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3AKOHOMIPHOCTI I'TAPOJIIBY AJIIOMIHIIO, AKTUBOBAHOI'O
EBTEKTUYHUM CIIVIABOM Ga-In-Sn TA HUHKOM

Incmumym 3azanvhoi ma neopeaniunoi ximii im. B.I. Bepnaocvkoeo HAH Ykpainu,
npocn. Axademika [lannaodina, 32/34, Kuis, 03142, Yrpaina
*e-mail: fedor@ionc.kar.net

JI1s1 MiIBHUINCHHS aKTUBHOCTI aJIFOMIH 110, JIETOBAHOTO €BTECKTHYHUM ciiaBoM Ga-In-Sn,
B peaKilii rigponidy B SKOCT1 J0JATKOBOI JOOABKM BUKOPHUCTANU IUHK. [lopBHSIBHI BO-
JIOMOMETPUYHI BU3HAYCHHS BOJHIO, KUH BUAUIABCA MpH Tinpounisi crasiB 95 mac.%
Al + 5 mac.% eBrexruku Ga-In-Sn ta 92 mac.% Al+ 5 mac.% eBrexruku Ga-In-Sn + 3
Mac.% Zn, oKa3ainy, 0 BBEJICHHS IIUHKY B aKTUBOBAaHUH allFOMIHIN MpPUBENO JI0 3HAY-
HOTO MPHIIBU/IICHHS BUAUICHHS BOJIHIO 3 BOJIM MPU HEBHCOKUX TeMmeparypax (25 Ta
40 °C). EdexTuBHI KOHCTAaHTH MBHJIKOCTI TiAPOJIBY CIIaBY 3 JOOABKOKO IIHHKY, PO3pa-
XOBaH1 13 3aCcTOCyBaHHSAM Mo (pikoBaHOTO piBHSHHSA [Ipayra-TommnkiHca, CTaHOBHIIM
1.33,1.75,2.19 ta 2.58 xB npu Temneparypax 25, 40, 55 ta 70 °C, BignoBinHo. Edek-
TUBHA €HEPrisd aKTUBAIlil IPOIIECy, PO3pPaXOBaHa 3a TEMIIEPATYPHOIO 3aJEKHICTIO €(]ek-
TUBHOI KOHCTaHTH IIBUJIKOCTI, ckiana 12.6 K)I}K-Monb'l, 0 CBITYHTH PO IUQPY3THUAMN
KOHTPOJIb IIBUJIKOCT1 TApOJIi3y. AHal3 peHTIeH BCbKOT U (JpaKkTorpaMu MPOAYKTIB T'i
nponiy cmuaBy 92 mac.% Al + 5 mac.% etexkruku Ga-In-Sn + 3 mac.% Zn nipu Temre-
patypi 55 °C moka3zas, 110 A0 iX CKIaly BXOJAATh OEMIT, Oa€pUT 1 B HEBEJIUKUX KUThKOC-
TAX JIETYIOU1 METaJIH.

Knwodo0B1 ¢ca0 B a:akTiBOBaHI AIFOMIHIEB1 CIJIABU, 3aKOHOMIPHOCTI TiIpOJIi3y,
oJiep>KaHHSI BOJTHIO.

BCTYII. TlpoTsiroM OCTaHHIX AECATH-
JiTh AaKTHBHO PO3BUBAETHCS BOJHEBA €HEp-
TeTHKa, sika 0a3yeThCcsl HA BUKOPHUCTAHHI BO-
JTHIO B SIKOCTI €HEPro€MHOTO 1 €KOJIOT14HO
YUCTOTO EHEProHocis 1 mampHOTO [1-4].
OcoOnuBuil 1HTEpPEC TMPEICTABIAE TpsIMe
OJICp)KaHHSI ENEeKTPOCHeprii B pe3yibTaTi
AHOHOTO OKWCHEHHS BOIHIO Ta BiIIOBIIHO-
ro KaTOJHOTO TPOIECY B MATUBHHUX KOMIp-

Kax Ta ix Oarapesx [5, 6]. [Tonut Ha nanuBHI
KOMIPKH TIOCTIMHO 3pOCTa€, OCKUIbKH iX 3a-
CTOCYBaHHS Ja€ MOXMJIMBICTh 3a0€3MeUUTH
€JIEKTPOKHUBIICHHSM IIHPOKUN CIEKTP TOP-
TAaTUBHUX Ta MOOUIbHUX €NEKTPUYHHUX MPHU-
CTpOiB Ta amapartiB SK B OO YTi, Tak i B Mpo-
MHUCJIOBOCTI, TPAHCTIOPTI, B KOCMIYHHUX J10C-
JHKEHHSAX Ta B 000pOHHI I cdepi.

[upoke BUKOPHUCTAHHS BOIHIO CTPUMY-
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€ThCS 3HAYHUMH TIPOOJIEMaM i, TOB’I3aHUMHU
3 Hor0 BHpPOOHHUIITBOM, 30€piraHHsIM Ta Tpa-
HCTIO pTYBaHHAM. B mpupoai 3anmacu BiJibHO-
ro BOJHIO MPaKTUYHO BIJCYTHI, TOMY HOTO
noTpiOHO A0OYBaTH 13 CHOJIYK, HANpPHUKJIA,
13 BoaM, 3amacu sikoi koynocansHi. Cepen Bi-
JIOMUX METOJIIB OJIEP)KaHHSI YHCTOTO BOJIHIO
Ha 0CO0JMBY Bary 3aciyroBye BHIiJIE€HHS
BOJIHIO 3 BOJM 32 JOTIOMOTOI0 €HE ProaKkyMy-
morouux pedoBuH (EAP), T06TO, peuoBuH,
Kl MOXYTh OyTH OaraTopa3oBO BiJHOBJICHI
3 OPUPOJHUX Ta WITYYHUX CIOJYK 1 34aTHI
3a IEBHUX YMOB BiJIaBaTH aKyMyJIbOBaHY B
HUX eHeprito [/]. Takumu ymoBaMHu MO Xy Th
Oyru ximiuHa B3aemonis EAP 3 Bomoro
(peakiust rigpodizy) abo cyTo di3udaHa A1 Ha
HUX.

OpeprkaHHS BOJHIO MUIIXOM TiAPOi3y
EAP 31ilicHIOIOTh B e HepaTopax BOIHIO Ti-
JIPOJ3HOrO TUMy. Taki re HepaTopu MOXKYTh
OyTH aBTOHOMHHMH, TMOPTATHBHHUMH, KOM-
MaKTHUMU 1 3pYYHUMH J1JIsI Te Hepalli BOIHIO
0e3mnocepeIHbO Y MICII HOT0 BUKOPUC TAHHS
[8-11]. Ilpu ix 3acTOCyBaHHI YCYBalOThCS
npo0JjeMu TpaHCTIOPTYBaHHSI 1 30epiraHHs
BOoAHIO. [lo€THAHHS aIFOMOBOIHEBOTO T'EHE-
paTopa Ta MNaJIMBHUX KOMIPOK B OJHOMY
NPHUCTPOT JTa€ MOMJIUBICTH OJEPKYBATH aB-
TOHOMHI JIXKepesia eJEKTPOKUBICHHS IS
3a0e3TneYe HH eJIeKTPUIHUM CTPYMOM TOp-
TATUBHUX Ta MOOIJbHUX EJEKTPONPUIaIiB
Ta amaparis.

Jluisi BUAINIEHHS BOJHIO 3 BOJM MOXYTb
BUKOPHUCTOBYBATUCH METAJIM 3 MAJIUM aTOM-
HUM HOMEpOM, TIAPUIM METajiB Ta 1HIII
BUCOKO€HepreTuuHi crionyku [1, 7, 8]. [Ipu
TIpOJi3l  TIAPUIIB METATiB YTBOPIOETHCS
OibIlie BOJHIO, HIX TPH TiAPOJi3i METaliB,
OJIHAK TIIPUAM € JOPOTUMH PEYOBUHAMH, 1
OLTBIIICTh 3 HUX HECTaO1JbHI 1 YYTIWBI 110

BOJIOTH TIOBITps [9].

Cepen MeTasiB, TMOTEHIIWHO 3JaTHHUX
pearyBaru 3 BOJO0 ab0 BOJHUMH PO3YHHA-
MU 3 BUIUICHHIM BOJIHIO, HA 0COOJIMBY yBa-
Ty 3aCIIyTOBYE ATIOMIHIH, SKHA Ma€ BHUCOKY
eHeproemHicTth (31.1 MJx/kr) [1]13HauHUI
BII’€MHUN CTaHAAPTHUN €JCKTPOJIHHHA TIO-

teuman ( E° = -1.662B) [12].

AIRAl
IbOMY BiH JOCTYIHHUH, Ma€ BiJHOCHO HU3b-

Ky IHY 1 Majy MUTOMY Macy. 3a BiJICYyTHOC-
TI 3aXMCHOI OKCHIIHOI TUTIBKM BiH pearye 3
BOJOIO JIETKO 1 MIBUIKO 3 BUIIJIEHHSIM BOJI-
HIO. B 3a1eHOCTI BiJ yMOB TiJIpOJIi3y ajko-
MIHIIO BIIOYBA€ThCS OJIHA 3 HACTYITHUX pea-
K [8]:

2Al+ 3H,0 = ALO3 (okcun) + 3Hy, )

2Al+ 4H,0 = 2AI00H (6emir) + 3Ha, (2)

2Al+ 6H,0 = 2AI(OH); (6aeput) + 3Hz.  (3)

IIpu

KinpKicTh BOJHIO, IO BHAUIIETHCS 3 BOJIH 32
MPUBEJICHUMH PEaKIisIMU, OJTHAKOBA 1 CKJIa-
nae 1244 n/kr Al (0.111 xr/xr Al) [13-15].
[IponykTtu TiApoON3y aTOMIHIIO SBISIOTH
co000 1HEPTHY 1 €KOJIOTIYHO Oe3medyHy Cy-
MIII OKCHIIB Ta TIIPOKCHAIB, SIKy MOJXHa
BUKOPUCTATH [UJII pEereHepaiii ajoMiHII0
a0o 17151 BUTOTOBJICHHS CTIEIN AIbHOT Ke pami-
KU 1 ancopOeHTiB it 00 poOKHU BOJH, BHUIO-
TOBJICHHSI Marepy, TaciHHA BOTHIO ToIIo. Jlo
nepeBar BUKOPHCTAHHS AJIOMIHIIO B SIKOCTI
EAP BimHOCSTBHCS TaKOXK 3py4yHICTh 1 Oe3re-
YHICTh WOTO TPaHCTIOPTYBAHHSA 1 30epiraHus.

Jns onepikaHHS BOAHIO HIJISIXOM T1JIpO-
73y aJIOMiHII0 HeOoOXiHO HOro aKTHBYBa-
TH, TIOPYIIUBUIN IUJTICHICT 3aXHCHOT OKCH-
JHOT TUTIBKH, 110 HOro mokpuBae. /g akTu-
BaIli aJIOMIHIIO 1 HagaHHI HOMY BHCOKOI
peakiiiHOi 3TaTHOCTI 3aCTOCOBYIOTHCS Xi-
MIYHI, MEXaHOXIMIYHI Ta MEXaHIYHI METOIH

64 ISSN 0041-6045. YKP . XIM . XVYPH ., 2020, .86, Ne2



@/ Maninesuy, FO.K. Ilipcoruti, A.B. Kyyuii, b.1 {anunvyes

[10, 16]. Ha ocoGnuBy yBary 3aciyroByrOTb
METOJU aKTHUBalli aJOMiHII0 0€3 BHKOpWC-
TaHHA EKOJIOTIYHO HeOe3MeYHuX, arpecuB-
HHUX Ta JIOPOTUX PEUOBHH 1 3ac00iB, a TAKO XK
METOJIM, B pPE3yJbTaTi 3aCTOCYBAHHS SIKUX
OJICPXKYEThCSl aKTUBOBAHMI alFOMIiHIH, 31aT-
HUI pearyBaTw 3 BOJOIO 0€3 J10/aTKOBOTO
HiIIrpiBY .

B psani poOiT mokaszaHo, MO aJrOMIHIH,
JeTOBAHUHM JIETKOTUIABKUMHU METallaM¥  Ta
CIUIaBaMH, 3JJaTHUN pearyBaTH 3 BOJIOKO BKE
npu KiMHaTHIW Temnepatypi [1, 7-11, 13,
15-30]. BBenenns B amoMiHiii TaKuX MeTa-
JIB Ta CIUIaBIB TPUBOJWUTH 10 YyTBOPEHHI
MK KpUCTAJITaMU aJIOMiHII0 BKIIIOYEHb Pi-
nKoi a3y akTHUBATOPIB, B SIKIM B HE3HAY HIi
KIJIBKOCTI PO3YMHSIETHCS aMOMiHIN. 3aBaAsiku
IIbOMY TIOPYIIYETHCSA IJIICHICTh 3aXKCHOL
OKCHIHOI TUTIBKM Ha aJroMiHIi 1 3abe3mnedy-
€TbCSA JTOCTaBKA ATOMIHIIO O MICIET HOTO
B3aeMOii 3 BOJOIO.

Ormsan iTepaTypHHUX JaHUX MPO aKTUB-
Hicth EAP Ha 0CHOBI aJIOMiHIIO, aKTHBOBa-
HOTO JIETKOTUIaBKMMU METaJIaM¥ Ta CIUIaBa-
MU, B peakili rifpoiizy 3po0JieHuil HaMu B
po6oTi [31]. IMloka3zaHo, 0 TeMImeparypa,
npu skiii EAP Ha OCHOBI amoMiHII0O BCTY-
MAfOTh B PEaKIio 3 BOJOI0, MBUAKICTh pea-
KINT Ta BHUXiJ BOJHIO 3aJI€KaTh BiJ MPUPOIH
MeTaliB—akTHUBaTopiB, iX BMmicTty y EAP,
YMOB OTpHMaHHsA CIUIaBiB, 30KpeMa, BIJ
IIBUIKOCTI OXOJIOJ)KEHHS PO3IUIaBy Ta KpU-
cTami3aiii CIUIaBy, sSIka BU3HAYA€ IeTepore H-
HICTh Ta PO3MIPHICTh KPUCTAJIITIB CILJIABY.

B psani mocmimkeHp, B TOMY YHCIHI, Ha-
mux [31, 32], mokazaHo, IO MepPCIECKTHB-
HUM CIUIaBOM JJId aKTHUBalll aJrOMIHIIO 1
onepxxanusi EAP Ha Horo ocHOBI, 31aTHUX
BUILJIATH BOJEHHL 3 BOJAM 0€3 J0IaTKOBOTO
MIITPIBY, € €BTeKTUYHUN CIUIaB Talio0, 1H-

JII0 Ta 0JIOBA. 3TIJIHO 3 Pe3yJabTaTaMu JOC-
JTKEHb  TepMO(I3MIHUX  BIACTUBOCTE U
crwiaBy Ga-1n-Sn, y3arampHeHHMX B pobOoTax
[33, 34], macoBi 4acTKU KOMIIO HCHTIB €BTE-
KTHKHU Ga-1In-Sn CTaHOBJISITh:
66.0-67.0 % Ga, 20.5-22.0% In Ta
10.0-13.5 %, a TemmnepaTtypa IUIaBJICHHS Ta-
Koro criaBy ckiamae 10.7 £0.3 °C.
Jlitepatypni gani [31] cBigyath, 1o -
Cis JleryBaHHs amomiHito cmiaBom Ga-In-
Sn BinOyBaeThCs HEPIBHOMIPHHUMA PO3TOALT
HOro KOMIOHEHTIB B 00’€Mi OJIep>KyBaHOTO
cruiaBy. lamiii, sikuif 1o0Ope pO3YMHAETHCS B
aIfOMiHIi, YaCTKOBO MPOHHUKAE B 00’€M KpU-
CTAMITIB aJIOMIHIIO, TOJ1 SIK 1HIIH Ta 0JIOBO
MePEBAKHO KOHIEHTPYIOTHCS HAa TOBEPXHI
KPUCTAJITIB Ta B TPIIMHKAaX. MeXaHi3Mu 1x
AKTUBYIOUOTO BIUIMBY Ha aTIOMiHIHA TaKoOX
aenro pizHAThCA. Sxmo In Ta Sn mpumBuz-
IIyIOTh PO3YMHEHHS AQJIOMIHIIO, TOJIOBHUM
YUHOM, 33 PaXyHOK YTBOPEHHS 3 HUM MIKpO-
rajbBaHIYHUX TAp 1 3MIMICHHSA IO TeHIaly
AIIOMIHII0O B CTOPOHY HETraTHMBHUX 3HAu€Hb,
To Ga TakoX CrpHsi€ BUHUKHEHHIO B HHOMY
MIKPOTPIIIMH 3aBASKH BUCOKIA PO3YUHHOCTI
B aMOMiHil 1 3a0e3nedyye yTBOPEHHS PiJIKOi
($a3u Ha MOBEPXHI ATIOMIHIEBUX KPUCTAJITIB
Ta 3aXMILAE ATFOMIHIHA B1Jl OKUC HE HHS.
Temneparypa mouarky CTilKOI B3aEMoO-
JIi1 aTIOMIHIFO, aKTUBOBAHOT'O JICTKO IUTaBKU-
MU METTaMHU Ta CIUIaBaMH, 3 BOJIOI0 BU3Ha-
YaeThCsl TEMIIEPATyporo, NpHU AKIHM Jerywodi
MeTaJ u Ha MOBEPXHI KPUCTATITIB aIOMiHitO
CTatoTh piAkuMu. OTke 3HIKEHHS TeMIiepa-
TypU IUIaBJICHHS JIETYIOUOTO CIUIaBY Mae
npuBecTd a0 oaepxaHHi EAP Ha ocHOBI
aIOM1 Hi0, 3/IaTHUX pearyBaTH 3 BOJIOIO MPHU
OBl HIBBKUX TeMIeparypax. 3TiIHO Ja-
Hux [35], TemmepaTypa IUIaBICHHS YOTH-
PbOXKOMIIOHEHTHOI ~ €BTEKTUKH  CKJaay

ISSN 0041-6045. YKP . XIM . XVYPH ., 2020, .86, Ne2 65



3axonomipnocmi 2iOponizy anoMinilo, aKMUB08AHO20 e6MeKMmuUYHUM

Gag1In,5SN3ZNn; crasoButh OMmBBEKO 3 °C,
o npudsin3HO Ha 8 °C HuXKYe TeMIeparypu
wiaBneHHs eBTekTuKkH Ga-In-Sn. Tomy B
JaH i poOOTI amoMiHI aKTUBOBAaHO E€BTEK-
TUYHUM CIIJJABOM Tajilo, 1HIiI0 Ta OJIOBa, a
TAKOX IIMHKOM, 1 JOCJIKEHO 3aK0HOMIp-
HOCTI T11potiizy onepxanux EAP.

EKCIHHEPUMEHT [ OBI'OBOPEHHA
PE3YJIBTATIB. Jlna npurotyBanusi EAP nHa
OCHOBI aJIFOM1HII0O BUKOPUCTAJIM METAIN BHU-
cokoi ynuctoTH (> 99.99 %). Crrae Ga-In-Sn
eBTeKTHIHOTO ckiany (67 mac.% Ga, 22
mac.% In, 11 mac.% Sn) mpuroTyBaau -
XOM JO0/IaBaHHA HEOOXiJHMX HaBa)KOK TOJ-
pIOHEHUX 1HIIIIO Ta OJIOBA O PO3ILIAaBJICHOT 1
Harpitoi 10 50 °C nHaBaxkku ramito. Cymim
ButpmManu npu temnepatypi 50 °C mpots-
rom 30 XB. TIpU M€ pioJ MY HOMY MEXaH14 HOMY
nepeminryBaHHi. [liciii OXOJOKEHHS [0
KIMHATHOI TeMIleparypH OJEpXaHUW CIUIaB
3QTAIITHUBCS PiJKUM.

[InaBky amoMiHIEBUX CIUIaBIB 3 MOTPiO-
HUMH JJOOaBKaM U €BTEKTUU HOTO cIutaBy Ga-
In-Sn Ta MHKY TPOBOIWIN B IIAXTHIH €JIEK-
TpoTieYi, B SIKy MOMIII[aTd BCTABICHI OJHH B
JIPYT Ui TBa aJIyHIOBI THUTJI PI3HOTO JiaMeT-
py, MiX CTIHKaMM SKUX 3Haxojawiach Oa3a-
JpTOBa Bara. [[maBKy KOMTIOHEHTIB CIUIaBY
NpoBOAWIN B atMocdepi aproHy mnpu mexa-
HIYHOMY TIEpEMINTyBaHHI PO3IUIaBY aJyHIO-
BOI0 Mimaynkoto. CrioyaTky y BHYTpILIHIN
TUreJIb TIOMIIIAJM PO3PaxoOBaHi HaBaXXKH
ATOMiHII0O Ta NMHKY. HakpuBanu Turemnb
KBapIIOBOIO KPHIIKOI 3 OTBOpPAMU JJIS TIifI-
BEJICHHS apTOHY Ta PO3MIMIEHHSA aTyHIO0BOL
Mmimanku. CTBOpOBaIU B THUIJ arMochepy
YUCTOTO aproHy i PO3IUIABIISIIIA METAU TIPU
temneparypi 850-900 °C. Jlami B po3ruias-
JeHUI MeTasl JoJaBalld PO3PaxXxOBaHy Killb-
KiCTh TOTIEPETHHO MPHUTOTOBJICHOTO EBTEK-

TuaHoro cmiaBy Ga-In-Sn. Ilicas 1poro
npotaroM 30 XBUJIWH MPOBOAMIN TIiEpeMi-
IIyBaHHA PO3IUIaBYy JIOMACTHOIO ayHIOBOIO
MIMIATKOIO 32 JOTIOMOTOK €JIEKTPOIBUTYHA.
[To 3aBepmieHHIO TEpPEMIlIyBaHHS pPO3TUIAB
MIBWIKO BUJIMBAJIHM Yy IUIOCKY TPSIMOKYTHY
amomiHieBY a0o rpadiTtoBy popmy. ToBmu-
Ha mapy ciaBy y ¢dopMmi ckiagana He Oi-
Japmie 5 MM, mo 3a0e3nedyBanio BHCOKY
HIBUAKICT HOTO 0XOJIOKeHHS. [ 3amo0i-
raHesg Jii Ha OJepKaHWHA CIUIaB KHCHIO Ta
BOJIOT'Y TMOBITPS 3aMaloBaIu HOro y mojBiiHI
MO JTICTHUJICHOBI TIAKETH, 3aIllOBHEHI BHCOKO-
YUC-THUM aproHoM. TakuM YHMHOM OJIep KaJIH
crutaBu ckiany 95 mac.% Al + 5 mac.% eB-
tektuku Ga-In-Sn ta 92 wmac.% Al + 5
Mmac.% eBtexkTukn Ga-In-Sn + 3 mac. % Zn.
JlocnipkeHHST 3aKOHOMIPHOCTE#  BUII-
JEHHA BOJHIO TN Yac B3aEMOJIT 3pa3KiB
OJICp)KaHUX CIUIaBIB Ha OCHOBI aJFOMIHIIO 3
BOJIOIO TPH KiJBKOX TeMIieparypax IpoBO-
IWIN IIJIIXOM BHMipPIOBaHb 00’€My BOJIHIO,
10 YTBOPIOBABCSA, 4YE€pe3 TEBHI MPOMDKKH
gacy, 3a JOINOMOTOI0 BOJIOMOMETPHYHOI
YCTAHOBKHU. Y CKISIHY CKISIHKY, 3 €JIHaHy
CHJIIKOHOBOIO TPYOKOIO 3 €BJIIOMETpOM, 3a-
nuBanu 100 MJI TUCTWILOBAHOT BOJM 1 TIPO-
BOJAWIN TOTIEPEHE HACHYEHHS 11 BOJHEM,
MiCJIT 9OTO 3a JIOTIOMOTOK0 MPHUTEPTOi CKIISI-
HOi MPOOKH 3 JIOMATKOK Yy BOAY OIMYCKAaJH
3pa30K JAOCIHI)KYBAHOTO CIUIaBy Macoio 1 ry
dbopMi  MPAMOKYTHOTO  Tapajeerne/a.
[midoBi 3’eaHaHHs CKISTHKH Oylu 3Ma3aHi
BaKyyMHOIO 3Ma3Ko10. Takum 4HWHOM, TIepe]
noyatkoM peakini 3pazkiB EAP 3 Bomoro
CKIsiHKa Oyna TOBHICTIO T'€pMETH30BaHA.
Bonenb, mo BUmIJSBCS MpPH T1APOJII3L alO-
MiHIFO, TIOCTYIIaB B E€BIIOMETp, JI€ KOTO
00’em (pikcyBau yepe3 MeBHI MPOMIKKH Ya-
cy. Temmepatypy BOAM B CKJISIHII MATPU-
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MyBaJIH 32 JOTIOMOTOI0 TepmocTtara U-4.

Bumipsiai 06’eMU BOJTHIO, IO BUILTUBCS
yepe3 TEeBHI NPOMIKKH 4acy, MPHUBEIU IO
HOpMaJIbHUX yMOB (Temmeparypa 273.15 K
Ta TUCK 760 MM PT. CT.) 32 GO pPMYJIOIO:

h
273.15-V_-(P-p- 1';22) .
V, = :
0 760-(273.15 +1) @

ne V. — 00’eM BOJHIO, BUMIPIHHUNA NPHU KiM-
HaTHiii Temneparypi t (°C) Ta GapomeTpmu-
HOMY THUCKY P (MM pT. CT.), P — TUCK BOASHO1
napu (MM pT. CT.) TIpU TiH XKe TeMrmeparypi,
hy,o - BECOTa BOJSIHOTO CTOBIIA B €BJ{IOMET-
pi (Mm), 13.6 — rycTuna pryTi (r/em’).
Opnepkani 3HaUYeHHA V) BUKOPHUCTAIIN
JUI PO3paxyHKY 3HAu€Hb CEPelHbOI LIBUI-
KOCTI BHIIJICHHS BOJHIO 3a TIEBHI TEPIOaH

B3aeMOIil  JOCIIIKEHOTO  aJIFOMIHIEBOTO
CIIaBY 3 BOJOIO 3a HACTYITHOIO (hOPM YJIOIO:
V
V= 2 ) (5)

ne Vo — nmpuBelleHni 10 HOPMAallbHUX YMOB
00’eM BOJHIO, 110 BUIUIMBCS 3a TMPOMIiXKOK
qacy T.

SKkicHy 1 KiJBKICHY OILIHKY (ha30BOTO
CKJIQy TBEPAHUX MPOIYKTIB B3aEMOJIII J1OC-
JIKCHOTO CIUIaBY HAa OCHOBI QTIOMIHIIO 3
BOJIOI0 BHKOHAIH 3a JIOTIOMOTOI0 TOPOIIKO-
BOTO peHTreHodazoBoro anamizy. Biadinbt-
POBaHi 1 BUCYIIEHI IPOAYKTH TiJIpOJ3y PO3-
tepnu y dapdoposiit crynmi. Judpaxror-
paMu oJep>Kalll Ha PEeHTTEHIBCbKOMY AH}-
pakrometpi Ultima IV (Rigaku, Slnownist) B
MoHoxpoMaTtuaHomy Cu K, - Bunpomisio-
BaHHI. B sIKOCTI MOHOXpOMaTOpa 3acTOCyBa-
JIY 31ITHYTHI MOHOKpHCcTan rpadity, BCTaHO-
BJICHUN Ha AudparoBaHoMy myuky. dudpa-
KTOTpaM¥ 3HIMald METOJOM MOKpPOKOBOTO
CKaHyBaHHA B iHTepBail kyTiB 20 10 - 90°.

Kpok ckanyBanus cranoBuB 0.04°, TpuBa-
JIICTh €KCTO3UINT B TOY Il CKJragaja 2 c.

O6poOKy nmanux AUGPaKTOMETPUYHOTO
EKCIIEPUMEHTY BUKOHAIU 3a JIOTIOMOTOI0
MporpaMu IS TIOBHOTIPO QiJIbHOTO aHANi3y
PEHITE HIBCHKUX CIEKTPIB BiJl CyMillll MOJIK-
pHUCTATIIHIX b azoBux CKJIaIOBUX
PowderCell 2.4. Amnamiz audpakiiiHuX
npodiiiB 1 BUAINCHHS iICTUHHOTO (hi3HdHOTO
PO3MIUPEHHS TIKIB MPOBOJAMIN METOJIOM ark-
pokcumamiid. Ilomin edexTiB po3mupe HH
T pakii tHIX MaKCHMYyMIiB, TIOB'SI3aHUX 3
po3Mipamu 00JacTe il KOTEPEHTHOTO PO3CII0-
BaHHA 1 Hanpyramu Il pomy, 3a1HCHIOBATH B
HaOmwkenni  Xona-Binesimcona — (Hall-
Williamson).

B pe3ynbTaTi momepemHiX MAOCIHIJIMKEHb
3aKOHOMIPHOCTEW BUIUICHHS BOJHIO TMPH
TiAPOMi3i AMOMIHII0, aKTHMBOBAHOTO E€BTEK-
TmdHUM ciutaBoM Ga-In-Sn, macoBi yacTkH
skoro cknaganu 3, 5, 7 ta 10 %, BcTaHOBU-
ny, mwo npu Temnepatypi 25 °C yci cmnaBu
B3a€EMOISIIA 3 BOJOK 3 BHAIJIEHHAM BO/IHIO
[32]. AxktuBHicTh Takux EAP B peakiui ria-
ponizy Oyna TUM BUINA, YUM OUTBIIUM OYB
BMICT aKTHUBYIOYOTO CIUIaBY, OTXKE pPEeTryJo-
I0OYM BMICT TakorO CIUIABy B OJIep)KaHUX
EAP mo’xHaA 3MIHIOBAaTH IMIBHUAKICTH BHII-
JICHHS BOJTHIO 3 BOJ M. XapaKTepHO, IO TPO-
TATOM TEPLINX XBWIMH peaxiii Big0yBanaoch
aKTUBHE pPO3TPICKYBaHHA 1 TOAPiOHEeHHs
MOHOJIITHUX 3pa3KiB CIUIaBIB Macow 1 T,
OpUMOMY THUM HIBHALIE, YUM OurbiiuM OyB
BMICT TMOTPIHHOTO €BTEKTHMMHOTO CIUIaBY B
EAP. Taka noBeaiHka JOCIIIKE HUX ATFOMIi-
HIEBUX CIUIaBIB CBIIUMIA MPO iX 00’€MHY
HEOJTHOPIHICTh Ta MPO aKTHUBHE MPOTiKaHHS
TIAPOMI3y ATOMIHIIO TIO TpaHUIEX HOTro
KpucTasdiTiB. O4eBUIHO, L0 B pe3ylbTaTi
KOHIICHTPYBAHHS JIETYIOUHMX METANIB Ha IO
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BEpXHI TOMIHIEBUX KPUCTATITIB 3HIKYBa-
Jach MoBepxHeBa (Mixkda3zHa) eHepris i 3Me-
HITyBaJlaCh MEXaHIYHa MIMHICTh CIUIABIB,
To0TO, TpOosiBisBCs edekT Pebinmepa [36].
HakxommaeHHS HaBiTh HE3HAYHOI KIJBLKOCTI
OPOAYKTIB TiPOJdi3y MiX KpHCTaliTaMu
MPUBOJTMIIO IO BHHUKHEHHS PO3KIUHIOIOYO-
0 MEXaHIYHOTO HAMPYKEHHS JOCTaTHbOTO
JUIsT PO3TPICKYBAHHSA 1 MOAPIOHEHHS OCII-
JKE HAX aJTFOMIHIEBUX CIIIaBIB.

Ha puc. 1 mopiBHAHI onepskaHi 3aje k-
HOCTI 00°’eMy BOJIHIO, 1110 BUALTUBCSA MiJ Yac
TiApoJ3y AOCHIAKEHUX B JaHiii poOoTi
CIUIaBIB MPH YOTHPHOX TEMIIEpaTypax BiA
TPHUBAJIOCTI Tporecy. BumHo, mo BBeaeHHA
B aJIIOMIHIH, JIeTOBaHWM eBTeKTHKO Ga-In-
Sn, no6aBku 1MHKY (3 Mac.%) mpuBeEno 10
3HAYHOTO 3POCTAHHS KUIBKOCTI BHAIJIE€HOTO
BOJHIO TMPHW HEBUCOKUX TEeMIIepaTypax TiJl-
pomizy (25, 40 °C) npu O1HUX 1 TUX KE TPU-
BajocTsax rigpomizy. Ilpu Ttemmeparypax
npouecy 55 ta 70 °C BmiuB 100aBKH IIMHKY
Ha MIBUIKICTH T1IPOJII3Y alIOMIHIIO, aKTHUBO-
BAHOTO TOTPIWHOIO EBTEKTHU-KOIO, OYyB He-
3HauHUM. OTXe BHKOPUCTAHHSI [JIsI JIETy-
BaHHS aJIIOMIHIIO CIUIaBIB 3 HU3BKOIO TEMIIC-
paTypor0 TMJaBJCHHS 03BOJIAE MiABUIIUTH
HOro akTHMBHICTH B PEaKIIi 3 BOJOIO MPU He-
BHUCOKHMX TeMmIieparypax. 3 puc. 1 BUIHO Ta-
KOX, IO TIJBHINCHHS TeMIIEpaTypu IMpHUBE-
JO 10 PI3KOTO 3pPOCTAaHHS IIBUIKOCTI BHII-
JICHHSI BOJHIO TPH TiAPOJi3i JOCIIIKeHUX
EAP.

S-moni6na hopma 3anexHoctet Vy Bia T
CBIYUTh, IIO peakiis TiAPOJI3y aKTHBOBa-
HOT'O TIOMIHIIO € TOMNOXIMIYHOK, TOOTO re-
TEPOT€HHOIO PEaKIl€ro, 10 MPOTIKaE Ha Te-
BHUX JUISIHKaX Horo moBepxHi [37-39].

JlaHi, ojepkaHi B pe3yJbTaTi BOJIOMO-
MeTpii BOJIHIO, IO BUAIJISIBCS TIPHU TiApOJIi3i

Vo M1 44 3

800

600

400

200

0 50 100 150 1, xB.
Puc. 1. 3anexxnocti 00’eMy BOJHIO, IO BHUTH-
BCS POTSATOM Tinposi3y criaBiB 92 mac.% Al +
5 mac.% estektuku Ga-In-Sn + 3 wmac.% Zn
( ) Ta 95 mac.% Al + 5 mac.% eBTekTHKH
Ga-In-Sn (- — -), Bix TpUBAIOCTI TIAPOTI3Y MPH
temriepatypax (°C): 1 - 25:2 - 40; 3 - 55; 4 - 70.

JOCIHIJKCHUH CIUIaBiB, BUKOPUCTAIM JJIs
PO3paxyHKy BHXOIY BOJHIO 32 HACTYITHOIO
dbopmyoro:

Tl(%) = VO/VTeop ’ 100! (6)

1€ Vieop — TEOPETHYHUIM 00’€M BOJIHIO, KU
Ma€ BUIIJINTUCH TICISl MPOTIKAHHS peakilii
T1APOi3y aFOMIiHIIO 10 KiHIE. 3TiTHO 3 PiB-
wsiHESIMY (1) — (3), mpu IO BHOMY OKFIC HE HHI
AITIOMIHIIO, III0 MICTUBCS B 1 T' JOCJIIKE HUX
CILJIaBIB 32 HOPMAJIbHUX YMOB Majo BHIIJIU-
tuch 1181.8 M (cmmaB 6e3 100aBKU IIUHKY)
abo 1144.48 mn (cmwiaB 3 100aBKOK IUHKY)
BOJHIO. B Tabn. mpuBeneH 3HAYeHHSI BUXO-
Iy BOJHIO MPU YOTUPHOX TeMIeparypax rij-
potizy 000X CIUIaBiB, Ta TPUBAIICTD T1APOJIi-
3y, siKa 3HaI00 WJIach 7S 1X 1OCAT HEHHS.

I3 namx Tabm. criigye, MO TIiBHIIE HHSI
Temneparypu rigposizy Big 25 mo 70°C
MPUBEJIO J0 3HAYHOTO 3POCTAHHS BUXOIY
BOJHIO 1 3MEHIICHHS Yacy IO JOCSTHEHHS
MaKC UM aTb HUX HOTO 3HAY€Hb MPH I'iJIPOIi3i
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TaOonuus

3HaYeHHsI BUXOY BOIHIO Ta TPUBAJOCTI rigpoizy cmiasiB 95 mac.% Al + 5 mac.% eBTeKTH-
kn Ga-In-Snta 92 mac.% Al + 5 mac.% eBrexkTnkn Ga-In-Sn+ 3 mac.% Zn

Temneparypa, °C

EAP 25 40 55 70
Buxin Bognto, % / TpuBamicTh rinpomnisy,
XB.
19.5/ 87.3/
95 mac.% Al + 5 mac.% Ga-In-Sn 320 147 95.6/50 98.8/23
) o -In- 0
%?_]Mac%) Al+ 5 mac.% Ga-In-Sn+ 3 mac.% 719%1(3)/ 950/60 998/35 99.8/20

000x EAP. MakcumanbHI 3HAY€HHI BUXOIY
BoaHO0 Onmsbki 10 100 %, 1 iX JOCSITHE HHS
CBIYUTH TPO 3aBEPIICHHS TIIPOJI3Y allfo-
Mminito. [lpu rixpomi3i amomiHii0, aKTUBOBaA-
HOTO eBTeKTHMUYHUM ciuaBoM Ga-In-Sn ta
Zn, nocATHYTI O1NbIIl 3HAYE€HHSI BUXOAY BO-
JTHIO 1 3a MEHIIMK Yac, HIXK MPHU T1APOi3i
ATIOMIHIIO, AKTHBOBAHOTO JIMIIC CBTCKTHU-
koo Ga-In-Sn, ocoOnuMBO mMpU HEBUCOKHUX
temneparypax (25 ta 40 °C).

Ha puc. 2 npuBeneHi 3aie)XHOCTI cepe-
HbOT MIBUIKOCTI BUWIUICHHS BOJHIO IPOTS-
TOM T1JIpOJIi3y aTFOMIiHIIO, aKTUBOBAHOTO €B-
TekTukoro Ga-In-Sn Ta UMHKOM MPH YOTH-
pbOX Temmeparypax Boau. BumHo, mo Bci
3aJIeJ)KHOCTI V B T MalOTh MaKCHUMYyMH, SKi
JOCSITAIOTHCSI TUM IIBUAIIE 1 € TUM BUIIUMMH,
yuM OUIbIIa TeMmrmepaTypa rigpoisy. Takuit
BIUIMB TEMTIEPAaTypHU HA MIBHUAKICTH T1IPOJIi-
3y aKTHBOBAHUX CIUIABIB aJIOMiHIIO 00yMoO-
BJICHUH, 3 OJHI€E] CTOPOHHU, CTUMYIIIOIOYOIO
JI€I0 TiBUILIEHHA TeMIleparypyu Ha KiHeTH-
Ky peakiui Tigpomi3y i, 3 JApyroi CTOpPOHH,
3pOCTaHHSIM PO3YMHHOCTI TPOJIYKTIB TiApO-
T3y TpU MABUIIEHHI Temneparypu. llpu
TIAPOi3i 3pa3KH JOCIHIIKEHOTO CIUIABY Ha
OCHOBI aJIFOMIHIIO MBUIKO PO3TPICKYBaIUCh
1 pyHHYBaJIUCh, B PE3YJIbTATI YOTO MAKC UM a-

JhbHI 3HAYEHHSI CEPEeJaHBOI IBHUIKOCTI BHII-
JICHHS BOJIHIO JIOCSTAIUCh B T PIIi XBWJIUHU
T17pOJTIi3Yy.

Jns Bu3HaueHHS €(DeKTUBHHUX KOHCTAHT
MIBUIKOCTI peakili TiApo3y akTHBOBAHOTO
AIFOMIHII0 3aCTOCYBalli MOJU]IKOBAHE PiB-
wsiHHS [Ipayta-ToMmkiHCa, iK€ OTHCYE TO-
MOXIMIYHI peakiii po3KIaaaHHI TBEPAUX
PEUOBHH 32 PaxXyHOK PO3TPICKYBaHHSI KpHC-
TAJITIB HAa MEXl 3 MPOAYKTOM PO3KJIaJaHHS
pu 0OEpHE HO

v, MJI/(T-XB.)
300
200
100 4
3 5 ;
(} 1 L I N I T

0 20 40 60 80 100 120 140 1,xs.

Puc. 2.3anexxHOCTI cepelHbOT MBHUAKOCT1 BUII-
JIEHHS BOJHIO TPOTSTOM TiAPOII3Yy aOMIHIIO,
aKTMBOBAHOTO €BTEKTHYHUM crimaBoM Ga-In-Sn
Ta IIUHKOM, Bill TPUBAJIOCTI T'IPONI3Y MPU TEM-
neparypax (°C): 1 - 25,2 -40, 3-55,4-70.
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PO TIOPI HI M 3aJ1€ )KHOCTI KOHCTAHTH IIIBHU-
JKocCTi Bijg yacy, [40]:

In[a/(1 —a)] =kSInt+ C, (7)

7€ 0. — IIe CTYMiHb TIepe TBOPEHHS aJFOMIHIIO,
AKy pO3paxyBajld SK BIJIHOMICHHS 00’ €My
BOJTHIO, 1110 BUIUTUBCS HA JTaHUW MOMEHT, J10
TEOPETUIHOTO 00’€My, SKHA Mae BUIIIU-
THUCH TICJIA MPOTIKAHHS Peakiii TiApoizy 10
KiHug, K° — eeKTHBHA KOHCTAHTa ILBHIKOC-
Ti, C — KOHCTaHTa 1HTErpyBaHHA. 3aJie)KHOC-
TI B KOOpJMHATaxX JAaHOTO PIBHSIHHSI, OAEp-
aHl TPU TIAPOJII31 JOCHIKEHOTO CIUIaBY
HA OCHOBI JIFOMIHIIO B J[iama3oHl TeMIiepa-
Typ 25-70 °C, npuBeneHi Ha puc. 3. 3HaYCH-
o1 K® BMBHaUWIM SK KyTOBMH Koe(ilieHT
PSMOJTI HI MHUX JTIJITHOK ITUX 3aJIe)KHOCTEH,
BUI1JICHUX Ha OJIEP’KaHUX KPHUBUX TICJIA 3a-
BEpIICHHSI M0YaTKOBOrO (1HIYKINWHOTO) Iie-
pioay 1 10 TOYATKY CTIOBLJIbHEHHS TIPOILIECY.
Po3paxoBani 3HaueHHS €(PEKTHBHUX KOHC-
TAHT IIBUIKOCTI TIAPOJII3Y JOCHIIKEHOTO

In(a/(1-01))
6

4+

4 3

4L . . . . . .

0 2 4 Int
Puc. 3.3anexuocti In(a/(1 — o)) Bin Int, omep-
JKaH1 M1 4ac TIIposIi3y aTioMiH 0, aKTHBOBaHO-
ro eBTeKTHYHUM ciiiiaBoM Ga-In-Sn ta muHKOM,
Bill TPUBAJOCTI TYAPOTI3y NMPH TeMIleparypax
(°C):1-25,2-40,3-55,4-70.

aKTUBOBAHOTO AQIIOMIHIIO cTaHOBWIH 1.33,
1.75, 2.19 ta 2.58 xB™ npm Temmeparypax
25,40, 55 ta 70 °C, BignoBigHo. OTxe, m-
BUIIICHHS TeMIIEpaTypHu MPHUBEJIO A0 CYTTE-
BOTO 3pOCTaHHS e(EeKTHUBHOI KOHCTAaHTH
HIBUIKOCTI T1J1POJI3Y.

TemmeparypHy 3ajieKHICTh €(PEKTUBHOI
KOHCTAHTH MIBWIKOCTI TiAPONi3y AOCIHIJIXKe-
HO1 EAP BuUKOpuHCTanu i1l po3paxyHKy €He-
priii akTuBamii 1MpOTO Mpolecy 3a GopMy-
JI010:

Ea = ‘R'tg}/, (8)

ne R — yHiBepcanbHa razoBa KOHCTaHTa, tgy
— TAHTeHC KyTa HaXWiy MPsSIMOJiHIMHOI 3a-
nesxxnocTi INk® Big 1/T (T — abcomoTHa TeM-
nepatypa). OnepxaHe 3HaAUYCHHS €HEprii ak-
TUBAIi cTaHOBWIO 12.6 KJ[>/MOJb 1 CBIAYH-
JIO, MO TIiAPOJI3 JOCIIPKEHOTO CIUIaBy Ha
OCHOBI aJJFOMIiHIIO TICJIA 3aBEpIIeHHS ToYaT-
KOBOTO 1HIYKIIMHOTO TEpioay 1 70 MOYaTKy
CIOBIIbHEHHSI TMPOIECYy, TOOTO TPOTATOM
OCHOBHOTO TIepioay TeHepalii BOIHIO, IPO-
TiKae 3 TuPy31HTHUMHU 0OME KEe HHIM U B HJI-
kocTi. KiHeTHuHI XapakTepuc THKH T1APOTI3Y
cruaBy 95 mac.% Al + 5 mac.% eBTeKTHKHU
Ga-In-Sn Bu3HaueHl aHAIOTIYHUM YUHOM B
po6ori [31], B skili ofepkaHe Take K 3Ha-
YEHHs] €Heprii aKTuBalii, 10 CBIAYUTH MPO
1u y31 MiHUI KOHTPOJb MIBUIKOCTI T1APOIIZY
TaKOTo CIIABY.

B pob6ori [41] 3anponioHOBaHUN CTaaiit
HUU MeEeXaHI3M TiApOJIi3y aKTHBOBAHOTO
AIIOMIHIIO, 3T1JHO SKOTO B3a€MOJIIS alFOMi-
HIIO 3 BOJOIO CIIOYATKy MPUBOJIUTH JO YTBO-
penns nBox imrepmeniarieB AIOH Tta AlH.
MoHoripua aoMIHIIO Jalll CTaliiHO pea-
T'ye 3 BOJOIO 3 YTBOpPEHHAM OeMiTy 3a peak-
MsAMU;

AlH + H,0 = AIOH + Hy, 9)
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AIOH + H,;0 = AIOOH + Hs. (10)
MOoHOT1ApO KC U aTIOMIiHIfO, IKUH YTBO PUBCS
Ha TePILIii cTafii T1APOJI3Y, TaKOX B3aEMO-
nie 3 Bogoto 3a peakiicio (10). B3aemonis
intepmeniatieB AIOH ta AlH 3 Bogoro mpu-
BOJUTH JIO0 MIBUAKOTO 3pocTaHHsi pH po3uu-
HY TPOJYKTIB T1APOJI3Y, OJHAK, SK TMOKa3a-
HO B [42], 3 uacoM Ha kpuBuX pH — T yTBO-
PIOETHCS TUTaTO, 0OYMOBIICHE BHHUKHEHHSIM
nuHaMi4HO1 piBHOBaru Mmix ionamu OH Ta
pPI3HOMaHITHUMH T1APOKCOCTIONYKAMH aJIto-
MiHit0. Hakonmmae HHS MajIopo34MHHHUX MpO-
JIYKTIB T1JIpOJII3y aJFOMIHIIO HA TIOBEPXHI aK-
TUBOBAHOTO AJIOMIHIIO MOXE TPHUBECTH O
BUHUKHEHHS TPAaHCTIOPTHUX YCKJAIHEHb 1
00yYMOBIIEHOTO HUMH 3HAYHOTO CTIOBLIIbHE H-
HS 1 HABITh NMPUIIMHEHHS T1ApoJiizy. OqHuM 3
NUIIXIB YHUKHEHHS YTBOPEHHS UIiJIbHOTO
ocaay TPOAYKTIB TiApOJi3y Ha TOBEpPXHI
ATIOMIHIIO € TATPUMaHHI BUCOKOT MIBUIKO-
CTI T1APOII3Y, KUK CYNPOBOJKYETHCS aKTHU-
BHUM BUI1JIEHHAM BOJTHIO.

Ha puc. 4 npuBenena nudpaktorpama
HPOYKTIB TiApoai3y cmiaBy 92 mac.% Al +
5 mac.% Ga-In-Sn + 3 mac.% Zn npu tem-
nepatypi 55 °C. O6pobka wiei gudpaxror-
paM¥ ToKa3aja, MO0 OCHOBHHMH IPOIyKTa-
MU TiIpOJII3y TaKoro CIUlaBy € OeMmiT
AIOOH ta 6aepur AI(OH);. Kpim Hux, B
NpOAYKTaxX T1APONi3y B HE3HAYHHUX KUIbKOC-
TSX BUWABJICHI 1HAIW Ta 1UHK. B pe3ynbTaTi
KUTbKICHOT OIIHKH BMICTY ITUX KOMTIO HCHTIB
BCTaHOBJICHO HACTYIHHUI CKJIaJ OJepKaHUX
OpOAYKTIB rinpomi3dy: oemit — 84.9 mac.%,
O6aepur — 14.7 mac.%, iHgiu — 0.2 mac.%,
uuHK — 0.2 mac.%.

BaxxnuBo, 10 1HAI# Ta IUHK B PEaKIlito
3 BOJIOIO HE BCTYMNHWIH 1 3aIUMIWIUCS y BU-
ISl METaJliB, OYEBHIAHO, SIK 1 1HIINI KOMIIO-

1500 /

1000 -

Lh
=
o

[HTEHCHBHICTE, BIJIH. OJI.

0 10 20 30 40 50 60 70 26,rpan.
Puc. 4. ludpakrorpama TPOAYKTIB Timposi3y
aTIOMIHII0, aKTUBOBAaHOro esTekrHkoro Ga-In-
Sn (5 mac.%) ta nuaKoM (3 Mac.%), mpu Temrie-
patypi 55 °C: 1 — 6aepur, 2 — 6emir, 3 — HIH, 4
— [IWHK.

HEHTHU eBTeKTHYHOro cimiapy Ga-In-Sn, saxi
He BusiBJIeHI Ha nudpakrorpami. OTxe Mme-
TaJli- aKTHBATO PH, BBENICHI B JOCJIJKE HUI
CIUIAaB Ha OCHOBI JIOMiHIlO, (aKTHIHO BU-
KOHYIOTh (DYHKIIO KaTali3aropa B peakiii
ATFOMIHIIO 3 BOJIOK0, OCKUJILKY BOHHU MPHUCKO-
PIOIOTH TIAPOJI3 aMOMIHIIO, OJHAK cami 3
BOJIOIO HE B3a€MOIIIOTh.

Cnia TakoX 3a3HAYUTH, 10 HA OJEpXKa-
Hill TudpakTOorpaMi HasgBHI IIUPOKI MIKH, SKi
€ nokazoM HaHOpo3MmipHocTi (10-20 HM)
KPUCTAJIIB MPOIYKTIB rigpoiizy. OueBumHo,
npu Temneparypi 55 °C riiposi3 mnpoTikae 3
BHUCOKOIO IIBUIKICTIO, B pe3yabTari YOTo
YTBOPIOETHCA 0araTo KPHUCTAJIB TPOIYKTIB
Majioro po3Mipy.

BUCHOBKH. EneproakymyJmorodi pe-
YOBHHU Ha OCHOBI QTIOMIiHII0, aKTHBOBAHOTO
eBTEeKTMYI HUM cIutaBoM GalnSn ta muakoM, €
MEePCTICKTUBHUMHU 171l BUKOPWCTAHHS B Te-
HepaTopax BOJHIO TIIPOJII3HOTO THIY, SIKI
MOXYTh 3aCTOCOBYBAaTUCh I JKHMBJIC HHSI
BOJIHEM MAJMBHUX KOMIPOK TPU KIMHATHIN
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temneparypi. Bsenenns B cmmaB Al + 5
Mmac.% eBTekTuku Ga-IN-Sn n100aBKU LUHKY
(3 Mac.%) npuBOAWTH AO 3HAYHOTO 3POC-
TaHHS MBUIKOCTI HOTO TipOJi3y MpH HEBU-
COKHUX TeMTIIeparypax.

EdexkTrBHa KOHCTaHTa MIBUIKOCTI Tij-
pomzy nmochimxeHux EAP 3naunO 3poctae
Opy TiABMILIEHHI TeMIepaTypu Big 25 10
70°C . Po3paxoBaHe HEBHCOKE 3HA4YeHHS
eexTuBHOI eHeprii akTuBalLii MPOIECy CBi-
JYUTH TPO TUQ Y31 HTHUI KOHTPOJIb IIBHUIKOC-
Ti T1IPOII3Y.

OCHOBHMM KOMTIO HEHTOM TMPOJAYKTIB Ti-
nponizy pociigxeHoi EAP npu temneparypi
55 °C € 6ewmit. KpiMm HBOTO 70 CKJIaqy Mpo-
IYKTiB BXOASTh OA€pUT 1 B HEBEJIMKUX KiJlb-
KOCTSIX JIETYI04l METally, Ki B PEaKIiio TiJi-
pOi3y HE BCTYMAKOTh.

3AKOHOMEPHOCTH THIPOJIM3A AJTIO-
MHHUS, AKTUBUPOBAHHOTO DBTEK-
TUYECKUM CIUIABOM  Ga-In-Sn = U
[IMHKOM

®.JI. Manunesnu*, FO.K. IMupckuii, A.B. Ky-
uniii, b.J. JlanumnblieB

Hncmumym obwell u Heopeanuyeckou Xumuu
um. B.U. Bepnaocxoeo HAH Ykpaunwi, npocn.
Axademuxa Ilannaouna, 32/34, Kues, 03142,
Ykpauna

*e-mail: fedor@ionc.kar.net

J1J1s TIOBBIIICHHST aKTUBHOCTH AIIOMHHHUS, JICTH-
POBaHHOTO 3BTEKTHYECKUM ciuraBoMm (Ga-In-Sn,
B pEaKIHMU THAPOIM3a B KAa4eCTBE JIOIMOJIHU-
TENbHON J100aBKH HCIONB30BaMHM IWMHK. Cpas-
HUTEJBHBIC BOJIOMOMETPUYECKHE OMpPEIeTICHUs
BOJIOPO/a, KOTOPBIA BBIJCISUICS MPU THUIPOJIH3E
craBoB 95 mac.% Al + 5 mac.% sBrekruku Ga-
In-Sn u 92 mac.% Al + 5 mac.% »BTekruku Ga-
In-Sn + 3 mac.% Zn, mokazajau, 4TO BBEICHUE

IIMHKA B aKTUBMPOBAHHBIA aTIOMUHUN MPUBEIIO
K 3HAQUUTEIbHOMY YCKOPEHMIO BBIJICIEHUS BO-
J0poJia U3 BOJbI IPH HEBBICOKUX TEMIIEpaTypax
(25 1 40 °C). D ¢pdeKkTUBHBIE KOHCTAHTHI CKOPO-
CTH THJAPOJIM3a CIIaBa ¢ J00aBKOW LIMHKA, pac-
CUMTAaHHBIE C TNPUMEHEHHEM  MOAMQUIIN-
poBaHHOrO ypaB-HeHus Ilpayra-TommnkuHca,
cocraBmsu 1.33, 1.75, 2.19 u 2.58 vum* npu
temrieparypax 25, 40, 55 u 70 °C cooTBercT-
BeHHO. DPQeKTuBHAS IHEPTHUS aKTUBALUU IPO-
1[ecca, pacCuMTaHHas 1O TeMIlepaTypHOH 3aBH-
cUMOCTH 3((HeKTUBHOW KOHCTAHTBI CKOPOCTH,
cocraBmia 12.6 KJ[K'MOJNb ., YTO CBHACTEIBCT-
ByeT 0 Ju}-(Qy3MOHHOM KOHTPOJE CKOPOCTH
TUposin3a. AHaIU3 PEHTTeHOBCKOM I (paKTo-
rpaMMbl TPOJAYKTOB THAPOJIM3a crjaBa 92
Mmac.% Al + 5 mac.% sprektuku Ga-In-Sn + 3
mac.% Zn npu temnepatype 55 °C mokasai, 4To
B UX COCTaB BXOJAT OEMHUT, OaepUT U B HEOOIb-
LM X KOJIMYECTBAX JIETUPYIO LIME METaJLIbI.

KnmueBre cIIOB a: AKTUBUPOBAHHBIC
AJIIOMHWHHECBBIC CIIJIaBbl, 3aKOHOMCPHOCTHU TU[-
poJjin3a, MoJIydCHUud BOAOPOJAA.

REGULARITIES OF HYDROLYSIS OF
ALUMINUM ACTIVATED BY Ga-In-Sn
EUTECTIC ALLOY AND ZINC

F.D. Manilevich’, Yu.K. Pirskyy, A.V. Kutsyi,
B.I. Danil’tsev

V.1. Vernadsky Institute of General and Inorgan-
ic Chemistry of National Academy of Sciences of
Ukraine, 32/34 Academic Palladin Avenue, Ky-
iv, 03142, Ukraine

“e-mail: fedor@ionc.kar.net

Aluminum is a promising metal for creating en-
ergy-storing substances (ESS) on its basis for
hydrogen evolution from water as a result of its
of activating aluminum and providing it with the
ability to react with water, special attention is
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paid to methods of alloying it with additions of
low-melting metals and alloys, in particular, the
eutectic alloy of gallium, indium and tin is per-
spective alloy for alloying aluminum and obtain-
ing ESS, capable of releasing hydrogen from
water without additional heating. The tempera-
ture at which stable interaction of aluminum ac-
tivated by low-melting metals and alloys with
water begins to be determined by the tempera-
ture at which alloying metals on the surface of
aluminum crystallites become liquid. The mek-
ing point of the four-component Gag1In;sSni3Zm
eutectic is about 3 °C, what is about 8 °C lower
than the melting point of the Ga-In-Sn eutectic.
Therefore, in this work, aluminum was activated
by the eutectic alloy of gallium, indium and tin,
as well as zinc, and the regularities of the hy-
drolysis of the obtained EAPs were investigated.
Comparative volumetric determinations of hy-
drogen, which was released during the hydroly-
sis of 95 wt.% Al + 5 wt.% Ga-In-Sn eutectic
and 92 wt.% Al + 5 wt.% Ga-In-Sn eutectic + 3
wt.% Zn alloys, showed that the introduction of
zinc into activated aluminum led to a significant
acceleration of hydrogen evolution from water at
low temperatures (25 and 40 °C). The effective
rate constants of hydrolysis of the zinc-doped
alloy, calculated using the modified Prout-
Tompkins equation, were 1.33, 1.75, 2.19, and
2.58 min' at temperatures of 25, 40, 55, and
70 °C, respectively. The effective activation en-
ergy of the process, calculated from the tempera-
ture dependence of the effective rate constant,
was 12.6 kJ-mol*, which indicates diffuse con-
trol of the hydrolysis rate. An analysis of the X-
ray diffraction pattern of the products of the hy-
drolysis of 92 wt.% Al + 5 wt.% Ga-In-Sn eu-
tectic + 3 wt.% Zn alloy at the temperature of
55°C showed that they contain boehmite,
baerite and small amounts ofalloying metals.

Keywords:activated aluminum alloys, regu-
larities of hydrolysis, hydrogen production.
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The effect of superparamagnetic FesO4 nanoparticles (NPs) on the spectral luminescence
properties of homogeneous optically transparent mesostructured silica films of
Si02/P123/Rh6G/Fe304, containing {P123 (Rh6G)} micelles consisting of Pluronic 123
with encapsulated Rh6G, and formed in stationary magnetic fields (MF) with an
induction of less than 500 mT, was investigated. It was shown that, unlike
Si0,/P123/Rh6G, the spectral and luminescent properties of SiO2/P123/Rh6G/FesO4
films depend on the MF used during their formation, and a gradual decrease in the band
intensities in Rh6G spectra and quenching of luminescence with increasing of MF
induction was observed. It is associated with a decrease in the monomer fraction and an
increase in the fraction of non-luminescent Rh6G H-aggregates in micelles due to the
interaction intensifying in the MF (formation of Fe3* -O bonds) of superparamagnetic
NPs with micelles {P123 (Rh6G)}, oriented in the MF, which leads to a gradual
deformation of micelles and accumulation in them of H-aggregate. The dependences of
the changes in the absorption bands intensity and fluorescence of the monomeric form of
Rh6G in the spectra of the films on the changes in the magnetic induction of the MF are
described by an exponential function, and the ratio of the fluorescence intensities of the
Si0,/P123/Rh6G films to the fluorescence intensities of the SiO2/P123/Rh6G/Fe;O4
films linearly depends on the induction of MF, which they are able to "“remember", which
is manifested in the values of fluorescence intensities.

Keywords: hybrid mesostructured silica films, spectral luminescent properties,
Rhodamine 6G, Pluronic 123, nanoparticles, magnetite, a magnetic field.

INTRODUCTION. Interest in nanostructured materials is due to a noticeable change in
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their  physical and  physico-chemical
properties compared to the bulk material. In
this regard, nanocomposites from two or
more phases and hybrid materials with a
certain spatial mesostructure are attracting
attention. From the practical point of view,
the condensed mediums in the form of hybrid
organo-inorganic mesostructural films
containing molecules of fluorescent dye [1, 2]
and follow-up firmware nanodimensional
particles of subgroup of iron and their oxides
as a magnetic component of such hybrid
materials [3, 4] capable to interact with the
constant magnetic fields (MF) with an
induction < 500 mT are interesting. The use
of such NPs as the magnetic component of a
hybrid material is due to their unique
properties associated with a change in the
domain structure of such magnetically
ordered systems, acquisition of
superparamagnetic properties that appear
when particle sizes are reduced [5, 6], and
also with the presence of a hysteresis curwe,
which plays an important role in
magnetization of reversal processes.

The influence of an external magnetic
field is manifested in changes in seweral
physical and physicochemical properties of
hybrid materials. Thus, the introduction of
NP vy-Fe oxide into the matrix of mesoporous
SiO, allows obtaining materials with different
structural and magnetic properties [7]. The
use of MP makes it possible to improve the
sensory characteristics of some composite
materials with nickel NPs [8] and to propose
a sensitive element for a magnetically con-
trolled sensor. When studying the
photophysical properties of some organic flu-
orescent probes [3], an increase in the lumi-
nescence intensity was detected in the pres-

ence of an external constant magnetic field
with an induction of 1-20 mT.

The influence of local magnetic fields of
superparamagnetic magnetite NPs on the
spectral-kinetic properties of the triplet exci-
tation of Rh6G dye molecules embedded in
the polyvinyl alcohol polymer matrix was
shown in [4]. Changes in the absorption and
luminescence spectra of the dye are explained
by the formation of charge-transfer complex-
es.

The choice of magnetite as one of the
components of such hybrid materials is be-
cause magnetite particles behawve like ferro-
magnetic only at temperatures below the
blocking temperature TB, which depends on
the particle volume and anisotropy value. A
decrease in the particle size to a single-
domain leel at a temperature higher than TB
allows the magnetization vector of a single-
domain particle to fluctuate from one direc-
tion of the easy magnetization axis to another,
by analogy with an ideal paramagnet [9, 10].
Fe;O, nanoparticles with sizes less than 24
nm at a temperature T = 300 K, which is
somewhat higher than TB and characterized
by a small relaxation time (<5-10 -2 s), ac-
quire superparamagnetic properties [9, 10]
and behave like paramagnet. Thus, in the ab-
sence of an external magnetic field at room
temperature, such a system of nanosized par-
ticles of magnetite behaves like an ensemble
of paramagnetic atoms with zero resulting
magnetization.

At the stages of preparation and for-
mation of thin hybrid mesostructured films
containing fluorescent dye molecules, the in-
troduction of magnetic NPs can affect the
spectral-luminescent and magnetic properties
of such materials, giving them new properties
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that can change under the influence of an ex-
ternal magnetic field.

The aim of this work was to study the ef-
fect of superparamagnetic Fe;O, NPs on the
spectral luminescence properties of homoge-
neous optically transparent mesostructured
silica SiO,/P123/Rh6G/Fe;0O, thin films con-
taining {P123 (Rh6G)} micelles consistent of
Pluronic 123 (R126) and incapsulated Rh6G
dye molecules and formed in stationary mag-
netic fields with an induction of less than 500
mT.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. The following reagents

were used in the work: Iron chloride
tetrahydrate (FeCl,-4H,0; 98,0 %, Merck),
Iron chloride hexahydrate (FeCl;-6H,0;

99,0 %), tetraethoxysilane (TEOS), triblock
copolymer Pluronic P123 (Sigma-Aldrich),
hydrochloric acid (HCI 37%), EtOH (etha-
nol, anhydrous), Rh6G (Rhodamine 6G for
microscopy), distilled water.

X-ray diffractometry of the NPs was car-
ried out using a Panalytical X Pert Pro pow-
der diffractometr with CuKao-radiation (A =
1.540598 A), monochromatized Ni-filter, at
room temperature in the range of angles 26
5-120° in increments of 0.040. The crystal-
line phases were identified using the JCPDS
(Joint Committee on Powder Diffraction
Standards) file cabinet. The morphology of
the NPs samples was studied using a JSM-
6610 LV scanning electron microscope
(JEOL, Japan) at a woltage of 20 kV with an
increase of up to 50.000 times. To enhance
the optical contrast, the samples were
sprayed with gold using the JFC-1600 Auto
Fine Coater (JEOL, Japan), an ultra-thin
spraying device.

FTIR-spectra of NPs and films as films

coated on KBr crystal plate were recorded on
spectrometer Perkin-Elmer Spectrum One.

The absorption and luminescence spec-
tra of the films before and after exposure to
an external magnetic field were recorded on
a Specord 210 spectrophotometer (Analytic
Jena) and a spectral setup in the "photon
counting™ mode, respectively (wavelength of
exciting light 406 nm). The thickness of the
films was measured by the results of AFM
studies on atomic force microscopy
(Nanoscope Illa (Nanoscope Digital Instru-
ment, USA). The magnitude of the magnetic
induction of the magnetic field was meas-
ured using a universal device Teslameter
43205/1 (Ukraine).

Synthesis of Magnetit (Fe;O,) nanopar-
ticles were obtained by chemical
coprecipitation of FeCl, and FeCl; salts in an
ammonia medium according to the modified
previously described method [11] by mixing
the salt solutions in the ratio 1:2 at a temper-
ature of 55°C and the subsequent addition of
25% ammonia solution. The resulting pre-
cipitate was separated by magnetic separa-
tion and washed thoroughly with EtOH. The
obtained magnetite nanoparticles were
stored in an ethanol solution without drying.

Preparation of film-forming sol Hybrid
silica films received by method of sin-
gle -stage sol-gel synthesis by the technique
described earlier [1]. To film-forming sol
with a molar ratio of reagents:
TEOS : Pluronic P123 : HCI : EtOH : H,0 =1
+6:10°:02:30: 92 the calculated amount of
Rh6G dye (1-10° M) and a magnetite (7,5-10°
g/ml) was added. For dispersion of compo-
nents the sol was subjected to ultrasonic pro-
cessing (10 min.), aged for 72 hours. Films
were obtained by applying a film-forming sol
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on a pre-cleaned substrate (glass 25 mmx20
mm) Dby spin-coating at a substrate rotation
speed of 1800 rpm™ for 5 s. Films formed in a
constant magnetic field with the known induc-
tion. Thickness of the prepared films accord-
ing to the atomic forces microscopy (AFM)
was 200 + 5 nanometers.

The magnetic field at which silica hy-
brid mesostructured films of the composi-
tion SiO,/P123/Rh6G and (#)SiO,/P123/
Rh6G/Fe;0, were formed was created us-
ing N38 (Ni) permanent magnets made of
NdFeB alloy with the characteristics listed
in Table 1, in the form of a magnetic com-
posite module of a cylindrical shape (Fig. 1
a). To visualize the lines of magnetic in-
duction around the magnetic module the
program Vizimag 3.18 was used. In Fig. 1
a shows the locations of the formed hybrid
mesostructured (#) SiO,/P123/Rh6G/Fe;0,
films, where # is the number of the sample
that corresponds to the position (Fig. 1 a)
of the film in the field during its formation.
Samples of hybrid films of
(0) SiO,/P123/Rh6G/Fe;0, and
(4) Si0,/P123/Rh6G were obtained outside
the field (BO = 0).

Characterization of the obtained nano-
particles to investigate the phase content of
the Fe;O,4, as well as to determine the aver-
age crystallite size, the method of XRD was
applied (Fig. 1 b).

Tablel

The main characteristics of permanent magnets
brand N38 (Ni).

Residual induction, T | 124
Induction coercive force, KA/ m 915
Magnetization coercive force, KA / m 955
Diameter of a disk, mm 60
Height of disk, mm 15

The diffraction patterns identified seven
peaks at: 18.4 (111), 30.2 (220), 35.6 (311),
43.3 (400), 53.7 (422), 57.7 (511) and 62.9
(442). These peaks are typical for a phase
like spinel of the composition Fe304, i.e.,
for magnetite (250540-JCPDS). Iron oxides
nanoparticles are prone to oxidation, but the
absence of g-Fe203 (40142-JCPDS) peaks
and the intense black color of the powders in
the diffractogram indicate the absence of
significant impurities of this oxide in the
phase of the obtained Fe304.

On the diffractograms of the obtained
magnetite, there is a slight decrease in inten-
sity and broadening of the peaks, but no ad-
ditional peaks observed (Fig. 1 b). The aver-
age crystallite size of the obtained magnetite
calculated by the Scherrer formula [12] is 10
nm. In Fig. 1 c,d shows the data of electron
microscopy and the corresponding size dis-
tributions of the NPs of the obtained magnet-
ite. It is known that iron oxide nanoparticles
are prone to aggregation due to the high sur-
face energy inherent in finely dispersed
structures, which is confirmed by transmis-
sion microscopy (Fig. 1 d).

An analysis of CEM microphotographs
of Fe304 (Fig. 1 c) indicates that the synthe-
sized materials, after drying are aggregates
consisting of smaller particles. The magnet-
ite NPs were obtained at a reaction solution
temperature of 55 °C and stored in an etha-
nol suspension. They are characterized by an
average particle size of ~ 9-11.0 nm (Fig. 1
d ), which is consistent with the calculation

|data from XRD data.

As follows fromthe Fig. 1 e, curve 1) in
NPs spectra Fe304 together with the bands,
which can be attributed to valence and band-
ing vibrations of ethanol’s different groups
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Fig. 1 a) Visualized lines of magnetic induction of the module of a cylindrical shape; 1, 2, 3 - loca-
tion of the formed hybrid mesostructured (#) SiO,/P123/Rh6G/Fe304 films in a magnetic field,
which correspond to the values of magnetic induction B, mT: 1 (B; = 15), 2 (B, = 100), 3 (B3 =
300). b) Diffraction patterns of magnetite and standard samples of magnetite (JCPDS file No.
250540) and hematite (JCPDS file No. 40142). ;. ¢)d) Microphotographs of scanning (c) and trans-
mission (d) electron microscopy with the corresponding size distribution curve of magnetite nano-
particles; e) FTIR-spectra of the samples (NPs and films) as films precipitated on KBr crystal plates:
1- FesO4 NPs; 2- P123/ Fes04 (60/1); 3- P123/FesO4 (30/1 ); 4- P123/ FesO4 (60/1 in MF); 5-
Si02/P123/Rh6G/Fe304 (without MF); 6 -SiO2/P123/Rh6 G/Fe304 (in MF).
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[ 13 ], there are a few bands (640,589,565
cMm-1) forming summary conture in region
500-700 cm-1 , which according to [13, 14]
may be attributed to Fe-O valence stretching
bands (O of ethanol and in Fe304).

Analysis of the absorption spectra of
aqueous solutions of Rhodamine 6G and the
obtained films (Fig. 2 ) shows that in the
concentration range from 1-10-6 M to 1-10-4
M, the dye is in monomeric form. At the
used concentration of Rhodamine 6G
(>1:10-4 M) both in solution and when its
molecules included in the solid matrix, two
main types of dimers formed as a result of
dimerization of dye molecules: H-dimer and
J-dimer [15]. The configuration of H-type
dimers is energetically more favorable than
the configuration of J-type dimers [16] with
a relatively small difference in energy < 3
KT, which indicates the joint presence of
these configurations at room temperature.
The aggregation mechanism during the for-
mation of H dimers is explained by n-7 in-
teraction of aromatic m systems of two
Rhodamine 6G molecules [2].

The influence of the aggregation of
Rhodamine 6G dye molecules (Rh6G) and
the concentration of Pluronic 123 in the
film-forming sol (SiO2 + P123 + Rh6G) on
the spectral-luminescent properties of the
formed silica hybrid films without magnetite
NPs is studied in [17].

Fig. 2 shows the absorption and fluores-
cence spectra of a film without NPs magnet-
ite (SiI02/P123/Rh6G), as well as the spectra
of thin hybrid films of the same composition
(Si02/P123/Rh6G/Fe304), formed by dif-
ferent MF induction in the places shown in
Fig. 1a.

As follows from the Fig. 2 a, the absorp-

tion spectra of hybrid films correspond to the
monomeric form of Rh6G, which are charac-
terized by a vibronic shoulder [18 ] at Al =
501 nm [2,15,19,20] and the central maxi-
mum at A2 = 534 nm, the intensity of which
depends on the amount of dye. The fluores-
cence spectra of hybrid films (Fig. 2 2I'p ¢)
are characterized by a band at A = 562 nm,
which corresponds to the monomeric form
of the Rh6G molecule.

It follows from the experimental data
that an increase in the induction of the exter-
nal MF, in which films are formed, leads to a
sequential decrease in the intensity of the
absorption and fluorescence bands (Fig. 2 a,
Fig. 2 ¢ and Table 2). Howewer, in the pres-
ence of MF, such changes in the spectra of
samples of hybrid SiO2/P123/Rh6G films
without NPs were not observed, which indi-
cates the presence of interaction of Rh6G
molecules with superparamagnetic magnetite
NPs in samples of hybrid
Si02/P123/Rh6G/Fe304 films.

Differential absorption and fluorescence
spectra of samples of hybrid films in Fig. 2 b
and fig. 2 d obtained by subtracting from the
spectrum of a SiO2/P123/Rh6G film the cor-
responding spectra of SiO2/P123/Rh6G/
Fe304 films formed at different values of
magnetic induction. On differential absorp-
tion spectra, as shown in Fig. 2 b, bands ap-
pear at Al = 501 nm and A2 = 534 nm.

The numerical values for the difference
in the intensities of the absorption bands in
the electronic spectra of the film samples at
these wavelengths are given in Table 2, from
which it follows that the magnitudes of the
difference increase in the series under con-
sideration without changing the position of
the maxima of the absorption bands. An
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Fig. 2. Absorption spectra (a), fluorescence (c) of hybrid mesostructured films (4) SiO2/P123/Rh6 G
and (#) SiO,/P123/Rh6G/Fe304 (samples # = 0, 1, 2, 3) and the corresponding differential
absorption spectra (b) and fluorescence (d). Curves No0.0, No.1, No.2, No.3 are obtained by
subtracting, respectively, the curves 0, 1, 2, 3 from curve 4 shown in Fig. 2 a and Fig. 2 ¢; A1 = 501
nm, A = 534 nm, A, = 542 nm; A = 562 nm, A, = 604 nm.

exception is a sample No. 0 of the hybrid
mesostructured (0) SiO2/P123/Rh6G/Fe304
film, for which at B = 0, two broad bands of
low intensity with maximum peaks close to
505 and 542 nm appear in the differential
spectrum.

The appearance of a broad maximum in
the spectrum (at B = 0) in the region of 542
nm, as shown in Fig. 2 b indicates a change
in the environment of Rh6G monomeric
molecules encapsulated in micelles, possibly

as a result of donor-acceptor interaction or
interaction of micelles with  super-
paramagnetic magnetite NPs with zero re-
sultant magnetization.

In the fluorescence spectra of the formed
hybrid mesostructured films (Fig. 2 ¢) bands
observed in the region A = 562 nm, are char-
acteristic, according to [15,19], for Rh6G
monomeric molecules. This band is also pre-
sent in the differential fluorescence spectra
(Fig. 2 d). With anincrease in the induction
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Fig. 3. The effect of magnetic induction of MF on the difference inband intensities (No. 0, No. 1, No.
2, No. 3, see Fig. 2 b and Fig. 2 d) in the absorption spectra (AA) and luminescence (Al) of samples of
hybrid films with magnetite NPs; Changes in the absorption intensity A at A, = 534 nm (c) and the
fluorescence mtensity I at A = 562 nm (d) of the samples of hybrid mesostructured
Si0,/P123/Rh6G/Fe30,4 films as a function of magnetic induction (No. 0, No. 1, No. 2, No. 3, see Fig. 2
b and Fig. 2 d).

of MF, the intensity of the bands in the dif- ments of the difference in the intensities of
ferential fluorescence spectra of the film the bands (No. 0, No. 1, No. 2, No. 3, see
samples decreases. Fig. 2 b and Fig. 2 d) in the absorption spec-

Fig. 3 shows the results of measure- tra(AA, Fig. 3 a) and luminescence (Al Fig.
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Table 2

The band intensities in the absorption and fluorescence spectra of hybrid films in MF and the dif-
ference between the band intensities in the spectrum of the SiO,/P123/Rh6G film and the band
intensities in the spectra of SiO,/P123/Rh6G/Fe3O4 films.

Bands intensity characteristics in the spectra of the films in magnetic
field:
Sample of the magnetic in- absorption fluorescence
il duction B, (A, MFE, AA;) (1, MFE, Al,)
mT A1=501 nm A2=534 nm A=562 nm
A Al MO/FOE1 AA}Ll A 2 MO/FOE1 AA}Q I A MO/FOE1 AI A
NeO (¢ Fes04) | Bo=0 0,092 0 (0009|0247 0 [0,009]|15624| 0 |2,69
Nel(c FesO4) | B1=15 0,091 1 0,010 | 0,140 5 0,016 | 14,392 7,9 | 3,92
Ne2(c Fes04) | B2=100 0,088 4 0,013 0,132 10 |0,024| 12,304 | 21,2 | 6,01
Ne3(c FesO4) | B3=300 0,085 8 0,016 | 0,125 15 | 0,031 | 11,600 | 25,8 | 6,72
SiO,/P123/Rh6G | Bp=0 0,101 - 0 0,156 - 0 18,312 - 0
3 b) samples of hybrid films with NP mag-
netite depending on the magnitude of the
magnetic induction. As can be seen from fig. 2o No.3
3, these curves tend to reach the shelf.
The magnitude of the magnetic field (MFE)
influence was estimated according to the ap- 30
proach proposed in [3] by changing in the
intensity of the bands in the absorption and %
fluorescence spectra of the formed hybrid *E’ 27 No. 2
films, which is caused by the magnetic field. —
The MFE value was determined as 10
MFE = (F, - F,)-100%/F,, where F,and F, oS
are the intensities of the bands in the spectra o No.0
of the hybrid film in the magnetic field and at 000 005 010 015 02 025 030
B =0, respectively. BT
Moreover, for the intensity of the bands Fig. 4. Dependence characterizing the

in the absorption spectra of the hybrid film
F.=A,, F,=A, and for the intensity in the
fluorescence spectra F,=1,, F,=1,. The cal-

culated MFE values are shown in table 2.
The observed effect of the influence of ex-
ternal MF induction on the change inthe

86

fluorescence quenching of magnetite-containing
hybrid mesostructured SiO,/P123/Rh6G/Fe304
films on the magnitude of the magnetic induction
(No. 0, No. 1, No. 2, No. 3 and Fig. 4d) used at
the formation of the films.

absorption intensity and luminescence intensity
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Table3

Parameters of the approximating curves describing the experimental data on the changes in the
maximum of absorption and fluorescence intensities in the spectra of hybrid mesoscopic

Si0,/P123/Rh6G/Fe30,4 films formed in MP.

A, Ao Au-Ag kax10° | A, lo le-lo kix10°
nm nm

501 | 0,084+0,001 | 0,008+0,001| 7,0+0,9 562 | 11,68+0,19 | 3,86+0,24 20,8+4,6
534 | 0,124+0,001 | 0,021+0,001 | 12,0+0,9

of magnetite-containing mesostructured films
can be described by a general differential equa-
tion: —dF, /dB =k, (F, - F,) inwhich dF,-is
the change in the intensity of the band (absorp-
tion, fluorescence), F,- is the limiting value of
the change in intensity.

Integration of the differential equation
from the initial value F, (at B =0) to F,, at

the current value of B, gives a logarithmic
response function
In[(F, -F,))/(F, - F,)]=-k. B that depends
linearly on the magnitude of the induction B,
in which the coefficient k. characterizes the
sensitivity of magnetite-containing hybrid
mesostructured films to the influence of an
external MF.

By potentiating, we obtain general ex-
pressions for changing the band intensity in
the absorption and fluorescence spectra
F,=F,+(F, —F,)exp(-k, B), which de-
scribe the experimental data in Fig. 6 with the
corresponding parameters of the approximat-
ing curves. The numbers of film samples in
Fig. 3 ¢ and d correspond to their location in
a magnetic field during their formation, ac-
cording to Fig. 1 a. The calculated parameters
of the approximating curves are shown in Ta-
ble 3. Since for these films k, are larger k,,
the sensitivity of the SiO,/P123/Rh6G/Fe;0,
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hybrid film to the influence of an external MF
is maximum under fluorescence (MFE =
25.8%).

Dependence of the ratio of the fluores-
cence intensity of a film without magnetite
NPs in experimental value of the fluorescence
intensity of SiO2/P123/Rh6G/Fe304 films on
the magnitude of magnetic induction is
shown in Fig. 4. It can serve as a characteris-
tic of the degree of quenching of the fluores-
cence of these films by magnetite nanoparti-
cles.

As shown from the abowe results,
superparamagnetic magnetite NPs signifi-
cantly affect the spectral and luminescent
properties of mesostructured
Si0,/P123/Rh6G/Fe;0, films formed in sta-
tionary magnetic fields with an induction of
less than 500 mT.

The observed effect of the magnetic field
used in the formation of hybrid (#)
Si0,/P123/Rh6G/Fe;0, films on their spec-
tral-luminescent properties is due to the pres-
ence of Fe;O, NPs in the films interacting
with magnetic field, since significant differ-
ences in the spectral-luminescent properties
of the SiO,/P123/Rh6G films, formed in the
MF and outside MF were not observed.

To understand the abowe facts and ex-
plain the possible mechanism of the effect of
the increasing magnitude of magnetic induc-
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tion used in the formation of the studied hy-
brid (#) SiO,/P123/Rh6G/Fe;O, films on
their spectral and luminescent properties,
some facts regarding the characteristics of the
Rh6G dye and its spectral — luminescent
properties, Fe;O, NPs and other similar mate-
rials, and their interaction with MF were tak-
en into account.

From the analysis of the absorption spec-
tra of aqueous solutions [15] and hybrid films
[17] it is known that the dye (Rh6G) in the
concentration range from 1-10° M to 1-10™
M is in monomeric form. In this case, a char-
acteristic band of the monomeric form (A .
about 530 nm) with a vibronic arm (about
500 nm), which corresponds to a fluorescence
band with A . @bout 560 nm, appears in the
spectrum.

With an increase in the concentration of
Rh6G both in solutions and in hybrid films,
two types of dimers H (A pna @bout 500 nm)
are formed, the band of which owverlaps [18]
with a vibronic band (A . about 500 nm),
and J (A a2 @bout 550 nm), the relative con-
tent of which depends on various conditions
[15,18].

At room temperature, both types of di-
mers are formed due to the fact that the con-
figuration of H-type dimers is only slightly
energetically more favorable compared to the
configuration of J-type dimers (energy differ-
ence < 3 kT) [16 ]. The aggregation mecha-
nism at the formation of H- dimers is ex-
plained by m-m interaction of aromatic m sys-
tems of two Rh6G molecules [2]. Along with
these dimers, so-called “intermediate”
(“oblique™) dimers (with angles of 0° <6
<90° ) [15,20], having fluorescence spectra
are also formed. For Rh6G in the monomeric
form and in the form of oblique and J-type

dimers, in contrast to the H-type, lumines-
cence spectra are characteristic [15, 19, 20].

It was shown earlier that in the films
formed from a  film-forming  sol
(SiO,+P123+Rh6G)  (without  magnetite
NPs), the formation of H- dimers is blocked
due to the encapsulation of Rh6G molecules
in micelles and such films retain luminescent
properties [17].

When films formed from the same film-
forming sol, but containing magnetite NPs,
in the absence of a MF, Fe;O, NPs lose sol-
vent molecules (ethanol) during dip-coating,
which are both a dispersion medium and
NPs stabilizer, as a result of the interaction
of magnetite surface Fe** atoms with donor
atoms of oxygen of Pluronic 123. Indeed, the
Fe** atoms in the surface layer and in the
bulk of magnetite (Fe**[Fe*'Fe®"]0,) are
nonequivalent, and the estimated number of
surface atoms, as shown in [21], depends on
the radius of the NPs and is 35 for NPs with
an average diameter of 10 nm.

In this case, to compensate for the sur-
face charge of NPs, apparently, new Fe*" -O.
bonds should be formed. The more probable
areas where their formation is possible are
the more hydrophilic polyethylene oxide
fragments of P123 located on the periphery
of the micelle, in contrast to the more hydro-
phobic propylene oxide fragments that form
its core.

Moreover, Rh6G molecules can be lo-
cated both in polyethylene oxide and propyl-
ene oxide sites in the triblock copolymer mi-
celle, which is part of the
(0) SiO,/P123/Rh6G/Fe;0, film.

If one assume that the reason for the
changes in the electronic spectra of
Si0,/P123/Rh6G/Fe;0, films is the interac-
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tion of Fe®* ions (which in an amount of
about 15 are present on the surface of mag-
netite NPs with an awerage size of 10 nm
[21]), for example, with amine nitrogen of
Rh6G look-like observed interaction of
magnetite NPs with humic acids [22] upon
their adsorption, then a shift in the maximum
of the dye absorption band observed. How-
ever, as it is evidenced by the results of the
experiment, this does not happen. Direct in-
teraction of Fe;O, NPs with dye molecules
encapsulated in a micelle with P123 seems
unlikely.

In the absence of MF at room tempera-
ture, the magnetic moments of spherical
magnetite nanoparticles (10 nm) located in a
film-forming sol with micelles
{P123 (Rh6G)} are randomly oriented due to
thermal fluctuations.

Taking into account the above consider-
ations, the reasons for the changes in the
spectral-luminescent  properties of the
(0)SiO,/P123/Rh6G/Fe;0, film as compared
to the (4)SiO,/P123/Rh6G film that does not
contain magnetite NPs (Fig. 2 a, curves 0
and 4), Fig. 2 c, curves 0 and 4; Fig. 2 b,
curve No. 0, Fig.2 d, curve No. 0) become
clear. It should be noted that the intensity of
the vibronic shoulder (or the band corre-
sponding to the H-dimer) and the band cor-
responding to the monomer (Fig. 2 b, No. 0),
in contrast to the spectra for
(4)SiO,/P123/Rh6G (Fig. 2 a, No. 4) and
(0)Si0,/P123/Rh6G/Fe;O, (Fig. 2 a, No. 0)
are comparable.

The formation of new Fe®** - O bonds, in
which Fe atoms on the surface of Fe;O, NPs
and oxygen donor atoms of P123 micelles
with Rh6G molecules encapsulated in them
in monomeric form participate, can cause mi-

celle deformation and contribute to the for-
mation of both intermediate and H- dimers.
This is consistent with a decrease in the in-
tensity of both bands (vibronic and related to
the monomeric form) both in the differential
absorption spectra (Fig. 2 b, No. 0) and in the
differential fluorescence spectra (Fig. 2 d, No.
0).

Howewer, in contrast to the differential
absorption spectra (Fig. 2 b, curve No. 0),
where AA (A max =562 nm) = AA (A pmax =604
nm), in the differential fluorescence spectra
(Fig. 2 d, curve No. 0) AI (A pax =562 nm) <
Al (A max =604 nm) and the observed decrease
in the intensity of the vibronic band is very
insignificant in contrast to the decrease in the
intensity of the monomer band.

This may indicate that, against the back-
ground of a noticeable decrease in the content
of the Rh6G monomeric form, the so-called
“oblique” dimers (with angles of 0°<6<90°)
are formed in the system [15,19,20], having
fluorescence spectrum. The formation of the-
se dimers instead of H-dimers occurs appar-
ently due to insufficiently strong deformation
of the micellar structure.

When a film-forming sol with
superparamagnetic magnetite particles is
placed in a MF, NPs acquire additional poten-
tial energy, and their magnetic moments tend
to orient themselves along the lines of mag-
netic field induction.

As a result of the orienting action of
the constant magnetic field in the film-
forming ash (in the process of film for-
mation), the number of magnetite NPs with a
smaller angle formed between the magnetic
induction vectors and the magnetic moment
increases, as well as the number of NPs for
which the directions of the vectors coincide.
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The formation of a hybrid mesostructured
Si0,/P123/Rh6G/Fe;O, film ends with a
“freezing” of the magnetic moments of the
NPs, which are oriented under the action of
the magnetic field, not randomly, but in a cer-
tain direction. The formation of a hybrid
mesotructured film with a larger magnetic
induction also ends with “freezing”, but with
a larger number of NPs oriented along the
lines of magnetic field induction.

Thus, the number of magnetite NPs in the
film-forming sol, for which the directions of
the vectors coincide, should increase with in-
creasing of magnetic field induction. In the
presence of a weak permanent MF at the
formation of a hybrid film from a film-
forming sol, a small part of the magnetite
NPs is magnetized, being oriented and
aligned along the lines of magnetic induction.

Considering the fact that, apparently,
Fe;0, NPs are connected via surface iron at-
oms to donor oxygen atoms of P123 micelles,
such an orientation of NPs and their increas-
ing “aggregation” in the magnetic field with
increasing magnetic induction should lead to
increasing micelle deformation, which should
contribute to a decrease in fractions of Rh6G
monomers and their dimerization.

According to the calculations, the num-
ber of micelles in the reaction mixture was
1.4. 10" (the calculation used the concentra-
tion of P123 and the known [23] content
(250 molecules) of P123 in one micelle), and
the amount of magnetite NPs was 6.16° 10'°
(in the calculation we used a weight of Fe;0,
NPs, its density (5.17 g / cm®) and average
size (10 nm) of NPs). That is, in the resulting
reaction mixture, 4.4 NP Fe;O, are account-
ed for one micelle. Despite the fact that this
value is an estimate, it gives an idea of the

ratio of the numbers of NPs and micelles in
the film. It follows that, with the formation
of “linear aggregates” of NPs and an in-
crease in their linear dimensions with in-
creasing magnetic field induction, micelle
deformations can be enhanced by increasing
z, g and p in the resulting complexes {{(NP)
of Fe; ... Oy {Pluronic123 ( Rh6G) .} ]. Ac-
cording to the results of FTIR- spectra (Fig.
1e), the interaction of iron atoms on the sur-
face of Fe;O, NPs with P123 oxygen atoms
(curve 2) leads to redistribution of the band
intensities observed in the spectrum of Fe;0O,
NPs (curve 1). The band in the region of
1200-950 cm™ with a maximum of about
1107 cm™ is, according to [24 ], the total
contour, consisting of a group of bands that
can be attributed to v, and v C-O-C and C-
C of the ether group P123. The band in the
region of 500—700 cm ~ ! with a maximum of
about 590 cm™ ! consists of three bands
(640.589, 565 cm ~ '), which according to
[13,14] can be attributed to the Fe — O
stretching vibrations with the participation of
O in Fe;0, and P123. With a twofold in-
crease in the ratio of NPs to P 123, the mag-
nitude of the ratio of the intensities of the
bands with maxima near 590 cm™ and 1107
cm™ (Fig. 3, curves 2 and 3) increases from
0.15 to 0.18. In the spectra of SiO,
{Pluronic123 (Rh6G)} Fe;0, films obtained
outside the magnetic field (curve 4) and in
the magnetic field (curve 5), the v (Fe-O)
band with a maximum of about 590 cm™ is
retained, howewver, with insignificant chang-
es in its total contour due to the redistribu-
tion of the intensities of its constituent
bands. Moreower, comparing its intensity
with the band intensity in the region of
1200-950 cm™ ! with a maximum of about
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1107 cm™ * becomes impossible due to the
overlapping of the latter with more intense
bands, which can be attributed [14] to Si-O
stretching vibrations.

With this in mind, and since solvents,
including alcohol, are remowved during the
formation of the film, it can be assumed that
at least part of the bands in the region of
500-700 cm™ * is due to stretching Fe — O
vibrations involving iron atoms on the NPs
surface, bound to ether oxygen donor atoms
of P123.

According to experimental data, the use of
MF in the preparation of
(#) Si0,/P123/Rh6G/Fe;0, films enhances the
manifestation of the influence of NPs on their
spectral and luminescent characteristics. As
can be seen from the fluorescence spectra
(Fig. 2 ¢) and the differential fluorescence
spectra (Fig. 2 d), as the magnetic flux density
increases, the intensities of the fluorescence
bands (A~ 562 nm) and the shoulder
(Amaxe™ 604 NmM) decrease.

When using a weak magnetic field of 100
mT (Fig. 2 d, curve No. 1) in the differential
fluorescence spectrum, as well as the differen-
tial absorption spectrum (Fig. 2 b, curve No.
1), with a slight decrease in the intensity of the
vibronic (dimeric, Ana,~ 604 nm) band again
there is a significant decrease in the band in-
tensity (Ama> 562 nm) compared to sample
No. 0 (Fig. 2 d, curve No. 0) with insignificant
changes in the band (A= 604 nm) intensity
compared to sample No. 0 (Fig. 2 d , curve
No. 0 and Fig. 2 b, curve No. 0 respectively,).

Based on this, it can be assumed that a
significant decrease in the intensity of the
band of the monomeric form of Rh6G in the
differential fluorescence spectrum when us-
ing a weak (100 mT) MF (Fig. 2 d, curwe

No. 1) is apparently due to further defor-
mation of micelles containing Rh6G due to
an increase in the number of nanoparticles
“linear aggregates” oriented in the field with
a nonzero magnetic moment and an increase
in their size, which leads to a further in-
crease in the number of fluorescent
“oblique” dimers due to a decrease in the
number of the monomeric form Rh6G.

As can be seen from fig. 2 d, the ob-
served difference in the intensity of the dif-
ferential spectra of the samples (No. 0, No.
1, No. 2, No. 3) is significantly larger at
Amaxe™ 562 nm compared to A~ 604 nm.
Howe\er, in this case, with an increase in
the magnetic induction of the magnetic field
from 100 mT (Fig. 2 d, curve No. 1) to 200
mT (Fig. 2 d, curve No. 2), a sharp drop
(Jump) in the intensity of the bands (A~
562 nm and A~ 604 nm ) occurs and
starting from sample No. 2 with an increase
in the magnetic induction of MF from 200
mT to 300 mT (samples No. 2, No. 3), the
decrease in band intensity (An.c~ 562 nm)
exceeds the decrease in band intensity
(Anaxe™ 562 nmM) Al (Ao 562 M) < Al
(Mmaxe™ 562 nm) in contrast to samples No. 0
and No. 1, for which Al (A,,,,.~562 nm) < Al
((Ayaxe=562 nm). This is apparently due to a
stronger deformation of micelles due to an
increase in the size and number of “linear
aggregates” of Fe;O, NPs oriented in the
magnetic field with a nonzero resulting
magnetic moment in which surface Fe** at-
oms are bonded to oxygen donor atoms in
{Pluronic123 (Rh6G),}, that is, under these
conditions, the formation of complexes
[{(NP)q}Fe,...O,{Pluronic123 (Rh6G), }n]
of variable composition (g, z and p), which
will depend on the magnitude of the magnet
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ic field induction, is possible. This leads to a
sharp decrease in the amount of Rh6G mon-
omeric form in the films, which forms
“oblique” dimers and, partially, H-dimers.

Thus, in the SiO,/P123/Rh6G film, when
it is formed both in MF and without MF, in
the absence of magnetite NPs, a certain mu-
tual arrangement of dipoles of dye molecules
encapsulated in Pluronic123 micelles incor-
porated into a SiO, matrix is “frozen”, which
determines the observed spectra absorption
(Fig. 2 a, curve 4) and luminescence (Fig. 2
C, curve 4).

During the formation of a
(#)S10,/P123/Rh6G/Fe;0, film containing
magnetite NPs, in the absence of MF, Fe**
iron ions located on the surface of the nano-
particles form the complexes
[{(NP)q}Fe,...Oy{Pluronic123 (Rh6G), }n],
as a result of which a deformation of the mi-
celle structure can occur, leading to the for-
mation of H-aggregates configuration that are
energetically more favorable than a J-type
configuration [16]. As a result, the intensity
of the absorption and luminescence bands of
the film should change (decrease), which is
observed in the experiment (Fig. 2 a and Fig.
2 ¢, spectral curve 0, as well as Fig. 2 b and
Fig. 2 d, spectral curve No. 0).

The above-described features of the ef-
fect of magnetic induction of MF used in the
process of formation of
(#)Si0,/P123/Rh6G/Fe;0, (# = 1-3) film
samples on their luminescence spectra (Fig. 2
c, d) can be considered as a result of a de-
crease in the fraction of Rh6G monomers
(Amax= 534 nm) and the increase in the frac-
tion of “oblique” dimers and H-dimers (A~
501 nm) due to the interaction of “linear ag-
gregates” of Fe;O, nanoparticles oriented in

MF associated with Rh6G-containing mi-
celles with MP and formation complexes
[{(NP)q}Fe,...O,{Pluronic123 (Rh6G), }n].

Therefore, upon application of a magnetic
field, Fe;O, NPs associated with micelle
fragments form “linear aggregates” (chains)
consisting of seweral spherical Fe;O, NPs
with nonzero resulting magnetic moment (un-
like individual NPs), sizes of which increase
with increasing magnetic induction. This, in
turn, leads to more efficient deformation of
micelles and their closer contact (between
layers) due to the increasing interaction of

magnetic fields oriented by
superparamagnetic Fe;O, NPs with micelles
(formation of complexes

[{(NP),}Fe,...O,{Pluronic123 (Rh6G),}n])
and, in fact, to a specific orientation of mi-
celles in a magnetic field due to such an in-
teraction. At the same time, part of Rh6G
molecules encapsulated in micelles can be
forced to come into close contact both inside
the micelle and with Rh6G molecules of
neighboring micelles. This creates the condi-
tions for the formation of non-fluorescent H-
aggregates. Howe\er, it should be noted that
such a compression effect of micelles and
their layers has a limit due to the geometric
dimensions of the molecules.

Therefore, in spite of the increasing ori-
entation of magnetite NPs along the lines of
force of the applied magnetic field, as the
magnetic induction increases, the ratios
AA/AB and AT/AB should gradually decrease,
tending to zero when certain values of mag-
netic induction are reached. This is consistent
with experimental results, namely, the de-
pendences of changes in the difference in
band intensities in the absorption spectra AA
and luminescence Al of samples of hybrid
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films with magnetite NPs (Fig. 3 a, b), and
with changes in the absorption intensity A at
A,=534 nm and the intensity fluorescence | at
A = 562 nm of samples of hybrid
mesostructured SiO,/P123/Rh6G/Fe;0, films
of magnetic induction (Fig. 3 ¢, d).

It is important here to note the manifes-
tation of the “memory” effect in
mesostructured Si0,/P123/Rh6G/Fe;0,
films formed in magnetic fields with differ-
ent magnitudes of magnetic induction. The
structure of the complexes
[{(NP),}Fe;...O,{Pluronic123 (Rh6G),}m]
formed by Fe** ions located on the surface of
oriented in MF magnetite NPs ("linear ag-
gregates”) during the formation of a
mesoporous film structure in a magnetic
field had a total magnetic moment of magni-
tude significantly superior to the magnetic
moment of one nano particle. In these com-
plexes, micelles with a deformed structure
retain a certain orientation of the dye mole-
cules incorporated into them.

CONCLUSIONS.  Optically transparent
mesostructured silica films SiO,/P123/Rh6G
and SiO,/P123/Rh6G/Fe;O, , containing
Fe;O, NPs with superparamagnetic properties,
are formed in stationary magnetic fields with
known induction from a film-forming sol
mixed with Rhodamine 6G and Pluronic 123.

It was shown that the spectral-luminescent
properties of SiO,/P123/Rh6G films are inde-
pendent of the MF used at their formation. A
gradual decrease of the band intensity in the
spectra of Rhodamine 6G and quenching of
luminescence with an increase in the magnetic
field induction in SiO,/P123/Rh6G/Fe;0,
films, is associated with a decrease in the frac-
tion of monomer and an increase in the frac-
tion of non-luminescent H-aggregates of the

dye in micelles.

This effect is due to the formation of
complexes of variable  composition
[{(NP)q}Fe,...Ox{Pluronic123 (Rh6G), }n].
in which the interaction of Fe*" atoms with
P123 micelle donor oxygen atoms increases
due to the increase in magnetic field induc-
tion. It occurs due to an increase in g as a
result of the formation of NPs “linear aggre-
gates” with the resulting nonzero magnetic
moment in the MF, and hence an increase in
z, as well as p. This in turn leads to the grad-
ual deformation of micelles and the accumu-
lation of H-aggregates, which can form both
within the micelle and between the micelle
layers in the film.

Changes in the intensity of the absorption
and fluorescence bands of the monomeric
form of Rh6G in the spectra of
Si0,/P123/Rh6G/Fe;0, films depend on
changes in the magnetic induction and are de-
scribed by an exponential function, and the
ratio of the fluorescence intensity of the
Si0,/P123/Rh6G film to the fluorescence in-
tensities of SiO,/P123/Rh6G/Fe;0, linearly
depends on the magnetic induction of the MF
at which they are formed. In this case, the ob-
tained films are capable of “memorizing” the-
se values (in terms of the intensity value),
which, apparently, is associated with a sequen-
tial increase in the number of magnetite nano-
particles oriented in the MF as the MF induc-
tion increases.

The detected ability of magnetite-
containing mesostructured films to *“memo-
rize” the magnitude of magnetic induction af-
ter they are formed in a permanent magnetic
field can find practical application in sensor
technologies, as well as in the development of
new multifunctional organo-inorganic
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mesostructured films and devices based on
them with magnetic and optical properties.
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JocnimkeHo BIUIMB CcyneprapaMarHirHu X
nanouyactuaok (HY) Fe3O4 ma cmekrpaibHO-
JIOMIHECIIEHTHI BIIACTUBOCTI OJHOPITHHUX OI-
TUYHO TIPO30OPHUX ME30CTPYKTYPHUX KpEeMHe-
3eMHuMX TMIBOK Si0,/P123/Rh6G/Fes04, mo
mictare Mienmn {P123 (Rh6G)}, mo ckiama-
10Thest 3 Pluronic 123 3 iHKarcyns0BaHUMHU MO-
Jaekynamu OapBHHKa pogaminy 6K ( Rh6G), i
cOpMOBAHUX Yy CTalllOHAPHUX MAaTHITHUX IO-
asix (MID) 3 imaykniero merine 500 mTi. Tloka-
3aH0, mo Ha BigMiHY Binm SiO2/P123/Rh6G,
CHEKTpaIbHO-JTIOMIHECIICHTHI1 BJIACTHBOCTI
mwrBok  SiO,»/P123/Rh6G/Fe;04 3amexars Bin
BHUKOpHcTaHoro npu X ¢gopmyBanni MII, a mo-
CTYIIOBE 3MCHIICHHS IHTCHCHBHOCTI CMYyT B
cinekrpax Rh6G 1 raciHHs nromiHecueHmil 3i
30uTbmeHHsM HAykii MII, mo cmocrepeira-
3THCS I HUAX, [OB'sI3aHE 31 3HUKEHHSIM YaCTKU
MOHOMepa 1 30UTbIIEHHSIM J0JI1 HE JIFOMUHECI-
pytounx H-arperaris  Rh6G B  minenax
BHacHinok mocuienoi B MII B3aemonii (yrBo-
pernst Fe*"-O 3s's3kiB) opientoBannx B MII
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cyneprapamaraitaux HY 3 wminenamun {P123
(Rh6G)}, w0 npu3BOAUTH O TMOCTYIMOBOI
nedopmartii miten i HakonmueHHs H-arperatis.
3aJIe)KHOCTI 3MIH IHTEHCHBHOCTI CMYT TIOTJIH-
HaHHA 1 QumyopecueHuii MoHOMepHOU Qopmu
Rh6G B crmekrpax IUTBOK Bim 3MIiH BEIHYMHHU
MardirHoi HIYKIT i MII OTHUCYIOThC S
eKCITOHEHI[IAJIbHOIO  (DYHKI[i€10, a BITHOIIECHHS
IHTEHCUBHOCTI dmyopecueHiii TUTIBKH
Si0,/P123/Rh6G 10 HTEHCUBHOCTEU
dryopecuentrii mwriBok SiO2/P123/Rh6G/Fe304
TMHIAHO 3a/IeXkaTh BiI BUKOPHUCTAHWUX BEITUYHH
MarHirHO1 maykmii MII, sgxi BoHM 34aTHI
«3armaM'sTOByBaTU», MO MPOSBIISIETHCS B BEJH-
YUHAX HTEeHCUBHOCTEH quiyopecueHIii.

KnwuaoBi C 1 0 B a: TiOpuHi Me30-
CTPYKTYpPH1 KpeMHE3eMH1 IUTIBKU, CHEKTpaIbHO-

JIOMIHECIIEHTHI ~ BJIACTUBOCTI, pojamiH  6X,
Pluronic 123, HaHOYaCTMHKHA, MAarHeTWT,
MarHirHe mojJie.

BJIIMAHUE CVYIIEPITAPAMAT'HUTHBIX

HAHOYACTHUIL] Fe30, HA CIIEKTPAJIBHO-
JIIOMUHECIEHTHBIE CBOMCTBA C®OP-
MHUPOBAHHBIX B  CTAHMOHAPHBIX
MATHUTHBIX TIOJIAX ME3OCTPYKTYP-
HBIX ITUIEHOK SiO,/P123/Rh6G/Fe304
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Hbix Hanouactull (HY) FesOs Ha cnekrpaibHO-
JIOMUHECIICHTHBIE CBOWCTBA OJHOPOIHBIX OINTH-
YECKH TPO3PAYHBIX ME30CTPYKTYPHBIX KpEeMHeE-
3eMHBIX MmIeHOK SiO2/P123/Rh6G/FesO4, conep-
xanmx munesisl {P123 (Rh6G)}, cocrosiume u3
Pluronic 123 (P123) ¢ wuHKancyIupoBaHHBIMH
MoJieKytaMu kpacutenst poaamuna 6)K (Rh6G),
U cOPMHUPOBAHHBIX B CTaIMOHAPHBIX MarHHUT-
HbIX noyisx (MII) ¢ unaykuueit menee 500 mTi.
ITokazano, uro B ormune or SiO»/P123/Rh6G,
CIIEKTPAJIbHO-IIOMIUHECIICHTHBIC CBOMCTBA TLJIC-
HOok SiO2/P123/Rh6G/Fe304 3aBHUCAT OT UCIIONB-
30BaHHOTO Tpu X (opmupoBannu MIL, a Ha-
OmoaeMoe I HUX IMOCTETIEHHOE YMEHBIICHUE
MHTEHCUBHOCTHU Tosioc B crekrpax Rh6G u Ty-
HICHUE JTIOMUHECIICHIINN C YBEITMYCHUEM HHTyK-
v MIT cBsI3aHO €O CHUYKEHUEM JI0JIM MOHOMEpa
U yBETUYEHUEM JI0JM He JFOMUHecuupyronmx H-
arperaroB Rh6G B mu1iemiax BcaecTBUE YCUITH-
Barorerocsi B MII B3aumopeiictBust (oOpa3oBa-
nust Fe**-O casmeil) opuentnpoBanHbIX B MIT
cynmepnapamariutibix  HY ¢ munemiamu
{P123 (Rh6G)}, uTo mpHBOIMT K MOCTEHEHHOI
neopmanuu  MHIET W HakorieHuto  H-
arperaTtoB. 3aBUCHMOCTH M3MCHEHUU MHTCHCHB-
HOCTH TIOJIOC TIOTJIOMICHHUS W (MIyopecieHIHH
MoHoMepHO# (opmbel Rh6G B criekTpax MiIeHOK
OT M3MCHEHUH BEIMYNHBI MATHUTHOM WHTYKIIHH
MII onuchIBAIOTCS SKCIIOHSHIMATBHOM (DyHKITH-
eil, a OTHOIICHUS MHTEHCHBHOCTH (UIyOopecIieH-
uvn 1uieHku SiO2/P123/Rh6G k MHTEHCUBHO-
CTSIM duryopecueHIum TIJIEHOK
Si0,/P123/Rh6G/Fe30,4 nmmuHENHO 3aBUCST OT HUC-
MOJIb30BAaHHBIX BEJIMYMH MATrHUTHOW WHYKIITHH
MII, KOTOpbIE OHHU CIIOCOOHBI <BATIOMHUHATHY,
YTO MPOSBISCTCS B BEJIMUMHAX WHTCHCUBHOCTCH

(myopecreHIm.

KnogyeBble CJ0B a rHOpuaHbIE ME30-
CTPYKTYpHBIE KPEMHE3EMHBIE IUIEHKH, CIICK-
TPaJIbHO- TFOMHHECIEHTHBIE CBOMCTBA, POJAMUH
6)K, Pluronic 123, HaHo4acTHIBI, MarHeTuT,
MardUTHOE T10JIE.
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The sensor is designed to measure the
concentration of the dissolved oxygen in
biological liquids, particularly in the blood
stream or blood drop, and can be used in
medical practice. Thus, in the treatment of
hypoxia, which dewelops in the tissues due
to the violation of the cell’s ability to absorb
oxygen, it is necessary to control the part of
the oxygen in the blood plasma that is not
bound by hemoglobin. The same analysis is
necessary for hyperbaric oxygenation of the
blood in diseases of the lungs caused, partic-
ularly, in case of the coronavirus.

The advantages of the developed sensor
compared to the known oxygen sensors are

[
Figure.1 Electrochemical oxygen sensor designed to measure oxygen concentrations in a

to minimize size, speed and selectivity. In
existing sensors, platinum is used as the
active electrode, which adsorbs oxygen
and other solutes, resulting in  measure-
ment instability and the need to use the Tef-
lon membrane through which oxygen dif-
fuses. The sensors developed at IGIC NAS
of Ukraine, are not need to use a Teflon
membrane. Due these the size of the sensor
minimizes, increases the speed of the meas-
urements and the limit of the volume of the
sample with dissolved oxygen decreases.
The selectivity of the sensor is achieved by
the vortex of the potential region where the
electrode is sensitive to oxygen.

small volume of biological fluid and indicator microelectrodes of the sensor.
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Electrochemical sensor for determination of the oxygen concentrations in biological liquids

The selectivity of the sensor is achieved
by selecting the potential region where the
electrode is sensitive to oxygen.

A laboratory model of a microsensor for
medical and biological purposes has been
dewveloped. Its design is made according to a
two-electrode scheme containing indicator
and auxiliary electrodes. The multi-sensor
includes interchangeable microelectrodes
and anti-electrode cuffs (figure 1).

Sensitivity of the sensor to dissolved ox-
ygen - (6-15) ¢ 10-8 mol / I; accuracy of
measurement of oxygen concentration - 5-
8%. Sensor performance is 7-12 sec. The
sensor is simple to manufacture, does not
require scarce materials and sophisticated
technologies.

EJIEKTPOXIMIYHUIM CEHCOP JIJI1 BU-
3HAYEHHSI KOHLIEHTPALIIl KMCHIO V
BIOJIOITYHUX PIAMHAX

I'. 41. Koxbacos

Iucmumym  3azcanenoi ma HeopeawiuHoi Ximii

im.B.1. Bepnaocvrkoeo HAH Ykpainu
E-mail:kolbasov@ionc.kiev.ua

JlatTunk npu3HAuUeHUH IS BUMIPIOBAHHS
KOHIIEHTpAIlll pO3YMHEHOTO KHUCHIO B 010JIOTTY-
HUX PITMHAX, OCOOJMBOCTI B TIOTOII1 KPOBi 200
Kparuii KpoBi, 1 MO’K€ BUKOPHCTOBYBATHUCS B Me-
JIMYHIA TpakTUIl. TakuM 9YMHOM, TIPH JIIKyBaHH1
TiMOKCil, SIKa PO3BUBAETHCA B TKAaHWHAX Uepe3
HNOpYILIEHHS 3JaTHOCT1 KIITHHU 3aCBOIOBATU KH-
CeHb, HEOOX|THO KOHTPOJIOBATH Ty YAaCTUHY
KUCHIO B IJIa3Mi KPOBi, sIka HE TOB'si3aHa TeMO-
rto6inoM. Lleit ske aHan3 HeOOXIMHUN IS rife-
pOapuuHOi OKCUTEHAIlii KPOB1 IIPU 3aXBOPIOBAH-
HSIX JIETEHIB, CIPUYMHEHUX, 30KpeMa, MPHU KO-
ponaBipyci. IlepeBaru po3pobiieHoro cencopa y
NOPIBHSIHHI 3 BIIOMUMHU CEHCOpPaMU KHUCHIO TO-

JATAlOTh Y MiHIMI3allii po3MipiB, MBUIKOAI Ta
CENIEKTUBHOCTL B iCHYrOUHMX CeHCcOpax sIK aKTH-
BHUI €JICKTPOJI BHKOPUCTOBYETHCS IUIATHHA, KA
azicopOye KHCEeHb Ta HIII PO3YMHEH] PEUOBUHH,
0 MPHU3BOAUTH 1O HECTaOUIbHOCTI BUMIPIB i
HEOOXITHOCT1 BUKOPUCTAHHS T€(UIOHOBOI MEM-
Opanu, uepe3 Ky audyHaye kuceHb. lIpu 3a-
CTOCYBaHHI CEHCOPHHX €JIEeMEHTIB, PO3pOOICHUX
B I3BHX HAHY, Bsinmagae HeoOXiOHICTH BUKO-
pucTaHHs TeqUIOHOBOI MEMOpaHU, IO MPU3BO-
IUTh JI0 MIHIMi3aIil po3MIpiB CEHCOPHOTO ene-
MEHTY, MITBUINCHHS IBUIKOJIi ceHcopa 1 Jo-
3BOJISIE BU3HAUYATH KOHI[CHTPAI[F0O PO3UNHEHOTO
KUCHIO Yy MajioMy 00’eMi. CelIeKTUBHICTh CEHCO-
Py JOCATAEThCA 32 paXyHOK BUOOPY 00acTi mo-
TEHI[IA B, € €EKTPO] YyTIIMBHNA /10 KUCHIO.
Po3pobneno mabopaTopHHMiA MakeT MIKpOCe-
HCOpa Ui MEAUKO-OI0JOTTYHOTO MPU3HAYEHHS.
Moro KOHCTPYKIIiFO BHKOHAHO 3a JBOEIEKTPOJ-
HOIO CXEMOIO, IO MICTUTh HIUKATOPHHUHN Ta J0-
MOMDKHUHN enekrpoau. Jlo ckiagy MyIbTHCEH-
copa BXOJATh 3MIHHI MIKPOEIEKTPOIH Ta MPOTH-
SIICKTPO/I-MaHKeT (PUCYHOK 1).

UyTnuBIiCTh CEHcOpa A0 PO3UMHEHOTO
kucHIO — (6-15)-10® Mons/1, ToumHicTs BUMIpIO-
BaHHs KOHIICHTparii kucHio —5-8%. [IBuako-
nist cencopa 7-12 c¢. CeHcop MpoCcTHi y BUTOTO-
BJIEHHI, HE MOTpedye nePIIMTHUX MaTepianiB Ta
CKIIQJIHUX T€XHOJIOT 1.

SJIEKTPOXUMMWYECKUIT CEHCOP JIJ14
OIIPEJAEJIEHMA KOHIIEHTPAIIMA KU-
CJIOPOIA B BUOJIOTMYECKUX XUIKO-
CTSX

I'. 51. Konbacos

Hucmumym obweil u Heopeanuuecko Xumuu
um. B.U.Bepnaocrxoeo HAH ¥V xpaunvt
E-mail:kolbasov@ionc.kiev.ua

JlaTurk mipeHa3HaueH I U3MEPEHUsI KOHIIEH-
Tpaluu pacCTBOPEHHOTO KUCIOpoAa B OHOIOTH-
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YECKU X JKUJIKOCTSX, OCOOCHHOCTU B TOKE KPOBU
UM KalUTd KPOBH, U MOXET HCIIOJIB30BAThCS B
MeAUIMHCKON mpakTtuke. Takum obpazom, mpu
JICUEHUM TUIIOKCHUHU, KOTOpas pa3BUBAaEeTCS B
TKaHSX Yepe3 HapyIlleHHe CIIOCOOHOCTH KIETKU
yYCBaWBaTh KUCIOPOJ, HEOOXOJUMO KOHTPOJIU-
poBaTh Ty 4YacTh KHCIIOpOAa B Ija3Me KpOBH,
KOTOpasi HE CBS3aHA T€MOTTIOOMHOM. DTOT K€
aHaJM3 HEOOXOAUM JUIsl THIEpOapuvyecKord OK-
CUTE€HALlMM KPOBHU MpU 3a00JI€BaHUSX JIETKUX,
BBI3BAHHBIX, B YAaCTHOCTU, MPU KOPOHABUPYCE.
[IpenmymecTtBa pa3paboTaHHOTO CEHcCopa B
CpPaBHEHUM C U3BECTHBIMU CEHCOPaMH KHCIIOpO-
Ja - MUHUMHU3ALHS Pa3MepoB, OBICTPOACHCTBUE
U CEJEKTUBHOCTh. B cyllecTBylOIM X ceHcopax
KaK aKTUBHBIA SJIEKTPOJI MCIIOIB3yeTCs TIIaTH-
Ha, KOTopasi aJacopOUpyeT KUCIOPOJ U Jpyrue
pacTBOpPEHHBbIE BEIIECTBA, YTO MPUBOAUT K HE-
CTAaOMJIBHOCTH H3MEPEHUH M HEeO0OXOIUMOCTH
WCIIONb30BaHUs Te(NIOHOBOH MeMOpaHBI, depes
KoTopylo muddynaupyer kuciopon. [lpu mpu-
MEHEHUU CEHCOPHBIX 3JIEMEHTOB, pa3padoTaH-
meix B MOHX HAHY, ormagaer HeoOxoau-

MOCTh MCIOJIb30BaHUS TE(VIOHOBOW MEMOpaHbI,
KOTOpasi MPUBOJUT K MHUHUMH3AIUA Pa3MEPOB
CEHCOPHOTO 3JIEMEHTA, MOBBILLIEHUS ObICTPOIEH -
CTBHUSL CEHCOpa M IO3BOJIIET ONPEAESATh KOH-
LIEHTPALMIO PaCTBOPEHHOTO KUCJIOPOa B MaJIOM
o0beme. CeneKTUBHOCTh CEHCOpa JOCTHUIAeTCS
3a cueT BbIOOpa 00MacTH MOTEHIMANIOB, TJIE
AJIEKTPOJl YYBCTBUTENEH K Kuciopoxay. Paspabo-
TaH J1abOpaTOpHBIM MakeT MHUKpPOCEHCOpa s
MeAMKO-0HOJIOTHYeCKOTO HazHadeHus. Ero koH-
CTPYKUHUS BBIMOJHEHA IO JBYXJIEKTPOAHOMN
cXeMe, KOTOpasi COJIEPKUT HWHIUKATOPHBIH W
BCIIOMOTATEJIbHBIN 3JIEKTpObl. B cocTaB mMyib-
THUCEHCOPA BXOJAT CMEHHbBIE MUKPOAJIEKTPOIbI U
MPOTUBORJIEKTPOA - MaHXkeT (pucyHok 1). Uys-
CTBUTEJIBHOCTh CEHCOPAa K PAacCTBOPEHHOMY KH-
ciopony - (6-15) - 10-8 mob/1, TOYHOCTH H3-
MEpeHHsl KOHIICHTpaIlMu Kuciopoma - 5-8 %.
beictponeiictBue cencopa 7-12 c¢. Cencop mpo-
CTOW B M3TOTOBJICHWH, HE HYXKJaeTcs B nedu-
IIUTHBIX MaTepUaIaX U CIOXKHBIX TEXHOJIOTUSX.
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Pd/C-KATAJII3OBAHE T'IAPYBAHHSA METWUJI IIP OJI-3-KAPBOKCHUJIATIB
Y ATACTEPEOCEJEKTUBHOMY CHHTE3I o-3AMIIIEHUX B-ITPOJITHIB
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Karanirnune rinpyBanus metun N-Boc-2R-miposn-3-kapbokcunaris Ha 10% Pd/C mpu
45 aTM. XapaKTepHU3yeThCsl BUPAKEHOIO CTEPEOCETICKTUBHICTIO 1 PUBOAMTH JI0 IepeBa-
xHoro yrBopeHHs N-Boc-2R-niponinun-3-kapOokcunariB mpauc-koHdopMarllii, JTyx-
HUM TIIPOJI130M SKUX OTpUMaH 1 mpaHc-o-R-B-nponHu.

KnwuosBi

c 1 o B a! mipon-3-kapOokcunatu, Pd/C-karamizoBaHe rinpyBaHHS,

JIACTEPEOCENICKTUBHHUI CUHTE3, [-TIPOJIHH.

BCTYII. HenpoteiHoreHHi [3-amMiHOKHC-
JOTH € BOXIMBUMHU CTPYKTYPHUMH (hparMeH-
TaM¥ 0aratboX 010JIOT1YHO aKTUBHHUX MPHUPOI-
HUX cronykK [1-4]. BoHM TakoX 3HaX05Th 3a-
CTOCYBaHHSI SIK KJIFOUYOBI CHHTETHYHI OJIOKU B
Av3aiHi  B-TaKTaMHUAX aHTHOIOTHKIB [5-7],
MakpomiaiB [8] ta mentumiB [9]. B ocranni
pPOKU TpUBaAOIUBUMHU JJIsI O TpUMaHHS OioTmep-
CMIEKTUBHUX CTOJIYK CTATH 1X IUKJIYHI Mpei-
CTaBHUKM — 0-3aMimieHi PB-mposinu (2-3ami-
IIeHI MM poJtiguH-3-KapOOHOBI KUCIIOTH) Ta ix
noxignl. Ha ocHOBI 1IuX CTOJIyK 3711 iCHEHO CH-
HTe3 menTtuaoMimeTukiB [10], ankamoigy i30-
perporekanoy [11, 12], iari6iTopiB dhepmen-
Ty KOHBEPTYIOUOro (akropa HEKpO3y MyXJIHH
[13], 3-dochoinozurunzanexHoi kiHazu [14],
a TaKOX KOMIUIGKCY ¢akTopa TKaHHHH/(aK-
topa a Vil a [15].

VY miTeparypi OmMMCaHO JiBa 3arajbHUX IIiJI-

XOJIM 10 OJIEPXKaHHA €CTEepPIB O-3aMileHUX [3-
NPOJTiHIB K 0a30BUX CyOCTpaTiB IJisl CUHTE3Y
BIIMIOBIAHUX KUCJIOT. [lepminii 3 HUX BKIIOYa€e
dbopmyBaHHs [-ankokcuUKapOOHII(YHKIIIO-
HaJ130BaHOTO IIiPOJIIIMHOBOTO KiJbII 34 pa-
XYHOK BHYTPIIIHbOMOJICKYJIsIpHUX [13, 16]
abo Mixkmonexkynsipuux [12,17, 18] mukio-
KO HJI€ HCalll i.

AJbTepHAaTUBHUI BapiaHT TPYHTYETHCS HA
KaTaJiTUIHOMY BIJTHOBJICHHI 1-3axumieHnx 2,3-
nurigpomipodis [11,19,20] i MeHIIOK Mipoto
2,3-mmsamimennx mipoiiB [14]. B octanHbOMYy
BUTIAJIKy TIOBHE TiIpyBaHHSA MipOJbHOTO IIHK-
Jy BiOOYBAEThCA MPHU MiABUIIEHOMY THCKY 1
BUKOPUCTAHHI SIK KaTalli3aTopa BiJIHOCHO JO-
pororo okcuny miaatunu(1V). Came Tomy Bu-
JIaBajioch JOPEUYHUM OTPOOyBaTH IJIsA peai-
3aIfli TaKoro MpoIeCy MIUPOKOBKMUBAHUM 1 Jie-
meBuii karamzarop — 10% Pd/C.
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EKCIIEPUMEHT TA OBI'OBOPEHHA
PE3VJIBTATIB. 3 ypaxyBaHHSAM IpenapaTu-
BHOI JOCTYIHOCTI 2-METWII poJi-3-KapOoK-
cunatiB [21, 22], cybcTparamu 11 po3po0ieH-
HS MPOCTOTO METO1Y CUHTE3y HOBUX MOXIJTHUX
B-mponiny Oyino oOpaHo meTun 2-R-mipoin-3-
KapOookcwiat | a-2, cuHTE30BaHI MO METONY
[21] TpUKOMIIOHEHTHOO MUKJIOKO HIEHCAIEFO
1,2-1uOpoMIIe TIIT arie TaTy 3 ajKijil amuiiane Ta-
TaMHU Ta BOJHUM amiakoM. [lepmum etamnom
3amlpoTOHOBAHOTO HAMU JIAHIFOTAa CHHTETHY-
HUX TepeTBopeHb cTaB ix N-BOC-3axuct aiero
nu(TpeT-0yTin) aukapoonaty (Boc20) B po3uuHi
IUXJIOPOMETaHy MpU KIMHATHIM TeMIepatypi
B MPUCYTHOCTI KaramTudHOi KumbkocTi N,N-
nuMmetmwiamiHoipuaunay (JAMAII). B pe3yis-
TaTi 3 MPAKTUIHO KiJIbKICHUIMHU BUXOJaMu Oy-
nu BuAieHI noxigHl Il a-2, sxi y po3unni me-
taHosty B npucyTHocTi 10 % Pd/C BBOAMIHCE Y
KIIFOYOBY CTaIiI0 NPOLIECY — T1IPyBaHHSI B aB-
TOKJIaBI MpH TUCKY 45 at™. BusBneHo, mo me-
pe6ir takoi peaxuii npu 40 °C Brupoxosxk 20
TOJIMH CYIPOBOIKYETHCS TIOBHOIO KOHBEPCIEIO
BUXiJTHUX CTIOJIYK, BiJI3HAYa€ThCSI BUCOKOIO CTe-
PCOCEJIEKTUBHICTIO 1 IPUBOJIUTH 0 J1aCTEPEO-
MepHoi cymimr N-B0OC-3axuiie HUX i poJIiIuH-
3-kapOOKCWIATIB: TIPOJYKTIB TpaHCC-KOHDITY-
pauii Il a-2 Ta yuc-xoudirypamii 1V a-e, BMicT
skux 3a gannvu SIMP 'H CIIEKTPIB Ta XpoMa-
ToMac-crieKTpiB ckiamae 84—-87 ta 13-16 % Big-
THOBITHO.

BuueprHe BiHOBIEHHS TMipOJbHOTO ITHK-
ay cnonyk Ila-e maTBEepmKyeThCs pe3y-
npTaramMu BuMipiB crextpis SIMP 'H OTpHUMa-
Hux noxigHux mpomiauny Il a-2 ta IV a-2 3
XapakTepHUMH MYJbTUIUIETHUMU CUTHAJIAMU
METWICHOBUX Ta METMHOBUX MPOTOHIB B Jia-
nazoH 1.68-5.56 Mm.u. M’sskuii TigpoIi3 BUII-
JICHUX peakIiiHUX CyMilleH TiIpoKCHUIOM Jii-
TIFO Y BOJJHOMY CEPSJOBHII Ta TOJANbIa Hei-
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tpamizamis 1 3uaTT N-BOC-3axmcTy 3a momo-
Moroto 15 %-1 XJopuaHOT KUCTIOTH T03BOJISE B
AQHATI TUIHO YWUCTOMY BUIJIAI1 BUIUIUTH 13 BU-
xonamu 69—74 % MaxopHi MPOAYKTH — TpaHC-
a-3amimieHi B-npomiau V a-e.

bt sl

H,, 10%Pd/C

MeOH, 45 atMm

IATI ,
'Ih 40°C, 20 Toxg
Iar ]1 ar
[#) o 0
Y ome OMe Y om
—~ (0 o
ITT I}T H,0, HCl N
Boc Boc
I a-r IVar Var

I-V: R=i-Pr (a), Ph (6), 3-MeOCgHa (6),
4-MeOCgH4 (2)

Tpanc-xoudiryparist kuciot V a-2 1 Bia-
MOBIJTHO Taka >k reometpis kapookcumaris |11
a-e HaJlIHO BCTAHOBJICHA HA MIPUKJIA/I CIIOJy-
ku V 6 SIMP 'H criekTpam# i3 BUKOpPHC TaHHAM
ekcniepumenry NOESY (puc. 1). I3 HaBeneHo-
ro Ha JAHOMY PUCYHKY CTIIEKTpa BUIHO, 110 YC1
no3ajiaroHaqbHi CHUrHamW mpoTUda3zHi  BiJ-
HOCHO JlaroHajii, TOOTO BIAIIOBIIAIOTH B3a€-
MofisM 4epe3 saepHuid edexr OBepxaysepa
(MEO). Xoua y cmexkTpi mpucyTHii Oe3moce-
penniit curnan AEO mix nmpoToHamu y T0JIO-
KEHHAX 2 Ta 3 T POJITUHOBOTO SApa, AJIS Ma-
JWX TUKJIIB BiH MOXJIMBUHM TpH iX 000X opi-
€HTAINSIX, OCKIJIbKH KOHTPOJIOETHCSA BiJICTaH-
HIO MK siipamMu (1711 mpanc-KOHDIrypamii Ta-
Ka BIJICTaHb CTAHOBUTH 3.14 A, a IS Yuc-KOo H-
birypami € me menmow). Curmamu SdEO y
CIIEKTPl CKJIAJAIOThCS Y Bl CUCTEMH, SKI Xa-
PaKTepU3YIOTHCS «IE€PETUHAHHAM» CUTHAJIB
000X METHUJICHOBHX TPy MipOJIiJUHOBOTO IU-
KIIy 13 CUTHAJIOM MiX MPOTOHAMH Yy TIOJIO K€ H-
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= | & ‘er_"
— .,@i - &

80 75 70 65 60 55 50

25 upside net

i | __downside net

Puc. 1. 3araneauit Burisg cnekrpy NOESY Ta ocHoBHI kopemsuii ans crnonyku VO.

wix 2 ta 3. [Ipu nupoMy 1Ui1 cpomieHHI Kap-
THHU CUTHAIH Opmo-TIPOTOHIB (DEHUIBHOTO $1-
pa 300pakeHO OKPEMO OJIMH BiJl OJHOTO, X04a
y pea’jbHOMY CTEKTpl BOHM CMIBIAIAIOTh. Y
CTPYKTYpl MOJIEKYJIH KOKeH i3 mpoToHiB H-2
ta H-3 Hanmexars 10 OKpeMOi Tpymu C UrHAIB,
SIK1 BIJIPI3HAIOTHCS TUIBKH TOJIOKE HHIM T10 Bij-
HOIIIE HHIO /10 TUIOIIWHU LUKy, YMOBHO «3BEp-
xy» (upside net) abo «3um3y» (downside net),
110 CTPOTO JOBOJUTH MpaHc-KOHQITypaliio a0-
CIKyBaHOI croyiyku V 6.

TakuM YMHOM, OTpUMaHI HaMH pe3yJibTa-
TH Ta aHaJi3 JITEpaTypHUX JKepeJl IiJTBep-
JDKYIOTh BarOMUi BITUB YMOB BiJTHOBJICHHSI €C-
TepiB 2-3aMillle HUX MipoJi-3-KapOOHOBUX KHC-
JOT Ta 1X JUTAPOTOXITHUX HA CTEPEOXIMIIO
BIIMOBIHUX MipPOJIIWHIB. 3a3HAYUMO, IO Y
paHillle HaBEJAEHMX TPHKJAAaX JiacTepeoce-
JIEKTUBHOTO TiIPYBAaHHS 13 BUKOPUCTAHHSIM SK
katamizatopa PtO, 3a3Buuail yTBOPIOIOTHCS
yuc-2-3amMilieHi  MpoJiiguH-3-KapOoKC uiiaTh

[11, 14, 20]

102

[Y-cnexrpu 3apeecTpoBani Ha npwiaai Bru-
ker Vertex 70 B Tabnerkax KBr (Cronyku I a-
2, V a-2) abo B Hyi#ioi (cnonyku Il a-2). Criek-
tpu SIMP 'H i ®C oTpuMaHi Ha CIeKTpoMeTpi
Varian VXR-400 (400 i 100 MI'1 BigmoBiHO)
y CDCl; i IMCO-dg, ctanmapr TMS. Mac-
criekTpH 3ammcani Ha npwiaai Agilent LC\MSD
SL; xonouka Zorbax SB-C18 4.6x15 mm, 1.8
MM (PN 82 (c) 75-932); pozuunnuk JJMCO,
10HI3alis eJeKTPOPO3MUICHHIM HpPH aTMOC-
dbepromy THCKy. EnemMe HTHUI aHali3 BUKO Ha-
i Ha npuiani Perkin ElImer CHN Analyzer
cepii 2400 B awamTwaHi¥ snabopatopii IHc-
turyTy opraniusoi ximii HAH Vkpainu. Tem-
nepaTypH IUIaBJICHHS BU3HA4YEHI HA CTOJUKY
Kodnepa 1 He BiakoperoBaHi.

ExcriepuMeHT 10 BCTAHOBJICHHIO B3a€M-
HOi opieHTamiii npoToniB H-2 ta H-3 3 Buko-
puctanmsiM metonukun NOESY mposeneno Ha
npuiani Bruker Avance 400, ymMOBHM mMOCIi-
JIOBHOCTI cTaHmapTHi, Temmeparypa 23.5 °C,
yac 3MimyBanHs 0.6 C, oopobOka Bruker Top
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Spin 4.0.6 (wamami TopSpin) [24]. Jns mo-
JANbIIOTO aHaji3y BUKOPUCTAHO MOJICKYJISIp-
HY MOJENb CTPYKTypH, OTPUMaHy pO3paxyH-
koM y nporpami MOPAC2016 metomom PM7
[25]. KinneBe 300paxkenns i3 PostScript o6-
pasy monekynu (Molden [26]) Ta cnekTpiB
(TopSpin) otpumano 3acobamu Adobe Post-
Script [27] nporpamoro GNU Ghostscrip.

Memun 2-izonponin-1H-nipon-3-kapbok-
cunam (la). Buxig 64 %, 1.1 62-63 °C. [4-
crexTp: v, cM 1 1724 (C=0), 3329 (N-H).
Crektp SIMP 'H, 8, m.1. (J, Tn): 1.23 (6H, 1, J
= 6.4, 2CH,;); 3.77 (3H, ¢, OCH,); 6.52 (1H, x,
J=54,H-4); 6.71 (1H, n, J = 5.4, H-5); 9.71
(1H, mw. ¢, NH). Crextp SIMP *°C, &, m.x.:
21.3 (2 CHy); 26.5 (CH); 50.7 (1C, OCHy);
108.3 (C-4); 117.5 (C-3); 121.6 (C-5); 144.1
(C-2); 167.3 (C=0). Mac-cuektp, m/z (I
%): 168 [M=H]" (100).

3uanineno, %: C 64.48; H 7.96; N 8.24.
CyH13NO, Bupaxysano, %: C 64.65; H 7.84;
N 8.38.

Memun 2-¢penin-1H-nipon-3-kapoboxcuram
(16). Buxin 59 %, 1.1w1. 83-85 °C. (JIit. [23],
Buxix 60 %, oumist). IY-criextp, v, cm = 1720
(C=0), 3322 (N-H). Criextp SIMP 'H, 8, m.x.
(J, Tm): 3.78 (3H, ¢, OCHy); 6.54 (1H, 1, J =
54, H-4); 6.72 (1H, o, J = 54, H-5), 7.29-7.64
(5H, M Hapow); 9.78 (1H, m. ¢, NH). Crexrp
SIMP °C, 8, M. 51.3 (OCH;,); 107.6 (C-4);
113.5 (C-3); 121.5 (C-5); 128.3 (C-2’, C-67),
129.0 (C-4), 129.4 (C-3’, C-5%), 130.1 (C-1"),
141.1 (C-2); 167.6 (C 0O). Mac-cniekrp, m/z
(lyi > %0): 202 [M—H]" (100).

3uaiineno, %: C 71.85; H 5.40; N 6.81.
ClZHllNOZ BI/IanYBaHO, %: C 7163, H 551,
N 6.96.

Memun 2-(3-memoxcu genin)-1H-nipon-3-
kapookcunam (I ¢). Buxin 59 %, 1.1 §5-86
°C. IY-crextp, v, cM : 1721 (C=0), 3323 (N-

BigH?
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H). Crextp SIMP 'H, &, m.x. (J, ['m): 3.69 (3H,
¢, OCHs); 3.78 (3H, ¢, CH5); 6.55 (1H, o, J =
5.4,H-4);6.73 (1H, n, J=5.4, H-5),7.27 (1H,
¢, Hypow), 7.39-7.55 (3H, m, HapOM) 9.81 (1H,
ur. ¢, NH). Crexrp SIMP *°C, &, ma.: 51.4
(CH3); 55.0 (OCHg3); 107.6 (C-4); 110.1 (C-
2’), 112.9 (C-47), 113.9 (C-3); 120.1 (C-67),
121.4 (C-5); 126.8 (C-57), 129.1 (C-17), 141.1
(C-2); 160.1 (C-37), 167.6 (C=0). Mac-
criexTp, M/Z (lyy, %): 232 [M—H]" (100).

3nanngeno, %: C 67.75; H 5.51; N 5.89.
C13H13N03. BI/IanYBaHO, %: C 6752, H 567,
N 6.06.

Memun 2-(4-memokcughenin)-1H-nipon-3-
kapooxcunam (1 2). Buxin 57 %, 1.1 88-90
°C. (Jlit. [23], Buxig 67 %, omis). [Y-cnekrp,
v, M 1722 (C=0), 3319 (N-H). Crekrp
SIMP 'H, 8, m.1. (J, T'm): 3.71 (3H, ¢, OCHj);
3.77 (3H, ¢, CHy); 6.54 (1H, 1, J = 5.4, H-4);
6.69 (1H, n,J=54,H-5); 702 2H, n, J=17.8,

Hapon); 7.25 (2H, 1, J= 78 HapOM) 9.81 (1H,
ur. ¢, NH). Crexrp SIMP °C, &, m.o.: 51.3
(CHs); 55.1 (OCHs); 107.6 (C-4); 110.1 (C-
2’), 1129 (C-47), 113.9 (C-3); 120.1 (C-67),
121.4 (C-5); 126.8 (C-57), 129.1 (C-17), 141.1
(C-2); 160.1 (C-37), 167.6 (C 0). Mac-
cnekTp, M/Z (L, %): 232 [M=H]" (100).

3naiineno, %: C 67.75; H 551 N 5.89.
C13H3NO;. Bupaxysano, %: C 67.52; H 5.67;
N 6.06.

1-Tpem-6ymun-3-memun 2-R-1H-nipon-1,3-
oukapooxcunamu (Il a-2). Jlo po3zumny 13.9 r
(0.1 mounp) mpon-3-kapobokcunaty [ a-r 'y 200
MJI quxiopomeTtany noaaanu 21.8 r (0.1 moub)
Boc-anrigpunyi 1.22 r (0.01 mons) IMAII Ta
nepeMilyBaju MPU KIMHATHIN TeMmrepaTypi
12 roaun. PeakiiliHy cyMmilll TpOMUBAIIH BO-
1010 (2x100 muT), OpraHiyHUNA ap CYIIWIN Hal
0e3BOAHMM HaTpiii cynbdaTtoM, BiADIILTPOBY-
BAJIM Ta BIATAHSIIU PO3UUHHHK.
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1-Tpem-6ymun-3-memun 2-izonponin-1H-
nipon-1,3-ouxapooxcunam (Il a). Buxig 95 %,
omst. I4 crextp, v, cM 1724, 1731 (C=0).
Crextp SIMP 'H, 8, m.1. (J, Tn): 1.45 (6H, 1, J
=6.4,2CH,); 1.55 (9H, C(CHs) 3); 3.78 (3H, c,
OCHs,); 6.68 (1H, 1, J = 5.4, H-4); 6.98 (1H,
1,J = 5.4, H-5). Crexrp SIMP °C, §, m.x.: 1.0
(CHR); 27.3 (CH); 28.1 (C(CHy),); 51.2 (OCHy);
85.1 (C(CHs)s); 1054 (C-3); 112.4 (C-4);
118.4 (C-5); 149.2 (C-2); 152.1 (1C, C=0);,
168.1 (C=0). Mac-cnektp, m/z (1, %): 268
[M—H]" (100).

3naiineno, %: C 63.08; H 7.86; N 5.12.
Cy4H,:NO,. Bupaxysano, %: C 62.90; H 7.92;
N 5.24.

1-Tpem-6ymun-3-memun 2-genin-1 H-nipon-
1,3-ouxap6okcunam (116). Buxin 98 %, omis.
[Y-cnexrp, v, em ' 1726, 1735 (C=0). Criextp
SIMP 'H, 8, m.x. (J, T'm): 1.56 (9H, C(CHs)s):;
3.77 (3H, ¢, OCHs); 6.54 (1H, 1, J = 5.4, H-4);
7.27-7.68 (6H, m, H,,o,tH-5). Cnexrp SMP
B3¢, 8, M. 282 (C(CHs)s): 51.3 (OCHj):;
85.1 (C(CHgj) 3); 104.6 (C-3); 112.1 (C-4);
116.9 (C-5); 126.7 (C-2’, C-6°); 127.2 (C-4°);
129.1 (C-3,C-5%); 131.1 (C-1°); 144.0 (C-2);
152.3 (C=0); 167.6 (C=0). Mac-cnekrp, m/z
(L %): 302 [M-H]" (100).

3nanineno, %: C 67.59; H 6.21; N 4.71.
C,7H9NO,. Bupaxysano, %: C 67.76; H 6.36;
N 4.65.

1-Tpem-6ymun-3-memun 2-(3-memoxcuge-
Hin)- 1 H-nipon-1,3-ouxapooxcunam (Il 8). Buxin
94 %, omis. [Y-cektp, v, cm 1: 1723, 1737 (C=
0). Criexrp SIMP 'H, 8, m.x. (J, T): 1.54 (9H,
C(CH3)3); 3.71 (3H, ¢, OCH,); 3.81 (3H, c,
CO,CH,); 6.56 (1H, 1, J = 5.4, H-4); 7.01 (1H,
2 n,J =54, H-5), 7.48-7.61 (2H, M, H,0y)-
Crextp SIMP C, &, m.1.: 28.1 (C(CHa),);
51.2 (OCH,;); 55.2 (OCHg); 85.2 (C(CHa)s);
107.9 (C-3); 112.1 (C2’), 1129 (C-47), 113.2

104

(C-4); 116.4 (C-5); 119.8 (C-57), 120.1 (C-6’),
123.1 (C-1), 144.2 (C-2); 152.6 (C=0); 159.1
(C-3%), 167.7 (C=0). Mac-criektp, M/z (1,
%): 332 [M=H]" (100).

3naiineno, %: C 65.51; H 6.25; N 4.09.
CigH»:NOs. Bupaxysano, %: C 65.24; H 6.39;
N 4.23.

1-Tpem-6ymun-3-memun 2-(4-memoxcu-
¢genin)-1 H-niponr-1 3-ouxapboxcunram (Il 2). Bu-
xig 96 %, omis. [Y-cniexTp, v, cm 1 1725,1736
(C=0) Crextp SIMP 'H, &, m.1. (J, T'w): 1.55
(9H, C(CHs) 3); 3.78 (3H, CO,CH,); 3.88 (3H,
¢, OCH,); 6.56 (1H, 1,J = 5.4, H-4); 7.11 (2H,
A, J=7.8, Hyoy); 7.29 (1H, 1, J = 5.4, H-5);
7.81 (2H, 1, J = 7.8, Hypoy)- Criextp SIMP °C,
8, m.: 28.2 (C(CHs)3); 51.2 (OCHy); 85.0
(C(CHs,)3); 104.7 (C-3); 112.5 (C-4); 115.3 (C-
3’, C-5’); 116.8 (C-5); 126.7 (C-17); 127.6 (C-
2°,C-67);143.9 (C-2); 152.1 (C=0); 156.7 (C-
47); 167.6 (C=0). Mac-cniekrp, M/z (4, %):
332 [M—HJ" (100).

3narneno, %: C 65.51; H 6.25; N 4.09.
C1gH»:NOs. Bupaxysano, %: C 65.24; H 6.39;
N 4.23.

BBomepua cymiw 1-mpem-oymun 3-memun
mpanc- ma yuc-2-R-13-niporiounouxapboxcu-
namie (Il a-e ma IV a-2). 1o pozuuny 12.0 r
(0.05 mousp) mpoanukapookcwiary Il a-r y
200 ma metaHory qogasanu 2.5 10 % Pd/Ci
HarpiBanu npu 40 °C BnpogoBx 20 roauH B
ABTOKJIAB1 i THCKOM BOJHIO 45 atM. PeakTop
OXOJIOJKYBAIHM, peaKIiiHy cymimn ¢ijabTpy-
BaJld, PO3YWHHUK BiJITaHSJIH.

BBomepna cymiw 1-mpem-oymun 3-memu
mpanc-(Ill a)- ma yuc-(INV a)-2-izonponin-1,3-
niponiounoukapookcuramis. Buxig 94 %, omis.
Crextp IMP 'H, &, m.x. (J, T'm): 1.06, 1.11
(6H, 1, J = 6.4, 2CHy); 1.44-1.51 (1H, m,
C_H(CHg)z), 155, 1.58 (9H, C, C(%g)g), 1.68-
199 (2H, m, H-4); 2.61-2.75 (1H, m, H-3); 3.48
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-3.69 (2H, m, H-5); 3.77, 3.80 (3H, ¢, OCHy);
3.84-3.88 (1H, M, H-2). Mac-cniextp, m/z (I
%): 272 [M=H]" (84), (16).

3nanneno, %: C 62.18; H 9.12; N 4.99.
Cy14Hy5NO,. Bupaxysano, %: C 61.97; H 9.29;
N 5.16.

Bomepna cymiw 1-mpem-oymun 3-memun
mpanc- (111 6)- ma yucc-(IV 6)-2-¢enin-1,3-ni-
poaiounouxkapooxcunramis. Buxin 93 %, omis.
Crextp SIMP 'H, 8, m.n. (J, T): 1.55, 1.59
(9H, ¢, C(CHs)3);1.98-2.35 (2H, m, H-4); 2.81-
2.99 (1H, m, H-3); 3.79, 3.81 (3H, ¢, OCHy);
3.81-3.99 (2H, m, H-5); 5.51-5.56 (1H, m, H-
2); 7.18-7.48 (3H, ™, H,,,); 7.64, 7.69 (2H,
1, J=7.8, Hypow). Mac-criexrp, M/Z (1, %):
306 [M-H]" (87), (13).

3naiineno, %: C 67.01; H 7.42; N 4.41.
C,7H,3NO,. Bupaxysano, %: C 66.86; H 7.56;
N 4.59.

Bomepna cymiw 1-mpem-oymun 3-memun
mpancc-(Il1 8)- ma yucc-(1V 6)-2-(3-memoxcu-
@enin)-1,3-niponiounouxapodooxcuramis. Buxin
92 %, omist. Criektp SIMP 'H, §, m.1. (J, T'n:
1.55,1.59 (9H, ¢, C(CHs)3); 1.97-2.34 (2H, m,
H-4); 2.79-2.97 (1H, m, H-3); 3.69-3.79 (5H,
M, H-5, OCH,); 3.80, 3.83 (3H, ¢, OCHj,); 5.52
=555 (1H, m, H-2); 7.18-7.48 (3H, M, Hyo);
6.72,6.76 (1H, n, J = 7.8, H-4,,,,); 7.02—-
727 (2H, m, H-2’5°,,); 7.74 (1H, n, J =738,
H-6",,0m). Mac-criextp, M/Z (1, %): 336 [M—
H]" (86), (14).

3nanneno, %: C 64.61; H 7.40; N 4.11.
C18H25NO5. BI/IanYBaHO, %: C 6446, H 751,
N 4.18.

Bomepna cymiw 1-mpem-oymun 3-memu
mpanc-(lll 2)- ma yuc-(IV 2)-2-(4-memoxcughe-
Hin)-1,3-niponiounouxapbokcumamis. Buxing 94
%, oms. Crnektp AMP lH, o, ma. (J, I'm):
1.55,1.58 (9H, ¢, C(CHs)3); 1.98-2.33 (2H, M,
H-4); 2.88-2.98 (1H, m, H-3); 3.48-3.63 (2H,

BigH?
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M, H-5); 3.77, 3.79 (3H, ¢, OCH,); 3.82, 3.85
(3H, c, OCHa); 5.49-5.55 (1H, m, H-2); 7.18-
748 (3H, M, Hyyy); 6.72,6.76 2H, 1, J =728,
H-3"5"pom); 7.81, 7.84 (2H, n, J =78, H-2’
6’aEOM). Mac-cnekrp, M/Z (L, %): 336 [M-
H]" (85), (15).

3naiineno, %: C 64.59; H 7.42; N 4.09.
C1gH»5NOs. Bupaxysano, %: C 64.46; H 7.51;
N 4.18.

Tiopoxaopuou 2-R-niponioun-3-xapbono-
6oi kucnomu (V a-e). Cymim 6.1 r (0.025 mouip)
mi poniguHaukapookcunartis (I a-r) Ta (1V a-
2)y40 masoau T1a 0.78 r (0.028 moss) LiOH
nepeMillyBajd MNpH KIMHATHIH TeMIepaTypi
16—-20 roauH 10 YTBOPEHHS TOJIOT€HHOTO PO3-
yuHy. PeakiiiiHy cymim makucmoBaiun 15
%-10 XJIOPUIHOIO KHUCJIOTOO 10 pH 5 1 ekcTpa-
ryBanu guxyopomeranom (2x50 mur). Oprai-
YyHUWA 1map cymuin Hag 6e3BogHuM Na, SOy,
GbinbTpyBanM, PO3YMHHUK BiATaHANU, JO 3a-
JUIIKY JOJaBajiyd 25 MJI HACHUYEHOIrO XJIOPO-
BoaHeM niokcaHy. Cywmim nepemimryBanu 4
TOJWHU, 0CaJl, IO YTBOPHUBCS, BiADIIHTPOBY-
Bany, nmpoMuBanu 30 MJI alleTOHITPHUIY 1 Cy-
MWK y BaKyyMi.

Tiopoxnopuo mpanc-2-i30nponiinipaioun-
3-xapbonosoi kuciomu (V a). Buxin 74 %, 1.1
227-229 °C. IY-crex1p, v, cM : 1648 (C=0),
3364 (N-H). Criexrp SIMP 'H, 8, m.x. (J, T'):
1.11 (6H, o, J = 6.4, 2CH,); 1.84—-1.99 (1H, ™,
CH(CH,),); 2.08-2.19 (2H, m, H-4); 2.74-
3.35 (4H, M, H-2, H-3, H-5); 8.84 (1H, ¢, NH");
10.23 (1H, ¢, NH"); 13.04 (1H, ¢, COOH).
Crextp SIMP °C, 8, M. 19.8 (CH(CHy),);
29.8 (C-4); 28.4 (CH(CHs),); 49.5 (C-5); 50.4
(C-3); 61.1 (C-2); 175.1 (C=0). Mac-cnekrp,
M/Z (lyi s %): 158 [M=H]" (100).

3uanneno, %: C 49.78; H 8.33; N 7.23.
CgHy6CINO,. BupaxyBano, %: C 49.61; H
8.33; N 7.23.
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T'iopoxnopuo mpanc-2-pernimimiponioun-3-
kap6onosoi kuciomu (V 6). Buxig 71 %, 1.1
235-238 °C. [U-crektp, v, cM : 1653 (C=0),
3372 (N-H). Criexrp SIMP 'H, 8, m.x. (J, T'n):
2.01-2.15 (2H, m, H-4); 3.14-3.25 (2H, ™, H-
5);3.51-3.65 (1H, m, H-3); 4.21-4.30 (1H, m,
H-2); 7.34-7.51 (5H, M, H,,,,); 9.14 (1H, c,
NH"); 10.39 (1H, c, NHY); 12.94 (1H, c,
COOH). Crexrp SIMP *C, &, m.x.: 30.3 (C-
4); 46.8 (C-3); 50.1 (C-5); 62.4 (C-2); 128.2
(C-2°, C-67);128.7 (C-4°); 129.4 (C-3’, C-57);
139.9 (C-1’); 174.2 (C=0). Mac-crniektp, m/z
(lyi e %0): 192 [M—H]" (100).

3uanneno, %: C 57.88; H 6.29; N 6.07.
C11H14C|N02 BI/IanYBaHO, %: C 5803, H
6.20; N 6.15.

Liopoxnopuo mpanc-2-(-3-memoxcu penin)-
nianiponioun-3-kapoonosoi kucromu (V 6). Bu-
xigx 72 %, t.mi. 189-200 °C. IY-cmextp, v,
e 1652 (C=0), 3359 (N-H). Criexrp SIMP
'H, 8, m.a. (J, Tm): 1.97-2.14 (2H, M, H-4); 3.16
-3.27 (2H, m, H-5); 3.51-3.57 (1H, m, H-3);
3.79 (3H, c, OCH,); 4.21-4.28 (1H, m, H-2);
6.75 (1H, n, J = 7.8, H-4’,,,,); 7.02-7.27 (2H,
M, H-5'6°,0.); 7.74 (1H, c, H-2°,,,); 9.24
(1H, ¢, NH"); 10.41 (1H, c, NH"); 12.96 (1H,
¢, COOH). Crextp SIMP °C, &, m..: 30.2
(C-4); 46.7 (C-5); 50.1 (C-3); 55.2 (OCHy);
62.7 (C-2); 112.1 (C-4’); 113.1 (C-2°); 1205
(C-6°); 129.4 (C-5’); 137.9 (C-17); 159.8 (C-
3’); 174.3 (C=0). Mac-cuekrp, M/z (1, %):
222 [M-HJ" (100).

3naiineno, %: C 56.08; H 6.19; N 5.28.
C1oH16CINO;. Bupaxysano, %: C 55.93; H
6.26; N 5.43.

Tiopoxnopuo mpanc-2-(-4-memoxcudghenin)-
nianiponioun-3-kapoonosoi xucromu (V 2). Bu-
xin 69 %, t.mn. 210-212 °C. IY-cnexTp, v,
eM ™ 1650 (C=0), 3355 (N=H). Criextp SIMP
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'H, 5, m.x. (J, T'w): 1.98-2.16 (2H, M, H-4); 3.19
-3.27 (2H, m, H-5); 3.53-3.60 (1H, M, H-3);
3.82 (3H, ¢, OCHy); 4.21-4.27 (1H, m, H-2);
6.88 (2H, 1, J=7.8, H-3'5",,,,); 7.51 (2H, x,
J =78, H-2'6",,.,); 9.14 (1H, ¢, NH"); 10.39
(1H, c, NH+); 12.86 (1H, ¢, COOH). Crnekrp
SIMP °C, 8, m.x.: 30.3 (C-4); 46.7 (C-5);
50.0 (C-3); 55.1 (OCH5); 62.8 (C-2); 114.6
(C-37, C-57); 125.8 (C-2’, C- 67); 130.6 (C-17);
159.1 (C-4’); 174.3 (C=0). Mac-cniektp, m/z
(laier %0): 222 [M—H]" (100).

3uanneno, %: C 56.08; H 6.19; N 5.28.
C1,H16CINO;. BupaxyBano, %: C 55.93; H
6.26; N 5.43.

Pd/C-KATAJIN3BUPOBAHHOE TUJIPUPOBA-
HUE METWJI ITMPOJI-3-KAPBOKCUJIIATOB
B JUACTEPEO-CEJIEKTMUBHOM CHUHTE3E
a-3AMENIEHHBIX B-ITPOJIMHOB
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Karamutuueckoe runpupoBanue merun N-Boc-
2R-niupoin-3-kapookcunatos Ha 10 % Pd/C npu 45
aTM XapakKTepu3yeTcs BUPAKEHHOW CTEpPEeOCeNeK-
TUBHOCTBIO U IPUBOJUT K IpediagaromemMy oopa-
3oBanuto N-Boc-2R-muponnaun-3-kapOokcuaaToB
mpanc-KOH(POPMAITUH, MIETOYHBIM THIPOJIM30M KO-
TOPBIX TMOJY4EHBI Mpanc-0-R-B-TpoIrHBbL.

KnmoueBb e caoBa: mupon-3-kapOok-
cuiatel, Pd/C-kartann3upoBaHHOE THAPHUPOBAHHE,
M ACTEPEOCEICKTUBHBINA CHHTE3, [-TIPOJIMHBL
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Pd/C-CATALISED HYDROGENIZATION OF
METHYL PYRROLE-3-CARBOXYLATES IN
THE DIASTEREOSELECTIVE SYNTHESIS
OF a-SUBSTITUTED B-PROLINES
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zav', M.V. Vovk*
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Academy of Sciences of Ukraine,

5 Murmanska Str., Kyiv, 02660, Ukraine
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The analysis of synthetic and biological im-
portance of a-substituted B-prolines was conduct-
ed. Methods of synthesis of B-prolines and their
esters, based on both intra- and intermolecular re-
actions of formation of functionalized pyrrolidinic
cycle, as well as catalytic reduction of correspond-
ing 2,3-substituted pyrroles and their dihydro de-
rivatives, were systematized. The necessity of the
hydrogenation process improvement of 2,3-di
substituted pyrroles using cheap catalysts was jus-
tified. The approach to a-substituted B-prolines (2-
substituted pyrrolidine-3-carboxylic acids) was pro-
posed, the first stage of which is N-Boc-protection
of 2-substituted pyrrolidine-3-carboxylates with
di-tert-butyl dicarbonate (Boc-anhydride) in the
dichloromethane solution at the room temperature
in presence of catalytic amounts of N,N-dime-
thylaminopyridine. Obtained derivatives were sub-
jected to hydrogenation in the autoclave at 45 atm.
at 40 °C for 20 hours in presence of 10 % Pd/C
catalyst. It was found, that reaction at such condi-
tions proceeds with the full conversion of starting
compounds and demonstrates high stereoselec-
tivity and leads to the mixture of diastereomeric
N-Boc-protected pyrrolidine-3-carboxylates of cis-
and trans-configurations with corresponding con-
tents of 84-87 % and 13-16 % according to NMR
'H and chromato-mass spectra. The mild hydroly-
sis of isolated reaction mixtures in the water solu-
tion of lithium hydroxide followed by neutrali-

ISSN 0041-6045. YKP . XIM . XXYPH ., 2020, t. 86, Ne 2

zation and N-Boc-deprotection with 15 % hydro-
chloric acid allows isolating pure major diaste-
reomers of o-substituted B-prolines with 69-74 %
yields. Their trans-configuration was reliably con-
firmed by NMR *H spectroscopy using the NOESY
experiment.

Keywords: pyrol3-carboxylates, Pd/C-
catalised hydrogenization, diastereoselective syn-
thesis, B-prolines.
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The rearrangement patterns of new 1,3-benzoxazines derivatives obtained by condensa-
tion of substituted salicylamides with cyclic ketones under the influence of Vilsmeier-
Haack reagent has been studied. The influence of angel strain in a 4-membered
spirocycle prevents the rearrangement of spiro [1,3-benzoxazine-2,1'-cyclobutan]-
4(3H)-one under the action of a formylating agent. 1,3-Benzoxazines derivatives with
ring sizes from 5- to 8-membered under the action of a formylating agent have formed
formylxanthene derivative. Their formation reaction rate depends on the presence of
electronegativity substituents at positions C-6 and C-8 of the aromatic cycle, as well as

in the spiroring.

Keywords: rearrangement,
benzoxazine, xanthene derivatives.

Introduction. One of the urgent tasks of
synthetic chemists is the dewelopment of
effective synthetic approaches, which allow
constructing complex heterocyclic systems
from simple and affordable reagents. In the
study of formylation, we first showed the
possibility of using spiro derivatives of
pyrimidines for the synthesis of previously
inaccessible derivatives of hydroacridines [1,
2]. To obtain new examples of structurally
complex heterocycles, taking into account
the concept of molecular diversity, we stud-
ied rearrangement to  benzothiazine,
quinoline [3] and formyl derivatives of
xanthenes with various substituents [4-6].
The synthesized formyl derivatives of

Vilsmeier—-Haack reagent,

condensation, 1,3-

xanthenes exhibit fluoresce in solutions with
large Stokes shifts and moderate quantum
yields [6, 7]. In [6], the effect of the annulat-
ed aliphatic rings on the photophysical prop-
erties was studied. It was found that a de-
crease in the size of this cycle led to an in-
crease in the quantum yield of fluorescence.
Modification of the formyl group in the
products of rearrangement of 13-
benz(naphth)oxazines by reaction with aro-
matic amines, despite the extending of the
conjugated chain, does not lead to an in-
crease in fluorescence [8, 9]. The reaction of
the formyl derivative of xanthene with hy-
drazine resulted in a previously unknown
aldazine [8]. The interest in these com
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pounds is due to the fact that with a decrease
in pH an intense color change is observed,
which allows them to be positioned as pH
analyzers [10-12]. The initial benzoxazines
attract attention not only due to rearrange-
ments under the action of the formulating
agent but also due to their biological activi-
ty. In particular, we found the presence of
antimicrobial activity among derivatives of
1,3-benzoxazines [13].

Given the nowelty of the results ob-
tained and the prospects for their practical
application, the continuation of research in
this direction is an urgent task. This work
presents the results of the influence of the
size of spirocycle and electronegativity of
the substituents on the course of rearrange-
ment.

Results and Discussion. New deriva-
tives of 1,3-benzoxazines 5-10 were ob-
tained by condensation of salicylamides 1-4
with cyclic ketones in toluene in the pres-
ence of p-TsOH with water removal with a
Dean-Stark trap according to the procedure
[14] (Scheme 1).

R

R 0
PN °
b ,  P-TsOH >
i i — N
R ONH :\v/‘ PhMe &
1-4

6-11
Scheme 1.1 - R=R'=H; 2 - R=Br, R'=H; 3 -
R=R'=Br; 4 — R=R'=H

When the reaction is carried out in ace-
tic acid with propionic anhydride and sul-
furic acid the compound 5 is formed
(Scheme 2).

In the case of compound 11, pyrroli-
dine was used as a catalyst, and the reaction
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time was increased to 16 hours. The struc-
tures of the synthesized compounds were
established by a complex of spectral meth-
ods. Compounds 7-9 were obtained as a
mixture of two stereoisomers, which were
reacted with a Vilsmeier-Haack reagent
without prior separation.

The reaction of spiro derivatives 6-11
with a formylating agent yielded compounds
12-17 (Scheme 3). The reaction products
were isolated as intermediate perchlorate
salts, which were further subjected to hy-
drolysis with NaOH solution to obtain rele-
vant formyl derivatives. The structures of the
synthesized compounds were confirmed by
'H NMR, *C NMR spectroscopy and mass
spectrometric data. The 'H and *C NMR
spectra of these compounds have a charac-
teristic signal of the formyl group at ~10.3
ppm and ~187 ppm, respectively
Benzoxazine 5, during prolonged heating at
100 °C wunder the conditions of the
Vilsmeier-Haack reaction, did not undergo a
similar rearrangement, and after alkalizing
the reaction mixture, unreacted compound 5
was isolated.

The key stage of the reaction is the
electrophilic disclosure of the oxazine cycle,
which flew through the intermediate salt of
imidoyl chloride A. The electron lone pair of
oxygen atom attacks o*-orbital of C-N
bond, which leads to breaking of this bond
and formation of oxonium cation B (scheme
4). Scheme 3 shows the initial stages of the
reaction using compound 6 as an example.
For the complete rearrangement mechanism,
see [4].

The lack of rearrangement for com-
pound 5 is explained by the strain of the
cyclobutane cycle.
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(o)
POCI ,/IDMF
H —= B
Br °

other steps
of the reaction
— " bBr al

Scheme 4

In compound 5, the C11-C2-C13 va-
lence angle was 90°, which was a 19.5° de-
viation from the perfect tetrahedron angel. In
the case of opening of the oxazine cycle, this
angle would still be 90°, but hybridization at
the C-2 atom would change from sp® to sp,
and as a result, the strain of the 4-membered
cycle would increase, since in this case the
deviation of the valence angle from ideal
trigonal would already be 30°. Such a transi-
tion of hybridization of the C-2 atom in
compound 5 would be energetically disad-
vantageous.

In this regard, compound 5 was not
subjected to electrophilic rearrangement un-
der the conditions of the Vilsmeier-Haack
reaction even under conditions of prolonged
heating at 100°C.

The increase in reaction time for com-
pounds 7-9 is explained by the influence of
the electronegativity of the substituents at
positions C-6 and C-8 of the benzoxazine
ring. The presence of a bromine atom at po-
sition C-6 of spiro compound 6 did not af-
fect the stability of the intermediate cation
B, so the reaction proceeded under relatively
mild conditions (1.5 hours at 75°C). The
bromine and iodine atoms in the C-8 posi-
tion of compounds 7-9, because of their
negative inductive effect, destabilized cation
B, which required more harsh reaction con-
ditions (11 h at 100°C for compound 7). Due
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to the negative inductive effect, but of the
nitrogen atom presence in the spiro ring, the
rearrangement of the spiran 11 was also
passing within 11 hours, as in the case of the
dibromo-substituted spiran 7.

The next step in our research was the
study of the formylation of compounds 19—
23, with aliphatic substituents instead of a
spiro ring. Compounds 19-23 were obtained
by condensation of salicylamide derivatives
1, 18 with aliphatic ketones by prolonged
boiling for 16-18 h in benzene with the
azeotropic distillation of water in the pres-
ence of p-TsOH (Scheme 5).

Howewer, the reaction of compounds
19-23 with the Vilsmeier-Haack reagent did
not proceed selectively with the formation of
resinous products, which were difficult to
separate and identify.

The formation of vinyl ethers with dif-
ferent arrangements of double bonds and
substituents after the opening of the oxazine
cycle is a probable reason for the formation
of a complicated mixture of the products.
Some of these intermediates react similarly
to the previous scheme, others cannot cy-
clize into the pyran cycle (trans vinyl ethers)
and reacted in a different way, which leads
to a multicomponent mixture of products
with close Rf values.

Experimental part. *H and *C NMR
spectra were recorded on a Bruker Avance Il

YKP. XIM. XXVPH ., 2019, T.86, No 2
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RL
OH o )
R
+ H 2
R1 2 — H
R ONH , R

1 - R=R’=H; 18 — R=R'=i-Pr
Scheme 5

400 spectrometer (400 and 101 MHz, re-
spectively) or a Bruker Avance 600 spec-
trometer (600 and 151 MHz, respectively;
compound 5) in CDCl; or DMSO-dg with
TMS as internal standard. The *H and **C
NMR spectra for compounds 7-9 are pre-
sented for the predominant isomer. The EI
mass spectra were recorded on a Kratos MS
30 instrument with direct injection of the
sample, ionization chamber temperature
250°C, ionization energy 70 eV. Elemental
analysis was performed on a LECO CHN-
900 instrument. Melting points were deter-
mined using an Electrothermal 9100 Digital
Melting Point apparatus and were uncorrect-
ed. Completion of the reactions and purity of
the obtained compounds were monitored by
TLC on Merck Silica gel 60 F-254 plates,
eluent CHCI;—MeOH, 9:1.

ISSN 0041-6045. YKP . XIM . XVYPH ., 2019, t.86, No 2

All reagents of analytical grade were
purchased from commercial suppliers and
used without any further purification, unless
stated otherwise. Compounds 2 [15], 3 [16],
4 [17] and 18 [5, 18] were obtained by
known procedures.

Synthesis of spiro[1,3-benzoxazine-
2,1'-cyclobutan]-4(3H)-one  (5):  Conc.
H,SO, (1 ml) was added to glacial acetic
acid (3 ml), cooled in ice and left for several
minutes. A solution of compound 1 (1.37 g,
0.01 mol), cyclobutanone (0.84 g, 0.012
mol), and propionic anhydride (1.5 ml) in
glacial acetic acid (3 ml) was prepared sepa-
rately. The first solution of H,SO, and
AcOH was slowly added to the latter mix-
ture with stirring and cooling with ice,
stirred for 12 h at room temperature. Then
neutralized to pH ~7 using sodium carbonate
solution. The precipitate formed was filtered
off and recrystallized from aqueous MeOH.
Yield 47%, white powder, mp 158-161°C.
'H NMR spectrum (CDCly), 8, ppm (J, Hz):
8 = 8.43 (1H, s, NH), 7.92 (1H, d, ®J=7.5,
Ar), 7.46 (1H, t, J=7.4, Ar), 7.08 (1H, t,
3J=7.5, Ar), 7.00 (1H, d, 3J=8.2, Ar), 2.52-
2.56 (2H, m, CH), 2.38-2.43 (2H, m, CH),
1.92-1.99 (1H, m, CH), 1.83-1.90 (1H, m,
CH). *C NMR spectrum (CDCl,), 8, ppm: &
= 163.1, 155.3, 133.9, 127.2, 1215, 117.2,
116.7, 88.1, 35.1, 11.4. Mass spectrum, m/z
(le;, %): 189 [M]" (3). Found, %: C 69.90;
H 5.90; N 7.45. C;;H;;NO,. Calculated, %:
C69.83; H5.86; N 7.40.

Synthesis of spirans 6-10 (General
method). A mixture of the corresponding
salicylamide 1-4 (0.01 mol), ketone (0.012
mol), and p-TsOH-H,O (0.03 mol) in PhMe
(45 ml) was refluxed for 8 h with continuous
removal of water with a Dean-Stark trap.
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Then solvent was evaporated to dryness un-
der reduced pressure, the solid residue was
washed with 5% aqueous NaOH solution,
water and filtered off.
6-Bromospiro[1,3-benzoxazine-2,1'-
cyclopentan]-4(3H)-one  (6):Yield 68%,
white powder, mp 195-196°C (EtOH). 'H
NMR spectrum (CDCl5), 8, ppm (J, Hz): 6 =
8.20 (1H, br. s, NH); 8.00 (1H, s, H-5 Ar);
750 (1H, d,%J=86, H-7 Ar); 6.83 (1H,
d, °J=8.6, H-8 Ar); 2.07-2.16 (2H, m, CH);
1.65-1.85 (6H, m, CH). **C NMR spectrum
(CDCls), 8, ppm: 6 = 162.2; 154.9; 137.3;
130.4; 119.2; 114.2; 96.3, 37.4, 22.4. Mass
spectrum, m/z (I, %): 283 [M (*'Br)]" (25),
281 [M("°Br)]" (24). Found, %: C 51.21; H
4.45; N 5.05. C;,H,,BrNO,. Calculated, %:
C51.09; H4.29; N 4.96.
6,8-Dibromo-4'-tert-butylspiro[1,3-
benzoxazine-2,1'-cyclohexan]-4(3H)-one (7):
Yield 88%, white powder, mp 253-257°C
(DMF). *H NMR spectrum (CDCl3), 8, ppm:
6 = 7.98 (1H, s, NH), 7.80 (1H, s, Ar), 7.28
(QH, s, Ar), 2.31-2.33 (2H, m, CH), 1.55-
1.71 (6H, m, CH), 1.13-1.16 (1H, m, CH),
091 (9H, s, t-Bu). *C NMR spectrum
(CDCly), 8, ppm: 6 = 161.6, 154.7, 142.8,
142.6, 132.6, 117.2, 115.1, 92.1, 49.2, 33.3,
35.6, 30.4, 25.9. Mass spectrum, m/z (.,
%): 431 [M]" (55). Found, %: C 47.51; H
5.05; N 3.38. C,7H,,Br,NO,. Calculated, %:
C47.36;H4.91; N 3.25.
4'-tert-Butyl-6,8-diiodospiro[1,3-
benzoxazine-2,1'-cyclohexan]-4(3H)-one (8):
Yield 88%, white powder, mp 228-234°C
(DMF). *H NMR spectrum (CDCl3), 8, ppm:
6 = 8.34 (1H, s, NH), 8.14 (2H, s, Ar), 2.22—
2.29 (2H, m, CH), 1.59-1.70 (6H, m, CH),
1.13-1.16 (1H, m, CH), 0.91 (9H, s, t-Bu).
3C NMR spectrum (CDCly), 8, ppm: & =
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161.6, 155.0, 150.8, 136.6, 119.8, 89.5, 86.3,
84.6, 46.4, 36.3, 32.6, 27.8, 22.8. Mass spec-
trum, m/z (le;, %): 525 [M]" (45). Found, %:
C 39.05; H 4.15; N 2.82. C,7H,,1,NO,. Cal-
culated, %: C 38.88; H4.03; N 2.67.
4'-(1,1-Dimethylpropyl)-6,8-

diiodospiro[1,3-benzoxazine-2,1'-
cyclohexan]-4(3H)-one (9): Yield 90%,
white powder, mp 218-223°C (DMF). 'H
NMR spectrum (CDCls), 8, ppm (J, Hz): 6 =
8.15 (2H, s, Ar), 8.02 (1H, br s, NH), 2.22—
2.29 (2H, m, CH), 1.55-1.70 (6H, m, CH),
1.26-1.31 (3H, m, CH), 0.87 (6H, s, 2CH,),
0.82 (3H, t, %J=6.8, CH;). *C NMR spec-
trum (CDCl3), 8, ppm: 6 = 160.5, 154.0,
149.9, 135.6, 118.8, 88.5, 85.3, 83.6, 42.7,
35.5, 33.9, 31.9, 21.4, 18.9, 7.3. Mass spec-
trum, m/z (1,1, %): 539 [M]" (35). Found, %:
C 40.25; H 4.40; N 2.71. CygH»31,NO,. Cal-
culated, %: C40.10; H 4.30; N 2.60.

Spiro[1,3-benzoxazine-2,1'-
cyclooctan]-4(3H)-one (10): Yield 88%,
white powder, mp 158-160°C (EtOH). 'H
NMR spectrum (CDCls), 8, ppm (J, Hz): 6 =
7.89 (1H, d, %J=7.4, Ar); 7.61 (1H, br. s,
NH); 7.42 (1H, t,%J=75, Ar); 7.03 (1H,
t,%=7.4, Ar); 6.89 (1H, d,*J=8.1, Ar);
2.20-2.28 (2H, m, CH); 1.96-2.04 (2H, m,
CH); 1.51-1.78 (10H, m, 5CH,). *C NMR
spectrum (CDCls), 6, ppm: 6 = 161.2; 154 .4,
137.0; 130.0; 119.0; 114.3; 92.1; 39.5; 28.2;
21.2; 20.1. Mass spectrum, m/z (1., %): 245
[M]" (10). Found, %: C 73.51; H 7.89; N
5.77. Ci5HgNO,. Calculated, %: C 73.44; H
7.81; N5.71.

Synthesis of 1'-propylspiro[1,3-
benzoxazine-2,4'-piperidin]-4(3H)-one (11):
A mixture of the salicylamide 1 (1.37 g, 0.01
mol), 1-propylpiperidin-4-one (1.69 g, 0.012
mol), and pyrrolidine (2.13 g, 0.03 mol) in
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PhMe (45 ml) was refluxed for 16 h with
continuous removal of water with a Dean-
Stark trap. Then solvent was evaporated to
dryness under reduced pressure, the solid
residue was washed with 5% aqueous NaOH
solution, water and filtered off. Yield 68%,
white powder, mp 150-152°C (EtOH). 'H
NMR spectrum (CDCls), 8, ppm (J, Hz): 6 =
7.89 (1H, d, %J=6.6, Ar); 7.67 (1H, br. s,
NH); 7.43 (1H, t,%J=7.1, Ar); 7.05 (1H,
t,%=75, Ar); 6.94 (1H, d,*J=8.2, Ar);
2.62-2.72 (2H, m, CH,); 2.43-2.50 (2H, m,
CH); 2.32-2.38 (2H, m, CH); 2.17-2.21
(2H, m, CH); 1.90-2.00 (2H, m, CH); 1.44—
1.56 (2H, m, CH,), 0.89 (3H, t, %J=7.3,
CH;). *C NMR spectrum (CDCly), 8, ppm:
6 = 161.1; 154.3; 137.0; 130.0; 119.0;
114.1; 89.1; 39.5; 38.2; 37.8; 28.6; 20.1.
Mass spectrum, m/z (I, %): 260 [M]" (2).
Found, %: C 69.41; H 7.89; N 10.87.
CisHy0N,O,. Calculated, %: C 69.20; H
7.74; N 10.76.

Synthesis of compounds 12-17 (Gen-
eral method). The Vilsmeier—Haack reagent
was prepared from POCI; (2.75 ml, 0.03
mol) and DMF (4.61 ml, 0.06 mol) with ice-
cooling. Compound 6 (2.82 g, 0.01 mol) was
added to the Vilsmeier—Haack reagent. The
reaction mixture was heated and stirred on a
water bath at 80°C for 1.5 h. Then the reac-
tion mixture was cooled to 10°C and treated
with an ice-cold 15% aqueous NaClO, solu-
tion (10 ml). The precipitate of the organic
salt was filtered off, dried, and washed with
PhMe. The organic salt was dissolved in hot
DMF (5 ml). To the obtained solution, an
aqueous 15% NaOH solution (1.5 ml) was
added, and the mixture was stirred vigorous-
ly at 60-75°C for 5 min. The precipitated
solid of compound 12 was filtered off. If no

ISSN 0041-6045. YKP . XIM . XVYPH ., 2019, t.86, No 2

solid precipitated, the solution was cooled to
the room temperature and water was added.
For compounds 8 and 9, the reaction time
was increased to 8 h. Compounds 7, 11 were
obtained at 100°C for 11 h.

N'-(7-Bromo-3-formyl-1,2-
dihydrocyclopenta[b]chromen-9-yl)-N,N-
dimethylimidoformamide (12): Yield 67%,
yellow powder, mp 173-175°C (EtOH). ‘H
NMR spectrum (CDCl5), 8, ppm (J, Hz): 6 =
10.21 (1H, s, CHO); 7.61 (1H, d, “J=2.4, H-
8 Ar); 7.38 (1H, s, CH); 7.37 (1lH,
dd, %J=8.6,%J=24, H-6 Ar); 6.95 (1H,
d, 2J=8.6, H-5 Ar); 3.10 (3H, s, CH,); 3.07
(3H, s, CH3); 2.75-2.85 (2H, m, CH,), 2.50-
255 (2H, m, CH,). *C NMR spectrum
(CDCls), 8, ppm: 6 = 186.6; 162.7; 153.8;
151.4; 145.5; 132.5; 126.5; 123.1; 116.8;
115.7; 113.4; 111.1; 39.5, 33.5, 23.2, 22.5.
Mass spectrum, m/z (l,e;, %): 348 [M ('Br)]
(96), 346 [M(°Br)]" (94). Found, %: C
55.45; H 4.40; N 8.05. C;¢H;5BrN,O,. Cal-
culated, %: C55.35; H4.35; N 8.07.

N'-(5,7-Dibromo-2-tert-butyl-4-formyl-
2,3-dihydro-1H-xanthen-9-yl)-N,N-
dimethylimidoformamide (13): Yield 57%,
yellow powder, mp 184-186°C (EtOH). 'H
NMR spectrum (CDCls), 3, ppm: 6 = 10.33
(1H, s, CHO); 7.57 (1H, s, Ar); 7.54 (1H, s,
Ar); 7.37 (1H, s, CH); 3.10 (3H, s, CHy);
3.07 (3H, s, CHy); 2.75-2.84 (2H, m, CH,);
1.87-1.93 (2H, m, CH,); 1.77-1.80 (1H, m,
CH); 0.94 (9H, s, t-Bu). *C NMR spectrum
(CDCly), 6, ppm: & = 187.2; 161.6; 153.6;
148.1; 144.4; 135.0; 125.7; 124.0; 115.5;
113.7; 112.0; 109.6; 41.5; 40.0; 34.0; 32.0;
27.2; 26.1; 22.4. Mass spectrum, m/z (I,
%): 496 [M]" (100). Found, %: C 51.02; H
8.01; N 5.77. C,H,,Br,N,0,. Calculated,
%: C50.83; H4.87; N 5.65.
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N'- (2-tert-Butyl-4-formyl-5,7-diiodo-
2,3-dihydro-1H-xanthen-9-yl)-N,N-
dimethylimidoformamide (14): Yield 48%,
yellow powder, mp 165-168°C (EtOH). ‘H
NMR spectrum (CDClIs), o, ppm: 6 = 10.44
(1H, s, CHO), 7.98 (1H, s, Ar), 7.73 (1H, s,
Ar), 7.34 (1H, s, CH), 3.12 (3H, s, CHy);
3.08 (3H, s, CH,); 2.77-2.85 (2H, m, CH,);
1.87-1.95 (2H, m, CH,); 1.77-1.80 (1H, m,
CH); 0.95 (9H, s, t-Bu). **C NMR spectrum
(CDCls), 8, ppm: 6 = 187.5; 161.6; 153.4;
150.8; 146.0; 144.4; 132.5; 123.7; 113.4;
111.0; 86.5; 83.5; 41.6; 40.0; 34.0; 32.1;
27.2; 26.0; 22.5. Mass spectrum, m/z (I,
%): 590 [M]" (65). Found, %: C 42.90; H
4.15; N 4.85. Cy;H,,41,N,0,. Calculated, %:
C42.73; H4.10; N 4.75.

N'-[2-(1,1-Dimethylpropyl)-4-formyl-
5,7-diiodo-2,3-dihydro-1H-xanthen-9-yl]-
N,N-dimethylimidoformamide (15): Yield
60%, yellow powder, mp 155-158°C
(EtOH). "H NMR spectrum (CDCly), 8, ppm:
6 = 10.43 (1H, s, CHO), 7.96 (1H, s, Ar),
7.72 (1H, s, Ar), 7.33 (1H, s, CH), 3.11 (3H,
s, CH;); 3.07 (3H, s, CH,); 2.73-2.84 (2H,
m, CH,); 1.85-1.93 (2H, m, CH,); 1.75-
1.80 (1H, m, CH); 1.32-1.40 (2H, m, CH,);
0.84 (6H, s,2Me), 0.79 (3H, t, %J=75
Hz, Me). ®C NMR spectrum (CDCl,), 8,
ppm: 6 = 187.4; 161.5; 153.3; 150.7; 146.0;
144.3; 132.4; 123.6; 113.3; 111.0; 86.4;
83.4; 40.1; 39.2; 34.6; 34.3; 32.5; 25.7;
24.2; 23.9; 22.2. Mass spectrum, m/z (I,
%): 604 [M]" (95). Found, %: C 43.95; H
4.45; N 4.65. C,,H,5l,N,0,. Calculated, %:
C43.73; H4.34; N 4.64.

N'-(6-Formyl-8,9,10,11-tetrahydro-7H-
cycloocta[b]chromen-12-yl)-N,N-
dimethylimidoformamide (16): Yield 47%,
yellow powder, mp 113-116°C (EtOH). 'H
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NMR spectrum (CDCl5), 8, ppm (J, Hz): 6 =
10.25 (1H, s, CHO); 7.48 (1H, d, *J=7.0,
Ar); 7.35 (1H, s, CH); 7.27-7.32 (1H, m,
Ar); 7.04-7.08 (2H, m, Ar); 3.10 (3H, s,
CHa3); 3.07 (3H, s, CH,); 2.60-2.63 (4H, m,
2CH,); 1.73-1.85 (6H, m, 3CH,). *C 'H
NMR spectrum (CDCls), 8, ppm: 6 = 187.4;
167.3; 153.1; 152.4; 150.3; 130.1; 124.3;
122.6; 120.8; 116.0; 115.0; 110.5; 40.1;
34.3; 28.0; 25.9; 25.3; 19.9; 19.7. Mass
spectrum, m/z (I, %): 310 [M]" (100).

Found, %: C 73.72; H 7.27: N 9.17.
CioH,,N,0,. Calculated, %: C 73.52; H
7.14: N 9.09.

N'-(4-Formyl-2-propyl-2,3-dihydro-
1H-chromeno[3,2-c]pyridin-10-yl)-N,N-
dimethylimidoformamide (17): Yield 52%,
yellow powder, mp 127-130°C (EtOH). *H
NMR spectrum (CDCls), 8, ppm (J, H2): 6 =
10.23 (1H, s, CHO); 7.44 (1H, d, 3J=7.0,
Ar); 7.33 (1H, s, CH); 7.27-7.30 (1H, m,
Ar); 7.02-7.06 (2H, m, Ar); 3.16-3.19 (1H,
m, CH); 3.12 (3H, s, CH3); 3.09 (3H, s,
CHs); 2.91-2.94 (1H, m, CH); 2.82-2.89
(1H, m, CH); 2.60-2.65 (1H, m, CH); 2.55-
2.59 (2H, m, CH,); 1.48-1.58 (2H, m, CH,),
091 (3H, t, *J=7.5, CH;). *C NMR spec-
trum (CDClj), 6, ppm: & = 185.2; 155.5;
153.5; 148.1; 144.2; 135.0; 125.5; 124.1;
115.3;112.9; 112.1; 109.6; 45.5; 44.8; 43.8;
41.5; 40.0; 26.1; 22.4. Mass spectrum, m/z
(e, %): 325 [M]" (5). Found, %: C 70.28;
H 7.20; N 13.06. C;4H,3N;0,. Calculated,
%: C70.13; H7.12; N 12.91.

Synthesis of compounds 19-23 (Gen-
eral method). A mixture of the correspond-
ing salicylamide 1, 18 (0.01 mol), aliphatic
ketone (0.012 mol), and p-TsOH-H,O (0.03
mol) in benzene (45 ml) was refluxed for 16-
18 h with continuous removal of water with
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a Dean-Stark trap. Then solvent was evapo-
rated to dryness under reduced pressure, the
solid residue was washed with 5% aqueous
NaOH solution, water, and filtered off.
2-Methyl-2-propyl-2,3-dihydro-4H-1,3-
benzoxazin-4-one (19): Yield (85 %), mp
94-95°C. *H NMR spectrum (DMSO-dg), 8,
ppm (J, Hz): 8.62 (1H, s, NH); 7.73 (1H, d,
3J=7.3, H Ar); 746 (1H, t, *J=7.3, H A);
7.04 (1H, t, %=7.3, H Ar); 6.93 (1H, d,
3J=7.8, H Ar); 1.71-1.73 (2H, m, CH,); 1.46
(3H, s, CH5); 1.36-1.38 (2H, m, CH,); 0.83
(3H, t, 3J=6.8, CH;). *C NMR spectrum
(DMSO-dg), o, ppm: 161.1; 155.4; 134.4;
126.9; 117.2; 116.8; 89.1; 41.5; 25.4; 16.5;
13.9. Mass spectrum, m/z (I, %): 205 [M]"
(20), 121 (100). Found, %: C 70.22; H 7.37;
N 6.82. C;,H;5NO,. Calculated, %: C 70.33;
H 7.26; N 6.69.
6,8-Diisopropyl-2-methyl-2-propyl-2,3-
dihydro-4H-1,3-benzoxazin-4-one (20):
Yield (70 %), mp 52-54°C. 'H NMR spec-
trum (CDCly), 8, ppm (J, Hz): 8.15 (1H, s,
NH); 7.67 (1H, s, H Ar); 7.25 (1H, s, H Ar);
3.25 (1H, sept, 2J=6.9, CH(CHs,),); 2.94 (1H,
sept, °J=6.9, CH(CHj,),); 1.91-1.93 (2H, m,
CH,); 1.63 (3H, s, CH3); 1.56-1.58 (2H, m,
CH,); 1.28-1.30 (12H, m, CH(CHs),); 0.98
(3H, t, J=6.8, CH,). *C NMR spectrum
(CDCly), 6, ppm: 163.9; 151.2; 141.5; 136.3;
129.8; 122.1; 116.3; 88.7; 42.3; 33.6; 27.1;
25.5; 23.9; 22.6; 22.3; 16.9; 14.0. Mass
spectrum, m/z (I, %): 289 [M]" (9). Found,
%: C 74.70; H 9.40; N 4.84. CygH,;NO..
Calculated, %: C 74.66; H9.26; N 4.95.
2,2-Dipropyl-2,3-dihydro-4H-1,3-
benzoxazin-4-one (21): Yield (70 %), mp
63-65°C (mp 61-63°C [19]). *"H NMR spec-
trum (CDCly), 8, ppm (J, Hz): 8.61 (1H, s,
NH); 7.94 (1H, d, °J=8.1, H Ar); 7.41 (1H, t,
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3J=7.3, H Ar); 7.03 (1H, t, *J=7.3, H Ar);
6.91 (1H, d, ®J=8.1, H Ar); 1.86-1.88 (4H,
m, 2CH,); 1.47-1.49 (4H, m, 2CH,); 0.91
(6H, m, CH,). *C NMR spectrum (CDCI,),
o, ppm: 163.3; 156.0; 134.3; 127.3; 121.2;
116.7; 91.2; 40.2; 16.5; 13.9. Mass spec-
trum, m/z (I, %): 233 [M]" (14) 190 (100).
Found, %: C 72.07; H 8.21; N 6.00.
Cy14H1gNO,. Calculated, %: C 72.01; H 8.34;
N 6.15.
6,8-Diisopropyl-2,2-dipropyl-2,3-
dihydro-4H-1,3-benzoxazin-4-one (22):
Yield (72 %), mp 125-126°C. ‘H NMR
spectrum (CDCl,), 6, ppm (J, Hz): 7.74 (1H,
s, NH); 7.63 (1H, s, H Ar); 7.22 (1H, s, H
Ar); 3.22 (1H, sept, 3J=6.9, CH(CHs,),); 2.89
(1H, sept, %J=6.9, CH(CH,),); 1.80-1.89
(4H, m, CH,); 1.47-1.49 (4H, m, CH,);
1.25-1.27 (12H, m, CH(CH,),); 0.92 (6H, t,
J=6.8, CH;). **C NMR spectrum (CDCl,), 8,
ppm: 163.7, 151.2; 141.3; 136.1; 129.7;
122.1; 116.2; 90.7; 40.1; 33.6; 26.9; 24.0;
22.5; 16.7; 14.1. Mass spectrum, m/z (I,
%): 317 M]" (1). Found, %: C 75.67; H
9.84; N 4.41. C,,H3;NO,. Calculated, %: C
75.78; H9.96; N 4.25.
2,2-Diethyl-6,8-diisopropyl-2,3-

dihydro-4H-1,3-benzoxazin-4-one (23):
Yield (82 %), mp 80-82°C. *H NMR spec-
trum (CDCl,), 3, ppm (J, Hz): 7.63 (1H, s,
NH); 7.56 (1H, s, H Ar); 7.22 (1H, s, H Ar);
3.24 (1H, sept, 2J=6.9, CH(CH,),); 2.89 (1H,
sept, 2J=6.9, CH(CHs,),); 1.90-1.95 (4H, m,
CH,); 1.23-1.26 (12H, m, CH(CHs),); 1.00
(6H, t, J=6.8, CH,). *C NMR spectrum
(CDCls), 3, ppm: 163.8; 151.2; 141.5; 136.2;
129.8; 122.1; 116.2; 91.3; 33.6; 30.3; 26.9;
24.0; 22.6; 7.7. Mass spectrum, m/z (l,¢;, %):
289 [M]" (33), 260 (100). Found, %: C
74.70; H 9.40; N 4.84. C,3H,;NO,. Calculat-
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ed, %: C 74.78; H 9.26; N 4.95.

Conclusion. In this work, we presented
an effective method for the synthesis of
formyl derivatives of xanthenes based on
readily available salicylamide. It was found
that (spiro[1,3-benzoxazine-2,1'-
cyclobutan]-4(3H)-one) does not rearrange
even under prolonged heating due to the
spirocycle strain. The presence of bromine
or iodine atoms at positions C-6 and C-8 of
the aromatic cycle of 1,3-benzoxazines
makes the reaction more difficult, which
requires more harsh synthesis conditions.

I[IEPETPYIIYBAHHA 3AMIIIEHUX 1,3-
BEH30KCA3MHIB B CIIOJIYKM KCAH-
TEHOBOI'O TUITY

Onmner K. ®apar, Katepuna B. 3anizna, Csirnana
A. Bapennuenko*, Bikrop I. Mapkos

Ykpaincovxuu oeparcasHull XiMiKo-
mexHono2iunul yHisepcumem, 49005, /[ninpo,
Ykpaina

*e-mail: svetlanavarenichenko@ gmail.com

BuBueHO 3aKOHOMIPHOCT1 TIEpErpynyBaHHS HO-
BUX MOXiMHUX 1,3-0€H30KCa3MHIB, sIKI OTPUMAHO
KOHJICHCAI[I€I0 3aMiIEHUX CaTIIUIaMIfiB 3 -
KIMHUMH KETOHAMH, M1 €0 peareHTy Biibc-
Mariepa-Xaaka. BB KyroBOro HanpyXeHHs y
4X 4JIIEHHOMY CITIPOIMKII TMEpPelIKoKae nepe-
TPYNyBaHHIO cnipo[1,3-0en3okca3un-2,1-
nukiooyrad]-4(3H)-ony min giero  dopmiTroro-
yoro areHty. lloxinHi 1,3-0eH30Kca3uHIB 3 po3-
MiIpamMH IUKIIB Bl 5-TU 10 8-W WICHHHX I
i€t (POPMUTIOIOYOTO areHTy YTBOPIOIOTH (op-
MUIMOXiIH1 KCAHTEH B, Y KX MIBUJIKICTh peak-
11ii 3JIKUTH Bil HASBHOCT1 €IEKTPOHETATUBHUX
3aMICHHUKIB y mojoxkeHHsx C-6 1 C-8 apomaTtuy-
HOTO LIUKITY, @ TAKOX Y CHIPOIUKITI.
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Kaw4yoBi cJ 0B a:meperpyinyBaHHs, pea-
reHT BinbcMaeiipa-Xaaka, koHaencamit, 1,3-
OeH30Kca3uHu, (OPMIUTIOXIIH1 KCAHTECH B,

[IEPET'P YIITIMPOBK A 3AMEIIEHHBIX
1,3-BEH30KCA3MHOB B COEJJMHEHUA
KCAHTEHOBOI'O TUITA

Onmner K. ®@apar, Exarepuna B. 3anusnas, Cser-
nana A. Bapennuenko®, Bukrop Y. Mapkos

Vkpaunckuti  2ocyoapcmeenuvlli  XUMUKO-
mexHnonoeuueckuti ynusepcumem, 49005, /[uenp,
Ykpauna

“e-mail: svetlanavarenichenko@gmail.com

N3yyeHbl 3aKOHOMEPHOCTH MEpPEerpyninupoBKU
HOBBIX ITPOU3BOAHBIX 1,3-0€H30KCa3MHOB, KOTO-
pBIC MOJTYYEHBI KOHJEcAanell 3aMeIeHHBIX ca-
JUIAJIAMAJIOB ¢ MUKITAYCCKAMH KETOHAMH, O]
nericteueM Buibcmaiiepa-Xaaka. BnusiHue yr-
JIOBOTO HANpPsDKEHUS B 4X YICHHOM CIUPOIUKIE
NPENSATCTBYET — meperpynnupoke  crnupo[l,3-
Oen3okcasun-2,1-muknoodyran]-4(3H)-ona mo.
neiictBueM dopMunupyromero areHra. [Ipous-
BoaHbIE 1,3-0CH30KCa3MHOB C pa3MepaMu IUK-
JIOB OT 5-TH 1O 8-M WIEHHHUX MHOJ. JNEHUCTBHUEM
hopMIIIHPYIOIETO areHTa o0pa3yrT (HopMUII-
MPOU3BOJHBIE KCAHTEHOB, B KOTOPBIX CKOPOCTh
pEaKuy 3aBUCUT OT HAJIMYHS SJICKTPOOTPHIlA-
TEJbHBIX 3aMeCTUTEIeH B moJioxkeHHAX C-6 u C-
8 apomMaTH4eCcKOro IUKIa, a TAakKe B CITUPOLIUK-
Je.

KnwoueBble cJ0B a:neperpynnupoBka,
peareHT BuibcMmaiiepa-Xaaka, KOHJIEHCalMS,
1,3-6en30kca3uHbl, GOPMUIITPON3BOAHBIE KCAH-
TEHOB.
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