Molecular and granular translational dynamics measured by
a novel NMR technique
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Measurement of the velocity
autocorrelation by CPMG sequence
and constant magnetic field
gradient

CPMG sequence as a modulated gradient spin
echo to measure spectrum of molecular
velocity autocorrelation function

Applications to obtain the spectrum of

self-diffusion of fluid in porous media
self-diffusion in gels and water
and motion of fluidized granular systems
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Spin motion by two-pulse gradient spin echo
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Molecular random motion and spin echo: Torrey's
approaches

H.C. Torrey. Bloch equations with diffusion terms, Phys.
Rev., 104, 563-565, 1956

M B(r,t)xm + V(D(r)V )m

Ot
m=magnetization density
D=self-diffusion tensor
iyfq(t)-vi(t)dt — [q(?).D(r).q(t)dt
E(z) %Zl: < ~ Im(r)e 0 dr
—[q(®).D,(r).q()d:
Mesurement in the short time-interval E(r)~ Zm e O
-diffusion can be time dependent I
- different spin sub-ensembles can Summation over sub ensembles

me2Xperience different diffusion propertie with different D;(t)
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Molecular motion and spin echo: average propagator
approach

Short Pulsed gradient spin echo
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e Probability function

E@~De o zz<eiqRi(T)>=Z [ P(R, 7)™ dR,  r,(z)-r,(0)=R,(z)

I i

R; is stochastic variables

= [P(R.7)e"dR
J. Karger and W. Heink. The propagator

representation of molecular transport in micro- Average propagator in the limit of long ¢
porous crystallites , J. Magn. Reson. 51, 1-7 (1983)
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E(q,7)= ZIP(I', 7| rl.,O) eiq(ri § r)dr

g-space Fourier transform of spin
echo can provide probability
distribution of flow dispersion
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Stochastic processes and spin echo as
a characteristic function

N. 6. van Kampen, "Stochastic Processes in Physics and Chemistry "
North-Holland, Amsterdam, 1981,

Random process of the stochastic i fr ifr
variable r is characterized by the D(f)=(e :j P(r) e "dr
probabity distribution or by its Fourier
transform, which is named the
characteristic function of random J = parameter

process P(r) = probabilit y functiom

r = stochastic variable

Signal of the short pulse gradient spin
echo has the form of characteristic
functional with the spin displacement R;
as a stochastic variable and the
gradient dephasing g=y5G as the
parameter

E(r,q)= Z<eiqR"(1)> = ZjP(Ri,T)eiqRidRi

Characteristic function Probability distribution
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Stochastic processes and characteristic functional

Whenever the stochastic variable depends on another
stochastic variable through relation:

A(e) = [le)de

0
the process is described by the characteristic functional

i f(ew(e)a

O(f,7)=( e ° = where f(¢) = arbitrary function

The characteristic functional can be expanded into the cumulant series:

1 ) _LT
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Spin echo as a characteristic functional and the
Gaussian phase approximation

A w2 .
Spin echo
J. Stepisnik, Analysis of NMR self - Gt
diffusion measurements by density ®
matrix calculation, Physica B, 104, B
350-64, (1981) _
L AN

no limits with respect to the gradient pulse
or gr'adien‘r waveform

i j q(r)v.(¢)de f b L I Iq ) )i
— 0
E(T) . Zz: 6 - Ze : Gaussian phase approximation (GPA) o
;e ' : ” -
f(t)=q(t)  Spindephasing EM.([‘] < (#)v(e) v (e )>C-q(t ) ddt'di" +..

stochastic variable

R (t) = j V. (f')dt' Velocity as the
0
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Two-pulse gradient spin echo and GPA

G(t)

Condition for the q(t)
Gausian phase

approximation
(GPA):

Wir, <L
Vi
1
Vi
Characteristic lenght
of motion is smaller
than the phase

grating created by
applied gradient.

A<

Phase grating
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Gaussian phase approximation
of spin echo

T

i[ qe)v;(¢)dt ij q(){v,(¢) jq )qdtd..

E(r)=2(¢°" :Ze : AV, =V, —<V1(t)>
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Two gradient pulse spin echo Modulated gradient spin echo (MGSE)
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no limits with respect to the gradient pulse
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Velocity autocorrelation spectrum
T
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Long-time measurement: During the application of
sequence each spin can roam over all characteristic

voids of structure and D (o) is identical for all spins.
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Velocity autocorrelation of restricted motion

Free diffusion

<V(t).v(0)>

NMR
range

D(w)

t,~1012-10%

neutron scattering

velocity
autocorrelation

autocorrelation
spectrum

range
time
frequenc
Restricted diffusion- reflection at boundaries Y
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Gradient
\ ! Flow of water through an ion-exchange resin
2 mm Flow 50-100 mesh (100-30p.m)
(beads 100-30 um) —=—MSSE-SS 25 ml/h

—a—MSSE-SS 50 ml/h
—e—MSSE-SS 100 ml/h
——MSSE-SS 0 ml/h
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Modulation frequency 1/T [Hz]

Dispersion spectra for water flow through ion-exchange-
resin bead pack at different velocities as measured by
MGSE sequence (6=70us).

P.T. Callaghan, J. Stepisnik, J. of Mag. Res. A117, 118-
122(1995)
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ELSEVIER Physica B 292 (2000) 296-301

The long time tail of molecular velocity correlation

in a confined fluid: observation by modulated gradient
spin-echo NMR

Janez Stepisnik®*, Paul T. Callaghan®

*Department of Ph "MF, Ui 3 % dran: 9, 1000 Liubljana, Slovenia
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Frequency range to 1.5 kHz

Pore size ~10um
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Fig. 3. The spectrum of velocity correlation function of particles
confined in the porous structure of closely packed polystyrene
beads of radius 15 wm as measured by modulated gradient spin
echo and its fit with the theoretical results.



Restricted diffusion in emulsion droplets

Joumal of Magnetic Resonance 156, 195-201 (2002)
doi: 10.1006/jmre. 2002.2556

Restricted Self-Diffusion of Water in a Highly Concentrated W/O
Emulsion Studied Using Modulated Gradient Spin-Echo NMR

Daniel Topgaard,! Carin Malmborg, and Olle Soderman
Division of Physical Chemistry 1, Center for Chemistry and Chemical Engineering, Lund University, PO, Box 124, §-22] 00 Lund, Sweden

Received September 21, 2001: revised April 4, 2002

Frequency range to 0.5-1 kHz

[3] P.T. Callaghan, 5.L. Codd, Flow coherence in a bead pack observed
using frequency domam modulated gradient nuclear magnetic reso-
nance. Phvs, Flusds 13 (2001) 421-426.

[5] E.C. Parsons, M.D. Does, 1.C. Gore, Modihed oscillatmg gradient

pulses for direct samphng of the diffusion spectrum suntable [or

imagmg sequences, Magn. Reson. Imaging 21 (2003) 279285,
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FIG.5. The frequency-dependent diffusion coefficient I, (e for free water
(circles) and water confined within emulsion droplets in a highly concentrated
fresh (squares) and aged (triangles) emulsion. The two lower lines are calculated
according to the flow-scheme in Fig. 9. The upper line is the value of I for free
water.
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CPMG sequence with the constant gradient as
MGSE sequence

Carr-Purcell-Meiboom-Gill sequence of the train
of m-RF pulses and the constant gradient

Frequency range to above 10 kHZ

J. G. Seland, G.H. Sarland, K. Zick and
B.Hafskjold: Diffusion Measurements at Long
Observation Times in the Presence of
Spatially Variable Internal Magnetic Field
Gradients, J of Mag. Res. 146, (2000), 14-19
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Resonance offset— coherence pathways

frequency

Tiersal of Megnetic Resonince 1HE, 367-378 (2001) "
dee D0 V00GSmne 2000 2063, available online al hipotwww dealboey cos n'“l,&l

Diffusion and Relaxation Effects in General Stray
Field NMR Experiments

M. D. Horlimann

Sehiumbirger-Doll Research, Rudgifield Casnactionr SaF77-4T08

Received July 31, 2000, sevisad Movember 16, 2000
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CPMG measurement of diffusion
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Velocity autocorrelation spectrum of fluid in porous
structure
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Mean squared displacement from VAS
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Fig. 4. Time dependence of the mean squared displacement obtaimed from the
Fourier transform of the power spectrum of displacement i Fig.1 demonstrates
o the time resolution of the method.
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lim Dyeqe(w) = D(l _ e

1 I."lu.-'—-" 0

Calculations
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Fig. 3. Surface-to-volnme of porous structure 1= proportional to imitial slope in the
plot of velocity anto-correlation versus nverse-squared-root of frequency. The dotted
curve 1s the spectrum of distribution with 9%, of spherical closed pores with the
mize of 3.4p and 10% with the size of 0.7 p .
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MRI of polenta after 2 minutes of cooking

T,-weighted D-weighted D-weighted by
PGSE MGSE 1250Hz




Self-diffusion spectra of gels

Diffusion spectra of gels T=23°%

——gel N1%
—e—gel T4%
—x—Nitrobenzen

—e— Toluene

500 1000 1500 2000 2500 3000 3500
Frequency [HZz]
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Self-diffusion of water

PGSE measurement
Diffusion spectrum of H,O T=4°C, T=23°C
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Water in nitromethane
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Models of water clusters

from 1980:

On a very short time scale (about a
picosecond), water is more like a
"gel” consisting of a single, huge
hydrogen-bonded cluster.
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Restricted self-diffusion of water ?
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Diffusion spectrum of water T=4°C
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Air-fluidized granular system

e R O N L A

Sand dunes, grain silos,

The air-fluidized granular system made up of

building materials, mustard seeds,

catalytic beds, with the high speed camera 1frame/1 ms
filtration towers,

riverbeds

snowfields, many foods.... Measuring techniques:

Fluidized granular systems:
catalysis of gas-phase reactions

fransport of powders sg‘[:ug::;er:c;ve spectroscopy
busti _ ‘
Universﬁyoo';n ST E PGSE (MIT, Harvard, Aachen..)
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Velocity autocorrelation spectrum of fluidized granular
system by CPMG

0 005 0.1 0.15]
®? [2m 1082
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C

Fig. 3 — A) The veloeity autocorrelation spectrum of grains in the system of oil-filled beads fluidized
by the air flow at 0.25bar (squares) and at 0.5bar (crosses). B) The intersection [)(0) gives the

[

cage-breaking rate, while the line slope is related fo the mean path of beads between collisions.
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Fig. 4 — The power spectrum of grain velocity fluctuation in the system of mustard seeds flunidized
by the air-flow at 0.25 bar (dots) and 0.5 bar (stars) and 1 bar (circles) at two different fillings:
AI 1500 seeds and B) 175 *-E'E'd‘ The fitting parameters of curves |"1‘1n111 lower to uppprj are: A)
} = 0.22, 3.6, 4.8 x 10~° m , Te = 0.11, 0.39, 0.42 ms, D = 3.8, 3.8, 3.6 x 107° m®/s and B)
R T 4.65 x 10~9 m? 'rL = 0.65, 0.45, 0.44 ms, D= 1.4, 1.3, 0.6 x 107 m?/s

D - diffusion-like constant
1.— collision correlation time

¢ — free path
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Mean squared displacement of grain
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Range of measurement k 10° 10? 10"

T(8)

Ballistic regime Z2~t2
VOLUME 79, NUMBER 18 PHYSICAL REVIEW LETTERS 3 NOVEMBER 1997

Europhys. Lett., 75 (G), pp. 887-803 (2006)
Particle Motions in a Gas-Fluidized Bed of Sand

DOz 10,1209/ epl/i2006-10192-6
Narayanan Menon and Douglas J. Durian

Autocorrelation spectra of an air-fluidized
granular system measured by NMR

S. Lasie!, J. STePISNIK 12, A. MoHoRIG!L, I. SERSA? and G. Pranmsia?!
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Conclusions

Spectral analysis of motion to about 10-100 kHz
and, thus, the study of molecular diffusion
close to nano lenght-scale.

-Application with non-uniform NMR magnets
(one sided, NMR mouse etc.)

-Use of intrinsic susceptibility gradients to
measure diffusion

neutron scattering
range

D(w)
NMR
range

102 104 10°% 108 10t°10%2 104
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