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1 |  INTRODUCTION

In their landmark paper from 1930, Morey, Kracek, and Bowen1 
published a detailed study on the liquidus and sub- solidus phase 
relationships in the ternary system K2O– CaO– SiO2. The authors 
reported a total of six different crystalline phases: K2Ca2Si9O21, 
K8CaSi10O25, K4CaSi6O15, K2Ca3Si6O16, K4CaSi3O9, and 
K2CaSiO4, respectively. The description of the experimental de-
tails clearly indicates that this early study has been performed 

with great care and that the results can principally serve as a 
basis for the interpretation of the phase diagram. Nevertheless, 
this investigation has several weak points which are attributable 
to the limited analytical tools available in the 1930s. First of all, 
the chemical formulas of the crystalline phases were estimated 
from the starting composition of the glasses or from the initial 
weight fractions of the educts, that is, no chemical analysis of 
the products has been performed. Second, the only other charac-
terization method of the crystals was the determination of their 
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Abstract
Polycrystalline K4CaSi6O15 was prepared from (a) solid- state reactions between stoi-
chiometric mixtures of the corresponding oxides/carbonates and (b) combustion solu-
tion synthesis using K-  and Ca- nitrates, tetraethyl orthosilicate (TEOS), and glycine 
(fuel component) as starting reagents. The compound was characterized by powder X- 
ray diffraction. Differential thermal analysis indicated that K4CaSi6O15 melts congru-
ently at about 956°C. On cooling down from the liquid state, a distinct glass- forming 
tendency was observed. Single crystals suitable for further structural investigations 
were obtained from sinter experiments just below the melting point. Basic crystal-
lographic data are as follows: monoclinic symmetry, space group Pc, a = 6.9299(2) 
Å, b = 27.3496(9) Å, c = 12.2187(4) Å, β = 93.744(3)°, V = 2310.86(13) Å3, Z = 3. 
The crystal structure of K4CaSi6O15 belongs to the group of interrupted framework 
silicates with exclusively Q3- units. The tetrahedral network is the first inorganic rep-
resentative of the so- called eth- type. Charge compensation in the structure is achieved 
by the incorporation of potassium and calcium cations, which are coordinated by 
five to nine oxygen ligands. Ninety years after its first mention the present contri-
bution proves the existence of K4CaSi6O15 as a stable phase in the ternary system 
K2O– CaO– SiO2.
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optical properties including measurements of the refractive in-
dices. Optical features also served to establish hypotheses con-
cerning the crystal systems, that is, neither powder/single- crystal 
diffraction nor spectroscopic data have been collected.

Our own studies performed during the last years arouse 
suspicion not only with respect to the number of crystalline 
phases that have been previously described in the literature, 
but also concerning their chemical composition. In summary 
one can state that (a) some of the phases mentioned by Morey 
and co- autors1 do exist (K8CaSi10O25 and K4CaSi3O9),

2,3 
(b) some have slightly different chemical compositions 
(K2Ca2Si8O19),

4 (c) several crystalline compounds have been 
overlooked in the previous study (K2Ca2Si2O7, K2Ca3Si3O10, 
K2Ca6Si4O15, K2CaSi4O10)

5- 8 and (d) at least one compound 
(K2CaSiO4)

9 has to be disconfirmed. Furthermore, extensive 
solid solutions among the potassium calcium silicates seem 
to be virtually absent. From a structural point of view, this is 
probably due to the pronounced differences in the ionic radii 
between K+ and Ca2+ (rK

[6]: 1.38 Å, rCa
[6]: 1.00 Å).10

Given that the compounds of the system K2O– CaO– SiO2 
can occur in a variety of residual materials, a comprehensive 
understanding of the equilibria between the existing phases 
is not only of interest for fundamental research, but also from 
an applicative point of view. Prominent classes of the relevant 
recycling materials are different types of ashes and slags oc-
curring in a number of industrial combustion, gasification, py-
rolysis, and metallurgical processes.11- 16 Moreover, the ternary 
system is also important for the interpretation of the properties 
and manufacturing of technical, as well as ancient glasses.17- 20 
Furthermore, detailed knowledge concerning the solid- state 
characteristics of the existing crystalline compounds occurring 
in the system K2O– CaO– SiO2 is of the essence for the identifi-
cation of these phases in technical products.16,21- 23 Likewise, the 
results from experimental phase analytical studies represent an 
indispensable input for any kind of thermodynamic modeling 
including database development for slag- relevant oxides.24- 27

In the course of our ongoing project to unravel the num-
ber of crystalline phases in the system K2O– CaO– SiO2, we 
found evidence that the so- called 2:1:6 phase (K4CaSi6O15) 
reported by Morey et al.1 may, indeed, represent a valid and rel-
evant composition for an existing potassium calcium silicate.28 
Therefore, we tried to synthesize this phase in pure form using 
(a) classical solid- state reactions between oxides and (b) the 
solution combustion method. Finally, the present paper reports 
a detailed crystallographic description of the compound.

2 |  EXPERIMENTAL DETAILS

2.1 | Synthesis

First synthetic experiments for the preparation of polycrys-
talline K4CaSi6O15 were based on solid- state reactions. Thus, 

a mixture of K2CO3 (Alfa Aesar, 99.997%), CaCO3 (Merck, 
min. 99%), and amorphous SiO2 (Alfa Aesar, 99.995%) in 
the molar ratio of 2:1:6 was homogenized under ethanol in 
a planetary ball mill using an agate jar. Prior to weighing, 
the educts were dried for several hours at 300°C to eliminate 
possible hydrated phases such as K2CO3·1.5H2O or physi-
cally adsorbed water. The homogenized slurry was dried at 
50°C for 12 h and, subsequently, the material was pressed 
into pellets having a weight of about 0.5 g and a diameter 
of 12 mm. The tablets were wrapped into Pt- foil in order to 
reduce losses of the K2O- component upon heating and placed 
in an alumina combustion boat. Firing was performed in a re-
sistance heated tube furnace from room temperature to 950°C 
applying a heating ramp of 50°C/h— just below the melting 
point of 959°C reported by Morey et al.1 After annealing 
for 13 h at the target temperature the samples were removed 
from the furnace (sample Ia). Parts of the porous white solid 
pellets were pulverized in an agate mortar for further char-
acterization using PXRD. In a second experiment (sample 
Ib), annealing at 950°C was followed by slow cooling with 
10°C/h down to room temperature. This sample contained 
single crystals of sufficient quality for complete crystal struc-
ture analysis.

As an alternative method for the preparation of poly-
crystalline K4CaSi6O15, we tested the applicability of the 
well- known solution combustion synthesis (SCS). SCS is 
based on a fast and self- sustained redox reaction between 
a fuel and an oxidant in the presence of metal cations.29 
Frequently, oxidants consist of the metal precursor salts 
in their own, such as metal nitrates. The fuel components 
usually belong to organic species, for example, glycine, 
alanine or gluconate anions. Principally, SCS requires 
three major steps: (a) formation of the stoichiometric re-
action mixture (with respect to the final metal ratios), (b) 
hydrolytic formation of a precursor gel, and (c) combus-
tion of the gel.29 Upon thermally induced self- ignition a 
highly reactive, porous, and amorphous, almost homo-
geneous matrix is formed. The matrix requires a final 
calcination step for (a) removing volatile components 
and (b) eventually yielding the desired polycrystalline 
compounds.

For the synthesis of the present compound, the pH of 
40 ml of distilled water was adjusted to 1 with 0.28 ml of 
nitric acid (65%). Potassium nitrate (6.07 g, Alfa Aesar 99%), 
3.45 g calcium nitrate tetrahydrate (Merck 99%), and 3.38 g 
glycine (Merck) were dissolved and transferred into a 200 ml 
heavy walled, tube- shaped Schlenk bomb. Twenty milliliters 
of tetraethyl orthosilicate (TEOS, Merck) was added with a 
syringe. In order to raise the solubility of TEOS and to speed 
up the hydrolysis reaction, 20 ml of ethanol was added and 
the glass vessel was finally placed in an ultrasonic bath. After 
12  h a turbid gel had formed that was subsequently trans-
ferred into a beaker with about 80 ml of ethanol, stirred at 
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80°C to remove surplus fluid, and finally kept for 12  h at 
120°C in a drying cabinet. The resulting xerogel was crushed 
and transferred into a mullite- based ceramic crucible, which 
was placed in an open muffle furnace. The oven was cov-
ered with a metal cap to confine ash- like flakes that occurred 
during the self- combustion reaction which started at about 
180°C approximately 15  min after launching the heating. 
The resulting light- grey porous mass was homogenized in an 
agate mortar and pressed into pellets of about 0.5 g. In a first 
heat treatment the pellets were fired in a chamber furnace 
to 600°C in order to remove the nitrate and carbon residues 
(ramp: 50°C/min; dwell time: 24 h) and quenched in air. The 
white, X- ray amorphous product was re- ground, pressed 
again, and annealed at 850°C under otherwise identical con-
ditions (sample II).

2.2 | Powder diffraction

Powder diffraction data for samples I and II were acquired 
on a Bruker D8- Discover diffractometer using a Cu- tube op-
erated at 40 kV and 40 mA. The device is equipped with a 
primary beam Ge- monochromator and a LYNXEYETM sili-
con strip detector. Data were collected in Bragg- Brentano θ- 
2θ geometry at ambient temperature in the range between 3 
and 70° 2θ with a counting time of 7 s per step and a total 
of 6335  steps resulting in a 2θ - resolution of about 0.01°. 
A fixed 0.3° divergence slit, as well as primary and second-
ary Soller slits were used. The samples were prepared on a 
“background- free” sample holder consisting of the polished 
surface of a specially cut silicon single crystal.

Qualitative phase analysis was attempted with the 
2018 release of the PDF- 4 Powder Diffraction File is-
sued by the International Centre for Diffraction Data.30 
However, it was not possible to allocate the peaks to 
any single phase or mixture of phases listed in this da-
tabase. Figure 1 shows the corresponding diffractograms 
of samples Ia and II. They indicate that both aforemen-
tioned synthesis routes resulted in the same phase content. 
Fortunately, the fragments from the solid- state reactions 
(sample Ia) contained at least low- quality colorless op-
tically transparent crystals that could be used for a pre-
liminary determination of the unit- cell parameters using 
single- crystal X- ray diffraction. The resulting monoclinic 
primitive metric satisfactorily explained the powder dif-
fraction patterns proving the single- phase character of the 
material, whose composition turned out to be K4CaSi6O15 
(see crystal structure analysis). Figure 2 shows a LeBail- 
fit of the data acquired for sample Ia using the program 
FullProf2.k31 in combination with the WinPLOTR graph-
ical interface.32 The background was determined by linear 
interpolation between a set of breakpoints with refinable 
heights. Intensities within eight times the full width at half 
maximum of a peak were considered to contribute to the 
central reflection. Pseudo- Voigt functions were chosen for 
the simulation of the peak shape with two parameters de-
fining the Lorentzian and Gaussian character as a function 
of 2θ. Furthermore, an asymmetry correction following 
the procedure of Finger et al.33 was included. The angular 
variation of the line width was accounted for using the 
Cagliotti function. Final background- corrected profile re-
siduals were Rp = 0.149 and Rwp = 0.158, respectively. The 

F I G U R E  1  Comparison between 
the powder diffraction patterns of 
polycrystalline K4CaSi6O15 prepared by 
solid- state reactions (sample Ia) and solution 
combustion synthesis (sample II). For sake 
of clarity, the diffractogram of sample Ia has 
been shifted along the ordinate
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resulting lattice parameters are as follows: a = 6.94277(4) 
Å, b = 27.3938(2) Å, c = 12.14455(7), β = 93.7291(3)°. 
These values compare reasonably well with the ones ob-
tained in the single- crystal diffraction study. At any rate, 
the standard uncertainties of the lattice parameters are 
significantly higher than those listed above, which have 
been obtained from the fitting software and reflect only 
the precision of the mathematical fit between measured 
and calculated step intensities.

2.3 | Thermal analysis

DTA and TG measurements of 56.1  mg of polycrystalline 
phase pure K4CaSi6O15 were conducted employing simul-
taneous differential thermal and thermogravimetric analysis 
(DTA- TGA). The experiment was performed in air using a 
Setaram SETSYS Evolution 2400 thermal apparatus using a 
TGA- DTA 1600 sample holder equipped with Pt/Pt90- Rh10 
thermocouples and 100 μl Pt- crucibles. The applied tempera-
ture program consisted of a heating segment (5°C/min heat-
ing rate) and subsequent cooling to room temperature using 
the same rate.

2.4 | Single- crystal diffraction

For detailed structural investigations at ambient conditions, a 
crystal of good optical quality from sample Ib was mounted on 
the tip of glass fiber using nail polish. X- ray diffraction data 
collection at 23°C was performed with an Oxford Diffraction 
Gemini R Ultra single- crystal diffractometer using Mo- Kα ra-
diation. A total of 892 frames using ω- scans with 1.0° scan 
width per frame and 60 s exposure time covering a full sphere 
of reciprocal space was collected. Integration and data reduc-
tion were performed using the CrysAlis Pro software package 
(Rigaku Oxford Diffraction 2020)34 including the corrections 
for Lorentz-  and polarization effects. The intensities were also 
corrected for absorption with 13 indexed faces describing the 
morphology of the irregular fragment used for data collection.

Analysis of the diffraction symmetry pointed to the mono-
clinic Laue group 2∕m. Systematic absences suggested two 
possible space group: Pc or P2/c. Furthermore, superstruc-
ture effects were present, that is, the average intensity, <Ihkl>, 
of the reflections with l = 3n was about twice as large as the 
value for the class with l ≠ 3n.

Structure determination was initiated in both space groups 
by direct methods implemented in the program SIR2004.35 

F I G U R E  2  LeBail- fit of the powder diffraction pattern acquired for sample Ia prepared by solid- state reactions at 950°C (Cu- Kα1 radiation). 
Observed step intensities, yo, are represented by small circles. Calculated step intensities yc (solid line) have been modeled based on a monoclinic 
primitive unit cell and space group Pc (see text). Tick marks for the Bragg peaks are given. The lower line shows the difference curve between 
observed and calculated step intensities, yo−yc
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However, only for the non- centrosymmetric case, a crystal-
lochemically reasonable partial structure could be obtained 
that was successfully completed with difference Fourier cal-
culations. The derived model was consistent with the molar 
oxide ratio K2O:CaO:SiO2 of 2:1:6. A single unit cell contains 
three formula units of K4CaSi6O15. Subsequent least- squares 
refinements were performed using the program SHELX- 9736 
embedded in the WinGX program suite.37 X- ray scattering 
factors for neutral atoms together with real and imaginary 
coefficients for anomalous dispersion were taken from the 
International Tables for Crystallography, Vol. C.38 Analysis 
of the Bijvoet differences was employed to determine the 
absolute configuration of the acentric compound. The Flack 
parameter39 indicated the presence of twinning by inversion 
which was accounted for in the refinements. Within a toler-
ance of 0.5 Å, the inspection of the final fractional atomic 
coordinates using the ADDSYM algorithm implemented in 
the program PLATON40 did not reveal any indication for un-
necessarily low space group symmetry. As will be outlined 
in the results section, four of the potassium cations in the 
asymmetric unit occupy split positions. During the refine-
ments, it was assumed that the sum of the occupancy factors 
of the corresponding pairs is 1.0. Furthermore, the aniso-
tropic displacement parameters of the split atom pairs were 
restrained to be similar (SIMU command of the SHELX- 97 
program). Final calculations including fractional atomic co-
ordinates and anisotropic displacement factors for all atoms 
converged to a residual value of R1 = 0.0326. Further infor-
mation concerning data collection and refinement parameters 
are given in Table 1. In Table 2, fractional atomic coordinates 
together with equivalent isotropic displacement factors and 
bond valence sums (BVS) are listed. Selected bond distances 
and bond angles, polyhedral distortion parameters (λ, σ2)41 
as well as anisotropic displacement factors are reported in 
Tables 3 and 4, respectively. For calculating bond valence 
sums the program VaList42 was applied in combination 
with the parameter sets of Brown and Altermatt43 for Ca– O 
and K– O as well as Brese and O’Keeffe44 for Si– O bonds. 
Drawings of the crystal structure have been prepared using 
the program VESTA 3.45

3 |  RESULTS

3.1 | Thermal analysis

The results of the thermal analysis experiment can be sum-
marized as follows. Upon heating, only one sharp and very 
intense endothermal effect (onset: 956°C, peak maximum: 
968°C) was observed. This signal is related to the congruent 
melting of the sample. The value compares reasonably well 
with the melting point of 959°C reported by Morey et al.1 
When cooled down to room temperature, at least under the 

given experimental cooling rates no corresponding exother-
mal crystallization effect could be detected. After the DTA- 
run, the sample was recovered from the Pt- crucible. An optical 
inspection under a polarizing binocular revealed the presence 
of glass.

3.2 | Crystal structure

The crystal structure of K4CaSi6O15 is based on a three- 
dimensional network of [SiO4]- tetrahedra where every tet-
rahedron has one non- bridging (Onbr) and three bridging 
(Obr) oxygen atoms. The resulting interrupted framework 

T A B L E  1  Crystal data and structure refinement for K4CaSi6O15

Empirical formula K4CaSi6O15

Formula weight 605.02 g/mol

Temperature 293(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group Pc

Unit cell dimensions a = 6.9299(2) Å α  = 90°

b = 27.3496(9) Å β  = 93.744(3)°

c = 12.2187(4) Å γ = 90°

Volume 2310.86(13) Å3

Z 3

Density (calculated) 2.609 Mg/m3

Absorption coefficient 2.035 mm−1

F(000) 1800

Crystal size 0.12 × 0.17 × 0.23 mm3

Theta range for data 
collection

1.489° − 25.348°

Index ranges −8 ≤ h ≤ 8, 
−32 ≤ k ≤ 32, 
−14 ≤ l ≤ 14

Reflections collected 31916

Independent reflections 
(I>2σ(I))

8453 [R(int) = 0.0337]

Completeness to 
theta = 25.242°

100.0%

Refinement method Full- matrix least- 
squares on F2

Data / restraints / 
parameters

8453/26/744

Goodness- of- fit on F2 1.014

Final R indices (I>2σ(I)) R1 = 0.0326, 
wR2 = 0.0829

R indices (all data) R1 = 0.0356, 
wR2 = 0.0853

Largest diff. peak and 
hole

0.545 and −0.588 e.Å−3
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T A B L E  2  Atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2 × 103) for K4CaSi6O15. U(eq) is defined as one- 
third of the trace of the orthogonalized Uij tensor. Bond valence sums (BVS) for the cations are given in valence units (v.u.). All atoms reside in 
general positions. K51, K52, K61, K62, K71, K72, K111, and K112 correspond to partially occupied split positions (see text)

Occupancy x y z U(eq) BVS

Ca(1) 24(2) 2489(1) 64(1) 8(1) 1.99

Ca(2) 446(3) 5833(1) 9859(2) 10(1) 1.99

Ca(3) 710(2) 9156(1) 9831(1) 10(1) 2.03

K(1) 8603(3) 6557(1) 3240(2) 17(1) 1.21

K(2) 1968(3) 8524(1) 7006(2) 20(1) 0.87

K(3) 2039(3) 4860(1) 1769(2) 22(1) 1.00

K(4) 2015(3) 8192(1) 1602(2) 18(1) 1.34

K(51) 0.40(4) 5560(40) 8250(13) 4684(8) 64(9) 0.77

K(52) 0.60(4) 4947(9) 8007(5) 4730(5) 30(2) 1.05

K(61) 0.61(4) 5720(30) 9762(7) 186(13) 34(3) 0.88

K(62) 0.39(4) 5320(30) 9860(30) 110(30) 58(8) 0.74

K(71) 0.60(6) 5536(14) 6388(8) 136(7) 37(3) 0.98

K(72) 0.40(6) 4970(30) 6599(18) 153(11) 58(9) 0.72

K(8) 8584(3) 6844(1) 7920(2) 20(1) 0.87

K(9) 4898(4) 6808(2) 5248(2) 65(1) 0.88

K(10) 5599(3) 8534(1) 9586(2) 31(1) 1.00

K(111) 0.41(7) 5800(30) 5050(20) 9606(16) 48(8) 0.75

K(112) 0.59(7) 5359(15) 5237(8) 9632(13) 31(3) 0.91

K(12) 9125(3) 179(1) 7927(2) 30(1) 0.88

Si(1) 7781(3) 8690(1) 2129(2) 10(1) 4.17

Si(2) 7620(3) 4591(1) 7180(2) 10(1) 4.20

Si(3) 3470(3) 7381(1) 7571(2) 9(1) 4.10

Si(4) 2854(3) 7058(1) 2731(2) 7(1) 4.27

Si(5) 9781(3) 6206(1) 5795(2) 9(1) 4.20

Si(6) 1116(3) 5467(1) 4028(2) 9(1) 4.27

Si(7) 9444(3) 7110(1) 827(2) 7(1) 4.20

Si(8) 3584(3) 9661(1) 7556(2) 11(1) 4.18

Si(9) 7088(3) 7995(1) 7326(2) 7(1) 4.10

Si(10) 7014(3) 5689(1) 7325(2) 11(1) 4.10

Si(11) 681(3) 7874(1) 9105(2) 7(1) 4.14

Si(12) 4028(3) 9206(1) 2445(2) 11(1) 4.15

Si(13) 7303(3) 9112(1) 7275(2) 10(1) 4.08

Si(14) 6638(3) 7598(1) 2428(2) 9(1) 4.06

Si(15) 1188(3) 8741(1) 4033(2) 10(1) 4.14

Si(16) 154(3) 9550(1) 5678(2) 11(1) 4.18

Si(17) 3908(3) 5966(1) 2431(2) 10(1) 4.21

Si(18) 3373(3) 6273(1) 7574(2) 11(1) 4.17

O(1) 9117(9) 6654(2) 78(5) 18(1)

O(2) 7544(9) 7253(2) 1490(5) 18(1)

O(3) 8706(8) 6687(2) 5452(5) 16(1)

O(4) 3134(8) 9360(2) 8596(5) 21(1)

O(5) 2857(10) 6036(3) 8670(6) 31(2)

O(6) 8836(10) 8002(2) 8273(7) 26(2)

(Continues)
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containing exclusively tertiary (Q3) tetrahedra is rather 
an exception among the large number of structurally 
characterized oxosilicates. In the vast majority of cases, 
compounds with a Si:O ratio of 1:2.5 crystallize as single- 
layer, double- chain or double- ring silicates.46 The funda-
mental structural units of the present framework are dreier 

single chains running parallel [100], that is, the transla-
tion period along these chains is directly related to the a 
lattice parameter (see Figure 3A,B). Condensation of the 
chains along [010] results in the formation of layers paral-
lel (001) which contain highly corrugated eight- membered 
rings. Finally, by sharing common oxygen corners a 

Occupancy x y z U(eq) BVS

O(7) 6624(8) 8171(2) 2042(5) 17(1)

O(8) 5307(8) 7736(2) 7929(5) 16(1)

O(9) 1927(9) 7454(2) 8500(6) 21(1)

O(10) 6363(8) 9104(2) 2606(5) 18(1)

O(11) 6424(8) 5113(2) 7199(5) 18(1)

O(12) 9895(10) 7610(2) 177(6) 23(1)

O(13) 8559(9) 8836(2) 1007(5) 23(1)

O(14) 3020(9) 5854(2) 1253(6) 22(1)

O(15) 4333(8) 7468(2) 2310(6) 20(1)

O(16) 3239(8) 9124(2) 1232(5) 21(1)

O(17) 9381(10) 4622(3) 8123(7) 34(2)

O(18) 1867(8) 8349(2) 9406(5) 12(1)

O(19) 8719(8) 9175(2) 6255(5) 22(1)

O(20) 2095(9) 7172(2) 3874(5) 24(2)

O(21) 5014(8) 5973(2) 6924(5) 22(1)

O(22) 2607(10) 7494(2) 6386(6) 24(2)

O(23) 5596(8) 9516(2) 7003(5) 23(1)

O(24) 7532(9) 7507(2) 3621(6) 21(2)

O(25) 1163(10) 7038(3) 1777(6) 28(2)

O(26) 8514(9) 5784(2) 6356(6) 27(2)

O(27) 6343(8) 8566(2) 7135(5) 14(1)

O(28) 4316(8) 6821(2) 7723(5) 13(1)

O(29) 1467(9) 8307(2) 4851(5) 19(1)

O(30) 9474(9) 8636(2) 3102(6) 25(1)

O(31) 4027(9) 6544(2) 2761(6) 26(2)

O(32) 7849(9) 4160(2) 3485(6) 26(2)

O(33) 6200(9) 4179(2) 7605(7) 33(2)

O(34) 3112(7) 8841(2) 3325(4) 14(1)

O(35) 3766(9) 9760(2) 2873(5) 24(1)

O(36) 772(10) 9267(2) 4587(5) 26(1)

O(37) 9338(9) 64(2) 5326(6) 25(2)

O(38) 8346(11) 5516(3) 1033(6) 47(2)

O(39) 636(12) 5939(2) 4748(6) 38(2)

O(40) 8320(10) 9203(2) 8430(6) 30(2)

O(41) 2029(10) 9597(3) 6537(6) 39(2)

O(42) 1689(9) 5012(2) 9656(6) 27(2)

O(43) 2952(10) 5646(2) 3349(5) 34(2)

O(44) 7639(10) 7737(2) 6260(6) 24(1)

O(45) 1606(9) 6318(2) 6663(6) 27(2)

T A B L E  2  (Continued)
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T A B L E  3  Bond lengths [Å] and bond angles [°] in K4CaSi6O15. Distortion parameters for the tetrahedra and octahedra are given as well (λ: 
quadratic elongation; σ2: angle variance)

Ca(1)- O(20) 2.304(6) Ca(1)- O(22) 2.332(7) Ca(1)- O(44) 2.358(7)

Ca(1)- O(24) 2.386(7) Ca(1)- O(29) 2.416(6) Ca(1)- O(3) 2.491(6)

<Ca(1)- O> 2.381 λ 1.016 σ2 55.18

Ca(2)- O(38) 2.280(7) Ca(2)- O(5) 2.351(7) Ca(2)- O(14) 2.385(7)

Ca(2)- O(32) 2.379(7) Ca(2)- O(42) 2.423(7) Ca(2)- O(1) 2.449(6)

<Ca(2)- O> 2.378 λ 1.017 σ2 56.84

Ca(3)- O(40) 2.306(7) Ca(3)- O(13) 2.310(6) Ca(3)- O(16) 2.371(6)

Ca(3)- O(4) 2.396(6) Ca(3)- O(18) 2.418(6) Ca(3)- O(37) 2.426(6)

<Ca(3)- O> 2.371 λ 1.016 σ2 53.67

K(1)- O(33) 2.694(6) K(1)- O(3) 2.722(7) K(1)- O(24) 2.750(7)

K(1)- O(39) 2.810(8) K(1)- O(2) 2.921(6) K(1)- O(25) 2.914(8)

K(1)- O(20) 3.007(7) K(1)- O(31) 3.187(7) K(1)- O(17) 3.275(8)

K(2)- O(29) 2.699(7) K(2)- O(22) 2.959(7) K(2)- O(19) 2.968(6)

K(2)- O(18) 2.976(6) K(2)- O(41) 2.990(8) K(2)- O(27) 3.028(6)

K(2)- O(4) 3.075(6) K(2)- O(6) 3.097(8)

K(3)- O(42) 2.611(8) K(3)- O(14) 2.883(7) K(3)- O(17) 2.921(8)

K(3)- O(43) 2.931(7) K(3)- O(26) 3.026(6) K(3)- O(11) 3.051(6)

K(3)- O(21) 3.070(6) K(3)- O(38) 3.207(9) K(3)- O(45) 3.237(7)

K(4)- O(15) 2.657(6) K(4)- O(18) 2.713(6) K(4)- O(12) 2.719(7)

K(4)- O(16) 2.734(6) K(4)- O(34) 2.819(6) K(4)- O(30) 2.891(7)

K(4)- O(13) 3.024(6) K(4)- O(7) 3.204(6) K(4)- O(25) 3.220(7)

K(51)- O(44) 2.716(13) K(51)- O(34) 2.808(12) K(51)- O(24) 2.812(14)

K(51)- O(29) 2.860(3) K(51)- O(27) 3.131(16) K(51)- O(7) 3.364(14)

K(52)- O(29) 2.561(8) K(52)- O(44) 2.657(10) K(52)- O(24) 2.689(9)

K(52)- O(22) 3.020(12) K(52)- O(34) 3.079(11) K(52)- O(20) 3.152(13)

K(52)- O(15) 3.306(11)

K(61)- O(37) 2.546(18) K(61)- O(4) 2.782(17) K(61)- O(16) 2.816(12)

K(61)- O(23) 2.977(17) K(61)- O(35) 3.320(2) K(61)- O(40) 3.270(2)

K(61)- O(13) 3.320(3)

K(62)- O(4) 2.690(3) K(62)- O(37) 2.790(6) K(62)- O(23) 2.870(3)

K(62)- O(35) 3.050(7) K(62)- O(16) 2.880(3)

K(71)- O(1) 2.592(9) K(71)- O(5) 2.674(11) K(71)- O(14) 2.711(12)

K(71)- O(32) 3.050(18) K(71)- O(2) 3.157(17) K(71)- O(28) 3.238(13)

K(71)- O(38) 3.220(2)

K(72)- O(5) 2.730(16) K(72)- O(14) 2.832(17) K(72)- O(1) 2.89(4)

K(72)- O(2) 2.945(15) K(72)- O(28) 3.035(18) K(72)- O(31) 3.297(19)

K(8)- O(1) 2.689(7) K(8)- O(32) 2.884(7) K(8)- O(9) 2.904(7)

K(8)- O(28) 2.953(6) K(8)- O(45) 3.038(8) K(8)- O(3) 3.053(7)

K(8)- O(6) 3.198(7) K(8)- O(44) 3.215(7)

K(9)- O(3) 2.655(6) K(9)- O(20) 2.676(7) K(9)- O(22) 2.874(8)

K(9)- O(21) 3.064(7) K(9)- O(28) 3.077(7) K(9)- O(31) 3.144(8)

K(9)- O(45) 3.241(8)

K(10)- O(18) 2.631(6) K(10)- O(13) 2.728(7) K(10)- O(8) 2.977(6)

K(10)- O(40) 3.040(7) K(10)- O(4) 3.036(7) K(10)- O(27) 3.073(6)

K(10)- O(16) 3.122(7) K(10)- O(6) 3.194(8) K(10)- O(7) 3.197(7)

(Continues)
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K(111)- O(38) 2.712(17) K(111)- O(42) 2.85(4) K(111)- O(32) 2.96(3)

K(111)- O(11) 3.006(17) K(111)- O(43) 3.086(15) K(111)- O(11) 3.20(3)

K(111)- O(17) 3.38(4) K(111)- O(33) 3.45(3)

K(112)- O(42) 2.619(11) K(112)- O(38) 2.708(14) K(112)- O(32) 2.825(11)

K(112)- O(5) 2.983(17) K(112)- O(11) 3.13(2) K(112)- O(14) 3.13(3)

K(112)- O(43) 3.28(2)

K(12)- O(36) 2.721(7) K(12)- O(10) 2.751(6) K(12)- O(40) 2.805(7)

K(12)- O(37) 3.000(7) K(12)- O(41) 3.150(8) K(12)- O(23) 3.192(6)

K(12)- O(37) 3.207(7) K(12)- O(35) 3.225(7)

Si(1)- O(13) 1.557(6) Si(1)- O(30) 1.622(7) Si(1)- O(7) 1.630(6)

Si(1)- O(10) 1.631(6)

<Si(1)- O> 1.610 λ 1.004 σ2 15.05

Si(2)- O(38) 1.549(8) Si(2)- O(33) 1.606(6) Si(2)- O(17) 1.625(7)

Si(2)- O(11) 1.650(6)

<Si(2)- O> 1.607 λ 1.003 σ2 13.09

Si(3)- O(22) 1.560(7) Si(3)- O(9) 1.622(6) Si(3)- O(8) 1.637(6)

Si(3)- O(28) 1.646(6)

<Si(3)- O> 1.616 λ 1.004 σ2 16.22

Si(4)- O(20) 1.556(6) Si(4)- O(25) 1.599(7) Si(4)- O(15) 1.626(6)

Si(4)- O(31) 1.624(6)

<Si(4)- O> 1.601 λ 1.003 σ2 14.38

Si(5)- O(3) 1.556(6) Si(5)- O(26) 1.628(6) Si(5)- O(39) 1.618(7)

Si(5)- O(45) 1.625(7)

<Si(5)- O> 1.607 λ 1.005 σ2 20.31

Si(6)- O(42) 1.557(7) Si(6)- O(39) 1.610(7) Si(6)- O(17) 1.598(8)

Si(6)- O(43) 1.639(6)

<Si(6)- O> 1.601 λ 1.006 σ2 24.01

Si(7)- O(1) 1.555(6) Si(7)- O(25) 1.620(7) Si(7)- O(12) 1.620(6)

Si(7)- O(2) 1.637(6)

<Si(7)- O> 1.608 λ 1.005 σ2 23.74

Si(8)- O(4) 1.562(6) Si(8)- O(41) 1.602(7) Si(8)- O(35) 1.633(6)

Si(8)- O(23) 1.637(6)

<Si(8)- O> 1.609 λ 1.006 σ2 26.68

Si(9)- O(44) 1.550(7) Si(9)- O(6) 1.620(7) Si(9)- O(8) 1.639(6)

Si(9)- O(27) 1.658(6)

<Si(9)- O> 1.617 λ 1.006 σ2 26.31

Si(10)- O(32) 1.553(8) Si(10)- O(11) 1.633(6) Si(10)- O(21) 1.636(6)

Si(10)- O(26) 1.646(7)

<Si(10)- O> 1.617 λ 1.006 σ2 28.55

Si(11)- O(18) 1.568(6) Si(11)- O(12) 1.621(6) Si(11)- O(6) 1.619(7)

Si(11)- O(9) 1.642(6)

<Si(11)- O> 1.612 λ 1.003 σ2 10.53

Si(12)- O(16) 1.562(7) Si(12)- O(35) 1.616(6) Si(12)- O(34) 1.627(5)

Si(12)- O(10) 1.642(6)

<Si(12)- O> 1.612 λ 1.005 σ2 20.76

Si(13)- O(40) 1.556(7) Si(13)- O(23) 1.637(5) Si(13)- O(27) 1.638(6)

T A B L E  3  (Continued)
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Si(13)- O(19) 1.645(6)

<Si(13)- O> 1.619 λ 1.004 σ2 18.26

Si(14)- O(24) 1.566(7) Si(14)- O(15) 1.633(6) Si(14)- O(7) 1.638(6)

Si(14)- O(2) 1.641(6)

<Si(14)- O> 1.620 λ 1.008 σ2 32.38

Si(15)- O(29) 1.555(6) Si(15)- O(30) 1.615(7) Si(15)- O(36) 1.625(6)

Si(15)- O(34) 1.658(5)

<Si(15)- O> 1.613 λ 1.005 σ2 22.63

Si(16)- O(37) 1.565(6) Si(16)- O(19) 1.623(6) Si(16)- O(41) 1.621(7)

Si(16)- O(36) 1.624(6)

<Si(16)- O> 1.608 λ 1.006 σ2 23.89

Si(17)- O(14) 1.558(7) Si(17)- O(43) 1.599(6) Si(17)- O(31) 1.632(6)

Si(17)- O(33) 1.637(6)

<Si(17)- O> 1.607 λ 1.010 σ2 41.21

Si(18)- O(5) 1.550(7) Si(18)- O(45) 1.606(7) Si(18)- O(28) 1.640(6)

Si(18)- O(21) 1.648(6)

<Si(18)- O> 1.611 λ 1.007 σ2 32.74

O- Si- O angles

O(13)- Si(1)- O(30) 113.1(4) O(13)- Si(1)- O(7) 111.3(3) O(30)- Si(1)- O(7) 107.3(3)

O(13)- Si(1)- O(10) 112.8(3) O(30)- Si(1)- O(10) 103.0(3) O(7)- Si(1)- O(10) 108.8(3)

O(38)- Si(2)- O(33) 113.6(5) O(38)- Si(2)- O(17) 112.2(4) O(33)- Si(2)- O(17) 104.8(4)

O(38)- Si(2)- O(11) 111.7(4) O(33)- Si(2)- O(11) 106.5(3) O(33)- Si(2)- O(11) 106.5(3)

O(22)- Si(3)- O(9) 113.3(4) O(22)- Si(3)- O(8) 112.1(3) O(9)- Si(3)- O(8) 106.1(3)

O(22)- Si(3)- O(28) 113.6(3) O(9)- Si(3)- O(28) 106.3(3) O(8)- Si(3)- O(28) 104.6(3)

O(20)- Si(4)- O(25) 112.8(4) O(20)- Si(4)- O(15) 113.8(4) O(25)- Si(4)- O(15) 103.9(4)

O(20)- Si(4)- O(31) 110.6(4) O(25)- Si(4)- O(31) 109.2(4) O(15)- Si(4)- O(31) 106.3(3)

O(3)- Si(5)- O(26) 116.8(3) O(3)- Si(5)- O(39) 111.2(4) O(26)- Si(5)- O(39) 104.4(3)

O(3)- Si(5)- O(45) 110.7(4) O(26)- Si(5)- O(45) 106.1(4) O(39)- Si(5)- O(45) 106.9(4)

O(42)- Si(6)- O(39) 117.4(4) O(42)- Si(6)- O(17) 111.7(4) O(39)- Si(6)- O(17) 109.1(4)

O(42)- Si(6)- O(43) 108.6(4) O(39)- Si(6)- O(43) 103.4(4) O(17)- Si(6)- O(43) 105.6(4)

O(1)- Si(7)- O(25) 113.3(4) O(1)- Si(7)- O(12) 114.4(4) O(25)- Si(7)- O(12) 107.3(4)

O(1)- Si(7)- O(2) 113.0(3) O(25)- Si(7)- O(2) 104.6(4) O(12)- Si(7)- O(2) 103.2(3)

O(4)- Si(8)- O(41) 114.5(4) O(4)- Si(8)- O(35) 109.5(3) O(41)- Si(8)- O(35) 109.2(4)

O(4)- Si(8)- O(23) 115.4(3) O(41)- Si(8)- O(23) 101.6(4) O(35)- Si(8)- O(23) 106.2(3)

O(44)- Si(9)- O(6) 113.1(4) O(44)- Si(9)- O(8) 114.5(3) O(6)- Si(9)- O(8) 103.5(4)

O(44)- Si(9)- O(27) 113.7(4) O(6)- Si(9)- O(27) 107.5(3) O(8)- Si(9)- O(27) 103.5(3)

O(32)- Si(10)- O(11) 114.8(4) O(32)- Si(10)- O(21) 113.9(3) O(11)- Si(10)- O(21) 103.2(3)

O(32)- Si(10)- O(26) 113.6(4) O(11)- Si(10)- O(26) 104.5(3) O(21)- Si(10)- O(26) 105.8(3)

O(18)- Si(11)- O(12) 112.2(4) O(18)- Si(11)- O(6) 110.4(3) O(12)- Si(11)- O(6) 108.1(4)

O(18)- Si(11)- O(9) 113.7(3) O(12)- Si(11)- O(9) 105.5(3) O(6)- Si(11)- O(9) 106.6(4)

O(16)- Si(12)- O(35) 113.7(3) O(16)- Si(12)- O(34) 114.3(3) O(35)- Si(12)- O(34) 107.8(3)

O(16)- Si(12)- O(10) 111.7(3) O(35)- Si(12)- O(10) 104.6(3) O(34)- Si(12)- O(10) 103.9(3)

O(40)- Si(13)- O(23) 110.8(3) O(40)- Si(13)- O(27) 113.4(3) O(23)- Si(13)- O(27) 108.1(3)

O(40)- Si(13)- O(19) 114.4(4) O(23)- Si(13)- O(19) 103.5(3) O(27)- Si(13)- O(19) 105.9(3)

O(24)- Si(14)- O(15) 111.9(4) O(24)- Si(14)- O(7) 114.5(4) O(15)- Si(14)- O(7) 101.2(3)

O(24)- Si(14)- O(2) 114.4(3) O(15)- Si(14)- O(2) 103.3(3) O(7)- Si(14)- O(2) 110.2(3)
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three- dimensional framework is formed, where the stack-
ing of neighboring tetrahedral sheets is parallel to [001] 
(see Figure 4).

Concerning the individual Si– O bond lengths, two 
groups can be distinguished: distances between Si and 
the non- bridging oxygen atoms are significantly shorter 
(1.549– 1.568 Å) than the Si– Obr distances (1.598– 1.658 Å). 
This type of shortening is well- known for silicates and can 
be attributed to the stronger attraction between oxygen 
and silicon than between oxygen and calcium/potassium. 
While the mean values of the O– Si– O angles for the tet-
rahedra are close to the ideal value of 109.47°, individ-
ual O– Si– O angles range from 99.7° to 117.9°, indicating 

that the tetrahedra deviate considerably from regularity. 
However, the scatter is similar to the values reported in the 
literature for other interrupted silicate frameworks such as 
γ- Na2Si2O5

47 or K8CaSi10O25.2 The Si– O– Si angles exhibit 
a spread between 133.5° and 171.0° with an average value 
of 147.5°. This mean value is 7.5° higher than the value of 
140° reported for an unstrained Si– O– Si angle46 and almost 
identical to the value observed in K8CaSi10O25. Bond va-
lence sums (BVS) for the Si atoms are close to the expected 
value of 4 (see Table 2).

Charge compensation within the structure is achieved by 
the incorporation of Ca-  and K- cations. The Ca- ions are co-
ordinated by six oxygen ligands forming [CaO6]- octahedra 

O(29)- Si(15)- O(30) 111.9(4) O(29)- Si(15)- O(36) 115.2(3) O(30)- Si(15)- O(36) 107.9(4)

O(29)- Si(15)- O(34) 113.0(3) O(30)- Si(15)- O(34) 104.0(3) O(36)- Si(15)- O(34) 104.0(3)

O(37)- Si(16)- O(19) 117.9(3) O(37)- Si(16)- O(41) 111.6(4) O(19)- Si(16)- O(41) 104.9(4)

O(37)- Si(16)- O(36) 108.2(3) O(19)- Si(16)- O(36) 104.8(3) O(41)- Si(16)- O(36) 109.0(4)

O(14)- Si(17)- O(43) 112.6(4) O(14)- Si(17)- O(31) 115.4(4) O(43)- Si(17)- O(31) 111.9(4)

O(14)- Si(17)- O(33) 113.2(4) O(43)- Si(17)- O(33) 102.7(4) O(31)- Si(17)- O(33) 99.7(3)

O(5)- Si(18)- O(45) 115.0(4) O(5)- Si(18)- O(28) 113.6(4) O(45)- Si(18)- O(28) 106.7(3)

O(5)- Si(18)- O(21) 114.4(4) O(45)- Si(18)- O(21) 102.9(4) O(28)- Si(18)- O(21) 103.1(3)

Si- O- Si angles

Si(7)- O(2)- Si(14) 147.1(4) Si(11)- O(6)- Si(9) 165.7(5) Si(14)- O(7)- Si(1) 145.2(4)

Si(9)- O(8)- Si(3) 137.0(4) Si(3)- O(9)- Si(11) 142.3(4) Si(1)- O(10)- Si(12) 133.5(4)

Si(10)- O(11)- Si(2) 135.4(4) Si(11)- O(12)- Si(7) 149.0(5) Si(4)- O(15)- Si(14) 139.0(4)

Si(2)- O(17)- Si(6) 168.2(5) Si(16)- O(19)- Si(13) 143.9(4) Si(10)- O(21)- Si(18) 133.6(4)

Si(13)- O(23)- Si(8) 134.7(4) Si(4)- O(25)- Si(7) 171.0(5) Si(5)- O(26)- Si(10) 142.9(4)

Si(13)- O(27)- Si(9) 136.3(4) Si(3)- O(28)- Si(18) 134.5(4) Si(1)- O(30)- Si(15) 164.5(5)

Si(17)- O(31)- Si(4) 144.7(4) Si(2)- O(33)- Si(17) 137.5(4) Si(12)- O(34)- Si(15) 143.8(4)

Si(12)- O(35)- Si(8) 147.2(4) Si(15)- O(36)- Si(16) 146.0(4) Si(6)- O(39)- Si(5) 153.3(4)

Si(8)- O(41)- Si(16) 169.1(6) Si(17)- O(43)- Si(6) 152.8(5) Si(18)- O(45)- Si(5) 164.5(5)

O- Ca- O angles

O(20)- Ca(1)- O(22) 86.9(3) O(20)- Ca(1)- O(44) 170.8(3) O(22)- Ca(1)- O(44) 96.5(3)

O(20)- Ca(1)- O(24) 89.0(2) O(22)- Ca(1)- O(24) 175.9(3) O(44)- Ca(1)- O(24) 87.5(2)

O(20)- Ca(1)- O(29) 90.9(2) O(22)- Ca(1)- O(29) 77.8(2) O(44)- Ca(1)- O(29) 98.2(2)

O(24)- Ca(1)- O(29) 102.1(2) O(20)- Ca(1)- O(3) 90.4(2) O(22)- Ca(1)- O(3) 97.1(2)

O(44)- Ca(1)- O(3) 80.7(2) O(24)- Ca(1)- O(3) 83.1(2) O(29)- Ca(1)- O(3) 174.7(2)

O(38)- Ca(2)- O(5) 170.8(3) O(38)- Ca(2)- O(14) 92.2(3) O(5)- Ca(2)- O(14) 84.7(2)

O(38)- Ca(2)- O(32) 87.8(3) O(5)- Ca(2)- O(32) 95.6(3) O(14)- Ca(2)- O(32) 178.0(3)

O(38)- Ca(2)- O(42) 87.6(3) O(5)- Ca(2)- O(42) 83.3(3) O(14)- Ca(2)- O(42) 80.8(2)

O(32)- Ca(2)- O(42) 101.2(2) O(38)- Ca(2)- O(1) 91.1(3) O(5)- Ca(2)- O(1) 98.0(2)

O(14)- Ca(2)- O(1) 99.7(2) O(32)- Ca(2)- O(1) 78.3(2) O(42)- Ca(2)- O(1) 178.6(3)

O(40)- Ca(3)- O(13) 91.2(2) O(40)- Ca(3)- O(16) 178.0(3) O(13)- Ca(3)- O(16) 90.7(2)

O(40)- Ca(3)- O(4) 91.1(2) O(13)- Ca(3)- O(4) 171.0(2) O(16)- Ca(3)- O(4) 87.0(2)

O(40)- Ca(3)- O(18) 97.1(2) O(13)- Ca(3)- O(18) 91.4(2) O(16)- Ca(3)- O(18) 83.2(2)

O(4)- Ca(3)- O(18) 79.7(2) O(40)- Ca(3)- O(37) 82.1(2) O(13)- Ca(3)- O(37) 84.2(2)

O(16)- Ca(3)- O(37) 97.8(2) O(4)- Ca(3)- O(37) 104.7(2) O(18)- Ca(3)- O(37) 175.4(2)
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T A B L E  4  Anisotropic displacement parameters (Å2 × 103) for K4CaSi6O15. The anisotropic displacement factor exponent takes the form: 
−2π2[h2a*2U11 + ... + 2 hka* b* U12]

U11 U22 U33 U23 U13 U12

Ca(1) 7(1) 11(1) 6(1) 1(1) 0(1) 0(1)

Ca(2) 11(1) 8(1) 11(1) 0(1) −2(1) −1(1)

Ca(3) 12(1) 9(1) 8(1) 0(1) −1(1) −1(1)

K(1) 22(1) 13(1) 15(1) 3(1) −1(1) −4(1)

K(2) 29(1) 15(1) 18(1) 5(1) 3(1) 1(1)

K(3) 22(1) 17(1) 28(1) −7(1) 3(1) −1(1)

K(4) 26(1) 12(1) 15(1) −1(1) −5(1) 2(1)

K(51) 70(12) 103(16) 20(4) −1(6) −7(5) 70(13)

K(52) 17(2) 52(5) 22(2) 0(2) 1(2) 14(2)

K(61) 23(5) 54(6) 23(3) 4(3) −4(3) −25(3)

K(62) 52(13) 99(15) 21(6) −17(8) −8(7) −28(14)

K(71) 23(3) 61(7) 27(3) 7(3) 0(2) −21(4)

K(72) 60(14) 82(17) 30(4) 7(6) −4(5) −58(13)

K(8) 21(1) 17(1) 21(1) −6(1) 2(1) −4(1)

K(9) 33(1) 143(3) 20(1) 17(2) 8(1) 50(2)

K(10) 19(1) 54(1) 19(1) −7(1) 1(1) −8(1)

K(111) 42(10) 78(16) 26(4) −20(6) 8(6) −36(11)

K(112) 20(3) 50(6) 23(3) 10(3) −2(2) −4(3)

K(12) 39(1) 15(1) 36(1) −7(1) −5(1) 1(1)

Si(1) 10(1) 9(1) 10(1) 1(1) −2(1) −1(1)

Si(2) 11(1) 6(1) 13(1) −1(1) −4(1) 2(1)

Si(3) 7(1) 7(1) 12(1) 1(1) 1(1) 0(1)

Si(4) 6(1) 8(1) 8(1) 0(1) 1(1) 0(1)

Si(5) 11(1) 7(1) 8(1) 1(1) 0(1) 1(1)

Si(6) 11(1) 7(1) 9(1) −1(1) 0(1) 0(1)

Si(7) 10(1) 6(1) 6(1) 0(1) 0(1) −1(1)

Si(8) 14(1) 7(1) 12(1) 1(1) −3(1) −1(1)

Si(9) 5(1) 9(1) 9(1) −1(1) 1(1) −2(1)

Si(10) 10(1) 6(1) 16(1) −1(1) −4(1) 1(1)

Si(11) 7(1) 7(1) 8(1) 2(1) 1(1) 0(1)

Si(12) 14(1) 8(1) 11(1) 1(1) −1(1) 0(1)

Si(13) 12(1) 7(1) 11(1) 0(1) −3(1) 1(1)

Si(14) 7(1) 10(1) 10(1) 3(1) 1(1) 0(1)

Si(15) 12(1) 8(1) 9(1) 1(1) −2(1) −1(1)

Si(16) 15(1) 7(1) 10(1) 2(1) −3(1) −2(1)

Si(17) 10(1) 7(1) 12(1) 0(1) −1(1) −3(1)

Si(18) 13(1) 7(1) 13(1) −2(1) 0(1) 1(1)

O(1) 30(3) 8(3) 14(3) −6(2) 0(3) 0(2)

O(2) 17(3) 19(3) 17(3) 1(2) 2(2) −5(2)

O(3) 18(3) 8(3) 20(3) 2(2) −4(2) 2(2)

O(4) 23(3) 22(3) 18(3) 5(2) 4(2) −4(2)

O(5) 28(3) 40(4) 24(4) 6(3) 6(3) −13(3)

O(6) 17(3) 27(4) 32(4) −4(3) −16(3) 0(3)

(Continues)
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showing only minor distortions and almost ideal BVS values 
(see Table 2). Each of the three octahedra in the asymmetric 
unit shares all corners with neighboring tetrahedra. Indeed, 
the structure could be also described as a mixed tetrahedral- 
octahedral network in which the K- ions occupy the extra- 
framework sites (see Figure 5A,B). Initially, structure 

solution indicated the presence of twelve fully occupied po-
tassium positons. However, the refinement of the anisotropic 
temperature displacement parameters showed that at least 
four potassium sites are more adequately modeled as a split 
position with K– K distances between 0.401 and 0.794  Å. 
Notably, the split K- positions occur exclusively at x ≈ ½ in 

U11 U22 U33 U23 U13 U12

O(7) 17(3) 6(3) 26(3) 2(2) −2(2) −2(2)

O(8) 18(3) 18(3) 13(3) −6(2) 7(2) −11(2)

O(9) 16(3) 15(3) 32(4) −5(3) 14(3) 0(2)

O(10) 13(3) 12(3) 28(3) −7(2) 0(2) 1(2)

O(11) 12(3) 9(3) 32(4) −2(3) 4(3) −2(2)

O(12) 32(3) 19(3) 21(3) 4(3) 16(3) −4(3)

O(13) 23(3) 29(3) 18(3) 5(3) 8(3) −6(3)

O(14) 27(3) 19(3) 17(3) −4(3) −13(3) −4(3)

O(15) 6(3) 20(3) 35(4) 14(3) 3(3) 0(2)

O(16) 24(3) 21(3) 15(3) 3(2) −8(3) −5(2)

O(17) 22(3) 40(4) 37(4) −4(4) −22(3) −4(3)

O(18) 12(3) 10(3) 15(3) 0(2) 1(2) −1(2)

O(19) 20(3) 14(3) 35(4) 4(2) 14(3) −2(2)

O(20) 27(3) 36(4) 11(3) 3(3) 10(3) 10(3)

O(21) 24(3) 20(3) 19(3) −11(2) −8(2) 14(2)

O(22) 29(4) 21(3) 19(4) 5(3) −14(3) 0(3)

O(23) 22(3) 20(3) 26(3) 8(2) 9(2) 11(2)

O(24) 24(3) 24(3) 13(4) −1(3) −3(3) 4(3)

O(25) 20(3) 37(4) 26(4) 1(3) −12(3) 3(3)

O(26) 31(3) 16(3) 36(4) 9(3) 11(3) −1(2)

O(27) 11(3) 12(3) 20(3) 2(2) 0(2) −1(2)

O(28) 13(3) 6(3) 19(3) −1(2) −3(2) 3(2)

O(29) 21(3) 16(3) 19(3) 6(2) −3(3) −3(2)

O(30) 18(3) 32(3) 24(3) 4(3) −12(3) 2(3)

O(31) 25(3) 12(3) 39(4) −13(3) −10(3) 10(3)

O(32) 26(3) 22(4) 28(4) 7(3) −11(3) 1(3)

O(33) 18(3) 15(3) 64(5) 19(3) −12(3) −7(2)

O(34) 15(3) 13(3) 15(3) 1(2) 10(2) −3(2)

O(35) 43(4) 8(3) 22(3) 3(2) 10(3) 4(3)

O(36) 53(4) 9(3) 19(3) −3(2) 18(3) −3(3)

O(37) 27(3) 9(3) 39(4) 7(3) 2(3) 5(2)

O(38) 50(5) 63(5) 28(4) 8(4) 10(4) −34(4)

O(39) 66(5) 18(3) 31(4) −9(3) 22(3) 10(3)

O(40) 43(4) 22(3) 22(3) 1(3) −18(3) −4(3)

O(41) 32(4) 51(5) 30(4) 11(3) −20(3) −15(3)

O(42) 29(3) 13(3) 37(4) −5(3) −16(3) 1(3)

O(43) 39(4) 40(4) 27(4) 4(3) 19(3) −22(3)

O(44) 31(3) 22(3) 19(4) −6(3) 11(3) 5(3)

O(45) 19(3) 19(3) 40(4) −3(3) −18(3) 2(2)

T A B L E  4  (Continued)



14 |   LIU et aL.

the channel- like structures of the mixed polyhedral frame-
work running along [010]. Split positions and partially oc-
cupied sites are not uncommon for extra- framework cations 
and have been observed in many framework silicates such 
as zeolite- type structures.48 The remaining potassium ions 
are located in slabs parallel (100) formed by corner- sharing 
octahedra and tetrahedra which are centered at x ≈ 0. In 
general, the potassium atoms in K4CaSi6O15 show irregular 

coordination environments with five to nine next oxygen 
neighbors (see Table 3). Some of the corresponding bond 
valance sums are low. This “underbonding” indicates that the 
K atoms in the tunnels are too small and do not fit so well 
into the voids between the surrounding [SiO4]-  and [CaO6]- 
units of the framework.

3.3 | Topological aspects

The SiO4- tetrahedra in K4CaSi6O15 are linked into a 
3- dimensional 3- connected net with a framework density of 
15.6 T- atoms/1000 Å3. In order to characterize this network 
in more detail, a topological analysis has been performed 
using the program ToposPro.49 For this purpose, the crystal 
structure has been described by a graph composed of the ver-
tices (sites of the Si- cations as well as O anions) and edges 
(bonds) between them. The nodes of the graph can be clas-
sified according to their coordination sequences {Nk}. This 
number sequence represents a set of integers {Nk} (k = 1,..,n), 
where Nk is the number of sites in the kth coordination sphere 
of the respective atom that has been selected to be the central 
one.50 The corresponding values for the relevant symmetri-
cally independent Si- sites up to n = 10 (without the oxygen 
nodes), as well as the cumulative numbers Cum10 including 
the central atoms, are listed in Table 5. Supplementary, the 
extended point symbols listing all shortest circuits for each 
angle for any non- equivalent Si- atom have been determined. 
On the basis of the coordination sequences, two types of Si- 
sites can be distinguished. Furthermore, all nodes have the 

F I G U R E  3  Projections of one of the fundamental dreier single 
chains of the tetrahedral network (A) perpendicular and (B) parallel 
to the chain direction. Oxygen atoms are given as red spheres. (Color 
online)

F I G U R E  4  Projection of the tetrahedral framework along [100]
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same extended point symbols (see Figure 6). The topologi-
cal density, TD10, representing the rounded average of the 
Cum10  values for all central atoms in the asymmetric unit 
has a value of 504. The derived topological parameters al-
lowed for a classification of the network using the Reticular 
Chemistry Structure Resource (RCSR) database.51 Notably, 

the tetrahedral net observed in the present compound corre-
sponds to the already existing entry eth of this collection of 
crystal nets. To the best of our knowledge, K4CaSi6O15 is the 
first inorganic representative for this net type that has been 
previously observed in metal– organic frameworks or mo-
lecular structures only.

F I G U R E  5  Projections of the whole crystal structure of K4CaSi6O15 parallel to (A) [100] and (B) [010], respectively. [CaO6]- octahedra are 
shown in orange. Green spheres represent the potassium cations. White sectors within the spheres indicate partial occupancy of the split positions
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4 |  DISCUSSION

Our investigations confirm the existence of K4CaSi6O15 which 
was first mentioned in 1930. Furthermore, its congruent melting 
behavior could be validated (Tm: 956°C (our data) and 959°C 
(Morey et al.1)). Hitherto, two other phases of the ternary sys-
tem K2O– CaO– SiO2 have been verified with their compositions 
plotting along a line with constant silica content of 66.7 mol%: 
K8CaSi10O25 (or K9.6Ca1.2Si12O30)

2 and K2CaSi4O10,
8 respec-

tively. When normalized to five oxygen atoms p.f.u., all pos-
sible compositions can be conveniently expressed using the 
following general formula: K2−2xCaxSi2O5. Following this con-
cept, the two aforementioned phases could be formulated as 
K1.60Ca0.20Si2O5 and K1.00Ca0.50Si2O5, respectively. K4CaSi6O15 
(or K1.33Ca0.33Si2O5) lies just in between these two phases.

It is noteworthy, that the two potassium- richest com-
pounds both belong to the group of interrupted framework 
silicates. Though they are structurally not related and are 
characterized by different topological features, the calcium 

ions in both compounds are octahedrally coordinated and 
each [CaO6]- polyhedron shares all six corners with adja-
cent [SiO4]- tetrahedra. The potassium cations located in the 
tunnel- like cavities of both networks exhibit split positions.

With decreasing K- concentration, a principally new con-
nectivity of the silicate anions occurs. In fact, K2CaSi4O10 
(K1.00Ca0.50Si2O5) belongs to the group tubular chain silicates 
containing loop- branched dreier double chains. The coordi-
nation number of the calcium atoms is reduced from six to 
five. Each two of the Ca- centered trigonal bipyramids share a 
common edge forming [Ca2O8]- moieties.

For now, it is unclear if other crystalline phases with higher 
Ca- contents exist along the tie line K2Si2O5 (x = 0) –  CaSi2O5 
(x  =  1). At ambient pressure, CaSi2O5 is not a stable com-
pound in the binary phase diagram CaO- SiO2,

52 but this phase 
has been successfully synthesized at 11  GPa and 1350°C.53 
In their contribution from 1930, Morey et al.1 mentioned the 
preparation of K2Ca2Si6O15 (x = 0.67). However, in a corri-
gendum published only 1  year later, a modified composi-
tion (K2Ca3Si6O16) with a different silica content (60 mol%) 
was suggested for this compound.54 Interestingly, in the re-
lated Na2O- CaO– SiO2 system Na2Ca3Si6O16 or devitrite has 
been described.55 However, from a structural point of view, 
it is questionable whether the hypothetical K-  and the Na- 
compound would be isotypic. A unique feature of the devitrite 
structure is the presence of quadruple silicate chains showing a 
very strong corrugation in order to satisfy the bonding require-
ments of the interstitial sodium cations. Given that the ionic 
radius of K+ is considerably larger than the radius of Na+, it is 
likely that K2Ca3Si6O16 would adapt a different structure type.

Moreover, the compositions of postulated K2Ca3Si6O16 
and structurally characterized K2Ca4Si8O21 (7.7 mol% K2O, 
30.8 mol% CaO, and 61.5 mol% SiO2)

56 are very close to each 
other. Therefore, it cannot be excluded that K2Ca3Si6O16 is 
misinterpreted K2Ca4Si8O21. Further experimental studies are 
definitely necessary to settle the question if K2−2xCaxSi2O5– 
compounds with x > 0.50 do exist or not.

5 |  CONCLUSIONS

The results of our investigation on K4CaSi6O15 represent another 
piece of the mosaic for a better understanding of the ternary 

T A B L E  5  Coordination sequences {Nk} of the tetrahedrally coordinated nodes (without the oxygen atoms), as well as the extended point 
symbols for the framework of K4CaSi6O15. Vertex- type 1: Si1, Si2, Si3, Si4, Si8, Si9, Si10, Si12, Si13, Si14, Si17, Si18; Vertex- type 2: Si5, Si6, 
Si7, Si11, Si15, Si16. Cum10: cumulative numbers of the coordination sequence including the central atom

Vertex

Coordination sequences {Nk} (k=1−10)

Cum10

Extended 
point symbols1 2 3 4 5 6 7 8 9 10

1 3 6 12 20 32 48 63 81 105 132 503 8.8.82

2 3 6 12 20 32 48 65 84 105 130 506 8.8.82

F I G U R E  6  Graphical representation of the extended point symbol 
8.8.82 observed for one selected reference atom (Si18, shown in 
yellow). For easier identification of the individual circuits, numbers 
from 1 to 4 indicate to which of the eight- membered rings each 
tetrahedron belongs
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system K2O– CaO– SiO2. The proof of its existence and the possi-
bility to obtain K4CaSi6O15 in phase- pure form and larger quan-
tities will allow for the determination of other physico- chemical 
properties. A key parameter with respect to thermochemical be-
havior is the molar heat capacity Cp. Knowledge of Cp- data of 
the ternary phase over a wide range of temperatures will enable 
the modeling of the contribution of this compound to the phase 
diagram using computational techniques. Determination of this 
property for K4CaSi6O15 is planned in due course.

With a total of currently nine structurally characterized 
crystalline compounds at ambient pressure, the system K2O– 
CaO– SiO2 belongs to the most complex ternary silicate sys-
tems. Moreover, it cannot be excluded that there are still other 
phases to be discovered. For this purpose, systematic in- situ 
high- temperature diffraction studies would be of great inter-
est for the detection of novel stable or metastable compounds, 
as well as to decipher the reaction pathways leading to their 
formation. Ninety years after its first comprehensive descrip-
tion, the K2O– CaO– SiO2 phase diagram may still hold sur-
prises and offers a plethora of research activities.
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