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ArIeKTPOXUMMN4YecKoe NnpuMeHeHue

Tunbl ANEKTPOXNMUNYEeCKUX CUCTEM

NMepBUYHbLIE NICTOYHUKU TOKA (XMMUYECKNEe NCTOYHUKUN TOKA)
ANEKTPOXUMMMNYeCcKkne akkymynatopbl (Li-MOHHbIe)
Hakonutenun anekTrpnyeckom aHeprmm — CynepKkoHaeHcaTopbl
AneKTpoBbiAeNeHue MeTansnoB (3neKTponusep)
ANEeKTPOCUHTE3 (ANeKTponunsep)

TonsnBHbIE 3fIeMEeHTbl (XUMMUYEeCKUEe UCTOUYHUKU TOKA)

TpeboBaHUA K 0O bEMHOMY 3NEKTPOSIUTY

MakcumanbHasa 3neKTponpoBOoAHOCTb (MUHUMAaNbHOE yaeribHOe
conpoTuBrieHue)

LLinpoKoe 3aneKTpoxXxmmMmm4ecKkoe OKHO

XnMunyeckasa n Tepmmyeckas yCTOMYMBOCTb

MuHuManbHasa BA3KOCTb

MakcumanbHaa andppy3ma MOHHOro KOMMNOHEHTa
MakcumanbHasa adppeKkTuBHasg KOHUEHTpPaLuus MOHHOro
KOMMOHEeHTa
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TnobanbHbLIe 3agauun

MaTepuanoBeguyeckas

NMouck, nogbop HOBLIX U ONTUMM3ALUA CYLLECTBYHOLWMNX
COCTaBOB 3JIeKTPOJIUT — pacTBopUTesnb (HeBOAHbIe PacTBOPbI
3NIeKTPOJSIUTOB)

PusukKo-xmmmyeckas - TeopeTn4yeckas

OO0BbsACHEeHMe n npeackasaHue 3NeKTPOXNMUYECKUX,
TepMOANHAMNYECKUX U TPAHCNOPTHBLIX CBOMCTB XUAKUX UOH-
MOJEKYNAPHbLIX CUCTEM

UccnepoBaTtenbckas

Pa3BuTne 3nekTpoxXxmmMmmnyeckux MeToaoB nccriegoBaHus
(nMnegaHcoMeTpUs, NOTEHLUOMETPUS, KOHAYKTOMETPUS)
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(nobanbHbIe 3aga4vn - npumMepbl

MaTepuanoBeguyeckas

o OnEeKTpPonuUTbl ANA Li-MOHHbIX aKKyMYynATOPOB
 HoBbIN Krnacc 3MeKTPOSIMTOB — MOHHbLIE XXUOKOCTHU

Pusnko-xmmmnyeckas - TeopeTn4veckKas

e ONEeKTPONpPOBOAHOCTb KaK PYHKLMS Npupoabl KOMMNOHEHTOB,
TemMmnepaTtypbl U KOHUEHTpauum

UccnepoBaTtenbckas

 KoHAayKkTOMeTpusa Kak YHUKarNbHbIN 3NIEKTPOMETPUYECKUMN
(dpu3nyeckumn) meton uccriegoBaHnUsl MOH-MOJTIEKYNAPHBbIX
CUCTEM — JJIeKTPOJIUTHLIX PacTBOPOB
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Solvents: Organic Carbonates and Esters

Solvent Structure M. Wi TG "C Ty"C n/eP E Dipak: T¢"C  digem™, 25°C
8 15 Moment/debye
EC ["q“ BE 6.4 248 1.5, 89.78 4.61 160 1.321
L/ (40°C)
P '“‘[:‘qh_& 102 488 242 2.533 64,92 4.81 132 1.200
B 1164 -53 240 iz 53
yBL L "’; B =435 204 1.73 39 4.23 @7 1.199
¥VL <__,G}-':' L1 =31 208 2.0 id 4,29 Rl 1.0657
NMO | L L5 270 25 T8 4.52 110 .17
s
I 1\ i} 4.6 Ll {54 3107 0,76 15 1.063
e e (20 °C)
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Solvents: Organic Ethers

Solvent Structure M. Wt T, "C T'C ek E Dvipssle Te 'C digem™,
254 25°%C Moment'debye 5°C
DM *ﬁ,‘* 76 105 41 0,33 2.7 241 -17 0,86
s - 3
DME Elxxn;-"\vixm 90 58 B4 (.46 12 .15 0 0,86
DEE '“-.__n_.."'ﬂ"'-..lu__.-" o 118 =74 121 20 ), 5
THF % 0 66 0.46 7.4 1.7 AT 088
2-Me-THF [:l't, b4 =137 Kol .47 L 1.6 <11 (.55
1.3-DL E‘Q} 74 -5 78 (.59 71 [.25 L 1.06
o
4=Me=1 3= \I:':'-;F b1 =113 RS [, 6.8 .43 -3 (983
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Electrochemical Stability of Electrolyte Solvents:

Nonactive Electrodes

working

solvent salticonc (M) electrode Ea E.t
PC EtyNBF/0.65 o 6.6
nofe’ Pt 2.0 ~1.0
BuyNPF; Ni 0.5
LiC1040.1 Au, Pt 1.0-1.2
LiC104/0.5 porous Pt 4.0
LiC1Oy Pt 4.7 ab :
LiCIOy Au 55 Anodic and
LiAsFg Pt 4.8 LA
EC Ft,NEF,/0.55 i o cathodic limits,
BuyNPF Ni 0.9 .
LICIOYO 1 A Pt s potential referred to
DMC Et;NBF,/0.65 GC 5.7 . . _
LiC1040.1 Au, Pt 1.32 Li+/Li. ¢ The salt
LiPF&/1.0 GC 5.3 "
L o B free condition was
DEC EtyNBF4/0.65 (ols 6.7 . .
LiCI04/0.1 Au, Pt 1.32 realized via an
EMC Et;NBF,/0.65 GC 5.7 .
S oo e ultramicroelectrode
yBL LiAsFg0.5 Au, Ag 1.25 .
THF Et,NEF,/0.65 GC 5.2 technique.
LiCI0y Pt 4.2
LiAsFg/1.0 GC 4.25 (0.1)
nofnes Pt 4.0 = —2.0
LiAsFe/1.0 cC 4.2
LiAsFg Pt 4.2
2-Me-THF LiC1Oy, Pt 4.1
LiAsFe(1.0 (ol's 4.15(0.1)
LiAsFe/1.0 cC 4.2
LiAsF; Pt 4.1
DME EtyNBF4/0.65 cC 5.1
LiCI0y Pt 4.5
LiAsFg Pt 4.5
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Electrochemical Stability of Electrolyte

Solvents: Active Electrodes

working

electrolyte electrode F3°
1.0 M LICI0yPC/DOME (1:1) LiVy0g 4.6
1.0 M LiAsFe/PC/DOME (1:1) LiV3iOs 4.7
1.0M LICIOWEC/DEE (1:1) LiMngUy 4.53
1.0 M LiImEC/DEE (1:1) LikingCy 4.4
1.0 M LIIm/EC/DME (1:1) LiMnzOy 4.35
1.0 M LiPF&/EC/DEE (1:1) LiMnzOg 3.8
1.0 M LIBF/EC/DEE (1:1) LiMngy 3.4
1.0 M LICI0¢PC LiMnzOy  =5.1
1.0 M LIBF/EC/DMC (2:1) LiMnzOy =51
1.0 M LICIOZEC/DMC {2:1) LiMnaOy =51
1.0 M LIPF&/EC/DMC (2:1) LiMnzOg  =5.1
1.0 M LICIOyEMS LiMnzOy 5.8
1.0 M LiIm/EMS Libngy 5.8
1.0 M LIPF'EMS LiMnzOy4 5.8
1.OM LIPFEIBS LiMnzOy 5.8
1.0 M LiPFgDMC LiMngOy  ~4.0
1.0M LIPFe/EMC LiMngUy 4.5
1L.OM LiPFa/FPMSDMC LiMnzOq 555
1.0M LiIPFg FPMSEMC LiMngOy  5.55
1.0 M LIPF&/EC/PC/DMC (1:1:2) LINIVOy 4.5

¥ Anodic limits, potential referred to Lit/Li
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Temperature range

50

Liquid-solid phase
diagrams of EC/DMC,
EC/EMC, and PC/EC.
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Solutes: Lithium Salts

Salt Siructure M. Wi T, "C T aecnmpes Al- o ‘mScm
“Cin corrosion (1.0 M, 25° C)
solution im FC in EC/TMC
LiltF, e 93,9 203 id) = 100 M 3,47 4.8°
r“"__r."“'r
LiPF, HT F' u* 1519 2000 d) — R M 548° 10.7#
. (EC/DMC)
F 1 F
LisF; e w 1959 340 = 100 N 5.7 11"
R
F'-Fl P
LAC R, ; | [ (34 236 =100 M 56" g4
a” I“-u-
[a]
Li Li " CF.S0y 1559 =3 =3 [)}] Y 1.7"
Triflaie
Li Imide Li " [N{SORCF R TRA.G 734 =1({) Y 51" 9.0°
Li Beti Li * [N(SO:CFCF)]” M
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Anodic Stability of Electrolyte Solutes:

Nonactive Electrodes

working
salt solvent conc/ M electrode Fa(#fimA e 2))
Cl0yg~ PC 0635 - 6.1 (1.0)
PC Ft 4.6
BF - PC 0.65 =C 6.6 (1.0)
EC/DMC 1.0 AL 4.78
PFs~ THF 0,001 =C 4.4100.1)
=L 0001 =C 4.8(0.1)
PC 0.65 =C 6.8(1.00
nomne’ none GO 4.94 (1.0)
none none Ft 5.00 (1.0)
EC/DMC 1.0 AL 4.55
AsFg~ PC 0.65 CC 6.8(1.0)
none none GC 5.05 (1.00
none none Pt 5.10(1.0)
EC/DMC 1.0 AL 4.96
THF 1.0 =C 4.25(0.1)
THF 0,009 =
SL 0.8 =C 4.69 (0.1)
ShFj- THF 1.0 CC 4.10 (0.1)
PC 0.65 =C T7.1(1.0)
T PC .65 = 6.001.0)
PC 0.10 Ft 5.000.5)
EC/DMC 1.0 AL 4.29
Beti™ PC 0.65 =C 6.3 (1.0)
PC 0.1 =C 6.2 (0.5)
Im~ PC 0.65 =C 6.3 (1.0)
PC 0.1 Ft 5.3 (0.5)
none none O 5.06 (1.0)
none none Ft 5.13 (1.0)
EC/DMC 1.0 AC 4.33

2 Anodic limit, potential
referred to Li*/Li, cutoff
current density in paren-
theses. P Scan rate: 5 mV
s1, ¢ Activated carbon as
working surface. Scan
rate: 10 mV s, d
Supporting electrolyte
0.1M Bu,NBF,. Scan rate:
100 mV s1. e The solvent-
free condition was
realized by using an ionic
liquid based on
imidazolium cation, at 80
°C. Scan rate: 20 mV s,
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*ofEC - Detailed mapping of the dependence of ion conductivity

(0.22=029 on salt concentration (m), solvent composition (x), and
temperature (T) in acommonly used binary solvent

system EC/DMC by surface plots. The temperatures for

mmolkg'  these plots are, in order of their appearance, from 60 to -
(0210 30 °Cin 10 °Cincrements. The o ranges for the surface
plots are, in order of their appearance, (8.49, 16.7), (7.78,
14.6), (7.03, 12.6), (6.23, 10.6), (5.44, 8.7), (4.63, 7.00),
(3.14, 5.47), (1.93, 4.14), (1.04, 3.00), and (0.46, 2.06) mS
cm-1,
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Commercialized Lithium-ion batteries

State-of-the-Art Electrolytes

> Salt: LiPFy

» Solvent: EC + linear carbonate (s)
» Concentration: ~1M

» Low-temperature limit: -20 °C

» High-temperature limit: +50 °C

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Novel Electrolyte Systems

Improving the state-of-the-art electrolyte
systems includes:

 the development of new electrolyte
solvents and salts

e and the application of functional additives
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Novel Electrolytes with Wide Temperature Range

Low-Temperature Performance

1) solvent approach

- to decrease EC content

- to use ternary compositions
- to increase PC content

2) salt approach
- to substitute LiPF4 by LIBF,

High-Temperature Performance:
- to substitute LIPF; by LIBOB or LIFAP
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Remarks

Solvent Structares
. X "'i'- Halogen-substiiuiion lowers mop. and improves SEIL-
x “I:d ¢ cFy formatiom ability;
evelic carbonates high self-discharge rate from CIEC;

el

toxicity remains unknown.

Lnigue match with LiBE,.

0

ghycol borate ester (BEG)

n' ﬁ B Rt
u RY = E4, Pr, Bus, By
sulfones

S

H—!—H'lr R aliogls, alkewyls,
) Il L1 alicpooyalicyts

CE B

sulfamides

Moderate ion conductivity,
higher 1;
good anodic stability on PL

High ion conductivity;

gaod anadie stabiliny on cathode malerials;
alkyl flucrination improves SE] chermistry on
araphite.

Moderate ion conductivity;
paor anadic stability om Pg,
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Non-agueous Solvents for Novel Electrolyte

Solvent Siructures ) Remarks
/ﬂ\ {EHyIH L Better low-temperaturs performance,
FHCH) o LR B ]
limear esters
o
=1-7 Better low-temgerature orinance;
IICFa].”FJ\\ﬂ'J [CHalH nm- =32 . . ptrf
E=FaorH better SEI-formation abiliby;
fluorinated esters lower inflammability.
T R = CH,, CH,CH,
R R CHyCH,CHy, CHACF, Better low-temgperaire performnanca,
better SEI-formation ability;
R & CHCFy, CHICF |
lower inNammalbility.
fluorinated carbomates
" /kn R RnCHCRs Resistive SEI;
lovw capacity
Muarinated carbamanss
O1- f-":m
"EI[CH [: R = alkyl Improved SEI chemistry:
%= Fpr R | increased safety under thermal abuse.

F
I'\-\.HEH__;-EZ'\.\_E_.-' [1CH: D] n'cl\m_/-:

flworimated ethers
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Novel Lithium Salts and Their Major Properties

Sali Structure M. Wi T,/°C* E,/v"° o imSem
[solvent ~elecirode) (0, 7-1.0 M, 28" C/
LiMe "’""’*“*Tg SR 4179 340 44 (THE-GC) 7.1 (EC/DMC)
r 004 ur 4.0 (EC/DMC-GC) 12 (EC/MF/DMC)
16 (PC-85 7, n=0%) .6 (PC, n=0)}
[TT.T __-Lr—ﬂ 2334~ 230 (n0) 3,7 (PC-Au, n=1} 5.6 {EC/DME, n=0)
= «-;’ = 054 4,1 (PC-Au, n=4} 0,77 (PC, n=1}
men 11.07 (DME, n=4)
e 1,22 (PC)
® r”j‘_{.g: T 334.1 320 3.75 (PC-PY) 384 (PC/DME)
e L .39 (PC/EC)
" 4.0 (PC-85, R'7'=H)
4 uﬂ_@ 290,01 260(R'"=Cl) 44 (PC-PL R'=C1)
?—‘ f_\"’ 4277 290 (R T=Hp 44 (PC-PLR] A=)
[ . ) I0R=C) 43 (PO R =01)
U IN(R'-CHy) 4.1 (PC-Pr, R'=CH;)
aromatic Li K Ewd
Ieorates =
-—’L ._f 386.1
"Ll
=i 293, s :
;—u},:; CER i (EC/DMC-Pr)
|__h .—:l u—t-n
2199 1,95 (PCTMC-PY)

s ol '\-:I. 2,
O 10
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Novel Lithium Salts and Their Major Properties

Sali Structure M. Wi Tyl C" E, V" o 'mScm’
(solvemt ~¢lecirade) (0.7-1.0 M, 25° C/
solvent)
" L P
- “'-,H'E;_,-u *H, hEl9 2R 5.4 (DME-Pi) 1.1 (DME)
_ '\:;1-, S.00PC-Pr)
¥ Ry = LFy “
215 5 5.6 (DMS0)
nan-aramatic
Li harales
3P
1934 ~ 300 il 4.5 (PC-Pr) 4.0 (DME)
T5(EC/DMO)
Ha "-E,r“'—-f:‘ — 465 9--667.9 [[110] 4.5 (MC-Pt) 20 {PCTMC)
. & ‘a}d“. ) lﬁifb'.ﬁ,
T
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ROOM
TEMPERATURE
IONIC

LIQUIDS
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RTIL

Common solvents and lonic liquids

“\
Polar
CHCI;, CH,CN
Aprotic >_ ConSist
of no ions
Non-polar
Solvents CgH44, CgHg
-~/
Protic Only small part of solvent is
C,H:OH, H,0 ionized by disassociation
lonic Liquids } Consist of only ions

Definition: An ionic liquid is a liquid that contains essentially only ions. Often
refers only to liquids with m.p. below 0°C (room temperature ionic liquids).
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/ Cations \ / Anions \

Halides, Cl-, Br-, I-
Imidazolium S 7 Nitrate, NO"
Tetrafluoroborate, BF -
Pyridinium Q _
Hexafluorophosphate, PF,
Ammonium NR;R™ Bis(trifluoromethylsulfonyl)amide,
Phosphonium  PR,R’™ NTT, . i

- —

~
\ //

RS_R |
N R R
\/ Dicyanoamide, DNA- =N — =
Etc. / \\ + Et(/

1018 possible ionic liquids
1000 is described in the literature
300 is commercially available

—

Pyrrolidinium

+ N R
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RTIL

Comparison of organic solvents with ionic liquids

Property Organic Solvents

lonic Liquid

Number of solvents >1000

Applicability Single function
Catalytic ability Rare
Chirality Rare

Obeys the Clausius-

Vapour pressure Clapeyron equation

Flammability Usually flammable

Polarity Conventional polarity
concepts apply

Tuneability le]ted range of solvents
available

Cost Normally cheap

Recyclability Green imperative

Viscosity, cP 0.2-100

Density, g/cm? 0.6-1.7

Refractive index 1.3-1.6

>1,000,000
Multifunction
Common and tuneable
Common and tuneable

Negligible vapour pressure under normal
conditions

Usually nonflammable
Polarity concept questionable
Virtually unlimited range means

“designer solvents”

Typically between 2 and 100 times the
cost of organic solvents

Economic imperative
22-40,000

0.8-3.3

1.5-2.2

Plechkova, N. V.; Seddon K. R. Chem. Soc. Rev. 2008, 37, 123-150
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Application of RTIL

Stable
Non-

v olatile

Organic
Salts

2005 2000 2000 2005
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70000

60000 o
Publications on ILs

WWW.Scirus.com

50000

40000

30000 -

20000

10000

O I I T I T
2003 2005 2007 2009 2011

lonic Liquids Database- (ILThermo) © 2006

NIST Standard Reference Database #147
http://1lthermo.boulder._nist.gov/ILThermo/mainmenu.uix
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Electrochemical application

Rechargeable Li-battery, Li-secondary-battery

Electrolyte .u’_\.
N N
HyC™ @Y ""cH,
Cu @ oxygen CH,
@ Lithium
@® Cobalt 0 =
Chargi M7
arging 8 ~
«—— Discharging F<¢~ N\ /7 TCFs
8 0
1,2-dimethyl-3-propyl-
Imidazolium
bis(trifluoromethylsulfonyl)
imide + LiTFSI

After 100 cycles the capacity remained at a high level of above 100 mAh g"1
(start: 143 mAh g"1 end: 113 mAh g 1 after 100 cycle

Seki et al, JPC B (2006) 110, 10228
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RTIL + Molecular liguids mixtures

Why ionic + molecular liquid mixtures?
ILs have many useful properties
» low vapour pressure
» good thermal & electrochemical stabilities
But also some not-so-good properties
% high viscosity
% low conductivity

% limited capabilities as solvents (g(IL) = 12)
Thus, ILs unlikely to be used ‘neat’ in technical applications

Solvent: acetonitrile CH;CN (‘AN’)
‘Good’ solvent for organics & inorganics (reasonable donor/acceptor
characteristics)
v lonizing (¢AN) = 36)
v Fully miscible with many ILs
v’ Useful physical properties: low viscosity
v Useful chemical properties: good electrochemical stability
v Widely used in: chromatography, hydrometallurgy, batteries

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Viscosity of binary systems [1]:

BMIMBF ,+AN, 25 °C
=1 -exp(A- 1) |
X s - molar fraction of the solvent S
A - temperature dependent & 1l
coefficient ng
=
E o}
Ao E+G, =
RT
-1 +r
Viscosity of pure IL as a function
of a temperature: Vogel-Fulcher- | | | | | |
Tammann (VFT) equation [2]: 05 06 07 08 09 1.0
' % (AN)
7, =1, EXp ) Mo B,T0 — parameters of the VFT equation

E=r

[1] A. Zhu, J.Wang. // Chem. Eng. J. — 2009 — Vol.147 — P. 27-35.
[2] H. Tokuda, K. Hayamizu. // J. Phys. Chem. — 2004 — Vol.1078 — P. 16593-16600.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Specific conductance

BMIMBr

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.



Specific conductance

% EMIMBF4
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Walden-product Ay

BMIMBF ,+AN 40 | —e— 5°%C
3 30 " EMIMBF ,+AN 15°%
» 9 25°C
o .
L 25+ S 35t
g E
2 2 8 30
§ 15} 5
co ® 25
= =
S0} >
20
5 C 1 | i | 1 L 1 L
-1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5
g (c, mol/dm®) g (c, mol/dm®)
i BMPBF,+AN —e— 5°%
3 . 9 35¢ BMIMTf+AN @ 15%
® ?
T 35| ®
N T 30!
o) S
g€ 30 E 25
5 :
@» 25} D 20}
£ £
< <
20 t 15 |
-1.0 -0|.5 0.0 0j5 -1.0 -0.5 00 05
lg (c, mol/dm?®) g (c, mol/dm?®)
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3I'IEKTpOXMMM‘-IECKOE MmaTtepuuainoeegeHume

AnbTepHaTuBa
AMNNPUYECKNUN MOUCK, OOGbsACHeHMe u
noadop HOBbIX npeAackKkasaHue
n onTUMM3auus CBOMUCTB
CyLEeCTBYHOLUX XKNOKUX
COCTaBOB MOH-MONEKYNAPHbIX
XUOKUX INIeKTPOSINTOB cUcCTem

J. Power Sources (Elsevier, ISE)

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




TeopeTuyecKana 3/1IeKTPOXUMHUA

DNeKTpoNpoBOAHOCTD
XUAKOTO 3NeKTposnumTa
KaK
1)pyHkuma npupoasb:
KOMMNOHEeHTOB,
2)Temnepatypbl U
3) coctaea (KOHLUeHTpauumn)

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




AreKTponpoBOAHOCTbL — CYyNnepcBONCTBO

* YpesBblyanMHas npakTuyeckasi 3SHa4Y4MMOCTb,
0CO006EeHHO B CBeTe UHTEHCUBHOIO Pa3BUTUSA
XUMUYECKMX NCTOYHMKOB TOKA, CYNEepPKOHAEHCAaTOpPOB
N 3NTIEKTPOXMMUNYECKUX TEXHOJIOTMM HA OCHOBE
HeBOAHbIX 3NIEKTPOJIUTHbLIX CUCTEM

« KoHAyKTOMETpUSA NO3BONAET NOJSIYYUTb YHUKANbHbIE
no cBoen AOCTYNHOCTU, AOCTOBEPHOCTU U
UH(POPMaATUBHOCTU KONNYECTBEHHbIE
XapaKTepUCTUKN CTPYKTYPbI U ANHAMUKA UOHHOU
conbBaTauuu, a Takke TepMoagUHaAMUKN MOHHOMU
accouuvaumm n KoMniaekcoodbpasoBaHus

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Teopusa NUHENHOro OTKNMKA

TpaHcnopmHbIU Ko3hhuyueHm

NMnoTHOCTbL NOTOKa = {TpaHCNOPTHbIU Ko3adhduumeHT} X {ABNXKYyLaa cuna}

J=L- X+ (BBICIHHC TeprI)

AnekmponposodHoCcMb
NOTOK 3apsAAoB = KO3(h(pULIMEHT 3NIeKTPONPOBOAHOCTU X FPaAUEHT NoTeHuuana

jZZK.a—U+(BbICIHI/IeTepMI>I) j:/(E k=1/p K:Zciﬂi

0z

e TpaHCNOPTHbIE KO3(h(PNLUMNEHTbI MOTYT ObITb 3KCMEPUMEHTANIbHO U3MEpPEHbI

- 3aJaya CTaTUCTUYECKON MEeXaHMUKN — TeopeTUYecKoe npeackKkasaHme
BeJIMYMHbI TPAHCMNOPTHbLIX KO3 PULMNEeHTOB

O. H. Kanyrun, Breiesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




CtaT. mexaHuKa MOH-MOJEKYJIAPHbLIX CUCTEM

LJuHamuka ramurnibmoHa

dasoBoe MPOCTPaHCTBO. BCE HYaCTULbl CNCTEMbI HAXOOATCA B ABUXEHNN

I —npocTtpaHcTBo = (q;...Gy » P;---Py ) => 6N —MmepHoe

p=mvy, .t .
P =P by ) S
qi = (Xi ! yi ) Zi) — ri t:tO t:t0+’c

YpaBHeHUs [aMunbToHa

. OH . oH
o] :8_p. P, :_6_q. H(g,p) =H(q,...dy,P;---Py)
Knaccuyeckasa ctat. MexaHuka
2
Hp) =K@ +U@  H@p) =Y p—r;]+uN(q1.-.qN>
I<i<N i

O. H. Kanyrun, Breiesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




CtaT. mexaHuKa MOH-MOJEKYJIAPHbLIX CUCTEM

LJuHamuka ramurnibmoHa

[MpnbnmxeHne napHbIX B3aMMogeNCTBUN

Uy, (d;.-ay) :ZUO +ZZUij "'y: y yuijk T

<] i<j<k

CpeaHee no BpeMeHun (onsa cuctembl, Haxoaswencs B coctosaHun T
paBHOBECKS)

to+7
B%® —<b> = lim=> [ b(p,q,t)dt

T—)oo»z' :
0

1

<b>/\r\/;(\/1 /\R(\/\/\
z VUU\J\/ i~ N

v

t=t, t=t,+t

O. H. Kanyrun, Breiesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




CtaT. mexaHuKa MOH-MOJEKYJIAPHbLIX CUCTEM

3adaya cmamucmu4yeckou mexaHuku HKC u nymu ee peweHusi

3apgava

lNpeackasaTb (MOHATbL, OO BLACHUTL) MaKPOCKONMUYECKMe
(usmepsemble) ceouctea HKC (tepmoanHamunyeckoun
CUCTEeMbIl) Npu 3agaHHbIX BHewWwHux ycrnosus (p, V, T, N) Ha
OCHOBaHUN UHcopmMaLnUn 0 B3aUMOAENCTBUAX
(noTeHUManax B3auMmogencTBuUs) Mexay Yyactuuamu
(atTomamMu, nOHamMun, MoneKynamMmm) CUCTeMbI

NyTn peweHunsn
1. TeopeTnyeckoe onmcaHme — meton aHcamonen N'mboobca
2. CTaTUCTNKO-MexaHn4veckoe (KOMMNbITepHoe)
MoaenupoBaHue
2.a. MonekynsapHo-guHaMu4yeckue mogenmpoBaHue
2.6. MeTo OpOyHOBCKOM (NaHXXeBeHOBCKOW) AMHAMMUKMU
2.B. Metoa MoHTe-Kapno

O. H. Kanyrun, Breiesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Memoo aHcambrieu ubbca

Mukpockonnyeckasi BEpOATHOCTb U aHcaMbrib

A

e OGnacTb AonycTUMbIX 3Ha4YeHun (,p),
e COBMECTUMBbIX C 3aaHHbIMU YCITOBUAMU B
g BESnSREN M30NNPOBAHHON cUCTEME
IV Y,
< E . <H(,p)<E,  +AE

»
»

P

[lepexon oT cpeagHnx no BpEMEHU K cpeaHnM no aHcambnto (MUKPOCOCTOSAHUI)

b(p.q) = [b(a.p)p(a,p)dT

P(A,P) - NNOTHOCTL BEPOSITHOCTU B [-NPOCTPAHCTBE

O. H. Kanyrun, Breiesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




TeopeTuyecKana 3/1IeKTPOXUMHUA

Teopus aNEeKTPONUTHbLIX PaCTBOPOB

-

T~

MoHHasa nna3mMa B BA3KOM, PaBHoOnpaBHbLIN

AUN3NEKTPUYECKOM y4yeT MOHOB U MOJIEKyn

KOHTUHYYMe

(ypoBeHb MakMunnaHa 1.MpocTenune NoH-

-Mawuepa) AUNosnbHbIe Mmoaenu

1.Teopusa OXO u ee 2.KBasupelweToyHble

pasButue MoAenu
(MOH-MOSEeKysSpPHbIe)

2.KBasupelweToyHble

Moaenu 3.Teopus cBsA3aHHbIX MO,

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




In discrete solvent models (left), the degrees of freedom of
the solvent are treated explicitly. For continuous solvent
models, the latter is considered as a continuum described
by its dielectric constant and its viscosity.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




HrP) = 2 P 25 U)o Wi () =i 5)

W (r;) = kg T Ing;; (r; ) U; (N =U;*" (1 +U5(r)

Mopenb [Jebasa-OH3arepa ans noaBu>XHOCTU MOHOB
divi(g;; Vi) +divi(g;vii) =0

A=A+ A™ + A"

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMunnaHa-Maunepa: teopusa AXO

AnektponpoBoaHOCTb (Al) nNpn KOHEYHOU KOHUEeHTpauuun

/\

KoHueHTpanmoHHas
3aBucuMocThb Il
(MHTErpa bHaNA)

3/IM u
TePMOJAMHAMUKA
HOHHOM
acconuanyuu

Al npu d6eckoHEeYHOM
pa3doaBieHuy (IMHAMHAKA HOHHOM
COJIbBATAIIMH M JUHAMHUKA
COJIbBATHPOBAHHOTO HOHA)

KoHueHTpanuoHHas
3aBuCHMOCTDH Il
(17151 mMpeaeJbHOTO0 cay4asi MOJTHOM
AUCCONUALIMH 3JI€KTPOJINTA)

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMunnaHa-Maunepa: teopusa AXO

A =x/c

A=Y |z|ciA (inO;T,g,n)/CSt

fef ] @
C;/C™ +wmopenb ans koad. aktusHocTH =>( K p

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




lNpeaenbHaa UOHHAA NPOBOAUMOCTDb

1. I'mppoavHammnyeckoe onucaHme AUHAMUKN NOHA B
pacTBope

2. KoHTuUHyanbHbIV noaxoa;
TEeopUU AU3NEKTPUYECKOro TpeHus

3. KuHeTtunyeckasn teopua conbBaTauum CamounoBa u
ee moaudukauuum

4. MonekynsipHasa (MUKpOCKoONnu4yeckasl) Teopus
AVHAMUKM COJIbBaTUPOBAHHOIO MOHA

5. MMUKPOCKONNYECKUMN YPOBEHL. TEOPUSA CBA3AHHbIX
moa (TCM) - He nmeeT aHanNUTUYECKOro peLLleHnsd

O630p: KanyrnH O.H. BecTHuk XapbkK. Hau,. yH-Ta. 2002. Ne 573. Xumu4. Bein. 9(32). C. 13-45.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.



YposeHb MakMunnaHa-Maunepa: teopusa AXO

Moaenb 1. ToueUYHble MOHbI B ANINEKTPUYECKOM KOHTUHYYyMe
(ANA oYeHb pa3baBreHHbIX PpacTBOPOB)

[lepBoe npubnmxkeHune OX

( e2 A
b= (CICE)
}/(Ci) —yt= exp(—bKTR), ] RekT :
x? = Nl (o)
| 1000£kT

YpaBHeHne OH3arepa

_+_

f(ci): ljth — Zist f(Cf;A):%;(ﬂo +S\/?)
J

j

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMunnaHa-Maunepa: teopusa AXO

Moaenb 2. RPM
TBepAable 3apsiKeHHble LWWapUKU B ANINEKTPUYECKOM KOHTUHYYMe

YpaBHeHue gns KA

A\/;i = bax

in y(CJ_) =lny; = " 1+Ba 2(1+xa) Btopoe npubnuxenne X
In y.i = £[1+ Ka — (1+ 2Ka)%} MSA — cpegHe cipepunyeckoe
I ka npubnuxeHne

YpaBHeHune Il

f(cji)zﬂﬂ —S(c.i)% +Ec;"Inc;* +J(a)c;” —Jy(a)(cji)% +o

2

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMunnaHa-Maunepa: teopusa AXO

Mogenb 3. TBepAble 3apsiXKeHHble CONIbBAaTUPOBAHHbIE LUAPUKU
B AN3NEKTPUYECKOM KOHTUHYYMe

(3)

I-ion j-ion

Mpu6nuxeHne ABYX MOHOB B pacTBope

j-ion

KoHuenuma MOHHOM accoumauum

Mopenb noHa ¢ conbBaTHbIMU
obornoykamu |\/|§+ + xé— o [|\/|x]§++z—

= [[MX]§++Z_ ] y[Mx]éJrJrz_
[Ms+][X5]

yM§+ yxé_

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMunnaHa-Maunepa: teopusa AXO

Mogenb 3. TBepAble 3apsiXXeHHble CONIbBaTUPOBaHHbIE LAPUKK
B AN3JIEKTPUYECKOM KOHTUHYYMe

YpaBHeHue ans KA

Al bRe

In y(cj‘) =In i = _1+ BR 2(1+ K‘R) Btopoe npubnmxexHne OX
Iny.* = i[pr xR — (1+ ZKR)%:| MSA — cpeaHe cgpepuyeckoe
' kR npuBnVKeHne

YpaBHeHue Il - ypaBHeHue JIn-YutoHa (Lee-Wheaton)
OJ151 CAMMETPUYHbIX 3NEKTPOSTINTOB

f % (6*) = Z| 1+ Cy(Rbic) + C, (Rbie )+ Cy (Rbc) |

= const K
n  (1+xR)

|1+ Cy (Rbx) + Co(Rbx)° + xR/12

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




& YpasHeHue onsa 3l Crax=(5+7)-10*Monb/gm3

theor _ C. : : e BuNBF, | : /DQD
A T o f(ciiAg:R) ol v EtNBF, i AN 7 fg]
> s BuNBr | \eg
—_ 3 |
f=A-AM©-ALEQ)| | Fs]o emer |
< | |
f = YpasHeHue Jlu — YumoHa é‘: 0 &P %
|
C, -5 |
‘ SﬂM K A = ( )2 3 "2 1
C: " ¥ " lg(c, molfdm®)
3HauyeHus NMM3II (A,), koHCcTaHT MoHHOM accoumnauum (Ig K, ) B aueToHuTpune
R,NX Bu,NBF, Et{NBF,  Bu,NBr Et,NBr
AO, Cm-cm2-moup1 171.1+0.1 197.0+0.1 163.9+0.1 186.88+0.09
Ig KA 0.75%+0.04 1.15+0.02 1.20+0.01 1.29+0.01

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




BA3KOCTb pacTBOPOB 3/1€KTPOJ/IUTOB

YpaBHeHue [>xoHca-[lona u noHHbIN KoadduumneHT B

e =1/m =1+ A-Je+B-c

Bistr _ Biexp _ BiEin . Bior
s Ny, |107/3, stick
1000 7 " 47/3, slip

N s [ R T
B =R3 . —A exp| 2.631+ > a.| ——
=M T000 T JZ:; {RHJ

BI Ein — yR

O. N. Kalugin et all. Z. Phys. Chem. 199 (1997) 145

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




YposeHb MakMwunnaHa-Mauepa

UYto panblie?

J.-F. Dufre’che, O. Bernard, S. Durand-Vidal, and P. Turq

Analytical Theories of Transport in Concentrated Electrolyte Solutions
from the MSA // J. Phys. Chem. B 2005, 109, 9873-9884

Laboratoire Liguides loniques et Interfaces Charge’es, Universite” P. et M. Curie

This approach is very satisfactory for simple electrolytes but its domains of validity
could be improved. The case of very concentrated electrolyte solutions is much
more complicated. There is no accurate microscopic theory for the equilibrium
properties. The calculation of the transport coefficients could be based on simple
semiphenomenological assumptions.

The description of further transport coefficients such as the

viscosity is also challenging.

However, the most important enhancement of this method to bulk solutions would
be to extend the results to associated electrolytes. A MSA theory of transport
coefficients for such systems has been proposed but the theory is less conclusive.
The problem comes from the fact that they are many unknown parameters, such as
the size and the mobility of the pair of ions.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Debye—Huckel-Onsager model

S
Ko’ =(4rlekg T)D nigf
=1

A=A+ A™ + A®

Quasi-lattice model

K, = Ay (2-103N ,¢)¥3

A, Sm cm?/mol

A=A"-5'c??

0 L 1 1
00 04 08 1.2 16

1/3

Chagnes et al.// J. of Power Sources. 2002. .
V. 109. P. 203-213 (c, mol/dm®)

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




A, CMm-cm?/ Mmonb

—_

—

KBa3supelwetoyHaa moaenb

[oumerHeHue KPM 0Ons onucanus 31 pacmeopos TAA coneti 6 AH

Tabnuuya 2. 3HavyeHus [TM3I1, nony4yeHHkbIe
&5 8 pazbasneHHol obrnacmu (A )
u ¢ ucrionb3ogaHuem KPM
pacmeopa ( AZ)
00
t,oC A, A,
50 |
Bu,NBF, - AN 25 171.1+0.2 169+2
0

PR T ——— 35 | 187.4+0.2 | 185+2
(c, monb/om®)"”

K,(Bu,NBF,)=5.6 £ 0.5 gm3/monb

45 204.1+0.2 201+2

95 221.1+0.2 21712

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




KBa3supewetoyHaa mogenb: TAA conu B AH

A, CM-cMm?/ monb

N
o
o

—_—
[6)]
o

—_—
o
o

(6)]
o

25°C
35°C
45°C
55°C

025 0,50 0,75 1,00
{= MOﬂb/ﬂ,Ms)”S

A, CMm-cM?/ Monb

200

E{,NBr- AH

0,25 0,50 0,75
(=4 |v1or|b/,c|,|v|3)”3

—
o (6))
o o

A, CM-cM?/ Monb
-—

(&)}
o

Bu,NBr -AH
0,75

0,25 0,50
(c, M011|:.’,c|,|\/13)”3

ONEKTPOSINT Ky, av®/morns
Et,NBF, |14.2 + 0.6
Bu,NBr |16.0+ 0.5
EL,NBr  [19.6 + 0.3

O. H. Kanyrun, Boie3nnas ceccust HAHY,

Cunnoropa, 21 — 25 auBapsa 2013 r.
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YposeHb MakMwunnaHa-Mauepa

OGnacTb KOHUEeHTpauuu YpoBeHb OonucaHus

PasbaBrneHHble pacTtBopbl | | Teopusa [ebas-Xiokkena-OH3arepa

PacTBopbl cpeaHux ——— |[KBa3npelueTo4yHass Mogesb pacTBopa
KOHLEHTpauum
KoHUeHTpupoBaHHbIE
| e—
pacTBOpPbLI

BbICOKOKOHLEHTPUPOBAHHbBIE | —
pacTBOpbLI

Heobxoanm paBHONpaBHbIA Y4eT MIOHOB U MOJIEKYJT pacTBoOpUTenS

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




KBa3upewietoyHaa moaenb

Teopus Bahe-Varela

L.M. Varela et al. Pseudolattice theory of charge transport in ionic solutions:
Corresponding states law for the electric conductivity.
Fluid Phase Equilibria 298 (2010) 280-286

A statistical mechanical framework for charge transport in ionic liquid—solvent
mixtures based on the existence of a statistical lattice structure (pseudolattice)
throughout the whole range of concentration is reported. The ion distribution is
treated in a mean-field Bragg—Williams-like fashion, and the ionic motion is
assumed to take place through hops between cells of two different types separated
by nonrandom-energy barriers of different heights depending on the cell type.
Assuming non-correlated ion transport, the electrical conductivity is shown to have
a maximum, arising from the competition between the concentration of charge
carriers in the bulk medium and their mobilities in the pseudolattice. An

explicit expression for the concentration at which this maximum occurs is given in
terms of microscopic parameters.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




1.04

m  EMIMBF,
o EMIMES
o BMIMBF,

Z  0.54
g2a? N
K = Ve + (1 — P
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dO d5 {0 f5 50 25
K Eu s
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Kmax

Normalized conductivity vs. scaled
concentration for the IL—water mixtures

Ecr = ‘?:'m'r ¢'max
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TeopeTuyecKana 3/1IeKTPOXUMHUA

BbiBOA

HecmoTpsa Ha ABHbIN nporpecc,
CyllecTByHLNEe TEOPUN NOH-MOSEKYNSAPHbIX CUCTEM
obnapaloT cneayroLWMMN HeAOCTaTKaMM:

l)orpaHn4yeHHOe NPUMEHEeHMe MO KOHUEeHTpauusm
arneKTponnTa u oo beKkTtam (pacTBOPUTENSIM U
aneKTponuTam)

2)Hanu4yue NoAroHO4YHbIX NapamMeTpoB

3)OTCyTCTBME aHANIMTUYECKUX YPaBHEHUU Ons
3NIeKTPONpPoOBOAHOCTHU

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.



MoneKynapHoe moaenmposBaHue

BosmoxHocTU
MOSEeKyapHOro
MofenIMposaHUs B
NPOrHO3MpOBAHUM
TPAHCMNOPTHLIX CBOUCTB
WUOH - MOSIeKYNAPHLIX CUCTEM

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MonekynapHoe moaenmpoBaHue

Memooorioaus MoneKynspHo-OUHaMu4eCcKko2o Mooesiupo8aHusi

» YpaBHeHus asmxeHus (Y1) pewatoTca YUc/ieHHO ¢ UCNOofb30BaHNEM
MarnblX 3Ha4YeHU BPEMEHHOrO Lara At ogHoBpeMeHHO Ansa Bcex N
YyacTuy,

» COBOKYMHOCTb KOOpAMHAT 1 CKOPOCTEN BCEX YacTul, obpasyeT
mpaeKkmopur CUCTEMbI B gha3080M NPOCTPAHCTBE

I=(ry, My ooy Ny Vg, Vs, o ooy 1),

 [locne nHuumnanusauum cnctema CaMoOlpon3BOSibHO MNMpMxXoanT B
COCTOSIHUE mepMoOUHaMU4YeCKO20 pasHOB8ECUS].

» YcpeaHeHUeM MUKPOCKOMNUYECKUX ANHAMUYECKUX NepeMeHHbIX 800J1b
pa3oeou mpaekmopuu Nony4arT CBOUCTBA CUCTEMbI (CTPYKTYpPHbIE,
SHepreTuyeckue, AuHamu4eckune).

B*P=<b> = 3 j b[v(t),r(t)]dt
4 0

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MonekynapHoe moaenmpoBaHue

Molecular Dynamics Simulation

/‘? C())O = 2 O
2 "o . Specify N, V, E (T, P)

©Co o0 5 2 |5 ;

6 %@ 5 |2 "® Solve Newton’s equations
0 5 Vi 5 © o F=

o o ©°o i ma,
o 0o ¢ o
0 o o (@] o] +

r(1), v(t), etc

v

N~100-10,000 Take averages
Periodic Boundaries . ‘L .
Prescribed Interatomic Obtain equlibrium and
Potential nonequlibrium properties

BOP=<h>_ = Efb[v(t),r(t)]dt
o

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MonekynapHoe moaenmpoBaHue

KoaghpuyueHm sanekmporipoeodHocmu (yoesibHasi 3/71eKmporpoeoo0HOCMb)

1 5 . .
= < 1(0)1(t) > dt Kd7
— j j(O)ij(t) (Ko7)
j = Z 0;Vi — mMrHoBeHHBIN TOK B cucTeme, V — 06beM CUCTEMBI.

Bsizkocmb XUOKnx PaBHOBECHbIX CNCTEM

1
Vk,T

n= Tdf@“ﬂ (0)3%(z)) (K®8)

roe  J% — MrHOBEHHbIWN TEH30p HanpsKeHUn Ona BCEN CUCTEMBbI:

a, x 1 &
J¥ — Z{Vi p;g _EZ I f”ﬁ} (KP9)

i j#i
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MonekynapHoe moaenmpoBaHue

KoaghgpuyueHmoi ughpysuu Monekyn n MOHOB BbIHYUCAAKOTCSA MO dhopmyne
['pnHa-Kybo kak nnterpan ot AK® nnHenHom cKopocTu LieHTa Mmacc:

1 o0
D=2 [c,, Mt
0
UM NO COOTHOLLEHUAM QUHLWITEeNHA;

lim ‘(r(O) — r(t))‘ = 4\/E
t—o0 7T

lim(r(0)—r(t))” = 6Dt

oo

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MonekynapHoe moaenmpoBaHue

MonekynapHo auHamudeckoe
MOAeNIMPOBAHUE UOHHBLIX XUAKOCTEU
n 6UHApHBIX cUcTem
C AUETOHUTPUSIOM HA UX OCHoBe

FnaBHaA 3agaya — NocTpoeHue ageKkBaTHOM Moadenun cUNoBoro nons

1. V.V. Chaban, Iu.V. Voroshylova, O.N. Kalugin // Phys. Chem. Chem. Phys.
2011, V.13, No. 17., P. 7910-7920.

2. V.V. Chaban, lu. V. Voroshylova, O. N. Kalugin // ECS Transactions. 2011, V.
33, No. 28, P. 43-55.

3. V.V. Chaban, |.V. Voroshylova, O.N. Kalugin, O.V. Prezhdo // J. Phys. Chem.
B. —2012. - Ne116(26). — P. 7719-7727.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MDM of RTIL

Experimental properties of EMIMBF, vs. simulated in this work by using force
field model with scaled charges

D, 1011, m?/s | D_-10', m?/s
T, K 6, Sm/m n, cP p, kg/m3
208 4.7+0.6 2.4x£0.7 1.5 27+12 125248
(5.0)° (4.2)P (1.36)° (31.8)° (1279)b
348 18+1 13+1 3.1 613 1208+10
(18.7)° (16.3)° (4.33)P (8.8)P
208 4313 3416 7.3 4+1 1162+10
(44.0)° (39.4)° (8.28)° (4.0)P (1193)d

(a) Zh. Liu, Sh. Huang and W. Wang, J. Phys. Chem. B, 2004, 108, 12978-12989; (b) A. Noda, K. Hayamizu, and M.
Watanabe, J. Phys. Chem. B, 2001, 105, 4603-4610; (c) H. Tokuda, K. Hayamizu, K. Ishii, M. A. B. H. Susan and M.
Watanabe, J. Phys. Chem. B, 2004, 108, 16593-16600; (d) F. Dommert, J. Schmidt, B. Qiao, Yu. Zhao, Ch. Krekeler, L. Delle
Site, R. Berger and Ch. Holm, J. Chem. Phys., 2008, 129, 224501, (e) J. Leys, M. Wubbenhorst, Ch. P. Menon, R. Rajesh, J.
Thoen, Ch. Glorieux, P. Nockemann, B. Thrijs, K. Binnemans and S. Longuemart, J. Chem. Phys., 2008, 128, 064509. (f) O. O.
Okoturo and T. J. VanderNoot, J. Electroanal. Chem., 2004, 568, 167-181.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MDM of RTIL

Experimental properties of BMIMBF, vs. simulated in this work by using force
field model with scaled charges.

T, K D, 1101, m?/s | D_-10*, m?s | 6, Sm/m n, cP p, kg/m?3
95 2.3x0.8 1.3+0.5 0.45 1716 1190+9
(1.4)° (1.3)° (0.46)¢ (92)f (1204)°
5 15+1 10+1 2.1 1312 11469
(9.2)° (9.5)° (15.1)c (1167)°
3513 33+3 5.6 otl 1101+10
398 (27.5)¢ (31.5)¢ (5.2)¢ (5.4)¢ (1130)°

(a) Zh. Liu, Sh. Huang and W. Wang, J. Phys. Chem. B, 2004, 108, 12978-12989; (b) A. Noda, K. Hayamizu, and M.

Watanabe, J. Phys. Chem. B, 2001, 105, 4603-4610; (c) H. Tokuda, K. Hayamizu, K. Ishii, M. A. B. H. Susan and M.
Watanabe, J. Phys. Chem. B, 2004, 108, 16593-16600; (d) F. Dommert, J. Schmidt, B. Qiao, Yu. Zhao, Ch. Krekeler, L. Delle
Site, R. Berger and Ch. Holm, J. Chem. Phys., 2008, 129, 224501; (e) J. Leys, M. Wubbenhorst, Ch. P. Menon, R. Rajesh, J.
Thoen, Ch. Glorieux, P. Nockemann, B. Thrijs, K. Binnemans and S. Longuemart, J. Chem. Phys., 2008, 128, 064509. (f) O. O.
Okoturo and T. J. VanderNoot, J. Electroanal. Chem., 2004, 568, 167-181.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




Viscosity of binary systems [1]:

BMIMBF ,+AN, 25 °C
=1 -exp(A- 1) |
X s - molar fraction of the solvent S
A - temperature dependent & 1l
coefficient ng
=
E o}
Ao E+G, =
RT
-1 +r
Viscosity of pure IL as a function
of a temperature: Vogel-Fulcher- | | | | | |
Tammann (VFT) equation [2]: 05 06 07 08 09 1.0
' % (AN)
7, =1, EXp ) Mo B,T0 — parameters of the VFT equation

E=r

[1] A. Zhu, J.Wang. // Chem. Eng. J. — 2009 — Vol.147 — P. 27-35.
[2] H. Tokuda, K. Hayamizu. // J. Phys. Chem. — 2004 — Vol.1078 — P. 16593-16600.
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The simulated particles, 1-ethyl-3-methylimidazolium+ (EMIM+),
1-butyl-3-methylimidazolium+ (BMIM+), tetrafluoroborate— (BF4-),
acetonitrile (ACN), and the simulated system of the equimolar mixture
of BMIMBF4 in ACN

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MDM of RTIL + AN

The system sizes and shear viscosities derived at 283, 298, and 323 K.
The small indices correspond to the standard errors of the corresponding results

System size [EMIM][BF,] [BMIM][BF,]

N, (IL) | N,(AN) | x;,% | 283K 298 K 323 K | 283 K 298 K 323 K
0 300 0 0.5, 0.4,(0.34) | 0.3; 0.5, | 0.4,(0.34) 0.3,
15 285 5 0.7, |0.5,(0.43)| 0.44, 0.7, | 0.6,(0.69) | 0.454
30 270 10 1.1, 0.9, (0.5) 0.7, 0.8, 1.0, (1.0) 0.9,
75 225 25 2.7 2.4, (1.1) 1.8, 3, 2.35 (2.3) 1.8,

150 150 50 12, 7,(3.3) 4.3, 19, 12, (11) 7,
225 75 75 25 16, (10) 11, 81,, 43, (36) 11,
270 30 90 43, 22, (20) 12, 137, 63, (71) 17,
300 0 100 95, 37,(32) 16, 213,5 | 98, (110) 27

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MDM of RTIL

5 - 9
[ BMIMBF, .- 3aBNUCUMOCTb BA3KOCTU CMeECeNn
2T ) BMIMBF, — AH oT monbHon gonu WX
§e3 - - npun 25 °C.
Ee? -
£ 1
e r —a&— this work MD -
o | O Liexp
O Zhuexp
el & v Wangexp -
0 20 40 60 80 100
X(RTIL), %
1200 -
1100 | -
3aBUCUMOCTb NMOTHOCTHU cCMecun ¢
BMIMBF, — AH oT monbHon pgonu MK 21000 F 7
o
npm 25 °C. 900 | —— this work MD -
® Liexp
800 v Wangexp A
O Huoexp
0 20 40 60 80 100

X(RTIL), %
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MDM of RTIL + AN

[EMIM][BF,]

[BMIM][BF,]

20 40 60 80 100
Molar fraction of RTIL, %

lonic conductivity, S/m

The ionic  conductivity of the
[EMIM][BF,J/JAN and [BMIM][BF,J/AN
mixtures computed at 283 K (red circles),
298 K (green squares), and 323 K (blue
triangles) as a function of molar fraction.

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




MDM of RTIL + AN

The probability of the formation of ionic clusters in the [EMIM][BF,]/AN mixtures

at 283, 298, and 323 K.
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MDM of RTIL + AN

The probability of the formation of ionic clusters in the [BMIM][BF,]/AN mixtures
at 283, 298, and 323 K.

60 10
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MDM of RTIL + AN

CpenaxgHue pas3MepPhb U O0HHEI X
KJacTepoB B CHCTeEMax

EMIMBF,- AH u BMIMBF,-AH npu
TeMmOnepaTypax
MOJXEJUDPDOBAaHUSHA

X EMIMBF, BMIMBFE,
(RTIL),

% 10°C | 25°C | 50°C | 10°C | 25°C | 50°C

5 159 | 165 | 161 | 163 | 167 | 1.71

10 223 | 216 | 222 | 222 | 216 | 217

25 560 | 513 | 514 | 495 | 4.86 | 4.42

50 | 45.30 | 41.86 | 34.56 | 21.24 | 19.13 | 16.49

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




—@— AN

v— Et,N’
—a— BF,
Bulk
(19,19)

(22,22) (15.15)

0.0 0.2 0.4 0.6 0.8

-1 -1
dCNT , M
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0.84 M solution of Et,NBF, in AN in MWCNT

CNT d, nm Mean Dan D, D,
(internal) | S!Z€

(15,15) 1.655 6.9 0.63 0.25 0.29

(19,19) 2.197 9.5 0.74 0.28 0.35

(22,22) 2.604 12.5 0.87 0.34 0.40

bulk bulk 14.2 2.20 0.81 0.93

1. Kalugin O.N., Chaban V.V., Loskutov V.V., Prezhdo O.V. // Nano Letters. 8 (2008)
2126-2130.

2. Chaban V.V., Kalugin O.N. // J. Mol. Lig. 145 (2009) 145-151

Chaban V.V., Kalugin O.N. // J. Mol. Liqg. 151 (2010) 113-116

Oleg N. Kalugin, Vitaly V. Chaban and Oleg V. Prezhdo. Microscopic Structure and
Dynamics of Molecular Liquids and Electrolyte Solutions Confined by Carbon
Nanotubes: Molecular Dynamics Simulations. In: Carbon Nanotubes - Synthesis,
Characterization, Applications, Silva Yellampalli (Ed.), InTech (2011). ISBN: 978-953-
307-497-9. Chapter 16, pp. 325-344

> wn
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CambiM 3dpheKTUBHbIM METOA4O0M NPOrHo3a CBOMCTB XUAOKUX
3NeKTPONIMTOB, 0COOEHHO TPAaHCNOPTHLIX, ABNAETCA MeToA
MOJIeKYNAPHO-AMHAMMYeCKOro MoaenupoBaHus

1.He nmeet orpaHn4yeHun no o6 LEKTamM U napameTpam COCTOSAHUA

2.NMpNMEeHNM K 31eKTPOSINTHbLIM pacTBOpamM B HaAaHOMoOpax U Ha
rpaHuue pasgena ¢gas

3.UMeeT ACHYIO (pU3NYECKYy0 OCHOBY
4.AMmeeT nepcneKkTUBbI NOBbLILLEHUA KayecTBa npeackasaHus

CBOMCTB - UCMNOJIb30OBaHUE KBaAaHTOBOro MOJIEKYJIAPHO-
ANHaMn4yecCckKkoro moaesimpoBaHus

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.




CmeHa aKkueHTOB B 00s1acTu BbiCcLlero oopasoBaHus
Nnpu NOAroToBKe XUMUKOB (3NTEKTPOXUMUKOB):

Mpumep: Xummnyecknn pakynbtet XapbKOBCKOro HauMoHaribHOro
yHuBepcuteTa um. B.H. Kapa3unHa

1. OKP «bakanaBp», 3 Kypc
«MoneKkynspHoe moaenupoBaHue», ooLWnN Kypc

2. OKP «bakanaBp» n «<Maructp», 4 n 5 Kypcbl
Cneunanusauma «KomMmnbroTepHas XMMUA N MOJIEKYNAPHbIU
AusanH». Kypcbl:

- «[MpuknagHa KBaHTOBA XiMis»

- «MoneKkynsipHo-AMHamMiyHe MoAesiloBaHHA HeBNOPAAKOBaHUX
KOHAEHCOBaHUX CUCTEM»

- TeopeTU4Hi MeToaM XiMil NoBepxHi Ta TBepAoro Tina
(KBaHTOBA XiMisi TBepAoro Tina)

O. H. Kanyrun, Briesgnas ceccuss HAHY, Cunboropa, 21 — 25 auBapsa 2013 r.
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