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ABSTRACT: Infrared spectra of mass-selected homoleptic copper carbonyl
cluster cations including dinuclear Cu2(CO)6

+ and Cu2(CO)7
+, trinuclear

Cu3(CO)7
+, Cu3(CO)8

+, and Cu3(CO)9
+, and tetranuclear Cu4(CO)8

+ are
measured via infrared photodissociation spectroscopy in the carbonyl stretching
frequency region. The structures are established by comparison of the
experimental spectra with simulated spectra derived from density functional
calculations. The Cu2(CO)6

+ cation is characterized to have an unbridged D3d
structure with a Cu−Cu half bond. The Cu2(CO)7

+ cation is determined to be
a weakly bound complex involving a Cu2(CO)6

+ core ion. The trinuclear
Cu3(CO)7

+ and Cu3(CO)8
+ cluster cations are determined to have triangle Cu3

core structures with C2 symmetry involving two Cu(CO)3 groups and one
Cu(CO)x group (x = 1 or 2). In contrast, the trinuclear Cu3(CO)9

+ cluster
cation is determined to have an open chain-like (OC)3Cu−Cu(CO)3−
Cu(CO)3 structure. The tetranuclear Cu4(CO)8

+ cluster cation is characterized to have a tetrahedral Cu4
+ core structure with all

carbonyl groups terminally bonded.

■ INTRODUCTION

Homoleptic transition metal carbonyls have been studied
extensively because of their role in organometallic chemistry
and catalysis.1−4 Mononuclear copper carbonyl neutrals have
been prepared in solid matrixes and were studied using infrared,
UV−visible and electron spin resonance (ESR) spectrosco-
py.5−14 Their structures and bonding have also been
investigated with theory.15−25 The dissociation energy of the
CuCO complex was estimated via kinetic study in the gas
phase.26 The Cu(CO)n

+ complexes have been studied in
strongly acidic media, where the salts such as [Cu-
(CO)n]

+[Sb2F11]
− (n = 1−4) were synthesized and charac-

terized using IR and Raman spectroscopy.27−30 These studies
indicated that the Cu(CO)n

+ ions have blue-shifted CO
frequencies. Copper carbonyl cations have also been studied
in the gas phase, where the dissociation energies of Cu(CO)n

+

(n = 1−4) species were measured.31 The results show that up
to four CO ligands are directly coordinated to the central
copper ion. The Cu(CO)n

+ (n = 1−4) cations as well as the
Cu(CO)n

− (n = 1−3) anions have also been isolated and
studied with infrared spectroscopy in rare gas matrixes.14

Recently, infrared photodissociation spectroscopy in the
carbonyl stretching frequency region is employed to study
the small unsaturated complexes Cu(CO)n

+ (n = 1−3) and the
larger complexes at and beyond the filled coordination (n = 4−
7).32

Compared to mononuclear copper carbonyls, multinuclear
copper carbonyl clusters have received much less experimental
and theoretical attention. Matrix isolation experiments show

that the Cu2(CO)n species were readily synthesized at very low
temperatures.6,9−12 Multinuclear CunCO clusters with n = 1−4
were formed via the interaction of CO with small copper
clusters and were identified spectroscopically in solid noble gas
at cryogenic temperatures.33 The reactivity of copper cluster
cations, neutrals, and anions with CO has been studied in the
gas phase, and the dissociation energies of small anionic copper
clusters monocarbonyls (CunCO

−, n = 3−7) were measured via
the threshold collision-induced dissociation method.34−38 The
bonding of carbon monoxide to small copper clusters was
theoretically studied.39−51 Density functional theory calcula-
tions indicate that the optimal unsaturated Cu2(CO)n (n = 1−
6) structures are generated by joining 18-electron tetrahedral,
16-electron trigonal, 14-electron linear copper carbonyl
building blocks, and/or bare copper atoms with copper−
copper single bonds rather than by joining 18-electron copper
carbonyl units with multiple copper−copper bonds.52
In the present article, homoleptic multinuclear copper

carbonyl cluster cations are produced in the gas phase. The
cations of interest are each mass-selected and studied by
infrared photodissociation spectroscopy, a powerful method
that has been successfully employed in studying transition
metal carbonyl cations and anions in the gas phase.53−73 The
cluster structures are assigned by comparison of the
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experimental spectra with simulated spectra derived from
density functional calculations.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The infrared photodissociation spectra of the homoleptic
copper carbonyl cluster cations were measured using a collinear
tandem time-of-flight mass spectrometer. The experimental
apparatus has been described in detail previously.68 The cluster
cations were produced in a Smalley-type laser vaporization
supersonic cluster source. The 1064 nm fundamental of a
Nd:YAG laser (Continuum, Minilite II, 10 Hz repetition rate
and 6 ns pulse width) was used to vaporize a rotating copper
metal target. The laser beam with 5−8 mJ/pulse is focused by a
lens with a focal length of 300 mm. The copper carbonyl
complexes were produced from the laser vaporization process
in expansions of helium gas seeded with 4−6% CO using a
pulsed valve (General Valve, Series 9) at 0.4−0.6 MPa backing
pressure. After free expansion, the cations were skimmed and
analyzed using a Wiley−McLaren time-of-flight mass spec-
trometer. The clusters of interest were each mass selected and
decelerated into the extraction region of a second collinear
time-of-flight mass spectrometer, where they were dissociated
by a tunable IR laser. The fragment and parent cations were
reaccelerated and mass analyzed by the second time-of-flight
mass spectrometer.
The infrared source used in this study is generated by an

KTP/KTA/AgGaSe2 optical parametric oscillator/amplifier
system (OPO/OPA, Laser Vision) pumped by a Continuum
Powerlite 8000 Nd:YAG laser, which is tunable from 800 to
5000 cm−1, producing about 0.5−1.5 mJ/pulse in the range of
1600−2200 cm−1. The infrared laser is loosely focused by a
CaF2 lens. The wavenumber of the OPO laser is calibrated
using CO absorptions. The IR beam path is purged with
nitrogen to minimize absorptions by air. Fragment ions and
undissociated parent ions are detected by a dual microchannel
plate detector. The ion signal is amplified, collected on a gated
integrator, and averaged with a LabView based program. The
photodissociation spectrum is obtained by monitoring the yield
of the fragment ion of interest as a function of the dissociation
IR laser wavelength and normalizing to parent ion signal.
Typical spectra were recorded by scanning the dissociation
laser in steps of 2 cm−1 and averaging over 250 laser shots at
each wavelength.
Quantum chemistry calculations were performed to

determine the molecular structures and to support the
assignment of vibrational frequencies of the observed copper
carbonyl cluster cations. Considering that there are many
possible isomeric configurations of the copper carbonyl cluster
cations, we have utilized the recently developed global
optimization method, namely, the stochastic surface walking
method (SSW) to search for the most stable isomers with the
large-scale DFT calculations at the level of PBE functional.74

The SSW method has demonstrated its ability for finding the
global minimum of many challenging model potential systems,
such as short-ranged Morse potential cluster and is particularly
useful for treating molecular systems with special bonding
motifs. In this work, our search starts from a few guessed
structures and the search stops when no further stable structure
appears after extensive runs. Typically, the most stable isomers
will then be calculated using the hybrid B3LYP method in
combination with the 6-31+G(d) basis set to confirm the
relative energy sequence and to benchmark with the

experimental IR spectrum. The B3LYP calculations were
performed with the Gaussian 09 suite of quantum chemical
software packages.75 Theoretical predicted IR spectra were
obtained by applying Lorentzian functions with the theoretical
harmonic vibrational frequencies scaled by a factor of 0.9775
and a 7 cm−1 full width at half-maximum (fwhm). The scaling
factor of 0.9775 was determined by calculating the average
value needed to make the experimental and calculated
frequencies coincide for the Cun(CO)m

+ cluster cations studied.

■ RESULTS
The mass spectrum of copper carbonyl cluster cations
produced by the laser vaporization supersonic cluster source
in the m/z range of 100−550 is shown in Figure 1. The mass

spectrum is composed of progressions of mass peaks due to
mononuclear copper carbonyl cations Cu(CO)n

+ (n = 4−6),
dinuclear copper carbonyl cations Cu2(CO)n

+ (n = 6, 7),
trinuclear carbonyl cations Cu3(CO)n

+ (n = 7−9), and
tetranuclear carbonyl cluster cation Cu4(CO)8

+. Weak peaks
due to Cu2C(CO)7

+ and Cu4C(CO)9
+ are also observed. For

each species, the isotopic splitting of copper can clearly be
resolved with their relative intensities matching the natural
abundance isotopic distributions. The most abundant mono-
nuclear cation Cu(CO)4

+ has previously been characterized to
have a completed coordination sphere with a tetrahedral
structure similar to that of its neutral isoelectronic Ni(CO)4,
which satisfies the 18-electron rule.32 The multinuclear
carbonyl cluster cations of interest are each mass-selected and
subjected to infrared photodissociation. When the IR laser is on
a resonance with the CO stretching of the cluster cations,
photofragmention of the cations via losing one or more CO
ligand(s) takes place.

Cu2(CO)6
+. The Cu2(CO)6

+ cation dissociates via losing one
CO ligand under focused IR laser irradiation with quite low
efficiency. The parent ions can be depleted by about 8% at the
laser pulse energy of about 1.1 mJ/pulse. The infrared
photodissociation spectrum of Cu2(CO)6

+ in the 1700−2300
cm−1 region is shown in Figure 2. The spectrum exhibits a
strong band centered at 2139 cm−1 together with a weak band
centered at 2106 cm−1. No bands below 2100 cm−1 were

Figure 1. Mass spectrum of the copper carbonyl cluster cations
produced by pulsed laser vaporization of a copper metal target in an
expansion of helium seeded by carbon monoxide.
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observed, indicating that the CO ligands all are terminally
bonded.
The Cu2(CO)6

+ cation was predicted to have a staggered D3d
structure with three terminally bonded carbonyls on each
copper center. The eclipsed D3h structure has a small imaginary
frequency, which leads to the D3d structure. The calculated
infrared spectrum of the D3d structure is shown in Figure 2b,
which agrees well with the experimental spectrum. The
observed and calculated band positions are compared in
Table 1. The cation with D3d symmetry has two IR active CO
stretching vibrations. The experimentally observed 2106 cm−1

band is assigned to the A2u stretching mode; while the 2139
cm−1 band is attributed to the doubly degenerate antisymmetric
stretching vibration (Eu). These two modes of the cation are
about 100 cm−1 higher than those of the Cu2(CO)6 neutral,
which were observed at 2014 and 2035 cm−1 in adamantine and
at 2003 and 2039 cm−1 in argon.6,11,12

Cu2(CO)7
+. The Cu2(CO)7

+ cation is also observed in the
mass spectrum. It dissociates by losing one CO ligand very
efficiently using an unfocused laser beam, indicating that the
seventh CO is loosely bound. The parent ions can be depleted
by more than 50%. The infrared photodissociation spectrum for
the Cu2(CO)7

+ complex is shown in Figure 3. The spectrum
exhibits four peaks centered at 2161, 2141, 2131, and 2107
cm−1. The experimental observation suggests that no strongly
bound seventh coordinated Cu2(CO)7

+ cation was produced in
the experiments and that the observed Cu2(CO)7

+ cation is due
to a weakly bound complex involving a Cu2(CO)6

+ core ion.
The 2141, 2131, and 2107 cm−1 bands are originated from the
Cu2(CO)6

+ core ion, which are very close to those of the
Cu2(CO)6

+ cation. The 2161 cm−1 band can be attributed to
the weakly bound external CO ligand. Previous studies have
shown that the weakly bound external CO ligand(s) exhibits
weak CO stretching vibration(s) in the range of 2160−2170
cm−1 for transition metal carbonyl cation complexes.59−67

Using SSW global search method, we identified the two best
isomers starting from different initial guess structures of
Cu2(CO)7

+, as shown in Figure 3. The first structure is a

Figure 2. Experimental and simulated vibrational spectra of the
Cu2(CO)6

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu2(CO)5

+. The simulated spectrum (b) was obtained from scaled
harmonic vibrational frequencies and intensities for the D3d structure
calculated at the B3LYP/6-31+G(d) level.

Table 1. Comparison of the Band Positions (in cm−1) of the
Cum(CO)n

+ Cluster Cations Measured in the Present Work
to Those Computed by Density Functional Theory at the
B3LYP/6-31+G(d) level. (IR Intensities Are Listed in
Parentheses in km/mol)

exptl calcda

Cu2(CO)6
+ 2106 2123 (1349)

2131(0 × 2)
2139 2139 (1546 × 2)

2191 (0)
Cu2(CO)7

+ 2107 2119 (1432)
2131 2126 (97), 2127(85)
2141 2136 (1489, 1471)
2161 2181 (84),2189 (2)

Cu3(CO)7
+ 2126 2118 (865), 2122 (441)

2142 2136 (460),2136 (244)
2146 2144 (1084)
2162 2169 (529)
2174 2188 (166)

Cu3(CO)8
+ 2105 2103 (996), 2109 (347)

2129 2128 (427), 2128 (109), 2135 (380)
2143 2145 (1338), 2148 (1134)

2179 (1)
Cu3(CO)9

+ 2085 2063 (747, 745)
2077 (0)

2135 2137 (0), 2137 (10), 2139 (2742)
2141 2141 (1437 × 2)
2171 2181 (0)

Cu4(CO)8
+ 2091 2096 (1499)

2113 2102 (556), 2104 (304), 2106 (305), 2107 (1059)
2121 2117 (1492)
2137 2137 (1909)
2159 2169 (32)

aThe calculated harmonic vibrational frequencies were scaled by a
factor of 0.9775.

Figure 3. Experimental and simulated vibrational spectra of the
Cu2(CO)7

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu2(CO)6

+. The simulated spectra (b,c) were obtained from scaled
harmonic vibrational frequencies, and intensities for the two lowest-
lying structures (the relative energies are listed in kcal/mol) calculated
at the B3LYP/6-31+G(d) level.
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weakly bound complex involving a Cu2(CO)6
+ core ion with its

predicted spectrum (Figure 3b) in agreement with the
experiment. Another structure has Cs symmetry with one
bridging CO ligand. These two structures have essentially the
same energy. The Cs structure was predicted to have a bridge
bonded CO stretching vibration in the 1800 cm−1 region
(Figure 3c). Apparently, no such band was observed in the
experimental spectrum of Cu2(CO)7

+.
Cu3(CO)7

+. The Cu3(CO)7
+ cluster cation has a low signal

intensity in the mass spectrum. It dissociates quite efficiently via
the loss of one CO fragment with low laser energy, the resulting
infrared photodissociation spectrum is shown in Figure 4. The

spectrum exhibits four well-resolved bands centered at 2126,
2146, 2162, and 2174 cm−1 together with a partially resolved
shoulder at 2142 cm−1. No bands below 2100 cm−1 were
observed, indicating that the CO ligands all are terminally
bonded. Using SSW global search method, we identified three
lowest energy isomers starting from different initial guess
structures of Cu3(CO)7

+ and their structures are shown in
Figure 4. The most stable structure has C2 symmetry involving
a triangle Cu3 core with all of the carbonyl groups terminally
bonded. The axial copper center is coordinated by one terminal
CO unit, while the other two copper centers are each
coordinated by three terminal CO units. The second lowest-
energy isomer also involves a triangle Cu3 ring with one
Cu(CO)3 unit and two Cu(CO)2 units with Cs symmetry. This
isomer lies above the global minimum structure by only 0.9
kcal/mol. The third isomer has an open chain structure
(OC)2Cu−Cu(CO)3−Cu(CO)2 with C2v symmetry. This
structure was predicted to lie above the global minimum by
7.0 kcal/mol. The calculated infrared spectra are compared to
the experimental one in Figure 4. Only the calculated spectrum
of the lowest energy isomer matches with the experiment.
Cu3(CO)8

+. The Cu3(CO)8
+ cluster cation has a relatively

large signal intensity in the mass spectrum. It dissociates quite
efficiently via loss of one CO fragment with low laser energy.

The infrared photodissociation spectrum is shown in Figure 5.
The spectrum exhibits only three bands centered at 2105, 2129,

and 2143 cm−1. The four lowest lying structures obtained from
theory are shown in Figure 5. The most stable structure
involves a triangle Cu3 core with C2 symmetry. In this structure,
the axial copper center is coordinated by two terminal CO
units, while the other two copper centers are each coordinated
by three terminal CO units. This structure can be regarded as
being derived from the most stable structure of Cu3(CO)7

+ by
adding a CO group to the CuCO fragment. The second lowest-
energy isomer involves an open chain (OC)3Cu−Cu(CO)2−
Cu(CO)3 structure with C2 symmetry. This isomer lies above
the global minimum structure by 9.4 kcal/mol. The third and
the fourth isomers both have open chain structures and were
predicted to lie more than 15 kcal/mol above the global
minimum structure. The calculated infrared spectra of these
four structures of Cu3(CO)8

+ are compared to the experimental
spectrum in Figure 5. Only the lowest energy structure matches
well with the experiment.

Cu3(CO)9
+. The Cu3(CO)9

+ cation is able to lose up to two
CO units quite efficiently. The IR spectrum obtained by
monitoring the loss of one CO fragment is shown in Figure 6.
The spectrum recorded via the loss of two CO ligands is
essentially the same as that of one CO loss channel. Three
bands centered at 2085, 2145, and 2171 cm−1 can clearly be
resolved. In addition, a band at 2135 cm−1 can also be partially
resolved in the spectrum. In contrast to Cu3(CO)7

+ and
Cu3(CO)8

+, which were characterized to have triangle Cu3
structures, the Cu3(CO)9

+ cation was predicted to have an
open chain-like (OC)3Cu−Cu(CO)3−Cu(CO)3+ structure
(Figure 6) with each copper center coordinated by three
terminal CO ligands. The Cu3 chain is almost linear. Another
structural isomer involving a triangle Cu3 core with each copper
coordinated by three terminal CO units with Cs symmetry was
predicted to be 5.1 kcal/mol less stable than the open chain-like
structure. The calculated infrared spectra of these two

Figure 4. Experimental and simulated vibrational spectra of the
Cu3(CO)7

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu3(CO)6

+. The simulated spectra (b−d) were obtained from
scaled harmonic vibrational frequencies, and intensities for the three
lowest energy structures (the relative energies are listed in kcal/mol)
calculated at the B3LYP/6-31+G(d) level.

Figure 5. Experimental and simulated vibrational spectra of the
Cu3(CO)8

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu3(CO)7

+. The simulated spectra (b−e) were obtained from
scaled harmonic vibrational frequencies, and intensities for the four
lowest energy structures (the relative energies are listed in kcal/mol)
calculated at the B3LYP/6-31+G(d) level.
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structures are compared to the experimental spectrum in Figure
6. The more stable open chain structure matches better than
the less stable cyclic structure.
Cu4(CO)8

+. The Cu4(CO)8
+ cluster cation is the only

tetranuclear carbonyl species observed in the mass spectrum
shown in Figure 1. The cation is able to lose one and two CO
ligand(s). The infrared photodissociation spectrum of
Cu4(CO)8

+ consists of four bands centered at 2091, 2121,
2137, and 2159 cm−1 (Figure 7). In addition, a weak band at
2113 cm−1 can be partially resolved. Apparently, this cation also
involves only terminally bonded CO ligands since no bands

below 2000 cm−1 were observed. The five lowest lying
structures obtained from theory are shown in Figure 7. The
global minimum structure of Cu4(CO)8

+ is found to have Cs
symmetry involving a tetrahedral Cu4 core (Figure 7). In this
structure, one copper center is coordinated by three CO
ligands, two copper atoms are each coordinated by two CO
ligands, and the fourth copper atom is coordinated by one CO
ligand. The third lowest lying structure (2.5 kcal/mol higher in
energy) also involves a tetrahedral Cu4 core. In this structure,
each copper center is coordinated by two CO ligands with S4
symmetry. The other three structures all involve a rhombus Cu4
core, which lie about 1.7, 4.2, and 7.4 kcal/mol higher in energy
than the most stable isomer. The calculated infrared spectra of
the five lowest energy structures of Cu4(CO)8

+ are compared to
the experimental spectrum in Figure 7. The calculated spectrum
of the lowest energy Cs structure provides the best match with
the experiment.

■ DISCUSSION
The features observed in the mass spectrum recorded in the
present experiments provide some valuable information on the
maximum number of CO molecules (saturation limits) that
bind to small copper cluster cations. Previous studies indicate
that the Cu(CO)4

+ cation has a completed coordination sphere
with a tetrahedral structure similar to that of its neutral
isoelectronic analogue Ni(CO)4.

32 Thus, the Cu+ cation has a
coordination number of four toward CO. Although the
Cu2(CO)7

+ cation is the largest dinuclear cluster complex
observed in the mass spectrum, it was characterized to be a
weakly bound complex involving a Cu2(CO)6

+ core ion. Thus,
the Cu2(CO)6

+ cation is the coordination saturated cluster. The
Cu2(CO)6 neutral was previously observed in solid matrixes,
which was regarded as s coordination saturated neutral
cluster.6,11,12 Previous theoretical studies indicate that the
eclipsed and staggered ethane-like structures for neutral
Cu2(CO)6 are virtually degenerate and lie significantly lower
in energy than other possible structures. The eclipsed Cu−Cu
bond distance is predicted to be 2.61 Å, while that for the
staggered structure is 2.65 Å. In both structures, the Cu−Cu
bond is a single bond to satisfy the 18-electron rule.52 The Cu−
Cu bond length of the Cu2(CO)6

+ cation is predicted to be
2.897 Å, more than 0.2 Å longer than those of the neutral
structures. This bond length is also significantly longer than
that of Cu2

+ with a 2Σg ground state.76 Natural bond orbital
(NBO) analysis indicates that only one valence molecular
orbital is involved in the Cu−Cu bonding. This orbital is
formed by two 4s atomic orbitals of copper and is σ bonding
(Figure. 8). This orbital is singly occupied. Therefore, the Cu−
Cu bond can be regarded as a half bond with both copper
centers exhibiting 17 valence electrons. Recent investigation
indicates that the Ni2

+ cation coordinates eight CO ligands in
forming the Ni2(CO)8

+ cation, which was characterized to have
a symmetric D3d structure with a Ni−Ni half bond.73
The Cu3

+ cluster cation is found to be able to coordinate up
to nine CO ligands. The Cu3(CO)7

+, Cu3(CO)8
+, and

Cu3(CO)9
+ cluster cations are presented in the mass spectrum.

The Cu3(CO)7
+ and Cu3(CO)8

+ cluster cations are determined
to have a triangle Cu3 core with C2 symmetry. In contrast, the
experimentally observed Cu3(CO)9

+ cluster cation is charac-
terized to have an open chain-like structure. These observations
indicate that Cu3(CO)9

+ is the saturation level for linear Cu3
+,

while Cu3(CO)8
+ is the saturation level for cyclic Cu3

+. Adding
a CO ligand to Cu3(CO)8

+ leading to Cu3(CO)9
+ results in the

Figure 6. Experimental and simulated vibrational spectra of the
Cu3(CO)9

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu3(CO)8

+. The simulated spectra (b,c) were obtained from scaled
harmonic vibrational frequencies, and intensities for the two lowest
energy structures (the relative energies are listed in kcal/mol)
calculated at the B3LYP/6-31+G(d) level.

Figure 7. Experimental and simulated vibrational spectra of the
Cu4(CO)8

+ cluster cation in the carbonyl stretching frequency region.
The infrared photodissociation spectrum (a) was measured by
monitoring the CO fragmentation channel leading to the formation
of Cu4(CO)7

+. The simulated spectra (b−f) were obtained from scaled
harmonic vibrational frequencies, and intensities for the five lowest
energy structures (the relative energies are listed in kcal/mol)
calculated at the B3LYP/6-31+G(d) level.
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opening of the triangle Cu3 to linear chain. The (OC)Cu−
Cu(CO)3 and (OC)3Cu−Cu(CO)3 bond distances in
Cu3(CO)7

+ are predicted to be 2.511 and 2.754 Å, respectively.
The (OC)2Cu−Cu(CO)3 and (OC)3Cu−Cu(CO)3 bond
distances in Cu3(CO)8

+ are 2.610 and 2.732 Å, respectively.
Both Cu3(CO)7

+ and Cu3(CO)8
+ can be regarded as being

formed via the interactions of the CO ligands with the ground
state Cu3

+ cation, which has an 1A1′ ground state with cyclic
D3h symmetry.76 As has been pointed out previously, the
contribution of the d electrons is small; therefore, the bonding
of cyclic Cu3

+ can roughly be regarded as involving only a 3c−
2e σ bond formed by three 4s atomic orbitals of copper (Figure
8).76 Natural population analysis indicates that the positive
charge is almost evenly distributed on the three Cu(CO)n
subunits in Cu3(CO)7

+ and Cu3(CO)8
+. The Cu3(CO)9

+

cluster cation with a linear Cu3 core can be regarded as being
formed via the interactions of the CO ligands with the linear
1Σg state of Cu3

+, which was predicted to be about 1.5 eV less
stable than the cyclic Cu3

+ isomer.76 The linear 1Σg state of
Cu3

+ also involves a 3c−2e σ bond, the Cu−Cu bonds both can
be regarded as half bonds (Figure 8). Therefore, the central
copper has an 18 formal valence electron configuration, while
the two terminal copper centers have only 17 valence electrons.
Consistent with the above notion, natural population analysis
indicates that the positive charge is evenly distributed on the
two terminal Cu(CO)3 subunits with the central Cu(CO)3
subunit being almost neutral.
The Cu4(CO)8

+ cluster cation is the only tetranuclear
carbonyl cluster cation observed in the mass spectrum shown in
Figure 1, suggesting that the saturation limit of CO
coordination on Cu4

+ is eight. The observed Cu4(CO)8
+

cluster cation is characterized to have Cs symmetry with a
tetrahedral Cu4 core. Previous theoretical studies indicate that
the most stable Cu4

+ cation has a D2h rhombus structure with a
2B3u ground state. The tetrahedron structure in a 2T2 state was
predicted to be slightly higher in energy than the rhombus
structure.76 The Cu4(CO)8

+ cluster cation can be regarded as

being formed via the interactions of the CO ligands with the
tetrahedral Cu4

+ cation in the 2T2 state.

■ CONCLUSIONS
Homoleptic multinuclear copper carbonyl cluster cations are
produced in a laser vaporization supersonic cluster source in
the gas phase. The cluster cations of interest are each mass-
selected and studied by infrared photodissociation spectroscopy
in the carbonyl stretching frequency region. The structures are
established by comparison of the experimental spectra with
simulated spectra derived from density functional calculations.
The Cu2(CO)6

+ cation is determined to be the coordination
saturated cluster, which is characterized to have an unbridged
D3d structure with a Cu−Cu half bond. The Cu2(CO)7

+ cation
is determined to be a weakly bound complex involving a
Cu2(CO)6

+ core ion. The Cu3(CO)7
+ and Cu3(CO)8

+ cluster
cations are determined to have triangle Cu3 core structures with
C2 symmetry involving two Cu(CO)3 groups and one
Cu(CO)x group (x = 1 or 2). Both cluster cations can be
regarded as being formed via the interactions of the CO ligands
with the 1A1′ ground state cyclic Cu3

+ cation. In contrast, the
Cu3(CO)9

+ cluster cation is determined to have an open chain-
like (OC)3Cu−Cu(CO)3−Cu(CO)3 structure. The
Cu3(CO)9

+ cluster cation with a linear Cu3 core can be
regarded as being formed via the interactions of the CO ligands
with the linear 1Σg state of Cu3

+. The Cu4(CO)8
+ cluster cation

is the only tetranuclear carbonyl cluster cation observed,
suggesting that the saturation limit of CO coordination on Cu4

+

is eight. It is characterized to have a tetrahedral Cu4
+ core

structure with all carbonyl groups terminally bonded.
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