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ABSTRACT: Reactions of anthracene in Ln/T eutectic mixtures (Ln = La,
Yb; T = Ni, Cu) have produced crystals of new complex lanthanide carbide
hydride phases. The thermal decomposition of anthracene provides a source
of both carbon and hydrogen. LaCHx forms in space group Pnma with unit
cell parameters a = 7.2736(4) Å, b = 3.7218(2) Å, and c = 13.0727(7) Å.
Yb2CHx forms in space group P-3m1 with unit cell parameters a = 3.5659(4)
Å and c = 5.8000(8) Å, with a structure related to that of Ho2CF2. The
presence of hydride in interstitial sites is supported by the formation of
different compounds in the absence of hydrogen and by comparison to
known hydride structures. 1H nuclear magnetic resonance (NMR) spectra
collected on LaCHx show two unique hydride resonances, in agreement with
the two available interstitial sites. Density of states calculations show that
filling the tetrahedral sites in LaCHx with hydrogen increases metallic
behavior, while adding hydrogen into the tetrahedral sites in Yb2CHx induces the formation of a band gap.

■ INTRODUCTION

Metal flux reactions make use of a low-melting metal or metal
mixture as a solvent for the growth of intermetallic
compounds. Unlike traditional solid-state methods, metal flux
synthesis allows for lower reaction temperatures, with the
reaction starting as soon as the reactants dissolve in the molten
flux. Due to the lower temperatures, the likelihood of obtaining
kinetically favorable products increases. Another useful quality
of metal flux synthesis is that it is a solution method which
provides a good environment for crystal growth, often yielding
large, high-quality crystals for SCXRD and magnetic studies.
Metal flux synthesis has been demonstrated to be an effective
method for making rare earth intermetallics such as RNi2Ge2
(R = Y, La-Nd, Sm-Lu), Pr26Fe19C29, and Ce21Fe8Bi7C12.

1−3

Eutectic mixtures can be used as fluxes and are particularly
useful in providing low-temperature lanthanide-rich growth
media. Lanthanide elements themselves have melting points
too high to be useful as fluxes. But early lanthanides (La, Ce,
Pr, Nd) and ytterbium combine with late first-row transition
metals to form low-melting eutectic mixtures. The fluxes
explored in this work include La/Ni (75:25 mol %, mp 573
°C) and Yb/Cu (75:25 mol %, mp 472 °C). The La/Ni
eutectic has been previously used to synthesize compounds
including La21Fe8M7C12 (M = Sn, Bi, Sb, Te, Ge),
La15(FeC6)4H, and La15(FeC6)4F2.

3−5 It is particularly notable
that these Ln/T fluxes are fruitful growth media for complex
lanthanide carbides.
In this work, we have explored the use of anthracene

(C14H10) as a carbon source in Ln/T flux reactions. We report
two new lanthanide carbide structures: “LaC” and “Yb2C”.

These grow as large metallic crystals with structures that differ
from the previously reported binary lanthanide carbides.
Because anthracene was used as a reactant, it is likely that
these new structures are stabilized by hydrogen incorporation;
we confirm that the same products do not form when carbon
alone is used. Anthracene has acted as a source of both carbon
and hydrogen in previous work, generating hydrogen
interstitials in La15(C6Fe)4H and Ce4B2C2H2.42 confirmed by
neutron diffraction.4,6 While the presence of hydrogen has not
been confirmed in the compounds reported here, it is likely
that they are lanthanide carbide hydrides and are therefore
referred to as LaCHx and Yb2CHx.

■ EXPERIMENTAL PROCEDURES

Warning: Pressure may be generated in the reaction ampule
when the organic compound decomposes at high temperature.

Small amounts of C14H10 should be used so that the pressure of
gaseous decomposition products does not exceed 4 atm at maximum
temperature. Suitable PPE (gloves and face shields) was 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. The La/Ni eutectic mixture was made by arc melting
appropriate amounts of each element together, using lanthanum
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pieces stored under mineral oil (Beantown Chemical, 99.9%) and
nickel slugs (Beantown Chemical, 99.95%). Before arc melting, the
lanthanum pieces were washed with hexanes to remove the mineral
oil. Pellets of 75:25 mol % La/Ni were made by arc melting the
appropriate masses of metals together under argon (purified by
melting a Zr getter), flipping over the pellet and remelting 2−3 times,
to insure homogeneity. The pellets were then broken into smaller
pieces to be used in subsequent flux reactions. The flux pellets and all
products grown in them are air-sensitive and must be stored under
nitrogen or argon.

LaCHx was made by reacting 1.5 g of La/Ni flux with 0.2 mmol of
anthracene (C14H10, Sigma-Aldrich, 97%). Anthracene was placed in
an alumina crucible, followed by the flux. The crucible was placed in a
silica sleeve with a wad of fiberfrax placed above the crucible. The
sleeve was chilled in ice water before attaching it to a vacuum line. It
was then flame-sealed under vacuum, and this ampule was placed into
a programmable furnace. The reaction ampule was heated to 950 °C
in 3 h and held there for 12 h. It was then cooled to 600 °C over the
course of 120 h and left to anneal at 600 °C for 84 h at which point it
was taken out of the furnace and centrifuged to separate the flux from
the products. The resulting crystals are silver and rod-shaped with
dimensions of ∼2 mm long and 0.25 mm wide, forming in clusters
with high yield. They are very air-sensitive and must be stored in an
inert atmosphere. Decomposition of crystals usually begins after ∼10
to 15 min in air. Elemental analysis was carried out using X-ray
fluorescence (XRF) spectroscopy using a Panalytical Epsilon 3 X-ray
fluorometer. A sample of 75 mg of LaCHx crystals were dissolved in 1
mL of 2 M HNO3 (aq). This occurred with obvious effervescence,
presumably from the formation of H2 and CH4 gases. The resulting
solution was placed into a sample holder for data collection. The XRF
spectrum (Figure S1) indicated the presence of lanthanum and only
trace amounts of nickel (due to the La/Ni flux residue on the product
surface).

Yb2CHx was made by reacting 7.76 mmol of Yb and 2.45 mmol of
Cu powder (Alfa Aesar, 99.5%) with 0.1429 mmol of anthracene.
Anthracene was placed in the bottom of the alumina crucible followed
by Cu, with the Yb being placed on top of the other reactants. Yb will
melt first at 819 °C, melting down onto the Cu, forming a 76:24 mol
% eutectic mixture with a melting point of ∼500 °C. The ampule was
flame-sealed and heated as described above; it was then removed from
the oven at 600 °C and centrifuged. The crystals formed as silver,
square-shaped plates with sides of ∼1 mm and widths less than 0.1
mm; the yield of this phase was very low (precluding analysis beyond
single-crystal diffraction), and significant amounts of YbCu2 by-
products were present. Like LaCHx, Yb2CHx is also air-sensitive and
must be stored in an inert atmosphere.

Reactions were explored using 2 mmol carbon (acetylene carbon
black, Strem Chemicals, 99.99%) in each of the Ln/T fluxes, with the
same preparation and heating profile. These reactions yielded
powders and crystals of previously reported binary carbides (see the
Results and Discussion section).
Single-Crystal X-ray Diffraction. Suitable single crystals were

mounted onto cryoloops using Parabar oil. Diffraction data were
collected on a Rigaku XtaLAB Synergy-S diffractometer equipped
with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and
Mo/Cu microfocus sealed X-ray sources. Measurements were taken at
room temperature using Mo Kα radiation (λ = 0.71073 Å).
CrysalisPro was used to integrate the datasets, and Shelxle was used
to refine the structure.7,8 The lanthanide atoms were located using
direct methods, while least-squares refinement and difference Fourier
maps were used to locate the position of carbon atoms. Hydrogen was
placed in the two possible interstitial positions of LaCHx after
optimizing the coordination environments and ensuring that
associated Ln−H distances were in the range of those previously
reported for lanthanide hydride compounds. Yb2CHx can be solved in
both P321 and P3̅m1; the latter was chosen because of its higher
symmetry (#164) as well as it being the same space group as
isostructural Ho2CF2. In Yb2CHx, hydrogen was placed in the
tetrahedral interstitial site after it was chosen as the most likely
position for hydrogen incorporation (see the Results and Discussion

section). The carbon atoms were refined isotropically. Crystallo-
graphic data and collection parameters are shown in Table 1;
additional information can be found as CIF files (CCDC deposition
numbers 2260681 for LaCHx and 2261829 for Yb2CHx).

Powder X-ray Diffraction. Powder X-ray diffraction was used to
identify the powder products from reactions of Yb/Cu flux and
carbon. The instrument used was a Rigaku SmartLab diffractometer
equipped with a Cu Kα radiation source. Yb15C19 was identified along
with unreacted carbon.

NMR Spectroscopy. Magic-angle spinning 1H NMR studies of
LaCHx were carried out on a Bruker AVIII HD 500 MHz WB
spectrometer (B0 = 11.7 T) with a 1H Larmor frequency of 500.34
MHz. All sample preparation was performed in a glove box with an
argon environment. Crystals of LaCHx were ground to a powder with
KBr in a 2:3 volume ratio of LaCHx/KBr to facilitate spinning. The
resulting powder sample was packed into a 2.5 mm rotor. The sample
was spun at 25 kHz. Data were collected after 1024 scans with a
recycle delay of 5 s after optimization. The same empty rotor was
measured under the same conditions prior to being packed with the
sample to obtain a background measurement that was subtracted from
the LaCHx spectra. Adamantane was used as a second-order reference
at 1.75 ppm to TMS.

Electronic Structure Calculations. Density of states calculations
(DOS) were performed using the Stuttgart TB-LMTO-ASA (tight
binding-linear muffin tin orbital-atomic sphere approximation)
program package.9 Models were derived from single-crystal data,
with interstitial sites assumed to be either completely empty or
completely full. To avoid issues that arise from partially filled f-
orbitals, ytterbium was modeled as lutetium. The La (6s, 5d, 4f), Lu
(6s, 5d, 4f), C (2s, 2p), and H(1s) basis sets were used, with La (6p)
and C (3d) being downfolded. The tetrahedron method was used to
integrate over the Brillouin zone.10

Table 1. Crystallographic Data and Collection Parameters
for the Title Compounds

formula LaCHx Yb2CHx

formula weighta (g/mol) 150.916 358.119
crystal system orthorhombic trigonal
space group Pnma P3̅m1
a (Å) 7.2736(4) 3.5657(5)
b (Å) 3.7218(2)
c (Å) 13.0727(7) 5.8008(8)
Z 8 1
volume (Å3) 353.89(3) 63.87(2)
density, calc (g/cm3) 5.703 9.362
index ranges −10 < h < 9 −4 < h < 3

−5 < k < 4 −4< k < 4
−16 < l < 17 −7 < l < 7

reflections collected 5122 424
temperature (K) 296 298
radiation Mo Kα
unique data/parameters 568/25 82/5
θ values (deg) min = 4.192 min = 3.512

max = 30.890 max = 29.713
μ (mm−1) 23.538 72.353
R1/wR2 (I > 2σ(I)) 0.0276/0.0671 0.0473/0.1124
R1/wR2 (all data) 0.0299/0.0683 0.0481/0.1130
GoF 1.122 1.157
highest peak/hole (e−/Å3) 2.175/−1.969 4.212/−3.906

aFormula weight based on lanthanide and carbon only due to
uncertainty about the hydrogen content.
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■ RESULTS AND DISCUSSION

Synthesis. Gai et al. demonstrated that when anthracene is
heated to 700 °C in an argon environment, it decomposes into
propane and ethylene along with trace amounts of methane
and hydrogen.11 Recent work by McFarland showed that
methane gas decomposes into solid carbon and hydrogen gas
when bubbled through a molten bismuth/nickel alloy.12 We
are exploring thermal decomposition of anthracene as a source
of gaseous species which will then dissolve in the molten flux
to provide carbon and hydrogen to the reaction. Metal flux

synthesis with anthracene has been demonstrated to produce
intermetallic compounds containing carbon and interstitial
hydride sites. Examples include La15(FeC6)4H, Ce4BC2H2.42,
and La2BC2H1.69.

4,6 All of these examples were grown from
anthracene decomposition products interacting with other
reactants (iron or boron) in Ln/T flux. We wanted to explore
what occurs in the absence of other reactants, to see if Ln/T
flux with anthracene alone would produce lanthanide carbides.
Yb2CHx was initially made by reacting anthracene with pre-

arc-melted 75:25 mol % Yb/Cu flux. This reaction only yielded

Figure 1. Structure of LaCHx shown in polyhedral mode. (a) View down the a-axis. (b) View down the b-axis. (c) Coordination environment of C2
units in LaCHx. The C2 unit is coordinated to 7 La3+ atoms forming a monocapped trigonal prism.

Figure 2. (a) Structure of LaCHx with possible hydride sites shown. (b) Larger 4c interstitial hydride site with La−H distances shown. (c) Smaller
4c hydride interstitial site with La−H distances shown.
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a few small crystals. In attempting to reproduce it, when the
reaction was taken out of the furnace and centrifuged, the
resulting product was a large chunk that looked as if the flux
had already solidified. This occurred several times with
different batches of pre-melted flux. It was observed that
when arc melting the flux, black vapor was produced and
would coat the inside of the arc melter chamber. Because Yb
has a relatively low boiling point of 1,196 °C, it is thought that
the black vapor is Yb vapor being lost, and the resulting pellet
of flux has less Yb than intended and resulted in a higher
melting point. Subsequent reactions were tried without pre-arc
melting the flux, and these produced better yields.
Parallel reactions were carried out using carbon instead of

anthracene, to observe the results if no source of hydrogen is
present. Reactions of carbon in La/Ni eutectic yielded small,
irregular cubic La2C3 crystals with diameters up to 0.25 mm.
Reactions of carbon in Yb/Cu flux produced powdered
Yb15C19. Since the Ln/T flux reactions with anthracene yielded
different compounds with structures not previously reported in
the literature, it is likely that these products are stabilized by
interstitial hydride sites.
Structure of LaCHx. LaCHx crystallizes with an ortho-

rhombic structure in space group Pnma that is shown in Figure
1. It features layers of La atoms separated by C2 units with C−
C bond lengths of 1.36(1) Å. That is comparable to other C−
C distances in rare earth compounds such as 1.284 Å in LaC2
and 1.325 Å in La8(C2)4Cl5; these units are presumed to be
double-bonded ethylenide units (C2

4−), although these
metallic phases are not charge-balanced.13,14 The C2 units in
LaCHx are in an unusual coordination environment. Usually,
C2 units are octahedrally coordinated to 6 metal cations as is
found in LaC2, La8(C2)4Cl5, Ca5Cl3(C2)(CBC), and Ce5B2C6.
However, in LaCHx, the C2 units are coordinated to 7 La3+
atoms in a monocapped trigonal prism.13−16 To our knowl-
edge, this environment for a C2 unit is novel for rare earth
carbide intermetallics. The La−C distances range from
2.497(7) to 2.892(6) Å. This is shorter than those found in
other lanthanum carbides (2.648−2.857 Å in LaC2 and 2.712−
2.825 Å in La2C3), but a 2.302 Å La−C distance is reported in
La4Cl5C2.

13,17,18

A possible location for hydrogen interstitials in LaCHx is on
the 4c Wyckoff site shown in Figure 2b. This position places
the hydrogen atom in tetrahedral coordination with La−H
distances ranging from 2.51 to 2.57 Å. These distances closely
resemble those found in the hydrogen tetrahedral site of LaH2
(2.454 Å).19 This tetrahedral interstitial site is also very similar
to that seen in La3BC2H1.69, which has La−Htet bonds in the
range of 2.47−2.54 Å. It is notable that this borocarbide
compound has both tetrahedral and octahedral hydride
interstitials, but neutron diffraction data confirmed that the
tetrahedral sites are preferentially filled. For the compound
reported here, placing hydrogen in this tetrahedral interstitial
location gives a stoichiometry of La2C2H with Z = 4. There is
another tetrahedral site available shown in Figure 2c. This site
is smaller, with the La−H distances ranging from 2.44 to 2.45
Å. This distance is slightly shorter than those observed in
LaH2; however, it may still be possible for some hydrogen to
incorporate into this site. If both possible hydride sites are
occupied at the same time, the H−H distance would be too
short, 1.38 Å, suggesting that if one site is occupied, then the
other is not. The larger hydride site has a volume of 8.040 Å3,
while the smaller hydride site has a volume of 7.135 Å3.

Solid-state 1H MAS-NMR was performed on LaCHx to
confirm the presence of hydrogen. As seen in Figure 3, there

are three hydrogen resonances in the spectrum at 8.2, −0.5,
and −2.8 ppm with an integration ratio of 10:1:35. The sharp
peak at −0.5 ppm is attributed to surface hydroxide
contamination due to this peak increasing in size relative to
the other peaks when a sample of LaCHx that has been
exposed to the atmosphere for about an hour is run. This
leaves two distinct peaks, indicating that there are two
crystallographically unique hydride sites in the structure. The
peak at 8.2 ppm closely resembles that of BaH2 with a shift of
8.7 ppm.20 The shift for the −2.8 ppm peak is close to the −1.2
shift found in LiBH4.

21 The peak at −2.8 ppm is 3.5 times as
intense as the peak at 8.2 ppm, indicating that the hydrogen in
that site is 3.5 times as abundant. It is assumed that the larger
peak at −2.8 ppm is from the hydrogen in the larger
tetrahedral site, while the smaller peak is from the hydrogen in
the less favorable smaller tetrahedral site.

Structure of Yb2CHx. Yb2CHx crystallizes in the trigonal
space group P-3m1 (see Figure 4). The ytterbium atoms are in
the same positions as hcp Yb (high temperature allotrope;

Figure 3. 1H MAS-NMR spectrum of LaCHx. The peak at 8.2 ppm is
attributed to the smaller hydride site and the peak at −2.8 ppm is
attributed to the larger hydride site. The peak at −0.5 ppm is due to
surface hydroxides.

Figure 4. Structure of Yb2CHx shown in polyhedral mode, with
hydride sites omitted. Carbon octahedral sites are shown in gray.
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space group P63/mmc), with added interstitial C atoms.22

These single carbons are octahedrally coordinated to the
surrounding Yb atoms with a distance of 2.5401(7) Å. This is
comparable to the Yb−C distance of 2.404−2.647 Å found in
YbC2 (which has a C2 unit in an octahedral site), as well as the
Yb−C distance of 2.501 Å found in cubic Yb2C (which has a
single C atom in an octahedral site).23,24 Counterintuitively,
the addition of C reduces the Yb−Yb distances from 3.911 Å
in hcp Yb to 3.61(2) Å in Yb2CHx. This is very similar to the
Yb−Yb distance found in YbC2 (3.63 Å).
There are two possible locations for a hydrogen interstitial

site, shown in Figure 5. The first location for hydrogen would
be on the 1b Wyckoff site octahedrally coordinated to the
surrounding Yb atoms. This results in a H−Yb distance of
2.595 Å, which compares well to the 2.596 Å distance seen for
the octahedral hydride site of YbH3.

25 Placing hydrogen in this
site gives a stoichiometry of Yb2CH. Another possible location
for a hydride site is at the 2d Wyckoff site. This is a tetrahedral
interstitial site with H−Yb distances of 2.235−2.238 Å; its full
occupancy yields a stoichiometry of Yb2CH2. These H−Yb
distances are within the range found in the tetrahedral site of
YbH2 (2.14−2.37 Å).26 It is possible for both interstitial sites
to be occupied at the same time, yielding a stoichiometry of
Yb2CH3. If both sites are filled, the 1b site and the 2d site will
be 2.17 Å from each other. This distance is acceptable, as the
minimum separation of hydride interstitial sites in intermetal-
lics is 2.1 Å.27 Neutron diffraction would be required to
determine the siting and occupancy of hydrogen.
Support for the occupancy of the tetrahedral sites (Yb2CH2

model) comes from similarities to isostructural Ho2CF2,
wherein fluorine is incorporated onto the 2d Wyckoff site.28

It is also isostructural to La2SeD1.6; the presence (and partial
occupancy) of deuterium in the tetrahedral 2d sites in that

compound was confirmed by neutron diffraction.29 It is
therefore assumed that the hydride is located in tetrahedral
interstitial sites. The unit cell parameters of Yb2CH2 are
smaller than those reported for Ho2CF2, indicating that Yb is
likely trivalent instead of divalent. The full occupancy of the
tetrahedral site would therefore lead to charge-balancing, with
charges formally assigned as (Yb3+)2(C4−)(H−)2.

Electronic Structure Calculations. The calculated
density of states (DOS) data for LaCHx is shown in Figure
6. Two structural models were used, one containing just the La
and C observed with SCXRD, and a second with hydrogen
added into both possible tetrahedral interstitial sites. In the
LaC model, the Fermi level falls in a stabilizing pseudogap.
The carbon states lie between −3.5 and −4.5 eV, with a large
peak around −3.2 eV. The carbon states being below the Fermi
level is in agreement with the anionic nature of the C2 unit. In
the LaCH2 model with both interstitial sites filled, there is a
much greater number of states at the Fermi level indicating
increasing metallic behavior. The band of carbon states
becomes broader, splitting the large peak at −3.2 eV. The
hydrogen states form a band centered around −5 eV.
Figure 7 shows the DOS data for three models of Yb2CHx.

Because Yb3+ has a partially filled f-orbital, Lu3+ was used in the
calculations. The first model compound, Lu2C, contains only
the metal and carbon positions observed with SCXRD. The
second model compound is Lu2CH3 (with both possible
hydride interstitial sites filled), and the third model is Lu2CH2
(with the tetrahedral hydride sites filled and the octahedral
sites empty). In all three models, the Lu3+ f-orbitals yield a
sharp peak (located in the −3 to −5 eV range), in agreement
with their filled and localized nature. The Lu2C model has the
carbon states located from −2.5 to −4.5 eV, while adding
hydrogen moves them up to −0.5 to −2 eV in the Lu2CH3

Figure 5. (a) Yb2CHx shown in polyhedral mode with an octahedral 1b site shown in yellow. (b) Yb2CHx shown in polyhedral mode with a
tetrahedral 2d site shown in pink. (c) Octahedral 1b site with the Yb−H distance shown. (d) Tetrahedral 2d site with Yb−H distances shown.
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model and −1 to −2 eV in the Lu2CH2 model. In the Lu2CH3
model, the hydrogen states are positioned in the range from
−1 to −5 eV. In the Lu2CH2 model, the hydride states are
more strongly localized, evidenced by the sharper peaks at
−3.5 and −4 eV. More critically, the Lu2C and Lu2CH3
compounds feature states at the Fermi level and are therefore
metallic. On the other hand, Lu2CH2 has a small band gap of
0.2 eV indicating that this model is a semiconductor, in
agreement with its charge-balanced nature. However, it is
notable that the hydride sites in the isostructural La2SeH1.6
compound are partially occupied,29 which may also be the case
for Yb2CH2.

■ CONCLUSIONS

New lanthanide carbide hydrides have been synthesized by
reacting Ln/T flux with anthracene. Both LaCHx and Yb2CHx
compounds only grow in the presence of a hydrogen source,
suggesting that incorporation of hydrogen is necessary for
stabilizing the structures. 1H MAS-NMR verified the presence
of two hydrogen sites in LaCHx with the occupancy of one site
being 2−3 times that of the other. Neutron diffraction would
be required to verify the occupancy of these sites as well as
confirm the presence of hydrogen in Yb2CHx. This work
demonstrates a new method for obtaining novel rare earth
hydrides that may lead to the discovery of new hydrogen
storage materials or, if applied to synthesis of magnetic
compounds, may lead to control of magnetic properties.
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Figure 6. Density of states data for two model compounds of LaCHx.
(a) DOS plot for the LaC model. (b) DOS plot for LaCH2, with both
interstitial hydride sites filled.

Figure 7. Density of states data for three model compounds of
Yb2CHx. (a) DOS plot for the Lu2C model. (b) DOS plot for the
Lu2CH2 model. (c) DOS plot for the Lu2CH3 model.
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