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Yttrium- and lanthanum-carbide cluster cations,Y@nd LaG" (n = 2, 4, and 6) are generated by laser
ablation of carbonaceous material containingdy or LaOsz. YC,', YC,*, LaG*, LaCs", and LaG" are
selected to undergo gas-phase-iomolecule reactions with benzene and cyclohexane. The FTICR mass
spectrometry study shows that the reactions ot'yand LaG* with benzene produce three main series of
cluster ions. They are in the form of MB4)(CsHe)n", M(CgH4)(CeHe)n ", @and M(GHe)(CeHe)m™ (M =Y

and La;n = 0—3; m = 0-2). For Y, LaGt, and LaG?, benzene addition products in the form of
MC(CeHg)m™ (M =Y and La;n = 4, 6;m = 1, 2) are observed. In the reaction with cyclohexane, all the
metal-carbide cluster ions are observed to form mets®nzene complexes M{ds)," (M = Y and La;n

= 1-3). Collision-induced-dissociation experiments were performed on the major reaction product ions, and
the different levels of energy required for the fragmentation suggest that both covalent bonding and weak
electrostatic interaction exist in these organometallic complexes. Several major product ions were calculated

using DFT theory, and their ground-state geometries and energies were obtained.

Introduction In general, however, most of the studies on gas-phase
In recent decades, gas-phase ion chemistry of bare or “gateotransmon metal ion chemistry were carried out with “bare”

transition metal ions has attracted wide research interests owingff@nsition metal ions, and little is known of the gas-phase
to the importance of these ions in catalytic processes, especially®activity of ligated transition metal ions.

in the activation of G-H or C—C bonds in alkanes, being a Here we present our investigation on the reactivity of yttrium-
matter of crucial concern to the petrochemical induétry. and lanthanum-carbide cluster cations,Y@nd LaG" (n=
Gas-phase studies have shown that many transition metal, 4, and 6) toward benzene and cyclohexane. The reaction
cations can react with benzene to form a metah (M*)— pathways are investigated by FTICR mass spectrometry, by
benzene compléx® or M*—benzyne complex by kHelimina- high-resolution mass measurement, and collision-induced-

tion(s)7 The electronic charge on the metal cation remains as dissociation (CID) experiments. Density functional theory (DFT)
an active site for further clustering reactions. For examplé;-Sc ~ calculations were carried out on major product ions in order to
benzyne can react with benzene to form condensation productsestablish plausible ground-state structures.

M(CeH4)(CeHe)n™ (n = 1—2).210 The study of the reaction of

the first row transition metal cations with cyclohexane has Experimental Section

revealed that the early transition metal cations such s8¢,

and V' are capable of multiple dehydrogenations to yielt-M
benzene(s) complexés.Other reports on the reactions of
transition metal cluster ions with benzene show that multi-
benzene, multinuclear complexes are formed through weak
electrostatic interactod-14 It is important to realize that the
C—H and C-C bond activation by transition metals is mani-
fested not only by bond cleavages but also through bond
formations. Schwarz’s group has reported the carlarbon
bond formation promoted by bare lanthanide cations in the gas
phase>16 In other studied/~2° the catalytic property of
transition metals has been further demonstrated in the catalytic
growth of carbon nanotubes. This later study has shown a
different aspect of the catalytic properties of transition metals,
and in fact, transition metals have been at the focus of fullerene-
based chemistry for more than a decade. Endohedral and
exohedral metallofullerené,MetCars (MC;,),22 and nano-
tubeg® are some of the frontiers in transition metal chemistry
today.

The FTICR mass spectrometric study of gas-phase-ion
molecule reactions used two different FTICR mass spectrom-
eters. The first instrument was a Bruker spectrospin CMS-47
FTICR mass spectrometer equipped with a 4.7 T superconduct-
ing magnet, and the second was a Bruker APEX Il FTICR mass
spectrometer equipped with 7.0 T superconducting magnet. Due
to the decommission of the first instrument during this study,
the work described in this report was first carried out on the
Bruker spectrospin CMS-47 FTICR mass spectrometer and later
repeated and continued on the Bruker APEX Il FTICR mass
spectrometer. The data acquired on both instruments was very
similar.

On the first instrument, the target was located inside the ICR
cell and mounted on one of the trapping plates. A long pulse or
Q-switched Nd:YAG laser beam (at fundamental wavelength
1064 nm) was sent into the ICR cell from the opposite end of
the vacuum cart and focused onto the target. In the second
instrument, a modified Bruker external MALDI source was used
for the laser ablation experiment. The Nd:YAG laser beam was
* Corresponding author. introduced through the MALDI nitrogen laser’s pathway. lons
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were generated externally and transferred into the ICR cell by
a series of ion transfer optics. For both instruments, the laser
ablation generates a spot size less than a millimeter in diameter
and the laser power is on the order of several hundreds of
megawatts per square centimeter.

After ions are generated and trapped in the ICR cell, ion
selection and fragmentation/reaction can be performed by a pulse
program complied by the Bruker software XMASS 4.0. The
target was made from pyrolyzed Koppers coal-tar pitch mixed
with Y03 or LayOs. This material and the experimental methods
have been reported earli#The reactants benzene and cyclo-
hexane were degassed by repeated fredmw cycles and
introduced into the ICR cell through a heated inlet system. Both
static (through molecular leak valve) and pulsed (pulse valve)
gas inlet techniques were used at different times. The static gas . .
inlet technique was used mainly in the study of gas-phase ion ! ! ! ' '
molecule reactions without any fragmentation processes, and a
static pressure of 9x 108 mbar (ion-gauge reading- .
uncorrected) of the reactant was maintained during the reactionLaC, —
period. In the case of reaction/fragmentation experiments, the
pulsed gas inlet techniqgue was used and the reactant was
introduced with a pressure burst reaching as high as1D6
mbar. Prior to the reactant introduction, a collision gas, such as
argon, was maintained at 1 10-° mbar pressure in the ICR
cell.

For all the reactions, a minimum delay of 100 ms was allowed
for collisional cooling before the reactions took place. The LaO"
calculation of the collision rate indicates that when the
background pressure is atd.10~° mbar, ions withinm/z range
50 to 500 Da undergo one to several collisions during this period La"
of time and, for the majority of ions trapped in the ICR cell
with less than one eV kinetic energy (tapping potdritia’ on 5
both trapping plates), this cooling time is sufficient for ions to T T T T T
be thermalized. 150 250 300

For the collision-induced-dissociation experiments, the excita- _ o mz
tion irradiation was applied to the parent ion on-resonance with F'9ure 1. Positive-ion laser ablation FTICR mass spectra of pyrolyzed
. . L mixture of Koppers coal-tar pitch with (a),©0s and (b) LaO; at laser
its cyclotron frequency. The on-resonance |rrad|at|.on (ORI) power density 500 MW cr? (8 ns, 1064 nm).
method allows the energy applied to the selected ions to be
accurately determine®. carbon cluster ions show low intensities. The largest ion that

The DFT calculations were carried out on a Pentium |1 450 can be observed is Y. No diyttrium—carbon cluster ions are
MHz personal computer with 512 MB ram. Gaussian 98W observed in this experiment. As the two spectra were acquired
quantum chemical calculation package was used in theseunder the optimal laser ablation conditions (both ion intensity
calculationg® Becke three-parameter (B3) exchange functional and the number of cluster ions were optimized), the low intensity
and the LeeYang—Parr (LYP) correlation functional were  of the yttrium—carbon cluster ions is the result of low bonding
chosen as the calculation method combined with LanL2DZ and energy of the yttrium-carbon bond. The photoelectron spec-
SDD basis setd The input and output structures were troscopy (PES) data show that the yttritiwarbon bonding
constructed and viewed bghemBats3Dprogram which is a  energy is~40 kJ mot* lower than the lanthanurrcarbon bond

part of theChemOfficechemical drawing package. for diatomic molecules?2°
It is also obvious that the metatarbide cluster ions
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+
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Results and Discussion

YC," and LaC," (n < 10) Clusters.Figure 1a and 1b are
positive-ion laser ablation FTICR mass spectra of pyrolyzed
Koppers coal-tar pitch containing:®; and LaOs, respectively.

containing even numbers of carbon atoms are more abundant
than those with odd numbers of carbon atoms. The observed
ion intensity in a laser ablation experiment can be influenced
by many factors. The most important one is the ionization cross-

Both mass spectra were obtained using a short pulse (8 ns) lasesection, which is significantly dependent on the ionization

ablation and they show distributions of ¥Cand LaG™* (n <
10) clusters. In Figure 1a, YC is seen as the most abundant
ion, with Y* and YC™ being the other two major ions. Small
traces of YO, YC3t, and YG™' are also observed in this mass
spectrum. In Figure 1b, LaC€ and LaG™ are the most abundant
ions and ions up to Lag" can be observed. Both tftand LaO
are observed at relatively low intensities. Some dilanthanum
carbon cluster ions such asJd&a™ and LaCs* also appear in
this mass spectrum.

energy of each neutral species. Aydéland co-workers have
reported PES studies on the electronic structure of lanthanum
carbon clusters, and they have shown that the calculated
ionization potentials (IPs) for LaQn = 1—6) versus carbon
numbers show an everodd alternation, with the IPs for the
even carbon number clusters being much lower than those of
the odd carbon number clusters. As the even carbon number
cluster cations have a closed-shell structure and they are much
more stable than their neighboring odd carbon number cluster

There is a clear difference between the two mass spectra. Incations, their stability is therefore reflected by their gas-phase

contrast to the lanthanuntarbon clusters, most of the yttriuim

ion abundance.
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It is worthwhile to mention that the study of such metal . CH + +CH, +
carbide ions is closely related to the fullerene science in the =~ LaCHo L(?(;)Z I > La(((ZJ%I){‘,) TG
study of metallofullerenes. High-energy collision-activated- @ HO
dissociation (CAD) of endohedral metallofullerene ions have +CH, 1 |+cH, LaocHy 4
shown that small metalcarbon cluster ions such as LaQn @ o O,
< 10) are the final fragment products in the proc€sgHuang v X v ~2 ‘
and co-workers reported their study of endohedral metallo- La(CsHel(CeHe) La(CgH,)" 1, LiOCH)H,0)" |
fullerene formation by laser ablation of 4Gs-doped fullerene @9 G e, (zsﬁ)a(c H ;(C 1"
and they found that the La® (n < 8) ions are among the ., o Coopy
products in addition to metallofulleren&sOur initial observa- . +CH, v O
tion of YC,* and LaG* was also made during the study of L0l LeOCH), 4
metallofullerene formation by laser ablation. As we reported M N v b e 0
earlier, small Lag" were the major product ions for the short- La(cnggfﬁHé)l La(Cglg%(CﬁH& LaOh‘vC\“ Ao +CoHg
pulse (8 ns) laser ablation while the long-pulse laser (280 +CH, o ( (,(13{2%;(1{2 ) il
is more advantageous for metallofullerene formafbwe can *CeHs La(C;H,)(CH,),"
speculate from these studies that small metalrbides are Lao(csé:)szHJ +CH, @M
possibly the basic building blocks for large metabrbon (335) vy o, o
clusters such as MetCars §,) or as the starting unit for i Laoggl){ﬁ)s “ e,
metallofullerenes. The critical factor that determines whether La(CgH,)(CH,),"

MetCars or metallofullerenes are formed is the metal-to-carbon +CeHg (395) v
ratio in the laser ablation targets. 0 La(CH,)(CHy);"

Reactions of YG,* and LaC,* with Benzene and Cyclo- Lo H")(AC"HSV +CH, @49
hexane As YC, and LaG" are isovalent species, the reactions .
of YC," with benzene are expected to be very similar to the La(Cngg(C6H6)3+

reactions of Lagh with benzene. The experimental results show
almost identical reaction pathways for the two types of cluster
ions. For simplicity of presentation, the reactions with L&C
will be discussed as representative. It is also important to note
that, in this section of discussion, ion structures indicated by
the molecular formulas have not been independently confirmed.
Both experimental and quantum chemical calculation methods

473)
Figure 2. Reaction pathways for MC reacting with benzene.

product ions involving reaction with water molecules are
observed in very low abundance.

The reaction profiles also indicate that the reaction product
. . . ~ions undergo a clustering process as the reaction time extended.
are L_Jsed to reveal these structures, which will be discussed INAs these data were obtained from the reactions at a static
detail Iatgr. ) ~ pressure of benzene vapor less thax 40-8 mbar (for the

LaC," is selected from the product of laser ablation and is reason that low pressure is necessary for FTICR detection to
reacted with benzene at a static pressure of 10~ mbar. have good mass resolution), the clustering process was relatively
The initial product ions observed after 0.5 s elapsed reaction gjow: no large clusters such as LatG)(CsHe)s+ are observed.
time are La(GHs)"*, La(GHs)", and a small amount of  The clustering process can be accelerated by increasing the
La(CgHe)". LaO" is also observed, presumably due to the reactant concentration in the ICR cell. By using the pulsed gas
reaction with very low level of background water (less than 1 jpjet technique, the pressure of benzene vapor can be taken as
x 10~ mbar), YO and LaO" are not reactive toward benzene high as 1x 10-6 mbar. Under such conditions, the formation

and cyclohexane (separate experiments were performed byof |arge cluster ions such as Laf)(CeHe)s™ was observed
isolating either YO or LaO" to react with both reagents but  at very short reaction periods.

no product ions were observed). Except for aGhe other The clustering process has also shown a limit beyond the

three cluster ions La(@ls)", La(CGH4)*, and La(GHe)* influence of the reaction time and reactant concentration.

continue to react with benzene or background water through La(CeHa4)(CeHe)s™, La(CsHa)(CeHe)s™, and La(GHe)(CeHe)2"

three main routes as shown in Figure 2. are the largest ions observed in each of the three reaction routes.
In the reaction route I, the lanthanutbenzyne cation Increasing the reaction time or reactant concentration does not

La(CsH4)* adds up to three benzene molecules and forms a produce any larger cluster ions.

series of complex cluster ions Ladiy)(CeHe)nt, Wheren = The reactions of Lag and LaG™ with benzene do not form

1—-3. Small amount of these cluster ions (for= 0—2) can any dehydrogenation products. Instead, benzene addition prod-

react with background water to form LaQgs),*, wheren = ucts in the form of La@(CeHg)n™ and LaG(CeHe)n™ (N = 1—2)

1-3. With longer elapsed reaction time (over 15 s), further water are respectively detected. Water addition products,(@4Els)-
addition occurs and LaOgElg)n(H,0) * (n = 1-2) are (H20)" and LaG(CgHe)(H20)" are also observed as minor
observed. In route Il, La(§s)™ adds up to three benzene product ions. The reaction profiles of the two reactions are
molecules to form La(gH4)(CeHe)n™, wheren = 1-3, and showing in Figure 4.

further reactions with background water produced complex These observations suggest that kaGnay have very
species LaO(gHs)(CsHe)n™ (N = 0—2). In the reaction route  different electronic structure than LaCand LaG", which

I, La(CgHg)™ adds two benzene molecules to form Lgklg)- results in different reactivity. If ME™ has a linear structure,
(CeHe)n™ (1 = 1-2). The reaction profiles of three major which is commonly agreed upon for small carbon clustars C
reaction routes are shown in Figure 3. These profiles indicate (n < 10)23435 then the extension of the carbon chain should
that the formation of the La@Els)(CsHe)nt series is the have little effect on the reactivity of the metal ion. The weaker
dominant reaction route, followed by the LatG)(CeHg)n™ and reactivity of MG, and MG™ seems to suggest structures other
La(CsHe)(CeHeg)n™ series. As the background water exists only than a linear one for these clusters. Consider the,t&6r

at extremely low concentration as mentioned above, all the which the G may form a double-bond between the two carbon
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Figure 3. Reaction profile for the reaction of MC with benzene.
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Figure 4. Reaction profile for the reaction of (a) MCand (b) MG*
with benzene.

aromatized with MG" remaining intact. M@Q(CsHeg)n™ (n =
1-2) were also observed as minor product ions.

The result of the reactions of %€ and LaG" with
cyclohexane seems to confirm the speculation thatta@s
a different electronic structure than LgCGand LaG*'. The loss
of the G unit from the LaG" in the reaction with cyclohexane
can be explained as a diradical cation producing a neutral species
— either ethene or ethane through the multiple dehydrogenation
steps and left a lanthanum cation with the dehydrogenated
cyclohexane. In the reaction with benzene, however, JtaC
removed only two hydrogen atoms from benzene, and the further

atoms and the lanthanum forms a bond to each carbon; it will reaction involves rearrangement between #t&C and benzyne.
result a diradical cation which is a very reactive species in the For LaCG*™ and LaG", being a closed-shell structure, the

gas phase. On the other hand, for LkaCand LaG", if

dehydrogenation of cyclohexane does not involve the carbon

lanthanum bonds to the carbon chain at each end, it is possibleligands, and as a result, the carbon ligand remains intact through
that the carbon chain has a triple bond and single bond the reaction.

alternation which results in a closed-shell structure for both

cations.

YC," and LaG" were isolated to react with cyclohexane. In
both cases, cyclohexane was dehydrogenated in several step

to yield metal-benzene complexes MgBe),™ (n = 1-3 for
lanthanum andh = 1—2 for yttrium, Figure 5).

Minor product ions such as M¢Elg)(CsHe)n" wheren = 0—1
were also observed, which suggested that thgrGup in MG™"

was involved in the reaction. A small amount of oxygen- or

water-containing species such as M@Hig) ™ and M(GHe)-

Collision-Induced-Dissociation of lon—Molecule Reaction
Products. Reactions of YG" and LaG" with benzene and
cyclohexane have raised many questions about the nature of

e interactions between the transition metal ion and the reactant
molecules. The primary mass spectrometry results for the
reactions can provide little structural information on the product
ions if only the mass measurement is performed. More
sophisticated mass spectrometry experiments such as collision-
induced-dissociation (CID) are needed to reveal their structures.

(H,0)* were also observed in both spectra. These species were As shown earlier, in the reaction of MCwith benzene, three

presumably formed from the reaction of Mfd)* with

background water. Both LaCand YO were also observed in

series of product ions are observed. However, the formulas
assigned for these product ions, in some cases, can have different

the spectra, but both reactions began with only the isolated interpretations with regard to their molecular structures. For

metal-carbide ion. In the reaction with MC, cyclohexane was

example, the core ion in the M§Be)(CeHe)n™ series, M(GHg) ™,
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Figure 5. Positive-ion FTICR mass spectra of (a) ¥Geacted with
cyclohexane and (b) Laf reacted with cyclohexane after 10 s of
reaction period.

can be presented as MCsHe)™ in which MG,* exits as an
entity with a benzene molecule attached. The CID results from
a related product ion, Y(gEs)(CeHe)2", show that, after the
initial loss of two benzene molecules (see Figure 6a), further
dissociation of Y(@He)™ resulted in loss of €H, three times
followed by the loss of a £group. The relatively low intensity

of these fragment ions indicates that these final steps are slowelg(CyH,)(CeHe)* (317)

than the loss of the benzene molecule(s), which suggests C
exists as a strong covalent entity in the complex.

In another example, the fragmentation of the cluster ion
La(CsH4)(CeHe)s™ shows three benzene molecules lost from the
parent ion, producing three highly abundant fragment ions
La(CsH4)(CeHe)2", La(CeH4)(CsHe) ™, and La(GH4)™. Further
dissociation occurs with the loss ol twice and a G group
producing a bare metal cation LgFigure 6b). The intensity
of the fragment ions indicates different bonding strength among
all the ligands in La(GH4)(CeHg)st. The three benzene mol-
ecules in this complex are held together by electrostatic
attraction from Ld. The relatively low intensity of the fragment
ions from La(GH4) " suggests strong covalent interaction
between La and the benzyne group.

J. Phys. Chem. A, Vol. 109, No. 1, 200561
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Figure 6. Positive-ion CID-FTICR mass spectra of (a) ¥s)-
(CeHe)2™, (b) La(GsHa)(CeHe)s™.

TABLE 1: List of the CID Results for Major Reaction
Product lons

parent ion (vVz) fragment ions from CID experimerdts

Y(CgHa)(CeHB)." (345)  Y(CaH4)(CeHe)™, Y(CaHa)™, Y(CeH2)",
YC4F, YCoH, YT

La(C6H4)(CeHG)2+, La(C6H4)(CeHG)+,
La(CeH4)+, LaC4H2+, LaC2+, La®
La(CgH4)(CsHG)+, La(CgH4)+, LaCng*,
LaC,H, LaG™, Lat

La(CgH4) ™, La(GH2)t, LaGt, LaGH, Lat
LaC4(C6H6)+, LaC4+, Lan+, La*
YC4(CeHe)*, YCat, YC,F, Y+
La(CgH3)+, La(CﬁH4)+, LaC4H2+,
LaG", La*

Y(CeHe)*, Y(CeHa)*, YCH2, YC, 1, Y+
YO(CeHe):, YO(CeHe)H, YO+, Y+
LaO(CeHe)™, LaO™, Lat

YO(H,0)*, YO+, Y+

La(CsHa)(CeHe)s™ (449)

La(CgHa)(CeHe)2* (395)

LaC4(CeH6)2+ (343)
YC4(CsHe)z" (293)
La(CeHe)(CeHe)" (319)

Y(CsHe)(CoHe)* (269)
YO(CeHe)s™ (339)
LaO(CeHo)2" (295)
YO(CeHg)(H20)* (201)
LaO(GHe)(H20)" (251) LaO(H:0)", LaO™, La*
YO(CgHe)(CsHe) ™ (285) YO(CaHe)*,YO™, Y+
LaO(GsHe)(CeHe) ™ (335) LaO(CeHe), LaO™, La*

aMajor fragment ions are shown in bold.

from the parent ion and produce Laf@)™ in high abundance.

Further dissociation showed Lafd,)* loses two GH, groups
and two G groups. This CID result also indicates thagHz

Many other complex cluster ions have also been selected toexists as an entity in the complex.

undergo fragmentation process in order to reveal their structural

information. Table 1 illustrates the CID products from these for the CID experiment. Two benzene molecules are lost
from this ion followed by two losses of Qo yield La". The

complex ions. In the La(gHs)(CeHe)n™ series, La(@H,)-
(CeHe)2" is selected. Two benzene molecules are removed

Among the LaG" reaction products, LaflCsHe)-" is selected

CID result for YG(CgHe).™ shows a very similar dissocia-
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tion pattern which produces Y(CsHe)t, YC4t, YCoH, . La(CHy), —
and Y*. Similar comparison can also be made between La(CHg) —
La(CgHe)(CeHe)+ and Y(QHe)(CGHG)+.

Many minor product ions containing oxygen are observed in N
the YG,© and LaG" reactions. Although the quantity of these a
byproduct ions is insignificant compared to the mainstream /
benzene-containing product ions, the structural information that
these ions can provide is equally important. For this reason,
both YO and LaO, plus several oxygen-containing product
ions YO(GHeg)s™, LaO(GsHe)2", YO(CeHe)(H20)", LaO(GsHe)-
(H20)*, YO(CsHe)(CsHe)™, and LaO(GHg)(CsHe) ™t are selected .
and studied by CID experiment. ‘5

The attempted CIDs of YO and LaO show no fragment \

CHy”

La(C,H,)"

La(CH,)"

L

ions even with maximum excitation energy applied. The CID
results for other species such as Mfe)" and M(GHas)™" 1 h]
indicate that the reaction with water effectively hydrogenates
the GH, and GH,4 groups to form MO(GHg)™ and MO(GHe)™,
respectively. The strong covalent bond(s) formed between the = La
oxygen and metal ion weakens the interaction between the metal La(CgHy)
and the organic ligands. This weakening effect was shown in
the CID results of MO(@Hg)(CsHe)™, and in this case, after b
the initial loss of a benzene molecule, the following dissociation <—La((~,sz)+
occurred with the loss of 8l as a whole unit (no intermediate
products were observed), whereas in the CID of M{§)- N
(CsHe)™, M(CgHg) ™, was fragmented in several steps (see Table La(CsHe)
1) and required much higher energy to dissociate. .
In the reaction of YG' and LaG*t with cyclohexane, the LaCy, La(CeH,)
product MF—benzene complex M(lg),* (M =Y and La;n
= 1-3) and the minor product ions MgHg)(CeHg)™ are \
formed, and they are not observed in the reaction with benzene.
The CID of La(GHe)." (Figure 7a) shows that after the initial
loss of a benzene molecule, further dissociation of Ilski"
involves H elimination(s) and produced LagB84)™ and small 140 160 180 200 220 240
amount of La(GH2)". Further fragmentation is similar to the Figure 7. Positive-ion CID-FTICR mass spectra of (a) Lak@),*
dissociation of La(gH4)™, which loses two @H, groups and a (b) La(GHg)". '
C, group, producing a bare metal cation*lLdNoticeably, the
fragment ion La is produced in relatively higher abundance a-c). Energy wise, the shell isomer is 49.8 kJ midbwer than
in comparison with the CID results of the benzene reaction tne planar isomer.
product ions such as LagHs)(CeHe)s*. It suggests that the The calculated €C bond length in Lag is 1.302 A, which
metal carbon bonding in La¢fle)” is weakened by the s close to a double bond length. It supports the hypothesis
hydrogens. Some earlier reports have suggested that ilg(C ~ mentioned above that La€ behaves like a diradical cation.
lanthanum is bonded to the two adjacent carbon atoms on theThe calculated €C bond lengths for Lagf and LaG* show
benzene ring. The dissociation of La{€)" can have two 3 pond length alternation. In LaG the two carborcarbon
pathWayS, different from the one described abOVe, the other bonds at each end of the Chaini—asz and CS_C4| have the
dissociation channel is to have the lanthanum ion completely same bond length of 1.295 A. The-C bond in the middle,
separated from benzene molecule and produce bare metal iorg,—C; has a bond length of 1.390 A. In LgG the two
La". The collective result of these two processes is higher carbon-carbon bonds at each end of the chaip-C, and G—
abundance of Lapresented in the CID spectrum of Laff)". Cs, have the same bond length of 1.286 A. The center ane C
The fragmentation of La(g1s)™ first produces La(gHe)*, and C, is the shortest one with a bond length of 1.261 A. The two
further fragmentation is identical to that of the CID of Lalg)™ carbon-carbon bonds in the middle ,€C; and G—Cs, have

| TaCHY

150 200 250 300

+

La(CH,)"

(Figure 7b). the same bond length of 1.383 A.

DFT Calculation on the Major lon —Molecule Reaction An analysis of computed Mulliken population charges for
Products. Quantum chemical calculations on metahrbide LaG," (n= 2, 4, and 6) shows that the £& bonds are strongly
cluster neutrals and cations M& (M =Y and La;n < 10) ionic and that the electronic charge is transferred from lanthanum

have been reported by several research gréug&They claim to carbon atom&’ As the number of carbon atoms increases,
that the ground-state structure for these clusters is the so-calledhe electron density on lanthanum is largely reduced, and this
‘fan” structure for which the lanthanum atom or cation bond to compromises its capability for bond activation in the 4on
each carbon atom on a curved carbon chain. For cations, themolecule reactions. As the result of this, only LLa@ observed
singlet state was found to be the ground state. Our calculationsto form dehydrogenation products, whereas for ya@nd

on both linear and ‘fan’ isomers for La€ (n = 2, 4, and 6) LaCs*, mainly the addition products are observed. The-Ca
agree with these results, except for lsdGvhere we found that ~ bond length for lanthanumcarbide cations and several cluster
its ground-state structure is not co-planer but rather a “shell” ions are listed in Table 2.

shaped structure. Lanthanum forms an angle of abouwih For La(GHs)™, La(GH4)*, and La(GHe)', the energy
respect to the plane of the six carbon atoms. (Figure 8, structuresminimal structures are obtained. As shown in Figure 8, structures
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Figure 8. Fully optimized structures for LaC and various ior-molecule reaction product ions obtained by DFT quantum chemical calculations.

TABLE 2: La —C Bond Lengths for LaC," and Major
lon—Molecule Reaction Product lons

ions La—C bond length (A)

LaC*t 2.332

LaC," 2.462 (outer), 2.576 (inner)

LaCs" 2.501 (outer), 2.701 (middle), 2.942(center)
La(CeHa)* 2.315

La(CgHa)* 2.307

La(CeHe) (@) 2.519

La(CgHe) " (b) 2.345

La(CeHa)(CeHe)* 2.362

La(Ce,H4)(CsH5)2Jr 2.395

structure f. This result explains the experimental observation
where La(GHs)™ dissociates as a covalently bonded entity.
The DFT calculations also provide explanations for many of
the other cluster ions. As for Lagl,)* and La(GH4)™, the
lanthanum cation is bonded with two carbon atoms away from
the benzyne ring, the space that is available for further
interaction is larger than LagBls) ™ where the lanthanum cation
is blocked from one side by the ligand. As a result of the
different geometries, La@El,)™ and La(GH4)™ can add three
more benzene molecules, whereas lga{§}" can add only two.

The calculations with larger cluster ions containing more than

d—f, in all three cases, the lanthanum cation forms two covalent One benzene molecule prove to be very difficult because of the
bonds with their organo ligands. These structures satisfy the weak electrostatic interaction involved. The energy surface for
stdt configuration for L& and they have a closed-shell electronic  this type of structures can be very shallow, and it is difficult to
structure, thereby making them very stable species. In the casdind the true global minimum. The minimal energy structure

of La(CgHeg)™, the isomer built by Lag' attached to a benzene

was only obtained for a very few cluster ions. The fully

molecule is also calculated (Figure 8, structure g). The computedoptimized ground-state structure for LatG)(CsHe)™ is shown
result for this isomer is 149.8 kJ mdl higher than isomer

in Figure 8 (structure h). The distance from the lanthanum cation
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to the center of the absorbed benzene molecule is about 2.839 (3) Bauschlicher, C. W.; Partridge, H.; Langhoff, S.JRPhys. Chem.
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