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15. Doppler-Free Spectroscopy of Large Polyatomic 
Molecules and van der Waals Complexes 

H J . Neusser, E. Riedle, T. Weber and E.W. Schlag 
With 5 Figures 

It is shown that high-resolution spectroscopy with tunable dye lasers leads to 
rotationally resolved electronic spectra of large molecular Systems. Two-photon 
absorption of narrow-band cw light in an external cavity eliminates Doppler 
broadening in the Sx <- S0 transition of the prototype organic molecule benzene. 
Several thousands of rotational lines in the room temperature spectrum are 
analyzed, providing spectroscopic constants with a hitherto inaccessible pre-
cision. Investigations of the homogeneous linewidth of individual rotational 
transitions reveals that Coriolis coupling plays an important role in the 
intramolecular energy redistribution process in this molecule. Aided by the 
reduced Doppler broadening in a skimmed cooled supersonic beam, rota­
tionally resolved UV spectra of benzene-noble-gas van der Waals Clusters were 
measured. These measurements yield precise Information on the van der Waals 
bond lengths and structures of these complexes. 

15.1 Introduction 
The advent of narrow-band tunable dye lasers [15.1, 2] has caused a break-
through in the precision of atomic spectroscopy and, more recently, has allowed 
high-resolution molecular spectroscopy of Systems with many vibrational de-
grees of freedom to be performed. Several techniques have been developed that 
push gas-phase spectral resolution below the natural barrier set by Doppler 
broadening [15.3]. Spectroscopy in collimated beams, Saturation spectroscopy, 
polarization spectroscopy and Doppler-free two-photon spectroscopy were 
originally demonstrated for atoms to reveal the underlying line structure of a 
Doppler-broadened transition. In this contribution we would like to summarize 
some of our important new results achieved for isolated organic molecules. Two 
different types of experiments are described leading to Doppler-free spectra of 
either a large polyatomic molecule at room temperature or of van der Waals 
complexes at low temperature. Typical examples for the spectra and the new 
information revealed are presented. 

15.2 Doppler-Free Two-Photon Spectroscopy of Benzene 
Following the successful application of Doppler-free methods in atomic physics, 
these techniques have rapidly gained importance in the spectroscopy of poly-
Topics in Applied Physics, Vol. 70 
Dye Lasers: 25 Years Ed.: Dr. Michael Stuke 
© Springer-Verlag Berlin Heidelberg 1992 



206 H J . Neusser et al. 

atomic molecules. Of the various methods mentioned above, Doppler-free two-
photon absorption was the technique first successfully applied to large mole­
cules [15.4]. One advantage of two-photon excitation is that narrow-band 
visible laser light can be used to observe electronic transitions occurring at UV 
photon energies. Indeed most polyatomic molecules, and in particular organic 
Systems, begin to absorb in the UV part of the spectrum. Other important 
advantages are that all molecules within the interaction volume contribute to 
the Doppler-free signal independent of their velocity and that the Doppler-
broadened background (due to the absorption of two photons from one laser 
beam) can often be suppressed by proper choice of laser polarization [15.5, 6]. 

The typical experimental set-up for a Doppler-free two-photon experiment 
consists of a tunable laser light source with a frequency width narrower than the 
Doppler width (typically a frequency stabilized single-mode cw dye laser) and a 
gas cell that contains the low-pressure molecular gas under investigation. 
Elimination of the Doppler broadening is achieved by the absorption of two 
photons propagating in opposite directions. This is accomplished by placing the 
gas cell within a Standing light field, e.g., in an external resonator as originally 
suggested by V a s i l e n k o et al. [15.7] or by back reflection of the laser beam onto 
itself. For molecular spectroscopy, the sensitivity of the external resonator 
arrangement is an important advantage. The oscillator strength of a molecular 
electronic transition is distributed over many vibrational transitions according 
to the Franck-Condon principle. Furthermore, even at room temperature, tens 
of thousands of rovibrational ground State levels are populated and the effective 
population density of a Single rovibronic State is smaller by four Orders of 
magnitude than the total gas density. Finally, in many polyatomic molecules the 
fluorescence quantum efficiency is smaller than unity due to fast nonradiative 
processes occurring within the isolated molecule. The greater sensitivity of the 
external resonator with its light intensity enhancement of one order of magni­
tude is often the only way to raise the two-photon signal above the detection 
threshold in a cw experiment. 

The scheme of a Doppler-free two-photon experiment with external cavity as 
used in our laboratory [15.8] is shown in Fig. 15.1. The external cavity is locked 
to the cw dye laser frequency with a technique developed by Hänsch and 
C o u i l l a u d [15.9]. Two-photon absorption is monitored by detection of UV 
fluorescence from the excited level. At room temperature the Doppler-free 
spectrum of a polyatomic molecule consists of many thousands of rotational 
lines which arise from the large number of thermally populated ground State 
levels. For demonstration a small portion (10%) of the 14J vibronic band of 
benzene with a resolution of 10 MHz is shown in Fig. 15.2. Every line represents 
a Single rotational transition. Typically the line density in the spectrum is more 
than 150 lines/cm" l . In benzene, on an average, about 8 lines are located within 
the Doppler width of 1.6 GHz. For this reason every laser scan yields a 
tremendous number of data points which have to be rapidly transferred to and 
stored in a Computer with sufficient memory. The complete spectrum is assem-
bled by many individual laser scans of typically 30 GHz (1 cm"1) . 
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Fig. 15.1. Scheme of the experimental set-up for Doppler-free two-photon fluorescence excitation 
spectroscopy of polyatomic molecules. The cell containing the molecular gas is placed in an external 
concentric cavity, which creates the Standing wave field for the two-photon absorption from 
counterpropagating light beams 
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Fig. 15.2. Doppler-free two-
photon spectrum of a small por-
tion of the 14J vibronic band in 
benzene, C6H6 . Every line corres-
ponds to an individual rotational 
transition and has been assigned 

The rotational line spectrum can be described by a semirigid Symmetrie top 
Hamiltonian including quartic centrifugal distortion constants. A fit of the 
theoretical spectrum to the accurate line positions yields precise rotational 
constants and centrifugal distortion constants of the ground and excited 
electronic State. The precision is higher by two Orders of magnitude than the 
constants obtained from conventional high-resolution but Doppler-limited UV 
spectroscopy [15.10]. A typical result for the rotational constants in the 
electronically excited 
= 0.090711 cm 141 State is 

with an accuraey of 10 6 cm 1 
F 1 4 = 0.181284 cm" 

[15.11]. and C u 
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In addition to the precise spectroscopic studies of molecular structure, 
Doppler-free two-photon absorption provides important information on mo­
lecular dynamics. After the inhomogeneous Doppler broadening is eliminated, 
the homogeneous linewidths of molecular transitions can be observed. At gas 
pressures of several mbar, the homogeneous linewidth is governed by collisional 
broadening, but at lower gas densities the linewidth is determined by dynamic 
processes taking place within the isolated molecule. In recent years there has 
been a growing interest in the study of intramolecular dynamics within the dense 
bound level structure typical of large molecules. Dynamics in a molecule with 
discrete level structure is of particular interest in photochemistry in order to 
understand the photophysical primary processes which occur before a poly­
atomic molecule undergoes a chemical reaction. Nonradiative processes such as 
internal conversion (IC), intersystem crossing (ISC) and intramolecular vibra-
tional energy redistribution (IVR) are internal energy redistribution processes 
important for every chemist. 

It is the goal of high-resolution spectroscopy to elucidate the above-
mentioned dynamic processes. The precise investigation of these processes is 
only possible if the excitation is selective enough to lead to an excitation of Single 
defined quantum states. 

In Fig. 15.3 the measured homogeneous linewidths of three individual 
rotational transitions in the 14112 vibrational State at a high excess energy of 

-100 

i ' i i i i i i i i i i 

— r 12,7 MHz 

0 VI00 Av [MHz] 

Fig. 15.3. Measured homogeneous 
linewidth of three rotational lines of 
the 14jlo band at an excess energy of 
3412 cm" \ The solid lines represent a 
Lorentzian curve fitted to the experi­
mental points. The linewidth increases 
with increasing J due to Coriolis coup-
ling [15.8] 



Doppler-Free Spectroscopy of Large Polyatomic Molecules 209 

3412 cm " 1 in the electronically excited State of benzene are shown [15.8]. The 
transitions lead to the defined states with rotational quantum numbers J'K. 
= 20, 60, and 140, respectively. It is clearly recognized that the Lorentzian shape 

(solid line) of the lines increases from 12.7 to 53.2 MHz with increasing J' 
quantum number. This Situation resembles the rotational predissociation phe-
nomenon typical for small molecules [15.12]. Here, in the large molecule 
benzene the rotational dependence of the linewidth clearly points to parallel 
Coriolis coupling. Thus, it is seen that Coriolis coupling, i.e. coupling of 
vibrational states through the rotation of the molecules, is an important 
coupling mechanism leading to intramolecular redistribution processes (IVR) of 
energy in large molecules. 

15.3 Doppler-Free UV Spectroscopy of Benzene-Noble-gas van der Waals Clusters 
In the past decade there has been growing interest in the spectroscopy of van der 
Waals complexes. The production of isolated atomic and molecular Clusters has 
become feasible in cooled supersonic jet expansions [15.13]. The cold molecular 
beam provides another important advantage for high-resolution spectroscopy, 
i.e. the reduction of the transversal velocity distribution and consequently of 
Doppler broadening by selecting the central part of the beam with a skimmer. 
Thus, elimination of Doppler broadening can be obtained without using 
nonlinear techniques such as Saturation spectroscopy or Doppler-free two-
photon absorption. 

In a supersonic jet expansion it is not possible to produce a single-cluster 
species, but rather, in addition to the monomer constituents of the gas mixture, a 
variety of Clusters of difTering composition and size is produced. The spectra of 
the different species may overlap and it is often difficult to distinguish them in 
the fluorescence excitation spectra. For this reason we combined high-resolution 
spectroscopy with resonance-enhanced two-photon ionization [15.14]. The 
produced ions can be mass-analyzed and integrated for a selected mass. This 
leads to highly resolved (Av = 130 MHz) mass-selected two-photon ionization 
spectra reflecting the UV intermediate State spectrum of the selected Cluster 
species. 

Pulsed excitation with high spectral resolution is necessary for an efficient 
two-photon ionization. Light having these properties is provided by amplifica­
tion of the single-mode cw laser in a three-stage amplifier System pumped by an 
excimer laser. The light pulses are Fourier-transform-limited with a bandwidth 
of 80 MHz and a peak power of nearly 1 MW. Absorption of the narrow-band 
frequency-doubled light pulses leads4o an excitation of the Sx electronically 
excited State of the Clusters within the molecular beam. A second broadband 
laser pulse ionizes the excited Clusters. Both light beams interact perpendicularly 
with the molecular beam so that Doppler broadening is reduced to some 
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40 MHz and sharp intermediate State spectra can be obtained when the first 
laser is scanned. The ions are mass selected and detected in a linear time of flight 
mass spectrometer with a resolution of m/Am % 250. 

With this technique we were able to resolve the rotational structure in the 
vibronic bands of benzene-noble-gas dimers and trimers. This allows us to 
determine the structure and the exact bond lengths of these complexes. 

The high spectral and mass selectivity achievable is demonstrated in Fig. 
15.4 by the Doppler-free spectra of the strongest one-photon vibronic band, 6J, 
of two isotopic benzene-noble-gas dimers C 6 H 6 • 8 4 Kr and C 6 H 6 • 86Kr[15.15]. 
By separate Integration of the ion current at the different isotopic masses, both 
spectra are measured simultaneously within the natural isotopic mixture of Kr. 
The complexes are produced by expansion of 6-mbar benzene seeded in 5-bar 
Kr through a pulsed 300-jim nozzle. Since the natural abundance of 8 6 Kr 
(17.3%) is only one third of 8 4Kr (57.0%), the vertical scale of the upper 
spectrum in Fig. 15.4 is expanded by a factor of 3. 

Both hands display the rotational structure of a prolate Symmetrie top with 
a rotational temperature Trol % 1.5 K. On the low- and high-energy side of the 
spectrum, well-resolved strong lines appear which are assigned to the P and R 
branch, respectively. The seven strong features in the center of the band are 
subbranches of the Q branch with partly overlapping rotational lines. The blue-
shaded wings of the subbranch originate from lines with constant K' and AK but 
varying J' and indicate an increase of the B rotational constant in the S t State. 
Due to the small relative mass change between the two Clusters of only 1.2%, the 
differences in band structure and line positions cannot be seen by naked eye, but 
only by detailed analysis of the data. 

For a precise determination of the rotational constants a two-stage Com­
puter fit to the line positions was performed, aecording to a rigid Symmetrie top 
energy formula. In the first step, the ground State constant BQ is evaluated by 
combination differences [BQ = 0.026562(13) c m " 1 for C 6 H 6 - 8 4 K r and BQ 
= 0.026263(21) c m - 1 for C 6 H 6 - 8 6 K r ] , i.e. frequency differences of transitions 

v6"6 r" v 0 : 38 572 692 (7lern1 

i—1—1—1—r 

LQ Av [GHz] 

Fig. 15.4. Mass-selected rota-
tionally resolved UV spectrum 
of the 6j band of the 
C 6 H 6 - 8 6 K r (upper trace) and 
C 6 H 6 - 8 4 K r (lower trace) van 
der Waals Clusters. The two 
spectra were measured for Kr in 
natural isotopic abundance. 
Note the increased vertical scale 
of the less abundant 
C 6 H 6 • 8 6 Kr isotopic Cluster 
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Fig. 15.5 Structure of the C 6 H 6 8 6 Kr van der 
Waals Cluster. The Kr atom is located on the C 6 
symmetry axis of the benzene molecule. The bond 
length of 3.68 Ä in the electronic ground State 
decreases by 70 m Ä upon electronic excitation of 
benzene 

starting at the same ground State but leading to different excited states. In a 
second Step the excited State constants Äv [0.090838(5) cm" * ] , B'V 
[0.027266(15) c m " 1 for C 6 H 6 - 8 4 K r and 0.026962(24) cm" 1 for C 6 H 6 - 8 6 K r ] , 
and Ceff [ — 0.5860(3)] are fitted to about 100 unblended rotational lines of the 
experimental spectrum. By means of a simultaneously measured iodine absorp­
tion spectrum, it is possible to fix the band origin, v0, to an accuracy of 
0.007 c m " 1 (see Fig. 15.4). The Standard deviation of the fit is 23 MHz, which is 
less than a fifth of the spectral linewidth. 

The low Standard deviation and the absence of an asymmetry Splitting of the 
lines with low K values within the experimental resolution demonstrate that the 
C 6 H 6 • Kr Cluster is a prolate Symmetrie top, with the Kr atom located above the 
benzene ring on the C6 rotational axis (Fig. 15.5). From the vibrationally 
averaged rotational constants BQ and B'V, accurate values for the effective bond 
distance <rKr> in the S0 and the SX State are calculated. They are identical for 
both isotopic species and are given in Fig. 15.5. Due to a slightly larger ring size 
and a higher polarizability of benzene in the State, the bond distance 
decreases upon electronic excitation. 

Recently, similar experiments on benzene-Ar2 have shown that the second 
Ar atom is located in the symmetrical position on the other side of the benzene 
ring [15.16]. No change in the benzene-Ar distance is found when the second Ar 
atom is adsorbed to the benzene surface. This points to a vanishing three-body 
interaction between the two Ar atoms in the Cluster through the benzene plane. 
Such data represent basic information necessary for a microscopic understand-
ing of the van der Waals interaction in organic molecules. 

15.4 Summary and Conclusion 
In this note we have shown that Doppler-free spectroscopy is now feasible for 
large molecular Systems. Using narrow-band dye lasers, Doppler-free spectra 
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were measured either by two-photon absorption from counterpropagating light 
beams in a room temperature gas sample or by expansion and cooling of a high-
pressure gas sample through a nozzle, reducing the Doppler broadening. 
Analysis of these spectra provides hitherto inaccessible information on molecu­
lar structure and intramolecular dynamics. Structural information is parti-
cularly interesting for weakly bound molecular Clusters. In this way a micro-
scopic understanding of solvation and complexation processes is expected in the 
near future. 
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