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This review addresses the process of materials discovery via crystal growth, specifically of lanthanide
metal containing oxides of the platinum group metals (Ru, Os, Ir, Rh, Pd, Pt). It provides a detailed
overview of the use of hydroxide fluxes for crystal growth. The melt chemistry of hydroxide fluxes,
specifically, the extensive acid base chemistry, the metal cation solubility, and the ability of hydroxide
melts to oxidize metals are described. Furthermore, a general methodology for the successful crystal
growth of oxides is provided, including a discussion of experimental considerations, suitable reaction
vessels, reaction profiles and temperature ranges. Finally, a compilation of complex platinum group
metal oxides recently synthesized using hydroxide melts, focusing on their crystal growth and crystal
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1. Introduction

The discovery of new materials and new properties has been
the driving force in solid-state chemistry for many decades and
has resulted in the synthesis and characterization of a plethora of
new compounds. This statement can quickly be confirmed by
looking at any one of the many structural databases covering
solid-state compounds, such as the inorganic crystal structure
database (ICSD) or the powder diffraction files (PDF). Interestingly,
however, in doing so, one also notices that the number of new
compounds quickly drops off as the number of constituent
elements increases. In other words, we have become proficient
at preparing compositions of relatively simple structures, but this
ability has not typically extrapolated to the more complex
compositions and structures. This is not meant as a slight on the
solid-state chemist, but rather is a consequence of the traditional
process of preparing new materials that is based on tried and true
methods of chemical substitution. This is where the solid-state
chemist shines—given a structure or composition as a starting
point, he/she will immediately come up with numerous predic-
tions of chemical substitutions that more often than not would
result in new compositions and, sometimes, structures. These
predictions often rely on radius ratio rules and on our under-
standing of oxidation states and coordination environment
preference of the elements. For example, our group has investi-
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gated perovskite oxides for many years and has published
structural predictions and approaches for making new composi-
tions based on size, oxidation state preferences, and electro-
negativities [1,2]. All those approaches, however, work well only
for binary and ternary phases, are troublesome for quaternary
compositions, and are not yet developed for more complex
compositions. Yet, it is believed that these more complex
structures may hold the key to realizing some of the most
desirable properties [3,4]. So, how does one discover complex
compositions with new structures? In this review, we describe
one approach, based on crystal growth from high temperature
solutions that has proven to be an excellent route to the
discovery of complex lanthanide containing platinum group metal
oxides.

To introduce our approach and to explain our rationale for
choosing it, we will draw on the concept of an “Energy Landscape”
as described by Martin Jansen [5,6]. This concept stipulates that
ALL compounds capable of existence are present on an energy
landscape and that, furthermore, each composition capable of
existence is associated with a local minimum on that landscape.
A direct result of this mind-set is the concept of discovery rather
than creation of a new material, as well as the implication that we
are exploring this landscape by carrying out syntheses to find
the local minima. Historically, we have had much success in
identifying such minima, as demonstrated by the large number of
new solid-state structures that are prepared each year. In fact, one
can argue that we have been extraordinarily successful at locating
these minima for simple compositions, but are struggling to
extend our success to the more complex compositions.


www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.05.006
mailto:zurloye@mail.chem.sc.edu

S.J. Mugavero III et al. / Journal of Solid State Chemistry 182 (2009) 1950-1963 1951

The prediction of a structure for a new composition may often
be accurately intuited if the synthesis involves a simple cationic
substitution of a known composition. For example, given the
spinel ZnFe,0, as a starting point, we can readily predict that the
substitution of Mg*? (ionic radius 0.72 A) for Zn*? (ionic radius
0.73 A), to yield the spinel MgFe,0y, is likely to succeed. In fact,
for such simple structures we can do better; the knowledge of
oxidation state specific ionic radii, such as the ones by Shannon
and Prewitt [7] coupled with the concept of radius ratio rules [8]
has enabled accurate predications of many simple structures with
binary and ternary compositions, including rock salt (AO), rutile
(AO,), fluorite (AO,), spinel (AB,O,4), and perovskite (ABOs), to
name a few. Thus, for some of these structures we are quite
capable of making predictions from scratch. By contrast, predict-
ing the structure of a composition like YBa,Cu307 (AB,C307) (prior
to its structure determination—of course) would be a challenge.
The addition of a third cation, a third structural variable, opens
up many more topological possibilities and we have difficulties
predicting which one of the potential structures we have
hypothesized will form, assuming, of course, that the correct
structure is in fact among them. Moreover, we are faced with the
conundrum of how to come up with this AB,C30; composition
in the first place in order to attempt a structural prediction.
Of course, were we given the details of such a complex structure,
we would be quite capable of predicting related compositions
and, perhaps, could even anticipate minor structural deviations.
Moreover, we could envision alterations to such compositions
that would lead to the appearance of a desired functionality. This
suggests that it would be most expedient for preparing new
compositions with complex structure types (for example, as part
of a project to target a specific property) if one were given a
complex structure to start with. To address this issue, we have
established one method, crystal growth from molten hydroxides
that is most adept at resulting in the discovery of new composi-
tions with complex structures.

2. Crystal growth from molten hydroxides

The use of high temperature solutions for crystal growth is
well established [9] and, while crystals of most materials can be
grown out of more than one solvent system, it is known
empirically that some fluxes work especially well for some classes
of materials. This is the case for hydroxide melts, which are
believed to be one of the best solvent systems for oxides [10-12],
corroborated by the fact that they have been used with great
success for the crystal growth of a wide variety of complex oxides
[13-24]. There are, of course, many reasons why hydroxide melts
work so well for growing oxide crystals, including their low melt
temperatures (Table 1) and extensive capacity for dissolving
oxides; but more than any other is the adjustability of the
acid-base chemistry of the hydroxide melt, which controls the
solubility of metal cations. While it may seem counterintuitive
to talk about an acid-base chemistry of a melt consisting of
hydroxide ions, this concept of oxo-acidity was in fact described
by Lux and Flood long ago [25,26].

The concept of oxo-acidity, which describes the chemical
composition of a hydroxide melt, can best be appreciated by a
comparison with the well known acid-base chemistry of water,
where the auto-dissociation of water

2H,0 2 H30* (acid) + OH~ (base) (1)

with an equilibrium constant, Ky, = 1 x 10~'4 at 25°C, leads to an
equilibrium concentration of [H30*] = [OH ] = (Kw)'? =1 x 1077,
or in the familiar p-notation, pH = 7. If there is an excess of H;0",
then the pH <7 and we talk about an acidic solution, or if there is

Table 1
Melting points of the alkali metal hydroxides [28,156].

Hydroxide Melting point (°C) Eutectic composition (mol%)
LiOH 473

NaOH 320

KOH 400

RbOH 301

CsOH 272

Sr(OH), 512

Ba(OH), 409

LiOH-NaOH 210 30:70
LiOH-KOH 226 31:69
NaOH-KOH 170 51:49
NaOH-RbOH 237 51:49
KOH-RbOH 306 65:35
LiOH-NaOH-KOH 167 9.5:49:41.5
NaOH-Ba(OH), 280 30:70
KOH-Ba(OH), 325 57:43

an excess of OH™, then the pH>7 and we talk about a basic
solution. The same process of auto-dissociation takes place in
hydroxide melts [11,25-28]

20H- 2 H,0 (acid) + 0%~ (base) (2)

with a dissociation constant, Kg4, that depends on the identity of
the metal cation—Li, Na, K, etc., which determines the equilibrium
concentration of H,0 and 0%~ at a given temperature. In this
Lux-Flood concept of oxo-acidity, the acid is defined as an 0%~
acceptor, while the base is defined as an 0%~ donor; the “neutral”
species being OH™. An excess of H,O will make the melt “acidic”,
while an excess of 0?~ will make the melt “basic”. To represent
the acidity of any OH flux, we define pH,0 = —log[H,0].

For Eq. (2), the dissociation constant K4 = [H,O][OH™], where
[Ho0] = [OH ] = (Ka)'* and pH,0 = pO*~ = IpK4 = “neutral”.
Unlike in water, where there is a single dissociation constant,
K., the value of K4 for a hydroxide melt is a function of the metal
cation, Li, Na, K, etc., where the degree of dissociation typically
increases with increasing charge density of the metal cation. Since
Li* has the highest charge density of the alkali metals, LiOH,
has the greatest degree of dissociation among the alkali metal
hydroxides. Furthermore, the auto-dissociation process is en-
dothermic and, therefore, the value of Ky increases with
temperature. A graph showing the range of Ky values for several
metal cations at different temperatures is depicted in Fig. 1,
illustrating, that the equilibrium pH,O values for different cations
vary by many orders of magnitude [10,28,29].

The value of pH,0 affects the solubility of metals (oxides) and,
thus, we can control the solubility of a given metal by choosing
the specific hydroxide together with the flux temperature. In
addition, we can physically add water to the melt, thereby
increasing its acidity, or allow water to evaporate from the melt,
thereby increasing its basicity. This gives us very powerful control
over the melt chemistry, the pH,O, and thus metal solubility,
which makes hydroxide fluxes such outstanding media from
which to grow complex oxide crystals. Once the “correct” pH,O to
achieve dissolution of several metals in a melt is found,
a prerequisite for crystal growth, then the pH,O can be altered,
via temperature change (slow cooling) or water evaporation (open
crucible), to induce a reduction in the solubility, leading to a
controlled precipitation of a complex oxide in single crystal form.

The solubility of a metal oxide in a hydroxide melt depends on
its mode of solvation or complexation in the hydroxide melt.
Under acidic conditions,

M,04(s) + nH,0(sol) 2 2M™*(sol) + 2nOH~ (1) 3)
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Fig. 1. Plot of the values of the auto-dissociation constant, pKq, of molten alkali
metal hydroxides over the temperature range 227-723 °C. Larger values of pKy
correspond to a lesser degree of melt dissociation. Please note that the data include
theoretical values to extend the curves below the melting point of some
hydroxides. These data are important for eutectic mixtures with melting points
as low as 167 °C.

for example: (s) + Hy0(sol)— 2Ln3*(sol) + 20%~(sol) + 2
OH~(sol).

The metal cation is solvated, while under basic conditions a
metal oxo-anion is solvated.

M;0;(s) + mO?~(sol) 2 [Mz0,..m*™ (sol) (4)

for example: Al,O5(s) + 0% (sol) - 2[AlO,](sol).

Thus, by changing the pH,O, we can control the solubility
of a metal oxide in acidic or basic conditions. Since there is no
single, unique set of conditions to achieve a specific pH,O (MOH,
temperature, water), we have much experimental freedom to
carry out these reactions.

When thinking about the chemistry occurring in molten
hydroxides, we must consider additional chemical processes
having to do with the presence of oxygen in the melt. Molten
hydroxides support the presence of peroxides and superoxides;
species that can oxidize dissolved metals and thereby affect their
solubilities [30].

Peroxides are believed to form according to

0, (sol) +40H~(l) 2 20,2 (sol) + 2H,0(sol) (5)

Ln203

while superoxides are believed to form in hydroxide melts by the
following process:

305(sol) + 40H~(I) 2 40, (sol) + 2H,0(sol) (6)

The stabilization of dissolved peroxides and superoxides
in hydroxide fluxes follows the trend found for the alkali
metal oxides to stabilize peroxide and superoxides in the solid
state. Thus, lithium hydroxide provides a negligible stabilization
of peroxides or superoxides; sodium hydroxide stabilizes the
peroxide species, while potassium, rubidium and cesium hydroxides
stabilize both peroxides and superoxide species. The oxidizing
potential of the hydroxide melts, consequently, increases down the
group of alkali metals, with cesium hydroxide supporting the most
oxidizing conditions.

We can use all this information for planning reactions to grow
crystals of complex oxides out of hydroxide melts, although a
significant amount of additional information will have to be

determined experimentally. For example, the solubilities of most
metals in molten hydroxides have not been determined, making it
necessary to perform exploratory studies to establish the condi-
tions (temperature, MOH, pH,0) under which and to what extent
they are soluble. Clearly, the pH,O is one of the most important
parameters that needs to be controlled, and that means control-
ling the water content of the melt during the crystal growth
process. At low temperatures, 200-400 °C, water loss via evapora-
tion is “slow” and thus open crucibles can be used to maintain
acidic conditions for several hours. Longer reactions times,
however, will result in loss of water via evaporation and a change
of the melt from acidic to basic. At times, this may be desirable, as
the increase in pH,O will reduce the solubility of many metals
and, thereby, induce crystal growth. In order to operate at higher
temperatures, however, closed systems must be used if one wants
to avoid rapid evaporative water loss and the resulting basic
conditions. In the extreme case, the hydroxide melt will transform
into a highly basic molten oxide via

2MOH(1)  H,0(g) + M,0(l) (7)

This, of course, may be desirable in many instances and a large
number of oxides have been prepared starting with the basic
anhydride oxides [31-66].

3. Methods

In this section, detailed descriptions of experimental consid-
erations, such as reaction vessel, temperature, and time and
the experimental procedure are presented. A schematic of the
relevant variables is provided in Fig. 2. Typical starting reagents
for hydroxide flux reactions are lanthanide sesquioxides (Ln,03),
platinum group metals (Ru, Os, Ir, Rh, Pd, Pt), platinum group
metal oxides (RuO,) or salts ((NH4),PtClg), and alkali metal
hydroxides (MOH). The choice and reactivity of hydroxide,
reaction vessel, and reaction parameters such as temperature
and time are important variables that contribute considerably to
the final outcome of a reaction. The choice of hydroxide depends
on the desired reactivity of the hydroxide. A flux can be either
“reactive”, meaning the alkali metal from the hydroxide is
incorporated into the product, or “un-reactive”, meaning the
hydroxide acts purely as a solvent of crystallization and the alkali
metal is not incorporated into the product.

The vessels utilized to contain a reaction include, but are not
limited to, silver crucibles, alumina crucibles, and silver tubes and
are selected based on the desired reaction environment. Silver

Temperature

Cooling
rate

Solubility
Oxidation

Composition

Reactant

. 4 Time
Concentration

pH,0

Fig. 2. Schematic of the relevant experimental variables influencing the formation
of single crystals synthesized using the hydroxide flux method.
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tubes, silver crucibles and alumina crucibles affect hydroxide
reactions very differently in that alumina is slightly soluble in
molten hydroxide while silver is sparingly soluble, if at all. More
importantly, since alkali metal hydroxides typically contain
15-20% water right out of the bottle and adding water to a
reaction increases the acidity, the choice to use an open reaction
vessel (crucible) as opposed to a closed reaction vessel (tube)
greatly affects the acid-base properties of the melt and can
influence the product of a reaction as previously discussed. The
water content can also be controlled by the heating rate, dwell
time and cooling rate as determined in the reaction profile.

3.1. Silver tubes

The use of sealed silver tubes offers a unique advantage over
crucibles in that the tubes can be sealed to avoid water loss via
evaporation at elevated temperatures. Silver melts at 962 °C,
permitting operation to near 900 °C, before softening of the tube
leads to loss of structural integrity due to the mild, but noticeable
vapor pressure in the tube. (In a hydroxide melt, unlike in
a hydrothermal reaction where water becomes supercritical at
temperatures exceeding 374°C with a pressure of 218 atmo-
spheres, water is solvated and, thus, the flux generates only a very
minor vapor pressure.) Furthermore, silver does not react with
the hydroxide flux [67,68], and is considered an inert reaction
vessel with respect to hydroxides. Finally, silver supports oxygen
diffusion at elevated temperatures [69,70], enabling some gas
exchange between the melt and the atmosphere surrounding the
silver tube. The atmosphere over the molten hydroxide will affect
the presence of peroxide and superoxide species in the melt and
thus alter the redox equilibria that control the stability of metal
oxidation states in the melt.

Practical silver tubes are 1 cm in diameter and after being cut
into smaller pieces are approximately 10 cm long. One end of a
tube is crimped shut and flame sealed. The starting reagents
(0.25-1 mmol for non-flux reagents) are loaded into the open end
of the tube with the flux added last. The amount of flux added
depends on the physical shape of the flux. For example, if the
alkali metal hydroxide is in pellet form, 3-4 g of flux fill a tube and
still allow room at the top to close the tube. After the reactants
have been loaded into the tube, the open end is crimped shut and
folded over three times. The folded end is then hammered or spot
welded shut to ensure that no leaking will occur. The tube is
placed upright in a programmable box furnace with the flame
sealed end at the bottom.

3.2. Crucibles

Open silver and alumina crucibles are utilized when control of
the reaction environment is not essential or if a drier, more basic,
flux is desired. The starting reagents depend upon the desired
composition where typically 0.25-1mmol of each non-flux
reagent and 10-30g of alkali metal hydroxide are utilized. The
non-flux reagents are charged into the crucible and are covered by
the hydroxide. Both forms of crucibles can be covered with lids
and typically are placed into a programmable furnace for heating.

3.3. Reaction profile

The temperature and time affect the outcome of a hydroxide
reaction with heating and cooling rates, as well as the dwell
temperature and time influencing the formation of kinetically and
thermodynamically favored products. Dwell temperatures can
range from the melting point of the hydroxide to slightly less than
the melting point of the reaction vessel, but typically range from

500 to 800°C. Crystal growth is highly temperature dependent
where, upon changing the reaction temperature by as little
as 50°C, we observe crystal formation in a system that did not
yield a desired product at the initial temperature. Interestingly, at
different temperatures, the same system of reagents can yield
surprisingly different phases and structures as will be discussed in
detail later in this review. The total reaction time is dictated by the
heating rate, the dwell time, and the cooling rate. The heating rate
is usually fairly rapid at 10 °C/min, but slower rates can be used
to slow the loss of water. The dwell time ranges from 5 to 72 h,
but most commonly 12-24h dwell times are utilized. In some
systems, crystal quality and size are affected by the dwell time
and cooling rate. The rate of cooling is usually determined by
shutting off the furnace after the dwell time has completed and
allowing the reaction to cool to room temperature. However, slow
cooling at 1-10°C/h can result in crystals of higher quality and/or
larger size.

The synthetic flexibility available in molten hydroxide flux
growth has lead to an abundance of new structures and composi-
tions and allows for many different systems to be explored.
The results we have obtained from our exploration of platinum
group (Ru, Os, Ir, Rh, Pd, Pt) and lanthanide metals in molten
alkali metal hydroxides will be detailed below with emphasis
placed on structural and compositional trends as influenced by the
size and coordination environment of the constituent lanthanide
metals.

4. Discussion of results

For more than a decade the zur Loye group has focused on the
discovery of new platinum group metal oxide materials through
crystal growth from high temperature solutions. Our initial efforts
in the crystal growth of platinum group metal oxides utilized
alkaline earth carbonates as a solvent of crystallization for the
successful preparation of several new oxides of Rh, Pt, Ir, and Ru
[2,71-73]. Subsequently, we began work using molten hydroxides
as a solvent from which we could prepare single crystals of
complex oxides of the platinum group metals due to the flux’s
ability to effectively dissolve reagent species of interest. These
efforts yielded considerable success in isolating complex oxides
of the platinum group. Typically, these reactions were carried
out using an alkaline earth metal as the large electropositive
cation, and as a result many perovskite-related phases were
prepared. Examples include: 6H-perovskites BasMM',09 (M = Li,
Na, M’ = Ru [74], Os [75], Ir [76]), 2H-perovskites exemplified by
Sr3LiRuOg [72], an oxygen deficient 7L-perovskite Ba;LizRus0,q
[77], the 8H-perovskite BajNasRu4Oq, [77], and the double
perovskites Ba,MOsOg (M = Li, Na) [78]. Many other platinum
group metal oxides have been prepared by different methods or
by using fluxes other than molten hydroxides and, consequently,
will not be discussed in this brief overview. Therefore, the reader
is directed to the very extensive work by Hoppe and Miiller-
Buschbaum, only a small portion of which is referenced here
[31-66].

As a natural progression, it became desirable to investigate
the crystal growth of lanthanide metal containing oxides of the
platinum group, and molten hydroxides were selected as an
appropriate solvent. It has been shown that molten hydroxides are
capable of dissolving the metals of the lanthanide series [14,16],
where the solubility of the lanthanides is dictated by the
acid-base properties of the melt. Specifically, the water content
of the melt must be controlled to enable the dissolution of the
lanthanide oxides (Ln,0s’s) [25-27], which are more soluble in
acidic “wet” melts [16]. We have found that as a function of the
size of the lanthanide cation, Ln3*, different structure types are
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isolated within the confines of reaction with a particular platinum
group metal.

4.1. Oxides of ruthenium, osmium, and iridium

There have been many research efforts directed at the
synthesis and characterization of ruthenates and iridates, where
most studies utilized traditional solid-state powder techniques to
prepare new compositions of known structure types. Osmates
have been somewhat neglected until recently when interest in
complex osmates increased, in part, because of the superconduct-
ing properties of AOs;0¢ (A = K, Rb) [79,80]. Our research efforts
employing molten hydroxides have resulted in the synthesis of
many new complex ruthenates, iridates, and osmates of both
known and novel structure types. Based on their similar sizes,
octahedral coordination environment preference, and their ability
to accommodate a wide range of oxidation states, iridium,
ruthenium and osmium can often be substituted for one another
in many different structure types making them ideal for studying
structure property relationships. The compositional flexibility that
exists in the first two structure types discussed below, the double
perovskites, LnoMM'Og (Ln =La, Pr, Nd, Sm, Eu; M =Li, Na;
M’ = Ru, Ir, Os) [81-86] and the defect fluorites, LnsMO- (Ln = Pr,
Nd, Sm, Eu, Gd; M =Ru, Ir, Os) exemplifies the structural
similarities and chemical differences among these platinum group
metals.

4.1.1. Double perovskites Ln,MM’ Og

The double perovskites of the general formula Ln,MM Og
[81-86], where M is either Li* or Na*, thus requiring that M’ be
a pentavalent metal, were isolated from reactive hydroxide fluxes.
These reactions were carried out in sealed silver tubes at
temperatures at or between 600 and 700°C for times ranging
from 12 to 72 h. Such reactions yielded single crystals of all phases
with similar morphologies.

All of these compounds crystallize in the space group P2¢/n,
with the monoclinic distorted double perovskite structure type,
Fig. 3. In these compounds, the M* and M'>* cations reside on the
octahedral sites while the Ln®* cations occupy the A site in an
eight-fold coordination environment. This space group allows for
the 1:1 ordered arrangement of the M and M’ cations in a rock-salt
type lattice, and also takes into account the tilting of the MOg
and M'Og octahedra necessary to accommodate the small size
of the Ln®" cation. This structure persists for larger cations of the
lanthanide series and seems to be a function of the Goldschmidt
tolerance factor (t) [8]. As t decreases, the perovskite structure
becomes less likely to be stable and lower limits for t appear to be
around 0.86 [87], which is consistent with our experimental
findings, Table 2.

4.1.2. Defect-fluorite oxides LnsMO-

The defect-fluorite oxides, LnsMO- (Ln = Pr, Nd, Sm-Gd, M =Ir,
Ru, Os) [88-91] were isolated as single crystals from hydroxide
flux reactions carried out in sealed silver tubes at 600-700 °C for
times ranging from 12 to 24 h. The family of compounds with
the general formula LnsMO-,, where Ln is a lanthanide and M is
a pentavalent transition metal cation, were first reported by
Allpress and Rossell in 1979 and were described as having an
orthorhombic, fluorite-related structure [92]. The structure of
these compounds is well described in the orthorhombic space
group Cmcm and features chains of trans vertex-sharing MOg
octahedra that are oriented along the c-axis and that are tilted in
the bc plane [93]. In this structure, the lanthanide cations are
located in two different coordination environments, eight-fold

Fig. 3. Crystal structure of the monoclinically distorted double perovskites with
the general formula Ln,M*M>*'Og (Ln = La, Pr, Nd, Sm, Eu; M* = Li, Na; M°>* = Ru,
Os, Ir). MOg octahedra are shown in yellow, M'Og octahedra in blue, lanthanide
atoms are black spheres, and oxygen atoms are red spheres. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2

Goldschmidt tolerance factor (t) and magnetic properties of the lanthanide
containing double perovskites, Ln,MM'Og (Ln = La, Pr, Nd, Sm, Eu; M = Li, Na;
M’ =1Ir, Ry, Os), synthesized in this study.

Double perovskite t Magnetism

La,LilrOg 0.94 PM

Pr,LilrOg 0.93 PM

Nd,LilrOg 0.92 PM

Sm,LilrOg 0.91 PM

Eu,LilrOg 0.90 PM

La;NalrOg 0.89 PM

PryNalrOg 0.88 PM

Nd,NalrOg 0.86 PM

Sm;NalrOg 0.85 N

La,LiOsOg 0.93 AFM, Ty = 39K

Pr,LiOsOg 0.92 AFM, Ty = 35K

Nd,LiOsOg 0.91 AFM, Ty = 23K

Sm,Li0sOg 0.90 AFM, Ty = 32K

La;NaOsOg 0.89 AFM, Ty = 16 K

Pr,NaOsOg 0.88 CAFM, T<10K

Nd;NaOsOg 0.86 AFM1, Ty = 20K
AFM2, Tz = 10K
FM, T<20K, field >20kG

La;NaRuOg 0.89 AFM, Ty = 16 K

ProNaRuOg 0.88 CAFM, T<20K

Nd,NaRuOg 0.87 CAFM, T<18K

In the table PM = paramagnetic, AFM = antiferromagnetic, FM = ferromagnetic,
CAFM = canted antiferromagnetic, and N = magnetic studies were not performed.
The temperature at which magnetic ordering is observed is also listed.

pseudo-cubic and seven-fold pentagonal bipyramidal, and the

M(V) cations are located in octahedral coordination, Fig. 4(a).
Interestingly, detailed magnetic and thermal investigations

were reported for the ruthenium and iridium containing members
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Fig. 4. (a) Drawing of the Cmcm crystal structure of the LnsMO- (Ln = La, Pr, Nd,
Sm-Gd; M = Ru, Os, Ir) fluorite-related phases emphasizing the chains of trans
vertex-sharing MOg octahedra (blue) that are edge-shared to the chains of Ln(1)Og
pseudo-cubes (gray) along the c-axis. The gray spheres are the Ln(2)*" cations. (b)
Drawing of the low temperature P2;nb structure of the LnsMO, phases
emphasizing the chains of trans vertex-sharing MOg octahedra (blue) that are
edge shared to chains of Ln(1,2)0; mono-capped trigonal prisms (gray) along the c-
axis. The gray spheres are the Ln(3-6)*" cations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

of the LnsMO; family (Table 3), which provided evidence for the
existence of low temperature structural phase transitions and that
showed that the transition temperature is a function of the
specific lanthanide ion in the LnsMO; (M = Ir, Ru) oxides [94-98].
The use of molten hydroxides as a solvent yielded high quality
single crystals of LnsMO- (Ln = Sm, Eu, Gd, M = Ry, Os) and we
subsequently described the observed structural phase transition
from space group Cmcm to P2.nb [88,89] (Fig. 4(b)). The structure
transition results in a distortion of the vertex-shared Ru-0O chains,
and a reduction in the coordination of one of the rare earth cations

Table 3
Magnetic properties of the lanthanide containing fluorite related oxides, LnsMO5
(Ln = Pr, Nd, Sm-Gd; M = Ir, Ru, Os), synthesized in this study.

LnsMO-, Magnetism
PrslrO;? PM

NdsIrO;? AFM, Ty = 2.6 K
Sms3lr0,? PM

Euslr0;? PM

SmsRuO-, AFM, Ty = 6K
EusRu0; AFM, Ty = 18K
Sm30s0-, AFM, Ty = 35K
Eus0s0-, AFM, Ty = 23K
Gd50s0, AFM, Ty = 34K

In the table, PM = paramagnetic, AFM = antiferromagnetic, and FM = ferromag-
netic. The temperature at which magnetic ordering is observed is also listed.
2 Magnetic properties previously reported [94-98,157].
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Fig. 5. Transition temperatures for the compounds of the stoichiometry Ln;MO5
(M =TI, Os, Ru). Compositions investigated by us are marked by an asterisk. Above
the marker, the compound exists in the high-temperature Cmcm form, and below
the marker the compound exists in the low-temperature P2 nb structure.

from eight- to seven-fold in addition to a loss of lattice centering
and doubling of the b-axis, Fig. 5.

When the compositional flexibility in structures is limited
because of cation size, coordination environment, or oxidation
state constraints, iridates, ruthenates, and osmates can form
structure types specific to only one particular platinum group
metal. The size of the lanthanide and/or alkali metal as well as
the reaction conditions (temperature, vessel, acidity/basicity)
are perhaps the two most important factors that contribute
to the stabilization of a particular composition or structure type
prepared from hydroxide flux reactions. As the size of the
constituent alkali metal increases or the size of the constituent
lanthanide decreases the double perovskite structure and the
fluorite-related structures are no longer stable. Therefore, syn-
thetic efforts utilizing molten hydroxides often yield new and
complex structure types if the difference in the cation sizes
becomes too great. The utility of hydroxide flux reactions as a
unique approach for discovering new complex structure types will
be exemplified in the structural investigations in the paragraphs
that follow.
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Fig. 7. (a) Crystal structure of EusRu,0q,, which is representative of the series
LnsRuy045 (Ln = Nd, Sm-Tb). RuOg octahedra are blue, Eu(3)Og octahedra are gray,
Eu(1) and Eu(2) are represented by gray spheres, while red spheres represent
oxygen atoms. (b) The infinite chains of edge sharing RuOg octahedra emphasizing
the alternating short (2.780 A) and long (3.091 A) Ru to Ru distances in EusRu,01,.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

4.1.3. LnsRu2012 [99]

The rare earth ruthenates LnsRu,0;, (Ln = Nd-Tb) were
isolated as single crystals from either sodium or potassium
hydroxide flux reactions carried out in sealed silver tubes at
600°C for 12-24h, Fig. 6. The structure of these compounds
features edge sharing MOg octahedra forming infinite chains that
are separated by rare earth cations, Fig. 7(a). Within the chains
of edge sharing MOg octahedra, the metal-to-metal distances
alternate between short and long, Fig. 7(b). The average valence
state of the metal cations is +4.5. There are relatively few phases

Table 4
Magnetic properties of the remaining lanthanide-containing ruthenates and
iridates synthesized during this study.

Compound Magnetism
NdsRu,01, AFM, Ty<10K
SmsRu;015 AFM, Ty<10K
EusRu,015 AFM, Ty<10K
GdsRu,04; AFM, Ty<10K
TbsRu,012 CAFM, T<10K
Pri4Na3RugO3¢ CAFM, T<8K
Nd 4Na3Rug036 CAFM, T<3K
La, 5K;5Ir07 PM
LagRbll'4024 PM
Gdo.osNay4lrO4 AFM, Ty = 9K
Tbg.93Naq,07Ir04 AFM, Ty<2K
Dyo.94Na1 061104 AFM, Ty = 14K
Hog.goNay10lrO4 AFM, Ty = 7K
Erg75Naj 25104 AFM, Ty = 5K

Yo.02Na1,08r04 AFM1, Ty; = 33K
AEM2, Tyz = 10K
Nd,K,1r0; PM

Sm,KIr07 N

In the table, PM = paramagnetic, AFM = antiferromagnetic, CAFM = canted anti-
ferromagnetic, and N = magnetic studies were not performed. The temperature at
which magnetic ordering is observed is also listed.

that have been reported to crystallize within this structure type,
and some examples include the composition YsRe;0,, [100] and
LnsMo,0q, [101] (Ln =Y and Gd). All of the compounds exhibit
antiferromagnetic behavior at low temperatures and TbsRu,01;
shows evidence of canting at temperatures below 10K (Table 4).

4.14. Lni4NasRugOsg

The hexagonal ruthenates LnisNasRugOsg (Ln = Pr, Nd) [102]
were isolated as single crystals from sodium hydroxide flux
reactions carried out in sealed silver tubes at 600 °C for 12 h. The
structure is composed of two types of slabs, Ln(1)g[Na(2)Ln(3)]»
Na(1)Ru(1)30:5 and Ln(2)sRu(2)Ru(3),0;g, that alternate in an AB
fashion. These slabs, consisting of three layers each, are propa-
gated via a 3; screw axis to yield a unit cell with a 12-layer
structure. The complete structure of Nd4NasRugOs¢ is shown in
Fig. 8, which is very similar to that of La;Ru30,g [103]. All three
compounds share virtually the same arrangement of lanthanide,
ruthenium, and oxygen atoms. The difference is that in Ln4Nas
RugO36 (Ln = Pr, Nd), sodium is present, occupying coordination
sites that are vacant in the structure of La;Ru304g. Both of these
compounds show magnetic behavior that is consistent with
canted antiferromagnetism (Table 4).

4.1.5. LaysK;5IrO; and LagRbIl'4024

As demonstrated in the double perovskite series, lithium and
sodium hydroxide can be utilized as reactive fluxes and their ionic
radii in an octahedral coordination environment (Li = 0.76A;
Na = 1.02 A) [7] make them suitable B-site cations in the double
perovskite structure. Alkali metals with greater ionic radii, such as
potassium (1.38A) [7] or rubidium (1.52A) [7] are too large to
occupy the B-site of the double perovskite structure; thus,
synthetic exploration utilizing potassium and rubidium hydroxide
fluxes led to the isolation of the perovskite-related oxides,
La, sK;5IrO; [104] and LagRbIryO,4 [105]. The reactions were
carried out in sealed silver tubes or covered silver crucibles at
650°C over a period of 24 h. The La; sK;5IrO; crystals were black
and hexagon-shaped, while the LagRblr40,,4 crystals were black
and rectangular block-shaped.

La, sK;sIr0; is an n=2 member of the [A;B,_103,][A20]
family of oxides consisting of close-packed [AOs] and [A’;0] layers
[106-116]. A representation of the crystal structure is shown in
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Fig. 8. The crystal structure of the ruthenates with general formula Ln;4NasRugO36
(Ln = Pr, Nd). NaOg polyhedra are shown in yellow, RuOg octahedra are shown in
blue, oxygen atoms in red and the Nd** atoms have been omitted for clarity. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9 with the crystal structure of Bas44K;s6lr20109, an n =3
member of this family also grown from a molten hydroxide flux
[76], shown to the right for comparison. The structure consists of
anionic [LaIrOg]~ layers that contain lanthanum atoms in a
seven-fold coordination environment and isolated IrOg octahedra.
These layers are charge compensated by cationic [LagsK;50]"
layers that contain mixed occupancy lanthanum/potassium

Fig. 9. The crystal structures of n =2 member, LaysK;s5lrO; (left) and n=3
member, Bas44K;56lr2010 (right) of [A;Bn_103,][A’20] family of oxides. In the
La, 5Ky 5Ir07 structure, the IrOg octahedra are blue, La(1) atoms are black spheres,
La(2)/K(2) atoms are yellow spheres, and the oxygen atoms are red spheres. In
Bas 44K 56I12010, the Ir,09 face-shared octahedra dimers are blue, the barium
atoms are black spheres, the Ba(3)/K(1) atoms are yellow spheres, and the oxygen
atoms are red spheres. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

capped trigonal prismatic sites to yield an overall charge neutral
structure. There was no evidence of magnetic ordering observed
in the magnetic susceptibility data of La, 5sK;5IrO; (Table 4).

LagRblr,0,,4 represents a rare rubidium containing oxide that
crystallizes in a new structure-type. A polyhedral representation
of the structure is shown in Fig. 10 and can be described as arising
from the ABA'BA stacking of two different slabs: LaRbIr,049 (A),
and Laglr,014 (B), where the A’ layer is offset by (x, 1y, 1z) from the
A layer. The A layer consists of a large, RbO,4 octa face-capped
octahedron that vertex-shares to four LaOg octahedra at the
corners of the cell and face-shares to four IrOg octahedra situated
on the edges of the unit cell. In addition, the IrOg octahedra
corner-share with the LaOg octahedra. The B layer contains five
isolated IrOg octahedra, four of which are located on the edges
of the unit cell, while the fifth octahedron is located at the center,
directly below the rubidium atom of the A layer. The large size of
the rubidium atom forces this central IrOg octahedron slightly out
of the plane that contains the other isolated IrOg octahedra. The
space in the Laglr,O4 slabs that is not occupied by the IrOg
octahedra is filled by the lanthanum cations that are located in
distorted, capped-trigonal prismatic environments. The layers are
all connected via chains of LaOg-IrOg—Rb0O4-IrOg-La0Og corner-
shared polyhedra that run along the c-direction. There was no
evidence of magnetic ordering observed in the magnetic
susceptibility data of LagRblr,0,4 (Table 4).

4.1.6. Lny_yNaj,IrO4(Ln = Gd—Er,Y;x = 0.04—0.25)

As demonstrated in the preceding compositions, the incor-
poration of the larger alkali metals, potassium and rubidium, into
the La-M-Ir-0 (M = alkali metal) reaction system resulted in the
crystallization of phases structurally related to the perovskite,
but exhibiting distinct novel structure types. Similarly, as one
continues across the lanthanide series the decreasing size of the
constituent lanthanide no longer allows for the formation of
the perovskite structure. A new series of hexagonal iridates,
Lnq_yNaj.xIrO4 (Ln = Gd-Er, Y) [117] were grown from mixed
sodium/cesium hydroxide flux reactions, where sodium was a
reactive component in the flux and was incorporated into the
structure because it is of similar size to the constituent
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Fig. 10. The crystal structure of LagRblr40,4 viewed along the [010] (b axis). RbOq4
polyhedra are shown in yellow, IrOg octahedra in blue, and LaOg octahedra in
black. Lanthanum and oxygen atoms are black and red spheres, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

lanthanides. The reactions were carried out in sealed silver tubes
or covered silver crucibles at 650 °C over a period of 24 h.

Single crystals of Ln;_yNaj«IrO4 (Ln = Gd-Er, Y) formed as
black hexagonally capped rods and are structurally related to the
Ca,_,Ir04 family of iridates that was first reported many years ago
[118-123]. In this series, the Ca,_,IrO4 (A;BO4) structure was
essentially modified by replacing the two Ca?* cations with one
Ln®* and one Na* cation, thereby generating the generic formula
AA’'BO,. Interestingly, as the size of the lanthanide cations
decreases from Gd-Er, the composition adjusts itself by substitut-
ing sodium onto the lanthanide site to maintain structural
stability. As a result, the oxidation state of iridium increases from
+4.08 in Gd0_96N81'04lr04 to +4.50 in Er0_75Na1,251r04. A polyhedral
representation of the Lny_yNa.xIrO4 (Ln=Gd-Er, Y; x=
0.04-0.25) crystal structure is shown in Fig. 11. The structure
consists of a network of edge- and face-shared polyhedra
extending infinitely in the z-direction with the NaOg trigonal
prisms anchoring three IrOg octahedra at the corners of the
unit cell. Gdo_96N31.04Ir04, DYQ_94Na1.0611‘04, Hog goNa1.10lrOg4, and

Fig. 11. Crystal structure of the Ln;_yNa1.,IrO4 (Ln = Gd-Er, Y) viewed along the z-
direction. NaOg trigonal prisms are shown in yellow, IrOg octahedra in dark blue,
Ln(2)/Na(2) capped-trigonal prisms in light blue, and Ln(1)O9 polyhedra in gray.
Oxygen atoms are represented as red spheres. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

400.0pm

Fig. 12. A scanning electron micrograph of a single crystal of Nd;K,IrO-.

Erg.7sNaq25IrO4 exhibit antiferromagnetic correlations below 15K,
whereas in the case of Tbgg3sNaqg7IrO4, magnetic correlations do
not appear to occur until below 2 K. The magnetic susceptibility
data of YggpNaqgglrO4, exhibit the highest magnetic transition
temperature of 33K, with a second magnetic transition around
10K (Table 4).

4.1.7. Ndele‘O7 and szKzll’O7

Oxides containing Ir®" cations are very rare and have
previously only been prepared in polycrystalline form using
high-pressure synthetic techniques [125-127]. The use of molten
hydroxides has led to the first ambient pressure synthesis of
all—Ir%" containing oxides, Ln,K,IrO; (Ln = Nd, Sm) [124]. Single
crystals of these compounds were obtained from reactive
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Fig. 13. Crystal structure of Nd,K,IrO; showing: (a) the layers of isolated IrOg
octahedra (blue), (b) the slabs of KOyo polyhedra (yellow) and NdO4 polyhedra
(black), and (c) the full structure with oxygen atoms shown in red. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

potassium hydroxide flux reactions in silver crucibles at 550 °C
for 24 h.

Single crystals of LnyK,IrO; (Ln = Nd, Sm) formed as black,
hexagonal plates (Fig. 12). The crystal structure represents a new
structure type related to the [A;B,_103,][A’20] family of oxides
exemplified by La, 5K; 5IrO; [104] and consists of an intricate slab-
like network of isolated IrOg octahedra, KO tetra-capped trigonal
prisms, and NdOq irregular polyhedra as shown in Fig. 13. The
slabs of IrOg octahedra are located perpendicular to the c-axis and
are shifted by (1x,1y,1z) from each other. The KOy, polyhedra
connect the slabs of IrOg octahedra and are also shifted along the
c-axis by (1x,1y,1z). The NdO;o polyhedra occupy the space within
the slabs of IrOg octahedra and additionally connect the slabs of
IrOg octahedra and KO, polyhedra. There was no indication
of ordering in the magnetic susceptibility data for Nd,K,IrO; and
magnetic measurements were not performed for SmyKIrO,
(Table 4).

4.2. Oxides of palladium

When one examines the platinum group metal oxides
literature, there exists a multitude of complex iridates, ruthenates,
and platinates, whereas, complex palladium oxides, containing
palladium in the +2 to +4 oxidation states, are only sparsely
represented. The oxidation state of palladium in these oxides is
heavily dependent upon the method of synthesis. For example,
divalent palladium compounds such as the ternary alkaline earth
palladates Sr,PdOs, SrPd304, and CaPd3;04 [128] and the rare-earth
palladates LnsPdO,; (Ln = lanthanide) [129-132] and La,Pd,Os
[130-132] have been synthesized using traditional high-temperature
solid-state techniques. Although not as common as ternary
palladates, a number of quaternary phases are known, for
example, the alkaline earth palladate CaBa,Pd3;Og [133] and the
rare-earth palladates BaPdLn,Os (Ln = lanthanide) [134], which
were isolated from a BaCl, flux. When palladates with higher
oxidation states are desired, high-pressure techniques have

been employed resulting in the synthesis of mixed valent
palladates, such as LnPd,04 (Ln = lanthanide) [54,55], trivalent
palladates, such as the LaPdOs; perovskite [135], and tetravalent
palladates, such as the 2-H perovskite related oxides CasPdOg and
Sr4PdOg [136], the pyrochlores Ln,Pd,07 (Ln = lanthanide) [137],
and the inverse spinel Zn,PdO, [138]. Several years ago, we
reported the hydroxide flux synthesis and subsequent crystal
growth of SrPd3;04 and CaPds04 [139] and naturally, it was desired
to further investigate the reactivity of palladium in molten
hydroxides and to incorporate lanthanide metals into the reactions,
thereby increasing the structural complexity in the resulting
products. The results of this ongoing study of the Ln-M-Pd-O
phase space are briefly summarized below.

4.2.1. Ordered A,PdOs-type palladates

The ordered lanthanide containing palladates, LnKPdOs;
(Ln = La, Pr, Nd, Sm-Gd) and the isostructural copper substituted
palladate, PrK(Cugi4Pdpgs)O3 [140] were grown from reactive
potassium hydroxide flux reactions in alumina crucibles. The
reactions were carried out at 750 °C for 5h and then cooled over
36h to 600°C, at which point the furnace was shut off and
allowed to cool to room temperature.

Single crystals of LnKPdOs (Ln =La, Pr, Nd, Sm-Gd) and
PrK(Cup14Pdoge)O3 formed as golden brown needles and their
crystal structure is related to the A;MO5 (A = Ca, Sr, Ba; M = Cu,
Pd) [32,128,141-149] alkaline earth metal palladates and cuprates.
The crystal structure of LnKPdOs is shown in Fig. 14. Similar to the
Lnq_yNaj.xIrO4 (Ln = Gd-Er, Y) series discussed earlier, this series
provides another example of the A-site substitution of one
trivalent lanthanide metal and one monovalent alkali metal in
place of two divalent alkaline earth metals. The crystal structure
contains ordered slabs of LnO; and KO- capped trigonal prisms
arranged in a complex network of face-, edge-, and vertex-shared
polyhedra which, in turn, share edges with PdO, square planes.

4.2.2. The A,PdgOg-type palladates
The new series of lanthanide containing palladates, LnNaPdgOg
(Ln =Tb-Lu, Y) [150] were prepared from reactive sodium

Fig. 14. Crystal structure of the ordered LnKPdOs3 (Ln = La, Pr, Nd, Sm, Eu, Gd)
palladates. PdO4 square planes are blue, KO, capped trigonal prisms are yellow,
LnO capped trigonal prisms are gray, and oxygen atoms are red spheres. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 15. Crystal structure of the ordered LnNaPdeOs (Ln = Tb-Lu, Y) palladates.
PdO,4 square planes are blue, NaOg cubes are yellow, LnOg cubes are gray, and
oxygen atoms are red spheres. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

hydroxide fluxes. The reactions were carried out in sealed silver
tubes at 700 °C over the period of 24 h. Single crystals formed as
black cubes with crystal structure related to the APd;04 (A = Ca,
Sr) phases [32,143,151,152], where essentially the unit cell was
doubled to yield the generic formula A,PdgOg. On the A-site, the
substitution of one trivalent lanthanide cation and one mono-
valent sodium cation in place of two divalent alkaline earth metal
cations occurred. The crystal structure consists of slabs of LnOg
and NaOg cubes bridged together by PdO4 square planes as shown
in Fig. 15. The Ln and Na atoms are disordered within the slabs in
all cases except in LuNaPdgOg, where a 1:1 ordered arrangement
of LnOg and NaOg cubes is achieved. The amount of A-site disorder
decreases as the ionic radius of the lanthanide cation decreases
from Tb-Lu.

4.3. Oxides of platinum

4.3.1. (LnyNa)NaPtOg

Single crystals of (Ln,Na)NaPtOg [153,154] were grown from an
acidic sodium hydroxide melts at 700°C for 12h in a silver
crucible covered loosely with a silver lid. The compounds
crystallize in the R3c space group and are m=0, n=1
(or A3A’BOg) members of the Asp+3mA'nBamnOoms+en family of
2H-perovskite related oxides [2]. Interestingly, (La,Na)NaPtOg was
the first example of an oxide of this structure type having a
lanthanide cation (La®*) on the A-site, where previously only
divalent alkaline earth cations were found on the A-site.

The crystal structure of (Ln,Na)NaPtOg consists of infinite
chains of alternating face-shared [NaOg] trigonal prisms and
[PtOg] octahedra as shown in Fig. 16. The structure is derived from
the hexagonal stacking of close packed [(Ln,Na)NaOg] layers with
the subsequent filling of the generated octahedral sites by the Pt
atoms. The polyhedral chains run along [001] and are separated
from each other by six spiral chains of distorted [(La/Na)Og]
square antiprisms.

Fig. 16. The crystal structure of the 2H-related perovskite, (LaNa)NaPtOg. PtOg
octahedra are shown in blue, NaOg distorted trigonal prisms in yellow, La(1)/Na(1)
atoms are represented as black spheres, and oxygen atoms are red spheres. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 17. Scanning electron micrograph of a single crystal of K4;[SmgPt;015].

4.3.2. K4L115Pt2015

Single crystals of the K4LngPt;0¢5 (Ln = La, Pr, Nd, Sm-Gd)
[155] platinates were grown from reactive potassium hydroxide
flux reactions. In the case of K4LagPt;0,5, K4LazNd,Pt,0¢5, and
K4NdgPt,045, the crystal quality was improved by adding
potassium fluoride to the reaction, which acted as a mineralizing
agent. The crystals of K4LngPt;015 (Ln = La, Pr, Nd, Sm-Gd) formed
as cubes or plates varying in colors of red-orange (K4LagPt;015),
black (K4PrgPt;045), blue-green (K4NdgPt;0:5), yellow (K4Smg
Pt,015) (Fig. 17), brown (K4EugPt;045), and orange (K4GdgPt;015).

The structure of K4LngPt;015 (Ln = La, Pr, Nd, Sm-Gd) consists of
a crystallographically well-behaved Ln-Pt-O framework permeated
by channels of disordered atoms along [100] and equivalent
directions (Fig. 18). This three-dimensional Ln-Pt-O framework is
anionic, with composition and charge of [LngPt,045]*~. Within the
channels in the framework, an essentially continuous distribution
of electron density was observed. The [LngPt,0:5]* framework
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Fig. 18. Crystal structure of the [LagPt,0,5]*" framework viewed down the c-axis.
PtOg octahedra are shown in blue, lanthanum ions in green, and oxygen ions in red.
Disordered potassium ions in the channels are not shown. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

consists of linked building blocks that are reminiscent of sodalite
cages. Each such cage contains eight PtOg octahedra that are
surrounded by 36 Ln atoms, 24 of which (6 x 4) are shared with the
six surrounding cages. This leaves a cubic Lny,Ptg core consisting of
8 Pt atoms at the corners and 12 Ln atoms roughly in the middle
of each cube edge, thereby bridging adjacent Pt atoms. In the
core, each Pt is in an octahedral PtOg environment, while each
Ln is in a distorted bicapped trigonal prismatic LnOg coordination
environment. The inside of each channel is “lined” with oxygen
atoms that coordinate to the cations in the channel that provide
charge balance for the [LngPt,045]*~ framework. The Ln-Pt-O cages
connect in 3D to form channels in the a, b, and c directions; at each
of the six junctions, four lanthanide and four oxygen atoms are
shared.

4.4. Oxides of rhodium

4.4.1. La2_47Na1_53Rh05

Single crystals of the 2H-related perovskite, La; 47Na;53RhOg
[154], were grown from a reactive sodium hydroxide flux reaction
at 700°C in a silver crucible covered loosely with a silver lid.
The compound crystallizes in the trigonal space group R3c with
the Kd,CdClg structure and crystal morphology resembling a
hexagonal plate.

Laj 47Na;53Rh0g is a lanthanide containing m=0, n=1
(or A3A’BOg) member of the Asp+3mA’nB3mnOgm+en family of 2H-
perovskite related oxides [2] and is isostructural to (LaNa)NaPtOg
[153]. There are very few examples of AsA’BOg type compounds
containing rhodium synthesized from a hydroxide flux and
include only Sr3LiRhOg and SrsNaRhOg [15]. The crystal structure
consists of infinite chains of alternating face-shared [NaOg]
trigonal prisms and [RhOg] octahedra as shown in Fig. 19. The
structure is derived from the hexagonal stacking of close packed
[(Ln;Na)NaOg] layers with the subsequent filling of the generated
octahedral sites by the Rh atoms. The polyhedral chains run along

Fig. 19. The crystal structure of the 2H-related perovskite, La, 4;Na; 53RhOg. RhOg
octahedra are shown in blue, NaOg distorted trigonal prisms in yellow and La(1)/
Na(1) atoms are represented as black spheres. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

[001] and are separated from each other by six spiral chains of
distorted [(La/Na)Og] square antiprisms.

5. Conclusions and general considerations

We have attempted to provide a detailed synopsis of the
experimental considerations and procedures essential to working
with molten hydroxide fluxes for crystal growth and simulta-
neously to summarize the results we have obtained from our
study of the reactivity of alkali, lanthanide, and platinum group
metals in molten hydroxides (Table 5). There are, however, some
additional practical considerations that warrant mentioning. In
virtually all cases, reaction conditions have to be systematically
optimized for yield, phase purity and crystal quality. Thus, it is at
times necessary to grow high quality crystals in low yield for use
in single crystal X-ray diffraction and lower quality crystals in
greater yield for physical property measurements.

Among these issues, perhaps the most important one concerns
the yield of such crystal growth reactions where, not surprisingly,
the results are unique to each specific reaction. Yields can vary
from essentially 100%, where all reagents are converted into
crystals, to only a few crystals when most of the reagents remain
in the flux. In the latter instances, adjusting the concentrations
and heating profiles in order to influence nucleation and growth,
will typically improve yields, although not necessarily to 100%.
Nonetheless, it is rare to find a reaction where one cannot improve
the yield to the point where it is possible to obtain sufficient
quantities of crystals for physical characterization.

Phase purity is another important aspect and conditions often
have to be adjusted to favor the formation of only the desired
product phase. Typically this involves changing the dwell
temperature, which can become a trade-off between yield, phase
purity and crystal quality. The addition of mineralizers, such as KF,
into the flux also can have profound effects on crystal yield and
crystal quality, as mineralizers can directly affect the dissolution
process of the starting materials. Not all mineralizers work for all
elements and, hence, it is necessary to use general coordination
chemistry principles to guide the choice of the mineralizer.

Another important issue addresses the question of whether it
is possible to prepare the material via a solid-state reaction, now
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Table 5
List of complex platinum group metal oxides synthesized from hydroxide fluxes.

Phase Flux Ref. Phase Flux Ref.

La,LilrOg LiOH [85] SmKPdOs KOH [140]
Pr,LilrOg LiOH/KOH [85]  EuKPdO3 KOH [140]
Nd,LilrOg LiOH/KOH  [85] GdKPdOs; KOH [140]
Sm,LilrOg LiOH/KOH [85]  TbNaPdeOg NaOH [150]
Eu,LilrOg LiOH/KOH [85]  DyNaPdeOg NaOH [150]
La,NalrOg NaOH [81] HoNaPdgOsg NaOH [150]
Pr,NalrOg NaOH [81]  ErNaPdgOg NaOH [150]
Nd,NalrOg NaOH [81] TmNaPdeOg NaOH [150]
Sm,NalrOg NaOH/CsOH [86]  YbNaPdeOg NaOH [150]
La, 5Ky 5Ir0; KOH [104] LuNaPdgOg NaOH [150]
LagRblrsOo4 RbOH [105] YNaPdeOg NaOH [150]
Nd,KIr0, KOH [124] CaPd304 KOH [139]
Sm,K»Ir0; KOH [124] SrPd;0,4 KOH [139]
Pr3lrO; KOH, RbOH [90]  (LayNa)NaPtOs  NaOH [153]
NdsIrO, KOH, RbOH [90]  (Nd,Na)NaPtOs NaOH [154]
SmsIr0, KOH, RbOH  [90]  La4KsPt;015 KOH/KF [155]
EuslrO; KOH, RbOH  [90]  PrsKePt,0;5 KOH/KF [155]
GdoosNajo4lrO4  NaOH/CsOH [117] Nd4KePt,045 KOH/KF [155]
Tbgg3Nay 07Ir04 NaOH/CsOH [117] Sm4KgPt;015 KOH/KF [155]
Dyoo4NajoslfO,  NaOH/CSOH [117] EusKgPt;015 KOH/KF [155]
HopgoNay10lrO4  NaOH/CsOH [117] Gd4KePt;015 KOH/KF [155]
Erg75Naq25IrO4 NaOH/CsOH [117] SrsLiRhOg LiOH/KOH [15]

Yo.02Na1,08lrO4 NaOH/CsOH [117] Sr3NaRhOg LiOH/NaOH [15]
BasLilr,0q KOH/LIOH  [76] Lay47Na;s3RhOg NaOH [154]
Ba;Nalr,09 NaOH [76]  Ba;LizRus029 KOH/LiOH [77]
Bas 44K 5611010 KOH [76]  BasNaRuzO;, NaOH [77]
La,Li0sOg LiOH/KOH  [84] BasLiRu,0q KOH/LiOH [74]
Pr,Li0sOg LiOH/KOH [84]  BasNaRu,0g NaOH [74]
Nd,LiOsOg LiOH/KOH [84]  LayNaRuOg NaOH [83]
Sm,LiOsOg LiOH/KOH [84]  PrpNaRuOg NaOH [83]
La,NaOsOg NaOH [82]  Nd,NaRuOg NaOH [83]
Pr,NaOsOg NaOH [82]  Sms3RuO; NaOH [89]
Nd,;NaOsOg NaOH [82]  EusRuO; NaOH [89]
Sms30s05 NaOH [88]  Pri4sNaszRugOsq NaOH [102]
Eu30s0; NaOH [88] Ndi4NasRugO3p NaOH [102]
Gd;0s07 NaOH [88]  NdsRuy012 KOH [99]
Ba,Li0sOg LiOH [78] SmsRu,0q» NaOH [99]
Ba,NaOsOg NaOH [78]  EusRuy0q» KOH [99]
Ba;Li0s,09 LiOH [75]  GdsRuy012 NaOH [99]
BasNaOs,09 NaOH [75]  TbsRu;01> KOH [99]
LaKPdO3 KOH [140] SrysRu;9Big1033 KOH/Sr(OH), [17]
PrkPdOs KOH [140]  Sr3LiRuOg KOH/LiOH [72]
PrKPdogsClo 1405 KOH [140] SrsLiRhOg LiOH/KOH [15]
NdKPdO3 KOH [140] Sr3NaRhOg LiOH/NaOH  [15]

that the composition is known. This typically depends on the
relative stability of the product vs. other stable phases that will
form at high temperatures. A quick test of the thermal stability of
the product can indicate the likelihood of being able to obtain the
same composition by a high temperature solid-state reaction. If
the material undergoes phase transition/decomposition at tem-
peratures low relative to what is typically needed for a solid-state
reaction, then the odds of being able to synthesize the material by
a solid-state route are low. Also, if the crystal structure contains
channels, even if thermally stable, it is rare that high temperature
reactions will succeed, as they tend to yield more dense phases. In
such cases it may be necessary to prepare multiple batches of
crystals if greater quantities are needed. Thus, while it is often
possible to prepare the same materials by a solid-state route, it is
unfortunately not always the case.

A final topic concerns the issue of a reactive vs. a non-reactive
flux, in this case, the potential incorporation of alkali metals. This
topic is closely related to the complexity of the target oxide. One
approach to obtaining complex oxides containing four or more
elements is to choose reagents that under the reaction conditions
will take on different oxidation states and that will be of different
sizes with different coordination environment preferences. This
will avoid two elements substituting for one another on the same

crystallographic site and encourage each element to play a unique
role in the final structure. Clearly, the alkali metals can fulfill such
a role and, by being part of the flux, they are present in large
quantities.

To predict the reactivity of a flux is problematic, but some
general guidelines can be found. For example, one can hypothesize
that when a very stable structure type forms that does not
accommodate alkali metals, as is the case with many ternary
phases, the flux will be non-reactive. But, when one creates
conditions where entirely new structure types form, as is the case
for many quaternary and most penternary phases, it becomes
likely that the alkali metal will play a part in its formation and be
incorporated. This is supported by the compositions we report
here, where alkali metals are incorporated into most element rich
compounds. Of course there are many known ternary phases
containing alkali metals; however, since they are known, they are
typically not reported in crystal growth experiments involving
hydroxide fluxes and, in fact, conditions are often adjusted to
avoid their formation.

In summary, it can be safely stated that molten hydroxides are
an excellent medium for the crystal growth of complex lantha-
nide-containing platinum group metal oxides and can greatly aid
in the discovery of new complex oxide materials. The utility
of molten hydroxides as a solvent is certainly not limited to the
crystal growth of platinum group metal containing oxides and,
although not covered in this review, their usefulness for the
crystal growth of early transition metal, main group metal and
actinide metal containing oxides has been demonstrated by us
and others.
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