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bstract

Gas-phase cluster cations combining calcium atoms and the polycyclic aromatic hydrocarbons (PAHs) coronene (C24H12) and pyrene (C16H10)
re produced in a molecular beam using laser vaporization in a pulsed nozzle cluster source. Time-of-flight mass spectrometry reveals the formation

f clusters of the form Cax(coronene)y

+ for up to x = 4 and y = 3 and Cax(pyrene)y
+ for up to x = 2 and y = 3. Mass-selected photodissociation studies

how that the calcium cation is the most prominent fragment for each system. Photoinduced calcium carbide formation is prominent when two or
ore calcium atoms are present. Additionally, there is evidence that these clusters can form sandwich structures.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal–aromatic � complexes have occupied a central posi-
ion in organometallic chemistry for many years [1–3]. More
ecently, gas-phase techniques have made it possible to produce
hese complexes with a variety of unusual ligands, and new mea-
urements of reactivity, photochemistry and spectroscopy have
ecome possible [4,5]. Metal–benzene complexes have been
roduced and studied in many laboratories [4–20], especially
ince the reports by Kaya and co-workers on multiple decker
andwich formation [11–18]. Likewise, metal and multi-metal
omplexes have been produced with fullerenes, and fascinating
andwich and network structures have been described [21–38].

etal complexes with polycyclic aromatic systems have also
ttracted attention [39–56], as these system provide a vari-
ty of motifs for “surface supported” metal clusters and/or
andwich formation. In the present study, we discuss the pro-
uction and photodissociation of gas-phase calcium–coronene
nd calcium–pyrene cation clusters.
Metal–PAH complexes are often used by theorists to rep-
esent a finite section of graphite for studies of surface
hysisorption dynamics and energetics, as well as metal inter-
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alation. Moreover, these systems may be used to model metal
ttachment to the walls of carbon nanotubes or other fullerene
aterials. Metal–PAH complexes are also thought to form in

nterstellar gas clouds and to contribute to the depletion of
etal in these environments [50]. PAHs have been implicated as

arriers of the unidentified infrared bands (UIBs) or diffuse inter-
tellar bands (DIBs), which are observed in all parts of the galaxy
51,52]. However, recent studies have shown that the spectra of
solated PAHs or their ions do not match the astrophysical spec-
ra. As a result, it is thought that various PAH complexes, perhaps
hose with metal, may explain some of the UIBs and DIBs.

Metal ion complexes with selected PAHs were first produced
n the gas-phase by Dunbar and co-workers, using FT-ICR mass
pectrometry [39,40]. More recently, our research group has
mployed pulsed nozzle laser vaporization of PAH film-coated
etal rod targets to produce these species, making it possible to

enerate systems with multiple metal atoms and/or multiple PAH
olecules in more complex networks [41–48]. Time-of-flight
ass spectrometry and mass-selected laser photodissociation
ere employed to investigate a variety of metal–PAH com-
lexes, including iron with coronene [41], pyrene and perylene
48], silver–coronene [42], chromium–coronene [44] and nio-

ium with coronene and pyrene [45]. More recently, we have
xplored the related metal–corannulene complexes [49]. In the
ron–coronene system, the photodissociation of multi-metal
tom complexes eliminated individual metal atoms as opposed

mailto:maduncan@uga.edu
dx.doi.org/10.1016/j.ijms.2007.09.001
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These various abundances are consistent with there being no
particular preference for the number of metal atoms bound to
a coronene, but rather a gradual decrease in abundance of the
larger clusters consistent with the limited density of available
6 A.C. Scott et al. / International Journa

o metal atom clusters [41]. In contrast, the multi-metal com-
lexes of chromium–coronene photodissociated by elimination
f metal clusters, e.g., Cr2

+ or Cr3
+ [44]. In the niobium–PAH

ystem, metal insertion and ring destruction reactions were
bserved, producing metal carbide and metal–(C2H2)n prod-
cts [45]. Recent theoretical work has examined the binding
ites for metal addition to PAH surfaces, and the energetics of
onding in these systems [54–56]. In some of the first spectro-
copic studies, our group reported photoelectron spectroscopy
f metal–coronene anions complexes [46], and Oomens and
o-workers reported infrared photodissociation spectroscopy of
ron–PAH complexes [53]. Most of the previous work has exam-
ned transition metal interactions with these PAH systems. In
he present study, we investigate the clustering of the alkaline
arth metal calcium with coronene and pyrene, to see how these
ystems compares with the transition metal complexes studied
reviously.

. Experimental

Clusters for these experiments are produced by laser vapor-
zation in a pulsed nozzle cluster source. The experimental
pparatus has been described previously [41]. The specially
repared samples for these experiments are pure calcium rods
oated with a thin film of either coronene or pyrene. Because
oronene and pyrene are solids at room temperature, they must
e sublimed onto the calcium rod. Films are deposited in a small
acuum chamber dedicated for sample preparation, which has
een described previously [41].

Once the sample is prepared, it is transferred to the molecu-
ar beam machine. Laser vaporization of the film coated metal
ample is accomplished using the third harmonic (355 nm) of
pulsed Nd:YAG laser. The conditions are similar to those

escribed for other metal–PAH systems, where signals are sen-
itive to both film thickness and the vaporization laser power.
nder optimized conditions, the vaporization laser desorbs the

igand and penetrates to ablate the underlying metal, thus pro-
ucing both species in the gas phase. Complexes grow by
ecombination in the gas channel, which extends beyond the
aporization point. The cation clusters produced directly in the
ource pass through a skimmer and are extracted from the molec-
lar beam into the mass spectrometer with pulsed acceleration
oltages.

Mass-selected photodissociation experiments take place in a
eflectron time-of-flight mass spectrometer, with pulsed deflec-
ion plates employed for mass-selection of certain cluster ions
y their flight time. The operation of the instrument for these
xperiments has been described previously [41]. The time-of-
ight through an initial drift tube section is used to size select

he desired cluster, which is then excited with a pulsed laser
Nd:YAG; 355 nm) in the turning region of the reflectron field.
he time-of-flight through a second drift tube section provides
mass spectrum of the selected parent ion and its photofrag-

ents, if any. The data are presented in a computer difference
ode in which the dissociated fraction of the parent ion is plot-

ed as a negative mass peak, while its photofragments are plotted
s positive peaks. Mass spectra are recorded with a digital oscil-
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oscope (LeCroy 9310A) and transferred to a laboratory PC via
n IEEE-488 interface.

. Results and discussion

Fig. 1 shows the mass spectra measured when cation clus-
ers of calcium–coronene and calcium–pyrene are produced by
aser vaporization of either a coronene- or pyrene-coated cal-
ium rod. In the calcium–coronene spectrum (top frame), a
ariety of Cax(coronene)y

+ clusters are observed. Clusters are
ormed that contain up to four to five calcium atoms with one
r two coronene molecules, and up to three calcium atoms with
hree coronene molecules. In clusters that have one coronene, the
a2(cor)+ peak is slightly more intense than that for Ca(cor)+,
nd then the intensity of the peaks for three and four metal atoms
all off gradually with size. Similarly, in the clusters containing
wo coronenes, the Ca(cor)2

+ peak is most prominent with the
eaks for multi-metal clusters gradually decreasing in intensity.
inally, the mass peaks for clusters containing three coronene
olecules are all small, with Ca(cor)3

+ being the most intense.
ig. 1. Mass spectra of calcium–coronene (top) and calcium–pyrene (bottom)
lusters. The peaks labeled (x,y) indicate the Cax(PAH)y stoichiometries for the
lusters.
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etal atoms. In the lower mass region (not shown), there are
ssentially no pure metal clusters, which suggests that the com-
lexes grow primarily as metal atoms are added individually
o the coronene surface, as opposed to the addition of a clus-
er of metal atoms to the coronene. The weaker intermediate

ass peaks that are unlabelled correspond to small amounts of
alcium oxides added to the coronene species.

In the calcium–pyrene system, shown in the bottom frame of
ig. 1, we see a slightly different behavior. There are again up

o three ligand molecules in a complex, but there is significant
ignal for masses corresponding only up to a maximum of two
alcium atoms in any complex. The most intense peak in this
pectrum is that for Ca(pyr)+, with that for Ca2(pyr)+ dropping
ff sharply. For both the single-ligand and double-ligand com-
lexes, there also is an abrupt loss of signal beyond two metal
toms. This is in contrast with the data for calcium–coronene and
lso with that measured previously in our lab for iron–pyrene
omplexes, where up to four metal atoms were seen clustering
ith one pyrene molecule [48]. The data also suggests that there
ight be a limit of two favorable binding sites for calcium on

he surface of pyrene. The pyrene system is also different from
he coronene data in the presence of pure PAH ions without

etal. There is an intense peak for the bare pyrene ion and a less
ntense one for its dimer, (pyr)2

+. There were no bare PAH peaks
n the calcium–coronene spectrum. As with the coronene sys-
em above, the lower mass region (not shown) has no pure metal
lusters. This suggests again that the clusters grow primarily as
etal atoms are added individually to the pyrene molecules.
It is important to note that the absence of pure coronene

lusters or pure calcium clusters in these experiments is by no
eans inconsistent with the intrinsic stability of these systems.

n our previous work on other metal–coronene systems, we often
ee significant amounts of pure coronene and coronene cluster
ations when the binding affinity to metal is not as strong (e.g.,
ith silver [42]) or when the relative concentration of metal is

ow. Rapacioli et al. have studied coronene cluster formation in
etail [57]. We have also seen anion clusters of coronene and
ave measured their photoelectron spectra [44]. Likewise, pure
alcium clusters have been well-studied [58]. The absence of
hese species here has more to do with the conditions of our
luster growth (relatively warm following laser vaporization)
nd the relative concentrations of metal versus organic species
resent. If there is a relatively high metal concentration and its
inding to the PAH is substantial, then few bare PAH species
re seen because all of these have added at least one metal atom.
n other words, it is the efficient metal–PAH clustering rather
han the instability of the pure organic or metal clusters that is
t work here.

These mass spectra immediately raise questions about the
tructures of these clusters. In both the coronene and pyrene
ystems, the interesting question lies in how the multiple metal
toms are attached to the PAH molecule. It is possible for the
etal to be clustered together in the form of an “island” on
he surface of the PAH. However, it is also possible for the
etal to attach individually at separated binding sites. Bind-

ng at � sites is common in organometallic chemistry, with the
etal in intercalated graphite occupying ring-centered sites. �

i
a
f
t

ig. 2. The top frame shows the photodissociation spectrum of Ca(pyr)+ at
55 nm. The bottom frame shows the photodissociation spectrum of Ca(pyr)2

+

t 355 nm.

onding has been suggested in all previous theoretical studies
f metal–PAH systems [54–56]. Additionally, it is also possible
or the metal to be attached to one or both sides of the PAH
urface. In the pyrene system, it is interesting to consider why
he pyrene molecules seem to accommodate a maximum of two
alcium atoms. To try to address these questions, we perform
ass-selected photodissociation experiments.
The top frame of Fig. 2 shows the photodissociation of the

a(pyr)+ cation. In this spectrum, the parent ion is shown as
negative peak indicating its depletion due to fragmentation,
hile the fragments appear positive. The most prominent frag-
ent peak here corresponds to Ca+, with a second very small

eak corresponding to pyr+. When an ion–molecule complex
issociates, the fragment with the lower ionization potential (IP)
s usually charged, while that with the higher IP is lost as a neu-
ral and not detected. In this system, the IP of pyrene is 7.43 eV
nd that of calcium is 6.11 eV [59]. Therefore, if this complex
onsists of a metal ion binding to an intact pyrene molecule,
ne would expect to see simple cleavage of the metal–ligand
ond resulting in the elimination of a calcium ion. Indeed, this

s exactly what is observed. However, we also see a very small
mount of pyrene cation in the spectrum. More than likely, this
ragment is formed by reionization of a small amount of neu-
ral pyrene photofragment in the intense laser field. High laser
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Fig. 3 actually detects two small peaks with baseline resolution
for CaC3

+ (76 amu) and Ca2 (80 amu). However, as is gener-
ally true with time-of-flight instruments, the resolution at higher
masses is not as good. In the 200–500 amu range, the resolution
8 A.C. Scott et al. / International Journa

owers are needed to photodissociate some of the clusters in
hese systems, and so a small amount of multiphoton ionization
f neutral fragments in this way is understandable. However, we
lso cannot rule out a small amount of pyrene cation formation
ia dissociation in an excited electronic state corresponding to
harge transfer. In all the discussion that follows below, it is
lso true that we cannot completely rule out the possibility of
xcited electronic states in the photodissociation channels seen.
owever, we have studied all of these systems with dissociation

t both 532 and 355 nm, and the dissociation channels seen are
lways independent of the wavelength. This suggests that we are
ot hitting any excited state resonances and are instead observ-
ng the results of ground state dissociation processes that occur
hen absorption is followed by rapid intramolecular internal

onversion.
The bottom frame of Fig. 2 shows the photodissociation of

a(pyr)2
+. In this spectrum, the highest-mass cluster observed is

a(pyr)+. Additionally, there is a small amount of pyr+ and what
ppears to be CaC2

+, and the fragment with the highest intensity
s Ca+. The Ca(pyr)+ peak can only come from elimination of a
eutral pyrene molecule from the parent cluster. Because it car-
ies the charge here, Ca(pyr) most likely has an IP that is lower
han that of pyrene. The lower mass region has fragments much
ike those of the upper frame of the figure, consistent with con-
inued fragmentation of the Ca+(pyr) ion. The surprising feature
s a broad and very small peak at mass 64–65, which could either
e assigned to CaC2

+ or C5H4
+ (64 amu) or to C5H5

+ (65 amu).
lthough a standard electron impact ionization mass spectrum of
yrene shows various small hydrocarbon fragments, the C5H4

+

r C5H5
+ ions are not produced [60]. It therefore seems that this

ass is better assigned as CaC2
+. This carbide ion could come

rom a small amount of a ring insertion reaction, as we have
een previously with niobium–PAH complexes [45]. Because of
ts stoichiometry, it is logical to question whether the Ca+(pyr)2
on here has a sandwich structure. Its dissociation pattern is con-
istent with this, indicating a loss of a neutral ligand followed
y the metal ion. However, the mass spectrum here shows that
yrene does cluster with itself, at least when it is charged. The
issociation of the 1,2 species is then also consistent with a
a+-(pyr)–(pyr) structure. However, the sandwich structure still

eems to be more likely because the cation–ligand interactions
hould be stronger than neutral ligand–ligand interactions.

The photodissociation spectrum of Ca2(pyr)+ is shown in the
op frame of Fig. 3. The solid line at the top of the Ca+ peak
ndicates that this peak is off-scale, in order to show the weaker
ragment ions more clearly. The highest mass peak in this spec-
rum is again the Ca(pyr)+ fragment. The fragment results from
liminating a calcium atom as a neutral instead of as an ion.
herefore, not only must Ca(pyr)+ have an IP lower than that of
yrene, as noted before, it must also have one lower than that
f calcium. Also in this spectrum are peaks corresponding to
a2

+ and CaC5
+. The Ca2

+ and the Ca(pyr)+ fragments shown
ere cannot come from a sequential breakdown process. Instead,

hey provide evidence for two parallel fragmentation channels.
his indicates either that the Ca2

+(pyr) parent ion has a single
tructure with multiple decay routes or that the parent ion exists
n more than one isomeric structure, and the different structures

F
b
w

ass Spectrometry 269 (2008) 55–61

roduce different fragments. Unfortunately, we cannot distin-
uish between these alternatives. Isomeric structures with either
wo atoms or a metal dimer bound on one side of pyrene, or
ne with metal atoms bound on opposite sides seem possible.
he major fragment channel of Ca+ elimination is consistent
ith any of these structures. However, the observation of Ca2

+

uggests that at least some of these complexes have two metal
toms bound on the same side of the ring system, as this fragment
ould not likely come from a structure with atoms on opposite

ides. The CaC5
+ fragment is weak but quite interesting. As seen

bove for the 1,2 complex, there seems to be a small amount of
nsertion chemistry producing carbide fragments.

It should be mentioned here that the mass assignments just
iscussed and those presented below rely on adequate mass
esolution. It is noticeable here that the resolution in this spe-
ial time-of-flight mass spectrometer in the photodissociation
onfiguration is not the best. However, the resolution is good
nough (±1 amu) in the low mass range to clearly distinguish
aC5

+ (100 amu) from Ca2C3
+ (96 amu). The lower frame of
ig. 3. Photodissociation spectra of Ca2(pyr)+ (top) and Ca2(pyr)2
+ (bottom)

oth at 355 nm. The Ca2(pyr)+ spectrum has been cropped in order to show the
eaker fragments.
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Fig. 4. Photodissociation spectra of Ca2(cor)+ (top) and Ca3(cor)+ (bottom)
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s gradually degrading, so at the high mass end it is no bet-
er than ±3–4 amu. Therefore, we must employ due caution in
ssignments at high mass and recognize that it is impossible to
istinguish unit mass differences, such as the exact number of
ydrogen atoms present.

The bottom frame of Fig. 3 shows the photodissociation spec-
rum of Ca2(pyr)2

+. This is the largest cluster with pyrene that
as studied here. The most intense fragment is once again the

alcium cation. However, there are again several weaker frag-
ents observed. The highest mass fragment is Ca2(pyr)+, which

esults from the loss of a neutral pyrene molecule. After this
eak, we again see the Ca(pyr)+ and Ca2

+ fragments. As dis-
ussed above, the observation of both of these implies that
here is more than one dissociation pathway, coming either
rom a single structural isomer or two different isomers. The
ost likely isomer here would be two calcium atoms sand-
iched between two pyrene molecules, but an alternating motif
f calcium–pyrene–calcium–pyrene would also be possible. The
limination of a neutral pyrene molecule from either of these
ould give the Ca2(pyr)+ fragment observed. After this, the frag-
entation channels seen are mostly the same as those for the
a2(pyr)+ cluster discussed above. Additionally, as with the 2,1

pectrum, we again see the formation of carbide fragments, but
his time there is a little of CaC2

+, CaC3
+ and CaC4

+, rather than
he CaC5

+ seen before. The CaC4
+ is the most abundant of these

arbides. In the niobium–PAH system studied by our group, the
bC4

+ fragment was one of the most intense carbides observed
45]. One last feature of this spectrum is again the presence of
yrene cation. As discussed earlier, this peak is probably due to
eionization of the neutral pyrene molecules, but it could also
ome from a small amount of excited state charge transfer.

In the calcium–coronene system, photodissociation spectra
ere taken for several ions, but only the two most interest-

ng, Ca2(cor)+ and Ca3(cor)+, are shown in Fig. 4. For each
f the other complexes studied, including Ca+(cor), Ca+(cor)2,
a2

+(cor)2 and Ca3
+(cor)2, the only photofragment detected

as Ca+. Ca+ elimination would certainly be expected from
he 1,1 parent ion due to its IP (6.113 eV), which is lower than
hat of coronene (7.29 eV) [59]. Likewise, if the 1,2 complex
as either a sandwich structure or a Ca+-(cor)–(cor) structure,
limination of neutral coronene would take place first and then
he 1,1 intermediate might not be seen if it continues to fragment
apidly. It is somewhat more surprising that no other intermedi-
te fragment ions are detected from the 2,2 and 3,2 parents. If
etal dimers or trimers were eliminated from these systems, they

hould be charged, as seen above for pyrene species, but no ions
ike this are detected. We must therefore conclude that all dis-
ociation channel consist of only neutral coronene and calcium
tomic ions. It is tempting to conclude that atomic metal elim-
nation indicates individually bound metal atoms on the PAH
urface. However, Jena and co-workers have shown in the case
f iron–PAH systems, that metal dimers on the coronene surface
an dissociate by eliminating atoms [56]. We therefore cannot

raw any conclusions about the structures of these complexes
r the binding sites of the metals in them from these photodis-
ociation data. However, it is worth mentioning that no pure
oronene clusters are detected in the mass spectrum. There-

o
p
e
o

oth at 355 nm. The line at the top of the Ca2(cor)+ spectrum indicates that the
ata has been cropped in order to show the weaker fragments.

ore, the ligand–ligand interactions here appear to be relatively
eak, and so the Cax(cor)2

+ species most likely have sandwich
tructure(s), with one or more enclosed metal atom(s).

The photodissociation spectrum of Ca2(cor)+ is shown in the
op frame of Fig. 4. The most prominent Ca+ fragment in this
pectrum is off-scale in order to show the weaker fragments.
here is also a peak corresponding to Ca(cor)+ which results

rom the loss of a neutral calcium atom from the parent clus-
er. The presence of Ca(cor)+ suggests that the 1,1 species has a
ower IP than the calcium atom. The Ca+ fragment should then

ost likely come from further decomposition of this 1,1 inter-
ediate, rather than directly from the 2,1 parent ion. As noted

bove, we cannot conclude that these clusters have mostly metal
toms bound in separate sites. They may have such structures,
ut metal dimer structures could also dissociate by eliminating
etal atoms.
The bottom frame of Fig. 4 shows the photodissociation spec-

rum of Ca3(cor)+, in which many photofragments are produced.
he most prominent one is again Ca+. We also see the presence
f Ca(cor)+ as in the Ca (cor)+ spectrum. These fragments are
2
resent here for the same reasons as discussed above. How-
ver, the most interesting aspect of this spectrum is the number
f peaks corresponding to various calcium carbides. The most
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ntense carbide peak corresponds to CaC5
+, with less intense

eaks corresponding to CaC6
+ and Ca2C5

+. Another peak in
he middle of this spectrum apparently corresponds to Ca3C11

+

other assignments for this mass are also possible, such as a pure
ydrocarbon near the C20H10

+ stoichiometry). Although we saw
ome evidence of carbide formation in the smaller complexes,
his effect is by far more prominent here. This more exten-
ive disruption of the coronene ring structure seems to occur
hen three calcium atoms are present in the complex. However,

his effect only seems to occur when one coronene molecule is
resent, because in the Ca3(cor)2

+ photodissociation, the only
ragment present was Ca+. It is tempting to conclude that there
s some structural difference in the metal binding between these
wo kinds of three-metal–atom complexes that causes a different
endency for carbide formation. For example, with two coronene

olecules present, the three calcium atoms could conceivably
e separated in a Ca-(cor)–Ca-(cor)–Ca+ alternating sandwich
tructure, while in the 3,1 species, it is more likely that the they
re bound together on the coronene surface. It could well be
hat coordinated multi-metal metal bonding enhances the rate of
nsertion chemistry and subsequent carbide formation. Indeed,
n the pyrene systems, carbide formation was also more promi-
ent in complexes having at least two calcium atoms. However,
e should be somewhat cautious about this conclusion. Because

here are no carbides produced in the mass spectrum gener-
ted by the cluster source, we can conclude that the carbides
een here are made by photoinduced reactions within these
xcited ion complexes. Our group has previously studied a
umber of Ca+(ligand) complexes and documented both their
pectroscopy and excited state photoinduced reactions [61,62].
owever, we know very little about the spectroscopy of these
ulti-metal/multi-ligand complexes. It is possible that some of

he enhanced reactivity seen here for certain clusters comes from
ore efficient absorption to initiate the reactions. Future studies

ould use tunable dye lasers for photodissociation to measure
he energy dependence of the reactivity and thus elucidate the

echanism of this interesting chemistry.
In each of the systems here, it is possible to obtain a consis-

ent picture of the structures of these complexes by considering
-bonded structures having the calcium atoms somewhere on

he faces of the PAH ring systems. This is reasonable because
uch binding sites have been proposed in previous theoretical
tudies on all metal–PAH complexes [54–56]. �-bonded struc-
ures were used to explain the packing patterns of calcium atoms
ound to the surface of C60 [25]. However, it is clear that disso-
iation patterns do not give direct structural information and that
ther arrangements of metal and PAH species might be possible.
f we admit that our high-mass resolution is limited, it is con-
eivable that some of these complexes could have undetected
issing hydrogens and that sigma-bonded configurations, with

dge-bonding in (PAH-H)–Ca–(PAH-H) structures, could also
e consistent with some of these dissociation patterns. Calcium
nsertion into aromatic C–H bonds has been observed previ-

usly in smaller ring systems [64], but not for PAH systems to
ur knowledge. Therefore, although we have no direct evidence
or these kinds of structures, we cannot completely rule out such
pecies because of our limited mass resolution.
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Regardless of the structures of these complexes, the most
nteresting aspect of these dissociation process is the observa-
ion of carbide formation. The production of calcium carbide
ragments is quite interesting because most of the transition
etal–PAH systems that we have studied did not produce any

isruption of the ring system leading to this kind of chemistry.
he exception to this was niobium, where carbides were pro-
uced efficiently both from the cluster growth process in the
aser plasma and in the photodissociation processes [45]. In
hat system, it was therefore not possible to determine whether
he insertion chemistry happened only in the cluster growth or
hether it was assisted by photoexcitation. In the present sys-

em, there is no evidence for carbide formation directly from the
luster source. We only see carbides produced after photoexci-
ation, and therefore it is likely that excited states of either the

etal atoms or the metal complexes are involved in these reac-
ions. However, photodissociation of neat PAH species does not
estroy the aromatic rings to produce small carbide clusters, but
ather eliminates hydrogen or acetylene units [63]. The metal in
hese calcium–PAH complexes is therefore essential for the pho-
ochemistry observed. We noted earlier the propensity of PAH
pecies to be formed in interstellar space, and the possibility that
etal adducts could also form. These same environments have
strong flux of ultraviolet. It is therefore conceivable that pho-

oinduced decomposition of PAH species assisted by adsorbed
etal could also occur in interstellar gas clouds.
Calcium carbide is a well known “saline” carbide having the

aC2 bulk stoichiometry [65]. Indeed, some of the fragments
een here have this exact formula. However, other fragments
een here have additional carbon atoms beyond this known
ormula. Pure carbon clusters form linear chains and cyclic struc-
ures, but the linear chains are usually more stable in the small
ize domain. Therefore, it seems possible that these calcium
arbide fragment ions may also have linear structures. This is
nother general question worthy of future investigations.

. Conclusions

Clusters of calcium with pyrene and coronene were pro-
uced by laser vaporization in a molecular beam and studied
y time-of-flight mass spectrometry and fixed frequency laser
hotodissociation. The mass spectrum for calcium–coronene
howed the production of clusters containing up to four calcium
toms and up to three coronene molecules. The most promi-
ent peak was Ca2(cor)+. There were no peaks in this spectrum
or pure coronene clusters or pure calcium clusters, presumably
ecause of the efficient addition of calcium to coronene. The
alcium–pyrene mass spectrum showed a maximum of two cal-
ium atoms bound to a maximum of two pyrene molecules. In
his spectrum, the clusters formed were not as large as those in
he calcium–coronene system and there were peaks correspond-
ng to the PAH alone. The photodissociation spectra for these
lusters showed Ca+ to be the most prominent fragment in all

pectra. Most of the photodissociation occurred by the sequen-
ial loss of either a neutral calcium atom or ion or a neutral
yrene molecule, indicating simple addition of the metal to these
romatics without destroying the PAH framework. However,
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or both PAH ligands, in the spectra where the parent clus-
er contained two or more calcium atoms, there was evidence
or calcium–carbide cluster formation. Fragment ions such as
aC5

+, CaC6
+ and Ca2C5

+ are formed, most likely via photoin-
uced insertion chemistry. Future theoretical and spectroscopic
tudies should focus on the bonding, structures, and energetics
f these systems, which are largely unknown, to further elucidate
his fascinating chemistry.
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