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ABSTRACT: Motivated by the lack of facile routes to alkali—
niobium(V) oxyfluorides KNb,OsF and CsNb,O;F, we investigated
the reactivity of alkali trifluoroacetates KH(tfa), and CsH(tfa), (tfa =
CF;COO0™) toward Nb,Oj in the solid state. Tetragonal tungsten bronze
KNb,O:F and pyrochlore CsNb,OF were obtained by simply reacting
the corresponding trifluoroacetate with Nb,O; at 600 °C under air,
without the need for specialized containers or a controlled atmosphere.
Thermolysis of KH(tfa), in the presence of Nb,Ojs yielded single-phase

(K,Rb,Cs)H(CF3C0O0), + Nb,Os

polycrystalline KNb,O;F. By contrast, the reaction between CsH(tfa),

and Nb,O; produced a mixture of CsNb,OsF and a new oxyfluoride of

formula CsNb;O,F,, whose crystal structure was solved using powder X-ray and electron diffraction. CsNb;O,F, (space group P6/
mmm) belongs to the family of hexagonal tungsten bronzes and features an open-framework structure consisting of corner-sharing
Nb(O,F)s octahedra with hexagonal channels occupied by Cs* ions. Isomorphous RbNb;O,F, was obtained upon reacting
RbH(tfa), with Nb,Os. Synthetic optimization enabled the preparation of RbNb,O,F, and CsNb;O,F, as single-phase
polycrystalline solids at 500 °C under flowing synthetic air. Both oxyfluorides were found to be semiconductors with a band gap of
~3.5 eV. The discovery of these two oxyfluorides highlights the importance of probing the reactivity of solids whose full potential as

fluorinated precursors is yet to be realized.

B INTRODUCTION

Exploratory synthesis plays a key role in the discovery of
functional materials. Typically, exploratory synthetic efforts
involve the investigation of new composition spaces, the
development of original synthetic methodologies, and the
search for and design of novel precursors with distinct
reactivity. Mixed-metal oxyfluorides containing d° ions from
groups V and VI illustrate the significance of exploratory
synthesis in materials research. These oxyfluorides feature
[MO,F,,] (M = Nb™*, Ta**, Mo®, W**) building blocks whose
connectivity, electronic structure, and/or coordination geom-
etry bring about functionalities such as ionic transport,"”
nonlinear-optical activity,”* scintillation,” and photolumines-
cence.”” Examples of functional oxyfluorides discovered
through exploratory synthesis include (Li, Na, Rb)StNb,O4F a
KMoO,F,;,* BaWO,F,,° and Cs;o(Nb,O,F,);F.° Synthetic
efforts toward these and other compositions encompass a
broad range of methodologies (e.g, solid-state reaction in
metal tubes,"® high-pressure/high-temperature solid-state
reaction,” and hydrothermal®”) and fluorine sources (e.g,
metal fluoride salts,"” fluorinated polymers,” aqueous HF,**
and fluorine gaslo). There is a continuous search for
composition spaces, synthetic strategies, and fluorinated
precursors that afford access to novel functional oxyfluorides.
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For a number of years, our group has been studying the
solid-state reactivity of mono- and bimetallic trifluoroacetates,
especially with regard to their utility as precursors to fluoride
materials. We demonstrated that solid-state thermolysis of
bimetallic trifluoroacetates affords facile access to mixed-metal
fluorides AMnF; (A = Na, K, Rb, Cs),"" A’,MnF, (A’ = K, Rb,
Cs),'” and RbA"F; (A” = Mg, Ca)."> More recently, we
showed that the reactivity of monometallic trifluoroacetates
may be leveraged to streamline synthetic access to alkali
fluorosilicates. We reported that KH(tfa), and CsH(tfa), (tfa =
CF,COO™) react with amorphous SiO, under air to yield
hexa- and heptafluorosilicates K,SiFg, Cs,SiFq, K;SiF;, and
Cs;SiF,.'* These solids are usually synthesized via solution-
phase routes that entail using aqueous HF or generating HF in
situ.’””'® A distinct advantage of metal trifluoroacetates as
precursors is that they serve as both metal and fluorine sources.
This is especially convenient when targeting mixed-metal
fluorides because the bimetallic trifluoroacetate delivers the
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two metals in the desired stoichiometric ratio. Moreover, the
fact that trifluoromethyl groups belonging to trifluoroacetato
ligands act as a fluorine source eliminates the need for external
fluorinating agents. A gap in our investigation of the solid-state
reactivity of metal trifluoroacetates is an evaluation of their
potential as precursors to mixed-metal oxyfluoride materials.
To the best of our knowledge, reports on this subject are scarce
and restricted to monometallic oxyfluorides (e.g.,
TiV0O,_osF,"" ZVO.F, ,,"” YOF” LaOF’' and an ill-
defined barium oxyfluoride®*). For completeness, we note that
the ability of rare-earth(Ill) trifluoroacetates to serve as
precursors for the solution-phase synthesis of oxyfluorides is
well-established.”

In this article, we report an investigation of the reactivity of
alkali trifluoroacetates KH(tfa), and CsH(tfa), toward Nb,Os,
a group V refractory oxide. Our motivation was twofold. First,
we aimed to streamline the solid-state synthesis of KNb,OF
and CsNb,OsF. Second, we sought to probe whether novel
alkali—niobium(V) oxyfluorides may be accessed using
trifluoroacetates as precursors. KNb,OsF and CsNb,O F
were first reported by Magneli et al. in 1965 and Fourquet
et al. in 1973, respectively.”¥”> Their crystal structures are
shown in Figure 1. KNb,OsF exhibits a tetragonal tungsten

(a) KNb,OgF (b) CsNb,OsF

L. <Y ° |9
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Figure 1. Crystal structures of KNb,OF (a) and CsNb,O;F (b). Unit
cells are depicted with solid black lines.

bronze structure (space group P4/mbm; Figure 1a). It consists
of a framework of corner-sharing Nb(O,F)s octahedra and
potassium ions located in channels that extend along the ¢ axis.
This open-framework structure has been shown to support
ionic transport.” On the other hand, the crystal structure of
CsNb,OsF is a cubic pyrochlore that features a much more
compact arrangement of corner-sharing Nb(O,F)s octahedra
(space group Fd3m; Figure 1b). This arrangement may be
exploited to realize red phosphors via doping with Mn**
Like KNb,O,F, the anionic substructure of CsNb,O.F exhibits
occupational disorder of oxide and fluoride. A review of
synthetic approaches to KNb,OF and CsNb,OF reveals the
absence of straightforward routes, a common occurrence in the
preparation of alkali—niobium(V) and alkali—tantalum(V)
oxyfluorides. Reported solid-state syntheses of KNb,O;F entail
the solid-state reaction of KF:Nb,O; or
KNbO;:NbO,F:Nb,O; mixtures in sealed platinum tubes at
temperatures ranging from 850 to 1000 °C.*****’ Likewise,
CsNb,O F has been prepared by heating a CsF:Nb,O; mixture
in gold or platinum tubes at temperatures ranging from 700 to
1100 °C.2>**?% On this basis, we decided to revisit the solid-
state synthesis of KNb,OF and CsNb,O;F. The first section

of this article describes our efforts toward streamlining the
synthesis of these oxyfluorides using alkali trifluoroacetates and
fluorides as precursors and routine experimental conditions
(i.e, heating under air in alumina containers). The second
section describes how the distinct reactivity of trifluoroacetates
may be exploited to access new alkali—niobium(V) oxy-
fluorides. Specifically, it reports the discovery of a hexagonal
tungsten bronze of formula CsNb;O,F, and of its isomorphous
rubidium counterpart RbNb;O-F,. The structural analysis
process that led to elucidation of their crystal structures is
described step-by-step. This process entailed coupling powder
X-ray and electron diffraction and provided guidance to
optimize the synthetic conditions that led to single-phase
polycrystalline CsNb;O,F, and RbNb;O-F,. Results presented
herein highlight the significance of exploratory synthesis as a
means of facilitating access to known oxyfluorides and of
discovering new compositions.

B EXPERIMENTAL SECTION

Synthesis of Alkali Trifluoroacetate Precursors. Polycrystal-
line KH(tfa),, RbH(tfa),, and CsH(tfa), were synthesized via solvent
evaporation under flowing nitrogen.’® Starting reagents included
K,CO; (99%), Rb,CO; (99.8%), Cs,CO; (99.9%), and anhydrous
CF;COOH (99%) purchased from Sigma-Aldrich and used as
received. Double-distilled water was used as a cosolvent. Crystal-
lization occurred upon solvent evaporation at 65 °C for 24 h
(potassium) and 48 h (rubidium and cesium). The procedure is
described in detail elsewhere."* 2 mmol of metal trifluoroacetate were
targeted per synthesis.

Synthesis of KNb,O;F and CsNb,OsF. KNb,O,F and
CsNb, O F were synthesized via solid-state reaction under air. Starting
materials included KH(tfa), and CsH(tfa), prepared via solvent
evaporation and KF (99%), CsF (99.9%), and Nb,O; (99.99%)
purchased from Sigma-Aldrich and used as received. Four mixtures
were prepared by mixing and grinding stoichiometric amounts of the
starting materials in an agate mortar in a nitrogen-filled glovebox;
these were KH(tfa),:Nb,O; (~160 mg), CsH(tfa),:Nb,O5 (~150
mg), KF:Nb,O; (~100 mg), and CsF:Nb,O; (~100 mg). Reaction
mixtures were transferred to 5 mL alumina crucibles, which were then
covered with alumina disks, removed from the glovebox, and quickly
transferred to a box furnace preheated at 100 °C. Subsequently, they
were heated under air (relative humidity 25—35%) at 600 °C for 1 h
using a rate of 10 °C min™". Once heating was completed, the furnace
was allowed to cool to 250—275 °C, crucibles were removed, and
intermediate grindings were performed under air. A total of five
heating cycles were carried out. White powders were obtained.

Synthesis of RbNb;O,F, and CsNb;O,F,. RbNb,O,F, and
CsNb;OF, were synthesized via solid-state reaction under flowing
synthetic air (100 mL min™') in an SDT2960 TGA—-DTA
thermogravimetric analyzer (TA Instruments). CsH(tfa),:Nb,O;
(~28 mg) and RbH(tfa),:Nb,O; (~39 mg) mixtures were prepared
by mixing and grinding stoichiometric amounts of the starting
materials (molar ratio 2:3) in an agate mortar in a nitrogen-filled
glovebox. Reaction mixtures were transferred to 90 uL alumina
crucibles, which were then covered with alumina disks, removed from
the glovebox, and quickly transferred to the thermogravimetric
analyzer. Therein, they were held at 35 °C for 10 min and then heated
at 500 °C using a rate of 10 °C min~". Heating was stopped as soon as
the set temperature was reached, and the furnace was allowed to cool
to room temperature. Three additional reaction cycles were
conducted in which the mixtures were heated at 500 °C for 0.5 h
(cesium) or 1 h (rubidium). Intermediate grindings were performed
under air. White products were thus obtained.

Powder X-ray Diffraction (PXRD). PXRD patterns were
collected using a Bruker D2 Phaser diffractometer operated at 30
kV and 10 mA. Cu Ka radiation (4 = 1.5418 A) was employed. A
nickel filter was used to remove Kf. Diffractograms were collected in
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Figure 2. Rietveld analysis of the PXRD patterns of products resulting from the reaction of alkali trifluoroacetates and fluorides with Nb,Os.
Experimental data (O), calculated pattern (solid red line), difference curve (solid blue line, offset for clarity), and tick marks corresponding to the
calculated diffraction maxima (green vertical bars) are shown. Unindexed maxima in (b) and (c) are indicated with ¥ and @ symbols, respectively.

the 10—60° 260 range using a step size of 0.012° and a step time of 0.4
s, unless otherwise noted.

Rietveld Analysis. Rictveld analyses®"** were carried out using
the General Structure Analysis System II (GSAS-II).** The following
parameters were refined: (1) scale factor; (2) background, which was
modeled using a shifted Chebyschev polynomial function; (3)
instrument parameters, including diffractometer constants and
contributions to peak profile; (4) lattice constants, (5) atomic
coordinates when allowed by symmetry; (6) isotropic atomic
displacements parameters; (7) crystallite size and microstrain.
Difference curves and R, residuals were employed to assess the
quality of the refined structural models. Crystal structures were
visualized using VESTA.**

Crystal Structure Determination. The crystal structure of
CsNb;O,F, was solved using EXPO2014 and refined using GSAS-
II. Details of the structure solution procedure and rationale are
provided in the Results and Discussion section.

Electron Diffraction and Microscopy. Selected area electron
diffraction (SAED), convergent beam electron diffraction (CBED),
and X-ray energy dispersive spectrometric (XEDS) analyses were
performed using a JEM2100HT microscope (JEOL Ltd.) operating at
200 kV. Scanning transmission electron microscopy maps (STEM—
XEDS) were obtained using a Talos F200X G2 S/TEM (Thermo
Scientific) operating at 200 kV. Polycrystalline CsNb;O,F, and
RbNb;O-F, were dispersed in toluene and drop-casted onto 200-
mesh copper grids coated with a Lacey carbon film (Ted Pella Inc.).

1,32

B RESULTS AND DISCUSSION

Section I. Synthesis of KNb,O;F and CsNb,OsF
Revisited. Our goal was to find out if alkali trifluoroacetates
and fluorides are suitable to streamline the solid-state synthesis
of KNb,OF and CsNb,OsF. Moreover, we sought to pinpoint
differences between the reactivity of trifluoroacetates and
fluorides toward Nb,O; and investigate whether they may be
exploited to access previously unknown oxyfluoride phases.
Mixtures consisting of the alkali metal precursor and Nb,O; in

11844

a 1:1 molar ratio were heated at 600 °C for S h under air, that
is, five cycles of 1 h each, as described in the Experimental
section. Reaction progress was followed using PXRD. Results
from these studies are summarized in Figure 2, where patterns
of the products obtained after the fifth heating cycle are shown
along with the corresponding Rietveld analyses. Patterns
collected after intermediate cycles are given in Figures S1
and S2. The reaction of KH(tfa), with Nb,Os yielded phase
pure KNb,OcF (Figure 2a). All diffraction maxima were
indexed to the oxyfluoride phase (PDF No. 00-036-0808); no
secondary crystalline phases were observed. KNb,O F was
obtained as the sole crystalline phase in the second heating
cycle and remained intact during three additional heating
cycles (Figure S1). Phase pure KNb,OF could not be
obtained using KF as the alkali metal precursor. Reaction of
this metal fluoride with Nb,Oj yielded KNb,OF as the major
phase along with unindexed reflections at 26 ~ 23.7, 28.4, 36.6,
and 48.4° (Figure 2b). Heating past the second cycle did not
reduce their intensity relative to the maxima belonging to the
oxyfluoride phase, indicating the stability of this secondary
phase at 600 °C (Figure S1). Structural parameters extracted
from Rietveld analyses are given in Table 1. Occupancy factors
(f) of the K1 and K2 sites were refined constrained to 2 X fy,
+ 4 X fx, = 5. Isotropic displacement parameters were
constrained to U*% = 1.2 X Uy, and U*°5 = 1.5 X Uy,
Crystallochemically meaningful values were obtained for all
parameters. Refined atomic coordinates were quite similar to
those of the starting structural model, which is given in Table
S1. Only potassium site occupancies changed noticeably upon
refinement. These went from 0.5 and 1.0 for K1 and K2 in the
starting model to 0.653(8) and 0.924(4), respectively, in
KNb,OF prepared using KH(tfa),. Likewise, occupancies
equal to 0.801(13) and 0.850(6) were refined for K1 and K2,
respectively, in the oxyfluoride prepared using KF as a
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Table 1. Refined Structural Parameters of KNb,O F and CsNb,OF

KNb,OF (P4/mbm)*

CsNb,OGF (Fd3m)"®

alkali precursor KH(tfa), KF
a (A) 12.6337(4) 12.6512(9)
¢ (A) 3.94817(10) 3.9546(3)
vV (A% 630.17(5) 632.96(12)
K2 x 0.1725(4) 0.1720(6)
¥y 0.6725(4) 0.6720(6)
Nb1 x 0.07314(19) 0.0733(3)
y 0.2144(3) 0.2170(4)
02, F2 x 0.1440(8) 0.1346(11)
y 0.0697(12) 0.0742(17)
03, F3 x 0.3506(10) 0.3453(15)
y 0.0029(6) 0.0039(8)
04, F4 x 0.0746(8) 0.0727(11)
¥y 0.2118(9) 0.2192(13)
05, FS x 0.2854(7) 0.2690(10)
fx 0.653(8) 0.801(13)
fro 0.924(4) 0.850(6)
U© 2.53(10) 1.10(17)
U°\,° 2.10(9) 0.92(14)
U0 5" 3.16(13) 1.4(3)
R, (%) 9.6 11.5

alkali precursor CsH(tfa), CsF
a (A) 10.5265(4) 10.5270(3)
v (A% 1166.41(12) 1166.59(9)
01, F1 x 0.3126(7) 0.3132(5)
U*°c,* 3.76(17) 3.82(11)
U, 2.48(14) 2.58(10)
U6 5.6(3) 5.73(17)
R, (%) 14.3 10.3

933 (KH(tfa),) and 32 (KF) parameters refined. 16 (CsH(tfa),) and 15 (CsF) parameters refined. “Given in A2 as 100 X U.

precursor. Potassium disorder has been shown to depend
strongly on the synthesis conditions. For example, De-Yu and
coworkers reported values of 0.5 (K1) and 1.0 (K2) for
KNb,O:F synthesized from KNbO,;, NbO,F, and Nb,O; in
sealed tubes at temperatures ranging from 850 to 1000 °C for
3—5 days.”” An analogous reactivity study was performed for
cesium. CsH(tfa), and CsF yielded CsNb,OF upon reaction
with Nb,O; at 600 °C under air (Figure 2c,d). Structural
parameters extracted for the oxyfluoride via Rietveld analysis
were in line with those of the starting model (Tables 1 and
S1). Isotropic displacement parameters were refined con-
strained to U*op = 1.5 X U*,. Phase pure CsNb,OsF (PDF
No. 01-073-0995) could only be obtained using the metal
fluoride precursor (Figure 2d). CsNb,OsF was obtained as the
sole crystalline phase in the first heating cycle and remained
intact during four additional heating cycles (Figure S2). The
reaction of CsH(tfa), with Nb,O; yielded CsNb,OF as the
major phase (Figure 2c). Four additional reflections at 20 =~
22.7,26.6, 27.3, and 32.9° were observed after the first heating
cycle, and none of them could be indexed to crystalline phases
reported in the International Centre for Diffraction Data Powder
Diffraction File database. The intensity of these reflections
relative to those of CsNb,OsF remained unchanged during the
next four cycles, pointing to the formation of one or more
stable crystalline secondary phases (Figure S2). Understanding
the origin of these reflections is the focus of the next section of
this article. Altogether, results presented in this section
demonstrate that oxyfluorides KNb,OsF and CsNb,OF may
be synthesized via routine solid-state reaction at 600 °C under
air, without the need for specialized containers and/or
stringent conditions like those employed in previous
investigations.”>*>>*”7?? As a final note, phase pure
KNb,OF and CsNb,OsF were stable under atmospheric
conditions, as demonstrated by the PXRD patterns collected
after storing samples in air for over a month (Figure S3).
Section Il. Discovery of Oxyfluorides CsNb;O,F, and
RbNb3O;F,. As described in the previous section, heating an

equimolar mixture of CsH(tfa), and Nb,O; at 600 °C under
air led to the formation of CsNb,OF and one or more
secondary crystalline phases. This prompted us to optimize the
synthetic conditions to obtain phase pure CsNb,OsF. To this
end, we decided to investigate the reaction between CsH(tfa),
and Nb,Oj; in a thermogravimetric analyzer rather than in a
box furnace. Our idea was that heating the mixture under
flowing synthetic air would mimic the conditions of the box
furnace while at the same time allowing us to establish a
crystallization temperature for each phase. Results from PXRD
analyses are summarized in Figure 3. In strike contrast to what
we expected, performing the reaction in a thermogravimetric
analyzer favored crystallization of the unknown phase(s) rather
than yielding phase pure CsNb,OF (Figure 3a). The positions
of the four major peaks of the unknown phase(s) (26 ~ 22.7,
26.6,27.3, and 32.9°) matched those observed in the pattern of
the product obtained in the box furnace (Figure 3b),
suggesting that they likely belong to the same crystalline
phase. We then focused our synthetic efforts on isolating this
new phase. To this end, experiments involving different
temperature programs were conducted in a thermogravimetric
analyzer. In the course of these experiments, we observed that
crystallization of the CsNb,OF pyrochlore was hindered when
the reaction mixture was heated to 600 °C and naturally cooled
to room temperature once that temperature was reached (i.e.,
no dwelling time). The diffraction pattern of the product
obtained using that temperature program featured strong
maxima belonging to the unknown phase and three additional
weak reflections in the 20 ~ 23—25° region (Figure 3c). As
will be shown later in this article, further synthetic optimization
led to the disappearance of those weak reflections, enabling the
preparation of a single-phase sample. Key to that optimization
process was establishing the crystal structure of the unknown
phase.

The structure of the new phase was solved using a
combination of powder X-ray and electron diffraction and
microscopy. This process entailed the following three steps: (i)
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Figure 3. PXRD patterns of products resulting from heating a
CsH(tfa),:Nb,O; equimolar mixture at 600 °C for 1 h in a
thermogravimetric analyzer (a) and a box furnace (b). The pattern
of the product obtained upon reaction in a thermogravimetric
analyzer with no dwelling time is given in (c). Maxima belonging to
CsNb,O;F and unknown phases are depicted with * and ¥ symbols,
respectively.

use PXRD data to obtain a tentative initial structural model;
(ii) use SAED and CBED to further distill this model,
particularly with regard to the unit cell lattice constants and
space group; and (iii) obtain a fully refined model via Rietveld
analysis of the PXRD data. To begin, we recollected a
diffraction pattern of the product obtained upon heating an
equimolar mixture of CsH(tfa), and Nb,O; at 600 °C under
synthetic flowing air in a thermogravimetric analyzer. The new
pattern is shown in Figure 4a and was collected over an
extended 26 range (10—80°) and with higher counting
statistics (1 s per step). A total of 15 reflections from this
pattern were used for determining the unit cell. Indexing was
carried out using N-TREOR09 and DICVOLO06 routines
included in EXP02014.°°7** Both routines yielded a
hexagonal unit cell with lattice constants a = 7.5630 A and ¢
=3.9185 A (V = 194.4 A%) as the most likely option. A list of
alternative unit cells and their corresponding figures of merit is
given in Table S2. With the tentative unit cell in hand, we
proceeded to run the space group determination routine in
EXP0O2014,~*" which yielded a total of 16 groups as the
most probable options (Table S3). We selected the highest
symmetry space group from this set, which was P6/mmm (No.
191). This choice was made to prevent an artificial low-
symmetry solution. Structure solution was then attempted
using direct methods, as embedded in EXPO2014. Based on
the stoichiometry of the reaction mixture, our first guess was
that the new phase was a polymorph of CsNb,OF. However,

(a) CsH(tfa),:Nb,Og 1:1
600 °C, no dwelling

T T T T T T T T T N B B B B
(b) CsH(tfa),:Nb,Og4 2:3
500 °C, no dwelling

Intensity (a.u.)

LA L L B B B B B B BN BN N BN B
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Figure 4. (a) PXRD pattern used for indexing the unit cell of the
unknown phase obtained upon heating a CsH(tfa),:Nb,O; equimolar
mixture at 600 °C. Reflections used for indexing are depicted with red
vertical bars. (b) PXRD pattern of the product obtained upon tuning
the CsH(tfa),:Nb,O5 molar ratio to 2:3 and carrying out the reaction
at 500 °C. Reactions were performed under flowing synthetic air in a
thermogravimetric analyzer.

using CsNb,O;F as the unit cell content of the starting model
(Z = 1; 21.6 A® per atom) led to a structure that contained
cesium and oxygen but no niobium. Moreover, the resulting
ionic charges were chemically meaningless. This result
prompted us to examine more carefully the potential
stoichiometry of the new phase. We conducted a search for
isostructural materials in the Inorganic Crystal Structure
Database using unit cell constants and symmetry as matching
criteria. The search retrieved the hexagonal tungsten bronze
Rb(Nb, 3W,3);04 (ICSD No. 120989).** This finding led us
to hypothesize that the new phase featured a Cs:Nb molar
ratio equal to 1:3. Attempting structure solution using
CsNb;Oy as the unit cell content and space group P6/mmm
led to convergence, indicating that the electron density of the
new phase was compatible with that of hexagonal bronzes
(Table S4 and Figure S4). However, the lack of chemical
meaning of the Cs"'Nb;O, formula led us to consider the
possibility that this new hexagonal bronze was an oxyfluoride
in which O*” was partially replaced by F~; the presence of
fluorine was later confirmed by elemental mapping (vide infra).
On this basis, we envisioned CsNb;O-F, (Z = 1; 14.9 A® per
atom) as a hypothetical formula for the new phase. This
formula was derived assuming a Cs:Nb ratio equal to 1:3 (later
confirmed by XEDS, vide infra) and distributing O*~ and F~
ions in the nine anionic sites of the structure. The O:F ratio
had to be set equal to 7:2 to ensure electroneutrality. To test
this hypothesis, we prepared a mixture of CsH(tfa), and
Nb,O; in a 2:3 molar ratio to match the 1:3 Cs:Nb nominal
ratio in the target oxyfluoride CsNb;O,F,. This mixture was
heated at temperatures ranging from 450 to 600 °C under
flowing synthetic air in a thermogravimetric analyzer, with no
dwelling time. As shown in Figure 4b, reacting the optimized
reaction mixture at 500 °C enabled the preparation of a sample
whose survey scan (10—60°) did not show the reflections in
the 20 = 23—25° region; further heating at that temperature
had no effect other than slightly improving crystallinity (Figure
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Figure 5. Electron diffraction and microscopy and X-ray diffraction analyses of CsNb;O,F,. (a) and (b) SAED and (c) CBED patterns. Reflections
used for unit cell determination are labeled in (a) and (b). Mirror planes are depicted with dashed lines in (c). (d) STEM—XEDS elemental maps.
(e) Rietveld analysis of the PXRD pattern. Experimental data (O), calculated pattern (solid red line), difference curve (solid blue line, offset for
clarity), and tick marks corresponding to the calculated diffraction maxima (green vertical bars) are shown. The pattern was collected with a step

size and time of 0.01° and $ s, respectively.

SS5). We interpreted this result as a confirmation of the
proposed 1:3 Cs:Nb molar ratio. On the other hand, the
proposed hexagonal unit cell with lattice constants a = 7.5630
A and ¢ = 3.9185 A failed to index all diffraction maxima.
Although most reflections were indexed, a series of extremely
weak reflections at 37.0, 38.1, 42.0, and 62.9° could not be
accounted for (Figure S6). Altogether, these results demon-
strated that, even though our initial structural model featured
the correct stoichiometry, the unit cell lattice constants and/or
symmetry had to be revised.

On this basis, we sought to establish unit cell parameters and
symmetry using a different experimental probe. Electron
diffraction and microscopy studies were carried out on a
sample synthesized as described in the Experimental section,
i.e, a CsH(tfa),:Nb,O5 mixture (2:3 molar ratio) heated at
500 °C for a total of 1.5 h under flowing synthetic air in a
thermogravimetric analyzer. Results from these studies are
summarized in Figure 5. They confirmed the hexagonal
centrosymmetric space group but provided new insight into
the unit cell lattice constants. SAED patterns along the [1010]
and [1100] zone axes were indexed according to a hexagonal
unit cell with lattice parameters a = 7.5630 A and ¢ = 3.9185 A.
Interestingly, weak extra reflections at G + 1/2(001)* were
observed in the patterns (Figure Sa,b), indicating that the
actual value of the c lattice parameter was twice that of our
initial structural model. This led us to propose a new unit cell
with dimensions a = 7.5686 A and ¢ = 7.8370 A (V = 388.8 A3;
Z = 2; 15.0 A® per atom), which successfully explained all
reflections observed in the PXRD pattern of the product
(Figure S7). The CBED pattern of a CsNb;O,F, crystal along
the [1100] zone axis exhibited 2mm symmetry, compatible

11847

with the centrosymmetric P6/mmm space group (Figure 5¢)."
With regard to the chemical composition, XEDS analysis of
more than 20 crystals yielded a 1:3 molar ratio of Cs:Nb,
consistent with the chemical formula CsNb;O,F,. STEM—
XEDS elemental mapping confirmed the incorporation of
fluorine in the crystal lattice and a homogeneous distribution
of all elements throughout the crystals (Figure 5d). Electron
diffraction results were used to build a structural model that
was subsequently refined via Rietveld analysis of an extended
20 range PXRD pattern (10—100°, Figure Se). Structural
parameters of the starting and refined models are given in
Table 2. Refined bond distances and angles are given in Table
SS. Three isotropic atomic displacement parameters were
refined unconstrained (U*c,, U™y, and U™ ). Occupation
factors of the oxygen/fluorine sites were fixed. An excellent fit
was obtained as illustrated by both the flat difference curve and
the low value of the fit residual (R, = 4.0%), supporting the
proposed chemical formula and hexagonal bronze structure of
CsNb;O,F,. Noteworthy is the fact that attempts to obtain
phase pure CsNb;OF, outside the thermogravimetric analyzer
were unsuccessful. Although the bronze formed, products
obtained by heating a CsH(tfa),:Nb,O; mixture (2:3 molar
ratio) in a box or tube furnace in the 500—600 °C range
invariably contained CsNb,OsF. The coexistence of hexagonal
bronze and pyrochlore phases was also observed by McNulty
and coworkers in their study of CsNbW,0,.** Control
experiments were carried out using CsF as the alkali metal
precursor. CsNb,OsF and unreacted Nb,Og were obtained as
products upon heating a CsF:Nb,O; mixture (2:3 molar ratio)
in the same experimental conditions in which single-phase
CsNb;O,F, had been prepared (Figure S8). Thus, we
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Table 2. Starting and Refined Structural Parameters of
CsNb,0.F, (P6/mmm)

starting refined”
a (A) 7.5686 7.56206(10)
¢ (A) 7.8370 7.83407(6)
v (&%) 388.324 387.970(8)
Csl (1a)® % 9z 0,0,0
szl 1
Cs2 (1b) X%z 0,0, 0.5
szZ 1
Nb1 (6i) %y z 05,0, 0.5, 0, 0.2521(3)
0.25
fap 1
OLF1(3) =xyz 0.5,0,0
foir 0.7778, 0.2222
02,F2(3g) %z 0.5, 0, 0.5
form 0.7778, 0.2222
03,F3 (120) x,5°z 04192, 0.4205(3),
0.2960, 0.21024(14),
0.25 0.2361(7)
fosrs 0.7778, 0.2222
U 322 3.17(3)
Uy 213 2.285(19)
Uimo,Fd 1.27 2.34(7)
R, (%) 40

“30 parameters refined. beckoff positions are given in parentheses.
y = x/2. 9Given in A2 as 100 X U.

conclude that an intrinsic reactivity difference between
CsH(tfa), and CsF—perhaps due to reactive fluorinated
volatiles arising from decomposition of the trifluoroacetato
moieties (e.g., CF2)14’45_48—and the microenvironment
within the thermogravimetric analyzer helped in achieving
single-phase polycrystalline CsNb;O,F,.

The refined crystal structure of CsNb;O,F, is shown in
Figure 6. The structure features a framework of corner-sharing
Nb(O,F)s octahedra that give rise to hexagonal channels
running parallel to the ¢ axis (Figure 6a). Cs" ions are located
within these channels, and the Cs—Cs distances equal 3.917 A.

Qcs O Qo OF
(b) ()

Figure 6. Refined crystal structure of CsNb;O,F,. (a) Polyhedral view
showing hexagonal channels parallel to the ¢ axis. The unit cell is
depicted with solid black lines. (b) and (c) Coordination environ-
ments of Cs* and Nb** ions.

The arrangement is similar to that observed in the
Pb,M"(O,F);,,/, bronze (M = Nb, Ta).” Cs* ions are
coordinated by 12 ligands in a regular hexagonal prismatic
geometry (Figure 6b). Cs—O/F bond distances equal to 3.317
and 3.444 A are observed for the two cesium sites in the
structure, respectively. Niobium adopts a distorted octahedral
geometry due to a second-order Jahn—Teller distortion
(Figure 6¢). Nb—O/F bond distances are distributed in a 4
+ 1 + 1 pattern (Nb—O/F,quaoria = 1.965 A; Nb—O/F 4, =
1.942 and 1.975 A). Nb*" is displaced ~0.017 A along the
[001] direction from the center of the Nb(O,F)4 octahedron.
CsNb;O,F, is a semiconductor with a band gap of 3.5 eV, as
estimated from diffuse-reflectance measurements (Figure S9).

Putting the structure solution process into perspective, we
observed that coming across Rb(Nb;,;W,,;);0, was key to
make an educated guess of the stoichiometry of the new phase.
We further exploited this finding to attempt the synthesis of
RbNb;O,F,. Synthetic conditions are described in the
Experimental section, i.e., a RbH(tfa),:Nb,Os mixture (2:3
molar ratio) heated at S00 °C for a total of 3 h under flowing
synthetic air in a thermogravimetric analyzer. Compositional
XEDS and structural analyses confirmed the formation of a
new oxyfluoride of formula RbNb;O.F,, isomorphous to
CsNb;O,F,. Results from these analyses are summarized in
Figure 7. SAED patterns confirmed the hexagonal unit cell
(Figure 7a,b). Similar to what was observed in CsNb;O,F,,
weak extra reflections at G + 1/2(001)* indicated that the
actual value of the ¢ lattice constant was twice that estimated
from X-ray diffraction (¢ = 3.8795 A; Figure S10). A unit cell
with dimensions a = 7.5289 A and ¢ = 7.75917 A (V = 380.9
A% Z = 2; 147 A’ per atom) successfully explained all
reflections observed in the PXRD pattern of the product
(Figure S11). The CBED pattern of a RbNb;O,F, crystal
along the [1100] zone axis showed 2mm symmetry, compatible
with centrosymmetric space group P6/mmm (Figure 7c).43
XEDS analysis of more than 20 crystals yielded a 1:3 molar
ratio of Rb:Nb, consistent with the chemical formula
RbNb;O,F,. STEM—XEDS elemental mapping confirmed
that the solid was an oxyfluoride and a homogeneous
distribution of all elements throughout the crystals (Figure
7d). The hexagonal bronze structural model was fit to the
PXRD data via Rietveld analysis (Figure 7e). Refined structural
parameters are given in Table 3. Refined bond distances and
angles are given in Table S6. Three isotropic atomic
displacement parameters were refined unconstrained (U*g,
U\ and U ), and occupation factors of the oxygen/
fluorine sites were fixed. A very good fit was obtained, as
shown by both the difference curve and the low value of the fit
residual (R, = 5.5%), giving further support to the proposed
chemical formula and hexagonal bronze structure of
RbNDb;O/F,. Inspection of the bond distances revealed that
the magnitude of Nb*" off-centering is more pronounced than
in CsNb;O,F, (0.024 vs 0.017 A). The band gap estimated
from diffuse-reflectance measurements is 3.5 eV, as in
CsNb;O,F, (Figure S12). Similar to what was done for
CsNb;O,F,, control experiments were carried out using RbF as
the alkali metal precursor. RbNb,OF and unreacted Nb,O4
were obtained upon heating a RbF:Nb,O; mixture (2:3 molar
ratio) in the same experimental conditions in which single-
phase RbNb;O,F, had been prepared (Figure S13). This result
further highlights the distinct reactivity of alkali trifluoroace-
tates relative to their fluoride counterparts.
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Figure 7. Electron diffraction and microscopy and X-ray diffraction analyses of RbNb;O,F,. (a) and (b) SAED and (c) CBED patterns. Reflections
used for the unit cell determination are labeled in (a) and (b). Mirror planes are depicted with dashed lines in (c). (d) STEM—XEDS elemental
maps. (e) Rietveld analysis of the PXRD pattern. Experimental data (O), calculated pattern (solid red line), difference curve (solid blue line, offset
for clarity), and tick marks corresponding to the calculated diffraction maxima (green vertical bars) are shown. The pattern was collected with a

step size and time of 0.01° and $ s, respectively.

Table 3. Refined Structural Parameters of RbNb,O.F, (P6/
mmm)*“

a (A) 7.5192(2)

c (A) 7.76332(12)

V (A%) 380.122(16)

Nb1 (6i)° z 0.2530(4)

03/F3 (120) % 9°z 0.4169(3), 0.20846(14), 0.2333(9)
U, ? 6.93(7)

U*\,? 2.28(3)

U0 3.62(9)

R, (%) 55

“31 refined parameters. PWryckoff positions are given in parentheses.
‘y =x/2. 9Given in A2 as 100 X U.

B CONCLUSIONS

The reactivity of alkali trifluoroacetates KH(tfa), and CsH-
(tfa), toward Nb,O; was studied in the solid state and
exploited to access known and novel mixed-metal oxyfluorides.
A straightforward route to KNb,OF and CsNb,OsF was
demonstrated by reacting the corresponding alkali trifluor-
oacetate or fluoride with Nb,O; under air, without the need for
specialized reaction vessels and/or a controlled atmosphere.
Two new hexagonal tungsten bronzes of formulas RbNb;O,F,
and CsNb;O,F, were prepared by reacting a stoichiometric
mixture of the corresponding alkali trifluoroacetate and Nb,O4
at 500 °C under flowing synthetic air in a thermogravimetric
analyzer. Control experiments highlighted the distinct
reactivity of alkali trifluoroacetates because RbNb;O,F, and
CsNb;O,F, could not be crystallized using alkali fluoride
precursors. Altogether, results reported herein enlarge the

toolbox of synthetic approaches to alkali—niobium(V) oxy-
fluorides and expand the composition space of these mixed-
anion materials. Moreover, they underscore the significance of
exploring new fluorinated precursors and establishing their
reactivity patterns. From a methodological standpoint, this
article illustrates how combining powder X-ray and electron
diffraction may be used for the quantitative structure solution
of unknown phases.

Due to the limitations of using X-ray diffraction to
characterize the structure of oxyfluorides, room exists for
improving the structural description of RbNb;O-F, and
CsNb;O,F, with regard to the anionic substructure (ie.,
oxide/fluoride local ordering) and to the spatial distribution of
alkali ions in the hexagonal channels (i.e., positional disorder).
Although our X-ray data did not reveal displacement of these
ions from their ideal positions, such displacements have been
reported in several hexagonal tungsten bronzes."”~>' Further
research is needed to address these two aspects.
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