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Chemisorption of benzene on metal dimer anions: A study by photoelectron
detachment spectroscopy
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Photoelectron detachment spectra of(GkHg) ~ (M=Pt, Pd, Pb have been measured in the gas
phase using photon energies of a Nd:YAG laser. The vibrationally resolved ground state transition
from the anion to the neutral reveals an adiabatic electron affinitf2dd1+0.05 eV and
(0.88+0.05 eV for PL(CgHg) and Pd(CgHg), respectively. A ground state vibrational energy of
(24.2£1) meV has been resolved for ,RE¢Hs). The corresponding vibrational energy of
Pt,(CgHg) ~ amounts to(19.0+1.0) meV. The ground state vibrational energies of(PgHg) and
Pd,(CeHg) ™ are (20.3+1.0 meV and (18.0+2.0) meV, respectively. The small vibrational
frequencies suggest a perpendicular coordinati@y,-symmetry of the benzene-adsorbed
transition metal dimers. Bb on the other hand, is bound parallel to the benzene plane
(C,,-symmetry. A closed shell ground state electron configuration is postulated fgCRMbs) in
contrast to the triplet ground state of unreacted.PEthe vertical electron affinity of RiC¢Hg) is
(1.95+0.05 eV. © 2001 American Institute of Physic§DOI: 10.1063/1.1366333

I. INTRODUCTION the stability of the aromatic molecules and the large gap
between the occupied and unoccupied frontier orbitals of the
In view of the local character of chemisorption, reactionsarenes. Consequently, the comparison of the photoelectron
of clusters with molecules can deliver useful informationspectra of the unreacted bare metal clusters with those of the
with respect to catalytic processes on macroscopic metdorresponding chemically reacted clusters is helpful to probe
surfaces:? So far, organometallic complexes with single changes of the valence orbital structure of the cluster core as
metal atoms have been studied in great detail because maayfunction of the adsorbate molecule.

of them can be produced by chemical synthesis, e.g., The chemical reactivity of benzene with transition metal
ferrocene’~® Studies of mononuclear metal complexes de-clysters has extensively been studied by mass
liver information primarily on the Iigand—metal interaction. spectroscopﬁ:}_1‘1 Photofragment,::;ltion7 ionization energiES,
Chemisorption on metal dimers and clusters, on the othephysisorption, and chemisorption as well as charge transfer
hand, is of interest as they provide additional informationprocesses have exp|icit|y been discuss&ld.initio calcula-
about larger “metallic” centers and about the influence ontions have recently been carried out for small transition
the metal-metal bond. metal—benzene clusters like RBsHg) ", PI(CgHg) ©, and

In spite of the potential technological importance in sur-p{CsH,).*>*® Also, polynuclear vanadium benzene sand-
face chemistry and heterogeneous catalysis, information ofgich clusters have been studied both theoretically and
the electronic structure of organometallic clusters is quiteexperimentally*”*® A photoelectron study of ¥CgHg) ~ has
rare, especially for those that cannot be produced by standafgcently been published by Judstial*®
chemical synthesis. Photodetachment electron spectroscopy Here we have explored benzene-reacted metal dimers
is a powerful method in order to explore the electronic strucwhich provide information about the differences of chemi-
ture of mass-separated cluster anions in the gas ghie. sorption on a transition metal vs a main group metal. The
Anionic clusters can be produced from plasma sources usingonding of benzene onto Pt and Pd is expected to be princi-
laser vaporization or arc discharge. Electrically charged cluspally different from that onto Pb due to the participation of
ters are suitable for mass-separation by time-of-flight whicty-orbitals. Photoelectron spectroscopy is a general probe to
provides both a high cluster transmission and a wide masgxpose these differences. Moreover, by resolving the inter-
range. In the case of metal clusters, photodetachment prenetallic vibration we will gain information on the interme-
vides information on the metal-like orbitals which are gen-tallic bond Strength and bond distance Changes of the chemi-
erally located close to the detachment threshold. Aromatigally reacted metal dimers.
moleculeqareneg are particularly suitable for adsorption on
metals _due to a highr-electron dens[ty perpendmular to the Il EXPERIMENT
aromatic molecular plane. The frontier orbitals of arenes are
highly suitable to hybridize with the-orbitals of transition The photoelectron spectra of the mono-benzene metal
metals due to the formation of donation and back-donatiordimer anions, M(C¢Hg)~ (M=Pt, Pd, Pb have been re-
bonds. The orbital energies of the arenes are usually locatembrded after mass selecting the clusters in a molecular beam
at higher binding energies than the metallic orbitals due tsetup. The metal clusters have been produced by condensa-
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cluster anions. The spectra in the upper row show the cluster distribution of
bare P{ , Pd, , and PR clusters as produced by a laser evaporation cluster
source. The bottom row shows mass spectra of riimrzeng-metal clus-

ter anions M(CgHg)~ with M=Pt, Pd, Pb. The chemically reacted
mondbenzengmetal clusters have been synthesized subsequently to metal X
cluster condensation.
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repetition rate of 20 Hz. Gas phase benzérapor pressure
~50 mba}, has b_een m]eCt?d by a separate a_dsorbate ValVﬁG. 2. Photoelectron detachment spectra gf@(Hs) ~ recorded at photon
mounted immediately behind the condensation zone. Thegnergies of 3.495 eVa) and 2.33 eMc). For comparison, the photodetach-
pure and reacted clusters are cooled in a subsequent adiabatient spectrum of unreacted,Pat 3.495 eV is shown iffb). X labels the
expansion20 bar initial pressure, 20Qs He-valve opening t_ransition from the ground state of the anion to that of the neutral. A vibra-
time). Negatively charged clusters were then accelerated to %to?g':?ergy of 24.2 meV is observed for the neutral ground state of
kinetic energy of 600 eV and focused into the electron spec- - =
trometer by a pulsed two-stage Wiley—McLaren ion optics.quent electron attachment. Therefore the increased intensity
On the way to the photoelectron spectrometer a drift tube 0bf Pd,(CgHg) ™ and P3(CgHg) ~ over the unreacted metal
~1.2 m was used to mass separate the clusters by their rdimer anions is presumably not due to fragmentation of
spective times of flight. Finally, the cluster anions werelarger clusters but rather due to the decreased reactivity of
stopped in the source region of the electron spectrometer bihe ligated metal dimers to form larger clusters. In contrast to
a pulsed electric fiel®® Electrons were photodetached from the corresponding adsorbate peaks of the transition metal
the mass-selected clusters with the fundamental wavelengtiusters, the adsorbate peaks of the Pb-dimes(@blg) ~,
and higher harmonics of a Q-switched Nd:YAG lagk064  and Pb-trimer, P§CsHg) ~, are weak with respect to unre-
nm, 532 nm, 355 nm Since the experimental setup providesacted Ph and Ph . The benzene—adsorbates of the higher
mass separation prior to photodetachment it guarantees @b-clusters are almost as intense as the bagenPi#) clus-
unambiguous identification of the photodetachment spectreers.
with a given cluster mass. _
The time-of-flight mass spectra of bare and reacted metdl Pt2(CeHs)
clusters are shown in Fig. 1. The upper row of panels shows The photodetachment spectra of(PgHg) ~ are shown
the mass spectra of the nonreacted, bare Pd, , and PRy in Figs. 2a) and Zc), respectively. The spectrum of
clusters, respectively. The increased width of the Pd-masBt(CgHg) ~ shows a leading feature at a binding energy of
peaks in comparison with those of Pt and Pb is due to th@.1 eV similar to the spectrum of Ptshown in Fig. 2b).
larger isotope distribution of Pd. The anion mass spectra ofhis peak is attributed to the ground state transition between
the benzene-reacted metal clusters are shown in the bottothe anion and the neutral cluster. The energy gap of about 0.7
panel of Fig. 1. Adsorption on the very small Pt-clusterseV between the first and second peak indicates a closed shell
seems to be favored over adsorption on clusters with morelectron configuration in neutral Jf€sHg). A vibrational
than six Pt-atoms, as these adsorbate peaks up to the hdie structure on the ground state electron peak has been
amer are stronger than the corresponding unreacted Ptesolved using a photon energy of 2.33[@\g. 2(c)]. About
cluster peaks. In particular, the anionic dimers of Pt and Pden vibrational peaks are clearly visible. A single vibrational
are stabilized by benzene while the pure dimer peaks shopwrogression is revealed by a harmonic Franck—Condon
hardly any intensity. Note that the neutrajflimer seems to analysis, suggesting that a single electronic state is reached
be more stable, as the corresponding peak is clearly visible im the final state. The Franck—Condon least square fit along
the cation mass spectruthThis can result from fragmenta- the experimental data is shown in Fig. 3. The derived spec-
tion of larger clusters because in this case the neutral patroscopic parameters of P€gHg) and P3(CgHg) ~ are sum-
ticles are ionized prior to detection. In our experiment themarized in Table I.
cluster anions are produced in the plasma and not by subse- A vibrational energy of 24.2 meV has been deduced for
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FIG. 3. Franck—Condon analysis of the vibrational fine structure on theW'trh rt:et proter}nal cu|_r|veshof thebunrr]ezctded mjt?rl ?T:merrs]. 'rl'mhens_pelg:rc;]sckoplc
ground state photoelectron peak of,(BtH¢) ™ along the Pt—RCgHg) ™ parameters of BiCeH;) have been deduced from a harmonic Franck-

stretch coordinate. The adiabatic electron affinity o{®Hg) amounts to Condon fit to the data of the vibrationally resolved ground state transition
. 6 . :

2.006 eV. The @-0 transition is marked by an arrow. The vibrational peaks fromtthetar(;lc;n to ige neutral. tThe potent_laIRcufrvgi qfdftd P§ have been

at lower energies are due to hot bands from vibrationally excited anions, ThECNStructéd from the parameters given in Ret. 21.

bar diagram represents the Franck—Condon factors corresponding to the

vibrational transitions from the anionic to the neutral electronic ground state.

The Franck—Condon factors were convoluted by a Gaussian to simulate the . . .
experimental broadeningull line). A smooth background has been sub- Mode. Pf and P§ have V|brat|o?al energies of 26.7 meV
tracted from the experimental data. The change of the internuclear distand@Refs. 21 and 2Rand 22.1 me\f! respectively. The Pt—Pt

(Ar) along the Pt—Pt stretching normal coordinate gf®He) as well as  stretching vibration of B(CO) has been calculated to be 24

the vibrational energies of the anion and neutral have been used as fit PRey 23 The Pt—C vibrational energy, on the other hand. is
rameters. Further fit parameters have been the temperature and the energy ot~ * ’ !

the 0—0 vibrational ground state transition. expected to be considerably larger as the vibrational energy
of benzene on Pt11) amounts to 44 me¥* Therefore we
attribute the observed vibrational energy of 24.2 meV to the
Pt—Pt stretching vibration of neutral BEsHg). The slightly
the neutral final state. The two most intense vibrational peakbwer vibrational energy with respect to free, Pésults from
are due to the transitions from the anionic ground vibrationathe difference in the reduced masses of &td P$(CgHg).
level to the vibrational final states in the neuttglkyya= 2 Considering the reduced masses dipby;_pi~113.81 amu,
and 3, respectively. Moreover, a strong contribution of hot-up;_p=97.54 ami, a Pt—Pt vibrational energy of 24.7 meV
bands is revealed from the Franck—Condon analysis. This calculated for BtCgHg) which is only slightly larger than
calculated %1 transition at 2.011 eV is even more intenseour experimental value. The calculated force constant indi-
than the adiabatic vibrational transitig@«<—0) at 2.006 eV. cates a typical covalent bond strength of the intermetallic
Moreover, transitions from the second and third anionic vi-bond in P§(CgHg).2>%
brational levels are observed predominantly contributing to  The ground state spectroscopic constants giCgitg) ~
the transitions 8-2 and G—3 on the low energy side. The and P$(CgHg) are very similar to those of Ptand Pj, re-
lowest energetic peak at1.93 eV corresponds to the-@B  spectively(Table . The harmonic potential curves as de-
hot-band transitionFig. 3). The vibrational energy of the duced from the spectroscopic parameters are shown in Fig. 4.
anion amounts to 19.0 meV as taken from the fit to the hotDue to the larger vibrational frequency of,f@&Hg) with
bands. From the population of the hot bands a vibrationatespect to B{C¢H¢) ™ we believe the intermetallic bond
temperature 0f200+20) K is revealed for the cluster anions. length to be shorter in neutral A&¢Hg) than in the anion,
The low vibrational energies for both the anionic andsimilar to P$ in comparison to Bt. The intermetallic bond
neutral clusters indicate an intermetallic Pt—Pt vibrationalength difference between Jo€cHg) and P3(CgHg) ~ is 32%

TABLE |. Spectroscopic data of RC¢Hg) and P3(CgHg) ™ along the intermetallic stretch coordinate
Pt—P{C¢Hs). The data have been deduced from a harmonic Franck—Condon least square fit on the vibrationally
resolved ground state photoelectron peak gf@H;) ~ (Fig. 3). A vibrational temperaturd,;,=(200=20) K

of the anion has been deduced from the relative population of the hot bands.

Pt—PtCqHg) Pt—P{CqHg) ~ Pt, (Ref. 2)) Pt, (Ref. 29)
Electronic state X X X 506507 X 5d'%6s(a507)
fiwe/meV 24.2-1.0 19.6:1.0 26.7#+1.9 22.125
k/Nm™1 255+21 15717 266 182
Arg/A 0.098+0.002 0.074:0.008
(r¢ of anion largey
Electron affinity/eV 2.0060.05 1.898:-0.008
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larger than the corresponding bond length shift upon electron Pd.(C.H)
detachment of Bt (Ar.=7.4pm)?2! According to this dif- 6 6
ference, the vertical transition shifts from-D in the detach- hv = 3.495 eV
ment spectrum of Bt(Ref. 21 to somewhere between-20 a)
and 3—0 in the spectrum of B{CgHg) ~. This corresponds X

to an enhanced vibrational progression on the first peak of

Pt(CgHg) ~ with respect to Bt. Furthermore, the increased _A

vibrational frequency with respect to the anion, indicates that S S L L L I
the ground state photoelectron peak of €Hg) ~ originates :
from an antibonding orbital. In analogy to the ground state
electron peak of BY{X5d'%sog—X5d'%s(ag0y)] we
tentatively attribute the first peak in the spectrum of
Pt,(C¢Hg) ~ to detachment from the metal-derived(ﬁﬁ or-

bital.

Taking the reduced masses into account the vibrational
energies of BtCsHg) and P3(CgHg) ™ are 2% and 7%
smaller than those of Ptand P§ , respectively. Thus the
intermetallic force constants of Jf€sHg) and P3(CgHg) ~
are smaller than the ones of unreacted &td P§ which
suggests a net charge transfer from benzene into an antibond-
ing PbL-orbital.

The double feature at 2.3 eV in the spectrum of Pt c)
completely disappears in the spectrum of(€§Hg) . The
double feature is tentatively assigned to be due to excited
final states within the &-orbitals of platinun?? With re-
spect to symmetry adapted orbitalsGg, (Pt, in the central R B LA I R I
position above the plane of the benzene ring; see inset in Fig. 105 1 095 09 085 08 075
3), the twofold degenerate, 4 orbital [highest occupied mo- Binding energy / eV
lecular orbitalHOMO)] of benzene is able to hybridize with
the dwuyg orbitals of P4 forming ads7—p7 bond. A strong  FIG. 5. Photoelectron detachment spectra of @Hg) ~ recorded at photon
interaction of the corresponding Pt-orbitals with the low- energies of 3.495 eVa), 2.330 eV (b), and 1.165 eV(c). X labels the
lying benzene orbitals will cause a strong shift of the Bits5 elec_tron_ic transition from the groun_d state of the anion to that of the neutral.

; . . Avibrational energy of 20.3 meV is observed for the ground state photo-
orbitals to lower energy. Thus the double feature arisiNGectron peak of the neutral.
from excitation within the metallid# orbitals is supposed
to be shifted to higher binding energies. Indeed, the region
above 2.5 eV reveals a wealth of sharp peaks which are The intermetallico-bond (5,d,) is most probably not
considerably enhanced in the spectrum gi{®Hg) ™ with  involved in the bonding to benzene neither on the surface nor
respect to Bt [Fig. 2(b)]. A possibledd, q—p7* back do-  on the dimer. This is different to the adsorption of nonaro-
nation from the metal 84, s-orbitals into the degenerate matic molecules like CO and Nwhere the bonding prefer-
lowest unoccupied molecular orbitdlUMO) of benzene entially takes place via a-donor bonding from the adsor-
(ep,) will additionally enhance the intensity within thed5 bate into the antibonding s(d)o*- orbitals of the
region above 2.5 eV. From both the strong interaction of thametal®?33334The back-donation, on the other hand, occurs
d-orbitals and the observed metal—-metal stretch vibration wgia the hybridization between the C&" and the Pt8 or-
conclude that the platinum dimer is most probably boundbitals in analogy to the back donation in the arene-metal
perpendicular to the benzene rifGg,-symmetry. An ori-  compounds.
entation of the dimer parallel to the plane of benze@g,}
is less probable as this would not result in a vibrational fre—B Pd,(CeHe)~
guency close to that of free PtMoreover, the observation ~— " ~2V-6"'6
of a metal-like vibrational frequency of P€¢Hg) ~ indicates Photodetachment spectra of JRGHg) ™~ measured at
that the platinum dimer does not dissociate upon benzenghoton energies of 3.495 eV, 2.33 eV, and 1.165 eV, respec-
chemisorption in contrast to the reaction qf lusters with  tively, are shown in Fig. 5. A narrow peak is seen at 0.9 eV.
benzeng’:8 This leading peak is separated from the remaining peaks by

As suggested by th€g,-symmetry, the benzene mol- nearly 1 eV. Using the fundamental wavelength of the
ecule is coordinated merely to one of the two metal-dimeiNd:YAG laser a vibrational fine structure has been resolved
atoms. This so-called “atop” positionQg,) is not favored on the ground state pe@kig. 5(c)]. A hot band is visible on
on densely packed metal surfaces. Instead, the benzene mtte low-energy side. An anharmonic Franck—Condon least
ecule prefers two- and threefold coordinated bridge and holsquare fit reveals an adiabatic transition energy at 0.876 eV
low sites causing locaC,,- and C,,-symmetrie$?’~3?on  and an anharmonicity constant of 0.5 meV for the neutral.
densely packed metal surfaces. The spectroscopic data are summarized in Table Il. Figure 6

hv =233 eV
b)

Photoelectron intensity

hv =1.165 eV
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TABLE II. Spectroscopic data of R@zHg) and Pd(CgHg) ™ along the intermetallic stretch coordinate
Pd-PdCgHg). The data have been taken from an anharmonic Franck—Condon least square fit on the
vibrationally-resolved ground state photoelectron peak of@#ig) ~ (Fig. 6). A vibrational temperature
T,ir=(140+50) K of the anion has been deduced from the relative population of the hot band.

Pd—PdCgHg) Pd—PdCgHg) ~ Pd, (Ref. 2] Pd, (Ref.2)
Electronic state X X X 4d'%soy X 4d*%5s07?
fiwe/meV 20.3+1.0° 18.0+2.0 26.0:1.2 25.5-1.9
k/Nm™1 106+10 83+20 137 132
Arg/A 0.081+0.002 0.037
(r of anion smaller (r of anion smaller
Electron affinity/eV 0.876:0.05 1.685:-0.008

fweXe=(0.5+0.1) meV.

shows the Franck—Condon fit corresponding to the stretclpd,(C¢Hg) ~ anticipates that the extra electron is detached
vibration along the Pd—Pd normal coordinate ob(®gHs).  from a bonding orbital, in analogy to detachment from, Pd
A vibrational energy of 20.3 meV and 18.0 meV is revealedfor which a leading configuration Xd¢195$a§ is proposed*
for Pdy(CgHg) and Pd(CeHg) ~, respectively. These small |n contrast to the direction of the bond length change, the
vibrational energies are characteristic for a Pd—Pd Stretcbomparison of the bond strength suggests detachment from
vibration; e.g., the ground state vibrational energy of Bd  an antibonding orbital as the bond strength in neutral
26 meV?>26 The only slightly modified vibrational energy Pdy(CgHs) is somewhat stiffet106 N mi-3) than in the anion
serves as evidence that the palladium dimer is free to vibrat@B3 Nm ). This seeming contradiction points to the fact
along its intermetallic bond. This suggests that the benzene i§5; the single-particle picture is not sufficient for an inter-
bound to Pd in a similar configuration to that of RCeHe).  pretation. The total electron rearrangement upon detachment
According to the reduced mMasses Lphpdsz  of the uppermost “So,"-derived bonding orbital leads not
=67.495amu, p1pg_pd=53.21amy, an intermetallic vibra- ¢t 1o a change of the bond length but also to an increase of
tional energy of 23 meV is expected for RgHs) assuming e potential curvature. From this an overall strengthening of
the same for(_:e constant as that of,P <H-I_owever, the ob- 46 'intermetallic bond strength results, though the bond
ser.ved vibrational ‘energy ,Of E{@6H6). is 12% smaller __length increases upon detachment. The enhanced reorganiza-
which suggests a reducgd llnte.rmetglllc force constant With " of the electrons upon detachment from,@4He) ~ is
respect to Pgd The anionic vibrational energy is 20% also consistent with the drastically reduced electron affinity

smaller than expected by the mass difference of reacted arg Pa,(CeH,) with respect to Pgl The electron affinities of

unreact_ed _Pzd The weakening of_the_ intermetallic bond in Pt, and P§(CgH), on the other hand, differ only marginally
both anionic and neutral RgHg) indicates a charge trans- . .

. . 4 . . as the electron configurations are proposed to be closely re-
fer from the ligand into an antibonding Rdrbital. Note, lated

however, that the intermetallic bond length differente, Similar to the spectrum of RCqHg) ", the strong inter
~ o sHe) ™. -
between PgCeHs) ~ and PA(CeHe) is distinctly larger(8.1 action of thed-orbitals with the orbitals of benzene leads to

E?;ntgzno;htitebtf;vxgelgn%ctir? n:psr? Sé?:tfonr?. d-gt]:cf](r)r?::{cefro 2 considerable change in the photodetachment intensity and
peak structure of RAC¢Hg) ~ with respect to Pgd. The hy-
bridization of thed-orbitals of palladium with the frontier
orbitals of benzene is evident from the enhanced photoelec-
tron intensity above 2 eV where the transitions within the
d-orbital region are predicted for palladiuth?® The photo-
detachment spectrum of PdRef. 25 shows only a weak
photoemission intensity in this binding energy region, which
is explained by the small photoemission cross sections of the
d-orbitals. However, chemisorption of benzene activates the
d-orbitals significantly. The interaction of theéderived or-
bitals with both the HOMO and LUMO of benzene generates
hybridized metal-adsorbate orbitals afmr, —p7 and
ddyq—p7* symmetry, respectively. Such a hybridization
leads to an enhanced cross section indduebital region due
to the partialpsr-character of the hybridized wave functions
Binding energy / eV as well as to an energy splitting by bonding and antibonding
combinations.
FIG. 6. Anharmonic Franck—Condon analysis of the vibrational fine struc- Upon reaction with benzene the intermetallic bond

ture of the ground state photoelectron peak of(BgHg) ™ along the -
Pd—PdC¢Hs)~ stretch coordinate. The adiabatic electron affinity of strength decreases in bothHg) and P5(CeHs), as well

Pdy(CgHg) amounts to 0.876 eV. The bars represent the Franck—CondoftS in Fhe corresponding anions. The stronger vibrational pro-
factors. gression observed on the ground state peak g(iChg) ™

10
241

V «— V
neutral anion

42
3«1

0.94 0.92 0.9 0.88 0.86
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(04 .1g) and the excitedIl, final peak (2,1,).%** The cor-

T "'I3'"'I""I"'-
?}:3.495 evA By sz(CeHe) responding singlet state of tH&l, state is located at-3.4

eV. ThelA, peak at 2.45 eV results from the ground state
configuration 251, In contrast to the spectrum of Pb
only two dominant peaksX,A) are seen in the spectrum of
Phby,(CgHg) ~ [Fig. 7(@)]. A third peak Q") is indicated at 3.4
eV. This reduced number of peaks suggests a closed shell
electron configuration in BiCgHg) which considerably re-
duces the number of final state peaks due to a missing spin—
orbit splitting. A closed shell electronic structure with non-
L XE(0)) degenerated orbitals is expected, i.e Ciy-symmetry. Thus
: a possible geometry is a Rimolecule lying horizontally
above the benzene plane. Such a geometry has been calcu-
lated for RB(CgHg) ¥ (Ref. 15 to be the most stable one. In
i C,,-symmetry the degenerat@ & orbitals transform into an
35 3 25 5 1 5 1 a, and ab; orbiFaI. '_I'heal orbital is fiIIed_ by_the twc_) QT
electrons resulting in a totally symmetric singlet final state
(ai). This closed shell ground state configuration results in a
. single ground state peak in contrast to, Hbr which the
c) hv = 2.33 6V Pb - open shell ground sta_lte configuration givgs _rise to.sev_eral
L > 18 mev . 2 final state peaks as discussed above. As indicated in Fig. 7
A, three of the peaks below 2.5 eV combine to form a single
T peak in the spectrum of RI€sHg) . Theb, orbital has one
nodal plane which is therefore expected to give rise to the
first excited triplet stategibl) (°B,) labeled A in Fig. Ta).
The corresponding singlet final state pediB{) could be
ULLARAAE AR AR REALE LA LA R assigned to the small feature at 3.4 e¥'). This interpre-
2.3 2.2 2.1 2 tation is supported by the fact that the singlet—triplet splitting
of the first excited state of BICgHg) is very similar to the
Binding energy / eV singlet—triplet splitting of the first excited electron configu-

ration of Ph (2051w which amounts to~1 eV
FIG. 7. The photoelectron detachment spectrum gf@jls) ~ recorded at (31—[ y )
u? u’-

a photon energy of 3.495 eV is shown(&). The vertical electron affinity of . . .

Phy(CsHg) amounts to(1.95+0.09 eV. The photodetachment spectra of In contrast to Pp no vibrational fine structure COUId_ be
free Pl at a photon energy of 3.495 eV and 2.330 eV are showh)iand ~ resolved on the valence photoelectron peaks gf@pblg)

(0), resr;ective_ly?’zg denotes the ground state of neutrap Rhich is split ~ neither with 3.49 nor with 2.33 eV photons. This is another
by a spin—orbit coupling of 0.65 eXRefs. 35, 3§ hint for the reduced symmetry of RiE¢Hs) with respect to

the unreacted dimer. I€,,-symmetry, eleven totally sym-

makes likely a more steeper rise of the potential for theMeWic vibrational modes I{yiy=11A; +8A;+ 7B, + 108,)
chemisorbed platinum cluster, which—in turn—correspond<'® possible which might be difficult to resolve even if only

to the stronger intermetallic force constant of(BgHe) (255 some of them.ar_e exci_ted. The vi.br_ational brogdening also
Nm™2) compared to PdC4Hg) (106 NmY). In particular explains the missing spin—orbit splitting of tAB, final state

the force constants of RECHs) and Pd(CoHg) ~ are 3/4 peak® at 2.5 eV in Fig. 7a) (A). Note that this peak is much
and 2/3 that of Pgdand Pg , respectively. The weakening of broader than the experimental resolution. It is most likely
the intermetallic bond in P;(CGHG) relative to P is larger broadened by internal vibrational excitations in contrast to

than in P§(CeHs) which is less than 5% smaller than that of the analogous peak of Plat 2.3 eV binding energyFig.
unreacted Bt 7(b)]. A single vibrational mode of 18 meYFig. 7(c)] can

be resolved on the 2spin—orbit component of Bb (Ref.

C. Pb,(CeHy) - 35) using a photon energy of 2.33 eV. This resolution cannot
TT2Aeee be achieved at a photon energy of 3.495 eV, neither for
Photodetachment spectra of &Hg) ™ and P are  Phb,(CgHg) ™ nor Phy . Still the spin—orbit components of

shown in Fig. 7. The spectra have been recorded at photdPb, are much smaller than the A-peak of RBHs) ~. We
energies of 3.495 eYFigs. 7a) and 1b)] and 2.33 e\[Fig. attribute this broadening to a simultaneous excitation of both
7(c)], respectively. The Bbspectrum has been assigned byPh- and benzene-derived modes in,(@gHg) indicating a

Ho et al®® The first five peaks are due to detachment of thestrong interaction of the Pb-derivedp@-orbital with the
6p-derived orbitals as the bonding in Pis mainly governed HOMO (e,;4) of benzene. This is different to fCsHg) and

by the degeneratepr, orbital 33" Both the triplet ground  Pdy(C4Hg) in which the ground state transition peaksg6
state of Pb, 20517;(*S;), and the first excited triplet and 5so) reveals only the intermetallic stretching vibration.
state, bélwﬁ(mu), are coupled by spin—orbit interaction This is consistent with the fact that the benzene modes
which results in a splitting of the ground state electron pealcouple much easier to the intermetallic stretch vibration of

A32g‘(1g)

Photoelectron intensity

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8420 J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 LUttgens et al.

the horizontally bound Pfthan to the perpendicular oriented 'E. L. Muetterties, Science96 839 (1977.

e ; 2A. M. Bradshaw, Surf. Sci331-333 978(1995.
transition metal dimers pand Pg. 3E. L. Muetterties, J. R. Bleeke, E. J. Wucherer, and T. A. Albright, Chem.

Rev. 82, 499(1982.

1l. SUMMARY 4C. W. Bauschlicher, Jr., H. Partridge, and S. R. Langhoff, J. Phys. Chem.
96, 3273(1992.
Laser photodetachment electron Spectra Q(C%HG) -, 5A. Ouhlal, A. Selmani, and A. Yelon, Chem. Phys. Le®3 269(1995.

! - - 6S. M. M R. iken, J. Chem. PH@6, 1080(1997).
Pd(CeHe) ~, and Ph(CeHg) ~ have been measured in the gas 7?;. Gantz’gnarKérll-id. Meﬁergnggzlr 2?{dJH. o Luty szys.ORg\(/.; 2716
phase using photon energies of 1.165, 2.330, and 3.495 eV, 195 ' ' '

Vibrational energies 0f24.2+1) and (20.3+1) meV have  20. Cheshnovsky, K. J. Taylor, J. Conceicao, and R. E. Smalley, Phys.
been resolved on the ground state photoelectron peaks gfRev. Lett.64, 1785(1990.

: : : 9G. Schulze Icking-Konert, H. Handschuh, G. Gantgémd W. Eberhardit,
Pt(CgHg) and Pg(CgHg), respectively. The vibrational en- Phys, Rev, Leti74, 1005(1995,

ergies of the corresponding anions af#9.0+1) and 1% B wang and L. S. Wang, Natut&ondor 400, 245 (1999.
(18.0+2) meV for PH(CgHg) ~ and Pd(CgHg) ~. From the  D. J. Trevor, R. L. Whetten, D. M. Cox, and A. Kaldor, J. Am. Chem.
adiabatic vibronic transition and a Franck—Condon analysis,S0¢-107 518 (1985.

2 3 .
the precise electron affinities have been determined for &%Yég%gés' veh, D. L. Robbins, and M. A. Duncan, J. Phys. Chem.

Pt(CgHg) (2.006-0.05 eV} and Pg(CgHg) (0.876:0.05 3¢ Berg, M. Beyer, T. Schindler, G. Niedner-Schatteburg, and V. E.
eV). Moreover, the Franck—Condon analysis of the groun(:Il4Bondybey, J. Chem. Phy$04, 7940(1996.
state transitions reveals that the intermetallicoond of S. Afzaal and B. S. Freiser, Chem. Phys. L2t8 254 (1994.

. 15D. Majumdar, S. Roszak, and K. Balasub ian, J. Chem. RBOYs.
Pd,(CgHg) is much weaker than that of unreacted, P@he 408(?19119'%_” oszak an aastbramanian em. BOys

intermetallic bond strength of Ptin contrast, is hardly any 16s. Roszak and K. Balasubramanian, Chem. Phys. 284, 101 (1995.
weakened upon chemisorption of benzene. A significant en-K. Hoshina, T. Kurikawa, H. Takeda, A. Nakajima, and K. Kaya, J. Phys.
hancement of the photoelectron intensity in the binding ens,Chem-99, 3053(1995.

. f hqu bitals indi y s 9 8T, Yasuike and S. Yabushita, J. Phys. Cheml08 4533(1999.
ergy region o thed-orbitals In '?ates a Sthﬂ@(ﬂ',. )—pw 19 Judai, M. Hirano, H. Kawamata, S. Yabushita, A. Katajima, and K.
hybridization between the orbitals of the transition metal Kaya, Chem. Phys. Let270, 23 (1997.
dimers and benzene. The vibrational analysis of thé°H. Handschuh, G. Gantéfoand W. Eberhardt, Rev. Sci. Instruré6,

- - _3838(1995.
P5(CeHe) ~ and I.DQ(CGH6). ph_OtOdetaChment spectra sug 213. Ho, K. M. Ervin, M. L. Polak, M. K. Gilles, and W. C. Lineberger, J.
gests a perpendicular orientation of the benzene plane relachem. physgg, 8542(1993.
tive to the metal dimer axis resulting in@g,-Symmetry in 22K, Balasubramanian, J. Chem. Phgi3, 6573(1987.
contrast to the |OCaC2U and C3v Symmetries on dense|y 233, Roszak and K. Balasubramanian, J. Chem. P13.1043(1995.

. . . . . . 24 I ¥
packed surfaces. Due to the missing spin—orbit splitting of (Al'gg' Anderson, M. R. McDevitt, and F. L. Urbach, Surf. St#6 80
the ground state phOtoeleCtron peak of,(RgHg), the 253 Ho K. M. Ervin, M. L. Polak, M. K. Gilles, and W. C. Lineberger, J.
metal—arene cluster is suggested to have a closed shell elecehem. Phys95, 4845(1991).
. . . . 26 i

tronic configuration in contrast to unreacted,Pln contrast 27? Ea'ﬁstlbram%”?nom Chimj Pchhﬁ‘gv Gilh%(gl%%?-? (1983

. . P. Netzer an . U. Mack, J. em. . .
t‘? Pb(CeHg) and Pd(CeHe) the penzene molecule is pre- 283, Sommers, M. E. Bridge, D. R. Lloyd, and T. McCabe, Surf. $8L
dicted to be bound parallel to Rin C,,-symmetry. L167 (1987.

29p_ S, Weiss and D. M. Eigler, Phys. Rev. Lei®, 3139(1993.

30M. Doering, H.-P. Rust, B. G. Briner, and A. M. Bradshaw, Surf. 8&0,
ACKNOWLEDGMENTS L736 (1998.

. 31p. Sautet and M.-L. Bocquet, Phys. Rev58 4910(1996.
This work was supported by the Sonderforschungsberesy, 5nno and W. von Nigssen P%ys. Revga 478§(1927).

ich SFB 341 of the Deutsche Forschungsgemeinschaft. W&R. Hoffmann, Rev. Mod. Phy$0, 601 (1988.

are also grateful to H. Pfeifer, J. Lauer, B, pier, and K.  *D. Dai, S. Roszak, and K. Balasubramanian, J. Chem. PHy$.1471
. : : (1996.

Wingerath for tec_hnlcal and computational support. Furthe_rm-,l Ho, M. L. Polak, and W. C. Lineberger, J. Chem. PI9fs 144 (1992,

more, we would like to thank the anonymous referee for hissy gajasubramanian and K. S. Pitzer, J. Chem. Pigs321 (1983.

valuable comments. 573, Onoe, J. Phys. Soc. JiB6, 2328(1997).

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



