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ABSTRACT: A new monoclinic variation of Mg,C; was synthesized from the B_M g2C3
elements under high-pressure (HP), high-temperature (HT) conditions.
Formation of the new compound, which can be recovered to ambient

conditions, was observed in situ using X-ray diffraction with synchrotron k J
radiation. The structural solution was achieved by utilizing accurate theoretical | ”

results obtained from ab initio evolutionary structure prediction algorithm

USPEX. Like the previously known orthorhombic Panm structure (a-Mg,C,), °

the new monoclinic C2/m structure (f-Mg,C;) contains linear C;*" chains
that are isoelectronic with CO,. Unlike a-Mg,C;, which contains alternating °
layers of C;*~ chains oriented in opposite directions, all C;*~ chains within /- J J
Mg,C; are nearly aligned along the crystallographic c-axis. Hydrolysis of f-
Mg,C; yields C3H,, as detected by mass spectrometry, while Raman and
NMR measurements show clear C=C stretching near 1200 cm™" and "*C resonances confirming the presence of the rare
allylenide anion.

B INTRODUCTION carbides were originally deduced from hydrolysis measure-
ments, which either yielded acetylene or propadiene (or
propyne) depending on the carbon anions present.'>”*¢ Only
later were definitive structural solutions possible confirming the

carbon dumbbell pairs (C,2), such as those found in CaC, or nature of the carbon within,>**” likely a result of the intrinsic
) .- .. . o
Li,C,>* These are followed by less common methanide (e.g,, metastability and reactivity of these compounds. Fjellvag and

Be,C)* and allylenide (e.g, Mg,C,° and nonalkali/alkaline Karen reported the structural characterization of Mg,C; in
earth Sc;C,%’) type carbides, which contain isolated single 1992, as obtained from neutron diffraction measurements on

carbon anions (C*) and three carbon chains (Cy*), relatively pure samples.’> The Pnnm structure contains C;*
respectively. Magnesium carbides are unique in the sense that units with C=C b.ond ler.lgths .Of 1.33 A that are slightly
all three carbon bonding motifs have been successfully enhanced through 7-interaction with Mg. Recently, we reported
prepared.>®’ the formation of Mg,C, a methanide-type carbide that contains

MgC, was originally prepared by Novik in 1910 by the C* anions.’”

Alkali and alkaline earth metal carbides may be generally
classified into three categories based on carbon bonding
motifs." The most common carbides (acetylides) contain

reaction of magnesium and acetylene.'® Above 770 K, MgC, Magnesium carbides are interesting compounds from both
transforms into Mg,C;, and above 970 K, Mg,C; decomposes fundamental and applied perspectives. In the terms of searching
into Mg and amorphous carbon.'® Both carbides are for new advanced materials, the Mg—C system looks very

thermodynamically metastable with respect to their formation
elements: AH?® = +79.5 kJ/mol and +87.86 kJ/mol for Mg,C; Received: April 25, 2014
and MgC,, respectively.'"' The structural units within these Published: June 13, 2014
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promising (1D polymerized carbon chains,'® Mg-intercalated
graphite, carbon clathrates,"’ etc.). However, at ambient
pressure no reaction between elemental Mg and C is favorable
at any temperature. The recent synthesis of Mg,C,” predicted
20 years before,”® demonstrates the possibility for direct
formation from the elements under high-pressure conditions (p
> 15 GPa, T ~ 1770 K).*! Two factors contribute to this
simultaneously: (1) HP increases the affinity between carbon
and ma%nesium, and (2) HP stabilizes the sp® carbon state,
covalent” as well as ionic,” allowing us to consider high
pressure as a powerful tool to explore magnesium—carbon
chemistry and to discover new compounds with unusual
bonding states and properties. In the present Article we report
the synthesis of monoclinic $-Mg,C;, a high-pressure
polymorph of magnesium sesquicarbide, previously only
known as an orthorhombic (a) phase. Its monoclinic crystal
structure was solved with assistance from ab initio evolutionary
structure predictions.

B METHODS

Sample Preparation. All samples started with mixtures of hcp Mg
(Sigma-Aldrich, 99.5%, 325 mesh) and glassy carbon (gC, Sigma-
Aldrich, 99.95%, 2—12 um) or graphite (Sigma-Aldrich, 99.7%, < 20
um), with analogous results obtained for both carbon cases.
Magnesium carbon mixtures were thoroughly mixed using a porcelain
mortar in molar ratios ranging 0.33 < xc < 0.93 and dried under
vacuum at 100 °C for 12 h. Most samples were prepared under an
inert argon atmosphere as a precaution to avoid oxidation, although
preparation in air did not significantly alter product purity.

Multianvil (MA). Synthesis runs for ex situ characterization were
performed at the Geophysical Laboratory utilizing both 14/8 and 18/
11 assemblies.”® Mg—C mixtures were compacted into pellets and
loaded into MgO capsules with graphite or rhenium heaters and a
ZrO, insulating sleeve. Experiments were conducted at pressures
ranging ~5—15 GPa and temperatures ranging ~1500—2000 K with
reaction times of ~1 h, after which the sample was quenched by the
switching off the power and decompressed. Recovery of all samples
from the MgO capsule was conducted in an inert argon atmosphere.

In situ runs were performed using the newly commissioned large-
volume press at beamline ID06 of the ESRF (Grenoble, France).
Similar preparations were made as for the ex situ experiments;
however, boron epoxy windows were employed in the pressure
transmitting media, and windows were laser cut into the Re heater to
improve X-ray transmission properties. Pressure and temperature
estimations were made using equations of states of Mg and MgO.>***

Diamond Anvil Cell (DAC). Symmetric diamond anvil cells
(DACs) equipped with ~400 ym culets were used to generate high
pressures. A piece of Re foil was indented to a thickness of ~60 ym,
and a ~200 ym hole was drilled for the sample chamber. Mg—C
mixtures were pressed into ~20 X 10 ym?® discs and loaded into the
sample chamber, along with a ruby sphere for pressure calibration.*
Neon was used as a pressure transmitting medium and also served as
thermal insulation between the sample and diamonds during heating.
Samples were compressed to pressures ranging ~10—30 GPa and
heated between ~1500 and 2000 K using the infrared laser heating
(LH) system at HPCAT, sector 16, Advanced Photon Source.””

Paris—Edinburgh (PE) Press. The PE press at SOLEIL was also
used for synthesis and in situ characterization of Mg,C;. Opposite
anvils with standard boron-epoxy gasket (pressure medium) were
employed to create high-pressure conditions.”® A graphite resistive
furnace allowed heating up to 1500 K under high pressure. The Mg—C
mixtures were placed into a MgO capsule in order to isolate the
sample from the heater. Pressure and temperature estimations were
made using equations of states of Mg and MgQ.>***

X-ray Diffraction. Samples recovered from multianvil synthesis
runs were sealed in a glass capillary under an inert argon atmosphere.
X-ray diffraction patterns were obtained at ambient conditions using a

7021

Rigaku Rapid diffractometer employing Mo Ka radiation and a curved
area detector, with sample to detector distance refined using a high-
purity silicon standard.

In situ DAC studies were performed at HPCAT, sector 16,
Advanced Photon Source. Angular dispersive X-ray diffraction patterns
were obtained with a wavelength of 1 = 0.6199 A and a MAR image
plate calibrated with a CeO, standard. The patterns were integrated
using FIT2D software.”®

In situ multianvil diffraction patterns were obtained at beamline
IDO06 of the European Synchrotron Radiation Facility (ESRF). Angular
dispersive X-ray diffraction patterns were collected with a wavelength
of 2 =0.3874 A and a scintillation counter served as the detector. The
system was calibrated using a LaBg standard.

In situ measurements in PE cell were performed at beamline
PSICHE of the SOLEIL synchrotron. The phase transformations were
primarily observed by energy-dispersive X-ray diffraction (20 = 8°).
After the crystallization of new phase, CAESAR system®® was used to
collect the data and consisted of energy-angle diagrams permitting
identification of new structures and removal of artifacts. Several
energies (AE/E < 5%) were binned to obtain high-resolution angle-
dispersive data. The system was calibrated using an Au standard.

Phase recognition and indexing of diffraction patterns was
performed using PowderCell* and CheckCell.** Full profile Rietveld
and Le Bail analyses were performed using GSAS® with EXPGUL>*

Mass Spectrometry. Recovered samples synthesized in multianvil
runs were sealed in an evacuated glass tube with a septum. A few
droplets of deionized water were introduced into the tube via syringe,
and the resulting off-gases were sampled using a gastight syringe and
analyzed using an Agilent $890 gas chromatograph run isothermally (T
= 35 °C) equipped with a 30 m Agilent J&W GS-Carbonplot column
interfaced to a 5972 quadrupole mass analyzer.

NMR. All solid state NMR experiments were run on a
Chemagnetics Infinity Solid State NMR system. The static field of
this instrument is 7.05 T yielding Larmor frequency for *C of 75
MHz. Direct polarization with magic angle spinning (w,/27 = 11 kHz)
was employed using S mm inner diameter zirconia rotors and a doubly
tuned MAS RF probe. Boron nitride inserts were employed around the
sample to negate '*C background from within the rotor. As the
amount of sample was very small the issue of background signal from
Vespel components of the stator in proximity to the RF coil is
significant. In order to suppress the external background signal the 4
pulse DEPTH sequence run in a 16 pulse cycle suppresses any signal
from nuclei that experience nutation less than 45°, when the sample
nuclei experience RF induced nutation of 90°. The DEPTH sequence
was applied for °C, where the 90° pulse lengths were 4 us for either
nucleus. In the case of the *C DPMAS experiments, high-power
"H—"C decoupling was applied with continuous irradiation (@,/27 =
62.5 kHz). For *C DPMAS NMR a recycle delay of 100 s was
sufficient to avoid T, saturation; note that a recycle delay of 10 s
indicated T, saturation. The number of acquisitions for *C DPMAS
NMR was 1600. The spectral widths for *C DPMAS MNR were S0
and 200 kHz, respectively. All spectra were referenced to C of
tetramethylsilane (TMS).

Raman Spectroscopy. Raman spectra were obtained using a
Princeton Instruments spectrograph (SP2750) with 750 mm focal
length. A 532 nm diode laser was focused on the sample through a
20x long working distance objective lens. Raman light was collected in
the backscatter geometry, focused onto a 50 ym entrance slit, and
dispersed off of an 1800 grooves/mm grating onto a liquid-nitrogen-
cooled charge-coupled device detector. The spectrometer was
calibrated using the emission lines from a neon lamp.

Ab Initio Calculations. The structural searching algorithm
USPEX,* coupled with density functional theory (DFT),*® was used
to determine new stable structures and to elucidate thermodynamic
stability. Enthalpy calculations and geometry optimizations were
performed within the framework of the generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof (PBE)
parametrization®” for the exchange-correlation functional as imple-
mented in VASP code. For Brillouin zone integration, we used the
Monkhorst—Pack scheme®® and checked convergence of ground state
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calculations with uniformly increasing k-point meshes for each
structure. We used a plane-wave basis-set cutoff of 500 eV and
generated a 12 X 12 X 12 k-point grid meshed for a Brillouin-zone
integration.” Calculations of phonons of Mg,C; were performed with
density functional perturbation theory as implemented in Quantum
Espresso’® code, and used a uniform 4 X 4 X 4 g-mesh and dynamical
matrix interpolation technique.

B RESULTS AND DISCUSSION

Initial Observations. The first observations of a new
compound in the Mg—C system were made using LH-DACs
with synchrotron PXRD. A sample of Mg—gC (xc =~ 0.5) was
heated at 18 GPa to 1750 + 250 K, and quenched to ambient
temperature for diffraction measurements. In addition to the
formation of MgZC,9 several new reflections (Figure 1) were

Ne

Mg,C

10 15

20° (L =0.6199 A)

25

Figure 1. Synchrotron PXRD (A = 0.6199 A) pattern recorded at 18
GPa showing typical multiphase synthesis obtained in the diamond
anvil cell (DAC). The sample was heated at 1750 + 250 K. Mg,C and
Ne reflections are labeled. Asterisks indicate unidentified reflections,
shown later to originate from $-Mg,C;.

observed that could not be attributed to any known Mg—C
structures. Given the limited number of observed reflections
and the multiphase nature of synthesis, it was not possible to
index these new lines with any appreciable degree of
confidence.

Analogous PXRD patterns were obtained from samples
recovered from MA runs at 9—15 GPa, 1770—2000 K, and 0.33
< x¢c < 0.93. Strong similarities between the in situ LH-DAC
results and ex situ MA data suggest that the new structure is
recoverable to ambient conditions, and is possible to synthesize
over a broad range of p—T—x conditions. Like the LH-DAC
data, it was not possible to solve the structure from laboratory
PXRD results obtained from recovered MA samples.

Mass Spectrometry and NMR. In order to establish
additional insights into the state of carbon within the new
phase(s) recovered from MA experiments, the hydrolysis
products of recovered samples were analyzed using mass
spectrometry. A typical mass spectrum from a run at 9 GPa and
1770 K (outside of the formation region of Mg,C) is presented
as Figure 2a. Aside from argon (from the glovebox) and
constituents in air introduced during sample injection,
propadiene and propyne, C;H,, were the only hydrolysis
products detected in the mass spectrum. As for the case of
previous reports of magnesium carbides synthesized at ambient
pressure,'>'®*! this observation provides strong chemical
support that the new carbide phase contains [C=C=C]*
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Figure 2. (a) Mass spectrum of the hydrolysis products of magnesium
carbide synthesized at 9 GPa and 1770 K (x¢ = 0.85) compared with
air and C3H, (b) C MAS NMR spectrum. Asterisks indicate
unidentified peaks which may originate from the multiphase nature of
synthesis or possible presence of J-coupling. Inset shows image of the
recovered sample.

anions and is likely a high-pressure polymorph of magnesium
sesquicarbide, Mg,C;.

An MA synthesis experiment using '*C amorphous carbon
(99% of isotope purity) was performed at 9 GPa and 1700 K
(outside of the formation region of Mg,C) to further
investigate the states of carbon in the new phase using "*C
NMR (Figure 2b). While multiple peaks exist in the spectrum
due to multiphase synthesis, two clear groupings occur near 6 =
50 and 175 ppm, in an approximate 2:1 ratio. These resonances
may be compared with pure allene, which displays shifts at 6 =
75 and 213 ppm, originating from the end and central carbons
of the three-carbon chains, respectively.” These observations
are consistent with the presence of an allylenide-type carbide,
where the resonances are shifted upfield from the case of pure
C;H,,. These results are similar to other C;*~ carbides including
Ca;Cl,C;, which shows resonances at 122 and 173 ppm,* and
LiCa,C;H, which has resonances at 126 and 225 ppm in an
approximate 2:1 ratio.** Thus, the NMR results are consistent
with mass spectrometry in regards to the formation of an
allyenide-type carbide.

Ab Initio Structural Predictions. In order to help resolve
the structure of the new Mg carbide phase, we performed
pressure-dependent ab initio structural evolution searches based
on density functional theory (DFT). The composition during
the search was fixed to Mg,C; as indicated by mass
spectrometry and '*C NMR analyses. We performed the
searching with up to 6 formula units in the simulation cell at
pressures up to 20 GPa in 5 GPa increments. Ab initio structural
evolution algorithms (USPEX method/code)*® have demon-
strated their power for the prediction of new high-pressure
phases, and for elucidating structural solutions for complex
experimental data. This method was previously shown to be
powerful for complicated low-symmetry structures, such as
orthorhombic boron*® and unexpected sodium chlorides* and
has become a more and more widely used technique.*’*®

Figure 3a compares the pressure dependence of the relative
enthalpies of the four lowest energy Mg, C; structures predicted
by USPEX. The known a-Mg,C; (Pnnm) structure was
predicted to be the most stable at ambient pressure. With
increasing pressure, a new monoclinic phase (C2/m), unrelated
by subgroup symmetry, becomes the most stable structure
above 5 GPa and continues to gain enthalpic advantage, relative
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Figure 3. (a) Enthalpies of most stable Mg,C; polymorphs predicted
by USPEX as a function of pressure, and (b) their structures.

to other structures, to at least 20 GPa. Two additional
orthorhombic structures, with symmetries Pnma and Pbca, were
also predicted to be within 0.25 eV/formula unit (fu.), but do
not become enthalpically stabilized relative to the Pnnm
structure up to 20 GPa. The corresponding crystal structures
of the most stable compounds with composition Mg,C; are
presented in Figure 3b.

The predicted Pnma polymorph is quite similar to a-Mg,C;
(Pnnm) and may be viewed roughly as the same structure with
a doubling of the unit cell along the g-axis. One can see that the
two polymorphs differ by the mutual organization of anionic
[C=C=C]"* layers: ABAB in the a-phase and AABBAABB in
Pnma phase. The linear chains in different layers are canted
with respect to one another by an angle of ~70° in both phases.

Like the other Mg,C; phases, the predicted monoclinic C2/
m structure contains linear C;*~ chains that are isoelectronic
with CO,. However, the mutual organization of anionic layers
within the C2/m structure is completely different as compared
with the orthorhombic structures: the [C=C=C]*" chains are
all oriented approximately along the c-direction. We speculate
that this parallel orientation found in C2/m allows for more
efficient packing of the linear carbon chains, which provides the
physical basis for the enthalpic stabilization of this structure
with increased pressure. Indeed, the volume per fu. for the C2/
m structure was calculated to be 8% smaller than that for the
Pnnm structure at the transition pressure of 5 GPa. Crystallo-
graphic information for the lowest energy structures calculated
for Mg,C; is provided in Table 1.

The calculated C=C bond lengths are similar for all three
structures, ranging from 1.315 to 1.336 A. The calculated C=C
length for the Pnnm () structure of 1.315 A agrees favorably
with the experimental value of 1.332 A reported previously.”
The calculated length is slightly enhanced within the C2/m ()
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Table 1. Crystallographic Information for Low-Energy
Mg,C; Polymorphs at Ambient Pressure

structure lattice params atomic coordinates

Pnnm (No. S8) a=6168 A Cl@2d (0, 0.5, 0.5)
b=35204 A C2@4g (0.388, 0.215, 0)
c=3428 A Mgl@4g (0.793, 0.895, 0.5)
C2/m (No. 12) a=4833 A
b =4.698 A Cl@2c (0,0, 0.5)
c=6047 A C2@4i (0.962, 0, 0.263)
Mgl@4i (0.389, 0, 0.199)
B = 126.43°
Pnma (No. 62) Cl@4c (0.932, 0.250, 0.291)
a=12851A C2@4c (0.815, 0.250, 0.878)
b=3782A C3@4c (0.125, 0.750, 0.917)
c=5320A Mgl@4c (0231, 0.750, 0.522)
Mg2@4c (0.478, 0.250, 0.800)
Pbca (No. 61) a=6230A Cl@4a (0, 0, 0)
b =5200 A C2@8c (0.551, 0.291, 0.096)
c=7024 A Mgl@8c (0.117, 0.893, 0.350)

structure (1.332 A), which may be caused by changes in 7
interaction with Mg. While the Pnnm structure has shorter
Mg—C nearest neighbor contacts, C;*~ units within the C2/m
structure are coordinated by 10 Mg nearest neighbors, while
C,*" units within Pnnm are coordinated by only eight (Figure
4).
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Figure 4. C,;*~ coordination in @ and # Mg,C; and histogram of
nearest neighbor Mg—C distances out to 3 A

Like a-Mg,C;, the new monoclinic # phase is an indirect
band gap semiconductor. Using DFT (PBE), we calculate the
band gaps to be 1.23 and 1.69 eV for the a and f phases,
respectively. Using the HSE06 hybrid functional for exchange
correlation,*” which has been shown to produce more accurate
band gaps than PBE, the gaps of the @ and f§ phases are 2.09
and 2.52 eV, respectively. The wide band gap of f-Mg,C; likely
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contributes to the orangish color observed experimentally
(Figure 2b).

In Situ Synthesis of Pure f-Mg,C; (C2/m). In order to
overcome the challenges associated with multiphase synthesis
in the DAC and recovered MA samples, we performed
synthesis experiments in both MA (9 GPa) and PE presses
(6.5 GPa), both with in situ synchrotron PXRD. In both cases,
the homogeneous fixed starting compositions and uniform
sample heating, combined with the ability to probe the
structure under in situ conditions without additional handling
requirements, allowed for the nearly phase-pure synthesis of the
new carbide phase to be tested against the theoretical
predictions.

During MA experiments performed at ID06 ESRF, new
diffraction peaks were observed at the onset of Mg
recrystallization at 9 GPa and ~1700 K (xc = 0.33). After
approximately 1 h of heating at 1770 K, a series of new
reflections were observed, which are in excellent agreement
with the XRD pattern calculated for the newly predicted C2/m
structure of Mg,C; (Figure Sa). The diffraction patterns

a) 9GPa b) 6GPa
® hcp Mg [ 1
1 » fcc Mgo w T se flQuench
® B-Mg,C;
e [ ]
Al 'll ®
L1300 K
B-MgC;
grov.vth
1770 . .
2.J11300 K
670K i}'::lflztﬁs Mg recrystallization
I I X 1 2 Jl 1300k
" 1373 K
O L.. hep Mg +gC | =t ohcpéMg+gt§ S
[ERN 8Jl&zzs ke 5 S ‘ £ 835
T 1 T T T T T T T T T T T !
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20° (L =0.3188 A)

14

Figure S. In situ diffraction data during HPHT synthesis. (a) MA
synthesis at 9 GPa (xc = 0.33), angular dispersive. (b) PE synthesis at
6 GPa (x¢ = 0.5), energy dispersive. (c) Angular dispersive diffraction
pattern for $-Mg,C; synthesized in the PE press and recovered to
ambient pressure. Rietveld refinement was employed for the $-Mg,C;
structure, while Le Bail analysis was used for MgO and Mg due to
strong preferred orientation caused by recrystallization and capsule
texture. Tick marks indicate $-Mg,C;, Mg, and MgO from top to
bottom.

obtained under these conditions are completely described by
this structure, combined with some excess Mg and MgO (used
as a capsule material and pressure medium). Similarly, the new
C2/m structure was also observed during in situ PE cell
experiments at SOLEIL at 6 GPa (xc = 0.5). In this case,
formation of the new phase also began during Mg
recrystallization (1300 K), and was the only carbide phase
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formed (MgO capsule and excess Mg were the only other
phases observed) (Figure Sb).

The sample produced in the PE press at 6 GPa was
decompressed to ambient pressure, and no phase trans-
formations were observed, consistent with recoverability, and
high-resolution angular dispersive data were collected (Figure
Sc). Rietveld analysis of the synchrotron data confirms that this
phase is indeed the predicted C2/m structure, with remarkable
agreement between experiment and theory: the DFT lattice
constants listed in Table 1 are all well within a one percent
difference from the experimental lattice constants of a
4.831(1) A, b = 4700(1) A, ¢ = 6.029(1) A, and B
126.71(1)°. Thus, we have successfully identified the second
known polymorph of magnesium sesquicarbide, 5-Mg,Cs.

DAC Data and Equation of State. With the structural
solution of the monoclinic f-Mg,C; phase known, it was
possible to revisit synchrotron XRD data sets from DAC runs
that contained multiple carbide phases, e.g., Figure 1. These
patterns, which contained on the order of 10 reflections from
the monoclinic structure, were indexed as a function of pressure
(Figure 6), and experimental lattice parameters show excellent

—
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~—

I TN T T S N TN Y T S N S T |

0 5 10

Pressure (GPa)

15 20

Figure 6. Lattice parameters and unit cell volume for $-Mg,C; with
pressure. Dashed lines represent DFT calculations.

agreement with those obtained from DFT calculations. The
lattice parameters g, b, and ¢ display a monotonically decreasing
trend with pressure, while the monoclinic angle, 3, increases
slightly (<1%) between 0 and 20 GPa.

The p—V data for Mg, C; were fit with a second-order Birch—
Murnaghan equation of state with V, = 109.73(2) A® and B, =
103(2) GPa (B, = 4, implied). These parameters are in good
agreement with the DFT calculations where V,, = 110.5 A%, B, =
106.5 GPa, and By’ = 4.2. f-Mg,C; is less compressible than
acetylide-type alkali and alkaline earth metal carbides (e.g,, B, =
55 GPa*® for CaC,, B, = 49 GPa®' for BaC,), but is quite
comparable to Mg,C (B, = 87(1) GP2°).

Thermodynamic Stability of f-Mg,C;. At ambient
pressure, the previously known a-phase of Mg,C; is metastable
with respect to its formation components by AH® = +79.5 kJ/
mol,"" yet its szfnthesis is indeed possible through various
chemical routes.”'”'> With increasing pressure, the formation
enthalpy of a-Mg,C; decreases, but this structure never
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becomes thermodynamically stabilized up to 20 GPa, according
to our zero-temperature DFT calculations (Figure 7).
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Figure 7. Convex hull of formation enthalpies for Mg—C with respect
to hcp Mg and graphite as a function of pressure at 0 K.
Thermodynamically stable phases (filled symbols) are connected by
solid lines, while metastable phases (open symbols) are connected by
dashed lines. Two points (5.5 and 20 GPa) are provided for a-Mg,C;,
indicated by the open squares. f-Mg,C; becomes a stable structure on
the convex hull above 19 GPa. The P4,/mnm structure was used for
MgC,.

Above 5 GPa, -Mg,C; becomes more stable than the a-
phase, but still remains metastable with respect to a mixture of
hep Mg and graphite. Above 13 GPa B-Mg,C; achieves a
negative enthalpy of formation, but thermodynamic stability is
not achieved due to disproportionation into Mg,C and
graphite. It is not until pressures above 19 GPa that $-Mg,C;
becomes a stable structure on the convex hull. These
calculations are qualitatively consistent with experimental
observations; however, observations differ substantially in
terms of absolute pressure. At S GPa and below no formation
of any carbide was observed in experiments: after the
disappearance of Mg diffraction lines, neither long heating
(up to 1-2 h) nor temperature increase led to appearance of
new reflections in diffraction patterns, while in the recovered
samples only metallic Mg and partially ordered graphite were
observed. This agrees with calculations in terms of low-pressure
thermodynamic instability. However, during experiments at 6
GPa and above, we clearly observed the formation of -Mg,C;
directly from a mixture of formation elements. Under in situ
experiments this formation occurs at the point of Mg
recrystallization. According to calculations, f-Mg,C; should
still be thermodynamically metastable at pressures below 19
GPa; however, nonzero temperature effects likely explain this
apparent discrepancy. Kinetic pathways accessible by experi-
ment might also contribute to $-Mg,C; formation at reduced
pressure as compared with calculations, although this effect is
likely minimal compared with the effect of temperature. Below
11 GPa, Mg,C clearly decomposes into $-Mg,C; + C during
isothermal decompression at 1550 K.*' The formation of j-
Mg,C; through two entirely independent p—T—x pathways
(direct reaction with the elements and Mg,C decomposition)
indicates thermodynamic stability at finite temperature.

While thermodynamically metastable at 0 GPa, the
experimentally observed ambient pressure recoverability of f3-
Mg,C; is also supported by density functional perturbation
theory calculations. The absence of imaginary vibrational
frequencies in phonon dispersion relations calculated at
ambient pressure (Figure 8) indicates that S-Mg,C; is
dynamically stable at 0 GPa.
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Figure 8. Phonon dispersion relations of f-Mg,C; at ambient pressure.

Raman Spectra of f-Mg,Cs. Raman spectra of f-Mg,C;
were recorded at room temperature as a function of pressure
for samples synthesized between 15 and 20 GPa and 1700—
2000 K in LH-DACs (Figure 9). Symmetry analysis of the C2/
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Figure 9. Raman spectra of #-Mg,C; with pressure (top) and observed
frequencies (bottom). Calculated Raman intensities at 12 GPa,
represented by Lorentzian peaks, are shown in the top panel as a
double line. Dashed lines in the bottom panel guide the eye. All
Raman active modes have A, or B, representations.

m structure reveals 44, + 2B, Raman active modes for -Mg,Cs.
All modes were observed experimentally, and all displayed
positive frequency correlation with pressure. The mode
observed at 1213 cm™' (0 GPa) is assigned to C=C stretching
and clearly confirms the presence of the allylenide anion.
Normal mode analysis of phonon dispersion relations at the I'
point reveals this mode to be associated with symmetric
stretching (A,). Experimentally, this mode was observed as a
doublet with a second feature at 1170 cm™, which might
originate from a subtle distortion of the monoclinic cell. The

dx.doi.org/10.1021/ic500960d | Inorg. Chem. 2014, 53, 7020—7027



Inorganic Chemistry

calculated optical phonon branch (Figure 8) does indeed show
two modes at 1171 and 1192 cm™!; however, the lower
frequency mode is not Raman active in the undistorted C2/m
structure. Asymmetric stretching modes, calculated to occur at
1683 and 1711 cm™, are not Raman active, but the mode at
1711 ecm™" was calculated to have strong IR intensity. The
stretching modes in f-Mg,C; agree favorably with those for
Ca;C3Cly (Mo = 1159 em™, 1y = 1660 em™), a structure
previously reported to contain the C;*~ anion.”> The only other
structure containing C;*~ with vibrational spectroscopy data
available, Ca;;Sn;Cy, exhibits stretching modes at v,,= 968
cm™, V= 1482, 1542 cm ™3

The five remaining modes originate from librational-like
motion of the [C=C=C]*" anions. Bending modes near 600
cm_1 are not Raman active for the C2/m structure, but are
calculated to have appreciable IR intensity. Our calculated
Raman frequencies for Mg,C; at 12 GPa agree very well with
experiment showing an average deviation of only —2.5%, and
the calculated relative intensities are also in general agreement
with experiment.

B CONCLUSIONS

After exploring pressure as additional dimension for chemistry
of the Mg—C system, four magnesium carbides are now known:
(1) tetragonal MgC,, (2) orthorhombic a-Mg,C;, (3)
monoclinic f-Mg,Cs, and (4) cubic Mg,C. Taking into account
that at ambient pressure and at pressures up to ~5 GPa the
elements do not interact at any temperature, it is quite
astonishing to observe such rich chemistry: two metastable
carbides accessible by chemical routes (cases 1—2), different
organization of C;*~ linear chains as a function of pressure and
temperature (cases 2—3), as well as stabilization of the unusual
C*" anion at pressures of 15 GPa and higher (case 4). Although
these compounds are strongly ionic, they remain metastable at
ambient conditions after recovery from high pressure, an
atypical situation for ionic compounds of nontransition metals,
which usually easily pass into stable structures upon
decompression without hysteresis, even at low temperatures.
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