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lon—molecule complexes of the form*$CsHe), and Si(CsHg)nAr are produced by laser vaporization in a
pulsed nozzle cluster source. These clusters are mass-selected and studied with ultraviolet (355 nm)
photodissociation and resonance-enhanced infrared photodissociation spectroscopy-iH ttee@h region

of benzene. In the UV, ${CsHe)n clusters § = 1—-5) fragment to produce the §iC¢Hs) mono-ligand species,
suggesting that this ion has enhanced relative stability. IR photodissociatioh(6§%), complexes occurs

by the elimination of benzene, while'$C¢He),Ar complexes lose Ar. Resonances reveallCvibrational

bands in the 29063300 cn1? region characteristic of the benzene ligand with shifts caused by the silicon
cation bonding. The IR spectra confirm that the major component of thg€€sle) ions studied have the
m-complex structure rather than the isomeric insertion products suggested previously.

Introduction complex. Their experiments found evidence for theomplex

Silicon ions olav an important role in atmospheric chemis- and the C-H insertion complex but not for the ring insertion
play P P isomer. The binding energyDg) of Sit to benzene in the

1,2 e85 i
ty, a_strophy&cé, and semlc_o_nductor plgs_m%_B\ecause of s-complex was calculated to be 1.92 eV compared to 1.68 eV
their widespread importance, silicon-containing ions have been: . .
. . . ; in the C—H insertion complex. The calculated structure for the
investigated in numerous mass spectrometry experiments. lon 7-complex does not have the ion on theaxis. but rather it is
molecule reactions and collision-induced dissociation experi- in a gsition nearly above one carboen of ’the benzene rin
ments have investigated reaction pathways and bonding Iower?n the overaI)I/ symmetry t€s. The perturbation of the ¥
energeticg 15 While these studies have been insightful, there o ste?n causes the )rl1earestyh dS%o en gtom 10 be bent out of
are few examples of the spectroscopy of silicon-containing ions. TSy yarog

Si* has no electronic states at low energy, and therefore the plane of the benzene ring by about 10 degrees. Collisional

. i - 4
electronic spectroscopy on*$L), complexes is problematic. g'.scsezc'f‘“gr.lqﬂ +S'@_|g Spg_?liwd fff’;‘gtm‘i”t 'tlrc:ntsh sutch as
However, recent infrared photodissociation spectroscopy experi-b.I p 5 ¢ I'I' 4t’ ?l: 1%4Ms ; consis in fvt\yll ér? ls;ong
ments have been demonstrated for silicon-arolecule com- Inding of stlicon to the organic framework of benzetia.later

plexes, providing useful structural informati&ft’ In the present ¥york, E;esguc:zimp andF(_,i_ol-E/:vlgrkers StUd'e?mlﬂgCUIZ r;ac-
study, we examine S{benzeng)complexes with both ultra- ions of SiGHs" in an FT- mass spectrometerand they

violet and infrared photodissociation measurements. Thesefour:‘d evidence for ?‘” three of the isomers proposeddby t_he
experiments probe the stability of these ions and their structures.Schwarz group. Anot er FT-ICR mass spectrometry study using
Cation-benzene complexes of various metals have been a laser vaporization cluster source was performed by Dunbar
studied extensively by experiment and thebry® These studies and ‘;‘;'WO”@TS’ reyeahrp two reaction pathways fo'r $'
have focused on transition metals or main group metals, but CoHe. In the first, SiGHs" is formed by radiative association,
there are relatively few studies of silicebenzene ion§.%1213.15 accounting for 15% of the products. Second,é5i> + H were

: Al : .« formed by condensation with hydrogen atom elimination,
Sit(CsHe)n complexes are potentially important in astrophysics ) .
because benzene is a precursor of polycyclic aromatic hydro-2ccounting for 85% of the products. Additionally, the study

carbons (PAHSs) and both silicon and PAHSs are highly abundant ob;erved no clustgr f(_)rmation betw?eﬁ(SGHﬁ) ,‘?nd benzene,_
in the interstellar/stellar med-4° The adduct ion SigHg" ruling out the possibility of a stable “sandwich” structure. This

was first reported by Allen and Lampe in collisional studies of eSearch group placed a lower-limit on the binding energy of
Si* with benzend. Bohme and co-workers used the selected 2-2 €V for the SiGHe™ complex. More recently, Tang and co-
ion flow tube method to investigate reactions of* Siith workers studied reactions petween silicon ions and benZene.
benzene that formed the adduct fofurther studies by this 1 "€y observed both association complexes, &igl»" where
group included reactions of Sifs* with other small molecules. "= 1 and 2, and dissociative complexes, $He)*, Si(CHs) ",
From the reaction products generated, they concluded that the2nd Si(GHs)". This group also performed density functional
silicon cation is located above the benzene ring inlaonded ~ theory (DFT) calculations, finding structures for GG like
configuration. A joint study by the Schwarz and Bohme groups those calculated by Schwarz and co-workérs.

in 1992 used chemical ionization and neutralizaticgionization Our research group has employed photodissociation mass
mass spectrometry experiments in conjunction with ab initio spectrometry measurements to study a variety of metat ion
calculations® On the basis of the results of theory, they benzene complexé8.In UV photodissociation experiments,
proposed three possible isomers for &ig", including a metal ion-benzene complexes are found to dissociate primarily
m-complex, a G-H insertion complex, and a ring insertion by ligand elimination, but metal-to-ligand charge transfer
dissociation is often a prominent process. We have recently
* Corresponding author. E-mail: maduncan@uga.edu. demonstrated the application of infrared photodissociation
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spectroscopy to metabenzene ions to probe their vibrational
spectroscopy for the first time in the gas ph&sé’ IR spectra Si
in the fingerprint region were obtained using an infrared free-
electron lasef426 while spectra in the €H stretching region
were obtained with an IR optical parametric oscillator (OPO) S-+ b
laser system! In the present study, we employ both UV | ( Z)n
photodissociation and IR photodissociation spectroscopy in the
C—H stretch region to investigate '$CsHe), complexes. These
studies provide a new perspective on the structure and bonding
in the silicon-benzene ion system.

Experimental Section

Clusters of the form Si(CgHe)n, Sit(CeDe)n, and Si(CeHe)-
Ar are produced by laser vaporization in a pulsed nozzle cluster
source and mass analyzed in a reflectron time-of-flight mass
spectrometet! The third harmonic (355 nm) of a Nd:YAG laser -—
(Spectra Physics INDI 30) is used to vaporize a rotating and 0 100 200 300 400 500 600
translating silicon rod (ESPI). An argon expansion is seeded m/z
with benzene at ambient conditions using a General Valve Figure 1. Mass spectrum for S{benzeng)clusters formed as ions
(Series 9). The expansion is skimmed from the source chamberdirectly from our cluster source. Next to the*@ienzene) cluster
into the differentially pumped chamber where the ions are pulse- Mmasses are peaks attributed to one or two water mol_ecules clus'tering
extracted into the time-of-flight mass spectrometer. lons of around the Si(benzenajclusters. There are also small signals far'Si
interest are mass selected by pulsed deflection plates Iocateébenzene")CIUSterS whera = 1 and 2.
near the end of the first drift tube section. The selected parentResults and Discussion
ion is photodissociated by intersecting the ion beam with a laser
in the turning region of the reflectron field. Parent and fragment
ions are mass analyzed in the second drift tube section and
detected with an electron multiplier tube. For UV photodisso-
ciation, the third harmonic (355 nm) of a Nd:YAG laser (Spectra
Physics DCR-11) is employed, with a pulse energy of about 20
mJ/cn?-pulse. Pulse energies are varied down to about 1 mJ/
cnm?-pulse to investigate multiphoton effects. Infrared experi-
ments use an optical parametric oscillator/amplifier (OPO/OPA)
system (LaserVision) pumped by a Continuum 9010 Nd:YAG
laser. This system generates tunable IR in the 2@1BM0 cnt?

The distribution of cluster ions produced directly from the
laser vaporization source is presented in Figure 1. We employ
a “cutaway” type rod holder with no gas channel beyond the
laser vaporization poirftt This configuration provides efficient
formation of cold catiorrmolecular complexes. lons of the form
Sit(CeHg)n are produced efficiently for thew = 1 and 2
complexes, and clustering is evident up to the= 7 cluster
size. The relative intensity of the= 1 complex is nearly the
same as that of the silicon cation, and this is much greater than
the intensity of the larger clusters. This demonstrates the ease

ion. Photodi SR h q ith with which a silicon cation forms an iermolecule complex
region. Photodissociation Is enhanced on resonance With mo-isy henzene in the laser plasma, consistent with the results

lecular vibrations of the ligand, and infrared photodissociation i4ined by other research grodp&.1215Other minor mass
spectra are obtained by monitoring thg fragment ion yield VErSUS neaks are attributed to SiOHnd ST (CeHe)n(H20)m complexes,

the IR wavelength. Wavelength calibration for the OPO is regyting from a slight water impurity. The mass at 56 amu is
achieved using photoacoustic spectroscopy of methane, whichg;,+ and there are also peaks corresponding 6(SiHe)n for

has a well-known rotationally resolved-C1 stretching band 1 — 1 and 2. The benzene cation is detected, and there are other
in the 3100 cm! region. Band positions are accurate to within - 15sses between'Sand Si(CeHe) that are most likely caused

+1 cmL. Data are collected with a digital oscilloscope (LeCroy by fragmentation of Si(CsHg) complexes in the laser plasma.

interface. was also prevalent in the work of Tang and co-workéEhese
mass assignments were confirmed in experiments usibg.C
Theoretical Methods We next investigate photodissociation of these silicon-

containing ions. Based on the previously calculated binding

The structure, vibrational frequencies, and infrared oscillator energies, photodissociation of'8CsHs) at visible or near-UV
strengths of the S{CgHg) complex were calculated using  wavelengths should be energetic enough to break the Si
density functional theory with the Gaussian 03W program henzene bond. However, virtually no such simple ligand
package?? We employed the Becke-3 Le&/ang—Parr (B3LYP) cleavage process is observed. Instead, wheiCgiHs) was
functionaf®#4and the 6-31%+G** basis set. The silicon cation  photodissociated at 355 nm, the fragmentation pattern contained
was positioned initially near theeGaxis of the benzene ring,  several SiC,Hn, fragments and was nearly identical to the
but it was allowed to move to obtain the lowest energy structure. collisionally activated dissociation spectrum observed by Schwarz
The primary interaction in the complex was believed to be and co-worker§. Unfortunately, our mass resolution was not
electrostatic in nature, and hence the electronic states consideredufficient to completely separate all the hydrogen-containing
were those of the singly charged silicon cation. The vibrational fragment ions. To clarify the situation, we performed the same
frequencies of the different §iCesHs) isomers were scaled  experiment with @De. Figure 2 shows the photodissociation
according to methods described previously for related systemsmass spectrum of ${CsDg) at 355 nm. This photodissociation
when using the B3LYP/6-311+G** method*>46 The scaling data is obtained by a difference method in which the spectrum
factors employed were 0.958 for the—@ stretching modes  with the laser “off” is subtracted from one with it “on”. The
and 0.983 for the lower-frequency ring-based modes. negative peak indicates depletion of the selected parent ion,
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. . . . All of the larger clusters produce the™®C¢Hs) species as the main
Figure 2. UV fixed frequency photodissociation of §CDe) at 355 fragment, but there is some tendency for the survival ofrthe 2
nm. This type of spectrum is acquired by subtracting a mass spectrumspecies from the = 4 and 5 parent ions.

of the selected parent ion from one with the photodissociation laser
on. The resulting mass spectrum shows parent ion depletion as a

negative peak and the fragment ions as positive peaks. collisional excitation indicates that the dissociation process

occurs in the ground electronic state. UV photoexcitation is
while the positive peaks indicate the photofragments. The main apparently followed by intramolecular internal conversion,
fragment ions detected are Sis*, SiC,D4", SiCDs™, SIGD,T, producing hot ground-state molecules that undergo unimolecular
SiC,D*, and Si. Minor amounts of SigDst, SiGD,", and fragmentation along the lowest energy channels. Dissociation
C4Ds™ are also detected. There is a mass coincidence at 84 amuin this way can proceed via extensive rearrangement processes.
and this peak could be assigned to eithet(3D, or CsDg™. Therefore, the UV dissociation results here are consistent with
This coincidence should not occur for the fully hydrogenated any of the three isomeric structures proposed previously, but
benzene complex. However, in our data for that complex we these results are not able to either rule out or confirm their
detect a broad unresolved mass peak in this region, suggestingresence.
that GHg" is probably formed, but precluding a clear assign- Figure 3 shows the photodissociation of several largér Si
ment. (CsHe)n complexes. The dissociation of such larger complexes
This fragmentation pattern indicates that there is significant is often informative, because it allows determination of the
decomposition of the benzene ring as the complex breaks apartcoordination number of ligands around the core ion. Ligands
This behavior is quite different from the photodissociation bound directly to the core ion have relatively strong-idigand
processes measured previously for mosttal ion—benzene bonds via charge-dipole, charge-induced dipole, and other forces,
complexes, where simple ligand elimination or charge transfer while external ligands are bound primarily by much weaker van
have been foun# If there is az-complex isomer, it might be  der Waals forces. Such external ligands would have binding
expected to dissociate like these"{@sHs) complexes. How- energies roughly equivalent to that of the benzene dimer (about
ever, only a small amount of the'Sion is detected here that 1000 cn?).4°-51 For example, UV photodissociation of various
might come from such a simple ligand elimination process. The metal ion-benzene complexes, NICsHs)n (N = 3—8) dissociate
ionization potential (IP) of silicon (8.15 e¥)is lower than that to produce the M(CgHg), ion that is understood to represent
of benzene (9.24 eV and therefore ligand elimination would  the sandwich structuré¢ Similar fragmentation processes have
normally produce charged silicon and neutral benzene, consistenidentified the coordination number for other metal+digand
with the appearance of SiHowever, because of the low IP  complexeg! Surprisingly, the photodissociation mass spectra
difference between Si and benzene, charge-transfer dissotiation for the n = 2—5 silicon ion-benzene complexes do not
like that seen for many metal ietbenzene complexes might terminate at then = 2 species that would indicate a stable
also occur for at-complex. This would produce thes8s" (or sandwich. Instead, these fragmentation processes terminate at
CeDg") ion. As noted above, resolution issues and mass the Si"(CeHg) ion. A small amount oh = 2 fragment ions is
coincidences make it impossible to confirm that the benzene detected as a fragment from tie= 4,5 complexes. This
molecular ion is detected. However, we can say that any suchsuggests that ${CsHg) is the stable cluster size and other larger
ions are present only in minor concentration. The most complexes have relatively lower binding energies. In particular,
prominent fragment ion is SKDs™, which could easily be  there is no indication at any cluster size for termination of ligand
rationalized to come from an isomer withSiserted in a €D loss at then = 2 sandwich species. Apparently, stable benzene
bond. The other fragment ions SiO4*, SiCDs"™, SiGDs™, sandwich species are not favored for a silicon cation. This result
SiGD,, SiGD,*, and SiGD* could be rationalized to come  is consistent with the work of Dunbar and co-work&syho
from a ring insertion isomer. However, we must bear in mind also did not find any sandwich species under their conditions.
that photodissociation can occur via significant structural It seems then that a single benzene molecule is closely associated
rearrangements. The fact that the UV fragmentation channelswith Si* in these complexes and that other benzene molecules
measured here are exactly the same as those seen by previoume more weakly attached. We form these larger complexes in
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our ion source, as did Tang and co-work&rdgecause the
supersonic expansion conditions stabilize even very weakly
bound ions. Dunbar and others did not see larger complexes,
most likely because their low pressure conditions could only
stabilize more strongly bound species.

The lack of any stable sandwich structure for silietrenzene
complexes is perhaps understandable. In transition metal
benzene complexes, partially filled d orbitals are available for
s—d hybridization and these orbitals undergo charge acceptance
and donation interactions. By contrast, the first excited d atomic
state for St lies more than 9.8 eV higher in energy than the
occupied 3p orbitat? It is therefore understandable that
hybridization is inefficient. Si therefore prefers to bind
covalently and directionally with its s and p valence orbitals,
and therefore it cannot interact effectively with two benzene
ligands.

To further investigate the possibility of §iCsHe) isomers
in our molecular beam, we employed infrared photodissociation
spectroscopy on these ions. We focus this study in the region
of the C—H stretch vibrations of benzene, near 31007¢5%5
On the basis of the previously calculated binding enerfies,
excitation into the €& H stretch region is not energetic enough
to cause photodissociation of the"8sHs) complex, except
by inefficient multiphoton processes. Consistent with these : : : —
energetics, we were not able to photodissociate théCglHe) 2950 3000 3050 3100 3150 3200 3250 3300
complex with infrared excitation. To improve the efficiency of em’!
photodissociation, we use rare gas “tagging” with ar¢je.>°

- - . ; Figure 4. Infrared photodissociation spectra oft@sHeg)Ar, Sit-
For this experiment, we make the mixed compleX(SiHeg)Ar (CeHo)s, and ST(CsHe)sAr. Specira are acquired by monitoring the

and study its photodissociation spectrum. Argor) is wgakly bou_nd fragment ion (Ar loss for the “tagged” clusters angHg loss for the

so that it can enhance the photodissociation yield, while n= 2 cluster) intensity versus the infrared frequency. The dashed line
hopefully not adding any significant perturbation to the spec- (to the left) indicates the rated frequency value of #heC—H stretch
troscopy. Although the binding energy of'Sio argon is not of free gas-phase benzene at 3063 tin the absence of the FeEml )
known, we observe relatively efficient photodissociation for the f1ad- The other dashed line indicates the peak position of the “core
mixed ion in the 3100 cmi region. Figure 4 shows the mode (free of solvation) for the SCHs)AT cluster.

comparison of spectra for the™$CsHg)Ar, Sit(CsHe)2, and St- ] _ o
(CeHe)sAr ions in the 2908-3300 cnr! range. The spectrum At first glance, a blue-shift for the €H stretch vibration is

for the Sit(CsHe)Ar and Sit(CsHe)sAr clusters were monitored ~ SUrprising. The Dewnghatt—Duncanson complexation mlodel,

in the loss of argon channel, while the spectra for tHéGHs)» which is often applied to metal carbonyl complexes, is also

cluster was monitored in the loss of benzene channel. usually applied to metalbenzene systen$8- In this model,
the metat-ligand interaction is composed ef-donation of

band centered at 3086 ch and there are additional shoulders ligand bonding electron density into empty metal orbitals and

nd satellite structure nearby. Consistent with our previ W rI(nback-bonding of metal electron density into tifeantibond-
and sateflite structure nearby. Lonsiste our previous wo ing orbitals of the ligand. Both of these effects weaken the

on metal |or+b§:nzene complexé&l,we do not see the Fer.mll bonding on the ligand framework and most often the vibrations
triad here that is commonly seenin IR spectroscopy for "9“'0' are shifted tdower frequencies. In our studies of metddenzene

or gaseous benzene in the-8 stretch regiot*** This Fermi ;0465 in the fingerprint IR regidiwe found that theo

triad comes from the ¢ frequencies of thei, fundamental — \iprations were indeed shifted significantly to the red. However,
and thevis + vie andvz + vi3 + v1g combination bands, and 55 e have noted befoféthe C—H modes apparently behave

its members occur at 3037, 3074, and 3093 &fior liquid differently. We can rationalize this behavior by comparing to a
benzen# and 3048, 3079, and 3101 cﬁnfqr benzene inthe  rgcent IR spectroscopy study performed by Dopfer and co-
gas phasé&! The vibrations noted are accidentally degenerate \yorkers on the benzene cation (tagged in various WeyEhis

in the free benzene molecule, but they are apparently shiftedstydy found a blue-shift for the €H stretches in the benzene
enough in the M and St complexes to remove this degeneracy. cation compared to the neutral, that was attributed to a stiffening
In the present spectrum, there is a shoulder on the left side ofof the bonds because of loss of electron from the HOMQ e
this peak, suggesting the presence of more than one overlappingrbital of benzene. Apparently, when metal of &ins bind to
vibrational band, and there is a weak additional band at 3115 benzene, some charge transfer of electron density toward the
cm L. The dashed red line in the figure shows the position of cation takes place, leaving a partial charge on the benzene. This
the vy vibration in gas-phase benzene. We have indicated the polarized ligand then behaves to some degree like the benzene

Si'(bz) Ar

Si'(b2),

The main feature in the ${CgHe)Ar spectrum is a single

recommended frequency for the, mode (3063 cm?!) that cation, and the €H stretches shift to higher frequency.

would be found without the Fermi resonar®é&he main peak The Si*(CeHe)2 cluster photodissociates inefficiently and its

in the Sit(CgHe)Ar spectrum is located at 3086 ¢y which is spectrum shows a broad band which appears to be centered at
then shifted 23 cm! to the blue from thev;, vibration in nearly the same position as that of the &sHg)Ar complex.

benzene. We have recently reported a similar blue-shift for the We were unable to argon tag the= 2 cluster to better resolve
IR spectrum of V¥ (C¢Hg)n in the same EH stretching regior? the peak position and increase the photodissociation yield.
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Although the data is then unclear, we can say from the line v KRAZRA
width observed that there is probably no evidence for a Fermi
triad in this spectrum. This suggests that the binding of the
second ligand to Si while it may be much weaker than the
first, is still able to shift benzene vibrations enough to remove
the degeneracy found in the free molecule. The inefficient
photodissociation for this cluster at the IR wavelengths suggests
that the second benzene is bound by more than 3000.drhe
small amount of then = 2 fragment that survives in the UV
photodissociation studies is also consistent with a somewhat
stronger bonding in this cluster than for the larger ones.

For the Si(CsHe)s species, we are able to measure the .
spectrum with good intensity via the loss of benzene, and we Si’(bz),Ar
are also able to tag this cluster with argon to measure it in the
argon loss channel. The spectra measured in these two ways
are identical, except that the signal level is better with tagging.
The efficient photodissociation seen in the @sHg)s spectrum 2800 2900 3000 3100 3200 3300
without tagging is attributed to the presence of a benzene cm”
molecule interacting much more weakly with the silicon cation. Figure 5. IR photodissociation spectra for'®CsHs)nAr and Si(CeHe)a
Because dissociation occurs readily in thekCstretching region compared to the Fermi triad in liquid benzene.
of the IR, the last benzene in the cluster must be bound by less
than about 3000 cni. Figure 4 shows the spectrum for'Si
(CgHg)3Ar. In this spectrum there is a marked change from those
for the smaller cluster sizes. A multiplet of at least four bands
are measured at 3040, 3060, 3080, and 3094'cithe band
at 3080 cm! is at nearly the same position as the main band
of the Si"(CeHg)Ar cluster (3086 cm?), and therefore we can
assign it to be the same mode as in that so-called “core” ion.
The other three bands have positions very close to the Fermi
triad bands, which occur at 3037, 3074, and 3093dor liquid
benzené® The positions of the outer two multiplet bands here
in then = 3 spectrum are each within-B cm* of the liquid

NIST liq bz

respondence of the outer multiplet members to the triad spectrum
suggests that the additional benzenes forrilve 3 andn = 4
complexes both represent molecules that are only slightly
perturbed compared to free benzene. This information and the
ease of eliminating these molecules by IR photodissociation are
both consistent with the assignment of these benzene molecules
as more solvent-like than ligand-like.

The overall picture of ligand binding in the *§CeHe)n
system, therefore, is that the first benzene molecule is bound
strongly to the cation, and this complex forms a core ion with
a spectrum quite different from that of benzene itself. e

; . . complex has one strongly bound benzene and one less strongly
benzene triad bands, while the central more intense band at 306 ound benzene. The second ligand is bound strongly enough

PR . )
emb IS sh|fte_|dh14 Ctmh to tt:'re rjedr:‘rom the corretjpon(lm?g bertrd to have a perturbed spectrum, to exhibit inefficient dissociation
In benzene. fhese hree bands have comparavie relatlive INteNSiG, 1he R “and to survive in small amounts in some of the UV

tres,.t.srmrlar to thte trradl b?}TdS n benzer;)e.I.AIthciEgPtthhetlllnlest dissociation studies. The additional benzene inntke3 andn
posi |(r)1ns arﬁ n? d ixac y e sgme,hwe € '.e\ée at the triplet — 4 complexes are weakly bound and have spectra like those
seen here should be associated with theHdriad structure in of liquid benzene, indicating that they can be regarded as solvent

benzene. This is therefore evidence for the presence of Onespecies rather than ligands.

benzene m_olecule that is es_sentially un_perturbed compared 10 " T4 examine the structure of the*$CsHe) cluster in more
molecules in the liquid, that is, one that is not bound tightly 10 yetail and to investigate the possibility of structural isomers
the silicon cation. This “external’_’ molecule can then be regarded for this species, we performed DFT calculations on this complex.
more as a “solvent” molecule in the cluster than as a ligand. The results of these calculations are presented in Figure 6 and
If the n = 3 complex has one external ligand, then larger Table 1. As shown in Figure 6, we located three isomeric
complexes should have more external ligands. Figure 5 showsstructures and found each to be a minimum on the potential
a comparison of the = 3 andn = 4 spectra to the spectrum  surface. The qualitative details of the structures calculated for
for liquid benzene taken from the NIST websitalhe spectrum  Si*(CgHe) are the same as those found by the Schwarz and Tang
for n = 4 has a multiplet that is quite similar to that of the= groupst®!5They can be identified as thecomplex, the &H
3 species discussed above. The resemblance to the liquidnserted isomer, and the ring-inserted isomer, respectively.
benzene IR spectrum is again recognizable, although the lineConsistent with the results of Schwarz, we foundstheomplex
positions do not match exactly. The outer multiplet members to lie significantly lower in energy than the inserted structures.
appear again at 3040 and 3094 ¢mrand are +3 cni ! away The silicon ion in this isomer is positioned away from thg C
from the corresponding liquid benzene triad bands. In the centeraxis of the benzene ring in a site located nearly above one carbon
of the multiplet, however, the = 4 species has two peaks (3058 of the benzene ring. The nearest hydrogen atom is bent out of

and 3069 cm?) instead of the one seen at 3060 for the- 3 the plane of the benzene ring by about 10 degrees. The insertion
complex. Additionally, there is a reproducible shoulder at 3080 complexes have the silicon in aslfs—Si—H position or in a
cm~ ! that corresponds to the core vibration of the 1 species. seven-membered ring with the six carbon atoms. Previous

Itis not clear why the single central band for the= 3 evolves theoretical studies did not report vibrational frequencies for these
to become a doublet for the= 4 complex. It is conceivable  different isomers, and therefore we use our calculations to
that the two external benzene molecules in this complex are in determine these.

slightly different bonding configurations, so that this band occurs ~ Figure 7 shows the comparison between the calculated
at a slightly different frequency for each of these. Other vibrational frequencies for each of the different isomers of Si
assignments are also possible for the central bands in the(CgHg) and the experimental spectrum acquired for(SiHe)-
multiplet (shifted core peaks, etc.). However, the close cor- Ar. In each structure, there is significantly lowered symmetry
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TABLE 1: Binding Energies (relative to separated Si and benzene) and Vibrational Frequencies Calculated for the Different
Sit(CgHe) Isomers

structure B.E. (kcal/mol) IR frequent{iR intensity (km/mol))

7-complex —51.2 3081 (5), 3067 (12), 3065 (6), 3060 (4),
3052 (3), 3049 (0.2), 1548 (20), 1528 (7),
1467(34), 1457 (39), 1353 (0.4), 1274 (0.3),
1180 (8), 1144 (0.5), 1030 (1), 1017(0.0),
1001 (0.8)

Si—H insertion —46.1 3073 (0.2), 3067 (0.7), 3056(0.5), 3049 0.4),
3042 (0.9), 2130 (13), 1578 (98), 1551 (4.5),
1470 (0.1), 1432 (44), 1346 (18), 1291 (3),
1198 (6), 1183 (3), 1094 (4), 1081 (103),
1021 (0.4), 1018 (2)

ring insertion —-37.9 3044 (0.5), 3031 (7), 3029(5), 3027 (5),
3001 (2), 3000 (0.2), 1582 (1), 1530 (0.8),
1493 (57), 1472 (18), 1378 (81), 1358 (3),
1315 (5), 1246 (4), 1208 (0.2), 1038 (4),
1019 (0.0), 1018 (0.0), 1002 (0.0)

a2 The scaling factor is 0.958 for the-@4 modes and 0.983 for the lower frequencies.

aen TN 4D Si'(bz)Ar

— : ; _ - | |
Figure 6. The isomeric structures calculated via DFT for the ig z ‘ | | I
complex. The upper two structures provide different views of the

m-complex, while the lower two structures are the respective insertion
isomers.

compared to benzene itself, and therefore there is a multiplet

of IR-active vibrational modes predicted in the-8 stretching

region. The frequencies and their IR intensities are given in I

Table 1. The predicted IR spectrum for each isomer differsin ! L, T " T " J

the relative intensity pattern distributed across the multiplet of 2950 3000 3050 3100 3150 3200

modes in this region. These multiplets are indicated in different cm

colors in Figure 7. The €H inserted isomer spectrum looks Figure 7. Comparison_ of the S{CsHg)Ar spectrum obtained experi-

the least like the experimental spectrum. It has five bands with Mentally versus the vibrational frequencies calculated by B3LYP/6-

almost equal intensity distributed across a range of about 30311++Q for the different isomers. The experimental spectrum agrees
Y . . . ~~ best with that of ther-complex.

cm™1, while the experimental spectrum consists of one main

band much narrower than this. Additionally, this isomer is theory and experiment is found for thecomplex. This isomer

predicted to have an SH stretch vibration near 2130 crh has most of its IR bands in the 3068080 region of the

with much stronger IR intensity than the modes in theHC spectrum, with the most intense features lying within about 20

stretch region. We scanned this region and found no signalcm™! of the experimental band position. Additionally, less

within our detection limits. We can therefore safely eliminate intense bands are predicted to the red of the main band,

the C-H insertion isomer as a candidate for the &ig" consistent with the red shading and shoulder features seen in

structure. The ring-insertion isomer has most of its IR bands the experiment. Finally, a weak blue-shifted satellite band is

clustered into a group, and these could appear to be a singlepredicted for this isomer about 20 cirto the blue of the main

peak in a spectrum with our resolution. However, the resonancesband, and we observe such a satellite band at 3115 tmat is

are predicted to lie near 3030 cfywhile our band is found at  about 30 cm? to the blue from our main band. We should note

3086 cntl. Additionally, there is an additional single band here that the theory we have done is for thg(SiHe) complex,

predicted with good IR intensity shifted even farther to the red while the experiment is for the argon-tagged species, and some

near 3000 cm!. We do not see any evidence for a red satellite slight shifts could be caused by the argon. However, if we

band in our spectrum. These details make it seem unlikely that consider both the absolute frequency positions and the distribu-

the ring-insertion isomer is present. The best agreement betweertion of the allowed IR bands, it is clear that there is very good
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agreement between the spectrum predicted fortttemplex (4) Millar, J. Astrophys Space Sci198Q 72, 509.

i i (5) Clegg, R. E. S.; van ljzendoorn, L. J.; Allamandola, LMbn.
and the experimental spectrum. Theomplex is also the one Not. R. Astron. Sod983 203 125,

predicted by theory to be most stable, and by inspection itis =) () Powell, M. J.; Easton, B. C.; Hill, O. Rppl. Phys Lett 1981,
also least likely to have an activation barrier in its formation 38 794. (b) Meiners, L. GJ. Vac Sci Technol 1982 21, 655. (c) Lucovsky,
path. We therefore conclude that our infrared experiment has G.; Richard, P. D.; Tsu, D. V.; Lin, S. Y.; Markunas, R.J.Vac Sci
measured the spectrum for thecomplex. Technol 1986 A4, 681. (d) Kushner, M. J1. Appl. Phys 1988 63, 2532.

. (7) (a) Allen, W. N.; Lampe, F. WJ. Chem Phys 1976 65, 3378.
It is important to note that we cannot rule out the presence (b) Alien, W. N.; Lampe, F. W.J. Am Chem Soc 1977, 99, 2943. (c)
of the one or both of the other isomers in minor concentrations. Lim, K. P.; Lampe, F. W.J. Chem Phys 1992 96, 2819.
i i e ; ; (8) (a) Boo, B. H.; Armentrout, P. B. Am Chem. Soc1987, 109,
.The IR bands predicted in th stretching region ar.e more 3549. (b) Boo, B. H.; Elkind, J. L.; Armentrout, P. B. Am Chem Soc
intense for thez-complex than they are for the other isomers, 1990 112 2083. (c) Boo, B. H.; Armentrout, P. B Am Chem Soc
and therefore this species would be easier to detect. The lack1991 113 6401. (d) Kickel, B. L.; Fisher, E. R.; Armentrout, P. BPhys
of any resonance near 2130 chargues strongly against any Che(fg)l(genggﬁnfgog- K. Wiodek, S.: Wincel, Hstrophys.. 1989 342,

; e g P , S.; Wincel, ysJ.
major component of the SH mserﬂon isomer, but the ring L91. (b) Bohme, D. K.; Wlodek, S.; Wincel, H. Am Chem Soc 1991
insertion isomer has only very weak intensity bands predicted 113 6396. (c) Bohme, D. KAdvances in Gas-Phase lon ChemistaAl
throughout the region of the experiment. Concentrations of this Press Inc: Greenwich, 1992.
isomer that are 35 times less than the-complex would almost (10) Srinivas, R.; Hrusak, J.; Sulzle, D.; Bohme, D. K.; Schwarz).H.

; . . >~ Am Chem Soc 1992 114, 2802.
certainly be missed by our experiment because of our limited "~ (11) Nagano, Y.; Murthy, S.; Beauchamp, JJLAm Chem Soc 1993
sensitivity. Future experiments may be able to probe these 115 10805. _
complexes in the region of the ring distortion vibrations (1300 195312%1(6)2%1&11)?,5- C.; kUEéchPh ~G[5 T-k;) AS;m\COtAO’ B-cﬁﬁm Cgemlggg
1500 cnT?) where much more intense vibrations are predicted 1194104%9_ - (b) Pozniak, B. P.; Dunbar, R-LAm Chem Soc 1997,
for_ all three isomers. These exp_eriments could_prov_ide a more ('13) (a) Glosik, J.; Zakouril, P.; Skalsky, V.; Lindinger, Wit. J. Mass
stringent test for the presence, if any, of the minor isomers. It Spictrom- lon Processd995 149/15Q 499. (b) Glosik, J.; Zakouril,(F)’.;
; i ; Lindinger, W.Int. J. Mass Spectrom. lon Processk395 145 155. (c
Is also V\(orthhnotlng th.at the Iiomers no}f ?]et%(.:f'_[fed he':e could beGIosik, J.; Zakouril, P.; Lindinger, WJ. Chem Phys 1995 103, 6490.
present in other experiments because of the different ion sources™ 14y ider, ch.; Georgiou, E.: Velegrakis, Mit. J. Mass Spectrom.
employed. The laser ablation method that we use is relatively lon Processed4996 153 129.
gentle and does not lead to extensive rearrangements of the ionsé (1?) Xlggbax-l;;f;%z-; Liu, H.; Tang, Z.Rapid CommunMass

. . . Spectrom \ .

Condeqsatlon glso occurs at .Iow temperature in a supersonic (16) Olkhov, R. V.: Nizkorodov, S. A.: Dopfer, GChem Phys 1998
expansion. It will therefore be interesting in future experiments 23g 393.
to combine the IR methods described here with other ion  (17) Jaeger, J. B.; Jaeger, T. D.; Brinkmann, N. R.; Schaefer, H. F.;

roduction schemes to investigate this and other cluster isomerPuncan, M. A.Can J. Chem 2004 82, 934.
P 9 (18) (a) Willey, K. F.; Cheng, P. Y.; Bishop, M. B.; Duncan, M. A.

ISsues. Am Chem Soc 1991, 113 4721. (b) Willey, K. F.; Yeh, C. S.; Robbins,
D. L.; Duncan, M. A.J. Phys Chem 1992 96, 9106. (c) Jaeger, T. D;
Conclusion Duncan, M. A.Int. J. Mass Spectron2005 241, 165.

) ) o (19) (a) Chen, Y. M.; Armentrout, P. BChem Phys Lett 1993 210,
We report here the first study of the photodissociation 123. (b) Armentrout, P. B.; Hales, D. A.; Lian, lAdvances in Metal

i i iati Semiconductor ClusterdAl Press: Greenwich, 1994. (c) Meyer, F.; Khan,
beha\{lor of Si(CeHe)n complexes. UV phqtpd|SSOC|at|on F. A.; Armentrout, P. BJ. Am Chem Soc 1995 117, 9740. (d) Rogers,
experiments at 355 nm probe the decomposition pathways of\, T’ armentrout, P. BMass SpectromRey. 200 19, 215.

these ions, while infrared experiments in the & stretching (20) Weis, P.; Kemper, P. R.; Bowers, M. J.Phys Chem A 1997,
region investigate structural isomers that have been predicted101 8207.

: (21) (a) Hoshino, K.; Kurikawa, T.; Takeda, H.; Nakajima, A.; Kaya,
by theory. On the basis of the results of both UV and IR\ 5"pp0c chem 1905 99, 3053, (b) Judai, K.: Hirano, M.; Kawamata,

photodissociation, we find that the mono-ligand complex is H.: vabushita, S.; Nakajima, A.; Kaya, KChem Phys Lett 1997, 270,
significantly more strongly bound than larger complexes. The 23.(c) Yasuike, T.; Nakajima, A.; Yabushito, S.; Kaya,KPhys Chem

; ; 1997 101, 5360. (d) Kurikawa, T.; Takeda, H.; Hirano, M.; Judai, K.;
;ecc_md benzene is somewhat less str_qngly associated than th%rita, T.; Nagoa, S.; Nakajima, A.; Kaya, KOrganometallics1999 18,
firstin then = 2 complex, and then additional benzenes beyond 1430, (¢) Nakajima, A.; Kaya, KI. Phys Chem A 200Q 104 176.

this are weakly bound and may be regarded as solvent. (22) (a) Dunbar, R. C.; Klippenstein, S. J.; Hrusak, J::cRigt, D.;

metric bgnd centered at(388%) Chwvithpaddi);ional structﬁre C.; Klippenstein, S. J.; Dunbar, R. G. Phys Chem A 1997 101, 3338.
(23) (a) Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J.JMChem Phys

coming from shoulders and weaker satellite bands. A compari- 1998 108 5151. (b) Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J.M.
son to the predictions of theory shows that these band positionsChem Phys 1999 110, 8429.

[ ; iotrib it ; ; (24) van Heijnsbergen, D.; von Helden, G.; Meijer, G.; Maitre, P.;
and their intensity distributions are in very good agreement with Duncan, M. A.J. Am Chem Soc 2002 124 156,

those predicted for th_m-complex isomer. Our limited ;ensitivity (25) van Heijnsbergen, D.; Jaeger, T. D.; von Helden, G.: Meijer, G.:

prevents us from ruling out the presence of other isomers, butDuncan, M. A.Chem Phys Lett 2002 364, 345. _

their concentration, if any, in the experiment must be signifi- G (ﬁ)_Jae%ef'g- D.; var’{AHij‘;]szerggﬂ, D';SK"pESBZte{%SiSng” Helden,
_ ., Meiljer, G.; Duncan, M. . AmMm em >S0C .

cantly less than that of the-complex. (27) Jaeger, T. D.; Pillai, E. D.; Duncan, M. A.Phys Chem A 2004

108, 6605.
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