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A Reinvestigation of Low-Carnegieite by XRD, NMR, and TEM
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The crystal structure of low-carnegicite, NaAlSiO,, has been reinvestigated by a combination of
X-ray powder diffraction, transmission electron microscopy, solid-state PSi and Al MAS NMR
spectroscopy, and electron microprobe analysis. With sufficient homogenization of component oxides
and annealing at 1673 K it was possible to obtain a single crystalline phase which could be indexed
to an orthorhombic unit cell: Pb2,a, a = 10.261{1), b = 14.030(2), ¢ = 5.1566(6) A. Electron microprobe
analysis confirmed the stoichiometry to be NaAlSiO,. ®Si and 7Al NMR spectroscopy verified the
perfect Si: Al ordering. It is now clear from the present work that previous attempis to synthesize
low-carnegieite all suffered from incomplete reaction and the presence of other phases. One of these
phases has been identified as having a large hexagonal unit cell with a = 13.97(2), ¢ = 15.03(2) A.
© 1993 Academic Press, Inc.

Introduction : 510,. 1t can be described as a *“*stuffed™
derivative of cristobalite (/, 2} in which half

The crystal structure of carnegieite, of the cavities in the SiO, framework are
NaAlSiO,, s closely related to that of cristo-  filled with sodium atoms (Fig. 1). It exists as
balite, the high-temperature polymorph of the stable polymorph of NaAlSiO, between
1523 K and its melting point at 1799 + 2 K

* Author 1o whom correspondence shoutd be ad-  (3). Below 1520 K the stable polymorph of
dressed. NaAlSiO, has the nepheline structure,
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F1G. 1. Polyhedral representation of idealized high-
carnegieite projected along the cubic [110] direction.
In this direction the Si0O, and AlQ, tetrahedra project,
as do the two symmetry inequivalent idealized Na sites.

which is a “‘stuffed’” derivative of another
polymorph of silica, namely tridymite (4).

The early work on high-carnegieite (3, 6)
determined that it had a simple cubic struc-
ture with space group symmetry F2,3 or
F43m with cubic unit cell dimension ¢ =
7.37(2) A. It was also shown that, upon cool-
ing relatively quickly (e.g., 1 min) to room
temperature, high-carnegieite underwent a
non-reconstructive phase transition at 940 +
5 K (7) to adopt a lower symmetry crystal
structure. The exact crystal structure of
low-carnegieite has been difficuit to deter-
mine owing to the inability to grow single
crystals.

There have been several reports of X-ray
powder diffraction (XRD) data for low-
carnegicite (7-9). Klingenberg and Felsche
(7) observed that there was poor agreement
between the Guinier data (103 observed re-
flections) for their specimen and the XRD

data reported by previous workers. They
recorded electron diffraction photographs in
a transmission electron microscope to assist
in indexing their XRD data and attributed
the above differences principally to differing
thermal history of samples.

Klingenberg and Felsche (7) successfully
indexed their 103 reflections te a triclinic
unit cell, Pl or P1, a = 5.0347 (6), & =
5.0822(7), ¢ = 16.910(2), &« = 99.00(1), 8 =
81.50(1), y = 119.09(1)°. They described the
unit cell as a superstructure of cristobalite
type. The problem with this assignment was
the intensity of some of the so-called super-
structure reflections. For example, the ninth
reflection observed (indexed as 104 in the
triclinic unit ceil and by their definition a
superstructure reflection) had a relative in-
tensity ({/1,) of 519z. Given that low-carne-
gieite is necessarily closely related to high-
carnegieite it would be expected that the
“superstructure’’ reflections would be rela-
tively weak compared to the parent Fd3m
reflections. This is certainly true for low-
cristobalite when compared with the parent
Fd3m reflections.

Another concern was the size and the low
symmetry of the triclinic unit cell and the
lack of low angle data (the largest d-spacing
was 4.394 A). To illustrate the problem of
uniquely determining the unit cell under
such circumstances, for the Klingenberg
and Felsche unit ¢cell there are 699 calculated
reflections out to a d-spacing of 1.038 A,
of which 103 were observed. With such a
density of calculated reflections, particu-
larly at higher angle, it is unlikely that a
reflection could not be indexed to the te-
ported unit cell.

Borchert and Keidel (/) were able to pre-
pare Na,O-rich carnegieites with the formula
Na,Al,Si,0,5- nNa,0, n = 1-2, by reaction
of kaolinite with NaOH and subsequent
heating. The excess Na,O stabilized the
high-temperature structure giving a cubic
unit cell with space group symmetry F43m.
Subsequent work (/I) confirmed that the
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carnegieite structure could accommodate a
substantial amount of Na,O in the remaining
cavities in the aluminosilicate framework,
In contrast with the earlier work (/8) they
achieved concentrations of 0.01-0.33 Na,O
intercalated into the carnegieite ‘‘host lat-
tice.”” These observations of a significant
“‘carnegieite” solid solution in the pseudo-
ternary NaQO,;—AlQ, ;-Si0, system sug-
gested to us that the system may be more
complicated than first believed.

As a result of our concerns about the in-
terpretation of XRD data by previous work-
ers we decided to attempt to reproduce their
work, with particular emphasis on verifying
the consistency of the X-ray powder diffrac-
tion data with electron diffraction data from
the same specimen.

Experimental
Synthesis

All specimens were from AR grade
Na,C0,, AI{OH),, and Si0,. A 1:2:2 mole
ratio mixture of the components was thor-
oughly ground in a mortar and pestle under
acetone. Initial attempts to reproduce the
XRD results of Klingenberg and Felsche (7)
by following their experimental conditions
were unsuccessful; i.e., “*heating the com-
position for 24 h at 1073 K, subsequent an-
nealing at 1573 K for another 24 h, and im-
mersing the crucible in a water bath.”” XRD
analysis following subsequent cycles of
grinding and heating suggested two possibil-
ities. Either the composition NaAlSiO, oc-
curred in a 2- or 3-phase region of the
NaQ, ;—AlO, ;—Si0, phase diagram, or the
specimen was still far from thermodynamic
equilibrium prior to quenching.

To test the former possibility specimens
were prepared at four compositions away
from the 1:1: [ stoichiometry of NaAlSiQ,:
i.e., NaggsAlygsSiy o504, Na gsAl 04519 950y,
Nag gsAl 05311000405, Nay g5Alg 95811 0003 5.
The XRD data for these four specimens

were virtually identical suggesting that the
latter possibility, namely sluggish kinetics,
was the problem.

In order to accelerate the reaction the
1:1:1 specimen, after its initial pretreat-
ment for 24 h at 1073 K, was heated to
1873 K for 1 h, then annealed at 1673 K for
40 h. The 1873 K and 1673 K heating was
repeated after an intermediate grinding and
pelleting. The resultant material, as dis-
cussed below, gave areproducible XRD pat-
tern free of the problems discussed above.

Characterization

Specimens were examined by various
complementary analytical techniques to fol-
low the course of reaction and to character-
ize the reaction products.

(i} X-ray powder diffraction (XRD}. All
specimens were examined by XRD using a
Guinier-Hégg camera with monochromated
CuKq, radiation. For accurate measure-
ment of diffraction lines for the purposes of
refining the unit cell dimensions, Si (NBS
No. 640) was used as an internal standard.

(ii)) Transmission electron microscopy
(TEM)/electron diffraction. Finely ground
specimen was dispersed onto a holey carbon
grid. Electron diftraction patterns were re-
corded using JEOL 100CX and Philips
EM430 microscopes, the latter equipped
with a Si detector for energy dispersive
spectroscopy (EDS) supported by a PV9500
analysis system.

(iii) NMR results were obtained on a
Bruker MSL300 spectrometer operating at
59.627 and 78.205 MHz for ®Si and YAl
respectively. Samples were spun at the
magic angle at 5 kHz (®Si) or at 10 kHz
(*?Al) in Bruker double air bearing probes.
#8i spectra were collected using the single
pulse excitation technique with a 60 sec re-
cycle. Al spectra were obtained using the
single pulse excitation technique with an rf
pulse time of 1 sec. A pulse recycle delay
of 1 sec was used for these experiments.
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(iv) Determination of chemical composi-
tions was carried out in a Cameca Camebax
electron microprobe using EDS with the
mineral anorthoclase as an analytical
standard.

Results
XRD

As mentioned above, the initial attempts
to synthesize single phase low-carnegieite
following the procedure described by
Klingenberg and Felsche (7) led to a frus-
trating lack of reproducibility of lines in the
XRD patterns. From the initial syntheses at
1573 K the only clearly reproducible lines,
in terms of position and relative intensities,
from the various syntheses belonged to a
subset of seven strong lines. These could be
indexed to a large hexagonal unit cell with
dimensions @ = 13.97(2}, ¢ = 15.03(2) A.
These lines were also present in the data of
Klingenberg and Felsche (7). In some of the
syntheses, particularly the Al,Oy-rich com-
positions, there were also a number of low-
angle lines which belonged to 3- or 8"-alumi-
nas. The silica-rich specimen was largely
amorphous.

The XRD patternforthe 1:1: 1 specimen,

which had been thoroughly homogenized

and annealed once at 1673 K, was strikingly
different from all the previous patterns, but

there were still weak lines due to the hexago-

nal phase and the rest of the lines were not
completely sharp. Further homogenization
and annealing at 1673 K gave a clean XRD
pattern which could be indexed completely
by the following orthorhombic unit cell:
a = 10.261(1}, b = 14.030(2), ¢ = 5.1566(6)
A. These data are presented in Table 1.
Closer inspection of these data reveals sym-
metry conditions, such that the Bravais lat-
tice is P, and both 0k{, k = 2n and hkO,
h = 2n hold. These conditions limit the
space group of low-carnegieite to Ph_a.
Figure 2 shows densitometer traces of the

Guinier—Higg films for both low-carnegieite
and a 1:1:1 multiphase specimen prepared
under the conditions described by Klingen-
berg and Felsche (7). The lower-angle lines
(=48° 26) identified as belonging to the hex-
agonal phase are indicated for the multi-
phase specimen.

The XRD data (=48° 20) for the 1:1:1
multiphase specimen described above and
shown in Fig. | are presented in Table II
together with the equivalent data listed in
Tables | and 2 of Klingenberg and Felsche
(7). While these two data sets are not identi-
cal there is remarkable similarity, particu-
larly for the strong lines belonging to the
hexagonal phase. The hexagonal lines have
been assigned according to the refined unit
cell given above.

TEM/Electron Diffraction

Initial investigation by TEM showed that
low-carnegicite specimens were somewhat
sensitive to the electron beam and, hence,
care had to be taken to successfully record
the approprate diffraction patterns. Pro-
vided such care was taken, however, the
results were completely reproducible. Fig-
ure 3 shows (a) a [100] zone axis Convergent
Beam Pattern (CBP), (b} a corresponding
Selected Area Diffraction Pattern (SADP)
but tilted a few degrees off [100], (¢) an [010]
zone axis SADP, and (d) an [001] zone axis
SADP of the single crystalline phase low-
carnegieite,

All of the zone axes presented in Fig. 3
display a subset of strong Bragg reflections
corresponding to the underlying F43m high-
carnegieite-type average or parent structure.
The real and reciprocal space unit celi rela-
tionships between the parent cubic structure
and the low-carnegieite structure are illus-
trated in Fig. 4. In terms of the strong Bragg
reflections corresponding to the underlying
F43m, high-carnegieite-type, average struc-
ture the new reciprocal lattice basis vectors
can be expressed as a* = §(2,0,2)*, b* =
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TABLE 1
PowDER DIFFRACTION DATa FOR Low-CARNEGIEITE, NaAlSiO,

No. hkl doge dope 1, No. Rkl dee dp, i,
1 11 4.377 4371 4 37 361 1.808 1.807 4
2 021 4155 4155 100 38 252 1,780 1.780 8
3 220 4.141 4.136 100 39 080 1.754 1.754 19
4 121 3.851 3.849 4 40 162 1.708 1.708 3
5 201 3.637 3.637 12 41 103 1.695 1.695 4
6 040 3.507 3.507 8 42 541 1.675 1.675 2
7 230 31.456 1457 28 43 023 1.669 1.669 u
8 131 3.282 3.282 20 44 620 1.662 1.661 12
9 231 2.871 2.871 31 45 262 1.641 * 2
10 141 2791 2.792 2% 46 442 1.614 1614 4
I 321 2.641 2.640 7 47 630 1.606 1.606 9
12 002 2.578 2.579 58 48 133 1.594 1.594 9
13 400 2.565 2.565 59 49 281 1.580 1.580 12
14 241410 2.5252.523  2.523 49 50 172 1.564 1.564 7
15 250 2.462 2.463 17 51 631 1.533 1.533 15
16 331 2434 2.435 12 52 143 1.526 1.526 15
17 151 2.397 2.397 13 53 532 1.519 1.519 5
18 122 2.355 2.356 1 54 471 1.510 1.510 8
15 411 2.267 2.267 2 55 n 1.500 1.500 5
2 430 2.249 2.249 3 56 243 1.478 1.478 18
21 251 2.2 2.222 18 57 641 1.473 1.473 12
n 34] 2.212 2212 8 58 542 1.460 1,460 18
23 132 2.208 2.205 5 59 082 1.450 1.45 26
24 222421 2.189.2.183  2.186 6 60 462,182 1.436 * 5
25 061 2.130 2.129 6 61 651 1.405 1.405 18
26 161 2.085 2.087 6 62 423,730 1.399 * 5
27 042 2.077 2.077 1 63 063 1.385 * 6
28 232 2.067 2.068 14 64 721,571 1.382,1.381 . 6
29 431 2.062 2.061 6 65 163 1.373 . 4
30 (42 2.036 2.036 5 66 632 1.363 1.363 10
31 351 2.000 2.000 8 67 2.10,0 1.353 1.353 17
32 £V 1.976 1.976 5 68 353 1.347 1.347 15
3 511 1.890 1.890 2 69 482 1.262 1,262 14
4 270 1.867 1.867 3 70 643 1.146 1.146 18
35 171 1,838 * [ 71 2,121 [.113 L1331
36 402 1.819 1.818 10

Note. Asterisked 4, indicates weak line not used in unit cell refinement.

1(0,2.00*%, and ¢* = £(2,0,2)*. Note also the
doubled density of reflections along the b*
direction in the First Order Laue Zone
(FOLZ) of the 1100] zone axis CBP. The
extinction condition obeyed by the Zero
OLZ (ZOLZ) reflections at this zone
axis—namely F(0kH* = 0 unless & =
2n—requires the structure to have a b glide
perpendicular to a. This is confirmed by Fig.

3(b). Similarly, the extinction condition
obeyed by the ZOLZ reflections at the {001]
zone axis—namely F(h40)* = Ounless i =
2n—requires an «a glide perpendicular to e.
The space group of low-carnegicite is there-
fore Pb_a, in agreement with the conditions
observed by XRD. There are only two possi-
ble space groups compatible with these re-
quirements—namely Pb2,a or Pbma. They
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F1G. 2. Densitometer traces from the Guinier—Hégg films for both low-carnegieite and a 1:1:1
multiphase specimen (A = 1.5406A). In the lower trace lines corresponding to the hexagonal phase
are marked by H.
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TABLE 11

COMPARISON OF POWDER DIFFRACTION DATa
WITH PREVIOUS WORK

Klingenberg and

Multiphase specimen Felsche (1981)
e I, Assignment s 11,
4.390 6 Hex 211 + C 4,394 11
4.180 100 C 4.182 83
4,153 100 C 4.165 100
3.849 1 C
3.757 23 Hex 004 3.759 25
3.640 B C 3.644 8
3.589 3 Hex 104 3.588 11
3.462 6 C
3.306 13 Hex 114 3.310 17
3.302 24
3.285 6 C
3.020 2 Hex 400
2.991 2 unidentified
2.902 37 Hex 214 2.900 51
2.872 8 C
2.794 6 C 2.794 3
2.641 3 C
2.579 24 C
2.561 61 Hex 224 2.562 95
2,550 30 C 2,551 47
2.536 33 Cc? 2.538 49
2.524 22 C 2.528 17
2.505 5 Hex 006 2.507 6
2.464 4 C 2.456 3
2.439 4 C 2.443 b
2.401 3 C
2.332 4 Hex 330 2.335 8
2.315 |
2.305 3 Hex 502 2.305 7
2.257 17 Hex 121 2.260 29
2.224 5 C
2.214 4 C 2.215 5
2.197 4 Hex 216 2.197 A
2.167 13
2.164 10 Hex 414 2165 13
2.152 8 Hex 511 2.154 10
2102 4
2.09%0 4 Hex 512 + C 2.088 6
2.080 7
2.078 g Hex 423 2.076 10
2.036 4 Hex 226 2.042 4
2.018 5
2.007 6 Hex 316 2.009 9

C = low-carnegicite, Hex = hexagonal phase.
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F1G. 3. Shows (a) a [100] zone axis Convergent Beam Pattern (CBP), (b} a corresponding Selected
Area Diffraction Pattern (SADP) but taken tilted a few degrees off [100], (c) an {010] zone axis SADP,
and (d) an [001] zone axis SADP of single phase low carnegieite. The indexing is with respect to the

low-carnegieite cell given in the text.

differ only in that the latter contains an in-
version center whereas the former does not.
Given that the NMR and electron micro-
probe results (both discussed below) un-
equivocally confirm that the Al and Si atoms
are perfectly ordered in low-camegieite, i.e.,
each AlQ, tetrahedron is tetrahedrally coor-
dinated by four SiO, tetrahedra and vice

versa, it follows that it is not possible for
the structure to possess an inversion centre
and hence the only possible space group is
Pb2a.

TEM examination of the earlier muiti-
phase material showed several different
types of well-crystallized, high-carnegieite-
related phases. Diffraction patterns were
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F1G. 4. Shows the real and reciprocal space unit cell
relationships between the F43m, high-carnegieite-type,
average structure (unprimed) and the Pb2,a low-carne-
gieite structure (primed).

obtained (see Fig. 5) in which the strong
reflections were always clearly related to
an underlying F43m, high-carnegieite-type,
average structure—a variety of weaker sat-
ellite refiections, however, could be ob-
served, These extra satellite reflections
were generally characterized by modulation
wave-vectors of either § or 3{1,1,1}* type,
4{0,2,0}* type or 1{0,2,0}* type (see Fig. 5).
SADPs were often obtained which were
probably due (o coherent intergrowth of dif-
ferently modulated types of well-crystal-
lized, high-carnegicite-related phases (see,
for example, Fig. 3(c)).

Microstructures and Compositions

The single crystalline phase low-carne-
pieite specimen was examined using trans-
mitted polarized light microscopy of mate-
rial that had been powdered for TEM

studies. Some 50-70% of fragments were
birefringent with complex twin and fracture
structures. The remaining 30-509% was
optically isotropic and, from its cleavage
shapes, was inferred to be glass. This agreed
with the common occurrence of amorphous
fragments in electron diffraction studies.

A polished section was prepared from one
solid piece (~10 mm® of the preparation for
examination by electron microprobe. Using
backscattered electrons, two phases could
be detected in the material (Fig. 6). The
phase with higher Z was continuous and,
from a region at the edge of the polished
specimen where this phase was concen-
trated, it could be correlated with the glassy
material noted above. The other phase,
lower in average atomic number Z, was dis-
crete and highly fractured and, by default,
the crystalline phase. Given that the carne-
gieite structure undergoes significant distor-
tion with a corresponding reduction in unit
cell volume when it transforms from the
high- to the low-temperature structure the
observed microstructure confirms this to be
low-carnegieite.

Six electron microprobe analyses were
made on regions of each of the two phases
with the following results (Analyses of the
glass were made with beam scanning across
an area of 150 wm? to minimize volatiliza-
tion, but analytical totals were still low by
an average of 2.4%):

Crystalline phase:

Na, 5125 A10.999(3} S'o.997(3) O,
Glass phase:

Nayg g5y Al gosisy Slo ossiey Oa.83 (Plus Feg g1)-

Oxygen in these analyses is assumed from
oxide stoichiometry and the results are re-
ported with (i) total oxygen normalized to
4 atoms for the crystalline phase and (ii)
Al + Sinormalized to 2 for the glass phase.
The glass phase is clearly variable in compo-
sition with a range of recalculated Na con-
tent between .63 and 0.78. These composi-
tions are consistent with the observed Z
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FiG. 5. Typical high-carnegieite-related {110) {with respect to the underlying, F43m, high-carnegieite-
type parent structure) zone axis SADPs obtained from the earlier half-baked, multi-phase material.
The first strong (parent) reflection in the horizontal direction is of {002}* type while the first parent
reflection in the vertical direction is of {220}* type. Thus satellite reflections of 4{0,2,0}* type are
present in (a), of 4{1,1,1}* type in (b), of £{0,2,0}* type in (c}, and of ¥{1,1,1}* type in (d).

contrast from backscattered electron im- Si and YAl NMR spectra

ages: ideal NaAlSiO, has Z = 10.62,

whereas the average glass composition »Si MAS NMR spectra are presented in
effectively is deficient in Na,O (Z for Fig. 7 for both the low-carnegieite and the
Na,0 = 10.23) and therefore has a higher 1:1:1 multiphase specimen described
Z calculated at 10.66. above under XRD. The spectrum for low-
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FiG. 6. Microstructure of the single crystalline phase low-carnegieite specimen corresponding to
the XRD profile in Fig. 2. In this backscattered electron image, intensity is proportional to the average
atomic number Z. The darker, lower Z regions are carnegieite while the lighter, higher Z regions
represent a continuous glass phase. Note that fractures (thin black lines in the image) are confined
almost exclusively to regions of crystal.

carnegieite shows a single sharp signal
(FWHM = 105 Hz) at —81.8 ppm. This is
superimposed on a broad hump centered on
~ —88 ppm. Given the large proportion of
glassy material observed by both optical and
electron microscopy as well as in the micro-
probe we conclude that the broad hump ¢or-
responds to the glassy phase and the single,
sharp signal to the low-carnegiite.

By reference to previous 2*Si NMR stud-
ies of framework aluminosilicates, and zeo-
lites in particular, we can conclude that the
sharp signal at —81.8 ppm corresponds to
a Si(4Al) environment. The Na-containing
zeolites, sodalite and thomsonite, which
also have Si in a Si(4Al) environment, give
—84.8 and —83.5 ppm, respectively (12).
While it is true that this result does not pre-

clude a Si: Al ratio of <1.0 it does rule out
that Si: Al > 1.0. Together with the electron
microprobe analysis we can conclude that
low-carnegicite has the stoichiometry
NaAlSiQ, and that there is perfect Si: Al
ordering; i.e., each Si is surrounded by 4
Als and vice versa.

By comparison, the 2*Si MAS NMR spec-
trum of the 1:1:1 multiphase specimen
gave a much broader signal (FWHM = 185
Hz, § = —82.3 ppm) than that for low-
carnegieite. For this material there is no
broad signal corresponding to a glassy phase
and this is born out by observations in the
optical microscope. It is known that substi-
tution of Al for nearest neighbor Si in an
isostructural series increases the chemical
shift by 5-6 ppm (12, 13). Therefore we
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can infer from the absence of any significant
signal with lower chemical shift that Si in
all the phases present, i.e., low-carnegieite,
the hexagonal phase, and other unidentified
phases, occurs in a Si(4Al) environment.
The Al MAS NMR spectra for the same
two specimens are presented in Fig. 8. Tet-
rahedrally coordinated Al is known to fall
in the region 50 to 80 ppm. Both spectra give
signals corresponding to Al in a tetrahedral
environment. The *’Al signal for low-carne-
gieite is quite sharp (FWHM = 300 Hz,
§ = 58,9 ppm) and symmetric, indicating
that the Al present in the low-carnegiite and
the glassy phase is in a highly symmetric
tetrahedral environment. On the other hand
the signal for the multiphase specimen
(FWHM = 500 Hz, 8§ = 57.4 ppm) is some-

Low-carneglelte

Multiphase
specimen

FiG. 7. ®Si MAS NMR spectra of low-carnegicite
(upper) and a 1:1:1 multiphase specimen (lower).
Chemical shifts are relative to TMS.

Low-carnagielte

DN,

Multiphase
gpecimen

150 100 50 ) 50
PEM

Fi1G. 8. YAl MAS NMR spectra of low-carnegieite
(upper) and a 1:1:1 multiphase specimen (lower).
Chemical shifts are relative to AI(H,0);*.

what broader and moderately asymmetric.
This asymmetry is not necessarily due to
some Al being present in higher oxygen co-
ordination. It is more probably a result of
lower symmetry of the tetrahedrat AlO, en-
vironment giving rise to second order quad-
rupolar broadening effects which are not re-
moved by magic-angle spinning (MAS) (/4,
15). Tt is evident from both the Al NMR
spectra that there is no octahedral Al pres-
ent in either specimen. Forthe 1 : | : I multi-
phase specimen this is consistent with the
absence of 8- or 8”-alumina diffraction lines.

Discussion

Comparison with Previous Work

The materials previously described (7-9)
as being low-carnegieite were almost cer-
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tainly multiphase mixtures. This has only
become evident following the successful
synthesis of the single crystalline phase ma-
terial described in this work and by careful
analysis using a range of techniques of the
materials prepared under the conditions de-
scribed by Klingenberg and Felsche (7).

The TEM and XRD analyses of our multi-
phase specimens confirmed that there was
some low-carnegicite present in the phase
mixtures, but that a large proportion of these
specimens was nol low-carnegieite. EDS
analysis of these other phases indicated that
their stoichiometry was, in general, close to
that of NaAlSiO,. However, the extraordi-
nary variability in their electron diffraction
patterns and the inability to correlate their
electron diffraction patterns with the XRD
data meant that it was not possible to further
characterize these other phases.

Attempts to prepare the hexagonal phase,
described above, as a single phase were un-
successful, and neither was it possible to
observe clectron diffraction patterns corre-
sponding toits proposed unit cell. Neverthe-
less, the lines corresponding to this phase
were present in all the earlier reported XRD
data for “‘low-carnegieite.”

Close relationship to Na,Mg,55,0,

The space group and unit cell of low-
carnegieite having been determined {(Pb2,a,
a = 10.261(1), b = 14.030(2), ¢ = 5.1566(6)
A) it was of particular interest to discover
the space group and unit cell reported for
NaMg,Si,0,. An initial investigation of
this material {/6) reported a unit cell very
similar to low-carnegieite but with a halved
b axis. Subsequently, Foris et al. (17) deter-
mined the unit cell for this compound using
a combination of precession photography of
severely twinned single crystals and XRD
using a Guinier—-Hégg camera as P_g, ¢ =
10.584(7), b = 14.328(7), ¢ = 10.457(7) A.
Apart from small differences in the unit cell
dimensions and a doubled ¢ axis, the two

compounds appear to be almost isostruc-
tural. A cursory comparison of the relative
intensities of equivalent XRD lines between
Table 1 of Foris et al. ({7) and Table 1 of
the present work confirms this view.

If we apply the same description to
Na,Mg,5i,0,, that we have presented for
carnegieite, namely a *‘stuffed’ derivative of
cristobalite in which some of the cavities in
the SiO; framework are filled with sodium
atoms (Fig. 1), the analogy becomes clearer.
In Na,Mg,Si;0,,, we now have £ of the Si
sites occupied by Mg instead of % filled by
Al as in carnegieite. In addition the Na occu-
pics % of the cavities in the framework in-
stead of 1 as in carnegieite. Despite these
differences the two compounds both distort
from their high-temperature cubic structure
in a remarkably similar way. Even the
high < low phase transition temperatures
are almost identical; 940 + 5 K for NaAlSiO,
{7), 893-918 K for Na,Mg,Si,0,, (/6).

Difficulty in Synthesizing Low-Carnegieite

From our own experience and that of ear-
lier workers it is reasonable to propose that
the synthesis of single phase low-carnegieite
is difficult. Preparing low-carnegieite by re-
action of the component “oxides™ results
in two conflicting processes. Firstly, the
complete mixing of the components is ex-
tremely sluggish, even at temperatures just
below the solidus. Secondly, at tempera-
tures that facilitate the laboratory time-scale
growth of low-carnegieite from its compo-
nent “‘oxides’, Na,O is readily lost to the
atmosphere.

The electron microprobe data from the
single crystalline phase material, while con-
firming the expected stoichiometry for the
low-carnegicite, also showed the Na,O de-
ficiency of the glass. While the starting
mixture had the correct stoichiometry for
NaAlSiQ,, a substantial amount of Na,O
must have been lost when the mixture was
annealed at 1673 K and/or when it was
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melted at 1873 K for 1 hr. We surmise that,
following the loss of Na,O, the composition
of the system placed it in a two-phase, solid
+ liquid, region of the temperature—compo-
sition phase diagram for the temperature of
synthesis. However, there is insufficient de-
tail in the literature to verify this.
Certainly the observation of multiple
phases and incomplete reaction for speci-
mens prepared at lower temperatures is con-
sistent with the proposition that the kinetics
of formation of fully ordered, single-phase
low-carnegieite are sluggish.

Conclusions

The incorrect indexing of XRD data in
previous studies, and in particular by
Klingenberg and Felsche (7), illustrates the
need to proceed cautiously when confronted
by a complicated unknown powder diffrac-
tion pattern. While it may be possible to
completely index all the lines to a particular
unit ¢ell, this achievement is not a sufficient
condition for that unit cell to be correct, nor
for only one crystalline phase to be present.
Heeding our own caution we acknowledge
that the large hexagonal unit cell proposed
for the new phase identified in this study
may not be the correct one.

The main advantage that the present
study had over previous work was the un-
derstanding of low-carnegieite as a modu-
lated form of high-carnegieite. First, this al-
lowed us to identify the problem with the
very strong superstructure lines proposed
by Klingenberg and Felsche (7). Second,
the electron diffraction patterns could be
correctly indexed in terms of the dominant
parent reciprocal lattice. The complemen-
tary nature of the various spectroscopic and
diffraction techniques used in this study en-
sured that if a unique explanation could be
found for all the experimental results it
would necessarily be convincing.

The space group, unit cell, composition,
and Si: Al ordering of low-carnegieite hav-
ing been resolved, there still remains the
question of its crystal structure. While the
connectivity of the tetrahedral aluminosili-
cate framework is determined, both the an-
gular distortions of that framework with re-
spect to the ideal high-cristobalite-like
framework and the ordering of the Na atoms
over the two cavity sites are as yet unre-
solved. Further work is in progress toward
this goal.
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