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Important transport properties

Linear phenomenological relationships
between fluxes and field gradients

— transport of heat — Fourier’s law
/I = thermal conductivity — T gradient
a =l /¢r c,) = thermal diffusivity

— transport of mass — Fick’s law
D = diffusion coefficient - conc’n gradient

— transport of charge — Ohm’s law
k = (electrical) conductivity = —potential gradient

— transport of momentum — Newton'’s law
f1 = viscosity — fluid velocity gradient
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Important transport properties

Cross effects occur in certain cases

— transport of mass due to temperature

gradient — thermal diffusion Jq -/ =

/I = thermal conductivity — T gradient

— transport of mass of one component due to
gradient in concentration (activity) of
another — multicomponent diffusion

n dc;
Jj =- Dij — I, ]= 1,n (excluding solvent)
J=1
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Importance of Transport
Properties

 Why measure transport properties?

— Chemical processes are not equilibrium
processes: things happen

— Industrial applications require  accurate thermal
conductivity, electrical conductivity and viscosity
data, together with heat capacities , to allow
optimisation of

» Capital cost of plant
* Running costs
* Most economic choice of materials
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Importance of Accurate Transport
Data In IL systems

3D plot of the effect of
uncertainty of heat
capacity (DCgp) and thermal
conductivity (IDl ) for
[C.mim][BF ,] on the area
(w capital cost) (DA) of a
shell and tube heat
exchanger, using viscosity
uncertainty, Din, as a LT AT
parameter for the surfaces o 2 a0
(upper, +20 %; lower, 20

0)
/O . Nieto de Castro e al.J. Chem. Eng. Data 2009, 54, 2569
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Diffusion In fluids - general
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Why study Diffusion?

Closely related to ionic conductivity and ion
transport as all depend on ion mobility

Closely related to viscosity: similar dependence on
temperature and density (but not concentration)

May govern reaction rates in diffusion-controlled
processes

Self-diffusion (Brownian motion of cations and

anions) most easily calculated property in Molecula

Dynamics simulations

— though complicated by high viscosity (long runs) an d
choice of potentials.

Mutual or inter-diffusion (due to composition

gradient) more difficult to simulate
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Diffusion In Solutions

QQQ :Q O)

flux = amount/(area xime)

Relaxation of
gradient in
concentration

e “mutual ” or inter -
diffusion

e single Din2
component system

e single D in binary
electrolyte-solvent
system

= diffusion coeff. xconcentration gradient
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Diffusion In Solutions

B
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Dsi =3 4 (vj (t) w; (0))dt

Integral of time auto-correlation
function for species or component

“self” or “tracer” or intra -
diffusion for each
identifiable species

No macroscopic gradient

¢ 2 DgiIn 2 component
system

* 3 DgIn 2 component
electrolyte (cation,
anion, solvent)

e Cannot separate Dq¢
where ionic equilibria
occur

+ +
Rostock Winterschool on 1o A + N B ABn
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2 Kinds of Diffusion Process

D<(benzene)

\

+—D

N
D<(heptane)
bh

X(heptane) ®
the 3 diffusion coefficients
In a binary mixture

Relaxation of gradient in
concentration

e “mutual” or inter- diffusion

e single D in 2 component system

Thermal motion of molecules

e “self” or “tracer” or intra -
diffusion of identifiable species

e 2 Dgin 2 component system

e Asx, ® 0,D,,® Dg;,
&X,® 0,D,,® Dg,
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Effect of temperature
on mutual diffusion
- typical nonelectrolyte mixture
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Attractive forces between like molecules
cause tendency to phase separation

Binding energy u nearest neighbour contacts:
for, say, 6 nearest neighbours,

Wiy = - (3A” +3B° +18AB)

W, = - 12(A® +B?)

DE =E__ - EOHSIO =-n(A- B)Y< 0

\ effective attraction between like molecules

(Israelachvili, 1991)

Countered by entropic tendency .
to mix



Attractive forces between like molecules
cause tendency to phase separation

« Effective attraction Lower consolute point in
between like species nitrobenzene-hexane
IN mixture T.=19.7°C

o Systems tend towards Haase 1972

phase separation:
minima in D, ® 0 at
consolute point)

o Self-diffusion
coefficients not
affected by phase
separation.
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Frames of reference
and flow equations
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Frames of reference

e Because velocities are

. .. volume fixed frame - used in most measurements
relative quantities,

Vv +3Yv, =0: DY =DY =Dy5

mutual diffusion 1 2 1 72
coefficients and mass fixed frame - used in computer simulations
transport numbers Qf‘ +ir2n =0; D{n :D£n if mass units used for J
depend on frame of solvent (1) fixed frame - Hittorf transport number
reference. Lo

e Conductivities and self- 1

diffusion coefficients _ S
Transformations given in

are independent of . Kirkwood et al. JCP 1960, 33, 1505
reference frames *Tyrrell and Harris, Diffusion in Liquids, 1984
e Miller, JPC 1981, 85, 1137
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Onsager reciprocal relations

Onsager (1931, 1945) wrote
fluxes in terms of
generalised forces (activity
gradients, temperature
gradients

ORR (mass and solvent-
fixed frames)

Can use frictional
coefficients, z,

Certain (arbitrary)
approximations for frictional
coefficients give simple
relations between transport
coefficients e.g. Hartley
Crank eq. for mutual and
self-diffusion

Matter flow (mass units) in mass-fixed reference frame
n-1

Jk = Lki(Xj - Xp)+ LygXg k=12.(n- )
=1

Heat flow
n-1

iq - . 1LC]i(Ai - An)"' I—qqlq k=1,

ORR: Lik = Lki
n n
- Xj = WkCk (Vi- Vk F W Ck Ik
k=1 k=1
Wk = ki (ORR)
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Electrochemical diffusion

lon diffusion through double layer near an
electrode

Different from tracer-diffusion

Difference as electrochemical D is due to
gradient in concentration of single ionic
species. Equal only at infinite dilution.

Bearman, [ JPC, 1962, 66, 2072] has examined
case of dil. soln of electroactive species Iin
supporting electrolyte using frictional
coefficients

More general solution yet to be derived:
velocity correlation coefficient expression
would give some clarity

Rostock Winterschool on lonic Liquids 2009 17



Rostock Winterschool on lonic Liquids 2009

18



Molecular

collisions:
correlations
of velocities
* *
1¥
caging Dgj = <v, (t) ;j (0))dt
* Integral of time auto-correlation

function for species or component

In gases, binary collisions uncorrelated.
At liquid densities, D depends

Rostock Winterschool « on correlated collisions & caging

E.G.D. CohenPhysica A 1993,194, 229.



Another view of velocity
correlations

low density moderate density high density
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D, In terms of velocity auto

D, |

VA
0

correlation functions

<v(0).v(t)>

For single partiCle ——
at liquid densities

<v(0).v(0)> = <|v(0)|>>

e

llisions change magnitude

and direction of velocities

o)
(v;(0).v; (1) dt
D area
under line
< Cagipg effect
requces D

Rostock Winterschool on lonig

Liquids 2009
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Also have cross -correlations of
molecular velocities

Recall Dg; :% g‘é(via(t)wia (0))dt,

Introduce cross-correlation functions

f12 =% gé <(Vla (t)-vop (0))>dt A

fi :% 34<(via(t)-vib(0))>dt, =12 /
fll
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mutual (or inter-)diffusion

e To first approximation

— Inter-diffusion in solution depends on thermal
motion of components and a thermodynamic
factor (Hartley-Crank eq)

— but cross-correlations are also important, so
H-C eq holds only if 2f1o - f11- fo2 =0,

or, for frictional coefficients, |/122 = [1 52

McCall & Douglass, J. Phys. Chem ., 1967, 71, 987;
Harris &Tyrrell, JCS Faraday Trans. |, 1982, 78, 957.
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Relative Status of Theory and
Experiment

What we’d like: Theory ‘9 Expt

Experiments
on real systems

What we've / \
got: / \
/ \

Theory

h__»

Computer Simulation:
expts on model systems

Rostock Winterschool on lonic Liquids 2009
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Status of Theory and Experiment

* Low density gases -

— exact Chapman-Enskog theory available

— Can use expt & theory to deduce accurate,
angle dependent intermolecular potentials

 Dense gases, liquids - ?
— theory incomplete

— complicated by effects of caging, correlation
of molecular motions

— use computer simulations of model

fluids/solutions as aid to interpretation of
expt’l data Rostock Winterschool on lonic Liquids 2009
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Molecular
Motion

* Types of collisions
occurring in a
low density gas

e uncorrelated -

1 & 2 collide once only

* therefore can use Kkinetic theory and measured
experimental properties (beam scattering
results, gas viscosity, diffusion coefficients,
2nd virial coefficients etc) to obtain
Intermolecular potentials
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Molecular

Motion

e At higher densities,
molecules can * *
collide again directly
or indirectly ® |
correlated collisions caging
(fig. b to f *)

» therefore theory Is
difficult *

e Contrast gas with
liguid (cage effect)

Rostock Winterschool on lonic Liquids 2009 27
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Measurement of Inter- diffusion
(diffusion due to a concentration
gradient)

Rostock Winterschool on lonic Liquids 2009
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Measurement of nter- diffusion

 Major technigues
— Interferometry
— diaphragm cell
— Taylor dispersion
— (dynamic light scattering)

Rostock Winterschool on lonic Liquids 2009
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Interferometry

e 3 major types in use:

— Based on refractive index gradients:
* Gouy (Naples) & Rayleigh (Fort Worth, Texas)
o Capable of very high precision~ +0.1%

— Based on sheared wave fronts
* Holographic (Aachen)
e Precision ~ + 1%
 Gouy Iis a major method for 3 & 4
component & polydisperse solutions

fluxeq: J,=- DNc, ,i=1.(n-1)
j
so 4 D, coeffs for 3 component solution
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Light source
& slit

Gouy

Lens

Interference
pattern
(slit image)
Inter-diffusing solutions
relaxina refractive index gradient

Time dependent
Interference pattern

method requires long optical
bench (9 m typical)

excellent T control, =2 mK
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Inter-diffusing solutions:

HOIOgrap hy Determine phase differences

between early pattern
& patterns at later times

(Richter et al., J. Mol. Lig., 2003, 103, 359)
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Holography

Obtain D from
t-dependence of
distance between
maxima & minima in
Interference pattern

Used with ionic liquids,
molten saltS (Richteretal., J.Mol. Lig., 2003, 103, 359)

Rostock Winterschool on lonic Liquids 2009
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Stokes Diaphragm Cell

High precision: usually used for high p:
tracer diffusion (radio-tracers) ~ atm p |
0.1-0.2%; high p ~ 1-2%.

Stirred, homogeneous solutions

bellows
cellinp
vessel

on either side of glass or metal
diaphragm

Measure concentrations by
analysis after set time

Need good T control, smooth
stirring (glass diaphragms wear)

Calibrated with D,,(H,O-KCl)
from interferometry

Can be used for mutual diffusion
If conc. dependence is not too
large (differentiate integral D(c)
obtained from expt)



Taylor dispersion/peak broadening

Output
device

solvent ~ pump

solution

( coil( ) * Injector

thermostat

1

Rostock Wint

Uv/vis detector,
refractometer
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D,=r% /24s?

Taylor wheres? is variance of a Gaussian peak
dispersion/peak Use moments
broadening A=m = V(D dt
E=n1=3L¥n«0m
m,

s2=m == (t- )2V(D dt

¥

skewnesss=m ¢° , small, >0
m,

excesse:?- 3, »0
t q= m 10m,
s®> s°
ldeal peak is slightly non- Fit to Edgeworth-Cramer series
Gaussian, with small “tail”;
. . vy =2 f1)- 2190 Sro0 dio)..
baseline may drift s 3 41 3!
_ +1\2
f (t) = iexp(_ u

Rostock Winterschool V 2,0 25°
feo () =- F @Ot ) +vi 2 ()]



Measurement of Intra- diffusion
(diffusion due to random, thermal
motion)

Also known as self- diffusion (in a pure
component e.g BF , in BMIMBF ,)
and as
tracer- diffusion (diffusion of different species
e.g. HTO in H,0)
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Spin-echo NMR

 Two methods:
— Steady magnetic field gradient
— Pulsed magnetic field gradient

Rostock Winterschool on lonic Liquids 2009
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Steady gradient spin-echo NMR

 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  n,
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 &
gives resultant My (t) 1 expt t/T2)

magnetic moment
Rostock Winterschool on lonic Liquids 2009 40



T, measurement

90-180° pulse sequence
used for T, measurement:

A=A exp(-t/T,)

Free induction decay and
spin echo at twice
90-180° pulse interval:
measure echo height as

function of #

time
4 4 4
ugo o” “180 o”
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Self-diffusion measurements

Free induction decay and
l spin echo at twice
90-180° pulse interval:
measure echo height as

function of t
time and magnetic field gradient, ¢

7 4 7

echo — shrinks & narrows when gradient g (= dB/dz) applied

2 4
A=Aexp - - g Di’[g, g,} 3 golg, gf=71/T,

Carr and Purcell 1954; Gerritsma, 1966
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Internal checks

e 2 experiments
— Keep # constant, vary ¢
— Keep g constant, vary ¢ (if T, not too small)

2 A
A= Aexp - 3 g°Dt’[g, 9, F E g°Dlg, 9,.F = /T,

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
D(Tf,N") 50 49.93 61.7 3-45 +0.2
In EMIMTEN | 59 49.94 61.1 3-45 - 0.2
average 50, 51 61.4
average 49.90 61.0
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High-pressure steady-gradient
spin-echo NMR

Be/Cu Pressure vessel
400 MPa

Ceramic rf
10 and guadrupole magnetic
14 field gradient coil:
10 gives well-defined gradient



Pulsed gradient spin-echo NMR

Stejskal-Tanner pulse sequence:
magnetic field gradient pulses
between rf pulses.

Vary pulse spacing (rf &
magnetic gradient), gradient
strength (necessary to avoid
systematic errors)

Can apply larger gradients
hence measure smaller D, avoid
restricted diffusion in confined
samples (pores, emulsions etc)

Used with high field NMR, can
resolve different species In
favorable circumstances

Modified sequences can be used

Rostock Winterschool on lonic Liquids 2009
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Pulsed gradient

spin-echo NMR

« Working eq.:
Stejskal-Tanner

gD & D 2 g, 0} d (¢ &} ot )

LT,

2d°
3

2
21° ~[g 9t’
A:Abexp [ga gO-]- 3[ g(}

High-field approximation: g,=0

A=Aexp gD o D S g, g,]- 117,

Generally ¢ d, D held constant, g, varied
or 4, D, g, held constant, dvaried
useful to check with more than 1 method, if possibl e
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Pulsed gradient spin-echo NMR

Precautions: T control & measurement, gradient definition,
sample position in gradient, eddy currents from pul sed gradients 47



Pulsed gradient Spin-echo NMR

Problems have been found for 1onic

liguid measurements. (Hayamizu et al.,
JPhysChem A 2008, 112, 12027 [DMPIMTf,N])

Results dependent on  Dvalues (interval
between gradient pulses).

Source of error Is not yet known.

Worse at lower temperatures and
higher viscosities.
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Calibration

Calibration provenance:
interferometry (x 0.1%) & diaphragm cell (x 0.2 %) & NMR (x 1%)

e Water « Benzene

— Values obtained from — Obtained from tracer
tracer diffusion of HTO diffusion of labelled ( 4C,
in H,O (Mills, 74) D) benzene in benzene

— & limiting mutual D for — Very small isotope effects
HDO in H,0 « Preferable to have high
(Longsworth) viscosity standards (in progress)

— Mills corrected for « Calibration papers:
Isotope effect: — Holz et al. PCCP, 2000, 2, 4720
25°C: 2.299 10°m?/s — Kato et al. J. Mag. Res., 20086,
(+£0.2 %) 180, 266
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Types of viscometry

o caplillary
 rolling ball
 falling body
e vibrating wire

e (cone and plate)

Rostock Winterschool on lonic Liquids 2009
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Viscometry

methods not absolute, calibration required
— Relative to ISO standard for H ,0 at 20 °C
1.0016 mPa.s £ 0.17%

— Viscous calibrants

» Reference liquids/mixtures from Cannon and Paragon
Scientific

— Caetano et al. J.Chem. Eng. Data 2008, 53, 2003
« 2-ethylhexyl benzoate, , Squalane
— Harris, J. Chem. Eng. Data 2009, 54, 2729

e squalane
— Fernandez et al. and Trusler etal J. Chem. Thermodyn. 2009
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capillary viscometry

problems to be overcome:
e temperature control

 must be vertical: g.4 =0
COS a

 liquid must wet glass

B « surface tension effects
/ t — Einfeldt, Metrologia ,
2001, 38, 459
* not generally suitable
for highly viscous
liquids due to long flow
times
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Rolling ball viscometry

problems to be overcome:
e temperature control

e calibration with viscous
fluid

Tomida et al, IntJTherm 2006, 27,39 i SI I p pag e

| .
2 (rg-r)gsib rc - I's
h=0.267r

rs /rc >0.95
or h=Kk(rg-r)t

J. Greener, Phys Methods Chem: VI Deterrm. Therm. Props, Chap 5 . Wiley, 1992.
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Falling body viscometer

— UNSW version : ex ANU - UK NEL design

— automated: set to max p, then does points at
set pressures; stepper motor inverts
viscometer

— p measured by transducer calibrated against
Heise dial gauge in turn calibrated against
deadweight tester

— oil bath: £5 - 10 mK (thermistor sensor)

— optical sensor ensures pressure vessel is
vertical

Rostock Winterschool on lonic Liquids 2009
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High pressure falling

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

body viscometer
y leads to /

bridge

6.52 mm
viscometer tube

ferrite >

316 ss
Sinker
5.9 - 6.1 mm diameter

Rostock Wintersclh

(316 sS)

coils
10 cm apart\

Kel-F or

Teflon bellows >

hydraulic
connection >
ool on lonic Liquids 2009
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Rostock Winterschool or

viscometer

screw Iinjector
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/ screw injector drive

optical sensors &
Rostock Winterschool Stepper mOtOF (Centl’e) )



Falling body viscometer

e Viscometer calibration

— Cannon calibration standards (0.89 to 10 242
mPa.s)

—working egn, fall time t

t@- r /rs)
A[1+2a (T-TOIE 26(e p )i
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Vibrating wire viscometer

Hydraule ol tank

Fill mge svringe Air bleed valve

|

SRR
N

7

.

R RN RN

SN

N

N

|

SRR

7 :
. % Stainless steel clamps
g Z semi-cylinder + plate o 5?[':]3”“.’ _
ﬁfﬁ Flud separator LN PrrossUure
R . Vibrating e
N % Tungsten wire C densimeter Hyidraulic purmp 4-wire I[‘.I-MM |
g \ - PAAR DMAGD & High pressure '
\— SmCo magnet blocks sealing eland P
2 \ 1. _ Lock-in Amplificr
ﬁ a\\\ Made] 7263
% B B [ 3 I S
ﬁ%{ Thermestate bat
—  Macor tube L dERTENRERL Aowire DMM [~

e

I
PRI

R L LT

.............. Cimmputier

University of Canterbury, NZ
Kandil, Marsh, Goodwin J Chem Eng Data 2005, 50, 647; 2007, 52, 2382
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Vibrating wire viscometer

driving frequencyf
voltage across wire ipedancéd/ + motionalV

Lfi
fo- @& b)f% (bt B )fA
measurd/ with lock-in amplifier

Results for HMIMTf ,N
V =V, +V, =(a+ib+icf) +

b=krir,. b =krd.,.
kK=-1+ 2Im(A)  k'=-1+ 2Re(®)
2K, (VW) 4
A=i 1+
ik, (Vi)
fre2 | Wet
sz capillary 43-410 ppm
non-linear regressios¢hwarze Mge ) Rotating cylinder

todetermind-, f,,a,bc
D, determined in vacuum, calibrate to determipe 62



Discussion and Questions
(5 min)

<

Next: Experimental conductimetric methods

Rostock Winterschool on lonic Liquids 2009
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Conductivity

» Classical impedance measurement
e Impedance spectroscopy

Rostock Winterschool on lonic Liquids 2009
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Classical impedance
measurement

Determine resistance of conductivity cell containin g
IL with AC meter

Best if capacitance is also balanced (Jones bridge)
Cell calibrated with KCl(ag) (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 )

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

R=Ry +bl f2+¢ f

65
R=Ry +b/(1+ cfz)(Hoover)



Impedance spectroscopy

Ro(T)- Ry (T)

Z*(wT)=Ry(T)+ TG

K K=I/A

Ro(T)

Swiergiel & Jadzyn J. Phys. Chem. B , 2009, 113, 14225 Fortunato et al. J. Membrane Sci , 2006, 270, 42
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Next lecture

e Correlation of
transport properties
— Stokes-Einstein ( D-h)
— Walden (L-h)

— Nernst-Einstein

Rostock Winterschool on lonic Liquids 2009
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