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The group 11 metal/furan cationic complexes were generated using a laser vaporization technique combined
with a supersonic beam expansion in a time-of-flight mass spectrometer. From the viewpoint of the ionization
energies, these complexes were treated as Cu+-furan, Ag+-furan, and Au-furan+. The photodissociative
ligand-to-metal charge transfer with an exclusive furan cation was observed for Cu and Ag, whereas a simple
bond cleavage with furan+ formation was inspected for Au. The photofragment spectra were recorded as a
function of the laser wavelength. The continuous and structureless bands were measured in each complex.
The thresholds of the fragment appearance determined the upper limits of the ground-state binding energy
with 37 kcal/mol for Cu+-furan, 28 kcal/mol for Ag+-furan, and 62 kcal/mol for Au-furan+. An ab initio
approach at the MP2 level was employed to optimize the geometries of the furan complexes and the binding
energies were obtained using CCSD(T) single point calculations. The measured binding energies in both Cu
and Ag complexes approximate to the theoretical predictions. Both the experimental and theoretical
measurements yielded the enhanced bond strength for Au complex. In addition, a furan ring opening process
leading to Au+-C3H4 production was observed in the reactions of a gold atom with a furan molecule. The
binding energy was taken as a reference to discern three possible isomers, i.e., allene, cyclopropene, and
propyne, as C3H4 species by means of experimental and theoretical approaches.

Introduction

Because of their importance in biological structures and
catalysis, many studies have sought to understand the metal-
ion interactions withπ-rings of the aromatic metal complexes.1

The rich data attained on binding energies and geometries have
provided the central requisite to characterize metal/ligand
interactions. Among the aromatic molecules, benzene is perhaps
the most studied system. In addition to benzene, aromatic
heterocycles are known to play a vital role in industrial
applications, such as petroleum refining and coal liquefaction,
and the five-membered heteroaromatic rings are recognized as
an important class of compounds.2

Although extensive work has been performed on the metal-
cation interactions with the benzene ligand, the complexation
of heterocycles with metals has received little attention in the
gas phase.3-7 The five-membered heterocycles ligation with
metals exhibits a variety of binding modes, e.g.,η1-, η2-, η3-,
η4-, andη5-bound.3,5,6 Dunbar and co-workers experimentally
and theoretically investigated the binding energies and geom-
etries for a number of main-group and transition-metal cations
coordinated with pyrrole complexes.6 Their results showed the
metal ions lying over the pyrrole ring. Sto¨ckigt performed ab
initio and density functional calculations on Al+-furan (Cs) and
Al+-pyrrole (Cs).5

In our continued efforts to investigate the ion complexes
containing metal and heterocyclic molecules in the gas phase,
the furan molecule was selected for this study. Furan has large
electronegativity of the heteroatom oxygen, thus it was suggested
to have a preferential formation ofσ-bonds to metal centers
instead of formingπ-complexes.8 Stöckigt calculated Al+-furan
and obtained stronger bond strength in complex withπ-bound

formation.5 Experimentally, Freiser and co-workers determined
the binding energy as 57 kcal/mol for Co+-furan via a
photodissociation technique by observing the Co+ fragment.4

Recently, we measured the photofragment spectrum of Ag+-
furan and the upper limit on the bond strength was derived from
the threshold of the photodissociative charge-transfer furan+

channel.7 In this report, photodissociation methodology was
employed to achieve the upper limits on the Cu+-furan and
Au-furan+ in addition to Ag+-furan. Moreover, an intense
peak assigned as Au+-C3H4 produced from the ion source was
studied, as well. Ab initio calculations were also used to give
a picture of the geometric structures and binding energies for
these species.

Experimental Section

The details of the experimental setup were described previ-
ously.9 The ion complexes were generated using a laser
vaporization method combined with a supersonic molecular
beam source. A copper (99.999%) or silver (99.9%) rod was
suspended in a cutaway holder, a rod holder without a growth
channel to produce primarily complexes containing one and/or
two ligands. For gold complex production, gold foil (99.9%)
was wrapped around an Al rod. The rotating and translating
rods were irradiated using a 532 nm wavelength of the second
harmonic output from an Nd:YAG laser operated at 10 Hz with
1-2 mJ/pulse. The vaporization laser beam was focused 1.5
cm in front of the metal rods. Prior to seeding furan vapor, pure
He gas (6 atm) was used to inspect the ion products from our
ion source. It was found that only Cu+, Ag+, and Au+ atomic
signals appeared, and that no other impurities, such as metal
oxides, were detected. He gas carried the furan vapor, where
furan was loaded into a liquid reservoir, into a pulsed valve
and expanded, followed by intersection with metal ions at the
vaporized region. The ion complexes were then skimmed into
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a reflectron time-of-flight mass spectrometer and were mass-
selected for carrying out photodissociative performance. To
isolate the metal ion complexes, two parallel plates serving as
a mass gate were located inside the flight tube. When the desired
ion packet reached the mass gate, the positive voltage was pulsed
to ground for ions to pass through and traveled along the field-
free tube. In the photodissociation experiments, an unfocused
dissociation laser crossed the mass-selected ions at the turning
point in the reflector. The fragment and parent ions were
analyzed from their flight times. The dissociation laser was a
pulsed tunable dye laser (Continuum ND6000) pumped by an
Nd:YAG laser (Continuum Surelite). The wavelength-dependent
spectra were measured as the intensities of the fragments relative
to the dissociative laser wavelength.

Theoretical Computations

The calculations were performed using the second-order
Møller-Plesset perturbation theory (MP2). The double-ú va-
lence basis sets and the effective core potentials (ECPs) of Hay
and Wadt were used for Cu, Ag, and Au atoms10 and the 6-31G-
(d, p) set was selected for C, H, and O. The relativistic effects
were included in the Hay-Wadt ECPs of Ag and Au. We also
added the f polarization functions to increase the flexibility of
the ECP basis set. The f exponents are 3.525 for Cu, 1.611 for
Ag, and 1.050 for Au.11 The geometries of the ligands and ion
complexes were fully optimized at the MP2 level, whereas the
zero-point energy corrections evaluated from the harmonic
vibrational frequencies obtained at the MP2/6-31G(d, p) level.
CCSD(T) single point calculations with the corresponding MP2/
6-31G(d, p) zero-point energies were derived from CCSD(T)/
6-31G(d, p)//MP2/6-31G(d, p). The calculations were performed
using the Gaussian 98 suite of programs.12

Results and Discussion

Cu+-Furan, Ag+-Furan, and Au-Furan+. The mass
distributions of the Figure 1 display the associated products
containing metals in addition to the bare atomic signals. The
doublet patterns observed for the copper and silver mass spectra
arose from the isotopes of 63 (69.1%) and 65 (30.9%) for Cu
and 107 (51.5%) and 109 (48.2%) for Ag, whereas gold has
mass 197 with 100% abundance. The experimental conditions
were adjusted to give the intense ion complexes with one ligand
ligation. In the case of the copper and silver complexes, a simple
condensation reaction occurred with furan molecules coordinated
with metal ions. From the viewpoint of the ionization energies
(IEs), the positive charge should localize on the Cu (IE) 7.72
eV) and Ag (IE) 7.58 eV) as compared with the IE value
(8.89 eV) on the furan molecule.13,14 Interestingly, an ion-
molecule reaction with the formation of C3H4 (m/z) 40) ligation
with Au+ took place as well as the associated furan complexes
observed in the gold reactions with furan. Here, we will refrain
from a discussion on the gold reactivity, since the laser ablation
introduced to generate metal ions can be formed in electronically
excited states and readily accesses the endothermic pathway
relative to the ground-state reactions. Our ion source is not
designed to discern such chemical specificity. Although we
avoided the metal ion reactivity subject, it seems that gold
exhibits higher activity. On the basis of the previous studies in
furan pyrolysis, them/z 40 (C3H4) species was the dominant
decomposition product and was identified as allene and
propyne.15-19 It was further suggested that the propyne structure
was the major channel.16 Assuming C3H4 as allene, cyclopro-
pene, or propyne, these three isomers have IE above 9.6 eV,
which is greater than 9.22 eV of gold.14,20 It is expected that

the ion complexes should have the complexation of Au+ with
C3H4. However, the associated furan adduct is viewed as Au-
furan+ from the IE difference. If the Au-furan+ complex is
formed in our ion source, there is a high possibility that a furan
cation is present in the mass spectrum. As a matter of fact, both
the furan+ and (furan)2+ channels could be readily generated
in addition to Au-furan+ and Au+-C3H4 when the experi-
mental parameters tuned to lower mass range. We also observed
C3H4

+ peak with a small amount of distribution. No such results
mentioned above could be observed in both copper and silver
systems. Finally, it was found that Au+-C3H4 always appeared
as an intense mass peak as compared to the Au-furan+ signal,
implying an efficient furan ring opening process with the C3H4

formation.
Figure 2 shows the photodissociation mass spectra of the

Cu+-furan, Ag+-furan, and Au-furan+ complexes at 355 nm
with 9 mJ/cm2. Both the Cu and Ag complexes revealed the
same dissociative behavior with one single fragment liberated
from the parents. The daughter ions were assigned as furan
molecules. Apparently, the photodissociative action induced
intramolecular ligand-to-metal charge transfer for Cu and Ag
complexes. With the same laser fluence, photodissociation of
Au-furan+ resulted in loss of neutral Au, leading to furan+

and C3H4
+ channels. The furan+ fragment could be yielded as

low as 0.5 mJ/cm2 of laser fluence while the laser energy should

Figure 1. Time-of-flight mass distributions of the metal/furan cationic
complexes and the complexation of C3H4 with gold.
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be tuned up to at least 7 mJ/cm2 for observing C3H4
+, indicating

a multiphoton mechanism was required to obtain such a product.
Since the gold complex is referred as Au-furan+, formation of
the furan+ fragment is a simple cleavage in the Au-furan+

bond.
We attempted to search the photodissociation thresholds by

monitoring furan+ fragment intensities as a function of the laser
wavelength for Cu+-furan, Ag+-furan, and Au-furan+ com-
plexes, as depicted in Figure 3. During the signal search, the
parent complexes remained as constant as possible and the laser
fluences were kept low (Cu+-furan: 1 mJ/cm2; Ag+-furan:
1.8 mJ/cm2; Au-furan+: 3 mJ/cm2) to minimize multiphoton
absorption for recording the wavelength-dependent spectrum.
The photodissociation processes were linear with respect to the
laser fluences. The error bars in Figure 3 represent the fragment
intensity deviations and each data point is an average of two
trials. As shown in Figure 3, the onsets, in which the furan+

signals were barely seen, were located at 448 nm for Cu+-
furan, 488 nm for Ag+-furan, and 463 nm for Au-furan+. The
furan+ intensities continuously increased as the excitation
wavelength moved toward the blue, but with no signal below
the threshold energies. Due to the limitation of our dye laser
facility, the wavelength scan could not be accomplished in the

region 430-366 nm. With the observation of furan+ fragments
for both Cu and Ag complexes, a reasonable assumption is that
the photodissociative charge-transfer behaviors could be at-
tributed to access directly above the dissociation limit of the
charge-transfer state. The interpretation of the dissociative
mechanism has been restricted within a one-photon excitation.
A two-photon excitation cannot be ruled out if the absorption
cross-sections are significant difference in two steps, while the
power dependence measurement exhibits a linear relation. Figure
4 gives a picture of the asymptote states corresponding to the
metal atoms and furan molecule. The lowest excited states
correlate to M (2S) + furan+ charge-transfer surfaces, which
are 1.17 eV (27 kcal/mol) and 1.31 eV (30 kcal/mol) above the
Cu+ (1S) + furan (1A1) and the Ag+ (1S) + furan (1A1),
respectively. The dissociative charge-transfer may also result
from a transition to the higher electronic surfaces, such as that
involved in furan chromophore absorption, followed by the
electronic curve crossing to the M (2S) + furan+. The furan
molecule has a first singletπ-π* transitions (1B2 r 1A1)
beginning near 210 nm.14 However, excitation of the solvated
furan would result in at least 70 kcal/mol solvation energies
for both Cu and Ag complexes, which are unlikely to occur in
mainly electrostatic complexes. For Au-furan+, a simple
cleavage in the Au-furan+ bond could be proceeded by the

Figure 2. Photodissociation mass spectra of the mass-selected metal/
furan cationic complexes at 355 nm. The laser fluence was operated at
9 mJ/cm2 for all three complexes.

Figure 3. Photofragment spectra of metal/furan cationic complexes.
The arrows indicate the thresholds of the fragment appearance.
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excess energy over the ground-state dissociation limit or fol-
lowing the multiphoton absorption to the higher electronic ex-
cited states, followed by the bond dissociation. However, the
calculations shown later on the complex binding energy seem
to support a one-photon process leading to bond breakage at
the place above the ground-state dissociation limit.

With the measured thresholds in Figure 3, we are able to
derive the upper limits of the ground-state binding energies
(BDEs) on these three complexes. The charge-transfer action
was observed for Cu and Ag species. Taking the determined
onsets and the IE difference values between metals and furan
molecule, the upper limits of the ground-state bond strengths
on the metal-ligand can be attained as following:

This relation allows us to confine the upper limits to Do′′ (Cu+-
furan) e 37 kcal/mol and Do′′ (Ag+-furan) e 28 kcal/mol.
For Au-furan+, the measured threshold gives a straightforward
bond strength of Do′′ (Au-furan+) e 62 kcal/mol. The Au
complex yields the largest BDE and is at least 25 kcal/mol
greater than both the Cu and Ag complexes. A purely electro-
static interaction would have the bond strength decreased from
copper to gold. The increased BDE (Au-furan+) could possibly
be attributed to the relativistic effects. It is known that gold
has the most pronounced relativistic effect throughout the
periodic table.21 Relativity causes a significant contraction of
the gold 6s valence orbital, while this effect is minor for copper
and silver. Previous studies on the complexation of cationic

coinage metal with ligands showed that the electrophilic
character of the 6s orbital leads to the effective electron transfer
in σ-donation (ligandf Au+) and/orπ-back-donation (Au+ f
ligand) with the fact that Au+ toward close to the ligands.22-27

Consequently, an increase covalent interaction contributes the
binding between Au+ and the ligands. Although the studied
system is viewed as Au-furan+, the relativity might play an
influential role in driving electron transfer in Au-furan+. A
detailed theoretical analysis should provide a clearer answer for
this issue. For the furan related complexes, Freiser and co-
workers performed photodissociation by monitoring Co+ frag-
ment on Co+-furan and determined BDE as 57 kcal/mol.4

Stöckigt theoretically studied Al+-furan, showing Al+ lying
over the furan ring with BDE) 29 kcal/mol.5 As a result from
the computational analysis, the interaction of Al+ with furan is
characterized by the existence of theσ-donation, but having a
small amount of that electron transfer.

The theoretical approaches were employed to attain the
complex geometries and to give a trend for the complex BDEs.
MP2/6-31G(d, p) was used to fully optimize complex structures.
For Cu and Ag, the complexes ended up withCs symmetry,
where the metals lie above the furan ring, as depicted in Figure
5. The Au/furan cationic complex exhibits a C1 structure with
the Au atom shifted outside the perimeter of the ring. ACs

symmetrical structure with gold lying over the furan resulted
in one imaginary frequency and 5 kcal/mol less stable than a
C1 geometry at MP2 level. We cannot give the rational
explanations for the structural discrepancy in Au complex at

Figure 4. Energetic diagrams showing the asymptote states corre-
sponding to the group 11 metal atoms and furan molecule. The ground-
state depths referring to the CCSD(T) predictions.

hν g Do′′ + ∆IE

Figure 5. Geometries of the metal/furan cationic complexes, where
(a) for Cu and Ag, and (b) for Au.
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this stage. The furan molecules were only slightly distorted for
three complexes. In the previous studies in the complexation
of the coinage cations with H2O, both the Cu and Ag complexes
reveal the ion-dipole forces resulting in aC2V symmetry. The
calculated geometry of Au/H2O cationic complex deviates from
the planarC2V arrangement as theCs structure, resulting from
the relativistic effect accompanied with the re-hybridization of
the H2O molecule giving rise to the covalent contribution in
the Au+-H2O bonding. Table 1 lists the structural data obtained
from the MP2 calculations. As seen in Table 1, the vertical
distances (R) from the metal atoms to the plane of the furan
ring increase in the order copper< gold < silver. Regarding
the complex BDEs, Table 2 shows the predictions from MP2
and CCSD(T) calculations. The experimental BDEs of the
copper and silver complexes approximate the results in MP2
and CCSD(T) theoretical values. For the Au species, the CCSD-
(T) was estimated by approximately 11 kcal/mol less than the
energy measured experimentally. As the same was observed
experimentally, either MP2 or CCSD(T) computations indicated
the strong bond on the Au complex.

Au+-C3H4. As seen in Figure 1, an intense peak assigned
as Au+-C3H4 stood up in the mass spectrum. We attempted to
use both the photodissociation method and theoretical approach
for inspecting the unknown C3H4 ligand. Photodissociation
Au+-C3H4 resulted in C3H4

+ formation with mass (m/z) 40, as
illustrated in Figure 6a. Taking the assumption of C3H4 as allene,
cyclopropene, or propyne, photodissociation action gave rise
to charge-transfer mechanism from C3H4 to Au+. The IE values
are 9.62 eV for allene, 9.67 eV for cyclopropene, and 10.36 eV
for propyne.14,20 As stated earlier, photodissociation of Au-
furan+ led to C3H4

+ formation via a multiphoton absorption.
Although both Au-furan+ and Au+-C3H4 species yield the
samem/z 40, C3H4

+, peals, it is not certain whether both
fragments represent the same structure. In particular, we have
not conclusively determined the C3H4

+ identity in Au+-C3H4

complex, as discussed below. Search the charge-transfer onset
was conducted in order to yield the upper limit BDE. The
threshold was located at 518 nm, where the C3H4

+ fragment
was barely seen, and a structureless and continuously increased
signal appeared as the scan moved toward the shorter wave-
lengths. The laser fluence 1.2 mJ/cm2 was used throughout the
experiment. Following the same procedure as utilized in the
furan complexes, the threshold and∆IE deduced the upper limits
of the bond strength as 46 kcal/mol for Au+-allene, 45 kcal/

mol for Au+-cyclopropene, and 29 kcal/mol for Au+-propyne.
The propyne complex appears quite low in BDE from our
measurement. With the aid of the theoretical BDEs might
facilitate an interpretation of the observed C3H4 channel.

In this respect the geometries of the Au+-allene, Au+-
cyclopropene, and Au+-propyne were fully optimized by MP2/
6-31G(d, p) and the BDEs were further calculated using the
CCSD(T) level of theory. It was found that gold atoms reside
above theπ-bonding C-C bonds as bridged structures in all
three complexes. Table 3 gives the estimated values in BDEs.
Computations suggest the approximate energies near 50 kcal/
mol (CCSD(T)) for the proposed isomers. The experimental
results in allene and cyclopropene are 4-5 kcal/mol slightly
less than the predictions. The 29 kcal/mol derived in Au+-
propyne deviates significantly from the calculations. Therefore,
allene and cyclopropene molecules seem to be possible candi-
dates for C3H4 in our production. This consequence might
conflict with the earlier studies in the pyrolysis of the free furan,
where propyne was formed as the dominant fragment.16 Lifshitz

TABLE 1: Structural Parameters (Å) of Metal/Furan
Cationic Complexes Predicted at the MP2 Level of Theory

metal ∆Xa ∆Ya Rb

Cu 0.659 1.951
Ag 0.677 2.309
Au 0.539 2.051

a The distance between the metal and the edge of the furan ring,
referring to Figure 5.b The distance between the metal and the furan
plane, referring to Figure 5.

TABLE 2: Binding Energies (kcal/mol) of Metal/Furan
Cationic Complexes from Experimental and Theoretical
Measurements

complex method
D0

(calcd)
D0

(exptl)

Cu+-furan MP2/6-31G(d,p) 38.9 37
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 37.6

Ag+-furan MP2/6-31G(d,p) 25.9 28
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 24.2

Au+-furan MP2/6-31G(d,p) 58.4 62
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 50.5

Figure 6. (a) Photodissociation mass spectrum of the mass-selected
Au/C3H4 cationic complex at 355 nm with laser fluence of 5.6 mJ/
cm2; (b) Photofragment spectrum of Au/C3H4 cationic complex. Each
data point was accumulated from two individual measurements and
the average was taken. The arrow indicates the onset of the absorption
band.

TABLE 3: Calculated Binding Energies (kcal/mol) for
Au/C3H4 Cationic Complexes

C3H4 method
D0

(calcd)

allene MP2/6-31G(d,p) 56.0
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 50.5

cyclopropene MP2/6-31G(d,p) 53.9
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 48.7

propyne MP2/6-31G(d,p) 53.8
CCSD(T)/6-31G(d,p)//MP2/6-31G(d,p) 50.1
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and co-workers suggested the furan decomposition into allene
as the major secondary product at the high temperature.16 It is
known that the laser ablation introduced here could readily create
a high temperature plasma circumstance, which possibly makes
the allene as the reaction exit channel. In any case, we cannot
draw the definite conclusion for the C3H4 structure from these
studies.

Finally, it should be mentioned that the further theoretical
calculations using larger basis sets should give better predictions
in the binding energies of the ion complexes containing furan
and C3H4. Experimentally, two possible factors, internally hot
ions and a two-photon excitation mechanism, leading to the
incorrectly low experimental threshold need to be concerned.
Using Ar as the carrier gas provides an opportunity to cool the
vibrationally excited ions and improves the defined threshold.
The results indicated that the onsets of the fragment appearance
remained the same regardless of the gas properties for the
studied complexes. Another possible contribution is that a two-
photon absorption might take place at the photodissociation
threshold. Dunbar and co-worker showed that one-photon
behavior could occur if a small fraction of one-photon ions
together with two-photon species presented in the threshold
region.28 The photofragment kinetic energy is the other uncer-
tainty in the course of the complex dissociation. With the
consideration of the kinetic shift resulting in the true onset
appears toward the red.

Conclusion

From the viewpoint of the ionization energies, group 11 metal/
furan cationic complexes are viewed as Cu+-furan, Ag+-furan,
and Au-furan+. With the presence of the gold atom resulting
in the distinct reactions, giving the furan ring-opening channel
C3H4. Although we refrained from a discussion on the metal
reactivities, the enriched chemistry reveals the high reactivity
of the gold center. Photodissociation performed on both Cu and
Ag species gave rise to a charge-transfer behavior while Au
complex occurred a simple bond cleavage. For Cu and Ag,
calculations exhibited the metals lying above the furan ring with
Cs structure. Interestingly, the gold atom was arranged outside
the perimeter of the ring. The experimental BDEs are consistent
with the theoretical predictions for Cu and Ag complexes,
whereas the measured bond strength is 10 kcal/mol more than
predicted value for Au species. Either the experimental or the
theoretical measurements showed the enhanced binding energy
in the Au/furan cationic complex. Increased bond strength might
be involved in electron transfer between the metal and ligand,
probably due to the relativistic effect in Au. Further theoretical
analysis is needed to interpret this observation.

Experimental and theoretical approaches were also conducted
to identify the possible C3H4 product, allene, cyclopropene, or
propyne. Based on the BDE consideration, propyne is the
molecule that shows the experimental value with the significant
deviation from the theoretical value. From the previous studies
of the furan decomposition at high temperature, allene is the
possible candidate for C3H4, but the cyclopropene formation
cannot be excluded completely.
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