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Abstract

Rapid solid-state metathesis reaction chemistry has been extended to the production of layered metal oxyhalide systems. This article
describes the successful synthesis of crystalline BiOX (X = Cl, 1), and lanthanide oxychlorides (LrOCl, Ln = La, Sm, Gd) from metal
trihalides and Na,0, in seconds. These known materials contain halide double layers separating M—O layers. Powder X-ray diffraction
results on the metathesis metal oxyhalide products agree with prior literature reports. The morphological and compositional properties
of the metal oxyhalide products are described. The rapid production of well-mixed paramagnetic Gd,Sm;_ ,OCI solid-solution materials
was achieved using physical mixtures of SmCl; and GdCl; precursors reacted with Na,O,. The room-temperature magnetic properties of
these materials with varying compositions are also described. As expected, magnetism, unit cell parameters, and M—O vibrational bands
are all dependent on metal composition in the solid-solution products and vary in an approximately linear Vegard’s law fashion.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Low-dimensional solid-state materials often exhibit
unusual anisotropic physical and chemical properties.
Many layered solid-state structures also undergo insertion
reactions between layers (intercalation) that can alter their
electronic and magnetic properties. Classic examples
include graphite and metal chalcogenide systems [1].
Several recent studies have shown that tailored layered
metal oxides result in structural and magnetic changes [2].
Layered metal oxyhalides are another interesting aniso-
tropic metal oxide system, where MO, layers are separated
from each other by one or more layers of halide anions.
Several well-studied examples crystallize in MOX composi-
tions, such as main group BiOX (X =Cl, Br, I) and
lanthanide LnOCI1 (Ln = La to Ho) structures. Many of
these layered oxyhalides crystallize into a tetragonal unit
cell (D4, symmetry) [3] with the tetragonal PbFCl-type
structure (Fig. 1) [4]. This structure has an apparent layered
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arrangement with a chloride double layer separating the
metal oxide layer; however in lanthanide systems, the
metal’s distance to chlorides in both “layers™ is similar.
Thus, this structure type is regarded as tightly bonded and
difficult to intercalate. Though there are recent reports of
anion exchange in BiOX structures [5], related SmSI or
YOF structures observed for heavier MOCI lanthanide
oxychlorides have different halide arrangements and are
more easily intercalated [6].

Bismuth oxyhalides, especially BiOCl, are used as
pigments in the cosmetic industry [7], in oxidative cracking
of n-butane [§8], and more recently as UV or visible light
photocatalysts and transparent nanocomposites [9]. Bis-
muth oxyhalides are commonly synthesized via aqueous
precipitation of bismuth cations from a chloride solution
using dissolved bismuth reagents such as Bi»O; or BiNOj
[9a,9¢,10]. Nanosized bismuth oxyhalides have also been
prepared via reverse microemulsions [9b]. Lanthanide
oxyhalides show catalytic activity in the oxidative coupling
of methane and cracking of n-butane [8,11], and have
demonstrated gas sensing capabilities [12]. The LnOCI
lattice is able to accommodate luminescent rare earth
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Fig. 1. Representation of the tetragonal structure of BIOCI. The Bi* " ions
are blue (small black), O®~ are red (dark grey), and Cl~ are green (large
light grey).

dopants and has application as commercial phosphor
materials in CRT displays [13]. Conventional LnOCI
synthesis methods involve Ln,O5 reactions with NH4Cl
[4c,14] or Cl, [15] at elevated temperatures or LnCl;
reactions with water vapor or hydrated HCI vapor [4b,16].
Direct thermal reactions between Ln,Os; and LnCl; have
also been reported [17]. All of these methods require high
temperatures and need at least several hours of reaction
time. One report describes a low temperature (300 °C) two-
step LnOCIl synthesis, first producing an ammonium
lanthanide chloride from the lanthanum oxide then
converting it to LnOCI using water vapor at 300 °C, but
it required ~12 days of reaction time [6]. Subsequent alkali
chloride flux crystallization at 450°C was needed to
improve product crystallinity. The high-energy mechan-
ochemical synthesis of LaOCI using La,03 and LaCls has
been also reported [18].

In the present study, we examine rapid exothermic solid-
state metathesis (SSM) reactions for direct metal oxyhalide
synthesis. Highly exothermic and self-propagating SSM
reactions form a halide salt byproduct and usually release
sufficient energy to melt the salt (7>1000 °C). They are
briefly analogous to flux-assisted solid-state syntheses and
crystallization methodologies [19], but have a short
window of a few seconds for significant atom diffusion
and crystallization to occur. This method has been
successfully used to synthesize crystalline pnictides, sili-
cides, borides, chalcogenides, and oxides from metal
halides and alkali metal or alkaline earth non-metal
reagents in a generally rapid and exothermic manner
[20,21]. Several furnace heated SSM-style precursor reac-
tions (some with rapid initiation) produce mixed metal
oxides and others produce porous complex oxide materials
[22]. One study, particularly applicable to our current rapid
SSM experiments, heated LaCl;/Li,O mixtures to 500 °C
for 10 h and showed evidence of partial LaOCI formation

along with significant La,O; formation [23]. The report
below describes successful SSM reactions to form crystal-
line MOX materials in seconds. Examples of this method
include BiOCl and BiOI, LaOCl, SmOCI, GdOCI, and
several Sm/Gd solid-solution MOCI products. The com-
positional, morphological, and room-temperature mag-
netic properties of the synthesized layered metal oxyhalides
are described.

2. Experimental section
2.1. Starting materials

The following solid reagents were used as-received for
the synthesis of metal oxyhalides. BiCl; (Aldrich, 98 + %),
Bil; (Aldrich 99.9%), LaCls (Strem, anhydrous 99.9%—
La, REO), SmCI; (Strem, anhydrous 99.9%—Sm, REO)
or GdCl; (Strem, anhydrous 99.9%—Gd, REO), Na,0,
(Alfa Aesar, 93% min.), and Na,O (Aldrich, 97%).
Methanol (Fisher Scientific, ACS grade) was used for
post-reaction washing to remove byproduct salts and
unreacted starting materials.

Safety note: SSM reactions have been known to initiate
upon grinding solid reagents together, so care should be
taken whenever investigating a new reactant pairing. For
example, previous work showed that a TiCl;/Na,O
reaction can be initiated with a red-hot flash if it is
vigorously ground for ~10min with mortar and pestle
[21e]. In the current study, one vigorously ground LaCls/
Na,O precursor mixture also self-initiated in the glovebox.
SSM reactions should be performed on small scales in
reactors with pressure release options.

2.2. SSM synthesis of crystalline MOX materials

The following separate reagent pairs were used for the
synthesis of different metal oxyhalide systems. For
BiOCL:BiCl; (0.500g, 1.58 mmol) and Na,O, (0.124¢g,
1.58 mmol); for BiOI:Bil; (0.500 g, 0.85 mmol) and Na,O,
(0.661 g, 0.85 mmol); for LaOCIl:LaCl; (1.000 g, 4.08 mmol)
and Na,O, (0.318g, 4.08mmol) or Na,O (0.253¢g,
4.08 mmol); for SmOCIL:SmCl; (1.000g, 3.89 mmol) and
Na,0O, (0.304g, 3.89mmol); and for GdOCL:GdCl;
(1.000 g, 3.79 mmol) and Na,0O, (0.296 g, 3.79 mmol). The
molar ratio of metal trihalides to Na,O, (x =1 or 2) is 1:1
to ensure that all sodium is ideally sequestered as sodium
halide in the product. In all cases, the metal halide was
separately ground to a fine powder before being ground
and mixed with the sodium—oxygen reagent, with all
manipulations taking place in an inert atmosphere (argon)
glovebox. In the solid-solution Gd/Sm oxychloride
(Gd,Sm;_,OCl) synthesis, GdCl;:SmCl; relative molar
ratios of 0.25:0.75 (0.250 g, 0.95 mmol:0.730 g, 2.84 mmol),
0.50:0.50 (0.500g, 1.89mmol:0.487g, 1.89mmol), and
0.75:0.25 (0.750 g, 2.84 mmol:0.243 g, 0.95 mmol) were used
as metal halide precursor mixtures. The oxygen precursor,
Na,0O, (0.296 g, 3.79 mmol), was used so that the molar
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ratio of total metal trihalide to Na,O, remained 1:1. For
each Gd/Sm chloride mixture, the two metal trihalide
reagents were ground separately, then intimately ground
together, and finally ground together with Na,O,.

For each of the reagent mixtures described above, the
metal halide/sodium peroxide or oxide reagent mixture was
loaded in a ceramic crucible that was placed in a custom-
built steel filament ignition reactor [24]. The reactor was
sealed with its screw cap and removed from the glovebox.
The exothermic reactions were initiated using a straight or
coiled nichrome filament. The coiled filament consisted of
~10 loops of a 24 gauge (~0.5 mm) nichrome wire that was
formed using a 2mm diameter rod template. This coiled
filament provides multiple initiation sites in the precursor
powder mixture and aids in generating self-sustaining
reactions in systems with high activation barriers [21e].
After the completed SSM reactions cooled to room
temperature, the solid products were stirred in methanol
(~80ml for 1g of as-synthesized product) for 30 min to
remove any unreacted starting materials and sodium halide
byproducts. The washed solid was isolated using vacuum
filtration and then dried in an oven at 140 °C.

2.3. Characterization of synthesized MOX powders

The solid products were ground to a fine powder with
mortar and pestle. The phase and crystallinity of the
products were analyzed by powder X-ray diffraction
(XRD) using a Siemens D5000 diffractometer (50 kW,
30mA, 0.05-0.02°/steps and 1-6s/step count times). Phase
identification was made using reference data from the
JCPDS database. A crystalline silicon powder internal
standard consisting of a finely ground single-crystal silicon
wafer (>99.9%) was used as a reference for lattice
parameter calculations using Powder Cell 2.3 computer
program (http://www.ccpl4.ac.uk/) for MOCI solid-solu-
tion products. XRD pattern positions for the Gd/Sm
solid-solution systems were normalized with respect to an
internal Si standard to overcome any sample height or
instrumentation errors since GdOCl and SmOCI have
similar tetragonal unit cell @ and ¢ parameters. Infrared
spectra were taken on a Nicolet Nexus 670 spectrometer in
transmission mode using KBr pellets containing dilute
products. Scanning electron microscopy (SEM) informa-
tion was obtained with a Hitachi S-4000 or S-3400N field
emission system (5kV) on powders affixed to aluminum
holders with carbon tape. The S-3400N system includes
Si(Li) detector system for energy dispersive spectroscopy
(EDS) (20kV), that provided semiquantitative information
on relative amounts of metal, sodium, and chlorine in the
samples. Room-temperature magnetic susceptibility mea-
surements were obtained on a Johnson—Matthey MKS-Au-
to (Mark II) benchtop magnetic susceptibility balance.
Highly magnetic gadolinium-containing samples were
diluted with a known amount of finely ground NaCl prior
to analysis, otherwise they were attracted to the applied
magnetic field too strongly and measurements were out of

the range of the instrument. The MOCI results were
calculated after subtracting diamagnetic NaCl components
(if applicable) from the raw gram susceptibility data. In all
cases a 5.8 x 107> cm’/mol MOCI diamagnetic correction
was applied to the data [25]. Theoretical paramagnetic
magnetic moments for the Gd/Sm solid-solution MOCI
products were calculated based on a sum of individual
magnetic moments for the relative amounts of each
paramagnetic free metal ion (M) present in the ideal
Gd,Sm;_,OCl formula unit. Magnetic moment estima-
tions from experimental 298 K molar susceptibilities were
made using the ideal Curiec paramagnetic formula
[Hexp = 2.83(y1)"? where y is the corrected molar suscept-
ibility].

3. Results and discussion
3.1. Structural analysis of MOX layered products

In the current study, the conversion of MX; reagents
(M X5 = BiCl;, Bils, LaCls, SmCls, or GdCl3) quickly into
crystalline MOX structures (BiOCl, BiOI, LaOCl, SmOCI,
or GdOCI) via exothermic reactions with Na,O, was
achieved. In these oxyhalide reactions, the formation of a
stable alkali halide byproduct drives a successful rapid
SSM (exchange) reaction. The ideal balanced generic
reaction of MX; with Na,O, is shown in Eq. (1) and
relevant thermodynamic reaction information is contained
in Table 1:

MX5 +Na>0; — MOX + 2NaX + 0.50, (1)

In the case of BiOCl synthesis, a heated filament initiated
a self-sustaining reaction between BiCl; and Na,O,, then
the reactor’s walls became hot to the touch and a
gray—white vapor evolved from under the reactor’s lid.
Once the reaction was cooled to room temperature, a
mainly fused white-tan mass remained at the bottom of the
reactor with about a third of the solid splattered on the
walls. The washed BiCl; reaction product is off-white and
powder XRD data show that it is crystalline tetragonal
BiOCl1 (JCPDS #06-0249, Fig. 2a) that compares well to a
calculated BiOCIl pattern (Fig. 2b). Based on a BiOCl
product, the chemical yield is 38% (see Table 2), which
may be low because of BiCl; vaporization loss due to its
low melting and boiling points (Table 1) [26]. Given that
Bil; has a higher melting/decomposition point than BiCls,
an analogous reaction was attempted between Bil; and

Table 1
Thermodynamic data on metal trihalides and their reactions with Na,O,
to form oxyhalides

Compound BiCl; Bil; LaCl; SmCl; GdCl,
Melting pt. (°C) 230 409 859 682 609
AH; (kJ/mol) —287 —16 —1072 —1026 —1027
AH,, (kJ/mol)* —325 -316 —257 —282 —264

“Based on balanced reaction shown in Eq. (1).
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Na,O,. This reaction also initiated, yielding a dark orange
product after washing. The XRD of this material has very
broad peaks that are consistent with tetragonal BiOI
(JCPDS #10-0445, Fig. S1, electronic supporting material).
The calculated yield was higher (56%) than the BiCl;
reaction; however the product’s poor crystallinity pre-
cluded more in depth study of the BiOI product.
Compared with bismuth trihalides, the lanthanide
trichlorides examined in this study (LaCl;, SmCl;, and
GdCl;) have much higher melting points and therefore
required coiled filaments to initiate a self-propagating
reaction between themselves and Na,O,. In general,
melting points of the lanthanide trichlorides decrease from
LaCl; to GdCl; (Table 1) [27]. To achieve a successful
propagating reaction for LaCls, a higher voltage was
applied to the coiled filament than that needed for the

Intensity (arb.)
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10 20 30 40 50 60 70
Two Theta (degrees)

Fig. 2. XRD stack plot of the washed products from SSM reaction of
Na,O, with (a) BiCls, (c) LaCls, (¢) SmCls, and (f) GdCls. The (*) labels
denote La,O3 and all other peaks agree with MOCI structures. Simulated
MOCI patterns are included for (b) BiOCl (tetragonal a = 3.891 A,
¢ =7.369A) and (d) LaOCI (tetragonal a = 4.119 A, ¢ = 6.883 A).

Table 2
Synthetic and structural data for SSM synthesized metal oxyhalides

lower melting SmCl; and GdCl; (Table 2). In these Na,O,
reactions, the crucible container became hot to the touch
and after cooling it to room temperature, a mainly loose
powdery white product mass was on the bottom of the
reactor. After washing away the NaCl byproduct, the
remaining white solids have XRD patterns (Fig. 2c.e.f)
consistent with the tetragonal metal oxyhalide structures
LaOCI (JCPDS #08-0477), SmOCI (JCPDS #12-0790), and
GdOCl (JCPDS #12-0798) that compare well to a
calculated LaOCI pattern (Fig. 2d). These coiled wire
initiated SSM reactions have isolated MOCI yields above
60%. Previous literature studies on LnOCIl systems
determined that the decomposition properties of MOCI
products show similar overall trends to those noted above
for LnCl; melting points. The lanthanide oxychlorides
readily decompose to corresponding oxides with MClj; loss
at about 1320, 1110, and 1090 °C for LaOCl, SmOCI, and
GdOCl, respectively [28], though heating for hours at lower
temperatures (~800 °C) also causes MOCI] decomposition
in some cases [29]. While the current SSM reactions may
reach transient temperatures near the NaCl boiling point of
~1400 °C, the NaCl byproduct will absorb and dissipate
heat to the container walls and quickly cool the reaction
below the NaCl melting point (801 °C).

In the LaOCI SSM reaction, a small amount of La,Os3
was also observed. La,O; formation from LaCl3/Li,O SSM
reactions has been reported [23], so perhaps local stoichio-
metric inhomogeneities may contribute to some oxide
formation. Since a higher thermal energy is needed for the
initiation of the LaOCI precursor mixture, unreacted metal
halide starting material may also remain and react during
the washing process with available oxygen sources to form
crystalline LaOCI and La,Os;. Previous research has shown
that LaCl;, SmCl;, and GdCl; will react directly with
(heated) water vapor to liberate HCl and form the
corresponding MOCI structures [16], thus it was important
to determine whether crystalline MOCI could form via
direct solution reactions between dissolved MCl; and
Na,O, during the methanol wash process. A control
experiment was performed with separately dissolved/
decomposed LaCl; and Na,O, in methanol. These were
mixed together and stirred in similar manner to that used in
the SSM reaction washing process. The reagent amounts
used were also similar to the LaOCI SSM reaction. XRD of
the isolated products shows only amorphous material
confirming that crystalline LaOCl forms during our

Compound Filament type (voltage applied) Yield® (%) Lattice parameters (A) PbFCI type, P4/nmm (129) M:Cl:Na molar ratio®
BiOCl Straight (15V) 38 a=3.890, c = 7.364 1:0.78:0.03
LaOCl Coiled (20V) 73 a=4.120, ¢ = 6.882 1:0.84:0.05
SmOCI Coiled (15V) 64 a=3.982, c=6.724 1:0.75:0.05
GdoCl Coiled (15V) 61 a=3.953, ¢ = 6.668 1:0.65:0.08

%Yield calculated based on MOX after washing away NaCl.
"From EDS; molar ratio normalized to metal (M).



2920 S. Perera et al. | Journal of Solid State Chemistry 180 (2007) 2916-2925

exothermic SSM reaction and the oxide side product is not
a consequence of reagent hydrolysis during the washing
process.

As noted above, alkali oxides (Li,O, Na,O) have been
successfully used in previous metal oxide SSM metathesis
reactions [20,21]. The reaction of LaCl; with Na,O instead
of Na,O, was also examined to determine whether
alternate solid oxygen sources are viable for rapid MOCI
formation (Eq. (2)),

LaCl; + Na,O — LaOCI + 2NaCl 2)

In contrast to the Na,O, reaction, this Na,O reaction
should have no O, byproduct formation and it also has a
somewhat higher enthalpy of reaction (—351 kJ/mol versus
—257kJ/mol). The SSM reaction was carried out in the
same manner as used for LaCl;/Na,0, and a white product
remained in the crucible after the reaction. The product
was washed with methanol and had higher yield (85%
based on LaOCI) than the Na,O, reaction product. While
its XRD pattern shows mainly LaOCI, there was also clear
La(OH); present, but no La,O; (see Fig. S2). Note that it
has been reported that La,Os; and LaOCI will convert to
La(OH); in presence of water, thus a larger La,Oj
byproduct formation or smaller LaOCI crystallites formed
in the Na,O reaction may lead to La(OH); appearance
after reaction with atmospheric moisture [12,30].

The synthesis of LaOCI from this Na,O SSM reaction
contrasts with previous SSM reactions between LaCls; and
Li>O that were heated at 500 °C for 10h and produced a
nearly equivalent mixture of La,O; and LaOCl. In our
rapid SSM reactions, the quick heating/cooling cycle
afforded by filament-initiated reactions may aid in
quenching out an initially formed LnOCI phase that is
not given time to convert to the stable Ln,Os structure.
Note also that increased amounts of dissolved O~ in
molten salt flux reactions are an important factor in Ln,Oj3
versus LnOCI growth [31]. While molten NaCl is produced
in these exothermic SSM reactions, there may not be
enough time to achieve high dissolved oxygen concentra-
tions that can occur in equilibrated furnace heated SSM
reaction systems.

As noted in Section 2, one major reason for not pursuing
a wider use of Na,O with metal halides, in spite of the
apparent higher product yields noted above, is that more
frequent self-initiation reactions were observed while grind-
ing Na,O (AH;= —418kJ/mol) precursor mixtures in the
glovebox. We never observed unintended exothermic initia-
tion events with the Na,O, (AH; = —513 kJ/mol) reactions,
thus on balance it is a safer solid oxygen source to use in
SSM synthesis examined here. Also note that Na,O is
impure and usually sold as a mixture of Na,O and Na,O,
and it costs twice as much as Na,O,. Other metal
halides (e.g., bromides) and possibly other metal oxygen
sources may also lead to MOX products via rapid SSM
reactions, provided that the thermodynamics are sufficiently
exothermic to allow rapid self-propagation. For example,
stable Na,CO; (AHy= —1131kJ/mol) and Na,C,Oy4

(AH; = —1318kJ/mol) are less likely to form self-propagat-
ing exothermic reactions with stable lanthanide halides,
though they may be successful in furnace heated SSM
reactions. During a previous study [2le], the reaction of
TiCl; with Na,CO; to form TiO, was attempted, but could
not be initiated with a heated filament.

3.2. Compositional analysis of MOX SSM products

The metal (Ln or Bi):halide:sodium relative atomic ratios
obtained from EDS for the metal oxyhalide products are
shown in Table 2. In the La, Sm, and Gd cases, their M
emission lines overlap with the Na K line, which will
cause an overestimation of the Na, Ln, or Bi amounts in
the sample [32]. Sodium content is analyzed as 3-8% in
Table 2 (relative to M in MOX), but this is an over-
estimation because the actual EDS spectra show little or no
visible peak area in the Na K line region (see Fig. S3). For
metal (Ln or Bi) analysis, the L line was used and for
chlorine analysis its K line was used since they do not
overlap with each other or the sodium K line [33]. The Ln
or Bi to halogen ratio is slightly less than 1:1 in all SSM
oxyhalide products. With all of the analysis caveats noted
above, the consistently less than 1:1 metal (Ln or Bi) to
chlorine ratios suggest that some metal oxide formation or
post-reaction hydrolysis may occur in these layered MOX
syntheses. In the BiOI system, no significant overlapping
EDS lines were observed, but this poorly crystalline
product also had less than a 1:1 bismuth to iodine ratio
(supporting info). Since BiOI is known to decompose
above 300 °C, partial decomposition may produce amor-
phous Bi,O3 and lower overall iodine content [26].

3.3. IR spectroscopic analysis of MOX products

The solid IR of the washed BiCl; SSM reaction product
is consistent with the BiOCI lattice vibration reported at

% Transmittance ( arb.)

3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm'l)

Fig. 3. Solid phase IR spectra of SSM products from reaction of Na,O,
with (a) BiCls, (b) LaCls, (¢) SmCls, and (d) GdCl;. The M-O lattice
vibration in MOCI is identified with a (*).
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528 cm ™! (Fig. 3a) [3b,34]. The poorly crystalline BiOI also
showed an identifiable BiOI lattice vibration at 488 cm™'
(not shown). The characteristic IR spectral features for the
lanthanide oxychlorides are intense around 515-550cm™"
and vibrational energies increase as lanthanide molar mass
increases, as was observed in the previous work [3a]. The
lanthanide oxychlorides show lattice vibrations for LaOCl
at 520cm~!, SmOCI at 547 cm™!, and GdOCI at 556cm ™!
(Fig. 3b—d). There is no clear evidence for corresponding
metal oxide (M,05) lattice vibrations, which generally have
their strongest IR vibrations about 20-30 cm ™' lower than
the observed IR peaks for each MOCI product [35]. There
is notable broadening in the BiOCI vibration near 500 cm ™'
that may be due to amorphous Bi,O; and some La,O3
(present in LaOCI sample based on Fig. 2 XRD) may be
visible at the edge of our analysis window, since it
reportedly has a strong vibration near 415cm™" [35].

The IR spectra, particularly for the lanthanide oxychlor-
ides, also show several broad peaks consistent with methanol
vibrations (near 1000-1600, 2900, and 3500cm™"), though
the intense vibrations in the ~1350-1600cm™" are higher
than those expected from free methanol (~1000-1400cm™")
[36]. It has been observed that when electron withdrawing
groups are attached to the oxygen on methanol (e.g.,
H;CO-F), its methyl deformation band is near 1500 cm™",
which is higher than that for CH3;OH. This suggests that
the methanol wash process may generate some strongly
adsorbed methanol or facilitate surface reactions that leave
methoxy substituents on the MOX particles. It is unlikely
that methanol intercalates into the MOJX structures to any
appreciable extent since the MOX interlayer XRD peaks
do not show any apparent shift relative to previously

reported materials (Fig. 2). Partial hydrolysis of the LnOCI
surface sites by air-exposure or residual water in methanol
to form terminal Ln—OH may also contribute to the higher
energy absorptions in the 3400 cm™" spectral region.

3.4. MOX morphology comparison

From the well-crystallized XRD data shown earlier, one
expects particle domains to approach micron sizes, which is
verified by SEM results. The BiOCl product shows rough
edged plate-like particles with 200-800 nm diameters
(Fig. 4A). The LaOCl and SmOCI products have flat oval
morphologies with smooth edges and with various
diameters from ~100nm to several microns (Fig. 4B
and C). In the case of GdOCI, ~700-900 nm size jagged
and irregular elongated plates and ~30nm size particles
represent its characteristic morphology. In previous re-
ports, related plate-like or anisotropic morphologies have
been observed for BiOCl [9a,10], LaOCI [30b], and SmOCI
[15]. Consistent with its poorly crystallized XRD pattern,
the BiOI product showed evidence of micron-sized layer
like aggregations of ~70 nm particles (Fig. S4).

3.5. Synthesis and analysis of solid-solution Sm/Gd
oxychlorides

Mixed metal solid-solution products have been produced
from the rapid SSM reaction method via furnace or
filament ignition using either physical mixtures of metal
halides or solid-solution metal halides [37]. Given the rapid
nature of SSM reactions, pre-mixing metal halide reagents
is very important. We intimately ground individual metal

Fig. 4. SEM images of the washed SSM product from the reaction of Na,O, and (A) BiCl;, (B) LaCls, (C) SmCl3, and (D) GdCl;.
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Table 3

Synthetic and structural data for SSM synthesized Gd,Sm;_,OCI solid solutions

Yield® (%) Gd:Sm

molar ratio®

Ideal formula

(Gd +Sm):Cl
molar ratio®

%m in cm’/mol and Hexp
(/-tcalc) at 298K

Lattice parameters (A)
PbFCl type, P4/nmm (129)

Gdy.25Smy.750Cl 65 1:3.2 1:0.65
Gdy 50Smy_50OCl 60 1:0.99 1:0.73
Gdo_7ssm0,25OC1 65 1:0.36 1:0.90

a=3978, c=6.711
a=3.966, c = 6.691
a=13.963, c=6.676

5.82x 1073 3.72 up (3.18)
1.16 x 1072 5.06 ug (4.77)
1.46 x 1072 5.91 ug (6.35)

#Yield calculated based on Gd,Sm;_,OCl after washing away NaCl.
®From EDS; molar ratio normalized to total metal (Gd + Sm).

halides, GdCl; and SmCls, in various molar ratios and then

mixed them with Na,0O, and performed a rapid SSM

reaction as described below (Eq. (3)).

xGdCl; + (1 — x)SmCl; + Na,O; — Gd,Sm;_, OCl + 2NaCl + 0.50,
3)

The yields of Gd, Sm;_,OCl (x =0.25, 0.5, and 0.75)
SSM reaction products are similar to GdOCI and SmOCI
yields (Tables 2 and 3). The lattice parameters for the
tetragonal GdOCI and SmOCI end members are sensible
since the radius of Gd* ™ is slightly smaller than Sm*®*. The
washed and dried white solid-solution Gd.Sm;_,OCI
product XRD patterns show a tetragonal structure very
similar to GdOC] and SmOCI] with peaks and lattice
parameters that fall in between the single metal oxyhalide
structures (Table 3). Fig. 5 shows stack plots for (1 10) and
(102) peaks to illustrate the XRD peak shifts from larger
to smaller unit cell dimensions as Gd content increases. The
MOCI IR lattice vibration also shows peak shifts to lower
energy as the gadolinium content decreases and the unit
cell gets larger (Fig. S5). Note that low angle shoulders on
some of the XRD peaks in Fig. 5 indicate that local
stoichiometric inhomogeneities are present to some extent
in these solid-solution Gd,Sm,_,OCI products. This is not
surprising since the entire anion—cation metathesis/atom
diffusion/product crystallization series of events in these
rapid SSM reactions occurs in a few seconds. If the
individual metal halides were not intimately mixed prior to
reaction, it is likely that product inhomogeneity would be a
much larger problem (i.e., regions of crystallized Gd-rich
and Sm-rich phases). There are several ways to improve
metal mixing in these solid-solution reactions ranging from
the use of an atomically mixed solid-solution metal halide
precursor (e.g., Gd,Sm;_,Cl;) or subjecting the isolated
SSM reaction products to a post-reaction annealing heat
treatment step. A third alternative would be to initiate the
SSM reaction in an externally heated sealed ampoule,
followed by longer term annealing [20a,22,23].

EDS atomic ratio data on Gd,Sm;_,OCI products show
Gd:Sm ratios that compare well with molar ratios of
reagents used, specifically Gd:Sm ratios of 1:3, 1:1, and
1:0.33 (Table 3). The metal (Gd+Sm) to Cl ratios are
similar to the data for the single metal end members.
The chlorine deficiency suggests that parts of the sample
may be oxygen-rich, but no M,0j; phases were detected by

(110) (102)

Intensity (arb.)

30 31 32 33 34 35 36 37
Two Theta (degrees)

Fig. 5. XRD stack plot of (110) and (102) diffraction peaks for (a)
SmOCI, (b) Gdy255m(.750Cl, (¢) Gdg.50Smy.500Cl, (d) Gdo.75Sme 250Cl,
and (e) GAOCI.

XRD. EDS elemental mapping of the three different
Gd, Sm;_,OCI systems show that both metals are evenly
distributed in the bulk material down to the micron level
and mirror the structural features shown in the SEM
images (Fig. 6).

Both of the SSM-synthesized SmOCI and GdOCI
products are paramagnetic at room temperature and
theoretically have five or seven unpaired electrons for their
trivalent metal ions, Sm*" (4/°) and Gd*" (4f). The
calculated magnetic moments for Sm** and Gd* ™ free ions
are 1.60 and 7.94pup, when accounting for spin—orbit
coupling and orbital mixing interactions [38]. The room-
temperature molar magnetic susceptibility of SSM-synthe-
sized SmOCI and GdOCI were measured to be 1.37 x 1073
and 2.03 x 1072 cm?/mol, respectively. These values corre-
spond to magnetic moments per M* " metal ion of 1.81 pg
(SmOCI) and 6.96 ug (GdOCI), based on ideal Curie-type
behavior at 298 K, which agree reasonably well with free
ion values noted above. Previous reports on room-
temperature molar magnetic susceptibility of SmOCI are
in the 1 x 107° cm?/mol range and SmOCI shows evidence
of an antiferromagnetic transition at 8 K [39]. The room-
temperature magnetic moments of related LnOBr materials
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Fig. 6. SEM (top image) and corresponding EDS map of Gd and Sm distribution (bottom image) in the Gd,Sm;_,OCI solid-solution reaction products
with (A) x = 0.25, (B) x = 0.5, and (C) x = 0.75. EDS images are overlays of SEM (white) with Sm (red, dark grey) and Gd (green, light grey) elemental

signals.

for most of the lanthanide series are in good agreement
with free metal-ion values ranging from 2.4 to 10.3 g,
except SmOBr that was noted as being anomalously high
[40]. Gadolinium molecular complexes are commonly used
in magnetic resonance imaging (MRI) studies [41] and
unusual Gd nanostructures show potential utility in MRI
imaging, with one paper reporting 6.78 ug/Gd for a Gd-
filled/carbon nanotube [42]. Gadolinium is also a compo-
nent in magnetically characterized oxides (7.93-7.99 ug/Gd
in Sm,_,Gd,CuQy solid solutions for x = 1-2, 7.68 ug/Gd
in Gds[SiON3]O, and 8.37up/Gd in GdPO,) [43] and
GdOCl serves as a host for luminescent Eu®* ions [44], but
there are apparently no previous reports on the magnetic
properties of GAdOCI.

The room-temperature molar magnetic susceptibility
values for the solid-solution Gd,Sm;_,OCI (x = 0.25,
0.5, and 0.75) powders were intermediate between those
of SmOCI and GdOCI (Table 3). Their approximate
magnetic moments agree reasonably well with calculated
values assuming an ideal mixture of free ion M>* magnetic
moments in the Gd,Sm;_,OCI samples. As expected, an
increase in Gd content leads to more strongly magnetic
MOCI structures. All of samples containing some gadoli-
nium are sufficiently paramagnetic that they were visibly
attracted to a permanent magnet through the walls of a
glass vial. Graphical representations of the change in ¢ and
¢ lattice parameters and measured molar susceptibility
versus ideal solid-solution composition are shown in Fig. 7.
With the limited number of data points, an approximate
Vegard’s law linear change in both of these properties with
composition is apparent. These mixed metal oxyhalides
have not been previously reported, though GdOCI doped
with 1% Sm was studied as an optical up-conversion laser
material [45]. In future work, we will examine the local

4.000 6.730
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3.980 1 L 6.690
3.970 L 6.670

3.960 1 [ 6.650

a parameter (Angstroms)
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Fig. 7. Plots of Gd,Sm;_,OCI solid-solution results as a function of mole
fraction Gd (x) for tetragonal unit cell ¢ and ¢ lattice parameters (top
graph) and room-temperature molar magnetic susceptibility (bottom
graph).

metal environment and variable temperature magnetic
properties of these SSM-synthesized magnetic solid-solu-
tion layered MOCI structures.
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4. Conclusions

The rapid SSM energetic precursor route for the
synthesis of oxide materials has been increased in scope
to produce crystalline layered metal oxyhalides (MOX)
from metal trihalides and sodium peroxide. By a judicious
(and simple) change in reagent stoichiometries, MOX
materials including BiOX (X = CI or I), LaOCIl, SmOCI,
and GdOCI are produced in seconds as microcrystalline
solids with plate-like morphologies. We also obtained well-
mixed, solid-solution Gd,Sm;_,OCl materials in a con-
trolled manner using mixtures of the individual metal
halides and Na,O,. The formation of solid-solution MOCI
materials from these exothermic reactions that only last
several seconds, is supported by XRD, IR, EDS elemental
mapping, and room-temperature magnetic susceptibility
data. The SSM reaction modifications that led to these
successful MOX syntheses, may find use beyond oxides, to
other layered nitrido- or sulfido-halide structures.
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