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V+(CgHg)n (n = 1—4) and V" (CeHe)sAr (n = 1, 2) complexes are produced by laser vaporization in a pulsed

nozzle cluster source. The clusters are mass-selected and studied by infrared laser photodissociation spectroscopy

in the C—H stretch region of benzene. Photodissociation 6{G4Hs), complexes occurs by the elimination
of intact neutral benzene molecules, whered$GdHs),Ar complexes lose Ar. The dissociation process is

enhanced on vibrational resonances and the spectrum is obtained by monitoring fragment yield versus the
infrared wavelength. Vibrational bands in the 2Z®B00 cn1? region are characteristic of the benzene
molecular moiety with systematic shifts caused by the metal bonding. A dramatic change in the IR spectrum
occurs ain = 3, confirming that two ligands complete the coordination sphere and that additional benzenes
act as solvent. The comparison between experiment and theory provides fascinating new insight into the

bonding in these prototypical organometallic complexes.

Introduction copy for several metal ionbenzene complexes in the far-IR
fingerprint region using a tunable free-electron Ia$et® In

the present work, we extend these vibrational spectroscopy
studies for the first time to the €H stretch region. The
vanadium-benzene system illustrates the effects of metal

Transition metal ior-molecule complexes that are produced
and studied in the gas phase are convenient examples ofmetal
ligand interactions and metal ion solvatibif. Aromatic z-bond-
ed complt?ées are relevant in many qatalytlc_ and biological binding, sandwich formation and solvation on these vibrational
processes.8 These complexes are also interesting because they
form sandwich structure’s® Dibenzene chromium was among modes. ) ) ) ) )
the first species to be synthesized using conventional tech- Metal—benzene sandwiches, including dibenzene vanadium,
niques? Gas phase complexes can in principle be compared toare familiar in the condensed phase and in gas phase ion
those produced by conventional synthesis. Unfortunately, chemistry. In the latter area, collisional studfesnd equilibrium
however, there are few spectroscopic studies that provide insightmass spectrometfyhave investigated bonding energetics, and
into the structures and bonding of these species. Conventionaltheory has studied the details of electronic and geometric
infrared (IR) spectroscopy has been applied to condensed phasstructuret’”-2* As shown by Kaya and co-workers, gas phase
complexes?12 but such measurements are difficult in the gas Vn(benzeng) complexes form multiple-decker sandwicliés.
phase. However, gas phase measurements avoid complicationBowers and co-workers probed these complexes with ion
from solvents or solid environments, and provide an ideal mobility measuremenf.Kaya and co-workers reported a partial
comparison to theory. We have recently measured IR spectros-R spectrum for the 1:2 complex that was size-selected as a
cation, and then trapped in a rare gas matrix and neutralized.

* Corresponding author. E-mail: maduncan@uga.edu. However, there are few studies of gas phase spectroscopy for

10.1021/jp047522b CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/21/2004



6606 J. Phys. Chem. A, Vol. 108, No. 32, 2004 Letters

metal-benzene complexes. Electronic photodissociation spec- VistVis
troscopy has produced broad resonances associated with-metal vio VeVt
ligand charge transfég and photoelectron spectroscopy of
anions provides electron affinitié&-29 Lisy and co-workers
have measured IR spectra of mixed-ligand alkali cation
(water)(benzeng) complexes in the ©H stretch regiori? and

we have recently reported the vibrational spectra of several
transition metal ior-benzene complexes in the 600700 cnt?
region3-15 These latter studies included a detailed investigation X
of the spectrum of V(CgsHe)1,» and theoretical calculations of V (bz)Ar
the structures and vibrational frequencies of these compléxes.

Unfortunately, these measurements were limited to the lower

frequency region of the spectrum, and only complexes with one

or two ligands could be studied. Further insight is expected here

as these studies are extended into theHCstretching region

of the spectrum and to complexes with multiple benzene ligands. V'(bz)Ar

Experimental Section

The experimental apparatus has been described previtusly. . i i : i - .
Clusters are produced by laser vaporization at 355 nm in a 2700 2800 2900 3000 3100 3200 3300
pulsed nozzle cluster source and mass analyzed in a reflectron cm’

time-of-flight mass spectro'meter.. By using a "cutaway” type Figure 1. Infrared photodissociation spectra fort{enzene)Ar,
rod holder a free expansion with excess benzene producesy+(benzenepr, and V+(benzene) The multiplet in the spectrum of
clusters primarily of V/(CgHeg)n and VF(CgHe)nAr (n=1, 2, 3, V*(benzene)is assigned to the benzene Fermi triad.

...). Metal atom recombination is not efficient in this source
configuration and multiple-decker sandwich clusters are not
produced efficiently. The molecular beam is skimmed from the VotV ihVis
source chamber into a differentially pumped mass spectrometer
chamber. lons are pulse accelerated into the first flight tube,
and mass selected by pulsed deflection plates located just before
the reflection region. The selected ions are intersected by the
infrared output of a Nd:YAG pumped optical parametric
oscillator/amplifier (OPO/OPA, LaserVision) in the turning
region of the reflectron field. Photodissociation is enhanced on
resonance with molecular vibrations of the ligand and infrared
photodissociation spectra are obtained by monitoring the result- V'(bz),
ing fragment yield versus the laser wavelength. Parent and

fragment ions are mass analyzed in the second flight tube and

detected using an electron multiplier tube and a digital oscil-

loscope (LeCroy Waverunner LT-342). Data are transferred to

a PC via an IEEE-488 interface.

ViztVie

Results and Discussion Viibz),
IR excitation produces essentially no photodissociation signals

for the V"(CsHg)1,2 complexes in the region of the IR-active

C—H stretches of benzene near 3100@r# The inefficiency . : . : : . .

of photodissociation for these complexes is consistent with their 2700 2800 2900 3000 3100 3200 3300

known binding energies (2.42 and 2.55 eV, respectivély), e

which are greater than the one-photon excitation energy here.

. Figure 2. Infrared photodissociation spectra for-¥enzene) and
To probe these complexes more effectively, we use the methocIV*(benzene,)measured in the ¢Bls elimination channel. The infrared

of rare gas tagging with argé3%37 The bif‘diﬂg energy of  apsorption spectrum of liquid benzene is shown for comparison.
V*T—Aris 0.38 eV (3060 cnt?),38 and the binding energy of

argon in these complexes should be less than this value.with the presence of benzene molecules not attached to the metal
Therefore, single photon photodissociation should be possibleion. The binding energy of such external ligands should
by elimination of argon when excitation occurs near 3100cm  approximate that of the benzene dimer (about 800%¢# and

As shown in the past, tagging increases the photodissociationso these external molecules can be eliminated via a one-photon
efficiency and argon is usually a minor perturbation on the process. Sharp vibrational spectra are measured for these
spectrum of the complex. We find efficient photodissociation complexes also in the 3100 ciregion. Spectra for tha =

of V*(CgHe)Ar and V(CgHg)2Ar, which occurs by the loss of  3—4 complexes are shown in Figures 1 and 2, and the line
argon. Vibrational resonances occur for these species near 310(ositions are given in Table 1.

cm?, as shown in Figure 1. Beginning at the= 3 complex The IR photodissociation spectrum of {CsHg)Ar monitored

and continuing for all larger complexes studied, the dissociation in the loss of Ar channel is shown in Figure 1. In the range
yield is substantial without argon tagging. The sudden increasefrom 2700 to 3300 cmt! there is only one main peak. On the

in dissociation efficiency ah = 3 and beyond is consistent basis of the previous results of density functional theéé#y,
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TABLE 1: Experimental and Theoretical Line Positions for resonance in isolated benzene, this comparison is not straight-
Various Complexes forward. However, the rated frequency value for themode
theoretical line experimental line in free benzene in the absence of the Fermi resonance is 3063
complex elect. state position (cnT) position (cn?) cm 132 This indicates that there is a 25 cinshift to higher
CeHs (1)  Agq 3063 3037, 3074, 3093 frequency for thevi, mode in the V(CgHg)1 2 complexes.
Sf('g(g)) ;glg(c ) gggg 2087 326‘2533079' 3101 Though the presence of argon may introduce a small shift in
V+(c§H2) 3A; (CZ) 3066, 3079, 3090, 3093 3088 vibrational bands, such a shl_ft_ would usually_go to the_srged.
V*(CeHe)2 3Bsg(D2n) 3087, 3097, 3099 3088, 3108 Because the core band position for= 1, 2 is essentially
V*(CgHe)2 °Bag (D2n) 3087, 3091 3088, 3108 unchanged in the = 3, 4 complexes, which have no argon, it
V*(CeHe)s 3043, 3073,3086,3096  geems that argon plays a negligible role in this band position.

+ . .
V¥ (CoHe)a 3043, 3074,3085,309 o vever, the observation of a blue shift compared to the free

2 Selected frequency value rating in the absence of Fermi triad molecule is somewhat surprising. In the classic Devéinatt—
(NIST).* ®Reference 32 Reference 40. Duncanson picture of-bonding*:-43the metat-ligand interac-
] ] ] tion can be viewed from the standpoint@flonation of ligand
this can be assigned to thge, C—H stretch of the benzene ligand bonding electron density into empty metal d orbitals arghck-
in this complex, which is the only band expected to have strong ponding of d electron density into the antibonding orbitals.
IR intensity in this region. The peak occurs at 3088 &émith Both of these effects weaken the bonding on the benzene moiety

a line width (FWHM) of ~12 cnt™. A large peak with this  anq thys are expected to shift vibrational frequencidswer
same frequency and approximate line width is also recorded iny,51,es. In our recent studies of CsHe)n complexes, the ring

the argon-loss channel for'{CeHe)2Ar. For this complex & istortion modes and in-plane~& bends shifted to lower
second smaller but reproducible peak is seen at 3108.dor frequencies, consistent with this reasontéf Likewise, in our
the V" (CsHg)3 complex, photodissociation occurs efficiently by previous work on metal catieracetylene complexes of Ni

the loss of benzeng and no tagging experiments are required_ g Cd, the symmetric and asymmetric-& stretches were

The spectrum of this complex is dramatically different from 5, req shifted4 However, the tendency is apparently reversed

]Ehosz_of_thefsmaller clomkg])lexes, cor}tak:_nmg alt_mlultlplgt o:;at least here for the G-H stretches in the vanadiunbenzene com-

our distinct features. In the center of this multiplet a band occurs . ;

at 3086 cnmt, which is essentially the same pogition as the main plexes. However, such a blue shift has been seen prewou_sly
’ for the C—H stretches of benzene by Dopfer and co-workers in

band found for the V(CsHg)Ar and V+(CgHe)Ar complexes. their recent IR spectroscopy work ot —L (L = Ar, Na,

The multiplet and the band common to the= 1, 2 complexes : o
. . ’ CH,4) complexes’® IR photodissociation spectroscopy of such
appear essentially unchanged in the spectra ofntke 3, 4 benzenecation complexes yielded;, resonances near 3095

clusters. . :
. cm~1, some 30 cm! higher than the frequency of the neutral
Figure 2 compares the spectra of(CeHe)s and V' (CeHe)s benzene species. This indicates that theHCbonds become

tso tehcirttririt;;eessps’i%ttri::r fg;'g;ﬂgznziﬁ;zg giu;ﬁebegienheagtiffer upon removal of an electron from the HOMg, erbital
P Y PP 9as Pha3henzene. V has a d (°D) configuration, with low d electron

spectrum, containing three peaks at 3037, 3074, and 3093density compared to the later transition metals. This deficiency

cm~1.32 This multiplet arises from the well-known Fermi triad suggests that-donation will be more important tham back-
of &y frequencies composed of the, fundamental and theys bonding in its metatbenzene interaction, resulting in greater

+ migandv, + v13 + v1g combination bands. These bands occur ;
at 3048, 3079, and 3101 chin the gas phas®.It is apparent charge transfer from the t_)enzene towar_d the metal catlo_n. In
from the band positions and their intensities that the liquid th'sf sense, the bgnz_ene will bec_om_e partially charged, asin the
benzene spectrum is essentially reproduced as the multipletcat'on' and a similar blue shift in the -¢1 stretches is
observed for then = 3 and 4 complexes. In addition to the reasonable.
features at 3086n(= 3) or 3085 (1 = 4) cnr ! corresponding In addition to the shifts induced by metal binding, the loss
to the 3088 cmt band in the smaller clusters, the multiplets Of the Fermi triad in then = 1 and 2 complexes is also an
have bands at 3043, 3073, and 3096 &rtn = 3) or 3043, interesting feature of these spectra. If we derive a coupling
3074, and 3096 cmt (n = 4), all of which are within 46 strength for the’;>, mode with thev13 + v16 combination mode
cm! of corresponding bands in the liquid spectrum. The on the basis of the observed band splittings in the free benzene
simplest interpretation of these spectra, therefore, is that the moleculé®and note that a Fermi resonance splitting would have
= 1 and 2 complexes have benzene molecules attached directlyo be greater than our line width of about 5thto be detected,
to the metal cation, with concomitant shifts in their vibrational We can evaluate the likely proximity of these same vibrations
modes. These shifts, even though they may be small, are enoughin the metai-benzene complexes. From this analysis, we can
to remove the degeneracies that cause the Fermi triad, and thigonclude that the;2 andvis +- v combination modes, which
pattern simplifies to the single band from the fundamental ~ are exactly degenerate in benzene, must be more than 18 cm
expected here. At clusters beyond= 2, thev;, fundamental apart in the metatbenzene complex. According to the DFT
band associated with the “core” complex persists, and the results for the monobenzene comptéxhe v13 + v15 combina-
additional pattern associated with the triad reappears. Thistion occurs at 2966 cni whereas the1> mode has a frequency
indicates the presence of benzene molecules without any seriousn the 3086-3090 cn1! region, depending on the spin state
perturbation on their spectra, i.e., those not attached to the metal(see below)r13 andve are ring-distortion modes, and these
The coordination to the vanadium cation must therefore be two shift substantially in the metal complexes because the metal
benzene molecules, exactly as expected for the sandwichbinding distorts the benzene ring into a nonplanar structure (see
complex, and the benzenes beyond these two act as solvatingrigure 3), whereas the €H stretching modes correlating to
molecules in the cluster. thevi, in benzene shift to higher frequency, as noted above. It
In then = 1, 2 complexes, it is interesting to compare the is therefore reasonable that these vibrations move away from
vibrational mode observed to that of the free benzene moleculeeach other in the metal complexes, resulting in the loss of the
to investigate the effect of metal binding. Because of the Fermi Fermi resonance.
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dibenzene complexes. Frequencies were scaled on the basis of
comparison of the calculated and experimental spectratd§.C
The calculated spectra for "YCsHg) and V" (CeHg). are
+ + compared to the experimental IR photodissociation spectra of
Vi (bz)Ar v (bZ)ZAI‘ V*H(CgHg)Ar and VH(CgHg)2Ar in Figure 3.

Two electronic configurations, each wit8;, symmetry
because benzene is slightly distorted by the metal binding, were
calculated as candidates for the ground state™@CyHe).1° The
3A, state Do for loss of benzene= 48.4 kcal/mol) was predicted
to lie slightly lower in energy than theB; state Do = 47.5
kcal/mol)1® The binding of benzene is therefore predicted to
change the spin configuration ont\/which is a quintet in its

isolated form. These two spin states have essentially the same

3000 3050 3100 3150 3000 3050 3100 31350

geometric structure, but differences in the electronic structure
s s lead to different vibrational band patterns for each. The predicted
A C, L By Da, IR spectra for these two spin states are shown in Figure 3. The
5 5 triplet is expected to have a quartet multiplet structure in the
I B, C . ) ;
1 Lo B, D, w C—H stretching region, with outer peaks spaced by about 30
cmL. The quintet is predicted to have only twe-El stretching

'J Q modes with similar band intensities more closely spaced at 3082
) . and 3087 cm?. In the experimental spectrum, only one peak is
: ) m observed, with a line width of about 20 ¢ which is much
broader than the laser line width. Even with this line width, we
should have been able to see a widely spaced multiplet structure
like that predicted for the triplet, but we do not. However, the
—_— — ————— e ——— two predicted peaks for the quintet species have such a small
3000 3050 3100 3150 3000 3050 3100 3150 spacing (5 cm?) that these bands could easily be present but
cm'1 cm'1 unresolved: Our spectrum therefore seems to be more consistfent
Figure 3. Calculated spectra for (benzene) and Ybenzene) with _the quintet electronic state, even though the_tr_|plet state is
compared to the experimental spectra of-(benzene)Ar and  Predicted to be more stable. This is not too surprising, because
V+(benzene)r. Predicted intensities have been normalized for direct the energy difference predicted between the triplet and quintet
comparison. The molecular models have had their hydrogens removedspecies is quite small. Consistent with these observations, the
and the distortion of the benzene ring has been exaggerated. vibrations in the lower frequency region observed fo(@Hs)
Our previous work in the far IR on metal iebenzene in our previous work also agreed with those predicted for the

complexes featured extensive comparison with theoretical duintet ground state for this speciés®

calculations315The molecular structures, harmonic vibrational ~ Although the measured spectra for *(CsHe)Ar and
frequencies, and infrared absorption intensities were calculatedV "(CeHe)2Ar are quite similar, the theoretical predictions for
for a variety of M (benzene), complexes of the first-row V' (CeHe) and V*(CeHe)- are quite different. A low-spin state
transition metals via density functional theory (DFT) employing like that predicted for the monobenzene complex is also
the Becke-3 LeeYang—Parr (B3LYP) functional and the  Predicted as the second benzene ligand is attached to the
6-311++G(d,p) basis se€ Although the trends in frequency ~ vanadium ion, yielding &®Bsg) Don ground state. However, the
shifts were predicted qualitatively, several discrepancies oc- €nergetic stabilization of this state is much more significant,
curred between predicted IR spectra and those measured. Somand it is calculated to lie nearly 30 kcal/mol lower in energy
issues could not be resolved due to experimental uncertainties than the corresponding&zg) D2y state'*1>However, this triplet

As the ions in that experiment were generated by photoionization Species is predicted to hatiereeIR-active bands in the €H

(ArF, 193 nm) of neutral complexes, it was not clear that the Stretch region at 3087, 3097, and 3099 € Although the
spectra obtained were for complexes in their ground electronic latter two bands are too close to resolve with our line width,
state. The inherent line width of the free electron laser used in the 10 cm? splitting between the 3087 and 3097 Tthiieatures
those multiphoton experiments, coupled with the possibility of is again great enough that we should be able to detect this
thermally and/or electronically excited ions, led to spectral splitting, but we do not. A small shift from the predicted band
features with line widths ranging from 20 to 50 chn These positions may occur in these complexes because of the presence
limitations caused ambiguities in the ground state symmetry and of the argon tag. However, if there is any perturbation from
electronic structure assignment for these complexes. In theargon it should be greater for the monobenzene complex, where
present experiments, ions are produced without photoionizationthe binding can occur on the metal and is likely stronger. In
and are cooled by supersonic expansion after their formation. the dibenzene complex, because the coordination is apparently
The OPO laser line width is substantially narrower (0.3 &m filled, the argon must be bound externally to benzene through
resulting in sharper lines than we obtained previously. It is weaker van der Waals forces. Additionally, it is not clear that
therefore interesting to compare these data on thel Gtretch small shifts because of the argon would remove the multiplet

vibrations to our previous theoretical predictions. predicted for the triplet state. We are therefore puzzled by the
In the previous calculation's;!>the vanadium iorbenzene apparent poor agreement between the measured spectrum and
monomer complex was allowed to deviate frag, to Cy, the predicted one. A possible explanation is found in the

symmetry by distortion of the benzene ring to obtain all real prediction of theory for the quintet state of the sandwich
frequencies. The metal cation was assumed to bind to the centratomplex. This species is predicted to have essentially the same
region of the benzene aromatic ring for both mono- and vibrational spectrum as the corresponding quintet ground state
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for the monobenzene complex, with two closely spaced modesDFT has in predicting the electronic spin state for these
(3087 and 3091 cn) of similar intensity. Again, it is easily ~ sandwich complexes.
possible that such a doublet is present but not resolved within  Density functional theory is being applied widely to orga-
our line width. Indeed, the experiment finds spectra that are nometallic complexes, and further work is needed to explore
essentially identical for these two complexes. The occurrence the potential problems found here. These new IR measurements
of identical single-peak spectra can only be consistent with can be extended to other metal catidrenzene complexes.
theory if both complexes are quintets. However, this can only Systematic studies are underway to investigate trends in the
be possible if density functional theory has grossly misjudged vibrational shifts for different transition metabenzene com-
the relative energetics of the triplet and quintet spin states for plexes and the details of the theemgxperimental comparison
the dibenzene complex. for these systems.

Unfortunately, just such a problem with DFT is entirely
possible, as this method is well-known to be problematic for ~ Acknowledgment. We acknowledge generous support for
open-shell systenfé.Indeed, we previously found the same kind this work from the National Science Foundation (CHE-
of problem for VH(CgHe)1 » complexes in the lower frequency  0244143).
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