puc. 4. KamnOpoBouHble KpUBBIE CTEKISHHOTO pH-Mert-
PHYECKOTO 3IIEKTPOAA.

DNeKTpol CpaBHEHMs: | — CTaHIAPTHBIA XJIopuacepeo-
psiHHBIN 2nekTpon, 2 — [1JIb Ha ocHOBe okrazenuidep-
poueHa (ranpBaHudeckuii anement (II))
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Ha puc. 4. TanreHc yria HakJIOHa AJi1 CTEKJIIHHOI'O
anekTpona (3aBucumocth 1 Ha puc. 4) paBeH
57 £ 6 MB, a s cucteMsbl, coiepKaIIe OKTaIeIiI-
(hepporieH, cTabUIN3UPOBAaHHBIN CTEAPUHOBON KHCIIO-
TO# (3aBUCHUMOCTh 2 Ha puc. 4), — 53 £ 5 mMB. D1
3HAYEHUs] IO3BOJISIIOT CHEJIaTh BBIBOJ O TOM, YTO
3JIEKTPOXUMHUYECKUN Tporiecc (3) MPOUCXOAUT C yda-
CTHUEM OJHOrO 3JieKTpoHa. Hannuue npsMonnHeHHON
3aBUCUMOCTHU JJId CHCTEMBI, CT&6I/IJ'IH3I/IPOB3HHOI71
CTEapHHOBOM KHUCIIOTOW, M 3HaYEHUE YTIIOBOTO KO-
¢urmenTa, OJIM3KOTO K TEOPETUIECKOMY, TIO3BOJISIOT
ucnonb3oBaTh Red-Ox cucTeMy Ha OCHOBE OKTaje-
mmndepporieHa, HaneceHHYI0 B Buae [1J1b Ha moBepx-
HOCTh SnO,, B KauecTBe 3IEKTPOJOB CPAaBHEHUS IpHU
MOTEHIIMOMETPUYECKUX u3MepeHusax. Kpome Toro,
TaK K€ KaKk U CTeaprHOBasi KUCIOTa, OKTaAeuidep-
POILIEH NMpaKTUYECKH HE pacTBOpUM B Bojie. [Ipumene-
HUE TaKHUX DJIEKTPOMOB IIEIeCO00pa3HO, KOoraa Heoo-
XOAMMO COOITIOIATh YACTOTY UCCIEAYEMOTO pacTBOpA.

Bo3moxHocTe peanuzanuu snektpogo Il poxa
Ha ocHoBe mnonydeHHbIX [IJIB Obina wuccnenoBaHa
Ha mipuMepe dekTpoanoit cucreMmsl [1I. Annon FyVal™
SIBIIIETCA aHHMOHOM cuiabHOU KuciaoThl HFyVal, u mo-
stomy coib KFyVal B BomHBIX pacTBOpax AmCCOIH-
vpoBaHa Haueno. Ha puc. 5 mpexncraBiieHa 3aBHCH-
mocTh DJIC rambBannueckoro 3neMmenTta III ot jora-
pudma aktuBHOCTH FoVal. D/IC rampBaHMYECKOTO
anemenTa I paccunThiBanu 1o cieayoiei Gopmyiie:

Ey = E° - 0 1g a.(KFyVal). 4)

3navyenne BenmunHbl dEp; / 1g a.(KFeVal) npsmo-
JIMHEHHOTO y4acTKa paBHO 59 MB, 4TO COOTBETCTBYET
TEOPETHUYECKOU.

0,304

m 0.25-

0.204

15 2.0 25 3.0 35 40
-lg a (F Val)

Puc. 5. 3aBucumocts DJIC ranpBaHHYECKOTO 3JIEMEHTA
IT (TIJIb oxrageunndepporeHa) oOT akKTHBHOCTH aHHOHOB
HOHA(TOPHU30BATIEPHAHOBON KHUCIIOTHI
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3AKJIFOYEHUE

Takum oGpaszom, Ha ocHoBe OJIA, MomuduIHpo-
BaHHOTO HEPAaCTBOPUMBIMHU TeKcallaHopeppaTaMu
KeJe3a Wi MEeIM, TTOJTy4eHbl TUIEHOYHBIE IEKTPO/IbI.
Ioka3zano, uto B pacTBopax moHoB K’ s rexcanua-
Hogeppara xene3a u NH, mns rekcanuanodeppara
MEIH OCYHIECTBISIOTCS OOpaTuMble OJHOIIEKTPOH-
HBIE TIPOIECCH OKHCJIEHUSA-BOCCTAHOBIICHHUS JKeie3a.
JInst 3JIEKTPOAHON CHCTEMBI HA OCHOBE I'€KCalMaHO-
(deppaTa Kkene3a HaOMIOMAIOTCS TPSIMOJIMHEHHBIE
3aBUCUMOCTHU IIOTCHIHAJIa IINICHKW OT aKTUBHOCTHU
nonos K*, Na, NH,", Cs" u Mg”". HanGonee Gnu3kue
3HAYEHUS YTIIOBOI0 KOAPPHUINEHTa K TEOPETUISCKUM
3HAYEHMAM HAONIONAIOTCS B pacTBOpax HOHOB K
u NH,". st 31eKTpOJHOM CUCTEMBI Ha OCHOBE T'€K-
caraHogeppaTa Meiu HaOJIFOIaeTCs JIMHEWHAS 3aBU-
CUMOCTh TIOTEHIIMAJIa TUIEHKA OT aKTUBHOCTH MOHOB
NH," Bo BceM aMana3oHe M3MEpPEHHBLIX KOHIIEHTpA-
i, a it noHa K — TOJBbKO B 0OJACTH BBICOKHX
KOHIEHTpALUM.

[Nokaszana Bo3MoxHOCTH ToiyueHust [LJIB ¢ ¢ep-
POIIEHCOIEPKAIIMMA COEAMHEHUSIMH C TIOCIEIyTO-
MM HUX BJICKTPOXUMHNYCCKHUM OKHUCJICHHCM U CTa6I/I-
nu3anueit annonasiMu [TAB, uTo mo3Bosser pa3pada-
TbIBATh JJICKTPOAHLIC CHUCTEMbI CPABHCHHSA M 3JICK-
tponsl Il poma, oOpaTumbie K pa3iIMdHBIM aHUOHHBIM
ITAB. Hcxoas u3 3TOro, MOKHO MPEANOI0KUTE, YTO
(heppOIIEHOBBIN PIEKTPOA MOKHO MCTIOIH30BATh B Ta-
KHX OTPacCiiX, KaKk METUIINHA, TEXHOJIOTHH, T/Ie Tpe-
OyeTcsi BBICOKash YHCTOTa HCCIEAYEMOTO pacTBOpa,
T.K. B paCTBOp HE MPOAYIIHPYETCS HUA OJWH U3 KOMIIO-
HEHTOB JJIEKTPOXMMHUYECKOH CHCTEMBI, KpOME YK€
TaM TPUCYTCTBYIOIINX.

Paboma evinonnena c ucnonvzosanuem 0b60pyoosanus
PI] CHI6I'Y '"T'eomooenv”, PL] CII6I'Y "HTKH", Pl
Criel'y "PAMH".
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Using stepwise addition of reagents into the solution, octadecylamine monolayers containing iron and copper
hexacyanoferrates, as well as ferrocene derivatives, were obtained. To create electrodes, the resulting monolay-
ers were transferred to a solid conductive surface using the Langmuir — Blodgett method.
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INTRODUCTION

Thin-film electrodes are used in the fabrication of
integrated silicon circuit boards for "smart" electro-
chemical sensors. In thin-film cells with thin-film
electrodes, rapid and complete oxidation or reduction
of electroactive substances occurs in small volumes,
enabling rapid analysis. Furthermore, one of the ad-
vantages of thin-film electrodes is the absence of con-
taminating ions entering the solution. The key to
creating thin-film electrodes is the uniform distribu-
tion of the electroactive material in a thin layer. This
can be achieved by sputtering but this process requires
harsh conditions, which can lead to the destruction of
the electrochemical system. Therefore, to obtain a uni-
form layer on the surface, the Langmuir-Blodgett (L-
B) method [1, 2] is often used. This method is a sim-
ple way for organizing molecules in a monomolecular
layer on a liquid surface and transferring them to
a solid substrate. Multimolecular structures (MMS) or
Langmuir-Blodgett films (LBFs) obtained in this
manner attract researchers for at least two reasons.
First, the coating thickness can be precisely controlled
by transferring a specific number of monolayers onto
a solid substrate. Second, the LBF composition can be
varied layer by layer, thereby producing films with
properties specified at the molecular level. Although
the L-B method does not solve all the problems asso-
ciated with constructing solid-phase structures, it pro-
vides control over the orientation and position of mo-
lecules in mono- and multimolecular films, which
cannot be achieved by other methods.

One of the L-B method applications is the produc-
tion of hybrid materials that combine the properties of
organic and inorganic substances [3]. Hybrid mate-
rials are already finding wide application. The LB me-
thod is not only a method for organizing carbon nano-
tubes but also enables their integration into the organ-
ic phase [4-6]. Materials based on LBF polyoxymetal-
lates are used in medicine and chemical analysis, as
well as in the creation of magnetic materials [7]. The
LB method is used to create catalysts [8] and semi-
conductors [9-11].

The Prussian Blue analogues (PB-analogues) are of
great interest due to the wide range of properties that
can be achieved by exposure to a magnetic field, light,
temperature, or pressure. Coordination nanoparticles
are obtained, on the one hand, to study the effect of
particle size on collective magnetic properties [12],
and, on the other hand, to impart magnetic properties
to them through external influences. In the literature,
nanosized particles of PB-analogues may be potential
candidates for the creation of information storage de-
vices. Several methods for creating PB-analogues,
mainly using organic or inorganic protective agents or
templates. have been described in literature [13—15].

Copper hexacyanoferrate nanoparticles can be ob-
tained using the L-B method by adsorbing negatively
charged and water-dissolved nanoparticles onto
a monolayer of a cationic surfactant. It was found that,
depending on the concentration of nanoparticle pre-
cursors in the subphase, two s%rstems can be obtained.
At high concentrations (> 10~ M), colloidal PB ana-
logues adsorb onto the surface due to electrostatic in-
teractions, loosening the monolayer. At low concen-
trations, well-organized LBFs are obtained, in which
partial dissociation of the colloidal PB analogues is
observed [16]. Similar systems are used to create
chemical sensors. For example, LBF with 100 nm of
nickel hexacyanoferrate particles on a monolayer of
dioctadecyldimethylammonium bromide are used as
a potassium ion sensor [14], and 20 nm LBFs with
PB-analogue particles are used as glucose biosensors
[15]. The LBFs based on ferrocene (Fc) derivatives
have similar applications (chemical sensors, cataly-
sis). Ferrocenyl imine cyclopalladates are used as cat-
alysts in conjugation reactions [17]. For example, am-
phiphilic ferrocenyl imine cyclopalladate is used as
a catalyst in the homogeneous Heck—Suzuki cross-
conjugation reaction at elevated and room tempera-
tures [18].

The rate of single-electron exchange

(Fc=Fc +e)

between the oxidized and reduced forms of ferrocene
is very high in both homogeneous and heterogeneous
redox reactions. The following characteristics make
this class of substances suitable for electrode systems:

— large ionic radius;

— low charge and spherical structure of the ferro-
cene core;

— practical insolubility of ferrocene in water and
aqueous electrolyte solutions (less than 10 °mol/L);

— low solubility of salts of ferricenium forms, par-
ticularly alkyl ones, with large anions, which rapidly
changes with an increase in the number of carbon
atoms in the alkyl substituent.

It should be noted that the electrode potential using
the Fc/Fc™ system as the electrode material is pH-
independent, since neither alkylferrocene nor alkylfer-
ricenium compounds exhibit acid-base properties in
aqueous electrolyte solutions.

The aim of this work is to study the electrochemi-
cal properties of LBF based on PB analogues (iron
and copper hexacyanoferrates) and ferrocene deriva-
tives.

MATERIALS AND METHODS

All inorganic reagents used were of special purity
or chemically pure grade and did not undergo addi-
tional purification. Copper and iron salt solutions were



prepared immediately before the experiment by dis-
solving accurately weighed samples.

Octadecylferrocene FcCigH3; (chromatographic
analysis showed a content of more than 95% of the
main substance) was not subjected to additional puri-
fication. The potassium salt of nona-fluoroisovaleric
acid ((CF;3),CFCF,COOK) was synthesized at the
State Institute of Applied Chemistry and did not un-
dergo further purification. Stearic acid (C,;H;sCOOH)
was recrystallized six times from absolute ethanol to
a purity of > 99.8%, as determined by measuring 7;,,=
=69.5 °C.

Standard titers were used as buffer solutions.

Hexane MPTVY-6-09 with a boiling point of 64.8—
65 °C of grade "chemically pure" was not subjected to
further purification. Distilled water with a specific
conductivity of & = 2+3-10° 1/ (Q cm) and a surface
tension of ¢ = 72.7 mH/m at 20 °C was used.

Before applying the LBF, glass plates with a trans-
parent conductive coating of indium tin oxide were
thoroughly rinsed in hexane. The conductive surface
resistance was measured using a II[-4313 avometer
and was found to be 0.4-0.6 MQ. The LBFs were ob-
tained using a semiautomated setup [19], which al-
lows for maintaining a constant predetermined surface
pressure during the experiment and for reciprocating
the solid substrate at a constant speed. The method
used to obtain and transfer monolayers containing
Prussian blue and its analogues is described in detail
in [20].

Potentiometric measurements of LBF modified
with hexacyanoferrates were performed in solutions of
KCl, NH4Cl, CsCl, and MgCl, prepared in distilled
water by diluting the initial 0.1 mol/kg solution to so-
lutions with concentrations of 5 - 1072 1 - 1072
5-10°,1-10°,5-10" and 1 - 10* mol/kg.

Potentiometric measurements were performed us-
ing an M-130 potentiometer at (20 + 2) °C. A glass
electrode of the DCJI-515 type, pre-calibrated in stan-
dard pH buffer solutions, was used as a pH-metric
electrode, and an DBJI-1M silver chloride electrode
served as a reference electrode.

RESULTS AND DISCUSSION

Monolayer formation methods

To obtain Langmuir films, the substance must first
form stable monomolecular layers on the surface of
the liquid subphase. This condition is typically satis-
fied by surfactant molecules with a polar hydrophilic
"head" and a long hydrocarbon lipophilic "tail." The
properties of the monolayer depend on the type of sur-
factant. Cationic surfactants in the monolayer can ex-
ist in both the unionized and ionized states.

R-NH, + H" — R-NH;". (1)

The equilibrium of this reaction is shifted by
changing the pH of the solution, and the monolayer
can either contract or expand due to the electrostatic
repulsion of the particles.

We have developed a method for introducing Prus-
sian blue and its analogs into a monolayer by sequen-
tially introducing reagents into the subphase.

The interaction of a positively charged octadecy-
lamine (ODA) monolayer with complex anions and
the formation of insoluble hexacyanoferrates are
shown in Fig. 1 using the formation of Prussian blue
as an example.

Fig. 1. Scheme for producing ODA monolayers con-
taining Prussian blue.
ODA is octadecylamine

The LBFs used for the electrochemical studies
were formed on the surface of a glass plate with
a conductive SnO, layer deposited on one side
(Fig. 2). The signal from the plate was recorded using
a copper conductor soldered to the conductive side of
the plate; Ga was used as the solder. Its use was de-
termined by its good adhesion to glass and a melting
point 77,(Ga) = 28 + 2 °C. It allowed us to be confi-
dent that soldering would not cause any thermal
changes in the resulting structure.

Fig. 2. Schematic diagram of an electrode coated
with a monolayer of ODA containing Prussian blue

To obtain octadecylferrocene LBF, 10-12 mL of
its solution in n-hexane (C = 6+9-10° mol/L) was
dropwise applied to the surface of the dust-free
aqueous phase using a calibrated 5 mL pipette. After
evaporation of the solvent, an insoluble monolayer
was formed. The resulting monolayer, located be-
tween the movable barrier and the Langmuir balance
barrier, was then compressed to the desired surface
pressure using the movable barrier (v = 5 cm/min),
corresponding to the condensed state of the monolay-
er, equal to =20 mH/m. The solid support was then
secured in a dipping device, and the monolayer was
transferred to the support.

After depositing the ferrocene derivative on the
plate, it was necessary to create a Red-Ox system, i.e.,
to obtain oxidized forms of RFc" and stabilize them
with  the  nonafluoroisovaleric  acid  anion
(CF;),CFCF,COQO™ (FyVal’). For this purpose, a 55-49
DC power source and a platinum electrode were used.
The electrode was immersed in a KFoVal solution in
water (C = 10~ mol/L) along with the prepared ferro-
cene electrode, and a voltage of 1.5 V was applied.
The oxidation time was 3 minutes.



When stabilizing the ferricenium cation with the
stearic acid anion C,;gH3;COO™(St"), the deposition
method underwent some modifications. After deposit-
ing the monolayer onto the aqueous subphase, the sol-
id support was secured to a dipping device, after
which the octadecylferrocene monolayer was depo-
sited in the dipping phase. The device was stopped
when the plate was immersed in water, the octadecyl-
ferrocene monolayer was removed from the surface of
the aqueous phase, and a solution of stearic acid in n-
hexane (C = 10* mol/L) was applied dropwise (5—
7 mL). After evaporation of the solvent, the stearic
acid monolayer was compressed using a movable bar-
rier to a condensed state (pressure of <20 mH/m). The
substrate was then lifted out of the water, transferring
the stearic acid to a solid support with the already de-
posited ferrocene monolayer. This method for produc-
ing LBF on a solid support allows for the closest poss-
ible arrangement of the RFc" cations and the St stabi-
lizer anions.

Uccnenyemslit

Ag | AgCl KCl(nac) ” S———

The salt solution under study
or

Ag| Ga|SnO,| R-Fest

The pH buffer solution under study
Glass membrane with H' function

Uccnenyemsrit pH-
OyhepHbIii pacTBOp

Potentiometric measurements

Before potentiometric measurements, the edges of
all electrodes and the solder joint were insulated with
paraffin. This was necessary to prevent potential in-
stability due to current leakage from the edges of the
SnO, coating and gallium solder joint, where the LBF
was not applied. An U-130 potentiometer was used to
measure the electromotive force (EMF) of the galvan-
ic cells. Potentiometric measurements of hexacyano-
ferrate-modified LBFs were performed in KCI,
NH,CI, CsCl, and MgCl, solutions prepared in distill-
ed water by diluting the initial 0.1 mol/kg solution to
solutions with concentrations of 5-1072, 1-1072, 5-10°7,
1-10°, 5-10* and 1-10* mol/kg. A silver chloride
electrode was used as the reference electrode. Elec-
trode systems were composed of LBFs containing
hexacyanoferrates of iron and copper:

OMAFFe(Fe(CN)L: | sn0, | Ga | Ag
50105
OJIA/Cus[Fe(CN)ql, M
CreknsaHas memOpana | 0.11 HCI A
¢ H'-dpynkumeii AgCl g 10

A type II electrode was composed based on the octadecylferrocene LBFs stabilized with nonafluoroisovaler-

ic acid anions:

Ag | AgCl, KCl(nac)

The solution under study

Uccnenyemslii p-p
(CF5),CFCF,COOK

RFc OOC-C,4F, SnO, | Ga | Ag

(1)

Note: In (I, 11I), KCI (nac) is saturated; in (I-11I), AgCl is a precipitate.

In systems I and III, a SnO, semiconductor plate
coated with octadecylamine layers containing hex-
acyanoferrate nanoparticles or monolayers of ferro-
cene derivatives was used as the measuring electrode,
respectively. In system II, a classic pH electrode
served as the measuring electrode, and an SnO, plate
coated with alkylferrocene monolayers modified with
stearic acid served as the reference electrode. The pre-
servation of the Nernstian dependence (slope coeffi-

cient of 59 mV) confirms the suitability of the ferro-
cene film electrode as the reference electrode.

Electrochemical reactions involving a film of poor-
ly soluble Prussian blue and BL analogues deposited
on an electrode proceed with the participation of
background electrolyte cations, which enter the film
from the solution during its reduction and are removed
from it during oxidation [21]:

Fes"[Fe"(CN)e]; + 4 + 4K =



= K Fe"[Fe"(CN)gl5. . (2)

The results of potentiometric measurements of the
ODA/Fe4[Fe(CN)]; film in KCI solutions of various
concentrations are shown in Fig. 3, a. The straight line
slope tangent is 52 + 3 mV, a value close to that for
an electrochemical process involving a single elec-
tron. A similar pattern is observed for a KCl solution
on an ODA/Cus[Fe(CN)g], film (Fig. 3, 6). However,
the linear dependence is only malntalned in the con-
centration range from 0.1 to 5-10~° mol/kg; the slope
tangent of the line is 55 = 3 mV. The deviation from
the linear dependence at low concentrations is likely
due to the retention of K* ions within the film struc-
ture, which leads to some disruption of the reversibili-
ty of the process.

Fig. 3. Dependence of the EMF of galvamc cell
(ODA/Fe [Fe(CN)g]3) on the activity of K (a); de-

pendence of the EMF of galvanlc cell
(ODA/Cus[Fe(CN)g],) on the activity of K* (6);
dependence of the EMF of galvamc cell
(ODA/Cu;[Fe(CN)],) on the activity of NH," (B);
dependence of the EMF of galvanic cell

(ODA/Fe4[Fe(CN)613) on the act1V1ty of i Jons:
—Na',2—NH,,3—Cs", 4 —Mg* (1)

For the electrochemical system based on the
ODA/Cus[Fe(CN)g] LBF, a linear dependence of the
galvanic cell EMF on the activity of NH," ions is ob-
served over the entire e range of measured concentra-
tions (from 0.1 to 10* mol/kg), the slope tangent of
the line is 41 £ 3 mV (F1g 3, B) However, in solu-
tions containing Na", Cs', and Mg cations, it was not
possible to achieve stable values of electrode poten-
tials.

Figure 3, r, shows the dependences of the EMF of
a galvanic cell based on ODA/Fe, Fe(CN)g]; LBF in
solutions containing various concentrations of Na',
NH," Cs", and Mg~ ions. Thus, for this system, the
values of the slope closest to the theoretical values are
observed in solutions of NH;" ions (50 = 4 mV). The
dependence of the EMF of the galvanic cell on the
concentration of Na" cations is linear, but the slope of
the line is less than the theoretical value and is
22 =3 mV. The slope of the potential line in cesium
salt solutions is 32 + 5 mV, which is also less than the
value calculated usmg the Nernst equation. For solu-
tions containing Mg®" cations, the slope is 12 £ 2 mV.
Deviations from the theoretlcal potential values in
solutions of Na®, Cs”, and Mg’* ions are likely also
due to their retentlon 1n the film structure and, conse-
quently, disruption of the process reversibility.

Another system in which a single-electron process
occurs is the ferrocene-ferricenium system. The ferri-
cenium cation forms water-soluble salts with anions.
To stabilize and isolate the ferricenium cation, large
anions capable of interacting with cations with a rela-
tively low charge density (C10,, BF,, C4HsSO5") are
used. We used the anions of nonafluoroisovaleric acid
FoVal™ and the anions of stearic acid St". The nona-
fluorisovaleric acid anion, due to its highly electro-
negative fluorine, has the most stabilizing effect,
while the stearic acid anion can be deposited using the
L-B method, thereby producing a stable bilayer struc-
ture.

Stability of the oxidized forms of ferrocene-
containing compounds can be achieved by using the
most stable ferricenium derivatives. The introduction
of electron-donating substituents (e.g., alkyl) into the
pentadienyl ring of the ferricenyl core significantly
increases the latter's resistance to degradation
processes. Octadecylferrocene possesses the necessary
stability, which allows the ferricenium cation to be
obtained by electrochemical oxidation [22].

The ferricenium cation reacts with the A~ anion
(where A” = St’, FoVal") to form RFcA, and the over-
all reaction is expressed as

RFc+ A =RFcA +e¢. 3)

The results of potentiometric measurements of the
LBF based on octadecylferrocene stabilized with stea-
ric acid are shown in Fig. 4. The slope tangent for the
glass electrode (curve 1 in Fig. 4) is 57 £ 6 mV, while
for the system containing octadecylferrocene stabilized
with stearic acid (curve 2 in Fig. 4), it is 53 £ 5 mV.
These values allow us to conclude that the electro-
chemical process (3) occurs with the participation of
one electron. The presence of a linear dependence for
the system stabilized with stearic acid and a slope
close to the theoretical value allow the use of the oc-
tadecylferrocene-based Red-Ox system, deposited as
LBF on the SnO, surface, as reference electrodes in
potentiometric measurements. Furthermore, like stea-
ric acid, octadecylferrocene is virtually insoluble in
water. The use of such electrodes is advisable when
maintaining the purity of the test solution is essential.

Fig. 4. Calibration curves for a glass pH electrode.
Reference electrode: 1 — standard silver chloride
electrode, 2 — octadecylferrocene-based LBF (gal-
vanic cell (II))

The feasibility of implementing type Il electrodes
based on the obtained LBF was investigated using
electrode system III as an example. The FyVal  anion
is the anion of the strong acid HFyVal , and therefore
the KFyVal salt is completely dissociated in aqueous



solutions. Figure 5 shows the dependence of the EMF
of galvanic cell III on the logarithm of the FoVal™ ac-
tivity. The EMF of galvanic cell II was calculated us-
ing the following formula:

Ei = E° - 0 1g a.(KFyVal). (4)

The value of dEy; / Ig a.(KFyVal) for the straight-
line section is 59 mV, which corresponds to the theo-
retical value.

Fig. 5. Dependence of the EMF of a galvanic cell 11
(octadecylferrocene LBF) on the activity of nona-
fluoroisovaleric acid anions

CONCLUSION

Thus, film electrodes were obtained using ODA
modified with insoluble iron or copper hexacyanofer-
rates. It has been shown that reversible single-electron
iron oxidation-reduction processes occur in solutions
of K" ions for iron hexacyanoferrate and NH," ions for
copper hexacyanoferrate. For the electrode system
based on iron hexacyanoferrate, linear dependences of

the film potential on the activity of Na’, NH,", Cs",
and Mg”" ions were observed. The slope coefficient
values closest to theoretical values were observed in
solutions of K™ and NH," ions. For the electrode sys-
tem based on copper hexacyanoferrate, a linear de-
pendence of the film potential on the activity of NH,"
ions was observed over the entire range of measured
concentrations, while for the K" ion, this dependence
was observed only at high concentrations.

The possibility of producing LBF with ferrocene-
containing compounds and their subsequent electro-
chemical oxidation and stabilization with anionic sur-
factants has been demonstrated. This enables the de-
velopment of reference electrode systems and type II
electrodes reversible to various anionic surfactants.
Based on this, it can be assumed that the ferrocene
electrode can be used in industries such as medicine
and technology, where high purity of the test solution
is required, as no components of the electrochemical
system other than those already present are released
into the solution.

The study was performed using equipment from the St.
Petersburg State University RC Geomodel, the St. Peters-
burg State University RC ITKN, and the St. Petersburg
State University RC RDMIL"



