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Rotationally resolved vibronic spectra of eight van der Waals bands built ontg transition of the

bare molecule are reported for the complexgslCAr, C¢Dg-Ar, and GHg-8/Kr. The rotational
structure of most of the bands is identified as that of a perpendicular transition with Coriolis
coupling constants nearly the same as those of 3tim6d of the respective complex. We therefore
conclude that the excited van der Waals modes of the three complexeshsymmetry. Precise
rotational constants are fitted to the large number of unblended lines assigned in each spectrum. In
contrast, the lowest energy van der Waals bands of bgltly-@r and GDg-Ar display a completely
different rotational structure which can neither be explained by a genuine perpendicular nor a
genuine parallel transition. This situation will be analyzed in detail in accompanying work and the
final vibronic assignments deduced. The rovibronic lines in all the spectra show a linewidth of 130
MHz that is solely due to the laser linewidth and to residual Doppler broadening in the molecular
jet. It is concluded that the excited vibronic combination states of intramolecular and van der Waals
vibrations do not predissociate on the nanosecond time scale of our experiment. Two of the reported
spectra show irregularities in the rotational structure that are explained by coupling to adjacent
combination states. €996 American Institute of Physids0021-960806)02001-5

I. INTRODUCTION crepancies between observed and calculated frequencies are
then removed by an “improved” model potential. Due to the
One of the most important goals in the study of molecu-limited spectral resolution of most studies, no use can be
lar clusters is the determination of the van der Waals potenmade of the additional information contained in the rota-
tial between the weakly bound atom or molecule and thejonal structure of the spectra. This information includes the
substrate to which it is attached. Of all known techniqueSconnection between the band type and the symmetry of the
high resolution spectroscopy can perform this task withexcited vibronic state and the magnitudes of the rotational
greatest precision. In principle, direct transitions to the rovi-constants for the various intermolecular vibrational states.
brational (_aigenstates of the van de_r Waals potentia_l can be Initially, empirical atom—atom pairwise potentials were
observed in the far IR. However, until now such studies havg,seq in the calculations. Only recently haate initio studies
only been performed for very select small molecules. Morgq,  some organic molecule—rare gas clusters been
conveniently, van der Waals excitation is observed in Combi'reportedl.g‘210ne dimensional cuts through these potentials
nation with either vibrational or electronic excitation. Par- were then used to calculate nearly harmonic normal mode
Ficular_ly clust_ers containing organic molecules can best b%nergiesz.'G'B'zz At best, the stretch—bend coupling due to
investigated in the UV range of the spectrum. Even undeF:ermi resonance between the fundamental of the stretch and

. 71 _ . .
moderate resolutiofd»<1 cm ), a well-resolved vibronic the overtone of the bend was taken into consideratidow-

structure is observed close to the band assigned as the I('g\'/er, full 3D calculations that are now available for a number

t_ramolecular transition and interpreted as additional excnabf system&121517.23-28 o that this simplification is cer-
tion of van der Waals modes. A large number of recent "tainly not as often permissible as for chemically bound sys-
ports have focused on this topic'® y b y y

In these experiments the assignment of the various bancigms' In the 3D calculgnons, 'ben.zene—Ar developed mtp a
has mostly been based on the comparison of the observé’éowtype test case owing to its high symmetry and relative

and calculated energies and consideration of selection rulesémphcny' But even the 3D calculations do not predict the

thought to be valid for the system under investigation Dis-Intensities of transitions correctly and therefore a consider-

able amount of “intuition” is still needed to compare experi-
ment and theory. Since only very few van der Waals bands
dpresent address: Fraunhofer InstitutAtmosphaische Umweltforschung, can be observed for a given complex, ambiguities remain
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tion of rotational constants for all observable states. The rereported study of the J6bands and resulted in a reduced
cording of rotationally resolved electronic spectra of clustergotational temperature of 1.5-2.0 K. For the benzene—Kr
of organic molecules is not possible with standard moleculastudy a gas sample of 6 mbar benzene and 4 bar krypton in
beams and lasers. However, in a number ofnatural isotopic mixture was used. Due to the mass selectiv-
contributionst*#2°=3%in particular from this laboratorf?~#* ity of the ion detection technique the vibronic spectra of the
it was shown that this is nevertheless possible with improveanost abundant benzen®Kr (57%) were measured in isola-
experimental techniques. We now extend this work to thdion from the other isotopic clustef3The collimation of the
van der Waals bands observed in the vicinity of t§ébéind  molecular bean{50:1) leads to a residual Doppler broaden-
of three benzene—rare gas complexes. Three new spectra é@ng of about 40 MHz at a typical transition frequency of
reported and analyzed forg8g-Ar, three for GDg-Ar, and  around 38 600 cm'.
two for CgHg-3Kr. It is found that in all spectra many un- The pulsed-amplified and frequency-doubled light of a
blended rovibronic lines can be found and used for the unsingle-mode cw dye laser excites the clusters to the desired
ambiguous determination of the rotational constants. Theibrational level in theS; electronic state. Owing to the
spectroscopic situation in these complexes is somewhat morerrow-band Fourier-transform-limited UV  pulses
complicated than in the case pfdifluorobenzene—A«p- (Ayyy~120 MH2), rotational resolution is achieved in the
DFB—-Ar), considered in parallel work** This is because vibronic spectra. After a small time delay of 2—5 ns after
the bending mode is degenerate in benzene—rare gas coexcitation, a second UV-pulse from a frequency-doubled
plexes and complications can arise due to Coriolis couplingpulsed dye laser ionizes the excited clusters, leading to an
In p-DFB—Ar the lowest van der Waals band was observedexcess energy of about 700 chabove the ionization
at nearly the same frequency as in benzene—Ar. It was ashreshold. The frequency of the ionization laser is carefully
signed as a transition to the first quantum of the short inchosen to not create any additiorf®k— S, excitation of the
plane bending vibration by analysis of the well-resolved ro-clusters. Both laser intensities are controlled by attenuation
tational contour. The appearance of the band was attributeahd defocusing to avoid saturation broadening and distortion
to Herzberg—Teller activity of the intermolecular mote. of the rotational structure due to selective saturation of those
Valuable additional information was obtained from an un-rovibronic transitions that have large hle-London factors,
precedented number of bands observed up to 125'af  as previously observed for the bare benzene molécDewr-
intermolecular energtt ing the experiments, pulse energies of 0.1-1 m3fend ns

The experimental setup used to record the rotationallyvere used for excitation at the interaction zone and 20
resolved spectra is briefly reviewed in Sec. Il. In Sec. Ill AmJ/cnt in 10 ns for ionization.
the low resolution overview spectra of the three clusters un-  Overview spectra with a resolution of 0.5 chwere
der investigation are discussed. The rotational structure aheasured in @necolor REMPI experiment with the pulsed
perpendicular vibronic bands of benzene—rare gas clusters dye laser alone. The ions were detected mass-selectively in a
then explained in Sec. Il B. This sets the stage for the demodified  Wiley—McLaren-type  time-of-flight  mass
tailed spectroscopic analysis of the newly reported van despectrometéf with a resolution ofin/Am~200. To increase
Waals vibronic bands of ls-Ar (Sec. Il O, CgHg-2*Kr  the sensitivity of the detection system, which may be partly
(Sec. llID) and GDg-Ar (Sec. Il B. Finally, the implica- saturated by the large number ofH ions arriving earlier
tions for vibrational dissociation of the clusters are discussethan the complex ions, we placed an additional grid in front
in Sec. IV together with the information on the vibronic as- of the detector. A potential comparable to the accelerating
signment that can be deduced from the rotational analysisoltage was applied to repel the unwanted ions and was
The successful rotational analysis of the lowest energy vaswitched off shortly before the cluster ions under investiga-
der Waals bands of bothgBg-Ar and GDg-Ar will be pre-  tion arrived at the grid.
sented in the accompanying paffetogether with the final
vibronic assignments and calculations that explain the obl—“_ EXPERIMENTAL RESULTS

served spectra very well.
A. Overview spectra in the vicinity of the 6  § band of

benzene—noble gas clusters

The pureS;—S; electronic transition has neither been
observed for the benzene molecule nor its noble gas het-

The experimental setup used in this work is similar toerodimer clusters. For benzene, it is well established that this
the one used previously to record rotationally resolved speds due to the high symmetry of the moleculB¢,) and the
tra of the benzene—noble gas dinférs®>3’and trimers®®  symmetry of theS, state B,,) that make theS, — S, tran-
Only a brief review will be given here, with particular em- sition symmetry forbiddef? For GiHg- Ar, both early*® and
phasis on the experimental conditions of the new measurerery recent investigatioA§have very carefully searched for
ments presented in this work. the origin transition and found an upper limit for the inten-

The benzene—Ar clusters were formed in a skimmed susity of the origin transition as compared to the intensity of
personic jet expansion of a premixed gas sample of 40 mbahe  transition of 0.1%. Instead of the pure electronic tran-
benzene and 5 bar argon. The Ar pressure in the presesition, the Herzberg—Teller allowed; ®and is found as a
study was chosen somewhat higher than in the previouslfalse origin in the one-photon absorption and excitation spec-

Il. EXPERIMENT
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FIG. 1. Low resolution spectrum in the region of tHgh@nd of the GHg: Ar FIG. 2. Low resolution spectrum in the region of thgh@nd of the D Ar
cluster for two laser intensities, monitored by the ion current at i G\r cluster for two laser intensities, monitored by the ion current at g @r
mass(llg U. Three of the seven peaks seen in addition to ﬁqud are mass(124 y. Two of the five peaks seen in addition to tkéalﬁ.nd are due
due to transitions in gHg-Ar, as indicated at the top and discussed in the t0 transitions in @Dg-Ar, as indicated at the top and discussed in the text.
text. The three bands of,8-Ar at sv=+31.2, 40.1, and 62.9 chare due  The three bands of lg-Ar at sv=+29.1, 39.7, and 59.1 cf are due to

to the excitation of van der Waals modes in addition to the fundamentathe excitation of van der Waals modes in addition to the fundamental exci-
excitation in the benzene part of the cluster. Rotationally resolved spectra dtion in the benzene part of the cluster. Rotationally resolved spectra of
these bands are presented and analyzed in this work. these bands are presented and analyzed in this work.

trum. The observation of simultaneous van der Waals mOdgttributed to GDS.Ar2 according to rotational ana|y3es of
excitation is therefore best possible in the vicinity of tfie 6 their high resolution spectra. The Zansitions found for
band. This is indeed the spectral range observed in previous,H,. Ar and GHg-Ar, are not found in this spectral region
low resolution studies. In order to identify observable com-for the deuterated species sineg and g have a consider-
bination bands containing van der Waals excitation, lowaply different isotope shift. For the remaining three bands at
resolution overview spectra of the various clusters under ing,= 129.1, +39.7, and 59.1 ci¥, rotationally resolved
vestigation were recorded. spectra will be presented and discussed below. The relative
Figure 1 displays the electronic spectrum ofHg-Ar  heights of the bands are similar to those found gHgAT.
between 38 530 cnt and 38 670 cm* at a resolution of 0.5 Each peak is shifted slightly towards thg ifand, as would
cm *. Both traces were measured by monitoring the ion curpe expected under the assumption of identical vibrational
rent at 118 u, i.e., the mass ofi-Ar. For increased sensi-  assignments and the typical isotope shift of vibrations upon
tivity, a higher laser intensity was used for the upper recordygeyteration.
ing. The strongest transition found is th§and with a red The overview spectrum of Elg-8*Kr shown in Fig. 3

shift of 21.0 cm * from the  band of GHe.****Inarecent  gisplays a much simpler structure than that found for
publication from this laboratory it was shown that three of

the seven bands found in the vicinity of thg Band are
indeed not due to vibronic bands ofld;-Ar but instead are
due to bands of gHs-Ar,.% This was proven by a careful | T |
analysis of the rotationally resolved spectra of these bands. 8 80b5 6555 6303
CeHe-Ar, clusters are initially excited; however g Ar*
ions are eventually detected due to a fast dissociation of the
excited GHg-Ar, clusters. In addition, the band at 38 551
cm ! was identified as the §@ransition of GHg-Ar;**i.e., a
completely separate vibronic transition and not one of the
combination bands of interest at present. All of these previ-
ous assignments are summarized at the top of Fig. 1.
The rotationally resolved spectra of the three remaining
bands atsv=+31.2,+40.1, and+62.9 cm ! relative to the
65 band will be presented and discussed in this paper. It will
be shown that they indeed belong tgHg-Ar and that their
rotational analysis can unambiguously determine the Vixig 3 Low resolution spectrum in the region of thg Band of the
bronic assignment. C¢Hs-8Kr cluster for two laser intensities, monitored by the ion current at
The corresponding low resolution spectrum gDg- Ar the GHg-Ar mass(162 LD: The three bands atv=+32.2, 37.4, and 65.1
is shown in Fig. 2. The strongest transition found is t%e 6 cm™! are due to the excitation of van der Waals modes in addition to the

. . _ fundamental excitation in the benzene part of the cluster. Rotationally re-
band with a red shift of 20.8 cnt from the % band of solved spectra of the two higher energy bands are presented and analyzed in

CeDs.22 Again, two of the five extra features observed arethis work.

+37.4 em™! CgHg - 84Kr

+32.2 cm!

8v =+ 65.1 cm™

ION CURRENT (162 u)

T T T T T T T T T T T T T T T T T
38560 38580 38600 38620 v fem™)
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TABLE |. Spectroscopic constants used for the fitting of the various vi- within experimental precisionD;Q cannot be determined

bronic bands of gHg—rare clusters. The ground state rotational constahts from the microwave spectra and it was therefore set to zero
and the centrifugal distortion constarilyy and D’j« were taken from the '

relevant microwave workD!; cannot be determined from microwave spec- 1 he various centrifugal distortion terms in Eqd) typically

tra and was constrained to zero. In the same fashion microwave spect@mount to a few tens of MHz. Accurate values of the distor-
cannot be used to determirg and this constant was therefore fixed to the tijon constants for th&, state cannot be determined from the
value of Cj for benzene. For details see text. Since the electronic spectr . .

reported are not precise enough for the determinatid®, state centrifugal %resem_ly ava"ablef electronic spectra. Hence, these were also
distortion constants, those constants were constrained to the ground stat@nstrained to their ground state values.

values. Both the microwave spectt&*® and the rotationally re-

solved UV spectra analyzed previou¥ly*” and in this work

CgHg-Ar? CeHg-3KrP CgDg-Ar? ) o o i )
show no sign of asymmetry splitting of individual rovibronic
" —1 . eags . .
Ao (cm™) 00948809 00948809 00785095 ines Such a splitting should be particularly large and easily
Bj (cm™Y) 0.03940258  0.02654110  0.037 107 04 b d for i th eithet’ =1 or K"=1 and large) %2
D" =D (cm ™Y 10867107  0.4386<10°7  0.8916<107 observed for lines with ei =lorK"=1and large.™
D’ = D)y (cm Y 59378 107 26335107  4.8467x10°7 It is therefore concluded that the complexes discussed in this
Dk =Dy (em™) 0.000 0.000 0.000 work are symmetric tops witB= C in both electronic states.
*Taken from Rof. 48 The selection rules obeyed in the microwave spectra pre-
bTaken from Ref. 49. clude the determination dkj. This is also true for parallel

electronic transitions. For perpendicular ones the upper state

is degenerate and split by Coriolis coupling. Of the three
benzene—Ar owing to the lack of contributions from constantsAj, A!, and .4 only two can be determined
C§H6-84Kr2- The strongest ltransition found is thg Bagg independently? Since for the various bands of a given com-
with a red shift of 33.4 cm® from the & band of GHs. plex A} has to be constant, whild/ and ¢, will vary

Rotationally resolved spectra of the band$iat +37.4 and li ; o :
- , ightly with van der Waals excitation, we constraid)
+65.1 cm ! will be presented and discussed here. The ban(%wrgoughout

at +32.2 cm * was too weak to be recorded at high resolu- L
g The determination of a reasonable valueAff has to

tion. rely on additional argumenf€.From the lack of asymmetry
splitting discussed above, it follows that the rare gas atom
sits on average on the symmetry atgsaxis) of the oblate
symmetric top benzene. This axis is identical to @ahaxis of

In the one-photon electronic spectrum of benzene excluthe prolate top complex and therefordj(complex
sively perpendicular bands have been folhd@hey corre-  ~ CZ(benzeng The value ofC} for the benzene monomer
spond to transitions to degenerate vibrational states,f has not yet been determined experimentally for analogous
symmetry in the'By, electronic state. Similarly, the previ- reasons to the ones discussed for the complex. Benzene is,
ously analyzed bands of¢Hg-Ar (Refs. 32, 34 were also  gyever, generally believed to be planar and therefore

found to be perpendicular transitions. In a degenerate Vix» R’ "
bronic state of the prolate symmetric topHg-Ar, the en- Co(benzerj¢~ Bo(benzeng2. So, we seﬁo of the complex
’ equal toB}/2 of the benzene monomet:

ergy Erot_of a_rotauonal statéJ,K) is given to the precision The spectrum of thelband of GH,-Ar is shown in the
needed in this work by ) ! g .
, lower part of Fig. 4. A typical perpendicular band, this spec-
Eiot=B,J(J+1)+ (A, —B,)K "+ 2A, {erK trum has been previously reported and analyZediregular
—D,J%(3+1)2— D, J(I+1)K2— DK (1) system of red-shade® subbranchegAJ=0; K’ and AK

. ) ~ constant is found in the middle of the spectrum. THe
Here,A, andB, are the rotational constants of the vibronic branch(AJ=—1) andR branch(AJ=+1) lines are found in

state and th®'’s are the centrifugal distortion constants. The region around-40 GHz and+40 GHz, respectively.

term 12A¥§9ﬁl<. describes the Coriolis splitting of therl) This pattern of lines is caused by thé& ==*1 selection rule.
and(—) vibrational angular momentum substates of the de- The only significant variation in the overall appearance

generate vibronic state. This term vanishes for nondegenerag? a peroendicular band of E--Ar can be caused by a
vibronic states like the pure electronic ground state. perp =6 . , y
Values of the ground state rotational constaBfs of change in the value of the Coriolis coupling constapt. To

CoHe- AT, CeDg-Ar, %2 and GHq-Kr (Ref. 33 were first de- demonstrate this point, we show in the upper part of Fig. 4

4 .
termined from the rotationally resolved UV spectra. Subse!n® spectrum of the Bdand* for comparison. The compres-

quently, more precise values Bf, (and also values fob’, sion of theP andR branches is quite obvious; additionally
and D’,) were determined from microwave specfd® the spacing of th& subbranches is drastically reducete
Summarized in Table I, all of these constants were conthe subbranches connected by the dashed)lifiéss change
strained in the interpretation of the electronic spectra precorresponds to a change fraffy, = —0.5869 for the band
sented in this work. To verify the identity of the complexes, to {¢; = —0.0059 for the 1§band. Neglecting the centrifugal
a value ofBg was fitted to each spectrum in an initial fitting terms in Eq.(1), the spacing of neighborin@ branches can
run. In all cases this value agreed with the microwave one tbe calculated to be

B. The rotational structure of perpendicular vibronic
bands of C gHg-Ar
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16% CgHg - Ar

Vo = 38551.01cm’?

65

vo = 38585.07 cm™!

-60 -40 20 0 20 40 Av [GHz

FIG. 4. Rotationally resolved mass-selected resonance-enhanced two-photon ionization spectrg anth&@bands of GHe-Ar. The differing Coriolis
coupling constant in the two respective upper vibronic states strongly influences the spacing betWesntthands. The corresponding subbands with equal
values ofK andAK are connected by dashed lines.

SEq(KAK+1KAK)SEQ(KAK +1,KAK) verified by comparison of the observed line shapes with the
ones observed for either thg Band of the complex or the}6
=2AAK+(A"+A"=B"—B") —2A" Lo 2 band of the monomer. Within the experimental accuracy, no
For GiHg-Ar this amountsin GHz) to difference is found. In addition, the numerical convolution of

the optically measured linewidth of 120 MHz of our laser
and the residual Doppler width calculated from the collima-
=—0.241: KAK +3.187-5.452 ¢ ;. (3)  tion ratio in the jet add up to the observed experimental
linewidth. In other words, there is no sign of a contribution
By lifetime broadening for this band leading to a combination
state of intramolecular vibronic excitatioi®' state of the
benzene substrgtand an intermolecular van der Waals vi-
bration.
The rotational contour of the band is quite similar to that
the 16 band (as compared to thel@and is caused by an of the band(§ee F|g.. 4. Clearly, a perpendicular band is
. . observed, leading again to a degenerate upper state. The only
additional small change of the rotational const&it. In - . .
. L . ... two significant differences are that the shading of @hsub-
general, the shading is given by the relative position . . .
) . . branches is practically absent and that the rotational tempera-
OEq(J") of lines in aQ subbranch . . .
ture is lower, presumably due to the increased backing pres-
0Eq(J')=(B'=B")J" (I +1). (4)  sure in the jet expansion The spacing of ebranches is
Owing to this simple relationship, the shading of tie practica_lly u_nchanged. Thus, the_upper yibronic state ob-
branches can be used directly to determine the change of ttf¢"ved in this band has a Coriolis coupling constant very

SEq(KAK+1KAK)

In other words, the spacing is a sum of a constant term,
small term proportional t& - AK, and a dominant term pro-
portional to ;. Since for a fundamental vibratiof,; can
already span the range efl to +1, even a change in the
ordering of the subbranches is possible.

The less pronounced shading of tQesubbranches in

rotational constanB upon vibronic excitation. close to that of the %state. From the lack of branch
shading it is concluded th&, must be nearly identical to

C. Rotationally resolved spectra of the van der Waals Bo. ) L L . .

bands of C gHg-Ar With this information in mind, the assignment of the
spectrum is straightforward. A total of 136 unblended rovi-

1. The band at év=+40.1 cm™ bronic lines were found and used in the fit of the rotational

The rotationally resolved spectrum of the strongest varconstants. The results are shown in Table Il together with the
der Waals band of gg-Ar at Sv=+40.1 cm ! is shown in  spectroscopic constants of the previously analyzed
the upper trace of Fig. 5. The observed linewidth of 130bands’*3* The constants for these bands were refitted with
MHz is solely due to the laser bandwidth and the residuathe recently reported higher precision ground state constants
Doppler broadening in the molecular beam. This has beefsee Sec. Ill B and Table for consistency.
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FIG. 5. Comparison between the rotationally resolved experimental recording of the van der Waals bgHg Af & sv=+40.1 cmi'! and the spectrum
calculated from the rotational constants fitted to the experimentally observed lines positions. For details see text.

The observed band at=+40.1 cm * shows no signs Q subbranches in thejéand that vanished in the band at
of isolated perturbations due to possible coupling with back40.1 cm* has now become a red shading, indicating a fur-
ground states. This is seen from both the very low value other decrease d8, .

23.7 MHz for the standard deviatiom of the fit and the The assignment of 107 unblended lines with 130 MHz
comparison of the experimental spectrapper trace of Fig.  width was straightforward. The derived values of the inertial
5) to the calculated spectruffower trace of Fig. b constants are reported in Table Il. The suspected change in

B,, and the nearly unchanged valueZgf; are confirmed. The
small value ofo- again shows that there are no perturbations
in the rotational structure; i.e., that there is no detectable
The rotationally resolved spectrum of the van der Waalgotationally selective coupling to background states. The
vibronic band of GHg-Ar at s5v=+62.9 cm* is shown in  regular structure can also be seen by visual comparison be-
Fig. 6. Comparing it to the band and the van der Waals tween the experimental spectrum and the spectrum calcu-
band atév=+40.1 cmi’’, we find again the same general lated with the fitted constantdower part of Fig. 6. For
appearance; a perpendicular band with a similar value of thbetter comparison, part of th@ branch is shown on an ex-
Coriolis coupling constant. However, the blue shading of thepanded frequency scale in the upper part of Fig. 6.

2. The band at év=+62.9 cm™?!

TABLE Il. Spectroscopic constants derived from fits of various vibronic bandsgbl;@r. 1, is the band
origin, A] and B, are the rotational constants, adgk is the Coriolis coupling constant for the degenerate
vibronic stateN refers to the number of assigned lines used in the fit with a mean residual dewiatiothe
transitions.dv is the shift of the combination bands from on thgb@nd.SA and 5B are the differences between
the observed rotational constants and those of thetae.

CeHg- Ar

165 65 6505 6650 6505 6615
v (cm™Y) 38 551.005 38585.071 38616.2 38625.173 38 647.953 39 509.202
S (cm™ 0.000 31.2 40.102 62.882 924.131
Al (cm™ 0.091 195 0.090862 - 0.091 203 0.092 211 0.090 996
B! (cm™? 0.039 769 0.040090 --- 0.039 149 0.038 332 0.040 049
SA (cm™)  +0.000 333 +0.000000 - +0.000341  +0.001349  +0.000 134
5B (cm™)  —0.000321 +0.000000 - -0.000941 —0.001758  —0.000 041
L —0.005 9 ~0.586 9 -0.5849 -0.573 4 —~0.5555
N 53 224 136 107 118
o (MHz) 22.1 28.1 237 285 30.6
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-10 0 10 Av [GHZ]

CgHg - Ar 61) b%

Vo = 38647.953 (8) cm!

Sv = +62.882 cm™
experimental

11T,

calculation

-40 -20 0 20 40 Av [GHZ

FIG. 6. Comparison between the rotationally resolved experimental recording of the van der Waals bgg Af & sv=+62.9 cmi'! and the spectrum
calculated from the rotational constants fitted to the experimentally observed lines positions. For details see text.

3. The band at év=+31.2 cm™1 intensity (only 1.2% of the § band, a highly resolved spec-

Unlike the two van der Waals bands oftf-Ar ana- trum (130 MHz linewidth of good quality was obtained. It is
lyzed so far, the lowest energy band &t=+31.2 cmt shown in the upper trace of Fig. 7. Its structure differs con-
cannot be assigned and understood so easily. Despite its losiderably from the well-understood spectra of thgb@nd

65 bb
sv = +31.2cm’!

CeHg - Ar

ll.llnu. At

60
vo = 38586.07 cm™

1 1
6oso
dv = +40.1 cm™

-60 -40 -20 0 20 40 Av [GHZ]

FIG. 7. Comparison of the rotational structure of the vibronic bands ¢fs@r at Sv=+40.1 cm* (lower trace and +31.2 cm'* (upper tracgto the
structure of the $band(middle trace. The gs3 band at+40.1 cm* shows a comparable structure of tRebranch(around—40 GH2 and theR branch
(around+40 GH2 and a nearly unchanged spacing of esubbranchegsaround 0 GHz Only the shading of th€ subbranches is significantly changed
due to a small change in the value Bf . In contrast, the band at31.2 cni* van der Waals excitation displays a totally different rotational structure as
discussed in the text.
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(middle tracé and the band at-40.1 cm® (lower trace. stitution of benzene changes the high frequency intramolecu-
This is similar to the situation imp-DFB—Ar. Here, the lar modes and only slightly the intermolecular modes. The
a-type rotational structure of thbyé band atéyv=+33.7 rare gas atom, on the other hand, influences mainly the low

cm™* was found to differ from that of the-type fundamental ~ frequency intermolecular ones. As a consequence, a much

band®®*! owing to the Herzberg—Teller activity of the short Smaller change in the total level structure of the complex will

in-plane bending mode ip-DFB—Ar. be caused by the exchange of the rare gas atom. We therefore
The experimental conditions used for the recording offirst discuss the spectra ofgls-*Kr before turning to the

the 31.2 cm?® band in GHg-Ar were identical to the ones SPectra of GDg-Ar.

used for the two other van der Waals bands. We can therefore

be sure that the new spectrum should have about the same 1

rotational temperature. Qualitatively, a number of differencesl: 7€ band at v=+37.4 cm

are observed. The rotationally resolved spectrum ofiy-8Kr at év

(1) The total width of the spectrum is significantly reduced._Jr?’?_'4 cm = 1S S_hO.W” in the _m|dd|e trace of Fig. 8. lts
(2) The strikingly regular pattern o) subbranches with experimental quality is not as high as found for the bands of

nearly identical spacing is replaced by a number of eX_C6H6-Ar in agreement with our previous experience with

. 3 . . . .
tremely strong spectral features in the middle part of thethIS cluster™ There is, however, no sign of broadening in the

: 84
spectrum with seemingly irregular spacing and increasSPECUM. We can conclude from this thajHg- “Kr does

ing intensity to the sides. not show any ap'preciable dissociation due to the excited van
(3) There is a pile up of strong lines near the middle of theder Waals wbrapon. :

spectrum. ) For comparison the p_rew_ously analyzed spectrum of the

6; band is also included in Fig. 8. The two spectra are very

All of these features make the interpretation of the bandsimilar; the only major difference is the reduced shading of
as a perpendicular band impossible. From the previously dehe Q branches. This is in line with the observations for
termined rotational constants of the other bands g{CAr,  CgH,-Ar reported above. Because of the strong overlap of
we have a very good understanding of how strongly theséines in theQ branches only 95 unblended lines could be
constants might be affected by intramolecular or van deassigned and used in the determination of the spectroscopic
Waals excitation. The influence of the Coriolis coupling con-constants. These are reported in Table Ill. The standard de-
stant also is well understoa@ec. Il B). Despite numerous viation of the fit is quite small and we conclude that there are
attempts, even the major features could not be reproduced o perturbations present in the spectrum. This was also con-
perpendicular selection rules. Rotationally selective couplingirmed by visual comparison of the experimental spectrum
to a second van der Waals state and the consequent pertwith a spectrum calculated from the newly determined spec-
bation of the rotational structure can be excluded due to theoscopic constants. All significant lines predicted can be
low energy of the observed state. The influence of couplingound in the observed spectrum and all observed transitions
to a different intramolecular state should not perturb the roare indeed predicted. In addition, we infer that there is no
tational structure to an extreme degfeee Sec. IV B selective fast dissociation of single rotational states that

The only other alternative would be a parallel transitionwould lead to a disappearance of the appropriate lines.
with different selection ruleAK=0). Such a transition
must lead to a nondegenerate vibronic state that does not
possess any Coriolis splitting into substates. The only fre€. The band at év=+65.1 cm™

parameters for such a band are the rotational constghts The van der Waals band ofB.-8%Kr at Sv=+65.1
) : ; 686" = :
and B, . Appropriate calculations were performed and N0cm~tis about a factor of 6 weaker than the one at 37.4tm

k|_ng of S|m|Iabr||ty tol the sxx,perl:jng?talﬂs]pectrum Wﬁs for:md However, a reasonable quality sub-Doppler spectrum could
with reasonable values @k, andB, . This means that the - g e measured. It is shown in the upper trace of Fig. 8.

observed band also cannot be interpreted as a straightforw mparison with the other two spectra shows a very similar

parallel transition. rotational structure, with only the slight blue shading of the

With neither a perpendicular nor a parallel band structureQ branches changed to a slight red shading with increased
found, a more complicated model is needed for the interpre\-/an der Waals excitation

H _ =1
tation of the band abv=+31.2 cm~. The search for the Owing to the similarity of this spectrum to the previ-
appropriate vibronic state structure and coupling mechanlsrBusly analyzed ones, we expected the assignment to be

will be described in the accompanying pafser. straightforward. Indeed, a large fraction of the observed lines

could be assigned within a consistent model. However, many
D. Rotationally resolved spectra of the van der Waals of the observed lines are not found at consistent positions
bands of C ¢Hg-8*Kr and/or show strengths that deviate considerably from expec-

Additional information on the benzene—rare gas Corn_tatlon. Three possible causes have to be discussed.

plexes can be derived from spectra with either the rare gadl) The quality of the experimental spectrum could in prin-
atom changet! or by isotopic substitution of the benzene ciple be too low for the unambiguous determination of
part. We have performed both experiments. The isotopic sub- lines. We therefore checked the calibration of the spec-

1
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dv = +65.11 cm™

64 s
8v = +37.38cm™!
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vo = 38572.69 cm™!

CeHe . 84 Kr

40  Av [GHZ]

FIG. 8. Comparison of the rotational structure of the vibronic bandszbi, &*Kr at sv=+37.38 cmi* (middle tracé and +65.11 cm* (upper tracgto the
structure of the band(lower trace. Both bands with additional excitation of van der Waals modes show a comparable structur® oiréreh(around—30
GHz) and theR branch(around+30 GH2 and a nearly unchanged spacing of @eubbranchegaround 0 GHz Only the shading of th€ subbranches

is significantly changed due to small changes in the valuB,of

trum very carefully and looked at previously analyzed
spectra of very weak transitions. It was clearly found that
the deviations encountered are significant.

Our assignment may be systematically off by one unit in
either theJ or K values. To confirm the assignment, all
the regular patterns in the andR branch were identi-
fied and analyzed in a fashion described previously for
the highly perturbed 83 band of GHg.>? At the low 3
rotational temperature known from the analysis of the
other spectra, not many choices for the quantum num-
bers are possible and each valueJoffor a particular
line allows the prediction of the consequent position of
the associated line in th® branch using only the pre-
cisely known value oBj. Since the shar® branches

TABLE lll. Spectroscopic constants derived from fits of various vibronic
bands of GHs-8%Kr. For an explanation of the various symbols see Table II.
For the b3 band two sets of constants are shown corresponding to differing
sets of lines. For details see text.

are readily identified, all but one assignment could be
excluded in most cases and an unambiguous determina-
tion of the value ofl’ was possible for a large number of
lines. Since each system of lines in tRebranch with
constantK’ has to start with thel’=K’ line, the K’
assignment also follows directly. 74 unblended lines
could be securely assigned in this fashion.

The only remaining possibility that comes to mind is that
we observe fairly severe perturbations in the spectrum.
Additional proof for this supposition comes from the
quality of the fit of the spectroscopic constants to the
observed line positions. When all 74 lines are used, a
standard deviation of 55.4 MHz results, more than a fac-
tor of 2 worse than is usually found for our sub-Doppler
spectra. Elimination of eight of the lines used in the fit
reduces this value to 34.1 MHz. However, a careful ex-
amination shows that the assignment of these particular
lines is secure. For comparison, both sets of constants
determined are included in Table Ill and it can be seen

CoHe:“Kr that they do not differ by large amounts. An analysis of
65 65t 63b3 the residuals of the individual lines shows particularly
— 38572692 28610072 38 637,798 sj[r_ong and_ systemgtic deviations from the expected po-
v (cm™Y) 0.000 37.380 65.106 sition for lines leading tdK’'=2,—1) and |K'=3,—1I)
Al (cm™) 0.090836  0.091054  0.092 232 0.092 249 states.
B! (cm™Y) 0.027245  0.026 811 0.026178  0.026 171
SA (cm™%)  +0.000000 +0.000218 +0.001396 +0.001413 In summary, we believe that the van der Waals band of
6B (cm™!)  *0.000000 —0.000434 ~—0.001067 —0.001074  CsHq-3Kr at Sv=+65.1 cm?! is significantly perturbed.
,{f“ _01'2364 _0'3243 _0";"5‘04 —0.229 9 Owing to the largeS,—T, separation of 8464 cnt in ben-
o (MHz) 226 217 55.4 34.1 zene, intersystem crossing is known to proceed in the statis-
tical limit>® and singlet—triplet coupling cannot be a source
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CeDg - Ar 6} b3

Vo = 38824.282 (6) cm’!

experimental

WNUM |

-40 -20 0 20 Av [GHZ]

Sv = +59.118 cm™!

FIG. 9. Comparison between the rotationally resolved experimental recording of the van der Waals bgbg Af & sv=+59.1 cmi'! and the spectrum
calculated from the rotational constants fitted to the experimentally observed lines positions. For details see text.

of the very selective coupling. Possible alternative perturbers The assignment of individual lines in this spectrum
will be discussed below together with the implications of thisproved to be far from trivial. All the checks and precautions

supposition. explained above for the band ofglds-8*Kr at 65.1 cm'?
were performed. As a result 82 lines, believed to be un-
E. Rotationally resolved spectra of the van der Waals blended, were assigned and used in the fit of the spectro-
bands of C ¢Dg-Ar scopic constants. These are listed in Table IV. The standard
deviation of the fit is 96.6 MHz, about a factor of 4 worse
1. The band at év=+59.1 cm™ than found for most other spectra. This means that the aver-

The rotationally resolved spectrum of the van der Waalsage deviation between the expected and the observed posi-
band of GDg-Ar is shown in Fig. 9. The new spectrum tions of even the assigned lines is nearly a full linewidth.
clearly shows the rotational structure of a perpendicular tranSome hints of a systematic behavior can be found in a de-
sition. The spacing of th® branches is nearly identical to tailed analysis of the residuals.
that found for the § band. The turn around of shading is To demonstrate the observed irregularity in the experi-
quite similar to the situation found in8s-Ar. A detailed mental spectrum more clearly, it is displayed in Fig. 10 on an
analysis shows that the apparent reduction of the number ¢&xpanded frequency scale. Both the part for<0 GHz
lines is actually due to a frequent overlap of lines. (shown in the upper half of the figure; upper s¢aed the

Atotal of 92 unblended lines could be assigned since th@art for Av=0 GHz (shown in the lower half of the figure;

Q branch shading is sufficiently large to allow assignment oflower scalg is compared to the calculation using the con-
individual lines. The constants determined from the observed

line positions are summarized in Table IV. The standard de-

viation of the fit shows no indication of perturbations in the TABLE IV. Spectroscopic constants derived from fits of various vibronic
spectrum. The calculated spectrum shown in the lower paﬁands of @Dg-Ar. For an explanation of the various symbols see Table II.

of Fig. 9 matches the experimental one nicely.

CeDg-Ar

65 6ebg 65s3 6503

2. The band at év=+39.7 cm~!

. . cmt 38 765.164 38 794.3 38 804.837 38 824.282
The experience gained from the van der Waals bands o'f( )

o4 e v (cm™Y) 0.000 29.1 39.673 59.118
CeHg-Ar and GHg-*"Kr allows the prediction that the spec- Al (cm™) 0.075 440  --- 0.076 096 0.076 420
trum of the band of gDg-Ar at +39.7 cm ! should be un- B (cm™) 0.037710 - 0.036 333 0.036 271
perturbed and display a small shading of fQebranches. JA (cmj) +0.000000 - +0.000656  +0.000 980
However, a casual inspection of the experimental spectrurfi® ¢m ) ig-ggg goo _8-2% 377 _822; 339
in Fig. 10 shows that this band haglabranch shading quite ﬁe“ 17 82 92
similar to the band at 59.1 cm and accordingly a similar (MHz) 20.7 96.6 27.6
value ofB,, .
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CgDg - Ar 62) 8(1)

Vo = 38804.837 (12) cm™!

Sv = +39.673cm™!

__— experimental

>~ calculation

0 10 20 30 40 Av [GHZ)

FIG. 10. Comparison between the rotationally resolved experimental recording of the van der Waals bgbg Af & sv=+39.7 cm' ! and the spectrum
calculated from the rotational constants fitted to the experimentally observed lines positions. Note the agreement for the major portion of the spectrum and also
the significant disagreement for a considerable fraction of the observed lines. For a discussion, see the text.

stants fitted to the observed line positions. A large number ofv. DISCUSSION

the individual features agree and so does the overall structure ] ) ]

of the spectrum. However, a fair number of lines are also [N the preceding sections the rotationally resolved spec-
missing and/or shifted in the experimental spectrum. Wera of the various van der Waals bands were spectroscopi-
were, for example, unable to locate any of the lines Ieading?a”y analyzed without specific reference to the particular

to |[K'=2,~1) and |[K'=4,+1) states, even though they identity of the upper vibronic state of each band. This was

should be quite strong at the rotational temperature observedone purposely as we want to draw unprejudiced conclusions
This provides clear evidence that the strongest van der Waals°m the observed experimental facts. Only the identity of

band of GDg-Ar leading to a state of moderate intramolecu- the cluster, as deduced from the mass selection in the experi-
lar excitation is highly perturbed. The implications of this Ment, and its ground state rotational constants, as determined

observation will be discussed below. by microwave spectroscopy, were used so far. The various
low frequency van der Waals vibrations excited in combina-
tion with the 6 state do not influence the frequency:gfand
the other high frequency intramolecular vibrational modes to
a significant degree. We therefore take the sbhiftof each
The lowest excitation energy van der Waals band ofvan der Waals band from the} ®and of the benzene—rare
CeDg-Ar is similar to that found for gHg-Ar. The experi-  gas complex to be equal to the energy of the corresponding
mental spectrum aroundv=+29.1 cmtis displayed in the van der Waals level.
upper trace of Fig. 11. Also shown in Fig. 11 for comparison
are the two bands of {Dg-Ar which were found to have a
regular and unperturbed perpendicular band structéie The particular band type observed for each rotationally
band in the middle and th€59.1 cm  band on the bottoln  resolved vibronic transition severely limits the possible sym-
All the observations made for the general appearance of thmetries of the accessed van der Waals level. This is a conse-
corresponding band of Es-Ar (see Sec. Il C Bapply here  quence of the high symmetr{C¢,) of benzene—rare gas
as well. Our attempts to assign this spectrum with a perperclusters and the low van der Waals energies considered. The
dicular or parallel band model were equally unsuccessfullack of asymmetry splitting of individual rovibronic transi-
Indeed, the lowest energy van der Waals spectra of both clusions(cf. Sec. Il B) proves that the complexes are symmetric
ters are very similar, except for a contracted scale for theéops in both electronic states. This is confirmed by the ab-
deuterated cluster that is not unexpected as the heavier issence of the electronic origin transitiéfi®*’ Garrettet al.
tope possesses smaller rotational constants. It will be showlmave discussed this issue in recent work and concluded that
in the accompanying pap®rthat this similarity is not acci- benzene—Ar is indeed correctly described by Gy,
dental but rather that the spectral complexity in both casestructure?’ The only change that occurs upon electronic ex-
has the same spectroscopic cause. citation is a slight change in the van der Waals bond lefigth.

3. The band at év=+29.1 cm™1

A. The vibronic identity of the van der Waals states
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1.1
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Sv = +29.1cm?

CeDg - Ar
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Vo = 38765.164 cm’!

65b%

v = +59.1cm™?

Av [GHZ]

FIG. 11. Comparison of the rotational structure of the vibronic bandssB@r at sv=+59.1 cm* (lower tracé and +29.1 cm* (upper tracgto the
structure of the band(middle trace. The band at59.1 cnmi* shows a comparable structure of tReranch(around—25 GH2 and theR branch(around

+25 GH2 and a nearly unchanged spacing of @esubbranchegaround 0 GHx Only the shading of th€ subbranches is significantly changed due to a
small change in the value &, . In contrast, the band at29.1 cm ! van der Waals excitation displays a totally different rotational structure as discussed in
the text.

As a consequence, only a few transitions to some of thapectra of polyatomic molecules, we also show the notation
lowest van der Waals levels can be observed. of van der Avoird?® wheren is the number of bend quanta,

Benzene—rare gas clusters have two van der Waals vis the vibrational angular momentum, angis the number
pratlonal modes, the totally symmetl(lal) stretching vibra-  of stretch quanta’(|S,,n,1,n,)) is the symmetry of the pure
tion s along the symmetry axis of benzene and the degenetan der Waals level and is identical to the symmetry inShe
athe_ (ell symmetry bendmgfwbranon or librational mqt'ObI' Istate with no intramolecular vibrational excitation. Since the
T, IS ea‘?'s to a series o overtone gnd comb|nat|c_)n eve Burely electronicS,; < S, transition is symmetry forbidden in
with easily derived symmetry, the first few of which are b . - .
: ) 4 m enzene and its rare gas clusters, a false origin built onto the
listed in Table V. Besides the nomenclatur&s™ used for 1 . ; "

6! state is observed and thgIBand is the strongest transition

in the one-photon spectrum of the clusters. As a conse-

TABLE V. Symmetry of the lowest van der Waals states of benzene—-rardJUENCE, We have to consider the symmetry of combination
gas clusters. Shown are both the spectroscopic notation for the @ajes  states built from the benzené $tate and the various van der

b(1=1)s' for the state with 1 quantum of bend excitation, vibrational Waals levels to determine the allowed transitions

angular momenturh=1 and 1 quantum of stretch excifiegind the notation . .
I'(|S;+ vg,n,1,n,)) is shown in the last column of Table V.

of van der Avoird(Ref. 26, wheren is the number of bend quantais the
vibrational angular momentum, anu, is the number of stretch quanta. With I'(T,)=A, and I'(T, ) =E, in the point group

I(|So,n.1,ny)) is the symmetry of the pure van der Waals state and isc - perpendicular transitions are allowed to vibronic states
identical to the symmetry in th§, state with no intramolecular excitation.

I'(|S,+v6,n,1,n,)) is the symmetry of the combination of van der Waals With total symmetryE, and parallel transitions are allowed

state and electronically excited 6tate.

to states with total symmetnp,. Perpendicular transitions
have been found exclusively in benzéfeThe strongest

Cer " ' e Sning) T(Swtven.n) ones are due to the Herzberg—Teller inducing modes,of
gis(i=1) f tlo 00 21 A1+§;+E2 symmetry (total symmetryE,, together with theB,, sym-
S 0 0o 1 A E, metry of theS, state, primarily vs. Parallel transitions have
b2(1=2) 2 *2 0 E, B,+B,+E, not yet been identified in the spectrum of benzene. Inspec-
bi(|=0) ) 2 0 0 Ay E tion of Table V shows that for §Hg-Ar we can expect per-
22(':1)5 é i(l) ; /'il Al*éﬁEZ pendicular transitions in the vicinity of the perpendiculdr 6
b3(1=3) 3 3 0 Bl+le 2,512 band that lead to either the'(6=F+1)s* or 6'(1=+1)s?
b3(1=1) 3 +1 0 E, A, +A,+E, states and to the @=+1)b%(I==2) states or the

6'(1=*+1)b?(1=0) states. A parallel band could in principle
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TABLE VI. Assignment of the van der Waals states built onto thetéite of  transition with a value of. that is nearly the same as that of

CgHg-Ar according to various authors. For explanation see text. the & state. We conclude that the upper vibronic state of the
Energy of  Menapace transition ha_s to be of total symmgﬂa&. and that Fhe van der_
vdW state and Bludsky van der Waals level included in the combination state is not contrib-

(em™ Bernsteit etal® Webef Avoird? uting significantly tol.;. The symmetry rules out right away
312 b2 bt ) ol the Gs5b3 assignment proposed by Bludskyal?® The as-
401 ot ot ot ot signment of Menapace and Bernstein gb36(Ref. 2 is
62.9 b* b2 or bls! s? b? closely coupled to their assignment of the 31.2 ¢roand as

the bend overtone and also is unlikely, owing to the complex
*Reference 2. . -
bReference 25. coupling schemes expected for such a highly degenerate
°Reference 54. overtone state. Of the remaining possibilities, both the
‘Reference 26. 61(1=F1)s? states and the'@ = +1)b%(I=0) states have
the correct symmetry and also Coriolis coupling constant, as
neither the nondegenerate stretch nor tk® substates of
be observed to the substate dfl6==1)b*(I==+1) with  the bend overtone will contribute . A decision between
total symmetryA;. the two possibilities cannot be deduced from the rotational
A number of authors made assignments of the three vaanalysis alone. It will, however, follow immediately from the
der Waals bands of &Elg-Ar observed in the low resolution assignment of the 31.2 ¢ band. The last remaining pos-
spectrum. Their results are summarized in Table VI. All au-sibility, i.e., the 6(1= = 1)b?(I = + 2) states, would have the
thors agree on the assignment of the band at 40.I'amthe E; symmetry needed to support the perpendicular transition.
65sg transition. The main arguments used were the goodHowever, the value of.« is expected to bégs = {5 + 2 - &
match with the predicted frequencies of tifelevel and the =0.59+ 2 - 0.22= 1.03, very different from the observed one
strong intensity observed in the experimental spectrum. Thigcf. Table I). The value of{, used in this estimate was
intensity is thought to be due to a favorable Franck—Condomleduced from the calculation of van der Avoffd.
factor, in line with the slight shortening of the benzene—Ar In summary, we conclude from the rotational analysis of
bond upon electronic excitatio. The rotational analysis the three van der Waals bands igHg-Ar that the one at
presented in Sec. Il C 1 indeed shows a perpendicular band0.1 cm ! is definitively the @sJ transition. The one at 31.2
as expected. For the Coriolis coupling constégtno sig- cm * is most likely the @b3 transition and, as a conse-
nificant change is predicted between tHestite and the'8'  quence, the band at 62.9 ¢his most likely the @b3 tran-
state as the stretch mode is nondegenerate and therefore caition. Conversely, assignment of the lower band gs3 6
not contribute ta. This is nicely confirmed by the experi- would lead to the assignment of the higher bandgs$.&he
mental observatioiicf. Table I) and we can accept this as- first combination forces one to deviate from the hitherto ac-
signment. cepted opinion that all vibronic van der Waals bands draw
Less agreement is found for the assignment of the bantheir intensity from Franck—Condon activity. Instead second-
at 31.2 cm?®. Experimental investigatioAs* favor its as- order Herzberg—Teller coupling due to a combinatiorinef
signment as the 33 transition for several reasons. First, tramolecularandintermolecularvibrations would need to be
original calculations place the bend frequency at about linvoked for the appearance of thgb@ transition. Alterna-
cm ! (Ref. 2 and the first overtone at 22 ¢rh reasonably tively, Maxton et al. have recently proposed a model where
close to the observed value of 31 cmSecond, the overtone the vibronic intensity derives from the librational motion
combination b? contains an component of vibronic sym- within the complex® This will be discussed in the accom-
metry E, for both thel=0 and|=2 substates and would panying papet? In the second combination the strength of
therefore be expected to derive intensity from both Franck-the §sj transition would have to be carefully discussed, as it
Condon activity and Fermi resonance with tHe'Gstate. In  seems far too intense for simple Franck—Condon activity.
addition, an analogous assignment was made for the corre- The decreases in rotational constants observed for the
sponding band in the closely related systerDFB—Ar34  van der Waals excitation are quite reasonable and similar to
More recent 3D calculations forgHg-Ar,?>?5°%0n the other  the ones predicted by recent calculatidhst we interpret
hand, place the frequency of the bend at a much higher valuehanges inB; within the framework of a rigid structure,
(21 cm =33 cm'Y). This suggests ajpg assignment. The changes of the average distaricg,) between the Ar atom
analysis presented in Sec. Ill C 3 shows that this band is naind the benzene ring can be determiffetihey amount to a
a simple perpendicular band. This rules out the bend ovedengthening of the bond by 53 mA for excitation to the state
tone assignment. A recent study piDFB—Ar (Ref. 4)  at40.1 cm'and one of 101 mA for excitation to the state at
places the first quantum of the, vibration at 33.7 cmt.  62.9 cm L In view of the large amplitude motion of the Ar
However, the band in gHg-Ar is also not found to be a atom relative to the benzene, such an increase seems quite
simple parallel band, so it cannot be solely a bending fundareasonable. The simple picture cannot, however, explain the
mental. This point will be clarified and discussed in detail inobserved increase i, . This can only be understood in the
the accompanying pap#. framework of a complete 3D calculation including the mo-
The largest variety of assignments was proposed for théecular rotation. The rotational constants are then a very im-
remaining band at 62.9 cm. This band is a perpendicular portant indication as to whether the spatial distribution of the
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vibrational wave functions has been determined correctlyTABLE Vil. Symmetry and vibrational excess energy for the lowest vibra-
This will be discussed in detail in the accompanying péber_ tional levels inS,; benzene SE denotes the energy difference between the
The rotational band structures and the energetic position@esignated level and thé Evel.

of the van der Waals states found forgHG-2*r and
C¢Dg-Ar are very similar to the ones found forglEg- Ar. All
the considerations outlined above fogHG-Ar should there- E;‘Z?SS e E;‘g?ss o
fore also _apply to these two clusters and we propose thgtate Symmetry (cm_%y (cmY) (Cm_?)y (cmY)
same assignments of the van der Waals bands. The increase

in van der Waals frequencies forgdy-8*Kr corresponds to i E, 238 —283 208 —291

CeHs CeDs

the stronger binding of this clusté¥?*the slight decrease in » A ElE 43132 *1“:’2 i’fg’ —123
H H V16 1 2 - -
CgDg-Ar is the usual deuterium effect. s A, 516 _5 382 117
Ve E, 521 0 499 0
1o E, 581 60 454 —45
vyt Vi E, 602 81 514 15
B. Implications for vibrational predissociation V7 E, 590 91
p p
vt vie E, 590 91

The individual rovibronic lines in all eight reported van
der Waals bands showed no broadening beyond that due to
the finite laser linewidth and the residual Doppler width in
the jet. We can therefore conclude that the various clusters do _ ) -
not predissociate on the time scale of our experiment evefodel for a discussion of the observed stability of the com-
with added intermolecular excitation. The excess vibrationaPlexes.

energy already present when thes6ate is excited by itself is Ewing™ has proposed and discussed a simple universal

521 cm! for CgHg-Ar and GHg-3Kr and 499 cm? for formula that summarizes the relevant considerations. It pre-

CgDg-Av. dicts the predissociation rate® of molecular clusters to be
Calculations place the binding energhg of S, 7 1=10" exd — w(An+An,+An,)], (5

benzene—Ar at 287 cil,? 429 cni 1% 393 or 425 cm'® _ , ,

and 408 cm®.55 To obtain a value oD} relevant for the whereAn, is the change in the translational quantum num-
present discussion, the zero point energy of the van ddrer-An, is the change in the rotational quantum number, and
Waals vibrations of about 50 c (Ref. 26 has to be sub- An, is the change in the vibrational quantum numbers. All
tracted fromD”, to obtain a value foD},. In addition, the changes are evaluated between the orlglne_llly excited cl_uster
experimentally observed red shift of 21 crbetween the& level and the levels of the fragments. This formula failed

band of the complex and thet ®and of the bare benzeéne Nitially for the example ofp-DFB—Ar** However, proper
means that the complex is more tightly bound in Sestate consideration of Fermi resonances gave good agreement be-
by this amount. In other word®, = D, + 21 cm L. This tween the observed and calculated ratgsist as in the re-

; 8
finally putsD}, of benzene—Ar into the range 258 -400¢m lated case ov’s-tgtrazme—AF? L .

and well below the energy of the, vibration in both To apply this formula to the situation found in benzene—
CeHo-Ar and GD-Ar 6 rare gas clusters, we have to examine the possible predisso-

Recent mass-selected pulsed field threshold ionizatio lation channels. They are given by the low lying vibrational
vels of S; benzene. All the levels expected in the range

experiments have made possible the experimental determing- 100 e L ab he b
tion of upper limits for the dissociation threshold of the ionic fom zero excess energy 100 cm ~above the bstate are

complexes” Limits of D, < 361 e L for CgHg-Ar andD), shown in Table VII, together with their symmetry and the
< 435 ot for CgHg-84Kr can be deduced from these. Even relevant energy difference$E. A particular channel is open

for the more tightly bound gHg-8%Kr, the energy ofv, is when the vibrational state energy is less than that'dfyat
probably still higher tharDé.Z&55'57As a consequenﬁce of leastDg. For alikely value ofD of about 360 cm?, Table

these various estimates, predissociation should be energe Il shows that all vibrationally excited channels are closed.

cally possible. However, the predissociation rate seems to t})huts ? begzet?e—Ar clus_telrd; carlhonly qﬁlsssgmate 0 ;\he v
too low to cause an observable broadening of individua rationlesss, benzene, yielding the paib, benzeng Ar

rovibronic lines. Our spectral resolution puts a lower limit of W'th astganslatlonal_ energg, of %161 cm - Accordmg 0
about 5 ns on the predissociation lifetime. Ewing,® the associated translational wave function can be

The predissociation of molecular complexes containingCharaCterized by the quantity
vibrational excitation in excess of the binding energy can  q,=(2uE)Y¥at, (6)
either be described by statistical models or by the “energy/

» L : wherey, is the reduced mass of the cluster anid the range
momentum gap’ law. For a statistical model to be appllcable’parameter of a model Morse potential which describes the
fast intramolecular vibrational relaxatidiVR) has to occur P

before the unimolecular reaction. As will be discussed belowvan der Waals stretching motion that is thought to be the

IVR is at most very restricted for the vibronic levels of tissociation coordinate. From, the quantityAn, needed

benzene—rare gas complexes discussed in this work. Consfe(:)-r the evaluation of Eq(5) can be calculated usiffy

qguently, we will have to turn to an “energy/momentum gap” An=~|q/2—vy, )
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where y, is the number of excited quanta in the van derence in benzene and the consequent statistical limit ISC
Waals stretching mode. Insertifig=161 cm t anda=1.48  process?
A~! (Ref. 25 leads tog,~11 andAn,=1 for the dissocia- Previous experimental investigations aimed at under-
tion of 6! CgHg-Ar into the vibrationless benzene fragment. standing the interplay between IVR and predissociation have
The fastest possible predissociation rate involves no chang®ncentrated on the analysis of single vibronic level fluores-
in rotation; consequentlsn, =0. We then calculate a predis- cence spectra**°®%®*0wing to the difference in binding en-
sociation timer of 70 us. Even if this simple estimate is off ergy between th&, and theS, state, the emission spectrum
by one or two orders of magnitude, we see that no lineof a given state in the cluster is shifted from the one of the
broadening due to predissociation is expected in the rotatiorsame state in the parent monomer. As a consequence, fea-
ally resolved spectrum and why the dispersed fluorescendgires in the spectrum often can be assigned uniquely to either
spectrum of the state reported previously shows no signaturtée cluster or the monomer fragment of the predissociation.
of the benzene fragmefft. The quantitative analysis of the intensities allows the deter-
The addition of van der Waals vibrational energy to themination of the predissociation rate relative to the known
cluster does not increase the total vibrational energy conterftuorescence lifetime. In a similar fashion, a possible IVR
to more than 584 cm' for the various bands presented in process in the clusteor mixing of levelg can be observed
this work. Most likely, still less energy is left to be distrib- through altered emission patterns. Time-resolved emi&sion
uted between the possible fragments than the energy of tr@ time-resolved two-photon ionizatibrcan render even
lowest energy mode in benzengg. No new dissociation more detailed information.
channel is expected to open. The additional translational en- In the rotationally resolved spectra IVR is evidenced by
ergy that would be released is at best offset by the one quarerturbations of the otherwise regular rotational structure or
tum of stretch in its influence on the predissociation rate. It iy large differences in the effective rotational constants. This
therefore not surprising that we do not see any sign of prehas been analyzed for the benzene monomer in great
dissociation for the three van der Waals bands gfi@GAr  detail®*®“°2Only very strong anharmonic resonances will
described here. For trs# level or levels with slightly higher lead to homogeneous shifts of the whole band. However,
energy, there might already be enough energy available arf@ch a strong coupling is not typical for mixing of the in-
the new channel to the t6evel could open. Since the trans- tramolecular modes with the van der Waals modes. Rapid
lation energy would then be small, a fast predissociation ratélissociation of individual rovibronic states will result, on the
could well result. This might be why we are unable to ob-other hand, in a broadening of lines and their eventual dis-
serve these van der Waals states despite very careful searé@ppearance from the sub-Doppler spectrum. This situation is
The spectra shown in Figs. 1 and 2 and others recorded by @lite similar to the nonradiative decay of “channel three”
have a signal to noise ratio high enough to allow the obserbenzenefor a review see Ref. 65
vation of bands at least a factor of 100 weaker than the band For IVR to be effective, the molecule must have a large
at +62.9 cm L. The next higher van der Waals levels shoulddensity of vibronic levels at the excess energy investigated.
not have Franck—Condon factors decreased by that mucAypically, this requires an excess energy-e£500 cm* in
Drastically increased intramolecular or intermolecular vibra-Small and rigid organic molecules. In clusters, however, there
tional energy might, on the other hand, lead again to lesé an extra density of states originating from the added vibra-
favorable conditions for predissociation and consequently téional degrees of freedom. The possibility exists to compen-
highly stable states with energy far beyond the binding ensate for the energy and symmetry mismatch between two
ergy. intramolecular vibrational levels by addition of a suitable
A mechanism known to produce large predissociatiorvan der Waals level to the lower state. The benzene—Ar clus-
rates far above the ones predicted by &jy.is the mixing of  ter has roughly the same vibrational level structure as that of
the optically excited(light) state of the cluster with dark the bare molecule(Table VII). Out-of-plane modes are
background states through Fermi resonaficehe coupled —known to cause slight shifts of levels;*>**all of the low
dark states can have a dramatically faster predissociatiolfing levels in Table VIl excepts are out-of-plane modes.
rate. Even a small coupling matrix element can mix the lightHowever, this should not influence the qualitative picture.
and the dark states very effectively if the zero order states arée are concerned with possible coupling to either the 6
in near resonance. This idea is of particular interest for thétate or a van der Waals level built ontbwith the sameE,
systems under investigation in this work, as the band o¥ibrational symmetry.

CeHe-3Kr at +65.1 cmi * and the band of gDg-Ar at +39.7 The possible couplings to a combination lejub, vdW)

cm™ ! show definitive signs of rotational perturbations. Fromare governed by symmetry according to the selection rule
- - - 62

our previous experience with the benzene monoth@r®2a L, Tuip® i@ couping? At e

possible assignment of these perturbations is either to weak

anharmonic resonances with detuning of the coupled pairs aftherel’q,ing iS A1 for anharmonicA, for parallel Coriolis,
rovibronic levels due to differing rotational level structure or and E; for perpendicular Coriolis coupling. The results are
to Coriolis coupling with rotationally dependent coupling shown in Table VIII for all possible cases of;, and both
matrix elements. To explain the rotational selectivity of theanharmonic and Coriolis coupling. It is seen that for &e
coupling, the dark states have to Belevels. Triplet levels and e, vibrational states all symmetries of van der Waals
cannot be responsible due to the laBje-T, energy differ-  states may participate. Since the low energy vibrational
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TABLE VIII. Symmetry T,qy of the van der Waals state needed to allow bands of GHg-2*Kr and the two higher energy ones of
coupling of a combination staténtramolecular and intermoleculawith CeHe-Ar and GDg-Ar were successfully interpreted as per-
symmetryl';,®,q to the 6 state in benzene—rare gas clusters via anhar-pendicmar transitions leading to combination states involv-
ic and llel dicular Corioli ling. ; :
Mmonic and paraflel or perpendicuiar -oriolis coupting ing the intramolecular state and van der Waals levels/f
T, qw Needed for coupling symmetry. Only the I(_)west bar_nds inglds- Ar ar_1d QSD6-Ar_
are found to neither display a simple perpendicular rotational

Vibrational symmetry _ Anharmonic . _structure nor a simple parallel one. The possible vibronic
Ly Parallel Coriolis Perpendicular Coriolis .
assignment of the van der Waals bands can be narrowed to
ArAz E; B1.Bs.E; two schemes by these observations and hinges now on the
BEBZ 5 El . ﬁl'QZYEZ analysis of the two remaining bands. This will be described
1 1,02, 1:72,E2 - .
E, A, Ar.Es B,.B,.E, in the accompanying papé.

The observation of sharp rovibronic lines in all the spec-
tra is proof of the extremely low predissociation rate of the
states that are to the best of our knowledge well above the
states are nearly all degener&té. Table VIl), we can con-  gissociation limit. The additional excitation of van der Waals
clude that nearly the full additional density of states intro-y;prations does not seem to increase the predissociation rate
duced by the van der Waals degrees of freedom can contrigyongly. Rotational perturbations found in two of the re-
ute to the coupling and eventual intramolecular vibrationalyorted hands are interpreted as coupling to dark combination
energy redistribution. The particular influence of a givengiates of intramolecular and intermolecular vibrational exci-
level might, however, still be small since these will in gen-ation. These couplings are the origin of IVR in a time de-

eral be governed by higher order couplings with very smallyengent picture and possibly lead to increased dissociation
coupling matrix elements. If this is the case, the observegdyies.

spectrum will be unperturbed.
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