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Coherent ion dip spectroscopy of the ground state benzene—Ar complex:
Vibration—rotation levels up to 130 cm  ~! intermolecular energy

R. Sussmann,® R. Neuhauser, and H. J. Neusser
Institut fur Physikalische und Theoretische Chemie, Technische Univehditachen, Lichtenbergstrasse 4,
D-85748 Garching, Germany

(Received 6 March 1995; accepted 15 May 1995

Coherent ion dip spectroscop§ClS) provides high sensitivity and high resolution for the
investigation of vibrational overtones in molecular electronic ground states. For a special time
sequence of two coherent narrow-band Fourier transform limited nanosecond UV light pulses, with
a modest delay of the pump pulse of 6.4 ns, a complete blocking of the population transfer to the
upper state is achieved in the lambda-type three-level system ion dip experiment. This leads to ion
dips with a depth as large as 95% and each dip represents an individual rovibronic transition. In this
work, CIS is applied for the first time to a weakly bound van der Waals complex, benzene—Ar. We
are able to observe six new van der Waals vibrational states up to an excess energy of 13hem
assignments are made by comparison with recgntexcited state data of benzene—Ar and
p-difluorobenzene—Ar and by analysis of the positions and intensities of the observed individual
rotational lines. The frequency positions of the intermolecular vibrational states display a regular
pattern up to 130 cimt. © 1995 American Institute of Physics.

I. INTRODUCTION est van der Waals vibrational states have been detected in
most cases.

Most of the information on van der Waals complexes of  In this work, we apply the technique of coherent ion dip
aromatic molecules originates from the fi§;) electronic  spectroscopy(CIS) which was recently developed in our
state rather than from grour(&,) state spectroscopy. In the groug® to investigate vibrational overtones in the van der
UV spectral region, a variety of experimental techniques hadVaals potential of the ground stat§, benzene—Ar com-
been developed particularly suitable for the investigation oplex the geometry of which was determined earlier from ro-
weakly bound complexes produced in a cold molecular beartationally resolved spectra in the U%and microwave spec-
by detection of electronic transitiohs® Among these, tral region?®?’ CIS is based on the coherent interaction of
Doppler-free techniques led to rotational resolution and thugwo Fourier-transform limited narrow-band light pulses with
to the highest precision. In this way, not only the precise? three-level system consisting of a ground steotational
structure of aromatic molecule complexes with 6ri& or level, a selected rovibronic excited state level, and a final
two'2-25 noble gas atoms was found but also informationfovibrational level in theS, ground state of the molecule or

about the van der Waals potential through the detection of®MPlex. This excitation scheme is formally equivalent to
van der Waals vibronic staté&’ that of a stimulated emission pumpinf@EP experiment
The experimental situation is in contrast to the presen{€2ding to a decrease of population of the upper sgipu-
status of the theoretical researéb initio calculations were lated by the pl;]m?] Iaz)awhen the. _seconﬁtiump Iellse_r IS 1n h
mainly performed for the electronic ground state since afésonance with the down transition. The population in the

present there is no realistic possibility to include excitedPPE’ level is often monitored by an ionization step from the

electronic configurations. Though no large difference be!PPeT level to_ the ionization cqntl.nuum.Adecrea_se of.upper
. . state population leads to a dip in the ion curr¢ioh dip
tween ground and excited electronic state data of van der 829 ; .
spectroscopy®<” when the dump laser is scanned in fre-

Waals complexes is expected, precise experimental informa- L : . .
P P P P uency. The main difference between a conventional ion dip

tion on the energ_etic position and the rotational const_ant_s oixperiment and the new coherent ion dip spectroscopy is the
qyantum ;tates in the, state van der Wagls potential is frequency width(coherence lengihof the laser pulses and
highly desirable. Up_ to now, dlre(_:t excitation of van derihe different time sequence of the pump and the dump
Waals states by far infrared techniques has beenollmlted tBuIses. The first CIS experiments on benzene with pulses of
van der Waals complexes of smaller mole(_:&f’eﬁ FOr 100 MHz bandwidth FWHM) have shown that a population
complexes of aromatic molecules, UV techniques with thesf the upper state can be totally suppressed leading to nearly
possibility of mass-selective detection, such as stimulateq o ion dip® This was theoretically explained by a den-
Ramags §4pectroscob’y2 and stimulated emission pumping sjty matrix formalism considering the coupling of the three
(SEB,”>*"have been used for the investigation of intermo-jevels by a coherent pulsed light field*° Both the high
lecular vibrational states. For the given sensitivity and thesensitivity and the high resolution of the CIS method leading
limited spectral resolution of these techniques only the low+to resolved rotational states in benzene make it an excellent
tool for the sensitive detection of weak rotationally resolved
apresent address: Fraunhofer Institit AtmospHaische Umweltforschung ~ transitions to overtones of intermolecular vibrational states in
Kreuzeckbahnstr. 19, D-82467 Garmisch-Partenkirchen, Germany. the electronidS;) ground state of van der Waals complexes.
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We have performed CIS experiments on the prototype
van der Waals complex benzene—At(). In this complex,
there exist three van der Waals vibrations, two of which hy
(bending,b, ,) are degenerate and of symmegrywhile the z
third one(stretching,s) is totally symmetric(a;). The bend- S, JE— —
ing and stretching vibration can be excited in Biestate in
addition to the allowed perpendicula§ #ansition. While the a
sFretching vibration. pf total _s_ymmetrga_l) }‘orms progres- § vdW - Levels
sions of the § transition, additional excitation of the degen- Q
erate bending vibration requires a second-order Herzberg— 6,, )%~
Teller transition with a parallel band structure. As Van der So g, J -

Avoird pointed out in recent work, tha; and theA, com-
ponents of the ! state can couple leading to a distorted FIG. 1. Excitation scheme for stimulated emission p_ummaE;F) and co-
rotational structure of the band which makes the analysis anffrent ion dip spectroscop(CIS) of single rovibrational levels in the

. t a difficult task Th ituati . h . . groundS, and the excite®, electronic state of benzene—ArandK are the
assllgnmen a dimcutlt task. The situation 1S muc €asier In - yational quantum numbers ahdescribes the vibrational angular momen-
p-difluorobenzene—ApDFB—Ar) due to a lifting of the tum of the degenerate 6tate with one quantum of the vibration excited
degeneracy of the bending mode. In recent work, we meabn theS, electronic state. The terms purttpv;) and dump(h,) laser of an
sured the electroni&,—S, Originll and various van der SEP experiment are also used for the CIS experiment. Note the differing

| 1 i | | . time sequences of the pump and the dump pulses in the SEP and CIS
Waa S bapds up to 1.25 7C Intermolecular ene_rgy g, experiments as described in the text and shown in Figs. 2 and 3.
with rotational resolutiort’ We presented an assignment of
the first short in-plane bending van der Waals vibratigron

the basis of the analysis of its rotational structure. This is of 1 emission pUMpINGSEP experiment$233 The popula-

a _ty_pe and differs from th? _parallej-typ_e ;tructure of the tion of the intermediate state is measured as a function of the
origin and the bands containing the excitation of totally sym-dump laser frequency,, e.g., by recording the ion current
metric stretching vibrations or even overtones of bendingproduced by the absorp;tion bf a second photon of the dump

vibrations. The a-type rotational structure proves a | - : : 2 ;
. . ” < laser(Fig. 1) (ion dip spectrosco§?9. In this way, ground
Herzberg—Teller induction of the transition by the bendmgstate vibrational levels can be detected. In a conventional

by V|br.at|0n._lt demonstrates the pC.’SS'b.'“ty of a Heererg_SEP-ion dip process, a resonant dump transition leads to a
Teller induction by van der Waals vibrations which has beendepopulation of the excited level and to a dip in the ion

H 2
tr:eoretz_tlcalfly ptrhop(_)sgd E[)_y Mefnapaele alt. R_ec:tantly,_tgn el;(- current at the resonance frequency, the depth of which can be
planation for the induction ot an €lectronic transition by agge, 4t most when the dump transition is saturated.

van der Waals mode based on mechanical effects was given i+ .1 the three-level system is driven in a coherent man-

n Ref. 22.‘ This model ex_plalns the. Intensity O.f the bendmgner a complete suppression of the population transfer to the
ylbratlon n b(e_nzeqe—Ar in a plausible way. Slnce- the Shor‘ntermediate level can be achieved either by a complete
in-plane bending vibratiob, of pDFB—Ar does notinclude ) 1ation transfer to the final stafe®%or a complete block-

a mo“or.‘ of the FdatorEs |r: the Vlbrr]atl?nal mode, f'tsh fr((aj'ing of the population transfér. The latter led to nearly 100%
quency Is expected to be close to the frequency of the ips in the ion current in a CIS experiment. The following

generate bde”Q'”gFrgc’dAe of bf)r‘zte”e‘f’” ag‘:' rgsu'ts Obtin%%nditions have to be fulfilled for this special population
orthis mode Inp —Ar can be transierred lo benzene—Ar. dynamics:(i) An effective three level system has to be real-

In_th|s yvork we present rotat_|onally resolved CIS Spectigzqq consisting of selected pure rovibrational and rovibronic
of various intermolecular states in the ground electroB) ( states, respectively. For model systems of the size of

state of benzenef—grb F%: the ;”St t'mj oAverton_es up to. aBenzene-Ar this requires a spectral resolution which can be
;exce;sbenergy of C.h are étedcte ) ¢ nD;a:E&g:mendt 'S achieved by pulsed amplification of a cw single mode dye
ound by comparison wit receny ata-o P —Aran lasef* (see below in combination with the reduced rota-
benzene—Ar and by a rotational analysis. The states at Iowq( nal level density and the reduced Doppler width in a

excess energy are compared with recent theoretical results ggimmed cold supersonic beafii) Vanishing phase fluctua-

ab initio calculations from the literaturg. tions of the pump and dump pulses are required as given for
nearly Fourier transform limited pulses. Laser intensities
II. THE PRINCIPLE OF COHERENT ION DIP must be sufficiently high, so that the Rabi frequencies of the
SPECTROSCOPY (CIS) two transitions exceed the rate of the intramolecular or ra-
diative relaxation processeSii) In order to suppress any
population transfer to the intermediate upper state |®)el
The excitation scheme of the three-level lambda-typgFig. 1), the coherent process requires a special time se-
process is shown in Fig. 1. It includes(pump laser fre- quence of the two ns laser pulses with a leading edge of the
guencyhwv, in resonance with the transition from a ground dump pulse. In addition to the exact numerical calculation of
initial state|1) to an excited intermediate std® and a sec- the population dynamics in a density matrix approach pre-
ond (dump laser frequency, in resonance with a transition sented belowSec. Il B), two limiting analytical descriptions,
from the intermediate state down to a lower final st@)e i.e., a trapping process or level shifting by the dynamic Stark
This is formally identical to the excitation scheme in stimu- effect may be considered.

LE 22220004

vdW - Levels
61‘J'K-
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2
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A. Analytical description
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In an effective lambda-type three level scheme two rovi-
brational ground state level$) and|3) are coupled via two
resonant laser transitions with and v, to one uppexrovi-
bronic level |2) (Fig. 1). This can lead to a trapping
process? i.e., the total system including molecular states
and the two light fields is in the “trapped state” which is a
linear superposition of the two levely and|3), without any
contribution from the upper levé®). In the CIS process, the
system is instantaneousfgrcedinto the trapped state by a
special time sequence of the two laser pulses with a leading 2
edge of thedumppulse. There is only one additional condi- 0.0
tion, namely theadiabatic evolutiorof the systen®f in order -30 -20 -10 0 10 20 30
to keep the system in the trapped state and thus suppressing 1.0
any population transfer to the intermediate statibronic (b)
level |2)). During the subsequent evolution, the relative con- 1>
tribution of the two ground state levels within the trapped 12>-—— -
state is controlled by the relative value of the Rabi frequen-.
cies of the pump and the dump transitions. For practical rea-5 0.5 12>
sons in CIS experiments, a maximum overlap of the dump &
and pump pulses is necessary, in order to achieve a strong @
and stable ion current by resonarityf +hwv,)-absorption i3>
when the dump laser frequeney is off resonancéFig. 1). n> T
This pulse sequence yields a population dynafiihich is 0.0
completely different from that of population transfer -30
experiments’~3°As will be shown below by density matrix Time [ns]
calculations the maximum overlap results in a trapping of
population in the initial statél) and no transfer to the final FIG. 2. (a) Time evolution of the Rabi frequenciéd;, Q, simulating the
state|3). A population transfer to the final state is possibletypical time sequence of the dump and pump pulses in a CIS experithent.
with pulsed lasers as demonstrated in recent stimulated R§OPUation of the levelgl), [2), and|3) (see insetas a function of time

: ) . . : numerically calculated from the density matrix equations in the rotating
man adiabatic passag8TIRAP) experiments with the di-  wave approximation for the Rabi frequencies giveridn A small amount
atomic molecule NG° The STIRAP technique requires a of transient population is transferred from leve} to level [3) and then
different time sequence with a stronger delay of the pumﬁransferred back to levél). No transient population in levé2) is found.
pulse from the dump pulse, a remaining small overlap of

h pul n minating fallin fth mp laser. . . :
both pulses and a dominating falling edge of the pump aseplc:ture is more appropriate. However, rather than favoring

at the end of the interaction time. In a similar manner eﬁec_'one model, we decided to solve the density matrix equations

tive population transfflr to a final upper state was achieved "ﬁumerically for an exact simulation of the population dy-
ladder type systenf®: namics(see below
For the conditions of our experiment, i.e., a strong dump

laser and a relatively weak pump laser intensity the interrup- ) _
tion of the resonant ionization patth)—|2)—| continuum B. Population dynamics
can be described in a different way, namely, by a dynamic  For simulation of the population dynamics in CIS ex-
(AC) Stark shift of levelg2) and|3) in the strong resonant periments, we performed numerical calculations solving the
(12)++|3)) dump field. The high Rabi frequency of the dump density matrix model equatioffsfor a three level system
laser leads to an AC Stark shift of leJ&) which exceeds the with different Rabi frequencies for the pump and the dump
linewidth of the pump lasef100 MH2. Thus, the pump transition, assuming no phase fluctuations in the laser pulses
transition|1)«|2) is no longer in resonance and the ion cur-(i.e., Fourier transform limited laser pul$esnd neglecting
rent breaks down. Again, the leading edge of the dump lasahe ionization step. In Figs. 2 and 3, the calculated results for
pulse is necessary to provide the shift of lef@lbefore the the population of the initial levell), the excited level2) and
pump laser interaction starts. However, within this picture aghe final level|3) are shown for two different pulse delays as
an approximation for the limit of two laser pulses with a function of time. For illustration of the time delay, the
strongly differing intensity it is not necessary for the Rabiinstantaneous Rabi frequenci@s and ), of the pump and
frequency of the pump transition to exceed the rate of thelump pulses, respectively, are depicted as a function of time
intramolecular or radiative relaxation process, and no adiain Figs. 2a) and 3a), respectively. The peak values used are
batic evolution of the system as in STIRAP experiments isQ'*=1.3 GHz andQ}'®=5.8 GHz.
required. For the pulse sequence of Fig. 2, the delay of the peak
Both analytical descriptions may be considered as limit-maxima is 6.4 ns and corresponds to the experimental value
ing cases which may be chosen depending on the conditioraf the CIS experiment in this work. From Fig(a, it is
of a real experiment. The conditions of a CIS experimentclearly seen that the leading edge of the dump pulse arises
appear to be closer to the situation where the dynamic Starfirst and thus one important condition for a coherent process

{a)
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level and consequently to ion dips with less than 100%

_50 Q, (a) depth.

N

é C. Experiment

? The scheme of the experimental setup was shown in our
qg; previous worlé® Briefly, the pump and dump laser pulses are
2 provided by two pulsed amplified cw lasers. The cw ring
5 laser(Coherent 699/2)lyielding the pump pulse is operated
o

Q at A=518 nm with coumarin 102 dye. It is pumped by the
multiline violet output of a K laser(Coherent Innova 200
The cw light with a frequency width of 2 MHz is amplified
in a three-stage amplifier systéhyielding nearly Fourier
transform limited light pulses with a pulse energy of 400
a width of 10 ns(FWHM) and a frequency width of 100
MHz (FWHM) after frequency doubling in a BBO crystal.
The cw ring laser providing the dump pulse is pumped by the
514.5 nm line of an A laser (Spectra Physics 17land
operated akh=534.9 nm with rhodamine 110 dye. The pulse
energy after amplification and frequency doubling in a KDP
crystal is 1 mJ for a pulse width of 20 {EWHM) and a
frequency width of 60 MHZFWHM). Both amplifier stages
are pumped by the 300 mJ puldas=308 nm of an excimer
laser (Lambda Physik EMG 201 MSC Pump and dump
laser beams are focused down to 0.5 mm. The pump laser is
Time [ns] attenuated by a factor of 50 to avoid absorption of a second
photon from this laser resulting in an ionization of the mol-
FIG. 3. (a) Time evolution of the Rabi frequencid3,, (), for a conven-

tional SEP configuration with a delayed dump puld®.Population of the ecule. The pump pulse is delayed by 6.4 ns from the dump

levels|1), [2), and|3) as a function of time numerically calculated from the PUls€ by an optical de_lay line. B_Oth counterpropagating nar-
density matrix equations in the rotating wave approximation for the Rabirow band light pulses interact with benzene—Ar in the center

:‘requJenc_it?]s ina). Clct)_mplicatecli ttr_ansien:hoscillationls oﬁl:the zopulatior: ?f all of a cooled supersonic beam expanded from a reservoir with
e, Sopon 1 e J2Pe o1 a0 iconblele _ 1% benzene seeded in AT at a backing pressure of 2 bar
through a nozzle with a 30@m diameter orificé> A conical
skimmer reduces the residual Doppler width below the laser
linewidth. A delay of 6.4 ns of the pump laser pulse is
leading to ionization suppressideee aboveis fulfilled. In  achieved by an optical delay line. The absorption of a second
this case, a small part of the population of the ground statdump laser photon from the excited 6tate results in an
level |1) is directly transferred to the final staf8) to be ionization of the complex: For the moderate invertedm-
subsequently transferred back to the initial state during thg@ared to SEPdelay chosen in the CIS configuration suffi-
pulse overlap without any noticeable population in the ex-cient intensity of thefirst) dump laser pulse is present when
cited level|2) even though the pump laser frequengyis in  the pump laser pulse arrives. In this way, the population in
resonance with thi2)«|1) transition. From the result in Fig. the intermediate state is probed by the absorption of a dump
2(b), it is concluded that no population is monitored in thelaser photon. The molecular ions are mass separated in a
excited level when the dump laser frequengyis in reso- time-of-flight mass spectrometer and detected with multi-
nance with the transitiof2)—|3) from the excited to the final channel plates. The recorded spectra were not normalized to
level, thus leading to 100% ion dips. The depth of 95% ob-the UV power of the lasers. There was no signal averaging
served in our experimentEig. 5) is close to this ideal value. over several pulses. Scanning the pump laser for a fixed non-
In recent work, we were able to simulate the characteristicesonant frequency of th@nizing) dump laser and integrat-
line shape in ClSsee, e.g., Fig. busing a density matrix ing the ion current at mass 118 u yields a rotationally re-
approach and taking into account a spatial Gaussian intensigolved spectrum of thej@and of benzene—Ar or of one of
profile as well as the orientational distribution of the mol- the vdW vibronic bandsFig. 4, Ref. 44. The pump laser
ecules(m-quantum number® frequency is then kept constant on top of a single selected
For comparison, the population dynamics for the timerotational line while the dump laser frequency is scanned
sequence of a conventional SEP experiment is shown in Figaround the expected transition down to a sele¢teV) vi-
3. An oscillation of the population of the levell), |2), and  brational state in thes, electronic ground state leading to
|3) changing with the instantaneous Rabi frequencies can betationally resolved CIS spectra following the selection
recognized. In contrast to the CIS procéSig. 2), level|2)is  rules described in Sec. lll A. The relative frequency of the
periodically populated. For a realistic experiment with spa-dump laser is measured with a 150 MHz free spectral range
tial intensity distribution, Rabi oscillations with different fre- interferometer and the absolute frequency is calibrated by the
guencies overlap. This leads to an average population of thismultaneously measured fluorescence spectrum edpor.

Population

J. Chem. Phys., Vol. 103, No. 9, 1 September 1995
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TABLE I. Honl-London factordof perpendicular and parallel dump tran- T T T

——— ———— ——— —
sitions, 38540 38580 38620 [em™]
Rotational state J’ K” Honl-London factor
J=K'=4,1§ = -1 5 5 2.0 6!
perpendicular 5 3 0.04 0
4 3 0.4
3 3 1.56 CSHG Ar
J'=K'=4,1g = -1 5 4 0.2
parallel 4 4 0.8

&Calculated according to Ref. 55.
600y Bfss  6Lba(,=0)
\
Ill. RESULTS

A. Symmetry and selection rules

For an analysis of observed down transitions it is neces-
sary to discuss which transitions can be expected from sym
metry selection rules. In harmonic approximation point
group Cg, is adequate to derive the selection rules for vi-
bronic transitions in benzene—Ar. For the assignment of the
CIS spectra presented below, we discuss the selection rulgs
for dump transitions to vdW rovibrational states starting
from thed’=K'=4, 15 = —1 rotational levels in the vdW ‘

. . 1.1 2711 _ T T T T T T T T T T T T 1 T T T T T T T
V|bro_n|c states § 63_, and 6b (I, = 0) of symmetry -20 0 20 30 AviGHz)
speciesk; that are excited by the pump laser. HdrandK
are the rotational quantum numbers of a symmetric topsand
and b denote the intermolecular stretching and bendingFIG. 4. Upper trace: Low resolution vibrationally resolved vibronic spec-
modes respectively' the- vibrational angular momentum frum of the benzene—Ar complex measured by resonance-enhanced two-

ith h, ’ bde liti f h photon ionization. Note the three weak vdW vibronic bands to the blue of
V_Vlt the quamum numbeg causes a splitting of eac r_Ota' the Herzberg—Teller induced; ®rigin which include the additional excita-
tional substate in the degenerateahd 6 (see below vi-  tion of the vdW bending mode and the vdW stretching mode Lower
bronic states due to Coriolis coupliffg],, is the vibrational trace: Rotationally resolved spectrum of thisggband. The)' =K' =4, +I

angular momentum resulting from the degenerate vdW ben otational line indicated by an arrow was selected for the recording of the
IS spectrum shown in Fig. 5.

= -1
v, = 38 625.173(8) cm Voun | S K, 4l

ing modes.
The dump laser frequency is in resonance with the
61(J'=K'=4,+1)—6,(J"=K"=3) transition (Fig. 1) 2R
which is induced by vibronic interaction through thgskel- —ea) QsQbena: (1)
etal mode. The threefold degenerajegfound state has sym- 9Q6Qpen eq

metry A;+E, and is split in Ay(lg=0) and Ex(ls  containing the derivative of the electronic transition moment
==+2), respectively, with differing(skeletal V|brat|c_)nal R, with respect toQg and Qeng. Here Qg is the v, skeletal
angular _momenturﬁ‘?_ Both components are accessible by yormal coordinateQ,.qis the vdW bending normal coordi-
perpendicular tran.smons from th®y rOV|bror71|c states given nate, “eq” designates the equilibrium configuration. The
above. The selection rules for tite:l) labef together with  forfold degenerate B, states are split into the vibrational
AJ=0, +1 undAK==*1 lead to four allowed transitions to angular momentum componenfs!] = (0, = 1) and(+2,

the J", K", 1g = (5,5, = 2), (53,0, (43,0, and(3.3,0  +1) respectively® Only the[lg,Ip = (0, + 1) and(-2,
states with the relative intensities given by thenHd.ondon  _1)] states are allowed in a parallel transition according to
factors of the individual transitiondable ). These selection e (+1)-label selection rule. This is also valid for the al-

rules are also valid for dlf,mp transitions to thlisl? lowed 6b,s, rovibrational states. Similarly, only transitions

62bo(1y = Q), 6:52, 6251b5(l, = 0), 6,53, and Gby(ly, g thelg,lp = (0, + 3), and(—2,—3) rotational sublevels

= 0) vdW vibrational states. _ _in the the gbj vibrational state are possible. The respective
A different situation has to be considered for transitionsygni—London factors are listed in Table I. With these selec-

to the sixfold degeneratelfi,, 6,b;s;, or 603 vdW vibra-  jon ryles in mind we are able to find an assignment of the

tional states withB;+B,+2E; symmetry. Transitions t0 pserved peaks in the CIS spectra presented below.
these states aret electronically symmetry allowed from the

upper 6, 6's', or 6'b? states. However, theibronic symme-
try condition includes the possibility to reach thg states
via parallel (AK=0) transitions. In this case, intensity is
induced by second-order Herzberg—Teller coupling via the  The recording of rotationally resolved ground state spec-
induced transition moment tra in benzene—Ar with the CIS double resonance technique

B. CIS spectra of high vdW vibrational quantum states
in the S, intermolecular potential
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represents a characteristic feature of the coherent process.
6's'(J=K'=4,+I) = 6,5, The broad width of the deep ion dips is due to a saturation
N ” and the special shape was explained using a density matrix
A J\ approach taking into account a spatial Gaussian intensity
profile as well as the orientational distribution of the mol-
ecules(m-quantum numberin our recent work? In the dis-

played spectra, two weaker dips are seen resulting from
smaller Hml-London factorgTable )) of these transitions as

100 %

50 %

srassso@ o’ 7369623 am” has been shown in the Strnd CIS® spectra of bare ben-
T~ zene in our previous work. All dump transitions are sche-
0% matically displayed in Fig. 6.
6'b%(/,=0), (J=K'=4,+]) — 6,b,(/"=0) Up to now, only three vdW vibronic states have been

detected in the vdW vibronicS;«<S, spectrum of
NJUUMM benzene—Ar both from lowvibrationa)®> and high (rota-
tional) resolution experiment&ig. 4).***1n Fig. 6, we dem-
onstrate that we were able to detect a large number of vdW
vibrational quanta at high energy in tBg state with the CIS
method. This demonstrates the high sensitivity of the

method. Now we discuss the measured vdW rovibrational
37366.98(3) om™ spectra in detail.
\

100 %

50 %

37364.24(3) om™

1. 6, state

The 66, transition without additionally excited vdwW
FIG. 5. Coherent ion difCIS) spectra of the §, and 6b,(17 = 0) states statgs was chosen as 'asta'rtlng point. The frequenmes of the
in benzene—Ar with the’ =K' =4, +| rotational levels of the &' and  rotational dump transitions in the CIS spectrdiig. 5 can
61b2(1;, = 0) vibronic levels used as upper intermediate state levels, rebe described by the energy formula for a symmetrictop
Speclt_ivte'é’? ‘fnd?ﬂglee t:aﬁgo{é;t;zngtgsct?;ed?g?: gg t:fltHobovf:g?en Laz-chro(Table ). Since the difference between the rotational con-
tnoc:ljslljreeccljrdefjl for z;lbsolute frequgncy calibrp;tign. P g StantSAZ N Ag and BZ N Bg IS S,ma” compared to the
accuracy of the frequency scale in the experimea800
MHz), we use the constangg) andBg to calculate final state
requires a detailed understanding of the rotational structurpositions in the electronic ground stafelsing this approxi-
of the vibronic and vdW vibronic bands in tiS state of the mation, the effective Coriolis coupling constaff; and the
complexX** (see Fig. 4 used as an upper intermediate staterotationless originsG, of the 6,(Iz=0) and (I ==2)
for the CIS process. Rotational lines representing individuaktates split by the vibrational—-angular momentum are de-
rovibronic transitions must be selected in order to define theived from the experimental frequency positions.
initial state and the intermediate upper state in the effectivdVith (3s=—2{z=—1.15 (Ref. 48 the two rotationless
three-level system. ThévdW) rovibronic line structure in  origins Go(6,,1§=0)=1215.93(3) cmt and
benzene—Ar is more condensed than in tebénd of the Go(6,,1p=+2)=1215.96(3) cm' result, respec-
benzene monomer. For this reason, it is difficult to tune thdively.
pump laser frequency to a specific identified rotational line
and keep the laser frequency fixed on top of the line during _1
the scan of the dump laser frequency. It was possible t§- 6201 State at 6 ,+32.8 cm
unambiguously select the relatively strodg=K'=4, AJ The rotationally resolved CIS spectrum of this state has
=AK=+1 pump transitions in the36 63s3, and b3 vdW  been recorded starting from a selected rotational levelSp a
vibronic bands of benzene—Ar as upper states of the lambdadW vibronic level which is located 31.164 ¢rhto the blue
type three-level systerFig. 1). of the 6 state. The assignment as thgh§ state results from
In Fig. 5, two CIS spectra are shown resulting from aa comparison with different high and low resolution mea-
scan of the dump laser frequency with the pump laser fresurements(i) in pDFB—Ar we found experimental proof for
guency fixed at resonance with tli¢'=K’'=4,+1) rota- the assignment of the short in-plane bending mode with a
tional states of the '8 (Fig. 4 and 6'b?(I;, = 0) vdW fundamental frequency of 34 cthin the S; state’® From a
vibronic states. The spectra were detected at intermolecul&inematic point of view, i.e., considering the vdW bending
energies(relative to the position of the,6 S, stat§ which  mode as alibrational motion>*?> we concluded that the
are close to the respective intermolecular energies of the coshort in-plane bending mode ipDFB—Ar has a frequency
responding vdW vibronic states in tisg electronic state. In  which nearly equals that of the bending mode in benzene—Ar
agreement with the rotational selection rules derived in Secsince the former does not include a motion of the heavy
[l A, four rotational dump transitions are found in each casefluorine atoms. This is evidence for the assignment of the
at the frequency positions listed in Table Il. The strongesvdW vibronic band at 31.164 chl in benzene—Ar(see
dump transitions lead to dips with 95% degfig. 5). Thisis  above as the b band. (i) In recent work the rotational
similar to the CIS spectra of the benzene mondmand  spectrum of this vdW vibronic band in benzene*Awas

0%
Dump Frequency —
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TABLE Il. Rovibrational assignments in the CIS spectra of benzene—Ar.

So:Elem™t
S, (exp) Vib. J K" 4 Vgl cmt
6, 1216.893) 6, 3 3 0 0
1217.213) 4 3 0
J=K'=4,l;= -1 1217.6@3) 5 3 0
1219.623) 5 5 -2
6'b* 1249.683) 6,b, - - - 32.8
1249.793) - - B,
JKE 1250.093) -
not determined 1251.18
1251.513) -
6's?, 1256.893) 6,5, 3 3 0 39.9930)
1257.193) 4 3 0
J=K'=4,l= -1 1257.583) 5 3 0
1259.613) 5 5 -2
6'b2, 1282.303) 6,b, 3 3 0,0 65.3%B)
1282.613) 4 3 0,0
J=K'=4,l}= -1, 1282.983) 5 3 0,0
I;, =0 1285.0%3) 5 5 -2,0
6'st, 1294.033) 6,5, 3 3 0 77.113)
1294.333) 4 3 0
J,:K’:4,Ié: -1 .. - - -
1296.75%3) 5 5 -2
6lsl,J' =K'=4, 1312.983) (6,by) 4 4 0,+3) (95.623))
li= — 1 1315.693) 5 4 —2,-3)
or or
6'b%,J'=K'=4, 1312.923) 6,50, 3 3 0,0 96.083)
lg= — 1,1,=0 1315.683) - -
5 5 -2,0
6's?, -8 6,5; - - - 117.173)
...a - - -
J,:K’:4,Ié: -1 ... - - -
1336.793) 5 5 -2
6'b2, 1345.043) 6,b,+ 128.2
J=K'=4,l= - 1, 1347.7Q3) combination
/=0 1348.1%3)

#Transition is too weak to be detected.
bDifference between the frequencies of lowest energy rotational state and the lowest energy state siystens

explained assuming a parallel transition including Coriolis3. 6,s; state at 6 ,+39.99 cm ™!

interaction because of the degeneracy of the bending . i .
modes (jii) From stimulated Raman spectroscopic mea- | n€ Peak positions in the CIS spectruffig. 5 can be

surements with lower (vibrationa) resolution, Maxton analyzed following the discussion for the tate(Tables |

et al??found a band at about 33.5 cthwhich they assigned ang ). The Y?W vibronic  frequency  shift

to the bending frequency. This value is in agreement with the® *vaw=39-99(3) cm ™ of the resulting rotationless origin

value of this work. nearly equals the vdW vibronic shift in th®, (6's') state
Since the rotational quantum number of the selected up-9#vaw=40.102 cm* Ref. 44].

per (rovibronic) level in the b3 band has not been identified

during the experiment, we cannot give a rotational assign-

ment of the dips detected in the CIS experiméFable ).

quever, we can state that thetermolecular frequency 4 6,b,(/ = 0) state at 6 ,+65.39 cm ™2

shift of the 6b; ground state, 524y :=Go(6,b1,l5

=0)—Go(6,,1=0)=Gy(65b1,l5=—2)—Gy(6,,lg=—2) The experimentally observed rotational structure of the
is significantly higher(52/4,~32.8 cm ) than the analo- vibronic b3 band was well simulated in our previous work
gous intermolecular frequency shifizy,, of the S; (6%  using {le= — 0.5734(2)* Thus it is clear that this band
state[ 5#,yy=31.164 cm' (Ref. 44]. represents the transition to thg (= 0) component of the
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| |
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o
I

50 100 S
T 1 T T T T 71 °T Y 0
6 6,b, 6,8, 6,b,(11=0) 6,8, 6,5,b,(/\=0) 6,5,

60 |-

FIG. 6. Scheme of vdW vibronic level®) in S, (intermediate stajeand

vdW vibrational levels|3) in S, (lower stat¢ investigated in this work.
Observed transitions are indicated by the solid lines connecting the upper
and lower scales. The intermolecular energy positions represent the experi-
mentally determined valug3able ).

30+

S, van der Waals Excess Energy / cm -

2 3 4
Number of Quanta

[=3
ot

6'b? state. The CIS spectrurtFig. 5 starting from the
61b%(1|, = 0) state is located at roughly the same frequency _
L. . FIG. 7. Excess energy of detected vdW stateSjrof benzene—Ar as a
as_ the 6_>§2 tran5|t|(_)ns. From th'_s we ConCIL_Jde _that function of excited quanta of the vdW stretching mod®&9 and bending
Avib,4=0, i.e., there is no change in the vdW vibrational modes(O). The solid line represents a quadratic fit to the experimental
guantum number and we assign vibrational state detected iwints.
the CIS spectrum as,b,(l;, = 0). Here we additionally
used theAl=0 selection rule. The rotational assignment is
identical to that in the CIS spectrum of the §ate(Tables |
and Il). The resulting vdW vibrational frequency shift of the
rotationless origing#y, = 65.39(3) cm’is slightly but
significantly higher than the corresponding, (62 I}
= 0) vdW vibronic shift (6,4, = 62.882 cm® [(Ref.
44)].

intensity. This contradicts the expected intensity ratio of 4 for
the two transitions expected from the strongly differing
Honl-London factors(Table ). Another argument against
the assignment as a parallel transition originates from the
energy positions of the dips. From the energy formula of a
symmetric top with{j = +0.575 of bare benzerfé a
Coriolis coupling constant for the bending modg,

5. 6,5, state at 6 ,+77.11 cm™* =+0.130 results. This value is significantly different

Using the és! state as an upper state a vdW vibrationalfrom the value of¢;, = +0.2117resulting from the fit of
ground state ab#y, = 77.11(3) cm® was detected. As the rotationally resolved} band of benzene—Af.*?Both
mentioned above no state with comparable intermoleculaihe intensity and the energy assignment make the assignment
energy could be found in th®, state. The detection shiore ~ @s @ parallel transition unlikely.
than tworovibratoric dips in the vdW vibrational state under It is more likely that the two ion dips result from a per-
discussion(Table 1)) is proof of a perpendicular transition Pendicular transition. The missing four symmetry-allowed
(see Sec. Ill Aand Table li.e., the symmetry species of the rotationgl dump transitions are not detected because of their
excited vdW vibrational state in th&, electronic state ig,.  Weak Hal-London factorgTable ). This conclusion is cor-
Together with the observed frequency position of 77.1Ttm roborated by the frequency difference of the two observed
to the blue of the 56, transition this is evidence for the Peaks being the same as the analogous distance of the two
assignment as.8, state(Table I, Fig. 6. strongest dips in the CIS spectra of the transitions leading to
the 6, 6,5;, and 6b,(l;, = 0) stateqTable I). Assuming a
perpendicular transition, only combination states containing
totally symmetric vdW modes can be reached from the 6
For dump transitions leading to intermolecular energiesand 6h? states. This leads us to the tentative assignment of

of 96 cm* starting either from the '8 or the 6b°(1;  the state at 96 it as the Gs,b,(I], = 0) state(Table Ii).
= 0) states as upper intermediate states of the CIS process

(Fig. 6, Table 1) only two ion dips could be detected.

Following the symmetry selection rules discussed in Sec
[l A this could be taken as an indication forparallel dump
transition leading e.g. to the,I; state which should be lo- The observed single dip at a total vibrational energy of
cated in this energy region. In this case the dip at 1312)93 1336.793) cm ! (Table ll) is assigned as the rotational tran-
cm ! would be assigned as a dump transition to thesition with the largest Fiol—London factor of a weak per-
(J"=K"=4, 1§ = 0, I} = +3) state, and the dip at pendicular transition. The assignment to thss6state fits
1315.693) cm ' to the (J"=5, K"=4, I}, = —2, I}  best to the observed vdW vibrational frequency shift of
= —3) state, respectively. We found ion dips of comparables#y, = 117.17(3) cm® (Fig. 6).

6. State at 6 ,+96 cm ™1

7. 6,55 state at 6 ,+117.17 cm™!
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TABLE Ill. Experimental and theoretical intermolecular energies. the nearly unchanged stretching frequency seem to be at
variance with this argumentation but this dependence can be

Experimental, Experimental, Theoreticadl . . . . . .
vdW vibration S, statdlomt S, statelem® S, state/em? explained by é(lnematlceﬁegt due tp the increasing size -of
the benzene ring and thus increasing moments of inertia of
bll ié-ig‘z‘ gg-g@) 4?0(5;7 the monomer upon electronic excitation. Considering the
b2(1,-0) 62 887 65.3@) 6439 vdW bending mode as a librational méb-”éz-wnh a (hin-
s2 not observed 77.13) 79.35 dered internal rotation of the monomer within the complex,
b3 not observed not observed 90.5 the decrease of the bending frequency upon electronic exci-
s1b2(l,=0)  not observed 96.03) tation becomes clear as has been shown in Ref. 21. Using the
s3 not observed 117.13) | ical f | f h bendi f .
ba not observed 1282 classica grmuzg for the _bending requencies
Voeng™ (L/+1</1,)=° with the B rotational constants of ben-
“Taken from Ref. 44. zene derived in our previous wdrk(l,, is the in-plane mo-

"Taken from Ref. 31, ment of inertia of benzengy the reduced mass, andthe

distance of the rare gas atom from the center of mass of
8. States at 6 ,+128 cm™! benzeng we obtain vye d Sp)/ vhend S1)=1.025, i.e., ade-

In this frequency range, three ion dips were detectereaseof the bending frequency by2.5% upon electronic
(Tab|e ||) but the frequency Spacings are not consistent Witl’ﬁXCitation. This is in reasonable agreement with the eXpeI’i-
the pattern of rotational transitions to onbpe vdW vibra- ~ mentally observed decrease-e#% (see above The experi-
tional state. We tentatively assume that the two lowest energinentally detected change of vdWibrational frequencies
ion dips represent the two strongest rotational dump transidpon electronic excitation demonstrates that experimental re-
tions to the Gh,(l{ = 0) state. sults for theS, state cannot be directly compared with theo-

The intermolecular energies of all vdW vibrational levels retical results from quantum mechanical bound state calcula-
discussed above are summarized in Fig. 7 and displayed agians performed for th&, state. Table 11l compares the new
function of their stretching and bending vdW vibrational experimental results for thg, state with theoretical results
quantum numbers. The frequency positions seem to displayfar this state. It demonstrates agreement between theoretical
harmonic behavior. However, we would like to stress that theand experimentalCIS) data at a satisfying level. The theo-
assignments to accurate vdW vibrational quantum numbergtical values are taken from a 3D quantum mechanical
are only valid for the low intermolecular energy states in acg|culatiodt based on the Morse-fit to armab initio
linear approximation. For higher intermolecular energiespotentia|§4 The experimental data presented in this work

mixing of intermolecular bend and stretch motion has 0 b&ny he the basis for critical comparison with theoretical re-
taken into account as demonstrated recently by the analysig, is jeading to an improvement of the theoretical intermo-
of vibration—rotation coupling in the high energy vdwW lecular potential

modes ofpDFB-Ar."" In conclusion, we presented the rotationally resolved
spectrum of the vdW modes of ground state benzene-Ar up
to an intermolecular energy of 130 ¢ We have been able

In Table Ill, the vdW vibrational frequency shifts of the to detect the corresponding weak bands using the new tech-
ground (Sp) state obtained from coherent ion dip spectros-nique of coherent ion dip spectroscoi§lS). Benzene—Ar is
copy (CIS) in this work are summarized and compared to theparticularly suitable for CIS experiments because the perpen-
vdW vibronic frequency shifts of the, state derived in our  gicylar rotational band structure of the vdW vibronic bands

recent work from rotationally resolved REMPI specttdn it individual rotational lines allows one to select single
addition, theoretical vdW vibrational frequencies from three-.oi~iional transitions for the pump transition. This is inevi-

dimensional (3D) quantum mechanical calculatidisare 16 for 4 CIS experiment which is based on the selection of

listed. It is clearly seen thel, and S, vdW vibrational fre- an effective three-level system. While in benzene—Ar only

quencies do not differ very much. Nearly no change of the’[hree vdW vibronic bands have been detected up to 63'cm
fundamental vdW stretching frequency is detectable from

our experimentTable Il, Fig. 8. However, the fundamental mterr_n_o!ecular energy in th&;—S, spectrunf,* the high
bending frequency in £h§0 state is high’er than in the sensitivity of the CIS method enabled us to detect more than
1

state by~1.5 cm* or 4%. This difference may have two 7 vdW vibrational states in th&, state of the benzene—Ar

different reasons(i) The different intramolecular vibrational complex up to 130 ¢’ intermolecular energy; six of these
energies of the 6and 6 states excited in combination with States have not been detected before. _

the vdW mode of(ii) differences in the intermolecular po- AN important future goal of CIS experiments is to deter-
tential of the electronic ground and excited states. We exMine the rotational constants of the ground state vdW levels.
clude the former mechanism since the stretching frequencor this various CIS spectra of each vdW vibrational state
was found to be unchangésee above At first sight, differ-  using several different selected upper rovibronic levels have
ent vdW potentials with a somewhat stronger binding energyo be measured. In this way, information about vibration—
in the S; state(~21 cm 1) should result increasinginter-  rotation coupling will be obtained and directions and ampli-
molecular frequencies in thg, state. The observedecrease tudes of the intermolecular motions can be derived and com-
of the vdW bending frequency upon electronic excitatioid ~ pared with results from recent theoretical approaches.

IV. DISCUSSION AND CONCLUSION
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