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Abstract

The crystal structure of a potassium calcium silicate with composition K9.6Ca1.2Si12O30 (or K8CaSi10O25) has been solved by direct

methods aided by distance least squares optimization from laboratory X-ray powder diffraction data. The trigonal compound adopts the

non-centrosymmetric space group R3c with the following basic crystallographic data: a ¼ 11.13623(5) Å, c ¼ 21.9890(2) Å,

V ¼ 2361.63(2) Å3, Z ¼ 3, Dcalc ¼ 2.617 g cm�3. The crystal structure can be classified as an interrupted framework with exclusively

Q3-units. It can be thought of as being built from layers parallel to (001) containing isolated six-membered tetrahedral rings in

UDUDUD conformation. Corner sharing of tetrahedra belonging to adjacent sheets results in a tetrahedral framework. The framework

density of the structure is 15.2 T-atoms/1000 Å3. The coordination sequences are identical for both silicon atoms in the asymmetric unit:

3-6-11-20-32-46-60-80-102-122. The vertex symbols for the two tetrahedral centers are 102 � 102 � 61. Topologically, the structure can be

described as an Archimedean three-dimensional 3-connected net. It can be derived from the diamond or cristobalite net by removing

20% of the knots. Charge compensation in the structure is achieved by the incorporation of mono- and divalent M-cations (M: K, Ca).

These extra-framework ions are coordinated by six to nine oxygen ligands. Ca/K distributions for the five symmetrically independent M-

sites were obtained from a combination of bond distance considerations, site occupancy refinements and the bulk chemical composition.

The structural characterization is completed by a detailed Raman spectroscopic study. Furthermore, possible implications of the

structural chemistry of interrupted framework silicates for the field of silicate glass research are addressed.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The ternary system K2O–CaO–SiO2 is of interest for
several processes and materials related to applied miner-
alogy including, for example, technical [1] and medieval
[2–4] glasses, blast furnace linings [5] and combustion ashes
[6]. However, unlike its importance in these fields and,
additionally, the frequent occurrence of potassium and
calcium oxide in silicate minerals it is surprising that there
is only very little information concerning the crystal
structures and the structural chemistry of the phases in
the system K2O–CaO–SiO2. There exist some structural
e front matter r 2006 Elsevier Inc. All rights reserved.
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data on hydrated phases including minerals such as
rhodesite and hydroxyapophyllite or synthetic CAS-1 [7].
However, to our best knowledge no pure calcium silicate
has been structurally characterized so far. This is even
more surprising because the phase equilibrium studies on
this system performed by Taylor [8] as well as Morey et al.
[9] reported the existence of at least eight different ternary
phases: K2Ca23Si12O48, K2Ca2Si9O21, K4CaSi6O15, K2Ca2
Si6O15, K2Ca3Si6O16, K4CaSi3O9, K2CaSiO4 and K8Ca
Si10O25, respectively. For the last three compounds in this
list at least some basic crystallographic data have been
published and indexed powder diffraction patterns can
be found in the Powder Diffraction File (PDF-4). For
both, K4CaSi3O9 and K2CaSiO4, cubic primitive unit cells
were reported. From the similarity between the lattice
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Table 1

Experimental conditions, data collection and refinement parameters

Radiation type, source X-ray, CuKa1
Generator settings 40 kV, 40mA

Discriminator Primary beam, curved Ge(111)

monochromator

Detector Linear PSD, 61 width

Effective mt 0.79

Data collection temperature 23.5(5) 1C

Range in 2y 4–1001

PSD step size 0.11, 80 s/step

Internal integration step size 0.011

a (Å) 11.13623(5)

c (Å) 21.9890(2)

V (Å3) 2361.63(2)

Space group R3c

Chemical formula K9.6Ca1.2Si12O30

Z 3

Dcalc (g cm
�3) 2.617

No. of contributing reflections 465

No. of global parameters 1

No. of profile parameters 7

No. of intensity dependent

parameters

35

Rp 16.0%

Rwp 14.3%

RBragg 6.73%

w2 1.66
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parameters of K4CaSi3O9 and Na4CaSi3O9 it was sug-
gested that both phases may be isostructural [10]. For
K8CaSi10O25 the same authors proposed a hexagonal R-
centered unit cell with a ¼ 11.125 Å and c ¼ 10.987 Å [10].
Concerning the crystal system to be considered, this
result agrees with earlier studies of Morey et al. [9] who
reported that K8CaSi10O25 forms optically uniaxial nega-
tive crystals.

This investigation is part of a more comprehensive study
on the crystal chemistry of potassium calcium silicates and
was aimed to characterize the crystal structure of
K8CaSi10O25 in more detail. Since our efforts to grow
suitable single crystals of this phase were not successful,
structure determination was based on laboratory powder
diffraction data. In the course of the structure determina-
tion it became obvious that the formula K8CaSi10O25

which was proposed in former studies leads to a non-
integral number of formula units per cell. Therefore, we
finally decided to describe the chemical composition of the
present potassium calcium silicate as K9.6Ca1.2Si12O30,
resulting in the same bulk chemistry. The X-ray diffraction
studies are completed by Raman spectroscopical investiga-
tions.

2. Experimental section

Starting materials for the preparation of K8CaSi10O25

(or K9.6Ca1.2Si12O30) were CaCO3 (Merck, p.a.), K2CO3

(AlfaAesar, puratronic) and fine grained (o40 mesh) SiO2

powder (AlfaAesar, 99.995). Since the compound is known
to melt congruently at 946 1C [9], initial synthesis experi-
ments were aimed to obtain single crystalline material.
However, these trials were only partially successful. The
crystals obtained from (a) slow cooling of the melt as well
as (b) devitrification of quenched glasses were too small to
be investigated by laboratory single crystal diffraction
(o10 mm) and/or showed poor optical (undulous extinc-
tion under the polarizing microscope) and diffraction
quality. Therefore, we finally decided to perform the
structural studies using polycrystalline samples prepared
from solid state reactions. One gram of the reagents (in the
appropriate molar ratio) was carefully mixed in an agate
mortar under acetone and pressed into discs. The pellets
confined in closed 50ml platinum crucibles were fired in air
from 200 1C with 5 1C/min to 900 1C in a resistance heated
furnace, subsequently held at this temperature for 2 days
and finally quenched. The product was characterized by
preliminary X-ray powder diffraction. The firing procedure
was repeated until no differences between the powder
patterns of subsequent cycles could be detected. For the
determination of the chemical composition of the sintered
pellets, an electron probe microanalysis was performed
using a JEOL JXA-8100 Superprobe with a lateral
resolution of 1 mm3 (10 kV, 20 nA). The analysis resulted
in the following average chemical composition for ten spots
(normalized to 25 oxygen atoms): K7.94(5)Ca1.05(4)Si10.03(4)
O25. This result is almost identical with the expected cation
ratios of K:Ca:Si ¼ 8:1:10 based on the molar ratios of the
educts and proves that a potassium-loss due to evaporation
during the burning process can be neglected. X-ray powder
diffraction data for structure determination and refinement
have been collected on a Stoe STADI-MP diffractometer in
flat-plate transmission geometry using a sample of 6mm
diameter prepared between two thin foils. The diffract-
ometer is equipped with an asymmetric primary beam
Ge(111) monochromator (yielding a strictly monochro-
matic CuKa1 radiation) and a linear PSD with 61 detector
range. The effective value of 0.79 for the product mt

(m ¼ linear absorption coefficient; t ¼ sample thickness)
used for the absorption correction was determined
experimentally from the intensity ratios at y ¼ 01 with
and without the sample. Details of the data collection and
the refinement are given in Table 1.
Confocal Raman spectra were obtained with a HORIBA

JOBIN YVON LabRam-HR 800 Raman micro-spectro-
meter. Samples were excited using the 489.8 nm emission
line of a 30mW Ar+-laser and an OLYMPUS 100�
objective (N.A. ¼ 0.9). Size and power of the laser spot on
the surface was approximately 1 mm and 5mW. The
spectral resolution, determined by measuring the Rayleigh
line, was about 1.8 cm�1. The dispersed light was collected
by a 1024� 256 open electrode CCD detector. Confocal
pinhole was set to 1000 mm. The depth resolution of this
‘‘true-confocal’’ configuration is usually better than 2 mm.
Spectra were recorded unpolarized in scanning-mode [11].
All spectra were corrected for linear background and
fitted to Gauss-Lorentz functions. Accuracy of Raman line
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Fig. 1. Comparison between the structure-independent LeBail fits within a

small part of the powder pattern: (a) ‘‘small’’ R-centred cell (c ¼ 10.98 Å)

proposed by Gunawardane and Glasser [10], and (b) ‘‘large’’ R-centred

cell with c ¼ 21.96 Å.
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shifts, calibrated by regular measuring the Rayleigh line,
was in the order of 0.5 cm�1.

3. Structure solution and refinement

A comparison with the previously reported X-ray
powder diffraction pattern of K8CaSi10O25 (PDF-4 entry
27-1026) based on the data of Gunawardane and Glasser
[10] revealed the presence of several additional low-
intensity lines in our diffractogram. There are at least
two possible explanations for this result: (a) the powder
pattern is more complex, i.e. weak reflections have been
overlooked in the previous study and/or (b) the specimen
contains impurities. In order to find a unit cell matching
the powder pattern, the 2y-positions of the first 29 lines
were determined via the peak search algorithm implemen-
ted in the program FullProf.2k [12]. A first inspection of
this list using the program TREOR90 [13] showed that the
peaks could be indexed on the basis of a hexagonal R-
centred unit cell with a ¼ 11.13 Å and c ¼ 21.96 Å. The
figures of merit M20 and F20 [14,15] for assessing the
quality of this initial solution are M20 ¼ 34 and F20 ¼ 52
(0.005171, 75). This cell is related to the one reported in the
earlier study mentioned above: whereas the a-axes are
almost identical, the c-axis of our solution is doubled. The
comparison of the LeBail fits obtained with the two cells
shows clearly that the new metric provides a much better
description of the observed powder pattern (see Fig. 1). A
more detailed analysis of the systematic absences with the
program CHECKCELL [16] pointed to the existence of a
c-glide plane with R3̄c or R3c as the most probable space
groups. Extraction of the integral intensities as well as the
structure solution by direct methods was accomplished
using the EXPO program suite [17]. After subtraction of
the background scattering, the integral intensities of
reflections up to 2y ¼ 801 were obtained with Pearson
VII profile functions. The final profile residual of this
procedure converged to Rwp ¼ 12.3%. Both possible
trigonal space groups, R3̄c and R3c, were tested for the
structure determination. However, only in the non-
centrosymmetric case a phase set and an E-map could be
found, the most intense peaks of which could be
interpreted as the atomic positions of a partial structure
of a tetrahedral framework. In order to complete the
structure model, a geometrically optimized network
(program DLS-76 [18]) was introduced into the program
SHELXL-93 [19]. Difference Fourier maps were calcu-
lated, clearly showing the positions of the missing non-
tetrahedral K/Ca-positions. The structure refinements of
the atomic parameters were initiated with the program
FullProf.2k [12]. For Rietveld analysis, the background
was determined by linear interpolation between consecu-
tive breakpoints in the pattern. Intensities within seven
times the full width at half maximum of a peak were
considered to contribute to the central reflection. Thomp-
son–Cox–Hastings pseudo-Voigt functions were chosen for
the simulation of the peak shape, including an asymmetry
correction following Finger et al. [20]. The angular
variation of the line width was accounted for by using
the Caglioti function [21]. The refinement was done in
consecutive steps with the atomic coordinates and thermal
parameters held fixed in the initial calculations. They were
allowed to vary after the scale factor, zero point, peak
shape parameters and lattice constants were close to
convergence to their optimum values. In order to avoid
convergence problems, soft constraints for the Si–O and
the O–Si–O bonds were applied assuming a Si–O distance
of 1.62 Å, and a O–Si–O angle of 109.41. A weight was
given to these constraints by applying sigma values of 0.005
and 0.30 to the prescribed distances and angles, respec-
tively. Si–O–Si angles have not been constrained in order to
permit a more flexible orientation of the tetrahedra in the
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Table 2

Fractional atomic coordinates, isotropic displacement parameters (Å2)

and site occupancies

AtomWyckoff-site x y z Biso Occupancy

Si1 18(b) 0.4953(3) �0.0226(3) 0.68034(14) 1.21(3) 1.0

Si2 18(b) 0.5098(3) 0.0141(3) 0.81871(15) 1.21(3) 1.0

M1 6(a) 0.33333 0.66667 0.91780 1.78(8) 0.60Ca

0.40K

M2A 18(b) 0.8350(10) 0.1627(9) 0.6394(4) 1.79(5) 0.605(9)

M2B 18(b) 0.8300(12) 0.1700(13) 0.6766(5) 1.79(5) 0.395(9)

M3 6(a) 0.33333 0.66667 0.7590(7) 1.79(5) 0.40

M4 6(a) 0.66667 0.33333 0.7425(3) 1.79(5) 1.0

O1 18(b) 0.5617(10) 0.1269(5) 0.6544(4) 2.60(7) 1.0

O2 18(b) 0.3330(4) �0.1216(7) 0.6715(4) 2.60(7) 1.0

O3 18(b) 0.4428(8) �0.4369(9) 0.8573(4) 2.60(7) 1.0

O4 18(b) 0.5401(6) �0.0280(7) 0.75116(16) 2.60(7) 1.0

O5 18(b) 0.5670(9) �0.0980(9) 0.6423(3) 2.60(7) 1.0

The sites M2–M4 are occupied by K only. M1 has a mixed Ca/K
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framework structure. Due to the similar scattering power
of the isoelectronic cations K+ and Ca2+, no attempts
were made to tell them apart by mixed site scattering
refinements. A graphical comparison between the observed
and calculated powder pattern is given in Fig. 2. A final
inspection of the structural model using the MISSYM
subroutine of the program PLATON [22] revealed no
indication for the choice of a space group of unnecessarily
low symmetry. The refined fractional atomic coordinates
are listed in Table 2 and selected interatomic distances and
angles in Tables 3 and 4, respectively. According to Bérar
and Lelann [23], a correction factor of 3.0 should be
applied to the estimated standard deviations of the refined
parameters. For drawing of structural details the program
ATOMS [24] was employed. Bond valence calculations
were based on the parameter sets given by Brese and
O’Keeffe [25].
Fig. 2. Observed (circles) and calculated (solid line) step intensities and

their difference (line at the bottom of figure) of K9.6Ca1.2Si12O30. Peak

positions permitted by unit cell metric are indicated by tick marks (middle

portion).

population. The partial occupancy of M3 refined to a value of 0.42(3). In

this table it is adjusted to 0.40 to obtain a charge balanced structure.

Table 3

Selected interatomic distances (Å) up to 3.4 Å

Bond Distance Bond Distance Bond Distance

Si1–O1 1.553(6) M2A–O1 2.884(16) M2B–O1 2.822(18)

Si1–O2 1.590(5) M2A–O1 2.861(13) M2B–O1 2.784(17)

Si1–O4 1.645(5) M2A–O2 3.298(9) M2B–O2 3.211(11)

Si1–O5 1.647(12) M2A–O2 3.370(12) M2B–O3 2.854(18)

Mean 1.609 M2A–O3 2.960(14) M2B–O3 2.919(17)

Si2–O2 1.602(5) M2A–O3 3.035(15) M2B–O4 3.295(12)

Si2–O3 1.551(9) M2A–O3 2.814(14) M2B–O4 3.288(12)

Si2–O4 1.643(6) M2A–O4 2.817(11) M2B–O5 3.052(12)

Si2–O5 1.597(13) M2A–O5 2.945(10) M2B–O5 3.304(14)

Mean 1.598 M3–O2 3.045(13)� 3 M4–O1 2.778(8)� 3

M1–O3 2.448(11)� 3 M3–O3 2.982(15)� 3 M4–O2 3.161(9)� 3

M1–O1 2.516(7)� 3 M3–O4 3.011(6)� 3 M4–O5 2.993(8)� 3

Table 4

Selected bond angles (deg)

Bond Angle Bond Angle

O1–Si1–O2 117.7(6) O2–Si2–O3 115.0(6)

O1–Si1–O4 113.3(7) O2–Si2–O4 98.7(5)

O1–Si1–O5 105.5(9) O2–Si2–O5 107.9(9)

O2–Si1–O4 110.5(5) O3–Si2–O4 107.6(7)

O2–Si1–O5 104.9(8) O3–Si2–O5 118.1(11)

O4–Si1–O5 103.2(7) O4–Si2–O5 107.5(9)

Mean 109.3 Mean 109.1

Si1–O2–Si2 159.3(4) Si1–O4–Si2 137.4(4)

Si1–O5–Si2 141.7(7)
4. Description of the crystal structure

In the crystal structure of K9.6Ca1.2Si12O30, silicate
tetrahedra are linked into a three-dimensional framework
with the stoichiometry [Si2O5]

2�, and a Si:O ratio of 1:2.5.
Apart from the current phase, this Si:O ratio has been
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a

b

Fig. 4. Sequence of three adjacent layers parallel (001) containing isolated
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observed only for a few other framework silicates, although
it is known for many single layer, double chain and a few
double ring silicates [26]. Basic building units of the
framework are open branched vierer single chains (see
Fig. 3) running parallel [211], (or the symmetry equivalent
directions ½1̄11� and ½1̄2̄1�, respectively). The translation
period of about 9.74 Å along these chains corresponds to
the aR lattice constant of the rhombohedral setting of R3c.
A different understanding of the structure can be obtained
by sub-dividing the framework into tetrahedral layers
running parallel to (001) (see Fig. 4). A single 3.7 Å wide
sheet contains isolated six-membered rings in UDUDUD
conformation. Linkage between the rings of adjacent layers
by common oxygen corners results in an ABCABC-type
stacking sequence and consequently in the formation of a
three-dimensionally connected network of tetrahedra.

In more detail, there are two crystallographically
independent Si atoms, each of which is part of the network.
Si1

Si2
[211]

Fig. 3. Side view of a single open-branched vierer-chain in K9.6Ca1.2
Si12O30. The two symmetrically independent tetrahedra are given in light-

and medium gray.

six-membered rings in UDUDUD conformation (tetrahedra in dark gray:

zE�0.167; medium gray: zE0.00; light gray: zE0.167).
All SiO4-tetrahedra have three bridging (br.) and one non-
bridging (nbr.) vertex. This connectivity implies that the
current potassium calcium silicate belongs structurally to
the rare group of interrupted silicate frameworks with
exclusively tertiary (Q3) tetrahedral units. Concerning the
individual Si–O bond distances, two groups can be
distinguished: the Si–Onbr. bond lengths are significantly
shorter (1.551–1.553 Å) than the Si–Obr. bond distances
(1.590–1.647 Å). This shortening results from the stronger
attraction between O and Si than between O and K/Ca in
the structure, and is a typical result for silicates containing
Q3 units. Whereas the average values of the O–Si–O angles
for the two tetrahedra are very close to the ideal value of
109.471, the individual O–Si–O angles range from 991 to
1181. This indicates that the tetrahedra deviate consider-
ably from regularity. However, the scatter is similar to the
values reported in the literature for other interrupted
frameworks. The degree of distortion can be expressed
numerically using the quadratic elongation l and the
angle variance s2 [27]. These parameters have values of
l ¼ 1.008; s2 ¼ 32.2 (for Si1) and l ¼ 1.012 and s2 ¼ 50.5
(for Si2).
The Si–O–Si angles show a spread between 1371 and

1591 with an average of 146.11. This mean value is about 61
higher than the value 1401 corresponding to an unstrained
Si–O–Si angle [26]. Bond valence sums (BVS) for the two Si
atoms are close to the expected values: Si1: 4.19 and Si2:
4.31, respectively.
Charge compensation within the structure is achieved by

the incorporation of potassium and calcium cations which
are distributed among four crystallographically indepen-
dent extra-framework sites. A careful analyses of the site
occupancies during the refinements revealed that the
positions M1 and M4 are fully occupied. The M2-site is
split into two sites (M2A, M2B) only 0.83 Å apart from
each other. For the final least squares refinements it was
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assumed that the sum of the occupancy factors of both split
positions is 1.0. It has to be pointed out that calculations
performed without this constraint resulted in unstable
refinements. The M3-position in turn is only partially
occupied with an occupancy of 0.42(3). Split positions and
partially occupied sites are not uncommon for extra-
framework cations and have been observed in many
zeolite-type structures, for example.

The coordination polyhedron about M1 can be de-
scribed as a slightly distorted octahedron. For each of the
remaining extra-framework cations, more complex poly-
hedra with nine oxygen ligands can be found in the range
up to 3.4 Å. As can be seen from Fig. 5, the cation sites M1,
M3 and M4 are located in tunnels formed within the
network. These channels are running along [001] and are
located around the 3-fold axes. Primarily, these three sites
provide linkage between the tetrahedral rings of different
layers. The M2-cations in turn are located on z-levels
corresponding more or less to the mean plain of the rings
and predominantly connect the rings within a single
tetrahedral sheet.

Since the scattering powers of K+ and Ca2+ are almost
identical, the allocation of the different cation species to
the M-sites was based on bond lengths considerations
aided by the result from the chemical analysis. Typical
Ca–O bond distances in calcium silicates, for example, have
values in the range between 2.3 and 2.5 Å. Therefore, only
M1 was considered to be a possible host site for the 3.6
calcium atoms which are present in the unit cell (according
to the chemical analysis). On the other hand, the site
scattering refinement indicated a full occupancy of M1, i.e.
the remaining 2.4 atoms on this six-fold site were attributed
to K, leaving a total of 26.4 positive charges per unit cell to
be distributed among the positions M2–M4. According to
the observed bond distances, these sites have to be
exclusively occupied by potassium cations. In this regard,
a

b
c

Fig. 5. Side view of the whole crystal structure of K9.6Ca1.2Si12O30. The

different M-sites are represented by larger spheres (M1: no hatching; M2:

cross-hatching; M3: horizontal hatching; M4: vertical hatching). The small

spheres correspond to the oxygen anions.
the partially occupied M3-site is of special interest. As
mentioned above, the refinements resulted in an occupancy
of 0.42(3) for this six-fold position, which corresponds to
2.52 positive charges per unit cell. Within one standard
deviation, this refined parameter corresponds to the value
of 0.40 ( ¼ 2.40 positive charges) that would be required to
assure a charge balanced crystal. Therefore, in the final
calculations the occupancy for M3 was fixed to the
theoretical value. In summary one can say that the
combination of information extracted from bond distance
considerations, site occupancy refinements and chemical
analysis results in a self-consistent structural model
concerning charge neutrality and crystal chemistry. For
the summary in Table 1 we preferred to describe the
chemical formula of the present compound according to
K9.6Ca1.2Si12O30, resulting in Z ¼ 3 formula units per cell.
The formula K8Ca1Si10O25 proposed by Gunawardane and
Glasser [10], although leading to the same bulk composi-
tion, has the disadvantage that it is combined with a non-
integral number of Z ¼ 3:6.
5. Topological aspects

The framework density [28] of the present porous crystal
structure is 15.2 T-atoms/1000 Å3. This value is compar-
able with those observed in zeolite framework types like
AEI or UTL, for example [29]. The connectivity of the T-
atoms within the framework can be characterized by the
so-called coordination sequences, which are identical for
both silicon atoms in the asymmetric unit: 3-6-11-20-32-46-
60-80-102-122. The vertex symbols for the two tetrahedral
centers are 102 � 102 � 61 (see Fig. 6). Concerning the
topology, the interrupted framework in K9.6Ca1.2Si12O30

can be classified as a three-dimensional 3-connected net. A
detailed theoretical treatment of these net types has been
given by Wells [30]. Actually, the net observed in the
present structure has been already noted in his compre-
hensive listing. The maximal topological space group
symmetry of this framework type is R3̄m. It belongs to
the so-called Archimedean 3-connected nets, indicating
that at least two of the shortest circuits meeting at each
vertex are of different kinds concerning the number of
points belonging to the rings.
Most of the known interrupted tetrahedral frameworks

correspond to unbroken parent frameworks that are
observed in other structures. The construction of the
theoretical parent framework is useful in order to show
structural relationships and to predict possible framework
configurations. The theoretical parent framework structure
was constructed from the present network by inserting two
additional T-atoms at the positions (0,0,2/3) and (0,0,1/3).
Interestingly, the resulting three-dimensional 4-connected
net is one of the most important in inorganic chemistry. It
can be found in the diamond structure or in cristobalite, for
example (see Fig. 7). Therefore, the tetrahedral net
observed in K9.6Ca1.2Si12O30 can be described as a defect
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Si1

Si2

Si2

Si2

Fig. 6. Graphical representation of the vertex symbol 102 � 102 � 61
observed for Si1 in K9.6Ca1.2Si12O30.

(a)

(b)

Fig. 7. Comparison between the topology of the nets observed in (a)

diamond and (b) the parent framework of K9.6Ca1.2Si12O30. The dark

spheres correspond to the additional T-atoms in (0,0,1/3) and (0,0,2/3)

inserted to construct the 4-connected net. The resulting new bonds (thin

dashed lines) have been added as a guide for the eyes.

Fig. 8. Raman spectrum of polycrystalline K9.6Ca1.2Si12O30.
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cristobalite net where 20% of the tetrahedral centers have
been removed.

6. Raman spectroscopy

The Raman spectrum of polycrystalline K9.6Ca1.2Si12O30

is displayed in Fig. 8. Total of 21 bands from 125 to
1138 cm�1 with a range of full width at half maximum of
7–77 cm�1 could be detected (Table 5, Fig. 8). Relative
intensities, normalized to the highest intensity band at
548 cm�1, vary between 2% and 89%. Neglecting differ-
ences between M2A and M2B a simplified factor group
analysis yields in total 135 Raman- and IR-active vibra-
tional modes:

Gvib ¼ 27A1 þ 54E.

Since 54 vibrations are doubly degenerated E-modes, the
total number of observed bands in the spectrum reduces
significantly. Raman-active bands of alkali and alkaline
earth metal silicates in the wavenumber range
850–1250 cm�1 can be assigned to symmetric Si–O�

stretching vibrations of SiO4 groups with non-bridging
oxygens [ns(Si–O

�)] [31,32]. Bands between 400 and
800 cm�1 are generally symmetric bending vibrations of
the Si–O–Si bridging oxygens [ds(Si–O–Si)], which reflect
the connectivity between adjacent silicon–oxygen tetrahe-
dra. Quantum chemical calculations with silicon–sodium
tetrahedral model clusters revealed a negative correlation
for the Si–O–Si angles in the range of 115–1651 and the
ds(Si–O–Si) in the wavenumber range of 900–400 cm�1 [32].
According to You et al. [32], Si–O–Si angles between 137
and 1591, which have been determined in K9.6Ca1.2Si12O30,
would correspond to ds(Si–O–Si) bands at 610–490 cm�1,
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Table 5

Shifts (in cm�1), relative intensities and assignment of the Raman bands

observed in K9.6Ca1.2Si12O30 polycrystalline sample

K9.6Ca1.2Si12O30

(this study)

Relative intensitiesa Assignment

125 5 (K–,Ca–O), phonons

216 9 (K–,Ca–O), phonons

244 17 (K–,Ca–O), phonons

266 14 (K–,Ca–O), phonons

329 3 (K–,Ca–O), phonons

344 12 (K–,Ca–O), phonons

386 14 (K–,Ca–O), phonons

402 6 ds(Si–O–Si)

425 3 ds(Si–O–Si)

471 13 ds(Si–O–Si)

528 6 ds(Si–O–Si)

548 100 ds(Si–O–Si)

557 50 ds(Si–O–Si)

635 4 ds(Si–O–Si)

755 2 ds(Si–O–Si)

957 3 ns(Si–O
�)

1051 7 ns(Si–O
�)

1066 7 ns(Si–O
�)

1108 89 ns(Si–O
�)

1116 56 ns(Si–O
�)

1138 12 ns(Si–O
�)

aIn % of the most intense band at 548 cm�1.

Fig. 9. Deconvolution of the high-wavenumber range of K9.6Ca1.2Si12O30.

Dots indicate the recorded spectrum, thin and thick solid lines represent

deconvoluted peaks and band sum, respectively.
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in agreement to experimentally observed high intensity
bands (635–471 cm�1) in the middle wavenumber range
(Table 5). Bands at lower (402, 425) and higher (755)
wavenumbers maybe explained by further factors affecting
the vibrational wavenumber of ds(Si–O–Si) like connectiv-
ity of Si-tetrahedra and/or impacts of the non-framework
cations [32].

In the wavenumber range below 400 cm�1, bands are
caused by lattice vibrations of the skeleton framework as
well as the bonding interactions between the non-frame-
work cations and oxygen (K–O, Ca–O). Previous studies
[32–34] suggested that the Raman shift of the symmetric
Si–O stretching modes above 850 cm�1 in silicates is related
to the structure of the Qx tetrahedral units (x ¼ number of
the bridging oxygens of the tetrahedral unit). Deconvolu-
tion of this part of the spectrum of K9.6Ca1.2Si12O30 yielded
six bands at 957, 1051, 1066, 1108 1116 and 1138 cm�1

(Fig. 9). Raman peaks of ns(Si–O
�) vibrations of six-

membered rings linked to Q3-connected sheets of silicon
tetrahedra in Na2O–2SiO2 crystals were experimentally
recorded at 1072 and 1079 cm�1, respectively [32,35].
According to theoretical calculations performed on clusters
of silicon tetrahedra in binary sodium silicates, bands at
wavenumbers above 1032 cm�1 correspond to Q3 species
linked in up to three hexagonal rings [32]. The most intense
Raman bands of K9.6Ca1.2Si12O30 in the high-wavenumber
range at 1108 and 1116 cm�1 thus suggest a dominating
superstructure arrangement of Q3 units in six-membered
hexagonal rings, which is consistent to the findings of the
structure refinement.
7. Concluding remarks

Concerning the crystal chemistry, the structure of
K9.6Ca1.2Si12O30 is rather an exception. Although several
thousand crystal structures of natural and synthetic
silicates have been determined, there are only a few
interrupted frameworks known which are exclusively based
on tertiary (Q3)-tetrahedra. A compilation of these
materials studied so far can be found in a recent paper
on the crystal structure of g-Na2Si2O5 [36]. Apart from
being a structural curiosity, compounds such as g-Na2Si2O5

or K9.6Ca1.2Si12O30 could be of special interest in glass
science. According to Zachariasen’s classical theory, the
internal structure of a glass can be described with a random
network model [37 and references cited in there]. For alkali
and alkaline earth silicate glasses this approach has been
interpreted in such a way that the alkaline earth and alkali
cations occupy the interstitial space of the tetrahedral
network and behave as so-called network modifiers,
creating non-bridging oxygens. For silicate glasses with a
Si:O ratio of 1:2.5, for example, one should expect a
tetrahedral network that is dominated by the presence of
Q3-units. However, looking at the crystalline analogues in
these systems having the same Si:O ratio it has to be stated
that the vast majority are layered compounds. Only the
interrupted frameworks have a similar but, of course,
translationally ordered network structure. They could
provide models for a better understanding of the arrange-
ment of the tetrahedra and network modifiers in silicate
glasses.
The existence of a framework structure with extra-

framework cations on interstitial sites offers the possibility
of a flexible chemical composition, i.e. the formation of
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solid solutions is likely to occur. For example, the exclusive
occupation of the M1-site with Ca combined with a
completely vacant M3-site would result in a charge
balanced framework structure with composition K8Ca2
Si12O30. On the other hand, full occupancy of all four M-
sites with potassium would lead to a structure with
composition K12Si12O30 (or K2Si2O5). Actually, the ex-
istence of such a type of pure potassium disilicate has been
recently reported [38]. The structure determination based
on a single crystal data set collected at 150K indicated that
the symmetry of this K2Si2O5-phase is no longer trigonal,
but monoclinic (space group Cc, a sub-group of index 3 of
R3c). However, a critical review of the observed bond
distances in the monoclinic disilicate shows clearly that the
K–O bond distances for several extra-framework sites are
much lower compared to the values usually observed in
silicate structures. Since the authors did not provide a
chemical analysis it cannot be excluded that the structu-
rally related ‘‘pure’’ potassium disilicate may have been
stabilized by the incorporation of impurities. In summary
one can say that a solid solution series of the type K8+2x

Ca2�xSi12O30 probably exists although it may be limited to
x-values significantly lower than 2.0. Within this hypothe-
tical series the present compound would represent a point
with x ¼ 0:8.
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