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Why are ILs of Interest?

* Molten salt physical chemistry
— Molten at low temperature: much easier to study tha  n high
temperature molten salts

— But interactions not simply coulombic
— Van der Waals interactions very important
& in some cases, H-bonding

o Glassy materials
— Augment database for study of glassy liquid behavio ur
(materials physics, tribology)
— E.g. scaling of transport properties as ~ TV8(Roland et al
2006)
e Liquids
— “New” class of materials
— Useful for examining global theories of liquids
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Angell’s classification of liquids

e Molten salts are “strong” Xu, Cooper: Ahgelll:. JIPhlyleh.err} B.’Z.OO.S’ 1107., 6I179, Ifig.‘6.
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+ NaAISi308 (1095)
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What do we measure?

e Transport properties

- kL Electrical conductivity (charge)
— D, Diffusion coefficients (mass, amount)
- h Viscosity (momentum)

« All depend on ion-ion interactions:
(k, L, D, depend directly on ionic velocities)
— Electrostatic (weakened by large ion size, but long range)

— Van der Waals forces (shorter range)
» Dispersion (strengthened by large ion size, no. of electrons)
* lon-dipole, dipole-dipole, dipole-induced dipole
— H-bonding (in many cases, e.g. ---H xxxxk----) (NB directional)
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Why use high pressure?

e Compression of liquid

— reduces inter-ionic distances

— may distort H-bonds , if present

— affects structure of liquid

— allows separation of effect of temperature  (which

also changes density) from that of density alone

e Generally in liquids transport properties can

be better correlated as functions of T and V

than T and p
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Transport properties depend on ion
velocities and hence on ion-ion collisions

e Collisions:
— Many body
— Correlated due to
& caging
— Inelastic (exchange of
translational momentum

with rotational & vibrational
modes)

e Theory very difficult

o Supplemented (replaced?) p
by molecular dynamics
computer simulations Ce) o

Fig. 1. Sequences of binary collisions starting with a (12)-collision: (a) uncorrelated; (b) correlated
(recollision: simplest ring collision); (c) correlated (ring collision: 7 and 6 trace back to 1 and 2,
respectively); (d) cage-diffusion collisions of central particle 1 (motion of wall particles 2 to 7 not
shown; distances between spheres have been enlarged for clarity); (e) part of ring collision
sequence contributing to vortex-diffusion; (f) example of two ring collision sequences contributing
to vortex diffusion.

Rostock Winterschoo
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lon-ion velocity correlations

<v(0).v(t)>

For liquid densities

D. u (v,,(0)v,, (1)t
D u <v_b(0).v_ b(t)>dt

e D area under curve

—

—<v(0).v(0)> = <|v(0)|%>

-

Collisions change magnitude
and direction of velocities

~

Caging reduces D

/ t

Velocities uncorrelated

(randomised)
at infinite time
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Correlations of lonic Motion
Revealed

e Conductivity, kK, ¥
depends on cross - K I <v+a (O).v_b(t)>dt
correlations of 0
cationic and anionic
velocities v

» lonic D depend on D. u (v,,(0)v,,(t))dt
auto -correlations of 0

lon velocities ¥
D u <v_ ,(0).v. b(t)>dt

0
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Experiments
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Collaborations

NIAIST, Sendai, Japan: * UNSW, Canberra:
Kanakubo Harris, Woolf
— Preparation — High p diffusion coefficients
— Electrical Conductivities (with — High p Viscosity
Doshisha University, Kyoto for — Density (atm p)
high p) Woodward
— NMR (atm p) _ Theory

— Density (atm p)
— (pVT - set up phase)

CSIRO Energy Technology,
Melbourne

Rather
— Preparation
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Scope of project

— Viscosity
« Falling body viscometer — 300 MPa (400 max)
« Can enter “supercooled” region above freezing pressu res

— Electrical conductivity
e Conductance — 200 MPa (400 max)

— lonic self-diffusion coefficients

 IH and F NMR (cations protonated, anions fluorinated )
— 300 MPa (400 max)

— Density

 Vibrating tube densimeter — atm p (Anton Paar DMA5000 w ith
Inbuilt /A correction)

e pvT apparatus being commissioned (Sendai)
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Scope of project

 lonic Liquids being examined (CF3S0,),N
— NIAIST
BF,,PF;, (CF;S0O,),N- salts:
o 1-ethyl -3-methylimidazolium to
1-octyl -3-methylimidazolium

c7 | i 9 ' {:n i
‘J “ r "% {:t-q
I HJ i

O=dcs | |

. § ( ;N,/ N\ P

— CSIRO
(CF3S0,),N- salts: @ " aBNi3t

. P14
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Conductivity

Rostock Winterschool on lonic Liquids 2009
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Problems to be overcome

e Conductivity

» Determine resistance of conductivity cell
containing IL with AC meter

» Cell calibrated with KCl(aq) (standard method)
* Resistance is frequency dependent
* Need to extrapolate to infinite frequency

 No commonly agreed method for extrapolation
(usually: 1/ f or 1/ f but only valid for aq sol'n

 We use 2 methods recommended for molten
salts that give R within precision of R

R=R; + b 2 +d
R= R + b/(1+ cf®)( Hooven

)

14



Viscosity

Rostock Winterschool on lonic Liquids 2009

15



High pressure falling
body viscometer

Woolf et al. 1990
Based on NEL (UK) design

leads to
bridge

6.52 mm

viscometer tube

(316 sS)

A AT

ferrite 1\
N

316 ss
Sinker
5.9 - 6.1 mm diameter

Rostock Wintersclh

coils
10 cm apar

Kel-F or

Teflon bellows

hydraulic
connection

g SIS
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Problems to be overcome

* Viscosity L, %
— High viscosities (1-2500 mPa.s) AT= 6Lr F
o cfwater ~1 mPa.s 1
. 3c 7c
— Long fall times with falling body F=1+ o + 5 2 +
viscometer 1 1

— Use sinkers of different clearances
to cover viscosity range

o
e

©
=)

— Calibration required with standards
matching IL viscosities

(1000/A) / Pa
o
~

o
N

— Have found calibration constant
confirms prev. unpublished work of .
Roberta Scott (Queen Mary College, PN 0
U. London, 1959) relating calibration
constant to sinker-tube clearance, C  Harisetal. J.Ch.Eng.Data 2005, 50, 1777
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log (viscosity/poise)

Fragility of lonic Liquids

« Atm p data: VFT eq

TJ/K d =B gg
— I 1 (Angell strength
h=A eXp(B /(T 'TO) parameter)
BMIM|PF, | 162 7.0
13
1 | HMIM]JPF, | 162 7.8
g g r— -4 [OMIM]PF 158 8.9
2 S BMIM|BF, | 163 5.9
5] Qowewam ) £« B | [OMIMIBF, | 156 8.3
3] 2 et 4 | [BMIM]Tf,N | 165 4.7
R [P14]Tf,N 158 5.6
-1
N Strength parameter, d
) [BMIM]*+ < [HMIM]* < [OMIM]*
00 01 02 03 04 05 06 07 08 09 1.0 AnIOn [szN]-< BF4- < PF6-

Tg/T
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Viscosity Results

- Test of Angell eq relating T, to glass temp T,
h=h,expdT, /(T -T,)

T, /T, =1+d /(In(h, Ih,)), In(, Ih,) =17, A,

10Pa %

To/K d T/ To(exp) | T4/ To(Angell)
[BMIM]PF, 162 7.0 1.22 1.18
[HMIM]PF, 162 7.8 1.21 1.20
[OMIM]PF, 158 8.9 1.21 1.23
[BMIM]BF,, 163 5.9 1.16 1.15
[OMIM]BF, 156 8.3 1.25 1.21
[BMIM]Tf,N 165 4.7 1.13 1.12

Rostt¢

pck Winterschool on |
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High Pressure Viscosity Results

e Many liquids show inflexionin (In A) - p plots

In A Need cubic (or binomial at lower p)

to fit isotherms

P

o hfitted to modified VFT eq. incorporating binomial i np
h=exp{a'+b'p +(c'+d'p +e'p*)/(T -T,)} (MVFT1)
h =exp(at®b #&dT,(p)/(T -T,)) (MVFT2)

To(P) =X +yp +zp° 20



High Pressure Viscosity Results

 p dependences

— Angell strength parameter

d(p) (MVFT1)

h=exp{a'+b'p+(c'+d'p +e'p?)/(T -T,)}

=exp{a'+b'p +d(p)T, /(T -T,)}

— To(p) consistent with T (p) for

glassy liquids. (MVFT?2):

h=exp(atdb g&d T,(p)/(T -T,))

To(p) =X +yp +zp°

Rostock Winte

, [HMIM]PF,
, [OMIM]PF,
, [BMIM]PF,

, [BMIM][Tf,N]

d(p)

[ [ 1 1 1 1
0 50 100 150 200 250 300
p/MPa

To(P)

1 1 1
0 50 100 150 200 250 300
p/MPa



Diffusion

Rostock Winterschool on lonic Liquids 2009
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Diffusion measurements

 Determine self-diffusion coefficients of ions by NMR
 Measure of thermal motion of ions
* Need a “concentration” gradient.

» Use magnetic field gradient in NMR spectroscopy: nu clei of
atoms move in and out of resonance with frequency o f detector

Perturb system with rf pulse at

B hn =g B - 2 relaxation times, T, & T,
No field; | | longitudinal relaxation (axis of B JZ]
degen_erate Field on: separation My (t)- Mgl expé t/ Ty
nuclear spin states of energy levels transverse relaxation (n ormal to B [x-y))
Boltzmann distribution i
gives resultant My (t) 1 expt t/T2)

magnetic moment
Rostock Winterschool on lonic Liquids 2009 23



T, measurements

A BB RS Free induction decay and
I o 1 T e L Wt Bl R spin echo at twice
90-180@ pulse interval:
"""" measure echo height as
'\ . function of #
0 T
A 4
Pulsel Pulsel gcho
“90°”  “180°"

A=A exp(-t/T,)

Rostock Winterschool on lonic Liquids 2009 24



Diffusion measurements

A [T ] i Free induction decay and
I'_: LT ERET spin echo at twice
o e P, i /\ 90-180° pulse interval:
measure echo height as
__Af s function of #
2T —=lime and magnetic field gradient, ¢
A

when g applied

2 4
A=A exp - 3 gDt g, 9,]- 2 gDlg, 9,f - ¢ T,

Rostock Winterschool on lonic Liquids 2009 25



Internal checks

e 2 experiments
— Keep # constant, vary ¢

— Keep g constant, vary

(if T, not too small)

2 4
A=A exp - 3 g’Dt°[g, 9.]- 3 gDlg, 0 1> tIT,

D(Tf,N")
in EMIMTf ,N

expt no. T/°C 10*2D/m?s-1 | #/ms | g,/ (MT/m) | /A
49 49.83 60.7 45.435 -0.3 +0.2
50 49.93 61.7 3-45 +0.2
51 49.94 61.1 3-45 -0.2
average 50, 51 61.4

average 49.90 61.0

Rostock Winterschool on lonic Liquids 2009
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Diffusion measurements

e 20 MHz NMR (0.454 T field). Hence no chemical shift
resolution (not needed). Look at H-labelled cationo r
F-labelled anion. Work in time domain.

 Low field due to large (10 cm) magnet gap required to
accommodate pressure vessel and thermostat.

o Constant field gradient method avoids artefacts of
pulsed field gradient methods (e.g eddy currents)
and as yet unresolved problems for ionic liquids
where D = D( interval between gradient pulses)
(Hayamizu et al., JPhysChem A 2008, 112, 12027 [DMPIMT{2N])

Rostock Winterschool on lonic Liquids 2009 27



Problems to be overcome

e« Small D ~ 1010-10-11 m?/s : at apparatus limit
« Samples can freeze under pressure

* Need different hydraulic fluids for H and F work (fully
fluorinated for H[ 3M FC75], fully protonated for F

[octyl sebacate ])
e T, relaxationtimes T, p dependent—- become m
with decreasing T and increasing p, so echo

attenuation becomes extreme at long # values needed
— worst for PF s & P(CF;);F; salts, Tf,N- salts much
better

« But T, relaxation times small: allow rapid
measurements (15 min)

2 4
A=A exp - 3 gDflg, 9.] 2 gDlg, 9,1+ ¢IT,



Diffusion Results

. D,>D.
BMIMPF,, HMIMPF, Litovitz plots - atm p
EMIMTf,N, BMIMTf,N e
HMIMTf,N , P14Tf,N 75°C
3.0 A D(BMIM+)
—~ A D(PF6)-
° D+ ~ D_ &2_3'5- 80 °C
a
BMIMBF, 3 4ok
= 35°C
OMIMTf,N
45F ® D(OMIM+)
® D(PF6.)
e D, <D. 6,020 T e 0.035
OMIMPF, o
OMIMBF,
ABN13 TfZN Rostock Winterschool on lonic Liquids 2009 29



D(p) and A(p): [BMIM]PF

D, (open), D_ (dotted),

and k (filled)

at [25 (squares), 50 (triangles),
and 70 (circles)] °C.

0O 50 100 150 200
p/ MPa
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Linking the transport properties

Rostock Winterschool on lonic Liquids 2009
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D, k, h relationships

e Data analysis

— “hydrodynamic” relationships
» Stokes-Einstein
— diffusion — viscosity - ion  size
 Walden
— conductivity — viscosity - ion  size
* Nernst-Einstein
— diffusion — conductivity - ion  charge
- empirical, but very useful for consistency checks

— statistical mechanical relationships
» Based on velocity-time correlation functions (vcf)
e Calculate Velocity Correlation Coefficients  (VCC)

Rostock Winterschool on lonic Liquids 2009 32



Stokes-Einstein

Rostock Winterschool on lonic Liquids 2009
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Stokes-Einstein and Walden

— Viscosity- Diffusion & Viscosity-conductivity

» Correlate with Stokes-Einstein relation
— Simple form

D:k_T— kT

= (4 £n £6)
Z [nph(s [2)]

« General fractional form for liquids — parameter

t

[ u D H 1
T h
« Apply to molar conductivity, L andionic D

Rostock Winterschool on lonic Liquids 2009
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Stokes-Einstein correlation

e Simple Stokes-
Einstein approach
for spheres of
diameter sin a
VISCOUS continuum

KT _ KT
z [nph(s /2)]

or

ph =21 (4enge)

nps

Rostock Winterschool on I«

5.0
DAIKT

(D, AIKT) / 10° m™

[BMIM]PF

0 50 100 150 200
p/ MPa

D, Ak T (open) and D_A/k T (dotted)
at[50( )and 70 ( )] oC.



t

Fractional Stokes-Einstein 1
h

D
. . ) . . — M
correlations — ionic diffusion T

E.g. [BMIM]Tf ,N

. Com_Cldence _of 1 =091, 2003 —
atm isobar with 1 o 092.4002
25,50 & 70 °C o
. £
Isotherms. &
« Same t for cation = o amp 1080 °C
. v 50°C
and anion A4 75°C
° S|m|lar reSUItS 50  -45  -4.0 In(m-s,éswh) 30 25 20

with other ILs

Plots of In( D,/T) against In( 1/A) for the cation (upper line) and anion
(lower line) at [25 ( “),50 ( -)and 75 ( )] °C and 1 atm ( AA



Fractional Stokes-Einstein
Relation

e Various forms used:

— Eq (1) found to fit both self and D t
tracer diffusion over range of —
systems by Funazukuri et al. 08 T

— Eq (2) claimed to fit conductivity

(k) of molten salts (Voronel etal. D
08,99)

— Eq (3) used for glassy liquids r
(Sucrose benzoate, Rajian et al. D ju
06) — “works” because In T varies
much less thanin Dorln A

(1)

(2)

(3)

e N I
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Fractional Stokes-Einstein
Relation

e Can test model fluids:
— Hard spheres: t =0.975 (Heyes et al 07 )

— Harris (09) used extensive & precise LJ fluid
molecular dynamics data of Meier et al (04) totest  eq.
(1) from triple pointto KkT/e= 6 over wide density range
t=0.921

LJ fluid

t [ t=0.921

1 £
( ) o -3F
=

—| O
E
e I [ SN

-5 1 1 1
Rostock Winterschool -1.0 -0.0 | 1(/(; | 2.0 3.0 3
n

Harris, JCP 2009, 131, 054503



FSE

e Real fluids behave

similarly e.g. toluene

t =0.951

-4
toluene

E; 5 t=0.95
K
E
T sF
Al
3
Q
= .7F
£

_8 [ ] 1 [ ]

-1.0 -0.0 1.0 2.0
In(7/mPa-s)

Harris, JCP 2009, 131, 054503

Liquid

hard sphere WS
Lennard-Jones 0.92,
Xe 0.94,
CH, 0.91
Ccl, 1.00,
Si(CH,), 0.99,
CHClI, 0.92,
C.H. 0.87,
CHs 0.89,
C,Dg 0.94,
C.D.N 0.93,
C,H.CH, 0.95,
c-CeHy, 0.92,
c-C4H,,CH, 0.96,
n-C,H,, 0.90,
n-CgH, g 0.88,
n-C,H,, 0.87,
Co, 0.98,
CH,CN 0.84,
HCONHCH, 0.94,
C,H.,C,H,,00CCH, 1.00,
39
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Fractional Stokes-Einstein
correlations - conductivity

E.g. [BMIM]Tf ,N
e Coincidence of 1 atm

ISobar with 25, 50
& 70 °C isotherms.

t =0.87,+0.03

—
g -
il Y B
In(L/mSm?mol %)
(6)]

atm p, 10-80 °C
25°C
50 °C
75°C

N N

1 1 1
6 5 4 3
Rostock W In(mPa s/ )



Fractional Stokes-Einstein
correlations - diffusion

E.g. [BMIM] D 1 ¢
 Coincidence of 1 atm ? H Z
Isobar with 25, 50
& 70 °C isotherms.
| t=0.91,+0.03 o
o Consistency check 1 t=0.92,+0.03
92, %0.

t() tb,)=tD)

In(1012D/m?s™)

atm p, 10-80 °C
25°C
50 °C
75°C

4Bmeo

1 1 1 1 1
: -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0
Rostock Win In(mPa s /)



Conclusions:
Stokes-Einstein correlations

 Like other liquid classes, ILs conform to
fractional Stokes-Einstein  relation when
measurements made over sufficient viscosity
range.

e Coincidence of atm p and high p isotherms,
as for LJ fluid and molecular liguids.

e For imidazolium-based ILS, t~0.9

For NBu ,BBu,, t =0.7/8
(L, Speedy 76; A, Grindley & Lind 68)

Rostock Winterschool on lonic Liquids 2009
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Nernst-Einstein

Rostock Winterschool on lonic Liquids 2009
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Nernst-Einstein

— Conductivity-Diffusion
» Correlate with Nernst-Einstein relation
e Simple form for un-correlated ionic motion:

2
L© L nl+n/ = :_Tb z°D,+n z°D )= F(n,zu,+n zu)

+-+= +
C

e Form for correlated ionic motion with deviation
parameter D

cF* ; ;
k=Lc = (n.z,°"D, +n.z °D )(1 - D)
RT
« Sometimes assumed thatif 0 <D< 1, there is ion-pair
formation,

« BUT Drhides” ion-ion velocity correlations

Rostock Winterschool on lonic Liquids 2009 44



Nernst-Einstein
deviation parameter , DD

— Can be expressed in
terms of velocity cross-
correlation coefficients
(VCCs or f;), using terms
showing eﬂ'Jects of
collisional interactions
between ions !

— Compare auto-
correlation function for
self-diffusion

= S i )

integral of time auto-correlatlon function

Dgj =

Rostock Winterschool on I

1. H.Schonert, H. J. Phys. Chem. 1984, 88, 3359.

Cation a —cation b

NAV ¥
s © =05 o (V+aOV4p ()t

2
-RTk M- Dy

Z_ FcM 14C

Anion a —anion b

NaV ¥
(0)
foo=0% (la O (1))t
2
“RTk M+ E
Z+FCM 1_C

Cation a —anion b

;, o NAV g‘ <v+a (OV.p (t)>dt

3
M M_

=RTk 5
z+z_ (FcM) 45




N

Nernst-Einstein deviation parameter, D

An+B. neAZT + nB%

Substitution of expressions for L, D; in terms of f; into
NE eq. yields

c(2nnzzi +n°zf . +mzi )
(n,z:D, +n z°D )

D =

or, for 1:1 salt 3

5oC@f _-f.-f)
(D, +D.)

l.e D=0onlyif f, arithmetic meanof f,, &f_

Hertz, Ber. Bunsenges . . L
phys. Chem, 1977, 81, 656. Rostock Winterschool on lonic Liquids 2009 46
Woolf & Harris, JCS Faraday Trans.1 1978, 74, 733.

Harris, Kanakubo et al JPhysChem. B , 2008, 112, 9830.



Nernst-Einstein deviation parameter, D

For ionic |IC|UIdS based on Harris etal JPCB, 2008, 112, 9830.
iImidazolium ions
« Dis independent of T and AT LLE % o o o
| s o g o 2~ °
" - SRR
 Dincreases with length of oaf o
: ¢
alkyl group on cation, but PP e e e ©
° IIXBF4_) > (PF6') for glven LI s a0 7:5 W om o
. p /MPa
cation
D(p,T).
[BMIM]PF , 50 °C, , 70 °C,
2,2 2 [HMIM]PF, 50 °C, , 75 °C,
D:_C(2/7+/7_Z+z_1;_ trzt, tmzf ) [OMIM]PF, 50 °C , ;
(/7+sz+ +n 72°D ) [BMIM]BF ,, 50 °C, , 75 °C,

[OMIMIBF ,, 50 °C , , 75 °C,

Rostock Winterschool on lonic Liquids 2009 47



Cross Correlations of lonic Motion

« Compare:

— Charged hard spheres , equal masses, equal radii
(MD calc: Hansen & McDonald, 1975). [£2=0.19

— NaCl (Cleaver & Herdlicka 1976): /D= 0.18

— Tetra-alkyl ammonium tetra-alkylborates
(Weiden et al, 1990): £2=0.2-04

— Mode coupling calculations (Yamaguchi et al,
2003):

LIBr: D= -0.13; RbBr: D=0.17

— MD simulations for BMIMPF  show no long term
lon pairing, simply viscous drag due to
atmosphere of counter ions (electrophoretic
effect  [zhao, Kirchner et al., JACS, 2009, 131, 15825.

Rostock Winterschool on lonic Liquids 2009
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Velocity Correlation Coefficients

Rostock Winterschool on lonic Liquids 2009
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Note on transport numbers

e In a single component molten salt, ( external ) transport

numbers are defined by reference frame.  (Sinistri, JPC 1962,
66, 1600)

— Frame fixed relative to velocity of single ion spec les (Hittorf):
t,=1,t.=0 orvice versa

— Mass-fixed frame: N n_-mM
" NneM + +1_ ML

e Internal transport numbers often estimated from NMR ion
self-diffusion coefficients  (Tokuda et al. JPCB, 2005, 109, 6103) but
this neglects cross correlations between ionic velo cities

D
(1)
Dy +D.

t+ »

_ D+

Dy +D. +c(2fy. - fy- £

_ D.|_ 50
(D4 +D.)(1- D) (2)

Ly




Cross Correlations of lonic Motion

[BMIM]PF,
 VCCs negative:

f, & — ©
>f © — B

>f. D

S  [Ddepends on relative
0 50 100 150 200 contributions of VCC

f, /10" m>mol™s™

p/ MPa
« Constancy of D similar p
f.. (open), f_ (dotted),
and f, (filled) at dependences for fij

[50 ( ) and 70 ( )] °C.
c(f,,+1_ -21 )
[

+ +

D =

Rostock Winterschool on lo



o

'
(¢

f, /10°1° m®mol 1t

N}
(=}

=
o
T

[y
(&
T

velocity cross correlation coefficients (f

++9 f+-’ f-)

show same fluidity (1//7) dependence

1:+- ++
S, - I -
Q - _5 =1
%5, [BMIM]BF , 0 *
“' L © g -10r “ .Q
o) E <, ’gqp [BMIM]BF ,
[OMIMIBF , Ha 15 OMIVIBE [ ) ® 40
=, 4
20F o
_25 1 1 1 1 1
1 1 1 1 0 25 50 75 100
0 25 50 75 100 103#/(mpa>s)-l
10%/(mPaxy ™t f
or %ﬁ .
:S@ S L 2 m
5 .
& \' "9
‘E-10F * ® [BMIM]BF
5 S & ’
o
) °
“45F [OMIMIBF, (@)
F 207, 25 50 75 100 52

103F/(mPas)



velocity cross correlation coefficients (f eiy Ty 1)

show same fluidity (1//) dependence

 For f_, simple consequence of fractional FSE

1 t
L M 5
f,.
NAV ¥ of f\
fr. © =A% *(viq g () —~,
3 0 T el o5, [BMIMJBF ,
MM H: .‘Q"o e o
&
- RTk sl 2 ;E 101 jomimier,
z.z_ (FcM) 5.0
—_ RT L M+M - 20 (IJ 2I5 5Io 7I5 1(I)o
- 10%F/(mPas) ™
C  z,z (FM)2
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lonic Motion - Conclusions

D < 1 for ionic liquids
Independent of T and p

Values similar to those for uncomplexed molten
salts

VCCs offer prospect of information about effects of
lon-ion interactions, size and charge on ionic motio n

May be profitable to calculate cross- correlation
coeffs in MD simulations.

Be useful to have better MD over large T & density
ranges for simple charged hard sphere fluid.
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Conductivity of IL Solutions in ML

« Conductivity maxima with increasing
concentration for electrolyte solutions
long known

=Kklc

C C
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Conductivity of IL Solutions in ML

o Simple lattice hole theory can predict
maxima (Woodward, Harris, PCCP, accepted)

o Assumptions
— lons are Brownian particles
— Screened Coulombic pair potentials

— Subject to random viscous forces from solvent
(ML) (compare D-H-O limiting law)
— 3-d cubic lattice of ions in implicit solvent
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Conductivity of IL Solutions in ML

 Diffusion mechanisms
— Diffusion of ions onto vacant sites (major)

— Creation of holes within connected regions of
occupied cells by concerted distortion of cell
volumes

— lon mobility given by

0 L
Ug =(1- Fuy + fuy
e

Infinite dilution mobility
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Conductivity of IL Solutions in ML

e Conductivity given

6-
2 - T, o=
k=(1- F)fkg+f 2k o .20
— — e P N
O IL £ ./0//' ALY
a //’ \~
“ .//’ "
2 . N
L V74 N
/ 1
0 ) 1 1 ] 1
0 0.2 04 0.6 0.8 1
0]

IL volume fraction
Infinite dilution k&

(fitted parameter) H,O + [BMIM][BF ,] ( )
H,O + [BMIM][DCA] ( )

Data: Stoppa et al. JChEngData , 2009, 54, 472
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Conductivity of IL Solutions in ML

Eq. seems to work betterin H ,0:

K = (1 - f)fk() +f 2k| | higher dielectric constant?

10
8 - .
| ./1__\\ 8 .:/Tijﬁh\“\i N
6 u // u \\ n /A 4 N
/7 N 6 o «* AN
] N £ d
E 4 Fa A--Ao.. " \ & /:/‘ \
7] AN A .- A \\ w4 . \A
* LN 4 ‘? \ % o
2 =4 i\:\- 219/ N
0 4 T T T T \~ 0{ ) 1 1 T
0 0.2 0.4 0.6 0.8 1 0 0.2 04 o 06 0.8 1
)
HZO + [EMIM][BF 4]
CH,OH + [BMIM][BF ] ( )
CH,CN + [EMIM][BF ,] ( ) Data: Stoppa et al. JChEngData , 2009, 54, 472 ()
Vila, et al. FPE 2006, 247,32 ( )
Data: Stoppa et al. JChEngData , 2009, 54, 472 Jarosik, J. Mol. Lig. , 2006, 123, 43 ( )
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Future work

Completion of high p
diffusion and conductivity
measurements on Tf ,N-
salts (with Kanakubo)

PVT (high pressure
density) measurements
(with Kanakubo)

Improvement of lattice-
hole theory (with
Woodward)

Thermodynamic scaling[ X
= f(TV9] (with Fernandez)
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Questions and Discussion
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