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Transformation of fivefold-coordinated silicon to octahedral silicon in
calcium silicate, CaSirO,
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AssrRAcr

A single-crystal high-pressure diffraction study in a diamond-anvil cell shows that under
hydrostatic conditions triclinic CaSirO, ffansforms to a monoclinic structure at a pressure
between O.l7(2) and 0.205(5) GPa. The ffansition is of the zone-boundary type and first
order in character with a 2.9Vo voltme change. The monoclinic phase can be recovered
from the diamond-anvil cell. Its room pressure unit-cell parameters are a. : 6.5430t6t A,
b :8 .391814 )  A .  c :6 .3416 (5 )  A .  B :  l 13 .175 (6 ) " .  v :  zzo . l 0 (4 )  A , .  The  s f f uc tu re
was refined using single-crystal X-ray intensity data and is of the titanite aristotype, space
group A2la. Unlike the triclinic phase, which contains SiO, polyhedra in addition to SiOo
tetrahedra and SiOu octahedra, the monoclinic phase contains only tetrahedra (<Si-O> =
1.630 A) and octahedra (<Si-O> = 1.796 A). ttre phase transition between the monoclinic
and triclinic phases of CaSirO. is the first example of a displacive-like transition involving
a coordination change of Si to be observed directly in a crystalline oxide or silicate.

INrnooucrroN

The recent determination of the room-pressure struc-
ture of the triclinic phase of CaSi,O, (Angel et al. 1996)
showed that it contains Si in four-, five-, and sixfold co-
ordination by O atoms, confirming previous DSi NMR
peak assignments (Kanzaki et al. 1991). The structure of
this phase is a derivative of the cornmon titanite aristo-
type structure, which would contain, for CaSirO., Si in
fourfold and sixfold coordination only. It has been pro,
posed that CaSi.O. should adopt the titanite sffucture at
high pressures (Hazen et al. 1996), as is also suggested
by the recovery of some poorly characteized "titanite"
phase from multi-anvil syntheses (Kanzaki et al. 1991)
and the presence of twinning in many crystals of the tri-
clinic phase (Angel et al. 1996). This paper reporrs rhe
results of an in-situ high-pressure, single-crystal X-ray
diffraction study of CaSi,O., which show that the triclinic
polymorph does indeed undergo a non-reconstructive
transition to a titanite sffucture at a pressure of about 0.2
GPa. This ffansition involves the conversion of SiO.poly-
hedra to SiOu octahedra and provides some possible in-
sights into the driving forces for such coordination
changes in silicate glasses and melts and during the amor-
phization of high-pressure silicate phases.

ExpnnrMnNTAL METHoDS

The single-crystals of CaSirO. used in these experi-
ments were synthesized at 11 GPa and 1350'C in a multi-
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anvil press (Angel et al. 1996). X-ray diffraction data
were collected from several single crystals loaded in turn
into a BGl-design diamond-anvil cell (Allan et al. 1996)
with 4: I methanol:ethanol mixture as a hydrostatic pres-
sure medium. Pressures were determined to a precision
of typically 0.01 GPa from the unircell volumes of a
quartz single crystal included in the cell and the equation
of state of quartz (Angel et al. 7997). Details of the ex-
perimental methods used to determine unit-cell parame-
ters of both the sample and the quartz crystal are given
in Angel et al. (1997).

Initial measurements of the unit-cell parameters of a
CaSi,O, crystal initially pressurized to 4.4 GPa and then
up to 5.8 GPa indicated that the crystal symmetry had
become monoclinic. During pressure reduction in several
steps to room pressure the crystal retained monoclinic
symmetry. The crystal was then unloaded from the DAC
and mounted for conventional X-ray data collection in air,
during which it remained monoclinic. Room-pressure cell
parameters were a : 6.5430(6) A, b : 8.3918(41A, c :

6.3416(5) A, B : 113.175(6), V : 320.10(4) Ar. This
survival of the monoclinic phase conffasts with the re-
covery of triclinic CaSirO, from the multi-anvil experi-
ments in which the material was synthesized at high tem-
peratures and pressures. This would suggest that the
monoclinic-to-triclinic ffansformation is promoted by
non-hydrostatic stresses in the multi-anvil press during
decompression.
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TaeLe 1. Fractional atomic coordinates for monoclinic
CaSi,O.

Site Atom yJa y/b z/c 4.(41

Teele 2. Selected bond lengths (A) in monoclinic CaSi,O.

2 225(31
2 381\2)
2.364(2\
2 410(2)
2 363
1 709(1 )
1.862(2)
1 e24e)
1 798
1 631 (2)
1 62e(2)
1 630

A C a
M S i
T S i

01  0
0 2 0
0 3 0

y4 o 42059(91
th Yt

74 0 43657(13)
74 0 3090(4)

0 el42(3) 0.3178(2)
0 3e58(3) 0 4500(2)

v a  1 1 0
T+ 089
% 085
r/+ O 98

0.4477(31 1.10
0 6531(3) 0 95

A-O1
A-O2 x 2
A-O3 x 2
A-O3 x 2
Average (7)

M-O1 x 2
M-O2 >< 2
M-O3 x 2
Average
r-o2 x 2
T-O3 x 2
Average

/Vofes. Numbers in parentheses represent estimated standard deviations
in the last digit In addition to the parameters listed, anisotropic displace-
ment parameters were refined for all atoms. Following Taylor and Brown
(1976) a nonstandard setting of space group A2la was used with sym-
metry operators x,y,z; x,-y,-z;lh + x, th - y,z; 1h x, th + y, z in
addition to the lattice translations

X-ray intensity data were then collected from the mono-
clinic crystal with an Enraf-Nonius CAD4 diffractometer.
Procedures for data collection, data reduction, and refine-
ment followed those recently described by Miletich et al.
(1997). All reflections with indices k + I : odd and those
with h : odd in hUl were absent, indicating space group
symmeffy A2la. Refinement of a sffucture model based
upon the titanite aristotype sffucture (Thylor and Brown
1976), but with Si occupying the octahedral sites in place
of Ti, converged to R, : 0.030, R* : 0.031, and Gr, :
1.25 for 40 variables (including anisotropic displacement
parilmeters for all atoms) with 369 reflections considered
observed with 1 > 3or. Positional parameters are reported
in Table I and bond lengths in Table 2.

Further crystals were used in subsequent experiments
to constrain further the pressure at which the ffansition
occurred. For these experiments, only the Bragg angle of
the 002 reflection of CaSirO, was measured as a function
of pressure. The difference between 20*, : 13.4'7" in the
triclinic phase and 13.95" in the monoclinic phase at room
pressure (MoKcr radiation) provided an unambiguous in-
dication of which phase was present. The tightest con-
straint on the pressure at which the phase ffansition oc-
curred on increasing pressure was provided by the
observation that one crystal remained triclinic at O.l7(2)
GPa but transformed to the monoclinic phase on increas-
ing pressure ro 0.205(5) GPa.

DrscussroN

Monoclinic phase

The structure type of monoclinic CaSirO. is that of the
titanite aristotype. This structure type is also exhibited by
CaSnSiO. at room conditions (Higgins and Ross 1977)
and by titanite (CaTiSiO.) at high temperatures (e.g., Tay-
lor and Brown 1976; Kek et al. 1997, and references
therein) and at high pressures (Kunz et al. 1996). The
structure of monoclinic CaSirO. consists of chains of SiOu
octahedra that run parallel to the a axis of the unit cell
and that are both internally bridged and cross-linked to
adjacent chains by corner-sharing with SiO. tetrahedra
(Fig. l). The interatomic distances and angles within this
polyhedral framework are within the normal range of

mixed-coordination silicates quenched from high pres-
sures and temperatures, except that the SiOu octahedron
has an unusual range of bond lengths (Table 2), although
the average Si-O bond length is normal (e.g., Finger and
Hazen l99l). The reason for this distortion is the differ-
ence in the environment of the 01 atom compared to that
of the 02 and 03 atoms. The Ol atom forms the link
within the octahedral chains and is bonded only to one
Ca atom in addition to two t6tSi. To compensate, both the
Si-Ol and the Ca-Ol bonds are very short (Table 2). The
02 and 03 atoms form the links between the octahedra
and the teffahedra. They are each bonded to one t6rSi, one

Frcunn l. A polyhedral representation of the crystal struc-
ture of monoclinic CaSi.O. at room pressure. The chains of cor-
ner-sharing SiOu octahedra are seen almost end-on, running par-
allel to the c axis. The spheres represent Ca atoms.
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Tnele 3. Bond-valence sums (v.u.) lor O atoms in CaSi"O.

Monoclinic ohase Triclinic phase.

0 1  1 7 7

02 1.83

03221

O lo  1  97
O1x  1  96
O2oo 2.04
O2ox 1.83
O2ao 1.84
O2ax 1.88
O3oo 2.26
O3ox 1 97
O3ao 2 15
O3ax 1 99

Nofes. Bond-valence sums were calculated from the bond lengths and
the bond-valence oarameters of Brese and O'Keefe (1991).

" Bond lengths for the triclinic phase were taken from Angel et al. (1 996).

tatSi, and the Ca atoms that occupy the cavities in the
framework. Whereas 02, being bonded to just one Ca
atom, is slightly underbonded the 03 atom is bonded to
a second Ca and is therefore significantly overbonded
(Table 3).

Phase transition

Although only the ffansition from the low-pressure tri-
clinic phase to the high-pressure monoclinic phase was
observed directly, all furrher discussion is presented in
terms of the reverse monoclinic-to-triclinic transition.
And because only precise room-pressure structural data
exist the structural changes at the transition are approxi-
mated by the differences between the sffuctures deter-
mined at room pressure.

The transition from the monoclinic phase to the triclin-
ic phase involves an approximate doubling of the a axis
of the unit cell, so that the unit-cell volume of the triclinic
phase is approximately twice that of the monoclinic
phase. The specific volume - change at the transition,
%Vnntnn - V..,.o". is 9.4(6) A' per monoclinic unit cell
or 1.41(9) cm3/mol, a relative change of 2.9Vo. The failure
of the monoclinic phase to transform back to the triclinic
phase at room temperature indicates that there is at least
a 0.2 GPa hysteresis associated with the phase transition
under hydrostatic conditions, which, together with the
volume change, demonsffates that the transition is ther-
modynamically first order in character.

The phase transition maintains the overall topology and
connectivity of the polyhedral framework, with one major
exception: One 02 atom from every second SiOu poly-
hedra in the octahedral chains of the monoclinic phase i,s
displaced to give a nonbonded distance of 2.831(3) A
(Angel et al. 1996), thereby breaking one-eighth of the
octahedral-tetrahedral bridges in the structure. To main-
tain local charge balance at the displaced O atom (de-
noted O2ox) the entire framework distorts and the Ca
atoms are displaced significantly so as to bring a second
Ca atom into bonded contact with O2ox (Fig. 2). In ad-
dition, the SiO. tetrahedron involving this O atom distorts
so as to shorten the Si-O2ox bond to 1.588(3lA from
1.631(2)A in the monoclinic structure. The nei result of
these adjustments of the structure is that there is no

Frcunn 2. (a) The local environment of an 02 atom in the
monoclinic phase, in which it forms the bridge between an SiOo
tetrahedron and an SiOu octahedron. It is also bonded to the lefr
hand Ca (spheres) and has a nonbonded contact (dashed line) to
the right-hand Ca atom. (b) In the triclinic phase, the equivalent
O2ox is removed to a distance 2.83 A away (thin line) from the
Si atom on the Ma position. Other displacements create an ad-
ditional bond between O2ox and the riehrhand Ca on the Ao
site.

change in the overall bond-valence sum at this displaced

O2ox (Table 3). Within the Si-O polyhedron that loses its

sixth O atom at the transition, the Si atom is displaced

away from O2ox so that the coordination polyhedron be-

comes a square-based pyramid (Fig. 2). All five remain-

ing Si-O bond distances become shorter. Not only do
these displacements result in local charge balance at the
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central Si, but they also make the bond-valence sums at
the Ol atoms ideal, whereas they are significantly under-
bonded in the monoclinic structure (Table 3). In fact, fully
one-half of the O atoms in the triclinic phase have better
local charge balance than the equivalent sites in the
monoclinic phase (Table 3). With this information on both
structures one can now propose that this equalization of
local charge balance is the driving force for the transition.
Underbonding of the Ol atoms in the monoclinic phase
leads to {61Si-Ol bond shortening; the resulting overbond-
ing of the t6rSi atom results in the expulsion of one 02
atom from every alternate SiOu octahedra, followed by
structural distortions to improve the charge balance at the
expelled O2ox atom.

The interconversion of SiO. and SiOu groups occurs in
glasses and melts at high pressures and temperatures (e.g.,
Stebbins et al. 1995) and during diffusion in silicate per-
ovskites (Wall and Price 1988). The transformation of
SiOu octahedra to SiO, pyramids has also been proposed
as the first step in amorphization of calcium silicate pe-
rovskite (Hemmati et al. 1990). It is tempting ro speculate
that, as in CaSirO., the driving force for these coordina-
tion changes is the improvement of the local charge bal-
ance at the O atoms within the structure.
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