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Dehydration dynamics of analcime by in situ synchrotron powder diffraction
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ABSTRACT

The continuous structural transformation of tetragonal analcime (Naysg Al
0,:-16.3H,0) upon dehydration was studied, using Rietveld structure analysis of temper-
ature-resolved powder diffraction data collected using synchrotron radiation. The variation
of the a-c axis length difference and normalized intensity of the (200) reflection as a
function of temperature suggest that tetragonal analcime evolves toward a cubic structure
at high temperature. The removal of water was accompanied by a spreading of the initial
Na sites into many positions bonded to the framework O atoms. The migration of H,O
molecules through the [111] channels during dehydration caused the six-member ring ap-
ertures to open as widely as possible: this was accompanied by a twisting of the tetragonal
prism, constituting the analcime framework, which led to an opposite tilting of tetrahedra
connecting the prisms. These modifications induced by water diffusion are not energetically
favored because they would increase the elastic energy of the system, and require a sub-
stantial thermal activation energy. The analcime framework reached a maximum distortion
at about 650 K, the temperature of complete water loss, then underwent a relaxation
process during which the T-O-T angles were restored to the starting value. The relative
variation of cell volume associated with the opening of wide six-member ring channels
during water migration, and then due to the framework relaxation process after complete
dehydration, provides an explanation of the *‘negative thermal expansion” (i.e., volume
contraction) effect in dehydrated analcime, which is complementary to that based on the

Rigid Unit Modes theory.

INTRODUCTION

Analcime is a zeolite (and feldspathoid) having a com-
plex aluminosilicate framework that is common to all leu-
cite-type feldspathoids (Merlino 1984). The maximum to-
pological symmetry of analcime is cubic, 1a3d (Taylor
1930; Calleri and Ferraris 1964; Knowles et a. 1965;
Ferraris et a. 1972). However, deviations from cubic
symmetry are well known (Mazzi and Galli 1978; Hazen
and Finger 1979). Regarding the genetic conditions, anal-
cimes have been divided into five groups (Luhar and Kys-
er 1989): primary igneous anacimes (caled P-type);
those formed by cation exchange from leucite (L-type or
X-type); hydrothermal analcimes (H-type); sedimentary
analcimes (S-type); and metamorphic analcimes (M-
type). X-type analcimes are typically cubic, whereas H-
type analcimes have tetragonal, rhombohedral, or ortho-
rhombic symmetry (Kapusta and WIlodyka 1997).

Dehydration of analcime is a one step process, as ev-
idenced by the DTA and TG curves that show only one
maximum at roughly 620 K; this corresponds to the loss
of H,O molecules in the sole symmetry-independent site
in the cubic structure (Gottardi and Galli 1985). Kim and
Burley (1971; 1980) suggested that a structural phase
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transition occurs upon dehydration, which leads to a sta-
ble high-temperature dehydrated phase (high-analcime)
with a unit-cell volume smaller than that of low-analcime.
The kinetics of the dehydration process in H-type (hy-
drothermal) and X-type (cation exchange from leucite)
cubic analcimes studied by DTA methods show apparent
activation energies for the H-type analcimes that are four
times greater than for X-type analcimes (Giampaolo and
Lombardi 1994; Line et al. 1995). Cubic analcime has
recently been the subject of a series of papers, given its
similarity to the structure of leucite that has displacive
phase transitions currently of great interest (Palmer et al.
1996). Putnis et a. (1993) reported that cubic analcime
transformed to tetragonal upon heating at a temperature
of about 600 K, depending on the atmosphere, mainly
due to the c axis contraction. After dehydration, the unit
cell became cubic again, due to the increase of the c axis,
and it remained cubic until analcime turned to amor-
phous. Line (1995) found no displacive phase transition
associated to the high-temperature dehydration process of
cubic analcime. Line et a. (1996) also studied the low-
temperature behavior of analcime by high-resolution neu-
tron powder diffraction in the range 30-300 K, and found
no sign of any phase transition.

The present investigation strives to (1) give a more
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exhaustive picture of the analcime dehydration, and to
ascertain whether any phase transition occurs before the
collapse of the structure at high temperature; (2) give a
detailed picture of the sodium migrations, if any, during
the dehydration process, and of their relationship to water
removal; and (3) follow the overall processin atetragonal
natural analcime and compare the data to the process in
cubic analcime (Putnis et al. 1993; Line 1995; Line et al.
1996).

DATA COLLECTION AND RIETVELD REFINEMENT

The sample from Va di Fassa, Trento (Italy) is clas-
sified as ““ANA 2 (28)”" in the collection of the Miner-
alogy Museum at the University of Modena. A sample
from the same locality was studied and labeled ““ ANA
2" by Mazzi and Galli (1978) in their single crystal study.

The temperature-resolved powder diffraction data were
measured on beam-line X7B at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory
(U.S.A.). The optics of the beam-line are described by
Hastings et al. (1983). Temperature-resolved experiments
were performed by continuous in-situ heating of an anal-
cime sample packed in a 0.7 mm capillary, with a mea-
sured packing coefficient of 0.48, open to air on one side.
The heating rate was 4.2 K/min. The two-dimensional
diffraction patterns were recorded on the 3 mm dlit-delim-
ited portion of a trandating flat imaging plate (Norby
1997), which had a trandation rate with respect to the
temperature increase of 2.5 pixelgK. Externa standard
LaB, was used to calibrate the wavelength (A = 0.9602
A), aswell as to determine the zero-shift position, sample
to detector distance, and tilting angle of the image plate
detector. These experiments allowed the collection of
powder patterns, with a maximum sine/x of 0.45, suitable
for Rietveld refinement. Powder patterns were extracted
from the collected image using a specially developed pro-
gram that performs aline integration procedure. To obtain
35 powder patterns in the range 363-1064 K, a 25 pixel
width (i.e., over 10 K) of the integration line was chosen,
and the extraction procedure was carried out in steps of
50 pixels (i.e., every 20 K). This temperature step was
selected after several tests and found to be consistent with
the kinetic rate of the analcime transformation. From the
above parameters, a variance in the temperature scale of
+ 5 K could be calculated. Unfortunately, the re-crystal-
lization and consequent deformation of the quartz-glass
capillary at T > 1000 K (cf. Fig. 1) imposed an upper
temperature limit to the experiment. A powder pattern at
298 K [which was room temperature (RT)] was aso
collected.

Rietveld refinements were performed on each powder
pattern using the GSAS program package (Larson and
Von Dreele 1997). The presence of (h00: h = 4n + 2)
type reflections (e.g., 200) on powder pattern of our anal-
cime a RT (cf. Fig. 1) confirmed Mazzi and Galli’s
(1978) report of deviation from the cubic 1a3d symmetry.
The refinement of the first pattern collected at 363 K was
started using their structural model of tetragona Val di
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Fassa analcime with space group 14,/acd. Trias using the
cubic (Ferraris et a. 1972) and orthorhombic (Mazzi and
Galli 1978) models yielded less satisfactory results in
terms of profile fitting. The diffraction peaks were mod-
eled with a pseudo-Voigt function with three Gaussian
and two Lorentzian line-broadening terms. The back-
ground curve was fitted with a Chebyshev polynomial
with 24 coefficients. As a time-saving procedure, only
fixed points were used in the early stages of the refine-
ment for modeling the background function. The refine-
ment details for patternsat T = 298 K, T = 632 K, and
T = 921 K are given in Table 1. The refined atomic co-
ordinates, thermal parameters, and occupancy fractions
for selected data sets are reported in Table 2. Selected
interatomic distances and angles are given in Table 3. The
complete set of structural parameters refined at al tem-
peratures is given in Table 4. The observed and calcu-
lated patterns for al diffractograms are available on re-
quest from the authors.

An electron microprobe analysis was carried out using
an ARL-SEMQ instrument operating at 15 kV and 20 nA.
The electron beam was defocused to about 20 um. On-
line data reduction was based on the PROBE program
(Donovan 1995). The thermogravimetric analysis was
performed with a TG/DTA SEIKO SSC 5200 instrument
using a heating rate of 4 K/min, approximately equal to
the one employed for the diffraction experiment in air.
The unit-cell composition determined for our analcime
sample is NagAls09:6.0416.3H,0; it is similar to
what reported by Mazzi and Galli (1978) for their ** ANA
2" sample.

RESULTS AND DISCUSSION
Room-temperature crystal structure

The analcime framework is made up of singly con-
nected four-member ring chains wrapped around sguare
prisms. Three interconnected prismatic cages constitute
one large, highly distorted cage which is delimited by
four-, six-, and eight-member tetrahedral rings. The center
of the large cage (W site) is occupied by one water mol-
ecule bonded to Na cations—|ocated at the center of each
prismatic cage (S sites)—which are each coordinated by
two H,O molecules and four framework O atoms. The
mobility of ions and H,O molecules within the irregular
channel system is limited by the 1.6 X 4.2 A free diam-
eter of the eight-member ring along the [110] direction,
and by the presence of the six-member rings axialy ar-
ranged along [111]. In leucite, the water molecule in the
W site is replaced by K atoms. According to Mazzi and
Galli (1978), lowering of the symmetry in tetragonal
analcime is caused by ordering of Al in the T1 site that,
in turn, leads to a non-equivalent distribution of Na atoms

tFor a copy of Table 4, Document AM-99-003, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. Deposit
items may also be available on the American Mineralogist web
site (see inside back cover of a current for web address).
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Ficure 1. 3-D plot (26-intensity-temperature) for the dehydration process of analcime. The asterisk marks location of the (200)
reflection, which is systematically absent in space group 1a3d. The circle indicates the (113) quartz peak from capillary re-crystal-

lization for T > 1000 K.

over two symmetrically independent sites (Nal and Na2).
The results of our RT refinement are similar to those re-
ported by Mazzi and Galli (1978) for their **ANA 2"
sample. The mean T-O bond distances are consistent with
apreferential partitioning of Al in the T1 site with respect
to the T2, as observed by Mazzi and Galli (1978). The
occupancy refinement of Na sites indicates an overall Na
content of 15.76 atoms per unit cell, which is in good

TaBLE 1. Experimental and refinement data for analcime from

Val di Fassa, Italy

Temperature (K) 298 632 921

a (z-\) 13.7295(3) 13.6717(2) 13.6251(2)
c (A) A 13.7036(4) 13.5997(5) 13.5870(4)
Cell volume (A3) 2583.1(1) 2542.0(1) 2522.3(1)
R, (%) 3.72 4.13 2.83

R, (%) 5.20 6.16 3.97

Re (%) 5.69 8.27 5.69

X2 3.0 5.5 2.1

No. of variables 45 52 51

No. of observations 4832 5057 5057

No. of reflections 311 360 346

Notes: Composition = Nays g;Al5 5,Sis; 64006-16.3H,0; Radiation = syn-
chrotron X-rays; wavelength = 0.9602 A, Diffraction geometry = Debye-
Scherrer. R, = S[Y, — Y2V, R,, = [Bw(Y, — Y)YEWVR]°S; R =
S|F2 — FEIF; x2 = Swi(Ye — Yi)(N,s — N,o). Estimated standard
deviations in parentheses refer to the last digit.

agreement with the chemical analysis and only dlightly
greater then that found by Mazzi and Galli (1978). Al-
most 90% of the whole Na content is located in the Nal
site.

Many similarities exist between the room-temperature
structures of tetragonal analcime and the Cs-substituted
tetragonal leucite studied by Palmer et al. (1997). In both
cases, the difference between a- and c-axis lengths is
small if compared to K-leucite. The unit-cell parameters
(a = 13.729 A; c = 13.704 A) refined for analcime at
298 K are similar to those reported by Palmer et a.
(1997) for Cs-leucite at 298 K (a = 13.652 A; ¢ = 13.722
A). The same similarity between analcime and Cs-leucite
applies to the average distance between the water mole-
cule in the W site and the six nearest O atoms (<W-O>
= 3.377 A in andcime; <W-O> = 3.350 A in Cs-leu-
cite); this distance js significantly shorter in K-leucite
(<W-O> = 3.012 A). Furthermore, as a comparison of
the degree of framework distortion, in both Cs-leucite and
analcime at RT the [111] structural channels are fully
inflated, and the mean T-O-T angle is wider (144.0° for
Cs-leucite; 143.5° in analcime) than in K-leucite (137.8°).
Therefore, the structural model for Cs-leucite at room and
high temperatures is a useful basis for understanding the
temperature-dependent behavior of analcime.
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TaBLE 2. Positional and thermal parameters for analcime at 298 K, 632 K, and 921 K.

Atom Type* X y z Uy Occupancy
T =298 K

T1 329 0.1243(4) 0.1609(4) 0.4141(3) 0.038(1) 1.0

T2 16f 0.1619(3) 0.4119 % 0.039(2) 1.0

o1 329 0.0990(5) 0.3734(4) 0.2188(4) 0.024(2) 1.0

02 329 0.2219(4) 0.1120(6) 0.3627(6) 0.055(3) 1.0

03 329 0.3582(6) 0.2179(4) 0.1052(6) 0.038(2) 1.0

Nal 16e 0.1343(8) 0 % 0.083(3) 0.86(1)

Na2 8b 0 % % 0.083(2) 0.25(1)

w 16f 0.1165(10) 0.1335 % 0.069(3) 1.00
T=632K

T1 329 0.1235(5) 0.1592(3) 0.4134(3) 0.058(1) 1.0

T2 16f 0.1657(4) 0.4157 % 0.060(2) 1.0

o1 32g 0.1036(6) 0.3773(6) 0.2197(4) 0.059(3) 1.0

02 329 0.2183(5) 0.1065(6) 0.3558(6) 0.068(3) 1.0

03 329 0.3612(7) 0.2214(5) 0.1041(7) 0.079(3) 1.0

Nall 329 0.1167(15) 0.0197(15) 0.2249(14) 0.079(3) 0.35(1)

Nal2 329 0.184(7) 0.182(6) 0.057(6) 0.079(3) 0.06(1)

Na21 329 0.060(10) 0.217(9) 0.025(7) 0.079(3) 0.04(1)

w 16f 0.085(6) 0.1647 % 0.066(3) 0.11(2)
T=0921K

T1 329 0.1222(4) 0.1638(3) 0.4133(3) 0.070(1) 1.0

T2 16f 0.1595(3) 0.4095 % 0.047(1) 1.0

o1 329 0.0984(4) 0.3741(4) 0.2194(3) 0.066(2) 1.0

02 329 0.2225(3) 0.1122(5) 0.3662(5) 0.085(3) 1.0

03 32g 0.3491(5) 0.2210(4) 0.1100(7) 0.106(3) 1.0

Nall 329 0.2228(15) 0.1055(16) 0.0301(16) 0.104(4) 0.23(2)

Nal2 329 0.1698(14) 0.1736(16) 0.0696(16) 0.104(4) 0.16(1)

Na2 8b 0 % % 0.104(3) 0.10(1)

Na3 329 —0.005(4) 0.070(5) 0.100(6) 0.104(3) 0.05(4)

Notes: Space group = /4,/acd, origin at 1 (at 0, —%, % from Z), as in Mazzi and Galli (1987), to allow comparison with /a3d setting in cubic analcime.

Estimated standard deviations in parentheses refer to the last digit.
* Number of positions and Wyckoff notation.

Temperature-dependent variation of cell parameters

The progressive cell-volume contraction on increasing
temperature (Fig. 2) very closely resembles the typical
TG weight loss of analcime. The main reduction occurs
between 400 K and 650 K (—1.6%), and the final volume
contraction at 921 K is about 2.4%. The slight length-
ening of the a axis (Fig. 2) that occurs below 400 K can
possibly be explained as a coupled effect of the ¢ axis
shortening, or it may be associated to the extraframework
ion rearrangement during the initial water loss. The con-
siderable contraction of both a and ¢ cell parameters be-
tween 400 K and 650 K is clearly related to the main
water loss of the system. The linear approach of a toward
c at temperatures above 650 K might be interpreted as a
tendency of the tetragonal analcime to undergo a trans-
formation to a cubic structure. Such a phase transition
would occur at a temperature exceeding the upper limit
of our experiment. Our present data clearly show that a
close relationship exists between the temperature and
both the a-c axis length difference and normalized inten-
sity of the 200 reflection (Fig. 3). Both these parameters
might be regarded as indicators for the deviation from the
cubic symmetry of the analcime framework. It appears
that the temperature increase up to the complete loss of
water enhances tetragonal splitting. After removal of wa-
ter, however, the structure seems to evolve toward a cubic
symmetry. This would be consistent with disappearance

of the 200 peak at about 1070 K, due to systematic ex-
tinction in the 1a3d space group. If we assume a linear
extrapolation of this trend to higher temperatures, the a-
c difference would indicate that the cubic symmetry of
the cell could only be reached far outside the stability
field of analcime (T > 1170 K). However, Putnis et a.
(1993) observed that a transition from tetragonal to cubic
analcime actually occurred after dehydration.

Crystal-structure modifications upon dehydration

The occupancy refinement of the water site shows that
the water loss is very large up to 650 K and is completed
at about 720 K; thisis consistent with the TG curve mea-
sured using the same heating rate (Fig. 4).

The water diffusion is accompanied by a simultaneous
rearrangement of the Na atoms in the Nal and Na2 sites
(Fig. 5). The distribution of water and Na sites at different
temperatures is depicted with respect to the nearest
framework atoms, as projected along [110] showing the
eight-membered ring (Fig. 6), and as viewed through the
six-member ring window of the [111] channels (Fig. 7).
The occupancy of the Na2 site is the most affected by
the initial water remova (Fig. 5b). The complete diffu-
sion of Na2 into a new Na21 split site (cf. Figs. 6b and
7b) reaches a maximum at about 530 K, and is then com-
pletely vacated at about 630 K. The rather large popula-
tion of this new site at 530 K, together with some dis-
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TaBLE 3. Selected interatomic distances (A) and angles (°) for
framework and extraframework atoms

298 K 632 K 921 K
T1-01 1.610(5) 1.600(5) 1.602(5)
T1-02 1.656(5) 1.678(7) 1.664(6)
T1-03 1.667(6) 1.662(8) 1.707(7)
T1-03' 1.702(5) 1.663(6) 1.647(6)
Mean 1.659 1.651 1.655
T2-01 X2 1.636(4) 1.630(6) 1.604(4)
T2-02 X2 1.638(4) 1.635(5) 1.639(4)
Mean 1.637 1.632 1.622
T1'-01-T2 145.5(6) 148.5(6) 148.7(5)
T1-02-T2 145.6(6) 139.0(6) 148.6(5)
T1-03-T1' 139.2(7) 141.8(9) 131.9(6)
Mean 1435 143.1 143.1
Na1-02 x2 2.489(8)

Nal1-03' X2 2.501(9)

Nal-W x2 2.520(9)

Na11-02 2.55(2) 2.47(3)
Nal11-02' 2.47(2) 2.53(3)
Na11-03 2.47(2) 2.57(3)
Na11-03' 2.41(3) 2.66(2)
Nall-w 2.44(8)

Na12-01 2.50(9) 2.52(2)
Na12-02 3.08(9)

Na12-03 2.55(1) 2.59(2)
Na12-03' 2.342(8) 2.54(2)
Na2-01 x4 2.524 2.510(5)
Na2-W x2 2.262

Na21-01 2.07(1)

Na21-01' 2.74(1)

Na21-03 2.05(1)

Na21-03' 3.00(1)

Na21-W 2.89(1)

Na3-01 2.19(6)
Na3-01’' 2.18(8)
Na3-02 2.25(5)
Na3-03 2.41(8)

Note: Only distances within the 2.00-3.00 A range are reported for ex-
traframework positions. Estimated standard deviations in parentheses re-

fer to the last digit.
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Ficure 3. Plot of the a-c axis length difference (circles; left
axis) and of the intensity of the (200) reflection, normalized
against the refined scale factor (diamonds; right axis) vs. tem-
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tances close to 2.5 A from the Nal sites, suggest that also
H,O molecules are statistically distributed in this position.
At about 630 K the Nal site splits also into a statistically
occupied site (Nall), and a new related site (Nal2) ap-
pears (see Figs. 6¢ and 7c¢). At this temperature, only
about two H,O molecules per unit cell out of the initial
16 are left in the system (cf. Fig. 4), whereas a content
of amost 14 Na atoms per unit cell can be estimated from
refined site occupancies (cf. Fig. 5a). It is likely that the
remaining Na content is disordered within the zeolite cag-
es. From 630 K to 950 K a gradual diffusion of Na atoms
out of the Nall site occurs, partially balanced by the
increasing population of the Nal2; the Na content from
refined site occupancies decreases to about 10 atoms per
unit cell. As expected, the complete removal of water
leads to an increased interaction of Na atoms with the
framework O atoms (cf. Figs. 6d, 6e, 7d, and 7€). At
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Ficure 4. Comparison of the water content variation with
temperature (T = 5 K) as calculated from the refined occupancy
(solid symboals; left axis), and as measured by the TG loss (open
symbols; right axis) on a sample from the same hand-specimen
as that used for X-ray diffraction. Dotted lines connect corre-
sponding values of water content.
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cy for the extraframework Nal and Na2 related sites (see legend
for symbols), as a function of temperature (T = 5 K).

about 920 K the initial Na2 position seems to be popu-
lated again for a narrow temperature range and a small
Na fraction occupies a new site (Na3).

The continuous structural distortions of the analcime
framework associated with the dehydration process are
well recorded by the changes of the T-O-T angles and the
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tilting of T2 about [110] (Fig. 8). Although no sharp dis-
continuity is observed, a remarkable deformation of T1-
02-T2 and T1-O3-T1' occurs in conjunction with the
main water loss (T = 650 K) whereas the average T-O-
T angle remains nearly constant (<T-O-T> = 144°). This
behavior may be explained by the formation of more reg-
ular apertures, provoked by the passage of H,O molecules
through the six-member rings during dehydration. The
corresponding variation undergone by the T-O-T angles
can be regarded as a geometrical out-of-equilibrium state.
After al the water has been released, the out-of-equilib-
rium T-O-T angles are brought back close to the original
values. Similarly, Line (1995) found that in cubic anal-
cime the six-membered ring appears to stay open until all
the water has gone.

In accord with the model devised for leucite by Palmer
et a. (1997), the temperature-dependent distortion mech-
anism in analcime can be described as a twisting of te-
tragonal prisms in which the upper four-membered ring
rotates relative to the lower ring about the [001] axis.
Temperature reduction or decrease of the W cation size
causes an increase of twisting, accompanied by axial
elongation and radial compression. Metrically, ¢ becomes
longer, whereas a (and b) contract (Pamer et a. 1997).
The twisting mechanism can also be observed in tetrag-
ona analcime (cf. Fig. 6). The relative rotation of the

Ficure 6. Stick and ball projections along [110], showing the eight-membered ring, as refined at (&) T = 298 K, (b) T = 528,
() T=1632K,(d) T=734K, and (e) T = 921 K. Pair-forbidden extraframework positions have been omitted for clarity. The
twisting of the tetragonal prism around [001] and the associated counter-rotations of the T2 tetrahedra along [110] are also depicted

ina.
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Ficure 7. Stick and ball projections along [111], showing the six-membered ring, as refined at (a) T = 298 K, (b) T = 528,
©T=632K,(d)T=734K,and (e T =921 K. Pair-forbidden extraframework positions have been omitted for clarity.

four-member rings of the tetragonal prism about [001]
induces an opposite tilting of the T2 tetrahedra about
[110], as depicted in Figure 6a. This tilting angle can be
used to monitor the twisting as a function of temperature.
As a reference value, the tilting angle in cubic analcime
(Ferraris et a. 1972) is about 5.4°. Figure 8 shows that
the tilting of T2 about [110] reaches a maximum at 650
K, then decreases again to a value close to the initial one.
Comparing the behavior of T-O-T angles and tilting in
Figure 8, it becomes clear that the opening of the six-
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Ficure 8. Variations of the T-O-T angles (see legend for
symbols; left axis) and the rotation angle around [110] (circles;
right axis) vs. temperature (T + 5 K). The rotation angle is cal-
culated as « = sin-Y[c (3/4 - 2z,,)/d(02-02) ], where d(02-02)
= tetrahedral edge =~ 2.716 A. The curves are guides to the eye.

member rings induced by the migration of H,O molecules
along [111] is accompanied by tilting of the T2 tetrahedra
about [110]. Furthermore, comparison of Figure 8 with
Figure 3 shows that the temperature-dependent variations
of the cell parameters and symmetry indicators are close-
ly related to the distortion of the framework. In particular,
the increased a-c difference up to 650 K is associated to
the twisting increase, in agreement with the axial elon-
gation and radial compression. Above 650 K the mech-
anism is inverted, and the a-c difference decreases con-
sistently with the twisting decrease.

We may suggest that the above mechanism of tetra-
hedra tilting—accompanying the formation of wide-open
six-member ring apertures along the [111] channels—is
not energetically favored, because it would increase the
elastic energy of the system. As a consequence, the water
diffusion through the [111] channels requires H,O mol-
ecules to have a substantial thermal energy. This behavior
might be regarded as indirect evidence that the [111]
channels represent a forced pathway for thermal activated
water migration in the analcime structure.

The initial opening of wide six-member ring apertures
induced by the diffusion of H,O molecules through the
channels during dehydration, combined with the conse-
guent relaxation of the T-O-T angles back to the starting
value, provides a key to understanding the “*anomalous”
negative thermal expansion (i.e., volume contraction dur-
ing temperature increase) of dehydrated analcime. The
same phenomenon in cubic analcime (Line 1995) has re-
cently been discussed by Hammonds et al. (1996) on the
grounds of the rigid-unit modes (RUM) theory (Dove
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1997, and references therein). According to this model,
the effect of any RUM distortion is to reduce the volume
of the structure by an amount proportional to the average
sguare of the rigid-unit rotation angles. Because this pa-
rameter is larger at higher temperatures, it leads to a
greater volume reduction and hence a negative thermal
expansion in dehydrated analcime (Hammonds et al.
1996). Our study of the thermal behavior of tetragonal
analcime provides a complementary picture of the nega-
tive expansion phenomenon. The formation of wide-open
six-member ring apertures along the sixfold channels dur-
ing water migration is likely associated to a relative ex-
pansion of the framework. This relative expansion is not
reflected in the cell volume variation (cf. Fig. 3), because
the effect is overcompensated by the cell contraction re-
lated to the loss of water. After all the water is removed
(T > 650 K), the restoration of the original T-O-T angles
(cf. Fig. 8) leads to a further volume contraction. This
contraction is more important than the volume increase
due to thermal expansion of tetrahedra, which would be
expected in the anhydrous phase, and as actually ob-
served in leucite (Pamer et a. 1997). Unlike analcime,
no formation of wide-open six-member rings occurs in
the preceding stages of thermal treatment of leucite,
which explains why the “anomalous’ negative thermal
expansion is not found in the latter case.
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