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ABSTRACT
The structural and electronic properties of MnCn

− (n = 3-10) clusters have been investigated using size-selected photoelectron
spectroscopy and density functional theory calculations. The vertical detachment energies of MnCn

− exhibit a strong odd-even
alternation with increasing number of carbon atoms: the vertical detachment energies of MnCn

− containing even number of
carbon atoms are higher than those of adjacent ones containing odd number of carbon atoms. The theoretical analyses indicate
that the spin multiplicities and relative stabilities of MnCn

−/0 also exhibit odd-even alternations. It is found that MnC3
− has three

degenerate isomers with two linear structures in different electronic states and one fanlike structure. For n = 4-6, 8, and 10, the
ground state structures are all linear with the Mn atom at one end. MnC7

− and MnC9
− have cyclic structures. As for the neutral

species, MnC3 and MnC4 adopt fan-shaped structures, MnC5 has a linear structure, and MnC6-10 have cyclic configurations. The
atomic dipole moment corrected Hirshfeld population analysis shows that the electrons transfer from the Mn atom to the Cn
units. The total spin magnetic moments of MnCn

−/0 (n = 3-10) clusters are mainly contributed by the local magnetic moments on
the Mn atom.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084310

I. INTRODUCTION

The doping of carbon clusters with transition metals may
induce unique physical and chemical properties and therefore
have potential applications in the fields of catalysis and func-
tional materials. It has been reported that transition metals
and carbon not only can form metallocarbohedrenes (met-
cars)1–4 and endohedral metallofullerenes5,6 but also can form
two-dimensional metal carbides such as MXenes, which may
be used as electrode materials for batteries and supercapac-
itors.7–9 Due to the special metal-carbon interactions, late
transition metals such as Fe, Co, and Ni can act as catalysts
in carbon nanotubes’ growth.10–13

In the last decades, metal carbide clusters were inves-
tigated by experiment and theory intensively. Wang and co-
workers investigated the structures and electronic properties
of small MCn

− (M = Fe, Ti, Cr, Nb)14–18 clusters using anion
photoelectron spectroscopy. Knappenberger et al. studied the
structures of diniobium-carbon clusters using anion photo-
electron spectroscopy and density functional theory (DFT)
calculations.19 Zheng and co-workers investigated the struc-
tural and electronic properties of ComCn

−20,21 and VmCn
−22

using size-selected anion photoelectron spectroscopy in com-
bination with DFT calculations. The structural properties of
AuCn

− clusters were explored by using a time-of-flight (TOF)
mass spectrometer and DFT calculations.23 The structure
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of Au2C2
− has been investigated with size-selected anion

photoelectron spectroscopy,24 and those of Au(C≡≡C)nAu−

(n = 1–3) were studied using a high-resolution photoelectron
imaging technique.25 It has been suggested that metal carbide
clusters such as MoC3

−, Ta2C4
−, and FeC6

− have intriguing
catalytic properties in the reactions involving C–H bond acti-
vation.26–28 The theoretical studies of Redondo et al. suggested
that the structures of 3d mono-metal carbides TMCn

±/0

(TM = Sc, Ti, V, Fe, Co, and Zn; n = 1-8)29–41 are related
to the number of d electrons of the TM atom and the
cluster sizes. The structural and electronic properties of
the (FeC)n and MCn

+/0 (M = Y, La) clusters were inves-
tigated using density functional theory calculations.42,43
Recently, the structures and properties of Pt3C2

−/0 and
Pt1−7C2

−/0 were also investigated with density functional
theory.44,45

Manganese carbides are possible carbon-bearing
molecules in stellar objects and interstellar media, especially
in the carbon rich envelope of stars, because both carbon
and manganese have relatively large cosmic abundances.46
First-principles calculations suggested that Mn23C6 is one of
the most stable phases among the binary carbides M23C6
(M = V–Ni).47 Recent theoretical studies predicted Mn-based
MXene (Mn2CF2) to be a half-metal with a wide half-metallic
gap and room-temperature ferromagnetism, which has poten-
tial applications in spintronics.48 Density functional theory
calculations proposed Mn2C sheets to be promising elec-
trode materials for lithium-ion batteries.49 There are only
a few experimental and theoretical studies on small man-
ganese carbide clusters. Borin and Gobbo conducted high
level calculations on the low-lying quartet electronic states
of diatomic MnC employing a multireference configuration
interaction (MRCI) approach based on complete-active-space
self-consistent-field (CASSCF) wave functions.50 Gutsev et al.
calculated the spectroscopic constants, electron affinities,
ionization energies, and dissociation energies of diatomic
MnC±/0 based on density functional theory.51 The vibra-
tionally resolved spectra of MnC2

− and MnC3
− were studied by

using anion photoelectron spectroscopy.52,53 In order to help
understand the geometrical structures and electronic prop-
erties of manganese carbide clusters and to provide useful
information for future high resolution spectroscopy studies, in
this work, we conducted a combined size-selected anion pho-
toelectron spectroscopy and density functional theory study
on MnCn

−/0 (n = 3-10) clusters.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experimental methods

The experiments were performed using a home-built
apparatus consisting of a time-of-flight (TOF) mass spec-
trometer and a magnetic-bottle photoelectron spectrometer,
which has been described previously.54 Briefly, the MnCn

−

(n = 3–10) cluster anions were generated in a laser vapor-
ization source by laser ablation of a rotating and translating
manganese-carbon mixture disk target (13 mm diameter and
Mn:C mole ratio 5:1) with the second harmonic light (532 nm)

of a Nd:YAG laser (Continuum Surelite II-10), while helium gas
with ∼4 atm backing pressure was allowed to expand through
a pulsed valve (General Valve Series 9) over the target for
cooling the formed clusters. The cluster anions were mass-
analyzed by using the TOF mass spectrometer. The MnCn

−

(n = 3–10) clusters were each mass-selected and deceler-
ated before being photodetached using the fourth harmonic
light (266 nm) of another Nd:YAG laser. The photodetached
electrons were energy-analyzed by using the magnetic-bottle
photoelectron spectrometer. The energy resolution of the
photoelectron spectrometer was approximately 40 meV for
the electrons of 1 eV kinetic energy. The photoelectron spectra
were calibrated using the spectra of Cu− and Au− taken under
similar conditions.

B. Theoretical methods
The structures of MnCn

− (n = 3–10) clusters and their
neutral counterparts were optimized using DFT with Becke’s
three-parameter and Lee-Yang-Parr’s gradient-corrected
correlation hybrid functional (B3LYP)55,56 and 6-311+G(d) basis
set as implemented in the Gaussian 09 program package.57 To
confirm the reliability of the 6-311+G(d) basis set, we also cal-
culated the relative energies and vertical detachment energies
(VDEs) of the MnC3-5

− clusters at the B3LYP/aug-cc-pVTZ
level. The results at the B3LYP/6-311+G(d) level are very close
to those at the B3LYP/aug-cc-pVTZ level (see Table S1 in the
supplementary material). Therefore we chose the 6-311+G(d)
basis set for the larger MnCn and MnCn

− species. We have
considered all possible spin multiplicities during the cal-
culations. All the geometry optimizations were conducted
without any symmetry constraint. Harmonic vibrational
frequencies were calculated to make sure that the optimized
structures correspond to true local minima. The zero-point
vibrational energy corrections were included for the relative
energies and adiabatic detachment energies (ADEs) of iso-
mers. The theoretical VDE was calculated as the energy dif-
ference between the neutral and anion states at the geometry
of the anionic species. The theoretical ADE was obtained as
the energy difference between the neutral and anion states,
with the neutral optimized to the nearest local minimum
to the anionic geometry. The atomic dipole moment cor-
rected Hirshfeld (ADCH) population analysis58 of MnCn

−/0

(n = 3–10) was performed with the Multiwfn program.59 The
ADCH charge analysis is an improved version of the Hirshfeld
charge analysis.60

III. EXPERIMENTAL RESULTS
The photoelectron spectra of MnCn

− (n = 3–10) taken
with 266 nm (4.661 eV) photons are presented in Fig. 1. The
VDEs and ADEs of these clusters estimated from their pho-
toelectron spectra are listed in Table I. The VDE of each
cluster was taken from the maximum of the first peak in
its spectrum. The ADE of each cluster was determined by
adding the value of instrumental resolution to the onset
of the first peak in its spectrum. The onset of the first
peak was determined by drawing a straight line along the
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FIG. 1. Photoelectron spectra of MnCn
− (n = 3–10) clusters recorded with 266 nm

photons.

leading edge of the first peak to cross the baseline of the
spectrum.

The photoelectron spectrum of MnC3
− has five resolved

peaks centered at 1.96, 2.74, 3.39, 3.93, and 4.17 eV, respec-
tively. The spectrum of MnC3

− had been measured at 532 nm
by Wang and Li.53 In this work, the spectrum recorded at
266 nm shows the higher binding energy peaks which cannot
be accessed by 532 nm photons. There are two well-resolved
peaks centered at 2.95 and 4.12 eV in the spectrum of MnC4

−.

The spectrum of MnC5
− displays two peaks centered at 2.47

and 2.76 eV, followed by some undistinguishable features at
the high binding energy side. As for the spectrum of MnC6

−,
there is a strong peak centered at 3.64 eV, followed by a broad
feature centered at 4.11 eV. In the spectrum of MnC7

−, there is
a broad band centered at 3.01 eV with the shoulders of 3.29 and
3.56 eV, followed by some features at the high binding energy
side. The spectrum of MnC8

− has a strong peak centered at
3.81 eV, followed by some weak features at the high bind-
ing energy side. The spectrum of MnC9

− shows two resolved
peaks centered at 3.06 and 3.52 eV. The spectrum of MnC10

−

displays four peaks centered at 3.97, 4.19, 4.28, and 4.34 eV,
respectively.

IV. THEORETICAL RESULTS AND DISCUSSION
The typical low-lying isomers of the MnCn

− (n = 3-10)
clusters obtained from DFT calculations are presented in Fig. 2
with the most stable ones on the left, and those of neutral
MnCn are displayed in Fig. 3. The relative energies, theoret-
ical VDEs, and ADEs of these low-lying isomers are summa-
rized in Table I, along with the experimental VDEs and ADEs
for comparison. We also simulated the photoelectron spec-
tra of the low-lying isomers of MnCn

− (n = 3-10) based on
the generalized Koopmans’ theorem (GKT)61,62 and compare
the simulated spectra with the experimental spectra in Fig. 4.
The simulated spectra are named as density of states (DOS)
spectra for convenience. The simulated spectra were obtained
by fitting the distributions of the transition lines with unit-
area Gaussian functions of 0.2 eV full width at half maximum
(FWHM).

Figure 5 shows a comparison of the theoretical VDEs of
the most stable structures of MnCn

− with the experimental
values. Both the experimental and theoretical results demon-
strate that the VDEs of MnCn

− (n = 3-10) display very obvi-
ous odd-even alternation: the VDEs of MnCn

− containing even
number of C atoms are higher than those of their neighbors

TABLE I. Relative energies, VDEs, and ADEs of the low-lying isomers of MnCn
− (n = 3-10) clusters obtained by theoretical calculations, as well as the experimental VDEs and

ADEs estimated from their photoelectron spectra.a

VDE (eV) ADE (eV) VDE (eV) ADE (eV)

Isomer State Sym. ∆E (eV) Theo. Expt. Theo. Expt. Isomer State Sym. ∆E (eV) Theo. Expt. Theo. Expt.

MnC3
− 3A 3Σ C∞v 0.00 2.20 1.96 2.18 1.74 MnC7

− 7A 5A2 C2v 0.00 2.92 3.01 2.51 2.80
3B 5Σ C∞v 0.004 2.32 2.18 7B 5A′′ Cs 0.16 3.33 3.13
3C 5B1 C2v 0.078 2.03 1.90 7C 3Σ C∞v 0.25 3.12 3.09

MnC4
− 4A 7Σ C∞v 0.00 3.21 2.95 2.97 2.56 MnC8

− 8A 7Σ C∞v 0.00 3.88 3.81 3.66 3.74
4B 5Σ C∞v 0.12 2.96 2.86 8B 5Σ C∞v 0.13 3.69 3.53
4C 7A1 C2v 0.29 2.81 2.41 8C 5A′ Cs 0.79 2.77 2.15

MnC5
− 5A 5Σ C∞v 0.00 2.92 2.76 2.77 MnC9

− 9A 5B1 C2v 0.00 2.97 3.06 2.95 2.90
5B 3Σ C∞v 0.06 2.74 2.47 2.71 2.30 9B 7B1 C2v 0.03 3.00 2.92
5C 7B1 C2v 0.45 2.47 2.41 9C 5A C1 0.11 3.52 3.48

MnC6
− 6A 7Σ C∞v 0.00 3.66 3.64 3.38 3.54 MnC10

− 10A 7A′ Cs 0.00 3.99 3.97 3.85 3.91
6B 5Σ C∞v 0.13 3.38 3.25 10B 5A′ Cs 0.14 3.94 3.77
6C 7B2 C2v 0.92 2.57 1.98 10C 5A′ Cs 0.36 2.56 2.21

aThe uncertainties of the experimental values are ±0.08 eV.
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FIG. 2. Typical low-lying isomers of anionic MnCn
− (n = 3-10) clusters. The cyan

balls stand for the C atoms and the purple balls for the Mn atoms.

with odd number of C atoms. In addition, the VDEs increase
with increasing number of carbon atoms in both odd and
even series of MnCn

−. As can be seen in Table I and Fig. 2,
the spin multiplicities of the most stable isomers of MnCn

−

also show a parity effect: the n-odd clusters are in quintet
(or triplet) states, whereas the n-even clusters are in septet
states.

A. Structures of MnCn− (n = 3-10) anions
As can be seen in Fig. 2, the first two isomers of MnC3

−

are nearly degenerate in energy, with isomer 3B higher than
isomer 3A by only 0.004 eV. They are linear structures in dif-
ferent electronic states with the Mn atom located at one end
of the C3 chain. They can be regarded as two electronic states
of a linear structure. Here, we treat them as different iso-
mers because they are different local minima on the energy
surfaces. Isomer 3C is a fan-shaped structure with C2v sym-
metry in a 5B1 electronic state, in which the Mn atom inter-
acts with the three carbon atoms. The energy of isomer 3C is
higher than that of isomer 3A by 0.078 eV. The fanlike struc-
ture of MnC3

− is in agreement with that reported by Wang
and Li.53 The theoretical VDEs of isomers 3A and 3C are 2.20
and 2.03 eV, respectively, both in reasonable agreement with
the experimental value (1.96 eV). That of isomer 3B is calcu-
lated to be 2.32 eV, which may contribute to the tail of the first
peak. The combination of the DOS spectra of three isomers

FIG. 3. Typical low-lying isomers of neutral MnCn (n = 3-10) clusters. The cyan
balls stand for the C atoms and the purple balls for the Mn atoms.

is consistent with the experimental spectrum. To confirm the
results of MnC3

−, we also calculated the low-lying isomers of
MnC3

− at the MP2/6-311+G(3df) level.63,64 The MP2 calcula-
tions also show that the three isomers are very close in energy
with isomers 3C and 3A higher than 3B by only 0.01 and 0.11 eV,
respectively. Thus, we suggest that isomers 3A, 3B, and 3C
coexist in our experiments.

For MnC4
−, isomers 4A and 4B are of C∞v symmetry in dif-

ferent electronic states with the Mn atom located at one end
of the C4 chain. Isomer 4B is higher in energy than isomer 4A
by 0.12 eV. Isomer 4C adopts a fan-shaped structure with the
Mn atom connecting to the four carbon atoms. The theoret-
ical VDEs of isomers 4A and 4B are 3.21 and 2.96 eV, respec-
tively, both consistent with the experimental value (2.95 eV).
Their simulated DOS spectra both fit the experimental spec-
trum very well. Thus, we suggest isomer 4A to be the most
probable one detected in our experiments. Isomer 4B may
have some contributions to the experimental spectrum. The
existence of isomer 4C can be ruled out due to its high
energy.

Isomers 5A and 5B are both linear structures with a ter-
minal Mn atom. Isomer 5B is higher in energy than isomer 5A

J. Chem. Phys. 150, 074304 (2019); doi: 10.1063/1.5084310 150, 074304-4
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FIG. 4. Comparison of the experimental photoelectron spectra with the simulated DOS spectra of the low-lying isomers of MnCn
− (n = 3-10) clusters. The simulations were

conducted by fitting the distributions of the transition lines with unit-area Gaussian functions of 0.2 eV full width at half maximum. The vertical lines indicate the positions of
theoretical spectral lines.

by only 0.06 eV. Isomer 5C is a fan-shaped structure with a
carbon chain of C5. Its energy is higher than that of isomer 5A
by 0.45 eV. The calculated VDE of isomer 5A is 2.92 eV, which
is in agreement with the second peak at 2.76 eV, and that of
isomer 5B is 2.74 eV, which is in agreement with the first peak
at 2.47 eV. As we can see in Fig. 4, the simulated DOS spectrum
of isomer 5A may contribute to a part of the photoelectron
features and that of isomer 5B agrees well with the other part
in the experimental spectrum of MnC5

−. The combination of

the DOS spectra of isomers 5A and 5B can fit the experimen-
tal spectrum very well. Therefore, we suggest that isomers 5A
and 5B coexist in our experiments.

For MnC6
−, the first two isomers (6A and 6B) are both lin-

ear structures with the Mn atom located at one end of the C6
chain. Isomer 6B is higher in energy than isomer 6A by 0.13 eV.
Isomer 6C, a cyclic structure, is higher in energy than isomer
6A by 0.92 eV. The calculated VDE of isomer 6A is 3.66 eV,
which is in excellent agreement with the experimental value
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FIG. 5. Experimental and theoretical VDEs of MnCn
− (n = 3-10) versus n, the

number of carbon atoms.

(3.64 eV). The calculated VDE of isomer 6B is 3.38 eV, which
is also in reasonable agreement with the experimental value.
The simulated spectrum of isomer 6A can match the first peak
very well, and that of isomer 6B is also in reasonable agree-
ment with the experimental spectrum. The combination of the
DOS spectra of isomers 6A and 6B can reproduce the experi-
mental spectrum of MnC6

−. Therefore, isomers 6A and 6B are
suggested to be the most probable structures detected in our
experiments.

As for MnC7
−, the most stable isomer (7A) possesses a C2v

symmetric cyclic structure in a 5A2 electronic state. The struc-
ture of isomer 7B is linear with a terminal Mn atom, whereas
isomer 7C is a quasi-linear structure with Cs symmetry. Iso-
mers 7B and 7C are higher in energy than isomer 7A by 0.16
and 0.25 eV, respectively. The calculated VDE of isomer 7A
is 2.92 eV, which is in good agreement with the experimen-
tal value (3.01 eV). The theoretical VDE of isomer 7B (3.33 eV)
is in line with the shoulder at 3.29 eV in the experimental
spectrum. In Fig. 4, the simulated DOS spectrum of isomer
7A can fit most of the experimental features and that of iso-
mer 7B is consistent with the shoulder in the experimental
spectrum. The combined DOS spectra of isomers 7A and 7B
are in good agreement with the experimental spectrum. Thus,
isomers 7A and 7B may coexist in the cluster beam in our
experiments.

Isomers 8A and 8B are linear structures in 7Σ and 5Σ elec-
tronic states, respectively. Isomer 8B is higher in energy than
isomer 8A by 0.13 eV. The energy of isomer 8C is higher than
that of isomer 8A by 0.79 eV. The theoretical VDE of isomer
8A (3.88 eV) is in excellent agreement with the experimental
value (3.81 eV). In Fig. 4, the simulated spectrum of isomer 8A
is in agreement with the experimental spectrum. The calcu-
lated VDE of isomer 8B (3.69 eV) is also consistent with the
experimental value, and its DOS spectrum fits the first peak of
the experimental spectrum well. Thus, we suggested isomer
8A to be the most likely structure for MnC8

−. Isomer 8B may
have some contributions to the first peak.

Isomers 9A and 9B are C2v symmetric cyclic structures
in 5B1 and 7B1 electronic states, respectively. Isomer 9C is a
quasi-linear structure with a terminal Mn atom. Isomers 9B
and 9C are higher in energy than isomer 9A by 0.03 and 0.11 eV,
respectively. The calculated VDEs of isomers 9A and 9B are
2.97 and 3.00 eV, which is in excellent agreement with the
experimental value (3.06 eV), and their DOS spectra can repro-
duce the peak positions and patterns of the photoelectron
spectrum. Therefore, we suggested that isomers 9A and 9B
coexist in our experiments. Isomer 9C may contribute to the
signals in the range of 3.2–4.0 eV.

Isomers 10A and 10B are both quasi-linear structures with
the Mn atom located at one end of the C10 chain. Isomer 10C
is a cyclic structure in a 5A′ electronic state. The theoretical
VDE of isomer 10A is 3.99 eV, which is in excellent agreement
with the experimental value (3.97 eV). In Fig. 4, the simulated
DOS spectrum of isomer 10A is in agreement with the experi-
mental spectrum. Therefore, isomer 10A is suggested to be the
most probable structure detected in our experiments. How-
ever, the existence of isomer 10B cannot be ruled out because
its calculated VDE (3.94 eV) is consistent with the experimen-
tal value and its energy is slightly higher than that of isomer
10A by 0.14 eV. Isomer 10C can be excluded because its energy
is higher than that of 10A by 0.36 eV.

B. Structures of MnCn (n = 3-10) neutrals
The lowest-energy isomers of neutral MnC3 (3A′) and

MnC4 (4A′) are fan-shaped structures in which the Mn atom
interacts with all carbon atoms. The lowest-energy isomer of
neutral MnC5 (5A′) is a C∞v symmetric linear structure with
the Mn atom located at one end of the C5 chain, similar to iso-
mer 5A of MnC5

−. The second isomer of MnC5 (5B′) is a C2v
symmetric fanlike structure, which is higher in energy than
isomer 5A′ by only 0.09 eV. The lowest-lying isomers of MnC6,
MnC7, MnC8, MnC9, and MnC10 all have cyclic structures. The
electronic states of the most stable isomers of MnCn neutrals
also show odd-even alternation: those containing odd number
of carbon atoms are in quartet states, while those with even
number of carbon atoms are in sextet states. Overall, the neu-
tral MnCn are more favorable to cyclic structures than their
anionic counterparts.

C. ADCH charges and magnetic properties
We conducted the atomic dipole moment corrected Hir-

shfeld (ADCH) population analysis on the most stable iso-
mers of the MnCn

−/0 clusters. The excess spin density of
the MnCn

−/0 (n = 3-10) clusters is shown in Fig. 6. The total
spin magnetic moments, atomic magnetic moments on the Mn
atom, and charges on the Mn atom are summarized in Table II.
From Fig. 6, it can be seen that the excess spin density mainly
localizes on the Mn atom, while the excess spin density around
the C atoms is relatively low. As can be seen from Table II,
the negative charge is mainly localized on the Cn units for
all anionic and neutral species, indicating that the electrons
transfer from the Mn atom to the Cn units. That is reason-
able because the electronegativity of a C atom (2.55) is much
larger than that of a Mn atom (1.55).65 The total spin magnetic
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FIG. 6. Isosurfaces of the spin densities
of the most stable isomers of MnCn

−/0

(n = 3-10) clusters (isosurface value
= 0.03 a.u.).

moments of MnCn
− are 4 µB (2 µB for n = 3) when n is odd and

6 µB when n is even. The total spin magnetic moments of
neutral MnCn are 3 µB when n is odd and 5 µB when n is
even. The local magnetic moments of the Mn atom in MnCn

−

anions range from 4.46 to 6.24 µB, and those in MnCn neutrals
are in the range of 3.89–4.97 µB; thus, the total spin mag-
netic moments are mainly contributed by the local magnetic
moments on the Mn atom.

D. Evolution of the stability of MnCn−/0 with n
We investigate the relative stabilities of the MnCn

−/0

clusters based on their binding energies per atom (Eb) and
second-order energy differences (∆2E). The Eb and ∆2E of the
MnCn

−/0 clusters are defined as follows:

Eb(MnCn) = [E(Mn) + nE(C) − E(MnCn)]/(n + 1),

Eb(MnCn
−) = [E(Mn) + (n − 1)E(C) + E(C−) − E(MnCn

−)]/(n + 1),

∆2E(MnCn
−/0) = E(MnCn−1

−/0) + E(MnCn+1
−/0) − 2E(MnCn−/0),

TABLE II. Atomic dipole moment corrected Hirshfeld (ADCH) charges, local magnetic
moments on Mn (µMn), and total spin magnetic moments (µT) for the most stable
isomers of MnCn

−/0 (n = 3-10).

ADCH ADCH
charge on µMn µT charge on µMn µT

Anion Mn atom (µB) (µB) Neutral Mn atom (µB) (µB)

MnC3
− −0.32 4.46 2 MnC3 0.72 3.89 3

MnC4
− −0.14 6.13 6 MnC4 0.74 4.57 5

MnC5
− −0.22 5.90 4 MnC5 0.82 4.71 3

MnC6
− −0.06 6.18 6 MnC6 0.74 4.84 5

MnC7
− 0.45 4.67 4 MnC7 0.70 4.54 3

MnC8
− 0.00 6.20 6 MnC8 0.77 4.81 5

MnC9
− 0.50 4.90 4 MnC9 0.84 4.86 3

MnC10
− 0.04 6.24 6 MnC10 0.87 4.97 5

where E is the energy of the corresponding atom or cluster.
The Eb and ∆2E values of the most stable isomers of MnCn

−/0

versus n are plotted in Fig. 7. The Eb values of the anionic
and neutral MnCn clusters all increase monotonously with
increasing number of carbon atoms. This suggests that the
carbon-rich MnCn

−/0 clusters are more stable than carbon-
deficient ones. The Eb values of the anionic MnCn clusters
are larger than those of their corresponding neutral coun-
terparts, indicating that an extra electron can strengthen
the thermodynamic stabilities of these clusters. From Fig. 7,
one can see that the ∆2E values of the anionic and neutral
MnCn clusters both have strong odd-even oscillations with
increasing number of carbon atoms, in which the ∆2E val-
ues of n-even clusters are larger than those of adjacent n-odd
clusters. This implies that the MnCn

−/0 clusters with n-even
have higher stabilities than their neighboring n-odd clusters,
which is in good agreement with the change tendency of their
VDEs.

To further evaluate the relative stabilities of the MnCn
−/0

(n = 3-10) clusters, we also calculated the incremental binding
energy (∆EI), which has been adopted to study the relative sta-
bilities of CnX (X = P, Sc, Ti, V, Co, and Fe).35,41,66 ∆EI is defined
as the consecutive binding energy difference between adja-
cent MnCn

−/0 and MnCn-1
−/0 clusters, which can be obtained

by the following formulas:

∆EI(MnCn
−/0) = ∆E(MnCn

−/0) − ∆E (MnCn−1
−/0),

∆E(MnCn) = E(Mn) + nE(C) − E(MnCn) = Eb(MnCn) × (n + 1),

∆E(MnCn
−) = E(Mn) + (n − 1)E(C) + E(C−) − E(MnCn

−)

= Eb(MnCn
−) × (n + 1).

The incremental binding energies of the most stable isomers
of MnCn

−/0 versus the number of carbon atoms are shown in
Fig. 7. The ∆EI values of the anionic and neutral MnCn clusters
both display odd-even alternations with increasing number of
carbon atoms although the parity effect is weak for MnC7-8
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FIG. 7. Size-dependence of binding energies per atom (Eb), second-order energy
difference (∆2E), and incremental binding energy (∆EI) for the most stable
structures of MnCn

−/0 (n = 3-10) clusters.

neutrals. The ∆EI values with n-even clusters are larger than
those with neighboring n-odd clusters. This indicates that the
n-even MnCn

−/0 clusters are more stable than the adjacent
n-odd MnCn

−/0 ones, as already ascertained above from the
∆2E considerations.

V. CONCLUSIONS
We investigated the structural and electronic properties

of the MnCn
−/0 (n = 3-10) clusters using size-selected anion

photoelectron spectroscopy and density functional calcula-
tions. It is found that the vertical detachment energies of
MnCn

− display an obvious parity effect with increasing num-
ber of carbon atoms. The results show that MnC3

− has three
degenerate isomers with two linear structures in different
electronic states and one fan-shaped structure. The MnCn

−

clusters, with n = 4-6, 8, and 10, all adopt linear structures
with the terminal Mn atom. The most stable structures of
MnC7

− and MnC9
− are both C2v symmetric cyclic structures.

For the neutral MnCn clusters, the most stable structures are
fan-shaped for MnC3 and MnC4, linear for MnC5, and cyclic

for MnC6-10. The neutral MnCn are more favorable to cyclic
structures than their anionic counterparts. The ADCH popu-
lation analysis indicates that the electrons transfer from the
Mn atom to the Cn units and the magnetic moments mainly
localize on the Mn atom. The odd-even alternations of the
spin multiplicities and relative stabilities of MnCn

−/0 are also
observed.

SUPPLEMENTARY MATERIAL

See supplementary material for the relative energies
and vertical detachment energies of the low-lying isomers
of MnC3-5

− calculated from the B3LYP functional with the
6-311+G(d) and aug-cc-pVTZ basis sets, the Franck-Condon
simulations of three isomers of MnC3

−, and the Carte-
sian coordinates of low-lying isomers of MnCn

− (n = 3-10)
clusters.
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