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a b s t r a c t

NMR q-space imaging is a powerful non-invasive technique used to determine structural characteristics
of pores in applications ranging from medical to material science. To date, the application of q-space
imaging has primarily been limited to microscopic pores in part because of limitations of the effective
observation time due to relaxation. Here we report on the use of singlet spin states for NMR q-space
imaging, which allow significantly greater observation times. This opens the way for studying larger
pores in materials such as biological tissue, emulsions, and rocks.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

In the standard NMR q-space method (pulsed gradient spin-
echo; PGSE) [1–3], the position of molecules is encoded by mag-
netic field gradients at two instants in time separated by a delay
D. The mean squared displacement (MSD) during D leads to an
attenuation of the NMR spin-echo signal (E). For molecules diffus-
ing in an infinite medium, the signal attenuation is a function of
the effective area of the gradient pulses (q), diffusion coefficient
(D), and D. When the molecules are within a confining geometry,
the MSD is limited at long D by the size (and shape) of the pore
hence the signal attenuation becomes sensitive to the pore dimen-
sions. When DD/a2 � 1, where 2a is the characteristic distance of
the pore, diffraction-like coherence features can be observed on a
plot of E vs. q, i.e., ‘q-space imaging’ [4]. Additionally, Fourier inver-
sion of E(q) yields further information on the restricting geometry.
These coherence features only begin to appear when DD/a2 � 1
therefore the size of the pore effectively determines the required
D duration or necessitates the use of molecules with much higher
diffusion coefficients (i.e., hyperpolarised gases [5–6]). Neverthe-
less, to date q-space imaging using liquid molecules has only been
applied to microscopic geometries (relatively small a values) due
to limits on the duration of D.

The diffusion time (D) is normally limited by the time for the
spins to lose phase coherence, either by spin–spin or spin–lattice
relaxation in Hahn echo-based or stimulated echo-based PGSE se-
quences, respectively. The use of singlet spin states [7] to preserve
nuclear spin order has recently been used to study the diffusion of
ll rights reserved.
slow moving molecules [8] thus enabling an order of magnitude in-
crease in the range of D. Here a singlet spin states pulse sequence
(Fig. 1) is used to study the structural characteristics of cylindrical
and rectangular pores. The results are compared with experiments
using the pulsed gradient stimulated echo (PGSTE) pulse sequence
[9].
2. Results and discussion

The signal attenuation from 50% 2,3-dibromothiophene in
CDCl3 diffusing between the planes of an NMR microtube
(Fig. 2a, BMS-3; Shigemi, Tokyo) with interplanar spacing
(2a) = 250 lm (measured using an optical microscope) and differ-
ent D periods is shown in Fig. 2. The data in Fig. 2b is from exper-
iments conducted using a PGSTE pulse sequence whilst Fig. 2c is
from experiments using a singlet spin states pulse sequence. The
relationship between larger D and more distinct coherence fea-
tures is seen in both Fig. 2b and c however there is a difference
in the location of the coherence features between the PGSTE and
singlet spin states data. The location of the coherence features
using a PGSTE sequence correspond to 2a = 250 lm (matching
optical microscopy measurements) whilst the coherence features
from the singlet spin states sequence correspond to 2a = 200 lm.
The difference in echo attenuation between the PGSTE and singlet
state data, which is not observed for separate peaks corresponding
to 2,3-dibromothiophene diffusing freely along the sides of the
tube, is thought to be due to different relaxation mechanisms once
the molecules strike the surface of the planes [10]. Certainly wall
relaxation effects are known to cause complications in the analysis
of q-space measurements [10–12], and this hypothesis is sup-
ported by the diffusion coefficients (Dapp) measured using PGSTE
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Fig. 3. Comparison between the PGSTE (d) and singlet spin state (s) experimental
data for D = 15 s. The coherences features in the singlet spin states data are shifted
to higher q values as a consequence of additional surface relaxation. Eq. (1) was
fitted by eye to the PGSTE and singlet spin state experimental data by setting
2a = 250 lm, D = 15 s, D = 9 � 10�10 m2 s�1 and adjusting the wall relaxivity
parameter M. M was set to zero when fitting to the PGSTE data (_____) and
M = 3 � 10�5 m s�1 gave the best fit for the singlet spin state data (- - - -).

Fig. 1. Pulse sequence for Singlet-State pulsed gradient spin-echo (Singlet-PGSE).
For a sample containing a scalar-coupled two-spin system (IS) with spin-coupling
constant JIS and chemical shifts xI and xS, the delays are s1 = 1/(4JIS) and s2 = p/
|xI �xS|. Rectangles with diagonal bars are implemented either as unmodulated
RF field (continuous wave, CW) or as composite RF pulse decoupling (CPD). Pulsed
gradient field g1 and g2 are used to remove unwanted coherences. u1 = x, u2 = x,
u3 = x, y, �x, �y, -x, �y, x, y, u4 = x, y, �x, �y, and uR = x, x, x, x, �x, �x, �x, �x.

Communication / Journal of Magnetic Resonance 204 (2010) 346–348 347
and singlet spin state pulse sequences diverging at larger D (i.e., as
more molecules strike the surface).

A direct comparison between the PGSTE and singlet spin states
data (D = 15 s) along with simulated data for diffusion between
planes is shown in Fig. 3. The echo signal attenuation incorporating
spin relaxation at the surface for diffusion between planes is given
by [11]
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Fig. 2. (a) Schematic diagram of the rectangular pore created using a Shigemi NMR mi
spacing between the planes. This arrangement produces molecules in two populations:
barrel and (ii) molecules diffusing freely along the sides and above the plunger. The
dibromothiophene diffusing within an NMR microtube using PGSTE. (c) Singlet spin state
in (a) correspond to 2a = 250 lm whilst and (b) corresponds 2a = 200 lm.
where 2a is the interplanar spacing and the eigenvalues nn and fm

are determined from the equations nn tanðnnÞ ¼ Ma=D and
fm cotðfmÞ ¼ �Ma=D, where M is the wall relaxivity parameter. As
shown in Fig. 3, there is very good agreement between the experi-
mental data and the fitted models indicating the observed coher-
ence features are real. The difference between the intensity of the
coherence minima is due to a polydispersity of the characteristic
distances [13].

In an attempt to apply singlet spin states to larger pores, we
measured the signal attenuation of 2,3-dibromothiophene diffus-
ing within a stack of cylindrical capillaries (Fig. 4a) of diameter
(2a) = 0.8 mm and D = 70 s. The signal attenuation (Fig. 4b) exhib-
its multiexponential decay indicating restricted diffusion effects.
The average propagator [14] P(R, D) obtained from Fourier inver-
sion of the experimental data in Fig. 4b corresponds to an average
pore diameter of �0.8 mm.

We have shown that singlet spin states allow detection of re-
stricted diffusion effects and q-space coherence features at very
long D values thus greatly expanding the range of applicability of
NMR q-space measurements. However, as only half of the total
crotube. The gradient (q) is orientated perpendicular to the planes whilst 2a is the
(i) molecules diffusion between the bottom of the plunger and the bottom of the
sample volume between the planes is �3 lL. (b) Signal attenuation from 2,3-

pulse sequences for D = 2 s (d), D = 10 s (N), and D = 15 s (8). The diffraction minima



Fig. 4. (a) Schematic diagram of a stack of capillaries with diameter (2a) = 0.8 mm
within an NMR tube. (b) Signal attenuation from 2,3-dibromothiophene diffusing
within the capillary with D = 70 s and gradients applied in the radial direction. The
inset in (b) shows the average propagator P(R, D) obtained by Fourier inversion of
the experimental data using Origin Pro 8 (OriginLab, Northampton). P(R, D)
obtained from the experimental data matches the characteristic distance of the
capillaries.
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magnetisation is converted into singlet spin states in the pulse se-
quence [8] a PGSTE sequence will provide better sensitivity for rel-
atively short D (see Figs. 2 and 3). The singlet-PGSE sequence is
superior to PGSTE at D values beyond the limits imposed on PGSTE
sequences by longitudinal relaxation (where T1 � 6 s for this sys-
tem). Indeed, diffusion measurements at time scales like those
used in this study are impossible using PGSTE sequences.
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