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Vn(CeHe)m" cluster ions were produced by laser vaporization/ionization of a vanadium rod into a mixture of
helium and benzene. The clusters with= n + 1 show strongly enhanced intensities. lon mobility
measurements and collision-induced dissociation experiments were used to determine the structure of the
different species. Density functional theory calculations using the B-LYP parametrization were performed
to provide candidate structures and energetics of these clusters. Comparison of experimental and theoretical
model cross sections indicated these clusters have sandwich structures with an alternation of vanadium atoms
and benzene molecules. We also found that mass-selegteziigters § < 5) react with benzene, sequentially
adding benzene neutrals to form terminal ions of formuléCyHs)n+1". Mobility measurements on these

ions strongly suggest they also have the sandwich structure, indicating major structural reorganization occurs
when benzene interacts with the vanadium cluster.

I. Introduction In this paper we report our investigations of complexes of

The study of complexes between aromatic molecules and Vanadium and benzene. The goals of the study are 3-fold: first,
transition metals is an old and well-established field of orga- to use ion mobility and collision-induced dissociation measure-
nometallic chemistry. In many cases the metal atom is not men_t_s to obtain structural information on these multlm_etal
bound to a single ligand atom but instead interacts with the multl_llga_nd_clusters;_second, to_use theoretical calculations to
rather delocalizedr-electron system of the entire ligand ©btain binding energies of the mixed clusters and compare them
molecule. This often leads to highly symmetrical sandwich With the energetics of pure metal and benzene clusters; third,
compounds such as ferroc@nand bis(benzene)chromigm 0 study the reactivity of pure vanadium metal clusters with
where the metal is completely symmetrically enclosed by the benzene as a function of cluster size.
two ligand molecules. In some cases it is possible to produce .
triple-decker sandwich compounds, likgHg—V —CgHg—V — Il. Experiment

4 : K .
CsHs,* using the standarql methods of preparative chemistry. The experiments were performed with a differentially pumped
More recently, laser vaporization has been established by Severahigh-vacuum apparatus comprised of a laser vaporization/
groups as a completely d|fferer_1t_ method to produce an_d ionization cluster source followed by a quadrupole mass filter,
mvestlgateiscom.plexes of transition met_als ant_j aromatic 5 movaple detector, a high-pressure drift cell, a second quad-
molecules™ This method allows a much wider variety in the rupole mass analyzer, and a second detector. Details of this

S|z?ha3d cgmi)r(])smon of_tt_hese cI_Ltj)Istetrs_thant_thet C?hnvem'to"l“’“MS/MS instrument are given elsewhéfe A schematic of the
methods. Furthermore, it is possible to investigate the metal apparatus is shown in Figure 1.

ligand interaction in the gas phase without solvent effects. he cl . . dified Small Stupith
Armentrout and co-workers have used collision-induced dis- The cluster fon source Is a modified Smalley setupth a
rotating and translating vanadium rot,(in. diameter) in a 1

sociation (CID) to obtain binding energies for a wide variety cm long, 1 cm diameter cylindrical cavity (see Figure 2).

of metal ion-ligand complexes including transition-metal O L .
. . Vaporization of the vanadium is effected with a pulsed 308 nm
benzene compoundsDuncan and co-workers have investigated . : :
. ; excimer laser (Lambda Physik, EMG 202 MSC) tightly focused
the photofragmentation of metal iethenzene complexés. ; A
. onto the target rod and typically run at 10 Hz with powers of
Recently, Kaya and co-workers were able to make mixed ? - - .
. ) .~ 50—100 mJ. The desorption plasma is cooled in a pulsed carrier
cobalt-benzene clusters with up to nine cobalt atoms and six S . L .
benzene moleculdsUsing reactivity studies with ammoniaand 923 jet timed by a home-built delay generator to coincide with
o e 9 y the laser pulse. The gas pulses are generated by a pulsed
ionization potential measurements of the neutral clusters, they . . ; .
solenoid valve (General Valve) with a typical pulse width of
concluded that the cobalt atoms formed metal clusters that were ; .
. o 100 us and 5 bar backing pressure. When forming pure
coated with benzene molecules. In a similar study they . L :
vanadium clusters, pure helium is used as a carrier gas. The

synthesized mixed yanad|uﬂh>enzene clusters with up to six .mixed vanadium-benzene clusters are produced with 80 Torr
metal atoms and six benzene molecules and measured their . . .
L . L - of benzene (its vapor pressure at room temperature) mixed with
ionization potentials and reactivity with carbon monoxide.

Under certain conditions they were able to produce almost 5 bar of helium. The clusters seeded in the carrier gas undergo

exclusively clusters with the compositionBzn+1 (Bz = CoHe). a supersonic expansion through a 1.3 mm inner diameter nozzle

On the basis of these magic numbers and the reactivity studies'rk:toghe source chlamber. f_':'he cluster ions are mass _selecte_d by
with CO, they proposed that these clusters have sandwicht e first quadrupole mass filter, and a mass spectrum is obtained

structures with an alternation of benzene molecules and metalby moving the first detector into the beam path. Once the source

. S has been tuned to yield the clusters of interest, the first detector
atoms-in strong contrast to their findings on the cobdienzene . : o -
system is moved out of the ion path. A specific cluster is then mass

selected and injected into the drift cell. The cell length is 40
@ Abstract published irAdvance ACS Abstract©ctober 1, 1997. mm with entrance and exit holes typically 0.5 mm in diameter.
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Figure 1. Schematic of the instrument. The apparatus consists of a e bt MR WA AR e
laser vaporization cluster source, a quadrupole mass filter, an intermedi- 0 200 400 600 800
ate movable detector, a high-pressure drift cell, a second quadrupole
mass analyzer, and a second detector. The cell is filled with up to 7 Mass [amu]

Torr of helium or a mixture of benzene and helium and allows studies ) . .
of reactivity, collision-induced dissociation, and mobility of the mass- Figure 3. Typical mass spectrum of vanaditithenzene cluster ions.
selected cluster ions. See text for details. The spectrum is obtained by scanning the first quadrupole mass analyzer

and using the movable detector prior to the drift cell. The laser power
| CLUSTER ION BEAM is 100 mJ/pulse, and the carrier gas is composed of 80 Torr of benzene
in 5 bar of helium.

NOZZLE & ’ are also obtainat_)’r_ealbeit at lower intensities than the clusters
with the composition WBz,+1™.

WINDOW A. Collision-Induced Dissociation (CID). Collision-induced
\ W dissociation allows us to obtain structural information by
LASER fragmenting a cluster ion in collisions with neutral bath gas
atoms and monitoring the fragmentation pattern as a function
of the collision energy. In our experiment this can be done by
varying the translational energy with which the ions enter the
high-pressure drift cell. Figure 4a shows the CID patterns of
VBz," for two different collision energies. As expected, the
— TARGET complex loses first one and at a higher collision energy also

the second benzene molecule. Note that the collision energies
are given in the lab frame coordinate system. We did not
attempt to obtain the threshold energy for fragmentation since
@ 10 mm the internal energy of the complex, which has a strong influence
-~ on the fragmentation rate, is not well-known in a pulsed laser
PULSED VALVE vaporization source.
Figure 2. Schematic of the cluster source. The carrier gas pulse is Benzene loss is also the major fragmentation pathway for
collinear to the laser beam to prevent the deposition of sputtered material\V/,Bz;™ at low energies (see Figure 4b). At 50 eV collision
on the entrance window. The target is a translating and rotating energy \UBz," is the only fragmentation product. At 100 eV
ol oo o esion re e . |UIEr 1055 of  benzene molecule and of a vanadum aton
single step with a focusgd XeCl excimer laser (308 nr’?ﬁ). leads to VB§.+ and V;Bz" as well as VBZ. In very high-
energy collisions (200 eV and above) we also find, W™,
Bz, and a plethora of W*hydrocarbon clustetsindications
of severe rearrangement reactions in the collision event.

The fragmentation of ¥8z," is also dominated by benzene
loss and to a somewhat smaller extent by the loss of a vanadium
atom. \4Bzz™, V3Bz;", and \LBz,™ are essentially the only
eproducts at 50 eV collision energy (Figure 4c). All these
findings are fully consistent with the sandwich structures
proposed by Kaya and co-workétsout cannot be considered
a proof of their hypothesis.

B. lon Mobilities: Experimental Method. To get more
direct structural information, we measured the mobilities of
VBz,", V:Bz3t, V3Bz4+, and some of the CID fragmentation

Figure 3 shows a typical cluster ion distribution measured at products. For mobility measurements the second quadrupole
the movable detector by scanning the first quadrupole massis set at a specific mass, and the transit time of those ions
spectrometer. In agreement with the findings of Kaya and co- through the drift cell is measured as a function of the voltage
workers® clusters of the composition ¥8z,+1™ show clearly applied across the cell and the bath gas pressure. As long as
enhanced intensities. With our current source setup we canthe voltage is small enough that the drifting ions are in thermal
produce VBz", V,Bzs*, and 4Bz4" in intensities high enough  equilibrium with the bath ga¥ the ion transit time through the
for mobility and CID experiments. The composition of the ion drift cell is proportional to the ratio of the voltage and bath gas
beam is very sensitive to the time delay between the pulsedpressure. With our experimental setup we cannot directly obtain
valve and laser. At slightly different source conditions, the ion drift time through the cell but must measure the total
significant amounts of benzene-depleted clusters, liggzy", time for the passage through the cell, through the second

For mobility and CID experiments on the mixed vanaditm
benzene clusters the cell is filled with pure helium at a pressure
of typically 7 Torr. For reactivity studies of the pure vanadium
clusters, the cell is filled with a variable amount of benzene
(40—300 mTorr) diluted in up to 7 Torr of helium. In all
experiments reported here the cell temperature was 300 K. Th
ions leaving the drift cell are mass-analyzed by scanning the
second quadrupole mass filter and detected with an electron
multiplier/multichannel scaler.

Ill. Vanadium —Benzene Clusters



Vn(CeHe)m™ Cluster lons

1,2
=1,m=1
a) 50 eV " }\m k
1,0 n
75 eV
| |
0 50 100 150 200 250
23"
b) 50 eV 22 J
A
21 12
100 eV
0 100 200 300 400
33
2,2 3,4
C
) 50 eV 3.2 A L
L ,‘ J.
0 100 200 300 400 500
Mass [amu]

Figure 4. Collision-induced dissociation of 8z,". The spectra are
obtained by injecting the cluster ions with a specific kinetic energy
into the drift cell filled with helium at 7 Torr. The parent ions are
marked by a star (*). (a) VBZ, collision energy 50 and 75 eV,
respectively; the key features are the loss of one and two benzene
molecules. (b) ¥Bzs* and (c) \ABzs*.

quadrupole, and to the detector. An arrival time distribution
(ATD) is recorded on a multichannel scaler (EG&G, MCS-plus)
with a resolution of 2us/channel. To compensate for the
unknown time offset due to the flight time from the drift cell

to the detector, we measured the arrival time at several pressure
voltage ratios. This relation shows an excellent linearity. From
the slope of a plot of arrival time versp8/ the reduced mobility

is directly obtainable from eq %

K = 27315 pIv 1)
0 760T 4

wherez is the cell lengthfq the arrival time,p the pressure in
Torr, andV the voltage. Unfortunately, the relationship between
the mobility of an ion and its structure is not unique. While a
given structure leads to a unique mobility, a measured mobility
can sometimes be related to several different structures.
Therefore, we have to rely on theoretical calculations to provide
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set?? augmented by a d-function for carbon atoms (exponent
= 0.8) and a p-function for vanadium atoms (exporrefit111)

as polarization functions resulting in a (7s4p1d)[3s2p1d] basis
for C and a (14s9p5d)[5s3p2d] basis for V. Since the hydrogen
atoms are not directly involved in the metdlenzene interac-
tion, we restricted ourselves to a (4s)[2s] “SV” basis for H,
without a polarization function. This comparatively small basis
set allowed us to perform geometry optimizations without any
symmetry restrictions for clusters as big af8¥,". In addition

to pure structural information, these calculations also provided
spin states and binding energies, thus allowing us to rule out
some candidate structures from an energetic point of view.

D. Mobilities, Structures, and Energetics. VBZ". The
electronic ground state for the unligated vanadium cation has
four unpaired electrons (3dD). Experimentally, the lowest
triplet excited state (3d°F) is 25.5 kcal/mol higher in energy
than the quintet ground statewhile our calculation predicts
an energy difference of 18.3 kcal/mol. In VBzthe binding
of the metal ion to the benzene can be interpreted as an
interaction between the strongtydonating ligand benzene and
the empty 4s-acceptor orbital of' This interaction, however,
depends strongly on a close approach between the ligand and
metal cation and is enhanced if theelectron cloud of the
benzene molecule points toward empty metal d-orbitals. This
latter condition suggests a spin change in the ddtion may
occur, leading to triplet or even singlet spin multiplicities. To
take this possible spin change into account, the V@zometries
were optimized without any symmetry restrictions for singlet,
triplet, and quintet states. We found the triplet to be lowest in
energy; however, the lowest quintet state is only 2.1 kcal/mol
higher in energy. This difference is within the expected
uncertainty at this level of theory, and therefore we cannot rule
out the quintet as the electronic ground state for VBZ he
lowest energy singlet is far higher in energy, 9.7 kcal/mol above
the triplet. The optimized structure of triplet VBzonsists of
a V atom centered 1.67 A above a slightly deformed benzene
ring (see Figure 5). This structure yields a reduced mobility
(Ko) of 10.3 cn#/(V s). In the quintet state the vanaditm
benzene distance is increased to 1.92 A, reflecting the repulsive
effect of the singly occupieddorbital. The larger distance
eads to a somewhat smaller mobility: 10.0%f4 s). Our
experimental value of 10.3:0.2 cn¥/(V s) (see Table 1) falls
between the triplet and quintet values. Therefore, from the
experimental point of view we cannot distinguish between the
two structures. The calculated'*benzene binding energy (for
the triplet) is 53.2 kcal/mol, in somewhat better agreement with
the experimental value of 55.8 kcal/rfidhan the quintet value
of 51.1 kcal/mol. At this point it is uncertain whether the V\Bz
ground state is a triplet or quintet.

VBz". The minimum geometry for VBZ is a sandwich
structure with the vanadium atom equally spaced between the
centers of the benzene rings at a distance of 1.81 A (see Figure
5). Again the geometry was optimized without any symmetry
restriction. In this structure the benzene rings are essentially

reasonable candidate structures. From these structures it is fairlyfree to rotate with an energy difference between the eclipsed

straightforward to obtain calculated mobilities via a Monte Carlo
integration schem& Comparison of calculated and measured
mobilities then allows us to verify or rule out a proposed
theoretical structure.

C. Theoretical Method. The candidate structures were
obtained from the density functiod@t>method using a nonlocal
functional, Becke’s “BLYP” parametrizatiol:1? All calcula-
tions were performed on an IBM RISC 6000 workstation with
the TURBOMOLE program packad&!® For carbon and
vanadium we used TURBOMOLE's split-valence “SV” basis

and the staggered structures of only 0.1 kcal/mol. The calculated
mobility for the minimum energy structure is 7.4 &V s),

and our experimental value is 7450.2 cn#/(V s). In this case
there is no question about the electronic ground state since the
addition of a second benzene molecule further stabilizes the
triplet spin state. The lowest energy singlet state is 7.0 kcal/
mol above the triplet ground state, and the lowest energy quintet
is 31 kcal/mol above the triplet. The calculated binding energy
(with respect to V' and two benzene molecules) is 120.7 kcal/
mol, again in good agreement with experiment (114.6 kcal/
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Figure 5. Calculated sandwich structures for different vanaditbanzene clusters. The geometries are optimized without any symmetry restrictions
with the DFT- BLYP method. See text for details of the computation and basis set used. Distances in A.

TABLE 1: Experimental and Calculated Mobilities D
(cm?(V s)) 3
exptl mobility calcd mobility @
molecule source cell sandwich other P
o
VBz* 10.1+ 0.2  10.3 (triplet), -
10.0 (quintet) S
VBz;" 75+0.2 7.6+ 0.4 7.4
V. Bz* 7.3+0.2 7.3+0.2 7.0 6.4 N
V,Bzs* 5.6+ 0.2 5.6+ 0.7 5.5 5.2 ‘ d
ViBzst 4.9+04 45 10—

aFormed in the laser desorption sourt&ormed in the mobility/
reaction cell either by CID or by injection of .t and reaction with
benzene¢ Formed by CID of VBz". ¢ Formed by injection of V into )
the mobility cell.¢ Formed by CID of \Bzs*. f Formed by injection hy
of V' into the mobility cell.9 These structures have theMunit intact. =
See Figure 6. D
mol).? This result gives us confidence in the method and basis §

set used, and we expect to obtain reasonable binding energieso-2pS@C@D=0
for the bigger clusters (for which no experimental data are o)

0O SEE=O

avallablf). . , , , Figure 6. Calculated structures for /—benzene complexes. The
V2Bz". For VoBz," we _found two d'ﬁ?rem isomers with  geometries are fully optimized. The geometries are optimized without
comparable binding energies: the sandwich structureR¥— any symmetry restrictions with the DFT- BLYP method. See text for

V—Bz, Figure 5) with a binding energy of 152 kcal/mol and details of the computation and basis set used. Distances in A.

the complex of a Y unit and two benzene molecules (BY —

V—Bz, Figure 6) which has a slightly higher binding energy of induced dissociation of 3Bzz* injected at 50 eV into the drift
160 kcal/mol. In both cases the binding energy is calculated cell. In both experiments the second quadrupole was tuned to
with respect to separated V,"and two benzene molecules. the mass of ¥Bz*. In both cases we obtained the same
The calculated mobilities of the two isomers are quite different, mobility of 7.3 & 0.2 cn#/(V s). This number agrees within
however. The sandwich has a calculated mobility of 7.6/cm the experimental and theoretical errors with the sandwich
(V s) and the V-V-bound isomer of 6.4 cA(V s). This structure (V-Bz—V—Bz) and clearly rules out the B/ —V—
difference is large enough that we are able to distinguish Bz isomer (Table 1).

between the two structures experimentally. Mobility measure- V.Bz"™. We performed geometry optimizations for different
ments on \{Bz," were performed in two different ways. First, arrangements of the vanadium atoms and benzene molecules,
V,Bz," was formed directly in the laser vaporization event in with and without V-V bonds. These calculations show that
the cluster source, and secondB¥,* was formed by collision- the most stable structure for,Bzz" is clearly the sandwich
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with vanadium atoms and benzene molecules alternating. Itis V*.

bound by 224 kcal/mol (with respect to separated V, ahd

J. Phys. Chem. A, Vol. 101, No. 44, 1998211

VT adds up to two benzene molecules under our
experimental conditions (benzene partial pressure-Z80D

benzene units). The two vanadium atoms are centered betweemTorr, helium partial pressure- Torr, drift times through
benzene molecules at a distance of 1.76 A (Figure 5). The spinthe cell 106-1000us). We do not see any trace of VBzor
state is a quartet, with the lowest doublet 3.8 kcal/mol higher higher clusters-which is consistent with VBZ sandwich

in energy. The calculated mobility for this structure is 5.5tm
(V s), which is in very good agreement with our experimental
value of 5.6 cri/(V s) (Table 1).

formation. From the absence of VBzwe can estimate a lower
limit on the equilibrium constant and a resulting upper limit
for the binding energy of the third benzene molecule of 10 kcal/

For comparison, we also calculated the geometry and binding mol.

energy of the isomer consisting of aVunit bound to three

Although we had little doubt about the sandwich structure

benzene molecules. The lowest energy structure (Figure 6) haof the VB2" formed in the reaction of mass-selected With

two benzene molecules strongly bound to the Wnit while
the third (at an angle of almost 9ds only very weakly bound.

benzene in the drift cell, we confirmed the structure by a
mobility measurement. These experiments are performed in a

This arrangement is 60.5 kcal/mol less stable than the sandwichmixture of 7 Torr of helium and 65 mTorr of benzene.

structure. lIts calculated mobility is 5.2 étV s), significantly
lower than our experimental value of 5.6 ¥V s), and
therefore this structure can be clearly ruled out.

VsBz*. V3Bz4t is the biggest cluster we investigated in detail
experimentally and theoretically. The geometry optimization
was performed from a sandwich start geometry but without
restrictions on the symmetry during the minimization. The
optimized structure is a linear “quadruple-decker” sandwich with
all V—benzene distances close to 1.75 A (Figure 5). The
calculated binding energy is 316 kcal/mol (with respect to
separated benzene molecules, V atoms, and, \and the
calculated mobility is 4.5 cRA(V s). The experimental mobility
is 4.9+ 0.4 cn?/(V s). The difference between experimental
and theoretical mobility is somewhat bigger than for the other

Generally, two possible complications must be taken into
account in mobility measurements made in a mixture of two
different gases:

(1) Since the product ion investigated is formed in the drift
cell during the mobility measurement and spends some time in
the cell as one or more reactant ions, the measured mobility is
a weighted average of the respective mobilities of reactants and
product. The experimental ATD peak shape is a very good
indication of the reaction rates. Fast reactions have a quasi-
Gaussian, narrow arrival time distribution very close to the
“true” distribution of the product (i.e., the distribution obtainable
if the product were injected intact into the mobility cell). Slower
reactions feature a shoulder to shorter times, and if the reaction
is very slow, then the ATD is broad, non-Gaussian and extends

clusters. This can at least partially be attributed to experimental from the “true” ATD of the reactant(s) to the “true” ATD of
uncertainties due to small signal intensities. On the other hand,the product. In our analysis of VBZ we find no indication of
the calculations seem to underestimate the mobilities by a few a shoulder toward shorter times. [The two precursors of)¥Bz

percent relative to experiment for VBz V,Bz,™, and \\,Bz;*.
For VBZz" the situation is not clear due to the small energy
difference between triplet (for which the calculated mobility is

have higher mobilities: VBZ 10.1 cn¥/(V s); V' (ground
state), 16.7 cRi(V s).25 From a fit of the diffusion equatiod
to the data we conclude that the addition of the two benzene

higher than the experimental) and quintet structures (with a molecules to V' must be completed within the first-2 us.

mobility lower than the experimental value). Therefore, our
mobility data on \4Bz;* are consistent with the sandwich
structure-which is further supported by the CID pattern of-V
Bz (Figure 4).

We conclude that the \Bn+1" clusters that we obtained by

Since average drift times are hundreds of microseconds, the
reaction time has a negligible effect on the mobility.

(2) Adding benzene to the He bath gas changes (lowers) the
mobility of every ion, independent of any clustering reactions.
According to Blancs lav#® the mobility of an ion in a mixture

laser vaporization of vanadium atoms and ions into a He/benzeneof two neutral gases is given to a good approximation by
gas pulse possess the sandwich structures proposed by Kaya

and co-workers.

IV. Reactions of Pure Vanadium Clusters with Benzene

1 _%, %
Kl KZ

< @)

mix

Gas-phase vanadium clusters have been made before by

several other group®,24 yet so far little is known of either

with x; andx, the mole fractions of the different gases in the

their chemical behavior as a function of the cluster size or their mixture andK; and K, the mobilities of the ion in the pure

electronic structuré? In the previous section we have shown

gases. An obvious way to circumvent this difficulty is to keep

that a coexpansion of vanadium atoms and benzene moleculeshe benzene partial pressure as low as possible (as long as it is
leads to the formation of very stable sandwich structures. A still high enough that the clustering reaction is much faster than

possible growth mechanism is via sequential addition of

the overall drift time).

vanadium atoms and benzene molecules. On the other hand, Inthe case of VBz" formed by injection of \* into the cell,

the formation of pure metal clusters and subsequent reactionthe clustering reactions appear to be sufficiently fast even at a
with benzene cannot be ruled out. To get some more informa- benzene partial pressure of only 65 mTorr, i.e., at a mole fraction
tion on (meta) stable compounds of vanadium and benzene, weof less than 1%. This mole fraction is low enough that it has

also investigated the reaction of mass-selected, ppr€Msters

with benzene vapor. To study the reactivity of these clusters,

we selected a specific ion\V (1 < n < 4) with the first
quadrupole and injected it into the drift cell filled with either

no significant influence, and we obtain a mobility of &60.2
cn?/(V s), essentially the same as for the \iBzproduced in

the source. We therefore conclude that the ¥Bnade (a) by
clustering in the hot laser vaporization plasma in the source

benzene vapor or a mixture of benzene and helium. The secondand (b) in a more controlled way by reaction of a mass-selected
guadrupole mass filter was scanned to obtain the mass spectrunvanadium cation with benzene in the reaction cell have the same
of the different reaction products. We could also measure the (sandwich) structure.

arrival time distribution and mobility of these products when
the reaction was significantly faster than the drift time through
the cell.

V5*t. Injecting mass-selected,V at near 0 eV into the drift
cell with 50—-300 Torr of benzene leads to the formation of
predominantly Bzz*, with small amounts of ¥Bz;* and
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Figure 7. Clustering reactions of ¥ with benzene. The spectra are
obtained by injecting the different mass-selected pure vanadium cluster
ions into the drift cell filled with 80 mTorr of benzene in 7 Torr of
helium and by scanning the second mass spectrometer. Note that in al
three spectra the terminal cluster isBZ,+1, & composition characteristic

for closed sandwich molecules (see text for details).

TABLE 2: Experimental and Calculated Bond/Reaction
Energies

AHOO,rxny
kcal/mol
calcd exptl
sandwich clusters
Vt+Bz—V-Bz" 53.2 55.8
V*t+ 2Bz— Bz—V—-Bz*" 120.5 114.6
Vt+V+2Bz—V-Bz—V—-Bz" 151.9
V*t+4+V +3Bz— Bz—V—-Bz—V—-Bz*' 223.6
V+t+2V+4Bz— Bz—V—-Bz—V—-Bz—V—-Bz"* 316
V,t—benzene clusters
Vt+V—V," 90.3 72.4
Vt+V+Bz—V,'-Bz 121.5
Vt+V +2Bz—V,"—Bz, 160.4
Vt+V +3Bz— V,"—Bzs 163.1

aFrom ref 9. From ref 22.

VBz," (see Figure 7). Under these conditions (room temper-
ature, up to 300 mTorr of benzene;-© Torr of helium), we
are not able to observe anyB/z4" or higher clusters, which
puts an upper limit of 10 kcal/mol on the binding energy of the
fourth benzene ligand.

The predominance of 3zs* is rather surprising. According
to the calculations, the binding energy of benzene 16 \Bz,
is only 2.7 kcal/mol (cf. Table 2) and is much smaller than the
binding energy of Bz to ¥"—Bz (38.8 kJ/mol). Hence, if the
V*T—V bond remains intact, we would expect a"+Bz; cluster
to have a significantly enhanced intensity over g V¥Bzz
cluster, at least at low benzene pressures.

The ATD of V,Bzs" formed by injection of \¢* into the drift
cell containing a small amount of benzene in 7 Torr of He is

Weis et al.

not Gaussian but rather has a shoulder to shorter drift times. A
fit of the diffusion equation to the experimental data indicates
a reaction time of 510 us for formation of the cluster and a
mobility of 5.6 &+ 0.2 cn?/(V s)—the same value we obtained
for the “sandwich” \lBzz™. The experimental data are clearly
NOT in agreement with our best theoreticai"+(Bz); structure
(Figure 6), which has a calculated mobility of 520.2 cn#/

(V s). This is a very surprising result and strongly suggests
that, in the reaction with benzene, the metaletal bond in the
divanadium cation is cleaved and a benzene molecule inserted
to form the sandwich structure.

Further (indirect) support for such a rearrangement arises from
the fact that, by injecting ¥ into the drift cell filled with
benzene, we see formation of VBzas a product even under
conditions where we do not expect CID (at near 0 eV injection
energy, i.e., the ¥ ions enter the cell with only the velocity
acquired in the coexpansion with the He carrier gas in the
source). These results imply the reaction

V," 4+ 2Bz—VBz," +V (3)
occurs at low energy. According to the experimental data in
Table 2, this reaction is exoergic by 30.2 kcal/mol. The
mechanism probably involves the following steps, where
possible stabilizing collisions by He bath gas are not included
for simplicity:

V,"+Bz—V, —Bz (4a)
V,"-Bz+Bz—V'Bz,+V (4b)

| —V,Bz," (4c)
—V, —Bz, (4d)

V,Bz," + Bz—V,Bz," (4e)

According to the data in Figure 7, it appears reaction 4c is
favored over reactions 4b and 4d by approximately 20 to 1.
Clearly for reactions 4b and 4c to proceed, a benzene ligand
must insert into the ¥Y—V bond. This process leads to a
chemically activated VBz—V —Bz" species that either elimi-
nates a vanadium atom or encounters a third benzene ligand
and proceeds to the final JBzst product, which has the
sandwich structure. While other mechanisms are possible, this
is the most likely since addition of the first benzene ligand does
not provide enough energy to break the-W bond and
addition of a third benzene ligand to,¥~Bz;, leads to an
awkward, weakly bond structure that is unlikely to lead to
insertion. Consequently, the small signal at a mass of two
vanadium atoms and two benzene molecules is presumably due
to V,"—Bz; that does not react further with benzene under our
experimental conditions.

Vst and ™. Injecting Vst into the drift cell filled with
benzene (partial pressure range—80 mTorr in 7 Torr of
helium) leads to the formation of predominantlyBz,* and,
with lower intensity, clusters with smaller benzene content (see
Figure 7), but no reaction products containing more than four
benzene molecules. Under the same conditions injectionof V
forms V4Bzs™ as the terminal ion and smaller intensities of V
Bzs™ and V;Bzs™, indicating that clustering has not yet gone to
completion. These results very strongly suggest that extensive
rearrangement is occurring in both systems, and the terminal
V3Bz,t and V4Bzst ions have the sandwich structure. Unfor-
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tunately, low signal-to-noise prevented us from doing ion Grant F 49620-96-10033 and the National Science Foundation
mobility experiments. under Grant CHE-9421176.

References and Notes

(1) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistyybth
ed.; Wiley: New York, 1988; Chapter 26 and references therein.
1. We have synthesized,Bz,," clusters by reaction of laser- (2) Kealy, T. J.; Pauson, P. INature 1951, 168 1039.

. . . . (3) Haaland, AActa Chem. Scand.965 19, 41.
vaporized vanadium atoms (and ions) with benzene vapor for (4) Duff, A. W.: Jonas. K.; Goddard, R.; Kraus, H.: Kger, C.J. Am.

l<n<4andl1l<m<5. Asterminal ions we find the same  Cchem. Soc1983 105 5479.

magic numbers Mzn+1" as Kaya and co-workefs.From the \ k(5") Kur'ia\kavaa, T.:Kl:liirgﬂo, MC'LT,?ES‘SE‘QHZS% K.; Hoshino, K.;
iR ; ; akajima, A.; Kaya, . Phys. Che , .

measurement of the mqblhty of these cI_usters in helium gas, (6) Hoshino. K.- Kurikawa, T.: Takeda, H.: Nakajima, A.: Kaya,X.

we were able to gnamblguously.determlne thgt these clustersphys‘chem1995 99, 3053.

had structures with an alternation of vanadium atoms and (7) Willey, K. F.; Cheng, P. Y.; Bishop, M. B.; Duncan, M. 4. Am.

benzene molecules, i.e., sandwich structures. Chem. Soc199] 113 4721.
L ' . L (8) Afzaal, S.; Freiser, B. SChem. Phys. Lettl994 218 254.
2. Collision-induced d_|ssocrc_1t|on (CID) measurements on (9) Meyer, F.. Khan, F. A.; Armentrout, B. Am. Chem. Sod.995
VnBzy" clusters formed in the ion source are fully consistent 117, 9740.

with the proposed sandwich structures. (10) Kemper, P. R.; Weis, P.; Bowers, M. Tnt. J. Mass Spectrom.
. .. lon Processesin press.
3. In a slight variation of the source setup, we were also able  (11) Hopkins, J. B.; Langridge-Smith, P. R. R.; Morse, M. D.; Smalley,

to produce mass-selected beams of unligated vanadium clusteR. E.J. Chem. Phys1983 78, 1627.

ions, V", and react them with benzene in the drift cell. The _ (12) Mason, E. A.; McDaniel, E. WTransport Properties of lons in
Gases Wiley: New York, 1988.

V. Conclusions

mobility of the predominant .reaction product of,V and (13) von Helden, G.; Hsu, M.-T.; Gotts, N.; Bowers, M. T. Phys.
benzene, ¥Bzs", agrees well with a sandwich structure but not Chem.1993 97, 8182.
with a complex consisting of a centrab¥Vunit surrounded by (14) Hohenberg, P.; Kohn, ViRhys. Re. B 1964 136, 864.

(15) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133.
three benzene molecules. We therefore have to conclude that (16) Becke, A. D.Phys. Re. A 1988 38, 3098.

in the reaction with benzene,¥ undergoes a rearrangement (17) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785.

that involves the breaking of the-W bond and finally leads . (1?£§h|£iggsi§é; Ba, M.; Haser, M.; Horn, H.; Kémel, C.Chem. Phys.
; ett. .
to the SandWIC_h structure. . (19) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102 346.
4. The reaction of mass-selecteg\and V™ with benzene (20) Sctiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571.
leads to terminal ions 3Bz,* and V,Bzs™, strongly suggesting (21) Moore, C. EAtomic Energy Leels Natl. Bur. Stand(U.S) Circ.

; i 949 467.
that sequential addition of benzene to these metal clusters leads (22) Su, C.-X.: Hales, D. A.: Armentrout, P. B. Chem. Phys1993

to massive rearrangement and formation of clusters with g9 6613.
sandwich structures. (23) Yang, D. S.; James, A. M.; Rayner, D. M.; Hackett, P.Chem.
Phys. Lett.1994 231, 177.
(24) Song, L.; Freitas, J. E.; EI-Sayed, M. A.Phys. Chen199Q 94,
1604.
Acknowledgment. The authors gratefully acknowledge the (25) Kemper, P. R.: Bowers, M. T. Phys. Chem1991, 95, 5134

support of the Air Force Office of Scientific Research under (26) Blanc, A.J. Phys. (Paris)1908§ 7, 825.



