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ABSTRACT

A modified discharge apparatus with the ability to select ions with different masses to
arrive at the ion detector enabled us to measure a number of electronic REMPI (Resonance
Enhanced Multi-Photon lonization) spectra of NO-Ar and NO-Kr complexes. A detailed
description of the apparatus is given, with several measured REMPI spectra of some known
and unknown electronically excited states of these complexes. Meanwhile, a new approach to
Infrared(IR)-Ultraviolet(UV) double resonance REMPI spectroscopy of NO-containing van
der Waals complexes is described. The experiment is carried out utilizing REMPI detection
through a hot band transition with a simultaneous frequency scan of both IR and UV lasers
at the same time while keeping the energy sum constant. With the method applied to a
number of different NO-X (X=Ar, Kr, CHy, Ny and CO), we managed to detect many
double resonance spectra containing information on the vibrational and rotational structure
of the ground state of NO-X complexes. In this dissertation, we report the near IR spectra
of the NO-Kr and NO-CH, complexes.

INDEX WORDS: IR-UV double resonance, Spectroscopy, Van Der Waals complex,
Molecular Beam, REMPI
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CHAPTER 1

INTRODUCTION

The properties of van der Waals complexes involving open shell diatoms have attracted the
interests of scientific researchers for many years. The quantities such as dissociation energies
of the electronic ground state and excited states are of great interest to help understand
the molecular system. Among different radicals, the NO (nitric oxide or nitric monoxide)
molecule is one of the most important benchmark systems for investigating van der Waals
interactions involving an open-shell molecule.

Experimentally, over the years many different methods have been developed to help
scientists understand the structure of molecules. One of the methods is spectroscopy: the
interaction between electromagnetic fields and matter which has provided many insights
into understanding the molecules. Spectroscopic studies provide accurate information on
the structure of the molecules, their binding energy, and ionization potential, among other
quantities. Since the development of the laser, the resolution of the spectroscopic methods has
been significantly improved over other conventional incoherent light sources. Since the laser
spectra range from ultraviolet to the far infrared many different types of experiments have
been carried out to study different systems including various types of molecules. Absorption
spectra of various molecules have been studied extensively.

However it is very difficult to obtain the absorption spectra of van der Waals molecules
directly using the conventional absorption spectroscopy measuring devices. Many techniques
were developed over the years to measure absorption spectra of molecules. Among the dif-
ferent techniques one of the most efficient has proven to be Resonance Enhanced Multi-

Photon Ionization (REMPI). The REMPI spectroscopy which combines pulsed lasers, pulsed



molecular beams, and time-of-flight (TOF) mass spectrometry is a powerful technique for
studying the selective excitation, ionization, and fragmentation of the molecules of different
species in a molecular beam [1].

The method used in our lab, IR (Infra-red)-REMPI double resonance spectroscopy, utilizes
both tunable UV and IR lasers to ionize the sample molecules in vacuum(See Fig 1.1). The
experiment is performed so that both lasers are simultaneously scanned while the sum of
the frequencies remains constant, i.e. the IR photon excites the NO-Ar molecules to their
first overtone vibrational states, followed by absorbing a UV photon to their first electronic
state. One more UV photon will probe the electron beyond the ionization threshold of the
complex, thus generating ions. The mass resolved ions will be accelerated in an electric field
and detected by an ion detector. The integrated ion signal as a function of the frequencies
of the IR laser is recorded. The timing of the IR and UV lasers is carefully monitored so
that the IR excitation is always ahead of the UV excitation by enough time to avoid the
non-resonance two photon absorption. Since the frequency sum always matches a resonance
of the excitation, an IR resonance will ultimately determine whether there will be an ion
signal or not. Therefore, when the IR resonance condition is satisfied, corresponding ion
signals will be recorded. Conversely, when there is no IR resonance, no ion signals will be
detected.

Finally, an IR-REMPI spectrum will be generated, revealing a wealth of information
about the ground state of the molecules studied, including their vibrational and rotational
structures.

With the help of quantum mechanics, different quantities can be derived using estab-
lished computational models. Thus a significant amount of information is revealed about the
molecular structure, the binding energies of the complexes. By employing the IR-REMPI
technique, we have successfully obtained high resolution Infra-red spectra of NO-Rg(Rg=Ar,
Kr) [2, 1], NO-CH, [1], NO-CO, and NO-N; [5].
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Figure 1.1: IR-UV double resonance Spectroscopy Scheme. The lower spectrum is the near
IR spectrum of NO-Kr, the upper spectrum is the NO-Kr A state spectrum. The well depths
for electronic ground state and electronic excited state are not to the scale.



CHAPTER 2

MOTIVATION

The bound levels of van der Walls complexes are studied through REMPI experiments using
the molecular fragment as a REMPI chromophore [1]. So far this type of spectroscopy has
been applied successfully to NO van der Waals complexes.

In the past, a discharge apparatus in our lab has been used to generate vibrationally
excited but rotationally cold NO molecules [2]. Vibrationally excited NO(v” = 1) molecules
with rotational temperature of 4 K have been detected, and even though the population of
higher vibrational states is smaller, NO(v” = 2) was detected with significant density where
v” is the electronic ground state vibrational quantum number.

A limitation, however, is also obvious. Because of its relatively small pumping capacity of
the source chamber, the efficiency of the formation of the cluster is not very high during the
adiabatic expansion processes. The ion optics of the time of flight spectrometer also lacks the
ability to select the desired ions. All of these limitations restricted the discharge apparatus
from detecting any cluster signals of NO complexes.

In order to solve the problems mentioned above, a modified time of flight spectrometer
design has been developed. As a result, with the discharge apparatus we not only measured
some known but also several unknown NO-Rg(Rg=Ar, Kr) spectra.

While the discharge apparatus was used to measure many different spectra with informa-
tion primarily about the electronically excited states of the NO-Ar or NO-Kr complexes, our
laboratory also successfully used a scattering apparatus [3, 4] to measure the rotationally
resolved near infrared absorption spectra of the NO-Rg (Rg=Ar, Ne) in the region of the

first NO overtone band.



In the past, the IR-REMPI double resonance spectroscopy has been successfully applied
to NO-Ar and NO-Ne involving different intermolecular stretching and bending levels of the
electronic ground state potential surfaces. In this case, the excitation of the chromophore NO
is at its first overtone vibrational state. Although strictly speaking, the bound levels probed
in these experiments do not belong to the vibrational ground state (v = 0), there is strong
indication that the levels associated with the (v = 2) are very similar to the vibrational
ground state of NO.

In the previous IR-REMPI spectroscopy studies [1, 5, 6, 7] IR 2+1 REMPIT via various
Rydberg states was used to detect the near IR spectra of the complexes with the UV fre-
quency fixed. Two UV photons needed to be absorbed to excite and one more to ionize
the complexes. The large number of overlapping bands in those Rydberg states allowed the
detection of IR spectra with fixed UV frequencies. Nevertheless, it was necessary to use dif-
ferent UV frequencies for detecting different bands associated with various intermolecular
vibrations. Also, this scheme does not provide a guarantee to detect the very weak absorp-
tion bands. If none are found, it could simply imply the UV frequency used was not correct.
On the other hand, a two dimensional scan is not feasible for most systems.

Experimentally a multi pass design was used trying to improve the absorption effi-
ciency [5]. Unfortunately, the multi pass setup amplifies the directional fluctuations in the
output of the OPO(IR) laser. This causes a fraction of the reflected IR beam to hit one of
the electrodes in the time of flight spectrometer. The photoelectrons generated in this way
are accelerated in the electric field and through electron impact ionization, generate large
ion densities. That, in turn, causes serious baseline shifts on the ion detector. On the other
hand, even the multi pass design increases the possibility of double resonance excitation in
space, it is difficult to focus the multiple reflected IR beams in one spot.

Another drawback of the previous approach is the failure of detecting higher Rydberg

states of molecular complexes of NO. However, intense 1+1 REMPI spectra of these com-



plexes in the NO A state transition has been reported in the literatures [8, 9, 10] in several
of these complexes.

Alternatively, a new scheme was developed in our laboratory utilizing IR 1+1 REMPI
detection via NO(A?X)-X transition with the photon energy sum of both lasers fixed while
scan both lasers simultaneously (constant photon energy sum (CONPHOENERS) in opposite
directions. Experimentally, we are now using a single gold mirror reflecting the IR beam onto
itself instead of the multi pass design.

With the modified experimental setup, we not only managed to measure the near IR
spectra of NO-Kr but also molecular complexes such as NO-CHy, NO-N,, and NO-CO.

The dissertation is organized in the following way, in chapter 3, the experimental compo-
nents are reviewed. Followed by the review of the discharge apparatus with side electrodes.
In chapter 6 and chapter 7, electronic spectra measured with the discharge apparatus are
discussed in detail. And finally in chapter 8 and chapter 9, the results of IR-REMPI spectra
of NO-Kr and NO-CH, are presented.
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CHAPTER 3

EXPERIMENTAL COMPONENTS

In this chapter, the experimental components are described. It is organized in the following
way: The first section will focus on describing the UV laser systems used for REMPI detec-
tion, followed by a section on the OPO (Optical Parametric Oscillation) IR laser system.
And at last the two different molecular beam machines (scattering apparatus for IR-REMPI

and discharge apparatus with side electrodes for REMPI) are discussed.

3.1 UV LASER SYSTEM

In order to reach different electronically excited states for various Van der waals complexes,
different photon energies are required. There are two dye laser systems in our laboratory: The
pulsed dye lasers LAS (GmbH Laser Analytical System, LDL 205) system and RDP (Radiant
Dyes, RDP02N) system. Both lasers are pumped by a pulsed Nd:YAG laser (Spectra Physics
GCR170-10).

The experimental layout is depicted in Fig. 3.1. Since both the LAS and RDP dye laser
systems have the same arrangement only the LAS system is shown. In this figure, a Nd:YAG
laser is used as the pump source for the dye laser system which generates tunable wavelength
UV light for the excitation of the molecules. The LAS laser system is pumped by the third
harmonic (355nm) of the Nd:YAG laser where for the RDP system, it is pumped by the
second harmonic of 532 nm wavelength. For sum frequency generation, the residual of the 532
nm beam is frequency mixed with the output of the LAS dye laser system. The polarization

of the 532 nm is changed by a half wave plate to satisfy the phase matching conditions. In
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the following sections, the pump laser system and the dye laser system will be explained in

detail.
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Figure 3.1: The REMPI experimental laser system layout.

3.1.1 PumpP LASER

The pump laser is a pulsed Nd:YAG laser made by Spectra Physics[1] which has a funda-
mental wavelength of 1064 nm and can produce output wavelengths of 532 nm, 355 nm and

266nm.

5usec ’—»
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Figure 3.2: The Q-Switch configuration[1]

The neodymium-doped yttrium aluminum garnet(Nd:YAG) is the solid state material
used to provide the fundamental wavelength for the laser system. The active medium is triply
ionized neodymium. The flash lamp excites the electrons to some higher excited energy levels,

and the excited electrons will quickly populate a F3/; level, which is a meta-stable energy
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level with a lifetime of about 230 us. The most probable transition will occur between the
F'3/2 level and Iy /2 level which corresponds to a photon energy at 1064 nm. The electrons in
that state will easily relax to the ground state. Therefore the population remains low which
enables efficient population inversion.

A laser pulse is generated each time the flashlamp flashes, but the pulses usually have
long duration and low power. The GCR 170-10 laser system uses an electro-optical Q-switch
to generate pulses with shorter duration and higher power. The Q-switch (see Fig. 3.2)
comprises a quarter-wave plate, a Pockels cell and a polarizer. The Pockels cell consists of an
optically anisotropic crystal that rotates the plane of polarization of a transmitted, linearly
polarized wave by an angle 6 o \E | when an external electric field E is applied[2]. Therefore
the Pockels cell crystal changes its polarization retardation characteristics when high voltage
is applied. When there is high voltage applied the Q-switch will be in open condition (low
loss). When there is no high voltage it remains closed (high loss).

The Q-switch operates the following way: as shown in Fig. 3.2 the polarizer polarizes
the light entering the Q-switch horizontally and the light becomes circularly polarized after
passing through the quarter-wave plate. The circularly polarized light reflected back by the
high reflector is converted into vertically polarized light after passing through the quarter
wave plate. The polarizer of the Q-switch only passes horizontally polarized light therefore
reflects the vertically polarized light out of the resonator and the loss is high.

When there is a high voltage pulse applied to the Pockels cell crystal, the polarization
change of the Pockels cell cancels the polarization retardation of the quarter-wave plate, so
the light remains horizontally polarized and the loss is low.

The flashlamp excites the electrons to their metastable levels and at the maximum popu-
lation inversion, the 5 us long high voltage pulse will be applied to the Pockels cell. Therefore
the cavity loss is low and as a result it generates a light pulse of less than 10 ns with tens of
megawatts. Usually the time profile of the laser pulse depends on the rise time of Q-switching.

Typical durations of these pulses are usually 1-20 ns.
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The high peak power of the Nd:YAG laser also permits wavelength conversion through
nonlinear processes. For an example, in second harmonic generation, the intensity of the
second harmonic wave is proportional to the square of the pump wave intensity. Therefore,

the high peak power of the pulsed laser generated will be suitable for this nonlinear process.

3.1.2 THE DYE LASER SYSTEM

Figure 3.3: Dye laser layout, the direction of the arrows label the pump beam path|[3]

In our laboratory Coumarin 2 dye solution was used for the LAS; DCM and Pyridin 2
were used for the RDP laser system. The layout of the Dye laser is depicted in Fig. 3.3.
During operation, the pump laser beam first passes a cylindrical telescope which expands
the beam [3] in the horizontal direction. The beam then passes a steel mash attenuator Al
which can reduce the pump beam power by a factor of 3 if it is moved into the beam path.
A beam splitter (M1) reflects about 8 % of the pump beam to the dye laser oscillator. L1
is a cylindrical lens which focuses the beam to a narrow line in the oscillator/preamplifier
cell C1. The rest of the beam power is transmitted through M1 and reflected off two mirrors
M2 and M3. Another beam splitter M4 will reflect most of the beam power (about 80 %)

and transmits the rest. The reflected beam goes to the amplifier after being reflected by the
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mirror M5 and the transmitted beam will pass into the preamplifier. The beam reflected
by M5 is focused by a cylindrical lens L3 onto the main amplifier cell C2. There are three
shutters in the laser system, namely A1, A2 and A3. Al is the attenuator which has been
mentioned previously, A2 blocks the beam for the preamplifier and the amplifier, and the
third shutter A3 controls the main amplifier separately.

In both lasers, a near grazing-incidence oscillator design is used [3]. The beam first passes
through a Prism Beam Expander (PBE) to expand the beam in the vertical direction then
illuminate the whole grating area with 85° incidence angle as shown in Fig. 3.4. The wave-

length is determined by the grating equation
A =d-m(sina + sin f3) (3.1)

where « is the angle between the normals of the grating and the tuning mirror and § is the
angle of incidence onto the grating. d is the grating constant and m is the diffraction order
number. As in the LAS laser, for instance, it has a 2400-lines-grating, and the first order
diffraction is used in the oscillator. The resolving power! of the grating for the first order
diffracted wave is R=120000. As a result, the smallest frequency difference the grating can
resolve is 0.18 cm™!. The cavity length of the laser is about 10 cm, which corresponds to the
free spectra range of 1.5 GHz. Therefore, about four different modes can lase in the cavity.

This design has its advantage compared to the original grazing incidence design. Because
of the vertical expansion of the beam by the PBE, the whole grating is illuminated. Also, both
the grating and the prisms have the same polarization preference. As a result the efficiency
of the system is considerably improved.

The wavelength can be tuned using the tuning mirror M; around an axis as shown in
Fig. 3.4. Both of the dye cells C; and C, are tilted 6° to avoid undesired laser oscillation
from the reflection of the cell windows. The beam passes through two Brewster Plates (BP)

before it reflects back to the dye cell C; by the Porro Prim (PP) for the amplification. The

IThe detailed calculation of the resolving power is shown in section 3.2.
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Figure 3.4: Dye laser beam path.[3]

dye telescope consists of lenses T; and Ty which uniformly magnify the laser beam by a
factor of 2 in order to prevent cell damage.

For the RDP dye laser system, the visible output is frequency doubled to generate UV
radiation using a KDP (potassium dihydrogen phosphate) crystal, while for the LAS system,
a BBO (beta-BaB,O,) crystal is used. Tunable UV light of 435-463 nm is generated as the
output of LAS operating on Coumarin 2 (Maximum gain at 448 nm). 620-687 nm of tunable
light is generated when the RDP system operates on DCM and 695-745 nm when the system
operates on Pyridin 2.

There were two different schemes used in the IR-REMPI spectroscopy, namely sequence
band detection and hot band detection. The photon energy used for the sequence band
detection was of 221-226 nm range. This range is covered by doubling the frequency of the
dye solution output. Hot band detection, on the other hand, requires the wavelength to be
around 245 nm which is not covered by the output of the dye solution. Alternatively, we
used the residual of the 532 nm photon energy, frequency mixed with the output of the LAS
system to produce sum frequency photon energy of 240-248nm which covered the frequency

needed for the hot band detection.
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3.2 IR LASER SYSTEM

In the IR-UV double resonance spectroscopy experiments, the IR radiation is generated by a
tunable, single-mode optical parametric frequency-conversion system Continuum MIRAGE
3000[4, 5]. The pump beam is obtained from the second harmonic of an injection seeded
Continuum Powerlite 7010 Nd:YAG laser. The laser has 10 Hz repetition rate and about 5
ns pulse width (FWHM).

Parametric generation is a process that splits a pump photon into two photons that
satisfy conservation of energy and momentum at every point in the nonlinear crystal [2].
The interaction can be described as the pump photon fiw, being inelastically scattered by
a molecule in the crystal where the pump photon is absorbed and two new photons with

energy of hw, and hw; are generated. The energy conservation in this situation implies
Wy = w; + ws. (3.2)

Also the momentum of the three photons has to be conserved, and that is equivalent to the
following condition

—

k, = k; + ks, (3.3)

where k’s are the wave vector of the electromagnetic waves. The two resulting radiation waves
are called the signal and the idler. In Eq. 3.3, k, is the wave vector of the pump photon, k;
is the wave vector of the idler photon and k, of the signal photon.

In our laboratory, the Mirage laser system is composed of three different parts: MO
(Master Oscillator), NRO (Non-resonant Oscillator), and OPA (Optical Parametric Ampli-
fier) as shown in Fig. 3.5.

The MO is the heart of the whole laser system as shown in Fig. 3.6. It consists of a rear
mirror, a grating, and a tuning mirror. The rear mirror is coated to reflect both the pump
wave and the signal wave. It is mounted on a piezo driven translator to allow fine adjustment

of the cavity length.
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Figure 3.5: The layout of the MIRAGE 3000 OPO laser system.

The KTP crystal used in MO is antireflection coated for the pump beam of 532 nm
and the resonated wavelength 700-900 nm. The grating is placed at a grazing incident angle
with respect to the cavity axis, of about 88°. The tuning mirror is coated to reflect the
signal branch wavelength. It is mounted on a rotatable stage. Both the signal and the idler
radiation is coupled out of the resonance cavity via the zeroth order reflection of the grating.
The optical cavity length is about 5 cm which corresponds to a free-spectral range of 0.1
em™ L.

The holographic blazed grating has a grating constant of ﬁ mm and is blazed to diffract
the maximum intensity to the first order diffracted beam. The dispersion characteristics of
the grating is a very important factor against lasing on other cavity modes. The resolving

power of a grating is given by

R=N-m,

where N is the number of slits illuminated and m represents the order number of the
diffracted waves. The length of the grating in the MO is 5 cm, assuming the whole grating

gets illuminated during the operation, the resolving power for the first order wave can be cal-
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Figure 3.6: The layout of the Master Oscillator in Mirage 3000.[4]

culated to be 90000. For an average wavelength of 800 nm, the smallest frequency difference
Av being resolved is 0.14 ecm ™. Therefore, single mode operation can be achieved.

The signal and idler radiation generated from the MO has very high spectral stability.
Continuous wavelength scans with a range of several hundred wave numbers without mode
hops can be achieved by tuning simultaneously the tuning mirror and the KTP crystal. With
properly selected cavity length, mirror alignment, and grating glancing angle it is enough
to achieve SLM (single longitudinal mode) operation. However, this condition is extremely
sensitive to the cavity length and an active feedback loop is necessary to actively stabilize
the SLM of the resonator. A split photo diode detects part of the output signal thus provides
active feedbacks to monitor and adjust the rear mirror position to maintain the optimum
single longitudinal mode operation.

A telescope T as shown in Fig. 3.5 reduces the incoming pump beam to about 1.3 mm
so that it can pass through the aperture of the tilted KTP (Potassium Titanyl Phosphate)

crystal.
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The signal wave from the MO is further amplified in the second stage of the laser system:
A Non-resonant Optical Parametric Oscillator Amplifier (NRO) pumped by the second har-
monic of the Nd:YAG laser. As shown in Fig. 3.7, it consists of two KTP crystals and three
mirrors. Mirror M; is a high reflector for Ay, My is a high reflector for the pump beam (532
nm), and M3 is a high reflector for the pump and the A\, where \; is the signal branch from
the MO (0.71-0.84 pm), and A, is the idler wave with wavelength of 1.45-2.12 ym. Therefore
the NRO amplifies the output of the MO and generates in the process the idler photons with

the same spectral properties as the injected signal radiation.
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Figure 3.7: The layout of the Non Resonant Oscillator in Mirage 3000.[5]

The NRO maintains narrow-band operation at high pump levels. The idler from the NRO
enters the last stage of the three stage OPO system Optical Parametric Amplifier (OPA)
where it acts as the signal radiation. The OPA is pumped by the fundamental wavelength
of 1.064 pm from the Nd:YAG laser. It consists of a pair of KTP crystals and two dichroic
mirrors M3 and My for combining and separating the various input and output waves [5] as
shown in Fig. 3.8.

The planes for the rotation of the crystals in the NRO stage and the OPA stage are
perpendicular to each other, they collimate the beam on both the horizontal and vertical
direction. The output of the OPA stage for the signal and idler are 1.3-2.2 pym and 2.1-4.0 pm.
In the IR-UV double resonance REMPI experiment, the first overtone of the NO molecule
is at 3724 cm ™!, which corresponds to a wavelength of 2.685 um. That falls in the spectral

range of the idler output of the OPA.
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Figure 3.8: The layout of the Optical Parametric Amplifier (OPA) in Mirage 3000.[5]

In general, the MIRAGE 3000 utilizes a grazing incidence grating optical resonator in
the master oscillator (Fig. 3.5) which generates tunable radiation from 0.71-0.84 pm (signal
branch) and 1.45-2.12 pm (idler branch). The NRO amplifies the signal branch from the MO
in a non-resonance cavity with 10-15 mJ of pulsed radiation in 0.71-0.84 gm range. From the
last stage of the OPO system, we obtain 10-15 mJ of pulsed signal and 2-5 mJ of pulsed idler
radiation covering wavelength range of 1.45-2.1 ym and 2.1-4.0 um, respectively. The band
width obtained in this process is less than 500 MHz. The Fourier transformed frequency limit

can be calculated to be 200 MHz.

3.3 EXPERIMENTAL SET UP

3.3.1 SCATTERING APPARATUS

The IR-REMPI double resonance experiments are carried out in a modified molecular beam
scattering apparatus[6, 7] with two differentially pumped vacuum chambers for generating
and detecting the molecular beam pulses [8](Fig. 3.9). Molecular beam pulses with 60-80 us

duration are generated in the source chamber with a repetition rate of 10 Hz.
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The nickel plated, 500 mm diameter source chamber is mounted on top of a Balzers
DIF 500 diffusion pump with a pumping speed of 11,000 /s. The detector chamber made
of stainless steel with 400 mm diameter is mounted on top of the source chamber through
a 500 mm flange. Two sides of the detector chamber facing the molecular beam sources
are flat walls with skimmer openings. The other two sides are connected to flanges with
bellows as shown in Fig. 3.9. Both ends of the detector chamber have flanges with windows
giving access to the laser beams as well as allowing the far field adjustment. The scattering
chamber is connected to a water baffled diffusion pump (Leybold 3000) with pumping speed
of 3000 [/s. On top of the Leybold 3000 diffusion pump there is a liquid Ny cooled trap to
prevent oil back streaming. Both diffusion pumps are backed by a roots blower-rotary pump
combination (Edwards E2M40 mechanical pump and Edwards EH250 roots blower). The
typical operating vacuum for the source chamber is at 10~7 torr range without molecular
beam and 107° torr with molecular beam on. The detector chamber operates in 10~7 torr
range.

Although there are two molecular beam sources, for the IR-REMPI experiment only one
of them is used. The supersonically expanded molecular beam enters the detector chamber
through a skimmer (4 mm diameter, 12 mm length) from the source chamber.

A time of flight set-up is mounted inside the detector chamber. It is composed of two
field regions, the first field is an acceleration region and the second region is grounded and
used as a drift region. A lens with 300 mm focal length for the UV laser is mounted inside of
the detector chamber, and a 500 mm lens for the IR laser is mounted outside of the chamber
due to the dimension of the chamber. Two teflon apertures are placed inside of the detector
chamber to assist the alignment of both laser beams.

The IR-UV double resonance setup is depicted in Fig. 3.10. The molecular beam intersects
with two laser beams in the acceleration field. The UV laser intersects the molecular beam
perpendicularly while the IR laser forms a 12° angle with the UV laser. The IR beam is also

reflected back onto the focal point with a confocal gold mirror with a radius of curvature of
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Figure 3.9: The scattering apparatus used as the molecular beam machine. 1. source chamber
2. detector chamber 3. multi-channel plates 4. diffusion pump for the detector chamber 5.
diffusion pump for the source chamber

200 mm. The UV laser usually is fired 25-30 ns after the IR laser. The IR laser frequency
is monitored with an etalon (FSR 0.200918 cm™!). The absolute frequency calibration is
achieved by simultaneously monitoring the first overtone spectrum of the NO monomer in
a photoacoustic cell. The polarization of both lasers are parallel to the molecular beam
direction. The IR laser will excite the NO-X complexes to their first overtone level, followed
by the absorption of two UV photons to ionize the complex into their ionic states. The
ions generated in this process get accelerated in the electric fields. Two mirror electrodes

connected to a pulsed voltage source will reflect the selected ions to the ion detector MCP.
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Figure 3.10: The IR-UV double resonance experimental setup. (PAC: Photo Acoustic Cell)

3.3.2 DISCHARGE APPARATUS WITH SIDE ELECTRODES

The UV REMPI experiment is carried out in a specially designed six-way-cross apparatus
composed of two differentially pumped vacuum chambers [9] (Fig. 3.11). Each chamber is
pumped by a VHS 6 diffusion pump. The source chamber is directly connected to the VHS 6
diffusion pump with a pumping speed of 2400 [/s. The detector chamber is connected to the
diffusion pump via a liquid nitrogen trap (Varian 363-6 Cryotrap). The effective pumping
speed for the detector chamber is 1100 [/s. Both diffusion pumps are backed by a two stage
rotary vane Leybold Trivac D 40 mechanical pump with 11 [/s pumping speed.

Both, source chamber and detector chamber, can be pumped down to the 10~7 torr
range. When the molecular beam is on, the source chamber pressure increases to the 107°
torr range and detector chamber pressure increases to the 107 torr range. Both chambers
are separated by a movable turret sealed by an O-ring positioned into the connecting ports

of the two chambers. The end of the turret which intrudes into the detector chamber has a
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Figure 3.11: The six-way-cross test apparatus is composed of two vacuum chambers: source
chamber and detection chamber.

skimmer of 4 mm opening through which the molecular beam enters the detector chamber
from the source chamber.

A time of flight mass spectrometer (Fig. 3.12) is mounted inside the detector chamber.
This time of flight mass spectrometer is divided into two fields. The first field is an acceler-
ation region with the bottom plate connected to a high voltage source. The second region,
which is grounded, serves as a drift region. On top of the drift region is an ion detector
channeltron (Detech 402H) which detects the ion signal.

There are two side electrodes mounted in the drift region, one is connected to a DC
voltage source, the other to a pulsed voltage source. The purpose of the two side electrodes
is to discriminate the ions with different masses. When ions of different masses pass through

the drift region, due to their different velocities, the desired ions can be selected to arrive
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at the channeltron while others can be deflected away. A delay generator is used to control
the time sequence of the experiment. The relative delay of the side electrodes pulse can be
carefully controlled during the experiment. By adjusting the relative delay time with respect

to the ion velocities, ions with different velocities can be chosen to arrive at the channeltron.
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Figure 3.12: The mass spectrometer is divided into an acceleration region and a field free
region. Region I is the acceleration region, region II is the drift region. The side electrodes
can select ions with different masses to arrive at the detector. The arrow shows the traveling
direction of the laser. The molecular beam intersects with the laser at the small circle position.
In order to show the side electrodes effect on the ions, we display time of flight spectra
for the NO-Ar A state with different relative time delays for the pulsed voltage.As shown in
the spectrum A (Fig. 3.13), the delay time for the voltage pulse is set to a value at which it
does not affect the electric field between the side electrodes so that both the NOT and the
NO-Art will arrive at the channeltron. In TOF spectrum B, the voltage pulse is adjusted to
arrive 0.512 us later. The effect of the pulsed voltage results in deflecting most of the NO™
ion signal away. When the relative delay time is adjusted to 1.024 us, the NO™ is completely
deflected away. And at relative delay time of 1.536 us, no ions arrive at the channeltron.
Optimum signals for NO-Ar* are achieved with pulser set at +40 V and a +400 V on

the counter-electrode. 150 pJ/pulse UV light was used for the ionization process.
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Figure 3.13: Time of flight spectra of NO-Ar A state. Spectrum A shows all the ions arrive
at the channeltron, while spectra B and C shows the NO monomer is mostly pulsed away or
completely deflected. Spectrum D shows all the ions are deflected away from the channeltron.

With the side electrodes present, the smaller cluster signals can finally be detected

without any influence from the strong NO™ monomer signal.
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CHAPTER 4

TEST SPECTRA FOR THE DISCHARGE APPARATUS WITH SIDE ELECTRODES

With the modified mass spectrometer in the discharge apparatus, we managed to measure
a number of REMPI spectra of NO containing van der Waals complexes (NO-Ar and NO-
Kr). The REMPI spectroscopy utilizes multi-photon absorption to generate ion signals. In
our laboratory, we have performed two types of REMPI spectroscopy experiments. In 1+1
REMPI spectroscopy, the complex first absorbs one UV photon to its excited levels, followed
by absorbing the second UV photon to the ionization continuum which results in ion gen-
eration. On the other hand, in 241 REMPI, the complex absorbs two UV photons to its

excited levels, and one more UV photon will ionize the complex and generate ions.

4.1 LOW LYING RYDBERG STATES OF NO-AR COMPLEX

TIME OF FLIGHT SPECTRUM OF NO-AR

A gas mixture of 5% of NO in Ar is used in the experiment. A time of flight (TOF) spectrum of
NO-Ar E state excited at 60520.48 cm ™ is depicted in Fig. 4.1. DCM dye solution (spectral
range 29112.08-32258.06 cm™!) was used. 2000 u.J/pulse of laser power was focused with
a 210 mm lens perpendicularly onto the molecular beam. 400 V acceleration potential is
used to deflect the ions towards the field free region. A 2.1 kV of channeltron voltage was
used. An EG&G ORTEC 9301 fast preamplifier connected to an EG&G ORTEC 9305 fast
preamplifier in series was used to amplify the signal from the channeltron. The amplified
signal is displayed on an Oscilloscope (Tektronix TDS 3052B two channel color phosphor

oscilloscope).
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It can be seen from the TOF spectrum that the signal to noise ratio is excellent. Because
the NOT signal (expected at about 2527 ns) is deflected away as shown, a clean measurement

of the NO-Ar spectrum is possible.
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Figure 4.1: Time of flight of NO-Ar E state.

NO-AR A2Y STATE

With the improved sensitivity of the discharge apparatus we managed to measure different
spectra for NO-Ar and NO-Kr. The first electronic spectrum obtained using this apparatus
was NO-Ar A 2Y¥ v/ = 0 < X 2II v” = 0 transition shown in Fig 4.2.

Three vibrational bands were labeled as «, 5 and . Band « is assigned as the band origin
from A 2¥ 0" = 0 < X 21 v” = 0. After calibration, the energy obtained for three vibrational

bands are 44242.7 ecm™!(«), 44272.9 ecm~!(B), and 44275.9 cm™!(v). The comparison with
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Figure 4.2: 14+1 REMPI spectrum of NO-Ar A state (A%% « X2II).

the published data is shown in table 4.1. Compared to the literature it shows similar signal

to noise ratio.

NO-AR C?II STATE

The second spectrum was due to the NO-Ar C 2II < XZ2II transition as shown on Fig 4.3.
The NO-Ar structured spectrum near the C 2I1 <— X2II of NO transition has been detected
by Sato et at. [1] in 1984. Meyer [2] did a rotational structure analysis of two-photon spectra

of the NO-Ar C 2II state, and concluded the vibrationally averaged structure to be T shaped.
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Table 4.1: Comparison of NO-Ar A state vibrational bands frequencies with literature.

vibrational bands test spectrum frequency (cm™1) literature frequency cm™! [11]

band a 44 2427 44 242 4
band 44 272.9 44 272.8
band ~ 44 275.9 44 275.8

Table 4.2: Frequencies of the progression for the NO-Ar stretch vibration for the electronic
state correlating with NO(C?II,v" = 2) and the comparison with literature. See text for
details.

S

viop V(NO)=2/em™ Av/em™ V' (NO)=2/em™ 2] Av/em™ [2]

0,0 56 567.8 — 26 567.5

1,0 56 615.7 47.9 26 615.5 48
2,0 96 656.9 41.2 56 657.5 42
0,0 596 567.8 — 56 567.5 —
0,1 96 605.0 37.2 96 605.0 38
0,2 56 643.7 38.7 26 644.0 39

The comparison with the spectra published in the literature [2] shows similar signal to
noise ratio with the splitting of the vibrational peaks resolved. To obtain the spectrum in
Fig 4.3, 1200 uJ/pulse of laser power was used, and a convex lens with focal length of 200
mm was used to focus the laser beam. In the literature mentioned above 500 uJ/pulse laser
power was used with a 500 mm convex lens.

The minimum spot size wy of a TEMy, Gaussian beam focused by a lens can be calculated

by: )
S s A
= — ]_ _— _
wr W, ( Rl) + (Ww%)

where w; and R, are the laser-beam spot size and radius of curvature at the input face of

the lens [12].
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Figure 4.3: 2+1 REMPI spectrum of NO-Ar C state (*IT + X?II).

For the experiment, R is very large compared to the focal length. Therefore wy o ﬂf—ljl
The spot size of the laser beam is about 0.5-1 mm. The focused beam waist can be estimated
to be in the order of 0.06 mm. When a 500 mm lens is used, the beam spot can be estimated
to be 0.14 mm. The energy density is much higher than the literature mentioned above.

Ideally, higher backing pressure increases cluster density formed in the molecular beam.
Therefore, higher pumping capacity of the diffusion pump is required. The effective pumping
speed of the diffusion pump used in the discharge apparatus is smaller than that of the

scattering apparatus used in the literature mentioned above. With less cluster density, higher

laser power and tighter focusing condition was necessary to increase the signal strength.
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The frequencies of the vibrational peaks compared to the calibrated data shows about 9
em ™! of blue shift of the fundamental laser frequency. In table 4.2, we show the frequencies
of the stretch and bending vibrations as well as progression of the vibrational bands. In table
4.2, vi=stretch vibration quantum number, v;=bending vibration quantum number and Av

is the progression of the vibration excitation energy between the adjacent vibrational levels.

NO-AR E2Y STATES

We also measured the 241 REMPI spectrum of the NO-Ar E<X transition, as shown in
Fig 4.4 . This spectrum was first measured by Tsuji et al. [3] in 1994. Meyer [2] analyzed
the spectrum in detail and concluded the angle  must deviate from a perfect T-shaped
structure by about 25° in order to reproduce the positions and spacings of the lines in the
experimental spectrum. Within the experimental uncertainty, whether the Ar atom deviates
from the intermolecular axis by 65° or 115° is unclear. Here # is the angle between the
intermolecular axis R and the internuclear axis r of the NO molecule. The feature at 60376.8

em ™!

is a base line shift caused by large NO monomer resonances.

In order to improve the signal to noise ratio, laser power of 2200 uJ/pulse was used in
combination with a lens of 200 mm focal length. When measuring the spectrum, we also used
32 shots averaged with the oscilloscope to reduce the noise on the spectrum. The spectrum
obtained is comparable to the published spectra.

Under similar conditions we managed to measure the NO-Ar vyo=1 spectrum for the F
state for the first time. As shown in Fig 4.5 within the experimental uncertainty, the relative

band positions and intensities are identical to the findings for the corresponding vyo=0

spectrum [2] in Fig 4.3. The detailed theoretical analysis is presented in chapter 6.
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Figure 4.4: 2+1 REMPI spectrum of NO-Ar E state (*3,v" = 0 < X?II,0" = 0).

4.2 LOW LYING RYDBERG STATES OF NO-KR COMPLEX

4.2.1 NO-KR A2Y STATE

For the NO-Kr experiments, a mixture of 5% NO and 5 % Kr in Ar is used at a backing
pressure of 1.5 bar [1]. The TOF spectrum of the NO-Kr A state is shown in Fig 4.6. To obtain
the TOF spectrum, frequency-doubled LAS output operating on Coumarin dye solution with
200 pd of pulsed power was used. The spectral range of the Coumarin dye solution is 21598.3-
22988.5 cm™t. 400 DC voltage was provided to accelerate the ions towards the drift region.

Finally the channeltron voltage was set to 2100 V in order to detect the optimum ion signal.
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Figure 4.5: 2+1 REMPI spectrum of NO-Ar E(v'=1) State.(?Z,v' = 1 «+ X2II,v" = 0)

Ions were selected by connecting one of the side electrodes to a +250 V DC and the other to
a +181/-229 pulse voltage for selecting the NO-Kr ions. The positive voltage of the pulsed
power supply compensate the DC voltage, the negative voltage is used to deflect the ions
away from the channeltron.

As shown in Fig. 4.6, the different isotopes of NO-Kr are resolved reflecting their natural
abundance with Kr 84 being the most abundant species among other isotopes. With the

experimental conditions mentioned above, the NO-Kr A 23 state spectrum is measured.
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Figure 4.6: The TOF spectrum of NO-Kr A state. Peaks are labeled with different Kr isotope
masses.

Spectra shown in Fig 4.7 were measured by monitoring two different NO-Kr isotope mass
peaks separately (mass 84 and 86), the third trace is the sum of these two NO-Kr isotopes
signals.

The NO-Kr complex was first observed by Miller [5] in the region of NO A «— X transition.
However no spectrum as a function of laser frequency was obtained. The NO-Kr A2XT «
X2IT REMPI spectrum was first measured by Wright [6] and coworkers and revisited by the
same authors in 1997 [7]. Compared with data in the literature Ref [7], the spectra measured
in our laboratory show comparable resolutions with less power broadening and better signal
to noise ratio. Compared to NO-Kr 86, the NO-Kr 84 spectrum has identical band structures

with less intensity which reflects the natural abundance ratio of the species. The vibrational
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structure for both isotopes is expected to be almost identical, because of the very small
percentage change in mass that would occur. For comparison, in Fig. 4.7, all the spectra are

normalized to the same intensity.
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Figure 4.7: 1+1 REMPI spectra of NO-Kr A state (23,0’ = 0 < X?II,v” = 0). The spectra
on top are due to two different isotopes of NO-Kr, and the bottom spectrum is generated by
adding the signals of the top two spectra.

4.2.2 NO-KR E%Y STATE

The improved sensitivity of the apparatus enabled us to measure the NO-Kr E?% < X211
transition spectrum for the first time as presented in Fig 4.8. The spectrum has a structure
similar to that of NO-Ar [2, 8] and NO-Ne [9, 8]showing a complicated series of structured
bands [10]. At the same time, Wright and coworkers at the University of Nottingham also
obtained the NO-Kr E state electronic spectrum. The comparison of the spectra obtained

by the Wright and coworkers with the one obtained in our lab is shown in Fig. 4.9. The
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upper trace was measured by the Nottingham group and the lower trace by our lab. It can

be seen that the spectra measured by both labs have identical band structures. The detailed

analysis is presented in chapter 5.
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Figure 4.8: 241 REMPI spectrum of NO-Kr E state (2% < v = 0 X?II of NO-Kr v" = 0).
The spectrum is obtained by adding three NO-Kr isotopes (mass 84, mass 86 and mass

82/83) signals together neglecting the small isotope effects.
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Figure 4.9: 241 REMPI spectrum of NO-Kr E state (2% < v/ = 0 X?II of NO-Kr v” = 0).
The upper trace is measured by Wright and coworkers while the lower is recorded in our
laboratory.
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4.2.3 NO-KR F2A AND H’II STATES

We also measured spectra in the region of the F«+-X and H'«+—X transition of NO as shown

in Fig. 4.10. The newly measured spectra are analyzed in detail in chapter 5.
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Figure 4.10: 2+1 REMPI spectrum of NO-Kr F' and H’ states. Detailed analysis is shown
in chapter 5.
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CHAPTER 5

ELECTRONIC SPECTROSCOPY OF THE E ¢ X TRANSITION OF NO-KR AND

SHIELDING /PENETRATION EFFECTS IN RYDBERG STATES OF NO-RG COMPLEXES!

5.1 ABSTRACT

We report the results of a (2 + 1) resonance-enhanced multiphoton ionization (REMPI)
study of the E2E+(4sa) Rydberg state of NO-Kr. We present an assignment of the two-
photon spectrum based on a simulation, and discuss it in the context of previously-reported
spectra of NO-Ne and NO-Ar. In addition, we report on spectra in the region of the vyo =
1 level of the E, F and H’ 4s and 3d Rydberg states of NO-Rg (Rg = Ne-Kr). Since the NO
vibrational frequency is affected by electron donation from the Rg atom to the NO™ core, as
well as by the penetration of the Rydberg electron, the fundamental NO stretch frequency
reflects the interactions in the complex. The results indicate that the 4s Rydberg state has
a strong interaction between the NO* core and the Kr atom, as is the case for NO-Ar and
NO-Kr. For the 3d Rydberg states, although penetration is not as significant as for the 4s

Rydberg states, it does play an important role, with subtle angular effects being notable.

5.2 INTRODUCTION

Electronic excitation of a molecule interacting with rare-gas matrices has been a fascinating
topic of interest for many years [2], with a competition between bubble formation (where the
rare-gas (Rg) atoms are pushed away from the excited electron) and the formation of Wannier

states (where the electron enters the matrix electron bands, and the rare-gas atoms interact

[1]-Reproduced by permission of the PCCP Owner Societies
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with the remaining cationic core) [3, 4]. We have been studying these effects by exciting NO-
Rg complexes to Rydberg states, where we can probe the cation-Rg-electron interaction in
more depth, by measuring intermolecular vibrational frequencies and dissociation energies.
For example, we have shown that the Rg atom lies outside the Rydberg orbital, on average,
for the 3s Rydberg states [5, 6], but it has been shown that for the 4s Rydberg states of
NO-Ne and NO-Ar, the Rg atom lies inside the orbital [7, 8, 9]. Part of the aim of the
present study is to extend the latter series to a heavier member, NO-Kr: the 4s electron is
quite penetrating, but the Kr atom has more electrons than Ne and Ar, and so there should
be a greater Pauli repulsion for NO-Kr. In addition, if the rare-gas atom interacts with
the cationic core in the Rydberg states of NO-Rg, donating electron density into the 2pr*
orbital, then we expect some modification of the NO-stretch frequency, ameliorated by the
penetration of the Rydberg electron, which can shield the core from the Rg (or vice versa).
Thus, in the present work, we have measured the fundamental frequency of the NO-stretch
vibration for each of the 4s and 3d Rydberg states across the Rg = Ne-Kr series.

Very recently [10, 11], we reported the results of a series of experiments that investigated
the 3d Rydberg states of NO-Rgx complexes (x = 1-5 for Rg = Ar and 1, 2 for Rg = Ne).
The 3d Rydberg states of NO split into F2A(3dd), H?*XT(3do) and H™II(3dr) states, as a
result of the cylindrical symmetry of the molecule. Consistent with an atom-like model for
absorption, one-photon transitions to the 3d Rydberg states are weak, as pointed out by
Jungen [12]. Within the same model, we predict two-photon transitions to these states to
be very strong. Nevertheless, in both cases, the transitions to the H state have essentially
zero oscillator strength, owing to destructive interference resulting from its interaction with
the E state; what intensity it does have comes from an [-uncoupling mechanism with the H’
state. [12, 13] In ref. [10], we showed that along the NO-Rg series (Rg = Ne-Kr) the F and
H' states converge in energy and interpreted this in terms of a reduced penetration of the 3d
electron, owing to the presence of the Rg atom within the Rydberg orbit. Previously, Meyer

and coworkers have reported experimental results and simulations for the 4s Rydberg state
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of NO-Ne [7] and NO-Ar [8], and have summarized the spectroscopy of NO-Rg complexes up
to 2001 [9]. The aims of the present work are, therefore, to extend the studies to the NO-Kr
4s Rydberg state, and to comment on the trends along the 4s NO-Rg series. In addition, the
observation of the vyo = 1 levels of NO-Rg (Rg = Ne-Kr) complexes in the tildeE, F and
H' states, allows us to probe the effect of the Rg atom on the stretch frequency of the NO

Rydberg state, and to compare these frequencies to that of NO™T.

5.3 EXPERIMENTAL

The experimental apparatuses of both the Nottingham [5, 10] and Georgia [14] groups will
be briefly describe here. NO-Kr was generated using mixtures of ~2.5% NO and ~ 5% Kr
seeded in Ar. The gas mixtures were expanded into vacuum using a pulsed nozzle. The
resulting expansion travelled to the extraction region of a time-of-flight mass spectrometer.
lonization is achieved in a (2 + 1) REMPI process using the frequency-doubled output of
a dye laser operating with the dye DCM (SDL-550, Sirah), which is pumped by a Nd:YAG
(yttrium-aluminium-garnet) laser. All spectra are collected in the parent-ion mass channel.
Calibration was achieved by making use of (3 4+ 1) Xe atomic resonances [10], and by
cross-checking against the uncomplexed NO resonances in this region. Although consistent
E + X spectra for NO-Kr were recorded at both Georgia and Nottingham, the spectra
reported herein are from the Georgia apparatus. In separate experiments at Nottingham
with Xe replacing Kr, NO-Xe spectra were observed over this energy region, but as noted in
ref. [10], the presence of Xe atomic resonances in this spectral range led to detector-overload

problems (from strong Xe' signals), and hence clean NO-Xe spectra could not be recorded.
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5.4 RESULTS AND DISCUSSION

5.4.1 THE NO-KR E STATE

In Fig. 5.1, we present the spectrum of the E (4s) X transition of NO-Kr in the region
of vyo = 0, together with a simulation (to be discussed below). The 4s Rydberg state lies
below the 3d states, owing to the greater penetration of the s electron compared to the d
electron. The overlapping of the F'(3dd) and H'(3dr) states, and the resulting predissociation
of the I state via the H’ state has been discussed for NO-Kr [10] and NO-Ar. [8, 9, 10] The
interaction and interference between the F(4sc) and the H(3dd) states, mentioned above,
has been discussed previously for NO [15, 16, 17, 18].

The spectrum of the E < X transition of NO-Kr has a structure similar to that of
both NO-Ne [7, 9] and NO-Ar [8, 9], showing a complicated series of structured bands.
Such structured bands have also been seen in the C' state for NO-Ar, NO-Kr and NO-
Xe [8, 11]. The assignment of these previous spectra was based upon simulations of the two-
photon electronic transition, based on the models derived and implemented by Meyer [8,
18]; the main spectral progressions were interpreted as intermolecular bends, stretches and
combinations thereof, with the structure within each main feature being due to rotation of
the molecule around the a axis (which is largely localized to rotation of NO, since the a axis
is almost coincident with the intermolecular vector between the Rg atom and the centre of
mass of NO), denoted the a-rotational structure; in addition there is unresolved rotational
structure associated with the b and ¢ axes. Thus, each vibrational component has a series
of a-rotational lines associated with it. The appearance of the progressions is indicative of
the change in geometry between the ground and excited states, but this geometry change
is also manifested in the spacings of the a-rotational lines, since the angle of NO to the
intermolecular vector affects the A rotational constant. Hence, a successful simulation of

the spectrum yields information on the geometry change. This may then be combined with
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a knowledge of the geometries of the NOT-Rg cations [26], to gain some insight into how

cationic the Rydberg states are.
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Figure 5.1: Simulated (top trace) and experimental (bottom trace) spectrum of the
E?Y (uyo = 0) + X?II transition in NO-Kr. The simulated spectrum is obtained employing
bands with origins and Franck-Condon factors given in Table 5.1

The first clearly-discernible band in the E < X spectrum of NO-Kr (see Fig. 5.1) is
located at 60 150 cm™! and is comprised of at least three very weak sub-bands. This feature
is followed by a series of several strong peaks located around 60 200, 60 264, 60 323, 60
382 and 60 433 cm~!. The main feature of each band is accompanied by two others shifted
towards higher wavenumber, while a weaker one towards the red end of the spectrum is
also present. At higher wavenumber, the spectrum becomes more complicated as different
vibrational bands overlap. As in the case of NO-Ar [8, 9], we expect a dominant progression
in the intermolecular-stretch vibration, o, due to the change in the intermolecular bond
distance reflecting the stronger interaction in the excited state; thus, we expect the origin to
be very weak, and indeed it is not observed in the present work (vide infra). Similarly, we
expect the pure bending progression to be very weak (at least the lowest-energy members)

since its intensity is dependent upon the value of the overlap integral (v, = 0|v,» = 0) and
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this is expected to be small, as we have just mentioned. Thus, we only expect to see bending
modes appearing in combination with the intermolecular stretch. A careful inspection of
the spectrum reveals an increased complexity at higher wavenumber. For example, the first
bands at 60 150 and 60 200 cm ™! are very simple, the next one at 60 260 cm ™! is comprised
of two bands, while the subsequent one at 60 330 cm™! is expected to contain overtones
of the stretch and bending modes plus a combination band. All seem to contribute to the
spectrum with similar intensities. Taking account of the above points, we assign the main
progression to the intermolecular-stretch vibration, with secondary progressions arising from
the stretch in combination with at least one quantum of the bending vibration (see Fig. 5.1).

The near-T-shaped geometry of the complex gives rise to a-rotational structure, as noted
above, which is partially resolved in our experiments. In order to disentangle a-rotational
and vibrational contributions, we apply the rigid-rotor model of ref. [8] to simulate the
rotational structure for each individual vibrational band and adjust the molecular parameters
heuristically to get the best fit (with respect to wavenumber and intensity) with the observed
spectrum.

For the ground state, we use the geometry 7%, = 1.16 A, Rl _x, = 3.7 A with the
Jacobi angle §”= 88°. These parameters result in the rigid-rotor constants A” = 1.692 cm™1,
B” = 0.0554 cm™! and C” = 0.0536 cm™!. They are consistent with recent results for the
rotationally-resolved near-IR spectrum of NO-Kr. [21] For the electronically-excited state,
we use the monomer value ry, = 1.07 A and for the intermolecular distance Ry, x, =
3.07 A [20]. The Jacobi angle #' is treated as an adjustable parameter. Neglecting hyperfine
interactions, we determine the eigenfunctions and eigenvalues of a rigid-rotor Hamiltonian
augmented by terms due to spin-orbit interaction and orbital-angular-momentum quenching
for a particular vibrational level. In both electronic states, the eigenfunctions are expanded in
terms of Hund’s case (a) basis functions. Assuming that the electronic transition is confined
to the NO moiety, the relevant two-photon transition tensor of rank 2 is transformed onto the

principal axis frame for the electronic ground state of the complex. The simulations indicate
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that each band is made up of three sub-bands corresponding to transitions associated with
changes AP = 0, +1, +2, where P is the quantum number for the projection of the total
angular momentum onto the internuclear axis. For large changes in the vibrationally-averaged
structure between the ground state and the E state, axis-switching gives rise to weak bands
corresponding to AP > +2. As a result, each band contributes roughly three strong sub-
bands to the spectrum while other contributions are rather weak. The overall intensity of the
band is governed by the Franck-Condon factors for the NO vibration as well as the overlap
integral for the intermolecular vibrations. We assume that only the vibrational ground state
is populated while the population of rotational levels is described by a temperature of 1.5 K
- consistent with our previous work on NO-Kr. [5]

The simulated spectrum presented in Fig. 5.1 was obtained by summing the contributions
for each individual vibrational band. In the calculation, we varied the vibrational energy for
each level in the electronically-excited state. The spacings of the a-rotational structure within
each feature were used to derive a value for the Jacobi angle ¢'(£5°) reflecting the change
in angular geometry between the almost-T-shaped X state [22] and the E state. The results
are given in Table 5.1.

Compared to NO-Ar, the first spectral features for NO-Kr are shifted further to the red
end of the spectrum by at least 180 cm™! while the ground-state binding energy increases by
less than 30 cm™'. (Dy for the X state of NO-Kr has been derived as 104 cm™! experimen-
tally [5], and 106 cm™! theoretically. [23]) The origin was not observed in the present work,
owing to poor Franck-Condon factors (FCFs), because of the large geometry change during
the excitation, as discussed above. To estimate the position of the origin, we extrapolated
each of the progressions (see Fig. 1) back to v, = 0 and vg = 0. From these positions, we
took a value of 60 093 cm™! as our best value for the origin, with an estimated error of
+10 cm™!; this error bar naturally carries through to the derived dissociation energies. By
combining the origin energy of 60 093 cm™* with the Dy value for the X state and the origin
of the E + X transition for NO, we deduce a Dy[NO-Kr(E)] value of ~877 cm™" which is
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Table 5.1: Band positions (cm™') and spectral assignments for the E2Y* « X211 transition
in NO-Kr

v, vg Eup/em™' 6/° Frank-Condon factor
(60 003)" - - = -
60196 1 0 103 65 0.20
60196 1 0 103 65 0.20
60262 2 0 170 58 1.20
60320 3 0 227 56 1.80
60377 4 0 284 56 1.80
60431 5 0 338 59 0.80
60155 0 1 62 58 0.05
60255 1 1 162 58 0.43
60312 2 1 219 58 0.63
60367 3 1 274 54 0.64
60420 4 1 327 54 0.22
60470 5 1 377 54 0.20
60217 0 2 124 58 0.05
60293 1 2 200 58 0.06
60356 2 2 263 59 0.20
60413 3 2 320 59 0.15
60460 4 2 367 60 0.35
60286 0o 3 193 59 0.07
60348 1 3 255 65 0.20
60403 2 3 310 59 0.90
60446 3 3 353 50 0.75

¢ Estimated from simulation

only 73% of the value found for the cationic complex: Dy[NOT-Kr] ~1200 cm™! (from data
presented in ref. [20]). Similar variations between the binding energies for the neutral and
the cationic complexes are found for the other rare-gas complexes: 62% for NO-Ar and 57%
for NO-Ne (Dy[NO'-Ne] = 284 cm™! from data presented in ref. [20]). The relative increase
of the binding energy is in line with the Rydberg electron being less able to penetrate into

the cationic core for the heavier complexes (see also the discussion in ref. [10]).
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The assignment of the vibrational bands in Fig. 5.1 allows estimates to be made of the
vibrational spacings v, = 67 cm™! and vg = 62 cm™! for the stretch and bend frequencies
respectively. In both cases, this is the 2-1 separation, owing to the fact that the origin was not
observed, and the fact that the measured values do not fit well to Morse-potential spacings.
Again we find values which are only 49 and 76% of the corresponding cationic harmonic values
(cf. the percentages for NO-Ne and NO-Ar of 61 and 95%, and 84 and 72%, respectively).
In this context it is interesting to note that the Jacobi angle found for the vibrational levels
of NO-Kr in the E state is comparable to the one calculated [20] for the cationic complex.
A similar situation was also found for the E state of the NO-Ar complex [9]. These findings
suggest that the E state potential along the bending coordinate already closely resembles the
cationic potential while the repulsion due to the Rydberg electron results in the reduction
of the harmonic-stretch frequency. Within the rare-gas series, there is a trend for the stretch
frequencies to decrease as a percentage of the cationic value as the size of Rg increases, while
the corresponding ratio for the bending frequencies does not show such a trend. We have no
definitive explanation for the latter, at the moment.

The spectra for the E < X transition in NO-Ne and NO-Ar are also dominated by
progressions in the intermolecular-stretch vibration [7, 8, 9]. For NO-Ne, the progressions
have only two members while for NO-Ar the spectrum is very similar to the NO-Kr case.
For all three species, the rotational structure in each vibrational band is very similar, con-
firming the near-T-shaped geometry in both electronic states. Regarding the excitation to
the bending levels, we notice that the first bending band in each spectrum moves closer to
the first stretch band in going from Ne to Kr. When reaching NO-Kr, the bend and stretch
frequencies become very similar, resulting in overlapping bands. Since both vibrations have
a’ symmetry in the C point group, and are of a similar frequency, it may well be that there

is significant bend-stretch mixing.
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5.4.2 THE VIBRATIONALLY-EXCITED STATES

During the recording of the present spectra, and those reported in ref. [10], we observed
the uvyo = 1 band of the E state of NO-Kr, in addition to the vyo = 0 band for NO-Rg
(Rg = Ne-Kr). We then searched for and recorded the corresponding spectra for the vyo
— 1 features of the F' and H’ states; we show the vyo = 1 spectrum for the E state of
NO-Ar in Fig. 5.2, together with its simulation. (Spectra for the F' and H’ states are given
as supplementary material.) Within the experimental uncertainty, the band positions and
the intensities are identical to the findings for the corresponding vyo = 0 spectrum (ref. [8]).
The interest here lies in seeing how the NO-stretch frequency changes upon complexation.
Note that, in contrast to the A state [5], where the Rg atom lies outside the Rydberg orbital,
for the present states the Rg atom lies mostly inside the Rydberg orbital. Consequently,
there is a competition for the NO* core between the Rg atom and the Rydberg electron, and
each of these interactions can affect the observed NO vibrational frequency via the amount
of penetration of the Rydberg electron, and the possibility of electron-density transfer from
Rg to NO™. In Table 5.2, we report the observed 0-1 vibrational spacings for NO and the
NO-Rg complexes for the three states under consideration; for comparison, we also give the
corresponding harmonic frequency for the uncomplexed cation (there being no experimental
0-1 spacings available for the complexed cations). Experimental values for w, andw.x. are
available for the NO Rydberg states and have, for example, been tabulated on the NIST
website [24], and our measured 0-1 spacing can be seen to be consistent with these values
for the E and H' states. The F' state is more complicated, since it interacts with the valence
B”A state: [25, 26] the F(v = 0) state interacts with the B’(v = 2) level, and the F(v
= 1) level interacts with the B’(v = 4) level. These interactions are different, leading to a
change in the measured separation of the F-state vibrational levels. Indeed, the calculated,

1

unperturbed separation is 2353.6 cm™', employing the vibrational constants [24], whereas

the measured separation is 2318.2 cm ™.
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Table 5.2: 0-1 Spacings (41.5 cm™!) for the 4s and 3d Rydberg states of NO and NO-Rg -
see text for references and discussion.

State NO NO-Ne NO-Ar NO-Kr
E?Yt 23422 2345.8 2340.0 2346.6
F2A 23182 23222 23342 2340.1
H2II 23412 23432 2330.2 2334.2
Cation 2343.9 — — —

We now move onto considering the 0-1 separations in the complexes - see Table 5.2. For
the E states there is a very slight increase for NO-Ne and NO-Kr, but an extremely slight
decrease for NO-Ar. This immediately leads us to conclude that the interaction between the
Rg atom and the NO* core is rather small in the E states. In addition, the 0-1 separation for
the E state of NO is almost identical to that of the cation. The picture is somewhat similar
for the H' state of NO-Ne, in that the 0-1 spacing is similar to that of the cation; there
are, however, significant deviations for NO-Ar and NO-Kr, with the observed vibrational
spacings dropping by 11 and 7 cm™! respectively - significantly outside of our error margins
(spacings are measurable to +2-3 cm™!, depending on the width and shape of the bands).
Our previous work [9, 10] showed that the H’ state has a dissociation energy which is very
close to that of the cation, suggesting a strong interaction between the NO™ core and the
Rg atom. This interaction can be viewed as a donation of electron density from the Rg atom
into the 2p7* orbital of the NO moiety, leading to a reduction in the fundamental vibrational
frequency. That there is a small but significant difference between NO-Ar and NO-Kr, and
that it is in the opposite direction to that expected from the ionization energies, suggests
that other factors play a role. One possibility may be the requirement for electron density to
be donated into the 2p7m* orbital: since this has lobes at the N and O ends of the molecule,
the overlap between the Rg outermost s orbital and the 2p7m™* orbital will be more efficient

at geometries that deviate from T-shaped.
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The variation in the F-state fundamental vibrational frequencies across the NO-Rg series
is remarkable and cannot be attributable solely to interaction between the Rg atom and the
NOT core. As noted above, the F state vyo = 0 and vyo = 1 levels of NO have been shown
to be interacting with vibrational-energy levels of the B’ state. Of course, the magnitude
of the perturbation depends upon the energy difference between the interacting states. The
presence of the Rg atom moves the Rydberg states energetically upon complexation, in this
case down, with the interaction becoming stronger and the red shift being greater as the size
of the Rg atom increases. The implication of the results in Table 5.2 is that this movement
of the F state is such that the interaction with the B’ state is significantly reduced, implying

that the state vibrational levels move away from the B’ state levels, energetically.
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Figure 5.2: Simulated (top trace) and experimental (bottom trace) spectrum of the
E?Y % (uyo = 1) <= X?II transition in NO-Ar.



93

5.5 CONCLUSIONS

We have presented new spectra for the NO-Kr E < X transition and compared the spectra
for NO-Kr with those of NO-Ne and NO-Ar. By simulating the NO-Kr spectrum, we have
assigned it in terms of progressions of intermolecular stretches, and combinations of stretches
and bends. Each member of the progressions has a-axis rotational structure (the end-over-end
rotation of the molecule is not resolvable with the present laser systems). This assignment
then allows us to be confident of the origin energy of both the v = 0 and v = 1 NO-stretch
levels.

In turn, this allowed us to report fundamental vibrational spacings for the NO moiety
in the NO-Rg complexes. We conclude that there is very little interaction between the Rg
and the NO*t core in the E state, consistent with the smaller shifts in the dissociation
energy observed in these states. For the H' state, there is no obvious shift in the vibrational
spacing for NO-Ne, but there are significant shifts down in frequency for NO-Ar and NO-Kr,
suggesting that there is a significant interaction between the Rg atom and the NO™ core.
Such electron-density transfer may be thought of as incipient bond formation-this is in line
with our conclusions based upon derived dissociation energies reported previously.

The F state has anomalously-large shifts, which cannot solely be due to the interaction
between NO™ and the Rg atom. We interpret these as differential shifts in the positions
of the valence B’ state and the F state, which are interacting with each other. The shifts
move the vibrational levels apart, so decreasing the interaction, and leading to a return of
the NO fundamental frequency to a value close to that of the cation. These complicated
interactions obscure the overall picture for the 3dd states: we note that in our previous
work on the 3d Rydberg states of NO-Kr [10] and in previous work reported by Kim and
Meyer [9], the unexpectedly-low dissociation energy of the Fstate compared with the H’
state and the cation, the low intermolecular frequencies, and the complicated appearance of
the F-state spectra have led to the suggestion that there are subtle angular effects caused

by the interaction of the 3dd electron density and that of the Rg atoms.
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Work carried out in matrices [2, 3] and in NO-Rgx complexes [11] have shown that
there are interesting effects seen as the excited electron interacts with the surrounding Rg
atoms; an understanding of these processes is challenging, and requires input from detailed
spectroscopic and time-resolved studies. [27] We hope that the approach described herein,
using the changes in fundamental vibrational frequencies as a measure of intermolecular
electron shielding/penetration, will enable a more detailed understanding of these and other

complex systems.
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CHAPTER 6

ELECTRONIC SPECTROSCOPY OF THE 3D RYDBERG STATES OF NO-RG (RG = NE,

AR, KR, XE) VAN DER WAALS COMPLEXES!

6.1 ABSTRACT

We have employed (2 + 1) resonance-enhanced multiphoton ionization (REMPI) spec-
troscopy in order to record electronic absorption spectra of NO-Rg van der Waals complexes
(Rg = Ne, Ar, Kr). The nitric oxide molecule is the chromophore, and the excitation corre-
sponds to an electron being promoted from the 2p7* orbital to 3do, 3dw and 3dd Rydberg
states. We review the ordering of the 3d\ states of NO, and use this as a basis for discussing
the 3d components in the NO-Rg complexes, in terms of the interactions between the Ryd-
berg electron, the core and the Rg atom. Predissociation of the H'II state occurs through
the F2A state, and this will be discussed. We shall also discuss problems encountered when

trying to record similar spectra for NO-Xe, related to the presence of atomic Xe resonances.

6.2 INTRODUCTION

As a stable open shell diatomic molecule, NO is of interest in the spectroscopic investigation
of small van der Waals complexes. As such, a number of studies can be found on the electronic
spectroscopy of NO complexed with closed shell atoms and molecules. The simplest such
systems are the NO-Rg series, for which a number of the low-lying Rydberg states have been
characterized in recent years. A review by Kim and Meyer [2] summarizes the spectroscopic

studies up to 2001, with a significant proportion of the electronic spectroscopic work coming

'Reprinted with permission from [1]. Copyright[2006], American Institute of Physics.
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Figure 6.1: Overview scans of the spectra of the indicated species in the region of the 4s and
3d Rydberg states. Scans are taken at larger step sizes than those in Figure 6.2.

from the following groups: Meyer (Georgia, USA) and Wright (Nottingham, UK, formerly
at Sussex and Southampton). That work concentrated on the 3s(A2X1) [3, 4, 5, 6, 7, 8],
3p(C?I1, D?S1) [9, 10, 11], 3d(F2A, H2X+, H?II) [9, 10] and 4s(E2X1) [9, 10] Rydberg states
of NO-Rg (Rg = Ne, Ar, Kr and Xe) complexes. In addition, Wright’s group have studied
the spectroscopy of NO complexed to molecules, employing the A state: Ny [12], CO [13],
CH, [14, 15], and CyHg [16]. One of the starkest differences between the spectra of the A state
and those of the higher states is that in the former, it is believed that the whole spectrum
of the A state is recorded, from the zero point through dissociation, and probably also
quasibound levels existing above the dissociation limit; whereas for the C states and higher,

only the region in the vicinity of the origin is observed, most likely due to poor Franck-Condon
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factors to the higher rovibronic levels. The detail of the analysis of the A state has also varied.
The NO-Ar spectrum has been analyzed in some detail [8] with a good understanding of the
higher energy region being obtained (the simulated and experimental spectra agreed in terms
of energies and intensities); and although there were some discrepancies in the calculated
and experimental spectral intensities close to the origin, a good match of the energies was
obtained. For the corresponding spectra [7] of NO-Kr and NO-Xe, such a detailed analysis
has so far not been achieved. Very recently, Wright’s group in collaboration with Wheatley
has discussed the spectra of NO-CH, and the deuterated isotopomers thereof [15] in some
detail, gaining some significant insight into the spectra of a pair of coupled internal rotors.

The analysis and simulation of the higher Rydberg states has been spearheaded by
Meyer [9], with the two groups collaborating in the case of the C states of NO-Kr and
NO-Xe [11]. Meyer constructed a detailed model of the two-photon spectroscopy of NO [17]
and extended this to the interactions occurring in the NO-Ar complex [9], and so was able
to simulate the spectra whilst fitting geometric parameters - particularly the modulus of the
change in the intermolecular bond angle. It was found that the C2II state had a vibrationally-
averaged T-shaped structure, whereas the higher-lying E2S* state had a significant deviation
from T-shaped. Comparison with ab initio calculations on the cation by Bush et al. [18] sug-
gested that the deviation was towards the nitrogen. By noting the pattern of peaks that
formed a band, it was then possible to assign the rest of the features in the spectrum to
a progression of the intermolecular stretch, and combinations with an intermolecular bend.
The same methodology was employed in the work on NO-Kr and NO-Xe [11], and Fleniken
et al. also applied this model successfully to the NO-Ne complex [10], where spectra of the C
JE F, and H states were recorded. Note also that spectra of the F' and H' states of NO-Ar
were also reported in ref. [2].

We note also, at this stage, that the 3do (H*L") component is weaker than the corre-
sponding H'IT component in the (2 + 1) REMPI spectrum of bare NO. Both the o and the 7

components are strongly mixed due to [-uncoupling. Furthermore, the two-photon transition
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is clearly dominated by a zeroth rank tensor. All of the observed two-photon absorption
)

spectrum of NO can be satisfactorily explained [19] by a dominant TO(0 with very minor
contributions from Téz) and TQ(Q). (Note that the spherical tensor notation T,gj ) for the two-
photon operator is identical to the T/ used by McClain and Harris [20].). A direct transition
to the o component requires a non-vanishing second rank tensor component Tg) which has
not been observed experimentally. Indeed, were the Tg) component to contribute to any
extent, then additional branches would have been observed in the spectrum, which were not
seen [17, 19]. (We note that the H 2X" state has been observed in single-photon absorption
- for example see ref. [21] - and Jungen [22] has explained its intensity also in terms of
l-uncoupling.) The evidence from the work on NO-Ne and NO-Ar is that the 3do (H?XY)
component is not accessed directly in these spectra either, and therefore we do not expect
to observe it for NO-Kr nor NO-Xe.

In the present work we shall focus on discussing the Rydberg states which arise when the
2p7* electron has been excited into the 3d orbital. These states lie in the energy region 61500-
62800 cm~!. Our initial aim was to extend the previous studies to NO-Kr and NO-Xe, but we
shall also present, mainly for discussion and comparison purposes, spectra of NO-Ne, NO-Ar
and bare NO. The NO-Ne, NO-Ar and NO-Kr spectra have been recorded in the laboratories
at both Georgia and Nottingham, confirming their appearance and assignment; however,
there are some differences observed in the two sets of spectra and these will be highlighted
below. The recording of the spectrum of NO-Xe was only attempted at Nottingham. We
shall also be discussing the interactions in these Rydberg states in comparison to those of
the cations.

NO-Ar has been studied by ZEKE (Zero Electron Kinetic Energy) spectroscopy, first
by Takahashi in a 2 + 1’ REMPI scheme via the C state [23], where the origin region was
observed, and later by Wright, Dyke and coworkers in a 1 + 1’ REMPI scheme via the

A state [4] where the higher energy region of the cationic surface was accessed - the latter

spectra concurred nicely with MATT (Mass Analyzed Threshold Ionization) spectra obtained
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later by Softley’s group [24], using a similar ionization scheme. In addition, minima energy
geometries for all of the NO*-Rg complexes have been calculated by us [18, 25, 26, 27].
Once we have presented the spectra, we shall discuss the assignment and rationalize the

trends we observe.
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Figure 6.2: Expanded views of the 3d spectral region showing the F' and H’ states of NO-Ar and
NO-Kr. The upper traces were recorded at the lowest power (~ 2 mJ per pulse), and the lower
traces were recorded at higher power ( >5 mJ per pulse). As discussed in the text, predissociation
is leading to a fall-off in intensity of the higher wavenumber region of the H’ state in both cases at
low laser power, but at the higher intensity, the ionization step is more efficient, and this part of
the spectrum has increased in intensity. See text for further details.

6.3 EXPERIMENT

The Nottingham resonance enhanced multiphoton ionization (REMPI) spectrometer has
been described in detail in previous publications [15], and only a brief overview is provided
here. To form NO-Ar and NO-Ne, mixtures of 5 % NO in the rare gas were used. NO-Kr
and NO-Xe were formed using mixtures of 2.5 % NO (99.5 %, Messer) and 5 % Rg (Kr,
Xe: BOC, 99.94+ %) seeded in either Ar (99.9+ %, BOC) or Ne (99.995%, Spectra Gases).
When Ar is the backing gas, sample pressures of 5 bar are typically used, while when Ne is

the backing gas, sample pressures up to 9 bar are employed. The gas mixtures are expanded
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into vacuum using a General Valve pulsed nozzle (10 Hz, orifice = 750 pm, opening time
200 ps), and the resulting unskimmed free jet expansion travels to the extraction region of
the time-of-flight mass spectrometer through a thin gate valve.

Ionization of NO and NO-Rg complexes is achieved in a (2 + 1) REMPI process using
the frequency doubled output of a Sirah Cobra Stretch dye laser (1800 line/mm grating).
The dye laser is pumped by the second harmonic (532 nm, 10 Hz) output of a Surelite 111
Nd:YAG laser; the spectral range for the current experiments was accessed using the laser
dye DCM (SDL-550, Sirah). For NO-Ne and NO-Ar, less than 1 mJ per pulse of UV was
required, focussed with a 200 mm lens. The collection of NO-Kr spectra required 3 mJ per
pulse, and the features ascribed to NO-Xe were only observed with 10 mJ per pulse, in
each case focussed with a 200 mm lens. As a result, some power broadening is evident in the
spectra for the heavier NO-Rg complexes. Ions formed in the REMPI scheme are accelerated
towards a set of microchannel plates (MCPs), and a mass gate (described in ref. [15]) is used
to avoid saturation of the detector by NO™. Signals are monitored on a LeCroy oscilloscope
and collected on a personal computer via a pair of Stanford Research boxcar integrators.
All spectra were collected in the parent ion mass channel, except for those pertaining to
the NO-Xe complex. As described in more detail below, NO-Xe™ was not observed in the
mass spectrum, but features thought to relate to this species were observed in the Xe™
mass channel. For each complex, the relevant isotopomer channels were sampled, but no
appreciable differences were observed between the isotopomer mass channels; therefore, each
spectrum presented herein was collected in the mass channel corresponding to the most
abundant isotopomer. Comparison to previously recorded spectra of NO, NO-Ne, and NO-
Ar allow us to estimate that the rotational temperatures of the complexes are less than 5
K.

The experimental apparatus of the Georgia group has been described in detail previ-
ously [28]. Briefly, the apparatus consists of two differentially-pumped source and detector

chambers. Molecular beam pulses of 100 us duration are generated with a home-built piezo-
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electric beam source (0.5 mm orifice) at a repetition rate of 10 Hz. For the NO-Kr exper-
iments, a mixture of 5 % NO and 5 % Kr in Ar is used at a backing pressures of 1.5 bar.
The pulses pass through a skimmer into the detector chamber where they are intersected by
a focussed laser beam (focal length 200 mm) in the ionization region of a two stage TOF
spectrometer. In order to discriminate against strong monomer ion signals a pair of narrow
electrodes, oriented parallel to the molecular beam, is mounted in the field free region of
the spectrometer. Ion selection is achieved using a dc voltage on one electrode while the
counter electrode receives a moderate high voltage pulse changing from a negative dc offset
to a positive potential with a rise time of about 1 ps. The relative slow rise time effectively
reduces the noise induced on the signal line while still enabling the suppression of the NO
monomer ions in the presence of the parent cluster ions NO*-Ar and NO™-Kr. UV radiation
for the (2+1) REMPI process is generated by frequency doubling the output of a Nd:YAG
pumped dye laser operating on the dye DCM. Typical pulse energies of 2 mJ are employed
in the cluster experiments.

Spectra are calibrated to the NO resonances (E2X7; C2I1, o' = 4; F2A; H™II states) found
in the proximity of the spectral region of interest. Within the DCM dye range interrogated
here (~29300 to ~31900 cm™!) there are Ar and Xe atomic resonances at the three photon

level. These provided additional reference points for calibration.

6.4 RESULT

6.4.1 NO-NE, NO-AR, AND NO-KR SPECTRA

Figure 6.1 shows scans of each of NO, NO-Ne, NO-Ar and NO-Kr covering the entire spectral
region under present consideration. The spectra for NO, NO-Ne, and NO-Ar are similar in
quality to those presented in ref. [2] and are shown here for comparison with NO-Kr, so
that the overall trends are more readily observable. The most notable observation is that the
spectra shift to the red as the rare gas gets heavier, as has been seen previously for NO-Rg

species via the A state [7] and the C state [11]. Part of the explanation for this trend in red
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Figure 6.3: : 3+1 REMPI spectra of atomic Xe. Upper trace is recorded at reduced power
compared to the lower trace. See text for more details.

shift is due to the increasing polarizability of the Rg atom as the group is descended: as noted
in ref. [7], the dipole moment of the A state is significantly higher than that of the X state and
so a large red shift ought to be observed, owing to the significantly increased dipole/induced
dipole interaction. The shifts, however, are nowhere near as large as one would expect, and
it was concluded that electron repulsion between the Rydberg electron and the electrons on
the Rg atom is a significant factor. The dipole moments of higher Rydberg states of NO do
not appear to be known, and in these cases the Rg atom can lie within the Rydberg orbit

(vide infra) but the observed trends seem to follow the polarizabilities as before.
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As may be seen from Figure 6.1, as we progress from NO through NO-Ne and NO-Ar
to NO-Kr, the F and H’ states converge and then overlap. In the case of NO-Ar, Kim
and Meyer were able to identify the H'™II state origin by performing IR-REMPI double
resonance experiments [2]. In these experiments, it was found that the observed REMPI
spectrum depends critically on the pumped intermolecular vibration. In the case of pumping
the intermolecular bending vibration, only the F2A state component is accessed while both
the F2A and H"II state components are accessed when pumping to levels with no inter-
molecular vibration or one quantum of intermolecular stretch vibration. These findings are
consistent with the fact that the geometry of the H2II state is very similar to the geometry
of the electronic ground state, i.e. a near T-shaped geometry. In contrast, the F2A state can
be accessed also from states of the electronic ground state which are characterized by one
quantum of bending vibration. This implies that the geometry of the F2A state is less well
defined possibly because of large amplitude motion or even the presence of a secondary min-
imum. Indications for the latter were deduced from the analysis of the F2A state spectrum
in NO-Ne [10], where there is some evidence for two contributions to the observed spectrum.
The comparison of REMPI spectra recorded for pumping different intermolecular vibrational
levels enabled the assignment of the different vibrational levels of the H'II state manifold.
While levels up to vg=2 are sharp (where vy is the intermolecular stretch), higher vibrational
levels are broadened due to predissociation. Because the onset coincides with the continuum
of the F2A state, it was concluded that predissociation occurs as soon as the dissociation
continuum is reached. The efficiency of this process is not too surprising when we remember
that the electronic wavefunctions in both states are derived from the same 3d orbital. The
predissociation will be discussed in more detail later.

Figure 6.1 reveals that there is also a strong overlap of the F and H’ states in the NO-Kr
spectrum. Here, the two states overlap even more severely than in the NO-Ar spectrum,
leading to the origin of the H’?II state being obscured by the F state. As can be seen more

clearly in Fig. 6.2, the F2A state of NO-Kr (origin at 61611 cm-1) is red-shifted compared
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to that of NO-Ar. These spectra, which have been recorded with low laser fluence, reveal a
complicated rovibrational structure that has so far not yielded to interpretation. Many of the
observed features in this region have a half-width of less than 1 cm™! for NO-Ar or 2 ecm ™! for
NO-Kr, respectively. Note that in the case of NO-Ne [10], as referred to in the above, it was
possible to simulate the F state spectrum, but only in terms of two different contributions.
Although the source of these two contributions is not wholly understood at present, it is
consistent with the findings for NO-Ar in the IR-UV double resonance experiments discussed
above. The structure of the H'™II state is, by comparison, vastly simpler, and an analysis of
the present NO-Ar spectra were in excellent agreement with those previously presented in
ref. [2]. As noted in ref. [2], the simplicity of the structure of the H’ state features is further
indication that the intensity is carried by the zeroth-rank tensor component, and hence
only Q branches are expected. In general a two photon transition between two II states
will be carried by a zeroth rank tensor and/or various second rank tensor components. The
latter are found to be very small for the H' <— X transition in bare NO. This contrasts the
situation of the C' <— X transition for which the zeroth- and second- rank tensor components
are of comparable magnitude resulting in well separated rotational bands. The structures
associated with the various bands of the H' <— X transition in NO-Ar and especially NO-
Kr must be attributed to the geometry changes and thus to the change in the associated
rotational constants.

Finally, we note that the CII (v/ = 4) and the D?%* (v/ = 4) states are present in the
spectra (Figure 6.1), to the red of the F state; an additional feature to the blue of the H"II
state can also be seen in each spectrum which can be attributed to the v' = 1 level of the

E2%t state. These will be treated in more detail in a future publication.
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Figure 6.4: REMPI spectra recorded in the Xet mass channel. The energy scale is that at
the two-photon level. The asterisked features are atomic resonances, as seen in Figure 3
(note these occur at the three-photon level). The other features are tentatively assigned to
NO-Xe, but no definitive assignment is possible, owing to the strong overlap with the atomic
resonaces. See text for details.

6.4.2 NO-XE SPECTRA AND DIFFICULTIES ARISING FROM ATOMIC XE AND XE-AR

CONTRIBUTIONS

The NO-Xe spectra were collected in the Xet mass channel, as described above. Even when
resonances for the complex were identified and the dye laser tuned to these frequencies, the
parent [NO-Xe|™ ion was never observed in the mass spectra. Similar situations have been
observed in studies of the A%2Y and CZII states of NO-Xe, as reported by Miller [29] and
us [30, 31]. This has been discussed in that work and further in ref. [32]. Under appropriate
circumstances the initial excitation of the NO chromophore can precipitate a series of steps
leading to Rg™:

NO — Rg+ hv — NO* — Ry, (6.1)

NO* — Rg+ hv — NO™ — Ry, (6.2)
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NO™ — Rg — NO — Rg", (6.3)
NO — Rgx — NO + Rg", (6.4)
Rg*+hv — Rg* + e, (6.5)

Where in step (2), the electron is excited to a high-lying Rydberg orbital with a NO*T-Rg
core, and in step (3), the core switches to Rg-NO™. Note that it is also possible for NO-Rg*

to absorb another photon leading to dissociative photoionization:
NO — Rg* + hv — RgT + NO + ™. (6.6)

Critical to this process is step (3) where the cationic core switches between being NO*-Rg
to NO-Rg™, which can only proceed if an excited state of the rare gas atom is energetically
accessible. Figure 6.3 shows the REMPI spectrum obtained by seeding Xe in Ar (no NO
present). We observed a number of atomic transitions of Xe in this region, and their assign-
ments are shown in the figure, based on literature values [33, 34]. Of relevance to the spec-
troscopy of the NO-Xe complex is that these atomic transitions occur at the three photon
level; still, because the excitation of the NO chromophore, step (1), in the NO-Xe complexes
requires two photons, the formation of a ”superexcited” state [Step(2)] only requires the
absorption of one additional photon.

To our knowledge, this is the first reported REMPI spectrum of these atomic transitions.
(We note that there have been some high-energy multiphoton studies of Xe atoms recently;
however, these are not resonant [35, 36]). The bottom spectrum in Figure 6.3 is taken at low
resolution and intermediate laser power (2.0 cm™! steps, ~ 1.6 mJ), while the top spectrum
is taken at lower laser power, and higher resolution (0.1 cm™! steps, ~ 0.5 mJ). The broadest
peak in the top spectrum has a full width at half maximum (FWHM) of 9.9 cm™!, while the
narrowest peak has a FWHM of 4.2 cm™!. The laser powers required to effect a three photon
excitation of an atomic transition necessarily lead to more power broadening than would be
expected in a single vacuum ultraviolet (VUV) photon absorption experiment. We collect

the relevant energy levels together in Table 5.1, and note which are observed, and which are
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forbidden. The selection rules for three-photon transitions are Al = +1,+3, AJ =0, £1,£2,
and £3(but not J'= 0,2 J”=0) and are given, for example in ref. [33] and [34] and on the
NIST website [38].

Despite the appearance of multiple intense atomic Xe transitions in the spectral region
of interest, we endeavoured to determine whether any features arising from expansion of
a Xe/NO/Ar mix might be found between the atomic resonances that could be ascribed
to the NO-Xe complex. As shown in Figure 6.4, several candidate features were observed
that could be assigned to complexes. However, we discovered that some of the candidate
features roughly coincided with weak features that could be observed in the mass channel
corresponding to Xe-Ar. Thus, another competing chromophore was identified that could
have as a fragmentation product Xe™. Therefore, experiments were undertaken in which the
Ar carrier gas was replaced by Ne. Several weak features not corresponding to atomic Xe lines

! and these we tentatively

were still observed, particularly in the region around 62200 cm™
assign as attributable to NO-Xe. We would expect the most intense features to correspond to
the H2II + X?2transition (as was the case for the other NO-Rg complexes). Unfortunately,

the interference from Xe lines in the spectrum excluded any definitive assignment.

6.4.3 DISCUSSION
A. THE ORDERING OF THE 3D\ STATES IN NO

The ordering of the electronic states of NO obtained when the 2p7m* electron is excited
into the 3d orbitals is pertinent to the understanding of the present work, and so a brief
discussion of its origin will be given here. Early work on the Rydberg spectroscopy of the
NO molecule revealed rich structure, which could only be interpreted through a thorough
analysis of the configuration interactions between the different states of like symmetry [39].
The application of a detailed deperturbation procedure finally allowed a complete description
of the Rydberg manifold; the 3d states relevant to the present discussion have been treated

in detail by Jungen [22], and summarized briefly in the review by Kim and Meyer [2]. The



70

o 0 Rg
H
=y
n= 3 "I' \
—s\ ':,. \‘
N30 LT e FAN [
_‘.‘:- 'qﬂlr' ~_\\ ‘ﬁ__
-~_’ \‘ _ HJ 2]—[
3d (4] \‘ F2A
450 -
—
‘\
"El
R
Tobs \‘\ E Py
3d Rydberg complex
and 4s interaction obs (NO-Rg)
|

Figure 6.5: Schematic energy diagram for the interactions occurring in the 3d Rydberg states
of NO (left hand side) and NO-Rg (right hand side). a represents the monopole charge on
the core (which causes a lowering of the 3d level but maintains degeneracy), and ¢ represents
the quadrupole of the core, which leads to a splitting of the 3d\ states. The energy of the
3d\ states after both av and 6 are ”"turned on”, is represented by T*. Ty, is the actual energy
at which the 3d)\ states are observed, and the interactions which cause the large deviations
of Typs from T* are given in the text. The introduction of a Rg atom leads to a redshift due
to the increased bonding in the excited state compared to the X state. In addition, the Rg
atom inhibits penetration, and so leads to a convergence of the F' and H’ states.

conclusions from the earlier works provide insight as to the nature of the phenomena observed
in the current experiments. If only the n (principal quantum number) and [ (orbital angular
momentum) components of the electronic states are considered, then an electron in a 4s
orbital is lower in energy than one in a 3d orbital (as in an atom), owing to the better
penetration of the 4s electron. When the orbital angular momentum becomes quantized

along the molecular axis, described by the quantum number, A, the splitting of the 3d levels
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emerges, yielding 3do, 3dm, and 3dJ levels, listed in order of expected increasing energy; with
the expected ordering being based upon the expected penetration of each type of electron
- related of course to the quantum defect. The observed ordering of the states is not that
expected(see Fig. 6.5): in fact the 3dd (F?A) level is actually lower in energy than the 3dx
(H'1I) level, with the H2X T state being very close to, but slightly lower than the H'II state.
Jungen’s consideration [22] started with the ”demi-H3” model developed by Mulliken in a
series of papers [40, 41, 42]. The model corresponds to a singly-charged core field onto which
a molecular quadrupolar field is superimposed, accounting for the non-spherical distribution
of the charges in the molecular core, and allows the relative positions of the (nl\) states,

T, relative to the non-perturbed (nl) states to be calculated as
Tnlk = Tnl + knl [3/\2 - l(l + 1)], (67)

where k,; is dependent upon the quadrupolar field. Thus, one can see that from this model,
the 0 component will lie highest in energy, and the ¢ component will lie lowest.

This model does not, however, take account of penetration, and hence requires correction
for Rydberg states where this occurs; it does, however, work well for non-penetrating states,
such as f states [35], and becomes quantitatively correct once second-order polarization effects
are included [21, 41]. Usually, 3d states are considered to be non-penetrating, and so the
above approach might also be expected to work well. However, as we have noted, even the
ordering of the 3do, 3dm and 3d¢ states in NO is not as expected. The reason for this is that
the presence of a many-electron core requires a more sophisticated treatment, and that even
for 3d Rydberg states, penetration is important. As outlined in Jungen [22], a long-range
model assumes no overlap between the Rydberg electron and the core, and so neglects: (i) all
exchange effects and also the increased effective nuclear charge felt by the Rydberg electron
upon penetration; (ii) the possible non-orthogonality of hydrogenic Rydberg orbitals and
core orbitals of the same symmetry; (iii) the mixing of Rydberg states of the same symmetry
under the non-spherical character of the molecular field; and finally (iv) electron correlation.

If one defines a parameter, €(the penetration energy), as the difference between the observed
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energies, T, and the energy, T*, calculated using the long-range model, so e= T-T*, then
Jungen found that the sign and magnitude of € varied between various Rydberg states of
NO, indicating that the source of the non-zero value of € was likely to be due to different
effects. Jungen showed that for 3dé components, (i) above was the predominant cause for
the failure of the long-range model; for 3dr states it was (ii) ; and for 3do it was (iii). These
interactions lead to the 3dd orbital moving down in energy, and the 3dd and 3drw orbitals
moving up in energy, leading to a change in the energy order to that predicted using the

long-range model - see Fig. 6.5.

V(R)

Figure 6.6: Schematic of the F' and H’ potential energy curves for NO-Kr. The spectrum to
the right is the corresponding upper trace from Figure 2. The potential energy curves are
Morse potentials with parameters adjusted to match the experimental spectrum approxi-
mately.

B. THE NO-RG AND F2A AND H'2II STATES

We observe that as the complexing partner in the NO-Rg series grows larger, the Rydberg
levels are increasingly redshifted (Figure 6.1). This is expected as a simple result of the
increased binding energy of the respective excited state of NO to the larger (more polarizable)

Rg atoms.
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Both the Rydberg electron and the Rg atom will be competing for interaction with the
(partially shielded) NO™ core, and in addition they will affect each other. The radius of a

Rydberg orbit may be calculated from:

[(3n")* = 1(1+1)], (6.8)

DO —

<Rnl> =

where n* is the effective principal quantum number. For the F' and H states of NO, this
yields values of 5.28 and 5.65 A, which may be compared with the covalent diameters of the
rare gas atoms: 1.4, 2.0 and 2.2 A for Ne, Ar and Kr, respectively. Thus, there appears to
be ample room for the Rg atom to be situated within the Rydberg orbit, in this simplistic
picture. Of course, there will be modifications arising from the interactions occurring between
the Rg atom and the Rydberg electrons. We expect that the presence of the Rg electrons will
lead to repulsion between the Rydberg electron and the Rg electrons, and this is expected to
lead to the Rydberg electron being less penetrating than it would otherwise be. We note that
we expect the F and H' states to be red-shifted with respect to the corresponding states in
uncomplexed NO as the interaction of the Rg atom with the partially shielded NO™T core is
expected to be stronger than the weak dipole/induced-dipole interactions present in the X
state. The fact that the F' and H’ states overlap, indicates that the presence of the Rg atom
has ameliorated the differences between these states. Since these differences in uncomplexed
NO arise (as discussed above) from different interactions arising from penetration of the
Rydberg electron into the many-electron core, then we take this convergence of the F and
H' states as confirmation that the presence of the Rg atom is leading to less core penetration
by the Rydberg electron. A schematic diagram of the energetics of the states is given in Figure
6.5.

Additionally, the presence of the Rg atom in non-linear orientations is expected to affect
the symmetry of the NOT core orbitals, and thus the interaction between the Rydberg
electron and the core orbitals. Much of the rise in energy of the 3dr orbital is attributed [22]
to the non-orthogonality of the Rydberg orbital and the core orbitals - this effect is small

for the 3dd orbital since the core orbitals are ¢ and m; however it is a large effect for the 3dn
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and 3do orbitals, and causes them to rise in energy in uncomplexed NO. The presence of the
Rg atom off-axis will lead to the symmetry lowering to C,, and hence orbitals will be either
A" or A”. This will lead to interactions between "o”, ”7” and ”¢” orbitals, again altering
the relative positions of the £ and H' states: although the precise effect is unclear, it would
seem (being the dominant factor) that this would lead to a lowering of the H’ state from
its position in uncomplexed NO, and so becoming closer in energy to the F' state. Thus, we
expect that the presence of the Rg atom will lead to a diminution of the energy difference
between the F and H' states.

In addition to the above, another factor that can affect the ordering of these levels is the
repulsion of electronic states of like symmetry, which Jungen determined to be the dominant
effect for the 3do component. This component is not observed in the present work, but we
note that the largest interaction is expected to be between the 4so (E) Rydberg state and
the 3do component - we shall be discussing the 4so component in a future publication.
It is likely that the presence of the rare gas atom will affect the interactions between the
different states by changing their relative energies and/or coupling elements. The H'™II state
should interact mostly with the C?IT and K?2II levels which would shift the state up and
down in energy, respectively. The F2A state, while known to be perturbed by the (valence)
B”A state, should be primarily affected by higher-lying levels of A symmetry. The overall
effect of these involved interactions are difficult to determine without a detailed survey of all

relevant states; to date, no comprehensive studies of the higher-lying Rydberg states have

been performed for the NO-Rg series.

C. PREDISSOCIATION OF THE f{/ STATE

As discussed by Kim and Meyer the H™II state of the NO-Ar complex [2] undergoes pre-
dissociation via the continuum of the F2A state when v’ > 2. This is evident in the NO-Ar
spectrum as a sharp drop in peak intensities and a broadening in peak widths for H'™II

(v" > 3). (NO-Ar, low power scan, upper trace, Fig. 6.2). In the corresponding NO-Kr



75

Table 6.1: Xe resonances in the three-photon energy range. All three-photon-allowed transi-
tions are observed. For atomic multiphoton selections rules, see Ref. [37], for example.

E/cm™!
literature E/cm™!

Configuration Term J  value®*  observed
5p (2 P§/2)8s 2[3/2] 1 909324 90 930.6
p° (2 1/2) 2[5/2]° 3 91746.6 91 746.3
(2P10/2)5d 2[3/2]° 1 936182 93 618.9
5(2P§)/2)7d 2[1/2]° 1 921283 92 127.9
5(2P£/2)7d 27/2]° 3 92646.1 92 645.7
5(2P3?/2)7d 2[5/2]° 3 92733.6 927327
5(2P§)/2)7d 2[3/2]° 1 927140 92 714.7
5(2P§)/2)9s 2[3/2]° 1 93422.1 934224
5(2P£/2)8d 2[1/2° 1 94228.0 94 229.7
(2P§/2)8d 27/2]° 3 94290.2 94 291.8

5p (*P3,,)8d 2[5/2]° 3 94370.0 94 372.2

“References [33, 34, 38|

spectrum (upper trace), the most intense features of the F2A and H™II states are easily
discernible from each other as in the NO-Ar spectrum due to the relative sharpness of the
H"™II state features. An interesting observation is the sharp drop-off in intensity of the H’
state features of NO-Kr at ca. 62180 cm ™. This drop-off in intensity is taken as indicating
the onset of predissociation of the H' state, through the F state, and as such allows an
estimate to be made of the energy at which the F state dissociates. The upper traces of
Figure 2 were taken in Georgia under conditions of the lowest laser fluences employed in this
work; lower fluence scans were also performed at Nottingham which confirm the appearance
of these spectra. The lower traces were higher fluence scans performed at Nottingham, and
in the cases of both NO-Ar and NO-Kr, the higher vibrational components of the H' states
are much more prominent than in the lower-power scans. We attribute this to a competition

between the predissociation and the ionization step: as the laser fluence is increased, the ion-
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ization step competes more favourably with the predissociaton leading to an enhancement
of the corresponding spectral features. This has the benefit of being able to assign higher
vibrational components more confidently, but leads to broadening of the peaks. In addition,
the onset of predissociation is much clearer, particularly so in the case of NO-Kr, in the
lower-power scans. Thus there are benefits of recording high- and low-power scans.

As noted above, the sharp drop in intensity observed in the low-fluence scans for NO-Kr
gives an estimate of the energy of the F' state dissociation asymptote as 6217745 cm™!. If
this is combined with the F« X transition energy in NO (62044 cm™'), then a dissociation
energy of the X state of the NO-Kr complex can be derived as 13345 cm™!. Previously, a
determination [7] of 105 cm™! has been reported by the Wright group for Do(X). The latter
value was determined from the A + X transition, and was derived from the drop-off in
intensity of the spectrum, taken as representing the dissociation of the A state. It is possible
that the Do(fl) value could be affected by poor Franck-Condon factors and/or quasibound
levels, but the appearance of the spectrum [7] seems to preclude this; in addition, the Dg
value is in reasonable agreement with the 112 cm™! calculated recently by Klos. [44] One
other possibility is that there is a barrier to dissociation in the F state of NO-Kr: Tsuji et
al. [45] deduced a barrier of 24 cm ™" in the A state of NO-Ar. For the experimental 105 cm ™!

I would have to

value to be consistent with the present observations, a barrier of 28+5 cm™
be present.

In the case of NO-Ar, a similar drop in intensity is observed within the v,=2 band of
the X-H transition around 6212443cm™!. The lower frequency bands of the intermolecular
stretch progression are characterized by narrow peaks while the higher ones are comprised
of two broad contributions. In contrast, the vy=2 band is dominated by a sharp very strong
low frequency feature followed by a weak broad contribution to the blue. If we identify the
broad feature in this band with the onset of predissociation, we find a value of 80£5 cm™!

for the ground state Dy in excellent agreement with previous experimental and theoretical

results (vide infra)-no barrier is required to be invoked here.
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Table 6.2: Spectroscopic parameters for the ' and H' states of NO-Rg(Rg=Ne Ar, and Kr).

All vibrational constants refer to the intermolecular stretch vibration. All values are in cm ™.

The vibration refered to the intermolecular stretch in all cases.

NO

Ty
F2A 62 044
H?II 62 717°
cation 74721°¢

NO-Ne

Ty Dg We  WeTe
F2A 61 957° 1192
H2IT 62 482% 270° 720 gb
cation e 2844+10% 824

NO-Ar

Ty Dy We — WeTe
F2A 61 645° 487" 51 ...
H”I 61 9402 865 8820 4P
cation 73 869¢ 951¢ 1047 6.9/

NO-Kr

Ty Dg We  WeTe
F?A 61 501° 648°
H2I 61 836" 986" 90b 5P
cation 12004304 1384

“Reference [2].

bThis work (see text for details). The we and wex. values for the H' states were obtained

from a least square fit of the v;=0,1, and 2 energies to the Morse potential.

“Reference [47].
dReference [25].

“Reference [23].

1

fObtained from the vs=0,1,and 2 stretch anharmonic levels calculated at the MP2/cc-pVQZ

level of theory (Ref [25].
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D. DISSOCIATION ENERGIES

From the origins of the F' and H’ state spectra, it is possible to deduce the dissociation
energies, Dy, if the ground state dissociation energy, Dy, is known.

In the case of NO-Ar, the ground state dissociation energy is well-established as 88 cm™!
from Tsuji et al.’s work [45]. For the H' state, the origin (61940 cm™') is clearly identified
as a sharp peak in the IR+UV double resonance experiments reported in ref. [2], and so the
H' state dissociation energy is established as 865 cm™'. In refs. [2] and [9], the origin of
the F' state of NO-Ar is taken as 61667 cm™!, which is in agreement with the position of a
significant peak at the commencement of the F state spectrum; however, closer inspection of
the origin region reveals that there is another weak feature to lower energy. Care has to be
taken as the D (v = 4) spectrum is also present in this region, but we believe that this other
feature at 61640 cm™! is not part of the D state and so assign it as the origin of the F' state.
(The appearance of the F state spectrum is rather complicated, and has so far not yielded
to interpretation; clearly in the future a more definitive assignment of the origin will come
from simulations of the spectrum.) The reassignment of the origin means that the derived
dissociation energy of the F state of NO-Ar is greater than that reported in refs. [2] and [9],
at Do(F) = 492 cm™'.

Similar problems occur for the F state of NO-Kr: there is a strong structured feature at
61620 cm ™!, which would yield a D}, (F) value of 529 cm™'; however, there are weak features
to the red of this. Careful comparison of spectra taken at both the Nottingham and Georgia

laboratories suggests that the origin is in fact at 61500 cm™!, yielding Dj(F) = 649 cm™!.
Note that the value of D{(X) = 105 cm™! is assumed in deriving these values. This Dj, value
is consistent with the suggested barrier to dissociation in the F' state of NO-Kr noted above.

Clearly there is a possible problem with interference from hot bands, but given the

consistency of the appearance of the spectra from the two laboratories, coupled with our

previous experience of these systems, we feel that there should be no such interference here.



79

Combining our knowledge about the NO-Ar H’ state vibrational assignment, with the
characteristic shape of those bands most likely associated with the NO-Kr H’ state and
assuming a variation of the Franck-Condon factors similar to the NO-Ar case, we tentatively
assign the band at 61830 cm~" as the origin of the H-state. This yields a Dj(H’) value of 992
cm~!. We summarize the derived dissociation energies in Table 6.2, and also the D values

for the cations, from ref. [25]

E. COMPARISON WITH THE CATIONS

We note that there is a large difference between the F state dissociation energy of NO-Kr and
that of the cation (Df ~ 1200 £ 30 cm™!). A similar observation has been observed for the
F state of NO-Ar ( [2]) and it may be seen from Table 2 that Dy(F) = 492 cm™! compared
to Dy = 951 cm™'. On the other hand, the H’ states have a much larger binding energy
than the F state, but still significantly lower than that of the cation. One interpretation
of this would be that the 3dd electron is more efficient at shielding the NO™ core from the
Rg atom than is the 3dm one, and the greater similarity of the H’ state’s binding energy
to that of the cation compared to the F state does seem to agree with Jungen’s conclusion
that penetrative effects are more important for the 3dé state than for 3dw. However, there
are also orientational effects to consider, some of which were addressed for the 3s and 3p
Rydberg states of NO-Ar by Shafizadeh et al. [46]. The 3dr orbitals (3d,, and 3d,,) have
one component out of the molecular plane (A” in C; symmetry), which will allow the Rg
atom a clearer view of the NO™ core. The in-plane, A’ , component, by analogy with the 3p
states, will experience a large repulsion with the Rg atom: for the 3pm Rydberg states [46],
it was found that there was a very large Renner-Teller-type splitting, leading to only the A”

component being ”Rydberg-like.” The 3dé state arises from the 3d,2_,» and 3d,, orbitals

~y
and also has A" and A” components, but each of these has out-of-plane contributions. Hence,
each will allow some view of the core, but with there being more directions in which electron

density is concentrated than in the 3d7(A”) component, perhaps explaining why the 3dJ state
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has a lower dissociation energy. Possible implications of these orientational considerations
are that there may only be one component of the 3dr state observed (the A” one) and that
the 3dd state may be composed of two components, with differing geometries, but fairly
close in energy. This would tie in with the fact that the 3dd state of NO-Ne could only be
simulated with two contributions [2, 10]. Clearly more experimental and theoretical work are
required to understand this aspect of the NO/Rg interaction in detail.

Overall, it seems that the major effect of the Rg atom is to prevent the 3d electron from
penetrating the NO™ core close to equilibrium NO-Rg separations. As dissociation occurs,
the Rg atom moves away from the NO™ core, leading to increased penetration of the Rydberg
electron, and so the 3d7 orbital moves up in energy, so that at dissociation we have the large
separations of the 3dd and 3dr states of uncomplexed NO-see Fig. 6.5.

We note that for both NO-Ne and NO-Ar, the dissociation energy of the H' state is a
large proportion (95% and 91%) of that of the cation (for NO-Ne it is very close, given the
error on Dy ). For NO-Kr, on the other hand, the proportion is 82%, which could suggest that
repulsion effects between the Rydberg electron and the Kr atom become more important as
the Rg atom gets larger, although caution is required here since the true origin of the H’
state could not be identified unambiguously. The spectra of NO-Xe would have been very
useful in extending these trends, but the experimental difficulties described in the above
clearly exclude this.

Another interesting observation is that the vibrational frequencies for the H' states of
NO-Ne and NO-Ar are very close to the calculated cationic values, whereas for NO-Kr, the
values are far away, suggesting that for NO-Kr, the Kr may be prevented from seeing the
core so much owing to the presence of the 3dnw electron. The fact that NO-Ne and NO-Ar
have w, values so close to those of the respective cation suggests that the smaller Rg atoms

are able to see the cationic core better.
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6.4.4 CONCLUSIONS

The NO-Rg (Rg=Ne,Ar,Kr,Xe) complexes have been investigated via (24+1) REMPI spec-
troscopy, and new information on the 3d Rydberg states of NO-Kr has been presented.
We were able to obtain nicely resolved spectra for the F2A « X2II and H™II + X?2II
transitions. The NO-Xe complex proved difficult to study spectroscopically, owing to the
occurrence of multiple Xe* resonances in the spectral region of interest. The origin of the
NO-Kr F2A state was found to the red of that for NO-Ar. We discussed the overlapping
of the F2A and H"™II states and consequent difficulties in the assignment of an H2II state
origin. The convergence of the ' and H’states was discussed in the light of Jungen’s modi-
fications to Mulliken’s ”demi-HJ” model for NO and the effect that the Rg atom has on the
penetration of the Rydberg electron.

The onset of predissociation of the H' state was clearly seen for NO-Ar and NO-Kr and
allowed the energy at which the F state dissociated to be determined. In addition, it was
possible to observe competition between predissociation and ionization at high laser fluences
in these spectra.

Clearly it is desirable to perform double resonance IR-REMPI experiments as was done
previously for NO-Ar. [2] In this way, the F2A and H™II state spectra for NO-Kr could
be separated, determining the H'II state origin (and hence its dissociation energy) more
precisely. Recent new IR-REMPI experiments on NO-Ar complexes using greatly improved
sensitivity and molecular beam characteristics similar to the one employed in this study
have revealed the presence of only the lowest excited band with an energy of about 4 cm™!,
i.e., the vibrationless band with P=1.5. The next bands expected higher in energy, with one

! respectively, have

quantum of bending or stretch vibration at energies of 14 and 16 cm™
not been detected experimentally.
Finally, we note that despite the relative simplicity of the NO-Rg van der Waals com-

plexes, the complete interpretation of the rovibrational structure in electronic spectra of the

heavier complexes is quite complicated and still presents a challenge to modern theory. It
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seems likely that these and similar complexes will remain a benchmark for computational

methods for some time to come
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CHAPTER 7

JOINT EXPERIMENTAL-THEORETICAL INVESTIGATION OF THE LOWER BOUND STATES

ofF THE NO(X?I)-Kr ComMPLEX"

7.1 ABSTRACT

We describe the first measurement of the near IR spectrum of the NO-Kr van der Waals
complex. A variant of IR-REMPI double resonance spectroscopy is employed in which the
IR and UV lasers are scanned simultaneously in such a way that, throughout the scan, the
sum of the two photon energies is kept constant matching a UV resonance of the system. In
the region of the first overtone vibration of the NO monomer, we observe several rotationally
resolved bands for the NO-Kr complex. In addition to the origin band located at 3723.046
cm™! |, we observe excited as well as hot bands involving the excitation of one or two quanta
of z-axis rotation. Another band is assigned to the excitation of one quantum of bending
vibration.

The experimental spectra are compared with results of bound state calculations for a
new set of ab initio potential energy surfaces calculated at the spin-restricted coupled cluster
level. For the average vibration-rotation energies, there is excellent agreement between the
theoretical results based on the coupled states (CS) approximation and the full close-coupling
(CC) treatment. Finer details like the electrostatic splitting and the P-type doubling of the
rotational levels are only accounted for within the CC formalism. The comparison of the
CC results with the measured spectra confirms the high quality of the ab initio PES’s.

However, the high resolution of the experiments is sufficient to identify some inaccuracies in

the difference between the potential energy surfaces of A" and A” reflection symmetry.

'Reproduced with permission from [1]. Copyright [2009] American Chemical Society.
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7.2 INTRODUCTION

Van der Waals systems containing open shell atoms or molecules have attracted special
interest because of the non-adiabatic effects influencing the spectroscopy and dynamics [2, 3].
Beside the coupling of the electronic orbital and /or spin angular momenta with the orbital
angular momentum associated with the relative motion of reactants, long range dispersion
forces can enhance the reaction dynamics by orienting them favorably especially at energies
near a threshold [4, 7]. Among the van der Waals systems involving open-shell atoms or
molecules, complexes containing the stable radical NO have attracted much interest. Espe-
cially, its interaction with various rare gas atoms have been studied extensively both in
theory and in experiment.

Over the past decade significant progress has been made experimentally as well as the-
oretically in determining the interaction between the molecule NO in its electronic ground
state and various rare gas atoms. High quality ab initio potential energy surfaces (PES’s)
have been calculated for the interaction with He [6, 7], Ne [8] and Ar [9, 10, 11]. Experimen-
tally, the electronic ground state interaction with these noble gases has been studied in a
great variety of scattering experiments[12, 13, 14, 15, 16, 17, 18]. On the other hand, the only
experimental studies of the ground state interaction with Kr are the scattering experiments
of Thuis et al. [17] and Casavecchia et al. [18].

Spectroscopic information has been limited to the microwave spectra of the complexes of
NO with Ar and Ne [19, 20]. Also, for these complexes, the intermolecular vibrational levels
have been probed with rotational resolution by means of near-IR spectra in the region of the
first overtone of NO [21]. For the NO-Ar complex, several low lying vibrational levels have
been probed via MATT spectroscopy without rotational resolution [22]. The spectra agree
very well with the predictions of theoretical bound state calculations for several available ab
initio PES’s [8, 23].

Electronically excited states van der Waals complexes containing NO have been studied as

model systems for the structural and dynamic changes induced by the absorption of light in



38

many-body systems. In particular, excitation of NO complexes to low-lying Rydberg states
and the ensuing structural changes have been investigated in isolated gas phase clusters
[5], and, also, in the corresponding rare-gas matrices [25, 26]. The interaction in Rydberg
states is dominated by the interaction of a cationic NO core with the rare gas atom. The
major focus of this research has been complexes of NO with the rare-gas atoms Ne and
Ar. The electronic A-state of NO-Kr has been measured and analyzed by Wright and co-
workers [27, 28]. Recently, higher Rydberg states of the NO-Kr system were studied in the
gas phase through resonance enhanced multiphoton ionization (REMPI) [29, 30, 31].

Although more challenging, several attempts have been made to determine ab initio PES’s
for the first excited state of these systems [32, 33]. The photoexcitation of NO impurities
in Kr matrices has been investigated experimentally and theoretically. In order to simulate
the configurational rearrangement of the surrounding of the relaxing impurity molecule,
the interactions in both the electronic ground and excited states are required. Recently,
Castro-Palacios et al. calculated ab initio PES’s of NO-Kr for use in molecular dynamics
simulations [34].

Very recently we applied a new variant of IR-REMPI double resonance spectroscopy
to the measurement of the near IR spectrum of the NO-Ar complex [27]. In this double
resonance scheme, the two lasers are scanned simultaneously in such a way that the combined
energy of the two photons remains constant. The photon energy sum is chosen to match a
UV resonance in the system under investigation. As a result, the two-dimensional frequency
problem is reduced to a fixed number of one-dimensional frequency scans. In the case of NO—
Ar, we were able to remeasure with increased resolution and sensitivity the previously known
bands associated with the intermolecular vibrations [23]. The method allows the detection
of weak unknown bands when combined with UV hot-band rather than UV sequence band
excitation. For NO—-Ar, we detected for the first time the first overtone and combination

bands of the intermolecular stretch and bending vibrations. As part of this work, we also
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detected, for the first time, several hot bands involving levels with one or two quanta of
z-axis rotation.

Encouraged by these results, we report in this paper the first measurements of the near
IR spectrum of NO-Kr in the region of the first vibrational overtone of the NO monomer.
Combining the constant photon energy sum scan with UV hot-band detection, we make use of
the known (1+1) REMPI spectrum of the A-state of NO-Kr first reported by Buch et al. [27,
28] Depending on the particular photon energy sum, we detected five bands associated with
different intermolecular vibrations and quanta of z-axis rotation. The spectra are analyzed
with the help of, and compared to spectra generated from, bound state calculations for a new
set of ab initio PES’s. The bound state energies were determined from full close-coupling
(CC) or more approximate coupled-states (CS) calculations.

The paper is organized as follows. In the following section, we describe the methodology
and the results for the calculation of the PES’s. Section 3 is devoted to the bound state calcu-
lations and a comparison of the CC and CS results. In Section 4, we present those details of
the experiment relevant to the variant of the IR-REMPI double resonance scheme employed
and the experimental results. Section 5 contains the spectroscopic analysis, including the
comparison of experimental and calculated spectra, and a detailed discussion. A conclusion

follows.

7.3 (CALCULATIONS OF THE PES

The intermolecular potential energy surfaces (PES) for the Kr-NO(X?II) van der Waals com-
plex were calculated at the spin-restricted coupled cluster level with single, double and non-
iterative triple excitations [RCCSD(T)]. We applied the augmented correlation-consistent,
triple-zeta basis (aug-cc-pvtz) of Dunning and coworkers for the atoms Kr, N and O [36]. The
basis set was augmented with a set of 3s, 3p, 2d, 2f and 1¢g bond functions [37]. Calculations

were done with the MOLPRO suite of ab initio programs [38]. The interaction energy of
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the complex was calculated by a supermolecular, counterpoise corrected approach where all
energies of the dimer and monomers were calculated using a dimer centered basis set.

Ab initio calculations were carried out on a large grid defined by values of the Jacobi
coordinate R (the distance between Kr and the center of mass of the NO) ranging from 4.5
to 24 ap, and 6 (the angle between R and the NO bond axis) ranging from 0 to 180° in
steps of 30°. The NO bond distance was held fixed at its equilibrium value in the X?2II state

(1.15077 A [39]). The angle #=0 corresponds to colinear KrNO.

7.3.1 FEATURES OF THE ADIABATIC AND DIABATIC PES

Figures 7.1 and 7.2 show contour plots of the electronically adiabatic PES’s for the states
of A" and A” reflection symmetry, respectively. The global minimum on the A" PES occurs
in T-shaped geometry with 6, = 93°, R, = 7.00 ag, and D, = 146.61 cm~!. The global
minimum on the A” PES occurs in skewed geometry (R, = 7.21 ag, 6. = 66°, D, = 143.12
cm™1). There are also additional local minima in the two colinear geometries, where the A’
and A” states are degenerate: for KrNO we find a well depth of 130.35 cm™! located at
R = 8.06 ag and for KrON we find a well depth of 123.45 cm™! at R = 7.70 ay.

The diabatic surfaces Vi, and Vg are constructed as half sum and half difference of

the A” and A’ adiabats, respectively [40]:

Veum(R, 0) = [VAN(R 0) + Vi (R,0)] va (7.1)
1
Viis(R,0) = 2 [Var (R, 0) = Vi (R, 0)] sz2 )dao(6)

The Vyum and V¢ diabatic PES’s are expanded in reduced rotation matrix elements of order
m = 0 and m = 2, respectively. [40]

In practice the ab initio points for the A’ and A” PES’s were fit, separately, in a two-step
procedure. First, for each value of 6, the R-dependence was fit by a variant of the functions

introduced by Degli-Esposti and Werner [41],
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V(R) = G(R)e %% _ T(R) 29: C,R™" (7.2)
where -
G(R) = iijj (7.3)
and ”
T(R) = 1/2[1 + tanh(1 +t)] . (7.4)

The parameters a;, as, gj, t, and the long-range coefficients C,, were optimized for each
value of 6, separately, by use of a modified Levenberg-Marquardt algorithm for the non-
linear variables and a standard least-squares fit for the linear variables.

Then, for each desired value of R; and 6;, Eq. 7.2 was used to generate the values of Vya
and V4~ on the 0 grid. From these the values of Vj,,,, and Vs were obtained from Eq. 7.1.
Finally, the values of the expansion coefficients Vjo(R;) and Vj3(R;) were obtained by solution
of sets of linear equations.

Both the V,,,, diabat and the A’ adiabat exhibit near-homonuclear symmetry with respect
to 6 = 90°. The two-lobed shape of the difference potential (V) is typical for NO(X)
interacting with a spherical target, similar to He-NO(X) [7]. In Figs. 7.5 and 7.6, we show
plots of the radial expansion coefficients of the sum and difference diabats, respectively.
Because of the near-homonuclear symmetry, the expansion coefficients with [ even are larger
than those with [ odd.

As mentioned earlier, Castro-Palacios et al. [34] determined an ab initio PES for the A’
electronic state of the Kr-NO(X) complex. They used the RCCSD(T) method with an aug-
ce-pvtz basis set, but without bond functions. The isotropic term Vyo [Eq. (7.1)] extracted
from our calculations and shown in Fig. 7.5 can be compared with Fig. 3 of Ref. [34]. Both

isotropic terms are quite similar, with a well depth of 112-115 cm™!

occurring a a distance
of ~ 7.6 ag. Generally, for a given value of # the minimum on our A" PES occurs at slightly
shorter values of R. This is a result of the inclusion of bond functions in our calculations,

which are known to improve the description of the attractive (dispersion) contribution to
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van der Waals interactions [42]. Also, Castro-Palacios et al. do not report calculations of
the A” adiabat which is crucial to the correct determination of bound states of the NO-Kr

complex.

11

F{/a0

0 30 60 90 120 150 180
0/ degree

Figure 7.1: Contour plot of the A’ adiabat. Energy in cm™!. # = 0 corresponds to colinear

KrNO.

7.4 BOUND STATE CALCULATIONS

We carried out fully quantum close-coupling (CC) and coupled-states (CS) calculations of
bound states for the set of Kr—-NO(r = r.) PES’s determined here. In these calculations the
open-shell electronic structure of the NO molecule was taken into account. We employed the
HIBRIDON suite of codes [43].

The radial part of the wavefunctions in the bound-state calculations is expanded in a

replicated Gaussian basis [44] distributed between R=4.5 and 25 ag. The NO-Kr relative
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Figure 7.2: Contour plot of the A” adiabat. Energy in cm~!. § = 0 corresponds to colinear
KrNO.

reduced mass was 22.098 amu. The rotational-fine-structure levels of NO(X?IT) were defined
by the rotational constant B=1.696 cm~!, the spin-orbit constant A,,=123.139 cm™!, and
the A-doubling parameters p=0.0117 cm™! and ¢=0.67 cm~!. The channel basis included all
rotational levels of NO up to jn.=12.5, which was sufficient to converge the energies of all
bound states for values of the total angular momentum ranging from J=0.5 to 12.5. In the
CS calculations, we retained the same parameters and performed calculations, separately,
for each allowed value of the body-frame projection P of the total angular momentum J

(P=+1/2, +3/2, ...).
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Figure 7.3: Contour plot of the Vi, diabat. Energy in ecm™!. # = 0 corresponds to colinear

KrNO.

In the non-rigid, nearly T-shaped NO-Kr complex the quantum number P is analogous
to the quantum number K of a nearly-symmetric top.

To compare quantitatively the experimental spectra with the results of bound-state cal-
culations at different levels of theory, we represent the energy levels by a semi-empirical
model Hamiltonian described in detail previously [5].

For a near T-shaped complex, the main contribution to the rotational energy is a term
quadratic in P, and thus independent of the sign of P. This gives rise to a twofold degeneracy,
which is analogous to what is called “asymmetry” doubling in nearly-symmetric tops. This

doubling is further doubled by the two-fold degeneracy of a II electronic state in which
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Figure 7.4: Contour plot of the Vy;; diabat. Energy in cm™*. § = 0 corresponds to colinear
KrNO.

the energy is independent of the sign of the projection w of the total electronic angular
momentum (spin plus orbital) on the NO internuclear axis. Therefore, in the absence of the
molecular interaction, each rotational level is fourfold degenerate.

Based on work of Green and Lester and Dubernet et al. [45, 46], our model describes the
lifting of this fourfold degeneracy as a result of the interaction with the rare gas atom. The
two-fold degeneracy in w is lifted by V.., to give rise to what we designate “w-splitting”. In
terms of a primitive basis set comprised of functions with well defined (i.e. signed) projections
w and P, the w-splitting removes the degeneracy between basis states for which the products

wP differ in sign. The remaining degeneracy for states with the same product wP is lifted
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Figure 7.5: (Color online) Plot of Vjy radial expansion coefficients of the Vj,,, diabat.

by Vair to give rise to “P-type doubling” . By forming sums and differences of the primitive
basis states in P, a basis set of symmetrized functions with well defined parity n can be
constructed. Levels split by “P-type doubling” can therefore be characterized by different
values of 7.

For a T-shaped complex, we expect the w-splitting to be more important than the P-type
doubling [47]. Depending on the strength of the interaction, the w-splitting can be comparable
to or even exceed the spacing of the rotational levels arising from the end-over-end rotation of

the complex. In this case, it is more convenient to characterize by an w-dependent rotational
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Figure 7.6: (Color online) Plot of V}, radial expansion coefficients of the Vy;; diabat.

quantum number the groups of energy levels associated with a particular value of w. [27]

Accordingly, we represent the energy levels by the following expression:

2
EvJPwn = LwPw + BwJ(J + ]-) + VW(J + %) + 772 %DQL"JH(‘] + %)n (75)
n=0

In a molecular-beam environment NO is cooled primarily to the lower spin-orbit manifold,
in which w = £1/2. Consequently, for simplicity, we will designate the values of w in the
subscripts in Eq. 7.5 just by their sign, in other words w = + or w = —. Further, in Eq. 7.5
can take on the values +1 representing the overall parity of the level. It identifies the levels

split by P-type doubling.
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While the experimental spectrum is more easily fitted using Eq. 7.5, the subsequent
discussion is facilitated by transforming the constants to the ones defined in the model for a

weakly-perturbed complex [5]:

EUJP“”? = UP—'_BUPOJ(J—‘l_l)_'_BUPl(J—'—%)
2

+ Y (1Fon + 5 Von + 05 Con) (J + 3)" (7.6)

n=0
By sorting and comparing the different powers of J, we can easily relate the spectroscopic

constants defined here with those which figure in Eq. 7.5 [5, 27]. We find

Euwp =5 (Evpr + Evp-), Bupo =35 (By+B_), Bypr =5 (Vi+V.)

Vo = %(EvPJr_Eva)_%(BJr_B*)a Vo = %(VJr_V*)a

Voo =1(By —B_), Fy,=31(D3,+D3,) ,and Cy, =1 (D3, — Dy,) (7.7)

N [—

In the CS approximation P is a good quantum number. Consequently, we can fit the cal-
culated energy levels directly to Eq. 7.5. Although in the CC approach, centrifugal coupling
causes the mixing of basis states with different P, this mixing is weak enough that we can,
without ambiguity, assign a nominal value of P to each level by comparing the calculated
energy of each CC level with the results of the CS calculations.

We have shown that an adiabatic-bender model [48, 49] provides an excellent approxima-
tion to the bound-state energies of many weakly-bound complexes of open-shell molecules.
Within the CS approximation, for each value of P, diagonalization of the CS Hamiltonian as a
function of R yields a set of adiabatic PES’s. Solution of a one-dimensional Schrodinger equa-

tion gives rise to a set of vibrational levels for the intramolecular (van der Waals) stretch. To
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Table 7.1: Spectroscopic constants (in cm™') determined from a linear least-squares fit of
the calculated CS energy levels ¢

v v, P E.p By By Vag Vo
0 0 0.5]-0.024 0.0064 0.05611 0.0259 0.0001
1 0 0.5]14.073 0.0071 0.0442 0.1183 —0.0294
0 1 05119901 0.0036 0.0467 0.3126 0.0017
2 0 05]26.168 0.0041 0.0472 1.3376  0.0008
1 1 05133932 0.0041 0.0459 1.0733 0.0029
0 2 0.51]40.686 0.0138 0.0432 0.5058 —0.0049
3 0 0.543.951 -0.0013 0.0434 0.7784  0.0082
0 0 15| 3.563 0.0058 0.0512 0.0588 -0.0002
1 0 1.5]21.873 0.0080 0.0470 0.2937 —-0.0015
0 1 1527950 0.0065 0.0475 0.6511 -0.0001
2 0 1.51]36.980 0.0028 0.0463 1.1609 0.0018
1 1 1.5]143.853 0.0078 0.0455 0.9944 0.0021
0 2 1.5150.204 0.0073 0.0444 0.6848 —0.0003
0 0 251]10.647 0.0066 0.0513 0.0706 -0.0003
1 0 2531593 0.0076 0.0480 0.5106 —0.0010
0 1 2537166 0.0074 0.0482 0.8843 0.0001
2 0 25(50.612 0.0058 0.0464 1.1730 0.0004

a. The energy levels were fit to the expression given in Eq. 7.5. Subsequently,
the resulting set of constants was converted to those defined in Eq. 7.6
using Eq. 7.7.
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a good approximation n (the cardinal number of the corresponding adiabatic-bender poten-
tial) and v (the vibrational quantum number within the nth adiabatic-bender potential) can
be identified with the intramolecular bending v, and stretching v, quantum numbers of the
complex [27].

The results of the least-squares fits to the calculated CS and CC energies are listed in
Tables 1 and 2.

Table 7.2: Spectroscopic constants (in cm™!) determined in a linear least-squares fit of the
calculated CC energy levels ¢

P E,p By By Vao Vo Cap Ca1
0.5 ] 0.015 0.0002 0.0508 0.0088 0.0269 0.0172  0.0005
0.5 ] 14.113  0.0007 0.0445 0.0622 0.0213 -0.0152 -0.0030
0.5]19.941 -0.0025 0.0441 0.3222 -0.0083 -0.0499 -0.0297
0.5]26.167 0.0367 0.0449 1.3014 0.0363 -0.0015 -0.0069
0.5 ] 33.967 0.0003 0.0467 1.0788  0.0004 0.0003  0.0018
0.5 | 40.742  0.0001 0.0438 0.4952  0.0020 -0.0231 -0.0259
0.5 | 44.003 —-0.0278 0.0488 0.7627  0.0327 -0.0046 —0.0051
1.5 3.605 0.0003 0.0509 0.0579 0.0002 0.0011 -0.0004
1.5 | 21.671  0.1477 0.0315 0.5259 -0.1454 -0.0046  0.0031
1.5 | 28.042 -0.0397 0.0469 0.6083  0.0396 -0.0034  0.0021
1.5 | 37.005 0.0014 0.0461 1.1565 0.0025 -0.0010  0.0004
1.5 | 43.832 0.0542 0.0384 1.1216 -0.0693  0.0281 -0.0098
1.5 1 50.202  0.0060 0.0444 0.6674 0.0310 -0.0104  0.0042
2.5110.697 0.0010 0.0505 0.0685 0.0005  0.0000 0.0000
2.5 131.629 0.0025 0.048 0.5103 -0.0005  0.0000  0.0000
2.5 | 37.232 -0.0026 0.0463 0.8791  0.0001  0.0000  0.0000
2.5 1 50.652 -0.0042 0.0459 1.1574 0.0043 -0.0008  0.0003
a. The energy levels were fit to the expression given in Eq. 7.5. Subsequently,
the resulting set of constants was converted to those defined in Eq. 7.6

using Eq. 7.7.
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The CS and CC vibrational energies for the individual bend-stretch levels (E,p) agree
extremely well. The average rotational constants By also agree to within 2%, although a
larger discrepancy characterizes the levels with energies near 21 cm™! and 44 cm™!. Most

likely this is the effect of a perturbation not included in the CS approximation. Similar
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agreement characterizes the J-independent contribution to the w splitting V5, except for
the two levels mentioned above.

States corresponding to different values of P are coupled by the centrifugal term in the
operator for the kinetic energy of the complex. The magnitude of this effect is manifested in
the U5, constants. Consequently, these coefficients vanish in a fit to the CS results, since Cori-
olis coupling is neglected within the centrifugal-decoupling approximation which underlies
the CS method. In the framework of perturbation theory, the P-type doubling involves the
Coriolis operator, Vs and the spin-uncoupling operator [45, 47]. For states with |P| = 0.5
and |w| = 0.5, the Coriolis operator enters linearly at lowest order. Consequently, the J-
dependence of the P-type doubling is linear.

Similarly, at the same level of perturbation theory the odd terms in the expansion of
Vsum, in particular Vip(R) (see Fig. 7.5), will give rise to a linear J-dependence for the
w-splitting [5], as manifested in the V3 and Cy coefficients in Eq. 7.6. However, in the
CS approximation the w-splitting is predicted to be nearly independent of J. Thus the
fit to the results of the CS calculation significantly underestimates, in comparison with
the fit to the CC energies, the values of V5, which are related to the magnitude of the
J-dependent contribution to the w-splitting. In Fig. 7.7 we compare the w-splitting as a
function of J for the ground vibrational level of NO-Kr (v,=v,=0, P=0.5) from the CC
and CS calculations. For the CC curve, we plot the difference between the parity-averaged
w-components K, jp—4) and E,p—_y where E,p, = 0.5 [Eva(nzﬂ) + Eva(n:_l)}. For the
CS calculations, the energies are independent of the sign of P. We also observe, as shown by
the black curve in Fig. 7.7, that the average of the energies of the two w components agrees
extremely well for the two types of calculation.

In Eq. 7.7, we see that the term V5; is related to the difference in the constants V, and
V_ of Eq. 7.5. Because within the CS approximation V5; is very small for most vibrational
levels, we expect V., and V_ to be similar in magnitude and to have the same sign. This in

turn implies a non-vanishing constant B;. For most levels, when compared with the fit to the
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CC energies, the constant By from the fit to the CS energies is too large (while, as discussed
above, the constant V5 is too small).

In conclusion, we find that while the overall vibrational energy is well predicted by the
results of the CS calculation, the finer details of the rotational structure require inclusion of
the Coriolis coupling. As will be seen below, the resolution in our experiments is sufficient

to require, for their interpretation, a full close-coupled quantum simulation.
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Figure 7.7: The J-dependence of the w-splitting AE(J) = Eyjpw=t) — Evipw=—) for the
ground vibrational level (v,=v,=0, P=0.5) of the NO-Kr complex as calculated within the
CC (blue) and CS (red) formalism. The black curve represents the deviation of the CS
prediction for the w-averaged energy as a function of J from the corresponding CC result.
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7.5 EXPERIMENT

7.5.1 DETAILS OF THE EXPERIMENT

Our different approaches to the IR-UV double resonance spectroscopy have been described
in detail previously [23, 50]. In order to extend the capabilities and increase the sensitivity
of the experiment, we adopted a series of changes which have been detailed recently [27, 31].
Briefly, the experiments are performed in a differentially pumped molecular beam scattering
apparatus [29, 30]. Molecular beam pulses with a half-width of about 60-80 us are generated
with a home-built piezoelectric molecular beam valve at a repetition rate of 10 Hz. For the
experiments reported in this article, we expanded gas mixtures containing either 2% NO, 5%
Kr in Ar or 6% NO, 10% Kr in Ar at backing pressures of 1.5 bar. The pulses enter through
a skimmer from the source chamber into the detector chamber. Here, they are intersected
by the focussed IR (500 mm focal length lens) and UV (300 mm focal length lens) lasers in
the center of an electrode setup.

When used in the mass spectrometer mode, it consists of an acceleration region and a
field free region followed by a pair of electrostatic mirrors which deflect the ions off the
molecular beam axis towards a micro-channel plate (MCP) detector. The time dependent
output of the detector is amplified and recorded with a digital storage oscilloscope (DSO)
(Tektronix TDS4000). IR spectra are recorded by averaging waveforms with the DSO for 16
laser shots while scanning the IR laser at a speed of 0.0001 nm/s. The averaged waveforms
are transferred to and analyzed by a master PC which controls the experiment.

UV radiation around 225nm is generated by frequency doubling the output of a dye
laser (LAS LDL205) in a BBO crystal. The dye laser is pumped by the third harmonic
of a Nd:YAG laser (Spectra Physics GCR170-10) and operated on the dye Coumarin 460.
For hot band detection of NO-Kr complexes, 400-500 pJ of UV light around 245 nm are

produced by sum frequency generation in the same BBO crystal from the dye laser output



104

and the residual second harmonic radiation from the Nd:YAG laser. The sum frequency light

is characterized by a line width of about 2.5 cm™!.

IR radiation near 2.7 ym with an effective line width of about 0.025 cm™!

is generated
with an OPO laser system (Continuum Mirage 3000). Although in the actual experiment the
signal and idler output are not separated, we typically produce around 3 mJ of radiation at
the idler frequency. As in our previous experiments, we monitor the fringes of an etalon (free
spectral range FSR=0.200918 cm™!, finesse 12) and the photo acoustic cell spectrum of NO
during a scan of the IR laser. While the etalon fringes establish the relative frequency scale for
the scan, the first overtone spectrum of NO provides the absolute frequency calibration. [54]
Using a pair of digital delay generators, the IR laser is fired 30 ns before the UV probe laser.
The UV laser beam crosses the molecular beam at a right angle while the IR laser beam

makes an angle of 12° with the UV beam. Both lasers are polarized in the plane formed by

the two laser beams and the molecular beam.

7.5.2 EXPERIMENTAL RESULTS

Two spectroscopic schemes are employed in this work to detect electronic ground state NO-
Kr complexes with vno=0 and vxyo=2. In order to verify and to optimize the molecular beam
source performance, we use 14+1 REMPI to detect NO(vno=0)-Kr in the region of the X-A
transition of the NO monomer: NO X 2TI (v"= 0)—NO A 2% (v/= 0). Vibrationally excited
NO(vno=2)-Kr complexes are detected in the region of the associated hot-band transition
of the monomer: NO X ?TI (v"= 2)—NO A 2% (v'= 0). We use narrow bandwidth SHG
radiation near 225 nm for the former, but relatively broad band sum frequency UV around
245 nm for the latter [55].

As shown in Fig. 7.8, in the case of A-state detection of NO-Kr cluster signals attributed
to the parent cluster are detected in both the NO-Kr* and the Kr™ mass channels. Different
isotope peaks are resolved only for the parent ion NO-Kr*. Although we operate the electrode

setup in a mass spectrometer rather than a velocity dispersion mode, the setup is still
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Figure 7.8: TOF spectrum recorded at 44229 cm™! [type()]. Peaks are labeled with the
masses of the different isotopes of Kr.

somewhat sensitive to the velocities of the neutrals before ionization. Because of the energy
release during the fragmentation process, the fragments Kr™ will be characterized by a
distribution of kinetic energies which causes the different isotope peaks to overlap. On the
other hand, we expect the velocity distribution for the parent ions to be solely determined
by the velocity spread of the neutral clusters in the beam. Being able to resolve the different
isotopes for NO-Kr™ thus provides strong evidence that these ions were formed directly
from the neutral parent complex NO-Kr. Frequency spectra are recorded by monitoring the

integral over all isotopes of the Kr and the NO-Kr ion mass peaks.
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When an IR-UV double resonance scheme is used to measure IR spectra of molecules or
clusters, a problem arises when the UV detection step does not match a UV resonance in
the system under investigation. As we described in Ref. [27], these problems can be avoided
by scanning the IR and UV lasers simultaneously in opposite directions in order to keep
the sum of the two photon energies constant throughout the scan. By choosing the photon
energy sum to match a known UV resonance in the system, the two-dimensional frequency

problem is reduced to a fixed number of one dimensional constant photon energy scans.
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Figure 7.9: 1+1 REMPI spectrum of NO-Kr recorded in the ion channels for Kr™ (blue)
and NOT—Kr (blue). The red curve represents an IR-REMPI double resonance spectrum
with the IR frequency fixed to 3723.0463 cm~!. During this scan, the frequency of the UV
for exciting the hotband transition is scanned. In order to align the peaks in the different
spectra, we shifted the hotband spectrum up in frequency by the energy of the IR photon.
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The structured spectrum of the NO-Kr complex in the region of the monomer X-A
transition has been first reported by Bush et al. [27, 28] In Fig. 7.9, we compare the 1+1
REMPI spectra recorded in the Kr™ and the NO-Kr™ ion channels with the double resonance
spectrum for the hot-band region. The small negative structures near 44200cm ™!, at 44240
em ! and at 44275 cm™! are due to baseline shifts caused by strong signals from the NO
monomer and the NO-Ar complex, respectively. The hot-band spectrum was recorded in
the NO-Kr ion mass channel with the IR frequency fixed to the Q branch of the origin
band of NO-Kr at 3723.0463 cm~!. To align the different peaks in both types of spectra, we
shifted the double resonance spectrum up in frequency by the energy of the IR pump photon.
Apart from the increased line width of the different peaks, all major peaks are reproduced
in the double resonance spectrum with similar intensities. Following the convention adopted
in Ref. [27], we designate the major peaks as a through ¢. Their frequencies define constant
photon energy sums of type (a) through type (¢).

As an example, we show in Fig. 7.10, the double resonance spectra of type (&) recorded
in the Kr and NO-Kr mass channels. Apart from the slightly poorer signal to noise ratio for
the spectrum recorded in the Kr channel, the two experimental spectra are identical.

The top two traces in this figure represent spectra generated from the results of the bound
state calculations using the CS and the CC approximation. The theoretical spectra show four
bands, labeled A through D. In addition, we included in the theoretical spectra the hot band
B1. Band A represents the origin of the near IR spectrum of NO-Kr in the region of the first
overtone spectrum of NO. Bands C and D are due to excitation of one quantum of bending
and stretch vibration, respectively. Band B represents the excitation of one quantum of z-
axis rotation in NO-Kr. Apart from the rotational fine structure, the energies of the NO-Kr
complex are labeled by the vibrational quantum number of NO, vno, the NO-Kr bending
and stretch vibrational quantum numbers, v, and v,, and the quantum number P describing
the z-axis rotation, namely (uno, Us, Uy, P). The hot-band B1 involves transitions of the type:

(0,0,0,1.5) — (2,0,0,2.5) Note that a constant photon energy sum as defined by the types
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Figure 7.10: Constant photon energy sum scan of type (¢). The signal was monitored on the
indicated ion masses. The top two traces represent simulated spectra based on the results of

the CS and the CC calculations assuming a temperature of 2K.

(cv) ete. defines resonances involving the ground state level (0,0,0,0.5) of NO-Kr. Because

hot bands involve an excited level, they are only detected in those scans for which there is

a fortuitous coincidence. This is indeed the case for the spectrum recorded as type (0) (see

below).

The experimental spectrum is dominated by band A centered at 3723.046 cm ™! and two

weaker bands, B and C, located at 3726.644 cm~! and 3739.571 cm ™!, respectively. Band A

is dominated by a strong (Q branch while weak rotational R and P branches are observed
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at higher and lower frequencies, respectively. It is assigned to the origin band of the first
NO overtone transition in NO-Kr. Band B agrees well with the second band predicted
by theory and is therefore assigned to the excitation of one quantum of z-axis rotation.
As discussed above, the associated hot-band B1 is not observed in this spectrum. The third
band observed experimentally exhibits rotational structures similar to the calculated band C
which is assigned to the excitation of one quantum of bending vibration. Compared with the
predicted one, it is shifted roughly 2.4 cm~! towards higher energy. Despite extensive searches
(up to 3750 cm™!), we have not been able to detect band D representing the excitation of
the intermolecular stretch vibration. An explanation for the absence of this band in the
experimental spectra is more likely to be found in an unfavorable Franck-Condon factor for
the IR transition rather than for the UV transition. This is especially true because we probed
the IR spectrum with various types of photon energy sums accessing the ground level of the
electronically excited state as well as states lying close to the A-state dissociation limit.
Similarly, vibrational predissociation is improbable because of the large amount of excess
energy necessarily channeled into NO rotation and, importantly, into fragment translation.

Compared to the NO-Ar system, the A-state of NO-Kr offers many more bound levels
which can be used as the final state for a constant photon energy sum scan. In this work,
we recorded spectra of type («), type (5), type (¢), and type (¢) corresponding to photon
energy sums of 44201.2 cm ™!, 44228.8 ecm ™!, 44292.7 em™!, and 44297.0 cm ™!, respectively.
Except for the spectrum recorded as type («), all spectra show bands A, B and C with similar
intensities and almost identical rotational fine-structure. Note that the signal-to-noise ratio
for the spectra recorded as type («) and (g) is not as good because a more diluted gas

mixture was used for the molecular beam expansion.

7.6 SPECTROSCOPIC ANALYSIS AND DISCUSSION

As described in ref. [5], we generate theoretical spectra by neglecting any dependence of

the bound state energy on the NO vibration. Thus we assume that the sets of PES’s for
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Figure 7.11: Comparison of constant photon energy sum scans of types («),(8), (§), and (¢)
through the region of bands A and B.

NO(vno=0)-Kr and for NO(vyo=2)-Kr are identical. This assumption is supported by the
very small red-shift of the NO-Kr spectrum with respect to the origin of the NO monomer,
but also by the small variation in the fitted constants of band B and the constants derived
for the corresponding hot-band HB (see below).

With these limitations in mind, we generate a theoretical near IR spectrum by shifting
the energy differences between the levels found in the calculations by the frequency corre-
sponding to the experimentally observed center of the NO-Kr origin band: 3723.046 cm ™. As

described in ref. [5], we work within the adiabatic-bender approximation [48, 49] to calculate
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an approximate rotational line strength factor. Both, parallel and perpendicular components
of the transition moment vector are included with their ratio kept as an adjustable param-
eter. Finally, the overall intensity of a band is adjusted empirically through a Franck-Condon
factor assuming a Boltzmann distribution with a temperature of 2 K.

Using the parameters from the fits to the results of the CS and CC calculation (Tables 7.1

1in excitation

and 7.2), we generate spectra including vibrational bands with up to 50 cm™
energy. The resulting spectra are displayed in the top part of Fig. 7.10. We also show the
calculated spectrum for the hot band B1 involving transitions from the ground state levels
with P=1.5 to excited state levels with P=2.5. The comparison of the rotational fine structure
with the experimental spectra is shown in Figs. 7.12-7.15. In these figures, we include a
spectrum based on a set of spectroscopic constants fitted to match the experimental one.
The results of this fit are listed in Table 7.3. In fitting, we use only as many constants as
are necessary to reproduce accurately the experimental spectra. It turns out that a very
good match can be achieved by applying the constraints Dy = 0 and V; = —V_, ie.
B; = 0. Consequently, it is the the w-splitting terms both constant and linear in J which are
responsible for the rotational fine structure. At the resolution of our experiment, the P-type
doubling is not apparent except for a possible broadening of the Q branch of band A.

Table 7.3: Spectroscopic constants (in cm™') determined by fit to the experimental spectrum.
In the fit, the constants By, Fy, and Cy, (Eq. 3) were set to zero.

uvNo U Us | P E.p By Vo Vo
0 0 0 [05] 0.005 0.0505 0.0050 0.0300
0 0 O 15| 3.520 0.0505 0.0100 0.0000
2 0 0 05| 0.005 0.0505 0.0050 0.0300
2 0 O |15] 3.598 0.0506 0.0025 0.0000
2 0 0 |25]10.390 0.0502 0.0000 0.0000
2 1 0 |05]16.525 0.0446 0.1750 -0.0300

Comparing the results of the fit with the predictions of the CC calculation we find good
agreement for the vibrational energy of band B while band C is predicted 2.4 cm™! too low in

energy. On the other hand, the rotational constants B; and By agree very well. For the ground
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Figure 7.12: Comparison of the spectra generated from the CS and the CC data with the
experimental spectrum of type (0) and its fit: Bands A and B.

vibrational level, we observe a similar trend for the w-splitting while the P-type doubling is
clearly overestimated in the CC treatment. This difference is most clearly demonstrated in
the predicted splitting of the Q branch of band A. In terms of possible w transitions, we can
distinguish w-preserving and w-changing transitions. According to Eq. 7.5 we find for the Q

branch position with Aw = 0:

AE gy =+ — n")%D% and Aw =0 (7.8)
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Figure 7.13: Comparison of the spectra generated from the CS and the CC data with the
experimental spectrum of type (0) and its fit: Band C.

Since two w-transitions contribute at the same frequency, we expect the associated spectral
feature to be dominant. Its splitting is due solely to P-type doubling.
For w-changing transitions and assuming symmetric splittings, namely £, = —F_, and

similarly for V,, and D, we find:

AEw’(—w’)n’n” = QEUPQJ’ + 2Vw’<J =+ %) + (77/ =+ U//)Dz%/ (79)
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Figure 7.14: Comparison of the spectra generated from the CS and the CC data with the
experimental spectrum of type (0) and its fit: Hot-band B1.

Since for a one-photon transition, the parity has to change, the last term vanishes and
therefore these lines do not exhibit P-type doubling. As a result, we expect two satellite
branches with constant line spacing on each side of the dominant feature discussed above.
For the CS approximation, we find V5; &~ 0 which causes the two satellite branches to
collapse into a single line on each side of the central Q branch. Obviously, the latter cannot be
split because of the absence of the P-type doubling. As a result, band A in the CS treatment

exhibits three central lines. In case, the vibrational levels involved in the transitions have
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Figure 7.15: Comparison of the spectra generated from the CS and the CC data with the
experimental spectrum of type (J) and its fit: Hot-band HB.

different constants Vs, we expect a splitting of the central peak. This is the case for bands B
and HB for which the Q branch transitions result in 4 well separated lines. For the hot-band
B1, the central peak is not fully split since the constants V5, differ by an amount comparable
to the experimental resolution.

The absence of P-type doubling in the results of the CS calculation is also responsible for
the overall appearance of the various bands with respect to their rotational fine structure.
The lack of splitting results in the absence of the grouping of the lines which is apparent

both in the experimental spectra and those predicted by the results of the CC calculations.
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The most important residual differences between experiment and the CC calculations is the
splitting of the Q branch in band A and band B1. Also the higher R- and P-branch lines in
bands B, B1 and HB are doubled. This doubling is not seen in the experimental spectra.
In order to confirm the origin of these splittings, we show in Fig. 7.16 a calculated
spectrum based on the fit to the CC energies and then subsequently setting the P-type
doubling constants to zero. Comparison of Figs. 7.12 and 7.16 shows that neglect of the
P-type doubling greatly improves the agreement of the predicted spectra with experiment,

reducing the magnitude of the splitting in the Q branch and the doubling in the R branch.
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Figure 7.16: Comparison of the experimental spectrum of type (J) and its fit with a spectrum
generated from the CC data but with the P-type doubling constants Cs,, set to zero (Egs. 7.6
and 7.7). The CC spectra in this figure should be compared with those in Fig. 7.12.
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In the experiment, we also measured hot bands involving the level
(vNno, Vs, Uy, P) = (0,0,0,1.5) in transitions to the excited levels (2,0,0,0.5) and (2,0,0,2.5).
The latter, denoted B1, is shown in Fig. 7.14 and the former, denoted HB, is displayed in
Fig. 7.15 together with the theoretical and fitted spectra. A careful examination of the fitted
spectroscopic constants in Table 7.3 demonstrates the very small changes due to the change
of the NO monomer vibration. For the level with P=1.5, the energy changes by less than 0.1
cm !, while, within the accuracy of the fit, the rotational constants cannot be distinguished.
Also the difference in the w-splitting constant is very close to the effective experimental
resolution. In combination with the small red shift from the origin of the monomer spectrum,

we conclude that the NO(v = 0)-Kr and the NO(v = 2)-Kr sets of PES’s are very similar.

7.7 (CONCLUSION

We have used constant photon energy sum scans to measure the rotationally resolved near
IR spectrum of the NO-Kr complex. The origin band of the complex is red-shifted by 0.80
cm ™! from the corresponding NO monomer first overtone transition. Two additional bands
assigned to the excitation of z-axis rotation and bending vibration were recorded. We also
detected two hot bands involving the first excited level for z-axis rotation. The small red-
shift and the small variation in the spectroscopic constants derived for the excited bands
and the hot bands lends support to the assumption that the sets of PES’s correlating with
Kr+NO(v = 0) and with Kr+NO(v = 2) are very similar.

The spectra are compared to the results of CC and CS bound-state calculations for a new
set of ab initio potential energy surfaces. The comparison is facilitated by representing the
theoretical bound state energies through a set of spectroscopic constants. In addition to the
vibrational and rotational energy, the constants describe the electrostatic w-splitting due to
the average potential and the P-type doubling caused by the difference potential.

While both theoretical treatments agree very well in the vibrational and average rota-

tional energies, the CS approximation falls short both by missing the P-type doubling com-
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pletely and by not predicting a dependence on J of the w splitting. Consequently, only a
comparison of full CC calculations with experiment can provide a complete assessment of
the quality of the underlying potential energy surfaces.

We find excellent agreement for the position and the overall rotational structure of the P-
levels associated with the lowest intramolecular (van der Waals) vibrational level of NO-Kr.
The position of the band assigned to the first intramolecular bending vibration is predicted
within several wavenumbers. For all the observed bands, the w-splitting and its J-dependence
are in good agreement with the predictions of our CC calculations. However, these calcula-
tions overestimate the magnitude of the P-type doubling. Thus, comparison with experiment
confirms the high overall quality of the ab initio PES’s, in particular the average (Viu,) of the
PES’s for the states of A" and A” reflection symmetry. The discrepancies in the prediction of
the magnitude of the P-type doubling may be due to residual inaccuracies in the difference

potential (Vy;r).
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CHAPTER 8

THE NEAR IR SPECTRUM OF THE NO(X?II)-CH; COMPLEX!

8.1 ABSTRACT

We report the first measurement of the near IR spectrum of the NO-CH4 complex in the
region of the first vibrational NO overtone transition in an IR-REMPI double resonance
experiment. The origin band is located at 3723.26 cm™!, i.e. red shifted by 0.59 cm™! from
the corresponding NO monomer frequency. The observed spectrum consists of two bands
assigned to the origin band and the excitation of hindered rotation of the NO monomer in
the complex similar to z-axis rotation. The spacing and the relative intensity of the bands
are consistent with a structure in which NO resides preferentially in a position perpendicular
to the intermolecular axis. The deviation from the linear configuration with Cs, symmetry
can be regarded as a Jahn-Teller (JT) distortion. Each band is dominated by two broad
peaks with few resolved rotational structures. The large spacing between the two peaks is
indicative of significant angular momentum quenching possibly another manifestation of the
JT effect. The delay dependence between the IR and UV laser pulses reveals a lifetime of
about 10 ns for the vibrationally excited complex due to vibrational predissociation. On the
other hand, the linewidth of the narrowest spectral features indicates a much shorter excited
state lifetime of about 100 ps, most likely due to IVR(Intramolecular Vibrational energy

Redistribution ).

'Reprinted with permission from [1]. Copyright[2009], American Institute of Physics.
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8.2 INTRODUCTION

Over the past decade van der Waals complexes containing an open-shell diatom have been
studied extensively. In contrast to closed shell complexes, the presence of an unpaired elec-
tron(s) gives rise to multiple potential energy surfaces which causes non-adiabatic effects
in the dynamics of these systems. Depending on the system, orbital angular momentum
quenching can cause Renner-Teller type effects or the system might be subject to Jahn-Teller
like distortions. Particular interest has focussed on complexes involving the hydride radicals
or the nitric oxide radical in various ¥, I, and A-states. The spectroscopy and dynamics of
their complexes with rare gas partners has been reviewed recently [2, 3, 4, 5]. For several
of these systems even solvation effects have been studied theoretically and experimentally
through clusters containing multiple rare gas atoms. Theoretically, these studies could take
advantage of high quality potential surfaces for the binary complex [6, 7]. In the case of CH
(X21I), the successive solvation of Ar proceeds through Ar-CH-Ar formation rather than the
formation of Ary as observed for the closed shell analogues involving HF or the open shell
radical NO [8, 9, 10].

The interaction of NO with different rare gas atoms has been studied thoroughly in the
past through scattering or relaxation experiments as well as through the measurement of the
NO-X spectrum in the MW, IR or UV region [5]. In the electronic ground state, the com-
plexes with Ne, Ar, and Kr are T-shaped with the global minimum on the A’ surface. In the
well region, the energy splitting between the A’ and A” surfaces is usually less than 10cm ™.
Also the interaction in electronically excited states correlating with several Rydberg states
of NO have been investigated through resonance enhanced multiphoton ionization (REMPI)
spectroscopy. Except for the first excited state, the interaction in the higher Rydberg states
resembles the interaction in the cationic complex rather than the interaction in the ground
state [5].

While there is now a wealth of information about the complexes involving a rare-gas atom,

only few NO-molecule complexes have been studied to date. The complex NO-HF has been
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studied through IR spectroscopy in the region of the HF fundamental and, more recently,
through MW spectroscopy [11, 12, 13]. Furthermore, several complexes involving CHy, Ny,
CO, and CyHg have been detected through REMPI via the NO A-state [14, 15, 16, 17, 18].
The first observation of NO-CH,4 was reported by Miller using 2+1 REMPI in the region
of the 3p Rydberg state of NO [19]. Using also (241) REMPI in the region of the 4s and
3d Rydberg states of NO, Bergeron et al. were able to measure spectra of the complexes
NO-CO and NO-N, [20]. In contrast to the A-state spectra, the (2+1) REMPI spectra are
very weak and exhibit broad structures possibly due to lifetime broadening. Therefore they
are less attractive for a double resonance experiment.

The A — X transition of NO-CH,/CD, was first reported by Akiike et al. [14]. The spec-
trum was subsequently remeasured and reanalyzed by the group of Wright [21, 22]. The 1+1
REMPI spectrum shows a series of bands consisting of several well resolved lines or subbands
(due to the unresolved end-over-end rotation of the complex). With increasing energy the
spectrum becomes more complex due to many overlapping bands. A sharp intensity drop
around 44300cm™! has been identified as the A-state dissociation limit. Employing an ion
imaging technique, the A-state dissociation of NO-CH, has been investigated recently by
Wright et al. [23]. By determining the energy of the NO fragment, the authors confirmed the
dissociation limit in the A-state and they were able to deduce the binding energies for the
electronic ground and excited states.

From a careful analysis of the spectra due to differently deuterated isotopomers of NO-
methane, Musgrave et al. concluded that the overall vibrational structure is due to a pro-
gression in the NO bending mode [22]. The line structure of the low frequency bands has
been attributed to hindered internal rotation of methane as originally proposed by Akiike
et al. [14, 22]. The absence of structures due to rotation around the a-axis, is interpreted
by Musgrave et al. as the result of an effective Cs, structure for both electronic states with
NO aligned along the Cs, symmetry axis, i.e. the two states behave as 2E and 2A; states,

respectively. As the authors point out, the complex may be subject to a Jahn-Teller distor-
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tion in its electronic ground state. Depending on how the distortion/ stabilization due to the
Jahn-Teller effect compares with the zero-point energy (ZPE) of the complex, the complex
might indeed be best described as an effective Cs, structure.

In a recent high level ab-initio study, Crespo-Otero et al. explored the NO-CH, potential
energy surface for distortions from Cs, symmetry to structures with C, symmetry [24]. For
the Cs, geometry with the NO bound to a face of CHy, these authors determine a strong Jahn-
Teller distortion with the global minimum located on the A” - surface. The slightly shallower
A’ surface has a very similar shape. From these calculations, it is clear that the system can
transition between the two different surfaces. On the other hand, the estimated ZPE is
comparable to the barrier to the Cs,-configuration. Clearly, the question to what extent the
system is affected by a dynamic Jahn-Teller effect, requires a more careful determination of
the ZPE.

From an experimental point of view, new insight into this phenomenon can be expected
from a spectroscopic study of the rovibrational levels of the electronic ground state surface. In
the past, we employed an IR-UV double resonance technique to measure rotationally resolved
spectra of the complexes NO-Ar and NO-Ne in the region of the first vibrational overtone
of the NO monomer [25, 26]. Since the experiments relied for the IR detection step on 2+1
REMPI via the higher Rydberg states of NO, the method is not easily extended towards
complexes with molecular partners. Therefore, we recently implemented 1+1 REMPI detec-
tion via the A-state of NO, thus allowing for the extension toward NO-molecule complexes.
Furthermore, we now employ constant photon energy sum (CONPHOENERS) scans com-
bined with hot band UV detection of the excited molecular complex [27, 28]. In these types
of scans the IR and UV lasers are scanned in opposite directions in such a way that the sum
of the two photon energies is kept constant matching a known UV resonance of the complex.
The two-dimensional frequency problem associated with a double resonance technique is
therefore reduced to a finite number of one-dimensional CONPHOENERS scans. Although

the UV resonance condition is fulfilled at any IR resonance encountered during the scan, any
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observable signal will still be subject to the existence of non-vanishing Frank-Condon factors
for both transitions. Nevertheless, the method is especially suited to detect unknown weak
absorption bands of the complex as demonstrated for NO-Ar [27].

In this chapter we present CONPHOENERS scans of the NO-CH,4 complex in the region
of the first vibrational overtone transition of the NO monomer. In order to distinguish
different vibrational levels associated with the different electronic states of NO, we use
quantum numbers vy, v4, and v;,, to label the levels of the states NO(X2II), NO(A%Y),
and NOT(X'Y), respectively. The paper is organized as follows: After a brief description
of the experiment in Section II, we present in Section III experimental findings regarding
the fragmentation of the NO-CHy complex in its electronically excited or in its ionic state
resulting in contributions to the NO™ ion channel. As another contribution to the NO™ ion
channel, this section also includes results for the non-resonant two-photon absorption of the
NO monomer. In Sections IV and V, we present and discuss results for the spectroscopy and
vibrational predissociation of NO-CH, and its implication for the structure in its electronic

ground state. This section is followed by the conclusions.

8.3 EXPERIMENT

The IR-REMPI double resonance experiments have been performed in a differentially
pumped molecular beam scattering apparatus described in detail previously [29, 30]. Briefly,
a mixture of 2% NO and 6% CH, in Ar is expanded at a backing pressure of 1.5 bar from
a home-built piezo-electric valve at a repetition rate of 10 Hz. Molecular beam pulses of
about 80 us duration enter the scattering/detector chamber through a skimmer where they
are crossed by the two laser beams. All three beams intersect each other inside an electrode
arrangement used for analyzing the mass and velocity of ions generated through photoion-
ization [27, 31]. The UV beam is aligned perpendicular to the molecular beam while the
IR beam makes an angle of about 12° with the UV beam. Both laser beams are polarized

in the plane of the three beams and focussed with lenses of 300 mm (UV beam) and 500
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mm (IR beam) focal lengths. Typically, we use about 3mJ/pulse IR radiation near 2.7 ym
generated by an OPO laser (Continuum Mirage 3000) which is pumped by an injection
seeded Nd:YAG laser (Continuum Powerlite 7010). The IR radiation has a bandwidth of
0.010-0.015 cm™t. Absolute and relative IR frequency scales are generated by monitoring the
signal from a photo-acoustic cell filled with NO and the transmission fringes of an external
etalon (FSR=0.200918 cm™!), respectively [27, 32].

In the experiments, we detect NO and its complexes with CH, in their vibrational ground
state through the origin band of the X — A transition near 225 nm. Laser pulses with up to 300
wJ of tunable radiation at this wavelength are generated through second harmonic generation
(SHG) in a BBO crystal of the output of a dye laser (LAS LDL205) pumped by the third
harmonic of an unseeded Nd-YAG laser (Spectra Physics GCR 170-10). Vibrationally excited
NO(vx=2) is detected via the associated hot band transition. The required UV radiation
near 245 nm is generated via sum-frequency generation from the output of the dye laser and
the residual second harmonic of the Nd-YAG pump laser in the same BBO crystal used for
SHG. For the experiments reported here, we used 400-500 pJ /pulse of UV light near 245 nm.
From the observed linewidth in different NO hot band spectra, we estimate the bandwidth
of the UV to be around 2.5 cm™!.

In order to extend the IR-REMPI double resonance spectroscopy to systems with weak
IR absorption, we developed the method of constant photon energy sum (CONPHOENERS)
scans. In this variant of double resonance spectroscopy, the IR laser and the UV laser are
simultaneously scanned in opposite directions in such a way that the sum of the two photon
energies is kept constant throughout the scan [27]. A similar technique has been applied pre-
viously as a spectroscopic filter to identify and distinguish bright and dark states in highly
vibrationally excited acetylene [33, 34]. In the case of NO-CH,, we can exploit the known
details of the X — A electronic spectrum by fixing the photon sum to a frequency corre-
sponding to a peak in the corresponding 141 REMPI spectrum. During a CONPHOENERS

scan, it is thus ensured that for any IR resonance encountered, the UV frequency is also in
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resonance. Furthermore, employing relative broadband UV ensures that the hot band detec-
tion step is not significantly affected by any rotational fine structure associated with the

electronic transition.

8.4 EXPERIMENTAL REsuLTS: THE NOT CHANNEL

Before going into the details of the spectroscopic analysis, we discuss several aspects of
the dissociation and fragmentation pattern accompanying the REMPI detection of NO-
CHy. There are several scenarios for the production of NO fragment ions in a single color
REMPI experiment which must be distinguished: Dissociation in the electronic A-state with
subsequent ionization of the electronically excited NO fragment or the dissociation in the
ionic state. Because of vibrational predissociation of NO(vx=2)-CHy, the near IR spectrum
of this complex can only be measured if both laser pulses overlap in time. In this situation,
signals can in principle also be generated through non-resonant two-photon absorption in
the NO monomer or the NO-CH, complex (i. e. neither individual photon energy matches a
resonance while the sum of the two photon energies matches a resonance in the system). In the
case of vibrational predissociation, there exists the possibility of ionizing the NO fragments.
Finally, we mention the presence of NO-Ar complexes in the beam, which provides another

source of generating NO™ ions similar to the processes discussed for the NO-CH4 complex.

8.4.1 FRAGMENTATION OF NO-CH4(A) aND NO-CH,"

The 141 REMPI spectroscopy of the X-A transition in NO-CH, complexes has been studied
by several groups [14, 21, 22|. These studies focussed on the UV spectra recorded in the
parent ion mass channel. Nevertheless, in the case of strong predissociation in the ionic state,
the spectra recorded in the NO-channel might provide additional spectroscopic information
about the NO-CH,4 complex. Unfortunately, in a one-color REMPI experiment, the NO*-
channel is dominated by large signals resulting from 141 REMPIT of higher j-states of the NO

monomer. Although the population of the lowest rotational NO states is well described by
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Figure 8.1: 1+1 REMPI spectrum (bottom part) of NO-CH4 in the region of the A-X
monomer transition. The spectrum in the top represents the corresponding hot band 1+1
REMPI double resonance spectrum with the IR fixed to 3723.03 cm™!. This spectrum is

shifted up in wave number by the energy of the IR photon. The wave numbers for the peaks
labeled ® and ®1 have been used for subsequent CONPHOENERS scans.

a rotational temperature of 1.5 K, higher rotational states have usually a weak population
described by a significantly higher temperature (20-30K). With the increased sensitivity
necessary for the detection of the complex, these NO background signals can cause serious
problems in a one-color REMPI experiment. On the other hand, in an IR-REMPI double
resonance experiment, the NO'-channel has no contribution from NO monomers unless one

of its IR resonances is excited accidentally.
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The high frequency portion of the 1+1 REMPI spectrum of the NO-CH4 complex
(recorded at the parent ion mass) in the region of the X-A transition of the NO monomer is
shown in the bottom of Figure 8.1. The negative peaks near 44200 cm™! are due to baseline
shifts caused by strong monomer resonances at these frequencies. In the top part of the
figure, we display the double resonance spectrum recorded by scanning the UV wavelength
through the region of the NO hot band transition with the IR frequency fixed to a resonance
in NO-CH, at 3723.03 cm™!. In order to match the peak positions to the ones in the single
color REMPI spectrum, we show the double resonance spectrum displaced by the wave
number of the IR photon. Apart from the increased linewidth, both spectra agree in most
of the structures confirming that the IR resonance must be attributed to the NO-CHy
complex. Near 44300cm™, the observed intensity drop has been interpreted as the A-state
dissociation limit [14, 21]. The dynamics of the A-state dissociation process has been studied
recently by Wright et al. in an ion imaging experiment [23]. These authors determined
the binding energies for the electronic ground state and the A-state as 103 ecm~! and 198
cm ™!, respectively. The data imply a dissociation limit for the A-state of 44304 cm™! thus
confirming the spectroscopic interpretation.

NO ions detected below the A-state dissociation limit must be due to fragmentation in
the ionic state. UV light in the region of the hot band transition NO(X,vx=2)-NO(A,v,=0)
corresponds to a photon energy of roughly 40500 cm™!. Combining this with the ionization
potential of 74722.1 cm™! for NO, we find an excess energy of roughly 10000 cm™! [35].
Employing the calculated binding energy of about 1950 cm™! for the NO*T-CH, complex, we
estimate an upper limit of 8050 cm™? for the excess energy of the fragments [36, 37]. With this
energy vibrational states of the NO ion up to v;,, = 3 can in principle be accessed. Therefore,
vibrational predissociation of the complex in the ionic state is energetically possible.

In Figure 8.2, we compare double resonance spectra recorded simultaneously in the parent
ion channel and the NO™ fragment ion channel. For better comparison, the spectrum recorded

in the NO-CH, channel has been multiplied with a factor of 10 indicating that the dissoci-
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| IR=3723.03cm”
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Figure 8.2: IR-REMPI double resonance spectrum of NO-CH4. The UV is scanned through
the region of the NO hot band transition with the IR fixed to 3723.03 cm™! while moni-
toring NOT (top) and NO-CHJ (bottom). For clarity, the spectrum recorded in the NO-CH;
channel has been multiplied by a factor of 10.

! we find a

ation is the dominant pathway. Apart from several strong lines near 44200 cm™
one-to-one correspondence in the peak positions and relative intensities up to the A-state
dissociation threshold. We conclude that at frequencies below the A-state dissociation limit,
the cluster is excited from the A-state into the ionization continuum where it subsequently
dissociates on the time scale accessible in the experiment. At the A-state dissociation limit,
the parent ion signal drops dramatically while the NO fragment signal continues to exhibit

an overall rise. Because the dissociation channel is dominant, changes in the minor channel

of parent cluster ion production do not significantly alter the intensity in the product NO
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channel. In conclusion, we find that both types of dissociation processes are very efficient
resulting in fragment NO™ signals which are at least a factor of 5 larger than the parent ion
signal.

This trend is also observed for the CONPHOENERS scans of types (®) and type (®;) pre-
sented in Figures 8.3 and 8.4. For these scans, the photon energy sum is fixed to 44289.8 cm ™!
and 44297.4 cm™!, respectively. The wave number positions corresponding to these photon
sums are labeled in Figure 8.1. Spectra recorded in the NO-CH4 and NO ion channels are
shown in the middle part of the figure. The simultaneously recorded room-temperature photo-
acoustic spectrum of NO together with a calculated spectrum are shown in the top of the
figures. For comparison, we include in the bottom a spectrum of the NO-Ar complex recorded
with the photon sum fixed to 44275.4 cm™" [27].

The measured near IR spectra of NO-CH, (see Figures 8.3 and 8.4) show two bands
labeled A and B in analogy with our previous work on NO-Ar and NO-Kr [27, 28]. Band A
is observed near the origin of the first overtone vibrational transition of the NO-monomer at
3723.85 cm ™! ([32]) and therefore assigned as the origin of the near IR spectrum of NO-CHy.
It consists of two broad peaks in a 1 cm™! interval at the center of the band. At higher
and lower frequencies, we observe weak structured signals most likely due to rotational fine-
structure. Band B is located around 3726.5cm ™! and assigned to the excitation of either
one quantum of z-axis rotation (where the z-axis coincides with the intermolecular distance
between the two centers of mass of the two moieties) or hindered internal NO rotation. This
band is also dominated by two broad peaks with a spacing larger than the one observed for
band A. Again this band exhibits some rotational structure.

For the CONPHOENERS scan of type (®) in Figure 8.3, we find a good correspon-
dence between the peaks recorded in the NO and the NO-CH, ion channels. Only at the
monomer resonances corresponding to the rotational lines Q11(0.5) and Ry1(0.5), we observe
strong signals in the NOT-channel which have no counterpart in the NO-CH, ion channel.

In principle, we could expect also contributions from NO-Ar to the spectrum recorded in
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Figure 8.3: Middle part: CONPHOENERS scan of type (®) (44289.8 cm™!) monitored in
the NO™ and NO-CH] ion channels. Top part: Photoacoustic spectrum and the calculated
first overtone spectrum of NO for T=300 K. Bottom part: CONPHOENERS scan of NO-Ar
(see Ref. [27]).

the NO™-channel. This is especially true since for this particular value of the photon energy
sum, there is a weak feature in the pure REMPI spectrum of NO-Ar (see for example Ref.
[27]). Because any NO-Ar contribution must be identified by its spectroscopic signature, the
most easily identifiable NO-Ar contribution might be at the frequencies of the Q-branches in
band A. At these frequencies we find indeed two small peaks in the spectrum recorded in the
NO channel. Nevertheless, the comparison with the NO-Ar spectrum in the bottom suggests

that these are only minor contributions to the fragment channel. Therefore we conclude that,
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in this case, the dominant contribution to the NO-channel spectrum is due to the NO-CHy
complex.

This situation is quite different in the case of the CONPHOENERS scan of type (®4)
displayed in Figure 8.4. This spectrum corresponds to a photon energy sum of 44297.4 cm™!.
For this energy, no ion signal is detected in the NO-Ar ion channel indicating that either there
is no NO-Ar resonance or the A-state dissociation limit has been reached. This assertion is
confirmed in Figure 8.4 by the NO-Ar fragment contribution to the NO*-channel spectrum
at the position of the Q-branch in band A of NO-Ar. In this case, we find two sharp peaks
coinciding with the split Q-branch in the NO-Ar spectrum. These peaks are absent in the
spectrum recorded in the parent ion channel. On the other hand, several weak R-branch lines
are observed in both spectra. Because only some coincide with NO-Ar lines, we attribute
these to NO-CHy. A similar situation is found for the frequency range of band B. Clearly,
the NO-CH,4 analogue of this band is shifted towards lower frequencies. Because the low
frequency part of this band exhibits the same structures within the experimental noise in
both ion channels and because there are only extremely weak lines in the NO-Ar spectrum,
we attribute these signals to the NO-CH, complex. On the other hand, the high frequency
portion of this band overlaps band B in NO-Ar. Therefore, some of the structures in the
NO™ spectrum could be due to NO-Ar.

Incidentally, in a recent study by Roeterdink et al. the A-state dissociation limit of NO-Ar
was determined as 44294.3 cm~! falling exactly between the photon energy sums associated
with the CONPHOENERS spectra of type (®) and (®;) [38]. Thus our measurement provide
a confirmation of their ion imaging result. In their experiment, the difficulty was related to
determining the internal energy of the complex. In our case, for example for excitation on
the Q-branch the internal energy is exclusively due to end-over-end rotation with an average
J value of about 2.5 corresponding to less than 1 ecm™! of internal energy.

In comparing the fragmentation behavior of NO-Ar and NO-CHy, we find that both

complexes dissociate efficiently in the electronic A-state near the dissociation limit. Below
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Figure 8.4: Middle part: CONPHOENERS scan of type (®1) (44297.4 cm™!) monitored in
the NO™ and NO-CH] ion channels. Top part: Photoacoustic spectrum and the calculated
first overtone spectrum of NO for T=300 K. Bottom part: CONPHOENERS scan of NO-Ar
(see Ref. [27]).

this dissociation limit, we find that the NO-CH, complex dissociates rapidly in the ionic
state while little dissociation is observed for the NO-Ar ionic complex. As will be discussed
in Section V in the context of the dissociation behavior for the electronic ground state, a
possible explanation is related to the existence of additional vibrational degrees of freedom
for the NO-CH, complex which allow a more efficient minimization of the translational

energy of the fragments. Assuming that the NO cation has a similar potential energy as the
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NO Rydberg states, we can expect to find the largest Franck Condon factors for excitation
into levels correlating with the vibrational levels v;,, = 0 and 2. For the calculated bond
energy of 1950 cm™! and the production of NO*(v;,,=2) fragments, we estimate an excess
energy of about 3300 cm™! some of which could be accommodated by the vibrational modes
of the CH4 molecule. For the NO-Ar analogue, this energy would have to be channeled into

translational energy of the fragments and/or the kinetic energy of the photoelectron.

8.4.2 NON-RESONANT TWO-PHOTON ABSORPTION

Finally, we discuss the origin of the strong lines observed in the central region around
44200 cm™! of the IR-REMPI double resonance spectrum shown in Fig. 8.2. Because the
two laser pulses overlap in time, we cannot exclude a non-resonant two-photon absorption
process. Especially, in a CONPHOENERS scan with pulses which overlap in time and whose
combined photon energy sum is fixed to a resonance in the complex, a two-photon signal for
the complex can in principle be generated at any point of the scan. In comparison with a
resonant absorption process we expect the two-photon absorption to be very weak.

In fact the only clear evidence for such a process, we observe for the NO monomer in
the double resonance spectrum (see Figures 8.2 or 8.5) in which the UV is scanned while
the IR frequency is fixed to a resonance in the NO-CHy complex, i.e. it is non-resonant for
NO. In Figure 8.2, the spectrum recorded in the NO* channel exhibits several lines which
are a factor of 2-3 larger than the strongest signals due to NO™ fragments resulting from the
dissociation of the ionic complex. The lines are assigned to non-resonant two color two-photon
excitation of NO(vx=0) monomers in the beam. In Figure 8.5, we compare this spectrum
with a calculated two-photon spectrum of NO(vx=0) assuming a temperature of 7 K. This
spectrum reproduces well most of the strong peaks in the NO-channel spectrum. Although
the rotational temperature of NO(vx=0) in our molecular beam is estimated to be around
1-2 K, we find a better reproduction of the spectrum in Figure 8.5 for a higher temperature.

Most likely this artifact must be attributed to near resonance effects especially for the IR
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Figure 8.5: IR-UV non-resonant two-photon spectrum of NO. The UV is scanned through
the region of the NO hot-band transition with the IR fixed to 3723.03 cm~! while monitoring

NOT™ (top spectrum). The spectrum in the bottom part represents a calculated two-photon

spectrum for the NO monomer assuming a temperature of 7 K and a linewidth of 2.2 cm™!.

photon. In the double resonance scan of Figures 8.2 or 8.5, the IR photon frequency is fixed
to 3723.03 cm ™! which is about 1 cm™! lower than the first line of the red shaded Q;-branch
for the NO overtone transition. Thus higher rotational levels tend to be more in resonance
with the IR photon than the lowest two dominant rotational levels.

Because of the large mismatch in linewidth between the broad UV generated for NO hot

band detection and the narrow IR, spectral features which are due to a genuine two-photon
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signal will have a width determined by the linewidth of the UV light. On the other hand,
spectral features in the IR spectrum detected through resonant UV hot band detection will
exhibit widths limited by the much narrower linewidth of the IR radiation. In the different
CONPHOENERS scans of Figures 8.3 and 8.4, the dominant broad peaks of band A have a
width (FWHM) of about 0.15-0.2 cm™!, while some rotational structures exhibit widths of
less than 0.1 cm ™. However, the two-photon signals observed for the NO monomer in Figure
8.5 are characterized by a linewidth of 2.2 ecm™!. These differences in linewidth indicate that
the CONPHOENERS scans of NO-CH, are due to a one-photon resonance in the IR.

This conclusion is also consistent with the observed relative intensities of the different
NO™-signals. We find that the two-photon signal due to the NO monomer has the same order
of magnitude as the NO*-signal resulting from the fragmentation of the complex. Because the
neutral complex has a number density in the molecular beam at least 2 orders of magnitude
smaller than the density of the NO monomer, we conclude that any non-resonant two-photon

signal due to the complex must be below our detection limit.

8.5 SPECTROSCOPIC ANALYSIS

Because of the low signal strength due to vibrational predissociation (see Section V) com-
bined with the resulting partially resolved rotational structures, an unambiguous spectro-
scopic analysis is very difficult if not impossible. The interpretation of the spectrum is further
complicated by the restrictions imposed on the rotational wavefunction of CHy or its coun-
terpart in the complex due to the nuclear spin statistics. Under the point group Ty, the
rotational wavefunctions of CHy are classified as of A-, E- or F-species [39]. Because of the
low temperature in the molecular beam environment, we expect cooling of CHy to its lowest
rotational states within each species: i.e. we have jogs= 0, 1, and 2 for the A-, E- and F-
species, respectively. Thus, three types of NO-CH,4 complexes can be formed in the molecular
beam. The small frequency shift of the cluster spectrum with respect to the origin of the

monomer band indicates that the IR absorption is mainly confined to the NO moiety of the
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complex. As a result, we expect little excitation of the CH4 moiety causing the spectra due
to the different spin modifications of CH, to fall in the same frequency region. With the
limited spectral resolution it is therefore not possible to distinguish contributions from the

various spin modifications of CHy.

NO-Ar
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Figure 8.6: Comparison of bands A and B in the experimental CONPHOENERS scan of
type (B) for NO-Ar (see Ref. [27]) with the calculated spectrum based on the rigid rotor
treatment using the constants listed in Tab. 8.1.

Despite these difficulties, we can gain some insight by considering the two extreme cases
of a rigid complex and a very weakly bound complex in which both molecular fragments can
execute free or almost free internal rotation. From our previous work we know that NO-Ar

exhibits many features of a more rigidly bound complex. The system is best represented by
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an empirical Hamiltonian which includes effects due to the underlying interaction poten-
tial [27]. As demonstrated in Figure 8.6, the rotational bands A and B which do not involve
the excitation of an intermolecular vibrational mode, are nevertheless reproduced well by
the rigid rotor Hamiltonian first employed by Mills et al.[40, 41, 42]. Neglecting hyperfine
interactions, we determine the eigenfunctions and eigenvalues of a rigid rotor Hamiltonian
augmented by spin-orbit interaction and orbital angular momentum quenching for a partic-
ular vibrational level (quenching constant ¢). For both involved vibrational levels of NO, the
eigenfunctions are expanded in a Hund’s case (a) basis set. Assuming that the IR excitation
is exclusively confined to the NO moiety, the transition moment vector is transformed into
the principal axes frame of the complex. The geometric structure defined by the Jacobi coor-
dinates, intermolecular distance R, internuclear distance ryo (ryo = 1.151 A[35]), and the
Jacobi angle 60, is used to determine the rotational constants A, B, and C listed in Tab.
8.1. Band A is dominated by a Q-branch which is split due to P-type doubling. At lower and
higher frequencies, rotationally resolved R- and P-branch lines are observed. Again each line
is split into two components due to P-type doubling. Band B is comprised of a narrow low
frequency and a broader high frequency peak. The low frequency peak exhibits few rotational
structure due to many overlapping lines. In contrast many rotational lines are resolved in
the high frequency peak.

Clearly, many of these trends are also observed for the NO-CH, spectrum. If we assume a
larger P-type doubling constant, we can identify the two center peaks of band A with a split
Q-branch. The analogues of the rotational P- and R-branches extend to significantly lower
and higher frequencies, respectively. A similar trend manifests itself for band B. Here, the two
contributions to band B are split considerably further apart than in NO-Ar. In comparison
with NO-Ar, both peaks are shifted to lower frequencies. The tails of these peaks extend to
lower and higher frequencies defining a band which extends over almost twice the frequency
range. This behavior is consistent with the fact that the rotational constant for end-over-end

rotation is considerably larger for NO-CH, (0.10 cm™") than for NO-Ar (0.07 cm™1).
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Figure 8.7: Structural parameters used in the rigid rotor treatment of NO-CHy. See text for
details.

To test the rigid rotor limit, we again employ the model of Mills et al. to calculate
the rotational structure for the spectrum of the NO-CHy complex [40, 42]. For the C-H
bond distance, we use r¢_g= 1.094 A. [43] The structure of the complex (see Figure 8.7)
is defined by the intermolecular distance R between the centers of mass of NO and CHy,
the polar angles 6o and ¢yno of the internuclear axis of NO with respect to the principal
axis frame, and, finally, the orientation of CHy defined by the three Euler angles «, 3, v.
The angles o and [ specify the direction of the z-axis of a methane centered molecular
frame defined as the bond direction between the C atom and the hydrogen atom H;. The
orientation of the other 3 H-atoms is defined by the third Euler angle . Note that the rigid
rotor Hamiltonian only depends on the dihedral angle ¢ = ¢nyo — . Because the spectra
are not sensitive to the orientation of the CH, due to the limited resolution, we restrict our
calculations to the face bonded structure (3 = 180°) identified as the global minimum in the
recent calculations of Crespo-Otero et al.[24]. For a given NO orientation and intermolecular
distance, the spectrum is thus defined by the three rotational constants A, B, C and the
quenching parameter q.

In Figure 8.8, we compare spectra calculated for different structures of the complex with

the experimental spectrum of type (®1). The parameters are summarized in Tab. 8.1. For
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Table 8.1: Spectroscopic constants A, B, C, q in em™! for different rigid rotor structures
with ryo=1.151 A, rcg=1.094 A. The orientation of CH, is restricted to the face-bonded
complex.

Ovo/° R/ A A B C q
NO(lin)-CH, 235 3.977 3.5817 0.0954 0.0946 10.0
NO(T)-CH,(point) | 90.0 3.700 1.7042 0.1180 0.1104 19.0
NO(T)-CH, 90.0 3.874 1.2867 0.1054 0.0993 19.0
NO(T)-Ar 86.0 3.550 1.7340 0.0780 0.0746 3.0

the spectrum in the top, CH, was treated as a point particle with mass 16 amu whereas the
spectrum in the middle is based on a rigid CH, molecule within the complex. The spacing
between the two dominant peaks in band A and also in band B are reproduced using a
quenching constant q= 19 cm~!. While the position of band B is well reproduced if we treat
CH,4 as a point particle, for the more realistic case of a rigid CH, subunit, the predicted
spacing is too small. Changing the mass distribution of the extended molecule to a point
particle with identical total mass increases the rotational A-constant from 1.2 cm™! to 1.70
cm ™! causing the shift in position of band B.

As pointed out by Xia et al. for a closed shell complex involving the IR chromophore
CO, the position of band B relative to the origin band can be used as a rough measure for
the strength of the angular anisotropy of the interaction [44]. Applying similar arguments
to complexes involving NO rather than CO, the spacing between bands A and B is approxi-
mately given by 2byo for a rigid T-shaped structure for NO-Ar. Here by is the rotational
constant of free NO. If we replace Ar with a rigid methane molecule, the rotational A con-
stant will be reduced to 1.2 ecm™! yielding an excitation energy of 2.4 cm~! for band B. In
the other extreme, we assume that the NO moiety can execute unhindered internal rotation.

In this case, band B would be assigned to the transition jyo= 0.5 to jyo= 1.5 resulting in a

spacing of 3byo ~ 5.1cm~!. Clearly the observed separation between bands A and B is closer
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Figure 8.8: Comparison of the NO-CH; CONPHOENERS scan of type (¢1) with calculated
spectra based on the rigid rotor Hamiltonian with the constants listed in Tab. 8.1. See text
for details.

to the rigid rotor limit indicating that the anisotropy is sufficiently large to localize the NO
molecule on average perpendicular (o = 90°) to the intermolecular axis. As we show below
in applying the semi-rigid rotor model, the separation of bands A and B is reduced from 3.51
cm ™! for NO-Ar to 3.08 cm™! for NO-CH,(see Tab. 8.2). Note also that the intermolecular
distance influences structures due to end-over-end rotation, but it has little influence on the
spacing between bands A and B.

While these arguments provide a consistent interpretation of the spacing between bands

A and B, we must be cautious about neglecting other aspects due to the open-shell structure
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of the diatomic partner. In principle, the rotational A-constant is very sensitive to the ori-
entation of the NO molecule. For perpendicular (6no = 90°) and linear (Oyo = 0° or Oyo =
180°) orientations of NO, the A constant varies between 1.2 cm™! and b gy, respectively. On
the other hand, deviations from the perpendicular orientation will decrease the intensity of
band B. Because the vibrational excitation of NO represents a parallel transition, we expect
zero intensity for a band involving transitions with AP = +1, if NO is aligned with the
intermolecular axis. (Here P is the quantum number for the projection of the total angular

momentum vector onto the intermolecular axis.)
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Figure 8.9: Semi-rigid rotor treatment of NO-CH, based on the empirical Hamiltonian of
[5, 27]. The employed spectroscopic constants are summarized in Tab. 8.2. See text for
details.

Neglecting concerns about the intensity for the time being, band B could have its origin in

the rigid rotor term 2cosOnoAJ. (1, +s.) (see Ref. [40] Eq. 14 or Ref. [42] Eq. 3) if we assume a

near linear configuration, i.e. fo small. Using a symmetrized basis set, band A is comprised
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of transitions with P=0.5, i.e. AP = 0. Therefore, the above term will be responsible for a
strong w-splitting proportional to the A rotational constant. As a result, band A splits into
two sub-bands with Aw = 0 and Aw = +1. This is demonstrated in the bottom spectrum
in Figure 8.8. The spectrum is calculated assuming that the internuclear axis of NO makes
an angle of 23.5° with the intermolecular axis and a quenching constant of 10 cm™!. The
intermolecular distance was adjusted to 3.977 A. Because of the near linear configuration,
both bands show now simple rotational P- and R-branches associated with the end-over-
end rotation. While the observed spacing between bands A and B is roughly reproduced for
6 = 23.5° the intensity of the second band is clearly too weak. Furthermore, the experimental
spectra exhibit much more complicated rotational structures which are more consistent with
the spectrum of a near symmetric top rather than a near linear complex.

From this discussion, we conclude that band B is most likely a perpendicular band,
i.e. all transitions correspond to AP = +1. The spacing between bands A and B then
indicates that, while NO executes large amplitude motion or even hindered internal rotation
even in the ground vibrational state, it spends on average a considerable amount of time
in a configuration perpendicular to the intermolecular axis. We therefore also tried to fit
the spectrum employing the empirical Hamiltonian of Ref. [5, 27] which takes into account
the effect of the two interaction potential surfaces of A’ and A” symmetry (assuming the
complex is characterized by C; symmetry). Each band is assigned a vibrational energy E,p
which includes the contribution from z-axis rotation and an effective rotational constant
B. The average of the two potentials is responsible for the so called w-splitting described
by the constant term V5, and a constant V5; describing the linear dependence on the total
angular momentum quantum number J. The difference of the two potentials gives rise to the
P-type doubling constant Csyg, the analogue of the angular momentum quenching constant
q in the rigid rotor treatment. The spectrum calculated with the spectroscopic parameters
listed in Tab. 8.2 is displayed in the top part of Figure 8.9. Again we also list in this table

the corresponding parameters for the NO-Ar complex for comparison. As in the rigid rotor
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case for the quenching of the electronic orbital angular momentum, we now find for NO-CHy4
a much stronger P-type doubling constant due to the potential. It is interesting to note, that
the relative magnitude of the increase in w-splitting between bands A and B, is very similar

for NO-Ar and NO-CH4. Also the P-type doubling constant Cyg is dramatically increased

over the one found for NO-Ar while the spacing of the two bands is reduced from 3.5 cm™!

to 3.1 cm™ L.

Table 8.2: Spectroscopic constants in cm ™! for the semi rigid rotor model. See text for details.
Band Evp B V20 V21 C20
NO-CH, Band A | 0.00 0.105 0.080 0.036 0.215
NO-CH4 Band B | 3.08 0.095 0.449 0.000 0.000
NO-Ar Band A | 0.00 0.0680 0.044 0.036 0.014
NO-Ar Band B ® | 3.51 0.0683 0.157 0.000 0.000

a. Ref. [27]

The NO-CHy4 complex has been investigated theoretically by the group of Wright and,
more recently, by Crespo-Otero et al.[21, 22, 24] Lozeille et al. identified different structures
corresponding to stationary points in the interaction energy labeled (i) through (iv). They
identified structures of Cs, symmetry with NO aligned on the C3 axis of CH, and facing
either a single H atom or a H3C face (structures (i) and (ii)). Tilting the NO molecule
in a plane containing a CHy group away from the Cj3 axis results in structures with Cg
geometry. Structure (7ii) has NO tilted away from the H3C face while structure (iv) has NO
tilted away from the H atom. A” and A’ states associated with structure (iii) were found
to represent the global and a local minimum, respectively. The Cs, structures were found
to represent local minima around 70 (78) cm™! with the N-atom facing the face ( H-atom)
or around 87 (94) cm™! with the O-atom facing the H3C-face or (H-atom). A similar set of
orientations was studied by Crespo-Otero et al. These authors also find the global minimum
to correspond to a A” face bonded configuration. They explain the symmetry reduction from
Cs, to Cg symmetry for the global minimum as an energy stabilization due to the Jahn-Teller

effect. For the C; minimum structures, the NO molecule is oriented almost perpendicular
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to the intermolecular axis. Employing 1-dimensional models for the van der Waals stretch
and the NO bending coordinates, they estimate a 2D ZPE of about 46-48 cm™! for the
states with A’ and A” symmetry. For the individual states, their calculation yields energy
barriers in the order of about 80 cm™ (A”) or 50 cm™! (A’) for the hindered rotation of NO.
For the N¢g and Og, structures, the energy difference between the two states of different
electronic symmetry is less than the estimated ZPE indicating that the system can undergo
a transition between these two states even in its ground vibrational state. On the other hand,
the ZPE is comparable to the barrier to internal rotation through the O(Cs,) configuration.
In conclusion, the authors suggest that the rovibrational energy levels of the complex can
indeed be affected by a dynamic Jahn-Teller effect.

The degree to which the ro-vibrational level structure will be affected by a dynamic JT
effect, and as a result the observable spectrum, clearly depends on a reliable determination
of the barriers to internal rotation of NO and a multidimensional bound state calculation
for the calculation of the ZPE. Even in the case that the ZPE is comparable to or even
slightly higher than the barrier(s) to internal rotation, we expect the vibrational ground
state wavefunction to have its largest contributions from those configurations near the global
or local minima. This situation might be quite different for higher vibrational levels which
tend to be more localized near the classical turning points. Considering the results of the
spectroscopic analysis, we find that the system might be considered more realistically as a
Jahn-Teller distorted system in which the NO moiety is preferentially oriented perpendicular
to the intermolecular axis while at the same time exhibiting some large amplitude motion.

In this context, it is interesting to point out the similarities between the IR spectra mea-
sured for CO-X and NO-X [44]. For the Ar complexes, both types are T-shaped although
large amplitude motion occurs. Similarly, for CO-CH,, McKellar et al. identified only per-
pendicular bands associated with the CH4 A species nuclear spin function indicating that

the chromophore CO must be preferentially oriented in the perpendicular configuration [45].
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8.6 VIBRATIONAL PREDISSOCIATION OF NO(vx=2)-CHy

It is important to note that, under the expansion condition of our molecular beam, the
pure 1+1 REMPI spectra of NO-Ar and NO-CH4 have comparable strength. Nevertheless,
the double resonance signal for NO-CH, is a factor of at least 50-100 smaller than the
corresponding signal for NO-Ar. The origin of the difference in signal strength becomes
evident when we compare the delay dependence between the IR pump and the UV probe
pulses as shown in Figure 8.10 for the NO monomer and in Figure 8.11 for NO-CHy. The
monomer signal rises as soon as the two 5ns laser pulses overlap (with the IR pulse preceding
the UV pulse). Even when the UV pulse is fired after the IR pulse, the observed double
resonance signal is almost constant, characteristic of a long lifetime. The small decrease can
be explained through excited monomers leaving the probe volume. In contrast, the signal
for NO-CHy in Figure 8.11 rises rapidly to a maximum value at a delay at which the pulses
still overlap and then it decays very rapidly.

In order to estimate a lifetime for the vibrationally excited complex, we calculate the
delay dependence of the ion signal. First, we calculate the time dependence of the surviving
population in the excited level assuming a specific lifetime. In a second step, we determine
the delay dependence by convoluting this population with the time profile of the delayed UV
probe pulse. Gaussian time profiles with a FWHM of 5ns are assumed for both laser pulses.

The curves in Figures 8.10 and 8.11 represent the calculated delay dependence assuming
the indicated lifetimes for the vibrationally excited species. In the case of NO(vx=2)
monomers, we find a lifetime of at least 4 pus which roughly corresponds to the flight time
through the IR laser pump volume. This situation is very similar to the delay dependence
measured for NO-Ar and NO-Kr.

For the NO-CH, signal, the calculation indicates a signal decay time of 10 ns, i.e. slightly
longer than the duration of the two laser pulses. This behavior suggests that, in contrast to
NO-Ar, the double resonance signal for NO-CHy is affected by vibrational predissociation of

the complex. Note that in this case also the signal appearing in the NO ion fragment channel
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Figure 8.10: Delay dependence of the IR-REMPI double resonance signal for the NO
monomer (black squares) with the IR fixed to the Q1;(0.5) line. Curves are calculated for
lifetimes of 1 (dotted), 2 (dashed), and 4 (solid)us.

has the same delay dependence and thus must originate from NO-CH, complexes dissociated
in the ionic state.

These results are in stark contrast to the findings for NO-X (X= Ne, Ar, and Kr). For
these systems no indication of vibrational predissociation was observed. On the other hand,
the red-shift observed for the NO-CH, spectrum is very similar to the ones observed for
the NO-rare gas complexes. All spectra have their origin band located within less than 1
cm~! of the NO monomer origin with the shift for NO-CH, falling between the shifts for
NO-Ar and NO-Kr. Clearly, the usual correlation of the dissociation rate with the observed

frequency red-shift is not obeyed for NO-CH, [46, 47]. In this case, we observe a dissociation
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Figure 8.11: Delay dependence of the IR-REMPI double resonance signal for NO-CHy
(NO™T ion channel: open circle, NO-CH; ion channel: black squares) with the IR fixed to
3723.03 cm~!. Curves are calculated for the indicated lifetimes: 1, 5, 10, 20, 50 and 100 ns.

rate corresponding to a signal decay time of 10 ns, while the observed structures in the
frequency spectrum suggest an even shorter excited state lifetime of only 100 ps. Although
the small red shift suggests that the NO acts as the exclusive IR chromophore, there must be
sufficient coupling between the NO stretch vibration and the intermolecular modes as well
as to the intramolecular modes of the CH4 molecule. According to the momentum gap law,
the dissociation process can be expected to be efficient if the products are born with minimal
translation motion [48]. In such a situation, the oscillatory continuum wavefunction for the

products can result in a non-vanishing coupling matrix element with the metastable state
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wavefunction of the vibrationally excited complex. The experimentally observed difference in
dissociation behavior between the NO-rare gas and the NO-CH, complex thus implies that
the internal and rotational degrees of freedom of the CH, molecule must be involved. A crude
estimate of the likely energy distribution for the fragments NO and CHy, suggests that after
excitation to the first overtone of NO within the complex, the NO fragment is born in its first
excited vibrational level (vx=1) [47]. Assuming a binding energy of around 100 cm™?, this
leaves an excess energy of about 1760 cm™!which must be channeled into fragment rotation or
CHy-vibration. Minimizing the translational energy as well as the changes in various quantum
numbers, we expect most of the excess energy to be deposited into the bending vibrations
of CHy: v(E)=1526 cm™! and v(T)=1306.2 cm™! [49]. Because of symmetry restrictions
implied by the Jahn-Teller effect, it is likely that the intermolecular coupling favors the
coupling of the NO bending vibration/ hindered rotation with the CH; bending mode of
E-symmetry. In this case, the excess energy will be reduced to less than 200 cm~! which is
easily accommodated via rotational excitation of the fragments with jno, joms < 5.

The lower limit for the excited state lifetime of less than 100 ps deduced from the linewidth
is thus consistent with an efficient IVR process which primarily involves the coupling between
the van der Waals NO bending vibration and the corresponding CH4 bending vibration of the
same symmetry rather than the van der Waals stretching vibration. The latter, representing

the dissociation coordinate, gets involved on a much slower time scale.

8.7 CONCLUSION

We have employed a variant of IR-REMPI double resonance spectroscopy to measure the
near IR spectrum of the NO-CHy complex in the region of the first vibrational overtone
of NO. CONPHOENERS scans with the photon energy sum fixed to values slightly below
the A-state dissociation limit of the complex have been performed. The origin band of the
complex is red-shifted 0.59 cm™! from the origin of the NO spectrum. A second band, 3.08

cm ™! above the origin, has been assigned to the excitation of z-axis rotation of the complex
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and/or hindered NO-rotation within the complex. Its position and intensity suggest that
the NO molecule spends a considerable amount of time in a position perpendicular to the
intermolecular axis. The strong deviation from the high symmetry linear configuration can
be viewed as a Jahn-Teller distortion induced by the degenerate NO bending mode. The
near IR spectrum thus is not consistent with an effective Cs, symmetry of the complex.

In contrast to the NO-X (X=rare gas) spectra, the NO overtone spectrum of NO-CHy4
is affected by strong vibrational predissociation. From the measured delay dependence, a
predissociation lifetime of about 10 ns is deduced. As one condition for efficient vibrational
predissociation, the translational energy of the fragment must be minimized. The population
of the first stretch level in NO and the first bending level in CH, results in an almost
perfect minimization of the translational energy. The necessary intermolecular coupling can
be rationalized in terms of the symmetry of the Jahn-Teller active NO bending mode and
the CH4 bending mode of the same symmetry. The observed linewidths in the IR spectrum
suggest that the system is indeed characterized by an even shorter excited state lifetime

(< 100 ps) most likely due to IVR.
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APPENDIX A

NO MOLECULE

A theoretical description of NO molecule is given in Appendix A. In appendix B, application
of one and two photon transition processes to the NO molecule is described. Appendix C
uses a rigid rotor approximation to treat a triatomic molecule in a BF(3) frame which first
used by Mills et. al. [1] All the theoretical derivations in these appendices follow Dr. Meyer’s
spectroscopy lecture notes [2] closely.

The ground state electron configuration of NO, (1s0)? (1s0*)? (2s0)? (2s0*)? (2po)?
(2pm)? (2p7*)! (2po*)?, gives rise to the X2II ground state. The orbital angular momentum
and spin angular momentum of the electron are not strongly coupled together but precess
around the internuclear axis independently. The projections Ah and A of L and S respec-
tively along the internuclear axis are conserved. This type of coupling describes the Hund’s
case (a) basis set.

In Hund’s case (a) basis states, the restriction of 2 = A+ ¥ has to hold. As a result, the

angular momentum of the nuclei N can be written as

-

N=J-L-85. (A1)

After expressing the rotational contribution in terms of the total angular momentum, the
electronic angular momentum and the spin of the electrons, the rotational Hamiltonian can

be written as!

H,p = W((Jx — L, — S.)*+ (J, — L, — S,)?). (A.2)

[N]?

IThe rotational Hamiltonian of the diatomic molecule is of the form 5 -7, however N does
not have z components, since it’s perpendicular to the internuclear axis. Therefore there is no z

components in Eq. A.2.
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Eq. A.2 can be partitioned into a zeroth and a first order contribution

1
Hygl = g l(J* = J2) + (8% = 59

7O

rot 2

[(LYS™ 4+ L8%) — (JEL™J L") — (J*S™ +J~S)].

Here we used the relationship

and

A=A, —iA

Y

to separate the rotational Hamiltonian. The contribution due to the operator L? and L,
in zeroth order Hamiltonian has been neglected because it only causes a small shift in the
electronic energy.

Since H, (2 commutes with J2, J5/, J™ and S2, S,. Their simultaneous eigenfunctions

can be used to represent the eigenfunctions of Hr(oz

2/ +1 (A4)

\I[(O[757X): {72 ( Ba )FSE-

Here I'gy, is the spin wave function.
The complete basis states are defined as the simultaneous eigenfunctions multiplied with

the electronic wavefunction:

: L 2T+ 0
\IJ(Oéaﬁ7X7T777j>: 372 D](\jg( ﬁ, )\IfAl(T,ﬁj)FSE, (A5)

After considering the symmetry properties of the wave function and by setting the angle
x=0, which enables one to transform the isomorphic Hamiltonian to true Hamiltonian, one

finally can derive the complete wave function to be

2J+1

U(a, B,7,77;) = V,- 2

{Dl(\jﬂ( ﬁa )\Ijel( )FSE_'_ED ( ﬁa )‘I’ilA(Ta@)Fsz}-

(A.6)
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And the corresponding Hund’s case (a) basis states are
1
InJM|Qe) = 7 {|TMQ)|nA)|SE) + €| JM — Q)n —A)|S —X)}. (A.7)

These basis functions are eigenfunctions to the operators of J2, J.(sf), J.(mf), S? and
S. the electronic Hamiltonian, H,;, the vibrational Hamiltonian, H,;, and the rotational
Hamiltonian, H,,;. Now if one considers the action of the complete Hamiltonian on these
basis states, the basis functions are not eigenfunctions any more due to the terms such as
non-adiabatic coupling and other higher order rotational terms neglected previously.

The spin-rotational operator is introduced as

Hys = 7]\7 S = V(NaSz + NySy) = v(Jo — Lo — 52) S0 +7(Jy — Ly — Sy) Sy

(A.8)
0 1
= Hyy+ Hyg
with
HR% = —y(S% - $2)
1
H{) = I8+ J787) = (LS~ + L75™)).
Similarly, the spin-orbit interaction term is defined as
Hso=A(r)L-§ =0 + HY (A.9)
with
HS) = A(r)L.S.
and

1
HY) = SAM(LTS™ +L75%),

For the discussion of the '3, 2%, 'IT and 2II states, we need to consider the perturbations

due to H,ESZ and Hﬁl)

ot

in Eq. A.3 as well as the spin interactions defined in Eq. A.8 and A.9.

Combining the different terms, the zeroth order Hamiltonian and higher orders Hamiltonian
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can be written as

1 1
H,ot(0) = QWQ(ﬂ -2+ (m)(52 — 82+ A(r)L.S.)
1
Hrot(l) (57 - 2/,L’I"2)(J+S_ + ‘]_S+) (Al())
1 v Alr _ _ 1 _ _
ool = (g = 5+ %)(Hs FLTSY) = g g (LT L),

Here the zeroth order spin-rotation and spin-orbital interaction have been included in the
zeroth order rotational Hamiltonian and the first order spin-orbital interaction has been
included in the first order rotational contribution. Finally the first order spin-orbital contri-
bution has been incorporated into H,,(2) term.

For a 2II states, such as in NO, A==+1, S:i% = Q:%,%, —%, —%, the symmetrized basis

states are
1 1 1 1 1 1 1 1
MoJM{|Q| = = = — 1v)|= — =) JM= — 1) =+ H|JM — =
Mo M{Q) = Z}e) = —={ln+ 10| = DITM3) +eln — L) 5+ DM — 5))
3 1 1 1 3 1 1 3
v J MA{(|Q2] = 5}6) = —2{|n+ 1v)|§ + §>|JM§) + €ln — 1v)|§ — §>|JM— 5)}

Applying the zeroth order rotational Hamiltonian in Eq. A.10 on the symmetrized basis

states, one can obtain the diagonal matrix elements for the ) = % states to be
1 1 1. 1
Hy = (H’UJMQ‘H(O)‘H’UJM§> =B,[J(J+1)+ Z] — §AU. (A.11)

Similarly, the matrix element for the zeroth order Hamiltonian for €2 = % states will be

3 3 7.1
Hyy = <HUJM§|H(0)|HUJM§> =B,[J(J+1)— Z] + §AU. (A.12)
The off diagonal matrix elements connect states with €2 = %, Q= % or () = —% and () = —%

with higher order interactions. It is obvious that only H(1) will contribute. Calculated off

diagonal matrix elements are Hiy = Hyy = —B, \/ (J—3)J+ %) With the results obtained

1
2

above, and the symmetrized basis set, the following matrix elements can be calculated:
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Table A.1: NO ground state Hamiltonian

e=+1 e=—1
o 37§ 3 3%
€ = +1 % H11 ng 0 0
5| Hwp Hyp O 0
e=-1]1 0 0 Hyn  Hp
2 0 0 Hy Hy

To obtain the energy eigenvalues, one needs to diagonalize the matrix, this can be achieved

diagonalizing the 2x2 block matrices. The results are

3 1

Fr(F) = BA(J = )7+ 5) + 35X}
Bral ) = BA( = 5)(7 +3) — 5X)
with
X = \/4(J+ %)2+Y(Y—4)
and
y — %

The wave functions F; and F3 are given by

(A.13)
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APPENDIX B

INTERACTION WITH LIGHT-APPLICATION TO NO MOLECULE

Application of one and two photon transition processes to the NO molecule is described in
this chapter [1]. Starting with one-photon processes, the time dependent coefficient a}l)( ) is

given by:
ez‘(wfi—w)t -1 ei(wfi-i-w)t -1

M (t) = Eo;;{d (Fle- > (el + 3 (B.1)

Wp —w Wy +w

where

and é is the direction of the polarization.

It is known that the transition probability between two individual states |i) and |f) is
proportional to the absolute value squared of the agcl)(t). Here |i) defines the initial state and
|f) defines the final state.

Also, the energy levels are degenerate with respect to the magnetic quantum number,
given the fact that the resonance condition requires wy; = w, the time dependent coefficient

can be written as

ei(wfifw)t -1

)y _ g WS 5 T
0 = Bl M e e (8.2
And the transition intensity is given by
I(f+i)=C Z \a
M/MN (B.B)
=CE ) Wrle- 2 mlaf
M/M//
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Introducing spherical tensor components for the electric dipole moment operator and
the polarization vector, also expressing the space fixed representation into molecule fixed
representation with the known transformation properties of the D matrices, one obtains the

following result

DPIPERS WL

j a=x,y,z

R(l (sf) = ZD Rél (mf)

and
RO (mf)=> DL FRM(sf).
with
7= (a, 3,0).

With the transformation made above and restrict the polarization of the light to be
linearly along the z-axis, only p=0 will contribute.

Therefore we have

2

I(f —i)=CeER Y |( f|ZDéi, (RO (mf))i) (B.4)

M/M//

Evaluating the matrix elements between two different BO states,

|nvJ MSQ)

with

Q=A+%,

the following can be obtained

f|ZDOq () RY (mf)li)
(B.5)
— S pp a0t s Bsrsyr Z<J/MQ/|D(1 ‘J"MQ”> <n’A'|Rc(Il)(mf)\n"A”>.

q



165

It can be shown that R((Jl)(mf)|n”A”) >oa C’X,,” n(A” 4+ q)) when L, operates on the
cigenstates R\ (m f)|n”A”). Therefore the transition dipole matrix elements can be evaluated

yielding

<n,A/‘R((11) (mf)|n"A"> CX::n,(SA’ (A'+q) — 5A/(A”+q)n, ”,ug\l/) A (B6)

Because the interaction operator is independent of the spin variable, the selection rules for
the Q quantum number will be ' = Q" + ¢. It allows one to introduce the integration over

the third Euler angle ~

1

/ 1
5A’A”+q = 59/0//+q = 2_ /dre —Q +Q +Q)
™

With the help of the properties of the Wigner D-functions
(f] Z Dy, (7R (mf)li) =

Jo1g " Jor g
Ongr O smdssn [ T[] D ()M
M O _M 7 Q/ _q _Q//

Next we apply the result with two individual Hund’s case (a) basis states, one can see

that for ,u((ll) = u(f; we have

x 1
a)| Z DY RY (mf)i(a)) = SrrnaSsrs 5[] (=) x
J 1 J"
N\ —qr,,(1) e NJ'+J7 (1)
Jo1oJ Jo1 g
{52/2// — 6”52/72//
QO —q —Q" Q —q QO

For a NO molecule, the ground state is 2II state, the quantum numbers are ) = %,A =

+1,X = —3 and @ = 3, A = +1,¥ = +1. The Q takes only positive values due to the well
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/ 1
defined symmetry of the Hund’s case a basis states. Therefore, the term o
O — q QO
J 1 J
yields AQ = 0, and yields selection rule of AQ = —11
O — q —Q

The intensity of the transition between two states of a %II and a 2% for the NO molecule

can be written as

2

1=CeE; Y |OF —|ZD61, R{ (mf)|5 >+0F —|ZD61, R (mf)|= > . (BY)

M/M//

After performing the summation over the magnetic quantum numbers M’ and M”, it

becomes
2
C o , J/ 1 J// . J/ 1 J//
[ = —E2Ps | ulV)? (o +OF : (B.9)
3 2 14 1 2 Ly 3
2 2 2 2
Here
1 ' JIJ"
PLE = (20 1) 20" + 1) e

2

For this case, the intensity depends on ¢’ and €”.

B.1 TWO PHOTON TRANSITION

For the two photon absorption process, ;5 o \a?) |2

1,eEy yeirn=2t _ ] wakwm (flé- Rlk)(k|e- R|i)

ai’ (1) = —5(57) (B.10)

W — 2w w? Whi — W

k
The overall transition operator can be represented as the product of a two-photon absorption
operator T, and the polarization tensor P, where a b=x,y,z. Therefore Eq. B.10 can be

rewritten as

2 1 €E0 it
A (1) = —5(57)°5 f|Z " Tooli) (B.11)

Here the properties of 3-j symbols have been used, it requires sum of the three numbers on
the bottom to be zero. Therefore, the selection rules can be derived since €2 can be only positive
numbers
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with P, = é,6, and T, = Zk Ra|k><k|Rb.

W —W

Note, when it is in resonance condition with w¢; — 2w, the following can be obtained:

S

The irreducible components of the spherical tensor are expressed in the form of:
> BTy = D pYrTY), Again, choose the z-axis to be the polarization of light,
the non-vanishing contributions are only from tensor components with m; = my = 0 which
implies m=0, and because of the properties of 3-j symbols, one can obtain the restriction
that j=0 or j=2. Therefore the following can be derived :

S Pt - Y AT
ab

j=0,2
with Péo) = —% and Pé2) = \/g

The product of polarization vector and the dipole moment operator are both defined in
the space fixed frame. While it is much easier to evaluate the dipole moment operator in the
molecule fixed frame when it acts on the electronic wave functions. The transformation is
achieved by the following relationship

T (sf) =D D (0, B,0) T (mf).

k

Taking the same caution as in the one-photon process, one finds the selection rules k =
AN — A’ since the interaction operator is independent of the spin function, k = ' —Q". This
again enables one to evaluate the integration over the third Euler angle and obtain:
1 (=Y +Q"+k)
5A/,A//+k = 59/,9”+k = — d")/e .
2
Now, the matrix elements for the two photon transition can be evaluated as following
<J/M/Q/| <TL/A,| <S/E/| Z Péj)DéZI)*(f)Tq(j)(mf)|3”2”> |n//A//>|J//M//Q//>
Jja
J/ j J// Jl j J//

= a5 sy [ T[T D P (=) M
j M 0 —M OO o 04
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For two Hund’s case (a) basis states, it can be evaluated in a similar manner that

Sip = (JMIQ|E | N(ST| Y RO DY) ()T |S5") [ A7) J" MY |¢")

jk
1 ) J/ ] J//
= SN YR x
j M 0 -M
’ 110 ; ‘]/ j J// ’ 7 .
{(_)70 Ogysn™ " T/(\J/)_AN + 6/6//(_>Q Osvsy™ " T/(\J//)_A/ X

QO QO —Q —Q

J/ j J/ / J/ j J/ /

—+ E//(—)79/52/72//n/n”T/§J;lA// +
R OV o VNN o VNN 0 o —(Q' + Q”) O/
/ 11 i J' j J"
6,(—)9 (521_2//71 n TEJ()A/_FA”)

QY QY+ —Q
(B.13)

It can be further simplified by pulling out the common factors and for ”/”NT/(XJ,')_A,, =

”/””T/(\],‘/), A the following results can be obtained:

1 , ‘ J i g
Sip = Sl SR x
j M 0 —M
I y J/ j J// ! "
{52/2//n n T/(\]’)—A” o o o [1 — 6/6”(_)J +J ]+
It y J/ j J// !/ "
6//52/72”n " TEJ()/\/_’_A//) [1 - 6/6”(_)J i ]}

Qo —(Q”—|—Q’) QO

]_ oY ’ " : J, j J”
= SN =€ (=) R x
j M 0 —M
11 - (], j J/, 1,11 y J, j J”
Osusu ™™ T(j/) " + ”5 s T(j) S A
{0 v Q Qr_qQ Q" € 0w —(ra ) QO —(Q+Q) Q

(B.14)
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The factor [1 —€'€’(—)7"+/"] restrict the two-photon absorption to transitions between states

of the same parity.



170

B.2 REFERENCES

[1] H. Meyer, Introduction to Molecular and Chemical Physics: Spectroscopy and dynamics

(Class notes)



APPENDIX C

RIGID ROTOR APPROXIMATION

For an open shell van der Waals complex, we can consider the three atoms form a molecule
with open shell diatomic molecule BC and a closed shell third atom A (see Fig. C.1). The
parameters of the triatomic molecule are given by R, the intermolecular distance between
the center of mass of the diatom and A, and r the internuclear distance of the diatom BC.
The angle between the two vectors are denoted by 6. The whole molecule lies on the xz plane

and y axis is perpendicular to the plane of molecule.

A

Figure C.1: The triatomic molecule uses Jacobi coordinates R, r and 6 as its coordinate
system.

The three parameters R, r and 6 defines the Jacobi coordinates for the triatomic molecule

and the Hamiltonian will be defined using these Jacobi coordinates.
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With the rigid rotor transition conditions, the rotational Hamiltonian for a triatomic

molecule H,, can be written as

A B’ o
Ho = S s B —pnp o Gy
D/
+ 23 (I = BN =8 + (7 = N5 = 1)),
with
. - (C.1)
=i,
A,:h2cot26’+h205026’ B h? ,:h_2 1
2uR? 2ptper? 2uR?’ 2 uR2 + pyer?’
h? cot 0
and D' = =7
2uR?

The rotational Hamiltonian given in Eq. C.1 can be further simplified by transforming to
a different BF(3) frame in which the moment of inertia tensor is diagonal. This Hamiltonian
was first used by Mills et al. [1]. For the IR(Infrared) and UV (ultra violet) experiments, due
to limited resolution, the hyper fine structural terms are neglected.

The rigid rotor part of the Hamiltonian has the form, including the spin, of

A B ¢
Hop = s (12 = B = )2 5 (T = B = )2 5 () = 0 = s}

with (C.2)
o=

With Eq. C.2, and expressing each of the terms in it explicitly, one can then write

out a very complex form of the Hamiltonian. It can be simplified by making use of the

ladder operators, also neglecting some terms which do not make a major contribution to the

rotational structure, the final form of the Hamiltonian can be written as

B B
H,. = (A— ; C)Jf + %CJQ —2cos AT (I, + s.) + 2(cos? OA + sin® 0B)s. 1,
B-C 0B — C
+ =——(J3 + J?) +sin0AT, (s +s_) — it (Jysy+J_s_)
4 2
B
- W(Lﬁ_ + J_sy) —sinfB(l, + s,)(J + J_) —sinfcosO(A — B)(Sy + s_)L..

(C.3)
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The rotational constants A, B and C are the same as A’, B’ and C'4 in Eq. C.1.

The basis sets are defined as

[TMPwn) = —=(|JMP)|nX)|s0) +n(=)""" 2| JM — P)n — M)|s — o))

7 (C.1)

n==4land w= X+ 0.

Here P the projection quantum number on the intermolecular axis, is restricted to only
positive values and A and o are treated as signed quantum numbers.

The matrix element of this Hamiltonian are evaluated with the approximated Hamilto-
nian and basis states defined in Eq. C.3 and Eq. C.4.

To evaluate the matrix elements for NO-X (X=Rg atoms)in a II state, one should start

with the basis states:

P = 25w =) = 7<|JM I+ DI = )+ 1IM — Zn = 12 + )
o = 7<|JM I DI =)~ 1M — Sl = Dz + 5)) o
o = 7<|JM| D+ M-tz
i = (Mgl = Dl +3)+ 1M = 5ln+ 1)[5 = 5)

P=giw= D)t = 7<|JM et D)5+ 3) -+ M = Sl = 1)l5 - 2))
Yo = 7<|JM n DI+ 5) — M~ Ln =Dl 1)
b = 7<|JM| 1)]5 = 5) = WM = 3l + D3 +2))
s = s (IMgIn = Dl = )+ LI = 5n+ 115+ 3)).

All the signs have been specified (in other words, no €’s are used) in the basis states listed
on Eq. C.5. In addition to the Hamiltonian shown on Eq. C.3, H,, must be considered in

dealing with some higher order terms. It is given by the standard expression

H., = ~L.5. + %’y(L*S + LS, (C.6)
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where v is the spin-orbit coupling constant which is very close to the value in free NO.
Also the presence of the third atom will create a barrier to the single unpaired electron,

therefore removing the degeneracy of the 7, orbital and 7, orbital and quenching the orbital

angular momentum. It is called the Renner-Teller effect. The interaction can be expressed

as

H, = ¢€1cos¢; + €3c082¢; + . .. (C.7)

The second term is a more important term because its action is diagonal within the 2II

manifold. The matrix elements are
1
(A = *1|eg cos2¢;|A = F1) = —5€ (C.8)

With all the information obtained above, the matrix elements are calculated as follows.

1

Hy=Hyp=FE,—° — B cos A
1

Hy3 = Hyy=E. — ' + 5 Cos A
3

Hss = Hog = Evor +7' — B} cos A

3
H77 = Hgg = Epor + P)/ + - cos A
) 21 (C.9)
H13 = H31 = QBSIHH(J—I— 5)

1
His = Hs, = §Asin9+ (B — A)sinfcosf

1 1 1
H17 = H71 = —56/2 — a(BCOSH — C)(J"— 5)

1 1
H24 = H42 = —aB sin H(J + 5)
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1
Hys = Hgo = aAsine—l— (B — A)sinfcosd

1 1 1
Hgg = Hgg = —56/2 + i(BCOSQ - C)(J‘I— 5)

1 1 1
H35 = H53 = —56/2 + i(BCOSQ + C)(J+ 5)

1
Hs; = Hyg = aAsine— (B — A)sinfcosd

3 1
H57 = H75 = —QBSIHH(J + 5)

1 1 1
H46 = H64 = ——6/2 — —(BCOSH + C)(J+ _)
2 2 2
1
H,s = Hgy = §Asin9 — (B — A)sinfcost

3 1
H68 = H86 = aBSIHQ(J‘f‘ 5)

here B, = (A — BE)P2 + BEC J(J + 1), v/ = (cos? A + sin® §B) + v and % =t—-3

%{A sin?@ + Bcos?f — C}. Also the subscript has the normal meaning like before, for an
example: Hyp = (1| H|y1) ete.
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APPENDIX D

APPLICATION OF RIGID ROTOR APPROXIMATION TO NO-KR IR-REMPI DOUBLE

RESONANCE EXPERIMENTAL SPECTRUM

With the rigid rotor Hamiltonian (see Appendix C), the rigid rotor model has been applied
to the experimental spectrum of NO-Kr. It uses a computer program applying the rigid rotor
model to fit the experimental spectra to obtain the numerical values of the parameters of the
complex. This model has been used to analyze the rovibronic structure of the two-photon
transition spectra of NO-Ar C state [1], and rotational structure of the near IR spectrum of
NO-Ar complex [2].

This model takes into account contributions due to the total angular momentum, the
electron orbital angular momentum and its spin [2]. It also includes a term describing the
quenching of the orbital angular momentum.

There are a few parameters that can be adjusted for the fitting. By adjusting the param-
eters, a visual fit of the experimental spectrum can be obtained. The parameters obtained
this way should best represent the reality assuming the rigid rotor model is valid.

The parameters allowed to be changed in the program are the internuclear distance r, the
intermolecular distance R and the bond angle 6. Each parameter contributes differently to the
calculated spectrum. For instance, by varying the intermolecular distance R, the rotational
constants B and C related to the end over end rotation will be affected. As a result, the
spacing between each rotational lines will be changed. The internuclear distance r, however
will affect the rotational motion of the diatomic molecule NO about the bf z-axis, ultimately

altering the rotational constant A. By varying the value of r, the position of the second band
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structure (see in Fig. D.1) will be changed. Finally the bond angle 6 controls the relative

positions of the two band structures.

40
T=3K
] R=3.76A r=1.153A
0=85.3 q=0.6
30 dR=0.01dr=0
d6=0.08 dg=0.01
> _
B
C
o 20
£
10
0 4

T y T y T
3723 3726 3729

-1
Frequency cm

Figure D.1: Using the rigid rotor model the experimental spectrum of NO-Kr can be fitted by
varying the different parameters. The dR, dr and df are relative changes of the parameters
of the overtone excitation.

The presence of the Kr atom present a barrier to the free orbital motion of the unpaired
electron removing the degeneracy of the 7, and 7, orbitals and quenching the orbital angular
momentum. The interaction is represented by parameter q in the program. It is responsible
for the splitting of the rotational line structures. Some other parameters could also be changed
resulting in minor changes of the spectrum structure. dR is the change of the intermolecular
distance between the vibrational ground state and the overtone transition. Similarly, dr is

the change of the internuclear distance of NO between these two states. dq is the change of
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the quenching parameter. The rotational temperature of the complex can be controlled by
varying the T parameter.

In Fig. D.1, the first band structure corresponds to P = 5,0 = 2 < P = %, v =0 and
the second band is assigned to transitions of P = %,’U =2+ P= %, v = 0 where P is the
projection of the J quantum number along the intermolecular axis R. In this figure, the NO-
Kr IR-UV double resonance spectrum is displayed in the upper trace, with the calculated
spectrum for a rotational temperature of 3 K displayed underneath. Using the parameters
stated in the picture, most of the rotational lines are well reproduced with similar structures
and positions. The third band structure in the upper trace is due to the hot band transitions
with AP = 1 starts from P = % of the vibrational ground state. Compared to the first
two bands, the population in P = % is very small as indicated with smaller line intensity.
The positions and the structure that could not be very well reproduced reveals a partial
breakdown of the rigid rotor model.

With the parameters shown in Fig. D.1, the rotational constants calculated are
A=1.70983 cm~!, B=0.05972cm ! and C=0.06189cm".

To show how the changes of some parameters affect the calculated spectra, in Fig. D.2
we show, by simply changing the parameter R from 3.76 A to 3.50 A the positions of the
rotational lines are shifted by almost 0.1 em ™.

From the fitting of the experimental spectrum, we can see that using the rigid rotor
model, the first two bands of the NO-Kr IR-UV double resonance REMPI spectra are well
reproduced. The values of R=3.76A, r=1.153A, the bond angle of #=85.3° and the quenching

parameter q=0.6 for the spectrum are calculated for the rotational temperature of 3 K.
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Figure D.2: By changing the parameter R in the rigid rotor model, it changes the relative
positions of the rotational lines spacing of band A.
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