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ABSTRACT: Synthesis of metastable materials by control of
reaction pathways is facilitated by low-temperature routes. Cometathesis reactions have recently been shown to lower reaction
temperatures when compared to single-ion metathesis reactions.
Here, we share the discovery of how and why diﬀerent precursor
combinations radically change the reaction pathway and selectively
yield diﬀerent product polymorphs. By studying reactions of the
general form, xAyMnO2 + (1 − x) A′zMnO2 + YOCl → YMnO3 +
xAyCl + (1 − x)A′zCl (A and A′ = Li, Na, Mg, and Ca, y and z = 1/2
or 1, and 0 ≤ x ≤ 1) using ex post facto synchrotron X-ray diﬀraction,
we determine reaction onset temperatures and reaction intermediates
for various combinations of A and A′. These observations highlight
the importance of the nascent halide salt product in determining the
reaction onset temperature, which is lower for all studied cometathesis reactions than the reaction temperatures of the constituent
single-ion metathesis reactions. In addition, the spectating alkali and alkaline earth species determine the accessible intermediates,
which steers the reaction pathways toward diﬀerent product phases. While each of the studied cations has a unique reaction pathway,
polymorph-selective synthesis is only achieved with a mixture of alkali or alkaline earth cations. Speciﬁcally, cation combinations of
Li and Na produce phase-pure products of the hexagonal polymorph of YMnO3 and mixtures of Li and Mg or Mg and Ca produce
orthorhombic YMnO3. Altogether, this study highlights how chemical potentials at reacting interfaces and the propensity to form
defective structures dictates the reaction pathway such that one can target metastable materials by controlling the reaction pathways.
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temperatures, such as FeS2,7 ZnSnN2,8 or MgCr2S4.9 Direct
synthesis of these phases via conventional approaches is
typically diﬃcult,10 and metathesis oﬀers a facile route to their
production.
Metathesis reaction temperatures are further lowered using
cometathesis. In cometathesis reactions, a combination of
precursors are used to produce a mixture of salt products (e.g.,
two alkaline earth ions). The mixture of the salts can have a
lower melting point than either salt individually when the salts
form a eutectic. It was previously shown that including both
MgMn2O4 and CaMn2O4 in a reaction with YOCl yields a
Mg1−xCaxCl2 eutectic along with YMnO3, and the reaction
temperature is lowered by 100 °C relative to either reaction
individually.11 At lower reaction temperatures, the nominally

INTRODUCTION
In the synthesis of metastable oxides, lower-temperature
reactions (e.g., less than 1000 °C) are often preferred to
classic high-temperature solid-state reactions, which promote
decomposition into the most stable form. As solid-state
reactions tend to be mass-transport limited, solution-based
routes improve mobility within a system, allowing for lowertemperature reactions and greater selectivity. For example, a
wide range of vanadium oxides can be obtained using
hydrothermal synthesis by tuning the reaction pH.1 Flux
synthesis is another frequently used solution-based route to
solid materials, with molten salts and other low-melting-point
phases acting as the solvent, increasing ionic transport.2 In the
case of a metathesis (double replacement) reaction, such
molten halide salt phases can be produced alongside the target
product.3,4 Metathesis reactions are typically considered to be
self-propagating if the heat produced by the exothermic
reaction is suﬃcient to melt the produced salt, improving
transport in the system and creating a runaway chain reaction.5
Temperatures in metathesis reactions can reach >1000 °C after
ignition.6 However, recent studies have revealed how lowtemperature, non-self-sustaining metathesis reactions can
provide access to compounds that become unstable at high
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“spectator” ions (e.g., alkali and alkaline earth) play an
important role in dictating the reaction pathway.
The yttrium manganese oxide (Y−Mn−O) chemical system
contains several ternary phases with similar formation energies
(e.g., YMnO3, YMn2O5, and Y2Mn2O7); small variations in the
synthetic approach lead to notable changes in selectivity for the
reaction. For example, reactions of Li2CO3, YCl3, and Mn2O3
in ﬂowing O2 yield phase-pure orthorhombic YMnO3, but
replacing the lithium carbonate precursor with Na2CO3 leads
to Y2Mn2O7, and K2CO3 leads to a mixture of products.12 In
those reactions, various AxMnO2 and YOCl intermediates are
observed, and the relative stability of these intermediates and
their propensity to form defects hints at their ability to control
the reaction pathway.13,14 Similarly, reactions of LiMnO2,13,15
MgMn2O4, or CaMn2O411 with YOCl have unique reaction
pathways, which change the selectivity of these reactions.
Here, we observe and explain the reaction onset temperature
and product selectivity, or lack thereof, of various cometathesis
reactions, which form YMnO3. YMnO3 is traditionally
synthesized by a reaction of the two constituent binary oxides
requiring temperatures of over 1000 °C, which yields the
hexagonal polymorph h-YMnO3.16 Annealing the binary oxides
at temperatures below 850 °C does not produce a singleYMnO3 phase (Figure 1).17 The high temperatures required
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reactions diﬀer from the selectivity rules of the constituent
individual cation metathesis reactions, and speciﬁcally how
balancing reaction pathways, as discussed in previous
publications such as through defect accommodation in
reaction intermediates15 and structural templating,11 allows
speciﬁc products to be targeted.

■

METHODS

Precursor Preparation. Precursors were prepared according to
previously reported syntheses detailed here. Material purity was
conﬁrmed using powder X-ray diﬀraction (PXRD) collected on a
Bruker D8 Discover diﬀractometer using Cu Kα radiation and a
Lynxeye XE-T position-sensitive detector. All experimental methods
described below are machine-readable by the “Syncheck” algorithm19
used to extract recipes in a systematic manner that will allow for
deeper analysis in future studies.20 Graphical representations of
syncheck results are shown in Figures S1−S5.
To synthesize YOCl, YCl3 · 6H2O was heated to 400 °C for 4 h in
air.21 This reaction releases HCl vapor, and thus should be conducted
in a tube furnace; once reacted the resulting white powder was stored
in air.
The tetragonal polymorph of LiMnO2 was synthesized in a twostep process.22 In the ﬁrst step, Li2CO3 and MnO2 (1:4 molar) were
mixed and heated at 800 °C for 12 h in air to form LiMn2O4. Second,
LiMn2O4 and lithium iodide (1:7 molar ratio) were heated to 80 °C
for 2−4 days in acetonitrile under reﬂux and with constant nitrogen
ﬂow. The resulting brown powder was collected by ﬁltration in air.
The powder was stored in a glovebox.
Note: The reaction was considered complete when the diﬀraction
pattern contained a single peak around 18.3° using Cu Kα radiation.
If both the (111) peak of LiMn2O4 and the (110) peak of tetragonal
LiMnO2 could be observed, fresh LiI was added and the sample and
the reﬂux was continued until all of the LiMn2O4 had reacted.
For the synthesis of NaMnO2, Na2CO3 and MnO2 (1:2 molar
ratio) were ground together and heated to 700 °C for 24 h in air.23
The product was then quenched directly into a glovebox
antechamber, and the material was stored under argon. Unlike
LiMnO2 which is stable in air for short periods of time, NaMnO2
should always be handled under an inert atmosphere to avoid
oxidation.
MgMn2O4 was prepared using a sol−gel method.24 Mg(NO3)2·
6H2O and Mn(NO3)2·4H2O (1:2 molar ratio) were dissolved in
water with a molar excess of citric acid. The solution was stirred
overnight and then heated to 100 °C for 16 h until the water boiled
oﬀ. The resulting orange foam was transferred to an alumina crucible
and heated at 650 °C for 12 h. The product was cooled slowly for 6 h
in air. The resulting brown powder can be stored in air.
For CaMn2O4:CaCO3 and MnO2 (1:2 molar ratio) were ground
together and heated to 980 °C overnight in air.25 The resulting
powder was reground, and heated to 1300 °C for 14 days in air. Every
4 days, the reaction mixture was reground to increase surface area.
The resulting dark powder could be stored in air.
Diﬀraction Experiments. Ex post facto (after heating) measurements were run on mixtures of YOCl with one or two of the
manganese-containing precursors mentioned above. The relative
amount of Mn and Y in the system was kept equivalent between
samples. For cometathesis reactions, ratios between the alkali and
alkaline earth metals were chosen so that the resulting halide salt
would have the lowest melting temperature possible unless otherwise
noted. Samples were loaded into a 1.1 mm OD/1.0 mm ID quartz
capillary and sealed under argon. Samples were heated using a
gradient ﬂow cell furnace26 for 40 min before being cooled to room
temperature. The gradient furnace heats capillaries unevenly in a
reproducible manner, and the position along the capillary is correlated
to sample temperature. Calibration of the temperature at each sample
position in the furnace was performed by heating a capillary of Si and
NaCl and determining the temperature of a given point by thermal
expansion.27

Figure 1. Phase diagram of the Y−Mn−O system.17 YMnO3 does not
form directly from the binaries at temperatures below 850 °C, so
indirect reaction routes must be taken to yield o-YMnO3, which is not
the thermodynamically stable polymorph at high temperatures.

for the formation of YMnO3 prevent the formation of the
orthorhombic polymorph o-YMnO3, which transforms to hYMnO3 at temperatures above 980 °C.18 Therefore, to control
polymorph selectivity in the YMnO3 system, it is important to
control reaction temperatures. To this end, we investigate
combinations of Li, Mg, Ca, and Na, and highlight the origin of
speciﬁcity for each cation. Using a gradient furnace and ex post
facto synchrotron X-ray diﬀraction studies, we examine the
general reaction xAyMnO2 + (1 − x) A′zMnO2 + YOCl →
YMnO3 + xAyCl + (1 − x) A′zCl (A and A′ = Li, Na, Mg, and
Ca, y and z = 1/2 or 1, and 0 ≤ x ≤ 1). We show that all
combinations of two cations lower the reaction onset
temperature compared to single-cation metathesis, consistent
with the melting points of the eutectic halide salts. While none
of the single-cation metathesis reactions result in a phase-pure
YMnO3 product, speciﬁc combinations of cation pairs produce
phase-pure and polymorph selective powders of both oYMnO3 and h-YMnO3 through a cometathesis reaction.
Finally, we show how the selectivity rules of cometathesis
B
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Synchrotron diﬀraction experiments were performed at the 28-ID-2
beamline at the National Synchrotron Light Source II at Brookhaven
National Laboratory. Data were collected with X-ray wavelengths of
0.1949 and 0.1939 Å. Data were collected on a PerkinElmer plate
detector at a sample-to-detector distance of 1400 mm. The
experimental data were reduced in real time using the open-source
analysis software xpdAn and xpdTools, which are maintained by the
xpdAcq organization on GitHub (https://github.com/xpdAcq).28
TOPAS v6 was used to analyze the ﬁnal composition of each
metathesis and cometathesis reaction. Reaction onset temperature
was determined using a Pearson correlation analysis in the following
manner. Each diﬀraction pattern was compared to a simulated pattern
of o-YMnO 3 and h-YMnO3 generated using TOPAS using
instrumental terms determined by the Rietveld analysis of a single
diﬀraction pattern. As the Pearson method scales linearly, higher
Pearson coeﬃcients correspond to a greater amount of the targeted
phase within the sample. This method allows quick determination of
the temperatures where the targeted YMnO3 phases form in a highthroughput manner.
Thermodynamic Free Energies. Thermodynamic free energies
for phases in the Y−Mn−O−Li−Na−Mg−Ca−Cl chemical system
were estimated using the same approach as described in a previous
work.29 Atomic structures and their calculated energies were acquired
from the Materials Project (MP), a density functional theory (DFT)
calculation database (version 2021.11.10).30 Gibbs free energies of
formation, ΔGf, of solid compounds were estimated using the
machine-learned Gibbs free energy descriptor approach implemented
by Bartel, et al.31 and applied to MP data at a temperature of T = 800
°C. For compounds with corresponding experimental references in
the NIST-JANAF thermochemical tables (e.g., Li2O2, NaCl), the
formation energy was interpolated from the reference tables.32
Phase Equilibria Calculations. Chemical potential diagrams
were constructed via the method described by Todd, et al.14 and
implemented in the pymatgen package.33 Predominance diagrams
were illustrated by viewing the chemical potential diagram’s surface
from one of the sides so that only two dimensions were visible (Figure
2a−d). The stability domains for the alkali or alkaline earth
manganese oxide phases (AxMnO2) in μY−μMn space were illustrated
by plotting a lower-dimensional slice of their stability domain within
the full A−Mn−O−Y chemical potential space. This allows for
convenient visualization of phase equilibria between the AxMnO2 and
Y−Mn−O phases, where the AxMnO2 domains overlapping with the
other phase domains represent shared boundaries, or phase
coexistence, in higher-dimensional chemical potential space.

■
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Figure 2. Predominance diagrams of the Y−Mn−O system overlaid
with slices of alkali or alkaline earth manganese oxide stability
domains. The overlaid slices correspond to the phases (a) NaMnO2,
(b) CaMn2O4, (c) LiMnO2, and (d) MgMn2O4. Only NaMnO2
overlaps with both Y2O3 and Mn2O3. The circled numerical labels
correspond to the stability domains for the phases: (1) Y2Mn2O7, (2)
YMn2O5, (3) MnO2, and (4) Mn3O4. Polymorph selectivity for
YMnO3 phases is determined by accessible intermediates. Reactions
of LiMnO2 with YOCl form a mixture of Li−Mn−O intermediates
leading to a mixture of YMnO3 products (e),15 while reactions of
MgMn2O4 and CaMn2O4 with YOCl yield o-YMnO3 owing to
alkaline earth metal substitution (f).11

RESULTS AND DISCUSSION

Table 1. Compositions of Final Products of Metathesis
Reactions Determined from Rietveld Reﬁnements 50 °C
above the Reaction Onset as Determined by the Pearson
Correlation Method: Halide Salt Products and Small
Amounts of Reactants and Intermediates Are Not
Accounted for in This Tablea

Reactions of the form xAyMnO2 + (1 − x)A′zMnO2 + YOCl
(A, A′ = Li, Na, Mg, Ca; y, z ∈ [0.5, 1]) were studied using ex
post facto powder synchrotron X-ray diﬀraction. Reagents were
chosen to target a YMnO3 ﬁnal product and corresponding
halide salt products. Samples were typically heated on a
gradient furnace for 40 min before being cooled to room
temperature. 26 Once cooled, diﬀraction patterns were
collected. These diﬀraction patterns are referred to as ex post
facto (after the fact) in this manuscript. The collection of data
at room temperature allows for meaningful comparisons to be
drawn between samples regarding lattice parameters as eﬀects
from thermal expansion are negligible.
Single-Ion Metathesis. The A species in the reaction
AxMnO2 + YOCl (A = Li, Na, Mg, Ca) diﬀerentiate the
accessible reaction pathways that impart selectivity over the
reaction product. Reaction products are summarized in Table
1 and presented in a more complete version in the supporting
information (Table S1). Reactions where A = Li, Mg, and Ca
have previously been reported in the literature,11,15 and the
previously established results are restated here. In reactions of
LiMnO2 with YOCl, a charge disproportionation reaction in

Li (%)
h-YMnO3
o-YMnO3
binaries
Mg:o-YMnO3

Na (%)

Mg (%)

60
40

Ca (%)
18
72

100
100

a

A more complete summary is found in the Supporting Information
(Table S1).

the Li−Mn−O intermediates creates two concurrent reaction
pathways. As oxidizing the Mn reduces the symmetry of the
intermediate (Figure 2e) charge disporportionation in the
intermediates is detectable by powder diﬀraction. Slightly
oxidized Li−Mn−O phases lead to o-YMnO3; slightly reduced
Li−Mn−O phases lead to h-YMnO3. The two ternary oxides
form concurrently at 550 °C. In the reaction of CaMn2O4 with
C
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polymorph and onset reaction temperatures for each
combination of cations are found in the Supporting
Information (Figure S8 and Table S2). These methods were
used to rapidly identify patterns containing either of the
ternary ﬁnal products of the reaction. In all cases, reaction
onset temperatures are lower for the cometathesis system than
for either endpoint independently. However, their relationship
to the eutectic melting temperature is slightly more
complicated. Figure 3 summarizes the onset reaction temperature for the systems studied here.

YOCl, more o-YMnO3 is produced than h-YMnO3. As
CaMnO3 and o-YMnO3 are isostructural (Figure 2f), the
remaining Ca in the structure likely templates the orthorhombic structure. However, at the high temperatures required
for that reaction to take place (690 °C), the o-YMnO3 converts
to h-YMnO3. The hexagonal phase is more thermodynamically
stable at higher temperatures if no defects are present.12,15,34
The reaction of MgMn2O4 with YOCl also favors o-YMnO3 for
similar reasons to CaMn2O4. Despite the higher reaction
temperature with MgMn2O4 (715 °C), there is no conversion
to h-YMnO3. The reaction between MgMn2O4 and YOCl is
only thermodynamically favorable when Mg substitutes into
the ﬁnal YMnO3 product, causing a lattice contraction (Figure
S6). This substitution stabilizes the orthorhombic polymorph
over the hexagonal polymorph leading to a phase-pure product.
The accessible intermediates of reactions containing Li, Mg
and Ca all direct the polymorph selectivity of the YMnO3
ternary oxide product.
In contrast, reactions of NaMnO2 with YOCl form binary
oxides instead of ternary oxides within the temperature range
of this study. After reaction at 775 °C, the ﬁnal products are a
mixture of Y2O3, MnO2, Mn3O4, and NaCl with a small
amount of Mn2O3 present (Figure S7). Although the
manganese oxide species charge disproportionates, an overall
average oxidation state of Mn3+ is maintained. The diﬀerences
in selectivity can be rationalized by observing where A−Mn−O
phases overlap on the Y−Mn−O predominance diagram
(Figure 2a−d). NaMnO2 is stable over a wide range of
chemical potentials, which has previously been shown to
promote the formation of Y2Mn2O7 in reactions under ﬂowing
oxygen.14 However, in evacuated systems with a lower oxygen
chemical potential, the formation of Y2Mn2O7 is not viable.
NaMnO2 forms a stable interface with Y2O3 as well as all of the
relevant manganese oxide phases, as indicated by their
overlapping phase ﬁelds in the predominance diagrams. In
contrast, neither CaMn2O4 nor MgMn2O4 overlap with Y2O3,
and LiMnO2 does not overlap with Mn2O3, making direct
reaction to form binary oxides from these precursors unfeasible
without producing YMnO3 in the process. As observed with
the NaMnO2 precursor, the formation of the binary oxides is
kinetically favorable over the formation of ternary YMnO3, as
the former does not require transport of any of the less mobile
trivalent cations in the system. The wide span of chemical
potentials over which NaMnO2 is stable leads the precursor to
have a more varied chemistry than other similar phases; when
excess oxygen is present it provides a direct pathway to
Y2Mn2O7,14 but without excess oxygen, the formation of binary
oxides over ternary oxides is favored.
Cometathesis Reaction Onset Temperatures. Combining multiple single-ion metathesis reactions in the same vessel
results in a cometathesis reaction. A minor extent of reaction
forms a nascent halide salt phase, which melts at lower
temperatures than either halide salt independently, allowing for
faster reaction, more salt formation, and a cascading reaction.
We identiﬁed the lowest reaction temperature at which
YMnO3 forms after 40 min of heating. Reaction onset
temperatures are determined by comparing a calculated
pattern of both polymorphs of YMnO3 to ex post facto
PXRD patterns using a Pearson correlation analysis. This
statistical method determines if numerical values for two data
sets increase and decrease simultaneously, allowing for rapid
determination of data sets which do and do not contain the
phase of interest. Pearson correlation functions of each

Figure 3. Onset temperature of reaction for cometathesis reactions at
the eutectic composition for the relevant halide salts for (a) Mg/Na,
(b) Na/Ca, (c) Mg/Ca, (d) Ca/Li, (e) Mg/Li, and (f) Li/Na. Trxn as
determined from the Pearson correlation is shown in black,
surrounded by Trxn of the single-ion metathesis reactions for
comparison. The melting point of the representative halide salt is
indicated by a dashed gray line in each system.

The cometathesis systems of Mg−Ca, Mg−Li, and Li−Ca
react roughly 50 °C below the melting point of their resulting
eutectic salt mixtures. While the solvation of Y, Mn, and O into
the eutectic chloride mixture could conceivably further depress
the melting point of the halide salt, the observation of
crystalline halide salts by diﬀraction dictates that bulk melting
is not necessary to obtain enhanced reactivity, consistent with
our prior observations.11 Instead, this lowering in temperature
is attributed to surface melting of the halide salt product.
Surface melting, sometimes called pre-melting, is to the solid/
liquid transition as vapor pressure is to the liquid/gas
transition. As the melting point of the solid is approached, a
quasi-liquid layer is formed on the surface of the solid, which is
more disordered than the solid phase, yet more ordered than
the liquid phase.35 At the earliest stages of the metathesis
reaction, nascent salt crystals form. As the temperature of the
system approaches the melting point, the quasi-liquid layer
promotes transportation within the reaction system, allowing
for the formation of ternary oxides as well as the production of
more halide salt in an autocatalytic manner (Figure 4).
The cometathesis reaction between CaMn2O4, MgMn2O4,
and YOCl is described in detail in a previous work11 and is
summarized here. o-YMnO3 forms at 550 °C, 50 °C below the
eutectic melting point of a mixture of MgCl2 and CaCl2. The
initial melting point of the MgCl 2 −CaCl 2 system is
composition independent in systems with >20 mol % Mg,
D
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YMnO3 at 1300 °C, it is reasonable to assume that a reaction
of NaMnO2 and YOCl eventually forms YMnO3, but that the
reaction requires higher temperatures than were used in this
study. In cometathesis reactions between alkaline earth
manganese oxides, NaMnO2, and YOCl, reaction onset was
seen around 100 °C below the onset reaction temperature for
the alkaline earth manganese oxide reactions. In the case of
Na/Li cometathesis, the reaction occurs around 150 °C lower
than reactions of only LiMnO2 with YOCl, signiﬁcantly below
the LiCl/NaCl eutectic melting point.
The diﬀerent behavior of Na-containing cometathesis
reaction temperatures is consistent with the diﬀerence in
surface melting between NaCl and other halide salts. While
surface melting occurs in a wide range of species such as
DNA,36 water,37 and oxides,38 the eﬀect is not universal.
Instead, the ability of the melt to wet the surface of the
corresponding solid determines the surface melting character
of a phase.39 NaCl is known to have particularly poor surface
wetting, with a contact angle between the melt and the solid of
48.1°.40 LiCl by comparison has a contact angle of 32.3°,
indicating that the isostructural salt will exhibit a greater degree
of surface melting.41 Solid solutions of NaCl and LiCl have
also been shown to exhibit greater surface wetting than the
parent halides,41 which accounts for the lower reaction
temperature seen in Na−Li cometathesis. Measurements
performed on molten MgCl2 and CaCl2 mention that the
molten salts easily wet surfaces,42 and indeed the data collected
in this work is consistent with the mixtures of CaCl2, MgCl2,
and LiCl surface melting around 50 °C below the reported
melting point. We propose that a lack of surface melting in
NaCl does not allow for easy transport of ions within the
system, and it also limits the formation of chloride salt mixtures
containing two cations. This in turn prevents the melting point
depression that would be expected from a eutectic mixture.
Both the MgCl2−NaCl and CaCl2−NaCl eutectics have
signiﬁcantly depressed melting points, so temperatures exist
which are both signiﬁcantly above the melting point of the
halide salt and below the reaction onset for either Ca or Mg
single-ion metathesis. It is in this region that the onset
temperatures for Mg−Na and Ca−Na cometathesis occur,
roughly 100 °C below the onset temperature for the single-ion
metathesis. We propose that at these elevated temperatures,
small amounts of Na are able to dissolve into the alkaline earth
halides, depressing the melting point and allowing for a
lowering of the onset reaction temperature. However, the
melting point of the salt mixture is too cold to allow this
mixing to take place, preventing reaction at the melting point
of the eutectic salt.
Final Reaction Products in Cometathesis Reactions.
Final products of cometathesis reactions include o-YMnO3, hYMnO3, Mg-substituted o-YMnO3, small amounts of binary
oxides, and mixtures of these phases. While amorphous phases
are likely present after only 40 min of reaction, the diﬀraction
data provide insight into product selectivity. To determine this
selectivity in cometathesis reactions, diﬀraction patterns
corresponding to ca. 50 °C above reaction onset for each
composition are ﬁt using product phases (Figure S9). A
numeric summary of the results is presented in Table 2, and a
more complete table is provided in the supporting information
(Table S1). Mg-containing reactions are also ﬁt with a second
o-YMnO3 phase to capture any of the magnesium substituted
yttrium manganese oxide seen previously in Mg cometathesis
reactions (Figure S6). Note that while cometathesis reactions

Figure 4. Schematic of surface melting in a reaction. As the
temperature approaches the melting point of the salt (gray), a quasiliquid layer forms at the surface (black), creating a conduction path
for reactive species and allowing for the accelerated formation of
YMnO3 (orange). The thickness of this layer increases until the
melting point is reached, at which point bulk melting occurs.

and as such, the onset temperature of reaction is also
independent of composition. Similarly, cometathesis reactions
of LiMnO2 and MgMn2O4 with YOCl have temperature onsets
around 50 °C below the eutectic melting temperature. Unlike
the Ca−Mg system, the melting onset temperature of a mixture
of LiCl and MgCl2 varies between 565 and 615 °C. The
reaction onset temperature for reactions of the form (1 −
x)LiMnO2 + x MgMn2O4 + (1 + x) YOCl follow the shape of
the halide salt phase diagram, again roughly 50 °C below the
expected melting point (Figure 5). Reactions of CaMn2O4,

Figure 5. Onset temperature of reaction for cometathesis reactions in
the Mg/Li system overlaid on the binary phase diagram of LiCl and
MgCl2.

LiMnO2, and YOCl also begin forming YMnO3 roughly 50 °C
below the eutectic melting point of a LiCl−CaCl2 mixture.
Cometathesis reactions for the three non-Na-containing
systems are mediated by surface melting of the produced
halide salt.
In cometathesis reactions between Na and alkaline earth
metal precursors, the reaction onset temperature is above the
melting point of the eutectic salt. While the eutectic melting
point of NaCl with MgCl2 and CaCl2 is 450 and 500 °C,
respectively, formation of YMnO3 is not seen until 610 °C in
the Na/Ca system and 670 °C in the Na/Mg system. Reaction
onsets are more gradual than in the Mg/Li and Ca/Mg
systems, with reactions reaching completion at 100 °C above
the onset temperatures. It is diﬃcult to directly compare
reaction onset temperatures of cometathesis reactions with
reactions of NaMnO2 and YOCl, as the reactions yield
diﬀerent products. However, as Mn2O3 and Y2O3 react to form
E
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in the reaction at 50 °C above the reaction onset, excluding the
relevant chloride salts as well as remaining reactants and
intermediates present in the single metathesis systems. In Li−
Mg and Ca−Mg systems, phase-pure o-YMnO3 is formed in
Mg-poor compositions, and phase-pure h-YMnO3 is formed in
Li-rich Li−Na systems.
The A−Mn−O intermediates available in a given reaction
direct the selectivity of the ﬁnal reaction loosely following
trends imparted by the single-ion reactions. h-YMnO3 and oYMnO3 polymorphs are very close in energy. At high
temperatures (T = 1200 °C), h-YMnO3 is more stable,34 but
small amounts of Mn oxidation cause the orthorhombic
polymorph to be more stable than the hexagonal polymorph;
indirect evidence suggests that near-stoichiometric o-YMnO3
could become more stable than h-YMnO3 below ca. 550 °C.13
In Li single-ion metathesis, two Li−Mn−O intermediates
form: one of the intermediates is more oxidized, the other
more reduced, and this charge disproportionation leads to a
mixture of YMnO3 polymorphs in the ﬁnal product, with hYMnO3 being more prevalent than o-YMnO3.15 In Ca singleion metathesis, Ca ions template the orthorhombic YMnO3
structure, which is isostructural with CaMnO3.11 The product
of a Li−Ca cometathesis reaction is a mixture of both YMnO3
polymorphs: it produces more h-YMnO3 than a reaction with
pure LiMnO2, and more o-YMnO3 than a reaction with pure
CaMn2O4. Li and Ca aﬀect cometathesis products in a manner
consistent with the single metathesis ion products.
While the reaction of MgMn2O4 with YOCl yields Mgsubstituted o-YMnO3, Mg cometathesis reactions yield
unsubstituted YMnO3 in Li- and Ca-rich cometathesis
reactions. From a theoretical perspective, the reaction between
MgMn2O4 and YOCl to form YMnO3 and MgCl2 has a
positive ΔGrxn at the temperatures investigated in this study
and therefore should not spontaneously occur.11 However,

Table 2. Compositions of Final Products of Cometathesis
Reactions Determined from Rietveld Reﬁnements 50 °C
above the Reaction Onset as Determined from the Pearson
Methoda
h-YMnO3
o-YMnO3
binaries

h-YMnO3
o-YMnO3
binaries
Mg:o-YMnO3

75% Li 25% Na

50% Li 50% Na

25% Li 75% Na

100%

83%
3%
14%

81%
6%
13%

75% Li 25% Mg

50% Li 50% Mg
3%
36%
2%
58 %

25% Li 75% Mg

50% Ca 50% Mg
3%
58%

25% Ca 75% Mg
12%

58%

88%

52% Na 48% Ca
45%
54%
1%

40% Ca 60% Li
43%
56%
1%

99%
1%

75% Ca 25% Mg
h-YMnO3
o-YMnO3
binaries
Mg:o-YMnO3

h-YMnO3
o-YMnO3
binaries
Mg:o-YMnO3

100%

60% Na 40% Mg
69%
1%
30%

Article

28%
72%

a

Halide salt products and small amounts of reactants and
intermediates are not shown.

go to >90 % completion with respect to crystalline phases,
single-ion alkaline earth reactions only convert <20 % to
yttrium manganese oxide phases while heated to 750 °C for 2
h. Figure 6 and Table 2 show the distribution of ﬁnal products

Figure 6. Phase fractions of products from cometathesis reactions between (a) MgMn2O4 and CaMn2O4, (b) LiMnO2 and MgMn2O4, and (c)
NaMnO2 and LiMnO2 at the noted composition. (d) Results from additional cometathesis reactions at the eutectic composition of the resulting
halide salt are also displayed. o-YMnO3 is shown in dark blue, Mg-substituted YMnO3 in teal, h-YMnO3 in green, and yttrium and manganese oxide
binaries in orange. Products were determined from diﬀraction patterns collected from reaction temperatures approximately 50 °C above the
reaction onset, when product formation had ceased as a function of temperature. Composition is reported by weight percent. Compositions
resulting in a phase-pure product are shown in bold.
F
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those calculations do not consider the thermodynamic
favorability of Mg substituting into YMnO3, which is what is
experimentally observed. Mg substitution in o-YMnO3 is
detectable by a signiﬁcant contraction of the unit cell and
corresponding shifting of peaks in diﬀraction patterns, as
illustrated in Figure S6. Figure 6a,c,d displays signiﬁcant
amounts of the Mg-substituted o-YMnO3 in Mg-rich systems.
At a higher Mg concentration in the Mg−Li system, two oYMnO3 phases are observed, with the phase with the smaller
unit cell having Mg substitution. Mg-substituted o-YMnO3 has
a smaller unit cell volume in the sample that contained 75%
Mg than in the sample which contained 50% Mg (224.4 vs
224.9 Å3) indicating a greater degree of Mg substitution in the
ﬁnal YMnO3 product in systems with more Mg. However, in
the reaction with 75% Li and 25% Mg, no evidence of Mg
substitution of YMnO3 in the system is observed. In Li-rich
regions of the MgCl2−LiCl phase diagrams, instead of forming
CdCl2 structured MgCl2, Mg2+ dissolves into the LiCl rocksalt
structure and no MgCl2 is seen in the ﬁnal pattern. This
dissolution makes it energetically favored for magnesium ions
to leave the YMnO3 structure, allowing for unsubstituted
YMnO3 to form. These results are consistent with the patterns
observed in the previously reported Ca−Mg system.
Reactions of NaMnO2 with YOCl yield a mixture of binary
oxides, yet all Na-containing cometathesis reactions have
YMnO3 as a major product. While small amounts of binary
oxides are produced in sodium-rich reactions in the Na−Li
system, the major product of each Na cometathesis reaction
studied is one of the polymorphs of YMnO3. Na cometathesis
reactions form ternary oxides as the molten halide salts in
cometathesis provide a medium for transporting trivalent ions,
which is not available in Na single-ion metathesis reactions
until temperatures in excess of 800 °C. Na-based cometathesis
reactions favor h-YMnO3 over o-YMnO3. The hexagonal
polymorph of YMnO3 is more thermodynamically stable than
the orthorhombic polymorph at elevated temperatures. Unlike
Mg, Li, and Ca systems, Na metathesis systems do not favor
the orthorhombic polymorph over the hexagonal polymorph,
and thus when the reaction reacts to completion, the more
stable h-YMnO3 is favored. Phase-pure h-YMnO3 was formed
in reactions which contained 75% LiMnO2 and 25% NaMnO2
as the starting manganese-containing reagent.

■

Article

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00636.
SynCheck ﬂowcharts for all precursor syntheses;
example diﬀraction patterns and their respective reﬁnements; and full summary of products found in diﬀraction
experiments and reaction onset temperatures (PDF)

■

AUTHOR INFORMATION

Corresponding Author

James R. Neilson − Department of Chemistry, Colorado State
University, Fort Collins, Colorado 80523-1872, United
States; orcid.org/0000-0001-9282-5752;
Email: james.neilson@colostate.edu
Authors

Allison Wustrow − Department of Chemistry, Colorado State
University, Fort Collins, Colorado 80523-1872, United
States; orcid.org/0000-0003-1036-9912
Matthew J. McDermott − Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States; Department of Materials Science and
Engineering, University of California, Berkeley, California
94720, United States; orcid.org/0000-0002-4071-3000
Daniel O’Nolan − Department of Chemistry, Stony Brook
University, Stony Brook, New York 11790-3400, United
States
Chia-Hao Liu − Department of Applied Physics and Applied
Mathematics, Columbia University, New York, New York
10027, United States
Gia Thinh Tran − Department of Chemistry, Colorado State
University, Fort Collins, Colorado 80523-1872, United
States; orcid.org/0000-0002-3369-7321
Brennan C. McBride − Department of Chemistry, Colorado
State University, Fort Collins, Colorado 80523-1872, United
States; orcid.org/0000-0002-3825-6138
Simon M. Vornholt − Department of Chemistry, Stony Brook
University, Stony Brook, New York 11790-3400, United
States; orcid.org/0000-0001-9490-3785
Chao Feng − Department of Materials Science and
Engineering, University of Michigan, Ann Arbor, Michigan
48109, United States
Shyam S. Dwaraknath − Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States; orcid.org/0000-0003-0289-2607
Karena W. Chapman − Department of Chemistry, Stony
Brook University, Stony Brook, New York 11790-3400,
United States; orcid.org/0000-0002-8725-5633
Simon J. L. Billinge − Department of Applied Physics and
Applied Mathematics, Columbia University, New York, New
York 10027, United States; Condensed Matter Physics and
Materials Science Department, Brookhaven National
Laboratory, Upton, New York 11973, United States;
orcid.org/0000-0002-9734-4998
Wenhao Sun − Department of Materials Science and
Engineering, University of Michigan, Ann Arbor, Michigan
48109, United States
Kristin A. Persson − Department of Materials Science and
Engineering, University of California, Berkeley, California
94720, United States; Molecular Foundry, Lawrence Berkeley

CONCLUSIONS

The rich chemistry of cometathesis allows tremendous
selectivity in solid-state reactions. Reactions of LiMnO2,
CaMn2O4, MgMn2O4, and NaMnO2 independently with
YOCl do not lead to phase-pure polymorph-selective synthesis
of YMnO3; however, cometathesis reactions combinations of
Mg−Li and Mg−Ca lead selectively to o-YMnO3, and Li-rich
Na−Li cometathesis reactions selectively to h-YMnO3. This
selectivity is enabled by both the lower cometathesis reaction
temperature and the unique reaction pathways accessible to
diﬀerent alkali and alkaline earth metals. Alkali and alkaline
earth metals determine the accessible intermediates and thus
reaction processes. In understanding their role, we discovered
design rules for targeting speciﬁc phases using metathesis. The
chemical tunability of metathesis reactions creates reaction
outcomes that are more than a sum of their parts.
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