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High-temperature multi-nuclear NMR investigation of analcime
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ABSTRACT

Two analcimes of hydrothermal and diagenetic origin were investigated by in situ #Si,
zZA|, and 2Na NMR from room temperature to 550 °C, and by TGA and DSC. The two
samples dehydrate at different temperatures, and the high-temperature NMR behavior is
closely related to the dehydration. The diagenetic analcime (CR-6) has higher surface area,
and thus its dehydration starts and is completed at lower temperatures than the hydrother-
mal analcime (Hilaire). The 2Si chemical shifts and Al peak maxima become first more
shielded and then less shielded with increasing temperature and are related to changes in
the Si-O-Si and Si-O-Al bond angles caused by thermal expansion, distortion of framework
due to H,O loss at high temperature, and the decreased bond length caused by rigid unit
modes (RUMSs). Changes in the Al NMR peak widths are also correlated to H,O loss at
high temperature and are due to the increased mobilities of H,O and Na. Paramagnetic
impurities and motion of H,O and Na play important roles in the T, relaxation of Z7Al.
The #2Na NMR peak maxima become first more negative and then less negative with
increasing temperature, with the most negative values occurring near the temperature of
maximum H,O loss. The 2Na peak width decreases, increases, and then again decreases
with increasing temperature. These results are best interpreted as due to Na undergoing
exchange between the 24(c) Na sites and other sites, possibly the 16(b) H,O sites, com-
bined with collapse of the cages. The less negative 2Na peak and increasing and then
decreasing 2Na peak widths at high temperature are due to the effects of motional aver-

aging of the intensity due to the (=%, %) satellite transitions.

INTRODUCTION

Analcime (NaAlSi,O,-H,0) is the smallest-pore zeolite
and occurs widely in hydrothermal and diagenetic envi-
ronments (Gottardi and Galli 1985). Hydrothermal anal-
cimes normally have a composition very close to the stoi-
chiometric formula (Si/Al = 2), but sedimentary
analcimes have Si/Al ranging from 2 to 3 (Gottardi and
Galli 1985).

The cation and H,O mobilities in the analcime cages
are low for a zeolite, and thus it is a possible candidate
for the storage of radioactive waste (Dyer and Molyneux
1968; Dyer and Yusof 1987 1989; Todorovic et al. 19874,
1987b; Garney 1992). Thus, study of the high-tempera-
ture structural and dynamic behavior of Na in analcime
and their relationships to H,O content is of both geolog-
ical and technological importance. This paper presents the
results of an investigation of analcime that combines
high-temperature »Si, Al, and #Na nuclear magnetic
resonance spectroscopy (NMR), thermogravimetric anal-
ysis (TGA), and differential scanning calorimetry (DSC),
focusing on the changes in the aluminosilicate framework
and the local environments and mobility of Na.

The crystal structure of analcime was one of the first
zeolites to be determined (Taylor 1930), and it has been
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refined many times since (Knowles et al. 1965; Ferraris
et al. 1972; Mazzi and Galli 1978). Itsideal crystal struc-
ture is composed of 16 formula units in a cubic unit cell
(space group la3d), with a random distribution of 16 Al
and 32 Si atoms on the 48(g) tetrahedral positions and a
random distribution of 16 Na atoms on the 24(c) channel
positions. Framework O atoms are in 96(h) general po-
sitions, and the O atoms of the H,O molecules are in
16(b) channel positions. Framework O atoms are shared
between linked (Si,Al) tetrahedra to form an aluminosil-
icate framework composed of rings of six and four tet-
rahedra. The H,O molecules are confined to channels
within this framework, and the Na ions are coordinated
by four framework O atoms and two H,O molecules. As
the silica content increases, the Na content decreases, and
there is a concurrent linear increase in the number of H,O
molecules (Breck 1984). This structure is similar to that
of leucite (KAISI,O,), which is tetragonal with space
group 14,/a at room temperature (Mazzi et a. 1976; Hell-
ner and Koch 1979). The only difference is that the larger
K atoms in leucite occupy the H,O 16(b) positions of
analcime, instead of the Na 24(c) positions.

There have been few NMR studies of analcime, and
only S NMR spectra have been reported (Murdoch et
al. 1988; Phillips and Kirkpatrick 1994; Kohn et al.
1995). The published room temperature results are fully
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TaBLE 1. Chemical compositions of the CR-6 and Hilaire analcime samples as determined by XRF methods

Sio, ALO, Fe,O, (T) MgO ca0 K,O Na,O P,Os Tio, Lol Sum
CR-6 59.6 19.1 0.82 0.14 0.21 0.35 111 0.09 0.07 8.10 99.2
Hilaire 54.8 236 <0.01 <0.01 0.08 0.05 13.4 <0.01 0.03 8.45 100.4

consistent with Al-Si disorder over a single tetrahedral
site. For a sample dehydrated at 1033 K for 23 h and
observed at room temperature (RT), the absence of H,O
mol ecules distorts the tetrahedral framework, resulting in
peak broadening and an increased chemica shift range
(Murdoch et a. 1988).

Other NMR studies of alkali elements in aluminosili-
cate minerals provide a reference from which to interpret
our data. These include 2Na in akali feldspar and neph-
eline (Phillips et a. 1988; Stebbins et al. 1989), silicates
in general (Xue and Stebbins 1993), and various cations
in the interlayers of clay minerals (Bank et al. 1989; Luca
et a. 1989; Laperche et al. 1990; Weiss et al. 1990a,
1990b; Tinet et al. 1991; Lambert et a. 1992; Jakobsen
et al. 1995; Kim et al. 1995, 1996a, 1996b).

There also have also been several published studies of
Nain synthetic zeolites at various temperatures. Tijink et
al. (1987) and Janssen et a. (1989) studied Na-A zeolite
using 2Na, ZAl, and #Si NMR up to 953 K. Haase et al.
(1991) studied quadrupolar nuclei (O, 2Na, ZAl, and
1Ga) in a series of synthetic zeolites and found that T,
relaxation is dominated overwhelmingly by modulation
of the time-dependent electric field gradients due to mo-
tion of the H,O molecules and cations in the zeolite pores.

SAMPLES AND EXPERIMENTAL METHODS

This study used two analcimes with different origins.
One (CR-6) is from the Big Sandy Formation of Mohave
County, Arizona, (Sheppard and Gude 1973) and was
formed by diagenesis of tuffaceous rocks. It is greenish
and is reported to have a high Si/Al ratio (2.3-2.8). The
other sample (Hilaire) is of hydrothermal origin, is from
Mont St. Hilaire, Quebec, Canada, and was obtained from
Wards Natural Sciences. Its crystals are euhedral and
milky or transparent. The samples used for TGA, DTA
(differential thermal analysis), NMR, and XRD (X-ray
diffraction) were ground in an agate mortar and pestle.
Chemical compositions of the samples were determined
by X-ray fluorescence (XRF) analysis at the XRAL Lab-
oratories (Toronto, Canada).

TGA and DSC experiments were carried out with a
Netzsch model STA 409 simultaneous thermal analyzer.
About 30 mg of sample was used for each experiment
and the same amount of Al,O, was used for the reference.
The temperature was increased at 5 °C/min from 20 to
1000 °C under a nitrogen atmosphere.

All NMR spectra were collected using a home-built
NMR spectrometer with a superconducting solenoid mag-
net (8.45 T) and Nicolet 1280 computer system. Room-
and high-temperature static 22Na and 2’Al NMR spectra
were collected with Larmor frequencies (w,) of 95.2 MHz

for 2Na and 93.7 MHz for Al using a Doty high-tem-
perature probe, which is capable of magic angle spinning
(MAYS) and static operation up to 700 °C. Normally 1 ms
pulses were used (solid Al w/2 = 5-9 us and Na 9-13
ws) with delays of 1 to 2 s. A quartz glass tube with a 3
mm hole in one end closed with a glass fiber was used
for the sample holder to alow H,O to escape at high
temperature but to protect the sample from flowing gas.
The sample temperature was controlled by heating N, gas
in a resistance heater located just above the sample. The
temperature was monitored by a thermocouple located in
the heater about 4 cm above the sample. Above 300 °C
Ar was used instead of N,. The uncertainty in the tem-
perature measurement was =5 °C. A time delay of at |east
10 min was used between collection of each spectrum to
allow thermal equilibrium. Spectra collected at the same
temperature over a period of several hours at each tem-
perature do not change noticeably, indicating that the H,O
content of the analcime is constant (Line et al. 1995). The
ZA| and #Na chemical shifts are reported in parts per
million (ppm) from externa 1M AICI, and 1M NaCl
solutions.

The #Na and Al T, values for both samples were
obtained with a 1024-pulse saturating comb pulse se-
quence spaced at 5 ms (> T,) to set the z-magnetization
to 0, followed by a delay = (0.1 msto 20 s) and a single
«/6 sampling pulse. Each T, value was obtained by a fit
of 15 to 20 different = values.

Room- and high-temperature 2Si MAS NMR spectra
were collected with the same probe and magnet at a Lar-
mor frequency of 71.4 MHz. Pulses of w/4 (w/2 = 14 ms
for TMS) with a delay of 0.5-20 s were used. An open
MAS rotor was used to allow H,O to escape at high tem-
perature. The spinning speed was about 2 kHz. N, and
Ar were used for sample spinning and heating. High-tem-
perature 2Si MAS spectra were collected for only sample
CR-6, because the T, of the Hilaire sample was too long
to provide adequate signal-to-noise ratios at high temper-
ature. The ®Si chemical shifts are reported in parts per
million from externa tetramethyisilane (TMS).

RESULTS AND DISCUSSION
Chemical composition

The chemical compositions of the two samples are
dlightly different (Table 1), with the main differences be-
ing their Si, Al, and Na contents. Sample CR-6 has a
Si/Al atomic ratio of 2.63 whereas the Hilaire sample has
a Si/Al ratio of 1.97. The Si/Al ratio of CR-6 is in the
range for analcime from the Big Sandy Formation (Shep-
pard and Gude 1973). Asistypica of hydrothermal anal-
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Ficure 1. TG (top) and DSC (bottom) data from 20 to 1000
°C for the CR-6 and Hilaire analcime samples.

cimes, the Si/Al ratio of the Hilaire sample is essentially
the stoichiometric value of 2. CR-6 has 0.82 wt%
Fe,0,(T), whereas the Hilaire sample is essentially Fe
free. It also has lower concentrations of al other cations
except Na,O.

TGA and DSC

The two samples show qualitatively similar but quan-
titatively different TGA and DSC features related to de-
hydration at high temperature (Fig. 1). For sample CR-6
the main H,O loss starts near 150 °C and is complete near
400 °C. For the Hilaire sample dehydration begins near
250 °C and is complete near 480 °C. The temperature
range over which the main H,O loss occurs is larger for
sample CR-6. As a result the endothermic DSC peak for
sample CR-6 has a larger width and is at lower temper-
atures than that of the Hilaire sample.

Similar differences in the dehydration of various anal-
cimes have been observed previously for a hydrothermal
analcime and Na-exchanged leucite by Giampalo and
Lombardi (1994) and Line et a. (1995). Line et a. (1995)
attributed the different dehydration temperatures to dif-
ferent specific surface areas, with samples having larger
surface areas dehydrating at lower temperatures. Surface
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Ficure 2. Room-temperature MAS #Si NMR spectrafor the
CR-6 and Hilaire analcime samples.

area difference is probably aso the main reason for the
different dehydration behavior of our samples. Sample
CR-6 consists of subhedral to euhedral crystals with sizes
from 5 to 50 um (Sheppard and Gude 1973). The Hilaire
sample was crushed from large crystals, and the optically
observed average diameter of the particles is estimated to
about three times as large as that of the CR-6.

On dehydration, the CR-6 and Hilaire samples lose
8.00 and 8.29 wt% H,O, respectively. These values are
very close to the loss-on-ignition (LOI) values of 8.10
and 8.45 wt% (Table 1). This result is contrary to a pre-
vious report that H,O content increases with increasing
Si/Al ratio (Breck 1984). The reason for this difference
is not clear.

»5 NMR spectra

The 2Sj spectra of the two anal cime samples show sev-
era peaks due to Q* tetrahedrally coordinated Si with
next nearest neighbor (NNN) Al atoms from zero to three
(Fig. 2). Sample CR-6 has four peaks at —107.3, —102.0,
—96.8, and —91.7 ppm corresponding to Q*(0Al) to
Q*(3Al), and the Hilaire sample has three peaks at
—101.2, —96.3, and —91.3 ppm corresponding to Q*(1Al)
to Q*(3Al). Due to the different Si/Al ratios of the sam-
ples, the four peaks have different relative intensities, and
the —107.3 ppm peak is missing for the Hilaire sample.
The chemical shift range for each type of siteislarge for
a zeolite with one tetrahedral site (Engelhardt and Michel
1987). Assuming that there are no Al-O-Al linkages in
the framework, the Si/Al ratio can be calculated from the
w5 MAS spectra (Engelhardt and Michel 1987; Kirkpa:
trick 1988) using the relationship
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Ficure 3. The 2Si NMR chemical shifts for the Q*(1Al) and
Q*(2Al) sites of the CR-6 analcime sample with increasing
temperature.

where | is the relative peak intensity and n is the number
of Al tetrahedra linked to that Si tetrahedron. Using this
method, the Si/Al ratio of the Hilaire sample is 1.97 and
that of CR-6 is 2.60, in good agreement with the XRF
results of 1.97 and 2.63. This result indicates that there
is no significant concentration of Al-O-Al linkages in our
analcimes, in agreement with previous works on zeolites
(Engelhardt and Michel 1987; Melchior et a. 1995).

The 2Si chemical shifts of the Q+(1Al) and Q*(2Al)
peaks of the CR-6 sample become more shielded (more
negative) with increasing temperature up to 150 °C and
then become less shielded (less negative) up to 450 °C
(Fig. 3). Only the Q*(1Al) and Q*(2Al) peaks have ade-
quate SN ratios to alow accurate determination of their
positions at high temperature. The 2Si NMR chemical
shifts of framework silicates are closely related to the
mean Si-O-T (T = Si,Al) bond angle per tetrahedron,
with the values becoming more shielded with increasing
angle (Engelhardt and Michel 1987; Kirkpatrick 1988;
Sternberg and Priess 1993). Thus, the increasing shielding
from room temperature to near 150 °C indicates that the
mean Si-O-T angles become larger and the decreasing
shielding at high temperatures indicates that they become
smaller. The chemical shift changes of —0.5 and 2 ppm
at low and high temperature correspond to changesin Si-
O-T angle of —0.3° and 1.2°, respectively (Engelhardt and
Michel 1987). These bond angle changes are probably
caused by the combined effects of thermal expansion, dis-
tortion of the framework due to dehydration, and proba-
bly by RUMs (rigid unit modes, Line 1995). RUMs are
vibrational modes in which tetrahedra rotate rigidly about
the linking O atoms, causing the time-averaged bond
length to decrease with increasing temperature.

KIM AND KIRKPATRICK: NMR SPECTROSCOPY OF ANALCIME

Thermal expansion of framework silicates should be
accommodated primarily by increasing Si-O-T bond an-
gles with little change in the T-O distances or O-T-O an-
gles. If the composition and structure of the counter ions
and zeolitic H,O do not change, we expect this thermal
expansion to be the main control of the Si-O-T bond an-
gles and #®Si chemical shifts. At temperatures where H,0O
is lost, however, we expect the framework to collapse
dlightly. The TG and DSC data (Fig. 1) support this in-
terpretation, because H,O loss does not start until 150 °C,
the temperature at which the 2Si chemical shifts begin to
become dlightly less shielded. Between ~150 and 450 °C,
the effects of dehydration and RUMs appear to dominate
those of simple thermal expansion, but above ~450 °C
the chemical shifts change less because dehydration is
complete. Line (1995) used neutron diffraction data to
calculate unit-cell parameters for analcime with increas-
ing temperature and also found that there is a dight in-
crease in cell length below 200 °C and a fairly large de-
crease above 300 °C. In her work, the maximum cell
length occurs between 100 and 200 °C, which is close to
the temperature at which the 2S chemical shifts begin to
become less shielded. For spectra collected with decreas-
ing temperature, the chemical shift remains 0.3-0.8 ppm
less shielded at a given temperature relative to data col-
lected with increasing temperature (data not shown), in-
dicating that the structure is dlightly distorted by dehy-
dration. We interpret the increasing shielding at 2Si with
decreasing temperature to indicate that the effect of
RUMs is larger in the high-temperature range than ther-
mal expansion, which causes the chemical shift to be-
come less shielded with decreasing temperature.

ZNa NMR spectra

The static 2Na spectra for the two samples show qual-
itatively similar changes in peak shape, width, and max-
ima with increasing temperature, with the differences par-
aleling the different temperatures of dehydration
observed with TGA and DSC (Fig. 4). The RT 2NaNMR
spectra of the two samples are similar, with maxima near
—5 ppm and a tail to more negative values. There are no
well-defined singularities, consistent with a range of
quadrupole coupling constants (QCC), chemical shift an-
isotropies (CSA) and isotropic chemical shifts due to tet-
rahedral Al,Si disorder. With increasing temperature the
peak maxima first become more negative then less neg-
ative (Figs. 4 and 5). For sample CR-6 the most negative
value occurs at 340 °C, and for the Hilaire sample near
430 °C. The peak widths show more complicated behav-
ior. The RT =Na full width at half height (FWHH) of
sample CR-6 (105 ppm) is dlightly larger than that of the
Hilaire sample (93 ppm), probably due to the presence of
paramagnetic elements (mostly Fe; Table 1, Figs. 4 and
5). Near 100 °C the peaks for both samples begin to nar-
row, and at 220 to 250 °C for CR-6 and near 300 °C for
the Hilaire sample, they are quite narrow (2540 ppm).
As temperature increases further, the pesks become
broader and have maximum widths of approximately 100
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Ficure 4. Room- and high-temperature static 2Na NMR
spectra for the CR-6 and Hilaire analcime samples.

ppm near 440 to 450 °C for CR-6 and near 500 °C for
the Hilaire sample. At higher temperatures they again
decrease.

The changes in peak maxima can be explained readily
in terms of changes in the nearest neighbor (NN) coor-
dination of the Na and the Na-O distance, and by aver-
aging of quadrupolar effects caused by Na motion. The
chemical shifts of Na are correlated with the O coordi-
nation number, Na-O distance, and framework polymer-
ization (Phillips et al. 1988; Xue and Stebbins 1993), with
increasing coordination (longer Na-O distance) causing
more shielded 2Na chemical shifts for a given framework
polymerization. For analcime, the RT peak maximum of
—5 ppm is consistent with the known sixfold-coordina-
tion in the 24(c) sites, and the most negative peak max-
imum of —30 ppm is consistent with 12-fold coordination
in the 16(b) sites. The most negative value of —25 ppm
for the Hilaire sample is less negative than that of sample
CR-6 and is consistent with incomplete dehydration of
this coarser-grained sample. The temperatures for the
most negative 2Na peak maxima correlate well with the
dehydration temperatures observed by TGA and DSC
(Figs. 1 and 5), indicating that the changes in peak max-
ima are related to coordination changes caused by H,O
loss. The observation can be reconciled in the following
way. As dehydration occurs, H,O molecules leave the
16(b) sites, leaving the Na in the 24(c) sites with an av-
erage lower coordination (fourfold-coordination if both
H,O molecules are missing). Nais less stable in such sites
and migrates to larger sites in the cavity. These may be
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Ficure 5. Variation of the 2Na NMR peak maxima (top)
and pesk widths (FWHH) (bottom) with increasing temperature
for the CR-6 and Hilaire analcime samples.

the 16(b) H,O sites, which correspond to the 12-fold co-
ordinated K site in leucite. Based on high-temperature
neutron diffraction data, Line (1995) also reported that
Na leaves the 24(c) sites at temperature above 400 °C.
Thus, the progressively more negative peak maximum
with increasing temperature indicates progressively in-
creasing occupancy of the larger sites. Similar more neg-
ative 2Na positions occur with increasing NN coordina-
tion and Na-O distance in Na,K feldspar as K substitutes
for Na (Phillips et al. 1988).

The combined decreasing peak widths and more neg-
ative peak maxima with increasing temperature are un-
derstood readily in terms of motional averaging of Na
atoms among sites at 100 °C and higher. If progressively
more of the Na atoms occupy the larger site but do not
undergo motional averaging, the observed peak shape
would be the sum of the signal from Na atoms in both
sites. Thus, the peak maximum would become more neg-
aive, but the width would increase. The observed peak
narrowing is thus not compatible with a static distribution
of Na atoms over different sites but is fully consistent
with dynamical site exchange that also averages the first-
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and second-order quadrupole broadening (George and
Stebbins 1996). With increasing temperature, increasing
frequency of motion first averages peak broadening ef-
fects with characteristic widths in the kHz range (e.g.,
second-order quadrupolar effects on the 1,-% transition),
causing the narrowing in the 100 to 300 °C range. Taking
the frequency of motion at the temperature where the
peak is one-half the static width to be on the order of the
static width gives exchange frequencies of ca. 10 kHz and
8.5 kHz for CR-6 and Hilaire near 180 °C. Because the
peak maximum is proportional to the weighted average
of the site occupancies, the progressively more negative
zNa peak maximum from RT to 350 °C for sample CR-
6 and the RT to 430 °C for the Hilaire sample indicate
that the average coordination number increases with in-
creasing temperature.

Once the frequencies of motion reach the MHz range
at higher temperature, averaging of the +(%, %) transi-
tions becomes significant, and incorporation of signal in-
tensity due to these satellite transitions first causes peak
broadening and finally peak narrowing. It also moves the
peak maxima to higher frequencies due to the removal of
the second-order quadrupolar shift.

Similar changes in peak maxima with increasing tem-
perature occur for 2Na in Nasilicate glass (George and
Stebbins 1996) and B in borate glasses (Inagaki et al.
1993). George and Stebbins (1996) interpret the initial
decrease in frequency at 2Nain their Na-silicate glass to
indicate that Na explores larger sites (more negative
chemical shifts) as diffusion becomes significant. They
also interpret the observed increase in frequency at higher
temperature to indicate averaging of the signal due to the
satellite transitions. These interpretations are essentially
the same as ours, except that analcime loses H,O simul-
taneously and large cage sites become available for Na
occupancy.

The results of 2Na nutation experiments for our sam-
ples verify this interpretation. Nutation experiments mea-
sure signal intensity as a function of pulse length. For a
quadrupole nucleus with spin | = 3/2, the maximum sig-
nal intensity occurs after a /4 pulse (compared from /2
pulse of liquid) if only the (%,-%2) transition is excited and
observed (selective), whereas it occurs after a w/2 pulse
if al transitions are excited and observed (nonseletive;
Fenzke et al. 1984). Under our experimental conditions
all transitions are excited and observed if the QCC is
close to 0. Because the Na sites of most silicate phases
have quadrupole coupling constants >1 MHz, they show
selective excitation. If there is atomic motion at frequen-
cies on the order of the quadrupole coupling constant, the
satellite transitions are averaged and the maximum inten-
sity occurs for a w/2 pulse. For sample CR-6, the room-
temperature 2Na maximum intensity occurs at a pulse
length of n/4 (selective excitation), and the pulse length
with maximum intensity increases by factors of 1.1, 1.5,
and 1.8 at temperatures of 130, 260, and 380 °C. Thus
progressively more of the satellite intensity is observed
with increasing temperature. In contrast, for abite at
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these same temperatures there is no significant change in
the w/4 pulse length for maximum intensity in this tem-
perature range, as also observed by George and Stebbins
(1996). Thus, at 380 °C, at which sample CR-6 has the
broadest high-temperature peak, the frequency of Na mo-
tion is in the MHz range, al transitions are nearly fully
averaged, and the line broadening is due to nearly com-
plete incorporation of signa from the satellite transitions
in to the observed peak. At temperatures higher than this,
the peak narrows as the frequency of motion increases
further. The observed increased frequency of the peak
maximum at higher temperature is due to isotropic av-
eraging of the second quadrupolar coupling, which make
the peak position more negative than the isotropic chem-
ical shift (George and Stebbins 1996). This line broad-
ening and decreased frequency can also be explained by
life time broadening or multiexponential quadrupolar re-
laxation (Hasse et a. 1991; Inagaki et a. 1993). For these
explanations to be correct, the frequency of Na motion
must be on the order of the Larmor frequency (95.2
MHZz), but the nutation experiment shows that this fre-
guency is one or two orders of magnitude less than the
Larmor frequency at the temperature of maximum peak
width. Thus the observed effects are due to incorporation
of intensity from the satellite transitions. Like the S
results, the increasing 2Na peak widths beginning at 250
°C for CR-6 but at 330 °C for the Hilaire sample are well
correlated with the lower temperature of dehydration for
sample CR-6.

Mobile Na in analcime at high temperature has aso
been suggested by Line (1995) based on neutron diffrac-
tion data. Her data show that with increasing temperature
the 16(b) H,O sites are vacated first and then the 24(c)
Na sites. She could not locate the Na positions near 800
°C and concluded that Na is mobile over severa sites.
This observation combined with our NMR data can only
be reconciled by dynamical effects with Na exploring
many sites in the cage, possibly including the 24(c) sites.
Similar mobility for Na at high temperature has been ob-
served between the two large cation sites in nepheline
(Stebhins et al. 1989).

The RT #Na spectra of the samples heated to 550 °C
confirm that dehydration plays an important role in the
high-temperature behavior of analcime. These spectra are
broader than the RT spectra of the unheated samples
(FWHH = 127 ppm for CR-6 and 162 ppm for Hilaire),
consistent with larger average QCC values and a range
of Na sites.

The 2Na T, relaxation times (Fig. 6) could not be mea-
sured at temperatures greater than 300 °C because the
values become extremely short (<104 s). Thus, the re-
laxation mechanisms are difficult to evaluate. Paramag-
netic relaxation may contribute, but because of the ob-
served line shape changes, fluctuating electric field
gradients (efg) due to Na motion probably dominate.

Al NMR spectra

The Al spectra (Fig. 7) for the two samples show
similar changes in peak shape, width, and maxima with
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Ficure 6. Temperature dependence of the Na and ZAl T,
relaxation times for the CR-6 and Hilaire analcime samples.

increasing temperature, and as for 2Si and =Na the dif-
ferences paralel the dehydration observed by TGA and
DSC. The static RT Al NMR spectra of both samples
contain single peaks that are only slightly asymmetrical
with atail to more shielded values. This small tail is due
to second-order quadrupolar interaction, and this effect,
dipolar interactions, chemical shift anisotrop (CSA), and
site heterogeneity contribute to cause a relatively feature-
less peak. The peak maxima are 58.0 ppm for the Hilaire
sample and 56.2 ppm for CR-6, in the range for “A| sites
in framework auminosilicates (Engelhardt and Michel
1987; Kirkpatrick 1988; Kirkpatrick and Phillips 1993).
Because of (Al,Si) tetrahedral site disorder, it is not pos-
sible to determine isotropic chemical shifts well from ei-
ther MAS or static spectra. The temperature variation of
the Al static peak maximum, however, is the same as
that of the S chemical shifts, becoming shielded then
deshielded with increasing temperature (Fig. 8). The Al
chemical shifts are known to vary with mean Al-O-Si
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Ficure 7. Room- and high-temperature static ZAl NMR

spectra for the CR-6 and Hilaire analcime samples.

the resultant cell parameter changes (Fig. 8).

The Al NMR peak widths (FWHH) are larger for CR-
6 than for Hilaire, probably due to a larger paramagnetic
line broadening (Oldfield et a. 1983; Smith et al. 1983,
Figs. 7 and 8). With increasing temperature the Al peak
widths for sample CR-6 decrease up to 270 °C, increase
again, and above 350 °C decrease again. The trend for
the Hilaire sample is similar, but the increasing peak
width occurs at a higher temperature than for sasmple CR-
6. The decrease of peak widths at low temperature can
be explained by dynamical effects caused by movement
of H,O and Na in the channels at frequencies >20 kHz,
and the resulting decrease of the time-averaged Al QCC.
The peak width increase at higher temperature is corre-
lated to the loss of water, which distorts the framework,
causing more distorted Al environments with increasing
guadrupole coupling constants and CSA values. Because
sample CR-6 dehydrates at lower temperatures than the
Hilaire sample, its peak width increase occurs at a lower
temperature.

The ZAl T, relaxation times for our samples behave in
the classic manner, decreasing and then increasing with
increasing temperature, except that the slopes above and
below the T, minimum are not the same (Fig. 6). The T,
values for CR-6 are shorter than for the Hilaire sample
at all temperatures, probably due to the larger concentra-
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Ficure 8. Variation of the Al NMR peak maxima and peak
widths (FWHH) with increasing temperature for the CR-6 and
Hilaire analcime samples.

tion of paramagnetic impurities in CR-6 (Table 1). Re-
laxation to paramagnetic centers is one of the most com-
mon T, relaxation mechanismsin natural minerals (Basler
1985; Engelhardt and Michel 1987); it is effective at low
temperatures and probably contributes to the relaxation
of both samples. Paramagnetic relaxation rate increases
as Tv4, however, and thus for Al in analcime, quadru-
polar relaxation probably dominates at most temperatures.
For quadrupolar nuclides, the stretched exponentia co-
efficient ¢ in the relationship M(t) = Mo[1-exp(t/T,)q] is
normally less than 1 and does not show single exponen-
tial relaxation (c = 1) when only the central transition is
excited (Hughes 1993; George and Stebbins 1996). The
¢ values in our samples are in the range 0.2 to 0.6 indi-
cating either that the 2Na QCC is large for our samples
and not fully averaged in our temperature range or that
more than one relaxation mechanism exists (or both).
Hasse et al. (1991) investigated the T, behavior for a se-
ries of synthetic zeolites and reported that their T, relax-
ation is dominated overwhelmingly by modulation of the
time-dependent electric field gradient due to motion of
H,O molecules and cations in the zeolite pores. Severa
relaxation models, including phonon-based relaxation
models for quadrupolar elements, show that in general,
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minimum T, values are inversely proportional to QCC?
(Hasse et al. 1991). For our samples, the Al T, values
are longer than those for 2Na, even though the Al QCC
values are larger than those of motionally averaged Na at
high temperature. Hasse et a. (1991) observed similar
results and suggested a model involving a fluctuating efg
[eq(t)] caused primarily by motion of H,O molecules. For
our Al results this mechanism probably contributes be-
low the temperature of complete dehydration. Above this
temperature 2Na motion may become important. If Na
motion were the dominant mechanism for ZAl T, relax-
ation, however, the Al T, minima should occur at tem-
peratures higher than that at which the broadest #Na
peaks occur, because the Larmor frequency is > QCC.
However, our Al T, minima occur at temperatures
dlightly lower than those of maximum 2Na peak widths,
indicating at least that this is not the only mechanism
operating. Thus, as for the other NMR parameters ob-
served here, Al T, relaxation is controlled by H,O mo-
tion and loss and the resultant structural changes. The
apparent activation energies for Al T, at temperatures
above the minima are dightly different (123 kJ/mol and
103 kJmol for CR-6 and Hilaire) probably due to their
different dehydration behaviors or their different chemi-
cal compositions and resultant different structures.
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