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Microscopic Anisotropy Revealed by Double-PFG NMR  
 

E. Özarslan
a
, P. J. Basser

a

 
aSection on Tissue Biophysics and Biomimetics, NICHD, NIH. 

 
The multiple scattering generalizations [1] of the pulsed field gradient (PFG) 

experiments have been predicted to be sensitive to restricted diffusion even at long 
wavelengths [2], i.e., when γδGa«1. Here, γ is the gyromagnetic ratio of the spins, G and δ 
are, respectively, the strength and duration of the applied magnetic field gradients, and a is a 
characteristic pore size. Such a pulse sequence is illustrated in Fig. 1. 

 
We calculate the exact form of the quadratic term of the NMR signal attenuation, 

obtained via NMR double-PFG experiments with arbitrary timing parameters (tm, Δ, and δ), 
from spins diffusing between two parallel plates, as well as in cylindrical and spherical pores. 
As shown in Fig. 2a, when tm is short, there is significant variation of the signal intensity with 
varying values of ψ; this is a manifestation of the sensitivity of the double-PFG experiment to 
microscopic anisotropy induced by the restricting walls of the spheres.  

Fig. 1: The double-PFG experiment considered in this work. 
Two consecutive PFG blocks are separated by a mixing time 
tm. The separation between the two gradient pulses of each PFG 
block is denoted by Δ. The angle between the two gradients G1 
and G2 is denoted by ψ. 

In Fig. 2b, we consider a pack of coherently oriented infinitely long cylinders. The φ 
dependence of the signal when θ=900 is due to microscopic anisotropy whereas its θ 
dependence when φ=900 is indicative of ensemble anisotropy due to the coherence in the 
cylinders’ orientations. When the cylinders are isotropically distributed, similar to the case of 
spherical pores, only microscopic anisotropy  can be observed. However, unlike in the case of 
spheres, signal attenuation can be enhanced significantly by increasing the diffusion time (Δ), 
eventually leading to a qualitatively different angular pattern (see Fig. 2c).  
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Fig. 2: NMR signal attenuation (E) vs. angle curves from (a) spherical pores of radius a; (b) cylindrical tubes of 
radius a coherently oriented along the z-axis where the orientations of the gradients are shown on the left; (c) 
isotropically distributed cylinders of radius a. D0 denotes the bulk diffusivity.  
 Our results can be used to design experiments with many degrees of freedom and to 
obtain accurate information on pore microstructure using double-PFG acquisitions, including 
compartment size and fiber orientation distributions—all from the long wavelength regime of 
the NMR signal attenuation, i.e., using small gradient strengths. Therefore, the double-PFG 
technique, along with our quantitative findings, are expected to be useful in characterizing 
geometric features of small pores with possible biological and clinical applications.  

References: 

1. D. G. Cory, A. N. Garroway and J. B. Miller, Polym. Preprints. 31 (1990) 149.  
2. P. P. Mitra, Phys. Rev. B. 51 (1995) 15074. 
This research was supported by the intramural research program of NICHD. 
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Propagator Resolved Transverse Relaxation Spectroscopy 
 

K.E. Washburn
a,c
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b
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a
Victoria University of Wellington, 

 b
Australian National University,  

 c
ResLab, Reservoir 

Laboratories AS  

 

We present here a novel technique for characterization of porous media, propagator 

resolved transverse relaxation exchange.  This technique is the first experiment to combine 

two inverse Laplace dimensions with a Fourier dimension. Previously, we had used a 

transverse relaxation exchange experiment to determine the rate and extent of fluid exchange 

between pores of differing sizes in Castlegate sandstone
1
.  This 2D inverse Laplace 

experiment is of similar form to Fourier exchange experiments, correlating the T2 values of 

spin-bearing molecules at two different points in time.  While T2 exchange is a useful 

technique, it has the major limitation that it cannot differentiate between molecules that have 

remained in their original environment and those that have moved to a new environment with 

a similar T2 value.  By adding the propagator dimension to the transverse relaxation 

exchange experiment, we can not only determine where molecules are moving and how 

quickly they get there, but how far they have moved as well.   

We performed the propagator resolved T2 exchange experiments on tight-packed 

quartz sand for a range of mixing times.  The data are then Fourier transformed along the 

diffusion axis to produce a propagator. Slices of T2-T2 exchange data are extracted from 

along the propagator and inverted using the 2D inverse Laplace transform
2
.  The difference in 

the resulting spectra depending on displacement is marked.  The signal from low molecular 

displacements lies almost exclusively along the diagonal, which indicates no exchange.  For 

high displacement, multiple cross peaks appear, which, as with Fourier exchange 

experiments, indicates movement between environments during the mixing time.  We also 

performed simulations of fluid movement within a pore glass system.  By minimising the 

difference between the measured and simulated results, we are able to estimate pore 

characteristics such as pore size, inter-pore spacing, pore exchange times, and tortuosity.  

Comparing our results to estimates from X-Ray CT, we see good agreement in pore size and 

tortuosity values, but our method consistently underestimates inter-pore spacing.  This most 

likely stems from the limited distances that can be probed using diffusion, and we anticipate 

work with flow will produce better agreement in the pore spacing estimates.    

References: 

1. K. E. Washburn and P.T Callaghan, Phys. Rev. Let 97 (2006) 175502. 

2. L. Venkataramanan, Y.Q. Song, M.D. Hurlimann, IEEE Transactions on Signal 

Processing 50 (2002) 1017. 
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Using heterogeneity spectra to describe porous media presenting 

spatial heterogeneity on multiple length scales 
 

Andrew E. Pomerantz, Peter Tilke, and Yi-Qiao Song 

 

Schlumberger-Doll Research, 1 Hampshire St., Cambridge, MA 02139, USA 

 

Naturally occurring porous media often present spatial heterogeneity on a wide range 

of length scales.  Carbonate rocks, which represent an important challenge to the oil industry 

because they contain over half of proven oil reserves, are often considered to be 

heterogeneous on length scales ranging orders of magnitude.  MRI represents a powerful 

experimental probe of these heterogeneous media because it can measure relevant quantities 

with good spatial resolution over potentially large samples.  In traditional quantitative 

analysis of spatial heterogeneity, data from spatially resolved measurements such as MRI are 

used to construct variograms or correlation functions, which are then fit to simple model 

functions.  This technique can determine the total heterogeneity (variance) and a single length 

scale of heterogeneity (or a small number of discrete length scales when the data support a 

nested structure).  However, the interpretation becomes ambiguous for materials 

simultaneously displaying many length scales of heterogeneity. 

Here we present a statistical technique for inverting MRI measurements into a 

heterogeneity spectrum, resolving that ambiguity by quantifying the extent of heterogeneity 

as a function of length scale.  A single experiment is sensitive to a range of heterogeneity 

length scales determined by the experimental resolution and the sample size.  The influence 

of spatial averaging over the finite volume of a voxel (regularization) is modeled 

mathematically, yielding the sensitivity of experimental data to heterogeneity at different 

length scales.  Those sensitivity functions are then used as basis functions for inverting the 

data to a heterogeneity spectrum, showing heterogeneity as a function of length scale for all 

length scales to which the measurement is sensitive.  This transform presents the 

experimental variogram in an easily interpretable form, just as an inverse Laplace transform 

presents an echo train as an easily interpretable relaxation spectrum or a Fourier transform 

presents an FID as an easily interpretable chemical shift spectrum. 

We will present heterogeneity spectra derived from MRI images for a series of 

sandstone and carbonate rocks.  This measurement is sensitive to heterogeneity over the 

range 10
-0.5

 – 10
2
 mm.  Over this range of length scales, the heterogeneity spectra of different 

carbonates is shown to vary greatly: some carbonates present most of their heterogeneity on 

relatively short length scales, some carbonates present most of their heterogeneity on 

relatively long length scales, and some carbonates are as homogeneous as typical sandstones.  

Examples are shown in the figure: rock A is quite heterogeneous, and most of that 

heterogeneity occurs on relatively short length scales; rock B is somewhat less 

heterogeneous, and heterogeneity at longer length scales dominates in this sample. 

 
Figure 1: Example heterogeneity spectra 
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Dynamics at Surfaces : 
Probing the dynamics of polar and a-polar liquids  

at silica and vapour surfaces. 
 

J. Beau W. Webbera,b,d, John H. Strangeb, Philip  Blandc, Ross Andersona, Bahman Tohidia 
aInstitute of Petroleum Engineering, Heriot-Watt University, Edinburgh, EH14 4AS, UK;  

bSchool of Physical Sciences, University of Kent, Canterbury, Kent, CT2 7NH, UK; 
cImperial College London, South Kensington Campus, London SW7 2AZ, UK; 

dLab-Tools Ltd., G19 Canterbury Enterprise Hub, University of Kent, CT2 7NJ, UK. 
 

Recent studies by NMR and NS of the dynamics and phase-fractions of water/ice 
systems in templated porous silicas (SBA-15) show that what was believed to be a non-frozen 
surface water layer is actually plastic ice (Fig1a, b), the thickness varying with temperature. 

 
Fig. 1a Variation with temperature of the long T2  relaxation time component for plastic ice in SBA-15 
porous silica - Arrhenius plot. The lower activation enthalpy is due to the onset of rotational motion. 
Fig. 1b Variation with temperature of the amplitude of the long T2  relaxation time component  for 
plastic ice in SBA-15. As the temperature is lowered the plastic ice converts reversibly to brittle ice. 

 
More recent research has studied the dynamics of polar water/ice and a-polar organics 

at both silica and vapour interfaces. The polar results are significant for water/ice systems in 
the environment. This research also points the way forward for wide-range cryoporometric 
metrology in ‘difficult’ systems such as high iron content clays and rocks, as well as aged 
concrete. Results will be presented for cryoporometric measurements on meteorite samples 
with a significant metallic content, exhibiting T2* relaxation times down to 2.5µs.  

References: 

1. Structural and Dynamic Studies of Water in Mesoporous Silicas using Neutron Scattering 
and Nuclear Magnetic Resonance. Beau Webber and John Dore. Invited article, IoP: 
Journal of Physics: Condensed Matter - Special Issue: Water in Confined Geometry. : 16, 
S5449-S5470, 2004. PII: S0953-8984(04)78970-5 .  

2. Plastic ice in confined geometry: The evidence from neutron diffraction and NMR 
relaxation. J. Beau W. Webber, John C Dore, John H. Strange, Ross Anderson, Bahman 
Tohidi. J. Phys.: Condens. Matter 19, 415117, (12pp), 2007, Special Issue: Proceedings of 
The International Workshop On Current Challenges in Liquid and Glass Science . 

3. Nuclear Magnetic Resonance Cryoporometry J. Mitchell, J. Beau W. Webber and J.H. 
Strange. Physics Reports, 461, 1-36, 2008.  doi:10.1016/j.physrep.2008.02.001 . 

6543

0.01

0.02

0.1

0.2

1

2

10 0C -50C -100C

1000/T {K -1 }

T
2 

{m
s}

0C

Cooling

Warming

Activation Enthalpy :
810 kJ.mole -1

Activation Enthalpy :
4.6 kJ.mole -1

T2 relaxation time for H 2O
in SBA-15 F5 silica.

 x  CPMG data

 o  FID data ( T2* deconvolved)

250200150

1

0.5

0

Temperature {K}

R
el

at
iv

e 
A

m
pl

itu
de

Amplitude for plastic ice
in SBA-15 F5 silica.

  x  CPMG data
  o  FID data
    Cooling
    Warming

Max. plastic ice fraction =  0.52

Then, for Cylindrical geometry,
max fractional thickness of
plastic layer =  0.31

Which for 86Å pore diameter gives max
thickness of layer of plastic ice = 13Å. Cylindrical pore,

diameter 86Å,
surface layer
of plastic ice
of thickness
13Å - 0.14Å.K -1 .

5



 

Direct probing of the wettability of plaster pastes at the nanoscale 
by proton field cycling relaxometry 

 
J.-P. Korb and P. Levitz 

 
Laboratoire de Physique de la Matière Condensée, Ecole Polytechnique, CNRS, 
91128 Palaiseau, France.  
 

How is it possible to probe non destructively the water wettability of a reactive porous 
plaster paste and how is it related to its macroscopic properties? Answering these two 
questions is very important in civil engineering to control the mechanical properties of such a 
widely used material. Here, we propose the proton nuclear magnetic relaxation dispersion 
(NMRD) to estimate the average lifetime of a water molecule on the pore surface of gypsum, 
a material of great interest in the building industry. Our first result at room temperature is the 
frequency dependence of 1/T1 that is constant below a cross-over frequency 22 kHz over 
which it behaves as a power law, 1/T1~ω-0.83 over more than three orders of magnitude either 
for light or heavy water. This is in favour of an intramolecular diffusive process on and at 
proximity of the entangled needle-shape gypsum flat surface [1, 2]. The second result for 
light water is that such a power law is preserved when varying the water-to-plaster weight 
ratio between 0.4 and 1 and the temperature between 25 and 45°C. However, one observes an 
anomalous behaviour of 1/T1 that increases with the temperature. This reveals an interaction 
with the solid surface. Last, one observes a net decrease of the exponent of the power law up 
to 1/T1~ω-0.50 in presence of adsorbed Sodium trimetaphosphate adjuvant. We propose an 
analytical model of the NMR relaxometry involving elementary time steps near the interface 
(e.g. bulk bridges, adsorption trails and escaping tails. This close-form model is supported by 
our experimental data. The model introduces a characteristic frequency )2( 22

0 ADτδω =  that 
is related to the water size δ=0.3 nm, the translational bulk diffusion coefficient D of water 
and the average adsorption correlation time τA. The comparison with our data shows that this 
characteristic frequency is about ω0~0.1 MHz in normal hydration and increases to 875 MHz 
in presence of 6.5% of adjuvant. This gives an adsorption time scale that is τA=5.7 ns without 
adjuvant and decreases to 64 ps with 6.5 % of adjuvant.  

In summary, the direct probing of water adsorption time on solid surface gives access 
to an original characterization of the surface nano-wettability of porous material. Possible 
extension of this method to various other materials is actually under investigation.. 

 

References: 
[1]  P.E. Levitz, J. of Phys. Cond. Matter 17 (49), 54059-54075 (2005). 
[2]  P.E. Levitz and J.-P. Korb, Europhys. Lett. 70, 684-689 (2005). 
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Fire spalling of concrete as studied by NMR 
 

L. Pel, G.H.A. van der Heijden 
 

 

Group Transport in Permeable Media, 

Department of Applied Physics, Eindhoven University of  Technology,  

Eindhoven 5600 MB, The Nederlands 

 

 

 

ABSTRACT 

 

During the past thirty years concrete has developed enormously in both strength and 

durability. A downside of these improvements is the increased risk of explosive spalling in 

case of fire. The moisture inside the concrete plays an important role in this spalling 

mechanism.  As the temperature is increasing during a fire the water will start to boil in the 

concrete. However due to its low permeability the vapour transport is hindered and a large 

pressure will built up in the material. This pressure can ultimately lead to the explosion of the 

concrete during fire. This phenomenon has been observed in the various tunnel fires during 

the last years. 

In order to study the moisture transport inside concrete during heating a special 

Nuclear Magnetic Resonance setup was built. This setup can be placed inside a 1.5 T MRI 

scanner. With this setup one dimensional moisture profiles can be measured non-

destructively while the concrete sample is heated up to 400 °C with heating rates of up to 10 

°C/min. The setup can handle representative concrete samples up to 8 cm in diameter and 10 

cm in length. Using this setup the moisture transport has been studied for various types of 

concrete.  
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Identification of Endohedral Water in Single-Walled Carbon 

Nanotubes by 
1
H NMR 

Qiang Chen
1
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2
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, 
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, Yue Wu

1 

1
Department of Physics and Astronomy and Curriculum in Applied and Materials Sciences, 

University of North Carolina, Chapel Hill, NC 27599-3255 
2
Chemical Sciences Division, Lawrence Livermore National Laboratory, 

Livermore, CA 94550 

 

Water confinement within single-walled carbon nanotubes (SWCNTs) has been a topic of 

current interest, due in part to their potential applications in novel molecular transport. 

Experiments have recently validated molecular dynamics predictions of flow enhancement 

within these channels, although few studies have probed the detailed structure and dynamics of 

water in these systems. 
1
H Nuclear Magnetic Resonance (NMR) is a technique capable of 

providing some of these details, although care must be exercised in separating confined water of 

interest from exterior water. Using controlled experiments with both sealed and opened 

SWCNTs, and providing a quantitative measure of water content through desorption 

experiments, a signature for confined water in SWCNTs has been positively identified. This 

interior water is characterized by a relatively broad feature located at 0.0 ppm, shifted upfield 

relative to bulk water. With the identification of a signature for water inside SWCNTs, further 

studies aimed at probing water dynamics including diffusion by NMR in SWCNTs will be 

enabled. 

Prepared by LLNL under Contract DE-AC52-07NA27344. 

8



High resolution q-space imaging studies of water in elastin 

 
G.S. Boutis*, C. Renner, T. Isahkarov, T. Islam, L. Kannangara, P. Kauer, E. Mananga, A. 

Ntekim, Y. S. Rumala, D. Wei 

 

York College of The City University of New York 
 

Q space NMR imaging is a well-known non-invasive experimental technique for structural 

investigations of a variety of complex systems relevant to problems in industry, material science 

and biology.  The technique allows one to accurately measure the morphology of a confining 

pore, and molecular diffusion rate of mobile molecules within interstices of a structurally 

complex system. In our laboratory we have recently designed a variable temperature NMR 

microscope capable of delivering gradient pulses on the order of 20,000 G/cm for high resolution 

scattering studies.  

 

Elastin is an insoluble and highly cross-linked protein in the extra cellular matrix responsible for 

the elastic properties of vertebrate tissues. Its soluble precursor, tropoelastin, has two main 

domains. The hydrophilic cross-linked domains are rich in lysine and alanine and the 

hydrophobic domain, which is responsible for elasticity, is rich in valine, proline and glycine. 

Several models have been proposed to account for the heterogeneous and complex nature of 

elastin at microscopic level. These models can be divided into two major categories, single and 

two-phase models .The single phase model is also known as the random chain model. The two-

phase model can further divide into liquid–drop, oiled-coil and the β-spiral models. NMR 

relaxation studies performed by Ellis and Packer showed the existence of water in two distinct 

environments within the elastin fiber. All models for elasticity require water as a plasticizer yet 

provide little insight into it’s dynamics in elastin. In this presentation, we report on the strong 

gradient, variable temperature NMR microscope we designed and the measurements of the water 

diffusion coefficients as a function of temperature. The instrument was successfully implemented 

to measure the surface to volume ratio of pores within elastin fibers and associated changes as a 

function of temperature. The impact of these findings on the structure of elastin and its 

dependence on hydration are discussed.  
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Sensitivity Enhancement of Multi-Acquisition/Multi-Dimensional 
Earth’s Field NMR 

 
Meghan E. Halse and Paul T. Callaghan 

 
The MacDiarmid Institute, Victoria University of Wellington, Wellington, New Zealand 

 
Earth’s field nuclear magnetic resonance (EFNMR), which is nearly as old as NMR itself, 

has long been used in the field of magnetometry and for teaching the principles of magnetic 
resonance to students.  More recently, however, EFNMR has been shown to have promise for a 
much broader range of applications including multi-dimensional imaging, high resolution 
spectroscopy and measurements of molecular diffusion.   

While EFNMR enjoys the advantage of sub-hertz spectral resolution due to the natural 
homogeneity of the Earth’s field, it suffers from low sensitivity, a consequence of the 
approximate B0

2 dependence of signal-to-noise ratio (SNR) on field strength, which for the 
Earth’s field is on the order of 50 µT.  This limitation can be partially overcome through the use 
of pre-polarization techniques, whereby the sample is allowed to come to thermal equilibrium in 
a strong pre-polarizing field prior to excitation and detection in the Earth’s magnetic field.  This 
technique has enabled high SNR to be achieved in single-shot NMR experiments where a 1 T 
Halbach magnet is used for pre-polarization and the sample is manually transported to a B1 coil 
far removed from this magnet for detection [1].  However, this method is not readily adapted to 
multi-acquisition or multi-dimensional NMR experiments. 

The goal of the current research is to explore several methods for enhancing the 
sensitivity of multi-acquisition and multi-dimensional Earth’s field NMR experiments.  In 
addition to Halbach pre-polarization, the advantages and disadvantages of a simple pulsed 
electromagnet for pre-polarization will be considered.  Polarization enhancement via dynamic 
nuclear polarization (DNP), a method which has been shown to be highly effective for improving 
the sensitivity of continuous wave NMR magnetometers [2], will also be explored.  Preliminary 
experiments and comparisons will be presented and discussed. 
 
References: 
1.   Appelt, Stephan, Haesing, F. Wolfgang, Kuehn, Holger, Sieling, Ulrich, Bluemich, Bernhard, 

Chemical Physics Letters, 440 (2007) 308-312. 
2. Kernevez, N and Glenat, H, IEEE Transactions on Magnetics, 27 (1991) 5402-5404.   
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Flow of concentrated suspensions in asymmetric bifurcations 
 

Nina C. Shapley a and Chunguang Xi a 
 

aDepartment of Chemical Engineering, Columbia University 
500 W. 120th Street, MC 4721, New York, NY 10027   

 
 The bifurcation geometry is a basic component of porous media, where it is 
interesting to consider how dispersed particles in a suspension flowing through the 
bifurcation partition between downstream branches. Previous work on the behavior of 
dispersed particles in branching flows has generally emphasized dilute suspensions where the 
particle diameter is similar to the channel width. Meanwhile, a high loading of small 
particles, where the suspension can be compared to a continuum material, and the resulting 
impact on the concentration and flow fields have not received as much attention.  
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Fig. 1: Side branch fraction of particle flux, flow rate 
and inlet area at five different flow rates (bulk particle 
volume fraction= 0.4) for the equal branch flow cell (a) 
and unequal branch flow cell (b).   

 
 In our study, suspensions of neutrally buoyant, noncolloidal spheres in Newtonian 
liquids undergo steady, pressure-driven flow in a rectangular channel (4:1 aspect ratio) that 
divides into two branches at an asymmetric T-junction. We examine two cases, where the 
downstream branches either have equal width or unequal widths in a ratio of 3:2. Particle 
concentration and velocity profiles are obtained by nuclear magnetic resonance imaging 
(NMRI). We aim to determine the effect of the branching ratio and geometry on the observed 
concentration and flow fields, for particle volume fractions of 0.4-0.5 and low flow and 
particle Reynolds numbers. We find that the particles follow flow streamlines fairly closely 
for the unequal branch flow cell, while in the case of equal branches, the particles are more 
evenly distributed between the downstream branches than expected.[1,2] Recent results from 
bifurcation flow experiments will be presented, comparing the two bifurcation geometries in 
terms of dividing streamlines, concentration inhomogeneities, and particle fluxes. 

References: 
1. C. Xi and N. C. Shapley, Flows of concentrated suspensions through an asymmetric 

bifurcation, J. Rheology, 52 (2008), in press.  
2. C. Xi and N. C. Shapley, Comparison of concentrated suspension flows through 

bifurcations with equal and unequal branches, Phys. Fluids, submitted, March, 2008. 
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The study of pressure using MRI has been previously limited to fluid contrast agents 

comprising of gases
1
 or liquids

2-5
. The most recent of these studies uses a polysaccharide gel 

as the base of the contrast agent. Here we extend this work by producing a soft-solid contrast 

agent by cross linking the polymer chains with salt. This could find applications in many 

disciplines, particularly that of chemical engineering.  

We have shown that the diffusion of water in polysaccharide gels remains relatively 

unhindered
5, 6

 for a wide range of very high mesoscopic viscosities. In these gels, the addition 

of salt produces a soft-solid in which water is nearly free to diffuse. By adding gas filled 

microbubbles during production of these soft solids, MR pressure contrast is achievable. In 

this work, a preliminary study is presented in which two soft-solids are tested, one degassed 

control and one containing microbubbles to demonstrate the source of contrast.  

 Fig 1 demonstrates the sensitivity of this technique in a cylindrical soft solid 

(Ø=25mm h=30mm) inside a capped syringe experiencing changes in pressure up to 1.4 bar 

during a RARE
7
 sequence in which the RARE factor is set to the number of lines so as to 

acquire a single shot image. 

 

 

 

 

 

 

 

 

  

Fig. 1: a-d) Raw RARE data. The regions of high intensity around the samples are bulk water. The top row is a 

control sample and the lower contains microbubbles. a) and b) are collected with no external pressure whilst c) 

and d) are collected for an applied pressure of 1.4 bar. e-f) are the differences of the RARE images. The right 

hand plot is the average signal intensity over three slices for the control and microbubble samples (top and 

bottom respectively). 

Contrast is shown to require the presence of microbubbles and excellent MR 

sensitivity to pressure changes (160% signal change per bar) can be seen promising a range 

of exciting new MR experiments in the near future. 

We gratefully acknowledge E. Fukushima for providing some of the drive behind this 

work, P. Morris for facilitating access to an MRI scanner and P. Gardner for supplying 

vacuum equipment 
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Investigation of H2O2 decomposition in heterogeneous catalysts 
 
L. Buljubasich1 , Thomas Oehmichen2 , Leonid B. Datsevich2 , A. Jess2 , B. Blümich1  
and S. Stapf 3 
 

1Dept. of Macromolecular Chemistry, ITMC, RWTH Aachen, 52074 Aachen, Germany 
2Dept. of Chemical Engineering, University of Bayreuth, 95447 Bayreuth, Germany 
3Dept. of Technical Physics II, TU Ilmenau, PO Box 100565, 98684 Ilmenau, Germany 

Heterogeneously catalysed reactions mostly take place in the presence of finely dispersed 
catalysts (i.e. metals such as Ni, Pt, Pd, …), these in turn are localized in materials of large 
internal surfaces, i.e. porous media. The reaction efficiency depends on parameters such as 
internal surface area; homogeneity of metal distribution; porosity and tortuosity of the pellet; 
transport of the reactants and products between the pellets (flow, diffusion) and inside the 
pellets (diffusion).  

In most technically interesting reactions, gas occurs as one of the involved 
components. For not too small pores, this leads to the generation of gas or steam bubbles, 
which grow and eventually leave the pore. The additional dynamics introduced by bubbles 
can greatly enhance mass transport and reactor efficiency.  

The decomposition of hydrogen peroxide represents a simple gas-forming reaction, 
H2O2 (liquid) → H2O (liquid) + ½ O2 (gas). While a pure hydrogen peroxide solution is rather 
stable, decomposition is catalyzed by the presence of heavy metals, and oxygen gas and 
decomposition heat are produced. 

 In this contribution we present results obtained monitoring this reaction in 
commercial Al2O3 porous catalyst particles, with different metals as catalytically active sites. 
The motivation in this study is twofold: to follow the decomposition by means of properties 
easily accessible with NMR methods, e.g. by monitoring the oxygen concentration and the 
effective diffusion coefficient of the liquid in the vicinity of the pellet or in a defined closed 
volume; and to visualize the heterogeneity of reaction inside the pellet. In both cases, the 
change of relaxation times and diffusion coefficients were observed in real time and were 
combined with imaging of the spatial distribution of these parameters. In the fluid phase 
surrounding the pellet, the dependence of the liquid’s T2 on parameters such as the oxygen 
concentration allows the monitoring of the state of the system during the reaction. At the same 
time, the production and motion of gas bubbles produces a random change in the velocities of 
the liquid around the pellet. The increase of the effective diffusion coefficient (Deff) therefore 
is indicative for the reaction rate in the system, as is shown in the figure. The dependence of 
T2 and Deff inside the pellet is shown to correlate with the localized distribution of metal and 
the distance from the outer pellet surface.    
  
 
 
 
 
 
 
 
 

 
Figure: Deff measured with the gradients aligned in 
z-direction during the reaction, in the presence of an 
Al2O3 pellet doped with Cu. The gray continuous 
line represents the diffusion coefficient of bulk 
water.  
 
 

1. L. Datsevich, Appl. Cat. A 247 (2003) 101. 
2. L. Datsevich, Appl. Cat. A 262 (2004) 149. 
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Advances in the NMR/MRI studies of hydrogenation processes 
 

Igor V. Koptyug 
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NMR/MRI studies of porous media are often sensitivity-limited due to a relatively 
low spin density of the nuclei detected (especially when gases are involved) and the short 
nuclear spin relaxation times. Therefore, such applications could significantly benefit from 
the implementation of signal enhancement techniques. One of the promising directions is the 
use of parahydrogen in hydrogenation of substrates with double or triple bonds. This 
approach can provide signal enhancement of several orders of magnitude, but until recently 
was possible only with homogeneous hydrogenations in solution. We have demonstrated 
recently [1] that parahydrogen-induced polarization (PHIP) can be generated in 
heterogeneous hydrogenation reactions as well. This significantly expands the area of 
possible applications of the PHIP technology and allows one to produce polarized 
hydrocarbon gases as well as catalyst-free polarized liquids. These polarized fluids can then 
be used for NMR/MRI studies in materials research, chemical engineering and catalysis [2,3], 
biomedical research in vivo, etc. At the same time, the observation of PHIP in heterogeneous 
catalytic reactions can be used to develop a highly sensitive tool for the detailed studies of the 
mechanisms and kinetics of heterogeneous catalytic processes which take place in porous 
supported catalysts. We have demonstrated successfully that both metal complexes 
immobilized on porous supports and supported metal clusters are able to produce PHIP 
effects, providing some new insight into the mechanisms of these reactions [1,4]. 

The PHIP approach can be integrated with the more conventional ongoing studies of 
the processes in porous catalysts and catalyst beds. The character of mass transport in a 
reactor can change dramatically under reactive conditions, making the studies of operating 
catalytic reactors imperative. We have performed dynamic MRI studies of catalytic 
hydrogenation of α-methylstyrene or 1-octene in a packed bed reactor with continuous or 
modulated reactant feed, demonstrating a complex dynamic behavior caused by the non-
linear coupling of mass transport with the chemical reaction. Another issue of paramount 
importance in exothermic processes such as hydrogenation is that of heat transport. Based on 
the direct imaging of the solid phase (27Al MRI of the Pd/Al2O3 catalyst bed), we are 
developing an approach for the spatially resolved NMR thermometry of operating catalytic 
reactors. A pronounced temperature dependence of the 27Al NMR signal was used to reveal 
the variations of the temperature along the catalyst bed in the course of hydrogenation of 
propylene into propane. 

The grants from RFBR (08-03-00661, 07-03-12147), RAS (5.1.1, 5.2.3), SB RAS 
(11), support of leading scientific schools (NSh-3604.2008.3), CRDF (RUC1-2581-NO04) 
and Russian Science Support Foundation are acknowledged. 
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A Hybrid Spin Echo SPI method for Density Imaging in Porous 
Media 
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A simple density image of fluid distribution in porous media, with no relaxation time 

contrast, is remarkably difficult to achieve with conventional methods.  Short-lived transverse 
relaxation times (T2) yield signal loss while multi exponential T1 and T2 yield variable signal 
attenuation in a simple spin echo image. Density imaging is however highly desirable in a 
wide variety of porous media imaging experiments. 

The SPRITE class of MRI methods have proven to be robust and general in their 
ability to generate pure density images in porous media however the short encoding times 
required, with correspondingly high gradients and filter widths, and low flip angle RF pulses, 
yield sub-optimal SNR images. 
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Fig. 1: The k space origin data point is acquired on the 
FID with a minimal evolution time. Subsequent k 
space data points are acquired from individually phase 
encoded spin echoes. Positive and negative k space 
data sets are combined for FT image reconstruction. 

We have recently explored pure phase encode imaging with spin echo methods for 
high resolution thin film imaging. These methods have T2 contrast since the k space origin 
point is acquired from the first echo.  

In the present work we modify the spin echo SPI acquisition to acquire the k space 
origin data point with a near zero evolution time from the FID following the 90 deg excitation 
pulse. Since k=0, no gradient is applied and the k=0 data point has a pure density weighting. 
Subsequent data points do suffer from T2 attenuation but the echo time for pure phase 
encoding reasonable size core plugs may be reduced to less than 500 usec with rapid gradient 
switching. T2 attenuation of the pure phase encoded echoes introduces a convolution to the 
subsequent density weighted image. While in principle deconvolution of the profiles 
generated is possible, in practice it is not required for most samples since the resolution loss 
which results is acceptable. T2 is no longer an uncontrolled contrast parameter, it is a blurring 
parameter. 

The hybrid spin echo SPI method outlined features high sensitivity since it permits 
digital filtering set to the natural line width, with 90 and 180 degree pulses generating 
maximum transverse magnetization. Short echo times are possible with the gradient 
waveform mapping and correction methods outlined in a separate abstract. 

Our principal goal is one dimensional profiling of fluids in porous media however 
these ideas may be extended to higher dimensionality, and will also permit magnetization 
preparation for variable contrast imaging. 
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Velocity maps measured in a single-shot using multi-echoes with 

independent encoding 
 

Andrea Amar, Federico Casanova, and Bernhard Blümich 
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NMR velocimetry has proven to be a remarkably useful tool for non-invasive investigations of 

fluid dynamics. Among the different approaches developed to spatially resolve velocity 

distributions, one of the most powerful ones combines displacement encoding in the phase of the 

NMR signal with the successive application of fast read-out imaging sequences like RARE or 

EPI. Although such sequences have succeeded to produce reasonable velocity maps, they are 

limited to the study of systems evolving sufficiently slowly so that displacement during the 

acquisition of the complete k-space can be neglected. This particular limitation comes from the 

fact that the velocity is encoded in a period prior to the k-space sampling. In this work we present 

a new multi-echo sequence where the velocity is encoded and decoded before and after the 

formation of each single echo. As the velocity information is refreshed for each echo, velocities 

almost two orders of magnitude higher than accessible with conventional sequences can be 

measured. Besides tolerating much higher velocities, the fact that the echoes are independently 

encoded along the train, allows one to measure velocity maps along all three directions in a single 

shot. The performance of the sequence was extensively studied by means of numerical 

simulations, which allowed us to evaluate the efficiency of velocity compensation along read and 

phase directions, as well as that of velocity encoding. Moreover, the simulations clearly show 

that, as no phase needs to be preserved during the echo train, the sequence is highly immune to B1 

inhomogeneities, an extremely critical source of distortions even in conventional birdcage 

resonators.  

 The new sequence was successfully implemented to resolve the flow pattern in toluene 

drops levitating in a water counter-flow. The good time resolution allowed us to study the effect 

of a third component (acetone) diffusing from the continuous phase (water) into the drop. The 

results provide also important evidence of the influence of acetone on the surfactants present in 

the system.  

  

 Fig. 1. Pulse sequence proposed to

independently encode velocity for each

echo. It uses two pairs of velocity

encoding gradients: one before and one

after the echo (to rewind the phase shift

proportional to the velocity introduced

by the first one). Extra bipolar pulses

with opposite polarity are applied along

the phase direction to cancel the phase

proportional to displacement accumula-

ted after the first pair.  
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Improving Accuracy and Speed of NMR Flow Propagators 
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NMR flow propagators are an important method for analyzing fluid transport in porous 

media. The flow propagator measurement provides a probability distribution of displacement ζ 

as a function of observation time ∆ [1]. There are two distinct drawbacks to these measurements: 

(a) spin relaxation impairs the quantitative nature of the data, and (b) the experiments can be 

considerably time consuming since both the PFG gradient strength g and ∆ need to be varied 

independently. We address these two limitations with separate solutions. 

(a) We improve the accuracy of the measurement by characterizing the relaxation 

properties of the system under flow using ζ-T2 [2] and T1-T2 [3] correlations. The ζ-T2 

correlation provides T2 distributions as a function of displacement, and combined with the ratio 

T1/T2 as a function of T2, the T1 relaxation weighting can be removed from the probability 

distribution. The corrected probability distributions are seen to provide observed displacements 

equal to the expected displacements for brine solution flowing through typical permeable 

reservoir rocks [4], see Fig. 1. Results from sedimentary rocks at low magnetic fields will be 

shown. 

 
    Fig. 1. Measured / expected mean displacement of brine solution flowing through porous  

    rocks as a function of observation time. <ζ > / <ζ >0 tends to 1 for large displacements. 

(b) The speed of the propagator measurements can be increased using the rapid Difftrain 

pulse sequence [5] that allows propagators with a range of observation times to be acquired 

simultaneously. This technique has been shown to yield accurate displacement probability 

distributions – equivalent to those from the conventional APGSTE sequence – for fluid flow in 

permeable rocks [6]. This should allow variations in flow to be observed in time critical 

experiments such as dissolution or deposition within porous media. 

References: 

1. J. Karger and W. Heink, J. Magn. Reson. 51 (1983) 1. 

2. M. M. Britton, et al., J. Magn. Reson. 169 (2004) 203. 

3. Y. Q. Song, et al., J. Magn. Reson. 154 (2002) 261. 

4. J. Mitchell, et al., J. Magn. Reson. submitted. 

5. J. P. Stamps, et al., J. Magn. Reson. 151 (2001) 28. 

6. J. Mitchell, et al., J. Magn. Reson. doi:10.1016/j.jmr.2007.12.014. 

17



 

      Characterization of internal magnetic field in porous media 
H.Cho

1,2
, S.Ryu

2
, J.L.Ackerman

3
, and Y.-Q.Song

2,3 

1
Memorial Sloan Kettering Cancer Center, New York, NY 10069 

2
Schlumberger Doll Research, Cambridge, MA, 02139 

3
The Athinoula A. Martinos Center for Functional and Structural Biomedical Imaging, 

Massachusetts General Hospital, Charlestown, MA 02129 

 

When a porous material is inserted in a uniform magnetic field, spatially varying fields 

typically arise inside the pore space due to susceptibility contrasts between the solid matrix 

and the surrounding fluid. Susceptibility contrast is present in many porous media of interest, 

such as fluid filled rocks, cements, granular media, colloids and trabecular bones. The 

presence of non-uniform internal fields often interferes with NMR relaxation and diffusion 

measurements. Recently, the idea of utilizing internal gradients as a finger-print of pore 

geometry for detailed pore structure information has been implemented and gave a new 

insight upon quantifying the structure related properties of internal gradients in porous 

media.[1,2] In this presentation, we further investigate and develop new NMR methods 

utilizing susceptibility induced internal gradients. 

Direct visualization of internal gradients in a 2D media : We utilize the decay of the 

magnetization due to the spins diffusing in the internal magnetic field (DDIF) for the direct 

experimental visualization of the internal gradients with microimaging in a 2D system 

composed of uniform cylindrical capillary tubes. Interference patterns of the cross-terms 

between the internal and applied gradient are also resolved along different pulsed field 

gradient (PFG) orientations to extract the vector components of the internal gradient. 

Excellent agreement with theoretical calculations is observed and shown in Figure 1.[3] 

Measurement of magnetic field correlation in a 3D media : We demonstrate that the 

structure factor of the granular and porous media can be approximated by the pair correlation 

function of inhomogeneous internal magnetic field. Experiments and simulations are 

performed on randomly packed bead system and the results are shown in Figure 2.[4] 

 
Figure 1 (Left) : (A) shows DDIF decay rates obtained from imaging  experiment and (B) shows the strength of 

local gradient from theoretical calculations. (C) and (D)  compare decay rates with corresponding gradient 

strengths for various packing configurations along the labeled lines in (A) and (B) 

Figure 2 (Right) : (A) shows numerical calculation of field correlation function (K) with different porosities of 

randomly packed bead system. (B) shows initial slope of K as a function of surface to volume ratio obtained by 

varying the porosity of the pack. (C) shows measured field correlation function along different applied external 

gradient. (D) compares experimental measurement and calculations. 

References 
1.Song YQ et al., Nature 406,178 (2000). 2. Lisitza N et al., Phys. Rev. B, 65, 172406 (2002). 3. H.Cho et al., to 

be submitted. 4. H.Cho et al., Phys.Rev.Lett. 100, 025501 (2008) 
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Intermolecular interactions reveal molecular compartmentation and 
dynamics in tissues and cells as studied in controlled porous glass 
using 1H MAS NMR  
 
Jin-Hong Chen, Rachael O’Connor, Penelope DeCarolis, Elliott R. Brill, Bernadette U. Laxa, 
Samuel Singer 
 
Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10065 
 

Controlled porous glass (CPG) share many common physical features with tissue and are 
regularly used as a model system for tissue. Small molecules within CPG and tissues exhibit 
different dynamics than they do in water. However, the susceptibility effects in these systems 
lead to large NMR linewidth and low detection sensitivity, especially in a proton spectrum. 
Magic angle spinning (MAS) averages out the isotropic susceptibility contribution and has 
become a valuable tool to study the molecular compartmentation and dynamics in these systems. 

Strong negative nuclear Overhauser effect (NOE) is observed under MAS between water 
and some but not all small molecules in tissues or cells, as opposed to the weak positive 
intermolecular NOE between small molecules in liquid state1. This selectivity effect may be a 
consequence of a co-existence of the involved molecule and water in a confined compartment 
within the cells. The confinement results in a much slower molecular dynamics. A CPG with a 
pore size of 75 Å (CPG-75) is used to mimic the possible small compartments in cells. 2D 
NOESY MAS NMR of CPG-75 shows that creatine has strong negative intermolecular NOEs 
(positive cross peaks relative to diagonal peaks) with the residual water in D2O and negative 
intramolecular NOEs between its own proton groups (Fig. 1a). This is in sharp contrast to the 
regular positive intramolecular NOEs and intermolecular NOEs with water when creatine is in 
the same solution but without CPG (Fig. 1b). The negative intra/intermolecular NOEs suggest 
the dynamics of creatine and water in the pores of CPG is significantly slower than that in a free 
liquid state. Fig. 1a is consistent with the spectrum obtained in skeletal muscle2. Therefore, the 
observation of negative intermolecular NOEs between water and small metabolites in tissue 
indicates that these small metabolites may exist in micro-compartments within tissue and cells.  

This method of studying the intermolecular interaction between small molecules in 
porous medium may be generalized as an alternative approach for analysis of molecular 
dynamics and compartmentation of a wide variety of porous materials. 

Fig. 1. 2D NOESY acquired with creatine dissolved 
in 99.9% D2O using MAS rate of 5000 Hz and mixing 
time 400 ms: (a) 13 µl solution in 26.3 mg CPG-75; 
(b) creatine solution without CPG. The 1D spectra are 
the slices taken at the dashed line in the 2D. 
Reference: 1. Macura, S, Ernst, R.R., Elucidation of 
cross relaxation in liquids by two-dimensional N.M.R. 
spectroscopy. Mol. Phys. 100, 135-147 (2002).   
2. Chen J.H, et. al., Resolution of Creatine and 
Phosphocreatine 1H Signals in Isolated Human 
Skeletal Muscle using HR-MAS 1H NMR. Magn. 
Reson. Med. In print. 
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A renewed explosion of interest to block copolymers (BCP) was caused by their 

fascinating properties of self-assembly and spontaneous structure formation on the 

mesoscopic length scale. During the last two decades, these properties were successfully 

exploited in nanotechnology and molecular engineering. In particular, the BCPs found a 

spreading use as templates in manufacturing of novel mesoporous materials with tailored 

functionalities. However, the relationship of complex dynamic and structural properties of the 

BCPs as well as the effects of confinements on molecular self-assembly remain only poorly 

understood. One of the purposes of this work was a detailed study of the influence of super-

molecular organization on molecular transport properties of the BCPs. A specific focus was 

on getting a deeper insight into effects of the nanoscaled confinements on molecular self-

assembly and self-diffusion as well.  

 
 

 

 

Diffusion of the BCPs based on poly(ethyleneoxide) (PEO) and poly(propyleneoxide) 

(PPO) in water was studied with the help of the Pulsed Field Gradient NMR. In mixtures with 

water, these BCPs form four super-molecular structures: micellar, cubic, hexagonal, and 

lamellar. For the first time the diffusivities in all these formations could be measured with the 

same block copolymer and at the same temperature, Fig. 1. Crucial effects of self-assembly 

on molecular transport properties were elucidated. Diffusion in the hexagonal and lamellar 

mesophases was shown to be anisotropic. First (unique) diffusion study was performed also 

with the PEO-PPO-PEO+water system confined in the mesoporous material (SBA-15). 

Diffusion attenuation curves at ambient temperatures exhibited strong deviations from the 

exponential behaviour, Fig. 2, and could be well described by the model of anisotropic 

diffusion (solid curve). The results obtained were discussed in terms of the constraints 

imposed by specific molecular ordering and pore walls on the diffusion mechanisms. 

Acknowledgements. We thank Dr. P. Galvosas for development of the unique PFG-unit with 

high-intensity magnetic field gradients enabling the measurements of ultra-slow diffusion.  

V. M. acknowledges the FWO flanders for the research grant. 

Fig. 2: Diffusion attenuation curves of the systems 

PEO-PPO-PEO (P123) + water confined in the 

mesoporous SBA-15.  

Fig. 1: The diffusivities of PEO-PPO-PEO (P123 

and P104) and PEO molecules in water as a 

function of polymer concentration at 23 
o
C. 
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Molecular exchange between intra- and extracellular 

compartments in a cell suspension 
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Exchange time between different domains is important when doing NMR experiments 

because depending on the time scale of the exchange the end results can look very different. 

The exchange time can also say something about the state of the system of interest. 

To measure the exchange time a new NMR-method has been tested on a yeast suspension. 

The NMR-method is based on two ordinary Pulsed-Field-Gradient Spin-Echos with a mixing 

time inbetween. It is a new protocol which is more sensitive and more time-efficient 

compared to other methods of measuring exchange. 

Two domains, with different diffusion abilities, were obtained by preparing a suspension 

of baker's yeast. Here the intracellular water was used as the domain with slow diffusing 

water and the extracellular water was regarded as the domain with fast diffusing water. A 

verification of the possibility to detect differences in exchange time was done by changing 

the measuring temperature. 

The results show a clear exchange between the two domains. They also show that the 

exchange time is dependent on temperature.  
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Polyelectrolyte multilayer (PEM) capsules formed by layer-by-layer assembly have 

attracted interest as materials for controlled release and delivery applications. The time scale 

of permeation of active molecules through the nanoporous wall, or their incorporation into it 

is crucial for these applications. We study different types of probe molecules by Pulsed Field 

Gradient (PFG)-NMR diffusion experiments at different diffusion times, , and demonstrate 

here two different cases of polymeric and small probe molecules, respectively.  

For the permeation of polyethylene oxide (PEO), PFG-NMR and diffusion-relaxation 

correlation spectroscopy (DRCOSY) yield two fractions of polymer and imply the presence 

of mobile PEO chains in the capsule interior. For the permeation rate, a scaling law of the 

molecular weight dependence is extracted, which suggests a transition between two different 

mechanisms of permeation as the molecular weight is increased. In both regimes, the 

permeation time can be described by a scaling law  ~ N
b
, with b = 4/3 for short chains and b 

= 1/3 for long chains. We discuss the mechanisms controlling these exponents, which clearly 

differ from theoretical predictions for single chain translocation through a nanopore [1].  

 

 

 

 

 

 

 

 

Fig. 1: PFG-NMR echo decays for different diffusion times for 

polyethyleneoxide in capsule dispersion. The lines are fits by the 

exchange model. The inset shows the encapsulated and the free site.  

 

 

Small hydrophobic molecules such as phenol show an interesting regime with 

monoexponential echo decays, but -dependent diffusion coefficients, which is identified as 

a regime with T2bound << exch [2]. The probe molecules are partly adsorbed in the capsule 

wall and thus are practically not observed. However, via their indirect influence on the 

apparent diffusion coefficient of the free site, an analysis becomes feasible[3]: From diffusion 

and additional relaxation data, the adsorbed fraction is extracted, and the exchange between 

the bound and free site is analysed, resulting in exchange times of ~ 30 ms.  
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A number of 2D (or even 3D) correlation spectroscopy methods are available to 

characterize porous (bio)materials in terms of water dynamics in different compartments and 
exchange between these compartments. Correlated D-T2, flow-T2, T2-T2 exchange and even 
propagator resolved T2-T2 exchange experiments have been demonstrated (1). Each of these 
approaches has different limitations and advantages when applied to biological tissues and 
results in different information. This will be illustrated by results obtained in plant material. 

T2-T2 exchange is very attractive. The intensity of cross peaks as a function of mixing 
time can be used to quantify exchange rates. Only exchange between water fractions with 
different T2s (different subcellular compartments) can be studied. However, the apparent 
exchange times are T1 weighted. The observed T1 values will be affected by exchange rates as 
well and actual exchange times are hard to obtain. The same problem is encountered if exchange 
between flowing water and surrounding non-flowing (cell) water  is studied by measuring the 
amount of flowing (and stationary) water in a propagator as a function of Δ.  

Exchange times are also dependent on the size of the compartments. In biological tissue 
membrane permeability is the parameter to characterize membrane transport. Membrane 
permeability can only be obtained from the exchange times if information on the surface-to-
volume ratio (S/V) of the compartment and geometry of the tissue is available. To extract the 
information on S/V and membrane permeability D-T2 measurements are in use. S/V can be 
obtained from the slope of D as a function of Δ in the short diffusion time limit.  

In the limit of long diffusion time (Δ>>R2/D0) D becomes dependent on cell-to-cell 
transport or the tissue permeability, P. P can be calculated from these results, but again 
assumptions on tissue geometry are needed (2). 

The results of the 2D measurements can be analyzed in different ways: e.g. using 2D 
least square fitting methods using a discrete sum of a limited number of exponentials and ILT, an 
efficient 2D fitting procedure based on a fast Inverse Laplace Transformation (3). The latter is 
quite sensitive to signal-to-noise ratio, and can easily result in non-realistic cross peaks in e.g. a 
T2-T2 exchange experiment. The first method may be to simplistic for complex tissue material. 
An acceptable compromise may be to limit the kernel used in ILT by using the result of a high 
quality T2 measurement. Doing so, the 2D data set can be reduced and lower S/N is acceptable 
for the analysis. This can be used in both D-T2 and T2-T2 exchange experiments. Doing so, the 
2D measurements can even be combined with fast imaging (e.g. RARE) with acceptable 
measurement times. 
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The spin-spin relaxation rate R2 (=1/T2) in hydrogel foams 
measured by use of a multi spin echo sequence is found to be 
dependent on the echo time spacing. This property, referred 
to as R2-dispersion, has several contributions, of which two 
are important in this study. In hydrogel foams, magnetic 
susceptibility differences between the gel and air phase give 
rise to an inhomogeneous magnetic field BIG(r) (fig. 1b). A 
contribution to R2-dispersion originates from molecular self-
diffusion of water within these inhomogeneous magnetic 
fields. Surface relaxation of the diffusing water molecules at 
the gel-air interface is the second contribution. As a result 
R2-dispersion can be used to probe microstructures with 
surface relaxation and/or different magnetic susceptibilities. 
In hydrogel foams, correlations between the average air 
bubble size and R2-values are found [1].  
Random walk diffusion is simulated to correlate the R2-
dispersion with the foam microstructure (i.e. the mean air 
bubble radius and standard deviation of the air bubble 
radius) and foam composition properties (i.e. magnetic 
susceptibilities, diffusion coefficient and surface relaxivity). 
Simulations of R2-dispersion are in agreement with NMR 
measurements of a hydrogel foam. R2-dispersion curves are 
well parametrised by an arctangent function [2]. A set of 
syntheticic foams, with various foam microstructure and 
composition properties, is generated. Through the 
correlations between R2-dispersion parameters and 
microstructure properties the mean air bubble size can be 
derived from measured R2-dispersion curves. The R2-
derived mean air bubble size of a hydrogel foam is in 
agreement with the bubble size measured with X-ray micro-
CT. This illustrates the applicability of 1H R2-dispersion 
measurements for the macroscopic determination of the size 
of air bubbles in hydrogel foams and alveoli in lung tissue. 
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  Fig 1: (a) The porous structure of a 

hydrogel foam is build up of thin 
liquid films and Plateau borders. 
Pressure differences caused by 
surface tension drive gas from 
smaller to larger bubbles. (b) 
Diffusion of water molecules in the 
gel phase of the foam is responsible 
for R2 dispersion. The transverse 
relaxation rate R2 is increased by 
interactions at the gel-air interface 
(the surface relaxation R2S) and by 
diffusion in the inhomogeneous 
magnetic field BIG(r) caused by 
susceptibility differences between 
gel and air (R2IG). 
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Capillary pressure (Pc) results from the interaction between a wetting fluid and a 

nonwetting fluid in porous media. Capillary pressure curves are used in the petroleum 

industry to predict the potential hydrocarbon recovery from a reservoir and to determine 

many other basic petrophysical properties. The centrifuge Pc method, traditionally used in the 

industry, involves rotating a core plug at different speeds and measuring the amount of water 

expelled at equilibrium
1
. The traditional approach requires the use of several assumptions 

related to the unknown fluid distribution in the core and gravity effects. It is a time 

consuming measurement since only one point in the curve is obtained at each centrifuge 

speed, making the overall test on the order of weeks.  

By changing the centrifugation speed one changes the distribution of fluids in the core 

plug. Spatially resolving the fluids distribution through imaging in the new MRI 

measurement means we can analyze the force balance within a core plug as a function of 

position and saturation (the Pc curve). Equilibrium at only one, or a few, rotational speeds 

permits determination of the entire curve an order of magnitude faster than traditional tests. 

The Double Half K-Space SPRITE method
2
 yields a direct saturation measurement 

with facile calibration. It is ideally suited for Pc determination with our new method
3
. The 

Centrifuge-Magnetic Resonance Imaging method requires only the use of a moderate 

rotational speed centrifuge and an inexpensive low field permanent magnet. In this 

presentation we emphasize two phase water-oil capillary pressure measurement. Capillary 

pressure curves for primary drainage, imbibition, and secondary drainage were obtained in 

core plugs with a range of permeabilities. By establishing an appropriate free water level, 

both negative and positive capillary pressure data were obtained for imbibition and secondary 

drainage. The imbibition curve is compared to the data obtained with the traditional 

centrifuge method.  

The tests described are being commercialized by Green Imaging Technologies with 

the assistance of major oil companies, Chevron, Conoco Philips, Exxon Mobil and others. 

The speed improvement of the new test, combined with greater precision of the results, given 

the value of the measurement to the oil industry, may mean that the capillary pressure test 

will become a routine core analysis measurement. 
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Abstract 

 

Nuclear magnetic resonance logging has been routinely used to measure mineralogy 

independent porosity, irreducible water saturation, and permeability of earth formation. 

The acquired CPMG echo train data in NMR logging are first inverted by Laplace 

transformation to yield NMR T2 distribution. Further interpretation based on T2 

distribution allows us to derive additional important petrophysical properties of earth 

formation such as pore size distribution, fluid types, and oil viscosity. The quality and 

speed of the T2 inversion depend on the inversion methods. We have recently developed 

fluid component decomposition method for fast NMR data inversion.  This method 

assumes that fluids, either in bulk forms or saturated in porous media, have certain 

predetermined functional shapes, which can be predetermined T2 distributions.  These 

predetermined shapes can be Gaussian, B-spline, or any functions predetermined 

experimentally or empirically.   This approach significantly reduces the computation time 

for NMR data inversion especially for multi-dimensional data sets from oil well 

measurements, without sacrificing the smoothness and accuracy of the inverted 

distributions.  Such method has a new application as a solution constraint for a group of 

NMR data with sequential well depths where spurious signals frequently result in 

dissimilar T2 distributions for the same rock type.   The successful implementation of this 

method as a constraint of T2 components inverted from T2 echo trains at different depths 

involves nontrivial matrix manipulations and allows us to use T2 distribution as a rock 

type indicator. 
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Portable and open NMR probes built from permanent magnets like the NMR-MOUSE offer 

several advantages over conventional NMR systems. They can be used to study arbitrarily large 

samples, are small, inexpensive, and robust [1]. However, the magnetic field generated by open 

magnets is believed to be inherently inhomogeneous, precluding the acquisition of chemical-shift 

resolved NMR spectra. In this work we break with this assumption, and demonstrate 

experimentally that the field of an open magnet can be shimmed to high homogeneity in a large 

volume external to the sensor [2]. 

To shim the highly inhomogeneous stray field of conventional open magnets, standard 

shim coils must be discarded simply because of excessive requirements for the shim currents. 

However, we demonstrate that the required shim fields can be generated by means of a single-

sided shim unit built from small permanent magnet blocks. The final shim unit geometry 

designed to homogenize the field of a conventional U-shaped magnet uses two pairs of movable 

magnet blocks with opposite polarizations placed in the gap of the main magnet. By suitable 

displacement of the magnet block pairs with respect to the main magnet a total of eight shim 

components are generated (x, y, z, x
2
, z

2
, xy, xz, and yz). Using this approach, high-resolution 

proton spectra were measured outside a portable magnet with a spectral resolution of 0.25 parts 

per million (Fig. 1). 

We also exploit this concept to shim the field of closed magnets, for example, that of 

Halbach arrays. Two prototypes were optimized, a wide-bore magnet with an extended working 

volume suitable for MRI and a narrow-bore one for high-resolution 
1
H spectroscopy. 

Fig. 1. a) Solid line: spectrum of a water sample much larger than the sensitive volume. The FWMH of the line is 

0.25 ppm. Dashed line: best spectrum obtained by ex situ spectroscopy using the nutation-echo method. The line 

width is 8 ppm [3]. b-c) 
1
H NMR spectra of different liquid samples obtained within a measuring time of 1 min. 
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Investigation of molecular exchange using DEXSY with ultra-
high pulsed field gradients
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With the present work we successfully combined the diffusion exchange spectroscopy 
(DESXY)  as  suggested  in  [1]  with  methods  for  the  application  of  ultra-high  pulsed  field 
gradients as introduced in [2]. The DEXSY pulse sequence traces the molecular displacements 
in two subsequent intervals, separated by a mixing time τm. After the data processing with the 
inverse  Laplace  transformation  several  peaks  may  appear  in  a  two-dimensional  map 
characterizing the motional behavior of molecules in different sites. This method is applicable 
for several systems, e.g. for the exchange of dextran through polyelectrolyte multilayer hollow 
capsules, as used in [3].

Recently, we investigated a water-oil-water emulsion (moisturizer), which consists of 
three  different  phases  with  distinct  diffusional  characteristics.  Small  droplets  of  water  are 
dispersed  in  bigger  droplets  of  oil,  which  again  are  embedded  in  a  water  phase.  Water 
molecules are able to move through the oil membrane from the inner to the outer phase and 
vice-verse, resulting in a change of their dynamic state. 

Using a mixing time of only 10 ms, thus clearly demanding ultra-high pulsed field 
gradients, most of the signal is to be found in the diagonal peaks (see fig. 1), representing 
molecules with unchanged diffusion coefficient during  τm. On the contrary, the off-diagonal 
peaks, which only exist for the two phases with the highest diffusion coefficients, represent 
molecules changing their diffusional properties, thus revealing exchange between two different 
sites of the sample. So far, we associate this exchange process to the water in the emulsion. The 
slowest phase, which is therefore assign to the only existing oil phase in the sample shows, as 
expected, no such behavior.

Fig. 1:  Laplace transformed NMR signal map of 
moisturizer with a mixing time  τm=10 ms and its 
projections showing the three components
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