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We demonstrate that a position correlation magnetic resonance imaging (MRI) experiment based on two
phase encoding steps separated by a delay can be used for quantifying diffusion across a membrane. This
method is noninvasive, and no tracer substance or concentration gradient across the membrane is required.
Because, in typical membranes, therelaxation time of the fluid spins is usually much longer thanThe

time, we developed and implemented a new position correlation experiment based on a stimulated spin
echo, in which the relaxation attenuation of the signal is dominate®, liystead ofT,. This enables using
relatively long delays needed in the diffusion measurements. The sensitivity of the double encoded experiment
detected in a conventional way is still low because of the low filling factor of the fluid inside the NMR coil
around the sample. We circumvent this problem by using the remote detection technique, which significantly
increases the sensitivity, making it possible to do the measurements with gaseous fluids that have a low
spin-density compared to liquids. We derive a model that enables us to extract a diffusion constant characterizing
the diffusion rate through the membrane from the obtained correlation images. The double phase encoded
MRI method is advantageous in any kind of diffusion studies, because the propagator of fluid molecules can

directly be seen from the correlation image.

1. Introduction comprises threet/2 rf pulses, and the gradient pulses are
between the first two rf pulses and after the last one. The second
f rf pulse stores one component of magnetization as a longitudinal
magnetization, preventing dephasing during the delay between
'the second and third rf pulses. Hence, the major difference
between PGSE and PGSTE experiments is that relaxation
attenuation of the signal is dominated Byin the former case,
whereas it idT; in the latter case. When, is substantially larger
thanT,, the sensitivity in the PGSTE experiment is better, even

In this article, we introduce a novel method for measuring
the diffusion of fluids across membranes. Membranes are o
paramount importance in science and technology, for example
for fuel cells! for the purification of watef,gas separatiofipr
metabolisnt. Present methods for the characterization of dif-
fusion across membranes typically rely on the determination
of the change in concentration or partial pressure of the fluid

in a system that is in nonequilibrium at the beginning of the thouah t of th tizati tor is lost i
measurement. Alternatively, radioactive nuclei that are incor- ough oné component of the magnetization vector IS 1ost In
the storage of magnetization.

porated into the diffusing compounds are sometimes used as .
tracers® However, in the former case, the dependence of the P GSE and PGSTE methods have also been used for studying

diffusion coefficient on concentration may lead to results that thed(_jlffusr:on of fluids in restricted systerln_s such as in parous
differ from the equilibrium values, whereas, in the latter case, media where measurements can reveal important parameters

the labeling is often chemically challenging, and the difference characteristic ofthe material such as pore size and conneétivity.

in mass between labeled and unlabeled molecules may affectThere are sevgral different approaches fpr thi§ kind .Of study.
resultss One approach is to study the echo amplitude in a wide range

Pulsed-field-gradient spirecho (PGSE) and its variant ~ ©Of dvalues § = yog, wherey is the gyromagnetic ratia) is
pulsed-field-grsdienStimulgzedecho( (PG?I’E) nuclear mag- Fhe length of t.he gradignt pl:l|Si,17833¢ the gracjient amplituple)
netic resonance (NMR) experiments are widely used for in the Iong d|ffl_JS|or_1 time “”."t_' _Another IS to d_etermlne
measuring the bulk diffusion of fluids. The basic idea of these the gffectwe_ d|ffu3|o_n cg_elfglment N the_lovq region as a
experiments is that, if the molecules are fixed in space during functlor) of diffusion time'*"® These experiments are advan;a- .
the delay between two magnetic field gradient pulses, they form geous In the case of homogeneous systems with a perlodlc
a perfect echo, and the longer the distance the molecules trave/alice, because they measure the average of the properties of
during the delay, the smaller the amplitude of the echo. In the the whole system, and, in principle, the sensitivity scales with

PGSE pulse sequence, the gradient pulses are before and aft%ri'e size of the sample. However, this advantage fails if the

a radio frequency (rf) pulse of a spirecho sequence. PGSTE  diffusion across a single membrane is studied.
Here, we present a direct measurement of membrane perme-
* Corresponding author. Current address: NMR Research Group, ability by a distinct method using magnetic resonance imaging
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90014 Oulu, Finland. Phone+358 8 553 1309. Fax+358 8 5531287. encoding step, in which the positional information of the
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The double encoding allows correlating the initial and final
positions of the molecules. Hence, the propagator, that is, the
positional distribution of molecules being at certain position in
the beginning of the experiment (during the first encoding step)
and in the end of the experiment (during the second encoding
step), can be directly seen from a two-dimensional correlation

+— Detection coil

<+—— Qutlet tubing

image, without using the relatively complicated models needed £

in the analysis of results of PGSE and PGSTE experiments. b4 <+—Membrane holder
It is difficult to find a geometric arrangement of a membrane £

with respect to an NMR coil so that the sample fills the entire z | Xe <Encoding coil

coil. In our case, the actual sample is approximately 500 times W

smaller than the NMR coil, giving rise to a considerable y 1.2 mm

sensitivity problem. We circumvent this problem by using the Figure 1. Schematic of the experimental setup. The holder containing
remote detection technique developed in our lab. Remote the flow channel is inside the encoding coil. The membrane is set in
detection of NMR spatially separates the encoding and detectionthe center of the channel, and xenon gas flows parallel to its surface
steps of the experiment, enabling the separate optimization of(upward). The detection coil is wrapped around the outlet tubing. The
each step’ 22 In this study, we use a large coil around the Used frame of reference is shown in the figure. The membrane is in
sample for encoding the spin coherences, and the signal istmhgaxszuféznaelbéenon gas flows in the direction, and diffusion is
.- . . g theaxis.

detected by a much smaller and more sensitive detection coil
(solenoid) with an optimized filling factor. The flow of a probe
fluid transports the signal from the sample region to the detector.
Apart from sensitivity enhancement, the remote detection
technique provides time-of-flight (TOF) information of the fluid
molecules as they flow from the encoding region to the detector,
making it possible to get three-dimensional TOF images of the
flowing fluid.1” Here, we use TOF flow images for measuring
the flow rate and selecting the signal only from the membrane
region in the diffusion measurements.

We use xenon gas as a probe fluid in this demonstration.
Xenon is frequently used for characterizing porous métiand
it allows for hyperpolarization to boost the obtainable NMR
signal?*#25 Apart from the hyperpolarization, the long
relaxation time of xenon makes it a favorable choice for a probe
fluid in the remote detection experiments, because the loss of
signal due to relaxation during the flow from the encoding region
to the detection region is minimal.

2. Experimental Section

Two different ANOPORE inorganic aluminum oxide mem-
branes manufactured by Structure Probe, Inc. (West Chester,
PA) were studied. They contained straight, parallel pores with
the pore axis perpendicular to the surface of the membrane.Figure 2. A cross section of the membrane holder. The 1/16” (1.6
According to the manufacturer, the pore diameters of the mm) o.d. inlet tubing was connected with a fitting (a) to a plug (b),
membranes were 20 and 200 nm, and the thickness of bothvv_hich was screwed into the actual sample holder (c_). The height and
membranes was 60m. The surface porosities of the 20 and diameter of the holder were 5 and 3 cm, respectively. The holder

. contained a cylindrical chamber, and the membrane was placed along
200 nm membranes were 50% and-Z8%, respectively. On the center axis of the chamber, squeezed between two half cylinders

the basis of the images of the membranes provided by the (d) (length 3 cm, diameter 1.1 cm). The flow channel was milled into
manufacturer, it can be deduced that the pore size distributionthe flat surfaces of the half cylinders. Gas flowed through a small hole
is relatively narrow, and there are no dead-end pores in the from the chamber to a fitting connected to the outlet tubing with 1/16”
membranes. (1.6 mm) o.d. (e).

In the measurements, the membrane was set in the center of
the flow channel along the long axis of the channel. The cross The height of the coil of the imaging probe was 4 cm. A home-
section of the channel was square. The width and length of thebuilt detection probe was pushed from underneath into the cavity
channel were 1.2 mm and 3 cm, respectively. Probe gas flowedso that the detection coil was about 1.5 cm below the imaging
parallel to the surface of the membrane, and the pressure wasoil region. The detection coil (solenoid) was wrapped around
equal on both sides of the membrane. The flow direct@)n ( 1/16” (1.6 mm) outside diameter (0.d.) outlet tubing, and the
and the direction in which diffusion was studieyl) (were length of the coil was about 5 mm. The rf isolation between
perpendicular to each other. The latter direction was parallel to the two probes was achieved with a grounded copper shield.
the pore axes. The schematic of the experimental setup is showrMore information about the design of the detection probe can
in Figure 1. The details of the sample holder are illustrated in be found from refs 26 and 27. The MRI experiments were
Figure 2. performed on a Unity Inova 300 MHz spectrometer (Varian,

In the remote detection experiments, the encoding was donelnc.), in which the xenon resonance frequency is 82.9 MHz. In
by a commercial imaging probe (Varian, Inc., Palo Alto, CA) all the remote detection experiments, the acquisition time of
with a cylindrical cavity (3 cm in diameter) along its full length.  one free induction decay (FID) was 40 ms (which is also the
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time resolution in TOF experiments), and 50 consecutive FIDs
were collected during one scan, leading to a total acquisition
time o 2 s per transient. The length of the gradient pulses was
200 us. In thez encoded TOF experiment, the maximum
gradient amplitude and the field of view were 9.7 G/cm and 5
cm, respectively. In theyz encoded TOF experiment, the
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corresponding values in thedirection were 60 G/cm and 2.1

mm, and in thez direction, they were 2.5 G/cm and 5 cm. In

theyy encoded diffusion experiment, the values were 60 G/cm Z gradient —l—
and 2.1 mm. Period comprised the gradient pulse and a short
delay (10us) on both side of the gradient pulse, and its length
was 200us + 2 x 10 us = 220us. Data was processed with

an in-house MATLAB program.

The gas flowing through the channel was a mixture of Xe
(1%), Nz (10%), and He (89%). The spin polarization'é¥Xe
nuclei was optically enhanced to about 3% using a commercial
polarizer (Amersham Health, Durham, NC). The flow rate of
the gas from the polarizer was adjusted to be about 0.3 standard
liters per minute (SLM) in order to obtain proper polarization. t(s)

After the polarizer, the flow was divided into two branches: Figure 3. The pulse sequence of taeencoded experiment (a), azd

one led to the membrane holder and the other led to the encoded TOF images for the membranes containing (b) 20 nm and (c)

atmosphere. This enabled us to obtain a slow enough flow rate200 nm pores. Resolution in tfedimension is 2.1 mm (24 gradient

through the sample so that the travel time through the membraneStePs): 32 transients were acquired in a total experiment time of 26
. . ! .~ “min. Zero filling was applied in the dimensions so that, after the

region was longer than the longest delay used in the diffusion jjing “the total number of points was doubled.

experiment. The flow rate through the latter branch was

controlled by a needle valve. The flow rate and pressure at theexperiments was set to the same value as in these calibration
outlet of the sample were controlled by a needle valve and experiments. The width of the TOF curve increases with
pressure gauge, with the pressure kept at about 5 atm. The flowicreasing because of hydrodynamic dispersion. The dispersion

rate and stability were monitored throughout the experiments seems to be higher in the sample containing the 20 nm pore
by bubbling the gas coming from the sample through a small ,amprane.

water column (7 mm in diameter; 2 cm in length), using an yz Encoded TOF Experiments.Extension of the previous
T et et o s TOF Mgng expriment (o splldmension by apoyng
: P . ' 9 P encoding gradients in two different orthogonal directions gives
line to a computer that was running a LabView program to detailed insight i he flow inside the charerh
measure and log the rate of bubble formation. The absolute flow more 'eta|.e nsig t into .t € flow nside the chantelhe

' encoding directions used in the experiments weil@erpen-

\églt?aﬂ%r:g dthf?ofrlr?\l\tlhginnncec: dlégsdeﬂ'glralel;;hgri?;( gﬁtmggggit\l %S dicular to the surface of the membrane) angparallel to the
P flow direction). The pulse sequence is shown in Figure 4a.

below. The TOF flow images are shown in Figure 4b,c. The
amplitude in the middle of the channel in the time projections
is weak because the center pixels are partially filled with
membrane. The Reynolds number in the subchannels separated
rate of the gas in the flow channel(direction parallel to the by the membrane is very low~40), indicating laminar flow.
flow direction) encoded TOF imag€svere measured fromthe  However, because the diffusion of gas across the subchannel
samples. The pulse sequence is shown in Figure 3a. The(~20 ms for 0.5 mm) is fast compared with the travel times
experiment began with a/2 rf pulse followed by the labeling ~ (~seconds), the average TOF does not depend on the lateral
of spin coherences by a magnetic field gradient pulse irethe position of the gas atoms during the encoding, and therefore
direction. The coherences were then stored as longitudinalthe amplitude in the individual panels does not show the
magnetization by applying another’2 rf pulse in order to stereotypic parabolic flow profilé® Above the end of the
prevent dephasing during the flow to the detector. The amplitude membrane regiorz& 3.5 cm), the gas begins to flow coherently
of the encoded magnetization was read stroboscopically by a in the undivided channel, and the amplitude gap is no longer
series ofz/2 rf pulses in the detection coil. seen in the center of the channel. The narrowing of the flow
The TOF flow images are shown in Figure 3b,c. From the channel in that region can also be seen from the flow profile.
images it can be seen that the atoms located close to the outlet yy Encoded Diffusion Experiments.The experiment used
of the channel{ = 3.5 cm) during the encoding step arrive for measuring diffusion across the membrane containsywo
first in the detection coil, and that TOF increases linearly with (direction perpendicular to the surface of the membrane)
increasing distance to the detection coil. The nonlinearity of encoding steps separated by a small delay. As the spin state is
the TOF curve above = 3.5 cm is a consequence of a preserved during the delay, the experiment allows correlation
narrowing in the flow channel at the point where the gas arrives of the initial position with the final position of an ensemble of
in the outlet tubing. On the basis of the slopes in the membranefluid atoms inside the flow channel, and therefore it shows
region, we calculated that the flow rates in these two experimentswhether xenon atoms diffuse through the membrane during the
were 3.93+ 0.07 and 3.85k 0.06 cm/s for the 20 and 200 nm  delay. The experiment thus makes it possible to determine the
pore membranes, respectively. On the basis of monitoring thediffusion rate, as the following elucidation shows (see also
relative flow rate by determining the rate of bubble formation Figure 5): Consider that the labeling of the molecules during
with the fiber-optic detector, the flow rate in all the other the first encoding step means that the molecules become red or

z {cm)

1
0 05101520 0
t(s)

0.5 1.0 1.5 2.0

3. Results

zEncoded TOF Experiments.In order to determine the flow
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Figure 5. Measuring diffusion across a membrane by double phase
encoded MRI method. (a) Before the first encoding step, the fluid
molecules contain no information, and therefore they are represented
by gray dots. (b) During the first encoding step, the initial position of
the molecules in the direction perpendicular to the surface of the
membrane Y direction) is encoded to spin coherences, and therefore
the molecules on the left and right sides of membrane are represented
by red and blue dots, respectively. (c) During the delay between the
encoding steps, molecules diffuse across the membrane. (d) During
the second encoding step, positional information of the molecules is
encoded again to spin coherences, and, because the spin state preserves
during the delay, the molecules now contain information of their initial
and final positions. Therefore, the molecules on the left (right) during
both encoding steps are represented in red (blue), and those moving
2 from left (right) to right (left) are violet (green). (e) Resulting position
012 correlation imagey: andy, are they positions during the first and
(mm) second encoding steps, r_espectlv_ely. The (_:olors corresponq to the colors
¥ used in panel d. The relative amplitude of violet and green signals shows
Figure 4. The pulse sequence of tlye encoded experiment (a), and  how a large amount of molecules diffuses across the membrane during
yzencoded TOF images for the membranes containing (b) 20 nm andthe delay.
(c) 200 nm pores. The left-hand side pictures in panels b and ¢ are
sums of all the images measured at different travel time instants. The In our system, the width of the channel divided by the
other images are the averages of the measurements of three successiveembrane was made small (1.2 mm) in order to get the bulk
travel times. The resolutions in theandz dimensions are 0.3 and 7.1 jffusion time across the half channel shorter than the diffusion
mm (seven gradient steps in both directions). The average travel time e across the membrane. This makes it easier to distinguish

in seconds is shown in the panels. 32 transients were acquired in a . .
total experiment time of 53 min. Zero filling was applied in both spatial the effect of membrane from bulk diffusion. The membrane

dimensions so that, after the filling, the total number of points was assembly requires a certain amount of space, and technically it
doubled. would be very difficult to decrease the membrane holder size
below the centimeter scale. This fact causes a sensitivity
blue depending on in which side of membrane they are (Figure problem, because the filling factor of the probe fluid inside the
5b). Now we have ampparentconcentration gradient of the  coil is very low. Consequently, instead of conventional detection,
red and blue molecules across the membrane. Subsequently, theze ended up using the remote detection technique, which
molecules can diffuse through the membrane, and the concen-enabled us to detect the signal outside the sample with a much
tration gradient decreases (Figure 5c¢). The rate of decreasesmaller and more sensitive coil with optimized filling factor.
depends on the diffusion rate. Consider that the second encoding The pulse sequence for the douplencoded experiment is
changes the color of the molecules that are now on a different shown in Figure 6a. The first two rf pulses and the gradient
side of the membrane than during the first encoding step (red pulse between them represent the first encoding step, including
to violet and blue to green), whereas the other molecules the storage of one component of the magnetization in the
maintain the initial color (Figure 5d). The signals of the red longitudinal direction in order to prevent dephasing during the
and blue molecules appear in the lower left and upper right delayz. The delay is followed by the second phase encoding
quadrant, those of the violet and green molecules appear in thestep, after which the magnetization is stored again as longitudinal
upper left and lower right quadrant of the correlation image magnetization. Contrary to the PGSTE experiment, the gradients
(Figure 5e), and their amplitudes are proportional to the in the first and second encoding steps are ramped independently.
concentrations of the corresponding molecules. Because theSubsequent to the encoding sequence, the fluid flows to the
concentrations of red and blue or violet and green molecules detector, and the amplitude of the longitudinal magnetization
represent the portion of the molecules being on the same ormodulated by both encoding steps is detected stroboscopically
different side of the membrane, respectively, before and after by a train ofz/2 rf pulses.
the delay and because the diffusion time and initial concentration In order to obtain quadrature detection (QD) in each dimen-
gradient is known, the diffusion constant characterizing the sion and to destroy the signal of unencoded atoms, a 16-step
diffusion rate can be calculated from the amplitudes, as will be phase cycling of the pulses and receiver is applied in the
shown later. The amplitudes of the signals in the correlation experiment. An implementation is shown in Table 1. The
images also reveal the anisotropy of the diffusion, i.e., whether experiment performed with this phase cycling mimics a directly
the diffusion in one direction is faster than in the other. detected experiment in which&2 pulse is followed by the
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Figure 6. The pulse sequence of thig encoded experiment (a) agd
correlation images measured for the membranes containing (b) 20 nm
and (c) 200 nm pores. In the images, 10 successive TOF transient
were summed in order to increase the SNR. The transients were selecte
so that the images contain signal only from the region of the channel
containing the membrane (betweerr 0.5 and 3.5 cm). The delays
used in the experiments are shown in the images. The resolution in
both y dimensions is 0.3 mm (7 gradient steps). 64 transients were
acquired in a total experiment time of about 2 h. Zero filling was applied
in both spatial dimensions so that, after the filling, the total number of
points was doubled.

TABLE 1: Sixteen-Step Phase Cycling Used in thgy
Encoded Experiment

m ¢encP ¢enc2 ¢enc3 ¢enc4 ¢detc ¢recd
0 X X X X X X
1 X X X y y X
2 X y X X y X
3 X y X y —X X
4 X —X X X X —X
5 X —X X y y —X
6 X -y X X y —X
7 X -y X y —X —X
8 X X X —X X —X
9 X X X -y y —X

10 X y X —X y —X

11 X y X -y —X —X

12 X —X X —X X X

13 X —X X -y y X

14 X -y X —X y X

15 X -y X -y —X X

amis the cycle counter gencirefers to the phase of the first encoding
pulse gencz2refers to the second, et€pqetis the phase of all the detection
pulses in one cycle! ¢y is the phase of the receiver.

first and second encoding gradient and the signal detection

without any delays and storage pulses; the same product operator

terms are collected and summed together inythencoded
remote detection experiment after applying the first four steps
of the phase cycling scheme in the table. This assures QD in

S
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membrane is located gt~ 1.0 mm, the nonzero amplitude of
the pixels at; < 1.0 mm and/, > 1.0 mm (upper left quadrant)
or aty; > 1.0 mm andy, < 1.0 mm (lower right quadrant)
shows unambiguously that a part of the fluid molecules passes
through the membrane.

In the case of the shortest delay= 10 ms), the amplitude
of the signals in the upper left or lower right quadrants (referred
to as cross-peaks hereafter) is almost zero, indicating that the
diffusion through the membrane is insignificant during
However, the width of the signals around the diagonal in the
lower left and upper right quadrants (referred to as diagonal
peaks hereafter) shows that significant diffusion across the
subchannels takes place during the delay. Whisnincreased,
the cross-peaks begin to grow, evidencing the transport of xenon
gas through the membrane. The amplitude of the cross-peaks
increases more rapidly with increasing for the 200 nm
membrane than for the 20 nm membrane, showing that the
diffusion through the former membrane is faster than that
through the latter one. The sum of the amplitudes of all the
peaks decreases with increasinigecause of dispersion during
7. This behavior is more remarkable in the images of the 20
m membrane than in those of the 200 nm membrane, because
the longest delay is much longer in the former case (300 ms)
than in the latter case (100 ms).

In order to analyze the correlation images, we need to have
a model that correlates the behavior of amplitudes of the signals
with the diffusion constant representing the diffusion rate
through a membrane. According to Fick’s law of diffusion, the
current density,j (mol/nm?s), along they-axis is directly
proportional to the change in concentration per unit leng@i, d
dy (mol/mt):

dC
Day

1)

The proportionality coefficienD (m?/s) is the diffusion coef-
ficient. Assuming thaj is independent of andD is constant,
Fick's law can be modified in the form

C,—C
y

whereCp andC are concentrations gt= 0 andy = y. Consider

the diffusion across the membrane igyeencoded experiment.
The membrane divides the flow channel into two subchannels,
1 and 2 (left and right part in Figure 5a). Immediately after the
first encoding step, the concentration of xenon atoms encoded
on subchannel 1 (red dots in Figure 5b) is zero on subchannel
2, and therefore the rate of net diffusidr,(mol/s), of those
atoms across the membrane is

j=D

()

_DCA
t

R=JA )

m

whereC is the concentration of the encoded atoms on subchan-

each dimension. In addition, the phases of the second and fourttnel 1, A is the surface area of the membrane, &pds the
encoding pulses as well as the detection pulses are inverted irnthickness of the membrane (@@ in this case). Assuming that

order to remove the signal of unencoded atoms. These operation
lead to 4x 4 = 16 cycles altogether.

Figure 6b,c shows the correlations betweenyhelues of
y1 andy; in the first and second encoding steps, respectively,
measured by thgy encoded method. The amplitude of awgy, [
y2] pixel in the image is proportional to the probability of an
atom to be situated in axzslice aty; during the first encoding
step and in the slice gt during the second step. Because the

she membrane is the main barrier to diffusion in the sample,
that is, the diffusion across the subchannel is much faster than
the diffusion through the membrane, the change of the concen-
tration of the atoms encoded in subchannel 1 on subchannel 2
per unit time due to diffusion is

dC _R

GV (4)
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1 diffusion time of xenon through the pores (on the order of 10
0.9 T ms on the basis of previous results). Therefore, the effect of
08 ~_ . -
@ 07 relaxation should be negligible.
Z 06 — Sensitivity Enhancement Obtained by Remote Detection.
z g-:‘: = PRI Here we estimate the enhancement of the signal-to-noise ratio
E 04 1% e (SNR) in a remotely detectey encoded TOF experiment when
02 H¥——— compared with a corresponding experiment detected by the
0-(‘) = encoding coil immediately after the last gradient pulse.
y ' ) The theoretical sensitivity ratioA, of the detection and
0 0.1 02 03 . oo
encoding coil i8
T(s)
Figure 7. Amplitudes of diagonal (squares) and cross- (circles) peaks tgo
of the samples containing 20 (blue) and 200 nm (red) pores. Solid and A= o 9)
dashed lines are least-squares adjustments of eqs 7 and 8, respectively, t9o

to the data points.

where t, and t5, are the lengths of ther/2 pulses for the
encoding and detection coils, respectively. On the basis of
experimentally determined pulse lengthsis 100 in our case.
The volumes of xenon gas inside the encodiig &nd detection
(Vg) coils are about 40 mfnand 2.5 mm, respectively.
Theoretical SNR enhancement of the xenon signals measured

whereV is the volume of the subchann&i.can be written as

V = Aws, wherews is the width of the subchannel (0.6 mm in
this case). LeCj(z) be the concentration of atoms that were
initially in subchannel, and are now in subchannjeht timer.

On the basis of the diffusion rates, the following equations can

be derived: directly by the coils is
% _ Ci+C 5 Va nf
dr Wt wg, TGt G ®) Al =10022MMT _ g 3
Ve 40 mn?
= Wt ( Cy,t+Ci) (6) The measured enhancement is 6.9, which is in agreement with

the theoretical estimation.

Assuming that all the encoded xenon atoms are detected in
theyy encoded remote detection experiment by optimizing the
delay between detection pulses so that, between the pulses, all

Here,i = k=1, 2 andi # k. (C11, Cy2, C12 andCy; correspond

to the concentrations of the red, blue, violet, and green dots in

(F;gure ?d’t' rezgctlvelﬁ%At N O’bC" o c | andtﬁi" b 0. ¢ the atoms detected previously have left the detection coil
oncentra |ont_ i(7) and t'f(T) can the S0 Vel't %n feth aZ'.S OF  volume, and the volume is filled by undetected atoms, the

previous equations, and, because theé ampiitude of the Iagonahumber of FID signals collected in a remote detection experi-

peaksadiag is proportional toCii and that of the cross-peaks, o isVe/Vq = 16. If these signals are summed together, the
across IS proportional taCi, after the normalizatioBgiag + across SNR enhancement is '

= 1, we obtain
- - V16:6.9=27.6
Agiag = % 1+ ex;(— 2DT) (7
s/ One component of the magnetization vector is always lost
and when the spin coherences are stored as a longitudinal magne-
tization, and, contrary to the remotely detected experiment, the
1 D7 direct experiment does not require storing after the second phase
Across™ 2 1- F{ Wi ) (8) encoding step. This fact leads to the decrease of the relative
s'm,

SNR by a factor ofv/2. Therefore, the total theoretical SNR

The integrated amplitudes of the diagonal and cross-peaks€nnancement in gy encoded TOF experiment is about 20 as
together with the least-squares adjustments of eqs 7 and 8 td compared to the corresponding directly detected experiment.

the data points are shown in Figure 7. The adjustments result!N the previous calculation, the effect of dispersion, which may
in D values of (1.54+ 0.07) x 107 m?s for the 20 nm slightly decrease the obtained SNR enhancement, is neglected.

membrane and (7.5 0.2) x 1077 m%s for the 200 nm
membrane. The fit is excellent, which is reflected in the small
errors in the obtained diffusion constants. The diffusion constant The double encoded MRI experiment introduced here may
is proportional to both the diffusion rataside the pores and be viewed as a stimulated echo variant of the position exchange
the probability of the molecules to enter the pores, which in spectroscopy (POXSY) experiméhtontaining some of the
turn is proportional to the surface porosity. The diffusion additional modifications needed in remote detection. In principle,
constant is about 5 times larger for the membrane containingthe measurements could be done using the POXSY pulse
larger pores, even though its surface porosity is smaller sequence. However, like in the related PGSE experiment, the
(25—30% vs 50%), indicating that the diffusion in the 200 nm relaxation attenuation of the signal is dominatedThyin the
pores is much faster than that in the 20 nm pores. POXSY experiment. Membrane systems contain a large surface
The effect of relaxation is not taken into account in eqs 7 area per unit volume, an, is usually much shorter thaf,
and 8. However, the relaxation time of bulk xenon gas is on because of local magnetic susceptibility variations along
the order of minutes, which is much longer than the travel times interfaces. Therefore, an experiment dominatedxelaxation
(~1 second). In addition, the relaxation time of xenon inside is unfavorable for measuring the diffusion across a membrane.
the pores is much longer (on the order of seconds) than theHowever, the relaxation attenuation of the signal is dominated

4. Discussion



Quantifying Diffusion by Double Phase Encoded MRI J. Phys. Chem. B, Vol. 111, No. 50, 20013935

by T; in the experiment introduced here, and it enables using experiment is noninvasive; it does not require the introduction
the relatively long delays required in the diffusion experiments. of foreign tracers or partial pressure or concentration gradients
Even though the double encoded MRI experiment can also across the membrane, the manipulation of nuclear spin coher-
be done in a conventional way without using another coil for ences does not affect the molecular interactions and transport,
detection, the sensitivity enhancement obtained by remote and the radio frequency radiation used in MRI is also capable
detection is crucial when the diffusion ghsacross a membrane  of penetrating inside opaque materials without damaging the
is studied. We estimated above that, in the present setup, thesample. This method also makes it possible to measure self-
SNR per unit time is about 20 times larger than in the diffusion of the molecules across a membrane under equilibrium
corresponding directly detected experiment. Becauseythe conditions. The double encoding can be realized by the POXSY
encoded remote detection experiment took about 2 h, the directexperiment based on the spiacho sequené® or by its
experiment using the same setup with the same SNR would stimulated echo-based counterpart introduced here. The relax-
take about 1 month, which is unfeasible. A smaller coil around ation behavior in the membrane systems makes the latter option
the sample would increase the relative sensitivity of the directly favorable. This position correlation experiment is advantageous
detected experiment, but the membrane assembly alwaysalso in other diffusion experiments, because, contrary to PGSE
requires a certain amount of space, and technically it would be type experiments, the correlation image reveals directly the
very difficult to decrease the membrane holder size below propagator of the molecules.
centimeter scale. A large coil allows for an increased experi-  Applied to membranes, the experiment exhibits low sensitivity
mental flexibility, particularly for measuring diffusion in  as a result of geometric constraints leading to a poor filling
technologically relevant devices, such as membrane filter factor. We demonstrated here that the sensitivity problem can
elements, and, because the size of the encoding coil does nobe overcome by the remote detection technique, in which the
affect the sensitivity of remote detection, it is advantageous to spatial information is encoded in the spin coherences by a large
use this detection technique to measure diffusion. coil around the sample, and the signal is detected by a much
In this demonstration, we used a gas mixture containing a smaller and more sensitive coil in a different location. Because
small amount of hyperpolarized xenon. However, experiments the size of the encoding coil does not affect the sensitivity,
with thermally polarized gases are also possible, and indeedremote detection increases the experimental flexibility, making
may give higher SNRs than the present xenon experiments ifit possible to measure diffusion in complete devices. The
the molecules contain several chemically equivalent spins with encoding can be done even in a lower magnetic field if the
large gyromagnetic ratiog, For example, consider an equiva- material of the sample is not compatible with a high magnetic
lent experiment done with pure propane gas. Even though thefield.!”
polarization of hyperpolarized xenon (3%) is about 1300 times  |n principle, all the NMR active fluids can be used as a probe
the thermal polarization of protons in a 300 MHz field at room  fluid. However, in the case of gases, the sensitivity limits the
temperature, six chemically equivalent nuclei of the methyl candidates, and it is favorable to use hyperpolarized gases or
groups, the 4-fold natural abundance'df as compared with  thermally polarized gases with the molecules containing several
129Xe, the detection of nuclei with higher gyromagnetic ratios chemically equivalent spins with a large gyromagnetic ratio.
(SNRa |y[*¥?), and the fact that there is only 1% of xenon in  The sensitivity is not a serious problem when liquids are used
the gas mixture that was used increases the relative sensitivityas a probe fluid, because they yield a strong NMR signal due
of propane by a factor of 16 000. Therefore, the SNR of the to the high spin density.
propane experiment can be estimated to be about 12 times better The experiment presented here can be used for several
than that of the xenon experiment. However, the st pyposes. A few examples are as follows: The diffusion
relaxation time (about 1.9Y of propane decreases the relative properties among different membranes can be compared by
sensitivity by a factor of 3, if travel time is 2 s, and therefore sing the same probe fluid (e.g., xenon) for all the samples. It
it can be conclude(_j that the sensitivity of the propane experiment;s gjso possible to study the diffusion properties of different
would be about 4 times better than that of the xenon experiment.jids in the same membrane system, if the fluids contain NMR
Naturally, the method presented here is also suitable for active molecules. Furthermore, because of the use of noninvasive
studying the diffusion ofiquids through the membranes. Itwas  MR| encoding combined with the highly sensitive remote
shown that remotely detected measurements are also possiblgletection of the signal, this experiment allows characterizing
when a liquid is used as a probe fluftiHowever, because the  membrane diffusion and transport in intact systems of techno-
NMR signal of liquids is much stronger than that of gases |ogical importance, such as fuel cells and gas separation systems.
because of the higher spin density, it may be even possible to
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