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Abstract: A standard X-observe NMR probe was equipped withgradient coil to enable
high-sensitivity pulsed field gradient NMR diffusion stadiof Lit and Cs* cations of
agueous salt solutions in a high-porosity mesocellulacssifoam (MCF) and ofCO,
adsorbed in metal-organic frameworks (MOF). The coil desagd the necessary probe
modifications, which yield pulsed field gradients of up#4d6.2 Tm~*, are introduced.
The system was calibrated?d resonance frequency and successfully applied for diffusio
studies atLi, 2*Na, 13C and!?3Cs frequencies. Significant reductions of the diffusivitids o
the cations iiiCl,. andCsCl,. solution introduced into MCFs are observed. By comparison
of the diffusion behavior with the bulk solutions, a tortitp®f the silica foam of4.5 + 0.6
was derived. Single component self-diffusion@, andCH, (measured byH NMR) as
well as self-diffusion of the individual components(i®,/CH, mixtures was studied in the
MOF CuBTC. The experimental results confirm high mobilittéshe adsorbed gases and
trends for diffusion separation factors predicted by MDdaions.
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1. Introduction

Diffusion processes of liquids and gases under the influehagernal surfaces of porous materials
are of fundamental importance for understanding hosttgaésraction and of practical relevance for
the prediction of material properties. Under thermodyrzathy equivalent conditions with respect to
temperature and pressure, the interactions with the iatsurface of the porous host material generally
reduce the mobility of the guest molecules (the pore fluigheared to the free (bulk) fluid. Therefore,
and due to the restricted possibilities to observe the porsi| diffusion processes in the pore space are
more difficult to study than in the bulk fluid phase.

To measure diffusion in porous systems, many experimergptoaches such as modern IR
microscopy L,2] require a sudden change of external conditions in the flindsp (concentration,
pressure) 3. By observing and analyzing the response of the system ates@and time, these
methods yield non-equilibrium (transport) diffusion dafauasi elastic neutron scattering (QEN&J]
and pulsed field gradient nuclear magnetic resonance (PF&)NB-8] are also suitable to observe
molecular motion in the interior of the porous host systemese techniques observe nondestructively
the self-diffusion under equilibrium conditions using bext large monoliths of the porous host system.

Most of the PFG NMR diffusion studies in porous materials@adormed with adsorbate molecules
containing*H hydrogen in the molecular structure. Compared to othern@Qlei, the gyromagnetic
ratio and signal intensity of thié (proton) nucleus offer the best measurement conditigjasnuclei
provide better chemical shift contrast than thienucleus but offer only a reduced sensitivity for diffusion
coefficients and mean square displacements since thisidiffsensitivity is proportional to the square
of the gyromagnetic ratio of the observed nuclel@.[In modern application of porous materials such
as, e.g., for gas separatiohlf14], ion conduction L5 or environmental remediationd.,17], the
diffusing objects of interest may not contdidl nuclei. Thus, it is a challenging task for experimental
NMR diffusion research to improve the diffusion sensiinaiso for X-nuclei.

In this paper, we introduce a modification of a Bruker X-olbbsedMR probe with a Maxwell-pair
z-gradient coil to enable high-sensitivity pulsed field gesai NMR self-diffusion studies with a wide
range of X-nuclei.”Li, *C and!**Cs PFG NMR experiments are performed in different porous hos
systems. The self-diffusion of tiand Cg cations in aqueous solutions bfCl and CsCl introduced
into a high-porosity mesocellular silica foam (MCH)g[19] are measured and compared to the bulk
diffusivities revealing the restricting influence of thdidailica host matrix on the diffusion pathway of
the cations. These studies serve both the experimentaiftést developed probe with a porous material
and the characterization of the internal diffusion resisésof the silica matrix of the MCF. Additionally,
the self-diffusion of carbon dioxide and methane is ingggd in the microporous MOF CuBTQ(]
using *C NMR and!'H NMR, respectively. The data are compared to MD simulatiohdiffusion
and of diffusion separation factor&1],22] and provide experimental verifications of the results & th
computer simulations.
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2. Results and Discussion

2.1. Performance of the Modified X-Observe Probe for Difn$Studies

A Maxwell-pair type gradient coil§,10] was designed to fit a commercial X-observe NMR probe
(type WB 400, Bruker Germany). The coil was manufacturedrandnted on the probe. The necessary
gradient current leads were added, including RF blockipgciors and air cooling to dissipate thermal
energy generated during gradient operation. The gradieitwas designed in such a way that
(1) it accommodates well the standard X-nuclei RF coil of phebe including its thermal insulation
from the gradient coil support, (2) it produces a high curtergradient conversion factor and
(3) the gradient is homogeneous over the anticipated aytiadsample volume of cm in diameter
and in height. Additionally, magnetic fields generated by tloil on the positions of the outer metal
housing of the probe should be as small as possible to preN&mibing influences of eddy currents
during the rising and falling slopes of the field gradientsasl.

Figure 1. X-observe NMR probe equipped withzagradient coil. &) Photograph of the
top part of the NMR probe with its metal cover removed. Added modified components
are indicated;l) Drawing of the gradient coil support with the color plot bktcalculated
field gradientg(z,r) at the NMR sample position and the contour plot of the straid fie
B(z,r) of the gradient coil at the position of the metal tube (outebe cover). The spatial
dependence of the gradient and field values are plotted éomiximum available gradient
current of100 A.
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Figure 1la displays a photograph of the gradient coil mounted on thep#ot of the probe. The RF
coil and its thermal insulation are covered by the gradieiltand are not visible. Figurgéb shows the
drawing of the designed gradient coil support. In the inmet auter parts, the drawing contains the
color coded two-dimensional plot of the gradient intengity:-direction g(z, ) and the contour plot

(a)
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of the stray fieldB(z, r), respectively. Due to the cylindrical symmetry of the geadicoil, the field
gradient and the stray field are plotted only on half spachéeént-plane. Figurelb provides a visual
impression on the calculated intensitiesgdt, r) and B(z,r) at a gradient current of00 A, which
corresponds to the maximum available pulsed gradient cuwaue on our NMR systems. Details of
the calculation procedure for the gradient and the strag iald the coil manufacture are given in the
Experimental Section.

The analysis of the variability of the-gradient intensity;(z, ) showed that the calculated, spatially
averaged current-to-gradient conversion faetdy(t) = c-1(t), I gradient current) of the gradient
coil is (0.159 + 0.004) T(m A)~! over the anticipated sample volume. The strongest densfimm
the averaged value to the higher band are observed>at4.5 mm, which corresponds to the inner
diameter ofil0 mm o0.d. NMR sample tubes and, hence, does not contribute toethgtse sample
volume anymore. Thus, in agreement with the visual impoesgiom Figure 1b, the field gradient is
expected to have sufficient homogeneity over the samplen®lfor NMR self-diffusion studies.

The actually achieved current-to-gradient conversiotofagnd the coil performance with respect to
gradient linearity and eddy current depends of the indizidwil manufacture. Therefore, the coil was
calibrated by measuring the spin echo attenuation of ligeitterated wateff,0) using?H PFG NMR.
For self-diffusion in liquid water, the spin echo NMR sigridi(b) is expected to follow the dependence

M(b) = Myexp (—bD) (1)

where M, denotes NMR spin echo amplitude observed without pulsed gehdients and) is the
self-diffusion coefficient of the molecules carrying theselved nuclei. Theé-value depends on the
applied pulse sequence, on the pulsed field gradient patterand on the gyro-magnetic ratioof the
observed NMR-active nucleus. It is determined via the dleda@ouble integral (see e.g6,8,10]). For
two rectangularly shaped pulsed field gradients of duratjantensityg and separation\ applied in a
primary or stimulated spin echo NMR sequences, one obtains

b= ?(g)? (A - %5) @)

The experimentalH PFG NMR spin echo attenuation curv&/ (b) /M, overb) of deuterated water is
plotted in Figure2. In this semi-logarithmic presentation, the observed géshnear, which means that
the designed coil and the modified X-observe NMR probe fotlosvbehavior expected from Equatibn
Weingartneet al. [23] reported thatH,O has a self-diffusion coefficient df87 x 1079 m?s~! at298 K.
This value was applied to calibrate the current-to-gradienversion factor: of the new probe in such
a way that the slope of thldl PFG NMR spin-echo attenuation curve in Fig@eorresponds to this
known self-diffusion coefficient. The obtained conversiactor isc = (0.162 4 0.002) T(mA)~'. This
value is in agreement with the value predicted by the gradieihsimulation. It means that pulsed field
gradients of up td6.2 Tm~! may be generated for the NMR diffusion studies with X-nuadiging the
maximum available gradient current 4f0 A. Moreover, the experimentally achieved rise and fall times
from 0 Tm~! to maximum gradient strength abel6 ms and(.10 ms, respectively. These short values
are achieved by using exponentially shaped gradient wawesfas described in referend@.[They are
significantly shorter than the nominal values for rise anidifaes in commercially available-gradient
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probes of similar maximum gradient strength and are of adggnwhen using the system for diffusion
studies of fluids with short transverse relaxation timeskeseoved in many porous materials.

Figure 2. Pulsed field gradient calibration and performance testh®f®-observe probe
equipped with a-gradient coil for NMR diffusion studies. NMR spin echo aiti&tions due

to self-diffusion ofLi*, Na™, Cs* in agueous solutions as well as of bulk deuterated water
and 3*C enriched benzene (see legend) observed uding*Na, 133Cs, 2D, *C and?H
resonance, respectively.
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The performance of the modified probe at different resonémecpiencies was investigated by PFG
NMR measurements of self-diffusion of several monovalatibos {Li*, Na™, Cs*) in aqueous solution
and of liquid benzene using the NMR active nu€lei, >*Na, 1?3Cs and'3C, respectively. For all these
different systems, the slope in Figuzas found to be linear. Using the current-to-gradient cosner
factor obtained by th&1 PFG NMR measurements, the self-diffusion coefficients wletermined. The
values are given in Table 1. Within the experimental unaatgathey agree well with data known for
these systems from literature. It shall be noted that—dtlegoelatively small self-diffusion coefficient
of Li* in this agueous solution and the short observation timssefis—it was necessary to apply the
maximum pulsed gradient intensity df.2 Tm~! to attenuate théLi NMR spin echo signal amplitude
by one order of magnitude as shown in Fig@r& hus, the positively measured root mean square (r.m.s.)
displacements of thki* cations in this system a6 pum.

As for all PFG NMR applications, precise self-diffusiondies with this modified X-observe NMR
probe require to obey the filling high of the NMR sample tulles¢10+1 mm) and a correct adjustment
of the sample in the isocenter of the gradient coil. The Hattas most conveniently done for each
sample in these studies prior to the NMR diffusion studiesdigig a one-dimensional spin echo imaging
technique with a read gradient generated with the sameegriachil [10].
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2.1.1. Diffusion ofLLit andCs*t Cations in Mesocellular Silica Foam

Besides the performance test of the modified X-observe NMiRerthe results foLi™ and Cs*
self-diffusion in bulk aqueous solution presented in Tabgerve as reference for comparison with the
diffusion behavior of these cations in a mesoporous sik@f (MCF). The successful impregnation
of the MCFs by the electrolyte solutions was checked priothto NMR diffusion studies by visual
inspection of the sample texture. Although more than apprately 200-weight% of solution were
added to the MCF powder, the individual particles in the bedhdt adhere due to capillary forces
between outer solid and liquid interfaces. Thus, the pasehsignificant amounts of external (excess)
liquid between the MCF particles can be excluded.

Table 1. Diffusion coefficients of monovalent cations in aqueoususohs in bulk and
captured in mesocellular silica foam (MCF) as measured ley rttodified X-observe
NMR probe. The data are compared to literature values knawrbdilk solutions 24].
The 2H,O data from Weingartneet al. [23] were used to experimentally calibrate the
current-to-gradient conversion factor of the modified grob

Observed X-nucleus D x 10° T D,.; x 10° Reference
and substance m?s—! m?s—!

7Li* in LiCl,. (bulk) 0.223 =+ 0.020 - 0.204 [24]
"Li* in LiCl,. (MCF) 0.051 & 0.006 4.4 =+ 0.6 - -
2Nat in NaCl,. (bulk) ~ 0.95 +0.01 - 0.941 [24]
133Cst in CsCly, (bulk)  1.315 +0.021 - 1.291 [24]
133CsT in CsCl,,. (MCF) 0.283+0.045 4.6+0.8 - —
2H,0 (bulk) — calibration  1.87 +0.02 - 1.872 [23]

Due to the high porosity (high specific pore volume@&fcm?g 1) of the MCF and the relatively high
concentration of the aqueous solutions (about 75% and 83Peaespective saturation concentration at
room temperature), the signal-to-noise ratio of theand the'*3Cs primary spin echo NMR signal is
better thar20 : 1 for a single scan. The total amounts’@fi and'33Cs spins in the impregnated MCF
samples were.41 x 103 mol and0.95 x 10~ mol, respectively. By using signal averaging to further
improve the signal-to-noise ratio, it is estimated thatriedified X-observe probe will be well suited
to investigate diffusion of these monovalent cations inesys solutions in a concentration range down
to about1/20 of the values used in these experiments. Thus, concemtsatiba few percent of the
saturation concentration at room temperature are acée$siiNMR diffusion studies of these cations
in such porous materials.

Due to the good signal-to-noise ratio, spin echo attenoatover more than one order of magnitude
were readily measured in tH&i and '*3Cs PFG NMR experiments with the electrolyte impregnated
MCFs. The'*3Cs NMR data showed a single-exponential decay and were stfarglardly analyzed
by using Equation). The obtained_s™ self-diffusion coefficient in the MCF is given in Table It
is reduced by a factorr§ of about4.6 compared to the value in the bulk solution. This is due to the
restricting influence of the MCF matrix on the Brownian matif the cations in the solution.
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In the correspondingLi NMR measurements, small contributions from fast bulk catiiffusion
were found. Obviously, due to the increased viscosity ot 1it&,. solution, not all of the solution added
to the MCF was sucked into the pore space of the silica foaras@leontributions were subtracted from
the spin echo attenuation before determiningltiiecation diffusion coefficient in the MCF. The result
is given in Tablel. With 5.1 x 10~ m2s~! it is again more than a factor of 4 smaller thanIhe cation
diffusion in the bulk aqueoukiCl solution.

It shall be noted that thei* cation self-diffusion coefficient in the MCF is the smallssif-diffusion
coefficient determined with the modified X-observe probehimithis paper. The observation time for
this measurement wai) ms corresponding to a r.m.s. displacementidf x 10~%m in pulsed field
gradient direction. This value provides an upper estimbtbeodisplacements, which can positively be
measured by the modified X-observe NMR probe.

This displacement is large compared to the pore size butlentaln the particle size of the MCF.
Thus, the cations can easily move within the particles. Tastexperience an averaged obstruction due
to the presence of the solid matrix during traveling betwiberindividual pores. If compared to the bulk
cation diffusion, the impact of this obstruction is the sdorgheLi™ and theCs™ cations (see Tablg).

The ratio of the two diffusivities
2
_ é)bulk _ % (3)
MCF 0
represents the tortuosityof the pore space. As a geometrical pore structure paramedesscribes
the square of the averaged increase of fluid path way thrdugpdre spacé compared to the direct
(straight line) connectior,,, see second part of Equati@n A tortuosity of aboutt.5 for the MCF is
reasonable and means that the cations have to increasalifhesion path through the silica foam by
slightly more than a factor of two in order to reach the sanspldcement as in the bulk solution.

2.1.2. Diffusion of CO, andCH, in MOF CuBTC

In the microporous crystalline metal-organic frameworkBTC, the adsorption capacities f01O,
at room temperature and ambient pressprez (1 bar) are in the range of x 103 molg~! [25]. Since
the NMR sample tube contains abdat) mg of the adsorbent in a bed afem filling height, there are
up to aboub.6 x 1073 mol CO, in the sensitive NMR volume. Thus, the typical number of NMR\a
nuclei for the!3C NMR studies with the adsorbedC-enrichedCO, is slightly smaller than the number
of "Li and!'33Cs nuclei in the aqueous salt solutions, described above.

The modified X-observe probe is capable to observe!theNMR signal of the adsorbet#CO,
quantitatively. Figure3 displays the NMR signal intensity, observed with a CPMG sege R6]
of all mixture samples (samples M1-M5 in Talflg as function of the amount afO, loaded onto
the NMR sample tubes during sample preparation. The pldigial intensities were obtained by
mono-exponential fits of the measured spin echo intensitidhe CPMG echo trains. The signal
intensities increase monotonously with thé&@, amounts, but there is some scatter in the data. Since
the NMR signal intensity is proportional to the amount of NMBive nuclei and since the observed
NMR signal intensities are found to be reproducibly meadume recalculated the loading of the
samples from the NMR signal intensities. The results arergim Table2. A similar procedure was
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applied for the methane loadings which were checkedib]NMR using our standard diffusion probe
described in§]. All loadings and the adsorbedO, molar fraction in Table2 refer to this corrected
values. Deviations from the introduced amounts of the dmzbrgases are caused by incomplete
transfer of the volumetrically determined amounts of gasethe NMR sample tubes and scatter in
the void volume of the sample tubes above the CuBTC bed, whitited by gas in equilibrium to the
corresponding adsorbed amounts.

Figure 3. 13C NMR signal intensity observed with a CPMG sequence in depece on the
volumetrically determined amounts 6D, chilled onto the CuBTC mixture samples M1 to
M5. The solid line represents the best fit to the data and wed tesdetermine the amount
of adsorbed”O, from the'3C NMR signal intensities (see TabB.

Intensity a.u.

0 | 50 | 100 | 150 | 200
content CO, [mg/g]

Our own earlier H NMR studies ofC; to Cg alkanes in MOF CuBTC showed that the longitudinal
(T7) relaxation times of the adsorbed molecules at room tenyerare rather short, which limits NMR
diffusion studies to short observation times®@8ms < A < 1.4ms using the primary spin echo
sequenced7]. Dipole-dipole interactions with the electron spin ofrfrawork and extra framework
Cu?* in the CuBTC structure and the reduced molecular mobilityewidentified as reasons for fast
relaxation. Figuret shows the3C and'H longitudinal relaxation rateg{ ') of '*CO, andCH, in the
mixture samples. The relaxation rates €@, are independent of loading and significantly smaller than
for CH,. The!3C relaxation times aré@; = (130 + 15) ms and sufficiently long to apply stimulated spin
echo based PFG NMR sequences. THeelaxation rates of methane seem to increase for large warbo
dioxide contents, which correspond to large total loadimgssmall methane contents (see TaB)eWe
assume that this indicates a reduced mobility of methaneéddiie presence of a large amount of carbon
dioxide in the pore space. THH relaxation times of methane are in the rangé (s to 18 ms, which
again limits the applicability of observation time depemdsMR diffusion studies and requires the use
of high pulsed field gradient intensities as already knowritfe longer alkane<[7].
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Figure 4. '3C and'H longitudinal relaxation ratesI{ ') in CuBTC for adsorbed*CO,
(a) andCH,4 (0O)), respectively. The data are plotted for the mixture sammé to M5 in
dependence on the amount of adsorbél} (see Table2).
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The self-diffusion coefficients of carbon dioxide and me#in CuBTC determined b{¢C and'H
PFG NMR, respectively, are shown in Figuse In all samples, diffusional exchange of the adsorbed
phase with the faster diffusing gas phase between the CuByistatlites in the bed was observed. The
data reported in FigurB represent the intracrystalline self-diffusion coeffi¢&grwhich were obtained
from the PFG NMR spin echo attenuations by application ofexpionential analog of Equatidnand
assigning the smaller diffusivity to the diffusion of thesadbed phase.

Single-componentCO, diffusivites were measured over a narrow range of loadings$ weld
self-diffusion coefficients of abodt5 x 10~ m2s~! with a tendency to increase with loading. According
to our knowledge, there are no published data for singlepmmantCO, self-diffusion in CuBTC
available. However, results from MD simulations and expental studies in other MOF systems
(IRMOF, MIL, ZIF) show that carbon dioxide is generally hlgimobile in these structures and should
show an increasing diffusivity with increasing loading)@sg as no clustering afO, molecules in the
pore space will occurd28-30].

For CuBTC, MD simulation predicts for single-componentf-siffusion of methane a value of
1.8 x 10~®¥m?s~! at room temperatur@f]. With (0.58 +0.15) x 10~® m?s~! (see Figure5 at the zero
CO, content) our experimental result is about a factor of threelker. Possible reasons are a different
loading range (higher loading in the experimental studg)arestricting influence of the external crystal
surface of the CuBTC MOF on the methane diffusion. Due to thallT; relaxation times of the
methane in CuBTC (see Figud), this restricting influence could not be evaluated quatiiely by
changing the observation time over a sufficiently largerirgkin the!H PFG NMR experiments.

For the experimentafC and'H PFG NMR diffusion with co-adsorbed carbon dioxide and me¢ha
the samples were prepared under such conditions that thlepi@ssure in the gas phase above the
CuBTC bed is not exceeding but closeltbar. In Figure 5, the corresponding data points including
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the single-component results for zero ara mgg—! CO, content are connected with a dashed line.
With increasingCO, content, the diffusivity of carbon dioxide in the mixturecreases resuming the
trend observed for the single-componétid, data. The self-diffusion coefficients for the co-adsorbed
methane, which always diffuses faster than ¢i@, in the considered range of loadings, are found to
decreases slightly.

Figure 5. Self-diffusion coefficientsD in MOF CuBTC in dependence on the adsorbed
amount ofCO,: CO, (A) andCH, (OJ) for the co-adsorption of both gasé€3(), (»A) under
single component adsorption. The corresponding methaaainigs and total loadings in
molecules per u.c. are given in Talde
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From experimental studies and computer simulation it isAkknthat carbon dioxide is more strongly
adsorbed in CuBTC than metharig]25,31,32]. At small carbon dioxide contents, most of the carbon
dioxide is attracted to strong adsorption sites. The c@#msl methane cannot compete in host-guest
interaction. Thus, methane diffusion in the potential cf #MMOF framework is faster than carbon
dioxide diffusion. With increasing carbon dioxide loadinfpe averaged interaction with the host
lattice becomes smaller since the strongest adsorpties aie already covered and the carbon dioxide
diffusion increases. This behavior is in agreement witthsuattern of loading dependent diffusivities
in microporous materials, where increasing amounts of ocutés strongly interacting with the host
system reduce the potential barrier on the diffusion patbuph the pore space or the life time in the
transition stated].

With increasing carbon dioxide content (which correspotada decreasing methane content), the
diffusion path of methane in the pore space is influenced bytksence of more and more molecules
occupying the pore space. The majority of these moleculstowly diffusing CO,. Thus the free
volume for methane is continuously reduced, leading to theerved slightly decreasing methane
diffusion coefficients.
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The ratio between the methane and the carbon dioxide diffies, which is called the diffusion
separation factorQcy, /Dco,), is important for estimating the performance of micropmronaterials
in gas separation processes. Fighm@nd Table2 show that this ratio depends mainly on the adsorbed
carbon dioxide content. It decreases from abpatat an adsorbed carbon dioxide molar fraction of
Xco, = 0.77 t0 2.3 at xco, = 0.97. Using only the experimental single-component self-diin
coefficients one obtains also a value of abat

Several computer simulations of the performance of CuBTCHn/CO- gas separation applications
report on separation factor&4,33]. For methane and carbon dioxide, Keskinal. [34] investigated
also diffusion separation factors, without reporting tloeresponding single-component self-diffusion
coefficients in the mixture. In this mixture MD simulatiorudy, where the molar ratio of both gases in
the gas phase is: 1, a cross-over fronDcy, /Dco, = 2.3 at pressurep < 2 bar to smaller than unity
IS observed at a total pressure of ab8btr [34] (corresponding tal bar CO, partial pressure). The
cross-over in the ratios of the self-diffusion coefficiemsans that th€ O, is expected to diffuse faster
at high total loadings than theH,.

Our experimental results foDcy,/Dco, at p < 1bar agree with these MD predictions (see
Table 2). Extrapolating our NMR data in Figugetowards higher carbon dioxide contents, we expect the
cross-over at a carbon dioxide loading of ab&ut mg ¢g—!. Using the adsorption isotherm published by
Martin-Calvoet al. [33], the corresponding partialO, pressure in the gas phase is estimated to be about
3—4 bar. Thus, our observed dependence of the self-diffusion @iefiis on adsorbed@O, content
confirms the cross-over of the diffusion separation factedgted by the mixture MD simulations as
well. It will be an interesting challenge for future expeental PFG NMR studies with the modified
X-observe probe to explore directly the diffusion©®, containing gas mixtures in MOFs and other
microporous materials in the high-pressure range.

3. Experimental Section

3.1. Gradient Coil Design for X-Observe NMR Probe

The Maxwell-typez-gradient coil for the WB 400 X-observe NMR probe (Bruker,r@any) was
designed to match the requirements and restrictions mmadian Sectior2.1. To optimize the coll
design, a finite element simulation of the magnetic flux dgrisr a proposed current distribution of the
coil was performed using the commercial software COMSOLtibsic€ (COMSOL AB, Sweden).
The axial symmetric model was used and time-independentixed for the vector potential of the
azimuthal induction currents. For calculations, only tlesipons of the windings of the copper wire
(0.45 mm diameter) carrying the current were taken into accountl <Lgiport materials and surrounding
structures were treated as materials having the magnetiogadility of air. The solution was displayed
for the gradient of the:--component of the magnetic flux densigy(r, z) and the magnitude of the
magnetic flux densityB(r, z) in surface plots and contour plots, respectively as shovigare 1b.

During the design process, the solutions of the simulaticgre evaluated. By varying the positions,
the numbers and distribution of the copper windings of thi¢ te strength and homogeneity of the
magnetic field gradient was successively improved. It tdroat, for example, that the separation of a
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few windings from each of the two main blocs towards the aeoitéhe coil in z-direction improves the
homogeneity of the field gradient significantly.

The ohmic resistanc& of the coil was monitored to keep it belo2f2. This was necessary in
order to be able to use the full power of our gradient currempldier [8]. Also, the magnitude of the
magnetic flux density3(r, z) at the position of the metal probe cover at the radius ef 35 mm was
observed to check for possible generation of eddy currenteé metal structure during pulsed field
gradient operation.

The result of the design process, shown in Figllg is a coil with2 x 52 windings at a mean radius of
r = 14 mm, separated in one large block with 3 layers and one smalbekhith 2 layers of windings.
This gradient coil is wound on the coil support which is mafipayether ether ketone (PEEK). The
inner diameter of the coil support 2 mm, which is well suited to accommodate the X-band RF coil
of the WB 400 NMR probe and a Teflon tube for thermal insulatbthe gradient coil from the active
sample volume in the center. The coil was manufactured anehd/m the workshop of our institute. The
achieved values for its ohmic resistance and inductanc& atel.13 2 and L = 160 uH, respectively.
As the experimentally determined current-to-gradienveesion factor of = (0.1624+0.002) T(m A)~*
(see Sectior.1), also these values agree with the results predicted fremdh simulation.

In order to accommodate and fix the gradient coil in the WB 46fbe, material was removed
by turning from its upper and lower ceramic support partse $tandard glass dewar system of the
WB 400 was removed and replaced by the above described Tefhenfor thermal insulation. An air
cooling system was added to dissipates the Joule heat geteliaing pulsed gradient operation. These
modifications reduce the temperature variability of the ified X-observe probe t893 < 7'/K < 333
with an accuracy oft1.5 K. To connect the gradient coil to the gradient current angplifturrent
leads were added. In order to reduce RF noise received \s& tti@rent leads, which would disturb
the observed NMR signal, the probe internal leads were e@dipvith small capacitors connected to
ground, shortcutting them for received RF. The major madiifoms of the X-observe NMR probe are
indicated in the photograph in Figufea.

3.2. Salt Solutions and Bulk Liquids as Reference Materials

Aqueous solutions of.iCl, NaCl and CsCl were prepared with concentrations bf.9 mol L1,
4.3mol L~! and 9.5 mol L=, respectively. These concentrations are less fdh of the saturation
concentration of the salts in water®&t3 K. They were chosen since reference data for cation diffusion
are available in literature2f]. Additionally, these concentrations ensure that thessaitl neither
precipitate at the NMR measurement temperaturée8.3 + 1.5) K nor during long storage periods
at room temperature. Isotope labeled deuterated wate95%) and *C-enriched benzene3{%
enrichment) were purchased from Chemotrade (Germany) aad as received. All liquids were
introduced into NMR sample tubes, obeying a filling hight bbat1 cm. The tubes were flame sealed
to prevent fluid loss by evaporation.
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3.3. Mesocellular Silica Foams for NMR Studies

Mesocellular silica foams are pure siliceous material &ivery high specific pore volumé&4,18].
They are synthesized from TEOS as silica source under Bligltidic, hydrothermal conditions.
Pluronic-123 and Mesitylene, which are the structure fognagents in the synthesis solution, are
completely removed after synthesis by calcination. Theciipepore volume of our MCF was
2.2cm3g~!. According to SEM and TEM analysis (see Figu®, the material consists of almost
spherical particles of to 10 um particle size containing pores of abduihm diameter. These pores
are well interconnected by holes of up@ nm diameter. Due to the large pore size and the relatively
fragile pore wall, nitrogen adsorption and mercury intomsporosimetry are only to a limited extent
applicable for pore structure characterization.

Figure 6. SEM (@) and TEM () of the mesocellular foams investigated by PFG NMR
diffusion studies. The MCF consists of spherical partieWgs almost spherical pores. The
pore walls are thin leading to a high specific pore volume.

Therefore, PFG NMR was applied to probe the connectivitwbeh the pores and the homogeneity of
the MCF material. The calcinated, dry MCF was introduced MMR sample tubes up to a filling hight
of 1cm. This corresponds to abo80 mg of the foam. The tubes were evacuated and volumetrically
determined amounts of aqueous solutiond.ifl and CsC1 (concentrations see above) were added to
the MCF bed. The NMR tubes were flame sealed immediatelyitteyed and stored &53 K for 24 h.
After this procedure, the bed of the impregnated MCF in theR\tiMbes appeared dry, which means that
the aqueous salt solutions were successfully sucked ietpdhe space.

3.4. Preparation of CuBTC Samples

In CuBTC (Cuy(BTC),, BTC =1,3,5-benzentricarboxylate)q], Cu** dimers form the metal centers
which are surrounded and three-dimensionally intercomaeby the BTC linkers. According to
Getzschmanret al. [35], the microporosity of CuBTC is formed by three types of grevo large
pores with diameters of 10.5 and 12.4 A and one small pore (sitket) with a diameter of 4.9 A.
This microporous metal-organic framework is commerciaifgilable from Sigma-Aldrich as Basolffte
C 300 (produced by BASF). BasolfteC 300 has an average crystal sizel6fum and a BET surface
area of 1500-210@? /g [20,36].
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Table 2. Single-component (S) and mixture (M) adsorption samplepgned for NMR
studies on CuBTC: COand CH, loadings, molar fraction of adsorbed €Qxco,),
total number of molecules per unit cell (u.c.) and ratio of Rvheasured self-diffusion
coefficients D¢y, /Dco,)-

Sample ID Co, CH,4 Xco, Molecules Dcyu,/Dco,
mg-g! mg-g?! total / u.c.

S1 189 - - 35 —
S2 220 - - 42 -
S3 284 - - 53 -
S4 - 15 - 8 —
M1 50 12.5 0.59 16 -
M2 83 9.1 0.77 20 5.6
M3 133 8.6 0.85 29 3.5
M4 145 53 0.91 30 3.5
M5 200 2.2 0.97 39 2.3

NMR samples were prepared from Basdlit€ 300. For each sample an amount of 130180
of CuBTC was filled into an NMR sample tube. The samples weo/lgl heated in vacuum up
to a temperature of03 K, which was maintained fo24h to remove residual solvents, gases and
moisture from the pore space. After controlled cooling désroom temperature, the single-component
adsorption (samples S1-S4, TaB)avas performed by exposing the activated CuBTC to voluroattsi
determined amounts o€0, (99% '3C-enriched, Sigma-Aldrich) and’H,, respectively. The
required amounts of the adsorbate gases were determimegipugalished single-component adsorption
isoterms P5]. The gases were frozen into the sample tube by chilling thBTC bed to about7 K
using liquid nitrogen. Finally, the glass tubes were selledblating them a few centimeter above the
CuBTC bed.

The five samples containing a mixture©®, andCH, (samples M1-M5, Tablg) were prepared in
a similar way using two successive adsorption steps. Ersizarbon dioxide was adsorbed as described
above. The samples were kept@tK until in the second step, the corresponding volumetrically
determined amount of methane was co-adsorbed. The achiseebed amounts were checked by the
observed NMR signal intensities and corrected in such a hatythey are proportional to the observed
NMR signal intensities. The results of this correction esant the actually achieved adsorbed amounts
and are reported in Tabi

3.5. NMR Diffusion and Relaxation Measurements

All X-nuclei NMR studies were performed on the home-builespometefEGRIS FToperating
at a magnetic flux density aB, = 9.4 T using the modified X-observe probe described above. The
correspondingH NMR studies with methane adsorbed in CuBTC were performeth®@spectrometer
FEGRIS NToperating at a magnetic flux density Bf = 2.9 T with the NMR probe system described
in reference §]. For the NMR diffusion studies of the bulk liquids and of theonovalent cations
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in aqueous salt solutions, the primary spin echo sequentte ame pair of pulsed field gradients
was applied §,7]. The PFG NMR diffusion studies in the porous systems weréopeed using the
13-interval pulse sequenc&37]. The 90°-180° rf pulse distance was se?ias in the measurements of
the cation diffusion in MCF and tb.2 ms in the measurements with the CuBTC. Under these conditions,
typical values for the width of the pulsed field gradients ab®ut0.5 ms to 0.8 ms. The diffusion
times were generally varied betwe&hms and abou30 ms. These values are much shorter than the
longitudinal relaxation times of the systems so that relaxatime weighting of the observed NMR
signals is negligible. For the CuBTC studies, NMR signamnsity measurements afigdrelaxation time
measurements were carried out using the CP&dnd Inversion recovery sequences, respectively.
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