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Cancrinite: Crystal structure, phase transitions, and dehydration behavior with temperature
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ABSTRACT

The structural behavior of a cancrinite, Nas osCa, 5,[ Al¢Si0,4](CO3), 57 1.75H,0, was determined
by using in situ synchrotron X-ray powder diffraction data [A = 0.91806(5) A] at room pressure and
from 25 to 982 °C. The sample was heated at a rate of about 9.5 °C/min, and X-ray traces were col-
lected at about 15 °C intervals. The satellite reflections in cancrinite were lost at about 504 °C, where
a phase transition occurs. All the unit-cell parameters for cancrinite also show a discontinuity at 504
°C. Initially, the [Ca-COs;] clusters and their vacancies are ordered in the channels, and this ordering
is destroyed on heating to give rise to the phase transition. Cancrinite loses water continuously until
about 625 °C; thereafter an anhydrous cancrinite phase exists. From 25 to 952 °C, a minimal amount
of CO, is lost from the structure. Over this temperature range, the average <Al-O-Si> bridging angle,
which is an indication of the degree of rotation of the tetrahedra, increases from 143.7(4) to 147.7(5)°.

Rotations of the tetrahedra are caused by expansion of the Nal-O2 bond lengths.
Keywords: Cancrinite, high-temperature structure, phase transitions, dehydration, Rietveld refine-

ments, synchrotron radiation

INTRODUCTION

The cancrinite-group minerals are of interest because they are
framework rock-forming aluminosilicate minerals that contain
volatile elements, and share structural units with the industrially
important zeolites. The cages in cancrinite (€-cage) are the same
as the building units in many zeolites. The cancrinite-group
minerals have complicated and rather interesting chemistries;
they contain large anionic groups, and many are nonstoichio-
metric. Structurally, they are of special interest because they
display intriguing satellite reflections that vary markedly with
composition and temperature, thus giving rise to complicated
modulated structures.

The structure of cancrinite consists of a network of TO, (T
= Al Si) tetrahedra in which the T atoms are fully ordered (Fig.
1). The structure contains parallel six-membered rings consist-
ing of alternating AlO, and SiO, tetrahedra. These rings are
stacked in an ABAB... sequence and give rise to P6; hexagonal
symmetry and large continuous channels parallel to the 6, axes
(= z axis); the channels are bounded by twelve-membered rings
of alternating AlO, and SiO, tetrahedra. The cancrinite structure
also consists of “columns” of small e-cages that are bounded by
six four-membered and five six-membered rings consisting of
alternating AlO, and SiO, tetrahedra. These cages occur along
the threefold axes that are parallel to the z axis.

The structures of several cancrinite specimens are known
(e.g., Nithollon and Vernotte 1955; Jarchow 1965; Smolin et al.
1981; Emiraliev and Yamzin 1982; Grundy and Hassan 1982;
Kanepit and Nozik 1985; Ballirano and Maras 2004). The e-cages
in cancrinite, vishnevite, pitiglianoite, and hydroxycancrinite
contain a [Na-H,O]* cluster, whereas in davyne, quadridavyne,
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and microsommite the cage contains a Ca and a CI atom, while
tiptopite contains a K atom in a cage (e.g., Hassan and Grundy
1990; Bonaccorsi et al. 1990, 1994, 2001; Merlino et al. 1991;
Peacor et al. 1987). In cancrinite, the Na atoms are on the Nal
site in the e-cages, and the oxygen of the H,O molecule, denoted
O,, is disordered around the threefold axis to form favorable
hydrogen bonds and reasonable Na-O,, distances (Fig. 1). In
davyne, for example, Ca rather than Na atoms occur on the Nal
site, and CI atoms occur on the threefold axis in place of the
disordered O,. The channels contain the remaining cations (Na*,
Ca*, and K* on the Na2 site) and anions (CO%-, SO7-, OH-, and
H,0; e.g., Hassan and Grundy 1984, 1990, 1991). Vacancies are
present in the channels.

In the average substructure of cancrinite, the C atoms of
the CO; group are at (0, 0, z), and occupy two split positions:
C1 and C2 (and their symmetry related positions C1' and C2').
All four C positions are statistically equally occupied with a
site occupancy factor (sof) of 0.38 (Grundy and Hassan 1982).
This suggests the possibility of ordering of the CO; groups and
vacancies, and the formation of superstructures. The ordering
is associated with subsequent re-arrangement of the cations and
vacancies on the Na2 site.

Satellite reflections are commonly observed in cancrinite-
group minerals, but their origins are not known in detail (Jarchow
1965; Foit et al. 1973; Brown and Cesbron 1973). The satellite
reflections indicate distinct supercells with various values for the
¢ parameter. Details of the satellite reflections from cancrinite-
group minerals differ for each mineral and differ in specimens
from different localities. The structural model of Grundy and
Hassan (1982) was confirmed by Hassan and Buseck (1992) us-
ing high-resolution transmission electron microscopy (HRTEM).
In addition to distinct chemistries, the satellite reflections are
related to ordering of the ions in the channels. The CO;-group
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FIGURE 1. Crystal structure of cancrinite showing the location of the
atoms in the cages and channels. The Al and Si tetrahedra are ordered.
(a) Projection of the structure along [001] (after Grundy and Hassan
1982), and (b) a cancrinite cage showing the location of Nal and Na2
sites, and the disordered O,, water molecules.

vacancies are associated with Ca-atom vacancies, and these
[Ca-COs] vacancies are ordered in the channels and give rise to
the supercell in cancrinite. The superstructure in cancrinite should
be destroyed on heating, resulting in a phase transition and a true
cancrinite subcell. Although previous high-temperature structural
studies are not available for natural cancrinites, a recent study
was done on a synthetic cancrinite (Weller and Kenyon 2004).
There are several aims to this study: (1) determine accurate
unit-cell parameters with temperature to detect the expected
phase transitions; (2) observe the temperature where the satellite
reflections are lost and the phase transition occurs; (3) follow
the structural changes across the phase transition using in situ
diffraction data and Rietveld refinements; (4) follow the loss
of structural water and compare it with a previous DTA study
(Hassan 1996a); and (5) determine the crystal structure of the
anhydrous cancrinite phase.

EXPERIMENTAL METHODS

The pinkish white cancrinite sample used in this study is from Dungannon
Township, Bancroft, Ontario, and is well characterized (e.g., Grundy and Hassan
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1982; Hassan and Buseck 1992). The chemical composition is Nas osCa, 5o[ AlsSig
0,,](CO;),5771.75H,0 with P6; hexagonal pseudo-symmetry, cell parameters a
=12.590(3), ¢ = 5.117(1) A, and a supercell of 8 x ¢ (= 40.94 A). The crystals
of cancrinite were handpicked and crushed to a powder using an agate mortar
and pestle. High-temperature synchrotron X-ray powder diffraction experiments
were performed at beam-line X7B of the National Synchrotron Light Source at
Brookhaven National Laboratory. The sample was loaded in a quartz capillary
(diameter = 0.5 mm, open to air at one end) and was oscillated during the experi-
ment over a 0 range of 10°. The high-temperature X-ray data were collected using
in-situ synchrotron radiation [A = 0.91806(5) A] at room pressure and from 25
to 982 °C. Elevated temperatures were obtained using a horseshoe-shaped heater
and controlled using a thermocouple element near the capillary. The temperature
was calibrated using the 811 and 982 °C phase-transition temperatures in synthetic
BaCO;. Data were collected at a heating rate of about 9.5 °C/min. The data were
collected in regular intervals of about 15 °C to a maximum 20 of about 50° [(sin6/A)
<0.46 A-']. An imaging plate (IP) detector (Mar345, 2300 x 2300 pixels) mounted
perpendicular to the beam path was used to collect full-circle Debye-Scherrer rings
with an exposure time of 10 s. An external LaBg standard was used to determine
the sample-to-detector distance, wavelength, and tilt of the IP. The diffraction
patterns recorded by the IP were integrated using the Fit2d program to produce
conventional I-26 traces (Hammersley 1996).

Rietveld structure refinements

Several X-ray traces at regular temperature intervals were selected for treatment
with the Rietveld method that is incorporated in GSAS and EXPGUI programs
(Larson and Von Dreele 2000; Toby 2001). For the room temperature structure,
the starting atomic coordinates, cell parameters, isotropic displacement parameters,
and space group P6; were those of Grundy and Hassan (1982). The refined atomic
coordinates were then used as input for the next higher-temperature structure.
The site occupancy factors (sofs) in the structural model were initially set to the
nominal chemical composition of NagCa, 5,[ AlsSic0,,](CO3), 5-2H,0, as was done
by Grundy and Hassan (1982). Subsequently, the sofs for the O, site and those for
the CO; group were refined.

The background was modeled using a twenty-four-coefficient Chebyschev
polynomial function of the first kind, which models quite well the background
“hump” of the quartz capillary that was used to hold the sample. The reflection-
peak profiles were fitted using the pseudo-Voigt function with three refinable
coefficients (GW, GV, and LY). The zero-shift was set to zero at all temperatures,
as the instrument was calibrated with a LaB standard. A full-matrix least-squares
refinement varying a scale factor, cell parameters, atomic coordinates, and isotropic
displacement parameters converged rapidly. Isotropic displacement parameters
were used during the refinements, but similar atoms were constrained to have equal
displacement parameters, for example, the Al and Si atoms were constrained to have
equal displacement parameters, as were the atoms in the carbonate groups. Because
of the complexity of the cancrinite structure, soft constraints were initially used for
T-O and C-O distances [Si-O = 1.615(20), Al-O = 1.733(20), and C-O = 1.30(2)
A], and the statistical weights were subsequently decreased during the refinements
until they were finally removed completely before the final cycles of refinement.
Soft constraints were also used to refine the structures of other cancrinites (Burton
et al. 1999; Fechtelkord et al. 2001). Finally, the background (24 terms), profile
parameters (3 terms), a scale factor, cell and structural parameters (36 or 35 terms),
were allowed to vary, and the refinement proceeded to convergence. At the end of
the refinements, the total number of variables was either 64 or 63, and the number
of observed reflections was between 232 and 240, and the number of observations
(data points) was about 2000. The structures refined well at all temperatures up to
952 °C. At 982 °C, the number of observed reflection increased to 258, indicating
the start of formation of an additional nepheline-like phase. Refinement of the
cancrinite structure was noticeably poorer at this temperature. Representative
examples of synchrotron powder X-ray diffraction (XRD) patterns are shown
in Figure 2. The cell parameters and the Rietveld structure refinement statistics
at various temperatures are listed in Table 1. The atom coordinates and isotropic
displacement parameters are given in Table 2, and selected bond distances and
angles are listed in Table 3.

RESULTS AND DISCUSSION
Satellite reflections in cancrinite

Well-developed satellite reflections occur in the sample used
in this study. Such reflections are easily observed in selected-area
electron diffraction (SAED) patterns (see Fig. 2 of Hassan and
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TABLE 1.  Unit-cell parameters for cancrinite at various temperatures
(°C) and agreement factors
7/°C a’h /A c/a v/A *R2
SC20t  12.590(3) 5.117(1) 0.4064 702.4(3)
25 12.5906(2) 5.1168(1) 0.4064 702.45(2) 0.0615
101 12.5979(2) 5.1243(1) 0.4068 704.30(2) 0.0586
207 12.6111(2) 5.1369(1) 0.4073 707.51(3) 0.0602
298 12.6268(2) 5.1514(1) 0.4080 711.29(3) 0.0565
344 12.6342(2) 5.1580(1) 0.4083 713.04(3) 0.0592
405 12.6414(2) 5.1641(1) 0.4085 714.69(2) 0.0612
466 12.6524(2) 5.1730(1) 0.4089 717.16(3) 0.0585
496 12.6538(2) 5.1736(1) 0.4089 717.41(3) 0.0577
511 12.6508(2) 5.1707(1) 0.4087 716.67(3) 0.0627
526 12.6571(2) 5.1755(1) 0.4089 718.05(3) 0.0578
541 12.6554(2) 5.1732(1) 0.4088 717.54(3) 0.0554
557 12.6560(2) 5.1728(2) 0.4087 717.54(3) 0.0550
602 12.6613(2) 5.1753(2) 0.4087 718.49(3) 0.0774
648 12.6696(2) 5.1801(2) 0.4089 720.10(3) 0.0789
693 12.6758(2) 5.1835(2) 0.4089 721.28(3) 0.0595
800 12.6886(2) 5.1924(2) 0.4092 723.99(3) 0.0629
891 12.7034(3) 5.2031(2) 0.4096 727.16(3) 0.0585
906 12.7053(3) 5.2043(2) 0.4096 727.55(3) 0.0638
952 12.7187(4) 5.2150(2) 0.4100 730.58(4) 0.0593
982 12.7281(5) 5.2242(3) 0.4104 732.96(6) 0.0682

*R#=R-structure factor based on observed and calculated structure amplitudes
= {X(F - F)/Z(F)} .

1 SC20 refers to single-crystal data from Grundy and Hassan (1982) in all
tables.

Buseck 1992). In X-ray precession photographs, strong satellite
reflections were only observed at relatively high angles (see
Fig. 2 of Grundy and Hassan 1982). In the powder synchrotron
XRD traces, while several weak satellite reflections are observ-
able at low angles, a fairly strong satellite reflection occurs at
about 19° 20 (Fig. 2a). The satellite reflections are easily seen
in the difference profile trace and they were not excluded in the
refinements because they are quite weak. The satellite reflections
were not observed in the trace at 511 °C and indicates a phase
transition (Fig. 2b).

In SAED patterns and X-ray photographs, the observed
cancrinite supercell is a X 8¢ (i.e., 12.590 by 40.936 A; Grundy
and Hassan 1982). This supercell was refined with the room
temperature data using the Le Bail method in GSAS with the
background and profile terms determined by the Rietveld method
for the substructure cell at 25 °C. Keeping the Rietveld terms
fixed and refining only the scale and cell parameters, the supercell
parameters obtained were a = 12.5935(2), ¢ = 40.9451(7) A,
and V= 5623.8(1) A® (with R, = 0.0138 and R,,, = 0.0190). The
strong superstructure reflection at about 19° 20 was indexed as
1,1,13 in the supercell, and is quite close to the position where
the superstructure reflections were observed in X-ray precession
photographs (see Fig. 2 of Grundy and Hassan 1982). The weaker
satellite reflection at about 9° 20 was indexed as 016.

The ordering that gives rise to the satellite reflections in can-
crinite is destroyed by about 504 °C (chosen between 496 and
511 °C; see Fig. 2b). The disappearance of the satellite reflections
marks the onset of a structural phase transition, which results in a
true cancrinite subcell. However, in a DTA-TG study, this subtle
structural phase transition was not observed because the of the
lower sensitivity of the technique (see Hassan 1996a).

Cell parameters

The unit-cell parameters for cancrinite at 25 °C obtained in
this study [Table 1; a = 12.5906(2), ¢ =5.1168(1) A] are similar
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FIGURE 2. Synchrotron X-ray powder diffraction pattern for
cancrinite at (a) 25 °C, (b) 511 °C, and (¢) 952 °C together with the
calculated and difference plot from Rietveld refinement. Satellite
reflections are indicated by arrows in (a). These reflections disappear in
the trace at 511 °C. New additional, very weak reflections (not seen at
this scale) were observed in the trace in (¢). Due to their weak intensities,
the satellite reflections in a, and the additional reflections observed at
952 °C were not excluded from the refinements. For the pattern at 25
°C, the 100% peak at 16.445° 20 is indexed as 121 or 211, and has a
FWHM of 0.1867(7)°.

to those obtained by Hassan and Grundy (1982; a = 12.590(3),
c=5.117(1) A). The variation of the unit-cell parameters for
cancrinite with temperature is shown in Figure 3, together with
solid lines or curves showing the least-squares fit to the data.
All the cell parameters increase linearly to 504 °C. However, at
504 °C there is a sharp discontinuity, indicating the occurrence
of a structural phase transition in cancrinite. This break in slope
was not detected from the unit-cell parameters obtained from
conventional powder XRD data because (1) a small number of
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TABLE 2. Positional and isotropic displacement parameters (U x 100 A?) at various temperatures (°C) for cancrinite

Atom/T SC20 25 101 207 298 405 496 511 557 602

Si X 0.3277(1) 0.3246(5) 0.3248(6) 0.3248(6) 0.3253(7) 0.3254(6) 0.3387(7) 0.3385(7) 0.3270(8) 0.3270(8)
y 0.4104(1) 0.4029(5) 0.4024(5) 0.4022(5) 0.4021(6) 0.4037(7) 0.4165(6) 0.4162(7) 0.4092(9) 0.4097(9)
) 0.73(3) 0.31(8) 0.34(8) 0.42(8) 0.42(8) 0.51(7) 0.82(7) 0.87(7) 1.15(7) 1.26(7)

Al X 0.0752(1) 0.0775(6) 0.0776(6) 0.0769(6) 0.0769(7) 0.0756(7) 0.0755(7) 0.0758(7) 0.0724(8) 0.0724(8)
y 0.4125(1) 0.4205(6) 0.4204(6) 0.4200(6) 0.4196(7) 0.4172(7) 0.4041(6) 0.4045(7) 0.4123(8) 0.4123(8)
z 0.7510(3) 0.7612(25) 0.7618(26) 0.7622(27)  0.7599(35)  0.754(6) 0.7511(32)  0.7525(31) 0.7497(29) 0.7512(28)

o1 X 0.2027(2) 0.2051(14) 0.2057(14) 0.2070(15)  0.2068(16)  0.2049(17)  0.2114(17)  0.2113(17) 0.2015(20) 0.2020(19)
y 0.4043(2) 0.4032(6) 0.4039(6) 0.4049(6) 0.4062(6) 0.4079(6) 0.4084(6) 0.4088(6) 0.4079(6) 0.4097(6)
z 0.6574(5) 0.6777(21) 0.6791(21) 0.6804(23)  0.6791(26) 0.676(4) 0.6774(24)  0.6770(24) 0.6726(24) 0.6698(24)
) 1.63(9) 1.05(13) 1.26(14) 1.59(15) 1.98(14) 2.25(13) 2.34(12) 2.25(12) 2.34(13) 2.29(13)

02 X 0.1131(2) 0.1085(5) 0.1081(5) 0.1073(5) 0.1068(5) 0.1073(5) 0.1052(5) 0.1055(5) 0.1055(5) 0.1065(6)
y 0.5635(2) 0.5568(14) 0.5566(14) 0.5568(15)  0.5579(15)  0.5602(14)  0.5578(20)  0.5585(19) 0.5584(17) 0.5593(17)
z 0.7281(7) 0.7355(23) 0.7362(24) 0.7377(27)  0.7389(30)  0.748(4) 0.7412(31)  0.7423(32) 0.7439(31) 0.7461(31)

03 X 0.0295(2) 0.0209(11) 0.0201(11) 0.0189(13)  0.0173(13) 0.0156(16)  0.0128(15)  0.0122(15) 0.0117(13) 0.0116(13)
y 0.3487(2) 0.3515(13) 0.3503(14) 0.3483(16)  0.3442(18)  0.3407(21)  0.3360(13)  0.3352(13) 0.3373(14) 0.3371(14)
z 0.0610(5) 0.0521(42) 0.0509(43) 0.0499(47)  0.0517(43)  0.058(4) 0.0259(32)  0.0259(32) 0.0234(30) 0.0215(31)

04 X 0.3131(2) 0.3056(11) 0.3073(12) 0.3085(15)  0.3118(18) 0.3171(21)  0.3213(16)  0.3218(15) 0.3171(16) 0.3178(17)
y 0.3566(2) 0.3533(12) 0.3540(13) 0.3547(15)  0.3556(17)  0.3557(19)  0.3596(12)  0.3606(12) 0.3583(14) 0.3590(13)
z 0.0439(5) 0.0660(31) 0.0659(32) 0.0642(35)  0.0553(35) 0.041(4) 0.0642(22)  0.0662(21) 0.0661(25) 0.0677(24)

Na1l z 0.1339(11)  0.1206(21) 0.1237(22) 0.1288(24)  0.1277(26) 0.1167(35)  0.1126(24)  0.1124(24) 0.1075(26) 0.1050(27)
) 4.91(18) 3.14(13) 3.49(14) 3.96(16) 4.42(18) 4.69(16) 5.70(18) 5.67(18) 6.60(19) 7.38(22)

Na2 X 0.1232(1) 0.1268(9) 0.1259(10) 0.1247(11) ~ 0.1233(11)  0.1237(11)  0.1302(11)  0.1302(11) 0.1270(16) 0.1277(16)
y 0.2490(1) 0.2509(4) 0.2508(4) 0.2508(4) 0.2505(4) 0.2522(4) 0.2512(4) 0.2514(4) 0.2523(4) 0.2530(4)
z 0.2959(3) 0.2996(14) 0.3004(15) 0.3008(16)  0.3010(18)  0.2993(28)  0.2982(18)  0.2981(17) 0.2965(16) 0.2940(17)

C1 z 0.6729(25)  0.714(5) 0.720(5) 0.725(6) 0.718(7) 0.696(7) 0.691(6) 0.691(6) 0.583(8) 0.590(9)
u 4.45(94) 1.8(7) 1.6(7) 2.6(8) 2.8(8) 2.8(8) 3.6(8) 3.48) 6.0(10) 7.4012)

2 z 0.9134(30)  0.940(5) 0.942(5) 0.939(7) 0.930(7) 0.913(8) 0.913(8) 0.914(8) 0.825(8) 0.835(9)

O¢ X 0.0572(8) 0.0766(31) 0.0764(31) 0.0756(37)  0.0746(43) 0.0723(48) 0.0374(44)  0.0369(43) 0.0879(34) 0.0901(38)
y 0.1163(8) 0.1131(21) 0.1127(21) 0.1125(25)  0.1135(28) 0.1147(26)  0.1154(24)  0.1153(24) 0.1112(37) 0.1096(42)

Oc, X 0.0587(8) 0.0758(37) 0.0785(34) 0.0827(37)  0.0901(32)  0.0953(25)  0.0253(31)  0.0242(31) 0.0510(51) 0.0464(47)
y 0.1194(8) 0.1197(20) 0.1203(21) 0.1222(25)  0.1221(29) 0.1136(27)  0.1225(28)  0.1237(28) 0.1237(28) 0.1263(32)

C sof  0.380 0.380 0.380 0.380 0.380 0.380 0.380 0.380 0.380 0.380

O, z 0.6875(25)  0.6926(37) 0.6975(42) 0.7059(52)  0.7131(66) 0.768(10) 0.7983(99)  0.807(11) 0.798(23) 0.803(25)

Oy sof 1.0 0.801(13) 0.788(13) 0.782(14) 0.719(14) 0.496(13) 0.288(14) 0.254(14) 0.139(14) 0.030(15)

Notes: Na1 at (2/3, 1/3, 2); C1 and C2 at (0, 0, 2). Constraints: z(C1) = z(O¢,); z(C2) = z(Oc,); O, = [2/3, 1/3, z]; U(O,,) = 0.025; U(Si) = Al; U(O1) =02 =03 =04; U(C1) =
C2=0¢ =0¢; UNaT) = U(Na2). For sof: Na1 = 1.0; Na2 = 1.125 (= 0.67Na + 0.25Ca); C1 = C2 = O, = O¢, = 0.38 from 25 to 602 °C and variable thereafter. For SC20,
0,, is at [0.6246(12), 0.3243(42), 0.6875(25)].Si: z = 3/4.

TABLE 3. Bond distances (A) and angles (°) at various temperatures (°C) for cancrinite
Atom/T SC20 25 101 207 298 405 496 511 577 602

Si-01 1.608(3) 1.552(19) 1.553(19) 1.545(19) 1.566(20) 1.597(23) 1.606(21) 1.609(21) 1.629(24) 1.636(24)
-02 1.601(4) 1.717(16) 1.721(17) 1.714(17) 1.697(18) 1.660(16) 1.514(23) 1.511(23) 1.619(21) 1.612(22)
-03 1.619(5) 1.508(18) 1.505(19) 1.503(21) 1.493(19) 1.482(16) 1.643(16) 1.639(16) 1.627(15) 1.640(14)
-04 1.621(3) 1.706(17) 1.705(17) 1.698(19) 1.658(18) 1.606(18) 1.747(13) 1.750(12) 1.739(14) 1.748(13)
<Si-0> 1.612(2) 1.621(9) 1.621(9) 1.615(10) 1.604(9) 1.586(9) 1.628(9) 1.627(9) 1.654(9) 1.659(9)
Al-01 1.728(3) 1.777(18) 1.779(18) 1.793(18) 1.781(19) 1.743(22) 1.736(22) 1.733(22) 1.710(25) 1.711(25)
-02 1.717(3) 1.564(16) 1.565(17) 1.574(18) 1.595(18) 1.645(16) 1.788(24) 1.791(24) 1.680(21) 1.687(22)
-03 1.741(3) 1.691(21) 1.691(21) 1.696(24) 1.737(24) 1.803(25) 1.646(15) 1.646(15) 1.663(17) 1.651(16)
-04 1.747(3) 1.815(14) 1.805(15) 1.799(16) 1.793(15) 1.749(17) 1.611(16) 1.614(16) 1.639(17) 1.637(17)
<Al-0> 1.733(2) 1.712(9) 1.710(9) 1.716(10) 1.727(10) 1.735(10) 1.695(10) 1.696(10) 1.673(10) 1.672(10)
Al-01-Si 142.3(2) 151.6(6) 152.2(6) 152.7(6) 152.8(6) 152.9(6) 153.7(6) 153.4(6) 152.2(6) 151.0(6)
Al-02-Si 152.8(2) 155.3(5) 155.5(5) 155.8(5) 156.3(5) 156.7(4) 157.8(4) 157.6(4) 158.3(4) 157.8(4)
Al-03-Si 132.8(2) 142.7(10) 142.8(10) 142.3(11) 140.5(12) 138.4(14) 139.2(11) 139.0(10) 140.3(9) 140.1(10)
Al-04-Si 132.9(2) 125.2(9) 126.1(9) 127.2(11) 129.9(13) 135.3(16) 134.1(11) 134.0(11) 132.5(9) 132.9(10)
<T-O-T> 140.2(1) 143.7(4) 144.2(4) 144.5(4) 144.9(5) 145.8(6) 146.2(4) 146.0(4) 145.8(4) 145.5(4)
Na2-01 2.507(3) 2.550(9) 2.561(9) 2.577(10) 2.588(11) 2.588(10) 2.611(9) 2.610(9) 2.588(10) 2.596(10)
-03 2.427(4) 2.583(16) 2.579(17) 2.568(18) 2.534(18) 2.490(19) 2.633(16) 2.630(16) 2.618(17) 2.617(17)
-03 2.859(3) 2.800(15) 2.794(16) 2.788(17) 2.772(19) 2.763(21) 2.574(18) 2.566(18) 2.618(19) 2.612(19)
-04 2.444(3) 2.293(17) 2.320(19) 2.352(22) 2.422(24) 2.503(24) 2.424(15) 2.423(15) 2.404(21) 2.395(21)
-04 2.891(6) 2.945(15) 2.939(16) 2.928(17) 2.899(18) 2.850(19) 3.020(16) 3.031(15) 2.983(19) 3.001(19)
-0C1® 2.412(12) 2.608(27) 2.638(27) 2.662(30) 2.629(31) 2.552(30) 2.540(31) 2.542(31) 2.18(5) 2.24(5)
-0C1° 2.440(11) 2.17(4) 2.16(4) 2.16(4) 2.18(5) 2.26(6) 2.73(5) 2.73(5) 2.28(5) 2.24(5)
-0C1° 2.431(21) 2.65(4) 2.66(4) 2.65(4) 2.65(5) 2.65(6) 2.18(5) 2.17(5) 3.01(5) 3.04(6)
<with OC1> 2.551(4) 2.575(9) 2.581(9) 2.586(9) 2.584(11) 2.582(12) 2.589(11) 2.588(11) 2.585(12) 2.593(13)
Na2-0C2° 2.414(14) 2.338(26) 2.333(27) 2.345(32) 2.40(4) 2.56(4) 2.49(4) 2.49(4) 2.82(4) 2.76(5)
-0C22 2.424(21) 2.29(5) 2.26(4) 2.21(5) 2.10(4) 1.986(31) 2.929(34) 2.952(34) 2.54(6) 2.63(6)
-0C2? 2.432(12) 2.66(4) 2.70(4) 2.74(4) 2.83(4) 2.954(30) 1.99(4) 1.98(4) 2.26(6) 2.19(6)
<with 0C2> 2.550(4) 2.557(9) 2.561(9) 2.564(09) 2.568(11) 2.587(12) 2.584(11) 2.585(11) 2.604(12) 2.600(13)
C1-0C1 x3 1.268(9) 1.258(24) 1.255(24) 1.252(28) 1.261(31) 1.270(29) 1.290(28) 1.290(29) 1.286(34) 1.28(4)
C2-0C2 x3 1.302(9) 1.321(23) 1.333(24) 1.362(28) 1.384(31) 1.335(28) 1.417(29) 1.436(30) 1.363(32) 1.40(4)
<C-0> 1.285(4) 1.290(9) 1.294(9) 1.307(11) 1.323(13) 1.303(12) 1.354(12) 1.363(12) 1.325(14) 1.340(16)
Na1-01 x3 2.863(3) 2.888(7) 2.881(7) 2.871(7) 2.861(7) 2.850(7) 2.852(7) 2.847(7) 2.857(7) 2.838(7)
-02x3 2.450(5) 2.521(6) 2.524(6) 2.531(6) 2.543(6) 2.567(5) 2.587(5) 2.586(5) 2.596(5) 2.593(5)
<Na1-0> 2.657(2) 2.705(3) 2.703(3) 2.701(3) 2.702(3) 2.709(2) 2.720(2) 2.717(2) 2.727(2) 2.716(2)
Na1-0,° 2.335(23) 2.190(18) 2.184(20) 2.173(24) 2.136(31) 1.80(5) 1.63(5) 1.59(6) 1.60(12) 1.60(15)
-0.° 2.874(15) 2.926(18) 2.940(20) 2.964(24) 3.016(31)
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TABLE 2.—EXTENDED

648 693 800 891 952
0.3272(8) 0.3274(8) 0.3368(11) 0.3317(14)  0.3313(16)
0.4099(8) 0.4102(8) 0.4153(8) 0.4127(8) 0.4121(10)
1.36(7) 1.49(7) 1.65(8) 1.91(8) 2.22(11)
0.0726(8) 0.0724(8) 0.0760(8) 0.0738(9) 0.0727(11)
0.4124(8) 0.4121(8) 0.4071(8) 0.4104(9) 0.4109(11)
0.7493(30) 0.7498(30) 0.7494(33) 0.752(4) 0.752(5)
0.2020(19) 0.2025(19) 0.2098(21) 0.2061(21)  0.2087(22)
0.4088(6) 0.4087(6) 0.4082(6) 0.4079(6) 0.4109(8)
0.6713(24) 0.6733(25) 0.6807(26) 0.6850(29)  0.680(4)
2.44(13) 2.46(14) 2.53(14) 2.56(14) 2.47(19)
0.1056(5) 0.1049(5) 0.1037(5) 0.1028(5) 0.1020(6)
0.5586(17) 0.5584(17) 0.5557(26) 0.5579(20)  0.5603(21)
0.7416(33) 0.7418(33) 0.7323(33) 0.7334(36)  0.747(5)
0.0092(12) 0.0080(12) 0.0043(13) 0.0013(14)  -0.0040(18)
0.3348(14) 0.3333(14) 0.3289(13) 0.3291(16)  0.3280(22)
0.0175(29) 0.0175(30) 0.0116(31) 0.0072(33)  0.003(5)
0.3171(16) 0.3172(16) 0.3201(15) 0.3169(17)  0.3177(22)
0.3584(13) 0.3585(13) 0.3595(12) 0.3560(15)  0.3561(21)
0.0662(25) 0.0655(25) 0.0613(24) 0.0558(26)  0.051(4)
0.1038(26) 0.1081(27) 0.1089(29) 0.1070(31)  0.1170(44)
7.91(20) 8.37(21) 8.93(22) 10.00(24) 10.80(33)
0.1278(15) 0.1279(15) 0.1295(15) 0.1290(15)  0.1301(19)
0.2525(5) 0.2529(5) 0.2525(5) 0.2540(6) 0.2545(8)
0.2949(17) 0.2950(18) 0.2958(21) 0.2921(24)  0.2855(32)
0.582(8) 0.576(9) 0.692(10) 0.739(13) 0.770(16)
6.7(12) 7.5(13) 7.4(13) 9.2(16) 10.9(23)
0.830(9) 0.831(9) 0.933(11) 0.957(12) 0.973(17)
0.0862(40) 0.0872(42) 0.0378(58) 0.0421(62)  0.0441(86)
0.1107(38) 0.1129(40) 0.1208(30) 0.1243(28)  0.1245(38)
0.0490(48) 0.0499(51) 0.0384(52) 0.0437(81)  0.039(11)
0.1271(26) 0.1286(28) 0.1268(36) 0.1177(33)  0.1219(49)
0.371(3) 0.371(3) 0.371(3) 0.360(3) 0.366(5)

TABLE 3.—Extended
648 693 800 891 952

1.631(24) 1.622(24) 1.609(25) 1.603(26) 1.594(28)

1.612(22) 1.606(22) 1.551(33) 1.562(28) 1.532(29)

1.644(13) 1.643(13) 1.658(15) 1.650(15) 1.630(21)

1.744(14) 1.743(14) 1.734(14) 1.717(15) 1.697(20)

1.658(9) 1.654(9) 1.638(12) 1.633(11) 1.613(12)

1.711(25) 1.719(25) 1.729(26) 1.732(27) 1.771(30)

1.684(22) 1.687(22) 1.739(34) 1.722(28) 1.744(30)

1.659(16) 1.666(16) 1.662(17) 1.652(20) 1.656(25)

1.643(16) 1.644(17) 1.643(17) 1.674(18) 1.682(23)

1.674(10) 1.679(10) 1.694(12) 1.695(12) 1.713(14)
151.8(6) 152.4(6) 155.1(7) 156.1(7) 154.5(10)
158.4(4) 158.9(4) 158.7(5) 159.5(5) 160.6(6)
140.1(9) 139.6(9) 138.6(9) 139.8(11) 141.0(16)
132.4(10 132.7(10) 133.2(10) 133.5(11) 134.7(15)
145.7(4) 145.9(4) 146.4(4) 147.2(4) 147.7(5)

2.597(10) 2.602(11) 2.631(12) 2.655(14) 2.684(18)

2.642(17) 2.640(17) 2.681(17) 2.699(20) 2.748(29)

2.576(19) 2.562(20) 2.486(21) 2.492(24) 2.472(31)

2.395(20) 2.398(21) 2.427(16) 2.408(21) 2.403(28)

2.998(18) 2.997(19) 3.012(19) 2.964(21) 2.981(28)

2.19(5) 2.15(6) 2.54(5) 2.74(6) 2.91(8)

2.30(5) 2.32(6) 2.76(7) 2.70(8) 2.68(11)

3.00(6) 3.01(6) 2.17(7) 2.17(8) 2.18(11)

2.587(13) 2.585(14) 2.588(15) 2.604(17) 2.632(23)

2.78(4) 2.77(5) 2.36(5) 2.31(6) 2.21(8)

2.60(6) 2.60(7) 2.83(6) 2.76(10) 2.90(14)

2.21(6) 2.22(6) 2.18(6) 2.38(9) 2.35(12)

2.600(13) 2.599(14) 2.576(15) 2.584(17) 2.594(23)

1.28(4) 1.30(4) 1.36(4) 1.39(4) 1.39(5)

1.407(31) 1.424(33) 1.43(4) 1.31(4) 1.37(5)

1.344(15) 1.362(15) 1.395(16) 1.350(16) 1.380(20)

2.851(7) 2.852(7) 2.866(7) 2.876(8) 2.837(9)

2.599(5) 2.603(5) 2.604(6) 2.622(6) 2.639(8)

2.725(2) 2.728(2) 2.735(3) 2.749(3) 2.738(3)

reflections was used to determine the cell parameters, and (2)
peak positions were obtained from peak-height positions rather
than a least-squares fit to the whole trace (see Hassan 1996b).
Note that the satellite reflections also disappear in the XRD
traces at 504 °C, which is consistent with the results based on
the temperature dependence of the unit-cell parameters.

The volume thermal expansivity was obtained by fitting all
the cell-volume data simultaneously to the expression:

V(T)=V,exp

if(x,, (THdT]

where V(T) is the volume at any temperature 7', V7, is the volume
at reference temperature, usually room temperature, and o,(7)
is a polynomial expression for the volume thermal expansion
coefficient: o(7T) = ay + a,T + a,T>. Ignoring the quadratic
term, the values: a, = 4.1539 (20.37) X 107 and a, = 1.7955 (=
1.63) x 10-* were obtained with V;, = 702.452(2) A3 at 25 °C
for the range 25-496 °C, and a, =-2.3882 (+1.58) x 10~ and q,
=9.2014 (+2.23) x 10°* were obtained with V;, = 716.67(3) A3
at 511 °C for the range 511-982 °C.

For the linear thermal expansion coefficients, the g, and a,
parameters were obtained by fitting the unit-cell data given in
Table 1. For the a unit-cell data, a, = 8.9595 (x0.84) x 107 and
a, =7.7009 (£3.7) x 10 were obtained with a; = 12.5906(2)
A3 at 25 °C for the range 25496 °C, and a, =—-0.11481 (+ 0.38)
x 107 and a, = 1.6582 (x0.536) x 10~ were obtained with a;
=12.6508(2) A3 at 511 °C for the range 511-982 °C. The fit to
the ¢ unit-cell data yielded, a, = 2.3437 (x0.20) x 10~ and a,
=3.2326 (+8.98) x 10-° were obtained with ¢, = 5.1168(1) A3
at 25 °C for the range 25-496 °C, and a, = —2.2912 (+0.824)
X 10 and a, = 5.7839 (x1.16) x 10~* were obtained with ¢z, =
5.1707(1) A% at 511 °C for the range 511-982 °C. The percent
volume change from 25 to 496 °C is 2.1(2)%, from 511 to 982
°Cis 2.3(4)%, and from 25 to 982 °C is 4.3(2)%.

Structure of cancrinite

The close agreement between our room-temperature structure
and that of Grundy and Hassan (1982) suggested that some mean-
ingful structural changes could be extracted from the present
Rietveld structure refinements. Although there is good agreement
with the mean bond distances in the tetrahedral (Al, Si) sites, the
individual T-O distances are highly scattered in the powder-data
refinements, whereas they are very near to the mean value in the
single-crystal refinement, indicating that the present data may
not be adequate to elucidate fine structural details.

At 25 °C, the average <Al-O> and <Si-O> distances are
1.712(9) and 1.621(9) A, respectively, and they compare well
with the values of 1.733(2) and 1.612(2) A obtained by Grundy
and Hassan (1982), indicating that the Al and Si atoms are fully
ordered (Table 3). The relatively small variation in average
<T-O> distances suggests that Al/Si ordering is maintained at
temperature (Table 3; Fig. 4a). The variations of the Al-O-Si
bridging angles are shown in Fig. 4b. The average <Al-O-Si>
angle increases from 143.7(4) to 147.7(5)° over the temperature
range of the experiments.

The Nal site is coordinated to six O atoms of the framework
and to one O,, of the H,O molecule that is at a short distance
compared to the other symmetry related H,O molecule (Table
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FIGURE 3. Variation of the unit-cell parameters with temperature:
(a)avs. T;(b) cvs. T, (¢) Vvs. T; and (d) c¢/a vs. T. The solid and curve
lines are from least-square fits to the data. Discontinuities occur in the
cell parameters at 504 °C and are indicated by broken vertical lines. Data
at 20 °C from Grundy and Hassan (1982) are included for comparison
in this and other figures and they are indicated by “opposite” symbols
to that used for the present data, i.e., if one data symbol is shown as an
open square, the corresponding symbol is shown as a solid square. In all
figures, error bars, if not seen, are smaller than the symbols.

3). The channels contain the Na2 site and the two independent
sites for the CO; group that give rise to two independent C-O
bonds (denoted C1-O¢, and C2-Oc,). The sof for the Na2 site
was held invariant at 1.125 (in terms of equivalent Na scattering)
throughout the temperature range. The Na2 site is coordinated to
five O atoms of the framework and three O atoms of a CO; group
(either O, or O,). The Na/Ca atom on the Na2 site, therefore,
has two different coordinations depending on which COs;-group
positions are occupied. For both coordinations, the average
<Na2-O> distances are nearly identical at all temperatures
(Table 3; Fig. 4c). The CO; group was constrained to be planar
(same z for the C and O atom). Because the CO; group is rigid,
the C-O bond distances should remain essentially constant with
temperature; however they do vary slightly probably because
powder rather than single-crystal diffraction data were used in
this study (Table 3; Fig. 4a).

The cancrinite or e-cages enclose [Na-H,O]* clusters. The
sof for the Nal site was held invariant at 1.0 at all temperatures.
The average <Nal-O> distance increases slightly, but linearly
t0 952 °C (Fig. 4c). In particular, the Nal-O2 distance increases
with temperature (Fig. 4c).

The O, site is disordered around the threefold axis to form
favorable hydrogen bonds and reasonable Nal-O,, distance (see
Fig. 1; Grundy and Hassan 1982). In the present structure refine-
ments, the O,, was placed on the threefold axis to help stabilize
the refinements (Fechtelkord et al. 2001). As a result, the Nal-O,,
distance appears short when compared to that of the disordered
model (for example, at room temperature it is 2.19(2) instead
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of 2.34(2) A; Table 3). At higher temperatures (400 to 600 °C),
the Nal-O,, distances are unrealistically short because of the
real disorder of O,, and the small amount of electron density
that remains in the O,, site because of the loss of water (Table 3;
Fig. 4c). The single-crystal study of Grundy and Hassan (1982)
showed that O,, had the largest displacement parameter, so plac-
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FIGURE 5. Variation of the site occupancy factors (sofs) for the O,,
site and the atoms of the CO; group with temperature.

ing the O, on the threefold axis would give rise to even larger
values. Therefore, the displacement parameter for O,, was fixed
at 0.025 A? throughout. Keeping O, on the threefold axis and
its displacement parameter fixed at 0.025 A2, the sof for O,, was
refined to follow the loss of water. At room temperature, the sof
for O,, was 0.8 instead of 1.0, the value used by Grundy and
Hassan (1982). However, the chemical analysis indicates 1.75
H,0, which gave a sof of 0.875, which compares favorably with
the value of 0.8 obtained in this study. Despite some shortcom-
ings in the structural model, the quality of the refinements was
sufficient to follow the loss of water from the sof of O,, (Fig.
5). Based on this approach, it was found that all the water is
lost at about 625 °C (Fig. 5). In contrast, the DTA-TG study on
cancrinite shows that water is lost continuously on heating up
to about 683 °C (Hassan 1996a). Therefore, from about 625 to
950 °C, an anhydrous cancrinite phase must exist. An anhydrous
phase has also been identified in a sample obtained by heating
cancrinite to 600 °C, and then cooling it to room temperature
(Ballirano et al. 1995). The transition from the hydrous to the
anhydrous cancrinite phase is quite gradual and not well-defined
in the DTA study, but was observed at 683 °C (see peak-2 in
Hassan 1996a). In this study, however, the hydrous to anhydrous
transition is clearly observed at about 625 °C.

Dehydration and thermal behavior of cancrinite

In cancrinite, all the H,O is lost by about 625 °C; an anhy-
drous cancrinite phase exists from about 625 to 952 °C (Fig.
5). The structure refinement at 952 °C shows negligible loss of
CO, (Table 3; Fig. 5).

The thermal-expansion curves for cancrinite show a break
at 504 °C, where the superstructure is destroyed and a phase
transition occurs. The chemical formula used in the refine-
ments is NasCa, 5,[ AlsSi50,4](CO3), 5,,2H,0, which indicates
0.48 [Ca-COs] vacancies in the channels. These vacancies are
ordered and give rise to the supercell in cancrinite. On heating,
the ordering of the [Ca-CO;] clusters and vacancies in the chan-
nels is destroyed at 504 °C. During the disordering process, the
structure adjusts slightly as indicated by the small changes in
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FIGURE 6. Comparison of the cancrinite framework structure: (a)
at 25 °C; and (b) at 952 °C. At high temperatures, the tetrahedra rotate
in a cooperative manner with respect to those at low temperatures.
The rotation is best seen by comparing an identical tetrahedron at both
temperatures.

bond distances and angles (Fig. 4).

In sodalite, the angle of rotation of the framework tetrahedra
is comparable to the change in the Al-O-Si angle. In cancrinite,
from 25 to 952 °C, the average <Al-O-Si> angle increases by
4.0(6)° compared to that of 7.8(2)° in sodalite for a comparable
temperature range (Hassan et al. 2004). The rotation of the
framework terahedra in cancrinite is illustrated in Figure 6, where
the structures at 25 and 952 °C are compared. The cooperative
rotation of the tetrahedra, which is caused by the increase in
Nal-0O2 distances with temperature (Fig. 4c), gives rise to the
expansion in cancrinite.
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