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Abstract: Na-cancrinite [ideal composition: Na8(AlSiO4)*(OH)2*8H2O] has been synthesized in a mixture of 1,3- or 1,4-butanediol
and water either with direct reactants (silica sources: tetraethoxysilane, precipitated silica, alumina sources: aluminium sec-butoxide)
or gels formed from tetraethoxysilane and aluminium sec-butoxide / aluminium isopropoxide with sodium hydroxide as mineralizing
agent. The products were characterized by X-ray powder diffraction and FTIR spectroscopy at room temperature and elevated
temperatures up to 1073K, coulometric and carbon titration, thermogravimetry, scanning electron microscopy and 29Si, 23Na and 27Al
MAS NMR spectroscopy, as well as 1H and {1H}13C CPMAS NMR spectroscopy. The X-ray powder patterns show cancrinite as the
only phase in all samples. The spectroscopic and analytic investigations mainly suggest the presence of both molecular water and
hydroxyl anions beside small impurities of carbonate. X-ray diffraction of all samples at elevated temperatures indicates
decomposition temperatures in the range between 933 and 1003 K. The structure refinement of a selected sample in the hexagonal
space group P63 reveals a hydroxylcancrinite with lattice parameters a0 = 12.7558(3)Å and c0 = 5.1985(2)Å with Rp = 0.0107, Rwp
= 0.0161, and R(F2) = 0.0373. The structure is characterized by water molecules and hydroxyl anions occupying two 6c positions and
one 2a position, coordinating sodium in the channel.

Key-words: cancrinite, organic solvents, characterization, NMR spectroscopy, Rietveld structure refinement.

Introduction

The cancrinite crystal structure is formed by layers of six-
membered rings called the secondary building units SBU-6
in zeolite nomenclature (Meier & Olson, 1992). The edges
of the six-membered rings of these two-dimensional layers
are occupied by corner sharing aluminium and silicon tetra-
hedra in an alternating manner connected by oxygen atoms.
Stacking these layers in an ABAB sequence leads to the can-
crinite framework with its two main structural features: the
5 -cages and the large twelve-membered ring channel. The
hexagonal structure in space group P63 is characterized by
the periodic arrangement of the 5 -cages which form general-
ly an infinite one-dimensional twelve-membered ring chan-
nel along the crystallographic c-axis, with a diameter of 5.9
Å (Meier & Olson, 1992). In principle these characteristic
features should enable technical applications for several
purposes, e.g., using the hexagonal channel for one-dimen-
sional ion conduction or polarizing optical properties.

However, compared to numerous structural investiga-
tions (Jarchow, 1965; Barrer et al., 1970; Grundy & Hassan,
1982; Nadezhina et al., 1991 and Kanepit & Rider, 1995)
application-oriented work is rarely found in the literature.
Lindner et al. (1995) investigated the properties of thiosul-
phate in a cancrinite matrix. They showed that during an-

nealing of the cancrinite S2
- and S3

- radicals were formed
producing a characteristic yellow to green-blue colour
which was explained by an alignment of the radical anions
along the channel. Further investigations dealt with the in-
clusion of one-dimensional chains of selenium in the chan-
nel (Koslov et al., 1989; Bogomolov et al., 1992; Poborchii
et al., 1994; Barnakov et al., 1995; Linder et al., 1996). Kos-
lov et al. (1989) studied the dielectric and pyroelectric prop-
erties of cancrinite in a temperature range of 4.2–500K and
suggested three different dielectric relaxation processes in
the temperature interval. Bogomolov et al. (1992) discov-
ered the linear alignment of selenium chains in the cancrini-
te channel using spectroscopic methods and assigned two-
dimensional semiconductor properties to the material. Fur-
thermore, Linder et al. (1996) showed that the high optical
anisotropy of selenium containing cancrinite generates
strong polarization effects in UV/VIS and Raman spectra.

In general the channels in cancrinite are blocked by inor-
ganic guest anions, so that useable zeolitic crystal properties
for technical applications are missing (Barrer et al., 1970).
The approach to remove the guest components by annealing
of the guest anion containing cancrinites (e.g., carbonate)
has failed, because the decomposition of the guest compo-
nents is accompanied by the destruction of the framework
(Buhl, 1991). Probably, hydroxylcancrinite could be regard-
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ed as a suitable material with zeolitic properties. The hy-
droxyl anions and water molecules in the channel may be re-
moved under mild conditions (Barrer et al., 1970; Pahor et
al., 1982 and Hassan & Grundy, 1991).

Water is the “classic solvent” for zeolite syntheses, but
recent studies have increasingly focused on the use of non-
aqueous solvents (Liu et al., 1993; Milestone et al., 1995;
Burton et al., 1999). In some cases, organic solvents can in-
fluence the phase formation according to a structure direct-
ing role in addition to a solvating role (Bibby & Dale, 1985).
The addition of organic solvents in the hydrothermal syn-
thesis changes the viscosity and polarity of the medium and
affects the crystallization process. The higher viscosity and
lower polarity of many non-aqueous solvents can reduce
convection currents, decrease “hydration” of the reactants,
and influence diffusion rates, therefore giving rise to slower
mass transfer. Another advantage in the use of organic sol-
vents is that included or surface-covering organic molecules
can be easily removed by calcination which provides a
“template-free” structure, with a maximum adsorption ca-
pacity (Schüth, 1995).

The use of 1,3- and 1,4-butanediol for the synthesis of
cancrinite in non-aqueous media was reported by Liu et al.
(1993), Milestone et al. (1995), and recently by Burton et al.
(1999). They noticed that cancrinite is formed preferentially
if molecules of a certain size are present in the non-aqueous
solvent. 1,3- and 1,4-butanediols are suitable because they
possess an appropriate molecular size. Moreover, they re-
ported an increased Si/Al ratio of 2.5–10 of the cancrinite
product.

Another approach of controlling the reaction pathway is
the introduction of sol-gels into the synthesis. Sol-gels have
a well-connected network, which dissolves very slowly dur-
ing synthesis. Subsequently, sol-gels favour kinetic con-
trolled reactions rather than thermodynamically controlled
ones (Fechtelkord et al., 2001a). The addition of water plays
another important role, because it influences the polarity
and viscosity of the organic solvent as well as the mobility
of the mineralizor OH- (Fechtelkord et al., 2001a).

The aim of our work is the spectroscopic and structural
characterization of four different cancrinite samples synthe-
sized from direct reactants or sol-gels in a solvent composed
of 1,3- or 1,4-butanediol and 50% by volume of water as a
solvent. The products have been investigated by X-ray pow-
der diffraction and FTIR spectroscopy at room temperature
and elevated temperatures up to 1073 K, coulometric and
Karl-Fischer titration, thermogravimetry, scanning electron
microscopy and 29Si, 23Na and 27Al MAS NMR spectrosco-
py as well as 1H and {1H}13C CPMAS NMR spectroscopy.
Our study is the first comprehensive characterization of this
material. Synthesis conditions and different silica and alu-
mina reactants, as well as the introduction of sol-gels and
the influence of water in the cancrinite synthesis in butane-
diol, have been extensively investigated in a recent work
(Fechtelkord et al., 2001a). The carbon content of the as-
synthesized cancrinites is lower and the ability to assimilate
water is higher then previously investigated cancrinites syn-
thesized in this system (Liu et al., 1993; Milestone et al.
1995; Burton et al., 1999). The crystal structure derived
from Rietveld powder data refinement indicates that a hy-

droxylcancrinite with high water content has been formed.
Thus, this is the first time that a carbonate-free hydroxylcan-
crinite with zeolitic properties is reported here. The struc-
ture is similar to the structure of a synthetic Cs-Li cancrinite
we have studied recently (Fechtelkord et al., 2001c), but dif-
fers from the structure published by Burton et al. (1999).

Experimental

Synthesis

The first two samples were synthesized by a direct reaction
of the chemical compounds. For sample A1, 3.22g tetraeth-
oxysilane (C8H20O4Si, TEOS; FLUKA 86578) and 1.26 g
aluminium sec-butoxide (C12H27AlO3, FLUKA 06190)
were used. For sample C1 3.0 g precipitated silica (SiO2,
FLUKA 833340) and 2.5 g aluminium sec-butoxide were
used. In both syntheses the silica sources and the alumina
source had a ratio of Si/Al = 5, to obtain a Si/Al ratio larger
than unity for the cancrinite product and given into 20 mL
1,3-butanediol (C4H8(OH)2, FLUKA, 18940) with 50 %
water (by volume). 2.0–3.0 g sodium hydroxide (NaOH,
FLUKA 71691) was introduced as mineralizing agent in
both syntheses, respectively.

A second approach used sol-gels. Molar amounts of
TEOS and aluminium sec-butoxide (sample O1) or alumini-
um isopropoxide (sample O2) were dissolved in an ethanol/
water-mixture (volume ratio 1:2) with a Si/Al ratio of five
(Fechtelkord et al., 2001a). Then a basic hydrolysis was ini-
tialized by the addition of a saturated aqueous ammonium
hydroxide solution (25 wt% NH3(aq), MERCK 105426).
The solution was stirred for 15min and left without stirring
for another 24 h. The resulting gel was then dried first at
313K, then at 353K for 24h, and finally, at 393 K for 48 h.
The dried gel was ground in a mortar before introduction in-
to the main synthesis. In the synthesis, 2g of the dried gels
were given into 20 mL 1,3- or 1,4-butanediol (C4H8(OH)2,
FLUKA 18960) with 50% water by volume (20mL volume
of solvent in total) and 2.0–3.0g sodium hydroxide.

The organothermal synthesis was carried out at the de-
scribed temperature (Table 1) and autogeneous pressure in
50 mL Teflon coated steel autoclaves under static condi-
tions. The products were washed with acetone to remove or-
ganic residues and 500mL deionized water and dried over-
night at 353 K. Sample numbers, synthesis conditions, and
products are summarized in Table1.

Characterization

The qualitative powder diffraction patterns were recorded
on a Philips PW 1800 diffractometer (CuK [ 1/ [ 2, 40 kV,
40 mA). The powder diffraction data at elevated tempera-
tures were obtained on a Bühler-camera (MoK [ 1) in Bragg-
Brentano geometry using a Stoe STADI P diffractometer in
a temperature range of 296 K to 1073 K (heating rate: 10 K
per minute). A 2 ’ range of 7 to 17° and a step width of
0.003° were used. Lattice parameters were determined from
the reflections by least-squares refinement. The structure re
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Table 1. Sample numbers, reactants, solvents, base concentrations,
synthesis time and products formed.

No. Reactants solvent† NaOH
(g)

synthe-
sis -
temper-
ature
(K)

synthe-
sis -
time
(h)

prod-
uct*

A1 TEOS + Al sec-
butoxide

1.3 2.0 393 48 CAN

C1 precipitated silica
+ Al sec-butoxide

1.3 3.0 393 60 CAN

O1 sol-gel
(TEOS + Al
sec-butoxide)

1.3 2.0 393 48 CAN

O2 sol-gel
(TEOS + Al
iso-propoxide)

1.4 2.0 393 24 CAN

*CAN: cancrinite
†1,3- or 1,4-butanediol

finement was based on the powder diffraction pattern of
sample C1. The data were recorded in transmission geome-
try on a Siemens D5000 diffractometer using a focusing ger-
manium (111) monochromator with CuK [ 1-radiation. A 2 ’
range of 7 to 97°, a PSD-step width of 0.00777°, a sample
time of 27 s per step, and a total exposure time of 87 hours
was used. Rietveld powder refinement calculations were
carried out using the GSAS PC-program (Larson & von
Dreele, 1985). The structure was drawn with the structure
program DIAMOND (Brandenburg, 2001).

Infrared spectroscopy was carried out on a Bruker
IFS66v/s FT IR spectrometer (KBr pellets) in order to ob-
tain information about included anions, water molecules,
and impurities such as carbonate or adsorbed organic sol-
vents. Furthermore, IR spectra were taken at elevated tem-
peratures up to 923 K. The heating device was a self-built
oven with external temperature control attached to the sam-
ple chamber of the IFS 66v/s. Data acquisition was carried
out in 10K steps with a heating rate of 3K per minute and a
hold time of 3 minutes before data acquisition.

Thermogravimetric analyses were performed in air be-
tween room temperature and 1273K on a Netzsch STA 429
thermal analysis system equipped with a thermogravimetric
analyzer and differential thermoanalysis. The heating rate
was 10K per minute. Internal standard was Al2O3.

Coulometric titration of carbon was performed on a Del-
tronik DELTROMAT 500 electronic titrator with an inte-
grated oxidation furnace. The products were washed with
acetone and water, centrifuged and washed again several
times to make sure that the estimation of carbon was not af-
fected by surface covering polymerized solvent residues
and/or carbonate (from adsorbed carbon dioxide). Scanning
imaging was performed using a Philips XL30 instrument
operating at 15 kV at the Department of Earth and Ocean
Sciences (University of British Columbia, Vancouver).

The NMR spectra were recorded on a BRUKER ASX
400 NMR spectrometer. 29Si MAS NMR measurements
were performed using a standard BRUKER 7 mm MAS
probe at 79.49MHz with a single pulse duration of 2µs (30°

Fig. 1. X-ray powder diffraction pattern of sample C1. The differ-
ence pattern of the Rietveld refinement and the Bragg reflection po-
sitions are shown below.

Table 2. Lattice parameters, water and carbon contents, and decom-
position temperatures (determined by X-ray powder diffraction) of
the cancrinite samples. E.S.Dś are given in parentheses.

No. Lattice parameters Weight-loss*
wt%

carbon
content

decompo-
sition

tempera-
ture

a0 (Å) c0 (Å) <1000 K >1000 K wt% C T (K)

A1 12.7043(34) 5.1892(15) 9.0(2) 9.2(2) 0.357(2) 973
C1 12.7021(34) 5.1660(15) 6.8(2) 7.3(2) 0.328(2) 943
O1 12.7243(45) 5.2029(20) 7.9(2) 8.3(2) 0.265(1) 1003
O2 12.7046(41) 5.1720(20) 8.3(2) 8.4(2) 0.281(1) 933

*estimated by thermogravimetry.

tip angle) and a 10s recycle delay. A total of 800 scans were
accumulated at a spinning frequency of 3.5kHz. Tetrameth-
ylsilane has been used as an external standard. The {1H}13C
cross-polarization experiments at 100.63MHz with contact
times of 5ms and 5 s repetition time were carried out using
the same 7 mm MAS probe rotating at 3.5 kHz (30,000
scans). The 1H, 27Al and 23Na MAS NMR experiments were
obtained at 400.13MHz, 104.26 MHz, and 105.85MHz, re-
spectively in a 4 mm standard BRUKER MAS probe. Typi-
cal pulse lengths and recycle delays were 0.6µs and 100ms
for 27Al and 23Na, and 1.5 µs and 5 s for 1H, respectively. A
total of 10,000 scans were accumulated at a MAS rotation
frequency of 12kHz for the 27Al and 23Na MAS NMR spec-
tra and a total of 100 scans at the same rotation frequency for
the 1H MAS NMR spectra.

Results and discussion

X-ray powder diffraction

The X-ray powder patterns clearly show the formation of
cancrinite as the only phase in all four samples. As an exam-
ple the X-ray powder pattern of sample C1 is given in Fig.1.
Lattice parameters of the hexagonal crystal structure were

Characterization of basic cancrinite 591
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Fig. 2. X-ray powder pattern of sample O2 at variable temperatures.

determined by least-squares refinement and are given in Ta-
ble 2. The low intensity and large halfwidth of the reflec-
tions can be attributed to the small grain size ( » 2µm) as ob-
served in the scanning electron micrographs (Fig. 6). The
powder patterns of the four samples are similar, except for
some intensity and peak position variations, due to diverg-
ing lattice parameters and water content (Table 2).

The acquisition of the X-ray powder pattern of sample
O2 at elevated temperatures is shown in Fig. 2 as an exam-
ple. The other three samples displayed a similar behaviour.
The data were measured in a 2-theta range of 7-17° with
MoK

[ 1 radiation. At room temperature eight strong reflec-
tions can be observed, which are (101), (210), (300),
(211)/(121), (301), (400), (311)/(002), (320) and (401). The
(400) reflection shows decreasing intensity with increasing
temperature and all reflections shift to lower 2-theta values.
These changes are induced by loss of crystal water which af-
fects the lattice parameters and intensities of the reflections.
The loss of water in this temperature range can also be ob-
served in the IR spectra collected at various temperatures
and the TG-analyses. The decomposition of the framework
takes place at temperatures between 943K and 1003K. The
X-ray powder patterns of the other three samples at elevated
temperatures showed similar behaviour but different de-
composition temperatures. The decomposition tempera-
tures estimated from the X-ray powder data are listed in Ta-
ble 2. Above this temperature only weak reflections from a
nepheline-like phase can be observed (Fig. 2).

IR-spectroscopy

The IR spectra at room temperature for all four samples are
very similar. Fig. 3 shows the typical spectral patterns.
Asymmetric and symmetric T-O-T vibrations of the cancri-
nite framework (T = Si, Al) reveal three typical resonance
bands in the mid-infrared spectrum at 574, 620, and 692cm-1

(Flanigen et al., 1971). Water molecules, which are ad-
sorbed in the cancrinite channel and in the 5 -cages, show a
signal at 1642cm-1 (Hackbarth et al., 1999). The absorption

Fig. 3. IR spectra of a) sample A1, b) sample C1, c) sample O1 and
d) sample O2 at 296K.

Fig. 4. IR spectra of sample O2 at variable temperatures.

band at 1410 cm-1 indicates enclathrated impurities of car-
bonate. Depending on the hydrogen-bonding of the CO3

2-

group to the water molecules in the channel a lowering of
the threefold symmetry leads to a splitting of the stretching
vibration (1450cm-1). In addition water causes a broad reso-
nance in the range of 2800–3800cm-1 (3525cm-1). Hydroxyl
anions cause a weak, narrow absorption band at 3600cm-1.

Loss of water occurs between 373 and 773 K, is clearly
observed in heating experiments on sample O2 (Fig.4). The
intensity of the water absorption band at 1642 cm-1 and at
3525cm-1 decreases continuously as temperature increases.
The splitting of the carbonate absorption bands (1410 cm-1

and 1450cm-1) vanishes because the higher molecular sym-
metry is recovered, due to dehydration. The decomposition
of the framework structure can be observed at a temperature
of 933 K. The other three samples show a similar spectral
pattern at elevated temperatures.

Coulometric titration and estimation of carbon content

It is important to estimate to what extent the structure can be
regarded as a template-free structure and to check the car-
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Fig. 5. Thermogravimetric analysis of sample A1, sample C1, sam-
ple O1 and, sample O2 (lower graphs) and differential thermoanaly-
sis of sample A1 (upper graph).

Fig. 6. SEM micrographs of a) sample A1 and b) sample O1.

bon content because salt-anions such as carbonate are usual-
ly blocking the cancrinite channels and prevent technical
application (Barrer et al., 1970; Buhl, 1991; Burton et al.,

1999; Hackbarth et al., 1999). All four samples show low
carbon content in the range of 0.3wt% C (Table 2). For com-
parison, the carbon content of a fully occupied carbonate
cancrinite is 1.2wt% C (Hackbarth et al., 1999). In addition,
our synthetic cancrinite has a considerably lower carbon
content than cancrinites synthesized by Burton et al. (1999;
0.71wt% C). Thus, the products can be regarded as carbon-
ate-free cancrinites, to a first approximation.

Thermogravimetry

Thermogravimetric analyses of all samples show a decreas-
ing total weight loss with increasing reaction time as depict-
ed in Fig. 5. The weight-loss occurs in two separate stages.
The slope shows strong similarities to the thermal weight-
loss of basic hydrosodalite studied by Felsche & Luger
(1987). The first step between 350 and 1000K can be inter-
preted as the loss of water molecules located in the channel
and the 5 -cages. Thermogravimetric analyses of carbonate
cancrinite by Buhl (1991) showed that this compound was
dehydrated at temperatures as low as 700K. The next step of
weight-loss between 1000 and 1300K can be assigned to the
decomposition of two hydroxyl anions (in combination with
sodium) which decompose to a water molecule and disodi-
um oxide (2NaOH ⇒ Na2O + H2O). As known from high
temperature X-ray powder diffraction the cancrinite decom-
poses to a nepheline-like phase in the same temperature
range at approximately 1000–1200 K. The decomposition
can be well observed by differential thermoanalysis (Fig. 5,
upper graph), which shows a two step strong exothermic re-
action at this temperature. Samples O1 and O2 indicate the
highest water content. Sample C1, which was prepared from
precipitated silica, shows the lowest weight-loss (see Table
2). In addition, this sample shows a higher carbon content as
compared to samples O1 and O2. Thus, the lower water con-
tent can be interpreted as a consequence of partial blocking
of the pores by carbonate.

Scanning electron micrographs

The scanning electron micrographs of samples A1 and C1
synthesized with direct reactants exhibit more accumulation
of small crystalline material in larger aggregates (Fig. 6a).
The samples O1 and O2 formed from sol-gels (Fig.6b) show
well-formed hexagonal needle shape crystals intergrown in
large bundles. The average grain size is 2–5µm in all sam-
ples.

29Si, 27Al and 23Na MAS NMR spectroscopy

The 29Si MAS NMR spectra show signals between
–87.2ppm and –89.2 ppm. Fig.7 shows the spectra of sam-
ples A1 and O1. The isotropic shift is mainly determined by
the Si(OAl)4 tetrahedral angle and thus indirect correlated to
the lattice parameters (Engelhardt et al., 1989). A second
broad resonance with low intensity and centre of gravity at
–94.5ppm can be observed in the base of the cancrinite sig-

Characterization of basic cancrinite 593
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Fig. 7. 29Si MAS NMR spectra of a) sample A1, and b) sample O1.

nal of sample O1 which is most probably due to unreacted
sol-gel component, but was not detected in the X-ray pow-
der pattern possibly due to the amorphous character of the
sol-gel. An interpretation as a slightly increased Si/Al ratio
and therefore due to a Q4(3Al) signal is inconsistent with the
structure refinement data as given below. However, al-
though the nominal Si/Al ratio of starting materials for all
four samples was five, the 29Si MAS NMR spectra indicate
that the framework consists of completely ordered SiO4 and
AlO4 tetrahedra with a Si/Al ratio of one. This is in contrast
to the findings of Milestone et al. (1993) and Liu et al.
(1995), who found an increased Si/Al ratio of 2.5–10 in the
cancrinite product.

The 27Al MAS NMR spectra show a single tetrahedral
signal between 57.7 and 58.5 ppm. Fig. 8a shows the spec-
trum of sample A1 as an example. Resonances from octahe-
dral coordinated aluminium which would resonate in the
range of +15 to –15 ppm were not observed in any of the
spectra. This means that cationic Al3+ in the sodium-free
sol-gels, which is necessary to balance the charge of the
amorphous network (Fechtelkord et al., 2001a) is fully in-
troduced into the cancrinite framework.

The 23Na MAS NMR spectra contain an asymmetric res-
onance with shifts between –9.1ppm and –10.4ppm. Fig.8b
shows the spectrum of sample C1. A distinction between the
two crystallographic positions in the 5 -cages and twelve-
membered ring channel in the 23Na MAS NMR spectra is

Fig. 8. 27Al MAS NMR spectrum of a) sample A1, and b) 23Na MAS
NMR spectrum of sample C1.

not possible due to the similar local environment of the sodi-
um sites coordinated to water molecules (Fechtelkord et al.,
2001b).

1H MAS and {1H} 13C CPMAS NMR spectroscopy

All 1H MAS NMR spectra (Fig. 9a) are dominated by the
broad resonance with maximum at approximately 4 ppm
and have shoulders on the low and high field side of the sig-
nal maximum. The most distinct shoulder is observed at ap-
proximately 3ppm. The lineshape can be explained by a su-
perposition of the two contributions from water molecules
in the channels and 5 -cages and from hydroxyl-groups lo-
cated in the channels. The corresponding signals are usually
present at approximately 3.4ppm and 4.3ppm, respectively
(Fechtelkord et al., 2001b; Fechtelkord et al., 2001c; Yesi-
nowski et al., 1988). The spectra of the cancrinites synthe-
sized from sol-gels (e.g., sample O2, Fig. 9b) have a reso-
nance at 3.3ppm of higher intensity than the spectra of can-
crinites synthesized from direct reactants so that the two
contributions can be clearly distinguished. The higher water
content of the samples O1 and O2 is thought to be the source
for the changed intensity ratio in those 1H MAS NMR spec-
tra. Proton resonances from methyl or methylen groups
were not observed; therefore the inclusion of organic com-
pounds into the cancrinite can be excluded.

594 M. Fechtelkord, B. Posnatzki, J.-C. Buhl
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Fig. 9. 1H MAS NMR spectra of a) sample A1, b) sample O2, and c)
{1H} 13C CPMAS NMR spectrum of sample O1.

The {1H} 13C CPMAS NMR spectrum of sample O1 in
Fig. 9c shows only resonances of small intensity at
» 170ppm which indicates a low carbon content, and charac-

terizes the lineshape appearance of all four {1H} 13C
CPMAS NMR spectra. This weak signal is caused by car-
bonate impurities (Fechtelkord, 1999; Fechtelkord et al.,
2001c). Resonances from carbon atoms of other organic
compounds, especially methyl and methylen carbon atoms
were not detected (10–50 ppm).

Table 3. Crystal data and details of experimental powder X-ray dif-
fraction and structure refinement.

basic cancrinite
Na7.46[AlSiO4]6(OH)1.56 (H2O)7.98

Crystal data:
crystal system hexagonal
space group P63

Z 1
a0 12.7558(3) Å
c0 5.1985(2) Å
M 1037.72 g/mol
V 732.52(4) Å3

T 296K
ρ 2.352 g/cm3

X-ray data collection:
2-Theta range: 7°< 2 ’ <96.7°
step width: 0.00777

Rietveld refinement:
contributing reflections 295
Parameters varied in final cycle 39
2 / c < 0.01

Rwp 0.0162
Rp 0.0107
Rexp 0.0095
R(F2) 0.0373
DWd 1.984
V 2 2.950
2 ρmax +0.35 e / Å3

2 ρmin -0.24 e / Å3

Table 4. Atomic parameters of basic cancrinite (sample C1) at
T = 296K.

Atom P63 occu-
pancy

x y z Uiso

Na(1) 2b 1.0 0.333 0.667 0.637(5) 0.008(5)
Na(2) 6c 0.91(1) 0.144(3) 0.2890(8) 0.288(4) 0.032(3)
Si(1) 6c 1.0 0.0803(15) 0.4166(15) 0.75* 0.0045(11)†

Al(1) 6c 1.0 0.3333(17) 0.4132(16) 0.753(7) 0.0045
O(1) 6c 1.0 0.200(3) 0.4026(10) 0.687(4) 0.015(2)†

O(2) 6c 1.0 0.1215(8) 0.560(4) 0.749(5) 0.015
O(3) 6c 1.0 0.0452(22) 0.3666(27) 0.062(6) 0.015
O(4) 6c 1.0 0.3328(28) 0.3562(27) 0.058(8) 0.015
OH2(1) 6c 0.42(1) 0.132(6) 0.106(6) 0.983(23) 0.058(15)†

OH2(2) 6c 0.52(1) 0.095(5) 0.093(3) 0.795(13) 0.058
OH(1) 2a 0.78(1) 0 0 0.112(7) 0.018(15)
OH2(3) 6c 0.39(1) 0.621(5) 0.2907(4) 0.683(7) 0.021(17)
*Coordinate was kept fixed.
†Displacement parameters of Si(1) and Al(1), O(1), O(2), O(3) and
O(4), OH2(1) and OH2(2) were restrained to be equal.

Structure refinement of sample C1

X-ray powder patterns, spectroscopic investigations, and
estimated carbon and water contents suggest a cancrinite
structure containing mainly Na, water, and hydroxyl anions
and only minor amounts of carbonate. The 29Si MAS NMR
spectra indicate a strongly ordered alternating framework
structure of all four samples. Sample C1, which shows the
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Table 5. Selected interatomic distances (Å) and angles (deg) for the
basic cancrinite (sample C1) at T = 296K.

Atoms Distance /
Å

Atoms Angle /
deg

Si(1)-O(1) 1.66(4) O(1)-Si(1)-O(2) 109(1)
Si(1)-O(2) 1.60(4) O(1)-Si(1)-O(3) 104(1)
Si(1)-O(3) 1.70(4) O(1)-Si(1)-O(4) 108(2)
Si(1)-O(4) 1.58(4) O(2)-Si(1)-O(3) 107(2)
Average: 1.63 O(2)-Si(1)-O(4) 116(2)

O(3)-Si(1)-O(4) 112(2)
Average: 109.3

Al(1)-O(1) 1.67(4) O(1)-Al(1)-O(2) 108(1)
Al(1)-O(2) 1.72(5) O(1)-Al(1)-O(3) 114(2)
Al(1)-O(3) 1.74(3) O(1)-Al(1)-O(4) 111(2)
Al(1)-O(4) 1.74(4) O(2)-Al(1)-O(3) 114(2)
Average: 1.72 O(2)-Al(1)-O(4) 108(2)

O(3)-Al(1)-O(4) 101(2)
Average: 109.3

Na(1)-O(1) 3x 2.93(1)
Na(1)-O(2) 3x 2.413(9)
Na(1)-OH2(3) 3x 2.42(3)
Na(1)-OH2(3) 3x 2.90(3)
Na(2)-O(1) 2.42(2)
Na(2)-O(3) 2.28(5)
Na(2)-O(3) 3.02(5)
Na(2)-O(4) 2.43(5)
Na(2)-O(4) 2.84(5)
Na(2)-OH2(1) 2.76(9)
Na(2)-OH2(1) 2.07(9)
Na(2)-OH2(2) 2.22(5)
OH2(1)-OH2(2) 1.06(9)
OH2(1)-OH2(2) 2.03(9)
OH2(1)-OH(1) 1.69(8)
OH2(2)-OH(1) 2.03(5)
OH2(2)-OH(1) 1.53(6)

best crystallinity of all four samples, has been used in the
Rietveld structure refinement of cancrinite.

The cancrinite structure refinement was performed in the
hexagonal space group P63. The Pseudovoigt function de-
scribed by Howard (1982) and Thompson et al. (1987) was
used as the profile function. A linear interpolation function
with 36 variable parameters was used as background func-

Fig. 10. Structural plot of the refined hydroxylcan-
crinite in the space group P63.

tion. In addition, 39 fixed background points were intro-
duced. The profile parameters were refined in the Le Bail in-
tensity extraction mode. The hydroxylcancrinite structure
model of Hassan & Grundy (1991) served as the starting
model for the refinement. Restraints were set for the Si-O
bond length (1.61 Å „ 0.05 Å) and the Al-O bond length
(1.72Å „ 0.05Å). The restraint factor was decreased to 100
in the last few cycles.

In the first few cycles the framework atom positions were
refined. The z-coordinate of the Si(1) position was kept
fixed. After that, the atomic positions of Na, the hydroxyl
oxygen atoms, and water oxygen atoms were refined. Final-
ly, the occupancies of sodium, the OH- and H2O oxygen at-
oms were refined as well as their displacement factors, in
separate cycles. The refinement converged with Rwp =
0.0162 (R-value of weighted profile), Rp = 0.0107 (R-value
of profile) and R(F2) = 0.0373 (R-value of Bragg reflec-
tions). All crystal and experimental data are given in Ta-
ble 3. The powder pattern, the Bragg positions, and the dif-
ference pattern are depicted in Fig.1. Atomic parameters are
given in Table 4 and selected atomic distances and angles in
Table 51

1 Further information of crystal structure refinement can be requested from
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen
under CSD-No. 411486.

. Bond-valence summations around the framework
atoms Si and Al as well as the framework oxygen atoms give
values which are in good agreement with the theoretical val-
ues (Brese & O’Keefe, 1991; Brown & Altermatt, 1985).
The bond-valence value of 0.83 vu for the Na(2) position
shows a small deviation from the theoretical value but for
the Na(1) position a value of 0.99 vu is in good agreement
with the theory.

On the one hand the final structure (Fig. 10) differs from
that refined by Hassan & Grundy (1991). The occupancy
factors of the oxygen positions OH2(1) and OH2(2) are
twice as high and the second position is shifted in its x and y
coordinates. The occupancy factors in the refinement of
Hassan & Grundy (1991) were constrained based on results
of chemical analysis. On the other hand, the occupancy fac-
tors are quite similar to the structure proposed by Barrer et
al. (1970) and Pahor et al. (1982). However, it is not possi-
ble to detect which of the refined oxygen positions in the
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channel are related to water molecules and which to hydrox-
yl anions. Thus, from the refined occupancy factors we as-
signed the oxygen centre Wyckoff 2a position (OH(1)) to
the hydroxyl anion and the 6c positions (OH2(1) and
OH2(2)) to the water molecules. The occupancy factor
(0.42) of OH2(1) (Wyckoff 6c position) is close to the theo-
retical value of 0.33 for two hydroxyl anions per unit cell
and could also be due to the hydroxyl anion position. The
OH2(1) oxygen position directly coordinate the location of
Na in the channel.

The water content estimated from the refinement is 13.6
wt% H2O which is much higher than the water content esti-
mated by thermogravimetry (see Table 2). There may be
several possible reasons for this difference: first, the channel
positions are mainly occupied by water, but the hydrogen
positions are not included in the refinement, this will yield
too high electron density for the remaining oxygen atoms
and therefore overestimate the occupancies. Second, the
high degree of motion of the water molecules induces mo-
bility of oxygen electron density in the channel. Thus, the
refinement of the water positions and occupancies is diffi-
cult and probably overestimates occupancies. Finally, the IR
and {1H} 13C CPMAS NMR spectroscopic results indicate
the presence of carbonate impurities. The amount was too
small to introduce these carbonate positions into the struc-
ture and to refine them. However, they contribute to the
electron density and also increase the calculated occupan-
cies of the water oxygen positions. Our structure is signifi-
cantly different from the structure refined by Burton et al.
(1999). They refined the structure of a cancrinite synthe-
sized in butanediol and found that carbonate anions occu-
pied channel which is not detected in the present results.

Conclusions

The characterization of the four cancrinite samples shows
that the synthesis of a hydroxyl cancrinite with high water
content was successful. The estimated carbon content is
low. The cancrinite structure can be regarded as “template-
free”, which could be of high interest for further technical
applications. Although an initial Si/Al-ratio of five was in-
troduced into the synthesis, the resulting Si/Al ratio of the
cancrinites is one. This stands in contrast to the results of
Liu et al. (1993) and Milestone et al. (1995). The Rietveld
structure refinement revealed a cancrinite framework struc-
ture characterized by channels filled with water molecules
and hydroxyl groups. It should be possible to remove the hy-
droxyl groups by washing as already known for basic hydro-
sodalites (Felsche & Luger, 1987). After final dehydration
the cancrinite should have zeolitic properties. The refined
structure presents a new structure type for Na-cancrinites
synthesized in a butanediol-water system that is similar to a
synthetic Cs-Li cancrinite synthesized in the same solvent
mixture (Fechtelkord et al., 2001c) but differs from the pre-
vious published structure of cancrinite synthesized in bu-
tanediol (Burton et al., 1999).
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