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It is rare to find an amorphous material that crystallizes to a
metastable single-phase compound, which then transforms to

another more thermodynamically stable compound. Such materials

are of a fundamental importance and provide an opportunity to
characterize kinetics and elucidate mechanistic pathways in well-
defined solid-state systems. This is especially important consider-
ing the general lack of detailed knowledge concerning mecha-
nisms of solid-state transformations. Some examples include
amorphous ball-milled BNbTiOg,* which undergoes crystalliza-

tion to a metastable fluorite phase at 270 and subsequent
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Figure 1. DSC trace of amorphous KSgs showing the glass transition
followed by rapid crystallization t@-KSbPR.Se.

thea-phase until a single-phase product is obtained (at cooling
rates ~1 °C-min~%), in accordance with Ostwald's rule of
successive phase transformati®ig.temperatures above 25C,

conversion to an Aurivillius-type perovskite at the higher tem- B-KSbR.Se; transforms slowly ta-KSbR.Se. f-KSbP.Se; is a

perature of 560C. In the PbTiQ family, a similar temperature-
dependent sequence of events gives rise to an amorphous-to
pyrochlore-to-perovskite crystallization procésanother oxide
system, that of the RBe;0,; family,® also exhibits a metastable
hexagonal phase on the crystallization path to the thermodynami-
cally stable structure.

In non-oxide systems the only report, to our knowledge, of a
well-defined single-phase kinetic crystallization product from
amorphous precursors are in films of MaSiln this system,
amorphous modulating layers of Mo and Si crystallize to
metastable3-MoSi, at 400°C, which subsequently transforms
to a-MoSi, at 800°C. Although there are many examples of other
metastable intermetallic phases that can be crystallized from
amorphous precursors, e.gs5g,° the skutterudites REFe&;Shy,

(RE = La, Hf, Y),b and many quaisicrystal compositions, these

pseudo-one-dimensional compound containint izoordinated

by one (BSe&)*" unit at Sb-Se distances ranging from 2.665(2)
to 3.003(1) A, and forming undulating chains by coordination
to a second (FSe)* group through a single SkSe bond at
2.790(1) A? The chains are loosely packed side-by-side into layers
by capping this “butterfly” coordination of Sbwith an adjoining
(P:Se)*~ group through a SbSe contact at 3.300(2) A (Figure
2).10 The monolayers of [Sb¢g8e)],"~ pseudo-chains stack in
an AA... fashion and are separated by the dations.

Similarly, 3-KBiP,Se; is also formed by heating an amorphous
precursor or by allowing an evacuated silica tube containing the
melt to air cool to room temperature (cooling rate200
°C-min~1). Both 3-KBiP,Se and$-KSbR.Se; are isotypic, though
the M—Se bonds are longer j+KBiP,Se; and the larger radius
of Bi%* results in an increased coordination number. Each Bi

all decompose to elemental and binary components rather thanis tricoordinated by one (Be)*" at Bi—Se distances of 2.812-

transform to another, more thermodynamically stable, single-phase
compound.

We here report on our surprising findings of two thermody-
namically metastable acentric compounds, YBzKMP,Se; (M
= Sb, Bi). These compounds are found to crystallize in the polar
chiral space grou2;, even though they are built up from the
centrosymmetric, “ethane-like” ¢Be;)*~ group. The3-phases are
kinetic crystallization products that transform to the more
thermodynamically stable-KMP,Se; (M = Sb, BiY structure

(3) to 2.957(3) A, bicoordinated by another,@®)*" group at
distances of 3.335(3) and 3.339(3) A, and monocoordinated by
two (P,Se&)* groups at Bi-Se distances of 2.997(3) and 3.246-
(3) A (not shown)i! The heptacoordinated metal center may be
viewed as a monocapped distorted octahedfon.

Diffuse reflectance UV-vis/NIR spectroscopy indicates a
room-temperature band gap of 2.0 eV BKSbR.Se;, which is
identical to that reported for the-phase 3-KBiP,Se; shows a
band gap of 1.3 eV (vs 1.6 eV far-KBiP,Se).

upon extended exposure to elevated temperature.

B-KSbRSe crystallizes as a single phase by heating an
amorphous precursor of the same nominal composition to slightly
above the glass transition temperaturg,~ 195 °C (Figure 1),
or by fast cooling of the meltX10 °C-min~%). Decreasing the
cooling rate from the melt results in increasing transformation to
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Figure 2. View of 3-KSbR:Se; perpendicular to the screw axis. The
weak interchain bond is emphasized with a dashed line.

The 5-KMP,Se compounds show an interesting relationship
to a-KMP,Se; (Figure 3). Comparison to the metastable structures
reveals that the bilayers of tleestructure appear to be the result
of rotational motions of [M(ESe;)]~ fragments along the pseudo-
chains present in th& KMP,Sg compounds. It should be possible
to investigate this transformation mechanism by isothermal
kinetics studies within the AvramiJohnsor-Mehl formalism?3

The f-KMP,Se; (M = Sb, Bi) are related to the K(RE)Bs;

(RE =Y, Gd) compounds previously reported by Chen et*al.
The main difference lies in the Stacking of the [hm)]nn* Figure 3. View of 3-KSbR.Se down the screw axis (top). The weak
layers, which alternate in the rare-earth phases to give an ABAB... in_terchain bond is emphasized with a dashgd line. Comparison (bottom)
packing, resulting in the nonpolar space gré2g2,2,. This may ~ With the structure obi-KMP2Se; (M = Sb, Bi).

be attributed to the general contraction of_the layers du_e to the rgre-earth analogues suggests that the main group compounds
shorter RE-Se bonds (2.945 to 3.068 A. in K¥8e), which could be substitutionally doped with luminescent lanthanide ions
decreases the available space for tHedis in an AA... stacking  anqg still preserve the polar and chiral structure. Also, the
arrangement. '_I'he alkali metal space requirements then for_ce thecongruently melting KShiSe; stoichiometry could be useful for
layer packing into a less dense, alternating arrangement in theyhase-change optical data storage, due to the fast crystallization
rare-earth phases. Such subtle control of structure by alkali ions ¢ metastable3-KSbP.Se; from the amorphous phase. It might
in chalcogenide compounds has been previously discussed in they|sg pe possible to utilize the unique transformation properties
literature®® Other quaternary main group hexaselenodiphosphate o the KShRSe; system in a three-state logic gate. Further work
compounds also display alkali-based structural confrol. is in progress to quantitate the transformation kinetics in this
The structural similarity of3-KMP.Se; (M = Sb, Bi) to the system and elucidate the mechanistic details of both the amorphous-
to-f and thef-to-a transitions.
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