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ABSTRACT: La,(FeC¢),F, was grown as large crystals by
reacting iron in a La/Ni eutectic flux in the presence of
decafluorobiphenyl (C,F,;) which acts as both a carbon and
fluoride source. This mild fluorinating technique enables the
isolation of an intermetallic product containing fluoride inter-
stitials, as opposed to forming ionic metal fluorides. The
compound adopts a structure in the hexagonal crystal system
with space group P6 which features FeCg units composed of a
central iron atom coordinated by three ethylenide units in a
trigonal planar configuration. The structure is related to the
previously reported La,;s(FeCy),H, but with fluoride fully
occupying the interstitial hydride positions, which induces partial
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occupancies and site splitting disorder in the adjacent layers of lanthanide ions. No supercell formation is observed.

Bl INTRODUCTION

Metal flux synthesis offers unique opportunities for the
discovery of new materials. Unlike traditional solid-state
methods such as the “ceramic method” and arc melting,
metal flux synthesis enables reactions to take place at lower
temperatures, which increase the likelihood of obtaining
kinetically favorable products. Additionally, metal flux synthesis
is a solution-based method, providing a good environment for
crystal growth with the products often being suitable for single-
crystal X-ray diffraction (SC-XRD).'™ The use of rare-earth
based flux has been shown to be an excellent synthesis route
for new rare earth intermetallics, producing, for example,
PrygFe;9Cy, PrZIFelﬁTeéBSOJ CeysFe;3B15Cyy, Lays(FeCe) H,
and Ce,B,C,H, 4.

Rare earth containing intermetallics can often incorporate
hydrogen on interstitial sites; this is observed in hydrogen
storage intermetallics such as LaNisHg, formed when LaNij is
exposed to hydrogen gas.”'® The presence of interstitial
hydrides can easily be missed because hydrogen is usually not
observable using the most common method of structural
analysis, X-ray diffraction. Neutron diffraction is necessary to
detect the location and occupancy of hydride sites. Corbett et
al. demonstrated that several compounds reported as binary
intermetallics actually contain hydride interstitials; for example,
they found that members of the S-YbsSb; structure type
actually contain a hydride site."'™"® Recently, several
intermetallic compounds with hydrogen interstitials have
been grown by using anthracene as a carbon and hydrogen
source (Ce,B,C,H, 4, and La,s(FeCy),H); incorporat1on of
hydrogen was confirmed by neutron diffraction studies.”® To
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avoid the necessity for neutron diffraction experiments at a
national laboratory, we are exploring the incorporation of
fluoride interstitials, which should be detectable using standard
X-ray diffraction equipment.

In this work, we observe the formation of La;s(FeCq),F,
from the reaction of decafluorobiphenyl (C,,F;,) with iron in
La/Ni flux. This reaction yielded large single crystals that were
suitable for SC-XRD. This compound is structurally related to
La,s(FeC4),H reported by Engstrand et al. with fluorine
substituting into the hydride site.” The siting and occupancy of
the fluorine were clearly observable in the SC-XRD data.
Unlike in the hydride structure, the presence of fluoride
induces disorder (site splitting and partial occupancy) in
neighboring lanthanide sites. The success of this reaction
indicates that this is a promising route for the substitution of
fluorine into complex rare earth metal hydrides.

B EXPERIMENTAL PROCEDURE

Warning: pressure may be generated in the reaction ampule when the
organic compound decomposes at high temperature. Small amounts
of C,,F), should be used so that the pressure of gaseous
decomposition products (such as F,) does not exceed 4 atm at
maximum temperature. Suitable personal protective equipment
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(gloves and face shields) were used when removing the ampules from
the furnace, and they were wrapped in an aluminum foil barrier before
breaking them open in a fume hood.

Synthesis. Pellets of 88:12 wt % La/Ni eutectic (mp 530 °C)
were prepared to use as the flux to grow La,s(FeCg),F, single crystals.
La pieces (BTC 99.9%) and Ni slugs (BTC 99.99% 3.145 X 6.5S
mm) were melted together in an arc melter under argon. The pellets
were flipped over and remelted several times to ensure homogeneous
mixing. After cooling, the pellets were then broken apart using wire
cutters to make smaller pieces to fit inside the alumina crucibles used
for reactions.

The other reactants are iron powder (Macron 100 mesh, stored
under nitrogen) and decafluorobiphenyl (Cy,F;y, TCI 98.0%), used in
a ratio of 1:0.2 mmol. Iron was placed inside an alumina crucible,
followed by approximately 1.5 g of the La/Ni flux. Decafluorobi-
phenyl was placed at the bottom of a silica sleeve, and the alumina
crucible containing the other reactants was placed on top. Two crucial
steps must be noted. It was found to be necessary to use iron powder
that has not oxidized; traces of FeOOH or other oxides and
hydroxides can lead to increased pressure in the ampule and potential
rupture. It was also found that decafluorobiphenyl needed to be kept
separate from the rest of the reactants in order for the crystals to grow.
When decafluorobiphenyl was placed inside of the alumina crucible
with the rest of the reactants, gray powder formed. Decafluorobi-
phenyl has a significantly lower melting point (67.5 °C) than the rest
of the reactants; therefore, it is possible that upon melting, it readily
reacts with one of the metals to make unreactive byproducts that
terminate the reaction before the system can reach a high enough
temperature to make a solution.

A wad of Fiberfrax was then placed above the alumina crucible to
act as a filter when the reaction is complete. The silica sleeve was
chilled in an ice bath for 5 min to lower the vapor pressure of C,F;,
before it was attached to the vacuum line for sealing. It was quickly
flame-sealed under vacuum and placed in a programmable furnace.
The ampule was heated to 950 °C in 3 h and held at 950 °C for 12 h.
The reaction was then gradually cooled to 600 °C over the course of
120 h at which point it was taken out of the furnace, inverted, and
placed into a centrifuge to remove the excess flux.

Elemental Analysis. Elemental analysis was performed on a FEI
NOVA 400 scanning electron microscope equipped with energy-
dispersive X-ray spectroscopy (SEM-EDS). Crystals of La,s(FeCg),F,
were mounted on an aluminum puck using double-sided carbon tape.
To eliminate spurious readings from the flux residue on the surface,
each crystal was cleaved and arranged on the carbon tape so that an
inside surface is perpendicular to the electron beam. A 30 kV
acceleration voltage was used for the EDS measurements. EDS
confirmed the presence of lanthanum and iron. Carbon was not
quantified due to the carbon tape background, and fluorine could not
be reliably observed due to the overlap of the fluorine Kot peak and
the iron La peak (at 0.677 and 0.705 eV, respectively). Quantifying
only the metals, lanthanum and iron were found to be 78.3(3) and
21.7(3) at. %, respectively, which agrees well with the formula found
from SC-XRD, La,,,(FeCg),F,, which is 79.0 at. % La and 21.0 at. %
Fe.

Structural Characterization—X-ray Diffraction. Suitable sin-
gle crystals were collected and cut to size. The fragments were
mounted onto cryoloops using paratone oil. SC-XRD data were
collected at 296 K on a Rigaku XtaLAB Synergy-S diffractometer
equipped with a HyPix-6000HE Hybrid Photon Counting detector
and Mo/Cu microfocus-sealed X-ray sources. Mo Ka radiation was
used (1 = 0.71073 A). The datasets were processed and integrated
using the CrysalisPRO software."* The structure was refined using the
Shelxle package.15 Heavy atoms (La and Fe) were located using direct
methods; carbon and fluorine positions were found by least-squares
refinement and difference Fourier maps and assigned based on bond
length considerations and comparison to the hydride analogue. Data
collection parameters are shown in Table 1; additional data can be
found in the crystallographic information file deposited with the
Cambridge Crystallographic Data Centre under deposition number
CSD 2212841.

1509

Table 1. Crystallographic Parameters and Data Collection
Information for La,,,(FeC),F,

formula weight (g/mol) 2573.8

crystal system hexagonal

space group P6 (#174)

a (A) 8.760(3)

¢ (A) 10.720(4)

V4 1

volume (A3) 7124

density, calc (g/cm?) 6.00

index ranges -10<h<9
-8<k<11
-12<1< 14

reflections collected 2988

temperature (K) 296 K

radiation Mo-Ka (4 = 0.71073 nm)

unique data/parameters 1134/60

0 values (deg) Opin = 1.900; O, = 29.938

u (mm™') 23.3

Ry/wR, (I > 20(1))
R,/wR, (all data)

0.0496/0.1180
0.0537/0.1203

flack parameter 0.6(3)
GoF 1.111
highest peak/hole (e-/A®) 6.00/—-4.07

Several lanthanum sites in the structure are disordered, exhibiting
site splitting and partial occupancies. As discussed in the next section,
the occupancy of La$ is correlated with the occupancy of La2a (which
is a split site with La2b). Upon free refinement, their occupancies
refined to very similar values in the range of 73—76%. They were
therefore constrained to be identical (75% occupied). The Flack
parameter was refined to 0.6(3) to account for merohedral twinning.
All La and Fe atoms were refined anisotropically. When the lighter
atoms (F and C) were refined anisotropically, some of the thermal
parameters became non-positive, so they were refined isotropically.
However, large residual electron peaks were consistently observed
along the c-axis below the fluorine site and above the associated Lal
site (vide infra), indicating that both atoms are strongly anisotropic or
exhibit site disorder. Attempts to add the g-peaks to the model led to
refinement instability. To further explore this disorder and possible
supercell formation, precession photos were taken in the —1kl and
hkO directions with an exposure time of 93 s. This fluorine site
disorder and the partial occupancy of La sites are observed in all
crystals that were examined.

B RESULTS AND DISCUSSION

Synthesis. The title compound was chosen as a target to
explore the viability of using an organic compound as a fluorine
source in metal flux synthesis. This was inspired by our
previous work using anthracene as a carbon and hydrogen
source in metal flux synthesis, which yielded La,;(FeCg),H.”
To investigate the incorporation of fluorine, decafluorobi-
phenyl (C,,F,,) was chosen as a carbon and a fluorine source.
Upon heating, decafluorobiphenyl will decompose into gaseous
species which dissolve in the flux and act as a source of carbon
and fluorine. The formation of carbon is indicated by
observation of a carbon film coating the inside of the ampule;
dissolution of carbon in the La/Ni flux leads to formation of
metal carbide products. The presence of fluorine is evidenced
by the incorporation of fluoride interstitials in the product
structure. Las(FeCg),F, forms as silver hexagonal rods up to 2
mm in length and 0.5 mm in diameter, see Figure 1. The
compound can be handled in air briefly but decomposes after
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2—3 h. In addition to the crystalline product, small amounts of
unidentified powder byproduct are also formed.

I R e T T

a) 5 10 15 keV

Figure 1. (a) SEM-EDS elemental analysis data for La,s(FeCq),F,.
(b) SEM image of a single crystal. (c) Optical microscopy image of a
crystal of La s(FeCg),F, on a millimeter grid paper.

Structure. The title compound crystallizes in the hexagonal
crystal system with space group P6; the structure is shown in
Figure 2. It features tetrahedrally coordinated fluoride sites and
FeCg units similar to those found in several carbometallates,
including RE5(FeC4),H (RE = La and Pr), La;FeCqy, and
RE,;FegC,s (RE = Y, Dy, Ho, and Er).*”'®"” The FeCg unit is
composed of a central iron atom bonded to three ethylene
species. The Fe—C bond lengths range from 1.80(3) to
1.82(2) A, and the C=C bond lengths range from 1.30(5) to
1.37(8) A, in agreement with the previously cited literature.
The three crystallographically unique FeCg units stack parallel
to the c-axis; they are essentially trigonal planar with only slight
variations from ideal 120° angles.

La,s(FeCg),F, and La,s(FeCy),H both form in the P6 space
group, with very similar unit cell parameters [a = 8.760(3) A, ¢
=10.720(4) A, and V = 712.4(5) A® for the fluoride and a =
8.7890(4) A, ¢ = 10.7691(5) A, and V = 720.42(7) A3 for the
hydride]. Single-crystal neutron diffraction data were needed
to verify the presence and half-occupancy of the hydride ions
in the tetrahedral interstitial site (2g Wryckoff site) of
La,(FeCg4),H. This site lies across a mirror plane from its
symmetry-equivalent; therefore, the two tetrahedral sites share
a common triangular base. If a hydride is present in one
tetrahedron, it is absent in its neighbor. For the La,s(FeCy),F,
compound studied here, the presence of fluoride on this 2g site
was easily observable by SC-XRD. Unlike the hydride, this
fluoride interstitial is fully occupied. Since both tetrahedra are
occupied, the fluorine atoms shift further away from the
common triangular base, as shown in Figure 3, resulting in a

pubs.acs.org/IC
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Figure 3. Local environment of the fluoride interstitial sites in
La,s(FeCq),F,, compared to the corresponding half-occupied hydride

site in La;s(FeCqy),H. Unit cells viewed down the [1 1 0] direction.
The FeCy units are omitted for clarity.

F—F distance of 3.32 A. With the incorporation of fluorine, the
surrounding lanthanum sites become partially occupied, with
Lal being 90(2)% occupied and La2 becoming a split site with
La2a being 76(1)% occupied and La2b being 24(1)%
occupied. An additional La site (La$) that is coordinated by
La2b also becomes partially occupied. These partial
occupancies yield a stoichiometry of Laj,,(FeCg),F,. For
simplicity, we are using the rounded stoichiometry
Laj5(FeCq),F,.

The lanthanide site splitting and partial occupancy are likely
due to optimization of La—F bond lengths. Lanthanum-—
fluoride bond lengths are reported in the literature in
compounds such as LaF; [with the F—La distances in LaF;
ranging from 2.416(3) to 3.01(1) A] and LaSnF, (La—F bond
lengths ranging from 2.307 to 2.492 A).'®"” In La;(FeCy),F,,
the fluoride interstitial is 2.06(5) A from Lal, 2.77(3) A from
La2a, and 3.56(5) A from La2b. The 2.06(5) A distance to Lal
is too short, which may induce both the partial occupancy of
this La site and its strongly anisotropic thermal parameter
along the c-axis. On the other hand, the 2.77(3) A distance to
the three surrounding La2a sites is within the range of expected
F-La.

The X-ray data refinements of several crystals of the title
phase consistently indicated two residual electron density
peaks (Ql and Q2) along the c-axis shown in Figure 4, likely
caused by Lal and F trying to increase the distance from each
other. This disorder is the probable cause for the splitting of
the La2 site into La2a and La2b. As F moves closer to the
mirror plane (to the QI site), the F—Lal distance would
increase to 2.75 A. However, this will decrease the F—La2a

Figure 2. Structure of La,s(FeCy),F,, compared to that of La,s(FeC¢),H. Tetrahedral interstitial sites shown in a polyhedral mode.
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Figure 4. Disordered sites in La,s(FeC¢),F, showing the residual
electron density peaks (Ql and Q2) adjacent to the F and Lal
positions, as well as the partial occupancy of surrounding La sites.

distance to 2.44 A, causing La2a to move to the La2b positions.
If the fluorine occupied the QI position entirely, the F—F
distance across the mirror plane would be too short (1.76 A).
Conversely, if the Lal atom shifts away from the fluorine (to
occupy the Q2 site), this yields a suitable F—Lal distance of
2.88 A. However, it then becomes too close to the next Lal
position along the c-axis (2.55 A). Attempts to add the g-peaks
to the model and define F/Q1 and Lal/Q2 as split sites led to
unstable refinements.

The La§ site is in the same ab-plane as the disordered La2a
and La2b atoms and is trigonally coordinated by La2b with a
LaS—La2b distance of 2.39(1) A. This is too short, so if La2b
is occupied, La$ is unoccupied. This was apparent when the
occupancy of La$ was allowed to freely refine; it refined to a
value very similar to that of La2a. Therefore, the two feasible
structures are Figure Sb (which has La2b occupied, and the
other two are empty) occurring 25% of the time, and Figure Sc
(which has La2a and LaS occupied, with La2b empty)
occurring 75% of the time. The La2a to La$S distance is
3.37(5) A. This disordering of the La sites occurs in all crystals
examined.

This disordered La layer in the ab-plane containing multiple
sites with partial occupancy (some of which are correlated)
bears some resemblance to the disordered chain of La atoms in
La;4,FeCy reported by Witte and Jeitschko that was later
found by Davaasuren et al. to form a supercell.'”*° To explore
this possibility, precession photos were taken to seek evidence
of supercell formation (see Figure 6). Each zone photo had an
exposure time of 93 s to enable detection of weak satellite
peaks. The hkO zone photo shows little evidence of supercell
formation. However, streaking is visible in the -1kl direction
owing to the disordered La layer in the ab-plane. Satellite peaks
are also visible in the same direction, indicating that the
structure may be trying to form a supercell; these peaks are not
intense enough to allow for refinement of this cell.

B CONCLUSIONS

The synthesis of La;s(FeCg),F, was achieved by reacting iron
and decafluorobiphenyl in excess La/Ni flux. This compound
is a disordered variant of La,s(FeC),H, with fluorine fully
occupying the interstitial hydride site as opposed to the half
occupancy of H in the hydride structure. The full occupancy of
the interstitial site by fluoride leads to disorder in the layer of
adjacent lanthanum sites, with several La positions becoming

1511

Figure S. (a) Disordered La layer viewed down the c-axis. La3 and
La4 are omitted for clarity. (b) One of the two possible structures
with La2b being the only La atom present in the disordered layer. (c)
Second possible structure, which has La2a and LaS present
simultaneously.

Figure 6. Precession photos of La,s(FeCq)F,. (a) hkO photo. (b) -1kl
photo which corresponds to the ab-plane. Streaking is visible due to
the disorder in the La layer in that plane. Satellite peaks can also be
seen, indicating the possibility of a supercell.
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partially occupied and split, giving rise to two possible
structures occurring in a ratio of approximately 75:25%. This
introduces potential supercell formation, but the structure
remains disordered. It is notable that the hydride interstitial in
La;s(FeC4),H does not induce similar disorder in the
surrounding La sites. This may be due to the polarizability
of the hydride anion which allows it to squeeze into the
interstitial site, whereas the harder fluoride anion forces the
surrounding La cations to adjust their positions.”" Variable-
temperature diffraction studies are planned to see if this
disorder induces a structure change at lower temperatures.

The synthesis of La,s(FeCy),F, is notable because attempts
to fluorinate metals or intermetallic phases typically lead to
their decomposition into binary M,F, ionic compounds. This is
due to the high reactivity of the strongly electronegative F~
anion.”> The inclusion of fluoride interstitials into an
intermetallic rare-earth compound without decomposition is
therefore striking, and this synthesis method may lead to new
compounds with unusual electronic properties.
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