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KOMMNEKCOYTBOPEHHS ®EPYMY (lI) TA ®EPYMY (lll) 3 AEAKUMU

MOXIAHNMW CONEWN 6,7-AUTAPOKCUBEEH3O0MIPUNID B PO3YMHAX

A. B. lemuyx, K. K. Buounesuuyc, b.T. 3aii, C. B. Tonopos,
O. M. JKyxoeeuvka, []. B. Cnizyp

Odecvkuti HayioHanvHutl yHieepcumem imeni I. 1. Meunukosa,
8yn. Becesonoda 3micnxa, 2, Odeca 65082, Yxpaina
e-mail: snigur@onu.edu.ua

3asHaueHy poOOTy IPUCBAYEHO [AOCTIIKEHHI0O KOMIUIEKCOyTBOpeHHS ¢epymy (II) Ta
depymy (III) 3 Hu3KOIO ankin- ta QeHin- mMoXigHUX comeit 6,7-AUrifPOKCUOEH30MipIUIIiIo.
BcTaHoBnEHO oNnTMMAaIbHI YMOBU B3a€EMOJil B JOCTIKEHNX XiMiuHUX cucreMax: pH 3-7;
A = 550-580 HM. MeTomoM MoOsIpHUX BifjHOIIeHb Ta beHTa — @peHya BCTaHOBIIEHO, IO 32
ONTMMAJIbHUX YMOB CTYIIHYAaCTO YTBOPIOIOTbCA KOMIUIEKCU 3i CIiBBiJHOLIEHHAM KOMIIO-
HeHTIB 1 : 3. MonapHuil KoedillieHT CBIT/IONOITIMHAHHA Ta JIOTapU(M KOHCTAHTY CTiIKOCTi
(IgB) mnsa mpoxykry cknany 1:3 BusHavamu metopoMm Komaps. Busueno iHTepBanmu miniii-
HOCTI KanibpyBanbpHOTo rpadika, MexXi KiTbKiCHOTO BUABJIEHHA Ta BU3HAYEeHH:A. 3 BUKOPIIC-
TaHHAM COJIeil 6,7-ANUrigpokcu-2,4-nudeHinoeHsonipnuiio po3po61eHO MeTOAUKY IIPAMOTO
criekTpodoroMeTpryHoro BusHadeHHA Pepymy (III), sky ampoboBaHO 3a aHami3y 3paskis
BOJOIIPOBiTHOI BOAM, a il MpaBMIbHICTD Oy/10 migTBepmKeHo MetofoM I3II-OEC.

Kmrouogi coBa: cori 6,7-gurigpoxcubensonipuiio, epym(II), pepym (I1I) kommnexco-
YTBOPEHHS, CIIeKTPodOoTOMeTpis.

BCTYII. ®epyM € BOXIUBUM €1eMEHTOM
Yy KUTTENIANBHOCTI JIOAVHY, HecTada AKOro
IPU3BOJUTD IO 3aXBOPIOBaHb KPOBOTBOPHOI
CUCTEMM Ta IOpPYyLIeHHA PO3BUTKY giTeit. Ox-
HaK 3a Ii/IBUIIEHOTO BMICTy IpPOSABIAETbCA
TOKCUYHICTb: IIpY HAAXOM>KeHHI IToHaj 200 Mr
depymy Ha 100y HacTae rinOTUYIHMI CUAEPO3.
Ho Toro x Fe(Il, III) wacTo mpucyTHiit y Bu-
COKMX KOHI[eHTpAIifiX Y I'PYHTOBUX Bofiax [1],
1110 IPU3BOAUTD [0 NOABY HEIIPUEMHOTO IIPK-
CMaKy Ta YE€pPBOHOTIO BifITIHKY KOJIbOPY BOZM.

Bukopucrannsa BOJONpOBigHOLI BOAY 3 BIUCO-
kuMm BMmicroMm Fe(Il, III) HeraTmBHO BIIMBaE
Ha IIPOMINC/IOBEe Ta IOOyTOBe OO/IajfHaHHS.
ToMy aHamiTMYHUII KOHTPOIb 3a BMIiCTOM
depymy(Il, III) B 06'ekTax HaBKOMUIIHLOTO
CepefloBMINA, 30KpeMa y NMPUPOJHMX Ta CTid-
HUX BOJlaX MOTPiOHO IPOBOAUTU IOCTATHHO
HagiTHMMI MeTOaMI.

Xoya mas BuU3HaYeHHSA ¢epyMy 3ampo-
IIOHOBAHO METOAM AaTOMHOI CIIEKTPOCKOIIil:
aToOMHO-abcopb6uiitHa [2], onTuKo-eMiciitHa 3
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ingykTBHO-3B’13aH00 1masmoro (I3I1-OEC)
[3], Mac-cnekTpoMeTpis 3 IHAYKTMBHO-3B A3a-
HOIO I1a3MOIX0 [4] Ta inmi [5-6], BoHu 00TsKe-
Hi HM3KOI Mpo6IeM Ta, 30KpeMa, BUMAaralTh
KOIITOBHOTO OO/IaJfHAHHA Ta BUCOKOKBasIidi-
KOBaHOTro IepcoHany. OTxe, cnekTpodoro-
MeTpisl 3a/IMUIAETHCS HAMOLIBII MPOCTUM Ta
NOCTYITHUM aHATITUYHUM METOZIOM BY3HAY€H-
Hs1 popm depymy. BubipkoBumnu peareHTamu
Ha Fe(IIl) e cmonmyku, mo MicTATh eHONbHI
OH-rpynu Ta/abo JOHOPHI aTOMU a30TYy, TOMY
TaKi peareHTU BBaXKalOTb HalOinpII parwio-
HQJIbHVMM JUIsI BU3HA4YeHHS BMIcTy depymy.
Jlo mopmiOHMX peareHTiB MOYKHa BifHECTU TIO-
XigHi 6,7 Ta 7,8-murimpokcubeH3onipuiio
(JOX), siKi erko ofep>kaTti METOIAMH TIpera-
PaTMBHOTO CUHTe3y i, HacaMIlepe[], KOH/IeHCa-
1i€eto TpuUrigpoKkcubeHseHis i3 B-aukapOoHinb-
HuMy cnorykamu [7-10]. Toxigai JOX 3ape-
KOMeHJyBanmu cebe sIK BUCOKOYYT/IUBI aHaIi-
TUYHI peareHTM B NPsSIMUX Ta KOMOIHOBaHUX
CIIeKTpOQOTOMETPUYHIX METOAAX aHaTi3y [8].
[JikaBuM € He TiIbKM KOMIUIEKCOYTBOPEHHA
pisHuX popM pepyMy 3 HOBUMM peareHTaMI1, a
VI BUBYEHHA BIUIVIBY 3aMICHMKIB B OpTaHiYHUX

AcO

MOJIeKy/Iax 6apBHMKIB O€H30IipUTiEBOTO PSRy
Ha IIpoLiecy KOMIUIEKCOyTBOpeHHs [11].

Mera 1miei pobotnm - e JOCTIIKeHHS i
OIITUMi3allisl YMOB KOMIITIEKCOYTBOPEHHs de-
pymy (II) ta dpepymy (III) 3 mesaxkumm moxifn-
HUMM CcOjIeil OeH30Iipuilo, BCTAaHOBJIEHHS
XimMi3My peakuiii, cTeXioMeTpil IPOAYKTiB B3a-
€MOfil, XiMIKO-aHaIITUYHUX XapaKTePUCTUK
HOBUX aHATTUYHUX (POpM Ta iXHE 3acTocy-
BaHHA y CHEKTPO(OTOMETPUYHOMY aHaIi3i.

EKCIIEPMMMEHT 1 OBI'OBOPEHHA PE-
3YJIBTATIB. Tloxinui 6,7-gurigpokcubeHsori-
puIiro 6Y/10 CMHTE30BaHO IUIAXOM KOH/IeHCaIil
€KBiBaJIECHTHUX Ki/IbKOCTEIN IMiporanomny A Ta
anetwranerony (JMJJOX), 6GeHsoinameroHy
(M®JJOX) abo mmnbensoinmerany (IOIOX) y
KpVDKaHIl OLITOBIN KMCIOTI 3a HasABHOCTI Opo-
MigHoi kycmoty. CyMilll peareHTiB KU ATIIN
npotArom 30-40 XBU/INH, OXONOIKYBay, Iic-
751 yoro dinbrpyBanu ocay. OTpuMaHi peareH-
T - TOXifHi 6,7-IUrigpoKcu-6eH30mipuio
— CIIOYATKy NPOMMBA/IN KPVYKAHOKI OLITOBOXO
KJCJIOTOIO, A ITOTIM [JMi30IIPOIIIJIOBUM €TEPOM,
IiC/IA 9OrO BUCYIIYBaayM Ha MOBiTpi. Buxip
cranoBuB 50-70%.

OH o o _R,
+ HCI N Ta
AcO HO o HO
OAc OH R2
A =CI,Clo,, Br

R =R =CH, (IMOOX); R = CH, R = CH, (M®IOX); R = R = C,H, (I®OX).

BusHaueHHA 4MCTOTM NPOJYKTIB BUKOHY-
Ba/Ii METOZIOM BMCOKOe(EeKTVBHOI PifiMHHOI
xpomatorpadii Ha HeprkaBilodiil cTasnesii Ko-
noHui posmipoM 10 cm X 4,6 MM, HaIlOBHEHI1
OKTafle[MJICU/II/IBHUM CUJIiKarejeM i3 posMi-
pOM 4YacTMHOK 3,5 MKM; pyxoma ¢asa: ale-

TOHITpUN-0,01% BOZHMIT pO3YMH MYpalIMHOI
KICAO0TH, cIiBBigHOIIeHHs 50:50; MIBUIKICTH
pyxomofi ¢asu 0,5 Mj1/XB; TeMIlepaTypa KOJIOH-
K1 B TepmocTaTi 35°C; 06'eM imkeKkIii 1 MK
vac aHaznisy 10 xB; geTekuis npu A = 260 HM.
Yucrora CHMHTE30BaHMX PpEareHTiB 3a BHY-
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TPpILIHIM HOPMYBaHHAM CTaHOBU/IA IJOHAI-
Men1e 99,0%.

CrnextpodoTOMeTpUyYHi  BUMIipIOBaHHSA
IPOBOAV/IN 3 BUKOPMCTAHHAM CIIEKTPOQOTO-
merpiB CD-2000 Ta Specord 200 (nmiamason
IoBX1H XBWIb 200-1100 HM) y KIOBeTax i3 TOB-
LIVHOIO IIOITIMHAKYOro mapy 1, 2, 3 ta 5 cm.

BumiproBanna pH posumHiB nposopu-
MM i3 BUKOpPUCTAaHHAM JioHOMipy EB-74,
YKOMIUIEKTOBAHOTO CKJIAHMM iHJVMKaTOPHUM
(9CJI-63-07) Ta X/IIOpUACPIOHNM €eKTPOIOM
nopiBHAHHA (DBJI-1M3), sAKi epes moyaTkom
BUMIpIOBaHb KajiOpyBany BiIHOCHO CTaH-
fapTHUX Oy(depHUX pO3UNHIB.

[l BU3HaueHHA BMicTy pepyMy MeTOmOM
I3II-OEC BMKOPMUCTOBYBanyu CHEKTPOMETP
Perkin-Elmer Optima 2100DV i3 xBaproBum
MMaJIbHUKOM. BUMiproBaHHA aHa/TiTMYHOIO
CUTHaJIy TPOBOAVIM 3a HACTYIIHUX OIlepa-
LIfHUX IIapaMeTpiB: MOTY>XXHICTb IIJIa3MU
1300 Br, Butparu aprony (mopada mpobm —
0,8 51/xB, TonoMi>XHuit notik — 0,2 71/XB, I1a3-
MOYTBOPIOIOUMII TOTiK — 15 71/XB), akcianbHe
CIIOCTEPEXXEHHA IIIa3MM, IIBUKICTD BBEJECH-
Hf aHa/li30BaHOTO po34MHYy — 1,5 MjI/XB, 4ac
PO3IIIEHH JOCTIIPKYBaHOTO PO3UMHY — 45 ¢,
aHajliTM4HAa ninHiA Fe 248,33 M.

Buxingni posumHm coneit 6eHsomipuiiio 3
KoHLeHTpanieo 1,0-10° M rorysamm posunm-
HEeHHSM TOYHUX HaBaXoK y Bofi (IMJOX) Ta
isompomnanoni (MOJOX, JOIOX).

OcHoBHmit crangaptHuil posunH Fe(Il), B
AKOMY MicTuTbCA Jioro 110 Monb/i1, ToTyBa-
JIVI PO3YVMHEHHAM TOYHOI HaBOXXKM coli Mopa
B [UCTUIBOBAHIM BOMi, MiC/IA OXOIOMKEHHS
0 KIMHAaTHOI TeMIIepaTypy JOBOJATb 00’eM
no 1 1. OCHOBHMII CTaHJAPTHUII PO3YMH
Fe(III), B skoMy MicTUTbCA toro 1102 Momnb/,
TOTYIOTb PO3YMHEHHAM TOYHOI HaBaXKKM XJI0-
puny 3amisa (III) rexcarigpary B gucTMIBOBA-

https://ucj.org.ua

Hill BOJL, ITiC/IS OXOJIOM)KEHHS M0 KiMHATHOIL
TeMIIepPaTypy JOBOAATb 00’eM 1o 1 1. Posun-
Hu Fe(II) Ta Fe(IlI) cranmapTusyBamm TUTpO-
METPUYHO.

BukopucTtoByBamm peakTuBM HE HIDKYE
9. JI. a., HeOOXiIHy KUC/IOTHICTb CepefoBUILa
CTBOPIOBA/IV PO3YMHAMI CY/Ib(ATHOI KUCTOTH
i Harpiit rigpokcupy. s crabinisauii aHami-
TUYHUX (OPM y PO3UMHAX BUKOPUCTOBYBAJIN
1%-wit po3unH nomisiHinosoro crmpty (IIBC).

Jnsa onTuMm3anii yMoB IpoBefeHHA peak-
il kommiekcoytBopeHH: posuran Fe(IL, III)
i 10X i3 xonuenrpauiero 1-10°+1-10* momns/
IM’ 3MilllyBan y pisHUX MOJIbHUX CIIiBBiHO-
meHHsx B iHTepBani pH 1 + 10 (A pH = 0,5)
Ta PeECTPyBaayM iIHTEHCUBHICTb CBIiT/IONOIIN-
HaHHA BiTHOCHO PO3YMHY XO/IOCTOTO JOCIiY.
CrexiomeTpilo MPOAYKTiB B3aEMO/Iii BCTAHOB-
JIIOBA/IM METO[IaMM MOJIIPHUX BifIHOLIEHb Ta
Benta — ®penya; MojsipHi KoedilieHTH CBiT-
JIOTIIOI/IMHAHHA Ta KOHTAaHTU CTiMIKOCTI po3pa-
XoByBasu 3a MetogoM Komaps.

3MiHM B €IeKTPOHHUX CIEKTPaxX CBIT/IOINO-
IIMHAHHA TpOAYKTiB B3aemopii pepymy(ll,
I1T) 3 JOX 3aranom nopi6Hi. [l npuknany Ha
puc.1 HaBe#EeHO CIIEKTPU CBIT/IONOIIVIHAHHSA B
cuctemax «Pepym(1l, III) — JOIOX».

Ax BupgHO 3 puc. 1, peareHT Ma€ OfHY LIN-
POKYy CMYTY CBIiT/JIONIOIIMHAHHA 3 MaKCHUMY-
MoM npu 460 HM, a YTBOPEHHA KOMIIIEKCIB
IPU3BOAUTH O IOABM HOBUX CMYT i3 Mak-
cuMymamu 1ipu 550 HM Ta 555 HM y BUIIQ[IKy
Fe(II) ta Fe(III) BigmoBigHO.

3a onTnmisanii ymos B3aemopii pepymy(II)
ta ¢pepymy (III) 3 JOX BUBUEHO BIUIMB KUC-
JIOTHOCTI CepeloBIIIIa Ha KOMIIJIEKCOYTBOPEH-
HA B JOCIIPKYBaHUX CUCTeMax. fIK Npukiap
(puc. 2) mpefCcTaB/IeHO pe3y/IbTaT, OTPUMaHi
npu focnimkenHi cucrtem «Fe(II)-IPIOX» Ta
«Fe(III)-IDIOX».
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A LG )i A 080

0,60

0.40

0.20

0’00 L 1S 1 J
400,00 450,00 500,00 550,00 600,00 650,00

by HM

400 450 500 550 600 650
A, HM

Puc. 1 Cnextpn cBitnonornuuanus a) JOOOX (1) ta itoro kommtekcy 3 Fe(Il) (2; 3 — pudepen-
nirtanit cuekrp); 6) IOIOX (1) ta storo komitekcy 3 Fe(IIl) (2, 3 — nudepenuitamit cnexrp), pH 3,
C = 1,2-10°° monb/n, CFe( = 1,2:10° monb/n, C,=4-10"* monb/m, I=1cMm.

Fe(II 111)

Fig. 1. Absorbance spectra of a) R (1) and its complex with Fe(II) (2; 3 - differential spectrum);
b) R (1) and its complex with Fe(III) (2; 3 — differential spectrum), pH 3, Cren= 1,2:10° mol/L, C
1,2:10”° mol/L, CR=4-10'4 mol/L, I=1 cm.

Fe(IlD)

A L2 r A 12 ¢
a) 6)
08 0.8
04 t 04 L
0 1 1 1 J 0 | | | ,
0.5 2.5 4.5 6.5 8.5 0.5 2.5 45 6.5 8,5
pH pH

Puc. 2. Bmms pH Ha komiiekcoyrBopenHs a) pepymy(Il) (A=550 um), 6) pepymy(III) (A=555 um),
i3 JOOOX, CFe(II): 2,0-10”° monb/n, C_ = 2,0-10° monb/n, CR=4-10’4 MO/, I=1cMm

Fe(Ill)
Fig. 2. Effect of pH on complexation of a) Iron(II) (A=550 nm), b) Iron(III) (A=555 nm) with R,
C..qp= 2,0-10° mol/L, C__, .= 2,0-10° mol/L, C,=4-10* mol/L, I=1 cm.

Fe(Il) Fe(Il)
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I3 puc. 2a ta 26 BUHO, 1110 MaKCUMaIbHUI
Buxig koMmiuiekciB i3 JIPIOX cnocrepiraemo
npu pH 3. BctaHOBIEHO, 1110 TOPAJOK 3/1MBAH-
Hs peareHTiB He BIIMBA€E Ha ONTUYHY I'yCTH-
HY KOMIUIEKCiB, 3a0apB/IeHHS pPO3BUBAETHCS
BIIPOJOBX 25 XBWINMH Ta 3a/JMIIAETbCA CTa-
JIMM ILIOHAJIMEHIIIE IIPOTATOM 2 TOAMH, a J/Id

A 05 ¢
a)
04
03 r
02 r
01
0 1 1 1 J
0 4 8 12 16

Creqy' 105, Moan/n1

cTabinisanii KOMIIIEKCiB y po3urHi HeoOXifHO
BpopuTH B cucremy 5 M [IBC i3 konnenTpa-
miero 1%.

Cxmap kommtekcis pepymy (11, III) 3 JOX
BCTAHOB/IIOBA/IM METOJOM MOJIAPHUX BiffHO-
IIeHb B ONTMMAIbHUX YMOBAX iXHbOTO yTBO-
PEeHHA.

A 10
1:3

0)
08 r

1:2

1:1
04 r

02

O‘O 1 1 1 1 ]
0 4 8 12 16 20

Cg 105, mostn/n1

Puc. 3. Busnauenns crexiomeTpii mpopykTis koMmitekcoyrsoperss ¢pepymy(1l) 3 JOIOX meTomom

Hacu4eHHsA 3a MeTanoM a): C,=15-10"° monb/n, [=1cm Ta 3a nirangom 6): C, =

A= 550 HM

Fe(l) 5-10° monb/m, =2 cm;

Fig. 3. Determination of the stoichiometry of the complexation products of Iron(II) with R by the

saturation method for the metal a): C,=15-10° mol/L, [=1cm and for the ligand b): C__, =

[=2 cm; A= 550 nm.

AHajli3 faHMX, HaBeJeHMUX Ha puc. 3a Ta
36, 103BOJISIE [INITM BUCHOBKY, IO Y JOCIi-
JDKYBaHMX CUCTEMax IO CKIaJy KOMIUIEK-
cy Bxomuthb 1 jton ¢epymy(Il), a xommiek-
COYTBOpPEHHs BifOyBa€eTbcs CTYIIHYACTO 3
YTBOPEHHAM IMPOAYKTIB ckmagy 1:1, 1:2 rta
1:3. Y Bunapky Fe(IIl) Ta inmmx nmiranpis
(IMIOX, M®IOX) B3aemopisa BimbyBa-
€TbCs aHanoriy”o. [JofaTKoBO KpUBY Hacl-
YeHHS 3a JIraHgOM JJIsI KOXKHOT «CXOMMHKII»

https://ucj.org.ua

5.10° mol/L,

Fe(Il)

OIpanboByBanu MeTonoM benrta — ®Ppenuya.
Ha xoXHOMy eTami CTYNiHYacTOro KOMII-
JIEKCOYTBOPEHHA BilOYBA€TbCA NpUETHAHHSA
IO OJHIN MOneKysni niranay. MonsapHi Koe-
¢inieHTn cBiTIONOIMMHAHHA Ta orapudm
KoHCcTaHTH crifikocti (IgBf) mna mpopmyxris
cknagy 1:3 BusHavanmm metogoMm Kowmaps, a
OCHOBHI XiMiKO-aHaiTUYHI XapaKTePUCTUKA
KOMIUIEKCiB y3araibHeHo B Tabmuii 1.
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Tab6m. 1

Ximiko-aHamitnyHi xapakrepuctuku kommnekciB Fe(II) Ta Fe(III) 3 moxigaummu comeit

6,7-murigpokcubéeH3onipuiio

Table 1.

Analytical characteristics of Fe(II) and Fe(III) complexes with derivatives of

6,7-dihydroxybenzopyrylium salts.

Pearent Mertan pH M:R logp ,HM | €10 LOD, | LOQ
R, R, ont mae MKT/T | MKI/1
CH, CH, Fe(II) 7 1:3 83 475 1,3 50 150
CH, CH, Fe(III) 6,5 1:3 10 500 1,7 43 124
CH, CH, Fe(II) 3,5 1:3 12,7 550 1,8 26 73
CH, CH, Fe(IIT) 3,5 1.3 151 555 24 18 65
C.H, CH, Fe(II) 3 1:3 24,4 550 2,6 6 20
CH CH Fe(I11) 3 1:3 26,5 555 2,75 1,8 6

6" 5 675

3rifHO HaBe#eHUX y TabMUI JaHUX, CIIif
KOHCTAaTyBaTH, IO BBeleHHA (eHiIbHUX 3a-
MiCHMKIB y ToNIo>keHHA 2 Ta 4 6e3omipuieBo-
rO IMKIIy IPU3BOJUTD [0 3CYBY OITMMAIbHO-
ro pH xommiekcoyrsopennsa Big pH 7 o pH 3
npu nepexoni Big IMIOX po HOLOX. o
TOTO X, Ipu nnepexopi Big IMIOX go JOJOX
CriocTepiraeMo 30iMblIeHHs MOIPHUX Koedi-
L[iEHTIB CBIT/IONOITIMHAHHA I KOHTPACTHOCTI
peak1iii, a TaKoXX BifOyBaeTbCA yTBOPEHH:
6inpI CTiiikux KomiutekciB. Kommuekcn de-
pymy(IL III) 3 JOX € eneKTpoHEeNTpaTbHNMI,
1[0 MOYKe Oy TV BUKOPUCTAHO JIJIs1 pO3pO0JIeH-
HA BifJIOBITHMX eKCTpaKIiltHO-()OTOMETpIY-
HJIX METOJVIK iXHbOTO BU3HAYEHHA.

Hait6inpin iHTeHCMBHO 3abapBIeHMMM €
xomitekcu ¢epymy (11, III) 3 JPIOX, a Bix-
noBifHi aHamiTH4Hi PopMu Ha ixHilI OCHOBI
BUMIAIOTHCS e(PeKTUBHUMM IJIsI PO3POOIEHH
METOAMK IIPSIMOTO CIIEKTPO(OTOMETPUIHOTO

Ta eKCTPAKIiTHO-CIIeKTPOPOTOMETPUIHOTO
BU3HaYeHH:A ¢depyMy. BukopucroByroun aHa-
nitnany ¢popmy 3 JPIOX, po3pobieHo meTo-
[VIKY BU3HAYE€HHS BMICTy 3arajlbHOTO hepymy
B BOJOIIPOBiJIHIN BOAI B IHTEPBaJIi TiHINHOCTI
KanibpysanpHOro rpagiky 6-900 MK/
BusHaueHo BI/IMB [eAKUX iOHIB, SIKi MO-
XyTb 3aBakatu BusHaueHHi0 Fe(III). Bcra-
HOBJIEHO, 1[0 BU3HAYEHHIO He 3aBa)KAIOTh i0HM
JTy>KHUX Ta JTy>)KHO3eMeJIbHUX MeTasliB, a HU3-
Ka IHIIMX He 3aBa)KAIOTb Y TAKMX MOJIAPHUX
cruisBigHomenusx 1:750 (Cd*, Pb*, Co?*);
1:500 (Zn*, Cu?*, AP**, Cr**, Ni*"), a Takox
1000-xparHi KimpkocTi cynbdaris, HiTparis,
xnopupiB, 300-kpatHi KinbkocTi pocdaris.
[ mobymoBu kanmibpyBanbHOro rpadiky
IIOTIepelHbO BM3HAYA/IM ONTMMAJIBLHMII HaJ-
miok JONOX nna ofep>kaHHA MaKCUMallb-
HOTO aHAJITUYHOrO CUrHamy. B MipHy konby
Ha 25 mu1 BHocwu anikBotu Fe(IIl) Tak, mj06
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KOHIIeHTpalis 0yna B iHTepBani 6-900 MKr/,
pogaBamu 10 mn posumuy pearenty JOJOX
i3 koHIeHTparieo 1'107° Mob/11, CTBOPIOBA/IN
pH 3, BHOCKIN 2 M1 1% posunny IIBC Ta fo-
BOJV/IN O MiTKK. BuMiproBanm onTudny ryc-
TUHY PO34YMHIB IIpK 555 HM BiTHOCHO PO34YMHY
XO7IOCTOTO NOCTIiTY.

[lna Bu3HaueHHA (epyMy BOJOIPOBiTHY
BOZly IIONEPENHbO CIIyCKalIM 3 KpaHy IpOT:A-
rOM 5-7 XBWINMH I YHUKHEHHS 3aCTiliHUX
pomimok. [Torim Big6upanu 5 Mt onepesHbO
3i6paHoi BOJOIPOBIZHOI BOAY Ta MPOBOAUIN
BM3HAUYEHHsS aHAIOTiYHO MOOYOBi Kamibpy-
BaJIbHOTO rpadika. Pesynpraty ompamroBamm
METOJaMM MaTeMaTU4HOI CTAaTUCTUKM.

Bcranosnmenmit  BmicT ckmajae 17,8+
+0,84 mxr/n (RSD 4,5%). [lna nepesipku mpa-
BIUJIBHOCTI po3p0o0JIeHOI METOAVIKY BMICT e-
pymy y Bogi BusHadamm metopom I3II-OEC,
saxuit cknagae 17,3+10,71 mxr/n (RSD 3,9%). I3
BMKOPVCTAHHAM METOJiB MaTeMaTW4YHOI CTa-
TUCTUKN (Fekcn =1,39; FO)QS;Z;2 =19,0;t, = 1,96;
tygsa = 2,776; P = 0,95; n =n,=3) MOXXHa KOHC-
TaTyBaTy, IO Pe3y/IbTaTU aHaJi3y, Ofiep>KaHi
pisHMMM MeTOJaMM, 3Hayyllle He Bigpi3HA-
I0TBCSI MDK €00010, 10 CBifYNTD IIPO BiACyT-
HICTb CHICTEMaTMYHMX ITOXMOOK Ta BKa3ye Ha
IPaBWIbHICTb pO3p00/IEHOI METOVIKN.

BVMICHOBKI. Y uiit po60Ti BUBY€HO KOMII-
nexcoyTBopeHHA depymy (II) ta pepymy (III)
3 HM3KOKI0 aJIKin- Ta (peHIIHOXigHUX coren
6,7-purifpokcubensonipunio. BcraHoBIeHO
ONTMMAJIbHI YMOBM B3a€EMOMIl B JOCTipKe-
HJX XiMiYHUX cucTeMax. MeTogoM MOIAPHUX
BifHOIIeHb Ta benTa — OpeHya BCTaHOBIEHO
CK/IaJi yTBOPEHUX KOMIIIEKCIB, a 32 METO/IOM
Komapsi o6umcieno MmonspHi koedinientn
CBITJIONOINIMHAHHA Ta j0rapudmMm KOHCTAHT
criiikocri (IgB) mrsa nponykris cxmany 1:3. Bu-
BYEHO iHTepBa/IM MiHINHOCTI KanibpyBanbHO-

https://ucj.org.ua

ro rpadiky, Mexi KiTbKiCHOTO BUSIB/ICHHS Ta
BU3HaueHH:. Po3po61eHO MeTOAVIKY IPSAMOTO
CIIeKTPO(OTOMETPUYHOTO BU3HAYEHHS BMic-
Ty 3arajbHOTO (pepyMy y BOZOIIPOBiHil BOfI.
> Po60Ty BNKOHAaHO B MeXaX HayKo-
Sg) Bo-gocaigHoi Temm «Hosi "semeni"
KOMOiHOBaHi CHEKTPOCKOMiYHi MeTo-
[V aHa/i3y Ta IXHE aHaTiTMYHE 3aCTO-
CYBaHH:A», JEPKABHUM peecTpamiii-
Hui1 Homep: 0125U000871.

COMPLEXATION OF IRON (1) AND
IRON (lll) WITH SOME DERIVATIVES OF

6,7-DIHYDROXYBENZOPYRYLIUM SALTS
IN SOLUTIONS.

A.V. Demchuk, K.K. Vidinevicius, B.T. Zay,
S.V. Toporov, O.M. Zhukovetska, D. V. Snigur

Odesa National I.I. Mechnikov University,
2 Vsevoloda Zmiyenka str., Odesa 65082,
Ukraine

e-mail: snigur@onu.edu.ua

This work is devoted to a detailed study of
the complex formation of iron(II) and iron(IIT)
ions with a series of alkyl- and phenyl-substi-
tuted salts of 6,7-dihydroxybenzopyrylium (R).
Such complexes are of interest due to their
potential application as analytical reagents for
photometric determination of trace amounts
of metals in aqueous systems, particularly in
drinking water. The optimal conditions for
the reactions in the studied chemical systems
have been established: pH range of 3-7 and the
analytical signal observed at A = 550-580 nm.
Under these conditions, the maximum color
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intensity of the complexes is achieved, which
indicates their stability and reproducibility.

Using the methods of molar ratios and
Bent - French analysis, it was shown that un-
der optimal conditions the complex formation
proceeds stepwise with the formation of stable
compounds with a metal-to-ligand ratio of
1:3. This confirms the ability of iron cations to
form polynuclear and multicoordinated struc-
tures with R. To characterize the spectrophoto-
metric properties of the complexes, the molar
absorption coefficient was determined, and the
logarithm of the stability constant (IgfB) was
calculated using the Komar method, which al-
lowed a quantitative evaluation of the stability
level of the obtained complexes.

Special attention was given to the study of
the metrological characteristics of the pro-
posed technique: the linearity intervals of the
calibration curves, as well as the limits of de-
tection and quantification of iron ions, were
established. The practical application of the
method was demonstrated on samples of tap
water. The obtained results showed that the
iron content complies with hygienic standards
according to DSANPIN 2.2.4-171.10 and sta-
tistically agrees with the results obtained by
an independent ICP-OES method, which con-
firms the reliability and reproducibility of the
developed approach.

Thus, the conducted research not only ex-
pands the understanding of the complex forma-
tion of iron with 6,7-dihydroxybenzopyrylium
derivatives but also demonstrates the practical
applicability of these systems in drinking water
quality control and environmental monitoring.

Keywords:  6,7-dihydroxybenzopyrylium

salts; iron (II); iron (III) complex formation;
spectrophotometry.
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Po3po6yeHo Ta ZOCTipKeHO KOMIIO3UTHIIE TBEPAMII elIeKTPOJIT Ha OCHOBI propnonimepy
Neoflon VT-475, ionnoi pigyuau PYR14-TFSI ta coni LiTFSI, sxuit mpusHaueHo /151 BUKOPU-
CTaHHA B TBEPAOTIIbHUX JTiN-iOHHNX akyMynATOpax. Sk nmiTili-npoBigHy K06aBKY B CKIaf,
enexTponiTy BBoiun Hanovactunku Li (Al [Ti _(PO,), (LATP) si crpykrypoio NASICON,
siKa 3abe3reuye TpUBMUMIpHi KaHamu /11 edekTUBHOI Mirpariii ionis mitito. LATP 6y70 cun-
T€30BAHO 30JIb-T€/Ib-METOJOM, 1O JO3BOIVM/IO OTPUMATH YaCTUHKM 3 BUCOKOIO iI0HHOIO IIPO-
BiIHICTIO Ta CTabiIbHOI0 KPUCTATIYHOIO CTPYKTypo. ONMcaHO METOAMKY BUTOTOBJICHHS
€JIEKTPOJIITY, AKNUI OfePXKYBaayu y BUIJIAML IUIIBKY, Ta IOTO XapaKTePUCTUKI, Y TOMY YMUCTIi
e/IeKTPOXiMiYHi BIaCTUBOCTI, SIKi JOCTIIPKyBanu B 1a00OPaTOPHUX MPOTOTHUIIAX AaKYMYJISTO-
piB i3 kaTomom Ha ocHoBi LiFePO, (LFP) Ta anogom Li, Ti,O , (LTO), mopudikosannum LATP.
[l mokpaieHHA MbK(a3HOro KOHTAKTY MK TBEP/IVIM €/IeKTPOJIITOM i eJIeKTpOiaMI 3aCTO-
COBaHO pigkodasHy Teparmito. [I/11 1IbOro NOBEPXHIO €1€KTPOXAIB HOJATKOBO IPOCOYYBAJIN
HO/MIMEPHUM PO3UMHOM ISl OKpallleHH: aaresil Ta Mi¢asHoro koHTakTy. Lle mo3Bomm-
JI0 3MEHIINTY MDK(asHuUII OIip, HOKPAINTY IOHHMIT TPAHCIIOPT Ta 3a06e31eYnTH CTabiIbHy
po6oTy 3a TpuBanOro UMKIyBaHH:A. [JOCIipKeHHS ToKasany, o po3pobiieHi IPOTOTHUIIN 3
KOMIIO3MTHUM TBEPAUM €/IeKTPOJIiTOM IeMOHCTPYIOTb IUTOMY €MHICTh, O/IM3bKY IO €MHO-
CTi 3pa3KiB i3 piIKMM €IEeKTPOJIITOM 32 CTPYMOBMX HaBaHTakeHb Jo 4C. CTaTucTuKa Tpusa-
JIOTO LIMK/TyBaHHA BKa3y€ Ha BUCOKMII piBeHb CTabiMbHOCTI, OCKI/IbKY 3MEHIIeHH: IMNTOMO]
€MHOCTI He mepeBuiiyBano 6% micna 130 MOBHMX LMKIIB 3apsy — po3psan. Pospobnenuin
€JIEKTPOJIIT € MEPCIEKTUBHUM JI/Id BUKOPUCTAaHHA B TBEPAOTIIBHUX JITiN-IOHHUX aKyMy-
JATOpax i3 MOMIMIIEHNMMY XapaKTepucTuKamy epeKTMBHOCTI, Oe3lekn Ta JOBTOBIYHOCTI,
OCKI/IbKM JIOTO CTPYKTYpa Ta CK/Iafi CIIPUAIOTh 3MEHIIEHHIO PU3MKY YTBOPEHHSA IEHAPUTIB,
HOKpalleHHIO cTabiIbHOCTI MK(asHOTro LIapy Ta 3a6e3nevYyITh BUCOKY iOHHY IIPOBiIHICTh
HaBiTbh 3a BUCOKMX HaBaHTa)K€Hb.

Kiro4osi cnoBa: TBepIoTiNbHI MiTili-iOHHI akyMynATOpY, ONiMepHMIi eneKTpotit, LATP.
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BCTYII. CyuvacHi niTiii-ioHHI aKyMmyns-
topu (JIIA) € ocHOBOW0 0araTboX TEXHOJIO-
rill eHeprosabesledeHHs, 30KpeMa B eJIeK-
TPOTPAHCIIOPTi, IOPTATUBHI €IeKTPOHIL|i Ta
cucreMax 36epiranHa eHeprii. 3asBuyait JIIA
MICTATD IBa MOPUCTUX eeKTpoanu (aHop i Ka-
TOR), PO3Ji/IeH] cerapaTopom, i3 pifKuM enex-
TPOJIITOM Ha OCHOBI allpOTOHHUX OPTaHiYHUX
PO3YMHHUKIB i3 JiTifi-ipoBigHOW cimmo [1].
HesBaskaroun Ha 3HAYHiI TEXHIiYHi JOCATHEH-
HA y Ll raaysi, HaABHICTb PiZJKOTO €1eKTPO-
Ty 3YMOBJIIOE HU3KY KPUTUYHUX IIPOOIEM,
OCKI/IbKM OpraHiyHi pO3YMHHUKMU, AKi BXO-
JATD [0 CK/IaJy €NeKTPOJIITY, € IETKO3alIMIC-
TVIMM, TOKCMYHVIMM) Ta HECTAaOiIbHUMM 3a BU-
COKMX TeMIlepaTyp. 30KpeMa, B3aeMOflisd pifi-
KOrO €/IeKTPOIITY 3 aKTMBHUMI MaTepialaMu
e/IeKTPOJiB IPU3BOAUTD O POPMYBAHHSA TaK
3BaHoi nuisku SEI (solid-electrolyte interface),
1110 CIIPUYMHAE JIeTPafiallilo CUCTEMU Ta BTPa-
TY EMHOCTI B ITpOLjeci IIMK/TyBaHH, 60 Cynpo-
BOIDKYETbCA CIIOKMBAHHAM €IEKTPONITY Ta
AKTVBHOIO JIiTil0, III0 CIPUYVHSE HE3BOPOTHI
BTPAaT €MHOCTI Ta 3pOCTAaHHA BHYTPIlIHbO-
TO OHOpY, OCOONMMBO Ha IOYATKOBUX IMK-
nax [2, 3]. Kpim Toro, mpucyTHicTb pigkoro
eIeKTPOJITY YCK/IaJHIOE BUPOOHMYMIA ITpOIiec
yepe3 HeOOXiIHICTh PeTEeNbHOTO 3alIOBHEHHS
Ta repMeTM3allil KOMipOK y CyXiil iHepTHiil aT-
Mocdepi [4].

AJIPT€PHATMBOIO Liill TEXHOJIOTII € TBEPAO-
tinbHi akymynsatopu (TTA), B Akux pigkuii
e/IEKTPOJIIT 3aMiHEHO Ha TBEpPAUI 1OHHUIA
nposigHuk [5]. Taka KOHCTpyKIIiA 3abe3nedye
BUIIY 6€3IIeKy, Hi/iBUIIeHY TepMi4Hy CTabib-
HICTb, a TaKOX TBEPAUN €JIEeKTPOJIT BUKO-
Hye ponb (isuyHOro 6ap’epy M JeHAPUTIB,
3HIJDKYI0YM PU3UK KOPOTKOTO 3aMMKaHHA [3].
binpmr Toro, apxitexktypa TTA cnpuse pea-
mizanii 6imoNApHOTO YKIalaHHA ORVHUYIHNIX
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e/IeMeHTIB y 6aTapero, 1[0 CIpoIye ii fu3aitH
Ta 3MEHIIye Macy i 06’em [6].

TBeppi eneKTponiTi, sIKi BUKOPUCTOBYIOTb
y TaKUX CUCTEMaX, IOAI/IAI0Th Ha TPU OCHOB-
Hi TUIIM: HEOPraHi4yHi, IIOMiMEPHI Ta KOMIIO-
sutHi [7]. Heopraniuni TBeppi enekTpomitu
3a3BMYall MAaIOTh KPUCTaliyHy abo CKJIONO-
Ii6HY CTPYKTYpY, 3aBAsAKM sKill 3abe3medy-
IOTb BMCOKY 10HHY IPOBIJHICTH HaBITh 3a
KiMHaTHOI Temneparypu (go 10?2 Cm/cm) [8].
BoHym XxapaKTepmsyroTbCs BMCOKOK MeXa-
HiYHOIO MIJHICTIO, CTabI/IbHICTIO 32 BUCOKMNX
TeMIIEpATyp Ta arpeCUBHUX XIMiYHUX YMOB.
Cepen BijOMMX Ha CbOTOAHI HEOPraHiYHUX
MITIV-IOHHKX TIPOBIIHMKIB yBary InpuBepTa-
10oTb Marepiamm 3i crpykrypamu NASICON,
IIEPOBCBKITY Ta rpasary. HaiiBumow ion-
HOIO IIPOBIJHICTIO B paMKax KOXXHOTO 3 Ha-
BeJeHMX K/IAaCiB BOJIOMIIOTH XiMiYHI CIIONYyKK
Li AlTi, (PO,), (LATP), Lila, TiO,
(LLTO) Ta LiLaZr O, (LLZO) BignosigHo
[9, 10]. O4yeBnaHOIO IlepeBarow iTili-Ipo-
BigHMX MatepiaiB 3i ctpykryporo NASICON
€ BIICyTHICTh y IXHbOMY CKJIafii pifiKiCHO3e-
MeJIbHMX €/IEMEHTIB, 1[0 3MEHIIYE IXHI0 co0i-
BapTICTb NOPIBHAHO 3 IpPaHaTaMM Ta IIEPOB-
cbKiTaMu. BojHOYac KpUXKiCTh HEOPraHi4YHUX
€/IEKTPOJIITIB, a TAKOXK BUCOKMIA OIip Ha MeXi
KOHTAKTY 3 eJIeKTPOfiaMy 0OMeXye iXHe BUKO-
PUCTAaHHA B pealbHUX IPUCTPOX.

ITonimepHi TBepAi €1eKTpoMiTH, Ha BifMi-
HY BiJj HeOpraHiuHUuX, JIeMOHCTPYIOTb JOODPY
€TaCTUYHICTD, THYYKICTD i 3aTHICTD popmy-
BaTy CTabibHMIT iHTepdeiic 3 eneKTpomamMu.
Boun mictaTh cori nitito, 1m0 3abesnevye ioH-
HY NpOBigHICTh y moniMepHiit MaTpuui [11].
Hartgacrimme BMKOPUCTOBYIOTH —IIOieTHUIIE-
HOKcHf, propoBaHi monmimepn, nonikapboHa-
TU, TIO/liecTepy, MOMHITPUIN Ta biononiMepn.
[onoBHUM HENOMIKOM IOJIMEPHUX €JIEKTPO-
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JITIB € IXHA HU3bKa 10HHA IIPOBIAHICTH 3a
KIMHAaTHOI TeMIlepaTypH, sKa IOTpebye mif-
BUILEHHA TEMIIEPATYPU /1A TOCATHEHHSA IIPU-
JIHATHOTO piBHA poOOTH.

[lna noepHaHHA nepeBar 000X KiIaciB Ma-
TepialiB — BUCOKOI IPOBIJHOCTI HEOpraHid-
HUX TBEPAUX €eKTPOJIITIB Ta IHYYKOCTI II0-
nmiMepHUX - Oyn10 po3po6/IeHO KOMIIO3UTHI
MOMIMEpPHI €IEKTPOJIITH, B AKUX HEOpraHivHi
YaCTVHKM BBOJATD y IOMIMEPHY MaTPULIXO I
IIOKPAILlEHHA 10HHOI IIPOBiJHOCTI, Me€XaHid-
HOI CTabiIbHOCTI Ta eleKTPOXiMiyHOI cyMic-
HocrTi [12]. Takuit migXig ;03BOJS€ SMEHIITUTI
KPUCTAIYHICTD MOiMepy, 30iMbIINTI Kilb-
KICTh IUIAXIB [i/IA IIepeHOCy iOHIB 1 BOMHO-
qac 30eperty THYYKicTb Ta 00poOIIOBaHICTD.
HanoBHIoBa4i MOXYTb OyTV iHepTHMMU, Ta-
KMMM SIK OKCUJIV aTIOMiHiI0 41 KpeMHi, abo
akTuBHUMM — TakuMu Ak LLZO, LLTO um
LATP [13]. OcTaHHi He /uilIe MiCUITIOITD Me-
XaHiYHi B/IaCTMBOCTI, a 71 caMi 6epyTh y4acTb y
IIpoLieCi iI0HHOI MIPOBIZHOCTI.

Y niit crarTi po3mismaEMo crocié opep-
>KaHHSA KOMIIO3MTHOTO ITO/IMEPHOTO €/IEKTPO-
JiTy, WO MiCTUTh Li-IpOBifHI KOMIIOHEHTH,
a TaKOX IJIAXM MOKpPAIeHHS JI0r0 KOHTAKTy
3 eMeKTpONHMMU Imapamyu. MeTor poboTu
6yno pospobmenHs i gocnmimkeHHs eeKTNB-
HOTO KOMIIO3UTHOTO TBEPHOTO €NeKTPOIITY
Ha ocHOBi ¢ropnomimepy Neoflon VT-475,
ionnoi piguan PYR14-TFSI Tta coni LiTFSI i3
nonasannam Li (Al [Ti _(PO,), ax nposinHoi
106aBKM. 3apONOHOBaHA KOMOIHAIIs JO3BO-
ns€ 3abe3mednTy CTabiIbHICTD i BUCOKY Ipo-
BiJIHICTb i € Ba)K/IMBUM KPOKOM J10 CTBOPEHHA
epeKTUBHUX, Oe3MeYHNX Ta MacCIITa0OBaHUX
TBEPAOTI/IBHUX AKYMY/IATOPIB HOBOIO IIO-
KO/MiHHA. 3rifHO 3 /MiTepaTypHUMM HAHUMU,
e/IEKTPOJIiITY Ha OCHOBI MOMNiBiHiNiTeHPTOPK-
ny (PVDF) i LATP meMOHCTPYIOTH XOpOIIy
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e/IeKTPOXiMiYHY CTabiNbHICTD Ta MPUJATHICTD
IO JOBTOTPMBAJIOrO LMKIyBaHHA. Hampu-
K1aj, y pobori [14] mokasaHo, 1[0 KOMIIO-
sut PVDF i3 90% LATP 3a6e3neunB eMHiCTb
107 MA-rop/r npu 36epexxenHi 91.4% micia
200 nukiiB y LMO-cuctemi. B inmomy goci-
mxenHi [15] mriska PVDF-HFP/LATP (10%)
JeMOHCTpYBajIa BikHO cTabiibHOCTI 10 4,94 B,
cTabinbHy pO6OTY 3 /TiTIEBUM aHOJOM NPOTH-
rom >300 ropuH, a B koMipui 3 NCM622 nocs-
rana 152 MA-rop/r micna 50 uukinis npu 100%
KY/IOHIBCBKill epeKTUBHOCTI.
EKCIHIEPMMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. KomnosuTHa HoOlTiMepHa ILIiB-
Ka Ha ocHOBi ¢ropnonimepy Neoflon VT-475
(Daikin Chemical) Bkmouana 6ic(tpudropme-
Tywicynbdonin)imip nitito (LiTFSI) (Solvionic,
®paniia), ionHy piguny 1-6yTi-1-mMeTymmi-
ponipunito (PYR14) 3 anionom TFSI (Proionic,
®panuis) ta LATP 3i crpykryporo NASICON
LATP opep>xyBamu 3071b-Teb-MeTOAOM [16].
Pesynpratm P®A cBigyaTh, 110 CHMHTE30Ba-
Hi 3pas3Ky XapaKTepuU3yITbCA poMOoenpmd-
HOIO CTPYKTYpPOIO, IpU IJbOMY KPUCTaJIiyHi
HAHOYACTVHKM € CIabKoarioMepOBaHIIMIA,
a IXHi cepefHiil po3Mip CTaHOBUTH 35 HM.
Bubip ¢ropnonimepy Neoflon VT-475 6ys
3YMOBJIEHMII JIOTO XapaKTePUCTUKAMU IIPU
BUTOTOBJIEHHI €/IEKTPOJIB [/IA JITil-IOHHUX
aKyMy/IATOpPiB, a caMe: XiMiyHa CTiJIKiCTb,
IIOKpallleHa I'HY4YKiCTb, KpiM TOroO, J10TO BM-
KOPUCTAHHS MiIBUIIYE CTaOiIbHICTD CyCIleH-
3ii. Ionny piguny PYR14-TFSI pomaBamm sk
«po3unHHUK» piA comi LiTFSI y ckmapni moni-
MepHol Komnosunii. Posunn mictus VT-475,
LiTEFSI i PYRI14-TFSI 3i cmiBBimHOIIIEHHSAM
KOMIIOHEHTIB 1o Maci 4:3:3 B aleTOHIiTpuIi.
Ilicna IMOBHOTO pPO3YMHEHHA KOMIIOHEHTIB
momasanmu cycrneHsito LATP B anetonitpumi
i3 Bmictrom LATP 10 mac.%. Tomorenisariito
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®I3NYHA XIMIS

NOMIMEPHWIA KOMMNO3WTHWUIA ENEKTPOIT HA OCHOBI NASICON ANs TBEPAOTIIbHUX Li-IOHHUX AKYMYNIATOPIB

3MIiIICHIOBA/JIM 3a JOIIOMOTOI0 IIBUAKICHOI Mi-
mraznku (10 tuc. 06/xB).

OTpuMaHy CycHeHsil0 HAHOCU/IN Ha CKJIA-
HYy IUIACTMHY 3a JOIIOMOTOI0 aIllikaTopa B
arMocdepi aprony. [Ins BupaeHHA alueTo-
HITPU/Ty NIJIACTMHY 3 HAaHECEHOI CYCIIEH3i€l0
BaKyyMyBa/lIM YIPONOBX OJHI€El TOAMHM 3a
KIMHAaTHOI TeMIlepaTypy, a MOTIM 00epeXXHO
3HiManmu yTBOpeHy mmiBKy (puc. 1). Bci po-
00TV 3 IPUTOTYBAaHH:A PO3UNHIB i 3i 30upaH-
HA NPOTOTUIIB JIiTili-iOHHUX AKyMY/IATOPIB
i3 moniMepHOI0 IUIIBKOIO IPOBOAVIN B OOKCi
Vigor Technologies Co (Suzhou, China), 3a-
IIOBHEHOMY CyXMM aproHom. BmicT Bomoru i
KJCHIO B OOKCi He IlepeBuIlyBaB 2 ppm.

Puc. 1. ®oTo nonimepHOI NIiBKY, BUTOTOBJIEHOI
3 VT-475, LiTFSI, PYR14-TFSI Ta LATP

Fig. 1. Photo of polymer film made of VT-475,
LiTFSI, PYR14-TFSI and LATP.

st enekTpoXiMiuHUX JOCIiIKeHb O6y10
BUTOTOBJIEHO yabopaTopHi npototumu JIIA,
AKI CKIajanuca 3 mapu enekTpopis, posjine-
HIJX CEMapaToOpOM i repMeTUYHO yIaKOBAHUX
B JIaMiHOBaHy amoMiHieBy ¢onbry. [Ins Bu-
TOTOBJIEHHA €/IEKTPOJiB IOTYBa/lIM CYCIIEH3iI0
3MilIyBaHHAM BUXiJHOIO €/IEKTPOJHOIO Ma-
Tepiany i3 cakero Ta aKTMBOBAaHUM BYTIIAM
y posumni mnomisininigendropuny B N-Mme-
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TUJI-2-MIPOJIJOHI; MacoBe  CIIiBBiJIHOIIEH-
HsS KOMIOHeHTIB 85:4,4:4,8:6. (K kaTtomHui
Mmatepian Bukopucrtoysamu LiFePO, (LFP),
ak anopnmit — Li, Ti,O,, (LTO), mogudikosa-
Huit LATP. Cycnensito akTMBHOTO Marepiany
HaHOCW/IY Ha NTOIIePeNHbO MiATOTOBIEHNII KO-
nexTop cTpymy MertomoM «doctor blade». Ak
KOJIEKTOP CTPYMYy BUKOPMCTOBYBA/IMI MOJM-
¢dikoBaHy YacTMHKaMy TpadiTy amoMiHieBy
¢o1bry 3 TOHKMM LIapoM (10 5 MKM) Ipaiime-
py — caxxa 3i 3p’a3yrounm-aaresusom PVDE

Ax TBepmmil eneKTpoONT i BOMHOYAC ce-
nmapatop Oy/I0 BUKOPMCTaHO CHMHTE30Ba-
Hy noniMepHy miiBky Ha ocHoBi LiTFSI Ta
PYR14-TFSI, HanoBHeHy mniTiii-IpoBigHUMMA
qactuHKamyu LATP. Jlna mopiBHAHHA Oymn
BUTOTOBJ/IEHI TaKOXX 3pasKy 3 KOMEPLITHUM
nomiMepHuM cemapatopoM Solupore 3P07A
(kommawnis Lidal) ToBmmHo0 20 MKM.

Bapro sasmaumTty, 1o y TBEPHOTINbHUX
JITA KOHTaKT MiXK ITOJIIMEPHUM €/IEKTPOJIiITOM
i enexTpopmamu Moxxe 6yTi Hee(peKTBHIM Ye-
pe3 HekoHOpMHY Mopdororio. ObMexeHMI
i HepiBHOMipHUIT MiX]asHMII KOHTAKT «IO-
MIMEPHUI €NEKTPOJIT — TBEPAUIL €1eKTPOmI»
IIPU3BOAUTD [JO HU3BKOTO PiBHA Mirpaljii ioHiB
1 MOX/IMBOTO Yy HM3II BUIIAJKIB YTBOPEHHA
IeHApuUTiB iTio Ha aHoxi [17, 18]. IIpob6ie-
My Mbk]a3HOI OBEpXHi MOXYTb BIUIMBATU
Ha IPAaKTUYHY TYCTMHY eHeprii Ta cTabinb-
HicTb po6oTy JIIA 3a TPUBAIOTrO LMK/ITyBaHHA.
J71s1 mokparieHHs Mi>K($a3HOTO KOHTAKTY MK
TBEPZIOTI/IBHUM €/IEKTPOJIiITOM Ta €eKTpOofa-
MM 3aIIPOIIOHOBAHO 3aCTOCOBYBATH «pifKodas-
HY Tepamio» [19, 20], mo nependayae BBejeHHA
HEBE/IMKOI Ki/IbKOCTI PifIKOTO €/IEKTPOJIITY.

Y Hammx ekcriepuMeHTax Oy/Io IpoBefieHO
pigkodasoBy Tepamiio 3a OIIOMOTOI PO3YM-
Hy 1 M LiTFSI y npomninenkap6oHari. Bmict
pifiKoro eneKkTpomiTy B 3paskax JIIA 3 miomero
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enekTpopiB 35,7 cm? ckimagas 0,5 vy Binbin
TOTO, I/If1 TOKpAIIeHHA MK(a30BOro KOHTAK-
Ty MDK IIOBEPXHEIO €IeKTPOJia 1 IIiBKOIO-Ce-
[1apaTOPOM ITOBEPXHIO €/IEKTPOJIB JOJATKOBO
IpocovyBay noniMepauM pozunHoM Neoflon
VT-475, LiTFSI i PYR14-TFSI B aneronitpui
3 TAaKVIM CaMMM CIIiBBi/JHOIIIEHHAM KOMIIOHEH-
TiB mo Maci 4:3:3. JIna BuganeHHA 3aaUIIKiB
alleTOHITPUIIY €NEeKTPOAM TIC/IA IPOCOYy-
BaHHA BUTPUMYBa/IM y BaKyyMi 3a KiMHaTHOI
TeMIlepaTypu ynpoposx 1 rop. CxemMaTudHy

a
LFP

Al koeKkTOp
~~*l'lonimepnui'l eJIeKTPOTIT

i LTO, mon. LATP

Al xoxexTop

KOHCTPYKIIIO JOCHIP)KYBaHUX CUCTEM IIOKa-
3aHO Ha puc. 2.

JI/11 BCTAaHOBJIEHH A HAJiMHOCTI Ofjep>KaHUX
pes3ynbTatiB 0y10 KOCipKeHo cepiio 3 3-X Ko-
MIPOK 3 OTHAKOBMM CK/Ia[IOM €JIEKTPOJJHOTO
MaTepiany. 3apsan/po3psAfHiI XapaKTepUCTUKA
IPOTOTHIIIB JITilI-iOHHMX aKyMY/IATOPiB 6y10
Oflep)KaHO 3 BUKOPMCTaHHAM OaraToKaHaIb-
Horo BuMipioBanbHoro creHgy ARBIN (MITS
Pro Software of MSTAT 32, Arbin Corporation,
CIIA).

]

— Al Ro1eKTOpP

LFP

— Solupore+pinkmii e1exTpomir
LTO, mon. LATP

Al koj1eKkTOp

* - IToxiMepHHI mAap i3 JiTili-iOHHOI0 NPOBITHICTIO, HAHeCeHHH HA JIeKTPOX

Puc. 2. CxeMaTnyHa KOHCTPYKIis TabopaTOpHMX eneMeHTiB i3 karogom LFP it anogom LTO,
MopmdikoBanuMm LATP: a — 3 TBepAMM e/1eKTPOiTOM, BUTOTOB/IEHUM i3 BUKOPUCTAHHAM
Neoflon VT-475, LiTFSI, PYR14-TFESI ta LATP; 6 - i3 pigkum eleKTponiToM
i komepuiitHuM cenaparopom Solupore 3P07A

Fig. 2. Schematic design of laboratory cells with LFP cathode and LTO anode modified with LATP:
a — with a solid electrolyte prepared using Neoflon VT-475, LiTFSI, PYR14-TFSI, and LATP;
b - with a liquid electrolyte and a commercial separator Solupore 3P07A.

Ha puc. 3 nokasaHo pe3ynbTaTu rajibBa-
HOCTAaTMYHOIO LMK/IYBaHHA 3a Pi3HOTO CTPy-
MOBOTO HaBaHTAXEHHA. I3 pesynbrartiB exc-
HEepUMEHTY MOXKHa 3pOOMTU BJMCHOBOK IIPO
Te, 110 3pa3KM i3 MOTIMEPHUM €IeKTPOIITOM
XapaKTepU3YyITbCA 3HAYEHHAMY IIUTOMO]I €M-
HOCTI, TOJ[iOHMMM [0 3HaUYeHb EMHOCTi 3pas-
KiB i3 piKMM €JIeKTPOIITOM 3a HEBMCOKUX
CTPYMOBUX HaBaHTaXeHb: Ipu cTpyMmi 4C em-
HicTb TTA cranosuna 120 MA-roz/r nopiBHA-

https://ucj.org.ua

HO i3 124 MA-TO/T 11 IPOTOTUILY i3 PiAKMM
€/IeKTPOJIiTOM, OfHAaK npu cTpymi 16C 3Ha-
yeHHs emHocTti TTA cranoBuimo numre 50 %
€MHOCTI IIPOTOTUITY i3 PIIKMM €I€eKTPOJIiTOM.
[Ipu pospaxyHKy Ha 3a3Ha4yeHi BUPOOHVKOM
160 MA-rox/T (LTO) BigHOCHA MOYaTKOBa PO3-
PANHA EMHICTb €KCIEepPMMEHTAJIbHOTO 3pa3Ka
TTA cranosuna 92 % Bifi TeOpeTUYHOI, 110 BCe
11[e 3aMNIIAETHCSA BUCOKIM ITOKAa3HIKOM.
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Puc. 3. 3miHa mUTOMOI EMHOCTI Ta6OPATOPHUX €TeMEHTIB i3 PiAKMM i TOTIMEPHUM €NeKTPOTITOM
IIpY Pi3HOMY CTPYMOBOMY HaBaHTQ)KEHHI: 1 - piKuii €JIeKTPOJIIT; 2 - TIOIMEPHUI €JIEKTPOJIIT

Fig. 3. Change in the specific capacity of laboratory cells with liquid and polymer electrolyte material
at different current loads: 1 - liquid electrolyte; 2 — polymer electrolyte.
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Puc. 4. 3mina nuToMoi EMHOCTI Ta6OPATOPHMX IPOTOTHUIIIB i3 IIIBKOIO, BUTOTOBJIEHOIO

i3 Buxopuctanuam LiTFSI, PYR14-TFSI Ta LATP npu TpuBanomy raJbBaHOCTaTMYHOMY LVKIyBaHHI

Fig. 4. Changes in the specific capacitance of laboratory prototypes with film made using
LiTFSI, PYR14-TFSI and LATP during prolonged galvanostatic cycling.
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[To6 pmocmigutyt cTabiNbHICTH pobOTH
TBEpPAOTLIIPHUX HPOTOTUIB, O6ylI0 NpoBefe-
HO Ta/IbBAaHOCTAaTUYHE LVK/IYBaHHA 3a PiSHMUX
crpymiB (0,3-16C). 3akmoyHe LMKITyBaHHSA
nposogyau npu 0,9C i mpy npoxojKeHHi 3a-
ranbHUX 130 qUKIIiB 3apAa/po3pAf, AK BUFLHO
i3 omep>kaHMX JaHUX (puC. 4), 3HaYEHHS TUTO-
MOI €EMHOCTI 3HVDKYETbCA Ha 6 %, a 3HaYEeHHA
OIIOpYy MiABMINYETbCA Ha 6 %, 1O CBiJYUTH
npo cTabinpHiCTh po6OTH KOMIpOK i3 mmojTi-
MEPHOIO IJIiBKOIO 3 BK/ItoYeHHAM LATP.

BJMICHOBKI. Po3po6eHo MeTOVIKY ofiep-
JKaHHA KOMIIO3MTHOTO TBEPMIOTO €IE€KTPOIITY
Ha ocHOBi ¢ropnonimepy Neoflon VT-475 i
Li ,Al ,Ti (PO,),, axuit BOAHOYAC BUKOHY-
BaB (yHKIII0 i cemaparopa, y mabopaTopHIX
IPOTOTUIIAX TBEPHOTIIBHMUX AKYMYIATOPAX
3 LFP/LTO enextpopamu. [l moxpaleHH:A
MDK(]asHOrO KOHTAKTy MDK e/IeKTpofaMy i
TBEPANUM €IeKTPOIITOM peani3oBaHO MeETOJ,
pinkodasHoi Tepamii, 1o nepegbdayaB 3MOUy-
BaHHA €/IEKTPO/IB IOIMEPHUM PO3YMHOM i3
JMiTiI-iIOHHOIO NPOBIHICTIO, @ TAKOX [NOJABaH-
HS HEBEJIMKOI Ki/IbKOCTI PiIKOTO e/IeKTPOJIITY.
IJe mo3BOMMIO 3MEHIIUTH OIip Ha MEXi IOfi-
1y (a3 Ta HOKPAIIUTY TPAHCIOPT iOHIB JIiTiiO.

ITporotunn TTA neMoHCTpye BMCOKY IO-
YaTKOBY PO3pAAHY €MHIcTh (146 MA-ron/r),
110 CTAHOBUTD 92 % Bif €MHOCTI 3pa3Ka 3 pif-
KUM e7lIeKTpomiToM. PesynpraTu Tpmsamoro
rajIbBAHOCTAaTUYHOrO IuKIyBaHHA npu 0,9C
Hi/ITBEPIKYIOTh CTAOIIBHICTD €IeKTPOXiMiu-
HUX IIapaMeTpiB CHUCTeMU i3 po3pobIeHuM
TBEPANUM €/IEKTPOIITOM, OCKIIbKM 3Ha4YeHH:A
IIATOMOI €MHOCTI 3HVDKYETbCA Ha 6 %, npu
IIbOMY 301/IbILIEHHS OIIOPY CTAHOBUTDb MEHIIIe
6 % micna npoxomkeHHA 130 nuxmis 3apsAn/
pospAzn.

OTxe, po3poOIeHNi i KOMIIO3UTHUI TOJIi-
MEPHMII €JIEKTPOJIT € MEePCIEeKTUBHUM MarTe-
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piazmoM 14 BUKOPUCTAHHA B TBEPAOTIIBHUX
JNiTiEBUX JpKepenax CTPyMy 3aBJSAKU CTa0i/lb-
HOCTi Ta e(peKTUBHOCTI.

> Po6ory BukoHaHo 3a migTpumku Ha-
Sg) IIiOHANIbHOI aKajeMil HayK YKpaiHu
B paMKax NpoekTy «Po3pobOka mimis-
KOBUX KOMIIO3UIIIITHMX JIiTill- Ta Ha-
TPili-IPOBiJHNX €TeKTPOIITIB i eleK-
TPOAHMX MaTepianiB I TBEPHOTiIb-
HUX aKyMyIATOPiB» (peecTpaniiiHumit
Ne 0125U000641 Ta peecTpauniiiHmii
Ne 0125U001106)

I
POLYMERIC COMPOSITE ELECTROLYTE

BASED ON NASICON FOR SOLID-STATE
LITHIUM BATTERIES.
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O. A. Syvolozhsky', N. G. Stryzhakova’,
Y. A. Maletin’, 1. V. Lisovskyi*
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of Endoecology of the National Academy

of Sciences of Ukraine,
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? V.I. Vernadskyi Institute of General and
Inorganic Chemistry of the National Academy
of Sciences of Ukraine,
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e-mail: irinaefimich@gmail.com

A composite solid electrolyte based on
the fluoropolymer Neoflon VT-475, the ionic
liquid PYRI14-TFSI, and the lithium salt
LiTFSI has been developed and studied for
use in solid-state lithium-ion batteries. As a
lithium-conductive additive, nanoparticles of
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Li Al ,Ti (PO,), (LATP) with a NASICON-
type structure were introduced into the electro-
lyte composition, providing three-dimensional
channels for efficient lithium-ion migration.
LATP was synthesized using a sol-gel method,
which enabled the production of particles with
high ionic conductivity and a stable crystalline
structure. The methodology for fabricating the
electrolyte in the form of a film is described,
along with its characteristics, including elect-
rochemical properties, which were investi-
gated in laboratory battery prototypes with a
LiFePO, (LFP) cathode and a Li, Ti,O,, (LTO)
anode modified with LATP. To improve inter-
facial contact between the solid electrolyte and
the electrodes, a liquid-phase treatment was
applied. The electrode surfaces were addition-
ally impregnated with a polymer solution to
enhance adhesion and interfacial contact. This
approach reduced interfacial resistance, im-
proved ion transport, and ensured stable per-
formance during long-term cycling. The study
showed that the developed prototypes with
the composite solid electrolyte demonstra-
ted specific capacities comparable to those of
samples with liquid electrolytes under current
loads up to 4C. Long-term cycling statistics in-
dicated a high level of stability, with capacity
degradation not exceeding 6% after 130 full
charge-discharge cycles. The developed elec-
trolyte is promising for use in solid-state lithi-
um-ion batteries with improved performance,
safety, and durability, as its structure and com-
position help reduce dendrite formation risk,
enhance interfacial layer stability, and main-
tain high ionic conductivity even under high
loads.

Key words: solid-state LIB, polymeric elec-
trolyte, LATP.

20

JIITEPATYPA

. Nasajpour-Esfahani N., Garmestani H., Bag-

heritabar M., Jasim D.J., Toghraie D., Dad-
khah S., Firoozeh H. Comprehensive review of
lithium-ion battery materials and development
challenges. Renewable and Sustainable Energy
Reviews. 2024. 203. P.114783.

. Rufino Junior C.A., Sanseverino E.R., Gallo P,

Amaral M.M., Koch D., Kotak Y., Diel S., Walter
G., Schweiger H.-G., Zanin H. Unraveling the
degradation mechanisms of lithium-ion batte-
ries. Energies. 2024. 17 (14). P. 3372.

. Lin Y.-X,, Liu Z., Leung K., Chen L.-Q., Lu P,

Qi Y. Connecting the irreversible capacity loss
in Li-ion batteries with the electronic insulat-
ing properties of solid electrolyte interphase
(SEI) components. J. Power Sources. 2016. 309.
P. 221-230.

. Machin A. Advancements and challenges in so-

lid-state battery technology: an in-depth review
of solid electrolytes and anode innovations. Bat-
teries. 2024. 10 (1). P. 29.

. Moradi Z., Lanjan A., Tyagi R., Srinivasan S. Re-

view on current state, challenges, and potential
solutions in solid-state batteries research. Jour-
nal of Energy Storage. 2023. 73 (C). P. 109048.

. Sung].,Heo].,,Kim D.-H.,Jo S.,Ha Y.-C., Kim D,,

Ahn S., Park J.-W. Recent advances in all-solid-
state batteries for commercialization. Materials
Chemistry Frontiers. 2024. 8. P. 1861-1887.

. Joshi A., Mishra D.K,, Singh R., Zhang ],

Ding Y. A comprehensive review of solid-state
batteries. Applied Energy. 2025. 386. P. 125546.

. SarfrazN.,Kanwal N., Ali M., Ali K., Hasnain A.,

Ashraf M., Ayaz M., Ifthikar J., Ali S., Hendi A.,
Baig N., Ehsan M.E, Shah S.S., Khan R., Khan I.
Materials advancements in solid-state inorganic
electrolytes for highly anticipated all solid Li-
ion batteries. Energy Storage Materials. 2024.
71. P. 103619.

. Bachman J. C,, Muy S., Grimaud A., Chang H.

ISSN 2708-129X. YKp. XiM. XypH., 2025



1. J1. Echimiw, I. C. by6ena, 0. A. CuBonoxcbkuii, H. I'. CTpuxakosa, H0. A. ManeTin, I. B. JlicoBcbkuit

YXX Ne 8 / TOM 91

H., Pour N, Lux S. E, Paschos. O., Maglia E, Lu-
part S., Lamp P, Giordano L., Shao-Horn, Y. In-
organic solid-state electrolytes for lithium bat-
teries: mechanisms and properties governing
ion conduction. Chemical reviews, 2016. 116(1).
P. 140.

10.Hou M., Liang E,, Chen K., Dai Y., Xue D. Chal-
lenges and perspectives of NASICON-type so-
lid electrolytes for all-solid-state lithium batte-
ries. Nanotechnology. 2020. 31 (13). P. 132003.

11.Song Z., Chen E, Martinez-Ibafiez M., Feng W.,
Forsyth M., Zhou Z., Armand M., Zhang H.
A reflection on polymer electrolytes for sol-
id-state lithium metal batteries. Nature Commu-
nications. 2023. 14. P. 4884.

12.LiS, LiL.,, Yang H., Zhao Y., Shan Y. A review of
composite polymer electrolytes for solid-state
lithium-sulfur batteries: Synthesis methods, op-
timal design, and critical challenges. Chemical
Engineering Journal. 2024. 484. P. 149433,

13.Jian S., Cao Y., Feng W,, Yin G., Zhao Y., Lai Y,,
Zhang T., Ling X., Wu H., Bi H., Dong Y. Re-
cent progress in solid polymer electrolytes with
various dimensional fillers: a review. Materials
Today Sustainability. 2022. 20. P. 100224.

14.Liang X., Han D., Wang Y., Lan L., Mao J. Prepa-
ration and performance study of a PVDF-LATP
ceramic composite polymer electrolyte mem-
brane for solid-state batteries. RSC Adv. 2018. 8.
P. 40498-40504.

15.Yao Z., Qi E, Ye L, Sun Q., Gu X,, Yang X,
Zhu K. Composite polymer electrolyte based on
poly(vinylidene fluoride-hexafluoropropylene)
(PVDEF-HEFP) for solid-state batteries. Heliyon.
2024. 10 (6). P. 28097.

16.Lisovskyi I, Solopan S., Belous A., Khomen-
ko V., Barsukov V. An effective modification of
LiNi, Co,,Mn, 0, with Li Al Ti (PO,), as
high-performance cathode material for Li-ion
batteries. Journal of Applied Electrochemistry.
2022.52.P. 1701-1713.

17.Yan, C,; Yao, Y.-X.; Chen, X,; Cheng, X.-B;

https://ucj.org.ua

Zhang, X.-Q.; Huang, J.-Q.; Zhang, Q. Lithi-
um nitrate solvation chemistry in carbonate
electrolytes sustains high-voltage lithium met-
al batteries. Angewandte Chemie International
Edition. 2018. 130. P. 14251-14255.

18.Kerman K., Luntz A., Viswanathan V., Chiang
Y.-M., Chen Z. Review - practical challenges
hindering the developments of solid-state Li ion
batteries. Journal of The Electrochemical Society.
2017.164. P. A1731-A1744.

19.Keller M., Varzi A., Passerini S. Hybrid electro-
lytes for lithium metal batteries. Journal of Po-
wer Sources. 2018. 392. P. 206-225.

20.Zhao C.-Z., Zhao B.-C., Yan C,, Zhang X.-Q,
Huang J.-Q., Mo Y, Xu X,, Li H., Zhang Q.
Liquid phase therapy to solid electrolyte—elec-
trode interface in solid-state Li metal batte-
ries: A review. Energy Storage Mater. 2020. 24.
P. 75-84.

REFERENCES

1. Nasajpour-Esfahani N., Garmestani H., Baghe-
ritabar M., Jasim D.J., Toghraie D., Dadkhah S,
Firoozeh H. Comprehensive review of lith-
ium-ion battery materials and development
challenges. Renewable and Sustainable Energy
Reviews. 2024. 203: 114783.

2. Rufino Junior C.A., Sanseverino E.R., Gallo P,
Amaral M.M., Koch D., Kotak Y., Diel S., Walter
G., Schweiger H.-G., Zanin H. Unraveling the
degradation mechanisms of lithium-ion batte-
ries. Energies. 2024. 17 (14): 3372.

3. Lin Y.-X,, Liu Z., Leung K., Chen L.-Q., Lu P,
Qi Y. Connecting the irreversible capacity loss
in Li-ion batteries with the electronic insulating
properties of solid electrolyte interphase (SEI)
components. J. Power Sources. 2016. 309: 221-
230.

4. Machin A. Advancements and challenges in so-

lid-state battery technology: an in-depth review
of solid electrolytes and anode innovations.

21




®I3NYHA XIMIS

NOMIMEPHWIA KOMMNO3WTHWUIA ENEKTPOIT HA OCHOBI NASICON ANs TBEPAOTIIbHUX Li-IOHHUX AKYMYNIATOPIB

Batteries. 2024. 10 (1): 29.

5. Moradi Z., Lanjan A., Tyagi R., Srinivasan S.
Review on current state, challenges, and poten-
tial solutions in solid-state batteries research.
Journal of Energy Storage. 2023. 73 (C): 109048.

6. Sung ], Heo J., Kim D.-H,, Jo S., Ha Y.-C,
Kim D., Ahn S., Park J.-W. Recent advances in
all-solid-state batteries for commercialization.
Materials Chemistry Frontiers. 2024. 8: 1861-
1887.

7. Joshi A., Mishra D.K., Singh R., Zhang ],
Ding Y. A comprehensive review of solid-state
batteries. Applied Energy. 2025. 386: 125546.

8. SarfrazN.,Kanwal N., AliM., Ali K., Hasnain A.,
Ashraf M., Ayaz M., Ifthikar J., Ali S., Hendi A,
Baig N., Ehsan M.E, Shah S.S., Khan R., Khan L.
Materials advancements in solid-state inorganic
electrolytes for highly anticipated all solid Li-
ion batteries. Energy Storage Materials. 2024.
71:103619.

9. Bachman J. C,, Muy S., Grimaud A., Chang H.
H., Pour N., Lux S. E, Paschos. O., Maglia E,
Lupart S., Lamp P, Giordano L., Shao-Horn,
Y. Inorganic solid-state electrolytes for lithium
batteries: mechanisms and properties govern-
ing ion conduction. Chemical reviews, 2016.
116(1): 140.

10.Hou M., Liang E, Chen K., Dai Y., Xue D. Chal-
lenges and perspectives of NASICON-type sol-
id electrolytes for all-solid-state lithium batter-
ies. Nanotechnology. 2020. 31 (13): 132003.

11.Song Z., Chen E, Martinez-Ibafiez M., Feng W.,
Forsyth M., Zhou Z., Armand M., Zhang H.
A reflection on polymer electrolytes for solid-
state lithium metal batteries. Nature Communi-
cations. 2023. 14: 4884.

12.LiS., LiL.,, Yang H., Zhao Y., Shan Y. A review of
composite polymer electrolytes for solid-state
lithium-sulfur batteries: Synthesis methods, op-
timal design, and critical challenges. Chemical
Engineering Journal. 2024. 484: 149433.

22

13.Jian S., Cao Y., Feng W,, Yin G, Zhao Y., Lai Y.,
Zhang T., Ling X., Wu H., Bi H,, Dong Y. Re-
cent progress in solid polymer electrolytes with
various dimensional fillers: a review. Materials
Today Sustainability. 2022. 20: 100224.

14.Liang X., Han D., Wang Y., Lan L., Mao J. Prepa-
ration and performance study of a PVDF-LATP
ceramic composite polymer electrolyte mem-
brane for solid-state batteries. RSC Adv. 2018. 8:
40498-40504.

15.Yao Z., Qi E, Ye L., Sun Q., Gu X,, Yang X., Zhu
K. Composite polymer electrolyte based on
poly(vinylidene fluoride-hexafluoropropylene)
(PVDE-HEP) for solid-state batteries. Heliyon.
2024. 10 (6): €28097.

16.Lisovskyi I., Solopan S., Belous A., Khomenko
V., Barsukov V. An effective modification of
LiNi  Co ,Mn O, with Li ,Al ,Ti (PO,),asa
high-performance cathode material for Li-ion
batteries. Journal of Applied Electrochemistry.
2022.52:1701-1713.

17.Yan, C; Yao, Y.-X;; Chen, X.; Cheng, X.-B.;
Zhang, X.-Q.; Huang, J.-Q.; Zhang, Q. Lithi-
um nitrate solvation chemistry in carbonate
electrolytes sustains high-voltage lithium met-
al batteries. Angewandte Chemie International
Edition. 2018. 130: 14251-14255.

18.Kerman, K; Luntz, A.; Viswanathan, V.; Chiang,
Y.-M.; Chen, Z. Review - practical challenges
hindering the developments of solid-state Li ion
batteries. Journal of The Electrochemical Society.
2017.164: A1731-A1744.

19.Keller M., Varzi A., Passerini S. Hybrid electro-
lytes for lithium metal batteries. Journal of Pow-
er Sources. 2018. 392: 206-225.

20.Zhao C.-Z., Zhao B.-C., Yan C,, Zhang X.-Q,,
Huang J.-Q., Mo Y., Xu X, Li H., Zhang Q. Liq-
uid phase therapy to solid electrolyte-electrode
interface in solid-state Li metal batteries: A re-
view. Energy Storage Mater. 2020. 24: 75-84.

CrarTsa Haginra 21.08.2025.

ISSN 2708-129X. YKp. XiM. XypH., 2025



VK 54.01:544.6:549.5 doi: 10.33609/2708-129X.91.8.2025.23-35

3MIHA ®A30BOI0 CKNAY, MOP®0J0rN4YHNX XAPAKTEPUCTUK
TA NOKA3HUKIB HEDAPALEIBCbKOI EMHOCTI OKCUAY LIUHKY

NICNA TEPMIYHOI0 ObPOBJIEHHA B CEPE[JOBULLI
JIMMOHHOI KNCJIOTW

Kamepuna Ilepumuna®?, Kamepuna Hecmian"’, Temana /licnuua’,
Onez Paboxkinv', Paoucnae IlanmeneiimoHos!’

"THemumym 3aeanvHoi ma neopeaniunoi ximii im. B. I. Bepradcvkoeo HAH Ykpaitu,
npocn. Axademixa Ilannadina, 32/34, Kuis 03142, Yxpaina;

’HauyionanvHuii mexHiunuti yHisepcumem «KuiscoKkuii nonimexHivHuti incmumym
imeni Teops Cikopcvkozo», npocn. bepecmeticokuil, 37, kopnyc Ne 4, Kuis 03056, Ykpaina;
? Kuiscokuii nHayionanvHuil ynieepcumem imeni Tapaca Illesuenxa,

yn. Bonooumupcovka, 60, Kuie 01033, Yxpaina.

e-mail: Pershina@ionc.kiev.ua

Meropmamu peHTreHO(a30BOrO aHaIi3y, IOPOMETpil, CKAHYI0YOI eIeKTPOHHOI MiKPOCKO-
mil Ta CIeKTPOCKOMIii e/1eKTPOXiMiYHOTO iMITeflaHCy BCTAHOBJIEHO YMOBU 3MiHM (pa3oBOro
ckmapy Ta HepapaneiBchbKoi EMHOCTI B 3pa3kax OKCMJIB LIMHKY 3 Pi3HOI MOPQOIOoriero mo-
BEPXHI MiC/IA I/IABJIEHHA B CEPENOBUI IMMOHHOI KMCIOTU. BCTaHOB/IEHO BIUIMB MacOBOIO
CIIBBIJHOIIEHHA OKCUAY LMHKY Ta JTMMOHHOI KMCIOT Ha MIBUJKICTD POCTY IEBHUX Opi-
€HTAIIill BIOPINUTY Ta IOABM aHI3OTpONHUX (a3, AKi MPU3BOAATD KO 3MEHIIEHHA IMMTOMOI
noBepxHi 3paskis. IligBuilleHHA KOHIIEHTpaLil IMMOHHOI KUC/IOTU NPU3BOAUTH IO MOSABU
[IBOX BV/IiB YAaCTMHOK: BeJVMKIX KOHIJIOMEpPATiB i3 CyOMiKpOHHMMU po3MipaMy Ta MaJieHb-
KX 9aCTOYOK po3MipoM MeHIre 100 HM, 110 arperyThCs Ha IIOBEPXHi OIIBLINX YaCTOYOK.
TepmiuHe 06po6IeHHS B cCepeoBNUIIi TMMOHHOI KICIoTH ZnO MpU3BOANUT [0 MiABUIEHHS
akTUBHOTrO onopy y 10 pasis 3a BTparu HedapazaeiBcbkol eMHoCTi y 107 pasis. [JoBeneHo,
1110 3MeHIlIeHHsI 3HaueHb HedapaTeiBChKOi EMHOCTI KOPETIOE 3 MACOBUM CITiBBiJHOIIEHHSIM
ZnO:C H,O.. TIpu macoBomy crisinHomenHi 1:2 BigHocHo 1:1 HedapasieiBchbka eMHICTD
3MEHIIYETHCA Ha 2 IOPASKIA.

KmrouoBi cmoBa: okcuy VHKY, TMMOHHA KIC/IOTA, aHI30TpoITHa (ha3a, OPUCTICTD, Heda-
pajeiBCbKa EMHICTbD.

BCTYII. HaniBnpoBiflHMKOBI OKCUAM Me- iXHiil BUCOKMII piB€Hb TEOPETUYHOI €MHOCTI
taniB (MO) MaroTh 6inbLIMIT TOTeHLiaM A Ta 0e3leky, HDK y TpagMLiliHUX MaTepiasis,
HiABUIIEHHA NPOAYKTYBHOCTI XiMIYHUX J)Ke- TaKMUX AK ByIleleBi Marepiann. 3a OCTaHHI
pen cTpymMy Ta CYNEPKOHJIEHCATOPiB 4Yepe3 MeCATb POKiB KiJIbKICTh HOCIIKEHD Y LJbOMY
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®I3NYHA XIMIS

3MIHA ®A30BOro CKNnAalY, MOP®0NOri4HnX XAPAKTEPUCTUK TA MOKA3HUKIB HEQ)APAIIE'I'BCbKQ:I' EMHOCTI
OKCUAY LMHKY MICNa TEPMIYHOr0 O6POBJEHHSA B CEPE[OBULLI JIMMOHHOI KUCNOTU

HalpsAMKY Pi3KO 3pocia, L0 € OYiKyBaHOIO
teHpeHnieo. Cepen MO okcup umHKy (ZnO,
978 MA-Tof T') Ma€ BiIMiHHY TEOPETUYIHY EM-
HICTb, AKa HE3HAYHOI0 MipOI0 IOCTYIAETHCA
okcupy 3anisa(Ill) (Fe,O,). Inmmmn nepesa-
ramn ZnO € HeBUCOKA BapTiCTh, TETKICTb BU-
KOPUCTaHHsA, Pi3HI MeTOAY CUHTE3Y, XiMiuHa
CTabiNbHICTh Ta HAsIBHICTD pi3HMUX Mopdoro-
rivanx mMopudikaniit [1]. Hegonikom mMoxxHa
BBa)KaTV BMICHOKXEHHA €/IEKTPOMiB i3 LMHKY/
OKCUZY UMHKY Bifl €IeKTPOXiMIYHOIO Iepe-
PO3IOJITYy MaTepiany IIijj Yyac nepe3apAamKeH-
H#, 1110 IPU3BOJAUTD 10 BUXOAY 3 JIafly €lIeMEH-
Ta Yepe3 KOPOTKe 3aMMKaHH: 200 IOPYIIeHHS
TPAHCIOPTHUX WUIAXIB. Y 3HA4HIN KiJIbKOCTI
pobit 6yn0 mokaszaHo, IO HiATPUMKA OfHO-
PIZHOCTI B I'yCTMHI CTPYMY € OCHOBHMM (haxK-
TOPOM, IO BIUIMBA€E Ha 3aTPUMKY BTPATU
€MHOCTI IIiJj 4ac UMKIyBaHHA. [loBefeHo, 1m0
crabimisania LMX BIACTUBOCTEN 3a/IeKUTh
Bifl MIKPOCTPYKTYpH, sIKa MOXKe 3a0e3nednTn
Oi/1bII PIBHOMiPHY T'YCTUHY CTPYMY BCepenuHi
€IeKTPOJY Ta ITOM SIKIIMTY MeXaHi3MIU BTpaT,
IIOB’AA3aHMX i3 IIepepO3IOAIIOM Marepiay,
3aBJAKM TOIIOJIOTIYHMM XapaKTepUCTUKAM
NOBepxHi enekTpopy. OcobmmBO mepcrek-
TUBHUMI BBAXAOTb CTPYKTYpPM, WO MAalOTh
LUWIIHAPUYHI Topu. BBaXkaeTbcs, IO BOHMU
3[IaTHI MiATpUMYyBaTU Kpally 3B SI3HICTD i0HIB
i 6inp1I piBHOMIPHMIT PO3IIOZI/I TYCTUHU CTPY-
MY IIPOTATOM OJTHOTO IIOBHOTO LMK/ 3apAf, —
pospany. Taki ctpykrypu 3a 40 rajbBaHOCTa-
TUYHUX IUKITIB 3apsifi — po3psf 36epiraioTh
nmoHan 90% cBOEI MMOYaTKOBOI €MHOCTI IIPO-
TATOM TOTO CAMOTO LIVIK/IIYHOTO HaBaHTa>XeH-
HA Ta JEMOHCTPYIOTb 3HayHe IIOKPaleHHA
TepMiHy cmyX6u, npubnmsno go 100 nukiis.
CrnocrepexxenHs ex-situ CEM nokasywors, 110
HepeposIofin Marepiany (akTUYHO 3aTpu-
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MYETbCA B IOpaX €eKTPOJY 3aBAAKM BUKO-
PUCTAHHIO MIKPOCTPYKTYPHOIO [M3aiHY, L0
IIPU3BOJUTD 10 PiBHOMIPHOI T'yCTMHU CTPY-
My mip dac nukmryBaHHA [2]. Otxe, popmy-
BaHHA BJIACTMBOCTEN IIOPUCTOTO €JIEKTPOAY
Ha OCHOBI OKCHUIY IJMHKY 3a/IeXKUTb BiJl MOp-
donorii Ta ¢asoBoro ckmapy oxcupis [3-5].
[lepuroro yeprow I ImapaMeTpy BIUIMBAKOTh
Ha opMyBaHHS QapaieiBCbKOi EMHOCTI, fAKa
€ YMHHUKOM, 1[0 PEry/II0€ TPAHCIIOPT 3apAxy
Ta Judysio FOHIB y IOPYBaTOMY CepefiOBMU-
mi. HedapapneiBcpka eMHICTD, sAKa GOPMYETD-
cs1 BHAC/iIOK aficop6buii 7OHIB Ha IOBepXHi,
BIUIMBA€E Ha POPMYBaHHA Jialla30Hy MOTEHITi-
aliB €eKTPOXiMiYHOI CTiIKOCTi €/leKTPOJiB.
ToMy BOHa € 3a/1eKHOIO Bifj NMTOMOI IO
noBepxHi Ta 1i Mopdoorii. OTxe, KOXXHa 3
pisHMx a3 OKCuAy LVHKY Ma€ pisHWUiT BHe-
COK y 30epiraHHs 3apsy MOABIIHOrO IIapy Ta
ajicop6uii itoHiB. ToMy BUAB/IEHHS OCHOBHUX
Mop¢ornoriyHnx ¢QaxTopis, IIO BIUIMBAIOTDH
Ha ¢popMyBaHHs HedapasieIBCbKOI EMHOCTI B
OKCHJJaX IVMHKY, € 3aBJAHHAM, AKE MOXE J0-
IIOMOI'TY BUPIIIUTY NUTAHHA CTIIKOCTI Aia-
Ia30Hy poOOYMX IOTEHIiaTiB 3aJIeKHO Bif
po6OUNX TeMIIEepaTyp Ta CTPYMOBUX HaBaHTa-
JKE€Hb B €/IeKTPOXIMIYHIX CHCTEMAX i3 KOMIIO-
3ULIIMTHUMHA €/IEKTPOfAMI Ha IXHIl OCHOBI — €
METOIO 11i€i po6OTHL.

EKCIIEPVIMEHT TA ObI' OBOPEHH/ PE-
3YJIPTATIB. 1linroToBKa 3pasKiB Ipoxopuia
3a TBeppodasHUM MeTOIOM, 3a3Jaerifgb Mifi-
TOTOBaHY MIMXTY OY/I0 MOMillleHO Y My(denbHy
IIiY Ta CIEYEHO Yy KijibKa eTalliB, 3TifIHO 3 Ta-
ommiero 1. Mk KOXKHMM eTaroM 3pasok pe-
Te/IbHO IepeTupami. Y mporeci cuHTe3y 6yno
BUKOPMCTAHO TaKi MaTepianmy, AK JIMMOHHA
KuCcnoTa, 99% Sigma-Aldrich Ta mopomox
OKCUALy IVHKY, 99,9% Sigma-Aldrich.
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Tabmuns 1
YmoBu cuHTE3y 3pa3ka
) . Table 1.
Sample synthesis conditions.
Ne spaska | ChiBBigHOIIEHHA ? Temneparypa Tpusanictb Temneparypa Tpusanicts
JIVIMOHHOL 06pobneHHs1 | 06po6neHHs Ha 1 | 06pobeHHs | 06pobieHHs Ha 2
KICIOTU Ha 1 erami, ° eTari, ToguH Ha 2 erami, ° eTari, ToguH
1:0 - - - -
1:1 240 540
1:2 240 540

Orpumani 3pasku OyI0 HOCIPKEHO Me-
TOIOM  PEHTreHo(]a30BOr0 aHai3y, SKUIA
BUKOHYBa/M Ha BunpoMiHooBaHHi (Cu-Ka)
(I = 0,15418 um) Ta koHirypauii bperra 260.
[HTeHCMBHOCTI PEHTTEeHIBCHKOTO BiOUTTA BU-
miproBasi B pmiamasoni 20=10°-80° i3 kpokom
0,02° mIouja peHTTeHiBCbKOTO IPOMEHs CTa-
HoBmwIa 50 MM’ OniHky BMmicTy ¢as Ta pos-
MipiB KPUCTa/ITIB BUKOHYBa/IN aBTOMaTU4YHO
3a JIOIIOMOTOK0 IPOTPAMHOTO 3abe3ledyeHHs
Match 3.0.

IIutoMi 1romii MoBepxHi Ta PO3NOALI ITOP
3a po3MipaMI B 3pa3Kax OKCUJIB LMHKY pO3-
paxoByBa/M 3 KpMUBUX afcop6buii/mecop6Ouil
azoty (NOVA 2200e, Quantachrome, CIIIA)
3 BMKOPUCTAHHAM IIPOTPaMHOro 3abesrme-
yeHHA Nova Win 2.0. Ilepen Bumipamu 3pas-
K/ TifgaBam BaKyyMHOMY OOpOOJIEHHIO
npoTaroM 12 roguu 3a temneparypu 120°C.
3arajpHy IUIONly TIOBEPXHi MarepiamiB S,
po3paxoByBanu 3a MeTofoM bpyHayepa — Em-
meta — Tennepa (BET). 3aranpunit 06’em mop
(V.,) PospaxoByBamu 3 obcATy amcopboBa-
HOTO a30TY, IEpPEeTBOPEHOr0 B PiiNHY 3a TUC-
Ky, 6nmusbkomy sio P/P = 1. Jlna orpumaHHs
o0’emy i papiycis mesomop (VR ) BuKO-
pucroByBanu Metop bapperra - JI>koitHepa —
Xaneagu (BIX). Cepepniit papiyc nop (Rpm)

BUM3HAYanM i3 3aranbHoro obcary mop (V, )

otal

MarepialiB Ta iXHbOI IMTOMOI IIJIOLi ITIOBEPX-

https://ucj.org.ua

Hi (S, ) 3a piBHAHHAM Rpm=2mel/S o Q0 EM
mikporiop (V) po3paxoByBalyu MLIIAXOM
BifHiMaHHA 3HavyenHs V3 V . Posmonmi-
mm papiyciB mop Oyn1o oTpuMaHO 3 i3oTepMm
y TepMiHax Teopii ¢yHKUIiOHaMy MiNbHOC-
ti (DFT). Posnopin mop 6yno po3paxoBaHO
3a JIOIIOMOIOI0 IIPOTPAMHOrO 3abe3IedeHHs
NOVA 3 MaTeMaTHYHMM aIlapaToM Ha OCHO-
Bi DFT. I3 Bukopucranusam 1iei Teopii o6cs-
I TIOp BM3HAYaau 3a ixHiM giamerpom ().
O6’em mikponop (@ < 2 HM) Oy/I0 OTPUMAHO
sa metoiom DR (V . (N,)). O6car me3onop
(2 < @ <50 M) 6y70 pO3PaXOBAHO IUIAXOM
abcTparyBanHA KinmbKocTi N, aficop6oBaHoro
npu p/p =0,3, Bif KimbkocTi, aficopboBaHOro
npu p/p =08 (V. (N ,)), a sarambuuit 06-
car (V. (N,)) posrnamamu AK KinbKicTb N,
afcop6osanoro npu p/p = 0,95. Tycrunu pi-
IVH aficop6aTiB 6y/10 OTPUMAHO 3 JTiTepaTypu
(0,808 r-cm? mna N,). Posmopin mopucrocri
0y/10 BM3HA4YEHO BifIIOBITHO [0 Teopil GHyHK-
nionany minpHocti (DFT) i3 Bukopucran-
HAM IporpamMHoro 3abesmedeHHs NOVA rta
3actocyBaHHAM Mogeni «2D-NLDFT rere-
porenHoi mosepxHi» mra amcop6uii N, Ce-
penHi po3Mipy mop 0y/10 BU3HAUYEHO LIIAXOM
3actocyBaHHa Mertony bapperra - [Ixoii-
Hepa — Xanenau (BJIX) mo xpuBux mecop6-
1il 3 BUKOpMCTaHHsAM mompaBku Kpyka —
Aponna — Casapi.
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MIiKpOTEKCTYpYy 3pasKiB HOCTiKyBanu 3
BMKOPUCTAHHAM CKaHYIOUOTO €JI€KTPOHHOIO
MIKpPOCKOIIa 3 BJMCOKOIO PO3JiIIbHOKI 3[aTHi-
ctio Mira 3 FESEM Tescan USA Inc. Ha kaTopi
3 onboBoI0 eMmiciero Tuny IloTki Ta aBTOMA-
TUYHUM BUMipPIOBaHHSAM Ha 300pa’keHHi.

3HavyeHHA IICEBJJOEMHOCTI OKCU[IB OTpHU-
MYBa/al 3 JAHUX CIIEKTPIiB €1eKTPOXIMiYHOTO
imnenancy. BumiproBanna CEI mpoBogunu B
IOBOENIEKTPOMHIN KOMIpPIIi Ha e7IEKTPOXiMi4HO-
my mopayii Autolab 30 PGSTAT301N Metrohm
Autolab y piamaszoni wactorl0'+10° I'l]. Pe-
3y/lIbTaTH, a caMe PO3paxyHOK Hedapapeis-
CbKOI Ta JUCIEPCHOI €MHOCTI, OTPMMAaHO 3
BUKOPMCTaHHAM IIPOTPaMHOTO 3a0e3IeYeHHs
ZView?2.

OKcup IMHKY € yHIKaZbHUM MaTepiaZioM
i3 mpsiMoto 3aboponeHo0 30HOIO (3,37 eB) i
BE/IMKOIO €Hepriero 3B’A3Ky eKCUTOHIB 60meV
[4, 6]. OTpuMaHuit 3pasok Ma€ CTPYKTYpy
Boopunty. OflHaK 4epe3 BiICYyTHICTb LEHTPY
iHBepcii B3TOBX 110T0 0OCi ¢, TOOTO B HAIIPAMKY
(002), BiH MicTUTD y CBO{il CTPYKTYPi HECKOM-
IIeHCOBaHi 3apapm [6]. Sk pesynbrar 1bOrO
KPUCTaJI 3a3BUYail € MONAPU3OBAHUM i TOMY
BUSIBJISIE IT €30€/IEKTPUYHMI ePeKT.

Tunosy P®A p1a movyaTkoBOro 3paska
ZnO mokaszaHo Ha puc. 1 i ocHOBHI gudpax-
LiViHI IiKM BiJIIOBifAIOTh HAsABHOCTI BIOPLV-
Ty 3 IpocTopoBolo rpymnoto P63mc [7]. ITikn,
110 3’ IBIAITHCA Ha 31,83°, 34°, 34.48°, 36.31°,
47,60° i 56.65° 62.91°, 66.43°, 68.01°, 69.14°,
72.62° Ta 77.015° (Tabm. 2), BigmoBigarTb
(100), (002), (101), (102), (110), (103), (112),
(202), (200), (004) ta (112) opieHTamnii Bix-
noBigHO. [i KM y3romxyroTbcsa 3 KapTKaMu
JCPDS Ne 36—1451. 3mimeHHs pudpakuiitHnx
IIKiB € Iy)Ke€ Ma/IIMU 1 I1i/IKOM BiJIIIOBiJal0Th
pauum JCPDS (tabm. 2).
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IHTEHCHBHICTD, B.O.

Ky, rpaaycu

Puc.l. POA pani spaskis: 1 — ZnO po 06-
pobnenHs; 2 — micis 06poONIeHHs B CepemoBUILi
JIMMOHHOI KMCJIOTY B MacCOBOMY CIiBBiJfHOIIEHHI
1:1; 3 — micrist 06poOIEHHS B CepefoBUILi TMMOHHOT
KIUCIOTU B MAaCOBOMY CIIiBBiJIHOIIEHH] 1:2

Fig. 1. XRD data of samples: 1 — ZnO before
treatment; 2 — after treatment in a citric acid envi-
ronment in a mass ratio of 1:1; 3 — after treatment
in a citric acid environment in a mass ratio of 1:2.

3a mopanblIMX JOCIiKeHb OYy/Io BUABIIe-
HO, L0 iHTeHCUBHOCTI Pi3HMX AMPPaKIiTHIX
IiKiB Ppi3HI 3a/I€)KHO BiJj MaCOBOTO CIIiBBiIHO-
HIeHHs TMMOHHOI kucnoru (puc.l). Lle Bigmo-
Bila€ BiJOMUM J[JaHUM, Y AKUX TEMIIM POCTY
IIEBHUX Opi€HTalLiil BIOPUUTY BiIpi3HAOTHCA
3a MIBUJKICTIO pOCTY Ta NPU3BOJATD [0 IOA-
BI TI€BHUX aHi3oTpomHux ¢as. MiHiManbHy
IHTEHCUBHICTb CIIOCTEPIraeMO B 3pasKax, IO
Oynu 06pobiieHi B cepemoBuILi TMMOHHOI KUC-
JIOTU 3 MAaCOBUM BMICTOM KOMIOHEHTIB 1:2
i me moxe O6yTM HOB’sA3aHO 3i 36iTbLICHHAM
MIBUJKOCTI POCTY aHi30TponHux (a3 BIOpIu-
Ty [8]. Ll ani3oTpomia pocTy xapakrepusy-
€TbCA IIapaMeTPOM, BiJOMUM AK CTYIIiHb Opi-
€HTAIllil, 1[0 MOXXe IPU3BOJUTY 10 3MEHIIIEeHHA
IHTEHCUMBHOCTI BifITYKY, a TAKOXX 3MEHIIEHHA
MUTOMOI ITOBEPXHi 3paskiB [9].
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Tabmur 2
Pesyabratn P®A anaisy 3pasky ZnO 10 o0podieHHs
Results of X-ray analysis of ZnO sample before treatment. Table 2.
ZnO
Ne KyT, rp. IxT., imII. IHT.,% d(A) [THITIB, Tp. ITnomia
1. 31.831 15390.6 55.0 2,8114 0.450 6925.8
2. 34.479 11304.9 40.4 2,6013 0.450 5087.2
3. 36.308 27962.9 100.0 2,4743 0.400 11185.1
4. 47.599 7396.6 26,5 1,9105 0.400 2958.6
5. 56.655 11792.8 42,2 1,6247 0.450 5306.8
6. 62.915 9710.3 34,7 1,4773 0.450 4369.7
7. 66.430 1533.6 5,5 1,4074 0.450 690.1
8. 68.005 8129.5 29,1 1,3786 0.500 4064.7
9. 69.142 4073.6 14,6 1,3587 0.500 2036.8
10. 72.626 636.8 2,3 1,3018 0.450 286.6
11. 77.015 1252.8 4,5 1,2382 0.550 689.1
Tabmunsa 3
Pesynpratn P@A ananisy 3pasky ZnO micna o6pobneHHs Table 3
Results of X-ray analysis of ZnO sample after treatment. ’ '
Ne | KyT, rp. | IuT., iMn. | IuT., % | d(A) | [TIIITB, rp. | Inoma
ZnO: muMoHHa KucroTa 1:1
1. 31,769 1095,1 54,9 2,8167 0.450 6925.8
2. 34,415 8481,3 42,5 2,6060 0.450 5087.2
3. 36,250 19963,1 100,0 2,4782 0,500 11185.1
4. 47,539 5243,2 26,3 1,9127 0,500 2958.6
5. 56,599 9148,7 45,8 1,6262 0,500 5306.8
6. 62,860 7882,7 39,5 1,4784 0,550 4369.7
7. 66,389 1175,7 5,9 1,4082 0,500 690.1
8. 67,955 6541,7 32,8 1,3795 0,500 4064.7
9. 69,095 6541,7 14,3 1,3595 0,500 2036.8
10. 72,569 409,5 2,1 1,3027 0,450 286.6
11. 76,973 1012,2 5,1 1,2388 0,550 689.1
ZnO: nuMoHHa KucmoTa 1:2
1. 31,788 1024,10243,6 55,1 2,8150 0.450 4609,60
2. 34,435 79924 43,0 2,6046 0.450 3596,6
https://ucj.org.ua 27
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Tabnuug 3
Table 3.
Ne Kyr, rp. IHT., imMII. Int., % d(A) [THIIIB, rp. [Tnoma
3. 36,266 18599,0 100,0 2,4771 0,450 8369,5
4. 47,555 4919,9 26,5 1,9121 0,500 2460
5. 56,614 8874,4 47,7 1,6258 0,500 44372
6. 62,875 7298,6 39,2 1,4781 0,550 4014,2
7. 66,397 1109,6 6,0 1,4080 0,500 554,8
8. 67,967 6401,5 34,4 1,3793 0,550 3520,8
9. 69,098 3115,0 16,7 1,3594 0,550 1713,3
10. 72,585 511,0 2,7 1,3025 0,550 281
11. 76,978 928,1 5,0 1,2387 0,550 510,4

3a ganumu CEM (puc. 2, 3 (a, 6, B)) 31 36is1b-
HIEHHAM KOHLIEHTpalil JIMMOHHOI KUC/IOTH
criocrepiraemMo 3MiHy ¢opM i po3mipiB yacTn-
HOK, a TaKO)X HasgBHICTb aIZIOMEpaTiB, IIOABY
SIKUX MO>Ke OyTU 3YMOBJICHO BIUIIBOM TeMIIe-
paTypu Ta HasABHICTIO BiTHOBHUKA (puc. 2, 3 6,
B). B opurinanbHOMY 3pasKy 4acTMHKI MAlOTh
CTPIDKHEBY (OpMY Ta Hialla3oH po3MipiB Bif
100 o 500 M (puc. 2,3 a). Iicisa o6pobnenHs
3pa3oK 3i CHiBBigHOIIEHHAM 1:1 Mae TeH[eH-

Iil0 O arioMepyBaHHsA CyOMIiKpOHHUX pPO3-
mipiB (puc. 2,3 6). IligBuineHHs KOHIEHTpaIil
JIMMOHHOI KVMICTIOTY IPU3BOAUTD [0 IOABY ABOX
BUMIiB YaCTMHOK: BE/IMKUX KOHIJIOMEpATiB i3
CyOMIKpOHHUMM pO3MipaMy Ta MaJIeHbKMX 4Ya-
CTOYOK po3Mmipom MenIre 100 uMm (puc. 2, 3 B),
III0 arperyThcsl Ha MOBEPXHi OIIBIINX YacTo-
qoK. [TpuunHO0 HOBUX YTBOPEHD 3i 36i/1bIlIeH-
HAM KOHILIEHTPallii MOJKHa BB)KATV HACIIKOM
BiIIOBiIHMX 3MiH Y I/IMOLIIi MIKPOCTPYKTYPi.

Puc. 2. CEM-mikpodororpadii 3paskiB okcuay LIuHKy: a — 3pasok go o6pobnenHs; 6 — micia
06po671eHH;1 B CepefoBUIIL TMMOHHOI KMC/IOTY B MacCOBOMY CIIiBBiflHONIEeHH] 1:1; B — micA 06po6;1eHH;1
B CepeJoBUILi TMMOHHOI KMCIIOTU B MACOBOMY CIIiBBiJJHOIIEHH] 1:2

Fig. 2. SEM micrographs of Zinc oxide samples: a — sample before treatment; b - after treatment in a
citric acid environment in a mass ratio of 1:1; ¢ — after treatment in a citric acid environment in a mass

ratio of 1:2.

28

ISSN 2708-129X. VKp. xim. XypH., 2025



Katepuna Mepwmna, Katepuna Hecmish, Tetana JlicHuya, Oner PsiGokiib, Pagucnas ManteneiiMoHoB YXX Ne 8 / TOM 91

60 60

40 4

Il Il

g

E 2

= =2

20
[ Wl [N
0- T T T T —' T v ! ’
500100 150 200 250 300 350 400 450 500 500100 150 200 250 300 350 400 450 500
Cepenniii po3Mip 4aCTHHKH, HM Cepenniii po3Mip 4aCTHHKH, HM

60

Yacrora

;HHW!

T
50 100 150 200 250 300 350 400 450 500

Cepenniii po3mMip HaCTHHKH, HM

Puc. 3. Posnogin 4acTo4oK 3a po3MipoM y JOCT/PKYBaHUX 3pa3Kax: a — 3pa3oK /10 0OpoOIeHHs;
6 — micna 06poOIeHHA B CepelOBUILi TMMOHHOI KMC/IOTY B MacOBOMY CIIiBBifHOIIeHH] 1:1; B — mic/s
00pO6/IeHHS B CEpefOBMIII IMMOHHOI KUCTIOTY B MAaCOBOMY CIIiBBif{HOIIeHH] 1:2

Fig. 3. Particle size distribution in the studied samples: a - sample before treatment; b — after treatment
in a citric acid medium in a mass ratio of 1:1; ¢ — after treatment in a citric acid medium in a mass ratio
of 1:2.
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Puc. 4. 3anexHicTs 06’eMy Iop ZOCTIPKYBaHKX 3paskKiB Bij HamiBIIMpUHM 1op; 1 — 3pasok /10 06-
po6nenHs; 2 — micist 06po6/IeHHs B cepejOBMUILi TMMOHHOI KMCTIOTY B MaCOBOMY CIHiBBifHOIIeHH] 1:1;
3 - micnA 06po6IeHHA B cepejOBUIL IMMOHHOI KMCTIOTY B MaCOBOMY CIIiBBifiHOIIEHH] 1:2

Fig. 4. Dependence of the pore volume of the studied samples on the half-width of the pores;
1 - sample before treatment; 2 — after treatment in a citric acid environment in a mass ratio of 1:1;
3 — after treatment in a citric acid environment in a mass ratio of 1:2.
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Puc. 5. 3anexxHicTh mIoli NOBepXHi ZOCTIIPKYBaHUX 3pa3KiB Bifl HAiBIIMpPYHY TOp; 1 — 3pa3ok 1o
006po6neHHs; 2 — mic/is 06po6/IeHHs B CepeloBMII IMMOHHOI KIIC/IOTU B MACOBOMY CIIiBBiHOIIEeHH] 1:1;
3 - mics 06po06/IeHH: B CepelOBUIL TMMOHHOI KMC/IOTY B MaCOBOMY CIiBBiTHOLIEHH] 1:2

Fig. 5. Dependence of the surface area of the studied samples on the half-width of the pores; 1 - sample
before treatment; 2 — after treatment in a citric acid environment in a mass ratio of 1:1; 3 — after treatment
in a citric acid environment in a mass ratio of 1:2.
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3a JaHuUMM IOPOMETPUYHOIO aHali3y 3a
TEPMIYHOTO OOpOO/IEHHS 3 Pi3HUM MAaCOBUM
CIIBBi/JHOIIEHHSAM KUCTOTU BiZOyBa€ThCs
3MiHa CyKyIHOTo 06’€My IOp Ta pafiycy mop.
I3 migBuileHHAM KOHLEHTpalil JIMMOHHOI
KJCJIOTU CIIOCTepiraeMo cimbaTHe 36i1bIneH-
HS CYKYIIHOTO 00’eMy Ta pagiycy nop (puc. 4).
[Ipy pOMy CyKyIlHa IIIOIIA IIOBEPXHi 3MEH-
IIYEThCA 32 TePMiYHOTO 00pO6IeHHA (puc. 5)
i Mae 61p1I CTiVIKY KOpenAnito 3 sanumu POA
ta CEM.

Hocmimkenns CEI moBenu BIIMB 3MiHU
Moporiorii TOBepXHi 3paskiB Ha ITOKAa3HUKA
aKTUBHOTO omnopy (puc. 6, 7) ta Hedapaseis-
CbKOI €EMHOCTI 3paskiB OKCMAY LMHKY (puc. 8).
CEI 3paskiB MawTh BCi 03HaKU 0IOKOBAaHOTO
IIOPUCTOTO €NIEKTPOAY, B AKOMY Bi[CyTHIil
dapapneiBcpkmit ctpym [10], ane criekTp Immo-
YaTKOBOTO 3paska ZnO Mae 6iIbIl CKIaJHIIA
BUIJIA, AKUI XapaKTePHUI [/A IMOIIKPUCTa-

JTIYHUX CTPYKTYp OKcupay umHKy [11]. Takum
YIHOM, HasABHICTb BE/IMKOI Ki/IbBKOCTI KpUCTa-
JITIB MO)K€ 3MEHIYBaTV AaKTUBHMUII OIip Ta
30impIIyBaTy IOKasHUMKM HedapazeiBcbKoi
€MHOCTI 3aB/IAKM YTBOPEHHIO BE/IMKOI Ki/IbKO-
cti moxanpHux [TENI (puc. 8). Y moyarkoBomy
3pasKy aKTMBHMUI OIIp Ha IMOPAJOK MEHIINIA
3a IIOKa3HMKY OIOPY B 00pO6IeHNX 3paskax
Ta JIOTO0 €MHICTb Ha 7-9 MOPAJKIB € BULIOKO
3a 00poOreHi 3pa3ky. 3 MiBUINEHHAM KOH-
LleHTpallil TMMOHHOI KUCIOTH y 2 pa3u Heda-
pazjeiBCbKa EMHICTb OKCUIIB 3MEHIIYETHCS Ha
2 nopsapku. 1i epexty MOXyTh OyTH 1OB’5I-
3aHMMU i3 BTPATOK IMOBEPXHEBUX CTPYKTYP
3gaTHOCTI o mnysii fedekTiB, Mo 3ymoB-
JeHi NPUCYTHICTIO IONMIKPUCTamiB. 3MiHa
BUJIY €KBiBa/JIECHTHOI €/IEKTPOXIMIiYHOI CXeMMU
(puc. 6) € HOJATKOBUM MiATBEP>KEHHAM I[bO-
rO IIPUITYIIEHHS.

Puc. 6. CnexTp iMIefaHCy Ta exkBiBaJieHTHa
elleKTpoxiMiuHa cxema 3paska ZnO 0 06po6-
JIeHHSA

Fig. 6. Impedance spectrum and equivalent
electrochemical circuit of the ZnO sample before
treatment.

https://ucj.org.ua

Puc. 7. CnexTpn imMmemaHcy Ta ekBiBajleHTHa
elleKTpoxiMiuHa cxeMa 3paska ZnO micisa 06po6-
JIEHHA B C€PeNOBUILi JIMMOHHOIL KMC/IOTH B Maco-
BOMY CIIiBBijHOIIeHHi: 1 — 1:1; 2 — 1:2

Fig. 7. Impedance spectra and equivalent elec-
trochemical diagram of the ZnO sample after
treatment in a citric acid environment in the mass
ratio: 1 — 1:1; 2 — 1:2.
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Puc. 8. 3miHa 4acTOTHOrO PO3MOAINY EMHOCTI Ta guciepcii eMHOCTI; 1 — 3pasok o 06pobIeHHs;
2 - micna o6poOIeHHA B CepefOBUILi TMMOHHOI KMC/IOTH B MacOBOMY CIIiBBifiHOMIeHH] 1:1; 3 — micia
00po6/IeHHS B CepeiOBMIILi IMMOHHOI KMCTIOTY B MaCOBOMY CIiBBifjHOIIeHH] 1:2

Fig. 8. Change in the frequency distribution of capacitance and capacitance dispersion; 1 — sample
before treatment; 2 — after treatment in a citric acid environment in a mass ratio of 1:1; 3 — after treatment
in a citric acid environment in a mass ratio of 1:2.
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BVMCHOBKJI. 3 BUKOPUCTaHHAM METOfiIB
P®A-ananisy, mopomeTpii, ckaHyl04Oi e/eK-
TPOHHOI MiKPOCKOIIII Ta CIIEKTPOCKOIIII eIeK-
Tpoximiunoro imnenancy (CEI) BcTaHOBIEHO
YMOBM yTBOpeHHsS HedapaleiBChbKOi €MHOCTI
B 3pasKaX OKCUJIB IMHKY, 110 MalOTb pi3-
Hy Mop¢ororito moBepxHi. Ilokazano BrmmB
TEPMiYHOTO OOPOOIEHHS B CepemOBUILi M-
MOHHOI KMCIOTM Ha 3MiHy IXHbOTro (pa3oBoro
CKJIafy Ta Mopdororito nosepxHi. Bcranosre-
HO, IIJ0 TEMIIV POCTY IIEBHMX OPi€HTAalLIill BIOP-
LUTY Bigpi3HAIOTHCA 32 MIBUAKICTIO POCTY Ta
IPU3BOJUTD [0 MOABY IIEBHUX aHI3OTPOIHUX
¢da3. IligBuieHHs KOHIEHTpAIil JMMOHHOI
KICIIOTY TIPU3BOAUTD 10 NOSIBM [IBOX BUJIB
YaCTMHOK: BE/MKNMX KOHIVIOMepaTiB i3 cyOmi-
KPOHHMMM pO3MipaMy Ta MajJieHbKMX 4YacTo-
4OK po3MipoM MeH1Ie 100 HM, 1110 arperyroThcs
Ha NOBepxXHi 6ibUIMX yacTo4oK. [Iprumuoio
HOBMX YTBOPEHD 3i 30i/IbIIEHHAM KOHLIEHTpa-
il MO>KHa BBa)KaTy HACIiJKOM BigmoBimHMX
3MiH y r/mm61int MikpocTpykTypi. JocmimkeH-
Ha CEI nmoBenyu B3aEMO3B 30K MiXK 3MiHOIO
Mopdororii HOoBepxXHi 3paskiB, MOKa3HUKAMM
aKTMBHOTO omopy Ta Hedapa/eiBCbKOI €M-
HOCTI 3paskiB okcujy UMHKY. CIIEKTpU e/leK-
TPOXiMiYHOIO iMIIEJaHCy 3pa3KiB MalTb BCi
O3HaKy 0JIOKOBAHOTO IIOPMCTOTO €/IeKTPOAY,
B SKOMY BificyTHill ¢apageiBcbkmit CTpyM.
IloxasaHoO, 110 HAABHICTb IOMIKPUCTATIYHUX
CTPYKTYp TNPU3BOAUTD JIO NOABU JOLATKOBO-
ro HamiBkosa B o6macti 10% Iy Ta 3MiHM eKBi-
BaJICHTHOI €/IEKTPOXiMiYHOI CXeMM, IO € 03-
HAKOI0 3[JaTHOCTi IIOBEPXHEBUX CTPYKTYP JIO
nudysii fedekTiB Ha MOBEPXHi MOIKPUCTATIB.

> Po60Ty BUKOHaHO B paMKax OroKeT-
g% Hoi TeMn «CTpaTerisi CTBOpeHH:I eneK-
TPONHMX MaTepiaiB I IiTiii- Ta Ha-
TPili-iOHHNX J)Kepel CTPyMy 3 BHMKO-
PUCTAaHHAM PO3TOIUIEHNX (PIIOCOBUX
KoMIno3uuiin». [lep>xaBHuil peecrtpa-
niianit Homep: 0122U200365.
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CHANGE IN PHASE COMPOSITION,
MORPHOLOGICAL CHARACTERISTICS,

AND NON-FARADAY CAPACITY INDICATORS
OF ZINC OXIDE AFTER HEAT TREATMENT
IN A CITRIC ACID ENVIRONMENT.
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The conditions for changing the phase com-
position and non-Faraday capacitance in zinc
oxide samples with different surface morpho-
logy after melting in a citric acid environment
were established using X-ray phase analysis,
porometry, scanning electron microscopy,
and electrochemical impedance spectroscopy
methods. The effect of the mass ratio of zinc
oxide and citric acid on the growth rate of cer-
tain wurtzite orientations and the appearance
of anisotropic phases, which lead to a decrease
in the specific surface area of the samples, was
established. An increase in the concentration
of citric acid leads to the appearance of two
types of particles: large conglomerates with
submicron sizes and small particles less than
100 nm in size, which aggregate on the surface
of larger particles. Heat treatment in a citric
acid environment of ZnO leads to a 10-fold
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increase in active resistance with a 10”-fold
loss of non-Faraday capacitance. It is proven
that the decrease in the values of non-Faraday
capacitance correlates with the mass ratio of
ZnO: C.H8O.,. At a mass ratio of 1:2 relative to
1:1, the non-Faraday capacitance decreases by
2 orders of magnitude. The reason for the new
formations with increasing concentration can
be considered as a consequence of correspond-
ing changes in the deeper microstructure. SEI
studies have proven the relationship between
the change in the surface morphology of the
samples, the indicators of active resistance and
non-Faraday capacitance of zinc oxide sam-
ples. The electrochemical impedance spectra
of the samples have all the features of a blocked
porous electrode, in which there is no Faraday
current. It is shown that the presence of poly-
crystalline structures leads to the appearance
of an additional semicircle in the region of
108 Hz and a change in the equivalent electro-
chemical scheme, which is a sign of the ability
of surface structures to diffuse defects on the
surface of polycrystals.

Key words: zinc oxide, citric acid, anisot-
ropic phase, conglomerates, porosity, non-fara-
daic capacitance
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Amino acids are fundamental to virtually every aspect of biological science and healthcare ser-
ving as the cornerstone of molecular structure and function. Research has now expanded beyond
naturally occurring amino acids to tailor-made derivatives enabling precise control over biological
processes and unlocking new functionalities unattainable with standard amino acids and peptides.
One of the most exciting advancements is the development of fluorine-containing amino acids which
integrate the powerful pharmacological effects of fluorine with the structural adaptability of amino
acid frameworks. This review explores the synthesis of fluorinated amino acids bearing unsaturated
residues—a highly valuable and distinct subgroup within the broader class of fluorinated amino acids.
These specialized molecules feature fluorine directly bonded to sp*hybridized carbon atoms, effec-
tively replicating the electronic properties of aromatic substitution without relying on an aromatic
system. The olefinic placement of fluorine enhances molecular stability and imparts specific steric,
geometric, chemical, and biological characteristics critical for drug design and bioactive compound
development. The synthetic strategies presented herein are organized around key transformations,
including a alkylation of amino acids, side chain elaboration, introduction of amino and/or carboxylic
functionalities, and the generation of unsaturation within fluoro-amino acid cores. By compiling these
methodologies we aim to provide a comprehensive resource and a source of inspiration for researchers
engaged in synthetic and medicinal chemistry, drug discovery, and organofluorine chemistry.

Key words: Fluorine, Amino Acids, Fluorinated Pharmaceuticals, Unsaturated/Olefinic Groups,
Synthesis, Nucleophilic and Electrophilic Glycine Equivalents.
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INTRODUCTION. Amino acids, the funda-
mental building blocks of proteins, have played
a crucial role in medicine and drug development
for centuries. Their significance was first recog-
nized in the 19" century when scientists began
isolating and identifying individual amino acids
from natural sources. The discovery of essential
amino acids, those that the human body cannot
synthesize, highlighted their importance in nu-
trition and metabolic health [1-5].

Early pharmaceutical applications of amino
acids revolved around dietary supplements and
medical nutrition therapy for conditions such
as malnutrition and metabolic disorders. As
biochemical research advanced in the 20" cen-
tury, amino acids became central to developing
hormonal therapies, such as insulin synthe-
sis, which revolutionized diabetes treatment.
Additionally, peptide-based drugs derived
from amino acids, such as exenatide for dia-
betes, enfuvirtide for AIDS, and goserelin for
breast cancer among many others, have paved
the way for new antibiotics, enzyme inhibitors,
and vaccines [6-9].

In modern pharmaceutical science, amino
acids play a pivotal role in biotechnologically
produced drugs (biopharmaceuticals), targe-
ted therapies, and synthetic medicinal com-
pounds (small molecule pharmaceuticals).
A significant breakthrough—a paradigm shift
in drug design - has emerged with the strate-
gic use of modified tailor-made amino acids
[10-17] instead of their natural counterparts.
These custom engineered amino acids can be
rationally designed to enhance drug stability,
solubility, and absorption thereby optimizing
biological efficacy and enabling more precise
targeted delivery [18-22].

The unique combination of fluorine’s bene-
ficial properties [23-30] with the inherent

https://ucj.org.ua

structural versatility of amino acids [31-36]
underscores the significant value of fluo-
rine-containing amino acids in drug design.
These tailor-made amino acid derivatives al-
low for the precise fine tuning of drug activity
and pharmacokinetic profiles leading to the
development of more targeted and efficient
treatments. As a result, the selective synthesis
of fluorinated a [37-46] and P amino acids
[47-56] has been an area of intense research
activity in the past two decades [57-77]. The
strategic introduction of fluorine into bioactive
molecules has evolved into a well-established
strategy in drug development culminating in
the approval of numerous fluorinated pharma-
ceuticals by the US Food and Drug Administra-
tion (FDA) [78-80]. Ultimately, the combined
incorporation of fluorine and amino acid scaf-
folds into drug design represents a substantial
advancement in medicinal chemistry opening
new possibilities for the development of more
effective and safer therapeutic interventions.
This review covers the synthesis of tai-
lor-made amino acids bearing fluorine-con-
taining unsaturated residues, a distinct and
valuable subgroup within the broader class of
fluorinated amino acids. These unique ami-
no acids feature fluorine directly bonded to
sp*-hybridized carbon atoms mimicking the
electronic effects of aromatic substitution but
without the aromatic framework. The olefinic
positioning of fluorine enhances its stability
and imparts specific steric, geometric, chem-
ical, and biological properties. The synthetic
strategies discussed herein are organized by
key transformations: a-alkylation of amino
acids, elaboration of amino acid side chains,
introduction of amino and/or carboxylic func-
tionalities, and the generation of unsaturation
on pre-existing fluoro-amino acid cores. We

37




ORGANIC CHEMISTRY

SYNTHESIS OF TAILOR-MADE AMINO ACIDS CONTAINING C(sp?)-F BONDS.

anticipate that this compilation will serve as a
valuable resource and source of inspiration for
researchers and practitioners across synthetic
and medicinal chemistry, drug design, and the
wider field of organofluorine chemistry.

EXPERIMENT AND DISCUSSION
THE RESULTS.

a-Alkylation of glycine and higher a ami-
no acids.

The alkylation of nucleophilic glycine, ala-
nine, and other a amino acids represents one

OF

of the most versatile and widely employed
methods for synthesizing tailor-made amino
acids with novel side chains [81-83]. This ap-
proach, applied to the synthesis of fluoro-ole-
finic amino acids is illustrated in Scheme 1.
The benzophenone Schiff base of glycine es-
ter 1, introduced by G. Stork [84] and further
refined by M. O'Donnell [85], was alkylated
with 2-fluorobut-1-ene 2 yielding product 3
in moderate yield. Hydrolysis of intermediate
3 produced 2-amino-5-fluorohex-5-enoic acid
(4) in an overall yield of ca. 20% [86].

L,

YV N CO,Me
F
N COMe 3 4
| KOfBu
Ph Ph
)VOTS CO,Me COH
Ph Ph
5 6 7

Scheme 1. Synthesis of unsaturated fluoro-

Under identical conditions, the 2-fluoro-al-
lyl alkylating reagent fluoro-allyl tosylate 5
(Scheme 1) was employed to synthesize 2-ami-
no-4-fluoropent-4-enoic acid (7) in a signifi-
cantly improved yield of 80-90% [86].

The same research group led by G. Haufe
[87] reported the synthesis of lipophilic ami-
no acid 11 (Scheme 2) featuring a fluorovinyl
group as part of a C  side chain. The reaction
sequence begins with commercially available
fluoro-olefin 8, which is hydroxylated to alco-

38

amino acids 4 and 7 via alkyl halide alkylation.

hol 9 under oxidative conditions using SeO,
and fert-butyl hydroperoxide. Subsequent-
ly, alcohol 9 is coupled with N-Boc glycine
forming ester 10 using condensation reagents
N,N’-dicyclohexylcarbodiimide (DCC) and
4-dimethylaminophenol (DMAP). Finally, es-
ter 10 undergoes treatment with lithium di-
isopropylamide (LDA) to initiate the Claisen
rearrangement yielding amino acid 11 in an
impressive 86% yield.

ISSN 2708-129X. YKp. XiM. XypH., 2025



Alicja Wzorek, Jianlin Han, Taizo Ono, Karel D. Klika, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

UCJ Nz 8 / Vol. 91

F Se0,, F BocHN” “COH
\M t-BuO,H DCC, DMAP
" 11 -
OH
8 9
F 1. LDA, F
\M 2. ZnCl,, P
"y -78°C 11
—_—
\([)l/\NHBOC HO,C~ “NHBoc
10 11

Scheme 2. Synthesis of fluorovinyl amino acid 11 via Claisen rearrangement.

It is worth noting that fluorovinyl-contain-
ing amino acids 4, 7, and 11 could serve as
suitable substrates for dynamic kinetic reso-
lution (DKR) through the direct formation of
chiral Ni(II) complexes [88-90] enabling their
preparation in both enantiomeric forms.

F SO,Ph E

The synthesis of quaternary amino acids
through the alkylation of alanine or higher
amino acids presents a significantly greater
challenge compared to the alkylation of their
glycine derivatives.

. SO,Ph R SnBujy
_ _ F H
IR F o H13 H H =
N" "CO;Me n-BuLi, TMP, Nl CO;Me  AIBN, N” SCOMe g H
| -78°C BuFssnH I ., HN" "COH
Ph” H Ph” "H H
12 14 15 16

Scheme 3. Synthesis of a-(1’-fluoro)vinyl amino acid 16.

This is due to the combined impact of steric
and electronic factors which necessitate much
more rigorous reaction conditions [91-93]. The
vinylation variant of this process closely para-
llels alkylation, similarly requiring strong bases
and highly controlled reaction environments
[94]. For instance, the benzophenone-derived
Schift base of glycine ester 1 (Scheme 1) is un-
suitable for the synthesis of quaternary amino
acids due to its significant steric bulk. Instead,

https://ucj.org.ua

the less sterically demanding benzaldehyde-de-
rived Schiff base 12 (Scheme 3) is typically em-
ployed for quaternization of alanine and higher
amino acids. The process begins with aldimine
12 which is treated with #-BuLi and 2,2,6,6-te-
tramethylpiperidine (TMP) to generate the cor-
responding enolate. This enolate is then react-
ed with 1-(2,2-difluorovinylsulfonyl)benzene
(13) yielding the vinylated product 14 in up to
91% yield. Subsequently, the sulfonyl group in
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14 is displaced using Bu,SnH in the presence of
azobisisobutyronitrile (AIBN) producing tribu-
tylstannane 15 in an excellent yield exceeding
>90%. Finally, intermediate 15 is treated with
HCI to remove the SnBu, group and to hydro-
lyze both the Schiff base and ester functional
groups resulting in a-(1’-fluoro)vinyl amino
acid 16. This method demonstrates high gene-
rality as alanine can be substituted by various
other amino acids featuring aliphatic, aromatic,
or side chains containing appropriately protec-
ted carboxylic or amino functionalities [95].
The asymmetric synthesis of (S)-2-amino-

l /\COZ t-Bu LDA/DMPU l-,/ COxt-Bu

(R)-17

4-fluoropent-4-enoic acid (19) is achieved
through the fluoro-allylation of the chiral
Schiff base (R)-17 (Scheme 4) [96]. The chiral
nucleophilic glycine equivalent (R)-17, derived
from 2-hydroxy-3-pinanone, is reacted with
3-bromo-2-fluoropropene at —78 °C in the
presence of LDA and N,N’-dimethylpropyl-
eneurea (DMPU) yielding the fluoro-allylated
product (5)-18 in 73% yield and diastereo-
selectivity exceeding 97%. Subsequent acidic
hydrolysis of the Schiff base and deprotection
of the carboxylic group results in the forma-
tion of amino acid (S)-19.

F NH,

NCozH

(S)-19

Scheme 4. Asymmetric synthesis of amino acid (S)-19.

As shown in Scheme 5, this approach can be
employed for the synthesis of the fluorinated
quaternary amino acid (S)-22. The necessary
Schiff base 20 is derived from (R,R,R)-2-hy-
droxy-3-pinanone and racemic alanine or ei-
ther of its enantiomers. Since the fluoro-ally-
lation reaction proceeds via the formation of
the corresponding enolate, the initial configu-
ration of the alanine residue does not influence
the stereochemical outcome. Under strongly
basic conditions, Schift base (R)-20 undergoes

L ’
o COx-t-Bu LDADMPY CO,tBu —>

(R)-20

allylation to yield the product (S)-21 in a mo-
derate yield of 64% but with high diastereose-
lectivity that exceeds 97%. Subsequent hydro-
lytic deprotection of both the amino and car-
boxylic functional groups results in the forma-
tion of the fluorinated quaternary amino acid
(8)-22 [97]. It should be noted that the sense of
asymmetric induction observed was consistent
with that seen in similar transformations of
glycine-derived compounds (Scheme 4).

PN

(S)-22

CO,H

Scheme 5. Asymmetric synthesis of quaternary amino acid (S)-22.
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The same research group led by G. Haufe
[98] investigated the application of the chiral
glycine equivalent imidazolidinone (R)-Boc-
BMI 23, introduced by D. Seebach [99], for the
asymmetric synthesis of fluoro-amino acids 26
(Scheme 6). The fluoro-allylation of imidazoli-
dinone (R)-23, derived from glycine (R = H) or
alanine (R = Me), was carried out using fluoro-
vinyl tosylate 24 in the presence of LDA/DMPU.
This reaction yielded products 25 in 89% and

(0]
Me\N /I.\/OTS
SR
N
Bu \
Me

LDA/DMPU

R =H, Me
(R,S)-25

(R)-23

)\Jg\ 2 KOH /]":\B\

84% yields for R = H and Me, respectively, along
with excellent diastereoselectivities exceeding
>97%. Functional group deprotection was per-
formed in two stages: first, the tert-butyl group
was removed under acidic conditions and then
subsequently the N-methyl amide group was
cleaved using KOH. However, the latter step
caused partial racemization in the case of gly-
cine-derived products due to the presence of a
relatively acidic o hydrogen.

NH;

COLH

(S)-26

Scheme 6. Asymmetric synthesis of fluoro-amino acid 26.

In all the methods reported above for the
asymmetric synthesis of fluoro-allyl amino
acids, the fluorine atom on the allylating rea-
gents was found to exert virtually no influence
on the chemical or stereochemical outcome of
the reactions. It can be postulated that utiliz-
ing these reagents for the fluoro-allylation of
other, more effective and practical nucleophilic
glycine and alanine equivalents [100-105] may
offer a significantly improved pathway for the
efficient synthesis of this class of fluoro-olefinic
amino acids.

Finally, application of the electrophilic gly-
cine equivalent 27 (Scheme 7) to the synthesis
of trifluorovinyl amino acid 30 [106] leverages
the unique reactivity of electrophilic reagent
27 enabling efficient nucleophilic substitution
of the chlorine with various Grignard rea-
gents. Specifically, the reaction of 27 with the
Mg-trifluorovinyl reagent 28 proceeds cleanly
in tetrahydrofuran (THF) at —78 °C providing
product 29 in good yield. Subsequent acidic
hydrolysis of 29 yields trifluorovinyl amino
acid 30.

F F
Cl F F F
MgBr 7 F @ ZF
CbzHN~ "CO,Me F 28 H
— >  (CbzHN COzMe H2N COzH
-78°C
27 29 30

Scheme 7. Synthesis of trifluorovinyl amino acid 30.

Elaboration of amino acid side chains.
The elaboration of amino acid side chains
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involves modifying their structures to intro-
duce new groups or functional groups, thereby
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expanding their chemical versatility and func-
tionality. The process typically starts with pro-
tecting reactive groups such as amino or car-
boxylic groups to prevent unwanted reactions.
The side chain can then be selectively trans-
formed using techniques such as alkylation,
acylation, or coupling reactions. These modifi-
cations can introduce fluorine atoms, aromatic

groups, hydroxyls, or other functionalities ena-
bling the synthesis of tailor-made amino acids.
Such elaboration is crucial for designing bio-
active molecules, catalysts, or advanced mate-
rials as it allows fine tuning of structural and
functional properties for specific applications.
A representative transformation of this type is
illustrated in Scheme 8.

F F
| zni Aot
Zn, (CH3)3SiCl 24
—_— CuBr/(CHs),S
BocHN CO,Me HCON(CHs), BocHN COMe J» BocHN CO,Me
HCON(CHjs),
(S)-31 (5)-32 (5)-33

Scheme 8. Synthesis of amino acid (S)-33.

Methyl N-Boc-(S)-2-amino-5-fluorohex-5-
enoate {(5)-33} was synthesized starting from
the alanine iododerivative (S)-31. The reaction,
carried out in the presence of activated zinc,
results in the formation of intermediate (S)-32.
Subsequent treatment of intermediate (S)-32
with CuBr, followed by allylation using tosylate
24, yielded product (S)-33 in 61% yield [107].
Notably, the optical integrity of the compound
remains intact throughout this process ena-
bling the preparation of enantiopure (S)-33.

The preparation of fluorinated y amino

acids 39 and 40 is illustrated in Scheme 9 [108,
109]. The synthesis begins with vinyl pyrroli-
done 34 which undergoes fluorination-bro-
mination of the double bond using a combina-
tion of HF/pyridine and N-bromosuccinimide
(NBS) yielding a mixture of products 35 and
36 in a 25:75 ratio, respectively. The elimina-
tion of HBr under strongly basic conditions
produces the unsaturated compounds 37 and
38. Following the separation of isomers 37
and 38, hydrolysis of the amide bond results in
y-fluorovinyl-y-amino acids 39 and 40.

34 35 25% 36 75%
KO-t-Bu,
THF
F =
N
HoN COH <~ N =" ™ T HN CO,H
H F H
F
39 37 25% 38 75% 40

Scheme 9. Preparation of y amino acids 39 and 40.
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Enantiopure  4-formyl-oxazolidine 41
(Scheme 10), derived from natural serine,
is extensively used in organic synthesis as a
masked equivalent of generic amino acids fea-
turing an a formyl group ready for functional
elaboration [110]. Compound 41 has been suc-
cessfully applied in the preparation of isomeric
fluorovinyl amino acids 49 and 50. In the ini-
tial step, the formyl group in 41 reacts with
diethyl  fluoro(phenylsulfonyl)methylphos-
phonate yielding the corresponding vinyl sul-
fone 42. Vinyl sulfone 42 is then treated with

Boc PhO,S

/ T
AO/\N)<CHO

41

Boc
/
N

Bu;Sn
43 45

NaOMe

—_

44

PO(OEY),

F A/N/
oﬂ/sozph

A/ /Boc
O\)N/F AO/\N)—XF HO

Boc
/ Boc Boc
A/N / /
\)\/S A/N HN
(6] nB
* O\)N HOJ\ P
F 4 ¢
46 48

Bu,SnH resulting in the formation of isomeric
products 43 and 44. Following separation via
column chromatography, each isomer is treat-
ed with strong base to produce the respective
fluorovinyl derivatives 45 and 46. Subsequent
hydrolytic opening of the oxazolidine ring in
45 and 46, combined with oxidation of the al-
cohol functionality in 47 and 48 using pyrid-
inium dichromate (PDC), and final N-Boc de-
protection yields the fluorovinyl amino acids
49 and 50 in overall yields of ca. 10% [111].

Boc
BuzSnH

—_—

E
42

HyN

N\

Boc
/
HN
N p HO,C F

4 poc
H® 2.HCl

e —_—

HoN

o

50

Scheme 10. Synthesis of amino acids 49 and 50.

The reaction sequence described in Scheme
10 can be effectively utilized for the prepara-
tion of fluorovinyl quaternary amino acids
[112]. The process begins with compounds
51 (Scheme 11), which feature appropriately
protected amino and carboxyl groups. Com-
pounds 51 react with a-fluoro-a-(phenylsulfo-
nyl)methyl phosphonate to yield a-fluorovinyl
sulfones 52. These reactions are performed in
the presence of lithium hexamethyldisilazide
(LiHMDS) asa strong base at —78 °C depending
on the nature of the side chains. Moreover, each

https://ucj.org.ua

compound 52 is obtained as a single E geomet-
ric isomer. The sulfone group in compounds
52 is subsequently converted to stannane de-
rivative 53. In the final step, acidic hydrolysis
leads to the formation of (Z)-a-(2’-fluoro)vinyl
amino acids 54 in yields ranging from 52-93%.
This method demonstrates broad tolerance for
diverse substituents, accommodating both
natural and tailor-made amino acids including
simple alkyl or benzyl-type groups as well as
substituents containing appropriately protect-
ed functional groups.
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PhO,S PO(OEt) B
B 2 2 Boc oc
¢ / SO,Ph / SnBuj
HN_cHO F AN — BussnH  HN( — Hoo  HaNG —
MeO,C R MeO,C "R MeO,C R HO,C R
R = Alk, CH A"
51 52 53 54

Scheme 11. Synthesis of (Z)-a-(2’fluoro)vinyl amino acids 54.

Sterically constrained prolines are highly
valued by chemical biologists, molecular bio-
physicists, and medicinal chemists for their
ability to modulate the conformational land-
scape of peptides and drug candidates during
the discovery stage [113-116]. An example of
the synthesis of such conformationally con-
strained prolines is presented in Scheme 12.
The procedure involves the addition of CF Br,

to the carbonyl group of keto derivative 55,
facilitated by zinc and hexamethylphospho-
ramide (HMPT), to yield 4-difluoromethyl-
eneproline 56 in 48% yield. Compound 56
was subsequently utilized for the preparation
of the corresponding saturated 4-difluorome-
thyl-L-proline or, with orthogonal protection,
employed in peptide synthesis [117].

(0] F,C
\l\\/>_0025n CF,Br, \l\\/>__co25n
N N
\ Zn, HMPT \
Boc Boc
55 56

Scheme 12. Synthesis of conformationally constrained 4-difluoromethyleneproline 56.

Considering the remarkable biological sig-
nificance of y aminobutyric acid (GABA) and
its derivatives, conformationally constrained
GABA analogs are highly sought after in bio-
chemistry and drug design [118-120]. For
instance, amino acid 59 (Scheme 13) features
two distinct steric/conformational constraints:
a five-membered ring and a C=C double bond.
The addition of two fluorine atoms to the dou-
ble bond introduces particular effects such as
enhanced polarity and increased lipophilicity,

o) O
ﬂ F,HC—-PO(OEt),
—_—
N N
0 “pMB FoC “PmB

57 58

both of which are crucial for interactions with
biological receptors. The synthesis of amino
acid 59 begins with the reaction of cyclic ami-
doketone 57 with diethyl difluoromethylphos-
phonate, yielding difluoromethylene deriva-
tive 58 [121]. Subsequent deprotection of the
amide nitrogen in 58, followed by hydrolytic
cleavage of the amide bond, completes the re-
action sequence producing the cyclic difluo-
romethylene GABA analog 59.

1. (NH4)2Ce(NO3)e,
2. HCl F2C

S — CO,H
H,N

59

Scheme 13. Preparation of conformationally constrained cyclic y amino acid 59.
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The introduction of carboxyl and/or amino
groups onto a fluoro-olefinic framework.

The incorporation of carboxyl or amino
functionalities onto an existing organic frame-
work combines standard and well established
approaches from organofluorine and amino acid
chemistry. Due to the stability of the C(sp?)-F
bond, fluoro-olefinic organic compounds typi-
cally exhibit resistance to nucleophilic substitu-
tion reactions which are commonly employed
to introduce carboxyl or amino groups [122].

A representative example of this approach
(Scheme 14) is the synthesis of (E)-p-(fluo-
romethylene)-m-tyrosine (65) [123,124] which
begins with the bromination of commercially
available methoxy-substituted acetophenone
60 followed by substitution of the bromine
with fluorine using potassium fluoride to yield

@*

1. Bry,
2. base

1. Bry,
2. KF

EtO,C

o
@)‘\F
OMe
EtO,C

@*“ o

fluoro-acyl 61 in 54% yield. Compound 61 is
then treated with triethyl phosphonoacetate in
the presence of NaH producing the unsaturat-
ed intermediate 62 as a mixture of Z and E iso-
mers in a ratio of 8:1 in 80% yield. Subsequent
bromination of intermediate 62 followed by
the elimination of HBr using piperidine gen-
erates the bromo derivative 63. The key step
in this synthesis is the LDA-assisted isomeri-
zation of 63 into the thermodynamically more
stable compound 64 which possesses a more
acidic hydrogen at the a position relative to the
ester group. The final steps include the intro-
duction of an amino group through treatment
of 64 with ammonia, neutralization, and hy-
drolytic deprotection of the carboxylic group
ultimately affording compound (E)-B-(fluo-
romethylene)-m-tyrosine (65).

EtO,C

Et0,C”7 “P(OEt);

OMe

HOZ::

1. NHj,
2. HCl

Scheme 14. Synthesis of (E)—[B—(ﬂuoromethylene)-m-tyrosine (65).

The reactions of isocyanoacetates with
fluorinated carbonyl compounds represent
a well established method for the prepara-
tion of fluorinated a-amino-p-hydroxy acids
[125-127]. An intriguing application of this
approach for the synthesis of unsaturated de-
rivatives is outlined in Scheme 15 [123, 124].
The cyclization of bromofluoroacetophenone
66 with isocyanoacetate 67 catalyzed by Cu,0O
efficiently produces oxazoline intermediate 68
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in an excellent 90% yield. Subsequent treat-
ment of the heterocyclic product 68 with tri-
fluoroacetic acid and activated zinc results in
oxazoline ring opening forming a mixture of
geometric isomers 69 and 70 which are separa-
ble by column chromatography. Finally, reflux-
ing 69 and 70 in 47% aqueous HBr removes
all protecting groups yielding the geometric
isomers 71 (Z) and 72 (E) of p-(fluoromethy-
lene)-m-tyrosine in ca. overall yields of 25%.
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EtO,C NHCHO HO,C
QLF
i ~ FerHc  O2F oMe
Br c=N"""Cco,Et HBr 47%
; 67 N CFsCOzH I
- = o
OMe Cu0 MeG EtO,C NHCHO  HO,C_ NH,
HCON(CHa),
66 68
F
OMe

72

Scheme 15. Synthesis of the geometric isomers 71 (Z) and 72 (E) of B-(fluoromethylene)-m-tyrosine.

During the enzymatic enantioresolution
of the geometric isomers 71 (Z) and 72 (E) of
B-(fluoromethylene)-m-tyrosine, it was found
[128] that only the E isomer 72 exhibited bio-
logical activity undergoing reactions with
a-chymotrypsin, facilitating the preparation of
the Rand S enantiomers of (E)-f-(fluoromethy-
lene)-m-tyrosine (72). While it is surprising
that the enantiomers of 71 were unreactive, as
a result, enzymatic treatment provides a use-
ful method for separating both the geometric
and optical isomers [128]. Additionally, a com-
pelling avenue for further investigation would
involve chemical deracemization via DKR pro-
cesses [129-131] to examine the influence of

geometric configuration on the stereochemical
outcome.

The Strecker synthesis of amino acids is one
of the oldest and most classical chemical reac-
tions [132]. An example of its application in
the synthesis of fluoro-olefinic amino acids is
depicted in Scheme 16 [133]. In this process,
2-fluoroacrolein (73) reacts with bis(4-meth-
oxyphenyl)methanamine as the amino group
source and trimethylsilylcyanide (TMS-CN)
as the carboxylic group source to form inter-
mediate 74. This intermediate is subsequently
hydrolyzed to yield 2-amino-3-fluorobutenoic
acid (monofluorovinyl glycine, 75) in an over-
all yield of ca. 30%.

F

HCI
O —'

CO,H

75

Scheme 16. Synthesis of 2-amino-3-fluorobutenoic acid (75).

In addition to a amino acids, the introduc-
tion of amino acid functionalities can also be
applied to the preparation of fluoro-olefinic
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GABA derivatives which not only imparts
fluorine effects, but also strategically restricts
the number of accessible conformations. As
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illustrated in Scheme 17 [123, 124], phthali-
mide 76 undergoes bromination at the methyl
group to yield bromo derivative 77 in high
yield. The bromide in 77 is subsequently sub-
stituted with a cyanide group via reaction with
sodium cyanide in dimethyl sulfoxide produc-

O F. O F © F

| \ NaCN | HCl

J\/N NBS, CCly N N . HO.C | NH,
o} Br % CN o
76 77 78

ing nitrile 78. Finally, treatment of compound
78 with 6 N hydrochloric acid under reflux
conditions results in the hydrolysis of the nit-
rile group and the removal of the phthalimide
protection leading to the formation of y amino
acid 79.

79

Scheme 17. Preparation of fluoromethylene GABA derivative 79.

Glutamic acid is a crucial amino acid in-
volved in protein synthesis and nitrogen me-
tabolism. It supports immune function, pro-
vides energy for immune cells, and serves as
a precursor to amino acids such as glutamine.
Additionally, as glutamate it acts as the primary
excitatory neurotransmitter in the brain play-
ing an essential role in synaptic transmission,
learning, and memory [134-138]. The remar-
kable biological versatility of glutamic acid and
its derivatives has inspired significant synthetic
efforts to develop various tailor-made deriva-
tives [139-142].

The synthesis of glutamic acid 87 featur-
ing a fluorine-containing unsaturated moie-
ty is illustrated in Scheme 18 [123, 124]. The
procedure begins with the electrophilic bro-
mination of inexpensive and commercially
available ethyl 3,3-dimethylacrylate (80) using
NBS followed by substitution of the bromine
with fluorine via potassium fluoride yielding
fluoro-acrylate 81. Compound 81 is then sub-
jected to radical bromination with bromine
followed by dehydrobromination using 1,4-di-
azabicyclo[2.2.2]octane (DABCO) producing
a-bromofluoro-acrylate 82. The subsequent
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isomerization of 82 to 83, facilitated by LDA,
is driven by the greater thermodynamic stabi-
lity of 83 due to the higher acidity of the pro-
ton at the a position relative to the ester func-
tional group. The bromine in 83 is replaced by
an amino group through treatment with am-
monia and the amino group is then protected
using phthaloyl dichloride yielding protected
amino acid 84. A second carboxylic function
is introduced via electrophilic bromination of
84 with NBS producing bromo derivative 85.
Substitution of bromine with a CN group is
achieved using sodium cyanide generating ni-
trile 86. The final step involves hydrolysis and
deprotection of compound 86 under acidic
conditions to yield (E)-B-fluoromethyleneglu-
tamic acid (87).

The general method for preparing GABA de-
rivatives featuring di- and trifluorovinyl groups
is outlined in Scheme 19 [108]. The process
begins with the oxidation of unsaturated ester
88 to aldehyde 89 via standard ozonolysis. The
addition of 1,1-difluoroethene or 1,1,2-trifluo-
roethene to the carbonyl group of 89 is con-
ducted under strictly controlled conditions at
—105 °C using sec-BuLi as base. The resulting
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alcohols 90 are then reacted with phthalimide
in the presence of PPh, and diethyl azodicar-
boxylate (DEAD) yielding protected amino ac-
ids 91. The final steps involve deprotection of
the amino group using hydrazine followed by
acidic hydrolysis of the ester group. This proce-

dure yields 4-amino-6,6-difluoro-5-hexenoic
acid (92) and 4-amino-5,6,6-trifluoro-5-hexe-
noic acid (93), both of which are GABA ana-
logs presenting a wide range of opportunities
for exploration in biochemistry and medicinal
chemistry.

F F

e 1.NBS " 1.B |
e - Bre CO,Et
X-COEt 2 kF j\/COZEt 2.DABCO H,c” Y 2 LDA COHE
3 —> HsC -~ HC
’ Br Br
80 81 82 83
F F
1. NHg, ‘ F | | F ‘
2. Phthaloyl CO,Et CO,Et CO,Et H
dichloride ¢ Z7 NBS 2= NaCN ne) HO2C CO,H
_ dichlorice Hel
NPhth Br  NPhth CN  NPhth
NH,
84 85 86 87
Scheme 18. Synthesis of (E)-p-fluoromethyleneglutamic acid (87).
R F E
Os, or >= R
P"co 8y (O3S 07"Sco,tBu F F PPN
HO CO,-t-Bu
88 89 sec-Buli, 90
-105°C
PhthNH, R 1. NH,NH,, R
PPhs 2. HC PN
COy-t-Bu — H-N CO,H
PhthN 2 2
DEAD
91 R = CH,CF,, 92; CHFCF,, 93

Scheme 19. Synthesis of GABA analogs 4-amino-6,6-difluoro-5-hexenoic acid (92)
and 4-amino-5,6,6-trifluoro-5-hexenoic acid (93).

As shown in Scheme 12, (S)-3-(difluo-
romethylene)proline can be synthesized from
(S)-3-oxoproline 55 using CFBr/Zn [117].
An alternative method for preparing this high-
ly intriguing conformationally constrained
and fluorine-containing proline analog is
outlined in Scheme 20 [143]. This approach
begins with the cyclization of a trifluorome-
thyl-containing and appropriately protected
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amino alcohol 94. The reaction requires strong
base to deprotonate the NH group and is con-
ducted in dimethylformamide at 120 °C for
4 hours. Cyclic compound 95 is then treated
with  2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ) to remove the p-methoxybenzyl
(PMB) protecting group. This reaction occurs
in a CH,Cl,-MeOH solvent mixture at ambi-
ent temperature but requires ca. two days to
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complete. The deprotected alcohol 96 is oxi-
dized to a carboxylic acid using 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO)/NaClO,
under mild conditions in acetonitrile at am-
bient temperature. However, this step progre-
sses only slowly, taking ca. seven days. Despite

the extended reaction times, the mild condi-
tions result in excellent yields exceeding 90%
at every step of the process. This method ul-
timately provides N'Ts-protected (S)-3-(difluo-
romethylene)proline (97) making it a synthe-
tically appealing approach.

CF3 NHTs F,C F,C F,C
A NaH 2 OPMB DDA 2 OH TEMPO, 2
OPMB NaClO, CO,H
N N - = N
\ \ \
Ts Ts Ts
94 95 96 97

Scheme 20. Synthesis of (S)-3-(difluoromethylene)proline 97.

Generation of unsaturation on pre-exist-
ing fluoro-amino acid cores.

Sterically and conformationally constrai-
ned pyroglutamic acids are vital in medicinal
chemistry due to their distinct ability to modu-
late protein structure and function. These de-
rivatives enable the targeted restriction of pep-
tide backbone flexibility, stabilizing specific
conformations that enhance binding affinity
and selectivity for biological targets. Conse-
quently, the synthesis of substituted pyroglu-
tamic acids has garnered considerable atten-
tion [144-146]. The synthesis of (S)-4-mono-

F,HC
:[/f><co2 t-Bu NEta
O
\
Boc
98

%Coz tBu_H

99 100

fluoromethylenylpyroglutamic  acid  (100)
is outlined in Scheme 21 [147]. The process
begins with 4-difluoromethylpyroglutamate
(98), derived from naturally occurring 4-hy-
droxyproline [123, 124]. Treatment of 98 with
triethylamine in acetonitrile induces dehydro-
fluorination providing compound 99 in yields
of up to 90%. The final step involves standard
acidic deprotection of the N-Boc and fert-bu-
tyl ester groups under mild conditions afford-
ing free (S)-4-monofluoromethylenylpyroglu-
tamic acid (100).

Scheme 21. Preparation of (S)-4-monofluoromethylenylpyroglutamic acid (100).

The fluoro-Pummerer rearrangement is a
variant of the classic Pummerer rearrangement
[148] in which sulfur-containing compounds
undergo structural reorganization via an elec-
trophilic activation process. In this modified
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reaction, the introduction of fluorine enhan-
ces the electrophilicity of the sulfonium inter-
mediate leading to regioselective rearrange-
ment and functionalization of adjacent carbon
centers [149, 150]. The reaction is valuable in
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synthetic chemistry, particularly for construct-
ing fluorinated heterocycles and bioactive
molecules with tailored electronic and steric
properties.

An example of the application of the fluoro-
Pummerer rearrangement as a key step in the
synthesis of B-fluorodehydroalanine 107 is
illustrated in Scheme 22 [151]. The process
begins with the reaction of N-Fmoc-protect-
ed serine 101 with 1-(diphenylmethylene)hy-
drazine in the presence of iodine and (diace-
toxyiodo)benzene yielding compound 102 in
90% vyield while installing the ester protec-
tive group. Compound 102 is then converted
into the corresponding ester via reaction with
mesyl chloride followed by elimination of

methanesulfonic acid using triethylamine af-
fording dehydroalanine 103 in 82% yield. Ad-
dition of 4-methoxybenzenethiol to the double
bond in 103 produces derivative 104 in 70%
yield which is subsequently oxidized to sul-
foxide 105 using m-chloroperoxybenzoic acid
(mCPBA) in 95% yield. The key fluoro-Pum-
merer rearrangement step is performed by
treating 105 with diethylaminosulfur trifluo-
ride (DAST) in the presence of SbCl, resulting
in fluoro derivative 106 in 70% yield. The final
two steps involve oxidation of the sulfur atom
in 106 followed by thermal elimination to re-
generate the double bond ultimately producing
fluorodehydroalanine 107 as a 1:1 mixture of Z
and E isomers in 47% combined yield.

o) 0
FmocHN,, _CO,H I, FmocHN,,, MsCl, FmocHN
( NHNH;  ppy( _PhI(OAC), ODPM _EtN. ODPM
OH Ph Ph OH
101 103
o) o)
4-MeOPhSH, FmocHN FmocHN DAST,
Et;N ODPM mCPBA ODPM  gpcl,
- PMP — =
SPMP ﬁ/
o)
104 105
o) 0
FmocHN mCPBA FmocHN
ODPM — . | ODPM
F SPMP =
106 107

Scheme 22. Synthesis of B-fluorodehydroalanine 107.

An improved strategy for the preparation of
(Z2)-B-fluorodehydroalanine (110) is outlined
in Scheme 23 [152]. The synthesis begins with
the alkylation of glycine Schiff base 108 using
CBr,F, and LiHMDS as base yielding bromo-
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difluoro alanine 109. Compound 109 is then
subjected to selective reduction with Et,SiH
in the presence of Pd(OAc), resulting in the
stereoselective formation of (Z)-p-fluorode-
hydroalanine (110) in 60% yield from 108.
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F
CF,Br Et3SiH, Ph
2 Pd(OAc), )\\ |
—— pPh N
COLEt CO,Et
109 110

Scheme 23. Synthesis of (Z)-p-fluorodehydroalanine (110).

Bromodifluoro alanine 109 has proven to
be a highly versatile starting material for the
generalized synthesis of various B-substituted
derivatives of B-fluorodehydroalanine via Su-
zuki-Miyaura and Mizoroki-Heck cross-cou-
pling reactions (Scheme 24) [152]. For in-
stance, Schiff base 109 undergoes cross-cou-
pling with p-methoxyphenylboronicacid (111)
in the presence of potassium carbonate, water
(150 L), PACL, (5 mol%), and PPh, (10 mol%)
in 1,4-dioxane at 100 °C for 2 hours yielding
fluorinated dehydroamino acid 112 in 65%

B(OH),
=
FRIL \ | X o
ph ‘ Z kL )\
. NS
Ph N™ “CO,Et ) — Ph

Suzuki—Miyaura
cross-coupling

112

109

yield. Alternative phosphine ligands, such as
2-dicyclohexylphosphino-2’-(N,N-dimethyl-
amino)-biphenyl (Davephos), 4,5-bis-(diphe-
nylphosphino)-9,9-dimethylxanthen  (Xant-
phos), 1,1’-bis(diphenylphosphino)ferrocene
(dppf), or 1,2-bis(diphenylphosphino)ethane
(dppe), as well as bases such as K,PO , KHCO,,
KOH, Et,N, or Cs,CO,, can be used to optimize
the reaction conditions for different substitu-
ents R on boronic acid 111. Using this method,
over 50 distinct derivatives of 112 have been
synthesized in yields ranging from 49-93%.

= X
CF,Br | R
113
B ———
COEt  \izoroki—Heck

cross-coupling

114

Scheme 24. Synthesis of B-substituted (Z)-p-fluorodehydroalanine derivatives 112
and 114 via Suzuki-Miyaura and Mizoroki-Heck cross-coupling reactions.

In the Mizoroki-Heck cross-coupling re-
action, Schiff base 109 and styrene 113 are
treated in THF at 100 °C with Pd(PPh,)CL, (5
mol%), Nal (3 eq.), and Et,N (5 eq.) yielding
diene amino acids 114. Styrenes bearing both
electron-donating and electron-withdrawing
substituents were well tolerated (12 examples)
affording the desired products in moderate-
to-good yields of 45-82%. Notably, the stere-
oselectivity was excellent, consistently favoring
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the (2Z,4E)-isomer irrespective of the substit-
uents [152].

CONCLUSIONS. As discussed, the current
wealth of synthetic methodologies enables ac-
cess to a diverse range of tailor-made amino
acids featuring mono-, di-, and trifluorovinyl
groups as well as mono- and difluoromethy-
lene functionalities. These fluorinated substit-
uents can be introduced into both linear and
cyclic a amino acids as well as their y amino
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acid counterparts. While some approaches in
this review are of primarily historical signifi-
cance, others represent cutting-edge advance-
ments in modern synthetic methodology. De-
spite these developments, fluorine-containing
olefinic amino acids remain comparatively
underexplored, particularly when contrasted
with amino acids bearing aromatic or fully ali-
phatic fluorination. This underdevelopment
likely stems from the inherent challenges of
aliphatic fluorination which often results in
highly polar fluorinated unsaturated bonds
prone to unwanted addition and isomerization
reactions. Consequently, aliphatic fluorination
is largely absent in approved pharmaceutical
drugs and agrochemicals. However, this land-
scape is poised to change with the growing
scientific recognition of dehydroalanine’s role
in naturally occurring peptides. Post-transla-
tional modifications of peptides and proteins
not only drive new therapeutic discoveries, but
also serve as a catalyst for innovations in syn-
thetic organic chemistry and chemical biology.
Notably, in the past five years, remarkable pro-
gress has been achieved in visible light-driven
radical conjugate addition to dehydroalanine
enabling site-selective functionalization of
peptides and proteins. These advancements
have significantly expanded the scope of tai-
lor-made amino acid synthesis while furthering
the frontiers of bioconjugation and bioortho-
gonal chemistry [153-157]. As a result, re-
newed interest in fluorinated derivatives of de-
hydroalanine and other fluoro-olefinic amino
acids is expected. Beyond their promising bi-
ological activities, fluorine-containing olefinic
amino acids also offer unique opportunities
for investigating the self-disproportionation of
enantiomers (SDE) phenomenon [158-160].
Amino acids are known to exhibit a strong
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tendency for SDE in achiral chromatography,
and due to their elevated volatility conferred
by fluorinated unsaturated groups, these de-
rivatives are particularly well suited for SDE
via sublimation studies [161-163]. Given the
regulatory significance of chiral drug charac-
terization, examining SDE behavior in bio-
logically active compounds [164-167] plays a
crucial role in fulfilling US FDA requirements
for chiral drug submissions [168-170]. With
fluorinated compounds continuing to serve as
essential tools across the pharmaceutical, agro-
chemical, and materials industries, and with
increasing recognition of the benefits of un-
saturated fluorine-containing motifs, research
in this field is expected to grow substantially in
the coming years.
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AmiHokucnoTM €  (yHJAMEHTaJIbHUMU
IPAaKTUYHO JUIsI KOXKHOTO acIleKTy Oiosoriu-
HOI HayK! Ta OXOPOHM 3[JOPOB'Sl, CIYTYIOUM
HAapDKHMM KaMeHEeM MOJIEKYIAPHOI CTPYK-
Typu Ta yHkuii. [locmimkeHHS Temep po3-
LVPUINCA 3a MEXI IPUPOAHNUX aMiHOKUCIOT
0 CIIelja/IbHO pO3pOOJIeHNX IOXiHUX, IO
JlaJI0 3MOTY TOYHO KOHTpOIOBaTy Oionmorivni
Ipollecy Ta BiJKpuBaTy HOBi (YHKI[iOHA/Ib-
Hi MOXX/IMBOCTI, HEJOCSKHI 31 CTaHJApTHU-
MU aMiHOKMCIOoTaMu Ta nentupamu. OpHuM
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i3 HaillliKaBiIIMX HOCATHEHb € PO3POOIEHHA
($TOpPBMICHUX aMiHOKWC/IOT, AKi IOENHYIOTH
NOTYXHi (apmakosnoriuni edpexru ¢ropy 3i
CTPYKTYPHOIO aJAaNTUBHICTIO aMiHOKMUCIIOT-
HIUX KapkaciB. Lleil ornapm mocmimKye CUHTe3
¢$bTOpOBaHNX aMiHOKNCIIOT, IO MICTATh He-
Hacu4eHi 3a/MIIKMA — HaJ3BUYAMHO LIIHHY Ta
OKpeMy HifrpyIy B Impuomy kiaaci ¢proposa-
HIUX aMiHOKMCIOT. Li crienjianisoBani MOeKy-
M XapaKTepusylTbcs bes3rocepenHiM 3B's3-
KoM (Topy 3 Sp>-riGpuaM30OBaHNMI ATOMAMMI
BYIJIEI[I0, e(peKTVBHO BiITBOPIOIOUN €leKTPO-
HHI BJIaCTMBOCTI apOMaTHYHOIO 3aMillleHHA
0e3 BMKOPUCTAHHS apOMATUYHOI CHUCTEMI.
One¢inose posramyBanHA Qropy HigBUIIyeE
cTabipHICTh MONEKyIM Ta Hafae crenugiv-
HUX CTE€PUYHUX, T€OMETPUYHMX, XIMIiYHUX i
610/7IOTiYHMX XapaKTepUCTHK, KPUTUYHO BaXK-
NUBUX JUIs1 PO3pOOTIEHHS TiKapChKMX 3aC00iB
Ta 6i0/I0TiYHO aKTMBHMX cHONyK. [Ipexncras-
JIeHi TyT cTpaTerii CUHTE3y OpraHi30BaHO
HABKOJIO K/IIOYOBMX I€PETBOPEHD, BKI/IIOYa-
I049M O-aJIKiTyBaHHA aMiHOKMCIOT, HapoOILy-
BaHHA OIYHMX JIAHIIIOTIB, BBEEHHA aMiHO- Ta/
a00 KapOOKCWIBPHUX (YHKI[iOHA/TBHUX TPYII
i cTBOpeHHS HEHAcMYEHOCTi B Mexax (ro-
POaMiHOKMCIOTHUX sfep. 30uparounm 1i Me-
TOJOJIOTiI, MY IIparHEMO HaZJaTy BUYEPIIHUIA
pecypc Ta JKepeno HAaTXHEHHA [ JOCTif-
HUKIB, IKi IPaIIOIOTh y TaTy35IX CUHTETUYHOL
Ta MegUYHOI XiMmil, po3poO/IeHHs JTiKapChKIX
3aco0iB Ta opraHoTOPHOI XiMil.

KniouoBi cmoBa: ¢rop, amiHOKMCmOTH,
¢dropoBani  dapmaneBTHYHI  IpenapaTi,
HeHacu4deHi/oneiHoBl Ipyny, CUHTe3, HYK-
neodinpHi Ta enekTpodinpHi eKBiBameHTH
[T MHY.
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