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MpenctaBneHe cniBCTaBNeHHs pe3ynbTaTiB po3paxyHKiB napamMeTpiB MiHIMHOI perpecii Ha OCHOBI Teopii
HeYiTKOCTi Ta IHWMX CTaTUCTUYHUX nigxodiB. 3anponoHOBAHO anropuTM MPOCTOr0 3BAXEHOro MeTondy
HalMeHLWMX KBagparTiB, WO He CMUPaeTbCsl Ha anpiopHy iHopMaLilo Woao po3nodiny noxubok BUMIpIOBaHb.
PoGoTy anroputMy nepeBipeHO Ha MoAErnbHUX [OaHuX, WOro agekBaTHICTb MiATBEPOKEHO HA OCHOBI
3aCTOCYBaHHS LUMPOKOBXUBaHUX KPUTEPIiiB. ANropuTM peanisoBaHU Sk OKpeMa KOMM'ioTepHa nporpama Ha
moBi Python. Po3po6neHo Ta BepndikoBaHO METOA, pO3paxyHKy po3kuay HEYIiTKOI 3anexHoi 3MiHHOI HaBKkono i
MEAiaHHOro 3HaYeHHs Ta 3HaXOMKEHHS BEepXHbOI Ta HWXHbOI MEX HEYiTKOrOo PerpeciiHoro pPiBHAHHS.
[loBefeHo, Lo 3anponoHOBaHI METOAN MOXYTb BUCTYNaTu anbTepHaTMBOI HaMBIAOMILLMM MeTogam nobynosu
NiHIMHOT perpecii, ki NOCTYMIOTb HOPManbHUIA PO3MOAIN NOXMOOK.

Knroyoei cnoea: peepeciliHuli aHani3, memod HaliMeHWwux keadpamis, Memo0d HalMeHwux Modysiie, meopis
Heyimkocmi.

Bcryn

Ha cygacHomy eTtarmi po3BUTKY aHANITUYHOIL XiMii B OJI0LIi METOIB aHaNi3y BCe OLIBIIOrO 3HAYCHHS
HaOyBarOTh 1HCTPYMEHTalbHI METOAW, a B 3arajJbHOTEOPETHYHOMY ONomi — 3acobm 3abe3redeHHs
SIKOCT1 BUMIPIOBaHb XIMIYHOTO CKJIaay. [HCTpyMEHTaIbHI METOIN HATAIOTh aHATIITHKY BEJIUKI YHCIIOBI
MAacHBH, SKi HEOOXimHO 30epiraTy, MOPiBHIOBATH 3 HAasBHUMH B 0a3ax JaHWX aHAJOraMu, 00poOIsTH,
CIIMPAIOYUCh Ha METOAM iH(popMaTHKM Ta Teopii aHamizy JaHuX. 3a0e3neueHHs SIKOCTI BUMIPIOBaHb
BHCYBa€ Ha aBaHCIIEHY aHATITHYHOI XiMii METPOJIOTIYHY MPOOJIEMaTHKY, y 3B'SI3Ky 3 9UM OCOOIHUBO
aKTyaJbHHUMH CTalOTh MPOOJIEMH PO3IIMPEHHS OOCATY, MiJBUIICHHS TOYHOCTI Ta JIOCTOBIPHOCTI iH-
¢dopmalii, 0 BUIYYAETHCS 3 Pe3yNbTaTiB BUMipioBaHb. O4YEBHIHO, 10 NPU PO3B’A3aHHI IBOTO 3aB-
JAHHS TaKOK HE O0IHTHCS 6€3 IHTEHCHBHOTO 3aCTOCYBaHHS KOMII'TOTEPHO-OPIEHTOBAHUX MAaTEMAaTHU-
HUX MeTomiB. He Oyme BenmwkuM IepeOUTBIIEHHSAM CKa3aTH, 1Mo Hampukidii XX — modatky XXI
CTOJIITTS JIGATMOTUBOM 3aCTOCYBaHHS Pi3HUX aHAIITUYHUX METO/IB CTaJIO MEPETBOPEHHSI MacHBiB pe-
3yJIbTaTiB BUMIPIOBAaHb y AHAJNITHYHI BUCHOBKH 13 3aCTOCYBaHHSIM TeOpii aHami3y AaHHX Ta iHGOp-
MaIlifHAX TEXHOJOTIH. B yMOBax, KoM 00'€KTH XIMIYHOTO aHAI3y AY>KE BiIAPI3HIIOTHCS, a TEOPETHY-
Hi OCHOBM BHKOPHUCTOBYBAHHMX METOMIB YacTO HaJeXaTh Pi3HUM HAYKOBUM JIUCITUILTIHAM, BIIPOBa-
JDKEHI B aHAITHYHY XiMito iH(OopMamiliHi TEXHOMIOTIi Ta METOAN Teopii aHaNi3y AaHUX 3aJUIIAIOTHCS,
TIOPSIZT 3 TEOpi€r0 MPoOOBIMOOPY Ta MPOOOITIATOTOBKH, Y HE €AUHUMHU CIEMEHTAMH, SIKi 00’ €THYIOTh
PO3pi3HEHI PO3AUIA aHATITHIHOI XiMil.

3aBOaHHs OLIHIOBAHHS MapaMeTpiB JIHIHHUX perpeciii 3aluIIaeTbcs OTHIEI0 3 HAHBAKIMBILIMX
npo0JeM cydacHOl CTaTUCTHUKU Ta XeMoiHdopMaTuku (xemometpii). Lle moB's3aHO 3 THM, 110 BHXiIHI
JaHi, Ki OTPUMYIOTBCS B XIMIYHOMY €KCIIEPUMEHTI, 9aCTO MalOTh 3HAYHUI PO3KH, BUMIPIOBAHHS BE-
JUYUH NPEAUKTOPIB 1 3aJIeKHOT 3MIHHOI HE PIBHOTOYHI, 3yCTpi4alOThCsI BUKUAM (TIPOMaxu) a TaKoX,
JIOBOJIi 4acTo, BIICYTHI TEOPETUYHI MipKyBaHHs 00 BUAY (QDYHKUIOHATIBHOI 3a1e:KHOCTL. Oco0nmuBy
po0JIeMy CTAaHOBUThH TAKOX MOCIIIKEHHS BHOIPOK 3 HEAOCTATHBOIO KIJBKICTIO CIIOCTEPE)KEHb, a Ta-
KO CHTYaIlil, KOJIM BaKKO 3pOOMTH BUCHOBKH IIPO 3aKOH PO3MOIiTY MoxuOok. Bee 11e Beae 10 HeoO-
X1THOCTI PO3TIISITY HU3KU aJIbTePHATHUBHUX T AX0JIIB A0 OOY/IOBH PiBHSHB PErpeciii.

[IpencraBieHa cTaTTs € CKJIAJ0BOI YaCTHHOK ITUKITY POOIT, B IKUX OMHUCAHI Pi3HI MiXOIU 10 T0-
OymoBH (TOMI)THIMHUX perpeciiHux mozener, 3o0kpema moxaened QSAR (Quantitative Structure-
Activity Relationship), [1-5].

© ITanTeneitmonor A.B., Anoxin /[.O., Isanos B.B., 2022
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Criz 3a3Ha4UTH, IO CEPE]l BEIUKOI KIILKOCTI MiIXO0/IiB, OCTAHHIM YacoM, y 3B'SI3KY 3 aKTHBI3aIli€l0
poOiT B 007aCTi MAIITMHHOTO HAaBYaHHS, 30KpeMa METO/[iB HA OCHOBI HEHPOHHHUX MEpeXK, 3HaUHA yBara
MPUIUIIETHCSA MMiAX0maM, sKi 3aCHOBaHI Ha Teopii «HediTkocTi» (fuzzy logic, fuzzy set) [6,7]. Ha
BIIMIHY BiJl TPAIUIIIHHUX TEOPETHKO-WMOBIPHICHUX MIIXOIIB, B «HEUITKHX» TEOPIAX PO3TIATAETHCS
TaKk 3BaHa Teopis MoxiauBocTed [8]. Ilpm 1pbOMy MeBHUI PO3KHI BHUXIIHUX JAHUX BBAKAETHCS
3aKIaJICHIM B caMiif OCHOBI pO3paxyHKOBOi CXeMH. Y psimi poOiT peanizoBaHO 0araTo THITOBHX
CTaTUCTUYHHX 3a/1a4 OIIHIOBAaHHS Ta MUCKPHUMIiHAIN] HAa OCHOBI TeOpii HEUITKUX JaHWX. 3HAYHY yBary
OpUALIEHO 1 perpeciiHUM MozensM. B mpeacraBieHiii poOOTI PO3IsSAacTbes albTepHATHBHHUMA
BapiaHT MOOYJOBM 3BaKEHOI HEYITKOi 3ajavi JHIHHOI perpecii, mo opieHTOBaHa Ha poOacTHe
OIIIHIOBaHHS JaHUX.

JliniiHI perpeciitHi mogeni

CrioyaTKy po3riIsTHEMO CHUCTEMY JIIHIHHUX PiBHSIHD BUTIISTY

y=PBytBx, tpx, o+ Bx, ()

ne By, B, B, ... — perpeciiini koedilieHTH, AKi MiAIArar0Th OLIHIOBAHHIO. Y MaTpudHOMY (GOPMYJIIO-
BaHHI 3a1a4a (1) Mae BUTIIAA;

Y = XB (2)

Je X — MaTpuIsl 3HaueHb apryMEHTIB — X;, ¥ — BEKTOP-CTOBIYMK BiATYKiB €KCHIEPUMEHTAIBLHOI CUCTE-
MU 3 MATPUYHUMH €JIEMEHTaMH V;, @ § —BEKTOP-CTOBITYMK OLIHIOBAHUX ITapaMeTpiB:

1 X, x, Xim Vi B,
1 X5 X5 x’/n Y, ﬁ

X=\ o) =l BT )
1 x;‘\‘] x.\'l e 'xA\'m yN ﬂm

N — o0csr ekcriepuMmenTanbHoi BHOipku. OLiHKa mapaMeTpiB Takoi perpecii Mae BiioMy MaTpUYHY
¢dopmy Merony HaiiMeHmux kBaapatiB (Ordinary Least Squares, OLS):

Bows = (X+4X)_1X+Y 4)

JIe CHMBOJI «+» BIANOBigae ormeparlii TpaHCIIOHYBaHHS MAaTpHIli. TpaauiiiiHO HEpiBHOTOYHICTH
BUMIpIOBaHb KOMIICHCYETBhCS 3aCTOCYBAaHHSM 3Ba)KEHOTO MeTOXNy HaiMeHIInX kBazapatiB (Weighted
Least Squares, WLS) nuisaxom mpu3HadeHHs CTaTUCTUYHHUX Bar, 110 O3HAYa€ BHECEHHS JOJATKOBOI
ampiopHoi iHbopMaIii (HampUKIad, MPo 3aKOH PO3MOILTY MOXHOOK) B JOCIIKYBaHy CHUCTEMY. B 1160-
My BHIAIKy cuctema (2) Moau(ikyeTbCs B TaKUH CIIOCIO:

WY =WwXp (5)
ne W — kBagpaTHa AiaroHaJbHAa MaTPHLS:
w0
0O w, .. 0
W= (6)
0 0 .. w
Po3B’s130k piBHAHHS (5) Ma€ BUTIISLL:
Puns=(X WX)' X' WY ()

ANBTEpHATHBHUM ITIXO0M MOKE BHCTyHaTH MeTon HaiMmenmmx MoxyiiB (Least Absolute
Deviation, LAD) [9], sikuii € 3aBigomo podactHuM. OcHoBorO MeTony LAD € miniMizaris ¢yHKIT

«monynw» (U) 3a mapameTpamu perpecii
N

Uuz)(ﬂ) - ”Y - Xﬁ”, - Z|y,‘ -B, - IB1X1 Tl ﬂmxm ®)

i=1
Jlerko moka3zat, mo (8) MOXHA TPEACTABUTH K 3BAKCHUN 32 JIOTIOMOTOI0 (DYHKIIIT «MOAYIb» Me-
Tox WLS:
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UpwB) =Y -XB|, =Y - X" )WY -XB) 9)
[Ipu npomy BaroBuii pakTOp Ma€ HACTYIHE JiarOHAJIbHE MPEICTABICHH:
W =diag(1/|y,- B, - Bx,-.m Bx,|)i=1...N (10)

B pamkax merony BapiauiifHO-3Ba)KEHHX KBaJpaTHYHHUX HaOMwkeHb [9] 3amaua miniMizamii (8)
pPO3B’A3Y€ETHCSA ITEpaIliiiHO.

Teopist HEYITKUX MHOXKHH, 5K 1 BiIMOBiTHA apu(METHKA, B MIPOCTIIIOMY BHITAJIKY, IPYHTYETHCS HA
«TPUKYTHOMY» HEUiTKOMY MOJIaHHi UUCIa 7 y BUIJIS TPiHKHU Yncen Z= (Z,a,b). Tyt Z — mona abo
4iTKe 3HAYEHHS TPUKYTHOTO YMCIA, a — JTiBa, a b — IpaBa 'PaHMIl Yucia 7 .

a<Z<b (11)

Taki BenmunHM 1HOAI Ha3uBaOTh LR-unciom (JiBuM-nipaBuM gnciaoM). [Ipu 110My BBOAUTHCS Tak
3BaHa (YHKIIS HaJEKHOCTI, sIKa JO3BOJISIE IHTEPIPETYBaTH OyAb-sike AilicHe yucio (CKaxiMo X) 1o
BiJHOIIGHHIO /10 Yncia 7 :

X-a

,XelalZ]
-a
-b
X e[Zb] (12)
7=
0

, Z ¢ [ab]

M N

py(X)=

S

Hns (12) 3a3Bu4ail BUKOPUCTOBYETHCS JIIHTBICTUYHE TpakTyBaHHs. Hampukman, sKmio /12()0 ~1,

TO X — «™maibke Z». Skmo X 6au3pko 1o rpanuns X ~a abo X ~ b, 1o X «maibke He Z ». Y 1eHTpi
inteppany (manpuxnag X ~|Z +a|/2): X uu 10 Z, uu 10 He Z.

Sk npuknan, 300pazumo (Puc. 1) HediTke TPUKYTHE YHCIIO Z= (3,0,8).

1, ()

1.04

o ]
0.8
0.6

04+

0.2

0.0 T T 1

ol 2 4 8 8
X

Puc. 1. I'padix dyHkuii HaneRHOCTI U1 YnCIa 7= (3,0,8)
Fig. 1. Graph of the membership function for the Z = (3,0,8) number

ApubdmMerrka, 10 pearizye oreparii 3 HEYITKUMHA YUCIaMH, OIMCaHa B psAal poOiT (auB. HampwH-
xian [10]).

[ToGynoBa BiAMOBIAHUX PIBHSHB HEUITKOi perpecii Ha OCHOBI METOAy HalMEHIIMX KBaApaTiB
(Fuzzy Least Squares, FLS) Bmepme Oyio omucano B pamkax JiHiHHOro mporpamysanHs [11].
[Tizaime, B poboti [12], Oymo 3ampomoHoBaHO po3B'si30k FLS B TepMiHax KIACHIHOTO METOIY
HaWMEHIITUX KBaJPaTiB.

VY camili TOCTaHOBI 3aBAAHHS HEYITKOI perpecii MOkHa BUSIBUTH Kijbka BapiaHtiB (TaOm. 1).
3aranpHUN OTJIS] Pi3HUX ITIXOJIB HABEIEHO, Hanpukia:, B [13,14].
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Tabmumst 1. OcHOBHI MiIX0AM MO0 peatizallii HediTKol perpecii
Table 1. Basic approaches to implementing fuzzy regression

3anexHa Hezanexni Koeoimuientn
3MiHHa, Y 3MiHHI, X perpecii,

1 HEYITKa, HEYITKI, HEYITKI,

2  HeuiTKa, HEYITKI, YiTKi,

3  HeuiTKa, YiTKI, HEYITKI,

Y mpencrarieHii poOOTI MU PO3TIAIAEMO TPETIH BapiaHT peajizamii Teopii SK HalOIIbIT THITOBHI
y XimiuHiii Haymi. ToOTo, mpeaukrTopu X € 4iTKUMH, a Biaryk — Hewitkum LR-unciom Y =(Y,4,7).
Od4eBHIHO, IO IPU LBOMY MapaMEeTPH perpecii TakoX MOBHHHI OyTH HEUYITKUMHU. TakuMm 4HHOM,
anpoKCUMallisi, 32 aHAJIOTi€r0 (2), 3B'I3YEThCA 3 PIIICHHSM JIiHIHHOT 3a/1a4i
Y =Xp (13)
Jltst 3HAX0KEHHS po3B’A3KiB 3a monoMororo meromy OLS (mampuxman [12,15]) BUKOPHCTOBY€ETHCS
y3arajbHEHe NpeCTaBIeHHs (DYHKIIIi, 10 MiHIMi3YEThCS

D* =g Y[+ 2+ | Xe-n, (14)

2 . . . . .
TYT ” ..... ”2 — KBaZpaT €BKI1J0BO1 HOpMH BCKTOpPA. I_IIJ'IKOM PCaMICTUYHO NPUITYCTUTH, IO BIATYK

npeJcTaBisie codoro cumerpuyne Heditke uucno Y =(Y,(Y - 4),(Y + 1)), i, Ak Hacnifok, koedinieHTH

perpecii TakoX € CUMETPUYHUMHU HEUITKUMU YUCITAMH, E =(B,(f-b),(f+b)). Binnosinua (noniona
OLS) cucrema pisasias FLS:

oD’ oD’

=0, =0
B ob*

JIO3BOJISIE 3HAWTH LIyKaH| BETMYMHH aHAJIOT14HO (4).

Tpeba Big3HAUNTH, IO XOY MMEBHUN PO3KUI JaHuX 1 3aknaneHo y FLS Big camoro moyaTky, THM HE
MEHIII, I TEOpisi, CTPOT0 KaKydH, HE € poOaCTHOIO, OCKUIBKH CIHPAETHCS HA CTAHIAPTHUN METOH
HalMEHIIIMX KBajapaTiB. Y daHiii poOoTi po3risiHyTo 3Baxkenuid Bapiant FLS (weighted FLS, WFLS).
B upomy Bunanky y3aranbHeHuit Bupas (14) Ha ocHOBI (12), 11 CUMETPUYHUX HEUITKUX JaHUX, MOXKE
BUTJIATH HACTYITHIM YHHOM:

Dy =B X -Y )WXB-V)+
H(B-b) X -(Y-2) )WX(B-b)-(Y-7))+ (16)
+((ﬂ+b)‘ X -(Y+1) )WXP+b)-(Y+1))

OueBuaHO, 110 3a aHayoriero 3 (9), Buxonsuu 3 (14), MoxKHa peantizyBaTH TaKOX 1 HEUITKHA METOJ
HaiiMeHmux monyniB (Fuzzy Least Absolute Deviation, FLAD). B npomy Bumaaxy BaroBa (yHKIIis
Mae Burin (10).

(15)

Peanizauia metoay WFLS ans pyHkuUii ogHi€l 3MiHHOI

VY mpencrasieHii poOOTi AiaroHalbHI €JIeMEHTH MaTpuli QYHKLiH HaJeKHOCTI, 0 XapaKTepu3y-
FOTh HEYITKICTh JaHHUX, a TAKOXK JiaroHaJbHI eJIeMEHTH MaTpulli Bar Mmetomy WFLS po3paxoBytoThest
BHUXOJISIYY 3 HACTYITHUX MipKyBaHb. [IpHITycKaroun HAICKHICTE y 1 X IO OJHOTO PETPECifHOrO PiBHSH-
Hsl, TIPY HASIBHOCTI JiHIHHOT QYHKIIOHAIBHOI 3aJ€KHOCTI MK UMH 3MIHHUMH, HaXHJ MPSAMOI OBHU-
HeH OyTH «HE3MiHHMM)» TpH TEPeXOil BiJf TOYKH OO TOYKH. TakuM YHMHOM, BEIMYMHHU MOXHOOK
BUMIPIOBaHb MOYKHA OXapaKTEPU3YBaTH SIK KOJIMBAHHS g; HABKOJIO CEPEAHBOT0 3Ha4eHHA. J{iis omiHro-
BaHHS X KOJIMBAHb MH PO3PAXOBYEMO HAXMIIU MPSIMHUX, IO 3’ €AHYIOTh KOKHY HIapy TOYOK.

g = 1,2, N =12, Nyi %

YT (17)
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TakuM 9uHOM, U KOXKHOI TOUYKH (hopMmyeThbesi BuOipka 3 N—1 HaxumiB. BuGipku kopuryroortbcs
BHJIQJICHHSIM HaXWJIiB, SIKi HAWOIIIBIIE BIAPI3HAIOTHCS Bijl iHIINX. Take KOPUTYBAHHS BBEACHO ISl TOTO
100 i7eHTH(IKYBaTH TaKi Maph TOYOK-BUKUIIB, SKI BHOCATH OXHUOKY Y BU3HAYCHHI Bard TOYKH. [1jis

KOXKHOI TOUKM 3HAXOMHMTBCS CepeiHe 3HaueHHS (g;) Ta CTaHIApTHE BIAXWICHHS (O, ) BiAMOBiIHOI

BuOipkM HaxwiliB. TakoXk 3HAXOMMTBHCS CEpemHE 3HauyeHHs (& ) Ta CTAaHAAPTHE BiAXWJICHHS (7;)

CepemHiX 3HAYCeHb HAXWIiB. B igeassHOMY BHTIAAKy, KOJHM YCI TOYKH JieXKaTh Ha JiHII, cepemHi
3HAYEHHS HaXWIiB OJHAKOBI JUIA YCiX TOYOK, a CTAaHJAPTHI BiIAXWJIEHHS YCiX BHOIPOK JOPiBHIOIOTH
Hymo. OTke, HAWOUIBIIT 3HAYEHHS CTAHJAPTHUX BiIXWUJICHD Ta HAMOLIBII BiIXWICHHS BiJl CEPEITHHOTO
BIIIIOBIIAFOTH TOYKAM-BUKHAM.

Barogi koedinienTtu ( W, ) BU3HaUalOTbCS Ha OCHOBI CTaHIAPTHHUX BiAXWICHb HaxwimiB. [[is 3Haxo-
JKEHHSI BaroBUX Koe(illieHTiB BUKOPUCTOBYEMO (popMyITy

B 1
i o, -exp((@, -8)/ o, )m)

(18)

VY BHUIANKy, KO O; € HAITO MAJIOI0 BEIMIMNHOIO, JIJIS 3MCHIIICHHS BIUIMBY ITOXHOOK y 1l BU3HAYCHI
BHUKOPUCTOBYEMO aJIalITOBAHy BaroBy (QyHKIIiO:

1

a,-exp(((g[ -g)/ o, )m)

B dopmymax (18,19) mapamerp m = 2, 4; TakoX BU3HAYa€ BIUIUB BIAXWICHHSI HAXWIY Bill Cepe/l-
HBOI'O Ha BaroBy (GpyHKIIit0. B mpeacTapieHuX HUKYE MPHUKIagaXx HaMu 00paHo m = 4.

1+0.05/g(5; ) (19)

OTpumMaHi Baru HOPMYIOThCS (Z w, =1 ), a 3HAlICH] 3HAYCHHS Bar BUKOPHUCTOBYEMO JIJISI BH3HA-
]

yeHHs QyHKHiT HanexxHOoCTI 1« (12). IIpu 11p0My IpHITYCKaeEMO, IO YUM OLTbITIC 3HAYCHHS Baru TOYKH,
THUM TOYHIIIIE BOHA BU3HAYAETKLCS, 1 BIIMOBIIHA 001aCTh ii HEUITKOCTI € BY>KYOIO.

Busnauenns Buny QyHKIII HEUITKOCTI 3a3BHYAl € JOCUTH BUIBHUM. Y Halliii poOOTI MH po3riisiaa-
JM HACTYIHY (QYHKLIIO 4 SIK BETUYMHY, IO 3aJISKUTh BiJl Bard TOYKH Ta Pi3HULI MK €KCIIEpUMEH-
TaTBLHUAM 1 TCOPETUIHUM 3HAUCHHSIM 3aJICKHO1 BeTnmauHA (Ay):

W = ’Ay’ +— 2 o
2 bNw +1

B takomy pasi BuOip mapamerpiB ¢ Ta b BH3Ha4Ya€ MOBEIHKY |l y TPAHUYHUX BHIAAKax. Takox
TpaHUYHI 3HAYEHHS, 32 HAIIMMH NpPEACTaBICHHIMHU, MalOTh OyTH Opi€HTOBaHI Ha CTaHIAPTHE BigXH-
neHHs perpecii O . Tak, 3 dopmynu (20) BUILIMBAE, 1110 TPy BUOOpPI mapameTpiB a =3 Ta b =15, nus

- 1 . . Ay+o
piBHOTOUHOTO BHmanky mMaemo Nw;, =1 i (ymKIis HanmexHOCTI [, =———, a y BHNAJKy, KOJIH

2

(20)

A
w, = 0 — makcumanbHa K —>7y+30.

Otpumani MaTpui | Ta W, BimoBigHO 10 piBHIHHES (16), BHKOPHCTOBYEMO IJIsl 3HAXOJPKEHHS KO-
edimienTiB perpecii. TakuM YMHOM OTPUMYEMO TPH PsAW 3aleKHUX 3MiHHMX: Y, (Y + w), i (Y - ), 1
OJIVH DA HE3aJIeKHUX 3MiHHMX X. 3a IMMHU BuOipkamu, BUKoprcToByloun metoq WLS, srigno (6) i
(7) 6ymyemo Tpu perpeciiinux piBHsHHSI FWLS:

y=Db, +xb,
(y_’_/u):bomax +xb1n1ax (21)
(y',u) — bomin +xb1min

10
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[lepiie piBHSHHS € MeOiaHHWUM DIBHSHHSM perpecii, a JiHil, 3a1aHi ABOMa iHIIMMH DPiBHSHHIMH,
00MEXKYIOTh CMYTy HEYiTKOCTI JIiHiliHOT Mozemi. J{1si BpaxyBaHHs TOYOK-BUKUAIB MPU MOOYAOBI piB-
HSHb-TPAaHUIb BaroBi KOEQIIieHTH 3BOAATHCA M0 cTyreHto 0.5 y mopiBasaHi 3 (18) Ta (19). OyHkmis
HAJICKHOCTI U1 TOYOK JIO0 perpecii € MakKCHMMAalIbHOIO TSl TOYOK MEMiaHW, a 10 Mipi BiTaJICHHS Big
MeIlaHH — CHazac.

Onucani adropuT™MH peaizoBaHO HaMH Ha CKPHUITOBIH KoMIT'toTepHiil MoBi Python.

TecToBi po3paxyHKun

Pe3ynpraTi TECTOBHX PO3PAaxyHKIB HMPEICTABICHO VIS PSIAy MOJCIBHUX JaHUX, IO BKIIOYAIOTh
NIEBHI BUKHIU. B SKOCTI XapaKTepUCTHUK pErpeciiHuX MoJelNei, KpiM CTaHAapTHUX BiAXwiIeHb (stand-
ard deviation, SD), Hamm pospaxoBaHO KoedillieHTH geTepMmiHalii R’ 10 XapakTepU3YHOTh
pO3paxoBaHi 3HAUCHHS 3aJIeKHOI 3MIHHOI 1 aHAJIOTIYHI BEJIMYWHA OTPHUMAaHi 3a mporeayporo «Leave-
One-Out» LOO — @7 [16,17].

Z(Yi _gli)z ) Z(Yi _gli/i)z
RP=1-——«—, Q=1-—-—- (22)

Z(yi _?)2

i i
B dopmynax (22) y; — 3amani (BXifHi) 3HAYEHHS 3aJIKHOI 3MiHHOi, ), — PO3pax0OBaHi 33 OTPUMAHUM

JMHIMHAM PIBHSAHHAM BUINOBIHI BEIMYMHY, ), — BEJIUYMHHU PO3paxoBaHi 3a npouenyporo LOO, a y

— cepemHe 3HAYCHHS I BHOIpKH {y,.}. Jns metonie WLS ta LAD Ham#m po3paxoBaHO TaKOX

3BaKCHUH KOE(DILIEHT KOPEILii

wa (yi_.;}i)z
R =1-< -,
PRACESS

Jie W; — Bary o OyJId OTpUMaHi B pe3ysbTati po3paxyHkKy MetogoM WLS. B metomi LAD B sikocTi
Bar MU OyZIeMO BUKOPHUCTOBYBATH BEIIMYHHA

w,=1/|y, —a, —ayx, (24)

2

o= 2w 2w, (23)

[Ipu upomy, B Metoni LAD, B dopmymi (23), npu po3paxyHKax cyMH, OyJeMo MpOIyCKaTH Ti TOUKH,
4yepe3 SKi MPOXOAUTH JIiHISA perpecii.

IIpoimocTpyemo uwncenpHi gaHi. Crodarky po3IVITHEMO MOJICNBbHI CHUTyalii 3 sSBHUMH
BHKHIaMH (pHC. 2).

.__.
s
|

12

10

N
FAREET SRR R R R

a

11
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Puc. 2. I'padiku-cMyTH perpeciiiHuX Mojenel s BuOipok 3 oqHuM (a) Ta asoma (b, ¢) Bukugamu. B ycix Tppox
rpadikax minii WLS Ta LAD cniiBmagaroTh.

Fig. 2. Bar graphs of regression models for samples with one (a) and two (b, ¢) outliers. In all three graphs, the
WLS and LAD lines coincide.

TyT mpencraBiaeHO pe3ynbTaT ampoOKCHMAIlli JaHWX, KOJW OAHA Todka (pHc. 2-a), Ta OBl TOUYKH
(puc. 2-b, 2-¢) cyTTEBO BimmaneHi Bi OCHOBHOI MacH. IIpu IboMy OCHOBHA Maca TOUYOK TOYHO JICKUTh
Ha JiHii. 3BicHO, o He pobactHuil MeTon OLS B Takiii cutyauii Jae piBHSIHHS, AKi 3HAYHO «PO3TOp-
HYyTi» B CTOPOHY BUKHUIIB. [likaBo, 110 Tpy HASIBHOCTI TBOX «BUMAJAIOYUX» TOYOK 3 OJHIET CTOPOHH
(puc. 2-b), OLS X049 MOMITHO 3CyBae€ JiHIIO perpecii BiIHOCHO OCHOBHOT MacH TOYOK, OJHAK B IIJIOMY
Jla€ He TaKWH NOTaHUN Pe3yJIbTaT SK Y BUIMAAKY 3 OJHIEI0 «BHIIAF090I0» TOUKOM (puc. 2-a). BinsHa-
YUMO, L0 pe3ysbTaTh oTpuMaHi merogoM WLS Ommsbki g0 pesynsTariB Metomy LAD i Ha
MpeacTaBIeHuX rpadikax Ii JiHii criBnagarTh. J(Ba BUKHIU 0 Pi3HI CTOPOHH BiJi OCHOBHOI I'YCTHHH
TOYOK (pHC. 2-¢) € 0COOJIUBO CKIaIHOO Ipobaemoro 1 Metoay OLS, toxai sk WLS ta LAD 3HOBY
naroTh Onm3bKi (1 HaWKpali 3a JaHO1 CUTYaIlii) pe3yJIbTaTy.

3adapboBana IUTOMMHA HABKOJIO MemiaHHOI JiHII (yHKIII BiIMOBiZa€ MHOXKHHI TOYOK, IO
HajiekaTh J0 00JacTi HEUITKOCTI perpeciinoi momen (Biamosimae moxeiai FWLS). Moxxna Gauntw,
[0 CMYTa HEYITKOCTI JOCUTh BY3bKa i MaJIO TIOTEPIIAE Bil TOUKUA BUKULY.

OTmxe, y BUNAAKY, KO y BUOIpI HasiBHI ouH a0o Outbine BUKUAIB MeTonx WLS (sik i LAD), Ha
BimMiHy Bix Mmetony OLS, 36epirae cBoto poOacTHICTE.

TumoBuit pUKIaI pErpeciiHrX 3aJeKHOCTEHN 13 PO3KHIOM B YCIX TOUKAxX IPEACTaBICHO Ha puc. 3.
PesynpraTu po3paxyHkiB HaBeneHO B Tabm. 2 (s metoxy WLS HaBeneHe MeiaHHE PiBHSHHS).

20+ 60

*  Tnput *  Input

; 50 -=- 08
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40 — WLS

15
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Puc. 3. I'padik-cmyra perpeciiinnx Mozenel i3 poskuaom (a) 6e3 Bukuny ta (b) 3 BUKHIoM
Fig. 3. Scatter plot of regression models (a) without outliers and (b) with outliers
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Tabmurs 2. OCHOBHI XapaKTEPUCTHKU PETPECIHHUX MOJIENeH I JaHUX, HaBEJICHUX Ha puc. 3.
Table 2. The main characteristics of regression models for the data shown in fig. 3

Puc.3-a  Pisusamus y = S, + Bx R o’ R*-O? R’ SD
OoLs  y=-1517+1.178-x 09349 09154 002 - 139
LAD y=-2.857+1.279-x 0.9177 0.8618 0.06 0.9896 1.56
WLS y=—1.327+1.167-x 0.9345 0.8812 0.05 0.9630 1.40

Puc. 3-b
OLS y=—1.675+1.619-x 0.3072 0.0899 0.2 = 10.9
LAD y=-0.774+1.267 - x 0.2695 0.1872 0.08 0.9040 11.2
WLS y=0.2567+1.054-x 0.2277 0.2319 -0.004 0.8587 11.5

Ha puc.3-a mpeacTaBieHo MOJIENbHI JaHi i3 PO3KUIOM, ajie 0e3 BUPaXKEHOTO BUKHIY. TYT MOXHa
0auuTH, 0 KOKEH METO/I ITOCTABIISIE «CBOE BIIACHEY» PIBHSHHS, BiIMIHHE BiJ| iHIIUX. SIKICTH PiBHSIHHSI,
sKa BU3HA4YAcThCA Koedinicaramu nerepminanii (R, O) ta SD mpubIu3HO OHAKOBA IS YCiX TPHOX
perpeciitnux mMozeneil. Brim pisauug R’ — O, sgka XapakTepu3ye IIPOrHOCTHYHY 3JATHICTH PiBHSHb,
tpoxu ripma ansi LAD ta WLS nix qns OLS. Cmyra FWLS nHatypansHO 3BykeHa B obracTi i3
MEHIITNM PO3KHIIOM.

Ha puc 3-b mpexacraBiieHO HaHI B SKHX pa3oM i3 PO3KHUIOM IMPHUCYTHIH TaKOX MEBHUH (IOCHUTH
3HAYHUI) BUKUA. B Takili curyarlii KOpeKTHI OIliHkK HajgaHo nuine meronamu LAD ta WLS. 3BicHo,
10 3BMYaliHuii KoedinieHT netepminanii R’ He Moke OYTH BUKOPUCTAHUM JUISl XAPAKTEPUCTHKH OTPHU-

. 2
MaHUX PIBHSHB. AJle 3alPOIIOHOBAHA BeNWMUYMHA R, | sIka BpaXOBY€ Bard TOYOK, XapPaKTEPH3y€ OTPH-
MaHi piBHSHHS SK 3310BiUIbHI. Bim3Hauumo BTiM, o piBHSHHL LAD Ta WLS CcyTT€BO Bifpi3HSIIOTHCS
BibHUM usieHoM f3 .

B ocranHbOMY NpHKIIaAi BUKOPUCTAHO KJIACHYHI AaHi BiIOMOTrO CBOIMH MIOHEPCHKUMH POOOTaMU B
obmacti pobactHoi cratuctuku 1. X ro0epa [18]. Anami3 miei 3amaui nus. B [19]. Bubipka X’ robepa
BKJTIOYAE ITICTh TOYOK SIKi BIATIOBINAIOTH JIHIAHIN Momemi

y=-2-x (25)

B neprri n'sTh TOYOK BHECEHO BUMAJIKOBY MOXHOKY i3 HYJIHOBUM CEPEIHIM 3HAUCHHSIM 1 CTaHIApT-
HUAM BigxwieHHIM SD = (0.6. B mocTy To4Ky BHECEHO 3HAYHO OiIBITY TMTOXUOKY.

Pesynpratu po3paxyHkiB npezcTaBieHo B Tabia. 3 Ta Ha puc. 4.

Tabmuus 3. XapakTepucTHKH perpeciiHux Mojesne ais 3anadi X ooepa.
Table 3. Characteristics of regression models for the Huber problem.

Pipusmus ¥ = S, + fx R’ o Rf. SD
OLS 7=0.068—0.081-x 00824 -13.42 — 139
LAD 1 =-0.0333+0.0033-x 00128  -1404  -0.0067 146
WLS y=-1.325-0.608-x -4.470 -9.98 0.6610 3.38

He nuBHO, mo meton OLS moka3aB HeamekBaTHI pe3ynbratd. MoxkHa 6aunTH, 1o HaBiTh LAD,
SIKUH 3a3BUYail € poOACTHUM BUSIBUBCS HEaJeKBAaTHUM. BOUYeBHIb 1€ MOB'SI3aHO 13 MO0 KUIBKICTIO
TOYOK B JIHIHHIN YacTHHI AaHUX 1 pe3yibTyroda JiHis LAD po3ropayTa 10 TOUkKH-BHKUAY 5K 1 OLS

(muB. puc. 4). Haiikpamt, xou i He «Gmuckyui» (R’ =0.6610) pesynsrat BusiBius Meron WLS.

Otpumane WLS perpeciiine piBHSHHS SKiCHO OJH3bKe JI0 HE30YPEHOTO MepBUHHOTO piBHAHHSA (25). B
OOMY TIPUKJIAJi TOYKa, IMO BIJTOBIa€ BHKHIY BeAe JO 3HAYHOTO PO3IIUPEHHS CMYTH
HeBuzHaueHoCcTi FWLS.

13
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Puc. 4. JliniiiHi perpeciitai moaenmi s npukinany X odepa
Fig. 4. Linear regression models for Huber's example

BucHoBkM

Y mnpencraBneHid poOOTI 3amporOHOBAaHO TMiAXiJ Ui 3HAXOJ/PKEHHS BaroBUX MapaMETpiB
3BOKEHOTO METOJy HAWMEHIMX KBaJpaTiB, a TaKO)X MaKCHMaJIbHHX 1 MiHIMaJbHUX MOXIIUBUX
rapaMeTpiB perpeciiiHoro piBHSHHS. J[s mpu3HAYeHHS BaroBUX KOCQIIMIEHTIB BHKOPHCTOBYETHCS
MPUHIMIT PIBHOCTI HaXMJIiB HPSAMOI JiHIi MK KOKHOIO Maporo To4yok. Lleil MeTon AOCUTh aleKBaTHO
BIJICIFO€ TOUKH-BUKHUIH, IPU3HAYAIOUN iM HaWMEHIII 3Ha4YeHHA Bar. BimmosimHo, MmeTtomu WLS y po3-
IIISHYTHX B JaHiil poOOTi MPHKIafax TAaKOX MOKA3allM JIOBOJI BUCOKY POGACTHICTE. [XHBOIO mepeBa-
rOI0, Ha BiIMiHYy BiJl METOJly HAaliMEHIINX MOJIYJIB, € HETIEPEPBHICTh Ta AUEpeHifoBaHicTh PYHK-
HioHay, SKMi MiHiMi3yeTbes. Ha migcTaBi 3HaliIeHUX Bar 3amporoOHOBAHO METOJ] PO3PaXyHKY PO3KH-
Iy HEUITKOI BUMIpIOBaHOI BETMIMHM HABKOJIO ii CEPEIHHOTO 3HAUCHHS Ta 3HAXODKCHHS BEPXHBOI Ta
HIDKHBOT MEX HEUITKOTO PETpeCciitHOTO piBHIHHS.

3BakalOun Ha BHWINE3a3HAYCHI TepeBard, IIi METOAM MOXKYTh BUCTYHNATH aJbTEPHATHBOIO
HaWB1IOMIIITIM METO/aM TIO0YIOBH perpecii, siki MOCTYIIIOI0ThH 3aKOHH pO3MoALTy moxubok ['ayca abo
Jlammaca. Tomy iX MOKHa 3ampOINOHYBATH IO 3aCTOCYBAaHHA Y BHIAIKAX, KOJNW I1MEHTHQIKAIA
MOXUOKY y BUMIiPIOBaHHSX YCKIIQJHCHA Ta y pa3i CKIAJHOCTEH 3 MPUITYIIEHHSIM PO 3aKOH PO3MOJILTY
MOXHOOK.

Moaskn

Pobora BuKOHYBajgach 3a 4YacTKOBOi (piHAHCOBOI MIATPMMKM Ha BUKOHAHHS 3aBIaHb
MIePCIEKTUBHOTO IJIaHy PO3BUTKY HAYKOBOT'O HAMPsMKY "MaTeMaTH4HI HAyKH Ta IPUPOIHUYI HAayKH"
XapkiBcbKOro HalioHansHOTroO yHiBepcuTeTy iMeHi B. H. Kapasina, Ne nepsxpeectpanii 0121U112886.
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Properties of mixed micelles composed of sodium n-dodecyl sulfate surfactant and 1-butanol co-surfactant
were examined using molecular dynamics simulation for three experimentally observed compositions. The
aggregation number varied in the range of 30 to 64, and the co-surfactant content was 75 to 32 molecules,
respectively. The composition of the bulk water — 1-butanol mixture matched the experimentally studied
concentrations. All-atom potential models and explicit solvent were used in order to capture the most structural
details. Such characteristics as micelle size, co-surfactant location, depth of water penetration were determined.
The simulated micelles were found to have compact ellipsoidal shape, except of the most co-surfactant-rich
ones, which were elongated. The equilibrium composition differed little from the initial one indicating
consistence of the simulations. The co-surfactant molecules were observed in different positions: either situated
on the surface of surfactant aggregate or having hydrocarbon tails immersed in it. Still, the hydroxyl groups
stayed on the micelle surface and preserved contact with bulk solution. Water molecules were found
penetrating the mixed micelles up to 0.3 — 1.0 nm from their center. Degree of counterion binding was
estimated and its dependence on micelle composition was derived. It was found to decrease with the co-
surfactant content in a non-linear manner. Specifically, for co-surfactant content up to 34% the counterion
binding was almost similar to that of pure sodium n-dodecyl sulfate micelles; the value gradually fade at higher
1-butanol content. Several positions of the boundary between bound and free counterions were considered.
The approach proposed here may be employed for examination of other mixed micelles, as well.

Keywords: radial distribution function, micelle size, hydration, degree of counterion binding.

Introduction

At present, surfactant micellar solutions found versatile application. They serve as cleaning agents,
disinfection aids, emulgators, as reaction media, and so forth. One of their valuable features is a
variety of characteristics, which can be tuned to achieve desired properties: surfactant head group and
hydrocarbon radical, counterion, concentration, ionic strength. Introduction of a co-surfactant provides
a new degree of freedom, which extends the range of available properties of micelles and bulk solution
even more.

In this paper we examine the microscopic structure and counterion binding of mixed micelles made
of sodium n-dodecyl sulfate (SDS) surfactant and 1-butanol (BuOH) co-surfactant (Fig. 1). On one
hand, this is a relevant choice because SDS is among the most widely used surfactants in technology
and laboratory practice. On the other hand, extensive experimental data was collected for this system
at various concentrations of the components. [1-3] It is summarized in a recent review. [4] However,
intriguingly, for most cases the available data is fragmentary. Often the micelle size and composition
are reported (radius, aggregation number Nsps and number of co-surfactant molecules Npyon), but there
is no information about degree of counterion binding. Oppositely, when counterion binding was
examined, there is no data about the aggregation number and co-surfactant content. This shows that
our knowledge of properties of this object is still limited.

o\\s//o
/\\/\/\/\/\/\O/ So— Na* /\/\D}I

Figure 1. Structure formulas of SDS surfactant and 1-butanol co-surfactant.
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Examination of mixed sodium dodecyl sulfate — 1-butanol micelles with molecular dynamics

Here we will use the method of molecular dynamics (MD) to get a new insight. It is a powerful
instrument for identifying microscopic structure of a molecular system. When applied to micelles it
can reveal water penetration into the hydrocarbon core, ordering of surfactant molecules, counterion
binding, dynamics of self-assembly efc. At present, single-component surfactant micelles are
thoroughly examined by this method. [5] Computational studies of the mixed micelles are also found
in literature, although in much lesser amount. [6—8]

Notably, the chosen system has not yet been studied with MD. The closest match is the MD
simulation of mixed micelles made of SDS and medium to higher alcohols (hexanol to hexadecanol)
[8]. The authors were focused on structure of the micelles and its dependence on composition.
Transitions between different micelle shapes were identified. Importantly, coarse-grained potential
models were used there. On one hand, it allowed cover long time scale (microseconds), on the other
hand, these models lack detail needed to study ion binding. The mixture of SDS and 1-butanol was
investigated, as well, but in an interfacial setup only. [9] There, the effect of the co-surfactant on
surface tension and density profile of the surfacial film was identified.

For the current study we chose three compositions of mixed micelles, which were experimentally
observed: NSDS =30 and NBuOH =175 [1], NSDS =40 and NBuOH =40 [1], NSDS =64 and NBuOH =32 [2]
This choice covers a wide range of the co-surfactant content: from 71% to 33% by amount. For all of
these systems the degree of counterion binding was not reported, and micelle radius was not reported
for the last one.

Simulation methodology

The simulation cells consisted of a preformed DS~ + BuOH aggregate placed in a water — 1-butanol
mixture with distributed Na" counterion. The initial shape of the aggregate was a rectangular bilayer
made of alternating DS~ ions and BuOH molecules. This compact shape can be easily generated and
shortens the time period needed to obtain an equilibrated micelle. On one hand, close packing of
hydrophobic tails resembles that in a micelle. On the other hand, the initial placement of BuOH
molecules within the aggregate allows avoid waiting for their sorption from the bulk solution. The
cells were cubic-shaped with edge length 8.5 nm for Nsps = 64 and 8 nm otherwise. One of simulation
cells is shown in Fig. 2A. The number of 1-butanol molecules that should be placed in the bulk
solution was deduced from the conditions of the experiment, where given composition of mixed
micelles was observed. The calculations were done via Eq. 1 and the relevant experimental data is
collected in Table 1. The principle is as follows. Let us consider 1 L of the system. Amount of BuOH
in the bulk solution equals the difference between its total amount, cgon - 1 L, and its amount in
micelles. The latter equals the amount of SDS in micelles, (csps — CMC) - 1 L, multiplied by the ratio
Nguwon / Nsps. Here CMC 1is critical micelle concentration of SDS; it was taken as 0.004 mol/L because
in 1-butanol solutions it decreases compared with pure water [4]. Repeating the calculation for the
volume of bulk solution in the MD cell V,, gives the number of BuOH molecules to place in it.
Because the micelle occupies a considerable fraction of the cell volume, V,, should be found as the
difference between volume of the whole cell V,.; and volume of the micelle inside V... The latter can
be approximated as the volume of a parallelepiped and measured by visual examination, e.g., in VMD
software. [13]

N 184
Nywonsor =N [CBU()H —(cgps —CMCO) &J Veerr =V, (h

SDS

where Nguon s 1S number of BuOH molecules added in the bulk solution, NV, is Avogadro number.

Table 1. Compositions of the simulated cells and relevant experimental data.

system Nsps Nsuwon Csps, CBuOH, Veer — mec, NByoH sol Nyater
mol/L mol/L nm’

1[1] 30 75 0.0316 0.764 480 201 15046

2[1] 40 40 0.033 0.326 480 86 15683

3[2] 64 32 0.2 0.2 570 35 18936
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#140 #140 #140 #140 #155
H H H H H
0.06 0.06 0.06 0.06 0.418
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#135 #136 #136 #157 #154
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-0.18 -0.12 -0.12 0.145 -0.683

H H H H

B
Figure 2. A: Simulation cell for micelle with Nsps = 40, Ng,on = 40. Na" ions are colored blue, BuOH molecules
are colored violet. B: Used OPLS-AA potential model of 1-butanol.

Atom—atom interactions in the system were described using OPLS-AA force field. The potential
model for SDS was taken from literature [10]. The one for BuOH was composed using the built-in
atom types and atomic point charges, which are empirical and optimized for reproducing properties of
organic liquids [11]. It is depicted in Fig. 2B. Water was represented by means of the SPC model.

The simulations were carried out at standard conditions (7 = 25°C, p = 1 bar), which were
maintained using Berendsen thermostat and barostat. Electrostatic interactions were calculated with
the PME method, while van der Waals interactions were cut at 1 nm. Three-dimensional periodic
boundary conditions and bond constraints were imposed. The simulations were 50 ns long, time step
equaled 2 fs. GROMACS 5.1 software was used [12].

Results and discussion

As the initial micelle shape was artificial (a bilayer), the beginning of each simulation was devoted
to equilibration of the micelle. The distribution of 1-butanol between micelle and solution was
equilibrated, as well. To monitor the progress we calculated number of BuOH molecules staying in
contact with DS™ ions (that is located within 0.4 nm of any DS ion). This number shows the amount of
co-surfactant in the micelle. The graphs are shown in Fig. 3.

90-
80-
70.
60-
SOIWMWM
40

30_W
o
0 5 10 15 20 25 30 35 40 45 50

t, ns

Figure 3. Evolution of number of contacts between DS™ ions and BuOH molecules for micelles of
different composition. 1 — Nsps = 30, 2 — Nsps =40, 3 — Ngps = 64.

contacts

We conclude that the original composition of the micelles was mostly preserved. For systems #1,
#2, and #3 the average number of BuOH molecules equals 71.4, 50.5, and 33.1, respectively, that is
close to the originally placed. This additionally proves the correctness of the computational model.
The graphs were also used to identify the end of equilibration phase, which was recognized at 20 ns.
The quantities below were computed over the 20-50 ns interval.

The final configurations of two micelles are shown in Fig. 4. Hydroxyl groups of BuOH molecules
are located among the surfactant head groups. The butyl radicals can be found either lying on the
surface of the SDS aggregate or protruding inside it.
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Figure 4. Final configurations for micelle with Nsps = 30, Ngwon = 75 (A) and Nsps = 64, Npwon = 32 (B). BuOH
molecules are colored violet.

To estimate size of the micelles we calculated the radial distribution function (RDF) of S atoms of
DS anions with respect to micelle center of mass, Fig. SA. The latter was approximated by the center
of mass of DS anions, which is justified by uniform distribution of the co-surfactant across the
micelle.

20
2 1.0
2 1
15- 3 0.8-
! 0.6
s 10 s
0.4
5<
0.2-

%0 05 10 15 20 25 30 35 40 %0 05 10 15 20 25 30 35 40

r,nm r,nm

A B
Figure 5. A: RDF of S atoms (A) or water molecules (B) with respect to micelle center of mass. 1 — Nsps = 30,
2 fNSDs = 40, 3 — NSDS = 64

Abscissa of the peak of the RDF shows the most probable position of head groups and, thus,
indicates the radius of micelle. Determined in such a way it equals 1.54 nm, 1.78 nm, 1.88 nm for
Nsps= 30, 40, 64, respectively. The first two values agree quite good with the experimental numbers
1.71 nm and 1.68 nm, respectively. The last value (1.88 nm) also equals the radius of pure SDS
micelles with Nsps = 60.

The curve of micelle with Nsps = 30 is notably wider than the other. This is because of its
pronouncedly prolate shape, as is proven by visual inspection. This elongation is the probable reason
why experimental radius is 0.2 nm larger than the one determined from RDEF. Importantly, visual
inspection also reveals that the SDS content occasionally reversibly splits into two fragments bridged
by BuOH molecules for short times. Oppositely, the two other micelles are less fluid and have a more
compact, although still ellipsoidal, shape.

More detailed information about co-surfactant distribution in micelles is provided by radial
distribution functions of particular 1-butanol atoms with respect to micelle center of mass. The RDF's
for hydroxyl O atom and C atoms in positions 2 and 4 are shown in Fig. 6. The peaks of the O atom
are located ca. 0.2 nm closer to micelle center than those of S atoms of DS™ anions, which corresponds
to location among ester O atoms of DS™. The C* and C* atoms are in average immersed deeper into
micelles than hydroxyl O atoms, and this is more pronounced for Nsps = 30: the peak of C* atoms is
0.35 nm (Nsps = 30) or 0.25 nm (Nsps = 40, 64) behind that of the O atoms. The numbers are shorter
than the C* — O distance in a stretched BuOH molecule (0.5 nm) showing that in average the
molecules are inclined or bent. Considering Fig. 4 we conclude that BuOH molecules can both lie on
the surface of DS~ aggregate and be immersed in it, giving average C* — O distance projection to
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micelle radius less than 0.5 nm. Still, in micelles with Nsps = 40 and 64 the co-surfactant does not
reach the micelle interior: g(r) = 0 at » < 0.6 nm. The micelles with Nsps = 30 are more labile and rich
with co-surfactant, so BuOH can be found in all positions there.

124 12, Ly 124 1 2
101 101 10
81 8 3 8 3
S g 6 Ol
4 4/ 4
21 3 24 21
0 —————————— () — 0 e P
00 05 1.0 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 3.0
r,nm r,nm r,nm
A B C

Figure 6. RDF of BuOH C* (1, red), C* (2, green), and O (3, blue) atoms with respect to the micelle center.
A: NgDs = 30, B: NgDs = 40, C: NSDS = 64.

The simulations were done with explicit water, therefore, the distribution of water in micelle can be
examined. It was described using RDF of water molecules with respect to the micelle center, Fig. 5B.
Compared to the bulk solution, the density of water decreases by 2 times at the distance of
1.58 — 1.84 nm from micelle center. This indicates that the head groups and adjacent methylene groups
of the micelles are strongly hydrated. Except of Nsps = 30, micelles become almost dry at 1.1 nm
(RDF is <1% of the bulk value) and completely dry at 0.85 nm. The curve for micelles with Nsps= 40
almost coincides with that of pure SDS micelles having Nsps = 60. Therefore introduction of 1-butanol
up to 50% (Nsps = Npwon = 40) did not affect the micelle structure considerably. Contrary, low
aggregation number and prolate shape of the micelle with Nsps = 30 makes its hydrocarbon core rather
thin.

The other question of interest is counterion binding by mixed micelles. To calculate the degree of
counterion binding f it is necessary to place the boundary between bound and free Na' ions. We used
the position of the first and the second minima of the RDF between Na” ions and DS™ S atoms as the
criterion, which equal 0.44 nm and 0.7 nm, respectively. The graph for the case Nsps = 64 is shown in
Fig. 7A; in other cases RDF has similar abscissas of minima and maxima. An even longer distance of
0.9 nm was considered, as well. The ions located closer than the chosen boundary position d were
considered as bound and contributed to f. The values are collected in Table 2 and depicted in Fig. 7B.
For comparison the data for pure SDS micelles is shown, as well [10]. Molar fraction of BuOH was
computed using equilibrium Np,on values instead of the initial ones.

254 0.7
0.6
201
0.5
= 197 0.4
3 =
10+ 0.3
0.2
54
0.1

5205 04 05 06 07 08 08 10 0001020304050607080910

r,nm X(BuOH)

A B
Figure 7. A: RDF between S atoms and Na' ions. B: Dependence of degree of counterion binding on molar
fraction of 1-butanol in mixed micelle. Black squares: $(0.44 nm), red circles: (0.7 nm), blue diamonds:
£(0.9 nm). Lines are produced by spline interpolation.

Table 2. Numbers of bound Na" ions and corresponding degrees of counterion binding for different positions of
the boundary and micelle compositions.

d=0.44 nm d=0.7 nm d=0.9 nm
Nsps | Xpuon N | B N | p N | B
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30 0.70 2.3 0.08 8.7 0.29 12.3 0.41
40 0.56 5.8 0.15 17.5 0.44 22.4 0.56
64 0.34 14.1 0.22 35.6 0.56 42.0 0.66
60 0 14.2 0.24 35.1 0.59 40.7 0.68

A clear monotonic dependence is observed: increase of 1-butanol content lowers counterion
binding. However, the effect becomes significant only when the co-surfactant content is considerable:
even at xguon = 0.34 f remains almost equal to that of pure SDS micelles. We suggest the following
explanation. The micelle with xp,on= 0.34 contains Nsps = 64 and Ns,ou = 32. Size and shape of its DS~
aggregate differ little from those of pure SDS micelle with Nsps = 60, leading to similar counterion
binding. The additional 1-butanol is distributed over the surface (Fig. 4B). In two other mixed micelles
the BuOH molecules incorporate into the hydrocarbon core to larger extent and pull apart the
surfactant head groups. As a result, surface charge density decreases, which weakens attraction of Na'.

For the considered compositions there was no experimental data about f to compare. However,
S =0.39 was reported for a system with csps = 0.02 mol/L, cpuon = 0.8 mol/L that is quite close to
system #1 (Table 1). [4] For pure micelles the value 0.71 was reported there. Both values agree with
matching simulation results for boundary position at 0.9 nm.

Conclusions

Mixed micelles made of sodium n-dodecyl sulfate and 1-butanol at standard conditions were
simulated by means of molecular dynamics. Three compositions were considered with molar fraction
of the co-surfactant 33% to 71%. 1-butanol was found located both on the surface of micelles and
incorporated in their hydrocarbon core. Still, its hydroxyl groups stay on the micelle surface among
surfactant head groups. Degree of counterion binding was found reducing with increase of 1-butanol
content. However, up to molar fraction of 33% the effect was small, and counterion binding was
similar to that of the single-component micelles. The used approach may be utilizied for examination
of other mixed micelles, as well.
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I.B. KoHoHeHko, B.C. ®apadoHoB. [ocnigkeHHs 3MilaHux Miuen gogdeuuncynbgarty Hatpito — 1-OytaHony
MEeTOA0M MOMEKYNSAPHOI AUHAMIKA.

XapkiBCbkuI HaLUioHanbHWI yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHui dakynbteT, maigaH Ceoboau, 4, Xapkis,
61022, YkpaiHa

BnactmBocTi  3miwaHuMx  Miuen, WO CKNagawTbCa 3 MOBEpPXHEBO-akTMBHOI  peyvoBuHM  (MAP)
H-popeumnncynbdaTy HaTpito Ta ko-lMAP 1-OyTaHony [ocnimkeHi MeToooM MOAEMBaHHA  MOMEKYNSpHOT
OVHaMIiKM Anst TPbOX eKCNepuMMEHTarnbHO CrocTepeXxXyBaHWX cknagis. Yucno arperauii nepebysano B iHTepBani
Big 30 go 64, a BmicT ko-lAP ctaHoBuMB Big 75 0o 32 monekyn BignosigHo. Cknaz HaBKOMULLIHBOIO PO34MHY BoAa
— 1-6yTaHon BignoBigaB eKkcnepMMeHTanbHO AOCHIAXEHUM KOHLEeHTpauisM. BukopucToByBanmcs NoOBHOATOMHI
noTeHuianbHi MOAeni Ta sIBHUA PO3YMHHUK, LWOO BiATBOPUTU BinbLUICTb CTPYKTYPHUX AeTanei. BuaHayeHo Taki
XapaKTePUCTUKK, SIK PO3MIp MiLlenu, po3TtallyBaHHsa ko-IAP, rmnbuHa npoHMKHEHHS BoAW. 3MoaenboBaHi MiLenm
Manu KOMMNakTHy enincoiganbHy opMy, 3a BUHATKOM Hamnbinbl 6aratnx Ha ko-MAP, ski 6ynu npogoBryBaTMmMm.
PiBHOBaXkHWMI cknag, mMano Bigpi3HABCS Bif NOYaTKOBOrO, L0 BKa3ye Ha Y3ro4XeHiCTb MoaentoBaHHs. Monekynu
ko-MAP cnocTepiranucst B pisHUX MOMOXEHHSIX: po3TalloBaHi Ha noBepxHi arperaty MNAP abo 3aHypeHi B HbOro
BYrneBOAHEBUMY pagvkanamu. MpoTte rigpokcunbHi rpynu nepebyBanu Ha NoBepxHi MiLenu i 36epiranu KOHTakT
i3 posunHoM. BusiBneHo, WO Monekyny BOAM MPOHMKaKTb Y 3MiwaHi Miuenu Ha BigctaHb Ao 0,3 — 1,0 HM Big
ueHtpy. OuiHeHO CTyniHb 3B'A3yBaHHA MNPOTMIOHIB Ta BCTAHOBMEHO MOr0 3arnexHiCTb Bi4 cknagy Milenu.
BusBneHo, WO BiH HEMIHINHO 3MEHLLYETLCS 3i 3pocTaHHAM BMicTy Ko-MNAP. 3okpema, 3a BmicTy ko-NAP o 34%
3B’A3yBaHHS MPOTUIOHIB Oyno Marke nofibHMM OO Takoro B YWUCTMX Milenax H-goaeumncynbdaTy HaTpito;
3HAYEHHs1 MOCTYMOBO 3MEHLUYyBanocs npu nigBueHHi BMIiCTy 1-OyTaHony. Po3rnsaHyTi Oekinbka MonoXeHb
rpaHuli MK 3B'A3aHMMKU Ta BiNMbHUMW NPOTUMiIOHaMK. 3anponoHOBaHMI MiaXia Moxe OyTv BUKOPUCTaHUI Ans
[OCTIIKEHHS iHLWINX 3MilLaHMX Miuen.

Knro4doei cnoea: ¢yHkyiss padiarbHo2o po3nodiny, posmip Mmiuenu, eidpamauis, cmyriHb 38'A3yeaHHs
pomuioHis.
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OpfHuM i3 akTyanbHUX HanpPsAMKIB PO3BUTKY Cy4YacHOI (hidnyHOI Ximii € po3pobka CEHCOPHMX NPUCTPOIB Ta MO-
NEKYNApPHUX 30HAIB ANA AOCHIIKEHHS Pi3HMX BMAcTMBOCTEN PO34YMHIB, KOMOIOHMX cucTeM Ta GionoriyHmx
o6’ekTiB. [JO OCTaHHIX BiAHOCATLCSI CONbBATOXPOMHI BapBHMKM, ki 3aBAsKM knacuyHum poboTtam PalixapaTta,
3HAWLLNW LUMPOKE 3aCTOCYBaHHS ANS KiMbKiCHOI OUIHKW CONbBaTYylOUOi 34aTHOCTI iHOUBIQyanbHUX Ta, B MEHLUIn
Mipi, 3MiLLaHNX PO3UYMHHUKIB Pi3HOT NpUpoan.

PisHa nosegiHka 4-[[(2,4-guHiTpodeHin)MeTuneH]imiHo-2,6-andeHin]jdeHona Ta 6apsHuka PalixapaTta B un-
CTili BOAi Ta 3MilL@HNX BOOHO-OPraHiYHUX PO3YMHHUKAX, MPW 3MiHi iX cknagy, BKasye Ha Te, WO iX enekTpoHHa
OyQoBa 3a3Hae NPMHUMNOBOI 3MiHM MPW Nepexofi 3 OCHOBHOIO y NepLunii 30ypKeHNi CTaH.

MeToto poboTu byno gocnigxeHHs Ta nopiBHAHHA cTpykTypn HOMO Ta LUMO 6apBHuka 4-[[(2,4-guHiTpode-
Hin)mMeTuneH]imiHo-2,6-audeHin]deHona Ta ctaHgapTHoro 6eTtaiHoBoro 6apBHuka PalixapaTa 3 BUKOPUCTaHHAM
cTalioHapHOI Ta 3anexHoi Big Yacy Teopii dyHKuioHana ryctuHu (DFT).

HosepeHo, wo 6apBHuK 4-[[(2,4-anHiTpodeHin)MeTuneH]imiHo-2,6-andeHin]deHon Mae gBa akTUBHUX B3ae-
MO3aMiHHMX COfMbBaTaLiiHUX LieHTpa 1 Yyepes Le Mae BiAMIHHUIA MeXaHi3M conbBaTadii, NpHanMHi y BOGHOMY
pO34MHi, B MOPIBHSIHHI 3 GapBHMKOM Paixaparta, Lo MOBMHHO MPOSIBUTUCS MPW MOro conbBaTauii Takox B
3MiLlaHUX BOOHO-OPraHiyHMX PpO34YMHHUKaX 3 BUCOKUM BMICTOM BOOW B HUX.

Knro4doei croea: corb8amoxpomis, corb8amoxpoMHUl 6ap8HUK, MOASPHICMb PO3YUHHUKA, K8aHMOB8O-XiMIYHI
po3paxyHKu, meopisi chyHkujioHana 2ycmuHu (DFT).

Bcryn

[Ipotsirom octanHix 40 poKiB B AOCIHiAKEHHI COJIbBaTOXPOMHUX SIBHILI NlepeBara BigaaBanacs
KJIACHYHOMY COJIbBATOXPOMHOMY OapBHHKY Paiixapara (/N-(peHOKcinmupuauHieBoMy OeTainy, 2,6-1u-
¢denin-4-(2,4,6-rpudeHinnipuanniii-1-in) ¢penonar - nami Ind 1) abo #oro moxizuum [1] Ta iHmMX
JNOCHigHUKIB [2-9]. BUKOpHCTaHHS IHIIMX COJBBATOXPOMHHUX OapBHUKIB HOCHJIO CIi30AWYHUU Xa-
pakrep. Lle Oyno 3ymoBieHO THM, 1m0 Ind I TIpOSBIIAE CONMBPBATOXPOMHI €(EKTH B IMUPOKii 00macTi
BUaUMOro ta Y@ cnektpa (Big 453 mo 925 HM) npu nepexoi i3 OCHOBHOIO B 30Y)KEHUH CTaH, II0
MOB’S3aHO 31 3MEHIIEHHSM JAWNOJIBHOTO MOMEHTY MOJEKYNH iHguKartopa Ha 22 D, mo mo3Boisie
HaBiTh Bi3yaJIbHO criocTepiraty mi eekT y BUauMii obnacti ciektpy. [10,11] Taka 3MiHa eneKTpoH-
Hoi OynoBu Ind 1 B mipolieci CIIEKTPAIBHOTO TIEPEXOAYy MOXKE OYTH MpeACTaBICHA HACTYITHIM YHHOM
(Puc.1) [1]

Januii 0apBHUK Ma€ TOCHTh 3pyYHY OCOONMBICTH CONBBATALlll TS CIIIBCTABJICHHS COJNBBATYIO-
401 37aTHOCTI (TMOISAPHOCTI) YUCTUX PO3UYMHHUKIB B TEPMiHAX EMITIpUIHHX ImapaMeTpiB Er(30), a came
Ind 1 conpBaTyeThCs MEPEBAKHO MO (PSHOISITHOMY aTOMY KHCHIO, OCKIJIbKM YHIBEpCallbHI B3a€MOIii
BHOCSTH Ha TOPSIOK MEHIIMI BKJIQJ B €HTAJBIIIIO COJIbBATALlll, B MOPIBHSIHHI 3 10H-AUIIOIBHOIO B3a€-
MOJII€0, Ha IO BKA3YIOTh JIIHIWHI KOPENAIiiHI 3anexxHocTi Er(30) Bix akumentopHoro uucia (AN) ta
IUIaBHI MapaboJiuHi 3aJIe)KHOCTI BiJ € JJI YUCTUX IPOTOHHUX Ta alPOTOHHUX PO3UYMHHHKIB (puc. 2)
(3HauenHs E7(30), 10 BUKOPUCTOBYIOThCA B AaHIN CTATTi Oy/lu OTpUMaHi eKCIIEpUMEHTAILHO A i~
TBEP/DKCHHS JITEpaTypHUX 3HaueHb [17] Ta Ans miATBEpPIUKEHHS METOAWKH BHUKOHAHHS EKCIIEpH-
MCHTY).

© Cepreesa €. O., 3axapos A. b., Kiiiko C. M., 2022

This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Puc. 1 CxemaTtnune 300paxkeHHsI OyJOBH eIeKTpOHHOTO 30ymKkeHHs B Ind I [1]
Fig. 1. Schematic representation of the structure of electronic excitation in Ind 1 [1]

3anexHicTh mapamerpy Er(30) Bij akienTOpHOTO YUCIa OCIiKEeHa U TOBeIeHa OaratbMa JI0Ci-
THUTEKAME Tpynamu [12-15]. Takox OyB moka3aHuil 3B’ 30K mapaMeTpy Er(30) 3 TieIeKTpHUIHOIO
MPOHUKHICTIO. [16]

VY 3B’A3Ky 3 THUM, L0 CHEKTpajbHi AaHl Ind 1 B 3MilIaHUX BOJHO-OPTaHIYHUX PO3YMHHHUKAX HE
HECYThb MO iH(popMaliii om0 creudiku Mi>XXMOJICKYIIPHOI B3a€MO/IIi B 3MIllIaHUX BOJIHO-OpraHi-
YHUX PO3YMHHHMKAX, OYIW 3AifiCHEHI cmpoOW CHHTE3y HOBHX COJBBATOXPOMHHX IHIUKATOPIB
MPUHAHMHI 3 TBOMA Pi3HUMH COJILBATAI[ITHIMH IIEHTPaMU B OCHOBHOMY Ta 30yJKEHOMY CTaHi 3 TpH-
OJM3HO Ti€IO K 00ACTIO MPOSIBY COIBBATOXpOMii, sik 1y Ind 1.
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Puc. 2 3anexnocti Er(30) Bim AN (A) [18,19] ta e (B) [20] uncTux po3unsHuKiB 1 Ind 1
Fig. 2 Dependences of E7(30) on AN (A) [18,19] and ¢ (B) [20] pure solvents for Ind 1
(1 -CsHyy, 2 — THF, 3 — CeHg, 4 — CCly, 5 — HMPTA, 6 — DOx, 7 — AC, 8 — DMAA, 9 — DMFA, 10 — 1,2-
Dichloroethane, 11 — PC, 12 — ACN, 13 — DMSO, 14 — Ethylenediamine, 15 — n-MFA, 16 — i-PrOH,
17 — BuOH, 18 — n-PrOH, 19 — EtOH, 20 — MeOH, 21 — Ethanolamine, 22 — t-BuOH, 23 — Gly, 24 — EG,
25-DEG, 26 - TEG, 27— CHCl;, 28 — FA, 29 — H,0)

Takwmii inmukaTop OyB cuHTe30BaHMH y 2012 p. rpymoio Opa3mwibchbkux BUeHHX [21] (4-[[(2,4-1m-
HiTpodeHLT)METHIICH |iMiHO-2,6-audenin |peron — aani Ind 2). bBapBHUK MOXKE COJIbBATYBATHCS Pi3HU-
MU CITIOCO0aMH B 3aJISKHOCTI BiJ CKJIa/Iy 3MIIIaHOTO BOJHO-OPTaHIYHOTO PO3YMHHUKA, TOOTO MepeBa-
JKHO COJBBATYEThCS OIMH 3 JBOX XpOMOGOpPHUX IEHTPIB OapBHUKA. BiH Takoxk MposBIsLE CoO-
JILBATOXPOMHI e(peKTH B MIMPOKiit 00acTi BuaumMoro ta Y@ crektpy (Big 563 mo 913 um) (puc. 3).

0

O‘}:/

n I\

Puc. 3 Cxemarnune 300pakeHHst OyZ0BH eJIeKTPOHHOTO 30y keHHs B Ind 2 [21]
Fig. 3. Schematic representation of the structure of electronic excitation in Ind 2 [21]

V 3B'S3Ky 3 BHUIIEBKA3aHUM TPEICTABISETHCS I[IKABUM IIPOBEICHHS KBAHTOBO-XIMIYHUX PO3-

paxyHKiB 0OeTaiHOBHX OapBHHKIB 3 METOI0 JETAJIBHOTO JOCHIIKEHHS iX eJEKTPOHHHX CTPYKTYp Ta
MOJANIBIIOT0 0O0rOBOPEHHS.

25
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Pe3ynbTtaTtu Ta ix 06roeopeHHs

3aBaaHHsAM JaHO1 poOOTH OYJIO AOCIHIIKEHHS eNEeKTPOHHOI OyI0BH 000X OapBHHKIB B OCHOBHOMY
crani. Onrumizamisi reoMeTpii OapBHUKIB Ta aHANi3 MOJIEKYJSPHUX OpOitanell Oyilu TpoBeJeHI 3a
noroMoroto makera Gaussian 09 [22] 3 Bukopucranasm Metony DFT, 3 dyakmionanom m062x ta
OasucHoro Habopy 6-31+G(d, p). Pesynpratu HaBeneHi Ha puc. 4 — 5.

HOMO LUMO
Puc. 4 Crpyxrypu HOMO 1a LUMO Ind 1
Fig. 4 Structures HOMO and LUMO of Ind 1

Buxoastun 3 pesynbrariB DFT po3paxyHKiB 1uis ocHOBHOTO ctany Ind 1 (ctpykrypu HOMO Ta
LUMO mpencraBneHo Ha puc. 4) MOXXKHA TIPUATH 10 BUCHOBKY, IO OpOiTai, SKi 3HAXOIATHCS I10-
ONU3y IIUTMHM, JIOKAIIi30BaHi MPHHITUIIOBO Ha Pi3HUX (parMeHTax mojiekyinn (HOMO niepeBaxHO Jo-
KaJli30BaHa Ha «IOHOPHOMY» (eHONATHOMY (parMeHTi, B Toil yac sik LUMO B Ginbuiii Mipi po3ra-
IOBaHa Ha «aKLENTOpHiH» dacTuHi OapBHUKa). Posmip miinuan HOMO-LUMO cxknapae 3.7 eB.
3rigHo 3 HamuMu pesynbTatamu TD-DFT po3paxyHKiB, miepexia y 30y/DKEHMH cTaH peai3oBaHo J0-
MiHyI040I0 KoH]irypamiero HOMO-LUMO. Buxonsuu 3 11b0T0, 30y OKEHHSI BIIMOBIIa€ BHYTPIIIHBO-
MOJIEKYJSIPHOMY TEpeHOCY 3apsAfa MiK JOHOPHHM Ta akLEeNTOPHUM (parMeHTaMH, IO TSATHE 3a
c000I0 3HAYHY 3MIHY 3apsiIOBOTO PO3MOALTY (a, SIK pe3yJbTaT, A0 OMITHOT Pi3HHUII B JHITOIBLHHX MO-
MEHTaX OCHOBHOTO Ta 30Yy/PKEHOTO CTaHiB), IO M IMiATBEPIKYETHCS CKCIIEPUMEHTAIBHO Y BHIJISAAL
IHTEHCHBHOI COJIBBATOXPOMIl.

HOMO LUMO
Puc. 5 Crpyxrypu HOMO ta LUMO Ind 2
Fig. 5 Structures HOMO and LUMO of Ind 2
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Ha puc. 5, ananoriuno Bunanxy 3 Ind 1, npencrasneno ctpykrypu HOMO ta LUMO nns Ind 2.
Ha Bigminy Bix Ind 1 anamniz MOneKyJsIpHUX opOiTanell He BUSBUB TaKHX 3HAYHUX MPOCTOPOBHUX PO3-
ninens HOMO ta LUMO Mix JOHOPHUM Ta aKIEHTOPHUM (pparMeHTaMu MOJICKYJIU (pOo3MIp IHIIHHH
cknagae 3.25 eB). Cmin Bim3HAunTH, O BepXHs 3amoBHeHA MO Bce X TaKM Ma€ TCHIEHIIIO JI0 JIO-
Kajizauii Ha (eHONATHOMY (hparMeHTi, a HW)KHS BakaHTHA — Ha HITpOreHBMicTHOMY ¢parmeHTi. Tak
camo sk 1y Bunaaky 3 Ind 1, nepexin y 30yIKeHUI CTaH peali30BaHO JIOMIHYIOUYO KOH(ITyparier
HOMO — LUMO. Y 3B’a3Ky 3 BUIEBKa3aHUM, HE BapTO OUYiKyBaTH MPHUHITUIIOBUX BIIMIHHOCTEH Y
3apsI0BOMY PO3MO/ALI B OCHOBHOMY Ta 30y/kKeHOMy cTaHax. BiporiaHo, el gakrop BKaszye Ha TOi
¢axT, o nepeBaskHO (HEHOMATHHH a00 HITPOTEHBMICTHUN (parMeHTH B MPOLIECi COIbBATALIIl MOXKYTh
B3AEMOIIATH 3 MOJICKYJIaMH PO3YMHHHUKA B 3QJICKHOCTI BiJ] HOTO MPUPOIH 1 JIHIHHUX po3MipiB Horo
MoJiekyin. CiiJl 3a3HauuTH, IO PO3PaXyHKH MPOBOIWINCH O€3 ypaxyBaHHA creuu¢iuHoi B3aeMomil
MOJIEKYJ 1HAMKAaTOpa Ta PO3YMHHHKA, IO B CBOIO YEPry MOXKE 3HAYHO BIUIMHYTH HAa ONTHMaJbHY
CTPYKTYpY OapBHHKA 32 YMOB COJIBBATAIIli, 1, IK CJIi, HA 3apSIOBUI PO3IIOILIT.

3HavHa BigMiHHICTE B conbBaTarlii Ind 1 ta Ind 2 monsarae B pi3Hid KiJIBKOCTI COJBbBaTAIlITHUX
ueHtpis (oguH uentp mig Ind 1 Ta na uentpu i Ind 2) — BiporigHo, 32 YMOB BiICYTHOCTI CTEpU-
YHOT'O 3aTPyAHEHHs B AOCTYMi 0 aToMma a30Ty B Ind 1 (3a paXyHOK ()CHUIBHUX KiJielb), Ui AOCIi-
JUKYBaHUX OapBHHKIB MOTJIA O CTIOCTEPIraTHCh CX0XKi 0COOJMBOCTI COJTbBATAIII].

Ha ocHoBi 11b0r0 MO>KHa 3pOOHUTH MPHUITYILIEHHS, 1[0 CTa01Ii3allis OCHOBHOTO CTaHy X OapBHUKIB
Oyze 3MiHIOBaTHCS CUMOATHO MPH MEPEXO/i BiJl OJHOTO 1HAUBILyaJIbHOTO PO3UMHHKKA A0 iHImoro. Lle
TIPUIYIIEHHS TTOBHICTIO MIATBEPIKYETHCS 3ICKHOCTIMU mapameTpiB Er(30) 1 Er Bim AN Ta & mis
OUTBIIIOCTI TOCIIKEHUX YHUCTHUX PO3YMHHHKIB Pi3HOI MPUPOIH, SIKI HABENIeHI Ha puc. 2 1 puc. 6, Bim-
MOBiTHO (3Ha4YeHHS E7, 10 BAKOPUCTOBYIOTHCA B AaHil cTaTTi Oy/M OTpUMaHi eKCIIEpUMEHTAIBLHO JJIS
MiATBEPIKCHHS JIiTepaTypHUX 3HadeHb [20] Ta Iy MiATBEPHKCHHS METOAMKYA BUKOHAHHS CKCIICPH-
MCHTY).
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Puc. 6 3anexnocTi Er Big AN (A) [18,19] ta ¢ (B) [20] uncTux po3unHHuKiB ast Ind 2
Fig. 6 Dependences of Eron AN (A) [18,19] and e (B)[20] pure solvents for Ind 2
(1 - CsHyy, 2 — THF, 3 — CiHg, 4 — CCl,, 5 — HMPTA, 6 — DOx, 7 — AC, 8 — DMAA, 9 — DMFA, 10 — 1,2-
Dichloroethane, 11 — PC, 12 — ACN, 13 — DMSO, 14 — Ethylenediamine, 15 — n-MFA, 16 — i-PrOH,
17 — BuOH, 18 — n-PrOH, 19 — EtOH, 20 — MeOH, 21 — Ethanolamine, 22 — t-BuOH, 23 — Gly, 24 — EG,
25-DEG,26 - TEG,27 — CHClL;, 28 — FA, 29 — H,0)

BuHATOK CKITamarOTh TITLKH TPH PO3YMHHHMKH: K MH MOXKEeMO crioctepiratu, mis Ind 2 mapamerp
Er nns H,O cunbHO BiIPI3HSIETHCS B aHATIOTIYHOTO mapaMeTpy uist Ind 1; TakoX BUIHO, IO 3aBISIKA
BUCOKHUM MapamerpaMm AN Ta € i3 3aIe:KHOCTEH 3HAUYHO BUAUIAIOTECS Takoxk FA ta n-MFA, 3HOBY X
taku, g Ind 2 y nopiBasiaHi 3 Ind 1. Taka nosexinka Ind 2 B 1MX pO3YMHHHMKAX MOXe OyTH
3yMOBJICHA, BUKITIOYHO, 3MIHOIO MEXaHI3My HOTO CcONbBaTallii, a came cojbBaTaIli€o (ctabimizaIriero)
Moutekyn Ind 2 ipu ieBHUX yMOBax y 30ymKkeHoMy craHi. [1]o Moke Bka3zyBaTH Ha 11e?

[o-nepmie, ue crpykrypu HOMO ta LUMO nocnigxyBaHux Momekyid. Y sumaaky Ind 1, He-
3BakKarouM Ha Te, Mo B HOMO ta LUMO iHaukaTop akIEHTYEThCS Ha Pi3HUX (PparMeHTax, MpU BHU-
KOPUCTaHHI PI3HUX TOSIPHUX MOJICKYJ PO3YMHHHUKIB MH CIOCTEPITAEMO, IO HITPOTCHBMICTHHUI
¢parmenT, GakTU4HO, HE TpUIiMae ydacTi B conbBaramii. ¥ aHamnoriuHiil cutyauii 3 Ind 2, npu Bu-
KOPUCTaHHI Pi3HUX MOJSIPHUX MOJIEKYJ PO3YMHHUKIB MM MOXKEMO NPHUITYyCTHUTH, 110 OapBHHUK CO-
JIbBATYETHCS SIK MO (PEHOJATHOMY (ParMEHTY Tak i MO HITPOr€HBMICTHOMY (hparMeHTy (IOCTYITHHI
JUTSL COJILBATAIIIT MOJSIPHUME MOJICKYJIaMH, OCOOJIMBO, SKIIO Ti 3/1aTHI YTBOPIOBATH BOJHEBI 3B’ S3KH).

[Mo-npyre, sik OyJI0 CKa3aHO BHIIE, 13 3aJCKHOCTEH BUIMANAIOTh TIIbKU PO3YHMHHHKH (pHC. 6), AKi
MarOTh MaJji JIHIHHI PO3MIpH, ajie MPH IOMY XapaKTepHU3YIOThCS BUCOKMMH 3Ha4YCHHIMH AN Ta €.
OCKUIBKH, SIK BUIAHO 3 pHC. 3, B 30ymKkeHoMy ctaHi Ind 2 enexTpoHHA TycTHHA (OOUH €’) IPHOIN3HO
PIBHOMIpHO pO3MOJiiieHa Mo JaHIIOKKY 13 atroMiB O-N-C-C-C-N-O, 10 po3Mip COIbBATYIOUOi MOJIie-
Kynu OyJie BilirpaBaTu 3Ha4YHY POJIb.

Le B mepmry 4epry 3yMOBIEHO MajiOl0 00’€MHOIO TYCTHHOIO €JIEKTPUYHOTO 3apsiay Ha KOXKHOMY
aToMi JIaHIIOXKKY, IO A7 cTabimizawii 30yKeHOro cTaHy MOTpeOye YTBOPEHHS BEIMKOi KiIBKOCTI
c1aOKKUX BOIHEBUX 3B’s3KiB. IIpu iHIIMX yMoBax OifbIl €HEPreTUYHO BHUTIAHINIOW OyJe CONbBaTAallis
Ind 2 B 0oCHOBHOMY CTaHi 3 YTBOPEHHSIM MaKCUMyM 2-3 OUIBII MIITHUX BOJHEBUX 3B’S3KIB 32 paXyHOK
JIOKaJIi3alii eJeKTpoHa Ha PeHONATHOMY aToMi KucHI0. OcTaHHe i crioctepiraerbes s Ind 1.
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BUCHOBKM

Buxopsun 3 pesynbratiB DFT po3paxyHKiB JOBeJIeHO, 1110 Ind 2 Mae Ba aKTHBHHX COJIbBaTaIliliHI

IIEHTPH ¥ depe3 I Ma€ BiIMIHHMA MeXaHi3M conbBaTallii Bifl Ind 1 B 3aeXHOCTI Bi IPUPOIN PO3-
YUHHUKA Ta JTIHIHHIX PO3MipiB HOTO MOJIEKYII.

Bucnosnene npumynieHHs, mo crabisiizamisi OCHOBHOTO CTaHy 000X OapBHHUKIB Ma€ 3MiHIOBaTHCS

cuMOAaTHO TIPH MEPEXO/Ii BiJ OJHOTO 1HIUBIAYaIhbHOTO PO3YHMHHUKA JIO 1HIIIOTO.

BcTanoBmneHi geski pO3YHMHHMKH, 5K, BIPOTiTHO, MOXYTb 3MylTyBaTH Ind 2 TIpaIfioBaT 1Mo iHIIIOMY

MEXaHi3My coJibBararlii, BiaMiaHoMy Bin Ind 1.
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Y.O. Serhieieva, A.B. Zakharov, S.M. Kiyko. Peculiaries of solvatochromism of 4-[[(2,4-
dinitrophenyl)methylenelimino-2,6-diphenyl]phenol and Reichardt's dye. DFT calculations.

V. N. Karazin Kharkiv National University, faculty of chemistry, 4 Svobody sq., Kharkiv, 61022, Ukraine

One of the current directions of development of modern physical chemistry is the working out of sensor
devices and molecular probes for the study of various properties of solutions, colloidal systems and biological
objects. The latter include solvatochromic dyes, which, thanks to Reichardt's classic works, have found wide
application for quantitative assessment of the solvating ability of individual and, to a lesser extent, mixed solvents
of various nature.

The different behavior of Reichardt and 4-[[(2,4-dinitrophenyl)methylene]imino-2,6-diphenyl]phenol dyes in
pure water and mixed water-organic solvents, when their composition is changed, indicates that their electronic
structure undergoes a fundamental change during the transition from the ground state to the first excited state.

The aim of the work was to study and compare the HOMO and LUMO structure of the standard Reichardt
betaine dye and the 4-[[(2,4-dinitrophenyl)methylenelimino-2,6-diphenyl]phenol dye using the stationary and time-
dependent density functional theory (DFT).

It is proved that the 4-[[(2,4-dinitrophenyl)methylene]imino-2,6-diphenyllphenol dye has two active
exchangeable solvation centers and therefore has an excellent solvation mechanism, at least in aqueous solution,
compared to Reichardt dye, which should appear upon its solvation also in mixed water-organic solvents with a
high water content in them.

Keywords: solvatochromia, solvatochromic dye, solvent polarity, quantum chemical calculation, density
functional theory (DFT).
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ETAYHI HOPMU NYBJIKAIIII HAYKOBUX PE3YJIbTATIB TA iX MOPYIIEHHS.
PenakuiliHa Konerist poOMTh BCe MOMJIMBE A NOTPUMAHHS €THYHHX HOPM, NPHUHHATHX MIXK-
HapOJHUM HAYKOBHM TOBAPUCTBOM, 1 JJIs 3aro0iraHHs OyIb-sIKUX MMOPYIIEHb I[UX HOpM. Taka MmoJiTu-
Ka € BXJIMBOIO YMOBOIO TUTITHOT y4acTi KypHally B PO3BUTKY LiJICHOI CHCTEMH 3HAaHb B Tamy3i Ximii
Ta CYMDKHUX Tany3sX. JJissTbHICTh peJakIliifHol KOJIeTii 3HAYHOI0 MipOI0 CIIMPAETLCS Ha pEKOMEHaITii
Kowmitery 3 etukn HaykoBux myOumikaniii (Committee of Publication Ethics), a Takoxx Ha miHHMI
JOCBIJ MIKHAPOMHHMX S>KYpPHATIB Ta BHAABHUNTB. [lomaHHS CTaTTi HA pO3IIIAN O3HAYA€E, IO BOHA
MICTUTh OTPHMaHI aBTOpaM{ HOBI HETpPHUBiaJbHI HAYKOBiI pe3ynbTaTH, sKi paHile He Oyiu oIyOui-
koBaHi. KoXHy CTaTTIO pereH3yoTh IMOHAWMEHIIIE TBa €KCIIEPTH, SIKI MAIOTh YCI MOMUIMBOCTI BUJTHHO
BHCIIOBHUTH MOTHBOBaHI KPUTHYHI 3ayBaK€HHsI 100 PiBHA Ta SICHOCTI MpeACTaBICHHS MaTepiaiy, Ho-
TO BIAMOBITHOCTI TMPOGLII0 XypHaTy, HOBU3HHA Ta JOCTOBIPHOCTI pe3ynbTaTiB. Pexomenmarii pe-
IIEH3CHTIB € OCHOBOIO JUJISI TPUHHATTS OCTATOYHOT'O PIIlICHHS MIOA0 MYOJIiKaIii cTaTTi. SIKIo cTaTTio
MIPUIHATO, BOHA PO3MIIIYETHCS Y BIIKPUTOMY OCTYIII; aBTOPCHKI TTpaBa 30epiraloThCs 3a aBTOPaMHU.
3a HasABHOCTI OYIb-IKUX KOH(QIIIKTIB iHTEepeciB ((piHAHCOBUX, aKaJAEMiYHMX, TIEPCOHATIFHUX Ta 1HILIHNX),
YYaCHHUKHU TIPOTIECY PEICH3YBAHHA MAlOTh CIIOBICTUTH PEHAKIIIAHY KOJETiI0 Tpo Ime. Bci muraHHs,
MOB’s3aHI 3 MOMJIMBUM IutariaToM abo Qanscudikaliero pe3ysbTaTiB PETEIbHO OOTOBOPIOIOTHCS
PEIaKIliHHOIO KOJICTIEI0, PIBHO SIK CIIOPH IIOJ0 aBTOPCTBA Ta MOIUIBHICTh PO3APOOJICHHS PE3yIbTaTiB
Ha HeBennuKi ctaTTi. JloBeneHi miariat yu danbcudikalis pe3yabTaTiB € miacTaBamMu A5 6e3yMOBHO-
IO BIIXWJIEHHS CTATTI.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each pa-
per is peer reviewed by at least two independent experts who are completely free to express their moti-
vated critical comments on the level of the research, its novelty, reliability, readability and relevance
to the journal scope. These comments are the background for the final decision about the paper. Once
the manuscript is accepted, it becomes the open-access paper, and the copyright remains with authors.
All participants of the review process are strongly asked to disclose conflicts of interest of any kind
(financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives ex-
tremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent re-
search entail the categorical rejection of the manuscript.

31



BicHuk XapKiBCbKOTO HaLliOHANBHOTO YHiBEpcUTeTy, cepis "Ximis", Burm. 38 (61), 2022

IHO®OPMALIA JJ51 ABTOPIB. Xypnan nmy0iikye cTaTTi pociiChbKOI0, aHTTIMCHKOIO Ta YKpai-
HCBbKOI0 MoBamH. Jlo myOmikamii mpuiMaroThes: Orjsinu (3a MOTODKEHHSIM 3 PEAKOJIETIE0); OpH-
riHaJibHI ¢TaTTi, 00CAT 6-10 KypHAIBHUX CTOPIHOK; KOPOTKI IMOBIAOMIICHHS, 0OCAT 0 3 JKypHAJIbHHUX
cTopiHok. KpiM 3BMYaliHOTO CIIUCKY JIITEpaTypH, B CTATTi 00OB'SI3KOBO MOBUHEH OyTH APYTUi CITHUCOK,
BCl TIOCWJIAaHHS SKOTO JaHi JiaTuHuIer. [IpaBuia miIroTOBKU IOTO CHHCKY HaBEACHI B PO3IiTI
«TpancniTepaltis» Ha caiTi )xypHainy. OOuBa CIKMCKM MOBUHHI OyTH MOBHICTIO imeHTHuYHi. [Ipu pe-
IIEH3YBaHHI CTaTeH ONWH 3 KPUTEPIiB - HASBHICTH IMOCHJIAHD Ha ITyOJiKarlii ocTaHHIX pokiB. CraTTs
00OB'A3KOBO TMOBHHHA MICTUTH Pe3IOME POCIHCHKOIO, YKPaiHCHKOIO Ta aHIITIMCHKOI MOBaMH. Y BCiX
TPbOX HEOOXiJHO BKa3aTW HA3BY CTATTi, MPi3BUILA aBTOPIB i KJIIOUYOBI cioBa. OpieHTOBHHI 00CAT pe-
3tome - 1800 3HaKkiB (0e3 ypaxyBaHHS 3aroJIOBKY 1 KIIFOUOBHX CIIiB). Pemaxiiis nmpuiiMae elIeKTpOHHUH
(MS Word) i aBa po3mpykoBaHuX (IS XapKiB'siH) TEKCTy pyKoOmHucy. AJpecu BKa3aHi B pO3JIimi
«Kontaktn» Ha caifTi xypHamy. CympoBigHMI JTUCT 1O CTaTTi, BUOPABICHOI BiAIOBIAHO IO 3a-
YBaXEHb PEICH3EHTAa, MMOBHHEH MICTUTH BIAIMOBIMI Ha BCi 3ayBakeHHS. [lomaeThbes eMeKTpOHHHM 1
OJIMH PO3NIPYKOBaHUH (TS XapKiB'siH) BapiaHT. Pykomwcw, ki IPOUTIUTA PETICH3yBaHHS, IPUIHATI 10
nyOsikanii i oopMIIeHi BiAMOBITHO 10 MpaBwJi AJIsl aBTOPIB, NpHiiMaioThes Y popmari doc (He docx)
enexTpoHHor0 nomroro (chembull@karazin.ua). PoznpykoBanuii Bapiant He moTpiOeH. [lokmamHima
iHhopMalris po3MillieHa Ha calTi sxypHaiy http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular pa-
pers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for de-
tails. Please use papers of previous issues as samples when prepare the manuscript. The MS Word for-
mat is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and diagrams
are required in vector formats. Figure captions are given separately. All figures, tables and equations
are numbered. Please use MS Equation Editor or MathType to prepare mathematical equations and
ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is accepted in
the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts may be
submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed information see
the journal web-site http://chembull.univer.kharkov.ua.
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