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AnHOmauyus

Ienu. CpasHumenbHblll AHAAU3 A0eK8AMHOCIU MAMEMAMUUECKUX Mo0esell NaposKUOKOCIMHO20 pas-
Hogecust (II2KP) u ux 803Mo2KHOCMU 80Cnpou3gooums ocobeHHocmu pa3o8020 nogedeHust mpoti-
HOU cucmembl 6EH301-YUUKI02eKCAH—XIOPOEH301 NPU UCNOSIb308AHUU PA3HbLIX HAbOOPO8 sKcnepu-
MEHMANbHBIX OAHHbBLX OISl OUEeHKU napamempos8 6UHAPHO20 83aUMO0elicmaust.

Memoowst. B kauecmee mMemodog uccaedoeamust 8blOpaHo MamemamuuecKoe mMooeaupo8aHue
II2KP e npozpammHom kKomnaekce AspenPlus V.10.0. ¢ ucnonwvzogarHuem YypasHeHUl JoKAlb-
Hblx cocmaeos (NRTL, Wilson) u epynnoeoii modenu UNIFAC, nosgosstoweli noayuums Hesa-
suCuUMY UHGpopmayuto. [ns cucmemsbl 6EH301-UUKI02eKCAH~X10pOeH301 060CHO8AH 8blLOOD
ypasHerusi NRTL, obecneuusarouiezo 6osiee 8blcokoe Kauecmeao ONUCaAHUSL SKCNePUMEHMANTbHBbIX
OaHHbLX TIKP.

Pesynomamet. I[locmpoeHue ouazpammsbl X004 AUHUL NOCMOSIHHOU Jlemyuecmu YUK102eKCcaHa
omHocumenbHO 6eH30.1a 8bL8UNL0 MPU MONOJI02UUECKUX CMPYKMYPbL, U3 KOMOPbLX MOJIbKO 00HA
MooKem cuumamucsi 00CMO8epHOLl, NOCKONbKY coomeemcemayem OAHHbIM HaAMmYypHO20 IKCnepu-
MeHma u cognadaem ¢ OUaZpammoll, NOCMPOEHHOU HA OCHO8e He3A8UCUMbLX OGHHBLX MO0esU
UNIFAC. IlonyueHHble pe3ysbmambsl ceudemenbcmayom 0 mom, umo npu ucciedo8aHuUU
cucmem, codeprkaujux bauskue no cgolicmeam KOMNOHEeHMbl, He0bXo00UMO nosvliuams Ka-
Yecmeo ONUCAHUSL UMEULUXCS MACCUB08 OAHHbLX (OMmHOcUMenbHas owubrKa He O00NKHA
npesviuuame 1.5%).

Bureoodst. Bocnpouseederue mepMoOUuHAMUUECKUX 0COOeHHOCMEll X00a pA3IUUHbLX MHO2000pa3ULL
8 KOHUEHMPAYUOHHOM CUMNIeKce, NOAYUeHHbLX obpabomikoli npsimbix 0aHHblx [IDKP, moixxem
CYIKUMb O0ONONHUMENBHOU OUeHKOoU adexeamHocmu mooenu. [lns cucmemol YuKio2eKcaH—beH-
301-x10pbeH30 Haunyuwum sieasiemest Habop napamempog ypasHeHust NRTL, komopule oye-
HeHbL N0 OOULUPHBLIM dKCNepPUMEeHMANbHbIM OaHHbIM TIXKP, umerowumes 8 aumepamype O0as
mMpoUHOU cucmemol 8 UesoM.
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RESEARCH ARTICLE

Evaluation of the adequacy of phase equilibria modeling based
on various sets of experimental data

Anastasiya V. Frolkova, Veronica G. Fertikova, Elena V. Rytova®, Alla K. Frolkova

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author, e-mail: erytova@gmail.com

Abstract

Objectives. The purpose of the paper is to compare the adequacy of mathematical models of
vapor-liquid equilibrium (VLE) and their ability to reproduce the phase behavior of the ternary
system benzene—cyclohexane—chlorobenzene using different experimental data sets to evaluate
binary interaction parameters.

Methods. The research methodologies were mathematical modeling of VLE in the Aspen Plus V.10.0
software package using activity coefficient models (Non-Random Two-Liquid (NRTL), Wilson)
and the Universal quasichemical Functional-group Activity Coefficients (UNIFAC) group model,
which allows for independent information. For the benzene—cyclohexane—chlorobenzene ternary
system, the use of the NRTL equation is warranted because it provides a better description of the
VLE experimental data.

Results. The diagram construction of the constant volatility of cyclohexane relative to benzene
lines revealed three topological structures. Only one of them can be considered reliable because it
corresponds to the experimental data and coincides with the UNIFAC model diagram constructed
based on independent UNIFAC model data. The results indicate that to study systems containing
components with similar properties, it is necessary to improve the description quality of the
available data sets (the relative error should not exceed 1.5%).

Conclusions. The reproduction of the thermodynamic features of various manifolds in the
composition simplex obtained by processing direct VLE data can be used to supplement the
adequacy of the model. For the cyclohexane-benzene—chlorobenzene system, the best NRTL
equation parameters are those regressed from the extensive experimental VLE data available in
the literature for the ternary system as a whole.

Keywords: mathematical modeling, binary interaction parameters, vapor-liquid equilibrium,
experimental data, components relative volatility
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BBEJIEHHE

BrlunciuTenbHblil OKCIEPUMEHT C HNPUMEHEHU-
€M IpPOrpaMMHBIX MPOAYKTOB SBJISETCS B HACTOALIEE
BpEeMSs OIHUM M3 HauOoJjee JOCTYIHbBIX, IUPOKOTO UC-
MIOJTB3YEMBIX U OBICTPBIX METOIOB HCCiIeOBaHUS (a3o-
BBIX PaBHOBECHH M Pa3lUYHBIX (Pa30BBIX MPOIECCOB,
B YACTHOCTH, Iporecca pekrudukanuu. KirroueBrIM
MOMEHTOM SBIIIETCS BBIOOP MaTeMaTHYeCKON MOJENH,
MO3BOJISIIOIIEH BOCIPOU3BOIUTH (DU3HKO-XHUMHYCCKUE
CBOICTBa M3y4aeMoro 0oOBbEKTa C JOMYyCTHUMOM BeEIu-
YUHOW MOrpemHocTd (0OBIYHO JaHHas MOTPEIIHOCTh
HE JI0JKHA TMpeBblmarh 3—6% OTH. B 3aBUCHUMOCTH OT
CJIOKHOCTH paccMaTpUBaeMON CUCTEMBI).

Co3naHue aJeKBaTHOM MaTeMaTH4YeCcKOM Moje-
JTU WIH ToH00p €e MapaMeTpOoB IOJDKHBI OCYIIECT-
BIISITBCS. HAa OCHOBE OJKCIEPUMCHTAIBHBIX JaHHBIX,
KOTOpbl€ MHPOLIJIM TECThl Ha TEPMOJUHAMHUYECKYIO
cornacoBaHHOCTh [1—4]. B 3aBucumMocTH OT 0COOCH-
HOCTEH (pa30BOro MOBEACHHS CHCTEMBI U YHCIA KOM-
MMOHEHTOB B HEH MCCle0BaTelh MOXKET pacrojararh
paszHOil MHpOpManuend s MPOBEACHUS IIPOICAYPHI
OIIEHKH TIapaMeTpOB: JIaHHBIC TI0 Pa3HbIM BHUJIIaM PaB-
HOBeCcHUS (PKMIKOCTb-TIAp, KUJKOCTb-)KUJIKOCTb, KU~
KOCTb-’KUJIKOCTh-TIAP, JKHAKOCTh-TBEPJ0C BEIIECTBO
U T.J.); TeMIepaTypbl KUIEHUs MPU 3aKPENICHHOM
JIaBIICHUH M COCTaBbl a3€0TPOIOB; JaHHBIC I BCEH
CHCTEMBI B LIEJIOM UJIU €€ OTAEIbHBIX COCTABISAIOLIUX.
IIpuueM B 3aBHCUMOCTH OT HCIOJIB3yeMBIX NaHHBIX,
uX o0beMa M KauecTBAa MOTYT IONYYaThCsl 3HAUCHUS
napaMeTpoB OWHAPHOTO B3aMMOJCHUCTBHUS MOJEINCH,
C pa3HOH TOYHOCTHIO BOCIPOU3BOMASILHNE U3BECTHBIE
CBOlicTBa cHcTeMBbl. Mojenp o0JagaeT XOpOIIMMH
MPOTHOCTUYECKUMHU BO3MOXKHOCTSIMU, €CJIM OHA YAOB-
JIETBOPUTEIHHO OTMHUCHIBAET HE TOJBKO MPSMBIE DKC-
NIepUMEHTaJIbHbIE JAaHHbIE, HO U IMOJIyYEHHbIE Ha UX
OCHOBE JMarpaMMbl X0Jla Pa3lUYHbIX W30JUHUMA CKa-
JSIPHBIX CBOWCTB, HAlpUMeEp, KOIPQPHUIIMEHTOB pac-
MpeesieHUus KOMITOHEHTOB MEeXy (hazaMu MiIu Kod -
(UIMEHTOB OTHOCHTEIBHON JETYy4eCTH. YKa3aHHBIC
CBOICTBa MMEIOT Ba)KHOE 3HAYCHHE MPHU pa3paboTKe
CXeM pEeKTU(HUKAIMOHHOTO pa3lelieHus cMecell ¢
HCIIOJIb30BAHUEM PEKUMOB IMPOMEKYTOYHOTO 3a1aH-
HOTO pa3mesieHus [5] WU dKCTPAKTHBHOW PEKTH(U-
kanuu [6—9]. Hanuune agekBaTHOW MaTemMaTHUYECKOMN
MOJICJIM MO3BOJISET CIJIAHUPOBATh BBIYMCIUTEIbHBII
SKCTIEPUMEHT B IIUPOKUX JTMANa30HaX BapbHPOBAHUS
PEXKUMHBIX [apaMeTpOB paboTHl anmaparoB U OIpe-
JIETUTh ONTHUMAaJbHBIE PEKUMBI, O0OECIeUnBaIONINe
HalMEHBLINE YHEPro3aTparsl Ha pa3jiesieHue.

Hacrosmas pa®oTbl OCBSIICHa CPABHUTEIBHOMY
aHAJIN3y Pe3yJAbTaTOB ONMHCaHUs (pa30BOrO MOBEICHUS
CHCTEMBI OEH30J1 — ITUKJIOTeKCaH — XJIOPOCH3011 ypaBHe-
HUAMU JIoKaabHBIX cocTaBoB NRTL (Non Random Two
Liquid) u Wilson [10], mapameTpsl OWHAPHOTO B3aHMO-
JIEUCTBUSL KOTOPBIX OINpENENeHbl U3 Pa3uYHbIX HaOOpOB

9KCIIEPUMEHTAIBHBIX JaHHBIX, a TaKXKe ypaBHEHHEM
rpynnosoit mogenu UNIFAC (UNIversal quasichemical
Functional-group Activity Coefficients).

PE3YJIBTATBI U UX OBCYXKJIEHUE

Cucrema 6en3on (b) — nuknorekcan (L") — xmop-
6en3on (Xb) xopoio u3ydeHa B JIUTEpaType: UMEKOTCS
IKCIICPUMEHTANBHBIC NAaHHBIC IMAPOKUIKOCTHOIO pPaB-
HoBecus (IDDKP) mns Tpex OMHApHBIX COCTABIISIFOIIMX
[11-13] u obmupHbIe AaHHBIE I TPOMHONH CHUCTEMBI
BO BCEM KOHIIEHTpanuoHHOM cumiiekce [13]. Bce
JAHHBIC MPOBEPEHBI HAa TEPMOIMHAMHUYECKYIO COIa-
COBAaHHOCTDH C HCIOJH30BAHUEM TECTOB | €pHHTTOHA H
Ban-Hecca [1, 2].

JInst onleHKH mapaMeTpoB OMHApPHOTO B3aUMOJICH-
CTBUsI YPaBHEHUI JIOKAJBHBIX COCTABOB OyIyT paccMo-
TPEHBI TPH HAOOpa IKCIIEPUMEHTANBHBIX TaHHBIX (D]]):
o IDKP Ounapusix cocrapmustomux — /1 (2); mo IDKP
TpoiiHo# cucreMbl — D] (3); mo BceMy o0beMy HMMe-
rommxcs ganaeix — JJ1 (2 + 3). s kaxkaoro Habopa
MIPOBOMTCS OlleHKa apameTpoB ypaBHeHuss NRTL (1)
u ypaBHenus Wilson (2) [S] B mporpaMMHOM KOMILJIEK-
ce AspenPlus V.10.0:

x1.G. X, G

G i i

Z _ 2T
XA
x %Gy %Gy

ZxG.‘ > (D)

e y, — Ko9(Q(PUIMEHT aKTUBHOCTH i-OTO KOMIIOHEHTA,;

b,
G, =exp(-a,;1,); T;=0,;+ %-Feij InT+ f.T;

=0; G, =1.

u

a, =c¢, +d,(T-273.15); 1,

A4,x,G,
Iny,=1-In X 2)
;AU J ZE Akxk

rae In 4, :%erl-,-T +c¢; 1nT+dijT+e%Tz

[TapameTpbl OMHAPHOTO B3aWMOJICHCTBUS (A Aﬂ,
Bi], i C ) a TaKXe CPEeJHUE OTHOCHUTENIbHBIE OIHI/I6I(I/I
omHCaRHs paBHOBecHs XHUAKOCTh-ap (AT — 1o TeM-
neparype kuneHusi, AY — no cocraBy napoBoil (asbl)
npu nasiernn 101.3 xlla npuBenensr B Tabdn. 1 u 2.
MakcuMasbHble OIIMOKK onmucaHus (pa3oBoro paBHO-
BecHsl OMHAPHBIX CHCTEM HE TPEBHIMAIOT 3%, TpOHHOH
cuctemsl 6%.

CpaBHEHHE pe3yIbTaToOB OICHKH MapamMeTpoOB II0-
Ka3bIBaeT, YTO 00€ MOEIH MO3BOJISAIOT onuchiBaTh [[DKP
HCCIIEAYEeMON CHCTEMBI C TPUEMIIEMBIM KaueCTBOM,

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(6):457-464
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onmHako mapamerpsl Mogenu NRTL nmaror Gonee TouHoe
ONMCaHue, T0ATOMY JalbHEHIINE pacyeThl OyayT Mpo-
BOJUTHCS C UCIIOJIb30BAaHUEM ATOM MOJEIIN.

B mporpaMMHOM KOMIUIEKCE MIPOBENEH pacdeT ma-
POKMIKOCTHOTO PAaBHOBECUSA TPOMHOM CHCTEMBI U €€
OuHapHBIX cocTaBisomux npu gasiaeHun 101.3 klla c
ncnonp3oBanueM rpymmoBod moxean UNIFAC. Ommo6-
KM omnucaHus (ha3oBOro paBHOBECHS, IPUBEICHHBIC B
Tabx. 3, TakKe CBHICTENBCTBYIOT O XOPOIIEM KauyecTBE
BOCIIPOU3BEICHUSI 3KCIIEpUMEHTaIbHBIX AaHHbIX [DKP
TPOWHOM CUCTEMBI U €¢ OMHAPHBIX COCTABIISIOLITHX.

Kax mpaBuio, oneHka KayecTBa MaTeMaTH4YeCKOM
MOJICITH 3aBepIacTCs Ha dTAIle pacueTa 3HaYCHUH a0co-
JIOTHBIX U OTHOCUTENIBHBIX OIINOOK OMTMCAHUS MPSMBIX
9KCIEPUMEHTANBHBIX 1aHHbIX. OJJHAKO AJI CUCTEM, Xa-
PaKTEPHU3YIOIIUXCS MAIBIMU Pa3IUYUSIMHU CBOMCTB KOM-
IIOHEHTOB U CMecel, B YaCTHOCTH, TeMIIepaTyp Kulle-
HUs Oen3ona u nukiorekcana (80.10 u 80.75 °C),
JmetrydecTeld OeH30Ja OTHOCUTENHHO IUKIOTEKCaHa

(B pabore [13] B KOHIIEHTPAIIMOHHOM CHUMIUICKCE Ha-
Ma30H U3MCHEHUS 3THX Beau4uH cocrarisieT 0.8—1.4),
HE0OXOANMO TPUBJICYDh JOMOITHHUTEIBHBIE XapaKTepH-
CTHKHU, KOTOpBIE TIO3BOJISAT MOATBEPAUTH aJIeKBaTHOCTD
Mozienu. B kadecTBe TakoW XapaKTepUCTHUKU BBIOpaHa
CTPYKTypa JuarpaMMbl X0/1a TUHUI OCTOSITHHON OTHO-
CHUTEJILHOM JIETYYECTH KOMIIOHEHTOB I, j. B mporpamm-
HOM KomIuiekce AspenPlus npoBejieH pacuet paBHOBECHS
)unkocth nap B cucreme b—I{I'-Xb ¢ ucnons3zoBannem
Tpex HabOpOB MapamMeTpoB OMHAPHOTO B3aUMOACHCTBUS
ypaBHeHUst NRTL (tab:. 1). OnpeneneHsl 3HaYSHUS KO-
3(h(HUIIMEHTOB OTHOCUTEIHHOMN JIETY4EeCTH Maphbl HIUKIIO-
rekcaH (i) — 6enzon (j) mo popmye:

X

- 9
XY

&)

i

IJie , , — KOHLCHTPALIHs KOMIOHEHTA [ (/) B I1apoBOii daze,

X,;, — KOHLICHTPAIIUs KOMIIOHEHTA (7) B xxunko# dasze.

Taéauna 1. [Tapamerpsl OuHapHOro B3aumojeiicTBus ypasHeHust NRTL u pesynbrarsl onucaHus

Pa3IMYHBIX HKCTIIEPUMEHTAIBHBIX JaHHBIX (D/1)

Table 1. Binary interaction parameters of the NRTL equation and description results of various

experimental data (ED)

Bunapuas
cperema A A, B, B, C, AT, % AY, %
Binary i Ji i Ji ij
system
DI (2)/ED (2)
B-1I
B_CH —8.20751 —8.1266 1779.9 4156.59 0.01906 0.16 1.66
b—Xb
B_CB —10.9556 2.22538 3832.44 —231.437 0.3 0.67 0.49
Lr-xb 0776220 | 2.52749 | —-690.951 | —564.789 | 0.028905 1.23 121
CH-CB
S (3)/ED (3)
B-1I
0.00252441 —8.85555 88.8179 3108.78 3.16605
B-CH
b-Xb B B ) 3.15%
B_CB 2.6802 4.01723 514.445 1050.66 0.3 0.92 @11
Lr-Xb B B
CH-CB 4.43646 2.34578 409.339 1641.97 0.0303645
S (2+3)/ED(2+3)
B-1I
B_CH -3.67734 —4.80805 1744.96 1426.44 0.3 1.01 2.09
b—Xb
B_CB 0.354308 0.345032 —170.497 —132.059 0.3 0.77 0.86
r-XB B
CH_CB 4.32852 0.619341 1216.07 537.117 0.3 1.03 1.97
b-I'-Xb HaGops! mapamMeTpoB OMHAPHOTO B3aUMOICHCTBHUS TE JKe 1.41% 5.02%
B-CH-CB The sets of binary interaction parameters are the same ’ (5.14)*

*CpeaHue OMIMOKK ONMCAHUS TeMIIepaTypbl KUTIeHHs U KoHueHTpauuu Oensona (B) (uukinorekcana (CI')) B mapoBoii daze

TpoitHOl cucteMbl. Xb — XIOpOeH30I1.

* Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase

of the ternary system. CB — chlorobenzene.
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Tadmumna 2. [Tapamerpsr OnHapHOTO B3aMOEHCTBHs ypaBHeHUsT Wilson

U pe3yJBTaThl OMMUCAHUS Pa3InIHbIX D]

Table 2. Binary interaction parameters of the Wilson equation

and description results of various ED

Bunapnas
cperena A, 4, ) B, AT, % AY, %
Binary i Ji ij i
system
O (2)/ED (2)
b-1I'
B_CH 2.22465 9.39094 —781.052 —3432.02 0.10 1.43
g:ég —0.2853 —0.2629 —420.976 421.622 0.65 1.41
Ir-xb _ _
CH-CB 5.21084 8.4696 584.647 2928.92 1.20 1.49
S (3)/ED (3)
b-1I' _ _
B_CH 3.50955 1.8551 1006.89 1079.4
b—Xb _ % 4.79%*
B_CB 0.0317 0.0239 11.4715 44.8354 1.25 (6.14)*
Hr-xb _ _
CH-CB 0.701629 2.71709 1041.94 696.601
SN (2+3)/ED(2+3)
b-1I'
B_CH 2.74451 5.25204 —781.05 —2202.57 1.19 2.29
]};:)C(]I; —0.2853 —0.2629 122.157 127.361 0.8 0.89
Hr-xb _ B _
CH-CB 0.4298 3.62262 490.08 1078.44 1.00 1.99
b-1I'-Xb Habops! napameTpoB OMHAPHOTO B3aUMOEHCTBHS TE JKE 1.45% 5.06% (5.31)*
B-CH-CB The sets of binary interaction parameters are the same ’ ’ ’

*CpenHue OmMOKK OMUCAHUS TEMIIepaTypbl KUIEHUs: U KoHieHTpauu oensona (b) (mukinorekcana (CI)) B mapoBoit dase

TpOiHO# cucteMbl. Xb — X110pOeH3011.

* Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase

of the ternary system. CB — chlorobenzene.

Taoauna 3. Pesynsrarel onmcanus sxcriepuMeHTanbHbIX JaHHBIX [DKP ypasaernem UNIFAC
Table 3. ED description results of the VLE by the UNIFAC equation

Bpm:apuaﬂ cucremMa AT. % AY iy %0
Binary system ? “yEmg 40
b-11I' / B-CH 0.20 3.36
b-Xb/B-CB 0.38 2.35

IIr-Xb/ CH-CB 0.87 1.94
b-III'-Xb / B-CH-CB 3.88 3.56 (0.23)

B KOHIIEHTpPAIIMOHHOM TPEYTOJIBHUKE MOCTPOCHEI
H30JIMHNUH, BAOJIb KOTOPBIX OTHOCUTECJIbHAA JICTY4YCCThb
MIPUHUMAET TOCTOSIHHBIE 3HAYCHHS ((lij-J'II/IHI/II/I). [Momy-
YCHHBIC JUarpaMmbl IIPEACTABICHBI Ha pHUC. 1.

Kak BHIHO, CTPYKTYpBI IHArpaMMBbI X0/a O, -JTH-
HUN OTJIMYAIOTCS: HA JuarpaMme puc. la MMErTCs
JIBE 0COOBbIC TOYKHM Ha OWHApPHBIX COCTABISIONIUX:
ajunTUYeckoro tuna (cocrasistonias b—Xb) u ru-

nepbosimueckoro tuna (cocrapistomas [[I'—Xb); Ha
auarpaMMe puc. B Takke MPUCYTCTBYIOT JBE Ou-
HapHBIE 0COOBIE TOYKH, ONHAKO TOYKA ODJUIHIITHYE-
CKOro THIa NpuHaIexuT cocrasistomeit [I'-Xb, a
runepoonnueckoro — b—Xb; Ha nuarpammax puc. 16
1 1T ocoOble TOUKM Ha OMHAPHBIX COCTABIAIONINX OT-
CYTCTBYIOT (JaHHBIE THATPAMMEBI TOJOOHEI HE TOJIBKO
KaueCTBEHHO, HO U KOJIMYECTBEHHO).
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Xb/CB

B/B Az LI /CH
a
XB/CB
L 1.25
1.2
1.1 1.16
1.1
1.0
/ 0.89
B/B Az LI/ CH
B

XB/CB
1.3
1.2
1.1
1.0
/ 0.95
B/B Az L'/ CH
6
XB/CB

1.3
1.2
1.1
1.0
0.9
Az

T

B/B L'/ CH

Puc. 1. [lmarpamma n30JUHUNA OTHOCUTENBHOM JeTydecTr mapsl rukiorekcas (LIN)—6en3omn (B), moctpoennas
C UCTIONB30BaHNEM MapaMeTpoB ypaBHeHUsI NRTL, momydeHHBIX Ha OCHOBE SKCIIEPUMEHTANBHBIX JaHHBIX: (a) D[] (2);
(6) 1 (3); (B) O (2 + 3), a Taxxke ypaBHeHuss UNIFAC (T).
Fig. 1. Diagram of the relative volatility isolines of a cyclohexane (CH)-benzene (B) pair, constructed using the NRTL
equation parameters obtained based on ED: (a) ED (2); (b) ED (3); (c) ED (2 + 3), as well as the UNIFAC equation (d).

Crenyet TaKkkKe OTMETHUTb, YTO CTPYKTYPBI THarpam-
MBI TIOCJICTHUX JIBYX CHCTEM TOIIOJOTHYECKH JKBHBA-
JICHTHBI CTPYKTYpE IuarpamMMbl U30JIMHUH OTHOCHUTENb-
HOM JIETYy4YEeCTH, TIOCTPOCHHOMU 0 SKCIIEPUMEHTAIILHBIM
nmanabiv TDKP [13].

3AKJIIOYEHHUE

YCcTaHOBIIEHO, YTO pa3Hbie HAOOPHI MapaMeTpoB Ou-
HapHoro B3auMozeicTsus ypasHenust NRTL Bociponsso-
JIT C BBICOKOM TOYHOCTBIO SKCIIEPUMEHTAJIbHbIE TaHHBIE
IDKP, Ha 0CHOBE KOTOPBIX OHU OBLIN MOTy4eHbI. OHAKO
pacder (a3oBOro paBHOBECHS TPOHHOH CHCTEMBI U TIO-
CTPOEHHUE M30JIMHUN MOCTOSHHON OTHOCUTEJIBHOU JIETY-
yecty napbl b—11I" mokazanu HanuuuMe Tpex pas3IHuYHbIX
TONOJIOTMYCCKUX  CTPYKTYp JHarpaMM 0, -JIMHWi, H3
KOTOPBIX JIUIIb OfHA (pHC. 10) MOXKET CUMTATHCS TOCTO-
BEPHOM, MOCKOJIbKY COOTBETCTBYET JJAHHBIM HATYPHOIO
JKCIIEPUMEHTA U COBIALAET C JUarpaMMoi, MOCTPOEH-
HOIi Ha OCHOBE He3aBUCUMBIX JaHHBIX Mogean UNIFAC.

ITonyueHHbIE pe3yNbTaThl CBUAETENLCTBYIOT O TOM, UTO
IIPU FCCIIEAOBAHUH CHCTEM, COACPIKAIIUX ONM3KHE IO
CBOMCTBAM KOMIIOHEHTHI, HEOOXOAMMO IOBBIIIATH Ka-
YEeCTBO OINMHMCAHUS MMEIOIINXCS MAacCHBOB JAHHBIX (OT-
HOCHTEJbHAsA OIIMOKa HE IOJDKHA mpeBblmaTh 1.5%) u
CTPEMHTHCS] K BOCIPOM3BEICHUIO TEPMOIMHAMIYCCKUX
ocobeHHOCTel (pa30BOro MOBENEHNUS, KOTOPbIE HaXOMSAT
OTpaXCHUE B CTPYKTYpax XOJa Pa3INYHBIX XapaKTepH-
CTHUYECKHX MHOroo0pa3uii, MOITY4YEeHHBIX O00pPabOTKON
nanueix [1KP. Tonpko B 3TOM citydae MOKHO HCTIONB30-
BaTh MOJIy4YE€HHBIE MMapaMeTpbl MOJENHN Ui JalbHe1Ie-
I'0 UCCJIEZ0BaHMsI 3aKOHOMEPHOCTEH U pacyera mnpouec-
ca pextudukanuu. K coxaneHuto, 3KCIIiepUMEHTaIbHbIE
nanuble IDKP TpoliHbIX cuCTEM BecbMa OIpaHUYEHBI
U JUis OONBIIMHCTBA CUCTEM OTCYTCTBYIOT. B ycrnoBu-
X OTPAaHMYCHHOW OSKCIHEPUMEHTAIBHON WH(pOpMamn
HEOOX0IMMO TPOBOAUTH IO KpaiHeH Mepe JIOKaJbHBIN
HaTYPHBIH SKCIEPUMEHT C LIENBI0 TIOATBEPKIACHHUS aIeK-
BaTHOCTHU MaTeMaTHUECKOTO MOJIEIUPOBAHUSI.
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OTO B MONHOW Mepe KacaeTcs peKOMEHIAIuil pa-
60T1hI [13] Mo ucoNb30BaHUIO XJIOPOEH30/1a KaK [TOTEH-
LIHAJIBHOTO pa3/essAIoIIero areHTa B [poLecce IKCTpakK-
TUBHOI pexTuukanuu dunapHoit cmecu b1l U neno
Jake HEe B TOM, 4TO XJOPOCH30J o0NamaeT HU3KOM ce-
JeKTUBHOCTHIO. Vcnonb3oBaHue HaOOpOB MapaMeTpoB
91 (2) u D1 (2 + 3) mpHuBEaET K HEBEPHBIM 3HAUCHUSIM
nokasaresneld paboThl KOJIOHH M DHEPro3arpar KOMILIeK-
ca OKCTPAaKTUBHOW pekTuuKarmu. Takum o0pas3om,
s cuctembl b—1{I'-Xb Haunmyyium siBiseTcss HaOOp
rmapaMeTpoB ypaBHeHHs NRTL, koTopeie ouieHEHBI 1O
OOIMPHBIM 3KcIiepuMeHTaNbHBIM JaHHbIM [DKP, nme-
FOIIMMCS B IUTEPAType AJI1 TPOMHON CUCTEMBI B LIETIOM.

I'pynnosast mozens UNIFAC momydnna mupokoe
pacnpocTpaHeHHe MPU MOJEIUPOBAHUM CBOMCTB CMe-
ceil B OTCYTCTBHE JKCIIEPHMEHTANbHBIX JaHHBIX. Kak
[IOKa3bIBAET IPAKTHKA, OHA YIOBJIETBOPUTEIHHO OIHU-
CBIBA€T OTHOCUTEJIBHO MPOCThie 00BeKTH [14—16]. B 10O
K€ BpeMs IIpU HAJIMYUU B CUCTEME HECKOJIBKUX KUAKHX
(a3 [17], yBenmu4YeHUHU YKCIIa a3€0TPOIIOB M MX KOMIIO-
HEHTHOCTH, ITOSIBJICHUH OHa3e0TPOITHBIX COCTABIISIONTIX
[18—20] nporHocTuyecKkue BOZMOKHOCTH MOJICTH PE3KO
camxatorcsi. [Ipumenenne monemn UNIFAC cranoBut-
Csl HELeJIeCOOOPa3HbIM MIPH 3HAUYUTENBHBIX OTKIIOHEHH-
X CUCTEMBI OT UJI€AIbHOTO [TOBEACHMS.

Bnazodaprocmu
Paboma evinonnena npu unarcosoti noddepicke Munu-
cmepemea 06pasosanus u Hayku Poccutickoii @edepayuu 6 pam-
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Abstract

Objectives. The study aimed to analyze the current antiseptics and disinfectants, explore
the possibility of synthesizing various antiseptics including oligohexamethylene guanidine
hydrochloride (OHMG-HC) using microfluidic technology, and investigate the main synthesis
parameters affecting the properties of the resulting product.

Methods. This article presented a review of literature sources associated with investigations of
antimicrobial resistance, the uses of agents based on polyhexamethylene guanidine hydrochloride,
oligohexamethylene guanidine hydrochloride, and other salts, obained using modern synthesis
technologies with microreactors.

Results. The relevance of developing production technologies for the “OHMG-HC branched”
substance was determined. The microfluidic method for the synthesis of polymers, and its
application prospects for obtaining the target substance were compared with the existing methods.
Advantages of the microfluidic method were indicated.

Conclusions. Microreactor technologies allow for more accurate control of the conditions of the
polycondensation reaction of the starting monomers and increase the yield and selectivity of
the oligomers obtained, leading to an increase in the product purity and process efficiency, in
contrast with other known methods. The use of microreactor technologies for the synthesis of
branched oligohexamethylene guanidine hydrochloride products is a promising strategy.
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AHHOMAyus

IMenu. Llenb uccnedo8aHusl — NPOAHANUIAPOBAMb NPUMEHAIOUWUECS. AHMUcenmuku U 0esuHgex-
MaHmMbl, PACCMOMPEmMsb B03MONHOCMb CUHME3A PA3NUUHBIX AHMUCENMUKO08 U 0MOeslbHO CUHmMe-
3a onuzozexcamemusieH2yaHuouHa suopoxnopuoa (OIMI-I'X) ¢ npumeHeHuem MUKpogpaouUoHol
MexXHON02UU, @ MAaKIKe UYUuUmb OCHO8HblE Napamempsl CUHmMesa, 8Ausowue Ha xapaKkmepu-
CMUKU NOYUaemoz0 npooyxma.

Memooewl. [Ipedcmaener 0630p AUMEPAMYPHBLIX UCMOUHUKOS, C8AZAHHBLX C UCIeO08AHUIMU AH-
MuMUuKpobHoll pesucmeHmHocmu, npumeHeHuem cpeocmas Ha OCHO8e nosluzeKcamemuieH2ya-
HUOUHA 2UOPOXIOPUOQ, 01U202EKCAMEMUNEHR2YAHUOUHA 2UOPOXNI0pUOa, a maKiKe opyaux conetl,
NONYUEHHBLX COBPEMEHHBIMU MEXHON02USIMU CUHME3A C UCNOIb308AHUEM MUKPOPEaAKmopos.
Pesynomamet. OnpedeseHa aKkmyalbHOCMb paspabomKu mexHo02UuU NoAYUeHUst cybemanyuu
«I'MI-I'X pazsemenerHblil. PaccmompeHsl cyuiecmayoujue cnocodbl noayueHus cybcmaryuu
u ux Heodocmamxu. Taxxe paccmompeH MUKPOYIOUOHBLIL cnocob cuHmesa noaumepos, e2o 00-
CMoOUHCMBA U Nepcnexmugbl e20 UCNOb308aAHUSL 011 NONYUeHUS Yenesoll cybcmaHyuu.
Buleoodusl. MuipopeaikmopHble MexHOL02UlL NO380as1I0m 60iee MOUHO KOHMPOAUPO8AMb YCO0-
8Usl peaKyuu NOJUKOHOEHCAYUU UCXOOHBLX MOHOMEPOS U NOBLLLUUAMb 8blX00 U CeleKmuU8HOCMb
NONYUEHHBLX 0IU20MEPO8, UMO NPUBOOUM K NOBLLUUEHUIO UUCMOMbL NpodyKma U 3¢pchexmueHo-
cmu npouecca, 8 omauuue om 0pyaux uzeecmHsix cnocobos. Hcnonszosarue MuKkpopeaxmopHblx
MexHOoN02Ull O/l CUHME3a pa3eemeaseHHbLX NPOoOYKmos8 2u0poXIopuoa oluzozeKcamemusieHaya-
HUOUHQ s18/151emcest nepcnekmueHoll cmpamezuetl.

Knroueenwle cnoea: aHmucenmur, 0e3uHgpeKmaHm, alKuleH2yaHUOUHbL, 0lUz02ercamemuieHzya-
HUOUHA 2UOPOXNOPUOD, MUKPOGPIIHOUOHbBLE MEXHOI02UU, MUKPOPEAKMOP

Jlnsa yumuposanus: Ha A.C. Microfluidic method as a promising technique for synthesizing antimicrobial compounds. Tonk.
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INTRODUCTION

Currently, one of the most important global
problems is the progressive resistance of pathogenic
microorganisms to applied biocidal drugs, and special
measures are being developed to combat this problem
[1]. Approximately 50000 people die annually from
infectious diseases caused by antimicrobial-resistant
microbes in Europe and the United States, with this
number reaching hundreds of thousands in developing
countries.

The resistance of microorganisms is manifested
by the presence of structural polymers in their cell
membrane, e.g., peptidoglycan. Peptidoglycan
provides mechanical strength and structure to the cell,
as well as thickness and shape, which depend on the
type of peptidoglycan.! To protect their cytoplasmic
membrane, gram-positive bacteria possess a thick
layer of peptidoglycan, while gram-negative bacteria
possess inner and outer membranes surrounding a
relatively thin peptidoglycan matrix and periplasmic
space. There are components associated with both
types of cell walls that limit the ability of antibiotics
and antiseptics to penetrate these structures (efflux
pumps that remove toxins, protective enzymes (e.g.,
B-lactamases), and complex carbohydrate networks).
In general, the resistance of microorganisms can
be divided into two types. The first is antibiotic
tolerance, i.e., where a cell under the influence of
chemical action reduces its growth and metabolism
or inactivates the targets of the antibacterial drug.
Antibiotic tolerance is not inherited, but is developed
under certain external conditions, where part of the
population evolve into persistent forms with multiple
tolerance. The second type is antibiotic resistance, in
which the targets are modified, destroyed, released
from the cell, or rendered inaccessible because of
the decrease in the cell membrane permeability.
This decrease in cell permeability is the nonspecific
resistance mechanism that leads to the development
of multidrug resistance. This resistance information
is transmitted at the genetic level and is an invariable
trait in particular species [2]. Furthermore, this
resistance problem is aggravated by the enclosure of
most pathogenic bacteria in biofilms, which create
an additional barrier for antimicrobial agents [3].
The biofilm contains a cellular component—one or
several cultures of bacteria—and an extracellular
matrix containing polysaccharides, glycopeptides,
nucleic acids, and lipids in its structure [4].

! The Review on Antimicrobial Resistance, 2014. Available
from URL: https://amr-review.org/sites/default/files/ AMR %20
Review%20Paper%20-%20Tackling%20a%20crisis%20
for%20the%?20health%20and%20wealth%200f%20nations_1.
pdf (accessed March 27, 2021).

In addition to antibiotic resistance, the resistance
of pathogenic microflora to disinfectants is attracting
significant concern. According to a study [5], several
microorganisms exhibit resistance to the ubiquitous
chlorhexidine, as evidenced by the increased value of
the minimum inhibitory concentration. Healthcare-
associated infections (HCAIs) pose a threat to patients
in hospitals. The inappropriate use of antibacterial
agents by medical institutions has led to the rapid
development of multidrug resistance. According to
expert forecasts, the mortality rate associated with
HCAI will increase annually, if effective measures
to combat resistance are not developed. There are
various/different routes for solving this problem,
from reducing the use frequency of antibiotics and
replacing them with antiseptics [6—9] to, of course,
exploring and implementing new antimicrobial agents
that meet modern requirements.

The development of new antibacterial agents
is a long and complex process, which is why large
companies are wary of investing in this area. The
results of screening new compounds against a group
of ESKAPE pathogens characterized by significantly
high resistance have been reported, and not a single
compound was found to be active against gram-
negative organisms. Many compounds that exhibit
good whole cell activity have been found to be
cytotoxic to mammals. In this regard, the development
of new and effective antibiotics requires an in-depth
study of the mechanisms of cell permeability, point
mutations using molecular modeling, and other
innovative methods; unfortunately, these require high
material costs that may be unjustified [10].

Regarding the above information, it is necessary
to review the antiseptics currently in use, considering
the advantages and disadvantages of each of the
presented classes.

TYPES OF ANTISEPTICS

The current classes of antiseptics can be
categorized as follows.

Oxygen-active compounds (hydrogen peroxide,
sodium percarbonate, peracetic and performic acids,
and others). The biocidal effect is manifested by the
released active oxygen. The representatives of this
class have several disadvantages, namely toxicity, the
ability to cause burns, and high cost?.

Chloractive compounds (bleach, chloramines,
sodium and lithium hypochlorites, and others).
The antimicrobial action is effected by the released

2 Policy for the Control of Multi-Resistant gram Negative
Bacteria. NHS, The document for the development and
management of UHSM-wide policy or procedural documents.
Available from URL: http://mft.nhs.uk (accessed March 30,
2021).
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chlorine. These compounds are economical and
effective against many groups of microorganisms;
however, they exhibit high toxicity [11, 12].

Aldehydes (glutaraldehyde, succinic aldehyde,
formaldehyde, glyoxal, and others). Most
representatives of this group are toxic and exert
allergenic, carcinogenic, mutagenic effects; further,
they cause diseases of the skin, mucous membranes,
internal organs [13, 14].

Alcohols (ethanol, 2-propanol, and others).
For the manifestation of antiseptic properties, the
concentrations of ethanol and isopropanol must be
above 70% and 60%, respectively. Alcohols are fire
hazardous substances and can have a narcotic effect [15].

Phenol and its derivatives have a film-forming
effect, which accounts for their prolonged action.
However, the representatives of this group are overly
toxic [16].

lodine compounds. They consist of iodine—
carrier complexes, which allow the release of iodine.
The main disadvantages of these compounds are their
weak sporicidal effect and the ability to cause burns [17].

Alkylamines. Here, the biocides are primary,
secondary, and tertiary amines. Although they
influence most microorganisms, they do not exert
any sporicidal effect. Thus, as a rule, they are used in
combined composition [18].

Quaternary ammonium compounds (QACs) are
widely used in practice and meet safety requirements.
However, they have a narrow spectrum of action,
which manifests in the absence of proper action
against spores, simple viruses, gram-negative
bacteria, and mycobacteria. Additionally, QACs
are inactivated by negatively charged surfactants.
Therefore, this group can be used in a combined
composition with guanidines, amines, and aldehydes.
In this combination, they are effective against both
non-enveloped and enveloped viruses [19, 20].

Guanidines. An important advantage of
guanidine derivatives is their propensity for prolonged
action. These compounds have a wide spectrum of
activity, including against bacteria from the ESKAPE
group [21] and viruses [22], as well as low toxicity
to humans and animals [23]. Compared to other
compounds, guanidine derivatives are promising and
have practically no drawbacks; therefore, their use as
alternatives to antibiotics and antiseptics that have
lost their relevance due to resistance is recommended.

GUANIDINE DERIVATIVES

Guanidine derivatives are referred to as cationic
surfactants. For most guanidines, the main targets are
important biogenic compounds and cell biopolymers,

which have a high affinity for nitrogenous bases, such
as pyridines and xanthines. There are two interaction
mechanisms for binding with the targets: 1) by
metabolite substitution and 2) competitive antagonism
with normal metabolites [24]. In general, the action
mechanism of guanidine derivatives is initiated by the
protonation of guanidine, followed by the formation of
a cation (Fig. 1), in which the positive charge is evenly
distributed among all nitrogen atoms [25].

®
NH ® NH,

H |
I
j

= NN

H,N NH, H,N NH,

Fig. 1. Guanidinium cation formation.

The subsequent processes are as follows. Upon
adsorption on the negatively charged surface of the cell
membrane of bacterial cells, guanidine polycations block
important vital processes, such as respiration, nutrition,
and the transport of metabolites through the bacterial
cell wall. Further diffusion of antiseptic macromolecules
through the cell wall causes irreversible damage to the
cytoplasmic membrane, nucleotide, and cytoplasm. This
process depends on many factors, including the magnitude
of the surface activity, lipophilicity, water solubility,
and the molecular volume of the guanidine derivative
molecule. The binding of guanidine derivatives with acid
phospholipids, proteins of the cytoplasmic membrane,
leads to its rupture. Subsequently, the blockage of the
respiratory system, loss of pathogenicity, and collapse of
the microbial cell occur [26].

Among the derivatives of guanidine are compounds
with polymeric and oligomeric structures, containing
fragments of wvarious guanidine derivatives. The
advantages of polyguanidines, which are applied in the
form of salts of various acids, enable their application as
biocidal agents in various fields.

Polyguanidines and their derivatives. The
prominent representatives of this class of compounds
are polyhexamethylene guanidine hydrochloride
(PHMG-HC) and PHMG phosphate (Figs. 2a and 2b).
The spectrum of antimicrobial activity of PHMG-HC
covers gram-positive and gram-negative bacteria,
aerobic and anaerobic bacteria, spore-forming bacteria,
mycobacteria, and viruses. Despite its wide spectrum,
PHMG-HC is hypoallergenic and has low toxicity
[27, 28]; it can also be used in conjunction with other
biocidal components, e.g., as a skin antiseptic [29, 30]
or in solid dosage form [31]. The antifungal activity
of PHMG-HC enables its application for conservation
[32] and as an effective sporicidal tool for combating
bacterial spores and nosocomial infections [33]. This
compound can be applied as a component of composite
nanofibers based on chitosan and polyethylene oxide [34].
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— (CH,)g—NH——C—NH——

NH - HCI

NH—ﬁ-—-NH(CHz)6

NH-H,PO, n

b

where n = 30-90

Fig. 2. Structural formulas of polyguanidine derivatives: (a) PHMG-HC and (b) PHMG phosphate.

Phosphate PHMG, similar to PHMG-HC, is
synthesized by incorporating an acid anion into the
structure of PHMG. In preclinical studies, this salt
has exhibited increased antimicrobial activity against
gram-positive and gram-negative bacteria, as well as
fungi [35]. Fungicides based on PHMG phosphate can
be formulated for use in dental practice [36, 37].

In addition to PHMG-HC and PHMG phosphate,
other salts of this guanidine derivative can be
used in practice. Gluconate and sulfate PHMG are
employed for the treatment of infectious diseases of
the gastrointestinal tract; hydrosuccinate PHMG, for
ophthalmic diseases, particularly conjunctivitis [38];
and stearate and myristate PHMG, for use as biocidal
additives [39, 40]. In addition, PHMG can be used in
combination with chitosan [41], since this combination
has good biocidal activity against gram-positive
bacteria.

According to the literature [42, 43], the salts of
PHMG can be widely used in medicine and pharmacy.
In particular, the oligomeric analogs of PHMG, namely
oligoguanidines, are known for their biocidal activity
and low toxicity.

Branched oligoguanidines have significantly lower
toxicity and pronounced bactericidal and antiviral
activities compared with polymer analogs with linear
structures [44, 45]. This confirms their application
potential as active ingredients in the development
of antibacterial drugs. A well-known representative
of oligoguanidines is oligohexamethylene guanidine
hydrochloride (OHMG-HC), the structural formula of
which is shown in Fig. 3.

RfCH;~CH,~CH,~NH~C~NH~CH,~CH,~CH,
NH-HCI

CH,~CH,"CH,~NH-

CH,

*R="CH,"CH,"CH,"NH, or _CHz_CHz'CHz_NH'ﬁ:_NHz
NH-HCI

PREPARATION OF POLYGUANIDINES
AND THEIR DERIVATIVES

Polyguanidines and their derivatives are obtained
mainly in bulk reactors under different conditions, e.g.,
by the interaction of melts of guanidine hydrochloride
(GHC), formed, in turn, from dicyandiamine and
ammonium chloride, and hexamethylenediamine
(HMDA) at 180°C, followed by heating to 240°C [46].
The disadvantages of this method are the impurities
introduced by the initial highly toxic substances and the
sublimation of HMDA at high temperatures. Later, a
method was proposed for obtaining these compounds at
relatively low temperatures by the fusion of GHC and
HMDA in the presence of polyethylene glycol (PEG)
[47]. However, with this method, it was impossible to
achieve the required degree of purity and activity of the
product. Preparation methods involving the stepwise
heating of a suspension obtained by adding crystalline
GHC to molten HMDA, followed by stirring and
heating, have been reported. Although these methods
allow one to obtain the final product with a sufficient
degree of purity, the compound obtained has a wide
molecular weight distribution, which negatively affects
its antibacterial properties [48]. A preparation method
has been reported, in which pre-crushed dicyanamide
and ammonium chloride are fused at 200°C in the first
stage, after which the melt is transferred to the second
reactor, where the HMDA melt is gradually introduced
at temperatures of 170-200°C. The disadvantage
of this method is the presence of melamine in the
product, which is formed by the thermal transformation

CH,~CH,~CH,~NH-C~NH-CH,~CH,~CH,T R

‘HCI NH-HCI
N4 CH,

z n2

CH2-CH2'CH2-NH-ﬁ:-NH-CHZ-CHg-CHZ R

NH-HCI
N3

where n =3-10, and z=0.15-1.10
Fig. 3. Structural formula of branched OHMG-HC.
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of dicyandiamide [49]. A synthesis method using
equimolar amounts of HMDA and GHC has also
been reported. Using this method, various derivatives
with trilinear and cyclic or branched structures can be
obtained (Fig. 4).

The main disadvantage of this method is the large
number of products, which complicates the isolation of
any particular compound.

Branched oligomers are obtained by the interaction
of HMDA and GHC in the melt, in molar ratios of
1.0:1.0 to 1.0:1.2, at temperatures of 180-230°C, with
a residence time in the range of 3—12 h [45].

In general, the existing methods for the synthesis
of polyguanidines and their derivatives in bulk reactors
have several disadvantages. In such methods, the heat-
and mass-transfer rates are inadequate. This induces
temperature and concentration anisotropies, which
subsequently affect the molecular weight characteristics
of the compound. Furthermore, large-volume reactors
require a more sophisticated design to ensure explosion
and fire safety, which leads to an increase in the process
cost and the cost of the final product. Alternatively, one
can consider the production of polyguanidines and their
derivatives using microfluidic hardware.

MICROREACTOR TECHNOLOGIES

Historical development of microreactor technology
The first solid publications on the possibilities
of using microfluidic technologies appeared in the
second half of the 20th century. Among others, it is
possible to highlight the manufacture and testing of

a gas chromatograph based on a microcircuit [50]
and research carried out in the field of miniature
analytical systems, which aroused the greatest interest
in this area of technology [51]. The development
became possible thanks to advances in the field of
microelectronics, which became the prototypes of
future microreactors.

A great contribution to the study of microfluidic
technologies was made by the staff of the Massachusetts
Institute of Technology (USA), as well as by scientists
from the Mainz Institute of Microtechnology
(Fraunhofer Institute for Microtechnology and
Microsystems) (Germany) [52, 53].

Currently, microfluidic technologies are actively
developing, the possibility of their implementation in
the production of various substances and compounds is
under discussion.

Technological principles of microreactor
hardware operation

Microfluidics includes devices, systems, and
methods for controlling fluid flows with characteristic
length scales that are in the range of micrometers, and
reaction volumes are in the range from nanoliter to
microliter [54]. Microfluidic systems exhibit properties
that are fundamentally different from generally known
concepts of the behavior of liquids. Fluid flow will be
driven by viscous forces and pressure gradients with
low moment of inertia and thus inertial effects. The
result is a laminar flow without turbulence. One of
the parameters is the Reynolds number (Re), which is
the ratio of inertial forces to viscous forces. At large
Re, inertial forces prevail, and at small Re, viscosity

NH NH NH H
H NJ\N NH, HoN N/U\N NH, H N)J\N N NH,
H H H H H H \ﬂ/
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N Ho H N~ N
H
HoN NJ\N NH, H n
H H .

Type D
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X
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m
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Fig. 4. Polyguanidine derivatives formed during synthesis:
A, B, C (linear); D (branching); E, F (cyclic); G (cyclic branching).
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forces prevail. Consequently, a decrease in the channel
size has the same effect on the behavior of the liquid
in terms of Re as an increase in the viscosity of the
solution. In most microfluidic systems, the Re value
for fluxes is much less than ten, and often less than
one. With such a laminar fluid flow, the velocity at the
center of the capillary is greater than at its walls due
to the parabolic velocity profile [55], which leads to a
nonuniform velocity distribution over the fluid flow.
This adjusts, for example, the dwell time is distributed,
which can reduce the yield and selectivity. However,
the undeniable advantage is the absence of gradients of
both concentration and temperature relative to volume
and time.

It is also worth noting the high surface-to-volume
ratio and small diffusion distances, which leads to a
reduction in the diffusion time of particles, an increase
in conversion, and the overall efficiency of the process
[56]. One of the consequences of laminar flow is the fact
that the mixing of molecules in a liquid is solely due to
molecular diffusion. This can be a significant advantage
when mixing in a particular process is undesirable.
Diffusion plays an important role in the processes
of mass transfer; in microreactor technologies, the
diffusion distance is small.

The difference in the physical behavior of
microscopic and macroscopic systems makes it possible
to create functions that are difficult or even impossible to
obtain on a macroscopic scale; therefore, it is necessary
to strive for the development of microfluidic systems,
proceeding from the design rules, considering the
peculiarities of fluid physics, mechanics and diffusion
in a confined space [57].

The advantage of using microreactor devices is
associated with thermal processes and mass transfer.
The large surface area to volume ratio ensures thermal
uniformity in the reactor and fast heat transfer between
the device and the liquid contained in it, which
determines the high energy efficiency of the process
[58]. Microreactor technologies make it possible
to adjust the process temperature in a shorter time
compared to bulk reactors. It should be noted that the
use of microreactor technologies has a special economic
advantage, since small volumes of expensive reagents
are used, since the work is carried out with a minimum
amount of substance [59].

Microfluidic reactors have intrinsic properties that
enhance the safety of potentially hazardous reactions.
Small instantancous volumes mean that reactions
involving toxic or explosive intermediates can be
carried out safely [60]. In addition, the high surface
area to volume ratio inside the channel allows rapid
heat transfer during exothermic reactions [59].

In microreactors, the degree of control over the
conditions allows the product to be selectively produced

with high accuracy [61]. This has several advantages:
cleaning can be less stringent, more technologically
simpler. During the synthesis, the reagents are
continuously fed into the microreactor, and at the end
of the process they are immediately separated from the
initial mixture, which makes it possible to simplify
the process itself, less time is required for the reaction
to proceed, and more accurate process control can be
provided.

As mentioned earlier, heat transfer in microfluidic
reactors becomes more efficient as the reaction volumes
decrease, that is, the amount of energy consumed to
raise the temperature by one degree can be made very
small, which is beneficial from an environmental point
of view [59].

It is often claimed that microfluidic reactors allow
“faster reactions” than bulk reactor reactions. It is noted
that the product yield in microfluidic reactors is higher
than in similar processes using bulk reactors [62].

An important advantage is that when glass or
polymer parts are used, the uncontrolled decomposition
of reaction mixtures at the reaction temperature is
leveled [63].

Application of microreactor technologies
in the chemical industry

Currently, microreactor technologies find their
application in fine chemical technology, the synthesis
of organic, inorganic and polymer particles, pigments,
emulsions, in steam reforming. Since microfluidic
reactors can be used in organic chemistry, they must
be resistant to the action of various solvents, acids,
bases, oxidants and reducing agents. It is important
to maintain performance between —78 and 300°C.
It should also be possible to carry out the initial
purification of the reaction, for example, by extraction
[59]. Thus, microreactors are actively used in carrying
out a wide variety of reactions in compliance with all the
above requirements, for example, in high-temperature
processes, reactions with unstable intermediates that
are difficult to scale with traditional synthesis methods,
and reactions involving hazardous or toxic reagents,
which in turn can be converted into a safer product [64].
In [59] it was indicated that microreactors are used in
glycosylation reactions, Paal-Knorr synthesis, and for
fluorination and perfluorination of organic compounds.
The use of microfluidic reactors for multiphase
processes [65] gives clear advantages over traditional
methods (higher surface area to volume ratio).

Microfluidic technologies are also actively used
to carry out various types of polymerization. In all
examples of using microreactor technologies for
carrying out polymerization reactions, a decrease in the
polydispersity coefficient and an increase in yield are
noted due to efficient heat transfer and a larger specific
surface area. These advantages make it possible to
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achieve a homogeneous chemical process and, as a
result, to increase the homogeneity of the product.
In [65], the product obtained in a microreactor had a
lower viscosity compared to the product obtained in an
ordinary batch reactor, while their other characteristics
are comparable. In [67, 68], the polymers obtained
in a microreactor tended to be branching, which was
explained by the short diffusion path and the accelerated
mass transfer during this. Another example illustrates
how microfluidic devices can be used with aqueous
solutions and with melts. As a result, a high selectivity
of the process was achieved along with a low content
of impurities [69].

Industrial research has led to the development of
methods aimed at creating reliable microfluidic reactors
with production facilities on an industrial scale. One of
the important advantages of microfluidic reactors over
traditional manufacturing methods is the ease of scaling
up. Any microreactor can be used both for laboratory
research and for industrial production [70]. The use
of microfluidic reactors could also open new synthetic
pathways for industry.

Microfluidic hardware in drug development

and manufacturing

Microreactors have become more and more
important over time in the pharmaceutical formulation
industry due to their improved properties over batch
reactors. It has been suggested [71] that chemicals,
especially drugs, could be produced in miniature
factories at points of use rather than in large factories.

Over the past few years, drip microfluidic
systems have been widely used in drug discovery
research. Microfluidic technologies enable very high
throughput analyzes (up to thousands of samples per
second). Drug screening, high-throughput analysis is
one of the most exciting possibilities of microfluidic
technology.

The use of microfluidic systems as a valuable
tool for the discovery of new drugs is of great
interest. Compared to equivalent bulk reactions,
reactions carried out in a microreactor consistently
give cleaner products in a much shorter time. Roberge
et al. [72] believe that up to 50% of reactions in
the fine chemical or pharmaceutical industries can
benefit from a continuous process based mainly on
microreactor technology, and for the majority (44%)
a microreactor will be the preferred reaction device.
After optimization of the microreactor, it can be
easily introduced into industry [73].

Many large pharmaceutical companies, including
Roche and Pfizer (USA), are investing in capillary
microfluidic technologies for drug development.
RainDance Technologies (Billerica, MA, USA) has
developed commercial drip microfluidic systems that
enable targeted DNA sequencing and digital PCR.

They announced a collaboration with Roche for a
simple and cost-effective study of drug absorption,
distribution, metabolism and excretion [74].
Microreactors are used in the synthesis of various
drugs, for example, ibuprofen [75, 76] or an HIV
protease inhibitor [77]. Using microfluidic technology,
an antitumor drug docetaxel with an increased content
of a hydrophobic active substance with optimal
physicochemical characteristics is obtained [78].

Directions for the development
of microfluidic technologies

The field of microfluidics is evolving and, until
recently, was largely technology-driven. The focus
was on the development of new functional components
(pumps, valves, and new economical production
technologies), as well as their functional demonstration.
A wide range of components and manufacturing
technologies are currently available, and while new
technologies are emerging at a rapid pace, the focus
in the future is likely to shift toward implementation,
i.e., existing technologies will be transformed for new
applications. Undoubtedly, microfluidics will play a
critical role in the drug discovery process to develop
drugs with ever-improving quality [57].

CONCLUSIONS

The fight against the resistance of pathogenic
microflora to antibiotics requires special measures.
One strategy involves reducing the use frequency of
antibiotics and replacing them with antiseptic drugs
everywhere. Antiseptics, as a rule, are obtained using
volumetric reactors, which have drawbacks that affect
the quality of the target compound. Microreactor
technologies, considering their many advantages, are
considered suitable alternatives. This article describes
the advantages of microreactor systems over volumetric
reactors and testifies to the expediency of their
application in polycondensation and polymerization
reactions. Thus, it can be concluded that microreactor
technologies are applicable in the synthesis of
promising polyguanidines and their derivatives. The
proposed method allows for more accurate control
of the conditions of the polycondensation reaction
of the starting monomers. In addition, microreactor
technologies can increase the yield and selectivity of
the oligomers obtained, leading to an increase in the
product purity and process efficiency, in contrast with
other known methods.
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AHHOMaAyust

Ifenu. OyeHra srusiHUs nodaesieHus sxenpeccuu kaiemouHolx 2eHoe FLT4, Nup98 u Nup205 Ha
OUHAMUKY penpooyKyUU 8upyca epunna A 8 Kysibmype J1e20UHblX Kiemok uenogeka A549.
Memooust. Paboma 6blnoIHEHA C UCNO/Ib308AHUEM 000PYO08AHUS UEHMPA KOJIEKMUEHO20 NOJlb-
308aHust HayuHo-uccnedosamenbckozo uHcmumyma 8aKyuH U celeopomorx um HM.H. Meururosa
(Poccust). Bupyccodepacawyro KuoKocms ombupaniu 8 meueHue mpex OHell ¢ MOMeHma mpaHc-
eryuu u 30parkeHust U OYEHUBANU UHMEHCUBHOCMb 8UPYCHOU penpolyKyuu memooamu mu-
MpoBAaHUsL NO YUMonamuueckomy oeticmeuro U 8 peakyuu 2emazenromuHayuu. KonueHmpayuro
supycroii PHK onpedensiiu memooom nosaumepasHoil yenHoli pearxyuu (I1LIP) 8 peanvHoOM 8pe-
MeHU ¢ obpamHoti mpaHckpunyueti (OT-IIL[P-PB). /[ns 8bluucieHUst Cmamucmuiecku 3SHaUUMbLX
paznuuuil mexoy epynnamu UCnoaAb308aluU Henapamempuueckuili kpumepuii MaHHa-YumHu.
Pesynemamel. B kiemkax, obpabomaHHbx manbimu unHmepgepupyrowumu PHK (MmuPHK) Kk 2e-
Ham FLT4, Nup98 u Nup205, ommeuasioce docmogepHoe nodasieHue IKCNPecCull yesiegblx 2eH08
u noxkaszamesetll 8UPYCHOU penpooyKyuu (mump eupyca, 2emaz2iromuHUpyrouas aKkmugHocme,
KoOHUeHmpayust supycroti PHK) npu KoagpgpuyueHme MHOHKeCmeeHHOCMU 3aparKeHUsl, pagHOM
0.1. ZlonostHumenbHO 6bL10 YCMAHOBNEHO, UMO NOOA8NeHUE IKCNPEeCCUU Uele8blX 2eHO8 C NOMOULbIO
MUPHK He npugodum K 3HAQUUMENbHOMY CHUIXKEHUI 8bLkKugaemocmu Kiemok. BupycHulii mump &
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remkax, obpabomarHoix MuPHK FLT4.2, Nup98.1 u Nup205, Ha nepegble cymKu 6bil MeHbUle
8 cpeorem Ha 1.0 lg, a Ha emopble u mpembvu — Ha 2.2-2.3 lg, no cpagHeHU ¢ KiemKkamu, obpa-
6omaHHbIMU Hecheyuguueckoli MmuPHK. I1pu nposederuu OT-IIL[P-PB ommeueHo docmogepHoe
ymeHvuweHue KoHyeHmpayuu supycHoii PHK ¢ muPHK Nup98.1 (0o 190 pas) u Nup205 (0o 30 pas)
Ha nepeble cymru, 8 26 u 8 29 pas Ha emopule u 8 6 u 30 pa3 Ha mpembu CYmru, COOMBEMCMBEEH-
Ho. [Inss muPHK FLT4.2 xonuuecmeo konuil supycHoii PHK ymerbswiunoce 8 23, 18 u 16 pas Ha
nepevle, emopble U mpemvu cymru. Cxoxue pesysbmamel ObliU NOAYUEHbL NPU onpedesieHuUU
2emazenrtomuHupyroweit. axkmusHocmu supyca. Haubonee cunvHo, 8 16 pas, eemazeitomuHupyro-
wWasi aKmueHoCcmb Ha mpembsU CYmKU CHU3UNLACL 8 Kiemkax, obpabomarHbix MuPHK Nup205 u
FLT4.2. B knemkax, obpabomarHbix MuPHK FLT4.1, Nup98.1 u Nup98.2, cemazentomuHupyro-
wWask aKkKmueHoCmbs YMeHbUWUNIACh 8 8 pas.

BubLeoout. B xode ucciedogaHrus Obuiu ebisiesieHbl mpu kaemounslx 2eHa (FLT4, Nup98 u Nup205),
nooaesieHue IKCNpeccull Komopblx no3gossiem 3¢pheKmueHo YyMeHbUUMb 8UPYCHYH penpooykK-
Yuro, a maroke noayueHbl OpuuUHAIbHbLE nocedosamenvHocmu MuPHK. ITonyueHHble pe3yib-
mamaul Umerom 8arkKHoe 3HaueHue 0151 CO30aHUSL mepanesmuueckux U npoguiaKkmuueckux npe-
napamos, ube oelicmeue 0CHO8aHO Ha mexaHusme PHK-unmepgeperyuu.

Knroueeste cnoea: supyc zpunna A, PHK-unmepgeperuyusi, 2eH, mampuuHas PHK, manvle ur-
mepgepupyrowgue PHK
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Abstract

Objectives. To evaluate the effect of cellular genes FLT4, Nup98, and Nup205 on the reproduction
of the influenza A virus in A549 human lung cancer cell line.

Methods. The work was carried out using the equipment of the center for collective use of the
LI. Mechnikov Research Institute of Vaccines and Sera (Russia). The virus-containing fluid was
collected within three days from the moment of transfection and infection and the intensity of
viral reproduction was assessed by viral titration and hemagglutination reaction. The viral RNA
concentration was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR).
To calculate statistically significant differences between groups, the nonparametric Mann-Whitney
test was used.
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Results. In cells treated with small interfering RNAs (siRNAs) targeted at FLT4, Nup98, and
Nup205 genes, a significant decrease in their expression and indicators of viral reproduction
(virus titer, hemagglutinating activity, viral RNA concentration) was observed at a multiplicity of
infection (MOI) = 0.1. Additionally, it was found that a decrease in the expression of target genes
using siRNA does not lead to a significant decrease in cell survival. The viral titer in cells treated
with siRNA FLT4.2, Nup98.1, and Nup205 on the first day was lower by an average of 1.0 lg,
and on the second and third days, by 2.2-2.3 lg, compared to cells treated with nonspecific
SiRNA. During real-time RT-PCR, a significant decrease in the concentration of viral RNA was
observed with siRNA Nup98.1 (up to 190 times) and Nup205 (up to 30 times) on the first day, 26
and 29 times on the second day, and 6 and 30 times on the third day, respectively. For FLT4.2
SiRNA, the number of viral RNA copies decreased by 23, 18, and 16 times on the first, second,
and third days. Similar results were obtained when determining the hemagglutinating activity of
the virus. The hemagglutinating activity on the third day most strongly decreased in cells treated
with siRNA Nup205 and FLT4.2 (16 times). In cells treated with siRNA FLT4.1, Nup98.1, and
Nup98.2, hemagglutinating activity decreased by 8 times.

Conclusions. In the present study, three cellular genes (FLT4, Nup98, and Nup205) were
identified—the decrease in the expression of which effectively suppresses viral reproduction—
and the original siRNA sequences were obtained. The results obtained are important for creating
therapeutic and prophylactic medication, whose action is based on the RNA interference
mechanism.

Keywords: Influenza A virus, RNA interference, gene, messenger RNA, small interfering RNAs
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BBEJEHHE

I'punmo3Hast vHPEKIUS ABISETCS OJHOW U3 HaU-
OoJiee 3HAYMMBIX MPOOJIEM Ha CETOAHSAIIHUU JICHb B
MUPOBOM 31paBooxpaHenuu. Ilo ouenke BO3 exe-
TOJHO perucTpupyerca 10 1 MuImapaa HOBBIX CIy-
4aeB TpuIlNa, A0 3—5 MHJITHOHOB CIy9aeB TSKEIBIX
3aboneannit nu 1o 500 000 cmepreit Bo BceM Mupe
[1]. Ocobyto KIMHMYECKYIO 3HAYMMOCTh MPEACTaB-
JSIOT BHPYChl Tpunna ponaa Alphainfluenzavirus
(Influenza A virus, supyc rpunmna A (BI'A)), umero-
[I¥M€ BBICOKYIO SIHJIEMHOIOTHYECKYI0 3HAYUMOCTh
U crocoOHbIe BhI3bIBATh nanjgeMuu [2]. I[Tomumo mo-
paKCHHSI JIBIXaTeIbHOW CHCTEMBI, TPHUIII CIOCOOCH
BBI3BaTh OCIIO)KHEHHUs B pabdOTe TaKUX CHUCTEM, Kak
CepJeYHO-COCyIUCcTas, [eHTpalbHasi HepBHAA U MO-
yernonosas [3—7]. He siBisieTcs Tak ke UCKITIOYCHUEM
PUCK pa3BUTHS OAKTEPHANBHBIX M I'PHOKOBBIX IOCT-
TPUIIIO3HBIX ociioxkHeHuH [§—10].

HecMmoTps Ha mMeromuecs B HacTOsIIee BpeMs
crenuUUecKie MPOTHBOTPHIIIIO3HEIE IPENaparsl,
UX HCIOJB30BaHHE 3a4acTyl0 HE OIpPAaBIbIBACT ceos,
MOCKOJIbKY €XKErOAHO BBISBISIOTCS HOBBIE BUPYCHBIE

ITaMMBI, UMEIOIIME PE3UCTEHTHOCTh K 3THM Tpemna-
param. [11, 12]. Takxe ocTpo CTOUT mpoOIeMa MpH-
MEHEHHUSI TPOTUBOTPHUIINIO3HBIX BaKIUH, MOCKOJIBKY
€XKEerogHO MPUXOJUTCS CO3JaBaTh BaKIMHBI, aJalTH-
pPOBaHHBIE K HOBBIM IITaMMaM BUpYyca TpHIINA, a pa-
00TBl HaJ CO3J1aHUEM YHHBEpPCAJbHOW BAaKLUMHBI Ha
CETOAHSIIHUI JeHb Jajeku oT 3aBepuieHus [13—-15].
[Mommmo 3TOTO, BaKIMHONPO(DHUIAKTHKA TPHUIIA SIB-
J€TCSl 3aTPYAHUTENBHON JUISl JIIOJEH, CTpajarolnx
anjeprueit Ha KypuHeble stina [16].

Ha cerogusamuuii neHb A JI€4€HU TPUIIA [IPU-
MEHAETCS PSAA ITHOTPONHBIX, CUMITOMAaTHYECKUX U
cnenuduyeckux mpemapatoB. B Hacrosmiee Bpems
MHOTHME IITaMMBbl BUpyca rpummna uMmerr 95% pesu-
CTEHTHOCTh K TIPOU3BOJHBIM a/JIaMaHTaHOBOTO psija
[17]. Takxe M3BECTHO, YTO HEKOTOPHIE ITUPKYIUPYIO-
[IME IITaMMbl PE3UCTEHTHBI K WHTHOUTOpAM CITHSIHUS
(Ymudenopup) [18]. B pa3Hble snugeMuuecKue ce3o-
HbI YYBCTBUTEIHHOCTh IITAMMOB BUPYCOB TpHUIINa A H
B cuibHO pasnnyanach MO0 OTHOUICHHIO K MHTHOWTO-
pam HeilipamuHugassl. B 2008-2009 rr. Bce nupkynu-
pytomtue Bupycsl rpurnma A (HINI) Opumn ycTounBbI
K 03eJlbTaMHUBHpY, ofHaKo B 2018 . mupkynupyromme
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Bupychl Tpunma A HIN1 ObutH TIOJHOCTHIO BOCIIPH-
MMYUBBl K 03€JIbTAMUBUDPY, TIE€PAaMUBUPY U 3aHAMHU-
Bupy [19-21]. Takum 006pa3om, HECMOTPSI HA IHUPO-
KYIO OCBEJIOMIIEHHOCTh O MOJIEKYJISPHOH OHONIOTHH,
CTPYKTYpPHOH OpraHM3alliM W MAaTOTeHEe3e BHpyca
rpuImma, no-Hactodmemy 3QGeKTUBHBIX CPEJCTB Te-
parmuu B Mpo(HUIAKTUKYH TPUIITO3HON WH(PEKIUHU He
cymectyet [11, 12].

PHK-unTepdepennus (PHKu) — mocnenoBarens-
HOCTb PETYJISTOPHBIX pEaKkiuid B KIETKaX DYKapHoT,
BBI3BAHHBIX JK30TEHHOHM JBYXIEITOUYECYHOU MOJIEKY-
noit PHK [22]. PHKu 6wi1a otkpeiTa 3. @aiipom u
K. Memrtom B 1998 1. y Hemartonbl Caenorhabditis
elegans. Imu ObLIO BBIIBUHYTO HECKOJBKO IMOJIOXKeE-
Huii o cBoiictBax PHKwu: mpu Helt merpamupyer ma-
tpuunas PHK (MPHK); sddexrtuBHOCTh AByXILIETO-
gyeynoir PHK (aunPHK), ompenensitomeit y3naBanue
KoMIieMeHTapHoro yuyactka MPHK-Mumenu, Beime,
gem oxnonenouedynoir PHK (onPHK); nns momasmne-
HUS 9KCIPECCUM IeHa HeoOXOJuM KOPOTKHH ¢par-
meHT auiPHK [23].

Mexanusm PHKwu coctouT B paspe3aHum 3K30-
reHHoi nByxienouedyHoii PHK Ha nHeGombpmue mo-
CIIeZI0BATENILHOCTH, pa3Mep KOTOPBIX COCTAaBIsAET OT
21 no 25 map HYKJIEOTHJIOB, SBISIOUINXCS MaJbIMU
unteppepupyromumu PHK (MuPHK). Takoit pas-
Mep MUPHK o0ycroBieH TeM, 94To Tpu uX OOJbIIeM
pasMmepe BBICOK PHUCK BBIPaOOTKH HHTEP(HEpPOHOB.
[Tocne o6paszoanus MuPHK mpoucxoauT ee cBs3bI-
BaHue ¢ kommiekcoM RISC (RNA Induced Silencing
Complex), cocrosium u3 Tpex o6enkos: AGO2, PACT
u TRBP. O0Opa30BaBIINIiCS KOMIIJIEKC PACIO3HAET U
pacmennser MPHK-mumens [24-26].

Ha nanHbIif MOMEHT U3BECTEH PsiJl IPOTHBOBHUPYC-
HBIX TIpeTiapaTtoB, OCHOBaHHBIX Ha Mexanu3dme PHKu n
HAXOJALINXCS Ha PA3HBIX CTAIUAX KIMHUYECKUX HC-
nbITaHuid. [lookuTenbHbIe pe3ynbTaThl UCIBITAHUN
MOKa3aJlu Takue mpenapartsl kak Miravirsen (Santaris
Pharma) (tepanus renatuta C), ALN-RSVOI (Alnylam
Pharmaceuticals) (Tepanus pecnupaTOpHO-CHHLIUTH-
ajpHO BUpycHOU uHbekwn), pHIV7-shITAR-CCRSRZ
(City of Hope Medical Center) (tepanus BUU-undex-
un) [27, 28]. Tak xe og00peHHE Ha KIMHHYECKOE
WCTIONIb30BAaHUE TOJNIYYMIIM Tpenapatel Patisiran n
Givosiran (Alnylam Pharmaceuticals), TpuMeHsieMbIC
JUTSl JIeYEHUS] aMUJIOMTHOM TOMTMHEHpOnaTu U OCTPOH
MEYECHOYHOH mophupun, cCooTBeTCTBeHHO' [29].

CrnenyeT OTMETHTb, YTO BaXKHBIM (DAKTOPOM, CHHU-
x)aromuMm  dddekTuBHOoCcTh PHKH, MOXeT sBISATHCS
(hopMupoBaHNE PE3UCTEHTHOCTH BUPYCOB K JIEHCTBHIO

! Multi-Discipline Review. Center for Drug Evaluation and
Research. Appl. No. 2121940rig1s000. 167 p. URL: https://
www.accessdata.fda.gov/drugsatfda_docs/nda/2019/2121940
rig1s000MultidisciplineR.pdf ([lara oOpamienns 24.08.2021 /
Accessed August 24, 2021).

muPHK, nanpaBnennsix k BupycHsiM reaam [30]. C Tou-
KM 3PEHUS IPEOJOICHHUS JIEKAPCTBEHHON yCTONYMBOCTH
BHpyCa TpHUIIa OOJBIIOT0 BHUMAHUS 3aCIyKHBACT I10-
nck MUPHK, oOnagarommx HIpOTHBOBUPYCHOM aKTHUB-
HOCTBIO M HAIIPABICHHBIX K (DakTOpaM KIETKU-XO35MHA,
KOTOPbIE HEOOXOAUMBI TSI PETIPOIYKIIUH BUpPYCA.

B HacTOslieM uccienoBaHMM IOKAa3aHO, YTO MC-
nonb3oBanne MUPHK, HampaBieHHBIX K KJIETOUHOMY
reny FLT4 wn x xnetounsiM reHam Nup98 u Nup205,
CIOCOOHO MHTHOMPOBAaTh PEMPOAYKIMIO BUpPyCa TPHUII-
na A B KyJlIbType KJIETOK Jerkux. IIpu 3ToM KiIeTouHbIH
reH FLT4 urpaer BaXHYIO pOjb B IIPOLECCE DHAOLUTO3a
BHUpyca rpumma. A kieTtodnsie reHsl Nup98 u Nup205
KOAUPYIOT OCJIKU sIICpPHO-IIOPOBOTO KOMILIEKCA, Yda-
CTBYIOLIETO B UMIIOPTE U SKCIIOPTE CETMEHTOB BUPYCHOM
PHK B nosnocTs sizpa.

MATEPHAJIBI U METO/IbI

Bb160p 11e/1eBBIX I'eHOB /115 MOIaBJIeHUsI
BHPYCHOH penpoayKuuu

[ensl, xogupyromme GakTopbl, HEOOXOAMMBIE IS
BHPYCHOH pENMpOAYKIIMH, PacCMaTPHUBAINCh IO Clie-
JOYIOIIUM KPUTEPHUSAM: HWIACHTH(QUKAIUS B Ka4ecCTBE
MOTEHIIMAILHO YCIENIHOW MHINCHU JJIS HMCIOJb30Ba-
ausg MUPHK B uccrnenoBanusx, mocssmeHabix MuPHK
CKpUHUHTY; 3G (HEKTHUBHOE MPUMEHEHHE B PAHHUX He-
3aBUCHUMBIX HCCIIEIOBAHUAX, HU3KUHA [IUTONATHYCCKUM
3(dexT 0T BpeMEHHOTO MOAABICHUS YKCIIPECCHH TIeIIe-
BBIX T€HOB [26—28].

muPHK

IMon6op MuPHK ocymiecTBisiig ¢ MOMOIIBIO HHTEP-
Her-pecypca siDirect v. 2.02. Onuropu6GoHYyKIEOTHIBI
(«Cunmony», Poccust) pa3BoJuiiu BOJOH J0 KOHIEHTpa-
muu 100 nmone/MKIL. Jlanee KoMIUIeMEHTapHbIC OJIUIO-
PUOOHYKIJICOTH/IB CMEIINBAIN, HHKYOHPOBAIN B TEPMO-
crare ipu 60 °C B TeueHne | MHUH, 3aTeM OXJIAXKJIaTU
J0 koMHaTHOM Temneparypsl. I'otoBsle PHK-nynnexcst
xpaamiu nipu temneparype —80 °C. Bce paboTsl ¢ ro-
TOBBIMH JIyTUIEKCAMH TIPOBOAMIIMCH C HCIIOIb30BAHUEM
mraruBa-oxjaautens. [locnenoBaTenbHOCTH UCTIONB3Ye-
mbix MEPHK mpencrasnenst B Tabn. 1. B kauectse He-
cnenr(puIeckoro KOHTposis ucrob3oBanach MUPHK 1.2,
crienu(uIHas K TeHy CBETISKOBOU Jrormdepasbl U He
BIIMSIONIAS HA )KU3HEHHBIN [IUKJI KJIIETOK AS549.

OneHka MoaBIeHNs IKCIPECCHN KIeTOYHBIX TeHOB

YpOBEHb IKCIIPECCHH IIENEBBIX T'€HOB OIPEIEIISUTH
nocne Tpancdexkuun MuPHK. Yepes 24 1 mocne TpaHc-
(hexIH KIeTKH 00padaThIBAIIN JTH3HPYIOIIAM PACTBOPOM
U 3areM ¢ nomolneio Habopa «MarHoCopoy» («HHmep-
nabcepsucy, Pocenst) Beinernsimn kierounyro PHK. Jlmst
MOCTaHOBKH PEaKkInH 0O0paTHOW TPaHCKPUIIUH TPHMe-
Hsi HaObop peareHToB «OT-1» («Cunmon»). UsmMeHeHne

2 http://sidirect2.rnai.jp/ ([lara obparmienns 14.02.2021 / Accessed
February 02, 2021).
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Taoauna 1. ITocnegosarensnoctr MuPHK
Table 1. siRNA sequences

MuPHK / siRNA

IlocienoBarenbHOCTH / Sequence

AAUGACAUCUGAAUCUCAGAGAG

FLT4.1 CUGAGAUUCAGAUGUCAUUATdA
FLT40 UGAAGUUCUGUUGAAAAAGdAAC
: CUUUUUCAACAGAACUUCAdCdA
Nup9S. ] AGUCUUUGUUUCAGAAAGCAGAC
up=o. GCUUUCUGAAACAAAGACUACdA
Nup08.2 UCCAAAUGUUGAAGUUGUGACAC
p7e. CACAACUUCAACAUUUGGAACdA
UCAAAAUCUUAUCAAGAAGAGAT

Nup205

CUUCUUGAUAAGAUUUUGAdAAG

L2 (aecnieriuduueckas muPHK)
L2 (nonspecific siRNA)

UUUCCGUCAUCGUCUUUCCATAT
GGAAAGACGAUGACGGAAAATAT

JUHAMHUKH HKCIIPECCUU F€HOB KOHTPOJIUPOBAIH C MO-
Moulbto kosnuecTBeHHou 1P B peanbHOM BpeMeHu
(ITLIP-PB) c nabopom npaiimepoB k renam FLT4, Nup98,
Nup205 v GAPDH [32]. dAns onenku Biusinust MuPHK
Ha LeJIeBble T'€Hbl MPOBOAMIICS PacyeT OTHOCHTEIBHOTO
ypoBHS 3kcripeccun reHoB FLT4, Nup98 w Nup205 o
crarapTHo# 224" meromuke’. st kaxmort MuPHK Gbutn
CUHTE3UPOBAHBI TpaiiMephl, HATPaBICHHbIC K y4acTKam
TeHOB, NozBep:keHHbIM BozzaercTBri0O MUPHK. Tlpaiime-
PBI TOKO0paHbI ¢ MTOMOINBIO caifta kommanuu Integrated
DNA Technologies* u cunresupoBanbl pupmoii « Curmony.

Bupyc
B pabore ucnonp3oBan Bupyc rpumnma A/WSN/33
(HINT) (St. Jude Children’s Research Hospital, CILIA).
KynsruBrpoBaHHe U OMpeieIeHIe TUTPA BHPYCa IIPOBO-
JIWIIOCH Ha KYJBType KJIETOK Tovek cobak (aHri. Madin-
Darby Canine Kidney (MDCK)).

KyabsTypsl KiIeTOK

B paboTe wncmosp30Banuch KIETKH IMOYEK KO-
kep-cnannenss MDCK (Institut Pasteur, France) u
KJICTKH aJIeHOKapPIIMHOMBI YEJIOBEUYECKOIO JIETKOTO
A549 (ATCC® CCL-185, USA). Knerku MDCK BbI-
pamuBaNM B MHUHHMAaJIbHOH OCHOBHOW cpexe (aHTI.
Minimum Essential Medium (MEM)), («llandxo»,
Poccust), comepxkameit 5% 5>MOpHOHANBHON CHIBO-
potku kopoB (DCK) Gibco (Thermo Fisher Scientific,
CHIA), 40 wmkr/mn rentamunuHa («llandko»), n
300 mxr/mn L-rnytamuna («/landxoy») npu 37 °C B
CO,-unxybarope. Knerkn A549 BeipamuBani B MO-
nuunupoBaHHoil mo cnocoOy JlynbOexkko cpene
Wrna (anrn. Dulbecco’s modified Eagles medium

3 Bradburn S. How to Perform the Delta-Delta Ct Method.
URL: https://toptipbio.com/delta-delta-ct-pcr/ (ara obpare-
Hust 27.08.2021 / Accessed August 27, 2021).

4 https://eu.idtdna.com/ ([lara ob6pamenuss 02.03.2021 /
Accessed March 02, 2021).

(DMEM)) («Ilan3xo»), cogepxaueit 5% ICK (Gibco),
40 mxr/mia reatamunuHa («/landxo») n 300 MKr/mi
L-rnyramuna («/1andkoy) npu 37 °C B CO, -unKybarope.

MTT-T1ecT

BeokuBaemocts kietok AS549, o6paboTaHHBIX
MuPHK, onenuBanu ¢ momompto tecta MTT (MeTui-
THA30JIMIITeTpa3ouit Opomun). Ha nepssie, Bropble u
TPEThH CYTKH TOCJIe TPAaHC(HEKIIUU B TyHKH C KJIETKa-
MH 96-TYHOYHOTO TIIaHIIeTa A00aBsutd 1Mo 20 MK
pactBopa MTT, 5 mr/ma («/lanDxo») 1 HHKYOUpOBa-
mm npu 37 °C B armocdepe 5% CO, B Teuenue 2 u.
Janee KylbTypaibHYIO KUIKOCTh OTOMpAIH U 100aB-
JISATW B KOKIYIO JTYHKY 1m0 100 MKJI JUMETHIICYIb(OK-
cuna (Sigma-Aldrich, xat.nomep D4540-1L). C mo-
MOIIBIO TUTAHIIETHOTO CIeKTpodoToMeTpa Varioscan
(Thermo Fisher Scientific, CILIA) onpeaensuin onTH-
YEeCKYIO TUIOTHOCTH JTYHOK pu 530 HM ¢ yueToMm do-
HOBBIX 3HaueHUH npu 620 HM.

Tpauncdexnus kaerok MuPHK ¢ mocaexyrommum
3apaKeHueM

Hns tpancdexmmm MuPHK knetkun A549 BriceBa-
71 Ha 12-JIyHOYHBIE IIJIaHILIEThl B TOCEBHOW KOHIIEHTpa-
mun 1 x 10° kaerokx/mi. [Tocne o6pazoBanust 80% kite-
TOYHOTO MOHOCJIOSI KJIETKH MPOMBIBAJIUCH PACTBOPOM
(hocdarno-coneBoro Oydepa B 6eCCHIBOPOTOUHOM cpe-
ne Opti-MEM (Thermo Fisher Scientific). lanee cMmech
24 mxn Lipofectamin 2000 (Thermo Fisher Scientific) n
600 mMxx Opti-MEM (Thermo Fisher Scientific) mobas-
nsanu K pactBopy MUPHK B cpene Opti-MEM u uH-
KyOupoBajIu Ipu KOMHATHOM TemIepaType B T€UeHUE
20 mun. Konnenrpanus MuPHK, HeoOxommmas st
HOKJIayHa TeHOB, cocraBmia 40 MMONB/MKI Ha JyH-
Ky. [Tocne MHKYOAIMu KOMIUIEKCHI JTO00aBIISIIA K KIIET-
kaM. B kadectBe Hecnmenudpuueckoro KOHTPoOJs ObLIa
ucnons3oBana MUPHK L2. 3ateMm kieTku MHKYOH-
posamu npu 37 °C B CO,-unkybarope. Cnycrs 4 9

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(6):476-489

480


https://toptipbio.com/delta-delta-ct-pcr/
https://eu.idtdna.com/

E.A. ITamikos, E.B. Paiizyaoes, E.P. KopueBass u Ap.

KyJIBTYypPabHYIO Cpely YIASUTH W3 BCEX JIYHOK, Kpo-
Me OTPHUIATEIBHOTO KOHTPOJIS, W A00aBisn mo 1 M
BHpyCCOJIepXKaNIeH JKHIAKOCTH ¢ Kod(hduimeHTom
MHOKECTBEHHOCTHU 3apaxeHus (aHmni. Multiplicity of
Infection (MOI)), paaom 0.1, cocrosimieit U3 cpenbl
DMEM, 0.001% wunruburopa XMMOTpPUICUHA (AHII.
Tosyl phenylalanyl chloromethyl ketone (TPCK))
(Sigma-Aldrich, Tepmanus), 40 MKI/MJI reHTaMHIIHU-
Ha. [Tocie 3TOro KJIeTKM BHOBB IIOMEIIAIH B COZ—I/IH—
KyOaTop. B TeueHme Tpex mocienymommx CyTOK OT-
Oupanuck 00pa3Ibl CylepHaTaHTa JIJIs MO CIeAYoIeH
MOCTAHOBKH PEaKIUU TI'eMarrIIOTUHALUNA, THTPOBA-
Hus u npoenenus 1P ¢ oOpaTHO# TpaHCKpUTIITHEH.

Brinesenne supycnoit PHK

Bupycuyro PHK (BPHK) Beimensim u3 oro-
OpaHHBIX cynepHaranToB Habopom High Pure RNA
Isolation Kit (Roche, T'epmanust). st mocTaHOBKH
peakuuu 00paTHOW TPAHCKPUIIIIMH IPUMEHSUTH HaOOop
pearenToB «OT-1» («Cunmon», Poccus). U3mMenenue
KoHIeHTpanuun BupycHo PHK B kynerypanbHOH
KHUJKOCTH KOHTPOJHPOBAJIH C IIOMOINBIO KOJIMYe-
creeHHoil I[P B peanbHOM BpeMeHH ¢ 0OOpaTHOI
tparckpunmueit (OT-ITLIP-PB) ¢ mHabopom mpaiimepoB
u 30H10B K M-reny BI'A [33]. [dnsa ITII{P-PB ucnomns-
30Balli HAOOp peareHTOB s npoBeneHus: [1I[P-PB B
npucytctBuu kpacurens EVA Green u pedepeHTHOTO

kpacutenst ROX («Cunmon») n 2.5-KpaTHYIO peaKiu-
OHHYIO cMech g mposenenus IILP-PB («Cunmon»).
PabGouvas xoHIIEHTpalus MpaiMepoB U 30HJOB COCTa-
Busia 10 mMOAB/MKI ¥ 5 TMOJIB/MKJI, COOTBETCTBEHHO.
Peakuus ITI[P-PB npoBoawmmace B amiutudurarope
AT-96 («AHK-mexuoroecus», Poccus). Temmepa-
TYpHO-BpEMEHHOU pexxuM coctaBua 95 °C — 5 mun
(1 muki); 62 °C —40 ¢, 95 °C — 15 ¢ (40 nuxnos). B
TabJI. 2 MpeACTaBIeHbI TpaifMephl U 30H/Ibl, CHHTE3H-
poBaHnblie hupmoit « Cunmon».

Omnpenesnienne remarrnioTHHUpYylomero Tutpa BIA

B kaxayio JyHKY 96-TyHOYHOTO KpPYIJIOJOHHOTO
IJTaHIETa BHOCWIIN (PU3UOJIOTHYECKHUIA PacTBOp B 00be-
Mme 50 M1 3aTeM B JIyHKH BHOCHIIH 110 50 MKIJI 00pa3iioB
1 JIeNIajiy TMoceayome 2-Kparaepie paspenenus. [locie
9TOrO B JyHKU BHOCHIK 110 50 MKk 0.5% spurpouutap-
HOW CMECH M OCTaBIISIM NIPU KOMHATHOM TeMIleparype
Ha 40 MuH. BUpycHBII TUTp BbIpa)kajcs B armIlOTHHU-
PYIOIINX eNUHHIAX.

TuTtpoBaHue BUpPYCa 10 KOHEYHOH TOUYKe
HHUTONATOTeHHOT0 JIeiicTBUS

BupycHblil TUTp onpenensuica mo KpahHel Tod-
KE BU3YaJIBHOTO MPOSIBICHHUS ITUTOMATHYECKOTO (-
¢ekra B kynbrype kinetok MDCK. Kietku MDCK
cestiu B 96-yHOUHBIE TMJIAHIIETHI C MOCEBHOM KOH-
nentpanueii 1 x 10* kerox/mi. Yepes aBoe CyTOK

Tabauua 2. [Ipaiimepst ais BeisiBienus B OT-TIIL[P-PB M-rena BI'A

Table 2. Primers for real-time RT-PCR for the IAV M-gene

IIpaiimep / Primer

IMocienoBarenbHOCTDH / Sequence

FLT4.1F AAUGACAUCUGAAUCUCAGAGAG
FLT4.IR CUGAGAUUCAGAUGUCAUUdTdA
FLT4.2F UGAAGUUCUGUUGAAAAAGdAdC
FLT4.2R CUUUUUCAACAGAACUUCAAdCdA
Nup98.1F UGAGUAUGUUAGACUAUUGdAdT
Nup98.1R CAAUAGUCUAACAUACUCAdCdC
Nup98.2F AUUAAGGUUCUUCAAAACCdAdA
Nup98.2R GGUUUUGAAGAACCUUAAUdAdA
Nup205F UUAUUCACAUCAAUCUGUGdAdC
Nup205R CACAGAUUGAUGUGAAUAAATAG
1AV M F: GGAATGGCTAAAGACAAGACCAAT
1AV M R: GGGCATTTTGGACAAAGCGTCTAC
IAV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQ1
GAPDH F AGCCACATCGCTCAGACAC
GAPDH R GCCCAATACG ACCAAATCC

> MV 3.3.2.1758-03 Metoxs! onpe/eneHus Ioka3areieil kauecTBa IMMYHOOHOIOTHYECKUX TIPEIapaToB Il NPOQHIAKTUKH U
muarHoctuky rpunma. URL: https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT ID=4727 (ara oOpamieHnus
27.08.2021) [MU 3.3.2.1758-03 Methods for determining the quality indicators of immunobiological drugs for the prevention and
diagnosis of influenza. https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT ID=4727 (Accessed August 27,2021).]
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MUTATENBHYIO CPEay YHAISIA U3 JYHOK, TPOBOIUIH
10-xpaTHBIe TOCJIEIOBaTEIbHbIE pPa3BEJCHUS BH-
PYCHOTO MaTepuaja B IMOANEPKHUBAIOMICH cpene Oe3
TPUIICHHA U WHKYOMPOBAIM Ha MPOTSHKEHUH YEThIpeX
cyrok B CO,-unky6arope npu 37 °C. Ilo ucTeueHun
YeThIPEX CYTOK Pe3ybTaThl THTPOBAHUS M3y4allH BH-
3yaJbHO TIOJ MHKPOCKOTIOM M aHAJIM3WPOBAIIM Ha Ha-
JU4Yue crnenuduueckoro nuromnaTudeckoro sddexra
IS BUpyca rpumma (M3MeHeHue, aedopmarius, oT-
KpeIuIeHne MEpPTBBIX KJIETOK CO JIHa JIyHKH). Bupyc-
HBIA TUTP PACCUUTHIBAIICS IO METOAY, OMMUCAHHOMY B
pabore [34], u BeIpaxkayicd Kak Jorapu(m TKaHEBBIX
OUTOTOKCHUYECKHUX JI03 — TL[I[SO/MH.

CraTtucrtuyeckas 00padoTKa JaHHBIX
CTaTuCTUYECKY 3HAYUMOCTh TOJNYYCHHBIX pe-
3yJIbTaTOB ONPENENsid C MOMOIIbI0 KpuTepuss MaH-
Ha—YuTHU. PasHuna cuuranach JOCTOBEpPHOM mpu
0.01 £ p <0.05. [TokazaTenu JOCTOBEPHOCTH PacCUH-
THIBAJIKCH C UCIOJb30BaHueM pecypca Psychol-ok®.

PE3YJIBTATBI U UX OBCYXKIEHUE

O6ocHoBanue BpIOOpa MumeHnei ajas muPHK

Tpu renHa-mumieHn ObIO OTOOpPAHO JUISA DKCIIe-
pumenTtoB ¢ MuPHK. IIponykTsl 0TOOpaHHBIX TEHOB
AKTUBHO B3aMMOJEHCTBYIOT C BHUPYCOM TpHIIlIa Ha
HECKOJIbKHUX dTamax ero penponykuuu. I'en FLT4 ko-
JUpPYeT HKCHPECCHIO PELeNnTOpPHOro Oenka JIHiaep-
MajpHOTO (hakTopa pocta (ammi. Epidermal Growth
Factor (EGF)) peuenrtopa tTupo3uHkuHasbl. [lo mgaH-
ueiM Eierhoff, 6enox EGF npuHUMaeT akTUBHOE y4a-
CTHE B IIpOIecce BUPYCHOTOo 3HonuTo3a [35]. benku
Nup98 n Nup205, xonupyeMble OJHOMMEHHBIMH Te-
HaMu, 00€CNeYnuBaOT UMIOPT U 3KCHOPT BUPYCHOM
MPHK u3 nykneonnasmer [36, 37].

Hamu 6b11a mpoBepeHa CIOCOOHOCTb MOTY4YEHHBIX
cunrernueckux MUPHK mopasmsiTs sxcnpeccuto ux me-
JIeBBIX T€HOB. B cpesHeM sKkcrpeccus reHa CHUXKanach
Ha TIepBBIC CYTKH JUII Kaxnaoi n3 matu MuPHK Gonee
yeMm Ha 80% MO OTHOLIEHUIO K KjeTkam, oOpaboTaH-
HeIM Hecniennpuaeckoit MuPHK L2. Ha puc. 1 mokasa-
Ha ¢ dexruBHOCTh HOKnayHa MPHK B xiertkax A549.
OreHKa OAABICHHS YKCTIPECCHH TEHOB IPOBOANIACE C
ucnoiibzoBanueM 24T merona.’

Bausinne MuPHK Ha BbIKHBaEeMOCTH
TpaHchUUMPOBAHHBIX KJIETOK
BepkuBaemocts keTok AS549, TpaHchuUIMpoBaH-
HbeIx MUPHK, orieHrBasm B TedeHnE TpeX CyToK (Tadi. 3).
[To ananoruu ¢ padoroii Estrin [26] moporoBoe 3Haue-
HHE BEDKUBACMOCTH OBLITO YCTaHOBJICHO Ha ypoBHE 70%.

¢ https://www.psychol-ok.ru/statistics/mann-whitney/ ([lara 06-
pamenus 05.08.2021 / Accessed August 05, 2021).

7 Bradburn S. How to Perform the Delta-Delta Ct Method.
URL: https://toptipbio.com/delta-delta-ct-pcr/ (lata oGparie-
Hust 27.08.2021 / Accessed August 27, 2021).
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Puc. 1. Bnusnue muPHK Ha skcnipeccuto renoB FLT4,
Nup98 u Nup205.
Fig. 1. Influence of siRNA on the expression
of genes FLT4, Nup98, and Nup205.

Yepe3 24 9 KHU3HECTOCOOHOCTH KIETOK, 00pabo-
tanHbIx MUPHK, npaktnueckm He m3meHwmnacs. Ha
BTOpPBIC CYTKH BBDXKHBAaCMOCTBH KJIETOK, oOpabdoTaH-
Heix Bcemu MUPHK, xpome Nup205 w HeueneBoit
L2, camzunach Ha 14-21%. 3a 100% Obuta nmpunsTa
BBDKHBACMOCTh HETPaHCUIMPOBAHHBIX KIETOK. Bee
3HaueHUs1 ObUIM HOPMAaNHW30BaHBI 10 OTHOUICHUIO K
CpelqHell ONTHYeCKOW IUIOTHOCTH HETpaHCOHUIHPO-
BAaHHBIX KJIETOK B KaXIblil COOTBETCTBYIOIIHMI Bpe-
MEHHO# HMHTepBan mocie Tpancpekuun. Oo6paboTka
kyieTok monekyinamu MUPHK He npuBonuna k cHuxe-
HUIO BBDKMBAEMOCTH KJIETOK IO CPaBHEHHIO C OTPH-
[[aTeIILHBIM KOHTPOJIEM.

Baunsinne muPHK Ha remarriiioTuHUpYy0nyo
AKTHUBHOCTbH

B Tabn. 4 mpencraBieHO M3MEHEHHE TeMarrTiio-
THUHHUPYIONIETO TUTPA BUPYCa TPUIITIA HA TPEThU CYTKH
B peaknuu remarrmoruHanuu (PI'A). [To pesynsraram
PI'A reMarmoTUHUpPYIOIIAs aKTUBHOCTb Ha TPETbU
CYTKH CHU3WIACH B 16 pa3 B KJIeTKax, 00pabOTaHHBIX
MuPHK Nup205 u FLT4.2, a B kneTkax, oopadoTaH-
veix MUPHK FLT4.1, Nup98.1 n Nup98.2, — B 8 pas.

Bausinne MuPHK Ha TuTp BHpyca

Ha cnenyromem sTane npoBoAuiIoch ONpeAeacHue
M3MEHEeHHs MH(EKIHOHHOTO THTpa BUpyca MOCIe BO3-
nericteuss MuPHK Ha renp-mumenn. B tedenne Tpex
CYTOK MOCIe TpaHC(EKLIUK OTOMPATN HAJ0CATOUHYIO JKHJI-
KOCTb U 3aT€M BBINOJIHAIN €€ TUTPOBAaHHE Ha MOHOCIIOE KJle-
Tok MDCK B 96-TyHOUHBIX IUIAHILETaX. bbIIO yCTaHOBNEHO,
gto npumenenre Bcex MuPHK mipi MOI = 0.1 mpuBoamiio k
JIOCTOBEpPHOMY CHIKEHHUIO BUPYCHOM PENpOLyKIHH 10
cpasuenuto ¢ MuPHK L2. Kak Buano u3 puc. 1, B He-
TpaHC(HUIMPOBAHHON KyJIbType KJIETOK THTPbHI BUPY-
ca CO BPEMEHEM YBEJIMYMBAJINUCH, AJOCTUrasl IMUKOBBIX
3HayeHuil Ha 48-0i1 u 72-o0i1 yac. To ke camoe ObLIO
OTMEUYEHO M B KIETKaX, TPAHC(QHUIMPOBAHHEIX HECIIe-
nupuyeckoit MuPHK L2. ITpu nonaBneHU SKCIpeccuu

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(6):476-489

482


https://www.psychol-ok.ru/statistics/mann-whitney/
https://toptipbio.com/delta-delta-ct-pcr/

E.A. ITamikos, E.B. Paiizyaoes, E.P. KopueBass u Ap.

Taoauma 3. BeokuBaeMocTs KiteTok mociie Tpancdekmnu MmuPHK, %

Table 3. Cell survival after siRNA transfection in percentage, %

muPHK 1-e cyTKH 2-e CyTKH 3-u cyTKH

siRNA 1st day 2nd day 3rd day
FLT4.1 96 81 74
FLT4.2 94 80 81
Nup98.1 100 79 79
Nup98.2 97 86 87
Nup205 94 95 94
L2 94 99 99
Kmei)

Tabauua 4. BupycHas penpoayKuus Ha TPETbU CYTKH 110 JaHHbIM PTA

Table 4. Viral reproduction on the 3rd day according to HA data

Bupycnas penpoxykuust B PTA (log))

MflPHK Viral reproduction to HA (log,)
siRNA
A/WSN/33 (MOI = 0.1)
FLT4.1 1:8
FLT4.2 1:4
Nup98.1 1:8
Nup98.2 1:8
Nup205 1:4
K-(L2) 1:64
K-14V 1:64

reHa FFLT4 c ucnonb3zoBanuemM MUPHK FLT4.1 tutp
BUpYyca CHU3WICA npumepHo Ha 0.9-1.0 1g T/, mo
CPaBHEHUIO C KOHTPOJIEM Ha TEPBBIC, BTOPBIE U TPEThH
cytku. Ilpn npumenennn MuPHK FLT4.2 na mepBbie
CyTKM CHuXeHue cocrtasuio tak xe 1.0 lg TIJL,, ,
OJTHAKO Ha BTOPbIE U TPETbU OTMEYAIOCh CHH)KEHUE Ha
2.2 lg TIJ,,, 1O CPaBHEHHIO C KOHTPOJIBLHBIMHU IPyTITIa-
M. [Ipu Tpancdekimn MuPHK k reny Nup205 tatp BU-
pyca cuuswuics na 1.0 1g TIJL,, ~Ha nmepsble CyTKH
Ha 2.3 1g TIL,, =B moCemyroImume CyTKN OTHOCUTEIBHO
BUPYCHOTO ¥ HECHEN(HUIECKOTO KOHTpOIs. B kimeTkax,
o0OpaboranHbIx Nup98.1 u Nup98.2, 3Ha4MMoe CHUXe-
HHE TUTpa Bupyca npu odpadotke MuPHK Nup98.1 na
2.3 lg TIJL,,, OTMeYanoch Ha BTOPbIC CYTKH, a JUIs
Nup98.2 na 2.2 Ig TIJL,, Ha TPETbU CyTKH, COOTBET-
CTBEHHO, 110 OTHOLIEHUIO K KOHTPOJISAM. JlMHaMuKa u3-
MEHEHHsI BUPYCHOTO TUTpA MOKa3aHa Ha puc. 2.

Bausinue MuPHK Ha xoHueHTpanuio
BupycHoii PHK
Bmusane mMuPHK Ha koHmeHTpamwio BHpYCHOMH
PHK otpaxeno Ha puc. 3. I[Ipu nposenenun OT-IILIP-PB
OTMEYEHO CHW)XEHHEe KoHIeHTparuu BupycHord PHK c
MuPHK Nup98.1 (mo 190 pa3) u Nup205 (no 30 pa3) Ha
nepsble CyTKU. Ha BTOpBIE CYyTKH OTMEUEHO CHU)KEHUE

koHuentpanuu BPHK mist Nup205 B 29 pa3z u B 26 pa3
st Nup98.1. Ha tpetbu cyTku cHrkenue st MuPHK
Nup98.1 v Nup205 coctaBuno 6 u 30 pa3, COOTBETCTBEH-
Ho. [Ing muPHK FLT4.2 xonuentpanus Bupycnoit PHK
cHIKaziach B 23, 18 u 16 pa3 Ha nepsble, BTOpPbIE U Tpe-
ThU CYTKH, COOTBETCTBEHHO. KoHLleHTpausi BUpyCHOM
PHK mnpu ucnons3oBannn MmuPHK FLT4.] Ha miepBbIe,
BTOpBIE U TPETHbU CYTKU CHUKAJIaCh HE3HAYUTEIHHO.

I'punm — octpoe MH(PEKIHOHHOE pECHUPATOPHOE
3a0oJeBanne, MPHUNHONW KOTOPOTO SIBISIFOTCS BUPYCHI
cemeiictBa Ortomyxoviridae. 3a00ieBaHMs, BbI3bIBac-
MBbI€ BUPYCOM T'PHUIIIA, MPEJACTABISIOT HA CETOIHSITHUN
JIeHb OJIHYy W3 HauOoyee MEepBOCTENEHHBIX NPOOIeM
JUIs OOIIEMHUPOBOTO 3APABOOXPAHEHUSI. AKTYaJIbHOCTh
MOMCKAa HOBBIX MPOTHUBOTPHUIINIO3HBIX MpeEnaparoB o0y-
CJIOBJIEHa TEM, YTO y BUpyca IpuIma ObICTPO BbIpada-
THIBA€TCSl PE3UCTEHTHOCTh K M3BECTHBIM crenuduue-
CKHUM IIPOTUBOTPUIIIO3HBIM IpenapaTtam [38].

B macrosimieit pabote mpoBeneHa CepHs dKCIEPH-
MEHTOB Ha KJIETOYHOM KyJbType IO OLEHKE MPOTHUBO-
TPUIIIIO3HON aKTUBHOCTH MAaJBIX HHTEpPPEpUpyIo-
mux PHK, manpaBnenusix x renam FLT4, Nup98 n
Nup205. beima moka3zana BBIpaK€HHAsl MPOTHUBOBH-
pycnas aktuBHocTh MUPHK, nHanpasnennsix kK MPHK

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(6):476-489
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Puc. 2. Bmussaue MuPHK, HanpaBinennbix k redam FLT4, Nup98 n Nup205 na penponykiuio Bupyca rpumnmna (MOI = 0.1).
(a) 1-e cytku nocine nHdpekuuu (1m.u.), (0) 2-e CyTKH 1.1., (B) 3-U CYTKH IL.H.
Fig. 2. Effect of siRNAs directed to the FLT4, Nup98, and Nup205 genes on the reproduction of the influenza virus (MOI = 0.1).
(a) 1st day post infection (p.i.), (b) 2nd day p.i., and (¢) 3rd day p.i.

ATHUX T€HOB U TOJYUCHBI JJAHHBIC O KOPPEISIIUA MEXK-
JIy CHH)KEHHEM DKCIPECCUU KIETOYHBIX '€HOB U CHU-
JKEHHEM BHUPYCHOM pPENpOAYKINHU, OIEHEHHOH pas-
HBIMH METOJ[AaMH, KOTOPHIE€ COTJIIACOBBIBATINCH MEXTY
co0oil (TUTpOBaHHWE BHUpYca MO IUTONATOTEHHOMY
nevicreuto, OT-TILIP-PB, PTA).

BaxHbM (hakTopoM ycrenHoro npuMeneHns MuPHK
SIBIISICTCSI TO, YTO HOKJAyH LIEJEBOTO I'eHa HE JIOJKEH
BIIUSITH HA JKU3HENIEATEIHHOCTh KJIeTOK. HampaBienusie
K reHam FLT4, Nup98 u Nup205 muPHK He cHmxamu
JKU3HECTIOCOOHOCTH KJIETOK HHUXKE MOPOTOBOTO YPOBHS B
70% 1o aHanmoruu ¢ padoroii [26].

ITpumenenune MuPHK nnst monasnenus sxcnpeccuun
KJIETOUHBIX T€HOB C 1IeNbI0 CHIDKEHHS BUPYCHOM perpo-
JIyKIMW uMeeT npeumyniectso Hag MuPHK, nanpasien-
HBIMH Ha BHPYCHBIA T€HOM. DTO 0OYCIIOBJICHO BBICOKOM
CKJIOHHOCTBIO BUPYCOB I'pHUIINA K MyTaI[HOHHON M3MEH-
YUBOCTH, MPUBOJIAIIEH K 3aMEHaM T€X WJIM UHBIX HyKJIe-
OTHJIHBIX TIOCITIefoBaTenbHOCTEN B nx reHoMe [39]. Tlo-
3TOMY paHee MonoOpaHHas K ONpPEeIEHHOMY Y4acTKy
marpuunoit PHK MmuPHK moxet crars HeahheKTHBHOM,

U BUPYC YCKOJNB3HET OT €€ JCHCTBHS, TIOCKONIBKY JaKe
eIMHNYHAs 3aMeHa B rmociegosarenbHocT PHK-Mmu-
IIEHH CITIOCOOHA TOJIHOCTBIO HUBEIHPOBATH d(P(EKT OT
npumenennss MUPHK [40]. Hampumep, cnocoOHOCTb
yckonb3arsk o MEPHK Obwia skcrepuMeHTanbsHO Tpo-
JIEMOHCTpUpOBaHa Ha Mojienu uHpekuun BUU-1, rie B
TeHax fat, nef, int v att IPOUCXOAWIN HYKICOTUIHBIC 3a-
MEHBI, B pe3yisrare uero 3¢ ekt npumenenns MuPHK ne
HaOmonancs [41]. Ha atom ¢one, mo mHenuto A. Karlas
u M. Lesch, 6omnee onpaBraHHBIM SIBISIETCSI IPUMEHEHNE
MuPHK, HanpaBIeHHBIX K KIIETOYHOMY T€HOMY, TTOCKOJb-
Ky PHCK BOSHUKHOBEHHS allbTEPHATUBHOIO ITyTH BHPYC-
HOWM perpoaykiuu oueHb HU30K [30]. [lepcriekTuBHOCTH
JAHHOTO TIOJIX0/1a, OCHOBOW KOTOPOTO SIBJISETCS OaBic-
HHE aKTUBHOCTU KJICTOYHBIX T€HOB, HEOOXOTMMBIX IS
PENpoAyKIIUK BUpyCa IPUIIIIA, TOKa3aHa B PsAIC HE3aBH-
CUMBIX HcclenoBanuii [26, 30, 42, 43].

3AK/IIOYEHUE

B HacTosmee BpeMsi coxpaHsieTcs MoTpeOHOCTD
B CO3IaHWH BBICOKOI(P(PEKTUBHBIX JIEKAPCTBECHHBIX
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Puc. 3. Bmusaue muPHK Ha xonnentpauuto Bupyctnoit PHK.
(a) 1-e cytku nocne nHpekunu (1m.u.), (0) 2-e CyTKH 1.1., (B) 3-1 CYTKH I1.H.
Fig. 3. The effect of siRNA on the concentration of viral RNA.
(a) 1st day post infection (p.i.), (b) 2nd day p.i., and (¢) 3rd day p.i.

IpenaparoB AJis JICUEHHUsS I'PUIIIIA U €ro OCJIOKHEHUH.
B uccnenoBanuu nojaydeHsl JaHHBIE, MOKA3bIBAIOIINE,
yto MUPHK, HanpaBiieHHbIE K KJIETOYHBIM T'€HaM, Urpa-
IOIMM Ba)KHBIE POJIM B MPOIIECCE IHAOLNUTO3a BUpYCa,
spepuoro ummnopra u akcrnopra BPHK, nocrtosepno
3(h(HeKTUBHO CHIKAIOT PENpOAYKIMIO BUpyca I'pHUIIa
in vitro. DT TaHHBIE TTOITBEPKIAIOT, YTO MCCIIECIOBAH-
HbIe TeHbl yenoBeka FLT4, Nup98 u Nup205 sBnsrotcs
MEPCICKTUBHBIMI MUIMICHSMH TSI pa3padOTKU MPOTH-
BOTPUMIO3HBIX MpenaparoB. Pe3ynpTaTsl HCCle0Ba-
HUS AIOT HAJIeXKIY Ha TO, UTO B OyAyIIeM MPUMECHEHUE
MuPHK B kauecTBe nekapcTBEHHBIX cpeacTB Oyaer pe-
aJIM30BaHoO.

Bnazodaprocmu
Aemopul gvipadicaiom 61a200apHOCmb YeHmpy Koi-
nexmugsnozo nonvzogeanus HUUBC um U.U. Meunukosa.
Hccneoosanue ne umeno cnoHcopcroll no00epiucKu.
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AHHOMaAuus

ITenu. CozdaHue azpezamueHO YCcmolUuu8blX UCKYCCMBEHHBLIX NOJUMEPHBIX CYCNneH3Ull ¢ NoJso-
JKUMEeNbHbIM 3apsi0oM uacmuy, Ha OCHO8e noauKkapboHama u noAuMemuamemaKpuiama ¢ uc-
NnobL308aAHUEM KAMUOHHBIX NO8epXHOCMHO-axmusHblx seujecms (KITAB), a maxoke ux cmeceli ¢
KpemMHUOp2aHUUeCKUM nogepxHOCMHO-akmugHbim seuiecmgom (KOITAB).

MemooOul. Pasmep kKanesb U 4aCmuy NOJUMEPHbLX CYCNEH3ULL onpedensniu Memodom homor-
HOTL KOPPEeNSYUOHHOU CNeKmpocKonuu (OUHAMUUECK020 CBEMOPACCESIHUSL) C NOMOULLIO 1IA3EPHO20
aHanuzamopa uacmuy, Zetasizer NanoZS (Malvern, Benuxkobpumanusi).

Pesynomamel. Gouio ycmaHoeneHo, umo 0t NOAYUEHUSL YCmOoUUUBbIX UCKYCCMBEHHbIX NOJU-
KapboHAMHBIX U NOAUMEMUAMEMAKPUNAMHBLX CYCNeH3Ull mo2ym bblimb UCNONBb308AHBL Omeue-
cmeerHble KITAB Kamamur AB u Ason-129. Onmumaneras koHueHmpayusi ITAB cocmasuna
6 mac. % e pacueme Ha noaumep. IlokazaHo 8rusHUe KOHUEHMPAYUU NOAUMEPA 8 pacmaeope HA
ycmotiuugocms U pasmep uacmuy, KOHEUHbIX NOoAUMEPHbLX cycneH3ull. OnpedesneHo, umo KOH-
ueHmpayust noaumepa 8 pacmeope He O0oskHa npegviuams 10%. [laneHeliuee nogvluleHUe
KOHUEHMPAyUU Npusooum K no8blULeHUI0 8513K0CMU IMYAbCUL NPU NOAYUEHUU 8blCOKOOUCnepC-
HOU cycneH3uu 8 npouecce ouchepauposaHrust. Hcnonwzosarst emecu KITAB Kamamun AB/A3on-138
u Ason-129/A30n-138 O0ns nogvluleHUst Ycmoluueocmu KOHEUHbLX NOJUMEPHBLX cYycneH3ull 3a
cuem obpaszogaHusl cuHepzemuueckozo acpgpexma. OnmumanbHoe maccogoe coomHoweHue [T1AB
cocmasuno 9:1. Obwas koHyeHmpayus cmecu 10 mac. % 8 pacueme Ha nonumep. Ilonyuerwvt
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nonumepHwsle cycneHsuu, cmabunusuposarHole emecamu KITIAB Kamamun AB/KOIIAB U-851
u KIIAB A30n-129/KOIIAB U-851 8 coomHoweHuu 2:1 Ka»ooill cmecu 8 pacueme Ha noaumep.
Obwas KoHYUeHmpayus cmecu cocmasuna 9 mac. % e pacueme Ha noaumep.

Bbteooust. [IpedioskeHbl Ho8ble Cnocobbl NOAYUEHUS. UCKYCCMEEHHbIX NOAUKAPOOHAMHBLX U NO-
JUMEMUAMEMAKPUNLAMHBLIX CYcneH3ull, noniyueHHsolx 8 npucymemeuu KITAB omeuecmeeHH020
npouseoocmea, a maroke ux cmeceti u cmeceti KITAB ¢ KOITAB. PaccmompeHbl KOANLOUOHO-XU-
MmuuecKue ceolicmaa NoSAYUeHHbIX NOSAUMEPHBLX CYCNEeH3UIL U NOKA3AHO, UMO NPU UCNOSIb308AHUU
cmecu KITAB u KOIIAB, e3simblx 8 065bemMHOM coomHoweHuu 2:1, obpasyromest ycmotiuugsle 8
npoyecce noayueHust U XparHeHust noauMepHsle CYycneHauu.

Knroueesle cnoea: kxpemHuiliopzarHuueckue IIAB, uckyccmeeHHast NOAUMEPHASL CYCNeH3Usl,
ramuoHHble [IAB, noaukapboHam, noaumemuamemaxpuiam, cmpyKkmypHo-mexaHuue-
cruil bapvep

Mna yumuposanus: Cryxyk A.H., lllkonsuukoB A.B., Top6aros I1.C., I'puiikosa 1.A. BiusiHUuEe TIpUpOIBI AIMyIbraTopa u
KOHIIEHTPALUH TOJIMMEpPa Ha TUCIIEPCHOCTh U YCTOWYHBOCTD NCKYCCTBEHHBIX ITOJMMEPHBIX CYyCHEH3UI Ha OCHOBE MOJIHKapOOHaTa
U TOJIMMEeTHIIMeTakpuniara. Toukue xumuyeckue mexronozuu. 2021;16(6):490-501. https://doi.org/10.32362/2410-6593-2021-16-
6-490-501
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Abstract

Objectives. To create stable artificial polymer suspensions with a positive charge of particles
based on polycarbonate and polymethyl methacrylate using cationic surfactants and organosilicon
surfactants.

Methods. The size of droplets and polymer suspension particles was determined by photon
correlation spectroscopy (dynamic light scattering) using a Zetasizer NanoZS laser particle
analyzer (Malvern, UK).

Results. Domestic cationic surfactants Katamin-AB and Azol-129 were found to be capable of
producing stable artificial polycarbonate and polymethyl methacrylate suspensions. Based on
the polymer, the optimal surfactant concentration was 6 wt %. The effect of polymer concentration
in solution on the stability and particle size of final polymer suspensions was shown. It was
determined that the polymer concentration in the solution should not exceed 10%. When obtaining
a highly dispersed suspension during dispersion, a higher concentration causes an increase in
the viscosity of emulsions. As a result of a synergistic effect formation, we used mixtures of
cationic surfactants (Katamin-AB/Azol-138 and Azol-129/Azol-138) to enhance the stability of
the final polymer suspensions. The optimal surfactant ratio was 9:1. The total concentration of
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the mixture is 10 wt %, based on the polymer. Polymer suspensions were stabilized with each of
2:1 mixtures of cationic surfactants Katamin-AB and Azol-129 withan organosilicon surfactant
U-851. The total mixture concentration was 9 wt %, based on the polymer.

Conclusions. New methods of producing artificial polycarbonate and polymethyl methacrylate
suspensions in the presence of domestically produced cationic surfactants, as well cationic-
organosilicon surfactants mixtures, were proposed. The colloidal-chemical properties of the
obtained polymer suspensions were considered. It was found that using a 2:1 mixture of cationic
and organosilicon surfactants produces polymer suspensions that are stable during production
and storage.

Keywords: organosilicon surfactants, artificial polymer suspension, cationic surfactants,

polycarbonate, polymethyl methacrylate, structural and mechanical barrier

For citation: Stuzhuk A.N., Shkolnikov A.V., Gorbatov P.S., Gritskova I.A. Influence of emulgator nature on dispersity
and stability of artificial polymer suspensions based on polycarbonate and polymethyl methacrylate. Tonk. Khim. Tekhnol. =
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BBEJEHHE

B nocnennee BpeMsi UCKYCCTBEHHBIE I1OJIMMEPHBIE
CYCIICH3UH IPHOOPETAIOT Bce OOITBIIIEE 3HAYCHIE B CBSI3U
C TeM, YTO OHM HaXOAAT NPUMECHEHHE B IIMPOKOM CIICK-
Tpe oTpacieil: pe3MHOTEXHUYECKOH (IUIEHKHU, TOKPBITHS,
MepYaTKd PE3NHOBBIE HUTH M T.II.), JETKOU (KJIeH, TeK-
CTWJIbHBIE MaTepuallbl), MUIIEBON (3allUTHBIE MOKPbI-
THSI Ha MPOAYKTaX NMUTAHMSA), LEIUTIONIO3HO-OyMaXKHOM,
CTPOUTEILCTBE (CBA3YIOLIEE, FE€PMETUKH, KOMIAyH[Ibl),
CEJILCKOM XO3SIHICTBE (3aIMTa TOYBBI OT SPO3UN) U Psilie
JIPYTHUX OTpaciei.

HckyccTBeHHBIC TOMUMEPHBIE CYCHEH3UU (HUCKYC-
CTBEHHBIE JIATEKChI) MOJIyYaIOT IIyTEM 3MYJIbIUPOBAHUS
pacTBOpOB IOJUMEPOB B OPraHUYECKOM pPacTBOPUTE-
Jie B IPUCYTCTBUM MOBEPXHOCTHO AKTUBHBIX BEILECTB
(ITAB) pasnuuHO} HPUPOIBI C MOCIEAYIOMIEH ero 3a-
MEHOW BOJHOW (ha30i, OTTOHKOH pacTBOPHUTES U KOH-
LEHTPUPOBAHUEM JI0 TPeOyeMbIX 3HAUCHHI COEPHKAHUSL
nojMMepa B CyclieH3uu. B mpoliecce ux noiaydeHus He-
00XOTUMBIM YCIIOBHEM SIBIAETCS 00ECIICUCHNE yCTOWYH-
BOCTH Ha BCEX CTaJusAX mpouecca. s 3TOro uCnoib3y-
toT katrnoHHbIe [TIAB (KITAB) paznuunoro ctpoenust. 13
JUTEpaTypbl U3BECTHO, YTO IPU MOIYYEHUH YCTONUH-
BBIX MOJISIPHBIX MOJMMEPHBIX CYCHEH3MH Iiesecoo0pas-
HO HUCToNb30BaTh cMecu [IAB pasnuyHON mpupombl.
IlomyueHue MCKyCCTBEHHBIX IIOJUMEPHBIX CYCIEH3UI
B JINTEpAType HE ONHMCAHO, IOITOMY JUISl UX MOJIyYeHUs
OBLIIO 1eNIecO00Pa3HO MCIIONB30BAThH JAHHBIC O TOM, YTO
CHUHTETUYECKHE NOJISIPHBIE TOJIMMEPHBIE CYCIIEH3UH Xa-
PaKTEpU3YIOTCsA BBICOKON YCTOMYUBOCTBIO IIPU UCIIOJb-
3oBaHnu cmecu [1AB paznnanoit mpupomsl.

JU1 TOBBILLIEHUS] YCTOMYMBOCTU MOJIMMEPHBIX CY-
CIIEH3MI B JJaHHOW pabote ucnonb3oBaim cmecu [TAB
pa3IYHON TPUPOJIBI, KOTOPBIE obecreunBamu (HOpMHU-
pPOBaHUE CTPYKTYPHO-MEXaHUYECKOTO M AIIEKTPOCTATH-
gyeckoro 0apbepoB cTabmim3anuu 1o Pedbunaepy [1].

Llens maHHOI pabOTHl cocTOSUIAa B IOMYYEHUHU
YCTOWYMBBIX MCKYCCTBEHHBIX MONMKAPOOHATHBIX W II0-
JTUMETUIMETAKPUIIATHBIX CYCIICH3HUH C TMOJIOKUTEITbHBIM
3apsom gactuil B pucytctBun KITAB u nx cmeceii ¢
ITAB pa3nnuHoi NpUpPOBIL.

MATEPHAJIbI U METO/IbI

B kauecTBe MCXOMHOTO CHIPbsi OBLIM BHIOPAHBI Tpa-
HYJIUpOBaHHBIC TOMUKapOoHaT Mapku Makrolon xomra-
HuM (Bayer, I'epMaHusi) U TONUMETHIMETAKpUIIAT Map-
ku Acrypet VH 001 xomnanum (Mitsubishi Chemical
Corporation, SInonwus).

Xmopodopm (X.4.), TPUMEHSIIH B KaYECTBE PACTBO-
putens 6e3 TOTOTHUTEIEHON OUYUCTKH.

B kxauectBe ITAB uncnons3oBanu KITAB, cunte-
supoBaHbie B OAO «Komaaccxkuil xumuueckuii 3a600»
(Poccus): Karamun Ab (ankunauMeTuiI0eH3nIaMMO-
HUU XJTOPHJIL, TAE aJIKHI — CMECh HOPMAaJIbHBIX alIKUJTh-
HbIX paaukanoB C10—-C16); Azon-129 (ueTBepTraHOE
AMMOHHEBOE COCIIMHEHHE TPETAIKHIAMHUHA KHUCJIOT KO-
KOCOBOTO Macjia W OCH3WIXIIOpUAA C YIJICBOAOPOAHBIM
pasrKaoM JKUPHBIX KHCIOT KokocoBoro macna C8—C14
B Ka4eCTBE 3aMECTHUTEIIS, CONCPIKAaHUE aKTHBHOTO BETIe-
ctBa 75%); A301-138 (N,N,N-tpumeruin-N-(ankun 12—14)
ammoHui Metwidochut; Azon-139 (derBepTUyHOE am-
MOHHEBOE COEIIMHEHHE U3 JUKOKOAIKHIIMMETUIaMUHA
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n qumetwidocdonara, ¢ yriaeBOIOPOIHBIM PAIUKATIOM
JKUPHBIX KHCIOT KokocoBoro Macina C12—-C14). Takxe
ncrnonbs3oBanu kpemuuiioprannueckoe [IAB (KOITAB)
U-851, a,m-0uc[3—MeTHICUIOKCH [ITOJIATUMETHIIMETHJI-
(10—kapOOKCHICIIVIT)CHIIOKCAH, CHHTE3UPOBAHHOE B
WHCTUTYTE CHHTETHYECKUX TOJUMEPHBIX MaTepHajIoB
nM. H.C. Eanxononosa Poccuiickoii akajieMun HayK.

Pasmep kamenb W 4YacTHI[ TOJUMEPHBIX CYCIICH-
3UI OTPENeIsUTA METOIOM (POTOHHOM KOPPEISIIMOHHON
CIIEKTPOCKONMH (JMHAMHYECKOTO CBETOPACCESIHUS) C
MIOMOIIBIO JTa3€pPHOTO aHaJIM3aTopa dacTull Zetasizer
NanoZS (Malvern, BeaukoOpuranus) [2].

Junamuueckoe paccesaue ceera (JJPC) — mpen-
CTaBJSIET COOO0M COBOKYIHOCTh TaKHX SIBICHUHN KaK W3-
MCHEHHUE YacCTOTHI (IOIUICEPOBCKHUH CIBUT), HHTCHCHB-
HOCTH U HAIpaBIICHHS JBWKCHHS CBETa, MPOILIEIIICTO
yepe3 cpeay ABMKYIXCs (OpOyHOBCKMX) YaCTHUIl. ITO
Croco0 M3MepeHust YacTHIl 1o 6 MkM B muamerpe. JIPC
u3MepsieT OPOYHOBCKOE BIDKCHNE YACTHIl U COOTHOCUT
ero ¢ ux pasmepoM. lIpu mpoxoskaeHun MmydKa CBEeTa ue-
pe3 CYCHEeH3UI0 MPOUCXOJUT €ro ynpyroe (pajneeBckoe)
paccesinue. B ciayuae J[PC ncnonb3yloT nazepHoe usiy-
YeHHUE, KOTOPOE SIBJISCTCS KOTEPEHTHBIM U MOHOXpOMa-
TUYECKUM. M3MepsieMoli BEJTMYMHOW CIYKUT TaK HA3bI-
BacMasi aBTOKOPPEIISIUOHHAS (PYHKIIWS, OlpeaessieMas
10 BPEMCHHOMY M3MEHEHUIO HHTCHCUBHOCTH PAaCcCCHBa-
€MOT0 M3ITyUCHHS:

G(t) = VN THe)I(1, ~ 1) = IOt = 1,).

rae G(t,) — aBTokoppensunonnas Gpynkuus; N — uuc-
JI0 U3MEPEHUH, BBIMONHAEMBIX B MOMEHT BPEMEHH 1]
I(t, — t,) — MHTEHCHBHOCTb PACCEMBAHHUS CBETA MOCIIE
ONpE/IENICHHOTO NEePUO/ia BPEMEHH 3aJICPHKKH 1.

CycneH3uu rOTOBUJIM CMELIEHUEM YIJIEBOLOPOJI-
HOH (a3bl (momuMep, pacTBOPEHHBIH B PacTBOpPUTEIIE)
u BogHOTO pactBopa [TAB B cooTHomennn 1:1, coot-
BeTCTBeHHO. [lepBasi crajnus: NMPUTOTOBIEHUE HU3KO-
JHUCIEPCHON 3MYJIbCHHM C IMOMOIIBI0 MarHUTHOM Me-
manku. Pa3mep kanenb Haxoawics B Auamnasone ot 20
mo 100 mxm. Bropas cragmsi: aucneprupoBaHue HU3-
KOJIUCTIEPCHON SMYJIBCUHM IO TOJIYYEHHUS] BBICOKOIUC-
MIEPCHON 3MYJIBCUHU C IIOMOIIBIO TOMOTE€HU3aTOpa TUIla
porop-ctarop DIAX-900 (Heidolph, I'epmanusi). Cxo-
pocth aucneprupoBanus 24000 o6/MUH, Bpems aHC-
nepruposanust 7—-10 MuH. JI1s OTTOHKU pacTBOPUTENS
WCTIONB30BAI POTOpHBIN ucnaputenb RV 10 (IKA4,
I'epmanus).

PE3VYJIBTATBI U UX OBCYKJIEHHUE

CornacHo OMyONMKOBAaHHBEIM JAaHHBIM IHCIEPC-
HOCTb AMYJBbCUM (BBIpakaemas HWHJIEKCOM IOIUAMC-
nepcHoCTH, oT aHr. polydispersity index (Pdl)), cpen-
HUM JIHaMETp YacTHI] (dcp) n ux 3apsa ({-morenHmman)
SIBJISTIOTCS] OCHOBHBIMH TTapaMeTpaMH, OMPEACIIIONIIMHA
YCTOMUMBOCTD CycrnieH3uit [3—-5].

HccnenoBanms ObUIM HAyaThl ¢ W3YYCHUS KOIJIO-
HUIHO-XUMHUYECKHX CBOMCTB nonukapOoonatHbix (I1K) u
nomumetuiaMerakpwiaTeix ([IMMA) cycnieH3uit, npu-
roToBiieHHBIX B IpucyTcTBun KITAB pa3Horo ctpoeHusl.

Brbutn momyueHs! HCKYCCTBEHHBIE TIONIUMEPHEIE Cy-
CIIEH3UH NP HMCIIONB30BaHUU 5% pacTBOpa MojJuMepa.
Konnentpanus ITAB cocrasuna 6 mac. % B pacuere Ha
TOJIUMeED.

B tabn. 1 u 2 u Ha puc. 1 u 2 mpuBeNEHBI KOJIIO-
HUJHO-XUMHUYECKHE CBOMCTBA MOJMKAPOOHATHBIX M TO-
JTUMETHIMETAKPUIATHBIX CyCIICH3HH, IMTOMYYCHHBIX MPH
ucnojib3zoBannu Karammuua Ab u A3zona-129 B pasnbix
KOHIICHTPALUIX.

Taoauna 1. CpaBHUTETHHBIN aHATH3 KOJUIOMIHO-XUMHUYECKHUX CBOMCTB MOTMKAPOOHATHBIX
HCKYCCTBEHHBIX TIOIMMEPHBIX CyCIIeH3nH, cTabnim3upoBanHbix Katamuaom AB,
AzonoMm-129, Azonom-138 u A30moM-139, B3ATHIX B pa3HBIX KOHIIEHTPAIHIX

Table 1. Comparative analysis of the colloidal-chemical properties of artificial polycarbonate

polymer suspensions stabilized by Katamin AB,

Azol-129, Azol-138, and Azol-139, taken at different concentrations

Mommmep ITAB dcp, HM Pdl C-norennman, MB | Koarymom, mac. %
Polymer Surfactant L m C-potential, mV Coagulum, wt %
Karamun Ab
Katamin AB 620 0.140 +30 -
‘23"?'1153 830 0.290 +24 -
TIK Z0l-
PC
Azom-138*
Azol-138% 1050 0.330 +25 10
A3zon-139
Azol-139 B B B 100

*Pa3Mepbl OUUIIEHHON OT KOaryjroMa IMOoJIMMEpHOH CYCIIEH3UMU.

*The size of the coagulum-free polymer suspension.
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Tabauua 2. CpaBHUTENbHBIN aHAIN3 KOJUIOUAHO-XUMAYECKUX CBOMCTB MOJIMMETHUIMETAKPUIIATHBIX
HCKYCCTBEHHBIX TIOIMMEPHBIX CyCIICH3UH, cTabmim3npoBanHbeIx Katammaom AB,

A3zonom-129, Azomom-138 u Azoaom-139

Table 2. Comparative analysis of the colloidal-chemical properties of artificial

polymethyl methacrylate PS stabilized by Katamin AB,
Azo0l-129, Azol-138, and Azol-139

IMommmep ITAB d_, HmM C-norenuman, MB | Koarymom, mac. %
p Pdl
Polymer Surfactant d_,nm C-potential, mV Coagulum, wt %
Karamun AB
Katamin AB 260 0.270 +39 -
1230?'33 300 0.359 +28 -
IIMMA 20l
PMMA
A3zon-138
Azol-138 310 0.375 +23 -
Azon-139
Azol-139 a - B 100
80peee ST :
Cav = 62Q nm :
®
]
8
g€ |
=)
z

1 100 1000 10000

1 100 1000 10000
, nm

0

Puc. 1. CpenHeunciioBble pacipe/esieHns YaCTUI HOJINKapOOHATHBIX NCKYCCTBEHHBIX MTOJIMMEPHBIX CyCIICH3UH
10 pa3Mepam IpH UCTIONb30BaHuU B kKadecTBe [IAB: a) Karamun Ab, 6) A3om-129.
Fig. 1. The number-average particle size distributions of polycarbonate artificial polymer suspensions when used
in the production process as a surfactant: (a) Katamin AB, (b) Azol-129.

B tabn. 1 u Ha puc. 1 npuBeneHbI CPEIHEIUCIIOBEIC
JIMaMETPbl YacCTUI] MOJIUKapOOHATHBIX UCKYCCTBEHHBIX I10-
JIMMEPHBIX CyCIeH3WH NpH ucnosszoBanun Karammna Ab,
A3zona-129, Azona-138 u Azona-139. O6paser mommep-
HOU CyCleH31H, MOTYUYEHHBINA TPU UCIIOJIb30BAHUH B Ka-
yectBe crabunuzaropa Karamuna Ab, xapakrepuzoBai-
Csl BBICOKOW YCTOWYMBOCTBIO, Y3KHM paclpesiesieHueM
YacTull 110 pa3MepaM U AUaMEeTPOM YacTUll B UHTEpBaJIe
ot 500 am g0 700 HM (80% uvactui mo uuciy). Odpas-
1bl, crabunu3upoBanubie A3omoM-129 u Azonom-138,
UMEeNM HauOOoNbIINK TUAMETpP M paclpe/ie]CHUEe YacTUll
mo pasmepam. B mpucyrctBum A3zona-139 He ymamock
MOJYYUTh YCTOMYMBBIE HCKYyCCTBEHHBIC MOJIMMEPHBIE
CYCIIEH3UU — 3HAYMUTEJIbHAS YacTh MOJMMEpa Koarylu-
poBana MpH yAaJCeHUH PACTBOPUTEINS TOJA BaKyyMOM.
BeposiTHee Bcero, 3To OOBSCHSETCS HETOCTATOUHOMN
YCTOHYMBOCTBIO YaCTHI[ B MPUCYTCTBHUH HETUITHYHOTO

KIIAB ¢ crpykTypoil ruapodoOHON 4acTH MOJEKYIIbI
ITAB (Hanmu4rieMm IBYX aJIKHJIBHBIX PAJIUKAIIOB C JTTHHON
nern C12-C14). Haumboree ycToHumBBIC CYCIEH3UH
NOJYYUIIUCh NpU ucnonb3oBaHuu Karamuna Ab. Jlan-
HBII pe3yabTaT MOXKHO OOBSICHUTD TE€M, UTO OH 00nagaeT
OosblIeil TOBEPXHOCTHOM aKTMBHOCTBIO MO CPAaBHEHMIO
C IpyTUMH TIPE/ICTABICHHBIME cTabmu3aropamu [6].

JlaHHble 0 yCTOWYMBOCTH MOJUMETUIMETaKpUIIaT-
HBIX [IOJIMMEPHBIX CyCHEH3ul Ipu ucnoib3oBanuu ITAB
pa3IM4YHOro cTpoeHus nokasanu, uro Karamun Ab no-
3BOJISICT MOJYYHUTh YACTHIEI ¢ HanOoJee y3KUM pactpe-
JICJICHUEM YacTHIl 110 pasMepam (Tadit. 3 u puc. 2).

BnusiHMe KOHIGHTpAnMy TMOJMMEpPAa B HCXOTHOM
pacTBOpe xJ10podopMa Ha Bce CTaANU CHHTE3a OIICHUBA-
JIM 110 KOHEYHBIM CBOMCTBAM MOJMMEPHBIX CYCIIEH3UM.
KoHuenTpanuio nonuMepa B pacTBOPE U3MEHSUIM B MH-
tepaie oT 5% 1o 20% (tabin. 4 u puc. 3).
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Puc. 2. CpenneunciioBblie pactpeieTIeHUs YaCTHII TTOTMMETHIMETaKPIIJIATHBIX HCKYCCTBEHHBIX MOINMEPHBIX
CyCIICH3HH 0 pa3Mepam IMpH UCTIONBE30BaHNH B KadecTBe [IAB:
a) Karamuu AB, 6) Azon-129, B) Azon-138.
Fig. 2. The number-average particle size distributions of polymethyl methacrylate artificial polymer
suspensions when the following surfactants were used in the production process:
(a) Katamin AB, (b) Azol-129, and (c) Azol-138.

Taﬁ.lmua 3. YcToituuBOCTH HOJ'II/IKap6OHaTHLIX 1 MOJIUMETUIIMETAKPUIATHBIX NCKYCCTBCHHBIX IMOJIUMEPHBIX

CYCHGH3Hﬁ B 3aBUCUMOCTH OT KOHIICHTPpAUX NOJINMEPa

Table 3. The stability of artificial polycarbonate and polymethyl methacrylate polymer

suspensions depending on the polymer concentration

KoHuenTpanus nojimMepa B pacTBope

YeroitunBoCTL BO BpEMEHH
Stability in time

Polymer concentration in solution K IIMMA
PC PMMA
5 + +
10 + +
20 +/— +/—

BuaHO, 4TO CyCIeH3MH, MOJy4YeHHbIE MPU HC-
MOJIb30BAHUH PACTBOPOB IOJMMEPOB C KOHIIEHTpa-
uuet 5% u 10%, ycTOWYHMBEHI, CpelHHE IUaMETPbI
qacTull U Pdl yBenMUIMBAIOTCS C MOBBIIICHUEM KOH-
LEHTPALUH TTOJIUMEpa.

PacTtBopsI ¢ KOHIIEHTpauuei noaumepa 6onee 10%
UMEJH BBICOKYIO BSI3KOCTb, BCIIC/ICTBUE YEr0 MPOIECCHI
OMYJIBTUPOBAHUS, JETa3alud U KOHIIEHTPUPOBAHUS I10-
JIMMEPHBIX CYCIIEH3HN ObLIN 3aTPY/HEHBI.

W3 nmuteparypbl M3BECTHO, YTO MPU NPUMEHEHHH
cmeceii [TAB B onpeienieHHOM 00bEMHOM COOTHOIIIEHUT
KOMITOHGHTOB MOYKET HMMETh MECTO CHHEPreTHYECKUH
3¢ dexT, KOTOphIi CYIIECTBEHHO BIIASET HA KOJIIOW]I-
HO-XMMHUYECKHE CBOMCTBA MOJIMMEPHBIX CyCIIeH3HH [6].

B xadecrse cmecr [ TAB Obm BeIOpanbt Azor-129/Az0m-138
u Karamuna AB/A30:1-138. KoyutonaHo-XxuMu4yecKkue CBOM-
CTBa MIOJIMMEPHBIX CYCIICH3UH, TOJTYYEHHBIX B IPHUCYTCTBUN
JIAHHBIX CMeCei, Ipe/ICTaBIIeHbI B Ta0l. 5, 6 1 Ha puc. 4.
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Tadnuua 4. KommongHo-XuMHUecKkre CBOHCTBA OMUKapOOHATHBIX CYCIICH3HH, CTa0MIH3NPOBAHHBIX
Karamunom Ab 1 mosydeHHBIX TIPU Pa3IMuHON KOHIICHTPAIMH MTOJIUMEpa B pacTBOpE

Table 4. Colloidal-chemical properties of polycarbonate suspensions stabilized using

Katamin AB and obtained at various polymer concentrations in solution

Konunenrpanus, % dcp, HM Pdl Koaryurom, mac. %
Concentration, % [ M Coagulum, wt %
5 620 0.140
10 1260 0.330 -
20 840 0.270 50
307 P P :
dav; = 620 nm
x 20 ----------------------------------------
g.
IS
>
z
Al SEREEEELERERRRTEERRPRRRE " ERRRLLLEEEERERRLEEE
0 t + +—t -
1100 1000 10000
d, nm
a 0
20k .
g.
IS
>
z
10 000 10000
d, nm
B
Puc. 3. YncnoBsle pactpeneneHus YacTHI TOTUMEPHBIX CYCIICH3UH 110 pa3MepaM ISl CyCIIeH3HH,
TIpeICTaBICHHBIX B Ta0M. 3: a) 5%, 6) 10%, B) 20%.
Fig. 3. Numerical distributions of particle size in polymer suspensions for the suspensions
presented in Table 3: (a) 5%, (b) 10%, and (c) 20%.
Taoauuna 5. KomurongHo-XxnMHUYeCcKre CBOHCTBA MOIMKAPOOHATHBIX MOJTMMEPHBIX CYCTICH3HH
npu ucnonbzoBanun cmeck [TAB A3011-129/A30:1-138 B pa3nuyHbIX COOTHOIICHUSIX
Table 5. Colloidal-chemical properties of polycarbonate polymer suspensions obtained
using varied ratios of the surfactants Azol-129/Azol-138
ITAB Coornomenne ITAB dcp, HM Pdl C-morenuuan, MB | Koaryiarom, mac. %
Surfactants Surfactants ratio o m C-potential, mV Coagulum, wt %
A301-129/A3011-138 ) HET
Azol-129/Az0l-138 91 >88 0.101 22 no
A3z01-129/A3011-138 )
Azol-129/Azol -138 31 770 0.331 16 -
A3zon-129/A301-138 .
Azol-129/Azol -138 2:1 1510 0.255 +6 10
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Tadmuna 6. KommonHo-XuMr4eckre CBOWCTBA IMOJMKapOOHATHBIX OJIMMEPHBIX CyCIEH3HH,
crabmmmupoBaHHBIX cMechio [IAB Kartamua AB/A30m-138 1 B3SITHIX B pa3IHMYHBIX MACCOBBIX COOTHOIICHHUSIX
Table 6. Colloidal-chemical properties of polycarbonate polymer suspensions

stabilized with Katamin AB/Azol-138 in different mass ratios

ITAB Coornomenue [IAB dcp, HM Pdl C-norennman, MB | Koarymiom, mac. %
Surfactants Surfactants ratio d_,nm C-potential, mV Coagulum, wt %
Karamun AB/A3zo0i-138 ) HET
Katamin AB/Azol-138 9:1 402 0.136 +32 no
Karamun AB/A3on-138 )
Katamin AB/Azol-138 3:1 607 0.320 +13 3
Karamun AB/A3on-138 )
Katamin AB/Azol-138 21 694 0.382 +7 10
20
o
gh
IS
3510
b4
1100 1000 10000 7 1100 1000 10000
d, nm d, nm
a S
307 P P :
davi = 1510 nm
3R 20f i ------------------
g.
1S
=}
z : E
L[0} SEREEES e Preeee
0 = -
1100 1000 10000
d, nm
B

Puc. 4. HuciioBbie pacnpeaeneHus YacTUl] MOJIUMEPHBIX CYCIICH3HH [0 pa3MepaM JUls CyCIeH3H,
MpeJCTaBICHHBIX B Ta0m. 4: a) 9:1, 6) 3:1, B) 2:1.
Fig. 4. Numerical distributions of polymer suspension particle size for suspensions
presented in Table 4: (a) 9:1, (b) 3:1, and (¢) 2:1.

[IpoBeneHHbIC WCCIIEOBAHMS MTOKA3aJd, YTO TPH
HCIIONB30BaHNM cMmecer A301-129/A301-138 n Kara-
MuH AB/A30i1-138 Habmromaercss 3HAYUTEIHLHOE ITOBLI-
[IICHHE YCTOWYHNBOCTH O CPABHEHUIO C TIOJTUMEPHBIMHU
cycneHsusimu, tae nanHele [IAB wucnmomssyiores 1o
oraenbHOCTU. [Tpu 5TOM MakcuManbHbIN 3 ekt (CHU-
JKEHUE TUaMeTpa YaCcTHIl) HAOIFOaeTCsl PU UCITOJIb30-
BaHMH Kaxxoh u3 cmeceii [TAB, A301-129/A301-138 u
Karamuna AB/A3oi-138, B coorHomennu 9:1.

[TonmumepHBIe CycTeH3WH, CTAOMIN3MUPOBAHHEIC
A3zonom-129, xapakTepHu30Baluch HEBBICOKOH YCTOM-
YUBOCTBIO M CPEIHUM IHAMETPOM YACTHI[ IOPSIKa
800 um. JlobaBneHue B CUCTEMY OJHOM MaccoBOH ya-
ctu A3ona-138 3HaYUTENBHO MOBBICHIIO YCTOMUUBOCTH
MOMUMEPHON CYCICH3MH U CHH3HIO JHAMETP YaCTHI
10 580 uM. IIpu no6asnennu k Karamuny Ab A3zoma-138

CpPeAHUN AMaMeTp YacTUL yMeHbImiIcs ¢ 620 HM 10
400 uMm.
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B nocnennane roast nposisuics natepec k KOITAB,
HEpacTBOPUMBIM B BOJIE, UTO OOYCIIOBIEHO BO3MOXKHO-
CTBIO TIOTYYCHHS arperaTUBHO YCTOHYUBBIX IMOIHMEp-
HBIX CYCIIEH3UH MTPU MOJMMEPU3alIMK BUHUIIOBBIX MOHO-
Mepos [7, 8].

B stux paborax ObIIO yCTaHOBJIEHO, YTO (hOpPMHU-
poBaHHe Mex(}a3HOTO aJICOPOIMOHHOTO CJIOS Ha TIO-
BEPXHOCTH YACTHUI[ B UX MPUCYTCTBUH MPUHIIUITHAIHHO
OTIIMYAeTCs OT HaOII0aeMOT0 B TIPUCYTCTBUH BOJOPAC-
TBOpUMBIX [TAB [3, 7].

OTO OTIIMYWE OMPEACNIACTCS TEM, YTO aICcopOITHs
HepacTBopuMoro B Boje IIAB u3 moHOMepHOH (a3b
MIPUBOJIUT K 00Pa30BaHUIO TOJICTOTO MPOYHOTO Mex(as-
HOTO CJI0sl. DTH Pe3yabTaThbl IPOAEMOHCTPHPOBAHBI TIPU
M3y4YeHHH KollonaHo-xumuieckux cporictB KOITAB
pasnuaHoro crpoenus [9-16].

B kauectBe KOITAB 0blt HCITONb30BaH KapOOKCHII-
coaepxkamuii KOITAB o,m-0uc(TpuMeTHIICUIOKCH-OTH-

romumetumeTr-(10-kapookenaernmn)cuiokcan (U-851)
u ero cmech ¢ KITAB A3zon-129 u Karamun Ab.

Konnenrpanus cmecn I[TAB cocraBunma 9 mac. %
B pacuere Ha noiumep: cootHomeHne KITAB/KOITAB
2:1, coorBerctBerHHo. Konnenrpamus U-851 cocrasimsina
3 mac. % B pacyeTe Ha MoJUMep.

s mostydeHHus YCTOWYMBBIX IOJMMEPHBIX CY-
crnensuil ucnonb3oBanu cmecu KITAB Karamun Ab u
A3011-129 ¢ xapookcunconepxamum KOITAB U-851.

Konnentpamus cmecu [TAB cocrasuna 9 mac. %
B pacuere Ha monmumMep: cootHomenne KITAB/KOITAB
2:1, coorBercTBeHHO. KoHnentpanus I[TAB U-851 B cy-
CII€H3UHU, CTA0OMIM3UPOBAHHOM TOJIBKO UM, COCTABIIsAIA
6 mac. % B pacuere Ha MOJIUMeED.

JlarHBIE 00 YCTOWYHBOCTH MOTYYCHHBIX CYCIICH3HH
Y MX KOJUTOMTHO-XHUMHUYECKHX CBOWCTB MPE/ICTABICHBI B
Tabmn. 7, 8 v Ha puc. 5.

Taoauna 7. YCTOMYHUBOCTh TONUKapOOHATHBIX CYCIICH3HH BO BPEMEHHU

npu ucnonszoBanuu cmecu KITAB u KOITAB

Table 7. Stability of polycarbonate suspensions over time when a mixture
of a cationic surfactant and an organosilicon surfactant is used

ITAB YceroiiunBoCTL BO BpEeMEHH
Surfactant Stability over time
Karamun AB/U-851 N
Katamin AB/U-851
A3zon-129/U-851 N

Azol-129/U-851

U-851

Tadmuna 8. KotonHo-XxMMH4eCKre CBOWCTBA HCKYCCTBEHHBIX MTOJIMKapOOHATHBIX CYCIICH3HH,
MOJIy4YeHHBIX Npu ucnonb3oanuu U-851 u ero cmecu ¢ KITAB
Table 8. Colloidal-chemical properties of artificial polycarbonate suspensions
obtained using U-851 and its mixture with a cationic surfactant

IMLALE d., v Pdl {-morennuan, MmB Koarymiom, mac. %
Surfactant d ., nm C-potential, mV Coagulum, %
Karamun AB/U-851
Katamin AB/U-851 360 0.240 +32 _
A3zon-129/U-851
Azol-129/U-851 410 0.287 +25 _
U-851 _ - - -

O0e CcycCrleH3uH XapaKTepU30BAIMChH JIOCTATOYHO
Y3KHM pacrpeielieHueM YacTHIL [0 pa3MepaM, CPeHUM
nuamerpoM vactuil 360 HM u 3apsiaoM +32 MB st cme-
cu Karamun AB/U-851, a mis cmecu Azon-129/U-851
410 am m +25 MB, cooTBETCTBEHHO.

3AKIIOYEHUE

B crarpe NpeIyIO)KE€Ha METOMAOJIOTU MOJTYyUYCHUA
YCTOI\/’I‘II/IBBIX HOJ'II/IKap6OHaTHBIX n  IIOJIMMCTHIIMETAa-
KPUWJIATHBIX MCKYCCTBEHHBIX MOJUMEPHBIX CyCHeHSHﬁ C

TTOJIOKUTEIIFHBIM 3apsiioM 4acTuil. [lokazaHo, 4To as
HX TMONy4YeHHsI MOryT ObITh Hcnoib3oBanbl KITAB ore-
YECTBEHHOTO IIPOM3BO/ICTBA C KOHIIEHTparumeil 6 mac. % B
pacuere Ha monumep. LlenmecooOpasHoO HCMONB30BATH
cmecu KITAB, B3sThIC B MACCOBOM COOTHOIICHHH 9:1:
A301-129 u Azomn-138, Katramua-Ab u A30:1-138, ¢ 00-
meit kornentpanuei [IAB 10 mac. % B pacuere Ha 110-
auMep s GOpPMHUPOBAHUSA B MEX(Pa3HBIX aacopOIu-
OHHBIX CJIOAX O0JIee MPOYHOTO AEKTPOCTATUYECKOTO
Oapbepa yCTOWYMBOCTH. YBEIHUYHUTH YCTOWUYHBOCTH
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Puc. 5. Yucnossie pacrpeIeeHus YaCTHII OTUKapOOHATHBIX CYCIICH3HIA TI0 pa3MepaM
B 3aBUCUMOCTH OT BbIOOpa cMmecu [1AB: a) Karamun Ab/U-851, 6) Azon-129/U-851.
Fig. 5. Numerical distributions of polycarbonate suspensions particle sizes
depending on the choice of surfactant mixtures: (a) Katamin AB/U-851 and (b) Azol-129/U-851.

CYCICH3UH BO BPEMEHH MOXXHO TPH HCIOJIB30BAHUH
cmecer Karamun-Ab n U-851, A3on-129 u U-851 3a
cuyeT (opMupoBaHHs B MEXK(paszHbBIX aJCOPOIMOHHBIX
CJIOSIX TIOJIMMEPHBIX YaCTHUI] CTPYKTYPHO-MEXaHUYECKO-
IO ¥ JIEKTPOCTATHUECKOTO 0aphepOB YCTOHUHNBOCTH.
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AHHOMAauus

ILlenu. Paspabomkxa Ho8blXx memodoe cunmesa geppuma robanbma (CoFe,O,), sagnaouwezocs
npeouecmeeHHUKOM ONst cuHme3a (PYHKYUUOHATbHbLIX MAMEPUATIO8 HA €20 OCHO8e, d MmakiKe
uccnedosaHuUe PUSUKO-XUMUUECKUX CEOTICME NONYUEHHbLX has.

Memoovt. 'udpamuposattblil oKxcud sKeresa u eppum Kobarbma NOAYUARU 2emepogdhasHbim
Mmemoodom. CuHmesuposaHHbsle pasbl U NPOOYKmMblL UX MEePMOAU3A U3YUaru memooamu ougge-
PEHYUUANTbHO-MEepMUUECK020 AHANU3A U JuggeperyuanbHoli mepmozpagumempuu (ATA-ITT),
permeeHogpazo08020 aHanuda (PDA) u epaHyiomempuu.

Pesynomamut. B cmambe U302KeHbl pesyibmamsl 08YX mMemooo8 cuHmesa geppuma Kobasio-
ma (CoFe,O,) u uccnedosarus nonyueHHolx gas. B oboux cryuasx € Kawecmee npeouecmeeH-
HUKG 8blcmynan 2udpamuposarHsblil oxcud skenesa(lll) ¢ cooeprxaruem Fe,O, — 84.4 mac. %,
noYyueHHsLll eemepogpasHbim g3aumooeticmauem xaopuoa Kenesa(lll) ¢ KOHUeHMpPUPO8aAHHBIM
pacmeopom ammuara (6.0-9.5 mons/n). Ilepeslii cnocob 3axiouancs 6o gzaumooeticmaul eu-
opamupogarHozo orxcuoa sxkenesa(lll) c oxcudom kobanema(ll, IIl), emopoii — 6o e3aumodeticmsuu
2uopamupogaHHozo okcuoa skenesa(lll) ¢ ooHbIM pacmeopom cyavgpama kobanema(ll) ¢ KoH-
uenmpayueti C, = 0.147 monw/n (T : 2K = 1 : 43). Ilonyuuswuecs npomesKymouHsie npooyrKmaol
nodsepzanu mepmuueckoii oopabomre npu 750 °C (cunmesz 1) u 900 °C (cunmes 2) 8 meueHue
10-30 u c wazom 10 u.

Boleoodst. Peppum robarema (CoFe,O,) nonyuen dgyms cnocobamu. C ucnons3oeaHuem Kom-
nnexkca memooos (PDA, ATA-ATT, epaHysiomempuu) uccaedo8aHbl pusUKo-XuUMUUECKUEe C80Ui-
cmea CUHmMesUpo8aHHbLX 00pa3yuo8. YcmaHoeleHo, Umo 2u0pamupo8aHHblii oxcuoa skenesa(lll)
8nioms 00 memnepamypsl Kpucmannusayuu (445 °C), coomsemcemeyrowieti sK30mepmuueckomy
agppexmy Ha kpusoli [ITA, ocmaemcesi penmzeHoamop@HuiM. [JanbHeliuuee HazpesaHue e2o
npugooum K obpazogaruto a-moougurayuu okcuoa »xenesa(lll) zekcazoHanbHOU CUH20HUU
(a=b=5.037+0.002A;c=13.74 £0.01 A), cpednuii pasmep uacmuy komopoii paser 1.1 mxm.
CoenacHo darHbim PPA, e cunmese 1 npu 750 °C u npodoskumenbsHocmu mepmoobpabomru

© Hukummuna E.E., 2021
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30 u obpasyemes 00HoGasHbLil heppum kobarema (a = 8.388 + 0.002 A) co cpedrum duamempom
yacmuy, 1.9 mxm. B unmepeane memnepamyp 720-810 °C e obpasue Habaooaemcest Ybbliib mac-
coL (okono 12.5%), ceasannasn ¢ yoanenuem SO, u SO,. ITosmomy e cunmese 2 memnepamypy
HaepesaHust yeeauuusanu 0o 900 °C. IlokazaHo, umo npu 900 °C u npodosmxumenbHOCmuU CUH-
mesa 30 u maxoke obpasyemes peppum rkobanema (CoFe,O,) (a = 8.389 £ 0.002 A). Pesynoma-
mbl 2PAHYSOMEMPUUECKO20 AHANAU3A YKA3bL8AIOM HA 3A8UCUMOCMb duamempa o0pasyrouiuxcs
yacmuy, om cnocoba noayuerus peppuma kobanema. HaumeHowiuii pasmep uacmuy, (1.5 mrm)
obHapyrKeH Y peppuma Kobanbma, NoAYyUeHHO20 2emepogpasHbim 83aumoodeticmauem 2uopamu-
posarHozo oxcuda rxkenesa(lll) (Fe,O, — 84.4 mac. %) c 600HbIM pacmeopom cyrbgpama Kobaroma
¢ KonyeHmpayueti C(Co?*) = 0.147 mons/ 1.

Knroueevle cnoea: skeneso, kobanosm, peppum, oKcudbl, mepmMudeckKuii aHau3, peHmeeHogaso-
8blil AHANUS, 2PAHYSIOMEMPUUECKUTL AHANIUS

Jna yumuposanusn: Huxummna E.E. Terepodasueiii cuHTe3 ¢epputa koOanbra. ToHKUe Xumuueckue mexHoro2uu.
2021;16(6):502-511. https://doi.org/10.32362/2410-6593-2021-16-6-502-511
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Abstract

Objectives. The study aimed to develop new methods for the synthesis of cobalt ferrite (CoFe,O,),
which is a precursor for the synthesis of CoFe,O,-based functional materials, as well as to study
the physicochemical properties of the obtained phases.

Methods. Two methods were used for the synthesis of CoFe,O,: (1) heterophase interaction
of hydrated iron oxide with cobalt(Il, III) oxide and (2) heterophase interaction of hydrated
iron oxide with an aqueous solution of cobalt(Il) sulfate (C. = 0.147 mol/L, solid/liquid = 1:43).
In both cases, the precursor was hydrated iron oxide (Fe,O,, 84.4 wt %), which was obtained
by the heterophase interaction of iron(lll) chloride with a concentrated ammonia solution
(6.0-9.5 mol/L). The resulting intermediate products were subjected to thermal treatment at 750 °C
(synthesis 1) and at 900 °C (synthesis 2) for 10-30 h in increments of 10 h. The synthesized
phases and products of their thermolysis were studied by differential thermal analysis and
differential thermogravimetry (DTA-DTG), X-ray diffraction analysis (XRDA), and granulometry.
Results. The hydrated iron oxide sample remained amorphous even up to the crystallization
temperature of 445 °C, which corresponds to the exothermic effect on the DTA curve. Further
heating led to the a-modification of iron(Ill) oxide of the hexagonal system (a = b = 5.037 + 0.002 A;
c =13.74 £ 0.01 A), which has an average particle size of 1.1 um. XRDA results showed
that a synthesis temperature of 750 °C (synthesis 1) and a heat treatment duration of 30 h
were sufficient for the formation of a single-phase cobalt ferrite (a = 8.388 + 0.002 A) with
an average particle diameter of 1.9 um. For synthesis 2, a higher temperature of 900 °C
was used because sample weight loss (about 12.5%) was observed in the temperature range
of 720-810 °C based on the DTA results, which was due to the removal of SO, and SO,.
Moreover, when synthesis temperature and duration were at 900 °C and 30 h, respectively,
CoFe,O, with a = 8.389 + 0.002 A was formed. The results of the granulometric analysis
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showed that particles of different diameters were formed. The smallest particle size (1.5 um) of
cobalt ferrite was obtained by the heterophase interaction of hydrated iron(Ill) oxide (Fe,O,,
84.4 wt %) with an aqueous solution of cobalt sulfate with C. = 0.147 mol/L.

Conclusions. Depending on the method used for the synthesis of cobalt ferrite, particles of
different diameters are formed. The smallest particle size of cobalt ferrite was obtained from the
heterophase interaction of hydrated iron(Ill) oxide with an aqueous solution of cobalt(Il) sulfate.

Keywords: iron, cobalt, ferrite, oxides, thermal analysis, X-ray phase analysis, particle size

analysis
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BBEJEHMHE

braromapst cBOMM yHUKaIbHBIM CBOMCTBaM (eppH-
ThI CO CTPYKTYPOU LITTMHETN HaXOAAT IIMPOKOE MPUMeE-
HEHHE B PA3IMYHBIX 00JAacTSIX HAyKW M TeXHUKH. [laH-
HBIW KJIJaCC MATHUTHOW KEPAMUKU MPUMEHSETCS B TAKUX
MIPUIIOKCHUSIX, KaK CHCTEMBI XpaHEHHs HWH(POpMAIHH,
MarHuTHBIE JKUJKOCTH, NATYUKU Ta3a, KaTalu3aTopbl,
AKKyMYJIATOPHBIC JINTHEBBIC Oaraper, MarHUTOIIPOBO-
JIbl, TIOTJIOTUTEIN MUKPOBOJIH, MEIWIMHCKAs JUarHo-
CTHKa U TE€PaIHs, OYNCTKA CTOUYHBIX BOJ, OMOCCHCOPHI U
Tak panee [1-7].

Qopmyrry QeppuTa MOXKHO IPEACTaBUTH Kak
AB,O,. On umeer cTpykrypy wmnuHenu (puc. 1), B Ko-
TOPOH TETPadIpUIECKOe A-TTOJIOKEHNE 3aHUMAIOT HOHBI
B cTenenu okucnenus +2 (Mg, Fe?*, Ni?*, Co**, Mn?").
OxTasnpruieckoe B-monokeHne 3aHIMAOT B OCHOBHOM
uoHbl Fe¥*, o/iHaKo OHU MOTYT OBITH 3aMEIIEHBI JAPYTH-
MU HOHaMH B ctenenu okucienus +3 (A, Cr**). B tom
ciydae, ecinu A-NoJoKeHHe OyAyT 3aHMMarTh HOHBI B
CTETIeHU OKUCIIeHUs 13, a B-oyioxkeHue Oyier B paBHOM
Mepe 3aCeIeHO HOHAMU B CTEIIEHIX OKUCIeHHs +2 1 +3,
CTPYKTYpY IITTUHETN Ha3bIBAOT 0OpaiieHHoi [8, 9].

OpHuUM M3 TIpecTaBUTeNel JaHHOTO Kilacca Mare-
puanos seasgercsa gpeppur kobansra (CoFe 0,) — xopo-
10 U3BECTHBIM MarHUTOTBEPIIbI MaTepuall ¢ BHICOKOH
KODPIUTUBHOW CHWIJIOW, CBSI3AHHOW C MajbIM PazMepoM
KPUCTAIJIMYECKUX 3€peH U CHJIbHOW MarHUTOKpHCTA-
JUYECKON aHM30TPOINUEH, U YMEPEHHONW HaMarHUYeH-
HOCTBIO. OH UMeeT OOpallEHHYIO CTPYKTYpY LITTHHENH,
B KOTOPO#1 BCst wutk OoJtbiast 4acTh HOHOB Co*" 3aHMMa-
eT OKTadapuueckoe B-nonoxenue, a nonsl Fe*" — u te-
Tpasapudeckoe (A), u okTaapuieckoe (B) monoxenus.
YkazaHHbIE CBOICTBA, Hapsiy C BBICOKOM XMMHYECKOU
CTaOHMIIBHOCTBIO, MO3BOJISIIOT HCIIOJIB30BaTh (EppUT
koOanpTa B MEIULMHE, KaTalau3e, B KauecTBe MarHuT-

HOTO HOCHTEJISI HH(OPMAIIHH B ayHO U BUACOKACCETAX,
JIUCKaX ¢ IU(PPOBOW 3alUChI0 BBICOKOH IUIOTHOCTH,
pa3IMYHbIX JaTYMKaX, PErHCTPUPYIOLIUX yCTPOUCTBAX,
COJTHEYHBIX JIeMeHTax M Tak ganee [10—13].

Puc. 1. Crpykrypa mmnunenu [9].
Fig. 1. Ferrite spinel structure [9].

Lenbto nanHOW paboOTHl sIBIsieTCS pazpaboTka
METOZIOB cHHTe3a (eppuTa KoOallbTa, SIBISIONICTOCS
OPE/IICCTBCHHUKOM JUIS CHHTe3a (YHKIHOHAIBHBIX
MaTepraoB Ha €T0 OCHOBE, a TAKXKe UCCIIe0BaHNE (H-
3MKO-XUMHUYECKUX CBOMCTB IMOMYYCHHBIX (a3.

MATEPHAJIBI U METO/IbI

B kavecTBe HCXOIHBIX BEIIECTB B paOOTE UCIIONB30-
Basm xnopun sxenesa(lll) 6-soxnsiii (Merck, I'epmanust),
okcup kobansra(ll, I11) (Merck, I'epmanus), cynbhar ko-
Oanbra (Merck, I'epmanusi) 1 aMMuaK BOAHBIN (Xummeo,
Poccus).
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I'upparupoBannbiii oxkcua sxkenesa(lll) momywanm
rerepodasHbIM B3auMoeicTBreM xiopuaa sxenesa(Ill)
C KOHIIGHTPHPOBaHHBIM (6.0—9.5 MOJIB/TT) pacTBOPOM TH-
JpaTa aMMHUaKa.

Oeppur kobanbTa CHHTE3MPOBAIH TETEPO(Pa3HBIM
METOJ/IOM IO JIBYM METOJHKAM.

Cunmes 1. B creknsiHHY 0 KOOy ¢ MPUTEPTOH poo-
KOW MOMEIIajIi HaBECKH HIIPAaTUPOBAHHOTO OKCHJIA JKe-
7ie3a M OKCHIa KoOasbTa, B3sThle B OTHOIICHUU THIPA-
TUPOBAaHHBIN OKCHJ JKene3a/okcun kobdamnpra = 1.5:1.0
(Mcxonst M3 comepKaHus OKCHIA B THAPOKCHUIC U B COOT-
BETCTBUHU ¢ popmyol peppura — CoFe,0,). B kondy k
HaBECKaM MPUINBAIN JUCTUIIMPOBAHHYIO BOMY, TIOCTIE
Yero KoJI0y ¢ peaKIIMOHHOW CMEChIO BCTPAXUBAIU HA BU-
OpallMOHHOM armapare Mpu KOMHATHOW TeMIieparype B
teuerne 10 4. OOpa3oBaBIIyIOCS B PE3yJIbTaTe CyCICH-
3UI0 TIEPEHOCWIIA B THUTEIlb U TOJIBEPTad MEIJICHHOMY
yHapuBaHMIO, OCIIE YETo MOJYYUBIIUNACS POMEKYTOU-
HBII IIPOAYKT MoABepranu TepMoodpadotke mpu 750 °C
B Teyenue 10-30 g ¢ marom 10 u.

Cunmesz 2. B cTexisiHHYI0 KoiOy ¢ HpUTEpTOH
POOKO TOMEIIa N HAaBECKY THIPATHPOBAHHOTO OKCH-
na xene3a(Ill), kK koTopo#t mpuIuBaIu pacTBoOp cyabha-
ta koOanbra(ll) ¢ konnenrpamuenn C. = 0.147 Mons/n
(T/2K = 1:43). 3arem xonOy BCTpsIXMBANIK Ha BUOpaIu-
OHHOM aImapare Ipu KOMHATHOU TeMIIeparype B Teue-
Hue 10 4. O6pa3zoBaBUIYIOCS B PE3yabTaTe CyCIEH3HIO
MIEPEHOCHIIN B TUTEJIb U TIOABEPTaIN MEIJICHHOMY yIIa-
PHUBAHUIO, A MOJYYHUBIIUICS B PE3yJIbTaTe MPOMEXKY-
TOYHBIN MPOMYKT MOABEPrald TEPMOOOPAOOTKE NpHU
900 °C B teuenue 30 u ¢ marom 10 .

ConeprkaHue OKCHIA B THAPATUPOBAHHOM OKCHIIC
OTIPEICTISUTH TPABUMETPUICCKUM aHATH30M.

JuddepentmanpHo-Tepmudeckuii anamus (JITA-TI)
00pasIoB MPOBOAWIN HAa BO3AYyXe Ha JAepuBarorpage
Q-1500 D (MOM, Benrpusi) ¢ OIHOBPEMEHHON 3aIlv-
ChI0 dYeThIpeX KpuBbIX: Auddepenmmansuoii ([ATA),
temmeparypuoir (T), muddepeHmaaTb-HO-TepMOTrpaBH-
metpudeckoil (TT) u uHTETpanbHOii KpUBOW M3MEHe-
aust Maccrl (TT)) ¢ ncmonp3oBaHIeM MPOrpaMMHO-aTIIIa-
parHoro xomiuiekca B cpeae LabVIEW 8.21 (National
Instruments, CIIA). Temneparypy u3Mepsui TepMorna-
poit miaaruHa—TIaTuHOpoauit (II1-1) ¢ morpemHocTHIO
+5 °C B untepnane temneparyp 20—1000 °C mpu cko-
poctu HarpeBa 10 °C/MuH, UCTIONIB3YsI B KAUECTBE CTAH-
Japra a-Al2O3.

Pentrenodazoseiii ananmuz (PDA) ocymiecTsisiim
Ha nugpakromerpe D8 Advance (Bruker, I'epmanus)
npu usnydenur CuK , ¢ HEPepBIBHBIM BPalIEHUM 00-
pasna, (1 rpaa/muH, nomarossrii mar 20 = 0.02°, skc-
no3urus 0.5 c/mar) u pexxumMamMu B MHTEpBAJC YIJIOB
20 = 5°-80°. Ilpu wnenTudukanuu (a3 UCIOIH30BATH
kaprorexy ICDD — JCPDS.

I'panynomerprueckuii ananus (onpeneneHue QyHK-
IIUM PacIpeAeIeHUs] YacTUI 110 pa3Mepam) HpPOBOIMIN

C TIOMOIIIBIO JIA3EPHOTO aHanHu3aropa yactuil DelsaNano
(Beckman Coulter, CIIIA). VYnenbHy! IOBEPXHOCTb
U pazmep mop m3Mepsuim Ha aHaimm3atope SA 3100
(Beckman Coulter, CIIA). [Tioma s mOBEpXHOCTH BbI-
YHCIBSUTN M3 W30TepM aacopOuuu mo MeTtony bpynays-
pa—Ommera—Temiepa (B2T). B xauecTBe crangapTa uc-
MOJTL30BANIN HemopHCThId 00pazery ACX 1 4 (ynenbHas
noBepxHOCTh 10 BAT 4.18 M¥1) 'CO 9735 2010" (kom-
IUIEKT CTAaHAAPTHBIX 00pa3ioB HAHOCTPYKTYPUPOBAHHO-
ro okcuaa amomuHus ACX 1). Jluama3oH uzMepeHUit
yaenpHoM moBepxHocTH 0.1-2000 m*/r. Paspemenue
narunka nasienus 0.0062 klla. I[Ipenenst nomyckaemoi
OTHOCHTEJIbHOI IOIPEeIIHOCTH aHajIu3aropa Ipu U3Me-
peHUN yaenpHol noBepxHoctu £5%. IlpeaBapurenbHyto
Jiera3annio 00pa3IoB OCYIIECTBILUTH B TeUeHHE 1 1 mpu
t =70 °C u nanenuu 0.1 Ila.

Tepmuueckyro 00paboTKy 00pasioB Beiu B Jjabo-
paropHoii meun TK-12.1250.H.1® ¢ aBromaruyeckum
peryasatopoM temneparypsl « Tepmomaruk-Hy. [Torpem-
HOCTb aBTOMaTHYE€CKOTO PETYJINPOBAHUSI IIPU HOMUHAJIb-
HOU Temmeparype coctapmsiia =1 °C.

PE3YJIBTATBI U UX OBCYXKJIEHUE

leTtepoda3Hplii CUHTE3 THAPATHUPOBAHHOTO OK-
cuna xeneza(lll) 3akmrouancs BO B3aUMOJCHCTBUU
TBepaoro xiopuaa xenesa FeCl, ¢ konnenTpuposan-
HBIM pacTBopoM ammuaka (6.0-9.5 mons/m). Cunres
MPOTEKAJl C BBICOKOM CKOPOCTBIO NpPU KOMHATHOU
temieparype. [Ipu 3ToM momydwmiaun Xopouro (Guiib-
TPYIOIIUNCS MOPOMIOK THIPATHPOBAHHOTO OKCHIA C
BBICOKMM coziepkanuem okcuna Fe O, (84.4 mac. %),
KOTOPBIH JIETKO OTMBIBAE€TCS OT NMpUMeEcCed M coxpa-
HSE€T BBICOKYI0 PEaKIMOHHYI crnocoOHocTh. [Ipum
MOJIy4CHHH THUApaTupoBaHHoro okcuua xenesa(lll)
B)KHO SIBJISICTCS MMEHHO ONEpalus MpPeABaAPUTEIIb-
HOM TIPOMBIBKH, OCYIICCTBIISIOMIAsICS MHOTOKpAT-
HOIl 00paboTKOM Ocaaka AUCTHIIIUPOBAHHON BOMOM.
[IpomMbIBKa obecrmeuynBaeT MOMyUYCHUE OCaaKa THApa-
TUPOBAHHOTO OKCHJA C COAEPKAHHEM XJIOPUI-MOHA
menee 0.05 mac. %. Ha puc. 2 npeacrasiieHo pacipe-
JIeJIeHWe YacTHUIl IO pasMepy ISl TUAPAaTUPOBAHHOTO
okcuaa xenesa(lll). Ha rucrorpamme, kak BugHO U3
puc. 2, IPUCYTCTBYET SIPKO BBIPAKCHHBIH MaKCHMYM,
OTBEYAIONINH MaKCUMaIbHOMY IIPUCYTCTBUIO YaCTHI]
nopomka pazmepom 0.8-1.2 mMxm. OtTcioma MOXXHO
CUHTATh, YTO THIPATHPOBAHHBIA OKCHUJ SBISETCS OT-
HOCHUTEJIbHO MOHOAMCIEPCHBIM MOPOIIKOM: MOPSIKa
95% npuxonurcs Ha yacTuLbl pazMepoM 0.7-2.0 MKM.
UccnenoBanus mokasanu, 4TO CpeJHUN pa3mep ya-
cturl paBeH 1.1 MkM. YienbHast MOBEPXHOCTH THUAPA-
TupoBaHHOro okcuaa sxeneza(lll), mamepennas mo
merony BOT, cocraBuia 76.72 mM?/T.

Uhttps://gsso.ru/wp-content/uploads/2016/08/catalog
gso 2020 3.pdf
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Puc. 2. Pactipenenenue 4acTuil THAPATUPOBAHHOTO
okcuna xenesa(Ill) mo pazmepy.
Fig. 2. Particle size distribution of hydrated
iron(I1I) oxide.

Tepmonu3s rupparupoBaHHoro okcuaa xenesa(lll)
u3ydanu B uHTepBaje temmeparyp 20-1000 °C. Ha
puc. 3 mpexacrtasnensl pesyibtathl JTA. Hatineno,
YTO MOTEPEe OCHOBHOW Macchl BOJBI Y THAPATHPOBAH-
noro okcuaa sxenesa(lll), xoropas 3aBepmaercs x
200 °C, cOOTBETCTBYET IHAOTEPMHUUECKUI 3P PEKT Ha
kpuBoit JITA (puc. 3). O6pasyromiasicsa paza ocrtaercs
amopdHoit (uTo moaTBepAUIH pe3yabTaTl POA). [Ipu
JaJbHEHIIeM TOBBIIICHUH TEeMIEPaTyphl APYTHX JH-
103} (HeKkToB, KOTOPBIE MOTIIN OBl CBUJIETEIBCTBOBATH
0 CTyIEHYAaTOM XapaKTepe AeTHIpaTaluy, He HaOIro-
naercs. Dk303¢dexT npu 445 °C oTBeyaeT nepexony
13 aMOp(HOTO COCTOSTHUS B KpUCTAIHIecKoe. Jlamb-
HEHIlIee HarpeBaHUE BBIIIC YKA3aHHON TeMIEpaTyphbl
COTIPOBOKIACTCSI 00pa30BaHUEM KPHUCTAINYECKOTO
okcuna Fe,O,. Ha puc. 4 npencrasnena audpakro-
rpaMMma OPOAYKTOB TEpMONIM3a THAPATHPOBAHHOTO
oxcupa xenesa(lll) mpu 500 °C. OueBugHo, pu 500 °C
0o0pasyeTcst rekcaroHallbHas o-MOTU(PUKAIUS OKCUIA

10078 °C 157 mr/mg o/ exo
J T
900 - 9100 / endo
7 e W o e ]
800 DTG
700 —
600
500 1 DTA
7 132.5 Mr/ mg
400 H TG
300
200 A
100 +
0 T T T T T T T T T T T
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Puc. 3. TepmorpaBuTorpamMma ruaparuposannoro okcuaa xenesa(lll) (Fe,O, — 84.4 mac. %).
Fig. 3. Thermogravitogram of hydrated iron(III) oxide (Fe,O,, 84.4 wt %).

0,
100 /1%

90
804
70
60
504
40
30
20

[104]

[110]

[024]

[113]
[012]

[116]

4]
[300]

[018] [324]  [1310]

30 40

10

20

T T | I— T T T ™
90 120
26, °

— T 1
100 110

Puc. 4. /ludpaxrorpamma rnpoykra TepMosn3a ruparnpoBantoro okcua sxenesa(lll), 7= 500 °C.
Fig. 4. X-ray diffraction pattern of the thermal decomposition product of hydrated iron(III) oxide, 7= 500 °C.
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xenesa(lll). TTapamerpst pemerku a-Fe,O, cocrasis-
1T a=b=5.037+0.002 A; c=13.74+0.01 A.

C 1enbi0 YCTaHOBIICHNS BIMSHUA HPE/IIECTBCHHI-
Ka Ha (a3oBbIi cocTaB ¢eppuTa KobaabTa MPOBOIUIN
JIBa CHHTE3a, IPUIeM B 000HX B Ka9eCTBE MIPE/IIIECTBEH-
HHKa BBICTYTAJ THApaTupoBaHHbIil okcun xkenesa(lll). K
HeMy J100aBnsim oo oxenn kobansra Co,0, (cunres 1),
7100 MPUIINBAIN BOAHBIN pacTBOp cyibgara kodansra(ll)
(C,, = 0.147 monp/m) (cuntes 2).

Ha puc. 5 u 6 mpuBeaeHs! pe3ylbTaThl TEPMUUE-
CKOTO aHalM3a MPOMEKYTOUHBIX IPOAYKTOB, MOIY-
YUBIIMXCS B XO/I€ ABYX CHHTE30B IIOCJE yHapUBaHUs
cycneH3uii. Ha TepmorpaBuTorpaMmmax HaOIrO1aeTCs
SHJ0TepMHUYECKUN 3 eKT, CBA3aHHBIN C mpolecca-
mu jperunparanuu (50-135 °C, puc. 5; 75-160 °C
u 275-330 °C, puc. 6), a Taxke ynanenueMm SO, u

1206 -

1100 |
1000 |
900 -}

94 mr/ mg

91.5 mr/ mg (40°C) 9K30 / exo

75 mr/ mg (110°C)

35°C 120°C

anoo / endo

SO, (725-805 °C n 805-870 °C [15], puc. 6). B 06oux
ciIy4asix He HaOmrogaeTcsi 3k3oTepMuueckuil 3ddext
npu 445 °C, oTBevalomuil KpUCTALTA3AIUN UHIUBU-
JIyallbHOTO THIpaTupoBaHHOTO okcuaa xxeinesa(lll). Ha
TEPMOTPABUTOTPAMME ITPOMEKYTOUHOTO MTPOAYKTA, TO-
JY4YEHHOTO TPH B3aUMOJIEHCTBUU THIIPATUPOBAHHOTO
okcua xenesa(lll) n okcuna kobansra(ll, I1) (puc. 5),
HaOmogaercst 3x303¢pdext npu 710-770 °C, koTopbIit
MOJKHO CBSI3aTh C 00pa3oBaHUEM COCIWHEHUS 3alaH-
HOT'O cOCTaBa, HO 00pa3ell, OTOXIKCHHBIN MPU TeMIIe-
parype 710 °C, sBisieTcss peHTTeHOaMOP(QHBIM.
[Mony4uBIInecss TPOMEKYTOUHBIC MPOIYKTHI MO~
Beprayim TepMooOpabotke. B cimydae cunTe3a 1 Obuia
BbIOpaHa Ttemmneparypa 750 °C, oTedaromasi 3K30Tep-
mudeckomy 3ddexry Ha kpuBor JITA (puc. 5), mpo-
NOJDKUTEIBHOCTL cocTaBiasia 10-30 g ¢ marom 10 4.
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Puc. 5. TepmorpaButorpaMmma nNpoMexXyTOYHOTO MPOAYKTa, MOJTYYEHHOTO NPU B3aUMOICHCTBUU
ruaparupoBanHoro okcuaa xenesa(lll) n okcuna xodansra(ll, I1T) (cunTes 1).
Fig. 5. Thermogravitogram of the intermediate product obtained by the interaction
of hydrated iron(III) oxide with cobalt(Il, III) oxide (synthesis 1).
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Puc. 6. TepmorpaBuTorpaMmMa MpoMeKyTOYHOTO MPOAYKTA, MOTYIEHHOTO TIPH B3aMMO/IEHCTBUN THAPATHPOBAHHOTO
okcupa xenesa(Ill) ¢ pacrBopom cynbdara kobansra(ll) (cunares 2).
Fig. 6. Thermogravitogram of the intermediate product obtained by the interaction of hydrated iron(III) oxide with a
solution of cobalt(II) sulfate (synthesis 2).
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Bo Bcex ciydasx OBUTH MOTYyYEHBI MEIKOKPHCTAJLIN-
ueckue nopouku peppura kobansra (CoFe0,), kybu-
YeCKOH CHHTOHUH, YTO MOATBEPIKIACTCS pe3yTbTaTaMU
pentrenodaszosoro anamsa (ICDD 79-1744: a = 8.390 A).
OpHako B caydae JeCATHYACOBOTO OT)KUTA Ha Audpax-
TOrpaMMe HaOJI0aIoCh TPHUCYTCTBHE JIUPPAKIHOH-
HBIX TTUKOB HEMPOPEardpOBABIINX OKCHIOB JKele3a U
koOanpra (puc. 7). Haunbonee onTuMaibHbIM OKa3ajcs
oTxur B TedyeHue 30 4 — Ha audpakrorpamme MpUCYT-
CTBYIOT SIPKO BBIPKCHHBIC ITUKU TOJILKO OTHOH (ha3sl —
kyouueckoro (CoFe,O,) (puc. 8). Paccunrannbie s
HETO MapameTpsl pemeTku: a = 8.388 £ 0.002 A.

B cunTe3e 2 Oblna BhIOpaHa TeMmIieparypa OT-
skura 900 °C. D10 cBsI3aHO C TEM, YTO BIJIOTH [0
temmepatypbl 870 °C HabxromaeTcs yObIb Macchl
(oxomo 12.5%, puc. 6). [Ipo0IKUTENIBHOCTD OTKUTA
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cocranisana 30 u. Ha puc. 9 npusenena nudpaxro-
rpaMma MOJyueHHOro mpoaykra. [lapameTps! pemer-
KM CHHTE3HPOBAHHOTO (heppuTa K0OAIbTa COCTABUIN
a=18.389+0.002 A.

BrimonHeHo necnenoBanue BIUSHIS BEIOOPA MpeI-
IIECTBEHHUKOB Ha pa3Mep vacTull ¢peppura koOanbTa.
Ha puc. 10a mpencraBneHo pacrpeseseHle YacTHIl
(dheppura xobanpsta (cunres 1, 750 °C, 30 1) no pa3me-
py- Ha rucrorpamme, kax Bugno u3 puc. 10a, npucyT-
CTBYET SAPKO BBIPQKECHHBI MaKCUMYM, OTBEYaIOLINil
MaKCHMaJbHOMY NPHCYTCTBHIO YACTHII ITOPOIIKA pas-
mepoM 1.5-3.0 MxMm. OcHOBHOW (pakuueil SBISIOTCS
yacTulbsl pazmepom 1.0-5.0 mxm (~85%). Okazanocs,
4TO CpeJHMH auameTp yacTull paBeH 1.9 MkM (y uc-
XOIHOTO TUaparupoBanHoro okcua xene3a(lll) on co-
ctaBisn 1.1 MkMm).
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Puc. 7. Judpaxrorpamma dpeppurta kobanapTa, cCHHTe3UupoBaHHOTO mMpu 750 °C
Y MPOJOJDKUTENBHOCTH oTxura 10 9 (cuntes 1).
Fig. 7. X-ray diffraction pattern of cobalt ferrite synthesized at 750 °C
and annealed for 10 h (synthesis 1).
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Puc. 8. ludpaxrorpamma deppura xkobansra, cuaTe3upoBaHHoro mnpu 750 °C
¥ TIPOJOJDKUTEBHOCTH oTkuTa 30 4 (cuHTe3 1).
Fig. 8. X-ray diffraction pattern of cobalt ferrite synthesized at 750 °C
and annealed for 30 h (synthesis 1).
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Puc. 9. luppakrorpamma deppura kodansra, cuaTesupoBanuoro mpu 900 °C
U NPONOJDKUATENbHOCTH OoTkura 30 u (cunTtes 2).
Fig. 9. X-ray diffraction pattern of cobalt ferrite synthesized at 900 °C
and annealed for 30 h (synthesis 2).
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Puc. 10. Pactipenenenne gacturl peppura kobansTa mo pasmepy: a — cuates 1, 750 °C, 30 u; 6 — cunres 2, 900 °C, 30 u.
Fig. 10. Particle size distribution of cobalt ferrite: (a) synthesis 1, 750 °C, 30 h; (b) synthesis 2, 900 °C, 30 h.

Ha puc. 100 n3o0paxxeHo pacrpeiesieHue 4acTHull
¢deppura xobansra (cunte3 2, 900 °C, 30 1) mo pas-
Mepy. B aTOM ciydyae U3 rucTorpamMMbl OYEBHIHO, UTO
MaKCHUMAaJIbHOE KOJHUYECTBO YACTHIL MOpoIIka dheppura
koOanbTa uMeeT pasmep 1.2-3.0 MKM, a cpeqHuil nua-
MeTp yactul 1.5 MKm.

Kax BumHO U3 pacupenencHnii, YacTUIBI HAaNMEHbB-
mero pasmepa odpazoBanuch y Qeppurta Kodanbra, mo-
JYy9eHHOTO TeTepoda3HbIM B3aMMOACHCTBHEM THIPATH-
posannoro okcuna xkenesa(lll) (Fe,O, — 84.4 mac. %) ¢
BOJIHBIM pacTBOpoM cyibdara kodansTa(ll) ¢ koHIEeH-
tpauueii C . = 0.147 monb/1.

3AK/IIOYEHUE

®epput kobansra (CoFe,0,) ObL1 CHHTE3MPOBAH
nByMs criocobamu. [lepBbIid crmocob 3akimodaeTcss BO

B3aMMOJICHCTBUM THAPATHPOBAHHOTO OKCHIA JKeie-
3a(Ill) m oxcuma woGamnsra(ll, III) ¢ mocmemyromiei
TepMudeckoit oopadotkoit mpu 750 °C B Teuenune 30 u
(cunTes 1), BTOpoii — B reTepoda3HOM B3aUMOACHCTBUH
okcuna xkenesa(lll) (Fe,O, — 84.4 mac. %) ¢ BOxHBIM
pactBopoMm cyibdara kobampra(ll) ¢ KoHUEHTpamuen
C., =0.147 MOJIB/JT C MOCJIEYONICH TePMUIESCKON 00-
pabotkoii mpu 900 °C B Teuenue 30 4 (cuntes 2).

C wucronp30BaHUEM KOMIUIEKca MeToJioB (PDA,
NTA-TT, rpanynomMeTpun) UCCIIeAOBaHbl (HU3NKO-XH-
MHYECKHE CBOICTBAa CHHTE3UPOBAHHBIX 00Pa3IOB.

PesynbraTsl MccnenoBaHUN THAPATUPOBAHHOIO OK-
cupa kenesa(lll) mokazanu, 9To BILIOTH JI0 TEMITEPATypPhI
kpuctammsanuu (445 °C), COOTBETCTBYIOLICH 3K30TEp-
Muaeckomy ¢ dexry Ha kpuBoit [ITA, obpasen ocraercst
peHTreHoamMopdHbM. JlanbHelinee HarpeBaHUe TPHBOUT
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TeTepodaszHblii cuHTEe3 heppuTa KOGaabTa

K 0o0pa3oBaHHIO o-Moaupukanuu okcuaa xenesa(lll)
rekcaroHanbHoi cuaronun (a = b =5.037 £ 0.002 A;
c=13.74 £ 0.01 A), cpennuii pa3mep gacTuIl KOTOPOH
paBeH 1.1 MKM.

Mertonom P®A ycranosneHo, 4To B cirydae cuHTe3a 1
noctatouHo Temmeparypsl 750 °C U mpomoKUTENb-
HOCTH TepMooOpaboTku 30 4 jsi 0Opa3oBaHUs OJHO-
dasHoro deppura kobansTa (a = 8.388 + 0.002 A) co
CpeHUM JAuaMeTpoM JacTuil 1.9 MkM. YBennueHue TeM-
neparypsl B ciydae cunTesa 2 10 900 °C o0ycnoBieHo
TEM, 4TO, B COOTBETCTBUH C pe3yibratamu JuddepeH-
UATbHO-TEPMHYCSCKOTO aHAIIN3a, B UHTEPBAJIC TeMIIepa-
Typ 720-810 °C B 00pasie HabOmMOMaeTCsl YObLUTH MACCHI
(okono 12.5%), ceazannas ¢ ynanenuem SO, u SO,. Ilpu
900 °C u npogoinKuTebHOCTH cuHTe3a 30 U 0O0pazoBal-
cs1 eppurt kobansra (CoFe,0,) (a = 8.389 + 0.002 A).

[loxaszano, 9T0 B 3aBHCHMOCTH OT CII0OCO0a IMOIy-
4yeHus (peppuTa kodassTa, 00pa3yroTCs YaCTHUIIBI pa3HO-
ro nuamerpa. Hanmensmmit pazmep gactar (1.5 MkM)
oOHapyxkeH y ¢Qepputa KoOaybTa, CHUHTE3UPOBAHHOTO
rerepoda3HbIM B3aHMMOJCHCTBHEM THIPATHPOBAHHOTO
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AHHOMAyus

Ilenu. Onpedenerue 3HaueHUl UOHHOU nodsurkHocmu N-memunumuoaszona. YcmaHoeseHue
CMpOEeHUSs. UOHO8, COOMBEMCMBYULUX XapaKkmepHbim cuzHaniam. Onpedenerue npedena obHa-
pyokeHuss N-memunumuoaszona Ha UOHHO-Opelighogom demexmope Kepbep.

Memoodsl. Memod chexmpomempuu UOHHOU NOOBUIHOCMU ObLL UCNOJIL308AH OIS UCCIe008a-
HUSL NPOYEeCcco8 UOHU3AYUU. DHManbnuu peakyuii MOHOMEPHbIX U OUMEPHBLLX UOHO8 PACUUMAHbL
8 npoepamme ORCA 4.1.1 memodom pyHKyuoHana naomHocmu B3LYP ¢ Habopom 6asucHuix
pyHryuii 6-31G(d,p).

Pesynomamel. OnpedenieHbl 3HAUEHUSL 8pemeHU Opelicha U UOHHOU nodsurxkHocmu N-memunu-
Mmuoasona. Pazpabomara memoouka mamemamuueckoili obpabomKu cnexkmpog u npoepamma
ons ee peanusayuu. MayueHol ocobeHHOCMU U3MEHEeHUS XxapaKkmepa cnekmpa UOHHOU no08uU K-
Hocmu 8 npoyecce uamepeHust 8 O0aHHbLI MOMeHM epemeHu. [IpednoxeHo cmpoeHue 2eHepupye-
MblLX UOHO8 8 coomeemcemeuu ¢ uHmepnpemayueti cueHanos cnekmpa. OnpedesieHbl sHMatbnuu
obpasosaHuUs UOHOS.

Bbleooul. Buisienen xapakmepucmuueckuil CuzHal UoHA N-mMemuaumudasona, npomoHuposat-
H020 No amomy azoma NUPUOUHO8020 Muna. YcmaHoeseHo, umo 08a CUZHAA 8 CNeKmpax UOH-
Holl nodsuxxHocmu N-mMemuaumudasona coomeememayom HAAUUUIO MOHOMEPHOU U OuMepHOT
gopmel uoros. Onpedener npeden obHapyxeHuss N-memunaumuda3ona Ha UOHHO-Opelihogom
demexmope Kepbep, cocmasasowuii 3 ne.
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Abstract

Objectives. To determine the ion mobility of N-methylimidazole, establish the structure of ions
corresponding to characteristic signals, and determine the detection limit of N-methylimidazole
on the ion-drift detector Kerber.

Methods. Ion mobility spectrometry was used to study the ionization processes. The enthalpies
of the reactions of monomer and dimer ions were calculated in the ORCA 4.1.1 software by the
B3LYP density functional method with a set of basic functions 6-31G (d, p).

Results. The drift time and ion mobility values of N-methylimidazole were determined. A method
for mathematical processing of spectra and a program for its implementation was developed.
The changing peculiarities of the ion mobility spectrum during measurement at a given time were
studied. According to the interpretation of the spectrum signals, the structure of the generated
ions was proposed, and the enthalpies of ion formation were determined.

Conclusions. The characteristic signal of the N-methylimidazole ion protonated at the nitrogen
atom of the pyridine type was revealed. It was found that two signals in the ion mobility spectra
of N-methylimidazole correspond to the presence of the monomer and dimer ions. The detection
limit of N-methylimidazole on the ion-drift detector Kerber was determined, amounting to 3 pg.

Keywords: ion mobility spectrometry (IMS), characteristic signal, protonation, heterocyclic nitrogen
compounds, pyridine, imidazole, N-methylimidazole

For citation: Aleksandrova D.A., Mclamed T.B., Baberkina E.P., Fenin A.A., Osinova E.S., Kovalenko A.E., Yakushin R.V.,
Shaltaeva Yu.R., Belyakov V.V., Zykova D.I. Ton mobility spectrometry of N-methylimidazole and possibilities of its
determination. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2021;16(6):512—-525 (Russ., Eng.). https://doi.org/10.32362/2410-
6593-2021-16-6-512-525
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Cnex'rpome'rpnn HOHHOH HNOABHIXHOCTH N-MEeTHAHMHAA30Aa H BO3MOXKHOCTH €ro onpeneAeHHsA

BBEJIEHHME

CrexTpoMeTpusi MOHHOW TMOJBMXKHOCTH SIBIISIET-
Csl MEPCHEKTUBHBIM COBPEMEHHBIM JKCIIPECC-METOI0M
aHaM3a XUMHYECKUX COCIMHEHUH B Ta3oBoil ¢aze [1, 2].
BbricTpozeiicTBue, BbICOKAas YYBCTBUTEJIBHOCTBH, OT-
CYTCTBHE BaKyyMHBIX CHCTEM M MOPTaTUBHOCTH MPH-
Oopa [HeraroT METOJA TEPCIEKTUBHBIM [UIS PCIICHUS
LIMPOKOrO Kpyra aHaJuTU4YeCcKuX 3anad [3-9]. Onnaxo
0O0JIBIII0E KOTHYECTBO BO3MOKHBIX HOH-MOJICKYISIPHBIX
peakiuii B ApeiioBOM MPOCTPAHCTBE CIEKTPOMETpa
MOHHON MOJBUKHOCTH, a Tak)Ke He 10 KOHIa U3y4yeH-
HBIE MEXaHHM3M (OPMHUPOBAHUS HMOHOB YCIOXKHSIOT
JIOCTOBEPHYIO MHTEPIIPETALMIO CLIEKTPOB HOHHOM MO~
BIKHOCTH. Pacuiipenue BO3MOXKHOCTEH MeToza mpei-
CTaBJsICT OONBIIOW TCOPETHYCCKUN M TMPAKTHUCCKUI
UHTEpEC.

B nocnennee BpeMs MHUPOKOE pacnpoCTpaHEHHE
MOJTyYNJIN TaK Ha3bIBacMBbIC «AM3aifHEpCKUE HAPKOTHU-
ku». Hebonbime n3aMeHeHUsT B XUMUYECKOH CTPYKTY-
PE 3aKOHOJATEIBHO KOHTPOJIUPYEMBIX BEIIECTB (TOMO-
JIOTH, HEOONBIINE BHOBS BBOIUMBIC (DYHKIIHOHATHHBIC
TPYNNBl U T.I.) TO3BOJSIOT OOXOAUTH ACHCTBYIOUIUE
3ampeTsl W MpojAaBaTh NOTEHIMAJIbHO OINAcHbIE Be-
IIeCTBa TOJA BHUJOM JICTaJbHBIX INpemaparoB. Yacto
MOCIIEICTBUSL BO3ICHCTBUS HAa OPTaHU3M MOIUGDUIH-
POBAHHBIX BEIICCTB BBI3BIBAIOT OBICTPOE pa3BUTHE
(bU3HYECKON U MICUXOIIOTHYECKON 3aBHCUMOCTH (IIPH-
BBIKAHUS) K HUM, YTO OKa3bIBaeTCSd HAMHOTO OIlac-
HEe 10 CPaBHEHMIO C HCXOJIHBIMH HAPKOTHUECKUMHU
cpenctBamu. OOHapyKeHHE TaKUX COCIUHEHHH 3a-
TPYAHEHO, TaK KaK MX HET B OCHOBHBIX 0a3ax JaHHBIX
aHATUTHUYCCKUX TNpubopos. IlosToMy ompexneneHue
XapaKTepUCTUYECKOT0 CUTHAIa 1IeJION I'PYIIIbI COelIU-
HCHUI CTAHOBUTCS aKTyaJbHBIM JIJISI ACTCKTHPOBAHUS
CHHTETHUYECKHX KaHHabuHouoB [10, 11].

Panee ¢ menpio pa3paboTKH YCIOBHUH JETEKTHU-
pOBaHMS CUHTETUYECKUX KaHHAOMHOMJOB Ha OCHOBE
MMH/1a30J1a METOJIOM CIIEKTPOMETPHH HOHHOM MOABIIK-
HOCTH IPOBEJEHO HCCIIeI0BAaHUE MOBEIEHUS UMHA30-
na Ha uoHHO-AperidoBom amerekrope (M) Kepbep,
KOTOpBIIl yXe HcHojib3yercs MUHUCTEpCTBOM BHY-
TpeHHuX zaen, DeaepanpHOil Ciryk00i Oe30macHOCTH,
MunncrepctBom Upesswruaiinbix Curtyanuii u dene-
paibHOM TaMOXKEHHOH chyk0oi Poccuiickoit Dene-
panuu JUisi OOHApY>KEHUS OCHOBHBIX HApKOTHYECKHX
U B3pbIBUaTHIX BellecTB [12—-15]. YeranoBneHo, uro B
CIIEKTPE HMOHHOW MOJABM)KHOCTH HMMHJAa30ja Bceria
NPHUCYTCTBYIOT JABa CHUTHAJla ¢ MOHHOW MOABMKHO-
cthio 2.100 cm?/(B-c) u 1.700 cm?/(B-c), oTHOCSIIHECS K
HOHAM MOHOMeEpa M uMepa, COOTBETCTBEHHO. Mccie-
JIOBaHO BIIMSIHUE KOHLIEHTPALUH Ha XapakTep CIEeKTpa.
Bb110 BBICKA3aHO MPEIIONI0KEHUE O CTPOCHUH AUMepa
U JI0Ka3aHO, YTO B INpollecce U3MEPEeHHsI B 3aBUCHMO-
CTH OT KOHIICHTPALUU MPOHCXOIUT B3aUMOIIpEBpalle-
HUE MOHOMEPHO-IHUMEPHBIX (hopM.

HNmunazon, 1Mo JuTepaTypHBIM JIaHHBIM, CIIOCOOCH
00pa3oBBIBaTh Kak JUMEPHI, TaK U JJTUHHBIC 1IeTH, ac-
conmupoBaHHbIe ¢ Bojoi [16, 17]. OmHako B 00IacTu
perucTpanuu crekrTpa He ObUIo 3apUKCHPOBAHO MHO-
’K€CTBa CUTHAJIOB OJIITOMEPHBIX IIETI0YEK, PETUCTPUPO-
BaJICSl TOJIBKO OJJMH CHUTHAJ AMMEpa, O3TOMY CAENaHO
MPEAIOJIOKEHNE, 94TO o0Opa3yercs WMEHHO OH. BbpuTo
MPEIJIOKEHO €ro CTPOEHHE C Y4YeTOM OOpa3oBaHUs
KOMILIEKca ¢ Bomoi [1].

B nanHOll pabGoTe mpencTaBieHbl PEe3YNIbTAaThl UC-
cleI0BaHus N-METHIMMUIa30J1a, KOTOPBII HE CKJIOHEH
K 00pa30BaHUIO YCTOWYUBBIX ITUMEPHBIX (HOpM, C Ie-
JBI0 TIONTYYEeHUS TOTIONHUTEIBHBIX JAaHHBIX 1O Xapak-
TEpY CHEKTPOB MOHHOHN MOABMIKHOCTH MPOHU3BOIHBIX
uMugasona. llenbro paboThl SBISETCS ONpeseiieHne
XapaKTePHBIX CUTHAJIOB N-METHMIIMMH/IA30J1a METOIOM
CIIEKTPOMETPUN MOHHOM MOJBMKHOCTH, TOATBEPK/IA-
IOLIUX TPEANoiaraeéMoe CTpOEHHE HOHOB, 00pasyro-
MUXCSI IPY HOHU3AIUNA KOPOHHBIM Pa3psIOM.

SKCIHHEPUMEHTAJIBHASA YACTb

Hccnenosanuss nposomunuck Ha W/ KepGep!
npousBoactBa [ K «FOocnonumemann-Xonouney (Poc-
cusi). Onpenensione napameTpsl npudopa mprUBeACHbI
B Tabm. 1.

CreKTpbl HOHHOH MOJBIYKHOCTH MOTYYaNId TP aT-
MocC(epHOM JIaBJICHUH, B KaueCTBe Jpei(oBOro rasa mc-
MOJIb30BANIA OKPYXKaroIui Bo3ayX. LleneBbie BemecTsa
PETUCTPHPOBAIH TPU TTOMOIIHM IIPOTPaAMMHOTO 0becIie-
yenus /1 KepOep B popmare «Crekrpy». Pesynbrars
W3MEPEHUH MPEJCTaBIsUIM COOOW TEKCTOBBIE (haiiibl,
cojiepkale HHGOpMaIHIo O mapamMeTpax CUCTEMBI, 00
00HapY)KEHHBIX IIEJEBLIX BEIICCTBAX M BPEMCHHU JIpei-
¢a. [To ykazaHHBIM JaHHBIM CTPOIIH HOHOTPAMMEI.

Jnst iccnenioBanust BRIOpaH oOpaser] N-MeTHITIMU/Ia-
30ma npousBocTBa Acros Organics (CIIA) uuctoroii 99%.

Wcnonp3oBanu Beckl Mapku A&D GR-120 (AND,
Snonus) ¢ quckpetroctrio 0.0001 .

J71s1 TpUTOTOBIICHNUS PACTBOPOB HEOOXOJMMBIX KOH-
LIEHTpalUil 1 HAHECEHHUs BElIeCcTBa Ha MPOOOOTOOPHYIO
can(heTKy WCIONB30BAIM J03aTop Mapku Jlennwmer
Jlatit 1-10 mxn (Thermo Scientific, CIIIA). TIpo6ooT-
OopHas candeTrka MpeaCcTaBIseT cOO0H aTOMHUHHEBYIO
(honery pazmepamu 120 x 60 mm, TonmuHoMi 11-16 MKM.

PacueTs! sHTanmpnuii peakuui MPOBOAMINA B MPO-
rpamme ORCA 4.1.1 MucTUTyTa XMMHUHM SHEpreTuye-
ckoii kouBepcun OOmiectBa Maxkca [Tnanka (I'epmanus)
MeTonoM ¢yHKuuMoHana miotHoctu B3LYP ¢ maGopom
OasucHbIX (pyHknui 6-31G(d,p).

! FOskmonumetamt-Xonauir.  TTopTaTUBHBIN HOHHO-Apen(Oo-

Belii gerextop «Kepbep-T». URL: http://www.analizator.
ru/production/ims/kerber-t/ ata oOpamenus: 16.09.2021
[Yuzhpolymetal Holding. Kerber-T portable ion-drift detector.
http://www.analizator.ru/production/ims/kerber-t/. ~ Accessed
September 16, 2021]
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Tadauna 1. Texunueckue xapakrepuctuxu 1J1J] Kepoep
Table 1. Specifications of IDD Kerber

XapakTepucTHKa
Characteristic

3nauyenue UJIJ[ Kepoep
IDD Kerber value

)Inana30H JACTCKTUPOBAHUA MAJIOJICTYYUX OPraHu4€CKUX BCUICCTB

o 2,4,6-rpunurporonyoiy (THT), r
Detection range of low-volatile organic substances
by 2,4,6-trinitrotoluene (TNT), g

or 1.0 x 107" 10 2.0 x 10”7

from 1.0 x 107" t0 2.0 x 1077

Hpeﬂen 06Hapy)KCHI/Iﬂ MaJIOJICTYUNX OPraHUYCCKUX BCUICCTB

1o 2,4,6-rpururporonyory (THT)

Low-volatile organic matter detection limit for 2,4,6-trinitrotoluene (TNT)

— [0 TBEP/IbIM YaCTHIAM, T
— for solid particles, g

— 110 Tlapam, r/cm?

— in pairs, g/cm?

He Oosree 1.0 x 107
no more 1.0 x 107!
He Gonee 1.0 x 1074
no more 1.0 x 1071

Criocob noHU3aIUH
Tonization method

WmnynbCcHBIN KOPOHHBIH pas3psiy
Pulsed corona discharge

Temneparypa npetidoBoit TpyOku, °C

. 1
Drift tube temperature, °C 00
Bpewms oOHapyskeHus 1 MACHTU(UKALUY AT BCeX 00HAPY>KMBAEMBIX BEILECTB, C He Oonee 5
Time of detection and identification for all detectable substances, s no more 5
BeposTHOCTB JI0KHOTO cpabaTbiBaHus, %o He Ooiee 1
The probability of a false alarm, % no more 1

Bpewmst ouricTku freTekropa Nnpu 3arpsA3HEeHUH 1eJIEBbIMH BEIIECTBAMU

B TIpeJieNiax Juana3oHa JIeTeKTUPOBaHus, ¢, He Ooliee

Detector cleaning time in case of contamination with target substances within

the detection range, s, no more

He 6omee 180

no more 180

OBPA3OBAHMUME INOJIO KU TEJIBHBIX
NOHOB KOPOHHBIM PA3PAIOM

Merton cieKTpOMeTpUH MOHHOW NOABMKHOCTH OC-
HOBaH HAa MOHM3ALUHN MOJIEKYI HCCIIEyeMOr0 BELIeCTBa
npu armoctepHoM naBneHnd. CHadana B pa3psaHON
Kamepe obpasyrorest peakrant-uonsl H'(H,0) , koHueH-
TpaLus KOTOPBIX CYIIECTBEHHO IPEBBIINIACT KOHIICHTPA-
LU0 JIETEKTUPYEMBIX BEIIECTB.

PeakTaHT-HOHBI IEpEAAIOT 3apsia MOJICKyJIaM Liene-
BBIX BELIECTB 10 MEXAaHU3MYy XUMHYECKOH MOHU3ALINY,
MPE/ICTaBICHHOMY HIDKE:

M’ +H'(H,0) —MH'(H,0) —MH'(H,0),_+xHO (1)

(n-x)
rie M — Moliekyja HCCIeJyeMOro COeIMHEHUs,
+ + &
H*(H, O), - peakranr-uon, MH"(H,0) — knactepublit
HOH, MH*(HZO)(H) — HOH HCCIIEAYEMOT0 COCTHHEHHS.
B niporiecce MoryT 006pa3oBBIBaThCS MPOILYKT-HOHBI KaK
+
MOHOMEPHOT0, TaK 1 JumepHoro xapakrepa M,H'(H,0) , a
TaKKe JPYrue MOJICKYJISIpHBbIC WOHBI. [IpomyKT-nOHBI
acCOLMUPYIOTCS ¢ MOJIeKyJlaMu BoJbl. KonnyecTBO MO-
JIEKyJ BOJIBI B MOJIYYCHHOM KJIAaCTEPE MOXKET BaApbUPO-
BaThCA OT | 710 3 B 3aBUCUMOCTH OT IPUPOABI COSTUHE-
Hus [1, 2].

Bpewms npefida T, (Bpems npuOBITHS HOHOB K KOJI-
JEKTOPY) 3aBUCUT OT 3apsijaa, Macchl U 3 (HEeKTUBHO-
ro ceueHus obOpasoBaBiierocs MoHa. Bpems npeiida
MIPONOPLHUOHANBHO JUIMHE ApeiidoBoil kamepsl L (cM)
1 00paTHO MPOMOPINOHAIEHO I'PATUEHTY dICKTPHUIE-
CKOTro nojs E:

t,= /K < LIE )

rne K — xoadduiment nomsmwxaocTr, cM¥/(B-c). Mon-
Hag MOABWXXHOCTH 3aBUCUT OT TEMIICPATYpPbl U aTMOC-
(bepHoTO nNamieHus. J{ns cpaBHEHHs 3HAYCHUN WOHHOM
TOABUIKHOCTHU, NMMOJTYUYCHHBIX B PA3HBIX YCJIIOBUAX, BEJIU-
9uHBI K TIPUBOIAT K HOPMAJBHBIM YCIOBHSAM H ITOTyda-
0T MIPUBEIEHHYIO MOABMKHOCTD K| (MM NPUBEIEHHBINA
K03 QUITHEHT MOJBUKHOCTH):

K,= (K x P)/101325 x 273/T 3)

rae I’ — temneparypa (Kensun) u P — naBnenue (Ila-
CKaJib) Ta30BOM aTMOC(hepbl, B KOTOPOU JBHIKYTCS HOHBI
[2]. B nanHoOIi paboTe OKa3aHbl 3HAYSHHS IPUBEICHHON
HOHHOM ITOIBMKHOCTH.

PC3yJII>TaTI>I MpPEACTaBJICHBI B BUAC «CIICKTpPa» UOH-
HOU TOABM)XHOCTH (MOHOTPAMMBI).
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METOAUKA PABOTbI

CnexkTp MOHHOM TMOJIBUKHOCTH N-METHUIUMHA-
30J1a TOJydYajdd B TIPOIECCE IPOXOXKICHHUS MOHH3U-
POBaHHBIMH MoJIeKynamu JapeidoBoii kamepsl. 3a60p
MpOoOBI aHAIHTA TPOBOIMIIN IPU KOMHATHOH TeMIiepa-
Type 22 °C unu npu HarpeBaHuu noiaoxku no 100 °C
B T€UCHHE 5 ¢. 3aIHUCh CIEKTPa MPOBOAMIACE C ITEPH-
onuuHOCThIO 1 c. Takoil moaxon K aHaJIU3y CIEKTPOB
MTO3BOJIHJI OTIPEACITUTh KaK HOHHYIO MOJBIKHOCTH Xa-
PaKTEpHBIX CHUTHAJIIOB, TaK U IMepepacrpeaeseHne ux
WHTEHCUBHOCTEH, XapaKTepusyiomee o0pa3oBaHUE
W B3aMMOIIPEBpalllcHUEe HOHOB B ApeiidoBoil kamepe
HOHHO-IPEH(POBOTO JeTEKTOpA.

Beio ycTaHOBIEHO, YTO MOHHAA TOJBHXXHOCTH
N-MEeTUNMMHIa307a He 3aBUCUT OT TEMIICPaTypHI 3a-
6opa mpoOs! ananuta. [loaTtomy oT60p NMPoOH! IPOBO-
nunu ipu HarpeBaHuu 10 100 °C ¢ 1enpio nonydeHus
curHaina ¢ OOJbIINM 3HAYEHUEM MOHHOTO TOKa.

Jlns Matemarndeckoil 00pabOTKH JaHHBIX ObLIa
pazpaboTaHa mporpamma, IMO3BOJSIONIAS MOIYYUTH
IaHHBIC U 00paboTarh OOJBIIOE KOJTHMYECTBO CICK-
TPOB MOHHOW MOJBMIKHOCTH C €TI0 MX IMOCIEIYIO-
[IETO UCCIIeIOBAHUS U aHanu3a. HTepIpeTupyeMoIit
A3bIK IporpamMMmupoBanus Python Bepcun 3.3 6511 nc-
MOJIE30BaH JIJIS1 CO3AAHUS IPOTPAMMEL.

B obmem cmydae paboTy mporpaMMbl MOKHO
ommcarh ciexyomuM obpaszom. [Iporpamma cocTout
M3 TPEeX CKPHUITOB, KaXJbI HMEET ONpPEACIICHHYIO
3amady. Ha mepBoM sTame CIHCOK MCXOMHBIX (hailyioB
coptupyercs B an(aBUTHOM MOPSAKE, TaK Kak (QyHK-
nus os.walk() Bo3BparmiaeT Ha3BaHUs (alaoB B Mpo-
M3BOJIBHOM TOPSIAKE. DTa oneparus HeoOxoauma s
TOTO, YTOOBI TOYHO BOCIIPOM3BECTH IOPSIOK 3alUCH
crnektpoB Ha UJI/ KepOep.

Hanuume curaaioB BemecTBa paccMaTpHUBACTCS
OTHOCUTENIHO CUTHAJOB (OHA, TaK KaK B BO3IyXe
BCET/Ia COICPKUTCS HEKOTOPOE KOJIWYECTBO HOHOB
(mpuMeceil), 1 CIIeKTp (OHOBOTO CHUTHATA MOXKCT U3-
MEHSTHCS B 3aBUCHMOCTH OT TEKYIIUX KOHIICHTpaIUi
npumeceit B Bozayxe. IloaTomy 06sg3aTenbHO cHavana
BEITIONHSETCS «HYIEBOE) WIH «(POHOBOEY M3MEPCHHUE.
JlanHBIC 0 (HOHOBOM CHUTHAJIE TAKXKE HEOOXOAUMBI IPU
OTIPEJICIICHHUH TIpEieiia METEKTHPOBaHUS o0pa3ia.

NIOA Kepbep cepuii Classic u Next coxpaHsier
¢aiinel ciektpoB B (¢opmare .dat W .spe, COOTBET-
CTBEHHO. B 3aBucuMocTH oT (opmata Qaiinos B qu-
PEKTOpHH TPOrpaMMa BBI3BIBAET COOTBETCTBYIOIIYIO
(GYHKIHMIO U3 UMIIOPTUPOBAHHBIX JIOKATBHBIX MOJY-
ner imp_spe u imp_dat. [lanmee oO6paboTka BemeTcs
10 KO/IaM, ONIMCaHHBIM B MOIYJIAX imp_dat u imp_spe.
[Ipon3BoauTCs BBIYMCICHHE NPUBEACHHOW HOHHOMN
MOJIBUKHOCTH B KaXK/IbII MOMEHT BPEMEHHU C YUYETOM
MEPECUCTHOTO KOIPPUIUCHTA, KOTOPHIH COXCPKUT
3HAUCHHS TEMIIepaTypbl U aTMOC(HEpPHOTO JaBICHHS
BO BpPEMS U3MEPCHUSI.

Hanee mporpaMMa 3ampallinBacT JaHHBIC IS
yoaJdeHus NIYMOBBIX CHTHaJOB. Ilpu mocnemyromei
00paboTKe CIEeKTPOB U3 3HAUYCHHI CUTHAJIOB MOHHO-
ro TOKa oOpa3la BBEIYUTAIOTCS 3HAYCHHUS CHUTHAIOB
HOHHOTO TOKa (DOHA OKPY’KAIOIIEro BO3AyXa, 4TO yBe-
JUYHMBACT HATSAIHOCTh CIEKTpa. McXOmHBIH CUTHAI
npubopa 10 BHIIIOTHCHHUS JaHHOW ONMEpaiuy coxpa-
HSETCS B COCEIHUX CTOJIONAX, B cliydae HEOOXOAUMO-
CTU CYIIECTBYET BO3MOXKHOCTb MOCTPOUTH CIIEKTP C
UCXOAHBIMHU NAHHBIMU.

J1si manpHEWIero MccieoBaHus MPOIIECCOB HO-
HU3alUU BEUICCTB TpeOyeTcs pacder IUIomaaed IH-
KOB XapaKTEPUCTUUYECKHX CUTHAJIOB aHAIU3UPYEMOTO
oOpasma. C TOYKM 3pEeHHs] MaTeMaTHYECKOTO aHajn3a
BCC CHTHAJNBI Ha HWOHOTPAMME MPEICTABISIOT COOO0It
KPUBOJHMHEHHBIE Tpamenuu. [loaToMy Ui moirydeHus
JONOJIHUTCIIbHBIX JAaHHBIX O CTPOCHUH W B3aUMOIIpE-
BPAICHUSIX HOHOB aHAJIUTA MPOBOIIIIN pacyeT IIoIa-
¥ KPUBOJIMHEHHON Tpareuy ¢ IOMOIIbIO OIIepaInu
CpeaAHUX MNPsIMOYT'OJIbHHUKOB. 321 JJIMHY NOPpsAMOYTOJib-
HUKa MpUHUMAIH 1/2 CyMMBbI 3HaYEHHU MEXIy COOT-
BETCTBYIOIIMMHU TOYKAMH I10 OCH HOHHOTO Toka. [lo
CIEKTPY OINpPEIeNIsTN MPAaHUIIBI CUTHAJA BElecTBa (110
ocH abcIucce) U pacCYUTHIBAIM TUIOMIA b THKA (KPUBO-
JTWHEWHON Tparnennn) CyMMHAPOBAHUEM COOTBETCTBYIO-
KX 3HAYeHHA. [paHuUIBI CyMMUpPYEMOTo MaccuBa JIIs
¢dopmynel =CYMM(uncnol; [aucno2]; ...) ompenens-
JIY BpYYHYI0 WK ¢ ToMotibio Gpopmyiel =[IOMCKITO3
(McKkoMOe 3HaYeHUE; MPOCMATPUBAEMBI_MacCHUB;
[Tun_comocraBienus]). Jlanee B 3aBUCUMOCTH OT 3a-
Jlad TOJTh30BaTeNsl K IPUPO/IBI UCCIISyEMOTO BEIeCTBa
MOYXHO CPaBHHUTH MHTEHCHUBHOCTH CHTHAJIOB, UX H3Me-
HEHUSI, CXOJICTBA U Pa3IUYUI.

B pesynbrare npoBeJEeHHONW MaTeMaTUYECKOH
00paboTku co3naBaiu aiin Excel, Bkirouaromuii Bce
BBIOpaHHBIC JaHHBIC KaK B 00JACTH MMOJOKHUTEIBHOM,
TaK ¥ OTPHUIATCILHON HOHHU3AIUH.

Puc. 1 mnmoctpupyer 06paboTKy CIIEKTpa HOH-
HO¥ MOJBMKHOCTH C TIOMOIIBIO IIPOTPaMMEI.

C uenpio onpeaeneHus npeaena IeTeKTUPOBaHUS
N-metunumuazona Ha MJ1/] KepOep Obiia mpuMeHeHa
METOANKA IOCIECAOBATEIHLHOTO Pa3BEACHHS PAaCTBOPA.
st 3TOro MCHONB30BAJICS PacTBOpP N-METHIMMHUIA30I1a
B MATHIOBOM d¢upe koHueHrpanueii 0.0003 r/cm®. Ha
npo6ooTbopHyto candeTrky J03aTOPpOM HAaHOCH-
au 1 mm® pactBopa. ITocie ucnapeHusi pacTBOPHUTEIS
npoBoAriIU 0TOOp mpoOsl Maccoir 3 x 1077 r npu Ha-
rpeBaHMH B TeueHue 5 c. B pesynbrare ObLI moiydeH
criekTp amrmutynoi 5000 enrHATT MITAIIETO 3HAYAIIES-
ro paspsga (EM3P). 3arem pacTBop aHanuTa pa3Boiu-
JIA C 1CJIbIO YMCHBIICHUA KOHUCHTpAalKU pacTBOpa Ha
OJIMH TIOPSAZOK NOOAaBIEHUEM PACTBOPUTEIS, IOKAa HE
MOJTYYHIN CHTHAJ 00pa3iia Maccoi 3 Ir ¢ aMILTHTYIOH
800 EM3P. Curnai Beuiecta He MpeBbIIIal 3HAYCHUI
aryma nmpu yMEHbUICHUHN KOHIOCHTPpAaUX pacTBOpa €1Ic
Ha OJUH MOPSIIOK.
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Puc. 1. CriekTp HOHHOH MOABIKHOCTH N-METHINMH/Ia3011a 10 (a) 1 mocie (0) MaTeMaTH4ecKoil 00padoTKH.
(1) ®oHoBwII cuTHAT, (2) cUTHAT N-METHIMMHIA30J1a.
Fig. 1. Ion mobility spectrum of N-methylimidazole before (a) and after (b) mathematical processing.
(1) Background and (2) N-methylimidazole.

PE3VJIBTATBI U UX OBCYXJIEHUE

Jns uccnenoBaHuii ObLIM BHIOPAHBI MPOSIBISIOIINE
OCHOBHBIE CBOICTBA IeTEPOLUKIMYECKHE COCIUHECHUS
a3oTa, CoAep)Kalhe SP’-THOPHAHBIA aToM as3ora Tu-
PUIMHOBOTO TUMA. B pesymprate mccienoBaHuii ObLia
MOJTyYeHa CepHsl CHEKTPOB N-METHIMMHUIA30J1a, HMU-
Ja30ia W MUPUINHA W MPOBEICHA WX MaTeMaTHdecKas
00paboTKa ¢ TIeNbI0 BBISBICHUS XapaKTEPUCTHUECKUX
CUTHAJIOB HOHOB (pHC. 2).

Kak BuaHo 13 puc. 2, BO BceX CIEKTpax HOHHOMU IOJ-
BIJKHOCTH HaOMIOmaeTcsl XapaKTepHblid CUTHAIl B 00NacTH
2.1 em?/(B-c), ipenBapuTeIbHO OTHECEHHBIN K IPOTOHHUPO-
BaHHOH (popmMe MOHOMEpa MO ITHPHANHOBOMY aToOMy a30Ta,
YTO COMIACYeTCsl ¢ MPEABAPUTENBHBIMU HCCIIEIOBAHUSIMU
JIPYTHX TETePONMKINIeCKUX coeanHenuii [ 12, 14, 15]. an-
HBII CHTHAT SIBJISICTCS ©IUHCTBEHHBIM XapaKTePUCTUUCCKIM
B CIIEKTpEe MOHHOM MOABIKHOCTH MMpHIMHA. B crekrpax
uMuza3ona u N-metunumuazona (puc. 1) Taxoke perucTpu-
PYIOTCSl yCTOHYHMBEIE CHTHAIIBI C HOHHOU TTOJBHKHOCTBIO
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1.7 u 1.6 cM*(B-c), COOTBETCTBEHHO, MPEABAPUTEIHHO OT-
HECEHHBIE K MPOTOHMUPOBAaHHBIM (popMaM HX AumepoB. Crie-
JIyeT OTMETHUTb, YTO XapaKTep CIIEKTPOB UMHA30i1a U N-Me-
TIWJIMMA/IA301a WICHTUYEH [0 KOJIMYECTBY IONY4aeMbIX
CHTHAJIOB, YTO JAaeT OCHOBAHHE IIPEIIONararb 00pa3oBaHue
JuMepa N-METHIMMHU/IA30I1a, HECMOTPS Ha HATUYHE METUITh-
HOTI'O 3aMECTHTENs y MMPPOJILHOIO aToMa a30Ta.

Jlns ycTaHOBIEHHUS CTPOCHHS TEHEPHPYEMBIX
MOHOB OBLI MPOBEACH pacdeT SHTAJNbMUN crernupu-
YECKUX pPeaKui, MPOTEeKAMMNX Ipu GOPMUPOBAHUU
WOHOB aHanuta (Tadn. 2).

Beutn mpemiokeHbl pa3iudHble BapHaHTBl CTPO-
€HUS MOHOMEPHBIX U JUMEPHBIX HOHOB aHAaJHUTA.
i HUX pacuuTaHbl SHTAJIbIUKM PEAKLUM B IIporpaM-
mMe ORCA 4.1.1 meTomoM (yHKIHOHANIA IUIOTHOCTH
B3LYP ¢ Habopom 6azucHbix ¢pynkiuit 6-31G(d,p). Ha
OCHOBaHHWH MOJYYCHHBIX NAHHBIX OBUIH MPEIIOKCHEI
HanOoJee BEpPOATHBIE CTPYKTYpbl HOHOB WMUA30Jia
u N-metminmujasona. CTpykTypa MOHOMEPOB HOHOB
numMuazoa Ne 2 u N-metunumugazoiia Ne 4 coBrajiacer,

1.8 1.7 1.6 1.5

Honnas noasmxHocTh, cM?(B-c) / Ion mobility, cm?/(V-s)

Puc. 2. Nonorpamma N-metunumuaazona (1), umugazona (2) u nupuausa (3).
Fig. 2. Ionogram of N-methylimidazole (1), imidazole (2), and pyridine (3).
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Taéaumna 2. DHTAIBIINN PEaKIINK MOHOMEPHBIX HOHOB HMHU/1a301a U N-METHIINMHUIa3071a
Table 2. Monomeric ion reaction enthalpies of imidazole and N-methylimidazole

No CtpoeHne HoHA OHTAJIBNNA peakuuu, k/Ix/Moib
- Ion structure Reaction enthalpy, kJ/mol
+
H_N/\NH
1 —247
/
+ H
H_N/\NH o
2 Ng —331
/
"
~xNH
3 H,C— —265
—
H
+
~xNH O/
4 H,C— o ~346
—

YTO TIOATBEPXKIACTCS SHTAIBIHAMH MPOIECCOB PEAKIINI
1 ONMM3KUMHU 3HAUEHHSIMU MOHHOM MOABMKHOCTH. Hanu-
YHe MOJICKYJIbI BOJIBI B CTPYKTYypEe MOHA aHAIIUTA TTOJTHO-
CTBIO COTJIACYETCS C JIAaHHBIMU 00pa30BaHUSI MOHOB TIPU
KOPOHHOM DPa3psifie B BUJIE aCCOLMATOB C BOJOH [1].

Jns TUMEpHBIX MOHOB MPEJIOKEHO Pa3IMdHOe
crpoenue (tabi. 3).

ITockoabKy UMHA30J1 CKJIOHEH K 00pa30BaHUIO0
IETI0YeK IPU OOBIYHBIX YCIOBUSX, U SHTAJIBIIHUS 00-
pa3oBaHMs TAKOTO JUMepa MEHbIIE, TO Hauboyee

BeposTHO oOpazoBanue gumepa Ne 2. J{nst N-meTwi-
UMUJa30J1a TAKOE CTPOCHHUE HEBO3MOXKHO M3-3a 3aMe-
CTUTENSI y TIEPBOTO aToOMa, IMOATOMY 0OpasyeTcst Tu-
Mep Ne 3. CurnanoB, COOTBETCTBYIOIIMX TPUMEpPaM
WA APYTHM OJMTOMEPHBIM (pOopMaM HOHOB, B CIICK-
Tpe He HabI0aI0Ch.

A ycraHOBIEHHS TIpenena JeTeKTHPOBAHUS
N-MeTUIMMHUa30/1a CIEKTPbl MOHHOW MOJIBHUKHOCTH
HCCIICIOBANIN TIPH PA3NINYHBIX KOHIEHTpammsx. Coor-
BETCTBYIOIINE HOHOTPAMMBI IIPUBEIEHBI HA pHC. 3 U 4.

Tabauuna 3. DHTATBNNN peaKUU TUMEPHBIX U TPUMEPHBIX HOHOB MMUa3071a U N-METHINMHIa30]1a
Table 3. Reaction enthalpies of dimeric and trimeric ions of imidazole and N-methylimidazole

CrpoeHne HoHa
Ion structure

OHTAJBNNA peakuuu, kx/Moib
Reaction enthalpy, kJ/mol

/

ooy

2 HNA;I/ N¢\NH
o)
A

H
/ —-112
H

—97.6
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Tadaunma 3. OxkoHyaHue
Table 3. Continued

HoHHas moBuKHOCT, cM%/(B-¢)
lon mobility, cm?/(V-s)

a

CTtpoenne noHa IOHTANBNMA peakuuu, k/x/Moab
Ne q
Ion structure Reaction enthalpy, kJ/mol
H
N
H
4 HN/\N H—d + -85.4
\H N
N
H
CH,
l
H
5 N/\ NH—d + —84.1
H;,C— \H
N
N
b,
3000 2
/ ”s 50
= Is m
S 2500 / o 1
g % & 200
% 2000 S 5
= B2 150
= 3s i g
= 1500 3
& 4s < @
s s 29 100
= 1000 & =5 )
i 5
e 23 s
=500 i
=) =
E =
= 0 0
22 21 20 19 18 17 16 15 2 4 6 8

Bpewms, ¢/ Time, s

0

Puc. 3. Cniektp MOHHOH IOIBIKHOCTH N-METHIMMHU/IA30J1a MAacCOi 3 HT' ¥ I3MCHEHNE HHTEHCHBHOCTH CHTHAJIOB OT BPEMEHH:
(a) 3aBUCIMOCTH HOHHOTO TOKa OT HOHHOH IOIBIYKHOCTH N-METHIMMHUA301a (CIIEKTPHI ITOTydad Yepe3 KKy 1 ¢
TOCTIe Hauara u3MepeHnit); (0) n3MeHEeHHE CIIeKTPpa HOHHOW TOABIYKHOCTH N-METHINMHIA3071a:

(1) MoHOMEpHBIH HOH, (2) TUMEPHBINA HOH.

Fig. 3. Ion mobility spectrum of N-methylimidazole with a mass of 3 ng and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: (1) monomer ion and (2) dimer ion.

W3meHeHue TUIOMIA/ICH TIMKOB TOJHOCTHIO KOPPEIH-
PYeT ¢ MHTEHCUBHOCTBIO CHTHAJIOB U CBHICTEIILCTBYET 00
OJTHOBPEMEHHOM TIPUCYTCTBUH JBYX HOHOB. Habmonanoch
OJIHOBPEMEHHOE YBEITHUCHHE, & 3aTeM YMEHBIICHHE HHTCH-
CHBHOCTH CHTHAJIOB 00OHX IMHKOB, TIPHYEM MK MOHOMEpa
nMeeT OOJBIIYIO aMITIUTY/TY, YeM MUK aumepa (puc. 3).

[Ipu ymeHblIeHHN Macchl TPOOBI B CIIEKTPE MPO-
HCXOJIAT ClieyIoniue nu3MeHeHus (puc. 4).

3HaueHUe HOHHOU MOJBMKHOCTH CUTHaJla MOHO-
Mepa COOTBETCTBYET MOHHOW IMOIBHMKHOCTH 00pas-
na N-metunuMmuazona Maccoir 3 Hr (puc. 3). A nuk
JUMepa MpaKkTUYeCKH OTCYTCTBYeT. [lpn moHmkeHnn
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Puc. 4. Criextp MOHHON MOABMKHOCTH N-MeTuinmMuaazona Mmaccoi 0.3 HI ¥ U3MEHEHHE UHTEHCUBHOCTH CUTHAJIOB
OT BpEMEHHU: (@) 3aBUCMMOCTh HOHHOTO TOKa OT HOHHOI MOJIBIYKHOCTH N-METHIIMMU 1230112 (CIIEKTPBI TTOydallu 4epes
Kaxayro | ¢ mocie Hauana u3MepeHuii); (0) M3MeHeHHe CIIeKTpa HOHHOM MOJIBMYKHOCTH N-METHIIMMHU/1a3001a!

(1) MmoHOMepHBIit HOH, (2) AUMEPHBII HOH.

Fig. 4. Ion mobility spectrum of N-methylimidazole with a mass of 0.3 ng and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.

KOHIIEHTpauu N-METHIMMHUJIa30]1a B MPOOEe B CIICK-
TPOMETPE MOHHOW TOJBHIKHOCTH HAYMHAETCS pa3py-
[ICHHUE JMMEpa 32 CYET CTOJKHOBEHHUS C MOJEKyJIaMHu
rasza B JpeiidoBOil kKamepe, YTO OTPaKaeTCsl B CIIEKTPE
MOHHOM MOABMKHOCTH.

Hroke nipesicTaBineHbl pe3yIbTaThl aHaIN3a CIIEKTPa
WOHHOM MOJIBIXKHOCTH pacTBopa N-METHINMHUIA3071a B
BOJIe, MOJIyYEHHAss MOHOTpaMMa M COOTBETCTBYIOIIAs
3aBHCUMOCTEH M3MEHEHHUSI HHTEHCUBHOCTH CUTHAJIOB OT
BPEMEHHU TOKa3aHbl HA PUC. 5.
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a

HumepHast hopma N-METHIMMHIa30J1a TTOKA3bI-
BAaE€T HEYCTOMYMBOCTD U paspyllaeTcs yxe 4depes 4 ¢
[OCJIC MOMEHTA Hadaya U3MEPCHHs, B TO BPeMs Kak
KOHLIGHTpAIlUsi MOHOMEpa crHagaeT MOCTENeHHo. 3a
CUCT pa3pyLICHUs TUMEpPHOH (HOPMBI KOHIICHTpPAIIHS
MOHOMEpa CHOBa HauMHaeT Bo3pacTarb. [lomoOHbIE
IpoIecch HAOMIOMATNCh Y He3aMeIEHHOTO NMHUIa30-
J1a, 9TO JIEMOHCTPHUPYET puc. 6.

Jis ipeiebHOTO 3HaYCHU S O0OHAPYKEHUST N-METHII-
MMHUJ1a30J1a Macchl 3 Nr HaOJII0aeTCAd YMEHbIICHUE
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Puc. 5. CriekTp MOHHOH MOJIBI’KHOCTH pacTBOpa N-METHIMMH/Ia30j1a B BOAE M M3MEHEHNE HHTCHCHBHOCTH CUTHAJIOB
OT BpeMEHH: (@) 3aBUCMMOCTh HOHHOTO TOKa OT HOHHOI MOJIBIDKHOCTH N-METWIMMU 123012 (CIIEKTPBI TTOTydalli 4epes
Kaxayro | ¢ mocne Hauana u3MepeHuii); (0) I3MeHeHHe CIeKTpa HOHHOM MOIBIYKHOCTH N-METIIMMHU1a3001a;

(1) MmoHOMEpHBII HOH, (2) TUMEPHBIH HOH.

Fig. 5. Ion mobility spectrum of N-methylimidazole in water solution and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.
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Puc. 6. CriekTp HOHHOH HOABIKHOCTH MMHa30J1a B BOIHOM PAacTBOPE M N3MEHEHHE HHTCHCHBHOCTH CUTHAJIOB OT BPEMEHH:
(a) 3aBHCHMOCTH MOHHOTO TOKa OT MOHHOH TOJBIKHOCTH MMHU/Ia30J1a (CIIEKTPhI TTOyYalIi yepes Kaxayo | ¢
TIOCITe Hadajia m3MepeHuii); (0) n3MeHeHHe CeKTpa HOHHOW ITOABIKHOCTH MIMHTa3071a:
(1) MoHOMEpHBII HOH, (2) AUMEPHBIH HOH.
Fig. 6. Ion mobility spectrum of imidazole in water solution and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of imidazole (spectra were taken every 1 s
after the start of measurement); (b) ion mobility change in the spectrum of imidazole:
(1) monomer ion and (2) dimer ion.
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Puc. 7. CriekTp MOHHOH MOABMKHOCTH N-MeTHIUME 130712 Maccoi 0.3 T ¥ 3aBUCUMOCTh MHTEHCUBHOCTH CUTHAJIOB
OT BpeMeHHU: (a) 3aBUCUMOCTh HOHHOTO TOKa OT HOHHOH MOJIBUKHOCTH N-METHIMMH/Ia3051a (CTIEKTPBI TOTydain 4epe3
Kaxayio 1 ¢ nocie Hauana u3Mepenuii); (b) ©3MeHeHne CrieKTpa HOHHOM MOJIBIYKHOCTH N-METHIIMMHU/1a30J1a:

(1) moHOMEpHBI HOH, (2) AUMEPHBIH HOH.

Fig. 7. lon mobility spectrum of N-methylimidazole with a mass of 0.3 pg and time dependence of the signal intensity:
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole:

(1) monomer ion and (2) dimer ion.

MHTEHCUBHOCTH CHUTHAJIa ¢ MOHHOHN IOABMYKHOCTBIO
2.1 n1o 800 EMP3 u moinHoe MCYE€3HOBEHUE CHUTHAJIA
C MEHbIIEH HMOHHOW HOJIBH)KHOCTBIO, OTHECEHHOIO
K CHTHaNy AuMepHoro woHa (puc. 7). Xapakrep uo-
HOTPAaMMBbI UJICHTHYCH CIICKTPY, MPUBEACHHOMY JUIs
npoObl Maccoii 0.3 HI.

[IpumMedarenbHO, U4TO Mpeen OOHAPYKESHUS HMUIA-
3oma cocrasigeT 0.3 Hr. OTanune MOXKET OOBICHATHCS
0oJiee BHICOKOH JIETYy4YEeCThIO N-METHIIMMU1a30J1a.

3AK/IIOYEHHUE

YCTaHOBIEHO, UTO JBa CHTHajla B CHEKTPax HOH-
HOU MOABMKHOCTU N-METUIUMUAA30J1a COOTBETCTBYIOT
HAJIMYUK0 MOHOMEPHOW W JUMEpPHOW (OPMBI HOHOB.
BI)ISIBJ'IeHO, 4qTO II0 Mepe l'[pOXO)KIIeHI/IH MOHAMHU aHa-
nuTa npeidoBoil KaMepbl He MPOUCXOAMT Iepepacipe-
JCJIICHUEC HHTeHCHBHOCTeﬁ IINKOB, OAHAKO OJIA CHCKTpa
WOHHOMW TOABM)XHOCTU pacTBopa N-MeTUIMMHIa301a B
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BOJIE XapaKTEpPHO yBEINYEHHUE KOHLIEHTPALIUU MOHOMEpa
3a CUeT pacmaja JUMEepHBIX HOHOB. CpaBHEHHE CO CIEeK-
TpamMM UMHJa30J1a II0Ka3aJI0, YTO 3HaYE€HUS HOHHOM 1oj1-
BHKHOCTH MOHOMEPHBIX HOHOB BO3HHMKAIOT B JJOCTATOU-
HO y3KoM MHTepBajie. CUrHaJl HOHA, IPOTOHUPOBAHHOTO
10 MMUPUTUHOBOMY aTOMY a30Ta, COOTBETCTBYET HOHHOM
nmoaBmwkHOCTH 2.1 + 0.7% cm?/(B-c) 1 MOXET CIIyXXHUTh
XapaKTepHbIM CUTHAJIOM JJISi UIEHTH(PUKALUN THPUIHU-
HOBOI'O aroMma a3oTa B MoJsiekyje. OQHaKO CyLECTBYIOT
pa3nuuus B CTaOMJIBHOCTH TUMEPHBIX (OPM HOHOB U
npeenax JeTeKTUpOBaHUs coennHeHuil. MoH numepa
crabusbHee uid uMuAa3ona. OnpeaeneH npeaen AeTeK-
THpoBaHus N-MeTHIMMUIa301a, paBabii 0.3 mr.

Bxnao aemopoe

d.A. Anexcanopoea — pa3paboTka METOIOJOTHH,
MIPOBEICHHE HKCIEPUMEHTAIBHBIX UCCIIEI0BAaHUH, aHAIIU3 JIU-
TepaTypHBIX HCTOYHHUKOB, HAIIMCAHNE U PEIAKTUPOBAHUE TEK-
CTa CTaTbu;

T.B. Menameo — pa3paboTka METONOIOTHH, IPOBEIE-
HHUE SKCIEPUMCHTAILHBIX HCCIICI0BaHUH, 00paboTka 3KcIe-
PUMEHTAIBHBIX JAaHHBIX, HAITMCAHHE U PEJaKTUPOBAHNE TEK-
CTa CTaTbu;

E.Il. BabepkuHa — pa3paboTKa KOHIEIIMN HAYYHON
paboThI, pa3paboTKa METOOJIOTHH, HATIMCAHHE U PEIAKTHPO-
BaHHE TEKCTa CTATHH;

A.A. PeHUH — KOHCYJIBTAIMA TI0 BOIPOCAM METO0I0-
TMH U NPOBEJCHHS HCCIIEIOBAHUS, PACUET SHTAIBIUN PEaKIH;

E.C. OcuHoea — aHaiu3 JIUTePaTyPHBIX UCTOUHUKOB,
pa3paboTkKa METOIOIOTHH;

A.E. KoeaneHKO — KOHCYIbTalMs 110 BOIIPOCAaM Me-
TOMOJIOTUH U TIPOBEACHUS UCCIIET0BAHMS;

P.B. AxywuH — KOHCYJABTALKS 110 BOIPOCAM METOJI0-
JIOTUH U TIPOBEICHUSI UCCIIEA0BAHMS;
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TerioBoe Pa3spymicHue NMoJUMEPHDbIX BOJIOKOH
B TCOPHUH BpeMeHHOﬁ 3aBUCHMOCTH IIPOIYHOCTH
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AHHOMAQyus

Ienu. Mamemamuuecku ONuUCAmMb 83AUMHOE SAUSHUE MUKPO- U MAKPOCMAdUll npoyecca pas-
PYUWEHUS. NOSTUMEPHBLX MAMEPUATO8, ONpedeslumb e20 0CHO8Hble napamempsl U npedenbHble
xapaKmepucmurKu, YCmaHo8UMb C8513b MEeXO0Y MONEKYAAPHbIMU KOHCMAHMAMU, xapaKmepu-
3YIOWUMU CMPYKMYPY MAMepuaia ¢ 00HOU CMOpPoHbL U MAKPOCKONUUECKUMU XApaKmepucmu-
Kamu npourHocmu ¢ opyeoii. Paspabomames meopemuueckue npedcmaeieHuss mepMoKuHemuKu
npouecca mensiogoeo PAspyuleHuUst NOJUMEPHBbIX 80JIOKOH C NO3UYUL KUHemuuecKoil mepmo-
PAYKMYAUUOHHOT KOHUENYUU, NO380AsLIOUElN NPOHO3UPO8AMb MEePMUUECKYI0 00/1208€UHOCMb
00pasya npu e2o Menio8om HazpyrIeHuu.

MemoouL. FHcnonwvzoeaHa cmpykmypHO-KUHEMUUECKAsk MepMOPAYKMYAUUOHHASL meopust OJist
ONUCAHUSL SNNEMEHMAPHO20 AKMA NPOUECCA PaspyuleHUs. U 8bl800a 0000UeHHOU POPMYTbL CKO-
pocmu pocma mpeuwiuHbl U MAmemMamuyeckas meopust mpeusut 0ast ONUCAHUSL MEePMOHANPSL-
JKEHHO020 COCMOSIHUSL MAMEPUAA 8 OKPECmHOCMU 8HYMpeHHell KpYyz2080ll mpeuwiuHbl NPU mexa-
HUUECKOM U MEenio8oM HAZPYIKeHUSLX 06pasua.

Pesynomameul. [Ipusooumest meopemuueckass popMmyaa NOAHOU usomepmol 001208€UHOCMU &
uHmep8aie MexaHuueckKux HanpsiokeHuil om 6e30nacHo2o 00 Kpumuueckozo, a makxKe meope-
muuecKoe coOomHouwleHue O/t 8PeMEeHHOU 3A8UCUMOCTU NPOUHOCMU NOJUMEPHBLIX 80JI0KOH NPU
YUCMO MEeNnI08OM HAZPYIEHUU 8 NOJIHOM UHMEep8ale Menyosblx Hazpys3oK om 6e30nacHoti 00
Kpumuueckoll U Ha cmadul AMepMuU1ecKo20 pocma mpewuHsl. YKasaHbl 0CHO8HblE hapamempbl
u npedesibHble XapaKmepucmuku 001208eUHOCMU NPU MEeNJI08OM HALPYIKEHUU.
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Buleoowt. [IpedcmassieHa 0606ueHHAsE CMPYKMYPHO-KUHEMUUECKasl meopust paspyuleHus no-
JUMEPHBLX 80JIOKOH NPU UUCMO Mensiogom go3deticmauu Ha obpasusl ¢ mpewuroli. Pazsumas
meopust 06 beduHsiem mpu camoCmosimesibHblX n00X00a: CMpPYKMYypHO-KUHemuueckuil (mepmo-
PAYKMYaAyUOHHASL Meopust), mMmexaHuueckuil u mepmoouHamuueckuil. IlonyueHHole meopemuue-
CKUe COOMHOWEeHUSs. npedcmagasom npakmuueckuil uHmepec ot paspabomru cnocobos soxa-
AU3AYUU, UHMEHCUPUKAYUU U YNPABNEHUSL KUHeMUKOU pocma mpeuiuHasLl.

Knroueevle cnoea: nosumepHvle 800KHA, BPEMEHHAS 3A8UCUMOCMb NPOUHOCMU, MEN08ble
Hazpy3KU, 001208€UHOCMb NPU MENTO8OM PA3PYULEHUU
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Abstract

Objectives. This study mathematically describes the mutual influence of micro- and macrostages
of the process of destruction of polymer materials and determines its main parameters and
limiting characteristics. In addition, a relationship is established between molecular constants
characterizing the structure of a material and those characterizing its macroscopic characteristics
of strength. Finally, theoretical representations of the thermokinetics of the process of thermal
destruction of polymer fibers from the standpoint of the kinetic thermofluctuation concept are
developed, which makes it possible to predict the thermal durability of a sample under thermal
loading.

Methods. The structural-kinetic thermofluctuation theory was used to describe the initial stages
of the fracture process and to derive a generalized formula for the rate of crack growth. The
mathematical theory of cracks is used to describe the thermally stressed state of a material in
the vicinity of an internal circular crack under mechanical and thermal loadings of the sample.
Results. A theoretical formula for the full isotherm of durability in the range of mechanical
stresses from safe to critical, as well as a theoretical relationship for the time dependence of the
strength of polymer fibers under purely thermal loading in the full range of heat loads from safe to
critical and at the stage of nonthermal crack growth, is given. The main parameters and limiting
characteristics of durability under thermal loading are also indicated.

Conclusions. A generalized structural-kinetic theory of the fracture of polymer fibers under
purely thermal action on cracked specimens is presented. The developed theory combines
three independent approaches: structural-kinetic (thermofluctuation theory), mechanical, and
thermodynamic. The obtained theoretical relations are of practical interest for the development of
methods for localization, intensification, and control of the crack growth kinetics.
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BBEJEHHE

OnHolt U3 GyHIaMEHTAIBHBIX XapaKTEPHCTHK I10-
JMMEPHBIX MaTEPHAJIOB SBILSIETCS MX MPOYHOCTH. Jlaxe
B ClIydasiX, KOIJla HEMOCPEACTBEHHO HCIIOJIB3YIOTCS
JpyTHE CBOICTBA MOIMMEPOB (ONTHIECKUE, dICKTPHUC-
CKHU€, TEIUIOBBIC, MATHUTHBIC), MaTepHall JOIKEH obna-
J1aTh HEKOTOPOM MUHUMAJIbHOM NMPOYHOCTHIO. B CBsI3U €
3TUM, TEOPETHUUYECKHE METOABI OLEHOK NMPOYHOCTH MO-
JTUMEpOB 03 ITUTEITBHBIX JTaOOpaTOPHBIX HCIIBITAaHUN
npuoOpeTaoT BakHOE 3HadeHHe. JlaHHas mpobieMa
SIBJSIETCSI OMHON W3 aKTyaJbHBIX B (DU3MKE W MEXaHH-
K€ MPOYHOCTH MOTUMEPOB KaK B MPAKTHYECKOM, TaK U
B HaydHOM IutaHe. Ee perreHme ocioxHseTcs: HeoOXo-
JUMOCTBIO ydeTa BJIUSHMSA HA MPOYHOCTH IOJUMEPOB
Pa3IMYHBIX AKCIUTyaTallMOHHBIX (AKTOPOB, OCOOCHHO
IIPU UX COBMECTHOM JICHCTBUH. Ba)KHBIM 3TarioM B 3TOM
HAIPaBJICHUH SBISICTCS MOCTPOCHUE COOTBETCTBYIONTHX
MoJienieil 0000IIeHHOTO XapaKTepa, MO3BOJSIONINX OIHU-
caTh TOBEACHHE MATCPHATOB B IIHPOKOM THAIa3oHe
BHENIHUX Bo3aercTBUil. OOIas MeTOA0NOTHs TTOCTPO-
SHHS TaKMX MOJEJICH eIle maieka OT 3aBepIICHHs. DTO
YTBEPKACHUE OTHOCHUTCS B EPBYIO OUEPE/lb K MOACTSIM,
OTIMCHIBAIONIIIIMH TIPOIIECCHI TETUIOBOTO Pa3pyIICHHS Ma-
TEpHAaJIOB, BBI3BAHHBIX B3aUMOACHCTBUEM HHTEHCUBHBIX
TEIUIOBBIX TOTOKOB C TBEPABIMH TENaMH. YKa3aHHOE
HAlpaBJICHUE MCCIEAOBAHUI COCTABISIET COAEPIkKAHUE
poOJIEeMBI TEPMHICCKON IMTPOYHOCTH, aKTYaIbHOCTh KO-
TOPOI BEIpOCTAa OCOOCHHO B MOCIETHUE JICCITUICTHUS B
CBSI3U C CO3aHMEM MOITHBIX H3JTyJaTelIe SHEPTHU U X
UCIIONIb30BAaHUEM B TEXHOJOTMYECKHX omeparusx. Ho-
BBIC TEXHOJOTUYECKHE MTPUEMBI B PA3IMIHBIX OTPACIIIX
MIPOMBIIINICHHOCTH OCHOBAaHBI HA HHTEHCUBHOM Harpese
MaTepraioB TIA3MEHHBIMH MTOTOKAMH, JIA3CPHBIME HITH
3NEKTPOHHBIMHU JTy4aMH.

HakorieHo OrpoMHOE KOJNHYECTBO ITyOJIMKAITHA,
OTUCBHIBAIONINX 3TH MPOLECCHl B SIEPHON SHEPTeTUKE,
B aBHa- U PaKETOCTPOCHUH, B KOCMHICCKON TEXHUKE, B
TypOuHOCTpOeHUH U Apyrux [ 1-6]. UHTeHCUBHOE pa3BH-
THE yKa3aHHBIX 00JacTe, a TaKKe MUKPOIICKTPOHUKA
U NIEKTPOTEXHUKU MTOTPEOOBAIN CO3/IaHUSI KOHCTPYKIIU-
OHHBIX, B YaCTHOCTH, HOJMMEpHBIX MaTephalioB, OT-
JIMYAIOIIUXCS TEPMOCTOMKOCTBIO U TEPMOIPOYHOCTHIO
[7-11]. Borpocsr TepMoOpa3pyIIeHHs] MATEPHAIIOB CTaIH
0COOEHHO aKTYaJIbHBIMH B CBSI3H C NPAKTUYECKUMHU 3a-
MpocamMy COBPEMEHHON TeXHUKH [ 12—-14].

MHorue acmekTbl 3TOH MpoOJeMbl pa3paboTaHbI
TEOPETHUYECKU U dKcnepuMeHTansHo [15-17]. Bmecte ¢
TEM, BOIPOCH TEPMOKHMHETHKHU TIPOIecca pa3pylICHUs
MaTepHaoB, B YACTHOCTH NOJMMEPHBIX BOJOKOH, MPH
YICTO TETJIOBOM HATPY)KCHHHU €IIe HEIOCTATOYHO pPa3-
paboTaHbl B TEOPUH TEIUIOBOTO Pa3pyIIEHUs C MO3ULIUU
KHHETUYECKOW TEeOpur B paMKax BPEMEHHOW 3aBHCH-
MocTu npoyHocTH [18]. JaHHas craThs MOCBALIEHA MO~
CTPOCHUIO yKa3aHHOH TCOPHH IS TTOJTUMEPHBIX BOJIO-
KOH M TPOJIOJDKAET MCCienoBaHus, Hayareie B [19, 20].
[Ipennaraemasi Teopusi OOBETUHICT TPH CAMOCTOSTEIb-
HBIX TOJXOAA: CTPYKTYpHO-KHHETHYECKUH, MeXaHHue-
CKHMI U TEPMOJAMHAMHUYECKHUH B paMKaX MaTeMaTHIeCKO-
IO MOJICIIUPOBAHUS JUIA U3YUESHHUS TAKOTO POJIa CIOKHBIX
spreHnid. HamOospmuii WHTEpeC NPEeICTaBISIOT CIy-
yay YCTaHOBUBIIETOCS TEIUIOBOTO cocTtosiHus 1(x, y, z)
B TBEPHABIX TelaX C TPEHIMHOW. DKCIIEpUMEHTAIbHBIE
JaHHble B [21] yka3bIBaloOT, YTO NMPU YCTAHOBUBIIEMCS
TETJIOBOM ITOTOKE B TEJIE C TPEIIUHOI IMPOUCXOIUT 3HA-
YUTEIbHOE YBEJIMUYEHHE TEMIIepaTypHBIX HANpPSKEHUH,
BBI3BAHHOE JIOKAJIFHBIM BO3PACTAHUEM BEITMYUHEBI TEM-
MePaTypHOTO IPaJMeHTa B MaJlOl OKPECTHOCTU (IIYKTY-
AIIMOHHOTO 00BEMa TPEIIIHEL.

MoskHO Tonarark, 4To TEPMOYIPYTHE MOJIs PacIIy-
peHMS, KaK ¥ UX MEXaHUUCCKUE aHAJIOTH, YBEITHIUBAIOT
WHTEHCUBHOCTb HAIPSDKEHUH B BEPILIMHE TPELIUHBI,
3aCTaBIsAs €€ PACTU. OKCIICPUMEHTH TONTBEPIKIAIOT
9T0 mpeanonoxenue [22]. Ha momumepHslii oOpazen
B BHJIe MTa0MKa (KOHEYHOTO CIUIONIHOTO IMJIMHAPA) C
BHYTPEHHEW AMCKOOOpa3HOW OCEeCMMMETPUYHOH Tpe-
IIMHON BO3ACHCTBOBAIN TETJIOBBIM MTOTOKOM BIIOJb OCH
CUMMETpHUH 00pa3lia OPTOroHajIbHO TpeuuHe. [1o mepe
HarpeBa HaNPsDKEHHOE COCTOSTHUE 00pasiia M3MEHSIOCH!
yBEJIMYMBAJIACh KOHIIEHTPALUs HANpsSKEHUH B (Masoi)
KPYTOBOH OKPECTHOCTH TPEIIMHBI, U Yepe3 HEKOTOpOe
BpeMst oOpasen paspymaincs. Tak Kak BO BpeMs OIbITa
MEXaHHYecKasi Harpyska OcCTaBajlach HEH3MEHHOW, TO
(hakTOpOM, ONpeAeTAIOIIMM pa3pyllieHue, ObLIO Tep-
Moyrpyroe mojie. TakuMm 00pa3oM, yYKa3aHHBIA CITydait
MIPEJCTABISAET 0COOBI UHTEpEC Uil TEOPUU TEIJIOBOTO
pa3pyLIeHNs ¢ TTO3UINN KHHETHYECKOH TePMOQIyKTya-
LUOHHOW KOHIIETILMU: HEOOXOIUMO OIUCAaTh POCT Tpe-
[IAHBl Pa3pyLICHUS, BBIYHUCIUTH COOTBETCTBYIOIIYIO
JIOJITOBEYHOCTb, OCHOBHBIE TapaMeTphl U IPeaeib-
HBIC XapaKTepHUCTHKU ITIPOIecca TEIUIOBOTO paspy-
LIEHUs, 3aBUCIIIME OT BHUJA TEIUIOBOM HArpyskH,
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(hU3HKO-MEXaHUNYECKUX M TEIUIOPU3NICCKIX XapaKTe-
PHCTHK MarepHaja, a TaKKe ero CTPYKTYPBI, C IIEJIbI0
pa3paboTKu Ccroco00B JIOKATH3AIMH, HHTCHCU(PUKAIH
U CHOCOOOB YNpPaBJICHNS! KMHETUKOW pOCTa TPEIIMHBL.
OueBUAHO, YTO 3HAHUE, MPEAYIPEKICHUE U YIIpaBIIe-
HHE TaKOTO PO IIPOLIECCOM SIBIISIETCS aKTyaIbHOM 3a/1a-
4yel MaTepuajIoBEICHUS.

B ocHOBe COOTBETCTBYIOLIMX MOJEIBHBIX IIPEi-
CTaBJICHUH UCTIONB3YIOTCSI AKCIICPUMEHTABHBIC JAHHBIC
[18, 20] mosyueHHBIE Ha OCHOBE MPSIMBIX (PU3HUECKUX
METOJIOB O HAKOIUICHHH HAPYIICHWH B HATPY>KCHHBIX
oOpasiax: CHJIOBOM BO3MYLICHHH W pa3pbiBe CBs3ei
B MOJHMMEpax; M0 CyOMHKPOCKOIMHMYCCKUM TPEIIHHAM
U HX XapaKTepUCTHUKaM; (pakrorpaduueckuM Hccie-
JOBAaHMSM TIOBEPXHOCTH pa3phiBa; KHHETHKH pOCTa
MarucTpajJbHOW TPEIIMHBI NPU PACTsHKEHHH o0pasna
OIHOPOIHBIM HANPsDKCHHEM G = const; TeMIepaTyp-
HO-BPEMEHHON 3aBUCUMOCTH IPOYHOCTH JOJITOBEYHO-
CTH B TIOJIHOM WHTEpBaJe HANMPSUKCHUH G < 6 = 6, OT
©0€301acHOro 710 KPUTHYECKOTO.

OCHOBHBIE 1IOAXO0bI B UCCJIIEJOBAHUN
IMPOYHOCTMH TBEPABIX TEJI

K HacTosiimemMy BpeMeHH JUTsl NCCIIe0BaHMS TPOOIe-
MBI XPYIIKOTO pa3pyIIeHUs] TBEP/BIX TN (B YACTHOCTH,
MOJTMMEPHBIX MAaTePHAJIOB) HCIIONB3YIOTCS J[BA OCHOB-
HBIX MTO/IXOa: MEXaHUYECKUN U KuHeTndeckuil. [lepBoiii
MIOJIXO/I CBSI3aH C PAcyeTOM MPOYHOCTHU JIe(PEKTHBIX Tel
METOJIJaMU MEXaHWKHU paspyiieHusi. OH OCHOBBIBACTCS
Ha pa3HHIIE MEXAY TCOPETHUECKOM M peallbHON Beln-
YUHAMU TMPOYHOCTH, KOTOPAsl TPAKTYETCS B TePMHUHAX
Kiaccudeckor ynpyroit mojenu ['puddura [23]. Me-
XaHUYECKUHU TTOJIXO/I MCIIONB3YeT B KaueCTBE KPUTEPUS
pa3pylieHusl TOHSATHE TMPEAETBLHOTO COCTOSIHUS, TpH
JIOCTHPKEHUU KOTOPOTO HACTyMaeT paspyiieHue. Kune-
TUYECKUH TIOXO/ CBSI3aH C PAa3BUTHUEM KHHETHYECKOU
TepMO(]IYKTYaIllMOHHON KOHIENIUU, OCHOBAaHHOW Ha
npencrapineHusx Openkens [24] 0 TEMIOBOM JIBIKEHUU
B TBEP/BIX TellaX. B JaHHOM T0/1X0/Ie¢ OCHOBHOE BHUMa-
HUE oOpallaeTcss Ha aTOMHO-MOJICKYJISPHBIA MPOIEcC
pa3pylieHust, U pa3pbIB paCCMaTPUBACTCS KaK KOHEUHBIN
pe3yNbTaT MOCTETIEHHOTO Pa3BUTHSI U HAKOTUICHUS MU-
KpOpa3pylIeHUH WU KaK MPOIECC Pa3BUTUSI MUKPOTpE-
IIUHBI. B 3TOW KOHIENIIMU HOJITOBEYHOCTH TeJa IO
Harpy3Ko¥ MPUHUMAETCSI B Ka4eCTBE (PyHIaMEHTAITBHON
BEJIMYMHBI, OMPEACIISIONIEH MPOYHOCTh, M KJIAJETCI B
OCHOBY KMHETHYECKOH TepMOMIYKTyallHOHHON TEOpUHU
pa3pylieHus, HaXO/SIIEeH CBOE€ €CTECTBEHHOE BBIpayKe-
HUE B YPaBHEHUSIX BPEMEHHOW 3aBUCHMOCTH TIPOYHOCTH
1= (0, T) [19]. O6a noxxona JOKHBI OBITh BKIFOUCHBI
B TIOJTHOE OIIMCAHME TPOIECCa pa3pylICHUs MTOJIMMEPOB
JUTSI TIOCTPOCHHUST 000OIIEHHOW TEOPHH IPOYHOCTH, YIH-
THIBAIONIEH OCOOCHHOCTH CTPYKTYPHI MOJUMEPHBIX Ma-
TepuanoB. [lepBbie pe3yabTaTsl B 3TOM HaIpPaBICHUH W3-
noxeHsl B kHure [21] u 0030pe aBropa [20]. Hacymnas

HEOOXOMMOCTh B O0OOIIEHHBIX MMOIX0JaX K PEIICHUIO
poOIeMbl IPOYHOCTH TBEPHABIX TEJI B HACTOSIICE Bpe-
Ms CUHMTaeTCs o0Ienpu3HanHol. [1o MHEHUIO aBTOPOB
[18]: «/[lns nanpHeliero mporpecca B TEOPUU paspy-
IEeHHUS HEOOXOIMMO pa3BUBaTh Kak (pH3Mueckue uccie-
JOBaHMs, TaK ¥ (EHOMEHOJIOTUYCCKHE, MECXaHUICCKUE
Teopuu paspymenns. CBsi3b MEXIy 000MMH OAX0JaMU
B MEPBYIO OYEPEIb MOXKHO YCMOTpPETh B JMallbHEUIIICH
pa3paboTke KOHIENINH HAKOIUICHHS TOBPEKICHUN Ha
pa3HBIX YPOBHIX (OT MOJEKYISIPHOTO YPOBHS JIO pac-
MPOCTPAHEHUs] MaruCTPaIBbHBIX TpenuH). Heobxoaumo
COIOCTABIIAAITh MOJCIH Pa3pyIlICHHs C pe3yJabTaraMu
MPSMBIX SKCIIEPHMEHTOB, T7I€ HEMOCPEICTBEHHO 3ame-
PSIFOTCS TAPAMETPBI TIOBPEKICHHOCTIY .

TemnepaTypHo-BpeMeHHasi 3aBUCHMOCTDb IIPOYHOCTH

XapakTepHOH OCOOEHHOCTBIO JIOATOBEUHOCTH B
3aBUCUMOCTH 1gT (0, 7) TpH pa3muuHBIX TeMIepaTrypax
SIBIISIETCS. HAMYME JIMHEHHOTO y4acTKa, OMHUChIBAEMOTO
ypaBHeHueM XKypxosa [18]:

Tt exp 1) ()

e 1, U, y — MarepuaibHble KOHCTAHTBI, KOTOPBIE
MOYXHO CYUTATh MOCTOSIHHBIMU B HEKOTOPOM MHTEpBaJie
HaNpsHKEHUH M TeMIlepaTyp, COOTBETCTBYIOIIUX OTIpe-
JIeJIGHHOMY MexaHu3Mmy paspyiuenus [20, 25]. Ypasue-
Hue (1) uMeeT onpeieICHHbIC TPAHHIIBI TPUMEHUMOCTH.
Huxuelt rpaHuiiell ero IpuMEHUMOCTH sBJIsieTcs 0e30-
MacHOE HaNpsDKEHUE, BEpXHEH (MaKCHUMaNbHON) — KpHU-
THYECKOE G,. DKCIEPUMEHTBI MOATBEPAMIA CYLIECTBO-
BaHME 0E30IAaCHOTO M KPUTHYECKOTO HAMpsDKeHUH. Tak,
B 00JIACTH MaJbIX 3Ha4YE€HUH G, JUI XPYIIKOIO COCTOSIHU,
rae AeopMalMoHHbIE TIPOIECCHI B TIOJIMMEpax Cliado BbI-
pakeHbl, HAaOIMOaeTCsl OTKIIOHEeHHE 3aBucuMocTu 1gt (o, 7)
OT JIMHEWHOM, W TIPOMCXOANT PE3KNi TIOTbeM KPUBOW JI0II-
roBeyHoCcTH. KpHBas acMMITOTHYECKH NPUOIMKAETCS K
BEPTUKAIIH G = G

lim,,; lgt(c,T) =+, (2)

COOTBETCTBYIOIIEH OE30MacCHOMY HanpshkeHuto o,. [lpu
KBa3UXPYIIKOM pa3pylICHUH OTKJIOHEHHE OoJee IIaB-
HOE, YTO CBSI3aHO C PENIAKCALIMOHHBIMY CBOMCTBAMU TIO-
JMMEPOB, OTHAKO M B ATOM CIIydae MMEET MECTO YCIIOBHE
(2). Ilo MHeHUIO aBTOPOB [26], AJst TBEPIBIX TeIl CyIle-
CTBYET HEKOTOPEIH ITpee, HIKE KOTOPOTO B OTCYTCTBHUE
arpecCUBHBIX CPEA pa3pylIeHne He TPOUCXOAuT. B obna-
CTH OONIBLINX HAPSHKEHUH (G = G, ) TAKKE IKCIIEPUMEH-
TanbHO HAONIONAeTCs Mepexof K MpeNelbHOMY 3Hade-
HHIO T,, CBA3aHHBIH C CyIIECTBOBAHMEM MaKCHMaJIbHOM
CKOpOCTH pOCTa TPEelMHbl paspyuienus v,. Tak, Kepk-
rodom [27] mokKazaHO CTPEMIICHHE CKOPOCTH pas3py-
MICHUSI B 00JACTH OONBIINX HANPSIKEHUI K 3HAUCHUIO
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v, = const. ONBITI, NPOBEICHHBIC HA CTEKIIC M KaHH-
donm [28], mokazanm, 4TO v, HE 3aBUCUT OT TEMIIEPATYPBI U
MPaKTUYECKU OT HANPSDKEHMS, OCTaBasICh BEJIMUHHOM aTep-
mudeckoit. [Ipu mmpune oOpasia L = 3 MM 1 XapaKTepHOI
JUISl TIOIMMEPOB. BEJIMYMHE V, = 700-800 Mm/c 3HaueHUE T,
cocraBmsier 10°-10° c. CymectBoBaH#He y4acTKa KpH-
BOH Igt, = const npu ¢ > G, TEOPETHUECKHU TIPEICKA3AHO
B [29] 1 mO3ke SKCTIepUMEHTaIBHO OATBEPKaeHO B [30].
Ha rpaduke 1gt (o, T) 3TOT ciiy4aii COOTBETCTBYET 3aru0y
KpPUBOHI B CTOPOHY IOCTOSIHHBIX 3HAYE€HUH JI0ATOBEYHO-
CTH, YTO CBSI3aHO C TIEPEXOIOM K aTepMHYECKOMY MeXa-
HU3MY pa3pylieHusl. AHaJTU3UPys COCTOSTHHE BOMPOCa,
aBTop [20] NpUXOAMT K BBIBOJY: 3aBUCHUMOCTH 1gT (G, 7)
HMEET BUJ, IPEACTABICHHBIN Ha pUC. 1, IpUYeM B UHTEP-
BaJIe HAIPSDKEHHH (G, G, ), HE CITMIIIKOM ONM3KHUX K Oe30mac-
HOMY U KPHUTHYECKOMY, 3aBUCUMOCTH 1gT (0, 7) nuHelHa; B
OKPECTHOCTH G, ¥ G, POMCXOMIAT 3aruObl yKa3aHHO! KpH-
BOI COOTBETCTBEHHO K BEPTUKAIBHOM U TOPU30HTAIBHOMN
ACHMIITOTaM Ha OCHOBE BBIIIOJHEHHS IPEEITHHOTO COOT-
HoIIeHus (2), a TAKKE YCIOBHSL:

lim ) 1o, 7)=1,. 3)

G—>0C,

[IpencraBnennast Ha puc. 1 rpadudeckas 3aBu-
cuMocTh 1gT (0, T) B TOTHOM HHTEpBale HAPSIKCHUH
[6,, 6,] HOCUT Ha3BaHHME TOJHON HM30TEPMBI JIOJITO-
BeuHOCTH. Ha rpaduke BBIACISIOTCS YeTBIpe 00ma-
CTH TIPOSIBICHUS TEPMOIIYKTYaIIHOHHOTO MEXaHHU3Ma
paspyuienus: I (6 > o)) u IV (6 > 6,) — npenenbubie
obnmactu 6€30MaCHOT0 M aTePMHYECKOTO MEXaHU3Ma;
Il (6, < 6 <o6,) — 0061aCTh YUCTOTO TEPMOPIYKTYaIIU-
oHHOro Mmexanusma; III (c[b < 6 < 0,) — mepexoaHas
007acTh, IJIe HAYMHAET MPOSBISTHCS aTCPMHYCCKUI
MEXaHHU3M.

lgT, c

G

150

—13 p

Puc. 1. TemneparypHo-BpeMeHHas 3aBUCUMOCTh
IMPOYHOCTH B IMOJJHOM MHTCPBAJIC HaHpﬂ)I(eHI/Iﬁ.
Fig. 1. Temperature—time dependence of strength
in the full stress range.

Hpeonoruueckasi cxema MCCJIe10BaAHNSA

Perucrpanusi CyOMHUKPOCKOIIMYECKUX TPELIMH B
peaNbHBIX MOJIMMEPHBIX BOJIOKHAX IMO3BOJIMIIA yCTaHO-
BUTPH UX JUCKOOOPa3HYIO (POPMY, paCTIONOKEHHIE BHYTPH
o0beMa o0pasiia MepHeHANKYIAPHO OCH HAarpyKeHUs U
BechMa Malble pasMepsl mMukporpemuH (900-3000 A)
npu Juamerpe oopasna 2R’ B HECKOJIBKO MHUJUTUMETPOB.
Takoke ObITa yCTaHOBJICHA HE3aBUCUMOCTh KPUTHYECKOM
JUTMHBI TPEIMHBI R, OT MONEPEYHOTO CedeHus obpasia.
Taknm 00pa3zoM, I XapaKTEPUCTHKH TPEIIUHBI UMEET
MECTO BEChMa Ba’KHOE COOTHOILICHHE

A<R,<R(t)<R <R, 0<t<t, (4)

e R, — HavaabHBIA paguyC TPEIMHbl, R(f) — TeKyIee
3HauUEHUE pajauyca, T — BpeMs )KU3HU o0pasua, A — QIryk-
TYaIlMOHHOE MPOJIBIDKCHUE TPEIIMHBL. HemocpencTBen-
HO€ MCCIIEJIOBaHUE KMHETHUKH IpoLecca pa3pylIeHHs B
Ka)XJIOM KOHKPETHOM CJIy4dac Harpy>XCHHs MOJTMMEPHO-
ro obpasna (TermioBoe, MEXaHUYECKOe, IIEKTPHUUECKOe
U JIp.) IPOU3BOIUTCS HA OCHOBE aHAIIMTHIECKOH (hopMy-
JIbI CKOPOCTH POCTA TPELIMHBI KaK ()YHKIIUH €€ TEKYIIEero
paauyca R(f), OIS HANIPsDKEHWH G* B oOyacTu nedekra
V. (pmyxryaunonuslii 06bem), Temneparypsl I’ B Kpyro-
BOW OKPECTHOCTH TPEIINHBI H MOJICKYIISIPHBIX KOHCTAHT,
XapaKTePU3YOLINX CTPYKTYPY MOJIMMEpa, a TaKKe dJie-
MEHTApHBIN aKT pa3pbIBa HAIIPSHKCHHBIX CBSI3CH:

v=w(R,o",T.,V,,U,...), )

rne U — sHeprusi akTUBAIMK TIPOIIecca pa3phiBa CBS-
3eii Bo (piykryanmonHoMm oobeme. OcHOBHAs Npobiaema
IIPY 3TOM COCTOHWT B ITOJYYCHUH KOHKPETHOTO BRIpake-
HUS 1S yKa3aHHOU (HopmMynisl (5) ¢ y4eTOM OCHOBHBIX
(pM3NYIECKUX 3aKOHOMEPHOCTEH KWHETHKH Ipoliecca
paspylleHus, BBISBICHHBIX OJKCIEPUMEHTAJIbHO JJIsi
JAHHOTO CIydYas W MX BIUSHUS HA dJICMCHTAPHBIN aKT
paspyuienust B 00beme V. JlokanbHoe HanpspKeHUE B
(5) c*=0o(o, B, R...) — o1HA U3 BAXKHEHIIINX XapaKTepH-
CTHK NMPOYHOCTH. BennuuHa ¢° 3aBUCUT OT MPHUIIOKEH-
HOTO K 00pa3Iily BHEIIHEr0 HANPSIKCHUS G, TEKYIIETo
paauyca TpemuHbl R = R(f), reomeTpun oOpasua, KOH-
(urypanuu TpeniuHbl, ee pacroiioKeHUs B o0pasie 1
k03 pUIMeHTa KOHIEHTPALUKU HampsDKeHUs [3; Benu-
YHHA G* PACCUNUTHIBACTCS METONAMHU MEXaHUKH XPYTI-
KOro pa3pylIeHUs Ha OCHOBE PEIICHUs KpaeBbIX 3a7ad
MaTeMaTHYecKoi Teopun TpemuH. DakTHUecKH Ha
OCHOBE BBIpakeHHs (5) M3ydaeTcs B3aUMHOE BIIMS-
HUE MaKpO- U MHKPOCTaIu{ IMpolecca pa3pylicHus,
TaKk Kak C MOMOINbIO (5) ompenessitoTcsi OCHOBHBIE
mapaMeTphl U TpeeTbHbIC XapaKTePUCTHKH Mpoliecca
paspylIeHus, YCTaHABIUBACTCS CBA3b MEXIY MOJIEKY-
JSIPHBIMHU KOHCTAHTaMH, XapaKTePU3YIOIHUMH CTPYKTYPY
MarepuaoB, U MAaKPOCKOITUUECKUMH XapaKTePUCTUKaAMHU
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MIPOYHOCTH, U, HAKOHEII, Pa3BUBACTCS METOMKA pacye-
Ta JIOJTOBEYHOCTH 00pa3iia B TeX HMJIM UHBIX YCIOBHUSIX
ero ucreiTanuii. Takum oOpa3oM, B paMKaX yKa3aHHOMH
CXeMbI HUCCICOBAaHUN OOBEIUHSIIOTCS TPU IMOIXOJA!
CTPYKTYypPHO-KHHETHYCCKAN (TEPMOPIYKTYallHOHHAS
TEOpHsl U OMHCAHUSI, MPEKAC BCEro, EMEHTAPHOTO
aKTa IpoIecca pa3pyIIeHHs, YTO CBSI3aHO C BBIBOJIOM
KOHKPETHOTO BbIpakeHus) (5); MeXaHUUeCKUl (METOIbI
MEXaHUKH XPYIKOTO pa3pyIICHHs IS OMHCAHHS JIO-
KaJIbHOTO HAMPSDKCHUS B BEPIIMHE TPEIIUHBI B YCIOBHU-
SIX OTPENICIIEHHOTO PEXMMa HarpyKeHUs 00pasia); Tep-
MOJAMHAMUYCCKHH (JIs1 pacueTa BETUUUHBI O€30II1aCHOTO
HaIpPSHKEHNS ).

Honroeeunocts obpasua t =1(c, 7) (7— Temnepary-
pa MCIBITaHMS, B OOIIEM CITydae OTINYHAS OT TeMIepa-
Typbl T, B BEpIIMHE TPEIMHBI) CKIIA/IBIBAETCS U3 BPEMEH
mporiecca pas3pbiBa Ha mepBod ((IyKTyallmoOHHO#) cra-
mun T,(6, T) Ipu pocTe TPEIHHEL CO CKOPOCTEIO (5) OT
HaYaJIbHOTO pajnyca R 0 KPUTHYCCKOTO R, W BTOPOA
(aTepMMYECKOii) T, € MPENENbHON CKOPOCTBIO pacrpo-

CTpaHeHus pa3pyluenus B TBepaom teje v, =0.38E/p
(dbopmyna Pobeprca-Yamica), rne £ — monyib FOHra,
p — IJIOTHOCTh MaTepuaa:

Ry

r—r¢+rk—j dr +R_Rk-

V(0" T,.) Vi

(6)

KO39PUIIMEHTBI MTHTEHCUBHOCTHU
HATNIPSIKEHUM B OKPECTHOCTH
KPYTI'OBOM TPEIIUHBI

OcHOBOIIONAraONUM B Pa3BUTHH JAHHOW TEOPHH
pa3pylICHUs SIBISICTCS PacueT BEIMYHHBI JIOKAIBHO-
ro HanpspkeHus: 6°. Ha ocHoBaHuu (4) oOpaser B BHJIE
BOJIOKHA HHTEPIPETUPYETCS KaK YIPYroe IpPOCTpaH-
CTBO (X, y, z) C BHYTPCHHEH KPYroBOH OCECHMMETPHY-
HOU TperuHOi 0 < r < R(r* = x> + )*) B IIIOCKOCTH
z = 0. YuuTsiBasi, 94TO pa3pylieHNE XPYNKUX MOIUME-
POB JIOKaJIM30BAHO B MAJIOH OKPECTHOCTH TPEIIUHBI
B 00beMme (V), Wi MareMaTH4eCcKol TEOPUH TPEIIMH
MPE/ICTABISICT WHTEPEC M3YyYCHHE ACHMITOTUYECKOTO
pacnpeiencHus HanpspDKeHUH BONM3KM (pOHTA TPElIH-
HBI B OJIHOPOJHOM, YIPYT'OM, U30TPOITHOM KOHTHHYYME.
3amaua 3aKIHOYacTCS B HAXOKIACHUU KOA((HUIIMECHTOB
UHTCHCHBHOCTH Hanpspkenuit K™ wmexaHudeckoil u
K™ TerioBoi Harpy30K B aCHMITTOTHYSCKOM IPEICTaB-
JICHUU OCEBOTO (Pa3phIBAIOIIETO CBSI3M) HAINPSDKCHUS
6..(r,0)=K(o,R)/2(r — R),r > R 13 OCHOBHBIX ypaBHe-
HUN TepMoMexaHuku. CiemyeT 3aMeTuTh, YTO Mpeiia-
raeMblil HIDKE MOAXOJ HAXOXKICHHS aCHMIITOTHYCCKOTO
peILICHUS 3a7a49d MPEACTABISAET CAMOCTOATEILHBIN WH-
Tepec Ik MATeMaTHICCKOM TEOPUH TPEIIHH.

B munmuaIprndeckoit cucteme KoopawHAT (7, ¢, )
B YCJIOBUSIX CHMMETPHH OTHOCHUTEIBHO OCH Z, a TaKKe

CHMMETPHH OTHOCHUTEIBHO TIIOCKOCTH z = 0, chopMynu-
pOBaHHAs 3a/lauya CBOJUTCS K PELICHUIO TEPMOYIIPYroi
0CECUMMETPUYHOH 3a1a9¥ AJIsI TIOJTYTIPOCTPaHCTBA Z > 0,
cocTosIei n3 ypaBHeHui paBHOBecHs (7), a TaKXke reo-
MeTrpudeckuX (8) u pusmueckux (9) ypaBHEHUN:

0c, 0o, G, =0,

o rz =O
or 0z r , z>0,r>0 (7)
06 0o o
1z + ZZ +i:0
or 0z r
oU U ow
& :—’ :—’ = —_—
oo Y r T Bz ®)
1 oU oW
SI‘Z _(_ )
2 0z or
v 1+v )
c,=2G|¢g, + e— a. T
1-2v) (1-2v)
v 1+v
o =2Glg, + e— oI
90 ® o 1-2v)  (1-2v) ' T 9)
_=2G|e_+ v e— 4y o
1-2v) (1-2v)
GVZ = 2G8}’Z

3nech 0,= G[j(lf, z), g, = sl.j(r, Z) — KOMITOHEHTHI, COOT-
BETCTBEHHO, TEH30pa HATPSDKEHHS U TeH30pa aedopma-
uuu (i, j=r, ¢, z), U= U(r, z), W= W(r, z) KOMIOHEHTbI
BEKTOpa IIepPEMEIICHHS, COOTBETCTBEHHO, B PAANATEHOM
U oceBoM HampaBneHusx, 7 = T(r, z) — TeMueparypHas
¢byskms, v — koapdunuent Ilyaccona, G — Momyib
CIBMTa, 0. — KO3(Q(QUIHMEHT JIMHEHHOTO TEIIOBOTO pac-
MUpeHus, e — o0beMHas nedopmarms:

ou U ow
e(r Z)—E'FT‘FE (10)

I'pannynbie ycnoBusA 71 NOCTABICHHOW 3a1a4u
UMEIOT BU:

0="0, (11)

zzZ

,=0,7>0, (12)

rz

=0, >R, (13)

|0, (1, 2). W (r,2),U(r, 2),8,(r, 2)| < o0, 720, 22 0.(14)

ToHKHE XUMUIECKHUE TEXHOAOTHH =
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Bxomsmas B (5) TemneparypHast (pyHKINS SIBISIETCS
pelIeHreM TEeTUIOBOH 3a/1auH:

2 2
8_§+18T+8__0 z>0,r>0, (15)
ot ror o7

_— —L 0<r<R (16)
82 z=0 )\,T qT’ - >

=0, >R, (17)

_=0,r>0, 18

. © (18)

rae A, — TEIIONPOBOJHOCTh MATEPUANIA, ¢, — BEJUYH-
Ha TEIUIOBOTO TIOTOKA, IMOCTYTIAIOMIEro B o0paser depe3
eAMHUIYY TUIOIAAX 3a eAuHUIly BpemeHu. B (15)—(18)
IUTSL yA0OCTBA pEeIIeHHs, YTO HE CKa3hIBACTCS Ha KOHEU-
HOM pe3yIbTaTe, TEIIoBas 331a4a 3aucaHa OTHOCUTEIEHO
npusenenHol pynxum 1(r, z) = 1(r, 2)* + (q, / Az, T1e
T*(r, z) — TemnepaTypHas (yHKIHsI, COOTBETCTBYIOIIIAS FC-
XOTHOMY JKCIICPUMEHTY, KOITa TEIIOBOW MOTOK ITOCTYIIa-
er B oOpaser| uepes ero toper (07" 0z) | I A
MPEAIoaraeTcsi, 9To uepe3 Oepera TPeImuHbI TeIUIOBOH
notok He uner (97" /oz|._,=0, 0<r < R), U IEPEHOCOM
TeIIa U3Iy4YCHUEM Yepe3 TPEIIMHY MOXKHO MpeHeOpedb,
9TO CIPaBEIIMBO IS HE CIIMIIIKOM BBICOKHX TEMIIEPATyp.

[Moxo6Has 3aa4a mpy HAJTMYUHU TOJIBKO MEXaHUYe-
CKHX Harpy3ok m3ydanach CHEIIOHOM, a TIPH HAJININU
TOJIBKO TEMIIEpaTyphl MOBEPXHOCTH TpeinuHbl — Llleii-
JoM. boponaueB paccMoTpen B MCXOJHOM MOCTaHOBKE
oba ciry4ast, 0000IIUB MPU ITOM YACTHBIC 3aBUCHUMOCTHU
I'ynbepa u dnopenca, a Takxke CHeona u JlopeHrpyoa
[20, 31, 32]. Huxe naetrcs nHOW NMOAXOJ K PELICHHIO 3a-
Jladu — OoJiee paliMOHAIBHBINA C TOYKH 3PSHHUS OOIHOCTH
MOJTY4aeMbIX Pe3yJIbTaToB.

BBenem TepMoymnpyruil moTeHnman nepeMenieHuin
®O(7, z) cootHowmeHUsIMH [33]

)

o p (e(r,z) =AD(r,z)). (19)

Ecmm noacrasuts (9) B (7) n nanee (8) B momyueH-
HOE COOTHOUICHHE, TO paBeHCTBa (7)—(9) MOXKHO 3aru-
carTh B IIEPEMEIICHHUSX

ALyt e 2V, O,

r 1— 2V 8r 1—2V 67’ (20)
aw L e 2xv), oL _,

1-2voz  1-2v oz

[MoncraBue cootHomenue (19) B (20) u nmponHTe-
TPUPOBaB NIEPBOE U3 HUX IO 7, BTOPOE T10 Z, HAXOIUM:

AD(r,z) = (ljﬂm, 2). 21)
-V

Ecnu mHaiiieHo Kakoe-nMOO 4YacTHOE pelIeHHe
ypasHenus (21), To nepopmannu u HaANMPSIKEHUSI MOTYT
OBITH BBEIYMCIICHBI HA OCHOBE 3TOTO PEIICHHUS CIIEAYIO-
UM 00pa3om:

100 - 0’0 - 0’0

€nr =—53€ 382 ——53 € = ; 22
ot o oz’ Oroz (22
_ 2P
or’ r or
(23)
— 2
6 =2G il (D—ACD csrz—ZGa ®
oz’ oroz
B npoctpancTse nzo0pakeHnid XaHKes:
D(E,2) = [ 1, (E)D(r, 2)dr,
0
T(8,2) = [ 1, (ENT (r,2)dr (24)
0

obmue peuienust ypaBHeHuii (15) u (21) umeror coor-
BETCTBEHHO BHI:

T(& z) = T(5,0)exp(=E2), (25)
6(%,2):
oz (+v) = 3
2Gé 6-(5,0) % (l_v)aTT@,O)}exp( &). (26)

Bxomsmue B (26) Hen3BeCTHBIC (PYHKITUH OT & HAX0-
JsTcst U3 rpaHudHbIx yenoswuid (11) u (13) u U3 cootHo-

wenuii (19) mus W(E,z)=dT(&,2z)/ dz. D10 NpUBOAMT K
JlyaqbHOMY MHTErPaIbHOMY YPABHEHHIO:

[£7(©)Jy(&)de=h(r), 0<r<R,
i (27)

[ 7@, Ede=0,r>R

7€ BBEIEHBI 0003HAYEHHUS:
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7(©)= %VEZ (£.0)+ (1 +v)a, T(E,0)
1-v @8)
h(r)= —TG +(1+v)a,T(r), 0<r<R

snecw T)(r) = T(r, 0). ABTOp HACTOSIIEH CTaThH paHee
pa3zpaboTan OOIIMPHEIE TAOIHIIBI TyaIbHBIX HHTETPallb-
HBIX YPaBHEHUH U IapHBIX CyMMAaTOpPHBIX psAnoB [34].
Haxoanm no Tabnuuam penieHue AyaabHOro MHTErpaib-
HOTO ypaBHEHUS (27):

7)== j sinnedn| jn(ﬂ 9)
y

OTKyza ¥ 13 (28) HaX0AUM B IPOCTPAHCTBE OPUTHHAIIOB!

gzz(r,O):
_ 2G T ndn

_n(l—v)o(rz 2) 32

th(y)dy (IELIV)OL)T T(r,0). (30)

CootHourenue (30) oTHOCHTCS K cllydaro, Korna
Ha Oeperax TpeUmIUWHBI 3aJaeTcs OO TeMmIeparypa
(Torma mpu r > R Benuuuna 07 /0z|,_,=0), 1ubo Te-
MIJIOBOM TIOTOK.

[To Mpeuny [18] acuMmnToTHKa HANPsDKEHUS G- B
OKPECTHOCTH KPYTOBOM TPELIUHBI UMEET BUL!

__K(s,R)

= , >R
max 2(r—R)

|:Ezz (r, 0)] , (31)

e K(o, R) — Koo QUIMEHT HHTCHCUBHOCTH HaIpsiKe-
HHH, T.e. MapameTp, OTpaXKaroIHi epepacrpeaeneHne
HAaIPSDKEHUH B TeJe BCIIEACTBUE HATMYHS TPEIIMHbL:

K(o,R)y=lim, 2= R)[ 0=(r,0) ] (32)

B (30) paccmoTpuM TOCHENOBATENBHO Cly4au
TOJBKO MEXaHHYECKOTO HATPYKCHUS TP ITOCTOSTHHOU
temneparype ucnbitanus (7,(r) = 0) 1 TONBKO TEMIOBO-
TO HArpy>XCHUS B OTCYTCTBHE MEXaHHYCCKHUX HArpy3o0K.
13 (32) B mepeom ciyuae umeem: K™ =(2/m)oVR, aus
cooTHoIIeHus (31) MakCHMaJIbHOE pacTATHBAIOIICE Ha-
HpPSOKEHUE B OKPECTHOCTH KPYTOBOH TPELIMHBI, JOCTHU-
raeMoe B IIOCKOCTH TPEIIHHBL:

- ™ 2R
[czf )(r,O)] ::rﬁ' (33)

IIpsmbie ombiTel MeTogoM UK-cnekTpockonuu mo
M3MEPEHUI0 HANpsHKEHUH Ha OTAENBHBIX XUMHUYECKHX

CBSI3SIX JUISI TBEPJABIX MOJMMEpOB mokaszanu [18], uro
o Mepe MpHOIMKEHUs K (POHTY TPEHIMHBI HA MaKCH-
MaJIbHO HAMPSDKCHHBIX CBSI3SIX HATPy3Ka YBEIMUHNBACTCS
BILJIOTh JI0 HEKOTOPOTO 3HAYEHUS, MOCIE Yero OCTaeT-
Csl TIOCTOSTHHOW W TIPEBOCXOJNT CpEIAHEE HampsKEHUE
Ha CBA3AX B 00beMe oOpasiia Ha HECKOJIBKO TOPSIKOB.
Takue cBS3M CHIBHO JIe(hOPMHUPYIOTCS W Pa3phIBAIOTCS
B TIepBYI0 ouepenb. VX pa3pbiB 00yCIIOBIIEH Hampsike-
HUEM, TPUXOMISAIIAMCS Ha CBS3b, OTCTOSIIYIO OT BEp-
IIMHBI TPEUIMHBI HA PACCTOSHUU €€ (MIyKTYallHOHHOTO
MpoABIKeHHUS. TakuM 00pa3oM, HCKOMOE JIOKaJIbHOE
HanpsHKEHHUE B OKPECTHOCTH KPYTOBOU TPEIIMHBI MOKHO
3aIUCcaTh BHIPAKEHUEM Gy = (\/5 / n)c\/m , @ B OKOH-
yarenpHO# popme:

Sy = OP(R)VR/ R, (34)

rae R = R(f) — mepeMeHHBIN paiyC pacTyIieH TPEIHHHI,
2R — nuameTp HavaIbHOM (MCXOHOM B 00pasie) Kpyro-
BOW MHUKpOTpeIHEI, B(R ) — K03 uIMenT KoHIEeHTpa-
LUK HAPsDKEHUs JUIsl BHYTPEHHEN KPyTrOoBOM TPELIMHBI,
OIpeseNsieMbli Kak:

B(R,)=0.5\R,/\. (35)

B skcnepumeHTax 1o nonsydecTs (¢ = const) moka-
3aHo [ 18], uTo KO3 PUIHEHT [ 32 BpeMs )KU3HU 00pasia
MPAaKTUYCCKHU HC U3MCHSCTCA U ONPCACIIACTCA JIMIIb Ha-
YaJIbHBIMU pazMepaMu Jedekra B oopasie. U3 (35) Ha-
XOAUM OLCHKY AuaMeTpa HavabHOU MUKPOTPECUIUHBI B
MOJIMMEPHBIX BOJIOKHAX:

R, = 4AB*. (36)

Cornacuo [18] nanmsi OpHEHTHPOBAHHBIX BOJOKOH
(TTOMATHIICH, TOJUITPONIMIICH, TOJUKAIPOaMUI) BEJHU-
uypHa L =4 A, B =47, otkyna u u3 (36) paauyc Hadamb-
HOM MukpoTpenunel Ry = (10-107) M, 4To HOATBEPK-
JICHO AKCIIEPUMECHTATBHO.

Haiinem nanee yiokanbHOE HaNpsKEHUE MIPU TOb-
KO TETUTOBOM HarpykeHuu B pexume (15)—(18), mis gero
HeoOxoxnMmo HaiTu Benuuuny (7, 0). B mpoctpancTse
m3o00pakenuit Xankens (24) pemenue ypasaenus (15) ¢
rpaHudHbIMH yenoBusiME (16)—(18) cBomuTCs K ayaiib-
HOMY UHTETPabHOMY YPaBHEHUIO:

Two (T (E,0)de = (A, /gq;), 0<r <R
. (37)
[&7,&)T(E,0)d =0, r > R
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OoTKyJga 1o Tabmunam B [34] HaxomauM H300pakeHHe
R

ET(E,0)=—(2g, /nxT)J'nsin nédn, a BMecCTe C 3TUM UCKO-
0

MBI OPUTUHAIIL:

T(r,0)=—(2q, / i)\ R* =), 0<r<R. (38)

N3 (30) cnenyer:

[Eﬁ? r, O)LX - A{ HR)

d
\/r2 _R? IH L n:| >R, (39)

R -y 2E0.q;
Hm)= f—dy, A=——m101 (40)
yn' -y T (1-v)A;
U3 (32), (39)—(40) naxomum K = (4 / 2)R>? u Bme-

CT€ C 3TUM HCKOMOE JIOKAJIbHOE HAIPSUKCHUE B OKPECT-
HOCTH KPYTOBOIl TPEIIMHBI IPH TEIUIOBOM HArpy:KCHUU
oOpasia B paMKax TerioBoi 3amadu (15)—(18):

O =0:B(R)(R/ R0)3/2, 41)

op =2 S“T"TER : B(R,) = 0.5, “2)

[Tonyuennoe coorHomenue misi 6. B (42) mpen-
CTaBIIsACT COOOH MPUHIMIHAIBHBINA Pe3yabTaT Ul TEo-
pUM TEIUIOBOTO PaspyLICHHUs TIOJTUMEPHBIX BOJIOKOH: G
€CTb MEXAHUYECKUIl aHaJor TEIUIOBOIO HArPYXKEHUs U
CBSI3BIBACT MEXKTY COOOH TemIo(pu3NUECKue, ynpyrue u
CTPYKTYPHBIE XapPaKTEpPUCTUKHU MOJUMEPOB, YTO M03BO-
JISIET MPOCIEIUTD BIMSIHUE KaXKA0T0 (haKTopa Ha TEIUIo-
BYI0 PEAKLHUIO MONMMEPHOrO MaTepHana ¢ HadallbHOU
(ucxomHOM) KpYroBOH MHMKpOTpemunHOH. B kauecTse
Temneparypel 1), BXOAAIEH B (5), MPUMEM CPEIHIOK
HMHTETPAIbHYIO0 TEMIIEpaTypy B Koiblle R < 7 < R + A
npH (QIyKTyallMOHHOM YBEIMYEHHH pajiiyca KpyroBOi
TPEILIMHBI Ha A. DTO JaeT CJIEAYIONIYIO OLEHKY Ul Be-
JAYAHLL T

T - 2q.MB(R,) . (43)
A‘T

3nech Takxke, Kak U B (42), MpOCIIeKUBAETCS CBI3b
MaKpo- ¥ MHKPOTIAPAMETPOB M X BIMSHHE HA TETLIO-
BOE COCTOSIHHE ITOJIMMEPHOT0 MaTrepuaja B OKPECTHOCTH
KpyTOBOW TPEIINHEI.

Takum 00pa3om, Bce BEIMYUHBI, BXoAsAmuMe B (5)
(6) BBIYMCIICHBI, YTO Jae€T BO3MOKHOCTH OITMCATh Tep-
MOKHHETHKY POCTa KPYTrOBOM TPEHIMHBI B MOJTUMEPHBIX

BOJIOKHAX W BBIYMCIUTH COOTBETCTBYIOIIYIO TOJTOBEU-
HOCTb, KaK MPU MEXaHUYEeCKOM Harpy>KeHUH, TaK U B yC-
JIOBUSIX ICHCTBUS TEILUIOBBIX HATPY30K.

Juis 3aBepieHHs pelIeHus TePMOYIpYroi 3aaaqyu
(7)—(18) HEOOXOMUMO BEPHYTHCS K TPAHUIHOMY YCIIO-
Bu10 (12). Tak kak HaNpsHKeHUs G, (7, z), ONPEIETECHHBIE
B (23) ¢ OMOIIBIO TEPMOYIIPYTOr0O MOTCHIIHANA, MOTYT
HE YJIOBJIETBOPATH YCI0BUIO (12), To Ha mosyuyeHHOE pe-
IICHHE CIEAYET HAJIOKUTH €Il TaKoe pelIeHNe ypaBHe-
Huit (20) mpu 7 = 0, utoOs! ycnosue (12) ynoBnerBopsi-
7ock. s aToTro MEmonb3yeM (YHKIHIO TTEpEeMEIICHIUS
JlsBa L(r, z) cnenyromum ob6paszom [1]:

] 2 —
S___ L L=
(1-2v) oroz
oL | =
= Uay| 2O AL G o= AL, (L =0L/ o) (44)
= 2G 0 2L 3\
Op = — v _
(1 - 2V) aZ a]/'z
° 260 [ 1 aLj
Goo | vAL-=—Z=
(1-2v) oz r or
= 26 0o 1L T (45)
zz N (2 _ )AL -—
(1-2v) oz oz
= 2
rz 2G i ( V)AL _ 6 f
(1-2v) or P)

[pu sTom, dynkuus L(r, z) yaOBIETBOpsAET OUrap-
MOHHUYECKOMY YPaBHECHHUIO:

A’L(r,z)=0, r>0, z>0. (46)

Ecmm dynknus L(r, z) onpepeneHa, To MOITHBIC Ha-
TPSOKCHUS PABHBL:

c,(r,z)=0;(r,z)+o(r,z), (i, j=7,¢,2). 47
IepemernieHnst Ipu 3TOM BCETAa OMHO3HAYHBI. BhI-

arciauM G (7, 0) UCIIONB3ysl IPUBEICHHBIE BBILIE COOT-
HOILICHHMSA:

Grz(r 0)= J‘{

e

205 o @(n)sinnédn}Jl(ré)di, 48)

yh(y)dy

() = I
U (49)

h(r)=- (1= G )G+(1+v)a T(r,0).
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Ecim norpeboBath

y=—0(r,0), 20, (50)

Grz(l",Z)

0-(r,2)|_,=0, r>0, (51)

TO Bce rpanuuHbie yciosus (11)—(14) OyayT ynoBneTBo-
PATHCSL.

B npocrtpancTBe nzobpakeHuil XaHkenst orpaHu-
YEHHOE pPeIlIeHNe ypaBHeHH (44) UMeeT BUL:

L(&,2) = AE)+ B(&)z |exp(-&2). (52)

st onipenienieHust KOHCTAHT B (52) W3 TpaHUYHBIX
yenoBuit (50)—(51) 3anumem, nucnomn3ys (45) u (52):

grz(r Z)=
"1 )f U 5){ ﬁm—v)&zf@,z)}da; (53)
:—z(r z)=
d’ L(§ z) dL(E,2)
(1 2 )J.‘t}]o( §)|:(1 V) -2-v) o :|d§ (54)

Coornomenus (51), (52), (54) natot:

ag=-1"2%

B(©). (55)
CootHomienus (49), (50), (52), (53) npuBozsT K pe-
3yJbTaTy:

(12)

BE)=——"25 i

Icp(n) sinnédn, (56)

YeM MPHUHIUIUAAIGHO 3aBEPINACTCS HAXOXKICHHE HCKO-
Moro pemenus 3aaaqu (7)—(18).

OCHOBHBIE ITAPAMETPbBI, IPEJEJBHBIE
XAPAKTEPUCTUKHU U JOJIT'OBEYHOCTD
IIPU TEIIJIOBOM HAI'PYKEHUUN

TepMoIyKTyalluOHHBIE TPOIECCH Pa3pyIICHUS
Ha aTOMHO-MOJICKYISIDHOM YpPOBHE OIHCBIBAIOTCS C
MIOMOIIBIO0 MOJENN cJab0 CBSI3aHHBIX T'aPMOHHYECKHX
OCLMJUISITOPOB, B KOTOPOM 3JIEMEHTApHBIN aKT pas3py-
LIEHUs] THTEPIPETUPYETCA KaK KJIaCCUUECKUN Mepexos
yepe3 MOTeHIMANIbHBIN Oapbep. I aToMHO-MOIEKy-
JApPHON MOJENH C YYETOM YacTOT pas3phlBa U BOCCTa-
HOBJICHHMS XUMHUYCCKUX CBs3CH B BEpIIUHE TPCUIMHbL
CpelHss CKOPOCTb POCTa TPEIUMHBI ONHUCHIBAETCS BbI-
paxenueM Buja [1]:

v(l,6",T,...) =20y, exp[ (57)

rae A — (KaK yKa3pIBaJoCh paHee) (IyKTyaIllHOHHOE TIPO-
JBIDKCHUE TPEIIUHBI P pa3pblBe OJHOM MM IPYIIIBI
CBSI3€H; V, — YacTOTa TEIUIOBBIX KOJNECOAHWH KHHETHYE-
CKHUX €IMHUI], yJaCTBYIOIINX B pa3pbIBe M BOCCTAHOBIIE-
Huu ceaseit (v, ~ 107" ¢™); k — nocrosnnas bonbumana;
U= U, — qT, — sHeprus aKTUBal{u Tpolecca paspy-
[ICHUS, JMHEHHO YMEHBIIAIOIIASCS C ITOBBIIICHHEM
Temreparypel, U, — SHEprUs aKTMBAllMK NpoLecca pas-
PBIBa, DKCTPAIIOIMPOBAHHAS K aOCOTIOTHOMY HYIIO, ¢ —
KOY(QUIIMEHT TeMIepaTypHOl 3aBUCUMOCTH JHEPTUH
aKTHBAIMH (VIS TTOJIMMEPHBIX (OPTaHMYECKUX) CTEKOI
q ~ (15-20) Lx/monsK, o, — TepMOGIyKTyalMOHHbINA
mopor paspymreHus (Oe30macHoe NepeHanpsDKEHHE B
BEpIIUHE TPEUINHbI). J{JIs1 HAaNpsHKEHUH G, HE CIUIIKOM
OMHM3KHX K 0€30ITaCHOMY U HE TPEBBIIIAIONINX KPHTHYIC-
CKHE G < G < G,, BEPOATHOCTb BOCCTAHOBJIEHHUS CBA3EH
B BEpIIMHE TPEIIMHBI IPEHEOPEIKIMO Masia Mo CpaBHE-
HHIO C BEPOSITHOCTBIO UX pa3pbIBa, U, €CIH NpeHeOpedb
MIPOIIECCOM PEKOMOHMHAIIMU CBSI3EH B OKPECTHOCTH BEp-
IIMHBI TPEIIUHBI, CKOPOCTh €€ pocTa MpuMeT 0ojee mpo-
CTOU BU:

U-Ve
1,6",T))=hv,exp| ————|.
W ) =MAv, P[ KT.(0,0) } (58)

B namewm cinyyae nmeem:

T (59)

B

U-V,o0
V(R,G(T),T )=Av,exp| — )

I7le BCE OCHOBHBIE BEJIMYMHBI paccUUTaHbl. Beraucisis
uHTerpai (6), noaydaeM UCKOMOE BhIpayK€HHE JUIsl A0JI-
TOBEYHOCTH T = T, + T, IIPU YHCTO TEMIOBOM HArpyxe-
HUU 00pasiia ¢ BHyTPEHHEHW KPYroBOW TPEIIIMHON B paM-

Kax TerioBoi Mojeiu (15)—(18):

— 2R, exp(—q/ k) exp U,—V.Bor "
3Av,00; kT,

B

+2.63R" \Jp/ EQ—4\3>/R") , (60)

rae o=V B/ kT . K 5TuM COOTHOIEHUAM CIIETYET TAKKE
JN00aBUTh PsiJi BAKHBIX MAPAMETPOB M MPEACITBbHBIX Xa-
PaKTEepHUCTHK MpoIecca pa3pylieHus. XapaKTepucTHKa
G, COOTBETCTBYET HANPSKEHHIO, TIPH KOTOPOM SKCIIEPH-
MEHTAJIbHO HAOIIONACTCS PE3KUIl MOJbEM KPUBOU M30-
TEPMbI JIOJITOBEYHOCTH B 00JACTh CKOJb YrOMHO OOJb-
WX 3HAUYEHWH BpeMeHU. B kuHeTmdeckon Teopun 31a
BEJINYMHA BBOIUTCS COOTHOIICHHEM:
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0, =0,/ (BA,,), 61)

e o, — CBOOOJHAs MOBEPXHOCTHAS SHEPTHS MaTepua-
J1a (B BaKyyme), A — IIPEpa3pbIBHOE yUIMHEHHE CBA3H.
Bennuune (61) npunaercsi cMbicn 6€30TIaCHOTO HArpsi-
kerusd. CrenyeT HOAYEPKHYTb, YTO BOIPOC O CyIle-
CTBOBaHWHU OE30TIACHOTO HATPSIKCHUS Ha MPOTSHKCHUU
MHOTHX JECSTHUICTHI SBIUICS AUCKYCCHOHHBIM U JTHIIH
HEJ/IaBHO aBTOPOM HACTOSIIICH CTaThbU ITPH HCCIICJOBAaHUT
UCTUHHOTO CMBICIA DHEPreTHYeCKOro kpurepus [pud-
¢uTa I XPyNKAX TOIUMEPOB OBLTO OKa3aHo [35], uTo
BEJIMYUHA G coBnanaeT ¢ I'pudpurosbim (6e30macHbM)
MIOPOTOM pa3pyIICHHUs JIISl TUCKOOOOPA3HOH TPEIUHBI:

(62)

O =W. (63)

OCHOBHBIM BHEUTHAM (DaKTOPOM, BEI3BIBAIOIIIM
POCT TPEILIMHBI CO CKOPOCThIO (59), sABNsIeTCs TeraoBas
Harpy3ka MOLIHOCTBIO ¢ — OJIHA U3 COCTABIISIONINX Ha-
npsokenus (42). Coornoutenus (61) u (62) (mpu 7= T)
ONpPENENAIOT HHTEPBAJ HANIPSUKEHUH G, OT GE30MacHOrO
of 10 KPUTHUECKOTO O , 4TO O3BOISIET BBISBHTH COOT-
BETCTBYIOIIHME 3HAYCHHS BHEIITHETO TEIJIOBOTO HArpyKe-
HUs OT Oe3omacHoro (64) 10 KpuTH4eckoro (65):

40 = 303m

Orp

(1 - V)(IHOB R(;3/2 : (64)
(1+Vv)E

g = 120=9A VAU, =gT)
w_

R3? . 65
W V. ) (65)

Takum 00pa3oM, IPUBECHHBIA UHTEPBAJ BHEIIIHE-
ro TemnoBoro Harpyxkenus (¢\,q\) u onpenenser Bpe-
MEHHYI0 3aBUCUMOCTH TipodHocTy (60). s 3HaueHui
q: 2 q¥ (o, 26%) Bpemennas 3aBucuMocth (60) BHITION-
HATBCS TIEPECTacT, TPEIIMHA PACTeT ¢ MaKCHMAIbHOMH
ckopocThio V,. Tlociennee o3HadaeT, YTO 3aBUCHMOCTb
(Igt, o) wm (Igt, g,) Ha 5TOM yd4acTKe M300paKaeTcs
NPAMOM, MapajlieIbHOW OCH HANpPSKEHMH G, WIM OCH
TEIUIOBOM HArPY3KH ¢

Ha puc. 2 npuBeneHa KpuBasi J0JITOBEYHOCTH JIJIs
o0pas1a B BHIe MOHOBOJOKHA U3 OPTaHUIECKOTO CTEK-
JIa, PACCUUTAHHAS 10 MOTYUSHHBIM COOTHOIICHHSIM:

0, = 39107 Hi/m’; o, = 8-10° rpan™; A, = 0.197 Br/(m°K);
v, =107 ¢ A =12:107* mim; g5 = 210 Br/mm?;

gy = 1700 Br/mm?; R, = 107 m; U, = 133 kJIx/mMon;
B=29;q=28.2Ix/(monb-K); V =1.4-107% m;
R*=107 m; v, =800 m/c; E=3.93-10° H/w?; p=1.2-10° kr/m’;
o, = 21 Mlla; 6, = 168 MIla.

IgT, C
W 0
14n 1%t
|
10_\| : K
L\ :0T
l K
6F | 1dt
. i
|
2rol3 68 11.3 i15.9 qp» BT/M?2
— 1 L1 1 1 1 1 1
g 20 60 \ 100 : 140 o, MIMA
—&r |
F 9T N\ i
_6_

Puc. 2. KpuBas moiaroBeqHocTH AJist 0Opasia
B BHJIC MOHOBOJIOKHA M3 OPTAaHHMYECKOTO CTEKIIA.
Fig. 2. Life curve for the plexiglass
monofilament sample.

[TonmyyeHHass kpuBas JaeT HAIVISIHOE IPEICTaB-
JICHUE O BO3MOXXHOCTH IPOTHO3UPOBAHUS BPEMEHHOU
3aBUCHMOCTH «TEPMHUYECKOI» JOITOBEYHOCTH 00pasiia
IIPU €ro TEIUIOBOM HArpy)KeHUH B paMKaX MPHUBEICHHOMN
BBILIE TEIJIOBOW Mozenu. PacueTHble COOTHONIEHUS 3a-
Bucumoctu (60) comepkar KOMIUIEKC (DU3UKO-MEXaHU-
YECKUX, TEIIO(QU3MUECKUX, CTPYKTYPHBIX XapaKTepH-
CTUK Marepualia ¢ TPEHIMHOW, YTO MO3BOJIIET OLECHUTH
BJIMSIHHE KQ)KJI0TO U3 HUX Ha TEPMOKHHETHKY pOCTa Tpe-
IIMHBI ¥ BOBMOYKHOE YITPaBJIeHHUE TPOLIECCOM TEIIIOBOTO
paspylieHus. AHAJTOTHYHBIM 00pa3oM MOKHO PaccMo-
TPEeTh U JpyTUe CiIydau TETIOBOTO HArpy>KEeHHs TOJH-
MEpPHOTO 00paslia ¢ BHYTPEHHEH KPYyroBOH TPEUTMHOM,
a Takke U Oonee oOmIMe, KOrna OIXHOBPEMEHHO HMEET
MECTO COTPSHKCHUE TEPMUYCCKHX TOJICH C TIOJISIMHU pas-
TUYHON (PU3MUECKOW MPUPOABI, B TOM YUCIIE C YYETOM
peTaKcalMOHHBIX TIPOIIECCOB Ha YPOBHE AJICMEHTAPHBIX
aKTOB PacIpOCTPaHEHUs TEIJIOTH [36].

3AK/IIOYEHHUE

CoBpeMeHHbIE KOHCTPYKIIMOHHBIC U (DYHKITOHAIb-
HBIC MMOJIMMEPHBIC MaTEPHAIIbI, MPEACTABIISIONINE COO0H
COBOKYITHOCTh MHKPO- HIIM HaHOCTPYKTYp, 00JaIaroT
YHUKaJTbHBIMA MEXaHUYECKUMHU U TEIIO(PU3NICCKUMHU
CBOMCTBaMH, TIO3BOJISSIOIIMMHU UX HCIIOJIB30BATh B KOH-
CTPYKIHMSIX, TIOABEPKEHHBIM Pa3HOOOPA3HBIM BHEITHUM
BO3JIeHCTBUSAM. BaskKHBIM 3TarioM B CO3aHUM U UCIIONb-
30BaHUM YKa3aHHBIX MaTEpHUajiOB SBJISAETCS pas3pa-
0OTKa COOTBETCTBYIONIMX MaTEMaTHYECKUX MOeNei
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JUTSL OTIMICAHWSI WX TOBENCHHS B IIMPOKOM JIHAIla30HE
U3MCHEHHS BHEIIHUX OKCIUTyaTallHOHHBIX (HaKTOpOB.
B mepByio ouepenp, 3TO OTHOCHUTCS K MOJIEISM, OIIH-
CBIBAIOIUM TEPMOKHHETUKY MpoIecca pa3pylICHUs
MOJIMMEPHBIX MaTePHaoB (B YaCTHOCTH, ITOJMMEPHBIX
BOJIOKOH), BBI3BAHHOTO B3aMMOJICHCTBHEM HHTCHCHUB-
HBIX TCIUIOBBIX TTOTOKOB C TBEPIBIMH TEIAMHU: HarpeB
MaTepUAIIOB TIA3MEHHBIMU MTOTOKAMH, JIA3CPHBIME HITH
AIIEKTPOHHBIMH JTyYaMH.

MaremMaTH4ecKl OMMCAHO B3aMMHOE BIMSHHE MU-
KpO- ¥ MaKpOCTaJWH TIpoIiecca pa3pyIieHus MoIuMep-
HBIX MaTepPHajoB, OIpPEACICHbI €r0 OCHOBHBIC Mapa-
METPBl M TpeNeNbHBIE XapaKTePUCTHKH, YCTaHOBJICHA
CBSI3b MEIKIY MOJICKYJIIPHBIMH KOHCTAHTaMH, XapakTe-
PU3BYIOIINMHE CTPYKTYypYy Marepuaia ¢ OXHONH CTOPOHBI U
MaKpPOCKOIUYECKUMH XapaKTEePUCTUKAMU MPOYHOCTH C
npyroii. [Ipeacrasiena 0000IICHHAS CTPYKTYPHO-KHHE-
THYECKasi TEOPUS Pa3pPyLICHUS TOJUMEPHBIX BOJOKOH
IPH YHCTO TETUIOBOM BO3JECHCTBHH Ha 00pas3Ilbl C Tpe-
mUHOM. Pa3paboTaHHbIe TEOpeTHUECKHUE TPEICTaBIe-
HUSI TEPMOKHMHETHKH IPOIIecca TEIUIOBOTO pa3pyIie-
HUSL TOJIMMEPHBIX BOJIOKOH C MO3HIIMIA KHHETUYECKOM
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