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Growth and Photodissociation of Ck—(Coronene) Complexes
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Gas-phase complexes are produced containing one or more chromium atoms bound to one or more molecules
of the polycyclic aromatic hydrocarbon (PAH) coronene4G,). These species are prepared with laser
vaporization in a pulsed-nozzle cluster source of a chromium rod coated with a thin film of coronene. Mass
spectroscopy reveals the formation of clusters of the forgic@ronene)” up to sizes withk = 5 andy = 3.
Mass-selected laser photodissociation studies investigate the possible structural patterns in these novel
complexes. Evidence is presented for multiple metal attachment on the same side of the coronene molecule,
for metal and multimetal sandwich structures, and for multiple decker sandwich structures. Chromium atom
insertion into the aromatic system is observed for several cluster sizes. Complexes with at least four chromium
atoms fragment by extensive decomposition of the aromatic ring system.

Introduction abundance. The spectroscopy and photochemistry of these
systems are clearly of widespread interest.
Metal 7-complexes with various aromatic molecular ligands  ~ aAtomic metal ion complexes with selected PAH species
have fasc!nated organometallic chemists for many beamg (including coronene) have been described previotfskp. In
of the earliest ar_ld best-known e>_<amp|es of these systems includggcent laboratory work, our group has described the formation
ferrocené and dibenzene chromiufhut there are now numer- o metal and multimetal complexes of iron with coronene and
ous other systems known. The diversity of metalomplexes  other polyaromatic systemd23 Competitive binding experi-
has increased dramatically in recent years with the developmentyents with coronene, dg and benzene were used to establish
of gas phase cluster experiments where metal vapor can bey hierarchy of binding strengths to iréhAdditional experiments
combined directly with unusual ligand species in nontraditional reported the formation of silver-coronene cation compl&xes
synthetic schemes. For example, there are many experimentabhnd vanadiumcoronene anion complexé%.Coronene is
and theoretical studies of metal arene compléxésExohedral  particularly interesting for multimetal experiments because it
metallo-fullerene¥17 and metals bound to polycyclic aromatic  is large enough to afford multiple binding sites for metal
hydrocarbons (PAH'3§25 have been described recently in attachment on its surface. Interior or exterior rings are available
molecular beam experiments and in mass spectrometry. Multi- for z-bonding on one or both sides of the organic surface. In
decker sandwiches and other network structures have beerthe case of these irercoronene complexes, photofragmentation
proposed for some of these systems. Although many of theseprocesses suggest that iron forms a strong covalent bond with
news-complex clusters have never been isolated, their structurethe PAH surface, that sandwich structures are quite stable, and
and bonding properties are nonetheless interesting. In the preserthat in multiple-metal complexes the iron binds as separated
report, we investigate new examples of metal-PAH complexes atoms on the coronene surfa@eChromium provides another
in the form of chromium-coronene clusters. reactive transition metal to investigate the possible generality
Polycyclic aromatic hydrocarbons (PAHs) occur in many Of this kind of bonding. Because of the well-known stability of
natural environments where carbon is pregérthey are  dibenzene chromium, we expect similar stramgponding of
implicated in soot formation in hydrocarbon combustion and chromium with coronene and the possible formation of stable
in the formation of dust grains in the interstellar medium. Sandwich structures.
Theoretical models of metal intercalated graphite or carbon ) )
nanotube walls often employ PAH molecules as models EXperimental Section

representing a finite section of a carbon surface, but there is  c|usters for these experiments are produced by laser vapor-
virtually no experimental data for the structures or energetics jzation in a pulsed nozzle cluster soufé&he sample for these

of metal attachment on these surfaces. CoronengH(g) is experiments is a solid rod of chromium coated with a vapor-
the smallest PAH having the essential structural elements of deposited thin film of coronene. The thin film was prepared
graphite. The optical properties of PAHs are well-studied via thermal evaporation of coronene in a separate sample
including fluorescence and phosphorescence in the gas phasgreparation chamber and then the sample was transferred to the
and in thin films?”%0 lonized PAHs have been implicated as molecular beam experiment. Laser vaporization is accomplished
carriers of the optical diffuse interstellar bands (Df3sj* or with the focused output of a Nd:YAG laser (third harmonic,
the unidentified infrared bands (UIR¥)36 Metal-PAH com- 355 nm) in a pulsed nozzle (Newport) source. The laser pulse
plexes have also been suggested to form in interstellar gasenergy is adjusted to penetrate through the organic film to ablate
clouds!®203741 Attachment to PAH surfaces is proposed to it and to vaporize the underlying metal so that both are produced
account for the depletion of certain metals (iron, magnesium, in the gas phase. Cluster growth occunsai 2 mmchannel
etc.) in the interstellar medium compared to their solar extending about 2 cm beyond the vaporization point. The
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L1 Cr Coronene, " TABLE 1. The lonization Potentials (IP) and Dissociation
Xyela Y Energies Do) of Chromium and Its Small Clusters
o species IP (eV) Do (cation} Do (neutral)
Cr 6.7665
g 2,1 Cr, 6.999 1.30 1.54
§ Crs 2.01
f 3,1 Cry 1.04
2 Crs 2.34
£ 4,1
& L 5.1 2 Reference 44° Reference 45.
400 600 500 1000 single chromium atom, and the intensities of multimetal
_ S m/z _ complexes fall off gradually with size. This is approximately
Figure 1. The mass distribution measured for,€(coronene)" ions what would be expected from the metal density available for

produced by laser ablation/vaporization of a film-coated chromium rod. 5ttachment. However, in complexes with three coronene mol-

ecules, there is a slightly enhanced abundance for the Cr

- . . (coronene)stoichiometry which persists under a variety of mass

plasma are sampled with a reflectron time-of-flight mass gpectrometer focusing conditions. This Cr:coronene 2:3 stoi-

spectrometer with pulsed acceleration plate voltdges. chiometry is the same as one of those seen by Kaya and co-
Mass-selected photodissociation experiments take place in the, 1 ers for various metalbenzene clusters, which were

same reflectron time-of-fljght mass spectrometer with the suggested to have double-decker sandwich structlilesthe
addition of a pulsed deflection plate (the so-called “mass-gate”) |, ver mass region (not shown) there are essentially no pure
which allows size selection of certain cluster masses. The metal clusters. This suggests that the complexes here grow

operation of the instrument for these experiments has beenyinaily as metal atoms are added one-by-one to the organic
described prewouslﬁ@ The time-of-flight through an initial drift ¢, .t2c6 " rather than by the combination of clustered metal with
tube section is used to size select the desired cluster, which iSthe organic

then excited with a pulsed laser (Nd:YAG; 532 or 355 nm) in g’ mass spectrum immediately raises questions about the
the turning region of the reflectron field. The time-of-flight  ctyres of these clusters. In the multimetal adducts with a
through the second drift tube section provides a mass spectrur‘rgingb coronene molecule, it is conceivable that the metal is
of the selected parent ion and its photofragments, if any. The o istered together in the form of an “island” on the surface of
data are presented in a computer difference mode in which theq5hane |t is also conceivable that the metal is attached in
dissociated fraction of the parent ion is plotted as a negative g, jjer aggregates (atomic and/or molecular) at individual
mass peak while its photofragments are plotted as positive peaksbinding sites on the coronene molecular surface. Binding at
Mass spectra are recorded with a digital oscilloscope (LeCroy) 76 7T Sites is common in organometallic chemistry. Likewise,

and transferred to a laboratory PC via an IEEEBS interface. the metal in intercalated graphite occupies ring-centered“Sites.

. Las_er power a”f’ . yvaveleng.th studies are employed to However, the metal versus organic concentration here is higher
investigate the possibility of multiphoton processes and sequen-y,a, i those environments. The importance of clustered versus
tial fragmentation processes. The laser power required 10 yighersed metal would then presumably depend on the relative
photodissociate these molecules varies considerably with the'rstrengths of metaimetal versus metaforganic bonding. It is
size and stability. The highest laser power employed for any o cejvaple that binding could occur on one or both sides of

cluster represents the full intensity of the unfocused Nd:YAG ¢ coronene surface. The size of a chromium atom varies with
laser harmonics (e.g., at 532 nm the pulse energy is perhapsg effective oxidation state, which is uncertain without some
200 mJ in a 1.0 cthspot size). This would be our limit of \ojedge of the bonding in this system. However, reasonable
extremely high power. High power,” as used below, indicates  ggfimates suggest that three chromium atoms in a film motif
50-100 mJ/crfi, while low power refers to 10 mJ/cn would cover one surface of a coronene molecule. Complexes
with more than three metal atoms are therefore expected to have
either metal clustered on metal or binding on both sides of the
Figure 1 shows the mass spectrum measured when catiorring system. Having no convenient spectroscopic probe of these
clusters are grown by laser vaporization of a coronene-coatedstructures, we use mass-selected photodissociation experiments
chromium rod. There is no ionization process other than to investigate these various possibilities.
recombination/growth in the plasma generated by the vaporiza- Table 1 shows the ionization potentials and bond energies
tion laser or growth via iormolecule reactions in the channel for chromium clusters relevant for this work. Fortunately, the
extending beyond the vaporization region. The cations are dissociation energies are known for chromium cluster cations
extracted from the molecular beam with pulsed mass spectrom-up to several atoms in size from collision induced dissociation
eter acceleration voltages. As shown, a variety of(coro- measurement¥. Unfortunately, ionization energies are known
nene)" masses are produced. All the more intense peaks for only the atom and the dimé?. Therefore, neutral bond
observed correspond to simple multiples of chromium and energies cannot be derived for the larger cluster sizes. However,
coronene, although there are some weaker masses which cait is usually true that ionization energies decrease with size for
be assigned to fragmentation of the coronene or to metal oxidemetal clusters, and it is safe to assume that all chromium clusters
adducts. The oxides come from surface impurities on the metal will have ionization energies lower than that of coronene (7.29
rod. Clusters are formed which contain up to five chromium eV). If this is true, then any pure chromium clusters eliminated
atoms in complexes with one coronene molecule, up to five by fragmentation will be charged and will therefore be observ-
chromium atoms in complexes with two coronene molecules able with the mass spectrometer.
and up to four chromium atoms in complexes with three  Figures 2-8 show various measurements of photodissociation
coronene molecules. For complexes with one or two coronenemass spectra for clusters size selected from the distribution
molecules, the most prominent mass peaks are those with ashown in Figure 1. These experiments use laser excitation with

positive ions produced directly from the laser vaporization

Results and Discussion
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Figure 2. Photodissociation of the €icoroneng ion at 355 nm. Two
apparent fragment ions are observed:" @nd coronene However,

the coronene ion signal has a steep dependence on the laser power
and it is not observed at low power. It is therefore attributed to
reionization of neutral coronene fragments.

Figure 4. Photodissociation of Gitoroneng at 355 nm. Two channels
are suggested corresponding to sequential loss of chromium atoms and
elimination of Cg*.
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Figure 5. Photodissociation of Gtcoronené& at 355 nm.
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Figure 3. Photodissociation of Gr-coronené at 355 nm. The upper
trace is at the low power limit, which shows that the primary
dissociation channel is loss of neutral chromium atoms. The shoulder
at lower mass corresponds to loss of CrC. The lower trace is at high
power, showing sequential fragmentation of-@poronenég and a
parallel channel which produces Cr

Cr(Cor)y "

Relative Intensity

either the second (532 nm) or third (355 nm) harmonic of a
Nd:YAG laser. At each wavelength for each cluster size, we
vary the laser intensity to investigate the power dependence of
the fragmentation processes and to see if there is sequential
fragmentation. In all cases, we find that the power dependence
varies with a high order in the laser fluence, i.e., the photodis-
sociation processes are multiphoton. This is not unexpected. Cr(Coryy”

Coronene is a large enough molecule so that electronic excitation T T T T —

is expected to cause efficient internal conversion of energy to 0 200 400 600 800 1000

the ground electronic state, and the unimolecular rate of _. ) -

dissociation for such a large system should be quite slow. If Ztlg;ég i.mPhOtOdISSOCIatIOI‘I of CGr(coronene)” and Cr-(coronengy"

metal is covalently attached to coronene, the metal-organic '

system is effectively coupled and the density of states for the control the energy input into clusters, and therefore sequential
combined complex is then greater than that for coronene itself. fragmentation of primary photofragments often occurs. It is often
To dissociate such a system on the microsecond time scale ofnot possible, then, to distinguish unequivocally between se-
our instrument should require excitation well above threshold, quential and parallel fragmentation channels. We also note
and thus it is not surprising that multiphoton absorption is throughout the data that certain fragment peaks are broadened
required to obtain measurable photodissociation in this experi- beyond the usual instrument resolution. This is understood to
ment. Under these conditions it is difficult or impossible to arise from metastable fragmentation of certain ions. Metastable
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Cr(Con),” energy is quite high, then, it is not unreasonable that the laser
. energies here (532 nm, 2.33 eV; 355 nm, 3.49 eV) could
Crc\‘i Cry(Cor) accomplish this. However, laser power dependence studies show
M that this coronene cation channelrist produced via charge
' transfer. At low laser power (not shown), the coronene
fragment is not observed, and the only fragment ion is the
expected CF. This suggests that coronene is produced in the
interaction region as aeutral photofragment, which then
absorbs light in the intense laser field and becomes ionized via
multiphoton absorption. Reionization of fragments is a common
problem in systems like these which require high laser powers
for fragmentation. This process is also seen below for larger
chromium-coronene complexes.

Figure 3 shows the photodissociation of,(Coronene) at
low (upper trace) and moderately high (lower trace) laser
powers. At low power, the most prominent fragment is-Cr
coroneng, which is produced by the loss of neutral chromium
Cry(Con)s” atom. The observation of this charged fragment with the loss
o 2(')0 4(')0 6(')0 8(')0 10'00 of neutral chromium suggests that-Groronene has a lower IP
' than that of Cr. There is also a lower mass shoulder at 340
_ o amu. The resolution in the fragment spectrum is not high, but
Flgure+ 7. Photodissociation of Gr(coronene)t and Cg—(coro- this peak can be assigned to aEtoroneng complex which
nenej’ at 532 nm. has lost the fragment CrC. We see this same fragment ion as a
satellite mass whenever €coroneng is formed as a fragment
ion from any larger cluster (see Figuresd). With our limited
fragment ion resolution, we cannot rule out the additional loss
of 1 or 2 hydrogen atoms. In any event, however, it is clear
that there is a reactive channel in which metal has attacked the
ring system and partially disrupted it. It is extremely unlikely
that there would be a vacancy in one aromatic ring while a
chromium atom is attached at another binding position. There-
Cry(Cor), " fore, it seems likely that this mass represents a chromium atom
, | , inserted into the coronene ring system. Insertion of nioBfum
Cry(Con), " and iron atom¥¢16binto the cage wall of g has been reported
recently, and so this may represent an analogous process for
coronene. At higher laser power in the lower trace, these two

+
Cr2 (Cor)2

Relative Intensity

T o1 R
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f T fragments are more prominent and additional fragment ions are
CryCor* . observed. Again, there is a prominent atomic ion at low mass,
Cr(Cor)y which could come from sequential fragmentation of—Cr

coronené. Likewise, the coronene peak could come from

neutral coronene fragments from -Groronené detected by

T T T T T reionization, as in Figure 2. However, a small amount of'Cr

0 200 400 600 800 1000 is detected, which cannot come from sequential fragmentation
of Cr—coronené. It also cannot come from recombination of

Cr and Cr fragments because the density of parent ions is too

low in the interaction region. Instead, this must represent a

fragmentation, i.e., fragmentation on the time scale of accelera-Parallel channel of metatlimer elimination, which apparently

tion out of the interaction region, may be found for large, stable Nas & lower cross section and can only be detected at higher
ions with slow dissociation rates. power. This channel suggests that some fraction of the

Figure 2 shows the photodissociation of the complex- Cr complexes present_do not _have inserted chromium, but instead
(coroneney. In this 1:1 complex, we see both chromium ion have more weakly interacting metal.
and coronene ion as fragments, which is somewhat surprising. Figure 4 shows the fragmentation of $€coronené at
We expect in such a simple metdigand cleavage that only =~ moderate laser power (at 355 nm). The channels observed are
the fragment with the lower ionization potential (IP) will be similar to those seen before in that there is one sequence
charged. Chromium has a lower IP (6.77 eV) than coronene indicating the loss of one or two neutral atoms of chromium
(7.29 eV), and therefore we expect to see only @r this with the additional peak corresponding to CrC loss. Another
process. However, the observation of the coronene ion as achannel represents the loss ofsGrwhere all the metal is
fragment is possible if the photodissociation process accessesliminated at once. These again must represent parallel channels,
an excited state with “charge transfer” character. We have which suggest that there are two different kinds ok-€r
reported charge transfer photodissociation processes previouslyoroneng present. Presumably these fractions include one in
for a number of metatbenzene complexésThe charge-transfer ~ which the metal is bound more tightly to the ring system (and
asymptote could be accessed if the excitation energy exceedgperhaps inserted into it) and one in which metal is aggregated
the metat-coronene IP difference (0.52 eV) and the {Cr  on the coronene surface but not as strongly attached to it. The
coronene) bond energy, which is unknown. Unless the bound dimer and atomic ions formed here have a laser power

+
Cr3(Cor)y

Figure 8. Photodissociation of Gt(coronene)t and Cg—(coro-
nene)" at 532 nm.
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dependence indicating that they come from fragmentation of  Figure 6 shows the photodissociation of the-Qroroneney*
Crz™. In the limit of low laser power, Gi is detected, but GF and Cr(coronengy” complexes at 532 nm. The strong intensity
and Cr are not. The observation of €ras a fragment ion of the Cr—(coroneney™ peak in the distribution of ions which
here and Gi™ as a fragment in Figure 3 suggests that the metal grow from the cluster source suggests that it is relatively stable,
in these complexes is often, if not always, located on the sameand its stoichiometry naturally suggests that the structure might
side of the coronene molecule. It is unlikely that metal bound be a sandwich. This is also suggested because there are no pure
on both sides could reassemble efficiently into clusters before coronene clusters evident in the source distribution. Apparently,
elimination. chromium is necessary under these conditions to allow coronene
Figure 5 shows the photodissociation of,€coronené at to aggregate. In previous work, we have demonstrated the strong
355 nm. No ions with greater numbers of chromium atoms have Stability of Fe-(coroneney” complexeg? In the experiment
a large enough signal for photodissociation. The signal here ishere, we find again that only high power is sufficient to
Weak, and h|gh laser powers are necessary to measure an@iSSOCiate the 1,2 Complex. The fragments seen include Cr
photodissociation. The photofragment with the highest mass is coronené and the Ct ion, as well as the 340 amu peak
Crs—coronené, which appears as a broad feature consistent described earlier. The €(coroneney” complex fragments
with metastable fragmentation. At lower masses, all the samepPrimarily by loss of one coronene, to produce the—Cr
fragments seen from grcoronené are detected, perhaps by (coronenef. These processes are consistent with a stabte Cr
sequential fragmentation from this higher mass fragment ion. (Coronene)” complex having a sandwich structure. In experi-
There is a small amount of Ercoroneng, but no Cp— ments not shown, we have added acetone as a reagent to probe
coronené. The metastability of Gr-coronene and the low the presence of exposed metal in these complexeg- Cr
abundance of other possible,Scoronené fragments provides ~ coronen& complexes, which must necessarily have exposed
some suggestion that this three-atom complex is relatively stable.metal, all efficiently form adducts with one or two acetone
This is consistent with the geometric argument that three molecules. However, Cr(coronene)” does not form an acetone
chromium atoms might fit nicely to cover one side of the ring adduct under these same conditions. This result is also consistent
system. More evidence for this effect is shown below. Other With a sandwich structure having protected metal.
interesting fragments from this ion include a small amount of  Figure 7 shows the fragmentation of the,€¢coroneney"
Crs™. Unless there is a large rearrangement, this ion can only and Cg—(coroneney™ ions. The most likely structures for £¢
be formed from clusters which have all metal on the same side (coroneney” are a metal dimer with surrounding coronene
of the ring system. However, this mass may also correspond tomolecules (i.e., a sandwiched dimer) or any one of several
an organometallic fragment, as shown below. possible structures for an atomic chromium sandwich with a
The surprising new features in this spectrum are fragment metal atom added to the exterior (e.¢®|®]). As indicated
ions at 130, 180, and 252 amu, as well as a few other weakerabove, structures with clustered coronene and all-external metal
peaksl These masses do not appear as prominent fragments fror@are Unlik8|y because there are no coronene clusters formed
small Comp|exeS, and they cannot be assigned to any Simp|eWith0Ut metal under these conditions. The fragmentation pattern
mu|t|p|e of Cr and coronene. They must then Correspond to SUggeStS that the structure with separated atoms is most ||ke|y
organic or organometallic fragment ions in which the coronene The highest mass fragment is-Gcoronenej*, which could
ring system is dissociated. For example, mass 130 correspond$orrespond to loss of an external metal atom, while the other
to Cr—benzené and mass 180 corresponds to-@aphthalene fragment ions match the higher mass fragments seen fer Cr
The broad peak at mass 252 corresponds approximately-to Cr (coronenejy”. The most likely fragment ion from a sandwiched
pyrene’, and this mass can be formed by elimination of-Cr ~ dimer structure would be the loss of coronene and not the loss
(benzene)(mass 208) from the parent ion. In all of these cases, Of metal. However, there is no evidence for€coronené or
the masses are uncertain by about 2 amu because of the peakr2” fragment ions. The data of Figures2 suggest that metal
widths and the resolution is not good enough to determine the cluster ions are formed when there is connected metal in the
presence or absence of 1 or 2 hydrogen atoms. Perhaps Wortﬁ:luster. Therefore, the structure most consistent with the
noting is that the peak indicated as;Coccurs at a nominal ~ fragmentation pattern is a single atom sandwich with external
mass of 208, which may also be assigned te-(®enzene)'. metal. Consistent with this, when £t(coroneney’ is exposed
Because of mass uncertainties, these peaks could also concei0 acetone, it does form an acetone adduct suggesting that there
ably represent organic fragments without metal, e.g., naphtha-is exposed metal.
lene" (M = 128), tetracerie or phenanthraceriegM = 178), The most likely structures for @+ (coroneney™ are a dimer
and perylengé (M = 252). However, metal-containing ions are surrounded by three coronene molecules or an alternating
more likely to be observed as charged species because of theicoronene-Cr—coronene-Cr—coronene (e.g.|®|®|) double
lower ionization potentials. It is of course not unreasonable that sandwich. A dimer sandwich with external coronene is again
an organometallic complex containing coronene should fragmentunlikely because pure coronene clusters are not observed.
to produce these smaller ring systems. Fragmentation of theMultiple sandwich structures have been suggested previously
coronene ring system is a relatively high energy process, and itfor V,(benzeng)complexes and other multimetal organometallic
is therefore also reasonable that extensive rearrangements mightomplexes’” The fragmentation pattern here suggests that
take place when this occurs. However, it is interesting that thesecoronene is eliminated first, which would actually be expected
fragments are not observed from complexes with fewer than for either of the possible structures. However, the lower mass
four chromium atoms despite the extreme laser conditions usedfragments are essentially the same as those seen for Cr
to initiate fragmentation. Apparently, the presence of at least (coronene). Again, there are no fragments containingCr
four chromium atoms makes these new dissociation channelsThis suggests that there is an intermediate-Qroroneney*
possible. Similar size effects requiring a certain number of ion having the same structure as the ions fragmented above with
adsorbed metal atoms for ring system decomposition have beerthis stoichiometry. If the intermediate is £1(coroneney” with
observed previously in the photodissociation of met@y the |@|® structure, then the best structure fop-€fcoronene)*
complexes? is the double sandwich. This is definitely not structural proof,



11060 J. Phys. Chem. A, Vol. 104, No. 47, 2000 Foster et al.

but this structure provides the simplest explanation for the distribution from the source. In fact, as we described earlier for
fragmentation pattern. iron,22 the source conditions and nozzle channel used here do
Figure 8 shows the fragmentation patterns fOE‘QCOI’O- not prOdUCG metal clusters efﬁCient'y when no Organic is present.
nene)* and Cg—(coronene)*. For clusters this large, numerous ~ Therefore, we believe that these complexes grow by sequential
isomeric structures are conceivable. However, the dissociationaddition of atoms to the organic. Apparently, the presence of
mass spectra contain only a few peaks. In the upper trace, themetal on the organic molecular surface makes it more likely
fragmentation of Gy—(coroneney* is shown. This cluster  that an additional metal will stick and bind on that same side.
requires high power for dissociation, and the yield of photof- Although there may be geometric and collisional cross section
ragments is small. However, fragment ions may be detected ateffects involved, it makes sense that open shell metal would

Crs—coronené, Cr—coronené, coroneng, and Cg", Cr",
Cr'. There are no noticeable fragments for-Qcoroneney”
or C—(coroneneyt which might be expected if the cluster is

bind effectively to open shell metal. Metainetal bond energies
are also significant, as shown in Table 1.

Closely related to the concept of preferential binding is the

a one- or two-metal sandwich with external metal. Instead, the idea that there may be an activation energy associated with initial

only fragment ion seen at high mass is a weak peak gt-Cr

attachment of metal to the organic surface and perhaps again

coronene, which must come by the loss of coronene. The lowerwith insertion of metal into the ring system. A barrier to initial

mass ions match the fragments ofz€coronené seen above

adsorption on the organic surface might explain why metal binds

in Figure 4. This suggests that this ion has a sandwich structurepreferentially on faces with previously attached metal. Barriers

with three internal metal atoms, i.e.tramer sandwich. A trimer

to adsorption are not uncommon in surface science, and a barrier

sandwich was also suggested previously as a possible structurén these systems is also understandable in a qualitative sense.

for Fes—(coronenegyt. The difficulty seen in fragmenting this
ion suggests that it is quite stable.

The fragmentation of Gr-(coroneneyt, which has one more

It is reasonable that the aromatic system would be disrupted in
order to formyr bonds, and that this could cause a barrier in the
adsorption potential for attachment to the organic face. On the

coronene, provides another probe of the stability and structureother hand, it is reasonable that there would be a lower barrier,

of Cr;—(coronengyt. If the latter is indeed a stable trimer

if any, for attachment of metal to complexes with previously

sandwich, it might be expected as a prominent fragment from adsorbed metal. Itis also reasonable that there would be another

Crz;—(coronengy", and indeed it is. Gcoroneng and Cg™

activation barrier for insertion of metal into the organic ring

are prominent, which are exactly the fragments expected as asystem. The experimental evidence for this is found in several
trimer sandwich breaks down. The other fragments are againsystems (e.g., Gr-coronené and Cg—coroneng), where we

essentially the same as those froms-Qicoroneney™. The
exceptions to this are a small amount of-Ccoroneneyt and
Cryt—coronene. These may also be fragments from- Cr

see fragmentation via two parallel channels corresponding to
different kinds of adsorbed metal. Some metal is strongly
interacting with the organic (producing metal carbide fragments),

(coroneney* that were just too weak to detect in the upper trace. and some metal is more weakly interacting (producing metal
So again, an ion which has many conceivable isomers hascluster fragments). Under the conditions in which these com-
relatively few photofragments, and these are consistent with the plexes grow, the temperature is initially quite hot when metal
loss of an extra coronene to produce a stable trimgr—Cr  vapor has just been produced in the plasma, and then the clusters
(coroneneyt sandwich. are cooled rapidly by supersonic expansion. It is reasonable that

Although fragmentation patterns do not determine structures COmplexes which grow under the initial hot conditions might
or energetics directly, the consideration of these combined dataPe better able to overcome a barrier to insertion into the ring
allow several conclusions to be drawn about chromium System, while others that might grow later in the source would
coronene complexes. The most obvious is that chromium formsP€ cooler and would not be able to undergo insertion so
strong bonding attachments to coronene. This is evident becauséfficiently. We also observe that a threshold number of four
all the complexes here require high power multiphoton condi- chromium atoms is necessary for fragmentation to produce
tions for fragmentation and because certain complexes undergdgXtensive decomposition of the organic ring system. Although
elimination of carbon or metal carbide fragments. In previous this mechanism may be quite complex, it may be that the
photodissociation studies of Fécoronene}-R* mixed sand- complexes with more metal are better able to surmount a barrier
wich clusters, where R= benzene or &, we showed that O ring insertion.
benzene or g are eliminated first and that coronene binds more  The preferred site(s), if any, for metal attachment to the
strongly to iron than either of these other ligadéi8ecause coronene ring system is also an interesting issue. While metal
the binding energy of Febenzeng is known (49 kcal/mol}, bonding in the central ring generates a structure with pleasing
we were able to conclude that+Feoronené is bound by more symmetry, it is actually more likely that such bonding will occur
than this. The binding of chromium with benzene is quite similar in the outer rings. Both NMR spectroscopy and theory find for
to that of iron Do of Cr—benzené = 40 kcal/mol)8° Therefore, example that there is greater electron density in the alternate
a strong binding of chromium with coronene is expected. outer rings of coronen®.Conventional synthetic chemistry has

Another conclusion is that chromium atoms bind preferen- Prepared complexes such as cyclopentadieimgh—coronene,
tially on the same side of the coronene ring. Although In which binding occurs to these outer rings#° Likewise, ab
rearrangements are conceivable during fragmentation whichinitio calculations indicated that this kind of binding is
would allow metal on opposite sides of the ring system to favored?’37If z-binding does occur in the electron-rich outer
reassemble into a cluster, we see that there is almost alwaydings, then three metal atoms in alternate ring sites would cover
efficient formation of C¢t from Cr,—coronené ions. This a single side of coronene. A schematic of this is shown in Figure
suggests that a significant number of these complexes have metaf as structure).
on the same side. It is possible that chromium atoms form  The preferential binding of multiple metals to one side of
clusters in the gas phase first and then bind to coronene, whichcoronene and the direction of binding at outer rings both have
would also produce structures with contiguous metal. However, interesting implications for sandwich formation. It is then easy
there are essentially no chromium clusters detected in the masso see how a trimer sandwich might be formed. The exact
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a) b)
c) d)

Figure 9. The structures proposed for various chromium-coronene complexes, thé symmetric sites in which three chromium atoms can add
to alternate rings on the same side of a single coronene system are shownthe 6taggered sandwich structure is showpslows the staggered
double-decker sandwich, whilel) shows the symmetric three-metal sandwich.

registry between chromium atoms and alternate outside ringschromium atom to coronene predisposes the complex to
would favor aligned coronene molecules, and a highly sym- adsorption of additional metal atoms on this same side of the
metric structure would result, as shown in Figure 9, structure organic. In clusters which grow initially and in photofragments,
d). However, these tendencies would suggest surprising struc-there is a frequent occurrence of complexes with three chromium
tures for sandwiches that have rings linked by single chromium atoms, suggesting that this comprises a complete coverage of
atoms, e.g., the Cr(coroneney” and Cp—(coronene)" species. the coronene surface with a monolayer “film.” A certain fraction
The Cr—(coroneney” sandwich is then likely to adopt a of adsorbed chromium apparently forms a strong interaction with
structure with metal attachment to outer rings on both coronenes.the coronene aromatic system, resulting in the formation of a
Induction of charge in both ring systems would likely be caused complex with a chromium atom inserted into the ring system.
by the metal binding, and the ends of the two coronenes oppositeAnother fraction of the chromium is more weakly attached, and
the metal would have similar polarity. This effect would then desorption produces pure metal clusters. However, the bonding
likely cause the two coronenes to rotate away from each otherenergy for all complexes is significant, and multiphoton
to form a staggered configuration, as shown in Figure 9, conditions are required for photodissociation. When at least four
structureb). In a Cp—(coroneney” double-decker sandwich,  chromium atoms are attached to coronene, extensive fragmenta-
then, continuation of this pattern would result in a “stair-step” tjon of the coronene molecule takes place producing a variety
conformation, as shown in Figure 9, structayeHowever, while  of organometallic fragment ions. Single chromium atoms
the fragmentation patterns provide some evidence that sandwichcombine with two coronene molecules in a sandwich structure
and double sandwich structures form, there is no information ana|ogous to the well-known Comp|ex dibenzene chromium.
from these data about the specific conformations in these However, the structure for this is suggested to be staggered.
structures. The complex CGi—(coronengy)t is suggested to be a double-
Much of the discussion so far implies that the coronene decker sandwich, analogous to the-\(benzene) clusters
molecular structure retains its planarity in the formation of these studied previously by Kaya and co-workédtsAn additional
complexes. This is indeed likely to be true for many complexes. remarkable sandwich is suggested which has three chromium
However, there is nOthing in these mass SpeCtraI data WhiChatoms enclosed between two coronene molecules.
allow this information to be determined. Quite the contrary,
when there is a strong metabrganic interaction, such as the
case of the Grcomplexes, it is not unreasonable that extensive
rearrangement, including loss of ring planarity, may occur.

Taken together with previous observations on metako-
nene and other metaPAH systems, these results suggest that
metal-PAH binding and insertion chemistry represent fascinat-
ing new areas of organometallic bonding. These compounds
appear to be extremely stable, and they may be accessible in
macroscopic amounts via conventional (solution) or noncon-

Chromium atoms are observed here to form strong attach- ventional (gas phase) synthetic schemes. Attempts in the latter
ments to the surface of coronene with the consequent growtharea are underway in our laboratory. The bonding, structures,
of interesting cluster complexes. Complexes are formed with and energetics of these systems are largely unknown, and this
multiple atoms of chromium and with multiple coronene should be a focus of future theoretical and spectroscopic studies.
molecules. Evidence is presented that the binding of an initial Photoelectron spectroscopy studies have recently been com-

Conclusions
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pleted on the \—(coronene) anions by our group in collabora-
tion with the group of Kaya and co-workets.
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