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Abstract

In solid-state chemistry, stable phases are often missed if their synthesis is impractical, such

as when decomposition or a polymorphic transition occurs at relative low temperature. In the

preparation of complex oxides, reaction temperatures commonly exceed 1000 °C with little to

no control of the reaction pathway. Thus, a prerequisite for exploring the synthesis of complex

oxides is to identify reactions with intermediates that are kinetically competent at low temper-

atures, as provided by assisted metathesis reactions. Here, we study the assisted metathesis re-

action: Mn2O3 +2.2YCl3 ·6H2O+3Li2CO3 −−→ 2YMnO3 +5.8LiCl+0.2LiYCl4 +3CO2

using in situ synchrotron X-ray diffraction. By changing the atmosphere, oxygen vs. inert

gas, the reaction product changes from the over-oxidized perovskite YMnO3+δ
to the hexag-

onal YMnO3 polymorph at the reaction temperature of 850 °C, respectively. Analysis of the

reaction pathways reveals two parallel reaction pathways in forming YMnO3 phases: (1) the

slow reaction of metal oxides in a LiCl flux (Y2O3 + Mn2O3
6LiCl−−−→ 2YMnO3) and (2) the

fast reaction from ternary intermediates (YOCl+LiMnO2 −−→ LiCl+YMnO3) . Control re-

actions reveal that both proposed pathways in isolation result in product formation, but the
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direct preparation of ternary intermediates (YOCl+LiMnO2 −−→ LiCl+YMnO3) occurs at

lower temperatures (500 °C), shorter times (< 24 h), and forms nominally-stoichiometric or-

thorhombic YMnO3. These ternary intermediates react at a faster rate than the slow step-

wise oxygenation of yttrium chloride to Y2O3 (YCl3 −−→ YOCl −−→ Y3O4Cl −−→ Y2O3),

which is relatively inert. These results support a kinetically controlled reaction pathway to

form YMnO3 phases in assisted metathesis reactions with phase selectivity achievable through

changes to reaction atmosphere.

Introduction

Current computational studies are able to predict millions of new functional materials,1 but they

are unable to successfully predict the synthetic pathways by which they proceed.2 While com-

putational studies have begun working towards modeling the “synthesizability” of new inorganic

materials,3,4 the focus remains on describing the thermodynamic range of the products’ stability in

relation to a thermodynamic energy ground-state.5–7 While understanding the relative thermody-

namic energetic position of a desired material is useful in accessing the probability of synthesizing

a material,8 current computational tools cannot predict synthetic variables as they relate to reaction

kinetics, precursor competence, and non-equilibrium phase behavior.4 Also, there is a growing list

of stable compounds previously thought to not exist or be unstable, owing to their decomposition

under traditional synthesis conditions (e.g., MgCr2S4).9 Thus, more diagnostic studies are required

that focus on characterizing these transient steps in material synthesis so that kinetic factors can be

applied to these valuable data-driven endeavors.

In situ X-ray diffraction provides a powerful characterization tool for analyzing these kinetic

factors in solid-state inorganic synthesis.10,11 Temperature-dependent diffraction experiments have

been used in characterizing kinetic control in solids,12 thin films,13 polymorph metastability,14 bat-

tery kinetics,15 hydrothermal crystal growth,16 and the discovery of new materials in flux-mediated

synthesis.17 As a system for these diagnostic studies, metathesis reactions provide diverse compo-

sitional control in the synthesis of oxides, sulfides, and nitrides.18 By tuning the reaction compo-
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sition, energetics can be modulated from rapid, exothermic propagation events19 to reactions that

require continual heating.20–22 These kinetically slower, non-propagating pathways provide oppor-

tunities for kinetic control at low-temperatures23,24 and have been shown to synthesize metastable

products.12,14

Previously, “assisted” metathesis reactions were shown to exhibit selective polymorph forma-

tion in the yttrium manganese oxide family of materials through changes in precursor reactivity.25

Changing the alkali cation in the reaction between Mn2O3, YCl3, and A2CO3 (where A = Li, Na,

K) creates different kinetic pathways that result in three distinct yttrium manganese oxide prod-

ucts: orthorhombic YMnO3+δ
, Y2Mn2O7, and hexagonal YMnO3. Each reaction involving an

alkali cation represents a different set of synthesis conditions and nuances that lead to polymorph

selectivity in this system. This contribution elaborates on lithium carbonate assisted-metathesis

reactions.

Using lithium carbonate, the over-oxidized o-YMnO3+δ
appears to be the thermodynamically-

stable product at reaction temperatures below 850 °C using oxidizing conditions and long reaction

times (7 d):

Mn2O3 +2.2YCl3 ·6H2O+3Li2CO3
O2−−→

2YMnO3+δ +5.8LiCl+0.2LiYCl4(g)

+3CO2(g)+12.4H2O(g) ·

(1)

At temperatures above 850 °C, or under inert conditions, the hexagonal YMnO3 product dom-

inates over long reaction times (7 d). While the over-oxidized perovskite phase is accessible

via assisted metathesis, the stoichiometric o-YMnO3 phase remains inaccessible using assisted

metathesis at any temperature. Stoichiometric o-YMnO3 has been labeled as metastable via citrate

decomposition routes,26,27 kinetic trapping,28,29 and hydrothermal reactions,30,31 but the kinetic

factors that dictate why o-YMnO3 forms over h-YMnO3 are unclear.

The assisted metathesis reactions using lithium carbonate form the o-YMnO3+δ
polymorph,
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but understanding the kinetic factors in selecting between this over-oxidized orthorhombic phase

and the hexagonal polymorph may provide clarity on how to access stoichiometric o-YMnO3.

The assisted metathesis reactions are undoubtedly affected by oxygen fugacity, which suggests

the over-oxidized o-YMnO3+δ
may be stabilized solely through inclusions of Mn(IV) defects and

cation vacancies which have been observed in other rare-earth manganese oxides (LnMnO3 where

Ln = La, Pr, Nd).32–35 While both orthorhombic phases form in the same space group (Pbnm), the

over-oxidized phase exhibits a slightly contracted unit cell volume and exhibits different magnetic

properties.25

Using in situ synchrotron X-ray diffraction, temperature-dependent assisted-metathesis reac-

tions (Eq. 1) are examined under different reaction environments (O2 vs. noble gas). Identification

of the crystalline transient intermediates leads to the identification of two reaction pathways that

explain the observation of o-YMnO3 formation: The formation and subsequent reaction of (i)

ternary intermediates YOCl and LiMnO2 and/or (ii) binary oxides in a lithium chloride flux. In

testing these hypotheses using ex situ control reactions, we identify both pathways as competent

intermediates but discover that the ternary metathesis reaction between yttrium oxychloride and

lithium manganese oxide is much more kinetically competent (i.e., it is faster). Using the discov-

ered “ternary” metathesis between YOCl and LiMnO2, stoichiometric o-YMnO3 is shown to be

synthetically accessible at low-temperatures (500 °C).

Methods

All reagents were prepared, stored, and weighed in an argon-filled glovebox with O2 and H2O

levels ≤ 0.1ppm. Manganese(III) oxide (Sigma Aldrich 99%) was purified by heating Mn2O3 in

an alumina boat at 1 °C/min to 700 °C for 16 h in air and quenched into the glovebox; purity was

verified by powder X-ray diffraction (PXRD). YCl3 ·6H2O (Alfa Aesar 99.9%), lithium carbon-

ate (Sigma Aldrich 99.9%), lithium iodide (Alfa Aesar 99.5%), and lithium choride (Alfa Aesar

99.5%), were purchased and stored under argon. All gases (O2, Ar, He) were purchased through
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Airgas at the Ultra High Purity grade (99.999%). NaMnO2 (C2/m) was prepared by mixing man-

ganese (III) oxide and sodium carbonate (Sigma Aldrich 99.9%) in a 1:1 molar ratio, grinding

for 15 minutes in an agate mortar and pestle, and pelleting using ∼1 tn of force. The pellet was

placed upon a sacrificial layer of powder in an alumina crucible and heated in a muffle furnace

at 1 °C/min to 700 °C for 10 h. The reaction was subsequently quenched into the antechamber

of the glovebox and stored under argon. LiMnO2 (C2/m) was prepared through a solid-state ion

exchange from NaMnO2 and LiI. Sodium manganese oxide was mixed with three molar equiva-

lents of lithium iodide, placed in an alumina crucible, which was sealed in a quartz ampule under

vacuum (> 10 mTorr). The reaction was heated at 1 °C/min to 460 °C for 4 h and cooled at 1

°C/min to room temperature. The product was washed with deionized water, filtered, and dried

at 80 °C for 6 h. YOCl was prepared by heating YCl3 ·6H2O in an alumina boat to 350 °C at 10

°C/min for 4 h in air. The YOCl product formed is the P4/nmn PbClF structure-type. All prepared

reactants were confirmed using laboratory PXRD. Preparations for ex situ assisted metathesis re-

actions have been described in detail previously.25 Oxygen partial pressure was controlled using

mass flow controllers to achieve a 1:100 dilution of oxygen in argon (pO2∼ 10−2 atm), flowing

argon (pO2∼ 10−6 atm), and flowing oxygen (pO2∼0.8 atm).

For temperature-dependent in situ assisted metathesis reactions that produce carbon dioxide

as a by-product, open-ended quartz capillary (1.1 mm OD) were packed in a glove-bag under

argon using glass wool as a plug. Synchrotron X-ray diffraction experiments were performed at

beamline 17-BM-B (λ = 0.2415 ) at the Advanced Photon Source at Argonne National Laboratory

using a Perkin Elmer plate detector at a distance of 700 mm. All capillaries were loaded into a

flow-cell apparatus equipped with resistive heating elements and heated at 10 °C/min.36 Gas flow

(O2, He) was supplied at APS and controlled through mass flow controllers at a rate of 0.2 cc/min.

Assisted-metathesis reactions were heated to a maximum temperature of 850 °C while the sample

continuously rocked at ± 5◦ about the length of the capillary. Diffraction patterns were collected

every two seconds and summed every 20 seconds for powder averaging. Plate detector images

were integrated using GSAS-II and calibrated using a LaB6 standard. Laboratory PXRD data were
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collected on a Bruker D8 Discover diffractometer using Cu Kα radiation and a Lynxeye XE-T

position-sensitive detector.

All Rietveld refinements were performed using TOPAS v6. Due to the number and positional

overlap of intermediates during the sequential refinements, all thermal displacement parameters

were fixed at 52 and the full-width-half-max was fixed at 178 nm to better account for changes in

peak intensity during the reaction. In order to compare the relative fractions of phases determined

from Rietveld calculations, a weighted scale factor is defined as: Qp = Sp ·Vp ·Mp where Qp =

weighted scale factor of phase p, Sp = Scale factor calculated from Rietveld for phase p, Vp is the

volume of the unit cell for phase p, and Mp is the atomic mass of the unit cell for phase p. It should

be noted that we omit the Brindley coefficient for microabsorption correction in our calculation

of weighted scale factor due to the inability to successfully refine our particle sizes for individual

phases. Amorphous material and product lost as vapor are not accounted for in the sequential

refinement. We reference all phases by their stoichiometric formula; however, the actual chemical

formula may be distinct from the written formula as XRD data alone cannot typically resolve

non-stoichiometric compounds.

Results

In situ synchrotron X-ray diffraction experiments were performed to study reaction progress as

a function of temperature (25 °C ≥ T ≤ 850 °C; 10 °C/min) and environment (O2 vs. Ar/He).

Figure 1(a) shows the integrated SXRD patterns from the assisted metathesis reaction (Eq. 1)

under flowing oxygen as a function of temperature. As precursors are heated, the reaction progress

can be segmented into discrete reactive zones ( I, II, III). To quantitatively visualize these reactive

zones, sequential Rietveld refinements were performed over the range of diffraction patterns and

the results are represented in Figure 1(b), where each horizontal sub-panel highlights a different

cation (Y, Mn, Li) for clarity.

Reactive zone I describes the reaction of yttrium chloride with lithium carbonate (Trxn=25-320
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Figure 1: In situ PXRD results of the reaction: Mn2O3 +2.2YCl3 ·6H2O+3Li2CO3 under flow-
ing oxygen. (a) Powder diffraction patterns as a function of temperature (b) Weighted scale factor
of each phase during the reaction pathway from Rietveld refinement as a function of temperature.
Both (a) and (b) are separated into three reactive zones: I Reactivity of yttrium chloride and forma-
tion of YOCl; II Oxygenation of YOCl and formation of LiMnO2; III Melting of LiCl and YMnO3
formation. Each sub-panel in (b) is separated by cation for visualization purposes with the gray
lines denoting phases with other cations.

°C). The first reaction in Zone I is the dehydration of YCl3 ·6H2O which occurs in the two-step

process:

YCl3 ·6H2O −−→ YCl3 ·H2O+5H2O(g) (2a)

YCl3 ·H2O −−→ YCl3 +H2O(g) (2b)

TGA-MS results (Figure 2) support the two-step dehydration of yttrium chloride which agrees with
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previous studies on the decomposition of rare-earth chloride hydrates in air.37 Upon dehydration,

the yttrium chloride reacts with two moles of lithium carbonate according to the following reaction

at Trxn=155-320 °C:

Figure 2: (a) mass spectrometry and (b) thermogravimetric analysis on the reaction: Mn2O3 +
2YCl3 ·6H2O+3Li2CO3. The reaction was heated at 10 °C/min to 850 °C with reaction zones I,
II, and III presented for comparison to Figure 1. The theoretical mass loss from the reaction are
shown as solid black lines in (b). Release of H2O and CO2 vapor during the reaction matches the
reactivity observed in the in situ SXRD data.

2YCl3 +2Li2CO3 −−→ 2YOCl+4LiCl+2CO2 (3)

The formation of LiCl at 136 °C and decrease in Li2CO3 peak intensity over this temperature

range is supported in Rietveld analysis (Figure 1) and mass loss with an increase in CO2 ion count

(Figure 2). Interestingly, there is a discontinuity in crystalline yttrium containing phases (Figure 1)

after the loss of intensity of yttrium chloride hexahydrate. Visual inspection of the SXRD data
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also shows an increase in intensity near the background that correspond to poorly resolved YOCl

(R3m) reflections. These reflections grow (155 -322 °C) before this YOCl phase undergoes a phase

transition to the P4/mnm structure at 322 °C. During Zone I, the manganese(III) oxide remains

unchanged.

Reaction Zone II (322-630 °C) describes the behavior of ternary intermediates along the re-

action pathway. During this temperature range, lithium chloride continues to increase in intensity

and lithium carbonate decreases slowly in intensity (Figure 1). TGA-MS (Figure 2) supports the

reactivity of lithium carbonate as both mass loss and the ion count of CO2 steadily increases over

this range. An increase in lithium carbonate intensity is observed at 350 °C in Figure 1 due to

the overlapping peak positions with P4/mnm YOCl, which grows in rapidly at this temperature.

The behavior of the yttrium-containing intermediates over this range is indicative of the conversion

to Y2O3 under flowing oxygen; as P4/mnm YOCl reacts, Y3O4Cl and Y2O3 emerge while LiCl

continues to grow.

At 515 °C, Mn2O3 reacts with the remaining Li2CO3 according to the reaction in Equation 4:

Mn2O3 +Li2CO3 −−→ 2LiMnO2 +CO2 (4)

TGA-MS (Figure 2) shows a sharp increase in the CO2 signal at this temperature, supporting

the reaction with Mn2O3. Crystalline LiMnO2 (C2/m, Figure 1) begins to grow at 515 °C, while

the Mn2O3 begins to lose intensity.

Reactive Zone III (620-650 °C) begins with the melting of lithium chloride at 620 °C and

ends with the formation of YMnO3 products. During this zone, the Mn2O3 loses intensity rapidly

as LiCl melts. Concomitantly, the intensity of LiMnO2 grows over this range. At 630 °C, the

nucleation and growth of both h-YMnO3 and o-YMnO3+δ
occurs. Above this temperature, all re-

maining ternary intermediates react while both YMnO3 phases grow. TGA-MS (Figure 2) shows a

large mass loss above this temperature that is associated with the volatilization of lithium chloride,
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which has been observed previously in assisted metathesis reactions involving lithium carbonate.25

Unfortunately, lithium chloride also corrodes the quartz capillary at this temperature, as evidenced

by the increase in crystalline SiO2 at ∼4◦ 2θ (Figure 1). Thus, in situ isothermal studies at such

elevated reaction temperatures are not viable as the capillary disintegrates over time. The forma-

tion of both hexagonal and orthorhombic YMnO3 polymorphs occurs simultaneously at 630 °C.

As temperature increases, the amount of o-YMnO3+δ
increases at a faster rate than the hexagonal

polymorph.

Figure 3: In situ PXRD results of the reaction: Mn2O3 +2.2YCl3 ·6H2O+3Li2CO3 under flow-
ing helium. (a) Powder diffraction patterns as a function of temperature (b) Weighted scale factor
of each phase during the reaction pathway from Rietveld refinement as a function of temperature.
Both (a) and (b) are separated into three reactive zones: I Reactivity of yttrium chloride and for-
mation of YOCl; II Oxidation of YOCl and formation of LiMnO2; III Melting of LiCl and YMnO3
formation. Each sub-panel in (b) is separated by cation for visualization purposes with the gray
lines denoting phases with other cations. Quotation marks denote that Mn3O4 is poorly resolved
from Li2Mn2O4 in our refinement.

To test the role of reaction atmosphere on the observed products, the assisted metathesis re-
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action in Equation 1 was performed under flowing helium while monitoring the reaction progress

with in situ SXRD. Figure 3 shows the integrated diffraction patterns as a function of temperature

along with the calculated scale of relevant phases from Rietveld analysis during the reaction. Re-

active zones I, II, and III (Figure 3) follow the same general trends as Figure 1 with the exception

of two major differences. First, there is no distinguishable formation of the ternary intermediate

LiMnO2 during the reaction under helium. During Zone II, the only crystalline intermediate that

forms when Mn2O3 reacts is the spinel Mn3O4. It should be noted that this phase is poorly resolved

in the diffraction data and possesses the same space group as the tetragonal spinel “Li2Mn2O4”

(I41/amd) with comparable unit cell parameters. The second difference is observed upon the for-

mation and growth of YMnO3 phases in Zone III Under flowing helium, where the formation of

YMnO3 phases occurs at 580 °C as compared to 630 °C under flowing oxygen. Also, both hexago-

nal and orthorhombic polymorphs seem to grow at comparable rates during heating. This contrasts

with the reaction performed in O2 (g) (Figure 1), where the orthorhombic polymorph grows at

a much faster rate as compared to the hexagonal polymorph. A drop in intensity of all phases is

observed above 800 °C in Figure 3 due to degradation of the capillary.

Ex situ reactions show that the atmosphere changes which phase of YMnO3 dominates after

extended duration reactions. Under flowing oxygen, the orthorhombic phase selectively forms after

4 hours (Fig. 4(a)). Reactions performed at 850 °C under flowing argon show both h-YMnO3

and o-YMnO3 form upon heating while longer reactions form h-YMnO3 as the observed product.

Analysis of the calculated unit cell volume (Fig. 4(b)) using different environments supports the

oxidation to o-YMnO3+δ
when performing the reaction under flowing oxygen.

Additionally, control reactions were performed at various temperatures and oxygen partial pres-

sures to understand how oxygen fugacity affects phase formation. The relative amounts of each

YMnO3 product are displayed in Figure 5 as individual pie charts. It is likely that these reactions

do not fully equilibrate after 24 h; as such, we assume the majority product to be most stable

under the experimental conditions. At high temperatures, regardless of oxygen partial pressure,

the hexagonal polymorph dominates. At high oxygen partial pressures the o-YMnO3 phase forms
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Figure 4: (a) YMnO3 products calculated from ex situ assisted metathesis reactions at 850 °C
(Eq 1.) under flowing argon (green) versus oxygen (orange) at various reaction times. Open
symbols represent the calculated phase fraction of o-YMnO3+δ

while solid symbols show the
phase fraction of h-YMnO3. (b) Calculated volumes of o-YMnO3+δ

products from the reactions
in (a). The reactions performed under flowing oxygen show a decrease in reaction volume as a
function of time.

over the temperature range of 550-850 °C. At temperatures below 700 °C and pO2 < 1atm, mixed

products of h-YMnO3 and stoichiometric o-YMnO3 appear. At temperatures below 550 °C no

YMnO3 products are observed.

Analysis of the crystalline intermediates along the reaction pathway leads to the construction

of two primary hypotheses that lead to YMnO3 formation:

YOCl+LiMnO2 −−→ LiCl+YMnO3 (5)

Y2O3 +Mn2O3
6LiCl−−−→ 2YMnO3 (6)
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Figure 5: (a) YMnO3 products calculated from ex situ assisted metathesis reactions at various
temperatures and oxygen partial pressures (Eq 1.). Each pie chart denotes the relative molar phase
fraction of each YMnO3 phase as calculated from Rietveld refinements after 24 h reactions: navy
= h-YMnO3, red = o-YMnO3, and orange = o-YMnO3+δ

. Shaded regions illustrate the qualita-
tive change in phase formation under the presented conditions. At high temperatures, h-YMnO3
dominates. At high oxygen partial pressures and temperatures below 850 °C the over-oxidized
o-YMnO3+δ

forms selectively. At temperatures below 750 °C and lower oxygen partial pressures,
a mixture of h-YMnO3 and o-YMnO3 are observed.

In order to test the viability of each hypothesized reaction, ex situ control reactions were performed

and the diffraction patterns of the products are shown in Figure 6 & 7. The reaction between

ternary intermediates (Eq. 5, 500 °C, 24 h, in vacuo) shows the formation of o-YMnO3 as the main

product (Fig 6(a)) while the reaction from the oxides in a lithium chloride flux (Eq. 6) remains

predominately binary oxides (Fig. 7(a)). If the temperature for the flux reaction is increased to

600 °C for 24 h, o-YMnO3 partially forms (Fig. 7(b)), while at 850 °C h-YMnO3 is the major

product after 24 h (Fig. 7(c)). Compared to the reaction shown in Equation 5, the reaction from the

oxides requires higher temperatures and longer times than the reaction from ternary intermediates,

even in a LiCl flux. In the assisted metathesis reactions formation of the orthorhombic product

depends on an oxygen-rich reaction environment, but the control reactions shown in Figure 6 both

are performed in vacuo. Unit cell volumes calculated from Rietveld refinements confirmed that the
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Figure 6: Comparison of ex situ reactions (a) LiMnO2 +YOCl, 500 °C, 24 h, < 10 mTorr; and
(b) Mn2O3 +2.2YCl3 ·6H2O+3Li2CO3, 850 °C, 24 h, Flowing O2. Both reactions were heated
at 10 °C/min. The calculated X-ray diffraction pattern is provided for o-YMnO3 from the ICSD.
The product in (a) matches the stoichiometric o-YMnO3 while the pattern in (b) shows differences
in peak position and shape for the o-YMnO3+δ

phase.

unit cell volume of the o-YMnO3 formed in Equation 5 (225.39 3) matches that of single crystal

o-YMnO3 (225.563);30 over-oxidized YMnO3.11 has a unit cell volume contraction (219.973).25

Comparison of the PXRD data of YMnO3.11 from assisted metathesis reactions at 850 °C for 24 h

in flowing oxygen is displayed in Figure 6(b) to show the change in peak position and anisotropic

peak broadening of the over-oxidized phase. The calculated orthorhombic YMnO3 matches the o-

YMnO3 product from ternary metathesis (Fig. 6(a)). Therefore, we conclude that the orthorhombic

phase formed in Figure 6(a) is stoichiometric and not the over-oxidized polymorph (Fig. 6(b)).
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Figure 7: Comparison of ex situ reactions from the reaction: Y2O3 +Mn2O3
6LiCl−−−→ at (a) 550

°C (b) 600 °C (c) 850 °C. All reactions were heated at 10 °C/min to the reaction temperatrue for
24 h under vacuum in a sealed quartz ampule. Reported structures from ICSD are denoted as tick
marks. Main reflections for LiCl ·H2O: + and LiCl: ∗ are present but not identified using tick
marks.

Discussion

The collective results from these in situ SXRD experiments using assisted metathesis reveal a

kinetically-controlled reaction pathway that proceeds through transient intermediates. Analysis of

these crystalline intermediates and their reaction temperature regimes illustrates the competence

of assisted metathesis precursors to overcome diffusion limitations in the formation of complex

oxides. Previous studies on the kinetics of complex oxide formation are inherently limited to

studying diffusion, whether that be in the bulk,38 thin-films,39 or hydrothermally.40 The sluggish

reaction kinetics in oxides can be attributed to the slow rate of diffusivity of larger cations within

the oxygen sub-lattice, as seen in the synthesis of ternary metal titanates (BaTiO3, SrTiO3) and
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rare-earth chromium oxides (LaCrO3, YCrO3).41–43 These observations are supported in previous

studies on YMnO3 formation, where reactions from the binary oxides (Y2O3+Mn2O3) are limited

by the refractory nature of yttrium oxide. Even at elevated temperatures and times (900 °C, 96 h)

the reaction products include unreacted Y2O3 and yttrium-poor YMn2O5.25 Assisted metathesis

reactions overcome this diffusion barrier by starting with labile precursors (e.g., YCl3) that react

at lower temperatures.

The presented results illustrate that the choice of reaction environment in the assisted metathe-

sis reactions changes the thermodynamic stability of the product. Previous studies have shown

that oxygen fugacity can affect polymorph stability in TiO2 polymorphs by favoring defect states

in the anatase polymorph at high oxygen fugacities.44 We have demonstrated that high oxygen

fugacity (Fig. 5) in assisted metathesis reactions results in the formation of o-YMnO3+δ
at high

oxygen partial pressures. At partial pressures below 1 atm, the hexagonal polymorph dominates at

all temperatures, although at 550 °C, nominally o-YMnO3 forms as a minority product. These data

suggest that o-YMnO3 may be accessible at low temperatures and oxygen partial pressures. Unfor-

tunately, assisted metathesis reactions do not form any yttrium manganese oxide products below

550 °C as Mn2O3 is not reactive at this temperature. Thus, if o-YMnO3 is the desired product, a

different reaction pathway is needed that competently forms YMnO3 products below 550 °C.

Analysis of the reaction intermediates from Figures 1 and 3 provide two hypothetical reac-

tions (Eq. 5 & 6) for the formation of YMnO3 products. Equation 5 proposes a metathesis reaction

from ternary intermediates that are observed along the reaction pathway. While YOCl forms and

reacts comparably under flowing oxygen and argon, the formation of LiMnO2 is only apparent in

the reaction pathway under flowing oxygen. When Mn2O3 begins to react under flowing helium

in Figure 3, Mn3O4 appears as the only manganese containing intermediate. The mixed-valent

Mn3O4 spinel (I41/amd) is poorly resolved in the diffraction data over the temperature range ob-

served (580-680 °C) due to a large number of present phases that overlap in intensity. Interestingly,

the nominally tetragonal spinel “Li2Mn2O4” (I41/amd) also exists with similar lattice parameters

as Mn3O4. Mn3O4 is used in the sequential refinement as the intermediate in Figure 3 as the
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Rietveld calculations have improved statistics (Mn3O4 Rw p = 9.886, Li2Mn2O4 Rw p = 10.356)

during this temperature range. While Mn3O4 provides the best statistical fit to the data, we cannot

rule out that Li2Mn2O4 is not present in some amount at this temperature under flowing helium.

Thus, we deduce that the ternary metathesis reaction in Equation 5 is a plausible pathway for the

formation of YMnO3, regardless of environment.

The reaction from binary oxides in a lithium chloride flux (Eq. 6) is derived from the two

observations from the reaction pathways: (1) the eventual formation of Y2O3 from yttrium chloride

precursors and (2) the observed Trxn of Mn2O3 coinciding with the melting of LiCl. Alkali halide

fluxes have been used previously to accelerate the synthesis of yttrium silicates45 and are used

extensively as fluxes in the growth of single crystal complex oxides.46 Thus, if both binary oxides

are present in a molten, reactive environment (LiCl Tm = 605 °C), the activation barrier of yttrium

oxide diffusion can be lowered to form YMnO3.

While each proposed hypothesis can explain the observed formation of YMnO3, ex situ control

reactions reveal that the rate at which each reaction proceeds differs. The reaction from the ternary

intermediates (Eq. 5, Fig. 6(a)) proceeds at lower temperatures and shorter times than the reaction

from the binary oxides using a lithium chloride flux (Eq. 6, Fig. 7(a)). Even at higher temperatures

(Figure 7(b,c)), the reaction from the oxides is still incomplete after 24 h. The assisted metathesis

reactions proceed to completion at reaction times as low as 4 h at 850 °C suggesting that the for-

mation and reaction between ternary intermediates is kinetically-controlling the reaction pathway.

Analysis of these ternary reaction intermediates reveals why they are kinetically competent at

lower temperatures. Both P4/nmn YOCl and C2/m LiMnO2 adopt layered structures (Fig. 8) that

facilitate and increase diffusion as compared to the structurally dense binary oxides which adopt the

cubic Ia3 structure (Fig. 8). The C2/m LiMnO2 adopts a disordered α-NaFeO2-type structure with

slight site mixing between the lithium and manganese. All yttrium containing intermediates (R3m

YOCl, P4/nmn YOCl, Cmcm Y3O4Cl) form ordered layers of alternating oxygen and chlorine

bilayers separated by yttrium. The YOCl begins forming at temperatures much lower than the

formation of LiMnO2, but the slow conversion to Y2O3 allows for these layered intermediates to
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Figure 8: Comparison of the structures for the proposed intermediate reactions in Equations 5 & 6
as derived from characterization of the assisted metathesis reaction pathway. Yttrium-containing
intermediates were derived from characterizing the the assisted metathesis reaction pathways
(Fig. 1 & 3). From ex situ control reactions the ternary metathesis reaction (YOCl+LiMnO2)
is the kinetically controlling reaction pathway and, while still a competent reaction pathway, the
reaction from binary oxides in a lithium chloride flux (Y2O3 +Mn2O3

6LiCl−−−→ ) requires longer
reaction times to arrive at the orthorhombic YMnO3 product.

persist long enough to react to form YMnO3. The structurally-dense Ia3 Y2O3 does form during

the reaction pathway but reacts upon the melting of LiCl. Therefore, the ternary metathesis reaction

between LiMnO2 and YOCl is the most competent pathway, but it is not the only reaction pathway

possible during an assisted metathesis reaction.

Taken together, three unique reaction conditions enable competent low-temperature, selec-

tive syntheses of three different YMnO3 phases (Table 1). The identification and development

of ternary metathesis reactions has been previously shown using lithium manganese oxide and lan-

thanum oxychloride to form LaMnO3 at 850 °C for 12 h.21 By reducing the reaction temperature

even further (850 °C to 500 °C), the ternary metathesis permits the formation of o-YMnO3, which
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Table 1: Conditions for selective synthesis of YMnO3 phases

Phase o-YMnO3 o-YMnO3+δ
h-YMnO3

Space Group Pbnm Pbnm P63cm

Reaction Type Ternary metathesis (Eq. 5)
Assisted Metathesis (Eq. 1)
Ternary metathesis (Eq. 5)

LiCl flux (Eq. 6)

Assisted Metathesis (Eq. 1)
Ternary metathesis (Eq. 5)

LiCl flux (Eq. 6)
Conditions T <600 °C T = 500 - 850 °C T > 600 °C
Evironment Vacuum, inert gas O2, air Vacuum, inert gas

appears to be thermodynamically stable at these lower temperatures. Previous studies using hy-

drothermal30,31 or citrate decomposition26,27 pathways have resulted in the formation of o-YMnO3

at similar temperatures, but the kinetic factors governing these reactions are more difficult to elu-

cidate than the solid-state reactions studied here. The ternary metathesis reactions pose another

system of kinetically competent reactions when considering new complex oxides: they are less

complex than the three-component assisted metathesis systems and can be performed in vacuo,

reducing the compositional complexity and improving phase selectivity. Future studies will aim to

expand the compositional space of these reactions.

Conclusion

In situ SXRD has been used to characterize the reaction pathway in the assisted metathesis reac-

tion: Mn2O3 + 2.2YCl3 ·6H2O+ 3Li2CO3 −−→ 2YMnO3 + 5.8LiCl+ 0.2LiYCl4(g)+ 3CO2 +

12.4H2O. It has been determined that the selectivity of reaction products is dependent on the re-

action atmosphere. The over-oxidized perovskite o-YMnO3+δ
forms under flowing oxygen while

the hexagonal YMnO3 forms under inert conditions at 850 °C at long time points. While reaction

atmosphere determines the product stability in assisted-metathesis, in situ analysis of the reaction

progress identifies YOCl and LiMnO2 as the intermediates that kinetically control formation of

o-YMnO3. Using these intermediates as precursors to perform ternary metathesis leads to the for-

mation of nominally stoichiometric o-YMnO3 at 500 °C. While molten LiCl may also enhance

mass transport in the reaction, the ternary metathesis reaction yields products in a shorter amount
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of time and at temperatures lower than the melting point of LiCl, as confirmed by ex situ control

experiments.
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Graphical TOC Entry

Lithium carbonate assisted metathesis reactions are shown to provide a low-
temperature synthesis route to ternary YMnO3 polymorphs when changing the
reaction environment from flowing oxygen (orthorhombic YMnO3+δ) to flowing
inert gas (hexagonal YMnO3). In situ characterization of the reaction reaction
reveals that the pathway is kinetically controlled by the formation of ternary inter-
mediates: YOCl+ LiMnO2. When those are taken as precursors, stoichiometric
o-YMnO3 phase formation is possible at temperatures as low as 500 °C.
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