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ABSTRACT: Due to their potentially unique properties, beryllium carbide materials
have been the subject of many theoretical studies. However, experimental validation has
been lacking due to the difficulties of working with Be. Neutral beryllium dicarbide has
been predicted to have a T-shaped equilibrium structure (C2v), while previous quantum
chemistry calculations for the structure of the anion had not yielded consistent results. In
this study, we report photoelectron velocity map imaging spectra for the BeC2

− X 2A1 →
BeC2 X 1A1 transition. These data provide vibrational frequencies and the electron
affinity of BeC2. Ab initio electronic structure calculations, validated against the
experimental data, show that both the anion and the neutral form have C2v equilibrium
geometries with polar covalent bonding between Be and the C2 subunit. Computed
vibrational frequencies and the electron affinity, obtained at the CCSD(T) level of
theory, were found to be in good agreement with the measurements.

Metallized carbides exhibit a range of useful properties,
not manifested by pure carbon materials, due to the

unique characteristics of the doped metals. Beryllium is a very
distinctive element known to exhibit more covalent bonding, as
compared to other group IIa metals.1−7 Beryllium carbides are
of interest as graphene alternatives8 and metallo-carbohy-
drenes.9 Beryllium carbide clusters have been identified as
promising materials for hydrogen storage in nanomaterials.9

Also, there is interest in beryllium-doped carbon clusters as
they have been found to be beneficial for the creation of thin
films for use in nuclear and plasma sciences.10 Under high
pressures, BeC2 has been shown to behave more as an insulator
than an electrical conductor, counter to the behavior of the
other alkaline earth metal dicarbides.11 Given this background,
investigation of the smallest beryllium carbide clusters is of
interest as this can lead to a better understanding of bonding
within the larger class of clusters and bulk materials.
Many dicarbide species have been investigated to explore the

factors influencing bonding and equilibrium geometries. SiC2
12

and GeC2
13,14 have been found to exhibit bent (T-shaped)

structures with predominantly M+−(C2
−) ionic bonding

(where Si and Ge are considered to be metalloids). This is a
marked difference from the geometry of the non-metal−non-
metal bonding of C2P and C2As, where the heteroatom bonds
to the C2 moiety in an end-on scheme, producing a covalent
linear C∞v molecule.15 Many metallic dicarbides have been
predicted to exhibit T-shaped structures with ionic character,
including the heavier alkaline earth metals.16,17 However, due
to beryllium’s tendency toward covalent bonding, there is the
possibility that BeC2 might not show the same degree of
metallic bonding character as the other Group IIa metals.
Motivated by the quest to find the smallest cyclic molecule

that could stabilize a CC bond, Frenking6 carried out a
careful theoretical analysis of the bonding in BeC2. He found

that the singlet T-shaped geometry was the minimum-energy
configuration, with a C−C bond order close to 3. However,
BeC2 was not the example of a cyclic π-bonded system for
which they had hoped. Instead, Frenking6 concluded that the
Be−C2 bond was markedly ionic. He also noted that T-shaped
BeC2 would be stable in the gas phase. Subsequent theoretical
studies have been consistent with these conclusions.18−23 By
contrast, there is very little information concerning the
structure of the anion. Chen et al.20 used hybrid B3LYP
density functional theory to examine beryllium-doped linear
carbon chains. Geometry optimizations were carried out using
the Pople 6-31G* basis sets. They reported the ground state of
BeC2

− to be a linear structure, similar to that of the
nonmetallic C2P and C2As.

15 Ghouri et al.19 used the
B3PW91 method with 6-31G* basis functions to investigate
neutral BenCm clusters, and they also reported vertical electron
affinities (EAs) for the equilibrium geometries. For T-shaped
BeC2, they obtained a value near 2 eV, but they did not explore
the minimum-energy structure for the anion. The density
functional theory (DFT) calculations of Patrick et al.22

(B3PW91 with large Pople-style basis sets of triple-ζ quality)
predicted that linear geometry for the anion was not stable, and
they obtained an adiabatic EA of 1.99 eV for T-shaped BeC2.
In this study, we have used anion photodetachment

spectroscopy and ab initio electronic structure calculations to
examine the bonding and equilibrium geometries of both the
neutral form and the anion. High-level electronic structure
calculations were carried out to facilitate interpretation of the
spectroscopic data and further analyses of the bonding.
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Photoelectron spectra of the BeC2
− X 2A1 → BeC2 X 1A1

transition were obtained using a velocity map imaging
spectrometer, described previously.24−27 Anions were gener-
ated through pulsed laser ablation of a beryllium rod into a
flow of helium buffer gas, using the fundamental output of a
Nd/YAG Minilite laser (1064 nm). The buffer gas was seeded
with 1% acetylene to provide a source of carbon. Anions from
the ablation plume were mass selected and subjected to
photodetachment by a frequency-doubled Nd/YAG laser (532
nm) or an excimer-pumped tunable dye laser operating in the
wavelength range of 532−643 nm. For all measurements, the
lasers were vertically polarized.
Accumulated photoelectron images were processed using

MEVELER.28 Energy calibrations were conducted using the
known electron detachment transitions of S−, for photodetach-
ment wavelengths ranging from 532 to 580 nm.
Figure 1 shows a processed velocity map image (inset) and

the photoelectron spectrum recorded using 544.56 nm (18363

cm−1) detachment photons. Assignment of this spectrum was
guided by the results from electronic structure calculations that
are described below. The numbering of the vibrational modes
corresponds to the CC stretch (v1), the Be−C2 stretch (v2),
and the bending mode (v3).
Table 1 lists the assigned vibronic transitions. The energy for

each assigned transition was obtained from an image recorded
with the detachment photon energy set just above the specific
appearance threshold to achieve the best resolution. The peak
located at 15649 cm−1 was identified as the origin band, given
its intensity and proximity to the predicted value of the
electron affinity for T-shaped neutral BeC2 (see Table 2). The

other strong bands, located at relative energies of 991 and 2004
cm−1 from the origin, are assigned to the Be−C2 stretch
fundamental (v2) and first overtone (2v2) of the neutral. The
two peaks directly above the origin are the first and second Δv3
= 0 bending sequence bands. Note that the v3 vibrational mode
transforms as the B2 irreducible representation in C2v
symmetry, so detachment events that involve odd changes in
the v3 quantum number are symmetry forbidden.
The peaks located at 16975, 17357, and 17942 cm−1 are

assigned to bend−stretch combination modes. The transitions
at energies below the origin are the stretch hot band v2

− = 1
and the bend−stretch combination hot band, respectively. The
C−C stretch was not active in this spectrum, indicative of a
very small difference in the C−C bond length between the
neutral form and the anion. The experimentally and computa-
tionally determined electron affinities and vibrational constants
are listed in Table 2.
Electronic structure calculations were carried out for the

linear and bent geometries of the doublet states of the BeC2
−

anion and the singlet states of the BeC2 neutral form, using
RCCSD(T)/ CCSD(T) methods with aug-cc-pVQZ basis
sets.29 The Molpro 2010.1 computational package30 was used
for these predictions. Optimized geometries and vibrational
frequencies of the anion and neutral species are listed in Table
3. This table also includes the electron affinity for the T-shaped
and linear geometries of the neutral molecule, with zero-point
energies taken into account. The C2v structure was found to be
the most stable isomer of the neutral form, by approximately
10000 cm−1. This calculation was in good agreement with
previous work.6,16,18,19,21−23 The C2v structure was found to be
the most stable isomer for anion, which contradicts the
findings of Chen et al.20 The linear structure of the anion was
predicted to exist only 1200 cm−1 above the bent geometry, for
the anion.
To determine the barrier for conversion from the linear to

the bent geometry, angular cuts through the potential energy
hypersurface were constructed. Point-wise energies were
calculated for variation of the ∠BeCC angle from 180° to
90° (linear to L-shaped, respectively). These curves are shown
in Figure 2. For the anion, there is a barrier of approximately
640 cm−1, indicating that the linear geometry could be stable at
low temperatures. However, the neutral BeC2 curve reveals a
much smaller barrier supporting the linear geometry,
suggesting that the linear neutral molecule is not stable. The
work of Patrick et al.22 gave similar relative energies for the
neutral form but indicated that the linear state was slightly
lower in energy, relative to the T-shaped minimum.22

Dissociation energies for the BeC2 → Be + C2 and BeC2
− →

Be + C2
− processes (under C2v symmetry) were predicted by

the present coupled cluster calculations to be 40920 and 29890
cm−1, respectively.
To examine the bonding characteristics of the anion and

neutral form, natural bond orbital (NBO)31 analyses were

Figure 1. Photoelectron spectrum, and corresponding velocity map
image, for the BeC2

− → BeC2 transition, taken at a photodetachment
energy of 18363 cm−1. The transition energy is the photodetachment
energy minus the electron kinetic energy.

Table 1. Peak Positions, Offsets from the Origin, and
Vibronic Assignments for the BeC2

− → BeC2 Spectra

energy (cm−1) offset (cm−1) assignment

14788 −861 21
0

15099 −550 21
031

1

15649 0 00
0

16031 382 31
1

16416 767 32
2

16640 991 20
1

16975 1326 20
131

1

17357 1708 20
132

2

17653 2004 20
2

17942 2293 20
231

1

Table 2. Comparison of the Experimentally Determined and
Calculated Vibrational Constants for BeC2

observed (cm−1) CCSD(T)

EA 15649 ± 39 15618a

v1 not active 1739
v2 998 ± 3 1054.1
v3 − v3

− 387 ± 7 398
aIncludes zero-point energy correction.
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performed and localized orbital locator function (LOL)32,33

surfaces were constructed. NBO analyses of the anion and
neutral ground states were implemented using the Gaussian 09
program, using DFT with the B3LYP functional and 6-311++G
Pople basis sets.34 NBO results for the neutral molecule
indicated a triple bond between the two carbon atoms and a
single bond from each carbon to the beryllium atom. The Be−
C bonds were primarily comprised of carbon hybrid orbitals, as
the bonds were >80% C 2s/2p and <20% Be 2s/2p character.
The NBO analysis of the anion also indicated a CC bond,
but the level of bonding to the Be atom was decreased to the
point where the effective Be−C bond order was 0.75.
A more nuanced picture of the bonding was obtained by

using the Multiwfn software package33 to analyze the wave
functions. Panels a and b of Figure 3 show plots of the
localized orbital locator function for the neutral form and the
anion, respectively. The bond critical points are also shown as
dots that are located on the C2 rotation axis. For both the
neutral molecule and the anion, there is an obvious build-up of
electron density between the carbon atoms with the expected
bond critical point between them. For the neutral molecule,
the C−C bond orders obtained from the Mayer and Fuzzy
Bond Order (FBO)33,35 indices were 1.6 and 2.3, respectively.
Note that the calculated vibrational frequency was consistent
with a double bond. The frequency was lower than that of
diatomic C2 (ωe = 1845.71 cm−1) by just 106 cm−1. The
Mulliken and Hirshfeld atomic charges were −0.24 and −0.23
for C and 0.48 and 0.46 for Be, respectively (the electron-
depleted region around Be is evident in Figure 3a). This charge
distribution and the position of the second bond critical point
indicate that the bonding between Be and the C2 moiety is of a
polar covalent type, with a large contribution from the
electrostatic interactions. These conclusions are in agreement

with the analysis given by Frenking6 and differ only in the
rather model-dependent matter of the C−C bond order.
Animation of the vibrational modes further supports the model
of polar covalent bonding for the Be atom. The bending
vibration involves a minimal change in the C−C bond length
and is best described as a libration of the C2 subunit, such that
Jacobi coordinates are the appropriate choice for discussion of
the vibrational motions.
In our previous studies of the BeO− and BeS− anions, we

found that the additional electron of the anion was
accommodated by Be 2s/2p hybrid orbitals that were polarized
away from the negatively charged O or S atom.24,25 BeC2 is
similar to BeO/BeS in that the ionic bonding can be formally
represented as Be2+X2−. In keeping with this view, we found
that the additional electron of BeC2

− resides in a back-
polarized, Be-centered, in-plane 2s/2p hybrid orbital. This can
be seen in Figure 3b, where there is increased electron density
localized above the Be atom, with some additional negative
charge that has been pushed onto C2. The charge distribution
has become (Mulliken and Hirshfeld) −0.12 and −0.18 on Be
and −0.44 and −0.41 on each C, respectively. The partial
negative charge on Be diminishes the attraction to C2, resulting
in a lengthening of the Be−C2 Jacobi distance from 1.49 to
1.60 Å. This change is accompanied by significant decreases in
the Be−C2 stretch and bend frequencies. The transfer of
charge into the LUMO of C2 results in a slightly higher C−C
stretch frequency but almost no change in the C−C bond
length (cf. Table 3). Overall, these changes in geometry explain
why the Be−C2 stretch was active in the photodetachment
spectrum while the C−C stretch was not. Note that the bond
critical points are in similar positions for both BeC2 and BeC2

−,
indicating that the Be−C2

− bond is still polar covalent with
strong electrostatic contributions. The bond orders for the

Table 3. Calculated Relative Energies, Optimized Geometries, and Vibrational Frequencies of the Linear and Bent
Conformations of BeC2 and BeC2

−

symmetry state EA (cm−1) Erel (cm
−1) rBeC (Å) rCC (Å) bond anglea (deg) v1 (cm

−1) v2 (cm
−1) v3 (cm

−1)

BeC2 C∞v
1∑+ 24223 10062 1.562 1.267 180 1714.7 823.6 102.9

C2v
1A1 15361 0 1.616 1.275 46.4 1739.4 1054.1 674.1

BeC2
− C∞v

2∑+ − 1200 1.591 1.269 180 1910.6 931.5 151.2

C2v
2A1 − 0 1.724 1.272 43.3 1784.0 893.7 275.7

aThe bond angle for linear C∞v structures is defined as ∠BeCC, and the bond angle for the bent C2v structures is defined as ∠CBeC.

Figure 2. Angular cuts of the potential energy surfaces of BeC2 and BeC2
−. Energies are relative to the global minimum for each potential energy

surface. The bond lengths were fixed at rCC = 1.27 Å and rBeC = 1.60 Å.
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anion were 1.6 (C−C) and 0.75 (Be−C) for the Mayer model
and 1.2 (C−C) and 0.48 (Be−C) for the FBO model. The
decrease in the C−C bond order (as compared to that of the
neutral form) for the FBO was unexpected and may be an
artifact of the application of this approximation to an open-
shell system.
In conclusion, anion photodetachment measurements have

provided the first experimental data for BeC2 and the BeC2
−

anion. In accord with previous theoretical studies, the structure
of BeC2 is found to be T-shaped, with a polar covalent bond
between Be and C2. The structure of the anion was also found
to be T-shaped, resolving a previous disagreement between
predictions. Ab initio coupled calculations, validated against the
experimental data, indicted a double bond for the C2 subunit
for both the neutral molecule and the anion. The Be−C2

−

bond of the anion was also found to be polar covalent but
weakened (relative to that of the neutral form) by the

additional neagative charge. The calculated EA was found to be
in excellent agreement with the measured value of 1.905 eV.
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