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Why are ILs of scientific 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 

• Glassy materials 
– Augment database for study of glassy liquid behavio ur

(materials physics, tribology)
– E.g. scaling of transport properties as TVgggg ((((Roland et al 

2006)

• Liquids
– “New” class of materials
– Useful for examining global theories of liquids 
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Angell’s classification of liquids
Xu, Cooper, Angell: J Phys Chem B , 2003, 107, 6170, Fig. 6.• Molten salts are “strong”

– Andrade (Arrhenius) hhhh(T) 
– e.g alkali nitrates

• Ionic liquids are 
moderately “fragile”
– non-Arrhenius hhhh(T)
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What do we measure?

• Transport properties
– k, Lk, Lk, Lk, L Electrical conductivity (charge)
– Di Diffusion coefficients (mass, amount)
– hhhh Viscosity (momentum)

• All depend on ion-ion interactions:
(k, L,k, L,k, L,k, L, Di  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)
• Ion-dipole, dipole-dipole, dipole-induced dipole

– H-bonding (in many cases, e.g. ---H ×××× ×××× ×××× ×××× ××××F----) (NB directional)



Rostock Winterschool on Ionic Liquids 2009 5

Why use high pressure?

• 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

• 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

Cohen, Physica A, 1993, 194 , 229.

• Collisions:
– Many body
– Correlated due to high 

density & caging
– Inelastic (exchange of 

translational momentum 
with rotational & vibrational
modes)

• Theory very difficult
• Supplemented (replaced?)  

by molecular dynamics 
computer simulations
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Ion-ion velocity correlations
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Correlations of Ionic Motion 
Revealed

• Conductivity, kkkk, , , , 
depends on cross -
correlations of 
cationic and anionic 
velocities 

• Ionic D depend on 
auto -correlations of 
ion velocities

0

(0). ( )v v t dta bk
¥

+ -µ �

0

0

(0). ( )

(0). ( )

D v v t dt

D v v t dt

a a

b b

+

-

¥

+ +

¥

- -

µ

µ

�

�



Rostock Winterschool on Ionic Liquids 2009 9

Experiments
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Collaborations
• UNSW, Canberra:

Harris, Woolf
– High p diffusion coefficients 
– High p Viscosity
– Density (atm p)
Woodward
– Theory

• NIAIST, Sendai, Japan:
Kanakubo
– Preparation
– Electrical Conductivities (with 

Doshisha University, Kyoto for 
high p)

– NMR (atm p)
– Density (atm p)
– (pVT - set up phase)

• CSIRO Energy Technology, 
Melbourne

Rüther
– 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
• Conductance – 200 MPa (400 max)

– Ionic self-diffusion coefficients
• 1H and 19F NMR (cations protonated, anions fluorinated ) 

– 300 MPa (400 max)

– Density
• Vibrating tube densimeter – atm p (Anton Paar DMA5000 w ith 

inbuilt hhhh correction)
• pvT apparatus being commissioned (Sendai)
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Scope of project

• Ionic Liquids being examined
– NIAIST

BF4
-,PF6

-, (CF3SO2)2N- salts:
• 1-ethyl -3-methylimidazolium to

1-octyl -3-methylimidazolium

– CSIRO
(CF3SO2)2N- salts:
• P14
• ABN13

(CF3SO2)2N-

ABN13+
N

+

P14+N
+
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Conductivity
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Problems to be overcome
• 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
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Viscosity
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leads to 
bridge

Kel-F or 
Teflon bellows

coils
10 cm apart

6.52 mm 
viscometer tube

(316 ss)

hydraulic
connection

316 ss
Sinker

5.9 - 6.1 mm diameter

ferrite

High pressure falling 
body viscometer

Woolf et al. 1990
Based on NEL (UK) design
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Problems to be overcome
• Viscosity

– High viscosities (1-2500 mPa.s) 
• cf water ~ 1 mPa.s

– Long fall times with falling body 
viscometer

– Use sinkers of different clearances 
to cover viscosity range

– Calibration required with standards 
matching IL viscosities

– Have found calibration constant 
confirms prev. unpublished work of 
Roberta Scott (Queen Mary College, 
U. London, 1959) relating calibration 
constant to sinker-tube clearance, c
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Fragility of Ionic Liquids
• Atm p data: VFT eq

 = 'exp( '/( - )0A B T Th

d

Strength parameter, d
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Viscosity Results

• Test of Angell eq relating T0 to glass temp Tg
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High Pressure Viscosity Results
• Many liquids show inflexion in (ln hhhh) ) ) ) - p plots

• hhhh fitted to modified VFT eq. incorporating binomial i n p
2
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High Pressure Viscosity Results

• p dependences
– Angell strength parameter 

d(p) (MVFT1) 

– T0(p) consistent with Tg(p) for 
glassy liquids. (MVFT2): 
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Diffusion
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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

No field;
degenerate

nuclear spin states

B � hnnnn L= g = g = g = g ��� � BBBB

Field on: separation 
of energy levels

Boltzmann distribution 
gives resultant 

magnetic moment

Perturb system with rf pulse at nnnn L
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Free induction decay and
spin echo at twice 

90-180o pulse interval:
measure echo height as 

function of tttt

( )0 2exp /A A Tt= -

T2 measurements

Pulse 1
“90 o”

Pulse 1
“180 o”

echo

time
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Free induction decay and
spin echo at twice 

90-180o pulse interval:
measure echo height as 

function of tttt
and magnetic field gradient, g

Diffusion measurements

echo – shrinks & narrows when g applied

32
0 o 2

322 4
exp [ ] [ ] /

3 3a a aA A D Dg g Tg gt t tg g
� �� � � �= - - -� �� � � �
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� �

time
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Internal checks

• 2 experiments
– Keep tttt constant, vary g
– Keep g constant, vary t    t    t    t    (if T2 not too small)

3
2

32 2
0

2 4
exp [ ] [ ] /

3 3a ma aD Dg g gA TgA g t g t t
� �� � � �= - - -� �� � � �

� � � �� �
� �

D(Tf2N-) 
in EMIMTf 2N

61.049.90average

61.4average 50, 51

- 0.23 - 4561.149.9451

+ 0.23 - 4561.749.9350

±±±± 0.2- 0.345.43560.749.8349

I/Agm/ (mT/m)tttt /ms1012D/m2s- 1T/oCexpt no.
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Diffusion measurements

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

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

• 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 [DMPIMTf2N]) 
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Problems to be overcome
• Small D ~ 10-10-10-11 m2/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 ])

• T2 relaxation times T, p dependent – become smaller 
with decreasing T and increasing p, so echo 
attenuation becomes extreme at long tttt values needed 
– worst for PF 6

- & P(CF3)3F3 salts, Tf2N- salts much 
better

• But T1 relaxation times small : allow rapid 
measurements (15 min)
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Diffusion Results

• D+ > D-

BMIMPF6, HMIMPF6

EMIMTf2N, BMIMTf2N
HMIMTf2N , P14Tf2N

• D+ ~ D-

BMIMBF4

OMIMTf2N

• D+ < D-

OMIMPF6

OMIMBF4

ABN13Tf2N

0.020 0.025 0.030 0.035
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D(p) and kkkk(p): [BMIM]PF 6
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Linking the transport properties
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D, kkkk, hhhh relationships

• 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)
• Calculate Velocity Correlation Coefficients (VCC)
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Stokes-Einstein
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Stokes-Einstein and Walden

– Viscosity- Diffusion & Viscosity-conductivity
• Correlate with Stokes-Einstein relation

– Simple form

• General fractional form for liquids – parameter t ££££ 1

• Apply to molar conductivity, L L L L and ionic D

     (4 6)
[ ( / 2)]

kT kT
D n

nz ph s
= = £ £
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t
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h
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Stokes-Einstein correlation

• Simple Stokes-
Einstein approach 
for spheres of 
diameter ssss in a 
viscous continuum
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or

2
    (4 6)
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Fractional Stokes-Einstein 
correlations – ionic diffusion

E.g. [BMIM]Tf 2N

• Coincidence of 1 
atm isobar with 
25, 50 & 70 oC 
isotherms.

• Same t for cation 
and anion

• Similar results 
with other ILs

Plots of ln( Di/T) against ln( 1/hhhh) for the cation (upper line) and anion 

(lower line) at [25 ( �‘�‘�‘�‘ ), 50 (�­�­�­�­) and 75 ( ��� � )] oC and 1 atm ( �À�À�À�À).  
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Fractional Stokes-Einstein 
Relation

• Various forms used:
– Eq (1) found to fit both self and 

tracer diffusion over range of 
systems by Funazukuri et al. 08

– Eq (2) claimed to fit conductivity 
(kkkk) of molten salts (Voronel et al. 
98,99)

– Eq (3) used for glassy liquids 
(Sucrose benzoate, Rajian et al. 
06) – “works” because ln T varies 
much less than ln D or ln h h h h 

1
                (1)

                (2)

1
                 (3)
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Fractional Stokes-Einstein 
Relation

• 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) to test  eq. 
(1) from triple point to kT/eeee = 6 over wide density range 
t = 0.921

hhhh
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                (1)
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Harris, JCP 2009, 131, 054503
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FSE

• Real fluids behave 
similarly e.g. toluene 

t = 0.951

1.000C2H5C6H12OOCC6H5

0.944HCONHCH3

0.847CH3CN

0.982CO2

0.876n-C16H34

0.889n-C8H18

0.909n-C6H14

0.961c-C6H11CH3

0.927c-C6H12

0.951C6H5CH3

0.930C5D5N

0.942C6D6

0.890C6H6

0.878C5H5

0.920CHCl3

0.995Si(CH3)4

1.005CCl4

0.91CH4

0.943Xe

0.921Lennard-Jones

0.975hard sphere

tLiquid

Harris, JCP 2009, 131, 054503
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Fractional Stokes-Einstein 
correlations - conductivity

E.g. [BMIM]Tf 2N
• Coincidence of 1 atm

isobar with 25, 50               
& 70 oC isotherms.
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E.g. [BMIM] Tf2N
• Coincidence of 1 atm

isobar with 25, 50               
& 70 oC isotherms.

• Consistency check

t (LLLL ) � t(D+) = t(D-)

1
  
D
T

t

h
� �

µ � �
� �

Fractional Stokes-Einstein 
correlations - diffusion
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Conclusions:
Stokes-Einstein correlations

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

• Coincidence of atm p and high p isotherms, 
as for LJ fluid and molecular liquids.

• For imidazolium-based ILS, t ~ 0.9

For NBu 4BBu 4, t = 0.78  
(LLLL , Speedy 76; hhhh, Grindley & Lind 68)
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Nernst-Einstein
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Nernst-Einstein

– Conductivity-Diffusion
• Correlate with Nernst-Einstein relation
• Simple form for un-correlated ionic motion:

• Form for correlated ionic motion with deviation 
parameter DDDD

• Sometimes assumed that if 0 < DDDD < 1, there is ion-pair 
formation,

• BUT DDDD “hides” ion-ion velocity correlations

( )2
2

2 ( )
F

F
c RT

z Dz D z u z un l nn l n nn
k

+ + + + +- - + + +- - - - - -L º = + = + = +

2 2
2

  ( )(1 )
cF

c
RT

z z DDk n nL - - -+ + += = + - D



Rostock Winterschool on Ionic Liquids 2009 45

– Can be expressed in 
terms of velocity cross-
correlation coefficients 
(VCCs or f ij), using terms 
showing effects of 
collisional interactions 
between ions 1

– Compare auto-
correlation function for 
self-diffusion
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Cation aaaa – cation bbbb

Anion aaaa – anion bbbb

Cation aaaa – anion bbbb
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1. H. Schönert, H. J. Phys. Chem. 1984, 88, 3359.

Nernst-Einstein 
deviation parameter , DDDD
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Substitution of expressions for LLLL , Di in terms of f ij into 
NE eq. yields

or, for 1:1 salt 3

i.e DDDD = 0 only if f+- arithmetic mean of f++ & f--
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1. Hertz, Ber. Bunsenges
phys. Chem, 1977, 81, 656.

2. Woolf & Harris, JCS Faraday Trans.1 1978, 74, 733.
3. Harris, Kanakubo et al JPhysChem. B , 2008, 112, 9830.

Nernst-Einstein deviation parameter, DDDD
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For ionic liquids based on 
imidazolium ions

• DDDD is independent of T and 
p.

• DDDD increases with length of 
alkyl group on cation, but

• DDDD(BF4
-) > DDDD (PF6

-) for given 
cation

2 2 2 2
   

2 2
  

(2 )
( )

c z z f z f z f
z D z D

n n n n
n n

+ - + - + - + + + + - - - -

+ + + - - -

+ +
D = -

+

0 25 50 75 100 125 150
p /MPa

0.3

0.4

0.5

0.6

DD DD

DDDD(p,T). 
[BMIM]PF 6, 50 oC, ��� � , 70 oC, ��� � ;
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[OMIM]PF6, 50 oC , ��� � ;
[BMIM]BF 4, 50 oC, ��� � , 75 oC, ��� � ; 
[OMIM]BF 4, 50 oC ,��� � , 75 oC, ��� � .

Nernst-Einstein deviation parameter, DDDD

Harris et al JPCB, 2008, 112, 9830.
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Cross Correlations of Ionic Motion

• Compare:
– Charged hard spheres , equal masses, equal radii    

(MD calc: Hansen & McDonald, 1975): D D D D = 0.19
– NaCl (Cleaver & Herdlicka 1976): D D D D = 0.18
– Tetra-alkyl ammonium tetra-alkylborates

(Weiden et al, 1990): D D D D = 0.2 - 0.4
– Mode coupling calculations (Yamaguchi et al, 

2003):
LiBr: D D D D = - 0.13; RbBr: D D D D = 0.17

– MD simulations for BMIMPF 6 show no long term 
ion pairing, simply viscous drag due to 
atmosphere of counter ions (electrophoretic
effect     [Zhao, Kirchner et al., JACS, 2009, 131, 15825.
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Velocity Correlation Coefficients
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Note on transport numbers
• 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 ies (Hittorf):  

t+ = 1, t- = 0 or vice versa
– Mass-fixed frame:

• 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
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Cross Correlations of Ionic Motion

[BMIM]PF6

• VCCs negative: 

f+-

> f--

> f++

• D  D  D  D  depends on relative 
contributions of VCC

• Constancy of D D D D 			 	 similar p
dependences for f ij
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velocity cross correlation coefficients (f ++, f+-, f--) 
show same fluidity (1/hhhh) dependence
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velocity cross correlation coefficients (f ++, f+-, f--) 
show same fluidity (1/hhhh) dependence

• For f+-, simple consequence of fractional FSE 
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Ionic Motion - Conclusions

• DDDD < 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 

ion-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

c

kkkk

c

L L L L 
= = = = kkkk////c
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Conductivity of IL Solutions in ML

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

• Assumptions
– Ions 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

– Ion mobility given by

0(1 )u u ILuf fa a a= - +

IL volume fraction
Infinite dilution mobility

Ion mobility in pure IL



Rostock Winterschool on Ionic Liquids 2009 58

Conductivity of IL Solutions in ML

• Conductivity given 
by

0(1 ) 2
ILk kf kf f= - +

IL volume fraction

Infinite dilution kkkk
(fitted parameter)

Conductivity
of pure IL

H2O + [BMIM][BF 4] (� ) 
H2O + [BMIM][DCA] ( � )

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

0(1 ) 2
ILk kf kf f= - +

CH3OH + [BMIM][BF 4] (� ) 
CH3CN + [EMIM][BF 4] (� )

Data: Stoppa et al. JChEngData , 2009, 54, 472

H2O + [EMIM][BF 4]

Data: Stoppa et al. JChEngData , 2009, 54, 472 (� )
Vila, et al. FPE 2006, 247, 32 (� )

Jarosik, J. Mol. Liq. , 2006, 123, 43 (� )

Eq. seems to work better in H 2O:
higher dielectric constant?
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Future work

• Completion of high p
diffusion and conductivity 
measurements on Tf 2N-

salts (with Kanakubo)
• pVT (high pressure 

density) measurements 
(with Kanakubo)

• Improvement of lattice-
hole theory (with 
Woodward)

• Thermodynamic scaling [ X
= f(TV-gggg)] (with Fernández)
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Questions and Discussion


