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The formation of two aluminophosphate frameworks, AlOand AIPQ-18, has been monitored

using hyperpolarize¢?°<e NMR as a probe. The rea
and its subsequent conversion to APTB is observ

ction progress from an amorphous phase tg-3IPO
ed for xenon adsorbed in samples that have been

reacted for varying lengths of time. The extreme sensitiviti?®e chemical shifts to local environments

of the xenon leads to separate NMR peaks for xenon adsorbed in the two different aluminophosphate
frameworks present in a single reaction mixture. For xenon adsorbed in,AP&n anisotropi¢?°Xe

NMR line shape abis, &~ 63 ppm is observed, whereas for xenon in AlPK8, a peak with a small
anisotropy abis, ~ 74 ppm is observed. Grand canonical Monte Carlo simulations provide a theoretical
description of xenon adsorbed in the two aluminophosphate frameworks, and the resulting simulated

129%e NMR line shapes are in good agreement with
spectroscopy was used to examine the exchange

experimental data. Two-dimensional exchange NMR
of xenon betweepAIRPO:-18, and bulk xenon

gas. The results indicate that the domains of AHBCare in intimate contact with those of AIRQ8,
facilitating a higher intercrystallite exchange than with the bulk xenon gas.

Introduction

Porous materials having pore dimensions between 5 and
20 A are of interest because of their applications as molecular
sieves, catalysts, or supporting frameworks in catalytic
processes:® The inorganic aluminosilicates, or zeolites, are
the most commonly studied microporous materials because
of their well-defined framework topologies and desirable
catalytic propertie$. Techniques such as X-ray crystallo-
graphy5~7 powder X-ray diffraction (XRDf 19 infrared
spectroscopy (IR}12Raman spectroscopgy,*® and nuclear
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magnetic resonance spectroscopy (NMR} have been used
to characterize aluminosilicate zeolites, as well as materials
adsorbed within their porés22?Particularly, NMR, Raman,
and IR spectroscopies have been invaluable for the investiga-
tions of catalytic and separation processes that can occur
when molecules are adsorbed within the pores of the
aluminosilicate zeolite®1523-26

Analogous to the 1:1 aluminosilicate zeolites, which
ideally have alternating AlQ-SiO, framework tetrahedra
(Al—O—Si—0O—Al linkages), microporous frameworks have
been synthesized from aluminophosphates (A)P@ith
alternating AIQ—PQ, framework tetrahedra (AIO—P—O—
Al linkages)?~2° The AIPQ;s have been investigated for
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Figure 1. Skeletal structure of AIPE5 showing the one-dimensional pores
along thec-axis3° The labelsa, b, andc represent the crystallographic axis
system of the hexagonBbcc crystal. Theab plane is shown to emphasize

the one-dimensional channel.

Sears et al.

applications as adsorbents, catalyst supports, and catdl§fsts.
Some of the AIP@s have identical framework structures as
the aluminosilicates; however, aluminophosphates with
unique frameworks have been report&€dAn important
attribute of the AIPGs is that catalytic activity can be
introduced and controlled by the introduction of silicon or
metal atoms into their frameworR&:3” Recent studies
carried out by two of the authors have followed the formation
of AIPO4-18 by XRD in conjunction wit#P and?’Al solid-
state NMR3® The formation of AIPGQ-18 was shown to
progress from an amorphous aluminophosphate stage to the
one-dimensional porous material AIRS, which is finally
converted to the three-dimensional pore system of AIPO
18.

The AIPQ-5 channel has a diameter of approximately 7.3
A3 and belongs to the framework classification group AFI.
A view down the crystallographic-axis, shown in Figure
1, clearly illustrates the one-dimension channel. The AHPO
18 framework is unique to the aluminophosphates and
belongs to the AEI structural classification gratip\s shown
in Figure 2, one of the three orthogonal channels of APO
18 coincides with the crystallograptgeaxis. At the intersec-
tion of the three channels is an asymmetric pear-shaped cage
with approximate dimensions of 7:610.5 A and windows
approximately 3.8 A in diameter.

The use of?°Xe NMR spectroscopy has been instrumental
in the characterization of the aluminosilicates, providing
detailed information as to the size, shape, and local electronic
structure of the micropores within their framewof&s*® In
addition to providing structural informatiof?>Xe NMR has
also been used to study the dynamics of xenon in porous
materials'®~“8 In contrast to the aluminosilicates, relatively
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Figure 2. Skeletal structure of AIP@18 illustrating one of the three orthogonal channels along-thes; for clarity the oxygen atoms have been omitted.
The labelsa, b, andc represent the crystallographic axis system of the monocl2ic crystal.
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few studies have been carried out usittfe NMR to
investigate the pores of aluminophosphate framewériés
and none involving AIP@18. In this report, we have
followed the formation of AIP@18 using hyperpolarized
129Xe NMR spectroscopy to examine the reaction products
of syntheses as a function of reaction tii@Xe NMR is a
direct probe of the porosity of the reaction products,
providing detailed information about the internal free-volume
of the frameworks that XRD and solid-statd® and?’Al
NMR cannot.

In conjunction with the experimental results, grand ca-
nonical Monte Carlo (GCMC) simulations were carried out
to aid in the interpretation of the experimental data. Finally,
two-dimensional exchange NMR spectroscopy (2D-EXSY)

was used to examine xenon transport between the bulk ga
and the two aluminophosphate domains present at an

intermediate time during the AIR& to AIPO,-18 conver-

sion. This combined experimental and theoretical approach

is shown to be an effective method for characterizing

Chem. Mater., Vol. 17, No. 22, 283

was tetraethylammonium hydroxide (TEAOH). The alumina and
phosphoric acid were combined with water and subjected to
vigorous agitation for 15 min. An aqueous solution of concentrated
HCI and TEAOH was then added to the alumina/phosphoric acid
mixture. The resulting slurry was stirred for 2 h, producing a viscous
white gel with a molar ratio of 0.33 HCI:0.67 (TEA):1.0 ALOs:

1.0 ROs:35 H0.

A small fraction of the gel was air-dried, and this portion is
subsequently referred to as the initial gel without heating, or the
zero hour sample. The remainder of the gel was distributed into
several Teflon-lined acid digestion bombs and heated in an oven
at 150°C. The autoclaves were quenched in cold water after the
specified lengths of heating (1, 2, 6, 24, 60, and 72 h), and the
liquid phase of each digestion bomb was separated from the solid
phase by centrifugation. The solid materials were then dried in air

&t room temperature and then calcined as previously described for

AlPO4-1859 Briefly summarized, a small portionL g) of each
solid was placed in a Tammann crucible and heated at’&0@r

24 h in order to remove any loosely bound constituents and template
molecules within the aluminophosphate frameworks. Powder XRD
was used to confirm that the frameworks were unaffected by the

microporous materials at various stages of their synthetic caicination process.

evolution.

Experimental and Computational Details

Aluminophosphate Framework Synthesis.The hydrothermal
synthesis of AIP@18 was performed according to the procedure
established by Simmen et &l.with the aluminum and phosphorus

Hyperpolarized 2°Xe NMR Experiments. The hyperpolarized
129¢e was produced using a home-built optical pumping apparatus
with a 60-W dual diode laser (Coherent, Inc.) operating at
approximately 80% of maximum pow&t:62 A mixture of 1%
xenon gas in a 98% helium and 1% nitrogen buffer gas mixture
was used in all experiments, ensuring only low xenon occupancies
within the porous frameworks. Nuclear spin hyperpolarization of

sources being pseudo-boehmite (Catapal-B) and phosphoric acitthe xenon gas was achieved by first optically pumping gaseous

(85 wt % HPQy), respectively. The organic template agent used
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atomic Rb followed by electronnuclear spin-exchange that results
in 12°Xe nuclear spin polarizations of 10% or greater, corresponding
to an enhancement of approximately*Idver the conventional
thermal nuclear spin polarization that takes place in a magnetic
field of 4.7 T. All 12Xe NMR spectra were acquired using a
Chemagnetics CMX 200 spectrometer operating’at requency

of 200.148 MHz and &2°Xe frequency of 55.365 MHzB, = 4.7

T). Chemical shifts were referenced with respect to#{e gas
peak ¢ = 0 ppm), corrected to the zero-density lirfitBloch-
decay spectra were acquired usim( pulses with a duration of
2.2 us and a recycle delay of 0.5 s. The resulting spectra were
scaled according to the weight of the sample in each experiment
so that the integrated intensities could be compared from sample
to sample. The effects of xenon exchange on'tfée NMR spectra
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were assessed by comparing the line widths of the peaks corre-Filinov method?® to ensure efficient exploration of configuration

sponding to xenon adsorbed in pure APTB and in AIPQ-18 in
the 24 h sample. For xenon adsorbed in the AIR® of the 24 h
sample, the?%Xe NMR half-height line width measured was 40

space.
The potentials used in this study were taken directly from
Jameson and are of the Maitlan8mith functional form

Hz greater than that measured for xenon adsorbed in pure AIPO
18. Given that the NMR line width of th&%Xe peak arising from (1)
xenon adsorbed in pure AIRQ8 is 240 Hz, exchange broadening
of the 2Xe NMR spectra acquired under the experimental wheren is allowed to vary according to = m + y(f — 1), with
conditions used in this study is minimal. f = rlrmin. The parameters used for the X@ potential were min
2D-EXSY experiments were performed using hyperpolarized = 3.8614 A, = 188.63 K,y = 8.0, andm = 13.0 and for the
129X e NMR. The™/,—11—",—tmix—"/» pulse sequence of Erf&f> Xe—Xe potentialr i, = 4.3627 A e = 282.29 K,y = 11.0, andn
was employed using a hypercomplex phase c§fcf8.Spectra were = 13.073 The Xe—Xe potential parameters are a fit to the Aziz
acquired using mixing timesyx, of 1, 5, and 10 ms for the sample  Slaman empirical potentigh.
that had reacted for 24 h. Each 2D spectrum was acquired with  The dimer-tensor model was previously implemented in simula-
128 points in the; dimension and 1024 points in tiedimension. tions of129Xe NMR line shapes of xenon in the aluminophosphate
The spectra were zero-filled to 1024 points in thelimension, AlPO4-11.73 Briefly, in the dimer-tensor model, the total intermo-
processed with 100 Hz of line broadening, and symmetrized to lecular?®Xe shielding tensor is assumed to be the pairwise additive
overcome distortions frorty noise% sum of the xenon shielding tensors of all X@ and Xe-Xe
Grand Canonical Monte Carlo Simulations. Simulations of dimmers, corresponding to the interaction of a particular xenon with
the average isotropi&®Xe NMR chemical shifts were first reported  all oxygen atoms comprising the framework and other xenon atoms
for xenon adsorbed in the aluminosilicate N&&! The develop- present within the framework. It is assumed that the perpendicular
ment of the dimer-tensor mod@l73implemented within the GCMC and parallel components of the X® symmetric shielding tensor
scheme, has proven successful in the simulation of anisotjie are well behaved functions of internuclear separation. Under this
NMR line shapes of xenon adsorbed in various anisotropic assumption, the six unique components of the symmetric xenon
environmentg3-77 GCMC simulations have been used as an shielding tensor in the Cartesian frame of the simulation box can
interpretive tool, providing the correct trends of tHé&Xe NMR be calculated for any arbitrary configuration of xenon atoms within
chemical shift tensors of adsorbed xenon gas. For example, in thethe box. The relationship of the dimer tensor components to the
two dipeptide nanochannalsval-L-Ala andL-Ala-L-Val, the12Xe XX, Xy, etc. components of the tota#°Xe shielding tensor was
NMR line shapes as a function of xenon loading in the two channels derived by Jamesoft.”® The shielding tensor functions for the
were reproduced, as well as the relative magnitudes of the observed<e—0O dimers of xenon adsorbed in AIRQ1 are given elsewhefe
chemical shifts of xenon adsorbed in the two different chanfiels. and were obtained from a fit to ab initio calculations of the-Xe
In addition to the simulateé?®<e NMR line shapes, the GCMC  Ar dimer at varyingxe—ar. The resulting shielding tensor functions
computations provide one-body distributions that give detailed were then scaled according to the methods prescribed by Jameson
information as to the exact shape of the pore accessible to theet al®83Similarly, the Xe-Xe shielding tensor functions are also
adsorbed xenon. known from quantum mechanical calculatidh3.he simulated line
The GCMC technique has been thoroughly described by Allen shape results from the projections of the tdt&e shielding tensor
and Tildesly?8 and the specific implementation of calculating the being binned into a histogram for various orientations of the static
average xenon NMR chemical shifts was described by Jameson etmagnetic fieldBo, with respect to the Cartesian coordinate frame
al.’71The calculations for the present study were preformed using of the simulation box. The interested reader will find a detailed

V= ¢{(6/(n— B))F " — (n/(n — B))F %}

3D periodic boundary conditioffson simulation boxes comprised
of 2 x 2 x 3 unit cells of the two different aluminophosphate crystal
structures as determined by a Rietveld refinement of X-ray
diffraction data3®4° The GCMC scheme in this study used Mezei
cavity-biased samplin§ in addition to the standard Norman
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description of the dimer-tensor model in the Supporting Information.

Results and Discussion

Following the Formation of AIPO45 and AIPO,-18
using Hyperpolarized 1?°Xe NMR. One-dimensional?®Xe
NMR spectra of gaseous hyperpolarized xenon in seven
different AIPQ, preparations, at varying reaction times, are
shown in Figure 3. The hyperpolariz&dXe NMR spectrum
acquired for the unheated sample (0 h), consisting of the
starting materials, shows a broad peak at 7 ppm in addition
to the gas peak (see Figure 3a). The crystallinity of this
sample was confirmed by XRD, which is consistent with
another investigatiof? The small 2°Xe chemical shift
observed is assigned to xenon adsorbed in the intercrystallite
space of the starting materidfs.

(79) Mezei, M.Mol. Phys.198Q 40, 901.

(80) Norman, G. E.; Filinov, V. SHight Temp. USSR969 7, 216.

(81) Aziz, R. A.; Slaman, M. JMol. Phys.1986 57, 825.

(82) Jameson, C. J.; de Dios, A. €.Chem. Physl1993 98, 2208.

(83) Jameson, C. J.; Sears, D. N.; de Dios, AJCChem. Phys2003
118 2575.

(84) Moudrakovski, 1. L.; Nossov, A.; Lang, S.; Breeze, S. R.; Ratcliffe,
C. I; Simard, B.; Santry, G.; Ripmeester, J. Ghem. Mater2000
12, 1181.

(85) Sears, D. R.; Klug, H. Rl. Chem. Phys1962 37, 3002.



Hyperpolarized'?®Xe NMR of Porous Aluminophosphates

AIPO418
‘/

g) 72 hrs

f) 60 hrs

e) 24 hrs

d) A\ 6 hrs

-/\:,,AIPOrS
c) 2 hrs
b) 1hr
Gas

a) J\JL/ 0 hrs

I1410'12|?0.160I8|0l6|0I4I0r2|0. l") I-ZIOI-4IO‘
o/ ppm

Figure 3. 2Xe NMR spectra of hyperpolarized xenon in calcined

aluminophosphate samples after various heating times. The inset in c is an

expansion (1& vertical magnification) of the peak centereddat, ~ 63
ppm.

The ?°Xe NMR spectrum of the product obtained after 1
h of heating is shown in Figure 3b. Powder XRD confirms
an amorphous structure, in agreement with previous Wwork.
The peak observed in th&Xe NMR spectrum near 23 ppm

Chem. Mater., Vol. 17, No. 22, 285

(57 ppm) are slightly more shielded than the chemical shift
tensor component parallel to the channel axis (74 ppm).

The fourth spectrum, shown in Figure 3d, was acquired
with reaction products that had been heated for 6 h. The
spectrum has a peak near 74 ppm, in addition to the line
shape already assigned to xenon within AIPEOThe powder
XRD pattern indicates that this sample contains both AFI
and AEI framework types, corresponding to AIR® and
AIPO,-18, respectively. Therefore, we attribute the peak at
74 ppm to xenon residing in AIPEL8. The peak shows no
obvious anisotropic line shape, indicating that the xenon
chemical shift anisotropy is small, less than 3 ppm. This is
attributed to the fact that AIP£L8 possesses a three-
dimensional pore system where the intersections of the pores
form an asymmetric pear-shaped cdb®vhile the cage is
not perfectly spherical, the asymmetry does not produce
observable variations in the components of tHée
magnetic shielding tensor, because the xenon atoms adsorbed
in AIPO4-18 average over the entire internal volumes of the
occupied cages during the course of the NMR experiment.
This observation is supported by theoretical simulations (vide
infra).

Of the samples investigated, th&Xe NMR peak from
xenon in the AIP@5 framework reaches a maximum
integrated intensity for the preparation quenched after 24 h
of heating (see Figure 3e). For reactions carried out longer
than 24 h, thé?°Xe NMR spectra indicate that the amount
of AIPO,-5 present in the mixture decreases as AHBGs

suggests that the sample possesses voids that are occupiet®nverted to AIPG18. The intensity of thé?*Xe NMR peak
by xenon. The isotropic line shape of the peak as well as its of xenon in AIPQ-18 also increases in the series of reaction

chemical shift indicates that the voids in the sample lack
organization and that the void dimensions are in the
mesoporous regime {50 nm), respectively?

The third spectrum, shown in Figure 3c, corresponds to
the preparation that was heated at 280for 2 h. The'?°Xe
NMR peak at 63 ppm is characteristic of xenon confined to
the pores of AIP@Q5.595253The observed??Xe NMR line
shape of xenon inside AIRED is in agreement with the
spectrum recently reported by Jokisaari and co-woPRéms
their investigation of the pressure dependence of'thée
NMR line shape of xenon in AIPE5. Additionally, Rip-

products fron 6 h onward, reaching a maximum intensity at
72 h of heating, at which time all the AIR& has been
converted to AIP@18.

The 2°Xe NMR results shown in Figure 3 demonstrate
that the pore structure of the aluminophosphate undergoes
the same transformations that have been observed using
powder XRD and solid-staféP and?’Al NMR. 38 The12%e
NMR spectra indicate that, in the sample that was unheated,
the xenon initially resides in the interstitial space. In the
preparation heated for 1 h, the xenon occupies large
disordered voids present in the amorphous domains of this

meester and co-workers have studied xenon adsorbed in SSzsample. The formation of AIP£b, which begins to occur

24, an aluminosilicate that is isostructural with AIP®) and
report at?°Xe NMR line shape very similar to that observed
for xenon in AIPQ-5.8* The?°Xe NMR spectrum in Figure
3c is complemented by the XRD pattern, which indicates
that the reaction product contains a small amount of the AFI
structural type. Unlike th&°Xe NMR peak from the sample
heated for 1 h, the AIPE5 peak shows a well-defined

after approximatgl 2 h of heating, provides a one-
dimensional cylindrical channel in which xenon is readily
adsorbed, giving rise to the observed axially symmétfixe
NMR line shape. Finally, after reacting for approximately 6
h, AIPO,-18 begins to form and continues to form until, after
72 h of heating, only AIP@18 is present.

GCMC Simulations of 1?°Xe NMR Line Shapes.To

anisotropic line shape (blue inset in Figure 3). The observa- provide a theoretical description of the obser&de NMR

tion of an anisotropid?®Xe NMR line shape is expected,
since the AIPQ@-5 framework has an axially symmetric one-
dimensional channel that is approximately 7.3 A in diam-
eter?® Given that the van der Waals diameter of xenon is
approximately 4.4 &5 one can expect that the xenon atoms
adsorbed within the channels of AIRS will be found in

line shapes, GCMC simulations were carried out separately
for xenon adsorbed in AIP£b and AIPQ-18. Since the
measurements of the AIRG and AIPQ-18'2°Xe NMR line
shapes were carried out with both aluminophosphates in the
same sample under identical experimental conditions (1%
Xe gas, 98% He gas, and 1% Nas), the simulations of

configurations where only one xenon atom resides in a singlexenon in AIPQ-5 and AIPQ-18 were likewise carried out
plane perpendicular to the channel axis. The xenon chemicalunder identical conditions, using the same chemical potentials
shift tensor components perpendicular to the channel axisand temperatures. The chemical potential used in the GCMC
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Figure 4. (a) Experimental spectrum was acquired after 60 h of sample
heating. (b) GCMC-simulate®?}e NMR line shapes of xenon in AIP&b
(blue) and AIPQ-18 (red).

runs corresponded to low xenon occupancy, similar to
experimental conditions. The GCMC simulations were
carried out at a temperature of 300 K, close to the
temperature at which th&#%e NMR measurements were
performed. It should be pointed out that, by carrying out
separate simulations of xenon adsorbed in AHBCand
AlIPO,-18, the effects of exchange on the spectrum are
completely neglected. However, as already discussed, ex-
change broadening is nominal under the experimental condi-
tions used in this study.

A comparison of the experimental spectrum with the
simulated line shapes is shown in Figure 4. As can be seen
in Figure 4b, the simulatet?®<e NMR line shape resulting
from xenon in AIPQ-18 has very little anisotropy (red line),
whereas the simulations of xenon adsorbed in AHBMas Figure 5. One-body distribution of xenon in AIP£b at 300 K and low
a distinct anisotropic line shape (blu line) with a Span of €77 SCCUPSnc: () 1 s plane prpendculr o e iy anc (1)

13 ppm. The total simulated line shape shown in Figure 4b of AIPO,-5 has been overlaid for reference. The atoms colored green in
(black line) compares well with the experimental spectrum panel (a) represent the channel wall atoms depicted in panel (b).
shown in Figure 4a. The relative integrated intensities of the  Eyamination of the one-body distribution of xenon ad-
12%e NMR peaks in the experimental spectrum provide a gorped in AIPQ-18 obtained from the GCMC simulations
measure of the relative amounts of Alp®and AIPQ-18  i5 shown in Figure 6. In the low-loading limit, the xenon is
present in the sample. In the simulation of the total line shape,omy found in the cages formed at the pore intersections. The
the amounts of AIP@S5 and AIPQ-18 were assumed to be  contours shown in Figure 6a represent the density of
equal. The results of the simulations indicate that the Samp|econfigurations sampled during the GCMC simulation in a
heated for 60 h has approximately equal fractions of ABO  pjane perpendicular to theaxis of the crystal, 3.85 A from
and AIPQ-18. the front edge of the supercell shown in Figure 2. Figure 6a

The one-body distribution for xenon adsorbed in AJF5D also shows the asymmetry of the cage depicted by the higher
reveals a distinct axial symmetry of the configurations of density of sampled configurations in the lower half of the
xenon within the channel of AIP£b (see Figure 5). As can  cage. The shape of the one-body distribution in the selected
be seen from the one-body distribution plotted perpendicular plane is in accord with the “pear-shape” description of the
to the channel axis (Figure 5a), the xenon resides in a troughcage* When viewed along tha-axis of the simulation box
near the channel walls, rarely sampling configurations at the (Figure 6b), the one-body distribution reflects the alternation
center of the channel. The distribution parallel to the channel of asymmetric cages along theaxis. This view clearly
axis (Figure 5b), shows that the xenon averages over discreteshows that the distribution depicted in Figure 6a was taken
areas corresponding to the faces of the six-member ringsfrom a plane perpendicular to the one shown in Figure 6b
formed by the aluminum and phosphorus atoms in the with the bulbous portion of the pear-shaped distribution at
channel wall. This is analogous to previous simulations of the bottom of the cage. Despite the asymmetry in these cages,
xenon in SSZ-24% the xenon atom sufficiently averages over all configurations
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Figure 6. One-body distribution of xenon in AIP£L8 at 300 K and low
xenon occupancy. (a) The plotted distribution is viewed dowrcthgis of
the crystal. The structure of AIR€EL8 in theab plane of the crystal has
been overlaid for reference. (b) The one-body distribution as viewed down
the a-axis of the crystal. The structure of AIRQ8 in thebc plane of the
crystal has been overlaid for reference.
within the cage during the time of the experiment to result
in a line shape with a small chemical shift anisotropy of
approximately 2 ppm.

It is important to point out that the simulated line shapes

in Figure 4 are not a fit of the experimental spectrum; no
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Figure 7. Left column,2°Xe 2D-EXSY spectra of the sample heated for
24 h at three different mixing times: (ahix = 1 ms, (b)tmix = 5 ms, and
(c) Tmix = 10 ms. The corresponding 1D spectrum collected at the same
time as the 2D-EXSY spectra were acquired (32 scans) is shown at the
top. Right column, thé2°Xe 2D-EXSY spectra of xenon adsorbed in pure
AlPO4-18 at two different mixing times: (dmix = 1 ms and (€¥mix = 5
ms.
experiment, further refinement of both the dimer-tensor
shielding functions and potential functions is necessary to
optimize them for specific use in the study of aluminophos-
phates.

2D *?9Xe NMR Study of Xenon Dynamics.To provide
insight into the pore interconnectivity and xenon dynamics,
2D-EXSY experiments were performed on the preparation
heated for 24 h (see Figure 3e). The resulting 2D-spectra
acquired with three different,x times are shown in Figure
7a—c. The cross-peaks indicate an exchange of xenon atoms

adjustable parameters were used; thus, it is not surprisingbetween the corresponding environments on the diagonal
that the magnitudes of the isotropic chemical shifts and the within the period ofrmix.6*° Figure 7a shows a 2D-EXSY
respective spans of the line shapes deviate from experimentspectrum acquired withy,x = 1 ms. The presence of cross-
These deviations are due to the fact that the potential peaks between the twéXe NMR peaks assigned to xenon
functions and the dimer-tensor shielding functions used werein AIPO4-5 and AIPQ-18 suggests that on a time scale of 1

taken directly from simulations of xenon adsorbed in AJPO

ms the exchange of xenon between these environments

11.7% The nuclear magnetic shielding tensor functions used occurs rapidly. On the other hand, the absence of cross-peaks

for AIPO,-11 were obtained by scaling the X&r dimer-
tensor shielding functions to a set of X® dimer-tensor

between the xenon peak assigned to the bulk xenon gas and
xenon in either AIPG5 or AIPOy-18 suggests that the xenon

shielding functions. The same potentials used in this study exchange is slow. The 2D-EXSY spectrum in Figure 7b,

were previously used for the study of xenon in 1:1 alumi-
nosilicate zeolite$?’* The simulations are used as an
interpretive tool reproducing the correct trends for e

acquired withzmx = 5 ms, shows the xenon exchange
between the aluminophosphate environments as well as a
small cross-peak between xenon in the AJFEand the free

chemical shift tensors for xenon adsorbed in the two different xenon gas. The presence of this latter cross-peak indicates

frameworks. To obtain more quantitative agreement with

that xenon in AIP@5 exchanges with the bulk xenon gas
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on a 5 mgime scale. However, on the same time scale, the This finding supports the conclusions of Huang etahat
xenon adsorbed in AIPEL8 shows no evidence of exchange the AIPQ-18 framework evolves from the AIRED structure.
with the bulk gas. The 2D-EXSY spectrum in Figure 7c was Most important, the research reported here demonstrates the
acquired withzix = 10 ms and demonstrates that on this utility of 12°Xe NMR spectroscopy combined with GCMC
time scale the xenon gas exchanges among all three environsimulations in the study of framework formations during the
ments. synthesis of microporous materials. The sensitivity of the
The 2D-EXSY results for the pure AIRE8, shown in 129%e magnetic shielding tensor to its local environment
Figure 7d,e, indicate that exchange between the xenonmakes hyperpolarizeé?®e NMR spectroscopy an ideal
adsorbed in AIP@18 and the free gas occurs on a time scale method for the discrimination of multiple frameworks formed
of 5 ms. Therefore, the fact that there is no exchange peakin a single reaction mixture. Clearly, it should be possible
between the xenon adsorbed in AIPT3 and the free gas to extend the approach taken here to investigate the formation
in the 5 ms 2D-EXSY spectrum of the mixture of reaction of other porous frameworks, such as the silicon-doped
products (Figure 7b) indicates that the rate of exchange aluminophosphate SAPO-44,
between xenon in AIP©18 and the free gas is hindered by
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