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Molecular motion in heterogeneous structures by NMR

MEDIA:

*materials for distillation, filtration,catalysis....
schromatographic sieves

colloids and bio-colloids (viruses, bacteria)

*s0il, concrete, rocks or clays -
*biologic tissues etc
pore size:

102— 1010 m

METHQOD:

Analysis and interpretation of diffusion and flow measurement by the gradient
spin echo:

saveraged propagator approach (Torrey method)

*Gaussian phase approximation (Hahn-Carr-Purcell method)
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Spin In magnetic field- magnetic resonance
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B=magnetic field
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Spin In non-uniform magnetic field

B = Bo + Binh (r)

applied or internal magnetic fields
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magnetic field gradient
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NMR imaging
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Encoding of spin motion by spin echo
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Molecular motion and spin echo: approaches

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

%_'? = 7B(r,t)xm + V(D(r)V)m

m=magnetization density
[ D=self-diffusion tensor

= (j)q(t).Q,- .q(?)dt free diffusion

“Ye

~ q(t)=7[G ,; (t)ar'

1 /2 TT

Spin echo
. G(t)
E.L.Hahn, Spin-echoes, Phys. Rev. 80, 580-94 (1950),
H. Y. Carr and E. M. Purcell, Effects of diffusion on free precession q(t) me
in nuclear magnetic resonance, Phys. Rev. 94 , 630-38 (1954)
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Spin echo as Fourier transform of probability function

Short Probability function

PGSE S free isotropic
b diffusion
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g-space Fourier transform of spin echo
can provide probability distribution of m
flow dispersion
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BISPELACEMENT bt Al WM ETERS
- The vanution of E(Y) with 4 Jur displaccments X wocasured along 1w axisl
S h (0] rt P G S E dirsciion of the cylindrical sampbe.

K.J. Packer, J.J. Tessier, The characterization of fluid
transport in a porous solids by pulsed gradient
stimulated echo NMR, Mol. Physics 87, 267-72 (1996)
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Restricted diffusion and propagator method

Propagator of restricted diffusion

9% _pvp
ot
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P(r',z|r,0)= Zuk(r) u, (r') e k™Dz
k

E(r, q) = ZjP(ri +R, 7| rl.,O)eiquR = NjPi R, 7) eiquR
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Spin echo of restricted diffusion

2
E(Ta Q) ~ ZSk (q) Sy (Q)e-k D
k
In the long time limit:
2
2 iq.r
E(OO,q)T_)T;ng SO(q)( = je 1 dr 45.5 pm

Vol

P16, 2. Spin-ceho-alenuation (unetion| for the direchion transverse to
P

P. T. Callaghan, A. Coy, D. MacGowan, K. J. Packer and F. O. Zelaya,
Diffraction-like effects in NMR diffusion studies of fluids in porous
solids, Nature , 351, 467-9 (1991)
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B. MANZ, J.D. SEYMOUR, AND P. T. CALLAGHAN, PGSE NMR
Measurements of Convection in a Capillary, JOURNAL OF MAGNETIC
RESONANCE 125, 153-158 (1997)
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Spin echo of restricted diffusion with propagator method

Propagator of restricted diffusion

a—P:szP
ot
—kzDr
P(r',z|r,0)= Zuk

ensemble average —— averaged propagator
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Spin echo by the cumulant expansion

E(q,7)= Zl: IP(r, lr, )eiq.(z B )dr 3 Z Z ligf M (r) Taylor series
q.r =q.z (iq)n

Mm-(f)=IP(r,rlr,.)(z—zi)”dr Y n!
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Distribution of phase and attenuation in the pore:
short PGSE with the Gaussian phase approximation
Short PGSE

/2
G(t)
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Spin echo diffusive diffraction by the cumulant
expansion in GPA

AGQE 1 q° .<AZZ.2 (2')> ig{Z(r,7))— %q2 .<AZ2 (r, 2')>

E(q, r) = Z,: eiq.

Diffusion between plan-

parallel planes 0 Diffraction-like effect results from

Dr/a® o2 g phase interference of spins
scattering at opposite boundaries.

2
qal2mr 3

qa=2rn q=yGo

J. Stepisnik, A new view of the spin echo difusive diffraction in
porous structures, Europhysics Letters, 60, 353-9 (2002) a
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Diffusive diffraction

GPA method

l'qr.<Zi (r)> — %qz .<AZZ.2

E(g,7)=Y e

i

Propagator method Log(E/E,)
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Spin echo diffusive diffraction of water between
packed polystyrene spheres by MGSE-Z
G.6=4.5 10*Ts/m

150 000

10,0000

1,0000

0,1000

[
o
=
3]
>
[
3]
—
=
©

0,0100

0,0010

Fig. 6. Echo attenuation function E(g,A) as a function of ¢

0,0001 for water diffusing in the interstices between a close-packed
0,0 , ’ , , , , 9.870 um polystyrene sphere system (see A. Coy and P.T.
Callaghan, Ref. 19). The times, A, are 10 ms (circles), 20

ms ( filled circles), 30 ms (squares), 40 ms (filled squares).

_ P. T. Callaghan,NMR imaging, NMR
qAz=2r diffraction.. MRI, 14, 701 (1996)
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Averaged propagator by GPA

g-space Fourier transform

R~ ] :>I SN exx{— (R_<Z (r, T)>)2 }dr
, 22(AZ>(r, ) 2(AZ*(r, 7))
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GPA propagator vs. averaged propagator

g-space Fourier transformation
|

A )>—5‘12-<Azz’2 ()

E(q.7)=[ PR 2 Rar=3"

Corrections to the 7" order (dots)
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Cumulant expansion with ensemble average

E(q,7)= Nj PR,7) JIR R = NZ (iq') M (z)  Taylor series

n=0 n.

Cumulant series without odd terms
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Ensemble average and low-q spin echo
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Gaussian phase approximation of spin echo
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Spin echo of flow dispersion in porous media with GPA

Taylor's dispersion-diffusion equation:

AU WY ST R
B&W z ! i«é > Flow %L v(vP)=DV?P

Ot
_—

Gradient Pr',t|r,0)=> u (r—vt)u,(r)e
- k
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' ! Flow

Gradient

Theory

¢[r, V] = q. vt+b,sin(k, v T)e

Experiment

Electrophoresis

E=960 Vm'1
E=1770 Vm'1
E=4000 Vm'!

S.R. Heil, M. Holz, J. Mag. Res. 135

(1998) 17-22,

M. Holz, S. R. Heil. I. A. Schwab, Mag.

Res, Imaging 19 (2001) 457—-463
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Evolution of flow dispersion propagator

L
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2-dimensional presentation of diffusion and relaxation

2D-Laplace transformation

Distribution of diffusion and relaxation
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General theory: stochastic process with the cumulant
expansion method

Spin echo is Fourier ; _
P iqr(5)=1,(0)]

:>IPR,T eiqRa’R

transform of the E(q,f) _ Z e
averaged propagator l-

Fourier transform of probability
function is its characteristic function

It becomes its characteristic functional when
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Spin echo with cumulant expansion in the Gaussian
approximation

2 |
f (t ) = q(t) spin dephasing ' Spin echo

v(t) =V, (t) velocity of i-th spin
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Spin echo with the cumulant expansion in Gaussian
approximation - general method

Cumulant expansion of characteristic functional

ij q(t)v,(t)at ii q(e){v,(¢))dt - L j j a(e)(v, () v;(¢")_q(t)drdt...
E(r)=z e’ =Ze° 290

i i
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Relation of gradient spin echo to correlation function
and spectrum of molecular motion

E(T):Zei¢i(r)_ﬂi(r) if  |gl& &= free path 4

then : (7)= jq(t).<vi(t)>dt

/2 T
A

q(t)'<vi(t) v, (t')>c,q(t')dt'dt a°(®) 3;

4

Time domain 1

0

Spin echo ®

AUAVW%W_,

Frequency domain

Be)=~[ a(e.7)D,(0) ¢’ (7)o

0

Spectrum of motion

T

a0.2)=[a0 D)= (v, ) ¢ a
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Modulated Gradient Spin Echo (MGSE)
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Velocity correlation function and self-diffusion

Velocity correlation function Spectrum of velocity correlation

simple liquids — free diffusion

A /
N
= neutron
i ange neutron scatte
N range
>
\ —
time 105 10° 1012
r ~10 %y Frequency

(v, ()}, (0)) =2D5(1) D(w)= [ (v, (), (0))e" dr
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Velocity correlation function of restricted motion
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E. Oppenheim and P. Mazur, Brownian motion in system of finite size, 5
Physica, 30, 1833--45, 1964. rka)

D =D_+ E B
J. Stepisnik, A. Mohori¢ and A. Duh, Diffusion and flow in a porous structure reSt(wJ - k
by the gradient-spin-echo spectral analysis, Physica B, 307, 158-168 (2001)
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Velocity correlation spectrum of water between
closely packed, mono-disperse, surfactant coated
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time L)
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J. Stepisnik, P.T. Callaghan, The long time-tail of molecular E 50_004
velocity correlation function in a confined fluid: P
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High-frequencies

Drest (a)) ~ D

Low-frequencies

2
7.0
(a)) ~ DOO +B1 %4’ ~ DOO +Blz'la)2 =
1+7°w
1
4 4
K da
=D +—o°
D
The frequency-dependent diffusion coefficient for free water
and water confined within emulsion droplets in a highly K
concentrated fresh (squares),(r~0.71um) and aged Planar 0.30

(triangles) ,(r~1.70pm) emulsion. Cylindrical 0.44

D.Topgaard, C. Malmborg, and O. Soderman, J. Mag. Res. Spherical  0.36

156, 195-201 (2002)
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Gr?dient

(beads 100-30 um

ll) Flow
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N
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P.T. Callaghan, J. Stepisnik, J. of Mag. Res. A 117, 118-
122(1995)

& i s B

B —

4000
frequency (o2 in Hz)

:||:|:|
P. T. Callaghan and S. L. Codd, Phys. Fluids, Vol. 13, (2001)
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Attenuation time dependence of flows in porous media
and dispersion spectrum

Taylor's dispersion-diffusion equation: D.(a))lec o> 1 N |
P2 e b, v 0f 147k, +0f

Flow of water through an ion-exchange resin
50-100 mesh (100-30pm)

—a—MSSE-SS 25 ml/h
—&—MSSE-SS 50 ml/h
—e— MSSE-SS 100 ml/h
—e—MSSE-SS 0mlh
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2 3
frequency

500 1000
Dispersion spectrum provides information Modulation frequency LIT [Hz]

about distribution of streams

o} =)



Summary
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MRI of diffusion and convection in geomagnetic field (50 uT)

diffusion A=0 convection of water in the
water cylinder
propanol
G=1.8 103 T/m
G=0 A=200 ms
ethanol
G=1.810 °T/m
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Spatially-distributed diffusion by spin echo and MRI

/2 o 0

Short PGSE - ' M“
e >

G=grad B |

G 2100 T/m
| = 10A

P.T. Callaghan, J. Stepisnik, Spatially-Distributed Pulsed Gradient
Spin Echo NMR using Single-Wire Proximity, Phys. Rev. Letters, 75,
4532 (1995)
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