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A combined photoelectron spectroscopy (PES) and ab initio study was carried out on a novel copper carbide
cluster in the gas phase: Cu3C4

-. It was generated in a laser vaporization cluster source and appeared to
exhibit enhanced stability among the Cu3Cn

- series. Its PES spectra were obtained at several photon energies,
showing numerous well-resolved bands. Extensive ab initio calculations were performed on Cu3C4

-, and two
isomers were identified: a C2 structure (1A) with a Cu3

3+ triangular group sandwiched by two C2
2- units and

a linear CuCCCuCCCu structure (D∞h, 1Σg
+). A comparison of ab initio PES spectra with experimental data

showed that the sandwich Cu3C4
- cluster was solely responsible for the observed spectra and the linear isomer

was not present, suggesting that the C2 structure is the global minimum in accordance with CCSD(T)/6-
311+G* predictions. Interestingly, a relatively low barrier (0.4-0.6 kcal/mol) was found for the internal
rotation of the C22- units in the sandwich Cu3C4

-. To test different levels of theory in describing the CumCn
-

systems and lay foundations for the validity of the theoretical methods, extensive calculations at a variety of
levels were also carried out on a simpler copper carbide species CuC2

-, where two isomers were found to be
close in energy: a linear one (C∞v, 1Σ+) and a triangular one (C2V, 1A1). The calculated electronic transitions
for CuC2

- were also compared with the PES data, in which both isomers were present.

1. Introduction

Carbides are compounds formed by carbon and elements with
similar or lower electronegativity, and they have many important
applications in technology.1-4 Carbides of the highly electro-
positive metals are saltlike, containing distinct C4-, C2

2-, or
C3

4- anions that release CH4, C2H2, or C3H4 hydrocarbons,
respectively, upon reaction with water. Carbide clusters have
attracted a lot of attention from both theoreticians and
experimentalists,5-27 in particular, after the discovery of the
“met-cars”, which consist of eight early-transition-metal atoms
and six C2 units.28-34 Bulk copper carbide contains C2 acetylenic
units. However, there have been relatively few studies on copper
carbide clusters.35,36However, cyclic Cun structural motifs have
been previously reported to be a building block of various
organic and inorganic systems.37-53 In particular, the triangular
motif Cu3 has been observed within organic molecules and
complexes containing various ligands and bridging groups.38-48

Interestingly, Lo and co-workers reported the existence of a
copper rectangular unit containing an oscillating C2

2- unit inside
the [Cu4(µ-dppm)4(µ-η1,η2-C2-)]2+ cation,37 which was the first
observation of a revolving C2 group. Therefore, copper carbide
clusters comprising the Cu3 motif and decorated with C2 units
may represent chemical species with interesting structural and
electronic properties and novel chemical bonding.

The current study is a continuation of our research on the
electronic structure and chemical bonding of metal carbide
clusters using photoelectron spectroscopy (PES).11,13-22 We

report a combined PES and ab initio study of two copper carbide
clusters, CuC2- and Cu3C4

-, that were generated using a laser
vaporization cluster beam source. PES spectra were measured
at three photon energies (355, 266, and 193 nm), and numerous
well-resolved bands were revealed. The experimental PES
features were successfully assigned to electron detachment
transitions from their lowest-energy structures based on exten-
sive ab initio calculations. Two low-lying isomers were identi-
fied for Cu3C4

-: a unique sandwich structure (C2, 1A),
containing a Cu33+ triangular group and two C22- units and a
linear structure (D∞h, 1Σg

+) in which two C2 units were separated
by the Cu atoms. The ab initio photoelectron spectrum of the
sandwich Cu3C4

- cluster was found to be in better agreement
with the experiment, suggesting that it might be the more stable
structure. Moreover, a relatively low barrier (0.4-0.6 kcal/mol)
was found for the internal rotation of the C2

2- units in the
Cu3C4

- sandwich. To test different levels of theories in
describing the CumCn

- systems and lay foundations for the
theoretical methods, we also carried out extensive calculations
on the simplest CumCn

- species, CuC2-, for which the calcula-
tions were also compared with the PES data.

2. Experimental Method

The experiments were carried out using a magnetic-bottle-
type PES apparatus equipped with a laser vaporization super-
sonic cluster source. A detailed description of the experimental
techniques can be found elsewhere.54 Briefly, the CuC2

- and
Cu3Cu4

- anions were produced by laser vaporization of a Cu/C
mixed target (∼10% C in molar ratio) in the presence of a* Corresponding authors. E-mail: boldyrev@cc.usu.edu; ls.wang@pnl.gov.
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helium carrier gas. Various CumCn
- clusters were generated and

mass analyzed using a time-of-flight mass spectrometer. The
CuC2

- and Cu3Cu4
- species of interest were each mass selected

and decelerated before being photodetached. Three detachment
photon energies were used in the current study: 355 nm (3.496
eV), 266 nm (4.661 eV), and 193 nm (6.424 eV). Photoelectrons
were collected at nearly 100% efficiency by the magnetic bottle
and analyzed in a 3.5-m-long electron flight tube. The photo-
electron spectra were calibrated using the known spectrum of
Rh-, and the energy resolution of the apparatus was∆Ek/Ek≈
2.5%, that is,∼25 meV for 1-eV electrons.

3. Computational Methods

We first characterized the smaller CuC2
- cluster using several

different levels of theory. The initial search for the global
minimum of CuC2

- was carried out using the hybrid method,
including a mixture of Hartree-Fock exchange with density
functional exchange-correlation potentials (B3LYP)55-57 and
the polarized split-valence basis set (6-311+G*).58-60 Optimized
geometries and vibrational frequencies were refined using the
coupled-cluster method including single and double excitations
and with triple excitations treated noniteratively [CCSD(T)].61-63

Two different basis sets were used at this level of theory:
6-311+G* and for the pseudopotential calculations we used the
LANL2DZ64-66 basis set, extended by additional s (R ) 0.1533),
p (R ) 0.1146), and d (R ) 0.1320) functions on C and s (R )
0.3960), p (R ) 0.2400), and d (R ) 0.3102) functions on Cu.
For the Cu3C4

- cluster, we also tested the second-order Mo´ller-
Plesset perturbation theory method MP267-69 and the CCSD-
(T) with the 6-311+G* basis set.

Geometries and vibrational frequencies of the Cu3C4
- alterna-

tive structures were calculated using the B3LYP/6-311+G* level
of theory. The molecular parameters of the lowest-energy
isomers were then recalculated using the MP2/6-311+G* and
the B3LYP/LANL2DZ(spd) methods. Energies of the lowest
isomers were also refined at the CCSD(T)/6-311+G* and
MP2full/6-311+G(2df) levels.

Theoretical vertical detachment energies (VDE) of the CuC2
-

cluster were obtained at both the CCSD(T) and the time-
dependent density-functional (B3LYP) levels of theory with the
6-311+G(2df) basis set. VDEs of the Cu3C4

- lowest-energy
isomers were calculated using only the time-dependent density
functional (TD-B3LYP) method70,71 with the 6-311+G(2df)
basis set. In this approach, the vertical electron detachment
energies were calculated as a sum of the lowest transitions from
the singlet state of the anion into the final lowest doublet state
of the neutral species (at the B3LYP level of theory) and the
vertical excitation energies in the neutral species (at the TD-
B3LYP level). Natural population analysis (NPA)72 at the
B3LYP/6-311+G* level was run for the verification of the
nature of the chemical bonding of the low-energy isomers.
Molecular orbitals were calculated at the HF/6-311+G* level
of theory.

All B3LYP, CCSD(T), MP2, CASSCF, and NPA calculations
were performed using the Gaussian 98 program.73 TD-B3LYP
calculations were done using the Gaussian 03 package.74

Molecular orbital pictures were made using the MOLDEN3.4
program.75

4. Experimental Results

4.1. Mass Spectrum of CumCn
-. A variety of CumCn

- cluster
anions were generated from the laser vaporization supersonic
cluster source.54 A typical time-of-flight mass spectrum is shown
in Figure 1. The mass spectrum was easily assigned peak-by-

peak on the basis of the characteristic isotope pattern of Cu
(69.17%63Cu and 30.83%65Cu). As shown in Figure 1, two
series of copper carbide clusters, CuCn

- (n ) 7-14) and Cu2Cn
-

(n ) 3-9), were identified. The63Cu65CuCn
- mass peak is only

1 amu less than the63Cu63Cu63CuCn - 5
- mass peak, so the

former is partially overlapped with the latter and appears in the
mass spectrum as a shoulder, which broadened the peak width
of the latter as observed. Cu3C4

- appeared to be the dominant
species in the Cu3Cn

- series, indicating its somewhat enhanced
stability. This observation drew our attention. The Cu3C4

- mass
distribution, labeled with vertical bars in Figure 1, was
confirmed by comparing with the simulated isotope pattern
(inset, Figure 1). Note that the 237 amu peak of Cu3C4

-

contained a partial contribution from63Cu65CuC9
- (236 amu).

However, the 239, 241, and 243 amu isotope peaks of Cu3C4
-

should be pure. Our current photodetachment experiments on
Cu3C4

- were therefore conducted with both the 239 and 241
amu peaks, and identical PES spectra were obtained. (See
below.)

4.2. Photoelectron Spectra of CuC2-. The CuC2
- species

(not shown in Figure 1) was the smallest and weakest among
all of the CumCn

- clusters produced from our source. Its PES
spectra at the three photon energies are shown in Figure 2. These
spectra turned out to be dominated by features from atomic Cu-,
as labeled by the asterisks. The Cu- signals were due to a two-
photon process as a result of photofragmentation, CuC2

- + hν
f Cu- + C2, followed by the photodetachment of Cu- by a
second photon. We noted that the relative intensities of the three
peaks of Cu- seemed to be different from those of free Cu-, in
particular, at 355 nm, where the first peak at 1.23 eV due to
the removal of a 4s electron is stronger than the two higher-
binding-energy peaks due to the removal of a 3d electron.76

This intensity variation was not due to any instrumental artifact
and might be the result of certain alignment effect in the nascent
Cu- anion. We also observed weak C2

- signals around 3.27
eV77,78 due to another fragmentation channel: CuC2

- + hν f
Cu+ C2

-. The observation of facile CuC2- photofragmentation
suggests that it is a weakly bonded species between Cu and C2,
consistent with its very weak intensity from the cluster source.

The sharp peak at 2.26 eV (X) is due to the ground-state
transition of CuC2-. This peak is as sharp as the Cu- atomic
transitions without a vibrational progression, suggesting the
removal of a nonbonding electron and that there is no geometry

Figure 1. Typical time-of-flight mass spectrum of CumCn
- clusters

from the laser vaporization supersonic cluster source. Mass peaks for
CuCn

- (n ) 7-14), Cu2Cn
- (n ) 3-9), and Cu3C4

- were assigned on
the basis of the isotope distributions. Note that the Cu3C4

- cluster
appeared to be especially abundant among the Cu3Cn

- series. The inset
shows the simulated isotope distribution of Cu3C4

-.
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change between the ground state of CuC2
- and that of neutral

CuC2. At the higher-binding-energy side of the 355-nm spectrum
(Figure 2a), more features (A) were observed between 2.8 and
3.4 eV, most likely because of vibrational excitations in a single
electronic transition. The overlap of the A band with a strong
Cu- peak as well as a small contribution from the C2

-

fragmentation product around 3.27 eV made it difficult for us
to evaluate adiabatic (ADE) and vertical (VDE) detachment
energies for this band as well as the vibrational information.
The 266-nm spectrum (Figure 2b) further revealed three bands
for CuC2

-: B and C with likely vibrational structures and a
sharp peak D at 4.63 eV. At 193 nm, no well-defined features
could be identified beyond 5.0 eV (Figure 2c), probably because
of the poor statistics. All of the observed ADEs and VDEs are
collected in Table 1.

4.3. Photoelectron Spectra of Cu3C4
-. The PES spectra of

Cu3C4
- are shown in Figure 3. Because of potential mass

overlaps with other stoichiometry, photodetachment experiments
were conducted with both the 239 and 241 amu isotope peaks
(Figure 1), which yielded identical PES spectra. The 266-nm
spectrum (Figure 3a) revealed four well-resolved bands (X, A,

B, and C). The ground-state transition X was rather weak and
was vibrationally resolved at 355 nm (inset in Figure 3a) with
a short vibrational progression and a spacing of 440( 50 cm-1.
The 0-0 transition at 3.07( 0.02 eV defines the ground-state
ADE and VDE of Cu3C4

-, which also represents the electron
affinity of the Cu3C4 neutral. The VDEs for features A, B, and
C were measured to be 3.73, 3.97, and 4.32 eV, respectively.
Feature A was much stronger than feature B, whereas feature
C appeared to be the most intense in the 266-nm spectrum. In
contrast to the spectra of CuC2

-, no observable photofragmen-
tation was observed in the spectra of Cu3C4

- due to either Cu3-

or C2
-. The former would yield a band around 2.37 eV,79

whereas the latter would yield signals around 3.37 eV (recite
the two refs on C2- here).

In the 193-nm spectrum (Figure 3b), feature X remained the
weakest and feature A remained much stronger than feature B,
but the relative intensity of feature C was remarkably reduced.
Nine more bands (D-L) were clearly identified and labeled at
higher binding energies. The ADEs and VDEs for all of the
PES features are collected in Table 2.

Figure 2. Photoelectron spectra of CuC2
- at (a) 355 nm (3.496 eV),

(b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV). The features labeled
with asterisks (/) are due to Cu- from photofragmentation.

TABLE 1. Observed Adiabatic (ADE) and Vertical (VDE)
Detachment Energies from the Photoelectron Spectra of
CuC2

-

observed feature VDE (eV)a

X 2.26(3)b

A 2.8-3.4
B 3.88(5)
C 4.22(5)
D 4.63(2)

a Numbers in parentheses represent the experimental uncertainties
in the last digit.b ADE ) 2.26(3) eV.

Figure 3. Photoelectron spectra of Cu3C4
- at (a) 266 nm and (b) 193

nm. The inset in spectrum shows the vibrational progression of ground-
state transition X at 355 nm. The vertical bars represent the resolved
vibrational structures.

TABLE 2. Observed Adiabatic and Vertical Detachment
Energies and Vibrational Frequencies from the
Photoelectron Spectra of Cu3C4

-

observed feature VDE (eV)a

Xb,c 3.07(2)b

A 3.73(3)
B 3.97(3)
C 4.32(2)
D 4.58(3)
E 4.87(3)
F 5.16(3)
G 5.35(3)
H 5.46(3)
I 5.80(3)
J 5.94(3)
K 6.08(3)
L 6.20(3)

a Numbers in parentheses represent the experimental uncertainties
in the last digits.b ADE ) 3.07(2) eV c The ground-state vibrational
frequency of the neutral Cu3C4 was measured to be 440( 50 cm-1

from the resolved vibrational structures (Figure 2).
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5. Theoretical Results

5.1. CuC2
-. First, we performed an extensive search for the

most stable structures of CuC2
- using the B3LYP/6-311+G*

level of theory. The two most stable isomers are shown in Figure
4 and their molecular parameters are summarized in Tables S1
and S2 (Supporting Information). At the B3LYP/6-311+G*
level of theory, the global minimum structure is the linearC∞V
(1Σ+) (Figure 4) with electronic configuration 1σ21π41δ4-
2σ23σ24σ22π4. The second triangularC2V (1A1) isomer with a
1a1

21b2
21b1

22a1
21a2

22b2
23a1

24a1
22b1

25a1
2 electronic configura-

tion is just 3.8 kcal/mol higher in energy at this level of theory.
The barrier for the CuC2- (C2V, 1A1) f CuC2

- (C∞V, 1Σ+)
intramolecular rearrangement is only 1.3 kcal/mol at the B3LYP/
6-311+G* level of theory, and it is almost vanished after the
zero-point energy (ZPE) correction.

At the MP2/6-311+G* level of theory, we found that both
the linear and triangular structures are minima with the triangular
structure (C2V, 1A1) being more stable than the linear one (C∞V,
1Σ+) by 2.5 kcal/mol (Tables S1 and S2). Optimized geometric
parameters and harmonic vibrational frequencies agree reason-
ably well with the corresponding B3LYP/6-311+G* values.

When the CCSD(T)/6-311+G* level of theory was employed
for geometry optimization, theC2V structure was found to be
the global minimum on the potential energy surface, whereas
the linear isomer is 0.9 kcal/mol above the global minimum.
The barrier for CuC2- (C2V, 1A1) f CuC2

- (C∞V, 1Σ+) is only
1.8 kcal/mol at the CCSD(T)/6-311+G* level of theory, and it
is 1.4 kcal/mol after the ZPE correction. The use of LANL2DZ-
(spd) makes the triangular isomer 5.6 kcal/mol more stable than
the linear one. To test further the relative stability of the two
lowest structures, we used the CCSD(T)/6-311+G(2df)/CCSD-
(T)/6-311+G* method, which predicted the triangular structure
to be 0.7 kcal/mol higher in energy than the linear one. Clearly,
it is difficult to judge the global minimum structure of CuC2

-

solely on the basis of quantum chemical calculations, which
showed that the linear and triangular structures are very close
in energy. From comparisons of ab initio and experimental
photoelectron spectra, we found that both isomers might be
present in the molecular beam and may have contributed to the
photoelectron spectra. Indeed, as will be shown in section VI,
the experimental spectra can be interpreted only if both isomers
are taken into consideration.

As one may see from Tables S1 and S2, optimized geometric
parameters and harmonic frequencies for CuC2

- obtained at
different levels of theory are in reasonable agreement. This fact
is very important for the subsequent investigation of the larger
system (i.e., Cu3C4

-) because some of the high-level calculations
are beyond our current computational resources.

5.2. Cu3C4
-. The initial extensive search for the global

minimum structure of the Cu3C4
- cluster was carried out at the

B3LYP/6-311+G* level of theory. Several optimized structures
are shown in Figure 5. The molecular parameters to the two
lowest-energy isomers (I and II) are summarized in
Tables 3 and 4, respectively. At the B3LYP/6-311+G* level,
lowest-energy isomer I has a linearD∞h (1Σg

+) structure with
an electronic configuration of 1σg

21σu
22σg

22σu
23σg

21πg
41πu

41δg
4-

1δu
43σu

24σg
22πg

44σu
22δg

42πu
45σg

23πg.4 The second C2 (1A)
sandwich-type structure II is 6.50 kcal/mol higher in energy at
the B3LYP/6-311+G* level of theory with an electronic
configuration of 1a21b22a22b23a23b24a24b25a25b26a26b27a2-
7b28a29a28b29b210a211a210b212a211b212b213a2. Alternative
sandwich structure V (D3h, 1A1′, Figure 5) with two C22- groups
oriented perpendicular to the triangular Cu3 was found to be a
fourth-order saddle point and substantially higher in energy.
Geometries and energies of the lowest-energy species were
recalculated at the MP2/6-311+G* level of theory. Optimized
geometries and harmonic frequencies were found to be in
reasonable agreement with the B3LYP/6-311+G* results.
However, the sandwich structure is now more stable than the
linear one by 12.8 kcal/mol. At the CCSD(T)/6-311+G*//
B3LYP/6-311+G* level of the theory, sandwich structure II
was also found to be more stable, having an energy 16.0 kcal/
mol lower than the linear isomer. We also will rely on
comparisons with the experimental data to determine which
structure is more stable.

Structures III and IV in Figure 5, with the two C2 units
perpendicular and parallel to each other, respectively, were
shown to be first-order saddle points and represent transition
states of the internal C2 rotation in sandwich structure II. We
calculated a potential energy curve of this internal rotation
(Figure 6) at the B3LYP/6-311+G* level of theory as a function
of the dihedral angleφ between two C2 groups. Minimum
structure II appeared four times corresponding toφ ) 60, 120,
240, and 300°. (Only the first two structures are shown in Figure
6.) Transition-state structure III (Cs, 1A′) with φ ) 90 and 270°
was found to be only 0.6 kcal/mol above the minimum
structures, whereas transition-state structure IV (C2V, 1A1) with
φ ) 0 and 180° was found to be 0.4 kcal/mol above the
minimum structures. Even though our calculated values for the
barriers are certainly rather crude, our results suggest almost
free rotations of the C2 groups in the sandwich structure. This
conclusion is similar to what was previously observed for the
[Cu4(µ-dppm)4(µ-η1,η2-C2-)]2+ cation.37

6. Interpretation of the PES Spectra and Comparison
with Theoretical Results

6.1. CuC2
-. Table 5 shows the calculated VDEs of the two

low-lying isomers of CuC2-. Because both isomers are closed-
shell systems, their calculated spectra are relatively simple: each
fully occupied MO gives rise to one detachment transition if
one ignores the spin-orbit splitting. First, we note that we got
reasonable agreement between the two levels of theory for the
calculated detachment energies for both isomers. Comparing
the calculated VDEs with the experimental data (Figure 2 and
Table 1), we can easily assign the lowest detachment feature
observed for CuC2- (X) to triangular isomer II. The calculated
VDE (2.28 eV) from the HOMO (5a1) of the C2V isomer is in
excellent agreement with the experimental value of 2.26( 0.03
eV. This MO is largely a nonbonding orbital consisting of Cu
4s and C 2p (Figure S2), in agreement with the sharp PES band,
which contains little vibrational activity (Figure 2).

Even though band A was overlapped with a strong peak from
Cu-, it could be seen that it contained several peaks in the range
from 2.8 to 3.4 eV. The detachment from HOMO-1 of isomer

Figure 4. Lowest-energy structures of the CuC2
- cluster at the B3LYP/

6-311+G* level of theory.
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II should occur in this energy range. The calculated VDE for
this detachment channel is 2.92 eV at CCSD(T) and 2.63 eV at
TD-B3LYP (Table 5). Interestingly, the VDEs of the first two
detachment channels from linear isomer I also fall in this energy
range. The spectral pattern of band A strongly suggested the
contributions from this isomer. The third detachment channel
from the linear isomer was calculated at 3.74 eV, which should
correspond to band B. Band C at 4.22 eV is in good agreement
with the detachment from HOMO-2 of isomer II with a
calculated VDE of 4.11 eV. The next detachment channel for
isomer II was calculated at 5.39 eV. Thus, strong band D is
likely due to detachment of the linear isomer from HOMO-3,
which was not calculated.

Therefore, the calculated VDEs for isomers I and II allowed
a reasonable account of the observed PES spectra of CuC2

-,
strongly suggesting the coexistence of both isomers from our
source. The relative spectral intensities indicated that both
isomers were present in almost equal proportion, implying that
the two isomers are nearly degenerate energetically, as predicted
theoretically. This is an interesting result, indicating that there
is not a strong directional preference for the bonding between
Cu and C2. This is consistent with their ionic bonding character.

6.2. Cu3C4
-. Theoretical VDEs of the two lowest-energy

isomers of the Cu3C4
- cluster calculated at the TD B3LYP/6-

311+G(2df) level of theory are given in Table 6. The first VDEs
calculated for both theD∞h and the sandwich C2 structures are
similar and are in good agreement with the first VDE (band X)
observed experimentally at 3.07 eV (Figure 3 and Table 2).
Thus, the first band cannot be used to distinguish the presence
of either or both isomers. However, the VDEs of the second
detachment channel for the two isomers are very different (Table
6). The calculated VDE for the second detachment channel for
the linear isomer was 3.32 eV, which disagrees with the
experimental VDE of 3.73 eV (Figure 3 and Table 2). However,
the calculated VDE for the second detachment channel for the
sandwich C2 isomer was 3.73 eV, which is in quantitative
agreement with the experimental measurement. In fact, the
whole spectral pattern calculated for the sandwich isomer is in
excellent agreement with the observed PES spectra. This
observation clearly eliminated the presence of the linear isomer
in the experiment and confirmed that the PES spectra of Cu3C4

-

observed experimentally were entirely due to the sandwich
isomer. In other words, the linear isomer was not present in the
experiment with detectable abundance.

The ground-state transition of Cu3C4
- was vibrationally

resolved, yielding a vibrational frequency of 440( 50 cm-1

for neutral Cu3C4. We note that the calculated frequency for
the totally symmetricν2 (a) mode for Cu3C4

- is about 460 cm-1

Figure 5. Alternative structures of the Cu3C4
- cluster at the B3LYP/6-311+G* level of theory.
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(Table 4), which should correspond to a Cu-C stretching mode.
The Cu-C stretch in both the linear andC2V isomers of CuC2-

has similar frequencies (Tables S1 and S2 in Supporting
Information). Because the HOMO (13a) of Cu3C4

- (Figure S3)
represents a relatively weak bonding interaction between the
Cu3 unit and the C2 units, the Cu-C stretching frequency in
neutral Cu3C4 is not expected to change significantly from that
of the anion. We note from Table 3 that the linear Cu3C4

-

isomer does not possess any symmetric modes with frequencies
in the vicinity of the observed vibrational frequency for Cu3C4.
Thus, the observed vibrational frequency provides additional
confirmation for the sandwich isomer. In Table 6, we also

presented VDEs for saddle-point structures II and III of Cu3C4
-.

One can see that the ab initio photoelectron spectra for these
two structures show very similar VDEs to that of structure I.
Thus, the internal rotation of the C2

2- groups in the Cu3C4
-

sandwich should result in a contribution to the experimental
spectrum from the continuum structures, but because their
spectral pattern is the same, the internal rotation does not make
the experimental peaks very broad.

The comparison between the theoretical results and the
experimental data confirmed unequivocally that the sandwich
isomer was the global minimum for Cu3C4

-. Therefore, we
demonstrated that the B3LYP levels of theory overestimated

TABLE 3. Calculated Molecular Properties of the Cu3C4
- D∞h(1Σg

+) Linear Isomer

B3LYP/6-311+G* B3LYP/LANL2DZ(spd) MP2/6-311+G*

Etot, au -5073.906646a -740.780126 -5069.815117b

Nimag 0 0 c

x y z x y z x Y z
Cu 0.000 0.000 4.945 Cu 0.000 0.000 4.987 Cu 0.000 0.000 4.872
Cu 0.000 0.000 0.000 Cu 0.000 0.000 0.000 Cu 0.000 0.000 0.000
Cu 0.000 0.000 -4.945 Cu 0.000 0.000 -4.987 Cu 0.000 0.000 -4.872

geometry, Å C 0.000 0.000 3.131 C 0.000 0.000 3.161 C 0.000 0.000 3.096
C 0.000 0.000 1.889 C 0.000 0.000 -3.161 C 0.000 0.000 1.836
C 0.000 0.000 -1.889 C 0.000 0.000 1.897 C 0.000 0.000 -1.836
C 0.000 0.000 -3.131 C 0.000 0.000 -1.897 C 0.000 0.000 -3.096

ω1(σg) ) 2033 ω1(σg) ) 2017 c
ω2(σg) ) 630 ω2(σg) ) 629 c
ω3(σg) ) 166 ω3(σg) ) 164 c
ω4(σu) ) 2021 ω4(σu) ) 2006 c
ω5(σu) ) 639 ω5(σu) ) 646 c

frequencies, cm-1 ω6(σu) ) 288 ω6(σu) ) 289 c
ω7(πg) ) 278 ω7(πg) ) 264 c
ω8(πg) ) 85 ω8(πg) ) 87 c
ω9(πu) ) 342 ω9(πu) ) 331 c
ω10(πu) ) 153 ω10(πu) ) 149 c
ω11(πu) ) 11 ω11(πu) ) 24 c

a At the CCSD(T)/6-311+G* level of theory, the total energy is-5069.699920.b At the MP2full/6-311+G(2df) level of theory, the total energy
is -5071.762456.c Molecular property was not calculated at this level of theory.

TABLE 4. Calculated Molecular Properties of the Cu3C4
- C2(1A) Sandwich Isomer

B3LYP/6-311+G* B3LYP/LANL2DZ MP2/6-311+G*

Etot, au -5073.896288a -740.764230 -5067.905790b

Nimag 0 0 c

x y z x y z x Y z
Cu 0.000 0.000 1.353 Cu 0.000 0.000 1.320 Cu 0.000 0.000 1.322
Cu -1.272 0.5423 -0.670 Cu 0.000 1.553 -0.603 Cu -1.314 0.262 -0.666

geometry, Å Cu 1.272 -0. 542 -0.670 Cu 0.000 -1.553 -0. 603 Cu 1.314 -0.262 -0.666
C 0.984 -1.372 -0.328 C 1.670 -0.592 0.056 C 1.126 1.490 0.333
C 0.000 1.880 0.298 C 1.767 0.638 -0.334 C 0.000 1.595 -0.311
C -0.984 1.372 -0.328 C -1.670 0.592 0.056 C -1.126 -1.490 0.333
C 0.000 -1.880 0.298 C -1.767 -0.638 -0.334 C 0.000 -1.595 -0.311

ω1(a) ) 1790 ω1(a) ) 1763 c
ω2(a) ) 466 ω2(a) ) 459 c
ω3(a) ) 344 ω3(a) ) 379 c
ω4(a) ) 225 ω4(a) ) 233 c
ω5(a) ) 190 ω5(a) ) 181 c
ω6(a) ) 160 ω6(a) ) 139 c
ω7(a) ) 129 ω7(a) ) 100 c

frequencies, cm-1 ω8(a) ) 52 ω8(a) ) 48 c
ω9(b) ) 1789 ω9(b) ) 1756 c
ω10(b) ) 424 ω10(b) ) 417 c
ω11(b) ) 359 ω11(b) ) 401 c
ω12(b) ) 209 ω12(b) ) 219 c
ω13(b) ) 167 ω13(b) ) 174 c
ω14(b) ) 153 ω14(b) ) 152 c
ω15(b) ) 113 ω15(b) ) 120 c

a At the CCSD(T)/6-311+G* level of theory, the total energy is-5069.725362.b At the MP2full/6-311+G(2df) level of theory, the total energy
is -5071.777889.c Molecular property was not calculated at this level of theory.
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the stability of the linear isomer, whereas the MP2 and CCSD-
(T) results are more reliable for Cu3C4

-. The MP2 results
showed that the sandwich isomer is more stable than the linear

one by 12.8 kcal/mol, and a 16.0 kcal/mol energy difference
was found at the CCSD(T)/6-311+G* level, explaining why
the linear isomer was not observed.

Figure 6. Energy diagram of the intramolecular rearrangement of the sandwich-type Cu3C4
- structure.

TABLE 5. Electronic Transitions of the Two Lowest-Energy Isomers of CuC2
-

experimental spectrum structure I (C∞v, 1Σ+) structure II (C2V, 1A1)

observed
feature VDE (eV)

molecular
orbital

CCSD(T)/6-
311+G(2df)

TD B3LYP/6-
311+G(2df)

molecular
orbital

CCSD(T)/6-
311+G(2df)

TD B3LYP/6-
311+G(2df)

Xa 2.26(3) 5a1 2.14 2.28
A 2.8-3.4 4σ 2.51 2.74 2b1 2.92 2.63

2π 2.69 2.76
B 3.88(5) 3σ 3.74
C 4.22(5) 2b2 4.36 4.11
D 4.63(2)

4a1 5.39

a Numbers in parentheses represent the experimental uncertainties in the last digits.

TABLE 6. Experimental and Calculated Electronic Transitions of the Lowest-Energy Isomers of Cu3C4
-

experimental
spectrum

structure II
(C2, 1A)

structure III
(C2V, 1A1)

structure IV
(Cs, 1A′)

structure I
(D∞h, 1Σg

+)

observed
feature VDE (eV)

molecular
orbital

theor.a

VDE (eV)
molecular

orbital
theor.a

VDE (eV)
molecular

orbital
theor.a

VDE (eV)
molecular

orbital
theor.a

VDE (eV)

X 3.07(2) 13a 3.03 7b1 2.97 15a′ 3.03 3πg 3.01
A 3.73(3) 12b 3.81 9a1 3.68 14a′ 3.85 5σg 3.32
B 3.97(3) 11b 4.17 6b1 3.88 13a′ 3.91 2πu 4.08
C 4.32(2) 12a 4.35 5b1 4.16 9a′′ 4.16 2πg 4.65
D 4.58(3) 10b 4.60 8a1 4.27 8a′′ 4.34 4σu 5.01
E 4.87(3) 11a 4.80 4a2 4.47 12a′ 4.69 4σg 5.12

10a 4.91 5b2 4.86 7a′′ 4.78 2πg 6.01
F 5.16(3) 9b 5.12 4b2 4.96 11a′ 4.88 3σu 6.33

8b 5.17 7a1 5.01 6a′′ 5.18
G 5.35(3) 9a 5.26 3a2 5.09 5a′′ 5.21

8a 5.28 4b1 5.32 4a′′ 5.23
H 5.46(3) 7b 5.44 6a1 5.33 10a′ 5.29
I 5.80(3) 7a 5.59 3b2 5.41 9a′ 5.32
J 5.94(3) 6b 5.82 2a2 5.47 3a′′ 5.61
K 6.08(3) 6a 6.09 5a1 5.76 8a′ 5.94
L 6.20(3) 5b 6.67 3b1 6.13 7a′ 6.03

5a 6.67 2b2 6.16 2a′′ 6.35

a At the TD B3LYP/6-311+G(2df) level of theory.b Numbers in parentheses represent the experimental uncertainties in the last digits.
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7. Chemical Bonding in the Sandwich Cu3C4-

The sandwich Cu3C4
- is an interesting cluster. It may be

viewed as two C22- units interacting with a triangular Cu3
3+

unit in a strict ionic description. The fact that the C2 units can
almost freely rotate around the Cu3 fragment is consistent with
the dominantly ionic bonding character. Calculated NPA ef-
fective atomic charges at the B3LYP/6-311+G* level were
found to beQ(Cu1) ) +0.73|e|, Q(Cu2,3) ) +0.72|e|, Q(C4,5)
) -0.83|e|, andQ(C6,7) ) -0.76|e| in the sandwich isomer.

This agrees with the smaller CuC2
- cluster, for which there

is also no strong directional preference between the C2 unit and
Cu. Indeed, according to the NPA calculations, the chemical
bonding in both isomers of CuC2- is quite ionic withQ(Cu) )
+0.49|e| and Q(C) ) -0.75|e| in the triangular isomer and
Q(Cu) ) +0.32|e|, Q(C1) ) -0.92|e|, andQ(C2) ) -0.40|e|
in the linear isomer. Previously, Lo et al. observed that an
acetylenic C2 unit is oscillating inside a Cu4 rectangle and
studied the C2 fluxionality in solution with NMR. It would be
very interesting to perform high-resolution optical spectroscopy
on Cu3C4

-, which may allow the internal rotation of the C2

units to be probed directly.
We also calculated nucleus-independent chemical shifts

(NICS)80 at the centrum and above the Cu3 fragment. The NICS
values (at B3LYP/6-311+G*) were found to be negative (-7.1
ppm at the centrum (z ) 0), -7.9 ppm atz ) 0.4 Å, and-17.0
ppm atz ) 0.8 Å) showing the presence of aromaticity in the
Cu3 group.

8. Conclusions

We conducted a combined photoelectron spectroscopy and
ab initio study on two copper carbide clusters in the gas phase:
CuC2

- and Cu3C4
-. The clusters were generated in a laser

vaporization cluster source, and Cu3C4
- was shown to exhibit

enhanced stability. PES spectra were obtained at three photon
energies (355, 266, and 193 nm), and numerous well-resolved
bands were observed. Significant photofragmentation was
observed for CuC2- (to Cu- + C2) during the photodetachment
experiment. Extensive ab initio calculations were carried out
in search of the global minimum structures. Several theoretical
methods were used for CuC2

-, which was used as a test case
for the more complicated Cu3C4

-. Two nearly degenerate
isomers were found for CuC2-, a linear CuCC- and a triangular
structure, which were both observed experimentally. For
Cu3C4

-, we also identified two low-lying isomers: a sandwich
structure containing a Cu3

3+ triangular group and two C22- units
and a linear structure in which two C2 units were separated by
the Cu atoms. Comparison between the ab initio PES spectra
from TD-DFT and the experimental data revealed that the
sandwich Cu3C4

- is solely responsible for the experimental
spectra, and the linear isomer was not observed, suggesting that
the former is the global minimum in agreement with the CCSD-
(T)/6-311+G* predictions. More interestingly, we found that
in the sandwich Cu3C4

- cluster there exists a relatively low
barrier (0.4-0.6 kcal/mol) for the internal rotation of the C2

2-

units, suggesting the ionic bonding nature between the Cu3 unit
and the C2 fragments. This internal rotation may be directly
probed by high-resolution optical spectroscopy.
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