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Chapter 1

Introduction

This chapter is an introduction to the experiments and the results presented in this thesis.
A general outline of the theory behind the experiments will be given. The theory is divided
in two parts, part one contains a global overview of highly vibrationally excited molecules
up to the dissociation level, the second part is devoted to the basics of low energy vibrations
of van der Waals complexes. The detection method (REMPI) and the experimental set-up
used in most experiments is discussed in detail.
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1.1

Survey

A poly-atomic molecule or a van der Waals complex can vibrate in many different ways.
If a poly-atomic system is excited into a single isolated normal mode then the vibration
is simple to describe and resembles the vibration of a diatomic molecule. If, however, the
polyatomic system is excited with many photons distributed over all vibrational modes to
high vibrational quantum states, theory gets more and more complex and at very high
excitations chaos possibly takes over (another way of saying that we do not know what is
exactly happening; it is still unknown how to make a proper quantum-mechanical discription
of these high excitation processes).
Much is known about vibrational excitation of small molecules, and much is still un
known. The aim of this thesis is to investigate those types of vibrational excitation of
molecules and complexes that form the limits of our present knowledge. On the one hand
this will be the high vibrational excitation of CF 3 I in the ground state and the low and high
vibrational excitation in the electronically excited states of CF3I. On the other hand are
the very low frequency van der Waals modes in complexes containing the DABCO molecule
that will have our attention.
The first part of this thesis is devoted to one single molecule, CF3I, which is chosen
because of the possibility of multi-photon excitation with presently available pulsed IR
CO2 lasers. CF3I is known to be able to dissociate after absorbing many (±20) CO2 laser
photons. The precise process leading to multi-photon excitation and dissociation is still
unknown, although many experiments have been carried out and theory is in progress. We
have applied the method of Resonance Enhanced Multi-Photon Ionization (REMPI) for
measuring the amount of excitation in CF3I. The REMPI measurements were performed
in order to investigate the electronically excited states of CF 3 I in chapter 2 and 3. New
electronic state origins are found and many of their vibrational states are assigned. These
results are used in chapter 4 on highly excited CF3I with vibrational excitation to energies
of about 4000 c m - 1 . The vibrational excitation in the electronic ground state is obtained
in these measurements by heating CF3I in an oven or by pumping CF3I with a pulsed CO2
laser.
Stimulated Emission Pumping (SEP) in combination with transient gratings is a sen
sitive method for probing high vibrational levels and is presented in chapter 5. This very
challenging technique is tested on CS2, a rather well studied molecule which exhibits strong
Fermi-interaction between levels of the same polyad [1]. We will see a strong difference in
the vibrational excitation process between the small tri-atomic CS2 and the larger CF3I
molecule. In the first molecule distinctive vibrational levels are measured up to «11000
cm - 1 , while no levels higher than «4000 c m - 1 are found for CF3I.
This is one end of the vibrational energy scale which is full of unsolved questions about
highly vibrational excited molecules. The low frequency («5-40 cm - 1 ) van der Waals vibra
tions of complexes form the other end on the vibrational energy scale. These low frequency
modes, exhibiting large amplitude motions, are investigated in the last two chapters of this
thesis on "DABCO containing van der Waals complexes". The spectra of DABCO·Ar„ with
η ranging from 1 to 7, DABCOXe and DABCODABCO are presented and discussed in
12

Introduction
chapter 6. The van der Waals vibrations in these complexes are assigned in chapter 7 aided
by the results of calculations using a simple model for the van der Waals binding energy. The
spectra of DABCO complexes with Ar, Кг and Xe and η ranging from 1 to 3 are presented
also in great detail in this last chapter. Especially these complexes are very interesting,
because they are the first steps on the bridge between the gas phase and the liquid phase;
the properties of the single molecule change on clustering with more and more molecules to
the properties of the liquid.
The REMPI method for detection of the amount of excitation in a molecule, used in
most experiments in this thesis, is experimentally simple and can attain very high sensitivity
and selectivity, but care must be taken to interpret the results [2]. The REMPI process is
elucidated in this chapter in section 1.4 with CF 3 I as an example molecule.

1.2

Highly vibrationally excited molecules

What will happen to a poly-atomic molecule if it vibrates at energies comparable to the
dissociation limit? Do separate levels still exist or do they mix up to a continuum? Two
different techniques are used to investigate these highly vibrationally excited molecules and
we will see that both situations occur. A simple model [3] is used to explain these results
and is schematically given in figure 1.1. The energy levels of a molecule are divided into

Region III

Region II

Region I

Figure 1.1 Infrared multi-photon absorption showing three regions; the discrete region
(I), the quasi-continuum (II) and the dissociative continuum (HI).
three regions. Region I; the single state region, the bandwidth of the laser is much less
than the separation between the energy levels. Region II; the quasi-continuum, the laser
excites many levels at once and the energy levels mix. Region III; the dissociative continuum
13
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and total mixing of the energy levels. The boundaries of the regions are dependent on the
size of the molecule (large molecules have more fundamental vibrational modes) and on the
excitation laser (lasers with a large bandwidth are able to excite more levels at once). Single
states can be excited by one or more photon transitions within region I. At higher energies
the laser is always resonant with some levels and the transition probability increases, while
the frequency selectivity decreases. In region III all levels mix and form a continuum, strong
excitation leads to dissociation. Between region I and region II a bottleneck can exist for
multi-photon excitation. If this bottleneck is overcome then the molecule can easily absorb
more photons and the distribution is smeared out over the whole region and a fraction of
the molecules will dissociate. In chapter 4 we will report measurements on CF3I supporting
this picture; no measurable discrete excitation could be revealed to energy levels higher than
«4000 c m - 1 . But in chapter 5 we find that CS2 can be excited to single vibrational energy
levels higher than 11500 cm - 1 .

1.3

Van der Waals vibrations

Under certain conditions complexes are easily formed in an expansion of gas into vacuum.
By collisions during the expansion the molecules transform much of their internal energy into
kinetic energy. Very low internal temperatures ( « 1 K) can be reached in these expansions.
With the cold expanding molecules, complexes can be formed with low binding energies.
An important force that comes into play at these low energies is the van der Waals (vdW)
force (see figure 1.2). This vdW force binds molecules and atoms together in complexes.
300.0

Xe dimer
van der Waals energy
τ

100.0

ε
и
Atractive part
-300.0
4.0

50

6.0

7.0

8.0

Xe-Xe Distance (A)
Figure 1.2
Van der Waals potential of the Xe dimer, σ = 3.88 Á and e = 196.0 cm-1.
The total energy is made up by a long range (-r~6) attractive part and a short range (τ~12)
repulsive part.
The constituent molecules or atoms can vibrate with mode frequencies of about 2 c m - 1 to
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50 cm - 1 . A short range repulsive force and a long range attractive force together form the
vdW force, this is depicted in figure 1.2. The origin of the repulsive force is the repulsion of
the two positive ion cores. When both atoms or molecules approach each other, electrons
will repel and the electron density decreases between the ion cores. The ion cores are
less shielded and the repulsive force increases. The contribution to the attractive force
may originate from three different terms: 1) an electrostatic term if both molecules have a
permanent dipole moment. 2) an induction term if at least one of the two constituents has
a permanent dipole moment. 3) and a dispersion term if neither atom or molecule has a
permanent dipole moment. DABCO does not have a permanent dipole moment, so only the
last dispersion term contributes to the vdW force. This dispersion term can be thought of,
in a classical picture, as arising from a fluctuating charge distribution on both the DABCO
molecule and its vdW partner. The induced fluctuating dipoles are correlated such that the
interaction yields an extra average attraction.

1.4

Resonance Enhanced Multi-Photon Ionization

In this section we will outline the REMPI detection method for excited and non-excited
molecules that we have been using in most experiments. CF3I will serve as an example
molecule.

/////K///¿/
70600 cm

Ionization level 84360 cm"
J

57500 cm '

37700 cm

5ρπ - 7s Rydberg stale
5ρπ - 6s Rydberg stale

1

D-state

Е1ЯШ

(E)

Έ 1 / 7 [0] (A,, Aj)
C- slate

Е,ДШ

(E)

"B"-state
Α-state (dissociative)

Ground state

Figure 1.3 Electronic bands of CF3I. The (2+1) REMPI transition via the С-band is
denoted with the arrows. The гЕ\/і and 2E3/2 states in the 6a-band are split &5000 cm'1
by spin-orbit interaction, both states are further split by exchange interaction (»700 cm~l).
The most important condition in REMPI is the multi-photon ionization of molecules
via a resonant intermediate state by a very intense laser (1 m J per pulse or 2 MW peak
power). The ions are easily collected very efficiently and a current is measured. One laser
photon normally is not enough to ionize a molecule; the ionization potential for example of
15

Chapter 1
CF3I is 84360 c m - 1 and the energy of one photon (350 nm) is 28600 cm - 1 in this case (see
figure 1.3), thus at least three photons are needed in order to ionize the molecule. The direct
non-resonant three-photon transition probability to the ionic state is low, even at these high
powers. This dramatically changes if one or two photons are resonant with an energy level
of the molecule, then many ions are generated. Resonant ionization of CF3I via the twophoton resonant electronic C-band appeares to be very efficient. Other electronic bands and
the origins in the C-state are also drawn in figure 1.3. The energy levels in the electronic
C-band are probed by scanning the frequency of the laser, while measuring the ion current.
The structures in the spectra are mainly due to the two-photon transition probability of
the resonant transition from the electronic ground state to the electronically excited state.
This is a result from the fact that the probability for ionization from a Rydberg state to
the ionic state is usually high due to good Franck-Condon overlap and from the fact that
this transition probability is not very frequency dependent in comparison to the two-photon
transition probability (the ejected electron can acquire a range of possible kinetic energies).
The vibrational frequencies in both the ground state (see figure 1.4) and the electronically

1075.2 c m - 1

743.4 cm-1

286.3 cm"1

1187.5 cm- 1

539.8 cm-1

261.5 cm"1

Figure 1.4

VibrationaJ modes of CF3I in the electronic ground state [4].

excited state can be measured with REMPI.
However, some comments must be made in addition to the simple picture of REMPI
sketched above. If after ionization the molecule absorbs even more photons, dissociation of
the ion is possible and fragments are observed. At higher laser frequencies (λ < 350 nm)
the diffuse A(5p, cr(*c_7))-band can be excited by absorption of one laser photon. This band
16
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is strongly dissociative and a large fraction of the molecules will not reach for example the
D-band but will dissociate to I and CF 3 . These dissociative processes are discriminated
from the simple REMPI process by mass selective detection of the ions.

1.5

Experimental m e t h o d

Most experiments presented in this thesis are performed with a molecular beam set-up. The
grating experiment on CS2 needed another experimental configuration, which is descibed
in chapter 5 in full extent and will not be treated here. A schematic overview of the
experimental set-up is shown in figure 1.5. Most experiments have been performed with less
Pulse-divider

YAG-laser 1

' Cylindrical
lens
f~

Boxcar

mirrors

.*

Vacuum chamber

— YAG-laser 2

Timc-of-flight

lc
-— Dye-lasers
J

о

mass spectrometer

Nozzle

Lens'
Computer
+Interface

<t

Gas inlet

Auto-tracker

•v

C 0 2 laser

Pulse-Generator

Figure 1.5 Experimental set-up for REMPI measurements on CF3I and the DABCO van
der Waaís complexes.
than the three lasers that are drawn in the figure. In the simplest set-up only one laser is
used; a 20 Hz pulsed YAG-laser (Quantay Ray DCR-3, injection seeded) with a pulse length
of 5 ns. This laser pumps a dye-laser (Quanta Ray PDL-2 with a bandwidth of 0.2 cm - 1 )
and the output of the dye laser is frequency doubled by a KDP crystal in an auto-tracker
system. The resulting UV pulse («350 nm) is focussed by a 0.25 m lens into the vacuum
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chamber. Ions generated in this vacuum chamber are extracted from the molecular beam
by an electric field of ±400 V/cm and then accelerated by a second field of 3 kV/cm. The
ions travel through a zero field time-of-flight tube and after a traveling time of about 6 ßs
they are detected with multi-channel plates. The traveling time is different for the different
masses, and the 0.25 m length of the tube leads to a mass resolution (τη/Am) of 70, which
is enough to discriminate between the parent ions and the fragments. The current from the
channel plates is amplified by a 15 χ amplifier which serves also as a protection against high
currents. This signal is sampled by a boxcar system and stored on a personal computer.
The gas enters the vacuum region through a modified Bosch valve operating at 20 Hz
with a pulse duration of 0.5 ms and a pulse to pulse stability of less than 10%. The
backing pressure ranges from 100 mbar to 2 bar. After leaving the valve, the gas expansion
is skimmed by skimmers with orifices of 0.2 - 2.0 mm. The gas enters a second region
hereafter, which is cooled with liquid nitrogen in order to reduce the background signal.
This second chamber is differentially pumped by a turbo molecular pump.
The other two lasers (YAG-laser 2; Quanta Ray GCR-11 and the pulsed C 0 2 TEA-laser;
Uranit GmbH) operate on a repetition frequency of 10 Hz. All time dependent units are
triggered by a Stanford Research SR250 pulse generator. The data is sampled at 20 Hz for
all experiments. The difference in signal between the 10 Hz laser off and on is measured by
subtracting the successive samples with the computer.
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Electronically excited states of CF3I have been investigated using REMPI (Resonance Enhanced Multi-Photon Ionization). The electronic C-band was examined by tuning the laser
wavelength from 340 nm to 355 nm. Vibrational modes (i>i, uit i/3) in this band were observed and their band origin were measured. The experiments were performed both in a
thermal gas of pure CF3I and in a supersonic molecular beam in order to reduce the hot
bands.
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2.1

Introduction

Using REMPI for the detection of CF 3 I has several advantages over other techniques. One
major advantage is the high sensitivity. If an ion is created by a high intensity laser, it can
be detected with an efficiency of more than 80%. Because ions can be easily accelerated and
handled, adding a TOFMS (Time Of Flight Mass Spectrometer) to a REMPI experiment
is a natural extension. Here we will show that the REMPI spectroscopy of CF3I is possible
and state selective.
REMPI research began in 1975 with the work of Johnson [1] and Dalby [2] who studied
NO spectroscopy by four-photon ionization. Another milestone is the first experiment that
used a combination of REMPI, molecular beam and mass analysis. In 1978 Bernstein and
coworkers [3] studied vibronic band systems of molecular iodine. Many different systems
have been studied since then. Stable molecules like NO [4] and NH3 [5, 6, 7] have been
examined extensively. REMPI is also found to be an excellent tool for radical detection
and radical spectroscopy. Examples of this are NH2 [8], CH 3 [9] and CF 3 [10]. There
are several excellent reviews on the REMPI technique [11]. Here we present the results of
the first REMPI measurements on CF3I. CF3I is a highly studied molecule because it is
easily excited by an infra-red CO2 laser. Its electronic groundstate vibronic structure is
known [2, 3]. Absorption spectroscopy on CF3I dates back to Sutcliffe and Walsh [14] who
in 1961 used a spectrograph and a densitometer for far ultraviolet absorption measurements
in the wavelength range from 110 nm to 180 nm. An important extension of this type
of measurements and assigning interpretation was done by Herzberg [15]. More recently
Fuss [16] made ultraviolet absorption measurements in a cell after exciting CF3I by a pulsed
CO2 laser. CF3I was excited to the v\, 2 ь bands and 1/2 + 1/3 with IR laser pulse energies
ranging from 1 mJ/mm 2 to 14 mJ/mm 2 . The absorption was measured from 174 nm to
180 nm. These experiments were performed in a cell at room temperature [14] and in cells
cooled to -90° Celsius [16]. Powis et al. [17] recorded dissociative photoionization of CF3I as
well as threshold photoelectron spectroscopy for photon energies ranging from 10 eV to 32
eV. We show that REMPI can serve as a tool to probe the excited electronic state structure.

2.2

Experimental

Our first measurements on CF3I were carried out under low pressure bulk conditions at
room temperature in a vacuum chamber. A laser beam focussed down in this vacuum
chamber produces ions which are detected with mass selectivity. The spectra are taken by
changing the laser wavelength and measuring the ion production of the ion of interest. The
experimental set-up used for these measurements is described next.
The gas enters the chamber through a small tube with an inner diameter of 1 mm, 0.1
m away from the laser beam focus. The pressure at this focus is 10 - 4 mbar. The ions
produced by the REMPI process are detected by a home-built TOF mass spectrometer.
Ions are accelerated by a field of 100 V per mm over a distance of 10 mm and enter a field
free drift tube of 0.20 m length. This set-up leads to flight times for CF 3 I + of about 6
ßs. The mass resolution (m/Am = 70) of our apparatus is sufficient to separate in time
22
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the different ions produced. These ions are detected by two cascaded microchannel plates.
Ioniziation signals are amplified (15x) by a fast preamplifier (Comlinear Corporation) and
averaged by a boxcar (Stanford Research Systems), with a time constant of 1.5 seconds,
averaging about 30 pulses.
CF 3 I + ions are generated via the (2+1) REMPI process using photons created by a
laser system consisting of an injection-seeded pulsed Nd:YAG-laser and dye laser (Quanta
Ray DCR-3, Quanta Ray PDL·2) having a repetition rate of 20 Hz. The dye-laser output,
(wavelength 680-710 nm, Rhodamine 640 dye), is frequency doubled by a home-built autotracker system using a KDP crystal. Energy of the UV-pulse is 5 mJ at 350 nm, the pulse
width is 5 ns and the bandwidth 0.3 cm - 1 . The UV beam is focussed into the vacuum
chamber by a spherical lens with a focal length of 0.30 m. The intensity of the laser is
monitored simultaneously with the spectrum by a UV-sensitive photodiode.
Absolute calibration of the wavelength is obtained by using an optogalvanic cell. A small
part of the fundamental of the dye-laser is directed onto a hollow cathode lamp containing
neon. Three neon lines serve as an absolute wavelength reference in the given region (680710 nm). Additionally, fringes of an étalon with a free spectral range of 15 cm - 1 were
recorded for relative frequency calibration. The accuracy of the frequency determination
was better than 0.5 wavenumber. The frequency-scan for measuring the C-band extended
from 27400 cm - 1 to 29220 cm - 1 over about 1000 wavenumbers ( 2000 cm - 1 in energy, since
the doubled laser frequency causes a two photon transition). The wavelength of the dye-laser
was scanned from 685 nm to 730 nm to cover the appropriate range.
In order to measure transitions more precisely it is necesarry to cool the gas. To achieve
this, a set-up was built by adding a molecular beam to the above described detection system.
This molecular beam is generated by a home-built pulsed nozzle (fuel injection valve, with
about 1 mm diameter opening) and a 5 mm diameter skimmer. The skimmer - nozzle
distance is about 40 mm. The interaction zone of the laser is 0.3 m downstream from the
nozzle. The UV beam is focussed onto the molecular beam by a cylindrical lens with a
focal length of 0.25 m. The stagnation pressure behind the nozzle is typically 1 bar. The
CF3I gas is seeded as a 10% mixture in Helium. The background pressure in the detection
chamber is 10 -6 mbar when the nozzle is closed.
Measurements on CF3I in supersonic beams were performed at Nijmegen and at Sandia;
a description of the Sandia apparatus has been given elsewhere [9, 18]. The main difference
between the Nijmegen and Sandia apparatus is that in Sandia the pulsed valve has an orifice
of 0.3 mm and the skimmer has a diameter of 0.5 mm, both smaller than in Nijmegen. As
a result the spectra measured at Sandia (see figure 2.2) are stronger cooled. Extensive
measurements with frequency calibration were carried out in Nijmegen in a set-up with a
large oil diffusionpump (6000 1/s) for the source chamber and a smaller one (200 1/s) for the
detection chamber.

2.3

Results and Discussion

The REMPI spectrum of room temperature CF3I in the near UV region is shown in figure 2.1. In this spectral region a very intense and well structured absorption occurs, that
23
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has been assigned as the (C^E •— X ^ i ) electronic transition [14, 15] and is believed to cor
respond mainly with promotion of a lone pair electron from the filled 5p shell to an empty
bonding orbital, both located at the iodine atom. The REMPI spectrum of figure 2.1 was

REMPI SIGNAL(a.u)
,0°o

э;

-1——ι

350

1

349

1

1

1

348
347
346
Laser Wavelength (nm)

Figure 2.1 (2+1) REMPI via the C-state of CF3I, bulk spectrum at room temperature.
The wavelength axis indicates the UV wavelength of the frequency doubled dye laser (5 mJ
per pulse). The molecular transition is half the wavelength given on this axis.
measured in the first described set-up at a pressure of about 10 - 4 mbar and not normalised
to the laser power. The spectrum shows a broad contour of resonances. Each of these
resonances is an electronic vibrational transition and is labeled following the convention of
reference [19]. Here n\ denotes a transition from a ground state with г quanta in mode η to
an electronically excited state with j quanta in the same mode. Rotational states can not
be resolved because the rotational constants (A" =0.191 cm - 1 and B" =0.0508 cm - 1 in the
ground state [15]) are smaller than the laser bandwidth (0.3 c m - 1 for the UV).
The resonance that produced the largest REMPI-signal closely coincides with the spec
tral position at which in the bulk maximal absorption occurs in the С <— X transition and
is assigned to the Ojj transition [14, 15]. About 290 cm - 1 redshifted from this band, another
band clearly shows up at a laser wavelength of 349.7 nm. Comparison with the known
vibrational energies in the groundstate (table 2.1) leads to the assignment of this transition
to the 3? band.
The broad resonance at 346.5 nm is the 3¿ transition band. On the shoulders of these
three resonances (at the longer wavelength side) other resonances can be seen. These are
hotband transitions. Most pronounced is the 6\ transition on the shoulder of the 0$ transition
and the 3¿6j transition on the shoulder of the 3¿ band. The resonances in this figure
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Table 2.1 Measured vibrational energies: In the electronic ground state (a) by Burger et
al. [2, 3] and by Fuss [20], for the electronic excited C-state (b) by Herzberg [15] and (c)
by this work.
Vibrational energies (cm x)
mode
symmetry
X-stateW
C-state^'
C-state(c)

l'i

V2

u3

Ai
Ai
1075.2 743.0
969
682
966
679

Ai
286.2
231
231

1/4

l/5

E
E
1187.2 543.1

"6

E
262
214,221
210

are broad because many rotational states are populated at room temperature. From the
relative intensities (total area beneath the 3° and 3¿ resonances) and assuming a Boltzmann
distribution in the electronic groundstate at room temperature, the transition probability
can be calculated for the 3° and the 3j transition relative to the Ojj transition. The values for
these relative transition probablities are 0.36(± 0.03) and 0.32(± 0.03) respectively. These
transition probabilities are used to determine the vibrational temperature of the supersonic
beam.
The REMPI spectrum of CF3I seeded in a supersonic beam of He is displayed in figure 2.2 and is not normalised to the laser power dye curve. In comparison with figure 2.1

oj

CF,r

Г

3¿

-J

Λ

α
.L
349

-Jl
147J

ι

I

Мб

ι''

А

;

1 "J

344S

34U

Laser Wavelength (run)

Figure 2.2 (І+1 ) REMPI molecular beam spectrum with a mixture of 10 % CF3I in He.
The laser power is 5 mJ per pulse. CF¡ signals arise from fragmentation of CF3I and are
ampliñed by a factor of 40 compared to the CF3I+ ion signals.
the structure is much more pronounced. The 3? hotband (not visible in this figure) has
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almost totally disappeared due to vibrational cooling and the resonances are narrower due
to rotational cooling. As in figure 2.1, every resonance rises more sharply on its blue side.
This suggest that the rotational constant A' in the electronic C-state is smaller than the
rotational constant A" in the ground state (A" =0.191 cm - 1 [15]). For the different peaks,
the transition energies at which the REMPI-signals are maximum are given in table 2.2.
Most of these peaks are assigned and given in the second column, tentative assignments are
Table 2.2 Spectroscopic data from the C-state of CF3I using 2+1 REMPI. Energies are
measured relative to the 0§ transition fat 57497(1) cm-1). Intensities are not corrected for
laser power differences. The question mark in the fìrst column denotes a transition with a
tentative assignement.
nr.

transition

1
2
3
4
5
6
?7
8
9
10
11
12
13
14
?15
16
17
18
19
20
21
22
23

31

3?
3}
61
08
3?
3¿6}

3¿
2¿ 3?

За
7

2

1

λ

1

Ч

1

21
2

1

1J6Ì

IJ

i l о2
iίο
l °ι
ni
o¿•2io °o
Ql

0 °1

22
7
l 1 21
l2

Frequency
(cm - 1 )
-334(4)
-288(3)
-52(3)
-39(3)
0(1)
183(3)
224(2)
231(1)
397(4)
460(3)
524(3)
629(2)
679(3)
901(4)
924(2)
966(2)
1154(5)
1202(2)
1240(5)
1284(1)
1491(1)
1635(3)
1925(1)

Anharmonic
shift(cm _1 )
7(5)

7(5)

4(7)
-2(5)
5(6)
-9(8)

12(9)
5(5)
-63(12)
-74(7)
-10(8)
-7(5)

Intensity
(a.u.)
<1
1
7
8
173
2
7
29
<1
2
1
1
44
3
5
57
<1
7
<1
8
1
2
3

denoted by a question mark in the first column. Splitting of the i/g as seen by Herzberg [15]
did not show up in this spectrum. From the intensity of the 3° band (see table 2.2) and the
transition probabilities given above, the vibrational temperature of the supersonic beam is
calculated as 60 ± 10 Kelvin.
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Also given in table 2.2 are the anharmonic shifts for the overtone and combination bands.
Peculiar is the large shift of the 2Q3} band and the 2\ band with an anharmonic shift of 63(12) c m - 1 and -74(7) c m - 1 respectively. The dip in the baseline at 342.5 nm (58394 cm" 1 )
is caused by a large iodine ion signal arriving earlier than the CF 3 I ions and saturating the
microchannel plates.
In order to understand the intensity of these transitions we discuss the symmetry rules.
The groundstate of CF3I (a symmetrical-top molecule of symmetry Сз„) is totally symmetric
Ai. The electronic C-state has symmetry E. u\,u-¡ and u3 are non-degenerate vibrations of
symmetry Ai and i/it vb and u6 are degenerate vibrations of symmetry E. If one assumes
an almost complete absence of coupling between the electronic motion in the excited Cstate and the vibrational degrees of freedom in the C-state, then two-photon absorption
is only allowed between vibrational levels of the same vibrational symmetry. This is what
is observed. For example, the Ai symmetry of the ground state dictates transitions to
symmetrically excited, Ai vibrational levels in the C-state; 3¿, 2¿, 1¿, 3¡j and so on. When
originating from a level of symmetry E, only transitions to vibrationally excited states in
the C-state which are also of Ε-symmetry (6|) are observed.
From the width of the resonances, a lower limit of the lifetimes in the C-band can
be calculated. The FWHM for the 0° band is 6 c m - 1 yielding 5 ps as a lower Fourier
transform limit for the lifetime. We can only give a lower limit for the lifetime, because the
lifetime of the intermediate C-state is not the only origin for the widths of these resonances.
Transitions from different rotational states in the ground state to electronically excited
states also contribute to the width of these resonances. The 2¿ and 3j are twice as broad,
giving 2.5 ps as lower limit for their lifetime.
Also in figure 2.2 is the excitation spectra of CF3I as seen in the CF3" channel. The
CF3" and CF 3 I + signals increase at the same frequencies, this means that they both are
produced via the C-state. The I + channel also showes these same resonances. CF3" and I +
are probably created by absorption of a fourth photon after the CF3I molecule is ionized.
Excitation through the lj transition is seen to produce a larger fraction of CF 3 ions than
excitation through the 0§ transition. The enhancement of CF3" ions is a factor of 4. This
may be due to the fact that more vibrational energy is deposited into the CF3I molecule,
thus an ion with more internal energy will be generated, making the ion less stable.
We attempted to resonantly ionize CF3I through other electronic transitions, but we
were not very succesful. In order to be in one-photon resonance with the broad Α-band, the
photon energy was varied around 35500 c m - 1 (one UV-photon wavelength of λ = 282 nm).
Large signals of CF3 and I + were seen but no CF3l + ions could be detected. Apparently,
the direct dissociation probability is too large, compared to the two-photon transition prob
ability from the Α-band to the continuum, for REMPI to compete with dissociation. We
did not search for the B-band extensively, because for ionization one needs a (2+2) REMPI
process in this region. The ionization limit has a value of 10.4 eV or 83881 c m - 1 [15]. For a
(2+1) REMPI process this requires more than 27960 c m - 1 per photon or a wavelength less
than 357.6 nm. (2+2) REMPI is expected to give a much smaller ion yield than a (2+1)
REMPI process.
When the two-photon energy is varied between 62500 cm 7 1 and 62918 c m - 1 ionization
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through the D-band provides very weak signals . CF3 ions are produced at 62,543 cm - 1 and
at 62752 cm - 1 , the first energy coincides with the 0¡J band of the D-state [14], the second is
a transition to a vibrationally excited state, the 3¿ band. The signal to noise ratio of these
spectra is about 4.
The El-band has an origin at 70623 cm - 1 [14]. The two photon energy was varied between
69954 cm - 1 and 71577 cm - 1 . In this frequency region no CF 3 I + ions are observed; but
strong signals of CF3 and I + ions are observed. In this range the laser is in one photon
resonance with the Α-band, causing large direct dissociation. Therefore this band can not
be used as a probe for the initial groundstate with REMPI.
Conclusion. We can conclude that REMPI can serve as an effective method for detecting
CF3I. (2+1) REMPI via the C-band is proved to be the best choice. Using one of the other
electronic bands as an intermediate level will cause a much stronger dissociation of CF3I.
Various new vibronic transitions were observed and assigned.
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Polarization-resolved
(2+1) resonance enhanced multi-photon
ionization spectroscopy of CF3I
(6s) Rydberg States
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de Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
'Department of Molecular and Laser Physics, University of Nijmegen,
Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

The CF3I (5ρπ - 6s) Rydberg transitions in the energy range 56700 - 64000 cm - 1 are
investigated using (2+1) resonance-enhanced multi-photon ionization. The polarization
of the two-photon transitions is used to definitely assign the symmetries of the resonant
intermediate states. The four allowed electronic transitions in the (5р7Г - 6s) manifold have
been assigned and some vibrational constants in the excited states have been determined.
Hot band spectra have been obtained in a supersonic expansion of CF3I through an oven.
The upper spin-orbit components (the 2 £i/2 ion core states) are perturbed by a dissociative
state at approximately 63000 cm - 1 , possibly the σ - σ* transition centered on the C-I bond.
Density functional calculations have been performed in order to help determine the nature
of the perturbing states. Vibronic interactions in the excited states are investigated, and
evidence is seen for quadratic Jahn-Teller interactions for i/6 in the lower (2£з/г) spin-orbit
state.
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3.1

Introduction

The CF3I molecule has been the subject of recent study in connection with the ability to
pump it via multiphoton absorption of CO2 laser radiation into highly vibrationally excited
states [1, 2, 3, 4]. The electronic spectroscopy of CF3I is of interest for several reasons.
(2+1) resonance-enhanced multi-photon ionization (REMPI) has been investigated for use
as a probe method for vibrational pumping experiments [5]. The analogy of CF3I to the
far more extensively studied methyl iodide (CH3I) molecule [6, 7, 8, 9] is a probe of the
effect on electronic properties of fluorine substitution. Although the importance of alkyl
iodides themselves in atmospheric chemistry is small [10], the photochemistry of fluorinated
alkyl halides has been of considerable recent interest because of their role in atmospheric
ozone depletion [11]. In addition, the electronic effects of fluorination have been studied in
connection with the dissociation properties of atomic iodine laser precursors [12].
The spectroscopy of CF3I was studied by one-photon absorption in the early 1960's by
Herzberg [13,14] and by Sutcliffe and Walsh [15]. The first strong structured band seen after
the dissociative j4-band in the absorption studies has an origin at 57497 cm - 1 (air) [13, 14,
15]. In the early work this band was assigned to the 5ρπ-6β Rydberg excitation, in analogy
with the already thoroughly studied B-band of CH3I. This assignment had been questioned
by Robin, who noted the low term values obtained for the states assuming the Rydberg
assignment, and also discovered another weak absorption band (the " S " state) at 52500
c m - 1 , which he suggested may be the lower spin-orbit state of the 5ρπ-6β transition [16].
However, later the trend of term values on fluorination of alkyl halides led Robin to suggest
that the new " B" state was actually of valence character [17], and that the electronic
assignments of Sutcliffe and Walsh were likely correct.
The 5ρπ-6β transition is split by the large spin-orbit coupling of the I atom («5000
cm - 1 ), and as in CH3I, these are additionally split by the exchange interaction. The ion
core states, the 2E3/2 and 2i?i/2, are thus split into states with projections of the total
electronic angular momentum Ω of 2,1,0,1, in order of increasing energy. We will label these
four states as ion core states with definite total electronic angular momentum projection
[Ω], i.e., 2E3/2 ion core state (C state) produces 2£з/2[2] and 2£з/г[1] states upon coupling
with the Rydberg electron, and the 2 £i/2 ion core state (D state) produces 2 £1/2(0] and
2
£і/г[1] states.
The analogous states of CH3I have been very extensively studied. The 5pw-6s Rydberg
transition to the 2£з/2 ion core state, the so-called В band of methyl iodide, was studied
by Mulliken and Teller [6], who demonstrated the "pseudo-parallel" nature of the onephoton absorption and showed that the upper state was indeed the ¿-symmetry 6s Rydberg
level. Both spin-orbit states were studied with (2+1) REMPI by Parker et al. [7], who
used polarization techniques to definitely assign the various electronic origins as well as
the vibrational bands. By analysis of the rotational profiles of one-photon [18] and twophoton [19] spectra, coupled with a multi-channel quantum defect treatment [20], McGlynn
and coworkers investigated the decoupling of the spin of the Rydberg electron in these states
of CH3I.
Herzberg noted the presence of Jahn-Teller interactions in the excited С state by studying
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the rovibrational structure of hot band transitions [14]. Infrared spectroscopy has given a
relatively detailed picture of the vibrational structure in the ground state [21], but in the
upper states the vibrational frequencies are incompletely known. One-photon absorption
has determined frequencies for the totally-symmetric modes, but the degenerate vibrations
(except for the lowest-frequency mode v¿) have not been previously measured. Fuss used
pulsed CO2 laser pumping and VUV absorption to probe the ground and excited state
vibrational structure [22], and was able to make an estimate of the u$' frequency in the С
state based on hotband 5j" transitions from the 2us" ground state level.
In the present study we look at the 5p7T-6s Rydberg transitions in CF3I in a supersonic
expansion using a mass- and polarization-resolved (2+1) REMPI detection scheme. The
use of polarization to determine the symmetry of two-photon transitions was described by
McClain and others [23, 24, 25, 26], and has been applied to several molecules [7, 27, 28].
Expressions for the absorption from a non-symmetric ground state has been derived by
Bader and Gold [29]; the relevant results for C3„ and C, symmetry groups are listed in
Table 3.1. For most of this discussion we assume that the effective symmetry group of
CF3I is C3v in both ground and excited states, but the possibility of a "bent" equilibrium
configuration due to Jahn-Teller distortion in the degenerate electronic states is considered.
The rotational selection rules, assuming symmetric-top rotational wavefunctions, are also
given in Table 3.1.
Here we use the polarization information available in a two-photon transition to definitely
assign the С and D states of CF3I to the two spin-orbit components of the 5pir-6s Rydberg
transition, analogous to the В and С bands in methyl iodide. In addition, we are able to
detect transitions involving degenerate modes and tentatively assign frequencies for these
modes in the upper states. The electronic structure of the Rydberg levels is perturbed by
coupling with other electronic states, perhaps with the σ-σ* transitions as suggested by
Robin [30]. Density functional calculations are performed in order to determine the possible
identity of the perturbing state(s). In addition, the vibronic effects in the excited states are
shown to be more complex than can be explained by the simple linear Jahn-Teller effect
which had previously been assumed to be dominant [13, 14].
In Section 3.2 of this paper we describe the apparatus used in these experiments. Sec
tion 3.3 presents the results, and in Section 3.4 there is a discussion of several new questions
which are raised by the (2+1) REMPI spectroscopy of this molecule. In Section 3.5 some
concluding statements are made concerning the electronic and vibronic structure of CF3I as
seen in this work.

3.2

Experimental

The (2+1) REMPI spectrum of CF3I was measured in Amsterdam using a skimmed pulsed
supersonic molecular beam of CF3I seeded in a He carrier. A schematic of the experimental
apparatus is shown in Figure 3.1. The frequency-doubled, focussed output of a Nd:YAGpumped dye laser crosses the molecular beam, and ions produced via a (2+1) REMPI process
are detected and mass analyzed by a time-of-flight mass spectrometer. The improved signalto-noise ratio over the earlier preliminary experiments [5] is mostly due to increased laser
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Table 3.1

Polarization and rotational selection rules for two-photon absorption.

Сз„ symmetry:
Transition type

Selection rules and polarization ratio Ρ = Ισ/Ι\\
AK = 0 AJ = 0,±Ì,±2; Ρ = 3/2

+
Αι «-» A2
Αι<-+ E
Я«-» E

AK = 0 AJ = 0\ Ρ = 0
forbidden for identical photons
AK = ±1,±2 AJ = 0,±1,±2\ Ρ = 3/2
ΔΑ" = 0,±1,±2 AJ = Q,±1,±2; Ρ = 3/2
+
AK = 0 AJ = 0; P = 0

С, symmetry:
Transition type"'
A' ~A'

AK = 0,±2 Δ 7 = 0,±1,±2; Ρ = 3/2

A" <- A"

AK = 0 AJ = 0; P = 0
AK = 0,±2 AJ = 0,±1,±2;

+
Ρ = 3/2

+
A' <-> A"
a)

AK = 0 AJ = 0; P = 0
AK = ±l Δ 7 = 0,±1,±2; Ρ = 3/2

The rotational selection rules for Cs symmetry are not strictly valid, since Ca symme
try molecules are asymmetric tops; we assume that the reduction from C¡v symmetry
is small enough to allow the rotation to be approximated by symmetric top wavefunctions.

power, narrower frequency width, and slightly improved rotational cooling in the Amsterdam
machine.
The molecular beam is generated by a pulsed solenoid valve with a nozzle diameter of 0.3
mm, and passes through a 5 mm diameter skimmer after a distance of 70 mm. The opening
time of the valve was varied to produce gas pulses of between 100 and 500 με FWHM. A
further 50 mm downstream from the skimmer, the beam crosses through the extraction
region of a 0.20 m flight path time-of-flight mass spectrometer. The CF3I is seeded as a 2%
or 10% mixture in helium, and backing pressures used ranged between 1 - 2.5 bar. Most
of the spectra reported here were taken with a 2% mixture at a stagnation pressure of 1.4
bar. The base pressure in the detection chamber was l x l O - 6 mbar, and pressures in the
detection chamber during an experiment were between 2 and 7xl0~ 6 mbar, depending on
the duration of the gas pulse.
To produce the necessary UV light of about 350 and 320 nm an injection-seeded pulsed
Nd:YAG with a 10 Hz repetition rate is used to pump a dye laser. The dye laser output
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Figure 3.1

Schematic diagram of the experimental apparatus.

(wavelength around 700 and 640 nm, LDS698 and DCM dye respectively) is frequencydoubled in a KDP crystal. A home-built autotracker system angle-tunes the KDP crystal
while the dye laser is scanned. The UV power is monitored by a power meter after exiting
the vacuum chamber, and by a photodiode which intercepts the reflection from the front
window of the chamber. Pulse energies used in the experiment could be varied between 0.5
and 15 mJ in a 5 ns pulse. The (10 mm dia.) laser beam was focussed into the interaction
region by a 0.30 m focal length fused silica lens.
The wavelength of the dye laser was determined by calibrating the laser grating to several
neon lines in a hollow cathode discharge lamp, using scattered light about 0.1 m from the
beam. The uncertainty in the absolute wavelength obtained by this method is <0.5 cm - 1
and is determined mostly by day-to-day variations of temperature and atmospheric pressure.
The relative wavelength uncertainty within a single scan is much smaller, as measured by the
distance between Ne lines in the discharge lamp. This error is less than the error introduced
by uncertainties in the peak positions due to the unresolved rotational structure. A second
source of absolute wavelength calibration is offered by the appearance of several multiphoton resonance lines of atomic iodine in the CF 3 I spectrum. Comparison of these lines
with the known energies of the iodine transitions [31] agreed with the calibrated grating
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to within 0.5 cm - 1 in all cases. The dye laser bandwidth is specified at 0.07 cm - 1 for
operation with Rhodamine dye; we determined the bandwidth in the wavelength region of
this experiment to be <0.1 cm - 1 corresponding to a 0.2 cm - 1 FWHM in the 2 UV photon
energy.
The molecular beam and the laser beam cross in the extraction region of a standard
design time-of-flight spectrometer. An ion detector (particle multiplier) is positioned at the
end of a 0.2 m drift tube. The mass resolution of the system («20) is more than sufficient
for a clear distinction among CFj, I + , and CF3i + , the ions of interest in this study. The
particle multiplier signal is amplified by 10 or 100 times by a fast current amplifier and
is fed into a gated integrator/boxcar averager. The amplified particle multiplier signal
is processed by between one and four boxcar amplifiers to monitor several masses and
polarization signals simultaneously. The boxcar outputs are transferred, along with étalon
or power measurements, to a microcomputer using a 12-bit A/D converter and are stored
for analysis.
In order to measure the polarization behavior of the (2+1) spectrum, the polarization of
the UV light was changed from linear to circular with an electro-optic modulator (EOM; a
Pockels cell from a Nd:YAG laser Q-switch was used). The retardance through the Pockels
cell can be varied by changing the voltage applied to the cell's biréfringent crystal (KD'P).
The λ/2 voltage for a given wavelength is determined by minimizing the reflection of a beam
off of a piece of quartz tilted at Brewsters angle. Because of the linearity of the Pockels
effect, the A/4 voltage can then be directly calculated. The high voltage to the EOM is
triggered at half the laser repetition rate, thereby switching the polarization from linear to
circular on alternate laser shots.
The change in signal between the two polarizations is directly obtained by a differential
gated integrator/boxcar unit at the same time as another boxcar unit acquires the average
signal. The polarization ratio of interest is the ratio of the signal for circular polarization
(σ) to that for linear polarization (||). The signals obtained are the difference (σ-Ц) and
the average (σ+||)/2. However, in the present experiments we are mainly interested in the
changes in polarization behavior among different lines in the spectrum, and the difference
signal (in fact, just its sign) is sufficient for our purposes.
The linear polarization of the UV beam was purified before entering the EOM by pass
ing it through a prism polarizer of extinction ratio > 1 0 - 3 . The quality of the emerging
polarization was seen to be extremely sensitive to the alignment of the EOM in the laser
beam. Typically the EOM was aligned by setting the voltage at its λ/2 value and checking
that the polarization remained linear on exiting, and in some cases by directly maximizing
the polarization difference signal on a CF 3 I transition. However, the purity of the circular
polarization is difficult to measure, and several sources of error, chief among them beam
walk and alignment of the EOM, diminish the likely purity of the circular polarization.
The Nijmegen apparatus used in the measurement of hot band transitions will be de
scribed in more detail elsewhere [32]; it is similar to the Amsterdam machine, except that
the expansion takes place through an oven in order to populate higher vibrational levels of
the electronic ground state. The oven was built after a design of Colson and coworkers [33],
and consists of a small aluminum oxide pipe with an inner diameter of 1 mm around which is
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wound a tungsten wire. The wire is resistively heated, allowing temperatures of up to about
1100 °C to be reached. The tube is attached to the outlet of a pulsed nozzle, separated by a
cooling element to avoid burning the nozzle. The gas pulse entering the small heated tube
via the pulsed nozzle is heated during the few ßs transit time. In the subsequent expansion
into the vacuum, collisional cooling takes place. Since cross sections for rotational relaxation are much larger than for vibrational relaxation, the rotational cooling is much more
effective than the vibrational cooling, and rotationally cold spectra of vibrational hotband
transitions can be examined.
For the hot spectra, a stagnation pressure of 1700 mbar of 5% CF3I seeded in argon is
maintained behind the nozzle. The UV power used for detection is 3 mJ per pulse and is
focussed by a spherical lens with a focal-length of 0.25 m. The ions are detected at the end
of a time of flight mass spectrometer by two cascaded micro-channel plates, and the signal
is collected by a gated integrator/boxcar averager.

3.3

Results

3.3.1

The 2Ез/2 ion core states

The (2+1) REMPI spectrum of this band was first reported by van den Hoek et al., who
measured a number of vibrational transitions, mostly involving the totally symmetric vi
brations [5]. No attempt was made to resolve the electronic assignment question and the
band was simply referred to as the " C " band in accordance with numeration conventions.
We have re-examined the REMPI spectrum in the 56500 - 59000 cm - 1 region using polar
ization analysis to definitely assign the character of the resonant intermediate state. We
have thereby been able to assign transitions arising from excitation of non-totally symmet
ric modes, as well as transitions to the lower lying Ω=2 component, the 2 £3/2(2] electronic
state.
3.3.1.1

The 2 E S / 2 [1] state

Figure 3.2 shows the (2+1) REMPI spectrum
of CF3I taken in a supersonic expansion
at two-photon energies between 57400 cm - 1 and 59000 cm - 1 .
Most of the vibrational
progressions agree with those measured by van den Hoek et al. [5], although several new
lines have been noted. The observed transitions, with suggested assignments, are listed in
Table 3.2.
Table 3.2
of CF3I.

Vibronic transitions to the ІЗ3/2 ¡on соте states

Frequency (relative

to 2 £ 3 / 2 [l] origin)
-732
-629
-514
-406
-360

Relative
strength 6 '
w
vw
w
-

Assignment"'

2?
2

^3/2[2]0g
6§
2
%2[2]6i

m

37

Comments
oven spectrum

oven spectrum

Table 3.2 (continued)
Frequency (relative
to 2 £ 3 / 2 [l] origin)
-338
-326
-302
-289
-269
-225
-188
-174
-156
-145
-120
-100
-78
-52
-41
-15
0
123
131
168
178
185
216
223
232
288
384
396
417
432
450
456

464
522
527

Relative
strength 0 '

Assignment"'

31

-

3?6Î

ei

з?

Comments
oven spectrum
oven spectrum
oven spectrum

w

6?

VW

зібі
З ^
2
{ E3/2[2]3h6h}

31

w

-

3^6}

VW

-

6ï

3}6} + z\

63

бі(л2,£;?) + зі
6}(¿i)

5}

w
w
m
m

oven spectrum

-

oven spectrum
broad
oven spectrum

o§
з?в}

w

?

-

32(+3¿6j?)
3¿e}(+3í?)

w
w

olel
J0Oi

-

6¿Hi)

s

342

s

{ £J/2[2]1¿ or
2¿6¿ >
2¿62
2¿3?
2¿6?
3g6j
3¿6¿ (?)

vw
vw
w
vw
w
vw

5¿Mi)
{ог6§,3060}

m

за5J(£)

m
w

{2£73/2[2]là3è or
2¿3¿6¿}

38

oven spectrum
broad (>10 cm - 1 )
oven spectrum
broad

-

vs

з§

oven spectrum

VW

w-m

broad
oven spectrum
FWHM «1cm- 1 ,
linearly polarized

broad
higher power,
possibly spurious
FWHM «1cm- 1 ,
linearly polarized

Reversed rotational
lineshape
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Table 3.2
Frequency (relative
2
to Е3/2[І\ origin)
571
586
640

(continued)
Relative
strength1"'

Assignment")
2o32
2¿3}6}
2j3j + 2j6}

Comments

VW

w
w

656

2J6Î

681
739
759
870
907
915
926
970
1046
1109
1130
1193

2J

1J316Ì
l¿6i(lj3i)
ij3l(iè6ì)
ijeï
là
{5§}
{1¿3?6Í }
{1¿3? }
1¿6¿

w
w-m
w
w

1204
1282
1287

ibi
•io J o

w-m
w-m
w-m

1516
1638

{3¿4¿;5g}
lj2è

w

very broad
(> 20 cm - 1 )
higher power,
possibly spurious

VS

5¿6j

vw-w

ςΐοΐ

VW

broad

VS

w
VW
VW

w

{4¿(£)}
K(¿i)}

FWHM »1cm- 1 ,
linearly polarized
FWHM « l e m " 1 ,
linearly polarized

VW

w

' Unless otherwise indicated, transitions are to the 2Ез/2[1] elec
tronic state. Assignments within brackets {} are uncertain; many
of these are discussed in the text.
°' Intensities relative to the E^^ll] origin intensity. Intensity scale
as a traction of origin intensity: vs > 0.2; s > 0.1; m > 10~ ; w
> 1СГ3; vw < lCT*.
a

The width of the transitions («5 c m - 1 ) is believed to be mainly due to unresolved rota
tional structure which is present even at the low rotational temperatures of the supersonic
expansion. Several much narrower features («1.5 cm - 1 ) are also observed (marked with an
asterisk in Figure 3.2). These features are due to parallel-type (symmetry A\ — A\) tran
sitions involving excitation of degenerate vibrational modes in the resonant intermediate
state and are discussed further below.
The beginnings of progressions in the totally symmetric modes are measured, which
correspond to the earlier measurements of Sutcliffe and Walsh [15]. The oven spectra of
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Figure 3.2 (2+1) REMPI spectrum of CF3I, taken between 56800 and 59000 cm-1,
monitoring CF¡1+. The scaling is changed from a) to b) to c) in approximately the ratio
1:2:4, in order to more clearly show the structure at the higher energies.
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1600
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(continued)

this state are shown in Figure 3.3; lines from these spectra have been used to establish
assignments in the cold spectrum and also allow determination of new lines involving higher
vibrational excitation in both ground and excited states. The intensities of the various
transitions are of course sensitive to experimental conditions such as beam alignment and
focussing and laser powers; for this reason the relative intensities in Table 3.2 are given
only in a somewhat qualitative sense, and the intensities for the oven spectra are omitted
altogether.
The polarization analysis of many of the lines in the spectrum has been carried out.
The polarization ratio for the origin band of an Αχ — E transition is expected to be Ρ =
4
Іа/І\\ = 3/2, whereas for an A\ — Αχ transition a Q branch is expected with enhanced linear
polarization (/ц > Ισ) [24, 25]. The polarization ratios we measure are slightly different from
the theoretical predictions. Figure 3.4 shows the polarization-resolved scan over the origin
of the 2 £ 3 / 2 [l] state. A ratio of Ρ = 3/2 for circular vs linear excitation would correspond
to a ratio of 2/5 for the difference to the average polarization signal; as the figure shows the
measured ratio is nearly 2/5, but slightly below (и 1/3). The ratio is sensitive to the purity
of the circular polarization and also to any possible polarization dependence of the ionization
step. The polarization behavior of the narrower features is shown in Figure 3.5. The striking
"reversed" polarization dependence (/ц > I„) indicates an Αχ — Αχ transition, i.e, excitation
to a totally symmetric intermediate state. In the E symmetry electronic state this is only
possible with excitation of a degenerate vibrational mode. The degenerate vibrations in
CF 3 I are of e symmetry in the Сз„ point group: vibronic coupling within the E symmetry
electronic state produces states of E ® e = Αχ + A2 + E symmetries. Excitation to the Αχ
component of this state produces a strong Qq branch with preferred linear polarization. The
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Figure 3.3 REMPI spectrum taken with oven expansion. The power through the heating
coils is indicated for each spectrum. Spectra have been displaced vertically for clarity.
linear to circular ratio of this excitation can be used to determine the nature of the virtual
state involved in the two-photon excitation step [34, 35].
We have not attempted to give a quantitative measure of the virtual state branching
ratio, because such measurements are extremely sensitive to imperfections in the polarization
state of the interrogating light. An estimate of the polarization ratio Ρ can also be made
based on the strength of the Q4 branch relative to the other branches in the linearly polarized
spectrum [34]. This method is somewhat less susceptible to experimental uncertainty in the
polarization, since the linear polarization state is very well characterized. The spectra
in Figure 3.5 have been scaled so that the peak heights of the sharp parallel transitions
-1
coincide. One can see that in all cases except the line at 1287 c m there appears to be a
small component of the excitation which is not completely linearly polarized, as shown by the
slightly broader profile of the total signal as compared to the polarization difference signal.
Part of this broader profile could be due to excitation to an E symmetry level at close to the
4
same energy. A completely linearly polarized transition, exhibiting only a Q branch, would
indicate a totally symmetric virtual level. The strong linear polarization of the parallel
transitions, coupled with the small contribution of Δ J φ 0 branches suggests that the twophoton transition takes place mainly via a symmetric virtual state. The narrowness of the
"reverse" polarized lines is due to the || vs ± character of the excitation rather than to
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Figure 3.4 Polarization behavior of the 2Ез/2[1] origin. The dots are the polarization
difference signal, (Ισ — Іц), times three; the solid line is the average signal, (Ισ +1\\)/2. The
size of the difference signal relative to the average corresponds to a polarization ratio of
Ρ = 7/5.
any change in the lifetime of the intermediate state. The asymmetric shape of the broader
lines indicates unresolved rotational stucture which is not washed out by whatever lifetime
broadening is present in these states.
The degenerate vibrations in CF3I are expected to exhibit a Jahn-Teller-type vibronic
splitting in the Ε-symmetry states. Evidence for this was seen by Herzberg in the form of a
splitting of hot bands involving one quantum of щ in the excited state [13, 14]. He observed
three lines at -40, -48, and -56 cm - 1 from the origin, which were assigned to the 6}(£),
6j(Ai 4- Л2), and 3\ transitions, respectively. However in the (2+1) jet-cooled spectrum
no evidence was seen for the splitting; lines at -40 and -52 c m - 1 were assigned to the 6j
and the 3j transitions [5]. The mass-resolved fragmentation spectra allow a more thorough
investigation of this discrepancy.
Figure 3.6(a) shows the fragmentation spectrum of the 6j and 3j bands in the 2£з/г[1]
state. There is a clear difference between the fragmentation behavior for one quantum of v3
(C-I stretch) and that for one quantum of v6 (F3-C-I bend), even though the two intermediate
levels lie at very nearly the same total energy. We cannot determine with certainty whether
this difference is due to increased (mode-specific) vibrational predissociation of either the
intermediate neutral or the ion, or due to a change in Franck-Condon factors for absorption
of a fourth photon to a dissociative ion state, or to some other effect. It does seem likely
that the dissociation takes place from the ion (see section 3.4.2). From figure 3.6(a) it can be
seen that the I + / CF 3 I + ratio of the 3¿ transition is four times that of the 6¿ transition. The
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Figure 3.5 Polarization behavior of the narrow lines in the Ез/2[1] spectrum. The bold
line is the negative of the polarization difference signal, i.e. (I]\ — Ισ), scaled so that the peak
intensity at the narrow transition matches the average signal. Transitions with ambiguous
assignments are simply labeled by their energy relative to the ^Ед^І^] origin.
fragmentation ratios (measured by CF3"/CF3I+ or I + /CF 3 I + signals) of the other parallel
(Αι — Αχ) transitions do not exhibit any systematic deviation from those of the broader
(Αι — E) lines at similar final state energies.
Figure 3.6(b) shows the fragmentation spectrum of the hot bands 40 and 52 cm - 1 to
lower energy from the 2 £ 3 / 2 [l] origin. Both bands exhibit a fragmentation ratio (I + /CF 3 I + )
approximately equal to that observed for the 6j band. This is an indication that these
two bands are indeed two components of a Jahn-Teller split 6j hot band. The -52 c m - 1
band has a slightly (»20%) higher fragmentation ratio than the -40 cm - 1 band, suggesting
that the 3} excitation is overlapped by the (stronger) 6} transition. No sharp variation in
-1
fragmentation could be detected, to within experimental error (±10%), across the -52 c m
band, so we cannot resolve the frequencies of the individual 3j and 6\ components.
The frequency of mode 5 (non-symmetric C-F bending) in the excited state was estimated
by Fuss to be 458±15 c m - 1 on the basis of hotband transitions which he assigned as arising
from the 2u5" (lk = 2) level of the ground electronic state [22] (here lk is the vibrational
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Figure 3.6 a) Fragmentation spectrum of the 2Ез/г[1] 3Q and 6¿ transitions. The fragmentation ratios, as measured by I+ /CF3J4", are Зд m0.4 and 6¿ »0.1. b) Fragmentation
spectrum of the 3\ and б\ hotbands, 52 and 40 cm-1 red of the 2Ез/2[1] origin. The
I+/CF3I+ ratio of both transitions is approximately that of the 6¿ Лпе.
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angular momentum quantum number in the ground state [13]). The one-photon selection
rules for jk, the vibronic angular mometum in the excited state, are jk — Ik = ±1/2 [13];
it should be noted that in the case of significant Jahn-Teller activity in v5', the (jk = 5/2)
iJ-symmetry component of 2vb' will lie considerably lower in energy than twice the v$
fundamental. Therefore, transitions to this level do not necessarily give a reliable indication
of the fundamental frequency, certainly not without additional information. We observe a
linearly-polarized feature at 456 cm - 1 which could be assigned to the A\ fundamental 5¿.
However, this line could just as easily be assigned to б2, (A\) or 3¿6¿ (Αι). One of the lines
at 522 and 527 c m - 1 could possibly be assigned as the E component of 5¿; higher energy
transitions at 739 and 750 cm - 1 could possibly be combinations with щ or v3.
The ground state frequency of mode 5 is 540 cm - 1 , so tV «525 cm - 1 would give rise
to hotbands shifted about 15 c m - 1 to the red. Such lines are indeed observed in the oven
spectrum built both on the origin and the 3¿ peaks (see figure 3.3). These lines had also been
observed in absorption by Sutcliffe and Walsh, who declined to assign them to 5j transitions
because of their relatively high intensity [15]. However, an alternative explanation of the
bands as rotational structure is in our judgement less likely, because of rotational cooling in
the oven expansion and a lack of similar structures on sequence transitions. We therefore
assign one of the 522 cm - 1 and 527 cm - 1 lines to the fî-symmetry fundamental 5¿. The
other is possibly a transition built on the 2£3/2[2] state, which may interact via a Fermi
resonance with the liV level of the 2£з/2[1] state. The Jahn-Teller activity of vb and possible
interactions with levels arising from the 2Ь'з/2[2] state are discussed below (section 3.3.1.2)
and in section 3.4.
The frequency of mode 4 (asymmetric C-F stretch) is somewhat confusing. A line at
1287 cm - 1 from the origin of the 2£з/г[1] state exhibits the narrow rotational profile and the
linear polarization characteristic of an excitation involving a degenerate vibrational mode.
The neighboring peak at 1282 cm - 1 was misassigned in previous work [5] to 2§, but is
clearly the E symmetry counterpart to the 1287 cm - 1 line. The 2\ feature expected at
about 1350 cm - 1 , which has been observed in one-photon absorption [13, 15] as part of a
progression stretching to 2Q, is not observed in the (2+1) REMPI spectrum, for unknown
reasons. Both these lines (1282 and 1287 cm - 1 ) must involve some excitation of v^. In
the ground-state, the frequency of mode 4 is only 1187 c m - 1 ; if we assign the 1287 c m - 1
feature to the (Лі) ^ fundamental we are thus faced with the unsettling situation of having
one frequency (vi) increase in the upper state while all the other frequencies decrease. In
particular, the symmetric C-F stretch (v\) decreases by more than 100 cm - 1 . It is possible
that the fundamental excitation of mode 4 does not appear in the spectrum, or is buried
under another peak, and the 1287 c m - 1 peak is a combination band involving i/4.
3.3.1.2

The 2 E 3 / 2 [ 2 ] state

Several lines appear to the red of the 2£з/г[1] origin which cannot be assigned to any
reasonable sequence bands arising from the 2£3/г[1] state. The lowest-energy of these lines
appears at -629 c m - 1 from the 2£з/г[1] origin. Polarization analysis shows that this state
is preferentially excited by circular polarization, indicating E symmetry of the resonant
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intermediate state. Experiments involving CO2 laser pumping of CF3I have shown that this
transition is depleted by C0 2 radiation tuned to vibrational transitions out of the CF3I
ground state [32]. The oven spectrum shows no increase of the transition with temperature,
providing further evidence against assignment as a hot band. This leads us to assign this
line as the origin of the transition to the 2£3/2[2] state. We also assign a 6j line built on this
origin with a frequency v6' = 223+4 cm -1 , similar to the frequency in the 2£з/2[1] state. At
239 cm - 1 higher energy than the 2E3/2[2] 6j transition, there is another feature, which we
assign as 3¿6¿. Other lines which resist assignment to 2£з/2[1] transitions are perhaps also
due to excitations out of this electronic state.
In addition, the lines at 522 and 527 c m - 1 relative to the 2.E3/2[1] origin exhibit an
unusual shape which may indicate interaction between two accidentally near-degenerate
levels, one from each of the two components of the 2 £з/ 2 ion core excitation. Figure 3.7
shows these two lines in more detail. All the 2£з/2[1] transitions have a rotational envelope

(0

с

540
515
Relative two-photon energy (cm" )

545

Figure 3.7 Detail of the peaks 522 and 527 ст~г from the 2Ез/2[1] origin. Although
all the vibronic transitions in the 2Ез/2[1] spectrum exhibit a rotational profile which rises
more sharply on the high-energy side, the 527 cm - 1 iine rises more sharply on the low-energy
side and is shaded to the blue. The 2Ез^[2] lines all show a slight blue-shading, but the
527 cm"1 line is exceptionally dramatic.
which rises sharply on the blue side and is shaded to the red, but the 527 c m - 1 line shows
the opposite behavior, rising more sharply on the red side. The rotational envelopes of
the 2E3/2[2] transitions appear nearly symmetric, with only a slight shading to the blue.
The exaggerated behavior of the 527 c m - 1 line could indicate that it is perturbed by a
nearby state, and that the 522 and 527 c m - 1 lines are a Fermi-resonant pair. Both lines are
preferentially excited by circular polarization, indicating that the final levels have the same
symmetry.
The information about the 2£3/2[2] state available in the (2+1) spectrum is insufficient to
provide more than a guess at vibrational frequencies, but a level with 1156 cm - 1 vibrational
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energy (the difference between the 527 cm - 1 line and the 2£3/2[2] origin ) could for example
be (liV+liV) or ( 1 I V + 1 I / 3 ' + 1 I / 6 ' ) . These assignments can be supported by noting that
the difference between the line at 288 cm - 1 (917 cm - 1 from the 2£3/2[2] origin) and the
527 cm - 1 line matches the 239 cm - 1 energy difference between the 2£3/2[2] 6j and the next
2
£ 3/2 [2] transition (2£3/2[2] 3j6j).
3.3.2

The 2 Ei/2 ion core states

The 2 £i/ 2 ion core states of CF3I appear at around 62500 cm - 1 and they were first investigated by Sutcliffe and Walsh [15]. They noted an increased broadening of the lines
relative to the 57500 cm - 1 bands, and assigned some vibrational progressions and sequence
bands. The presence of both spin components of the state was suggested, but no definite
assignments could be made. The earlier (2+1) REMPI work on CF3I by van den Hoek et
al. noted two bands at 62543 and 62918 cm -1 , which were assigned as the origin and 3¿
transitions of the "D" state [5], but because of low signal-to-noise (S/N) these states were
not investigated further. The vibrational structure of the transitions to these states is far
less extensively resolvable than that of the lower spin-orbit state, mainly because of the
broadening and lower S/N of the transitions. The fragmentation ratio in this state is far
higher than that in the lower spin-orbit state as well; the I + and CF^ channels dominate
over the parent ion channel by a factor of 10 - 100. For this reason the polarization spectra
for the 2i?i/2 ion core states were acquired on the CFs" mass channel.
In the spectrum of CH3I, the dominant (2+1) REMPI transition is to the 2 £i/ 2 [0]
state [7], which is a relatively weak transition in one-photon absorption. This state has
Αι electronic symmetry, and the origin band could be expected to exhibit a Q4 branch
with preferred linear polarization. In the (2+1) REMPI spectrum of CF 3 I the 2 £i/ 2 [0] ex
citation is weaker than that to the 2 £i/ 2 [l] state. In the present investigation we use the
polarization behavior to ascertain the identity of the lines in the 2 £q/ 2 ion core manifold.
The application of the two-photon polarization expression to (2+1) REMPI is not neces
sarily straightforward because of the possibility of additional polarization dependence in
the ionization step [27, 36]. The detection of ions other than the parent ion, which can be
necessary in cases where fragmentation is extreme, is further complicated by the additional
absorption of several photons, sometimes in a process of unknown order, all of which can
contribute polarization effects to the measured signal. Usually, one relies on reorientation
of the molecule on a rapid timescale (i.e. between two-photon absorption and the ionizing
step) or saturation of the ionizing transition, either of which will remove the polarization
dependence of the final step. In a supersonic expansion, the collisional reorientation of the
molecule is essentially nonexistent. Saturation of the ionizing step (but not the two-photon
step) will give a quadratic dependence on power. The power dependence of the CF 3 signal
from the 2Εφ ion core states is not well fit by a simple power dependence. Figure 3.8
shows the power dependence of the 2Ei/2[l] origin; the transition begins at low power with
an approximately cubic dependence on the incident laser energy, then gradually turns over
to a quadratic dependence, before everything saturates at very high power. The polariza
tion measurements for both spin-orbit states are all taken in the region where the power
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ln( power[mJ/pulse] )
Figure 3.8 Power dependence of the CF£ signal from the 2Ei/2[l] origin. In the intermediate power region the dependence is approximately quadratic.
dependence is approximately quadratic, and it is assumed that the polarization dependence
reflects the character of the two-photon resonant intermediate levels.
The (2+1) spectrum of the 2Ei/2 ion core states is shown in Figure 3.9. The lower 2£і/г[0]
state spectrum in figure 3.9(a) was taken on the CF3 mass channel, but the stronger spec
trum of the 2£Ί/2[1] (figure 3.9(b) was taken using the parent ion mass; note the difference
in signal-to-noise. The spectra taken on CFj and CF3I4" channels show identical features.
Polarization measurements clearly show the presence of two electronic states with vibra
tional transitions built on them. Observed lines and suggested assignments are given in
Table 3.3. The lines in the 2E\¡i ion core state spectra are clearly much broader (15-20
cm - 1 FWHM) than in the lower spin-orbit state (fig. 3.2), and the linearly polarized lines
are, in contrast to the 2E3/2 ion core states, not any narrower than the circularly polarized
perpendicular bands. It is therefore probable that the broadening is due to coupling to some
dissociative state at the resonant intermediate level. Such an explanation is reinforced by
the presence of the large "blob" at about 63200 cm - 1 which may mark the crossing area
to the dissociative curve. Speculations concerning the nature of this dissociative state are
discussed in section 3.4.
Vibrational transitions involving the totally symmetric modes are seen, allowing determination of vibrational frequencies v\ and 1/3' in both states, and v-ì in the 2£і/г[0] state.
2
The frequencies differ between the two components and both differ from the Е3^ states.
No fundamental transitions to non-totally symmetric modes in the excited state are mea
2
sured, however, hot band transitions to the red of the Ei/ 2 [l] origin allow an estimate to
be made of v6 in the excited state. Suggested vibrational frequencies in the CF3I states
investigated are reported in Table 3.4. The circularly polarized line at «62360 cm - 1 offers
some problems in assigning. It is clearly unlikely to be a hot band built on the 2 £i/2[l] state
because of the large («170 cm -1 ) red shift from the 2 £!/ 2 [l] origin. It is thus built on the
2
£1/2(0] state, but the 666 cm""1 difference does not match with any degenerate vibrational
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Figure 3.9 a) Spectrum of the 2Ei/2[0] state up to and including the origin of the
2
Ei/2[l] state, taken on the CF£ mass channel, b) Continuation of the spectrum, taken
on the СРз7+ mass channel. The signal-to-noise is reduced from a) because the extensive
fragmentation of the CF3I yields more signal on the fragment ion. Spectra taken on both
mass channels exhibit similar features. The three-photon energy lies above the dissociation
energy of CF3I+^> CF¿ + I.
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Table 3.3

Vibronic transitions to the 2 £i/ 2 ion core states.

Frequency (cm l) Assignment
Polarization^"
2
61696
£ 1/2 [0] origin linear
2
61915
£i/2[0]3¿
linear
2
62134
£i/2[0]3g
linear
62300±20
{2Si/2[0]2¿}
linear
2
62362
£1/2[0]5¿6¿6) circular
2
62459
circular
E
m
2 m
62497
circular
{ ЗД1]6}}
2
62535
E1/2[1] origin circular
2
62654
linear
2 ЗДФа
62743
circular
^i/2[l]3j
2
62873
£1/2[0]1¿3¿
linear
62976
circular
[?]=)
2
linear
63290
£i/2[0]lj2â
2
63468
circular
£i/ 2 [l]l¿
63908
[?]1¿C)
a
> "linear" = Ρ < 1, "circular" = Ρ и 3/2.
Ь)
Duschinsky-effect allowed.
c
' Narrow lines (FWHM « 5 cm-1).

frequency. It is therefore most likely some combination involving a degenerate mode, and
is assigned to the 506¿ transition. More details about the vibronic couplings in these states
are discussed in Section 3.4.
In addition, ions were observed at the mass of I j under some expansion conditions. It
was found that by reducing the backing pressure in the expansion that this signal could
be completely eliminated. With higher backing pressures, the Ij" and the I + signals would
grow dramatically, while the CFj signal remained nearly unchanged. Possible contributions
from I2 impurities were ruled out, indicating that the source of these ions is probably
a CF3I cluster species. Neutral I2 has been observed by Donaldson and coworkers from
dissociative states of CH3I dimers [37], and it is likely that the CFal dimer species is the
major contributor to the Ij signal observed in our experiments. The reaction of I + with
CF3I can also produce I 2 , but this channel is energetically less favorable than the creation of
CF3" and has been shown to be a minor pathway at 298 К [38]. No detailed investigation of
the cluster signal was made in the current work, and the expansion conditions were chosen
in all experiments to minimize these signals.
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Table 3.4
Electronic
state

ЖМО·'
2
ЗД2]

2

E3/2[1]

2

E1/2[Q]
2
EU2[l]

V\

Vi

1075.20
{917}')
970

743.36
6
{694} >
681

945
950

{630±20}

Vibrational frequencies for CF3I.

v3
286.303
239ò>

ν*
1187.45

232

1282,1287 >

c

e)

206

Vb

Vb

539.83

261.5
223

525(E),
{456^,)}")
}
666-1/6 '

223M0,
211(Л 2 ,£?)
666-1/5 ñ
{218} »>

a

' Reference [21].
°' Frequency determination depends on assignment of combination band, see section 3.3.1.2.
c)
See sections 3.3.1.1 and 3.4.2.2.
d)
Ambiguous assignment; see section 3.4.2.1 and 3.4.2.2.
e)
Broad feature at »610 cm~l assigned as fundamental; combination band 1¿2¿ at
1594 cm'1 indicates higher frequency, u2 »650 cm-1.
' ' Modes appear only in combination band; see section 3.4.2.3.
& Taken from hot-band
transition.

3.4

Discussion

3.4.1

Electronic Structure

The electronic transitions reported here can be definitely assigned, on the basis of the symmetries and splittings of the states, to be the components of the 5pa-6s Rydberg excitation.
The splitting of the ion-core states, »5030 c m - 1 , is quite close to the splitting in the bare
ion [16]. The Rydberg series assignments dating back to Sutcliffe and Walsh [15] are supported. There are also transitions not previously observed in this molecule, which seem to
indicate mixing with another dissociative state near the 2Ei/2 ion core states.
In order to gain insight into the nature of the relevant electronic states of CF3I , density functional (Hartree-Fock-Slater) calculations were carried out on this molecule using
the Amsterdam Molecular Structure Program (AMOL) [39]. Relativistic effects, which
are extremely important in iodine-containing compounds, were taken into account by incorporating the scalar relativistic corrections (mass-velocity, Darwin and relativistic (core)
potential operators) into the SCF calculation, while the spin-orbit interaction was added
in the end through perturbation theory [40, 41]. The geometry of the molecule was taken
from ref. [42]. A fairly large valence basis was used (quadruple zeta STO's plus polarization
functions), while the I [Kr] and C,F [He] core was kept frozen. The multiplet energies of
the various excitations were calculated using a diagonal sum procedure which relates the
multiplets to the energies of individual determinantal wave functions.
The highest occupied orbital in CF3I was found to be the iodine lone pair (n) orbital
which is highly spin-orbit split (calculated ASo = 5300 c m - 1 , experimentally about 5030
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cm - 1 ), followed by the C-I bonding orbital (σ ). The C-F bonding orbitals and the fluorine
lone pairs were all at much lower energies. The lowest unoccupied orbital has mainly Ο
Ι antibonding character (σ*), while the next unoccupied orbital is indeed a diffuse one
of mostly iodine 6s character. The lowest-energy excitations arise from a promotion of
a single electron from the two highest occupied orbitals to these two empty orbitals; the
corresponding vertical excitation energies are collected in Table 3.5.
Table 3.5

Calculated transition energies for CF3I (cm 1).

Transition type
η —» σ'

Excited state
E3/2[2]

аді]

адо]

адч

σ —* σ*

Μι[ο+ι]

η —> 6a

%[0]
£з/2[2]
ЗД1]

адо]

Theory
(present work)
3Θ591
41005
43891
46305
49625
59149
52233
53219
57533
58519

Experiment
37700

a)fi)

51260 «)
63200 c)A
56868 e)
57497 c>
61696 c )
62535 c )

аді]
' References [16, 30].
b)
Center of broad A-bànd containing all four η —» σ* transitions.
c)
Present work.
d)
Broad feature.
a

The first excitation arises from an η —• σ* transition and is split into four components
by the spin-orbit and exchange interactions. The resultant excited states are dissociative
along the C-I stretch coordinate due to the occupation of the C-I antibonding σ* and can be
identified as the broad dissociative A state found experimentally. The next excitation arises
from the σ —* σ* transition. Since both σ and σ* are localized in the C-I bonding region, a
large exchange splitting is found between the resulting 3Αχ and 1Ai states. Although the M i
can split into 3 J4I[1] and Mi[0] components, this is a second-order spin-orbit effect, which
has not been calculated and is expected to be small. The M i state, calculated at 49625
cm - 1 , can be identified with the "B" state observed by Robin [16]. Its essentially triplet
character explains why it is very weak and has not been seen in the REMPI spectrum [5].
The Mi component of the σ —» σ' transition is much higher in energy and we will see that
this dissociative state might perturb other states in the region.
The η —• 6a transition gives rise to four excited states, which are split into two groups
by the large ion-core spin-orbit splitting; each spin-orbit component is further split by a
relatively small exchange splitting. These states can clearly be indentified with the "C"
and " D " states that form the main subject of this paper. It is seen in Table 3.5 that
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the calculated character of these four states completely agrees with those derived from the
polarization measurements in the REMPI spectrum, and there is also near-quantitative
agreement for the spin-orbit and exchange splittings. The relative order of the components
of the С and D states can in fact be rationalized if one realizes that to a first approximation
(no second-order spin-orbit interaction) the 2£3/2[2] and the 2/?і/г[0] are pure 3E states,
while the 2£з/г[1] and 2£і/г[1] are equal mixtures (via the spin-orbit interaction) of 3E and
λ
Ε. Since the exchange interaction tends to stabilize triplets whith respect to singlets, the
order of the exchange components is the expected one.
The dissociative σ —* σ* lA\ state is calculated to be rather close to the 2i?i/2 ion core
states of the η —• 6s transition and might easily cross these states along the C-I stretch
coordinate. It is therefore a prime candidate to explain the perturbations in the REMPI
spectrum of the 2 £i/2 ion core transitions. While it has the right symmetry to perturb
the 2£i/2[0], interaction with the 2 £1/2(1] component is symmetry forbidden. The fact that
the 2£j/2[l] state is nevertheless seen to be perturbed as well can possibly be rationalized
by assuming a Jahn-Teller distortion of the nuclear framework which is large enough to
make the perturbation allowed and appreciable. Alternatively, the 2£i/2[l] state may be
perturbed by another unknown state; however, the σ —> 6s and the η —* 6p excitations,
the most obvious candidates, lie much higher in energy.
The possible role of a —> σ* transitions in the region of Rydberg excitations has been
discussed by Robin [30]. The valence a* states can mix with nearby Rydberg levels of the
same symmetry. The σ —» с' transition on the C-I bond is a transition between states of A\
symmetry in the C$v group. As a consequence, the two-photon transition to this state would
be expected to exhibit a linear > circular polarization dependence, as the broad feature in
the REMPI spectrum indeed does. However, as was mentioned above, the C$v symmetry
is only approximate in the degenerate electronic states because of the Jahn-Teller vibronic
interaction. For strong interaction, the equilibrium position will be significantly away from
the C3„ geometry, and the symmetry will be lowered toward C„. Polarization ratios reduced
from the theoretical maximum have been observed in two-photon laser-induccd-fluorescence
for molecules where vibronic mixing between states of differing symmetries is important [28].
Similar vibronic mixing may explain the polarization behavior of the Rydberg levels of CF3I
studied in the present work, i.e. mixing of the E symmetry levels with levels of A symmetry
via nontotally symmetric vibrations. The polarization ratios measured for the origins of the
three (nominally) E symmetry bands are nearly the theoretical 3/2 value (1.3±0.2), but the
inability to obtain measurements which reflected the maximum could indicate band mixing.
The fragmentation patterns of the various vibronic transitions in the 2 £3/2(1] state, in
particular the difference between lu6 and lu3 excitation, shed some light on the intersection
of dissociative states in the ion. The energy of three photons of around 350 nm, used in the
(2+1) REMPI spectroscopy of the 2£з/2 ion core Rydberg states is not quite sufficient to
produce СГзІ + above its dissociation threshold [43]. If it is assumed that the dissociation is
due to absorption of a fourth photon by the parent ion, then the difference in the fragmen
tation ratios must arise from a changed Franck-Condon overlap between the ionic ground
state and the (pre)dissociative excited ion state. Differing I / I* branching ratios for disso
ciation on the CX3I neutral dissociative A surface have been noted for different vibrational
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temperatures [44] because of a change in the coupling at a conical intersection [45].
The mechanisms of fragmentation in the present experiment are somewhat ill-characterised due to the number of competing pathways available in the REMPI process. Fragment
ions can be produced by essentially two different processes; fragmentation of parent ions
("ladder" mechanism) or ionization of neutral fragments ("ladder-switching"). The two
processes are distinguishable, for example, by their power dependences. Ionization of neutral
I atoms produced from dissociation of the resonant intermediate level requires 3 additional
photons, or a total of 5, vs. the 4 needed for fragmentation of the ion. However, the
power dependences are complicated by partial saturation of any or all of the various photon
absorption steps involved, and can be very difficult to unambiguously interpret for multiple
pathways. In the 2 £ 3 / 2 [l] state, the fragmentation ratio is independent of power, to within
experimental error, and the polarization behavior of the fragments and the parent ion signals
is the same.
Work by Szaflarski and El-Sayed on the multiphoton ionization-dissociation of CH3I at
266 nm (resonant with the dissociative Л-state) indicates that the "ladder" mechanism is
more important as the excitation pulselength decreases; they observed a predominance of
the "ladder" mechanism for picosecond-pulse excitation [46]. The lifetime-to-pulsewidth
ratio in the CF3I 2E3/2[1] state REMPI is similar to that of the El-Sayed experiments, if
a lower limit on the lifetime of the resonant intermediate state of 50 ps is estimated based
on the width of the parallel transitions. In addition, the kinetic energy release has been
measured for CF3" produced via (2+n) REMPI through the 2£?з/2[1] state 1¿ transition [47],
using a 2-dimensional ion imaging technique [48]. The difference between the energy of
the 2E3/2[l] state and the asymptotic I + CF 3 energy is nearly 5 eV, but no CF3" was seen
corresponding to a kinetic energy-release over about 2 eV. The images show two distributions
of CF3"; some CF3 is produced via a very small kinetic energy release (<0.2 eV) and some
in an approximately cos2 9 distribution from a higher kinetic energy release («2 eV). The
energy of the 1¿ transition is nearly two-thirds the reported appearance potential for CF3"
+ Ір^з/г] [43], and it is likely that the low kinetic energy CF 3 is produced by three photon
absorption to just above the CF 3 + I limit. The higher energy component fits well with the
energy difference between the four-photon energy and the threshold for production of CFj +
I[2Pi/2], indicating that the fragmentation in this transition is mostly due to fragmentation
of the parent ion. It is likely that the situation in the lower vibrational levels of the 2£з/2[1]
state is similar, and that the difference in fragmentation between the 6j and 3¿ transitions
in the present experiment arises from changes in the probability of absorption of a fourth
photon by the parent ion to reach a (pre)dissociative ionic level.
3.4.2

Vibronic Coupling

The interactions between degenerate vibrational and electronic states have a long history
of study, especially in connection with the E 0 e Jahn-Teller effect. The 2£?з/2[1] state has
been previously pointed to as a particularly good example because of the observation of
splitting in the 6j band and the observation of fundamental 6j transitions [13, 14, 49]. The
analogous bands in CH3I have been studied in considerable detail [6, 7, 8, 9, 50], and offer a
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good point of departure for the present study. In the methyl iodide studies, the intensity of
the fundamental transitions in v^ were attributed to a Herzberg-Teller intensity borrowing
mechanism, combined with Jahn-Teller intrastate vibronic mixing [6, 50]. The assumed
dominance of Jahn-Teller interactions in the case of CF3I [13, 14] is apparently mainly due
to the observation of the splitting of the 6} hot band transitions, and the assignment of this
splitting as due to the E — A\, A2 linear Jahn-Teller interaction. It has been suggested that
the role of Herzberg-Teller interstate vibronic mechanism has been unfairly underestimated
in these transitions [51], and in the present investigation we have gained new information
on the symmetries of the vibronic levels which shows that the situation in CF3I is more
complicated than a simple linear Jahn-Teller picture would allow.
Linear Jahn-Teller interaction of an e symmetry vibration in an E symmetry electronic
state splits the E and A\, A2 vibronic components (in C3v), with the energy of the doubly
degenerate E level raised relative to the degenerate Ax, A2 pair [52]. The energy levels
for a relatively small linear Jahn-Teller interaction exhibit splittings of 4Ζ3ω0, where D is
the dimensionless Jahn-Teller interaction parameter, and wo is the unperturbed vibrational
frequency [13]. Second-order terms in the vibronic interaction Hamiltonian act to split the
Αι and A2 components; these terms are not necessarily small with respect to the linear
Jahn-Teller interaction terms [53]. In addition, other quadratic terms can serve to couple
different modes of the same (Duschinsky effect) [54] or different symmetries [55]. The crossquadratic terms which link modes of different symmetries can induce vibronic intensity and
can split vibronic levels even in the absence of Jahn-Teller distortion [56]. In this section
we will discuss the observed vibronic interactions in CF3I , concentrating in turn on the щ
interactions in the 2 £ 3 ^ 2 [1] state, the interactions of the other non-symmetric modes in the
2
£ 3 / 2 [l] state, and finally on vibronic effects in the non-degenerate 2Ei/2[0] state.
3.4.2.1

The 2 E 3 / 2 [1] ® f β interaction.

The linear Jahn-Teller interactions along v§ in the 2і?з/2 [1] state have been investigated by
Herzberg in one-photon absorption [13, 14]. The one-photon absorption spectrum differs
from the (2+1) REMPI spectrum in several respects. First, in the one-photon spectrum
of the 6¿ band, the E vibronic component was seen, but we see only the A\ component.
Second, the positions of the split 6j hot band transitions are different. Finally, in the (2+1)
REMPI spectrum the Ax component, as assigned by polarization measurements, is seen to
lie above the other component of the vb=\ level, which is inconsistent with the view that
the splitting arises from linear Jahn-Teller interactions.
Interactions of u3 and ι/β via cross-quadratic coupling terms could account for the splitting
of the i/6=l level. The coupling of e and о modes in C3„ can be described similarly to the
treatment of £>6л symmetry given by Scharf [56]. In this case the components of the e mode
(i/6) which correspond to E symmetry will interact with the u3=l level and be shifted away
from it, while the A\ and A2 components will not interact. Since з> &, the A components
will appear higher in energy than the E components. This explanation would require that
the 1/3=1 level also shift, to higher energy. Since the progression in 1/3 appears very harmonic,
the energy shift of the 1/3=1 level is certainly quite small, indicating that the cross-quadratic
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terms are probably not the dominant mechanism for the splitting of the u6=l level.
If on the other hand the largest splitting is the second-order splitting of A\ and A2 and
the linear Jahn-Teller splitting is roughly half the Αχ — Αι distance, then the E component
could be accidentally degenerate with the A\. The lack of a fundamental transition to
-1
the other {y = 211 cm ), A2 symmetry component could be explained, since an Αχ — A2
transition is two-photon forbidden for photons of the same frequency. The linear Jahn-Teller
-1
splitting of approximately 6 c m given by this explanation is only slightly smaller than the
-1
8 c m estimated from the room-temperature observations, even though the nature of the
splitting was not completely known in the earlier work.
The 6¿ (E) transition was reported by Herzberg [14], who noted the same characteristic
intensity alternation and wide spacing in the Ä^-structure which Mulliken and Teller had
used to establish the presence of Jahn-Teller interactions in the analogous state of CH3I [6].
This transition was seen in the region where the 6j (Αχ) transition appears in the (2+1)
REMPI spectrum; however, in the current work we see little evidence for the E component
at this energy, indicating that its intensity is much less than that of the Αχ component. The
component of the 6¿ transition which is not completely linearly polarized (see figure 3.5 and
the discussion in Section 3.3.1.1) could be partly due to the E component of the excitation.
This difference in the intensities of the one-photon and (2+1) spectra is not completely
understood; at the very least, it raises doubts about the direct applicability to the twophoton spectrum of the calculations of the intensities of vibrational progressions which have
been carried out for Jahn-Teller active systems [51, 52]. Such intensity differences possibly
contribute to the shifting of the position of the 6} hotband peaks between the one-photon
and two-photon spectra. Of course, the rotational structure present in the room temperature
experiments could also shift the intensity maxima for the overlapping transitions.
For a small Jahn-Teller interaction of D «0.01, as is suggested for щ in CF3I, the
intensity of the 6J transitions is expected to drop very sharply with increasing n, so that
only the 6j should be observed. We have remarked above that the transition at 456 c m - 1
could be assigned with nearly equal ease to 5¿, 3¿6j, or 6Q. Considerations based on the
predicted relative intensities of the members of the vibrational progression would tend to
reduce the likelihood of the final assignment, but given the discrepancies between one- and
two-photon intensities observed for the 6j transitions, we do not preclude assignment of
the 456 cm - 1 line as 6§. The combination of linear and quadratic Jahn-Teller interactions
described in the preceeding paragraphs is entirely consistent with placing the energy of the
6§ (-Ai) component at 456 cm - 1 .
3.4.2.2

The 2 E 3 / 2 [1] ® f5, f4 interactions.

The argument for assigning the 456 cm - 1 transition to the Αχ component of the 5¿ transition
is based in large part on the observed iV of 458+15 cm - 1 reported by Fuss [22]. The possible
Jahn-Teller activity of ъ had been given as an explanation for broadening observed in hot
bands involving ъ [22]. As described above the 456 c m - 1 line could also easily be assigned
to another transition, and the (Αχ) component of 5j taken to be absent. This would indicate
that the Αχ intensity borrowing mechanism which is responsible for the strong parallel 6j
57

Chapter 3
transitions is considerably less important in the case of v$. Even in the case that the 456
cm - 1 band is indeed the 5j (A\) transition, we must address the question of the Jahn-Teller
activity of the mode in order to reconcile our observations with those of Fuss.
A linear Jahn-Teller parameter of D »0.04 can accomodate both the E symmetry component of liV at «525 cm"1, and the TT-symmetry 2i/5 {jk = 5/2) level at «920 cm - 1 as the
measurements of Fuss suggest. If anharmonicity is assumed to reduce the frequency of the
2us, we can postulate that the 456 cm - 1 line is the A\ component of the 5j transition and
that the 522 cm - 1 is the E component. This case would give a slightly smaller linear JahnTeller activity for i's, £>=0.03. The approximate expressions for the energies of Jahn-Teller
split vibrational levels given by Longuet-Higgins et al. [52] are valid for D <0.05 [57], and
we can use these to calculate expected energies for other vibrational levels. The effects of
anharmonicity are included in an ad hoc manner, by simply lowering the energy of the nvb
manifold while maintaining the «69 cm - 1 Jahn-Teller splitting. Such a treatment would
predict the 2f5 (jk = 1/2) (£) level at about 990 cm - 1 , and the 2 ъ (jk = 3/2) {Αι) level at
«1060 cm - 1 . It is tempting to assign the lines at 1046 and 1516 c m - 1 to the 5Q {AI) and 5Ji
(E) transitions based on this crude calculation. However, although the 1046 cm - 1 and 1516
cm - 1 lines are too weak to allow reliable polarization analysis, the width of the 1046 c m - 1
feature seems to preclude its being a || А\—Ах transition. We note in passing that we do not
see evidence for a Fermi resonance between 2vb' and If/, as exists in the ground electronic
state. In any case, accomodation of the Fuss measurement with the observed E symmetry
vs fundamental in the present work suggests that the linear Jahn-Teller interaction is some
three times stronger for vs than for v$.
The problem of the highest frequency degenerate vibrational mode, 1/4, is even more
vexing. The pair of transitions at 1282 and 1287 c m - 1 from the origin cannot be fit to
reasonable combinations of the other five modes and must be attributed to excitations
involving щ (the 1282 c m - 1 peak had been incorrectly assigned as 2§ in a previous report [5]).
As in the case of ι/β, the A\ symmetry component is higher in energy, implying that the
linear Jahn-Teller effect is not sufficient to explain the vibronic activity of this mode. In
this case the splitting could not be due to crossquadratic coupling with v\ (the nearest αϊ
mode), because the interaction with a lower frequency mode would shift the E symmetry
component higher in energy, just as linear Jahn-Teller coupling. Uncovering the true vibronic
interaction once again requires a decision between two possible assignments for the observed
features. Assigning this pair of lines to 4j would force us to accept a frequency 1/4' which is
nearly 10% higher than iV', while all the other vibrational frequencies decrease considerably
upon electronic excitation. An alternative explanation is to postulate a very small vibronic
interaction for mode 4 and assign the 1282 and 1287 c m - 1 lines as Duschinsky-effect allowed
4¿6¿ combination bands. In some sense this merely shifts the questions from the strange
frequency of mode 4 in the excited state to the splitting of the combination level. It is not
clear what splittings to expect for a combination of degenerate modes, at least one of which is
linear and quadratic Jahn-Teller active. We have chosen the apparently simpler explanation
of assigning the line to the 4¿ fundamental split by combined linear and quadratic JahnTeller interactions. Final resolution of the problem would be possible with some independent
measurement of v± in the excited state.
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3.4.2.3

Duschinsky rotation in the 2Εχ/2[0] state.

The non-degenerate 2Ei/2[0] state is not subject to any Jahn-Teller interactions. However,
in electronic states where coupling to another electronic state is possible via more than one
vibrational mode of a given symmetry, the normal coordinates are not necessarily the same
as the ground state coordinates, but are related by a linear transformation (Duschinsky
rotation) [54]. One consequence of this is that the overlap between the ground state and
combination levels involving two modes of the same symmetry is no longer zero [58]. The
circularly polarized feature 666 cm - 1 from the 2£à/2[0] state origin, at 62362 cm - 1 , must
be due to excitation of a degenerate vibration, but the energy difference does not match
a reasonable guess at the fundamental frequency of any non-symmetric mode. However,
the 5¿6Q combination could be expected to appear at a similar energy (in the 2£3/2[l] state
the sum of the A\ fundamentals of 1/5 and v^ is 677 cm -1 , if one accepts the 456 cm - 1
transition as 5¿ (.Αι) ). We tentatively assign the 666 cm - 1 feature as this Duschinskyallowed combination band. An alternative explanation as a combination involving i/3 and
vb seems less likely because of the absence of a u6 fundamental transition. The quadratic
interactions which are responsible for the Duschinsky effect are related to the crossquadratic
interaction terms discussed above for modes of different symmetry [55, 56].

3.5

Conclusions

The (2+1) REMPI spectrum of CF3I 5p7r-6s Rydberg transitions has been measured.
Using the polarization dependence of the two-photon resonant excitation we have been able
to assign all four electronic origins in the manifold. Crossing of the Rydberg states with
a dissociative curve occurs at about 63200 cm - 1 . Density functional calculations indicate
that the perturbing state is likely a σ —> σ* transition localized on the C-I bond. The
perturbation of both exchange components of the 2 £ i / 2 ion core state, which have different
symmetries, points either to a second interacting state in the region or to a reduction from
Сзг, symmetry in the excited 2 £i/ 2 [l] state via Jahn-Teller interactions.
The vibronic interactions in these states are more complicated than previously thought.
Linear and quadratic Jahn-Teller interactions are evident in the splitting of the li/6 mode
in the 2£?з/2[1] state, with the A\ — A2 splitting apparently about twice the A — E linear
Jahn-Teller splitting. The mechanism of intensity borrowing operating in these states is still
unclear. The A\ symmetry component of the 6j band in the 2£з/2[1] state is far stronger
than Jahn-Teller induced excitation to the E symmetry component. Assimilation of the
observed 2£з/2[1] (2+1) spectrum with previously reported hotband transitions requires a
Jahn-Teller activity of mode 5 which is about a factor of three larger than that of the
lowest-frequency »mode, v$. In addition, the frequency of the highest non-symmetric mode,
ц, is still the subject of some uncertainty. Evidence for Duschinsky rotation is seen in the
spectrum of the 2Ei/2[0] state.
Finally, the dynamics of the dissociation of the CF 3 I + ion following (2+1) REMPI offers
some intriguing prospects for further study. Excitation via the 2E3/2[1] 3¿ transition shows
a I + / CF 3 I + branching ratio which is four times that for excitation via the near-degenerate
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Ез/г[1] 6j transition. Indirect evidence, from dissociation via the 2£з/г[1] lj band and
from comparison with CH3I dissociations, suggests that the dissociation takes place via
absorption of a fourth photon by the ion. Resolution of the kinetic energy and angular
distributions of the fragment ions produced by REMPI at these two transitions could shed
light on interesting dynamical effects in the electronic states of the CF 3 I cation.
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Chapter 4

Infrared Multiphoton Excitation of CF3I
G. van den Hoek, M. Jonker, D.H. Parker
Department of Molecular and Laser Physics, University of Nijmegen,
Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
C A . Taatjes, S. Stolte
Laser Centrum en Faculteit der Scheikunde, Vrije Universiteit,
de Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

We present an infrared multi-photon excitation study on CFal. The fundamental transition
of vi and overtone transitions of v\ and 1/5 of CF3I are excited by a pulsed CO2 TEA-laser in
a molecular beam. The vibrational distribution is probed after the infrared excitation with
(2+1) resonance enhanced multi-photon ionization via the electronically excited C-band of
CF3I.

65

Chapter 4
4.1

Introduction

Multi-photon excitation processes have been studied extensively for many years and important properties of molecules immersed in strong laser fields are now known. With intense
pulsed C0 2 lasers one has access to high vibrational states of many polyatomic molecules.
In these regions many interesting features can be studied. For these higher IR pumped
levels, the possibility of interaction with other vibrational levels increases because many
combination of different vibrations are possible and levels are shifted, for example due to
Fermi-resonances. If the density of states becomes even higher at higher vibrational levels
then the levels are mixed almost completely and combine to a quasi-continuum. In the
region near to the dissociation limit states overlap completely and form a continuum.
A excellent probe molecule to study higher vibrationally excited levels up to the dissociation energy is CFal. This molecule has been investigated by several groups. The fundamentals of the V\ and v^ modes in the ground state have been measured with a resolution
of 0.01 cm - 1 by Bürger et al. [1] and with FTIR (with a resolution of 0.005 cm -1 ) in a
molecular beam [2]; Fermi resonances between v\ and 2 ъ, and u& and i/3+i/6 have been
analysed. Burczyk et al. [3] investigated v<¡ and v$ plus their combinations and overtones in
the gas phase.
Higher excited levels up to 5000 cm - 1 were investigated by Fuss with infrared absorption
measurements [4] and with infrared CO2 laser excitation followed by UV absorption in a
cell [5]. Assignments are made in the region up to 5000 cm - 1 , however care must be
taken in interpreting the regions around the V\ (at 1075 cm - 1 ) and V\ overtone excitations.
Because of the closeness of several other levels of the same symmetry (see figure 4.1) and
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Figure 4.1 Energy levels of CF3I at the vx region, see also [7]. The energy of the levels
is given in cm-1 on the right.
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strong interaction, Fermi resonance leads to energy shifts of a few wavenumbers. In the
V\ overtone region interactions change because of the anharmonicity of the vibrations and
because more levels can interact. Vibrational excitation leading to dissociation or excitation
near to the dissociation level is discussed by Letokhov [6] and more recently by Quack [7].
A (2+1) REMPI process is used in our measurements to probe the vibrational distribu
tion of CF3I in the beam. Three photons are needed to ionize the molecule; the first two
photons are two-photon resonant with a vibronic level in the electronically excited C-state
(C : E «— X lA\), the third photon ionizes the molecule with an extra energy of about 1000
cm - 1 above the ionization potential (IP = 83881 cm - 1 ). This C-state has been investi
gated for many years, starting by Herzberg [8] and by Sutcliffe and Walsh [9] in one-photon
absorption experiments. More precise values for vibrational excitation and assignments of
overtones and combination bands in this C-state are provided by Taatjes et al. [10].
A molecular beam is used in our measurements to simplify the spectral assignments by
cooling, and to avoid collisional effects. No collisions take place after the infrared excitation
with the CO2 laser; the excitation distribution which is measured is only due to direct
infrared excitation or by intra-molecular redistribution of the excited molecule. The attempt
is to excite CF3I as high as possible without dissociating it and investigate what levels are
excited before dissociation takes place.

4.2

Experimental

Measurements were performed in a molecular beam machine. The gas, 5% CF3I in He,
enters the vacuum chamber through a pulsed valve and is skimmed 40 mm downstream to 2
mm. A backing pressure of approximately 1100 mbar is maintained at the nozzle. The gas
pulse then enters a differentially pumped detection chamber. A pulsed UV-laser is focussed
by a 0.30 m spherical lens and creates ions in this chamber if the laser is on resonance with
a transition from a level in the electronic ground state to a level in the electronically excited
state. The energy per pulse is 5 mJ and the repetition rate 20 Hz. Ions formed are detected
with a time of flight mass spectrometer. More details of the experimental set-up can be
found in [11].
An oven has been used for vibrational heating and pyrolysis of CF3I . This oven was
built after a design of Colson and coworkers [12] (see figure 4.2) and consists of a small
aluminium-oxide tube with an inner diameter of 1 mm around which a tungsten wire is
wound. The wire is resistively heated, allowing temperatures of up to about 1100° Celsius
to be reached. Three layers of platinum and a stainless steel mesh surround the wire in order
to shield the heat and to obtain a higher temperature of the tube. The tube is attached
to the outlet of a pulsed nozzle, separated by a cooling element to avoid burning of the
nozzle. The gas entering the small heated tube through the pulsed nozzle is heated during
the transit time of a few μδ and is cooled afterwards by the expansion of the gas.
Molecules are infrared excited by a multimode single-line pulsed C 0 2 TEA-laser (Uranit
GmbH) which produces energies up to 3 Joule per pulse. The pulse consists of a 100 ns
sharp spike followed by a broad tail of about 0.5 ßs. This laser is focussed by a cylindrical
lens with a focal length of 0.35 m and crossed both with the molecular beam and the REMPI
fi7

Oven
current

Pulsed Nozzle

Oven
^

Pulsed
current

TT
Gas inlet
Water cooling
Figure 4.2 Scematic diagram of the oven which is used for vibrational heating and pyroiysis of CF3I and CF3I.
detection laser. The flux in the focal point is estimated as 20 mJ/mm 2 . The repetition rate
of the YAG-laser is 20 Hz, the maximum repetition rate of the CO2 laser is 10 Hz. The ion
signals are sampled at a rate of 20 Hz. The pulsed C 0 2 laser is triggered synchronously
with every second YAG-laser pulse; one complete scan consists of both excited and unexcited
spectra. The boxcar output is stored at every laser shot on a personal computer system and
the sampled data is processed afterwards. A typical scan consists of about 25000 samples
per channel.

4.3

Vibrational excitation with an oven and a pulsed СОг-laser

In the next sections we will show the detection of multi-photon IR excited levels of CF3I.
A line tunable pulsed CO2 laser is used on several frequencies to induce single and multiphoton transitions, followed by detection of the ions via (2+1) REMPI with a time of flight
mass spectrometer.
The hot band spectrum without CO2 laser excitation will be discussed in section 4.3.1
and vibrational excitation with an oven in section 4.3.2. Then single photon transitions
induced by a pulsed CO2 laser and the transitions to combination bands will be treated
in section 4.3.4. Thereafter we will discuss the two- and more-photon excitations in sec
tion 4.3.5. Our attention will be focused mainly on the hotband region of CF3I from -149
c m - 1 to -1357 c m - 1 relative to the origin of the 2 £ 3 / 2 [l] state of the C-band at 57497 cm - 1
(this is the two-photon energy range from 56140 cm - 1 to 57348 cm - 1 ). Assignments closer
to the origin are more complicated because of the high ion signal due to the presence of
residual rotational and vibrational excited levels in the beam, and because of the numerous
possible transitions with a nearly equal transition frequency as the 2Ез/г[1] origin that can
be populated but also depleted by the C 0 2 laser.
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4.3.1

Residual occupied vibrational levels

Several vibrationally excited levels of the molecule are thermally occupied in the molecular
beam, even without excitation by a C 0 2 laser. The infrared multi-photon excitation spectra
presented in this paper are measured with beam conditions leading to a residual vibrational
excitation shown in the hotband spectrum of figure 4.3. The strongest peak is assigned as
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Figure 4.3 Hotband spectrum of CF3I without excitation by a pulsed CO2 laser, the
frequency shift is given with respect to origin of the 2Ез^[1] state of the C-band. The
pulsed nozzle is operated at room temperature without the oven assembly offìgure 4.2.
the 3° transition; molecules with the v'3' = 286.30 cm - 1 populated in the electronic ground
state [2] are excited by the UV-laser to the 2 £3/2(1] origin and then ionized by the same
laser. This 1/3 possesses the lowest vibrational frequency of all possible symmetric vibrational
modes (i/\, 1/2, 1/3) and therefore is much more populated then the other two symmetrical
modes. The e symmetry modes are less intense because of a different electronic transition
probability. The other two symmetric vibrations, the vi and the v\ with fundamental
frequencies of 743.36 cm - 1 and 1075.20 cm - 1 respectively, are measured as the transitions
2° and 1°. Of the non-symmetric vibrations щ has lowest energy, and is observed in this hot
band spectrum at -266 c m - 1 as the 6° transition. A special remark must be given to two
other fairly strong peaks in this spectrum which are not assigned with complete certainty.
These are the peaks at -626 c m - 1 and -404 cm - 1 . The first one is assigned as the origin
of another electronic state, the 2Е3/2[2] and the second as a vibrational excitation of the vb
in this electronic state [10]. The other smaller peaks are overtones and combination bands.
Frequencies of these resonances together with all other observed peaks are given in table 4.1,
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Transition frequencies [cm ']
assignment shift calculated
-1277
-1274
1Í
-1266
-1258
-1254
-1247
-1242
-1172
-1174
1Í
-1188
-1084
-1080
-1080
b°2
-1076
-1076
1?
-857
-851
-847
2;
-744
-743
-670
-626
0g[2]
-570
-556
-559
5j
-511

Transition frequencies [cm" 1 '
assignment shift calculated
-448
-425
-437
ii
-403
6¿H1
l^
-393
-393
-338
-327
-328
η
-286
-287
3Ϊ
-267
-262
6?
-215
-207
-218
A
-196
-188
-174
-139
-121
-116
-107
-109
il
-96
-79

t

t
t
t

t
t
t
t
t
t

t
t

t

Table 4.1 Measured transition frequencies of CF3I in wavenumbers. The transitions axe
gained for several CO2 laser lines. The energies are given in wavenumbers with reference
to the CF3I origin of the 2Ey2[l] at 57497 cm"1. The two resonances that are assigned
as transitions to another electronic state (the 2E3/2[2]) are marked with "[2]" in the ñrst
column. The uncertainty in the frequencies is 1 to 2 cm-1. Resonances present in the
spectrum without C02 laser and oven assembly (see figure 4.3) are denoted with a "t" in
the last column.
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those which are also present in the thermal spectrum of figure 4.3 are denoted by a "t" in
the last column.
4.3.2

Vibrational excitation with an oven

In figure 4.4 the (2+1) REMPI spectrum is given of a scan in the frequency region of the
0¡j transition to the C-band. An oven is heated in order to populate the lowest vibrational
levels. To achieve this a small tube with a diameter of 1 mm, mounted in front of the

Shift (cm')
-300

57150

-250

-200

57270

-ISO

-100

-SO

57390

0

SO

57510

100

ISO

57630

200

57750

Two Photon Energy (cm-1)
Figure 4.4 (2+1) REMPI spectrum via the С-band of CF3I at which the low vibrational
modes are populated by the heating of an oven which is placed in front of the nozzle. The
dashed line marks the origin of the C-band. The sequencies η • ¿i>g and 61/3 + η · 6vç denote
the 6% and 3\ + 6° transitions respectively with η ranging from 0 to 5.
nozzle (see figure 4.2) is heated to 1000° (±200°) Celcius with 6 W electrical power in this
measurement, while a backing pressure of 5% CF3I in argon is maintained at 1700 mbar.
The oven is also heated to different temperatures and higher vibrational excitations are
achieved at higher temperatures while the widths of the resonances barely increase. The
spectrum in figure 4.4 revealed the clearest sequences at this temperature.
When one compares this oven spectrum with a cold molecular beam measurement, one
notices an increase in vibrational excitation, while the rotational excitation (the widths of
the peaks) remains essentially the same. This oven spectrum nicely confirms that a better
rotational cooling than vibrational cooling is acquired in an expansion; many individual
vibrational transitions are present with widths of only 7 cm - 1 . Assignments are simplified
by this specific cooling and listed in table 4.2 together with the transition frequencies of the
observed resonances. The transition frequencies in this table are calculated with the values
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Table 4.2 Vibrational frequencies of CF3I observed with an oven placed in front of the
nozzle, see figure 4.4.
Spectral shifts [cm""Ι
transition shift intensity calculated
Ч1
231
s
231
224
s
217
187
s
189
3¿6i
183
s
176
3?
0
vs
0
og
-14
w
-15
?5}
6\
-42
vs
-42
-54
s
-55
31
-79
s
-85
6?
3} 6} | -96
s
-97

Spectral shifts [cm""Ι
transition shift intensity calculated
-109
il
-117
m
-127
4
-139
m
-139
3Ì 6|
-154
m
-151
3| 6Ì
-154
w
-168
ei
-184
w
-267
w
-286
m
-286
3?
-306
w
-340
-339
vw

3

in table 4.3 of the fundamental and overtone transition frequencies in the electronic ground
state and by extrapolation of the fundamental modes in the electronically excited state.
Table 4.3 ibndamenta/ and overtone vibrationai transition frequencies of CF3I in the
electronic ground state in wavenumbers.
transition

n=l
1075.6
743.4
286.3
1187.5
539.8
261.5

η • v\
η • Vi

η • vz
Tl · 1/4

n-vs
п-щ

n=2
2145

n=3
3220

71=4

570.8

853.7

1135.0

1080.8
787.5

ref. '
a,b
a
с
a
a
a

a

) from reference [2].
°i from reference [4].
c
) from reference [3].
Most of the assigned transitions involve the z/3 or i/6 vibrational modes. These two modes
exhibit the lowest vibrational fundamental frequencies, 286 c m - 1 and 261 cm - 1 respectively.
If one assumes a Boltzmann distribution for the vibrational excitations, then a molecule
excited with four quanta in the 1/3 is as probable as a molecule excited with one quantum in
the V\ (1075 cm - 1 ). Population of the u¡ is even more probable than 1/3 population, because
of the twofold degeneracy of the v$ mode. The most intense feature in figure 4.4 is the 0§
transition of CF3I at 57497 cm - 1 . The strongest excitation on the hot band side of this
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resonance is the 6} at -42 cm - 1 . The 3} transition at -54 cm - 1 is about twice as small as
the 61 transition. We will discuss for the moment only transitions involving v^ excitation.
The anharmonicity difference between the electronically excited state and the ground state
u6 vibration is estimated by the use of a simple anharmonicity expression. In the ground
state the vibrational increase Ee(n) due to щ excitation is modelled by:
Et{n) = nvl + x'¿6n{n - 1)
A similar expression for the vibrations in the electronically excited state reveals the energy
differences of the i/g sequence:
ΔΕ 6 (η) = n K - "e) + (4e - *м)п(п - 1)
The measured and calculated values for this sequence are given in table 4.4, a difference in
the anharmonicity constant (x'66 — x'¿6) of -1.0 cm - 1 and (v'e — v'¿) equal to -41 cm - 1 gives
best agreement between the measured transition frequencies and the calculated frequencies.

Table 4.4

Transition frequencies of CF3I involving v^ excitations (see figure 4.4).

transition
6}

6l
e§
6І

el

6?

4.3.3

Spectral shifts [cm : ]
measured shift calculated shift
-42
-41
-79
-80
-117
-117
-152
-154
-184
-185
-216
-

Dissociation with a pyrolysis oven

In order to test the oven methyl radicals were produced by pyrolysis of CH3I. The production
of the methyl fragments is probed with (2+1) REMPI via the origin band of the 3p2A'2' <—
X2A'2' transition at 59950 cm - 1 and the ions are detected mass-selectively. The measured
spectrum in figure 4.5 is dominated by the strong Q-branch and the smaller O, P, R, and 5
branches. Assignments and simulations of the CH 3 spectrum are published in reference [13]
and [14]. The low signal to noise ratio is caused by a low density of the molecular beam
and by the limited dissociation efficiency of the pyrolysis oven.
Several vibronic transitions of CFs were measured by Dulgnan et al. [15] via (3+1)
REMPI. We were able to find one resonance (see figure 4.6) at 61342±5 cm - 1 which has
not been observed by Dulgnan et al. probably due to lacking laser power. The FWHM is 72
cm - 1 and reveals no reproduceable structure. This may be due to the small signal to noise
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Figure 4.5 (2+1) REMPI spectrum of CH3. The radical is produced by fragmentation
of CH3I in a pyrolysis oven which is placed in front of the pulsed nozzle at a temperature
of about 110CP Celsius.
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Figure 4.6 (2+1) REMPI spectrum of CF3. The radical is produced by fragmentation
of CF3I in a pyrolysis oven at similar conditions as infigure4.5.
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ratio in our measurement. The advantage of this set-up is that the radicals are produced
before or slighly after leaving the heated tube. Cold radicals are formed this way, while
most other techniques produce hot radicals.
4.3.4

Single photon excitation of the v\ and the 2v¿ levels

In figure 4.7 the spectrum is displayed of a measurement in which the CO2 laser is tuned
into resonance with the v\ transition in the electronic ground state. The figure shows the
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Figure 4.7 CO2 laser excitation spectrum of CF3I. The excitation by the CO2 laser at
1074.6 ст~* is Mowed by (2+1) REMPI via the C-band ofCF3I. Trace a) shows the (2+1)
REMPI spectrum without CO2 laser excitation (see the background spectrum of figure 4.3)
and trace b) shows the same (2+1) REMPI spectrum but now with CO2 laser radiation of
1074.6 cm'1. Trace c) displays the effect of the CO2 laser excitation; this is the difference
between trace a) and b).
difference between the ion signal with pre-excitation by the CO2 laser and the (2+1) REMPI
ion signal without pre-excitation. The strongest excitation of the t/i is achieved with the COj
laser on the 9R14 line (1074.6 cm - 1 ). At this frequency the CO2 laser nearly coincides with
the "Ρ 5 (6) and 9 Qie(18) transition [2], both with a frequency of 1074.646 c m - 1 . Probably
more transitions are pumped by the pulsed CO2 laser, because of the large bandwidth of
the pulsed laser; and because of the high laser power output, power broadening can not be
neglected.
The spectrum in figure 4.7(c) is dominated by three resonances (see table 4.5) with a
FWHM of 5 cm - 1 . The strongest resonance appears at -1075 c m - 1 and is assigned as the
1° transition, the other two resonances at -842 c m - 1 and -392 c m - 1 are combination bands
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Table 4.5 Vibrational transition frequencies after excitation with a CO2 laser at 1074.6
cm-1 . The energies are given in wavenumbers with reference to the CF3I origin at 57497
cm'1. The minus sign in front of the'intensity of the 3j transition indicates that the u3
vibration level is depleted by the CO2 laser.

transition

3?
1?2¿
2?

1?3J

1?

l°6i

Spectral shifts [cm
shift intensity
-181
5
-205
4
-285
-5
-395
11
-743
-843
29
-1076
100
4
-1118

11
calculated
-286.2
-396.6
-743.0
-844.6
-1075.6
-1117.6

of v\\ the lj3¿ and 1°2¿ transitions. The energies of these resonances are in agreement with
previous measurements, at higher resolution by Bürger and Burczyk [2, 3]. At -287 cm - 1
the difference signal shows a dip, this means the ion signal at this frequency decreases when
the CO2 laser is on; population in the u3 is depleted by the C0 2 laser, probably by exciting
the molecule to higher vibrational states such as 1/1+1/3 or by dissociating the molecule. It
is remarkable that u3 is much stronger depleted than the 1/2 vibration.
In order to probe the effect of Fermi resonant degenerate levels lying near to the V\ (see
figure 4.1), the CO2 laser is tuned over several lines from the 9R10 line (1071.8 cm -1 ) to
the 9R26 line (1082.3 cm - 1 ), while the detection laser, for each CO2 laser line, is scanned
from -1100 cm" 1 to -1060 cm - 1 . The result is shown in figure 4.8. As already mentioned,
the ion signal is strongest when the molecule is pumped with the 9R14 line; then the v\ is
strongly populated and only one band is observed in this region.
If the CO2 laser is tuned to a higher frequencies, a double peak appears with energies
of -1083 cm - 1 and -1081 cm - 1 . This double peak must be due to the 5° transition, for
absorption measurements have revealed a Q-branch for the vb at 1080.8 cm -1 . There may
be given different explanations to the splitting of 4 cm - 1 .
The first possibility is that the splitting is caused by Fermi interaction; the f5 mode is
degenerate and of e symmetry, two quanta in this mode lead to two levels in the electronic
ground state (of Ai symmetry) with total symmetry E and Αχ. The level with symmetry
Ai shifts because of interaction with the v\ level (also Ai symmetry) towards higher energy.
These states are also denoted by 5§ and Щ were the superscript is the angular momentum
number 1. If this assumption is true then excitation by the C 0 2 laser of an E-symmetry
level must be possible. One photon selection rules do not allow transitions from a totally
symmetric ground state to a degenerate state, but because of the high power of the CO2 laser
multiphoton transitions are possible and if we assume first excitation to high vibrational
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Figure 4.8 V\ and ^5 excitation at different CO2 laser frequencies. The 1° and 52° transi
tions are probed via (2+1) REMPI, every trace represents the REMPI ion signal at different
IR excitation frequencies.
levels followed by de-excitation, then excitation of this level is possible. The two peaks do
not look completely similar, this is in agreement with the assumption if one of the peaks
is a E*— Ai transition and the other peak is a E<—E transition. For E<— Ai transition no
ΔΚ=0 transitions are allowed, while for the other transition ΔΚ=0 transitions are allowed
for A3=0 only.
A second possible explanation for the splitting is that the CO2 laser excites two bands
(the R-branch and P-branch) and the subsequent REMPI process starts only from these
branches.
The third possible explanation is that only the 5 2 = 0 band is excited by the CO2 laser. The
splitting then is caused by the REMPI process; a large Coriolis coupling in the electronically
excited state (C,ejj »1.4 in case of CH3I) could lead to a splitting of the resonance and a
spectrum which is similar to a spectrum of a parallel transition would be observed. Further
experiments are needed to clarify this unsolved question.
When the molecules are pumped with the C 0 2 laser on the 9R22 line (1079.9 cm - 1 ), a
single small peak appears on -556 cm - 1 , see figure 4.9. This is the b\ transition, only one
peak is detected. In this figure one can also observe the split 3¿5° transition at -850 cm - 1 .
Another remarkable observation is the absence of the 6j5§ transition when pumped with
1079.9 cm -1 , this in contrast to the 6}1? transition which is observed strongest (1/10 of the
\\ intensity) when the molecules are excited with 1073.3 cm_1laser radiation. This may be
due to the strong coupling of v\ and v$ + 3f6 .
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4.3.5

Excitation to higher vibrational levels with a COj-Iaser

The CO2 laser is tuned from the 9R14 line at 1074.6 cm - 1 to lower frequencies in order to
favour excitation to higher vibrational levels. A resonance at -1172 cm - 1 in the REMPI
spectrum (see figure 4.10) increases with maximum intensity reached at a pump-frequency
of 1070.5 cm - 1 . Another peak at -1277 cm - 1 also arises at this pump frequency together
with three weaker resonances, these resonances are displayed in figure 4.10. We will show
that the resonances can be interpreted as multi-photon excitations of the v\ mode. These
resonances and the C0 2 laser lines at which the resonances are maximum are denoted in
table 4.6. In order to evaluate the energies of the higher vibrational excited levels of the v\
in the electronically excited state and the electronic ground state, we use a simple model
of an anharmonic vibrational oscillator with only one mode excited. The energy E,(n) of
vibrational mode г excited with η quanta is represented by
E,(n) = nu, + xtln(n — 1)
Assuming x' n « x'{x holds, and given that v" is 1075.2 cm - 1 , v[ is 966 c m - 1 and χ'ύ = -5
cm - 1 , the following results are obtained
£((1) - £'/(2) = 966 - 2140 = -1174 cm'1
E[{2) - £('(3) = 1922 - 3196 = -1274 cm~l
78

Infrared Multiphoton Excitation of CF3I

Shift (cm"1)
-1290

•1270

•1250

•mo

-1210

•1190

-1170

a
э
xi
и
0

α

56190

56220

56250

56280

56310

56340

Two Photon Energy (cm ')
Figure 4.10 Combined (2+1) REMPI spectrum in the region where the 1% (-1174 cm-1)
and 132 (-1274 cm~l) transitions are expected. The excitation is induced by the CO2 laser
at 1070.5 cm-1 for both scans.

transition

1Ï
5°

A

1?

Transiti эп frequencies [cm- 1 ]
measured shift calculated shift cc )2-laser line (cm 1 )
-1076
-1076
9R14 (1074.6)
-1080
9R22 (1079.9)
-1080
-1084
9R22 (1079.9)
-1172
-1174
-1188
-1242
9R14 (1074.6)
-1247
9R14 (1074.6)
-1254
-1258
-1266
9R8 (1070.5)
-1277
-1274

Table 4.6 Measured and calculated transition frequencies ofCF3Iin the region for which
Δυ=-Ι in the V\ mode. The C02 laser line inducing the largest intensity in the REMPI
spectrum is given in the the last column.
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Therefore the resonance at -1277 cm - 1 is assigned to the I3 transition and the other resonance at -1172 cm - 1 is assigned to the \\ transition. With these values other transitions
can be calculated and assigned, the results for transitions involving v-i only, are given in
table 4.7.
Table 4.7 Transitions involving v\ excitation, energies arc given with respect to the CF3I
origin at 57497 cm'1. The intensity is given in arbitrary units on excitation with 1070.5
cm~l. No intensity value is given for 1} because of interference with nearby levels that are
depicted by the C02 laser.

u

transition

4

i§
lì?

1?
14?
I4.

I3

Я
1}

Transiti on frequencies(cm l)
calculated measured intensity
-1373
-1274
-1277
0.2
-1174
-1172
1.2
-1075
9.8
-1075
-437
-424
2.0
-328
-338
0.4
-218
-206
0.8
-109
-107
n.a.

remarks
not observed
split

split

Both the \\ and I2 transitions are split, this may be due to strong Fermi interaction
with the J^5 mode in the ground state or in the electronically excited state, it may also be
due to rotational contour effects. For the \\ transition the splitting is 4 cm - 1 and for the \\
transition the splitting is 2 cm - 1 . No I 3 transition is observed, although measurements were
performed in the region where we expect to find this transition which is listed in table 4.7.
The maximum intensity decreases for higher excitations; the 1° resonance is 8 times larger
than the lj transition, which is 6 times larger than the I3 transition. This may be due to
low population of the higher vibrational levels, but may also be explained by a changing
Franck-Condon factors for transitions starting from higher vibrational levels. We have not
been able to assign the smaller resonances in figure 4.10 to any reasonable transitions. Many
transitions are possible in this region, but the accuracy of most multi-photon transitions is
too low to uniquely identify these resonances.
4.3.6

Unassigned features

There are a number of resonances that could not be assigned with certainty, this is due to
the fact that the higher vibrationally excited states of the electronic ground state of CF3I are
not completely known, and because of the high power of the CO2 laser many multi-photon
transitions and combination bands can be induced. In this section we will discuss these
resonances and mention several possible assignments.
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Most activity is induced in the hot band region of CF3I when the molecules are pumped
-1
with the 9R8 C 0 2 laser line (1070.5 cm ). Figure 4.11 shows the part of this hot band
region where parallel transitions (i.e. no change in vibrational quatum number) in the v\
-1
-1
are expected. The two main peaks at -287 c m and -267 c m are known from literature
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Figure 4.11 (2+1) REMPI spectrum in the region where the 1\ (A,), l\ (BJ and l\
(Сг) transitions are expected. The difference spectrum (lowest trace) reveals the result oí
IR excitation with the pulsed CO<¡ laser at 1070.6 cm~l.
and correspond to the 3° and 6° transitions respectively. The peak at -403 cm - 1 is assigned
as 2E3/2[2]6¿ by Taatjes et al. [10]. The measured and calculated shifts with respect to
the 2E3/2[1] origin of the l}, \\, \\, and ij transitions are listed in table 4.7 together with
their possible assignments. Resonances starting from the same (excited) ground level should
correlate in intensity, e.g. \\ and \\ must have maximum intensity at the same CO2 laser
line. Therefore the intensities for several resonances are measured at different CO2 laser
lines, the results are presented in table 4.8. We find that the peak at -393 cm - 1 correlates
with the lj transition and the peak is assigned to the 1°2¿ transition. The peaks at -1172
and -176 cm - 1 have maximum relative intensity when pumped with 1069.0 cm - 1 and seem
to correlate. The peaks at -424, -338 and -195 cm - 1 have the same frequency dependence.
The peaks at -1188 and -206 cm - 1 correlate and have their maximum at the 9R10 (1071.9
cm - 1 ), this is not in agreement with the previously made assignments; The -1272 cm - 1 peak
was assigned to the \\ transition, but this last observation seems to imply that the -1188
peak corresponds to the \\ transition.
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Table 4.8 Intensities of the REMPI resonances at various C02 laser frequencies. The
intensities are normalized to the l j transition. The letters Ai, В, and С, refer to the peaks
in figure 4.11.
Normalized intensities
C 0 2 line -1277 -1188 -1172 -1075 -424
1
(cm" )
Ci
1069.0
11
11
37
100
32
1070.5
4
5
14
100
37
1071.5
5
14
24
100
33
1073.3
0
2
2
100
2
1074.6
0
0
0
100
2
1079.9
0
0
0
100
0
L

4.4

(arb. units)
-403 -392 -338 -206 -195 -176
C2
C3
Αχ
Bi
A2
A4
37
11
11
21
37
37
46
8
13
13
38
20
24
19
10
10
29
33
0
17
4
11
11
11
0
10
2
4
4
5
7
0
12
3
0
3

Excitation and dissociation

An estimate of the population in the i/\ can be made if one assumes that the Franck-Condon
factors for the 1? and 1¿ transitions are the same. The intensity of the lj transition is 50%
of the 1° transition, see figure 2 in van den Hoek et al. [11]. We have estimated the intensity
of the 1° transition after C0 2 laser excitation at 1074.6 cm - 1 as being 2% of the intensity
of the origin. Thus the population into the V\ by the C0 2 laser can be roughly estimated
as 4%.
The maximum depletion out of the vibrational and electronic ground state of 20% is
measured for the 9R10 C0 2 laser line. This is not the exact resonance frequency to the v\,
but somewhat lower in energy. On this frequency the C0 2 laser dissociates the molecule
with non vanishing probability. This is confirmed (see figure 4.12) by the detection, with a
third laser, of iodine atoms produced by the C0 2 laser.
First the pulsed C0 2 laser at the 9R14 line excites and dissociates CF3I. After 1 ßs the
first (20 Hz) dye-laser is fired on resonance with the 1° transition. This laser ionizes -and
also dissociates- only molecules that are excited by the C0 2 laser to the v\. Then the third
laser (10 Hz dye-laser) is fired on resonance with a transition of the I atom after a delay
of 260 ns. This I atom detection laser only detects I atoms in the ground state. These
neutral I atoms are produced in several ways; 1) direct dissociation by the C0 2 laser. 2)
vibrational excitation by the C0 2 laser followed by electronic excitation to the C-band by
the first REMPI laser and then dissociation by the same laser. 3) excitation by the C0 2
laser followed by ionization of the first REMPI laser and subsequently dissociation of the
ion by absorption of another photon. 4) molecules excited by the C0 2 laser and/or first
REMPI laser are dissociated by the second REMPI laser by absorbing one or more photons.
The second detection laser is used to probe the ground state iodine and the excited
iodine. The third I + peak in the TOF spectrum of figure 4.12 is due to ionization of neutral
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Figure 4.12 Detection of ground state I which is formed by fragmentation of CF3I with
a pulsed CO4 laser. The figure shows the ion current at the mass of 127 a.m.u. (I). All three
peaks are due to I+. The dashed trace shows the ion signal without CO2 laser excitation
and the solid trace is measured after excitation by the pulsed CO2 laser at a frequency of
1074.6 orr1.
I by the second dye-laser. The first peak is caused by ionization of CF3I by the first dye-laser
and subsequent dissociation by the same laser. The peak in the middle probably is I + that
is formed after ionization of CF3I by the first dye-laser and then, after being accelerated,
dissociated by the second dye-laser. The two dye-lasers do not overlap in space or time.
The ground state I is detected at a wavelength of 303.6 nm, this is the 6p 4 Pj, 2 <— 5ρ2Ρ°<2
transition. Spin orbit excited I* is detected at a wavelength of 303.9 nm, this is the 6p 4 D°, 2
2
+
«— 5p Pw 2 transition. The REMPII signal from ground state iodine is 5 times larger than
the I* signal at equivalent conditions.
The ground state I signal (the third peak in figure 4.12) is increased by 15% due to
the first REMPI laser which is resonant with the 1° transition of CF3I. No I + signal is
present when the C 0 2 laser is blocked and no I + signal is seen if the second dye-laser is offresonance. These observations allow us to conclude that only ground state iodine is ionized
by the second laser and no non-resonant ionization takes place. The main I signal source
in this experiment is the direct dissociation by the C 0 2 laser, but a fraction of the I signal
is due to both C 0 2 laser and the first REMPI laser; excited CF3I (by the C 0 2 laser) may
absorb a photon from the first REMPI laser and excite the molecule to a dissociative state.

4.5

Conclusions

We have been able to detect excitation to up to 3-fi and possibly to 4-ь-і, but no excitation
to higher vibrational levels has been measured. Assuming that the detection efficiency in the
REMPI process does not differ much between the I3 and the I4 transition, we may conclude
that 4·ι/ι is not much populated by the C 0 2 laser. An explanation for this is that at energies
this high many vibrational energy levels exist that are close in energy space and form a quasi83
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continuum. In the quasi-continuum transition probabilities dramatically increase because
the laser is always in resonance with some transition. This leads to a population distribution
over many levels once the excitation is above a certain value, and relative few molecules are
excited to the 4·ΙΊ. In combination with this possibility of excitation to many highly excited
levels there seems to be evidence, according to M. Quack [7], of a very short redistribution
time of less than 1 ps of highly excited CF3I [17]. This also decreases the population density
per level and this leads to the absence in the REMPI spectra of transitions starting from
higher excited levels.
The dissociation yield of CF3I has been measured in a cell at room temperature, at a
pressure of 0.3 mbar for various fluences by Bagratashvili et al. [16] and a dissociation yield of
30% was measured for a fluence of 2 J/cm 2 . This is a larger fraction than in our observations
in which we detect a maximum depletion out of the electronic ground state of 20% (thus
the dissociation yield is less then 20% ). This can be explained by our determination of the
fluence at the interaction region which is less accurate due to geometrical estimates or by
the collisions in a cell which could possibly enhance the dissociation.
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Detection of high vibrational states of CS2
using transient gratings
G. van den Hoek, M. Jonker, and D.H. Parker
Department of Molecular and Laser Physics, University of Nijmegen,
Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
D.W. Chandler
Combustion Research Facility, Sandia National Laboratories,
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High vibrationally excited CS2 in the gas phase is studied with Stimulated Emission Pumping (SEP) using transient gratings. Two UV beams from the same laser cross, at a small
angle, in a gas cell or a pulsed jet to form a 3-dimensional grating of electronically excited
CS2 in the R (3A2) or 5 (3B2) rovibronic states. A visible laser beam resonant with transitions from these electronically excited states to high vibrational levels of the electronic
ground-state scatters off the grating. The scattering process generates an essentially zerobackground SEP signal. Experiments are carried out under collision free conditions in the
static gas and in a supersonic jet expansion.
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5.1

Introduction

Stimulated emission pumping (SEP) [1, 2] is a powerful technique for identifying and selectively populating high vibrational levels of polyatomic molecules. In experiments that
make use of SEP, molecules are first pumped with a laser to single rovibrational levels of an
electronically excited state and then stimulated down by a second laser into (highly excited)
single rovibrational levels of the electronic ground-state. The process is usually detected as
a "dip" in the total fluorescence signal. Spectroscopic studies of "quantum chaos" in CS2
and C2H2 using SEP have been reported [3], as have state-to-state studies of unimolecular
reaction dynamics in CII2O [4] and even crossed-beam reactive scattering [5] of I2 where
SEP was used to prepare the reactant states. Detection of SEP by fluorescence dips often
suffers, however, from background problems associated with detecting small changes in large
signals generated by unstable pulsed lasers.
Zero-background techniques for detecting SEP have been advanced by several groups.
Field, Kinsey, and coworkers utillized transient gain [6] and polarization spectroscopy methods [7, 8] for SEP studies with some success, and recently, Vaccaro and coworkers [9] showed
that SEP can be detected in CS2 using degenerate four-wave mixing (D4WM) as the stimulated step down. Both the polarization and D4WM techniques can yield Doppler-free
signals, and the D4WM yielded in addition impressive signal-to-noise ratios, in the range of
1000:1.
In this paper we describe a different background-free method to detect SEP in CS2 using
the transient grating technique [10, 11]. A UV-laser beam is split in two beams and then
crossed at a small angle. This produces an intensity interference pattern in the crossing
volume. If the "pump" laser is resonant with rovibrational transition from the ground state
to an electronically excited state it forms a population grating, with alternating planes of
excited and non-excited molecules. Bragg scattering off this grating by a beam resonant
with an excited state to ground state transition yields the signal beam which can be detected
with essentially zero background. The same type of process was observed, but not analyzed,
in earlier studies by Fayer and coworkers on I2 [12]. Transient gratings have recently been
used by Hayden et al. [13] in studies of mode coupling following overtone excitation in
small polyatomic molecules, Buntine et al. [14] have reported detailed studies of transient
gratings in I2, and Rohlfing et al. compared transient gratings and LIF in studies of C3 and
S1C2 [15]. We use the transient grating method in combination with SEP in order to detect
high vibrational levels in the electronic ground state of CS2 following the excitation to the
R and S electronic states [16, 17]. Liou and coworkers [8] have used rotationally resolved
SEP to high vibrational levels of the electronic ground state of CS2 in combination with
polarization spectroscopy, their results can be compared with the results presented in this
study.

5.2

Experimental

A schematic diagram of the experimental apparatus is shown in figure 5.1 and a close view
of the interaction region is enlarged in figure 5.2. Frequency doubled light generated from a
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Figure 5.1 Expérimentai set-up for the transient grating technique. The region of interaction in the cell is enlarged in figure 5.2.
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YAG pumped dye laser (LDS750 dye) is split into two beams by a 50% beamsplitter which
are then crossed at a (typical 2°) angle, ритр, inside a gas cell. The temporal coherence
of the laser limits the allowable difference in optical pathlengths of the two beams to a few
millimeters. A probe beam (see figure 5.2) from a second YAG pumped dye laser (F548 dye)
passes through the intersection point of the two pump beams at the Bragg angle, 0ртОье, to

scattered signal
\
/
\/

PROBE

PUMP

\

θPump

θ Probe

Figure 5.2 Scattering of a transient grating. On the left the grating built up by the
pump laser, on the right the scattering from the grating of the probe beam.
the grating planes formed by the pump beams, with
віпі ргы*) =

2

^ote

(5.1)

where d is the grating spacing, \Wobe is the probe wavelength and m is an integer denoting
the order of the reflection. The grating spacing is determined by the pump beams crossing
angle { ритр) and excitation wavelength (Ap„mp) by:
d=

2sin{epump/2)'

(5.2)

Typical values for d are 5-20 μτη. The time delay between pump and probe laser is controlled
by a digital delay generator and is usually 0-25 ns. The jitter between the two laser pulses is
less than 2 ns. To minimize saturation of the weakly allowed one-photon excitation process
the excitation beams (5 mm diameter, 1 mJ/pulse) are crossed without using a lens. A small
fraction of the probe beam reflects off the transient grating and passes through a series oi
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irises and a lens/ΙΟΟμιη pinhole combination before striking a photomultiplier. The signals
are sampled by a boxcar and recorded on a Computersystem.
Initial alignment of the signal detection path is accomplished by using the strong signal
beam generated in a cuvette with a solution of laser dye or, in the present case, a solution
of Ceo in toluene. We distinguish two types of gratings in this study: a short term (time
delays less than 10 ns at pressures below 7 mbar) "absorption" grating where the excited
molecules have suffered few or no collisions, and a longer term (10-1000 ns) "thermal"
grating where multiple collisions convert the electronic excitation into heat and, at higher
pressures, eventually into an acoustic wave.
An example of an acoustic wave is presented in figure 5.3. The delay time between the

Acoustic wave

46 ns

л

u

β

id

α
α

о ^yW
-20

\J
24

A
68

\к^Л*^^^
112

156

200

Time delay pump~probe laser (ns)

Figure 5.3 Thermal grating of CH3I producing an acoustic wave in the cell. The grating
is generated by pumping the fifth overtone of an C-Η stretch vibration. The delay between
the pump laser and the probe laser is varied to probe the variation of the grating in time.
The pressure in the cell is 200 mbar of pure CH3I.
pump laser and the probe laser is varied from -20 ns to 200 ns. A small grating signal is
observed at total overlap in time, and it increases to a maximum at At = 23 ns, then the
signal fades and is large again at Δί = 69 ns. The repetition time, Trep, of the grating
signal is 46 ns. Just after the excitation of CH3I, planes of "hot" molecules exist with a
plane spacing of 10.8 μτη (λ ρ
720nm and ритр = 3.8°). These planes cause acoustic
waves in the sample. Positive interference occurs after the acoustic wavefronts have traveled
half the grating spacing (23 ns), an interference pattern is formed by the acoustic waves
thereafter. The interférence gives rise to a standing sound wave with a spatial period d, the
grating spacing, and a repetition time of TTep. The velocity of sound in the sample (v) is
given by ν = jr-. For CH3I this velocity is estimated by 235 m/s. No reoccurrence of the
grating signal has been found for CS2 under similar conditions, only the first cycle of the
acoustic wave is found at Δί = 24 ns. The sound damping is probably larger in the CS2
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sample than in the CH3I gas sample.
Absorption gratings show a dependence on the probe-laser wavelength in contrast to
thermal gratings. Consequently, scattering of an absorption grating is only possible if both
lasers are on resonance.
It is clear from equations 5.1 and 5.2 that the Bragg angle changes when the pump or
the probe laser is scanned. This is a severe drawback for measurements extending over long
frequency regions. Therefore, it is necessary to optimize the probe angle at the wavelength
of each SEP resonance separately. We found experimentally that the wavelength region over
which a scattered signal can be found stongly depends on the experimental set-up and the
spatial coherence of the beams. Typical wavelength "windows" are of the order of 10 to 20
nm. The use of lenses diminishes this problem; the beam divergence behind the lens causes
different angles near the focal point. Different parts of the pump and probe beams meet
the Bragg condition at different wavelengths. But the use of lenses increases the problem of
saturation. A grating of low quality will be generated by the pump laser if there is strong
saturation, in this case many molecules are excited near the interference minima and the
population difference is small in the interference volume. A grating with almost no difference
in maxima and minima hardly scatters the probe beam.
For a typical configuration (d = 6μπι, \рг0ы = 555 nm, уг<лк = 2.65°), we find exper
imentally a "window" of only 0.05° where the absorption grating can be seen when the
three beams are combined without the use of a lens. This "window" of the probe angle
corresponds with a change of 10 nm of probing frequency.
Samples were either static pressures of pure CS2 vapor up to several mbar, or CS2 seeded
at 20% in He in a pulsed jet expansion with 1 bar total pressure and a 0.5 mm nozzle orifice
diameter. The pulsed jet was pumped by a Roots pump/mechanical pump combination.
CS2 was purified by several freeze-thaw cycles.

5.3

Fermi-interaction and energy level caculations

We will describe the energy levels of the CS 2 molecule and give an outline of the method
used to calculate these levels. Energy level calculations are needed in order to assign the
observed resonances. We neglect the interaction between different polyads, see Pique et
al. [18] for this interaction.
There are three normal vibrations (v\, г,v^) in the electronic ground state of CS2 with
energies ωλ = 672.7Ü0.06 cm - 1 , ω2 = 398.26i0.02 cm - 1 , w3 = 1558.7Ü0.02 cm - 1 [19].
The molecule is linear in the electronic ground state and the V\ vibration is a symmetric
stretch, г a degenerate bending mode and 1/3 an anti- symmetric stretch mode. Vibrational
excitation with n, quanta in mode i will be denoted as v=(n\, n 2 , ni). If the Fermi interaction
is neglected, then the Hamiltonian is generally taken to be of the form [20]:
Ho = {η\,η2,ηζ\τ~ |ni, n 2 ,n 3 )
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(5.3)

+î/222(n2 + l) 3 + 922І2
where dt is the degeneracy of vibration vt, d\ = d3 = l,d 2 = 2, and
l·2
922 = «122
6 [ ωι

Я22

2{ωχ + 2ω2)

-В.

(5.4)

For higher energies (n\ > 1 and n 2 > 2) it is known that Fermi-interaction starts to play
an important role. The states \щ,n2, n3) and ¡щ — 1, n 2 + 2, n 3 ) are coupled by a 1:2 Fermi
resonance. All coupled levels form a polyad defined by N = ι/χ + v2¡2. The intra polyad
coupling is decribed by:
HF

=

(ni,n 2 ,n 3 | —|nj - l,n'2 + 2,n 3 )

=

\[щ(п2 + 2 + 1)(п2 + 2 - 0 ] 1 / 2
- í g - + Aim + λ 2 (η 2 + 2) + λ 3 (η 3 + i )

(5.5)

The constants for CS 2 used to calculate the energy levels are given in table 5.1. These
Fermi interaction terms form the off-diagonal matrix elements of a symmetric tridiagonal
Table 5.1 MoJecuJar parameters (cm 1)from [18] and [19] used in the calculations. The
accuracy of the values is about 0.01% for ω\ and >2% for the other values.
ωι
Xu
X\2

λ!
ÍÍ222

672.709
-0.990
-3.135
0.491
-0.0072

ω2
z22
x23
λ2
fci22

398.261
1.252
-6.395
0.459
41.270

(j

3

x33
Я13

λ3
So

1558.710
-6.944
-8.421
-0.050
0.1091

matrix with the diagonal terms given by equation 5.3. The calculation of the eigenvalues
of this matrix is done by the method of bisection [21]. The calculated energy levels of high
vibrationally excited CS 2 are drawn in figure 5.4 for the polyads N=12 to N=18 only.

5.4

Electronic levels of CS2

CS2 is linear in the electronic ground state, but it is bent in most of the electronically
excited states (see fig 5.5). The electronic potentials along the bending coordinate of CS 2
are shown in this figure. In our study only the lowest electronic states are populated; R
M 2 (with a well depth of 3000 cm - 1 at 26000 cm - 1 ) and S 3B2 (of which the well depth
is not experimentally observed) [18]. From this figure one can see that the FC overlap for
transitions starting from the vibrational ground state is possibly stronger for transitions
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Energy Levels of CS.
¡60.

140-

Polyad Number

Figure 5.4 Vibrational levels of highly excited CS2 in the electronic ground state, the
levels are calculated with the constants of table 5.1. The levels are grouped in polyads,
which consist of levels that are connected by Fermi-interaction. For example, the lowest
level of polyad N=13 is (13,0,0) and the highest level is (0,26,0).
ending at higher v2 vibrationally excited levels in the electronically excited state. From
these high vibrationally excited levels strong FC overlap exists to high vibrationally excited
levels in the electronic ground state. This is why CS2 is such a good candidate for probing
high vibrational levels with SEP.
The grating is created by the crossed pump laser which excites the molecules to the
R band (see figure 5.5). The probe laser then stimulates the molecules back to the high
vibrationally excited electronic ground state.

5.5

Results

UV excitations to the R 3A2 and S 3B2 bands of CS2 [17] were studied, over the wavelength
range of 340-350 nm. This region was chosen because it is similar in energy to the bands
excited by Vasudev [22] and by Field and coworkers [23] in measurements of the emission
г
spectrum. The strongest band in this region is the R 3A2 ^=(0,10,0) *- X Е+ i/=(0,0,0)
transition, with the band origin at 346.86 nm. In figure 5.6 we show the thermal grating
excitation spectrum (30 ns time delay between the pump and the probe laser and the pump
laser is scanned from 348.4 nm to 341.3 nm, while the probe laser is constant at 560nm)
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Figure 5.5 Electronic bands of CS2. The ground state is sketched with the potential
energy on the right side. The electronic bands are redrawn from [18], the energy scale is
on the ¡eft side. Note that the two energy scales are different. Not all electronic bands are
drawn, also linear electronically excited states exist.
and LIF signal taken at the same frequency region as for CS2 at 4 mbar, along with a LIF
spectrum taken with the pulsed jet. The grating spectrum and LIF spectrum in the cell are
quite similar as can be seen in figure 5.6, while at the lower temperature of the jet shifting
of bandheads and disappearance of hot bands is observed.
Transitions from the excited electronic state to high vibrationally excited levels of the
ground state are detected as grating scattering using 545-565 nm photons, corresponding
to final states with energies of 9500-11000 cm - 1 above the (0,0,0) level. Single J level
excitation is not possible with our laser resolution («0.2 cm -1 ) using a room temperature
sample. With the pump excitation wavelength tuned to the side of the bandhead and using
the pulsed jet for rotational cooling, single J level measurements can be achieved. Such
signals are less stable over time due to wavelength drifts in both the pump and probe lasers.
The energy of high vibrationally excited states and the rotational constants of these
states can be measured with the grating technique, this will be demonstrated with the
measurement given in figure 5.7. The figure shows the signal of the photo-multiplier due
to the scattered probe-laser beam. The UV pump laser is tuned to a resonance starting
from a J level in the vibrational ground state X to the electronically excited R ъАі (0,10,0)
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Figure 5.6 a) LIF spectrum of CS2 in a cell at 4 mbar and at room temperature. The
strongest vibrations in the electronic R band are given by (nj, n¿, П3) and the vibrations of
the S band by S+l and S+2. b) LIF spectrum of CS2 in a molecular jet. The stagnation
pressure is 1 bar of 20% CS2 in He. c) Thermal grating spectrum at 10 mbar of CS^ in the
cell. The wavelength of the probe laser is 560 nm.
vibronic state (see figure 5.5). The measurement is performed in a jet in order to reduce
the number of possible starting J levels. The excitation frequency of the pump laser is
29082±2 cm - 1 (343.9 nm), the uncertainty in this value allows possible excitation to many
rotational states in the P-band of the R state, see Merer et al. [17]. No better calibration of
the pump laser is needed because the spectrum in figure 5.7 contains all data needed; the
J value of the electronic transition can be calculated from the separation of the Ρ and R
transitions. If we assume single J level excitation (see figure 5.8) by the UV pump laser,
then the dump laser excites two levels in the electronic ground state only. These are Ρ and
R transitions. No Q-bands are observed in the pump transition or in the dump transition
because of transition selection rules. Only odd J' levels are excited by the pump laser
because odd J" levels are absent in the electronic ground state; those levels do not obey the
Bose-Einstein requirement of symmetry of the total molecular wavefunction for interchange
of the S atoms.
The energy difference between the Ρ and R dump transitions from the same rovibronic
state can be expressed as
AE = 4(12Bv-lD3-Wk)(J+1-)
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Figure 5.7 Rotationally resolved spectrum of high vibrationally excited CS2, obtained by
scattering light off a transient grating in a pulsed jet. The grating is induced by excitation
to the electronic R band. The fìnal states are denoted by the number of quanta (uj, пг, пз)
in the electronic ground state.
We can neglect the higher order terms and also D} (w Ю - 8 cm - 1 ) and Wk (w IO - 4 cm - 1 )
for low J values. With this expression we now can calculate the initial J" level from which
the SEP process starts. The measured energy difference between the Ρ and R transition for
the (0,26,0) vibrational level is 3.3±0.2 cm - 1 . The value for the rotational constant B„ can
be estimated from the ground state value B0 = 0.10911 c m - 1 and the value for Bv> = 0.1119
cm - 1 in the (0,22,0) level [8]. Linear extrapolation gives Bv = 0.1124 cm - 1 for (0,26,0).
Equation 5.6 then agrees within experimental error if J' = 7 in the electronically excited
state. The В constant can be measured very accurately if the frequency of the dump laser is
well known, for example by calibration with an iodine cell, and when a series of transitions
from low to high J levels are measured.
With these observations we now are able to calculate the term values for several high
vibrationally excited states. The measured transition frequencies are given in table 5.2.
The difference between the excitation frequency of the Я(0,10,0) band (the P(J'=7) =
29083.402 cm - 1 [17]), and the dump frequency P(J=8) or R(J=6) gives the difference in
energy between J = 8 in (0,0,0) and for example J = 8 in (0,26,0). The term value of the high
vibrational level is calculated from
B0J'{J' + 1) + E,™, = Etcrm
The term value, Eterm,

+ BVJ(J + 1) + Edump

(5.7)

is the energy of the high vibrational level for J=0, Еритр and E¿ump
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are the excitation, respectively the de-excitation frequencies of the lasers. These term values,
R-JA ,(0,10,0)
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Figure 5.8 Single rotational excitation and de-excitation. The transitions corresponding
to the SEP grating experiment of figure 5.7 are drawn for the (0,26,0) final state.
together with the calculated term values are listed in table 5.2. Good agreement exists
between theory and experiment for these transitions.
Under ideal conditions the grating signal (S) should follow :
5

=

C 2

P

tlumptprobe

(5.8)

with с a constant, ρ the density of excited molecules, and I the laser intensity. Eichler [10]
has listed ideal experimental conditions; the crossing of two coherent (spatial and temporal)
TEMoo beams of equal intensity must define a volume with a width and crossing length
much larger than the grating spacing. The sample length must be greater than the crossing
length and furthermore, the total absorption of the beams must be negligible. Few of
these conditions are perfectly satisfied in our apparatus, thus a quantitative analysis of
the observed signals is not warranted at this stage. Equation 5.8 holds for steady-state
conditions which are questionable with the relatively long pulse-lengths («7ns) of our lasers.
During the laser pulse at low sample pressures the grating begins to dissappear due to the
random velocity distribution of the sample, and at higher pressures (above 5 mbar for CS2 )
collisions begin to convert the absorption grating to a thermal grating. Quenching efficiencies
in the electronically excited state are likely to be rotational and vibrational dependent, thu6
the comparison of different transitions is complicated.
Absorption grating signals were observed with pressures of CS2 vapor as low as 0.1 mbar,
and lower pressures are possible after minimizing stray light from the probe laser. Strong
grating signals were also observed in the pulsed jet using a mixture of 20% CS2 in He carrier
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gas and downstream nozzle-grating distances from 1 to 15 mm. Attempts were made to
observe secondary absorption gratings due to energy transfer from the initial electronically
excited state to another rovibrational level. By increasing the time delay between pump and
probe or the total pressure it should be possible to see an increase in the widths of the Ρ and
R branches due to the growing in of additional J levels. The widths in the measurements
seem to increase, but no value for this increase can be given because of the low signal to
noise ratio for longer delay times. No evidence for vibrational energy transfer in the R, S
manifold was found. The overall absorption signal converts rapidly under these conditions
to the wavelength-independent thermal grating.

5.6

Discussion

SEP has been observed in CS 2 following excitation to the V electronic state, using the
fluorescence dip [3, 24] and D4WM techniques [9]. We excite to the much weaker R and S
bands and we have measured the few transitions to the ground state that can be reached
within the probe laser dye profile of F548 (545nm to 565 nm). Pique [3] has reported a
preliminary analysis of quantum chaos in CS2 based on the results from a complete SEP
study. Our main goal in this work is to use CS2 as a test-case for examining the possibilities
of transient gratings in SEP.
Table 5.2 Measured and calculated transition frequencies (in wavenumbers) of the exci
tation to J=7 (0,10,0) in the electronic R 3 A2 state. E¿amp is the measured frequency of
the probe laser. The frequency Epump of the electronic excitation P(J=7) is 29083.4 cm~l.
The rotational constants for (6,18,0) and (3,22,0) are estimated from ref [26] as 0.1101 cm-1
and 0.1113 cm~l respectively. Eterni Js the energy difference between J = 0 in the ground
state and J = 0 in the (ηχ, n¿, П3) vibration. EUDper is the calculated energy level whithout
Fermi interaction, and δ is the difference between the calculated and experimental values.
assignment

P(0,26,0)
R(0,26,0)
P(6,18,0)
R(6,18,0)
P(3,22,0)
R(3,22,0)

^dump

meas.
17935.9
17939.5
17950.0
17953.0
17986.5
17989.8

E
^dump

rotational
correction

11147.5
11143.9
11133.4
11130.4
11096.9
11093.6

-0.23
3.14
-0.07
3.23
-0.15
3.18

Ettrm

meas.
11147.3
11147.0
11133.3
11133.6
11096.8
11096.8

E

Fermi
shift

cale.
10993.9

152.9

11090.7

42.3

11001.5

100.8

Etcrm

cale.
11146.5
(¿=0.8)
11133.0
(5=0.3)
11102.3
(¿=-5.5)

Comparisons of the observed experimental energies and those calculated using the bestfit rovibrational constants [22, 23] are listed in table 5.2. In most cases the observed and
calculated values agree within experimental error. The Fermi polyad (x(n-l)y(n+2)) that
includes X(l,24,0) [(0,26,0), (1,24,0), (2,22,0), (3,20,0),...] is active from the Л(0,10,0) while
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the X(l,23,0) polyad is active when starting from /2(0,9,0). In figure 5.7 the excitations
to the (0,26,0), (3,22,0) and (6,18,0) vibrational levels have been observed. The transition
to the (14,6,0) vibration is not observed although the energy of this level (calculated as
11131.7 cm -1 ) is in the region of the scan. The absence of this transition can be explained
by the low vi excitation which makes the transition less favourable (see figure 5.5). Mixed
activity is seen on exciting the 5(0,3,2) state, which is influenced by strong electronic state
interactions. Significant disagreement between experiment and calculation are found for
states including 1/3 activity. This is not suprising since information on the va manifold is
very difficult to obtain with optical techniques.
Secondary absorption gratings were not observed in this study due to the rapid growth of
a thermal (wavelength independent) signal. Collision induced electronic state quenching is
thus a more important contributor to the grating signal than any collisional process causing
energy transfer within the excited electronic manifold. This is not too suprising since in the
cell experiments the collision partner is ground-state CS2 . Hayden and Chandler [13] have
observed secondary absorption gratings in water. The primary absorption grating in their
experiment was produced in the ground electronic state using overtone pumping.
SEP detection using transient gratings clearly has advantages in terms of background
compared with fluorescence dip measurements. Compared with the pump-D4WM dump
method of Vaccaro [7] there are advantages and disadvantages. Both methods are essentially
background-free (or at least have the same problems with stray light) and both require
the essentially the same basic equipment. Backward phase conjugate D4WM requires two
beamsplitters compared to one for transient gratings, and high quality polarization optics
to protect the laser from the counter-propagating beam. Transient gratings require accurate
probing at the Bragg angle, which is more tedious than the automatically phase matched
D4WM method. D4WM also offers the possibility of Doppler-free measurements, provided,
of course, the laser bandwidth is significantly narrower than that of the common commercial
dye lasers used in this study. Another significant difference between the two methods is that
D4WM can be described as a zero time delay grating experiment [10] while transient grating
can be described as a time-domain 4WM method. At zero time delay a so-called 'coherence
artifact' [10] which is strongly dependent on the photon correlation function of the laser, can
dominate the grating or D4WM signal. With transient gratings this component is avoided
by simply delaying the pump and probe lasers. Transient gratings are thus optically simpler
and have the time domain advantage. A simpler form of D4WM using the forward geometry
has recently been applied to detection of weak absorption in small molecules [25].
Liou et al. [8] examined almost the same region as the in present study, but they combined SEP with polarization spectroscopy. The signal to noise ratio is comparable for both
experiments. The advantage of the grating technique is its small probe region in comparison
to the 1.15 m cell of Liou. This makes it possible to perform the measurements in a jet.
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SPECTROSCOPY OF DABCO-RARE-GAS
AND DABCO-DABCO
VAN DER WAALS COMPLEXES
G. van den Hoek, D. Consalvo, D.H. Parker and J. Reuss
Department of Molecular and Laser Physics, University of Nijmegen,
Toernooiveid 1, 6525 ED Nijmegen, The Netherlands

The excited electronic origin bands of several DABCO containing van der Waals complexes
have been observed via (1+1) resonance enhanced multi-photon ionization. Sharp reso
nances with widths of about 3 cm - 1 are seen for DABCO-Rgn=li2>3 (Rg is Аг, Кг or Xe), for
the DABCO-DABCO dimer and for DABCODABCOAr. The origins of the rare-gas com
plexes are blue shifted with respect to the monomer origin. Broad features originating from
DABCORgn complexes with high n, appear to higher energies than the complex origins,
with widths of 120 c m - 1 .
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6.1

Introduction

Mass selected resonance enhanced multiphoton ionization (REMPI) spectroscopy is a sensitive and selective probe of the structural and dynamical properties of van der Waals complexes produced in supersonic jet expansions. With its mass and wavelength selectivity the
technique is effective even when many different complexes are present in the jet beam. With
this technique one has uncovered a shift in the UV spectra of aromatic molecules generally
to lower energies upon formation of van der Waals bonds with rare gas atoms [1]; bonding
in the electronically excited state is therefore stronger than in the ground state. These red
shifts are often found to increase almost linearly with the number (and polarizability) of the
rare gas atoms present in the complex, if the rare gas atoms occupy geometric equivalent
positions with respect to the host molecule [2, 3].
In this paper we use mass-selected REMPI to study spectral changes due to van der
Waals bonding of rare gas atoms with a caged amine -1,4 diazabicyclo[2,2,2]octane, DABCO
(see figure 6.1) - and find significant blue instead of red shifts which increase linearly with

N

Rg

Rg

N

N

Figure 6.1 Configuration of DABCO and possible configurations of DABCO complexes.
No evidence is found for the existence of the most right "1+1" configuration, instead we
assume on the basis of symmetry selection rules that the "2+0" configuration is detected.
the number of added atoms. Consequently, the van der Waals bonding in the ground
state is stronger than in the upper state. This is due to the amine character; the lone pair
electron distribution near the nitrogen atom is modified (becomes less dense) upon electronic
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excitation. The excited electron orbital is centered in the DABCO cage and has 3s Rydberg
nature. Therefore, the van der Waals bonding - for a rare gas atom near the N atom - is
stronger in the ground state than in the upper state. - A blue shift has also been observed
for the NO-Ar complex with excitation to the 3s Rydberg orbital [4].
Clustering near an amine chromophore, in a multi-chromophore molecule, has also been
found to lead to blue shifts. A large blue shift of 211 c m - 1 was observed for the electronically
excited amine complex triphenylamine-Ar, for the first added Ar atom [5]. This first Ar is
located on the C3 symmetry axis, near the N atom. The next added Ar atom produces a
relative red shift of 24 cm - 1 , indicating that this second Ar is situated above a phenyl ring
and not near the N atom. For aniline [6] relative blue shifts have been reported for the
complex with three Ar atoms in comparison with the complex with two Ar atoms. The red
shifts for An· Ar and Ап-Агг are -53.2 c m - 1 and -107.4 cm - 1 , respectively. For АпАгз two
isomers are found; one of the isomers has a shift of -74.5 cm - 1 , the other has a shift of +22.5
cm - 1 . This is explained by a red shift of -53 c m - 1 for Ar atoms found above the center of
the ring, and a blue shift of about 35 c m - 1 for Ar atoms found near to the nitrogen atom.
The ΑΠ·ΑΓ 3 configuration with a shift of +22.5 c m - 1 is formed by a triangle of Ar atoms
with two Ar atoms near the N atom above the aniline ring. Blue shifting can be observed
in aromatic molecules on adding a third or fourth rare gas atom. Such relative blue shifts
have been reported for fluorobenzene [7], phenyl acetylene [8] and paraxylene [9].
Electronic excitation of amines often leads to a flattening of the pyramidal structure of
the ground state. Ammonia, e.g., in the 3s Rydberg state is planar. The lowest excited
electronic state of DABCO is a 3s Rydberg state, but due to the cage structure the N-C-N
angle opens only slightly while the C-C bonds weaken upon excitation to this state [10].
Weakly bound DABCO-Rg complexes can survive this excitation while the greater geometric
changes in ammonia and their accompanying small Frack-Condon factors may account for
the absence of REMPI spectra for NH3-Rg complexes [11].
Two-photon excited laser induced fluorescence [12] and both one-color (2+2) REMPI [13]
and two-color (2+1) REMPI [14] have been used to characterize the 3s state of DABCO. The
fluorescence lifetime of the 3s state is approximately 1 /xsec and the ionization potential of
DABCO is 58050 c m - 1 [15]. Owing to its Da/, symmetry, one-photon excitation of DABCO
from the A\ ground state to the A', 3s Rydberg state (a Si state with the origin at 35783.26
cm - 1 ) is forbidden. Mixing, via e' vibrations, with the strongly allowed higher lying E'
3p IK Rydberg state renders observable one-photon transitions beginning 449 cm - 1 (i/'27 (e'))
above the 3s origin. Other active vibrations are ι/'2β (823 cm - 1 ) and u'2S (919 cm - 1 ).
We observe in this work that the one-photon forbidden 3s origin becomes one-photon
allowed on complex formation. This change of optical selection rules is possibly explained
by a lowering of the D3fc to Сз„ molecular symmetry. Furthermore, sharp spectral features
are observed for complexes containing up to three rare gas atoms. We conclude that these
rare gas atoms are* placed on top of the DABCO molecule, near to the N atom. No evi
dence is found for complexes with rare gas atoms on both ends of the DABCO molecule,
i.e. on the "north-" and "south-pole" (see fig.6.1). For larger complexes broad spectral
structures and strong fragmentation point to fluxional states, as discussed for carbazole-Arn
by Knochenmuss and Leutwyler [16, 17] and for SF6-Arn by Le Roy et al. [18, 19].
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6.2

Experimental

Measurements were performed on a molecular beam using one color (1+1) REMPI. The
spectra are produced by scanning an UV laser and recording the ion signal with a time-offlight mass spectrometer (TOFMS). The gas mixture is produced byflowingdifferent carrier
gases (He, Ne, Ar, Kr and Xe), with different pressures (ranging from 200 mbar to 2000
mbar) through a metal can which contains solid DABCO. The vapour pressure of DABCO is
0.5 mbar at 24° Celsius. The beam machine consists of two differentially pumped chambers.
The gas mixture enters the first vacuum chamber through a modified pulsed valve (Bosch)
with a diameter of 1 mm and is skimmed 40 mm down-stream to 1 mm. The gas pulse then
enters a second chamber which holds the acceleration grids, the time of flight tube and the
microchannel plates forming the TOFMS. The operating pressure in the source chamber is
5 x l 0 - 4 mbar and in the detection chamber 4 x l 0 - 6 mbar.
The UV laser passes through this detection chamber and produces ions if the laser is on
resonance with a transition of the molecule. The laser system consists of a pulsed dye laser
(ΡϋΙ^2 Quanta Ray) pumped by a 20 Hz Nd:Yag laser (modified DCR-2 Quanta Ray).
Fluorescein 27 and Rhodamine 6G mixed with Rhodamine В are used to cover the spectral
region from 543 to 572 nm. The bandwidth of the dye laser is 0.2 cm - 1 . The output of the
dye laser is frequency doubled with an angle tuned KDP crystal and the UV radiation is
separated from the visible by a filter. The pulse energies in the UV are about 2 mJ.
The ion signal from the channel plates is 15 times amplified and sampled by boxcars
(Stanford SRS 250); every sample is registered by a computer and processed afterwards.
The spectra comprise about 35000 samples per channel.

6.3

Results and discussion

The REMPI spectra for ions with m = 152, 192 and 232 a.m.u. are displayed in figure 6.2.
These masses correspond to ionized DABCOAr, DABCOAr 2 and DABCOAr3, respec
tively. Both the one-photon energy of the excitation laser and the shift from the origin of
the monomer, at 35783 cm - 1 , are labeled on the horizontal axes. The (1+1) REMPI process
is resonant with levels of DABCO-Ar„ in the electronically excited Si state; this state has
A'j symmetry in the case of the DABCO monomer. The three spectra are measured under
different conditions to obtain maximum signal; for DABCOAr the backing pressure Po is
2000 mbar with 2% Ar in He, while for DABCOAr 2 the same P 0 is used with a concentration
of 50% Ar in He. DABCOAr 3 is measured with pure Ar and P0=1000 mbar.
Even though (1+1) REMPI produces ions with more than 13000 cm - 1 excess energy, a
large fraction of the complexes clearly survives without fragmentation.
Only complexes up to η = 3 show sharp spectral structures (3 c m - 1 FWHM). The
lowest energy peak is assigned to the 0° transition; ionization occurs via the origin of the
first excited electronic state in the complex. Remarkably, a large blue shift of these origins
-1
-1
is observed; the shifts for the DABCO-Ar„ are 106 c m for η — 1, 208 cm for η = 2 and
-1
302 c m for η = 3. In table 6.1 these shifts and the shifts of the origins of the complexes
with different rare gas atoms are shown. One finds an almost additive blue shift per added
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Figure 6.2 One-color REMPI spectra of DABCO Arn (n=l-3) complexes The lower axis
corresponds to the excitation energy of the laser, the upper axis presents the shift referred
to the electronic origin of DABCO The letters a„ denote the origin of DABCO Arn , bn
and cn the van der Waals bending and stretching modes, dB corresponds to a repetition
of the a¿, Ьг and C2 pattern, possibly belonging to an excited Ar Ar stretch vibration
Excitation of the DABCO mode ^ ( e ' ) for the complex DABCO Ar, ¡s indicated by v,
The peaks Xj and X3 are unassigned, their shifts with respect to the origin of DABCO Ar
and DABCO Ars respectively, could correspond to the 2 i/'13 excitation of a'j-symmetry
The broad structures'B, B' and B" possibly belong to ñuxional complexes
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Table 6.1 Spectral blue shifts of the complexes with respect to the DABCO origin (35783
cm"1), the accuracy is ± 1 cm-1.
Spectral shifts [cm l]
Van der Waals
n=l n=2 n=3 FWHM
complex
DABCO-Arn
106 208 312
4
DABCOKr n
90
188 282
5 1
DABCOXe n
106 204 282 1 2

гаге-gas atom. The possibility that the complex origin is red shifted is ruled out, because
of the observed additivity. The observation of additive blue shifts for just the first three
rare-gas atoms leads us to conclude that there are three equivalent positions near to an N
atom (the north-pole).
We assume that these positions on one side of the DABCO molecule are occupied by the
first three гаге-gas atoms. Additional rare-gas atoms are not found near to the other N atom
for rigid i.e. non-fiuxional complexes (see figure 6.1). Otherwise, sharp spectral features up
to η = 6 would be observable. Formation of these lop-sided structures is consistent with
strong Rg-Rg mutual interaction.
It is striking that in all these measurements detection of the complex via the 0° transition
is possible. In the DABCO monomer the 0§ transition from the ground state to the Si state
is observed as a very weak quadrupole transition and not as a dipole transition [20]. The
DABCO molecule belongs to the D 3 h point group and transitions from a totally symmetric
ground state (A\ ) to a totally symmetric excited state (A[ ) are one-photon forbidden.
Apparently by adding a rare-gas atom to the molecule the symmetry is lowered in a way
that the 0° transition becomes allowed. For instance, a DABCO-Ar complex with the Ar
atom on the symmetry axes near to one of the N atoms belongs to the Сз„ symmetry point
group. Αι «— Αι transitions now are permitted.
The origins reveal clearly resolved features; the DABCO-Xe origin is enlarged in figure 6.3
as an example. We assign the most intense resonance to the DABCO-Xe origin, 106 c m - 1
blue shifted from the DABCO monomer origin. Another large peak, s¿, is measured at 31
cm - 1 to the blue of the hetero-dimer origin and is assigned to the van der Waals stretch
mode. The weaker structures, bj to bj, are assigned to a van der Waals bending progression.
The bending mode energy is at least 4 times smaller than the energy of the van der Waals
stretch mode. In figure 6.2, ai corresponds to the origin, bi probably to the bending
mode and Ci to the stretch mode of DABCO-Ar. For DABCO-Kr, to be published, similar
structures are found with the bending mode progression showing 5 members.
For the krypton and xenon hetero-dimers, but not for the argon hetero-dimer, it has been
possible to detect vibrational excitation of the DABCO itself in the electronically excited
state. The excitation of the v'21 is most pronounced, with an energy of 449 cm - 1 for the
monomer. Some vibrational excitations, e.g. г and V3 in figure 6.2, dissociate the complex
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Figure 6.3 REMPI spectrum of the DABCOXe complex in the region of its origin. Po =
530 mbar pure Xe. The symbols b¿ to b§ indicate excitation of van der Waals bending, s¿
and SQ, the van der Waals stretching, and s0+bg to s0+bß combinations of both van der
Waals modes.
and their resonances are observed at lower complex sizes; v n denotes these excitations of
the v'21 mode, with η the number of rare-gas atoms of the parent complex.
This behaviour of DABCO-Ar is probably due to the fact that the binding energy of
a hetero-dimer with Ar is smaller than the binding energy of a dimer with Кг or Xe.
DABCO-Ar dimers excited vibrationally in the Si state may dissociate rapidly; the energy
of the vibration is larger than the binding energy of the complex. No resonance is found
in this case. The absence of the u'21 vibration in the electronically excited DABCO-Ar
complex indicates an upper limit for the binding energy of the DABCO-Ar complex. In
the electronically excited state this binding energy is less than 450 c m - 1 and in the ground
state it must be less than 550 cm - 1 . Binding energies for the DABCO-Kr and DABCO-Xe
complexes must be larger than the upper energy limits given for DABCO-Ar. However,
there is an alternative explanation for the absence of vibrationally excited complexes; strong
coupling of the vibration to a large manifold of e.g. van der Waals levels may lead to IVR;
spectral features are not observable if this redistribution is broad. Therefore, the estimated
limits for the binding energies are given with some reserve.
In addition to i/27 (e') excited complexes, v'6 excitation of a\ symmetry has also been
observed but is not shown in the figures.
Higher rare gas concentrations and/or higher backing pressures lead to larger complex
sizes. For these larger complex sizes, measured on the mass of DABCO-Rg^, π = 4 -j- 7,
only broad bands are observed with widths of about 120 cm - 1 . These broad bands are
600 cm - 1 blue shifted from the DABCO monomer origin and shift slightly towards the red
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with increasing n. Measurements on still higher masses were not carried out. Under these
experimental conditions the broad bands also appear on the mass of the smaller complex
ions, η < 4, due to fragmentation.
With the origins of DABCO-Ar„ as a reference, the peaks B, B' and B** in figure 6.2
possess approximately the same blue shift, 330 to 340 cm - 1 . Their intensities increase with
backing pressure and rare gas concentration, but we have not been able to change conditions
in such a way that peak В disappears completely.
There might be thought of several possible explanations for these broad bands. A
monomer excitation in the rigid complex leading to IVR could be an explanation. We
reject this possibility because of two strong arguments. Two-laser depletion measurements
prove that peaks В and B" derive from different complexes than the sharp structures of
DABCO-Ar and DABCO-Ar3, respectively. Secondly, no known vibration in the monomer
matches a shift of 325 cm - 1 .
The next alternative could be that B, B* and B" belong to the 0° transition of an
isomer. Then we must explain the enormous blue shift of 425 c m - 1 for B, with respect to
the monomer origin. Accepting that the sharp structures are due to complexes with the
rare gas atoms near the N atom, no other site can be found for the rare gas atoms where
the binding energy changes that much upon electronic excitation.
The last and most probable explanation for these broad bands, in our opinion, is that
they are due to fluxional isomers. A strong argument in favour of this conjecture derives
from the two-laser depletion measurements, which prove that peak В derives from another
complex than the sharp structures on the same ion mass. The dip at 449 cm - 1 in the right
shoulder of peak B, corresponds to the ν'2Ί excitation of the monomer (this dip - and similar
dips - are of experimental nature and are caused by saturation of the channel plates at
strong monomer transitions). Peak В is about 25 cm - 1 red shifted with respect to this f27
excitation. These observations point to the existence of fluxional isomers being responsible
for B, B* and B** which retain the D3h. symmetry. For DABCO-Ar no broad bands are
measured 25 c m - 1 shifted to the red side of the 0° transition of the monomer. Thus selection
rules require an e' mode to be excited in the Sj state of the isomer. The lowest e' vibration
in the monomer is u'27, which is at 449 cm - 1 . Presumably, the isomer possesses the same
symmetry as the monomer. This is possible if the Ar atom is symmetrically distributed
around the equatorial plane, with a symmetrical azimuthal probability distribution. Note
that for peak B" we may deal with two contributions, one from the here discussed equatorial
isomer DABCO-Агз and one from the fragments of higher complexes, with η > 3. Broad
bands В and B" do not appear in the spectra of other complexes, therefore we exclude that
fragmentation of higher complexes causes these bands. The observed bandwidth of about
100 c m - 1 is similar to what has been observed for fluxional isomers of carbazole-Arn [1].
Though somewhat speculative, these observations and their interpretation is highly in
teresting. In the equatorial isomer of DABCO-Ar the Ar-atom has a non-localized position
between "polar" and "equatorial" minima (at least 9 local minima are present). The red
shift points to a preferential residence around the equatorial plane, where the electron den
sity increases upon Si <— S0 excitation. For the DABCO-Ar2 isomer a fluxional distribution
of the Ar-atoms is indicated too. Whatever it may be, it has to account for a blue shift
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Figure 6.4 DABCODABCO dimer REMPI spectrum, combined scans with R6G and
Rhodamine В dyes. PQ = 470 тЬат Ar for the left and Po = 800 mbar 50% Ar/Не for
the right part of the figure. The monomer origin is indicated by an arrow, the dimer origin
by A. The strongest spectral features, A, B, and С occur repeatedly as group 1 to 5. For
features X and Y, see table 6.2.
of about 100 c m - 1 with respect to the equatorial DABCO-Ar. Note that no sharp features
are super-imposed on peak B* and here e'-excitation is also required by selection rules; thus
the polar-contribution must be symmetrical with respect to the north- and south-pole of
-1
the DABCO molecule. Fluxional DABCOAr 3 experiences another 100 c m blue shift and
appears in the spectral range of the η > 3 clusters. Thus, there might be such a distribution
that two Ar atoms mainly stay near to the north- and south-pole, whereas the third one
occupies preferentially the neighbourhood of the equatorial plane. Further Ar atoms (n > 3)
do not lead to significant extra shifts.
Fragmentation occurs because strong resonances of the larger complexes also appear in
the spectra of smaller complexes. For example - under appropriate beam conditions - the
origin of DABCO-Агз is observed even stronger on the mass of DABCO-Ar than on the mass
of DABCO-Агз. Similar observations are made for the Кг and Xe complexes. Apparently
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"evaporation" of Rg2 is favoured above "evaporation" of a single rare gas atom during the
REMPI process or after the ionization. Note that the excess energy in this process is more
than 10000 cm - 1 in the ionic state. It would be interesting to investigate the appearance
of these features on the mass of the monomer, but this is not possible because of nearby
strong resonances of the monomer itself.
Simple atom-atom pair potential calculations are in progress and will yield the config
uration of the complexes, and approximate values for binding energies and energies of the
van der Waals modes. These calculations will be presented in a forthcoming paper.
For the DABCODABCO dimer (1+1) REMPI spectra are measured in the same spectral
region. Resonances are found to the blue and to the red of the origin of the monomer. The
complete spectrum of the DABCO dimer is shown in figure 6.4. A pattern of three peaks
А, В and С on the red side occurs repeatedly on the blue side. We assign these repeated
group of lines to vibrational excitations of one of the DABCO molecules in the dimer. No
broad bands are observed in contrast to the rare-gas complexes. The energy shifts of the
main resonances together with their preliminary assignment are given in table 6.2. These
transitions are one-photon allowed in case of Сз„ symmetry. According to these assignments
Table 6.2 Spectral shifts of the DABCODABCO complex with respect to the DABCO
origin (35783 cm-1), the accuracy is ± 1 cm~l. The group number refers to figure 6.4.
Shifts in parenthesis are given with respect to A of group 1, the assumed origin.

group nr.
1
2
3
4
X
Y
5

A
-541
131
240
344
358
471
728

Spectral shifts [cm"
"Ι assignment
В
С
A
-480 -466
origin
(0)
193 204 (672) 2i4(e"),2x352 cm" 1
302 315 (781)
i/¿(a'1),778cm-1
1/4(о,),883 c m - 1
406 419
(885)
(899) 2v'27(e'),2x449 cm" 1
(1012)
unknown
789
(1269)
i4(ai),1258 cm" 1
-

the DABCO dimer has a binding energy of more than 1258 c m - 1 in the electronically excited
state.
Preliminary LIF measurements were performed and showed fluorescence for the dimer
DABCODABCO. These measurements reveal lifetimes of (210±20) ns for the red shifted
structures and 330 ns for the blue shifted ones. A dispersed spectrum with one photon
excitation of the Si state was recorded, but not yet assigned, in the range from 275 nm to
380 nm with a resolution of 1.8 nm. No measurable fluorescence back to the vibrational
ground state is found for the blue shifted resonance at 240 cm - 1 ; the dimer is left in a
vibrational excited state after fluorescence, while for the red shifted resonance at -541 cm - 1
a significant fraction of the dimer fluorescences back to the vibrational ground state. For
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the DABCO-Rg complexes LIF signal was found neither in this work, nor by others [21, 22].
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Analysis of the
(1+1) R E M P I spectra
of DABCO-Rg
G. van den Hoek, D. Consalvo, D.H. Parker and J. Reuse
Department of Molecular and Laser Physics, University of Nijmegen,
Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

Calculations are presented of the binding energies and the van der Waals vibrations for
complexes containing the DABCO molecule. Additional spectra of DABCO complexes with
Ar, Kr and Xe up to three rare gas atoms are measured and discussed. The similarities and
differences in the spectra of the different complexes are studied.
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7.1

Introduction

The interpretation of the measured spectra of DABCOArn> DABCOKr n and DABCOXe n
for n=l-3 is aided by calculation of the van der Waals potential; using this potential vi
brational energies are estimated of several possible vibrations involving the rare gas atom.
These values are compared to the measured resonances and assignments are made.
A three laser hole-burning experiment is performed in order to test some of the previous
assumptions and exclude other interpretations of the measured resonances.
The ionization potential is measured for DABCO-Arn with η ranging from 0 to 3. The
difference in binding energy between the ground state and the electronically excited state
is probed this way.

7.2

Identification of Complexes via Hole-burning

Additional experiments are carried out to confirm previous assignments [4] and to search
for isomers. Two lasers are used in this measurement. The first laser is on resonance with
a known transition of the complex and the second laser, somewhat later in time («200
ns), is scanned over a region with other resonances of the complex. This procedure is
schematically indicated in figure 7.1. The complexes in which the transitions start from

/ •h(//k/V
200 ns delay

f//S//¿¿/
200 ns delay

holeburning
laser
on resonance

boleburning
ІЭ5СГ

off resonance

DABCO Ar

Figure 7.1

DABCO

Ar2

Hole-burning by two pulsed lasers schematically drawn for DABCO-Ατχ.

the same ground level are extracted (by an electric field) from the molecular beam if they
are ionized by the hole-burning laser (hb-laser); the second probe laser then ionizes less
molecules. Examining the difference in ion signal (of the probe laser) between hb-laser off
and on reveals if resonances belong to the same complex and initial state or not. Only
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the ions produced by the second laser are measured, the ions produced by the hb-laser
appear earlier on the detector and outside the gate of the boxcar. Most of the complexes
in the beam reside in the vibrational ground state, see section 7.7, thus hole-burning can
differentiate between different complexes.
The (1+1) REMPI spectrum of DABCOAr, without hb-laser, is shown in fig. 7.2a. The
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Figure 7.2 Hoie-burning spectrum of DABCOAr. a) The (1+1) REMPI spectrum of
DABCO-Ar without hole-burning laser, b) Hole-burning laser on resonance with the origin
of DABCOAr. c) difference between trace a) and trace b). d) Hole-burning laser on
resonance with the second peak in the DABCOAr spectrum, e) difference between trace a)
and trace d).The arrows mark the frequency of the hole-burning laser.
scan ranges from -80 c m - 1 to 700 cm - 1 with respect to the DABCO origin. The energy
of the hb-laser is 3 mJ per pulse, which is enough to ionize a significant fraction of the
molecules. Both lasers are almost parallel and completely overlap where they interact in
the molecular beam. The small dips at 449 c m - 1 and 680 cm - 1 are caused by saturation
of the channel plates by strong resonances of the DABCO monomer. Three main features
-1
-1
are observed: the origin of DABCO-Ar at 106 cm , a stronger resonance at 310 c m and
-1
a broad band at 425 c m . The hb-laser is on resonance with the origin of DABCO·Ar in
fig. 7.2b; the difference in ion signal between hb-laser on and off is shown in figure 7.2c.
The ion signal at the DABCO-Ar origin decreases by 25% . The other two main features
are not influenced by the hb-laser. We conclude that these two main features belong to
different complexes. If the hb-laser is on resonance with the origin of DABCO-Агз at 312
cm - 1 , then the ion signal (measured on the mass of DABCO-Ar ) at 312 cm - 1 is decreased.
These measurements are in agreement with assignments made previously that the resonance
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at 312 c m - 1 is due to fragmentation of DABCOAr3; the broad band at 425 c m - 1 may be
due either to fragmentation of larger clusters or to a structural isomer of DABCO-Ar.

7.3

Ionization Potential Solvent Shifts

The ionization potentials of DABCO-Ar,, with η ranging from 0 to 3 are measured (see
fig 7.3) and shifts towards the red are observed for the ionization potentials of larger com
plexes; the binding energy of DABCO-Ar in the ion state is larger than the binding energy
in the ground state and the larger the complex, the larger this difference in binding energy.
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Figure 7.3 Ionization potentials of DABCO and DABCO- Ar„ complexes. Thefirstlaset
(hu¡) is on resonance with the electronic Sj band, the frequency of the second laser (Ьш2)
is scanned and the total energy, nu>j + ηω2, is given on the horizontal axis. Ionization foi
DABCO occurs via (2+1) REMPI, while the ionization for the complexes occurs via (1+1)
REMPI. The arrow marks the ionization energy in zero electric fìeld conditions.
A correction of the ionization potential is necessary because the ionization potential is
measured in a region with non-zero electric field. This causes the increase in ion signal to
begin at lower frequencies than under zero electric field conditions. The origin of this shift
can be interpreted by a simple classical picture; the electron is subjected to a hydrogen-like
potential which is distorted by an externally applied Ε-field. If only the mj = 0 Rydberg
states (m¡ represents the projection of the electronical angular momentum along the ζ axis)
are significantly populated and distorted [1] then the ionization potential can be modeled
11Я

Analysis of the DABCO-Rg spectra
by [2],
IP(E) = IP(E = 0) - J—
(7.1)
V τεο
here e is the elementary charge, εο is the permittivity of vacuum and E the electric field.
The shift amounts to
IP(E) = IP{E = 0) - 19.3%/i?
(7.2)
-1
if IP and E are expressed in c m and V/mm.
The Si *— So transition of the DABCO monomer occurs at 35783 c m - 1 [14]. The increase
of ion signal induced by the second laser (with At «0) starts at a frequency of 22131 cm - 1 ,
see figure 7.3; thus a total energy of 57914 c m - 1 is needed to ionize the molecule. The
ionization energy for DABCO is 58032 ± 5 c m - 1 measured by Fujii et al. [3] with twocolor MPI. We measure a shift of -118 c m - 1 with respect to the ionization energy due to
the nonzero electric field, which is in reasonable agreement with an applied electric field of
35 V/mm. The increase of the ion signal near the ionization threshold is not very steep
but increases slowly and reaches a constant value after 100 to 200 cm - 1 . The ionization
potential for the monomer is measured with (2+1) REMPI, while the ionization potentials
for the complexes are measured with (1+1) REMPI. This is necessary because one-photon
excitation of DABCO to the Si state is symmetry forbidden, while the transition is allowed
for the complexes which exhibit another symmetry [4].
The ionization potential of DABCO-Ar shifts about 110 c m - 1 to the red compared to
the monomer. This shift of the potential energy is a measure of the difference between the
binding energies of the neutral complex and the ionic complex. Therefore, a red shift of 110
cm - 1 for DABCO-Ar leads to the conclusion that the ion is 110 c m - 1 more strongly bound
than the neutral complex. The extra shift for complexes up to η = 3 is almost additive per
added Ar atom, see table 7.1. This extra binding energy of the ion may be due to a charge
Table 7.1 Ionization potentials and transition frequencies. The adjustment is for com
pensation of the E-ñeld shift (+118 cm~*). The accuracy of the 5Ί <— So transition is 1
cm'1 and for the IP*— Si transition the accuracy given in the last column.

Van der Waals
complex
DABCO
DABCO-Ar
DABCO-Агг
DABCO-Агз

Transition frequencies [cm l]
IP<-S!
Si <— So IP«-Si
measured measured adjusted
35783
22131
22249
35889
21912
22030
35991
21699
21817
21499
21617
36085

IP«-So

shift

58032
57919
57808
57702

0
-113±5
-224І20
-330±5

Ί

induced dipole induction term. A rough estimate of this term can be made as follows; the
polarizability of Ar is αΑτ = 11.06 ajj [7]. If we assume that the Ar atom is polarized by
a point charge in the centre of DABCO, then the dipole ion interaction term is 229 c m - 1
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for the equatorial complex (r=4.51 Â) and 206 cm - 1 for the complex with Ar on top of
the DABCO molecule (r=4.63 Â). This is about twice the measured value of 110 cm -1 ,
which is not surprising because the charge of the ion is not localized but distributed over
the molecule and the distance between the Ar atom and the DABCO molecule may change
in the ionic state.

7.4

Experimental data on van der Waals vibrations

The van der Waals vibrations are measured for DABCO-Rg„ with Rg equal to Ar, Kr and
Xe and η equal to 1,2 and 3; the results of these measurements are displayed in figure 7.4
to figure 7.6.
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Figure 7.4 One-coJor (1+1) REMPI spectrum of DABCORg with Rg equal to Ar, Кг
and Xe. The largest resonance in each of these spectra is assigned to the electronic Si origin
of the complex. The frequency shift is given with respect to the DABCO monomer origin.
Only the origin regions of the different complexes are shown in order to observe the
effect of substitution of different rare-gas atom and the effect of adding more atoms to the
cluster. The experimental conditions are optimized to achieve the best signal to noise ratio
(see reference [4]). The frequencies of the observed resonances are listed in table 7.2 with
respect to the complex origin. Calculations on the basis of simple van der Waals atom-atom
interactions are presented in the next sections in order to assign some of the measured
resonances.
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Table 7.2 Observed peak positions and intensities for the DABCO clusters. The shifts
are given with respect to the origin of the complex in (cm'1); the accuracy is 0.5 cm'1. The
intensities are given in arbitrary units and are not related for the different complexes. 6j
and h denote tentative assignments of the two bending modes of the rare-gas atom and s
denotes the stretching mode.
DABCOAr
Energy Shift Intensity
-5.8
13
35888
0.0
100
òi
6.1
17
62
9.4
35
18.5
37
s
30.3
13

DABCOAr2
DABCO-Агз
Energy Shift Intensity Energy Shift Intensity
-9.9
7
-10.0
7
35991
0.0
79
36095
0.0
100
5.1
100
14.4
4
25.7
3
14.7
39
31.3
31
27.0
17
36.1
8
32.2
19
43.3
3
39.8
17
49.3
7
DABCOKr2
DABCO-Кгз
Energy Shift Intensity Energy Shift Intensity
-2.3
13
-8.2
14
36067
0.0
100
35970
0.0
100
10.6
5
4.0
59
17.1
10
14.7
36
23.5
10
22.6
15
31.0
36
27.7
14
35.7
27
34.6
19

DABCOKr
Energy Shift Intensity
-10.9
5
-2.2
31
35873
0.0
100
Ò!
2.9
65
b2
9.3
14
15.4
9
21.2
7
s
27.8
21
DABCOXe
DABCO Xe2
Energy Shift Intensity Energy Shift Intensity
35889
0.0
100
35986
0.0
100
òi
7.6
20
30.5
63
12.8
13
36.7
15
17.5
8
b2
21.3
11
24.9
10
a
28.5
45
35.9
7
37.9
3
43.3
5
50.5
8
53.8
9
56.3
10
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DABCO-Хез
Energy Shift Intensity
36068
0.0
90
8.9
100
26.8
40
39.3
90
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7.5

The van der Waals Potential of D A B C O R g

The van der Waals potential is calculated by adding individual van der Waals potentials
between a rare gas atom and every atom of the DABCO molecule. Therefore it is necessary
to know the exact positions of the DABCO atoms. The minimum energy, i.e. the binding
energy of the complex, is found by varying the rare gas atom position and calculating the
van der Waals potential for every configuration. In all calculations we assume DABCO
to be rigid. We use the following structural parameters from Yokozeki and Kuchitsu [8]:
Tg{CN) = 1.472 ± 0.007Á, r9(CC) = 1.562 ± 0.009Â, rg(CH) = 1.11 ± O.OlA, ¿(NCC) =
110.2° ± 0.4°, ¿iCNC) = 108.7° ± 0.4°, ¿(HCH) = 1110 ± 5°. These parameters are
measured by electron diffraction in the gas phase and are in good agreement with those in
the crystal phase determined with X-ray diffraction by Weiss et al. [9].
The atom positions are calculated from these structural parameters and given in table 7.3, their positions are given relative to the center of mass. The structural parameters
Table 7.3 Atomic positions of DABCO calculated from Yokozeki et al. [8]. These positions are used in the van der WaaJs potential calculations. The positions of the DABCO
atoms are given for the top half only, the other positions follow from reflection through the
xy plane.
Atom Position [A]

Atom Position [A]
Nj
Ci
C2
C3

χ

y

ζ

0.000

0.000

1.289

χ

Η!
H2
1.381 0.000 0.781 , Нз
-0.691 1.196 0.781 I Н 4
-0.691 -1.196 0.781 Ι Н 5
I Н6

y

ζ

1.897 0.915
1.897 -0.915
-1.741 1.186
-1.741 -1.186
-0.156 2.100
-0.156 -2.100

1.141
1.141
1.141
1.141
1.141
1.141

uniquely determine the positions of all atoms except of the Η atoms. The plane containing
one HCH group can be varied such that the Η atoms point more to the top of the molecule
or more to the equatorial plane. Different positions of the Η atoms modify the van der
Waals potential only slightly. In our calculations the HCH plane is perpendicular to the
CCN plane and bisects the CCN angle, and vice versa.
Dissociation energies and vibrational frequencies are calculated from the potential sur
faces generated by the atom-Rg potentials. For example the calculated vibrational frequen
cies of Benzene·Ar [11] (in the ground state) or Aniline·Ar [12] (in the electronically excited
state) are in reasonable agreement with the measured frequencies in the electronically ex
cited state; the differences between the calculated and measured frequencies are less than
5% and 25% for the bending modes and less than 2% and 10% for the stretching modes
respectively. The interaction between the rare gas atom and the DABCO atoms is given by
the Lennard-Jones 6-12 expression
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20

VL-j{r„) = £4£ a ,[(<7 Q ,/r a ,) 12 - (a m /r m ) 6 ]

(7.3)

«=1

here гаг is the distance between the rare gas atom and atom i of DABCO, Л«. = \ί2σα, the
minimum position of the atom pair potential and em is the depth of the potential well.
The parameters of the 6-12 Lennard-Jones potential are calculated from the empirical
intermolecular potentials in crystals determined by Scheraga et al. [13]. The coordinates of
the heavy atoms of the molecules in these crystals were taken directly from X-ray measure
ments, while the coordinates of the hydrogen atoms were deduced by electron and neutron
diffraction data. The coefficients Ckl = 4ε^σ®, of the attractive (1/r6) part of the L-J
potential were computed by the Slater-Kirkwood formula using experimentally determined
polarizabilities ак,
eh
akai
(7.4)
Cki =
Ш~е\ (ak/Nky/2 + (α,/Ν,γ/*
Here Nk and Ni are the effective number of electrons for atom types к and /. The coefficients
of the repulsive (1/r 12 ) terms of the L-J potential were obtained by varying these coefficients
until the energy minimized lattice constants agreed as closely as possible with the observed
ones. The coefficients for same atoms but in different molecules are not the same, therefore
the coefficients are divided into different types. We use for atom type Hi in our calculations:
£ = 0.037 kcal/mol (13.0 cm" 1 ) rg = 2.92 Α(σ = 2.60 A), C 6 : ε = 0.038 kcal/mol (13.3
cm" 1 ) rg = 4.12 Α(σ = 3.67 A) and N 1 4 : £ = 0.107 kcal/mol (37.5 cm" 1 ) rg = 3.51 Α(σ
= 3.13 À).
The subscript numbers on the atoms refer to the designation of the atom
Table 7.4 Well depths ε (cm-1) and equilibrium distances Re (A) in the atom-atom
interaction approximation [6]. The distance σ is the distance between two atoms at the
point where the potential is zero (σ = Re/\/2). The parameter value A is related to ε and
Re by A = 2eRg. a ) The Ar-Ar parameters are from [15], the Kr-Kr parameters from [16],
and the parameters for Xe-Xe from reference [17].
Ar
Kr
ε
σ
e
σ
ε
29.3 3.35 99.5 3.57 139.8
19.5 2.98 35.9 , 3.09 42.6
19.7 3.51 36.4 ¡ 3.62 43.1
33.1 3.21 61.0 ; 3.35 72.4

Ne
a)

Rg-Rg
H-Rg
C-Rg
N-Rg

σ
2.76
2.68
3.22
2.95

Xe
σ

£

3.88
3.24
3.78
3.51

196.0
50.5
51.1
85.7

types defined in [13]. Interaction parameters for dissimilar atoms with one rare gas atom
1 2
are calculated using the relations σ^ = (σ αο + сгы,)/2 and ε„4 = (ε,,,,ει,ι,) / . The atom-atom
parameters for Ne, Ar, Kr and Xe interacting with Η, С and N in table 7.4 are used in our
calculations.
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The van der Waals energy of DABCOXe is plotted in figure 7.7 for χ and y values
ranging from -6 Â to 6 A. For each point, the z-coordinate is chosen such that the energy

Y (A)
Figure 7.7 Minimum potenziai energies (cm-1) ofDABCOXe projected on the xy-plane.
The z-coordinate is changed from 0 to 6 Á for every (x,y) pair and the minimum value is
given in the figure as a contour plot. In the center of the figure the moiecuie is viewed from
the top, no H atoms are sketched. The inner-most three minima (denoted with an asterisk)
are located at ζ = 4.61A and the other three minima are iocated in the equatorial plane
(z = 0) of DABCO.
is minimal. Two configurational different complexes are found with minimum potentials of
-529 cm" 1 at (-4.82 Â, 0.0 Â, 0.0 A) and -469 cm"1 at (-1.72 A, 0.0 A, 4.61 A). The -469
cm - 1 well is broader than the -529 cm - 1 well and is probably under-estimated because no
orientational effect of the lone-pair electron density is taken into account in the calculations.
Table 7.5 lists the calculated binding energies and the positions of the minima for the other
complexes. The calculated equatorial minima is about 50 cm - 1 lower than the top minima
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Table 7.5 Calculated binding energies for the DABCO complexes with one rare gas atom.
The coordinates of only one of the three symmetrical minima for the "Top" and the "Equa
torial" position are given.

Ar
Кг
Xe

Top Minimum
E (cm" 1 )
-1.68 0.00 4.30
-319
-1.74 0.00 4.42
-384
-1.72 0.00 4.61
-469

Equatorial Minimum
E (cm- 1 )
-363
-4.51 0.00 0.00
-437
-4.64 0.00 0.00
-529
-4.82 0.00 0.00

for all complexes. In the next sections the question is discussed whether this equatorial
configuration is the most stable one or not and if this configuration gives rise to the sharp
structured resonances which are displayed in figure 7.4.

7.6

Normal mode analysis

To find the vibrational energy levels ω, of the van der Waals motions, we require the
quantum-mechanical solution to the problem of complex vibrations, i.e., the solution of the
Schrödinger equation for the vibrational motion of the rare-gas and the DABCO molecule
(we assume in the calculations that the DABCO molecule is rigid). A significant simplification is achieved if normal coordinates are used in combination with small amplitude
vibrations (the harmonic approximation). If the vibrations are relatively large in amplitude
or if the force-field is strongly anharmonic the simplification is not justified and the results
will serve as indications only.
The Hamiltonian is equal to the sum of the kinetic and the potential energy of the
system,
H =T +U
(7.5)
If the Hamiltonian is expressed in generalized coordinates (dt) and generalized momenta
(рг) then
1
(7.6)
¿

«,J=1

and the potential energy is the van der Waals potential that is calculated in the previous
section. The G matrix is the inverse of the Τ matrix and is called the kinematic matrix.
The vibrational part of the Hamiltonian can be separated out, sec van der Avoird [10], and
if only these terms are used then the G matrix is given by

git = μ
9u =

J

4

+2 £t\el}k\A]dl

-2j2\el]k\Akdtdj
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here μ is the reduced mass of complex, |ε υ *| is the absolute value of the Levi-Civita tensor
(cvfc is equal to zero if two of the i, j , к are equal and ±1 otherwise) and At are the rotational
constants of the DABCO monomer. In the harmonic approximation dt (i = x, y, z) is equal
to the equilibrium position of the rare-gas atom.
Near the minimum (s, = 0) the potential energy may be expanded in a series in powers
of J

,-* + 5(£) t , + à Ç (&

(7.9)

SjSr +

In equilibrium the second term in this equation is zero and for sufficiently small vibrational
amplitudes we may ignore the cubic and higher order terms;
(7.10)
here fjr are the potential energy constants defined by

f

=(—)

(7.11)

Inserting these expressions into the Hamilton equations and by using the solution
(7.12)

d, = fí,cos(o)< + φ)

these equations result in a set of homogeneous linear equations which have to be solved

Σ Σ^-^U

=0

(7.13)

Evaluation of this expression for DABCOXe reveals the following normal mode frequencies
and amplitudes around the (-1.72 Â, 0.0 Â, 4.61 Â) minimum for the electronic ground state
(this is the polar minimum, see figure 7.7. The ζ coordinate changes along the symmetry
axis of DABCO)
u\ = 15.0 cm

1

(°

-95

Ì

1

( °\ ,

из = 32.9 cm- 1

/ 0.04 \
(7.14)
0
V 0.99 ;

0
, ш2 = 19.2 cm'
1
V 0.30 )
\Q)
The results of this calculation will be discussed in the next two sections. The Xe atom
moves mainly in the xy plane in the first two modes, therefore these modes are called the
bending modes. The first mode (o)i) is a tangential motion towards the symmetry axis
of DABCO, the second mode (0)2) probably describes a motion that is, an a larger scale,
circular around the symmetry axis moving through the three minima on the north pole of
the DABCO molecule (see figure 7.7). The motion of the third mode (0)3) is mainly in the
ζ direction and is called the stretching mode.
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7.6.1

The van der Waals stretching mode

The stretching motion of the rare-gas DABCO complex is modeled by assuming that in this
vibration the rare-gas atom moves along a line in the direction of the normal mode of 1^3.
The energy of the complex, as calculated with the LJ potential is plotted in fig 7.8 and this
potential is fit by a Morse potential also drawn in this figure (the dashed line). The Morse

Figure 7.8 Van der Waals stretching mode of DABCOXe in the ζ direction. The solid
line represents the calculated van der WaaJs potential and the dashed line represents the
Morse fìt potential energy.
potential is given by
V = V0 ( e - 2 ^ - * ^ - 2e-(R~^0)

(7.15)

Here VQ is the well depth and Яо the position of the minimum and β an parameter related
to the width (6) at half the depth of the well, β = 1.763/5. The vibrational energy ω, is
given by:
ω, = 8.21/?W^
(7.16)
V M
In the last equation the values for ω, are given in wavenumbers, the reduced mass μ in
a.m.u. and the distances in Â. This formula is only valid if the stretch is not coupled
to the bending modes and the motion of the Xe atom is radial from the center of the
DABCO molecule (no rotational distorsion). The potential is well fit by a parabola for small
vibrations but at larger energies the Morse potential is more appropriate. The vibrational
energies are calculated for the electronic ground state using the normal mode analysis (see
table 7.6) for the two different sets of minima; one in the equatorial plane the other on top
of the DABCO molecule. All calculated energies for the stretch mode are higher than the
measured ones (which are measured for the electronically excited state), the values calculated
for the complex with the rare gas atom on top of the DABCO molecule being closer to the
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measured value. The difference between the calculated and measured values is about 10%
if one assumes that the rare gas atom is on top. This method of calculation the stretching
mode energy yields good results for Benzene·Ar with an accuracy less than 2% [11], while
the agreement between measurement and calculations is worse for the DABCO complexes,
probably because the minimum position is not on the symmetry axis and therefore coupling
with the other modes occurs.
7.6.2

The van der Waals bending modes

Bending modes are more difficult to model because the bending mode energy is very sensitive
to potential variations near the minimum energy position. Two potential curves are drawn
in figure 7.9 for DABCOXe in the "top" configuration. The first one is calculated as a
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Figure 7.9 Van der Waals bending modes of DABCOXe in the χ and y direction. Note
that in the left figure not onJy the χ coordinate is varied but also the ζ value (dashed line)
is adjusted to find the minima/ binding energy (solid line). Only the y coordinate is varied
in the calculation of the minimal binding energy in the figure on the right (solid line), the
dashed line represents the parabola approach.
function of χ while changing the ζ coordinate for minimum total binding energy, the second
figure is calculated as a function of y only and represents the potential energy for mode 2.
In this case the potential is not fit by a Morse potential, but by a parabola The potential
and the energy of the bending mode is given by:
V=\kR2-V0,

шь = 5 . 8 0 ^
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values are in wavenumbers, angstrom and atomic units. The results of the calculations of
the bending modes for the complexes with one rare gas atom are given in table 7.6. The
Table 7.6 Calculated vibrational energies in wavenumbers of the van der Waals vibra
tions, "equa" denotes the values where the гаге-gas atom is placed in the equatorial plane
and for complexes with the гаге-gas atom near to the north pole of the DABCO molecule
are given in the "top" column.

U)3

U>1

DABCOAr
"equa." "top"
43.0
41.5
35.1
19.6
32.8
15.3

meas.
30.3
9.4
6.1

DABCOKr
"equa." "top" meas.
36.1
34.7
27.8
34.9
19.4
9.3
32.6
15.4
2.9

DABCOXe
"*ЧЛ..А

equa.
34.2
35.3
32.9

"

"+л**"

тля.*.

top
32.9
19.2
15.0

meas.
28.5
21.3
7.6

large difference between the measured energy and the calculated energy of the stretching
and bending modes between a complex with the rare gas atom in the equatorial plane (the
configuration with the largest calculated binding energy) and the top configuration is a
result that points to the statement that the sharp resonances (with shifts of ±100 cm - 1 to
the blue of the DABCO origin) correspond to transitions in the top configuration complex.
Two approximations influence the accuracy of the calculated frequencies. The first
approximation is that the potential is harmonic near the minimum and this potential is
represented by a parabola. But the potential near the top minimum is very anharmonic.
The minimum energy for DABCO·Χβ at the symmetry axis is -448 cm - 1 , while the minimum
-1
energy value is -469 cm and the potential change is certainly not harmonic (see figure 7.9a).
The difference of 21 cm - 1 is close to the calculated mode frequency of 15 cm - 1 and tunneling
from one minimum to another should be possible. The second approximation is the neglect
of the orientation of the electron density distribution near the N atom.
All calculations are based on values of DABCO in the electronic ground state (positions of
the atoms and the van der Waals parameters), while the observed van der Waals resonances
are due to transitions from the ground state to the van der Waals modes in the electronically
excited Si state. The major change between ground state DABCO and electronically excited
DABCO is the change in the electron density distribution near the N atom; the density
changes from a p-like to a θ-type distribution. Therefore no estimate of the accuracy of the
calculations can be given at this point.

7.7

Remarks on Larger Complexes

The spectrum of DABCOAr3 consists mainly of two peaks. The highest peak is assigned
to the origin of the complex, the other peak to a van der Waals vibration with an energy
of 31.3 cm - 1 . Some rough approximations follow in order to understand the nature of this
vibration. We assume that the three Ar atoms make up a triangle because of the strong
Ar-Ar interaction.
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The Ar-Ar bond length in the Ar-trimer is 3.825 A [5] which is almost the same as
3.822 Â in an Ar dimer [15]. The binding energy of the Ar dimer is 100 cm - 1 [6]. If this
triangle is not deformed and placed on top of the monomer, then the three Ar atoms are
displaced 0.5 A outward from the three top minima of DABCO-Аг. The LJ-potential is
minimal for the triangle positioned at ζ = 4.1 A(the position of one Ar atom is (-1.68, 0.0,
І.30) for DABCO-Аг and (-2.2, 0.0, 4.13) for DABCO· Ar 3 ). This displacement decreases
the DABCO-Аг van der Waals energy of a single Ar atom by approximately 9 cm - 1 to -310
cm - 1 . The total binding energy then adds up with three times the DABCO-Аг van der
Waals energy plus three times the Ar-Ar binding energy (-100 cm - 1 ) to -1230 cm" 1 . The
calculated LJ-potential for this triangular configuration is fit to a Morse potential with β =
1.4 and VÓ = 930.4 cm - 1 . This yields the energy of the stretch vibration ω3 = 46 cm" 1 in
the top configuration. If however the DABCO-Агз configuration is such that the three Ar
atoms are situated in the equatorial minima, then the total binding energy is three times
the single binding energy of DABCO-Ar, -1089 cm - 1 . Consequently the top configuration
is energetically more favourable than the equatorial configuration.
The simplest vibration in the equatorial complex is a stretching vibration which is similar
to the stretch vibration in DABCO-Аг. The energy of this vibration in DABCO-Агз is about
5% smaller than in DABCO-Ar because of the higher reduced mass of DABCO-Агз by .
Substitution of these values into equation 7.16 results in a vibrational energy of 40 cm" 1 for
a stretch of a single Ar in the equatorial plane. This is comparable to the observed value
DÌ 31.3 cm - 1 , but as we have seen in section 7.6.1 the stretch mode is overestimated in the
calculations and no clear decision about the configuration of DABCO-Агз can be made on
basis of these results.
Note that the signal to noise in the spectra of DABCO-Кгз and DABCOXe 3 is much less
then in the DABCO· Ar3 spectrum, this can be explained by assuming that the resonances
in figure 7.6 are due to the triangular DABCO complex configuration; Кг and Xe are much
larger than Ar and a triangle formed with Kr or Xe fits much less to the three top minima
then the Ar triangle does. Therefore the DABCO-Kr3 and DABCO-Хез complexes are less
stable. The origin of an DABCOAr 3 isomer is another possible explanation for this 31.3
cm - 1 peak. The signal to noise ratio of the measurement on DABCO-Xe3 is too low to
compare the van der Waals vibration energy with the calculations.
In several measurements (see figure 7.4 to 7.6) peaks are observed shifted to the red side
of the origin of the complex. These peaks probably belong to hotbands, i.e. transitions
starting from the lowest excited van der Waals mode in the electronic ground state to the
non-vibrationally excited electronic S\ state. In table 7.2 these transitions are presented
with a negative shift value. From this table one can see that the van der Waals vibrational
energies of the lowest modes in the electronic ground state are comparable to the values in
the electronically excited state.
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Samenvatting
Vibrationele excitatie van kleine moleculen
en van van der Waals complexen

In dit proefschrift is onderzoek gedaan naar de eigenschappen van moleculen die trillen
Tiet behulp van lasers. Het onderzoek bestaat uit twee verschillende delen, die beide de
grenzen van de hedendaagse kennis omtrent trillingen in moleculen afbakenen. Aan de ene
tant is dit de excitatie van CF3I en CS2 tot zeer hoge energieën; voor CS2 is dit tot 12000
:m _1 (2xl0~19 Joule, oftewel 1.5 eV) en voor CF3I tot 4000 cm - 1 , verdere excitatie leidt
selfs tot de dissociatie van het molecuul. Aan de andere kant zijn het de van der Waals
îigentrillingen in complexen die, met trillingsenergieën van ongeveer 2-50 cm - 1 , de aandacht
«rijgen in dit proefschrift.
In dit onderzoek is voornamelijk gebruik gemaakt van een detectie methode waarbij
iet molecuul wordt geïoniseerd met behulp van zeer intense laser straling van verstembare
gepulste lasers. Deze z.g. REMPI methode (Resonance Enhanced Multi-Photon Ionization)
Derust op het feit dat de ionisatie-waarschijnlijkheid van een molecuul toeneemt als er een
resonant electronisch tussenniveau aanwezig is. De frequentie selectiviteit van deze techniek
•naakte het mogelijk de energie niveau's van CF3I van de electronische aangeslagen C;oestand, en ook van andere electronische toestanden, nauwkeurig te bepalen. Omdat de
•esonantie frequentie van een overgang naar een bepaald electronisch tussenniveau afhangt
ra,n het begin niveau is deze REMPI methode zeer geschikt voor metingen aan vibrationeel
jeëxciteerde toestanden.
Met behulp van een gepulste CO2 laser is CF3I geëxciteerd met verschillende frequences. De resulterende vibrationele excitatie van het CF3I molecuul blijkt sterk afhankelijk
ce zijn van de frequentie van de CO2 laser. Dit leidde tot de observatie van veel niet
ïerder waargenomen vibrationele niveau's. Een aantal resonanties kon nog niet worden
toegekend en dit maakt verder onderzoek noodzakelijk. De gemeten spectra suggereren
ie aanwezigheid van een "bottleneck" die bestaat bij de vibrationele excitatie van CF3I in
iterke laservelden. In dit onderzoek zijn excitaties geïdentificeerd die 1 tot 3 en waarschijnijk ook 4 quanta in de v\ bleken te bevatten, terwijl de vibrationele excitatie naar nog
logere niveau's van de v\ niet zijn waargenomen.
Een andere en zeer moderne techniek om hoge vibrationele energie niveau's te meten is
;en techniek die gebruik maakt van holografische tralies in een gas. Eén laser zet een tralie op
η het gas, een tweede laser wordt gereflecteerd aan dit tralie. Deze methode is uitgeprobeerd
эр CS2, een molecuul waarvan reeds veel bekend is, en de methode is vergeleken met andere
meetmethoden. Duidelijke resonanties zijn waargenomen naar vibrationele energie niveau's
iran «11000 cm - 1 , dit zijn trillingen met ongeveer 26 quanta in de v-¡,.
In de laatste twee hoofdstukken van dit proefschrift wordt de onderkant van de energie
ichaal van moleculaire trillingen belicht. De laag energetische trillingen in van der Waals
lusters worden weergegeven aan de hand van metingen aan clusters van DABCO (1,4133

diazabicyclo[2,2,2]octane) met verschillende edelgassen. Clusters worden gevormd door de
zwakke van der Waals kracht die bestaat tussen de moleculen en/of atomen onderling, zo
vormt bijvoorbeeld het molecuul DABCO samen met een argon atoom DABCOAr als de
temperatuur laag genoeg is. De electronische Si toestand is gemeten van DABCO-Ar,,,
DABCOKr n en DABCOXe n , met η = 1-3. In deze Si toestand zijn de van der Waals
trillingen waargenomen. Opvallend bij deze metingen is dat de benodigde energie voor ex
citatie naar de electronische Si toestand toeneemt bij toenemende grootte van het complex,
de verschuiving die optreedt is ongeveer 100 cm - 1 per toegevoegd Ar, Kr of Xe atoom. Dit
betekent dat de bindings energie van het complex in de electronisch aangeslagen toestand
lager is dan in de electronische grondtoestand. Bij de meeste tot nu toe waargenomen com
plexen is dit juist niet het geval. Er zijn berekeningen verricht aan de systemen met een
enkel edelgas atoom, deze berekeningen geven de mogelijkheid aan voor het bestaan van
twee isomeren. Twee minimale energie configuraties zijn gevonden die ongeveer 50 c m - 1 in
energie verschillen. Welke van de twee configuraties het meest stabiel is en moet worden
toegekend aan de scherpe structuren in de spectra is niet zondermeer duidelijk omdat de
benaderingen die gemaakt zíjn in de berekeningen niet nauwkeurig genoeg zijn. De van der
Waals trillingen die berekend zijn aan de hand van de van der Waals potentiaal blijken beter
overeen te komen met de experimentele waarden naarmate de energie van de eigentrilling
groter is.
Ook zijn metingen verricht aan DABCODABCO van der Waals complexen. De Si
oorsprong laat hier een zeer sterke rood verschuiving zien van -541 cm - 1 . Deze grote verschuiving duidt erop dat de bindingsenergie groot is en er waarschijnlijk waterstof bruggen
worden gevormd. In het dimeer zijn resonanties gemeten, «60 cm - 1 verschoven ten opzichte
van de oorsprong van het dimeer, die zouden kunnen worden toegekend aan van der Waals
trillingen.
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