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MATEMATUYECKOE INTAHVPOBAHME KYJIbTUBMPOBAHIA
IMPOIIVIOHOBOKICIIBIX BAKTEPUI

. H. ITaBnos, O. H.Topa

Urops Huxkomnaesud ITaBnoB, kaHf,. TexH. HaykK, goueHT; Okcana HukomaesHa I'opa, acniupanT

Buiickmit TexHomornvecknit MECTUTYT ($umman) ANTaicKoro roCyAapCcTBEHHOTO TEXHIYECKOTO YHUBEPCUTETA

uM. VL. [TonsyHoBa, buiick, Poccus, pawlow-in@mail.ru; gorao@bk.ru

Kniouesvie cnosa:
NPONUOHOB0OKUCTIbIE bakme-
puu, Propionibacterium
freudenreichii, xynomusu-
posanue, onmuMU3AUUs
npoyecca, numMamenvHas
cpeda, memood bokca-Yun-
coHa, eumamu By, nonro-
paxmopHoLii IKcnepumeHtn

Annomauyus: Ha ocnosanuu pe3ynvmamos co6cmeenHbLX Uccne008aHull U ana-
NU3A TUMePamypHoix 0aHHbIX NPedsioNceHbl YCIOBUS U COCMAE NUMAMENbHO
cpedvl 07151 KyNbMUBUPOBAHUS NPONUOHOBOKUCTbIX bakmepuii. B kauecmee umo-
KynAma ucnonv308aH KOHUEHMPAm nponuoHOBOKUCTbIX baxmeputi, Komopoiil
coOepicum Knemxu cenexmusHvlx uimammos Propionibacterium freudentreichii.
B cocmage numamenvHoii cpedvt HA NOCHOAHHOM YPOBHE NOOOEPHUBANUCH KOH-
ueHmpauuu: UHOKynama - 5% 00., xnopuda kobanvma CoCl, 6 0osuposxke 20 me/n,
a maxxe KOHUeHMPAyUs eudponuU308anHoe0 monoxa - 5% 06. Bapvupyemoimu 6
cocmage NUMAamenvHoll cpedvl SBIANOCL COOepHaHUe: OPOHIHEeB8020 ABMONU-
3ama, ackopOuHO80L KUCTIOMbL, CyTbdama ammoHus, nakmosvl. Ilonyuennyio
cMech Kynobmusuposanu 6 mepmocmame 7 cymox npu memnepamype 30 °C npu
PH cpedvt 7,0. Onmumusauust npoyecca Kynvmusuposanus nposoounacs no me-
mody Boxca - Yuncona. Memodom mamemamu4eckozo naaHUpo8anus nocmpoen
nAaH nonHo20 PaxmopHozo skchepumerma ITPI 2", umo no36onAUN0 ONMUMUBU-
posamv numamenvryio cpedy OIS KyIbMueUpoBaHUs NPONUOHOBOKUCLIX OaK-
meputi ¢ HAUOOTLUUM NPUPOCHIOM OGuomaccyl bakmeputi U HAKONAEHUEM BUMA-
muna Biz. ITo0obpanvt onmumanvHole ycno8uUs Kynbmueuposanus 0 HAKonae-
Hus 6uomaccu Propionibacterium freudenreichii, npu komopvix makcumanvHoe
3HaveHue GUOMACCHL HA 5 cymKu Kynvmusuposarue cocmasnsiem 60,5 2/ ¢ 6bi-
COKUM COOePIHAHUEM HUSHECNOCOOHVIX KIemoK npobuomuueckux 6axmepuii
12x10" KOE/c™® u maxcumanvHoim Hakonsenuem sumamuna By na 5 cymxu
Kynvmusuposarue pasroim 108,1 mxe/mu.

T nuTHpoOBaHMA:

[TaBmos V1.H., F'opa O.H. Maremarndeckoe IIaHNpOBaHIe KyTbTYBIUPOBAHNMS IIPOIMOHOBOKIUC/IBIX OaKTepuit //
Om xumuu x mexronoeuu wiae 3a wiazom. 2022. T. 3, b 3. C. 8-16. URL: http://chemintech.ru/index.php/tor/2022tom3no3

BBenenne

YenmoBeueckuin OpTaHU3M ABJIAETCA OMOIOIMYECKOI CI/ICTCMOI7[, KN3HEJEATCIbHOCTD KO-

TOPOIU/I TE€CHO CBsA3aHa C OKPYXamolM MUPOM. B pe3ynbTare BOSJ:[Cf/ICTBI/IH AHTPOIIOT€HHbBIX

(baKTOpOB - 9KO/JIOTUYE€CKUX YCHOBI/[ﬁI, CTpE€CCOB, HEANEKBATHOI'O MMTAHNA, IIPVMEHEHNA aHTU -

6I/IOTI/IKOB, MEIOMKAMEHTOB, U306BITOYHOTO IIOTp€6HeHI/IH YyI/1€BO4OB IIPOMCXOONUT Ka9E€CTBEHHOE
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U KOJIMYeCTBEHHOE MI3MEHEHNe COCTaBa MUKPOQIOPHI XKeTyJOYHO-KNIIEYHOTO TPAKTa 4YeyIo-
BeKa. [Ipu aToM HapymaeTcss HOpMaJbHOe IMIIeBapeHye — NIIa llepeBapyBaeTCsA YaCTUIHO,
HA4YMHAIOT pPa3BUBATbCSA INATOTEHHBIE U YC/IOBHO-NIATOTEHHBbIE OAaKTepuy U APOXOKM pofia
Candida [1-3]. [Ina npodumakTvKy MOC/IeACTBUI HapyLIeHWIT UIeBapeHNs U Pa3BUTHUA CO-
HyTCTBYIOIUX 3a00/1eBaHNIT TpedyeTcs paspaboTKa 1 paclIpeHe IpOon3BOACTBa 610IoTIYe-
CKMf aKTUBHBIX 100aBOK, B TOM YJIC/Ie Ha IPUHIUIIAX OMOTeXHOMOIMN. B 4acTHOCTH, K TaKuM
IPOAYKTaM OTHOCATCA IPOAYKTBI, COfiepyKalllyie BLICOKOAKTMBHBIE XXVBBIe OaKTepUIU UM IIPO-
M3BeJleHHbIe VIMI ITPOAIYKTHI [4-6]. Pa3paboTaHbI TEXHOMIOIMM VX ITPOM3BOJCTBA B XKVMIKO M/IN
Cyxoit popMax 13 MUKPOOHBIX KyIbTyp (61dumobakTepuit, 1TakTo6aKTepuii, IPOIMOHOBOKYIC-
nbIX 6axkTepuii u ap.) [7, 8], KOTOpble UMEIOT BBICOKYIO aKTMBHOCTD [9, 10].

Oco6eHHO MHTEPECHBI B MCIIOIb30BAHNUY IIPOIIMOHOBOKNUCTIbIe 6akTepuu. VM npucyum
aHTUMYTOT€HHbIE 1 UMMYHOTE€HHbIE [efICTBIA, @ TaKKe CIIOCOOHOCTD HAKAIUIMBATD B IIpOIiecce
KV3HeIeATeTbHOCTY BUTaMMHa By, [11]. [ToaToMy Iipenapatsl, CIIO/Ib3YIOIINie B CBOEYI OCHOBE
IIPONVIOHOBOKIIC/IbIE OaKTepuu, ABIAIOTCA BCETAa BOCTpeOOBaHHBIMM. [IepCIeKTVBHBIM ABIIA-
€TCsl MOBBIIIeHVe YHUKA/IbHOCTY BBIITYyCKa JAHHBIX IIPEIIapaToB, a TAKKe MCIIO/NIb30BaHNe NH-
HOBAIVI1 NPV NPOU3BOJCTBE IPOMVOHOBOKNUCIIBIX OaKTEpMil C 1[e/IbI0 MOBBILIEHNA CBOJICTB
IPOAYKTOB. B wacTHOCTH, /11 IpUMeHEHN IIpenapaToB aKTya/JIbHBIM ABJIAETCA pelleHue 3a-
flady 110 0OeCIeYeHNI0 YCIOBUI /I YBeIMYIEHNS COXPAHHOCTY, KOTOPbIE CO3/IAIOTCH, IIPEXTe
BCEro, 9KOHOMMYECKMMI 00CTAaHOBKOJI Ha IpousBoacTBe. Ocoboe BHUMaHME YAEMACTC TeX-
HOJIOTYM TIO/Ty4eHN IIpernapaToB B CyXoit popme.

Llenbio MccmemoBaHMA ABIAETCA MOUCK ONTUMAIBHBIX YCTIOBUIL ITO COOTHOIIEHNIO KOM-
IIOHEHTOB IUTATEIbHOI CPeJibl, UCIIOIb3YEeMOII /ISl pa3BUTH IPOIVIOHOBOKVCTIBIX OaKTepumit
JUIA CO3MAHVA YC/IOBMIA IT0 MAaKCUMaIbHOMY IIPMPOCTY 60MacChl KY/IbTMBJMPYEMBIX OaKTepuit
¥ IPOM3BOZCTBA B IIPOIecCe UX XKM3HeIeATe/IbHOCTY Ha0OIbILIero KOMMYecTBa BUTaMIHa Bi,.
B xauecTBe omnpepenAoIX (paKTOPOB, M pelIeHNA IIOCTaBIeHHOI 3a/jaull, PACCMOTPEHBL:
BBIOOp MMTATETBHON Cpelbl M OIpefie/ieHrIe COOTHOIIEHN I KOMIIOHEHTOB, a TaKXKe YC/IOBMS

KyIbTUBMPOBaHMA (TeMneparypa, pH, KoHIleHTpanms).
IKcnepuMeHTaNnbHaA 4acTh

DaKkTOpPOM IOBBIIIEHNs YCTONYMBOCTY NIPK YAa/IeHUN BIarM BBICTYIIAET, IIPEX/ie BCETO,
pelleHe 3aauy ONTYMU3AINM COCTaBa MUTATE/IBHO CPEebI /IS Ky/TbTUBYPOBAHNUSA IIPONNO-
HOBOKJIC/IBIX OaKTepuil. B kadecTBe OCHOBHOTO KOMITOHEHTA IUTATETbHOI CPeAbI /IS KY/IbTHU -
BUPOBaHMsI IPOIIMIOHOBOKNCIIBIX OaKTepuil BbIOpaHa MOJIOYHas ChIBOpoTKa [12]. [IpuMenenne
CBIBOPOTKU /151 KY/IbTMBYPOBaHMsI IIPOIIOHOBOKNUCTIBIX GaKTepIil 0OBACHACTCS COfepIKalIM-
MICSI B Hell yIIeBOiaMM (JTAKTO3BI ¥ [IIOKO3BI), IMIIMAAMMI i MOJIOYHOTO XKVPa, IETKOYCBOsIe-
Moro Oenka (kaserHa, anbOyMyHa U I7100y/IMHA); BUTaMUHAMM TPYHIIBI B, ackopOMHOBOI U
IIAHTOTEHOBOJ KMCJIOT, TOKO(epoIIa, OpraHNdeCcKMMI KUCI0TaMu (MOIOYHON M YKCYCHOIA, -
MOHHOJ ¥I MyPaBbJHOII), MHEPaJIbHBIMY KOMIOHeHTaMu (pocdopa M MarHus, KalabLusa U

XJI0pa, MHKa ¥ HATPUs, KalIusl U JKete3a, 1ofia, KobanbTa M MOMubIeHa), 1 aMUHOKUCTIOTAMIA.



OT XUMUW K TEXHOJIOTUH RITZARETNTIRNNVY TOM 3, BbINYCK 3, 2022

[l pasBUTMA HMPOIMOHOBOKVIC/IBIX 6akTepuil mofobpaHa IMUTaTeNIbHAs Cpefia, Ha OC-
HOBe KOTOPOJI IPOBOAMIACH OTPAabOTKA IO COOTHOIIEHNIO KOMIIOHEHTOB /I IOBBILICHVISA
HaKOIUIeHMA 6110MacChl TPONVIOHOBOKICIIBIX OakTepnit. KoMIIoHeHThI, BXoAAIIe B Cpefy: Mo-
JIOYHasi CBIBOPOTKA, IPOXOKEBOI aBTOMN3AT, IUAPONIN30BaHHOE MOTIOKO, aCKOPOMHOBAS KIC-
10Ta, cynbdar aMMoHMs, 6ydep, makTo3a u XIopup kobanpra. Ha mocrosstHHOM ypoBHe IOf-
Ilep>XVBA/IMCh KOHIIEHTPALIN: MHOKYIATa — 5% 00., xmopuga kobaapra CoCl, B 10o3mpoBke
20 Mr/11, a TaKKe KOHIIEHTpaLus TUIPOIN30BaHHOTO MOJIOKA — 5% 06. VIHOKY/IATOM sB/IsAETCS
KOHLIEHTPAaT  IPONMOHOBOKMCIBIX  OakTepuil,  cofep>Kalimil ~ KIETKM  LITaMMOB
Propionibacterium freudenreichii, XapakTepu3yIoLyiecs TOBBIILIEHHOI TeMIIEPATypPOil BTOPOTO
HarpeBaHus. VI3 paboT APYyrux aBTOPOB M3BECTHO, YTO MHOKY/IAT A/ KY/IbTUBUPOBAHUA U
HaKoIUIeHus1 6momaccsl Propionibacterium freudenreichii siBNsieTcsi ONTUMAIBHBIM U COJiEp-
XKUTCA B KommdecTse 5% OoT o6beMa B cpefie MUTaHNA. Takoe KOMMIeCTBO MHOKY/IATA IT03BO-
nsieT JOOUTbCA ONTUMA/IBHBIN MPUPOCT OMOMACCH M CMHTe3 BUTaMMHA By, a Takke BefleT K
yAeLIeBIeHNI0 KOHEYHOTO IPOAYKTa. VI3 paboT Apyrnx aBTOpPOB TaK)Ke M3BECTHO, YTO OITM-
MajIbHasi KOHIIEHTPAIA IMAPOIN30BAaHHOTO MOIOKA COCTaB/IAET 5% B 00'beMe Cpefibl MUTAHNS
[13]. Temnepatypa 30 °C 1 IpofO/DKUTENBHOCTD TIpoliecca 7 CyTOK MPUHSATHL HA OCHOBE JaH-
HBIX JICCTIEfJOBAHNII JPYTUX aBTOPOB I Ky/IbTUBMpoBauus Propionibacterium freudenreichii.
ITo mpoBefieHHBIM IIpefiBapUTETbHBIM UCIIBITAHUAM CofepkaHye xiaopupa kodampra CoCl; B
no3uposKe 20 Mr/J1 jaeT Hanboblllee 3HAYEHNE 10 KOMMYECTBY BUTaMuHa By, 1 mpousBoanT
HalMeHblllee yrHeTeHue Oakrepuit mpu pasputum [14]. BapbupyembIMy KOMIOHEHTaMu B
cpelie MMTaHUA TPUHATO COflep)KaHMeE: APOXOKEBOTO aBTONN3ATa, ACKOPOMHOBOI KVC/IOTHL,
cynbdaTa aMMOHNS, TaKTO3bl. IloTydeHHas cMech Ky/IbTUBUPOBANIACh B TEPMOCTATe 7 CYTOK
npu temneparype 30 °C npu pH cpeppt 7,0. OnTuMusanym ycroBuii KyIbTUBYPOBAHNA MIPO-
MIOHOBOKIICTIBIX OaKTepuit IpPOBOAW/IACE ITO MeToAy bokca — YnIcoHa ¢ MCIonb30BaHNeM Ma-
TeMaTU4eCKOTO IUIAHMPOBAHMA IpY IIOCTPOEHUM IIOTHOTO (aKTOPHOTO SKCIEepPMMEHTa
[1d3 27, rme n — KOMMYECTBO BapbMpyeMbIX (pakTopos [15].

PesynbraTom 06paboTKM ABYX(aKTOPHOTO SKCIIEPUMEHTA SABIACTCA IOTydeHNe JTHe-
HOI MOJIen:

Y = bg + byxq + byxy+...+ bpxy, (1)
rie by, by, by, ..., b, — KoapuIMEHTBI perpeccuu; Xq, Xy, ..., X, — 3HAYEHUA BapbUPYEeMBIX
(akTOpPOB B KOAMPOBAHHOM BII/JE.

KoadduinmenTs! perpeccun ypaBHeHNUA pacCUUTHIBAMNCH IO CPeJHNUM pesynbrataM N
OIIBITOB, OJIb3YACh COOTBETCTBYOIUMY popmynamu [16]:

- cBOOOHBIN KOS PUINIEHT ypaBHEHN:

N —
b = 225121 @
- K03 PuUIMeHThI perpeccun i-ro paxropa:
g:l XiuYu
by = =——— 3)
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I7ie Xy, — BeJIM4MHA MI3MEHIeMOro 3Ha4eHMs B CTO/IOLe TaOIMIIbI INITAHNPOBAHS; ¥, — pe3yiib-
TaT U-TO 9KCIIEPUMEHTa, CpefiHee apudMeTndeckoe 3HaueHne; N — cyMMapHOe KOIMYeCTBO
OIIBITOB; U — HYMepaLVs BapyaHTa 9KCIIEPUMEHTa; [ — HoMep (akTopa.

3HavyeHus Ko9QPUIVEHTOB BIMAIOT Ha IPOIIeCC B TOM CIy4ae, eCii COOIIoaeTcs Hepa-

|b;| > t\/?zf’ “4)

e / SZ — onmbka HaxoxneHns koadduiuenta; t — kputepuit CTbrolieHTa, KOTOPbIIT OTpeiesns-

BE€HCTBO

eTcsl ypOBHeM 3HAYMMOCTH ¥ YUCTIOM CTeTieHelt cCBOOOJIbl; S — MUCTIEPCUY BOCTIPOU3BOJMMOCTH.

[l HaxoXXIeHus KOoMMdecTBa OMoMacchl GaKTepumil MCIONb30BANICS METOJ, B3BElLINBa-
HyA. [To aToMy MeTozy 61oMacca, Io/Ty4eHHaA I10C/Ie BBIPAIVBAHNA OaKTepIit, OT/E/IAETCS OT
KUAKON assl B IeHTpUQyTe U HAaIlpaB/IAeTcs Ha B3BelBaHue [17].

Haxox/eHue comeprkaierocs BUTaMyHa B, IpoBofmIoch MeTOZOM CIeKTpodOTOMeT-
pudeckuM. Ilo meTofy KIeTKu GakTepumil CHa4ala OTHE/AIOTCS, 3aTeM IIPOBOAUTCS WX IIPO-
MBbIBKa JI/IA Ilepexofia KoOaaMIHOB C IIOMOIIIbIO TMAPOIN3a B BOAHBI pactBop. ITocme aToro
Ha IMAPOIN3AT IIPOU3BOAUTCA BO3/IEVICTBIIE CBETOM, B pe3y/IbTaTe 4ero KobaaMuH 1peobpa-
3yeTcsl B OKCUKOOATaMMH, M Jlajlee HaXOJAUTCS ONTUYeCKask IIOTHOCTb NPY MCIIO/Ib30BaAHUY
JUTMHBI BO/HBI cBeTa 530 HM. [lomyyeHHOe 3HaYeHMe Ompefie/isieT KOMMYeCTBO KobamaMuHa.

PesynbTatsl, ux o6cyxmeHne

Bb160p OCHOBHOTO YPOBHS BapbUpyeMbIX (PaKTOPOB MPOBOAWIICS IO pe3y/IbTaTaM HaH-
HBIX 9KCIIepVYMEHTaTbHBIX PaboT psifa aBTopoB [13, 18]. [l BeIAB/IEHNS ONTHMAIbHBIX YCIIO-
BUII pasBUTHS NPOIVIOHOBOKMC/IBIX GaKTepuil CIVIAHMPOBAH M Peal30BaH JBYXYPOBHEBBIN
noMHO(paKTOPHBI 9KcepuMeHT [1D3 2. Bappupyembimu pakTopamy puHATHE: X; — KOHIIEH-
Tpauys LPOXOKEBOTO aBTONMN3aTa, %; X; — KOHIL[EHTPALs aCKOPOMHOBOIT KUCIOTHI, %; X — co-
Iiep>KaHue cynbdata aMMOHMS, I/1; X4 — cofiep>KaHye MaKTo3bl, I/1. Kpurtepnit ontummsanum
Y - 6uomacca mponmoHOBOKUCTIBIX OaKTepuil. S3HaueHNs ypOoBHell (GaKTOPOB IPeICTaBIeHbI B

tabmue 1.
Ta6mimma 1. GakToph! U 3HAYEHM YPOBHEN
dakTopbl
YpoBHUN

X1 X, X Xy
OcHoBHOI1 5,0 0,1 3,0 5,0
VHTepBan BappupoBaHMsA 0,5 0,05 0,3 0,5
Bepxuuit 5,5 0,15 33 5,5
Huxunit 4,5 0,095 2,7 4,5

Matpuna IUlaHMpOBaHNUA TIpefcTaBieHa B Tabmuue 2. COITaCHO IpefiCTaBICHHOMY
IUIaHy TOTOBM/INCH 16 Cpef, TZie McYepIIaHbl BCe BO3MOXKHbIe KOMOVHALIMY M3y4eHHBIX (paKTo-
POB Ha ABYX ypoBHAX. HapamBanue 61oMacchl IpOBOAMIOCH O OKOHYAHMS SKCIIOHEHIIN-
anmbHOM (asbl B TedeHNMe 5 CYTOK, /103a BHOCMMOTO MHOKy/IATa 6akrepumit cocTaBmuAgeT 5%.
B cpeny BK/IIOUEH X/IOPUCTBIN KOOAIBT [/IA MOBBILICHVSA BUTAMVHCHHTE3VPYIOLIel CIIOCOOHO-
CTU TIPOIMOHOBOKNUCTIBIX 6akTepuil B 1o3upoBKe 20 Mr/m. OMIBITHI IPOBOAVWINCH B TPeX IO-
BTOPHOCTSX.
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Ta6muua 2. Marpuna mwranuposanms 1103 24

N B HarypanbHOM Bujie B xogupoBaHHOM BUfe
0
n/m HposxokeBoit AckopbuHoBas Cynbdar JlakTo3a,
0 Xi X X; X,
aBTONM3aT, % KUCOTa, % aMMOHMS, T/1T r/n
1 4,5 0,95 3,3 4,5 -1 1 -1 -1
2 4,5 0,15 2,7 5,5 -1 -1 -1 1
3 4,5 0,95 2,7 5,5 -1 -1 1 1
4 4,5 0,15 3,3 4,5 -1 1 1 -1
5 5,5 0,95 2,7 5,5 1 -1 -1 1
6 5,5 0,15 3,3 4,5 1 1 -1 -1
7 5,5 0,95 3,3 4,5 1 1 1 -1
8 5,5 0,15 2,7 5,5 1 -1 1 1
9 4,5 0,95 2,7 4,5 -1 -1 -1 -1
10 4,5 0,15 33 5,5 -1 1 -1 1
11 4,5 0,95 33 5,5 -1 1 1 1
12 4,5 0,15 2,7 4,5 -1 -1 1 -1
13 5,5 0,95 3,3 5,5 1 1 -1 1
14 5,5 0,15 2,7 4,5 1 -1 -1 -1
15 5,5 0,95 2,7 4,5 1 -1 1 -1
16 5,5 0,15 33 5,5 1 1 1 1

PesynbTaThl 9KCIIEpUMEHTOB 00pabaThIBa/IN I MOTyYeHNUs YPaBHEHUS TMHEITHO MO-
nemu (1). Onpenenenye BemMuMH K03 PUINMEHTOB BXOAAIMX B YpaBHEHNUE IIPOBOVIIOCH TI0
cpepHuM pesynbrataM N onbIToB 110 ypaBHeHusM (2) u (3). ITo cpegHuM pesynpratam 16 onbl-
TOB IIOTy4eHbI KO3 UIMEHTBI:

b, = 43,4, b, =1,2; b, = 1,36; b; = —0,10; b, = 1,11.

3Hak (4) nmomyueHHOro K03 duineHTa IIOKa3bIBAET, YTO IIPU POCTe 3HAYeHNs PaKTopa
OyzeT yBenmM4nBaThCs BeMIMHA 6110Macchl 6akTepuit, 3HaK (—), HAOOOPOT, YTO IPOUCKXOINUT
yMeHblIIeHJe TapaMeTpa ONTUMM3ALNY, T.e. HapacTaHUs OMOMacChl.

3HAYMMOCTb K09(pPMULNMEHTOB perpeccuy OCYLIeCTBIIANACH IIPY UCIIOIb30BAaHUN KO3d-
¢unuenta CroiofienTa 1o ypasHenmio (4). Kpurepuit Croiogenta t = 2,04, onpeneneHHbI
npu ypoBHe 3HaunMoctu 0,05 1 cTerenn CBOOOABL:

f=(mn-1N=(B-1)16 =32,

e N — KOJIMYeCTBO IIOBTOPEHMIT KaXKIOTO 9KCIIEpUMEHTa; N — KOIMYeCTBO IIPOBEJEHHBIX 9KC-
IIEPYIMEHTOB.

O6paboTka IKCIIEpMMEHTATBHBIX U PAacYeTHBIX NAHHBIX ITO3BOJIIET HAVTYU BETNYMHY
mucriepcun Bocpoussogumocty Sg = 0,102, 3Hadenne koaduIMeHTa perpeccun ABNsAeTcs
B/IMAOIIMM Ha IIPOIIeCC COIIACHO YpaBHEHUIO (4) TPV BBIITOJTHEHNY HEpaBeHCTBA

|b;| > 2,04-./0,102 = 0,652. ®))
B pesynbraTe momy4eHo, 4TO HEPABEHCTBO HE BBINONIHAETCA /i1l TPETHETO 3HAYEHMA KO-
addunmenTa perpeccun, I03TOMy TpeTuit GakToOp ABAAETCA HE3HAUYMMbBIM B COCTaBe MUTA-
Te/IbHBIX Cpef] Ha Ky/IbTVBMPOBaHNe IIPOIMOHOBOKIUCIBIX OaKTepiL.
Takum 06pa3oM, ypaBHeHMEe perpeccun ¢ y4eToM 3Ha4MMbIX K03((UINEHTOB IIPYHN-

MaeT BUJT
y =434+ 1,2x; + 1,4x, + 1,1x,.
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Hanee npoussefieH pacyer 10 IporpaMMe KpyToro BOCXOXAeHMA. [I1a npoecca Kyib-
TUBMPOBAHNA PACCYMTAHDI IIECTh HOBBIX IUTATE/NIbHBIX Cpefl. IIpu 3TOM MCXOMHDBIN YPOBEHD
IPMHMMAJICA 32 IIeHTP IUTaHMpoBaHMA. OT MCXOJHOTIO YPOBHSA pacCYUTHIBA/INCH LIATY, IIPU KO-
TOPBIX K 3HAYEHMIO NPENbIYIIErO YPOBHS, B 3aBMCUMOCTH OT IIOTYyY€HHOIO 3HaKa KpUTEpU
perpeccun, mobaBiAeTcs 3HaueHMe Inara yim BerumraercA. Ilo ¢axTopy, KOTOpBIN MMeeT
Haybosbllee BIVISTHYE, TIOCTEHNI 1Iar ABJIIETCS PAaBHBIM €r0 MUHMMATbHOMY 1060 MaKcu-
Ma/JIbHOMY YpoBHI0. Takum 06pa3oM, oIpefie/ieHbl IeCTb COCTaBOB Cpefi BocxoxeHus. ITo-
CKOJIBKY TpeTNit aKTOp COITIACHO ITOJTy4eHHOMY HepaBeHCTBY (5) He OKa3bIBaeT BMAHNE HA
IPOLeCC, TO YPOBEHb BO BCEX COCTaBaX OCTABA/IOCh PaBHBIM MCXOLHOMY. B Tabmmiie 3 npuse-
JIEHbI pe3y/IbTaThl PacY€TOB.

Ta6nuna 3. Cpenbl /1 peanusariuy KPyToro BOCXOXXKAeHMs

Cpena Ne Xi X, X5 .
1 5,28 0,17 3,0 5,28
2 5,56 0,23 3,0 5,56
3 5,84 0,30 3,0 5,84
4 6,12 0,36 3,0 6,12
5 6,40 0,43 3,0 6,40
6 6,67 0,49 3,0 6,67

KoMIOHEHTbI I posxxeBoit AckopbuHoBas Cynbdar Jaxtosa, o/
aBTONM3aT, % KUCNIOTA, % aMMOHMA, T/
Ocuonroit 5,0 0.1 3,0 5,0
ypOBeHb

B xopie mpoBefieHN s KaXXJ0T0 OIIBITOB IIPOBOJV/IOCHh HAXOXK/JeHNe KOIMYeCTBa 611 0MacChl
IPONVOHOBOKIIC/IBIX OaKTepuil ¥ KONMMYIEeCTBO HAKAIIMBaeMOro BUTaMIH By, B TedeHme 7 cy-
TOK. Pe3y/bTaThl HaKOIIeHMsI 6YI0MACcChI ITO IPOrPaMMe KPYTOTO BOCXOXKACHN S TP CTaBIeHbI
B BUJie rpaduecKoil 3aBUCUMOCTY Ha puc. 1.

65
60
=X==Cpena Ne 1
55
= —O—Cpepa Ne 2
2]
8‘ 50 —/—Cpepa Ne 3
9
% 45 =O=—Cpepa Ne 4
LE 0 —=X=—Cpema Ne 5
=O—Cpena Ne 6
35
30 T T T T T T T 1

0 1 2 3 4 5 6 7 8

HPOIIOH)KI/ITCHI)HOCTB KyITbTUBUPOBAaHNA, CYTKHI

Puc. 1. [lunamuka HakomteHne 6uomaccsl bakrepusimu Pr. freudenreichii B 3aBUCMMOCTH OT COCTaBa IIUTATeNb-
HOIJ Cpefibl IO IIPOTPaMMe KPYTOTO BOCXOXK/EHUA

ITo pesynbpraTaM 3KCIIepMMEHTOB IOKa3aHO, YTO HauboJbllee HAKOIUIEHME 6MOMACCHI
6akTepuil MPOVCXOJNT PV KY/IbTUBUPOBAHUY Ha Cpefie Ioj; HoMepoM 3 (cM. Tabi. 3) ¢ goctu-
JKEHUEeM MaKCUMaJbHOTO 3HaueHMe Ha 5-e CYTKM KY/IbTMBMpOBaHMe paBHoe 60,5 r/m. V3
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rpaduKa M3MeHeH)s HaKOIUIeHNUs 61OMacChl BUJHO, YTO IePBble IIATh CYTOK MAET aKTUBHOE
HaKoIlIeHVe 6MIOMAcChl, ITOCTIe Yero HabojaeTcs majieHye Cofep>Kanus 6akTepuii B MATaTe b-
Hoit cpene. ITocme mATM CYyTOK KyJIbTMBMPOBAHMS IHPOUCXOAUT MCTOIIEHNUE IUTATETbHON
Cpenbl 10 KOMIIOHEHTAM M X COBMECTHOE JIeJICTBIIe He OKa3bIBaeT CTYMY/IMPOBAHMS [IA Aalb-
HeJIIIIero CUHTe3VPOBaHMsI OaKTepuil.

PesynbpTaThl 10 YPOBHIO COAEp>KaHMs BUTaMMHA By, 0 IporpaMMe KpyTOro BOCXOXK/e-
HIA TIPeJICTaB/IeHbl B BUe TpadudecKoli 3aBUCUMOCTY Ha PUC. 2.

120
100
=
% —O—Cpena Ne 1
Zz 80
ff =X=Cpepma Ne 2
m 60 -
p:: =/ Cpepna Ne 3
=
Z 40 - —0—Cpepna Ne 4
e
=
) —X=Cpema Ne 5
20
=0—Cpepna Ne 6
O T T T 1
0 2 4 6 8

IIpomomKuTeIbHOCTD KYyTIbTUBUPOBAHNA, CYyTKI

Puc. 2. Hakonnenne ButaMmHa By, B 3aBMCHMOCTM OT COCTaBa MUTATE/ILHOM CPEZbI ITO MPOTPaMMe KPYTOTO
BOCXOX/I€HUS

OnTyMaTbHBIM COCTABOM JJIs HAKOIUIEHMsI BUTaMMHA By, Taxoke ABJIsIeTCS cpefia moj HO-
MepoM 3 (cM. Tabi. 3). MakcuManbHOe 3HaYeHMe BUTAaMMHA Ha 5-e CYyTKY KyJIbTUBMPOBAaHIE
nocturaer 108,1 Mxr/mi. V3 rpaduka u3MeHeHNs1 HAaKOIUIeH)s BUTaMuHa By, BUIHO, 4TO Iep-
BBI€ IIATh CYTOK M/IeT aKTUBHOE HaKoIUIeHMe. MaKCHMaIbHBII YPOBEHDb BUTAMIHA JOCTUTAETCS
Ha 5-e CyTKMU, II0C/Ie 4ero Hab/Io/jaeTcs ajieHne YpOBHs HaKOIUIEHVsI BUTAMUHA B IIMTaTe Ib-
HOII cpefie. Ps Hanbo mee BayKHBIX XapaKTePYUCTYK XKIJIKOJ 3aKBACKM IIpUBefieH B Tabmie 4.

Taﬁimua 4. KauecTBeHHbIE XapaKTEPUCTUKIU )KI/IJIKOf/i 3aKBaCKI I10 pe3y/bTaTaM OIITUMMU3a N

IToxasaTenn XapaKTepuCTUKN

IIpuATHBI KMCITOMONOYHBIN IPUBKYC, cneumbnqecxmﬁ IS
Bxyc u 3amax
IaHHOTO IPOAYKTa, 6€3 TOCTOPOHHNX 3aI1aXx0B

Koncucrennust OpnHOpO[HAs C YMEPEHHOI! BA3KOCTBIO
Buomacca 6akrepuit, r/n 60,5
BuramuH Bi,, MKT/MII 108,1

Komnuaecrso ITpONMOHOBOKMC/IBIX 6akTe-

12x10"
puit, KOE/cm? 8

BriBoabl

MeTop0M MaTeMaTN4IeCKOTO IVIAHMPOBAHA IIOCTPOEH IUIaH IIOTHOTO (PaKTOPHOTO 9KC-
nepumMeHnTa 1@ 2”. Tlo pesynbTaTtaM pelleHNA 3374 ONTYMMU3ALUI OIIPEeIeHbl ONTYMab-
HBIIl COCTaB CpeAbl I/IA NMUTAaHMA U YCIOBUA /I PasBUTUA IPONMOHOBOKUCIIBIX OaKTepuit
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Propionibacterium freudenreichii, mo3Bosonye JOOUTHCS HaMOOBILETO IPUPOCTa 61IOMACCHI
OaKTepuiil C BBICOKMM TUTPOM >KM3HECIIOCOOHBIX KJIETOK ¥ HauOO/IbLIETO COREP>KaHMsI BUTa-
MMHA B, ONTMMaIbHBI COCTaB Cpefbl: MHOKYIAT — 5% 00.; MOJIOYHAsA CBIBOPOTKA — 5% 00.;
TUIPOIM30BaHHOE MOJIOKO — 5% 06.; X7mopus Kobanbra — 20 MI/JT; IPOXIKEBOJ aBTOMM3AT —
5,84% 06.; ackopbuHoBas kucnora — 0,30% 06.; cynbdat ammonus — 3,0 r/71; makTo3a — 5,84 /7.
[Togo6paHbl ONTMMA/IbHBIE YCIOBMSA, IPU KOTOPBIX MaKCHMAIbHBIN IPUPOCT IPONNOHOBO-
KIUCTIBIX OaKTepuil JOCTUTAeTCs Ha 5-e CYTKU KyIbTUBMPOBAHUA U cOCTaBysieT 60,5 I/J1 ¢ BBICO-
K/M 3HaYeHMeM >KM3HECIIOCOOHBIX K/IeTOK ImpobmoTrmyeckmx Oakrepmit 12x10'* KOE/cm’.
Haxkomnnenne ButammHa Bi, focTuraercs Takke Ha 5-€ CyTKU KY/IbTUBMPOBAHMS U COCTABIISIET
108,1 MKr/MIL.
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Kniouesvie cnosa: Annomauua: B Oannoil pabome uccnedosan npouecc u3enedeHus UOHOS

NbHAROE 60710kHO, MOOUduyu-  Cu(Il) U3 600HbIX PACNBOPOS UENII030CO0EPHAUUMU COPOEHMAMU: HAMNUE-

posanue, L-apeunun, memane-  HolM U MOOUPUUUPOBAHHBIM L-AP2UHUHOM TOHAHBIM 807I0KHOM. IKCHnepumeH-

puodam Hampusi, COpOUUs, manvHvle KUHemuyeckue Kpuevle copoyuy UoH08 medu obpabomanvt 6 pam-

uonvt Cu (II) Kax mooeseti nces0o-nepsozo u 1cesdo-6mopozo nopsoxos. Boicokuii koagpgpu-
yuenm xoppenayuu (0,99) 6bin nonyueH 6 cryuae UCHONL30BAHUL MOOETU KU-
HemuKu nce600-6mopozo nopaoxka. Pesynvmamot 06pabomku usomepm cop6-
yuu coenacHo modenu Jlenemiopa. c6udemenvcmeyom o NPUMeHUMOCHU 0au-
HOTI MOOenu 0715t ONUCAHUST NPOUeccd cOPOUUL UOHO8 MeOU COpOeHmMamu ye-
JIH07103HOL nPUpoOdvL. B pesynvmame nposederust 08yxcmyneHuamozo xumuse-
CK020 MOOUPUUUPOBAHUS Hepe3 cmadui0 OKUCTIEHUS TIbHAHO20 807I0KHA NepuU-
00amom HAMPUs U Nocnedyouse2o Mooupuyuposanus L-apeurnunom nonyuen
HOBbLIL COPOEHM, KOMOPDLIL MONEM ObimMb UCNONIL308AH ONIST OUUCIKY BOOHBIX
pacmeopos om uoHo8 msinenvix memannos. Ipusedenvr COM-uzo6paxcerus
U 971EMEeHMHbLIL AHATIU3 UCXOOHO020 U MOOUPUUUPOBAHHO20 00PA3U08 IbHAHO20
80710KHA. VI3meHeHus, npousouieduiue 6 ToHAHOM 80710KHe 8 X00e MOOUPUKa-
yuu, noomeepxcoarom VK-cnexmpol. Ilonyuennuiti copbenm no ceoum copo-
UUOHHBIM XAPAKMEPUCMUKAM 3HAYUIMENLHO NPesocXo0um HAMuUeHoe JibHs-
Hoe BOJIOKHO, 0 YeM C8UOEeNbCMBYION 3HAUEHUS NPedenibHOll cOPOUYUOHHOT
eMKOCHU.

Ina puTNpoBaHu:

Huxudoposa T.E., Boxyposa I.A., Codpponos A.P. V3BredeHre MOHOB Menu COPOEHTOM Ha OCHOBE JIbHSIHOTO
BOJIOKHA, MOMGUIMPOBaHHOTO L-apruanuoM // Om xumuu x mexHonozuu wae 3a wazom. 2022. T. 3, BbIm. 3.
C. 17-26. URL: http://chemintech.ru/index.php/tor/2022tom3no3

BBenenne

B nHacros1ee BpeMs BaXHENIINM VICTOYHMKOM 3arpA3HEHN OKPY>KaIOLel CPelibl ABJIA-
IOTCS VIOHBI TSDKEJIBIX META/JIOB, COJePrKallMecs B IPOMBIIIJIEHHBIX CTOYHBIX BOJjaX IIPeIpu-
AT pas3NIMYHBIX OTpaciIeil MPOMBILIIIEHHOCTY, BKIIOYas XMMIYECKY0, He(pTeXMMIIEeCKyIo,
rOpHOZOOBIBAIOIIYIO 1 Ap. TsKesble MeTa/UIbl CIIOCOOHBI HAKAIUIMBATBCS B OKPY>KaIOLIei

© T. E. Hukudoposa, [I. A. Boxyposa, A. P. CodppoHos, 2022
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cpelie, TOCKOJIbKY, B OT/INYME OT OpPraHMYeCKUX 3arps3HNUTeENIeN, He pas3araloTcsi MUKpoopra-
HI3MaMu. Bpicokoe copieprkaHue TsDKeNIbIX METaIOB B 00'beKTaX 9KOCKUCTEMBI, TAKUX KaK pac-
TEH1, BOJOEMBI, II0YBa, CIIOCOOCTBYIOT MX HAKOIUICHMIO B IIMNTHEBOJ BOJiE, IIUILEBOM ChIPbe U
IPOAYKTBI NUTAHN, C KOTOPBIMM OHY IOIIAfJal0T B OPraHM3M 4Ye/IOBeKa, TeM CaMbIM HAaHOCS
Cepbe3HbIil Bpe[ 3l0POBBIO.

Tokcnyeckoe feiicTBYE TSDKENbIX METAIOB HOCUT HeclelyQuyecKuil XapakTep, OHU
CITIOCOOHBI COeMHATBCA ¢ OeKamMm, HyKJIeoTnaamy, KopepMmeHTamMy, Gochonmunmpamun, T.e.
IPAaKTUYECKI CO BCeMM TUIIAMM BEIIeCTB, YYaCTBYIOIIMMY B MeTabom3Me KIeTok [1, 2].

[TosTomy Heob6XomMMO paspabaTsiBaTh 3P PeKTHBHbIE METOIBI OYMCTKY BOABI U BOJXHBIX
PacTBOPOB pas/IMYHOI IIPUPOABI OT IOHOB TsDKENbIX MeTa/utoB. COBpeMeHHbIe TeXHOIOTUI
yHa/IeHVS TSDKEIBIX MeTa/UIOB BK/IIOYAIOT XVIMIUYECKOe OCaX/eHue, COpOLIo ¥ MeMOpaHHY0
¢unprpanyo. Cpeny 3TUX TEXHOIOTUII COPOIVS ABIsAETCA Hamboee pacHpOCTPaHEHHBIM
TIOIXOJIOM U YAQTIEeHVA MOHOB TsDKEJIBIX METa/UIOB 13 PACTBOPOB C BBICOKOI 3 PeKTHBHO-
CTBIO U IIPOCTOTO SKCIUTyaTanum [3].

B nocnenHme roapl 60/IBIION MHTEpeC IpefiCTaB/IsieT pa3paboTKa COPOEHTOB Ha OCHOBE
MHOTOTOHHQ>KHBIX IIOOOYHBIX IIPOAYKTOB MM OTXO/IOB CENTbCKOTO X03AICTBA, TEKCTVIBHOM I
I1eJUTI0I03HO-OyMaXKHOI IIPOMBIIITIEHHOCTY. OCHOBHBIMM IIPENMYIIECTBAMM COPOIIVIN MOHOB
TSDKEJIBIX METaJIOB C MCII0/Ib30BaHMeM 010COPOEHTOB 110 CPABHEHMIO C TPAAUIIVIOHHBIMI Me-
TOZlaMJ OYMCTKM SB/IAIOTCA: 60ee HM3Kas CTOMMOCTD, JOCTYIIHOCTD, IIPOCTOTA YTVIN3ALIVIN,
3P PeKTUBHOCTb OYUCTKI, BO3MO>KHOCTD pereHepaluy cCOpOeHTOB ¥ M3BJIeYeHNsI MeTalIa.

K uncny focToMHCTB COpOEHTOB Ha OCHOBE OTXOJ[OB CE/IbCKOXO0351/ICTBEHHOTO IIPOM3BO/]-
CTBa MOXXHO OTHECTY BO30OHOBIIAEMOCTD U 6€30I1aCHOCTD — OHU SIBJIAIOTCS 9KOJIOTMYECKY M-
CTBIMU U OVIO/TOTMYECKY MHEPTHBIMY 110 OTHOLIEHNIO K O4MIIIaeMbIM cpefiaM [4]. OmHako cop-
OeHTBbI B HATBHOM COCTOSIHUY, KaK IIPaBUJIO, 00/TafJal0T HEZOCTATOYHO BBICOKOM COPOLMOH-
HOJI eMKOCTBI0. I109TOMY aKTya/IbHBIM BOIIPOCOM ABJISIETCS MOAUQUKALMs COPOEHTOB Ha OC-
HOBe BTOPMYHOTO LIeJII0I030COIEePIKAIEro ChIpbs [5-7].

[l yBenudeHyst COpOLMOHHOI CIIOCOOHOCTH 1e/UII0I030COEPIKAIUX COPOEHTOB UX
MOAMUIVIPYIOT PAa3INYHBIMU CHOCOOAMM, TAKMMM KaK XMMUYecKiue, ¢pusmdeckue, Gpusmko-
XuMM4ecKue 1 6uoxummdeckue [8]. ABTopsl paboTsl [9] mpemioxuny criocob yaaneHns MOHOB
TSDKEJIBIX METJIOB 13 BOJHBIX VICTOYHMKOB C MICIIO/Ib30BAHUEM 1I€/UTI0NIO3bI, MOAVIULIVPO-
BaHHOII HaHOYacTHULIaMK cepebpa 1 uyHKa. COpOEHT, TOJTyYeHHBIII TyTeM TepMIYeCKoil 0Opa-
OOTKI PMCOBOJI JIy3I!, IPOSIB/IAET BHICOKIE COPOIVIOHHBIE CBOJICTBA II0 OTHOLIEHNIO K IOHAM
menu (II) u nuuka (II) [10]. IpeBecHas mentonosa, MOguUIMPOBaHHAS MHOTOOCHOBHBIMU
KapOOHOBBIMIU KUC/IOTAaMU Y IONVBVHWIIVPPOINIOHOM, CIOCOOHA 3P PEeKTUBHO U3BIEKATh
nonbl Cu®*, Co** u Ni** 3 BogHbIX pactBopoB [11]. Illupokue BO3MO>XXHOCTH /11 paspaboTKu
COpOEHTOB OTKPBIBAET IIO/Ty4eHIe IPUBUTHIX COIIOIMIMEPOB IIeJIII0IO3bI C pas/IMIHbIMI MOHO-
Mepamu [12].

B mocnegHme rofpl BHMMaHME VICCTIETOBaTe el IPYUBJIEKaeT TbHAHOE BOJIOKHO, IIPOV3BO-
[IMMOe KaK B Hallleil CTpaHe, TaK ¥ 3a pyOe>koM, U pas3myHble IPOAYKTHI eTo repepaborku. s
HOTy4eHNA COPOEHTOB MOXKHO JICIIO/Ib30BaTh MOAMUIVIPOBAHHBIE OTXO/bI JILHAHON MYKMU
[13], a Tak)Ke KOPOTKOE JIbHAHOE BOJIOKHO, IIPefICTaBIAolee cO00I TOOOYHBIN ITPOAYKT Iepe-
paboTKM 1bHA. B ero coctaB BXOJAT IIe/UII0/I03a, TeMULIEJUTION03a, IUTHIH, TIEKTHOBBIE Belle-
CTBa U JIp., COfiep)Kallye pasnndHble PyHKIMOHAIbHBIE TPYIIIBI, UTPAOI/ie BaXKHYIO POJIb B
Hpoliecce aficopOLM IOHOB TSDKENbIX MeTaIoB. OTMedaeTcs, YTO 3/IeKTPOOTPULIATEIbHOCTD,
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paguyc IrMApaTMpPOBAHHOTO MOHA VM B3aMIMOJIEVICTBYE VIOHOB C (PYHKIIVIOHA/IbHBIMU TPYIIIaMU
(-COOH, -OH, -OCH3) saBnA0TCA OCHOBHBIMU (pakTOpaMy, BIMSIOIMMY Ha Ipoiecc 61o-
copbunm, 3¢pdHeKTUBHOCTh KOTOPOII TaKXKe CMIBHO 3aBUCUT OT pH BopHOTO pacTtBOpa, Bpe-
MeHM KOHTAKTa, ICXOJHOI KOHIIEHTPAL[MU META/UTOB U KOHI[eHTpauu 6uocopbenra [14-16].
Beino o6Hapy>xeHO, 4T0 3P PeKTUBHOCTh HeOOPaOOTaHHOTO TBHAHOTO BOTOKHA KaK cCOpOeHTa
OOCTUTAET, COOTBETCTBEHHO, 8,32; 13,35 u 7,12 mr/r [15], a Takxke 9,9; 10,7 u 8,4 MI/T 110 MOHaM
Cu?*, Pb** u Zn** [16]. [l mOBBIIIeHNS COPOI[MOHHOI eMKOCTY KOPOTKOTO IbHSHOTO BOIOKHA
ero MogUUUUPYIOT pa3nMIHbIMU criocobamu [17, 18].

Llenpio maHHOI pabOThHI SABNSETCA pa3pabOTKa HOBOTO I[€/UTIOI030COTEPIKAIIEro Cop-
6eHTa Ha OCHOBE KOPOTKOTO JIbHSHOTO BOJIOKHA ITyTeM ero MOAN(UIIMPOBaHNA.

OcHoBHasA YacTh

OG6'beKThI MCCTIeTOBaHNA Y MCIIOTb3yeMble peaKTUBBI. B KauecTBe 00 beKTa UCCIejoBa-
Hs1 6610 BbIOpaHO NbHAHOE BOMOKHO ('OCT 9394-76. BonokHo nbHAHOE KOpOTKOe. TexHu-
JecKie YCIOBYS), IIpeCcTaBIsioliee cO001 BTOPUYHBIN IPOAYKT IepepaboTKy IbHAHOI Mpo-
MBIIITIEHHOCTY CIeAYIOIeTO COCTaBa, %: (memrmonosa (75-78), remunemtonosa (9,4-11,9), nur-
HuH (3,8), mekTUHOBBIE BelecTBa (2,9-3,2), BockoobpasHble BelecTBa (2,7), a30Tcomepskalie
Bell[ecTBa B pacueTe Ha 6enku (1,9-2,1), MuHepanbHble Bemiectsa (1,3-2,8) [19].

[l OYMCTKM OT IpuMeceil bHAHOE BOJOKHO IIPeiBAPUTEIbHO KUIATUIN B 5%-HOM
BogHOM pactBope NaHCO; B Teuenne 30 MMH npu MOfyie pacTBop/copbeHT 20, IpoMbIBaIn
IVICTVUIMPOBAHHOM BOJOM o pH=7 1 BBICyIIMBaI JO TOCTOSIHHOTO Beca.

PeakTuBpl  Mapkmu «X. 9, VICLIONIb3yeMble B 9KCIIePUMEHTAX: NH-
C(NH2)NH(CH;);CH(NH,)-COOH  (L-apruamn), NalO; (/logHOKMCIBINI — HaTpuii),
CuSO45H,0 (menp (II) ceprokucnas).

Kuneruka u usorepmbl copoumm. KyHeTuky copOIyy MOHOB TsDKeJIBIX META/IOB VIC-
CIeIOBA/IM B CTATUYECKVUX YC/IOBUAX IIPY MEPUOANIECKOM MepeMellIBaHNY METOLOM OIPaHM-
YeHHOro oObeMa pacTBopa. HauvajbHas KOHIJEHTpalysi MOHOB MeTa/UIOB COCTABJIsA/IA
1,5:10* monb/n. Uepes onpezeneHHbIe IIPOMEXYTKY BpeMeHM PacTBOP OTAEIIANIN OT COpOeHTa
¢bunbpTpOBaHMEM M OIpefie/Is/I B HeM TeKYIYI0 KOHILIEHTpalyio noHoB MeTawios (C;) MeTo-
JIOM aTOMHO-a0COpOLMOHHOI clieKTpocKonuy Ha mpubope 210 VGP. CopOLOHHYI0 eMKOCTb
copOeHTa B KaXK/[blil KOHKPETHBIII MOMEHT BpeMeHM (¢, MI/T) pacCYUThIBAIN 10 HopMyrie

q:(CO_Cr).K (1)
m

rie Cy - HavanbHasl KOHI[EHTPAL[Ms MOHOB MeTa/ia B pactBope, Mr/m; C. — KOHIIEHTPAIVs
JIOHOB MeTa//la B MOMEHT BpeMeHM T, MI/JI; 1 — Macca HaBeCKM copbeHTa, T; V — o6beM pac-
TBOPA, L.

[Tpu cHATUY M30TEPMBI COPOLIMI B YCIOBUSIX YCTAaHOBMBIIETOCSI PABHOBECHUS B CHCTEME
OTIpeie/isNy PABHOBECHYIO KOHIIEHTPAIIMIO IOHOB METa/lIa B PACTBOPE ¥ PACCIUTHIBAIU PaB-
HOBECHYIO COpPOLIMOHHYIO eMKOCTb (A, MOJIB/KT):

A= (G-0) . 174 (2)
m
rie Co m C — HavambHasi U PaBHOBECHasl KOHIIEHTPAI[Msl MIOHOB MeTalla COOTBETCTBEHHO,

MOJIB/JI; M — Macca HaBecKu copOeHTa, Kr; V — 06beM pacTBopa, JI.
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OTHOCKTEIbHAA MTOTPEIIHOCTD 9KCIIEPYMEHTOB PACCUNTHIBA/IACh HA OCHOBAHNM JAHHBIX
KMHETNYECKIX OIBITOB, B KOTOPBIX KaXKfas TOYKa IpefiCTaBIIsAeT CO00Il cpefiHee 3HaUeHMe U3
[BYX IIapa/UIeIbHBIX ONBITOB. IlorpemHoCcTh 9KcnepuMeHTa He npesbimana 10%.

MK-cnexkTpel HATMBHOTO ¥ MOAM(ULINPOBAHHOTO TbHIHOTO BOJIOKHA PETMCTPUPOBANIN
npu nomomn VIK-criekrpomerpa ¢ mpeobpasosannem Pypoe Avatar 360 FT-IR ESP B nnTep-
Basie 400-4000 cm™'. O6pasibl /11 aHaIM3a TOTOBWIN IIyTeM MEXaHIYEeCKOTO M3MeIbYeHs U
HOCTIEAYIOIETO TIIATe/IBHOTO pacTMpaHusi COpOeHTa B araTOBOJI CTYIIKe CO CIIEKTPaIbHO 4M-
cteiM KBr.

Mopudunupopanne NbHAHOTO BOMOKHA. C IIe/bI0 YIyYLIeHUs IOITIOTUTETbHBIX
CBOJICTB JIbHAHOTO BOJIOKHA Obl/Ia IIPOBeleHa €ro XuMudeckas Moaudukanua L-apruanaoMm.
PaspaboraHHbIN cIOCO6 BKIOYAET OKIC/IEHNE IIe/III0I03bI TIbHA MeTallepyofaTOM HAaTpU C
00pa3oBaHyeM [JVaIb/IeTU/ILe/UTIONO3BI U ee TIOCTIeAYOIIy0 00paboTKy L-apruHmHoM.

OxucreHye TbHAHOM LI€/UTI0NO3bI HATPUEBOII COMbIO JIOTHON KUCIOTHI C 00pa3oBaHueM
[Va/IbIeTUALIe/UTIONO3bI IIPOBOAVIIN CTIeAyomnM o6pa3oM. HaBecky TbHAHOrO BOIOKHA ITIOMe-
man B Konby ¢ mpureproit npobxoit u sammBamu 0,1 H. BogHbIM pactBopoM NalO, (pH=2)
npu Mopayse pactBop/copbeHT 15-50. Konby TimaTenbHO BCTpAXMBAIN U IOMEIIANN B TEMHOE
MECTO, IepUOANIECKY OTOMPa IIPOObI [/IA OIIpefie/IeHNsA OCTaTOYHOI KOHIIEHTpalli/ IOHOB
104 B pactBOpe. Ilocne OKOHYaHMA peaKUMM OKMCIEHNA METAIlepUOJATOM HaTpUs HEPACTBO-
puMy0 QpaKLINIo OTe/IIN leKaHTalell OT pacTBOPa, IPOMBIBA/IN IOC/IejoBaTe/IbHO 1-1,2 11
BOJBI ¢ fobaBeHNeM consaHol kucnotsl (pH=1), 1-1,2 1 cMecn arieToH/Boja ¥ BBICYLIVBAIIL.
3aTeM IpOBOAVWIV MOAVI(PUKALIMIO TIOTy9eHHOI [UaberMALIe/UII0/I03bI B IbHAHOM BOJIOKHE
L-apruanuom. [Iy14 9TOro NbHOBOMIOKHO, oKMcneHHoe NalO,, nomemanu B Konby ¢ 1%-HbIM
pactBopoMm L-aprunmua npm mopyne 1:50 u Bbiiep>xuBamyu npu temieparype 40-45 °C u
pH=7-10 B Teyenmue 45-60 MUH NPy HENPEPHIBHOM IIepEMEUIMBAHNN PEAKIIMIOHHON CMECH.
[Tocrne oxmaXaeHNA NPOAYKTHI peaKIy IPOMBIBa/IV JUICTVIMPOBaHHO BOMION 1O HEMTPab-
Horo pH u BbICymImBanm.

O6cyxaeHne pe3ynbTaToOB

Jna ompepeneHusa mapaMeTpoB, Xa-

= 74
PaKTEepU3YIOIUX COPOLMOHHbIE CBOJICTBA \E 5
MOAMGUIVPOBAHHOTO JIBHAHOTO BOJIOKHA, s °]
ObUIM TIOJTy4eHBl KUHETWYeCKue KpVBbIe 51
cop6uuy nonos Cu (II). PesynbraTs! skcrie- .l

pUMeHTa IIpeACTaBIeHbl Ha puc. 1.
CornacHO OTy4eHHBIM JAHHBIM, MO-

nuUIVPOBaHHOE JIbHAHOE BOJIOKHO, IIO

CpaBHEHMIO C HeMOAM(PUIVIPOBAaHHbIM, 3Ha- 14

YUTENbHO 3 QeKTUBHEe M3B/IEKAECT VOHBI

Menu. Bpemsa poctiokenus ancop6uM0H- 0 2 4 6 8 10 12 14 16

. T, MUH

HOTI'O paBHOBECHUA B T€ETEPOTEHHOU CUCTEME ’

. Puc. 1. Kunernxa copbuun nonos Cu (II) n3 BogHbIX

«BOJHBII pacTBOp Cynbdara Memu — Cop-
PacTBOpPOB JIbHAHBIM BOJTOKHOM: 1 — HeMomuduuupo-

OeHT» COCTaB/IsAeT 15 MUHYT. BaHHBIM; 2 — MOAU(UIMPOBAHHBIM L-apruHnHOM
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[l onpepesieHNs IOPsAKA PeaKkLy SKCIepYIMeHTa/IbHble JaHHbIe ObUIN 00paboTaHBbI C
VICIIOJIb30BaHMEM KMHETUYECKUX MOJIeIeN IICEB/I0-TIEPBOTO U IICEBI0-BTOPOTO MOPANKA METO-
IOM Ha/IMEHbIINX KBa/IpaTOB € MOMOLIbI0 TporpaMMbl OriginPro. Kunetndeckne nmapamerpsl
COpOIMY IOHOB MeAV HATMBHBIM 1 MOAM(PUIVPOBAHHBIM L-aprMHIHOM JIbHAHBIM BOJIOKHOM
13 BOJHBIX PaCTBOPOB, HaliJleHHbIE B pe3y/IbTaTe 00pabOTKM KMHETNYECKIX KPUBBIX COpOLIMN
nonos Cu (II), npencrapnensl B Ta6s. 1. IlomydeHHble JaHHBIE I HATUBHOTO ¥ MOAVULIN-
POBAaHHOTO JIbHAHOTO BOJIOKHA ITOKA3bIBAIOT, YTO 00pabOTKa MOJE/bI0 IICEBO-BTOPOTO IO-
pAfKa AB/IAeTCA Hanbonee KOPPEKTHOM, KOS PUIVEHT KOPPeIALNA TP 3TOM COCTABJIAIOT
0,99.

Ta6muua 1. Knaernueckue mapaMeTpbl COpOLMY MOHOB Mefiyl HATUBHBIM U MOIVM(UIVIPOBAHHBIM L-apruHuHoM
JIbHAHBIM BOIOKHOM 3 BOJITHBIX PaCTBOPOB

Mogernb nceBgo-IepBOTO MOPAAKA Mogenb nceBf0-BTOPOTO MOPARKA
Cu (II) q
Ge> MT/T ki, MT-MMH/T R? © ki, MT-MMUH/T R?
Mr/T
HatuBHoe TbHAHOE BOIOKHO 0,74 0,24 0,95 0,736 1,03 0,99
MopudunmpoBaHHoe
puuuup 5,36 0,195 092 | 578 5,8 0,99
JIbHSIHOE BOJIOKHO

[l onpesiesieHNsl M CpaBHEHMsI MaKCUMAJIbHOI COPOIMOHHON eMKOCTHI (Awx) 06pasijoB
HATMBHOTO U MOAM(UUINPOBAHHOTO JIbHA OBUIN NOTy4YeHbI N30TepMbl copbuyy noHos Cu (II)
U3 BOJHOTO pacTBopa (puc. 2).

[TonmyyeHHble 9KCIIepUMeEHTA/TbHbIE
JlaHHbIe MO>KHO OIMCATh YpaBHEHMEM U30-
TepMbl afcopbuym JleHrMIopa:

_ A4,-K-C, 3)
(1+K-C)’

roe A - IIpenenbHaA, iy MakCuMajibHasAg, u 1

A, MOnB/KT

COpOLVOHHASA €MKOCTD IIO/IMMepa I10 JlaH-
HOMY MeTaty, Monb/Kr; K — KoHIeHTpa-

0 T T T T T T
IMOHHAS ~ KOHCTaHTa  COPOLMOHHOTO 000 001 002 003 004 005 006
Ce, MOIB/IT

paBHOBeCUs, XapaKTepusyloljas WMHTEH-
Puc. 2. V3orepmsr copbuuu nonos Cu (II) mpHAHBIM

CUBHOCTb  TpoLiecca  COpOIM,  11/MOTD; BOJIOKHOM: 1 — HaTMBHBIM; 2 —MOAU(ULMPOBAHHBIM
C. - paBHOBeCHas1 KOHLIEHTPALMs COPOATa, [ aprymmmom
MOJIb/ L.

JInHeapusanys M30TepMbl COPOIMY 110 ypaBHEHMIO (2) T03BOJIsIeT rpadudecKy onpese-
JINTH B ypaBHeHUM JIeHrMIopa Be/IMYMHbI A« 11 K 113 OTIBITHBIX JAHHBIX 110 PACIIPee/IeHNIO UC-

ciemgyeMoro copbara B rerepodasHoil CucTeMe BOJHBIN pacTBOP — COPOEHT.

Ce_Ce 1 (4)

4 A4 A4 K
0 0
PesynbpraTsl 06paboTKM M30TEPMBI COPOLMY MIOHOB Mefy 10 Mojenu JIeHrMiopa MeTo-
JIOM HaVIMEHBIIVX KBaJpaToOB IPe/iCTaB/IeHbI B TA0I. 2.

21



R CUUUR QG LLIAT 3A LATOM TOM 3, BbINMYCK 3, 2022

Ta6mmua 2. [Tapamerps 06pabotku nsorepm copbuum nonos Cu (II) mo mogenu Jlenrmiopa

Koo e
CopGenr 1/Ax 1/AwK bmument | b/
KOppesLum
HartusHOoe TbHAHOE BOIOKHO 1,462+1,6-10 1,3-103+3-10* 0,99 0,83
M
ompuipoBaiHoe 0,51540,0-102 | 1,3-107+2.10% 0,99 1,84
JIbBHAHOE BO/IOKHO

PesynbTaThl, MoydeHHbIe IpU 0O6pabOTKe M30TEPMbI COPOLMY C UCIIONb30BAHEM MO-
et afcopOIy JIeHrMIopa, CBU/IeTeNbCTBYIOT, YTO MpefieIbHas COPOIIIOHHAS eMKOCTD JIbHS-
HOTo BO/OKHa (A..) yBemmumBaercs g nonos Cu (II) ¢ 0,83 o 1,84 monb/kr mpu 06paboTke
L-apruamnnaom.

ViccnenoBaHme MOBEPXHOCTI 0OPa3lloB MCXOSHOTO JIbHSAHOTO BOJIOKHA U JIBHSHOTO BO-
JIOKHA, OKMCTIEHHOTO MeTaIleprofaToM Hatpusi, MerogoM COM mpy mOMOIIN CKaHUPYIOIEro
anekTpoHHOro MuKpockomna «VEGA3 SB» mokasano, 4To moj BO3/elicTBMeM MoAubuKauum
M3MeHseTCs MUKpopebed MOBEPXHOCTHOTO C10s1 00pa3uos (puc. 3, a, 6).

[ToBepXHOCTDh HATUBHOTO JIBHSIHOTO BOTIOKHA (CM. pUC. 3, d), HEOHOPOMHAS, € 6OIBIINM
KOJIMYECTBOM CK/IaJOK U BK/IIOUEHMWIT, YTO CBSI3aHO C TeM, YTO JIbHSIHBIE BOTOKHA chOpPMIPO-
BaHbl 13 3/IEMEHTAPHBIX BOJIOKOH, CKPEIUIEHHBIX MEXHY cO00il JIUTHUHOM, MEKTVHOM U
aMOp(dHBIMU [ONMMepaMyi BTOPUYHON K/IE€TOYHOI CTEHKU. IIpu OKUCIeHNM MepuomgaToM
HaTpVsI HATUBHOTO obpasna (cM. puc. 3, 6), HabIIOZAETCs CIaXMBaHMeE CTPYKTYPbI BOTIOKHA U
yHa/eHye C MOBEPXHOCTY PA3INIHBIX BKIIOUEHNIT, YTO TIPUBOAUT K M3MEHEHMIO IOBEPXHOCT-
Horo cnost. [loBepxHOCT copbeHTa cTaHOBUTCS 607Tee OHOPOAHOTA, rnan;Kom

SEM HV: 5.0 KV WD: 1824

SEM HV: 5.0 KV WD: 14 | vecas Tescan|
View field: 68.5 pm 20 pm
81 6.00 o Performance in nanospace

View field: 90.4 pm
BI: 6.00 Acemce: Performance in nanospace

a 7]
Puc. 3. COM-n3o6pakeHnst IOBEPXHOCTI TbHSHOTO BOIOKHA: d — HATUBHOE JIbHSHOE BOTIOKHO; 6 — IBHSAHOE

BOJIOKHO, OKMC/IEHHOE METAIIEpNOAaTOM HaTpusd

ONIeMeHTHBINI COCTaB JIbHAHOTO BOJIOKHA MO M IIOCTe OKNCIEHUA MeTalepuojaToM
HATpUs, a TaKke 1o u mnocie copbuuu nonos Cu (II) mpexpcraBnen Ha puc. 4 U 5 COOTBET-
ctBeHHO. Cofiep)KaHMe KICIOpofa B 06pasiie OKIC/IEHHOTO JIbHAHOTO BOJIOKHA (CM. puc. 4, 6)
3aMeTHO BO3PacTaeT 110 CPAaBHEHMIO C MICXOHBIM 00pasLioM (CM. pucC. 4, a), IPU 9TOM COpOIVIs
JIOHOB MeJiV OKVICTIEHHBIM 00pa3iioM (CM. pIc. 5, 6) IPaKTUYeCK! OTCYTCTBYET, B TO BpeMs Kak
Ha IIOBEPXHOCTY HAaTMBHOTO BOJIOKHA OOHapy>KeHO 1,78% Cu. ITO CBUAETENbCTBYET O HOTyde-
HIM B IIpOLIeCCe MEeTAIlepMOaTHOTO OKMC/ICHNA AMalbAeTU/IIe/III0N03bl, He CIIOCOOHOI cop-
OMpOBaTh IOHBI METAJI/IOB.

22



OT XHMHUHU K TEXHOJIOTHH [RIIEAREZNITENIUY TOM 3, BbINMYCK 3, 2022

Saevert Becs
c 56.83 ]

o 1232 20

Na 0.17 1
Mg 0.08
s 0.04

K 0.13 15—

Ca 043 E
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Ca 0.04
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Puc. 4. DneMeHTHBIT aHa/M3 00PA3IOB IBHAHOTO BOMOKHA: d — HATMBHOE JIbHSIHOE BOIOKHO; 6 — OKMC/IEHHOE
JIbHSHOE BOIOKHO

Siexert Bec%
@ C 54.84
o 43.05
S 033
Cu 1.78

@ DeMeRT Bec.%
c 45.65

[ 54.17

s 0.06

@ Cu 0.12
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a 7]
Puc. 5. DneMeHTHBIIT aHaMM3 06PA3LOB IbHAHOTO BOTOKHA 1ocite copbunu nonos mepu (1I): a — HaTuBHOE TBHS-

HO€ BOJIOKHO; 6 — OKICIEHHOE TIbHAHOE BOJIOKHO

[l mopTBepKAeHNsA 00pa3oBaHMs JUANbIETUALIE/UTIONO3bl IPY 00paboTKe TbHIHOTO
BOJIOKHA B PacTBOpe MeTalepuopara HaTpusA Obym CHATBHI VIK-crieKTpbl TIbHAHOTO BOJIOKHA
VICXOJTHOTO ¥ OKMCIeHHOTO B pactBope NalOy (puc. 6, criextps! 1-2). CpaBHeHMe [TOTyYeHHBIX
VIK-cneKTpoB CBUAETEILCTBYET O TOM, UTO B IIPOL[eCce OKMCIEHNS B IbHAHOM BOJIOKHE IIPO-
V30TV 3aMeTHbIE M3MeHeHMA. TaK, B CTIEKTpe IbHAHOTO BOTIOKHA, COfIEPKALETO Vab/IeT U] -
11eJUTI0TI03Y, Ha0/MI0jaeTcsl yBeIueHye MHTEHCYBHOCTY M HeOOIbILIION CABMUT ITOJIOCHI ITOI/IOLIe-
HIIS1, OTBEYaloLIlell Ba/IeHTHBIM KoytebaumsM cBs13y C=0O B anbaernsax 1 KMCI0Tax, 1o OTHOLIe-
HUIO K CHEKTPY MCXOJHOTO JIbHSAHOTO BOJIOKHA, M3 IOJOXeHuA 1632 cm' B monoxeHue
1638 cm'. IIpy 3TOM B crieKTpe OKMC/IEHHOTO 00pasia ucyes muk npu 1739 cm™, mpucyrcrso-
BaBIINII B CIIEKTpe HATVBHOTO /IbHA, OTBEYAIOIell BaJICHTHBIM KO/IeOaHMAM KapOOHVIIbHON
TPYIIIBI A1 KapOOHOBBIX KUCIOT. Takum ob6pazom, VIK-criekTp OKMCIeHHOro JTbHAHOTO BO-
JIOKHA YKa3bIBaeT Ha MOSIBJICHNE B COCTaBe OKVIC/IEHHOTO COPOEHTA a/Ib/JeTVTHbIX TPYIIIL.

VK-cnexTp 3 Ha puc. 6 TOSTy4eH /I TbHAHOTO BOJIOKHA, oKucneHHoro NalO, n o6pabo-
TaHHOTO L-aprunnuom. CpaBHenne VIK-criekTpa OKMC/I€HHOTO JIbHA CO CIEKTPOM JIbHA, OKNIC-
JIEHHOTO ¥ 00paboTaHHOTO L-apriuHMHOM, TO3BOJISIET BBIABUTD CIeAYIOLe OTINYnsA. B crek-
Tpe 3 IbHAHOTO BOJIOKHA, OKUCTIEHHOTO U MOAV(NUINPOBAHHOTO L-apIMHIHOM, OTMEYaeTCs
CIIBUT I10JIOCHI ITOIJIOLIEHNA TI0 CPABHEHNUIO CO CIIEKTPOM OKMC/IEHHOTO JIbHAHOTO BOJTOKHA 13
HomoXeHuA 1638 cM™' B monoskenne 1648 cM™', KOTOPBIIT MOKeT OBITh 00YC/IOB/IEH Ba/IeHTHBIMU
Ko/1e0aHV MY KapOOHMIBHOT TPYIIIIBI /1S A/IbIETUIOB ¥ KapOOHOBBIX KMCIIOT, @ TaKXe fedop-
MalMOoHHBbIMU Konebauusamu cBasu N-H B amupax. Kpome Toro, B VIK-cnexTpe nbHAHOTO BO-
JIOKHa, MopuuipoBaHHoro L-apruHmHOM, 1o cpaBHeHM0 ¢ VIK-crekTpoM OKMC/IeHHOTO
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JIbHA HaO/II0gaeTcs CYIIeCTBEHHBII CABUT ITOJIOCHI ITOTIONeHN s U3 TTono>KeHnA 1280 cvm! B mo-
noxxeHue 1271 cM’!, T7ie IpOABIAIOTCA BaleHTHbIe Konebanus csisu C-N B amupax.

100 - 2
80 - 3
©
S  60-
=
= 1
N4
Q
2 40
o
o
=
20 -
0 .

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
Bonuosoe yncno, cm™

Puc. 6. VIK-criekTpbl TbHAHOTO BOJIOKHA: 1 - HATMBHOE JIbHAHOE BOJIOKHO; 2 - OKMCIEHHOE JTbHAHOE BOJIOKHO;
3 - IbHSIHOE BOJTIOKHO, OKMCIEHHOE 1 00paboTaHHOe L-apruHnHoM

[ToaTOMYy MO>KHO YTBEpXK/aTh, 4TO PpY MOAUGUIMPOBAHNY COPOEHTa Ha €r0 II0BEPXHO-
CTU IIPOMCXONUT 3aKpelvieHne L-apruHuHa. BsaumoperictBue aMMHOKUCIOTH L-apruamHa ¢
a/IbJIeTVTHBIMY IPYIIIIAMM LIeJUTI0NIO3bI JIbHA OCYILECTBIIACTCS C 00pa3oBaHyeM aMIUJIHON CBSI3U
U yBEJIMUEHHUEM COJIEPHKAHUS KapOOKCHIBHBIX TPYIII B CTPYKTYPE BOJIOKOH, YTO IOATBEPKIa-
ercs gaHHbIMU VIK-cniekTpos.

BrIBOABI M peKOMEHJAN

[TomyyeH copbOeHT /ISl OYMCTKY BOJHBIX PACTBOPOB OT MIOHOB TSDKE/IBIX META/UIOB XVMU-
4eCKUM MOAUUIIMPOBaHIeM JIbHSIHOTO BOTIOKHA U MCCTIEOBAHbI €r0 COPOIMOHHBIE CBOIICTBA
o otHomeHnio K monam Cu (II).

[ToxasaHo, 4To MopMdUIMPOBaHMe IPUPOLHOTO MOMCAXAPUITHOTO MaTepyuaa BKIIIO-
9aJI0 OKMC/IeHVe TbHAHOTO BOJIOKHA MeTaIllepYOIaTOM HaTPA U IIOCTIeAYIOLLYI0 06paboTKy 06-
pasoBaBILIeiiCs OVATbJeTU/IIe/UI0NI03b! L-aprMHMHOM. JTO CIIOCOOCTBYET CO3[aHMIO0 Ha IO-
BEPXHOCTH IMOIMCAXapUIHOTO MaTepuana B mpoiecce MOAUPUIMPOBaHMs COPOLMOHHO-AK-
TUBHBIX PYHKIVOHA/TBHBIX TPYIIIL

MopudnunpoBanHoe L-apruHUHOM JIbHSIHOE BOJIOKHO 00/ajjaeT XOPOIIMMU PaBHO-
BECHO-KMHETUYECKVIMY XapaKTePUCTUKAMM Y MO>KeT OBbITb JICIIOJIb30BAaHO B KadyecTBe COp-
OeHTa [/Is1 OYUCTKY BOJHBIX PACTBOPOB OT MOHOB TSDKE/TbIX META/IIOB.

Hccnedosanue nposedero c ucnonvsosanuem pecypcos Llenmpa KonniekmueHo20 noiv3o-
samnust HayuHvim 0bopyoosanuem UT'XTY (npu noodepoicke Munobprayku Poccuu, coenawenue
Ne 075-15-2021-671).

Paboma evinontena 6 pamkax 20cyoapcmeenHozo 3adanus Ha evinonterue HVP. Tema
Ne FZZW-2020-0010.
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KBAHTOBO-XMMMNYECKOE MUCCIIEJOBAHME PEAKIIVIN
KAPBOKCHMINPOBAHUA 4-AMITHO®EHOIJIA,
4-AIIETUWIIAMMHO®EHOJIA 1 IX COJIEV B CUHTE3E
5-AMVHOCATUIIMIOBON KMC/IOTBI

C. B. BapBapkun, M. E. Conosses, H. II. I'epacumoBa

Cepreii BuxropoBuy BapBapkus, marucrpant; Muxamin EBrenpesud ConoBbes, i-p ¢us.-Mat. HayK, mpodeccop;
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SIpocnmaBckmil TOCyHapCTBEHHDINI TeXHUYeCKuil yHuBepcurer, SIpocmaBnb, Poccus, sergey.varvarkin@mail.ru,
m.e.soloviev@gmail.com, gerasimovan2010@yandex.ru

Kniwouesvie cnosa: Annomauus. Keanmoso-xumuueckum mermooom GyHKUUOHATA NIIOMHOCHU U3YHeH Me-
KapboKcunuposa- XAHU3M PeaKyUll NOTYHeHUST 5-AMUHOCATUYUIO0B0L KUCTIOMbL NYmeM KAPpOOKCUnUuposa-
Hue, 4-amunoperon,  Hug 4-amunopenona, 4-ayemMunamMuHoPeHona U ux Hampuesvix coneti NP 63aumooedi-
4-auemunamunope-  CMEUU C YeleKUCTbIM 2A30M. Buiuucnenvl usmenenus nonHoti snexmponHoil sHepeuu u

HOZ, 5-amuHnocanu-  c60000HOU aHepeuy [u66ca KOMNOHEHMO8 8 pe3ynbmame Peakyuu U NPo6edeHo MHO20-
UUn0Bas KUcnoma, — MepHoe CKAHUPOBAHUE NOBEPXHOCMU NOMEHYUANIbHOL dHepeuU. B x00e ckanuposaHus
Mecanasum, mepmo-  UCCcie008aHO USMeHeHUe NONHOT INeKMPOHHOLL SHEPUU NPU PASTUHHBIX PACCIOSHUSAX
OuHamuecxue MeNOY AMOMOM Yenepooa 6 MONeKysie YesleKUCTI020 A3 U amoMom yeriepooa 6 6eH307b-
PyHKyUU, c80600- HOM KOTIble, K KOmopomy npoucxooum npucoeduterue. Ilokazaro, umo 4-amurogeron

Has sHepeus Tubbca  u 4-auemunamunoperon He cHOCOOHbL BCMyNnamy 6 peakyulo, Max Kax 1o He6bl200HO
€ MepMOOUHAMUHECKOTE MOoUuKY 3peHus. B mo e spems, conu 4-amunoperona u 4-aye-
MURAMUHOPEHONA yHe CHOCOOHbL 6cmynamp 6 peaxuyuro. IIpu smom pasHuya mexoy uc-
nonv3osanuem 4-amunoderona u 4-ayemunamumnogerona Hecyuecmeena. Imo no3eo-
JITem UCHONIb308AMb 6 KAUectee UCX00H020 COeOUHeHUs 4-auemunamunogperorn, 6onee
YCotuuevLTi K OKUCTIEHUIO U MeHee mokcuuHoblil. IIpednoien Mexanusm kapookcunupo-
BaHUA CONU 4-AUeMUNAMUHOPEHOTIA HA OCHOBE MHOZOMEPHO20 CKAHUPOBAHUS NOBEPXHO-
cmeil NOMeHUUANLHOU SHepeUll peazupyrouux yacmuy. [Jns skcnepumenmansHozo noo-
MeepHOeHUS B03MONCHOCU OaHHOTI peakiuus ObL10 nposedeHo 2d3odastoe Kamanumu-
ueckoe KAPOOKCUNUPOBAHUE 4-AUeMUNAMUHODEHONIMA HAMPUS, NOTYHEHHO20 i Situ U3
4-ayemunamunogerona u kapbonama Hampus. Peaxyuio nposoounu npu 190 °C 6 me-
yeHue 2 4acos no0 0asneHuem yenexucnozo eaza 3 MIla 6e3 ucnonv3osanus pacmseopu-
mens. CmpoeHue U YUCMOMA NOTYHeHHOL NPU IMOM 5-AMUHOCATUYUNO0B0LL KUCTIOMbL
(8v1x00 47%) noomeepicOenvl pasnuuHbiMU GU3UKO-XUMU1ecKUMU memodamu. [Janmolii
Memoo cummesa 5-amuHOCATULUNOBOTE KUCTIOMbL Nepcnekmueer sl NPOMbIULIEHHOTE
peanuzayuu.

T nuTupoBaHMA:
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© C. B. Bapsapkun, M. E. Conosbes, H. II. I'epacumoBa, 2022
27



OT XUMHUU K TEXHOJIOTHW [ITEARETNIIZANNY TOM 3, BbINMYCK 3, 2022

BBengenue

5-AmuHocammunosas kucnora (5-ACK) ABnAeTca cTpyKTypHBIM M30MepOM 4-aMIUHO-
CIMINIOBON KUCTOTH (napa-aMmHocamumnoBoit kucnotsl, [IACK), oTnnyarommmcs moso-
xeHneM amyHOrpynnsl. ITACK 6bl1a IepBBIM CMHTETMYECKVM IIperapaToM, HaIleAIIM -
pOKOe IIpaKTIYecKoe IpYMeHeHe IIpy JiedeHnn TybepKyne3a. XOTs MepBble CBeJeHNA O CUH-
te3e IIACK 6bum ony6mmkoBansl B 1902 ropy [1] u ¢ Tex mop OTKpBITH Apyrue, 6oree addek-
TUBHBIE IPOTUBOTYOepKyne3Hble mpenapatsl, [IACK 1 ee mponsBogHble H0 HACTOALIETO Bpe-
MEHU COXPaHAIT CBOE 3HaYeHNe B Ka4eCTBe KOMIIOHEHTOB KOMOVHMPOBAaHHO XMMIOTePaIu
TyOepKyesa.

B ormunme ot ITACK, 5-ACK npotuBoTybepKyne3HOl aKTMBHOCTBIO He o6magaeTr. OHa
OKa3bIBaeT IPOTUBOBOCIIA/INTENBHOE NeIICTBIE, OTIACTY CXOHHOE € 3P (HEeKTOM HeCTePOTHBIX
IPOTMBOBOCIIAINTE/IbHBIX CPEACTB (Ca/lMINIATOB), a TaKKe MMMYHOMOAYIMpYIOLiee Jeil-
crBue. VsHauanpHO 5-ACK 6bl1a 4acTbio MOJIEKY/IBI CyIbdocanasyHa, HO 3aTeM CTasla VCIIO/b-
30BaTbCA B KaUeCTBE CAaMOCTOSITEIbHOTO JIEKAPCTBEHHOTO BellleCTBA — MecanasnHa [2]. Meca-
JTa3MH ABJIAETCS 0A30BBIM IIPENApaTOM JIA JIedeHNA BOCIAINTE/IbHBIX KUIIEYHBIX 3a00/IeBa-
HUI, TAKUX KaK Hecrenn@uiecKnit 13BeHHbIN KomnuT 1 60ome3nb KpoHa, B 1€rkoit u cpepHeit
craguu 060CTpeHNs U yig NPODUIAKTUKY UX penuanBoB [3-5]. MecanmasyH BBIITyCKaeTcs B
BUJIE JKENYJOYHO-PEe3UCTEHTHBIX TAabJIeTOK, CYIIIO3UTOPYEB, TPaHY/T MOAUDUIMPOBAHHOTO
BBICBOOOXIeHUA 1 Kiu3M [6]. 5- ACK BXOANT B mepedeHb XM3HEHHO HeOOXO[IMBIX 11 BayKHe-
IIMX JIEKAPCTBEHHBIX IIPENapaToB [/ MeJUIHCKOro NpuMeHeHMs B Poccuiickoit @epepanun
nof kofoM AO7EC. 5-ACK npuMeHsAeTca TakKe B IPOMBIIIJIEHHOCTY ITPY IPOU3BOJCTBE a30-
KpacuTeset, s CO3aHN KOMIUIEKCHBIX XpPOMOBBIX KpacuTeieil 7] v /I IOo/Ty4eHNs CBEeTO-
YyBCTBUTE/IbHON OyMar.

OCHOBHBIMU CrIOCO6aMI MOTYyYEeHNUA 5-aMMHOCATMIVIOBOM KMC/IOTBL B HACTOAIIee
BpeMs ABIAITCA BOCCTAHOBIIEHME 5-peHnmasocammunaoBoi kucnotsl (5-PACK) n aurposa-
HJ€ Ca/IMIUIOBON KUCIOTHI C IOCTIEAYIOI MM BOCCTAHOBJIEHIEM HUTPOCOEMHEHNA IO aMIHa.

[Tpu nonydenun 5-OACK ucronb3yroTcs aHUINH U CalMIM/IOBasA KICIOTa, a IIPY ee BOC-
cra”oBieHyn obpasytorca 5-ACK u anmmH. X0TA MICXOJHbIe COeIMHEHNA ABIAITCA JOCTYII-
HBIMI U IELIEBBIMY, @ YCTIOBMA peaKy OTHOCUTEIbHO MATKMMI, MCIIONb30BaHMe B IIpoliecce
TOKCMYHOTO aHM/IVMHA CO3/1aeT BpeJHbIe YC/IOBUA TPY/Aa U TpeOyeT TIaTe/IbHON OYVCTKY IieTie-
BOTO IIPOJIYKTA, YTO 3HAUNTEIbHO YBEINYMBAET €T0 CTOMMOCTSD [8-10].

3aMeHOIT IpeBIAYIIero crIocoba B HEKOTOPBIX IIPOM3BOACTBAX CTAJI0 HUTPOBAHNE C IO-
CNIeYIOIMM BOCCTaHOB/IEHNEM HUTpocoeaHeHNnA. OTCYTCTBYME TOKCUMYHBIX IIPOYKTOB I OT-
HOCUTE/IbHO MATKME YCIOBUA CHeany NaHHbI MeTON IpUB/IeKATe/IbHbIM /IS IPOU3BOJUTE-
neit. OnHAKO a30THAA KIUC/IOTA, AB/IAIIAACA CUIbHBIM HUTPYIOIIMM areHTOM, Jie/laeT IIPOoLecc
XOTs U1 OBICTPBIM, HO HE[JOCTaTOYHO CeJIeKTUMBHBIM: Hapsany ¢ 5-ACK nonyuaercs un 3-aMuHo-
ca/muuaoBasd Kucnora. E€ konmdecTtBo MoxxeT focTuratb 20% oT Macchl KOHEYHOTO IIPOAYKTA.
I3-3a cx0XMX PU3NIECKUX CBOVICTB M30MEPOB UX pasfie/ieHNe SBJIAeTCSA 3aTPYSHUTEIbHBIM,
YTO MOBBILIAET Ce6eCTOMMOCTD IIPON3BOACTBa [11-14].

[TepcniexTBHBIM MeTof0M nonydenus 5-ACK sBnsercs kapOokcunmpoBaHye 4-aMuHO-
¢deHoma yrmexucnbM rasoM. JJaHHbII MeToj ocHOBaH Ha peakumu Kompbe-IlImmpara, mo
KOTOPOJ B IPOMBIIIIEHHOCTY IONYYal0T CaIMIMIOBYI0 Kucnory us ¢enona, [IACK - us
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3-ammHOdenona [15] u T.4. [Ipoliecc mpoTekaeT mpy MOBBIIIEHHOM JIaBI€HNUN U TEMIIEPAType
[16] B mpucyTcTBUM KapboHaTa MM TUpOKapOOHaTa Kalus VI HaTPys B Ka4eCTBe JOIOTHM-
Te/IbHBIX ICTOYHMKOB YITIEKMCIOTO Ia3a ¥ KaTamu3aTtopos [17]. [l cHYDKeHMs TeMIlepaTypbl
peakuuy IpoOBOAATCS Pa3pabOTKM IO UCIONb30BaHMI0 (GePMEHTOB B JaHHOM IIpoiiecce [18].

[Tonyuenne 5-ACK meTomom Kapb6OKCcUIMpoBaHus TpedyeT O4eHb OOJIBIIOTO AaBJIeHNA.
Il xopouteit auddysum yriaekncnoro rasa B BogHblii pactBop 5-ACK tpebyercs faBneHne ot
6 1o 9 MIla [19]. OpHako Takue ycnoBus TpeOYIOT IPUMeHEeHMs 04eHb JOPOTroCTOsIero 060-
pynoBaHus. B cBsA3u ¢ pasBuTueM "3en1€HON XuMuUK', a TaKOKe IJIS YIy4IIeHNs KOHTaKTa yIyie-
KICTIOTO Ta3a ¢ 4-aMHO(pEHOJIOM Iie/1eco00pa3Ho MpoBeeH e Ipoljecca 6e3 y4acTysa pacTBoO-
purena. Cama 1o cebe peakiysa KapOOKCUIMPOBAHMS CYXOTO MCXOHOTO COeVIHEHWS [O-
BOJIbHO IIPOJO/DKUTENIbHA, HO IIPY VICIIOTb30BaHNM B Ka4eCTBe KaTa/ln3aTopa OKCUOB KpeM-
HVIS1 VUIU QJTIOMUHYISA IIPOLIeCC IIPOTEKAeT OTHOCUTENIBHO OBICTPO U He TpebyeT OueHb BBICOKOTO
JlaB/ICHMSL.

OpHako, KaK M3BEeCTHO, 4-aMMHO(EHOI ABIATCA TOKCHYHBIM ¥ JTeTKOOKUCILAIOMIIMCS
coenyHeHyeM. [/ peneHus 9Toit Ipo6/IeMbl B KauecTBe JICXOJHOTO COeIVIHEHMsI MOXKHO VIC-
N0/1b30BaTh 4-anermnaMnHodeHon. OH ropaso MeHee TOKCHYEH, a aM{HOTPYIIIIA B HEM 3a-
LIMIeHa OT OKMUCIEHA JIETKOYAA/IAEMOM alleTU/IbHOM TPYIIION.

Takum 06pa3om, IpOCMaTPUBAIOTCA HOBbIE BO3MOXKHOCTY IIO/Ty9€HMS 5-aMIHOCA/IIIN-
JIOBOJI KUCJIOTBI, IOTEHIVIAJIbBHO O0ecHedMBaloliyie CHIDKEeHNe Ce0ecTOMMOCTY IIpolecca U
YIy4IIeHe ero 9KOJOTMYeCKNX XapaKTepUCTUK. B CBA3YM ¢ 3TUM Iie/IbI0 HACTOAIIE paboThI
SBUIOCh KBAaHTOBOXJMMIYECKOE JVICC/IEOBAHME peaKLMil KapOOKCUIMPOBAHNS 4-aljeTHIaMM-
HO(eHO/MATa HATpMA VIVIEKUC/IBIM Ta30M B CpaBHEHUM C 4-aMMHOQEHONATOM HaTpuA

(cM. cxeMy HIDKe).
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OcHOBHasA 4acTh

PacdyeT IO/THBIX 3/I€KTPOHHBIX 9HEPTUII U TEPMOAVHAMIIECKIX QYHKIVI YIaCTBYIOINX
B peaKIVAX COeAVHEHMII IPOM3BOAVIIN KBAHTOBO-XVMIYECKIIM MeTOIOM QYHKIIMOHA/IA IIOT-
HocTy ¢ TmbpuanHbiM ¢yHkiyonanom DFT B3LYP/6-311G**, obecrieunBaroImuM SOCTaTOYHO
BBICOKYIO TOYHOCTD OIIpefie/IeHNsI TeOMEeTPUM NPV OTHOCUTEIBHO HEBBICOKUX TPeOOBAHMAX K
KOMIIBIOTEPY, C MCIIONIb30BaHMeM nporpammuoro komiiekca ORCA [20-22]. Ilpu pacuére
IIPOBOAM/IACH OITUMM3ALVISI MICXOZHBIX COeIHEHNII ¥ IPOAYKTOB PeaKInil, B pe3y/IbTaTe 4ero
ObUTY HalileHbl KOHPOPMaLNM C MUHUMAIbHON ITOTEHI[MA/NIbHO 9Heprueil. B JaHHBIX KOH-
dbopMaLMAX PacCUNTHIBAIICD TIO/IHAS 9/IeKTPOHHA SHEPIUsl COeVHEHVsI I CBOOOIHAs SHep-
rus ['m66ca [23] B cocrostHuM njeanbHOro ra3a npu remuneparype 293,15 K. Pesynbrats! pac-
4éTa TEPMOAVHAMIYECKUX QYHKINI B CTaThe IIPUBEIEHBI B K[[/MOJb.

B tabmuue 1 mpuBefieHbl pacCYMTAHHbIE 3HAUYEHMsI VSMEHEHMUII II0/THOV 3JIEKTPOHHO
sHeprum u cBobopHO sHepruy [mbO6ca mpy peakuuax KapOOKCUIMPOBAHUSA YITIEKVC/IBIM

29



OT XHMHUHU K TEXHOJIOTHH [RIIEAREZNITENIUY TOM 3, BbINMYCK 3, 2022

rasoM 4-aMnHO(peHOIa U 4-aleTIaMIHO(EHOIa, a TAKXKe UX HaTpHeBbIX cosieil. CormacHo mo-
JIy4eHHBIM pe3y/IbTaTaM, KaK 4-aMUHOQEHOJI, Tak U 4-aleTIaMIHOPEHOI He CTIOCOOeH BCTY-
IIaTh B PeaKIMI0 KapOOKCUIMPOBAHMUSA YITIEKUCTIBIM ra3oM. OffHaKO IIpYU MCIIOIb30BAaHMY UX
HaTPMEBBIX COJIEN peaKI[Uyl CTAHOBATCS TEPMOJMHAMIYECK) BBITOGHBIMY. [Ipy aTOM pasHmija
B MI3MEHEHMAX TePMOJAVHAMIYECKUX QYHKINIT 47151 060X peareHTOB HeCyIleCTBeHHa.

Ta6muua 1. VI3meHeHNst TEPMOSMHAMIYECKUX (PYHKIIMIT PV PEAKLUSX KapOOKCMINPOBAHMsSI B Fa30BOII Cpefie

Peaknus AE, x]JI>x/Momb AG, x]I>x/Monb
Kap6oxkcumposanue 4-amnHodeHoNa 106,6 102,6
Kapboxkcunuposanue 4-anernnammntoderona 92,18 90,29
Kap6okcumpoBanne 4-aMuHO(EHOISITA HATPYS -33,84 -36,04
Kap6okcunmposanne 4-arermnaMuHopeHONATa HATPUs -33,75 -34,12

Il mccnemoBaHyA MeXaHU3Ma peaKIuil 6bUIO IPOBEeHO MHOTOMEPHOE CKaHMPOBaHMe
IOBEPXHOCTEN MOTEHLMAIbHOV 3HEPIUM pearMpyroliuX 4acTUl, Ha NpUMepe peakuu Kap-
OoKcMMMpoBaHMA 4-aleTyIaMUHO(EHOIATA HaTpuA. PacyeTsl IpOBOAMINCH METOROM YCIOB-
HOJI OITYMM3ALINN IIPY PA3/IMYHBIX 3HAYEHUAX PUKCHPOBAHHBIX PACCTOSHMIT MEX/Y aTOMaMU
yrnepopa CO, 1 aTOMOM yI7eposia B 6€H30/IbHOM KOJIbIIE, 10 KOTOPOMY IIPOMUCXOAUT IIPYICO-
enuHeHne. Ha puc. 1 mpuBeseHa 3aBMCHMOCTD ITOJTHOM 3/IEKTPOHHONM SHEPTUM PEAKLMIOHHOTO
KOMIUIEKCa OT PacCMaTpyBaeMOll KOOPAVHATBI PeakIvi, a Takke KOHPOpMaIM pearnpyro-
IIMX YaCTUL] Ha pa3/INYHbIX 3TallaX PeaKIu.

-2271100
-2271200

-2271300

-2271400

-2271500

E, klle/mons

-2271600

-2271700

-2271800
35 3 25 2 15 1

PacctosHune, A

Puc. 1. T'paduk n3MeHeHNs SHePTUM KOMIUIEKCa MOJIEKY 4-aljeTIaMUHO(pEHOIATa HaTPUA U YITIEKUCIOTO rasa
OT pacCTosAHMA MeXAy aToMaMu yriaepoga CO, 1 6eH30TbHOTO KOJIbIIa

Kak cnenyer 3 mpoBeJileHHOTO aHa/lN3a, IpY NPUCOENVHEHNN YITIepOJa U3 MOJIEKY/IbI
YIJIEKVIC/IOTO Ta3a K aTOMy yI/Iepoja 13 6€H30/IbHOTO KOJIbIIa MOJIEKY/Ia 4-alleTMIaMIHO(EHO-
JIATa HATPpUA USMEHSAET CBOIO CTPYKTYPY B MaKCUMYyMe 3HEPIUM, IIOC/Ie Yero CTPYKTypa BOCCTa-
HaBJIMBaeTCsA, 0OpasyeTca KapOOKCIIbHASA IPYIIIIA B KauecTBe HATPUEBOII COTIM, K KUCTIOPOAY
TU/IPOKCUTPYIIIIBI IIPYICOEAVHACTCSA aATOM BOZIOPOJia OT YI/Iepofia 13 6eH30/IbHOTO KOJbIIa.

Ha ocnoBanum nony4eHHOro pacyera MOXKHO IPEIIOKUTD CIIEAYIOLIT BO3SMOXKHBII Me-
XaHM3M IIPOTEKaHWUs peakLMil KapOOKCWIMPOBAHWUA HATPUEBBIX cojeil 4-aMyuHOdeHONa u
4-anetmnaMuHoOQeHo A YITIEKMC/IBIM Ia30M Ha IPYMepe HaTPUEBON COMu 4-aleTnIaMuHode-
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[17151 9KCIIepMMEHTAIbHOTO MTO/ITBEP>K/IeHVSI BO3SMOXKHOCTH JJAHHOM PeaKIMnObII IIpoBe-
nieH po6HbIt cuHTe3 5-ACK 1o npeparaemoit cxeme. BBIXop 11e/1€BOrO MPOAYKTa COCTaBUII
47%, ero CTpoeHye U YMCTOTA TOTBEPIK/IeHbI Pa3/IMYHBIMU PU3NKO-XMMIYECKIIMY METOIAMI.
Ianublil criocob cuuresa 5-ACK oramyaercs 3KOMOTMYHOCTHIO M OTHOCUTEIHBHO HEBBICOKOM
ce6eCcTOMMOCTBIO ITpolecca.

MCTOI[I/IKa IKCIIEpUMEHTA

TonkocnoitHyto xpomatorpaduio (TCX) npoBogwnm Ha mwractuukax Silufol UV 254 B
CHCTeMe PacTBOPUTENEN 3THUIalleTaT-MeTaHO/M-25%-Hblll pacTBOp ammmaka (80:25:3) ¢ mc-
NIO/Ib30BaHMEM JOIHOM KaMepbl 1 Y O-mamMmbl i1 HabmogeHns pesynbratos. Crektpsl IMP
'"H 6pumn 3anmmcanbl Ha criektpoMmerpe Varian UNITY plus ¢ paboueit wacrotoir 400 MIT.
VK-cnexTpsl 66Ut monrydeHsl ¢ momombio VIK-cnekrpomerpa PerkinElmer UATR Two. Tem-
neparypy IUIaBIeHMs M3MepsUIM Ha Ipubope I OHpefie/IeHNsA TOYKM IUIABJICHVA
Electrothermal 1102D Mel-Temp.

MeToguka CMHTE3a 5-aMMHOCATNIINIIOBON KMCIOTHI.

B aBroxnmaB o6vemom 50 mi 3arpyxamu 1,5 r (0,01 Monb) 4-anermnamunodenona, 1,7 r
(0,016 monb) kapboHata Hatpus, 0,78 r (0,013 MONb) [MOKCHU/IA KPEMHMS, a 3aT€M BBOJAVIN
YITIEKVICTIBIN Ta3 i1 IPOBefieHNsI peakuy KapOokcunpoBanus oy pgasnenueM 3 MlTa. Pe-
akuuio mposoavu rnpu 190 °C B TedeHMe 2 4acoB, IOC/IE YeTO PeaKLMOHHYI0 MacCy OX/TaXK/jann
1o 80 °C u mo6aBysm 150 M/I AVCTV/UIMPOBAHHOM BOJBI I PaCTBOPEHVSI HATPUEBOI COMU
5-ACK. PactBop obecuBeunBa/mm aKTMBMPOBAHHBIM yI/IeM, QWIbTPAT IOAKUCILAIN
20-30%-HpIM pPacTBOPOM COMAHOM KUCIOTHI 0 pH = 4. [Tocne oxma)kgeHns BhIIIaBIINII 0CafloK
5-ACK oT¢unbTpoBBIBaII, IPOMBIBAIN BOKOM, cymmnnu. Berxop: 0,7 r (47%). T.mn. 280-282 °C
[13]. Cnexrp 'H AMP (DMSO-d), 8, m.z1.: 6,70 1 (J=8,8, 1H, Hapou), 6,92 ap (J=8,8, ]=2,9, 1H,
Hapou )> 7.241 (J=2,9, 1H, Hapon). VIK-cniextp, v, cMm: 950 c11 (OHyey), 1135, 1192 ¢t (Copon-OH),
1244, 1267 ¢ (-OHsas), 1315 ¢ (C-N), 1450, 1489, 1580 ¢ (C-Cyar), 1620 ¢ (NHzyq), 1650 ¢
(C=0san), 2555, 2785 (-OH.ar), 3240 (OHsan), 3438 (NHian).

BriBonb1

B pesynbTraTe npoBeeHHBIX KBAHTOBOXVMIYECKIX PacieTOB 000CHOBaHA BO3MOXKHOCTb
IPOTEKAHMs peaKkLMy KapOOKCUIMPOBAaHNUs HAaTPUEBBIX cojeil 4-ammHodeHonMa u 4-anern-
NMaMMHO(MEHOIa YIIeKMCIBIM Ta3oM 1o Metony Konbbe-IlIMuara B mpormecce cuHTe3a 5-aMu-
HOCA/IMIMIOBON KUC/IOTBI U IIPEJJIOXKEH BEPOATHDIN MeXaHusM peakuuu. ITokasano, 4o pe-
aKIMsA BO3MOXXHA TOJIBKO IIPY MCIIOJIb30BAaHMN COJIeil (peHOIOB, caMu (DeHOIbI He CITOCOOHBI
BCTYIIAaTh B 3Ty peakuuio. [lomydyeHo sKcriepuMeHTaIbHOE ITOATBEPKIEHME BO3SMOYXKHOCTH IIPO-
TeKaHUA UCCIEeRYyeMON PeaK Uy — YCIEIIHO IIPOBEIeH CUHTE3 5-aMIMHOCATUIMIOBOI KIC/TOTBI
U3 4-aneTIaMMHO(EHOIATA HATPYA U YITIEKVCIIOTO rasa.
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Kntouegvie cnosa: Annomauus. B pabome npedcmasrnen anHanu3 coOCMBEHHVIX U TUMEPAMYPHDIX
mempanupponvHvle Mak-  OAHHBIX N0 B0NPOCAM XUMUUECKOL, MEPMULECKOT] U SEKMPOXUMULECKOT YCMOii-
pozemepoyuxnudeckue 4UBOCMU HEKOMOPbIX apomamuyeckux makpozemepoyuxnos (MI'L]) knacca nop-
coeduHeHus; nopdu- pupunos (H>P), a maxie ux 6eH30- U a3a-aHanoz0s, ycrmaHosneHvl INeKMpPOHHbLe
pumMvl, pmanoyuanunv, U CpyKmypHuie akmopol, onpedensiiousue cKopocy pa3pyuenus NuzmMenmos 6
OKUCTIUMENbHAS Oe- NPUCYmMcmeuy oOKUCIumenst. SHaueHus OKUCTUMENbHO-80CCNAHOBUMENbHBIX NO-
CMpyKUyus, pedokc-no- menyuanos MI'L] nopdupunosozo, a makie mempaasa, mempaben3o-nopPupu-
meHyuanbl H08020 U PMANIOYUAHUHO0B020 MUNA KOPPETUPYION C MEMNEPAMYPAMU HAYANA UX

MEPMOOKUCTIUMENLHOTE O0eCMPYKUUU U CKOPOCHIAMU PA3TIONEHUS 8 OKUCTUMETD-
Hoix cpedax. Cosmecmmuoe 6en3o- u asasamewjeHue 8 monexynax HoP npusooum x
ux 0ecmabunU3aUUU no OMHOUEHUIO K OKUCTUMETIAM, NPU SIOM CUMNYAUUS CUTTLHO
3asucum om npupodvi okucnumensi (H.0,, $,:0s* u NO5'), pacmeopumenst (H.SO,,
HOACc), a maxce npupodvt memanna 6 cocmage mosnexynvl. Cyuwjecmeernoe 6nusi-
HUe Ha YCMOoUMUB0cMy K 0eticeunio OKUCIumernetl 0Ka3viéaem noaumepHoe coCmo-
AHUe unu npocmpancmeenroe uckaxernue MI'L]. IToxasana udeHmuuHocmo mexa-
HU3MO6 peakuil OKUCTIEHUS 6e3MemanvHolx NOpPUPUHOS U PMATOUUAHUHOS Ne-
pexucvio 800opoda. B oboux cnyuasx peaxyuonnvim yermpom MIL] sensomcs
N-H-css3u - 6 me3o-nonoxenuu (H>Pc) unu 6 xoopounayuonnoti nonocmu HoN,
monexynvt (HoP), a nuemenmoi pacuiensissiomcst 00 ecyemuuix npooykmos.

T nuTHpoBaHMA:

bepesun [1.b., , PasroBopos I1.B. Oco6eHHOCTY KMHETUKM AeCTPYKLMM IPOM3BORHBIX HOppUHA U
¢TanonaHHa B OKUCIUTENbHBIX cpefax // Om xumuu Kk mexonoeuu wae 3a wiazom. 2022. T. 3, o 3. C. 34-47.
URL: http://chemintech.ru/index.php/tor/2022tom3no3

BBengenue

Ycroitunsoctb nopdupuHoB (H,P) 1 X KOMIIIEKCOB B OKMCINTETBHO-BOCCTAHOBUTEIb-
HBIX CpeflaX OTHOCUTCS K YMCITy IPaKTUYeCKU BaKHBIX BOIIPOCOB. DTO OOCTOATENBCTBO CBS-
3aHO C TeM, 4YTO IPUPOAHBbIe NMOPPUPHUHBI, TaKue KaK XIOpoPUII B CTPYKType 3e/eHBIX

! [amsamu moez0 Omuya u yuumerss, mananmaueoo y4eHozo u 60vui020 onmumucma, akademuxa Poccutickoii
axademuu ecmecmeentvix Hayk bopuca Imumpuesuua Bepesuna (1929-2012)
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NIMCTBEB, TEM B COCTaBe TeMOTIO0NHA, a TAKKe LIMTOXPOMBI, KaTalasbl ¥ HEPOKCUAA3BI B YCIIO-
BUSAX MX OMOTeHe3a ¥ GYHKIVMOHMPOBAHYISA B KMBOJ KJIETKE IIOCTOSIHHO HaXOATCS B KOHTAKTe
c okucmurensamu (O, H,O,, HO,, NO;, NOs u np.) [1-4]. Cunrernueckue H,P u nx meramno-
komiutekcel (MP), nanmpumep, nmopdun (I) u ero mpomssBoguble (coemuuenms II-1V, X),
a TakKe 0eH30- 1 a3a-aHanoru (coenuuenus V-I1X), B vacTHocTH, pasHOOOpasHbie (ramorna-
HuHbl (H,Pc 1 MPc), ncnonp3yoTcsa Kak KaTanan3aTopbl peaKuil OKMC/IEHNSI OPTaHNYeCKIX
coepuHeHui [5-10], poToceHCMOMMM3aTOPBI TEXHNYECKOTO ¥ OMOMEIUIIMHCKOTO Ha3HAYeHNS,
IPUMEHSIOTCA B Iporjeccax ¢poropnHammyeckoit tepanun (OIT) onkonorndeckux n nHpek-
LMOHHBIX 3a601eBanmiit [11-21] 1 Tak>Ke MOCTOSAHHO KOHTaKTUPYIOT C OKUCIUTENAMMA. B cBA3H
€ 0c06071 Ba)XHOCTBIO BOIIPOCHI, CBsI3aHHbIe ¢ ycroirunBoctbio HyoP u H,Pc B okmcnmmrenpHbIx
cpefax, VICCIIeJOBAINCh M OOCYXKIAMNCh B psifie MOHOTpadmit, 0030PHBIX ¥ OPUTMHAIBHBIX pa-
6ot [2-5, 13, 14, 22].

R=R;=H V. X=CH
R=Alk R =H X=N
R=H;R;=Ph

R=R;=Ph

H,C=CH R

VIIL IX. X.

[Topdpupunsl u ¢ranonyaHNHBl MEIOT HEBBICOKME 3HAYEHVS HOPMAaIbHBIX OKVIC/IM-
TE/IbHO-BOCCTAaHOBUTE/IBHBIX TOTEHINAJIOB (2, 23, 24], T09TOMY B OKMC/IUTETBHBIX CPejax OKa-
3bIBAIOTCS TEPMOMHAMIYECKY HEYCTOUMBBIMM cucTeMaMI [3-6, 22]. B pesynbTare oHM 1€TKO
HOZIBEPTAIOTCA XMMUIECKMM, POTOXMMMUIECKUM U 3TIEKTPOXMMIIECKIM OKJC/IUTETbHO-BOC-
CTQaHOBMTE/IbHBIM IIpeBpalieHusaM [25-29]. JIerkocTb NpOTeKaHUs STUX NPeBpPaIleHNI! Cylle-
CTBEHHBIM 00Pa30M 3aBMCUT OT 11eJIOTO0 psifia GaKTOPOB, BKIIOYAs 0COOEHHOCTY CTPYKTYPHI ca-
MOTO MaKpOTeTepOLMK/IA, JOHOPHO-aKI[eIITOPHbIE XapaKTePUCTUKN (PYHKIVIOHA/IBHBIX 3aMe-
CTUTesIel Ha Iepudepun ero MOIEKy/Ibl, IPUPOAY OKUCIUTENbHON cpefpl U T.A. [22, 26, 27].
PaccmarpuBaemble CTPYKTYpHO-3aBUCUMBIE IIPOIIECCHI JIeXKAaT B OCHOBE CBETOBOI cTaguy ¢o-
TOCKHTe3a, QYHKIVIOHVPOBaHNUA TeMor7IobuHa 1 pepMeHTOB Ha ocHoBe HLP [1, 4, 25].

B Tex ciydasx, Korga B mopuprHaX OTCYTCTBYIOT (PYHKI[MOHA/IbHBIE TPYIIIIbL, CIIOCOOHBIE
K peloKC-TIpoLieccaM, CKOPOCTb OKMCTIEHMS MX MOJIEKY/T MOXKET CITYKUTDb XapaKTEpUCTUKON UX
TPaHMYHBIX MOJIEKY/LIPHBIX opOuTasneii. Bemmunna sueprerudeckoro 3azopa HBMO-B3MO
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MAKpPOIIMK/IOB C ITPENMYIIeCTBEHHO IJIOCKOI CTpyKTypoit (coemmuenns I-1II) n ux Kkommiekcos
¢ MeTaj1amy, nonydeHHas u3 ICII, Xopo1o cormacyercs He TONbKO C pe3y/IbTaTaMy KBAaHTOBO-
XVIMIYECKMX PACUeTOB, HO 1 C 97IEKTPOXMMIIECKIMI JAHHBIMIL, IIPefCTaB/IeHHbIMY B Tabmue 1,
COTTIACHO KOTOPBIM PasHMIIA MEX/Ty IIepBbIM ITOTEHI[MAaTIOM OKICIEHMA ¥ BOCCTAHOBJ/IEHNA CO0-
CTBEHHO NMOpGUPUHOB 006bIYHO cocTasteT (2.2510.15) V [3].

Ta6muua 1. Tlorenunanst noayBomH (Ei2) OKucIeHns HOPGUPUHOB, X a3a- U OeH30aHAIOros [24, 29]

PacrBoO- mei-
CoenHeHNe TpOJ Ei2°, B E12°%, B AECOxRed B
puTenn
CpaBH.
H,P, 1 - - 0.91 - -
H,(B-Et)sP, IT DMF SCE 0.96 1.19 2.30
Zn(p-Et)sP CH.Cl, SCE 0.63 1.02 2.24
H,(B-Et)sChl n-PrCN - 0.64 1.18 -
H,(ms-Ph),P, III DMF SCE 1.11 ] 2.19
Zn(ms-Ph),P DMF SCE 0.86 1.04 2.21
H,(ms-4-Tol),Chl CH.CL SCE 0.74 0.98 -
H,TAP,V 0-DCB QRE 0.82 - 2.52
(Fc'/Fc)
H,TAChI 0-DCB QRE 0.64 - 1.77
(Fc'/Fc)
H,Pc, VII CH.Cl, SCE 0.93 1.14 1.71
H,TBP, VI DMSO SCE 0.55 - 1.68
ZnTBP DMF SCE 0.38 - 1.86
Zn(B-Et)s(ms-Ph)sP - - 0.47 - -
H(N-Me)(ms-4-Tol),P CH.Cl, SCE 0.70 1.10 -

SCE u QRE (Fc'/Fc) — HachlieHHBIIT KaJIOMeTbHBLI 97eKTPOR U 37IEKTPOJ, Ha OCHOBE (peppOLieHa, COOTBETCTBEHHO.

bonmpmmucTBo H,P, kak mpaBuio, mopBepraiorcsa 0OpaTMMOMY [ABYXCTYIIEHYATOMY
3MEeKTPOXMMIYECKOMY OKMCIEHNIO I BOCCTAHOBJICHNIO MaKPOLVIK/INIECKOI CUCTeMBI |3, 23,
24]. YcpenHeHHBIe A MPEVMYIIECTBEHHO IJIOCKNX f- (B 4acTHOCTH, f-OKTasTuanopdpuHa
wm stuonopdupuna II) u meso-samenjeHHBIX TOpGUPUHOB (Hampumep, me3o-Terpade-
Hunnopduna IIT) morennyanst BoccranoBnenus (Ei2) cocrasnsior -(1.31£0.3) B -(1.7£0.3)
B, a okucnenns - +(0.710.3) B u +(1.1£0.3) B (cm. Tabn. 1) [23]. B pabore [28] npuBeneHa
IIOJIHAsI 9/IEKTPOXMMMYECKas XapaKTepPUCTUKA psfja MPOAYKTOB aza- U OeH303aMelleHNs
nopupuHOB — muranfos gramonyannHoB (H,Pc, B yacTHOCTHM, He3aMel[eHHOTO coe/juHe-
Husa VII) u terpaasanoppupunos (H,TAP, V) u o6Hapy>xeHO, 4TO BCe 3TV COEAVHEHMUS
CIIOCOOHBI OTHABATh 110 /IBA, @ IPUHUMATH O YEThIPEX 3/IeKTPOHOB. MOXXHO TOBOPUTH O
TOM, YTO pacUIMpeHre apoMaTudeckoit n-cuctemsl MI'Ll, Hanpumep, 3a cueTt TeTpabeH30-
wm TerpaHadrosamemmenns B Monekynax VI-IX, manpumep, B pagy H,TAP (V) - H,Pc
(VII) - H,NPc (VIII, HadTamoumannH) NIpUBOANT K CYILIECTBEHHOMY CHIDKEHNIO IIePBOTO
MOTeHI[Maaa OKUCIeHnsa. Takass TeHIeHIMA K U3MeHeHno BenmunHbl E; %%, a Takke cia-
6p1it poct E1,"% HabmomaeTcss u B caydae TeTpa-mpem-6yTunsaMeljeHHbIX COefMHeHMIT:
H,(f-tert-Bu),TAP (1.31; -0.74) — Ha(S-tert-Bu).Pc (0.95; -0.80) — H,(S-tert-Bu)sNPc (0.65; -0.89).
[TocreneHHOE YMeHbLIEHNE IOTEHIVA/IOB OKMCTIEHNS IIPOMCXOANUT TAKXKe B PALY: HOPPUPUHBI
(0.9+1.1) < mopdupasunsr (0.7+0.8) < rerpabensomopdupunst (H,TBP, 0.5+0.7) [29]
(cm. Tabm. 1). Ilepexon K MeTa/UTOKOMIUIEKCAM, B YaCTHOCTH, K KOMIUIEKCHBIM COeIMHEHVSIM
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H.P ¢ Zn(II) (cm. Tabm. 1), TakyKe 3aMETHO CHVDKAET IOTeHInanbl okucnenusa MITI, o6b14HoO,
Ha (0.25-0.30) B mo nepBoii cTymeHm.

3HayeHUsA OKMUCIUTETbHO-BOCCTAHOBUTEIbHBIX IIOTEHIINAIOB, MaKpOTeTepPOIVK/IOB
HOpQUPUHOBOTO, TeTpaasa-, TeTpabeH30- U TATOUMAHNHOBOTO TUIIA KOPPETMPYIOT C UX XU-
mmdeckoit [10, 22, 27, 30-32] u Tepmmrdeckoit [33-35] yCTOYMBOCTBIO B OKMCIUTENbHBIX Cpe-
nax (Tabmuia 2). Tak, mo gaHHBIM paboThI [27] KOHCTAHTa CKOPOCTY OKVCTIEHNST IUTAH A 3TUO-
nopdupuna (Ha(B-Alk)sP, II), ankummpoBaHHOTO 1O BCeM BOCbMU 3-T10JI0KEHUAM MOJIEKYIIBL,
nepekuchbo 6eHsomna cocrassier Bcero (3.05-10*) ¢, ITpu arom Bemuuna Eij, muranga H,P
3aBJMCUT He TOJIbKO OT TUIIA aPOMATUYECKOJ MOJIEKY/IBI ¥ IPUPOJBI 3aMeCTUTENeNl, HO U OT
IPUPOJBI KOOPIAVHMPOBAHHOTO MeTa/lIa ¥ 9KCTPAIMTAaH 0B B COCTaBe KoMIUIekca. B pabote
[30] nsyuena kuHeTVKa okucneHus peoduruna a (6e3MeTanbHOrO XI0podusIa d, CoefuHe-
Hue X) u ero kommiekcoB ¢ Cu(Il), Co(Il), Ni(II) u Fe(Il) B nemsHO YKCYCHO KMCIOTE
(HOAC) B mpucyTcTBMM HUTpaTa KanuA. beUto oKasaHo, 4YTO peakuys OKUCIEHNA IPOTeKaeT
MOHOMOJIEKY/ISIPHO, HE3aBUCHMO OT KOHI[eHTpalMy HUTpPATa, a BBEeJEHNe MeTa/la B COCTaB
MTTI xatanusnupyeT mpouecc OKIcIeHnsa peopuTnHa.

Ta6mmua 2. Kunernka OKMC/IUTENbHON JeCTPYKLMI EPEKICHI0 BOZOPOJA M HUTPATOM Ka/Iusi a30TUCTHIX MAKPO-
reTepoLuKIos [22, 30, 36]

9ddexTuBHAT Iopsamox
Konuenrpanmsa
MakporeTeponnkn PacrBoputenn i KOHCTaHTa CKOPOCTHU peaknnn
H,0;, Monb-1!
koo™, ¢110° noo,

17M H,SO, 0.12 1.77 1

H,Pc, VII 17M H,SO4 KNO:; 04. 6BICTPO -
(6.6510* monb-1t)

ZnPc 17M H,SO, KNO; 0.30 -
(7.7710 monb-1t)

H,Chl, X 17.3M HOAc KNO; 0.02 0
(6.83'10° monb-t)

Xnopodwumn (MgChl) 17.3M HOAc KNO; 0.02 0
(6.83'10 Mmonb-1t)

17M H,SO, 0.281 2.90 1

ITo/mmepHBIit KNO; 04. 6BICTPO -
¢ramonanny* (491102 monb-1t)

(H2PC)iz6-12 (NH4),S,0s 4.70 1
(5.00102 monb-t)

H,Pc, VII 17M H,SO, (NH4)2S:05 1.30 1
(5.00102 monb-1t)

H,TPyPA, IX 17M H,SO, 0.302 0.17 0.7

* IIpuBefieHBI TepBble KOHCTAHTBI CKOPOCTH (i - MAKCHMAJIbHO).

CoBMecTHOe 6eH30- 11 a3a-3aMellleHNe B MOJIeKy/IaX HOp(UPIHOB IPUBOJUT K UX JleCTa-
OMMM3aIyY 0 OTHOLIEHNIO K OKVCIUTETAM [22, 27]. BMecTe ¢ TeM, cUTyauyst CUIbHO 3aBUCUT
OT TIPUPOABI KOHKPETHOTO OKVC/IUTEIA, Cpefibl, IPUpPOAbI MeTa/Uta B coctaBe MP. Tak, /oka-
NM3alVs peaKIIOHHOTO IIeHTpa OKUCIEHNA I MEXaHN3MBI ITPOIIecca OKa3alIich /s PTalomy-
anyHa VII v ero KOMIJIEKCOB IPVMHIMINATBHO Pa3/IMYHBIMIY IIPY IPOBEJIEHNY PeaKIM B IPU-
CYTCTBMM IlepeKIiceli B HUTpobeHsose [27] u B cepHoit kucnoTe [30]. B cepHoit k1cnote MecToM
JIOKQIM3AIUN SIB/IAETCS eAMHCTBEHHBIN Halle/lo IPOTOHMPOBAHHBI Me30-aTOM asoTa. boree
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TOTO, B CBA3M C M3MEHEHVEM Cpefibl B /e aKTMBHBIX MOTYT OKasbiBaThcs Te MPc, KoTopble
ObUIM ITAaCCUBHBIMY, ¥ Ha000poT. B pabote [31] n3yyeHa okucmuTenbHas JeCTPYKUMs TeTpa-
6ensonoppuna (H.TBP, terpabensoxonmencupoBanHoro nopdupmuna VI), a rtaxxe ero
cynbdo-, HUTPO-, AMUHO- U APYTUX IPOU3BOAHBIX IePCYIbGAaTOM Kamusi B YKCYCHOI U1 CEpHOIL
Kucnorax. Bece 6eH3onmopduprHbI 0Ka3anuch MeHee YCTONYMBBIMIU K OKMCIEHUIO TI0 CpaBHe-
HuIo ¢ pramounannHoM, 3a uckmoyenrieM H,TBP(SO;H),, kotopsiit 611 crabunbpaee H,Pc Ha
nopspok. OnucaHHble PaKThl COITACYIOTCSA C JAaHHBIMM 110 TIOTEHIIVIATIaM OKVCIIEHNA COefliHe-
uuit VI u VII (cm. Tabm. 1).

ABTOopamn [32] ndydeHa KMHETUKA OKUCIUTEIBHON JeCTPYKIMN /7-97eKTPOHOAepUIInT-
Horo Terpa-2,3-nupuayHonopdupasuna (H,TPyPA, IX, npoayKT JOIONTHUTEIBHOTO TeTpa-
asasaMelleHNsI) 1 ero KOMIUIEKCOB IepeKuchio Bogopona B 17M H,SO,. Okasanock, 4to nopsi-
nok peakuyy o H,O, paBeH eguHuIle, a 3HaUYeHMe ICTUHHON KOHCTAHTHI (ky, 1-Mob'-c!) us-
meHseTcs ot 1.72:10* y H,TPyPA no 0.126 y PATPyPA, To ectb 3111 coenyuenns: B 10-100 pas
cTabuIbHee [0 CPaBHEHMIO C COOTBETCTBYOIMMY (pramonyannuamu [22].

B pa6ore [27] mokasano, 4To ckopocTy okucnenus stunonopoupuna (II, k = 3.05-10* ¢ '),
terpabensonopeuna (VI, k = 15-10%c!), rerpaasanopduna (V, k = 3.9-10° ¢c') n dranonua-
HuHa (VII, k = 2.43-107 ¢!) mepexucpbio 6eH30MIa COOTHOCATCA Kak 1 + 500 + 0.01 + 80 [27].
Taxkum o6pasoM, 6bUIO ITOKa3aHO, YTO TeTpabeH303aMellleHye, IPUBOJsIlee K paclIVpeHNI0
apoMaTn4eckoit m-cucremsl H,P u IOHVDKeHMIO TOTeHIana OKIC/IeH)sI MaKpPOTeTepOLIMKIIa,
PE3KO IIOHVDKAET er0 Pe3VCTEHTHOCTD 110 OTHOIIEHMIO K OKMCIIMTE/IAM, TOT/a KaK 3/IeKTPOHO-
aKIIeIITOPHOE TeTpaasa-3aMellieHue, Ha000pOT, yMeHbIIaeT CKOPOCTU oKucneHns. Kombunu-
poBaHHbIIT 9 dekT TeTpabeH30- U TeTpasasaMelieHNs BO PTaonaHNHe IPUBOAUT K HEKOTO-
POMY CHIVDKEHMIO YCTOMYMBOCTY K OKMCIUTEAM 110 CpaBHeHMIO ¢ H,P.

Emje ogHMM BapyaHTOM NPOBeJieHNUs OKVMCIUTENbHBIX IPOLIECCOB SBIIACTCS JeCTPYKIVISA
MTTI kucnopomoM mpy HOBBIILIEHHBIX TeMItepatypax [29, 33-35]. CKIIOHHOCTb paccMaTpyuBae-
MBIX MaKpOT€TEePOLVIK/IOB K TEPMOOKUCIUTE/IbHYI0 AECTPYKLMYU B HPUCYTCTBUU KUCTIOPOZA
BO3/[yXa BO3pacTaeT II0 Mepe CHIDKEHNs TeMIIepaTyphl Hadasia Ipoliecca yobmt Macchl (t,, °C)
B psAfax muranfioB (1) u ux MeTamokoMIuieKcos (2) [29, 33].

H,Pc (VII, 460) > H(ms-Ph).P (III, 407) > Ha(B-Et.Bus)P (IL, 400) > H(N-Me)(ms- (1)
Ph).P (240) ~ Ha(B-Ph)s(ms-Ph).P (IV, 244)

ZnTBP (345) > Zn(ms-Ph)4P (340) > Zn(f-Et.Buy)P (325) > (AcO)Zn(N-Me)(ms- (2)
Ph),P (230) > Zn(B-Ph)s(ms-Ph).P (211)

STU JaHHbIE IO3BOJIAIOT OTMETUTD CHIDKeHMe TepMmoycroitunBocTy MI'Tl kak B pAny nu-
TaHJOB, TaK M MX IVHKOBBIX KOMIUIEKCOB II0 MEPE€ YMEHbBIIEHNA apOMaTUYHOCTY MOJEKYN U
pOCTa HEIUIAHAPHOCTY IIPYU Iepexojie K CMIbHO HEIJIOCKMM MHOTOKPATHO 3aMEILIeHHbIM CO-
equHeHMsM, Hanpumep, IV. Beicokoapomaruunsiit HoPc (VII) n MeTa/utokoMIiekc IMHKa ¢
H,TBP (VI) B paccMaTpuBaeMoM ciydae Harbonee TepMOycToiuuBeL. [Tpy aToM MeTamokoMm-
IIeKchl Beerzia Ha 30-80 rpajjycoB MeHee CTabVIIbHBI K TEPMOOKIIC/IEHNIO II0 CPAaBHEHUIO C JIN-
TaH/[aMM, YTO COTJIACYeTCs C IIOTEHI[MAIAMI UX OKIC/IeHS, IpUBeAeHHbIMY B Tabmuie 1.

ITpoBeneHHbIN aHAMN3 NUTEPATYPHBIX NAHHBIX IO3BOJIAET CHe/IaTh BBIBOMBI O TEHJEH-
IVIAX M3MEHEHV OKVICIUTENbHOM YCTONYNBOCTY TIOPPVPIHOB 1 MX 60jIee apOMaTIUYHBIX a3a-
n OeH30-aHA/IOroB. B cimyyae MmHoroumcneHHbix H,P, o6maparomieil CMIBHO HeEIMIOCKON
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CTPYKTYPOJ MaKpOIVIK/IA B CIIy MHOTOKPAaTHOTO (PYHKI[MOHA/TbHOTO 3aMeIIeHNA U APYTUX
npuyyH [37-40], sICHOCTD B 9TOM BOIIpoce OTCYTCTBYeT. [IoaToMy B HacTos1Iel paboTe pUBO-
IATCA ¥ 0OCY>KIAIOTCS JaHHBIE TI0 OKVICTIEHNMIO OJHOTO U3 Haybojee IIPOCTPAHCTBEHHO JICKa-
JKeHHbIX Nop¢upuHOB — nopekapennnnoppuna {Hx(S-Ph)s(ms-Ph),P, IV} n ero mpeumymie-
CTBEHHO IIOCKOTO aHajora me3o-rerpadenmnmmopduna {Hy(ms-Ph),P, III} nepekucpio Bogo-
pona. ITpoBoanTCA aHaMN3 TUTEPATYPHBIX JAHHBIX 110 IIpOLieccaM OKMC/IeHNA HeINIoCKux H,P,
a TaKKe BO3MOXXHBIX MEXaHI3MOB OKVICTTUTE/IbHBIX IIPOILIECCOB.

IKCcIepUMeHTAaTbHAs 9aCTh

Maxkporerepouyxisl Hy(ms-Ph)P (III) u Ha(S-Ph)s(ms-Ph),P (IV) cunTe3npoBans! 1o
U3BECTHOM MeToaMKe [41]. YKcycHas KucmoTa U IepeKich BOOPO/a, UCIIOIb30BaHHbIE B Pa-
6ote, umenu Mapky «u». HOAc 6bl1a mopBepruyTa JByKpaTHOMY BBIMOP)XVBAHMIO C TIOCTIe-
AYIOLIMM KOHTPOJIEM COfiep>KaHMsA BOAbI 110 MeTony duiepa.

Kuneruky nponecca oxkucnennsa MI'H III n IV nepexucpio Bogopoja B cpefie negAHOM
HOACc xoHTponmmpoBam crieKTpodhoTOMeTpUYEeCK) 10 YOBIBAaHUIO ONTUYECKOII IJIOTHOCTH B
nosioce 724 HM 3/1eKTpoHHOTO criekTpa nornmouenus (ICII). B kauecTBe aTamoHa cpaBHEHUA
6b11 BoIOpan me3o-Tetpadenunnopdun {H,(ms-Ph),P, I11}.

A=A

B xooppunarax lg — 1, e Ao, A: M A - OnTHMYeCKas IVIOTHOCTb B Hayaje, B

XOJle ¥ B KOHIIe OIIbITa HAOMIOfjaeTcsl XapakTepHas 3aBUCUMOCTD (puc. 1, cresa), cBUIeTEND-
CTBYIOIIIasl O IIePBOM IOPsIKe peakuyy no nopdupuny. dPppeKTBHbIE KOHCTAHTBI CKOPOCTY
peakuny okucneHus (3) mpencrasieHsl B Tabnnie 3.

0.8 -
3~ lg(A()-AOO)/A‘c—AOO) lng/A
0.7 4
1
2.5 4
0.6 - 1
2 0.5 -
2 2
04 -
1.5 4
0.3 4
1 4
0.2 A
0.5
0.1 4
0 T T 1 0 T T T T T 1
0 500 1000 1500 0 5 10 15 20 25 30
tc t, MUH

Puc. 1. CkopocTb peakiyy okucinenus gofekadenymnopousa (IV, CH,p = 10 Momb-T") mepeKnchio BOROposa

( CHZO2 =0.353 monb-1*) B pacrBope nepsHoit HOAc (cnesa) n okucnenns nomimepHoro ¢ranouuannsa (HoPc);

NMHENHO CTPYKTYpHI (i = 12) ( CH202 =0.281 m/n) B pactBope 17M H,SO; (cnpasa) mpu 308 (1) 1 298 (2) K
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— @ =k,,
dt

Ha puc. 1 (cnpasa) nokasaHa ocoOeHHOCTb KMHETMYECKUX 3aBUCHMOCTeEN IIpoliecca

-Cyp (3)

OKWCJIEHUsI TIO/IMMEPOB, TO €CTh B/IMSIHIE MOMMEPHOTO COCTOSIHUSA (PTamolMaHNHA Ha €ro
YCTONYMBOCTD [36].

O6cyxaeHne pe3ynbTaToB

[TpencTaBnsfeT MHTEpeC CPaBHUTD IIOTydeHHBbIE U MMeEIOLIMecs B uTeparype [2, 22, 27,
29-32] knHeTHYeCKe JaHHbIE IT0 OKVC/IUTEIbHON AeCTPYKIMY TeTPAMPPOJIbHBIX U TETPan30-
VIHJONIbHBIX MAaKPOLMK/IOB B PacTBOpaxX KUC/IOT M BBIACHUTDH 37IEKTPOHHBIE U CTPYKTYpHbIE
(dakTophl, KOTOPBIE ONPeeIAI0T CKOPOCTh Pa3pyLIeHNs apOMaTUYeCKIX MaKPOIMKIOB. Xu-
MIYEeCKOe, 9IEKTPOXMMIYecKoe ¥ GOTOXMMIYECKOe OKIC/IeHVIe MeTa/UIONTOP(VPUHOB, MeTal-
n0(dTaNMOIMaHNHOB U UX aHAJIOTOB COIPOBOXK/IAETCS OKMC/IEHMEM LIEHTPaIbHOTO aTOMa Me-
TaJlIa, Ilepepacipe/ie/ieHleM CIIMHOBO IJIOTHOCTY MEXAY LIeHTPAIbHbIM aTOMOM MeTalyla U
MaKpOLVKINYECKNM 7-TUTAaHAOM. B 3TOM cydae 06pa3yloTcs KaTHOH-PafgMKaIbl IOpPUpM-
HOB [3, 23, 25], CM/IBHO OCTIOXHSIOIVe KAPTUHY OKMC/IUTETbHBIX IPeBPalleHNil COeqTHEHUI
9TOTO TUIIA.

PaccMoTpuM BO3MO>KHBIE MeXaHM3MbI OKMC/IEHNS HAa OCHOBE 0e3MeTaTbHbIX MaKpPOIMK-
noB (nmurangos) Ha ocHoBe H,P (I), HPc (VII) n ux npoussogusix. [lepBrie nccnemoBanus
6pUn mpoBefeHbl Ha ¢ramounanuHe (VII) m ero MHOroumcieHHBIX KOMIUIeKcax (puc. 2)
(22, 30]. B Tabmuiie 2 mpuBemeHbl KNHETUYECKNE JAaHHbBIE IO PEAKIUAM OKUCIEHNS a30TUCTHIX
MaKpOIMK/IOB IIEPEKVIChIO BOOPO/iA, HUTPATOM Ka/lus U NepcynbdaToM B KIC/IBIX Cpefjax.

3HadyeHMs CTAaHJAPTHBIX OKMCIUTEIbHO-BOCCTAHOBUTENbHBIX NoTeHuManos MITI VII
(cm. Tabm. 1) u ero xommiexkcos (ot 0.342 B gia ZnPc fo 0.725 B y PtPc) HeBenukum, mostomy
OHJ JIETKO pearupyroT ¢ CYJIbHBIMYU OKMCINUTeNAMY [22]. MHOrMe U3 HUX TUTPYIOTCSA B CEPHO-
kucnplx pacrBopax conmsamu Ce(IV). Jlurang VII ObICTpO OKMC/ISAETCS HUTPATOM Kajus
(cm. Tabm. 2).

B pabotax [22, 30, 36] moxpo6HO 00Cy>XIancsa MeXaHU3M peaKIy OKVCIeHs PTanomny-

AHMHOB, CX€Ma KOTOPOTO CX€EMAaTUIHO I B 0606H16HHOM BUOE€ MOJXET OBITH IIpe€nCcTaB/I€eHa KaK
e

k2 1\

MPcH* (mmn H,PcH*) + B - A <i> MPcH*...B-A ¢«——> MPcH'-=B . A 5 (4)

|
KMn3
ML S MPct..BH + A M) 6ecLB. IPOIYKTHI. .. (Ks)

O
(1 -

O
(IO
O

OO
O

Puc. 2. IlenHoit monuMepHbi PprasonaHNH Ha OCHOBE IMPOME/UIMTOBOTO TeTPaHUTPUIa
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Ha nepBoii cTajuyt OTHOCUTENBHO OBICTPO 00pasyeTcst H-KoMIUIeKC IPOTOHMPOBAHHOTO
dramonnannHa ¢ OCHOBHBIM IieHTpoM (B:) oxuciurens B: - A. OkucnurtesieM Mo>KeT OBITh
H,0,, ONOy;, "055-O-0-SO; n gpyrue yactuupl. Ha Bropoii cragun H,Pc nepenaer nporos, a
3aTeM 9JIEKTPOH Ha PaspbhIX/IAOIYI0 OPOUTAIb OKUCTUTENS ¢ 00pa3oBaHueM KOMIUIEKCca C I1e-
perocoM 3apsaga (KII3). ITocmegunit Ha MMMUTHPYIOIIEN CTQUN paclafaeTcsa Ha KaTMOH-pa-
nukan MPc* 1 pparMeHTbI MOIEKY/IBI OKMCIUTETLA.

Beepmenne B crpykrypy VII mMpuaMHOBBIX OCTaTKOB BMeCTO O€H30/IBHBIX sfiep
(H,TPyPA, coepn. VIII) cunbrO cTabumsupyer H,Pc x okucnurenam (cm. Tabm. 2). Ilpuansoin
crabumsanym VIII sBnsercs camwkenue sHepruum B3MO makporimkandeckoro xpomodopa
CsNs BCeicTBIE CUIBHOTO 3/IEKTPOHOAKLIEITOPHOTO BO3/I€MICTBUS NMPUVNHOBBIX Afiep. ITOT
371eKTPOHHBIN 3¢ deKT 3aTpynHseT B mporecce (4) obpasosanme KII3 u ero pactiag o kaTmoH-
pagukana H,yTPyPA* mpenMyiiecTBeHHO 3a c4eT pocTa 9Hepruu aktuBanuu. Kpome aroii suep-
TeTMYeCcKOl MPUYMHBI BO3MOJKHA ellle KMHeTNYeCKas - CBA3bIBaHMe OKMCIUTENA Ha YeThIpex
IIPOTOHMPOBAHHBIX NMPUAVHOBBIX aTOMAX a30Ta, KOTOPOE He MOXXeT NIPUBECTU K OKMC/IEHUIO
Makponukia. B nenom koncranra ckopoctut okucnenus VIII camxaerca no cpaBHenuto ¢ VII
6osblile, 4YeM Ha MOPAOK (cM. TabI. 2).

Y cob6cTBeHHO MOPPUPUHOB M3-32 OTCYTCTBMS TAKMX YHUKA/IBHBIX PEaKIVIOHHBIX IIeH-
TPOB JIOK/IM3aLNN OKUCINUTEN, KoTopble ectb Y H,Pc Ha mepudepun maxponukma (me3o-
aTOMBI a30Ta), MOYKHO OKMZATh CUIBHOTO ITOHVDKEHVS OKVICTIUTENIbHOI CIIOCOOHOCTY apoMa-
TIYecKoro Makpouukia. CymecTBeHHO i NopdupMHOB HoHIKeHne sHepruy B3MO, xoro-
poe IpUBOAUT K POCTY MOTEHI[MA/IOB IIOTYBOJIHBI B IIPOLIECCAX 3/I€KTPOXMMMIYECKOTO OKIUCIIe-
Hus [23, 24, 29] (cm. Tabm. 1).

[Topdupunsl cuapHO ycTymaroT ¢ramonyannHaM B apomMatudHocty (3, 29]. IToatomy
OHM JIerde BCTYNAIOT B PeaKLMM IPUCOeVHEHN PeareHToB 110 7-CBA3AM CONpPSIKE€HHOI CH-
cTeMBl (TUpUpOBaHIe, OKUCINTENbHOE NIpcoeaHeHne u ap.) [3, 29]. Ilo aroii >xe mpuynHe
okucnenyne HoP MoxeT compoBoX/aTbCA MPUCOEAVHEHNEM 3/IEMEHTOB IePeKMCU BOLOPOAA
(20H) 1o pas3nnyHBIM IONTOXXEHUSAM 7-CUCTeMBI [3-6, 23]. Takoe nmpucoenyHeHue nerde mpo-
VICXOZIUT B HEITPA/IbHBIX PACTBOPUTE/ISX U TPYAHee B Kucoi cpepe. O6b1yHO TpebyeTcs 1o-
BBIIIEHHAS 3JIEKTPOHHAsA IIJIOTHOCTDb Ha PEeaKIMOHHBIX LIeHTPaX, IOKAJIM30BaHHBIX B Me30-110-
JIOKEHMSX MOJIEKYIBL M TIO COCEACTBY ¢ HMMMI. Y nopdupasuHos (V) u ¢pramounannzos (VII)
MOCTMKOBBIE Me30-T110/I0>KeHNA 3aHAThl aTOMaMM a3oTa. [To aToil nmpuunHe gaXke Mpy BHICOKMX
koHLeHTpauuax H,O, npucoeuHeHne 371eMeHTOB IIEPEKUCY BOZOPOJia IO 7-CBA35AM He Ipo-
ucxoxut. Y monekyn H,P (coen. I-IV) BosmoxxHo npucoepuuenne H,O,, a TakKe akTMBHBIX
dopm kucnopopa, HarpuMep, cuHrneTHoro 'O, [14, 15, 20, 42-44] 1o me30- 1 cocefHEMY € HUM
nosoxeHuAM. OIHaKo 3TU BOIIPOCHI HEJOCTATOYHO JMICC/IeIOBAHDI, IIOCKO/IbKY PeaKIUI OKIC-
JIeHVsI OPTaHMYeCKMX COEeIVHEHMII OTHOCATCA K 4MCITy Hambojiee CIOXKHBIX, 0COOEHHO ecn
OKVICTISIOTCS MO (PYHKIMOHA/IbHBIE MOJIEKYIBI [26].

ITo cpaBHeHuIo ¢ «xmaccudeckuM» nopdupuuom III, MMerommii IpenMyIIeCTBEHHO
IUIOCKMIT MaKpouMKi gopekapernmnopdus IV orHocuresa x H,P ¢ cumpHO Hemtockois, mpo-
CTPaHCTBEHHO MCKaKEHHO cTpyKTypoit [29, 37]. TunmynsiM fs Takoro popa MI'T] aBnsercs

CylI€CTBEHHOC 6aTOXpOMHO€ CMEIICHNE I[)II/IHHOBOHHOBOIZ IIOJIOCHI B CIIEKTPpaX IMOITOIIEHNA.
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B ormmume ot HoPc m 6onmpmmucTBa H,P nopexapennmmopdun {H,(S-Ph)s(ms-Ph).P, IV}
He pacTBopuM Hu B BogHoi H,SO,, HU B MoHOTrMApaTe. OH c1abo pacTBOpseTCS B JIeASHON
ykcycHo kucnore (A = 724.0 Hm), guxmopmeraHe (A= 721.0 um), B HCOOH (A, = 717.5 M),
CF;COOH (A, = 768 um), B cmecu HOAc-H,SO, (A, = 711.5 uMm), B anfetone (A; = 736.0 HM), B
cmecn anetroH-NH; (A = 714.5 pactBop HeycToityuB. I 6ONBLUIMHCTBA IE€PEYVCIeHHBIX
Bbile cpep Terpadpennnnopndun {H,(ms-Ph).P, III} nemoHcTpupyeT BemmumHbI A B 06/1aCTH
640-655 HM, TO ecTb Ha 75-100 HM IrMIICOXpOMHee II0 CpaBHEHMIO ¢ McKaxeHHbIM MIT] IV,

JpyruM XxapaKTepHbIM IIPM3HAKOM HEIUIOCKUX coeiHeHmit Knacca H,P, He cogeprkammx
BBIPQ)XEHHBIX 3/IEKTPOHOZOHOPHBIX VN aKIEIITOPHBIX 3aMeCTUTEel, IT0 CPAaBHEHMIO C KJTac-
crueckyMu noppupnnamu (4, 13, 29, 35, 37-41] ABnsgeTcs MOHIDKEHNE ITOTEHIIATIOB OKVICTIe-
Hus (E12°%) o Mepe ycuieHNsI HEIUIAHAPHOCTY U, IPAKTUYECKM, HEM3MEHHOCTb IOTEH-

quanoB BoccTaHoBueHns (E; R

i). DTO COOTBETCTBYET CONMVDKEHNIO 'PaHUYHBIX OpOMTaseil
(BBMO-HBMO) un cormacyercst ¢ 6aTOXpOMHBIM CMeIleHNeM JJIMHHOBOMTHOBOM (Qx ITO/IOCHI B
9CII stux coeguHennit. Takass 3aKOHOMEPHOCTb HAOTIONAETCSA, HAIPUMep, I fHofieKazaMe-
IIeHHBIX NOpPUPNHOB, HapyuMep coefuHenre IV, n nx kommiekcos [29, 37], KOMIUIEKCOB
Ni(II) ¢ me3o-3amemennbiMu HyP [39], y mopdupuHOB 1 nx kommtekcos {Hanpumep, Fe(IlI) n
Zn(II)} mo Mepe noOC/IeROBAaTEIBHOTO f3, f-TUAPUPOBAHNA UX 7T-CUCTeM |3, 38] U B MeHbILIel cTe-
neHy y N-3amenieHHbIX turasos (29, 40]. ITpucyrcrBue B monexyne H,P (MP) 3amectureneit
Pa3MYHOI 97I€KTPOHHOI IIPYUPOMBI TAKKE IMIPUBOAUT K XapaKT€PHBIM MI3MEHEHUAM ITOTEHIIN-
anoB. Ecn 3amecTuTeny HaXoAATCA, HaIpuMep, B (PeHIIbHBIX KOJIbIIAX, TO M3MEHEHN IIOTEH-
1yanoB O6ynyT HeBermky (He 6omee 0.1 B). Ecnu sxe ¢pyHKIMOHaMbHAA Ipynma (Kak IpaBuIo,
anekTpoHHbI akuentop Cl, Br, NO,) BcTymaeT HemocpeiCTBEHHO B 3- MM Me30- IIOTO>KEHIe
OCHOBHOTO MaKpOIIMK/Ia, TO 3TO IIPUBOAUT K CH/IbHOMY ITOJIOXXWTE/IbHOMY CABUTY PeLOKC-II0-
TEHIIVIAJIOB, KOTOPBIN y Hermockux H,P MoxxeT majke CKOMITEHCHPOBATh CHYDKEHME Be/TMYIHBI
E1/,°%, BBI3BaHHOE VICKa>KEHVIEM MOJIEKYIIBL.

[Togo6HO APYrMM CTPYKTYPHBIM THIAM IOp(UPUHOB, Hernockre H,P 1 nx KoMIieKkcor
MOTYT JOCTaTOYHO JIETKO OKMC/IATBCA KUCTOPOAOM BO3AyXa B IPUCYTCTBUY NEPEKUCH BOJO-
pona, coneit TI(III) mmn Ce(IV), a Tak>Ke OABEPTaThCS BOCCTAHOB/ICHUIO IO JIeVICTBIEM KBaH-
TOB CBeTa U, HaIpuMep, aCKOPOMHOBOI KUCIOTHI Ymu ruppasuna [29, 37]. Kommiekcs! pac-
cMaTpuBaeMoro 3zech gonekadenmnmopduna (IV) ¢ 60bIIMHCTBOM META/IIOB IIPENeTbHO He-
CTabVIBHBI B KMCTIBIX CPefiaX ¥ MTHOBEHHO AMCCOLMIPYIOT KO IMTaHZoB [29, 37], moaToMy aHa-
N3 VIX OKMC/IUTENbHOI ycTorunBocTy K H,O, U ApYTMM OKMCIIUTENIAM B STUX YCTIOBUAX OyAeT
VICKJTIOUeH U3 paccMoTtpenus [30, 32, 36].

V3 maHHBIX Tabmuipl 3 crnenyet, 4yTo coequHeHue IV B pacTBOpax jemsiHOM YKCYCHOI
KIC/IOTBI IIpM BBICOKMX KoHIeHTpanuax H,O, (0.35-0.45 M) okmcisgercs co CKOPOCTBIO
k.**® = (1.9-6.4)-10°c’!, Torma kak meso-terpadennnnopduH III npu 6ojee BBICOKMX KOHIIEH-
tpanuax H,O, (0.66-0.79 M) co cKOpOCTbIO B HECKONIBKO pa3 HIDKe (k,y™® = 1.4-2.1)-107c™.
Yxe B 1.2910° M pactBope MI'L] IV B npucyrcrsun 0.449- M H,O, B cpene nepsauoit HOAc
peakumsa okucnenus npu 298 K sakanumaercs 3a 10 munyT. [Ipn okncnennn B paccMaTpuBa-

eMBIX YC/IOBMAX MOPGUPUHOBBIE MAKPOIVIK/IBI PACIIEIUIAIOTCA JO 6eCIBETHBIX IPOAYKTOB.
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Ta6mmua 3. Koncrautst ckopocru peakunu okucnenust Hay(ms-Ph),P (IIT) n Hy(S-Ph)s(ms-Ph),P (IV) mepexucsio
Bofiopozpa B pactsopax HOAc

CoennHenne
Ha(ms-Ph),P (III, Cy p = 2.0-10° Monb-1") Ha(B-Ph)s(ms-Ph).P (IV, Cup = 6.4-10° monb-1")
Cu,0,, MO T, K k1072 ! Cu,0,, MOTB-T! T, K k.10 ¢!
298 1.4+0.2 296 1.4%0.1
0.663
308 3.1£0.3 298 1.3+0.2
0.353
298 2.0+0.3 308 6.410.2
0.750
308 3.210.2 318 13.8%1.1
298 2.1+0.3 296 5.210.4
0.794
308 3.510.3 0.449 298 6.410.3
308 11.3£1.0

V3 paHHBIX TaO/MMIBI 3 MOXXHO NMPUOIVDKEHHO OLEHUTb HOPSANOK Peaky OKUCIeHUS

noppupuuos I n IV no Cy, , . Y Ha(ms-Ph)sP on 61msok k epuHuLe, TOrga Kak y CuabHO

Hertockoro Ha(B-Ph)s(ms-Ph),P cocraBnser sHaUMTe/IbHO MEHBIIIYIO Be/IMYNHy. Takum obpa-
30M, MaKCH-MalbHOE (eHVIMpoBaHue MoneKynsl HoP o nmepudepnn B caydae coefyiHeHNA
IV, npusopsiee K yTsKeNTeHUIO MOIEKY/Ibl, K BOSHUKHOBEHNIO HM3KO9HEPreTUYeCKNX KoJe-
6aTe/IbHBIX COCTOSTHMIL U1 K 0)KIJaeMOI1 IIoTepe TepMudecKoit (M. pAnbl 1 1 2) nn GpoToxmmu-
4ecKoii [45] cTabMIbHOCTI, HEOXKMIAAHHO MAJIO eCTabumnsupyet Mosnekyry IV B mpucyrcTByun
H,0,. Mexxny TeM cTepudeckoe HallpsDKeHue B MaKpOIIKIIe, co3fjaBaeMoe f3- 1 me30-(eHUIb-
HBIMM KOJIbLIaMM MOJIeKy/IbI IV, 61aronpuaTcTByeT IpOTeKaHMIO peakiyy okucnenus. [1o-u-
AMMOMY, IPUYMHA 3aK/II04aeTcs B 60jiee BBICOKOV OCHOBHOCTY coefyHenms IV [46-48], koro-
poe, B ormmane ot MI'T] III, nanieno nporonupyerca B nepsaHoit HOAc, 9TO HECKONBKO CHI-
XKaeT ero CII0COOHOCTD K OKVICTIEHMIO.

BbrmsocTtp ckopocreit okycIeHns nepeknucbo Bogopona HoPe (cm. a6, 2) B pacTBOpax
H,SO0,4 (1.77:107) ¢! u H,P (dpranonmanns v nopduprHbI ¢ HEaKTUBHBIMYU (PYHKIMOHAIbBHBIMU
rpynnamu CeHs u fp.) He ocTaB/isfieT COMHEHMs B TOM, YTO B 000OMX CTy4asX peaKIVIOHHBIN
OKMC/IUTE/IbHO-BOCCTAHOBUTE/IbHBIN IIeHTPp MOJIeKyN — 9To ux N-H* cBasu. B nepsom ciyvae
OHJ HaXOJATCA B Me30-I10/I0KeHNM Ha nepudepun MI'LI, Bo BTOpoM — Ha LIEHTPa/IbHBIX aTO-
Max a3oTa peaknyoHHoro nertpa HiN#*. Y moppupnHos Ha mepBoit cTafgnm, Tak ke Kak U B
cny4yae H,Pc (4), obpasyercs H-accoumar PH,**+H,O,, xoropsiit gaet KII3 Ha BTOpoit cTagmm:

, © +
PH3" ... HO-OH>

a 3ateM KatmoH pagukan PH,™...OH n OH', KoTOpble B pe3ynbTaTe [JalbHENIINX IpeBpallie-
HIII 6BICTPO 00pa3yIoT OecIiBeTHbIE IPOAYKTHI JeCTPYKIVN. MeXaHN3MBbI OKMCTIUTEIbHOM Je-
CTPYKIMM NOPGUPVMHOB C aKTMBHBIMM (PYHKI[MOHAIBHBIMM I'PYIIIaMy (LMKIOIEHTAaHOHHOE
KOJIBIIO ¥ BMHIWIbHASA I'PYIIIA XJI0podIIIIa U €T0 aHA/IOroB (coeyHeHMe X), UX TUTAH/[OB; BI-
HIJIbHbIE TPYIIIBI IPOTONOP(UPIHOB 1 T€MOB), IIO-BUAMMOMY, HAMHOTO CJIOXHEe, YTO CIe-
lyeT 13 JaHHbIX TaOIMIIBI 2.

B 6onmpmmHCTBE pabOT 1O M3YYEHMIO IIPOLIECCOB OKMC/ICHMs aHAIU3 IIPOAYKTOB
H,P (MP) ne nposopmics (3, 29]. VickmodenneM siBsiercss pabora [49], B KOTOpoi puBO-
JUATCS IPUMeP OKMCIIeHNsI TofieKazaMeleHHoro ananora coeguHenus IV {H,[f,3-(CH,)4] (ms-
Ph),P} n ero ¢enmn-sameIneHHbIX NMPOU3BOSHBIX HUTPUTOM HATpUS B TPUPTOPYKCYCHON

43



OT XUMHUU K TEXHOJIOTHW [ITEARETNIIZANNY TOM 3, BbINMYCK 3, 2022

KIUCJIOTE, CEeIeKTMBHBIMIU MPOAYKTAMU KOTOPOTO C BBIXOZOM J10 70% sAB/AIOTCS GeH30MI-6M-
muBepauHbI (cM. coeprHeHne XI).

Taxum obpasom, B HacTosIell paboTe IpefCTaB/lIeH aHa-
713 COOCTBEHHBIX Y IUTEPATyPHBIX JAHHBIX II0 BOIIPOCAM XVMMU-
YECKOM, TEPMUYECKON U 3SJIEKTPOXVMUYECKON YCTONYUBOCTU
apOMATMYeCKMX MaKpOTeTepOLMKIOB Kjlacca MOpQUPUHOB, a
TaKoKe UX OeH30- U a3a-aHaJIOTOB, YCTAHOBJIEHBI 3/IEKTPOHHbIE U
CTPYKTypHBbIe (PaKTOPBI, OIIpefie/IAoIIe CKOPOCTb pa3pyLIeHN
apOMaTNYeCKIX MaKpOLVIK/IOB B IPUCYTCTBUM oKucutes. [To-
Ka3aHO, B YaCTHOCTY, YTO 3HaYeHUA OKMCIUTETbHO-BOCCTAHO-

BUTeNIbHBIX NoTeHnanoB MI'L] mopdupuHOBOTO, 2 TaKXe TeT-
paasa-, TerpabeH3o-nmopdupuHOBOro ¥ (PTasOUMAHNHOBOIO
THUIIA KOPPENMUPYIOT C TeMIIepaTypaMi Hayala UX TePMOOKICIUTEIbHO IeCTPYKLIUM U CKOPO-
CTAMIU Pas3/IOKeHMs B OKMC/IUTENbHBIX cpefiax. CoBMecTHOe 6eH30- 11 a3a-3aMelleH1e B MoJIe-
kynax H,P npuBoput x gecrabummsanyy MI'L] 1o oTHOIIEHNIO K OKVICTIUTE/IAM, IIPY 3TOM CHU-
Tyauus CMIbHO 3aBUCUT OT pupopbl okucurens (H.O0,, $;0s* n NOs'), pacTBopuTens-cpenst
(H2SO4, AcOH), a Taxoke mpupopsl MeTa/iia B coctaBe MP. CylecTBeHHOE BIMSTHIE OKa3bIBaeT
MIO/IIMEPHOE COCTOsAHME MU IIpocTpaHcTBeHHoe uckaxeHnne MI'L. I[lokasana uaeHTMYHOCTD
MEXaHM3MOB peaKIy OKICIeHNA 6e3MeTaTbHbIX TOP(UPIHOB ¥ PTATOLNAHIHOB IIEPEKMCHI0
Bojiopoja. B oboux cinydasx peaknyoHHbIM LeHTpoM MIT] sBnstorcs N-H*-cBsisu — B me3o-
nonoxennn (H,Pc) nmm B koopguHanmonHoit monmocty H,Ny MOJIeKysIbl, a TUTMEHTBI pacIen-
JIAIOTCA 1O 6eCIIBETHBIX IPOYKTOB.

Paboma evinontena ¢ ucnonv3osaruem pecypcos Llenmpa konnekmueHo20 nonv306aHUs
HayuHoim 06opyoosaruem UITXTY (npu noddepyxe Munobprayku Poccuu, coenawerue Ne 075-
15-2021-671).
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JI. A. Moxogal, A. A. Cokonos>

JIro60Bb AHIpeeBHA MoX0OBa, CTyfieHT; AnekcaHAp AHfpeeBd COKO/IOB, KaHJ. XVM. HayK, CTApILINII HaYYHbIN
COTPYAHUK

UsIpocnaBckuit rocynapcrBenHbiit yausepceurer uM. [1.T. lemuposa, Spocinasns, Poccus

SIpocmaBcKumit TOCYAapCTBEHHBII TeXHMYeCKIIT YHUBEpCUTeT, SIpociasib, Poccust, morose@mail.ru

Kntouesvie cnosa: Annomayus. Viccnedosaro numposarue 4-xn0p-3-Humpoben3oiinoti

4-xn0p-3-HUMpobeH30lIHATL Kuc- kucnomot. Cy6cmpam s6semcs cunvHo 0e3aKmusupoB8anHoim 07 peax-

noma, conu N-(2,6-0unumpoapun)-  yuii SgAr, u mpebymcs xecmxue ycnoeus O ux nposedeHus (6e3600-

nupuounus, N-(2,6-0ounumpoapun)-  Houi KNO; 6 konyenmpuposantoti H:SO4 npu 165 °C 6 meuerue 10 ua-

nunepuoUHbl, HUMpPosarue, K6a- co08). Paspabomarvt metnoouxu npespauieHus 4-xnop-3,5-ounumpoden-

mepHu3ayus nupuouHa 30UHOTL KUCTIOMDBL U €€ CTIONHO20 IPUPA 8 HOBblE NONMUUUKTUUECKUE ClU-
cmembl, codepicausue NUPUOUHOBBLLL UNU NUNEPUOUHOBBLE pasmeHmbl 8
peakyusax KkeamepHU3AUUU U 60CCINAHOBIEHUS.

T nuTHpoOBaHMA:

Moxosa JI.A., CoxonoB A.A. CrHTe3 IMPUAVH- U IUIIEPUANHCOAEPIKAIUX TOMNIVKINIECKIX COeAMHEHUIT Ha
OCHOBE 2,6-JUHUTPOTANIOreH6eH30/oB // Om xumuu k mexHonozuu waz 3a wiazom. 2022. T. 3, Boim. 3. C. 48-57.
URL: http://chemintech.ru/index.php/tor/2022tom3no3

BBengenue

2,6-JuHNTpOraNIOreHOEH30/Ibl ABJIAITCA IIeHHBIMY IPOAYKTaMI OPTaHMYECKOTO CVH-
Te3a, TaK KaK HaXOJAT IIPYMeHeHMe B ITOTy4eHN) OM0/IOrMYecKy akTUBHBIX BellecTs [1-13].

[Tpu aTOM A1 HGOPMMPOBAHNA TAKMX COEVIHEHNI 2,6-[UHUTPOTa/IOreHOEH30/Ibl BBOJAT
B PeaKIUIO C TeTePOLVIK/INYeCKMMI (pparMeHTaMM MM IIPeBPaIaioT B YaCTh KOH/IEHCHPOBaH-
HOJ1 T€T€POLVMKINYECKOI CUCTEMBI. VI3BECTHO, 4YTO a30TCOAIep>KallJie TETEPOLVIK/IBI CYNTAIOTCA
OJHVMMM 13 Hambosee 3HAYMMBIX CTPYKTYPHBIX KOMIIOHEHTOB JIEKAPCTBEHHBIX IIpeIapaToB
[14-15] u ;ByMA caMBIMU pacIIpOCTPAaHEHHBIMI SBJIAIOTCA MUIIEPUAVH U IMPpUANH [16-17].

B To e BpeMst cuHTe3 2,6- IV HUTPOTaIOreHOeH30/10B 3aTPyAHEH, TaK KakK OOBIYHBII CIIO-
co0 TONMy4eHNs HUTPOTA/JIOTEHAPEHOB 4epe3 HUTPOBAHUE ABJIAETCA HEMOAXOMAIIVM U3-3a
mema-opueHTHpYoIero apdexra NO,-Irpynisl, YT0 IPUBOANUT K M30MEPHBIM 2,4-IMHUTPO-
apeHaM. DTO CHJIPHO yBe/IMUMBAET CTOMMOCTD IIOfJOOHBIX BEILlleCTB 1 IPENATCTBYeT IIPOU3BOJ -
CTBY IIMPOKOTO KPyra IOJIE3HbIX COEeITHEHNI HAa X OCHOBE.

[l n3beranus BbILIEHa3BaHHOI MPOOIEMBI TpeOyeTcst 6/I0KMPOBATh YeTBEPTOE MOJI0-
JKEeHIe apOMaTI4eCKOro Koblia. [Tomxopsamieit rpynioit s 3Toro mo pAxy Ipu4muH ABIAETCA
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KapOOKcubHasA: 1) B 4-rajoreH-3-HUTPOOEH30THON KIUCTIOTe OHAa OPUEHTUPYET BCTYIUICHE
BTOpOii NO,-Tpymnsl B TpebyeMoe MO0XKeHMe, 2) OHA CIIOCOOHA K XMMIYECKOiT TpaHchopMa-
VY C HOJTyYeHMeM IIPOM3BOJAHBIX KapOOHOBBIX KMC/IOT (Hampumep, CIOKHBIX 3(UPOB) U
3) crtoco6Ha OTILIEIIATHCS IPYU JeKapOOKCUINPOBAHUL.

Llenbio faHHO pabOTHI AB/IAETCA pa3paboTKa METOMVK IIpeBpalieHns 4-X10p-3-HUTpo-
0eH30JIHOJI KMC/IOTHI B 2,6-JUHUTPOTA/IOT€HAPEHBI, C TOC/IEYIOIIMM BBeJleH/eM B HIX a30TCO-
Jlep>Kalllero reTepOoLMKINYecKoro GpparMeHTa.

OcHoBHasA 4YacTh

Ha nepBoMm aramne paboTs Obla IpoBefieHa 0TPabOTKa METOAVIKY HUTPOBaHMA 4-X/I0p-
3-unuTpobensoiiHoi KucnoTsl (1). YuutsiBas mesaxtusupytommit apdexr NO,- 1 COOH-
TPYIIIL, MCIIOTb30BAIM O€3BOHBIN HUTPAT Ka/lysi B KOHIIEHTPUPOBAHHOI CEPHO KUCTIOTE:

ON
KNO,
ol COOH — (i COOH
H,SO,
ON O,N
1 2

ITepBoHavanbHO HUTpOBaHMe NpoBoAwIM Ipu 120 °C B TedeHMe 5 4acoB NpU COOTHOLIE-
HUM CyOCcTpat: HUTpylowuii areHT = 1 k 1.2. [Tocsie cuHTe3a peakIMOHHYI0 MacCy OXTaXKaIu 1
BBUIMBA/IN B JIEN. BhIaBIImii )keNTOBATHIN 0CafloK OT(GUIBTPOBBIBAIN IIOJ BAKYYMOM, IIPOMBI-
Bas BOJOI, M CYIIM/IN B CymIMIbHOM IIKady. VI3 cyxoro ocratka orémpanyu mpoOy U aHaIN3M-
POBa/IM COOTHOLIEHVE VICXOZHOTO 1 K MPOAYKTY peakumu — 4-X10p-3,5-FMHUTPOOEH30IHO
Kucnote (2) ¢ momolnbio uHTerprpoBanns curanoB B 'H SIMP-cnekrpax. [Tonydennsie pe-
3y/IbTAThI IIpeJiCTaB/IeHbl B Tabuie 1.

Ta6mmua 1. Kousepcust 4-x0p-3-HutpobensoitHoit kucmors! (1) B 4-x710p-3,5-AMHIUTPOOEH30IHYI0 KUCIOTY (2)
IIpY HUTPOBAHUM HUTPATOM KajlMisi B CEPHOIL KUCTOTe

Ne ombrTa Temneparypa, °C Bpems peakuum, 9 CoorHouenue 1 x 2

1 120 5 3

2 140 5 1.6
3 140 8 0.38
4 130 10 0.27
5 140 10 0.20
6 150 10 0.15
7 160 10 0.04
8 165 10 0.01
9 170 7 -

*- peakLMOHHAs Macca IPUOOpPea YePHbIIT LIBET, II09TOMY OIIBIT IPEKPATIIIN.

ITpu sTom Gonbias 4acTh CyOCTpaTa OCTaBaach HelpopearupoBasiueli (onsIT 1). ITo
CBUJIETE/IbCTBOBA/IO O HU3KOJI PeaKIOHHOI cIocoOHOCTM KUCIOTH 1 B peakiyax SgAr. ITo-
3TOMY /IS TIO/Ty4eHUs 1IeJIeBOTO IPOAYKTa OBUIO IPOBEJIeHO BapbUpOBaHNe TeMIIepaTypsl 1
BPEMEHMU IIpoLiecca HUTPOBAHNA.

Oxkasanoch, YTO MUHUMAIbHOE COflep>KaHMe VICXOJHOTO COeNMHEHNS HabMI0[amoch Ipn
HUTpoBaHMM B TedeHme 10 dvacoB mpu Temmeparype 165 °C um JBYKpaTHOM WM30BITKE
KNO:; (ombrT 8). Bpixop mpopykra coctaBmn 68%. Takoe HEBBICOKOE KOMMYECTBO, IO-
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BUJJVIMOMY, BbI3BAHO JECTPYKTUBHBIMM OKMCIUTEIbHBIMU IPOLECCAMI B Cpefie TOpAYell cep-
HOJ KMUCIOTHI. JlanbHelilIee MOBbIIIEHNE TEMIIEPATYPhl CUHTE3a IPUBOAMIO K IIOYEPHEHNIO U
OCMOJIEHUIO PeaKLMIOHHON Macchl (OIBIT 9).

[lanee Obima mpoBefeHa QYHKUMOHAMM3ALUA 4-X710p-3,5-AMHUTPOOEH30THON KUC-
TOTHI (2) B peakuy HyK/Ieo(UIbHOTO 3aMell[eHs] ¥ al[VJIbHOTO aTOMa YIIEPOJia C ILe/IbI0 I0-
JIy9UTD CIIOXKHBIN 9¢up 3:

O,N O,N O,N
PCI, C,H-OH ,9
Ccl COOH ——— ClI cocl ——— Cl c
Tonyon, 24 ‘OEt
02N KnneHune 02N 02N
2 3

[l71s1 aTOrO BHaYaIe MpeBpalamy CyoCcTpaT B XITOPaHTUAPUT AE/ICTBYEM IIATUXIOPUCTOTO
¢docdopa. ITomydeHHDIT IPOAYKT He BBIIE/IANN, A IPSAMO B KONIOY K HeMY B0OaBism 06e3Bo-
JKEHHBIV 9TaHOJI U IlepeMelIVBa/IN 2 Yaca, [T0C/Ie Yero ynapuamm n30biTok ciiipra. [Ipu oxna-
JKIEHUY IPOVICXO[VIA KPUCTA/UIN3ALMS 1eJIeBOro 9TWI 4-x10p-3,5-guHnTpobensoara (3) ¢
BbIxOmIOM 82%.

Mlanee 6N TOCTAaB/IEHBI OMBITHI 110 GOPMUPOBAHUIO U3 2 1 3 YeTBEPTUYHBIX COJIEN N -
PUMHUS B peaKMy KBaTepHU3AL[UYU MAPUUHA:

2 Cl 2
aueToH e}
7\ + C|4©—000H—></ e
_ 569C \__
8y OH
ON O,N
2 4

B ciyyae KucmoThl 2 mpoliecc Be/u B pacTBOpe 00e3BO>KEHHOTO alleTOHa ITPY HarpeBaHUI
u nepeMemnBanuy. [To Mepe mpoTekaHus peakuyuy B KoOe MOSBIISIICH YaCTUL[bI HEPACTBO-
puMoii B anjetoHe comyu mupuavaus 4. [Toce 8 4acoB pacTBOp OXymaXKaamm 1 OTGUIbTPOBBI-
BaJ/IM BBINTABILINIT OCAJIOK >KE/ITOTO IIBETa, IPOMBIBA/IN CBEXKMM alleTOHOM ¥ CYyLIM/IN B LIKady.
Boixop xmopup N-(4-kap6okcu-2,6-guHutpodenmn)uupuanaus coctasuwn 80%. 'H SIMP-
CIIeKTp NPOAyKTa NpeficTaBeH Ha puc. 1.

sy SN

Lo J‘.

100 98 9.6 9.4 %7 90 AR AR B4 R2 AN TA T 7.4

77 70 AR GA B4 A2 AN SA SA S4 57 S0 4 46 44 42 40 LA 36 4 L2 W0 A 26 24 22 70 1A 1A 14 12 10 08 08 0.4 0.2 08

Puc. 1. 'H SMP-cuextp xmopupa N-(4-kap6oxcu-2,6-guantpodenwn)uupunyaus (Bruker DRX400,
SF=400 MI'u, pactBopuTens 1 BHyTpeHHUIt cranfapt DMSO-dg)
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Ha uém 6b1710 5 curHanos: 4 B 06/1aCcTy apOMaTVKY OT IPOTOHOB (PeHNUIBHOTO U IV PUIN-
HOBOTO (hparMeHTa ¥ OIVH CUHIJIET B 00/TaCTV OYeHb BBICOKMX YacToT Ipu 11.14 M.1. oT aToma
Bogopoga COOH-rpymmsl. Bee muku 6611 cABMHYTHL B 0671aCTh CTAOOTO I10/IA OTHOCUTETBHO
OeH30/1a BC/IeiCTBIE CU/IBHOTO 37IEKTPOHOAKI[eNITOPHOTO 3 dekTa GYHKIVOHATBHBIX TPYIII U
SHJJOUMK/INYECKOTO aTOMa a30Ta, HEeCYILEero MOJIHbI (GOPMaIbHBI IOTOXXUTEIbHBIN 3apsiy,.
BcnencTBue ero feiicTBMs Ha A-yITIEPOJbI X IPOTOHBI ObUIV CU/IBHO Je39KPaHMPOBAHBI U -
Ba/ fKy6set Tpumieros npu 8.91 M.z1. B Heckobko 60/1ee HU3KMX YacTOTAaX pacIiosarajics Tpu-
IUIeT TPUIUIETOB OT BOJOPOAA IIPM Y-YINepofie NUPUAVHMEBOTo ¢parmenTa. Ilpm 8.34 m.p.
HaOJII0a/ICS CMHITIET OT ABYX 9KBVMBAJIEHTHBIX AaTOMOB BOOPOJa 6€H30/IbHOTO KOJIbLIA, IMEI0-
WYX B 0pmo- u napa-nonoxennu NO,u B opmo-nonoxenun COOH-rpynny. Hakonern B ca-
MOM CHJIBHOM II0JI€ Y3 BCeX CUTHAJIOB BBIXOAMI MK B BUJie TPUILIETA AYO/IETOB OT BOJOPOZIOB
B-yrreponos nupupguHa (8.04 m.x.).

[IpoBeneHMe peakumy KBaTe€pHU3ALMM NVPUANHA C 3TUI 4-X/I10p-3,5-FUHUTPOOEH30-
aTOM B alleTOHE IIPY HaIrpeBaHMUM NPUBOAUIO K CMECU TPYZHOPAa3IeNMMbIX MPOAYKTOB. I1pu
OCYLIECTB/IEHNH IIPOLIeCCa IPY KOMHATHO TeMIIepAType TaKyKe He Ya/0Ch BbIIE/IUTD Lie/IEBOe
coefyiHeHMe B 9MCTOM Bufie. TOIbKO cMeHa pacTBOPUTE/IA Ha IMOKCAH MO3BOMNIIA OTYYUTh

xnopufp N-(4-sTokcukap6oHmn-2,6-gyuHuTpodenn) nupuanans (5):

OZN C|7 02N
o
7 W+ cooet—= ¢\
— OVNOKCaH, \— OFt
O.N K.T.,44
73 5 ON

Ilns BewecTBa 6611 3amucan 'H SIMP-cnexktp (puc. 2), B KOTOPOM B OT/INYME OT COEMM-
HeHUs 4 OTCYTCTBOBAJI MK OT IIPOTOHA KapOOKCMIbHOI rpynbl. [Ipy aToM oTMevanach aHo-
MajIVisi — KOIMYECTBO CUTHAJIOB OT IIPOTOHOB GE€H30/IbHOTO KOJIbLIA VM STU/IBHOL IPYIIIBI OBIIO
YABOEHHBIM, IIPJ 3TOM MHTEHCUBHOCTD IBYX HA0OPOB ObITa OAVMHAKOBaA, HO BTOPOJI CMeIljeH
OTHOCKTEIbHOTO IIepBOTO: /I NUKOB (peHmIbHOTO pparmenta 1 CH,-ankmIbHOM e cMe-
menue coctasisno 0.3 m.a., mmsa CH;-ankunbHOM enn - 0.15 M.,

Takoe HeoOBIYHOE yBe/MMUEHME YMC/IA IMKOB BO3MOXKHO BBI3BAaHO 00pa3oBaHMEM JIBYX
IPOCTPAaHCTBEHHBIX M30MepOB xmopuya N-(4-3ToKcMKapOOHWI-2,6-FMHUTPOGEHIT) IV PULA-
HUA (5), OTIMYAOMINXCSA B3aMMHBIM PACIIONIOXKEeHNEM MUPUANHOBOTO 1 6€H30/IbHOTO ¢par-
ME€HTa OTHOCUTENbHO APYT Apyra. IIpu sToM BpamieHue nx BOKPYT IPOCTONM CBA3YM 3aTOPMO-
YKEHO BCIIE[ICTBYIE HAIMYMSI ABYX HUTPOTPYIII, YTO MOXKET CIOCOOCTBOBATD 3aKPEIUIEHNIO MO-
JIEKYJI B OIIpefie/IeHHOl KOH(OopMannu.

[l11 TOATBep>KAeHMs IOMYyYeHHON CTPYKTypbl Xmopupa N-(4-3TOKcuKapOoHWMI-2,6-
IVMHUTPOGEHVT) TN PUAVHIA OBUI CHAT €T0 MacC-CHEeKTP C MOHM3aLMell 97IeKTPOHHBIM YIAPOM.
MO>XHO OTMETUTb OYeHb HU3KYIO MHTEHCUBHOCTD IMKa MOJIEKY/IAPHOTO MoHa (m/z 318), 4T0
CBUJETENbCTBYET O HU3KOI YCTOMYMBOCTY Y€TBEPTUYHOV COMM IIPU >KeCTKOM MoHm3auun. ITpu
3TOM NPOUCXOAW/IO OTIIeIUIeH)e OT MOJIEKY/LIPHOTO MOHA MMPUANHOBOTO (pparMeHTa ¢ m/z
79, ABAIOMMMCS 6a30BbIM IMKOM. [1o/Ty4eHHbIT KaTHOH ¢ 11/z 239 mpeTeprieBas IOTEPIO asl-
KIMIBHOM Lenin, v 1ipu otpbiBe C,Hs o6pasoBaics pagykan ZMHUTPOOEH30IHO KUCTOTHI € 1/Z
211. OcranbHbIE OCKOTOYHBIE MOHBI M€V Ma/Tyl0 MHTEHCUBHOCTD.

51



OT XHMHUHU K TEXHOJIOTUH [ITEARELRITEIIY TOM 3, BbINYCK 3, 2022

s
i
M
am

a0
3w

5

Ziw

a5

a
T 3z3®333s EEEEEEE

».
1w

iy
s =

T l.J L ) Iu

100 55 96 %4 %2 90 BE B.6 54 52 80 78 7.6 74 72 7.0 5.5 66 64 62 60 585 56 54 52 50 45 45 44 42 40 385 3.6 34 32 30 28 26 24 22 2.0 1.5 L6 L4 L2 10 0.8 06 04 0.2

Puc. 2. 'H SIMP-cuextp xnopuga N-(4-sroxcukapbonmi-2,6-guanrpodenwn)mipuanaus (Bruker DRX400,
SF=400 MI'u, pacTBopuTens U BHyTpeHHUIt cranfapt DMSO-ds)

BaxHo oTMeTuTh, 4YTO 006€ COMYM MUPUAVHMA 4 ¥ 5 He ONMUCaHBI B IUTepaType (IIOMCK
BeJICs 110 0a3e JaHHBIX Reaxys), TO eCTh OBUIN CHTE3VPOBAHBI BIIEPBbIE B TaHHOI paboTe.

Ilanee 14 oyry4eHNs IPOM3BOHBIX MUIIEPYUAHA ObIIO IIPEITI0>KEHO IIPOBECTI BOCCTA-
HOBJIEHVE MIVPUANHOBOTO I[VK/IA B BelllecTBax 4 1 5. TO ObIIO OCYILIeCTBIEHO OOPIUAPIOM

HanI/IH B CHI/IPTCZ
CI O,N NaBH,

EtOH : :
OR 0 K T.,
O,N

4,5 6,7
rae B 4,6 R=H, 5,7 R=Et

Peaxnuo Benu B aTa”one npu 0 °C B Te4eHMe OJJHOTO Yaca, a 3aTeM IIpY KOMHATHOM TeM-
neparype B Te4eHMe el ABYX 4acoB. Bbul B3AT YeThipexKpaTHbI 136b1TOK NaBH,. 910 1m03-
BOJIMJIO CMHTE3MPOBATh BelllecTBa 6 11 7 ¢ BbIxomoM 77 u 72%.

CoepyHeHMs1 O6pUIM OXapakTepyusoBaHsl ¢ momourbio 'H IMP-cnekrpockonuu. Ha mpo-
TOHHOM CITeKTpe 3,5-IMHUTPO-4-(uepnuanH- 1-m1)6eH30THON KMCIOTH! HabMIoanuch 4 Cur-
Hasa (puc. 3). [IBa nmuka B Bujie My/IbTUIUIETOB Ipu 1.55 M.JI. ¢ MHTeTpaIbHON MHTEHCUBHOCTBIO
6 1 npu 2.98 M.J. C MUHTErpaJbHOV MHTEHCUBHOCTDIO 4 IIPMHA/JIEXKA/I aTOMaM BOLOPOJA M-
nepuanHoBoro ¢parmenTta. CurHan mpu 2.98 M.Ji. OYeBMUIHO JIaBaly aTOMBI BOJIOPOJA NPy
JIBYX 0-yI/IepPOJax LMKJIa, CMeIleHHbIX OTHOCUTE/IBHO APYTYX B 00/1aCTh 00JIee BBICOKUX YaCTOT
U3-32 MHAYKTUBHOTO 3¢ deKTa SHJOUNKINIECKOT0 aToMa a3oTa. B apomartudeckoit obmactu
CIleKTpa HaO/mofancs oayH cuHIIeT npu 8.40 M.Ji. OT 1BYX BofoponoB Oensona. Atom H kap-
OOKCHMJIPHOJI TPYIIIT BBIXOJVI B caMOM cr1aboM 1ose rpu 13.70 M.

B 'H JAMP -cnextpe atui-3,5- suHNTpO-4-(unepuaun- 1-ni)6ensoata (7) (puc. 4) B ot-
MMYMe OT COeIMHEHNA 6 MPUCYTCTBOBAIN [IBA JOTIOJHUTENIbHBIX MMKA OT STUIbHOI TPYIIIIbI:
tputter npu 1.32 m.g. u xBapteT nupu 4.34 m.1. CurHansl puHUIBHOTO pparMeHTa U reTepo-

LOMKIa UMEIN IIPUMEPHO TaKJe )K€ 3HAYCHN A XVIMNYIECKUX CIBUTOB.
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O6a BemjecTBa 6 11 7 ONVCaHbI TOJIBKO B OJHOM cTaThe [18], a ux IMP-criekTpsl 3anmcaHbl
BIIEpPBbIE.
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Puc. 3. 'H SIMP-crextp 3,5-guantpo-4-(nnnepupus-1-nm)6ensoitnoit kucmors (Bruker DRX400, SF=400 MT1,
pacTBOpuUTEND U BHYTpeHHMUII cTangapT DMSO-dp)
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Puc. 4. 'H IMP-cuextp atun 3,5-guantpo-4-(nmnnepupun-1-mn)6ensoara (Bruker DRX400, SF=400 MTn, pac-
TBOPUTETIb ¥ BHYTpeHHMII cTaHfapT DMSO-ds)

B pesynbpTaTte mpoBefjeHHOTO MCCIEfOBaHNs ObUIM OTPaOOTaHBI METOAVIKY, BO-IIEPBBIX,
HOJTy4eHNs 2,6-JVIHUTPOraToreHOeH30/I0B, CoflepKaliX KapOOKCUIBHYIO VTN CITOKHOIpUP-
HYIO TPYIIIY, BO-BTOPBIX, CHTe3a Ha OCHOBE 2,6-IMHUTPOTaTOreH6eH30/I0B NOMMYHKIO-
Ha/IbHBIX MOJIEKYJI, COJeP>KAIVX MVPYUAVHOBBIN MIN MUIEPUAVHOBBIN (pparMeHT.

CuHTe3upoBaHHble B pe3yabTare paboTsl  N-(2,6-AMHUTPOdEHT)IUIePUANHBI
u comu N-(2,6-auHuTpodeHII) IMPUAVHNASA UHTEPECHDI B KauecTBe CyOCTPATOB JI/IsI BO3MOXK-
HOJl BHYTPUMOJIEKY/IIPHOM BOCCTAaHOBUTETIBHON TeTePOLMKIM3AIM C (OPMUPOBAHNEM
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1,2,3,4-trerparngponvpunol(1,2-a]6ensumupasonos wmm nupuno[l,2-a]6ensnmniazonos, o6-
JIAfAIOIVX BBICOKOI OMO/IOIMYECKOi aKTUBHOCTDIO.

IKCcIepUMeHTATbHAs 9aCTh

TemnepaTyps 11aBnenus onpepensi Ha npubope Poly Therm A co ckopocTsio Harpe-
BaHuA 3 °C/MuH 1 He KoppekTtuposam. Criektpsl IMP perncrpuposanmm Ha mpub6ope «Bruker
DRX-400» g pactBopoB [IMCO-ds. B xauecTBe 9TanmoHa [jIsi OTCYETa XMMUYECKUX CABUTOB
VICTIO/Ib30BA/IM CUTHA/IBI OCTATOYHBIX IIPOTOHOB pacTBoputens B 'H AMP (82.50 m.x.). Macc-
criekTpsl Obuy 3amcansl Ha mpubope FINNIGAN MAT. INCOS 50, sHeprus 371eKTpOHHOTO
noToka 70 sB.

MeTtoguka CMHTE3a COETITHEHS 2

B tpexropnyo kon6y BHocumm 4.00 r (19.85 MMonb) 4-x710p-3-HUTPOOEH30IIHOI KIC-
70T U pyuBanu 15 mn koueHTpuposanHoit H,SO,. PacTBopsmm cybcrpat npu nepementn-
BaHuy 1 HarpeBanuy 1o 80 °C. ITocne aToro npukansiBany pactsop 4.01 r (39.66 MMOJIb) HUT-
paTa KamuA B 15 M1 KoHneHTpupoBaHHOM H,SO,4 B Tedenne 10 MuH. I1o oKoHYaHMYM BHECEHNA
peakTaHTa HarpeBanu Kooy fo 165 °C u nepememnBany pacTBop B TedeHue 10 yacos. 3aTteM
OXJTOXIIM 10 KOMHATHOJ TeMIepaTyphl ¥ BbUIMBAIN PEAKIMOHHYI0 Maccy B 1€x. OTduib-
TPOBBIBA/IM BBHINABIINII OCAZOK IO, BAKYyMOM, IIPOMBIBasA OOJBIIMM KOMMYECTBOM BOZBI IO
pH=7. Cyummmu B mkady npu 70 °C.

4-x10p-3,5-guHuTpobeHsoHan kucnora (2). Beixon 3.35 1. (68%). Tnn = 159-162 °C.
Cnektp 'H AMP (IMCO-ds, 400 MTI'11) §, m.zi.: 8.76 ¢ (2H, H?, H°), 13.98 ¢ (COOH).

Metoauka srepuukanum 4-x10p-3,5-TMHUTPOOEH30ITHON KVCIOTHI

B Tpexropnyio xonby BHocwmu 10.04 t (40.73 MMonb) 4-X710p-3,5-AMHUTPOOEH30IHON
KMCNOTHI M npunyuBamy 50 M Tormyona. HarpeBanu o pacTBOpeHUs NpU MepeMellBaHUN U
npucbinany noprysamu 8.90 r (42.77 mmons) matuxnopuctsiit pocdop (PCls). ITocie okonva-
Hus Boifienienns rasa (HCI), HarpeBanmm pactBop mo KumeHns u ynmapusamu o ~10 mi. 3atem
npwiBam B Koj0y 20 M abCcoNMIOTHOTO sTaHoNA. IlepeMelnnBany IOMTy4eHHBII PacTBOP
2 gaca. OTGUIBTPOBBIBA/IN BBHIIABILNII OCA/IOK MOJ BAKYYMOM, IIPOMBbIBast aOCOTIOTHBIM CIIVp-
toM. Cymmmm B mkagy npu 70 °C.

Atun 4-xmop-3,5-guHnTpobensoar (3). Boxox 9.20 1. (82%). Ty = 81-83 °C. Cuektp
'H AMP (IMCO-ds, 400 MI'yy) §, m.z.: 1.36 T (3H, CH3, J 7.1 I'ny), 4.40 xB (2H, CHa, 7.1 I'ny),
8.81 ¢ (2H, H? H°).

MeropyKa nMoTyYeHUsA 4YeTBEPTUYHBIX CONell MUPUANHNA U3 4-X10p-3,5-AMHNTPO-
0eH30ITHOI KMCIOTHI U €€ CI0)KHOTO 3dupa

B tpexropnyto kon6y BHOcvu 2.00 1 (8.11 MMob) 4-X710p-3,5- AMHUTPOOEH30THOI KIIC-
notel, npyuBamy 10 M aneroHa u 1.3 mi (16.2 mmonb) nupuanua. Harpesanu npu nepeme-
HIVBAaHUM PeaKLMOHHYIO Maccy 1o 56 °C, peakiuio Benu B TedeHue 8 yacoB. Oxyaxxanm pac-
TBOP [JO KOMHATHOJ TeMIIepaTypsl ¥ OT(GMIbTPOBBIBAIN BBINABIINIT OCAJJOK O] BAKYYMOM,
poMbIBas 06e3BOKeHHbIM arleToHoM. Cymmm B mkady mpu 70 °C.
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Xnopupn N-(4-kap6okcu-2,6-guHnrpodenvn)mpuanuus (4). Boxom 2.13 1. (80%).
Tun = 174.5-178.5 °C. Cniextp 'H AMP (IMCO-ds, 400 MI'nr) §, m.zr.: 8.04 1 (2H, H?, H5, ] 6.6,
1.6 Tur), 8.34 ¢ (2H, H?, H%), 8.56 1 (1H, H%, ] 7.8, 1.6 1), 8.91 ar (2H, H2, HS, J 5.0, 1.6 T),
11.14 ¢ (COOH).

B Tpexropnyto xon6y Baocumm 2.00 r (7.3 MMonb) aTun 4-xmop-3,5-GMHUTPOOEH30aTa,
npwBamu 10 M guoxcaHa. [Tocne pactBopenns cybcrpara npuwmmsamu 0.8 M (9.9 Mmonb)
NVpUAVHA ¥ TIepeMelIBaIy B TedeHue 4 9acoB IpM KOMHATHOM Temiepartype. OTduibTpo-
BBIBa/IV BBIIABIINIT OCAJJOK IOJl BAKYyMOM, IIPOMBIBasi 00e3B0O>KeHHBIM arleToHOM. Cymnnm B
mkady npu 70 °C.

Xnopupn N-(4-aToxcukap6onun-2,6-gunutpodenmn)nupuauaus (5). Beixong 2.03 .
(79 %). Tar = 215.5-219.5 °C. Criextp 'H SIMP (IMCO-ds, 400 MT'y) 8, m.pi.: 1.28 T (3H, CHs,
J7.1Tn), 1.42 1 (3H, CH;, ] 7.1 T), 4.22 xB (2H, CH,, ] 7.1 Tn), 4.52 x8 (2H, CH,, ] 7.1 T),
8.25 ¢ (2H, 2H, H*, H*), 8.52 t (2H, H3, H", ] 7.8), 9.05 T (1H, H*, ] 7.8 T'n), 9.14 ¢ (2H, H?, H°),
9.49 i (2H, H* HS, ] 5.6 T'n).

MeToayKa BOCCTAHOBIEHNA YeTBEPTUIHBIX CONEN MM PUANHNAA

Xnopup,  N-(4-3TOKCUKapOOHWMT-2,6-AUHUTPOGEHVT)IUPUVHUS ~ WIM  XJIOPUJ,
N-(4-kap6okcu-2,6-guantpodenun)nupuavans (24 mmons) pactBopsumm B 20 mn C,HsOH,
3aTeM nopuusimu fobasisiu 3,65 T 6opruppuga Hatpus (96 mmons) mpu 0 °C. Cmech mpopor-
>Kamu nepeMemyBaTh Ipu 0 °C B TedeHne 1 4, a 3aTeM IIpy KOMHATHOJ Temneparype 2 4. Pac-
TBOPUTE/Ib BBIITAPVMBA/IN TPV ITOHVDKEHHOM JjaB/IeHNM, 3aTeM f00aB/mm 5 M Boibl. CMech
akcrparupoBam CHCL; (3x10 mm). O6beguHeHHbIe opranndeckue ¢assl cymmmm Hag Na,SO4
u ynapusamt. OCTaTOK OYNMINAIN epeKpUCTA/UIN3ALVeN B M30IPOIMIOBOM CIMPTE C MOTyde-
HIIEM LeJIeBBIX IIPOJYKTOB.

3,5-Iuuntpo-4-(nunepuaun- 1-1r)bensortnas kucnora (6). Berxop 77%. Try = 226-228.5 °C.
Cnextp 'H AMP (IMCO-ds, 400 MI'ny) §, ma: 1.55 m (6H, nunepuaun), 2.98 m (4H, nmunepu-
ovH), 8.40 ¢ (2H, H?°), 13.70 ¢ (1H, COOH).

Atun 3,5-pguHuTpo-4-(munepupns-1-un)bensoar (7). Boxon 72%. Tn, = 88-92.5 °C.
Coextp 'H IMP (IMCO-ds, 400 MT'1y) §, m.z.: 1.32 1 (3H, CHs;, J 7.1 T'), 1.56 m (6H, numnepu-
nvH), 2.99 M (4H, nunepunun), 4.34 x8 (2H, CH,, J 7.1 '), 8.43 ¢ (2H, H*®).

Paboma evimonnena npu dunarcosoti noodepiuke epanma IIpesudenma Poccuiickoti
Dedepayuu 01 20cy0apcmeeHHOl NO00ePHKY MONOObIX POCCULICKUX YUeHbIX — KAHOUOAmos
Hayk Ne MK-3459.2022.1.3.
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B/IMAHUE TEMITIEPATYPbI HA YCTOMYMBOCTD
2-9TNINMHUITA3OJIbHBIX KOMIIIEKCOB AU (III)

C. M. Cadapmamansopa, [I. C. Kyp6onb6exos, [I. A. MybopakkagaMoB

Cadapmamapg My6opaxiro Cadpapmamagsona, I-p XuM. Hayk, npodeccop; Ixamonupun Capag-6exoBud
Kyp6on6ekos , conckareyb; [JaBpoH AxmMamkoHOBIY My6GopakKagaMoB, KaH[. X/IM. HayK, aCCUCTEHT
TamKUKCKUI HALMOHAIbHBIN YHUBepcuTeT, Jyman6e, Peciybmuka Tamkukucras, sash65@mail.ru;
Kurbonbekov1993@mail.ru; m.i.davron@mail.ru

Knrouesvtie cnosa: Annomauus: MemoOom nomeHyUOMEMPULECKO20 MUMPOBAHUS UCCTIE008aH
nomeHcuomempus, npouyecc komnnexcoobpasosarus sonoma (I1I) ¢ 2-amunumudazonom 6 unmep-
cmynexuamoe sane memnepamyp 278-328 K. Ymenvuienue nomenyuana cucrmemol
Komnaekcoobpasosatriue, Au/[AuCly] 6 npouecce mumposanus npu 6cex U3yHeHHHLIX MeMnepamypax
3onomo (III), ceudemenvcmeyem 06 ymervuleHuu pasHosecHoi konuenmpavuu [AuCly u
2-9Munumudason, KOHCManm  céA3vl6anuu ux 6 komnuexcol. Henunetinocmo 3asucmocmu E om IgCy sgnsemcs
ycmotiuusocmy, memnepa- XapakmepHvim 07T CUCHEM, 8 KOMOPbIX npomeKaem crmyneHuamoe Komnex-
mypHuLti pakmop coobpazosatue. Paccuumanvi o6ugue KOHCMAHMbL YCMOUHUBOCIIU KOMNTIEKCOB

cocmasa [Au(2-9M)Cls] u [Au(2-9M),CL]Cl (npu 298 K Igf; = 6,14%0,06;
lgB.=13,18+0,08). Ilpu yseenuueHuu memnepamypol  ycmouuueocmo
komnyexcos sozpacmaem. Temnepamypruiii paxmop 6 6onvuieil cmeneHu 67u-
Aem Ha YCmoiuusocmy OUsameuennozo Komnexca (npu 603pacmanuy mem-
nepamypvt Ha 50 °C ycmotiuusocmv 6U3AMEUEHHO20 KOMNIIEKCA Y6enUUBa-
emcs Ha 2,69 n10e. €0., 8 MOM Je UHMepeae memnepamyp ycmoiuusocms mo-
HO3aMeujeHHo20 KoMnaexca so3pacmaem Ha 1,32 noe. ed.).

s quTpoBaHus:

Cadapmamapzonga C.M., Kyp6onbekos [I.C., Mybopakkagamos JI.A. BiusaHue TeMepaTypbl Ha yCTONYNBOCTD
2-aTunumMunasonbubix Kominekco Au (III) // Om xumuu x mexmonozuu wiaz 3a wazom. 2022. T. 3, BbII. 3.
C. 58-64. URL: http://chemintech.ru/index.php/tor/2022tom3no3

BBenenne

[laHHbBIe O XMMUU COeMHEHMIT 30/I0Ta B pacTBOpax 0030pHO IpuBeeHbI B pabore [1].
Ha ocHoBaHMM nMuTepaTypHBIX U COOCTBEHHBIX JAHHBIX aBTOPBI IIOKA3a/IM, YTO CTAHAPTHBI
noreHnyuan cucrembl Au**/Au pasen (1,0+0,003) B. Ilokasanno, 4To mpu nosbimeHnn pH
npoTekaet npouecc rugpomusa mo peakuyy AuCls + H,O—[AuCLOH] + H*. O6 ycroitunso-
ctm  puMepkanTuaHelx KomiviekcoB Au(IIl) B pacTBOpe ¢ MCHONTB30OBaHMEM CUCTEMBI
Au/[AuCly] coobuator aBTopbl pabotsr [2]. I[Ipu pasubix kKoHuentpaunsx [AuCL]u [Cl]
9KCIIPEpPUMEHTA/IbHO HalifleH CTAaHIAPTHBIN MOTeHIMa/l CUCTeMBbl Au’*/Au 1 yCTaHOBJ/ICHO, YTO
BermmunHa E° m3meHserca B mpepenax 1,013-1,041 B. C momompio pH-MeTpudeckoro

© C. M. Cadapmamapzona, [. C. Kypbonbekos, [I. A. Mybopakkagamos, 2022
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TUTpPOBaHMe aBTOPbI paboTs! [3] mpu 298 K m3yuanu samelreHue XJIOpuf NOHOB B COCTaBe
[AuCly]" Ha OH" B BogHOM pacTBOpe. KOHCTaHTBI paBHOBeCs 00pasyOLIMXCsl KOMIUIEKCHBIX
YacTUI OKaszanuch cnepyomumu: 1gB = 7,87; 1gP. = 14,79; 1gBs = 20,92 u 1gP. = 25,98. O 3ame-
IIeHNM XTIOPUJL MOHOB Ha aMMUaK aTuaeHauamuH (en) u guatnnamuH (dien) mpu 298 K B co-
craBe [AuCly] cnekTpodoTOMETpUYECKUM U TOTEHIVIOMETPUIECKIIM METOJJOM COOOIIAIOT aB-
TOpbI padoTsl [4]. ITokasano, uro musa pasHoBecus AuCly + NH; = AuCl;(NH;) + Cl Benmmunna
KOHCTaHTa paBHOBecus cocrassier 1gP, = 6,73 £ 0,09, a cTaHAAPTHBIN MTOTEHIVIA CUCTEMBI
(Au(NHs),*/Au®) = 0,52 B. Koncrautsl paBHOBecus 3amerienns AuCly Ha saTmneHanaMmH co-
crasaor IgB = 16,2 u 1gB. = 27,7 a s guatunammza lgPs = 22,7. ABTOopaMu pabotsl [5] criek-
TpoOTOMETPUIECKIM METOJJOM B KMC/IOM PAaCTBOpe MCCIel0BaHO paBHOBecye 3amentenus Cl
B coctaBe [AuCly] Ha mupupun (py),2,2-gunupuaun (bipy) n 1,10-dpenanrponnu (phen).
C y4eToM KOHCTaHT IPOTOHMPOBaHMs aMUHOB 111 paBHOBecust AuCly + L = AuLCl* + (4-1)Cl
KOHCTaHTbI paBHOBeCHsI cocTaBiAoT: 1gP1 = 3,3(py), 8,2(bipy), 9,5(phen).

MeTop MOTEHIMOMETPIYECKOTO TUTPOBAHNE Ha CETOHAIIHUI TeHb OCTAETCA OHUM W3
BOCTpeOOBaHHBIX NIPY ONpeNe/IeHNsIX COCTaBa M KOHCTAHT YCTOMYMBOCTY KOMIIIEKCHBIX CO-
eVIHEHWIT TPV Pa3HbIX TeMIleparypax [6-9]. B pabore [10] ycTaHOB/IEH COCTaB, pacCYMTAHbI
TepMOAVHAMUYECKIe XapaKTepucTuku 1-pypdypmnmmpenammuo-1,3,4-TpuasonpHbIX KOM-
mrekcoB 3o70tTa (III) mpu 278-318 K. YcraHOBIEHO, YTO € BO3pacTaHMeM TeMIepaTyphl yCTO -
YJBOCTb KOMIUIEKCOB YMeHblIaeTcs. [ToBbIIIeHe TeMIIepaTyphbl CKa3bIBAeTCs VI HA KOTITYECTBE
00pasyomnx KOMIUIEKCHBIX 9acTnil. B obmactu remmeparyp 288-308 K ymaérca onpenenntsb
YCTOMYMBOCTD TPEX KOMIIEKCHBIX yacTull, a mpu 318 K tonbko aByx. B pabote [11] nccnepo-
BaHO KoMIuteKcoobpasoBanye H[AuCly] ¢ 2-MeTnnumuaasonom npu pasiaMyHbIX TeMIlepary-
pax ¢ ucnonb3oBaHyeM cructeMbl Au/[AuCL]. VccnenoBano BvsAHMe IMAPOIM3a 30710Ta HA
anekTpopHblit moreHnyan cucrembl Au/[AuCly. IlokasaHo, 4yTo TpM B3aUMOJEICTBUM
H[AuCli] ¢ 2-MeTnnmmmuasonoM Nomy4arTcsi TPY KOMITIEKCHBIE YacTUIIbI, 00pasoBaHue Ko-
TOPBIX IPOTEKAET C BbIIeNeHNeM Telvta. ABTopamu pabort [10, 12] moTeHIMoMeTpuYecKuM Me-
TOZIOM YCTaHOBJIEHO, 4TO0 30710TO (III) ¢ Tpuasonom u HGeHsTpMasonoM o6pasyeT YeTbipe KOM-
IJIEKCHBIE YaCTMIBI, YCTOMYMBOCTD KOTOPBIX C YBEIMYEHNEM TEMIIEpPAaTyphl YMeHbIIAeTCA.
B pabore [13] mpmBopsrcs panuble 06 obpatumoctu cuctembl Au/[AuCl], koHcTaHTe
VIOHM3AaLMN 2-3TVIMMI/A3071a 1 KoMIutekcooopasoBanuu [AuCly] ¢ 2-atunmmmupaszonom npu
298 K. YcTaHOB/IEHHO, YTO KOMIIZIEKCOOOPa3oBaHMe IPOTEKAET 110 00LIeMy YpaBHEHMIO

[AuCL] + n(2-91) < [Au(2-91),CL]*" + (4 - i)CL,

IIPY 5TOM YAA€TCA OIpefie/INTh COCTaB U 00IIMe KOHCTAHTBI 00pa3oBaHMA TPEX KOMIUIEKCHBIX
4acTuil,.

AHanu3 1 060011eHMe TUTePaTYPHBIX MICTOYHVKOB II0KA3aJIy, YTO, HECMOTPS Ha OT/Ie/Ib-
Hble 9KCIIePYMEeHTAIbHbIE JaHHbIE, B Ie7IOM KoMIIeKkcoobpasosanne 3010t (11I) c ammpaabiMu
JMTaHaMI B IIVPOKOM VIHTEpBaJie TEMIepaTyp OCTAETCA MaJIOM3ydeHHON 00/1aCThI0 KOOPAM-
HAIMIOHHOJ XVIMMI. Y YUTbIBasl YKa3aHHbIE IPOOesIbl, HaMM IIOCTaBJIeHa 3a/ada UCCIeoBaTh B
IIPOKOM JiMalla30He TeMIepaTypbl KoMIulekcoobpasosaHme 3ommota (III) ¢ 2-aTmnmmmmpaso-
JIOM, YCTAaHOBUTD COCTaB, YCTOMYMBOCTD, TEPMOAVHAMUYECKIE XaPAKTEPUCTUKY U IPYTHE T1a-
paMeTpbl 00pa3yoIINXCsA KOMIUIEKCHBIX YacTHUI] B PacTBOPe.
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OcHoBHasA YacTh

Ha puc. 1 npuBepens! akcnepuMenTanbHble 3aBucuMoctu E ot IgCr, KoTOpble momydeHsl
B pe3y/bTaTe IMOTEHI[MOMETPUYIECKOTO TUTPOBAHM . Y MEHbIIIeH)e TOTEeHIIMAIa CYCTEMBI TP
BCEX M3YYEHHBIX TeMIlepaTypaX CBUJETe/IbCTBYeT 00 yMeHbIIeHN) PaBHOBECHON KOHIIEHTpa-
uuu [AuCly] u cBsS3pIBaHUM UX B KOMIIIEKCHI.

E, vmB
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Puc. 1. 3aBucnmocts E ot 1gCy, mna cucremsr H[AuCly] ¢ 2-atunnmmpason npu 278-328 K: a - 278 K; 6 - 288 K;
8-298K;2-308K;0-318K;e-328K

Henuneitnocts 3aBucumoctu E ot IgCL siBnsieTcs XapaKTepHbBIM JIsL CUICTEM, B KOTOPBIX
IPOTEKaeT CTylleHYaToe KOMIIEKCOOOpa3oBaHe.

B kauectBe mpumepa B Tabnuile 1 npuBeeHbl JaHHBIE 10 U3MEHEHNIO TOTEHIIAIA CH-
crembl Au/[AuCL] npu norenumomerpuyeckom tutpoBanusa [AuCly™ 2-sTmmmmmpgasonom,
paBHOBeCHbIe KOHIIEHTPALIMI VICXOJHBIX BEIIeCTB U IPOAYKTOB peakunu mnpu 298 K, paccun-
TaHHbIe IIporpammoit KEV.

Ta6muua 1. JlaHHbIe 10 M3MeHeHMIo oTeHuana cucreMbl Au/[AuCly]” mpy moTeHIMOMeTpUYeCKOM TUTPOBAHNSA
[AuCL] 2-aTMnMMupa3sonoM, paBHOBECHbIE KOHIIEHTPALIUY ICXO/JHBIX BEIIeCTB 1 IPOAYKTOB peakiyy mpu 298 K,
paccunranssie mporpammoint KEV. Cooy = 4107 Mmomb/m1; Ciaucia) = 1-10° Momb/n

E, E, [AuCl]-10% [2-91]-108 [Au(2-3M)CL]-10* | [Au(2-2U), CL,]*-107

9KC. Teop. MOJIB/TT MOJIBb/TT MOJIB/TT MOJIB/TT
870,1 | 869,5 - - - -
868,0 | 867,4 84228,0 7,90229 91,6085 5,81114
867,0 | 865,6 67670,2 14,9802 139,522 16,7777
865,4 | 8634 52406,7 22,4253 161,753 29,1180
862,0 | 860,7 38335,1 31,4746 166,067 41,9582
857,9 | 857,2 25656,7 44,0445 155,532 54,9901
852,4 | 852,6 14990,4 63,7275 131,482 67,2614
845,1 | 846,2 7027,14 100,219 96,9298 77,9799
836,7 | 8378 2643,56 170,739 62,1225 85,1442
829,0 | 829,7 1031,14 278,430 39,5146 88,3174
822,8 | 823,2 481,691 409,862 27,1727 89,4010
817,6 | 817,7 254,769 564,405 19,7909 89,6661
813,5 | 813,6 156,143 720,263 15,4789 89,4960
809,9 | 809,9 102,061 889,654 12,4970 89,2482
806,9 | 806,9 71,3639 1061,17 10,4229 88,7863
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E, E, [AuCL]-10" [2-2U]-10° [Au(2-9M)CL5]-10° | [Au(2-9U), CL]*-107
9KC. Teop. MOJIB/TT MOJIB/JT MOJIB/TT MOJIB/TT
804,4 | 804,2 52,2633 1237,01 8,89811 88,3579
802,0 | 801,9 39,9623 1410,85 7,75991 87,8840
799,9 | 799,8 31,2564 1589,83 6,83936 87,2848
798,1 | 797,9 25,2416 1763,83 6,12774 86,7620
796,4 | 796,2 20,5747 1947,64 5,51527 86,2279
794,8 | 794,6 17,1426 2126,94 5,01831 85,6810
793,4 | 793,2 14,5492 2301,22 4,60813 85,1246
792,0 | 791,9 12,3975 2484,70 4,23971 84,5636
790,8 | 790,6 10,7479 2661,19 3,93663 84,0956
789,7 | 789,5 9,41734 2833,28 3,67236 83,5233
788,6 | 7884 8,26328 3014,25 3,42814 82,9489
787,6 | 7874 7,34665 3187,53 3,22307 82,4703

[l ompepesieHNs cOCTaBa M yCTOMYMBOCTU OOPa3yOIMXCs KOMIUIEKCHBIX YacTUIl B
nporpammy KEV BBoammnch JaHHBIE IOTEHIMOMETPUYECKOTO TUTPOBAHUSA, KOHIIEHTPALVIS
[AuCly] n 2-aTMnMMupiasona B KaXX/0i TOYKe TUTPOBAHNSA, peaKLysl IPOTOHMPOBAHNA 2-9TH-
MMMKAa3ona. B Mopeny ObUIN y4TEHBI ClIeyIolINe PaBHOBECHA:

H*+L=HL" (1)

[AuCL] + L = [AuLCL] + CI )
[AuCL]" + 2L = [AuL,CL]* + 2CI 3)
[AuCLy] + 3L = [AuL;Cl]?* + 3CI (4)
[AuCLy] + 4L = [AuL,]** + 4Cl' (5)
H*+ OH = H,0 (6)

CrefiyeT OTMETUTD, YTO 00pabOTKa JAaHHBIX IIOTEHIVIOMETPUYECKOTO TUTPOBAHS B MH-
Tepsae Temneparyp 278-328 K no nporpamme KEV maér ynosneTBopuTenbHbIE Pe3y/IbTaThI
U1t 06pa3oBaHMs IBYX KOMIUIEKCHBIX popM 1o peakiyam (2) u (3). Pesynprarer pacyera 06-
I[MX KOHCTAHT YCTOVYMBOCTY IpUBeAeHbl B Tabmuie 2. [loCTOBEPHOCTD OIpefe/ieHNsI KOH-
CTaHT JOKa3aHa yIOBIETBOPUTE/IbHBIM COBIAeHNEM SKCIIEPMMEHTAIbHO Hall[eHHBIX 3HaJe-
HUJ TOTEHINAJIOB C TeopeTnyecKuMu (CM. Tabm.1).

Ta6nuna 2. BenuunHp! 061X KOHCTAHT YCTOMYMBOCTY 2-3TH/IMMUAA30/IbHBIX KOMITTIEKCOB 30s1oTa (IIT)

T,K lgBiaurcs lgBarautacizy+
278 5,88%0,08 12,24+0,09
288 6,05+0,07 12,76+0,08
298 6,14+0,06 13,18%0,08
308 6,55+0,07 13,86%0,06
318 6,88+0,08 14,41%0,05
328 7,20%0,09 14,93+0,06

V3 paHHBIX TaOMUIBI BUJHO, YTO IIPYM YBEIVYEHMUM TEMIIEPAaTYpbl YCTONYMBOCTD
KOMIIIEKCOB Bo3pacTaeT. TemmeparypHblil (pakTop B 6OJbIIIeNl CTelleHN BIMsEeT Ha YCTONYNM-
BOCTb OM3aMeIéHHOro KoMIvlekca. Tak Impy Bo3pacTaHmuyu TemrepaTypst Ha 50 °C ycroirun-
BOCTb  OM3aMeNIEHHOrO  KOMIUIEKCAa  yBeluumBaercs Ha 2,69 jor. em, B
TOM K€ MHTepBaJie TEMIIEPATYP YCTOMYMBOCTh MOHO3aMEIEHHOTO KOMIIZIEKCa BO3pacTaeT Ha
1,32 nor. eq.
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[Tepecuér 0OIMX KOHCTAHT HAa CTyIIEHYaTble TOKa3bIBAET, YTO BO BCEM M3YYEHHOM JH-
TepBajIe TeMIIepaTyp YCTONYMBOCTD 613aMelleHHOTO KOMIUIEKCa O0JIbIe, 4eM MOHO3aMellleH-
Horo (ripu 298 K IgK, = 6,14; 1gK, = 7,04), 4TO He cOBCeM COOTBETCTBYET TEOPUY CTYIIEHYATOTO
KOMIUIEKCOOOpa3oBaHysA. Bo/mblIylo ycTOYMBOCTh OM3aMeIleHHOTO KOMIUIeKCa II0 CpaBHe-
HIIO C MOHO3aMeIIEHHBIM MOYXHO OOBACHUTD TeM, YTO X/IOPVHbIE IMTAHbI, HAXOAAI[EeC B
[Au(2-29M)CLs] B mpanc-mionoxxeHun K MOJeKyie 2-3TVIMMI/A3071a, JIerde 3aMellalnTcs I0-
CIIEAYIONIEN MOJIEKYIION 2-3TUIMMULA30IA.

HarinenHble o6LMe KOHCTaHTBI YCTOMYMBOCTY TPV PasHbIX TeMIepaTypax ObUIM NC-
TI0/Ib30BaHbI JJIA OIIpefieeHIs TePMOAVHAMIYEeCKIX QYHKIVI 00pa3oBaHA KOMIUIEKCOB Me-
TOZIOM TeMIlepaTypHoro koadduimenra. VI3 ypaBHeHUA

IgB7 =

rpaduyeckum MeTooM onpenernsiy BemnauHbl AH u AS (puc. 2), snepruto ['m66ca paccunTsl-

—-AH |1 | AS
23R T 23R

BajM 10 ypaBHeHU0 AG = AH - TAS.

1gB;
15 1

,
10 A

°
° s |

5 -
0 T T 1
0.003 0.0032 0.0034 0.003?/T

Puc. 2. 3aBucumocrts IgB; ot 1/T mst kommnekcos [Au(2-9M)CL]° (1) u [Au(2-31),CL]* (2)

B Tabmuije 3 npoBefeHbl BeMMYMHBI TEPMOAVHAMIYECKUX QYHKIMI peakiyii 06pasoBa-
HusA KoMIutekcoB 3o0s1ota (III) ¢ 2-sTmamMumasonom.

Ta6muua 3. Benuunns! TepMopnHAMMIecKuX QyHKIMIT peakimit KoMIteKcoobpasosanus omora (III) ¢ 2-atn-

JTMMUZA307I0M
Peax1iyst 06pasoBaHysi KOMIIIEKCOB AH, AS, AG,
kJ[>x/Momb Ix/(mornb-K) x/x/mMomnb
[AuCL] + (29M)«>[Au(29M)CL]° + CI- 38,66+0,75 233,3+4,78 -30,87+0,38
[AuCL] + 2(291)«>[Au(231),CL]* + 2CI 94,96+1,33 574,1+2,63 -76,15+0,17

V3 maHHBIX TaOIUIIBI 3 BUHO, YTO 0Opa3oBaHye 06enx KOMIIEKCHBIX GOPM IPOTEKaeT
C BbIfleTieHNeM 9Heprun. Takoe M3MeHeHMe TeIIOCOeP>KaHNA CUCTeMbl OTPULIATEIbHO CKa3bl-
BaeTCs Ha CaMOIIPOM3BOIBHOM MIPOTEKAHNM PeaKIuu KOMIUTeKcoobpasoBanus. HampasneHnne
Y CaMOIIPOM3BOJIBHOCTb Peakluy 00pa3oBaHMs 2-3TUIMMUIA30/IbHBIX KOMIIIEKCOB obecrie-
YMBaETCA MOOKUTEIbHBIM 3MeHeHusIM AS.

Ha puc. 3 B kauecTBe mpuMepa MpoOBefieHbI JUarpaMMbl pacipesie/ieHisi MOHO- 1 Ou3a-
MelleHHOTo KoMIutekca 3o0moTa (III) B 3aBMCMMOCTM OT KOHIIEHTpauuu 2-3TUIMMUAA307I0M
npu 308 K.
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-Ig[L]

Puc. 3. Kpusble pacnpeneneHus 2-3TUIMMIAA30/IbHbIX KoMIUTekcoB 3o070Ta (III) mpu 308 K, rae ap — [AuCL];
ap - [Au(ZSI/I)Ch], a - [Au(ZSI/I)ZCb

AHamu3 3aBUCMMOCTY (QYHKLIMYU pacHpefie/ieHNsA OT TeMIepaTyphl I0Ka3asl, YTO C BO3-
pacTaHyeM TeMIIePaTypPbl BBIXOJ KOMIIEKCHBIX (POPM yBeIMUMBAETCS.

IKCIepUMeHTAaTbHAs 9aCTh

B KauyecTBe MCXOQHBIX COENVHEHMIT MCIIONb30Bamm 2-3tunumugason (2-91) u H[AuCL].
PactBop H[AuCly] roToBMIN cormacHo MeTopmke, npepnoxxeHHoit B [14]. HayanpHas KOHIIeH-
tpanusa H[AuCly] 6pu1a paBHoit 1-10° MOJIB//I, KOHIIEHTpALys 2-3TWIMMALA30/1a COCTaBIIA
4-10* monb/n. s uccnegoBanus B3aumopeiictBuss H[AuCL] ¢ 2-atunmmmugasonom ObiT mc-
TO/Tb30BAH Ta/TbBAHIMYeCKHit anieMenT ¢ mepenocom: Au/[AuCL] | | Ag,AgCl/CL. orentmo-
MeTpuyeckoe TUTpoBaHue npoBoayy Ha pH-meTpe MM-150 13 moyMuKpoOopeTKy BMeCTH -
MOCTBIO 5 M ¢ ueHoi genenus 0,01 mn. B pabore mcronb3oBamym cmabOKUCIBIL pacTBOP
H[AuCl] (pH = 5) n BogHbIit pacTBOp 2-3TMmmmupasona (pH = 8,73). Konuenrpanus xmopup-
JIOHOB COCTaB/IsIa 1 MOb/1 1 oaaeps>xuBanack fobasnenueM B pactsop KCL VMonnyio cumy
Co3flaBa/y IyTeM JoOaB/IeHNs B pacTBOp nepxnoparta HaTpus (I = 0,05 monp/n). ITorenmyo-
MeTpUYECKOe TUTPOBaHMe NMPOBOAMIN 4-5 pa3 mpu Kaxjgon Temneparype. Ilorenuman cu-
CTeMbl yCTaHaB/IMBaICs B TedeHre 10-15 muH. Temnepatypy B sdeiike MOAgep>KMBaIU IIOCTO-
STHHOJ IIpy noMoIy BojsiHoro Tepmocrata (+0,1 °C). PaBHoBecHble kKoHIeHTpauun [AuCly],
2-3TUINMIJA3071a, 00Pa3yoNIXCs KOMIUIEKCOB M MX KOHCTAHTBI YCTOMYMBOCTU OB OIIpe-
nenens! 1o nmporpamme KEV [15].
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Knrouesvie cnosa: Annomayus. Ilpedcmasnena NPUHUUNUATILHASA OTI0K-CXeMA NPeonpus-

2eomepmanvHole 600bl, KOMHAEKC- mus no nepepabomxke zeomepmanvHuix 600. Paspabomanvt Hosvle KoH-

Has nepepabomxa, 6bINAPHOTE ANNA-  CIPYKUUU BLINAPHBLX ANNAPAITOS, UCHONb3YeMbiX 0TI KOHUEHMPUPOBa-

pam, unmeHcuPuUKAUUL npoyecca HUST 2e0MepMATLHBIX 800. VIHmeHcuduKayus meniooomena ocyusecms-
JIAEMCS 3 cdem YOaneHust KPUCMasnios 6 2UOPOUUKIOHe U NYyIbCauuu
nomoka 6 mpy6HoM npocmpancmee no0ozpesamens.

T nuTHpoBaHMA:

Jleontnes B.K., Kopabnesa O.H., I'mp6a E.A. [IpumMeHeHne BbITapuBaHys B IpOLiecce epepaboTKy reoTepMab-
HbIX Boj // OT XuMuu K TexHonoruy mar 3a marom. 2022. T. 3, Beim. 3. C. 65-69. URL: http://chemintech.ru/in-
dex.php/tor/2022tom3no3

BBengenue

B Hacrosiee BpeMs Ioji3eMHbIe TeOTepMalbHbIe BOJbI TOOBIBAIOTCS ¥ VICIIO/NB3YIOTCS
UL pa3/IMYHBIX 1e7Ien:

- B xauecTBe rops4MX TEIJIOHOCUTeIel Iyl 00orpeBa 3MaHui 1 COOpY>KeHui. Vcromnb-
30BaHMe TeOTePMAIbHBIX BOJ JUIsI OTOIUICHMsSI U TOPSTYer0 BOJJOCHAOKeHsI TO3BOJIsAET 136a-
BUTBCS OT 3arpsi3HEHUs aTMOCQepbl ABIMOBBIMY razamy. C 9KOHOMIYECKOI TOUKY 3PEeHMUS UIC-
IIO/Ib30BaHMeE TeIUIa Te0TePMaTbHBIX BOJI KOHKYPEHTOCIIOCOOHO ¢ HEKOTOPBIMU TPayUIIVIOH-
HBIMM BUJAMM TOIUIMBA: Ma3yT, KAMEHHBIN yTO/b U Jp.

- [lomy4enune mose3HbIX KOMIIOHEHTOB, KOTOpPbIE MOTYT MCIO/Ib30BATbCAA B MENMIVIH-
CKOI1, XMMNYECKOI ¥ NMNIIEBOI IIPOMBIIIIEHHOCTH.

- OKOHOMM IPUPOJIHON BOZBI MATHEBOTO Ka4eCTBa 3 C4eT BTOPMYHOTO MCIIOIb30BAHNA
re0TepMa/TbHBIX BOJ.

PentabenbHOCTh UCIIO/IB30BAHNS T€OTEPMATBHBIX BOJ 3aBUCUT OT MHOIMX (PaKTOPOB:
IIPOM3BOANTEIBHOCTY JOOBIBaeMBIX BOJI, IX TeMIIePATYPbI, TTyOMHBI CKBOXXVH, CIOCOOOB YTH-
M3anuy OTPAabOTAHHBIX BOJ, KOHI[EHTPAI[M MOJIE3HBIX KOMIIOHEHTOB, TEXHOJIOTUY M3BJIeye-
HJA 3TUX BELECTB U3 re0T€PMaTbHbIX BOJ.
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Bonburast ponb npuHamIeXUT BHIOOPY MPOLIECCOB U METOJIOB W3BJICUCHHS XMMIYECKUX
COEVIHEHUN U3 TU/IPOTEPMAIbHOTO TEIVIOHOCUTEIA Pas3/IMYHbIX MECTOpOXKAeHMil. Bompocam
9KCIUTyaTal[y TeOTePMaIbHBIX MECTOPOX/IEHNUI C YI€TOM IPOoOIeM yTIIN3alyy OTpaboTaH-
HBIX T€OTE€pPMa/JbHBIX PacTBOPOB M BO3MOXKHOCTBIO YIYyYHIEHMS COCTOAHMA OKpPY>Karoljen

Cpepbl IOCBSAIIeHbl paboThI [1-3].
OcHoBHaA 4acTh

B nocnengnue roppl ypensaerca MOBBIIIEHHOE BHUMAaHME IPUPOSHBIM MUHEPAIN30BaH-
HBIM BOJjaM KaK II€PCIEeKTMBHOMY MCTOYHVMKY MHOTUX LIEHHBIX XMMIYECKUX IIPOAYKTOB [4].
3ajjaya MCIO/Ib30BaHUsA MMHEPAIM30BaHHBIX IeOTepMajIbHBIX BOJ, JOObIBaeMbIX B Poccun,
npuobpeTaeT 60/IbIIOE 3HAYCHNE B CBA3Y HE TOIBKO C BO3MO>KHOCTBIO 3HAUUTETTBHOTO YMEHb-
meHnst 00beMOB cOpacbIBaeMbIX Ha IIOBEPXHOCTD IIACTOBBIX BOJI, YTO CIIOCOOCTBYET yIy4Iile-
HUIO COCTOSHNA OKPYXKAIOILIE Cpebl, HO U JyIA IepepaboTKV MUHEPATbHOTO CHIPbs, Ooree
yIIy6/IEeHHOMY U KOMIUIEKCHOMY MCIIO/Ib30BAaHNIO MMHEPAIbHO-ChIPbEBbIX PeCypcoB [2].

ITo mpefocTraBneHHbIM JAaHHBIM 10 COCTaBY IUIACTOBBIX BOJ, CKBAXXMHBI MeIATMHCKO
MO>XXHO CJI€/IaTh BBIBOJ, O BBICOKOM COZIEPKaHMM B HUX LIEHHBIX XMMUYECKUX 37IEMEHTOB. X1-
MIYeCKIe COeIMHEHNA: X/IOPUIBI Ka/IuA, MarHuA, HaTpUs, Ka/IbIyA, MaTHIUA; OpOMIT KaIvs U
VIOIWT Ka/Ivisi; PeaKTUBHBIN OpOM M 110]]; COEAMHEHNUS JINTHS ABJISIOTCS IePCIEKTUBHBIMY IS
IIOJTy4eHNA BOXHENIINX IPOAYKTOB IPOMBIIUIEHHOTO NMPON3BOACTBA. MaccoBble oMM 3TUX
BEII[eCTB IOCTATOYHO BBICOKM, TIOSTOMY aKTya/IbHOCTD IIPOMBIIIIEHHOT ITepepaboTKy reoTep-
MaJIbHBIX BOJ He BBI3bIBaeT COMHeHMs. B Tabnuiie 1 mpefcTaB/ieH COCTaB reOTepPMaIbHBIX BOJ,

CKBa>XMHBI MegarmacKas.

Ta6mua 1. CocraB reoTepManbHbIX BOJ CKBOXKMHBL MesArnHcKas

Copeprxkanue, Kr/M
CTapoOoCKONbCKMIT BOLOHOC- CpenHe-BepXHeKeM-
Ne CocTas reoTepManbHbIX BOJ . L
HBIJ TOpU3OHT 1224-1399 M 6puitckuit BK,
2158-2190 m

1 Xnopug Hatpus, NaCl 186,3 196,4

2 Xnopug maraus, MqCla 14,6 16,1

3 Xnopup kanbuus, CaCl, 36,63 52,25

4 Xnopup xamms, KC1 0,764 1,34

5 Xnopupg nmutus, LiCl 0,037 0,059

6 Xmopug pyoupns, RbCl 0,00082 0,0013

7 Xnopug pesus, CsCl 0,00012 <0,0006

8 Xnopup crponnus, SrCl, 0,58 0,95

9 Cynbdart kanprus, CaSO, 1,49 0,51

10 Bpomup xamms, KBr 0,99 1,35

11 Viopgup xamus, KJ 0,0056 0,0038

12 Kpemunesas xucnora, H,SiO;4 0,005 0,03

13 Bukap6onar xansumst, Ca(HCOs), 0,083 0,105

14 XKeneso, Fe**/Fe’* 0,048/0,007 0,128/ -

15 bopnas xucnora, HBO, 0,032 0,038
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Ha ocnoBanun paspaborannoit corpygankamu OAO «HIII] «<HEJPA» texHomormde-

CKOJI CXeMBI 110 IlepepaboTKe MIUHEpPaTbHO-CBIPbEBBIX pecypcoB [1] Hamu mpeioskeHa 6/10K-

cxeMa 3TOro MpeAnpuATus [5], kotopas npejcrasieHa Ha puc. 1.

Munu

KomeasHnan

viclig

CHIOYHBIX 600

ARKymyaamop BITOK

BBEIITAPHBAHIA| [|MHHePa1sHo-

IIpeonpuamue no
nepepadomie

CHIPBEEHIX PECYDCOB

CKBAKHHA

Puc. 1. [TpunuunuanbHas 6/10K-cxeMa IPefIpUATUA 1O TepepaboTKe reoTepMaTbHBIX BOJ

HpeHCTaBHeHHaH cxema 110 Hepepa60TKe reoTeEpMaJIbHBIX BOJI pacCUNTaHa Ha ITPOU3BO-

OUTEIBbHOCTD 5 M3/‘I, IIO3TOMY MCIIO/Ib3OBaHME JIX B TAKOM KO/IMYECTBE IIPAKTMYECKN HE OKa-

3bIBA€T BIVAHNA Ha 3aI1aCbl MECTOPOXKOEHNA N CPOKN UX IIPUMEHEHNA. Pa3pa60TaHHaH cxXemMa

He TIpeycMaTpyBaeT BpeJHble CTOKM ¥ BBIOPOCH B aTMOCcdepy.

OI[HI/IM 13 OCHOBHBIX 9TAaIIOB Hepepa6OTKI/I reoTepMaJIbHbIX BOI ABJIAETCA KOHIEHTPU-

poBaHVI€ COJIEBbIX MHOTOKOMIIOHEHTHBIX PaCTBOPOB O II€PEHACHIIIEHNA OCHOBHOI'O KOMIIO-

HEHTA, HAaIIpMEP XJIOPUCTOTO HATpysA, C IOCIAEAYIOIIM U3B/I€YeHNEM U3 KOHIEHTPUPOBaH-

HOTO paccoyia APYIUX MMHEPATbHBIX KOMIIOHEH-
T0B. [Ipornecc BbIMapyBaHuA IPOBOAAT B BBINAp-
HBIX allllapaTax CHelMaNbHON KOHCTPYKIMM IS
KPUCTA/UIN3YIOIINXCA PacCTBOPOB, IIOCKOJIBKY BbI-
COKO€ COJlep>KaHue MIHEPaTbHbIX COJIeli B TeoTep-
MaJIbHBIX BOJjaX IPUBOAUT K 00pa3soBaHMIO KpU-
CT/INYECKOTO OCafika (BBbINAJeHNI0 KPUCTAIIOB
XJI0pyAa HAaTpUs, KaAbIVA U Jp. 31eMEeHTOB) Ha
BHYTpEHHell IOBEPXHOCTI TPYOOK MOZOrpeBaTeIs.
9TO NPUBOJUT K OBICTPOMY 3apacTaHUIO 1 3a0VIBKe
TPyOOK TeII00OMEeHHUKa KPUCTA/UIM3YIOIeiCs
COJIBIO, YTO, B CBOIO OYepefb, CHIDKAET 9P PeKTNB-
HOCTb BBIIIApMBaHUA. B pesynbTare anmapatr mpu-
XOJMUTCS TIPOMBIBATD, @ IIPOMBIBHYIO BOAY yIIapy-
BaTb, 3aTpauyMBasg Ha 3TO JOIIOTHUTEIbHYIO SHep-
THIO.

B pesynbrare paboThl 10 KOMIUIEKCHOI ITepe-
paboTKe reoTepMaIbHBIX BOJ HaMM Obl1a pa3pado-
TaHa KOHCTPYKI[VA BBIIIAPHOTO aIllapara s Kpy-
CT/UIM3YIOLIVXCS PacTBOPOB [6, 7]. Cxema BbImap-
HOTO aImnapaTa IpecTaBeHa Ha puc. 2.

67

:Iﬁ nap
Tt

1
|~

Zperouiuil
nap

T pacmeop
-

KOHOeHcam
-+

KPUCHATTbL

Puc. 2. BoimapHoii annapat fisa KpUCTaIInusy-
IOIMXCS PacTBOPOB: 1 — cemaparop; 2 — UPKY-
TALMOHHAA TPyba; 3 — Hacoc; 4 — TUAPOLVK-
JIOH; 5 — KUISITIIbHBIE TPYOBI OOTPeBaTeIIs
BBIIIAPHOTO AIIIapaTa; 6 — Tpyba BCKUITAHMS



OT XHMUU K TEXHOJIOTUM ITEAREZRIIENIY

TOM 3, BbINMYCK 3, 2022

Beimaproit anmapar pabotaer cnepytomum obpasom. ITocrymatommit pactop (reorep-
Ma/IbHble BOZIbI) IIOfIaeTCA B VPKY/IALMOHHYIO TPyOy Ipu Temmepatype 65 °C. 3ateM pacTBop
HAcOCOM 3 IojaeTcs 4epes TUIPOLVIK/IOH 4 B KUILATHU/IbHBIE TPYOBI 5, Ile KUIINT 3a c4eT 000-
rpeBa IpeloliyM IapoM, nocrymnaomym n3 muan TOI]. ITaposxnakocTHas cMech MOCTYIIAET B
TpyOy BCKMIIaHMsI 6 M 3aTeM B CellapaTop, Ifie IPOUCXOAUT OTHAEe/NIeH)e BTOPUYHOTO Iapa OT
XKUJIKOCTY 11 00pa3oBaBLINXCA KPUCTA/UIOB. IIpy mMpoX0oyjeHnu IVPKYINPYIOIIeTro pacTBopa
Yyepe3 IMAPOLMKIIOH 3 CYeT JIeVICTBM LIeHTPOOEXXHO CUIBI YacTHULIbI TBEPHOI ¢as3bl oTOpa-
CBIBAIOTCS K CTEHKE alllapaTa ¥ HUCXOAALIVM CIMPATbHBIM IIOTOKOM IIepeMelaloTCsl B HIDK-
HIOI0 KOHYCHYIO 4acTb IU/IPOLMKIOHA K PasTPy30YHOMY OTBEPCTMIO. 3a CUeT OT/Ae/IeHNs KpU-
CTaJ/UIOB OT LMPKY/IMPYIOLIEr0 PacTBOPA B IPe/IOKEHHOM BBIIIAPHOM aIlllapaTe A KpUCTal-
NM3YIOIUXCA PacCTBOPOB B 3HAYNMTE/ILHON CTEIIEHM CHIDKAETCA 3apacTaHMe 1 3a0MBKa TPyOOK
KPUCTAUIM3YIOIIENICA COMbI0. BeecTBIe 3TOTO BO3pacTaeT Y INTEIbHOE BPeMs COXPaHAETCA
MHTEHCUBHOCTb pabOTHI BBIIAPHOTO alllapaTa U ero NMPOM3BOAUTENIbHOCTD, YBETNINMBACTCA
MEXXIIPOMBIBOYHBII IIEPMOJ, U SKCIUIyaTallMOHHAA HA/IeKHOCTD [8].

[l MHTeHCUUKauy Ipollecca TEIIO0OMEHHBIX ¥ MaCCOOOMEHHBIX IPOIIeCCOB M-
POKO JICHIO/IB3YIOTCA TaKMe TeXHMYEeCKe IPMeMBl, KaK Iy/Ibcalys II0TOKa, OOTeKaHMe Iepo-
XOBATOJ CTEHKY, UCIONb30BaHue Hacagky u T.4. [9]. [lna nHTeHcubuKanuy npomecca BblIa-
puBaHuA 60JIBIION MHTEPeC IPeiCTaBIIAT ITy/IbCAl[MIOHHBIE YCTPOICTBA. B coBpeMeHHOII Tex-
HIIKe J/I1 COOOIIeHNA TOTOKA KUAKOCTY IY/IbCAIINIT MICIIO/Ib3YIOT pa3/IMYHble Iy/IbCallyiOHHbIE
YCTPOJICTBA, AeVICTBYIE KOTOPBIX IPMBOAUT K TOBBIIIEHNUIO TYpOYIM3aLiuyl ¥ AVMCIEPTYPOBAHNIO
MOTOKA, YTO CIIOCOOCTBYeT 3HAUMTETbHOMY YBeIMYEeHNIO KoadduimenTa Temnootaaun [5, 6].
[lInpokoe pUMeHeHMe MyTbCATOPOB 0OYCIOBIEHO IIPOCTOTON KOHCTPYKIMM AIIIapaTa U BbI-
COKOJ YHENbHOW IPOU3BOSUTENbHOCTDIO,

nap
KPOMC TOTO, HepI/IO,t[I/IquKI/Ie Hy}IbcauI/H/I I10- :
TOKa HE€ BbI3bBIBAKOT 3aMETHOTO yBeHMHeHMH 1
| 1

TUAPABINYIECKOTO COIpPOTMBIIeHN. [I1a mo- 6
BbIIIeHNs 3¢ (PEeKTUBHOCTY Ipoliecca BbIMA-

pUBaHNA HaMU ObIIa IIpeNIo’KEHAa HOBaA
Zperoniuil
nap

KOHCTPYKLIMSA BBIIIAPHOTO aIllapaTa C IyJb- /

| pacmeéop
-

CalIOHHBbIM ABIDKE€HNEM pPacTBOpa IIO TPYy-

~1

6am nogorpesarerns (puc. 3) [10].

[IpUHIMT fefiCTBYA TIPE/ICTABIEHHOTO ,
BBIIAPHOTO AHAJIOTMYEH NPUHILUITY [Ieii- 4 v

KOHOEH-

cam
E «

HVDKHEN YacTy Tperoleil KaMepbl IPUCOeV- 7

CTBMA BBITIAPHOTO allllapaTa sl KpUCTain- 3
8

3YIOLMXCA pacTBOpOB. Ho momonmuuTenbHo K

HEHO ITy/IbCHpYIolllee YCTPOVICTBO MeMOpaH- 4

HOro Tuma. [Ind cosfgaHmsA Iyabcaluy pac- i
1 Kpucmaiist

TBOpa B KUIIATWIBHBIX TPYOKax MCIIONb3Y-
Puc. 3. CxeMa BBIIIAPHOTO aIlapara ¢ MyIbCaIOH-

eTcsl TMOKasg MeMOpaHa 7, KOTOpasi NPUBO-
IUTCA B BO3BPATHO-IIOCTYIIATe/IbHOE JABYIKe-
HII€ C TIOMOIIBIO ITy/IbCATOpa — IOPLIHEBOTO
Hacoca. AMIUINTYAa Ko/eGaHWiT COCTaBIsAeT
10-25 mm.

HBIM JIBIDKEHIUEM pacTBOpa o Tpybam: 1 — cemaparop;
2 - UMPKY/LALMOHHASA TPY6a; 3 — HACOC; 4 — TMAPOLIUK-
JIOH; 5 — KUILATWIbHbIE TPYOBI IOJOTpeBaTeLs BbIIap-
HOro ammapara; 6 — Tpyba BCkmIaHus; 7 — rubxas
MeMOpaHa, 8 — TOPIIHEBOIT HACOC
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Takum o6pas3oMm, B IIpejlaraeMoM BBIITAPHOM aIlliapare ¢ NyIbCUPYIOLUM YCTPOCTBOM
MeMOpPaHHOTO TUIA IS KPUCTA/UIM3YIOLIVIXCSA PAaCTBOPOB 3a CYET yBe/INYeHM TypOym3anun
IIOTOKA B 3HAYMTE/IbHOI CTEIIeHM CHIDKAETCS 3apacTaHMe U 3a0uBKa TPyOOK KPUCTA/IU3YIO-
1ielicsa comblo. BenmencTBie 4ero MoBbIMIAIOTCA U JJINTEIbHOE BPEMA COXPAHAKTCA MHTEHCUB-
HOCTb pabOTHI BBIIAPHOTO AIIIapaTa ¥ €ro IPOM3BOANTETbHOCTD, YBE/INYNBACTCA MEXXIIPOMBI-
BOYHBIV IIEPUOJ, U IKCITyaTallIOHHAs Ha[JeXKHOCTD allapara.

Ilna cpaBHeHNA OLeHKM 3G GEeKTUBHOCTI MIPeI0>KEHHBIX KOHCTPYKIMII BBITAPHBIX all-
IIapaToB VCIIO/Ib30BA/IN VI3BECTHbIE 3aBYICUMOCTH /LA OIpefie/ieHN A K03 dUIeHTa TeI/I00T-
flady IpM Iy/IbCAllM OTOKA B KUTIATWIBHBIX Tpybax. PacyeTs! mokasanm, 4To KoappuieHT
TEIUIOOTAA4YM B BBIIIAPHOM allIIapare ¢ Iy/IbCallyieil ITIOTOKa BbIlle K03(UIVEHTa TeII00T-
fladyl B I7IQ[IKOJ TpyOe KUIATV/IbHMKA BBIIAPHOTO anmapaTa 6osbine Ha 20-40%.

BriBonb1

ITporiecc BpITapyMBaHNUA SBISAETCS OJHUM U3 BKHEIINX B IIpOIlecce epepaboTKM reo-
TepMa/bHBIX BOJ. I/ IpOBefieHNs 9TOro mpollecca pa3paboTaHbl KOHCTPYKIVM BBICOKOI(-
(eKTVMBHBIX BBIITAPHBIX alnapatoB. [Ipy ofMHAKOBOM I'MAPaBINIECKOM COIPOTUBIICHUY TeIl-
JI00TAAa4Ya B BBIMAPHBIX allllapaTax IMpeIoKeHHbIX KOHCTpyKuuit Ha 20-40% Oosblie 1o
CpaBHEHMIO C TPAAVLIVOHHBIMY BBIITAPHBIMY allllapaTaMMu.
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Keywords: Abstract: Based on our own research results and analysis of literature data we have
propionic acid bacteria, proposed conditions and composition of nutrient media for the cultivation of Pro-
Propionibacterium freuden-  pionibacterium freudenreichii. As an inoculum we used propionic acid bacteria
reichii, cultivation, process  concentrate, which contains cells of selective strains of Propionibacterium freuden-

optimisation, nutrient me-  reichii. In the nutrient medium we kept the following concentrations constant: in-
dium, Box-Wilson method,  oculum - 5% vol, cobalt chloride CoCl, at a dose of 20 mg/l, and hydrolysed milk
vitamin By, full-factor ex- concentration - 5% vol. The contents of yeast autolysate, ascorbic acid, ammonium
periment sulphate and lactose were varied in the composition of the nutrient medium. We

cultivated the resulting mixture in a thermostat for 7 days at 30 °C and a pH of
7.0. The cultivation process was optimized by the Box-Wilson method. Using the
method of mathematical planning we designed a full factor experiment FFE 2",
which allowed us to optimize the nutrient medium for propionic acid bacteria with
the highest increase in bacterial biomass and accumulation of vitamin Bj,. We
found optimal cultivation conditions for the Propionibacterium freudenreichii bi-
omass accumulation, where the maximum biomass value at day 5 of cultivation
was 60.5 g/l with high viable probiotic bacteria cell content of 12x10"> CFU/cm’
and maximum vitamin By accumulation at day 5 of cultivation equal to
108.1 ug/ml.
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Introduction

The human body is a biological system that is closely related to its environment. As a
result of anthropogenic factors - environmental conditions, stress, inadequate nutrition, use of
antibiotics, medications, excessive consumption of carbohydrates - the composition of the gas-
trointestinal tract microflora changes qualitatively and quantitatively. In this case, normal met-
abolic function is disturbed - food is partially digested, pathogenic and opportunistic bacteria
and Candida yeasts begin to develop [1-3]. To prevent the consequences of digestive disorders
and the development of related diseases, the development and expansion of dietary
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supplements, including those based on the principles of biotechnology, are required. In partic-
ular, such products include products containing highly active live bacteria or products pro-
duced by them [4-6]. Technologies have been developed for their production in liquid or dry
forms from microbial cultures (bifidobacteria, lactobacilli, propionic acid bacteria, etc.) [7, 8],
which have high activity [9, 10].

Propionic acid bacteria are particularly interesting. They are inherently antimutogenic
and immunogenic, as well as the ability to accumulate vitamin B, during their life activity [11].
Therefore, preparations based on propionic acid bacteria are always in demand. A prospective
approach is to increase the uniqueness of the production of these preparations and to use inno-
vations in propionic acid bacteria production in order to improve the properties of the prod-
ucts. Particularly relevant to the application of preparations is the challenge of ensuring condi-
tions for increased preservation, which are primarily created by the economic environment of
the production facility. Particular attention is paid to the technology of obtaining preparations
as dry products.

The aim of the study is to find the optimum ratio of nutrient media used for the develop-
ment of propionic acid bacteria to create conditions for maximum growth of biomass of cul-
tured bacteria and the production of the largest amount of vitamin By, during their life activity.
The determining factors for the solution of this problem are: the choice of nutrient medium
and the determination of the ratio of the components, as well as the cultivation conditions (tem-
perature, pH, concentration).

Experimental part

A factor for increasing stability when removing moisture is primarily the problem of op-
timizing the composition of the nutrient medium for the cultivation of propionic acid bacteria.
Milk serum was chosen as the main component of the nutrient medium for the cultivation of
propionic acid bacteria [12]. The use of serum for the cultivation of propionate bacteria is ex-
plained by the containing of carbohydrates (lactose and glucose), lipids and milk fat, digestible
protein (casein, albumin and globulin), B vitamins, ascorbic and pantothenic acids, tocopherol,
organic acids (lactic and acetic, citric and formic), mineral components (phosphorus and mag-
nesium, calcium and chlorine, zinc and sodium, potassium and iron, iodine, cobalt and molyb-
denum), and amino acids.

We selected a nutrient medium for the development of propionic acid bacteria, on the
basis of which we tested the ratio of components to increase the accumulation of propionic acid
bacteria biomass. The components included in the medium were whey, yeast autolysate, hydro-
lysed milk, ascorbic acid, ammonium sulphate, buffer, lactose and cobalt chloride. We kept the
concentrations of: inoculum - 5% vol., CoCl, cobalt chloride at a dose of 20 mg/l, and hydro-
lysed milk concentration - 5% vol. The inoculum is a propionic acid bacteria concentrate con-
taining cells of Propionibacterium freudenreichii strains characterized by an increased second
heating temperature. By other issues the Propionibacterium freudenreichii inoculum for culti-
vation and biomass accumulation is optimal and is contained in an amount of 5% of the volume
in the nutrient medium. This amount of inoculum allows optimal biomass growth and vitamin
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B1, synthesis and leads to a cheaper final product. It is also known that the optimum concen-
tration of hydrolysed milk is 5% in the volume of the nutrient medium [13]. We took the tem-
perature of 30 °C and the process duration of 7 days in accordance with the studies of other
authors on the cultivation of Propionibacterium freudenreichii. According to preliminary tests,
cobalt chloride CoCl, at a dose of 20 mg/1 gives the highest value of vitamin B, and produces
the least suppression of bacteria during growth [14]. We took the contents of: yeast autolysate,
ascorbic acid, ammonium sulphate and lactose as variable components in the nutrient medium.
We cultured the obtained mixture in a thermostat for 7 days at 30 °C with a pH of 7.0. We
optimized the cultivation conditions of propionic acid bacteria by the method of Box-Wilson,
using mathematical planning in the construction of a complete factor experiment FFE 2", where
n - the number of varying factors [15].
The result of the two-factor experiment is a linear model:

Y = bg + byxq + byxy+...+ bpxy, (1)
where by, by, by, ..., b, - are the regression coefficients; x1, x5, ..., X, - are the values of the var-
ying factors in coded form.

We calculated the equation regression coefficients by the average results of N experi-
ments, using the corresponding formulas [16]:
- free coefficient of the equation:

N —
by = 21510, @
- regression coefficients of the i-th factor:
N . 5
b, = # 3)

where x;,, - is the value of the variable value in the column of the planning table; y,, - is the
result of the u-th experiment, the arithmetic mean value; N - is the total number of experiments;
u - is the numbering of the experiment variant; i - is the number of the factor.

The values of the coefficients affect the process if the inequality is met

by > t\/%, )

where \/S_g - is the error of finding the coefficient; ¢ - is the Student's test, which is determined
by the level of significance and the number of degrees of freedom; S7 - is the variance of repro-
ducibility.

To find the amount of bacterial biomass, we used the weighing method. According to this
method, the biomass obtained after bacterial cultivation was separated from the liquid phase in
a centrifuge and sent for weighing [17].

We define the vitamin By, content by the spectrophotometric method. According to the
method, the bacterial cells are first separated and then washed to transfer the cobalamin using
hydrolysis into an aqueous solution. The hydrolysate is then exposed to light, which converts
the cobalamin to oxycobalamin, and then the optical density is determined using a light wave-
length of 530 nm. The value obtained determines the amount of cobalamin.
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Results and Discussion

We selected the main level of varying factors based on the results of experimental re-
searches by a number of authors [13, 18]. To identify the optimal conditions for propionic acid
bacteria development, we planned and implemented a two-level full-factor FFE experiment 2*.
We considered the following as variable factors: X, - yeast autolysate concentration, %;
X, - ascorbic acid concentration, %; X5 - ammonium sulphate content, g/l; X, - lactose con-
tent, g/l. Optimisation criterion Y is the biomass of propionate bacteria. Table 1 shows the val-
ues of the factor levels.

Table 1. Factors and values of levels

Factors
Levels
Xl Xz X3 X4
Main 5.0 0.1 3.0 5.0
Variation interval 0.5 0.05 0.3 0.5
Upper 5.5 0.15 33 5.5
Lower 4.5 0.095 2.7 4.5

Table 2 shows the planning matrix. According to the plan shown, we prepared 16 media
where we presented all possible combinations of the factors studied at two levels. We conducted
biomass build-up until the end of the exponential phase for 5 days, the dose of bacterial inocu-
lum introduced being 5%. We included cobalt chloride in the medium to enhance the vitamin-
synthesising capacity of propionic acid bacteria at a dose of 20 mg/l. We conducted the experi-
ments in three iterations.

Table 2. FFE planning matrix 2*

Ne By the natural state By the coded state
item Yeast Ascorbic acid, Ammonium Lactose,
X Xa X3 Xy
n/a autolysate, % sulphate, g/l g/l

1 4.5 0.95 3.3 4.5 -1 1 -1 -1
2 4.5 0.15 2.7 55 -1 -1 -1 1
3 4.5 0.95 2.7 55 -1 -1 1 1
4 4.5 0.15 3.3 4.5 -1 1 1 -1
5 5.5 0.95 2.7 55 1 -1 -1 1
6 55 0.15 3.3 4.5 1 1 -1 -1
7 55 0.95 3.3 4.5 1 1 1 -1
8 55 0.15 2.7 55 1 -1 1 1
9 4.5 0.95 2.7 4.5 -1 -1 -1 -1
10 4.5 0.15 3.3 55 -1 1 -1 1
11 4.5 0.95 3.3 55 -1 1 1 1
12 4.5 0.15 2.7 4.5 -1 -1 1 -1
13 55 0.95 3.3 55 1 1 -1 1
14 55 0.15 2.7 4.5 1 -1 -1 -1
15 55 0.95 2.7 4.5 1 -1 1 -1
16 55 0.15 3.3 55 1 1 1 1

We processed the experimental results to obtain a linear model equation (1). Determina-
tion of values of coefficients included in the equation was done according to average results of N
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experiments according to equations (2) and (3). From the average results of the 16 experiments,
we obtained the coefficients:

b, = 43,4, b, =1,2; b, = 1,36; b; = —0,10; b, = 1,11.

The symbol (+) of the coefficient shows that the value of the factor will increase, the sign
of (—) , on the contrary, that there is a decrease in the optimization parameter, i.e. the increase
in biomass.

Significance of the regression coefficients was conducted using Student's test coefficient
according to equation (4). Student's t = 2,04, test determined at a significance level of 0.05 and
degrees of freedom:

f=m-1)N=3-1)16 = 32,
where 7 - is the number of iterations of each experiment; N - is the number of experiments
conducted.

The processing of experimental and calculated data allows us to find the value of repro-
ducibility variance S7 = 0.102. The value of the regression coefficient is an influence on the
process according to equation (4) if the inequality is fulfilled

|b;| > 2,04-,/0,102 = 0,652. ()
As a result, we determined that the inequality is not fulfilled for the third value of the
regression coefficient, so that the third factor is insignificant in the composition of the nutrient
media for propionic acid bacteria.
The regression equation therefore takes the form of

y =43,4+1,2x; + 1,4x, + 1,1x,.

Next, we did the calculation according to the steep ascent programme. For the cultivation
process, we calculated six new nutrient media. We used the baseline as the planning centre.
From the baseline we calculated steps where the value of the step is added to or subtracted from
the value of the previous level, depending on the resulting sign of the regression criterion. For
the factor that has the greatest influence, the last step is equal to its minimum or maximum
level. Thus, we defined six compositions of the ascending media. Since the third factor accord-
ing to the obtained inequality (5) has no influence on the process, the level in all compositions
remained equal to the initial one. Table 3 shows the results of the calculations.

Table 3. Media for realising a steep ascent

Medium No. X1 Xz X3 X4
1 5.28 0.17 3.0 5.28
2 5.56 0.23 3.0 5.56
3 5.84 0.30 3.0 5.84
4 6.12 0.36 3.0 6.12
5 6.40 0.43 3.0 6.40
6 6.67 0.49 3.0 6.67
Yeast Ascorbic Ammonium
Components ] Lactose, g/l
autolysate, % acid, % sulphate, g/l
Main
5.0 0.1 3.0 5.0
level
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In each of the experiments we conducted calculations of the amount of propionic acid
bacteria biomass and the amount of accumulated vitamin By, within 7 days. Fig. 1 presents the
results of biomass accumulation from the steep ascent programme presented as a graphical de-

pendence.
65
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Fig. 1. Dynamics of biomass accumulation by Pr. freudenreichii bacteria as a function of nutrient medium com-
position in a steep ascent programme

Experimental results show that the greatest accumulation of bacterial biomass occurs in
cultivation on medium number 3 (see Table 3), reaching a maximum value of 60.5 g/l on the
5th day of cultivation. The graph of changes in biomass accumulation shows that there is an
active accumulation of biomass for the first five days, after which a drop in the bacterial content
in the nutrient medium is observed. After five days of cultivation the nutrient medium is de-
pleted of components and their combined effect has no stimulus for further bacterial synthesis.

Fig. 2 presents the results for vitamin By, levels from the steep ascent programme in the
form of a graphical dependence.
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Fig. 2. Vitamin B,, accumulation as a function of nutrient medium composition on a steep ascent programme
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The optimum medium for vitamin B, accumulation is also medium number 3 (see Ta-
ble 3). The maximum value of vitamin on the 5th day of cultivation reaches 108.1 ug/ml. From
the graph of changes in vitamin By, accumulation, it can be seen that the first five days there is
an active accumulation. The maximum level of vitamin is reached on the 5th day, after which
there is a drop in the level of vitamin accumulation in the nutrient medium. Table 4 shows a
number of the most important characteristics of liquid starter.

Table 4. Qualitative data for liquid starter based on the results of optimisation

Indicators Qualitative data

A pleasant sour-milk flavour, specific to the product, with
Taste and smell
no extraneous odours

Consistency Homogeneous with moderate viscosity
Bacteria biomass, g/l 60.5
Vitamin By, pg/ml 108.1
Number of propionic acid bacteria, CFU/cm’ 12x10%
Conclusions

Using the method of mathematical planning we constructed a plan of full factor experi-
ment FFE 2". Based on the results of the optimization problem, we determined the optimum
composition of the medium and conditions for the development of Propionibacterium freuden-
reichii to achieve the highest growth of bacterial biomass with a high titer of viable cells and the
highest content of vitamin Bp. Optimal medium composition is: inoculum - 5% vol;
whey - 5% vol.; hydrolysed milk - 5% vol; cobalt chloride - 20 mg/l; yeast autolysate -
5.84% vol.; ascorbic acid - 0.30% vol.; ammonium sulphate - 3.0 g/I; lactose - 5.84 g/1. We se-
lected optimum conditions under which the maximum growth of propionic acid bacteria is
reached on the 5th day of cultivation and is 60.5 g/l with a high value of viable probiotic bacteria
cells of 12x10" CFU/cm®. The accumulation of vitamin B, is also reached at day 5 of cultivation
and amounts to 108.1 pug/ml.
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Keywords: Abstract. This paper studies the process of Cu(Il) ions extraction from aqueous

flax fibre, modification, solutions by cellulose-containing sorbents: native and modified by L-arginine

L-arginine, sodium metaperio-  flax fiber. We processed the experimental kinetic curves of copper ion sorption

date, sorption, Cu(1I) ions by pseudo-first and pseudo-second order models and obtain a high correlation
coefficient (0.99) when used a pseudo-second order kinetics model. The results
of the treatment of the sorption isotherms according to the Langmuir model
indicate the model capability for the description of the process of copper ions
sorption by cellulose sorbents. As a result of two-stage chemical modification
through the oxidation stage of linen fibre with sodium periodate and subse-
quent modification with L-arginine, we obtain a new sorbent, which can be
used to purify aqueous solutions from heavy metal ions. The paper also presents
SEM images and elemental analysis of original and modified flax fibre samples.
The infrared spectra confirms the changes occurred in the linen fibre during
modification. The obtained sorbent significantly surpasses the native linen fibre
in its sorption characteristics, as evidenced by the values of the ultimate sorption
capacity.
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Introduction

Nowadays, heavy metal ions contained in wastewater of various industries, including the
chemical, petrochemical, mining and other industries are the main source of environmental
pollution. Heavy metals are able to accumulate in the environment because, unlike organic pol-
lutants, they are not degradable by microorganisms. High levels of heavy metals in ecosystem
objects, such as plants, water bodies, soil, contribute to their accumulation in drinking water,
food raw materials and food with which they get into the human body, thereby causing serious
health problems.

© T. E. Nikiforova, D.A. Vokurova, A.R. Sofronov, 2022
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The toxic effect of heavy metals is non-specific; they are capable of combining with pro-
teins, nucleotides, coenzymes, phospholipids, i.e. with almost all types of substances involved
in cell metabolism [1, 2].

Therefore, it is necessary to develop effective methods to purify water and aqueous solu-
tions from heavy metal ions. Modern heavy metal removal technologies include chemical pre-
cipitation, sorption and membrane filtration. Sorption is the most common approach for re-
moving heavy metal ions from solutions with high efficiency and ease of operation [3].

In recent years there has been great interest in developing sorbents based on multi-ton-
nage by-products or waste products from the agricultural, textile and pulp and paper industries.
The main advantages of heavy metal ion sorption using biosorbents over traditional treatment
methods are: lower cost, availability, easy disposal, treatment efficiency, possibility of sorbent
regeneration and metal recovery.

The advantages of sorbents based on agricultural waste include renewability and safety.
They are environmentally friendly and biologically inert towards the media to be cleaned [4].
However, sorbents in their native state generally do not have a high enough sorption capacity.
The modification of sorbents based on recycled cellulose-containing raw materials is therefore
a topical issue [5-7].

The cellulose-containing sorbents are modified in various ways, such as chemical, physi-
cal, physico-chemical and biochemical in order to increase their sorption capacity [8]. The au-
thors of [9] proposed a method of removing heavy metal ions from water sources using cellulose
modified with silver and zinc nanoparticles. The sorbent obtained by heat treatment of rice
husk exhibits high sorption properties towards copper (II) and zinc (II) ions [10]. Wood pulp
modified with multibasic carboxylic acids and polyvinylpyrrolidone is capable of efficiently ex-
tracting Cu?*, Co** and Ni** ions from aqueous solutions [11]. The production of grafted copol-
ymers of cellulose with various monomers offers great opportunities for the development of
sorbents [12].

In recent years, flax fibre, produced both in our country and abroad, and its various pro-
cessing products have attracted the attention of researchers. Modified waste flax meal [13] as
well as short flax fibre, which is a by-product of flax processing, can be used to produce sorbents.
It contains pulp, hemicellulose, lignin, pectin, etc. containing various functional groups playing
an important role in the adsorption of heavy metal ions. However, electronegativity, the radius
of the hydrated ion and the interaction of ions with functional groups (-COH, -ON, -OCH3, are
the main factors affecting the biosorption process, which efficiency strongly depends on the pH
of the aqueous solution, contact time, initial metal concentration and concentration of the bio-
sorbent [14-16]. The effectiveness of untreated linen fibre as a sorbent was revealed to reach
8.32;13.35 and 7.12 mg/g [15], and 9.9; 10.7 and 8.4 mg/g for Cu**, Pb** and Zn** ions, respec-
tively [16]. To increase the sorption capacity of short flax fibres, they are modified in various
ways [17, 18].

The aim of this study is to develop a new cellulose-containing sorbent based on short flax
fibre by moditying it.
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Main body

Research objects and reagents. The object of the study was flax fibre (GOST 9394-76.
Flax fiber short. Technical conditions), which is a by product of flax industry processing of the
following composition, %: pulp (75-78), hemicellulose (9.4-11.9), lignin (3.8), pectin sub-
stances (2.9-3.2), waxy substances (2.7), nitrogenous substances per protein (1.9-2.1), mineral
substances (1.3-2.8) [19].

To remove the impurities, the flax fibre was pre-boiled in a 5% aqueous NaHCO; solution
for 30 min at solution/sorbent modulus 20, washed with distilled water to pH = 7 and dried to
a constant weight.

We used CP reagents: NH-C(NH,)NH(CH;)3;CH(NH,)-COOH (L-arginine), NaIO, (so-
dium iodide), CuSO4-5H,0 (copper (II) sulphate).

Kinetics and sorption isotherms. The kinetics of the sorption of heavy metal ions was
studied under static conditions and periodic stirring using the limited solution volume method.
The initial concentration of metal ions was 1.5-10* mol/l. At certain intervals the solution was
separated from the sorbent by filtration and the current concentration of metal ions (Cr) was
detected by atomic absorption spectroscopy by 210 VGP. The sorption capacity of the sorbent
at particular time (g, mg/g) was calculated according to the formula
_G-C) (1)

m

q

where G, is the initial concentration of metal ions in the solution, mg/l; C: is the concentration
of metal ions at time 1, mg/l; m is the weight of the sorbent sample, g; V is the volume of solu-
tion, 1.

When sorption isotherms were taken in steady-state equilibrium conditions in the sys-
tem, the equilibrium concentration of metal ions in solution was determined and the equilib-
rium sorption capacity (A, mol/kg) was calculated:

A= G-0), 174 2)
m
where C; and C are the initial and equilibrium concentration of metal ions, respectively, mol/l;
m is the mass of the sorbent sample, kg; V is the volume of solution, .

The relative error of the experiments was calculated by the data of the kinetic experiments,
which point of it represents the average of two parallel experiments. The error of the experiment
did not exceed 10%.

IR spectra of native and modified flax fibres were recorded by Avatar 360 FT-IR ESP in
the range 400-4000 cm™. Samples for analysis were prepared by mechanically grinding and then
thoroughly contusing the sorbent in an agate mortar with spectrally pure KBr.

Flax fibre modifying. In order to increase the absorption properties of the flax fibre, it
was chemically modified with L-arginine. The developed method includes the oxidation of flax
pulp with sodium metoperiodate to form dialdehyde cellulose and its subsequent treatment
with L-arginine.
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The oxidation of flax cellulose with sodium salt of iodine acid to form dialdehyde cellulose
was carried out as follows. A sample of linen fibres was placed in a flask with a lapped plug and
poured with 0.1 N aqueous NalO, solution (pH = 2) at a solute/sorbent modulus of 15-50. The
flask was shaken thoroughly and placed in a dark place, and samples were taken periodically to
detect the residual concentration of IO, ions in the solution. After completing the oxidation
reaction with sodium metaperiodate the insoluble fraction was separated by decantation from
the solution, washed successively with 1-1.2 L water with hydrochloric acid (pH = 1), 1-1.2 L
acetone/water mixture and dried. The resulting dialdehyde cellulose in flax fibre was then mod-
ified with L-arginine. For this purpose, the NalO,-oxidised flax fiber was placed in a flask with
a 1% solution of L-arginine at modulo 1:50 and incubated at 40-45 °C and pH = 7-10 for
45-60 min with continuous stirring of the reaction mixture. After refrigeration, the reaction
products were washed with distilled water to neutral pH and dried.

Results and Discussion

We obtained the kinetic curves of Cu (II) ions sorption in order to determine the param-
eters characterising the sorption properties of the modified linen fibre. Fig. 1 shows the experi-

mental results. 7
According to the data obtained, the 3 6 2
modified linen fibre is significantly more
efficient at extracting copper ions than the *
unmodified one. The time for reaching ad- 41 o

sorption equilibrium in the heterogeneous
system "aqueous copper sulphate solution
- sorbent” is 15 minutes.

The experimental data were pro- 1

1
cessed using pseudo-first and pseudo-sec- o e wa—— "

ond kinetic models using the least squares

. . . . Ty mi
method using OriginPro software. Kinetic . , , > i
Fig. 1. Kinetics of Cu (II) ions sorption from aqueous so-

parameters of copper ions sorption by na- lutions by flax fibre: 1 - unmodified; 2 - modified by L-ar-
tive and modified by L-arginine flax fiber ginine

from aqueous solutions found as a result of

processing of kinetic curves of Cu (II) ions sorption are presented in Table 1. The data obtained
for native and modified flax fibres show that the treatment with a pseudo-second-order model

is the most correct, with correlation coefficients of 0.99.

Table 1. Kinetic parameters of copper ions sorption by native and modified by L-arginine flax fiber from aqueous

solutions
Cu (D) Pseudo-first-order model Pseudo-second-order model
qe> Mg/g ki, mg-min/g R’ qe> Mg/g ki, mg-min/g R’
Native flax fibre 0.74 0.24 0.95 0.736 1.03 0.99
Modified flax fibre 5.36 0.195 0.92 5.78 5.8 0.99
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To determine and compare maxi-
mum sorption capacity (A=) of native and

modified flax samples, isotherms of Cu(II) 2
ions sorption from aqueous solution were .
obtained (Fig. 2). 2
The experimental data obtained can g 14
be described by the Langmuir adsorption < . —= 1
isotherm equation:
_ A K-C 3) 0 . : . : . .
(1 +R‘ . Ce) ? 0.00 0.01 0.02 0.03 0.04 0.05 0.06

Ce, mol/l
where Aw is the limiting, or maximum, Fig. 2. Isotherms of Cu (II) ion sorption by flax fibre:

sorption capacity of the polymer for a given 1 - native; 2 - modified by L-arginine

metal, mol/kg; K is the concentration constant of sorption equilibrium, characterizing the in-

tensity of the sorption process, 1/mol; C. is the equilibrium concentration of the sorbate, mol/l.
Linearisation of the sorption isotherm by equation (2) makes it possible to determine

graphically in the Langmuir equation the values A= and K from the experimental data on the

distribution of the sorbate under study in the heterophase aqueous solution-sorbent system.

Ce_ Ce, I )

A A A K
o0 o0
The results of the isotherm of copper ion sorption using the Langmuir least-squares

model are shown in Table 2.

Table 2. Treatment parameters for isotherms of Cu(II) ion sorption using the Langmuir model

Correlation
Sorbent 1/Ax 1/AxK ) A, mol/kg
coefficient
Native flax fibre 1,462+1,6-102 1,3-10%+3-10* 0.99 0.83
Modified flax fibre 0,515+0,9-10 1,3-103+2-10* 0.99 1.84

The results obtained by treating the sorption isotherm using the Langmuir adsorption
model indicate that the ultimate sorption capacity of flax fibre (A ..) increases for Cu (II) ions
from 0.83 to 1.84 mol/kg when treated with L-arginine.

The examination of samples surface of raw flax fibre and flax fibre oxidised with sodium
metaperiodate by scanning electron microscope (SEM) "VEGA3 SB" shows, that under the in-
fluence of modification the micro relief of surface layer of samples changes (Fig. 3, a, b).

The surface of native flax fibre (see Fig. 3, a), is heterogeneous, with many folds and in-
clusions, due to the fact that flax fibres are formed from elementary fibres bonded together by
lignin, pectin and amorphous polymers of the secondary cell wall When native sample is oxi-
dised by sodium periodate (see Fig. 3, b), the fibre structure is smoothed and various inclusions
are removed from the surface, resulting in a change in the surface layer. The surface of the

sorbent becomes more homogeneous and smooth.
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Fig. 3. SEM images of flax fibre surface: a - native flax fibre; b - flax fibre oxidised with sodium metoperiodate

The elemental composition of the flax fibre before and after oxidation with sodium
metaperiodate and before and after sorption of Cu (II) ions is shown in Fig. 4 and 5, respectively.
The content of oxygen in the sample of oxidized flax fibre (see Fig. 4, b) increases noticeably in
comparison with the original sample (see Fig. 4, a), while the sorption of Cu ions by the oxidized
sample (see Fig. 5, b) is almost absent, whereas 1.78 % Cu is detected on the surface of the native

fibre. This indicates the presence of the meta-periodic oxidation process of dialdehyde cellulose
that is not capable to sorb metal ions.

] EI clement weight% J1¢] clement weight%
] c 56.83 ] [< 48.85

] O 42.32 20— o 51.07
Na 0.17 1 Al 0.04

1 Mg 0.08 ] Ca 0.04
40 S 0.04

K 0.13
Ca 043

Imr/sec/eV
c]
Imr/sec/eV

20+

J 8 __m B5Ee

a b
Fig. 4. Elemental analysis of flax fibre samples: a - native flax fibre; b - flax fibre oxidised
E element weight% 1 L_CJ [ element weight%
] C 54.84 ] C 45.65
] @ o 5305 ] o 5407
S 0.33 404 S 0.06
20 Cu 178 h E Cu 0.12
% 3 ]
E 2
E £
2] E = 20
e G [o UL ) [c]
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Fig. 5. Elemental analysis of flax fibre samples after sorption of copper (II) ions: a - native flax fibre; b - flax fibre
oxidised

To confirm the formation of dialdehyde cellulose when treating flax fibre in sodium
metaperiodate solution, IR spectra were taken of raw and oxidised flax fibre in NalO, solution
(Fig. 6, spectra 1-2). A comparison of the IR spectra shows the marked changes during flax fibre
oxidation process. Thus, in the spectrum of flax fibre containing dialdehyde-cellulose, an in-
crease in intensity and a slight shift of the absorption band corresponding to the valent vibra-
tions of the C=0 bond in aldehydes and acids is observed in comparison with the spectrum of
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the original flax fibre from the position 1632 cm™ to 1638 cm™. In the spectrum of the oxidised
sample the peak at 1739 cm!, which was present in the spectrum of native flax and corresponds
to the valent vibrations of the carbonyl group for carboxylic acids, has disappeared. Thus, the
IR spectrum of the oxidised flax fibre indicates the appearance of aldehyde groups in the oxi-
dized sorbent.

IR spectrum 3 in Fig. 6 is obtained for flax fibre oxidised with NalO, and treated with
L-arginine. A comparison of the IR spectrum of oxidised flax with that of oxidised and L-argi-
nine-treated flax reveals the following differences. In the spectrum of flax fiber 3, oxidised and
modified with L-arginine, a shift of absorption band as compared with the spectrum of oxidised
flax fiber from position 1638 cm™ to position 1648 cm™ is observed, which may be due to valent
vibrations of carbonyl group for aldehydes and carboxylic acids as well as strain vibrations of
N-H bond in amides. In addition, a significant shift of the absorption band from the 1280 cm™
position to the 1271 cm™ position, where valence vibrations of the C-N bond in amides are
present, is observed in the IR spectrum of flax fiber modified with L-arginine compared to the

IR spectrum of oxidized flax fiber.
100 - 2

80 -+
60 -

40

Transmittance, %

20

0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0

Wave number, cm™!

Fig. 6. IR spectra of flax fibre: 1 - native flax fibre; 2 - oxidised flax fibre; 3 - flax fibre oxidised and treated with
L-arginine

Thus, when the sorbent is modified, L-arginine is fixed on its surface. The interaction of
the amino acid L-arginine with aldehyde groups of flax pulp is carried out with the formation
of an amide bond and an increase in the content of carboxyl groups in the fibre structure, which
is confirmed by infrared spectra.

Conclusions

Thus, we obtain the sorbent for purifying aqueous solutions from heavy metal ions by
chemical modification of flax fibre and study its sorption properties towards Cu(II) ions.

By the study, the modification of the natural polysaccharide material involves oxidation
of flax fibre with sodium metaperiodate and subsequent treatment of the resulting dialdehyde
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cellulose with L-arginine. It is providing the creation of sorption-active functional groups on

the surface of the polysaccharide material during the modification process.

L-arginine-modified flax fibre has good equilibrium-kinetic characteristics and can be

used as a sorbent for the purification of aqueous solutions from heavy metal ions.
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QUANTUM-CHEMICAL STUDY OF THE CARBOXYLATION REACTION
OF 4-AMINOPHENOL, 4-ACETYLAMINOPHENOL AND THEIR SALTS
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Keywords: Abstract. We studied the reaction mechanism of 5-aminosalicylic acid by carboxylation
carboxylation, of 4-aminophenol, 4-acetylaminophenol and their sodium salts by interaction with carbon
4-aminophenol, dioxide using the quantum density functional method. We calculated the changes in total
4-acetylaminophe- electron energy and Gibbs free energy of the components as a result of the reaction and
nol, 5-aminosalicylic ~ performed a multidimensional scan of the potential energy surface. The scan analyzed the
acid, mesalazine, change of total electron energy at different distances between the carbon atom in the car-
thermodynamic bon dioxide molecule and the carbon atom in the benzene ring to which the bonding takes

functions, Gibbs free  place. We have shown that 4-aminophenol and 4-acetylaminophenol are not able to react

energy as it is thermodynamically unfavourable. At the same time, the salts of 4-aminophenol
and 4-acetylaminophenol are ready to reaction. The difference between using 4-amino-
phenol and 4-acetylaminophenol is not significant. This makes it possible to use 4-acetyla-
minophenol, which is more resistant to oxidation and less toxic, as a starting compound.
We proposed a mechanism for the carboxylation of 4-acetylaminophenol salt based on a
multidimensional scan of the potential energy surfaces of the reacting particles. In order to
experimentally confirm the feasibility of this reaction we conducted a gas-phase catalytic
carboxylation of sodium 4-acetylaminophenolate prepared in situ from 4-acetylamino-
phenol and sodium carbonate. We conducted the reaction at 190 °C for 2 hours at 3 MPa
carbon dioxide pressure without using a solvent. The structure and purity of the 5-ami-
nosalicylic acid obtained (47% yield) have been validated by various physico-chemical
methods. This method for the synthesis of 5-aminosalicylic acid is prospective for industrial
implementation.

For citation:

Varvarkin, S.V., Soloviev, M.E. & Gerasimova, N.P. (2022) Quantum-chemical study of the carboxylation reaction
of 4-aminophenol, 4-acetylaminophenol and their salts in the synthesis of 5-aminosalicylic acid, From Chemistry
Towards Technology Step-By-Step, 3(3), pp. 87-92 [online]. Available at: http://chemintech.ru/in-
dex.php/tor/2022tom3no3

Introduction

5-Aminosalicylic acid (5-ASA) is the structural isomer of 4-aminosalicylic acid (para-
aminosalicylic acid, PASA), differing by the position of the amino group. PASA was the first
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synthetic drug to find widespread practical use in the treatment of tuberculosis. Although the
first information on the synthesis of PASA was published in 1902 [1] and there were discovered
more effective anti-tuberculosis drugs, PASA and its derivatives still retain their importance as
components of combined tuberculosis chemotherapy up today.

Unlike PASA, 5-ASA does not have anti-tuberculosis activity. It has an anti-inflammatory
effect, partly similar to that of non-steroidal anti-inflammatory drugs (salicylates), as well as an
immunomodulatory effect. Original 5-ASA was part of the sulphosalazine molecule, but later it
was used as a stand-alone drug, mesalazine [2]. Mesalazine is the basic treatment for inflamma-
tory intestinal diseases, such as non-specific ulcerative colitis and Crohn's disease, in the mild
to medium acute stage and for the prevention of relapse (3-5). Mesalazine is produced as gas-
tric-resistant tablets, suppositories, modified-release pellets and enemas [6]. 5-ASA is included
in the list of vital and essential medicines for medical use in the Russian Federation under code
A07EC. 5-ASA is also used in industry in the production of azo dyes, for the creation of complex
chromium dyes [7] and for the production of light-sensitive paper.

The main current methods of producing 5-aminosalicylic acid are the reduction of 5-phe-
nylazosalicylic acid (5-PHASA) and the nitration of salicylic acid followed by the reduction of
the nitro compound to an amine.

Aniline and salicylic acid are used to produce 5-PHASA, and its reduction produces
5-ASA and aniline. Although the initial compounds are readily available and cheap and the
reaction conditions are relatively mild, the use of toxic aniline in the process creates hazardous
working conditions and requires careful purification of the target product, which significantly
increases its cost [8-10].

Nitration followed by reduction of the nitro compound has replaced the previous method
in some industries. The total absence of toxic products and the relatively mild conditions have
made this method attractive for the producers. However, nitric acid, which is a strong nitrating
agent, makes the process, although fast, insufficiently selective: in addition to 5-ASA, 3-ami-
nosalicylic acid is also obtained. It can be as much as 20% of the mass of the final product.
Because of the similar physical properties of the isomers it is difficult to separate them, which
increases production costs [11-14].

The carboxylation of 4-aminophenol with carbon dioxide is a prospective method for the
production of 5-ASA. This method is based on the Kolbe-Schmidt reaction, which is used in
industry to produce salicylic acid from phenol, PASA from 3-aminophenol [15], etc. The pro-
cess takes place at increased pressure and temperature [16] in the presence of potassium or
sodium carbonate or hydrocarbonate as additional carbon dioxide sources and catalysts [17].
In order to lower the reaction temperature, studies have been conducted on the use of enzymes
during the process [18].

Obtaining 5-ASA by carboxylation requires very high pressure level. A pressure of 6 to
9 MPa is required for good diffusion of carbon dioxide into an aqueous solution of 5-ASA [19].
However, such conditions require very expensive equipment. Due to the development of Green
Chemistry and in order to improve the carbon dioxide contact with 4-aminophenol, it is advis-
able to conduct the process without solvent. The carboxylation reaction itself of a dry starting
compound is quite long, but if silicon or aluminium oxides are used as a catalyst, the process is
relatively fast and does not require very high pressure.
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However, 4-aminophenol is known to be toxic and easily oxidized. In order to solve this
problem, 4-acetylaminophenol can be used as a starting compound. It is much less toxic and its
amino group is protected from oxidation by an easily removable acetyl group.

In this way, we see new possibilities for the production of 5-aminosalicylic acid, poten-
tially providing lower process costs and better environmental performance. Therefore the aim
of the present paper was to quantum-chemically investigate the carboxylation reactions of so-
dium 4-acetylaminophenolate with carbon dioxide in comparison with sodium 4-aminophe-
nolate (see scheme below).

Na
Na“‘D oH O

CcOo 0]

_NH -MNH

R=H, COCH;
Main body

We calculated the total electron energies and thermodynamic functions of the
compounds involved in the reactions using the quantum-chemical density functional method
with the hybrid DFT B3LYP/6-311G**, which provides a sufficiently high accuracy of
geometry determination at relatively low computer requirements, using the ORCA software
package [20-22]. By the calculation the initial compounds and reaction products were opti-
mized and the conformations with the lowest potential energy were found as a result. In these
conformations the total electronic energy of the compound and the Gibbs free energy [23] in
the ideal gas state at 293.15 K were calculated. The results of the thermodynamic function cal-
culations in the paper are given in kJ/mol.

Table 1 shows the calculated values of changes in total electron energy and Gibbs free
energy in the carbon dioxide carboxylation reactions of 4-aminophenol and 4-acetylaminophe-
nol as well as their sodium salts. According to the results obtained, both 4-aminophenol and
4-acetylaminophenol are unable to react with carbon dioxide in the carboxylation reaction.
However, when their sodium salts are used the reactions become thermodynamically favoura-
ble. In this case the difference in the changes of the thermodynamic functions for both reagents
is insignificant.

Table 1. Changes in thermodynamic functions for carboxylation reactions under gaseous conditions

Reaction AE, kJ/mol AG, kJ/mol
Carboxylation of 4-aminophenol 106.6 102.6
Carboxylation of 4-acetylaminophenol 92.18 90.29
Carboxylation of sodium 4-aminophenolate -33.84 -36.04
Carboxylation of sodium 4-acetylaminophenolate -33.75 -34.12

In order to study the reaction mechanism a multidimensional scanning of the potential
energy surfaces of the reacting particles was conducted using the reaction of carboxylation of
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sodium 4-acetylaminophenolate as an example. We have calculated various fixed distances be-
tween the CO; carbon atom and the carbon atom in the benzene ring where the bonding takes
place by the conditional optimization method. Fig. 1 shows the dependence of the total electron
energy of the reaction complex on the considered reaction coordinate, as well as the confor-
mation of the reacting particles at different stages of the reaction.

-227T1100
-2271200

-2271300

=2271400

-2271500

E,kl/maol

-227T1600

-2271700

2271800
35 3 25 2 15 1

Distance, A

Fig. 1. Diagram of the energy variation of the complex of sodium 4-acetylaminophenolate and carbon dioxide
molecules as a function of the distance between the carbon atoms of CO, and the benzene ring

As the analysis shows, when carbon from a carbon dioxide molecule is bonded to a carbon
atom from the benzene ring, the sodium 4-acetylaminophenolate molecule changes its structure
at the energy maximum, after which the structure is reduced, a carboxyl group is formed as a
sodium salt and the hydrogen atom from the carbon from the benzene ring is bonded to the
hydroxyl group oxygen.

Based on this calculation we can present the following possible mechanism for the car-
boxylation reactions of the sodium salts of 4-aminophenol and 4-acetylaminophenol with car-
bon dioxide on the example of the sodium salt of 4-acetylaminophenol:

H
H H i
AY
Og\ \Na 0=C=0 D:< Na —— Dg\ 5 "Na—-O:< /Na
' c—0
c CH, c=0 CH oy

H = , c=0 CH
2

!
i o}
o}

In order to experimentally check the feasibility of this reaction, a trial synthesis of 5-ASA
was conducted according to the proposed scheme. The yield of the desired product was 47%
and its structure and purity were confirmed by various physical and chemical methods. This
method of 5-ASA synthesis is notable for its environmental friendliness and relatively low cost
of the process.

Methodology of the experiment

We conducted thin layer chromatography (TLC) on Silufol UV 254 plates in a solvent
system ethyl acetate-methanol-25% ammonia solution (80:25:3), using an iodine camera and a
UV light to observe the results. The 1H NMR spectra were recorded on a Varian UNITY plus
spectrometer with an operating frequency of 400 MHz. IR spectra were obtained with a Perki-
nElmer UATR Two IR spectrometer. We measured the melting point on an Electrothermal
1102D Mel-Temp melting point tester.
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Methodology for the synthesis of 5-aminosalicylic acid

In a 50 ml autoclave we added 1.5 g (0.01 mol) of 4-acetylaminophenol, 1.7 g (0.016 mol)
of sodium carbonate, 0.78 g (0.013 mol) of silicon dioxide and then injected carbon dioxide to
perform the carboxylation reaction at 3 MPa. We conducted the reaction at 190 °C for 2 hours,
after which we cooled the reaction mass to 80 °C and added 150 ml of distilled water to dissolve
the sodium salt of 5-ASA. We purified the solution with activated carbon, the filtrate was acid-
ified with 20-30% hydrochloric acid solution to pH = 4. After cooling down we filtered off the
precipitate of 5-ASA, washed with water and dried. The yield: 0,7 g (47%). T.melt. 280-282 °C
[13]. Spectrum 'H NMR (DMSO-ds), 8, ppm: 6,70 d (J=8,8, 1H, Haom), 6,92 dd (J=8,8, J=2.9,
1H, Huom ), 7.24d (J=2,9, 1H, Huwom). IR-spectrum, v, cm™: 950 sl (OHaer), 1135, 1192 sl
(Carom-OH), 1244, 1267 s (-OHya), 1315 s (C-N), 1450, 1489, 1580 s (C-Cya), 1620 s (NHaaer),
1650 s (C=Ova), 2555, 2785 (-OHya), 3240 (OH.4), 3438 (NH.).

Results and Discussion

As a result of the quantum-chemical calculations the possibility of carboxylation of so-
dium salts of 4-aminophenol and 4-acetylaminophenol by carbon dioxide by the Kolbe-
Schmidt method in the synthesis of 5-aminosalicylic acid has been substantiated and a probable
reaction mechanism has been described. We demonstrated that the reaction is only possible
with phenol salts, the phenols themselves are not able to enter into reaction. Experimental con-
firmation of the possibility of the reaction under study was obtained - the synthesis of 5-ami-
nosalicylic acid from sodium 4-acetylaminophenolate and carbon dioxide was successfully per-
formed.
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Abstract. The paper presents the analysis on chemical, thermal and electro-
chemical stability of some aromatic macroheterocycles (MHC) of porphyrin
(H2P) class as well as their benzo- and aza-analogues, establishes electronic and
structural factors determining the rate of pigment destruction in the presence of
oxidant. The values of redox potentials of porphyrin-, tetraaz-, tetrabenzo-por-
phyrin- and phthalocyanine-type MHCs correlate with the temperatures at
which their thermo-oxidative degradation starts and the decomposition rates in
oxidizing media. The combined benzo- and azamer substitution in H,P mole-
cules leads to their destabilisation with respect to oxidants, the situation depend-
ing strongly on the nature of the oxidant (H,O,, S;0s*- and NOs), the solvent
(H.SO4, HOACc) as well as the nature of the metal in the molecule. The polymer
state or spatial distortion of the MHC has a significant influence on the re-
sistance to oxidising agents. The reaction mechanisms of oxidation of label-free
porphyrins and phthalocyanines by hydrogen peroxide are shown to be identical.
In both cases, the reaction centres of MHCs are N-H-bonds, either in the meso-
position (H;Ps) or in the coordination cavity of the HN,molecule (H,P), and
the pigments are cleaved to colourless products.
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of porphine and phthalocyanine derivatives in oxidizing media, From Chemistry Towards Technology Step-By-Step,
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Introduction

The stability of porphyrins (H,P) and their complexes in redox environments is among
the practically important issues. This fact is related to the fact that natural porphyrins, such as
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chlorophyll in the structure of green leaves, haem in haemoglobin as well as cytochromes, cat-
alases and peroxidases, are constantly in contact with oxidants (O,, H.O,, HO,,NO;, NOs™ etc.)
under conditions of their biogenesis and functioning in a living cell [1-4]. Synthetic H,Ps and
their metal complexes (MPs) such as porphin (I) and its derivatives (compounds II-IV, X), as
well as benzo- and aza-analogs (compounds V-IX), in particular, various phthalocyanines
(H,Pc and MPc), are used as catalysts in oxidation reactions of organic compounds [5-10], pho-
tosensitizers for technical and biomedical applications, are used in photodynamic therapy
(PDT) for cancer and infectious diseases [11-21] and are also constantly in contact with oxi-
dants. Because of their particular importance, issues related to the stability of H,P and H,Pc in
oxidizing environments have been investigated and discussed in a number of monographs, re-
views and original papers [2-5, 13, 14, 22].

R R R S N\ N X
N N \ NH N_
R »
1 1 \ / X X
N HN \ /
R R, R A

R=R =H V. X=CH
R=Alk;R;=H X=N
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O 0 \_/~ \ / C,H;
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N N HN
|
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Porphyrins and phthalocyanines have low values of normal redox potentials [2, 23, 24],
therefore they are thermodynamically unstable systems in oxidizing environments [3-6, 22].
As a result, they are easily subjected to chemical, photochemical and electrochemical redox
transformations [25-29]. The ease of occurrence of these transformations essentially depends
on a number of factors, including features of the structure of the macroheterocycle itself, donor-
acceptor characteristics of the functional substituents on the periphery of its molecule, the na-
ture of the oxidizing environment, etc. [22, 26, 27]. The structure-dependent processes under
study are the basis of the light stage of photosynthesis, the functioning of haemoglobin and
H,P-based enzymes [1, 4, 25].

When porphyrins lack functional groups capable of redox processes, the oxidation rate of
their molecules can serve as a characteristic of their boundary molecular orbitals. The magni-
tude of the energy gap NVMO-VZMO macrocycles with predominantly planar structure
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(compounds I-III) and their complexes with metals obtained from the ESP, consistent not only
with the results of quantum-chemical calculations, but also with electrochemical data presented
in Table 1, according to which the difference between the first potential oxidation and reduction
of porphyrins proper is usually (2.25£0.15) V [3].

Table 1. Half-wave potentials (Ey;) of the oxidation of porphyrins, their aza- and benzo-analogues [24, 29]

Compound Solvent Comparison E.°, B Ex°% B AECxRed B
electrode
H,P, 1 - - 0.91 - -
Ha(B-Et)sP, 11 DMF SCE 0.96 1.19 2.30
Zn(B-Et)sP CH,Cl, SCE 0.63 1.02 2.24
H,(-Et)sChl n- - 0.64 1.18 -
PrCN
H,(ms-Ph),P, III DMF SCE 1.11 - 2.19
Zn(ms-Ph),P DMF SCE 0.86 1.04 2.21
H,(ms-4-Tol),Chl CH.Cl, SCE 0.74 0.98 -
H,TAP,V 0-DCB QRE 0.82 - 2.52
(Fc'/Fc)
H,TAChI 0-DCB QRE 0.64 - 1.77
(Fc'/Fc)
H,Pc, VII CH,Cl, SCE 0.93 1.14 1.71
H,TBP, VI DMSO SCE 0.55 - 1.68
ZnTBP DMF SCE 0.38 - 1.86
Zn(B-Et)s(ms-Ph),P - - 0.47 - -
H(N-Me)(ms-4-Tol),P CH,Cl, SCE 0.70 1.10 -

SCE and QRE (Fc'/Fc) are saturated calomel electrode and ferrocene electrode, respectively.

Most H,Ps generally undergo a reversible two-step electrochemical oxidation and
reduction of the macrocyclic system [3, 23, 24]. The reduction potentials S (Ei,) averaged
for predominantly planar - (in particularfy -octaethylporphyrin or ethioporphyrin II) and
meso-substituted porphyrins (for example meso-tetraphenylporphyrin III) are -(1.3£0.3) V
and -(1.7£0.3) V, and oxidation potentials +(0.7£0.3) V and +(1.1£0.3) V (see Table 1) [23].
In [28] full electrochemical characterization of a number of aza- and benz-substitution prod-
ucts of porphyrins - phthalocyanine ligands (H,Pc, in particular, unsubstituted compound VII)
and tetraazaporphyrins (H,TAP, V) is given and it is found that all these compounds are able
to give two, and take up to four electrons. It can be said that expansion of the aromatic
n-system of MHC, e.g. due to tetrabenzo- or tetranaphtho-substitution in molecules VI-IX,
for example in the series H,TAP (V) - H,Pc (VII) - H,NPc (VIII, naphthalocyanine) results in
a significant decrease of the first oxidation potential. This tendency to change the value of
E1x%, so as sligtly increase Ei,*!' in the case of tetra-tret-butyl-substituted compounds:
H,(f-tert-Bu),TAP (1.31; -0.74) — Ha(S-tert-Bu)sPc (0.95; -0.80) — Hy(f-tert-Bu)sNPc (0.65; -0.89).
A gradual decrease of the oxidation potentials also occurs in the series:
porphyrins (0.9+1.1) < porphyrazines (0.7+0.8) < tetrabenzoporphyrins (H,TBP, 0.5+0.7) [29]
(see Table 1). Conversion to metal complexes, in particular to complex compounds of H,P with
Zn(II) (see Table 1), also markedly reduces the oxidation potentials of MHC, usually by
(0.25-0.30) B at the first step.
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The values of redox potentials of porphyrin-, tetraaz-, tetrabenzo-porphyrin- and phthal-
ocyanine-type MHCs correlate with the temperatures at which their thermo-oxidative degra-
dation starts and the decomposition rates in oxidizing media. Thus, according to the data of
[27], the oxidation rate constant for the ethioporphyrin ligand (H,(f-Alk)s P, II) alkylated at all
eight P-positions of the molecule is only (3.05-10-4) ¢! with benzoyl peroxide. The Ey/; value of
the H,P ligand depends not only on the type of the aromatic molecule and the nature of the
substituents, but also on the nature of the coordinated metal and the extraligands in the com-
plex. In [30] the kinetics of oxidation of pheophytina (label-free chlorophyll a, compound X)
and its complexes with Cu(II), Co(II), Ni(II) and Fe(II) in ice-cold acetic acid (HOAc) in the
presence of potassium nitrate was studied. The oxidation reaction proceedsmonomolecularly,
regardless of the nitrate concentration, and the introduction of the metal into the MHC cataly-
ses the pheophytin oxidation process.

Table 2. Kinetics of oxidative degradation by hydrogen peroxide and potassium nitrate of nitrogenous macrohet-
erocycles [22, 30, 36]

Reaction
Concentration H,O,, | effective rate constant
Macroheterocycle Solvent ] ) order
mol-]"! k.8, c1103 n
H:0:
17M H,SO, 0.12 1.77 1
HyPc, VII 17M H,SO4 KNO; very rapidly

(6.6510*mol I')

ZnPc 17M H,SO, KNO; 0.30 -
(7.77-10° mol/1'")

H,Chl, X 17.3M HOAc KNO; 0.02 0
(6.83:10 mol/I*)

Chlorophyll (MgChl) 17.3M HOAc KNO:s 0.02 0
(6.83:10° mol/I*")

17M H,SO4 0.281 2.90 1

Polymer KNO; very rapidly -
phthalocyanine* (4.91'10mol/1")

(H2Pc)iz612 (NH,)2S,05 4.70 1
(5.0010mol/1")

H,Pc, VII 17M H,SO, (NH4),S,05 1.30 1
(5.00-102mol/1?)

H,TPyPA, IX 17M H,SO, 0.302 0.17 0.7

* The first rate constants are given (i is maximum).

The combined benzo- and aza-substitution in porphyrin molecules leads to their desta-
bilization towards oxidants [22, 27]. However, the situation strongly depends on the nature of
the specific oxidant, the environment, and the nature of the metal in the MR composition. Thus,
the localization of the oxidation reaction centre and the mechanisms of the process proved to
be fundamentally different for phthalocyanine VII and its complexes when reacted in the pres-
ence of peroxides in nitrobenzene [27] and in sulphuric acid [30]. In sulphuric acid, the locali-
zation site is a single target protonated meso-nitrogen atom. Moreover, due to changes in the
environment, those MRs that were passive may end up among the active ones, and vice versa.
In [31] oxidative degradation of tetrabenzoporphine (H,TBP, tetrabenzocondensedporphyrin VI),
as well as its sulfo-, nitro-, amino- and other derivatives by potassium persulfate in acetic and
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sulfuric acids was studied. All benzoporphyrins were less oxidation stable than phthalocyanine
except H;TBP(SOsH) 4, which was an order of magnitude more stable than H,Pc. These facts are
in agreement with the data on the oxidation potentials of compounds VI and VII (see Table 1).

The authors [32] studied the kinetics of oxidative degradation of 7-electron-deficient
tetra-2,3-pyridinoporphyrazine (H,TRura, IX, a product of additional tetraazazamenation) and
its complexes with hydrogen peroxide in 17M H,SOs. The order of reaction on H,O; is unity,
and value of true constant (k,, 1-mol'-s') varies from 1.72-10* at H,TPyPA to 0.126 at
PdTPyPA, that is these compounds are 10-100 times more stable in comparison with appropri-
ate phthalocyanines [22].

The paper [27] shows that the oxidation rate of ethioporphyrin (II, k = 3.05-10* s!), tetra-
benzoporfine (VI, k = 15107 s™), tetraazaporphine (V, k = 3.9-10° s!) and phthalocyanine
(VIL k = 2.43-10* s') benzoyl peroxide correlate as 1 + 500 + 0.01 + 80 [27]. Thus, tetra-
benzosubstitution leading to an expansion of the aromatic n-system of H,P and a lowering of
the oxidation potential of the macroheterocycle dramatically decreases its resistance to oxidiz-
ing agents, whereas the electron acceptor tetraase substitution, on the contrary, decreases the
oxidation rates. The combined effect of tetrabenzo- and tetrasubstitution in phthalocyanine
leads to a slightly lower oxidant resistance compared to H,P.

Another option for conducting oxidative processes is the degradation of MHCs by oxygen
at elevated temperatures [29, 33-35]. The tendency of the macroheterocycles under study to
thermo-oxidative degradation in the presence of air oxygen increases with the decrease of the
initial temperature of mass loss process (., °C) in the series of ligands (1) and their metal com-
plexes (2) [29, 33].

H,Pc (VII, 460) > H(ms-Ph).P (III, 407) > Ha(B-Et.Bus)P (IL, 400) > H(N-Me)(ms- (1)
Ph),P (240) ~ Hy(B-Ph)s(ms-Ph),P (IV, 244)

ZnTBP (345) > Zn(ms-Ph)4P (340) > Zn(pB-Et:Buws)P (325) > (AcO)Zn(N-Me)(ms- )
Ph).P (230) > Zn(B-Ph)s(ms-Ph).P (211)

These data allow us to note a decrease in the thermal stability of MHCs both in the series
of ligands and their zinc complexes as the aromaticity of the molecules decreases and the non-
planarity increases in the transition to strongly nonplanar multiply substituted compounds,
e.g. IV. The highly aromatic H,Pc (VII) and the zinc metal complex with H,TBP (VI) are the
most thermostable in the case under study. The metal complexes are always 30-80 degrees less
stable to thermal oxidation than the ligands, which is consistent with their oxidation potentials
shown in Table 1.

The analysis of the literature allows to define the trends in the oxidative stability of por-
phyrins and their more aromatic aza- and benzo-analogues. In case of numerous H,Ps, which
have a highly loose macrocycle structure due to multiple functional substitution and other rea-
sons [37-40], there is no clarity on this issue. Therefore, this paper presents and discusses the
oxidation of one of the most spatially distorted porphyrins, dodecaphenylporphine
{H.(B-Ph)s(ms-Ph)sP, IV} and its predominantly flat analogue meso-tetraphenylporphine
{H, (ms-Ph),P, III} by hydrogen peroxide. An analysis of the literature on the oxidation pro-
cesses of non-planar H,P as well as possible mechanisms of oxidation processes is carried out.
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Experimental part

Macroheterocycles Hy(ms-Ph),P (IIT) u Hy(B-Ph)s(ms-Ph).P (IV) are synthesised accord-
ing to the methodology [41]. The acetic acid and hydrogen peroxide were labelled 'p'. HOAc
was subjected to double freezing followed by Fischer water content control.

The kinetics of the oxidation of MHC III and IV with hydrogen peroxide in ice-cold
HOAc medium was monitored spectrophotometrically by decreasing the optical density in the
724 nm band of the electron absorption spectrum (EAS). The benchmark of comparison was
chosen as meso-tetraphenylporphine {H,(ms-Ph).P, III}.

o 00

In the coordinates Ig

—t, where A,, A: and A~ are the optical densities at the be-

ginning, during and at the end of the experiment a characteristic dependence is observed (Fig. 1,
left), indicating the first order of the porphyrin reaction. The effective rate constants of the ox-
idation reaction (3) are shown in Table 3.

&:k

0 o Crp- (3)

Fig. 1 (right) shows a feature of the kinetic dependence of the polymer oxidation process,
i.e. the effect of the polymer state of the phthalocyanine on its stability [36].

0,8 +
3 4 lg(A()-AOO)/A‘c—AOO) lng/A
0,7 4
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Fig. 1. Oxidation reaction rate of dodecaphenylporphine (IV, CH,p = 10° moll"') hydrogen peroxide
( C'HZO2 =0.353 mol-l") in a solution of ice-cold HOAc (left) and oxidation of polymer phthalocyanine (H,Pc);

linear structure (i = 12) ( C'HZO2 =0.281 m/]) in solution 17M H,SO; (right) at 308 (1) 1 298 (2) K

Results and Discussion

We compare the kinetic data on the oxidative degradation of tetrapyrrole and tetraisoin-
dolemacrocycles in acid solutions obtained and available [2, 22, 27, 29-32] and clarify the
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electronic and structural factors determining the rate of aromatic macrocycle destruction.
Chemical, electrochemical and photochemical oxidation of metalloporphyrins, metallophthal-
ocyanines and their analogues is accompanied by oxidation of the central metal atom, redistri-
bution of spin density between the central metal atom and the macrocyclic 7 -ligand. In this
case, cationic radicals of porphyrins are formed [3, 23, 25], which greatly complicate the picture
of oxidative transformations of compounds of this type.

We consider possible oxidation mechanisms based on label-free macrocycles (ligands)
based on H.P (I), H.Pc (VII) and their derivatives. The first studies were conducted on phthal-
ocyanine (VII) and its numerous complexes (Fig. 2) [22, 30]. Table 2 shows the kinetic data for
the oxidation reactions of nitrogenous macrocycles with hydrogen peroxide, potassium nitrate
and persulfate in acidic media.

The values of standard redox potentials of MHC VII (see Table 1) and its complexes (from
0.342 V for ZnPc to 0.725 V for PtPc) are small, so they react easily with strong oxidants [22].
Many of them are titrated in sulphuric acid solutions with salts of Ce(IV). Ligand VII is rapidly
oxidised by potassium nitrate (see Table 2).

In [22, 30, 36] the reaction mechanism of the oxidation of phthalocyanines was discussed

in detail, the scheme of which can be schematically and in generalised form represented as
e

MPCH" (wmn HoPcH") + B - A <AL > MPcH*...B- A <> MPcH" B LA _ » (4)

— v MPc* ...BH + A —* colorless products ... (Complex with Charge Transfer)

O O
OO O IO
O

= ]

Fig. 2. Chain polymer phthalocyanine based on pyromellitictetranitrile

@

At the first stage, a H-complex of protonated phthalocyanine with the main centre (B:) of
the oxidant B: - A is formed relatively rapidly. The oxidising agent can be H,O,, ONOy,
"0;5-0-0-S05™ and others. In the second stage, H,Ps transfers a proton and then an electron to
the opening orbital of the oxidant to form a charge transfer complex (CDC). The latter decom-
poses in the limiting stage into the radical cation MRs * and fragments of the oxidant molecule.

The introduction of pyridine residues instead of benzene nuclei into structure
VII (H,TRuPA, compound VIII) strongly stabilises H.Ps towards oxidants (see Table 2). The
reason for the stabilisation of VIII is the decrease of the VZMO energy of the macrocyclicchro-
mophore CsN; due to the strong electron acceptor effect of the pyridine nuclei. This electronic
effect in process (4) hinders the formation of KPZ and its decomposition to the radical cation
H,TRuPA* mainly by increasing the activation energy. Besides this energetic reason, a kinetic
one is also possible - oxidant binding at the four protonated pyridine nitrogen atoms, which
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cannot lead to oxidation of the macrocycle. In general, the oxidation rate constant of VIII is
reduced by more than an order of magnitude in compare to VII (see Table 2).

We expect a strong decrease of the oxidative capacity of the aromatic macrocycles for
porphyrins due to the absence of such unique reaction centres of oxidant localisation as H,Ps
have in the periphery of the macrocycle (meso-nitrogen atoms). Significant decrease of the
VZMO energy for porphyrins leads to an increase of half-wave potentials in electrochemical
oxidation processes [23, 24, 29] (see Table 1).

Aromaticity of porphyrins is larger than the same for phthalocyanines in [3, 29]. There-
fore, they are more reactive by zvia -bonding of the conjugated system (hydrogenation, oxida-
tive addition, etc.) [3, 29]. For the same reason, the oxidation of H,P can be accompanied by the
addition of hydrogen peroxide (20H) elements at various z-system positions [3-6, 23]. This
addition occurs more easily in neutral solvents and more difficult in acidic environments. In-
creased electron density at reaction centreslocalised at and near the meso-positions of the mol-
ecule is usually required. The bridgingmeso-positions are occupied by nitrogen atoms in
porphyrazines (V) and phthalocyanines (VII). For this reason, even at high concentrations of
H,O,, hydrogen peroxide elements are not attached via 7--bonds. H,P molecules (compounds
I-IV) attach H,O, as reactive oxygen species, e.g. singlet 'O, [14, 15, 20, 42-44] is at meso- and
adjacent positions. However, these issues have not been sufficiently investigated since the oxi-
dation reactions of organic compounds are among the most complex, especially when poly-
functional molecules are oxidised [26].

In compare with the ordinaryporphyrin III, dodecaphenylporphyrin IV has a predomi-
nantly planar macrocycle and belongs to H,P with a strongly non-planar, spatially distorted
structure [29, 37]. A significant bathochromic shift of the long wavelength band in the absorp-
tion spectra is typical of this kind of MHC.

In compare with H,Pc and the most of H.P dodecaphenylporphyrin
{H.(B-Ph)s(ms-Ph)sP, IV} is not soluble nor in H,SO4 nor in monohydrate. It is slightly
soluble in ice-cold acetic acid (A, = 724.0 nm), dichloromethane (A; = 721.0 nm), in HCOOH
(A1=717.5 nm), CF;:COOH (A, = 768 nm), in mixture of HOAc-H,SO, (A; = 711.5 nm), in ac-
etone (A; = 736.0 nm), but in mixture of acetone-NH; (A, = 714.5 the solution is not stable. For
most of the above media tetraphenylporphyrin {H(ms-Ph).P, III} exhibits values of A, in the
640-655 nm, i.e. 75-100 nm hypsochromic as compared with distorted MHC IV.

Another characteristic feature of nonplanar H.P compounds, not containing distinct elec-
tron-donor or acceptor substituents, in comparison with classical porphyrins [4, 13, 29, 35, 37-
41] is a decrease of oxidation potentials (E1,°%) with increasing nonplanarity and, practically,

invariability of reduction potentials (E;."%). It corresponds to the convergence of the boundary

orbitals (VZMO-NVMO) and is consistent with the bathochromic shift of the long wavelength
Q.band in the ESP of these compounds. For example, this kind of regularity is observed for
predeconvertedporphyrins such as compound IV and their complexes [29, 37], Ni(II) com-
plexes with mesosubstituted H,P [39], in porphyrins and their complexes {e.g. Fe(III) and
Zn(II)} as their B,B- hydrogenation of 71-systems is sequential [3, 38] and to a lesser extent in
N-substituted ligands [29, 40]. The presence of substituents of different electronic nature in the
H,P molecule (MP) also leads to characteristic changes in potentials. For example, if the
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substituents are in the phenyl rings, the changes in potentials will be small (no more than 0.1 V)
If the functional group (usually the electron acceptor of Cl, Br, NO,) enters directly into the
- or meso-position of the main macrocycle, this leads to a strong positive shift of redox poten-
tials, which in non-flat H, P can compensate the decrease of value E 1,°% caused by distortion

of the molecule.

Like other structural types of porphyrins, non-planar H,P and their complexes can be
easily oxidised by air oxygen in the presence of hydrogen peroxide, salts of TI(III) or Ce(IV)
aan undergo reduction by light quanta and ascorbic acid or hydrazine [29, 37]. Complexes of
the dodecaphenylporphine (IV) under study are extremely unstable with the most metals in
acidic media and dissociate immediately to ligands [29, 37], therefore we excludethe analysis of
their oxidative stability to H,O, and other oxidants in these conditions [30, 32, 36].

By Table 3, compound IV in ice-cold acetic acid solutions at high concentrations of H,O,
(0.35-0.45 M) is oxidized at a rate k./*® = (1.9-6. 4)-10”s "', whereas meso-tetraphenylporphine
III at higher concentrations of u 20, (0.66-0.79 M) at a rate several times lower
(kef®® = 1.4-2.1)-107s™. Already at a 1.29-10” M solution of MHC IV in the presence of 0.449- M
H,0; in ice-cold HOAc medium the oxidation reaction at 298 K ends in 10 minutes. In these
conditions the porphyrinmacrocycles under study decompose to colourless products.

Table 3. Oxidation reaction rate constants Hy(ms-Ph),P (IIT) u Hy(B-Ph)s(ms-Ph),P (IV) hydrogen peroxide in

NOAS solutions
Compound
Hz(mS-Ph)4P (III, CHZP = 2.0'10_611‘101-1_1) Hz(ﬂ-Ph)s(mS-Ph)4P (IV, CHZP = 6.4'10_611‘101'1_1)
Cu202, mol-1! T, K kes1073 ¢t Cu202, mol-1! T, K kes1073 ¢t
298 1.4+0.2 296 1.440.1
0.663
308 3.1+0.3 298 1.310.2
0.353
298 2.0+0.3 308 6.4%10.2
0.750
308 3.240.2 318 13.8+1.1
298 2.110.3 296 5.240.4
0.794
308 3.540.3 0.449 298 6.410.3
308 11.3%1.0

By Table 3 it is possible to approximate the order of the oxidation reaction of porphyrins
III and IV byC, , . For Hy(ms-Ph)sP it is close to one, whereas in the strongly non-flat

H,(B-Ph)s(ms-Ph),P is a significantly lower value. Thus, the maximal peripheral phenylation of
the H,P molecule in case of compound IV leads to weighting of the molecule, to the appearance
of low-energy vibrational states and to the expected loss of thermal (see series 1 and 2) or pho-
tochemical [45] stability, surprisingly little destabilizes the IV molecule in the presence of H>O..
Meanwhile, the steric tension in the macrocycle created by the 8- and meso-phenyl rings of the
IV molecule favours the oxidation reaction. The reason seems to be the higher basicity of com-
pound IV [46-48], which, unlike MHC III, is target protonated in ice cold HOAG, slightly re-
ducing its oxidation capacity.

The similarity of hydrogen peroxide oxidation rates of H,Ps (see Table 2) in H,SO4 solu-
tions (1.77-10?) *'and H,P (phthalocyanines and porphyrins with inactive functional groups
CeHs, etc.) confirms the reaction redox centre of molecules is in their N-H* bonds for both cases.
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In the first case, they are in the meso-position at the periphery of the MHC, while in the second,
they are at the central nitrogen atoms of the reaction centre HiN,**. At the first step, as in the
case of H,Ps (4), the H-associate PH,**...H,O.is formed in porphyrins, which causes KPZ in the
second step:

[, e}
PH3 ... HO-OH>
and then the cation radical PH,™...OH and OH: through further transformations quickly form
colourless degradation products. The mechanisms of oxidative degradation of porphyrins with
active functional groups (cyclopentanone ring and vinyl group of chlorophyll and its analogues
(compound X), their ligands; vinyl groups of protoporphyrins and hemes) are more intricate,
as follows from data in Table 2.

Most studies on oxidation processes have not analysed H,P (MP) products [3, 29]. An ex-
ception is the work [49], which gives an example of oxidation of the predeco-substituted ana-
logue of compound IV {H,/f,3-(CH.).](ms-Ph)sP} and its phenyl-substituted derivatives with
sodium nitrite in trifluoroacetic acid, with benzoyl-biliverdines (compound XI) as a selective
product of 70% yield.

XL

Thus, the paper presents the analysis on chemical, thermal and electrochemical stability
of some aromatic macroheterocyclesof porphyrin class as well as their benzo- and aza-ana-
logues, establishes electronic and structural factors determining the rate of pigment destruction
in the presence of oxidant. The values of redox potentials of porphyrin-, tetraaz-, tetrabenzo-
porphyrin- and phthalocyanine-type MHCs correlate with the temperatures at which their
thermo-oxidative degradation starts and the decomposition rates in oxidizing media. The com-
bined benzo- and azamer substitution in H,P molecules leads to their destabilisation with re-
spect to oxidants, the situation depending strongly on the nature of the oxidant (H,O,, $;0s*
and NOs’), the solvent (H,SO,4, HOACc) as well as the nature of the metal in the molecule. The
polymer state or spatial distortion of the MHC has a significant influence on the resistance to
oxidising agents. The reaction mechanisms of oxidation of label-free porphyrins and phthalo-
cyanines by hydrogen peroxide are shown to be identical. In both cases, the reaction centres of
MHC:s are N-H*bonds, either in the meso-position (H,Ps) or in the coordination cavity of the
H,N, molecule and the pigments are cleaved to colourless products.

This work was supported by Ivanovo State University of Chemistry and Technology, Iva-
novo, Russia Centre for the Collective Use of Scientific Equipment (the Russian Ministry of Edu-
cation and Science, Agreement No. 075-15-2021-671)
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Introduction

2,6-Dinitrohalogenbenzenes are valuable products of organic synthesis as they are used
in the preparation of biologically active substances [1-13].

In order to form these compounds, 2,6-dinitrohalogenbenzenes are reacted with hetero-
cyclic fragments or transformed into part of a condensed heterocyclic system. Nitrogen-con-
taining heterocycles are the most important structural components of drugs [14, 15] and piper-
idine and pyridine are two most common ones [16, 17].

At the same time the synthesis of 2,6-dinitrohalogenbenzenes is difficult because the con-
ventional way of synthesizing nitrohalogenarenes via nitration is unsuitable because of the
meta-orienting effect of the NO, group, which leads to isomeric 2,4-dinitroarenes. It increases
the cost of substances and prevents the production of a wide range of useful compounds based
on them.

In order to avoid the mentioned problem, it is necessary to block the fourth position of
the aroma ring. The carboxylic group is suitable due to several reasons: 1) in 4-halogen-3-ni-
trobenzoic acid, it orients the entry of the second NO,-group to the desired position, 2) it is able

© L. A. Mokhova, A. A. Sokolov, 2022
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to undergo chemical transformation to form carboxylic acid derivatives (e.g. esters) and
3) it can be detached during decarboxylation.

The aim of this paper is to develop methods for the transformation of 4-chloro-3-nitro-
benzoic acid into 2,6-dinitrohalogenarenes, followed by the introduction of a nitrogen-contain-
ing heterocyclic fragment into them.

Main body

At the first stage of our research we tested the methodology for the nitration of 4-chloro-
3-nitrobenzoic acid (1). We considered the deactivating effect of the NO,- and COOH-groups
and used anhydrous potassium nitrate on concentrated sulphuric acid:

ON

KNO,
cl COOH ——= ¢l COOH
@ H,SO,
O,N O,N
1 2

Initially we performed the nitration at 120 °C for 5 h at a ratio of substrate to nitrating
agent = 1 to 1.2. After the synthesis we cooled the reaction mass and poured it into ice. We
filtered off the yellowish precipitation under vacuum, washed it with water and dried in the
desiccator. We sampled from the dry residue and analyzed the ratio of the starting 1 to the
reaction product 4-chloro-3,5-dinitrobenzoic acid (2) by integrating the signals in the 'H NMR

spectra. The results are presented in Table 1.

Table 1. The conversion of 4-chloro-3-nitrobenzoic acid (1) to 4-chloro-3,5-dinitrobenzoic acid (2) by nitration
with potassium nitrate in sulphuric acid

No. of ex- Temperature, °C Reaction time, h Ratio 1 to 2

periment
1 120 5 3
2 140 5 1.6
3 140 8 0.38
4 130 10 0.27
5 140 10 0.20
6 150 10 0.15
7 160 10 0.04
8 165 10 0.01
9 170 7

*the reaction mass turned black, so we stopped the experiment.

However, a large part of the substrate remained unreacted (experiment 1). This indicated
the low reactivity of acid 1 in SgAr reactions. Therefore, we changed the temperature and time
of the nitration process in order to obtain the desired product.

We found that the minimum content of the initial compound was observed during the
nitration process for 10 hours at 165 °C and a twofold excess of KNO; (experiment 8). The
product yield was 68%. This low amount of product seems to be caused by destructive oxidation
processes in a hot sulphuric acid. A further increase of the temperature of synthesis led to black-
ening and resinification of the reaction mass (experiment 9).
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We then functionalised 4-chloro-3,5-dinitrobenzoic acid (2) in a nucleophilic substitu-

tion reaction at the acyl carbon atom to give ester 3:

O,N O,N O,N
PCl, C,HsOH &
Cl COOH —— ClI COCl ——— = Cl C
Toluene, 24 \OEt
ON boling ¢ ON
2 3

For this purpose we first converted the substrate to chlorohydride by the action of phos-
phorus pentachloride. We did not isolate the product, but added dehydrated ethanol directly to
the flask and stirred for 2 hours, after which we evaporated the excess alcohol. When cooled,
the desired ethyl 4-chloro-3,5-dinitrobenzoate (3) crystallised in 82% yield.

Following this we conducted experiments on the formation of quaternary pyridinium

salts from 2 and 3 by the pyridine quaternisation reaction:

cl
acetone \
<:>N + Cl COOH M

The process in the case of acid 2 we conducted in a solution of dehydrated acetone under
heating and stirring. As the reaction proceeded, particles of the acetone insoluble pyridinium
salt 4 appeared in the flask. We cooled the solution after 8 hours and filtered off the yellow
precipitate, washed with fresh acetone and dried in the fume cupboard. The yield of N-(4-car-
boxy-2,6-dinitrophenyl)pyridinium chloride was 80%. The '"H NMR spectrum of the product
is shown in the Fig. 1.
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Fig. 1. '"H NMR spectrum of N-(4-carboxy-2,6-dinitrophenyl)pyridinium chloride (Bruker DRX400, SF=400
MHz, solvent and internal standard DMSO-d)
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The spectrum had 5 signals: 4 in the aromatic region from protons of the phenyl and
pyridine fragment and one singlet in the very high frequency region at 11.14 m.p. from the
hydrogen atom of the COOH group. All peaks shifted to the weak field region towards benzene
due to the strong electron acceptor effect of the functional groups and the endocyclic nitrogen
atom carrying the full formal positive charge. Due to its effect on a-carbons, their protons were
strongly de-screened and gave doublet of triplets at 8.91 ppm. At slightly lower frequencies the
triplet of triplets from hydrogen at the y-carbon of the pyridinium fragment was located. At
8.34 ppm we observed a singlet from two equivalent hydrogen atoms of the benzene ring having
an NOsat the ortho- and para-position and a COOH-group at the ortho-position. Finally, the
strongest field of all signals yielded a peak as a triplet of doublets from the hydrogen -carbons
of pyridine (8.04 ppm).

The quaternisation reaction of pyridine with ethyl 4-chloro-3,5-dinitrobenzoate in ace-
tone under heating resulted as a mixture of hardly separable products. When the process was
conducted at room temperature, we were also unable to isolate the desired compound in its
pure form. Only a change of solvent to dioxane resulted in N-(4-ethoxycarbonyl-2,6-dinitro-

phenyl)pyridinium chloride (5):

OZN C|7 02N
(0]
</ \N + CI COOEt—></ \:N*
— Dioxane, — OEt
O,N , kt,4h s oN

For the compound a '"H NMR spectrum was recorded (Fig. 2), where in contrast to com-
pound 4 a peak from the proton of the carboxylic group was absent. We observed an anomaly
- the number of signals from protons of the benzene ring and ethyl group was doubled, while
the intensity of the two sets was the same, but the second set was shifted relative to the first: the
shift was 0.3 ppm for the peaks of the phenyl fragment and CH»-alkyl chain and 0.15 ppm for
the CH;-alkyl chain.

This unusual increase in the number of peaks is probably due to the formation of two
spatial isomers of N-(4-ethoxycarbonyl-2,6-dinitrophenyl)pyridinium chloride (5), which dif-
fer by the mutual arrangement of the pyridine and benzene fragments with respect to each
other. Their rotation around a simple bond is inhibited by the presence of two nitro groups,
which can help anchor the molecules in a particular conformation.

To confirm the resulting structure of N-(4-ethoxycarbonyl-2,6-dinitrophenyl)pyri-
dinium chloride we obtained its mass spectrum with electron impact ionization. We observed
a very low intensity of the molecular ion peak (m/z 318), indicating a low stability of the qua-
ternary salt during hard ionization. The pyridine fragment with m/z 79, the reference peak, was
detached from the molecular ion. The resulting cation with m/z 239 lost the alkyl chain and a
dinitrobenzoic acid radical with m/z 211 was formed when the C,Hs was broken off. The re-

maining fragmentation ions were of low intensity.
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Fig. 2. 'H NMR spectrum of N-(4-ethoxycarbonyl-2,6- d1n1trophenyl)pyr1d1n1um chloride (Bruker DRX400,
SF=400 MHz, solvent and internal standard DMSO-ds)

It is important to note that both pyridinium salts 4 and 5 are not described in the literature
(we searched the Reaxys database), that is, they were synthesized for the first time in this work.

We further proposed to perform the reduction of the pyridine cycle on substances 4 and
5 in order to obtain piperidine derivatives. We did this with sodium borohydride in spirit:

c” ON NaBH,
. EtOH
- C
— OR O K T.,
O,N
4,5

where in 4,6 R=H, 5,7 R=Ft

We conducted the reaction in ethanol at 0 °C for one hour and then at room temperature
for another two hours. We took a fourfold excess of NaBH.. This made it possible to synthesize
substances 6 and 7 in yields of 77% and 72%.

The compounds were characterized by 'H NMR spectroscopy. On the proton spectrum
of 3,5-dinitro-4-(piperidine-1-yl)benzoic acid, 4 signals were observed (Fig. 3). Two multiplet
peaks at 1.55 ppm with an integral intensity of 6 and at 2.98 ppm with an integral intensity of
4 belong to the hydrogen atoms of the piperidine fragment. The signal at 2.98 ppm was obvi-
ously given by hydrogen atoms at two a-carbons of the cycle shifted towards the higher fre-
quencies due to the inductive effect of the endocyclic nitrogen atom. In the aromatic region of
the spectrum, one singlet at 8.40 ppm was observed from two benzene hydrogen. The H atom
of the carboxyl group appeared in the weakest field at 13.70 ppm.

In the '"H NMR -spectrum of ethyl-3,5-dinitro-4-(piperidine-1-yl)benzoate (7) (Fig. 4) in
contrast to compound 6 two additional peaks from the ethyl group were present: triplet at
1.32 ppm and quartet at 4.34 ppm. The signals of the finishing fragment and the heterocycle
had approximately the same chemical shift values.
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Both substances 6 and 7 have only been described in one paper [18] and their NMR spec-
tra have been recorded for the first time.
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Fig. 3.'H NMR spectrum of 3,5-dinitro-4-(piperidine-1-yl)benzoic acid (Bruker DRX400, SF=400 MHz, solvent
and internal standard DMSO-dg)

z 3973
: 1337

30
23
2@

—15%
1
12
1t

/
by
/
X

l ‘ | ||
J_ J ) L‘__Jll AU
| : 1
> e 7m sm o4 7

:
E i =

T
2 an A& AA B4 B? RN TA TA T4 7.7 7O AR AR 64 62 A0 SA 56 54 57 S0 48 46 4.4 4.7 40 A A 14 a s @e s 02 aa

Fig. 4.'H NMR spectrum of ethyl 3,5-dinitro-4-(piperidine-1-yl)benzoate (Bruker DRX400, SF=400 MHz, solvent
and internal standard DMSO-ds)

As a result of the conducted research we worked out methods, firstly, to prepare 2,6-di-
nitrohalogenbenzenes, containing carboxylic or ester groups, secondly, to synthesize polyfunc-
tional molecules, containing pyridine or piperidine fragment, on the basis of 2,6-dinitrohalo-
genbenzenes.

The N-(2,6-dinitrophenyl)piperidines and N-(2,6-dinitrophenyl)pyridinium salts syn-
thesized in this study are interesting as substrates for a possible intramolecular reductive heter-
ocyclization to form 1,2,3,4-tetrahydropyrido[1,2-a]benzimidazoles or pyrido[1,2-a]benzimid-
azoles with high biological activity.
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Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. NMR spectra were recorded on a Bruker DRX-400 for DMSO-ds solutions.
The remaining solvent proton signals in '"H NMR (8 2.50 ppm) were used as the reference for
the chemical shift counts. Mass spectra were recorded on a FINNIGAN MAT instrument.
INCOS 50, electron flux energy 70 eV.

Method for the synthesis of compound 2

In a three-neck flask 4.00 g (19.85 mmol) of 4-chloro-3-nitrobenzoic acid was added and
15 mL of concentrated H,SO, was poured. The substrate was dissolved by stirring and heating
to 80 °C. Afterwards a solution of 4.01 g (39.66 mmol) of potassium nitrate in 15 mL of concen-
trated H,SO, was added for 10 min. At the end of the addition of the reactant, the flask was
heated to 165 °C and the solution stirred for 10 hours. Then the reaction mixture was cooled
down to room temperature and poured into ice. The precipitate was filtered off under vacuum
and washed with plenty of water to pH = 7. The precipitate was dried in the fume cupboard at
70 °C.

4-chloro-3,5-dinitrobenzoic acid (2). The yield is 3.35 g (68%). T = 159-162 °C. Spec-
trum '"H NMR (DMSO-ds, 400 MHz) 6, ppm.: 8.76 s (2H, H?, H¢), 13.98 s (COOH).

Method for the esterification of 4-chloro-3,5-dinitrobenzoic acid

In a three-necked flask 10.04 g (40.73 mmol) of 4-chloro-3,5-dinitrobenzoic acid was
added and 50 mL toluene was added. It was heated until dissolved under stirring and 8.90 g
(42.77 mmol) phosphorus pentachloride (PCls) was added in portions. After the gas (HCI) re-
lease was finished, the solution was heated to boiling and evaporated to ~10 mL. Then 20 ml of
absolute ethanol was added to the flask. The resulting solution was stirred for 2 hours. The
precipitate was filtered off under vacuum and washed with absolute alcohol. The precipitate
was dried in the fume cupboard at 70 °C.

Ethyl 4-chloro-3,5-dinitrobenzoate (3). The yield is 9.20 g (82%). Tiner. = 81-83 °C. Spec-
trum 'H NMR (DMSOO-ds, 400 MHz) §, ppm: 1.36 t (3H, CHs, ] 7.1 Hz), 4.40 qu (2H, CH,,
J 7.1 Hz), 8.81 s (2H, H? H°).

Method for the preparation of quaternary pyridinium salts from 4-chloro-3,5-dini-
trobenzoic acid and its ester

In a three-necked flask 2.00 g (8.11 mmol) of 4-chloro-3,5-dinitrobenzoic acid was added,
10 mL acetone and 1.3 mL (16.2 mmol) pyridine were added. The reaction mass was heated
under stirring to 56 °C and the reaction was conducted for 8 hours. The solution was cooled
down to room temperature and the precipitate was filtered off under vacuum and washed with
dehydrated acetone. The precipitate was dried in the fume cupboard at 70 °C.

N-(4-carboxy-2,6-dinitrophenyl)pyridinium chloride (4). The yield is 2.13 g (80%).
Tmere = 174.5-178.5 °C. Spectrum '"H NMR (DMSO-ds, 400 MHz) §, ppm: 8.04 td (2H, H?, H>,
] 6.6,1.6 Hz), 8.34 s (2H, H*, H"), 8.56 tt (1H, H*, ] 7.8, 1.6 Hz), 8.91 dt (2H, H%, H¢, ] 5.0, 1.6 Hz),
11.14 s (COOH).
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In a three-necked flask 2.00 g (7.3 mmol) of ethyl 4-chloro-3,5-dinitrobenzoate was added
and 10 mL of dioxane was added. After dissolution of the substrate, 0.8 mL (9.9 mmol) of pyr-
idine was added and stirred for 4 hours at room temperature. The precipitate was filtered off
under vacuum and washed with absolute alcohol. The precipitate was dried in the fume cup-
board at 70 °C.

N-(4-ethoxycarbonyl-2,6-dinitrophenyl)pyridinium chloride (5). The yield is 2.03 g
(79%). Tmex = 215.5-219.5 °C. Spectrum 'H NMR (DMSO-ds, 400 MHz) §, ppm: 1.28 t (3H,
CH,, J 7.1 Hz), 1.42 t (3H, CH,, ] 7.1 Hz), 4.22 qu (2H, CH,, J 7.1 Hz), 4.52 qu (2H, CH,,
J 7.1 Hz), 8.25 s (2H, 2H, H*, H*), 8.52 t (2H, H? H*, ] 7.8),9.05 t (1H, H*, ] 7.8 Hz), 9.14 s (2H,
H*, H*), 9.49 d (2H, H? H¢, ] 5.6 Hz).

Method for the reduction of the quaternary salts of pyridinium

N-(4-ethoxycarbonyl-2,6-dinitrophenyl)pyridinium chloride or N-(4-carboxy-2,6-dini-
trophenyl)pyridinium chloride (24 mmol) was dissolved in 20 ml C;HsON, then 3.65 g sodium
borohydride (96 mmol) was added in portions at 0 °C. The mixture was continued to stir at
0 °C for 1 h and then at room temperature for 2 h. The solvent was evaporated at reduced pres-
sure, then 5 ml water was added. The mixture was extracted with CHCI; (3x10 mL). The com-
bined organic phases were dried over Na,SO4 and evaporated. The remaining product was pu-
rified by recrystallisation in isopropyl alcohol to obtain the desired products.

3,5-Dinitro-4-(piperidine-1-yl)benzoic acid (6). The yield is 77%. Tmea: = 226-228.5 °C.
Spectrum 'H NMR (DMSO-de, 400 MHz) §,ppm: 1.55 m (6H, piperidine), 2.98 m (4H, piperi-
dine), 8.40 s (2H, H>%), 13.70 s (1H, COOH).

Ethyl 3,5-dinitro-4-(piperidine-1-yl)benzoate (7). The yield is 72%. Tma:= 88-92.5 °C.
Spectrum 'H NMR (DMSO-ds, 400 MHz) §, ppm: 1.32 t (3H, CHj3, ] 7.1 Hz), 1.56 m (6H, pi-
peridine), 2.99 m (4H, piperidine), 4.34 qu (2H, CH,, ] 7.1 Hz), 8.43 s (2H, H*®).

This work was carried out with the financial support of grant No MK-3459.2022.1.3 from
the President of the Russian Federation for state support of young Russian scientists - candidates
of science.

References

1. Rehman, A., Hussain, M., Rehman, Z., Ali, S., Rauf, A., Nasim, F.H. & Helliwell, M. (2011) Self-assembled
pentagonal bipyramidal and skew trapezoidal organotin(IV) complexes of substituted benzoic acids: Their an-
tibacterial, antifungal, cytotoxic, insecticidal and urease inhibition activities, Inorg. Chim. Acta, 370, pp. 27-35.
DOI: 10.1016/j.ica.2011.01.007 [online]. Available at: https://www.sciencedirect.com/science/arti-
cle/pii/S0020169311000144

2. Gautam, N., Goyal, K., Saini, O., Kumar, A. & Gautam, D.C. (2011) Synthesis and biological activity of sub-
stituted 3-fluoro/3-trifluoromethyl 10H-phenothiazines, its ribofuranosides and sulfones, J. Fluor. Chem., 132,
pp. 420-426. DOI: 10.1016/j.jfluchem.2011.04.012 [online]. Available at: https://www.sciencedirect.com/sci-
ence/article/pii/S0022113911001230

3. Remes, C., Paun, A., Zarafu, I., Tudose, M., Caproiu, M.T., Ionita, G., Bleotu, C., Matei, L. & Ionita, P.
(2012) Chemical and biological evaluation of some new antipyrine derivatives with particular properties,
Bioorg. Chem., 41-42, pp. 6-12. DOI: 10.1016/j.bioorg.2011.12.003 [online]. Available at: https://www.sci-
encedirect.com/science/article/pii/S00452068110010642?via%3Dihub

113


https://www.sciencedirect.com/science/article/pii/S0020169311000144
https://www.sciencedirect.com/science/article/pii/S0020169311000144
https://www.sciencedirect.com/science/article/pii/S0022113911001230
https://www.sciencedirect.com/science/article/pii/S0022113911001230
https://www.sciencedirect.com/science/article/pii/S0045206811001064?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0045206811001064?via%3Dihub

FROM CHEMISTRY TOWARDS TECHNOLOGY EII3:ie] 14 VOL.3, ISSUE 3, 2022

10.

11.

12.

13.

14

15.

16.

Jangid, D.K., Guleria, A., Gautam, D.C., Yadav, H., Mathur, M. & Swami, A.K. (2019) Antimicrobial studies,
synthesis and characterization of novel 1-nitro-10H-phenothiazine bearing sulfone/nucleoside moieties, Nu-
cleosides, Nucleotides and Nucleic Acids, 38, pp. 533-549. DOI: 10.1080/15257770.2019.1576879 [online]. Avail-
able at: https://www.tandfonline.com/doi/abs/10.1080/15257770.2019.1576879

Al-Hiari, M., Qaisi, A.M., El-Abadelah, M.M. & Voelter, W. (2006) Synthesis and Antibacterial Activity of
Some Substituted 3-(Aryl)- and 3-(Heteroaryl)indoles, Monatshefte fiir Chemie, 137, pp. 243-248. DOL
10.1007/500706-005-0424-6 [online]. Available at: https://link.springer.com/article/10.1007/s00706-005-0424-6
Gautam, N., Gupta, S., Ajmera, N. & Gautam, D.C. (2012) Synthesis, Characterization, and Biological Eval-
uation of 10H-Phenothiazines, Their Sulfones and Ribofuranosides, J. Heterocycl. Chem., 49, pp. 710-715. DOL:
https: 10.1002/jhet.771 [online]. Available at: https://onlinelibrary.wiley.com/doi/full/10.1002/jhet.771
Zhang, B., Pang, L., Nautiyal, M., Graef, S.D., Gadakh, B., Lescrinier, E., Rozenski, J., Strelkov, S.V., Weeks,
S.D. & Aerschot, A.V. (2020) Synthesis and Biological Evaluation of 1,3-Dideazapurine-Like 7-Amino-5-Hy-
droxymethylBenzimidazole Ribonucleoside Analogues as Aminoacyl-tRNA Synthetase Inhibitors, Molecules,
25, pp. 1-24. DOI 10.3390/molecules25204751 [online]. Available at: https://www.mdpi.com/1420-
3049/25/20/4751

Sykes, B.M., Atwell, G.J., Hogg, A., Wilson, W.R., O’Connor, C.J. & Denny, W.A. (1999) N-Substituted 2-
(2,6-Dinitrophenylamino)propanamides: Novel Prodrugs That Release a Primary Amine via Nitroreduction
and Intramolecular Cyclization, . Med. Chem., 42, pp. 346-355. DOI: 10.1021/jm960783s [online]. Available
at: https://pubs.acs.org/doi/10.1021/jm960783s

Baguley, T.D., Nairn, A.C., Lombroso, P.J. & Ellman, J.A. (2015) Synthesis of benzopentathiepin analogs and
their evaluation as inhibitors of the phosphatase STEP, Bioorg. Med. Chem. Lett., 25, pp. 1044-1046. DOL:
10.1016/j.bmcl.2015.01.020 [online]. Available at: https://www.sciencedirect.com/science/arti-
cle/pii/S0960894X15000323?via%3Dihub

Molteni, V., He, X., Nabakka, J., Yang, K., Kreusch, A., Gordon, P., Bursulaya, B., Warner, 1., Shin, T.,
Biorac, T., Ryder, N.S., Goldberg, R., Doughtyc, J. & He, Y. (2004) Identification of novel potent bicyclic
peptide deformylase inhibitors, Bioorg. Med. Chem. Lett., 14, pp. 1477-1481. DOI: 10.1016/j.bmcl.2004.01.014
[online]. Available at: https://www.sciencedirect.com/science/article/pii/S0960894X040005022via%3Dihub
Kojima, T., Mochizuki,M., Takai, T., Hoashi, Y., Morimoto, S., Seto, M., Nakamura, M., Kobayashi, K.,
Sako, Y., Tanaka, M., Kanzaki, N., Kosugi, Y., Yano, T. & Aso, K. (2018) Discovery of 1,2,3,4-tetrahydropy-
rimido[1,2-a]benzimidazoles as novel class of corticotropin releasing factor 1 receptor antagonists, Bioorg.
Med. Chem., 26, pp. 2229-2250. DOI: 10.1016/j.bmc.2018.01.020 [online]. Available at: https://www.sciencedi-
rect.com/science/article/pii/S09680896173233742via%3Dihub

Mochizuki, M., Kori, M., Kobayashi, K., Yano, T., Sako, Y., Tanaka, M., Kanzaki, N., Gyorkos, A.C., Cor-
rette, C.P., Cho, S.Y., Pratt, S.A. & Aso, K. (2016) Design and synthesis of benzimidazoles as novel cortico-
tropin-releasing factor 1 receptor antagonists, J. Med. Chem., 59(6), pp. 2551-2566. DOI: 10.1021/acs.jmed-
chem.5b01715 [online]. Available at: https://pubs.acs.org/doi/10.1021/acs.jmedchem.5b01715

Zheng, Z., Bhatia, P., Daanen, J., Kolasa, T., Patel, M., Latshaw, S., Kouhen, O.F.E., Chang, R., Uchic, M.E.,
Miller, L. , Nakane, M., Lehto, S.G., Honore, M.P., Moreland, R.B., Brioni, J.D. & Stewart, A.O. (2005)
Structure-Activity Relationship of Triazafluorenone Derivatives as Potent and Selective mGluR1 Antagonists,
J. Med. Chem., 48, pp. 7374-7388. DOL 10.1021/jm0504407 [online]. Available at:
https://pubs.acs.org/doi/10.1021/jm0504407

. Filimonov, S.I., Makarova, E.S., Chirkova, ].V. & Kabanova, M.V. (2022) Diastereomeric composition of the

reaction of the formation of hexahydro-5h-chromeno[4,3-d]pyrimidin-5-ones, From Chemistry Towards Tech-
nology Step-By-Step, 3(1), pp. 131-138. DOI: 10.52957/27821900_2022_01_131 [online]. Available at:
http://chemintech.ru/index.php/tor/2022tom3nol.

Kotov, A.D., Kunichkina, A.S. & Peoskurina, I.K. (2022) Transformation of 5-halogen-3-aryl-2,1-benziso-
oxazoles into quinazolines, From Chemistry Towards Technology Step-By-Step, 2(4), pp. 81-84. DOLI:
10.52957/27821900_2021_04_81 [online]. Available at: http://chemintech.ru/index.php/tor/2021-2-4
Begunov, R.S. & Sokolov, A.A. (2022) One-pot Reduction and Halogenation of N-(2,4-dinitrophenyl)piperi-
dine, From chemistry towards technology. Step-by-step, 3(2), pp. 92-97. DOI: 10.52957/27821900_2022_02_92
[online]. Available at: http://chemintech.ru/index.php/tor/2022tom3no2.

114


https://www.tandfonline.com/doi/abs/10.1080/15257770.2019.1576879
https://link.springer.com/article/10.1007/s00706-005-0424-6
https://onlinelibrary.wiley.com/doi/full/10.1002/jhet.771
https://www.mdpi.com/1420-3049/25/20/4751
https://www.mdpi.com/1420-3049/25/20/4751
https://pubs.acs.org/doi/10.1021/jm960783s
https://www.sciencedirect.com/science/article/pii/S0960894X15000323?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960894X15000323?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960894X04000502?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0968089617323374?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0968089617323374?via%3Dihub
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5b01715
https://pubs.acs.org/doi/10.1021/jm0504407
http://chemintech.ru/index.php/tor/2022tom3no1
http://chemintech.ru/index.php/tor/2021-2-4
http://chemintech.ru/index.php/tor/2022tom3no2

FROM CHEMISTRY TOWARDS TECHNOLOGY VOL.3, ISSUE 3, 2022

17. Vitaku, E., Smith, D.T., Njardarson, J.T. (2014) Analysis of the Structural Diversity, Substitution Patterns,
and Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals, J. Med. Chem., 57( 24),
pp. 10257-10274. DOI: 10.1021/jm501100b [online]. Available at: https://pubs.acs.org/doi/10.1021/jm501100b

18. Van Duin, H. (1954) The separation and identification of normal aliphatic alcohols, Recueil des Travaux
Chimiques des Pays-Bas., 73, pp. 68-77. DOI: 10.1002/recl.19540730111 [online]. Available at: https://onlineli-
brary.wiley.com/doi/abs/10.1002/recl.19540730111.

Received 01.09.2022

Approved 19.09.2022
Accepted 19.09.2022

115


https://pubs.acs.org/doi/10.1021/jm501100b
https://onlinelibrary.wiley.com/doi/abs/10.1002/recl.19540730111
https://onlinelibrary.wiley.com/doi/abs/10.1002/recl.19540730111

FROM CHEMISTRY TOWARDS TECHNOLOGY [EId:ie 143 VOL.3, ISSUE 3, 2022

Scientific article
UDC 541.49:546.593
DOI: 10.52957/27821900_2022_03_116

INFLUENCE OF TEMPERATURE ON THE STABILITY
OF 2-ETHYLIMIDAZOLE AU (III) COMPLEXES

S. M. Safarmamadzoda, D. S. Kurbonbekov, D. A. Muborakkadamov

Safarmamad M. Safarmamadzoda, Doctor of Chemical Sciences, Professor; Jamolidin S. Kurbonbekov, Co-re-
searcher; Davron A. Muborakkadamov, Candidate of Chemical Sciences, Assistant

Tajik National University, Dushanbe, Republic of Tajikistan, sash65@mail.ru; Kurbonbekov1993@mail.ru;
m.i.davron@mail.ru

Keywords: Abstract. This article deals with the complexation of gold (III) with 2-ethylimidazole
potentiometry, step at a temperature range of 278-328 K by potentiometric titration. The reduction of the
complexation, gold Au/[AuCl,] system potential during the titration process at all temperatures under

(III), 2-ethylimidazole,  study indicates a reduction of the equilibrium concentration of [AuCly] and their cou-

stability constant, tem-  pling into complexes. The non-linearity of the dependence of E on IgCy is characteristic

perature factor for the systems in which stepwise complexation occurs. We calculated the common sta-
bility constants of the complexes [Au(2-EI)Cl;] and [Au(2-EI),CL]CI (at 298 K
lgfB; = 6.14+0.06; Igf, = 13.18+0.08). The stability of the complexes grows with increas-
ing of temperature. The temperature factor affects the stability of the bisubstituted com-
plex to a greater extent (at a rise in temperature by 50 °C the stability of the bisubsti-
tuted complex increases by 2.69 log units, at the same temperature interval the stability
of the monosubstituted complex increases by 1.32 log units).
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Introduction

In this paper we reviewed data on the chemistry of gold compounds in solutions [1].
Based on the authors' own and literature data, the authors showed that the standard potential
of the Au’*/Au system is (1.0+0.003) V. It was shown that the hydrolysis process of AuCl; +
H,O«[AuCLOH] + H* proceeds when the pH is increased. The stability of dimercaptide
Au(IIT) complexes in solution using the Au/[AuCL] system is reported by the authors of [2].
We experimentally determined the standard potential of Au**/Au system at different concen-
trations of [AuCL]" and [Cl]  and found that the value of E° varies in the range 1.013-1.041 V.
Using pH-metric titration the authors of [3] studied the substitution of chloride ions in [AuCl,]
by OH" in aqueous solution at 298 K. The equilibrium constants of the complex particles are as
follows: IgP, = 7.87; 1gP. = 14.79; 1gPs = 20.92 and IgBs = 25.98. The replacement of chloride ions
by ethylenediamine (en) and diethylamine (dien) ammonia at 298 K in [AuCL]
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spectrophotometrically and potentiometrically was reported by the authors of [4]. For the equi-
librium AuCly + NH; = AuCl:;(NH;) + Cl the equilibrium constant is 1gf: = (6.73£0.09) V and
the standard potential of the system (Au(NHs)s**/Au®) =0.52 V. The equilibrium constants for
the substitution of AuCly for ethylenediamine are IgB, = 16.2 and 1gP, I = 27.7 and for diethyl-
amine 1gPs; = 22.7. The authors of [5] studied the CI substitution equilibrium of [AuCly]" into
pyridine (py),2.2-dipyridyl (bipy) and 1.10-phenanthroline (phen) by the spectrophotometric
method in acidic solution. Considering the protonation constants of amines for the equilibrium
AuCly + L = AuLCl? + (4-i))Cl the equilibrium constants are: IgB: = 3.3(py), 8.2(bipy),
9.5(phen).

The potentiometric titration method is still one of the most frequently used methods for
determining the composition and stability constants of complex compounds at different tem-
peratures [6-9]. In [10] composition and thermodynamic characteristics of 1-furfuryli-
denamino-1,3,4-triazole complexes of gold (IIT) at 278-318 K have been calculated. It was found
that the stability of the complexes reduces with increasing temperature. An increase of temper-
ature also affects the number of forming complex particles. We can determine the stability of
three complex particles at the temperature range 288-308 K and only two at 318 K. In [11] the
complexation of H[AuCl] with 2-methylimidazole at different temperatures using Au/[AuCl]
system was studied. In this work the authors studied the effect of gold hydrolysis on the elec-
trode potential of the Au/[AuCly] system. It was shown that the interaction of H[AuCL] with
2-methylimidazole produces three complex particles proceeds with the emission of heat. By
potentiometric method the authors of [10, 12] found that gold (III) with triazole and benztria-
zole forms four complex particles which stability decreases with increasing temperature. The
authors of [13] present data on reversibility of Au/[AuClsy] system, ionization constant of
2-ethylimidazole and complexation of [AuCL] with 2-ethylimidazole at 298 K. Complexing
proceeds as follows by the general equation

[AuCly] + n(2-EI) & [Au(2-EI).CL]* + (4 - i)Cl

the composition and total formation constants of the three complex particles can be deter-
mined.

Analysis and review of the literature showed that, despite some experimental data, in gen-
eral, the complexing of gold (III) with amide ligands in a wide temperature range is still an
understudied area of coordination chemistry. Taking into account these gaps, we set the task to
study the complexing of gold (III) with 2-ethylimidazole in a wide temperature range, to deter-
mine the composition, stability, thermodynamic characteristics and other parameters of the
complex particles formed in solution.

Main body

Fig. 1 shows the experimental dependences of E on 1gC., which are results of potentiom-
etric titration. The reduction of the Au/[AuCl4]- system potential during the titration process
at all temperatures under study indicates a reduction of the equilibrium concentration of
[AuCly] and their coupling into complexes.
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Fig. 1. Dependence of E on IgC; for system H[AuCly] with 2-ethylimidazole at 278-328 K: a - 278 K; b - 288 K;
c-298K;d-308K;e-318K;f- 328K

The non-linearity of the dependence of E on 1gC; is characteristic for systems in which

stepwise complexing occurs.

Table 1. The potential change of the Au/[AuCL] system with potentiometric titration of [AuCly] 2-ethylimidazole,

the equilibrium concentrations of the starting substances and the reaction products at 298 K calculated by the KEV
software. Cy.pr= 4-10* mol/l; Ciaucia = 1-10° mol/l

E, E, [AuCL]-10" [2-EI]-10® [Au(2-EI)CL]-10® | [Au(2-EI); CL]*10’
experimentally | theoretically mol/l mol/l mol/l mol/l

870.1 869.5 - - - -

868.0 867.4 84228.0 7.90229 91.6085 581114
867.0 865.6 67670.2 14.9802 139.522 16.7777
865.4 863.4 52406.7 22.4253 161.753 29.1180
862.0 860.7 38335.1 31.4746 166.067 41.9582
857.9 857.2 25656.7 44.0445 155.532 54.9901
852.4 852.6 14990.4 63.7275 131.482 67.2614
845.1 846.2 7027.14 100.219 96.9298 77.9799
836.7 837.8 2643.56 170.739 62.1225 85.1442
829.0 829.7 1031.14 278.430 39.5146 88.3174
822.8 823.2 481.691 409.862 27.1727 89.4010
817.6 817.7 254.769 564.405 19.7909 89.6661
813.5 813.6 156.143 720.263 15.4789 89.4960
809.9 809.9 102.061 889.654 12.4970 89.2482
806.9 806.9 71.3639 1061.17 10.4229 88.7863
804.4 804.2 52.2633 1237.01 8.89811 88.3579
802.0 801.9 39.9623 1410.85 7.75991 87.8840
799.9 799.8 31.2564 1589.83 6.83936 87.2848
798.1 797.9 25.2416 1763.83 6.12774 86.7620
796.4 796.2 20.5747 1947.64 5.51527 86.2279
794.8 794.6 17.1426 2126.94 5.01831 85.6810
793.4 793.2 14.5492 2301.22 4.60813 85.1246
792.0 791.9 12.3975 2484.70 4.23971 84.5636
790.8 790.6 10.7479 2661.19 3.93663 84.0956
789.7 789.5 9.41734 2833.28 3.67236 83.5233
788.6 788.4 8.26328 3014.25 3.42814 82.9489
787.6 787.4 7.34665 3187.53 3.22307 82.4703
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Table 1 shows the potential change of the Au/[AuCl,] system with potentiometric titra-
tion of [AuCL] 2-ethylimidazole, the equilibrium concentrations of the starting substances and
the reaction products at 298 K calculated by the KEV software.

We entered potentiometric titration data, the concentration of [AuCly]. and 2-ethylimid-
azole at each titration point and the protonation reaction of 2-ethylimidazole into the KEV
software to determine the composition and stability of the formed complex particles. The model
takes into account the following equilibria:

H*+L=HL' 1)
[AuCL] + L = [AuLCl] + CI ©)
[AuCL] + 2L = [AuL,CL]* + 2CI 3)
[AuCL] + 3L = [AuL;Cl]** + 3CI (4)
[AuCLy] + 4L = [AuL]?* + 4Cl" (5)
H'+ OH = H,0 (6)

It should be noted that processing of the potentiometric titration data in the temperature
range 278-328 K with the KEV programme shows satisfactory results in the reactions for the
formation of the two complex forms (2) and (3). Table 2 shows the results of the calculation of
the common stability constants. The reliability of the determination of the constants is con-
firmed by the satisfactory coincidence of the experimentally found potential values with the
theoretical ones (see Table 1).

Table 2. Values of the common stability constants of 2-ethylimidazole gold (III) complexes

T,K lgﬁl[AuLcB] lg[.:')z[Auchlz]Jr
278 5.88+0.08 12.24+0.09
288 6.05+0.07 12.76+0.08
298 6.14+0.06 13.18+0.08
308 6.55+0.07 13.86+0.06
318 6.88+0.08 14.41+0.05
328 7.20%0.09 14.93+0.06

The table shows the growing of stability of the complexes with increasing temperature.
The temperature factor has a greater effect on the stability of the bisubstituted complex. At a
rise in temperature by 50 °C the stability of the bisubstituted complex increases by 2.69 log units,
at the same temperature interval the stability of the monosubstituted complex increases by
1.32 log units.

Recalculation of the common constants into step constants shows, that in the whole stud-
ied temperature range stability of the bisubstituted complex is greater than stability of the
monosubstituted one (at 298 K 1gK; = 6,14; 1gK, = 7,04), that does not exactly correspond to the
theory of stepwise complex formation. The greater stability of the bisubstituted complex as
compared to the monosubstituted one may be explained by the fact that the chloride ligands
located in [Au(2-EI)ClL:] in the trans-position to the 2-ethylimidazole molecule are more easily
replaced by a subsequent 2-ethylimidazole molecule.

The found common stability constants at different temperatures were used to determine
the thermodynamic functions of complex formation by the temperature coefficient method. By

the equation

—-AH 1 AS
o9 =22 .- 4 22
gBl 23R T 23R
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we graphically determined AH and AS (Fig. 2), the Gibbs energy was calculated using the equa-
tion AG = AH - TAS.

1gB;
15 A
,
10 A
°
° s |
5 -
0 T T 1
0.003 0.0032 0.0034 0.0036
1/T

Fig. 2. Dependence of 1gf; from 1/T for complexes [Au(2-EI)CL]° (1) and [Au(2-EI),CL]* (2)

Table 3 presents the values of thermodynamic functions for the formation of gold (III)
complexes with 2-ethylimidazole.

Table 3. Values of thermodynamic functions for the complexation reactions of gold (III) with 2-ethylimidazole

Reaction of complex formation AH, AS, AG,
kJ/mol J/(mol-K) kJ/mol
[AuCly] + (2EI)«»[Au(2ED)Cl;]° + CI 38.66+0.75 233.3+4.78 -30.87+0.38
[AuCly] + 2(2ED)«>[Au(2EI),CL]* + 2CI 94.96+1.33 574.1+2.63 -76.15+0.17

By Table 3 the formation of both complex forms produces with the releasing of energy.
Such a change in the heat content of the system has a negative effect on the spontaneous course
of the complexing reaction. Positive changes in AS ensure the direction and spontaneity of the
reaction to form 2-ethylimidazole complexes.
Fig. 3 shows as an example the distribution diagrams of mono- and bisubstituted gold
(IIT) complex as a function of the concentration of 2-ethylimidazole at 308 K.
o %

Oy o,
1 1

- 0.8
- 0.6

- 0.4

-Ig[L]
Fig. 3. Distribution curves of 2-ethylimidazole gold (III) complexes at 308 K, where oo - [AuCL]’; a1 - [Au(2EI)CL];
ap - [Au(2E1)2C12

The analysis of the temperature dependence of the distribution function shows yield
growing of complex forms with increasing temperature.
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Experimental part

We used 2-ethylimidazole (2-EI) and H[AuCL] as starting compounds. The H[AuCL]
solution was prepared according to the method described in [14]. The initial concentration of
H[AuCL] was 1-10”° mol/l, the concentration of 2-ethylimidazole was 4-10* mol/l. To carry out
a study of the interaction of H[AuCl] with 2-ethylimidazole we used a galvanic cell with trans-
fer: Au/[AuCL] | | Ag,AgCl/CL. Potentiometric titration was carried out on a MI-150 pH-me-
ter from a 5 ml half-microbiurette with a division value of 0.01 ml. In this research we used a
weakly acidic H[AuCL] solution (pH = 5) and an aqueous solution of 2-ethylimidazole
(pH = 8.73). The concentration of chloride ions was 1 mol/l and was sustained by adding KCl
to the solution. We created an ionic strength by adding sodium perchlorate (I = 0.05 mol/l) to
the solution. We carried out potentiometric titration 4-5 times at each temperature. The system
potential was set within 10-15 min. We kept the cell temperature constant with a water ther-
mostat (+0.1 °C). The equilibrium concentrations of [AuCL];, 2-ethylimidazole, the resulting
complexes and their stability constants were determined using the KEV program [15].
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Introduction

Underground geothermal water is currently extracted and used for various purposes:

- As a heat transfer fluid for heating buildings and structures. Using geothermal water for
heating and hot water allows to decrease the level of atmospheric pollution. In terms of econ-
omy, the use of geothermal water heat is competitive with some traditional fuels: fuel oil, hard
coal, etc.

- The production of useful components that can be used in the medical, chemical and
food industries.

- Saving of drinking quality water through the recycling of geothermal one.

The profitability of using geothermal water depends on many factors: the productivity of
the produced water, its temperature, the depth of the wells, the waste water utilisation, the con-
centration of useful components, and the technology for extracting these substances from the
geothermal water.

The choice of processes and methods for extracting chemical compounds from the hy-
drothermal heat transfer fluid of different deposits plays a major role. The exploitation of geo-
thermal deposits, taking into account the disposal of waste geothermal solutions and the possi-
bility of improving the environment were studied at [1-3].
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Recently, natural mineralised water as a promising source of many valuable chemical
products is paid a greater attention [4]. The use of mineralised geothermal water produced in
Russia is of great importance, not only due to the possibility of significantly reducing the vol-
ume of formation water discharged to the surface, which contributes to improving the environ-
ment, but also for the processing of minerals, a more advanced and integrated use of mineral
resources [2].

By the data provided on the composition of formation water (FrnW) of Medyaginskaya
well, we can conclude the containing of high concentration of valuable chemical elements.
Chemical compounds: potassium, magnesium, sodium, calcium, magnesium chlorides; potas-
sium bromide and potassium iodide; reactive bromine and iodine; lithium compounds are
promising for essential industrial products. The mass fraction of these substances is quite high,
so the relevance of industrial processing of geothermal water is not in doubt. Table 1 shows the
composition of geothermal water of the Mediaginskaya well.

Table 1. Composition of geothermal water of the Mediaginskaya well

Content, kg/m
Ne Composition of geothermal water Stary Oskol aquifer Mid-upper Cambrian
1224-1399 m volcano, 2158-2190 m
1 Sodium chloride, NaCl 186.3 196.4
2 Magnesium chloride, MqCl, 14.6 16.1
3 Calcium chloride, CaCl, 36.63 52.25
4 Potassium chloride, KCl 0.764 1.34
5 Lithium chloride, LiCl 0.037 0.059
6 Rubidium chloride, RbCl 0.00082 0.0013
7 Cesium chloride, CsCl 0.00012 <0,0006
8 Strontium chloride, SrCl, 0.58 0.95
9 Calcium sulphate, CaSO, 1.49 0.51
10 Potassium bromide, KBr 0.99 1.35
11 Potassium iodide, KJ 0.0056 0.0038
12 Silicic acid, H,SiO4 0.005 0.03
13 Calcium bicarbonate, Ca(HCO3), 0.083 0.105
14 Ferrum, Fe**/Fe** 0,048/0,007 0,128/ -
15 Boric acid, HBO, 0.032 0.038

Based on the technological scheme for processing of mineral resources developed by SPU
"NEDRA" [1], we propose a block diagram of this enterprise [5], which is shown in Fig. 1.

The presented geothermal water processing scheme is designed for a capacity of 5 m*/h;
this mode has a little impact on the reserves and the timing of their use. The developed scheme
does not involve harmful wastes and emissions to the atmosphere.
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Fig. 1. Block diagram of a geothermal water processing plant

One of the main steps in geothermal water processing is the concentration of multi-com-
ponent salt solutions until the main component, such as sodium chloride, is saturated, followed
by the extraction of other mineral components from the concentrated brine. The evaporation
process is conducted in specially designed evaporators for crystallising solutions, as the high
mineral salt content of geothermal water leads to the formation of crystalline precipitation (pre-
cipitation of sodium chloride, calcium, etc.) on the inner surface of the heater tubes. It leads to
rapid build-up and clogging of the heat exchanger tubes by crystallising salt, which in turn re-
duces the evaporation efficiency. As a result, the apparatus has to be rinsed and the rinse water
evaporated, expending additional energy.

As aresult of our work on integrated geothermal water processing, we have developed the
design of an evaporator for crystallising solutions [6, 7]. The scheme of the evaporator is shown
in fig 2. iI\ Steam

The evaporator operates as follows. The in-

coming circulating liquor (geothermal water) is | 1

fed into the circulation pipe at a temperature of ]
65 'C. The circulating liquor is then pumped by :

Heating steam

pump 3 through a hydrocyclone 4 into the boiling

pipes 5, where it is boiled by heating steam from

Circulating liquor

e

the small-scale cogeneration unit. The vapour-
liquid mixture enters the boil-off tube 6 and then
enters the separator, where the secondary vapour

Condensate

is separated from the liquid and the crystals |

formed. As the circulating liquor passes through

the hydrocyclone, centrifugal force causes the
solids particles to be thrown back against the wall Crystals
of the unit and move downward in a spiral flow Fig. 2. Evaporator for crystallising liquors:
into the lower cone of the hydrocyclone towards 1 - separator; 2 - circulation pipe; 3 - pump;

the discharge orifice. By separating the crystals 4 - hydrocyclone; 5 - evaporator heater boiling

from the circulating liquor in the proposed evap- pipes; 6 - boling pipe
orator for crystallising liquors, overgrowth and clogging of the tubes by the crystallising salt is
greatly reduced. As a consequence, the evaporator's operating intensity and capacity are in-
creased and retained for a long time, and the cleaning interval and operational reliability are

increased [8].
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In order to intensify the heat exchange and mass transfer process, flow pulsation, rough
wall flow, use of nozzles, etc. are widely used [9]. Pulsation devices are of great interest for in-
tensifying the evaporation process. Various pulsation devices are used to communicate fluid
flow with pulsation, the action of which leads to increased turbulence and dispersion of the
flow, which contributes to a significant increase in the heat transfer coefficient [5, 6]. The puls-
ers are widely used because of their simple design and high power density, and the periodic flow
pulsation does not cause a significant increase of hydraulic resistance. To improve the efficiency
of the evaporation process we have proposed a new design of evaporator with pulsatile motion
of solution through the heater pipes (Fig. 3) [10].

The principle of operation of the pre-

A Steam
sented evaporator is similar to that of the crys- =L
tallising solution evaporator. But additionally, | 1
a membrane-type pulsation device is attached /6_.;
to the lower part of the heating chamber. To ] )
denerate pulsation of the solution in the boil- Heating steam
ing tubes, a flexible membrane 7 is used, which oo . _'_

}

is driven in reciprocating motion by a pulsator . Cireutating liguor

- a piston pump. The vibration amplitude is

10-25 mm.

Thus, the proposed evaporator with a { " 3
pulsating membrane-type device for crystallis- 3 E ; %1
ing solutions due to increased flow turbulence @ =

provides significantly reducing of overgrowing
and clogging of tubes with crystallising salt. As ;

Crystals

a consequence, the evaporator's operating in-
1 ’ P p 8 Fig. 3. Schematic of an evaporator with pulsation

motion of the liquor through pipes: 1 - separator;
for a long time, and the cleaning interval and 2 - circulation pipe; 3 - pump; 4 - hydrocyclone;

operational reliability are increased [8]. 5 - evaporator heater boiling pipes; 6 - boil-off pipe;
7 - flexible membrane; 8 - piston pump

tensity and capacity are increased and retained

In order to compare the efficiency of the
proposed evaporator designs, we used the known dependencies for determining the heat trans-
fer coefficient for flow pulsation in boiling pipes. Calculations show the heat transfer coefficient
in the evaporator with flow pulsation is higher than the coefficient in the smooth tube of the
evaporator boilers by 20-40%.

Conclusions

Thus, the evaporation process is one of the most important for geothermal water pro-
cessing. Highly efficient evaporation apparatus designs was developed for this process. At the
same hydraulic resistance, the heat output of the evaporators of the proposed designs is 20-40%
higher in compare with conventional evaporators.
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