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Abstract

Transition metal cation—benzene complexes of the formQyHg),_7 (M=Ti, V, Ni) are produced in a laser vaporization pulsed nozzle
cluster source. The clusters are mass selected and photodissociated using the third harmonic of a Nd: YAG laser (38&Hig))fraigments
via ligand decomposition to produce'T,H,, Ti*C,H,, and Ti'. V*(CgHs) fragments by ligand elimination of neutral benzene to givea¥y
the primary fragment. N{CgHs) fragments via both ligand elimination and a photoinduced charge transfer pathway to give benzene cation.
Complexes with two benzene ligands fragment by the loss of a single neutral benzene to'lé@ydd)as the fragment. Clusters with more
than two benzenes fragment directly down t6(@%Hs), with a small amount of M(CgHg) for M =Ti and Ni. This indicates that a stable
sandwich core is established at (@sHs), that is solvated by subsequent benzenes. There is no evidence for three-fold coordination in any
of these complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction gas phase transition metal ion—benzene complexes in the
fingerprint region using a free electron lagE3—15] In other
Transition metal ion—molecule complexes that are pro- newwork, we reported IR photodissociation spectroscopy for
duced, isolated, and studied in the gas phase provide modeld/*(benzeng)and V" (benzeng)Ar in the G-H stretch region
for metal-ligand interactions and metal ion solvatjin4]. using a tunable IR Optical Parametric Oscillator/Amplifier
Metal ion—benzene complexes are of particular interest (OPO/OPA) laser systeffi6]. These new IR spectroscopy
for their relevance to catalytic and biological processes studies provide significant insight into the structures and
[5,6]. Such w-bonded systems are prevalent throughout binding interactions of metal ion—-benzene complexes. UV
organometallic chemistry7,8]. Metal ion—-benzene com- photodissociation measurements complement these IR stud-
plexes are also fascinating because they form sandwichies, providing a probe of bonding energetics and coordination
structureqd7,8]. These systems can be compared to similar numbers for such complexgkr]. This study focuses on the
complexes that are synthesized and isolated using convenUV (355 nm) photodissociation of MCgHg)1_7 (M =Ti,
tional techniques in the condensed php&8]. Condensed 'V, Ni).
phase complexes have been studied using infrared spec- Many metal ion—benzene complexes have been studied in
troscopy, and shifts in the ligand based vibrations give the gas phase by mass spectrom§tii-22] Bond energies
information on the metal-ligand interactigf—12]. Until have been determined for such systems using collision-
recently, such information has been limited for gas phase ioninduced dissociation (CIO19], equilibrium mass spectrom-
systems. However, we have recently reported the applicationetry [20] and UV-vis photodissociatiofii8]. Theory has
of infrared photodissociation spectroscopy for a variety of investigated the structures and energetics of these systems
[2,3,23-29] Kaya and coworkers demonstrated that vari-
* Corresponding author. Tel.: +1 7065421998; fax: +1 7065421234, ~ OUS metal-benzene complexes form multiple-decker sand-
E-mail addressmaduncan@uga.edu (M.A. Duncan). wich structures of the form Mbenzensg) wherey=x+1
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[21]. This tendency was most pronounced for earlier tran- 2. Experimental section
sition metal complexes, such as those containing vana-
dium or titanium. Later transition metals clustered in a The experimental apparatus has been described previously
different manner, forming “rice-ball” structures of metal [41]. Clusters are produced vialaservaporization (355 nm)in
clusters surrounded by benzene ligands. The multiple- a pulsed nozzle cluster source and mass analyzed in a reflec-
decker sandwich structures were confirmed by ion mo- tron time-of-flight mass spectrometer. By using a “cutaway”
bility measurements performed by Bowers and cowork- type rod holdef17] a free expansion of benzene seeded in
ers [22]. Photoelectron spectroscopy has been applied to Ar produces clusters of the formNICgHg)x. The molecular
metal-benzene anion®21b,30] Recently, an IR absorp- beam is skimmed from the source chamber into a differen-
tion spectrum was obtained for *{benzene) that was tially pumped mass spectrometer chamber. Cations are pulse
size-selected as a cation then deposited and subsequentlgccelerated into the first flight tube and mass selected by
neutralized in a rare gas matr{81]. Lisy and cowork- pulsed deflection plates located just prior to the reflection
ers have obtained gas phase IR photodissociation specfegion. Each cluster size of interest is mass selected and pho-
tra for alkali cation—(watexJbenzens) complexes in the  todissociated using the third harmonic (355 nm) of a Nd:YAG
O-H stretch region[32]. We have reported the vibra- laser. The data are collected by a difference method, in which
tional spectra for several metal ion—benzene complexes inthe mass spectrum with the fragmentation laser “off” is sub-
the 600—1700 cm'* region[13-15] These studies demon- tracted from thatwith it “on.” This gives a negative-going par-
strated systematic shifts in the ring based vibrations of theseent peak due to depletion and positive-going fragment peaks.
complexes[15]. A comprehensive comparison to density Parent and fragment ions are mass analyzed in the second
functional theory (DFT) calculations was also presented flight tube and detected using an electron multiplier tube and
[15]. A recent communication showed that IR photodis- a digital oscilloscope (LeCroy 9310A). Data is transferred to
sociation spectroscopy could be applied té(benzens) a PC via an IEEE-488 interface.
and V'(benzeng)Ar complexes in the €H stretch region The laser pulse energy is varied for each complex studied.
[16]. The normal setting employs the unfocused output of the laser
UV and visible photodissociation studies have been per- at about 20 mJ/cépulse, while low power experiments go
formed previously by our group for many metal cation—ligand down to levels of about 1 mJ/éhpulse.
systems including M(benzensg) [17], M*(Ceo)x [33,34]
M*(coroneng) [34-36] and Mf(cyclooctatetraeng)[37].
Yeh and coworkers have employed photodissociation to 3. Results and discussion
study the binding in a variety of related systems includ-

ing M*(CsHsN) [38], M*(furan) [39], and M'(benzene) The mass spectra of clusters obtained fgHg with ti-

[40]. In many cases photodissociation occurs by simple lig- tanjum, vanadium, and nickel are shownFig. 1 For all
and elimination in which an intact neutral ligand leaves

the cluster and the metal cation or a smaller metal-ligand
species is the charged fragment. In other cases ligand de-

0
composition can occur, the metal complex loses smaller sta- 1 TI"(CH,)
ble neutral fragments and a metal-containing ion is pro- 2 i
duced as a fragment. Yet another dissociation pathway is

photoinduced charge transfer, as we have seen with sev-

eral M"(benzeng) systems[17]. Fragmentation of these

complexes yields a charged organic and a neutral metal 1

atom by either direct excitation into a charge transfer state

at an energy above the dissociation limit or via an elec- 0

tronic curve crossing. For many metal ion-ligand systems,

ligand elimination is expected based on the structural sta-

bility of the ligand studied. It is also interesting to see

if a certain cluster size is produced as a common frag- !
ment from larger clusters. When this occurs, it is usu-
ally an indication that coordination around the metal ion
is complete at this cluster size. In this way, the experi-
ment helps to elucidate coordination numbers. The previ-
ous studies of M(CgHg) performed by this group have
focused on photoinduced charge transfer in complexes
with only one benzene liganfd7]. The present study ex-
pands this earlier work to complexes with multiple benzene Fig. 1. Time-of-flight mass spectra for Ti-, V-, and Nis{G)x complexes
ligands. formed in an Ar expansion.
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three metals, the mass spectra consist predominately of metal At first glance, it is not clear if the Tifragment oc-
ion—benzene adducts of the fornt {CsHs)x. Because metal  curs by ligand elimination from T{CgHg) or by further
atom recombination is limited in this particular cluster source fragmentation of Ti(C4H>) or Ti*(C2H2). An examination
configuration, multiple metal atom species, and in particular of the thermodynamics of these pathways helps to explain
the multiple-decker sandwich or rice-ball clusters described which, if any, is energetically possible and whether or not
by Kaya and coworkerf1], are not produced efficiently. these processes are single or multiphoton. For pathway num-
Clustering is efficient out to 10 or more benzene ligands. Af- ber one, we can compare the bond energy 6{JéHg)
tern=2, however, a sharp drop off in intensity occurs for all with the incident photon energy to see whether this process
three metal ion—-benzene species. This could indicate partic-could be single or multiphoton. A table of metal ion—benzene
ular stability for complexes with one or two benzene ligands. bond energies derived from CID measurements is presented
Other masses not associated with metal ion—benzene adductin Table 1 Ti*(CgHg) is bound by 61.9 kcal/mol (2.68 eV;
are also presentin allthree mass spectra. FotAése masses  ~21,600 cnl) [19]. The incident photon energy at 355 nm
are assigned as'{CgHs), Ti*(H20)(CsHe)x, (CsHg)x', and is 3.49eV or~28,200cm!. This shows that the incident
Ti*(CgHe)xAr. In the mass spectrum of YCgHg)x, the photon energy is enough to break this bond for simple lig-
other masses are metal ion—benzene adducts of sodium andnd elimination. The ionization potential of titanium atom
potassium. For Ni, the other mass peaks are assigned as (6.82¢eV) is less than that of benzene (9.24 eV), and there-

Ni*(H20)(CsHe)x, Ni*(CgHe)xAr, and Ni™ (CHe)x. fore it makes sense that titanium is charged and the benzene
The fragmentation difference mass spectra taken atis neutral in this ligand elimination process.
355 nm of the M (CgHg) parent ions for M =Ti, V, and Ni are Ti*(CeHg) also undergoes ligand decomposition to give

shown inFig. 2 As mentioned earlier, three general types of Ti*(C4H2) and Ti*(CoH»). This is somewhat surprising be-
photofragmentation can occur: ligand decomposition, ligand cause of the high stability of benzene. However, titanium is
elimination, and photoinduced charge transfer. All three types extremely reactive and is known to undergo insertion chem-
of dissociation are observed in the fragmentation patterns ofistry with many small hydrocarbor{g2—-45] On the other
these selected transition metal cation—benzene complexeshand, Schwarz and coworkers found To be unreactive
As shown in the figure, the photodissociation of (TgHg) towards benzenf?2]. Photoexcitation apparently provides
appears to follow three possible fragmentation pathways: the activation energy necessary for a reaction to occur here.
The appearance of TiC,H5) is not too surprising because
Ti*(CeHs) — Ti™ + CeHe 1) CoH,™" is a prominent fragment in the electron impact ion-
ization (El) mass spectrum of benzef#s]. Acetylene is

: i+
Ti"(CeHe) — TiTCoHa+CaHa @) also rather strongly bound to*Twith a Do of 60.4 kcal/mol
Ly . (2.62eV)[40], so it is makes sense that this ion appears as a
T (CeHe) — TiTCaHa + CoHa (3) fragment. The formation of T(C4H>), however, is intrigu-
ing. This could occur because ethyleneHz, is a relatively
good neutral leaving group, or because th§(TiH>) frag-
Ti' ment has particular stability. In fact, diacetylengHz*, is

Ti'(C,H,) Ti'(C.H) also seen in large quantities in the El mass spectrunglégC
v [46]. It is possible that gH, takes the form of diacetylene

. . o
when it complexes with Ti. Unfortunately, to our knowledge,
Ti'(bz) theoretical or experimental bond energies for this complex
are not known. Because the thermodynamics of these com-
v plexes has not been measured, it is not possible to evaluate
the energetics of these ligand fragmentation processes.
Ni V+(bZ)
bz" Table 1
Metal ion—-benzene bond energi€( eV) determined by collision-induced
dissociatior[19b]
Ni"(bz) Complex x=1 X=2
Ti*(CeHe)x 2.68 2.62
V*(CsHe)x 2.42 2.55
Cr*(CsHe)x 1.76 2.40
Mn*(CsHe)x 1.38 2.10
0 50 100 150 Fe'(CoHe)x 2.15 1.94
’ Co*(CeHe)x 2.65 1.73
miz Ni*(CsHe)x 2.52 1.52
Cu*(CeHe)x 2.26 1.61

Fig. 2. Photofragmentation difference mass spectra’@fldHg) complexes i
at 355 nm where M=Ti, V. and Ni. The values shown are for the loss of one benzene ligand.
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To examine the possible wavelength dependence of thesdransfer. Nt (CgHg) is bound by 58.1 kcal/mol (2.52 e¥39],
fragmentation processes, we also used 532 nm light for pho-which is less than the incident photon energy (3.49 eV), and
todissociation (data not shown). However, we observed the so the ligand elimination can occur by a one-photon process.
same fragments in about the same relative intensities at thisThe IP of nickel (7.64 eV) is less than that of benzene, con-
wavelength. This is somewhat surprising. As described ear-sistent with the production of Nias the charged fragment.
lier, the metal-ligand bond energy of TCsHe) is 2.68 eV However, the charge transfer process is somewhat surprising.
(~21,600cnT?). When the photodissociation wavelength As reported earlier by this groyp7], when charge transfer
is 355nm (28,200 cntl), the incident photon energy is  photodissociation occurs, an upper limit can be placed on
greater than the bond energy. However, this is not the case forthe metal ion-ligand bond energy according to the following
excitation at 532 nm{18,800 cnT1). Although multiphoton equation:
processes cannot be completely ruled out, the overall signal
intensity is large and the power dependence seems to indicateDg < hv — AIP
a single-photon process. This discrepancy can be accounted
for if a fraction of the Tf(CgHg) complexes present in the wherehv is the incident photon energy amsliP the dif-
beam is in a metastable excited state. Previous DFT calculaference in the ionization potentials between the metal and
tions[15] found that Tt (CeHg) has &A1 ground state with  the ligand. In the case of NiCgHg), with AIP equal to
a low-lying excited?A, state some 0.42 e\~(3400 cnT?l) 9.24-7.64=1.60eV, an upper limit &~ 1.89eV can be
higher in energy. If some ions in our experiment are produced derived for excitation at 355 nm. Surprisingly, this is much
by the laser plasma in an excited doublet state of the com-less than the experimental bond energy (2.52 eV) determined
plex, then decomposition is a much lower energy process, andpreviously for this systerfil9]. It is possible that this frag-
excitation at 532 nm can access the ligand elimination chan-mentation channel is caused by a multiphoton process, but it
nel. Itis well documented that laser vaporization sources canis observed at our lowest laser fluences, suggesting that this is
produce metastable excited states for transition metal speciesot the case. Again, another possibility is that there is a small
[47-50] and so the production of such metastable complexesfraction of Nit (CgHg) in the molecular beam that is trapped
is not too surprising. The presence of a small fraction of an in a metastable excited state."Nias &D ground state with
excited metastable state could also influence the ligand de-a spin-forbidderfF state lying about 1 eV higher in energy
composition pathways seen here, as it is well known that the [46]. The difference between the CID bond energy and the
reactivities of metal ions are highly dependent on their elec- upper limit on the dissociation energy suggested above is ap-
tronic statd47-50] In fact, for Ti* the first doublet excited  proximately equal to this value (0.92 eV). The charge transfer
state is known to be over 100 times more reactive towards channel seen here is then probably due to photoexcitation of a

certain hydrocarbons than the quartet ground gk metastable excited state in the complex that correlates to this
Fig. 2also shows the photofragmentation of(CsHe) at guartet atomic state, which then makes it possible to access

355 nm. This pattern is much simpler than that 6{TsHs). the charge transfer potential with a lower energy photon.

As shown, V' (CgHg) fragments by simple ligand elimination It is interesting to investigate the fragmentation pattern of

of a whole neutral benzene ligand. These results are consisthese complexes when more than one ligand is attached. The
tent with those previously presented by Yeh and coworkers photofragmentation mass spectra at 355 nm f&(G4He)2
for V*(CgHg) using both 532 and 355nm ligl#0]. The complexes (M =Ti, V, Ni) are shown iRig. 3. As shown, all
binding energy of V(CgHg) (55.9 kcal/mol; 2.42 eV[19] is three complexes fragment primarily by the loss of a single
slightly less than that of T{CgHg), and this process likely  neutral benzene ligand. A very small amount of further frag-
takes place via single-photon absorption. The ionization po- mentation is seen for T(CgHg)> and Nit (CgHg)2, but this is
tential of vanadium (6.74 eV) is also much less than that of attributed to a small amount of multiphoton absorption (the
benzene, consistent with the production of the charged metalsmaller fragments are not present at our lowest laser pow-
fragment. Because no ligand decomposition is observed, iters). The energetics of benzene elimination from these sand-
is tempting to say that Vis less reactive towards benzene wich complexes have been measured by CID experiments,
than Ti". This trend has been observed previously in exper- and these values are presentedamle 1 [19] In each case,
iments that produce metal-carbide clust@is,46]. In those the incident photon energy (355nm, 3.49eV) exceeds the
experiments, Ti and V ablated in the presence of small hy- binding energy of the second ligand, and therefore the loss
drocarbons react by insertion inte-8 bonds followed by of a benzene unit is not surprising. The same results were
hydrogen elimination, forming the stable metal-carbide clus- reported for VV (CgHg)2 by Yeh and coworkerptQ].
ters. This process is much more efficient for titanium than it ~ Transition metal ion—benzene complexes are usually ex-
is for vanadium. Similar results have been found in reaction pected to have a coordination number of two, as in the
studies using several different hydrocarbons, all indicating familiar sandwich structures. However, the rice-ball struc-
that Ti* is more reactive than V[42,43] tures proposed by Kaya and coworkdtsl] for larger

The photofragmentation of NjCgHg) at 355nm is also  multimetal-benzene clusters suggest that some late transi-
shown inFig. 2 This complex dissociates intwo parallel path- tion metals might have coordination numbers of three or
ways, simple ligand elimination and photoinduced charge more. Thus, it is interesting to study the photofragmentation
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plexes at 355 nm where M=Ti, V, and Ni. ) . )
Fig. 4. Photofragmentation difference mass spectra tfCkHg)3_7 com-

plexes at 355 nm.
behavior of larger M(CgHg)x (x> 2) complexes. As more
benzene is attached to the cluster, at some point it will not be
able to make direct contact with the metal cation because co-Published work). Different coordination numbers are clearly
ordination is complete. The external benzene molecules will Possible for other ligands, but it remains to be seen if there
attach to the “core” benzene ligands and pile up on the outsideWill be any coordination other than two for metal ion—benzene
of the cluster, acting essentially as solvent species. Becaus€omplexes.
they are bound primarily by van der Waals forces, the binding
energies of the external ligands would approximate that of a

neutral benzene dimer000 cn1) [51-53] Therefore, for m
clusters up to very large sizes, the 355 nm photon energy of
28,200 cnm! used here should be enough to evaporate all of X V'(bz),
these solvent ligands and leave only the stable core behind. Vi(bz),
The photodissociation measurements on several of the
larger metal ion—benzene complexes are showkidgs. 4—6 .
for each of the three metal ions. In all three systems, ben- V'(bz), V v (b2),
zene molecules evaporate down to th&(@sHg)> complex, NJ
as expected for bis-benzene sandwiches. For Ti and Ni, a " '
significant amount of M(CgHg) is also produced at smaller V'(bz),
cluster sizes, but this channel is progressively less intense V'(bz),

for the larger clusters. This is most likely due to multipho-
ton effects in which subsequent fragmentation of the sand-
wich core occurs, as these fragments are not observed at
lower laser fluences. These results clearly demonstrate that
coordination for these metal ion—benzene complexes is com-
plete at two. Additional ligands solvate this stable sandwich
core. None of the complexes show any evidence for coor-
dination numbers larger than two. Our group has recently
studied Nf (acetyleng) complexes by infrared photodissoci-
ation. These measurements found a coordination nhumber of
four acetylenes for Niin that systenf54], while similar mea-
surements found a coordination number of three acetylenes inkig. 5. photofragmentation difference mass spectra‘dCyHg)s_7 com-
the Cd'(CaH>)x complexes (R.S. Walters, M.A. Duncan, un- plexes at 355 nm.
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Fig. 6. Photofragmentation difference mass spectra 6@¢Hg)3-¢ com-
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4. Conclusions

Titanium, vanadium, and nickel metal ion—benzene sys-
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