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ABSTRACT

Calorimetric experiments were performed on three phases of K,Si,0,: a high-pressure
phase with the wadeite structure containing both tetrahedrally and octahedrally coordi-
nated Si, a low-pressure phase with a complex sheet structure containing solely tetrahe-
drally coordinated Si, and glass. The estimated enthalpy of fusion for the sheet-type phase
18 42.9 kJ-mol!, and the enthalpy of transition at 298 K for K,Si,O, (sheet-type phase) —
K,Si,0, (wadeite-type phase) is —31.7 kJ-mol-'. Newly measured infrared and Raman
spectra of each phase are presented. Vibrational models based on the spectra of the K,Si,0,
polymorphs indicate that the entropy of transition at 298 K from the sheet-type phase to
the wadeite-type phase is negative and in the range —17 to —32 J-K~!-mol-'. The data
indicate that the wadeite-type phase is stable at low temperatures relative to the sheet-
type phase. The calorimetric and vibrational calculations for the wadeite-type phase in
this study are combined with existing thermochemical data to predict the phase boundary
for the decomposition of K-feldspar to K,Si,O, (wadeite-type phase), Al,SiO; (kyanite),

and SiO, (coesite) with increasing pressure.

INTRODUCTION

Goranson and Kracek (1932) noted that although the
compound K,Si,0, is “unimportant geologically, . . . its
abnormal behavior makes it unique among the silicates.”
They studied the low-pressure polymorphs of K,Si,O,,
which exhibit an inversion similar to that of a—3 quartz
at 865 K and atmospheric pressure. The compound melts
at a low temperature for silicates, 1043 K at atmospheric
pressure, and exhibits a negative dP/dT for the melting
curve. Thus, these crystalline phases are less dense than
the liquid. Furthermore, the phases exhibit a very limited
stability with pressure, disproportionating to K,Si,O; +
2810, above, for example, ~0.125 GPa at ~950 K. A
crystallographic study of the low-temperature phase dem-
onstrates that the compound is structurally unique as well.
It is based on a corrugated sheet of composition [SizO ],
representing a condensation scheme of SiQ, tetrahedra
not observed for any other sheet silicate (Schweinsberg
and Liebau, 1974).

A high-pressure investigation determined the existence
of another polymorph of K,Si,O, with the wadeite
(K,ZrSi,;0,) structure, based on three-membered rings of
Si0, tetrahedra linked together by octahedrally coordi-
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nated Si (Kinomura et al., 1975; Swanson and Prewitt,
1983). This high-pressure phase is the only known ex-
ample of a silicate containing both ™Si and Y'Si linked
across a bridging oxygen.

In this study, we examine the relative energetics of these
sheet- and wadeite-type polymorphs of K,Si,O,. Vibra-
tional modeling based on Raman and infrared spectra
provides estimates of heat capacities and entropies, and
calorimetric techniques provide relative enthalpies. In
addition, the new data for the wadeite-type phase are
combined with literature data to give an estimate of the
phase boundary for K-feldspar decomposition with pres-
sure according to the reaction

2KAISi, 0, » K,Si,0, + ALSIO; + SiO,.
feldspar  wadeite-type kyanite  coesite
phase

This breakdown has been suggested as an intermediate
step in the transition of feldspar to the hollandite-type
structure (Kinomura et al., 1975).
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EXPERIMENTAL METHODS
Synthesis

A sample of the high-pressure polymorph of K,Si,0, was pro-
vided by D. K. Swanson of SUNY Stony Brook. The sample
was prepared from K,Si,0, glass (from the mixture K,CO; +
4Si0,) held at 2.5 GPa and ~973 K for 24 h. The powder X-ray
diffractometer pattern of the resultant material verified that this
sample has the wadeite-type structure.

The bulk K,Si,0, glass used in this study was prepared from
a stoichiometric mixture of dried reagent-grade K,CO, and SiO,
gel. The mixture was dry-ground in an agate mortar, placed in
a covered Pt crucible, and decarbonated slowly over a 2-d pe-
riod. The mixture was then held at ~1373 K for 24 h and finally
quenched in air. The resulting glass was colorless and devoid of
bubbles. Comparison of weights before and after melting indi-
cated a weight loss of 0.24 wt%. Assuming the loss to be due to
K,O volatilization alone, an appropriate amount of K,CO, was
added to the pulverized glass for correction (Kracek et al., 1929).
This mixture was held at 1073 K for an additional 24 h and
showed no significant weight loss other than that accounting for
CO, volatilization. The resulting glass appeared optically ho-
mogeneous with a refractive index of 1.495 in agreement with
that reported by Goranson and Kracek (1932).

A low-pressure polymorph was synthesized from this glass by
repeatedly crushing and heating at 973-993 K over a 5-d period.
The resulting crystals (=10 um) occurred invariably in poly-
crystalline aggregates similar to those described by Goranson
and Kracek (1932). The powder X-ray pattern is consistent with
that described by Schweinsberg and Liebau (1972).

Spectroscopy

Raman spectra were obtained on 20-50-um grains of sample
using an Instruments S.A. U-1000 micro-Raman system. The
514.5-nm line of a Coherent Innova 90-4 Ar-ion laser was used
for sample excitation. Spectral bandpass was 200 um (1.8 cm—').
Care was taken to eliminate laser parasite scattering in order to
obtain clean spectra in the low-frequency region below 100 cm !,
which is of importance for the vibrational modeling of ther-
modynamic properties (see below).

Powder infrared spectra were obtained from 1.0-1.5-mg sam-
ples in KBr (150 mg) discs on a Nicolet MX-1 Fourier-transform
interferometer. Discs were heated in a vacuum oven for several
hours to remove traces of adsorbed water. Preparations in the
K,0-Si0, system can be very hygroscopic and have a tendency
to retain CO,. Efforts to avoid these problems were undertaken
by careful drying of reagents, synthesis, and storage conditions.
Powder infrared spectra of all samples used in this study indi-
cated no signficant adsorbed H,O or CO, or unreacted carbon-
ate.

Calorimetry

The calorimeter and basic calorimetric techniques used in this
study have been reviewed previously (Navrotsky, 1977). Prelim-
inary experiments indicated that the high-pressure wadeite-type
phase transforms to a glass within 10 min at the calorimeter
temperature (973 K). In order to measure the enthalpy of trans-
formation, transposed-temperature-drop calorimetry was per-
formed in which small samples (~30-40 mg) of the wadeite-
type phase were sealed in Pt-foil capsules and dropped from
room temperature (298 K) into the calorimeter at 973 K. The
heat effect for each drop was measured over a period of approx-
imately 45 min and the capsule retrieved and weighed. There
was an average weight loss after dropping of ~1 wt%. Since this
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weight loss could not be characterized (e.g., from 1R spectra as
loss of CO, or H,0), the weight loss was considered in the cal-
culations only as a correction to the weight of the sample. The
capsules were then dropped a second time into the calorimeter
and the heat effect was measured again. The difference between
the first and second drops represents the enthalpy of transfor-
mation of the wadeite-type phase to glass at 298 K and atmo-
spheric pressure.

Enthalpies of solution in molten 2PbO-B,0; at 973 K were
measured on the remaining phases including the glass formed by
transformation of the wadeite-type phase, the bulk synthetic glass,
and the low-pressure sheet-type phase. The glass samples were
crushed immediately before each solution experiment to avoid
absorption of water or crystallization. Persistence of the glasses
at 973 K was tested by equilibrating samples for 15-20 h in the
calorimeter. Although the glasses fused to solid plates during
equilibration (in fact they were supercooled liquids at calorim-
eter temperature), there was no evidence of crystallization from
powder X-ray diffraction or microscopic observation. Therefore,
standard solution calorimetric techniques were employed.

RESULTS AND DISCUSSION
Spectra

The vibrational spectra of the K,Si,O, polymorphs are
as intriguing as their structural and energetic properties.
Powder infrared and Raman spectra for the low- and high-
pressure K,Si,O, polymorphs are shown in Figures 1a to
1d. There are no coincidences between the Raman and
infrared spectra, as expected from the centric space groups
(P1 and P6,/m for the low- and high-pressure poly-
morphs, respectively: Schweinsberg and Liebau, 1974;
Swanson and Prewitt, 1983). In micro-Raman spectros-
copy, the low-pressure polymorph appeared as polycrys-
talline aggregates even under the highest magnification
objective used (150 x), and no polarization effects were
observed in the Raman spectra. The high-pressure poly-
morph did show some variation in relative peak inten-
sities on rotating the sample, suggesting that the aggre-
gates contained single crystals on the scale of several
micrometers.

The Raman spectrum for the low-pressure K,Si,O,
polymorph (Fig. 1b) compares well with that obtained by
Verweij and Konijnendijk (1976), although the present
spectrum extends to lower wave number. This is impor-
tant for the heat-capacity modeling discussed below. Ver-
weij and Konijnendjik (1976) observed peaks at 1110 and
near 500 cm~! not found in the present study: it is likely
that these correspond to traces of K,Si,O; in their sample
(see spectra of Verweij and Konijnendijk, 1976).

The structure of the low-pressure polymorph contains
co-polymerized silicate tetrahedra with zero and one non-
bridging oxygen (Schweinsberg and Liebau, 1972, 1974).
A number of workers have found a strong Raman line
near 1100 cm~! to be indicative of units of Si plus one
nonbridging oxygen in a range of silicate glass and crystal
compositions (Brawer and White, 1975; Verweij and Ko-
nihjnendijk, 1976; Mysen et al., 1982; Matson et al., 1983;
McMillan, 1984). For example, crystalline K,Si,0, shows
a strong Raman line at 1110 cm~' (Brawer and White,
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(a) Infrared spectrum of low-pressure form of K,Si,O;. (b) Raman spectrum of low-pressure form of K,8i,0;. (c) Infrared

spectrum of high-pressure (wadeite-type) form of K,Si;O,. (d) Raman spectrum of high-pressure (wadeite-type) form of K,Si,O,.

1975; Verweij and Konijnendijk, 1976). The Raman
spectrum of low-pressure K,Si,0, shows no such feature:
the major high-frequency lines occur at 1154 and 1074
cm~! (Fig. 1b). The reason for this is not clear: at present
we do not feel confident in assigning these modes to any
particular vibrations of the K,Si,O, lattice.

The strong sharp Raman modes in the 400-525-cm~!
region (Fig. 1b) likely correspond to vibrations of bridg-
ing oxygens in the SiOSi linkages (McMillan, 1984; Mat-
son et al., 1986). The low-pressure K,Si,0, structure con-
tains four-membered rings of SiO, tetrahedra parallel to
the b axis (Schweinsberg and Liebau, 1972, 1974). Shar-
ma et al. (1981) observed the major Raman line of coe-
site, which also contains four-membered rings of SiO,
tetrahedra, at 521 cm~'. It is possible that one or both of
the 524 and 511 cm~! peaks in the Raman spectrum of
low-pressure K,8i,0, are due to a vibration of the bridg-
ing oxygens in the four-membered rings.

The infrared bands in the region of 600~750 cm~! (Fig.
la) might also be assigned to vibrations associated with
bridging oxygens in SiOSi linkages (Rutstein and White,
1971; Lazarev, 1972). However, the weak Raman modes
near 750-800 cm~! and the infrared bands in the same

region may also be associated with Si “cage” motions,
which appear for highly polymerized silicates (Moenke,
1975; McMillan, 1984). For this reason, it is not possible
to unambiguously assign the bands between 600 and 750
cm~! in the infrared spectrum of low-pressure K,Si,O,.
The high-pressure (wadeite-type) polymorph of K,8i,0,
shows a strong infrared band at 746 cm~! (Fig. 1¢). The
infrared spectrum of perovskite-type MgSiOs, which con-
tains SiO; octahedral groups sharing corners, shows a well-
defined band at 797 cm~! (Weng et al., 1983; Williams
et al., 1987). This band may be relatively unambiguously
assigned to the asymmetric stretching vibration of the
SiO, octahedra in the perovskite-type structure. This
might suggest that the 746 cm~! band for K,Si,O, cor-
responds to the asymmetric stretch of the SiO4 groups
sharing corners with SiO, tetrahedra in the wadeite struc-
ture (Swanson and Prewitt, 1983). However, the wadeite
structure also contains three-membered rings (Si,O,) of
silicate tetrahedra. Lazarev (1962) has described a char-
acteristic “ring band” near 750 cm~! in the infrared spec-
tra of silicates containing Si,O, rings, giving an alternate
possible assignment for the 746-cm~! band of K,Si,0,.
Similar alternatives exist for the interpretation of the
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Raman bands of high-pressure K,Si,0, in the 550-650-
cm~! region (Fig. 1d). As discussed above, this region
corresponds to vibrations involving bridging oxygens in
intertetrahedral SiOSi linkages, and it is possible that tet-
rahedral-octahedral SiOSi linkages may also vibrate in
this region. However, Williams et al. (1987) have de-
scribed a Raman peak near 500 cm ! for perovskite-type
MgSiO; that may correspond to the symmetric stretching
of SiO; groups in that structure. A similar assignment
would be possible for one or more of the Raman bands
near 500 cm~! for wadeite-type K,Si,O,. Finally, Con-
jeaud and Boyer (1980) have observed a Raman line at
638 cm~! for pseudowollastonite (CaSiO, or Ca;Si,0y),
which contains three-membered rings of SiO, tetrahedra.
It is possible that the 645-cm~! Raman peak of high-
pressure K,S1,0, (Fig. 1d) also corresponds to the SiOSi
vibrations within the three-membered rings of the wade-
ite-type structure.

In conclusion, there are no simple and unambiguous
assignments for either the Raman- or the infrared-active
vibrations for either the low- or high-pressure polymorph
of K,Si,0,, although some of the assignments are poten-
tially important for the understanding of vibrational
spectra of silicates. For example, the assignment of the
high-frequency Raman peaks for the low-pressure poly-
morph will help in determining the degree of localization
of Si—O stretching motions involving nonbridging oxy-
gens, whereas the interpretation of the 500-750-cm—! re-
gion of the infrared and Raman spectra for the high-pres-
sure polymorph will help separate contributions from
SiOSi linkage vibrations and modes associated with
stretching vibrations of SiO, octahedral groups. The ac-
tual assignment of infrared or Raman peaks to specific
vibrations associated with structural units within the
K,Si,O, polymorphs must await a detailed vibrational
analysis of these structures. However, even without a de-
tailed interpretation of the spectra of these phases, it is
possible to use the infrared and Raman data to construct
reasonable models for their vibrational density of states
and to calculate useful estimates of their heat capacities
and entropies as discussed in the next section.

Vibrational modeling

Kieffer’s lattice vibrational model (Kieffer, 1979a,
1979b, 1979¢) was used to approximate the vibrational
density of states of the sheet- and wadeite-type poly-
morphs of K,Si,O,. The basic criterion for constructing
vibrational models is that each model must be consistent
with observed spectra and with acoustic and crystallo-
graphic data. Dispersion of the lowest-frequency optic
mode is excluded in the present models since behavior
of the optic branches across the Brillouin zone is un-
known and cannot be described by simple diatomic chain
analogies. Therefore, we consider dispersion to be, at
present, an unknown and arbitrary adjustable parameter.
The model treats each vibration as harmonic and predicts
C,, the heat capacity at constant volume. C, is converted
to C, using the equation C, — C, = TVa2K where T is
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the temperature, V is the molar volume, « is the thermal
expansion coefficient, and K is the bulk modulus. These
parameters are presented in Table 6.

The low-pressure polymorph of K,Si,O, has P1 sym-
metry and contains 30 atoms in its primitive unit cell.
Three of the 90 vibrational degrees of freedom are acous-
tic modes. Acoustic velocities have not been measured
for this phase, so velocities of 4.312 and 2.587 km-s~!
for the longitudinal- and shear-wave velocities, respec-
tively, were estimated from Anderson’s (1966) empirical
equations. The corresponding, directionally averaged
acoustic velocities (Kieffer, 1979a), 2.483, 2.711, and
4.312 km-s-!, characterize slopes of the acoustic branch-
es at long wavelengths (k = 0). The acoustic branches
follow a sinusoidal dispersion relation in Kieffer’s model
and reach 42, 46, and 73 cm~! at the Brillouin zone
boundary.

The remaining 87 optic modes are distributed in a
manner that is consistent with the vibrational spectra of
the polymorph. The infrared and Raman spectra (Figs.
1a, 1b) define two distinct bands of frequencies. The first
extends from 52 to 800 cm~! and the second extends
from 1000 to 1150 cm~. The simplest vibrational models
consistent with the spectra are presented in Figure 2. The
vibrational density of states is approximated by an optic
continuum encompassing the low-frequency modes and
Einstein oscillators or by a second continuum spanning
the high-frequency modes. The models differ according
to how the modes are partitioned between the low- and
high-frequency bands and how the high-frequency modes
are modeled. Two approximations were used to estimate
the fraction of modes at high frequencies. First, Kieffer’s
mode-partitioning method (Kieffer, 1979b, 1980) was ap-
plied to the low-pressure polymorph. The [Si;O,;] sheets
in the structure can be described in terms of a [Si, O]
“mica-like” sheet linked with fully polymerized [Si,Os]
units. The [Si,O,,] component has four bonds of the Si—
O type and six bonds of the Si—-O-Si type. The latter give
rise to six symmetric and six antisymmetric stretching
modes, whereas the former give rise to four stretching
modes. The [Si,O;] unit contains eight bonds of the Si-
O-Si type that give rise to eight symmetric and eight an-
tisymmetric stretching modes. Assuming that the Si-O
vibrations and the antisymmetric Si-O-Si stretching
modes lie at higher frequencies than the symmetric Si—
O-Si stretching modes, 21% (18/87) of the optic modes
is assigned to the modes lying between 1000 and 1150
cm~! (Figs. 2a, 2b). The second approximation is a sim-
ple proportionation scheme (Ross et al., 1986). The frac-
tion of high-frequency modes is estimated by dividing the
high-frequency range by the total-frequency range. In the
present case, this fraction is (1150 — 1000)/{(800 — 52) +
(1150 — 1000)} or 16.7%. No assumptions are made about
the types of modes present at high frequencies. Models
incorporating this proportionation method are presented
in Figures 2¢ and 2d.

Representation of the high-frequency modes as either
Einstein oscillators or a continuum has little effect on C,
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Fig. 2. Vibrational models for low-pressure polymorph of
K,Si,0..

and § (compare Figs. 2a with 2b and 2c with 2d). The
4% decrease in the high-frequency optic modes, however,
results in an increase of roughly 4% in C, and S at 298
K (Fig. 2). This is due to the increase of modes in the
low-frequency continuum. At 1000 K, C, and S differ by
less than 1% and 2.7%, respectively, for the two parti-
tioning models.

The wadeite-type polymorph of K,Si,O, belongs to
space group P6,/m. Thirty atoms are contained in the
primitive unit cell, and hence there are 90 vibrational
degrees of freedom. Acoustic modes account for 3.3% of
the total number of modes. Since sound-wave velocities
have not been measured for this phase, longitudinal- and
shear-wave velocities of 6.54 and 3.92 km-s—!, respec-
tively, were approximated with Anderson’s (1966) em-
pirical relations. The corresponding, directionally aver-
aged velocities of 3.77, 4.11, and 6.54 km-s—! characterize
three acoustic branches that are sinusoidally dispersed to
70, 76, and 122 cm~!, respectively, at the Brillouin zone
boundary.

The infrared and Raman spectra are used to model the
distribution of the remaining 87 optic modes. The spectra
show two distinct bands of frequencies. The first extends
from 95 to 746 cm~' and the second from 939 to 1110
cm~! (Figs. 1c, 1d). The vibrational density of states is
approximated with two optic continua (Fig. 3b) or a con-
tinuum with Einstein oscillators (Figs. 3a, 3c). Partition-
ing of optic modes into these two frequency regimes is
approximated with Kieffer’s method and with the pro-
portionation method, as above. The wadeite structure has
[Si,0, rings.] Each ring has six bonds of Si-O type and
three bonds of Si—O-Si type. The latter give rise to three
symmetric and three antisymmetric stretching modes, and
the former gives six stretching modes. Assuming that the
Si~O and antisymmetric Si-O-Si vibrations lie at higher
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Fig. 3. Vibrational models for high-pressure (wadeite-type)
polymorph of K,Si,O,.

frequencies than the symmetric Si—~O-Si vibrations, nine
modes are assigned per [Si,0,] to the high-frequency band.
There are two such units in the primitive unit cell of the
high-pressure polymorph; thus the Kieffer method par-
titions 21% (18/87) of the optic modes to high frequen-
cies. The proportionation method also predicts that 21%
(171/822) of the optic modes lie at high frequencies. Heat
capacities and entropies calculated from the vibrational
models are within 1% of each other (Fig. 3). Modeling
the high-frequency band modes with two Einstein oscil-
lators, a continuum, or three oscillators has little effect
on C, and S.

The vibrational models predict that the low-pressure
polymorph of K,Si,O, has a significantly higher entropy
than the high-pressure polymorph. Table 1 presents a
comparison of entropies of transition, AS, calculated from
models approximating the vibrational density of states
with (a) one continuum and three Einstein oscillators and
(b) two continua. The calculated values of AS extend from
—16.7 to —32.2 J-K-!-mol-!. Thus, despite uncertain-
ties in the calculations, all models used predict that the
entropy of transition has a significantly negative value.
The high vibrational entropy of the sheet-type K,Si,0, is
due to the population of optic modes at low frequencies
that extend to 52 cm ', well below 95 cm~!, the lowest-
frequency optic mode observed in the wadeite-type poly-
morph. The calculated low-temperature heat capacities
are shown in Figure 4. The heat capacity of the low-pres-
sure polymorph below 200 K is notably larger than that
of the high-pressure polymorph. At higher temperatures,
the difference decreases because the modes at higher fre-
quencies begin to make significant contributions to C,.

Calorimetry

Results of transposed-temperature-drop calorimetry on
the wadeite-type phase are shown in Table 2. The ob-
served heat effect for the first drop, 279.7 kJ-mol-!, is
associated with the following reaction:

wadeite-type phase (298 K) — liquid (973 K). (1)

Strictly speaking, the product in Reaction 1 is a super-
cooled liquid as the calorimeter temperature lies above
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TaBLE 1. Comparison of entropies of transition
for K,Si,O, (sheet-type — wadeite-
type) from vibrational models with one
continuum and three Einstein oscil-

lators {2a, 2¢, 3¢) and two continua

(2b, 2d, 3b)
Models
Sheet-  Wadeite-
type type AS%ss AS%00

phase phase (J-K'-mol-") (J-K-'-mol™)
2b 3b —21.13 -17.07
2d 3b -29.87 -32.18
2a 3¢ —20.84 -16.32
2c 3c —29.92 -32.01

the 752-K glass transition temperature (Richet and Bot-
tinga, 1980). The observed heat effect for the second drop,
228.6 kJ-mol—!, is associated with the following reaction:

glass (298 K) - liquid (973 K). )

This value is similar to the 973-K heat content of 235.2
kJ-mol~' calculated from Richet and Bottinga’s (1980)
heat-capacity equations for glassy and liquid K,Si,O,.
Subtracting Reaction 2 from 1, we obtain

wadeite-type phase (298 K) — glass (298 K)
AH,p = 51.1 = 1.8 kJ-mol~". 3)

Results of solution calorimetry on the glass formed by
transformation of the wadeite-type phase (“transformed”
glass) and the bulk glass are given in Table 3. Again,
strictly speaking, under calorimetric conditions above T,
these materials are supercooled liquids. Enthalpies of so-
lution of these liquids are exothermic and are statisticaily
identical at a conservative risk level of <1%, indicating
that the wadeite-type phase transforms to a liquid that is
energetically equivalent to the material formed by melt-
ing at 1 atm, at least when both are annealed in the cal-
orimeter above T,. The Raman spectra of both glasses
are very similar to previously determined spectra of
K,Si,0, glass prepared at 1 atm by quenching from the
melt (see Fig. 5a) (Brawer and White, 1975; Verweij and
Konijnendijk, 1976; Matson et al., 1983; Dickinson and
Scarfe, 1985; Domine and Piriou, 1986). Given the great

TaBLE 2. Results of transposed-temperature-
drop calorimetry on high-pressure
wadeite-type phase

AH (first drop) AH (second drop)

(kd-mol-1) (kJ-mol)
278.31 228.15
274.40 229,89
280.78 230.58
278.83 224.64
280.07 231.40
285.59 227.07
Mean 279.66 + 1.49 228.62 + 1.03

Note: Error represents one standard deviation of the
mean.
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Fig. 4. Calculated low-temperature heat capacities of (a) low-
pressure and (b) high-pressure forms of K,Si,O,.

similarities between the calorimetric data and the spectra
of the “transformed” and 1-atm glasses, we can combine
the two data sets to better constrain the enthalpy of so-
lution of K,Si,0, supercooled liquid at

AHUgud. . = 21.8 = 0.5 kJ-mol-". 1G]

Resulits of solution calorimetry for the sheet-type phase
are provided in Table 4. The enthalpy of solution is en-
dothermic at

AHeesmpe pase = 16,9 + 0.7 kJ-mol-. ®)

Since the calorimeter temperature lies above the temper-
ature of the reversible inversion (865 K) in the low-pres-
sure polymorphs, Equation 5 represents the enthalpy of
solution of the high-temperature, low-pressure form of
K,Si, O, labeled K,Si,O,-1 by Goranson and Kracek
(1932). For the purpose of our discussion, we will not

TaBLE 3. Enthalpies of solution of “transformed’ and bulk glass-
es in 2Pb0O-B,0, at 973 K

“Transformed” glass Bulk glass
Sample Sample
weight AHgzs weight AHgza
(mg) {kJ-mol™) (mg) (kJ-mol)
26.09 ~22.82 32.57 -19.53
28.71 -18.93 25.29 -21.00
27.56 —20.04 26.08 —22,95
25.48 —24.76 30.47 —23.90
28.51 —-21.66 27.25 ~22.96
33.53 -21.05
26.62 —22.34
26.79 —23.51
26.48 -19.69
Mean (transformed) = —21.64 = 1.03
Mean (bulk) = —21.88 + 0.54
Mean (all) =—-21.79 + 0.48

Note: Error represents one standard deviation of mean.
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Fig. 5. Raman spectra of (a) K,Si,O; glass reported by melt-
ing at 1 atm (provided by J. Dickinson) and (b) glass obtained
by transformation of high-pressure (wadeite-type) form on heat-
ing to 973 K.

distinguish between these high- and low-temperature
sheet-type polymorphs. The differences in their thermo-
chemical properties are small when compared to the
wadeite-type polymorph. Actual AH and AS values for
the low-high inversion at 865 K given by Goranson and
Kracek (1932) are 3.2 + 0.4 kJ-mol—! and 3.8 kJ-mol-'-
K-, respectively.

Combining the enthalpy of solution data for the glass
and sheet-type phase (Egs. 4 and 5), we estimate the en-
thalpy of the following reaction:

sheet-type phase (973 K) - liquid (973 K)
AHy; =169 — (—21.8) = 38.7 + 0.9 kJ-mol-L. (6)

Given the experimental heat-capacity data for glassy and
liquid K,Si,O, (Richet and Bottinga, 1980) and some es-
timate of the heat capacity for the sheet-type phase, one
can estimate the heat of fusion at 7; = 1043 K from
Equation 6. Experimental heat-capacity data are not
available for the sheet-type phase. However, Eliezer et al.
(1978) have estimated a heat-capacity equation for crys-
talline K,Si,0, generally valid above 1000 K. Combining
these data yields

AHjon1043 = 38.7 + 4.3 = 43.0 kJ-mol~". ™)
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TasLE4. Enthalpies of solution of low pressure
sheet-type phase in 2Pb0O-B,0, at

973 K
Sample weight AHgs
(mg) (kd-mol-")
23.19 16.81
22.59 13.49
26.06 20.78
25.68 19.39
31.78 18.17
31.25 13.36
29.71 15.79
35.89 18.89
42.58 16.05
40.42 13.70
35.13 19.92
40.90 16.34
Mean 16.91 £ 0.74

Note: Error represents one standard deviation of mean.

This enthalpy of fusion lies within the error of the exper-
imental determination of Goranson and Kracek (1932)
of 49.0 = 9.8 kJ-mol-'. Note that an enthalpy of fusion
(43.2 kJ-mol~!) calculated using the vibrationally mod-
eled heat capacity is in excellent agreement with the es-
timate in Equation 7, suggesting that the thermal expan-
sion and compressibility estimates for the sheet-type phase
are not unreasonable for high temperatures.

Finally, we estimate the enthalpy of transformation of
the sheet-type phase to the wadeite-type phase by com-
bining Equations 3 and 6.

sheet-type phase — wadeite-type phase
AH =38.7 — 51.1 = —12.4 kJ-mol—1. ®)

A better estimate at 298 K of the sheet — wadeite trans-
formation requires a measurement of Reaction 6 at 298
K. Kracek et al. (1953) determined this AH,,, (sheet-type
phase — glass) = 19.3 kJ-mol—! by hydrofluoric acid so-
lution calorimetry. We estimate an error on the order of
+3.8 kJ-mol-! based on the reported errors of Kracek et
al. (1953) on directly determined heats of solution. This
AH,,, is significantly different from the corresponding
973-K value (Eq. 6), indicating a pronounced difference
in the heat capacity of K,Si,O, glass and supercooled lig-
uid, which is borne out by calorimetric data near T, =
752 K of Richet and Bottinga (1980). The data at 298 K
(Kracek et al., 1953) and at 973 K (this study) are con-
sistent with each other. Assuming that the heat capacities
of the sheet-type phase and glass are quite similar below
T, and crystal and supercooled liquid differ by a roughly
constant amount (equal to the difference at T,) above T,
one estimates AH,,, (sheet-type — liquid) = 37.7 kJ-mol—!
starting from the AH,, value of Kracek et al. (1953).
Considering the assumptions, this is in remarkably good
agreecement with the new experimental value from this
study of 38.7 kJ-mol-".

Combining the Kracek et al. (1953) data with Equation
3 yields

sheet-type phase (298 K) — wadeite-type phase (298 K)
AH,s =193 — 51.0 = —31.7 (x4.2) kJ-mol-'. (9)
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TaBLE 5. Heats of formation and standard entropies of phases
involved in K-feldspar decomposition (Eq. 10)

AH!.ZDB* Sgsa"
Phase (kd-mol-) (J-K="-mol-")
KAISi;O, (sanidine) —216.15 £ 1.97 232.80 + 0.48
K,SiOs (Wwadeite-type) —314.08 + 3.66 198.93 + 3.98
Al,SiOs (kyanite) —5.33 + 0.96 83.76 = 0.39
SiO, (coesite) 2.93 £ 0.29 38.53 + 0.86

* Heat of formation from oxides; all data from Robie et al. (1978) except
K,Si,0, (see text) and coesite (Akaogi and Navrotsky, 1984).

** Data from Robie et al. (1978) except K,Si,O, (this study) and coesite
(Akaogi and Navrotsky, 1984).

Equation 9 indicates that the transformation of the sheet-
to the wadeite-type phase remains strongly exothermic
when heat-capacity differences are included.

Insufficient data for the low-pressure sheet phases pre-
clude any absolute determination of heat capacity and
entropy, particularly at low temperature, and thus any
reliable calculation of phase equilibria for the K,Si,O,
polymorphs. The negative enthalpy of transformation
from the sheet- to the wadeite-type phase at 298 K (Eq.
9) and the large negative entropy of transformation sug-
gested from vibrational calculations together imply that
the wadeite structure is the stable phase as 7T - 0 K.
However, kinetic hindrances almost certainly preclude
experimental verification of this.

Breakdown of K-feldspar with pressure

Kinomura et al. (1975) have suggested that the break-
down of potassium feldspar with pressure,

2KAIS1,0, = K,S81,0, + ALSIO;+ SiO,
(feldspar) (wadeite-type) (kyanite) (coesite)

(10)

is an intermediate step in the transition of feldspar to the
hollandite-type structure. We have estimated the phase
boundary of this reaction by combining the calorimetric

and vibrational data presented above for wadeite-type
K,Si,O, with the existing thermochemical data for K-feld-
spar, kyanite, and coesite. The condition for equilibrium
in a closed system at constant pressure and temperature
is

AGr, =0, (11)

where
P

AG,,= AH% — TASY + f @AV, dP. (12

1 atm

The last term was estimated using a modified Birch-Mur-
naghan equation,

Vie= Vi [1 + a (T — 298)] [PK/(K + DI, (13)

where Py, a, K, and K’ are the molar volume at 298 K,
the thermal-expansion coefficient, the bulk modulus, and
its pressure derivative, respectively (Navrotsky et al.,
1979). AHY; of the reaction determined from the heats
of formation of the phases at 298 K (Table 5) is 72.6 +
5.5 kJ-mol-!, The heat of formation at 298 K for K,Si,O,
(wadeite-type phase) was obtained by subtracting AH
for K,8i,0, (glass from wadeite-type phase), 51.0 = 1.8
kJ-mol-!, from the AH;,; of the glass, —290.0 = 1.8 kJ-
mol-! (Kracek et al., 1953). AS,; for the reaction esti-
mated from standard entropies at 298 K (Table 5) is
—144.6 + 4.3 J-mol—!-K~'. The molar volumes, thermal
expansivities, bulk moduli, and their pressure derivatives
needed for evaluation of AV, are given in Table 6. The
phase boundary for the breakdown of K-feldspar was cal-
culated in two ways, first by assuming that AH and AS
are constant as a function of temperature and then by
incorporating the heat-capacity data (Table 6). The two
boundaries are essentially indistinguishable and are shown
as a single curve in Figure 6. The slope of the K-feldspar
breakdown calculated from the Clausius-Clapeyron re-
lation, dP/dT = AS/AV, is 0.003 GPa-K-'. To date, there

TABLE 6. Volume, thermal expansion, buik modulus, and heat-capacity data

a = oy t+ oy

(T — 298) Co=a+ bT+cT2+ dT-" + eT?
(K™) (J-K-mol-)
V336 ap X oy X K b x ¢ x e x
Phase” (cm?-mol™) 108 108 (GPa) a 102 105 d 10°%

KAISi;O, (sanidine) 109.050 0.735 2.1 547 4y 693.534 —171.740 34.631 —-8307.384 4.922
Al,SiO; (kyanite) 44.090 1.371 2.4 264.5 4y 436.600 -135.791 — —4803.849 4.725
SiO, (coesite) 20.641 0.744 0.44 96.0 8.4 233.117 —-77.781 26.043 —3376.106 1.924
K;Si,0, (wadeite-type) 108.442 2.950 0 90.0 4 749.734 —155.970 19.490 —8636.597 3.692
K;Si,0, (sheet-type) 143.091 2.950 0 40.0 4 _ — — — —

* Sanidine: volume from Kroll and Ribbe (1983); thermal expansion and compressibility of microcline assumed from Kieffer (1980); C- data from
Robie et al. (1978). Kyanite: volume and thermal expansion from Winter and Ghose (1979); compressibility data from Brace et al. (1969); C, data from
Robie et al. (1978). Coesite: volume, thermal expansion, and compressibility data from Akaogi and Navrotsky (1984); C, data from Robie et al. (1978).
Wadeite-type: volume from Swanson and Prewitt (1983); thermal expansion from Swanson and Prewitt (1986); compressibility from Ross, Swanson,
and Prewitt (unpub.); C» data from vibrational calculations in this study. Sheet-type: volume from Schweinsberg and Liebau (1974); thermal expansion
assumed to be greaater than or equal to that of wadeite-type phase; compressibility of muscovite used.

** Bulk-moduli pressure derivatives of 4 assumed.
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Fig. 6. Calculated phase boundary for breakdown of K-feld-
spar to K,Si,0, (wadeite-type), Al,SiO; (kyanite), and SiO, (coe-
site). Data points represent synthesis runs of Seki and Kennedy
(1964) (feldspar persists, solid symbol) and Kinomura et al. (1975)
(wadeite-type phase, coesite, and kyanite formed, open symbol).

have been no thorough phase-equilibrium studies of the
K-feldspar breakdown with pressure. Seki and Kennedy
(1964) found that K-feldspar appears stable at 1273 K
and 6 GPa. Note there is a discrepancy between abstract
and text in Seki and Kennedy’s (1964) article, namely,
their synthesis run is also listed as 1573 K, 6 GPa. How-
ever, using this other value does not change any conclu-
sions. Kinomura et al. (1975) subjected K-feldspar to 1223
K and 8.5 GPa and found it decomposed into a mixture
of the wadeite-type phase, kyanite, and coesite. Both of
these studies are consistent with the predicted phase
boundary (Fig. 6).

CONCLUSIONS

The striking features of the calorimetric results may be
summarized by looking at the relative energetic stabilities
of K,8i,0, phases on a “energy-level” diagram (Fig. 7) in
which the phases are shown in the order of their enthal-
pies relative to the wadeite-type phase. The energetic dif-
ferences indicate that a phase with some Si in octahedral
coordination (¥'Si), as in the wadeite-type phase, is not
always more costly in terms of energy than a phase with
all Si in tetrahedral coordination ("Si), as in the sheet-
type phase or the glass. This observation is an exception
to the general rule, as recently stated by Liebau (1985, p.
15), that under ordinary conditions for a given compo-
sition, the phase containing Si in octahedral coordination
should be energetically less favorable than the one with
tetrahedrally coordinated Si.

The relative stability of the K,Si,O, polymorphs is
somewhat analogous to that observed for GeO, phases
(Fig. 6; Navrotsky, 1971). The low-temperature poly-
morph of GeO, has the rutile structure with all V'Ge. This
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Fig. 7. Schematic “energy-level diagram™ for K,Si,O, and
GeO, phases. Data for K,Si,0, from this work, for GeO, from
Navrotsky (1971). In each case, the zero of energy is taken as
the phase of lowest enthalpy.

transforms with increasing temperature to a polymorph
with the 8-quartz structure with all VGe and then to the
liquid with all YGe. Thus, in this case, V'Ge is energeti-
cally more stable than VGe. In the silicates, however, this
observed relative stability of VISi in the wadeite-type phase
is surprising because of the generally high energy of that
change in coordination in other systems, e.g., for SiO,
(quartz — stishovite) AH,,, = 51.9 kJ-mol—! (Akaogi and
Navrotsky, 1984) and for MgSiO, (pyroxene — ilmenite-
type structure) AH = 71.8 kJ-mol~' (Ito and Navrotsky,
1985).

To rationalize the observed stability, we first note that
there is no inherent reason why V'Si should be absolutely
unstable at low 7" and P. This was concluded by Gibbs
(1982) based on ab initio molecular orbital calculations
and is supported by the stable occurrence of V'Si in mo-
lecular crystals (e.g., Flynn and Boer, 1969; Adams et al.,
1979) as well as in some low-pressure silicates such as
thaumasite Ca;Si(OH),SO,CO,-12H,0 (Edge and Tay-
lor, 1971) and polymorphs of SiP,O, (Tillmans et al.,
1973; Bissert and Liebau, 1970; Liebau and Hesse, 1971).
However, special local bonding conditions exist in these
instances. The Si atoms are associated across their bond-
ed oxygens with strongly bonding atoms, H in the case of
thaumasite and tetrahedrally coordinated P in SiP,0,. In
these cases, simple bond-strength arguments have been
used to show that V'Si is stabilized over ™Si to bring the
classical Pauling bond-strength sum to the oxygen (p,)
down to a value in better agreement with the saturation
value of 2.0 (Shannon et al., 1975). If the Si atoms were
in fourfold coordination, the bonding to the oxygens would
be oversaturated and thus presumably energetically un-
stable. However, this type of simple bonding argument
does not apply to the K,Si,O, phases. The maximum p,
in the low-temperature sheet structure (Schweinsburg and
Liebau, 1974) is ~2.2, which is not particularly oversa-
turated and not any greater than the values of p, in the
wadeite-type structure, namely 1.9 and 2.2 (Swanson and
Prewitt, 1983).

The question then becomes one of relative stability
among different possible structures with ¥'Si and VSi. We
suggest that an understanding of the relative stabilities of
these K,Si,0, polymorphs lies in the structure of the sheet-
type phase. The oxygen to tetrahedral atom ratio of 2.25
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lies below the average value for a sheet silicate of ~2.5
and above that for a framework silicate of ~2.0. There-
fore, it may be impossible to simultaneously satisfy the
bonding requirements of all the oxygens. This less-than-
optimum bonding is supported by a minimum p, value
for the nonbridging oxygens in the low-temperature sheet
structure of ~ 1.5, with a corresponding extremely short
tetrahedral Si—~O bond length of 1.545 A, and also by the
extremely broad range of tetrahedral bond lengths (1.55-
1.66 A).

In comparison, the wadeite-type structure might be best
viewed as a framework, although, under the usual clas-
sification schemes, it is a cyclosilicate. If we ignore cation
coordination numbers and simply consider Si and oxygen
atoms, every oxygen is bonded to two Si with p, near the
stable saturation value of 2.0, as in a framework silicate
(see Liebau, 1985, p. 92).

In other words, the unique condensation of silicate te-
trahedra that forms the [Si;O,,] sheet may not be a very
energetically efficient way of bonding the Si and O atoms,
even relative to a condensation of silicate octahedra and
tetrahedra. The fact that a stability field for the sheet
silicate exists at all is probably by virtue of its extremely
large entropy. The relative energetic instability (with re-
spect to the wadeite-type structure) and the high entropy
suggest that the sheet structures are basically entropy-
stabilized phases. In addition to high vibrational entropy,
structural disorder occurs (Schweinsberg and Liebau,
1974; Durovic, 1974), which would also contribute to the
entropy. The low energetic stability and large volume also
limit the stability field of the sheet-type phases at high
temperature and moderate pressure as indicated by dis-
proportionation to K,Si,O; + 2Si0, (quartz) or incon-
gruent melting (Goranson and Kracek, 1932). It is inter-
esting to note that no compounds of A,Si,O, (A = alkali)
stoichiometry have been reported for Li or Na and that
the structures of the Rb and Cs tetrasilicate are appar-
ently quite different from the structures of K tetrasilicate
on the basis of their powder diffraction patterns (Alek-
seeva, 1966).
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