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The cation-vacancy ordering transition in dehydrated Na e Sodalite
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(Received 30 June 2000; accepted 29 August 2000

Variable-temperature synchrotron x-ray powder diffraction data from dehydratgd\IgizO, 4]

reveal a structural phase transition that involves both the commensurate ordering of the
extra-framework Na cations and a one-dimensional incommensurate modulation of the framework.
Peak splittings and superlattice reflections implicate an orthorhombically-distorted volume-doubled
supercell at room temperatuf@=12.9432 A, b=12.8403 A, andc=9.13724 ~(v2axv2a

Xa). These data also included additional superlattice peaks associated with an incommensurate
long-period modulation with=(3/2 1/2 1/8.9. All unique orderings of the 12 Na cations among the

16 available sites of the commensurate supercell are enumerated. A unigue solution is identified that
minimizes the structural energy and accounts for the observed superlattice peaks. Rietveld analysis
reveals a significant Pauling “partial-collapse” tilt angle in the cation-ordered phase, that appears
to decrease with increasing temperature. 2@00 American Institute of Physics.
[S0021-960600)00844-9

. INTRODUCTION M3 (Al Siip-n020)""1XL ", where gm—rx=n, so that
. ) i extra-frameworKEF) cations and anions serve to balance the
~ Sodalite materials, both natural and synthetic, varycharge of a non-neutral alumino—silicate framework. The
widely in _composmon, the common structural theme be'ngcharge—balancing cations (V) are typically alkaline or al-
the sodalite framework. The sodalite cage, also called thg,ine earth metals and occupy sites near the centers of the
beta cage, Is a t_runcated octahedron, having six 4'_”n96—ring windows, coordinating to the six oxygens of the ring.
faces and eight 6-ring facésThese cages are stacked in 4Because the attraction to these window sites is strong, the

space-filing body-centered cubic arrangement, such that g qiapie cation configurations coordinate one cation to
cage shares a 6-ring face with each of its eight nearest neigh-

bors along th€111) directions and a 4-ring face with each of eafh Of. the eight wmdows(g.g., METAI 12024]).(.2 ’
) . T Mg [Al¢SigO,4X, , and M;[AlgSi,0,4). When additional
its next nearest neighbors along thEOQ directions. The EF anions (X°) are present h Clor OH~ or
vertices of the cage are tetrahedrally coordinated gites anions (X) are present, such as Clo 0

siteg that are typically occupied by Si or Al atoms while the dCr?ﬁ_ , they ocdcu?fy s!tesl a:ct or ne?r the clenters O; t?]e E?:
cage edges are bridging oxygen atoms. While natural sdlalite cages and effectively form salt complexes with the

dalite minerals are technically classified as feldspathoig€ations. Sodalite compounds that contain no EF anions have

rather than zeolites due to their small pore sige8 A), the been referred to as “salt—freé’ln salt-free sodalites, o.veraI.I
sodalite framework is typically discussed in connection withtharge-neutrality may require that some 2°f the cation sites
other zeolites because the sodalite cage is also a buildifgT'ain vacant, as |s+the case with g NII,[Al 1,0,4],
block in other important zeolite frameworks such as LTA,Ma L4Al12054, and MgL[Al¢SisO,4, where [J repre-
EMT, and FAU. sents a vacancy. This work is primarily an investigation of
Loewenstein’s rule of aluminum avoidance in the low-temperature cation-vacancy ordering in dehydrated salt-
alumino—silicate frameworks leads to a tendency for Al or-free sodium sodalite, Nal,[AlSigO,4] (referred to hereafter
dering so as to place Si and Al on crystallographically dis-2s N&a—SOD, which has an ordered Si/All framework
tinct sites. In an ordered framework, Si and Al sites can beédnd one vacant cation site per sodalite cégyeo per unit
readily distinguished due to their different T—O bond lengthscell).
(1.61 A vs 1.74 A, respectively Typical alumino-silicate The sodalite framework is highly flexible and suscep-
sodalites have compositions of the form tible to several different types of framework distortion, the

most well-known of which is the TQtetrahedral “tilt,”
dAuthor to whom correspondence should be addressed. Current addresfsw:hICh was referred to _as _partlal cqllapse by P.au“ng m the
Materials Science Division, Argonne National Laboratory, Argonne, Illi- TI'St structure .deter!“mnatlon of r-mneral sodalite by single
nois 60439. crystal x-ray diffractiont. The Pauling tilt angle reduces the

YPermanent address: Universidad de Los Andes, Department of Chemistryglume of the unit cell by rotating each T,@etrahedra by a
Merida 5251, Venezuela. T . .
9Current address: University of Aarhus, Department of Chemistry, Aarhussma” angle about one of its aes. This rotation causes the

DK-8000, Denmark. three oxygens on one side of a 6-ring window to move to-
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used to refine a superstructure model obtained with the aid of
computer simulations carried out by Shanreiral*®

II. EXPERIMENT

@ In order to investigate possible low-symmetry phases in
Ng—SOD, a sample was prepared hydrothermally, dehy-
drated, and then sealed in a capillary tube for synchrotron
powder diffraction data collection. The intermediate product,
Nag[Al§SigO,4](OH),- nH,O (hydroxysodalitg, was synthe-
sized first from a basic solution of aluminum isopropoxide
and tetraethylorthosilicate. First, 10.213 g of aluminum iso-
propoxide(0.050 mol; Strem Chemicals, 99.99%nd 40.0 g
- of NaOH (1.0 mol; Fisher Chemicals, 98.5%vere placed
together in a Teflon autoclave liner with a magnetic stir bar.
Al Si Water was added and the mixture stirred until the solids had
completely dissolved. Next, 10.42 g of tetraethyl—
FIG. 1. Arj ordered alumino-silicate sodalite cage with and without Signiﬁ'orthosilicate(O.OSO mol; Acros, 98%was added dropwise
cant Pauling tilt angle. . . . .
while stirring, after which water was added until the Teflon
vessel was 75% full. The Teflon liner was then sealed in a
stainless steel Parr autoclave and placed in an oven at 180 °C
for 10 days. The starting materials were specifically selected
wards window-center and into the window plane while thein order to avoid the incorporation of iron impurities into the
three oxygens on the other side move out from window-product, a common problem for syntheses that use kaolin or
center and further from the window plansee Fig. 1L  alumina, and resulted in a smaller average particle size,
Nas—SOD exhibits a remarkable 9% volume increase upomwhich facilitated subsequent ion exchange.
removing HO from the cages of hydrated sampfeThe Soxhlet extraction was then employed to remove NaOH
presence of the water partially shields each cation from thécom the hydroxysodalite resulting in  nonbasic
field generated by the other cations around the cage, theretNag Al ¢SisO,,4]-8H,0 (hydrosodalit¢ The extent of extrac-
allowing each one to move further in towards the cage cention was monitored by x-ray powder diffraction and thermo-
ter, which is facilitated by a large Pauling tilt. EF anions alsogravimetric analysis. When the XRD pattern indicated a full
serve to shield cation—cation interactions as evidenced by theonversion to hydrosodalite, and TGA weight loss data
fact that several salt-bearing sodalftésare reported to have showed no more sign of hydroxyl removal in the 700—
smaller volumes than their salt-free counterparts, despit800 °C rangegwater molecules in the cages are removed at
playing host to more EF atoms. Hassan and Grifhdy 400 °Q), the extraction was judged to be complete. The hy-
showed that separate Pauling tilt parameters can be definetlosodalite was then placed in a schlenk flask and dried un-
for SiO, and AlQ, tetrahedra in ordered alumino—silicate der vacuum at 10° torr while slowly ramping from room
sodalites, and Depmeférshowed that sodalites can also ex- temperature to 430 °C over a period of 5 h, holding at 430 °C
perience a tetragonal distortion of the framework,Tt€tra-  for another 5 h, and turning the oven off to cool. The flask
hedra, which tends to be most severe in the Al-rich compowas then closed and brought into an inert atmosphere dry
sitions. box to avoid rehydration of the dry NaSOD powder. The
While these modes of framework distortion are widely sample was then sealed under dry argon in a 1.0 mm quartz
observed, they are still fully compatible with cubic symme- capillary tube in order to maintain the dehydrated state.
try. Nas—SOD, however, has been reported by Sitgar Temperature resolved synchrotron powder diffraction
deviate from cubic symmetry at low temperatures, experiimeasurements were carried out at beamline X7B at the Na-
encing a phase transition near 530 K that was accompanidtbnal Synchrotron Light SourceéNSLS) at Brookhaven Na-
by the appearance of superlattice reflections that resisted itional Laboratory(A=0.9341 A). Diffraction intensities were
dexing. Because there can be no cubic arrangement of threcorded on 208400 mm Fuji image plate8P) which were
two cation-site vacancies in each unit cell, any ordered vathen scanned offline on a Fuji BAS2000 scanner with a pixel
cancy arrangement is expected to result in a deviation frorsize of 0.1X0.1 mm. The data were recorded using the trans-
cubic symmetry and a response from the framework. Deplating image plate method in which a narrow slice of the IP
meier has also discussed the ordering of EF matéei@., is exposed to the diffracted beam while the IP is moved. The
cation-vacancy ordering and orientational anion ordgrasgy movement of the plate was coupled to the sample tempera-
a symmetry lowering influence capable of producing deviature controller to yield a continuous variation of the diffrac-
tions from cubic symmetry in sodalité3.For example, the tion pattern with temperature. Data collection was initiated at
dynamic orientational disorder of distorted V}/Oanions in  asample temperature of 365 K which was then raised to 675
CayAl 1,0,4](WQ,), stabilizes the cubic phase at high tem- K in 195 min. At this point, the temperature was maintained
peratures, whereas an orthorhombic distortion locks in aat 675 K for 30 min, before the sample was allowed to cool
lower temperature¥: In this work, low-temperature peak to 365 K in 195 min. Heating was accomplished by placing a
splittings and superlattice peaks are observed, indexed, argbating element close to the sample. A detailed description
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of the X7B beam line characteristics and the experimental a10)F @11)
setup for IP x-ray powder diffraction measurements has been H

reported by Norby® The wavelength, detector distance, zero
point, and IP tilt angle were determined by refining the dif-
fraction pattern of a LaBstandard sampléNIST #660,a
=4.156 95 A. The data were corrected for Lorentz, polariza-
tion (95% polarized beajrand zero-point effects, and trans-
formed to equivalent step size for further analysis. Rietveld

~—~
W
—_
=]
=

(220) LM
refinements were performed on one-dimensional 393 K and A\B; \ (213)\\ I \ T K A
675 K powder patterns, which were prepared by averaging  ses k Y] | —— N \ ) \
over 50 pixels along the temperature axis. (J —-"'_"'M-fw :M}’E
: y _\ =—v==
Because th€110 peak was much more intense than any Y S | —
other peak in the diffraction pattern, the IP translation speed, |, _/ -~=‘h‘
scanner sensitivity, and scanner dynamic range were selected g —
so as to allow this peak to become saturated in order to gain £ _—._é , ——
needed sensitivity in the regions of the more subtle features &% g ———
of the pattern. An additional data set containing the full % Eg —— f‘_
! & = e e—
Debye—Scherrer cones on the IP was collected at 100 K for — , )
1 h in which the(100 peak was not saturated. From this : M?ﬁ ME‘J_J
image, th.e.c.entral 50 pixels were used to produce a single ‘\_—_—J.Jﬂ"-.ﬂ:.# .,
high-sensitivity pattern. 365K oY — A=)

A high-resolution room-temperature synchrotron powder
diffraction pattern was also recorded at the NSLS beamline
X7A at \=1.1628 A from »=5° to 65° in step-scan incre- .

, FIG. 2. Variable-t t hrotron XRD data forgN8OD (A
ments of 0.01° using a channel-cut double-crysta(1G& arev e-emperature synciroton il (

=0.9341 A. The temperature ramps from 365 K to 675 K and back to 365
monochromator, a flat G220 crystal analyzer, a Nal/Tl

K. The intensity scale of the figure was selected so as to enhance the smaller
scintillation detector, sample rotation for better powder averfpeaks in the pattern, allowing only a partial view of the most intense peaks.

aging, dead-time correction, normalization with respect to
the incident beam intensity, and calibration with a Si stan-, . . .

T ' . K. Upon recooling, however, only a single exothermic peak
dard. Counting times were increased at high angles and the cared at 535 K. Additional heatina/cooling cveles renro-
intensities and estimated statistical errors were rescaled - ' 9 g cy br
accordingly uped the phenomenqn, the energy of the 535 K tran§|t|on

' being about 6 kJ/mol in each case. The satellite peak inten-

sity in Fig. 3 does demonstrate different behaviors during
Ill. RESULTS AND DISCUSSION: POWDER INDEXING heating and cooling, though no additional higher-temperature

A. An order—disorder phase transition anomaly is evident during heating.

o 4
—_
[=-]
—
[\*]
N
D
—
I~
—_
=)
—_
o<}

The variable-temperature synchrotron XRD data in Fig.g, peak splitting

2 shows a nearly body-centered cubic pattern fog-NsOD o

in the high-temperature region. The presence of a small A careful examination of the room-temperature synchro-
(210) peak and a barely perceptibl#00) peak indicate that tron XRD data collected on beamline X7A revealed that
body-centering symmetry is slightly violated due to differen-
tiation between Si and Al sites. The most intense peaks in the
pattern are(110, (211, (310, (222, and (004). A phase
transition is evident in several features of the diffraction data.
First and most obvious are a series of new peaks, most quite
small, that appear abruptly and reversibly near 510 K. Figure
3 was obtained by plotting the diffracted intensity at the top
of the 29=7.2° superlattice peakpeak A vs temperature
across the transition during both the heating and cooling
cycles. While the powder diffraction data indicates a transi-
tion temperature of 51010 K, subsequent differential scan-
ning calorimetry (DSC) measurements on several similar
samples suggest that the transition occurs neart53K,
which is in approximate agreement with the results of
Sieger*? Because an error in the temperature calibration 0 a0 e T e e oo
used for the powder diffraction measurements cannot be
ruled out, the precise transition temperature remains an open Lentperaburs ()

question. On heating up through the_ transition, the DSC megxig. 3. Temperature dependence of the superattice peaki=Z.2° upon
surements revealed two endothermic peaks at 535 K and 558ating and cooling through the phase transitipgak A in Fig. 2.

Intensity (arb. scale)
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—_ T T L T T T TABLE I. Best Le Bail profile fits to room temperature synchrotron XRD
S E data(beamline X7A based on three types of cell distortion, rhombohedral,
: . * - (222) monoclinic, and triclinic.

w OF - - _

‘g . Aom=9.1141 A A ppom= 89.7843"2

8 S .' wantn - E Ryp=10.39% R,=8.09% x°=1.503

=l - . | mon=9.1131 A Brmon=9.1123 A Crmono=9.1396 A

g ....... anamnene®” e A mong= 90° mono= 90° 'Ymong: 90.4355°

g_é =l i Rup=28.95% R,=7.20% x?=1.111

T 552 253 254 255 356 257 258 2yic=9.1130 A byic=9.1108 A Cuic=9.1392 A

20 oyie=90.0031° Buic=89.9793° Yirie=90.4333°
Rup=8.93% R,=7.16% x*=1.107

initial cell parameters wera=b=c=9.1A, yon=90.46°

in the first case an@=9.1A, ayom=90.23° in the latter.
And while a triclinic cell was also attempted, it resulted in
cell parameters approximately equal to those of the mono-
clinic cell. It quickly became evident that both cells had
merit, but the more complex monoclinic distortion handled

<
‘?g the high-angle peak splittings better than the rhombohedral
% distortion. The results of these Le Bail fits are listed in
= 392 39.4 396 398 40.0 402 Table I.

20 A revealing feature of the monoclinic fit is the approxi-

. . mate equivalence of theandb lattice parameters. Thi&/b

FIG. 4. Bragg reflections are seen to split in the low-temperature phase. Thg . .

(222) peak shown is from the room-temperature X7A data1.1628 A. egeneracy is a clue to another subtle .fe.atu.re of .the distorted

The (622 peak shown is from the variable-temperature image plate XRDcell, namely, that the observed monoclinic distortion of the 9

data(A=0.9341 A, A cubic cell can be equivalently described as an orthorhom-
bic distortion of a larger tetragonal cell related to the original

cell by the transformation matrix(1,1,0,(1,10),(0,0,D).

most if not all of the normal Bragg peaks are either split or IS v2axv2axa  supercell (expressed hereafter as
anomalously broadened in the low-temperature phase, 2Xv2x1 for brevity is rotated by 45° in theab plane
shown in Fig. 4. The effect of the splitting on the width and rélative to the original cell and ha’s twice the, volume. The
shape of the peaks increases markedly with increasihg 2 N€W orthorhombic cell parametefa’, b’, andc’) are geo-
indicating a unit cell distortion. This distortion is sufficiently Metrically related to the original monoclinic cell parameters
large that one cannot perform an acceptable Rietveld refind®=0,C, andy=m/2+¢) by the relations
ment without taking it into account. The most distinctly split 5’ =/2a/1—sin(e)~+/2a(1—€/2),
normal Bragg peak in the low-temperature phase is the most
intense peak in the pattern, tli222) peak near 8=25.5°, b’ =\2a\1+sin(e)~\2a(1+€/2), 2
which appears to be sliced into two nearly equal halves with
a spacing ofA(26)=0.14° or Ad/d=0.0054 (see Fig. 4
This splitting rules out tetragonal or orthorhombic distortionsAn additional Le Bail profile refinement using the ortho-
and specifically favors a monoclinic or rhombohedral angurhombic cell yielded the final room-temperature unit cell pa-
lar distortion over a triclinic distortion that could split the rameters shown in Table II, and the fits to several of the
peak into as many as four new peaks. The expected mondadly split peaks are shown in Fig. 5. An equivalent ortho-
clinic and trigonal angular distortions can be shown to dethombic distortion parameter can also be definedeas
pend on the width of the cubichfih) peak splitting as fol- =2(b’—a’)/(b’+a’)=0.0080, which is easily shown to be
lows: Ymono= T2+ €mone .~ AND Ahom=T12+ €pom, ~ €QUAl t0€m0no. This supercell setting has been observed re-
respectively, where cently in anion-ordered GBAl;,0,,](MO,), sodalite®

3 Ad 3h Ad The fits to the background included a 15-segment recip-

€mone = —  and €nons= — —. (1)  rocal interpolation functiodGSAS background function #8
2 d 8 d added to a fixed 20-segment linear interpolation function.

c'=c.

This yields  €mong=0.0081 (0.46°) and  €nom
,20'0040 (,0'230) for_ the observ.e(.d22) peak splitting. Us- TABLE Il. Le Bail profile fit to the room temperature synchrotron XRD
ing the Rietveld refinement facility of the GSAS software gata(beamline X7A based on the2xv2x1 pseudotetragonal supercell.

packagé.’ each of these two possibilities were examined via
the Le Bail intensity extraction of the room-temperatureaonn/V2=9.1522 A born/V2=9.0795 A coy=9.1372A
X7A XRD data. The background, zero-error, peak-shapeg _g 599 R,=7.03% ?=1.023

and unit cell parameters were optimized in this way. The
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and (2) an incommensurate modulation that forms in coop-
eration with thev2xXv2x 1 supercell ordering.
The pattern is further complicated by a small number of
extremely narrow peak$FWHM ~0.05° as compared to
-t . { = NN 0.20° for the sodalite parent and satellite reflectidnsthe
102 103 103 5 7 T8 19 180 181 182 183 region 2>20° which appear to be unrelated to the sodalite
2 20 structure. Their intensities vary wildly but reversibly in the
. o~ range from 365 K to 675 K and completely disappear some-
@22 @11 where between 365 K and 100 K. Furthermore these narrow
Y T L G0 peaks only appeared in the sample selected for this study

E
(110) °°
1 o

<+

i

15

Intensity (counts x 103)

0.5
T

- which was cooled slowly after dehydration at high-

AV O_W/\W\,\//\M e temperature in order to obtain more pronounced superstruc-
SLERr R e v v e S T T BT TR R T ture. Other samples that were quenched quickly to room-
20 20 temperature demonstrated the same superlattice peaks, but

FIG. 5. Le Bail profile fits to several distorted Bragg peaks from the room-lacked these narrow peaks. Whatever their origin, the anoma-
temperature X7A daté=1.1628 A. The reflection markers correspond to lously narrow widths of these peaks rendered them easy to
the pseudo-tetragonal supercell, which was the cell used for the profile fitdifferentiate and exclude in the analysis that follows. The
small temperature-independent peak neas+ 25.3°(peak H
is likely due to trace amounts of a condensed silicate impu-

The zero error in each case was approximately 0.015°. Thigy hhase created during the hydroxysodalite synthesis.

pseudo-Voigt profile shape of Thompsenal!® was used,
including the asymmetry correction of Finget al?°

D. A larger commensurate supercell?

C. Superlattice reflections In order to examine the possibility of a larger commen-

The pseudo-tetragona®xv2x1 supercell upon which surate supercell, a method was sought for generating all pos-
we indexed the Bragg reflection splittings has several advarsible reciprocal space superlattices, within reasonable limits,
tages over any of the other cells tried. It has the highesthat might explain the additional superlattice peaks. Candi-
symmetry, provides the best Le Bail fit to the normal Braggdate superlattices were described in terms of the transforma-
reflections, and nicely explains all of the observed splittingstion matrix S of integer elements whose row vectors repre-
And very importantly, it predicts the positions of a number sent the components of the new basis vectnfrs,in terms of
of observed superlattice peaks. Peaks A, C, E, |, J, and K dhe old onesb;, via the expressiorp;/ =3;S;b; . While this
Fig. 2 index on the supercell 4401), (211), (301), (321), transformation matrix description is very useful, it is not
(410 or (302, and(411) or (103, respectively. In the origi- unique, since any lattice can be described by an infinite num-
nal cubic setting, they ar€21), (331), (331), (331), (320) or  ber of bases. There are, however, algorithms for selecting

322), and (331) or (123), respectively. This is encouraging one basis that uniquely identifies and distinguishes the un-
evidence. The highest point-group symmetry possible for amlerlying superlattice. The method of derivative lattices was
orthorhombic cell ismmm and the series of superlattice used here and involves the selection of a lower-triangular
peaks that have sizeable intensities rule out systematic almatrix of integers that satisfies the following criteffa:
sences based on any centering symmetry. So while the struc- -1
tural complexity of the supercell has increased by at least a 0 P1P2Ps

P1 1 1
factor of 12 relative to the high-temperature structure, it is ~2P1<01=3P1
clear that the increase in the information content of the dif- S=|d P2 O —ipi<ri=<3p;’ )
fraction data is not anywhere near so great. Yet even if the v 4z Ps 1y o<l
whole body of superstructural detail cannot be extracted 2P2=02=2P2
from the available data, some of the essential features cahhere is guaranteed to be exactly one such integer matrix for
still be discerned with the aid of computer simulations aseach unique superlattice of a triclinic lattice with real-space
discussed below. cell volume ratioV'/V=p,p,p;. For V'/V=2, for ex-

In addition to the superlattice peaks that were indexed ommple, there are seven unique supercells that meet these re-
the v2Xv2X1 supercell, other superlattice peaks arose thatjuirements. If the symmetry is higher than monoclinic, even
this supercell could not explain. The largest of these is peakome of these bases may turn out to be equivalent due to the
B in Fig. 2 between the ordinar§1 10 lattice peak, and the interchangeability of identical axes. In the case of a cubic

131) superlattice peak. Peaks D, F, G, L, and M are also ofattice, the seven uniqueé’/V=2 superlattices are reduced
this same class. As seen in the figure, these peaks also fortm three in number.

at the phase transition near 500 K. Nothing about their tem-  After generating a number of supercells in this way, it
perature variation or profile shape distinguishes them fronwas observed that cells with’/V>8 tended to produce
those already indexed on th@xXv2Xx1 supercell, indicating such closely spaced arrays of superlattice peak positions that
that they result from the same ordering phenomenon. Tweéhe observed superlattice peak positions could be assigned
possibilities then need to be examinétl the existence of a rather arbitrarily. Only cells withv'/V<8 afforded a rea-
larger supercelii.e., a supercell of the2xXv2x1 supercell, sonable comparison against the XRD data. All such unique
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supercells were generated and tested for the ability to yield
the observed peak positions, and one candidate emerged
from this analysis; a ®xv2x1 orthorhombic cell ¥'/V

=6) obtained by tripling either tha or b-axis cell parameter

of thev2xv2x1 cell. This cell was also eventually discarded

in favor of a long-period modulation for reasons that will be
discussed below.

OO

E. A modulated structure

In a one-dimensionally modulated structure, each Bragg
reflection can be described in terms of the parent cell by a
reciprocal space vector of the forim=(ha* +kb* +Ic*)
+m7, whereh, k, I, and m are integers, andr=(7,a*

+ 7pb* + 7.c*) with at least one of the; being a noninteger.
The direct-space modulation direction is ther ta+ 7, 'b
+7.1c), and|r| ! is the period of the modulation. Struc-
tural modulations often tend to be smoothly sinusoidal in 180° <=—— v, (angle with +a axis)  0°
nature and yield satellite peak intensities that decrease

sharply with increasingn, so that only first order satellites FIG. 6. Contour magmesh size=1.89 of the figure-of-merit(FOM) vs

. o . i irecti i ; — -1
are important. And it is apparent from Fig. 2 that the C|ear|ymodulat|on direction over the entirec hemisphere dtr\—O.ZlS_Saavg. The
FOM employs the distorted supercell parameters and the incommensurate

uniqdexed superlattice peaks are !orimarily clustered aroungeak positions from t 1 h 100 K image plate XRD data. White regions
the intense Bragg peaks of the cubic parent cell su¢h =3 indicate a large FOM value. The FOM is slightly higherra(630.3 than at

and (310), as would be expected for low-order modulation- 7, (621.6. In the supercell settingr, corresponds t¢121)/8.9 and, to
induced satellites. (211)/8.9, both of which are parallel to reciprocal lattice vectors of the

. . . supercell.
The parameter space of possible modulation vectors in P

low-temperature Na=SOD was searched using a modifica-
tion of the method of Wilkinsoret al?2which was applied to

the unindexed peak positions extracted from the 100 K imyyhite spots in the figure, and several of the principal direc-
age plate data. Only one-dimensional modulations were COfions are labeled according to both the orthorhombic super-
sidered, they being the only cases that can be realisticallye|| setting (larger fon} and the original cubic setting
addressed here. A figure of meffOM) was defined as a (smaller fonj. The modulation direction at the maximum is
function of the modulation vector and monitored as the VecC{y,=67.5°, y,=40.5% and yields a final modulation vector
tor was systematically varied, the objective being to find thept (0.2133&;\,%;)(0.3827 0.7604 0.5247), which i€.034
modulation vector that maximized the FOM. The principal 1,032 1.000/8.913=(211)/8.9 in reciprocal lattice units in
deviations from the procedure of Wilkinset al. were three-  the supercell setting, ¢£31)/8.9 in the original cubic setting.
fold: (1) Because the unindexed peaks were small and tendethe modulation period was determined by constructing simi-
to cluster around the most intense Bragg peaks of the parepr plots using values dfr| in the range from 0 to 0_5;\/19 at
cell, satellites were only generated for these most intensg.go2 a;\lt intervals and a grid size oA,=A,=6°. The
peaks,(110), (112, (222, (310, and (400. (2) The FOM  peak near(y,=67.5°, y,=40.5° was much stronger than
was defined as (IN)=Nw;AZ,  where A;=(|dgps any others observed and displayed a sharp maximum at
—dcad/dopgdi andw; =tarf(fy,g; , the weighting factor ac- 0.2133a,, indicating an unambiguous best solution.
counting for the fact that the random errors i g are Because the FOM was calculated in the supercell setting
expected to be constant across the patt@nBoth the mag- using the orthorhombically distorted cell parameters, it has
nitude and direction of the modulation vector were treated aan obvious pseudotetragonal symmetry in Fig. 6. There ap-
unknowns and systematically varied. pear to be eight equivalent modulation directions, though
Because the- 7 descriptions of the modulation direction there are actually two sets of four; being slightly favored
are equivalent, it is only necessary to examine the FOM oveover 7. A remnant of the broken threefold cubic symmetry
modulation directions within the-c hemisphere. Defining is also evident near th@11) directions of the cubic parent
¥a to be the angle betweenand the orthorhombie-a di-  cell. Of the original 24 equivale£31) directions, those that
rection, andy, to be the angle betweenand the+b direc-  best reproduce the satellite peak positigns., have high
tion, y=(—7vp—7vat180°) and y,=(y,—7va), @ grid FOM values are precisely those eight that are parallel to
search can be carried out in the convenient,fy,) coordi-  reciprocal lattice vectors associated with the név2x1
nate system such that both angles range from 0° to 180%upercell, suggesting that the supercell ordering and long-
Figure 6 is a contour plot of the FOM vs modulation direc- period modulation occur cooperatively. The observed and
tion over the entire+c hemisphere using aA(=A, calculated positions of these peaks, along with the indices of
=1.8°) grid at |1-|=0.2133a;\,§, where a,,4= Halv2 the parent Bragg reflections to which they ames +1 satel-
+b/v2+¢)=9.0706 A at 100 K.y, and y, are the axes of lites, are listed in Table III.
the figure whiley, and y, are the axes of the inner square. Modulated structures have also been reported for so-
The maximum FOM values are indicated by the intensedalite as well as for other host—guest materials. Depmeier

<«—— %, (angle with +b axis)

180°
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TABLE lIl. Observed and calculatedn=+1 incommensurate satellite which only assumes the ordering of the Si and Al over the
peaks. framework T-sites. In an untilteBm3n sodalite framework,
(hkl) supercell  bkl) parent cell  Deud®)  204d°)  2041(°) assuming the origin to be at the center of the sodalite cage,

the T-atoms sit at the Wyckoff (3,3,0) andd (3,0,5) posi-

@1y 011 7.65 7.67 0.02

202 112 13.60 13.63 0.03 tions with multiplicities of 6, the oxygen sits at the Wyckoff
(311 (121 14.04 14.04 0.00 k (x~0.33y~x,0) position with a multiplicity of 24(x#y
(811 211 14.87 14.88 0.01 because Al-O and Si—-O bond lengths diffeand the
(&% &g% g:gé g:gg _06933 window-center sodium is positioned at the \_Nycketf%, %,%_
113 103 18.99 19.02 0.03 position with multiplicity 8. The Pauling tilt is characterized
042 222 19.37 19.38 0.01 by a shift of the oxygerz parameter to a nonzero value, in
(440 (400 22.71 22.75 0.04  which case the tilt angle ip=tan {z/(0.5—x)].

(004 (004 23.01 23.03 0.02

B. Enumeration and classification of possible cation

) configurations
performed a number of studies on the tungstate and molyb-

date aluminate sodalites that reveal modulated low- The low-temperature cation ordering responsible for the
temperature phases involving periodic distortions or tilts ofv2xv2X1 supercell reported here for lfeSOD can only be
the framework tetrahedrd:232*An approximately commen- configured in a limited number of ways. Each Naation
surate modulation with~0.2a* due to EF cation ordering Occupies a site near the center of one of the 6-ring windows
was reported by Schlenket al?® in a single crystal x-ray that join adjacent sodalite cages, and each orig@nd unit
diffraction study of the dehydrated Na form of zeolite mor- C€ll contains eight of these 6-ring windows. The set of all
denite. Incommensurately modulated guest lattices have be&4ch sites throughout the crystal form a primitive cubic lat-
found in Li-intercalated L)V,Os bronze® and also pro- fice with edge length equal ta/2. This lattice will be re-
posed to explain fine-structure in the NMR spectra of acferred to as the cation lattid€L) throughout the remainder
etone intercalated graphite, Li-intercalated transition metaPf this discussion. Becauseof the CL sites are vacant, the

chalcogenides, and zeolite Tl-natroffe. problem of enumerating the possible cation configurations
then reduces to the problem of distributing vacancies on the

IV. RESULTS AND DISCUSSION: SUPERSTRUCTURE CL. . . . .

ANALYSIS For orderings that are restricted toet® A cubic unit
) ) cell, one simply needs to consider the number of different

A. Symmetry considerations ways to distribute the 6 catiorier two vacanciesover the 8

The maximum topo|ogEa| space-group Symmetry of theavailable sites. This number is 28, which then reduces by
sodalite framewor is Im3m, corresponding to an ideal Symmetry to 3 unique arrangements in Which_ the two vacan-
Sio, framework with no Pauling tilt or other distortion—one Ci€s are either separated by an edge, face-diagonal, or body-
T-atom on the Wyckofic (£,1,0) position with multiplicity diagonal vector of the CL. The possibility that cations may

12 and one xygen o the Wycka~0320) poson 1L T4, e Mo senter boston e o
with multiplicity 24. The Pauling tilt of the TQ tetrahedra ’ P

. .tg the “coarser” effect of having some window sites occu-
preserves body-centering symmetry, but reduces the poin

symmetry from octahedral to tetrahedral, resulting in spac«EJ)Ied and others unoccupied. The challenging problem of ex-

1243m. In thi h cati hifts © ide of it amining the “off-window” cation configurations was under-
groupi4sm. Inhis case, each cation Shilts 10 Oné SIA€ OF Sy o a5 well, but did not prove worthwhile.

window or the other, in such a way as to place four cations In the v2xv2x 1 supercell, there are 16 6-ring window
per sodalite cage in a tetrahedral arrangement relative to trE:.i'tes and 12 cations to fill then’1. The total number of vacancy
cage center, the orientation of the tetrahedron being the SaMBtributions over these sites is thef) = 1820. It proved

in every cage. Differentiating between Al and Si sites in a useful for purposes of unambiguous definition to label the

1:1 ordered alumino-silicate _framework, on the other hand1820 configurations with the algorithm used to generate
preserves the octahgdral point symmetry, bL_’t destroys tht‘la‘lem. A stack of nested DO loops was executed in which
body centering, leading to space groBm3n. Si/Al order- was incremented from 4 to 1§from 3 toi—1, k from 2 to

ing and Pauling tilt can also be considered simultaneously, iﬁ‘—l, andl from 1 tok—1, so as to count from 1 to 1820.

which case the highest possible symmet[f’i%n, whichis  Each set of(i, j, k, 1) traversed by the loop corresponds to
a maximal subgroup of bott3m and Pm3n. vacancy placement on thh, jth, kth, andlth cation sites,

For sodalite structures with tetrahedral anions and/ofhich were numbered from 1 to 16 in the following order:

143m and P43n would be natural reference points from (0,—3%-3), (31-3, (303, (—iid, (103, (3i)),
which to begin investigating distortions to lower-symmetry (30,—3), (=31 -3), (=10,—3), (31—3)}. The index or iden-
configurations. For Na&-SOD, however, some cation sites tification number of each configuration is its order in the DO
are vacant, and the restriction of examining only subgroupsoop stack, from 1 to 1820.

of tetrahedral point symmetry may not be valid. For this  Because many of these configurations are related by

reasonP m3n will be the reference point for further analysis, symmetry, the number of unique configurations is consider-
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TABLE IV. 88 unique cation orderings of NaSOD in thev2xv2x1 supercell setting.

Triclinic (S.G. symmetry=1; deg=32)

71 75 76 77 78 79 80 87 89 97 98 101 102 105
Cy 72 81 85 84 83 82 86 88 90 99 100 113 103 120
189 190 191 192 273 274 275 276 559 560 589 625

Monoclinic (Deg=4 for C,5, 8 for Cg4—Cg73, and 16 for the othejs

Cy 2 3 4 5 11 12 15 22 184 185 202
S.G. 3 3 3 3 3 3 3 4 3 4
301 302 303 304 561 588 624 670"
Cu 203 269 287 306 305 308 307 564 59%F 629" 673
S.G. 3 3 3 3 3 3 3 7 - 12 12

Orthorhombic Tetrag.

558! 587 315 297
b
C. 1 1 21 24 28 29 183 197 268 286 s6F 500 320 208

S.G. 21 40 53 52 49 48 40 21 35 21 38 39 93 111
Deg. 4 4 4 4 4 4 8 8 8 8 8 8 4 4

®Space groups are numbered as in current editions ofintieenational Tables of Crystallography/ol. A.
PThese cells are primitive in the parenk1x1 cell, which is also the conventional cell far;5 (R3c).

°The conventional cellRc) hasa=a,, b=\2a,, c=3a,, a=y=90°, co$f)=1#3, andV'/V=2.

“The conventional cell is &-centered supercell with=b=2a,, c=a,, a=B8=y=90°, andV'/V=4. The
space-group symmetry indicated refers to this setting.

ably less than 1820. Each unique configuration can be repreriginal 1820 configurations, only 88 proved to be unique. In
sented by any of its symmetry equivalent configurations. S@hoosing a convenient and unambiguous identification label
for a given unique configuration, the set of its symmetryfor each equiset, the decision was made not to simply num-
equivalents will be referred to here as an “equiset,” andber them from 1 to 88. Instead, each of these 88 equisets was
simple group-theoretical considerations lead to the conclulabeled according to the index of its element of lowest index.
sion that the number of distinct members of an equiset mugtor instance, a 16-element equiset in which configuration 5
be a divisor of the total number of applied symmetries. Awas the element of lowest index was called “unique configu-
total of 4 symmetries, for example, allows for equisets withration 5,” or simply “Cs.” Each equiset is listed in Table
1, 2, or 4 members or elements. In the original cubic cell, théV together with its degenerady.e., the number of elements
task of determining the number of equisets was tridiatall  in the equisetand space-group symmetry. The conventional
that there were }3 whereas in the supercell the situation be-unit cell and space-group symmetry of each unique configu-
comes a little more complicated. The uniqueness of a conration was determined using the FindSymmetry facility of
figuration depends not only on the arrangement of the cationsISI’s Insightll software suité®
with respect to one another, but on their relationship to the  The space-groups listed in Table IV generally indicate
framework atoms. Two configurations that are equivalenimore symmetry than will be possessed by the actual distor-
relative to a rather high framework symmetry may no longertion driven by a given configuration because the parent
be equivalent if the framework symmetry is lowered. So theframework symmetry usedPm3n) does not activate de-
uniqueness of a cation configuration is actually defined relagrees of freedom such as the Pauling tilt, etc. If a Pauling tilt
tive to the symmetry of the framework within the setting of is assumed by lowering the parent framework symmetry to
the supercell. This ided®m3n symmetry can be considered P43n, many of these 88 equisets become further divided,
as a starting point for subsequent distortions that will furtherand the new space-group symmetries are easily deduced
split these “parent” equisets into smaller ones during thefrom those listed. If the parent framework symmetry is raised
structural energy minimization discussed below. to Im3m, there are only 62 equisets instead of 88. Pairs of
The reduction fromPm3n symmetry to the appropriate equisets that were originally joined together in this higher
highest-possible framework symmetry in ti2Xv2X1 su-  symmetry are paired together in the same entry in Table IV.
percell setting can then be considered in two steps. First, C; andC,4; can actually be considered as identical for
Pm3n must reduce td®4,/mmc within the original cell in  our purposesC; and C,g7 are distinct relative to the ideal
order to eliminate the threefold axes. This reduces the nuntetragonal symmetries of th&2xv2x1 supercell, but are
ber of symmetries in the original unit célle., the multiplic-  related by a threefold axis of the original cubic cell. Thus,
ity of the general Wyckoff positionby a factor of 3, from 48 they are only superficially distinct relative to the periodic
to 16. Secondly, the 45° transformation to &V=2 su-  boundary conditions employed in a computer simulation of
percell basis doubles the number of symmetries to 32. Thedhe supercell contents. They drive identical physical distor-
32 symmetries were then applied to each of the 1820 catiotions since nature imposes no artificial constraint on the ori-
configurations, and configurations that proved to be symmeentation of the supercell. The only other configurations with
try equivalent were grouped together into equisets. Of thesuch a relationship ar€,, and C,g3. These four cells are
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base centered and have the X1 parent cell as their primi- Scheme
tive unit cell. In fact, C1,C197), (C19,C1g9 and Cyg are VTNV
precisely the three unique vacancy configurations associated (gve oVe
with the 1X1X1 parent cell. 2\ Y AoV 0
(o) oVe ()
C. Configurational energetics s S
OYeALYe AV

Now that the cations orderings of th@xv2X1 super-
cell have been enumerated and turn out to be manageably Cys C,,

few in number, it is desirable to determine which ordering is LN I VIR
actually responsible for the low-temperature supercell forma- Qp&\’a
tion. If single crystal diffraction data could be obtained, and ‘7‘%@

a sufficient number of intense superlattice peaks measured, \) )

the problem could probably be solved by traditional crystal-

lographic methods. But the limited information content of

the powder diffraction data available makes it necessary t@IG. 7. The lowest-energy cation-orderings of t2xv2x1 supercell.

rely upon computer modeling to guide the search. Shannofolid lines are an idealizel®01] projection of the sodalite framework and

et al1® have determined the structural energies of these 8 ircles represent th&®01] columns of cation sites that comprise the CL. The
o . . . . iagram in the upper-left corner reveals the distribution of vacancy-

unique cgnon conflgyratlons bY ‘means Of. lattice energysontaining columns intrinsic to the whole family of lowest-energy configu-

minimizations employing an empirical force-figfthe BMW  rations, the two concentric squares representing the original cubic cell and

potentiaf®) specifically tailored for sodalite calculations. the Surlierce"-tr']Sotlid ci;cl'es are col_umnf with not\;]acar!;:ies_l_ ﬁnd empty circ(;gs
: . : . re columns that contain vacancies at every other site. The remaining dia-

ThI.S a"owed them_to rank the Catl(,)n Ordermgs accordmg tOgrams are the five specific instances of this general scheme. Circles contain-

the" r?laUV? energies and to examine t.h'elloweSt'energy COling a “+" or a “ —” represent columns in which the vacancies are located

figurations in more detail by means al initio GGA density  atz=+2 or 2= — %, respectively.

functional calculations using both hard and soft pseudopo-

tentials.

We point out here that their five lowest-energy configu-centering, due mainly to the strict ordering of Si and Al over
rations prior to energy minimizatiof€,, Cs, Cs, Co4, and  the framework T-sites, are relatively small, even in the high-
Cy9 are closely related in a variety of ways. They do not, fortemperature parent structure, the ordinaryk-+1=2n+1
example, allow nearest-neighbor vacandi#lV's), which  peaks also have intensities comparable to those of the super-
are vacancy pairs separated by a CL edge vector. NNV's argittice peaks. It is not surprising to find discrepancies be-
energetically undesirable because they fail to minimize theween the observed powder diffraction pattern and each of
inter-cation Coulomb repulsion by spreading the cationthe calculated patterns since no attempt has been made here
charges as evenly as possible throughout the crystal. Wie model the long-period modulation. Modulation satellite

count a total of 10 NNV-avoiding configurations, the otherpeaks and changes to the commensurate peak intensities in-
five of which have higher energies for other reasons. Each of
these five low-energy vacancy orderings also adheres to the
general scheme illustrated in the upper left corner of Fig. 7,
in which half of the[001] columns of cation sites contain no
vacancies at al(indicated by solid circleswhile the other
half contain vacancies at every other positiamdicated by
empty circleg. For the columns with vacancies, there is an-
other degree of freedom; vacancy placemerg=at+ ; (dis-
tinguished by a “+”) vs placement at= — 3 (distinguished
by a “—"). Because four vacancy-containing columns inter-
sect the supercell, the five unique wayaking the frame-
work symmetry into accouhto assign thez=+ 1 columns
are precisely these five low-energy configurations. After en-
ergy minimization, Shannoat al® report thatC,gs, Which
is also one of the NNV-avoiding configurations, becomes the ' ' PTIvIY
overall third-lowest energy configuration, thus joining these P R T TP R SR TP
other five structures at the bottom of the energy scale. 6 & 10 12 14 16 18 20 22

Figure 8 contains a comparison between the observed 20
100 K image plate data and the calculated powder diffractiofc. 8. comparison of the experimental 100 K image plate XRD data and
patterns of theC,, Cs, Ci5, Cys, Cyg, and C,gg models the calculated powder diffraction patterns of the five low-energy configura-
using coordinates from the DFT calculations of Shannoﬁions. The four rows of re_flection markel_'s represent the following cells from
et al. Peaks associated with markers in one or both of thd®P ' bottom, respectively(l) the distortedv2xv2x1 supercell: a
bottom two rows are associated with the original cubic cell,~ -2-854> A, b=12.7621A, ¢=9.0912A (define ax;=3(aly2+b/\2

: . . '+¢)=9.0706 A; (2) the undistorted2xv2x 1 supercella/\2=b/\2=c
while peaks associated with markers from only the top two- Aayg; (3) the original cubic cella=a,,q; and(4) the original cubic cell
rows are superlattice peaks. Because deviations from bodyaking into account the systematic absences due to body-centering.

S
Sy ASoAS

Sesssn<y




J. Chem. Phys., Vol. 113, No. 22, 8 December 2000 Cation-vacancy ordering transition in sodalite 10235

duced by the modulation have not been simulated. Only #&he other beindC,g) that yields systematic absences among
detailed model of the modulation and a full refinement ofthe superlattice peaks consistent with the observed powder
both the commensurate superstructure and the modulatiatiffraction pattern. The vacant windows G5, are located at
will produce a good fit to the entire pattern. The comparison(3,3,7), (3.—%3%), (0,7,—%), and(0,—3,—%).
in Fig. 8 is only qualitative. The point to examine carefully
in each calculated pattern is the presence or lack of the cogy Larger commensurate supercell vs
rect commensurate satellite peaks. incommensurate modulation

C,5 best maximizes the average inter-vacancy separation
by strictly alternating iz= = # columns in both the andb
directions (supercell setting and therefore minimizes the
Na"—Na" Coulomb repulsion energy. One can imagine con-
structing this configuration by starting without any window
vacancies and then removing the same two cations from e

ery unit cell along th¢111] diagonal, resulting in a rhombo- b il orderi i this | I Candid
hedrally distorted éprr= — 0.3247°) version of the original ear on potential orderings in this larger supercell. Candidate
orderings were also required (&) have orthorhombic point

unit cell. The principal problems witl,5 are that it cannot Ty i der to b tible with the ob d K
explain the orthorhombic distortion or produce superlatticeSymme fy In order to bé compatibie wi € observed pea

peaks. WhileC; has the advantage of driving an orthorhom- splittings, (2) be primitive, so as not be equivalent to any

bic distortion, it appears to have the least desirable inter-Smaller cell, and(3) avoid NNV's. Powder diffraction

vacancy separation since there is no alternation betweeen patterns were deduced for each of the unique configurations
— -+ L columns, making it the highest energy configuration Ofthat satisfied these requirements, but none produced an array

. . . of superlattice peaks that resembled the experimental XRD
the family. Furthermore, though its symmetry is best de(%ata. Thus no commensuraté/V<8 supercells were found

The effort to use a larger commensurate supercell
(V'/V=8) to explain the superlattice peaks that were not
indexed by the smalle¥2xXv2Xx1 supercell did lead to one
possibility: the 32Xxv2x1 supercell withV’'/V=6. The in-
Jprmation gained from the calculated energies of the cation
orderings in thev2xv2x1 supercell were then brought to

scribed as a base-centered configuration in the supercell sel-

. L . o L . at explain all the observed superlattice peaks. &he
ting, C,’s primitive unit cell is simply the original cubic cell, 31 .
. ) ) . . . =(531)/8.9 modulation, on the other hand, accounts well for
so that likeC s, it also fails to yield superlattice peakSs is . .
) : - 1 the peaks that are not associated with #&v2Xx1 super-
somewhat of an improvement—it has limited= =7 va- e .
cell, and its direction is parallel to the most intense commen-

cancy alternation and _rgsult_s In a sernes of .SUperlattIC%urate superlattice reflection of th@xv2x1 supercell.
peaks—but the monoclinic distortion that it drivespfr

=—0.18°) results in a number of significant superlattice
peaks that are not observed. E. Rietveld analysis of the low-temperature

C,, and C,g, With z=* % vacancy alternation in one Cation-ordered phase

direction (eithera or b), are the only two configurations in A Rietveld refinement of theC,, model of Nag—SOD
the lowest-energy family that drive an orthorhombic superwas performed using a slice of the variable-temperature im-
cell distortion and lead to systematic absences among thgge plate data prepared by integrating over 50 pifieds an
superlattice peaks that are consistent with the observed povgverage over a temperature range 11.7 K Wwidleng the
der diffraction pattern. If the framework is ignored, the va-temperature axis centered at 393 K, which is still well below
cancy arrangements of,gand Gg on the CL are identical.  the ordering transition. The room-temperature X7A data had
In fact, they only differ in their orientations relative to the higher resolution, but was only a quick scan intended for
framework. As a result, their calculated XRD patterns areexamining the splitting of the principal peaks in the pattern.
very similar and their unminimized Coulomb repulsion ener-Because th¢110) peak was saturated, it was excluded from
gies are identical. However, the force-field and DFT calcu-the refinement. The narrow regions surrounding each of the
lations of Shannoet al. reveal that their distinct orientations extremely narrow peaks described in Sec. IllC were also
relative to the framework result in substantially different excluded. The background and profile shape were handled in
framework responses. After minimizatidD,g ends up be- a manner similar to that described for the fits in Table I. The
tweenC, and Cs in energy, whileC,, drops belowC,5to  results of the 393 K refinement are shown in Fig. 9. The
the very bottom of the list by a substantial margin. largest difference peaks in Fig. 9 arise from the fact that the
C,, then emerges as the best solution for the low-angular variation of the profile shape obtained when using an
temperature ordering of dehydrated salt-free sodium sodalitémage plate requires special treatriénhbat is not yet avail-
having the following merits(1) It belongs to the low-energy able in the GSAY software suite. Discrepancies associated
family of NNV-avoiding configurations in Fig. 12) Itisthe  with the effect of the long-period modulatidas discussed
overall lowest-energy solution by a significant margin, ac-above are also evident, but the match to the commensurate
cording to both DFT and BMW force-field calculation8) satellite peaks is considerably improved. A similar refine-
The configuration is inherently orthorhomlileeing only one  ment of tke 1 h 100 K image plate data was also carried out.
of 8 such orderings The distortion thaiC,, drives in the According to Table 1V, the unrelaxed,, configuration
DFT calculation®® (a=12.9723A, b=12.9115A, ¢ has space-group symmetAnna. Because the DFT calcula-
=9.1719 A provides the best qualitative fit to the observedtions of Shannoret al. yielded Pauling tilt angles on the
distortion (see Table N, eyps=0.0076 vseper=0.0047, and order of 13°-16° for each of the low-energy cation configu-
Lops=0.79 vS{prr=0.98, wheree=2(a—b)/(a+b) and{  rations, it is important to note that a nonzero tilt angle re-
=(v2c—b)/(a—b). (4) It is one of only two configurations duces the symmetry dE,, to from Pnnato Pnc2. In low-
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1:) 2:) 3'0 4'0 FIG. 10. The structure of NaSOD in cation configuratio@,, from (a) the

20 DFT calculations of Shannoet al. and(b) from the 100 K Rietveld refine-
ment.
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FIG. 9. Rietveld refinemenfconstrained-tetrahedraf the structure of
Nas—SOD at 393 K in theC,, cation configuration using the variable- ) )
temperature image plate XRD data. There were 74 refined parameters ifFhe TQ, tetrahedra that form the vacant windows in each

cluding the scale factor, zero error, 3 cell parameters, 3 isotropic thermatodalite cage are still forced to undergo a Pauling tilt because
parameters, 63 positional parameters, and 4 profile parameters. they must cooperate in properly Coordinating the cations of
neighboring windows. But at 393 K, the vacant windows are

ering the symmetry fronP43n in the parent cell t?Pnc2 in cons_iderably e_xpande@'l.e., untilted relative to the others,
the supercell setting, the number of free positional param!©0king more like regular hexagons than clover leaves when
eters goes from 4 to 63. Because the increase in the informi€wed down the pseudo-3-fold axis. This local untilting es-
tion content of the XRD data associated with the formationPecially seemed to effect &, which refined to a position
of the superlattice peaks was small compared to the increa&ioSer to the edge than the center of its window, where it
in structural complexity, restraints had to be imposed to ob€00rdinated to only two oxygens at distances of 248&nd

tain convergence. The shape of the T@trahedra were 2-154) A. Even when the N@)-O distances were restrained
fixed by restraining both the T—O bond lengths and the O—$C @S {0 keep N@) coordinated to all three inner oxygens of
distances along the edges of each tetrahedron. Si—O aig€ 6-1ing, the best Na—O distances that could be obtained at
Al-O bond lengths were fixed at 1.61 A and 1.74 A, respec393 K were 2.384), 2.574), and 2.574) A, which are still
tively, and O—O distances at(8/3)x (T-0)=2.63A and uncomfortably_long. This is in contrast tp the 100 K refine-
2.84 A, respectively. The weight of the restraints was sefl€nt where it was possible to obtain four reasonable
high (weight=10", ¢=0.01 A), effectively turning them into  N&2)—O distancesrestrainedl of about 2.3 A. .
constraints, because loosening the weights of the restraints !t iS possible that the inability to include the long-period
caused large random variations in the bond lengths and ifiedulation in the refinement could lead to an “apparent”
creases in th&-factor. We note that in order to obtain con- increase in the Na—O distances below the phase transition. It
vergence, it was also necessary to damp the Na position¥@s recently demonstratétifor example, in the case of a

parameters, finally removing the damping factors only in thgModulated highF. superconducting cuprate structure, that
final refinement cycles. including the modulation in the refinement significantly im-

The 393 K unit cell and profile parameters were refinedP’0ved the Cu—0 distances, which otherwise appeared to be
together with the model, and the final weighfedactor was uncharacteristically long when the modulation was ignored.
10.57%. The cell parameters,a=12.9481(16), b  However, a loss of adequate cation coordination environ-
—12.8745(16),c=9.1569(16), were similar to those ob- ment352 \_Nlth increasing temperature was observed by Behrens
tained from the Le Bail profile fits to the room-temperature®t -~ in AQeLl[AlSisO54 (Age—SOD). They reported a
X7A data in Table II. The resulting Pauling tilt angles re- Structural transition from a low-temperature cubic phase with
fined to be topg=10.3° ande, =9.6° (unit cell averages ~ Stalic cation disorder to a high-temperature phase character-
Compare these values to those obtained from the DFT cal2€d by dynamic cation disorder as well as framework disor-
culations of Shannoet al. (¢g; per=15.4°, ¢ per= 14.59) der amongst equal and opposite _P_aulmg tilt angles) of
and those obtained from the similar 100 K refinemepy; the TQ, tetrahedra. As the transition temperature was ap-
—14.4°, o5 =13.5%. Figure 10 illustrates the similar Paul- proached from below, the observed Pauling tilt angles grew

ing tilt angles obtained from the DFT calculation and the 1005Mall (¢si=8.3°, ¢4 =7.3°), the Ag—Qymer bOnd lengths
K refinement. grew uncomfortably long2.50 A), and the cell volume ex-

Na(1) and N&3) both refined nicely near the centers of panded as a rgsult of the untilting, much Iike_the results of
their respective windows. The KB—O distances were the present refinements of tl@®,, model of cation-ordered
2.337), 2.457), and 2.487) A to the inner bonded oxygens, Nag—-SOD.
as well as 2.90), 2.854), and 2.797) A to the outer non-
bonded oxygens. The N&—0,,,, distances were 2.34),
2.294), and 2.204) A, while the N&3)-0O,,. distances _
were 3.104) A, 3.004) A, and 2.894) A. The oxygen envi- Felscheet al® appliedP43n symmetry to the structural
ronment at N&2), however, was somewhat more interesting.model of the cubic high-temperature N&OD in their best

F. Rietveld analysis of the high-temperature cation-
disordered phase
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TABLE V. Structural parameters from the 675 K cubic phésend lengths in A

Atoms X Y z Occupancy Uiso (A?)
Ordered-tilt model refinementP@d3n)
Si 0.25 0.5 0 1 0.033)
Al 0.25 0 0.5 1 0.03®)
(0] 0.14635) 0.15535) 0.492710) 1 0.0521)
Na 0.23515) 0.23515) 0.23515) 0.75 0.0522)
4XSi-0 1.5995) 4X0-Si-0 107.1@L1° 2X0-Si-0 114.2R4)°
4XAl-0 1.7145) 4X0-AI-0 107.9211)° 2X0-AlI-0 112.6222)°
3xXNa-0 2.60%9) 3XNa-0 2.6708) N Si—-0-Al 1%.1723)°
Disordered-tilt model refinemenPm3n)
Si 0.25 0.5 0 1 0.038)
Al 0.25 0 0.5 1 0.04(B)
(0] 0.14744) 0.15645) 0.47748) 0.5 0.0391)
Na 0.23126) 0.23126) 0.23126) 0.375 0.04R2)
4XSi-0 1.6145) 4xX0-Si-0 106.4@L2)° 2X0-Si-0 115.786)°
4AXAl-0O 1.7285) 4X0-AI-0 107.2611)° 2X0-AI-0 113.9923)°
3xNa-0 2.4817) 3XNa-0 2.778) Si—0O-Al 151.94)°
3XNa-C 2.4417) 3xXNa-CG 2.8648)
aSee text.

fit to 625 K laboratory x-ray powder diffraction data, having firming the results of Felschet al.® who reported respective
also triedim3m and143m. Their Na—Qy.e; bond length is  Si—O and Al-O bond lengths of 1.585 A and 1.711 A, an
2.56 A, and the average Pauling tilts calculated from theilSi—-O—Al angle of 156.3°, and respective Nagf and
atomic coordinates args=4.3° andgn=4.0°. TheP43n  Na—Qydistances of 2.56 A and 2.69 A.
symmetry reflects the ordering of Al over the framework  The refinement of th®m3n tilt-disorder model saw the
T-sites and also the nonzero Pauling tilt, but the Na—O bondexygen shifting further away from the=0 plane, resulting
are quite long, and the Pauling tilt angles quite small. Then larger Pauling tilt values okpg=28.8° and ¢ =8.3°,
tilt-disorder model of Behrenst al*? for Agg—SOD employs ~ which are much closer to those in the cation-ordered phase at
space-group symmetriPm3n rather thanP43n, which al- 393 K, and also consistent with the marginal volume in-
lows the framework oxygen to move off the specialy(@) crease in going from 393 K to 675 K. At the same time, the
position onto a general position, effectively sitting on bothSi—O and Al-O bond lengths increased to more reasonable
sides of the window at half occupancy due to the disordervalues, the StO—Al angle was reduced, and the Na—O dis-
The Ag' is likewise allowed to sit on both sides of the tance dropped to 2.48 Asee Table V. The tilt-disorder
window at half its normal 75% occupancy. This model pro-model simultaneously places the Na and O atoms on both
vided a better fit their 723 K Ag-SOD XRD data and also sides of the 6-ring window at half occupancy, but assumes
yielded larger tilt angle$ps;=14.0°, ¢ =13.6° and more  that at any instant the local tilt will be to one side or the
typical Ag—Quner PONd lengthg2.38 A).

A Rietveld refinement of the structure of high-
temperature cubic NaSOD at 675 K was refined from our T T T T T

variable-temperature data XRD data. The excluded regions

described for the 393 K refinement apply here as well. Both & St .
the P43n ordered-tilt model and thé>m3n tilt-disorder I

model from the Ag—sodalite study of Behreesal*? were g 1
investigated. Because tHefactors from these two refine- 3 of i
ments were identical, the results of each are summarized ir 2 *

Table V. The fit to the XRD data from the tilt-disorder model g‘ Sk -
refinement is shown in Fig. 11. The cell volume is only § _ ___._J__LL “i; A shees Lii i
slightly larger in the high-temperature phagel% increase 5 S[ v v+ 1 it ti i tie s 0 tma e an ]

from 393 K to 675 K, which is expected to correspond to a i 1L — e Y .

modest decrease in the Pauling tilt angles. Yet B#8n ! ! !
refinement yields tilt anglepg=2.9° ande, =2.7°) that 10 20 ;% 40 50
appear to have been drastically reduced relative to those at
393 K. In order to facilitate the reduction of the Pauling tilt FIG. 11. Rietveld refinement of the cubic structure ofN&OD at 675 K
to near zero while gaining onIy a small increase in Vo|ume,using the variable-temperature image plate XRD data and space group
the Si—O and Al—O bond Iengths grew short, the Gi-Al P43n. Reflnergent detallsa:9.1690(3) A, R,=5.01%, wR,=7.55%),

le straiahtened out to an uncharacteristically hiah valu Rg=10.73%,x“=110.6, 16 refined parameterzcale factor, zero error, cell
angle s g. . . y hig eparameter, 4 isotropic thermal parameters, 4 positional parameters, and 5
and th? sodium cations p03|t|0n_3 anverg?d at uncomfortably;ofile parametejs The fit obtained using th@man dynamic-tilt model
long distances from the coordinating 6-ring oxygens, con+efinement were very similar.
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other. The bond lengths and angles from Bwa3n refine- FS’s with lower vacancy concentrations, even the face-
ment in Table V reflect the local geometry, with the excep-diagonal vacancy pairs appear to be forbidden.

tion of the Na—O distances marked by an asterisk. These

Na—O distances, which correspond to placing the Na cations

on one side of the window+¢) and the inner oxygens on

the other(—¢), were included to illustrate that the cations

can achieve similar coordination environments on either sidy. CONCLUSIONS

of the plane formed by the window oxygens.

The abrupt onset of superlattice peaks at the cation- The Ng—SOD member of the sodalite family is much
ordering temperature is consistent with a first-order phaséore difficult to characterize than other sodalites that do not
transition, but the space-group symmetry of @g ordering  require dehydration. Single crystals of the hydrated material
places a firmer constraint on the nature of the transitionshatter into very small fragments upon dehydration due to
Using the ISOTROPY software package of Stokes andhe large local strains associated with the extreme volume
Hatch®® the order parameter associated with a transitiorchange that occurs as the framework responds to the removal
from P43n to Pnc2 (in thev2xv2x 1 supercell settingwas ~ Of the water from the cages. Thus the nature of the low-
shown to belong to theM5 irreducible representation of temperature cation-ordering has been out of reach since the
P43n. after the convention of Miller and Lov¥.This irre-  ordering transition was first reported several years 3go.
ducible representation allows a cubic term in the power exJhis work has demonstrated that by combining powder dif-
pansion of the free energy and fails the Landau criterion foffaction methods with the results of computer simulations,
continuous phase transitions, and therefore requires suchSgveral important questions can still be answered.
transition to be discontinuous, whether the high-temperature  Though the full array of XRD superlattice peaks resisted

phase involves one tilt direction or a disordered combinatiodndexing initially, an analysis of the low-temperature Bragg
of both. peak splittings revealed a psuedotetragonal supefegll

=.2a, b’ =/2b, ¢’ =c) that was used to index most of the

superlattice peaks in the pattern. The unindexed peaks were

then shown to be accounted for by a one-dimensional 45.2 A
G. Analogy to oxides with anion deficient fluorite modulation, described by modulation vect@d1)/8.9 in the
structures supercell setting, that forms in cooperation with the super-

Cation orderings in Na&-SOD are closely analogous to cell. The cation vacancy configurations nati\{e to this super-

vacancy orderings in oxides with anion-deficient fluorite Cll were then enumerated, ranked according to structural
structureSOADFS’s where the anion sites form a primitive €nergy, and judged by their ability to drive the observed
cubic lattice so that anion deficiencies are manifested as vgseudotetragonal distortion and to generate the correct array
cancies on this lattice. The OADFS anion lattice is thenOf superlattice peaks. In this waf,, is singled out as only
analogous to the sodalite cation lattice. A variety of notablgPlausible vacancy ordering within the supercell.
vacancy-ordered OADFS's have been studied extensively, From the constrained-tetrahedra refinements of the com-
including cubic stabilized zirconia, ternary systems that comMensurateC,, superstructure model, the Pauling tilt was
bine dioxides of tetravalent metals like Th or Zr with sesqui-found to be significant in the cation-ordered phase, with av-
oxides of trivalent metals such as Sc or %g, erage tilt angles of 10° at 393 K and 14° at 100 K. The
Thy— YOy s00y5), and most commonly, the dioxides of decrease in tilt angle with increasing temperature is accom-
the lanthanide and actinide metals (MQ[,).3°~%"The va-  Panied by a loss of adequate oxygen coordination at the
cancy fraction {,) in the majority of OADFS’s is consider- Na(2) site. The ordered-tiltR43n) and tilt-disorder P m3n)
ably lower than thef,=1/4 observed in Na&-SOD. A no- models yielded essentially identical fits to the high tempera-
table exception is bixbyite, a mineral with composition ture XRD data, though the tilt-disorder model led to more
(Mn;_,Fe),05 and x~1%, which also has arf,=1/4 reasonable structural parameters.
ordered-vacancy structut®.The bixbyite vacancy ordering It was not possible to establish a detailed model for the
is also observed in pure M®; under ambient condition, incommensurate modulation based on the XRD data alone,
in addition to a small orthorhombic distortidhand in ses- but because the Pauling tilt parameter of the framework TO
quioxides of several other transition metals and rare earthetrahedra is active in both the high and low-temperature
where it is known as th€-type sesquioxide structuféThe  phases, the modulation may involve a long-period variation
vacancy-ordered supercell of bixbyite is cubic with cell pa-of the tilt angle. Such modulations are well-established in
rameter 2. In sodalite, looking down th€001] direction,  AIPO,,*~*3and quartZ/~*®where large single crystals have
half of the cation site columns contain no vacancies, whiledbeen available, and have also been reported in aluminate
columns with vacancies contain a vacancy in every othesodalite system&?* Selected area TEM diffraction data
site. In bixbyite every column has vacancies, but only infrom a small particle would allow one to determine tt&
every fourth site. The key similarity between the anion or-+1)-dimensional incommensurate  superspace group
derings in bixbyite and the low-energy cation orderings insymmetry” if systematic absences could be adequately iden-
Nas—SOD is the avoidance of NNV pairs. The nearest pairgified. A full Rietveld refinement of the modulated structure
of vacancies sit on opposite ends of face or body diagonalgsing a software package such as XNRef. 48 or PRE-
of the respective cation lattices. And for more typical OAD- MOS (Ref. 49 might then be within reach.
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